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ABSTRACT

A range of luminescent Ir(l111) complexes [Ir(C"N)2(N*N)]™ (n = 0, 1) and Pt(ll)
complexes [Pt(C"N)(N*N)]* and [Pt(C~N)(O”0)] containing different cyclometallated
(C”N) and ancillary (X*Y) ligands has been synthesised. All new compounds were fully
characterised by *H and 3C NMR spectroscopy, mass spectrometry and most compounds
were structurally characterised by X-ray crystallography.

Chapter one provides an introduction to luminescent transition metal complexes,
in particular Ru(ll) and Ir(I11) and Pt(1l) complexes and gives an overview of the factors
controlling the emission wavelengths of cyclometallated Ru(ll) and Ir(1ll) and Pt(lI)
complexes and their applications, particularly as sensors and probes. Chapter two
discusses the synthesis and properties of [Ir(C*N)2(N*N)]"™* (n = 0, 1) and shows that that
pH responsive Ir(111) bis cyclometallated complexes can be designed to have a pKa in the
range which is relevant for biological imaging. Chapter three covers the synthesis and
characterisation of cationic Ir(I1l) complexes [Ir(ppz)2(N~N)][PFe] (NN = bidentate
PYE ligands) an investigation of the donor properties and resonance structures of the
ligands and on photophysical properties of the ligands and complexes. The study shows
that there was no clear evidence from NMR spectroscopy that more polar solvents lead
to an increase in the zwitterionic resonance structure for the complexed PYE ligands. In
Chapter four the synthesis and characterisation of cyclometallated Pt(Il) complexes
[Pt(CAN)(XAY)]™ (n = 0, 1) with extra substituents that are free to rotate in solution to
show EPESS activity is discussed. Chapter five describes the synthetic methodology and

characterisation of a series of ligand and complexes.
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Abbreviations:

NMR
bd Broad Doublet td Triplet Of Doublets
bs Broad Singlet tt Riplet Of Triplets
d Doublet COSY | Correlated Spectroscopy
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IR Infrared
HRMS High resolution mass spectrometry
MW Microwave
Others
DFT density functional theory sh Shoulder
HOMO Highest Occupied Molecular Orbital ) Bond Angle
LC Ligand Centred A Angstrom
LECs Light-Emitting Electrochemical Cells A Wavelength (nm)
LLCT Ligand To Ligand Charge Transfer LUMO ;(:;\faslt Unoccupled - Molecular




MC Metal Centred MP Melting Point
mg Mailgram nm Nanometre
min Minute OLED | Organic Light Emitting Diode
ml Millilitre PKa Acid dissociation constant
MLCT Metal To Ligand Charge Transfer H.B Hydrogen bonds
MLLCT | Metal Ligand To Ligand Charge Transfer sh Shoulder
MO Molecular Orbital
Chemical
DCM Dichloromethane Phen 1,10-Phenanthroline
DMF Dimethylformamide bpy 2,2'-Bipyridyl
DMSO Dimethyl sulfoxide ppy 2-Phenylpyridine
dpm Dipivolylmethanoate ppz 1-Phenylpyrazole
EtOH Ethanol ProH Propan-2-ol
Et,O Diethyl ether PYE pyridylideneamine
en ethylenediamine tBu t-butyl
MeCN Acetonitrile
MeOH Methanol
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Chapter One

General Introduction



1. Introduction:

1.1. Luminescence:

When a molecule absorbs energy in the form of electromagnetic radiation, an electron is
excited to a higher energy level (S or Sp), it can return to the ground state (So) by a
number of routes with emission of light. This process is known as luminescence and a

typical Jablonski diagram (Scheme 1.1) can be used to explain this phenomenon.!:2
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Scheme 1.1: Jablonski energy diagram.?

Fluorescence is observed when the electron decays immediately from the first excited
state S1 to the ground state So. An electron in Sy is paired anti-parallel with the electron
in So thus this transition is spin allowed and therefore the emission of a photon is very
fast, in the region between 10°-10"" sec. Generally, emission from most organic molecules
occurs from singlet excited states. On the other hand, phosphorescence is emission from
a triplet excited state and unlike fluorescence, it does not occur immediately after the
absorption of radiation. Phosphorescence occurs when the electron in the excited state S;
undergoes a spin conversion and jumps to a forbidden triplet excited state T (intersystem
crossing) then the emission from the excited triplet state occurs with lower energy (longer
wavelength) relative to fluorescence. It is a forbidden transition hence the time scale is
longer as compared to fluorescence (1073-10? sec for organic molecules). Additionally,

non-radiative processes can occur (Scheme 1.1) which include:
1- Internal Conversion (IC): an intramolecular process in which a molecule goes 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



molecule can transition from a vibrational level in one electronic state to another
vibrational level in a lower electronic state. This process is a result of the overlap
of vibrational and electronic energy states.

Vibrational Relaxation (VR): typically can occur if excess vibrational energy is
lost due to collisions between excited state molecules and solvent molecules. This
process can be extremely rapid thus, it is likely to happen immediately after
absorption leaving the molecule in the lowest vibrational level of Si. In general,
this relaxation occurs through vibrational levels so, the movement of electrons
from one electronic level to another will not occur through this process.
Intersystem Crossing (ISC): this occurs when the spin of the excited electron
changes direction and the spin multiplicity changes from an excited singlet state to

an excited triplet state and it is a forbidden transition.

1.2 Luminescent transition metal complexes

The luminescence of d® transition metal complexes, is best understood through

consideration of the molecular orbitals involved. Scheme 1.2 shows the molecular orbitals

and spectroscopic states diagram for a low spin d® octahedral complex (MLe).*” In an

octahedral crystal field, there are six ligands attached to the transition metal and the d-

orbitals divide into two different levels. The triply degenerate toq level with lower energy

and a doubly degenerate eg- level with higher energy and both the field strength of the

ligands and the nature of the metal ion and its oxidation state affect the magnitude of the

splitting (A).>®
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Scheme 1.2: Simplified molecular orbital and state diagrams for a d® metal in an

octahedral environment.®



The ground state configuration is t2,® and so all spins are paired thus the ground state has
singlet character. The lowest excited states are attained by raising an electron to one of
the unoccupied orbitals. In principle, the excited states are divided into three types.>’

(i) Metal centred (MC) d-d excited states arise from promoting a bonding electron
from the tzg level to the eg~ level and give rise to weak absorption bands and
therefore have small extinction coefficients. The d-d emission is characterised by
long radiative lifetimes and negligible quantum yields.

(i) Ligand centred (LC) n-n* states derive from promoting a bonding n-electron to
an antibonding 7* level. These transitions are highly intense and are localised on
the ligands.

(iif) Metal-to-ligand-charge transfer (MLCT) states involves promoting an electron
from a metal orbital to a ligand orbital (e.g. ©*) or ligand to metal charge transfer
(LMCT) which involves promoting an electron from a ligand to a metal orbital.
These transitions have significant absorptions in the visible with high extinction
coefficients.

There are some essential criteria for a metal complex to be luminescent. To avoid
photochemical instability which is related with unstable d-d excited states, the lowest
excited state must be either ligand n-7* or a charge transfer (CT). Spin-orbit coupling
should be high to enhance the emission to be more allowed and permit radiative decay to
compete more effectively with non-radiative decay. Furthermore, the crystal field should
be strong enough to raise the d—d state above the MLCT state, to avoid their thermal

population.

Over the last decade there has been a rapid increase in papers regarding luminescent metal
complexes, for example, Re(I), Ru(ll), Pt(1l) and Ir(111) complexes.®!! These second and
third row transition metal ions have ideal characteristics for luminescence. For instance,
they have high photoluminescence quantum vyields, high spin-orbit coupling, good
stability and the emission wavelength can be tuned by synthetic modifications'?1* and
often have a considerable Stokes shift.'> 1® Due to their ideal characteristics, second and
third row transition metal complexes are attractive for use in several applications, such
as, dye sensitised solar cells (DSSCs),*"° electroluminescent devices,?°?? cell imaging,®
23 24 emissive dopants in organic light emitting devices,?> 26 sensors* 2% and in
photocatalysis.®3® Certain of these applications will be discussed in more detail in
Section 1.3.



In the next section a general overview of the luminescence properties of Ru(ll), Ir(l1)
and Pt(ll) complexes is given, with some selected examples, especially tuning their
photophysical properties by modification of the ligands and/or by the effect of changing

substituents on the ligands.
1.2.1 Luminescence properties of Ru(ll) complexes

Ru(Il) complexes have a low spin d® electronic structure and usually form octahedral
complexes. [Ru(bpy)s]** (1.1) and its derivatives are the most widely studied luminescent
ruthenium complexes,*3" indeed they are some of the most widely studied luminescent
metal complexes due to their straightforward synthesis and interesting photophysical

properties.

gx10* M' em™)
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Figure 1.1: Absorption and emission for [Ru(bpy)s]?*.3®

The main absorption band of complex 1.1 between 270 and 300 nm has been assigned to
ligand-centred (m—m*) transitions, while the band at 450 nm is assigned to *MLCT
(d—m*) transitions (Fig 1.1).%® 3° The excitation of the complex in any of the absorption
bands in solution results in a luminescence emission centred around 620 nm at room
temperature with typical quantum yields in deaerated solutions in the order of 0.062 and
a lifetime of 860 ns. The lowest emitting state is usually considered to be a *MLCT level

transition.°

Figure 1.2: Structure of the Ru(Il) complexes showing the effect of changing the ligands.



The luminescence properties of Ru(ll) complexes can be tuned to some extent by altering
the ligands (Fig. 1.2). Complexes 1.2a-c show how changing the ligands changes the
energy levels and hence the absorption and emission.** There is a blue-shift in *MLCT
absorption bands as the number of triazole ligands increases. Complexes 1.2a-b exhibit
MLCT absorption bands at 446 and 425 nm respectively showing a progressive blue-shift
in the absorption on increasing the btz (4,4'-bi-1,2,3-triazolyl) ligand content when
compared to [Ru(bpy)s]Cl> which has an absorption band at 455 nm. Complex 1.2c
exhibits a heavily blue-shifted absorption spectrum (Aans 300 nm) with respect to those of
[Ru(bpy):]Cl2. and 1.2a-b, indicating that the LUMO of the latter are bpy-centred with
little or no btz contribution whereas that of 1.2c is necessarily btz-centred. The final
replacement of bpy by btz in 1.2c reflecting the higher energy (~ 1 eV) of the (btz) LUMO
compared to that of bpy. DFT studies on this series suggest that whilst the T states of
1.2a and 1.2b are of 3MLCT character, the lowest energy triplet state of 1.2¢ is MC in
nature. As a result for 1.2c thermal population of the 3MC state quenches emission and
promotes photochemical ligand ejection.*

The addition of substituents to ligands can also alter the photophysical properties (Fig.
1.3). Thus, Ru(ll) complexes 1.3a-c containing covalently attached arenes were described
by Mau et al.*> The group used three different aryl units for the purpose of tuning the
energy level of their lowest lying triplet state. They found that, the photophysics of the
bichromophoric system is completely dictated by the relative energy of the lowest
aromatic triplet state with respect to the SMLCT state of the metal complex. The study
demonstrated that the energy transfer to the ruthenium trisbipyridine unit occurs only
when the aryl triplet state lies at a higher energy, compared with the emitting 3MLCT
state. Whilst, the MLCT emission was completely quenched when the aryl triplet state
lies below the 3MLCT state. However, when the aryl triplet and the 3MLCT states are
isoenergetic, establishment of a rapid equilibrium between the two states produces a long-
lived emission which is the same as the *MLCT emission from the unsubstituted metal

complex.
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Figure 1.3: Structure of the Ru(ll) complexes showing the effect of changing the

substituents on the N~N ligand.

1.2.2 Luminescence properties of Ir(l111) complexes

The luminescent complex fac-Ir(ppy)s (1.4) was first reported by Watts and co-workers
in 1985,% however it was the publications of Thompson et al,* % that showed their
applications in OLEDs and led to a surge in interest in luminescent iridium(I11) complexes
since then. There are three main types of luminescent cyclometalated Ir(I111) complexes
with bidentate ligands reported in the literature; homoleptic [Ir(C”N)z], and heteroleptic
[Ir(CAN)2(X~Y)]™ and [Ir(CAN)(X"Y)2]™ all of which have attractive photophysical and
photochemical properties. The spin-orbit coupling in Ir(11l) complexes allows mixing of
singlet and triplet excited states removing the spin-forbidden nature of the phosphorescent
transitions so they often show intense phosphorescence at room temperature with
emission quantum yields close to unity in deaerated solutions. The excited states of the
complexes are often a combination of singlet and triplet states so emission lifetimes vary

from hundreds of nanoseconds to several microseconds.® % 1°

Complexes [Ir(C*N)s] can exist as two different geometrical isomers facial (fac) and
meridional (mer) as shown in Fig. 1.4. The two isomers show considerable differences in
photophysical properties. In particular, the mer excited state can give rise to an efficient

bond breaking process, and isomerisation to the fac form.*®

[ [

C C

///,,/,l \\\\ /////I,,
v |
N

N

|
N q . > 4
Jac-[Ir(C*N)3] (1.4) mer-[Ir(C*N);] (1.4)

\\\\\\ c

\N

r r

Figure 1.4: Facial (fac) and meridional (mer) isomers of Ir(C*N)s.



Complexes with general formal [Ir(C*"N)2(X"Y)]™ (n = 0, 1) usually have cis carbon
atoms and trans nitrogen atoms of the cyclometallated ligands*" %8, %° (as in mer-
[Ir(C”N)s]) and are commonly a racemic mixture (Fig. 1.5). Note throughout the thesis

only one enantiomer will be drawn however in all cases the complexes are racemates

(-\ N q
C //// 1, \\\\ ) X //// 1, \\\\\

\

A- (left-handed) A-(right-handed)
Figure 1.5: Left and right-handed enantiomers of [Ir(C*N)2(X"Y)].

As mentioned earlier [Ir(ppy)z] exists as two isomers, fac and mer, which have different
photophysical properties.*® The photophysical properties of the fac isomer 1.4 (Fig. 1.6)
have been extensively studied by several groups.*® 46 4% % The g—q* absorption (*LC
band) falls in the range 250-320 nm. whilst the band between 320—420 nm has been
assigned to *MLCT transitions®® and the weak shoulders between ca. 420 and 500 nm to
spin forbidden 3MLCT transitions. The *MLCT transitions become partly allowed
because of the large spin-orbit coupling induced by the Ir(1ll) center.>* %2 At room
temperature complex fac-[Ir(C*N)s] 1.4 showed emission centred at ~ 520 nm, with a
quantum yield of 0.4 and lifetime of 1.9 us in degassed DCM at room temperature. The
emissive state is considered to be a mixture of 3LC and 3MLCT levels.*® %354 In contrast,
the quantum yield 0.036 and emission lifetime 0.15 us of the mer isomer are significantly
lower. This large difference between the two isomers has been explained by an efficient
bond breaking process for the mer excited state, acting as an effective quenching pathway

and giving subsequent isomerisation to the fac form.*

10{
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Figure 1.6: Absorption and emission spectra for fac Ir(ppy)s>*



The luminescent property of both fac and mer isomers of some complexes have been

reported (Fig. 1.7, Table 1.1).#¢ > Adding electron-donating or electron withdrawing

substituents on the C*N ligands can tune the emission wavelength. In general emission

Amax Of the mer complexes are red-shifted compared to the fac complexes.*® >
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Figure 1.7: Mer and fac isomers of Ir(C”N)s with different cyclometalating ligands

and different substituents.*®

Table 1.1. Photophysical Properties of Ir(C*N)s Complexes.*®

Ir(C~N); Complexes Emission at 77 K Emission at 298 K
fac 450 468
[1r(4,6-dfppy)s]
mer 460 482
fac 492 510
[Ir(tppy)s]
mer 530 550
fac 414 -
[1r(ppz)s]
mer 427 -
fac 390 -
[1r(4,6-dfppz)s]
mer 402 -
fac 422 428
[Ir(tfmppz)s]
mer 430 -

Several different bidentate (X”Y) ligands and cyclometalated (C*N) ligands have been

utilized for the synthesis of heteroleptic complexes [Ir(C*"N)2(X"Y)]™ (n =0, 1). Use of

anionic XY ligands gives neutral complexes which can often be sublimed under vacuum

and are miscible in organic materials which make them suitable for the fabrication of

OLEDs using direct vacuum deposition.> % Alternatively neutral X*Y ligands give



cationic complexes which makes them suitable for different applications. For instance,
cationic iridium(I11) complexes are more suitable for use as LECs, in which they require

an excess of mobile ions in the emissive layer.*® 57 %8

In general, for cationic complexes with XY is a bpy type ligand the HOMO is located
on the iridium atom and on the phenyl part of the cyclometallating C*N ligands, whereas
the LUMO is usually centered on the bpy ligand e.g. (N*N) (Fig.1.8).2 %% € For neutral
complexes the situation is rather more complicated and the HOMO and LUMO can be
located in different parts of the complex depending on the actual ligands involved. To
blue shift the emission, requires an increase in the band gap between the HOMO and
LUMO, which means either that the HOMO needs to be stabilized, (i.e. lower energy),
and/or the LUMO needs to be destabilized (increased energy) whilst the opposite is true
for a red-shift. The use of different ligands can allow the emission of the complexes to be
tuned over the whole visible spectrum from blue to red and even infrared and selected

examples are discussed in the next sections.>® 6165

Stabilization of the HOMO, can be achieved by attaching electron-withdrawing
substituents such as F or CFz on the phenyl part of the cyclometallated ligands. Whilst,
destabilization of the LUMO, needs electron-donating substituents such as N(CHs3)2 to be
attached to the ancillary ligand. Both strategies have been widely used to increase the
HOMO-LUMO band gap to give rise to a blue emission.5% 572

QN

C
/////, »
1,

\\\‘\\\\
Ir
"
N
— ——
HOMO LUMO
Figure 1.8: Location of the HOMO and LUMO in cationic [Ir(C"N)2(X"Y)]*
(N~N = bpy or related ligand).

1.2.2.1 Tuning of luminescent wavelength by variation of X"Y ligands
The effect of changing the X*Y ligand on the emission wavelength and electrochemical
properties can be illustrated by complexes 1.5a-g (Fig. 1.9). The oxidation potentials

(Table 1.2) range from 0.85 to 1.19 V for the neutral complexes and between 1.25 and

10



1.45 V for the cationic ones, giving a full range of ca. 0.6 V with the cationic complexes
being harder to oxidise as expected. The oxidation is mainly metal based, Ir''—It'V with
some contribution from the Ir-C c-bond consistent with the localisation of the HOMO as
determined by DFT calculations. In comparison the reduction potentials span a wider
range of 0.9 V from -1.42 to -2.28 V. The wider range reflects the fact that the reduction
can be on the C~N ligand or on the X"Y ligand in some cases. The easiest complex to
reduce is the cationic complex [Ir(ppy)2(bpy)]* 1.5a and reduction occurs on the bpy. DFT
calculations confirm that the LUMO is mainly on the diimine and partly on the pyridyl

ring of the C”N ligand (ppy).
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Figure 1.9: Selected examples of Ir(111) complexes with different X*Y ligands.

Table 1.2: Emission wavelength and redox properties of [Ir(C*N)2(X*Y)]" (n =0, +1).

Entry | complex | Aem (nm) | EY2ox EY2 Red AEY? References
1 [1.5a]* 580 1.25 -1.42 2.67 7375
2 [1.5b]* 458 1.45 -2.04 3.49 &
3 1.5¢ 505 0.99 -1.94 2.93 73,77
4 1.5d 516 0.85 -210 2.95 73,78
5 15e | 489,517 | 1.06 211 3.17 79
6 1.5f 418, 510 1.13 -2.00 3.13 &0
7 1.59 601 119 | -1.47,-2.28 | 2.66,3.47 80

aThe potentials are given vs SCE. b* - C”N ligand has a methyl substituent on the phenyl ring para to the

pyridine.

11



Substituting the conjugated bipy in 1.5a with a saturated diphosphine ligand (dppe) in
1.5b has more effect on the LUMO hence affects the reduction potential (change of 0.62
V) more than the oxidation potential (change of 0.20 V) (Table 1.2, entries 1, 2). Hence,
in [Ir(ppy)2(dppe)]*, the LUMO resides mainly on the pyridyl rings of the C~N ligands.
Moreover, the higher HOMO-LUMO gap for 1.5b is consistent with the observed blue

shift of emission.

The neutral complexes (1.5¢c-f) have a larger AE*?than cationic complex 1.5a mainly due
to a more negative reduction, i.e. raised LUMO (Table 1.2, entries 1, 3-6),which leads to
a blue shift in emission. Substituting the pyridine ring of the XY ligand in 1.5f with a
pyrazine ring in 1.5g (Table 1.2, entries 6 and 7) has very little effect on the oxidation
potentials, however, since pyrazine is much easier to reduce than pyridine this causes a
red shift in the emission. DFT calculations confirm that the excited states vary according
to the nature of the X*Y ligand. For XY ligands containing a pyridine 1.5¢ and 1.5e-g
the LUMO resides mainly on the X*Y ligand and partially on the pyridyl ring of the
ppy.298 In contrast, when X~Y = acac (1.5d), the LUMO is mostly localised on the
pyridyl ring of ppy.51: 8384

1.2.2.2 Tuning of luminescent wavelength by variation of C*N ligands

As mentioned earlier in (Table 1.1) changing the C”N ligand in [Ir(C"N)3] can affect the
emission wavelength. The same is true for heteroleptic complexes [Ir(CN)2(X*"Y)]™ (n
= 0, 1), see Figure 1.10. For example, in cationic complexes [Ir(C*N)2(bpy)],
replacement of 2-phenyl pyridine in (1.6a) with 2-phenyl pyrazole in (1.6b) mainly
affects the HOMO. Pyrazole is less electron donating than pyridine, therefore it lowers
the HOMO causing a blue shift. Alternatively, increasing the number of nitrogen atoms
of the C”N ligand (1.6b-d) leads to a blue shift in the emission wavelength. In addition,
the position of the nitrogen atoms in the azole ring also plays an important role in
determining the emission wavelength. Complexes with phenyl-azole C*N ligands (1.6b-
d) bearing a nitrogen in the azole position to which the phenyl is linked show a markedly
blue-shifted emission compared to complexes with the same number of nitrogen atoms in

the azole ring and bearing a carbon atom in that position (1.6e-g).%
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Figure 1.10: Effect of number and position of N atoms in C*N ligand on emission.

In contrast to cationic complexes in Fig. 1.10, for neutral complexes [Ir(C*N)2(acac)]
1.7a,b, substituting the pyridine ring of 1.7a with a pyrazole ring 1.7b causes a slight red
shift (Fig 1.11).

N N/ | N/ \
C X >
oo ¢
CAN =
e O
N a b
1.7 Aem (hM) = 516 520
o; /N\ /
Aem (NmM) =525 Aem (nM) =557
1.8a 1.8b

Figure 1.11: Selected examples of neutral Ir(111) complexes with different C*N ligands.

In these neutral complexes the HOMO and LUMO can be on the same ligand leading to
a n-mt* transition (ILCT). For example, complexes 1.8a-b containing different C"N

ligands®® show a moderate difference in wavelength of emission (Fig 1.11). The higher
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polarizibility and delocalization for the less electronegative heteroatom, S in 1.8b led to

a 30 nm red shift in the emission compared to the O-containing ligand in 1.8a.
1.2.2.3 Effect of conjugation

Increasing the conjugation of the XY or C~N ligand can also affect the emission
wavelength. For example, Zhao co-workers synthesised a series of complexes
[Ir(pig)2(X"Y)]PFe (1.9a-d) (Fig. 1.12) and showed that the emission wavelength of the
complexes varies from 586 to 659 nm, 1.9a to 1.9d, respectively.*® Hence, they concluded
that increasing the m-conjugation of the XY ligand leads to a red shift in emission
consistent with DFT calculations which showed the LUMO being centred on the XY

ligand.*®

a b [ d

1.9
Aem (M) = 586 589 637 659

Figure 1.12: Selected examples of cationic Ir(I11) complexes showing the effect of

conjugation in the X™Y ligand on emission wavelength.

In neutral complexes, both the HOMO and the LUMO involve the C*N ligand, hence it
is difficult to adjust the energy of just one without having any effect on the other, due to
conjugation in the C~N ligand. To overcome this intrinsic problem, in 2008, Y. Chi and
co-workers reported 1.10 with a non-conjugated C~N ligand in which the two
chromophores were linked with a methylene spacer.8® This destabilizes the n* orbitals of
the non-conjugated C”N ligand, causing a blue shift in emission for 1.10, 8 (kem = 437,
460 (sh) nm) compared with 1.1187 (Aem = 457 nm) with a conjugated C~N ligand.

14



@ [ N
i /N AN
|r ||'\
a{lins L,
CF, ! 3
L Fl2 - -2
1.10 1.11

Figure 1.13: Examples of neutral Ir(111) complexes showing the effect of conjugation
in the C~N ligand.

1.2.2.4 Tuning of emission by varying substituents

As discussed in section 1.2.2.3, for complexes [Ir(C*N)2(X*Y)]™ (n = 0, 1) the HOMO
mainly resides on the d-orbitals of Ir and partly over the phenyl ring of the C*N ligand.
Therefore, putting substituents on the phenyl ring of the C*N ligand will mostly affect
the HOMO. The situation is more complicated for the LUMO since in may be primarily
on the XY ligand or on the heterocyclic part of the C*N hence the effect of substituents
on the XY ligand or the heterocyclic part of C*N is more difficult to predict. Indeed, in
some cases the effect of substituents can be sufficient to shift the LUMO from the C*N

to the XY ligand or vice versa.

Some examples of the effect of substituents in tris-cyclometallated complexes [Ir(C~N)z]
were shown in Fig 1.7 (Table 1.1).%® In complexes 1.12 (Fig. 1.14) the LUMO resides on
the pyridyl ring, therefore, electron withdrawing substituents on the pyridine cause a red
shift. Tsuzuki et. al., showed that the position of the substituent also effects the emission
wavelength.® Thus, the CsFs substituted complexes 1.12b and 1.12c¢ show a red shift of
emission with respect to the unsubstituted complex 1.12a. DFT calculations suggest that
the increased shift for 1.12b compared with 1.12c is because the LUMO is more
concentrated on the para position with respect to N, therefore, substitution on this position
has a greater effect. This indicates that the emission wavelength is tunable according to

the position as well as the electronic properties of the substituent.
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Aem(nm)
a,Ry=H,R,=H, 516
b, Ry = H, R, = C4Fs, 578
¢, Ry = CgFs, Ry = H, 559

1.12

Figure 1.14: Examples of neutral Ir(111) complexes showing the effect of substituents

on the C~N ligand on emission.

Changing the position of the substituent on the phenyl of the C*N ligand also effects the
emission wavelength. For instance, Davies and co-workers® showed that changing the R
group para to the metal in complexes 1.13 had a larger influence on emission and redox
potentials than the same substituents at the meta position (1.13) The study showed that a
large variation in emission wavelength (118 nm) is observed upon changing the
substituent on the phenyl ring from NO to OMe. Substituting H by Me or OMe lowers
the AEY? causing a red shift in emission (from 557 nm in 1.13a to 615 nm in 1.13a).
Conversely, replacing H with electron-withdrawing groups (CFs and NO3) causes a
significant blue shift (ca. 50-60 nm) with respect to 1.13a. In addition, the
electrochemistry and emission of complexes 1.13e, f show that substituents on the
cyclometallated phenyl para to the metal have a larger impact than those at the meta
position and hence enable tuning of emission over a wider range from the same
substituent. This is consistent with DFT calculations which showed the para position

having a larger contribution to the HOMO

_|+
B ] Aem (NM)
(/ \\N | X a, Riy=R,=H 557

A b, R{=Me, R, =H 587
N N A v R4 » R2
>Ir< ¢, Ry=CF3R;=H 504
N d, Ry=NO,, R, =H 497
R, l e, Ry=0Me, R, =H 615
| R2 Jdo f, R1 = H, R2 = OMe 598
113

Figure 1.15: Examples of cationic Ir(l1l) complexes showing the effect of

substituent and position of the substituent in C*N ligand on emission.
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The overall effect of changing substituents on the HOMO and LUMO to effect the
emission in cationic iridium complexes can be illustrated by considering the complexes
in 1.14a-c. (Table 1.2). Complex 1.14a is easiest to oxidise due to the donor strength of
4.4'- dimethylamino substituent.®® 8 but is correspondingly more difficult to reduce
compared to 1.14b. Hence, destabilization of the LUMO orbitals of 1.14a is greater than
the destabilization of the HOMO orbitals leading to an increase in the HOMO LUMO
gap of 1.14a compared to that of complex 1.14b. This leads to shorter wavelength
emission for 1.14a. Complex 1.14c is more difficult to oxidise than 1.14b due to the F
substituents on the phenyl. The reduction potential of 1.14c is almost the same as that of
1.14a hence overall HOMO/LUMO gap for 1.14c is larger than for 1.14a hence the

emission is blue shifted relative to 1.14a.8°
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Figure 1.16: Examples of cationic Ir(111) complexes showing the the effect of changing

of the substituent in C*N and NN ligand on the emission.

Table 1.3:. Emission, and electrochemical properties of the selected cationic

iridium(111) complexes.

Emission? Electrochemical data V vs. Fc?
Complex References
Amax (NM) EY2 o EY2req
1.14a 491, 520 0.72 -2.17,-2.61,-2.87 66,89
1.14b 581 0.83 -1.88 66,67, 89
1.14c 463, 493 1.0 -2.13,-2.49, -2.77 55,89

aEmission data were collected at 298K by exciting at 380 nm. "Electrochemical measurements were carried
out in acetonitrile solution and the potentials are V vs. ferrocinium/ferrocene (Fc*/Fc).

1.2.3 Luminescence properties of Platinum(I1) complexes.

Pt(I1) complexes are d® metal ions and adopt a square planar geometry as opposed to the
distorted octahedral complexes of the d® metal ions. A range of platinum(11) complexes,

with bi- and tri-dentate ligands such as 1.15 and 1.16, are usually either non-emissive or
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only very weakly luminescent at room temperature. This is attributed to the presence of
low-lying MC (d—d) excited states, occupation of which leads to efficient non-radiative

decay.®

/7 N/ \

1.15 1.16
Figure 1.17: Examples of bidentate and tri-dentate Pt(I) complexes.

Replacement of the chloride in 1.17a with the strong field acetylide in 1.17b raises the
energy of the d-d states, thereby reducing non-radiative decay pathways and giving an

increase in quantum yields.®* A red shift is also observed in 1.17b with respect to 1.17a.

tBu +

Aom (nM)
tBu —R a:R=Cl 491
bR = }Q 605

tBu 1.17

Figure 1.18: Tridentate Pt(1l) complexes showing effect of R-group on emission.

An alternative to adding a strong field ligand as an ancillary ligand is to incorporate a
strong donor atom into the bi or tridentate ligand. Hence, cyclometallated complexes offer
certain advantages; firstly, the strong o-donating character of the metallated aryl ring
helps to raise the energy of the metal-centred deactivating d—d states so they have less
contribution to the excited state. Secondly, it helps promote ISC and hence the radiative
rate constants are increased.® Indeed, Pt(Il) complexes with cyclometalating ligands
[Pt(CAN)(X*Y)]™ (n= 0,1), show strong emissions in the fluid and solid states and have
attracted a great deal of fundamental interest in many application such as chemosensors,®?
colorimetric oxygen sensors,®® photovoltaics® *° and electrophosphorescent devices.*®
For most of such complexes, the emission profile at room temperature is highly structured
with relatively long lifetimes. Hence, the origin of emission is considered to be
predominantly from a 3LC excited state.’” The luminescence properties of

cyclometallated Pt complexes are discussed below.
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1.2.3.1 Cyclometallated Pt complexes with bidentate ligands.

Thompson et. al.,®? have reported several neutral cyclometalated Pt(Il) complexes
[Pt(CAN)(O"0)], (1.18) where (0"0) is a - diketonate ligand. As for the Ir complexes
discussed above, the emission of these complexes could be tuned over a wide range of
the visible spectrum, either by changing the nature of cyclometalated ligand or by
modifying the 2-phenylpyridyl ligand with electron donating or electron withdrawing
substituents. All of these complexes are strongly emissive with Amax values ranging from
456 to 600 nm. They show well-resolved vibronic fine structure ( at room temperature
and 77 K). Strong spin-orbit coupling of the Pt atom allows for the formally forbidden
mixing of the *MLCT with the 3MCLT and 3r-n* states. This mixing leads to high

emission quantum efficiencies (0.02-0.25) and lifetimes on the order of microseconds.

e Y1
N/ N/ /N\ N/ /N\/
Pt Pt Pt Pt
\ \FaC \ g \
/O

a, 480 nm b, 480 nm c, 458 nm d, 487 nm e, 493 nm
N
= \ /N\
N
Z \ / / \ / ~NN \ N
f 555 nm g, 530 nm h, 580 nm i, 550 nm
1.18

Figure 1.19: Selected examples of neutral Pt complexes [Pt(C*N)(O"0)].

Most of these complexes show a single reversible reduction wave between -1.9 and -2.6
V (vs CpaFe/Cp2Fe*), assigned to largely C”N ligand based reduction, and an irreversible
oxidation, assigned to predominantly Pt based oxidation. DFT calculations showed that
The HOMO levels are a mixture of Pt and ligand orbitals, while the LUMO is
predominantly C*N ligand based.

Laskar and co-workers® investigated the photophysical properties of highly water soluble
cationic Pt(1l) complex (1.19). The complex exhibits a green emission in solution (Amax
510 nm) but bright yellow emission (Amax 553 nm) in the solid state. The X-ray structure
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of 1.19 clearly indicates the presence of m-m stacking between the phenyl rings of
consecutive molecules, the authors suggested that a new excited state i.e., SMLLCT is

formed in the solid state leading to the change in emission.

N jJ;:l'

H
N 2
/ ////', \\\\\\N
Pt
\N
Hy
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Figure 1.20: Example of cationic cyclometallated Pt complexes with NN ligand.

1.2.3.2 Pt complexes with tri-dentate cyclometallated ligands

Complex 1.20, incorporating a strong field tridentate cyclometallated ligand was reported
by several authors.%®-1% The complex was intensely luminescent in fluid solution at room
temperature, at 480 nm and has a luminescence quantum yield of 0.6 in degassed DCM
solution, remarkably high for platinum chromophores. NIR two photon excitation has
been employed for these complexes due to their low absorption in the visible region. The
emission quantum yields of up to 70% and long lifetime (100 xs) of the excited state of
the complexes allowed them to be used with time-gated technique time-resolved emission

imaging microscopy (TREM) to eliminate background fluorescence.

Changing the position of the cyclometallated ring from a central to a lateral position led
to different spectroscopic properties as cited in the literature.! 102 103 For example in
2009, Lam and co-workers reported complex 1.21 containing CAN”N tridentate
cyclometallating ligand.!% Complex 1.21 shows intense green emission (500-520 nm)
under ambient conditions with a quantum yield of 0.09 and emission lifetime of 0.57 ps.
in DMF. Complex 1.21 also shows two photon-induced luminescenceand has potential as

a luminescent probe for in vitro bioimaging.
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Figure 1.21: Selected examples of cyclometallated Pt complexes with tri-dentate

ligands.

Cyclometallated Pt(I1l) complexes 1.22a-e have better emissive properties compared to
the terpy analogs i.e. these complexes show intense emission and have higher quantum
yields.2% All complexes 1.22a-e show long lived yellow to red emission, which can be
SMLCT, *nn* (alkynyl) and/or *nn* (cyclometallating ligand) emission depending on the
relative energies of the Pt d-orbitals and the m-n* orbitals of the ligands. Electron
withdrawing substituents such as Cl, NO2 on the phenyl of the alkyne increase the
HOMO-LUMO gap and cause a blue shift in emission, while electron donating
substituents (i.e. CH3z, OCHa) cause a red shift.

1.3 Applications of luminescent metal complexes

Luminescent transition metal complexes have become widely used in several fields as a
result of their advantageous photophysical properties.* The effectiveness and
performance of these complexes is determined by their excited state properties which, as
described in sections 1.2.1-3, can be controlled through synthetic modifications.'* Early
studies mostly focused on Ru(ll) tris-diimine complexes, however, these offer limited
colour tuning capability due to thermal population of a nonemissive metal-centered
(®MC) state. The thermal population of their 3MC state is not all that related to their limited

colour tuning. This primarily affects photoluminescent quantum yield. The limited colour
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tuning stems from the fact that the HOMO is not easily tunable due its beging more or
less pure Ru d-orbital character. Ir(Ill) complexes have increased ligand-field
stabilization energy thus, the 3MC state is less accessible compared with Ru(ll)
complexes. In addition, Ir(lll) complexes, enable broader ligand tuning possibilities,
particularly heteroleptic complexes [Ir(CN)2(X"Y)]™ (n =0, 1). These factors and thier
robust nature make Ir(l1ll) complexes more attractive in several applications. As
mentioned in sections 1.2.3 heteroleptic Pt(Il) complexes [Pt(CAN)(X"Y)]™ (n= 0, 1)
have also got useful luminescent properties and high thermal stability. The applications
of luminescent metal complexes are discussed in sections 1.3.1-4, examples are chosen
from Ru(ll) since these were often the first ones studied, and Ir(111) and Pt(l1) since these

are discussed further in later Chapters.

1.3.1 Transition Metal Complexes in Displays, OLEDS/LECS

As mentioned in sections 1.3 since 2000 there has been a huge upsurge in interest in the
use of Ir(I1l) and Pt(ll) cyclometallated complexes as emissive materials in displays.
While exciton-based electroluminescence from small fluorophors has a maximum
quantum vyield of 25% (according to spin statistics), however, due to spin—orbit coupling
phosphorescent complexes can also provide emission from triplet excitons and hence
theoretically can achieve quantum yields up to 100%. The requirements of metal
complexes for use in an devices can be listed as following:®®

e They should be highly emissive, with high phosphorescence quantum vyields at
ambient temperature and the lifetime should be around 1 us or less, to avoid
competition from triplet-triplet annihilation at high currents.

e For OLEDs the compounds should be charge neutral, in order to avoid migration
under the influence of the applied electric field

e It should be possible to obtain efficient red, blue and green emitters by making
small changes to the structure of the complexes, without fundamentally altering
their chemistry or other properties.

o Complexes which have reversible oxidation and reduction processes at accessible
potentials are attractive in that they can act as charge carriers and sites for exciton
formation, rather than serving simply as acceptors of excited state energy from
excitons localised on the host molecules

e They should normally not be susceptible to aggregation or segregation within the

host material, as this frequently leads to self- quenching of the emission
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Combining phosphorescent emitters with proper host materials and optimized device set
ups can result in highly efficient light-emitting devices.> 1919 As mentioned above
tuning of the C*N, and X"Y ligands and substituents has allowed preparation of materials
that can emit a full range of colours.® % ° A light-emitting electrochemical cell (LEC)
can be defined as a solid-state device which can produces light from an electric current.
LECs consist of two metal electrodes linked by an organic semiconductor containing
mobile ions. LECs may provide an alternative kind of light emitting device to OLEDs.®°
LECs have certain beneficial characteristics over OLEDs, particularly light emission with
low threshold voltages.!*® Early examples of metal containing LECs used Ru(ll) e.g.
[Ru(bpy)s]?*, due to the high stability of the reduced and oxidized species enabling
annihilation efficiencies close to 100%.* However, recently, there has been growing
interest of Ir(111) complexes due to their high efficiencies and also more easily tunable

emission colours.
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Figure 1.22: Selected examples of cyclometallated Ir(111) complexes used in LECs.

Complexes 1.23 are examples of Ir(l1l) complexes which have been used for the
fabrication of LEC devices (Fig. 1.22). A LEC based on 1.23a resulted in orange light
emission (576 nm) with the Commission Internationale de 1’Eclairage (CIE) coordinates
of (0.45, 0.49), whilst 1.23b has green emission at (518 nm) electroluminescence with the
CIE coordinates of (0.33, 0.49).2

Two blue-emitting cationic Ir(l111) complexes 1.24a-b have been reported by Qiu and co-
workers (Fig. 1.22).1*2 LECs based on 1.24a gave green-blue electroluminescence (486
nm) and had a relatively high efficiency of 4.3 cd Al when an ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate was added into the light-emitting layer. LECs

based on 1.24b gave blue-shifted electroluminescence (460 nm) with CIE (Commission
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Internationale de 1’Eclairage) coordinates of (0.20, 0.28). The authors suggest that the
obtained blue light emission LECs also pave the way for realizing highly efficient, single-

layer white light-emitting electrochemical cells.
1.3.2 Transition Metal complexes as Photocatalysts and Photoredox Catalysis

Photocatalytic hydrogen evolution from water splitting under visible light irradiation has
been an important goal for many scientists. Intensive efforts have been directed towards
a solar-driven water splitting reaction using semiconductor-based photocatalysts,3" 13 or
transition metal complexes as a chromophore/catalyst for photochemical hydrogen and
oxygen generation.* 3 Complexes of Ru(I11)!** platinum(11)!** and iridium(111)1*® have
been used as photocatalysts for hydrogen evolution.!'” In this context, Du et al.!*®
reported the photocatalytic generation of Ho from H»O using complex 1.25, (Fig. 1.23) as
a sensitizer, MV?*, as an acceptor, triethanolamine (TEOA), as a donor, and colloidal Pt
(5-7 nm size stabilized by sodium polyacrylate), as a catalyst. The complex exhibits a
strong photoluminescence in the range of 500-800 nm with Amax at 605 nm and an
emission quantum yield@ of 0.025 based on [Ru(bpy)s]PFs in degassed MeCN as the
reference (@ = 0.062). In addition, the rate of Hz evolution was found to depend on both
solution pH and the concentration of MV2*. The amounts of H, produced as each of these
parameters is varied. At pH 7, the maximum rate for Hz generation is observed, while

significant amounts of H» are also measured at pH 5 and 9.

1.25 Mv2*
Figure 1.23: Example of Pt(1l) complex for photocatalytic generation of Hz from H20.

Recently, transition metal complexes have been being used as photoredox catalysts. 18 119
In this field, Stephenson and co-workers reported that the Ir(I11) photocatalyst (1.26) is
an effective catalyst for the deprotection of para-methoxybenzyl ethers (PMB) using
BrCCls as the stoichiometric oxidant.!? Photoexcitation of the heteroleptic iridium
complex provides a species that is sufficiently reducing (E12""*""' = -0.89 V vs SCE) to
transfer an electron to BrCCls (E12™® = -0.18 V vs SCE) (Scheme 1.3). Reduction of

BrCCls gives bromide and trichloromethyl radical, while oxidation of the photoexcited
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Ir(111) species gives an Ir(IV) intermediate. This Ir(IV) species is very strongly oxidizing
(E12"V"' = +1.69 V vs SCE) and, as in the oxidation of benzylic alcohols may oxidize the
electron-rich aromatic ring of the PMB ether (i) to give radical cation (ii). The
trichloromethyl radical may then abstract a hydrogen atom from the benzylic position of
(i), producing chloroform and oxocarbenium ion (iii). Hydrolysis of (iii) releases
deprotected alcohol (iv) as well as the byproduct 4-methoxybenzaldehyde. The study
showed that photoredox catalysts, via the oxidative quenching of the visible light induced
excited state Ir(111), may promote the generation of valuable oxocarbenium intermediates
under mild conditions by the oxidation of benzylic ethers

1 mol% (1.26)

/O/\O/\R 2.0 equiv. BrCCl,, 10 equiv. H,0 .
- HO R
MeO MeCN, visible light
MeO Moo
= Woux

F Ny e OVO\,R \
S ) I (i)
F |”'/N Z IR Br
FaC SN~ 1\ N light — \;w’** ‘cel,
| P NI CHClI,
Ty ° BrCCls
E E MeO
S +
1.26 Q/k HOT TR =~ LOR
MeO (iv) (i)

Scheme 1.3: Proposed mechanism of oxidative cleavage of PMB ethers mediated by

Ir(111) photoredox catalysts.

1.3.3 Transition Metal Complexes as Sensors

A sensor can be defined as a compound that can detect an analyte by invoking a change
in one or more properties of the system. Hence a molecular sensor needs to incorporate a
recognition site for an analyte and produce a measurable output in response. A
luminescent sensor is a system in which the reporter is a light-emitting group and where

the binding of the analyte leads to some changes in the emission (Scheme 1.4).

xex\ }"ex\

4
Aem ho®

Scheme 1.4: Schematic representation of a luminescent molecular sensor.
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The use of luminescent transition metal complexes as sensors continues to attract
considerable interest due to their significant Stokes shifts for easy separation of excitation
and emission, shifts in emission wavelength with changes in the local environment, and
relatively long lifetimes compared to their purely organic counterparts.* 28 Luminescent
transition metal complexes have been applied as chemosensors!?l 122 for anions,!23-1%5
metal ions,*26-12° oxygen, 3% 131 and protonst®213 and a number of comprehensive reviews
have been published.®*> 13 Some of these are discussed in this section, pH sensors will

be discussed in detail in chapter two.

Zheng and co-workers'®’ reported Ru(ll) polypyridyl complex 1.27 which is sensitive to
different anions. At room temperature, complex 1.27 showed a broad emission band
centred at 608 nm in MeCN, which in the presence of H2POs showed a 3-fold
enhancement in luminescence, whilst with other anions, such as F or CH:COO,
underwent quenching of the emission to ca. 89 and 83% (“switched off”) respectively.
The study showed that, the presence of other anions (CI-, Br,, I, NOs, and ClO4") had
almost no affect on the absorption or luminescence spectra of 1.27 in aqueous MeCN
solution. This finding clearly demonstrates the ability of 1.27 to function as a highly

selective “turn on” type of luminescence sensor for HoPO4™.

+
_I PFg

1.27 1.28

Figure 1.24: Selected examples of cyclometallated Ru(ll) and Ir(I1l) complexes as

chemosensor for anions.

A near-infrared phosphorescent probe for F~ based on a cationic Ir(111) complex 1.28 has
been reported by Wei et. al.**® The complex shows NIR phosphorescent emission around
680 nm. Interestingly, the complex can be excited with long wavelength light, around 610
nm. Such long-wavelength excitation can reduce the background emission interference
and improve the signal-to-noise ratio. The study showed that upon addition of F-to the

DCM solution of 1.28, the emission intensity around 680 nm decreased gradually until it
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was completely quenched. Hence, 1.28 is an on-off-type NIR phosphorescent sensor for

F-.
< N,>'<:\HC

o8
L Js 1.29

Figure 1.25: Example of cyclometallated Ir(ll1) complex as chemosensor for

mercury(l1) cation.

Hg(ll) ions are considered one of the most serious problems in both health and the
environment even at low levels; therefore a number of chemosensors for detecting Hg(11)
ions have been studied utilizing chromogenic, fluorogenic and electrochemical sensors.
In this context, a highly selective chemosensor for Hg(l1) cations based on cyclometalated
Ir(111) complex 1.29 has been prepared by Lu et al. (Fig. 1.25).1*° This complex showed
an emission maximum at 686 nm with a lifetime of 0.77 us. The emission titration of 1.29
with Hg?* showed that the emission increases continuously until the addition of 1 equiv.
of Hg?* and the luminescence intensity had increased to ca. 474%, with a blue shift to
670 nm. Further addition induces only very minor change, which was consistent with the
UV-Vis absorption result. Notably, no discernible change is observed for other metal

ions, such as Ag*, Cu?*, Fe?*, Co?*, Ni?*,

The amount of Oz s critical in cell metabolism, and the monitoring of O2 quantity in cell
biology is of great importance not only in living cells but also in the environment and in
the food industry. Thus, several phosphorescent transition metal based O sensors have
been developed for the measurement of cellular O levels and/or the imaging of hypoxic

tumours and so on.

(@)
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A
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1.30

Figure 1.26: Example of Ru(ll) complex for oxygen sensors.
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Tanabe and co-workers reported the use of Ru complex 1.30 for ratiometric sensing of
02 levels in living cells.*® Under, anoxic conditions (0% O_) the complex 1.30 showed
two emissions band at 467 and 611 nm, which are assigned to the fluorescence of the
coumarin unit (467 nm) and the 3MLCT phosphorescence of the ruthenium complex (611
nm). Increasing the O concentration caused a decrease in phosphorescence intensity at
611 nm due to the quenching effect of oxygen, whilst, the fluorescence intensity at 467
nm was unaffected. Notably, the quenched phosphorescence emission of 1.30 under
aerobic conditions was recovered to the intrinsic level after degassing with argon. Hence,
the phosphorescence emission of 1.30 was regulated reversibly according to changes in

the O concentration, while its fluorescence is oxygen-independent.

1.31

Figure 1.27: Example of bis-cyclometallated Ir(I11) complex for oxygen sensing.

In 2016, Fernandez-Sanchez and co-workers*! reported the use of bis-cyclometallated
Ir(111) complexes 1.31 for luminescence oxygen sensing (Fig. 1.27). They showed that
the phosphorescence was MLCT-based red emission for the complexes 1.31a, 1.31b and
1.31c with emission maxima at ca. 625 nm, each with similar quantum yields (@gegas =
0.1) and lifetimes of 8.3, 225 and 480 us respectively in degassed MeCN. A higher oxygen
sensitivity in dilute solution was noticed for 1.31c compared to 1.31b and parent 1.31a.
Whilst the latter molecule shows a @uegas/ @air ratio of 26, a much higher value of 190 was
obtained with 1.31b and 950 with 1.31c, which was consistent with much longer excited-

state lifetimes on successive introduction of pyrene chromophores.

Metal complexes have also been used as sensors of biomolecules e.g. Nair and co-
workers?#? reported Pt(11) complex 1.32 for staining DNA (Fig. 1.28). They found that,
the complex showed weak emission at 460 nm as well as at 533 nm and the emission band
at 460 nm was assigned as 3ILCT transition. Upon addition of DNA, a 21-fold increase
in the emission intensity of complex 1.32 was observed whilst there was no change in

emission maxima with serum albumin. The complex 1.32 stains the nuclear DNA
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specifically without addition of any external fluorophore. The study demonstrates the
1.32 can be used for staining DNA in gel electrophoresis as effectively as highly

mutagenic ethidium bromide and it is at a non-toxic concentration. Further examples of

sensing of biomolecules in cells are discussed below.

B [\ 7t

Ny NH

L Cl _

1.32
Figure 1.28: Example of Pt(1l) complex used for staining DNA.

1.3.4 Transition Metal complexes for bioimaging applications.

The development of fluorescent and luminescent biological probes has relied mainly on
organic dyes'**'%* and lanthanide complexes.*® Recently, luminescent transition metal
complexes have emerged as attractive candidates for biological probes owing to their
attractive photophysical attributes and the field has been reviewed.®® 47 As explained
previously transition metal complexes can have a number of advantages for imaging.
Long emission lifetimes (compared to fluorescent molecules), allows the application of
time-resolved detection'® 148 and fluorescence lifetime imaging microscopy*® **° that
offer enhanced sensitivity. In addition, owing to their large Stokes shifts, transition metal
complexes rarely suffer from self-quenching and homo-fluorescence resonance energy
transfer (FRET), which usually confront fluorescent organic dyes. Moreover, the high
photostability of many transition metal complexes permits continuous monitoring of
biological events by fluorescence spectroscopy and microscopy. Lastly, as illustrated
above (Section 1.2.1-3) the emission properties of transition metal complexes can be
readily tuned by using a wide range of ligands. Tuning the emission wavelength into the
near-infrared region is desirable because infrared light can penetrate tissue more than
visible light which may be desirable in imaging or possibly in phototherapeutic

applications.
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Figure 1.29: Example of bis-cyclometallated Ir(111) complex for for living cell imaging.

Li et. al. have reported simple cyclometallated species of Ir(lll) 1.33a-b as
phosphorescent dyes for living cell imaging (HeLa cells).®® Complexes 1.33a,b show
intense green (Amax =517 nm, t = 0.9 us) and red (Amax =623 nm, t = 1.1 xS) luminescence,
respectively. The complexes localised in the cytoplasmic region of the cells, with
emission maxima inside the cell (intracellular) are 512 nm and 617 nm for 1.33a,b
respectively. Furthermore, cytotoxicity studies showed staining in cytoplasm is relatively
low toxicity (=100 uM) and considerably higher photostability compared to organic dyes.
Based on these results, the two complexes render them appealing for the design of

particular phosphorescence bioimaging agents.

Chao and co-workers'® reported four cyclometalated Ir(111) complexes, 1.34a-d which
were utilized as color-tunable phosphorescent agents for mitochondrial imaging. All of
the complexes exhibited intense photoluminescence emissions with quantum efficiencies
of 0.049-0.957 and emission lifetimes of 195-463 ns, which can be mainly attributed to
dn(Ir)—m*(N—N) *MLCT transitions and m(C—N)—n*(N—N) 3LLCT transitions. The
emission color was tuned from green-yellow to fuchsia 528 to 589 nm for 1.34a-1.34d
The complexes possess high mitochondrial specificity, good photostability, low
cytotoxicity at the imaging concentrations, high resistance to the loss of mitochondrial
membrane potential as well as appreciable tolerance to environmental changes, hence are

well-suited for use as imaging agents for mitochondria.
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Figure 1.30: Example of cyclometallated Ir(I11) complex as multicolor probes for

\ / \ 7/

specific mitochondrial imaging and tracking.

Thiol-containing amino acids, homocysteine (Hcy) and cysteine (Cys), play many crucial
roles in biological systems. For example, elevated levels of Hcy in blood plasma (about
6 umol/L) are risk factors for thrombosis and cardiovascular diseases. Li et al., reported
a cationic Ir(111) complex 1.35 containing aldehyde groups as a Hcy/Cys selective probe
for ratiometric phosphorescence imaging in living cells.*®® They found that, in the
presence of Cys or Hcy, the aldehyde groups of 1.32 reacts to form the thiazolidine 1.35a
or thiazinane 1.35b , which converts the lowest excited state of the complex from °IL to
amixed *MLCT and 3LLCT state. As a result, upon addition of Hcy or Cys, the emission
band progressively shifted from ca. 546 to 586 nm with a decrease in intensity by factor
ca. 1.6, resulting in a red-shift of ~40 nm and a change in colour from yellow to red. Cell
imaging experiments demonstrated that the probe is membrane permeable and can

monitor the changes of Hcy/Cys within living cells.

_ -+ _ —
| A S X S
N ’ N .~ SH NH, _N Ir/N Z
X k(“)n)\COOH N X
~| n=0,Cys =
n=1, Hey 2
CHO S NH
- - , COOH -
a, Cys(n=0)
1.35 b, Hey (n=1)

Figure 1.31: Example of cyclometallated

phosphorescence probe for amino acids.

Ir(111) complex as a ratiometric
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In summary, it is clear that the luminescent transition metal complexes are currently
revolutionizing many areas of photochemistry and photophysics. In particular, they are
proving useful as molecular probes and sensors. As discussed earlier in Section 1.5 there
has been an explosion of interest in the photoluminescence properties of Ru(ll), Ir(I11)

and Pt(I1) complexes and they are amenable to the rational design of sensors.
1.4 Aims of the project
The overall aims of this research project are:

e The synthesis and characterisation of luminescent Ir(I1l) bis-cyclometallated
complexes [Ir(C*N)2(N*N)]"™" (n = 0, 1). The potential use of these complexes as
pH sensors will be investigated, including the effect of changing the heterocycle

of the C”N and the R groups on subsequent pKa.

e The synthesis and characterisation of cationic Ir(111) complexes [Ir(ppz)2(N*N)]*
(N”N = bidentate PYE ligands) and to further investigate the donor properties and
resonance structures of the ligands and the photophysical properties of the ligands

and complexes.

e The synthesis and characterisation of bidentate Pt(Il) complexes
[Pt(CAN)(X*Y)]™ (n = 0, 1) with additional substituents that are free to rotate in
solution, and the evaluation of whether these complexes can be designed to show
EPESS and hence whether they have any potential for application as viscosity

Sensors.
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Chapter Two

Synthesis and characterisation of cyclometallated
Ir(111) complexes [Ir(C™N)2(N~N)]™ (NN = 2

pyrazolylpyridine; n =0, 1) for use as pH sensors
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2.1 Introduction

pH is defined by the expression

pH = - log [an"] )
where an” is the activity of the hydrogen ion. In dilute solutions the activity is essentially
equal to the concentration and the pH may be approximately defined as

pH = - logio [H] 2
In water, pH values of less than 7 are characterized as acidic whereas those with a pH
greater than 7 are characterized as alkaline, since pH 7 is the centre of the measurement
scale, it is neither acidic nor basic and is where the hydrogen ion concentration exactly
equals the hydroxide ion concentration at 25°C.
The value of the acid dissociation constant (pKa) is an important parameter that indicates
the degree of ionization of molecules in solution at different pH values. and can be
expressed as
oH = pKa + |Oglo(%) 3)
For quantitative pH measurements, it is crucial to match the indicator’s pKa to the pH of
the system of interest, which means pKa can be defined as the pH at which a compound
is 50% ionised. Reliable and accurate monitoring of pH is crucial to an understanding of
the many chemical and biological processes that are impacted by the concentration of H*.
pH is one of the variables most often controlled in biology because enzymatic activities,
and therefore metabolism is very sensitive to its change. Therefore, monitoring pH
changes inside living cells is critical for studying cellular functions and understanding

better physiological and pathological processes.

There are a number of significant properties to be considered in the design of a pH sensor:
¢ In biological applications, the range of pH values that are interesting are between
pH 6-8,! although sensors which are sensitive to more acidic media are also useful
in particular for cell’s acidic organelles, such as with lysosome whose pH is
known to be between 4.5 and 5.5.2 3
¢ In biological applications, the desired features of luminescent pH sensor include
an appropriate pKa, high extinction coefficient, absorption/excitation and
emission bands in the visible region to facilitate the use of low-cost light sources

and optical components and, to minimize photobleaching effects, very good
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photostability as well as chemical and thermal stability. Fluorescent indicators

should also exhibit a large Stokes shift.*
Many methods have been used to monitor pH, particularly in the biological field,
including pH-sensitive microelectrodes,® NMR spectroscopy,® ” and optical spectroscopy
techniques.®2 Compared to these techniques, luminescent pH sensors have significant
advantages due to their excellent sensitivity, minimal damage to living samples,
specificity, the availability of a wide range of indicator dyes, high signal-to-noise ratios
and the ability to continuously monitor rapid pH changes. Furthermore, fluorescence
microscopic imaging allows mapping of the spatial and temporal distribution of H* within

living cells. 1318

pH sensors have primarily focussed on organic molecules; however, transition metal and
rare earth metal complexes have also been recently studied.'®? In addition to the signal-
to-noise advantages inherent to the luminescent measurements mentioned earlier,
transition metal complexes (TMCs) have additional merits that make them more attractive
as possible pH sensors. These include significant Stokes shifts for easy separation of
excitation and emission, emission colour shifts with changing wavelength or intensity,
and relatively long emission lifetimes compared to organic molecules® 2’ (see Chapter
1 for more details). Currently, the working principle for the design of pH sensors for
luminescent metal complexes is to modify a ligand structure to show pH sensitivity. A
common approach is to use a ligand, e.g., phen or bpy, containing a pendant functional
group such as an amine, or pyridine, which can be protonated, or phenol, pyrazole,
imidazole or an acid that can be deprotonated. The reversible acid-base interconversion
can lead to significant changes to the optical characteristics of such complexes. Several
luminescent complexes of the platinum group metal ions have been used as pH sensors,

notably Ru?* 232 Re* 53 gng pt*2 13.37. 38

Higgins and DeGraff 28 reported that complexes 2.1a-b work efficiently as pH sensors.
Both complexes show good signal-to-noise, even at pM concentrations, and showed
changes in both emission intensity and lifetime over the pH range of 2 < pH < 9. They
have similar pKa values of 3 and 4, respectively. The deprotonated forms of the complexes
were the stronger emitting and longer-lived species. The authors suggested that the
dependence of lifetime on pH could allow for the realization of lifetime-based

determination of pH.?®
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Likewise, the pH effects on the UV-visible and emission spectra of 2.1c were studied
over the pH range 1.0-13.0.3° At pH ~ 6, the UV-visible spectrum of 2.1c showed four
bands at 253, 287, 305 and 443 nm. The lowest-energy absorption MLCT band at 443 nm
was almost unchanged over a pH range of 4 to 6; however, between pH 6.0 and 9.0, the
intraligand n—n*(hdppz) transition at 305 nm decreased significantly in intensity and a
new band at 330 nm was observed, which was assigned to the 1 —n* transition of
deprotonated hdppz. The intensities of the n—n* bands at 253 and 287 nm were
moderately reduced, with a blue shift of 5 nm for the band at 287 nm. The ground state
pKa was approximately 7.3. The emission spectrum was strongly sensitive to pH. At pH
< 6.0, 2.1c emitted weakly at 619 nm, which is characteristic of a 3MLCT
(dn(Ru)—dn*(ligand)) emission state. Upon increasing pH from 6.0 to 11.5,
deprotonation of the OH group occurred causing an increase in emission with an on/off
ratio of more than 150 with very little change in Amax (Ca. 8 Nm). The excited-state pKa*
value is approximately 7.7, about 0.4 units greater than the ground state pKa, indicating
that the excited electron is located on the hdppz rather than the bpy.
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H;
H,CH,OCHs

A family of Pt(ll) complexes (2.2a-c) containing basic amino functionality were
employed as colorimetric and luminescent pH sensors.®” Complexes 2.2a-c exhibit
dramatic colour changes upon addition of acid both in organic and in agueous media, and
these are completely reversible upon addition of a base. The electronic absorption spectra
of complexes 2.2a-c in water showed intense absorption bands at 280-290 nm due to the
IL transition of the terpyridine ligand, whilst bands at 488-520 nm were assigned to a
LLCT transition mixed with MLCT character. The results of pH titrations gave aqueous
pKa values for 2.2a-c of 3.55, 2.29 and 3.22, respectively. Complexes 2.2a-c are non-
emissive in aqueous solutions in the absence of acid whilst their protonated forms are
emissive. These findings demonstrate the capabilities of these complexes to function as

colorimetric and luminescence pH sensors.

| H
Pt—N~ = =
L
PPh,

Aem. = 504 nm 23

Lam et al.** have investigated the potential of complex 2.3 as a pH sensor. They found
that increasing the pH from 2.2 to 6.5 caused a continuous red-shift of the absorption
bands. The higher energy intraligand absorption band shifts from 313 to 331 nm whilst
the lower energy *MLCT absorption band shifts from 345 to 355 nm with a well-defined
isosbestic point at 322 nm, suggesting a clean conversion between the protonated and
deprotonated forms. The complex is relatively weakly luminescent below pH 2.6 with
Amax at 504 nm, but on changing to a less acidic environment, i.e., pH > 4.8, led to a small

red-shift of the Amax to 507 nm with a three-fold enhancement in emission intensity. The
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authors stated that the red-shift in the emission profile is consistent with the reduction of
the MLCT energy gap upon the deprotonation of the 1-pyrazolyl-NH. The excited state
pKa was approximately 4.0. Both the pH-induced luminescence and the changes in the
absorption spectroscopy of the complex were reversible with alternate addition of base
and acid to an acetonitrile solution.

Iridium complexes have also been used for pH sensing. For example, Licini and Williams
used Ir bis-terpyridine complexes 2.4a-d which exhibit changes in lifetime and intensity
with changing pH.*! The absorption spectra of 2.4a-d in aqueous solution show strong,
predominantly ligand-centred transitions in the region 250-400 nm at pH 6. Complexes
2.4a, b showed no significant change in their absorption spectra upon protonation (pH <
6). In contrast, complexes 2.4c, d changed from pale yellow at pH 6 to deep orange at pH
to 10 with the emergence of a new absorption band at 468 nm. The pKa of 2.4b is 4.1 (cf.,
pyridinium has pKa 5.25) whilst the pKa of 2.4c is 8.1 (cf., phenol has pKa 10.0), in both
cases the cationic electron-withdrawing metal terpyridyl unit reduces the basicity of the

pendant group, pyridine or phenol, respectively.

OH

Although there are no significant changes in the wavelength of emission of 2.4a-b upon
protonation of the pendent pyridine, the emission intensity at 507 nm of 2.4b was reduced
by ca. eight-fold on lowering the pH from 7 to 2. Complex 2.4c is only weakly emissive
and was completely quenched after deprotonation of the OH at pH > 6. Complex 2.4d is
more luminescent and the intensity is only modestly reduced (by a factor of ca.1.6) over
the pH range 6-10, where the residual emission at high pH is likely to arise purely from
the tolyl-terpyridine ligand. Notably, the lifetime of complex 2.4a was reduced from 1.1
us at pH 7 to 0.34 us at pH 2 in air-equilibrated aqueous solution similar effect was seen
for 2.4b. Protonation of the pyridyl nitrogen lowers the energy of the MLCT excited state,
which leads to mixing with the emissive LC state, thereby shortening the lifetimes and
reducing the intensities.
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a 2.5 a

Ir(111) bis-cyclometallated complexes have also been used as pH sensors. For example
Huang et al.*? reported complex 2.5 containing carboxylic acid groups on the
cyclometallated ligands. The titration of 2.5a in an aqueous buffer solution showed that,
upon raising the pH from 2 to 4, the absorption spectrum was slightly blue-shifted. (~5
nm) and the absorption intensity of the MLCT band centred at 467 nm declined.
Increasing the pH from 4.0 to 8.0 caused the MLCT bands to shift slightly to the blue at
424 nm, and a strong absorption peak at 424 nm was ascribed to the deprotonated form
2.5a’. Complex 2.5a was non-emissive at pH 2-5, however upon increasing the pH from
51to 9, a red emission centred at 625 nm was observed which can be ascribed to the
deprotonated form 2.5a’ The enhancement of the emission at 625 nm based on the pH
difference was over 14-fold. The pKa value was approximately 7.0, suggesting that the

probe may useful for monitoring pH in biological systems.

Y 7 | _,PF6 B _,PFG
N
™ N\| /N\ N \Ir/ N
R /r H R1 |~
1 SN \N/ NH
i 19 \—/ L i
R2 R2
a:R1 =Ry =H, A¢py =523 Nm c: Ry =Ry =H, A¢yy =557 nm
b:R{=Ry=F, Aemy, =512 nm d:R1=R=FA =527 nm

2.6
In 2015, the Mao research group developed four pH-sensitive iridium(lIl) complexes
2.6a-d for lysosome targeted photodynamic therapy (PDT).*® Complexes 2.6a-d showed
the phosphorescence with the quantum yield of 2.6a decreased from 0.077 at pH 3.0 to
0.024 at pH 7.4, with similar results also observed for 2.6b-d. The excited state pKa values

were between 3.56 and 4.42. Complex 2.6¢ was used to monitor lysosomal integrity
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during PDT to assess the therapeutic effect. However, the practical application of these
photosensitizers in PDT may be limited due to the short excitation wavelength (425 nm).

In summary, despite extensive reports on many diverse pH probes, no pH sensors are yet
known that perfectly satisfy all the criteria at once, although partial fulfilment may also
be useful. The coordination of a functionalised ligand to a metal tends to lead to a
reduction in electron density due to electron donation to the metal and hence should lead
to a lowering of the pKa for the ligand in the ground state. However, it should be noted
that it is harder to predict the outcome for an excited state. Hence, for pH sensors that are
applicable in biological systems it is desirable to choose functional groups that normally
have a pKa which is higher than 8 so that when reduced it may fall within the desired
range. Hence, this chapter will focus on ligands with an accessible pyrazole NH; free
pyrazole has a pKa of 19.8,* and the free pyridine pyrazole ligand has a pKa of 11.6,%
however Pt complex 2.3 discussed earlier, featuring a tridentate pyrazole ligand, had an
excited state pKa of 4.0.

This chapter will focus on the synthesis and characterisation of Ir(l111) complexes
[Ir(C”N)2(N~N)]™ (n = 0, 1) (Scheme 2.1). The potential use of these complexes as pH
sensors will be investigated, including the effect of changing the heterocycle of the C*N
and the R groups on subsequent pKa.

R;=H,CF; R;=H,CF; R, = H,'BuorPh

Scheme 2.1
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2.2 Results and Discussion
2.2.1 Synthesis of NN Ligands

Ligands HL1.3 were synthesized according to literature methods,*® 4’

as outlined in
Scheme 2.2. Compound 2.7 was converted to 2.8 under solvent-free conditions and then
reacted with hydrazine monohydrochloride to give ligand HL1 in good yield (93%). The
'H and 3C NMR spectra of HL1 are in agreement with the literature.*® Ligands HL2 and
HL3 were easily obtained by Claisen condensation of 2.9 with the relevant methyl ketone
to yield 2.10 (R = 'Bu, 79% and R = Ph 73%), respectively. Subsequently, the compounds
2.10 (R = 'Bu, Ph) were reacted with hydrazine monohydrochloride in the presence of a
base to give HL2 and HLs, respectively, in good yields. The *H NMR and *C NMR

spectra of ligands HL2 and HL3 agree with the literature data.*" 4% 0

X o
| 110° C, 1.5 hrs Me NH2 NH,-HCI \
~ Me
N Me ch03 EtOH,
O Me/ OMe Reflux

2.7 2.8,83% HL,, 93%
R
HN
\ NaH, THF N )
NS
> o_- a NH2—NH2 HCI
5 K,CO3,EtOH, N™
Refl
erux _
2.9 2.10 HL, =R ="'Bu, 65%
R ='Bu, 89% HL; =R =Ph, 73%
R =Ph, 47%

Scheme 2.2: Synthesis of Ligands HL1, HL2 and HL 3,
2.2.2 Synthesis of C*N Ligands

Ligand HLs+ was prepared by a modification of a literature method®! (Scheme 2.3).
Compounds 2.11 and 2.12 were heated for 72 hrs. at 110°C in MeCN. After
chromatography, HL4 was isolated in good yield (83%) and the *H and *3C NMR spectra
are in agreement with the literature.®* Ligand HLs was easily obtained in good yield
(73%) by a palladium-catalysed cross-coupling reaction according to the reported
method® which is outlined in Scheme 2.3. The *H and **C NMR spectra of HLs are also

in agreement with the literature.>
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A\
Br N
H ‘N

N\
\ /N + CUZO, 082CO3 .~
/‘—' MeCN, 110 °C
CF,4 L
3
2.11 2.12 HL,, 83%
B(OH), Z |
Na
I Pd(OAc),, KoCO3
TNz EtOH/H,O (3 : 1 Viv),
CF; Br 80 °C. in air
CF,4
2.13 2.14 HLs, 73%

Scheme 2.3: Syntheses of ligands HL4 and HLs

2.2.3 Synthesis of cyclometallated Ir(I11) dichloro-bridged dimers
Bis-cyclometallated Ir(11) dimers 2.15a-d were prepared via a literature method®?
(Scheme 2.4) in yields greater than 80%. The NMR data for 2.15a-d are consistent with
those published.>36

propan-2-ol : H,O (3:1)
>
MW 110 °C 90 mins

AN =
HCAN N/ 5
i 2.15a-d

H c:R=H
CF; d:R=CF;

IrC|3.(H20)3 + HCAN

Scheme 2.4: Synthesis of [Ir(C”N)2Cl]2 dimers.
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2.2.4 Synthesis and Characterisation of Cationic Phenylpyrazole Iridium(Il1)
Complexes

The syntheses of complexes [Ir(ppz)2(N*NH)]PFe are outlined in Scheme 2.5. The

reactions of dimer 2.15a with ligands (HL1-3) and KPFe were carried out in methanol at

60°C under microwave irradiation for 20-40 minutes (see experimental section). After

work up, complexes 2.16aHL -3 were formed in good to excellent yields.

No@  HN
MW 60 °C © | S

> R
[Ir(CAN)Cll, + KPFg, MeOH ||I’\N/
N’N\7
CAN=215a HL;=R=H 2.16aHL,, R=H, 78%
HL, =R ="'Bu 2.16aHL,, R ='Bu, 93%
HL; =R =Ph 2.16aHL;, R = Ph, 82%

Scheme 2.5: Synthesis of [Ir(ppz)2(N*NH)]PFs 2.16aHL1-3

'H and 3C NMR spectra for all the complexes were assigned using two-dimensional
NMR experiments such as TOCSY, COSY, NOESY, and HMQC. The 'H and $3C NMR
spectra of 2.16aHL 1-3 are similar to each other for the cyclometallating ligands; therefore,
only the assignment of complex 2.16aHL. is discussed in detail.

56
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Figure 2.1: Proton numbering for *H NMR assignment of complex 2.16aHL1

The coordination of the NN ligand removes the C> symmetry of the dimers, causing the
two C~N ligands to become inequivalent and therefore doubling the number of peaks;
hence, the *H NMR spectrum of complex 2.16aHL: contained twenty-one aromatic
environments. Important parts of the TOCSY and NOESY spectra of 2.16HL1 are
displayed in Figs. 2.2-3, respectively.
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Figure 2.2: Region of the TOCSY spectrum of 2.16aHL1 showing identification of
two cyclometallated phenyls A, B (=-=-- ), two pyrazoles A, B (sssesee ), one pyridine

Cl—rmum— ) and the other pyrazole D ( ) ring, (500 MHz, 298 K in CD3CN).

The TOCSY spectrum of complex 2.16aHL: (Fig. 2.2) shows two doublets of doublets
at high field (3 6.30, 6.32), assigned to protons Hia and Hig which are to high field due
to ring current effects.>” This then allows assignment of the signals for the phenyl (Ha, g)
and pyrazole (Ha, ) rings using the TOCSY and NOESY spectroscopy. Likewise, the
protons of pyrazole (D), (Ha and Hy) were easily identified in the TOCSY spectrum as
doublets at 6 7.83 and 6 7.20, respectively, which are slightly shifted downfield compared
to the free ligand (by ca. 6 0.4 and 0.2, respectively) which may be due to the coordination
of the (N~N) ligand to the metal. H, shows an NOE to a doublet of triplets at ca. 6 8.20
which is therefore assigned as He for pyridine (C) (Fig. 2.3) and the TOCSY and COSY
spectra then allow for assignment of other pyridine proton peaks Hsn. Protons He.g are
shifted slightly downfield compared to the free ligand (ca. 6 0.2 to 0.4) as might be
expected on coordination to the metal, whilst proton Hx (6 8.01) is observed about 5 0.7
upfield compared to the free ligand (6 8.68) due to ring currents from the neighbouring
phenyl ring (A), as noted previously, e.g. [Ir(R-ppz)2(bipy)]PFs.>® Proton Hn also shows
an NOE to a pyrazole proton multiplet at ca. 6 7.07 which is therefore assigned as H7g.

The other pyrazole protons Heg and Hsg, a triplet at & 6.62 and a doublet at 6 8.40 can
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then be assigned via the TOCSY spectrum. Hsg is a doublet at & 8.40 which shows an
NOE to a doublet of doublets at 6 7.50 which is therefore assigned as Hasg, and the other
phenyl protons H(1-3)s can then assigned via the COSY and TOCSY spectra. Proton Hig
shows an NOE to the pyrazole proton Hza and the TOCSY spectrum then allows

assignment of the other pyrazole protons Hse)a at, 8 8.36 and 6.61 respectively.

aD bD. (BA3B.TB)

F1 [ppm)

(hC/7B)

T
65

(eC/bD)Y

(SB/4B)

7.0

1.5

T
8.0

°(4B/SB) ’

a' 5 uto 75 1fo efs F2 [plpm]
Figure 2.3: NOESY spectrum of 2.16aHL1 showing some key NOEs (500 MHz,
298 K in CD3CN).

Proton Hsa gives a doublet at ca. & 8.36 and shows an NOE to a doublet of doublets at &
7.47 which is therefore assigned as phenyl proton Hasa and the other phenyl protons H(s-
3)a can thus assigned via the COSY and TOCSY spectra. Notably the pyrazole protons
Hsa, s are the most downfield signals. The NH proton was not observed, probably due to
exchange with D20 in the solvent (CD3CN). Having assigned the proton spectrum, the
13C NMR spectrum showed the expected number of signals, with two downfield
quaternary resonances corresponding to Ccand Cq at 6 154.0 and & 153.3, respectively,
with the other carbons being assigned using the HSQC spectrum and the quaternary
carbons Cg.9)a,z assigned using the HMBC spectrum. The high-resolution mass spectrum
(ASAP) shows a molecular ion for the cation at m/z 624.1497 (624.1488 calculated for

C26H211rN7), with characteristic °3Ir isotopes pattern
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The *H NMR spectrum of 2.16aHL is similar to 2.16aHL1 except for the '‘Bu group
which is observed as a singlet at 6 1.26. As for 2.16aHL1, the phenyl protons Hiaand Hig
are observed as doublet of doublets at high field (5 6.19 and 6.28, respectively). Proton
Hy in pyrazole (D) is easily identified as the only other singlet at 6 6.78. and Hy shows an
NOE to a multiplet at ca. 6 7.96 which is therefore assigned as He of pyridine (C). The
other pyridine protons Hs, g, n can then be assigned via the COSY and TOCSY spectra and
Hn (6 7.92) is again observed about 6 0.7 upfield compared to the free ligand. The pyridine
proton Hy shows an NOE to pyrazole and phenyl protons H7g and Hia which then allows
assignment of the other protons of the pyrazole Hg.7) and phenyl Ha-4) rings using the
COSY and TOCSY spectra. The *C NMR spectrum shows the expected number of
signals. The high-resolution mass spectrum (ASAP) shows an ion at m/z 680.2145
(680.2114 calculated for CaoH2slrN7), with characteristic *3Ir isotopes pattern

The *H and **C NMR spectra of 2.16aHL3 are similar to 2.16aHL1 and 2.16aHL 2 except
an additional five protons are observed in the aromatic region due to the Ph group on the
ring of pyrazole D. A singlet at ca. 6 7.51 corresponds to Hy of pyrazole (D) and this
shows an NOE to a multiplet at ca. & 7.74 assigned to the ortho phenyl protons of the
pyrazole substituent and another NOE to a doublet of doublet of doublets at ca. & 8.22
assigned to proton He of pyridine C. This leads to assignment of protons Hz.n, with Hy (6
7.99) being about 6 0.6 upfield from the corresponding proton in the free ligand. Once
again, protons Hig and Hia were observed as doublets of doublets at high field, & 6.32
and 6 6.28, respectively, and a downfield singlet at 5 12.01 was assigned to the NH proton.
The other signals were assigned in the same way as for the previous two complexes. The
13C NMR spectra showed the expected signals. The high-resolution mass spectrum
(ASAP) showed a molecular ion for the cation at m/z 700.1821 (700.1801 calculated for

Ca2H2sIrNy), with characteristic 1**Ir isotopes pattern

Crystallisation of 2.16aHL1-3 from DCM/hexane afforded crystals suitable for X-ray
crystallography. The X-ray crystal structures of 2.16aHL1-3 were determined and are
shown with selected bond lengths (A) and angles (°) in Fig. 2.4., and are reported in Table
2.1.
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Figure 2.4: X-ray crystal structure of the cations of 2.16aHL1-3 showing 50%
ellipsoids, the hydrogens (except NH) have been omitted for clarity.

The crystal structure of 2.16aHL1-3reveals the expected distorted octahedral coordination
geometry with cis metallated carbons and trans nitrogen atoms (Fig. 2.4). The chelate
bite angles for the cyclometallated ligands are all about 80°, and about 75° for the NN
ligands, considerably less than the ideal 90°. For complex 2.16aHL1, the Ir—N bond
lengths to the NN ligand [Ir(1)—N(5), 2.116(7) and Ir(1)—N(7), 2.148(6) A] are longer
than those to the cyclometallating ligands [Ir(1)—N(1), 2.036(7), and Ir(1)—N(3),
2.031(6) A] due to the former being trans to the C atoms, as observed previously e.g.,
[Ir(C~N)2(pta-R)], (pta = pyridinetriazole, R = e.g., CHs, Ph, Ph-Me Ph-OMe) and
[1r(C"N)2(bipy)]*.%85* Similar trends are seen for complexes 2.16aHL 2.
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Table 2.1: Selected bond lengths (A) and angles (°) for 2.16aHL1, 2.16aHL2 and

2.16aHLs.
A) 2.16aHL1 2.16aHL. 2.16aHLs
Ir(1)—N(1) 2.036(7) 2.033(10) 2.005(6)
Ir(1)—N(3) 2.031(6) 2.033(9) 2.014(5)
Ir(1)—N(5) 2.116(7) 2.175(8) 2.121(5)
1r(1)—N(7) 2.148(6) 2.160(8) 2.148(5)
Ir(1)—C(9) 2.024(8) 1.989(10) 2.008(7)?
Ir(1)—C(18) 2.039(8) 2.005(10) 2.015(6)°
)

N(1)—Ir(1)—C(9) 80.2(3) 79.8(4) 80.3(3)
N(3)—Ir(1)—C(18) 80.3(3) 79.6(4) 80.1(2)°

N(5)—Ir(1)—N(7) 75.1(3) 75.7(3) 75.7(2)

a1r(1)—C(5); N(1)-Ir(1)—C(5) and
bIr(1)—C(14); N(3)—Ir(1)—C(14)

2.2.5 Synthesis and Characterisation of Neutral Phenylpyrazole Iridium(Ill)

Complexes

The dimer 2.15a reacted with ligands HLi-HL3 and NaOMe in a mixture of
DCM/methanol (2:1) to form complexes [Ir(ppz)2(N~N)] (2.17aLi-3) in good yields

(Scheme 2.6).

[I(CAN),Cll, +

CAN =2.15a

NaOMe, MeOH, DCM

Y

HL,=R=H
HL, =R ='Bu
HL; =R =Ph

RT, 2-4 hrs

_N
N \7

2.17aL4, R=H, 75%
2.17aL,, R ='Bu, 76%
2.17aL3, R = Ph, 69%

Scheme 2.6: Synthesis of [Ir(ppz)2(N~N)] 2.17aL1-3
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Figure 2.5: Proton numbering for *H NMR assignment of (i) 2.17aL, (ii) 2.17alL,
and (iii) 2.17alLs, respectively.

The *H and 3C NMR spectra of 2.17aL1, 2.17aL2 and 2.17aL3 are similar to those found
for 2.16aHL1, 2.16aHL2 and 2.16aHLs, respectively, and assignments have been made
on this basis. As expected, in the majority of cases the deprotonation of the ancillary
ligand causes an upfield shift of the 2-pyrazolylpyridine protons compared to their

corresponding cationic complexes. This will be discussed in detail below.

The *H NMR spectrum of complex 2.17aL.1 contains twenty aromatic environments. The
protons Hia 1 are again observed at high field (6 6.22, 6.34, respectively) due to ring
current effects. Protons Ha.» are observed as mutually coupled doublets at 6 7.47 and 6.82,
respectively, upfield compared to the corresponding signals in the cationic complex
2.16aHL1 (5 7.83 and 7.20 respectively) consistent with deprotonation of the pyrazole.
Proton Hp shows an NOE to a multiplet at ca. 6 7.89, which is therefore assigned as the
pyridine C proton He, whilst the other pyridine protons Hz., are assigned via the COSY
and TOCSY spectra. Pyridine protons Heq are slightly (ca. & 0.3) upfield from the
corresponding protons in 2.16aHL1 suggesting some delocalisation of the negative
charge onto the pyridine. Hy is a multiplet at ca. 6 7.87 and shows an NOE to phenyl and
pyrazole protons Hia and Hvs, respectively, which then allows assignment of all the other
protons of the phenyl H-4)a and pyrazole Hs-6)s rings using the TOCSY spectrum. The
phenyl protons Hp-4ag and pyrazole protons Hs.7)as are shifted slightly upfield
compared to the corresponding signals in the cationic complex 2.16aHL1 (ca. 6 0.1 - 0.3),
which is expected for the neutral complex 2.17aLi1. The *C NMR spectra show the
expected signals, and the high-resolution mass spectrum (ASAP) shows an ion due to
[M+H]* at m/z 624.1489 (624.1488 calculated for C2sHa11rN7), with characteristic 1%Ir

isotopes pattern
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In the *H NMR spectrum of 2.17al the 'Bu group is a singlet at § 1.29 (cf., § 1.26 in
2.16aHL2). The phenyl protons Hia g are observed as the two doublets of doublets at
high field (3 6.20 and 6.30 respectively). The only other singlet is assigned to Hy & 6.49,
which is ca. 0.3 ppm upfield from the corresponding proton in 2.16aHL2 (5 6.78)
consistent with deprotonation of pyrazole D. Proton Hy shows an NOE to a broad doublet
at 8 7.63 which is therefore assigned as pyridine C proton He . Pyridine protons Hn.f are
then assigned via the TOCSY spectrum. The *3C NMR spectra show the expected signals
and the high-resolution mass spectrum (ASAP) shows an ion due to [M+H]" at m/z
680.2115 (680.2114 calculated for CaoH2gIrN7), with characteristic *3Ir isotopes pattern.

The 'H NMR spectrum of 2.17alLs is similar to those recorded for 2.17al.1 and 2.17alL>
except for the signals due to the Ph group on the pyrazole ring of the N~N ligand. The
phenyl protons Hia, 1g are at high field, 6 6.33-6.28, and the only singlet at 5 6.95 is
assigned to Hp, which is thus ca. & 0.5 upfield compared to the corresponding proton in
2.16aHLs3 (6 7.51) due to deprotonation of the pyrazole D. Protons Heq are also shifted
(ca. 5 0.5 to 0.6) upfield compared to the corresponding signals in cationic complex
2.16aHLs, indicating a degree of delocalisation of the negative charge onto the pyridine.
All the other protons are within 0.3 ppm of the signals in the corresponding cationic
complex 2.16aHL3. The *C NMR spectra show the expected signals and the high-
resolution mass spectrum (ASAP) shows an ion due to [M+H]* at m/z 700.1818

(700.1801 calculated for Ca2H2sIrN7), with characteristic 1°®Ir isotopes pattern.

Crystallisation of 2.17aL. from DCM/hexane afforded crystals suitable for X-ray
crystallography. The crystal structure of 2.17aL2 is shown in Figure 2.6 with selected
bond lengths (A) and angles (°) reported in Table 2.2.
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Figure 2.6: X-ray crystal structure for 2.17aL2 showing 50% ellipsoids. All H atoms

are omitted for clarity.
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The structure shows a distorted octahedral coordination geometry with cis metallated
carbons and trans pyrazole nitrogen atoms. The chelate bite angles for the
cyclometallated ligands are about 80°, and about 76° for the N*N ligand, less than the
ideal 90°. Table 2.2. shows selected data for neutral and cationic complexes 2.17aL2 and
2.16aHL2. As for 2.16aHL2, the Ir—N bond lengths to the N~N ligand [Ir(1)—N(5),
2.122(6), and Ir(1)—N(7), 2.148(6) A] are longer than those to the cyclometallating
ligands [Ir(1)—N(1), 2.025(6), and Ir(1)—N(3), 2.015(7) A] due to the former being
trans to the C atoms. The Ir(1)—N(5) distance in 2.17al> [2.122(6) A] with an anionic
pyrazolyl pyridine, is shorter than that [2.175(8) A] in the cationic complex 2.16aHL.,
though the other Ir—N bonds and Ir—C bonds are statistically almost the same in both
complexes. The N~N chelate bite angle is very similar in both 2.17al_2and 2.16aHL2, at
76.8(2) and 75.7(3)°, respectively.

Table 2.2: Selected bond lengths (A) and angles (°) for 2.17alL2 and

2.16aHL
(A) 2.17al2 2.16aHL2
Ir(1)—N(1) 2.025(6) 2.033(10)
Ir(1)—N(3) 2.015(7) 2.033(9)
Ir(1)—N(5) 2.122(6) 2.175(8)
Ir(1)—N(7) 2.148(6) 2.160(8)
Ir(1)—C(9) 2.022(7) 1.989(10)
Ir(1)—C(18) 1.992(8) 2.005(10)
©)
N(1)—Ir(1)—C(9) 80.9(3) 79.8(4)
N3)—Ir(1)—C(18) 80.0(3) 79.6(4)
N(5)—Ir(1)—N(7) 76.8(2) 75.7(3)
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NaOMe, MeOH,DCM R ol
[r(CN)CL, + RT, 2-4 hrs g R11 I|r‘\N ~
CAN=215b HL;=R=H 2.17bL4, Ry = CF3, R, = H, 78%
HL, =R ="'Bu 2.17bL,, Ry = CF3, R, = 'Bu, 74%
HL; =R =Ph 2.17bLs, Ry = CF3, R, = Ph, 85%

Scheme 2.7: Synthesis of [Ir(ppz-CF3)2(N~N)] 2.17bL1-3

Complexes 2.17bL1-3 were synthesised by the same method as for the 2.17aL.1-3 (Scheme
2.7) in good yield. In this case only the neutral complexes were made since this was

considered sufficient for measuring pH (see section 2.4).
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Figure 2.7: Proton numbering for *H NMR assignment of (i) 2.17bL.1, (ii) 2.17bL2 and
(iii) 2.17bLs, respectively.

2.17bL1is not very soluble in the majority of NMR solvents except DMSO. The 'H and
13C NMR spectra of 2.17bL are similar to 2.17aL1, except there are only three signals
for each cyclometallated phenyl, doublets for Hia s, a broad doublet of doublets for
Haa 4, with proton Hag appearing as a doublet of doublets, and Hza as a multiplet. Protons
Hia 18 are again at high field (6 6.51 and 6.35, respectively) and NOEs are observed
between Hia and Hy and between Hig and Hrza, with the other NOE between Hia and Hzs.
The assignments are made on the same basis as for 2.17aL.1. Proton Hx (6 7.91) is shifted
considerably upfield compared to the free ligand (6 8.68) due to ring currents from the
neighbouring phenyl ring A as noted above. In addition to the expected signals, the H
NMR showed a broad signal at & 8.44 that integrated to two protons, and which may be

due to a water molecule hydrogen bonded to the pyrazole. The °F NMR spectrum
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exhibited two singlets at 6 — 61.7 and — 61.8 corresponding to two different CFs groups.
The ¥C NMR spectra show the expected signals and the high-resolution mass spectrum
(ESI) shows an ion [M+H]" at m/z 760.1267 (760.1236 calculated for CogH19FsIrN7).

The H and *C NMR spectra of 2.17bL> and 2.17bL3 are similar to 2.17bL1 except for
the pyrazole (D) substituent. All assignments have been on the same basis as 2.17al2-3,
and indeed the expected NOEs are observed. The only singlet in the aromatic region is
therefore assigned to Hy (6 6.74 and 6.26 for 2.17bL2 and 2.17bLs, respectively). Proton
Hn is observed at & 7.82 and 7.71, for 2.17bL2 and 2.17bLs, respectively, about 6 0.8
upfield from the corresponding proton in the free ligands due to ring currents from the
neighbouring phenyl ring (A). The 3C NMR spectra show the expected number of carbon
signals for both 2.17bL2-3 and the high-resolution mass spectrum (ESI) spectra shows
molecular ions [M+H]* at m/z 816.1871 for 2.17bL. (816.1861 calculated for
Ca2H27FsIrN7) and 836.1589 for 2.17bL3 (836.1549 calculated for CasH23FsIrN7), with

characteristic 1%Ir isotopes pattern.

2.2.6 Synthesis and Characterisation of Cationic Phenylpyridine Iridium(I11)
Complexes

Complexes 2.16cHL1-3 were synthesised using the same method as for 2.16aHL1-3. The
dimer 2.15c reacts with HL1-HL3 and KPFs at 60°C under microwave irradiation for 20-

40 mins to form compounds 2.16cHL1-3 in good yields (Scheme 2.8).

MW60°C | ‘
KPFg, MeOH IT\N/

[I(CAN),Cl], +

cAN=215¢c HLi=R=H 2.16¢HL,, R=H, 72%

— =t
:tz i} E § :h” 2.16¢HL,, R ='Bu, 92%
3=R= 2.16cHLs, R = Ph, 84%

Scheme 2.8: Synthesis of [Ir(ppy)2(N~*NH)]PFs 2.16cHL1-3
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Figure 2.8: Proton numbering for *H NMR assignment of (i) 2.16cHL1, (ii) 2.16cHL:
and (iii) 2.16¢cHLs, respectively.

The 'H NMR spectra of 2.16¢cHL13 are similar to 2.16aHL1.3 except the signals
associated with the pyrazole rings of the cyclometallated ligands are replaced by those
associated with pyridine. Phenyl protons Hia, 1g are still the most upfield aromatic
protons, at between & 6.23, and 6.35. In all three complexes, proton Hia shows NOEs to
Hes and Hn ,while proton Hig shows an NOE to Hga which then allows assignment of all
the other protons of the phenyls Hpe-4ag and pyridines Hs7ag using the COSY and
TOCSY spectra. The pyridine protons next to nitrogen Hga, s and Hn might be expected
to be the most downfield signals; however, all of these are influenced by ring currents
from the other ligands and hence are shifted upfield, ultimately being observed between
8 7.9 and 7.5 in all three complexes. Pyridine C proton He is the most downfield proton
in each complex, as found between & 8.15 and 8.23. The 3C NMR spectra show the
expected number of signals for 2.16cHL1-3. The high-resolution mass spectra (ASAP)
each show a molecular ion for the cation (for details, see Chapter 5).

Complexes 2.16cHL1-2 were successfully recrystallized from DCM/hexane and complex
2.16cHLs from CHCls/hexane. The X-ray crystal structures of 2.16cHLi-3 were
determined as shown in Fig. 2.9 with selected bond lengths (A) and angles (°) reported in
Table 2.3.
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Figure 2.9: X-Ray crystal structures for the cations of 2.16cHL1-3 showing 50%

ellipsoids. All hydrogen atoms (except NH) have been omitted for clarity.

The crystal structures of 2.16cHL1-3reveal the expected distorted octahedral coordination
geometry with cis metallated carbons and trans nitrogen atoms in each case (Fig. 2.9).
The chelate bite angles for the cyclometallated ligands are all about 80°, and about 75°
for the N~N ligand, both considerably less than the ideal 90°. As found for the
phenylpyrazole complexes 2.16aHL1-3, the Ir—N bond lengths to the N*N ligand in
2.16cHL13 (ranging from 2.119(5) to 2.171(7) A) are longer than those to the
cyclometallating ligands (range from 2.027(7) to 2.062(4) A) due to the former being
trans to the C atoms, see Table 2.3.
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Table 2.3: Selected bond lengths (A) and angles (°) for 2.16cHL1, 2.16cHL2 and
2.16cHLs.

(A) 2.16CcHL1 2.16¢cHL> 2.16¢cHL3
Ir(1)—N(1) 2.052(5) 2.027(7) 2.056(4)
Ir(1)—N(2) 2.036(5) 2.054(7) 2.062(4)
Ir(1)—N(3) 2.119(5) 2.171(7) 2.149(4)
Ir(1)—N(5) 2.159(6) 2.162(7) 2.170(4)
Ir(1)—C(11) 2.009(6) 2.026(9) 2.014(5)
Ir(1)—C(22) 2.006(7) 2.010(10) 2.010(5)

)

N(1)—Ir(1)—C(11) 80.2(2) 80.8(3) 81.0(2)
N@)—Ir(1)—C(22) 80.5(3) 79.9(3) 81.2(2)
NB)—Ir(1)—N(5) 75.1(2) 76.1(3) 74.80(16)

2.2.7 Synthesis and Characterisation of Neutral Phenylpyridine Iridium(I11)
Complexes

Complexes 2.17cL1-3 were synthesised using the same method as for the 2.17aL1-3. The
dimer 2.15c reacted with ligands HL1-HL3 and NaOMe in a mixture of DCM/methanol
(2:1) to form compounds 2.17cL1-3 in good yield (Scheme 2.9).

NaOMe, MeOH,DCM

[Ir(CAN),CI], +

RT, 2-4 hrs
HL;=R=H
CAN = 2.15¢ HL1 - R="'Bu 217cL,R=H, 83%
27" 2.17cL,, R ='Bu, 73%
HL; =R =Ph

2.17cL3, R=Ph, 87%

Scheme 2.9. Synthesis of [Ir(ppy)2(N~N)] 2.17cL1-3
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The 'H and 3C NMR spectra of 2.17cL1-3 and the associated assignments are made on
the same basis as for 2.16cHL1-3. The *H NMR spectra for complexes 2.17¢cL1-3 all show
protons Hia 1g between 6 6.23 and 6.39 to be essentially unchanged (within 0.1 ppm) of
the related cationic complexes. Proton Hy in 2.17cHL1-3 is observed between 6 6.54 and
7.01, and is shifted to higher field compared to cationic complexes 2.16cHL1-3 (by ca. 0.5
ppm), as expected with deprotonation of the pyrazole. All the other protons are within
0.2-0.3 ppm of the signals in the corresponding cationic complexes 2.16¢cHL1.3. The *C
NMR spectra show the expected number of signals for 2.17cL1-3. The high-resolution
mass spectrum (ASAP) shows ions due to protonated complexes [M+H]* (see Chapter 5
for details).

Complex 2.17cLs was successfully recrystallized from DCM/isopropanol; the X-ray
crystal structure of 2.17cLs was determined and is shown in Fig. 2.10 with selected bond
lengths (A) and angles (°) reported in Table 2.4.

= TN
& c5 w21 \[0c27
&\ Cc6 -
c AP G; c30 . Pr =
> 4
o c2 4% 28
c4 ?"c:; c29

Figure 2.10: X-ray crystal structure for 2.17cLs showing 50% ellipsoids. All H atoms
are omitted for clarity.

The Ir(111) centre adopts a distorted octahedral geometry, where the I—N (C”N) bond
distances are shorter than the Ir—N (N”N) distances (Table 2.4) due to the trans
influence of the Ir-C bonds. The Ir(1)—N(3) distance (2.088(7) A) in 2.17cLs with an
anionic pyrazole pyridine is shorter than that (2.149(4) A) in the cationic 2.17cHL3
though the other Ir—N bonds and Ir—C bonds are statistically almost the same in both
complexes. The pyrazolylpyridine chelate bite angle is similar in both complexes (75.6(3)
and 74.80(16) ° in 2.17cLsand 2.16cHLs, respectively).
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Table 2.4: Comparison of selected bond lengths (A) and angles (°) for
2.17cLsand 2.16¢cHLs3, respectively.

(A) 2.17cLs 2.16cHL3
Ir(1)—N(1) 2.022(7) 2.056(4)
Ir(1)—N(2) 2.033(7) 2.062(4)
1r(1)—N(3) 2.088(7) 2.149(4)
Ir(1)—N(5) 2.147(8) 2.170(4)
Ir(1)—C(11) 2.021(10) 2.014(5)
Ir(1)—C(22) 1.999(9) 2.010(5)

)

N(1)—Ir(1)—C(11) 81.5(4) 81.0(2)
N(2)—Ir(1)—C(22) 81.6(4) 81.2(2)
NB)—Ir(1)—N(5) 75.6(3) 74.80(16)

Complex 2.17dL. was synthesised using the same method as for 2.17ali-3 giving
products in good yield (Scheme 2.10). The *H and *C NMR spectra of 2.17dL> are
similar to 2.17cL 2, except the signals for one proton on each the phenyl rings of the C*N
ligands have been replaced by a CFs group, as subsequently confirmed by °F NMR

spectroscopy.

HN

Na

NaOMe, MeOH,DCM
RT, 2 hrs

[lr(CAN)2C|]2 +

CAN=2.15d R='Bu 2.17dL,, 76%

Scheme 2.10: Synthesis of [Ir(ppy-CF3)2(N~N)] 2.17dL2
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The 'Bu group gives a singlet at § 1.18. The protons Haa, 1g are overlapping multiplets at
6 6.41-6.42 and show the expected NOEs. Proton Hy is a singlet at & 6.48 and proton Hn
is observed at 6 6.83, to considerably higher field than in the free ligand (6 8.61), as found
in 2.17alL13. The C NMR spectra show the expected signals and the high-resolution
mass spectrum (ESI) shows a protonated molecular ion [M+H]* at m/z 838.1959
(838.1956 calculated for CasH2oFsIrNs), with characteristic 1%Ir isotopes pattern.

In conclusion, these reactions show that a range of 2-pyrazolylpyridine complexes
[Ir(CAN)2(N~N)]™ (n = 0, 1) can be synthesised in good yields (> 70%) from
[Ir(C~N).Cl]2 using microwave heating for cationic complexes or by reaction with a base
for neutral complexes. All the complexes were fully characterised by 'H and 3C NMR
spectroscopy, mass spectrometry and in several cases by X-ray crystallography. The use
of 2-D NMR techniques allows full assignment of the majority of the protons, where some
unusual chemical shifts are due to ring current effects of adjacent ligands. As expected,
the deprotonation of the cationic complexes leads to upfield shifts in the *H NMR signals
for the some of the 2-pyrazolylpyridine protons. The photophysical properties of these

complexes are discussed in the following sections.
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2.3 Photophysical properties

This section will describe the photophysical properties of the cationic complexes
[Ir(CAN)2(N~NH)]PFs (2.16aHL1-3, 2.16cHL1-3) and neutral complexes [Ir(C*N)2(N~N)]
(2.17alLai-s, 2.17bLas, 2.17cLi13, 2.17dL2). The UV-vis and emission spectra were
measured in HPLC grade MeCN at 0.2 and 0.02 mM concentrations, respectively, unless
otherwise stated. All excitation spectra are in accordance with the absorption spectra (see

appendix Figs. 1 and 2).

Labelling scheme for the Cationic/Neutral Ir(l111) Complexes

Phenylpyrazole Complexes (Cationic) | Phenylpyrazole Complexes (Neutral)

' \
. Y

N
\7
_ 2.17aL1, R1 = H, R2 =H

2.16aHL,,R=H 2.17alL,, Ry =H,R, ='Bu
2.16aHL,, R ='Bu 217aL;, Ry =H, R, =Ph
2.16aHL3;, R=Ph 2.17bL4, Ry =CF;, R =H
2.17bL,, R; = CF;, R, ='Bu
2.17bL3, R; =CF3, R, =Ph

Phenylpyridine Complexes (Cationic) | Phenylpyridine Complexes (Neutral)

X
N ®
N/ HN : N
/ R n, | \\\\N Vs
K& | \\\\\\N NS 1 ! w

N | 2
2 NS |
| N
X 217cL,R{=R,=H
2.16¢cHL,, R=H 2.17cLy, Ry = H, R, ='Bu
2.16cHL,, R ='Bu 2.17cL3, Ry =H, R, =Ph
2.16¢HL;, R = Ph 2.17dL,, Ry = CF3,R, = 'Bu
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2.3.1 Photophysical properties of Phenylpyrazole Ir(l111) Complexes (2.16aHL1-3,
2.17ali3and 2.17bL1-3)

The UV-vis absorption spectra of complexes 2.16aHL1-3, and 2.17aL1-3are shown in Fig.
2.11, which illustrate the effect of the pyrazolyl substituent and of deprotonation. The
spectra of 2.17bLai-s with the CF3z substituted C*N ligand are compared with their
unsubstituted analogues, 2.17aL1-3in Fig 2.12. The data for all nine complexes are shown
in Table 2.5. All complexes show strong bands between 225 and 300 nm due to 1 — 7*
transitions. Cyclometallated iridium complexes usually show *MLCT, and sometimes
SMLCT, bands around 350-450 nm.*>® However, there is no clear evidence for separate
peaks at longer wavelength in complexes 2.16aHL1-3 2.17aL1-3and 2.17bL1-3. Fig 2.11
shows a number of changes in the intensities of the m—n* bands when changing the
substituents of the N”~N ligands. Complexes 2.16aHL3 and 2.17alLs show larger
extinction coefficients than 2.16aHL1-2 and 2.17aL.1-2, respectively, which may be due to
the extra phenyl group on the NN ligands. Similar results were also observed with
complexes 2.17bL1-3.

2.16aHL,
—2.16aHL,;
—2.16aHL;

2.17al,4
- =2.17al,
- =2.17als

Abs.

225 275 325 A(nm) 375 425

Figure 2.11: Absorption spectra of cationic and neutral complexes 2.16aHL1-3(—) and

2.17aLl1-3(---), respectively, in MeCN at 0.02 mM at room temperature.
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Figure 2.12: Absorption spectra of neutral complexes 2.17aLi1-3 (---) and 2.17bL1-3
(...) in MeCN at 0.02 mM at room temperature.

Table 2.5: Electronic absorption spectral data [Aas (nM), emax (L molt cm™)] of
complexes 2.16aHL1-3, 2.17al1-3and 2.17bL13,

2.16aHL1 2.16aHL2 2.16aHL3

241(31106), 324(3904) 242(33361), 321(9999) | 254(44902) 320(12523)

2.17ala 2.17al> 2.17aLs

270 sh(27850), 324(13050) | 270 sh(27910), 321(10800) | 268(39050) 320(17100)

2.17bL1 2.17bL2 2.17bL3

250(29650), 324(11350) 249(29250), 328(6000) | 270(51300), 367(4700)

The protonated complexes 2.16aHL1-3 show absorption bands at 240 to 255 nm. On
deprotonation (i.e., complexes 2.17aL1-3) these absorption bands are red-shifted ca. 25 to
30 nm, whilst the bands at longer wavelength are very similar in both the protonated and
deprotonated complexes. Upon deprotonation there is no significant change (< 20%) in
absorbance intensity at any wavelength, and hence these complexes would not be
expected to be good pH sensors in their ground states. The effect of adding a CF3

substituent to the C~N ligand is shown in Fig 2.12; as can be seen, there are some minor
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changes in the short wavelength region, with the most notable being an increase in
intensity at ca. 260 nm for 2.17bLs compared to 2.17aLs. However, above 300 nm, the

spectra of 2.17bL1-3 and 2.17aLi-3are very similar.

The emission spectra were run in MeCN in aerated solutions. Each pair of cationic and
neutral complexes (e.g., 2.16aHL1and 2.17aL1) were illuminated at the same excitation
wavelength (see Figs 1-2 in the appendix for excitation spectra). The emission spectra of
complexes 2.16aHL1-3, 2.17ali-3 and 2.17bL1-3 are shown in Fig 2.13 and the associated
data are reported in Table 2.6.

120000 A 2.16aHL1 exc. 324 nm
—2.16aHL2 exc. 321 nm
100000 - ——2.16aHL3 exc. 320 nm
2.17all exc. 324 nm
= =2.17al2 exc.321 nm
80000 =2.17al3 exc.320 nm
)
o
(& ]
~ 60000
>
b~
L% ]
c
9 10000
£

20000

400 450 500 50 600 650

5
A(nm)

Fig. 2.13: Emission spectra of cationic and neutral complexes 2.16aHL1-3(—) and

2.17al1-3(---), respectively, in MeCN at 0.02 mM at room temperature in air.

All three cationic complexes 2.16aHL1-3 show a broad emission band, each with a similar
Amax at 502, 495, and 508 nm, respectively (Table 2.6 entries 1-3 and Fig. 2.13). Hence,
the substituent on the pyrazole has almost no effect on the emission wavelength.
Complexes 2.16aHL23 showed slightly higher intensities than 2.16aHLi. The
corresponding neutral complexes 2.17al.1-3 show similar spectra with a slight blue shift
IN Amax (27 nm for 2.17aL1and ca. 10 nm for 2.17aL2-3) (Table 2.6 entries 4, 5, 6 and Fig.
2.13). It is particularly noticeable that the emission intensity for the neutral complexes
2.17aLla-zare all reduced by about 50% compared with the cationic complexes 2.16aHL.-
3. Hence, these complexes would nominally be expected to be luminescent sensors for
pH.
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Table 2.6: Emission data of 2.16aHL1-3, 2.17al1-3 and 2.17bL1-3 complexes.

Entry Complex hem (NM)
1 2.16aHL: 502
2 2.16aHL 495
3 2.16aHL3 508
4 2.17al1 475
5 2.17al2 493
6 2.17al3 496
7 2.17bL1 445sh, 467
8 2.17bL> 433sh,458
9 2.17bL3 483
1.200 - 2.17al,, Exc. 324 nm
- =2.17al,, Exc.321 nm
1.000 TP O 18 = =2.17al;, Exc.320 nm
‘»\." Y 2.17bL,, Exc.325 nm
7 R RS 2.17bL,, Exc.325 nm
: 0.800 :.'{'... " “\ ..... 2.17blLs, Exc.325 nm
ft
= 0.600 - o | W
£ n %
0.400 - l; \\\
:-!’ " A N
3 s\
0200 { : j’f RN
' A N
A/ I "'--..“\*‘L T
0.000 bt . . _ Tteeesiiess '
400 450 500 i(nm) 550 600 650

Fig. 2.14: Normalised emission spectra of neutral complexes 2.17ali13 (- - -)

and 2.17bL1-3(....), respectively, in MeCN at 0.02 mM at room temperature in air.

Neutral complexes 2.17bL1-3 with an electron-withdrawing substituent (CFz) on the
phenyl ring each show a broad emission band which is blue-shifted compared to the
corresponding C*N unsubstituted complexes 2.17al 1,3 with 2.17bL2 showing the largest
shift of 35 nm (Fig. 2.14 and Table 2.6 entries 4-6 vs. 7-9), respectively. A blue shift in
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emission by addition of electron-withdrawing groups to the C*N cyclometallating ligands
is a well-known phenomenon which has been ascribed to the electron-withdrawing group
stabilising the HOMO orbital 53 62 63

2.3.2 Photophysical properties of Phenylpyridine Ir(l111) Complexes (2.16cHL1-3,
2.17cLisand 2.17dL>2).

The UV-vis absorption spectra of complexes 2.16cHL1-3, 2.17cLi1-3 and 2.17dL2 are
shown in Figs 2.15, 2.16 and their data reported in Table 2.7. As for the ppz complexes
discussed earlier, all the ppy complexes (cationic and neutral) show strong bands between
225 and 300 nm due to m1 — 7* transitions. However, for the ppy complexes, weak bands
between 380-405 nm (possibly having contributions from *MLCT transitions) are also
visible. The substituent on the pyrazole has almost no effect on the absorption
wavelength, though phenyl-substituted complexes 2.16cHL3 and 2.17al.s show higher
intensities (Figs 2.15). The neutral complexes 2.17cL1-3 show a small red shift (ca. 4-12
nm) in the high energy band compared to their cationic analogues, while the bands to
longer wavelength (340 nm) remain essentially unchanged (Figs 2.15 and Table 2.7).
The spectrum of the neutral complex 2.17dL2, with an electron-withdrawing substituent
(CF3) on the phenyl ring of the C*N ligand, is similar to that of its unsubstituted analogue
2.17cL2 (Fig 2.16 and Table 2.7). As for the ppz complexes upon deprotonation, there is
no significant change (< 20%) in absorbance intensity at any wavelength, hence these

would not be expected to be good pH sensors on the basis of their UV-vis spectra.

1.2 -

2.16cHL,
——2.16¢cHL;
——2.16¢cHL;

2.17cl,
== 2.17cL,
- = 2.17cls

0.8

0.6 -

Abs.

0.4 4

0.2 -

0

225 275 325 375 425 475
A(nm)

Figure 2.15: Absorption spectra of cationic and neutral complexes 2.16¢cHL1-3(—) and

2.17cLa-3 (---), respectively, in MeCN at 0.02 mM at room temperature,
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Figure 2.16: Absorption spectra of neutral 2.17cLis (- - -) and 2.17dL2 (....),
respectively, in MeCN at 0.02 mM at room temperature.

Table 2.7: Electronic absorption spectral data, [Aass (nM), emax (L mol? cm™)] of
complexes 2.16cHL1-3, 2.17cLi-3and 2.17dL2.

2.16¢cHL1

2.16¢cHL:?

2.16cHL3

255(38906), 340 sh (8874)

253(38906), 341 sh (8372)

267(53968), 368 sh (6240)

2.17cL1

2.17cl2

2.17cLs

267(36972), 340sh(10111)

265(31775), 341sh (9030)

271(51066), 368 sh (8645)

2.17dL2

273(52650), 399 sh (6400)

The emission spectra of 2.16cHL1-3 and 2.17cL1-3 are shown in Fig 2.17 and their data
reported in Table 2.8. Complex 2.16¢cHL1 shows a broad band (Amax of 505 nm); however,
complexes 2.16¢cHL2-3 both show some structure in the emission band. Thus 2.16cHL.
shows a Amax at 510 nm with a shoulder at 484 nm, whilst 2.16cHL3 shows a Amax at 497
nm with a shoulder at 520 nm. As for the ppz complexes, changing the Rz group on the
N”N ligand has only a small effect on the emission wavelength. The neutral complexes
2.17cL1-3 show very similar spectra to the cationic complexes, with a broad emission

band with distinct shoulders observed for some complexes. There is no a significant
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change in emission intensity between the cationic and neutral complexes, though the
latter, if anything, are slightly more emissive than the former, which is the opposite case
to the ppz complexes. Hence, these are not expected to be good pH sensors in their excited
states. Alternatively, it is possible that complexes 2.17cL1-3 were not fully deprotonated

(see pH titrations section 2.4).

200000 - 2.16¢cHL,, Exc. 340 nm
180000 - ! ~a . =——2.16cHL,, Exc. 341 nm

——2.16¢HLs;, Exc. 369 nm
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\ = =2.17cL,, Exc. 341 nm
\\- —2.17cL;, Exc. 369 nm
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Fig. 2.17: Emission spectra of cationic 2.16cHL1-3(—) and neutral 2.17cL1-3 (---) in
MeCN at 0.02 mM at room temperature in air.

Neutral complex 2.17dL2 containing a CFs group showed a Amax at 502 nm, with a small
blue shift ca. 4 nm compared to the corresponding unsubstituted complex. 2.17cL2 also
shows a distinct shoulder at longer wavelength ca. 533 nm, and the spectra the of 2.17cL>

has some emission to higher wavelength than the 2.17d complex (Fig 2.18).

12 -
1- Fom = =2.17cL2, Exc. 341 nm
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Figure 2.18: Normalised emission spectra of neutral complexes 2.17cL2 (- --)
and 2.17dL2 (....), respectively, in MeCN at 0.02 mM at room temperature in air.
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Table 2.8: Emission data of 2.16cHL1-3, 2.17cLa-3and 2.17dL2.complexes.

Entry Complex Xem (NM)

1 2.16cHL1 505

2 2.16cHL2 484sh, 510
3 2.16cHL3 497, 520sh
4 2.17cL1 499, 517sh
5 2.17cL2 506

6 2.17cLs 497, 518sh
7 2.17dL2 502, 533sh

In conclusion, the UV-vis absorption spectra of all the complexes show strong bands
between 200 and 300 nm due to © — 7* transitions, and the ppy complexes 2.16¢cHL1-3,
2.17cL1-3 and 2.17dL2 show weak bands between 380-405 nm (possibly having
contributions from MLCT transitions). All the complexes are emissive at room
temperature in solution in air. There is no a significant variation in emission wavelength
upon changing the substituent on the ancillary N*N ligands, whilst for both ppz and ppy
complexes there is very little change in Amax On deprotonation, except for complex
2.17alL1 which shows a blue shift of approximately 27 nm. However, there are some
changes in intensity, particularly for the ppz complexes which may thus be suitable for
use as luminescent pH sensors. Substituting H with an electron-withdrawing CFz group
on the C”N ligand causes a blue shift in the emission spectrum, consistent with other bis-
cyclometallated Ir complexes, which has been ascribed to the electron-withdrawing group
stabilising the HOMO orbital. The effect of changing the cyclometallated ligand from ppz
to ppy is not uniform, giving a red shift in some cases and a blue shift in others. For a
more detailed understanding of the photochemistry, more data such as quantum vyields,

lifetimes and DFT calculations are needed.

2.4 pH Titration Studies

To investigate their potential application as pH sensors, pH titrations for all complexes
were carried out in MeCN/H20O (1:9) at a 0.02 mM concentration, altering the pH by
addition of 0.1 M HCl or 0.1 M NaOH. The pKa values for the complexes were determined

by the change in emission intensity with pH over the range ca. 3 to 12.5. The titrations
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with acid and base were carried out for two separate samples. On dissolution, the neutral
complexes gave a pH of between 6.9 and 8.2. The first sample was treated with 0.1 M
HCI whilst a second was treated separately with 0.1 M NaOH. The results of the titrations
are expected to be the same if started with a cationic rather than a neutral complex, which

was confirmed using complex 2.16aHL. (the results are shown in Fig 3 in the appendix).

2.4.1 pH Titrations of Phenylpyrazole Ir(111) Complexes 2.17aL1-3.

The influence of pH change on the absorption spectrum characteristics of complex
2.17al1is shown in Fig. 2.19. As expected from the studies of the isolated neutral and
cationic complexes 2.17aL1and 2.16aHL1 described above, there is very little change in
the spectrum with changing pH. Complexes 2.17al2-3 displayed very similar results, with
very little change in the spectrum with changing pH (the results are shown in Fig 4 in the

appendix), hence absorption spectra cannot not be used to determine accurate pKa values.
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Figure 2.19: Selected absorption spectra of complex 2.17aL 1, (0.02 mM) at various pH
values in MeCN/H20 (1:9) at RT.

The emission pH titration data and pKa values of complexes 2.17al1-3 are illustrated in
(Fig. 2.20). As expected from the studies of the cationic and neutral complexes described
above, complexes 2.17al.1-3 show a significant variation in emission intensity at Amax
values of 500, 489 and 488 nm, respectively, as a function of pH in aqueous solution. The
emission intensity of 2.17aL1 at 500 nm was relatively unchanged between pH 7.5 and

pH 3.7, but above pH 7.5, there was a gradual decrease in emission intensity by about a
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factor of two to around pH 10, above which the intensity remained essentially constant
until pH 12.3, as per Fig. 2.20. A(i). Note over the full pH range studied, there is a small
blue shift (ca. 6 nm) in Amax. The excited state pKa value was determined to be about 9.9
at the equivalent point, as per Fig. 2.20 A(ii), which is more acidic than the free pyridine

pyrazole ligand itself (pKa 11.6).%°
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Figure 2.20: A-C(i) Selected emission spectra of complexes 2.17al1-3, respectively, (0.02mM) at various pH values in MeCN/H»O (1:9),

in air with excitation at 324 nm. A-C(ii) Plot of normalised emission intensity of complexes 2.7aL 1-3, respectively, against pH
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The emission pH titration spectra of complexes 2.17al2-3 Figs. 2.20. B(i) and C(i) were
similar to that of 2.17aLi. In both complexes 2.17aL»-3, the emission intensity is relatively
constant over the pH range ca. 4.9-7.5. The emission intensity of 2.17al at ca. 488 nm was
reduced by ca. two-fold at pH 11, whilst the emission intensity of 2.17al.3 was reduced by
only ca. 1.3-fold between pH 8 and 10. From these changes, the pKa values of complexes
2.17al2 and 2.17aLs were determined to be ca. 10.0 and 8.9, respectively (Figs. 2.20. B-
C(ii)), which are more acidic than the corresponding free ligands at 12.3 and 11.6,
respectively.*® Hence, all three complexes 2.17al.1-3 can function as pH sensors. However,
even though the pKa, of the complexes is between 1.7 and 2.7 units lower than for the free
ligands, none of them are low enough to be of use as biological pH sensors. To lower the pKa
further the complexes need to be made more acidic, which can be achieved by adding electron-
withdrawing groups to the ligands. Hence, complexes 2.17bL.1-3 were examined (See section
2.4.3).

2.4.2 pH Titrations of Phenylpyridine Ir(I11) Complexes 2.17cL1-3

UV-vis spectrophotometric pH titrations for 2.17cL1-3 were carried out over the pH range 4.1-
11.4. The data for 2.17cL1 are illustrated in Figs. 2.21 There is almost no change in absorption
with pH. Complexes 2.17aL 23 all displayed very similar results (see Fig 5 in the appendix).

Hence the absorption spectra could not be used to determine accurate pKa values.

220 270 320. 370 420 470
Anm)

Figure 2.21: Selected absorbance spectra of complex 2.17cL1(0.02mM) at various pH
values in MeCN/H»0 (1:9) at RT.

The emission pH titration spectra for complexes 2.17cLi-3 are illustrated in Fig. 2.22.

Complex 2.17cL1 shows two emission maxima at 479 and 505 nm. The spectra show very
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little change in intensity between pH ca. 8.0 - 4.3. After increasing the pH above 8.0, these
bands start to shift to longer wavelength (492 nm) and increase in intensity up to about pH
10.9, above which the intensity remains essentially constant, as per Fig. 2.22A(i). The overall
increase in intensity at 493 nm is by a factor of ca. 1.6, whilst the pKa was determined to be
8.9 (Fig. 2.22 A(ii)) which is smaller than that (11.60) of free ligand HL1.** Luminescence
spectral changes for 2.17cL2-3 as a function of pH are displayed in Figs. 2.22 B(i) and C(i).
At low pH, 2.17cL2 shows two broad emission peaks at Amax 480 and 509 nm, whilst for
2.17cLs the emission is broader, centred at ca. 500 nm. The emission intensity and emission
wavelength of both complexes were relatively unaffected over the pH range from ca. 4 to 7.5.
Further increases in pH from ca.7.5 to 10 led to a gradual increase in intensity by a factor of
ca. 1.8 and 1.7 for 2.17cL2and 2.17cLs, respectively (see Figs. 2.22 B(ii), C(ii), respectively).
The pKa values of the two complexes 2.17cL2-3 are ca. 8.0 and 9.0, respectively. Once again,

these are smaller than the ground state pKa of the free ligands (12.2 for HL2 and 11.5 for HLz3).

Overall, the ppy complexes 2.17cL1-3 show an increase in emission intensity with increasing
pH, which is the opposite trend to that observed for the ppz complexes 2.17al1-3 described
above. This suggests that the orbitals involved in the emission are different in the two
complexes; indeed the structure emission profile indicates a mixed SMLCT/ILCT character
to the T1 stat and a broad emission character for the ppz analogues indicates MLCT/LLCT
character your excited electron is in a different position. DFT calculations would be needed
to provide further information. It is clear that the pKa of all the complexes is lower than for
the free ligands by between 1.7 and 2.7 units for ppz complexes and between 2.5 and 4.2 units
for the ppy complexes; however, they are still a little high to be of use as biological pH sensors.
To lower the pKa further the complexes need to be made more acidic, which can be achieved
by adding electron-withdrawing groups to the ligands. Hence, complexes 2.17bL1-3 and

2.17dL2 were examined (see section 2.4.3).
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Figure 2.22. A-C(i) Selected emission spectra of complexes 2.17cL1-3 (0.02mM) at various pH values in MeCN/H20 (1:9), in air,

excitation at 400 nm A-C(ii) A plot of normalised emission intensity of complex 2.17cL1-3 against different pH.
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2.4.3 pH Titrations of CFs Phenylpyrazole Ir(111) Complexes 2.17bL1-3

The influence of pH change on the absorption spectrum characteristics of CFz-substituted
complex 2.17bL1 is shown in Fig. 2.23. As found for the 2.17al.1-3 complexes, 2.17bL1
showed no significant spectral variations over a pH range of 2.5-11.1 and only minor changes
in intensity with pH at very short wavelength, at ca. 265 nm. Attempts to perform the pH
titration of complexes 2.17bL2 and 2.17bLs at 0.02 mM did not work particularly well. At
this concentration (0.02 mM), the absorbance in MeCN/H20 (1:9) was substantially reduced
as compared with the absorbance in pure MeCN, which may mean that the complex was
starting to precipitate even though no solid was observed. Hence, the solutions were diluted
to 0.005 mM, and at this concentration the absorbance in MeCN/H-0 (1:9) and in pure MeCN
were nearly equal. Therefore, pH titration of these complexes (2.17bL2 and 2.17bL3) was
performed at 0.005 mM. The pH titrations of complexes 2.17bL2-3displayed very little change
in the absorption spectra with changing pH (the results of which are shown in Fig 6 in the
appendix).

Figure 2.23: Selected absorbance spectra of complex, 2.17bL1 (0.02mM) at various
pH values in MeCN/Hz0 (1:9).

The emission pH titration data and pKa values of complexes 2.17bL.1-3 are illustrated in Fig.
2.24. Complexes 2.17bL1-3 show changes in their emission intensity as a function of pH in
aqueous solution. Surprisingly, for all three complexes 2.17bL1-3, replacing H with the
electron-withdrawing CFs group on the C”N ligand led to a complete reversal of the shape of
the pH titration curve. Thus, at low pH, the complexes show low emission and at high pH the
emission intensity is higher, which is the exact opposite of complexes 2.17al1-3.
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Figure 2.24.A-C(i) Emission titration spectra of complexes 2.17bL1 at 0.02 mM in MeCN/H20 (1:9), respectively and 2.17bL -3, at 0.005
mM in MeCN/H20 (1:3), respectively, at various pH values in air, excitation at 350, 325 and 325 nm, respectively. A-C(ii) A plot of

normalised emission intensity for complexes 2.17bL1-3 against pH.
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The emission intensity of 2.17bL1 was almost unchanged between pH ca. 2.5 and 6.0, but
increased by a factor of ca. 2.5 between pH ca. 5.4 to 9.1, and then remained constant from
pH from 9.1 to 11.5, as per Fig. 2.24.A(i). From the emission intensity changes, a pKa value
of 6.8 was determined which is much smaller than the pKa (9.9) for the unsubstituted complex
2.17aL.1. In addition, as noted above, the emission intensity of complex 2.17bL1 increased
with increasing pH whilst the intensity of the unsubstituted analogue 2.17aL1 decreased with

increasing pH. The reason for this difference is not known and clearly warrants further study.

The emission pH titration spectra of 2.17bL2 and 2.17bLs (Fig. 2.24. B(i) and C(i),
respectively) were similar to that of complex 2.17bL1. The emission intensity of 2.17bL2 and
2.17bL3s remained relatively unchanged between pH ca. 3.5 - 5.0. Both complexes showed
only a small increase (1.2-1.3-fold) in emission intensity with increasing pH over the range
ca. 5.2 — 8.9. The pKa values of 2.17bL2 and 2.17bLs were calculated to be 7.8 and 7.5,
respectively, both lower than the pKa of the unsubstituted analogues 2.17aL» and 2.17als of
10.0 and 8.9, respectively. However, even though the pKa of the complexes are in a range
relevant to biological imaging, both complexes showed very low sensitivity and hence will
clearly not be particularly good sensors. It is not known why these complexes are less sensitive
to change, but one possible explanation is that the emission profiles of these two complexes
seem to have underlying structure indicative of a greater extent of stabilisation of both filled
and unfilled MOs on the ppz ligand, therefore less influenced by the protonated state of

ancillary ligand.
2.4.4 pH Titrations of CFs Phenylpyridine Ir(111) Complex 2.17dL2

As for all the other complexes, 2.17dL2 showed only minor changes in the UV-vis spectrum
with pH, the spectra for which are shown in the appendix (Fig 7). The emission pH titration
data for 2.17dL2 complex are shown in Fig. 2.25 A(i). Two emission peaks for Amax at 498 nm
and 531 nm were observed over the full pH range studied (3.2 to 10.3). The emission intensity
remains almost constant between pH 3.2 and 6.0; however, between pH 6.0 and 9.2, the
emission intensity decreased by a factor of ca. 1.4 which is the opposite trend to that observed
for the unsubstituted complex 2.17cL2, which gives an increase in intensity at higher pH. From
the intensity changes a pKa value of 7.8 was determined (Fig.2.25. A(ii)), which surprisingly

is somewhat similar to that of the unsubstituted complex (pKa 8.0 for 2.17cL2).
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Figure 2.25. A(i): Emission titration spectra of complex 2.17dL2 (0.02mM) at various pH
values in MeCN/H20 (1:9), in air, excitation at 400 nm. A(ii): A plot of normalised

emission intensity for complex 2.17dL2 against pH.

2.5 Conclusions and future work

In conclusion, the effect of pH on absorbance in the associated UV-vis spectra was almost
negligible over the full pH range studied for these complexes. Hence, these complexes cannot
be used as pH sensors using UV-vis spectroscopy and determining the ground state pKa based
on the absorption titration was not feasible. In contrast, the emission intensity of the
complexes was significantly modulated (by a factor of 1.2 to 2.9) by altering the pH of the
medium, the key data for which are summarised in Table 2.9. A key finding is that the
complexes can exhibit either a switch on (increase in intensity) or switch off (decrease in
intensity) mode, dependent on the cyclometallating ligands. The unsubstituted ppz complexes
2.17al.1-3 showed an intensity decrease with increasing pH; in contrast, the ppy complexes
2.17cL1-3 showed an increase in emission intensity with increasing pH. Changing the R group
on the NN ligand had no significant effect on the subsequent pKa values. More surprisingly,
putting CFs groups in the meta-position with respect to the coordinating carbon, i.e.,
complexes 2.17bL1-3 and 2.17dL1, resulted in a complete reversal in the direction of the
intensity change when compared to their respective unsubstituted congeners. The
unsubstituted complexes had pKa values ranging from 8.0 to 10.0. As anticipated, adding the
electron-withdrawing group reduced the pKa of the complexes (6.8-7.8) compared to the
unsubstituted complexes, extending to the pKa range 8.0 - 10.0. Whilst adding CF3 substituents
had the desired effect on the pKa, in general it tended to reduce the sensitivity to pH, with
these complexes showing a smaller change in intensity. The reason(s) for this difference are

not currently known.
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Table 2.9: The pKa values of complexes 2.17al1-3, 2.17cL1-3 2.17bL13and2.17dL1 ina1:9
MeCN/H20 medium

Entry | R1 Rz | Complex | pKa Sensitivity pH range
(Em. intensity)

1 H 2.17ala 9.9 decreased by ca. 2-fold 7.5-10.0
2 H | 'Bu | 2.17aL2 | 10.0 | decreased by ca. 2-fold 75-110
3 Ph 2.17aLs 8.9 | decreased by ca. 1.3-fold 8.0-10
4 H 2.17cL1 8.9 | increased by ca. 1.6-fold 8.0-10.9
5 H | ‘Bu 2.17cL2 8.0 | increased by ca. 1.8-fold 7.5-10.0
6 Ph 2.17cLs 9.0 | increased by ca. 1.7-fold 7.5-10.0
7 H 2.17bL1 6.8 | increased by ca. 2.9-fold 6.0-8.0
8 CFz | 'Bu 2.17bL> 7.8 | increased by ca. 1.3-fold 54-9.0
9 Ph 2.17bLs | 7.5 | increased by ca. 1.2-fold 52-9.2
10 |[CFs3| 'Bu | 2.17dL> | 7.8 | decreased by ca. 1.4-fold | ca. 6.0-9.2

In conclusion, this study has shown that pH responsive Ir(111) bis-cyclometallated complexes

can be designed to have a pKa in a range relevant to biological imaging. In particular, complex

2.17bL1, with its CF3 substituted ppz ligand, showed changes in pH over a suitable range with

a reasonable sensitivity (the highest of the complexes studied). These results provides a

fundamental clue for future work which are outlined as follows:

1- Further improvement in the pH sensitivity is needed. This could be achieved by

measuring pH titrations for all complexes under degassed conditions.

2- For a more detailed understanding of the opposite trend in emission intensity with

changing pH, additional data such as lifetimes and DFT calculations are needed.

3- In order to improve the pKa so as to be in a range relevant to biological imaging, this

could include the synthesis of [Ir(C*N)2(N*N)]"* (n = 0, 1) complexes bearing the

electron-withdrawing CF3 group on the ancillary ligands, as shown in scheme 2.11.
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Chapter Three
Synthesis and Characterisation of Ir(l11)
pyridylideneamine (PYE) Complexes
[Ir(C™N)2(PYE)][PFe¢]
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3.1 Introduction
3.1.1 General Overview

Pyridylideneamines (PYE) have been known for several decades,® 2 and their
spectroscopy,® 4 and synthesis,® has been discussed in the literature; however, very little
has been written that describes their coordination chemistry,® and indeed their
applications.” In general, there are three types of PYE ligands, namely para, ortho and
meta substituted, as shown in Fig. 3.1. Both para- and ortho-substituted ligands can have
two resonance forms, a neutral one and a zwitterionic one; however, for meta-substituted
ligands only a zwitterionic resonance structure is feasible, as shown in Fig. 3.1. The
zwitterionic amide structures seen in p-3.1’, 0-3.1' and m-3.1’, have the benefit of
aromatic stabilization despite a separation of charge. Note that for simplicity, throughout
this chapter reference will be made to the pyridine ring even where it is believed that the

resonance structure is the neutral imine and that the heterocycle is not aromatic.
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Figure 3.1: Possible resonance structures of PYE ligands

For para- and ortho-substituted ligands p-3.1, 0-3.1, if there is a significant proportion of
the neutral resonance form then there may be restricted rotation around the C=N imine
bond. For ortho-PYE ligands 0-3.1 such restricted rotation could in principle lead to the
possibility of two isomers with the pyridyl N-substituent (R1) anti to the imine substituent
(R2) (as shown in Figure 3.1) or with these two substituents syn. So far, such isomerisation

has not been documented and the anti-isomer, which is sterically favoured, is assumed to

95



be the form present when there is restricted rotation. Hence, an important issue in the
study of para and ortho PYE compounds is the attempt to establish the contribution of
the resonance structures, and whether this changes with solvent. Some PYE compounds
for which this has been studied are shown in Fig. 3.2. The structure of p-3.2 was
determined using X-ray crystallography, and selected bond lengths are shown in the
diagram. The C(4)—N(1) bond length (1.304(2) A) displays considerable imine
character; typical bond lengths for single and double C—N bonds are 1.47 and 1.28 A,
respectively. Likewise, the C(4)—C(5) and C(4)—C(7) bonds are statistically the same
and are considerably longer than a typical aromatic C—C bond (1.34 A). There is some
alternation of bond lengths in the heterocyclic ring with C(5)—C(6) and C(7)—C(8)
being noticeably shorter than C(4)—C(5) and C(4)—C(7), whilst the C(6)—N(2) and
C(8)—N(2) bonds are between that, and longer than, the expected 1.34 A for pyridine
N—C bonds, respectively. The *H NMR spectrum of p-3.2 displays four proton
environments for the pyridine ring between &6 7.37 and 8.13, consistent with a
considerable double-bond character of the C(4)—N(1) bond. Hence both the X-ray and
NMR evidence support a large contribution from the neutral non-aromatic resonance
form. Irrespective of this considerable imine character, some of the reactivity of p-3.2
resembles that of an amido salt, as exemplified by its behaviour as a strong base in

aqueous solution.®

1350(2)
1363(2) 8 1457(2)
— / ] //Pr
1371(2) 6 1304(2) I\|/I
e
1347(2) 1453(2)
p-3.2 p-3.3 0-3.4

Figure 3.2 Some examples of para- and ortho-substituted PYE ligands with selected
bond lengths in A

Pagani and co-workers® investigated solvent effects on the resonance structure of p-3.3
using NMR spectroscopy. In the moderate polarity solvent CDCls, the *H NMR spectrum
displays four proton environments for the pyridine ring between & 6.16 and 6.91,
consistent with considerable double-bond character and restricted rotation of the
exocyclic C=N bond, owing to a significant contribution by the neutral imine resonance
form. The replacement of CDCl3 with the more polar solvent DMSO at 295 K led to one

broad 2H signal (protons 6 and 8) at 6 7.2 and two broad 1H signals at 6 5.95 and 6.05
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(protons 5 and 7) for the pyridine ring. The greater difference in chemical shift between
protons 6 and 8, and 5 and 7, is indicative of increased contribution from the zwitterionic
form, which is consistent with easier rotation about the C=N bond. Recording the
spectrum in DMSO at 363 K led to two 2H doublets at 6 7.05 and 6.0 due to protons 6
and 8, and 5 and 7, respectively. This suggests that at 363 K rotation about the exocyclic
C—N bond is fast on the NMR timescale, leading to pairwise equivalence of the pyridine

protons.

Traore and co-workers* investigated solvatochromism in 0-3.4. The compound is soluble
in water and n-hexane, and shows two maxima in each solvent. In hexane, the Amax are at
251 nm and 370 nm, whilst in water these shift to 231 nm and 312 nm. The shifts to
shorter wavelength in water are consistent with a stronger stabilisation of the ground state
compared to the excited state as the solvent polarity increases. However, the authors
suggested that the measured spectral changes may be attributed to protonation of the
external NH group due to the strong basicity of 0-3.4 (pKa 13.0).

3.1.2 Synthesis of PYE ligands

Although PYE ligands have been known for a long time,* 2 there are a limited number of
procedures for their synthesis. Johnson and co-workers synthesized monodentate PYE
ligands as shown in Scheme 3.1. Thus, alkylation of 4-(isopropylamino)pyridine p-3.5
with methyl iodide occurs at the pyridine nitrogen atom; deprotonation of the

methylpyridinium salt using NaH as base then gives p-3.2 in an 85% yield.®

— iPr iPr .
/ Mel ® /o — iPr

p-3.5 p-3.2

O>_ o) 0
Ph
— — Ph )
N NHCI—>N N>:|& ﬂ>|3—€;)\1— Nz;PhCI
\ 2 \_/ "N\ /
p-3.6 p-3.6 H || NaOH
0
— >~Ph
Bn—N —N
p-3.8

Scheme 3.1: Synthesis of monodentate para-PYE ligands.” 8
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Wright et al. used a similar alkylation of p-3.7 followed by deprotonation to give p-3.8 in
an excellent yield of 98% (Scheme 3.1).”

For ortho-substituted PYEs, the alkylation of 2-aminopyridine is usually unselective and
condensation reactions between 2-pyridinone and primary amines generally do not take
place.® A good method to the production of a variety of 0-PYE compounds was developed
by Douthwaite® involving amination and deprotonation (Scheme 3.2). Hence, 0-3.9 was
converted to monodentate 0-3.10 and 0-3.11, bidentate 0-3.12 and 0-3.13, and tridentate
0-3.14 PYE ligands in good yields. The procedure was also compatible with a range of
amine substitution types including chiral derivatives (0-3.11 and 0-3.13 in Scheme 3.2).
It is noteworthy that the exocyclic C=N bond is very resistant to hydrolysis, for example
0-3.10 could be heated to reflux in water without undergoing decomposition.® The X-ray
structure of 0-3.11 was determined and gives good evidence for the imine resonance form
being dominant. Thus, there is considerable variation in the C—C bond lengths in the
pyridine ring between 1.450(2) and 1.353(2) A consistent with non-aromaticity in this
ring, and the exocyclic C=N bond was found to have a bond length of 1.296(2) A. In
comparison, for 2-aminopyridine the C—C bond lengths are approximately all equal at
1.36 A and the exocyclic C—NH, is significantly longer at 1.384(4) A, typical of a
C(sp?—N single bond.*°

3 2 R
R-NH, -\ YV
L N 4\ —N
5 N2

\

Me
0-3.10, R = 'Bu
0-3.11, R = (S)-CHMePh

R
cl 0 — NS
\ N/+ MeCN, 80°C| R(NH,), @:N/ N :Q
- K,CO; N N
Me Me Me/

0-3.9 0-3.12, R=C;Me,
0-3.13, R= (R,R)-cCgH1o

N NHY, @N’ W
3

N\
R

|

0-3.14, R = Me

Scheme 3.2: Synthesis of mono-, di- and tridentate 0-PYE ligands.®

98



Douthwaite et al.® also investigated the protonation of a number of PYE ligands. For
example, protonation of 0-3.10 occurs exclusively at the exocyclic N, where X-ray
diffraction showed an increase (0.04 A) in the exocyclic C(1}—N(1) bond length and a
shortening of C(1}—C(2) and C(1)}—N(2) bond lengths by a similar amount compared to
the neutral precursors. These changes are consistent with a larger contribution of a
zwitterionic resonance structure. *H NMR spectroscopy of the neutral PYE ligands
showed pyridine protons ranging from approximately & 5.5 to 7.2 with the highest
chemical shift being in the proton next to N. By contrast, the protonated PYE ligands
showed heterocyclic proton signals shifted significantly downfield (between 1 and 1.5
ppm) from the corresponding neutral precursors; however, the cationic species were still
upfield compared to a typical unsubstituted N-methylpyridinium salt,!* suggesting

incomplete aromatisation of the pyridine.
3.1.3 Synthesis of transition metal complexes with PYE ligands

PYE compounds are potentially strong donor ligands if there is a significant proportion
of the anionic amide resonance structure. In addition, the pyridine and imine substituents
and the position of the imine can be modified to tune the electronic and steric properties
of the ligands. This section will provide an overview of a number of key PYE ligands and
complexes whose synthesis has been recently reported. Complex p-3.15 was synthesized
by treating p-3.2 with half an equivalent of [RhCI(CO)]. to generate p-3.15. The IR
spectrum of p-3.15 displays two CO stretching frequencies at 2077 and 1998 cm™ (av.
2038 cm™).2 By this measure, p-3.2 is a significantly stronger donor than pyridine, the
corresponding complex of which displays an average v(CO) of 2052 cm™.*2
iPr %% Ph Bu o]

\ Q )’ \/

N—Rh—CO  Bn—N N—~Rh—CO
O e O

Cl
N % oc/ \CO ~/
p-3.15 p-3.16 0-3.17

Figure 3.3: PYE-rhodium carbonyl complexes

Similarly complex p-3.16,” shows two v(CO) bands at 2069 and 1987 cm™ (av. 2028 cm™)
whilst for the ortho-PYE complex 0-3.17 the peaks are at 2071 and 1992 cm™ (av. 2032
cm™). Hence, for all these PYE complexes the v(CO) bands are slightly lower than those
reported for cis-[RhCI(CO).L], where L is a saturated NHC (2081, 1996; av. 2038 cm"
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1,13 On the basis of these data, the authors suggested that the donor strength of the PYE
ligand is at least as great as that of typical NHC ligands.

Douthwaite and co-workers® investigated the coordination of monodentate, bidentate and
tridentate ortho-PYE ligands with different metals; examples are shown in Scheme 3.3.

NiBr,(DME) ‘©:N’ N= _/
DCM,25°C /N
Me B/ \B Me

0
1 0-3.19
\ N N /
R R PdCI,(COD) O
0-3.18 /

R = Me, CH,Ph CH;C¢Hs, 70 °C B \
n ci ¢ B
0-3.20
— Cu(MeCN)(PFq) - / N
——‘ u
\ \ =N N TMecn, 25°C 1/ N \
Bn 3 Nz
N—Bn
0-3.14 0321 =

Scheme 3.3: Synthesis of bidentate and tridentate ortho-PYE complexes®

The structures of 0-3.19 and 0-3.20 were determined by single-crystal X-ray diffraction.
The Ni complex, 0-3.19, has a tetrahedral geometry at the metal and exhibits pseudo-C:
symmetry; the nitrogen atoms coordinated to the nickel show a distinct pyramidal
geometry (angles around N sum to 342° and 343°). The Pd complex, 0-3.20, has a
distorted square planar geometry with pseudo-Cs symmetry, the conformation of both
PYE units is anti with the benzyl substituents on the same side as the chlorides. Notably,
the *H NMR spectrum at room temperature is consistent with C,, symmetry, suggesting
the flipping motion of the PYE moieties above and below the Pd square plane is fast on
the NMR timescale; this was confirmed by a variable temperature NMR study. Complex
0-3.21 is a diamagnetic yellow solid which has been characterised by NMR spectroscopy
and X-ray crystallography, the C(1)—N(2) bond length of ca. 1.306(3) A of which

suggests an imine character.®

In addition to bis- or tris-PYE ligands, PYE groups have been combined with more
conventional donor groups to form heterobidentate ligands. For example, Albrecht et al.**
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reported solvatochromic effects on Ru(Il)-PYE complex p-3.22, the two resonance forms
of which are shown in Fig 3.4. In this case, the introduction of a carbonyl group adjacent
to the imine nitrogen increases the conjugation and enhances the coordinative flexibility
of the ligand through the availability of a resonance form p-3.22" involving an anionic
oxygen. *H NMR spectroscopy in different polarity solvents (CD,Cl. and DMSO)
showed that the chemical shifts of most of the ligand protons remained unchanged, though
the pyridine protons (Ha and Hp) themselves showed more significant changes. In both
solvents, protons Ha are equivalent, as are protons Hp, which shows that there is free
rotation of the pyridine ring as consistent with a single C—N bond in the zwitterionic
resonance form. In CD2Cl», two doublets appear at 5 8.25 for Ha and 6 8.06 for Hy (Ad =
0.19), whereas in DMSO the difference was larger, with Ha observed at 6 8.35 and Hp, at
8.02 (Ad = 0.33). The increase in Ad was attributed to an increased contribution of the

zwitterionic resonance form, p-3.22".

— / —|+ —|+ —|+
|
i o Q\C’//R”@ £ar o

p-3.22 p-3.22’ p- 3-22”

Figure 3.4: Limiting resonance structures of PYE-Ru(ll) complex p-3.22

3.1.4 Applications of PYE complexes.

Although there are comparatively few examples of PYE complexes, a number of
applications for such complexes have already been determined, particularly in catalysis.
They have shown high catalytic activity in different redox transformations including C-F
bond activation,® C-H bond stannylation,'> %6 transfer hydrogenation,* - & and water
oxidation,® all of which warrant the further investigation of PYEs as ancillary ligands in

catalysis. Some of these applications are discussed in more detail below.

Johnson and co-workers® reported catalytic C-H bond stannylation using a nickel (PYE)
complex as a catalyst. Using partially fluorinated arenes, there was no C-F activation;

instead, quantitative C-H functionalization was observed, as shown in Scheme 3.4.
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Scheme 3.4: General reaction for the catalytic stannylation of C-H bonds.

Complex p-3.22 was tested in the dehydrogenation of benzyl alcohol to benzaldehyde in
solvents of varying dielectric constants (Scheme 3.5). In 1,4-dioxane or toluene, which
have similarly low permittivity (er = 2.25 and 2.38, respectively), no conversion was
observed after 2 h. In dichlorobenzene (er = 9.93), a very moderate conversion of 6% was
obtained, whereas conversion rose to 32% in DMSO (er = 46.67). The authors suggested
that this higher activity was due to an increased relevance of the zwitterionic resonance
structure p-3.22' over p-3.22 with increasing permittivity of the solvent. However, it
should be borne in mind that the catalytic cycle involves loss of chloride which may also

be favoured in a more polar solvent.
O
5 mol%
OH catalyst (3.22) H
solvent

Scheme 3.5: Catalytic dehydrogenation of benzyl alcohol to benzaldehyde using

\

complex p-3.22 as catalyst

In 2013, the heteroleptic Ru(ll) complex 0-3.23 containing a PYE ligand was considered
as a dye for a dye-sensitised solar cell.?’ The UV-vis spectrum of 0-3.23 in DMF showed
bands at 370, 463 and 534 nm that were attributed to MLCT bands, whilst bands in the
UV region at 269 and 309 nm correspond to the n-7t* transitions of PYE-8-quinolinamine
and 4,4-dicarboxy-2,2-bipyridine, respectively. The lowest energy MLCT band of 0-3.23
was red shifted by 10 nm compared with 3.24 which was attributed to poorer w-acceptor
character of PYE-8-quinolinamine relative to bipy, resulting in a slight increase in energy
of the metal-based HOMO relative to the bipyridine-based LUMO. Cyclic voltammetry
showed the strongly donating PYE led to a cathodic shift of 40 mV for the Ru II/11l
oxidation for 0-3.23 in comparison with 3.24. Although 0-3.23 does exhibit some

potential advantages, such as absorption at longer wavelengths and a lower oxidation
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potential, the photovoltaic performance of 0-3.23 gave an efficiency of 0.42% compared
with 4.12% for 3.24.

H3C(H,C);H,C
L]

H,C(H,C)-H-C
|\ N/'T‘\CozH 3C(H2C)7H,
N |

N
\Ru/ 7
\
son” ‘ N©
=
NCS CO,H
0-3.23

In conclusion, whilst PYE compounds have been known for over a century, it is only
recently that their coordination chemistry and potential applications for these complexes
have been investigated. PYE ligands can be easily synthesised and modification of the
substituents on the pyridinium nitrogen atom and on the amide/imine nitrogen atom can
produce a wide variety of substituted derivatives. Structural and NMR studies suggest
that in most cases there is a significant contribution from the neutral non-aromatic form,
as evidenced by restricted rotation about the C=N bond in para-PYE compounds and
short C=N bonds in both para- and ortho-PYE. There is some evidence from NMR
spectroscopy that more polar solvents lead to an increase in the zwitterionic resonance
structure.® IR studies of metal-PYE complexes indicate that PYEs donate strongly to
metal centres,®® probably due to the contribution of the zwitterionic amide resonance

structure to metal-ligand bonding.

This chapter examines the synthesis and characterisation of cationic Ir(ll1) complexes
[Ir(ppz)2(NN)][PFs] (N*N = bidentate PYE ligands) and further investigates the donor
properties and resonance structures of the ligands and the photophysical properties of the

ligands and complexes.
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3.2 Results and Discussion
3.2.1 Synthesis of [p-HPYEu13]ln (n =1, 2)

Compounds [p-H2PYEz1]l2 and [p-H2PYE-2]l> were prepared using literature methods
(Scheme 3.6).21-22 An aqueous solution of NaOH was added to p-3.25 until the pH of the
mixture reached ca. 6-7 to give p-3.26, which was treated immediately with excess Mel
in DCM to give p-3.27. Compound [p-H2PYE1]l. was prepared by reaction of p-3.27
with 1,2-diaminoethane in DMF in the presence of K>COa. [p-H2PYE2]l> was prepared
in a similar manner from 1,2-phenylenediamine. The desired ligands were isolated in their
protonated form. Attempts to deprotonate the salts by treatment with NaOHgqq) in a
biphasic reaction with DCM and isolate as the neutral p-PYE ligands were unsuccessful,

thus the complexes were prepared from their salts in the presence of a base (see below).

Cl cl Cl
Mel,
| o NaOH(aq) X DCM | N
—_— —_—
s
\N N/ 0 °C, Dark, N
48 hrs l\l/lel
-3.25 -3.26
P P 0-3.27, 81%
CoHy(NH3),
b d 21 DMF K,CO3, DMF K,COs,
. = N N\ N,,RT, 2h N,,RT, 24h
—N NH N—]
Me™™\_7 \ © h CoHa(NH,),
a C
I b d g 21
—\ . + Y Me—N NH HN N—Me
Me—N € NH HN— N—Me \ / \
—_ R a C
a C
[p-H,PYE4 I, 52% 21"
+ +
iy O
@
h

[p-H,PYE,]l,, 48%

Scheme 3.6: Synthesis of Ligands [p-H2PYE:1]l.> and [p-H2PYE2]l2

Compound [p-H2PYE1]l is only soluble in water. The *H NMR spectrum (in D,0O) shows
two broad doublets, which integrate to two protons each, in the aromatic range at 5 7.88
and 6 6.78, which are assigned to protons Ha, b and He, 4, respectively. A 6H singlet at &

3.84 is assigned to the NMe groups and a 4H singlet at 6 3.62 to the protons of the CoHa
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bridge. The assignments to Ha, b and Hc, 4 are confirmed by NOEs to the NMe and NCH>
signals, respectively. The NH protons were not observed, probably due to exchange with
D20. The equivalence of Ha, b and of H, 4 suggests that there is rotation of the NMe
pyridine and hence a preponderance of the pyridinium resonance form, as expected in the
very polar solvent. In the 13C NMR spectrum, the heterocycle shows a quaternary carbon
at 6 157.2 and four different CH carbons at 6 144.2 and 142.2 (for C4, ), and 110.9 and
105.4 (for Cg, 4), suggesting that rotation around the C—N bond is slow due to the
increased frequency separation in the **C NMR spectrum compared to the *H NMR
spectrum. The carbons of the NMe group and C2Ha4 bridge were observed at & 44.7 and
41.4, respectively. The high-resolution MS (ASAP) showed an ion at m/z 243.1608
(243.1610 calculated for C14H19N4) due to the loss of a proton from the dication.

The *H NMR spectrum (CD3OD) of [p-H2PYEz2]l: is similar to [p-H.PYE1]l. except the
CH2 bridging group is replaced by a CsHs group. The spectrum shows the pyridine
protons as two 4H doublets, one at 6 8.18 and a broad doublet at 56 7.00 with a 4H multiplet
at 6 7.58-7.53 assigned to the Ce¢Ha4 group. The NMe group is easily identified as the only
singlet at 6 4.01. This signal shows an NOE to the doublet at ca. 6 8.18 which is therefore
assigned to protons Ha, b, Whilst the assignment of He, ¢ was confirmed by NOEs to the Hg,
h signals. The observation that the Hc, 4 signal is broad might indicate that the rotation
about the C=N bond is starting to become restricted. As above, the NH protons were not
observed, most likely due to exchange with the solvent. The 3C NMR spectrum shows
two quaternary carbons at & 157.4 and 133.7 for carbons Ce ¢ respectively. Carbons Ca
were observed at 6 145.6 whilst carbons Cc, ¢ were not observed. However, a weak cross
peak in the HSQC spectrum was observed between protons ¢, d which correlated with a
cross peak at 110.7 ppm in the 3C spectrum and which was too broad to see in the 1-D
spectrum, suggesting a degree of rotation about the C=N bond. The IR spectrum shows
a very broad band at ca. 3400 cm™, which was assigned to the N—H bond. The high-
resolution MS (ASAP) show an ion at m/z 291.1607 (291.1610 calculated for C1gH19N4)
due to the loss of a proton from the dication.

Ligand [p-HPYEs]l was synthesised using the same method as for [p-H2PYEi-2]l2
(Scheme 3.7). The *H NMR spectrum (see Fig. 3.5) of [p-HPYEs3]l in (CD3)2CO displays
a 3H singlet at 6 4.12 due to the NMe group and a 2H singlet at 6 4.75 assigned to the
NCH: signal. The spectrum also shows four inequivalent protons for the NMe pyridine

ring, two doublets at 6 8.32 and 8.23 for protons Hy and Ha and two doublets of doublets
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at o 7.42 and 6 7.04 due to Hc and Hqg. The assignments to Ha, b and Hq were confirmed by
NOEs to the NMe and NCH: signal, respectively. The observation of four separate
resonances for the NMe pyridine suggests there is no free rotation of the NMe pyridine
unit, suggesting some double bond character around the exocyclic C=N bond. The
assignment of pyridine proton Hg (6 7.53) was confirmed by an NOE to the NCH. signals,
whilst the other pyridine protons which are observed between & 7.32 and 8.55 were
assigned using the COSY spectrum. No NH signal was observed, probably due to
exchange with D,O in the solvent (CD3).CO. The *C NMR spectrum shows four
different CH carbons for the NMe pyridine ring between & 145.4 and 107.2, suggesting
imine character, whilst the NMe group is observed at & 45.4. The IR spectrum shows
strong bands at ca. 1687 and 1646 cm™ which were assigned to C=N bonds, and the high-
resolution MS (ASAP) shows a molecular ion at m/z 200.1186 (200.1188 calculated for
C12H14N3).

AN h” Ny h X J
Cl — g N g~ N
N f f
N H,N
| > RN — NH
N DMF K,CO;, dJl d
| 1 N,,RT, 2h o) A N
Me b a bl _a
p-3.27 '\ll l\‘l+
Me Me

[p-HPYE;]I, 58%
Scheme 3.7: Synthesis of [p-HPYEs3]I

The replacement of acetone with the more polar solvent D,O effects the proton shifts of
[p-HPYEs]I, in particular of the NMe-pyridine group. Protons Ha., were observed as a
doublet at 5 7.87 whilst protons Hc.q appeared as two broad signals at 6 6.91 and 6 6.62,
respectively, all of which were ca. 6 0.4-0.5 upfield compared to those in (CD3).CO. The
fact that Ha.» are apparently equivalent and Hc, 4 give broad signals indicates that the speed
of rotation of the NMe pyridine increases in the more polar solvent, suggesting increased
single bond character of the exocyclic C—N bond in D2O. However, the observation that
all the NMe-pyridine signals are upfield compared to those in (CDz3)2CO is less consistent
with the NMe pyridinium resonance structure, for which Han may be expected to show a
downfield shift. It should be noted that hydrogen-bonding interactions, e.g., of the second
pyridine with the NH of the protonated imine or with water (in D.O) may also play a role.
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Figure 3.5. Section of the *H NMR spectrum of ligand [p-HPYE:z]l; (A) in (CD3).CO
and (B) in D20 (500 MHz RT).

A single crystal of [p-H2PYEu]l2 suitable for X-ray diffraction was grown from D20 and
the molecular structure, is shown in Fig. 3.6. The compound shows C, symmetry in the
solid state. The N(2—C(3) bond length of 1.326(4) A suggests some protonated imine
character. In the NMe pyridine, the C1—C2 and C4—C5 bond lengths (ca. 1.36 A) are
shorter than C2—C3 and C3—C4 (ca. 1.42 A) suggesting incomplete aromatisation of
the NMe pyridine ring.
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Figure 3.6: X-ray crystal structure for [p-H2PYE1]l2 with 50% ellipsoids,
3.2.2 Synthesis of 0-PYE ligands

Ligands o-PYEi-2 were synthesized according to literature methods (see Scheme 3.2
earlier)® which are outlined in Scheme 3.8. The reaction between 0-3.9 and the

corresponding amines in the presence of a base occurred at 80°C over 4 hrs. The
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protonated PYE compounds were then treated with NaOHg) in biphasic reactions with

DCM or toluene solution to form pure neutral 0-PYEai-2 in good yields.
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Scheme 3.8: Synthesis of ligands o-PYE:1 and 0-PYE2

The 'H NMR spectra of ligands 0-PYE:1-2 are similar to each other as they both show C
symmetry. The o-PYEz1 is a known ligand and the data so recorded is in agreement with
the literature.® The four pyridine protons are inequivalent, ranging from & 6.95-5.56, all
upfield from a typical pyridine group (6 7.5-8.8), suggesting incomplete aromatisation of
the pyridine. This is consistent with some double bond character and the prevalence of
the neutral imine resonance form. The *C NMR spectrum shows one quaternary carbon
at & 154.1 and four CH carbons between 6 138.9 and 100.1 for the pyridine. The IR
spectrum shows a strong band ca. 1636 cm™ assigned to the C=N stretch, and two strong
bands at ca. 1559 and 1532 cm* which are attributed to C=C bonds in agreement with
the literature.® The high-resolution mass spectrum (ASAP), shows an ion due to [M+H]*
at m/z 243.1605 (243.1610 calculated for C1aH19N4).

The *H NMR spectrum of 0-PYEz is very similar to that of o-PYE1 with the pyridine ring
protons between ca. 5 6.95 and 5.67, an extra signal in the aromatic region (a 4H multiplet
at ca. 6 6.93) due to the CeHa bridging group, and a singlet at & 3.29 due to the NMe

groups. The assignment to Ha is confirmed by NOEs to the NMe, with the other NMe
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pyridine protons Hy, ¢ ¢ then assigned via COSY and NOESY spectra. The pyridine
protons are upfield from a typical pyridine ring, suggesting incomplete aromatisation of
the N-pyridine and double bond character of the exocyclic C=N bond. The *C NMR
spectrum shows two quaternary carbons at & 151.8 and 142.3 and four CH carbons for
the pyridine carbons ranging from approximately 6 137.8 to 102.1. The IR spectrum
shows a strong band at 1639 cm™ which was assigned to the C=N bond and two strong
bands at ca. 1573 and 1556 cm™ which were attributed to C=C bonds. All this data is
consistent with C=N double bond character and the neutral imine resonance form being
predominant. The high-resolution mass spectrum (ASAP), shows an ion due to [M+H]*
at m/z 291.1607 (291.1610 calculated for C1gH19N4).

The new unsymmetrical ligand o-PYEs was synthesised using the same method as for o-
PYEi-2 (Scheme 3.9). This ligand provides a direct comparison between the NMe
pyridine and the substituent pyridine. The *H NMR spectrum of o-PYEz shows a clear
distinction between these two groups where the NMe pyridine protons occur as four
protons between & 5.71 (Hp) and 7.09 (Ha) as for the ligands described above. However,
the pyridine substituent shows more conventional aromatic shifts with signals between &
7.09 (Hi) and 8.53(H;). This clear difference in shifts shows that the NMe pyridine is not
aromatic, consistent with the neutral resonance form. The N-methyl resonance was
observed as a singlet at 6 3.96, and a singlet at 6 4.57 was assigned to the CH» signal. The
other assignments are made on the same basis as for previous ligands. The *C NMR
spectrum shows the expected number of signals, from & 139.1(C,) to 101.3 (Cy) for the
NMe pyridine carbons, and from & 148.8 (C;) to 121.4 (Cy) for the pyridine substituent.
The IR spectrum shows two strong bands at ca. 1644 and 1563 cm™ which were attributed
to C=N stretch and C=C, respectively, consistent with the neutral imine resonance
structure. The high-resolution mass spectrum (ASAP) showed a molecular ion [M+H]" at
m/z 200.1178 (200.1188 calculated for C12H14N3).
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Scheme 3.9: Synthesis of ligand 0-PYE3

Single crystals of o-PYE: suitable for X-ray diffraction were grown from CDCls, The
molecular structure, selected bond lengths and angles are shown in Fig. 3.7. The
compound exhibits close to C, symmetry with the bond lengths and angles of both NMe

pyridine rings being very similar. See appendix Table 4 for further data.

Figure 3.7: X-ray crystal structure for o-PYE2 with 50% ellipsoids; all H atoms are
omitted for clarity. Selected bond lengths (A); N(3)—C(12), 1.294(2); N(3)—C(11),

1.421(2); N(2—C(1), 1.296(2): N(2)—C(6), 1.416(2); C(6)—C(11), 1.406(2).

The N(2)—C(1) and N(3)—C(12) bond lengths (1.296(2) and 1.294(2) A, respectively)
are shorter than a single bond suggesting that o-PYE: displays considerable imine
character; typical bond lengths for single and double C—N bonds are 1.47 and 1.28 A,
respectively.® The N(2)—C(6) and N(3—C(11) lengths are also slightly shorter than
normal C—N single bonds, suggesting a small amount of delocalisation into the CeHa
bridge. There is some evidence for bond length alternation in the NMe-pyridine rings

with C—C distances ranging from 1.342(2) to 1.431(2) A (ring N1) and 1.338 to 1.430(2)
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A (ring N4) with C(4)—C(5) and C(15)—C(16) being the shortest bonds in the two rings,
respectively. All this data is consistent with a significant contribution by the neutral
resonance structure. The angles C(11)—N(3)—C(12) and C(6)—N(2)—C(1) are both ca.
118°, consistent with sp? hybridisation for the imine N atoms. The NMe pyridine rings
are not coplanar with the Ce¢Ha plane with the N(4) ring at an angle of ca 67° whilst the

N(1) ring is at 83.9°, presumably due to steric interactions.

3.2.3 Attempts to synthesise m-PYE ligands

Attempts to make m-PYE ligands are shown in Scheme 3.10. Methylation of 3.28 gave
3.29 as described in the literature.?? However, treatment of 3.29 with 2-picolylamine, in
a range of different solvents or reaction conditions (e.g., MeCN or DMF for 1 h at RT to
overnight stirring at RT or overnight heating under reflux) failed to yield any product.
The reaction was monitored by *H NMR spectroscopy and mass spectrometry, neither of
which showed any evidence for the desired product, only showing starting materials as

being present throughout.

Mel Dry DCM Dry MeCN/DMF — \N /
°C Dark, X i\, NH
overnight _  with or without K,CO3 N

N,, rt - 100 °C Me/ -

3.28 3.29 m-PYE;

Scheme 3.10: Attempts to synthesise the m-PYE ligand.

3.2.3 Synthesis and characterisation of para-PYE Ir(l111) complexes

A mixture of [p-H2PYEz1]l2 and NaOCHz in methanol (4 ml) were warmed gently at 40°C
for 15 mins to deprotonate the ligand, after which a solution of the dimer 2.15a in
methanol was added and the mixture stirred for 4 h at room temperature. The residues
were rotary evaporated, dissolved in DCM, and then converted to their PFs salts by ion-
exchange with aqueous KPFs to form complex p-3.30 in good yield (64%) (Scheme 3.11).
Complex p-3.31 was synthesised using the same method in a 63% yield (Scheme 3.11).
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Scheme 3.11. Synthesis of para-PYE Ir(I11) complexes p-3.30 and p-3.31.

The *H NMR spectra of p-3.30 and p-3.31 show a two-fold axis of symmetry in solution,
i.e., both cyclometallating ligands were equivalent, as are both halves of the [p-PYE1-2]
ligands, giving only one set of signals with each signal representing two equivalent
protons. The *H NMR spectrum of p-3.30 showed two doublets at § 3.57 and 3.18 which
were assigned to the CoH4 bridge and a 6H singlet at 6 3.84 due to the NMe groups. The
two doublets of the CoH4 bridge both showed NOEs to a doublet at 6 6.32 which was
therefore assigned to the pyridine proton (Hg). Protons Hac (5, 6.44, 6.86 and 6.34
respectively) were subsequently assigned via NOESY and COSY spectra. The
assignments of Ha, b were confirmed by NOEs to the NMe group. The upfield shifts of
protons Ha.q compared to free pyridine (ca. & 7.5-8.5) and the fact that they are all
inequivalent suggests incomplete aromatisation of the NMe pyridine and restricted
rotation about the exocyclic C=N bond. The TOCSY spectrum allowed the assignment of
the phenyl (Hi4) and pyrazole (Hs.7) protons and the expected NOE was observed

between the phenyl protons Hs and pyrazole protons Hs; the COSY spectrum then allowed
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assignment of the other protons. The pyrazole protons Hs were the most downfield signal
at 6 8.10, whilst the phenyl protons Hi were the most upfield signal (6 6.14) due to ring
current effects,?® as discussed in Chapter 2. The *C NMR spectra of p-3.30 showed four
different CH carbons for the NMe-pyridine in the range & 143.4 to 108.0, respectively,
suggesting that there is restricted rotation about the exocyclic C=N bond. The remaining
carbon signals were all observed — see chapter 5 for details. The FAB mass spectrum
shows a molecular ion at m/z 721.2371 (721.2371 calculated for C32H32IrNg).

The *H NMR spectrum of complex p-3.30 was carried out in solvents of different polarity,
namely CD2Clz, (CD3).CO, and CDsCN, to determine if this affected the resonance
structure of the PYE ligand (see Fig. 3.8). In the moderate polarity solvent CD,Cl», the
'H NMR spectrum displays four proton environments for the NMe pyridine ring between
d 6.16 and 6.91, consistent with considerable double-bond character and restricted
rotation of the exocyclic C=N bond owing to a significant contribution from the neutral
imine resonance form. In (CD3).CO, or CD3CN, the NMR spectra still show four proton
environments for the NMe pyridine protons. The spectra in (CD3).CO, or CD3CN, show
a greater difference in chemical shift between protons a, b and c, d, suggestive of
increased contribution from the zwitterionic form (see introduction to this chapter);
however, Ad is greatest in (CD3).CO, rather than the more polar CD3CN. It should also
be noted that changing the solvent has significant effects on the chemical shifts of
pyrazole protons (5 and 7), hence the above changes may not be due to changes in the

resonance structure.

’ 7 4 b 3 6 . d¢ 1
C L R S SRS N S W U .
;f 7« ;4’ b 3 '6"’3 2, (l C 'l'
§ 7 4 b 26 a9
A i\ W I [ A A J\ J

Figure 3.8: Sections of *H NMR spectrum (500 MHz, 298 K) of complex p-3.30; (A)
in CD2Cly, (B) in (CD3)2CO and (C) in CDsCN.

The *H NMR spectrum of p-3.31 is similar to p-3.30 except the C2H4 doublets are
replaced with two multiplets for 4H at ca. & 7.16 and 6.89 due to the C¢H4 bridging group.
The NMe group is the only singlet, at & 3.42, and the phenyl pyrazole protons were

assigned in the same manner as for p-3.30. The TOCSY spectrum allowed for the
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assignment of the phenyl (Hi-4) and pyrazole (Hs.7) protons and the expected NOE was
observed between the phenyl protons Hs and pyrazole protons Hs; the COSY spectrum
then allowed for the assignment of the remaining protons (see Chapter 5 for details). The
signals for the NMe pyridine protons Ha.q are extremely broad (see Fig 3.9), indicating
that rotation of the NMe pyridine occurs on a similar timescale to the NMR, suggesting
some single bond character and free rotation of the exocyclic C—N bond. The **C NMR
spectrum shows four quaternary carbons, the carbon of NMe group, and only ten CH
carbons, where the NMe pyridine carbons Caq were not observed. Presumably the speed
of rotation of the NMe pyridine group leads to these carbon signals being very broad. The
high-resolution mass spectrum (FAB) shows a molecular ion at m/z 769.000 (769.2379
calculated for CsgH32IrNg).
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Figure 3.9. Section of the *H NMR spectrum (500 MHz, 298 K) of p-3.31 in CD.Cl, at
room temperature showing the relevant part of NMe pyridine ring (*) (Integrations apply

to one half of the molecule.

Running the *H NMR spectrum in a more polar solvent (e.g., (CD3)2CO, CD3sCN) led to
some sharpening of these signals, however to gain more information a variable
temperature NMR study was performed in CD3CN. Figure 3.10 depicts the temperature-
dependent *H NMR spectra of p-3.31 between —30 °C and 70 °C in CDsCN. At low
temperatures (—30 °C), the NMe-pyridine signals were observed as four broad signals
between ca. 6 6.0-7.1 indicating rotation around the exocyclic C—N bond is slow at low
temperature. Raising the temperature leads to a pairwise equivalence of the signals; at 70
°C Ha, b were observed as a doublet at ca 6 6.9, whilst the signal for Hc, 4 remained still
broad at ca. 6 6.5. Thus, as expected, the rate of rotation about the C—N bond is faster at

higher temperatures.
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Figure 3.10: Variable-temperature *H NMR spectra of complex p-3.31 in CD3CN (the

target aromatic region) from —30 - +70 °C showing the relevant part of NMe pyridine
ring (*), (400 MHz, 298 K).
Complex p-3.32 was synthesised by the same method as for p-3.30 and p-3.31 to give p-
3.32 in good vyield 69% (Scheme 3.12). The coordination of [PYEs] removes the C;
symmetry, causing the two C”N ligands to become inequivalent and therefore doubling
the number of peaks due to the C”N ligands in the *H NMR spectrum.
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Scheme 3.12 Synthesis of para-PYE Ir(111) complex p-3.32

The *H NMR spectrum of complex p-3.32 shows twenty-two aromatic environments. The
NMe group was easily identified as the only singlet at 6 3.32 and the NCH> group which
is a singlet in the free ligand, was observed as two mutually coupled doublets at 5 5.06
and 4.85. The two doublets of the NCH group both showed an NOE to a doublet of
doublets at 5 6.46 which was assigned to NMe-pyridine (D) proton Hg. The NOESY and
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COSY spectra then allowed assignment of protons Hac (ca. & 6.65, 7.17, and 6.62,
respectively). The assignments of Han were also confirmed by NOEs to the NMe group.
The observation of four different environments for the NMe-pyridine (D) protons (Ha-q)
suggests there is restricted rotation about the C=N bond and therefore that the neutral
imine resonance form is predominant. The two doublets of NCH: also showed an NOE to
a doublet at 5 7.67 which was assigned to Hg, and which then allowed assignment of all
the other protons of the pyridine (C) (Hn 6 7.85-7.09) via the COSY spectrum. Protons
Hg-i were shifted slightly downfield compared to the free ligand (ca. 5 0.1 to 0.2), as might
be expected on coordination to the metal, whilst proton H; (6 7.71) was observed about &
0.8 upfield compared to the free ligand (6 8.68) due to ring currents from the neighbouring
phenyl ring (A) (similar interactions are discussed in Chapter 2). Proton H;j was a doublet
which showed an NOE to the phenyl and pyrazole protons Hia and Hzg, respectively,
allowing the assignment of all the other protons of the phenyl (A) and pyrazole (B) rings
using the COSY spectrum. The remaining signals for phenyl (B) and pyrazole (A) could
also then be assigned. The pyrazole protons Hsa s were the most downfield signals at &
8.19 and 8.12, whilst the phenyl protons Hia, s were the most upfield signals at 6 6.14 and
6.29, respectively. The 13C NMR spectrum shows four different CH carbons for the NMe-
pyridine carbons at 6140.0, 137.8, 115.4, and 107.6 for carbons Cy, 4, ¢, d, respectively,
suggesting that there is restricted rotation about the exocyclic C=N bond. The (FAB) mass
spectrum shows a molecular ion at m/z 678.1982 (678.1957 calculated for CzoH271rN7).
The NMR analysis of complex p-3.32 was also carried out in different polarity solvents,
CD2Cl,, (CD3)2CO, and CD3CN (see Fig. 8 in the appendix); however, as for p-3.30, there

was no clear evidence of any change in resonance structure of the PYE ligand.

Complexes p-3.30 and p-3.32 were successfully recrystallized from DCM/hexane and
chloroform, respectively. The X-ray crystal structures of the complexes were determined
and are shown in Fig. 3.11 with selected bond lengths (A) and angles (°) reported in Table
3.3. The crystal structures of p-3.30 and p-3.32 reveal the expected distorted octahedral
coordination geometry with cis metallated carbons and trans nitrogen atoms (Fig. 3.11).
The chelate bite angles for the cyclometallated ligands are all about 80°, whilst for the
NN ligand is about 79°, considerably less than the ideal 90°. For p-3.30, the I—N bond
lengths to the PYE ligand are 2.185(6) and 2.191(6) A, whilst in p-3.32 the I—N(2)
(PYE) distance, 2.130(8) A, is statistically the same as the I—N(3) bond length of
2.116(7) A.
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p-3.30 p-3.32

Figure 3.11: X-ray crystal structure of the cations of p-3.30and p-3.32 showing 50%
ellipsoids. All H atoms are omitted for clarity.

The N(2)—C(1) and N(3)—C(8) distances (1.333(11) and 1.303(10) A, respectively) in
p-3.30 and the N(2)—C(1) bond length (1.332(12) A) in p-3.32 suggest a certain degree
of double bond character. For p-3.30, the bond lengths in the NMe-pyridine rings range
from 1.33(1) to 1.44(1) A in the ring containing N(1) and between 1.35(1) to 1.43(1) A
in the ring containing N(4). In both cases, the range is wider than expected for a
completely aromatic pyridinium group. Similarly, for p-3.32 the bond lengths in the
NMe-pyridine ring range from 1.32(1) to 1.41(1) A, whilst those in the pyridine ring have
asmaller range, from 1.34(1) to 1.39(1) A ,consistent with a significant contribution from
the imine resonance form for the PYE moiety.

Table 3.3: Selected bond lengths (A) for p-3.30 and p-3.32

p-3.30 p-3.32
Ir(1)—N(2) 2.191(6) I(1)—N(2) 2.130(8)
Ir(1)—N(3) 2.185(6) Ir(1)—N(3) 2.116(7)
Ir(1)—N(5) 2.006(7) N(1)—C(4) 1.336(12)
Ir(1)—N(7) 2.010(7) Ir(1)—N(6) 2.037(9)
N(2)—C(1) 1.333(11) N(2—C(1) 1.332(12)
N(3)—C(8) 1.303(10)

For p-3.30, the sum of the angles about N(2) is 359.6° whilst that about N(3) is 359.5°.
Hence both N(2) and N(3) have almost planar geometries consistent with donation of an

sp? hybridised lone pair to the Ir. In addition, the NMe pyridine planes are only slightly
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out of the N(3)-Ir-N(2) coordination plane, 14.3° for the N(1) ring and 18.8° in the
opposite direction for the N(4) ring, respectively. For p-3.32, the angles around N(2) add
up to 359.7°, consistent with sp? hybridisation at N(2). The NMe pyridine is only 10.4°
out of the N(3)-Ir-N(2) plane. In conclusion, these structures indicate a considerable
contribution from the neutral imine resonance structure in the solid state for both

complexes p-3.30 and p-3.32.

3.2.4 Synthesis and characterisation of ortho-PYE Ir(111) complexes

The dimer 2.15a was reacted with ligands 0-PYE12 with KPFe using microwave
irradiation to form compounds 0-3.30 and 0-3.31 in good yields (Scheme 3.13). The H
NMR spectra of 0-3.30 and 0-3.31 are similar to p-3.30 and p-3.31 in that each show only
one set of signals for the cyclometallating ligands and signals for only one half of the

PYE ligand, suggesting they adopt C, symmetry in solution.
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Scheme 3.13. Synthesis of ortho-PYE Ir(111) complexes 0-3.30 and 0-3.31

The *H NMR spectrum of 0-3.30 shows two mutually coupled doublets at § 3.85 and 3.21
which were assigned to the C>H4 bridge and a 6H singlet at 6 3.27 for the NMe group.
The doublet at 6 3.85 shows an NOE to a doublet at 6 6.50 which was therefore assigned
to the pyridine proton (Hqd). The NMe group shows an NOE to a doublet at 6 6.65 which
was therefore assigned as Ha. The COSY spectrum then allowed for the assignment of

Hb,c as the multiplet at & 6.17 and the broad triplet at 6 7.06, respectively. Note, the low
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symmetry of the ortho-substituted NMe ring means there is no information about rotation
around the C=N bond. The TOCSY spectrum allowed assignment of the phenyl (Hi.4)
and pyrazole (Hs-7) protons. The phenyl protons Hi are the most upfield signals (ca. 6
6.14) due to ring current effects. The 3C NMR spectrum showed four CH carbons for the
NMe pyridine ring between 6 136.3 (C¢) to 108.0 (Cq). The high-resolution mass spectrum
(FAB) showed a molecular ion at m/z 721.2400 (721.2379 calculated for Cz2Hz2IrNs).
Recording the *H NMR spectrum in a more polar solvent ( e.g., (CD3)2CO or CDsCN)),
showed only minor changes in chemical shift (See Fig 9 in the appendix). However, in
CD3CN the spectrum showed the presence of a second species which has not as yet been
identified but may be due to the coordination of CDsCN solvent molecules to the metal.

The *H NMR spectrum of 0-3.31 was similar to that of 0-3.30 except the C2H4 doublets
were replaced with a 4H multiplet at ca. 5 6.71 due to the Ce¢H4 bridging group. The NMe
group was the only singlet, at & 3.40, and showed an NOE to the multiplet at ca. 5 6.89,
and which was assigned as Ha, with NOESY and COSY spectra allowing for the
assignment of the other NMe pyridine protons Hy.q (6 6.41, 7.01 and 6.63, respectively).
The shifts of Ha.q suggest the NMe pyridine ring is not fully aromatic. The assignments
of the phenyl and pyrazole protons were made on the same basis as for 0-3.30. The
pyrazole protons Hs were the most downfield signal at 5 7.83, whilst the phenyl protons
H1 were the most upfield at about 5 6.18. There is some evidence for the presence of a
second species, which may be an isomer with both NMe groups on the same side giving
inequivalent NMe signals. Heating the sample gave no change in the amount of the minor
species. The *C NMR spectrum showed the expected number of signals of quaternary
and CH carbons, and the high-resolution mass spectrum (ASAP) showed a molecular ion
at m/z 769.2386 (769.2379 calculated for Cs2Hs2IrNs).
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Scheme 3.14. Synthesis of ortho-PYE Ir(111) complex 0-3.32
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Complex 0-3.32 was synthesised using the same method as for the 0-3.30 and 0-3.31 to
give 0-3.32 in good yield (Scheme 3.14). The *H NMR spectrum showed a singlet at §
3.32 due to the NMe group whilst the NCH2 group, which is a singlet in the free ligand,
gives diastereotopic protons after complexation, thus giving rise to two mutually coupled
doublets at & 5.17 and & 4.70. The doublet at & 5.17 showed an NOE to a doublet of
doublets at 5 6.46 which was assigned to NMe pyridine (D) proton Hg. The assignment
of Ha as a doublet of doublets at 6 6.77 was confirmed by an NOE to the NMe group,
after which NOESY and COSY spectra then allowed for the assignment of protons Hp
and Hc at 6 6.23 and 7.19, respectively. Proton Hg is a doublet at & 7.67 which was
confirmed by NOEs to the other CH doublet at & 4.70 with the COSY spectrum then
allowing for the assignment of pyridine (C) protons Hn.j between 6 7.87-7.10. The phenyl
and pyrazole protons were assigned as for p-3.32, where once again the pyrazole protons
Hsa, 8 were the most downfield signals at 6 8.23 and 7.90 and the phenyl protons Hia, s
were the most upfield signals at & 6.36 and 6.10, respectively. The 1*C NMR spectrum
showed the expected number of signals. The high-resolution mass spectrum (ASAP)
showed a molecular ion at m/z 678.1976 (678.1957 calculated for CzoH271rNy7).

Complex 0-3.30 was successfully recrystallized from chloroform, and 0-3.31 and 0-3.32
from DCM/hexane. The X-ray crystal structures of the complexes were determined and
are shown in Fig. 3.9 with selected bond lengths (A) and angles (°) reported in Table 3.4.
The crystal structures of 0-3.30, 0-3.31 and 0-3.32 reveal the expected distorted
octahedral coordination geometries with cis metallated carbons and trans nitrogen atoms
(Fig. 3.9). The chelate bite angles for the cyclometallated ligands are all about 80°, whilst
for the N”N ligands they are all about 77°. Complex 0-3.30 and 0-3.31 showed
approximate C, symmetry with the methyl substituents directed above and below the
metal-ligand plane defined by N(2}—Ir(1}—N(3) in both complexes. For complex o-
3.30, the Ir—N bond lengths to the N~N ligand (Ir(1}—N(2), 2.216(6), and Ir(1)}—N(3),
2.239(7) A) are longer than those to the cyclometallating ligands (Ir(1}—N(7), 2.019(6)
and Ir(1—N(5), 2.027(6) A) due to the former being trans to the C atoms. Similar trends
could be seen for complexes 0-3.31 and 0-3.32. In addition, the Ir—N bond lengths to the
NN ligand are longer than those (2.185(6) and 2.191(6) A) in the corresponding para
complex p-3.30 (see above), possibly reflecting the increased steric hindrance imposed
by the ortho NMe substituents.
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Figure 3.9: X-ray crystal structure of the cations of 0-3.30, 0-3.31 and 0-3.32,

respectively, showing 50% ellipsoids. All H atoms are omitted for clarity.

In complex 0-3.30, the N(2—C(1) and N(3)—C(8) bond lengths of 1.321(9) and
1.299(10) A suggest significant imine character. The bond lengths in the NMe-pyridine
rings range from 1.36(1) to 1.41(1) A in the ring containing N(1) and between 1.34(1) to
1.47(1) A for the ring containing N(4), the slightly wider range for the latter suggesting
slightly less aromaticity in that case. The sum of the angles around the “imine” N(2) is
346.4°, whilst that about N(3) is 339.4° showing these are no longer simply sp?
hybridised. In addition, the NMe pyridine planes are rotated considerably out of the
N(3)—Ir—N(2) plane (57.2° for the N(1) ring and 62.7° for the N(4) ring, respectively).
Hence it is clear that the interaction is not well described as being purely that of an sp?
lone pair interaction with the metal. In addition, the N(7)—Ir—N(5) plane is at an angle
of 81.7° from the N(3)—Ir(1}—N(2) plane, showing considerable distortion from an
octahedral geometry. It is likely that the steric hindrance from the ortho NMe groups is
the cause of these significant distortions.
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Table 3.4: Selected bond lengths (A) for 0-3.30, 0-3.31and 0-3.32.

0-3.30 0-3.31 0-3.32
Ir(1—N(2) 2.216(6) 2.196(6) Ir(1)—N(2) 2.235(5)
Ir(1)—N({3) 2.239(7) 2.184(6) Ir(1)—N(3) 2.120(5)
Ir(1)—N(5) 2.027(6) 2.009(6) Ir(1)—N(4) 1.998(5)
Ir(1)}—N(7) 2.019(6) 2.014(6) Ir(1)—N(6) 2.027(5)
N(2}—C(1) 1.321(9) 1.367(9) N(2)—C(1) 1.330(8)
N@3)—C@®) |  1.299(10) 1.379(8)

For complex 0-3.31, the I—N bond lengths to the NN ligand (Ir(1)}—N(2) 2.196(6) and
Ir(1)—N(3) 2.184(6) A) are significantly shorter than those in 0-3.30 (Ir(1}—N(2)
2.216(6) and Ir(1}—N(3) 2.239(7) A), suggesting the ligand is more strongly bonded in
0-3.31. The N(2)—C(1) and N(3)—C(8) bond lengths of 1.367(9) and 1.379(8) A,
respectively, are still considerably shorter than for an N—C single bond. However, they
are substantially longer than the corresponding distances (1.296(2) and 1.294(2) A) in the
free ligand, 0-PYEz, and indeed are comparable to the N—C bonds in the NMe pyridine
rings which range from 1.358(9) to 1.383(9) A, suggesting a greater contribution from
the zwitterionic resonance form in the complex. As in the free ligand o-PYEz, the
N(2)—C(6) and N(3)—C(11) lengths (1.403(8) and 1.397(9) A, respectively) are also
slightly shorter than normal C—N single bonds, suggesting a small amount of
delocalisation into the CeHa bridge. As for 0-3.30, the NMe pyridine planes are rotated
considerably out of the N(3)—Ir—N(2) plane (ca. 73° in opposing directions for the two
rings). The increased contribution of the zwitterionic form is also reflected in the sum of
the angles around N(2) (345.9°) and N(3) (348.6°), indicating the N atoms are not sp?
hybridized.

Unlike in p-3.32 in which the I—N(2) and I—N(3) distances are statistically the same,
in 0-3.32 the I—N(2) (PYE) distance, 2.235(5) A, is significantly longer than the
I—N(3) (pyridine) distance of 2.120(5) A, possibly due to the steric hindrance of the
ortho NMe group. The N(2)—C(1) bond length of 1.330(8) A in 0-3.32 (cf. 1.332(12) A

in p-3.32) again suggests some imine character for the PYE moiety. For 0-3.32 the bond
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lengths in the NMe-pyridine ring range from 1.34(1) to 1.42(1) A and those for the
pyridine ring are very similar, from 1.338(8) to 1.40(1) A, suggesting reasonably similar
aromaticity in the two rings. The sum of the angles around N(2) is 337.3°(cf. 359.7° for
p-3.32) showing considerable distortion from sp? hybridisation and thus suggesting a
greater contribution from the zwitterionic resonance form for 0-3.32 than for p-3.32.
Consistent with this, the NMe pyridine ring is at an angle of 63° to the N(3)—Ir—N(2)

plane.

In conclusion, a number of para- and ortho-PYE ligands were synthesised. The para
ligands were synthesised as salts and deprotonated in situ when reacted with [Ir(ppz)2Cl]..
By contrast, the ortho-substituted ligands could be isolated as their free bases. The
dicationic salts of p-PYE., 2 only dissolved in polar solvents and showed free rotation in
their NMe pyridine groups, suggesting a preponderance of the pyridinium resonance
form, though the X-ray structure still suggested some double bond character for the
exocyclic C=N bond. The monocationic salt of p-PYEs showed four distinct proton
resonances in (CDz3)2CO for the NMe pyridine group due to restricted rotation and hence
a preponderance of the iminium resonance form, whilst in DO two of the resonances
became equivalent, suggesting increased rotation that was possibly due to an increased
proportion of the pyridinium resonance form. The ortho-substituted ligands were isolated
as free bases and the NMe pyridine protons were all observed to higher field, consistent
with a greater contribution of the imine resonance form. New heteroleptic Ir(Il)
complexes containing para or ortho (PYE) ligands were successfully synthesized in good
yields (> 60 %). All the complexes were fully characterised by H and *C NMR
spectroscopy, mass spectrometry, and in most cases by X-ray crystallography. The *H
NMR spectra suggest that for the p-PYEx, 3 complexes (p-3.30 and p-3.32) there is a
significant contribution from the neutral non-aromatic form, as evidenced by the four
separate proton signals for the NMe pyridine that suggested restricted rotation about the
C=N bond. However, for complex p-3.31 with the p-PYE: ligand, some rotation about
the C—N of NMe-pyridine ring clearly occurs even at room temperature, suggesting a
greater contribution from the zwitterionic resonance form. It may be that the negative
charge on the exocyclic N atom is delocalised onto the CeHa bridge which here stabilises
the zwitterionic form. The ortho complexes show relatively high field shifts for the NMe
ring protons (between 6.2 and 7.2 ppm) suggestive of a degree of double bond character.
However, the X-ray structures show that the NMe pyridine rings are significantly out of
the Ir(N~N) plane and the sum of the angles around the exocyclic N atoms is considerably
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less than 360°, both of which suggest significant contributions from the zwitterionic
resonance form. The steric crowding of the ortho substituent leads to increased distortions
in the coordination geometry, as seen previously by Douthwaite et al.® There was no clear
evidence from NMR spectroscopy that more polar solvents lead to an increased
contribution from the zwitterionic resonance structure for the complexed PYE ligands.
The photophysical properties of the PYE ligands or their precursors and of their Ir(l11)

complexes are discussed in next section 3.3.

3.3 Photophysical properties

This section described the photophysical properties of the PYE ligands or their precursors
and of their Ir(111) complexes (p-3.30, p-3.31, p-3.32 and 0-3.30, 0-3.31 and 0-3.32). As
mentioned in the introduction to this chapter, PYE ligands are potentially very strong
donors and can sometimes be analogues of N-heterocyclic carbenes. Ir complexes with
NHCs are known to show a characteristic blue emission due to the strong donor properties
of the carbenes.?* % This study will attempt to evaluate if the strong donor properties of
PYE ligands can promote blue emission.

3.3.1 Photophysical properties of [p-H2PYE1]l2, [p-H:PYE:]l. and [p-HPYE3]I

The UV-vis absorption spectra for the salts [p-H2PYEi]l2, [p-H2PYE2]l> and [p-
HPYEs]I are shown in Fig. 3.10 with corresponding electronic absorption spectra data.
Due to the different solubilities of the dicationic and monocationic salts, different solvents
were used. All three compounds, [p-H2PYEa1]l2, [p-H2PYE:]l2 and [p-HPYE3]I, exhibit
one band, each with a similar Amax, 8 observed at 286, 280 and 279 nm respectively.
Hence the bridge between the two N-pyridine units group has almost no effect on the

absorption wavelength.

038 compound | Aabs. NM gmax (L mol* cm™)
0.7 1 [p-H2PYE4]l,
06 1 —[p-H.PYE2]I, p-HzPYEl]lz 286 (23350)
9] —[p-HPYE;]I
é 0.4
03 [p-H2PYE?]I2 280(22450)
02
0.1 1
0 ; P ' [p-HPYE3]I 279(32350)
230 280 330 (. 380 430

Figure 3.10: Absorption spectra of compounds [p-H2PYEx1]l2, [p-H2PYE-2]l2 in H.O
(0.02 mM) and [p-HPYEs]lin DCM at (0.02 mM) at RT, with corresponding electronic

absorption data.
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The emission spectra of [p-H2PYE1]l2, [p-H2PYE2]l2 and [p-HPYEs]I are shown in Fig.
3.11, and the associated data summarised in Table 3.6. As can be seen, all the compounds
show some emission which is relatively insensitive to oxygen as would be expected for
fluorescence. The emission spectrum of [p-H2PYEi]l2 shows a broad emission band at
393 nm, whereas [p-HPYEs]l exhibits an emission band at 423 nm with a shoulder at
394 nm. However, compound [p-H2PYE2]l2 showed two emission peaks, one at 386 nm

and a more intense one at 538 nm. The reason for this difference is currently not known.

1.2 1 [p-H2PYE]l2
[p-H2PYE]I,

—— [p-H:PYE]l,

11 AN N - -~ [p-HPYER]l,

/ . © S\, —— [p-HPYE;]I

) -, fi N\~ - - [P-HPYEs]I
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Figure 3.11: Normalised the emission spectra of [p-H2PYEu1]lz, [p-H2PYE-2]l2 in H.O
and [p-HPYEs]l in DCM at (0.02 mM), excited 330 nm in air (—) and degassed Ar (-
--)atRT.

3.3.2 Photophysical properties of ligands 0-PYE1, 0-PYE2 and 0-PYE3

The UV-vis absorption spectra for o-PYEyz, in different solvents are shown in Fig. 3.12
It is noticeable that in DCM and DMF two bands are observed at ca. 265 nm and 374 nm,
whilst in MeOH and H2O both bands are shifted to shorter wavelength at approximately
240 and 315 nm, respectively. It is possible that these reflect protonation of the basic PYE
(none of the solvents were dried before use). Similar effects were noticed in the spectra
recorded for o-PYE:2 and 0-PYEs (see appendix Fig 10) though solubility issues

prevented a full comparison.
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Figure 3.12: Absorption spectra of o-PYE1 at 0.02 mM in different solvents at RT

The UV-vis absorption spectra of 0-PYE1, 0-PYE2and o-PYEs with electronic absorption

data in DCM are shown in Fig.3.13. All three compounds absorb at similar wavelengths.

07 4 compound | Aabs. NM €max (L mol™* cm™?)

0.6 4

0.5 4

0-PYE: | 262(17650), 373(4600)

. 0.4 4
8
<

0.3 4

0-PYE2 | 276(32100), 372(10850)

0.2 1

0.1 4

0-PYEs | 261(12776), 354(3628)

] T T T T T T
225 275 325 375 425 475
Alnm)

Figure 3.13: Comparison of the UV-vis spectra of 0-PYE1, 0-PYE2 and 0-PYEs in
DCM 0.02 mM at RT with corresponding electronic absorption data.

The emission spectra of 0-PYE1, 0-PYE2 and 0-PYEs in DCM are shown in Fig. 3.14
with the data summarised in Table 3.5. All compounds show emission which is relatively
insensitive to oxygen as would be expected for fluorescence. The ligands o-PYE1, and o-
PYEs show a similar broad emission band, with Amax at 394 and 383 nm, respectively,
whilst 0-PY E2 showed some structure with peaks at about 387 and 414 nm and a shoulder
at 440 nm. Hence, unlike the para-substituted ligands, there is very little difference in

emission wavelength for all three ligands, see Fig 3.14 and Table 3.5.
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Figure 3.14: Normalised emission spectra for 0-PYE1, 0-PYE2 and 0-PYE3zin DCM
in air (—) and degassed, Ar (- - -),at 0.02 mM, excited at 330 nm, at RT.

Table 3.5: Emission data for PYE1, 0-PYE:2 and 0-PYEs ligands in DCM.

0-PYE:1

0-PYE2

0-PYE3

394

387, 414, sh 440

383

3.3.3 Photophysical properties of complexes p-3.30, p-3.31 and p-3.32

The UV-vis absorption spectra and electronic absorption data of complexes p-3.30, p-
3.31 and p-3.32 are shown in Fig. 3.15. All the complexes show bands at 290 - 320 nm

due to © — m* transitions. Cyclometallated iridium complexes usually show *MLCT, and

sometimes *MLCT, bands at around 350-450 nm:%® however, here there was no clear

evidence for separate peaks at longer wavelengths in complexes p-3.30 and p-3.32, whilst

complex p-3.31 showed a strong band about 400 nm. The absorption spectra of p-3.30,

p-3.31 and p-3.32 are almost unchanged above 280 nm in various solvents of different

polarities.
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1 complex | Aabs. "M €max (L mol* cm™)
0.8 p-3.30
—p-3.31
o —p332 0-3.30 249 (36200), 317(38650)
02 | p-3.31 307(25900), 395 (19450)
- P-3.32 | 268 sh(29750), 314 sh(18050)

Figure 3.15: Absorption spectra for p-3.30, p-3.31 and p-3.32 in DCM, at 0.02 mM at

RT with corresponding electronic absorption spectra data.

Emission spectra for complexes p-3.30, p-3.31 and p-3.32 were run in DCM, in aerated
solutions. Complexes p-3.30 and p-3.31 are almost non-emissive in deaerated DCM
solution (see appendix Fig 11), which may be to the result of quenching due to rotation
around the exocyclic C—N bond of the NMe-pyridine rings. In an attempt to investigate
this possibility, the spectra were rerun in a degassed mixture of MeCN/H.0 (1:9) to try
to precipitate the complex and hence be able to observe emission from the solid (see
Chapter 4 for further discussion of Aggregation Induced Emission). However, this only
resulted in small changes in the emission profile. By contrast, complex p-3.32 is emissive
in air with a Amaxat 561 nm (Fig 3.16). The emission intensity is sensitive to the presence
of oxygen; in degassed samples, the emission intensity increased by factor of ca. 3.2. This
suggests that the excited states for this complex has some triplet character. The fact that
the ppz ligand and the coordinated py ring would limit at SMLCT/3LLCT character given
the unstructured emission band stage (further characterisation of the emission would need

lifetime measurements and DFT calculations).
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Figure 3.16: Emission spectra of complex p-3.32 in DCM at 0.02 mM, excited at 380
nm at RT.
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3.3.4 Photophysical properties of complexes 0-3.30, 0-3.31 and 0-3.32

As for the para complexes discussed earlier, the UV-vis spectra for all the ortho

complexes (0-3.30, 0-3.31 and 0-3.32) show strong bands between ca. 240-300 nm due
to © — w* transitions (Fig 3.17). Complex 0-3.30 shows an additional weak band at about

390 nm (possibly having contributions from *MLCT transitions) whilst complex 0-3.31

shows a stronger band about 484 nm.

complex | Aabs. nm emax (L Mol cm™)
1- . 3
0-3.30
038 ——o0-3.31 25
— 0332 0-3.30 254 (33400), 381 (6050)
06 | —--0332,02mM |’
é‘ 15
04 1 . 0-3.31 252 (45450), 484 (9450)
02 1 L 0.5
0 S ——— S 0 0-3.32 273sh (39750), 304 (13450)
A(nm)

Figure 3.17: Absorption spectra of complexes 0-3.30, 0-3.31 and 0-3.32 in DCM, at
0.02 mM (—) and 0.2 mM (- - -) for complex 0-3.32 at RT with corresponding
electronic absorption data.
The emission spectra for ortho complexes 0-3.30, 0-3.31 and 0-3.32 were run in DCM,
and MeCN. Complex 0-3.30 is only weakly emissive in DCM solution and the intensity
increases only slightly when degassed. Hence this fluorescence, though further studies
would be needed to confirm this. The emission maximum is slightly different to that of

the free ligand, as per Fig. 3.18.
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Figure 3.18: Emission spectra of complex 0-3.30 vs. free ligand 0-PYE1 in DCM at
0.02 Mm, excited at 350 nm, at RT.
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Complex 0-3.31 is non-emissive in either degassed solution or when precipitated in a
degassed mixture of MeCN/H20 (1:9) (see appendix Fig 12). As for p-3.32, complex o-
3.32 in DCM shows a broad emission band with a Amax 0f 552 nm and a shoulder at 519
nm (Fig 3.19) which is a blue shifted by ca. 9 nm compared to p-3.32. In degassed
samples, the emission intensity of 0-3.32 is increased by ca. 11.6-fold in DCM,
suggesting considerable triplet character in the excited state. The structuring in degassed

sample suggest LC (the band shape changes)
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Figure 3.19: Emission spectra of complex 0-3.32 in DCM at 0.02 mM, excited at 380
nm at RT.

3.4 Conclusions and future work

In conclusion, the UV-vis absorption spectra of all the ligands or their precursors and all
the complexes show strong bands between 240 and 320 nm due to 1 — =n* transitions.
Complex 0-3.30 shows a weak band at about 390 nm whilst complexes p-3.31 and 0-3.31
show stronger bands at 395 nm and above 485 nm, respectively. In general, there is no
clear evidence for any solvatochromic behaviour in the UV-vis absorption spectra of the
complexes. Complexes p-3.30, p-3.31 and 0-3.31 are non-emissive in either degassed
DCM solution or when precipitated from a mixture of MeCN/H20 (1:9), whilst complex
0-3.30 is only weakly emissive. Complexes p-3.32 and 0-3.32 are both emissive in air
and show a significant increase in intensity on degassing, consistent with considerable
triplet character in their excited stated. It is likely that the PYE3s complexes p-3.32 and o-
3.32 show MLCT emission with the pyridine as the acceptor ligand. In the other
complexes there may be no suitable low-lying LUMO for emission in the visible region.

Hence from the emission spectra measured there is no evidence for strong donor
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properties of the PYE ligands. Future work could include the synthesis of [Ir(ppy)2(PYE)]

complexes in an attempt to evaluate the donor properties of the PYE ligands.
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Chapter Four

Enhanced Phosphorescent Emission in
the Solid State (EPESS) of Cyclometallated
Pt(11) Complexes
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4.1 Introduction

4.1.1 Aggregation-induced Emission

Concentration quenching or aggregation-caused quenching (ACQ) is usually suggested
to be the cause of reduced emission intensity of compounds at high concentration or in
the solid state.! For example, for perylene (4.1) (Fig. 4.1), n-=n stacking is known to
quench emission as the concentration increases.? In contrast Tang et al. found that
hexaphenylsilole (4.2), which is non-planar and hence does not undergo n—n stacking, is
not emissive in solution but is highly emissive in the solid state. This phenomenon is
called aggregation-induced emission (AIE).>* In a dilute solution, the six phenyl rotors
of 4.2 (Fig. 4.1) undergo rotations which non-radiatively quench the excited state and
renders the molecule to be non-, or at best weakly, luminescent.* In the solid state,
intramolecular rotations of the aryl rotors of 4.2 are greatly restricted, blocking the non-
radiative pathway, thus radiative decay becomes possible and 4.2 is thus strongly
emissive in the solid state. This discovery represented a major breakthrough, and the AIE

effect in organic molecules was instigated.

41 4.2 4.3

Figure 4.1: Some AIE active molecules

Although the restriction of intermolecular rotation (RIR) is an established cause of AIE,
Tang and co-workers showed that molecules lacking any rotors could still show AIE. For
example, in 4.3 (Fig. 4.1), no rotation is possible but AIE is nevertheless observed.® In
this case, a restricted intermolecular vibration (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 in solution. Restriction
of these vibrational motions in the solid state resulted in emission in solid 4.3 being turned

on.

A quick way to ascertain if molecules are AIE active is to precipitate them from solution
and see if the emission intensity increases significantly. This can be done by dissolving

the molecule in a ‘good’ solvent and measuring the emission, which should be weakly or
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non-emissive. When a ‘poor’ solvent is added, aggregates are formed that restrict internal

motions and induce AIE, leading to a large increase in the intensity of emission.
4.1.2 Aggregation-induced Emission in Transition Metal Complexes

This next section will describe the AIE effect in transition metal complexes and the
proposed origin(s) for this effect. For metal complexes a wide range of metal-ligand
combinations is possible, therefore predicting the origin of AIE is more difficult than for
purely organic molecules; indeed, additional mechanisms may be possible for metal
complexes. Heavy transition metal complexes can undergo ISC due to high-spin-orbit
coupling which allows the emission to be of a triplet nature, i.e., phosphorescence. Hence,
another term that has been used in conjunction with AIE in heavy transition metal
complexes is EPESS (Enhanced Phosphorescent Emission in the Solid State). Similar to
organic molecules, the metal complex is non- or weakly emissive in solution but emission
is enhanced when aggregates are formed.> & 7 For example, the cyclometallated Ir(111)
complexes shown in Fig. 4.2 have been reported as being AIE (or EPESS) active.®* The
cause of EPESS in the complexes [Ir(ppy)2(N~O)] has been disputed in the literature; two
different mechanism were originally proposed, those of (i) restricted intermolecular
rotations of substituents on the bidentate ancillary ligand N~Q° (4.4a-d) and (ii) n-
stacking of cyclometallating 2-phenylpyridine ligands (4.5a-d). The two mechanisms are

discussed in more detail below.

Figure 4.2: Some Ir(111) complexes that show EPESS

Park et. al.® showed that complexes 4.4a-d are non-emissive in the solution (DCM) but

in neat films, or in various polymer films, strong emission is observed. Using a
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combination of low temperature emission and TD-DFT studies, they concluded that the
rotation around the N-aryl bond in the solution gives rise to a non-radiative decay pathway
causing these complexes to be non-emissive in solution.® In the solid state, the rotation is
restricted giving rise to the observed strong emission. On the other hand, Li and co-
workers found that 4.5a and 4.5b are non-emissive in solution but are EPESS active.°
They proposed that in solution a non-emissive triplet ligand (3L) state is of lower energy
than the emissive *MLLCT state. However, in the solid state, n-stacking of the ppy ligand
lowers the emissive *MLLCT state below the low-lying, non-emissive triplet ligand (°L)
state thus 4.5a and 4.5b show intense emission in the solid state in comparison to
solution.® In addition, the same research group later showed?® that complexes 4.5¢ and
4.5d, with no rotatable substituents, are also EPESS active, suggesting the Park
mechanism involving restricted intramolecular rotation may be incorrect for these
molecules. X-Ray crystallography was used to show that complexes 4.5¢ and 4.5d also
have n-m intermolecular interactions in the solid state, consistent with Li’s theory of -
stacking.® However, as mentioned above, complexes 4.4a-d showed strong emission in
polymer films;® n-stacking interactions are less likely to occur in such instances due to
low loading in the polymer. This is inconsistent with the interpretation® ° put forward by

Li that n-w stacking is the cause of EPESS.

In 2014, Davies and co-workers!' reported a new mechanism for EPESS in
cyclometallated Ir complexes 4.6a-b and 4.7a-b (Fig. 4.3). These show either very weak
or no phosphorescence at room temperature in a solution of DCM while all of the
complexes display EPESS in the solid state in both powder and crystalline forms,
although it should be noted that the solid-state quantum yields are not particularly high.
Photophysical and computational studies showed that neither z-stacking nor restricted
rotation caused the observed EPESS in these complexes, and rather that ligand distortions

in the triplet excited state were responsible.

Liao and co-workers reported the first EPESS-active cationic Ir(111) complex, 4.8 (Fig.
4.3).22 In MeCN solution, emission is not observed, whilst in a mixture of MeCN/H.0
the emission is observed. The authors suggested that restricted intramolecular rotation is

responsible for the emission in the solid state of 4.8.
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Figure 4.3: Complexes 4.6a-b, 4.7a-b and 4.8 show EPESS

Huang et al.'® prepared a series of Pt(l1) complexes with different N*O ligands 4.9a-b.
They found that all the complexes are non-emissive in different solvents (DMF, MeCN,
CHCl,, and toluene). However, they exhibit aggregation-induced phosphorescent
emission (AIPE) with an absolute quantum efficiency of up to 38% in the crystal state.
Furthermore, their AIPE properties can be tuned significantly by changing the chemical
structures of the N"O ligands. In this case, based on experimental and theoretical
investigations, the mechanism of AIPE was ascribed to “restricted distortion of excited-

state structure (RDES)” similar to that proposed by Davies for the Ir complexes described

N=—
P a:R = Ph
7N 0 b: R=Bu
X

4.9
Figure 4.4: Complexes 4.9a-b show AIPE

above.

Yam and co-workers showed that in THF solution, complexes 4.10a-b (Fig 4.5), have a
weak emission, which is enhanced in a THF/H,O mixture.** Similarly, complex 4.11 is
non-emissive in MeCN, but increasing the volume percentage of PBS (phosphate buffer
saline) in a mixture with MeCN results in enhancement in the emission intensity.® In
both cases, details of the cause of the AIE effect were not given; however, Tang suggested
that it was due to RIR of the phenyl and triazole moieties in 4.10 and of the phenyl and

carbazole groups in 4.11.1
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Figure 4.5: Complexes 4.10a-b and 4.11 show AIE

As mentioned above, it is well known that rotation of substituents can lead to non-
radiative decay and hence a reduction in emission intensity. This phenomenon has been
used to provide an emission sensor for viscosity.”?° Thus complex 4.12 Fig 4.6 has
different constraints on rotation hence, as the viscosity increases, the rotation slows and
the emission intensity increases.?’ In addition, the viscosity has an effect on the lifetime
of the emission, so in principle lifetime imaging may be used to map viscosity. To date,
such an approach has only been used with fluorescent compounds. The much longer
lifetimes of phosphorescent metal complexes may provide greater range or sensitivity in

viscosity measurements.

/ -
/N\B/N /
/ \

E F
412

Figure 4.6: The structure of p-substituted BODIPY dye with various degrees of

constraint on the rotation of the meso-phenyl group.?°

The purpose of this study was to evaluate whether Pt metal complexes can be designed
to show EPESS and hence whether they have any potential in application as viscosity
sensors. As mentioned in Chapter 1, Pt cyclometallated complexes of the form
[Pt(CAN)(X™Y)]™ (n = 0, 1) are often highly emissive. Hence the design strategy was to
synthesise complexes [Pt(CAN)(X"Y)]"" with additional substituents that are free to rotate
in solution such that they are only weakly emissive in solution but are strongly emissive
in the solid state.
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4.2 Results and Discussion

4.2.1 Synthesis of C*N ligands

Hppza (1-Phenylpyrazole)and Hppya (2-Phenylpyridine) are commercially available and
were used as received. Ligand Hppzp was prepared as shown in Scheme 4.1. Arylation
of carbazole occurred in a 92% vyield via Cu-catalysed CN-coupling;?! the reaction with
pyrazole under the same conditions gave Hppzo in a good yield (66%) (Scheme 4.1). The
'H NMR spectrum of Hppzb shows a total of fifteen protons. The carbazole protons were
observed as four 2H doublets consistent with the free rotation of the carbazole group. The
pyrazole and phenyl protons were easily assigned via TOCSY and COSY spectra. The
ASAP mass spectrum shows a molecular ion [M+H]" at m/z 310.1347 (310.1344

calculated for Co1H16N3).

; /I
CSZCO3 CUZO 1 13’
Br Cs,CO5 Cu,0 mecN | i
MeCN N 24 hrs, 110°C 17 JO°NT107
+ o
24 hrs, 110°C /@ 4_\\ /@
.O 'O N N<
N ~N
H

Hppz,,

S

Scheme 4.1: Synthesis of Ligand Hppzb
Phenyl pyridine derivatives Hppybs and Hppy. were synthesized in good yields, 73% and

61%, respectively, by a Suzuki reaction from 2-bromopyridine according to a literature
method?? (Scheme 4.2). The *H NMR and 3C NMR spectra of ligands agree with the
literature data.?? The *H NMR spectrum of Hppyb showed that protons Hz,11 Hg 10 Hi3, 13-
and Hi4, 14 are pairwise equivalents, demonstrating free rotation of the biphenyl group.
For Hppy. H1s13 and also His 14 are pairwise equivalents, suggesting there is free rotation
of the phenyl (B) group. However, the lack of symmetry in ring A means no conclusion
can be drawn regarding rotation of this group but there is no obvious reason why it should

not be free to rotate.
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A 80 °C, in air Hppyy,, R=Ph

B(OH),

'

Pd(OAC)z, K3PO4}H20,
propan-2-ol:H,O(1:1),
80 °C, in air

Scheme 4.2: Synthesis of ligands Hppybs and Hppyc

4.2.2 Synthesis of Pt(I1)-u-dichloro-bridged Dimers

The synthesis of cyclometallated dimers is usually undertaken by reacting Kz[PtCl4] with
excess phenyl pyridine (Scheme 4.3);2® however, this can lead to a mixture of the dimer
[Pt(C*N)ClI]2 (4.13a) and the monomer [Pt(C*N)(HC~N)CI] (4.14). Esmaeilbeig et al.?*
reported that the use of a 1:1 ratio of HC”N to Pt salt avoids the formation of by-product
4.14.

2-ethoxyethanol/H,0(3:1) “, L,
K2PtC|4+ HCAN T - 'Pt"\ / +
80°C, 16 hrs, N, SN
1:2.5 eq _ |
L 2
4.13a 4.14

Scheme 4.3: Synthesis of [Pt(ppy)Cl]2 4.13a

Dimers 4.13a-c were synthesised in a 57-67% yield using the same method but with only
one equivalent of the cyclometallating ligand (Scheme 4.4). The dimer 4.13a is known
and the NMR data are consistent with that in the literature.?® The *H and 3C NMR spectra
of 4.13b-c each showed 12 protons, one fewer than each of the free ligands, Hppyb and
Hppyc. The TOCSY spectra of 4.13b and 4.13c allowed identification of the signals for
the pyridine and the two phenyl rings. For 4.13b, assignment of H4 (5 8.15) was confirmed
by an NOE to the doublet at & 7.86 which was therefore assigned as H7 on phenyl (A).
The other pyridine protons and phenyl A were then assigned via COSY and NOESY
spectra. Protons Hg, 10 show an NOE to a broad doublet at 5 7.68, which was assigned to

the phenyl (B) ring Hiz, 13. The COSY spectrum then allowed for the assignment of
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protons Hias, 14 as multiplets at ca. 6 7.49. The fact that protons His, 13> and His14> are
pairwise equivalents suggests that the phenyl B ring is rotating. The 3C NMR spectrum
shows the expected signals. The ESI mass spectrum shows ions at m/z 926 due to
[Pt2(C*N)2CI(MeCN)]".

2-ethoxyethanol/H,O
K,PtCly, @:1)
80 °C, 24hrs, N,

Scheme 4.4: Synthesis of [Pt(R-ppy)Cl]2 dimers 4.13a-c

The 'H and 3C NMR spectra of 4.13c are similar to those of 4.13b and were assigned in
the same manner. The only singlet in the aromatic region is assigned to H7 (3 8.09). Proton
H7 shows NOE to doublet at & 8.41 which was assigned to Hs and an NOE to a broad 2H
doublet at & 7.79, which was assigned to His,13. Protons His 4 were observed as a
multiplet at ca. & 7.48, suggesting free rotation of phenyl (B). The 3C NMR spectrum
showed the expected signals with one signal for C13 13- and one for Ci4, 14. The ES mass
spectrum shows ions at m/z 885 due to [Pt2(C*N)2CI(MeCN)]".

The dimers 4.15a-b were prepared by the same method?* (Scheme 4.5) via the reaction

of K2PtCl4 and the corresponding ligands Hppz(-b). After work-up, dimers 4.15a-b were
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formed in yields between 51-67% (see experimental section). The dimers were insoluble
in most solvents apart from DMSQO, so consequently the NMR spectra were only recorded
in DMSO. It should be further noted that the complexes actually react with DMSO so the
NMR spectra are really those of [Pt(C*N)(DMSO-ds)CI].

2-ethoxyethanol/H,0O(3:1),
80 °C, 24hrs, N,

Y

KoPtCly

/

2-ethoxyethanol/H,0(3:1), i
80 °C, 24hrs, N,

Scheme 4.5: Synthesis of [Pt(R-ppz)Cl]. dimers 4.15a-b

The dimer 4.15a is known and has been reported in the literature,?® and the *H NMR
spectrum is consistent with that published. Proton Hz is the most downfield signal, a
doublet at 6 8.87, and shows an NOE to the doublet at 6 7.65 which is therefore assigned
as Hs. The pyrazole protons Hi-» (6 8.16 and 6.82), and phenyl protons He.s (ca. o 7.21,
7.02 and 8.13 respectively) were assigned by using the TOCSY and COSY spectra. The
high-resolution mass spectroscopy (ASAP) showed molecular ions at m/z 711.0203
assigned to [Pt2(ppz)2CI]* (711.0203 calculated for C1gH14CIN4Pt,).

Dimer 4.15b was hard to purify due to its low, or indeed complete lack of solubility in
most organic solvents, and it was therefore used without further purification. Analysis of
the *H NMR spectrum of the crude product showed the majority of peaks corresponded
to the desired dimer. The ES mass spectrum in MeCN shows ions at 1083 assigned to
[Pt2(C~N)2(MeCN)CI]*, confirming the ease at which the dimer could be split in the
presence of a coordinating solvent; however, the presence of ions at m/z 853 suggest the
presence of one cyclometallated (C"N) ligand and one mondentate on one Pt
[Pt(CAN)(HC”N)(MeCN)].

142



4.2.3 Synthesis and Characterisation of [Pt(C”~N)(en)]PFs 4.16a-c

The synthesis of complexes 4.16a-c via the reaction of dimers 4.13a-c with
ethylenediamine (en) and KPFe¢ were carried out as shown in Scheme 4.6 to form
compounds 4.16a-c in 60-76 % yields. Complex 4.16a is known and has been reported
in the literature and is included here for comparison. Its NMR data are consistent with
those published.?’

T+
PFg
[Pt(R-ppy)Cl], en, KPFg, MeOH, RT -
4.13a,R=H 416a,R;=Ry=H ..
4.13b,R = Ph 4.16b, Ry = H, R, = Ph 1‘:
4.13c,R=Ph 4.16c,R;=Ph,R,=H "

Scheme 4.6. Synthesis of [Pt(R-ppy)(en)]PFs 4.16a-c

The *H NMR spectrum of 4.16b is similar to that of the dimer 4.13b but an extra two
broad singlets of 2H each were observed at 3 6.16 and 5.30 which are assigned to the NH>
groups and one a broad singlet which integrates to 4H at 6 2.71 due to the CH>-CH>
protons. A TOCSY spectrum allowed identification of the signals for the pyridine and
phenyl rings (A-B). Proton Hs was observed as a doublet at  8.12 and shows an NOE to
a doublet at 6 7.79 which is therefore assigned to Hz. Assignment of the pyridine protons
(H1-3) and phenyl A(Hs,10) protons follows from the COSY and NOESY spectra. A broad
2H doublet at & 7.75 shows NOEs to Hg and Hio and was therefore assigned to the phenyl
B protons Hiz, 13- The COSY spectrum then allowed for the assignment of other phenyl
protons. His, 14, which were observed as a broad triplet at & 7.49 and His which gives a
multiplet at ca. 6 7.38. The fact that His, 13 and Hi4, 14’ are pairwise equivalents indicates
that phenyl B is rotating. The **C NMR spectra showed the expected signals with the two
carbons of CH»-CH: of the en ligand being observed at 6 47.3 and 43.6. High-resolution
mass spectroscopy (ESI) showed a molecular ion [M]" at m/z 485.1303 (485.1305
calculated for C19H20N3Pt).

The 'H NMR spectrum of 4.16¢ is similar to that of 4.16b except for the phenyl B ring
being at the para position with respect to the metal, and assignments were made on the
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same basis as for 4.16b. The broad singlets of 2H each were observed at 6 6.11 and 5.30,
which were assigned to NH> and a broad singlet which integrated to 4H at & 2.70 due to
the CH»-CH: protons. Protons His, 13 are equivalent giving a broad doublet at 6 7.78, and
similarly His, 14 gave rise to a multiplet at ca. & 7.47, hence the phenyl ring is rotating.
The 3C NMR spectrum showed the expected signals and four CH carbons of double
intensity which were assigned to the phenyl B carbons at & 126.2 for C3,13-and at 8 127.7
for Ci4, 14, Suggesting the phenyl B may be rotating. The two carbons in the CH>-CH>
bridge of the en ligand were observed at & 47.9 and 43.5. High-resolution mass
spectroscopy (ESI) showed a molecular ion [M]* for details, see Chapter 5.

The syntheses of related phenylpyrazole complexes 4.17a-b is outlined in Scheme 4.7.
After work-up, complexes 4.17a-b were formed in 45-60% yields. Complex 4.17a is a
known complex, this is included here for comparative purposes; its NMR data are

consistent with those in the literature.?®

R 6 A~ +
s H, |PFg
2 6
9 \\\N
5 ,,'I// ‘\\‘\\\\\
[Pt(R-ppz)Cl], _en. KPFe, MOH, RT ) Pt\j
s N\N/ N
\J e
2 1 -

415a,R=H
14

4173, R=H ,, _Nus 1553,
4.15b, R = 12, O
A N N| 103 "

| 417b,R=

SN

Scheme 4.7. Synthesis of [Pt(R-ppz)(en)]PFs 4.17a-b

The *H NMR spectrum of 4.17b is similar to that of the starting dimer 4.15b except an
additional two broad singlets were observed at 6 5.03 and 4.29 as assigned to the two NH:
groups, and a broad 4H singlet at & 2.85 due to the CH>-CH> protons. The TOCSY
spectrum allowed identification of the signals due to the pyrazole (H1-3), phenyl (Hs, 7.g)
and carbazole rings; however, there is some considerable overlap of these signals. Proton
Hzisa multiplet at ca. 6 8.17 and shows an NOE to a doublet at & 7.56 which is therefore
assigned as Hs, after which the COSY spectrum then allows assignment of the other
pyrazole protons Hi-2 (6 7.80, and 6.60, respectively) and phenyl protons H7.g (6 7.27 and
ca. 8.16, respectively). Proton Hs shows an NOE to a 5H multiplet at 6 7.44-7.37 that
arose due to the carbazole protons. The remaining carbazole protons were observed as a
1H multiplet at ca. & 8.15, a 1H doublet of doublet of doublets at & 7.27 and another 1H
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doublet of doublets at 6 7.20, suggesting the carbazole protons are not pairwise
equivalent, suggesting rotation may be slow on the NMR timescale. The *C NMR
spectrum of 4.17b showed six aromatic CH carbons and four CH carbons of double
intensity which were assigned to the carbazole and the two CH>-CHa carbons of the
ethylenediamine ligand were observed at & 47.3 and 44.0. The high-resolution mass
spectrum (ESI) showed a signal at m/z 563.1534 (563.1523 calculated for C23H22NsPt).

4.2.4 Synthesis and Characterisation of [Pt(C”N)(dpm)] 4.18a-c

Complexes 4.18a-c were synthesised in good yields (66-73%) according to a literature
procedure,? as shown in Scheme 4.8. Complex 4.18a is known and the NMR data are

consistent with those reported in the literature.?®

[Pt(R-ppy)Cl], dpm, Na,CO3;, MeOH -~

4.13a,R=H 4.18a,R;=R,=H “ ,
4.13b,R=Ph 4.18b, R =H, R, =Ph 1“
4.13c,R=Ph 4.18c,R;=Ph,R;=H "

Scheme 4.8. Synthesis of [Pt(R-ppy)(dpm)] 2.18a-c

The 'H NMR spectra of 4.18b-c are similar to 4.16b-c except the signals for the
ethylenediamine group are replaced by those associated with dipivaloylmethane (dpm).
The two 'Bu groups are inequivalent, giving two different singlets at  1.31 and 1.30 for
4.18b and at 6 1.23 and 1.21 for 4.18c, whilst the CH group was observed as a singlet at
8 5.82 and & 5.76 for 4.18b and 4.18c, respectively. All assignments were made on the
same basis as those for 4.16b, ¢ and similarly the expected NOEs were observed. The *H
NMR spectrum of 4.18b showed that protons His, 13.and Hus, 14 are pairwise equivalent,
demonstrating the free rotation of the phenyl substituent. This also applies to complex
4.18¢. The 3C NMR spectra show the expected signals in both complexes. The high-
resolution mass spectrum (ASAP) shows molecular ions [M+H]" at m/z 609.2084 for
4.18b (609.2081 calculated for C2gH32NO2Pt) and 609.2091 for 4.18c (609.609.81
calculated for C2gH32NO2Pt).
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Complexes 4.19a-b were synthesized in the same manner, giving 50 and 61% yields as
per Scheme 4.9. Complex 4.19a is a known complex, and the NMR data are consistent
with those reported in the literature.

[Pt(R-ppz)Cl], dpm, Na,CO3, MeOH

Y

415a,R=H

4.15b, R =

waaanana

Scheme 4.9. Synthesis of [Pt(R-ppz)(dpm)] 4.19a-b

The *H NMR spectrum of 4.19b is similar to that of 4.17b except the signals for the
ethylene diamine group are replaced by those associated with dipivaloylmethane (dpm).
The 'Bu groups were singlets at  1.28 and 1.27, while the CH group was observed as a
singlet at & 5.95. All assignments were made on the same basis as 4.17b. The carbazole
protons were observed as a broad 2H doublet at 6 8.20, a 4H multiplet at 5 7.45-7.43 and
a 2H multiplet at & 7.31-7.28, suggesting the carbazole ring could freely rotate. Full
assignments are given in Chapter 5. The **C NMR spectrum shows two double intensity
quaternary carbons assigned to four C—C carbons and were assigned to carbazole, whilst
four CH carbons of double intensity were assigned to the carbazole CH carbons, again
suggesting the carbazole ring was rotating. The high-resolution mass spectroscopy
(ASAP) showed a molecular ion [M+H]" at m/z 687.2318 (687.2299 calculated for
Cz2H34N302PY).

In conclusion, these reactions show that a range of cationic or neutral cyclometallated
Pt(1l) complexes can be synthesised in reasonable yields. All the complexes were
characterised by *H and *C NMR spectroscopy and high-resolution mass spectrometry.
The use of 2-D NMR techniques allowed for the assignment of the majority of the
protons. The NMR spectroscopy indicated that the substituents on the cyclometallated
ligands are freely rotating in solution. The photophysical properties of these complexes

are discussed in the following sections.
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4.3 Photophysical properties
4.3.1 Photophysical Properties of [Pt(C”N)(en)]PFs (4.16a-c and 4.17a-b).

The UV-vis absorption spectra of complexes 4.16a-c and 4.17a-b are shown in Fig. 4.7
and the data for all five complexes are reported in Table 4.1. The absorption spectra of
complexes 4.16a-c in MeCN show strong bands between 225 and 300 nm due to n—mn*
transitions, whilst there are weaker bands around 350-400 nm; however, there was no
clear evidence for separate peaks above 400 nm. Putting a phenyl group in the meta or
para position with respect to the coordinating carbon, i.e., complexes 4.16b-c,
respectively, resulted in a red shift to shorter wavelengths by ca. 52 and 29 nm,
respectively, compared to unsubstituted complex 4.16a (241 nm). The greater shift for
the meta-substituted complex suggests there may be better delocalisation of the phenyl
substituent in this position. The absorbance of 4.16a-c and 4.17a-b in MeCN/Et;0 (1:9)
(ppt) was reduced as compared with the absorbance in pure MeCN, which may mean that
the complex was starting to precipitate even though no solid was observed. the spectra
for which are shown in the appendix (Figs 13).

0.8 -+
06 (b)
(a 4.16a 1 4.17a
0.6 - —4.17b
ﬂl 0.4
<
0.2 4
T T T T 0 T T T
225 275 325 )\(nm) 375 425 225 275 325 k(nm) 375

Figure 4.7: Absorption spectra of [Pt(C”N)(en)]PFs (a): 4.16a-c and (b) 4.17a-b in
MeCN, 0.02 mM, at room temperature.

The absorption spectra of 4.17a-b in MeCN show strong bands between 240 and 290 nm
due to m — w* transitions, but there is no clear evidence for separate peaks at longer
wavelengths for complex 4.17a, whilst complex 4.17b showed some weak bands at
longer wavelength between ca. 354-360 nm. For complex 4.17b, the band at 240 nm was

blue-shifted by ca.12 nm as compared with the unsubstituted complex 4.17a.

147



Table 4.1: Electronic absorption data for complexes 4.16a-cand4.17a-b in MeCN

Complex A (nm), € (L molt cm™)

4.16a | 241 (20450), 251 sh (19350), 278(14800), 325 (5400), 381 sh (1650)

4.16b 293 (24850), 334 sh (12550), 384 sh (3900)
4.16¢ 270 (23800), 380 sh (12100)

4.17a 252 (12700), 300 (2400)

4.17b 240 (34600), 292 (18300), 341 sh (3400)

The emission spectra of complexes 4.16a-c are shown in Fig. 4.8 and the associated data
are reported in Table 4.2. In air, all three complexes (4.16a-c) show weak emission
intensities, but when degassed these intensities increased by ca. 15, 18 and 87-fold,
respectively, hence 4.16c shows the greatest sensitivity to oxygen. Complex 4.16a
showed emission peaks at 479 and 514 nm with a weak shoulder at 544 nm, which is very
similar to the literature data (481 and 510 nm with a weak shoulder at 550 nm)?’ for the
same complex with a chloride counter ion [Pt(ppy)(en)]Cl. The emission has been
assigned as a mixture of ILCT and MLCT,?” as found previously for related Pt
cyclometallated complexes® (see Chapter 1). Complexes 4.16b and 4.16¢c show very
similar emission spectra but in each case with a red shift of ca. 45 to 50 nm for 4.16b and
10-15 nm for 4.16¢c compared to 4.16a (Fig. 4.8). The red shift is similar to the effect of
an OMe substituent at the same position in the [Pt(OMe-ppy)(dpm)] complexes.?®

S 4.16a
>

—4.16b

——4.16¢

4.16a

4 - --4.16b

1 ---4.16¢

Intensity (cps)
w

450 500 550 600 650 700 750

Figure 4.8: Emission spectra of [Pt(C”N)(en)]PFs (4.16a-c) in MeCN under Ar (—)
and in MeCN in air (——-) at 0.02 mM, Aex 376 nm at RT.
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To test for EPESS, an anti-solvent is added to precipitate the complex and determine the
effects this has on the emission. Hence the spectra were run in a 1:9 mixture of
MeCN/Et.O and are shown in Fig 4.9. The spectra in the mixed solvent are very similar
in appearance to those recorded in pure MeCN and with almost unchanged emission
wavelengths, but under argon emission intensities for all three complexes 4.16a-c were
enhanced by ca. 1.6-, 2.2- and 1.6-fold, respectively, compared with their emission in
pure MeCN solutions (see Table 4.2 and Fig. 4.9a). In air a similar situation is observed
with the precipitates showing higher emission intensity, the increase is much higher for
4.16c¢ than for 4.16a,b. It is possible that for 4.16¢ which is most sensitive to air in
solution, the precipitate partially protects the complex from air leading to a bigger

enhancement in this case.
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Figure 4.9: Emission spectra of [Pt(C”N)(en)]PFs (4.16a-c) in MeCN/Et20 (ppt) and
in solution at 0.02 mM MeCN (a): under Ar and (b): in air, (Aex 376 nm) at RT.

Table 4.2: Electronic emission spectral data for 4.16a-c

) Increase in emission
(0)
Entry | Complex % EL20 in MeCN Amax (NM) intensity
under Ar .
(from solution)
0 479, 514, 544 sh
1 4.16a 90 477,511, 546 sh ca. 1.6
0 524, 561, 611 sh
2 4.16b 90 525 562. 609 sh ca. 22
0 493, 525, 567 sh
3 4.16c 90 496, 531, 568 sh ca. 1.6

It should be noted that the emission of Pt cyclometallated complexes is often different in
the solid state than in solution.®! For example the emission of [Pt(ppy)(en)]Cl in the solid
state is quite different to that in solution (Amax 510 nm in H20 and 553 nm in the solid

state). Hence it is possible that the similarity between spectra here mean that the emission
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being seen is still from residual monomeric complex in solution. The modest increase in
intensity may be due to dilution and hence a reduction in self-quenching as has been
observed previously. Further studies of effect of dilution on emission intensity would be
needed to clarify this. Overall these complexes do not show a significant EPESS effect

except possibly 4.16¢ in air.

Complex 4.17a is known not to be emissive at room temperature, and rather is only
emissive at low temperature, i.e., 77 K.?83° Complex 4.17b is also not emissive in MeCN
at room temperature. Running the emission spectra of 4.17a-b in a MeCN/Et,O (1:9)

mixture at ambient temperature also gave no emission (see Fig 14 in the appendix).

4.3.2 Photophysical properties of [Pt(C~N)(dpm)] (4.18a-c and 4.19a-b).

The UV-vis absorption spectra of complexes 4.18a-c, and 4.19a-b are shown in Figs.
4.10a-b and their data reported in Table 4.3 and their absorption spectra in a mixed
solvent of MeCN/H>0(1/9) (ppt) are shown in Fig. 1.15 in an appendix. Complex 4.18a
has been previously identified, and its absorption data are in agreement with that reported
in the literature.?2° Complex 4.18a showed high intensity bands at about 256 nm which
were assigned to m—n* transitions; however, there is no clear evidence for separate peaks
at longer wavelength (above 350 nm). Complexes 4.18a-c show highly intense absorption
bands below ca. 300 nm which were assigned to n— ligand-centred (LC) transitions and
low-energy transitions in the range 350-400 nm were assigned as MLCT transitions based
on the spectra reported for related complexes.?® 2° The highest energy transitions for
4.18b-c were red-shifted by ca. 36 and 23 nm, respectively, and both complexes show

larger extinction coefficients than 4.18a (Table 4.3, entries 1-3)

Complex 4.19a is also known and its absorption data are in good agreement with the
literature.* Intense, high-energy absorption bands at ca. 239 nm were assigned to allowed
n—7t ligand-centred (LC) transitions, whereas the low-energy, less intense transitions in
the range 350-375 nm were assigned to MLCT transitions. As for 4.19a, complex 4.19b
showed strong bands below 300 nm due to T — «* transitions, with less intense transitions
around 350 nm. However, there is no clear evidence for separate peaks at longer
wavelength above 350 nm in complexes 4.19a-b. Complex 4.19b shows larger extinction
coefficients than 4.19a which may be attributed to the carbazole substituent on the C*N
ligand (entries 4 and 5 in Table 4.3 and Fig. 4.10b).
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Figure 4.10: Absorption spectra of [Pt(C~N)(dpm)] (a). 4.18a-c and (b). 4.19a-b in
MeCN, 0.02 mM at RT.

Table 4.3: Electronic absorption data for 4.18a-c and 4.19a-b in MeCN

Entry | Complex A (nm), (¢ (L mol* cm't)
1 4.18a 256 (10100), 277 sh (8200), 327 sh (2400), 357 sh (1300)
2 4.18b | 254 (40300), 290 (44000), 332 sh (22400), 374 sh (8900),
3 4.18¢c 279 (33600), 370 sh (3300),
4 4.19a 239 (20100), 256 sh (16800), 315 (8800)
5 4.19b 240 (35100), 261 sh (22150), 293 (18400), 340 sh (4750)

The emission spectra of complexes 4.18a-c were recorded in MeCN and in an MeCN/H20
(1:9) mixture at ambient temperature; their emission spectra are shown in Fig. 4.11 and
their data are reported in Table 4.4. Complex 4.18a showed emission bands at 481 and
515 nm with a shoulder at longer wavelength ca. 548 nm, which was very similar to the
literature data (477, 512, 541 sh nm).?° Complexes 4.18b-c were red-shifted by ca. 40 to
45 nm for 4.18b and by ca. 15 nm for 4.18c compared to the unsubstituted complex 4.18a.
The emission for complexes 4.18a-c were found to be sensitive to oxygen, showing weak
emission in air; however, in degassed MeCN the emission intensities of the complexes
were increased by ca. 20-, 30- and 50-fold, respectively, suggesting considerable triplet
character in the excited state. Surprisingly, the intensity for 4.18a was considerably less
than for the two substituted complexes (4.18b-c), despite the presence of the rotatable
phenyl substituents in the latter two (Fig. 4.11). The reason for this increase is not known

and requires further study.
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Figure 4.11: Emission spectra of [Pt(C”N)(dpm)] (4.18a-c) in MeCN under Ar (—)
inair (- —-) at 0.02 mM, Xex 400 nm at RT.

To test for EPSS, an anti-solvent is added to precipitate the complex in order to examine

the associated effect on the emission. In contrast to [Pt(ppy)(en)]* (4.16a) complex 4.18a

showed lower intensity emission after precipitation compared to in solution though the

spectrum of the precipitate is very similar to that in solution (Fig 4.12). Under argon

complexes 4.18b and 4.18c were found to much less emissive when precipitated,

compared to in solution. However under air for complexes 4.18b, ¢ the emission of the

solution and the precipitate are much more comparable and it is also notable that, the

precipitates show a extra broad emission band with emission maxima red-shifted by ca.

107-133 nm to longer wavelength compared to in solution. The reason for this difference

is not known however solid state effects in emission of Pt cyclometallated complexes

have been observed previously®! a full understating of these results requires further study.
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Figure 4.12: Emission spectra of [Pt(C”N)(dpm)] (4.18a-c) in MeCN/H20 (ppt) and
in solution at 0.02 mM MeCN (a) under Ar and (b) in air, (Aex 400 nm) at RT.

As reported in the literature, complex 4.19a is not emissive in MeCN at RT.%° Running

the spectrum in a MeCN/H0 (1:9) mixture at ambient temperature also gave no emission.

152



Complex 4.19b was found to show very weak emission in air; however, after degassing

the emission intensity increased by a factor of ca. 15-fold, with a Amax at 472 nm and a

weak shoulder at 522 nm (Fig 4.13). This was consistent with phosphorescent emission.
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Figure 4.13: Emission spectra of [Pt(C~N)(dpm)] 4.19b in MeCN, under Ar (—) and
in air (——-) at 0.02 mM, Xex 350 nm at RT.

To test for EPSS, the spectra were run in a mixture of MeCN/H2O (1:9), with the resultant

spectra shown in Fig 4.14. Under argon complex 4.19b shows an enhancement in the

emission intensity by ca. 1.8-fold, with a more broad emission and a red-shift in the

emission maximum to 524 nm with a shoulder at ca. 551 nm. In air the precipitate again

shows an intensity enhancement by ca.13.5 times) and red-shift in emission. The

increased enhancement in air may be due to a combination of restricted rotation as well

as less sensitivity to oxygen because of it being a precipitate. The red shift in the emission

is a well-known phenomenon in Pt(ll) complexes due to the interaction between the

monomers in the excited and ground states that may lead to excimer formation with Pt

which shows a red shift in the emission; this can affected by the structure or the dispersion

state.32-34
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Figure 4.14: Emission spectra of [Pt(C~N)(dpm)] (4.19b) in MeCN/H20 (ppt) and in

solution in at 0.02 mM MeCN in air (- - -) and under Ar (—), Aex 350 nm at RT.)
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Table 4.4: Electronic emission data for complexes 4.18a-c and 4.19b
% H20 in MeCN
Entry Complex under Ar Amax (NM)
0 481, 515, 548 sh
1 4.18a
90 478, 511, 550 sh
2 4.18b 0 523, 561, 602 sh
3 4.18c 0 497, 529, sh 569
0 472,522 sh
4 4.19b
90 524, 551 sh

4.4 Conclusions and future work

In conclusion, the UV-vis absorption spectra of all the complexes show strong bands
between 200 and 300 nm due to © — ©* transitions, and the complexes 4.16a-c, 4.17b,
4.18a-c and 4.19a-b show weak bands around 340-380 nm (possibly having contributions
from IMLCT transitions). The phenylpyridine derivatives 4.16a-c are emissive in MeCN
but under argon the intensity increases by a rather modest ca. 1.6-2.2-fold upon
aggregation in MeCN:Et20 (1:9). In air the intensity increase is larger (1.4, 2.1 and 17.1
times) particlarly for 4.16¢. Under argon complexes 4.18a-c are highly emissive in MeCN
solution while becoming weakly emissive in MeCN/H20O. The spectra in air show
evidence for different emissive processes from the precipitates for 4.18b, c.

Complexes 4.16b and 4.18b, which have a Ph substituent at the meta position, show a
red-shift in emission wavelength by ca. 45 to 50 nm relative to the unsubstituted
complexes 4.16a and 4.18a, and by ca. 25-30 nm compared to the para complexes 4.16¢
and 4.18c. The phenylpyrazole complexes 4.17a-b and 4.19a were not emissive in either
MeCN or the MeCN/Et20 (1:9) mixture at ambient temperature. However, 4.19b showed
weak emission in MeCN, the intensity of which increased by ca. 1.8-fold upon
aggregation in MeCN/H-O (1:9) with a red shift in the emission maximum by ca. 52 nm.
The study indicated that for all of the complexes, 4.16a-c, 4.18a-c and 4.19b the emission
Is sensitive to the presence of oxygen as found for related Pt cyclometallated complexes
consistent with considerable triplet character in the excited state. Overall only minor
increases in intensity were found on precipitation and these were most noticeable in air.
Hence these complexes are rather poor EPSS materials. Future work could include the
synthesis of [Pt(CAN)(X"Y)]"™" (n =0, 1) (Fig. 4.15) with additional substituents that are
free to rotate in solution so as to evaluate whether these complexes can be designed to
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show EPESS and hence whether they have any potential in application as viscosity

Sensors.
R2 _|n+ R1 _|n+
R4 R,
X X
/Pt< ) o
NN Y N\N/ \
| _ \

_ - R,=Ph, R, =H
R1_ Ri=H R =H, R,=Ph

XAY =enordpm (n=0,1)

Figure 4.15: cyclometallated Pt(11) complexes can be designed to show EPESS
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Chapter Five:

Experimental
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5.1 General Experimental Procedures

All reactions were carried out under an inert atmosphere of nitrogen unless otherwise
mentioned though all work-up was carried out in air. Liquid reagents were distilled under
nitrogen; 1,2-diaminoethane, 1, 3-diaminopropane and triethylamine were distilled over
CaO, BaO and KOH respectively and stored over molecular sieves 4A. Microwave
reactions were carried out in a CEM Explorer hybrid 12 microwave synthesiser, solutions
were degassed by bubbling nitrogen through the solution for 3 minutes minutes before
sealing the tube with a plastic cap. NMR spectra were recorded on a Bruker DRX400
spectrometer operating at 400.13 (*H), 376.50 (*°F), 100.61 MHz (*3C) and or a Bruker
DRX500 spectrometer at 500 (*H) and 125 MHz (*3C) respectively at ambient
temperature; chemical shifts (ppm) are referred to the residual protic solvent peaks and
coupling constants are expressed in Hertz (Hz). Assignments of *H and *3C NMR signals
were made where possible, using COSY, NOESY, TOCSY, HMQC, HMBC, DEPT and
APT exprementals. Electrospray (ES) mass spectra and ASAP were obtained using a
micromass Quattra LC spectrometer in HPLC grade MeCN. The FAB samples were run
on a Kratos Analytical Concept H series Mass Spectrometer, using Xenon gas at an
ionising voltage of 8kV, and the data was processed using Mach 3 software. The UV/Vis
spectra measurements were carried out on a Shimadzu UV-1600 series spectrometer in 1
cm quartz cuvette at room temperature. Luminescence studies were performed on a Jobin
Yvon Horiba Fluoromax—P spectrofluorimeter, in either reagent grade DCM,or MeOH,
HPLC grade MeCN or spectroscopy grade DMF (N,N-Dimethylformamide). Complexes
were excited at a wavelength between 320-405 nm using a filter of 370, 399 and 450 nm.
The pH values were determined using a Jenway 3510 pH meter, calibrated prior to use
with standard buffer solutions of pH 4, 6 and 10 at room temperature. The pKa values for
all complexes were determined by the change of emission intensity upon the pH changing
from about ca. 2.5 to 12.5. Data analysis was performed using Microsoft Excel and Origin
program 2015. Effect of solvent polarity on absorption and emission were measured in
reagent grade DCM, HPLC grade MeOH and spectroscopy grade DMF at 0.02 mM.
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5.2 Data for compounds in Chapter Two

Synthesis of 2.8

Compound 2.8 was prepared by a literature method,* 2-
acetylpyridine (5 ml, 42.01 mmol) and N, N-dimethyl
formamide dimethyl acetal (2.5 ml, 20.7 mmol) were
heated at 110 °C for 90 mins in an oil bath. The sample

was left overnight in the refrigerator, producing an orange powder which was filtered and
washed with petroleum ether. Compound 2.8 was isolated as an orange solid (3.04 g,
83.7%). '"H NMR (400 MHz, CDCls 300 K): § 8.63 (1H, ddd, J = 4.7, 1.7, 0.8 Hz, Ha),
8.15 (1H, dt, J=7.8, 0.9 Hz, Hq), 7.91 (1H, d, J = 12.7 Hz, Hg), 7.80 (1H, td, J= 7.8, 1.7
Hz, Hy), 7.36 (1H, ddd, J =7.5, 4.7, 1.3 Hz, H¢), 6.45 (1H, d, J = 12.5 Hz, Hy), 3.17 (3H,
s, Hij), 3.00 (3H, s, Hij). *C NMR (100 MHz, CDCl3, 300 K): § 187.0 (Cx), 156.3 (Ce),
154.8 (Cy), 148.3(Ca), 136.7(Cyp), 125.4 (Cc), 122.0 (Cq), 91.2 (Ch), 45.2 (Cij), 37.5 (Ciy).
HRMS(ASAP): m/z: 176.0949 [176.0950 calculated for C1o0H12N20]. MP: 131-133.6 °C.

Synthesis of HL1

h__\H Compound 2.8 (1.000 g, 5.68 mmol), hydrazine monohydrochloride

g / /}\] (2.720 g, 39.70 mmol), K2COzand EtOH (15 ml) were placed into a 100
flo ml RBF containing a stirrer bar. The mixture was heated at 60° C for one

d” >N

c__Aa
b

hour. After cooling the solvent was removed in vacuum leaving behind
a solid which was dissolved in DCM (15 ml) and passed through celite.
The filtrate was extracted with water (3x20 ml), the organic layer was
collected and the solvent was removed on the rotary evaporator. The filtrate was reduced
in volume and hexane was added slowly to induce precipitation. The product, HL1, was
isolated as a white solid. (773 mg, 93%), *H NMR (500 MHz, CDCls, 298 K): & 12.19
(1H, br. s, NH), 8.69 (1H, d, J = 5.3 Hz, Ha), 7.76(1H, d, J = 1.1 Hz, Hd), 7.75-7.73(1H,
m, He), 7.67 (1H, d, J = 2.1 Hz, Hy), 7.18 (1H, t, J = 4.0 Hz, Hy), 6.81 (1H, d, J = 1.9 Hz,
Hg). 13C NMR (100 MHz, CDCl3, 298 K): 149.5(Ca), 137.1(Cesf), 136.4(Ch), 122.8 (Cb),
120.3 (Cerr), 120.3 (2C¢, ¢), 103.5(Cq). HRMS (ESI): [M+H]" m/z 146.718 [146.071
calculated for CgHgN3z]. MP: 127-129 °C. The characterization matches that previously
reported.?

Synthesis of HL

Ligand HL2 was synthesized according to the reported method.® To a suspension of NaH
(0.895 mg g, 37.3 mmol) in dry THF (18 ml) at 0°C, pinacolone (2.24 g, 22.4 mmol) and

ethyl-2-picolinate (2.2 ml, 15.68 mmol) were added slowly. The mixture was stirred for
159



30 minutes without heating and then heated to 70°C for 20 minutes.
After cooling to room temperature dilute HCI was added until a pH of
8~9 was achieved. The aqueous solution was then extracted with
diethyl ether (3 x 10 ml). The combined organic phase was washed
with brine and dried over MgSOas. The solvent was removed via rotary

evaporation to produce crude 1, 3-dione. This was dissolved in ethanol

(20 ml) and treated with an excess of hydrazine monohydrochloride
(0.060 mol) and potassium carbonate (0.064 mol). The mixture was then left to reflux for
2 hrs. The solvent was removed via rotary evaporation and the residue dissolved in
CHCl> (20 ml), and this was washed with water to remove any unreacted hydrazine and
dried over MgSOa. The solution was then filtered and dried via rotary evaporation to leave
a solid which was dried under high vacuum to give the HL, as brown solid (930 mg,
79%). *H NMR (500 MHz, CDCls, 298 K): § 8.61(1H, br. d, J = 4.6 Hz, Ha), 7.80(1H,
brd,J=7.8 Hz, Hd), 7.71(1H, td, J = 7.7, 1.7 Hz, Hc), 7.20(1H, ddd, J = 7.4, 4.9, 1.1 Hz,
Hb), 6.67(1H, s, Hg), 1.39(9H, s, H'su). *C NMR (126 MHz, CDCls, 298 K): § 159.1
(Ctm), 150.0(Ce) 149.3(Ca), 145.0(Ctm), 136.7(Cc), 122.5 (Cp), 119.9 (Cqg), 99.8(Cy),
31.6(Ci), 30.4 (C'ay). HRMS (ASAP): [M+H]* at m/z: 202.1340 [201.1344 calculated for
C12H16N3]. MP: 104-107 °C.

Synthesis of HL3

Acetophenone (2.8 ml, 23.3 mmol) was added dropwise to a stirred
suspension of sodium ethoxide (44.2 g, 1.841 mmol) in dry THF
solution approximately (80 ml) at RT using schlenk round bottom
flask under an inert nitrogen atmosphere, and the mixture left to mix
for 30 minutes. After that, ethyl-2-picolinate (2.4 ml, 17.9 mmol)
was added slowly, and the mixture reaction was reflux for 4.5 hrs.

Next, the reaction was neutralized with conc. acetic acid 1M, water

and then extracted with diethyl ether (3 x 15 ml). The organic phases
were then dried over MgSOy, filtered and the solvent was evaporated, leaving behind a
white flaky solid (1.78 g, 47.3%). The resulting solid material (crude dione) was then
(0.891 g, 3.96 mmol) was then dissolved in ethanol (20 ml) and treated with an excess of
hydrazine monohydrochloride (0.310 g, 4.526 mmol) and K>CO3 (1.314 g, 9.504 mmol),
and brought to reflux for 12 hours. The ethanol solvent was removed in rotary evaporator,
the residue dissolved in DCM (40 ml), and the organic phase was washed with water to
remove unreacted and then the organic phase was dried with MgSO4 and filtered. The
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solvent was then removed via rotary evaporation and and left to dry on the high vacuum
to afford the the desired product as a white solid (0.64 g, 73%). *H NMR (500 MHz,
CD3sCN, 298.0 K): 8 11.82(1H, br. s, Hnn), 8.65(1H, dt, J = 1.3, 4.8 Hz, Ha), 7.90-
7.88(2H, m, Hj «), 7.88-7.85(2H, m, Hc, d) 7.49(2H, br. t, J = 7.2Hz, H), m), 7.39(1H, t,
J = 7.4 Hy), 7.34(1H, dd, J = 8.62, 4.8 Hz, Hp), 7.24(1H, s, Hg). *C NMR (101 MHz,
CD3CN, 298.0 K): 8 153.1(Cquat), 149.2(Ca), 144.0(Cquat), 136.78(Cquat), 134.9(Cpn),
130.0(Cquat), 128.52(Cpn), 127.69 (Cpn), 126.2(Cpn), 125.1(Cph), 122.7(Cb), 119.5(Cypy),
117.0(Cpy), 100.2(Cq). HRMS (ASAP): [M+H]" at m/z: 222.1031[221.1031 calculated for
C14H12N3]. MP: 184-186 °C. Data consistent with literature.®

Synthesis of HL4

b 4 The compound was synthesized using a procedure similar to that
cZ/ ,\N employed in literature.* A mixture of 1-bromo-4(trifluoromethyl)benzene
(1125 mg, 4.99 mmol), carbazoles (510.4 mg, 7.56 mmol), Cu.O (71.50

e ®  mg, 0.49 mmol), and Cs.COs (1627 mg, 4.98 mmol) were added to
f f . o
9 schlenk tube that was evacuated, back-filled with nitrogen, followed by
CF3 dry acetonitrile(10 ml). The mixture was allowed to stir under nitrogen
h

atmosphere at 110° C for 72 hrs. After cooling to room temperature, the solvent was
removed in vacuo leaving behind a solid which was dissolved in DCM (30 ml) and filtered
through a plug of celite. The filtrate was added to brine (10 ml) and extracted three times
with dichloromethane (3x10 ml), and dried over MgSQOa. The solvent was evaporated and
the crude brown oil was purified by flash chromatography on silica gel (eluent: ethyl
acetate/petroleum ether 10:90), respectively to provide (880 mg, 83 % vyield) of the
desired product as white solid. *tH NMR (500 MHz, CDCls, 298 K): 5 7.92(1H, d, J = 1.8
Hz, Ha), 7.76(2H, d, J = 8.3 Hz, He, ¢’), 7.69(1H, s, Hp), 7.64(2H, d, J = 8.3 Hz, Ht,¢"),
6.44(H, br. s, Hc). 3C NMR (126 MHz, CDCls, 298 K): & 142.8(Ccn), 142.5(Cquat),
142.0(Cch), 128.5 (q, Jcrz = 33.0 Hz), 126.9(CcH), 126.8(CcH), 126.7(Cquat), 122.9(CcH),
118.8(Ccn), 108.5(Cch). *°*F NMR (376 MHz, CDCls, 298 K): & -62.28 (F, s). HRMS
(ASAP): [M+H]", m/z: 213.0638 [212.0640 calculated for C1oHsF3N2]. MP: 72-75 °C.
Synthesis of HLs

Ligand HLs was conveniently synthesized according to the reported method.®> A mixture
of 2 pyridyl bromide, (350 mg, 2.21 mmol), 4 (Trifluoromethyl) phenylboronic acid (631
mg, 3.32 mmol), Pd(OAc)2 (99 mg, 0.44 mmol 20%), K2.CO3(613 mg, 4.43 mmol) and
the mixture was stirred in ethanol/water (3:1 v/v) at 80 °C in air for 3hrs. After cooling to

room temperature, the solvent was removed in vacuo leaving behind a solid which was

161



b dissolved in DCM (30 ml) and filtered through a plug of celite. The
filtrate was added to brine (10 ml) and extracted three times with
f dichloromethane (3x10 ml), and dried over MgSOas. The solvent was
g evaporated and the crude was purified by flash chromatography on silica
f ’ gel, eluting with 100% petroleum ether and increasing the polarity to
20% ethyl acetate in petroleum ether, to provide (361 mg, 73 %) of the
desired product as white solid. *H NMR (400 MHz, CDCls, 298 K): &
8.72(1H, d, J = 4.57 Hz, Ha), 8.10(2H, d, J = 8.19 Hz, Hn, r’), 7.74-7.80(2H, m, Hg, ¢),
7.72(2H, d, J = 8.33 Hz, Hp, ¢), 7.26-7.30(1H, m, H4).1*C NMR (126 MHz, CDCls, 298
K): & 155.86(Cquat), 149.9(Cch), 142.7(Cquat.), 137.0(Ccn), 130.8(q, Jc-crs = 32.4 Hz,)
127.2(Cch), 125.7(Cchn), 125.6(Cch), 124.2(q, Jc-r = 273.3 Hz), 123.0(CcH), 120.8(Cch).
One CH, one C-F, and one quaternary carbons peaks were not observed. This could be
overlapping with others peaks. °F NMR (376 MHz, CDCls, 298 K): & -62.55(F, s).
HRMS (ASAP): [M+H]*, m/z: 224.0687[223.0609 calculated for C12HgF3N]. MP: 74-77
°C.
General Procedure for the Synthesis of Cyclometallated Ir(I11) Dichloro-Bridged
Dimers [Ir2(C~N)a(p-Cl)2]
IrCl3(H20)s and the suitable cyclometallating ligands (2.2 equiv.) were placed in a
microwave vial along with a mixture of PrOH/H20 (3:1) (4 ml). The vial was heated
under microwave irradiation at 110°C for 90 minutes, at a maximum pressure of 247 psi.
After this period, the solvent was removed by rotary evaporation to give a solid which
was dissolved in DCM (30-40 ml) and passed through Celite. The filtrate was reduced in
volume and hexane was added slowly to induce precipitation. The precipitate was
isolated, washed with hexane and dried under high vacuum®
Synthesis of [Ir2(ppz)2(u-Cl)]2 (2.15a)
— - 2.15a was prepared from IrCl3(H20)s (500 mg, 1.41

N mmol), and 1-phenylpyrazole (449 mg, 3.12 mmol) using

the general procedure. After work up, a grey solid was

@, \\\“\Cl' e obtained (650 mg, 89%). 'H NMR (400 MHz, CD2Cl,,
298 K): 6 8.19 (4H, dd, J = 3.2, 0.8, He), 7.82 (4H, dd, J

bN ) =2.4,0.8, Hy), 7.19 (4H, dd, J = 7.9, 1.1, Hq), 6.84 (4H,

td, J = 7.4, 1.6, Ho), 6.69 (4H, t, J = 5.1, Hy), 6.57 (4H, td,
J=75,1.3, Hp), 5.95 (4H, dd, J = 7.7, 1.2, Ha). *C NMR (100 MHz, CD:Cly, 298 K): &
141.7 (Ci), 139.0 (Cg), 130.9 (Ca), 125.9 (Ch), 124.94 (Ce), 123.7 (C), 120.4 (Cc), 109.1
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(Cu), 105.2 (Cr). HRMS (FAB) m/z: 1028 [M]*, 991 [M-CI]*. MS (ES): (m/z): 561
[Ir(ppz)2(MeCN)2]*. The data was in agreed with the literature.’
Synthesis of [Irz(ppz-CFs)2(u-Cl)]2 (2.15b)

= - Dimer 2.15b was prepared from IrClz(H20)z (300
N7=/$9 mg, 0.85 mmol), and 1-(4(trifluoromethyl)phenyl)-

) h N 1H-pyrazole (397.1 mg, 1.87 mmol) using the
F3JC i Ilr‘ ‘\\\\“‘CI""' general procedure. After work up, a grey solid was
c— |\ obtained (506 mg, 91%). *H NMR (400 MHz,

_ U P CDCls, 298 K): 5 8.22(4H, d, J =2.8 Hz, Ho),

7.88(1H, d, J = 2.1 Hz, Hy), 7.21(4H, d, J = 8.3 Hz, Hq ), 7.10(4H, dd, J = 0.9, 8.2 Hz,
Hc), 6.77(4H, t, J = 2.6 Hz, H), 6.20(4H, d, J =1.2 Hz, Ha). *C NMR (126 MHz, CDCls,
298 K): 8 145.4(Cquat), 142.0(CcH), 141.3(CcH), 128.8(CcH), 127.3(Cch), 127.0(Cquat.),
126.9(Cquat), 123.7(q, JcF = 273.4 Hz), 120.0(CcH), 119.9(CcH), 110.6(Cch), 107.6(Cch).
Two C-F carbons peaks were not observed. This could be overlapping with others peaks.
1F NMR (376 MHz, CDCls, 298° K): § -62.27 (F, s). HRMS (FAB): m/z 1301 [M]*,
1323 [MNa]*. MS (ES): m/z 697 [Ir(CF3-ppz)2(MeCN):]
Synthesis of [Ir2(ppy)2(p-Cl)]2 (2.15¢)

Dimer 2.15c¢ was prepared from IrClz(H20)3 (400 mg, 1.13

mmol) and 2-phenylpyridine (386 mg, 2.49 mmol). After

passing through celite, the solution was washed with dilute
""" 2M HCI (3x30 ml) and dried over MgSOs. and the residue
was recrystallised from DCM/hexane to give 2.15c as a
yellow solid (442 mg, 77%). *H NMR (400 MHz, CD.Cl,
298 K): 6 9.25 (4H, bd, J = 5.5, H), 7.92 (4H, bd, J = 7.8,
He), 7.77 (4H, td, J = 7.8, 1.6, Hs), 7.55 (4H, bd, J = 7.4, Hq), 6.82 — 6.79 (8H, m, Hcg),
6.59 (4H, td, J = 7.8, 1.2, Hp), 5.87 (4H, bd, J = 7.4, Ha). **C NMR: (100 MHz, CDCl,,
298 K): 8 168.5 (Ck), 151.9 (Cn), 145.3 (C)), 144.4 (Cj), 137.1 (Cy), 130.8 (Ca), 129.50
(Cp), 124.1 (Cq), 123.0 (Cc), 121.8 (Cg), 119.1 (Ce). HRMS (FAB), m/z: 1072 [M]*, 1035

[M-CI]*. The data was in agreed with the literature.®

Synthesis of [Ir2(ppy-CF3)2(u-Cl)]2 (2.15d)

2.15d was prepared from IrClz(H20)s (252 mg, 0.713 mmol), and 2-(4 (Trifluoromethyl)
phenyl)-pyridine (351 mg, 1.569 mmol) using the general procedure. After work up,
yellow solid was obtained (372 mg, 78%). *H NMR (500 MHz, CDCls, 298 K): &
9.22(4H, d, J = 5.4 Hz, Hp), 7.99(4H, d, J = 7.9 Hz, He), 7.88(4H, t, J = 7.9 Hz, H),
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7.60(4H, d,J=7.9 Hz, Hq), 7.04(4H, d, J = 8.0 Hz, H),
6.93(4H, t, J = 6.3 Hz, Hg), 6.09(4H, s, Ha). *C NMR
(126 MHz, CDCls, 298 K): 6 167.1(Cquat), 151.6(Ch),
147.2(Cquat), 144.0(Cquat), 137.3(Cs), 130.1(q, Jc-crs =
30.12 Hz), 126.4(C.), 124.7(Ci), 123.6(q, Jc-r = 272.6
Hz), 123.7(Cq), 123.5(Cq), 119.7(Ce), 118.9(Cc). one
quaternary carbons peaks were not observed. This could
be overlapping with others peaks. °F NMR (376 MHz, CDCls, 298° K): 8 —63.20(F, s).
HRMS (ASAP): m/z 637 [M-CI]*, MS (ES): m/z 719 [Ir(CFs-ppy)2(MeCN).]. Data

consistent with literature.’

General procedure for the synthesis of [1r(C”N)2(N"~N)]PFs

The dimer 2.5a-c, ligand (HL1/HL2/HL3) (2.2-2.4 equiv) and KPFs (2.4 equiv) were
placed in a microwave vial and methanol (3 ml) was added. After degassing with nitrogen
the tube was heated under microwave irradiation at 60°C for 20-40 mins at a maximum
pressure of 250 psi. After this time, the solvent was removed in vacuo leaving behind a
solid which was dissolved in DCM (15 ml) and passed through celite. 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.

Synthesis of 2.16aHL1

Using the general procedure, 2.16aHL1 was prepared from 2.15a (50 mg, 0.049 mmol),
HL1 (16 mg, 0.10 mmol) and KPFs (22 mg, 0.12 mmol). After work up, the compound
was isolated as a grey yellow solid (58 mg, 78%), See appendix Table 1 for X-Ray crystal
data. *H NMR (500 MHz, CDsCN, 300K): § 8.40 (1H, d, J = 2.9 Hz, Hsg), 8.36 (1H, d, J
= 2.9 Hz, Hsp), 8.20 (1H, dt, J=7.9, 0.9 Hz, He), 8.10 (1H, td, J =7.9, 1.7 Hz, Hs), 8.01

5—=¢ + (1H,ddd, J =55, 1.7, 0.8 Hz, Hy), 7.83 (1H, d, J =
2.9 Hz, Ha), 7.50 (1H, dd, J = 4.7, 1.0 Hz, Hasg), 7.47
(1H, dd, J = 4.7, 1.0 Hz, Haa), 7.37 (1H, ddd, J = 7.7,
5.5, 1.3 Hz, Hg), 7.20 (1H, d, J = 2.9 Hz, Hy), 7.11-
7.03 (3H, m, Hza, 38,78), 7.01 (1H, d, J = 2.2 Hz, H74),
6.90(1H,td,J=7.5,1.2 Hz, H2g), 6.85 (1H, td, J = 7.5,
1.2 Hz, Hza), 6.62 (1H, t overlapping, J = 2.7 Hz, Heg),
6.61(1H, t overlapping, J = 2.7 Hz, Hep), 6.32 (1H, dd, J = 5.0, 1.3 Hz, Hig), 6.30 (1H,
dd, J=5.1, 1.3 Hz, H1a). 3C NMR (125 MHz, CD3CN, 300K): § 154.0 (Cc), 153.3 (Cq),
151.8 (Ch), 144.8 (Conveg), 144.6 (Coavgg), 140.6 (Cs), 140.1 (C7a), 139.7 (C3asz,78), 135.0
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(Ca), 134.4 (CianB), 134.1(C1ans), 132.4 (Csass), 128.8 (Csg), 128.7 (Csa), 128.6
(Csavss), 127.5 (Coar), 127.1 (C2ar8), 127.0 (Cg), 124.3 (Csass,78), 124.2 (C3asss, 78),
123.9 (Ce), 113.0 (Cag), 112.7 (Csp), 109.3 (Coases), 109.1 (Csas), 106.3 (Cb). HRMS
(ASAP): m/z 624.1497 [624.1488 calculated for CagH21 *%IrN7].

Synthesis of 2.16aHL2

Complex 2.16aHL2 was prepared from 2.15a
(71 mg, 0.07 mmol) and HL2 (31 mg, 0.154
mmol) and KPFs (31 mg, 0.168 mmol). After
work up, the compound was isolated as a yellow
solid (107 mg, 93%). See appendix Table 1 for
X-Ray crystal data. *H NMR (500 MHz,
CDCl,, 300 K): 6 8.11 (1H, d, J= 2.5 Hz, Hsg),
8.17 (1H, d, J = 2.5 Hz, Hsa), 7.97-7.95(1H, m, He), 7.94-7.93(1H, m, Hs), 7.92(1H, br.
d, J=2.0 Hz, Hy), 7.29 (1H,dd, J = 8.0, 0.9 Hz, Hasg), 7.23(1H, dd, J = 5.5, 1.4 Hz, Haa),
7.21-7.20 (1H, m, Hg), 7.12 (2H, tdd, J = 7.6, 6, 1.3 Hz, H3a38), 6.84(1H, br.d, J = 1.8
Hz, Hg), 6.80 (1H, br. t, J = 1.4 Hz, Hz2g), 6.79 (1H, br. t, J = 1.3 Hz, Hza), 6.78(1H, s,
Hb), 6.76 (1H, br. d, J = 1.8 Hz, H7a), 6.52 (1H, t, J = 2.6 Hz, Heg), 6.49(1H,t, J = 2.6
Hz, Hea), 6.28 (1H, dd, J = 7.6, 1.2 Hz, Hig), 6.19 (1H, dd, J = 7.6, 1.0 Hz, H1a), 1.26
(9H, s, H'sy). BC NMR (125 MHz, CD:Cl;, 300 K): & 159.2 (Ca), 153.4 (Cquat),
152.9(Cquat), 151.0(Cp), 144.0(Cquat), 143.8 (Cquat.), 139.9(Cs), 139.1(C7a), 138.7(C78),
127.2(Csg), 126.7(Csa), 134.3 (C1g), 133.5 (C1a), 130.8(Coasgs.), 128.6 (Coases), 127.5
(Caar2B), 127.4 (Caar28), 126.2 (Cyg), 123.9 (Caarzg), 123.8 (Caanss), 123.0 (Ce), 112.2 (Casa),
112.1(Csg), 108.7 (Csa), 108.5 (Ceg), 102.2(Cb), 32.1 (Ci), 30.0 (Cteu). HRMS (ASAP):
m/z 680.2145 [680.2114 calculated for CaoH29**1rN-]

Synthesis of 2.16aHL3
+  Complex 2.6aHL3 was prepared form 2.15a
(50 mg, 0.046 mmol) and HL3 (23 mg, 0.11

5—6
4 g N/ B/§7 mmol) and KPFg (21 mg, 0.12 mmol). After
N
3| B\ o N HN work up, the crude material was purified by
/, \\N .y
A /""",, W column chromatography on silica gel DCM/

(}
N
(Y
K

ethyl acetate (2:1) to give a grey yellowish

.
Z/ |
/

3 A |9 solid (68 mg, 82%). See appendix Table 1 for
XN, b 1
4 A X-Ray crystal data ‘H NMR (500 MHz,

5 6 CD:CN, 298 K): 5 8.41 (1H, d, J = 2.7 Hz,
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Hsg), 8.36 (1H, d, J = 2.7 Hz, Hsa), 8.22 (1H, br.d, J = 7.8 Hz, He), 8.10 (1H, td, J = 7.8,
1.1 Hz, Hr), 7.99 (1H, br. d, J = 5.3 Hz, Hp), 7.74 (2H, br. d, J = 6.9 Hz, H;, &), 7.55-7.50
(4H, m, Hp,;,m, n), 7.49-7.46(2H, m, H Haa, 48), 7.38 (1H, br. t, J = 6.2 Hz, Hg), 7.21 (1H,
d, J = 2.1 Hz, H7a), 7.10-7.04 (3H, m, Haza 3B, 78), 6.87 (2H, br. dt J = 14.6, 7.3 Hz, Haa,
28), 6.63 (1H, t, J = 2.5 Hz, Hsa), 6.61 (1H, t, J = 2.5 Hz, Hes), 6.32 (1H, d, J = 7.3 Hz,
Hig), 6.28 (1H, d, J=7.3 Hz, H1a). $3C NMR: (125 MHz, CD3CN, 298 K): § 155.0(Cquat),
153.2 (Cquat.), 151.6 (Cn), 149.0(Cquat), 145.0(Cquat.), 144.6(Cquat), 140.7 (Cs), 140.3(C7n),
139.7 (Csasserre), 135.3 (Cians), 134.0 (C1ag), 132.2 (Cquat),131.0 (Caamsy m/n), 130.2
(2Cspag, ¥ m/N), 129.0(Cquat), 128.8(Csna), 128.7(Csg), 128.4(Cquat), 127.7(2Cj &), 127.5
(Caare), 127.2(Coars), 127.0 (Cg), 124.4 (Csasere), 124.1(Csaserms), 124.0(Ce),
113.0(Caassnm/n), 112.6 (Capaes v m/n), 109.3(Ceg), 109.1(Cen), 104.0(Cv). HRMS
(ASAP): m/z 700.1821 [700.1801 calculated for CaaH25'%IrNy7].

General procedure for the synthesis of [1r(C”N)2(N"N)]

A mixture of the ligand (HL1/ HL2/HL3) (2.2-2.4 equiv) and an equimolar amount of
NaOMe in MeOH (3 ml) was warmed gently at 40 °C for 15 mins. A solution of the
appropriate dimer 2.15a-d (1 equiv) in DCM (6 ml) was added and the mixture was
stirred for 2-4 hrs at room temperature. After this time, the solvent was removed in vacuo
and the residue was dissolved in DCM (15 ml) and passed through celite. 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.

Synthesis of 2.17aL.1

56 Complex 2.17al1 was prepared from the 2.15a
8 N/ B/§7 (50 mg, 0.08 mmol), HL1 (16 mg, 0.11 mmol) and
~ N

NaOMe (5mg, 0.11 mmol). After work up, the
crude product was purified by column

. \
G .
. K

1 A
\N S chromatography (aluminium oxide); the product
7

1 ' Ir
2 |
3 9 N was eluted with CH2Cl2/MeOH  (30:1),
7
4 8 Nj A\7 h respectively. 2.17al.1 was isolated as a grey
—'6 yellow solid (45 mg, 75.6%). *H NMR: (500

MHz, CDsCN, 298K): & 8.29 (1H, d, J = 2.7 Hz, Hsg), 8.26 (1H, d, J = 2.7 Hz, Hsa),
7.90-7.86 (2H, m Hz, Hh,e), 7.83 (1H, td, J = 7.7, 1.5 Hz, Hr), 7.47 (1H, d, J = 2.1 Hz,
Ha), 7.39 (1H, d, J = 7.6 Hz, Han), 7.35 (1H, d, J = 7.8 Hz, Hag), 7.06 (1H, ddd, J = 7.6,
5.6, 1.2 Hz, Hg), 7.07-7.01 (1H, m, Hzg), 6.98-6.96 (1H, m, Haa), 6.91(1H, td, J = 7.7,
1.1 Hz, Hss), 6.82 (1H, d, J = 2.1 Hz, Hp), 6.81 (1H, m, H2a), 6.72-6.69(2H, m, Hzs, 7a),
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6.53 (1H, t, J = 2.5 Hz, Hgs), 6.50 (1H, t, J = 2.5 Hz, Hsa), 6.34 (1H, dd, J = 7.3, 1.0 Hz,
Hia), 6.22 (1H, dd, J = 7.4, 1.0 Hz, Hig). **C NMR (125 MHz, MeOD, 298 K): § 154.2
(Co), 154 (Cq), 151.7 (Cn), 145.1 (Csasss), 145.0 (Csass), 140.8 (Cr), 139.9 (Caassirams),
139.4 (Caasssiras), 135.1 (Cig), 134.7 (Ca), 134.2 (C1a), 132.6 (Copss), 129.1 (Conrss),
128.8 (Csp), 128.6 (Csg), 127.6 (C2ars), 127.1 (C2arzs), 127.0 (Cy), 124.4 (Caassinams),
124.1 (Csaseirams), 123.8 (Ce), 113.0 (C4s), 112.6 (Caa), 109.4 (Csasss), 109.2 (Csassr),
106.3 (Cp). HRMS (ASAP): [M+H]*, m/z 624.1489 [624.1488 calculated for
CasH21 *%IrN7].

Synthesis of 2.17al2

Complex 2.17aL2 was prepared from the 2.15a
(71mg, 0.069 mmol), HL2 (31 mg, 0.15 mmol) and
NaOMe (30 mg, 0.15 mmol) in MeOH (3ml) and
DCM (6ml), and was allowed to stir for 2.5 h. After
work up, 2.17aL> was isolated as grey yellow solid
(73 mg, 76%). See appendix Table 1 for X-Ray
crystal data. *H NMR (500MHz, CDCl3, 300K): &
7.93 (1H, d, J =2.9 Hz, Hsg), 7.84(2H, br. d, J = 3.5Hz, Hsa¢), 7.63(1H, br. d, J = 7.4 Hz,
He), 7.60(1H, td, J = 7.7, 1.3 Hz, Hp), 7.15 (1H, d, J = 7.7Hz, Hag), 7.11 (1H, d, J = 7.6
Hz, Hap), 6.91 (1H, td, J = 7.6, 1.1 Hz, Hsg), 6.86 (1H, td, J = 7.6, 0.8 Hz, Hza), 6.82-
6.76 (4H, m, H2a 28,78, ¢), 6.74(1H, d, J = 2.1 Hz, H7a), 6.49 (1H, s, Hp), 6.37 (1H, t, J =
2.4 Hz, Heg), 6.33 (1H, dd, J = 7.6, 1.1 Hz, Hig), 6.30 (1H, dd, J = 7.5, 1.1 Hz, H1g), 6.20
(1H, t, J = 2.4 Hz, Hia), 2.98(2H, br. s, Hydrogen bond H20), 1.29 (9H, s, H'sy). *C
NMR: (125 MHz, CDCls, 300K ): 6 163.9 (Cquat), 157.2 (Cquat), 149.5 (Cquat), 149.4
(Csai), 144.1 (Cquat), 143.3 (Cquat), 138.7 (Coanzri7Big), 137.3 (Ch), 137.1 (Cqua), 136.8
(Coarzei7Big), 134.0 (C1a18), 133.7 (C1a1B), 133.0 (Cquat.), 126.3 (Csas), 126.0 (C7a), 125.6
(C2ar2Bi7819), 125.4(Cs8),122.0 (Csg), 121.5 (Csa), 120.7 (Coareimerg), 119.0 (Ce),111.1
(Csg), 110.8 (Casn), 107.3 (Ceg), 107.0 (Cea), 98.8 (Cb), 32.2 (Ci), 31.2 (C'su). HRMS
(ASAP): [M+H]*, m/z 680.2115 [680.2114 calculated for CzoH29**1rN-]

‘s, (\)

’ N
0 \
: ‘\

Synthesis of 2.17aLs

Complex 2.17als was prepared from the 2.5a (50 mg, 0.048 mmol), HL3 (23.7 mg, 0.11
mmol) and NaOMe (6 mg, 0.11 mmol) in MeOH (3ml) and DCM (6ml). After work up,
the compound was isolated as a pale yellow solid (47 mg, 69%). See appendix Table 1
for X-Ray crystal data. *H NMR (500 MHz, CDCl>, 298 K): § 8.01 (1H, dd, J = 3.0, 0.4
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Hz, Hsa), 7.94 (1H, dd, J = 2.9, 0.4 Hz, Hsg), 7.82

(1H,ddd, J =5.5, 1.4, 0.8 Hz, Hy), 7.70-7.67 (3H,
m, He, j x), 7.63 (1H, td, J = 7.7, 1.2 Hz, Hy), 7.23-
7.16 (4H, m, Haa, 48,1, m), 7.09-7.05 (1H, m, Hz,
Hn), 6.95 (1H, s, Hp), 6.91 (2H, qd, J = 7.7, 1.3 Hz,
Hsa 38), 6.85 (1H, d, J = 1.6 Hz, H7a), 6.84-6.80
(2H, m, Hzs, o), 6.76(1H, td, J = 7.4, 1.2 Hz, Hap),
6.73(1H, td, J = 7.4, 1.2 Hz, Hzg), 6.40 (1H, t,J =
2.5 Hz, Hgg), 6.35(1H, t, J = 2.5 Hz, Hga), 6.33
(1H, dd, J = 7.4, 1.2 Hz, H1a), 6.28(1H, dd, J = 7.5, 1.1 Hz, Hig). ®*C NMR (125 MHz,
CD:Cl, 298 K): 5 157.1 (Cquat), 153.6 (Cquat.), 152.0 (Cquat), 150.1 (Ch), 144.5 (Cquat),
143.6 (Cquat), 139.1 (C78), 138.2 (Cy), 137.6 (Cquat), 137.5 (C7asg), 136.1 (Cquat), 134.3
(C1a), 134.1 (C1g), 133.7 (Cquar), 128.7 (2CsaaB, um), 126.6 (Cc-+), 126.4 (2Cc-+), 126.2
(Cc-t), 126.0 (Cc-v), 125.4 (2Cch), 122.5 (C2anB), 121.8 (Coans), 121.7 (Crar), 119.7
(Cc-H), 111.4 (CansB, um), 111.3 (Csavss, m), 107.8 (Cea), 107.5 (Ceg), 100.7 (Cp). HRMS
(ASAP): [M+H]*, m/z 700.1818 [700.1801 calculated for Ca2H25%1rN-].

Synthesis of 2.17bL1

Complex 2.17bLawas prepared from the dimer 2.15b (60 mg, 0.046 mmol), HL1(14.7

mg, 0.101 mmol) and NaOMe (12 mg, 0.22 mmol). After work up gave 2.17bL1a grey

yellow solid solid (65 mg, 92%). *H NMR (500 MHz, DMSO, 298 K): & 8.95(2H, br. dd,
5 6

4 N J = 6.4, 2.9 Hz,Hsasg), 8.44(2H, br. s, H0),

g N_BJ7 a
N N= 7.94-7.93(1H, m, He), 7.91(1H, t.d, J= 7.6, 1.4

102 /9 \\N D/ b
F,C 7 | Z Hz, Hn), 7.85(1H, br. d, J = 8.2 Hz, Hap),

: d

FC-2 I’\N \ue 7-80(1H.br.d, J=8.3 Hz, Hs), 7.70(1H, br. d,
o N | C J=5.4Hz, Hy), 7.37-7.35(1H, m, Hza), 7.34(1H,

3 N7 N7 haAf
4 \ A% g d, J=1.6 Hz, Ha) 7.27(1H, dd, J = 1.4, 8.4 Hz,

Hss), 7.21(1H, d, J = 2.2 Hz, H7g), 7.15(1H, br.
t,J =5.8 Hz, H), 6.81(1H, d, J = 1.9 Hz, Hy), 6.76 (1H, br. t, J = 4.0 Hz, Hea), 6.73(1H,
br.t,J = 2.0 Hz, Hgs), 6.68(1H, d, J = 2.0 Hz, H7a), 6.51(1H, d, J = 1.8Hz, H1a), 6.35(1H,
d, J = 1.6 Hz, Hig). *C NMR (126 MHz, DMSO, 298 K): § 166.61(Ccn), 155.8(Cquat),
149.0(Cquat), 148.9(Ccr), 147.1(Cquat), 146.2(Cquat), 139.7 (Ccr), 139.1(Cch), 138.9
(Ccr), 138.3(Cquat), 133.9(Cquat), 129.4(Ccr), 128.9(Cch), 128.5(Ccr), 126(q, Ccrs, J =
31.1 Hz), 122.2(Cch), 1120.0(CcH), 119.5(Cch), 119.0(CcH), 118.9(CcH), 111.9(Cch),

111.3(Ccr), 108.9(Cch), 108.7(Cen), 103.6(Ccn), The C-F and one of C-ces carbons peaks
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were not observed, may be owing to the solubility problem. **F NMR (376 MHz, DMSO,
298 K): & -61.73 (F, s), -61.86(F, s). HRMS (ESI): [M+H]*, m/z 760.1267 [760.1236

calculated for CasH19F6!%1rN7].

Synthesis of 2.17bL2

This was prepared from dimer 2.15b (70 mg,
0.054 mmol), HL2(24.0 mg, 0.118 mmol),
NaOMe (13 mg, 0.236 mmol). After work up
gave 2.17bL2 as a pale yellow solid (61 mg,
74%). *H NMR (500 MHz, CDCls, 298 K): §
8.40(1H, d, J = 2.2 Hz, Hsg), 8.33(1H, d, J =
2.9 Hz, Hsa), 8.02(1H, br. d J = 7.7 Hz,
He),7.97(1H, br.t, J=7.6 Hz, Hf), 7.82(1H, br.
d, J=5.2 Hz, Hy), 7.51(1H, d, J = 7.9 Hz, Hag), 7.46(1H, d, J = 8.3 Hz, Haa),7.25(1H, dr.
d, J = 8.5 Hz, Haa) 7.23-7.21(1H, m, Hg), 7.17(1H, br. d, J = 7.7 Hz, Hss), 7.02(1H, d, J
=2.1Hz, Hzp), 6.82(1H, d, J = 2.2 Hz, H7s), 6.74(1H, s, Hp), 6.57(1H, t, J = 2.6 Hz, Hea),
6.47(1H, t, J = 2.3 Hz, Heg), 6.43(1H, br. d, J = 1.2 Hz, H1a), 6.40(1H, br. d, J = 0.6 Hz,
Hig), 1.36(9H, s, H'su). *C NMR (125 MHz, CDCls, 298 K): § 160.1(Car), 153.4(Ca),
151.3(Carc), 150.0(Cn), 145.8(C2as28), 140.2(C7a), 139.3(Cy), 138.3(C7g), 132.0(Csasss),
130.1(C1g), 129.4(C1g), 129.0(CsB), 128.3 (Csass), 128.1(Csa), 127.5(Conveg), 127.3(q,
Jcr = 33,5 Hz), 125.0(Cios), 122.9(Coanzg), 122.7 (Comss), 122.1(C¢),121.1(Csa),
120.9(Csg), 112.4(Csg), 111.7(Csa), 109.1(Cen), 108.4 (Ces), 101.2(Cs), 32.0(Cj), 30.2
(C'su). The remaining of C-F carbon were not observed. This could be overlapping with
others peaks. *F NMR (376 MHz, CDCls, 298 K): § -61.73(F, s), -62.00(F, s). HRMS
(ESI): [M+H]" m/z 816.1871 [816.1861 calculated for CaaHa7Fs**1rN-]

Synthesis of 2.17bLs
This was prepared from dimer 2.15b (70

5 mg, 0.053 mmol), HL3 (26.2 mg, 0.12

, 4 8 N\B mmol) and NaOMe (12.7 mg, 0.23

0 9 N mmol). After work up gave 2.17bLsas a
F1C s, pale yellow solid (77 mg, 85%). H

NMR (500 MHz, DMSO, 298 K): &
8.98(1H, d, J = 2.5 Hz, Hsg), 8.95(1H, d,

3 N:/A\77 h J = 2.5 Hz, Hsa), 8.47(1H, s, Hwn),
—s 7.99(1H, br. d, J = 8.0 Hz, He), 7.93(1H,
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br.t, J =7.2 Hz, Hy), 7.85(1H, br. d, J = 8.2 Hz, Hsa), 7.82(1H, br. d, J = 8.2 Hz, Hasg),
7.71(1H, d, J = 5.0 Hz, Hs), 7.64(2H, br.d, J = 7.3 Hz, H;,«), 7.35(1H, br. d, J = 8.0 Hz,
Hsa), 7.31-7.25(5H, m, Hsg, 78,b,1,m), 7.18(1H, t, J = 6.1 Hz, Hg), 7.13(1H, t, J = 7.3 Hz,
Hn), 6.84(1H, d, J = 1.4 Hz, H7a), 6.77(1H, t, J = 2.5 Hz, Heg), 6.71(1H, t, J = 2.5 Hz,
Hea), 6.47(1H, br. d, J = 1.7 Hz, Hia), 6.40(1H, br. d, J = 1.6 Hz, Hig). *C NMR (126
MHz, DMSO, 298 K): & 155.5(Cquat), 152.0(Cquat), 151.0(Cquat), 149.0(Cn), 147.0
(Cquat), 146.2(Cquat), 139.4 (C7a), 139.0(Cs), 138.2(Cquat.), 135.3(Cquat), 129.4 (Csa),
129.0(Csg), 128.8 (Cami7iim), 128.6(C1a), 128.4(Czri7eiim), 128.2(Cig), 126.2(Cquat),
126.0(Cquat), 125.7(Cn), 125.3 (Cquat), 25.0(Cji), 124.4(Cji), 122.4 (Cg), 119.9(Carr7a/
im), 120.2 (Cza), 119.6(Css7e/ im), 119.0(Ce), 111.9(Csn), 111.4(Css), 109.0(Ceg),
108.8(Csa), 100.8(Cp). Fluorinated carbons were difficult to find in *C spectra with low
signal-to-noise ratios, which could be buried in the noise.®F NMR (376 MHz, DMSO,
298 K): 8 - 60.24(F, s), - 60.37(F, s). HRMS (ESI): [M+H]", m/z 836.1589 [836.1549
calculated for CsaHzsFs!%1rN7].

Synthesis of 2.16cHL1

Complex 2.16cHL1 was prepared from 2.15¢ (50 mg, 0.048 mmol), HL1 (16 mg, 0.10)
and KPFg (21.5 mg, 0.12 mmol) in MeOH (3ml) were heated in a microwave irradiation
for 40 mins. After work up, the product was isolated as an yellow solid (53 mg, 72%).
See appendix Table 2 for X-Ray crystal data. *H NMR (500 MHz, CDsCN, 298K): § 8.20
(1H, dt, J=7.8, 1.1 Hz, He), 8.08 (1H, d, J = 8.09 Hz, Hsg), 8.05 (2H, td, J = 7.9, 1.5 Hz,
Hsa ), 7.90-7.86 (2H, m, Hea 68), 7.84 (1H, ddd, J = 6.0,
1.5, .0.9 Hz, Hy), 7.81 (1H, d, J = 1.1 Hz, Haa), 7.79-
7.78 (2H, m, Hag, a), 7.66 (1H, ddd, J = 5.9, 1.5, 0.7 Hz,
Hsg), 7.61 (1H, ddd, J=5.8, 1.4, 0.7 Hz, Hga), 7.35 (1H,
ddd, J = 7.6, 5.5, 1.4 Hz, Hg), 7.18 (1H, d, J = 2.7 Hz,
Hp), 7.11-7.01 (4H, m, Hsa 38,74, 78), 6.92 (1H, td, J =
7.5, 1.4 Hz, Hza), 6.88 (1H, td, J = 7.4, 1.3 Hz, H2B),
6.32 (1H, dd, J = 7.6, 0.6 Hz, Hig), 6.29 (1H, dd, J =
7.6, 0.7 Hz, H1a). 3C NMR (125 MHz, CD3CN, 298 K): & 168.8 (Cquat.), 168.4 (Cquat),
153.2 (Cquat), 153.0 (Cquat), 151.3 (Ch), 150.8 (Cquat), 150.7 (Cga), 150.4 (Csgg), 147.1
(Cquat), 145.7 (Cquat), 145.5 (Cquat), 140.5 (Csax), 139.5 (Cease), 139.4 (Ceaser), 135.0
(CsBra), 133.3 (C1a), 132.5 (C18), 131.3 (Cz28), 130.8 (C24), 127.4 (Cy), 125.8 (Csa), 125.6
(Capra), 124.6 (Ce), 124.3 (Csassirars), 124.0 (Caaseras), 123.6 (Csassirars), 123.4
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(Csaser7ams), 120.7 (Csa), 120.5 (Csg), 106.4 (Cp). HRMS (ASAP): m/z 646.1584
[646.1583 calculated for [CaoH23**1rNs]

Synthesis of 2.16cHL.

Complex 2.16¢cHL2 was prepared from 2.15c (50 mg,
0.046 mmol), HL2 (21 mg, 0.10) and KPFs (21 mg,
0.11 mmol) in MeOH (3 ml). After work up, the
compound was isolated as a yellow solid (73 mg,
92%). See appendix Table 2 for X-Ray crystal data.
!H NMR (500 MHz, CDsCN, 300 K): § 8.15 (1H, dt, J
=7.9, 0.8 Hz, He), 8.09 (1H, tt, J = 7.9, 0.8 Hz, Hsg),
8.06-8.01 (2H, m, Hsa, 1), 7.91 7.84 (2H, m, HeaeB),
7.81-7.76 (2H, m, Hn4g), 7.77 (1H, d, J = 7.6 Hz, Haa), 7.65 (1H, br. d, J = 5.8, Hz, Hsg),
7.58 (1H, br.d, J = 5.8 Hz, Hga), 7.33 (1H, br. t, J = 6.6 Hz, Hy), 7.13-7.11 (1H, m, H7a),
7.09-6.99 (4H, m, Haa, 38, 78,b), 6.91 (1H, td, J = 7.4, 1.2 Hz, H2x), 6.87 (1H, td, J = 7.4,
1.1 Hz, H2g), 6.30 (1H, dd, J = 7.6, 0.8 Hz, Hig), 6.23 (1H, dd, J=7.5, 0.8 Hz, H1a), 1.34
(9H, s, H'ay). °C NMR: (125 MHz, CD3CN, 298 K): 5 169.3 (Cquat.), 168.6 (Cquat.), 160.4
(Cquat.),153.6 (Cquat), 153.4 (Cquat.), 151.4 (Camvss, n), 151.0 (Cga), 150.7 (Csg), 150.0
(Cquat), 148.0 (Cquat), 146.1(Cquat), 146.0(Cquat), 141.0(Csa), 139.8(Ceaves),
139.7(CeaveB), 134.0 (Cig), 132.6 (C1a), 131.7 (C2a), 131.1 (C2B), 127.8(Cy), 126.1
(Canusg, 9), 126.0 (Capuss, 9), 125.0 (C7a), 124.6 (C3azp, 78,b), 124.2(Ce), 124.0(Cza,38, 78,
b), 123.7 (C3a38,78,b), 121.1 (Csavf), 120.8 (Csg), 103.5 (C3a38,78,b), 32.9 (Ci), 30.7 (C'ay).
HRMS (ASAP): m/z 702.2244 [702.2209 calculated for CsaHz12%IrNs]

Synthesis of 2.16cHL3

Complex 2.16cHL3swas prepared from 2.15¢ (50
mg, 0.046 mmol), HLs (23.5 mg, 0.10) and
KPFe¢ (20.4 mg, 0.11 mmol) in MeOH (3ml).
After work up, the compound was isolated as a
yellow solid (68 mg, 84%). See appendix Table
2 for X-Ray crystal data. *H NMR (500 MHz,
CDsCN, 298 K): 6 8.23 (1H, dt,J=7.8, 1.1 Hz,
He), 8.11-8.09 (1H, m, Hsg), 8.08-8.06 (1H, m,
Hr), 8.05(1H, dd, J = 1.2 Hz, Hsa), 7.89-7.85
(3H, m, Hea, 68, 84), 7.83(1H, ddd, J =5, 1.6, 0.8 Hz, Hh), 7.82-7.78(2H, m, Hsa4B), 7.72-
7.71 (2H, m, Hjx), 7.68 (1H, ddd, J = 5.9, 1.4, 0.63 Hz, Hgg), 7.52(1H, s, Hb), 7.52-7.46
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(3H, m, Hi m,n), 7.36(1H, ddd, J = 7.6, 5.5, 1.4 Hz, Hyg), 7,13-7.01 (4H, m, H3a 38, 7A, 78),
6.91 (2H, dtd, J = 8.1, 3.8, 1.3 Hz, H2a,28), 6.35 (1H, dd, J = 7.6, 0.9 Hz, H1a), 6.27 (1H,
dd J = 7.6, 0.8 Hz, Hig). *C NMR (125 MHz, CDsCN, 298 K): & 169.0 (Cquat), 168.2
(Cquat), 154.3 (Cquat.), 152.8 (Cquat.), 151.2 (Caassieasrisam), 151.1 (Caassisamssisan), 150.4
(Csg), 150.3 (Cquat.), 149.3 (Cquat.), 147.5 (Cquat.), 146.0 (Cquat.), 145.5 (Cquat.), 140.6 (Css),
140.4(Csa), 139.5 (Caasspeaerisan), 139.4 (Canssieanssisan), 133.5 (Cig), 132.4 (C1a),
131.3 (CzanzB), 131.5(C2a8), 131.9 (Cymn), 130.7 (Cymm), 130.2 (Cjx), 128.6 (Cquat),
127.6 (Cumn), 127.5 (Cy), 125.8 (Csaumpreassisan), 125.6 (Caaupreanisan), 124.6 (Cjx),
124.3(Cs), 124.0 (Ce), 123.6 (Caassrrams), 123.4 (Csanssrars), 120.7 (Caaseirae), 120.5
(Czaneirare), 104.2 (Cp). HRMS (ASAP): m/z 722.11901 [722.1896 calculated for
CasH27'%1rNs]

Synthesis of 2.17cL1

Complex 2.17cL1 was prepared from the 2.15¢ (50 mg,
0.046 mmol), HL1 (15 mg, 0.10 mmol) and NaOMe (6
mg, 0.10 mmol) in MeOH (3mL) and DCM (6ml).
After work up, the compound was isolated as grey
yellow solid (50 mg, 83%). 'H NMR (500 MHz,
CD2Cl,, 298 K): 6 7.80 (1H, bd, J = 8.0 Hz, HsB), 7.76
(1H, bd, J = 8.0 Hz, 54), 7.73 (1H, dt, J = 7.9, 1.1 Hz,
He), 7.66(1H, dd, J = 7.5, 1.6 Hz, H¢), 7.64 (1H, m, Hy),
7.60-7.56 (4H, m, Haa 48, 6a. 68), 7.52 (1H, dd, J = 5.8, 0.7 Hz, Hsg), 7.47(1H, m, Hga),
7.46(1H, d, J=1.9 Hz, Ha), 6.92-6.90(1H, m, Hg), 6.89-6.87(1H, m, Hzg), 6.86-6.78 (4H,
m, Hag, 34, 74, 78), 6.70-6.69 (1H,m, H2a), 6.68(1H, d, J = 2.2 Hz, Hy), 6.27 (1H, dd, J =
7.5, 0.8 Hz, Hig), 6.23 (1H, dd, J = 7.5, 0.8 Hz, H1a). *C NMR (125 MHz, CD,Cly, 298
K): 6 168.8 (Cquat.), 168.4 (Cquat.), 165.0 (Cquat), 156.0 (Cquat.), 155.0 (Cquat.), 150.5 (Cquat.),
150.1 (Cn), 150.4 (Cgg), 149.0 (Csa), 145.1 (Cquat), 144.2 (Cquat), 139.3 (Ca), 138.4 (Cy),
137.5 (Csa2B, 6a, 68), 137.2 (Caa 4B, 6A, 68), 132.4 (C1g), 132.3 (C1a), 130.5 (C28, 34, 74, 78),
130.0 (C2a), 125.0 (Csaus, 6A, 68), 124.6 (CsasB, 6a,68), 123.3 (Cag), 123.2 (C2B, 34, 7A, 78),
122.6 (Cy), 122.3 (C2B,3A,7a,78), 121.7 (C28, 3, 7A,78), 120.7 (Ce), 119.5 (Csg), 119.3 (Csa),
104.2(Cp). HRMS (ASAP): [M+H]* m/z 646.1578 [656.1583 calculated for
CzoH23'%1rNs].

Synthesis of 2.17cL>
Complex 2.17cL2 was prepared from the 2.15¢ (75 mg,0.070 mmol), HL2 (31 mg, 0.15
mmol) and NaOMe (30 mg, 0.154 mmol) in MeOH/DCM (3:6 ml). After work up, the
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compound was isolated as yellow solid (72 mg,
73%). See appendix Table 2 for X-Ray crystal
data. 'H NMR (500 MHz, CDCls, 300 K): &
7.76(1H, d, J = 4.8 Hz, Hpyas), 7.74(1H, J = 4.4
Hz, Hpya), 7.72 (1H, bd, J =7.9 Hz, He), 7.67
(1H, td, J = 7.7, 1.3 Hz, Hy), 7.66-7.62(3H, m,
Hiasg, 8a), 7.61-7.55(2H, m, Hh, pyas), 7.49-
7.44(2H, m, Hgg, pyaB), 6.91-6.86 (4H, m, Hza 38,
7A, ), 6.80-6.76 (3H, m, Haa 28, 78), 6.54 (1H, s,
Hb), 6.28 (1H, dd, J =7.5, 0.5 Hz, H1g), 6.20 (1H, dd, J = 7.5, 0.8 Hz, H1a), 1.22 (9H, s,
H'su). 3C NMR (100 MHz, CDCls, 300 K): & 167.4 (Cquat), 167.2 (Cquat), 166.8 (Cquat),
161.5 (Cc-H) 154.0 (Cc-n), 151.9 (CcH), 149.4 (Csripya), 148.7 (Csripya), 148.5 (Cquat),
147.3 (Cquat), 143.4 (CcH), 143.0 (Cquat.), 137.3(C¢), 137.0 (Cquat), 136.0 (Cch), 135.7
(Cquat), 131.3 (Cc-H), 130.9 (Cch), 129.2 (Cquat.), 128.8 (Cc-H), 123.3 (Cch), 122.0 (Cec-
H), 121.9 (Ccn), 121.2 (Cc-H), 120.8 (Cc-n), 120.6 (Cc-H), 119.5 (Cc), 118.3 (Cc-n),
117.7 (Ce), 99.3(Cb), 31.1(Cquar), 29.7(C'su). HRMS (ASAP): [M+H]*, m/z 702.2236
[702.2209 calculated for CasHz12%IrNs]

Synthesis of 2.17cL3

This complex was prepared from the 2.15¢ (50
mg, 0.046 mmol), HL3 (23 mg, 0.10 mmol) and
NaOMe (6 mg, 0.10 mmol) in MeOH/DCM
(3:6 ml). After work up, the product was
isolated as yellow solid (50 mg, 87%).H NMR
(500 MHz, CDClgz, 298 K): 6 7.83 (1H, bd, J =
5.55 Hz, Hga), 7.78(2H, br. d, J = 7.3 Hz, He, 1),
7.74 (2H, br. 1, J = 7.4 Hz, , Hj «), 7.71(1H, br,
d, J = 8.4 Hz, Hsg), 7.66-7.62 (2H m, Hi, m),
7.61-7.59(1H, m ,Hsa), 7.58-7.53 (4H m,
Haasg, 6 88), 7.45 (1H, td, J = 7.2, 1.1 Hz, Heg), 7.24(2H, t, J = 7.6 Hz, Hg, n), 7.11(1H,
br.t, J = 7.4 Hz, Hy), 7.01 (1H, s, Hb), 6.92(1H, td, J = 7.4, 0.8 Hz, Hzg), 6.90-6.88(1H,
m, Hza), 6.87-6.83 (2H, m, Hzg, 74), 6.81(1H, br. dd, J = 7.3, 0.8 Hz, H24), 6.75 (1H, td,
J=6.1,0.9 Hz, Hsg), 6.39 (1H, bd, J = 7.3 Hz, Hig), 6.33 (1H ,bd, J = 7.2 Hz, H1a). 1*C
NMR (125 MHz, CDCl3, 298 K): & 168.7 (Cquat), 168.14 (Cquat), 155.8 (Cquat), 155.2
(Cquat.), 153.5 (Cquat.), 151.1 (Cquat.), 150.7(Cquat.), 150.4 (Cc-n), 149.4 (Cc-n), 148.2 (Cec.-

W), 144.7 (Cquat), 143.8 (Cquat), 137.6 (Cch), 136.7 (Ceti), 136.3 (Cer), 134.7 (Cauat),
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132.2 (Cc-n), 132.1 (Cc-h), 130.1 (Cc-r), 129.6 (Cch), 128.3 (Cac-+), 126.3 (Cc), 125.5
(Cc-h), 124.2 (Cc-n), 124.1 (Cc-n), 122.7 (Cc-n), 122.0 (Cc-H), 121.9 (Cc-h), 121.5 (Ce-n),
121.0 (Cc-n), 119.7 (Ccn), 119.0 (Cc-n), 118.5 (Cc), 101.0(Cc-H). HRMS (ASAP):
[M+H]*, m/z 722.1862 [722.1896 calculated for CasH27*%1rNs]

Synthesis of 2.17dL2

This complex was prepared from the dimer
2.15d (70 mg, 0.053 mmol), HL2 (23.0 mg,
0.114 mmol) and NaOMe (13.6 mg, 0.252
mmol). After work up gave 2.17dL.as a
yellow solid (66 mg, 76%). *H NMR(500
MHz, CD2Cly, 298 K): 8 7.90(1H, br. d, J =
7.9 Hsass), 7.82(1H, br. d, J = 8.1 Hz,
Hsasg), 7.70-7.64(5H, m, Haa, 48, 6A, 6B, 88),
7.60(1H, d, J = 1.1 Hz, He), 7.59(1H, dd, J
= 2.7, 1.2 Hz, H¢), 7.45(1H, br.d, J = 5.6 Hz, Hn), 7.41(1H, br. d, J = 5.4 Hz, Hsga),
7.14(1H, dd, J = 1.2, 8.2 Hz, Hza), 7.10(1H, dd, J = 1.2, 8.1 Hz, H3g), 6.99-6,95(2H, m,
H7a, 78), 6.78(1H, td, J = 5.7, 2.9 Hz, Hg), 6.48(1H, s, Hy), 6.41-6.42(2H, overlapping,
m, Hia, 18), 1.18(9H, s, H'%sy). *C NMR (126 MHz, CD.Cly, 298 K): & 167.3(Cquat),
167.0(Cquat), 165.4(Cquat), 156.8(Cquat), 155.9(Cquat), 152.2(Cquat), 150.9(Csn), 149.7
(Cquat), 149.5(Cr), 149.4 (Csaspiaeris), 149.1(Cquat), 148.0(Cquat), 138.34(Cte),
137.8(Cansspisaeriss), 137.4 (Caassreaeriss), 130.9(Cquat), 130.3(Cquat), 129.1(q, Jc-F =
273 Hz), 128.1(Cians), 127.9 (Cians), 124.6(Canupieaneiss), 124.3 (Canupeassiss),
124.2(C7a8), 123.9(C7ae), 121.9(Cq), 120.5(Csase), 120.1(Csass), 119.7(Cre),
119.1(C3a), 118.2(Css), 100.4(Cp), 32.5(Cj), 31.2(C'su).The fluorinated carbons were
difficult to find it, this could be buried in the noise or they may be they overlapping with
others peaks. F NMR (376 MHz, CD-Cls, 298 K): § -62.86 (F, s), -62.91(F, s). HRMS
(ESI): [M+H]* m/z 838.1959 [838.1956 calculated for CagHzoFs**1rNs].

5.3 Data for compounds in Chapter Three

Synthesis of 4-chloropyridine (p-3.26)

Cl Compound p-3.26 was prepared by a literature method.® 4-Chlorol-
bﬁb, pyridine hydrochloride (1.5 g, 10.1mmol) was dissolved in 40 mi
~

a a’  NaOH(aq) (0.2M, 0.2 mmol), and the resulting solution was stirred for 13

min, until the pH value of the mixture reaches ca. 6-7. Fresh DCM (30 ml

x 4) was used to extract the product and the organic layer was washed with distilled water
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(40 ml x 2). The organic layer was collected and dried over MgSOg, filtered, evaporated
to dryness to give p-3.26 as pale yellow liquid, 0.78 g, 70%. *H NMR (400 MHz, CDCls,
300 K): & 8.52(2H, d, J = 1.60 Hz, Ha 2), 7.30(2H, d, J = 1.56 Hz, Hb. v).1*C NMR (100
MHz, CDCls): & 150.7 (C & &), 144.0(C™), 124.1(C b ). GC/MS, m/z 113.2330
[113.0032 calculated for CsH4CIN].

Synthesis of 4-Chlorolpyridinium iodide (p-3.27)
Compound p-3.26 (0.799g, 7.04 mmol) was dissolved in 3 ml DCM,

Cl

N followed by the addition of iodomethane (28.1 mmol). The resulting
b b’
a | +J, ~ Mixture was stand together in the dark at zero °C for two days. After this
I 'T‘ time, forming yellow precipitate was collected by rotary evaporation.

Me

Removal of the volatiles led to changing precipitate to be dark brown
colour, that was washed with petroleum ether several time, to give 4-Chlorol-
methypyridinium iodide p-3.27 of sufficient purity as dark brown solid, 1.18 g, 66 %. H
NMR (500MHz, D20, 298 K): 6 8.70(2H, d, J = 6.9 Hz, Ha a), 8.05(2H, , brd, J = 6.6
Hz, Hb, v), 4.30 (3H, s, Hame). 3C NMR (126 MHz, D20, 298 K): § 153.79(Cquat),
146.0(Ca, o), 140.34, 128.5(Cb, ), 48.0(Cnme). HRMS (ASAP): m/z, 128.0255 [128.0267
calculated for CeH7NICI]. MP: 148-153 °C. The characterization matches that previously

reported.®

Synthesis of [p-H2PYEi]l

d_b’ In dry condition, p-3.27 (100 mg, 0.391

—N NH HN N—M m.mol) and potassium carbonate(162.3

mg, 1.174 m.mol) were mixed with dry
DMF (10 ml) and ethylene diamine (13 x/, 0.186 mmol) was quickly added to reaction
mixture. The reaction mixture was stirred at RT under N for 2 hrs. After this time, the
solvent was evaporated, leaving behind light brown solid, washed with DCM and MeOH
several time, dried in high vacuo. to give [p-H2PYEui]l2 as pale yellow, 205 mg, 52 %.
See appendix Table 3 for X-Ray crystal data. *H NMR (500 MHz, D20, 298 K): §
7.88(4H, br d, J =1.00 Hz, Ha, a/m, v), 6.78(4H, br d, J =1.00 Hz, Hc, c/q, ¢), 3.84(6H, s,
Hnme), 3.62 (4H, s, Herz). *C NMR (125.7 MHz, D20, 298 K): § 157.2(Ce, ¢), 144.2(C
aal,b), 142.2(Ca am,b), 110.9(c crd,d), 105.4(Cc, c1a, ), 44.7(Conme), 41.4(Cochz). HRMS
(ASAP): m/z 243.1608 [244.1677 calculated for C1aH20N4]. MP: 217.1-219.7 °C
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Synthesis of [p-H2PYE2]Il»

h h’ Compound p-3.27 (200 mg, 0.782
b g gf flg' g b 20 m.mol) and 1,2-phenyl c.jiamine (40.3
+/~\e T\ + mg, 0.372 m.mol) were dissolved DMF
Me—N/\\:—_/>—NH HN—e<\://\N—Me (9 ml), with stirring forming dark brown
2 e ¢ & solution. The reaction mixture was
heated at 100 °C under N2 for ovrnight. After this time, the reaction mixture was cooled
to room temperature and the solvent was removed by rotary evaporation, leaving behined
dark brown soild. The precipitate was isolated, washed with methanol and diethyl ether
(1:9%), respectively and dried under high vacuo to give [p-H2PYE-:]l2 as dark brown
soild, 98 mg, 48 %. 'H NMR (500MHz, MeOD, 298 K): 5 8.18(4H, d, J = 7.6 Hz, Ha 4,
b,b"), 7.58-7.53(4H, m, Hg, ¢ n 1), 7.00(4H, brd, J = 6.4 Hz, H¢ ¢, d,d), 4.01(6H, S, Hnme).
13C NMR (126MHz, MeOD, 298 K): § 157.4(Ce,¢), 145.6(Ca, ab,b), 133.7(Ct.1), 130.3(Cq,
g/, 1), 128.2(Cg, g, 1), 110.7(Cc, ¢ d, o), 45.9(Cnme). HRMS (ASAP): m/z 291.1340

[292.1677calculated for C1sH20N4]. MP: 220-222 °C.

Synthesis of [p-HPYE]I

b__d o + g |- In dry condition, p-3.27 (200 mg, 0.782
Me—N =N f\ " m.mol) and potassium carbonate(108.2, 0.782)
a ¢ N i were mixed with dry DMF (8 ml) and 2-

J

Picolylamine (82 !/, 0.782 mmol) was quickly
added to reaction mixture. The reaction mixture was stirred at RT under N2 for 3 hours.
After this time the solvent was evaporated with toluenel5 ml and methanol 10 mi
respectively, leaving behind dark brown solid which was dissolved in MeOH (30 ml) and
passed through celite. The filtrate was reduced in volume and diethyl ether was added
slowly and left it in the fridge for overnight to induce precipitation. The precipitate was
isolated, washed with diethyl ether and DCM several time, dried in vacuo to give [p-
HPYE]I as a dark brown soild, 191 mg, 58 %. *H NMR (500MHz , CD3COCD3, 298K):
d 8.55(1H, brd, J=4.8 Hz, Hj), 8.32(1H, brd, J =7.4 Hz, Hv), 8.23(1H, br d, J = 7.4 Hz,
Ha), 7.80(dt, J = 7.7, 1.7 Hz, Hn), 7.53(1H, d, J = 7.9 Hz, Hg), 7.42(1H, dd, J =7.2, 2.8
Hz, Hc), 7.32(1H, dd, J = 7.4, 5.0 Hz, Hi), 7.04(1H, dd, J = 7.4, 2.6 Hz, Hd), 4.75 (2H, s,
Hchz), 4.12(3H, s, Hame). BC NMR (125 MHz, CD3COCDs, 298K): & 150.2(C)),
145.4(Cap), 143.3(Can), 142.5(Cquat), 138.0(Ch), 123.7(Ci), 123.0(Cg), 112.0(Ccr),
107.2(Ccid), 48.4CcHz2), 45.4(Cnme). One quaternary carbon peaks was not observed.

HRMS (ASAP): m/z 200.1186 [200.1188 calculated for C12H14Ns]. MP: 203.2-205.7 °C
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Synthesis of 0-PYE1
c_J¢ I\ g 0-PYE1 was prepared by a literature method.® 2-
e e
bQ:N N:(N_:/> b’ Chloro-1-methyl pyridinium iodide (0-3.9) (0.247g,
2 Me me ¥ 0.0041 mol), anhydrous potassium carbonate (3.408
g, 0.020 mol) and dry MeCN 15 ml, ethylene
diamine (0.39 ml, 8.33 mmol) was quickly added with stirring under nitrogen. The
resulting mixture was heated at reflux at 80 °C for 2 hr. After this time the solvent was
evaporated and then the solid was dissolved in DCM (40 ml) and passed through celite.
Filtrated was removed under reduced pressure and toluene (90 ml) and NaOHag) (90 mL,
0.475 mol) were added. After extraction three times the organic phase was dried over
MgSQy, filtered and evaporated to dryness to give 0-PYE: as yellow solid, 0.68 g, 68%.
'H NMR (400 MHz, CDCls, 300 K): § 6.95(2H, dd, J = 6.9, 1.4 Hz, Ha), 6.83(2H, ddd, J
= 9.6, 6.26, 2.0 Hz, H¢), 6.56(2H, d, J = 9.4 Hz, Hq), 5.56(2H, dt, J = 6.5, 1.3, Hz, Hp),
3.45(4H s, Hcr), 3.33(6H, s, Hme). *C NMR (100 MHz, CDCl3, 300 K): & 154.1(Ce),
138.9(Ca) 134.1(C.), 112.3(Cp), 100.1(Cq), 50.1(CcHz), 39.4(Cnme). HRMS (ASAP): m/z
243.1605 [242.1531 calculated for C14H18N4]. MP: 143-145.6 °C. The characterization
matches that previously reported.°
Synthesis of 0-PYE:2

h—h 0-PYE2 was prepared by a literature method®,

c d ngg' d ¢ compound 0-3.9 (2.37 g, 0.00929mol), anhydrous
b@e:l\lf ril:e(Ni/> b’ potassium carbonate (2.49 g, 0.0180 mol), 1,2-
2 Ye ve 2 phenyl diamine (0.5g, 0.00462 mol) was dissolved

in dry MeCN 15 ml. The work up was the asme as for ligand 0-PYE1 The product o-
PYE-2, was isolated as brown solid, 980 mg, 73%. See appendix Table 4 for X-Ray crystal

data. *H NMR (500 MHz, CDCl3, 300 K): § 6.96-6.94 (2H m, Ha, 2), -6.93-6.90 (4H m,
Hg, g h 1), 6.75(2H, ddd, J = 9.4, 6.4, 1.86 Hz, Hq,¢), 6.21(2H, br d, J = 9.2 Hz, Ha, ¢),
5.67(2H, dt, J =, 6.6, 1.3 Hz, Hp 1), 3.29(6H, s, Hnme), *C NMR (100 MHz, CDCl3, 300
K): & 151.8(Cquat), 142.3(Cquat), 137.8(Ca,2), 133.6(C4, ¢), 123.6(Cq, g/n, 1), 122.4(C g g/,
h), 116.5(Cc, ¢), 102.1(Cp, v), 39.4(Cnme). HRMS (ASAP): m/z 291.1607 [290.1531
calculated for C1sH1sN4]. MP: 134-136 °C.

Synthesis of 0-PYEs
2-Picolylamine (0.2, 0.0019mol) was added to compound 0-3.9 0.5 g, 0.0019mol), dry
triethylamine (3.90 mL, 27.8 mmol) in dry acetonitrile (15 ml) and the mixture was stirred
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g h fordhrat80 °C. After this time, The solvent was removed

_d /_@; under reduced pressure and was then dissoved DCM, passed
e
a

through the celite and the filtrate was evaporated. The crude
Me was extracted with DCM (50 ml) and NaOHag (5 M, 50 ml).
The organic phase was separated and the aqueous phase was washed with DCM (3%50
ml). DCM extracts were collected and the solvent was removed under reduced pressure
to give 0-PYEs as a dark brown oil, 0.351 g, 90%. 'H NMR (400 MHz, CDCls, 300 K):
5 8.53(1H, brddd, J=4.86, 1.8, 1.0 Hz, H;), 7.62-7.66(1H m, Hy), 7.57-7.60 (1H, m, Hg),
7.06-7.13(2H, m, Ha i), 6.95(1H, ddd, J = 9.4, 6.4, 2.0 Hz, Hc), 6.45(1H, br d, J = 1.0 Hz,
Hg), 5.71(1H, dt, J = 1.3, 6.6 Hz, Hy), 4.57(2H, s, Hcrz), 3.51(3H, s, Hme). *C NMR
(101 MHz, CDClIs, 300K): & 162.4(Cs),154.8(Ce), 148.8(Cj), 139.1(Cuai), 136.4(Cgyn),
135.4(C¢), 121.4(Cgpn), 121.2(Casi), 112.5(Cq), 101.3(Cp), 54.0(C?), 39.6(Cnme). HRMS
(ASAP): m/z 200.1178 [199.1109calculated for C12H13Ns].

General procedure for the synthesis of para-PYE-Ir(111) complexes

Complexes p-3.30, p-3.31 and p-3.32 were performed using standard Schlenk techniques
and utilized nitrogen. A mixture of the [p-H2PYEi]l2or [p-H2PYE2]l2 or [p-HPYEs3]I
and NaOCHzs (2.5-3 equiv.) in methanol (4 ml) were warmed gently at 40 °C for 30 mins.
A solution of the dimer [Ir(ppz).Cl]2 (1 equiv.) in methanol (3 ml) was added to the
reaction mixture and the mixture was stirred at room temperature for 2-4 hrs. After this
time the solvent was removed in rotary evaporator and the residue was dissolved in DCM
(15 ml) and passed through celite, filtrate subject to ion-exchange with aqueous KPFs (4
equiv). The DCM phase was separated and dried over MgSOs, The filtrate was reduced
in volume and hexane was added slowly to induce precipitation. The precipitate was
isolated, washed with hexane and diethyl ether (5 ml each) respectively, and dried in high

vacuo that led to give the desired complexes.

Synthesis of p-3.30
Me _| Complex p-3.30 was prepared from dimer 2.15a (70

mg, 0.0680 mmol), [p-H2PYE1]l2 (71.2 mg 0.142
N >5 °Q mmol) and NaOMe (23.0 mg, 0.427 m. mol). After
N work up, gave p-3.30 as a pale yellow solid (76 mg,

s, (\)
\\\\\
: “|

” 64%), See appendix Table 5 for X-Ray crystal data.
| e’ 1 . —

3 SN 5 € d, H NMR (500MHz ,CD:Cl, 298 K): 6 8.10(2H, d, J =
\—\/,_ , a’ 2.8 HZ, H5,5'), 7.59(2H, d, J=2.2 HZ, H7, 7'), 7.20(2H,

br. d, J = 7.9 Hz, Hs, 4), 6.87-6.85(2H, m, Hp, v’),
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6.87(1H, td, J = 7.6, 1.9 Hz, H3.3), 6.67(2H, td, J = 7.4, 0.9 Hz, H,.2), 6.63(2H, t, J = 2.6
Hz, Hs. ¢), 6.44(2H, dd, J = 7.8, 2.1 Hz, Ha ), 6.34(2H, dd, J = 5.1, 2.5 Hz, Hec),
6.32(2H, dd, J = 5.0, 2.6 Hz, Haa), 6.14(2H, dd, J = 1.0, 7.6 Hz, Hi.1), 3.57(2H, d, J =
8.3 Hz, Hchz), 3.36(6H, s, Hme), 3.18(2H, d, J = 8.3 Hz, Hchz). *C NMR (126MHz,
CD2Cl, 298 K): & 161.5(C., ), 143.4(Co, o), 139.9(C7, 7), 139.1(Cq, o), 137.0(Ch, v’),
135.6(Cs. ), 134.8(C1.1'), 126.4(Cs.5), 126.2(C2.2), 121.8(Cs3.3), 114.9(Ce. ), 111.6(C4. 4),
108.0(Cq, ¢), 107.7(Ceg), 54.8(Ccrz), 42.9(Cnme). HRMS (FAB): m/z 721.2371
[721.2379 calculated for CsaH32'%1rNs].

Synthesis of p-3.31

Complex p-3.31 was prepared from dimer 2.15a (65 mg, 0.0632 mmol), [p-H2PYE2]l>
(40.3, 0.139 mmol), and NaOMe (8 mg, 0.139 mmol). After work up gave p-3.31 as a
yellow solid (73 mg, 63 %). *H NMR (500 MHz, CD:Cl,, 298K): § 8.08(2H, d, J = 2.8
Hz, Hss), 7.22(2H, d, J=2.0 Hz, H77), 7.20(2H, d, J=7.9 Hz, Ha4), 7.18-7.14(2H, m,
Me_l He o'n, 1), 7.08-6.71(8H, m, H33 a2’ b, b g g/h, b)),
6.67(2H dt, J = 7.5, 1.0 Hz, H2), 6.48(2H, t, J =
. N/_> Q 2.6 Hz, Heg), 6.22 (2H, dd, J = 1.1, 7.5 Hz, H1.1),
3©/ N § 3.42 (6H, s, Hnme). Two protons more likely to be
2 é' | \\\\\ o " Hc, ¢ were missing, this may be due to the rotation
2 C about C—N bond. *C NMR (126 MHz, CDCl>,
g’ N\—77' a@ b,’ 298 K): & 162.0(C., <), 150.0(Cy, ), 143.7(Css),
5 74 139.7(Canr) 139.3(CCH), 134.4(Ciap), 133.4
(Coo), 126.7(Css), 126.0(Cz2), 124.0(Cch),
122.5(Cge'mpn’), 122.3 (Cg, g'm, 1), 111.4(Cs.477,77), 107.7(Ce.6), 43.4(Cnme), the remaining
C-H carbons were not observed, this is likely due to rotation around C—N bond. HRMS

(FAB): m/z 769.000 [769.2379 calculated for CasH32 *1rNs].

Synthesis of p-3.32
Me _|+ Complex p-3.32 was prepared from dimer 2.15a (70 mg,

/—> 0.068 mmol), [p-HPYEs]I (49.01 mg 0.149 mmol), and
N 7CQ NaOMe (8.2 mg, 0.149 mmol) in MeOH (7 ml). After

\“\\m work up, After work up gave p-3.32 as pale yellow solid
2 (81 mg, 69%). See appendix Table 5 for X-Ray crystal
8 N\_7 \ data. 'H NMR (500MHz ,CD,Cl>, 298 K): & 8.19(1H, d,

J = 2.7 Hz, Hsa), 8.12(1H, d, J = 2.7 Hz, Hsg), 7.85(1H,

dt, J = 7.7, 1.6 Hz, Hy), 7.71(1H, d, J = 5.7 Hz, Hj),
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7.67(1H, d, J = 7.8 Hz, Hg), 7.50(1H, d, J = 2.2 Hz, Hza), 7.34(1H, dd, J = Hz, Haa),
7.24(1H, dd, J =7.8, 1.0 Hz, Hsg), 7.17(1H, dd, J = 7.8, 2.0 Hz, Hp), 7.09(1H, t,J =6.4
Hz, Hi), 7.03(1H, dt, J = 7.7, 1.3 Hz, Hap), 6.95-6.91(1H, m, Hsg), 6.90(1H, d, J = 2.2
Hz, Hsg), 6.78(2H, tt, J = 7.4, 1.4 Hz, Hza 28), 6.65(1H, br. d, J = 8.94, Hz, Ha), 6.64-
6.61(2H, m, Hsa, ¢), 6.59(1H, t, J = 1.0 Hz, 1 Hes), 6.46(1H, dd, J = 7.9, 2.8 Hz, Hq),
6.29(1H, dd, J = 7.5, 1.3 Hz, Hig), 6.14(1H, dd, J = 7.4, 1.2 Hz, H1a), 5.06(1H, d, J =
19.4 Hz, Hg), 4.85(1H, d, J = 19.4 Hz, Hy), 3.47(3H, s, Huwme). *C NMR (125 MHz,
CD2Clz, 298K): & 164.7(Ce), 162.4(Cr), 149.9(Cj), 143.6(Coar), 143.2(Coaos),
140.2(C7a), 140.0(Cp), 138.4(Ch), 137.8(Ca), 137.7(C7s), 134.6(Cig), 134.5(Csasss),
133.7(C1a), 133.5 (Csass), 127.2 (Csasg), 127.0(Coazg), 126.8(Csasse), 126.6(Coarzs),
124.5(Ci), 123.2(C3a), 122.4(Cg), 115.4(Cc), 112.1(Csp), 111.8(Cas), 108.3(Cea),
108.1(Ceg), 107.6(Cq), 60.3(Cchz), 43.4(Cnme). Carbon (Csg) peak was not observed my
be overlapping with others peaks. HRMS (FAB): m/z 678.1950 [678.1957 calculated for
CaoH27%IrNy].

Synthesis of 0-3.30

Complex 0-3.30 was prepared from 2.51a (80 mg,

+
. >_6 a@«; 0.078 mmol) and 0-PYE1 (41.5 mg, 0.171 mmol) and
3©8/9N\N/ 1\7/|e’N Nle ! KPFs (38.7 mg, 0.210 mmol). After work up, gave o-
2 7 I||r ‘‘‘‘ o j\H 3.30 as a brown-yellow solid (86 mg, 64%), see
2 |DNI€ appendix Table 6 for X-Ray crystal data. *H NMR
N N7 N N (500MHz, CD,Cl,, 298 K): & 8.09 (2H, d, J =1.0 Hz,
e AN H7.7), 7.89(2H, d, J = 1.0 Hz, Hss7), 7.06(2H, br t, J =

7.0 Hz, Hc, ), 6.97(2H, br d, J = 7.9 Hz, Haya),
6.89(2H, dt, J = 7.2, 1.0 Hz, H33), 6.72(2H, t, J = 2.4 Hz, He), 6.65(2H, br d, J = 5.6
Hz, H., ), 6.61(2H, dt, J = 6.9, 0.5 Hz, Ha, »), 6.50(2H, br d, J = 8.7 Hz, Hq, ¢), 6.20-
6.14(4H, m, Hi1, "), 3.85(2H, brd, J = 7.4 Hz, Hch), 3.27 (6H, s, Hnwme), 3.21(1H, br d,
J = 8.7 Hz, Hcrz). 3C NMR(125 MHz, CD.Cl, 298 K): § 143.41(Cquat), 140.1(Cs.5),
139.66(C77), 136.3(C ., ¢),126.0(C22), 125.2(C o o), 122.4(Cs3), 110.4 (Cas),
109.5(C1,11),108.8(Cs, v°),108.0(Cq, ¢) 107.9(Csy¢), 54.3(Cchz), 44.27(Cnme). One C-H
carbon and two quaternary carbon peaks were not observed. This my be overlapping with
others peaks. HRMS (FAB): m/z 721.2400 [721.2379 calculated for Ca2H3'*IrNs].

Synthesis of 0-3.31
Complex 0-3.31 was prepared from 2.15a (70 mg, 0.068 mmol) and o-PYE:2 (43.4 mg,
0.149 mmol) and KPFg (27.6 mg, 0.149 mmol). After work up, gave 0-3.31 as a dark red
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b _|+ solid (68 mg, 65%), see appendix Table 6 for X-

4 o\ DY N Il Ray crystal data. *H NMR (500MHz, CD,Cl,, 298
3@ T Me 1€ g . K):87.83(2H, d, J =26 Hz, Hss), 7.79(2H, d, J =
2 I'/z . ‘\\\\\‘\\\\\\ f
X '||r"\Njf!:>h, 1.8 Hz, H77), 7.04-6.99(2H, m, Hc."), 6.94(2H, br

g!
% _NMe_ e d, J = 7.7 Hz, Hay), 6.90-6.85(4H, m, Ha, o' 353),

1 N~ X7 N d’

o AN 6.74-6.69(4H, m, Hg. ¢ n.1), 6.63(2H, d, J = 9.1 Hz,

Ha,a7), 6.6-6.56(4H, m, H2 2 6.67), 6.41(2H, 1, J=6.3
Hz,, Hv.v), 6.18(2H, d, J = 7.4 Hz, H11), 3.40(6H, S, Hnwme). *C NMR (126MHz, CD,Cl,
298 K): & 166.2 (Cee’), 149.9(Ct r), 143.4(Cog’), 138.8(s5), 138.6(Cc, ), 136.5(C1.1),
130.0(Css'), 126.6(Caa73.57), 126.2(C2.27667), 125.8(C7.7"), 122.7(Caa33), 122.2(Cy. g'm. 1),
121.6(Cq, ¢), 120.8(Cg, o', 1), 113.0(Co, 1), 110.7(Cs4’), 108.2(C22' 66), 44.1(Cnwme).
HRMS (ASAP): m/z 769.2386 [769.2379 calculated for Cs2Hz2%1rNsg].

Synthesis of 0-3.32

_|+ Using the general procedure for cationic complexes,

complex 0-3.32 was prepared from 2.15a (70 mg,

‘ >7

N "Ny N 0.068 mmol) and 0-PYEs (31.2 mg, 0.157mmol) and
9 H

2 Y, | ‘\“\\\\\“N N KPFs (31.1 mg, 0.163 mmol) and after work, gave o-

2I|r\N L . 3.32 as a yellow solid (69 mg, 62%), see appendix
3 NN e Table 6 for X-Ray crystal data. 'H NMR (500 MHz,
v \= oy CD:Cl, 298 K):  8.23(1H, dd, J = 2.9, 0.5 Hz, Hsa),
7.90(1H, d, J = 2.9 Hz, Hsg), 7.87(1H, dt, J= 7.7, 1.6
Hz, Hn), 7.78(1H, dd, J = 2.3, 0.5 Hz, H7a), 7.67(1H, d, J = 7.4 Hz, Hy), 7.63(1H, dd, J =
5.6, 0.7 Hz, Hj), 7.35(1H, dd, J = 7.9, 1.1 Hz, Hag), 7.23(1H, dd, J = 2.3, 0.5 Hz, H7s),
7.21-7.18(1H, m, Ho), 7.10(1H, t, J = 6.6 Hz, Hj), 7.01(1H, dd, J = 7.6, 1.0 Hz, Hsg),
6.97(1H, dd, J = 8.2, 1.2 Hz, Han), 6.90 (1H, dt, J=1.3, 7.6 Hz, Haa), 6.77(1H, dd, J =
1.7, 6.6 Hz, Ha), 6.72-6.69(3H, M, Haa 6a 28), 6.60(1H, t, J = 2.5 Hz, Heg), 6.56(1H, d, J
= 9.0 Hz, Hg), 6.36(1H, dd, J = 7.5, 1.0 Hz, Hia), 6.23(1H, dt, J = 6.7, 1.2 Hz, Hp),
6.10(1H, dd, J = 7.6, 1.0 Hz, H1g), 5.17(1H, d, J =17.1 Hz, HcH), 4.70 (1H, d, J =17.2
Hz, Hen), 3.32 (3H, s, Hame).°C NMR (126MHz, CD2Cla, 298 K):5 166.7(Cs), 165.5(Ci),
149.2(C), 143.5(Css), 143.3(Cos), 140.5(Ca), 140.1(Crs), 139.3(C7a), 139.0(Co),
138.8(Cm), 135.5(C1a), 134.1(C1B), 132.2(Cop), 128.88(Csna), 127.5(Csp), 126.8(Csn),
126.7(Conoazs), 126.0(C1), 124.7(Cag), 123.3(Can), 123.0(C)), 1225 (Caaeacs),
115.6(Cq), 112.0 (Csg), 110.8(Csn), 109.8(Cp), 108.5(C2asear2B), 108.4(Ceg), 59.6(Cs),
44.0(Cnme). HRMS (ASAP): m/z: 678.1976 [678.1957 calculated for CaoH27*%IrN7].
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5.4 Data for compounds in chapter four

9-(3-Bromophenyl)-9H-carbazole

10’ The compound was synthesized using a procedure similar to
that employed in literature.®* A mixture of 1-Bromo-3-
iodobenzene (1000 mg, 3.53 mmol), carbazoles (393.5 mg,
2.36 mmol), Cu0O (67.5 mg, 0.471 mmol), and Cs.COs
2 (1536 mg, 4.71 mmol) in dry MeCN (13 ml) was allowed to

react under nitrogen atmosphere at 110° C for overnight.

After this time the solvent was removed in vacuo leaving
behind a solid which was dissolved in DCM (40 ml) and passed through celite. The filtrate
was added to brine (10 ml) and extracted three times with dichloromethane (3x10 ml),
and dried over MgSQas. The solvent was removed by rotary evaporation and the desired
product was Purification by flash chromatography on a silica gel, (petroleum ether,
100%): a colourless oil, 701 mg, 92%. *H NMR (500 MHz, CDCls 298 K): § 8.18 (2H,
d, J = 7.75 Hz, Hearbazole), 7.79(1H, t, J =1.79 Hz, He), 7.64(1H, dd, J = 1.39, 7.75, Hz, Hs
), 7.58-7.55(1H, m, Hs), 7.52(1H, d, J = 7.9 Hz,H> ), 7.47-7.44(4H, m, Hcarbazole), 7.34
(2H, ddd, J = 7.7, 6.0, 1.9 Hz, Hcarbazole). °C NMR (126 MHz, 500 MHz, CDCls, 298.0
K):8 140.6(2Cquat), 139.2(2Cquat), 131.1(Ccn), 130.5(Cch), 130.2(Cch), 126.2(2Cch),
125.8(CcH), 125.7(2Ccn), 123.6(Cquat), 123.2(Cquat), 120.4(Cch), 120.3(Cch),
109.6(2CcH). HRMS (ASAP): [M+H]® m/z 322.0231[322.0231 calculated for
Ci1sH13BrN].The data are consistent with the literature.!

Ligand Hppzb:

Py The compound Hppz, was synthesized using a procedure
similar to that employed in literature.'! 9-(3-Bromophenyl)-
9H-carbazole (662mg, 2.06 mmol), (Hppz) (210 mg, 3.08
mmol), Cu.0O (59 mg, 0.41 mmol, 20%), and Cs2CO3
(1676mg, 5.14 mmol) in dry MeCN (12 ml) was allowed to
react under nitrogen atmosphere at 110° C for overnight.
After this time the solvent was removed in vacuo leaving
behind a solid which was dissolved in DCM (30 ml) and
passed through celite. The filtrate was added to brine (20 ml) and extracted three times

with dichloromethane (3x20 ml), and dried over MgSOs, The solvent was removed by
rotary evaporation, the product was isolated by short column chromatography on a silica

gel , eluting with 20% ethyl acetate in petroleum ether, to give the desired product as
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colourless oil, 420mg, 66%. *H NMR (500 MHz, CDCls, 298.0 K): & 8.08(2H, br.d, J =
7.7 Hz, Hearbazole), 7.88(1H, br. d, J = 9.5 Hz, Hs, o), 7.74(1H, br.d, J = 7.9 Hz, Hs),
7.67(1H, s, H1), 7.61(1H, t, J = 7.95Hz, Hs), 7.43-7.33(5H, m, H7, acarbazole), 7.23(2H, br.
t, J = 7.03 Hz, Hcarbazole), 6.42(1H, br. s, Hz). *C NMR (126 MHz, CDCls, 298.0 K): &
141.6(Cquat), 141.5(Cch), 140.7(2Cquat), 139.0 (Cgquat), 130.9(Cph), 126.8(Cecarbazole),
126.1(Ccarbazote), 124.8(Cch), 123.5(2Cquat), 120.4 (2Ccarbazole), 120.2(2Ccarbazole),
117.9(Cs), 117.8(Cph), 109.8(2Ccarbazole), 108.1(C2). HRMS (ASAP): [M+H]*, m/z
310.1347[310.1344 calculated for C21H16N3].

General Procedure for the Suzuki Reaction of 2-bromopyridine with Arylboronic
Acids:

The ligands (L1 and L) were synthesized using a procedure similar to that employed in
literature'? A mixture of 2-bromopyridine (1 mmol equiv.), arylboronic acids (1.5 mmol
equiv), Pd(OAc)2 (10% mmol), potassium phosphate tribasic monohydrate (3 mmol
equiv), respectively, the mixture was dissolved in isopropanol/water (1:1) (10-15 ml).
The reaction mixture was allowed to stirred at 80 °C in air for 3-8h. After this time, the
reaction mixture was cooled to room temperature and the solvent was removed by rotary
evaporation. The remaining solid was dissolved in dichloromethane and washed with
water (2x20 ml) and brine (2x20 ml), the organic layer was collected, and dried over
MgSOQs. The product was isolated by short chromatography on a silica gel, eluting with
20% ethyl acetate in petroleum ether to give the desired product

Ligand Hppys:

A mixture of 2-bromopyridine (500 mg, 3.16 mmol,), 4-
Biphenylboronic acid, (4.74 mmol), Pd(OAc). (71 mg, 0.316 mmol-
10%), potassium phosphate tribasic monohydrate (2180mg, 9.49-
mmol), and after work up gave Hppys as white solid, 547 mg, 73%. 'H
NMR (500 MHz, CDCl3, 298.0 K):4 8.70(1H, d, J = 4.57 Hz, H1), 8.08-
8.05(2H, m , Hz, Hy 11), 7.76-7.73(2H, m, H34), 7.72-7.69(2H, m, Hg,
10), 7.66-7.64(2H, m, His, 13), 7.47-7.43(2H, m, H1s, 14), 7.36(1H, br. t,
J = 7.3 Hz, Hais), 7.24-7.20(1H, m, Hy). **C NMR(126 MHz, CDClj,
298.0 K): & 157.1(Cqua), 149.7(C1), 141.7(Cquat), 140.6(Cquat),
138.3(Cquat), 136.8(Cch), 128.9(Cch), 128.2(Cch), 127.7(Ccn), 127.6(Cch), 127.5(Cch),
127.3(CcH), 127.1(Cch), 126.8(Cch), 126.7(Cch), 122.2(Ccn), 120.5(CcH). HRMS
(ASAP): [M+H]* m/z 232.1128 [232.1126 calculated for Ci7H14N]. The data are

consistent with the literature.?
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Ligand Hppyec:

A mixture of 2-bromopyridine (700 mg, 4.43 mmol,), 3-
Biphenylboronic acid, (1316 mg, 6.64 mmol), Pd(OAc)2 (99
mg, 0.44 mmol-10%), base (3050 mg, 13.3 mmol), and after
work up gave Hppyc as as colourless oil, 621 mg, 61%. 'H
NMR (500 MHz, CDCl3,298.0 K): 6 8.63(1H, d, J = 4.6 Hz,
Hi), 8.15(1H, t, J = 1.6 Hz, H7), 7.88(1H, d, J = 7.7 Hz, Hp),
7.70-7.67(2H, m, Hz4), 7.61-7.58(2H, m, Hi3,13), 7.56 (1H,
d,J=7.7 Hz,Hpn), 7.46(1H, t, J = 7.6 Hz, Hpn), 7.39-7.36 (2H,
m, His14), 7.28(1H, t, J = 7.35 Hz, His), 7.17-7.15(1H, m, H,).3C NMR (126 MHz,
CDCl3, 298.0 K): & 'C NMR 157.4(Cquat), 149.8(C1), 141.8(Cquat), 141.1(Cqua),
140.0(Cquat), 136.8(CcH), 129.2(Cch), 128.8(CcH), 127.8(Cch), 127.4(CcH), 127.3(Cch),
127.2(Cch), 125.9(Cch), 125.9(Cch), 122.3(Cch), 120.7(Cch), 114.5(Cch). HRMS
(ASAP): [M+H]" m/z 232.1125 [232.1126 calculated for Ci7H14N]. The data are
consistent with the literature.*2

General Procedure for the Synthesis of [Pt(CAN)CI]2 Dimers

All Pt(11) complexes were synthesized according to the similar procedure.*® This involves
heating the K>PtCls salt with 1:1 equiv. of substituted cyclometalating HC”N ligand in a
3:1 mixture of 2-ethoxyethanol and water to 80 °C under N for 16-24 h. Water (10-30
ml) was added to the reaction mixture, and the resulting precipitate was isolated by
filtration, washed with water diethyl ether, methanol and chloroform and dried in vacuum
to give the desired dimers.

Synthesis of [Pt2(ppy)2Cl2]. 4.13a

9 N This was prepared from K>PtCls (200 mg, 0.482 mmol) and
j ; a. and 2-phenylpyridine (Hppy) (74.79 mg, 69 ul ,0.482
g /Pt\ mmol). After work up gave 4.13a [Pt(ppy)(u-Cl)]2 as yellow
il SN crystals, 105 mg, 57%. 'H NMR (500 MHz, DMSO, 298.0
NS , K):  9.49(1H, d, J = 5.76 Hz, H1), 8.22(1H, d, J =7.55 Hz,

H:o), 8.17-8.13(2@, m, Hs4), 7.79(1H, dd, J = 1.3, 7.5 Hz, H7), 7.52(1H, td, J = 1.89, 6.31
Hz, Hz), 7.11-7.21 (2H, m, Hsg). *C NMR (126 MHz, DMSO, 298 K): § 165.0(Cquar),
149.2(C1), 144.(Cquar), 141.5(Cau), 140.1(Cquar), 133.4(C10), 130.0(Csro), 124.8(Csro),
124.2(C7), 122.7(C2), 119.4(C3u). The data are consistent with the literature.!* The ES
mass spectrum shows an ion at m/z 734 assigned to [Pt(ppy)2CI](MeCN)]" confirming the
ease of splitting the dimer in the presence of a coordinating solvent i.e. MeCN.
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Synthesis of [Pt2(Ph-ppy)2Cl2] 4.13b

— This was prepared from KzPtCls (150 mg, 0.361
mmol) and and L1 (83.47 mg, 0.361 mmol). After
work up gave 4.15b [Pt(ph-ppy)(u-Cl)]2. yellow solid
112 mg, 67%. *H NMR (500 MHz, DMSO, 298K) &:
9.49(1H, d, J = 5.3 Hz, H1) 8.64(1H, d, J = 1.6 Hz,
Hio), 8.19(1H, br. d, J = 7.5 Hz, Hy), 8.15(1H, br. dd,
J = 8.2. 1.1 Hz, Ha), 7.86(1H, d, J = 8.0 Hz, Hy),

2 7.68(2H, br d, J = 7.3 Hz, Hi3, 13), 7.54-7.52(1H, m,

Hy), 7.51-7.46(3H, m, Hs.14.14), 7.37(1H, br. t, J = 7.32 Hz, His). *C NMR (126 MHz,

DMSO, 298 K): 6 164.6(Cquat), 149.3(C1), 143.7(Cquat), 141.5(Cau), 141.3(Cquat),

140.5(Cquat), 140.2(Cquat), 131.7(C10), 128.9(2C14, 14), 128.7(Cs), 127.6(C1s), 126.7

(2C131137), 124.7(C7), 123.1(C>), 119.6(Ca3). The ES mass spectra show ions at m/z 926

due to [Pt2(C"N)2MeCNCI]*

Synthesis of [Pt2(Ph-ppy)2Cl2] 4.13c

4,
1y,
1y,
4

— - This was prepared from K2PtCls (170 mg,
0.409 mmol) and and L2 (74.79 mg, 0.409
mmol). After work up gave 4.15c [Pt(Ph-
ppy)(u-CD]2 as yellow solid, 113 mg, 61%.
Cl- “m, H NMR (500 MHz, DMSO, 298K): §
9.52(1H, dd, J=6.4, 1.4 Hz, H1), 8.41(1H, d,
J =8.0 Hz, Hs), 8.31(1H, d, J = 8.2 Hz, H1o),
8.13(1H, t, J = 7.3 Hz, Hs), 8.09(1H, s, Hz,
H7), 7.79(2H, br. d, J = 7.76 Hz, Hi3,13), 7.55(1H, t. J = 6.3 Hz, H2), 7.50-7.46(3H, m,
Ho,14,14), 7.37(1H, br. t, J = 7.32 Hz, His). *C NMR (126 MHz, DMSO, 298 K): §
164.9(Cquat), 149.3(C1), 145.2(Cquat), 141.6(Cs3), 139.7(Cquat), 139.6 (Cquat), 136.8 (Cquat),
134.0(Cu10), 128.8 (Co,14,14), 128.1(Co,14,14), 127.2 (Ci313), 126.8 (Cis), 126.3 (Ci3n13),
123.1(Co,14,14), 123.0(C2), 122.3(C7), 120.0(Cs4). (ES), m/z 885 due to
[Pt2(C~N).Cl+MeCN]*

Synthesis of [Ptz(ppz)2Cl2] 4.15a

This was prepared from K2PtCls (150 mg, 0.361 mmol) and and 1-phenyl-1H-pyrazole
(Hppz) (52.11 mg, 48 ul, 0.361 mmol). and after work up gave 4.15a [Pt(ppz)(u-Cl)]2. as
a grey solid 61 mg, 50.2%. H NMR (500 MHz, DMSO, 298K): & 8.87(1H, d, J = 2.78
Hz, Hs), 8.16(1H, d, J = 1.9 Hz, Hy), 8.13(1H, d, J = 7.2 Hz, Hg), 7.65(1H, d, J = 7.4 Hz,
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-, 7 Hs), 7.21(1H, t, J = 7.2 Hz, He), 7.02(1H, t, J = 7.1 Hz,
6 8 H7), 6.82(1H, t, J = 2.5 Hz, Hy). 3C NMR (126 MHz,
5 Vs, DMSO, 298 K): § 142.8(Ce), 140.3(Cs), 134.0(Cs),

4N\ / " | 1288(Cy), 126.0(C7), 125.2(Cs), 124.6(Cs), 112.0(Cs),
3@'“ 107.7(C2). HRMS (ASAP): m/z 711[M-CI]*. The data are
| 2 1 J2 consistent with the literature.®

Synthesis of [Ptz(carbazoles-ppz)2Cl2] 4.15b

This was prepared from KzPtCls (200 mg,
0.482 mmol) and and L3 (149.1 mg, 0.482
mmol). and after work up gave 4.15b
[Pt(carbazoles-ppz)(u-Cl)]> as a grey solid
124 mg. *H NMR (500 MHz, DMSO, 298.0
K): 6 8.97(1H, d, J = 2.5 Hz, H3), 8.42(1H, d,
J = 8.2 Hz, Hs), 8.25(2H, br. d, J = 8.0 Hz,
2 Hcamazole), 8.22(1H, d, J = 2.06 Hz, Hi),
8.03(1H, d, J = 2.1 Hz, Hs), 7.47-7.40(4H, m, Hcarbazole), 7.31-7.27(3H, m, H7, 2carbazole),
6.83(1H t, J = 2.52 Hz, Hz). *C NMR (126 MHz, DMSO, 298.0 K): & 144.2(Cquat),
140.8(Cch), 140.2(2Cquat), 135.3(Cch), 134.2(Cquat), 129.7(Cch), 126.3(2Cch),
124.3(Cquat), 124(Cch), 122.6(2Cquat), 120.4(C2ch), 120.0(2Cch), 111.0(Ccw),
109.8(2Cch), 108.1(C). The (ES), 1083 assigned to [Pt2(C*N)2(MeCN)CI]*

’ 2,
1,
1y,

General Procedure for the Synthesis of [(CAN)Pt(NAN)]PFs Complexes:

It was synthesized by modifying the methodology as reported recently.® In an evacuated
shlenck tube, Ethylenediamine (3-3.5 mmol equiv.) was added at room temperature to a
stirred solution of appropriate Pt(11) dimers [Pt(CAN)CI]2 (one mmol equiv), Potassium
hexafluorophosphate (2.2-3 mmol equiv) in dry methanol (5-7ml). The mixture was
placed under a N2 atmosphere and the mixture was stirred for 15 mins to overnight at
room temperature. After this time, the solvent removed under reduced pressure, leaving
behind a solid. This crude solid was washed with water, diethyl ether and chloroform
(3x10 ml) respectively and dried in high vacuum to give the desired complexes.
Synthesis of 4.16a

This was prepared from the solution of 4.13a (70 mg, 0.129 mmol), Ethylenediamine
(26ud, 0.389 mmol) and KPFs (53 mg, 0.285 mmol) and after work up gave 4.16a as a
yellow solid 55 mg, 76%. *H NMR (500 MHz, DMSO, 298.0 K): & 8.58(1H, d, J =5.5

Hz, H1), 8.10(1H, br. t, J =7.32 Hz, Hs), 8.02-8.06(1H, d, J = 7.8Hz, Ha), 7.70(1H, br. d,
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- 9 o, J=3.6Hz Hy), 7.37(1H, 1, J = 5.8 Hz, Hy), 7.27-7.25(1H,
| N Hy m, Huo), 7.13-7.10(2H, m, Hs, o), 6.04(2H, br. s., Hyw),
4 6/ ﬂpt 5.23(1H, br. s., Hnma), 2.67(4H, br. s., Hcr-cha). °C
. 5\N/ \N NMR (126 MHz, DMSO, 298.0 K): & 166.4(Cqua),
3|\)1 H, 151.0(C1), 145.0(Cquat),  144.1(Cqua),  139.9(Cs),
L 2 o 1336(Ciw), 129.5(Css), 124.0(C7),  123.6(Cen),

123.2(C2), 119.4(Ca), 47.8(Ccha), 43.5(Ccrz). HRMS (ESI): m/z 409.0992[409.0992

calculated for C13H16N3!®°Pt]. The data are consistent with the literature.
Synthesis of 4.16b

— —]+ This was prepared from the 4.13b (60 mg 0.065
mmol), Ethylenediamine (10ul 0.143mmol) and KPFe
(29 mg, 0.156 mmol)and after work up gave 4.16b as
a yellow solid 49 mg, 60%. *H NMR (500 MHz,
DMSO, 298.0 K): & 8.62(1H, d, J =5.3 Hz, Hi),
8.12(1H, d, J = 7.3 Hz, Ha), 8.09(1H, br. d, J = 7.32
Hz, Hs), 7.79(1H, br.d, J = 8 Hz, Hy), 7.75(2H, br. d,
J=7.3Hz, Hiz 13), 7.57(1H, br. s, Hio), 7.49(2H, t, J
=7.3Hz, Hi4,147), 7.42(1H, br. t, J = 7.1 Hz, Hs), 7.40-
7.36(2H, m, Hy, 15), 6.16(2H, br. s., Hnh2), 5.30(2H, br. s., Hnw2), 2.71(4H, br. s., H cHe-
cHz). *C NMR (126 MHz, DMSO, 298.0 K): 8 166.1(Cquat), 151.0(C1), 144.5(cquat),
144.3(Cquat), 141.0(Cquat), 140.3(Cquat), 139.9(Cs), 131.9(Ci0), 128.8 (2Cuis, 14),
127.6(Cass), 126.7(2C13, 137), 124.3(C7), 123.2(Csg), 122.1(C15), 119.5(Cz3), 47.7 (Cch),
43.6(CcHz). HRMS (ESI): m/z 485.1303[485.1305 calculated for C19H20N3°Pt].

Synthesis of 4.16¢

+ This was prepared from the 4.13c (60 mg
0.065 mmol), Ethylenediamine (10,
0.143mmol) and KPFs (29 mg, 0.156 mmol)
and after work up gave 4.16¢ as yellowish
solid 60 mg, 73 %. *H NMR (500 MHz,
DMSO, 298.0 K): 8 8.63(1H, d, J = 5.26 Hz,
H1), 8.29(1H, d, J = 8.0 Hz, H4), 8.15(1H, t,
J=7.2 Hz, Hs), 8.04(1H, d, J = 1.6 Hz, Hy),

7.78(2H, br.d, J=7.3 Hz, Hi3,13), 7.49-7.46(3H, m, Hi4,14,9), 7.41(1H, t, J = 6.1 Hz, H>),
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7.38-7.34(2H, m, Hio15), 6.11(2Hbr. s., Hnh2), 5.30(2H, br. s., HnwH2), 2.70(4H, br. s., H
chz-cHz) 'H NMR 13C NMR (126 MHz, DMSO, 298.0 K): 6 166.3(Cquat), 151.0(C1), 145.9
(Cquat), 143.5(Cquat), 140.2(Cquat), 139.9(C3), 135.5(Cquat), 134.2(C1os15), 128.8 (2Ci4,1479),
127.7(Cianap), 127.0(Cions), 126.2(2Ci3,13), 123.4(C2), 122.0(C;), 119.8(Cs), 47.9
(Cchz), 43.5(Cchz). HRMS (ESI): m/z 485.1305 [485.1305 calculated for C1oH20N3%Pt].

Synthesis of 4.17a

- 7 N This was prepared from the 4.15a (80 mg 0,11 mmol),
6 ° H, |PFe  Ethylenediamine (10ul, 0.22 mmol) and KPFg (47.3
5 M gptN mg, 0.26 mmol) and after work up gave 4.17a as a
s N\N/ \N yellow- white solid 70 mg, 60%. *H NMR (500 MHz,
2L//1 H, DMSO, 298.0 K): & 8.75(1H, d, J = 2.5 Hz, Ha),

s 8.00(1H, d, J = 1.8 Hz, Hy), 7.56(1H, d, J = 7.3 Hz,

Hs), 7.30(1H, d, J = 6.4 Hz, Hg), 7.14(1H, t, J = 7.1 Hz, He), 7.01(1H, t, J = 6.9 Hz, Hy),
6.76(1H, t, J = 2.5 Hz, H), 6.14(2H, br. s., Hnhz), 5.30(2H, br. s., Hnwe), 2.66(4H, br. s.,
H chz-crz). *H NMR 3C NMR (126 MHz, DMSO, 298.0 K): § 144.0(Cquat), 141.4(C1),
134.6(Cs), 129.0(Cqua), 128.0(Cs), 125.4(C7), 124.0(Cs), 111.4(Cs), 107.8(Ca),
47.5(CcH2), 44.1(CcH2). HRMS (ESI): m/z 389.0945 [389.0944 calculated for
C11H15N4Pt]. The data are consistent with the literature.’

Synthesis of 4.17b
_ 13 _ This was prepared from the 4.15b (60 mg
14/
7 Nz * 056 mmol), Ethylenediamine (12ul,
15’ ,
Neo 0.167 mmol) and KPFs (31 mg, 0.167
15 4
14 \ﬁN 6 8 H, mmol) and after work up gave 4.17b as a
: o 1
13l I s . 9 N gray solid 25 mg, 45%. *H NMR (400
12 Pt MHz, CD3CN, 298.0 K): & 8.18-8.16(2H,
3 N\ / \
\ N N m, H3y 8), 815'814(1H, m, Hcarbazole),
2 /1 Hy o

7.80(1H, d, J =2.3 Hz, H1), 7.56(1H, d, J
= 1.9 Hz, Hs), 7.44-7.37(5H, M, Hearbazole), 7.27(2H, ddd, J = 7.8, 5.5, 2.4 Hz, H7, carbazole),
7.20(1H, dd, J = 7.8, 2.0 Hz, Hcarbazole), 6.60(1H, t, J = 2.6 Hz, H2), 5.03(2H, br. s., Hno),
4.29(2H, br. s., Hnhz), 2.85(4H, br. s., Hera-chz). *C NMR (126 MHz, DMSO, 298.0 K):
8 145.1(Cquat), 141.6(C1), 140.6 (2Cquat), 134.7(Cs), 133.7(Cquat), 127.8(C3), 126.7(Cquar),
126.0(2Ccarbazote), 124.0 (C7), 122.7(2Cquat), 120.0(2Ccarbazole), 119.7(2Ccarbazole), 110.4
(Ce), 109.7 (2Ccarbazote), 107.7(Cz2), 47.3(Cctz), 44.0(Cchz). HRMS (ESI): m/z 563.1534
[563.1523 calculated for C2sH22Ns!°Pt].
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General Procedure for the Synthesis of [(CAN)Pt(O”O)] Complexes:

The appropriate dimers Pt(CAN)CI]> (one equiv.), dipivaloylmethane (Hdpm) (2.5-3
equiv.) and sodium carbonate (3-4 equiv.) in dry methanol 5-7 ml. the mixture was
allowed to react under nitrogen atmosphere for 3—24 hrs at room temperature. After this
time the solvent was removed under reduced pressure, and the residue was dissolved in
DCM (15-30 ml) and passed through celite. The filtrate was evaporated leaving behind a

solid which was isolated and the compounds could be recrystallised from DCM/MeOH
Synthesis of 4.18a

This was prepared from the 4.13a (60 mg, 0.078
mmol), (Hdpm) (50 xl, 0.234 mmol) and Na;COs
(99 mg, 0.94 mmol) and after work up gave 4.18a
as yellow solid, 55 mg, 66%. *H NMR (500 MHz,
CDCls, 298.0 K): 6 9.01(1H, d, J = 5.2 Hz, H1),
7.80(1H,td, J=7.7, 1.4 Hz, H3), 7.66(1H, br d, J
= 7.6 Hz, Hio), 7.62(1H, br d, J = 7.9 Hz, H3), 7.44(1H, brd, J = 7.4 Hz, H7), 7.21(1H, br
t, J = 6.9 Hz, Ho), 7.10(2H, m, H23), 5.81(1H, s, Hch), 1.28 (9H, s, Hieu), 1.27 (9H, s,
Hisu). (126 MHz, DMSO, 298.0 K): 6 168.6(Cquat), 152.5(Cquat), 147.1(C1), 140.1(Cquat),
138.0(Cs), 131.0(C10), 129.3(Co), 123.4(Cys), 123.0(C7), 121.2(Cazs), 118.3(Ca),
93.2(CcH), 51.0(Cquat), 28.7(Cigu), 28.4(Cisu). One quaternary carbon was not observed.
HRMS (ASAP): [M+H]*, m/z 533.1776 [533.1768 calculated for C22H2sNO2%Pt]. The

data are consistent with the literature.'®

Synthesis of 4.18b
15 This was prepared from the 4.13b (70 mg 0.076
147 X14
| mmol), Hdpm (52 xl, 0.23 mmol) and Na,COs (73
13\/1@
12 mg, 0.68 mmol) and after work up gave 4.18b as
9
8|/\10 By  Yellowish solid solid 60 mg, 73 %. *H NMR (500
7\6/2,,1%“1 O— MHz, CDCls, 298.0 K): 6 9.02(1H, d, J = 5.7 Hz,
5l Pt\ / Hi1), 7.89(1H, d, J = 1.2 Hz, Hy), 7.81(1H, td, J =
A
4| N o 7.5, 1.5 Hz, H3), 7.73(2H, br. d, J = 7.5 Hz, Hi3,13),
z 7.65(1H, d, J = 7.9 Hz, H4), 7.52(1H, d, J = 8.0 Hz,

Hy), 7.46(2H, br. t, J = 7.6 Hz, His.14), 7.39-7.33(2H,
m, Heis), 7.13(1H, t, J = 6.2 Hz, Hy), 5.84(1H, s, Hch), 1.31(9H, s, Hisy), 1.30(9H, s,
Higu). 3C NMR (126 MHz, CDCls, 298.0 K): & 146.2(C1), 142.9 (Cquat), 140.7(Cquar),
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140.5(Cquat), 139.3(Cquat), 137.0(Cs), 128.2(Cio), 127.6(2Ci414), 126.2(2C13.13),
126.1(C7), 122.3(Cgus), 121.4(Csns), 120.1(Cz), 117.4(Ca), 92.3(Cch), 40.5(Cquar),
40.1(Cquat), 27.6(Ctgu), 27.4(Ctgu). One quart. carbon was not observed. HRMS (ASAP):
[M+H]*, m/z 609.2084 [609.2081 calculated for C2sHz2NO2'*Pt].

Synthesis of 4.18c

This was prepared from the 4.13c (52 mag,
0.056 mmol), Hdpm (36 wul, 0.17 mmol),
Na,COs (72 mg, 0.68 mmol) and after work
up, the crude was Purifcation by flash
chromatography on asilica gel (DCM 100%):
to gave 4.18c as yellowish solid 44 mg, 64%.
!H NMR (500 MHz, CDCls, 298.0 K): &
8.97(1H, br. d, J = 5.20 Hz, Hy), 7.74-
7.78(1H, m, Hs), 7.67(1H, br. d, J = 7.9, Hz, H7), 7.64(1H, br. d, J = 7.9, Hz, Ha), 7.55-
7.60(3H, m, Hiznz,9), 4.41(1H, dd, J = 7.9, 1.7 Hz, Ho), 7.39-7.39 (2H, m, His14),
7.26(1H, t, J = 7.3, Hz, His), 7.09-7.05 (1H, m, Hy), 5.76(1H, s, Hchr), 1.23(1H, s, Hisu),
1.21(9H, s, Higu). °C NMR (126 MHz, CDCls, 298.0 K): § 195.1(Cquat), 193.8(Cquat),
168.4(Cquat), 147.2(C1), 145.2(Cquat), 141.9(Cquat), 139.4(Cquat), 138.0(Cs), 136.5(Cquat),
131.4(C7), 128.7(2C14,14), 128.3(C10), 126.7(2C1313), 126.6(C1s), 121.4(Cy), 121.0(C>),
118.4(Cs), 93.3(CcH) 41.5(Ccu), 29.7(Cc-gu), 28.7(Cgu), 28.4(Ciu). The high
resolution mass spectrum (ASAP) show [M+H]*m/z 609.2091 [609.609.81 calculated for
CasH32NO2'*°Pt].

Synthesis of 4.19a

This was prepared from the 4.15a (60 mg, 0.080

mmol), Hdpm (54 ul, 0.24 mmol), Na2COs (77 mg,

Q \\O._ 0.72 mmol) and after work up gave 4.19a as
greenish solid 52 mg, 61 %. 'H NMR (500 MHz,

CDCl3, 298.0 K): 6 7.91(1H, d, J = 2.78 Hz, Ha),

2 7.74(1H, d, J = 1.99 Hz, H1), 7.60-7.56(1H, m, Hs),
7.06-7.11(3H, m, Hsg7), 6.49(1H, t, J = 2.38 Hz,

H2), 5.81(1H, s, Hew), 1.27(9H, s, Hisu), 1.25(9H, s, Hizu). *C NMR (126 MHz, CDCls,

298.0 K): 6 144.5(Cquat), 137.2(Cy), 132.0(Csg), 125.4(C3), 125.0(Cser7), 123.7(Csyer7),
123.3(Cquat), 109.9(Csser7), 106.2(C2), 93.0(CcH), 41.5(Ccsu), 41.0(Ccau), 28.6(Cisu),
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28.2(Ciss). HRMS (ASAP): [M+H]*, m/z 522.1723[522.1720 calculated for

C20H27N20,'*°Pt]. The data are consistent with the literature.*®
Synthesis of 4.19b

This was prepared from the 4.15b (100

14 /13' 12 mg, 0.093 mmol), Hdpm (60 ul, 0.28

1S AT mmol), Na2COs (74 mg, 0.69 mmol) and

15 Nm’s 7 after work up gave 4.19b as light yellow

T . 5 BU 60 mg, 49.7%. H NMR (500 MHz,

BN 0N R CD:CN, 298.0 K): 8 8.25(1H, d, J = 2.8

s N \O / Hz, Hs ), 8.20(2H, d, J = 7.8 Hz,

\ /) Bu  Heabazole), 7.86(1H, d, J = 2.1 Hz, Hy),

7.73(1H, d, J = 7.7 Hz, Hs), 7.59(1H, d,
J=1.8 Hz, Hs), 7.45-7.43(4H, m, Hcarbazole), 7.31-7.28 (3H, m, Hz, carbazote), 6.65(1 H, t, J
= 2.5 Hz, H), 5.95(1H, s, Her), 1.28(9H, s, Hly), 1.27(9H, s, Higu). 3C NMR (126 MHz,
CDCls, 298.0 K): 5 3C NMR (126 MHz, CDCls, 298.0 K): & 145.6(Cquat), 140.7(2Cqua),
137.9(Cy), 133.1(Cquat), 132.3(Cs), 127.5(Cs), 125.8 (2Ccarbazole), 123.1(C7), 122.7(Cquat),
120.6(2Cquar), 119.9(2Ccarbazote), 119.6(2Ccarbazote), 109.7(2Ccarbazote) 109.6(Cs), 106.8(C2),
93.0(Ccn), 27.5(Ciew), 27.1(Cier). HRMS (ASAP): [M+H]*, m/z 687.2318[687.2299
calculated for Cs2HzsN3O2!%Pt].
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X-Ray crystal

The X-ray diffraction data were collected on a Bruker APEX 2000 CCD diffractometer

using graphite-monochromated Mo-Ka radiation, A = 0.71073 A.

Table 1: X-ray data for ppz complexes 2.16aHL1,2.16aHL2, 2.16aHL3, and 2.17aL2

Compound
P 2.16aHL1 2.16aHL2 2.16aHLs 2.17al>
reference
. CasH21FslrN7P Cao HagFs IrN7P (Ca2Ha2sFsIrN7P)22 Cao Haslr N7
Chemical formula (H20) (CeH1s) (CH:Cl2) (H20) (CH:CL)
Formula Mass 786.68 910.94 1792.46 763.72
Temperature/K 150(2) 150(2) 150(2) 150(2)
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic
Space group Pbca Fdd2 P2(1)/n Phca
a/A 10.379(4) 26.346(4) 19.438(3) 17.859(3)
b/A 16.873(6) 53.628(7) 16.341(3) 16.147(3)
c/A 30.938(11) 9.5813(13) 21.309(4) 21.284(3)
o/° 90 90 90 90
p/° 90 90 106.081(3) 90
v/° 90 90 90 90
U/A3 5418(3) 13537(3) 6504.0(19) 6137.8(16)
No. of fo_rmula units g 6 A 8
per unit cell, Z
Density (cglc.) 1.929 1.788 1.831 1.653
Mg/m
Abs. coeffllment/ 5.065 4.066 4310 4.558
mm
F(000) 3056 7264 3504 3008
Crystal size mm 0.18 X 0.17 X 0.08 | 0.29x0.14x0.06 | 0.16 x 0.15x 0.09 | 0.24x0.16x 0.09
Theta range® 2.36 t0 26.00 1.72 10 26.00 1.26 to 26.00 1.91 to 26.00
-12<=h<=12, -32<=h<=32, -23<=h<=23, -21<=h<=22,
Index ranges -20<=k<=20, -66<=k<=66, -17<=k<=20, -19<=k<=19,
-38<=I<=38 -11<=I<=11 -26<=1<=18 -26<=I<=25
No. of reflections 40184 26207 33347 46125
measured
No. of independent 5327 [R(int) = 6648 [R(int) = 12730 [R(int) = 6029 [R(int) =
reflections 0.1309] 0.0930] 0.0791] 0.1289]
Data / restraints / 5327/0/370 6648 / 7/ 409 12730/0/880 6029 /0 /370
parameters
Goodness-of-fit, F2 0.894 1.032 0.833 0.946
Final R indices R1 = 0.0460, R1 = 0.0537, R1 = 0.0441, R1 = 0.0461,
[1>2sigma(1)] WR2 = 0.0740 WR2 =0.1345 wR2=0.0678 | wR2 =0.0900
- R1 = 0.1025, R1 = 0.0623, R1 = 0.0760, R1 = 0.0848,
R indices (all data) WR?2 = 0.0854 WR2 = 0.1388 WR2 = 0.0748 WR2 = 0.1004
Largest diff. p?k 1.979 and -0.782 1.683 and 1.395 and 1.337 and
and hole e.A -2.254 -1.101 -1.148
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Table 2: X-ray data for ppy complexes 2.16cHL1,2.16cHL2,2.16cHL3, and 2.17cL3 .

Compound

reference

2.16¢cHL1

2.16¢cHL2

2.16¢cHLs

2.17cLs

Chemical formula

CaoH23FslrNsP

(CaaHa1FsIrNsP)2

CasH27Fslr NsP

(C3sH26IrNs)a

(HZO) (CeH12)2 (HzO)(3H) (CHCI3)2 (HZO) (CH2C|2)7
Formula Mass 808.72 1883.98 112355 3477.75
Temperature/K 150(2) 150(2) 150(2) 150(2)
Crystal system Orthorhombic Triclinic Monoclinic Monoclinic
Space group Pbca P-1 P2(1)/n P2(1)/n
a/A 10.7474(16) 11.648(5) 15.389(3) 15.196(3)
b/A 17.421(3) 16.487(7) 14.072(2) 10.3751(19)
c/A 31.295 19.704(9) 19.607(3) 21.860(4)
o/° 90 91.865(7) 90 90
/e 90 100.706(7) 94.216(3) 99.262(4)
v/° 90 93.332(7) 90 90
U/A3 5859.5(15) 3708(3) 4234.6(12) 3401.5(11)
No. of formula
units per unit cell, 8 2 4 1
Z
Density (calc.)
3 1.833 1.687 1.762 1.698
Mg/m
Abs. coefficient/
1 4.684 3.713 3.634 4.236
mm
F(000) 3152 1884 2200 1710
Crystal size mm 0'150’(&'09 ¥ | 024x016x004 | 022x012x005 | 0.18x0.14x0.10
Theta range® 2.30 to 26.00 1.66 to 26.00 1.63 to 26.00 1.52 to 26.00
-13<=h<=12, -14<=h<=14, -18<=h<=18, 18<=h<=18,
Index ranges -21<=k<=21, -20<=k<=20, -17<=k<=17, -12<=k<=12,
-38<=I<=38 -24<=I<=24 -24<=I<=24 -26<=l<=26
No. of reflections
43518 28454 32497 25993
measured
No. of
. 5755 [R(int) = 14329 [R(int) = 8309 [R(int) = 6688 [R(int) =
mdeper!dent 0.0989] 0.0779] 0.0845] 0.1505]
reflections
Data / restraints /
5755/0/397 14329/ 5/ 862 8309 /0/ 442 6688 /0 /433
parameters
Goodness-of-fit, F2 0.977 0.911 0.943 0.896
Final R indices R1=0.0414, R1=0.0553, R1=0.0417, R1=0.0589,
[1>2sigma(1)] WR2 = 0.0762 WR2 = 0.1140 WR2 = 0.0888 WR2 = 0.0953
R indices (all data) R1=0.0876, R1=0.0933, R1 =0.0570, R1=0.1170,
WR2 = 0.0864 WR2 =0.1231 WR2 = 0.0922 WR2 = 0.1085
Largest diff. peak and 0.918 and 3.711 and 1.199 and 2.056 and
hole e.A3 -0.811 -1.840 -0.675 -1.148
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Figure 1: Excitation spectra of (a) cationic ppz complexes 2.16aHL.1-3, (b) neutral
ppz complexes 2.17al.1-3, and (c) neutral ppz-CFs complexes 2.17bL1-3 in MeCN at

0.02(—) and 0.2(- - - -)mM.

197



6000000 -
coooo0 | (@) 2.16¢HL1
—2.16cHL2
- 4000000 + _2.1GCH I.3
Q
=
>
£ 3000000 -
vy
c
[
€
= 2000000
1000000
0 T T T T T ]
200 250 300 350 400 450 500
Mnm)
6000000 -
5000000 - 2.17clL1
—2.17cl2
—= 4000000 - —2.17cL3
o
-
>
£ 3000000 -
w
c
[
£
= 2000000 o
1000000 4
0 — —
200 250 300 350 400 450 500
AM(nm)
10000000 -
(c) ]
8000000 - 2.17dL2
2
S 6000000
-
2
37
c
S 4000000 -
£
2000000 o
0 — ——— .
200 250 300 350 400 450 500 550
A(nm)

Figure 2: Excitation spectra of (a) cationic ppy complexes 2.16¢cHL1-3, (b) neutral
ppy complexes 2.17cL1-3, and (c) neutral ppy-CF3 complexes 2.17dL2 in MeCN at

0.02(—) and 0.2(- - - -)mM.
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with increase pH
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Figure 3: A(i). Emission titration spectra of complex 2.16aHL1 (0.02mM) at various
pH values in MeCN/H>0O (1:9), with the addition of 0.1 M HCI(—) and NaOH(---),
respectively in air excitation at 324 nm. A(ii). A plot of emission intensity of complex
2.16aHL1 against different pH.
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Figure 4: Changes in UV-vis spectra of complexes a: 2.17alL2 and b: 2.17alLs
(0.02mM) at various pH values in MeCN/H20 (1:9), with the addition of 0.1 M HCI(—)

and 0.1 M NaOH(- - -) at RT.
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Figure 5: Changes in UV-vis spectra of complexes a: 2. 17cLz2 and b: 2. 17cLs
(0.02mM) at various pH values in MeCN/H20 (1:9), with the addition of 0.1 M HCI(—)
and 0.1 M NaOH(- - -) at RT.
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Figure 6: Changes in

UV-vis spectra of complexes a: 2.17bLz at (0.005 mM) and b: 2.17bL3 (0.02mM) at
various pH values in MeCN/H-0 (1:9) with the addition of 0.1 M HCI(—) and 0.1 M
NaOH(- - -) at RT.
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Figure 7: Selected absorbance spectra of complex 2.17dL2 (0.02mM) at various pH
values in MeCN/Hz0 (1:9), with the addition of 0.1 M HCI(—) and 0.1 M NaOH (- - -
) at RT.
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Table 3. Bond lengths [A] and angles [°] for [p-H2PYEu]l»

Bond lengths [A] Angles [°] angles [°]
NO-C@) | 13544) | cN@)-cE) | 1102 | NW-CEO-HEB) 1095
N()-C() | 1356(4) | CON@)-CE) | 1206(3) | CA-CO-HEB) |1095
N(L)-C(6) | 1468(4) | CEMN()IC) | 1202¢3) | NHCOIHEC) ) 1095
N@)-CE) | 13264) | CENE@-CT) | 1255@) | HEACOHEC) | 1095
N@-C(7) | 1455(4) | C(3)}-N@)-H(2B) | 119.3 H(6B)-C(6)-H(6C) | 1095
N@)-HE@B) | 07754 | C(-N@)-HEB) | 1150 N@)-C(-C#L | 1132(2)
C(1)-C(2) 1.360(5) | N(1)-C(1)-C(2) 122.2(3) N(2)-C(7)-H(7A) | 108.9
C-HL 09500 | N)-c-HE) | 1189 C(7#1-C(N-H(TA) | 1089
C(2)-C(3) 1421(5) | C(2)-C(1)-H(1) 118.9 N@)-C(7)-H(7B) | 1089
C(2-H(2) 0.9500 C(1)-C(2)-C(3) 119.8(3) | CHFL-C-H{B) | 1089
C(3)-C(4) 1414(5) | C()-C)-HQ) 1201 H(7A)-C(7)-H(7B) | 107.8
C(4)-C(5) 1360(5) | C(3)-C(2)-H(2) 1201 H(1A)-O(1)-H(1B) | 106.6
C(4)-H(4) 0.9500 N(2)-C(3)-C(4) 120.0(3)

C(5)-H() 0.9500 N(2)-C(3)-C(2) 123.3(3)
C(6)-H(6A) 0.9800 C(4)-C(3)-C(2) 116.6(3)
C(6)-H(6B) 0.9800 C(5)-C(4)-C(3) 120.4(3)
C(6)-H(6C) | 0.9800 C(5)-C(4)-H(4) 119.8
C(7)-C(T#1 | 1.511(6) | C(3)-C(4)-H(4) 119.8
C(7)-H(7A) | 0.9900 N(1)-C(5)-C(4) 121.7(3)
C(7)-H(7B) | 0.9900 N(1)-C(5)-H(5) 119.2
O(1)-H(1A) | 0.7919 C(4)-C(5)-H(5) 119.2
O(1)-H(1B) 0.8291 N(1)-C(6)-H(6A) 109.5
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Table 4. Bond lengths [A] and angles [°] for 0-PYE2

Bond lengths [A] Angles [°] angles [°]
N(1)-C(5) 1.368(2) | C(5)-N(1)-C(1) 122.00(14) | N(4)-C(12)-C(13) | 114.92(14)
N(1)-C(1) 1.3994(19) | C(5)-N(1)-C(17) 120.49(13) | C(14)-C(13)-C(12) | 122.24(17)
N(1)-C(17) 1455(2) | C(1)-N(1)-C(17) 117.42(12) | C(14)-C(13)-H(13) | 118.9
N(2)-C(1) 1.2964(19) | C(1)-N(2)-C(6) 118.13(13) | C(12)-C(13)-H(13) | 118.9
N(2)-C(6) 1.4162(19) | C(12)-N(3)-C(11) | 118.03(13) | C(13)-C(14)-C(15) | 120.2(2)
N@3)-C(12) | 1.2944(19) | C(5)-N(1)-C(1) 122.09(14) | C(13)-C(14)-H(14) | 119.9
N@3)-C(I1) | 1.4207(19) | C(16)-N(4)-C(12) | 121.82(16) | C(15)-C(14)-H(14) | 119.9
N(4)-C(16) 1369(2) | C(16)-N(4)-C(18) | 120.32(15) | C(16)-C(15)-C(14) | 118.60(18)
N(4)-C(12) 1.4030(19) | C(12)-N(4)-C(18) | 117.84(14) | C(16)-C(15)-H(15) | 120.7
N(@4)-C(18) | 1.451(2) | N(2)-C(1)-N(1) 116.62(14) | C(14)-C(15)-H(15) | 120.7
c()-C2) 1431(2) | N(2)-C(1)-C(2) 128.27(14) | C(15)-C(16)-N(4) | 122.16(18)
C2)C(3) 1352(2) | N(D-C()-C2) 115.10(13) | C(15)-C(16)-H(16) | 118.9
C(2-H(Q) 0.9500 C(3)-C(2)-C(1) 121.76(16) | N(4)-C(16)-H(16) | 118.9
C(3)-C(4) 1411(2) | C(3)-C(2-H(Q) 119.1 N(1)-C(17)-H(17A) | 109.5
C(3)-HQ) 0.9500 C(1)-C(2)-H(2) 119.1 N(1)-C(17)-H(17B) | 109.5
C(4)-C(5) 1342(2) | C(2)-C(3)-C(4) 120.60(17)

C(4)-H(4) 0.9500 C(2)-C(3)-HQ) 119.7

C(5)-H(5) 0.9500 C#)-C(3)-HA) 119.7

C(6)-C(7) 1395(2) | C(5)-C(4)-C(3) 118.39(16)

C(6)-C(11) 1406(2) | C(5)-C(4)-H(@) 120.8

C(7)-C(8) 1384(2) | C(3)-C(4)-H(@) 120.8

C(7)-H() 0.9500 C(@)-C(5)-N(1) 122.03(16)

C(8)-C(9) 1378(2) | C(4)-C(5)-H(5) 119.0

C(8)-H(8) 0.9500 N(1)-C(5)-H(5) 119.0

C(9)-C(10) 1383(2) | C(7)-C(6)-C(11) 118.76(14)

C(9)-H(9) 0.9500 C(7)-C(6)-N(2) 120.40(14)

C(10)-C(11) | 1.393(2) | C(11)-C(6)-N(2) | 120.62(14)

C(10)-H(10) | 0.9500 C(8)-C(7)-C(6) 121.56(14)

C(120-C(13) | 1.430(2) | C(8)-C(7)-H(7) 119.2

C(13)-C(14) | 1.349(2) | C(6)-C(7)-H(7) 119.2

C(13)-H(13) | 0.9500 C(9)-C(8)-C(7) 119.70(15)

C(14)-C(15) | 14133) | C(9)-C(8)-H(8) 120.1

C(14)}-H(14) | 0.9500 C(7)-C(8)-H(®) 120.1

C(15)-C(16) | 1.338(3) | C(8)-C(9)-C(10) | 119.51(15)

C(15)-H(15) | 0.9500 C(8)-C(9)-H(9) 120.2

C(16)-H(16) | 0.9500 C(10)-C(9)-H(©9) | 120.2

C(17)-H(17A) | 0.9800 C(9)-C(10)-C(11) | 121.84(15)

C(17)-H(17B) | 0.9800 C(9)-C(10)-H(10) | 119.1

C(17)-H(17C) | 0.9800 C(11)-C(10)-H(10) | 119.1

C(18)-H(18A) | 0.9800 C(10)-C(11)-C(6) | 118.62(14)

C(18)-H(18B) | 0.9800 C(10)-C(11)-N(3) | 118.12(14)

C(18)-H(18C) | 0.9800 C(6)-C(L1)-N(3) | 123.07(13)

C(17)-H(17A) | 0.9800 N(3)-C(12)-N(4) | 117.07(15)

C(15)-H(15) | 0.9500 N(3)-C(12)-C(13) | 127.98(14)
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Figure 8. Section of the *H NMR spectrum (500 MHz, 298K) of complex p-3.32; (A)
in CD2Cly, (B) in (CD3)2CO and (C) in CD3CN (500 MHz, at room temperature)
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Table 5: X-ray data for para-PYE Ir(111) complexes p-3.30, and p-3.32

Compound reference p-3.30 p-3.31 p-3.32
. Cs2H32F6IrNgP CaoH27F6slrN7P
Chemical formula (CH:Cly) No data (CHCls),
Formula Mass 950.75 1061.49
Temperature/K 150(2) 150(2)
Crystal system Orthorhombic Orthorhombic
Space group Pca2(1) P2(1)2(1)2(1)
a/A 22.742(6) 12.268(4)
b/A 9.060(2) 13.234(4)
c/A 17.582(4) 24.876(8)
a/° 90 90
B/° 90° 90
v/° 90° 90
u/A3 3622.7(15) 4039(2)
No. of formula uznits per unit cell, 4 4
Density (calc.)/ Mg/m?3 1.743 1.746
Abs. coefficient/ mm 3.945 3.804
F(000) 1872 2072
Crystal size/mm3 0.18 x 0.15 x 0.09 0.36 x 0.06 x 0.04
Theta range for data 1.79 t0 26.00 1.64 0 26.00
collection/
-28<=h<=27, -15<=h<=15,
Index ranges -11<=k<=11, -16<=k<=16,
-21<=I<=21 -30<=1<=30
No. of reflections collected 26795 31788
. . 7091 [R(int) = 7919 [R(int) =
No. of independent reflections 0.0833] 0.1334]
Data / restraints / parameters 7091 /22 /498 7919/ 4 / 506
Goodness-of-fit, F2 0.888 0.869
) - . R1 =0.0402, R1 =0.0526,
Final R indices [I>2sigma(l)] WR2 = 0.0752 WR2 = 0.0781
- R1=0.0581, R1=0.0879,
R indices (all data) WR?2 = 0.0791 WR?2 = 0.0861

Largest diff. peak and hole
e.A3

2.099 and -0.455

1.301 and -1.202
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Figure 9 Section of the *H NMR spectrum (500 MHz, 298K) of complex 0-3.30; (A)
in CD2Cl, (B) in (CD3)2CO and (C) in CD3CN at RT, (e) is the second species.
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Table 6: X-ray data for ortho-PYE Ir(111) complexes 0-3.30, 0-3.31 and 0-3.32

Compound reference 0-3.30 0-3.31 0-3.32
.. Cs2 HaoFslrNgP CsoH27F6IrN7P
Empirical formula (CHCl3), CasHazFelrNsP 1.25(CH,Cly)
Formula weight 1104.56 913.87 928.91
Temperature/K 150(2) 150(2) 150(2) K
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2(1)/c P2(1)/c P2(1)/c
alA 14.708(4) 13.528(3) 13.702(7)
b/A 16.518(5) 14.225(4) 15.661(8)
c/A 17.913(5) 17.904(5) 16.031(8)
a/° 90° 90 90°
/e 109.066(6) 96.528(5) 96.330(10)
v/° 90 90 90
Volume /A3 4113(2) 3423.1(15) 3419(3)
No. of formula units per unit 4 4 4
cell, z
Density (calc.) Mg/m3 1.784 1.773 1.805
Absorption coefficient/ mm-t 3.740 4.021 4.215
F(000) 2168 1800 1818
Crystal size/mm? 0.18x0.10x0.09 | 0.21x0.12x0.05 | 0.23x0.08 x 0.06
Theta range for data 1.72 t0 26.00 1.52 t0 26.00 1.50 to 26.00
collection/ °
-17<=h<=18, -16<=h<=186, -16<=h<=186,
Index ranges -20<=k<=19, -17<=k<=17, -19<=k<=19,
-22<=I<=22 -22<=I<=21 -19<=I<=19
No. of reflections collected 31877 26509 26377
. . 8081 [R(int) = 6729 [R(int) = 6711 [R(int) =
No. of independent reflections 0.1605] 0.1583] 0.0926]
Data / restraints / parameters | 8081 /546 / 543 6729/12 /471 6711/49/425
Goodness-of-fit, F2 0.782 0.750 0.916
. - . R1 =0.0537, R1 =0.0509, R1=0.0428,
Final R indices [I>2sigma(D] | oo — 00824 WR2 = 00773 WR2 = 0.0863
- R1 =0.1095, R1 =0.0925, R1 =0.0640,
Rindices (all data) WR2 = 0.0942 WR2 = 0.0864 WR2 = 0.0909

Largest diff. peak and
hole/e. A3

1.457 and -1.867

1.271 and -1.405

1.336 and -0.923
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Figure 10: Absorption spectra of compounds a: 0-PYE2 and b: 0-PYE3s at 0.02 mM

in different solvents.
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Figure 11: Emission spectra of complexes (a). p-3.30 and (b). p-3.31 in DCM at 0.02 mM
at RT.
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Figure 12.: Emission spectra of complex 0-3.31 in different solvents at (0.02mM) at

RT.
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Figure 13: Absorption spectra of [Pt(C~N)(en)]PFs (a). 4.16a-c and (b) 4.17a-b in
solution at 0.02 mM MeCN (—) and in MeCN/Et,0 1/9) (ppt) at RT
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Figure 14: Emission spectra of (a). 4.17a and (b). 4.17b in 0% and 90% Et,0 in MeCN
at 0.02 mM (Aex 300 nm for 4.17a and 340 nm for 4.17b)
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Figure 15: Absorption spectra of [Pt(C~N)(dpm)] (a). 4.18a-c and (b). 4.19a-b in

solution at 0.02 mM MeCN (—) and in MeCN/H20 1/9) (ppt) at RT
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