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Abstract

The work in this thesis aims to develop Pt" complexes incorporating tridentate and

tetradentate ligands and to explore their photophysical properties.

The synthesis of Pt"Y complexes featuring NCN- and NNC-coordinating tridentate lig-
ands is detailed in Chapters 2 and 3. Complexes of the type 3 +2 + 1 were prepared,
which incorporate one cyclometallating tridentate ligand, one bidentate ligand (NC —
cyclometallating or NN — coordinating), and a monodentate chloride, as well as the
first examples of bis-tridentate PtV complexes. The bis-cyclometallated complexes
featuring an NNC ligand are luminescent in degassed acetonitrile at room tempera-

ture with quantum yields ranging from 0.4% to 4%.

Chapter 4 explores further examples of [Pt(NNC)(NC)CI]* complexes that incorporate
a phenyl substituent at the 6-position of the NNC lateral pyridine ring. While their
photophysical properties in solution were similar to those of their unsubstituted coun-
terparts, significant enhancements in quantum yield were observed when embedded
in PMMA films, likely due to a ® — 7 interaction between the phenyl substituent on the

NNC ligand and the pyridine ring of the NC ligand.

In Chapter 5 the development of dinuclear complexes featuring rigid, ditopic bis-
tridentate pyrimidine-bridged CNN-NNC ligands is described. The reactions of these
ligands with K,PtCl, yielded mononuclear Pt' complexes. However, further oxida-
tion to Pt", followed by reaction with additional K,PtCl,, facilitated the formation of
dinuclear Pt'/Pt"V complexes. These were further oxidised to yield dinuclear Pt"V com-
plexes. A trace amount of a dinuclear complex of the type [CNN-NNC{Pt(ppy)Cl}2]
was successfully isolated, and found to be luminescent with a quantum yield of 1.6%

and a lifetime of 13 ps.

Chapter 6 focuses on the synthesis of tetradentate NCCN ligands, incorporating pyri-
dine or quinoline heterocycles and substituted phenyl cyclometallating rings, and their
complexation with platinum. Mixtures of Pt and Pt" complexes were formed, and in
one instance a dimeric Pt"' complex. The PtV complexes were only emissive at 77
K, but the Pt" complexes were luminescent also at room temperature, with quantum

yields reaching up to 67% in CH,Cl, solution.
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CHAPTER 1

INTRODUCTION



Chapter 1: Introduction

1.1 Introduction to luminescence

To emit light, a molecule must first absorb energy to be electronically excited to a
higher energy excited state." Its return to the ground state by the emission of a photon
is termed luminescence or radiative decay. This process competes with non-radiative
decay processes, e.g., thermal dissipation of the absorbed energy. The key pho-
tophysical processes are typically represented by an energy level diagram, usually

referred to as a Jablonski diagram (Figure 1.1).

Energy
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Figure 1.1: Typical Jablonski diagram showing possible transitions between different
states.

Fluorescence is the spin-allowed radiative relaxation to the ground state (AS = 0) and
is typical for most organic light-emitting molecules. The simplest example is excitation
to Sy, followed by return to Sy through the emission of light. Often, the molecule is
excited to a higher vibrational level of Sy, but quickly relaxes to the lowest vibrational

level through internal conversion, prior to significant emission occurring.



Phosphorescence is the spin-forbidden process of radiative relaxation, e.g. Ty —
So. For organic emitters, this process is often very slow and struggles to compete
with non-radiative decay processes at room temperature. Second- and especially
third-row transition metals have high spin-orbit coupling constants, & (§ increases as
Z%). Introducing such a metal ion that interacts with an organic ligand accelerates
inter-system crossing and emission from the triplet state due to relaxation of the spin

selection rule through spin-orbit coupling (SOC).

The lifetime of a given excited state is given by:

1
©(S1) = Kic + ki + Kisc

1
T)=——
wT Kisc + Kon

()

where K¢ is the rate of non-radiative internal conversion from S, to Sy, ky the rate of
fluorescence, kisc the rate of intersystem crossing to Ty, kg the rate of non-radiative

decay from Ty and k,, the rate of phosphorescence.

Fluorescence lifetimes are usually short (in the nanosecond range), due to the faster
processes involved (e.g., kg for conjugated organic molecules is ~ 10’—108 s, corre-
sponding to radiative lifetimes of around 10 ns). On the other hand, phosphorescence
lifetimes may be up to minutes or hours, but are reduced to the pys range for heavy

metal ion-containing compounds.

The quantum yield is a measure of the efficiency of emission and is defined as the
ratio of the number of photons emitted to the number absorbed. The fluorescence
and phosphorescence quantum yields are related to the rate constants defined above
through the following equations:

kfl

b= M
" ki + ky + Kisc
Kon - Kisc @)

@ =
Ph (Kisc + Kon) - (kic + ki + Kisc)

Possible values of ® are 0 to 1, but sometimes reported as a %, 0 to 100%. Higher

values of @ indicate more efficient emission.



For transition metal complexes, the molecular orbitals (MOs) can be described as
metal-centered or ligand-centered, depending on whether they are mostly localised
on the metal or the ligand, respectively. There are four main types of possible transi-
tions — metal-centred (MC) involving only d-orbitals on the metal, ligand-centred (LC),
metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT).
The excited states that arise from each transition are named correspondingly, e.g.,
MC state. The relative energies of the transitions and therefore the character of the
lowest-energy transition depend on the identity and the oxidation state of the metal,
as well as on the identity of the ligands. Density functional theory (DFT) is often used
to estimate the energy of the lowest energy transitions and to evaluate the relative

metal and ligand contributions to the orbitals involved in these transitions.

1.2 Introduction to PtV complexes

A vast amount of research has been focused on the development of transition metal
complexes with chelating heteroaromatic ligands due to their potential use in various
applications such as OLED devices,?? bioimaging probes,*® chemosensors,® energy
conversion devices,’ photodynamic therapy photosensitisers® and singlet-oxygen
generation.®'® While there have been innumerable studies on Pt" complexes, re-
search into PtV complexes of this type and their photophysical properties is still rather
limited. One reason for this might be that back-bonding is not typically favourable
for metals in high oxidation states. The high charge also means that the 5d orbitals
will be low in energy and may not mix very well with the ligand orbitals to facilitate
phosphorescence. Moreover, PtV is kinetically a very inert ion, due to its low-spin d®
configuration and large ligand-field splitting, which could pose more of a challenge to

the synthesis of its complexes than those of Pt'.

PtV is isoelectronic with Ir'', whose complexes have been extensively explored due
to their attractive and versatile photophysical properties.'" In terms of emission, one
of the main differences to have emerged between complexes of these two ions is
that there is less metal character in the excited state of Pt" complexes and therefore
weaker SOC, resulting in longer lifetimes. Although this may not be desirable for
OLED devices, longer lifetimes offer potential for applications such as time-resolved
bioimaging, oxygen sensing and generation of singlet oxygen and reactive oxygen

species (ROS).



1.3 Organometallic PtV complexes

Cyclometallation

Cyclometallation is the binding of a polydentate ligand to a metal through a covalent
carbon-metal bond. Cyclometallated complexes are formally organometallic com-
pounds. The anionic carbon is a strong c-donor. The strong o-donation combined
with the m-acceptance of the heterocyclic rings of aromatic cyclometallating ligands
leads to particularly strong ligand fields. This results in a decrease in the energy of the
emitting 3MLCT state and an increase in the energy of the 3MC state of cyclometal-
lated complexes, whose population serves as one of the main deactivation pathways
for the complexes of many ions. While the decrease in the energy of the 3MLCT state
leads to a red-shift in the emission and should result in a decrease in the lumines-
cence quantum yield according to the ‘energy gap law’, the opposite has been shown
by a number of cyclometallated complexes of different metal ions, at least for blue and
green emitters. 2 The change from a nitrogen atom to an anionic carbon also results

in a reduction of the overall charge of the complex.

1.3.1 Methods of oxidation

Von Zelewsky and co-workers first started to investigate the oxidative addition
reactions of Pt complexes to form organometallic Pt" complexes in 1983.'3 Their
pioneering work involved the oxidative addition of Br, to cis—Pt(ppy). (ppy = 2-
phenylpyridine), by the dropwise addition of a dichloromethane solution of bromine to
a dichloromethane solution of the complex. Subsequently, Balzani and von Zelewsky
found that Pt(ppy). and Pt(thpy). (thpy = 2-(2-thienyl)pyridine) underwent oxidative
addition reactions by irradiation with light (medium-pressure Hg lamp, A > 400 nm)
in deaerated chloroform or CH,Cl,.'* The products of these reactions were the first
examples of luminescent PtV compounds, showing emission in the blue or green
part of the visible spectrum, distinct from that of their Pt" precursors. Later work
by von Zelewsky explored the thermal and the photochemical oxidative addition of
a series of alkyl halides to Pt(thpy),.'® An interesting feature of the photoactivated
reactions was that out of 11 possible isomers, the enantiomeric pair of C,C,C-fac
was the only one observed (Scheme 1.1). Evidence suggested a radical mechanism
for the photochemical oxidative addition and an Sy2-type mechanism for the thermal

oxidative addition reactions.
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Scheme 1.1: Structures of Pt(ppy). and Pt(thpy),, and the major PtV product (C,C,C-
fac isomer) of the oxidative addition reaction with alkyl halides.

Two types of precursors can be used for the formation of complexes of the type
Pt(NC).Cl, — the aforementioned Pt(NC),, as well as complexes of the type
trans-N,N-Pt(NC)(NCH)CI with one cyclometallated and one pendant ppy ligand.

Pt(NC),Cl, complexes can form 8 different geometric isomers (Figure 1.2)

cis,cis,cis trans,trans,trans

Figure 1.2: Structures of possible isomers of the complex Pt(ppy)-Clo.

Rourke and co-workers first found that they could use trans-N,N-Pt(ppy)(ppyH)Cl,
rather than Pt(ppy)., and oxidise it with hydrogen peroxide to afford Pt(ppy).Cl,. '
To study how the oxidation proceeds, the F-substituted ppy derivative 4-fluorophenyl-
pyridine was used and the reaction was monitored by '°F NMR. A mixture of isomers
formed initially, but after about a week a single compound was isolated. Single-crystal
X-ray diffraction revealed that the final product had a trans-N,N-cis,cis configuration

(Scheme 1.2).

The use of the electrophilic chlorinating reagent PhICl, was later introduced by San-
ford and Whitfield and then took off as one of the main methods to obtain PtV com-

plexes.'” Oxidising Pt(ppy). with PhICI, led to the formation of cis,cis,cis—Pt(ppy)2Cl»
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as the main product (Scheme 1.2). However, when Rourke and co-workers used
PhICI, to oxidise the pendant complex Pt(4-F-ppy)(4-F-ppyH)Cl, the exclusive forma-
tion of trans-N,N-cis,cis-Pt(4-F-ppy)»Cl, was observed again. '® This shows that differ-
ent isomers can be obtained as the main product, depending on the starting material
used. An interesting feature of the "H NMR spectrum is an upfield shift of H* (Scheme
1.2), which experiences a shielding effect from the ring current of the aromatic ring,
which is in the plane perpendicular to that containing H*. An effect of this type was

first observed and described for a Ru complex. ™®

/
Q:Q PhiCl,
Chl)/_t@ CH,Cl,, 12 h, 25 °C

\
X />—§ >—F
\ AN PhICI,

o N CH4Cl, 5 min, — 40 °C
/

—

F

Scheme 1.2: Oxidative addition of PhICI, to bis-cyclometallated Pt(ppy). and pendant
Pt(4-F-ppy)(4-F-ppyH)CI.

Parker et al.?® reported the direct synthesis of [Pt(Meppy).Cly] (MeppyH = 2-
tolylpyridine) by heating KoPtCl, with MeppyH in 2-ethoxyethanol under N, in the
presence of DMSO. It was suggested that DMSO might be acting as the oxidant in
this reaction. A yield of 34% was obtained and the resulting complex was identified

as the trans-N,N-cis,cis isomer.

A different method was explored by van Koten and co-workers, in which the chem-
ical oxidation of an NCN Pt" complex was achieved by a reaction with Cu'"X, in
CH,Cl,/MeOH,?'-23 giving Pt"V(NCN)X; (X = Cl or Br, Scheme 1.3).

The properties of the PtV complex Pt"V(NCN)Cl; were compared to those of its Pt'
precursor. The molecular structures revealed an increase in the Pt—Cl, Pt—C and Pt—
N bond lengths upon oxidation. A downfield shift of protons 1 was observed in the 'H
NMR spectrum of the PtV complex, when compared to its Pt" analogue. A decrease

was also seen in the 3J coupling constants between '®>Pt and protons 1 and 2 for
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the oxidised complex, relative to Pt(NCN)CI. In contrast to its Pt precursor, which is

weakly emissive, the Pt"Y complex did not show room-temperature emission.

DCM/MeOH

LN LN

) o

e ST G N S,
o e

| | Nl

NMe, NMe,

Scheme 1.3: Oxidation of pincer Pt" NCN complexes with Cu" salts. Relevant pro-
tons on both structures are numbered.

1.3.2 Excited state properties of PtV complexes containing two bidentate lig-

ands

Influence of isomerism and ancillary ligands on the emission properties

Gonzéalez-Herrero and co-workers began looking at organometallic Pt" complexes in
20142* and have since then been leading much of the work on complexes of the type
[Pt(NC).RX], [P(NC)2X2] and [Pt(NC)s]*.

They explored the influence of isomerism and of the ancillary ligand on the lumi-
nescence properties of Pt(ppy).X. and Pt(ppy).MeX.2> The three different types of
compounds that they looked at are shown in Figure 1.3. ‘Sym’ and ‘unsym’ were used
to denote the relative arrangement of the ppy ligands. The synthesis of sym- and
unsym-Pt(ppy).Cl, was the same as that shown in Scheme 1.2. Unsym-Pt(ppy).MeCl
was synthesised from [Pt.Me4(u-SMe»).] and 4 equiv. of ppyH, affording the pendant
complex [Pt(NC)(NCH)Me].2® This was followed by oxidation with PhICI, in the pres-
ence of base (N,N-diisopropylethylamine, DIPEA). The base is used to trap the HCI
produced, preventing the subsequent substitution of the Me ligand by chloride. They
looked at different ancillary ligands X~ = F~, ClI=, Br—, I7, AcO~ and TFA~ (trifluo-
roacetate). Most of these complexes were obtained by using silver trifluoromethane-
sulfonate (AgOTf), which replaces the Cl ligands with the labile OTf, that are then

exchanged by treatment with an appropriate salt (e.g., NaBr).



( sym N ( unsym A

Figure 1.3: Structures of sym- and unsym-Pt(ppy).Xz, and unsym-Pt(ppy).MeX. X~ =
F, CrF, Br, I, AcO", TFA".

While all of the sym-X complexes (except sym-1) showed room temperature emission,
none of the unsym-X were emissive under these conditions. Irradiation of unsym-Cl
with a UVB light in CH,Cl, for 15 h was found to result in the photoisomerisation to
sym-Cl. It was suggested that a low-lying LMCT state could be responsible for both
the lack of room temperature emission and the photoisomerisation reaction. This hy-
pothesis was supported by a DFT study, which showed that the LUMO of the unsym-X
complexes had a much higher percentage of metal orbital contribution, implying the
accessibility of a low-energy deactivating 3LMCT state. In contrast, all of the unsym-
MeX complexes showed room-temperature emission, with quantum yields of up to
0.63 for unsym-MeBr. This is a result of the strong c-donating methyl ligand, which

ensures that the deactivating states lie at higher energies.

The variation of ancillary ligands showed no significant effect on the emission ener-
gies of any of the complexes. However, the emission efficiencies were found to be
heavily influenced by it. A decrease in the quantum yield was seen for unsym-X with
increasing m-donation in the order F~, CI~, Br~. Deactivating LLCT or LMCT states
could be arising from the higher-lying p(X) orbitals. Interestingly, apart from a lower
knr value, a notably higher k, value was found for sym-F, suggesting a higher MLCT
contribution. This was also supported by the broader and slightly red-shifted emission
at 77 K compared to that of the other derivatives. The higher MLCT contribution may
be a result of the shorter Pt—C bond and a better energy match and therefore better

overlap of the p(F) and d(Pt) orbitals.

Influence of the nature of the bidentate ligands on the emission

The same group also looked at complexes of the type [Pt(NC),MeCl] with different

NC ligands, some of which are shown in Figure 1.4.2% All of the complexes in this
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series were emissive. The emission was shifted to lower energy along the series
dfppy > Meppy > MeOppy > Bppy > flpy > thpy > piq > npy, ranging from 435 to 585
nm. The quantum yield decreased in the same order, consistent with the ‘energy gap
law’, with the exception of [Pt(Bppy)MeCl], which showed the highest quantum yield
of 0.81. This behaviour was possibly a result of the bulkiness of the group, making

the complex more rigid and therefore reducing k.

BMes,

| X X X A
_N | _N | _N | _N
F

F OMe

dfppyH MeppyH MeOppyH BppyH

Figure 1.4: Structures of NCH proligands.

Heteroleptic complexes of the type unsym-

[Pt(NC)(N'C")Cl,] with some of the same lig- T\
\\\NI

ands (Figure 1.4) were also explored.?” The <N’pt
C ‘ N

two NC positions are not equivalent — the

pyridine of the NC ligand is opposite a Cl,
Figure 1.5: A scheme of unsym-

whereas that of the N'C’ is OppOSite the [Pt(NC)(N/C/)CIZJ showing the two dif-
phenyl of the NC (Figure 1.5). The emis- ferent NC and N'C’ ligand position.

sion of these complexes arises from the lig-

and with the lowest © — ©t* transition — thpy < Meppy < dfppy. On comparison of
the emission of [Pt(Meppy)(thpy)Cl,] and [Pt(thpy)(Meppy)Cl.] it was found that when
the chromophoric ligand thpy is in the NC position, the emission energy is lower and
the emission lifetime is shorter, indicating a higher MLCT contribution to the emitting
state. A possible explanation for this could be the shorter Pt—C bond trans to N’ and

therefore a stronger m—donation and better dr orbital interaction.

Abstraction of the chloride ligands from these complexes followed by the addi-
tion of a third NC ligand was probed as a route to tris-bidentate Pt" complexes.
[Pt(dfppy)(Meppy)Cl,] was reacted with two equiv. of AgOTf and MeppyH in 1,2-
dichlorobenzene at 120°C. Interestingly, an isomerisation reaction to a trans-N,N

complex was observed, leading to the final formation of two isomers with a meridional

9



conformation (Scheme 1.4a). An even more intriguing result was achieved upon
reacting [Pt(dppyH)(ppy)Cl2] (where dppyH> is 2,6-diphenylpyridine) with MeppyH in
1,2-dichloroethane at 90°C. A reductive C—C coupling was observed leading to the

Pt" complex shown in Scheme 1.4b.

e~ °
Cun,, ‘ N
TN CTN N <N/ ‘ e
a) <N”""m,F‘,t.--““‘“\\\N AgOTf <N”""'m,,F‘,tm"““\\\\’\ilsomerisation <C”""~-.,F‘,tm"“‘“\\\N MeppyH :\_l'/
c” ‘ e ¢ ‘ o N ‘ o c—~®
Cl OTf

NAC = dfppy, N'AC’ = Meppy

Scheme 1.4: Reactions of a) [Pt(dfopy)(Meppy)Cl.] and b) [Pt(dppyH)(ppy)Cl.] with
MeppyH.

Very recently, the use of a strongly c-donating aryl-1,2,3-triazolylidene ligand was
explored.?® Mesoionic aryl-NHC ligands are known for their strong oc-donating
properties, leading to large ligand field splitting and raising the energy of deactivating

MC excited states in Pt" and Ir'"

complexes.?®*3 A scheme for the synthesis of
[Pt(NC)(CC*)Cl,] is shown in Scheme 1.5 (C* denotes the carbene C). A trans-
metallation reaction of [Pty(u-Cl)2(NC)2] with the in situ-generated Agl(trzH) (trzH
= 4-butyl-3-methyl-1-phenyl-1H-1,2,3-triazol-5-ylidene) results in the formation
of trans-C,C*-[Pt(NC)(trzH)]. This is followed by the isomerisation to trans-N,C*-
[Pt(NC)(trzH)] by irradiation with blue LEDs and the subsequent oxidation with PhICl,.
Heating the mixture of products in the presence of base ensures the conversion
of any non-cyclometallated trzH product [Pt(NC)(trzH)Cl3] to the desired product

[Pt(NC)(trz)Cl,].

10



The complexes with NC ligands dfppyH, ppyH, MeppyH and thpyH showed room-
temperature emission quantum yields of 0.27, 0.31, 0.26 and 0.046, respectively. In
all cases, the transitions were centred on the NC ligands, which therefore determine
the emission energies. However, the emission efficiencies are shown to be heavily in-
fluenced by the presence of the triazolylidene ligand, when compared to the homolep-
tic [Pt(NC).Cl,]. The biggest difference is seen in the large decrease in the k,, value
(32.8 x 10% s~ for [Pt(ppy)Clz] decreasing to 6.2 x 10% s~ for [Pt(ppy)(trz)Cly]),
indicating that the strong c-donation of the carbene of the trz ligand leads to an in-
crease in the energy of the dc* orbitals and therefore an increase in the energy of the

deactivating 3LMCT state.

Ph-y Bu Bu Y,

(Nh'""'Ptv"‘“‘“‘“‘“Cl\Pt/c> (N%’Pt CNDJ\l
C/ \C|\\\\\\““'" N Ag,0 C/ \C| |
blue
LEDs
Cl

o L . B
C/Pt\N©< i) PhICl, (N _ \C%u

Pt
- —
N— ii) Na,CO3, A C !
||) as 3 /lg_DN
Ph
Scheme 1.5: Synthesis of [Pt(NC)(trz)Cl,].

1.3.3 Synthesis and excited-state properties of tris-bidentate PtV com-

plexes

Bis-cyclometallated complexes

Bernhard and Jenkins®' showed the first example of a tris-bidentate Pt"Y complex by
reacting Pt(ppy).Cl, with bipyrdine in the presence of Ag* or TI* in acetonitrile/water.
By introducing substituents into the 2-phenylpyridine and/or the 2,2’-bipyridine lig-
ands, they investigated the influence of structural modifications on the excited state

properties of these complexes (Figure 1.6).
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Figure 1.6: Structures of NCH proligands and NN ligands used by Bernhard and
Jenkins. 3’

While all the complexes containing the ppy, F-mppy and Ph-mppy ligands showed
structured room-temperature luminescence in the blue region, none of the complexes
containing the MeO-mppy ligands were emissive under these conditions. For those
that were emissive, the luminescence lifetimes were between 1.08 and 260 pus and
quantum yields between 0.0005 and 0.035. Variation of the NN ligand showed al-
most no effect on the emission maxima, suggesting it had no strong contribution to
the emissive state. Varying the NC ligand, a red shift was seen in the order ppy, F-
ppy, Ph-mppy. Lifetimes and quantum yields increased in the order: dFbpy < bpy <
dMeObpy and F-mppy < ppy < Ph-mppy. Contrary to the expectations based on the
‘energy gap law’, the complexes containing Ph-mppy showed the highest quantum
yields. DFT calculations revealed that the lowest-energy excited state for the com-
plexes containing ppy and F-mppy ligands was a 3LC state involving the NC ligands.
However, for the complexes with a Ph-mppy ligand it was found that the LUMO s lo-
calised on the two phenyl groups (cyclometallated and non-cyclometallated) and the
HOMO is localised on the pyridine and the cyclometallated phenyl. The transition
is described as an intraligand charge transfer 3ILCT. This difference was suggested
as a likely explanation for the different excited-state properties shown by these com-

plexes.

Very recently, Lalinde, Moreno and co-workers® expanded the series of
[Pt(NC)(NN)]** complexes by looking at 2-phenylbenzothiazole (pbtH) as an
NC ligand and phenanthroline-based NN ligand (Figure 1.7). The complexes showed
phosphorescence centred on the NC ligand with quantum yields between 0.01 and

0.02 in degassed CH,Cl, solution.
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Figure 1.7: Structures of [Pt(NC)>(NN)]?* complexes reported by Lalinde, Moreno
and co-workers. 32

Tris-cyclometallated complexes

Influence of isomerism on the emission properties

Gonzalez-Herrero and co-workers looked at tris-cyclometallated complexes of the
type [Pt(NC)3]OTf with the NC ligands ppy, Meppy, dfppy and flpy (Figure 1.4, page
9).2433 As previously mentioned, the reaction of cis-N,N-[Pt(NC),Cl,] with AgOTf and
excess of proligand favours the formation of the mer-isomer through an isomeri-
sation step (Figure 1.4). The mer-isomer is also formed upon reacting trans-N,N-
[Pt(NC)2Cl,] under the same conditions. Irradiation of the mer-isomer with UV light
in MeCN results in the photoisomerisation to the fac-isomer (Scheme 1.6). While the
fac-isomers display room-temperature emission with quantum yields of up to 0.49, the
mer-isomers of the complexes showed very weak emission, due to competitive pho-
toisomerisation to the more emissive fac-isomer. Both isomers showed strong emis-
sion at 77 K, indicating that a low-lying non-emissive state (likely LMCT) becomes
thermally accessible at room temperature in the mer case, leading to non-radiative
deactivation. Population of the same state could also be responsible for the photoiso-

merisation reaction, as for unsym-Pt(NC).X, (page 7).

c ‘ Ny ™ [ ™ ¢
c_/ N_S
mer fac

Scheme 1.6: Photoisomerisation reaction of mer-[Pt(NC)s]* to fac-[Pt(NC)s]*.
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The mer-isomer of [Pt(flpy)3]OTf was the only one of the prepared mer-complexes
that showed measurable emission at room temperature (¥ = 0.08). An explanation
for this could be that the 3LC state has a lower energy (due to the lower ligand n—
7* transition energy), compared to that of the other complexes, and therefore there
is a larger gap between the emitting and the deactivating 3LMCT state. Inefficient
population of the deactivating state meant that little photoisomerisation was observed
during the measurement, allowing reliable emission data to be obtained for this com-
plex. Nonetheless, isomerisation to the fac-isomer through UV light irradiation was
still possible. The fac-isomer showed slightly blue-shifted emission (from 520 to 516
nm), compared to the mer with a more than doubled phosphorescence quantum yield
of 0.17.

Influence of the nature of the ligands on the emission properties

To probe the influence of the ligand on the excited state properties of PtV com-
plexes, [Pt(NC)s]* and [Pt(NC)>(N'C’)]* were prepared with different combinations
of NC and N'C’ ligands.* Attempts to synthesise homoleptic [Pt(NC)s]* complexes
with the electron-rich thpy and piq (Figure 1.4, page 9), were unsuccessful, lead-
ing to reduction to Pt'" complexes. Hence, the mer-isomers of the heteroleptic

[Pt(dfppy)2(thpy)]OTH, [Pt(dfppy)2(pia)]OTH, [Pt(ppy)2(thpy)]OTf and [Pt(ppy)2(pia)JOTF

were prepared. mer-[Pt(dfppy)2(ppy)]OTf was also synthesised for comparison.

Irradiation of the heteroleptic complexes with UV light only led to the successful
isomerisation to the fac-isomer in the case of mer-[Pt(dfppy).(ppy)]OTf. Compar-
ison of the room-temperature emission of the two isomers was consistent with
the previously described behaviour — the mer-isomer was only weakly emissive,
whereas the fac-isomer showed strong emission with a quantum yield of 0.43.
The fac-[Pt(dfppy)2(ppy)]OTf emission spectrum looked very similar to that of fac-
[Pt(ppy)3)]OTH, indicating that the ppy ligand, which has the smaller T — =t* transition,

is the one responsible for the emission of the complex.

The remaining heteroleptic complexes with a mer-configuration showed weak emis-
sion with quantum yields in the range 0.02 — 0.07. The two complexes containing a
thpy ligand had identical emission spectra, which suggests that the transition is cen-

tred on the thpy ligand. The same is observed for the two complexes containing a
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piq ligand. [Pt(dfppy)2(piq)]OTf and [Pt(ppy)2(piq)]OTf showed emission in the orange
region, as well as an additional band at a higher energy, which could be ascribed as

fluorescence on the basis of a small Stokes shift and short lifetime (<0.2 ns).

More recently, tris-cyclometallated com-

+
plexes of the type mer-[Pt(trz),(NC)]*, incor- «  Bu N \ |
porating one bidentate NC ligand and two N’@ | «C By
Pt
bidentate mesoionic aryl-NHC ligands (Fig- ©/ \N6<N~
\N'

ure 1.8), were studied.®® All of the prepared
PtV complexes were stable to photoisomeri-

pIexes W P ! ! Figure 1.8: Structure  of

sation. Despite their mer configuration, the [Pt({CC*),(NC)]* complexes.
complexes were emissive in CH,Cl, solution

with quantum yields between 0.10 and 0.34. TD-DFT calculations revealed that the
emission is centred on the NC ligand, and the strong c-donation from the aryl-NHC

ligand likely serves to push the deactivating excited states to higher energy.

Alternative method for the synthesis of tris-bidentate Pt"Y complexes

Although the synthesis of [Pt(NC)3]* and [Pt(NC).(N'C’)]* using the method described
above was somewhat easily achieved in some cases, it proved to be problematic
in others. In particular, the reaction of [Pt(NC).Cl,] with an excess of NCH in the
presence of AgOTf did not lead to the successful isolation of a tris-bidentate complex

when the electron-rich thpyH and pigH were used.

A new method was introduced which used 2-(2-pyridyl)-arenediazonium salts as the
precursor to the third ligand. Such compounds were previously known to oxidatively
add to Au' and other metal ion species.3¢-3 The reaction proceeded with the oxida-
tive addition of 2-(2-pyridyl)-arenediazonium tetrafluoroborate (e.g., pigN2BF,) to cis-
[Pt(NC),] in MeCN or MeOH, followed by the photochemical or thermal elimination of
N2 (Scheme 1.7). The photochemical method involved irradiation with blue LEDs for
24 h and led to the formation of mixtures of isomers, whereas the thermal method
resulted in the selective formation of the fac-isomer by heating in the solid state at

150 °C for 3 h.

This new procedure afforded the synthesis of the fac-isomers of [Pt(NC)s]* and

[Pt(NC)2(N'C]* complexes containing ligands with low-energy @ — ©* transitions.
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Scheme 1.7: Alternative synthesis of tris-bidentate Pt"Y complexes.

These complexes showed red-shifted emission, dictated by the ligand of the low-
est energy ™ — w* transition energy and quantum yields between 0.02 and 0.06,

decreasing in an order consistent with the ‘energy gap law’.

1.3.4 Synthesis and excited state properties of PtV complexes containing a

tridentate ligand

One of the potential advantages of complexes with tridentate ligands, over those with
bidentate ligands, is that the former are more usually rigid. When there is less distor-
tion upon transition to an excited state, there is less overlap between the vibrational
wavefunctions of the ground and excited states and therefore lower probability of non-

radiative decay (Fermi Golden Rule) (Figure 1.9).

When it comes to six-coordinate pseudo-octahedral complexes, there is another ben-
efit of having one or two tridentate ligands, as opposed to three bidentate ligands.
Tris-bidentate complexes are chiral and require resolution if a single enantiomer is
sought. Molecules incorporating two or more such units will form a mixture of di-
astereomers. In contrast, their analogues with symmetric tridentate ligands are typi-

cally achiral.
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Figure 1.9: Correlation between excited-state potential energy surface distortion rela-
tive to the ground state and vibrational wavefunction overlap. On the left, there is little
distortion between the ground state (A) and the excited state (B) and little overlap of
the vibrational wavefunctions. The opposite scenario of large distortion is shown on
the right.

There are few examples of organometallic Pt" complexes with tridentate ligands
in the literature. Gonzalez-Herrero and co-workers explored the formation of a
complex containing one 2,6-bis(p-tolyl)pyridine (CNC) and one trz ligand (CC*).3®
Two Pt precursors were probed for the reaction — [Pt(CNC)(DMSO)] and [Pt (p-
Cl)2(CNCH),] (Scheme 1.8). The transmetallation reaction of [Pt{(CNC)(DMSO)]
with Agl(trzH) led to the direct formation of [Pt(CNC)(irzH)]. The formation of this
complex from the dichloro-briged dimer was achieved by photoisomerisation of
trans-C,C*-[Pt(CNCH)(trzH)CI] to its cis-C,C*-isomer and the subsequent treatment
with base, leading to the cyclometallation of the CNC ligand. The oxidation step
results in the cyclometallation of the phenyl of the trz and decyclometallation of one
of the tolyls of the CNC ligand. Heating in the presence of base yields the final

tridentate + bidentate + Cl complex.
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Scheme 1.8: Synthesis of [P{(CNC)(CC*)CI].

[Pt(CNC)(trz)Cl] showed weak room-temperature emission with a quantum yield of
0.0032. The unfavourable trans arrangement of the cyclometallated carbon atoms
of the CNC ligand could be leading to less efficient SOC and therefore a higher k,,
value. This observation is in agreement with the lower quantum yields of the mer-

compared to the fac-isomers of tris-bidentate Pt'"V complexes.

1.4 Applications of Pt"Y complexes

1.4.1 Chemosensing

One of the early studies on organometallic Pt" complexes by Swager and co-workers
explored the oxidative addition reaction to bis-cyclometallated Pt" complexes for
chemosensing of cyanogen halides (X—CN).4® X—CN are highly toxic blood agents
and their detection is of high importance. Upon exposure of the Pt' complexes
(in solution or dispersed in poly(methyl methacrylate) (PMMA) films) to cyanogen
halides, the formation of PtV compounds was observed, shifting the emission to
higher energies (Figure 1.10). A blue shift of the signal upon sensing provides a

dark-field turn-on phosphorescence with negligible background signal.
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Figure 1.10: left: PMMA film emission spectra of Pt(thpy). before (dotted) and after
exposure (solid) to BrCN vapour for 15 s; right: PMMA films of Pt(thpy). under UV
light before (left) and after(right) exposure to BrCN for 15 s.t

The complexes used in this study were based on Pt(thpy). (Figure 1.11). The ho-
moleptic complexes were synthesised using Pt(SEt,).Cl, as a precursor by reacting
it with the ligands, which were previously lithiated with tert-butyllithium in THF/Et,0.
The heteroleptic complex was prepared by cracking the chloro-bridged dimer [Pt(p-

Cl)(ppy)]2 with SEt,, followed by reaction with the lithiated thpy.

— s | HyCi= S e s —
/ / / /
Pt Pt Pt Pt
N N N N
/N ] [ N/ I N /N
=/ 57 g HCE s =/ s —/ s
R =H, Me or OMe 4.5 or 6-methyl

Figure 1.11: Structures of complexes probed for use as chemosensors for cyanogen
halides by Swager and co-workers.*°

1.4.2 Photoactivated Chemotherapy (PACT)

The first metal complex used in cancer chemotherapy was cisplatin (cis-diammine-
dichloroplatinum(ll), PtClo(NHj3),). Its biological activity was first discovered in 1964
when Rosenberg and co-workers were studying the effects of electricity on E. coli
bacteria.*' They found that cell division was inhibited by a substance present under
the experimental conditions. After a series of experiments, they established that what
was causing this biological effect was in fact cisplatin. Pt-based drugs currently ac-

count for 50% of the clinically used anticancer chemotherapeutics.*? However, there

TAdapted with permission from Dark-Field Oxidative Addition-Based Chemosensing: New Bis-
cyclometalated Pt(ll) Complexes and Phosphorescent Detection of Cyanogen Halides, S. W. Thomas,
K. Venkatesan, P. Miiller, T. M. Swager, Journal of the American Chemical Society, 2006, 128, 51,
16641-16648. Copyright 2006 American Chemical Society.*°
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is a constant urge for the development of new drugs, as the use of the current ones is
associated with many challenges, such as the occurrence of severe side effects and

resistance.

One proposed strategy to reduce the high toxicity is the activation of the drug specifi-

cally at the site of action.

In photodynamic therapy (PDT), a photosensitiser is activated by the use of light,
leading to the production of reactive oxygen species (ROS), primarily singlet oxygen
('0O,), that damage cellular components, leading to cell death. However, PDT relies

on the presence of dioxygen, which is often limited in hypoxic tumour regions.*®

In photoactivated chemotherapy (PACT), light is used as a trigger that turns inactive
species into cytotoxic ones. Some Pt" complexes have shown to be potentially suit-
able for use as pro-drugs in PACT. They offer the advantages of being kinetically inert
and more water-soluble than their Pt analogues. The photoreduction of such com-
plexes can lead to the release of their axial ligands and formation of cytotoxic Pt"
species. The released ligands can be biologically active molecules themselves and

can trigger a biological response.

A recent example looked at a PtV complex with a functionalised terpyridine ligand
(Figure 1.12).%* The use of conjugated ligands leads to a shift of the absorption band
to higher wavelengths, which is beneficial for tissue penetration. [Pt(OCOCH;),Cl-
(NNN)][CF3S03] showed high stability under physiological conditions and in the pres-
ence of reducing glutathione. Irradiation with 365 nm light leads to the reduction of the
complex with the release of its axial ligands. The complex showed higher cytotoxicity
on A2780 cell lines compared to cisplatin.

®
o)
CF43S0;

Figure 1.12: Chemical structure of [Pt(OCOCH3).CI(NNN)]J[CF3SO3].

Very recently, de Segura et al. prepared rare examples of luminescent cyclometal-

lated PtV complexes with potential anticancer applications. The PtV complexes in-
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corporated two 2-phenylbenzthiazole NC ligands, a monodentate pentafluorophenyl

ligand and a monodentate pyridine-based ligand (Figure 1.13).

* L= N\//:\>—CH3 1

Figure 1.13: Chemical structure of complexes prepared by de Segura et al.

All complexes showed emission at room temperature in deoxygenated CH,Cl, with
quantum yields of ~ 0.01. Complexes 1-3 demonstrated significant cytotoxicity
against A549 and Hela tumor cells, with selective activity compared to non-tumoral
cells. The neutral complex 4 was the least cytotoxic, but exhibited increased antiprolif-
erative activity under photoirradiation (15 min), showing potential as a photosensitizer

for PDT.
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Chapter 2: Platinum complexes incorporating triden-

tate NCN-coordinating ligands

2.1 Target compounds

Work by previous PhD students in our group had succeeded in the isolation of a few
PtV complexes incorporating tridentate cyclometallating ligands based on 1,3-di(2-
pyridyl)benzene (dpybH).*** Lisa Murphy developed a method for the oxidation of
Pt(dpyb)ClI to Pt(dpyb)Cl;. Gemma Freeman and Melissa Walden managed to isolate
compounds of the type 3+2+ 1, which incorporate one tridentate dpyb, one biden-
tate and one monodentate chloride ligand (Figure 2.1). Three different bidentate lig-
ands were successfully incorporated into the coordination sphere: 2-phenylpyridine
(ppy, NC), 2,2’-bipyridine (bpy, NN) and 2-(3-(4-tert-butylphenyl)1H-1,2,4-triazol-5-
yl)pyridine) (NN™).

—|+ —‘2+ —|+
| X | X | X | A | A | A
o | @ c” | ’\@ o | N"\{>
N A N A
N N S |
Gemma Freeman Melissa Walden

Figure 2.1: The PtV complexes synthesised by Gemma Freeman and Melissa
Walden

The identity of these complexes was confirmed by X-ray crystallography, but their pu-
rification required laborious procedures involving multiple recrystallisations or HPLC.

In all cases, the isolated yields were very low.

At the outset of the work described in this thesis we therefore sought to (i) optimise the
synthesis and purification of such complexes, (ii) obtain them in amounts sufficient for
a more thorough investigation of photophysical and electrochemical properties, and
(iii) prepare further examples to allow the effects of modification of the ligand to be
probed. We also wished to explore whether bis-tridentate complexes of PtV could be
prepared that contain at least one NCN ligand, together with a second tridentate lig-

and. Earlier attempts to isolate such complexes had not led to definitive results.
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2.2 Synthesis of the proligands

DpybH was used as the archetypal tridentate proligand to prepare Pt(dpyb)Cl as a
precursor to the target Pt"Y complexes. It was synthesised by Suzuki cross-coupling of
benzene-1,3-diboronic acid with 2 equiv. of 2-bromopyridine in a DME/water mixture

(1:1), according to an established procedure (Scheme 2.1).48

2 |l

~
o |
(HO),B B(OH), Pd(PPhg)4, Na,COg3 |/

N N
dpybH

\ 7/

Scheme 2.1: Synthesis of dpybH proligand

The synthesis of the tridentate ligands containing two 1,2,4-triazole rings is shown
in Scheme 2.2. These ligands had been previously prepared by Melissa Walden,

following a procedure adapted from Mydlak et al.*°

The first step involved the reaction of 2,6-pyridinecarbonitrile with an excess of hy-
drazine monohydrate. The diamidrazone intermediate that formed was further reacted
with the appropriate benzoyl chloride. This was followed by a thermal cyclisation step,

leading to the formation of the 1,2,4-triazole rings.

H2 H N H
| A _HNNHH,0 N PR
~ HN N NH

Ar o 0" Ar
180 °C
e
|\
O N
2 r r
Hal \-NH HN=y/

Scheme 2.2: Synthesis of HNNNH proligands containing two 1,2,4-triazole rings

2.3 Synthesis of Pt complexes

2.3.1 Synthesis of Pt' complex

Pt(dpyb)Cl was prepared by reaction of dpybH and K,PtCl, in acetic acid (Scheme
2.3).50
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Scheme 2.3: Synthesis of Pt" (dpyb)ClI

A crystal structure of Pt(dpyb)Cl had already been obtained (CCDC code: GUD-
CEN).%° A single crystal grown in the present work turned out to be a new polymorph,
in which the molecules pack in a parallel arrangement, rather than the herringbone
packing in the reported structure (Figure 2.2). All crystal structures reported here have

been determined by Dr Dmitry Yufit or Dr Toby Blundell at Durham University.
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Figure 2.2: Crystal structures of Pt(dpyb)Cl showing the difference in packing be-
tween the structure obtained in this work (top) and the one reported in the literature
(GUDCEN, bottom).

2.3.2 Oxidation of Pt" to PtV

Lisa Murphy#’ developed a procedure for the oxidation of Pt(dpyb)Cl to Pt(dpyb)Cls
(Scheme 2.4). Chlorine gas, generated by adding concentrated HCI to KMnQOy, in a
separate flask, is bubbled through a solution of Pt(dpyb)Cl in the minimum volume of
chloroform with the partial exclusion of light. While the original procedure suggested
maintaining a steady supply of Cl, for 30 minutes, it has been found in the present
work that 10 minutes is usually sufficient. Longer times are not desirable due to
the possibility of ligand chlorination and/or degradation of the complex (see Chapter

3).
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Scheme 2.4: Oxidation of Pt" (dpyb)Cl to PtV (dpyb)Cl; using Cls.

2.3.3 Synthesis of 3 + 2 + 1 Pt"Y complexes with bidentate ligands incorporating

1,2,4-triazole rings

Four complexes of this type, containing a bidentate pyridyl-triazole ligand, were suc-
cessfully prepared. The selected ligands are shown in Figure 2.3 (synthesised by
Melissa Walden). There are two possible bidentate modes of binding of these lig-
ands to the metal through the N atoms (Figure 2.3). The triazole can bind through

deprotonation of the NH (azole-like) or through the neutral N (imine-like).

modes of binding

N7\

N
HN N N\N =
/N SN Ny
HN-N | M
\ N azole-like
N <N R! (resembling ppy)

S | H

_N
N
18
" "\ AT
M
R' = OMe, HL® R? = OMe, HL® imine-like
R' = By, HL4 R2 = 'Bu. HL® (resembling bpy)

Figure 2.3: The pyridyl-triazole ligands used (left) and schematic of the possible bind-
ing modes of bidentate 1,2,4-triazole ligands

The first attempt at preparing such a complex was made by reacting Pt(dpyb)Cl; with
1 equiv. of HL® in boiling ethylene glycol in the presence of AgOTf to facilitate the
removal of Cl~. After work-up, a red crystal suitable for X-ray diffraction was obtained
by the slow diffusion of diethyl ether into a DCM solution of the product. It revealed
the formation of an unprecedented complex with three NCN-coordinated Pt centres
each bound to a single L® triazole ligand. One of the N-donors is anionic, whereas
the other two are neutral, leading to an overall charge of 2+. Selected bond lengths
and bond angles are summarised in Table 2.1. A short Pt—Pt distance of 3.0908(3) A
was found between two of the Pt centres (Pt1 and Pt2 in Figure 2.4). The Pt(dpyb)
units are off-centre with a C—Pt1-Pt2—C torsion angle of 41.6°. The planes defined by

the Pt(dpyb) units containing Pt1 and Pt2, respectively, are mutually almost parallel
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with an angle of about 6°. Complexes of this type could show potential for excimer
formation and NIR emission, due to face-to-face interactions between the two Pt(dpyb)
units, which are held in close proximity.5'® The "H NMR spectrum of the isolated
crystals was in agreement with the obtained crystal structure. The isolation of this
unexpected product — featuring three Pt centres each in oxidation state +2 — shows
that the starting Pt"Y material must have significant propensity to reduction under the

reaction conditions.

Figure 2.4: Molecular structure of the cation of [{Pt(dpyb)}sL3]?*

Table 2.1: Selected bond lengths (A) and bond angles (°) of {Pt(dpyb)}sL?

Bond Bond Length / A Bond Angle Bond Angle / ©
Pt1 — Pt2 3.0908(3) N2 — Pt1 — N1 160.3(2)
Pt1 — N1 2.054(5) C7—-Pt1 —N3 176.9(2)
Pt1 — N2 2.042(5) N7 — Pt2 — N8 160.82(19)
Pt1 — N3 2.153(5) C27 - Pt2 - N4 175.9(2)
Pt1 - C7 1.916(6) N9 — Pt3 —N10 160.4(2)
Pt2 — N4 2.127(4) C47 - P13 -N5 173.6(2)
Pt2 — N7 2.036(5)

Pt2 — N8 2.043(5)

Pt2 — C27 1.917(5)

Pt3 — N5 2.130(4)

Pt3 — N9 2.029(5)

Pt3 —N10 2.046(5)

Pt3 — C47 1.922(6)

In an attempt to mitigate the competitive reduction of the Pt"V, the reaction was subse-
quently attempted at a lower temperature of 111 °C in toluene. The originally targeted
complex was successfully obtained in this way, together with the analogues containing
L4-L8 (Scheme 2.5). The selection of these conditions was guided by methodology

established previously for the preparation of isoelectronic Ir'' complexes of the form
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Ir(NCN)(NC)CI from [Ir(NCN)CI(u-Cl)]» precursors.>**® The work-up involved isolat-
ing the precipitate by centrifugation, followed by washing with toluene, hexane and
diethyl ether and extraction into DCM. After solvent removal under reduced pressure,
the products were ion-exchanged with KPF¢ and recrystallised from DCM/diethyl ether

giving net yields between 27 and 92%.

HN’
_]_,_
| X | N
/N\ /N =
Pt”,
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CI/ ’ “cl N \N> " R!
g
OMe H [Pt(dpyb)L3CI]* N
Bu H [Pt(dpyb)L*CI]* R2

(

(
By p-OMePh [Pt(dpyb)L5CIJ*
By  p-tBuPh  [Pt(dpyb)LéCI]*

Scheme 2.5: Synthesis of [Pt(dpyb)L3Cl]*, [Pt(dpyb)L*Cl]*, [Pt(dpyb)L*Cl]* and
[Pt(dpyb)LCI]* from Pt(dpyb)Cl;

Single crystals of [Pt(dpyb)L3CI]PFs and [Pt(dpyb)LéCI]PFs suitable for X-ray diffrac-
tion were obtained by the slow diffusion of diethyl ether into a CH,Cl, solution of each
complex (Figure 2.5). [Pt(dpyb)L3CI]PFs co-crystallised with a molecule of DCM and
[Pt(dpyb)LeCI]PF¢ with a molecule of diethyl ether. In both cases, the triazole ring is
deprotonated (‘azole-like’ binding mode in Figure 2.3) and is trans to Cl, whereas the
pyridine ring is trans to the cyclometallated carbon of the dpyb ligand. This arrange-
ment probably arises due to the stronger trans effect of the metallated carbon and
anionic nitrogen and mirrors what is observed for the aforementioned Ir(NCN)(NC)CI
complexes, where the pyridine of the NC ligand is always found trans to the carbon of

the NCN.

Selected bond lengths and angles for [Pt(dpyb)L3CI]PFs and [Pt(dpyb)LECI]PFg are
summarised in Table 2.2. Both complexes show pseudo-octahedral geometries about
the Pt with trans-N—Pt—N angles deviating the most from linearity at 161.71° and
161.46°, values quite typical for tridentate ligands binding through the formation of two
5-membered chelate rings. The shortest bond lengths to the Pt are Pt—C at 1.944(3)
A and 1.949(6) A, and Pt—N,,;, at 2.010(2) A and 1.980(6) A in the complexes of L®
and L®, respectively. The atoms trans to these atoms show the longest bonds to the
Pt centre, highlighting the weaker bonding of the Cl ligand and the stronger trans influ-

ence of the cyclometallated C~ and the triazole N~, compared to the pyridyl N.
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(a) [Pt(dpyb)L*Cl]* (b) [Pt(dpyb)L°CI]*

Figure 2.5: Molecular structures of [Pt(dpyb)L3Cl]* and [Pt(dpyb)LéCI]* in the crystal.

Table 2.2: Selected bond lengths (A) and bond angles (°) of [Pt(dpyb)L3CI]PFs and
[Pt(dpyb)LéCI]PF

[Pt(dpyb)L3CI]PF¢ [Pt(dpyb)LCI]PF¢
Pt—Cl 2.3057(7) 2.3160(16)
Pt — Ny, 2.041(2) 2.035(5)
Pt — Nopys, 2.036(2) 2.040(5)
Pt — N, 2.162(2) 2.186(5)
Pt — Nirias 2.010(2) 1.980(6)
Pt—C 1.944(3) 1.949(6)
N-Pt—N 161.71(10) 161.46(19)
N - Pt—Cl 171.62(7) 174.13(15)
C-Pt-N 174.22(10) 171.2(2)

The aromatic portions of the "H NMR spectra of [Pt(dpyb)L3CI]PFs and the starting
Pt"(dpyb)Cl precursor in dg-acetone are shown in Figure 2.6. The highest peak for
the "H NMR spectrum of [Pt(dpyb)L3CI]PFg around 9.6 ppm corresponds to H’. No
satellite peaks for that proton coupling to '®°Pt can be seen. All of the dpyb signals are
downshifted compared to Pt(dpyb)Cl due to the higher charge, except for the protons
ortho to nitrogen (H' in Figure 2.6). These protons lie above the plane of the pyridyl
ring of the triazole ligand and thus experience a shielding ring current effect from

it.
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Figure 2.6: Aromatic region of "H NMR spectra of [Pt(dpyb)L3CIJPF; and Pt(dpyb)CI
in dg-acetone at 400 MHz. Most relevant protons are numbered and arrows show the
shift for the corresponding protons.

2.3.4 Synthesis of 3+2+1 PtV complexes with 2-phenylpyridine and 2,2’-
bipyridine

[Pt(dpyb)(ppy)CI]* and [Pt(dpyb)(bpy)Cl]?* (Figure 2.6) had previously been prepared
by PhD student Gemma Freeman but only in very small quantities of 1-2 mg, insuf-
ficient for their full characterisation. Both complexes were prepared again according
to the general procedure described above. The ppy complex required purification by
column chromatography on silica with CHz;CN/water/saturated KNOg,,4 as the mobile
phase. The pure complex (according to 'H NMR) was obtained in only 11% yield. The
bpy complex was obtained in high purity more readily in 88% yield.
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Scheme 2.6: Synthesis of [Pt(dpyb)(ppy)Cl]* and [Pt(dpyb)bpy)Cl]?* from
Pt(dpyb)Cls

2.3.5 Synthesis of bis-tridentate Pt"V complexes

Background to related bis-tridentate organometallic Ir"' complexes

Bis-tridentate complexes of Ir'', which is isoelectronic with Pt"V, have been the
subject of quite extensive research. Among the various structures studied are
[Ir(NCN)(NNN)]2* (1), [I(NCN)(NNC)]* (2) and Ir(NCN)(CNC) (3), where the
NCN ligand is 1,3-di(2-pyridyl)-4,6-dimethylbenzene (dpyx), the NNN is 2,2:6’,2"-
terpyridine, the NNC is 6-phenyl-2,2’-bipyridine and the CNC is 2,6-diphenylpyridine
(Figure 2.7).%°* Complexes 1 and 2 were prepared by heating the chloro-bridged
dimer [Ir(dpyx)Cl(u-Cl)], with the corresponding NNN or NNC tridentate ligand in
ethylene glycol at 196 °C. AgOTf was used in the case of complex 2 to aid in the
abstraction of the chlorides. Complex 3 was synthesised by heating [Ir(dpyx)Cl(p-Cl)].

in molten 2,6-diphenylpyridine as the reaction solvent at 74—-76 °C.

Complex 1 is only weakly emissive at room temperature in degassed CH3;CN (® <
0.01%). Complexes 2 and 3 show room-temperature emission in deaerated CH3CN

with quantum yields of 2.3 and 21%, respectively.

These structures will provide a foundation for the synthesis of Pt"V analogues, as no

known examples of bis-tridentate Pt"Y complexes currently exist.
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Figure 2.7: Structures of iridium(lll) complexes containing an NCN ligand, reported
by Williams and co-workers.%°*

Synthesis of [Pt(dpyb)(NNN)]**

The synthesis of [Pt(dpyb)(tpy)]** (Figure 2.9) was first attempted by heating
Pt(dpyb)Cl; and tpy in dry refluxing ethylene glycol for 18 h. No AgOTf was used,
so that the complex could be obtained with a chloride counterion. It was assumed
that the 3+ complex with a chloride counterion would be soluble in an ethylene
glycol / water mixture, so water was added and the resulting precipitate removed by
centrifugation. The "H NMR spectrum of the precipitate revealed it to be a mixture of
the starting Pt(dpyb)Cl; and its reduced version Pt(dpyb)Cl. Meanwhile, the filtrate
was added dropwise to saturated KPFg,,), in order to precipitate the sought-after
complex as its hexafluorophosphate salt. Crystallisation of the precipitate led to a

crystal suitable for X-ray diffraction (Figure 2.8)

Figure 2.8: Molecular structure of the cation of [Pt(NCN-dpyb)(NN-tpy)][PFg]-

The structure reveals the complex to be one in which the tpy ligand is bound as a
bidentate NN ligand with the 6" site occupied by a chloride (Figure 2.8). It is unusual

for tpy to bind as a bidentate ligand.®® However, this structure is not consistent with the
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'H spectrum of the bulk material in solution, which showed only one environment for
the lateral rings of the terpyridine. Apparently, most of the molecules present were in-
deed the targeted complex, whilst [Pt(NCN-dpyb)(NN-tpy)CI]** may have been only a
minor product that happened to crystallise readily. Nevertheless, the desired complex
could not be purified any further, so another attempt was made to synthesise it using
different conditions. [Pt(dpyb)(tpy)]** was successfully synthesised according to the
general procedure described previously, by heating the starting materials in toluene in
the presence of 3 equiv. of AgOTTf to aid the abstraction of all three chloride ligands.
A related complex with one dpyb ligand and one non-symmetric NNN ligand contain-
ing a 7-azaindole lateral ring, namely 6-(N-7-azaindolyl)-2,2’-bipyridine (azbpy), was
also synthesised (Figure 2.9). To the best of our knowledge, these are the first known

examples of bis-tridentate Pt"Y complexes.

7\ ks 7\ )3

Figure 2.9: Chemical structures of [Pt(dpyb)(NNN)]3* complexes in crystal

The ligand azbpy binds with the formation of one 5- and one 6-membered chelating
ring, whereas tpy binds with the formation of two 5-membered chelating rings. When
bound to a metal, 5,6-chelating ligands similar to azbpy have been found to give bite
angles closer to 180°, which results in stronger ligand fields, and which can have
a beneficial impact on luminescence quantum yield by attenuating non-radiative de-
cay in d-d states.®’° Crystals suitable for X-ray diffraction were obtained for both
[Pt(dpyb)(tpy)][PFs]s and [Pt(dpyb)(azbpy)][PFs]s by the slow diffusion of diethyl ether

into an acetone solution of the respective complex.

Selected bond lengths and bond angles are summarised in Table 2.3. Both complexes
show pseudo-octahedral geometries about the Pt. The corresponding bond lengths
are similar for the two complexes but the N#—Pt—NP¥ angle is indeed closer to being

linear, at 171.4° compared to the N?”—Pt—NP¥ angle in the tpy complex at 160.1°.
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(a) [Pt(dpyb)(ipy)]**

Figure 2.10: Molecular structures of [Pt(dpyb)(toy)]** and [Pt(dpyb)(azbpy)]>*

(b) [Pi(dpyb)(azbpy)]**

Table 2.3: Selected bond lengths (A) and bond angles (°) of [Pt(dpyb)(toy)][PFs]; and

[Pt(dpyb)(azbpy)][PFs]s

[Pt(dpyb)(tpy)]** [Pt(dpyb)(azbpy)]**
Pt — NVVNe: — 2.028(7)
Pt — NNVAN 2.020(5) 2.098(7)
Pt — NN NN 2.042(5) / 2.038(5) 2.032(7)
Pt — NNCN 2.052(5) / 2.057(6) 2.043(6) /2.055(7)
Pt—C 1.980(5) 1.951(8)
NNNN/NNNaz _ pt — NNNN/NyNN-— 460 1(2) 171.4(3)
NNCN _ pt — NNCN 161.0(2) 162.2(3)
C — Pt — NVAN 177.8(2) 173.7(3)

Attempted synthesis of complexes of the type [Pt(dpyb)(CNC)]*, [Pt(dpyb)(NCN)]?*

and [Pt(dpyb)(NNC)]?*

The syntheses of [Pt(NCN-dpyb)(CNC-dppy)]* (dppyH

2,6-diphenylpyridine),

[Pt(NCN-dpyb),]>* and [Pt(NCN-dpyb)(NCN-F,-dpyb)]?* were attempted by reacting
Pt(dpyb)Cl; with the corresponding ligand in the presence of AgOTf in either ethylene

glycol or toluene (Scheme 2.7). All of the reactions yielded mixtures of products,

most of which could not be identified. In each case, some reduction to Pt" was also
observed, with either Pt(dpyb)CI or [Pt(dpyb)(CH3CN)]*, being observed by NMR and

mass spectrometry. In some instances, they were even formed in sufficient amounts

that they could be isolated.
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Scheme 2.7: Attempted synthesis of [Pt(dpyb)(dppy)]*, [Pt(dpyb)-]?* and
[Pt(dpyb)(F2-dpyb)]**

The attempted synthesis of [Pt(NCN-dpyb)(NNC-phbpy)]?* following the same proce-
dure was also not successful (Scheme 2.8). Two recrystallisations from hot ethanol
led to the isolation of a compound of which a single crystal suitable for X-ray diffrac-
tion was obtained. It revealed the formation of a Pt'(dpyb) complex in which the 4™
coordination site is occupied by phbpyH, bound monodentate through the lateral pyri-
dine ring (Figure 2.11). An attempt was made to re-oxidise this complex back to PtV
using the oxidising agent PhICl,, but rather than obtaining the desired complex, the

outcome was the formation of mainly Pt(dpyb)Cls.

7 N\
o L
Pt—Cl
\CI
7\

[Pt(NCN-dpyb)(NN-phbpyH)]*

Scheme 2.8: Attempted synthesis of [Pt(dpyb)(phbpy)]?*, leading either to a Pt" com-
plex or to two mutually isomeric Pt"Y complexes of the 3+ 2 + 1 type.
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Figure 2.11: Molecular structure of [Pt{(NCN-dpyb)(N-phbpyH)[* in the crystal

Another attempt at the same reaction yielded a mixture of two isomers of a 3+2 + 1
complex, in which the phbpy binds as a bidentate ligand through the two pyridine rings,
with no cyclometallation of the phenyl ring (Scheme 2.8). Single crystals suitable for
X-ray diffraction were obtained for both products by the slow diffusion of diethyl ether
into a DCM solution of the complex (Figure 2.12). In isomer (a) the phenyl ring of
the dpyb ligand is trans to the central pyridine of the phbpy ligand, whereas for (b)
the phenyl ring of the dpyb ligand is trans to the terminal pyridine ring of the phbpy
ligand. Although these two isomers were initially isolated independently, scrambling
occurred in acetone-dg solution at ambient temperature over the course of a few days,

evidenced by "H NMR.

(a (b)

Figure 2.12: Molecular structures of the two isomers of [Pt(dpyb)(HL?)CI]?* in the
crystal.
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Attempted synthesis of PtV complexes with tridentate ligands containing two

1,2,4-triazole rings

Melissa Walden attempted to synthesise [Pt(dpyb)(L?)]* (Scheme 2.9), but unequivo-
cal evidence for its formation was not obtained.

N-NH HN-N

Ar’</ \>~Ar
X
| A N |

Scheme 2.9: Synthesis of [Pt(dpyb)(tBu/CFs-triazole)]*

Several further attempts were made during the present work, as summarised in Table
2.4. Base was used in some instances to facilitate the deprotonation of the azoles.
All of the procedures gave a peak in the ASAP mass spectrum at the expected m/z
value of 925 (L) or 901 (L?) for the molecular ion, except for the use of toluene with
no AgOTf. A variety of purification techniques were used in attempts to isolate the
products, including recrystallisation from different solvents and column chromatogra-
phy with different mobile phases. However, the isolation of a pure product was not

achieved from any of the reactions.

Table 2.4: Different  conditions  probed for the synthesis of
[Pt(dpyb)(tBu/CFs-triazole)]*

solvent AgOTf base microwave T/°C time
ethylene glycol v X X 200 72 h
ethylene glycol v X X 200 2h
ethylene glycol X X X 200 5h
ethylene glycol v X X 175 24 h
ethylene glycol X Et;N X 175 24 h
ethylene glycol v X v 150 30 min
ethylene glycol v/ K>COs v 130 20 min
ethylene glycol v NaOMe v 130 20 min
ethylene glycol v Et;N v 130 20 min
toluene X X X 111 24 h
toluene v X X 125 24 h
DCE v X v 120 30 min
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2.3.6 Photophysical properties

The absorption spectra of the complexes in CH3CN solution at room temperature are
shown in Figure 2.13 (data also summarised in Table 2.5). Each complex displays in-
tense bands at high energy < 300 nm, which can be ascribed to n— * transitions within
the ligands. [Pt(dpyb)L®Cl]PFg¢ and [Pt(dpyb)LeCI]PFg show higher molar absorptiv-
ity in the low energy region, compared to [Pt(dpyb)L3CI]PFs and [Pt(dpyb)L*CI]PFs,

reflecting the presence of the additional aromatic ring.

For complexes [Pt(dpyb)(bpy)Cl][PFe¢]o and [Pt(dpyb)(tpy)][PFs]s the lowest-energy
unoccupied orbitals are more likely located on the pyridine rings of the more electron-
deficient tpy or bpy ligands than on the NCN. The bands appearing at 340 and 357 nm
in [Pt(dpyb)(tpy)][PFs]s have obvious counterparts in [Pt(tpy)Cls]* (340 and 356 nm)®°
and are therefore concluded to arise from transitions involving the tpy ligand as the
acceptor. Similarly, [Pt(dpyb)(bpy)CI][PFs]. shows intense bands at 320 (appearing as
a shoulder) and 309 nm, comparable to the tris-bidentate complex, [Pt(ppy)2(bpy)]*,
reported by Bernhard and co-workers (332sh, 316 nm), and thus likely involving bpy

as the acceptor.®'

None of the complexes were luminescent at room temperature in acetonitrile solution
or at 77K in butyronitrile. Although some weak emission was observed in some sam-
ples, it closely resembled the emission profile of the Pt precursors, and was almost
certainly due to a light-activated reduction back to Pt on the timescale of the mea-

surement, or to the presence of small amounts of impurities from the outset.

Table 2.5: UV-vis absorption data for [Pt(dpyb)L3®CIIPFs, [Pt(dpyb)(opy)CIIPFs,
[Pt(dpyb)(bpy)ClJ[PF¢]. and [Pt(dpyb)(tpy)][PFs]s in CH3;CN at 298 K.

complex absorption
P Amax/nmM (¢/M~'em—1)
[Pt(dpyb)L2CIPF, 266 (44700), 279sh (38900), 322 (15200), 340sh (13500)
[Pt(dpyb)L*CI]PFe 260 (35500), 279sh (25300), 323 (16200), 341sh (10900)
[Pt(dpyb)L5CIPF, 259 (47100), 279sh (37700), 326 (42400)
[Pt(dpyb)LECIPF, 257 (42800), 280 (41900), 301 (37800)
256 (13360), 265 (12700), 285 (11800), 308 (11300),
[Pt(dpyb)(ppy)ClIPFe 319 (10900), 332sh (7820), 348 (5820)
[Pt(dpyb)(bpy)CI[PFsl. 268 (15800), 280 (18000), 309 (24500), 320sh (26200)
(oy) 273sh (24500), 281 (27400), 294 (22500), 325 (20800),

[P(apyb)(tpy)IPFels 339sh (15200), 357 (13000)
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Figure 2.13: UV-vis  absorption  spectrum of  [Pt(dpyb)L>®CIIPFs;,

[Pt(dpyb)(ppy)ClIPFs, [Pt(dpyb)(bpy)Cli[PFs]. and [Pt(dpyb)(toy)][PFs]s in CHsCN at
298 K.

2.3.7 Electrochemistry

The redox properties of the complexes were investigated in acetonitrile in the
presence of 0.1M NBu4sPF¢ as supporting electrolyte.  The cyclic voltammo-
grams for complexes [Pt(dpyb)L3®CI|PFs are shown in Figure 2.14 and those of
[Pt(dpyb)(ppy)CIIPFs, [Pt(dpyb)(bpy)CIl[PFel. and [Pt(dpyb)(tpy)][PFels in Figure
2.15. E° values are also collated in Table 2.6. For each complex, an irreversible
reduction peak between —0.22 and —1.48 V vs Fc* | Fc is observed, corresponding to
reduction of the Pt(IV) to Pt(ll), as seen for other Pt(IV) complexes.®' The potential
required for the reduction of the Pt(IV) centre decreases with the increase in overall
charge of the cations — least negative for the 3+ terpyridine-containing complex cation

and most negative for the singly charged complex cation [Pt(dpyb)(ppy)Cl]*.

One further reversible reduction was observed at lower reduction potentials for all
complexes apart from [Pt(dpyb)(ppy)CI]|PFs, probably associated with the reduction
of the bpy and tpy ligands. For complex [Pt(dpyb)(bpy)CI][PF¢]., there is a small

reversible reduction at —1.96V vs Fc* | Fc.

Oxidation peaks were only observed for complexes [Pt(dpyb)L3®CI|PFgs in the
range investigated, likely thanks to the presence of the electron-rich 1,2,4-
triazole ring.  The complex with the more electron-donating p-OMe-phenyl-
substituted triazole ring exhibits the lowest oxidation potential of 1.19V wvs

Fc* | Fc. The highest occupied molecular orbital (HOMO) is likely located
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on the ftriazole-containing ligands L3*® and therefore the oxidation potential

of the complex is affected by the change in substituent on that ligand.

[Pt(dpyb)L3CI]* (a) | — [Pt(dpyb)L3CI]* (b))
[Pt(dpyb)L4CI]* — [Pt(dpyb)L4CI]*
[Pt(dpyb)L5CI]* — [Pt(dpyb)L5CIJ*
[Pt(dpyb)LECI]* | — [Pt(dpyb)LeCI]*

I/ LA
]

1/ uA

[um—

2 pA 2 uA

-0.2 0.6 1.4 ~1.8 -1.0 -0.2
Potential vs Fc* | Fc Potential vs Fc* | Fc

Figure 2.14: Cyclic voltammograms of [Pt(dpyb)L3¢CI]PFs; recorded in 0.1 M
NBu,PFs/CH;sCN, scan rate = 50 mV s,

| — [Pt(dpyb)(ppy)CI]*
— [Pt(dpyb)(bpy)CI>*
| — [Pt(dpyb)(tpy)I**

|/ LA

2 uA

-1.8 -1.0 -0.2
Potential vs Fc* | Fc

Figure 2.15: Cyclic voltammograms of [Pt(dpyb)(ppy)CI|PFs, [Pt(dpyb)(bpy)CI][PFg]-
and [Pt(dpyb)(toy)][PFs]s recorded in 0.1 M NBu,PFs/CH3CN, scan rate = 50 mV s7'.
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Table 2.6: Electrochemical data for [Pt(dpyb)L3°CIJPFs, [Pt(dpyb)(ppy)CIlIPFs,
[Pt(dpyb)(bpy)CI][PFs]>. and [Pt(dpyb)(toy)][PFs]s in CHs;CN solution with 0.1M
NBU4PF6

complex E%x / V2 Ered /e
[Pt(dpyb)L3CI]PFq 1.19 -0.93%, -2.17
[Pt(dpyb)L*CI]PF 1.48 —-1.00%, —2.20
[Pt(dpyb)L5CI]PFq 1.43 -0.959, —2.17
[Pt(dpyb)LECI]PFg 1.44 -0.94% -2.16
[Pt(dpyb)(ppy)Cl]PFs —c —1.48¢
[Pt(dpyb)(bpy)Cl][PFe]2 —° -0.56%, —1.96, —2.16
[Pt(dpyb)(tpy)][PFels —c —-0.229,-0.35, —1.89

3E,, refers to the anodic peak potential for the irreversible oxidation waves. °Eg refers to the cathodic
peak potential for the reduction waves. °Oxidation outside of the accessible window. %Irreversible
reduction.

2.4 Chapter summary

The Pt"V complex Pt(dpyb)Cl; was synthesised by oxidizing Pt'(dpyb)CI with chlorine.
From this complex, several 3 +2 + 1 type complexes were prepared, each featuring a
tridentate dpyb ligand, one bidentate ligand, and a monodentate chloride ligand. The
bidentate ligands used in these complexes included pyridyl-triazole ligands NN—, 2,2’-
bipyridine NN, and 2-phenylpyridine NC. Additionally, two bis-tridentate complexes
were synthesised, incorporating a dpyb NCN ligand and an NNN-type ligand, marking

the first examples of bis-tridentate Pt"Y complexes.

The photophysical properties of all of the complexes were investigated. The absorp-
tion spectra of the complexes in CH3CN solution at room temperature show intense
high-energy bands (< 300 nm) attributed to ©— ©* transitions in the ligands, with lower-
energy bands extending to 400 nm likely involving some metal participation. None of
the complexes displayed detectable luminescence at room temperature in acetonitrile

or at 77K in butyronitrile.

The redox properties of the complexes were examined in acetonitrile with 0.1M
NBusPFg as the supporting electrolyte. Each complex exhibits an irreversible
reduction peak between —0.22 and —1.48 V vs Fc* | Fc, corresponding to the Pt(IV)
to Pt(ll) reduction. The reduction potential becomes less negative with increasing
cation charge. Oxidation peaks were observed only for [Pt(dpyb)L3®CI]PFg, with the
complex featuring an electron-rich triazole ring showing the lowest oxidation potential
of 1.19V vs Fc* | Fc.
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Chapter 3: Platinum complexes incorporating triden-

tate NNC ligands

3.1 Target compounds

Building on the work from Chapter 2, we expanded our research to the synthesis of
PtV compounds featuring tridentate NNC ligands, in contrast to the previously ex-
amined NCN ligands. By employing differently substituted phenylboronic acids, we
can easily modify the cyclometallating ring of the NNC ligand. Our investigation will
include the synthesis of various Pt" complexes of the 3+2+ 1 type, as well as bis-
tridentate complexes, followed by an exploration of their electrochemical and photo-

physical properties.

3.2 Synthesis of the proligands

Seven NNC (HL"-HL'®) and four NC (3-OMe-ppy, 4-OMe-ppy, 2,4-F»-ppy and 4-CF;-
ppy) proligands were synthesised by Suzuki and Stille cross-coupling reactions ac-
cording to standard procedures (Scheme 3.1).48¢" The reactions were performed in
degassed solvent under an atmosphere of nitrogen using Pd(PPhj), or Pd(PPhj3).Cl,

as the catalyst.

6-Bromo-2,2"-bipyridine was synthesised by Stille coupling of 2,6-dibromopyridine and
2-(tributylstannyl)pyridine. A Suzuki cross-coupling of the product with 1 mol equiv. of
the appropriate meta- or para-substituted phenylboronic acid in DME/water (1:1) gave
HL™"1. The synthesis of 8-(6-phenylpyridin-2-yl)quinoline (HL'®) was achieved by two
consecutive Suzuki cross-coupling reactions, the first between 2,6-dibromopyridine
and 8-quinolinyl boronic acid, and the second between the resulting 2-bromo-5-(8-
quinolinyl)pyridine and phenylboronic acid. HL'?> was prepared by a Stille cross-
coupling of 6-bromo-2,2’-bipyridine with 2-(tributyltin)thiophene. While Suzuki cross-
coupling reactions are typically preferred over Stille cross-coupling reactions due
to the toxic nature of organotin compounds, heteroaryl boronic acids are unstable.

Therefore, a Stille cross-coupling reaction was used in this case. %263
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Scheme 3.1: Synthesis of NNC and NC proligands.

The NC proligands 2-(3-methoxyphenyl)pyridine (3-OMe-ppy), 2-(4-methoxyphe-
nyl)pyridine (4-OMe-ppy) and 2-(2,4-difluorophenyl)pyridine (2,4-F.-ppy) were
prepared by Suzuki cross-coupling reactions with 2-bromopyridine and the corre-
sponding substituted phenylboronic acid through conventional heating in DME/water.
2-[4-(Trifluoromethyl)phenyl]pyridine (4-CF3-ppy) was synthesised by a microwave-
assisted method, in which DME was used as the solvent and Pd(PPhs), as the
catalyst.®* The reaction was heated at 120 °C for 1h. The products were isolated in

yields between 66 and 95%.

The proligand HL'® binds with the formation of one 5- and one 6-membered chelating
ring, whereas the rest of the NNC ligands form complexes with two 5-membered
chelating rings. Similarly to the ligand azbpy from Chapter 2, HL'® may provide bite
angles that are close to 180°, which could result in stronger ligand fields and therefore

have beneficial luminescence effects.
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3.3 Synthesis of Pt' complexes

Two methods were used for the synthesis of PtL’Cl (Scheme 3.2). The more com-
monly used method for the preparation of Pt(NNC)CI complexes involves the addition
of a degassed aqueous solution of K,PtCl, to a solution of the ligand in degassed
CH3CN and subsequent reflux of the mixture for 24 h.®® An alternative procedure
used acetic acid as the solvent, as in the preparation of Pt(dpyb)Cl in Chapter 2, and
we found it to give higher yields of PtL’Cl and in higher purity (according to the 'H
NMR spectrum). This route was therefore also used for the preparation of all of the

other Pt'"(NNC)CI complexes (Scheme 3.2).

| X
K,PtCl, P
AcOH | h 'T
or MeCN/water /N\P|t
cl PiL’CI
KoPtCl,
AcOH
c|;| 3-Me  PiL8CI
x. 3OMe PtCI
" 4-OMe PtL'9C]
4-CF3  PtL'CI
KoPtCl,
AcOH
K,PtCl,
AcOH

PtL3CI

Scheme 3.2: Synthesis of Pt' complexes.

Crystals of complexes PtL°Cl and PtL'3Cl were obtained that were suitable for X-
ray diffraction by the slow evaporation of a DMSO solution of the respective complex
(Figure 3.1). Selected bond lengths and bond angles are summarised in Table 3.2.
As anticipated for PtL'3Cl, which contains one 5- and one 6-membered chelate, the
C-Pt-N angle is larger at 173.3(3)°, compared to 161.79(7)°for PtL°Cl (with two 5-

membered chelates).

43



Figure 3.1: Molecular structures of complexes PtL°Cl and PtL"3ClI.

Table 3.1: Selected bond lengths (A) and bond angles (°) of PtL2Cl and PtL™3CI.

PtLeCI PtL3CI
Pt—Cl 2.3157(5) 2.300(2)
Pt — N1 2.1067(15) 1.988(6)
Pt— N2 1.9476(15) 2.112(6)
Pt—C 1.9937(19) 1.995(8)
C-Pt—N 161.79(7) 173.3(3)
N - Pt—Cl 178.58(5) 174.3(2)

3.4 Synthesis of Pt"Y complexes

3.4.1 Oxidation of Pt" to PtV

The complexes PtL”Cl, PtL8CI, PtL''Cl and PtL'3Cl were oxidised using chlorine gas,
following the same procedure as for the oxidation of Pt(NCN)CI complexes in Chapter
2 (Scheme 3.3). PiL’Cl; and PtL'3Cl; were isolated in high purity in this way. The
corresponding reaction of PtL8CI did lead to the formation of PtL8Cl;, but the "H NMR
spectrum showed the product to be accompanied by a small proportion of a sec-
ond, related complex. X-ray diffraction analysis of a crystal of PtL8Cl; subsequently
showed that it had co-crystallised with a complex (which we shall refer to as PtL8¢'Cl,)
incorporating a chlorine atom in the metalated phenyl ring, at the position para to the
C—Pt bond. Meanwhile, the attempted oxidation of PtL°Cl to PtL°Cl; by the same
procedure gave uniquely the ring-chlorinated product PtL®¢'Cl; (Scheme 3.3). Metal-
lation of the phenyl ring has been found to activate the CH para to the metal in some
Ir'" bis-tridentate complexes containing NNC or NCN ligands. For example, treatment
of a complex of the type [Ir(NCN)(NNC)]* with N-bromosuccinimide (NBS) in CH;CN
at room temperature results in the selective electrophilic bromination of the aryl ring

of the NNC ligand in that position. °
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CF3 PiL’Cl;
PtL''Cl;

PtL8Cl3 PtL8CICI5

Cl,
CHCl,
PtL13Clg
OMe OMe
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CHClg Cl
Cl,
=
~
CHClg

Scheme 3.3: Oxidation of the Pt' complexes with Cl, to generate PtVL"Cl; com-
plexes.

In an attempt to suppress this competitive halogenation, a different reagent was in-
vestigated, namely PhICl,. This compound is a milder oxidant than Cl, itself and has
been used successfully by others for the oxidation of Pt to PtV compounds, as dis-
cussed in Chapter 1.5 Equimolar amounts of PtL°Cl and PhICl, were dissolved in
the minimum volume of CHCI; and the mixture was stirred overnight with the partial
exclusion of light (Scheme 3.4). This reaction resulted in the successful isolation of
the target PtL°Cl;. PtL'2Cl and PtL'°Cl were also oxidised to PtL'2Cl; and PtL'°Cl,
according to this method. While the oxidation of PtL'2Cl proceeded cleanly, that of
PtL'°CI resulted in the formation of two main products — the target PtL'°Cl;, as well
as a chlorinated product Pt'°¢!Cl;. The two products were separated by column chro-

matography on silica with hexane / ethyl acetate.
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OMe

Cl
N
/| /| OMe
| 10 101
Cl Cl ¢ Cl pttoCl, Cl I Cl PL10CICI,
PhICI,
CHCl,

Scheme 3.4: Oxidation of the Pt' complexes with PhICl,.

It is possible that the electron-donating methoxy substituent further activates the met-
allated ring to such an extent that even the milder PhICIl, reagent gives some ring
oxidation. However, as some PtL'°C'Cl was also isolated, it is possible that the com-
petitive ring chlorination actually occurs prior to oxidation of Pt. The formation of the
Pt'" complex PtL'°C'Cl as a by-product of the reaction was suggested by both "H NMR
and X-ray crystallography (Figure 3.2).

i Pt1oCIC|
Pt - Cl 2.3168(15)
Pt — N1 2.118(5)
Pt — N2 1.948(5)
Pt—C 1.998(6)
C-Pt-N 161.9(2)
N — Pt - Cl 176.40(15)

Figure 3.2: Molecular structure of complex Pt°C!CI (left). Selected bond lengths (A)
and bond angles (°) of Pt'%CCI (right).
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The "H NMR spectra of PtL’Cl and PtL’Cl; in dg-DMSO are shown in Figure 3.3. A
deshielding of all the protons is seen upon oxidation, resulting in a downfield shift of
the signals in the "H NMR spectrum. The J-coupling constants '®*Pt-'H' and '®°Pt-
"H2 of the PtV complex are both smaller than those in the Pt parent (e.g., 3Jisspy.1,p2
~ 27 Hz for PtV; 3Jiesp 12 ~ 43 Hz for Pt"). Both of these effects are consistent
with trends reported in the oxidation of Pt to Pt" in other complexes, as noted in
the introduction. A reduction in the magnitude of coupling constants to %Pt can be
rationalised in terms of the lower s-contribution in the d?sp3-hybridized Pt" relative to

the dsp? Pt" centre.67:68

9493929190809 888786 85 8483828.1807978777.675 7473727170
(ppm)

Figure 3.3: "H NMR spectra of PtL”CI and PtL”Cl; in dg-DMSO at 400 MHz. The
protons most diagnostic of oxidation are numbered and the arrows highlight the shift
upon oxidation

Crystals suitable for X-ray diffraction of all of the Pt"VCl; complexes, apart from
PtL'°Cl;, were obtained by the slow evaporation of a DMSO solution of the respective
complex (Figure 3.4). The crystal structures of the complexes confirmed the +4
oxidation state (neutral molecules with three chloride and one C~ ligands attached to
the metal centre) and pseudo-octahedral geometries about the metal. Selected bond

lengths and bond angles are summarised in Table 3.2.

The trans-bond angles CI-Pt-Cl and N-Pt-ClI are close to linear, whereas N-Pt-C
are mostly between 160.86° to 162.03°. The only exception is PtL'3Cls, for which it is
closer to linear at 172.49°, reflecting the combination of 5- and 6-membered chelates

as discussed earlier.
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Figure 3.4: Molecular structures of PtV Cl; complexes.

Table 3.2: Selected bond lengths (A) and bond angles (°) of PtV Cl; complexes.

L7 L8 LQ LQCI L1 0Cl L11 L12 L13

Pt — Cl1 2.3112(5) 2.325(2) 2.3250(6) 2.3146(11) 2.3262(9) 2.3196(8) 2.3218(11) 2.3223(6)
Pt—CI2 2.3279(5) 2.305(2) 2.3175(6) 2.3034(12) 2.3141(9) 2.3012(8) 2.3108(14) 2.3057(6)
Pt—CI3 2.3135(5) 2.320(2) 2.3137(6) 2.3228(12) 2.3214(9) 2.3144(8) 2.3200(13) 2.3185(6)
Pt — N1 2.1323(17) 2.167(7) 2.137(2) 2.158(4) 2.143(3) 2.164(3) 2.136(3) 2.168(2)
Pt — N2 1.9747(16) 1.975(6) 1.9649(19) 1.975(4) 1.975(3) 1.975(3) 1.977(4) 2.0101(19)
Pt—C 2.0543(19) 2.013(8) 2.004(2) 2.011(4) 2.007(3) 1.998(3) 2.013(4) 2.000(2)
Cl—Pt—Cl  179.278(18)  177.40(8) 174.68(2) 178.44(4) 178.69(3) 178.09(3) 178.53(5) 176.39(2)
C-Pt—-N 161.30(7) 161.9(3) 162.92(9) 160.86(18) 162.03(13) 161.37(11) 160.88(18) 172.49(9)
N-Pt-Cl 177.52(5) 177.1(2) 179.36(6) 177.50(12) 178.29(9) 178.06(8) 179.23(10) 177.47(6)




3.4.2 Synthesis of 3+2+1 PtV complexes with bidentate ligands incorporating

1,2,4-triazole rings

Three complexes of the form [Pt(NNC-L”)(NN)CI]* were synthesised, where NN rep-
resents one of the 1,2,4-triazole ring-containing ligands L3, L? or L® from Chapter 2
(Scheme 3.5). Informed by the method developed in Chapter 2 for NCN complexes,
they were prepared by heating PtL’Cl; with HL® and 2 equiv. of AgOTf in toluene at
125 °C overnight with the exclusion of light. [PtL7L3CI)PFg and [PtL?L3CI)PFs required
purification by column chromatography on silica with CH;CN/water/saturated KNOg,q)

as the mobile phase.

| X NS
o8 i
/N\ ’
/F|>t toluene
2 1
OMe H [PtL7L3CI*
tBu H [PtL7L4CI R2

tBu p-OMePh  [PtL7LSCI]*

Scheme 3.5: Chemical structures of [PtL73CIJPFg, [PtL”L*CI]PFs and [PtL7L°CI]PFg

The "H NMR spectra of [PiL’L3CI]PFg and [PiL’L°CI]PFg are shown in Figure 3.5.
The most deshielded proton is the one closest to the pyridyl nitrogen of the triazole
ligand. The electron-donating OMe group leads to an upfield shift of H® (arrow 3).
For these complexes, the most shielded proton is the one next to the cyclometallated
carbon. Interestingly, while %Pt coupling to the proton ortho to the pyridyl ring of the
triazole ligand could not be seen for the complexes with a tridentate NCN dpyb ligand
(Chapter 2, Figure 2.6), very pronounced satellites are observed for the complexes
with the tridentate NNC ligand L7 (3Jissp,.1yy = 26 Hz for protons 1 and 3Jissp,.1yy =~ 25

Hz for protons 2).
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R, = OMe, R, =H

R; = tBu, R, = p-OMePh

99 9.7 95 93 91 89 87 85 83 81 79 77 75 73 71 69 6.7 6.5 6.3
(ppm)

Figure 3.5: Aromatic region of "H NMR spectra of [PtL”3CI|PFs and [PtL”L®CI]PF
in dg-acetone. Most relevant protons are numbered and arrows show the shift upon
change of R; and R..

3.4.3 Synthesis of 3+2+1 PtV complexes with 2,2’-bipyridine and of bis-

tridentate complexes with 2,2’;6°,2”-terpyridine

[PtL7 (bpy)CI]?* and [PiL (tpy)]** were both successfully synthesised according to the
general procedure described previously, but using 3 equiv. of AgOTf in the case of

[PtL7 (tpy)]** to aid the abstraction of all three chloride ligands.

AgOTHf, toluene

[PiL7(tpy)CI3+

Figure 3.6: Chemical structures of [PtL” (bpy)CI]?* and [PtL? (tpy)]>* complexes.
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A single crystal of [PtL7(bpy)CI][PF¢]. suitable for X-ray diffraction was obtained by

the slow diffusion of diethyl ether into an acetone solution of the complex (Figure 3.7).

The complex co-crystallised with a molecule of acetone per complex.

Figure 3.7: Molecular structure of cation and crystal packing of [PiL” (bpy)CIJ[PFg]-

Selected bond lengths and bond angles are summarised in Table 3.3. The complex

shows pseudo-octahedral geometry about the metal. The Pt—N bond to the nitrogen

of the central pyridine of the phbpy ligand is the shortest bond to Pt at 1.985(4) A,

o

consistent with what is observed across the series of PtY(NNC)Cl; complexes.

Table 3.3: Selected bond lengths (A) and bond angles (°) of [PtL7 (bpy)CIJ[PFs].

Bond

Bond Length / A

Pt-Cl
Pt — N1
Pt — N2
Pt — N3
Pt — N4
Pt-C

A WO, DD

Bond Angle Bond Angle / ©
N-Pt-N 178.65(16)
N-Pt-Cl 174.91(11)
C-Pt-N 160.79(16)

51



A crystal suitable for X-ray diffraction was also obtained for [PtL’(tpy)][OTf]; by the
slow diffusion of diethyl ether into an CH3CN solution of the complex. However, the
structure has generic disorder, arising from the similarity of terpyridine and phenyl-
bipyridine ligands, and it could not serve as definitive proof of identity. The disorder
in the crystal of the bis-tridentate complex motivated the synthesis of a modified com-
plex with an added substituent on one of the ligands in the hope of overcoming the
disorder by making the ligands ‘more different’. An in-situ bromination reaction was
first attempted as a potentially easy way to access a modified complex (Scheme 3.6).

As mentioned before, some bis-tridentate Ir""

complexes with NNC ligands have been
found to undergo bromination at the position para to the metallated carbon under very
mild conditions when reacted with NBS. %6 [PtL?(tpy)][PFs]s and NBS were dissolved
in CD3;CN. The deuterated solvent was used in order to allow the reaction to be moni-
tored conveniently by "H NMR. Unfortunately, no reaction was observed upon stirring
for 24 hours, nor after adding an excess of NBS and heating for a further 24 hours,
or heating in a microwave for 30 minutes. Evidently, the high positive charge on the

PtV complex, compared to Ir'! systems, deactivates the metallated ring to electrophilic

bromination.

Scheme 3.6: Attempted in situ-bromination of [PtL? (toy)][PFs]s

We therefore prepared the tolylbipyridine analogue of [PtL?(tpy)][PFs]s, as it would
contain a tolyl rather than a phenyl group, thus rendering the NNC and NNN lig-
and ‘more different’ from one another in the crystal. The reaction of PtL8Cl; with tpy
according to the general procedure afforded the complex [PtL8(tpy)][PFsls (Scheme
3.7).

A single crystal suitable for X-ray diffraction was obtained by the slow evaporation
of an acetone solution of the complex (Figure 3.8). Along with the NCN systems
reported in Figure 2.9, we believe it to be the first structurally characterised example

of any PtV complex in which the metal ion is bound by two tridentate ligands.
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[PtL3(tpy)][PFels
Pt — N1 2.148(7)
Pt — N2 1.995(8)
Pt—C 2.043(9)
Pt— N3 2.054(9)
Pt — N4 1.958(8)
Pt— N5 2.043(9)
L. T C — Pt — N1 160.5(3)
TNl N2-Pt—N4  179.1(4)
&5‘1; N3-Pt—-N5  161.7(3)

Figure 3.8: Molecular structure of the cation of [PtL8(tpy)][PFs]; with selected bond
lengths (A) and bond angles (°) tabulated.

3.4.4 Synthesis of PtV complexes containing an NNC ligand and a second cy-

clometallating ligand
Synthesis of 3+2+1 Pt"Y complexes

Five 3+2+ 1 Pt"V complexes with an NNC tridentate, an NC bidentate and one mon-
odentate chloride ligand were prepared by reacting a Pt(NNC)Cl; complex with an
NCH proligand in toluene in the presence of AgOTf (Figure 3.9). The complexes were

isolated in low yields between 4% and 14%.
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OMe
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AgOTf, toluene

OMe

AgOTH, toluene

[PtL2(thpy)CI]*

Figure 3.9: Synthesis of complexes [PtL” (ppy)CI]*, [PtL%C (opy)CI]*, [PtL®(3-OMe-
ppy)ClI*, [PtL™° (4-OMe-ppy)CI]* and [PtL'? (thpy)CI]*.
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[Pt (ppy)CI]PFs and [Pt'°C!(ppy)CI]PFs were purified by gradient column chromatog-
raphy on silica with CH3CN / water / saturated agueous KNO; as the mobile phase.
[PtL®(3-OMe-ppy)CI]PFs was purified by gradient reverse phase column chromatog-
raphy on C18 silica with water / CH3CN as the mobile phase. The purification of
[PtL'°(4-OMe-ppy)CI]PF¢ involved multiple fractional precipitations from DCM / di-
ethyl ether. The attempted synthesis of [PtL'?(thpy)CI]* upon reaction of PtL'2Cl;
with 2-thienylpyridine (thpyH) under the same conditions did lead to a pure sample
of the desired product, confirmed by X-ray crystallography, but it proved to be unsta-
ble in solution, probably through dissociation of the chloride ligand (further discussed

later).

Single crystals suitable for X-ray diffraction were obtained for all the complexes (Figure
3.10). They crystallise in centrosymmetric space groups (P2;/c for [PtL’ (ppy)CI|OTf
and P1 for the others) and the crystals thus comprise a racemic mixture of the two

enantiomers of each complex.

Figure 3.10: Molecular structures of [PtL? (opy)Cl]*, [Pt'°¢ (opy)CI]*, [PtL®(3-OMe-
ppy)CIJ*, [PtL' (4-OMe-ppy)Cl]* and [PtL™?(thpy)Cl]*.

Each structure shows the expected pseudo-octahedral geometry around the PtV cen-
tre, with the plane of the bidentate NC ligand perpendicular to that of the tridentate
NNC ligand, and with the coordination number of 6 being completed by the monoden-
tate chloride. In each case, the conclusions from "H NMR as to the orientation of the

NC ligand are confirmed: the pyridyl ring of the NC ligand is bound trans to the pyridyl
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Table 3.4: Selected Bond Lengths (A) and Angles (deg) for [Pt(NNC)(NC)CI]* Complexes

[PtL7 (ppy)CI]*2 [Pt'°¢!(ppy)CI]*P [PtL®(3-OMe- [PtL'°(4-OMe- [PtL"2(thpy)CI]*®
ppy)ClJ* ppy)CI]**

Pt—CNNC 2.089(5)/2.067(4) 1.996(6) 2.027(6) 2.018(4) 2.021(7)
Pt—N1NNC (lateral)  2.067(4)/2.089(5) 2.141(5) 2.154(5) 2.134(4) 2.124(6)
Pt—N2"NC (central)  1.972(4) 1.962(5) 1.983(5) 1.965(4) 1.981(6)
Pt—CNC 2.013(4) 2.031(6) 2.035(6) 2.015(4) 2.014(7)
Pt—NNC 2.037(4) 2.035(5) 2.046(4) 2.046(4) 2.048(6)
Pt—Cl 2.417(1) 2.4232(13) 2.4199(14) 2.427(1) 2.4121(17)
N1NNC_pt_CNNC 160.70(18) 161.7(2) 161.0(2) 161.20(17) 159.6(3)
N2NNC_pt_CNNC 80.40(16)/80.34(17)  82.1(2) 82.2(2) 81.89(16) 81.0(3)
N2NNC_pt_N{NNC - 80.34(17)/80.40(16)  79.65(19) 78.81(19) 79.33(15) 78.6(3)
N2NNC_pt_NNC 176.44(15) 174.77(19) 178.0(2) 176.49(15) 174.7(2)
N1NNC_pt—_C| 90.46(12)/90.02(12)  86.96(13) 88.12(14) 88.20(11) 89.57(17)
NNC—pt—CNC 80.84(17) 81.3(2) 80.7(2) 81.28(17) 81.1(3)
NNC—Pt—ClI 96.01(12) 95.46(14) 93.62(14) 95.51(11) 94.26(18)
CNC—Pt-ClI 176.74(13) 176.59(17) 173.01(18) 176.73(14) 175.2(2)

2 Trifluoromethanesulfonate salt.

b Hexafluorophosphate salt.



ring of the NNC ligand, with the phenyl ring of the NC ligand metallated trans to the
chloride ligand. The preference for this isomer probably arises from the relative trans

influences of the ligating atoms, namely, C~ > N > CI.”°

It is worth noting that for [PtL®(3-OMe-ppy)CI]* the bidentate ligand exclusively binds
in a mode that is different from that of the tridentate ligand. The OMe group on
the phenyl ring of the tridentate ligand is para to the Pt centre, whereas that of the
bidentate ligand is ortho to the Pt centre. This is also evident in the NMR spectra of

the complex (Figure 3.11).

J N’UL MALI n TJL 2

3.0
1 =N
OMe—=

r3.2

r3.3

r3.4
0.65
ppm

f1 (ppm)

r3.5

r3.6

®

# r3.8

OMe——

) \ ' r3.9
90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58
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Figure 3.11: A region of the NOESY NMR spectrum of [PtL°(3-OMe-ppy)CIJ[PF],
showing the OMe region of the '"H NMR on the left and the aromatic region along
the top. The OMe groups and the protons on the phenyl ring with which the OMe
protons are coupling are shown in red for the bidentate and in green for the tridentate
ligand. The same colour arrows show the corresponding cross peaks in the NOESY
spectrum.

The 'H NMR spectrum shows a big difference in the shift of the OMe protons of
the tridentate and bidentate ligand at 3.81 ppm and 3.16 ppm, respectively. A much
smaller difference in shift is seen for [PtL'°(4-OMe-ppy)Cl]*, where they appear at
3.67 ppm and 3.59 ppm, respectively. The upfield shift of the OMe protons on the
bidentate ligand is a result of a shielding effect from the ring current of the central
aromatic pyridine ring of the tridentate ligand, which is in the plane perpendicular to
the ring that the OMe protons are in. The NOESY spectrum also shows two cross-
peaks for the OMe protons of the tridentate ligand coupling to the protons on the

carbons meta to the Pt centre, and only one cross peak in the case of the bidentate
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ligand, for the coupling of the OMe protons with the protons on the carbon para to the

pyridine ring.

The complex [PtL'2(thpy)CI]* was successfully isolated at first, but new peaks started
to appear in its "H NMR spectrum after one day in acetone-dg solution (Figure 3.12).
After a few days, all of the original peaks had disappeared and the newly appeared
peaks had replaced them. The integrals were still consistent with those that would
be expected for the target complex (assignment shown in Figure 3.12). A possible
explanation for the change in the spectrum could be that the monodentate Cl ligand
is replaced by another species, e.g., by a solvent molecule. The labilisation of the
Pt—Cl bond is possibly a result of the high trans influence of the cyclometallating
carbon of the NC ligand. Similar behaviour has been observed for Ir(NCN)(NC)CI
complexes in a range of solvents, in a process that appears to be accelerated by

visible light.5®

100 96 92 88 84 80 76 72 68 64
(ppm)

Figure 3.12: "H NMR spectra of [PtL'?(thpy)CI]* when initially synthesised (red) and
after a few days (green). The "H NMR spectrum of [PtL (opy)CI]* (blue) is also in-
cluded for comparison.
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The synthesis of [PtL'(4-CF3-ppy)CI]* containing one electron-withdrawing CFs;
group on the phenyl rings of each of the two ligands was also attempted (Scheme
3.8). The 'H NMR and mass spectra indicated some formation of the complex, but it

was not possible to isolate a pure sample.

CF5
=
| N
NS N
AN N |
N | _
c;|/(|>| “0 AgOTH, toluene

Scheme 3.8: Attempted synthesis of [PtL"! (4-CF3-ppy)CI]*.

Synthesis of bis-tridentate Pt"Y complexes

The homoleptic complex [PtL?,]?* containing two NNC-coordinated phenylbipyridines
was synthesised by reaction of PiL”Cl; with HL? in the presence of 3 equiv. AgOTf
according to the general procedure (Scheme 3.9). The complex was purified by col-
umn chromatography on alumina with CHz;CN/water/saturated KNOg,,4 as the mobile
phase, followed by three recrystallisations from acetone / diethyl ether solution. To the
best of our knowledge, this is the first example of a bis-cyclometallated bis-tridentate
PtV complex. The 'H NMR spectrum of [PtL75]?* is shown in Figure 3.9. An upfield
shift is observed for the protons next to the lateral pyridyl ring due to shielding from
the ring current effect of the central pyridine ring that they lie above. Satellites due
to coupling with 5Pt are seen for the protons next to the lateral pyridyl and next to
the cyclometallated carbon with 3Jissp1y &~ 12 Hz and 3Jiesp.1y &~ 34 Hz, respectively.
The high-resolution electrospray mass spectrum in Scheme 3.9 shows the isotope
pattern corresponding to [PtL7,]?*/2, which closely matches the simulated one (m/z =
328.0712 for [M]?*/2; calcd for [C3oHaoN,4'94Pt]?*/2 = 328.0736).
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Scheme 3.9: Synthesis of [PtL” ,]?* (top left); the "H NMR spectrum of [PtL7 5]?* in dg-
acetone with numbers showing two diagnostic protons and their corresponding peaks

in the spectrum (bottom left); isotope pattern from an accurate
responding to [PtL” ;]?*/2 (right)

mass experiment cor-

The synthesis of related hompleptic complexes with other NNC ligands was also at-

tempted (Scheme 3.10). There was no indication of the formation of [PtL'2,]?* in either

the "H NMR or mass spectrum. In the case of [PtL%,]?*, the outcome was somewhat

unclear.
N~ |
=z | MeO |N\ N
N \N OMe P
| | <
~N—_ >
/F|’t AgOTf, toluene
Cl Cl
Cl
PtL9CI3
a N
= | S |N\ N
NS Z
7 | AgOTf, toluene
Cl Cl
Cl
PtL1zCI3

Scheme 3.10: Attempted synthesis of [PtL°,]?* and [PtL?,]?*.
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Figure 3.13 shows the "H NMR spectrum of the material isolated, together with that
of [PtL7,]?* for comparison. The shifts for the protons do seem to indicate the forma-
tion of a compound related to [PtL7,]?*. Nonetheless, the integrals do not add up to
the expected number of protons and thus the spectrum suggests the formation of a
mixture of related compounds. Two different products could be forming depending on
the preference for the second ligand to bind through the carbon that is either ortho
or para to the OMe group (the two modes of binding are shown in Figure 3.13). The
ESI* mass spectrum of [PtL%,]>* showed a peak at m/z 358, which would be expected
for either of these isomeric structures, corresponding to [M]?*/2. Attempts to isolate

a single product by recrystallisation or column chromatography were unsuccessful.

72+

P OMe NN OMe

9.1 89 87 85 83 81 79 77 75 73 7.1 69 67 65 63 6
(ppm)

Figure 3.13: "H NMR spectra of [PiL°,]?* (green) and of [PtL”,]?* (red) reproduced
from Scheme 3.9 for comparison. The two possible NNC modes of binding of L° are
shown at the top of the figure.

Given the ambidentate nature of the meta-methoxy phenylbipyridine derivative, the
corresponding para-methoxy isomer was targeted instead (Scheme 3.11) together
with the p-CF3; analogue. There is only one possible site of metallation in these lig-
ands. The attempt to prepare [PiL'%,]?* resulted in the isolation of a 3+2+1 type
product (confirmed by '"H NMR), for which the central pyridine ring of one of the lig-
ands is trans to the terminal pyridine ring of the other ligand, such that the phenyl ring
is not in the right position to metallate. It is reminiscent of structure (b) in Figure 2.12

in Chapter 2. In an attempt to force the cyclometallation to occur, Na,CO3; base was
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added to an CH3CN solution of this product and the mixture was heated to 50 °C for
5 days. Purification by multiple fractional precipitations led to the isolation of a small
amount (< 1 mg) of the target bis-tridentate product. Efforts were made to prepare
more of this complex, but proved unsuccessful. Meanwhile, [PtL'',]?* could not be

isolated.

AgOTf, toluene

O
7 [PLYO(NN-HL'O)CI2*
—|2+
MeCN, NayCOs,

50 °C, 5 days

F3C

AgOTH, toluene

PtLCl,

Scheme 3.11: Synthesis of [PtL"°,]?* and [PtL"? ,]?*.

3.4.5 Photophysical properties
Pt" complexes

While a variety of Pt(NNC)CI complexes have been investigated in the literature, there
has been no systematic study of the influence of substituents in the aryl ring on the
photophysical properties, nor have luminescence data for most of the NNC Pt com-
plexes, used as precursors here, been reported. Their UV-visible absorption spectra
are shown in Figure 3.14 with data summarised in Table 3.5. Each complex displays
intense bands at high energy < 300 nm, which can be ascribed to n—nt* transitions
within the ligands. Weaker bands stretching into the visible region can be attributed

to dpt|Tne — T transitions (MLCT/LLCT).”" All complexes, apart from PtL°Cl and
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PtL'3Cl, exhibit similar spectra, with the most significant low-energy band appearing
around 435 nm. PtL°Cl shows a distinct band at about 400 nm, unlike the broader
band around 370 nm seen in the other complexes. Complex PtL'3Cl shows a broad

band at 353 nm and a tail extending to 460 nm.
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Figure 3.14: UV-vis absorption spectra for PtL”-"*Cl in CH,Cl, at 298 K.

Table 3.5: UV-vis absorption data for PtL”"3Cl in CH,Cl, at 298 K.

complex absorption
Amax/nm (e/M~'em~—1)
PL7CI 242 (26000), 279 (31000), 332 (15000), 365 (7900), 433 (2600)
PtLECI 245 (21000), 281 (28000), 334 (11000), 370 (8500), 433 (1900)
PILOC] 243 (22000), 273 (22000), 280 (22000), 316 (14200), 333 (13000),
398 (5500), 441 (1800)
PtL10C| 240 (16000), 284 (25000), 307 (17000), 365 (9600), 433 (1500)
LG 240 (25000), 273 (27000), 281 (28000), 327 (17000), 367 (6100),
430 (2700)
PtL2ClI 232 (19000), 284 (21000), 311 (20000), 370 (11000), 433 (1700)
PtL'3C 246 (38800), 294 (13400), 332 (14300), 353 (15100)

All the Pt" complexes are luminescent in deoxygenated solution at room temperature.
The photoluminescence spectra vary more than the absorption spectra with different
aryl substituents (Figure 3.15, Table 3.6). At 77 K, all complexes display a vibrationally
well-resolved spectrum with three visible vibrational components, and the 0,0 compo-
nent the most intense. The A(0,0) emission red-shifts slightly with the addition of a
methyl group in the 4 position (from PtL’Cl to PtL8Cl), more with a methoxy group in
the same position (PtL'°Cl), and even more when the methoxy group is para to the
Pt—C bond (PtL°Cl). This trend aligns with the common interpretation of the emissive

state being of 3[dpi|ta, — T*\n] character, where the HOMO is mostly delocalised
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over the metal and aryl ring of the NNC ligand (mta,), and the LUMO is primarily as-
sociated with the diimine part of the ligand (w*\n). Electron-rich substituents in the
aryl ring (e.g., MeO versus Me) are therefore expected to reduce the HOMO-LUMO
gap, resulting in more red-shifted emission. An electron-donating substituent para to
the metal-carbon bond is more effective at increasing the electron density at the metal
than one positioned meta, due to the conjugation pathway. The more electron-rich na-
ture of thienyl compared to phenyl rings similarly explains why PtL'2Cl is significantly
red-shifted compared to PtL”Cl. The blue-shift observed from PtL”Cl to PtL''Cl is due
to the electron-withdrawing CF3 group stabilising the HOMO. The slight red-shift seen
from PtL”Cl to PtL'3ClI can be attributed to the enhanced conjugation resulting from

substituting a pyridine ring with a quinoline.
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Figure 3.15: Emission spectra of complexes PtL™'3Cl in (a) diethyl ether / isopentane
/ ethanol (2:2:1 v/v) at 77 K (b) deoxygenated CH-Cl, at 298 K.

At room temperature in solution, the spectra become broader with just a little vibra-
tional structure remaining only for PtL''Cl and PtL'2ClI (Figure 3.15b). The order of
emission Amax is the same as at 77 K, except Amay for PtL2Cl is slightly red-shifted be-
yond that of PtL'2ClI, and those of PtL”Cl and PtL8ClI are more red-shifted than that of
PtL'3CI. The rigidochromic effect (the difference between A, at 77 K and room tem-
perature) is more pronounced for the phenyl complexes PtL”~"'Cl and PtL'3Cl than
those for the thienyl complex PtL'2Cl and quinoline complex PtL'3Cl. This likely re-
flects the greater LLCT versus MLCT character of the emissive state in the outliers
PtL'2CI and PtL'3Cl. This has been observed in related NC-coordinated thienylpyri-
dine complexes of Pt" and I"".”2 The quantum yields of complexes PtL”'2Cl are

around a few percent and the lifetimes are a few hundred nanoseconds, typical of
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phosphorescence from Pt{(NNC)CI systems (Table 3.6). Out of these complexes, the
most red-shifted, PtL°Cl, has the lowest quantum yield and shortest lifetime, consis-
tent with the increased non-radiative decay expected for lower-energy excited states
among structurally similar complexes.”>"® The thienyl complex, PtL'2Cl displays a
longer lifetime despite its low-energy emission, consistent with an emissive state of
lower metal character resulting in less efficient spin-orbit coupling to facilitate the for-
mally forbidden phosphorescence transition.”® PtL'3Cl shows a 10-fold lower quantum
and a longer lifetime of 8.5 us, probably again reflecting a lower metal participation in

the excited state.

Table 3.6: Photophysical data for PtL™""3Cl in deoxygenated CH»Cl, at 298 K and
in diethyl ether/isopentane/ethanol (2:2:1 v/v) at 77 K. Values in parentheses refer to
air-equilibrated solutions.

emission at 298 K emission at 77 K
complex  Agm/NM D/ % T/ ns Aem/NM T/ us
PtL’CI 590 1.7 270[180] 529, 571, 611 16
PtLECI 599 2.7 470 [240] 535, %gg’ 616, 13
PtLeCl 640 1.2 250 [150] 578, 624, 679 10
PtL°CI 610 2.6 830 [300] o1, 57%% 640, 11
PiL"'ClI  538sh, 570 4.3 440 [300] 515, 554, 597 23
PtL2CI 614, 651 3.6 1300 [300] 590, 610sh, 14

’ ' 642, 702
PtL3CI 576 0.2 8500 [300] 535, 580, 630 36

Pt"VCl; complexes

The absorption spectra of complexes PiL"Cl; have been recorded in CH,Cl, solution
at room temperature (Figure 3.16 and Table 3.9). The most notable difference be-
tween the spectra of the Pt'Cl and Pt"VCl; complexes is the absence in the Pt"V com-
pounds of the lowest-energy band around 430 nm that was present prior to oxidation,
consistent with the visually much paler colour of the PtV material. The change can
readily be interpreted in terms of the change in the oxidation state at the metal, which
will serve to lower the energy of the metal-centred orbitals in the '[dp|Tta, — TT*\n]
transitions, thus increasing the absorption energy. A second difference is the rather

lower molar absorptivities of the Pt"Y complex with fewer sharply defined bands.
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Figure 3.16: UV-vis absorption spectra for (a) PiL”-'3Cl; (b) phenyl-chlorinated prod-
ucts PtL9C!CI, PtL9C'CI, with the nonchlorinated analogues (PtL°Cl, PtL'°Cl) repro-
duced for comparison, in CH-Cl, at 298 K.

There is rather more variation in the spectra according to the substituents or identity
of the aromatic ring than there was in the absorption of the Pt" complexes, but some
trends remain that were evident from the emission spectra of the Pt complexes. For
example, there is a blue shift in the lowest-energy absorption band on introduction
of the electron-withdrawing CF; substituent in PtL''Cl; and, conversely, a red-shift
arising from the methyl substituent in PtL8Cls. For the methoxy-substituted complex
PtL'°Cl; and thienyl derivative PtL'2Cls;, the band is red-shifted further to Amax around
400 nm and extending well into the visible region, tailing to A > 450 nm. Such a trend
suggests that the underlying transitions again feature significant ma, — ©*yy charac-
ter, and thus have an energy influenced heavily by the substituents in the aryl ring,
or whether it is thienyl versus phenyl. Interestingly, the para-to-Pt methoxy complex
PtL°Cl; does not show a clear-cut band around 400 nm, although it does feature
a very long tail in this region extending to about 450 nm. Moreover, the phenyl-
chlorinated analogue of this compound, PtL°¢'Cl;, shows a band in this region, as
evident from Figure 3.16b which compares the spectra of the two chlorinated prod-
ucts with their parents. It seems likely that such a band is present, therefore, also in

PtL°Cl; but that its intensity is suppressed relative to the other complexes.

None of the PiL"Cl; complexes displays any detectable photoluminescence in solu-
tion at room temperature. In some samples at 77 K, there was evidence of some

weak emission, but the spectral profile was found to closely resemble that of the Pt'
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precursors. Given that we noted some competitive reduction of the PtL"Cl; materials

back to PtL"CI, some emission from Pt contaminants is not unexpected.

Table 3.7: UV-vis absorption data for PtL”"3Cl in CH,Cl, at 298 K.

absorption
Amax/nm (¢/M~'em~1)

PtL’Cl; 281 (14900), 324sh (8970), 367 (4870)

PtL8Cl, 295 (15400), 322sh (11800), 374 (5500)

PtL°Cl; 244 (25200), 276 (12900), 333 (10600), 390sh (1950)
( ),
( ),
( ),

complex

PtLCICI, 248 (18900), 284 (15100), 330sh (9390), 388sh (3690), 437sh (840)
PtLI°Cl; 248 (28500), 292 (13900), 334 (15900), 394 (5570)

PtL1%CICl, 251 (30200), 292 (13900), 322 (12600), 336 (12700), 389 (4690)
PtL'Cl; 271 (17200), 310 (11800), 323 (11400), 355 (6760), 371 (5340)
PtL'2Cl;  247sh (20400), 321 (14900), 333sh (13900), 403 (4640)

PtL'3Cl; 232 (36500), 278 (11200), 316 (11000), 328sh (10700), 365 (7970)

Pt complexes featuring NN, NN- and NNN ligands

The absorption spectra of the complexes in MeCN solution at room temperature are
shown in Figure 3.17 (data also summarised in Table 3.8). Each complex displays
intense bands at high energy < 300 nm, which can be ascribed to n—r* transitions
within the ligands. The lowest-energy unoccupied orbitals are likely located on the
pyridine rings of the most conjugated tpy and phbpy ligands. The transitions at
368 nm (for all complexes containing L?) and 379 nm (appearing as a shoulder in
the tolbpy-containing [PtL8(tpy)][PF¢]s) are also observed for the parent PtL’Cl; and
PtL8Cl; (Figure 3.16), respectively. Similarly, the bands appearing at 348 and 364
nm in [PtL7(tpy)][PFs]s and [PtL3(tpy)][PFs]s have counterparts in [Pt(tpy)Cls]* (340
and 356 nm) and are therefore probably associated with transitions involving the NNN
ligand as the acceptor.®® [PiL?L°CI]PFs shows higher molar absorptivity in the low
energy region, compared to [PtL7L3CI]PFg and [PtL’L*CI]PFs, reflecting the increase
in conjugation with the addition of an extra aromatic ring. None of the complexes
were found to be luminescent at room temperature in acetonitrile solution or at 77 K
in butyronitrile. Similarly to the Pt"VCls, in those samples where some emission was
observed, it so closely resembled the profile of the emission of the Pt precursors,
that it was almost certainly due to some reduction back to Pt" on the timescale of the

measurement or the presence of small amounts of impurities.
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Figure 3.17: UV-vis absorption spectra for (a) [PiL’L3°CIJPF; and (b)
[PtL7 (bpy)ClI[PFe]s, [PEL7 (toy)][PFs]s and [PtLE (toy)][PFe]s in CHsCN at 298 K.

Table 3.8: UV-vis absorption data for [PtL7L35CI|PFs, [PtL? (bpy)CI[PFs]s,
[PtL7 (toy)][PFe]s and [PtL8 (toy)][PFs]s in CHsCN at 298 K.

complex absorption

P Amax/nm (¢/M~'em~1)
[PIL7L3CI]PFg 288 (14900), 310 (15700), 323 (15400), 368 (5550)
[PIL’LACI)PFg 268 (19700), 278 (19700), 348 (11700), 364 (12400)
[PLLTLSCIPF 233 (47900), 268 (20300), 278 (20300), 289sh (18200),

6 348 (12100), 364 (14500), 390sh (3940)
[PtL7 (bpy)CI][PFs]> 255 (35700), 276 (34600), 358 (10900), 373sh (8840)
[PtL7 (tpy)][PFs]s 254 (30600), 278sh (24600), 358 (8920), 373sh (6620)
[PtL8(tpy)][PFsls 249 (43100), 279sh (32600), 347 (31700)

PtV complexes featuring two cyclometallated ligands

The absorption spectra of the four complexes of type [Pt(NNC)(NC)CI]* and the bis-
tridentate [Pt(NNC),]?*, namely [PtL7 (ppy)CI]*, [Pt'°®(ppy)CI]*, [PtL®(3-OMe-ppy)CI]*,
[PtL'%(4-OMe-ppy)CI]* and [PtL7,]?*, are shown in Figure 3.18, with numerical data in
Table 3.10. Figure 3.18a compares the absorption spectrum of the unsubstituted
[PtL? (ppy)CI]* and [PtL7,]?+ with that of their precursor PtL”Cls. The spectra are sim-
ilar. The main difference between [PiL?(ppy)CI]* and PtL’Cl; is the higher molar ab-
sorptivity of [PtL?(ppy)Cl]* across most of the shorter-wavelength range < 350 nm,
which can readily be attributed to the presence of the additional aromatic rings and
transitions associated with them. It is notable, on the other hand, that there is barely
any difference between the spectra in the region of the lowest-energy band (i.e., A >

350 nm). This observation is consistent with the notion that the unoccupied orbitals
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of lowest energy in this complex would be expected to be the n* of the bipyridine moi-
ety of the NNC ligand. The extended conjugation over the two ortho-linked pyridine
rings will lead to the lowest-energy charge-transfer transitions being those involving
the NNC ligand as the acceptor, as opposed to the NC ligand. The fact that there is
essentially no shift in this lowest-energy band relative to PtL’Cl; then implies that the
energy of filled orbitals involved in the transition is relatively unchanged, pointing to-
wards a predominantly myne — T wnc character to the transition. Similar observations
are made for the other three [Pt(NNC)(NC)CI]* complexes upon comparing them with
their precursors. For [PtL7,]?*, the replacement of the monodentate chloride ligand of
complex [PtL7 (ppy)CI]* by a pyridine ring has little effect on the excited state energy.
Indeed, the main difference in the absorption spectra between the two complexes is
the higher molar absorptivities across the wavelength range, reflecting the presence

of the second tridentate ligand with its more extended conjugation.
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Figure 3.18: UV-vis absorption spectra of (a) PiL”Cl, [PtL?(ppy)Cl]* and [PtL”,]
2+, and of (b) [PtL7 (ppy)CII*, [Pt"°°(opy)CI]*, [PtL®(3-OMe-ppy)Cl]*, [PtL®(4-OMe-
ppy)Cl]* and [PtL”,]?* (with offset photoluminescence excitation spectra as dashed
lines) in CH;CN at 298 K.

The variation in the absorption spectra according to the substituent in the aryl
ring (Figure 3.18) shows that there is a red-shift in the lowest-energy band for
[PtL'°(4-OMe-ppy)CI]* and [Pt'°(ppy)CI]*, and a long-wavelength tail in [PtL®(3-
OMe-ppy)Cl]*, just as there was in the PtL"Cl; precursors. The trend is consistent
with an increase in electron density on the aryl ring in the Tyne — T ane transition

upon introduction of a methoxy substituent.
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Table 3.9: UV-vis absorption data for [PtL” (opy)CI]*, [Pt"°¢ (opy)Cl]*, [PtL®(3-OMe-
ppy)CII*, [PiL'° (4-OMe-ppy)CI]* and [PtL”;]?* in CH3;CN at 298 K.

comolex absorption
P Amax/nM (€/M~'em™1)
242sh (32100), 290 (13400), 310 (13900), 364 (4850),
7 +
[P (ppy)Cl] 378sh (3960)
[Pt'°C!(ppy)CI]* 247 (28100), 319 (13700), 383 (2980), 464sh (360)
[PtL®(3-OMe-ppy)CIJ* 246sh (29800), 324 (16500), 386sh (1850)

[PtL°(4-OMe-ppy)CI]* 298 (12300), 330 (13300), 392 (3950)
(PHL7, 2 248 (60400), 287 (29200), 319 (17300), 362 (13900),
2 378sh (11000)

All five complexes are found to be luminescent in deoxygenated solution at room
temperature (Figure 3.19 and Table 3.10), and their luminescence excitation spectra
closely match the absorption spectra (Figure 3.18b). [PtL (ppy)CI]* displays a some-
what structured spectrum, with a vibrational progression of around 1300 cm™, typical
of coupling to aromatic C=C vibrations, and with the (0,1) band apparently the vi-
brational component of highest intensity. There is a large blue shift in the emission
spectrum relative to that of the Pt precursor, mirroring the trend already observed
in absorption. The luminescence quantum yield under these conditions is 4% and
the temporal decay of the emission follows mono-exponential kinetics with a lifetime
of 42 us. The emission is severely quenched in the presence of oxygen, as might
be expected for such a long-lived excited state: air-equilibrated solutions show only
a very weak signal. The long lifetime is consistent with the emission being phospho-
rescence from the triplet state, but the value is two orders of magnitude longer than
that of PtL’Cl. Making the approximation that the emitting state is formed with unit
efficiency (a reasonable approximation given the close match of the excitation and
absorption spectra), the radiative rate constant, k,, is estimated to be around 940
s (Table 3.10). This value is small compared not only with efficient organometallic
emitters like Ir(ppy)s and Pt(dpyb)Cl but also with the Pt(NNC)CI precursor complexes
(for which k; is around 10%—10° s7), suggesting that spin-orbit coupling pathways are
much less efficient in the Pt"Y complex. Such a conclusion is consistent with an excited
state of predominantly 3[myne — T*nnc] character, with relatively little metal character,
in line with the conclusions about the lowest-energy singlet states from absorption

spectroscopy above.
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This interpretation is supported by the data at 77 K. Firstly, the lifetime at this tem-
perature is increased to a very long value of 280 us (compared to 16 ps for PtL’Cl).
Secondly, the emission spectrum — which now displays very well-resolved vibrational
structure — is only marginally blue-shifted compared to the room temperature spec-
trum, whereas PtL’Cl displays a large blue-shift of around 2000 cm™ on cooling.
Large rigidochromic effects are more typical of complexes with excited states of MLCT

character than those where the excited state is more ligand-localised.

The bis-bidentate complex [PtL?,]%* displays absorption and emission spectra that are
very similar in profile to those of [PtL? (ppy)CI]*. Given that the lowest-energy singlet
and triplet excited states in the latter were concluded to be largely localised on the
tridentate ligand, the similarity in the spectral profiles is probably to be anticipated.
In emission, there is just a very small red shift in the Ay« values of the homoleptic
complex (a few nm only) and slightly more intense tail to long wavelengths. The
quantum yield and lifetime are a little reduced, but otherwise, the optical properties

are very similar.
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Figure 3.19: Emission spectra of complexes [PtL” (opy)CI]*, [Pt"°C (opy)CI]*, [PtL®(3-
OMe-ppy)CIJ*, [PtL'° (4-OMe-ppy)CI]* and [PiL” 5]?* in (a) butyronitrile at 77 K and (b)
deoxygenated CH3;CN at 298 K.

3.4.6 Electrochemistry

The redox properties of complexes [PtL7L3-°CI|PFg, [PtL7 (bpy)CI][PFsl2, [PIL7 (tpy)][PFsls
and [PtL8(tpy)][PFs]s were investigated in 0.1 M acetonitrile solution of NBu,PFs.
The cyclic voltammograms of the pyridyltriazole-containing complexes in Figure 3.21

and those of the bypiridyl and terpyridyl complexes are shown in Figure 3.20. The
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Table 3.10: Photophysical data for complexes [PtL” (ppy)CIJ*, [Pt'°C (opy)CI]*, [PtL®(3-OMe-ppy)CI]*, [PtL° (4-OMe-ppy)CI]* and [PtL”,]?*

emission at 298 K@

emission at 77 KP

K/

Knr/

complex Aem/NM D/ % T°/us 1031 1031 Aem/NM T/us
[PtL? (ppy)CIT* 472,501, 534 4.0 42 [-9] 0.94 23 461, 496, 526??, 936, 571, 280
[Pt1°¢!(ppy)CI]* 548 1.5 5.0 [0.7] 3.0 200 493, 530, 569, 623 180
[PtL®(3-OMe-ppy)CI]* 559 0.40 0.77 [0.39] 6.0 1300 490, 526, 561, 616 120
[F”[L1°(4-OMe—ppy)C|]+ 565 0.90 7.7 [0.52] 1.2 130 487, 522, 562, 607 240
474, 503, 539 465, 499, 530sh, 540, 577
7 12+ ’ ’ ’ _d ’ ) ’ ) )
[PtL7,] £86eh 1.0 30 [-9] 0.33 33 633 250
2in CH3sCN  Pin butyronitrile ©in deoxygenated solution; corresponding values in parenthesis refer to air-equilibrated solutions Quenching by oxygen led to an

emission intensity that was too low to reliably determine a lifetime in air-equilibrated solution.



results are also summarised in Table 2. For each complex, an irreversible reduction
peak between —0.65 and —1.06 V vs Fc* | Fc is observed, corresponding to reduction
of the PtV to Pt", as seen for other PtV complexes.®! The potential required for
the reduction of the PtV centre decreases with the increase in overall charge of
the cations — least negative for the 3+ terpyridine-containing complex cations and
most negative for the singly charged pyridyltriazole-containing complex cations.
One or two further reductions were observed at lower reduction potentials, possibly
associated with the reduction of the phbpy, bpy and tpy ligands. Oxidation peaks
were only observed for the pyridyltriazole ligand-containing complexes, likely due
to the presence of the electron-rich 1,2,4-triazole ring. The complex with the more
electron-donating p-OMe-phenyl-substituted triazole ring exhibits the lowest oxidation
potential of 1.23 V vs Fc* | Fc. The highest occupied molecular orbital (HOMO) is
likely located on the pyridyltriazole ligand and therefore the oxidation potential of the

complex is affected by the change in substituent on that ligand.
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Figure 3.20: Cyclic voltammograms of [PtL’L3°CIJPFs; recorded in 0.1 M
NBu,PFs/CHsCN, scan rate = 50 mV s7'.
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Figure 3.21: Cyclic voltammograms of [PtL? (bpy)Cll[PFs], [PiL?(toy)][PFs]; and
[PtL8(toy)][PFe]s recorded in 0.1 M NBu,PFz/CH3CN, scan rate = 50 mV s7'.

Table 3.11:  Electrochemical data for [PtL”L3°CI|PFs, [PtL? (opy)CIIPFg,
[PtL? (bpy)CIJ[PFs]. and [PtL’(toy)][PFs]s in CH3CN solution in the presence of
0.1M NBU4PF6

complex Eox/ Ve Elr)id / \/P
[PIL7L3CI|PFg 1.23 —-1.019, -1.78
[PIL7LACI|PFg 1.50 -1.069, -1.75
[PIL7L3CI|PFg 1.46 -0.979,-1.73
[PtL (bpy)CII[PF¢l = -0.659, —1.62
[PtL7 (tpy)I[PFels - —0.489, —1.63, —2.01

—0.449 -1.65, —1.78,
—2.22
3E,, refers to the anodic peak potential for the irreversible oxidation waves. °E. refers to the cathodic

peak potential for the reduction waves. °Oxidation outside of the accessible window. %Irreversible
reduction.

[PtL®(tpy)I[PFels —°

3.5 Chapter summary

Several PtV(NNC)Cl; complexes were synthesised by oxidising their Pt'(NNC)CI
precursors using chlorine or PhICl,. Reactions with bidentate ligands yielded 3 +2 +
1 type complexes, each featuring a tridentate NNC ligand, one bidentate ligand, and
a monodentate chloride ligand. The bidentate ligands used included pyridyl-triazole
NN-, 2,2-bipyridine NN, and various phenyl-substituted 2-phenylpyridines NC.
Additionally, bis-tridentate complexes incorporating both an NNC ligand and an
NNN-type ligand were synthesised. Notably, the first examples of bis-cyclometallated

PtV complexes of the form [Pt(NNC),]>* were also prepared.
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The photophysical properties of all of the complexes were investigated. Only
the bis-cyclometallated complexes were found to be emissive at room temperature
in deoxygenated acetonitrile and at 77 K in butyronitrile. Phosphorescence quantum
yields between 0.4 and 4% were observed. Some control over the emission energy

is achieved through simple modification of the aryl ring.
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CHAPTER 4

Platinum complexes with
ortho-phenyl-appended tridentate
NNC ligands



Chapter 4: Platinum complexes with ortho-phenyl-

appended tridentate NNC ligands

4.1 Aims and objectives

The platination reaction of 6,6’-diphenyl-2,2’-bipyridine presents an intriguing oppor-
tunity to explore the coordination chemistry of platinum with tetradentate ligands.
Specifically, this reaction could lead to the formation of a Pt(CNNC) complex, where
the ligand binds to the platinum center in a tetradentate CNNC mode. A detailed dis-
cussion of platinum complexes incorporating various tetradentate ligands is provided

in Chapter 6.

However, in practice, when 6,6’-diphenyl-2,2’-bipyridine is reacted with K,PtCl, in
acetic acid, it has emerged from the work described here that the ligand seems to
prefer to coordinate in a tridentate CNN mode. This coordination involves the nitro-
gen atoms of the bipyridine moiety and one carbon atom from one of the phenyl rings,
resulting in cyclometallation. Notably, no second cyclometallation occurs at the other
phenyl ring, so it merely serves as a substituent on the pyridine ring. The structure

of 6,6’-diphenyl-2,2’-bipyridine, along with its potential binding modes to platinum, is

depicted in Figure 4.1.

6,6'-diphenyl-2,2'-bipyridine tetradentate CNNC binding mode tridentate CNN binding mode

Figure 4.1: The structure of 6,6’-diphenyl-2,2’-bipyridine and its potential binding
modes to Pt

This chapter will focus on the preparation of PtV complexes with such ortho-phenyl-

appended tridentate NNC ligands and their photophysical properties.

4.2 Synthesis of the proligands

Initially, 6,6’-diphenyl-2,2’-bipyridine and its bis 4-tert-butylphenyl version were inad-
vertently obtained as homocoupled products from reactions intended for synthesising

ligands for dinuclear complexes (see Chapter 5). We subsequently decided that fur-
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ther investigation of these ligands would be of merit and thus the ligands were deliber-
ately synthesised. The first step in the strategy involved a Suzuki cross-coupling be-
tween 2,6-dibromopyridine and the relevant phenylboronic acid. This was followed by
a Stille cross-coupling reaction between 2-bromo-6-phenylpyridine or 2-bromo-6-(4-
(tert-butyl)phenyl)pyridine and their corresponding stannyl analogues (Scheme 4.1).

The stannyl reactants were prepared by lithiating and subsequently stannylating their

R
/©/ R =H, tBu R
(HO),B

brominated counterparts.

Br N Br
| N Br. N
P Pd(PPhg)s, NaCO4 | A
DME, water P
i) n-BulLi, hexane,
THF, —78°C
=z ii) BugSnCl, hexane,
o —78°C
O R N" Br
R
R
BusSn N
R Pd(PPhs),4 | ~
R=H, HL' toluene —

R = tBu, HL'®

Scheme 4.1: Synthesis of proligands HL™ and HL'®

4.3 Preparation of the complexes

Complexation reactions were carried out by reacting the ligands HL'® and HL'® with
K,PtCl, in acetic acid (Scheme 4.2). Despite the potential of these ligands to bind Pt"
in a tetradentate CNNC mode, similarly to the NCCN ligands of Chapter 6, only tri-
dentate NNC Pt" complexes with an ancillary Cl ligand were isolated in each instance.
The additional phenyl ring remains unbound, simply acting as a substituent on the lat-
eral pyridine ring. The Pt' complexes were subsequently oxidised with PhICI; to give
the trichloro PtV complexes PtL'®Cl; and PtL'6Clj.
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PhiCl, R

R = H, PtL'5CI R = H, PtL'5Cl,
R = tBu, PtL'6CI R R=1tBu, PiL'eCl; R

Scheme 4.2: Synthesis of complexes PtL™Cl and PtL'¢CI

PtL'3Cl; and PtL'8Cl; were reacted with 2-phenylpyridine in toluene at reflux, in an
attempt to obtain 3+ 2+ 1 complexes analogous to those of Chapter 3. The removal
of the chloride ions was aided by the use of silver triflate. The precipitated prod-
ucts from the reaction mixture were isolated, washed, and then anion exchanged
with aqueous KPFg to obtain the hexafluorophosphate salts [PtL'*(ppy)CI]PFs and
[PtL'®(ppy)CI]PFs. In both cases, NMR data showed that the NC ligand binds with
the pyridine ring trans to the central pyridine ring of the NNC ligand and the phenyl
ring trans to the ancillary chloride ligand. The proton next to the coordinating nitro-
gen atom of the NC ligand experiences significant deshielding, which aligns with its
closeness to the Pt—Cl bond. The binding mode was later also confirmed by X-ray

crystallography (vide infra).

N

~

S

AgOTH, toluene

R = H, [PtL"3(ppy)CI]PFg
R = tBu, [PtL'®(ppy)CI]PFs

Scheme 4.3: Synthesis of complexes [PiL™ (opy)CIIPFs and [PtL® (opy)CI]PF

The "H NMR spectra of the complexes at room temperature in dg-acetone show very
broad signals for the protons on the non-cyclometallated phenyl rings ortho and meta
to the carbon connected to the pyridine ring (Figure 4.2). This could be explained

by hindrance to the rotation of that phenyl ring on the NMR timescale caused by its
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proximity to the pyridine ring of the NC ligand. Similar behaviour has been observed
for tris-bidentate Ir'"' complexes [Ir(NC)»(NN)]* with a phenyl substituent ortho to one
of the coordinating N or cyclometallating C atoms and its origin was confirmed by vari-
able temperature (VT) NMR.”” The close-lying non-cyclometallated phenyl ring also
exerts a shielding effect on the pyridine ring of the NC ligand. For example, the proton
next to the coordinating nitrogen shifts upfield by 0.55 ppm for [PtL'3(ppy)CI]PFs and
by 0.67 ppm for [PtL'®(ppy)CI]PFg, compared to those of complex [PtL? (ppy)CIl]PFg in
ds-acetone at 599 MHz.

ML,.JMULM ho L.

7 N [PtL”(ppy)CI]*
n ‘7‘:; > O ;
N\
4. 4 1 2 2 1
r L Yy |
[PtL'5(ppy)CI]*
99 92 89 86 83 80 7.7 74 71 68 65 62 5.

ppm

Figure 4.2: Aromatic region of the "H NMR spectra of [PiL’ (opy)CIIPFs (top) and
[PtL™ (opy)CI]PF; (bottom) in dg-acetone at 599 MHz. The molecular structure of
[PtL™® (opy)Cl]* is shown on the left with a red arrow showing the rotating phenyl! ring
and numbered protons. Black arrows indicate the broad signals corresponding to the
numbered protons.

Crystals suitable for X-ray diffraction of the final complexes [PtL'®(ppy)CI]PFg and
[PtL'®(ppy)CI]PF¢ were obtained (Figure 4.3). Selected bond lengths and bond an-
gles are summarised in Table 4.1. Both structures show pseudo-octahedral geometry
around the PtV centre, with the plane of the bidentate NC ligand perpendicular to
that of the tridentate NNC ligand. The non-cyclometallated ring lies pseudo-parallel
to the pyridine ring of the NC ligand with interplane distances of 3.540 and 3.593 A
for [PtL'(ppy)CI]PF and [PtL'¢(ppy)CI]PFg, respectively.
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Table 4.1: Selected bond lengths (A) and bond and interplane angles (°) for
[PtL™ (ppy)CIIPFs and [PtL'® (ppy)CIIPFe.

[PtL"®(ppy)CIIPF¢ [PtL"®(ppy)CIIPFe
Pt — CNVNC 2.002(8) 1.998(8)
Pt — NNNVC 2.001(7) 1.995(7)
Pt — NNNC 2.234(8) 2.201(8)
Pt—CNC¢ 2.017(9) 2.029(8)
Pt — NNV¢ 2.036(8) 2.047(8)
Pt-Cl 2.438(2) 2.394(2)
interplane distance 3.540 3.593
NNNC_pt—NNC 174.6(3) 173.8(3)
NANC_pt_CNNC 159.4(3) 160.3(3)
CNC—Pt—Cl 175.8(3) 177.1(3)
interplane angle 13.916 16.941
o a0
e wm A ci2 c1e
pe/ Y VY
A P V)/éi;Q\
c2a Jes Ulez \

{ |
|
| | c22/ c17
C.
J cis
\\ c26 / 6 \,[/
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c32 ’ c2012/ c19
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o c27
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0 1 Gczs

\ Cc30

Figure 4.3: Molecular structures of [PtL"® (ppy)CIJPFs and [PtL'¢ (opy)CIJPFg in crys-
tals.

4.4 Photophysical properties

4.4.1 Absorption

The absorption spectra of all of the complexes are shown in Figures 4.4 and 4.5, with
numerical data in Table 4.2. The intense transitions at high energy (< 300 nm) can be
attributed to T — 7t transitions within the ligands. The main contrast between the spec-
tra of the Pt and Pt" complexes is the blue shift of the lowest energy band in the Pt"V
complexes, which aligns with the decrease in the energy of the d-orbitals, associated
with increasing oxidation state. A slight red shift of the lowest energy band is seen
in the absorption spectra of all complexes containing a tert-butyl group, compared to

their non-substituted analogues. The complexes of the type [PtL"(ppy)CI]PFs show
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absorption profiles closely resembling those of the PtL"Cl; precursors, which is con-
sistent with the lowest unoccupied orbitals being located on the tridentate ligand. The
presence of an extra phenyl ring in [PtL"®(ppy)CI]PFs and [PtL'®(ppy)CI]PF¢ leads to

higher molar absorptivities across the entire wavelength range compared to the par-
ent, unsubstituted [PtL’ (ppy)CI]PFs.

35 50
. (a) — PtL15CI n (b) —— PtL5Cl;
£ 301 —— PtL16CI | E — PtL'6Cl,
HU T 40_ L
S 25+ s
e S
= 501 = 307
ey Fry
> >
g 1> 820
o @]
%] (%]
2 104
e K 10
© = T
S 51 3
€

S
E—— . 01— : : . ' :
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550

wavelength / nm wavelength / nm

Figure 4.4: UV-vis absorption spectra of (a) PiL™CI and PtL'CI (with offset photo-

luminescence excitation spectra (dashed)) and (b) PiL™Cl; and PtL'6Cl; in CH,Cl,
solution at 298 K.

)]
o

— [PtL"(ppy)CIIPFe
— [PtL"%(ppy)ClIPFs |
— [PtL7(ppy)CIIPFe

N w H w
o o o o

=
o
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Figure 4.5: UV-vis absorption spectra of [PtL' (ppy)CIIPFs and [PtL'(ppy)CIIPFs
(with offset photoluminescence excitation spectra (dashed)) in CH3CN solution at 298

K. The absorption spectrum of [PtL? (opy)CIJPFs is also shown for comparison (black
line).
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Table 4.2: UV-vis absorption data for PtL'>Cl, PtL'®CI, PtL'Cl; and PtL'®Cls in
CH,Cl, and for [PtL" (ppy)CIJPF5 and [PtL'® (ppy)CIIPFs in CH3;CN at 298 K.

complex absorption
Amax/nm (e/M~Tem~1)

PIL15C)| 235 (26400), 252 (25100), 265sh (23100), 291 (23700),
341 (15500), 370sh (7440), 442 (1830)

PL16C] 235 (27700), 254 (26500), 270 (28400), 289 (27300),
348 (16300), 376sh (10400), 444 (1730)

PILI5C] 232 (44100), 260sh (24300), 283sh (20300), 325 (12200),

8 362 (9300), 379sh (7250)

PLSCl, 233 (40200), 283 (23300), 326sh (13700), 361sh (8840),
377 (8680)
242 (49400), 293 (18100), 317 (18600), 364 (8730),

15
[PL™(PRy)CIIPFs 376 (7490)
[PtL"®(ppy)CIIPFs 244sh (39200), 310(17200), 371(7990), 387sh (6300)

4.4.2 Emission

The Pt complexes are weakly emissive in deoxygenated dichloromethane solution
at room temperature and in a glass of diethyl ether/isopentane/ethanol (2:2:1 v/v)
at 77 K. Their excitation spectra closely match the absorption spectra (Figure 4.4).
No emission was detected for the trichloro PtV complexes PtL'SCl; and PtL'6Cls.
[PtL'®(ppy)CI]PFg and [PiL'®(ppy)CI]PFg are both emissive in deoxygenated CH3CN
solution at room temperature and in a glass of butyronitrile at 77 K, with their exci-
tation spectra closely matching their absorption spectra Figures 4.5. The emission
spectra of all of the complexes are shown in Figures 4.6 and 4.7, with numerical data
in Table 4.3.

The Pt complexes show weak emission at room temperature with photoluminescence
quantum yields of 0.1 and 0.2% for the non-substituted and the tert-butyl-substituted
complex, respectively. The luminescence lifetimes are around 20 ns for both. The
quantum yields and lifetimes are around 10—fold lower than those of the unsubstituted
PtL”Cl. This effect could be attributed to a large increase in the non-radiative decay
due to libration of the phenyl ring, which is in close proximity to the ancillary chloride
ligand. The emission spectrum of PtL'®Cl at 77 K is slightly red-shifted compared to
that of PtL'®Cl, consistent with the presence of the slightly electron-donating tert-butyl
substituent on the phenyl ring. No significant shift is observed at room temperature.

Some vibrational structure is evident only at 77 K for both compounds.
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Figure 4.6: Emission spectra of Pt complexes in (a) diethyl ether/isopentane/ethanol
(2:2:1 v/v) at 77 K (b) deoxygenated CH-Cl, at 298 K.

Complexes [PtL'®(ppy)CI]PFg and [PtL'(ppy)CI|PFs show structured emission at
77 K with the (0,1) band the component of highest intensity. Some structure is
still retained at room temperature. The variation in the emission spectra according
to the substituent in the aryl ring shows that there is a small red-shift (10 nm) for
[PtL'®(ppy)CI]PFs. The emission of [PiL'®(ppy)CI]PFs is in turn slightly red-shifted
relative to that of [PtL?(ppy)CI|PFs. The photoluminescence quantum yields of the
phenyl-substituted complexes are comparable to that of [PtL”(ppy)CI|PFs (=~ 4%)
(see Chapter 3). The lifetimes are slightly longer at 55 and 64 us for the phenyl and
the p-‘Bu-phenyl substituted complexes, compared to 42 ps for [PiL?(ppy)CI]PFs.

The emission is significantly quenched in air-equilibrated solutions.
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Figure 4.7: Emission spectra of complexes [PtL"® (ppy)CI]PFs and [PtL' (opy)CI]PFg
in (a) butyronitrile at 77 K (b) deoxygenated CH3;CN at 298 K.
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Given the retention of the solution-state photophysical properties upon phenyl sub-
stitution ortho to the coordinating nitrogen of the lateral pyridine ring, we became
intrigued by the possibility of exploring whether the close proximity of the phenyl sub-
stituent and the pyridine ring on the NC ligand might impact the solid-state photophys-
ical properties of the complexes. Figure 4.8 shows the non-cyclometallated phenyl
ring and the pyridine ring of the NC ligand of complex [PtL'®(ppy)CI]PFg highlighted

in pink. The distance between the planes of those two rings is 3.54 A.

~110°

Figure 4.8: Molecular structure of [PtL' (opy)CI]PFs, showing the close proximity of
the non-cyclometallated phenyl ring of the tridentate ligand and the pyridine ring of
the bidentate ligand.

Poly(methyl methacrylate) (PMMA) films of three different complex concentra-
tions (0.1%, 1%, and 10% by weight), along with neat films of [PtL?(ppy)CI]PFs,
[PIL'®(ppy)CI]PFg, and [PtL'®(ppy)CI]PFg, were prepared using the drop cast method
on sapphire substrates. The absorption and emission spectra of all of the PMMA and
neat films are shown in Figures 4.9 and 4.10, respectively, with data summarised in

Table 4.4.

[PtL7(ppy)CIIPFs [PtL'S(ppy)CI]PFs [PtL'S(ppy)CI]PFs

— neat
— 10%
— 1%
— 0.1%
—— solution

neat
10%
1%
0.1%
solution

— neat
— 10%
— 1%
— 0.1%
—— solution

T

normalised absorbance
normalised absorbance
normalised absorbance

250 300 350 400 450 250 300 350 400 450 250 300 350 400 450
wavelength / nm wavelength / nm wavelength / nm

Figure 4.9: UV-vis absorption spectra of 0.1, 1 and 10 wt % doped PMMA and neat
films of complexes [PtL? (opy)ClIPFg, [PtL™® (opy)ClIPFs and [PtL'é (opy)CIIPFs.
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Figure 4.10: Emission spectra of 0.1, 1 and 10 wt % doped PMMA and neat films of
complexes [PtL7 (opy)CIIPF, [PtL' (opy)CIIPFs and [PtL' (opy)CIIPF

The quantum yields of each doping concentration of the complexes [PtL'®(ppy)CI]-
PFs and [PtL'®(ppy)CI]PFs in PMMA consistently surpass those of [PtL(ppy)CI]PFs
(up to more than 3-fold), suggesting that the ©= — & interactions may have a benefi-
cial influence on the emission intensity. The highest quantum yield is exhibited by
the 1 wt % PMMA film of [PtL'®(ppy)CI]PF¢ at 33%. Lifetimes are around 15 s for
all PMMA films. A detailed examination of each PMMA film of [PtL'®(ppy)CI]PFs and
[PtL'®(ppy)CI]PF¢ reveals variations in the emission profile depending on the excita-
tion wavelength (Figures 4.11 and 4.12). For example, the emission spectrum of the
1% PMMA film of [PtL'%(ppy)CI]PF¢ at Ae, = 380 nm closely resembles that of the solu-
tion (Figure 4.11). However, when excited at 350 nm, the solution-like emission band
appears diminished and a different band (Ayax = 515, 545 nm) becomes more promi-
nent. A further decrease in the band resembling the solution emission is observed at
365 nm excitation. Monitoring the emission at 460 nm (solution-like emission band)
yields an excitation spectrum whose profile matches that of the solution absorption,
with a broad band at 378 nm. In contrast, monitoring the emission at 540 nm produces

a spectrum with Ana, = 343, 360 nm.
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Figure 4.11: (a) Emission spectrum of [PtL® (oppy)CI]PFs in deaerated CH3;CN solu-
tion and in 1 wt % PMMA film at Aex = 350 nm and 365 nm. (b) UV-vis spectrum of
[PtL" (ppy)CIIPF in solution and 1% PMMA film (with offset photoluminescence exci-
tation spectra (dashed) at A = 460 (green) and 540 nm (red)).

Identical behaviour is observed for the films of complex [PtL'®(ppy)CI]PFs. For in-
stance, the 10 wt % PMMA film of this complex shows diminution of the intensity of
the band around 470 nm with decreasing the excitation wavelength from 385 nm to
365 nm (Figure 4.12). Monitoring the emission intensity at 470 nm produces an ex-
citation spectrum that closely resembles the solution absorption spectrum, whereas
monitoring the emission at 540 nm yields an excitation spectrum with A = 347, 364
nm. These results suggest that, for these two complexes, there might be an additional
emissive state involved in the solid-state emission, possibly involving interactions be-

tween the phenyl substituent and pyridine ligand of the NC ligand.
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Figure 4.12: (a) Emission spectrum of [PtL' (ppy)CI]PFg in deaerated CH3CN solu-
tion and in 10 wt % PMMA film at Aoy = 385 nm and 365 nm. (b) UV-vis spectrum
of [PtL'¢ (ppy)CIIPF5 in solution and 1% PMMA film (with offset photoluminescence
excitation spectra (dashed) at Ao, = 470 (green) and 540 nm (red)).

In contrast, while [PtL?(ppy)CI]PFs shows a slight red-shift with increasing wt % in
PMMA, there is no variation in the emission profile of each film with excitation wave-
length and no dependence of the excitation spectra on Ay, (Figure 4.13). For exam-
ple, no significant change can be seen in the emission spectra of [PtL? (ppy)CI]PFs in
CH3CN solution and 1 wt % film in PMMA excited at A = 380 nm and 350 nm (Figure
4.13). In addition, no difference can be observed in the excitation spectra of 1 wt %

PMMA film registered at Ag, = 470 nm and 530 nm.
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Figure 4.13: (a) Emission spectrum of [PtL? (opy)CI]PFs in deaerated CH3;CN solu-
tion and in 1 wt % PMMA film at Aex = 380 nm and 350 nm. (b) UV-vis spectrum of
[PtL? (opy)CIIPF¢ in solution and 1% PMMA film (with offset photoluminescence exci-
tation spectra (dashed) at Aem = 470 (green) and 530 nm (red)).

To rule out the possibility of a Pt" impurity being involved in the emission, we also

prepared PMMA and neat films of the Pt precursors (Figure 4.14). In each case, the

emission maximum is red-shifted (> 0.12 eV) when compared to the corresponding

film of the Pt" analogue. Furthermore, the quantum yields are lower, and the lifetimes

are all biexponential and shorter than those for the Pt"Y complexes, with one compo-

nent around 1 ps and the other between 2.5 and 4 ps. These findings affirm that the

emission from the Pt" films is unlikely to originate from any Pt" species.
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Figure 4.14: Emission spectra of 0.1%, 1% and 10% PMMA and neat films of com-
plexes PtL”Cl, PtL">Cl and PtL6CI
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Table 4.3: Photophysical data for complexes PtL”Cl, PtL'5CI, PtL'6Cl, [PtL? (opy)CI]PFs, [PtL™® (ppy)CI]PFs and [PtL® (opy)CIIPFs

emission at 298 K

emission at 77 K

K./ Kpr/
complex Aem/NM Dum/ % T/us 10;3_1 10;;‘1 Aem/NM T/us
PtLCl 5902 1.78 0.032 612 36402 529, 571, 611° 16°
PtL'SCl 6172 0.12 0.022 832 554002 530, 557° 17°
PtL'6Cl 6102 0.22 0.022 1092 499002 548, 579° 15
461, 496, 527sh
7 + C C C [} Cc ’ ) ] d
[PiL7(ppy)CII* 472, 501, 534 4.0 42 0.94 23 536, 571 619¢ 280
467, 501, 544
15 + C [ c c C ’ ’ ’ d
[PtL'S(ppy)CI]* 485, 515, 555 4.3 55 0.78 17 550, 6397 350
474, 511, 550
16 + c c c c c ’ ’ ’ d
[PtL'8(ppy)CI]* 475, 508, 545 3.3 64 0.51 15 563, 6509 350

2in CH,Cl, Pin diethyl ether/isopentane/ethanol (2:2:1 v/v) ¢in CH3zCN 9in butyronitrile

Table 4.4: Photophysical data for complexes PtL”CI, PtL'ClI, PtL'6ClI, [PtL” (opy)CI]PFs, [PtL® (opy)CIIPFs and [PtL'é (ppy)CIIPFs in the solid state at different
doping wt % PMMA and in neat films.

cI)|um/0/o ’C/HS
complex 0.1% 1% 10% neat 0.1% 1% 10%
PtL’Cl 11 9 3 0.1 1.2,3.6 1.1,29 09,25
PtL'3Cl 6 5 2 1 1.1,3.7 1.5,4.0 1.0,3.5
PtL'6CI 9 8 3 1 1.1,3.9 1.0, 3.6 0.97,2.5
[PtL7 (ppy)CIT* 7 12 9 1 15 15 14
[PtL'S(ppy)CI]* 24 33 29 4 17 16 14
[PtL'®(ppy)CI]* 25 22 12 0.2 16 17 12




4.5 DFT

Density functional theory (DFT) and time-dependent density functional theory (TD-
DFT) calculations with Tamm-Dancoff approximation (TDA) were performed at the
level of theory including spin-orbit coupling (SOC) and zeroth-order regular approx-
imation (ZORA). Geometry optimisations in the ground state were performed using
B3LYP/ def2-TZVP.

The HOMO of the PtV complexes at the S, geometry is located mainly on the Pt
centre and the cyclometallated phenyl rings of the bidentate and tridentate ligands in
the case of [PiL?(ppy)CI]PFg and [PiL'®(ppy)CI]PFs, and only on that of the tridentate
ligand in the case of [PtL'®(ppy)CI]PFs. The LUMO is located on the pyridine rings of
the tridentate ligand for all complexes. Molecular orbital plots of some of the frontier

orbitals of the complexes are shown in Figure 4.15.

HOMO LUMO

[PtL7(ppy)CI]*

[PtL'3(ppy)CI] *

[PtL'®(ppy)CI]*

Figure 4.15: Frontier orbital plots for PtL”Cl, PtL'Cl and PtL'¢CI at the S, geometry.

Figure 4.16 presents the molecular orbital (MO) energy level diagrams for the ground
state of complexes [PtL'®(ppy)CI]PFs and [PtL'¢(ppy)CI]PFs. The HOMO of complex
[PtL'®(ppy)CI]PF¢ is 0.18 eV higher in energy than that of [PtL'®(ppy)CI]PFg due to
slight electron donation from the ‘Bu to the cyclometallated phenyl ring onto which the
HOMO is located. This results in a smaller energy gap for the former complex, which

aligns with the slight red shift in the absorption and emission spectra.
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For complexes [PtL'®(ppy)CI]PFg¢ and [PtL'¢(ppy)CI]PFs, HOMO-1 and HOMO-2 are
partially located on the non-cyclometallated phenyl ring of the tridentate ligand, as
well as on the NC ligand (Figure 4.16). This indicates that these parts of the ligands

may play a role in some of the excited states responsible for emission.

-3 AC% 5
3.96 eV

-6 A s &B

-8

Energy / eV

[PtL'3(ppy)CI][PF¢] [PtL'®(ppy)CI][PF¢]

Figure 4.16: Molecular orbital diagrams showing selected orbitals of complexes
PtL'>Cl and PtL'ClI, and their energies.

4.6 Chapter summary

Two new complexes of the type [Pt(NNC)(NC)CI]*, incorporating a phenyl substituent
at the 6-position of the lateral pyridine ring, were synthesised. The photophysical
properties of these complexes in solution were compared to those of the ‘parent’
unsubstituted [PtL” (ppy)CI]PFs. The comparison indicated minimal differences, with
both sets of complexes exhibiting quantum yields of ~ 4% and long lifetimes in the
range of tens of microseconds. X-ray crystallography showed that, in each case, the
phenyl substituent of the NNC ligand lies pseudo-parallel to the pyridine ring of the
NC ligand, a feature that we hypothesised could influence the solid-state emission

properties of these complexes.

To test this, PMMA films were prepared at three different concentrations (0.1%, 1%,
and 10% by weight) as well as neat films of both complexes and [PtL” (ppy)CI]PFs. The
quantum yields of the two new complexes in PMMA consistently surpassed those of
[PtL7 (ppy)CIl]PFs, with increases of up to more than threefold. These results confirm
the significant impact of the © — & interaction on the solid-state photophysical proper-

ties of the complexes and will be explored in the future in LEECs.
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CHAPTER 5

Dinuclear platinum complexes

featuring tridentate ligands



Chapter 5: Dinuclear platinum complexes featuring tri-

dentate ligands

5.1 Introduction

Dinuclear metal complexes can show very distinct photophysical properties, com-
pared to their mononuclear analogues. In the case of coordinatively saturated com-
plexes of d® ions like Ir'", the incorporation of a second metal ion can have a beneficial

effect on quantum yields, especially for red and NIR emitters.”8%2

Kozhevnikov, Williams and co-workers reported an Ir complex incorporating a pyrimi-
dine-bridged ditopic ligand (L') with two tridentate NCN coordinating sites (Figure
5.1).8 The coordination sphere around each metal centre was completed by a biden-
tate NC tolylpyridine ligand and a monodentate chloride. The NC ligand binds with
the pyridine nitrogen atom trans to the cyclometallated carbon on the tridentate lig-
and. Three different structural isomers were formed in the reaction and their separa-
tion was achieved by column chromatography. The meso form occurs when the two
chlorides are positioned on the same side of the bis-chelate ligand plane, while the
rac pair of enantiomers arises when the chloride ligands are on opposite sides of this

plane.

rac

Figure 5.1: The pyrimidine-bridged ditopic ligand (HzL") and its Ir'"" complexes re-
ported by Kozhevnikov, Williams and co-workers. %3
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The photophysical properties of these complexes were investigated and compared to
those of their mononuclear analogue (Figure 5.2). The meso and rac isomers show
almost identical photophysical properties to each other. The introduction of a second
Ir ion leads to a red shift in the absorption spectrum. This effect was thought to
occur due to a stabilisation of the pyrimidine-based n* orbital. Similarly, a red shift
is seen in the emission spectra of the dinuclear complexes compared to that of their
mononuclear counterpart, albeit not as large as that seen in the absorption. A red
shift in the emission is typically accompanied by a decrease in the quantum yield due
to faster non-radiative decay (k,,) and (often) slower radiative decay (k;). However, in
this instance, the dinuclear complexes show an enhanced quantum yield compared

with the mononuclear analogue.

rac—lr2
T -1 3
£ 60000 3
il H(ptpy)Cl =
IrL
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Figure 5.2: Absorption and photoluminescence spectra of the mononuclear (blue

lines) and the rac and meso forms of the dinuclear complex (green and red lines

respectively), reported by Kozhevnikov, Williams and co-workers, in solution in CH,Cl>
at 298 K. Adapted from ref. 83 with permission from The Royal Society of Chemistry.

Estimates of the radiative and non-radiative rate constants revealed that while the lat-
ter is indeed somewhat increased, the addition of the second metal ion leads to a >
4-fold increase in k,. The larger red shift in the absorption compared to the emission
indicates that the S;—T; energy gap (AEs_t) is reduced in the dinuclear complexes.
The smaller energy gap could allow for more efficient mixing between these states,
leading to more efficient SOC pathways and therefore higher k,. A review on multin-
uclear Pt complexes by Williams and co-workers further discusses the potential rea-
sons for such an increase.’® Dinuclear complexes of this type typically show higher
extinction coefficients (as seen in this case), suggesting increased oscillator strengths

of the spin-allowed transitions. The allowedness of the phosphorescent transition will
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increase with an increase in the oscillator strength of the singlet transitions to which

the triplet state couples, resulting in higher k.

Shafikov et al. prepared another complex featuring the aforementioned bis-chelate
ligand (1) and one with a monotopic NCN analogue of the ditopic ligand 1m, wherein
the pyrimidine ring is substituted by pyridine, for comparison (Figure 5.3, left).3* The
coordination sphere was completed by two or one tridentate CNC ligands, respec-

tively. Puttock et al. reported a series of Ir'"

complexes incorporating Schiff-base
ONN-NNO bis-chelate ligands (2, Figure 5.3, right).® The complexes were compared
to both their mononuclear counterparts 2’, where only one Ir was bound to the bis-
chelate ligand, as well as to mononuclear complexes with a monotopic analogue of the
bis-chelate ligand with a pyridine ring replacing the pyrimidine 2m. The coordination

sphere around each Ir ion is completed by a tridentate NCN ligand.

Shafikov et al. Puttock et al.

2
\ \ Ry =H, Ry =H N N
X X R1 = OCF3, R2 = H
R1 = CI, Rz = Cl
2! R1 = OMe, R2 = H 2m

Figure 5.3: I complexes reported by Shafikov et al.?* (left) and Puttock et al.®
(right)
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While complex 1 shows a large red shift in the emission wavelength compared to its
mononuclear counterpart 1m (e.g. from 537 to 642 nm in toluene at 300 K), the class
of complexes 2 emit at wavelengths comparable to those of their mononuclear ana-
logues 2’ and 2m. All of the complexes exhibit a significant increase in luminescence
quantum yields compared to their mononuclear counterparts, seemingly attributable

to an enhancement in the radiative rate constant.

Similar beneficial effects of a second metal centre can also be observed for platinum.
For square planar complexes of Pt', a rigid linker can hold the two metal centres in
close proximity, aiding intramolecular face-to-face interactions. Such a strategy has
been widely employed in the search for efficient NIR emitters.®'-°386.87 However, there
are also examples of dinuclear Pt" complexes where the two metal-containing units

are rigidly held apart, employing ligands similar to ones described above for Ir''.

The reactions of the aforementioned bis-chelate ligands H,L'~3 with potassium tetra-
chloroplatinate in an attempt to obtain dinuclear Pt" complexes were reportedly chal-
lenging due to the formation of highly insoluble mono-platinated intermediates, that

failed to react further, probably due to their poor solubility. 88:8°

The introduction of two tert-butyl groups into the positions para to the N of the pyri-
dine rings of the pyrimidine-bridged NCN-NCN ligand (H,L') led to its successful
complexation and thus to the formation of a dinuclear Pt" complex with a chloride
ancillary ligand (3, Figure 5.4).88 The corresponding mononuclear complex 3m with
a tridentate ligand was also prepared for comparison. Similar observations to the Ir"
examples were noted, including a red shift in absorption and emission spectra, and
higher molar absorptivities for the dinuclear complex compared to its mononuclear
counterpart. However, the luminescence quantum yield for the former was found to
be lower in this case, which was attributed to a much higher k., probably due to the
influences of the energy gap law, given the low energy emission (Aem ~ 620 nm).
AEs 1 in the dinuclear complex was found to be sufficiently small that the complex
shows thermally activated delayed fluorescence (TADF). While no excimer emission
was observed in solution at room temperature, excimer emission centred at A, = 810
nm predominates in polystyrene films at concentrations > 1% w/w and in neat film.

An NIR-emitting OLED device incorporating the complex was fabricated with EQEa«

=0.51% (7LE|_ =805 nm).
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A follow-up publication looked at the influence of chloro-to-iodo ancillary ligand ex-
change on the photophysical properties displayed by the dinuclear complex.®® The
iodo dinuclear complex 4 has around a 3-fold larger k,, compared to its chloro ana-

logue 3, attributed to a smaller AEs_t, and leading to improved TADF.

Figure 5.4: Dinuclear and mononuclear Pt" complexes reported by Pander et al.®

5.2 Aims and objectives

Despite the above interesting properties displayed by Ir'" and Pt complexes, there
appear to be no reports of dinuclear PtV complexes featuring such ditopic extended
conjugated aromatic ligands. Building upon our findings regarding PtV complexes
incorporating NNC ligands discussed Chapters 3 and 4, we were intrigued by the
prospect of synthesising analogous dinuclear systems. The synthesis of ditopic bis-
tridentate pyrimidine-bridged CNN-NNC-coordinating ligands will be described in this
chapter, together with an investigation into their complexation to Pt in the +2 and +4

oxidation states.

5.3 Synthesis of the proligands

The ligands H,L'"~'® were identified as suitable targets and synthesised as shown
in Scheme 5.1. The requisite intermediate, 2-phenyl-6-(tributylstannyl)pyridine, was
synthesised in two different ways. In the first method, 2-bromo-6-phenylpyridine was
prepared by a Suzuki cross-coupling between 2,6-dibromopyridine and phenylboronic
acid and subsequently lithiated with "BuLi. The second one involved the direct lithia-
tion of 2-phenylpyridine with "BuLi in the presence of 2-dimethylaminoethanol. In both
cases, the lithiated phenylpyridine intermediate was reacted with tributyltin chloride to

yield 2-phenyl-6-(tributylstannyl)pyridine.

The Stille cross-coupling reaction to 4,6-dichloropyrimidine was first attempted us-

ing the Pd" catalyst Pd(PPh3),Cl,. None of the desired pyrimidine-bridged product
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was detected by mass spectrometry and the main product isolated was the homo-
coupled 6,6'-diphenyl-2,2’-bipyridine. Changing the catalyst to Pd°(PPh;), gave 4,6-
bis(6-phenylpyridin-2-yl)pyrimidine successfully.

B(OH),
©/ i) n-BuLi, hexane,
=~ | THF, —78°C

/ NS
o | Pd(PPhg), N™ "Br ) BusSnCl, hexane,
Br N Br NaCO3 —78°C
DME
water
= . .
| i) DMAE, n-BuLi, hexane, 0 °C
N\
N ) BusSnCl, hexane, -78 °C
=
|
N” “SnBus
Pd(PPh3)Cly| ¢ cl Pd(PPh3)s | ¢ cl
LiCl, toluene W LiCl, toluene W
N\¢N N\¢N
H2L17
B(OH)2

R i) n-BuLi, hexane, y
THF, —78°C |
= | “
N Pd(PPhy), ii) BusSnCl, hexane, N™ "SnBug
Br N Br NaCO3 —78°C
DME
=
| Pd(PPhg),
\N LiCl, toluene W
AR NN
R R

water

R = 'Bu HoL"
R = CFg HpL 1

Scheme 5.1: Synthesis of proligands H,L'”, H,L' and H,L"®

Two derivatives of the ligand with a tert-butyl (H,L'®) or CF3 (H,L'®) substituent on
each phenyl ring para to the pyridine ring were also prepared. In those instances,

the first step involved a Suzuki cross-coupling between 2,6-dibromopyridine and the
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relevant p-substituted phenylboronic acid, identical to the first method described for
the synthesis of the unsubstituted ligand. This step resulted in the formation of a 1:1
mixture of the target monocoupled product and a dicoupled p-phenyl disubstituted
2,6-diphenylpyridine in both cases, which required separation by reverse phase col-
umn chromatography. The monocoupled product was then lithiated, stannylated and
reacted with 4,6-dichloropyrimidine to give the disubstituted bis-chelate product, as

before.

5.4 Preparation of the complexes

The complexation reactions of H,L'” with K,PtCl, in acetic acid resulted in the exclu-
sive formation of the mononuclear Pt" complex (Scheme 5.2). The incorporation of
the second metal ion was attempted by using acetonitrile / water as the solvent and
/ or by increasing the number of equivalents of K,PtCl, but these efforts were unsuc-
cessful. Assuming that the poor solubility of the mononuclear complex was preventing
further reaction, we decided to prepare the tert-butyl- and CF3-substituted derivatives
with the aim to enhance the solubility of the ligand and the resulting mononuclear
complex. However, the complexation reaction of H,L'® also resulted solely in the for-
mation of the mononuclear complex, whereas that of H,L'® yielded a mixture of other
products whose "H NMR did not indicate the formation of either a mono- or dinuclear
complex. HL'™PtCl was isolated as a red solid after filtration through a plug of silica
with CH,Cl,.

= =
= = ~ ~
o | | KoPICly NN
N NN —_— | _N__N
NN AcOH R Pt R
R & R

Cl R=H, HL'PiCI
R = ‘Bu, HL'8PtCI

Scheme 5.2: Synthesis of mononuclear complexes HL'” PtCl and HL'8PtClI

Crystals suitable for X-ray diffraction of the mononuclear complex HL'”PtCl were ob-

tained from the slow evaporation of a CH,Cl, solution (Figure 5.5).

Since our attempts to incorporate the second metal were unsuccessful, we proceeded
with the oxidation of the mononuclear complexes with PhICl, (Figure 5.3). The result-

ing HL'”PtVCl; and HL'™8PtVCl; complexes were isolated as yellow solids.
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Pt—C 1.992(5

)
Pt — Npyridine 2.119(4)
Pt — Npyrimidine 1.954(4)
Pt—Cl 2.3020(13)
C — Pt — Npvrimidine 182 01(19)
Npyidine _ py _ G| 177.45(12)

Figure 5.5: Molecular structure of the HL'8PtCl in the crystal (left) with selected bond
lengths (A) and bond angles (°) (right).

s PhICI2 S
/N N CH Cl, —N N
CI CI R H, HL'PtCl;

R = 'Bu, HL'8PtCl3

Scheme 5.3: Synthesis of mononuclear complexes HL'” PtCl; and HL'8PtCl;.

The "H NMR spectra of the PtV complexes show the expected deshielding of all of the
protons on the rings bound to Pt upon oxidation (see Chapter 3). The aromatic regions
of the "H NMR spectra of HL'”PtCl and HL'PtCl; are shown in Figure 5.6.

22 23

"97 95 93 91 89 87 85 83 81 79 77 75 73 71
(ppm)
Figure 5.6: The aromatic regions of the 'H NMR spectra of HL'” PtCl and HL'” PtCl3
in dg-DMSO at 599 MHz. All protons are numbered and arrows show the shift upon
oxidation. Red and black arrows refer to resonances on the platinated and uncom-
plexed units, respectively.
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We speculated whether the mononuclear PtV complexes might be able to be plati-
nated at the uncoordinated NNC unit more readily than the Pt" analogues, and so

they were treated with K,PtCl, in acetic acid (Scheme 5.4).

= = = =
OO Ot SO0
N._N — N__N
R /Pt,u/ ~F R AcOH R Pt T py R
o | e o | ol |
Cl Cl

R = H, L' (Pt'CI)(PtVCly)
R = Bu, L'8(Pt'CI)(Pt"Cls)

Scheme 5.4: Synthesis of dinuclear complexes L' (Pt"CI)(Pt"VCls) and L"8(Pt"Cl)(Pt
IVC/3 )

In each case, the product was washed with water, methanol and diethyl ether, ex-
tracted into CH,Cl,, filtrated through a silica plug and the solvent removed under
reduced pressure to yield a brown solid. Figure 5.7 shows the aromatic regions of the
"H NMR spectra of HL'”PtCl; and the product of the second complexation reaction.
The "H NMR spectrum of the product reveals a shift in some peaks compared to the
starting material, suggesting that a different species had formed. There are two pairs
of protons on the phenyl ring of the starting material (labelled 22 and 23), each with an
integration of 2 in the "H NMR spectrum. The "H NMR spectrum of the product of the
reaction shows 16 different environments, each with an integration of 1, which would
be expected for a dinuclear complex with one Pt centre in a 4+ oxidation state and
one Pt centre in a 2+ oxidation state. The full assignment of the '"H NMR spectrum
of this complex was not achieved due to degradation on the timescale of the 2D NMR
experiments. Although the analogous product of the same reaction with tert-butyl-
substituted HL'®PtCl; was not isolated successfully, we proceeded with subsequent

steps.
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Figure 5.7: The aromatic regions of the '"H NMR spectra of HL'’PtCl; and
L7 (Pt"CI)(Pt" Cly)

The next step involved the oxidation of the Pt" / PtV complexes to obtain the dinuclear
PtV complexes (Scheme 5.5).

R=H, L"7(PtVCly),
R = tBU, L18(Pt|VC|3)2

Scheme 5.5: Synthesis of dinuclear complexes L' (Pt"VCl;), and L'8(Pt"VCl3),

The "H NMR spectra of the products of those reactions indicated the formation of the
target complexes for both L7 and L8, showing a reduction in the number of distinct
environments due to the formation of the C,, symmetric PtV / Pt" complexes. Figure
5.6 shows the "H NMR spectrum of complex L'®(PtVCls), with numbers indicating

peaks and their corresponding protons on the structure.
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Figure 5.8: The "H NMR spectrum of (Pt'VCl;),L"® and its assignments.

Multiple attempts were made at the reaction of the dinuclear PtV / PtV complexes with
2-phenylpyridine to form dinuclear analogues of the complexes discussed in Chapters
3 and 4. Assuming that the 2-phenylpyridine binds with the pyridine nitrogen trans to
the pyridine of the NNC unit, as seen in the previous chapters for the mononuclear PtV
complexes of this type, different isomers could potentially form depending on whether
the chloride ligands are on one (meso) or opposite sides of the bis-chelate ligand

plane (rac). The latter will comprise of a racemic mixture of enantiomers.

meso T &

o R =H, [L"{Pt(ppy)Cl}2]**

© R = Bu, [L"8{Pt(ppy)Cll2]**

N N N e
« ‘ N | | = ‘N\ |N\
O | N' A Y- - g
R Pt >Ptv R AgOTH, toluene ) rac )
+ +
‘ ‘ Cl = = T H X X —|
cl cl \ | 3 | \
NS \ H —
1 | O
R P/N\ N R
. @c' OD C(Q Ko

Scheme 5.6: Synthesis of [L' {Pt(ppy)Cl}]?* and [L’g{Pt(ppy)C/}zjz", showing poten-
tial meso and rac isomers.
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Small amounts of a solid, whose '"H NMR spectrum was consistent with that ex-
pected for the target complex, were isolated for L'® after multiple recrystallisations
and reverse-phase column chromatography. Figure 5.9 shows the "H NMR spectra
of [L'3{Pt(ppy)Cl}2]** and of [PiL7 (ppy)CI]* for comparison. The most deshielded sig-
nal (10.03 ppm, labelled 2 in Figure 5.9) in the 'TH NMR spectrum of [PtL?(ppy)CI]*
corresponds to the proton ortho to the nitrogen of the pyridine ring of the NC ligand.
Satellites due to coupling to '®°Pt can be observed with 3Jsssp, 1y ~ 25 Hz. The most
deshielded signal in the "H NMR spectrum of [L'8{Pt(ppy)Cl},]** can be seen at 10.11
ppm, also showing satellites with 3Jesp,.1 &~ 25 Hz. Similarly, the most shielded sig-
nals at 6.36 ppm and 6.24 ppm in the "H NMR spectrum of [PtL? (ppy)CI]* show satel-
lites due to coupling to Pt with 3Jesp,.1y ~ 33 Hz each, and correspond to the protons
ortho to the cyclometallated carbon atoms on the phenyl rings of the NC (3) and NNC
(1) ligands, respectively. Likewise, the peaks at 6.42 ppm and 6.05 ppm in the 'H
NMR spectrum of [L'8{Pt(ppy)Cl},]>* also show satellites with 3Jiesp,.1y ~ 33 and 35
Hz and likely correspond to the protons ortho to the cyclometallated carbon atoms
on the phenyl rings of the NC and bis-chelate ligands, respectively. [L'3{Pt(ppy)Cl}»]?*
was purified by reverse phase HPLC to give very small amounts of product which were
used for the photophysical studies. Notably, the 'H NMR suggested the formation of

a single species, but the assignment to a structural isomer (meso or rac, discussed

above) was not achieved.

__—F

104 100 96 92 88 84 80 76 72 68 64 6.0
ppm
Figure 5.9: The 'H NMR spectra of [PiL” (ppy)Cl]* and [L'8{Pt(ppy)Cl}2]?* in dg-

acetone at 400 MHz with numbers indicating peaks and their corresponding protons.
Only the meso isomer of complex [L"8{Pt(opy)Cl}z]?* is shown.
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5.5 Photophysical properties

5.5.1 Absorption

The absorption spectra of complexes HL'7'®PtCl and HL'""®PtCl; are shown in Figure
5.10. The intense transitions at high energy (< 300 nm) can be ascribed to 7 —
transitions within the ligands. The main contrast between the spectra of the Pt' and
PtV complexes is the blue shift of the lowest energy band in the PtV complexes, which
aligns with the decrease in the energy of the d-orbitals, associated with increasing
oxidation state, as discussed in the previous chapters. The lowest energy band of the

Pt" complexes extends all the way up to 600 nm.

50
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8 100 3 Tu 40 3
E 80 >
2 = 30-
% 60/ )
9 2
@ 5 20-
© 40+ <)
:
o o |
c 201 % 10
S
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
wavelength / nm wavelength / nm

Figure 5.10: UV-vis absorption spectra of (a) HL'”PtCl and HL'’PtCls, and (b)
HL'8PtCI and HL™PtCl; in CH.Cl, at 298 K.

The absorption profile of complex [L'®{Pt(ppy)Cl}»]?* resembles that of its mononu-
clear Pt" precursor HL'®PtCl; (Figure 5.11). Note that molar absorptivity data for
complex [L'8{Pt(ppy)Cl}2]?>* were not collected due to the limited amount of product

obtained.
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Figure 5.11: UV-vis absorption spectrum of [L'8{Pt(ppy)Cl},]?* (with offset photolu-

minescence excitation spectrum (dashed)) in deoxygenated CH3;CN at 298 K with the
spectra of HL'PtCI and HL™PtCls; in CH,Cl, at 298 K reproduced for comparison.

Table 5.1: UV-vis absorption data for HL'®PtCI and HL'8PtCl; in CH,Cl, at 298 K.

complex absorption
° Amax/nm (e/M~'cm~")
HL'8PtC 246 (40500), 264 (40500), 296 (31500), 357 (25400), 390sh (15200),

479 (2600), 555 (760)
HL'8PtCl; 248 (39800), 299 (29500), 366 (12700)

5.5.2 Emission

HL'8PtCl is weakly emissive in deoxygenated dichloromethane solution at room tem-
perature and in a glass of diethyl ether/isopentane/ethanol (2:2:1 v/v) at 77 K (Figure
5.12, Table 5.2). The profile of its excitation spectrum matches that of its absorption.
HL'8PtCl shows broad emission with a quantum yield of 0.2% at room temperature in
deoxygenated CH,Cl,. At 77 K, its emission is more structured with the 0,0 compo-

nent being of the highest intensity.
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Figure 5.12: Emission spectra of HL™PtCI in a glass of diethyl
ether/isopentane/ethanol (2:2:1 v/v) at 77 K (black) and in deoxygenated CH-Cl, at
298 K (blue).

[L'8{Pt(ppy)Cl},][PF¢]. is emissive in deoxygenated CH3;CN solution at room temper-
ature and in a glass of butyronitrile at 77 K. Its excitation spectrum closely matches
that of its absorption spectrum (Figure 5.11). Its emission spectra are shown in Figure
5.13, with numerical data in Table 5.2. The data for [PtL’(ppy)CI]PFg are included for
comparison. The emission of [L'®{Pt(ppy)Cl}»][PFs]2 is red shifted compared to that
of [PtL7(ppy)CI]PFs. The radiative rate constant (k) was estimated to be 1200 s~
for [L'Pt(ppy)Cl,][PFs]z, which is close to the value of 940 s~ for [PtL7 (ppy)CI]PFs.
However, a large increase in k,, results in an overall shorter lifetime and lower lumi-

nescence quantum yield.

1.00 1 L 1.001
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Figure 5.13: Emission spectra of [PiL7 (opy)Cl]* and [L'8{Pt(ppy)Cl}>]?* in (a) buty-
ronitrile at 77 K (b) deoxygenated CH;CN at 298 K.
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Table 5.2: Photophysical data for complexes HL'™8PtCI, [PtL?(ppy)Cl]* and
[L™{Pt(ppy)Cl}2]*

emission at 298 K emission at 77 K
o k./ Ko/
complex Aem/NM Dy /% T/US 10%s—1 10%g! Aem/NM T/us
HL'8PtCI 6752 0.22 0.032 872 49900 600, 647, 720° 120
472,
[PIL7(ppy)CIF 501,  4.0° 420 0g4c opge 461,496,527sh, 00
534 © 536, 571, 619
484, 519, 553
18 2+ c C c c c ’ ’ ’ d
[L'8{Pt(ppy)Cl},J>* 565° 1.6 13° 1.2 75 598, 660¢ 150

2in CH,Cl, Pin diethyl ether/isopentane/ethanol (2:2:1 v/v) °in CHzCN din butyronitrile

5.6 Chapter summary

Three ditopic bis-tridentate pyrimidine-bridged CNN-NNC ligands were prepared.
The complexation reaction of the unsubstituted H,L'” and t-Bu substituted H,L'®
resulted in the formation of a mononuclear Pt'" complex, whereas that of the
CF3-substituted H,L'® gave no evidence of either a mono- or dinuclear complex,
but to some other unidentified products. The direct addition of a second Pt" ion
to the mononuclear Pt'" complexes was not achieved. However, oxidation to PtV
and the subsequent reaction of the mononuclear Pt compounds with K,PtCl, led
to the formation of dinuclear Pt" / PtV complexes. The oxidation of the resulting
complexes yielded the dinuclear PtV complexes L' (PtCl;), and L'®(PtCls),. The
reaction of L'8(PtCls), with 2-phenylpyridine resulted in the isolation of trace amounts

of [L'8{Pt(ppy)Cl},]?*, which was used for the photophysical studies.

The photophysical properties of [L'8{Pt(ppy)Cl},][PFs]>. were compared to those of
[PIL (ppy)Cl]PFs. As discussed for the examples in the chapter introduction, while
[L"8Pt(ppy)Cl2][PFs]» exhibits a red-shifted emission relative to [PtL? (ppy)CI]PFs, the
k, values remain closely comparable. [L'3{Pt(ppy)Cl},][PF¢]. shows a luminescence

quantum yield of 1.6% and a lifetime of 13 ps.
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Chapter 6: Tetradentate NCCN ligands

6.1 Introduction

The inherent flexibility of Pt complexes featuring bidentate and, to a lesser extent,
tridentate ligands may often lead to out-of-plane geometric distortion in the excited
state relative to the ground state, which promotes non-radiative decay pathways. The
use of more rigid tetradentate ligands offers a potential strategy to mitigate this prob-

lem.

Tetradentate ligand design in the literature has mostly employed the use of a spacer
atom (N, O or C) to join together two bidentate NC-, NN- or CC-coordinating units.
Huo and co-workers made several different types of Pt complexes incorporating an
aniline N-spacer between the two bidentate units in the ligand (Figure 6.1).°9 They
feature CNNC, NCCN, or CCNN coordinating units. All of the complexes are lumines-
cent with the CNNC-type complexes showing the highest quantum yields of ~ 75% in

deoxygenated 2-methyltetrahydrofuran solution at room temperature.

I CrC I CrC
N~ \NgZ
Pt< Pt/N
N* \N/
| \
X

Figure 6.1: Pt" complexes of tetradentate ligands reported by Huo and co-workers.®’
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The Pt(CNNC) series was later expanded by Solomatina et al. who examined the
effect of different substituents on the phenyl ring, as well as the effect of replacing
one or both phenyl rings by a thiophene or a benzothiophene ring.%® Their chemical
structures and a summary of the photophysical properties in deaerated THF solu-
tion at room temperature are shown in Figure 6.2. The replacement of the phenyl

rings by a sulfur-containing heterocycle leads to a red-shift in the emission maxima,

CO2Me

accompanied by a decrease in the quantum yields.

Ph
| X N | X
N
Z N\Pt/ = CO,Me

@

Aem =512 nm em =560 nm Aem =577 nm
D =74% =17% D =36.7%
T=7.6us 17=5.3us t=16.9 us
I|3h
| X N | X
N N
7 N\p Z > co,Me CO,Me CO,Me
ST Z s
Aem = 607 Nm Aem = 635 nNm Aem =690 Nnm
O =47.5% O =7.9% O =7.0%
t=15.1us t=7.1us t=6.1us

Figure 6.2: P{(CNNC) complexes with their corresponding room-temperature emis-
sion band maxima (Aem), Quantum yields (®) and lifetimes (t). Top left complex was
reported by Vezzu et al.®' and the rest by Solomatina et al.®3

Similarly, Yang and co-workers ®*® looked at derivatives of the NCCN-type complexes
with an N-spacer by replacing the pyridine rings with isoquinoline, &-carboline or
quinolone moieties. All of the complexes were incorporated into devices showing

red to NIR emission and high external quantum efficiencies (up to 31.8%).
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}"EL =609 nm }‘EL =643 nm }"EL =638 nm 7"EL =730 nm
EQE = 31.8% EQE = 26.3% EQE = 30.8% EQE =5.2%

Figure 6.3: Complexes featuring tetradentate NCCN ligands and their corresponding
electroluminescence peak (Le.) and external quantum efficiencies (EQE). %%

Pt" complexes with a tetradentate CNNC ligand linked by a carbon spacer atom were
prepared by Feng et al. (Figure 6.4).%¢ The complexes were functionalised with nor-
bornene and co-polymerised with a bis(carbazolyl)benzene-based co-monomer. The
resulting co-polymers showed almost identical photophysical properties to the dis-

crete complexes, exhibiting bright green luminescence.

F F

Aem =493 nm Aem =492 nm
O =54% O = 58%
1=380ns t1=320ns

Figure 6.4: Complexes featuring tetradentate ligands in which two NC units are con-
nected by a carbon linker, along with their corresponding emission band maxima
(Amax), luminescence quantum yields (®) and lifetimes (t) in degassed CH,Cl, at
room temperature.%®

Liao et al.®” reported N-NNN~ Pt complexes with a carbon spacer atom (Figure 6.5).
The ligand structures incorporate a spiro-fluorene or acridine unit linked to two biden-
tate 2-pyridyl triazole or pyrazole moieties. The complexes show very high quantum

yields of up to 88% in CH,Cl, solution at room temperature.
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5 R=H, ®=67% R=H, ®=58%
® =60% R = tBu, ® = 82% R = tBu, ® = 88%

Figure 6.5: Complexes featuring tetradentate ligands in which two NN~ units are
connected by a carbon linker, along with their corresponding luminescence quantum
yields (®).%”

Jian Li and co-workers looked at the Pt complexes of a number of NCCN-ligands
with an O-spacer atom bridging two different or two of the same NC moieties,
e.g., methyl-2-phenylimidazole, 3,5-dimethyl-1-phenylpyrazole, phenoxyl pyridine,
carbazolyl pyridine and phenyl methyl-imidazole.%-'%" The complexes showed high

quantum yields in PMMA films and were incorporated into devices with EQE values

of up to 24.8%.

0 0
Qo O O )Q

g e ere

N N
» Q / NN /NN R
P apy agte
5 5 - =
— / R Ry

R—H EQE 2049 R1=H, Ro=Me, Ry=H; EQE =23.3%

EQE = 4.1% =i 24 s, Ry=1Bu, Ry=Me, Ry = H; EQE = 5.3%
R=1Bu, EQE =24.8% o' {Bu Ry =H, Ry = Ph; EQE = 10.9%

o) O
; Pf PT
0 /I\ : : ; \ VAN
N/ \N/ N~ N7 "N~
/ \ \N \N N/ N/ \:/
— R
R=H; EQE = 19.3%
EQE =4.1% EQE =21.4% R = Me: EQE = 20.6%

Figure 6.6: Chemical structures of tetradentate complexes, along with their corre-
sponding external quantum efficiencies (EQE). %8191

Figure 6.7 a)—c) shows the EL spectra of three monochromatic devices employing
three different NCCN complexes. ™" The testing of different structures for OLEDs
led to the fabrication of a Pt-based RGB white OLED, incorporating three different
emissive layers, each employing one of the three NCCN complexes, with peak
EQE of 21.0%.
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Figure 6.7: a)—c) EL spectra as a function of wavelength and d) plots of EQE vs.
current density of monochromatic devices using each individual emitter. Inset figures
are the molecular structures of the emitters used.t

More recently, Soto et al.'% reported a Pt NCCN complex, incorporating two phenyl-
pyridine units bridged by an oxygen atom. The initial attempt at the synthesis resulted
in the formation of a mixture of three species, which were identified as the Pt", Pt"
and PtV complexes, with the Pt" complex featuring two Pt" centres bridged by a
short Pt—Pt bond (2.74 A). Subsequently, they performed the reaction again under
more rigorously deoxygenated conditions, leading to the exclusive formation of the
Pt' complex. Alternatively, the PtV complex could be synthesised directly in 43%
yield by carrying out the reaction in air. The PtV complex could also be reduced
back to Pt by heating in CH,Cl, under N, in the presence of activated Zn°. The
selective formation of the Pt complex could be achieved from the Pt complex using
N-chlorosuccinimide (NCS) in CH,ClI, (Figure 6.8a). All of the signals for the "H NMR
spectrum of the Pt complex are slightly downfield shifted compared to those of the
Pt' complex. In contrast, those of the Pt complex are upfield shifted with respect to

both the Pt and Pt"Y complexes, as a result of the n—r stacking between the aromatic

rings (Figure 6.8b).

TReprinted from Org. Electron., 37, G. E. Norby, C. D. Park, B. OBrien, G. Li, L. Huang and J. Li,
Efficient white OLEDs employing red, green, and blue tetradentate platinum phosphorescent emitters,
163-168, Copyright 2016, with permission from Elsevier.

112



7\ / 7\ d i
C,} Q ¢y Q 1-ptv —=
P :l
N 1-pti

N air
1-H, 1-PtV i Ky[P(Cl,], MeCOOH

° f
d
a c b
1-ptv |

o]
7\ o D= o)
- \ = CD \

1 [ I ii: Zn°, DCM, N,
-
Cl-source iii: DCM, N,

air

1-pi

=N_ X b c/d

—_— = 1-Pt!

¢ Q f
RN & \7J\'“ ' 8
o5 W O — g S [ s
sl N R 1-Pt 5
Ve i
1-pt! 1-pti ‘\Q—\Qf ) ! —PLL

92 90 88 82 80 78 76 74 72 70 68
5/ppm

Figure 6.8: a) Scheme for the syntheses of Pt', Pt and PtV complexes reported by
Soto et al. b) molecular structures of the complexes and the aromatic portion of their
corresponding "H NMR spectra. Reprinted with permission, copyright Wiley. %

Only the Pt complex showed photoluminescence. In the solid state, exposure of
the CH,Cl, solvate of the complex to MeOH liquid or vapour transforms the orange
powder into a yellow powder, which is also accompanied by a shift in the solid state
emission from red to light-orange. This transformation occurs reversibly. In DMSO
solution, the complex emits green light (Anax = 515 nm). The gradual addition of water
to the DMSO solution leads to the slow appearance of a broad excimer band, which

almost fully dominates the spectrum at the limiting water content of 90%.

The researchers built on this work by coupling the tetradentate NCCN complex to
a crown ether (Scheme 6.1).% Diphenyl ether was sequentially ortholithiated, bory-
lated and then hydroxylated in a one-pot reaction to yield 2,2-dihydroxydiphenyl ether.
The product was then brominated with N-bromosuccinimide to give 2,2-oxybis(4-
bromophenol). The dibrominated [1.5]dibenzo-18-crown-6 ether was formed by its
reaction with tetraethylene glycol ditosylate, which was followed by borylation of the
brominated product and a Suzuki-Miyaura coupling with 2-bromopyridine to yield the

target ligand.
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Scheme 6.1: Scheme for the synthesis of the crown ether-containing ligand.

The binding of the resulting Pt" complex towards the alkali metal ions Li*—Cs* and
Ca?* was tested by "H NMR and the affinity constants estimated by spectrophoto-
metric titrations in CH3CN. Binding of Ca?* results in a shift in the "H NMR spectrum,
particularly affecting some of the glycolic protons of the crown ether (0.57 ppm shift).
Ca?* exhibits the highest affinity constant K, = (2.74 & 0.24) x 10° M~". The addition
of Ca?* to a solution of the complex in CH3CN results in a 12 nm blue shift in emis-
sion and an increase in quantum yield, possibly due to decreased non-radiative decay

through rigidification.

Salt-free

Ca?*

=
o
T
0
N
©
=
o
=

—

550
Salt-free Ca?* > /nm

Figure 6.9: (a) Structure of Pt' complex. (b) Photograph of solutions of the complex
in the absence (left) and presence (right) of Ca(OTf), in CHsCN and (c) their corre-
sponding emission spectra.t

TAdapted with permission from Multiresponsive Cyclometalated Crown Ether Bearing a Plat-
inum(ll) Metal Center, M. A. Soto, V. Carta, M. T. Cano, R. J. Andrews, B. O. Patrick and M. J. MacLach-
lan, Inorg. Chem., 2022, 61, 2999-3006. Copyright 2022, American Chemical Society. %
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The Pt'" complex can be oxidised with NCS, forming a ’flytrap’ Pt"" dimer, containing
two crown ether units (Figure 6.10).'% The crown ether moieties can rotate with re-
spect to one another by rotation around the Pt—Pt bond. Spectroscopic titrations with
different ions showed high affinities towards larger cations, e.g. Cs* K, = (1.2 = 0.1)
x 10° M~ 1.

i) NCS, CH,Cl,
ii) NaCl, CH,Cl,

Figure 6.10: Cartoon representation of the oxidation of the Pt' crown ether-containing
complex of Figure 6.9 with NCS, to produce a Pt" dimer. Reprinted with permission,
copyright Wiley. %4

The formation of the Pt"" complex can also be brought about by photoirradiation of the
Pt" complex with blue or white light for 70 h. Further prolonged irradiation (7 days)
was found to result in the complete oxidation to the mononuclear PtV complex, which
can then be reduced back to Pt" using Zn°, as described earlier for the parent system

of Figure 6.8.

6.2 Aims and objectives

Previously in the group, Rebecca Salthouse inadvertently isolated a crystal of a PtV
complex with an NCCN ligand incorporating two phenylpyridine units directly coupled
together without any bridging atom (Figure 6.11). Unlike the aforementioned ligands
which form two 5-membered chelate rings and one 6-membered upon coordination to
Pt", the Salthouse complex has three 5-membered chelate rings. The direct isolation
of the oxidised form of the complex, with none of the Pt" observed, hinted that the
smaller cavity might favour the smaller Pt"V ion, potentially driving the rapid oxidation

of the Pt" form to the Pt"V.

Figure 6.11: Molecular structure of the PtV(NCCN) complex in the crystal, isolated
by Rebecca Salthouse.

This result sparked our interest in this and structurally similar ligands. We decided to

deliberately pursue the synthesis of this complex and to explore variations, such as
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extending one or two of the side chelate rings by substituting the pyridine ring with an
8-substituted quinoline moiety to form “lateral” 6-membered chelates, rather than by
incorporating a spacing atom in the middle chelate ring (Figure 6.12). This contrasts
with the examples of Section 6.1, where the 6-membered chelate is the “central” ring.
It has been shown that tridentate ligands which contain an 8-substituted quinoline,
forming a 6-membered chelate ring, can sometimes offer the metal ion more suitable
bite angles (closer to 180°), leading to stronger ligand fields.%”'% This may have a
beneficial effect on the photophysical properties of the complexes, but we were also
particularly interested in understanding how these ligand modifications may impact

the propensity of the resulting complexes to oxidation.

Figure 6.12: Pt" complexes featuring tetradentate NCCN ligands incorporating 5-
and 6-membered chelate rings.

6.3 Synthesis of the proligands

None of the proligands explored in this work had been reported before. They were pre-

pared using Suzuki, Miyaura and Stille cross-coupling reactions (Scheme 6.2).

2-Bromopyridine was reacted with (3-bromophenyl)boronic acid through a Suzuki
cross-coupling reaction, as previously described.”®'% Subsequently, H,L?® was de-
rived by subjecting the resulting 2-(3-bromophenyl)pyridine to another Suzuki reaction
with its pinacolato ester counterpart. The latter was synthesised through a Miyaura

cross-coupling of 2-(3-bromophenyl)pyridine and bispinacolato diboron.

The Stille cross-coupling reaction of 2-(tributylstannyl)pyridine with 1,3-dibromo-
5-(tert-butyl)benzene yielded 2-(3-bromo-5-(tert-butyl)phenyl)pyridine, and its
corresponding pinacolato ester was obtained through the Miyaura borylation. Subse-
quently, H,L2! was synthesised akin to H,L2° via a Suzuki cross-coupling reaction,

involving the bromo and pinacolato ester phenylpyridine components.
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Scheme 6.2: Synthesis of proligands H,L?%23

The proligands containing a quinoline moiety were prepared by starting with a Suzuki
cross-coupling reaction between 8-quinolinylboronic acid and 1,3-dibromo-5-(tert-bu-
tyl)lbenzene. The assymmetric H,L?? was then synthesised by reacting the resulting
precursor with the pinacolato ester of 2-(3-bromo-5-(tert-butyl)phenyl)pyridine
through another Suzuki reaction, whereas the symmetric H,L?® was obtained by

reacting the former with its own pinacolato ester analogue.
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6.4 Preparation of the complexes

The complexation of the ligands was achieved by reaction with K;PtCl, in degassed
acetic acid at reflux temperature for 72 h. For H,L2° it led to the formation of a yellow
solid, which had such poor solubility that it could not be characterised. The tert-butyl
derivatives were prepared in the hope of augmenting the solubility of the products
of complexation. The outcome of the reaction of H,L2' will be discussed later. Both
H,L22 and H,L2 yielded mixtures of Pt" and PtV complexes (Scheme 6.3), despite
the rigorously degassed reaction conditions. The Pt complexes were found to be
readily oxidised to their Pt" analogues in solution, so their purification proved diffi-
cult. On the other hand, the PtV compounds were successfully obtained as yellow
solids after purification by column chromatography for PtL?2Cl,, or recrystallisation
from DCM/hexane for PtL23Cl,.

PtL23Cl,

Scheme 6.3: Synthesis of Pt complexes of 222

The synthesis of the Pt complexes was achieved by starting with the Pt"V materials
using the method described by Soto et al.’®” The PtV complex was dissolved in DCM
and activated zinc was added to the solution. The mixture was degassed by three
freeze-pump-thaw cycles and heated at reflux temperature for 5 days after which it
was worked up and the products purified as described in the experimental chapter

(Chapter 8).
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PtL23Cl, PtL23

Scheme 6.4: The reduction of Pt" and PtV complexes to their Pt' analogues using
activated zinc.

For H,L?2, the usual shielding of all protons in going from the Pt"V to the Pt" complex
is observed in their '"H NMR spectra (Figure 6.13). However, the '"H NMR spec-
trum of the product of the complexation reaction of H,L2! showed significantly upfield
shifted protons compared to those of PtL?2. Considering the shared phenylpyridine
motif between H,L2' and H,L?2 it would be expected that the protons on those rings
of the complexes would have similar shifts. This anomalous upfield shift could be
explained if the product were of a dinuclear Pt" complex, rather than a Pt" or PtV
complex (Scheme 6.5). The resulting © — © stacking between the ligands will lead to
the upfield shift, as observed by Soto et al.'®” The formation of such Pt" species was

subsequently confirmed by X-ray crystallography (Figure 6.16).

Apart from the Pt"' complex reported by Soto et al., discussed in the chapter intro-
duction, Pt'""' examples in the literature commonly involve two or four bridging ligands,
necessitating the close proximity of two Pt units. """ In the former case the rest of
the coordination sphere around each Pt ion is completed by one bidentate ligand. In
some of those instances, the Pt centres are already close together in the Pt" precursor

and their oxidation results in the formation of a Pt complex.
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Figure 6.13: "H NMR spectra of complexes PtL?2Cl, PtL?2Cl, and Pt,L?',Cl, in
CDZCIQ at 400 MHz

The reduction of the Pt"" complex Pt,L?',Cl, with activated zinc was attempted by
following the same procedure as for the reduction of the PtV complexes (Scheme
6.5). In this instance, though, no heating was required. Upon degassing the mixture,
an immediate darkening of the colour of the supernatant was observed. The mixture
was left to stir for an hour and then filtered through celite, and the solvent removed to

yield the pure dark-red Pt complex.

_ KPOlL z/éN/Pt\Ng/;L

T AOH Q/N\F,t/N?
> Cl <

Scheme 6.5: The synthesis of Pt,1?",Cl, and its reduction to PtL?’.

The synthesis of the PtV complex of ligand H,L?' was attempted by oxidising both
PtL2" and Pt,L2',Cl, with PhICl,. For Pt,L2',Cl, there was no indication of any product
formation, whereas for PtL2! the oxidation led to mixtures of the Pt"' and Pt"V complex

(evident in the "H NMR spectrum). However, their separation was not achieved.
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Crystals suitable for X-ray diffraction of all of the synthesised Pt" and PtV complexes
were also obtained (Figures 6.14, 6.16 and 6.15). Selected bond lengths and bond

angles are summarised in Table 6.1.
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Figure 6.15: Molecular structures of PtV complexes PtL??Cl, and PtL?3Cl,.

All of the Pt" complexes show pseudo-square planar geometries around the Pt ion
and the Pt" and PtV complexes show pseudo-octahedral geometries. C™a"s 1 PY_pt—
NPY angles of around 160° for all complexes were far from the ideal 180°. Deviation
from the optimal bite angle was likewise noted in the N3U"—pt—Ctransto auin gngles (rang-
ing between 169—174°), attributed to out-of-plane distortion stemming from the steric
bulk of the pyridine/quinoline units on either side as they approach each other. The in-
terplanar angles within the complexes are listed in Table 6.1. The quinoline-containing
complexes are chiral owing to the helical wrapping of the ligand around the metal ion.
PtL22, PtL2Cl, and PtL? all crystallise in the centrosymmetric space group P1 and
the crystals thus comprise a racemic mixture of the two enantiomers of each complex.
In contrast, PtL22Cl, crystallises in the non-centrosymmetric P2,2,2; space group, so

the crystal comprises of a single enantiomer.
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Figure 6.16: Molecular structure of Pt" complex Pt,L?!,Cl,.

The Pt" complex has a Pt—Pt bond length of 2.6688(13) A. The nearest distance
between the planes, defined by the two PtL2' units, is 3.306(5) A. The close proximity
of the units suggests strong n— 7 interactions, accounting for the shielding effect seen
in the "H NMR spectrum. Reduction to Pt" leads to a slight shortening of all Pt-N and
Pt—C bonds, possibly due to the loss of coordination sites. The same observation can

be made about the reduction of PtL?2Cl, and PtL23Cl, to their Pt analogues.
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Table 6.1: Selected bond lengths (A) and bond and interplane angles (°) for PtL?",
PtL?2 and PtL? (top), and Pt:L?',Cl,, PtL?2Cl, and PtL?*Cl, (bottom). The planes
defined by the phenyl, pyridine and quinoline units of the ligand are abbreviated as

ph, py, quin, respectively.

PtL?! PtL? PtL?®

Pt — Clranstopy 1.935(3) / 1.927(3) 1.964(7) -

Pt — N®Y 2.177(2) / 2.178(2) 2.161(6) -
Pt — Nauin - 2.105(6) 22'018398((98))/
Pt — Ctransto quin _ 1 _942(7) :: gggg?z);

159.85(10) /
trans to py _ —_ NPY _
C Pt—N 159.66(10) 161.2(2)

. 171.2(4) /

Nauin — Pt — - 173.4(3)

Ctrans to quin 170'6(3)
bgg\fég'ﬁgﬁ zﬂg';h 4.539 8.413 6.506
pmerplane angle | 2.132/5.166 14.009 -
pameane angle - 26.746 26.096 / 26.272

Pt,L21,Cl, PtL22Cl, PtL2Cl,
Pt — Ctranstopy 1.96(2) / 1.95(3) 1.990(8) -
Pt — NPY 2.21(2) / 2.18(2) 2.282(7) -
Pt — Nauin - 2.166(7) 22'1 1768952((1 155))/
Pt — Ctrans to quin _ 1 .964(7) 11.99983963((1177))/
Pt_ Gl 2.452(6) / 2.3089(19) / 2.3071(4) /
2.480(6) 2.3176(19) 2.3285(4)
Pt — Pt 2.6688(13) - -
161.5(9) /
trans to py _ —_ NPY _
C Pt—N 159.9(9) 159.9(3)
. 170.25(6) /

Nauin — Pt — - 173.8(3

Ctrans to quin ( ) 169.1 6(6)

Cl-Pt-Cl - 177.05(8) 177.198(16)

175.83(16) / ~ ~

Cl-Pt—Pt 176.11(16)
oot g 9.067 /10.074 5.529 8.847

i 11.997 / 5.488 /
setween pn nd py 3.088/10.527 8.929 B

interplane angle - 18.911 23.586 / 23.308

between ph and quin
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6.5 Photophysical properties
6.5.1 Absorption

The absorption spectra of all of the complexes are shown in Figure 6.17, with nu-
merical data in Table 6.2. The intense transitions at high energy (< 300 nm) can be
ascribed to T — © transitions within the ligands. Notably, the spectra of the Pt"" and
PtV complexes contrast with those of the Pt"' complexes by the apparent absence of
the lowest energy band, consistent with the decrease in the energy of the d-orbitals
with increasing oxidation state. Furthermore, the Pt"" complex exhibits higher molar
absorptivities across the entire wavelength range compared to the other complexes.
This can obviously be attributed to the presence of two, rather than one, conjugated

Pt(NCCN) units per molecule.

50 100
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£ — Pu2| E — PtL2C
S 40+ — ptz:f o 80- 2
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z 2
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Figure 6.17: UV-vis absorption spectra of (a) PtL?"23 (with offset photoluminescence
excitation spectra as dashed lines) and (b) Pt.L?' ,Cl,, PtL?2Cl, and PtL?*Cl, in CH,Cl,
solution at 298 K.

A red shift in the lowest energy band of the Pt complexes is evident in the following
order: Amax PtL?' < PtL?2 < PtL23. This shift can be attributed to the replacement of one
or two of the pyridine rings with the quinoline moiety with more extended conjugation.
Similarly, the lowest energy band of PtL23Cl, is slightly red-shifted compared to that
of PtL?2Cl,.

The lowest energy band of the Pt complexes red shifts from PtL?! to PtL?2, and again
from PtL?2, PtL2, as the pyridine ring is replaced by first one, and then two, more
conjugated quinoline moieties. The same trend is observed for Pt"VL2Cl, compared
to PtVL22Cl,.
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Table 6.2: UV-vis absorption data for PtL?!, PtL?2, PtL?3, Pt,L?',Cl,, PtL?*Cl, and
PtL?3Cl, in CH,Cl, at 298 K.

complex absorption
P Amax/NM (6/M~"cm™1)
piL 2! 239 (27300), 284sh (23400), 290 (24400), 357 (5700), 385sh (3640),
458 (6000)
Py 22 231 (24400), 248 (41900), 269sh (32500), 291 (21100), 322 (13200),
361 (9000), 401 (6750), 484 (7120)
PtL2

501 (5310)
Pt,L2',Cl, 231 (90000), 263 (84000), 324sh (37600), 371 (26500), 393sh (22700)
PtL22Cl, 255 (45300), 297 (13900), 329 (11900), 368 (10500)

(
(
(
(
233 (41700), 241 (41500), 324 (8590), 345 (7490), 376 (7150),
(
(
(
PtL2Cl, 258 (54800), 297sh (12500), 331 (11100), 375 (13000)

6.5.2 Emission

All three Pt'" complexes are emissive in deoxygenated dichloromethane solution at
room temperature and in a glass of diethyl ether/isopentane/ethanol (2:2:1 v/v) at 77
K. Their excitation spectra closely match the absorption spectra (Figure 6.17). The
PtV complexes are only emissive at 77 K, whereas no emission was detected for the
Pt"" complex at that temperature. The emission spectra of all of the complexes are

shown in Figures 6.18 and 6.19, with numerical data in Table 6.3.
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Figure 6.18: Emission spectra of Pt' complexes in (a) diethyl

ether/isopentane/ethanol (2:2:1 v/v) at 77 K (b) deoxygenated CH.Cl, at 298
K.

The room-temperature emission spectrum of PtL?' displays some structure, whereas
those of PtL?2 and PtL? are broad and structureless. The emission of PtL?2 is signif-

icantly red-shifted (= 140 nm) compared to that of PtL?!, due to the replacement of
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one of the pyridine rings by a more conjugated quinoline ring. Further substitution of
the second pyridine ring by a quinoline ring in PtL2 results in a further — albeit smaller
— red shift of 30 nm. The red shift is accompanied by a significant decrease in the
photoluminescence quantum yield dropping from 67% to 2.2% to 0.4% for PtL2!, PtL22
and PtL%, respectively. The lifetimes follow the same trend, decreasing from 3.5 ps
to 2.5 ps to 650 ns. This partly reflects the substantial increase in the non-radiative
decay rate (see k, values in Table 3), which may result from the less rigid nature of
the quinoline-containing complexes. However, it is also clear that the radiative rate
constants decrease. As the ligand becomes more conjugated, the filled ligand or-
bitals rise in energy, resulting in less efficient mixing with the metal orbitals, leading to
lower k.. The out-of-plane distortion and the longer Pt—C bonds of the 8-substituted
quinoline-containing complexes are also likely to lead to a smaller metal participation

in the excited state and may therefore further reduce k;.

At 77 K, a red-shift is also observed in the emission spectra of the Pt complexes,
following the same order from PtL?! to PtL22 to PiL2. The spectra are all vibrationally
well-resolved with PtL?! being the most structured, as typically seen for bluer emitters.

The 0,0 component is the most intense in each case.

Figure 6.19 compares the emission spectra of PtL?2Cl, and PtL23Cl, at 77 K with those
of their Pt" analogues. The emission of the Pt" complexes is blue-shifted compared
to that of the Pt" complexes and the 0,1 component is the most intense in both cases.
Furthermore, the lifetimes of the PtV complexes are considerably longer, around 300

us, compared to 13 ps for the Pt" complexes.

The blue shift in the emission is consistent with an increase in the energy gap, result-
ing from a decrease in the energy of the metal d-orbitals in the higher oxidation state
PtV complexes, thereby lowering the energy of the HOMO. Poorer mixing between the
lower energy d-orbitals and the ligand orbitals also results in a lower k,; and therefore a
longer lifetime. These results are in line with all of our previous work, described in the

previous chapter, comparing the photophysical properties of Pt"" and Pt" complexes.
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Figure 6.19: Emission spectra of (a) PtL?Cl, and PtL?2, and (b) PtL?*Cl, and PtL%3
at 77 K in diethyl ether/isopentane/ethanol (2:2:1 v/v).

Table 6.3: Photophysical data for complexes PtL?', PtL?2, PtL?3, PtL?2Cl, and PtL?3Cl,
in deoxygenated CH-Cl, at 298 K and in diethyl ether/isopentane/ethanol (2:2:1 v/v)
at 77 K. Values in parentheses refer to air-equilibrated solutions.

emission at 298 K emission at 77 K
complex Agm/nm  ®yn/%  T/Us e/ Kor/ Aem/NM T/us
em lum 1033—1 1033—1 em H
534 523, 564
21 ) 3 bl
PiL 570 67[2.0] 3.5[0.1] 190 93 607 11
PtL22 670 2.2[0.4] 25[]<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>