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Abstract:
This thesis involves a series of projects that explore the synthesis of phenanthridine-

containing monoanionic N*NN ‘pincer’ motifs as ancillary ligands which can stabilize
group 10 transition metals (Ni, Pd and Pt). Phenanthridines are 14n electron annulated
tricyclic aromatic N-heterocycles with extended n-conjugation. Phenanthridines have been
reported in the context of chemical synthesis, material synthesis, and catalysis, and show
interesting photophysical and luminescence properties which find applications in bio-
imaging techniques as fluorescent markers. Compared to its congener quinoline, however,
phenanthridines have been rather underexplored in coordination chemistry. This thesis
demonstrates how functionalized phenanthridines can be easily accessed in one-pot
syntheses via palladium catalyzed Suzuki C-C coupling followed by condensation at high
temperatures. With a route to functionalized phenanthridines with electron donating groups
(Me, tBu) and electron withdrawing groups (CF3) in hand, they were incorporated into
‘pincer’ ligand frameworks using Buchwald-Hartwig C-N coupling, to isolate a series of
phenanthridinyl/quinolinyl containing symmetric and asymmetric monoanionic N*"N""N
proligands (L1-L16).

My subsequent work then focused on examining the effects of systematic
benzannulation in pincer-type ligands, through studies of the electronic, material and
catalytic properties compared to quinoline in the presence of transition metals. To study
these properties, a series of square-planar metal complexes of Group 10 metals (Ni, Pd and
Pt) were synthesized containing both phenanthridines and quinolines. Platinum(II)
complexes of phenanthridinyl/quinolinyl containing symmetric and asymmetric
monoanionic NN "N ligands are photo-emissive in nature. These emissive complexes with

electron donating groups (Me, /Bu) and electron withdrawing groups (CF3) provided a



platform to study the effect of site selective benzannulation and ring substituent effects on
highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) and their impact on absorption and emission properties. The results from these
studies will be discussed in the following chapters. Although these complexes exhibit
interesting photophysical properties, the complexes are relatively less soluble when
compared to metal complexes of bis(quinolinyl)amine, in common organic solvents due to
strong m-m stacking interactions, which hindered the opportunity to explore reactivity of
the complexes. To overcome the issue of solubility, a new ligand design approach was
made to synthesize proligands with solubilizing NMe: groups that help break the planarity
of their coordination complexes. Divalent nickel and palladium chloride complexes were
synthesized with these proligands, the complexes were soluble in common organic
solvents. Moreover, phenanthridine-containing nickel(II) chloride complexes of these

more soluble ligands were found to be active catalyst for alkylation of azoles.
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Chapter 1: Introduction

1.1. Brief Introduction to the History of Organometallic Chemistry:

The elements of the periodic table can be classified as main-group elements (consisting of
s- and p-block), transition elements (consisting of the d-block) or rare-earths (consisting of
the f -block), according to the main orbital occupied by valence electrons in the ground-
state of each element. Main-group organometallic compounds, containing a main group
metal-carbon bond (e.g., nBuLi) find significant use in organic synthesis but cannot be
easily regenerated and so have to be used in stoichiometric amounts for a given chemical
reaction. Moreover, these compounds do not have vacant orbitals to accommodate
incoming nucleophiles/electrophiles to participate in a catalytic reaction, and so reactions
typically involve the organic fragment acting as a nucleophile, without further participation
of the metal. They are also extremely corrosive and difficult to handle due to their moisture
and air sensitivity. On the other hand, transition metal elements have energetically
accessible d orbitals which can participate in reactions of transition metal organometallics,
opening up new reaction pathways. Complexes of these elements have accordingly proven
to be excellent catalysts for organic syntheses. Studies of organometallic compounds can
also enable understanding of mechanistic aspects of a chemical reaction, in particular via
the isolation of reaction intermediates. Unlike main-group reagents, these transition metal
complexes are relatively easy to handle, and so can be used as precatalysts on industrial
scale for mass production of organic compounds and essential polymers for clothing and
plastic. In general, replacing main-group reagents with transition metal catalysts is
therefore not only good economically, but also environmentally friendly to avoid bulk

chemical waste generated over an industry scale chemical synthesis and organic

20



transformations.! Some important developments and events in the history of

organometallic chemistry are given below.”

Year

1760

1827

1849

1890

1900

1912

1917

Major Discoveries

Discovery of ‘Cadet’s fuming liquid known as “cacodyl”; the first main-group
organometallic compound tetramethyldiarsine As>(CH3)s.2* This discovery
led the chemists to debate whether or not arsenic can be categorized as a metal
that is bound to carbon.*

Discovery of Zeise’s salt (K[PtCl3(C2H4)].H20), the first transition metal
organometallic olefin () compound isolated by W. C. Zeise.’

Edward Franklin made the first main-group organometallic compounds
ethylzinc iodide (EtZnl) diethylzinc (Et2Zn), a pyrophoric liquid isolated in an
attempt to make ethyl radicals from the reaction of granulated zinc and
ethyliodide in a sealed tube.® Franklin also coined the term ‘organometallic’.”
Ludwig Mond made Ni(CO)y4, the first binary metal carbonyl; it is used for the
refining of Nickel.3

Discovery and applications of Grignard reagents (RMgX); they have more
versatile applications than organozinc reagents.’

Victor Grignard and Paul Sabatier received Nobel Prize for the Grignard
reagent and Sabatier’s method of hydrogenation using metal powders.
Synthesis of first alkyl lithium compounds by William Schlenk, later found a

wide range of applications when compared to Grignard’s reagents.
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1938

1951

1955

1961

1963

1964

1965

1968

1972

1973

1979

1980

Otto Roelen discovered hydroformylation (the Oxo process), the first use of
an organometallic compound in homogeneous catalysis.'?

Synthesis of a first sandwich compound ferrocene; the structure was proposed
by Wilkinson, Fischer and Woodward.!! Later bis(benzene)chromium was
prepared by E. O. Fischer and W. Hafner.!?

K. Zieglar and G. Natta developed olefin polymerization.'3

Discovery of Vaska’s complex which reversibly binds oxygen {trans
IrC1(CO)(PPhs)2}.

Nobel prize of K. Zeigler and G. Natta

E. O. Fischer synthesized first metal carbene complex.!* Later he prepared
first metal carbyne complex.!>

Discovery and applications of Wilkinson’s catalyst [(PPh3);RhCI] for the
hydrogenation of alkenes.!®

William Knowles discovered asymmetric catalysis, and thereby the synthesis
of complexes containing chiral ligands.!8

Richard F. Heck and T. Mizoraki discovered the palladium catalyzed C-C
coupling with vinylic hydrogen atoms with aryl halides.?*

E. O. Fischer and G. Wilkinson shared Nobel prize for their work on metal
sandwich compounds.

Suzuki and Miyaura reported palladium catalyzed C-C coupling with aryl
boronic acids and aryl halides.?

Discovery of zirconocene based catalysts for iso and syndiotactic

polypropylene.!
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1990  Richard Schrock discovered a molybdenum-based catalyst for olefin
metathesis.?’
1991  Discovery of first fullerene based organometallic compound.!’
1995  Robert Grubbs synthesised ruthenium-based olefin metathesis catalyst.?!
2001  W. S. Knowles, K. B. Sharpless and R. Noyori share the Nobel Prize in
Chemistry for asymmetric hydrogenation.
2005 Y. Chauvin, Robert H. Grubbs and R. R. Schrock received Nobel Prize in
Chemistry for olefin metathesis.
2005  Phillip Power synthesized first stable metal-metal quintuple bonds.??
2010  Richard F. Heck, E. Negishi and A. Suzuki receive the Nobel Prize in
Chemistry for palladium catalyzed C-C coupling reactions.
1.2. Ligand Design - Pincer Ligands and Their Compounds:
1.2.1. Ligands:
Many significant advances have taken place in the last couple decades in field of
homogenous catalysis,?® water oxidation chemistry,?”-*® bond activation chemistry,? C-N
cross coupling reactions,’® organic synthesis and pharmaceutical industry,’!
supramolecular chemistry,??> OLEDs* and many other fields in organometallic chemistry,
of which ligand design plays an important role. To orient discussion of designing ligands,
an overview of the topic is first provided here. The fundamentals of metal-ligand bonding
and the concept of coordination chemistry originates with Alfred Werner, who studied the
chemistry and characterization of CoLs complexes (popular octahedral cobalt ammonia
complexes), where he debunked the theory of linear amines bound to cobalt metal center

proposed by Jergensen, thereby synthesizing cis-[Co(NH3)4Clz2]* (purple color) and trans-
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[Co(NH3)4Cl2]* (green color) in an ingenious route without the benefit of modern
spectroscopic or crystallographic techniques. ! Any atom/molecule which has the ability to
bind to a metal centre either by donating a single electron or pair of electrons forming a
coordinate bond can be termed as a ‘ligand’. Based on the number of donor atoms present
on the ligand that can bind to a metal centre, ligands can be classified as monodentate (one
donor atom) or multidentate (e.g., bidentate, two donor atoms; tridentate, via three donor
atoms - which also include variations popularly known as ‘pincer’ ligands) tetradentate
(four donor atoms), hexadentate (six donor atoms) and so on. Many of these types
commonly appear in organometallic coordination chemistry. In general, ligands are mostly
Lewis basic and can be neutral or negatively charged, however, positively charged (H") or
Lewis acidic ligands (boranes) can also form complexes with Lewis basic metals. Neutral
ligands (known as L-type) form bonds datively by donating a pair of electrons. Examples
of L-type ligands include phosphines (e.g., PPhs, PMes), amines (NH3), carbon monoxide
(CO), and also m-donors, such as alkenes. Negatively charged ligands (known as X-type)
form covalent bonds with metal centres. Examples include halides (e.g., Cl', Br"), hydrides
(H"), and alkoxides (OR"). Lewis acids (known as Z-type) are such as BF3, H", electron
deficient metal centres etc., often accept electrons from electron rich metal centres, L-type
or Lewis bases to form covalent bonds.

Ligands can play an important role in the course of a reaction of a metal-ligand complex.
They may associate or dissociate to control the coordination number and available
coordination sites at a metal or participate along with the reactant in a given transformation.
In the latter case, they are known as ‘actor’ ligands. Similarly, there are ligands which bind

to the metal centres but do not participate directly in chemical transformations of
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substrates, instead stabilizing the metal in the process. These are known as ‘spectator’
ligands and are often used to influence the electronics and control the steric environment
around the metal centre. Phosphines commonly used as spectator ligands as they help
increase the stability and solubility of metal complexes, and provide some control over the
sterics and electronics as well.!"’

In general, most of ligands in transition metal complexes maintain a spectator role, with
reactions of substrates taking place at the metal centre. Spectator ligands can be fine-tuned
with specific and unique properties that can both control sterics and electronics, helping
researchers to improve the performance of homogenous catalysts by adjusting these
parameters. In comparison, actor ligands that serve as the site of oxidation/reduction and
also participate directly in electron transfer are also known. These kinds of actor ligands
are referred to as ‘redox non-innocent’, and there are four strategies to use them in catalysis
(Figure 1.1).

The four strategies can be distinguished as follows. Strategy I: Oxidation/reduction of the
ligand can increase the Lewis acidity of the metal, which strongly influences the substrate
affinity as well as the energy profile of subsequent follow-up reactions. Strategy II: To
avoid uncommon oxidation states at the metal centre during the course of a reaction,
ligands can be designed to use as “electron reservoirs” meaning they can be used to store
any excessive electron density and also participate in elementary steps by helping adjust
for any electronic deficiency at the metal during catalysis. Strategy III: The ligand can
cooperate with the metal in substrate activation directly, for example, in 1,2-addition
reactions across metal-ligand bonds. Strategy IV: The last strategy has the substrate itself

acting as a redox non-innocent ligand, leading to radical-type chemistry activated by
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substrate binding to the metal. In other words, redox non-innocent ligands can either
participate in the catalytic cycle through approach (A) accepting/releasing electrons
(strategies I and II) or by approach (B) forming/breaking chemical bonds of the substrate

(strategies IIT and IV) as shown in Figure 1.1.34

Approach A Approach B
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Figure 1.1. Four main strategies of using redox non-innocent ligands in catalysis. Graphic

adapted from reference.?*
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Strategy I: Tuning electronic properties of the ligand can have a strong influence
on the reactivity and catalytic behavior of the complex, can be achieved by introducing
electron withdrawing groups and electron donating substituents on the ligand framework.
But, very often this process involves laborious multistep ligand synthesis and repeating
synthetic protocols. However, using redox non-innocent ligands involving oxidation and
reduction of ligands can influence the Lewis acidic properties of the metal centre. In the
example shown in Figure 1.1, an iridium complex is oxidized by silver tetrafluoroborate to
form a cationic complex that contains a one-electron oxidized ligand-radical. This makes
the iridium metal centre a stronger Lewis acid. Dihydrogen reacts with the cationic iridium
complex to produce an adduct, which undergoes deprotonation by non-coordinating base
2,6-(+-Bu)2CsH3N (2,6-di-rBu-pyridine; TBP) to complete the catalytic cycle and reform
the neutral iridium complex.

Strategy II: Noble metals (e.g., Pd, Pt, Rh, Ir, etc.,) typically undergo 2e
oxidation or reduction steps in catalytic cycles to promote crucial oxidative addition and
reductive elimination reactions. In comparison, abundant first row transition metals such
as Fe, Ni can more easily engage in 1e” oxidation or reduction steps. Redox non-innocent
ligands as electron-reservoir can play an important role to mimic reactivity of noble
metals. In the example shown in Figure 1.1, Chirik and co-workers made significant
progress in the application of this theory in [2+2]-cycloaddition reactions catalyzed by
Fe'l complexes containing 2,6-diiminepyridines as electron-reservoir.>*

Strategy I1I: In the above-mentioned strategies (I and II), redox non-innocent ligands

were involved either by playing a “spectator” role by tuning electronic properties of the
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metal or by acting as an electron reservoir; in both cases, the reactions that occur are
metal-based. In other cases, however, “actor” behavior of redox non-innocent ligands was
shown to play a much more prominent role in bond activation processes involving
radical-type mechanisms. In the example shown in Figure 1.1, a bio-inspired iridium
complex engages in cooperative substrate activation with both the metal and the radical-
type redox-active ligand assisting in the catalytic oxidation to of an alcohol to an
aldehyde.

Strategy I'V: This strategy involves the direct use of redox non-innocent properties
of a substrate itself, which effectively leads to substrate-centered radical species that
often have a completely different reactivity and selectivity compared to analogous
closed-shell intermediates. In the example shown in Figure 1.1, a non-heme Fe!! complex
(S = 2) catalyzes the insertion of nitrenes into benzylic C—H bonds by stabilizing a
nitrogen-containing substrate with radical character by coordination to the transition
metal.>*

1.2.2. Pincer Ligands — Ligand Design:

Chelating ligands form more stable complexes than monodentate ligands due to
entropy considerations. Accordingly, they are harder to completely displace from the
central metal atom. For example, when [M(NH3)s]"" is treated with three molecules of
ethylenediamine (HoN-CH>-CH>-NH»>; commonly referred as ‘en’), the more stable
complex [M(en)s]"™" will form, releasing six ammonia (NH3) molecules. As the total
number of particles increases from four to seven, this reaction is entropically favored which
increases the equilibrium constant 10° times. Ethylenediaminetetracetic acid (EDTA) is

used as a food preservative as it binds to free metal ions and prevent aerial oxidation.
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A type of chelating ligand that has gained in popularity in recent decades is the so-
called ‘pincer’ ligand. The term ‘pincer’ is derived from the Dutch word fang which is
equivalent to wrench or spanner in English, and was first used in 1989 by van Koten to
refer to a specific class of chelating, meridionally binding, tridentate ligands.*> The term
‘pincer ligand’ has since come to emphasize the way in which ligands are tightly bound to
the metal centre, with a central anionic carbon and two flanking donor arms binding
strongly in a tridentate fashion. The first examples of pincer ligands (e.g., 1,3-bis[(di-ter?-
butylphosphino)methyl]- benzene [PCP]) were reported in the literature in 1976 by
Bernard L. Shaw?¢ and Gerard van Koten®” in 1978 (Scheme 1.1). The nomenclature for
these types of ligands is given by the donor atoms that are bound to the metal centre. For
example, in the above case the three donor atoms are neutral phosphorous (L-type), anionic
carbon (X-type) and neutral phosphorous (L-type), in short represented as [PCP]™ pincer
bound to the metal centre (Z-type). The most favorable ring size around the metal is five,

although six membered rings are often observed.

a) P(tBu), P(tBu),
L,MCl, |
M—CI
M = Ni, Pd, Pt ’
P(tBu), P(tBu),
b)
NMe, NMe;
L,MCl, |
Li M—CI
| M = Pd, Pt |
NMe, NMe,

Scheme 1.1. Synthesis of a) Shaw’s first metallo-PCP pincer ligand*® and b) van Koten’s

metallo-NCN pincer ligand*’
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Pincer-like tridentate scaffolds typically bind with a meridional geometry to a metal
centre with a central strong ¢ metal-ligand bond usually responsible for the unique stability
of the resulting metal complexes. For comparison, non-pincer tripodal systems tend to
prefer facial coordination. In general, a pincer ligand could have an aryl or alkyl backbone
bound to a metal centre as shown in Figure 1.2. One of the main advantages to the ‘pincer
ligand’ idea is that the ligand design is modular in nature, and the selection of each part
can be used to tune the electronic and steric properties of the complex while maintaining a
specific coordination geometry. For example, in a complex containing a 2,6-substituted
aromatic ring, the steric hindrance around the metal can be controlled by introducing
bulkier R groups and/or linker arms (Y) in order to directly affect the size of the bite angle,
with minimum electronic impact. Alternatively, the electronics of the aromatic ring can be
controlled via modification of Z in the para position with electron donating groups (EDGs
-Me, Bu) or electron withdrawing groups (EWGs -CF3, NOz). The central atom X
(typically C or N) can furthermore be used to control the electronic properties of a pincer
complex through its ¢rans influence. Lastly, by employing chiral LR, groups, chiral metal

complexes can be synthesized for potential use in asymmetric catalysis.

Determines ring size and bite angle effect
Also useful for introducing chirality
A

Electronic control (transinfluence )

...... Y—0o
T e = < Steric control by modification of R
Determlnes electron , "“ / .. Introduction of chirality
density of oentral'donor e 7Z— “ X —M '-.,‘ Electronic control by modification of L
Useful for anchoring v < \ " The nature of L determines the hemi lability of
- i the pincer
Yy ’

Figure 1.2. The general representation of a ‘pincer’ ligand bound to the metal centre.
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In addition to the nature of the donor atoms (e.g., PCP), pincer ligands can be
classified according to (a) their symmetry (palindromic and non-palindromic, Figure 1.3);
and (b) the neutral or ionic nature of donor atoms (L-type, anionic X-type or Z-type). Both
neutral and monoanionic pincers appear in popularly known ligand frameworks, with
highly charged trianionic palindromic pincers used to stabilize high-valent metals.
Recently non-palindromic pincers (e.g., NNP, PCN etc.,) have gathered more interest as
they present advantages for fine-tuning electronic and steric properties for specific
applications. Incorporation of monoanionic pincer ligand via a central aryl (CsHs) unit as
the central unit of the pincer (as in the PCP or NCN examples shown in Scheme 1.1) can
be accomplished via cyclometallation. Intramolecular activation of the central C-H bond is
easier compared to intermolecular activation of an aryl CH in general, due to the presence
of flanking donor arms. Alternatively, pyridinyl units (CsH3N) represent another common

neutral central donor.

5 X)) F”W (X N

| | ~M=X XIL—M—L"X"
L L L L L

n n n n n
Neutral Anionic Dianionic Trianionic Non-
palindromic palindromic palindromic palindromic palindromic

L =flanking neutral donor = PR,,NR,, OR, SR, C( from NHC)
L’'R, = central neutral donor = pyridine, PR3, NR;, C (from NHC)
X = flanking anionic donor = O, NR, C (from phenyl)

X’ = central anionic donor = C (from phenyl), SiR, N (imide), etc.,

Figure 1.3. Classification of pincer ligands based on symmetry and ionic nature.*
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The multidentate, rigid nature of the pincer ligand means these typically form
robust complexes that can withstand high temperatures and avoid decomposition, leading
to high turnover numbers (TONs) in catalytic reactions. As noted, the geometrical and
electronic properties can be adjusted through chemical modification of the ligand backbone
and/or donor arms thus tuning the reactivity of the metal centres. In general, these
complexes tend to have Cz, symmetry, but disturbing this symmetry yields numerous
potential ligands that can provide additional parameters for tuning stereoselectivity in
catalytic reactions. For example, chirality can be introduced onto the ligand arms with
potential applications in the field of asymmetric catalysis. Alternatively, introducing labile
donor atoms on the ligand framework can provide a vacant coordination site at the metal
centre, while maintaining compound stability through the two remaining ligating
moieties.>>**# All told, the versatile coordination chemistry of pincers has attracted
scientists from different fields with application in C-H, C-C bond activation, small
molecule activation, C-C, C-N coupling reactions, alkane hydrogenation and
dehydrogenation reactions,** understanding mechanisms,* optoelectronics, polymer,**
and pharmaceutical industry applications and many more. Figure 1.4 reflects the works of
scientists like Michael Fryzuk,* David Milstein,*® Robert Morris,*” Oleg Ozerov,*
Maurice Brookhart,*? Alan Goldman,* Xile Hu,’° Karl Kirchner,’! and many others who

have extensively contributed and developed pincers for earlier mentioned applications.?%>2
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Figure 1.4. Examples of popular ‘pincer’ complexes in organometallic chemistry and

organic synthesis.

1.3. Anionic N*N*"N Pincer Ligands — Applications in Catalysis:

As part of my PhD thesis, I have focused on the design, construction and evaluation
of monoanionic symmetric/asymmetric N*NN tridentate ‘pincer’ type ligand motifs and
their coordination complexes of Group 10 metals in catalysis and optoelectronic

applications. The most common types of palindromic/non-palindromic ligand frameworks



that either contain pyridine or N-heterocycles, alkyl or aryl arms containing nitrogen donor
atoms are shown in Figure 1.5. In this work, the pincer ligands under investigation
comprise a central anionic (X-type) N-donor atom that is bound covalently to the metal
centre (Z-type) and two neutral (L-type) N-donor atoms or N-heterocyclic units. The use
of such NN tridentate ‘pincer’ type ligand frameworks began in the early 1990s, and
since then many modifications of the ligand design have been reported, introducing

innocent/non-innocent donor arms.

Neutral, L-type

Neutral, L- type R - N
’
! N \ Anlonlc Xtype . N donor:

| . ‘ K Herd in nature
L-type/X-type /*--....... o donor
\ M L Anlonic, X- type > .N-— M Ln | Could be anionic or
1 / / | i neutral
R ,' N IYI N - Hemi labile in nature
1 H Neutral, L-type™ | Neutral, L-type
Neutra, Ltype/ 3 SRR N : Ly
R RN .
., Neutral, L- lype
" e

Lewis acid, Z-type
Figure 1.5. Ligand frameworks showing N"N*N tridentate ‘pincer’ motifs.

Shown in Figure 1.6 are a few examples of N"N*N tridentate pincer ligands. N-
donor atoms are considered ‘hard’ Lewis bases in nature, preferring to bind hard metals
and so when bound to softer transition metals, can exhibit hemilability to open an extra
vacant site during the process of a catalytic cycle. Unlike phosphorus donor arms, sp’>-N
centres are not as prone to oxidation. The above-mentioned ligand frameworks have been

53,54 as

found to be very useful in the field of organometallic and coordination chemistry,
active catalysts for C-C coupling reactions hydrosilylation of alkenes,”® olefin

polymerization,-%>7 in asymmetric catalysis like enantioselective aziridations and
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alkylations, reduction of aldehydes to chiral alcohols,*! for their luminescence properties,

and in many other applications.?*®

/\
0,0 O gy
N N N N N’
NMezH NMe2 NMezH N& I | _N H N& | K{ \)
Pr iPr
Me,NN(H)NMe, Me,NN(H)NQuin BQA PyrrMeBOX
(0]
C
R /i N R /
N
NH H
R \  N__R </N‘N N'N\7
z ’7/ ,, / \
0 R1 R2 R3 R4
BOXMI BPI BOPA BPPA
Ph Ph R R
I )
e, ®
A N | A
O \N N/ 0 H /4 | _N N~
‘\< \) N N\A
= r
R R Ar
Cbzbox Cbzbim Cbzpy
Dpyb

R2 i
= |
\ _N N~
BAriPy

Figure 1.6. Selected examples of monoanionic N*NN tridentate pincer ligands

van Koten and coworkers isolated nitrogen (N2) bridged ruthenium complexes such as
[{RuCL (7 -NN'N)},(u-N,)] (1).¥ When treated with alkene at room temperature,

ruthenium-alkenes such as mer,trans-[RuClz(;f-NN'N)(112-RCH2=CH2)] (2) can be

isolated, as shown in Scheme 1.2.%° Such N»-bridged complexes have the potential to act
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as catalysts in the synthesis of piperidines and piperizines via the (cyclo)alkylation of

aromatic imines and alcohols.®!

Cl
= l>NMe2
~_N
/RUN: Cl Me, N \ NMes
N \ N //N 5
Mepc)  _Ru
Me2N\_//N \ MezCl
Cl \—
1 2

Scheme 1.2. Reaction of N>-bridged ruthenium complex 1 with alkene.

The carbazolyl/bis(imine) (Cbzbim) N*N"N pincer ligand shown in Figure 1.6
plays an important role in enabling isolation of aqua complexes of palladium and platinum
[(N"N"N)M(OH>)]OTf (4) through the reaction of (N*N"N)MOTT (3) (M = Pd, Pt) complex
with water. In these reactions, the pincer supports and stabilizes the Group 10 metal centre,
which has an incoming water displace a weakly coordinating triflate (OTf;
trifluoromethane sulfonate) ion from the metal centre as shown in Scheme 1.3. This
reactivity was not observed in the same reaction with an analogous (P"N"P)MOTTf
complex, highlighting the importance of the ligand.®? In the case of palladium, the triflato
complex 3 can be regenerated by either applying vacuum or molecular sieves; this

reversibility was not observed with platinum.®?

O R
vacuum

Vi
“Ar Z SAr
molecular sieves

M = Pd, Pt

\
N—M- oTf
N.

Scheme. 1.3. Reaction of (NNN)MOTT (3), M = Pd, Pt complex with water
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Xile Hu and co-workers have designed the synthesis of “NoN” type pincer ligands
(e.g., M*'NN(H)NM¢; Figure 1.6) and extensively studied the coordination chemistry and
reactivity of their late transition metal complexes. The nickel (II) complex of this NoN
ligand, known as ‘nickamine’, has proven to be an excellent catalyst design for various C-
C coupling reactions, especially those involving challenging non-activated electrophiles
prone to S-hydride elimination. Some coupling reactions involving sp’-sp’, sp*-sp?, sp*-sp,
and the hydrosilylation of alkenes mediated by nickamine®® are shown in Scheme 1.4.

a) sp’-sp’®
Nickamine (3 mol%)

Alkyl'™-X +  Alkyl*--MgClI Alkyl'-Alkyl?
-35°C, DMA/THF
<1 hour

by SpP-sp?

Nickamine (3 mol%)

Alkyl'-X + (hetero)Aryl2-MgX Alkyl'- (hetero)Aryl2
25%
TMEDA or O-TMEDA
THF, rt, 1 hour
NM92
spP-sp?
c) Nickamine (5 mol%) | N-Ni-Cl
=~ _9-BBN + RI- SR
RN X NaOMe (1.6 equiv) R NMe
1,4-dioxane 2
Nickamine
d) sp°-sp Nickamine (3 mol%)
Alkyl'-X  +MgHBr—=—=—R Alkyl'——R!
25%
TMEDA or O-TMEDA
THF, rt, 1 hour
Hydrosilylation reaction
e)
‘ [(MeN,N)]Ni-OMe (1 mol%)
Ph,SiH,  +  Alkene Alkyl—SiHPh,
THF, rt

Scheme 1.4. Various coupling reactions mediated by the ‘nickamine’ catalyst.

Asymmetric C-C coupling reactions are important for synthesizing various

compounds relevant to natural product synthesis and pharmaceutical industry applications.
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One such reaction is the chromium-catalyzed Nozaki-Hiyama-Kishi (NHK) reaction. This
involves the addition of allyl, propargyl or allenyl nucleophiles to aldehyde substrates. For
these reactions, N*"N"N pincer type ligands like Cbzbox, BOPA, BOXMI (as shown in
Figure 1.6) are found to be very promising with >95% yields when used along with

chromium chloride in the NHK reactions of allylic halides with aldehydes as shown in

Scheme 1.5.
a)

X=Cl, Br, | R2 = H, upto 95% (Cbzbox)

OH R2 91% (BOPA)

X R 88% (BOXMI)
R2 1)Cat. LIg/CrCl, or CrClg R! R2 = Me, upto 96% (Cbzbox)
o Mn, base, TMSCI, solvent, rt 99.5% (BOPA)
JJ\ + or 90% (BOXMI)

R "H 2) TBAF or dil. HCI u

Cbzbox : anti / syn: 2.7/1

Me/\/\ Br R H BOPA :anti/syn: 4/1
Me BOXMI : anti/ syn: 10/1

Me o OB
1) Mn, CrCl, (5 mol%) Jon
b) OHC/\{M@ Cbzbox (6 mol % P H
: DIPEA, TMSCI - 919, vi
’ Me ent-Cbzbox: 91% yield
o Qi) 2) TBAF (:‘E> HQ 97% de

Me ; e = ; Cbzbox: 97% yield

Me SBn €, -94% de

Me

Scheme 1.5. a) Cr-NNN pincers catalyzed asymmetric NHK reactions. b) Synthesis of

calcitriol lactone (natural product) using chiral NNN pincer ligands.*!

Another notable application of Ni pincer complexes is the hydrosilylation of
alkenes using less volatile alkoxyhydrosilanes in place of more commonly used gaseous
alkylhydrosilanes such as Me>SiH>, MeSiHs, and SiHs. These latter compounds are
flammable and tough to handle during the reactions to synthesize alkyl silanes. Xile Hu
and his co-workers found out that Ni(II)amido(bisoxazoline)Cl (BOPA as shown in Figure
1.6) efficient catalyzes the hydrosilylation of alkenes with alkoxy hydroxysilanes in the

presence catalytic amount of base producing alkyl silanes rather than alkoxysilanes
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(Scheme 1.6). Further mechanistic investigations suggested hydrosilylation first occurs,

followed by base-catalyzed disproportionation of two alkoxysilanes to give a

dihydrosilane, and then conventional hydrosilylation with this dihydrosilane.%% >°

\
Z Me
o SN—Ni-N" 0 n=2 SoH
ca — R >""Me
/Pr Pr
BOPA-NICI (2.5 - 5 mol%) ] MeH
NaOtBu (5-10 mol% n= .
Men(RO)snSH 4+ g\ ( ) A~ S~

'.H
R/\/SI\/\R

Scheme 1.6. Synthesis of alkyl hydrosilanes via hydrosilylation of alkenes with alkoxy

hydrosilanes.>

There are many interesting applications of different NN N pincer type ligands in catalysis
for hydrosilylation of ketones,*> hydrogenation/ hydrohydrazidation of aliphatic terminal
alkynes,% N-N bond cleavage reactions,®’ carbon dioxide reduction®® and so many others.
As the area monoanionic N*"N*N pincer type ligands has broad scope and yet to be explored
further, my research was focused on designing, construction of new pincer ligand motifs

bearing phenanthridine as part of the ligand.
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1.4. Phenanthridine — Relevance and Applications:
1.4.1. Phenanthridine:

Phenanthridine is a 14z electron aromatic N-heterocycle, annulated tricyclic species
with extended m-conjugation. It has a broad range of applications in various fields of

69.70 including industrial applications.”! Phenanthridine is a structural isomer of

chemistry,
acridine, and analogous to phenanthrene but with a C=N (‘imine’) bond at position 5
(Figure 1.7). The compound is white in color and sparingly soluble in water. It can be
crystallized from ethanol as needles.”? Phenanthridine is thermally stable (melting point:
106 °C, boiling point 349 °C) with a pKa of 4.47 for its conjugate acid. Rademacher and
his co-workers reported the first solid-state structure of phenanthridine (Figure 1.7). As
expected from its Lewis structure, it is co-planar with a mean deviation at C=N of only
0.002 A from the mean plane. As the compound is a extended m-conjugated system, it could
possibly exhibit -7 stacking interactions making it sparingly soluble in organic solvents.”?
Another interesting feature of phenanthridine is its different properties compared to
pyridine, quinoline, and acridine. For example, the C=N subunit has emphasized ‘imine’
character. The imine proton (HC=N) appears far downfield around 9.27 ppm in the 'H
NMR spectra. In comparison, in pyridine this same signal resonates at 8.6 ppm. As a result,
the C=N (imine) bond of phenanthridine can be easily reduced to a C-N single bond,
forming  dihydrophenanthridine. =~ This  reaction is  reversible and so
dihydrophenanthridine/phenanthridine can be rearomatized/dearomatized under the right
conditions.” Compared with phenanthrene and acridine (C,), phenanthridine has a lower
symmetry (Cs) and shows efficient fluorescence in solution. DFT studies on free

phenanthridine suggests the energy gap between HOMO and LUMO to be 2.98 eV. The

40



HOMO is distributed across the phenanthridine ring while the LUMO is localized on the

C=N (imine) bond, making it a Lewis acidic site with the rest of the ring a n-donor.”

C13HoN
M, = 179.22

9
108 > .
O N 1 O Orthorhombic, P2;2:2;
2 7 & a=4.872(2) A
O‘ N 3 N8 f b =11.526 (4) A
4 5

c=15.811(4) A

W)J V = 887.7 (5) As
Phenanthrene Acridine Phenanthridine Z=4

Figure 1.7. Crystal structure of phenanthridine.

Phenanthridine was first synthesized through pyrolysis of benzylidene-aniline, a
condensation product of benzaldehyde and aniline, at bright red heat in 1889 by Pictet and
Ankersmit.”® Later many groups came up with different approaches to isolate
phenanthridines in good yields. For example, Gronowtiz made phenanthridine by the
reaction of 2-bromoacetanilide and 2-formylphenyboronic acid in the presence of
Pd(PPh3)s, the reaction undergoes C-C Suzuki coupling followed by intermolecular
amination followed by elimination of acetic acid in the presence of HCI to give the

corresponding product with 89% yield as shown in Scheme 1.7.7

N

(0]
HN)J\CHG, © ‘
Br (HO),B Pd(PP3),
©/ " DME O N O
5T

77% 89%

Scheme 1.7. Synthesis of phenanthridine in a two-step process.



Following the discovery of the trypanocidal activity of phenanthridines, synthesis
of non-functional and functionalized phenanthridines became the focus of a number of
research groups. These efforts involve synthetic routes including Suzuki coupling followed
by condensation,”® cobalt-catalyzed radical cyclization of isocyanides,”” Grignard-based
procedures, radical aromatic cyclization pathways,?’ metal free conditions®' and many
other organic reactions. A selection of synthetic routes to functionalized phenanthridines

is shown in Scheme 1.8.82-85

H,oN Pd(OACc), (5mol%) R2 O
el ey
Cs,CO3, DMF ~N

90°C
=N
1.05 equiv RLi
O O R = alkyl, aryl or R>'N O O
F
c) —
@ 1) nBulLi
) 2) Cul NTX
|
O)\O -78°C to 65°C AN 7
THF
-N, |// \\l

O j TBPB (1 equiv)
O reflux, 3h

Scheme 1.8. Various synthetic routes to functionalized phenanthridines.
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As discussed briefly above phenanthridine has unique properties due to its low
symmetry (Cy) when compared to pyridine, quinoline, and acridine. When corresponding
bond lengths are compared to one another as shown in Figure 1.8, phenanthridine has
significantly shorter C-N bond length (1.29 A) compared to in other N-heterocycles, which

1s close to an isolated imine bond.

Pyridine Quinoline Acridine Phenanthridine
slcolsee
I
N/,C N//C N//C = ~Ar
C=N bond length (A):  1.34. 1.34 1.35 1.29 1.29

Figure 1.8. Bond lengths of C=N (imine) subunit for various N-heterocycles.”

Similarly, when the LUMO energy is calculated upon systematic m-extension
moving from pyridine to phenanthridine, we can observe a significant energy difference as
shown in Figure 1.9, which makes phenanthridine unique and interesting as a potential
ligand arm to incorporate into monoanionic N*N*N pincer ligand frameworks to explore

further properties when bound to a metal centre.

LUMO Energy Pyridine Quinoline Phenanthridine
eV 0.14 -0.47 -0.60

Figure 1.9. Effect of systematic n-extension on LUMO energy.%¢
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1.4.2. Applications of Phenanthridine:

Aromatic benzannulated  m-extended  functionalized/non-functionalized
phenanthridines and phenanthridine derivatives have found a wide range of applications in
various areas. In 1938, an article published by Walls®” reported the outstanding
trypanocidal activity of phenanthridinium compounds which caught the attention of
scientists and prompted further exploration into phenanthridine derivatives. One such
derivative is 3,8-diamino-5-ethyl-6-phenylphenanthridinium, now known as ethidium
bromide (EB). EB and its close analogue propidium iodide exhibit red fluorescence in
hydrophobic environments. Both have been used as the gold-standard DNA- and RNA
fluorescent markers. Their planar structures and aromatic surface area make them perfect
intercalators studying for DNA and RNA, also play an important role in aromatic and
electrostatic interactions with polynucleotides as shown in Figure 1.10 and Scheme 1.9.
Apart from fluorescent marker ability, ethidium bromide also exhibits interesting anti-
parasitic activity, along with anti-tumor activity both in vivo and in vitro.3>* Lastly, it
might be noted that examples of naturally occurring alkaloids containing benzo-fused
phenanthridines are also known, such as fagaronine, nitidine, chelerythrine, and
sanguinarine which all show a variety of pharmacological applications.®® In brief,
phenanthridine and its derivatives have diverse applications in bioimaging,” sensors,”! and

as ligand in catalysis,”? and in photo-emissive materials.”
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Figure 1.10. Schematic presentation of intercalative binding mode of ethidium bromide.

Graphic adapted from reference.®?

Ethidium bromide

NH>

S S
JQ ® HN/U\N
NN
N NS RNA H
O ’
NH,
W No Red fluorescence

Scheme 1.9. Application of ethidium bromide for cell imaging in RNA.%

Red fluorescence

Some other applications of phenanthridines include phenanthridine moieties
tetherered to metal complexes as molecular probes for physiologically differentiation
between adenosine triphosphate (ATP), adenosine diphosphate (ADP) and adenosine
monophosphate (AMP). These systems are used to investigate enzymatic mechanisms.”*

For example, Tb-DOTAm-Phen contains a macrocyclic polyaminocarboxylate terbium
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complex conjugated to phenanthridine. This molecule can serve as molecular probe to

distinguish three adenosine nucleotides (ATP, ADP, AMP; Scheme 1.10).

NH hy
ET N < 346 nm
0
v S0 o 0 TN/
—0 9y HN’(\(\ 1‘ ¥ peT
N N ATP N Th N O
N > U AN N N
______ o) N H _ I\

o} Tb o} I~ 0 2N
N H J — Ox 2N __
NN \ ‘

HN i/ hv HN Na N
| o= 346 nm N N~
~ O 0 o0 o
,/h , HN— _n oW
hv. 0-P-0-P-0-P-0 OH
545 nm o_ o_ O_ OH

Scheme 1.10. Tb-DOTAm-Phen metal complex in action as ATP sensor.”

Platinum(IT) metal complexes have been known to be excellent anti-cancer agents
for almost 40 years, among which cisplatin [cis-(Pt(NH3)>Cl>] is the most popular for the
treatment of testicular cancer patients.”> When one ammonia (NH3) ligand in cisplatin is
replaced with a pyridine, pyriplatin was synthesized, which improved the efficacy and
discarded the side effects from cisplatin. Similarily, phenanthriplatin was synthesized by
replacing one ammonia molecule with phenanthridine (Figure 1.11). Phenanthriplatin is a
monofunctional DNA-binding anticancer drug that binds DNA at single site inducing less
distortion to the double helix.”® It is chiral in nature,”” and exhibits significantly high
antitumor activity compared to cisplatin and pyriplatin, cellular uptake of phenanthriplatin

is much higher due to hydrophobic nature from phenanthridine.
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Figure 1.11. Popular platinum (II) metal complexes known anti-cancer agents.

Phenanthridine, as mentioned above, is luminescent in nature, which can lead to a
great deal of applications when bound to metals. The resulting photo-emissive materials
have potential uses in organometallic light-emitting devices (OLEDs). For example, Yang
and co-workers have designed and synthesized two 6-phenanthridine-based heteroleptic
iridium complexes (TP-BQ).Ir(acac) and (TPA-BQ):lr(acac), both of which are deep-red
emitters. By introducing phenanthridines, n-conjugation of the ligand is extended which
causes emissions to shift to the deep red region [656 nm for (TP-BQ),Ir(acac) and 665 nm

for (TPA-BQ),Ir(acac)] (Figure 1.12).°® Similarly, gold(Ill) complexes bearing

phenanthridine also exhibit luminescent properties.””

(TP-BQ),lr(acac) (TPA-BQ),lr(acac)

Figure 1.12. Cyclometalated iridium(IIl) complexes, deep red emmiters.
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Phenanthridines were introduced to the tridentate N"N"N tridentate ligand
framework by Meztler-Nolte and co-workers'® to harness luminescent properties in
bioimaging applications. The pincer N*N"N ligand system has two phenanthridinyl units
tethered to an amide resulting a neutral N*N”N pincer (bis-phenanthridinyl)amine (bpm).
A novel Re!(CO)3(R-bpm) metal complex was synthesized via reaction of
[Re(CO)3(H20)3]Br and the bpm ligand using a microwave. The resulting complexes were
used for fluorescence imaging to study live cancer cells, and also a potential anti-cancer

drug as shown in Scheme 1.11.100 101

O [Re(CO)s(H20)s]Br

MeOH, Microwave
110 °C, 10 mins

Scheme 1.11. Microwave assisted synthesis of a novel Re(I) metal complex, and
fluorescence images of live cancer cells after 24 h incubation with metal complexes.

Graphic adapted from reference.!%

Naturally occurring coenzymes reduced nicotinamide adenine dinucleotide
(NADH) and nicotinamide adenine dinucleotide phosphate (NAD(P)H) play important
roles in reduction-oxidation (redox) metabolism in which they act as natural hydride

shuttles during the metabolism. Compounds that mimic NADH/NAD(P)H are accordingly
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of great interest for applications in asymmetric hydrogenation or reduction reactions
involving a hydride transfer. They are highly enantioselective for 1,2-hydride shifts,
commercially available, and can be easily regenerated using H>. Phenanthridine is an
example of a commercially available molecule that mimics NADH/NAD(P)H model. Zhou
and co-workers have used commercially phenanthridines for asymmetric hydrogenation of
benzoxazinones, benzoxazines, quinoxalines, and quinolines in the presence of Ru(Il)
metal complex in high yields and enantiomeric excess as shown in Scheme 1.12.%2
Recently, Beller and co-workers have used phenanthridine for biomimetic reduction of a-
keto/a-imino esters in the presence of a earth abundant cheap commercially available iron

catalyst.!%2

Ru (Il) = [Ru(p-cymene)l,

cPA Ru(ll), Hy

R3

N/
L

R °R3

CPA = Chiral Phosphoric Acid

Scheme 1.12. A general catalytic cycle involving biomimetic reduction of imines using

phenanthridine.

To summarize, phenanthridines have a broad scope of applications which harness its
diverse reactivity and properties in materials science, anti-cancer drugs, photo emissive

materials and catalysis and many more areas. So far, in the literature, however, only a few
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research groups have focused on exploring phenanthridine as a ligand, making this area of
research unique to pursue. Incorporating phenanthridines into N*N"N pincer would help

explore further avenues of applications, for sustainable and green chemistry.

1.4.3. Herbert Group’s Phenanthridine Research:

In late 2013, the Herbert research group began studying the incorporation of
phenanthridine units into neutral bidentate PN, monoanionic bidentate N(H)"N,
monoanionic tridentate N"N(H)"N and monoanionic tridentate N"N(H)"O ligand motifs.
This was done starting with the synthesis of functionalized phenanthridines as ligand
precursors in a one-pot synthetic procedure. Outside of this work, and beyond what I
described in the previous pages, not much research has otherwise been conducted into the
applications of phenanthridine in coordination chemistry. Accordingly, I therefore take the
opportunity to briefly discuss some of the results obtained by my colleagues based on

phenanthridine to put my work as presented in this thesis into proper context.

As discussed earlier, phenanthridine is a commercially available molecule that
mimics NADH/NAD(P)H model to reversibly generate dihydrophenanthridine in the
presence of H> and metal centre. Our group was able to successfully synthesize
dihydrophenanthridine from phenanthridine under metal-free electrochemical conditions,
that occurs selectively at glassy carbon electrodes over longer timescales of potentiostatic
electrolysis. The electrochemically generated dihyrophenanthridine is used for transfer

hydrogenation of benzoxazines,’* as shown in Scheme 1.13.
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(’ Eapp =123V (PY ‘
10 eq. FA N H
H H

1-H,

l 0]
: : H* [ j: ]\
+ excess N/ Ph

Scheme 1.13. Transfer hydrogenation of benzoxazines using electrochemically generated

1-H>

Our group has also reported the construction, synthesis and coordination of
chemistry of (4-diphenylphosphino)phenanthridine (P"N) with late transitional metals like
Ni(Il), Cu(l) and Zn(Il). To access the proligand, a synthetic route to 4-
bromophananthridine was established by Pd-catalyzed C-C coupling between 2-
formlyphenylboronic acid and 2,6-dibromoaniline followed by condensation at elevated
temperatures is key. The ligand constitutes a neutral bidentate P"N that contains
heterobifunctional hard/soft Lewis base, that contains both phosphine and phenanthridine
donor units. The extended benzo-fused ligands when bound to Cu(I) and Zn(II) emit at
431nm and 382 nm respectively (Scheme 1.14).!9 The solid-state structure of Cu(1)
complex has two [(Ph,PNPhen)CuBr] units and is stabilized by dimerization into a

butterfly-shaped [CuzBr»] core.
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Scheme 1.14. Synthesis of emissive Cu(l) and Zn(IT) metal complexes.

Similarly, phenanthridine-based bidentate (N(H)"N) ligands were designed to
synthesize Zn(II) complexes. Examples of homoleptic Zn(II) amides were constructed
using benzannulated 4-amidophenanthridine ligands as shown in Scheme 1.15.!% The
aminophenanthridine precursors were synthesized following procedures described
earlier,'% followed by Buchwald-Hartwig C-N coupling reactions at high temperatures to
give proligands L1 (4-(N-phenylamine)-2-tert-butylphenanthridine) and L2 (2,6-dimethyl-
4-(N-phenylamine)phenanthridine). Cyclic voltammetry studies show quasi-reversible
oxidations on the electrochemical scale, both ligands (L1, L.2) and zinc(Il) (1-Zn, 2-Zn)
complexes exhibit ligand-to-ligand charge transfer (LLCT), an assignment supported by
DFT and TD-DFT studies. Ligand L1 and its complex 1-Zn are both emissive, while L2
and 2-Zn complex are non-emissive, ascribed to methyl substitution at the Cs=N position

of the phenanthridine.!%*
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+0.5 eq. EtyZn

hexanes
-40°C

L1 R'=Me, R2=H 1-ZnR'=Me, R2=H
L2 R' = Bu, R2= Me 2-Zn R' = Bu, R?= Me
Scheme 1.15. synthesis of bidentate ("N(H)"N"") ligands and their corresponding Zn(1II)

complexes.'

As noted above, platinum(II) complexes like cisplatin and phenanthriplatin are established
and promising anticancer drugs, respectively. We have reported the synthesis and
coordination complexes of chelating N*"N(H)"O tridentate ligand coordinated to platinum
(Scheme 1.16). Complexes 1 and 2 show a superior in vitro therapeutic index compared

with phenanthriplatin and cisplatin.!%
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PtClz, 05A920
THF, 60°C, 16h
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|O mol. seives |
* N >
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150°C, 48h
R
L1 (R = Bu)
L2 (R = CFy)
Scheme 1.16. a) structures of cisplatin, phenanthriplatin and phenanthridine based
chelating N"N(H)"O ligand bound to Pt. b) synthesis of phenanthridine based N"N(H)"O

proligands (L1, L2) and their platinum complexes 1-2.10¢

Our group has also reported the use of phenanthridine containing N*"N(H)"N pincers to
synthesize pseudo-octahedral iron(II) coordination complexes with panchromatic
absorption and long-lived CT excited states into nanosecond regime.!®” Other reported
works from our group include synthesis of halide bridged dimeric Cu(I) complexes of the
form [(P"N)-Culx(u-X)2 (X = Cl, Br, I) as shown partly in Scheme 1.14, with
benzannulated bidentate pyridine/phosphine (P"N) ligands containing
quinoline/phenanthridine. The reported complexes are phosphorescent in the solid-state.
This report studies the effect of systematic m-extension on emission.!®® Isolated
(P"N)2Cu(l) cations were also prepared with counter anions. We discovered a synergistic
effect of counterion choice and ligand design that impacts the solid-state emission at room

termperature.'” Another interesting article was published on heteroleptic ruthenium
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hydrido chloride complex synthesized bases on phenanthridine containing PN, and its
application as catalyst for synthesizing N-heterocycles like pyridines, quinolines, and

pyrimidines via acceptorless dehydrogenative coupling.!!?

1.5. Description of Thesis and Acknowledgements:

As a PhD graduate student, my research was focused on designing phenanthridine-based,
N~N(H)"N type proligands with both symmetric and asymmetric character, along with
exploring the possibility of installing both electron donating groups (EDG) and electron
withdrawing groups (EWG) at the donor arms. To synthesize proligands as shown in
Scheme 1.1, first I have successfully managed to synthesize functionalized phenanthridines
which are key ligand precursors. With these functionalized phenanthridines in hand, I have
synthesized a broad range of ligands based on phenanthridines and quinolines as shown in
Figure 1.13. In the forthcoming chapters, I would like to disclose and discuss the synthesis,
coordination chemistry, and characterization of all the compounds using both solution and
solid-state spectroscopic techniques, and their applications in photo-emissive materials and

as effective catalysts for C-C of azoles and alkyl halides.
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Scheme 1.17. A retrosynthetic approach to synthesize desired pincer ligand motifs.

XN H N% | ~N |T| N~ |
| N | l N l
R1 R2

L1 (R'=H,R2=H)
L10 (R' = tBu, R? = Bu)

L11 (R' = CF5;, R2 = CFy)
L12 (R'=CF; R?=1Bu)

L2 (R'=H, R2=CHj,) NH

L4 (R'=H, R2=Bu)
L7 (R'=H, R2=CF,) GNMG
L8 (R! = CHg, R? = tBu) 2
L9 (R! = CH,, R2 = CF5)
L13 (R = Me)
(
L15 (R = Bu)
L16 (R = CF)

Figure 1.13. Series of ligands discussed in my PhD thesis.
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Chapter 1:

The introduction chapter was inspired from many research materials including books by R.
H. Crabtree ‘The Organometallic Chemistry of the Transition Metals, Seventh edition.;
John Wiley & Sons, Inc.: Hoboken, NJ, 2019 and B. D. Gupta, Anil J. Elias, Basic
Organometallic Chemistry: Concepts Syntheses and Applications, Second edition.;
Universities Press, 2013. Apart from many research articles, the works of my colleagues
Dr. Rajarshi Mondal and his PhD thesis, Jason D. Braun, Patrick K. Giesbrecht, Issiah B.
Lozada and Dion Nemez were also consulted.

Chapter 2:

A form of this chapter was published as “Phenanthridine-Containing Pincer-like Amido
Complexes of Nickel, Palladium, and Platinum” Mandapati, P.; Giesbrecht, P. K.; Davis,
R. L.; Herbert, D. E. Inorg. Chem. 2017, 56, 3674-3685. 1, Pavan Mandapati, have
synthesized and characterized all the ligands and metal complexes reported in this chapter.
Patrick K. Giesbrecht ran cyclic voltammetry experiments, while DFT calculations were
done by Prof. Rebecca L. Davis. All the crystal structures were solved by Dr. David. E.
Herbert. I am thankful to Dr. Mazdak Khajehpour for access to a UV-Visible spectrometer.
The initial draft was written by myself, and later modified to publishing standard in
collaboration with my supervisor, Dr. David. E. Herbert.

Chapter 3 and Chapter 4:

These chapters were assembled from work published in two different publications
“Luminescent Platinum(II) Complexes of NN Amido Ligands with Benzannulated N-

Heterocyclic Donor Arms: Quinolines Offer Unexpectedly Deeper Red Phosphorescence
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than Phenanthridines” Mandapati, P.; Braun, J. D.; Killeen, C.; Davis, R. L.; Williams, G.
A.J.; Herbert, D. E. Inorg. Chem. 2019, 58, 14808-14817; and “Deep-Red Luminescence
from Platinum(Il) Complexes of N"N”N-Amido Ligands with Benzannulated N-
Heterocyclic Donor Arms” Mandapati, P.; Braun, J. D.; Lozada, B. L; Williams, G. A. J;
Herbert, D. E. Inorg. Chem. 2020, 59, 12504-12517. 1, Pavan Mandapati, synthesized and
characterized all the ligands and metal complexes reported in this chapter. X-ray crystal
structures were solved by Jason D. Braun and Dr. David E. Herbert, and elemental analysis
was collected by Jason D. Braun. Charles Killeen, Prof. Rebecca L. Davis and Issiah B.
Lozada performed DFT calculations. For photophysical experiments and analysis, we have
collaborated with Prof. Gareth J. A. Williams at the University of Durham, UK. The initial
draft of this chapter (in the form of both manuscripts) was written by myself, and later
modified to publishing standard in collaboration with Jason D. Braun, Issiah B. Lozada

and my supervisor, Dr. David. E. Herbert.

Chapter 5:

Parts of the chapter were published as “Catalytic C—H Bond Alkylation of Azoles with
Alkyl Halides Mediated by Nickel(II) Complexes of Phenanthridine-Based N*N*N Pincer
Ligands” Mandapati, P.; Braun, J. D.; Sidhu, B. K.; Wilson, G.; Herbert, D. E.
Organometallics 2020, 39, 1989-1997. I, Pavan Mandapati, synthesized and characterized
all the ligands and metal complexes. Elemental analysis for all the published metal
complexes, and all the X-ray quality crystal structures with publication standards were
solved by Jason D. Braun and Dr. David. E. Herbert. I have collaborated with Baldeep K.

Sidhu to separate and isolate pure coupled products from the catalysis reaction using my
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Ni(II) complexes, using column chromatography techniques. I also have collaborated with
Gabrielle Wilson during her summer project to stabilize the reaction condition for the
catalysis reactions and GC methods. I am thankful to Dr. Mazdak Khajehpour for access
to a UV-Visible spectrometer. Initial draft was written by myself, and later modified to
publishing standard in collaboration with Jason D. Braun and my supervisor, Dr. David. E.

Herbert.
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Chapter 2: Phenanthridine-Containing Pincer-like N NN Amido
Complexes of Nickel, Palladium and Platinum

2.1. Abstract:

Proligands based on bis(8-quinolinyl)amine (L.1) were prepared containing one
(L2) and two (L3) benzo-fused N-heterocyclic phenanthridinyl (3,4-benzoquinolinyl)
units. Taken as a series, L1-L3 provides a ligand template for exploring systematic -
extension in the context of tridentate pincer-like amido complexes of Group 10 metals (L1-
MCI, L2-MCI and L3-MCIl; M = Ni, Pd, Pt). Inclusion of phenanthridinyl units was
enabled by development of a cross-coupling/condensation route to 6-unsubstituted, 4-
substituted phenanthridines (4-Br, 4-NO., 4-NH>) suitable for elaboration into the target
ligand frameworks. Complexes L1-MCIl, L2-MCl and L3-MCl are redox-active;
electrochemistry and UV-Vis absorption spectroscopy were used to investigate the impact

of m-extension on the electronic properties of the metal complexes. Unlike what is typically

observed for benzannulated ligand-metal complexes, extending the m-system in metal
complexes L1-MCl to L2-MCIl to L3-MCl led to only a moderate red shift in the relative
HOMO-LUMO gap as estimated by electrochemistry, and similarly subtle changes to the
onset of the lowest energy absorption observed by UV-Vis spectroscopy. TD-DFT revealed
that benzannulation significantly impacts the atomic contributions to the LUMO and
LUMO+1 orbitals, altering the orbital contributions to the lowest energy transition but

leaving the energy of this transition essentially unchanged.
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2.2. Introduction:

Extending the m-system of conjugated ligands is widely used to tune electronic
transitions in transition metal! and main-group? complexes without significantly altering
the parent ligand framework. This can provide important flexibility in the design of new
emissive molecules and photosensitizers, as photophysical properties can be adjusted
without wholesale changes to the core molecular shape. Furthermore, as exemplified by a
published series of (BPI)PtCl (BPI = bis(2-pyridylimino)isoindolate) complexes, red or
blue shifts are both possible with increasing m-extension. The direction of the shift was
rationalized by establishing how the site of benzannulation impacts the energies of the
frontier orbitals (HOMO/LUMO).!¢

In this context, tridentate pincer-type ligands containing benzannulated aromatic N-
heterocycles offer the potential to form robust complexes bearing an electronically
accessible extended nt-system.* The benzannulated aromatic N-heterocycle phenanthridine
(3,4-benzoquinoline) is much less well-known as a ligand than its more symmetric isomer
acridine (2,3-benzoquinoline),* the readily cyclometallated benzo[h]quinoline (7,8-
benzoquinoline)® and quinoline itself (2,3-benzopyridine). This is despite phenanthridine’s
utility in fluorescent DNA intercalators such as ethidium bromide® and related emissive
organic  materials,” in  platin = drug candidates  (phenathriplatin:  cis-
[Pt(NH3)2(phenanthridine)C1]NOs3),? and as a co-catalyst in hydrogenation reactions.” To
our knowledge, only a handful of multi-dentate ligands that bring phenanthridinyl units
into the coordination sphere of metals are known. Emissive tris(4-
phenanthridinolato)lithium and aluminum complexes have been used in electroluminescent

devices.! (R) and (S)-6-(2'-diphenylphosphino-1'-naphthyl)phenanthridines were applied
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as atropisomeric ligands in Pd-catalyzed allylic alkylations.!! Fac-binding, tridentate
bis(phenanthridinylmethyl)amines bound to Re(I) carbonyls have been used for live-cell
fluorescence  imaging.!> Chelate-assisted C-H activation of substituted 6-
arylphenanthridines has been wused to generate luminescent C,N-cyclometalated
phenanthridine-containing platinum(II)!* and deep-red emitting iridium(ITI) complexes.'*
We have reported the preparation of (4-diphenylphosphino)phenanthridine analogs of (8-
diphenylphosphino)quinolines that can be used to form luminescent Cu and Zn
coordination compounds. '

In this work, a synthetic route to tridentate phenanthridine-containing ligand frameworks
based on bis(8-quinolinyl)amine (L1; Figure 1).! Once deprotonated, these compounds
(L2, L3) are capable of binding as monoanionic {NNN}-amido ligands,'!” and therefore
present an opportunity to investigate the coordination chemistry of phenanthridine-
containing ‘pincer-type’ ligands with divalent Group 10 metal ions. The resultant
complexes allowed to evaluate the impact of sequential quinoline-to-phenanthridine r-
extension on their electronic properties, which we reasoned would be substantial given that
benzannulation site-dependent red shifts of 10 nm and blue shifts of nearly 50 nm of the
lowest energy absorption were observed in related series of m-extended ligand-metal
complexes.'d Contrary to our initial hypothesis, while significant shifts are observed in the
absorption spectra of L1, L.2 and L3, the impact of n-system extension proved to be much
more subtle in the Group 10 metal complexes L1-MCI, L2-MCI, L3-MCI (M = Ni, Pd,

PY).
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~

N
Phenanthridine \
(3,4-benzoquinoline) =

L1-MClI L2-MCI L3-MClI

Figure 2.1. Proligands bis(8-quinolinyl)amine (L1), (4-methylphenanthridinyl)(8-
quinolinyl)amine (L2), bis(4-methylphenanthridinyl)amine (L3), and Group 10 metal

complexes (L1-MCl, L2-MClI and L3-MCI; M = Ni, Pd, Pt) discussed in this work.

2.3. Results and Discussion:
Bis(8-quinolinyl)amine (L.1) provides two equivalent conceptual sites for m-extension to
phenanthridinyl analogs as shown in Figure 2.1. Having adapted Peters’ cross-coupling

methodology'®

for the synthesis of L2-L3 and so first established a general preparative
route to 4-substituted halo- and aminophenanthridines by combining C-C and C-N bond
formation in a one-pot, Pd-catalyzed cross-coupling/condensation of substituted anilines

with 2-formylphenylboronic acid as shown in Scheme 2.1 and Table 2.1.!® Phenanthridines

lacking substituents in the 6-position are less common than 6-subsituted analogs, due to
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the electrophilic reactivity of the carbon at this position.!® Using para-substituted 2-bromo-
6-i0odo-4-methylaniline, achieved higher isolated yields (> 90 %) of 4-bromo-2-
methylphenanthridine (1-Br) compared with the analogous preparation of 4-
bromophenanthridine from 2,6-dibromoaniline (isolated yields ~ 35 %),'° as the iodoarene
can be easily prepared and is more active in cross-coupling. Direct coupling of 2-
formylphenyl boronic acid with 1,2-diamino-6-iodo-toluene gave only moderate
conversions (~ 60 % by NMR) to 1-NH,, likely due to coordination of the
aminophenanthridine to Pd as shown in Table 3. However, 2-methyl-4-nitrophenanthridine
(1-NO2) was readily obtained from 2-bromo-6-nitro-4-methylaniline as shown in Table
2.2, and reduction of 1-NO; with Zn/NH>-NH> and formic acid allowed isolation of 1-NH>
in 85% yield is shown in Scheme 2.2. With the 4-substituted phenanthridines in hand,
forcing conditions as shown in Table 4 and Table 5 [150 °C, 72 h; 5 mol % Pd(OAc),,
(1,1'-diphenylphosphino)ferrocene (dppf); sodium-tert-pentoxide] gave high isolated
yields (> 90 %) of both the asymmetric (4-methylphenanthridinyl)(8-quinolinyl)amine

(L2) and the symmetric bis(4-methylphenanthridinyl)amine (L3) is shown in Scheme 2.3.
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Table 2.1. Optimization of Cross-Coupling/Condensation Conditions — Synthesis of 1-Br

I
[Pd], base, A
1 + 1.1
NH, B(OR), -H,0
NS

Br (0]
1-Br
R [Pd] mol% | solvent | t (h) (orlé) base Conversion®
catechol | Pd(PPhs)4 10 DMF 8 100 K3POq4 20
catechol | Pd(PPh3)4 10 DMF 24 100 K;3POq4 50
catechol | Pd(OAc), 10 DMF 24 100 K3POq4 0
catechol | Pd(PPh3)4 8 DMF 24 22 K5POq4 0
H Pd(PPh3)4 10 DMF 24 100 K3POy 70
H Pd(PPh3)4 30 DME” 8 100 | NaHCO3 70
H Pd(PPh3)4 30 DME’ | 24 100 | NaHCO;3 70
H Pd(PPh3)4 20 DME’ | 24 100 | NaHCO;3 65
H* Pd(PPh3)4 30 DME?” 8 110 | NaHCO;3 90
H* Pd(PPh3)4 5 DME?” 5 110 | NaHCO;3 90
H Pd(PPhs3)4 5 DME? 5 110 | NayCOs >95
H Pd(PPhs3)4 3 DME?” 5 130 | NaxCO; >95
H Pd(PPh3)4 2 DME? 5 130 | NayCOs 90
H Pd(PPhs)4 1 DME? | 24 130 K>CO:; 5

@ 1:1 stoichiometry; * DME = 1,2-dimethoxyethane; reflux continued an additional 2-3 h following addition
of 2N HCI; ¢ determined by comparing integrals for products to starting materials remaining, observed by
"HNMR

(a)
| C|
Pd(PPhg),, DME
+
NH, B(OH), NayCOj(aq), 130°C O

—
X (0] -H,0 NT R diagnostic
NMR signal

X
1-Br (X =Br)
1-NO, (X = NO,)

Zn, H2NNH2.H20/HCOQH

MeOH, 60°C

NO, NH,
1-NO, 1-NH,

Scheme 2.1. (a) One-pot Pd-catalyzed coupling/condensation route to 4-substituted

phenanthridines (1-Br/1-NO); (b) reduction of 1-NOz to 1-NHa.
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Table 2.2. Optimization of Cross-Coupling/Condensation Route to 1-NO»

I
] > [Pd], base, A
+ 1.
NH, B(OR), -H,0
NS

NO, o)
1-NO,
T .

R [Pd] mol % | solvent | t (h) °C) base Conversion®
catechol | Pd(PPhs)s 10 DMF 8 100 K3POq4 0

H Pd(PPhs)4 2 DMF 24 100 | NaOfBu 0

H¢ Pd(PPh3)4 5 DME? 8 100 | NaHCO;3 95

H¢ Pd(PPh3)4 5 DME? 8 100 | NaxCOs 96

H Pd(PPhs)4 1 DME? 24 100 | NaHCO;3 70

H Pd(PPhs3)4 2 DME? 8 130 | NaxCO; 100

¢ 1:1 stoichiometry

» DME = 1,2-dimethoxyethane; reflux continued an additional 2-3 h following addition of
2N HCI

¢ determined by comparing integrals for products to starting materials remaining,
observed by 'H NMR

Table 2.3. Conditions Attempted in Synthesis of 1-NH>

I
[Pd], base, A
1 + 1.1
NH, g B(OR), - H,0

NH, 0]
1-NH,
R [Pd] mol % | solvent | t (h) | T (°C) base Conversion®
catechol | Pd(PPhs)4 10 DMF 8 100 K3POq4 -
H¢ Pd(PPh3)4 5 DME? | 24 100 | NaHCO;3 22
H¢ Pd(PPh3)4 5 DME? | 24 100 | NaxCOs3 50
H Pd(PPh3)4 5 DMF | 24 100 | NaHCO;3 30
H Pd(PPhs)4 1 DME? | 24 100 K2CO:s 60

¢ 1:1 stoichiometry

» DME = 1,2-dimethoxyethane; reflux continued an additional 2-3 h following addition of
2N HCI

¢determined by comparing integrals for products to starting materials remaining,
observed by 'H NMR
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Table 2.4. Optimization of Cross-Coupling Route to L2

observed by 'H NMR
BINAP = rac-BINAP, (+)-2,2'-bis(diphenylphosphino)-1,1'-binaphthalene; dppf = (1,1'-
diphenylphosphino)ferrocene

Table 2.5. Optimization of Cross-Coupling Route to L3

NH, N7
N [Pd], base, A |
+ AN
Z
1-Br AQ
1-Br:AQ [Pd] mol ligand t T base Conversion*
) () | CO

1:1.22 | Pd(OAc), | 20 | BINAP | 24 | 120 | NaOtrPent 16
1:1.22 | Pd(OAc); | 10 | BINAP | 24 | 120 | NaOt¢Pent 26
1:1.22 | Pd(OAc) | 5 dppf | 72 | 130 | NaOtrPent 80
1:1.03 | Pdx(dba); | 2 | BINAP| 72 | 120 | NaOrBu 46
1:1.03 | Pdx(dba)s 2 | BINAP | 72 | 120 | NaOtrPent 32
1:1.03 | Pdy(dba); | 2 dppf | 72 | 120 | NaOrBu 42
1:1.03 | Pdx(dba); | 3 dppf | 72 | 120 | NaOrBu 56
1:1.03 | Pd(OAc), | 5 dppf | 72 | 130 | NaOtrPent 74
1:1.03 | Pd(OAc), | 5 dppf | 72 | 130 | NaOsBu 67
1:1.03 | Pd(OAc)2 | 5 |BINAP| 72 | 130 | NaOtPent 16
1:1.22 | Pd(OAc) | 5 dppf | 96 | 130 | NaOrPent 78
1:1.03 | Pd(OAc)2| 5 dppf | 72 | 150 | NaO7Pent 99
1:1.03 | Pdxy(dba); | 2 |BINAP| 72 | 130 | NaOrBu 45

¢ determined by comparing integrals for products to starting materials remaining,

1-Br
mol . T .
1-Br:1-NH; [Pd] Y ligand | t (h) ©C) base Conversion’
0
1:1.03 Pd(OAc) 5 dppf | 96h 140 NaOrPent 51
1:1.03 Pd(OAc) 5 dppf | 72h 150 NaOtPent 95
1:1.03 Pd(OAc); 5 dppf | 72h 155 | NaOrPent 100

¢ determined by comparing integrals for products to starting materials remaining,
observed by 'H NMR
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(@ /
O NH, O N
+L,MCl,
NH
~
N

Pd(OAC),/dppf
+ Ny
NaOtPen, toluene NaOBu /
Z 150°C N THF/CH,Cly, 70°C N
\
L2-MCl

(b)
ol
N Pd(OAc),/dppf +L,MCl,
~
N

+ N N
NaOtPen, toluene NaOmBu

O 150°C O N THF/CH,Cl,, 70°C

1-Br 1-NH,

L3 L3-MClI
(M = Ni, Pd, Pt)

Scheme 2.2. (a) synthesis of n-extended pincer-type proligand L2 and metal complexes
L2-MCI; (b) synthesis of L3 and metal complexes L.3-MCI (L,MCl; = NiCl>2(H20)s, (1,5-

COD)PdCL; or (1,5-COD)PtCL).

Both L2 and L3 show spectroscopic features diagnostic of phenanthridine groups
as shown in Table 6. The downfield shift of the 'H and '3*C NMR resonances attributed to
the [C-H] unit in the 6-position adjacent to the nitrogen in the phenanthridinyl ring system
is consistent with a dominant ‘imine-bridged, biphenyl’ resonance contributor, which
maximizes the number of aromatic subunits in accordance with Clar’s postulate.?
Accordingly, the solid-state X-ray structures of L2 and L3 show one short C=N distance
in each phenanthridine unit [L2: N(1)-C(1) 1.298(2); L3: N(1)-C(1) 1.305(4), N(3)-C(15)

1.307(3) A; Figure 2.2].



Table 2.5. Selected solution NMR data (diagnostic [CH] resonances) for L1-L.3

L1 L2 L3
S('H)
Ce-H | 897 | 9.27 | 9.29
/ppm
3(1C)
Cs-H/ | 148.1 | 150.1 | 150.1
ppm

Table 2.6. Selected solution NMR data (diagnostic [CH] resonances) for and L1-MCI/L2-

MCV/L3-MCI (from reference!® and this work).

l\%ilC-l L1-PdCl | L1-PtCl | L2-NiCl | L2-PdCl | L2-PtCl | L3-NiCl | L3-PdCl | L3-PtCl
S('H)
Ce-H | 8.66 8.95 9.14 9.05 9.27 9.49 9.10 9.38 9.58
/ppm
3(1C)
Cs-H/ | 150.6 | 149.5 148.8 154.1 151.8 151.1 154.0 151.8 151.0
ppm

No significant changes to the pseudo Cay symmetric 'H NMR spectrum of L3 in CD,Cl,

were observed on cooling from 25 °C to -90 °C, implying that there is no significant barrier

to the compound adopting a planar configuration, though in the solid-state .3 adopts a

non-planar structure (dihedral angle between the two phenanthridinyl units = 31.1°). In

comparison, the dihedral angle between phenanthridinyl and quinolinyl units observed in

the solid-state structure of L2 is considerably smaller (3.4°) as shown in Figure 2.2.
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Figure 2.2. ORTEPs?! of L2 and L3, with thermal ellipsoids shown at 30% (L2) and 50% (L3)
probability levels. For each structure, two views are shown. Selected bond distances (A) for L2:
C(1)-N(1) 1.298(2), C(9)-N(1) 1.3811(17), C(9)-C(8) 1.4068(19), C(8)-C(7) 1.4444(19), C(2)-
C(1) 1.426(2), C(2)-C(7) 1.4127(18), C(15)-N(3) 1.319(2); and L3: C(1)-N(1) 1.305(4), C(9)-N(1)
1.382(3), C(1)-C(2) 1.432(4), C(2)-C(7) 1.410(3), C(7)-C(8) 1.448(4), C(8)-C(9) 1.410(3), C(15)-
N(@3) 1.307(3), C(23)-N(3) 1.385(3), C(15)-C(16) 1.428(4), C(16)-C(21) 1.413(4), C(21)-C(22)

1.447(3), C(22)-C(23) 1.412(3).

L2 and L3 bear two sp>-hybridized, hard N donors and, on deprotonation, a diarylamido Lewis

basic site. L1 has a similar donor set and as might be expected from this rigid donor core, binds to
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Group 8,2 Group 9,'%¢ divalent Group 10,'® Cu(II)!®* and Zn(II)!*¢ ions in a planar, meridional
fashion. Facial binding, however, was also shown to be possible in an octahedral Pt(IV) complex.?
L2 and L3 provide an opportunity to assess the impact of benzannulation on the donor strength of
the N-heterocyclic arms. The donor ability of pyridine toward the Lewis acid BCI3 is in between
that of quinoline and acridine,* consistent with the order of their pK.’s (quinoline < pyridine <
acridine). Phenanthridine has a similar pK, to acridine (5.58), implying a similar ‘donor strength’
toward H'. With larger Lewis acids, phenanthridine (3,4-benzoquinoline) should be less sterically
encumbered than acridine (2,3-benzoquinoline), due to the asymmetry of benzannulation. To
compare the coordination chemistry of our phenanthridine-containing ligands L2 and L3 with that
of L1, we targeted halide complexes of the Group 10 triad, as the analogous complexes of L1 (L1-
MCI) are known. !

Divalent nickel, palladium and platinum complexes of L1-L3 were prepared in 65-89 % yields
from reaction with the appropriate metal chloride salt in the presence of a base (NaOsBu) in hot
THF or CH2Clz. Benzannulation decreases solubility, which was found to be generally poor in
organic solvents for all complexes despite introduction of methyl groups to the N-heterocyclic
arms in L2 and L3, with metal complexes of L2-L3 precipitating from solution over the course of
the reaction. Coordination of the proligands was followed by the shift of the diagnostic NMR
spectroscopic resonances of the [CH] unit in the 6-position of the phenanthridinyl arms of L2 and
L3 is shown in Table 2.6. Coordination of L2 in L2-NiCl results in shifts of the signals for the
[Cs-H] unit to 9.05 ("H, CDCl3) and 154.1 ppm (**C{'H}), with the equivalent resonances in L2-
PtCl observed at 9.49 and 151.1 ppm. In comparison, the same signals in L2-PdCl are only slightly
different from those of the free amine (9.27 ppm and 151.8 ppm; ¢f. L1-NiCl: 'H 8.66, 3C {'H}

150.6 ppm; L1-PdCl: 'H 8.95, 3C{'H} 149.5 ppm; L1-PtCl: 'H9.14, 3C{'H} 148.8 ppm).'¢ For
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L3-MCl, the same trend is observed, with increasing deshielding of the diagnostic 'H NMR
resonance going down the group; the C¢-H proton signal resonates at 9.10 (L3-NiCl), 9.38 (L3-
PdCl) and 9.58 ppm (L3-PtCl). No exchange is seen with free ligand in solution. The diagnostic
spectroscopic signatures confirm stable complexation.

Slow diffusion of diethyl ether into chloroform solutions of L2-MCl or L3-MCI (M = Ni, Pd,
Pt) afforded single-crystals suitable for X-ray diffraction. In each case, high quality single-crystals
with long-range order were obtained as a CHCIz-solvate. The metal complexes of L2 (L2-MCI)
and L3 (L3-MCI) are isostructural with previously reported structures of L1-NiCl, L1-PdCl and
L1-PtCl as shown in Figure 2.3.!%¢ In each structure, the three nitrogen donor atoms of the ligands
are coplanar with the coordinated metal atom, with M-Cl distances increasing with the size of the
divalent metal ion Table 2.7. The trans influence of the amido N donor in L1 was previously
suggested to be minimal, as the amido N was found to bind selectively frans-disposed to strong
trans influence alkyls/hydrides when a cis disposition was possible.?? Direct comparison of trans
influence of the amido N in L2-MCV/L3-MCl to L1-MCIl through solid-state M-Cl bond distances
is complicated by the presence of close-contacts between CHCI3 and the chloride ligand in the
crystal lattice of L2-MCI and L3-MCI. Complexes of the two phenanthridine-containing ligands
(L2-MCl, L3-MCl) show statistically indistinguishable M-Cl bond distances, consistent with
similar trans influences of the amido N in L2 and L3.

The trans influence of phenanthridine as a ligand can be thought of as similar to that of pyridine;
statistically indistinguishable Pt-N bond distances were reported trans to the N-heterocyclic donor
in cis-[Pt(NH3)2(phenanthridine)CIJ[OSO.CF3] and cis-[Pt(NH3)2(pyridine)C1][OSO,CF3].2° In
all L2-MCI complexes, the phenanthridinyl N(1)-M distances are shorter than the quinolinyl N(3)-

M distance trans to them, and also shorter than the corresponding phenanthridinyl N(3)-M bond
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distance in L3-MCI (which is trans to a phenanthridinyl donor); however, the values are not
distinguishable outside of the 3o statistical limit as shown in Table 2.7. The comparable bond
distances suggest similar donor strengths for the phenanthridinyl and quinolinyl arms as well;

however, they may also be a consequence of the rigid tridentate ligand scaffold.
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Figure 2.3. ORTEPs?! with thermal ellipsoids shown at 50% (L2-PdCl, L3-NiCl, L3-PdCl) and

30% (L2-NiCl) probability levels, and hydrogens omitted for clarity. For each structure, a top view

perpendicular to the metal square plane and a bottom view along the CI-M—N(2) axis are shown.

Selected bond angles (°) for L2-NiCl: N(1)-Ni(1)-N(3) 169.31(12), CI(1)-Ni(1)-N(2) 178.67(10),
N(1)-Ni(1)-N(2) 84.72(12), N(3)-Ni(1)-N(2) 84.60(13), N(1)-Ni(1)-Cl(1) 95.33(9), N(3)-Ni(1)-
CI(1) 95.34(10). L2-PdCl: N(1)-Pd(1)-N(3) 165.94(8), CI(1)-Pd(1)-N(2) 179.66(6), N(1)-Pd(1)-
N(2) 83.05(8), N(3)-Pd(1)-N(2) 82.89(8), N(1)-Pd(1)-CI(1) 97.28(6), N(3)-Pd(1)-CI(1) 96.78(6).
L2-PtCI: N(1)-Pt(1)-N(3) 166.16(9), CI(1)-Pt(1)-N(2) 179.20(7), N(1)-Pt(1)-N(2) 83.29(9), N(3)-
Pt(1)-N(2) 82.88(9), N(1)-Pt(1)-Cl(1) 97.24(7), N(3)-Pt(1)-CI(1) 96.60(7). L3-NiCI: N(1)-Ni(1)-

N(3) 169.48(9), C1(1)-Ni(1)-N(2) 176.71(7), N(1)-Ni(1)-N(2) 84.84(9), N(3)-Ni(1)-N(2) 84.68(9),
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N(1)-Ni(1)-CI(1) 95.20(6), N(3)-Ni(1)-CI(1) 95.31(7). L3-PdCI: N(1)-Pd(1)-N(3) 166.04(12),
CI(1)-Pd(1)-N(2) 177.52(9), N(1)-Pd(1)-N(2) 82.89(13), N(3)-Pd(1)-N(2) 83.17(12), N(1)-Pd(1)-
CI(1) 97.22(9), N(3)-Pd(1)-Cl(1) 96.74(9). L3-PtCI: N(1)-Pt(1)-N(3) 166.12(7), CI(1)-Pt(1)-N(2)
178.56(6), N(1)-Pt(1)-N(2) 83.16(8), N(3)-Pt(1)-N(2) 82.98(8), N(1)-Pt(1)-CI(1) 96.84(6), N(3)-

Pt(1)-CI(1) 97.04(6).

Table 2.7. Selected bond distances for L1-MCI (from reference!®) and L2-MCI/L3-MCI (this

work).

Distance (A) | M-N(1)* | M-NG3)? | M-N@2) | M=CI(1)¢ | N(1)-C(1) | N@3)-C(15)¢

L1-NiCl 1.8973(16) | 1.8973(16) | 1.8586(14) | 2.1779(5) | 1.323(2) 1.326(2)
L2-NiCl 1.899(3) 1.906(3) 1.858(3) 2.2067(11) | 1.316(4) 1.331(5)
L3-NiCl 1.900(2) 1.900(2) 1.858(2) 2.2080(7) | 1.312(3) 1.311(3)

L1-PdCl 2.0114(19) | 2.0017(19) | 1.962(2) | 2.3298(7) | 1.331(3) | 1.329(3)
L2-PdCl 1.997(2) | 2.001(2) | 1.9620(19) | 2.3406(6) | 1.301(3) | 1.331(3)
L3-PdCl 2.001(3) |2.001(3) |1.9593) |2.3387(10) | 1.308(5) | 1.301(5)

L1-PtCl 1.994(3) [ 1.999(3) | 1.966(3) |2.3175(11) | 1.338(5) | 1.318(5)
L2-PtCl 1.993(2) | 1.9992) | 1.9692) |2.3427(7) | 1.302(4) | 1.331(3)
L3-PtCl 1.995(2) | 1.991(2) | 1.9779(18) | 2.3449(6) | 1.3123) | 1.315(3)

“ Quinolinyl-N in L1-MCI; phenanthridinyl-N in L2-MCVL3-MCI; * Quinolinyl-N in L1-MCV/L2-MCI;
phenanthridinyl-N in L3-MCI; © CI(1) shows close contact to CHCI; in lattice of L2-MCVL3-MCI; ¢
Labeled C(10) in reference'®

2.4.1. UV-Visible Absorption Spectroscopy:
The electronic absorption spectra of proligands L.1-L3 and metal complexes L1-MCl, L2-MCl,
and L3-MCl were measured in both CH»Cl» and N,N-dimethylformamide. The absorption

observed for L1-MCI/L2-MCVL3-MCI obeys Beers’ Law only over a limited low concentration
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range (< 5x107° M), suggesting ground-state aggregation may occur at higher concentrations. The
UV-Vis absorption spectra of L1, L2 and L3 are marked by a broad peak at low energy, whose
maximum shifts to shorter wavelength (L1: 400 nm; L2: 392 nm; L3: 382 nm; Figure 5a) with
increasing conjugation. However, this low energy peak also broadens, and the onset of absorption
is observed at higher wavelengths (i.e., Aonset L3 > L2 > L1). For comparison, the first absorption
band maximum of phenanthridine itself is found at 343 nm (hexanes, n-n*), shifting slightly to
346 nm in methanol,?® while the analogous peak for quinoline is at 311 nm (ethanol).?” Consistent
with the deep red color of all nine metal complexes, spectra collected for L1-MCI, L2-MCl and
L3-MCI contained a broad absorption with a maximum at ~ 500 nm as shown in Figures 2.4 (b-
d) and Table 2.8. The significant red shift of the lowest energy peak for L1-L3 upon coordination
to a metal is consistent with metal participation in the transition (i.e., M-n* metal-to-ligand charge
transfer (MLCT) character) in addition to ligand-centreed n-n* character.!%®?2 The large extinction
coefficients support the contribution of charge transfer to this transition.

In contrast to the free amines, there is no significant shift in the maximum of this broad
absorption band when changing from L1 to L2 to L3 for any of the three series of metal complexes.
This was surprising, given we intuitively expected extending ligand conjugation to have some
impact on the frontier orbital energies. Modest broadening of the low energy absorption can be
seen for L1-NiCl/L2-NiCl/L3-NiCl and L1-PdCl/L2-PdCVl/L3-PdCl, with the full width at half
max (FWHM) increasing on average by 7 nm, and up to 17 nm when the FWHM for the broad
absorption of 1-Pd is compared with 3-Pd. As with L1-L3, the onset of absorption is observed at
higher wavelengths as well (i.e., Aonset L3-MCI > L2-MC1 > L1-MCl; M = Ni, Pd). The low
energy absorptions for L1-PtCl/L2-PtCIl/L3-PtCl are essentially unchanged by the alterations to

the ligand structure. The major difference to the absorption spectrum for each of the three series
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of metal complexes is the appearance of up to four additional peaks at higher energy (300-430

nm), that grow in intensity when comparing complexes of L2 and L3, and therefore result from

the phenanthridinyl arms.
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Figure 2.4. UV-Vis absorption spectra (CH2Cl», 22 °C) for (a) L1-L3, (b) L1-NiCl/L2-NiCl/L3-

NiCl, (c) L1-PdCV/L2-PdCV/L3-PdCl, (d) L1-PtCl/L2-PtCl/L3-PtCl.

2.4.2. Electrochemistry of L1-MCl, L2-MCl and L3-MCl:

The invariant position of the maximum of the lowest energy absorption band observed for each

set of metal complexes led us to expect that the optical HOMO-LUMO gap is mostly unaffected

by increasing conjugation from L1-MCI to L2-MCI to L3-MCI, apart from a slight red shift

indicated by the shift in the long wavelength edge of the absorption spectra. Electrochemistry has
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been used to evaluate trends in the relative energies of the frontier orbitals within series of similar
compounds.?®

In collaboration with Patrick. K. Giesbrecht, the electrochemical properties of L1-MCI, L2-
MCI, and L3-MCIl were examined in solution using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) as shown in Figure 2.5 and Table 2.8. All complexes show irreversible
reduction waves at ~ -2 V (vs F¢”"; Fc¢ = ferrocene) with no return wave apparent at any of the
tested scan rates (50-800 mV-s!). The low solubility of the compounds results in the appearance
of a pre-peak feature observed in the cathodic scans not observed at faster scan rates, attributed to
adsorption of dissolved complex onto the electrode surface.? This is particularly pronounced for
the Pt complexes (the maximum solution concentration achieved with L3-PtCl was 0.72 mM).
Comparing these reductive events for L1-MCI/L2-MCVL3-MCI (M = Ni, Pd), a slight anodic
shift is observed with extended conjugation (L1-MCl—L2-MCl—L3-MCl). This trend is in
keeping with the conventional expectation that a larger m-system would stabilize the negative
charge to a greater extent, however we are cautious in over-interpreting this observation due to the
issues with low complex solubility. In contrast, a slight cathodic shift is observed for the Pt series,

with Epeak,cathodic (LS'PtCl) < Epeak,cathodic (LZ'PtCl) < Epeak,cathodic (Ll'PtCl)
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Figure 2.5. Cyclic voltammograms (—) and corresponding differential pulse voltammograms (--

J/ mA cm?

-) of L1-MCI, L2-MCIl, and L3-MClI (1.5 mg/15 mL) in CH>Cl, with 0.1 M [nBusN][PFg¢] as the
supporting electrolyte; (a) M = Ni, (b) M = Pd, (c) M = Pt. CV scan rates were 100 mV/s. Data in

the high and low potential regions were collected in separate scans.
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Quasi-reversible, broad oxidation events were also observed for all nine complexes at ~ 0.2 V

vs Fc¥*

. The addition of a second fused ring in L.3-MCI leads to the appearance of a second broad
feature at less anodic potentials. While we cannot rule out whether this feature is due to aggregate
formation, no visible deposition was observed on the electrodes following these scans; so far we
have been unable to isolate a soluble chemically oxidized cationic species. In comparison, Pt
complexes of m-extended derivatives of 1,3-bis(2-pyridiylimino)pyrrole/pyrrolate/isoindolate
exhibited reversible reductions and irreversible oxidations.' The reduction and oxidation events,
respectively, observed for all nine Group 10 metal complexes of L1-L3 are within a relatively
narrow potential window. This is consistent with largely ligand-based redox events influenced by
coordination to a metal;* the redox chemistry of organic N-heterocycle fused phenanthridines has
been reported in a similar range (0.38-1.5 V vs Fc”*").3! Taking the difference between the first
observed oxidation event and the reduction peak observed by DPV (AEoxi-red), the relative HOMO-
LUMO gap for the series of complexes can be estimated. The irreversibility of the peaks and
presence of an absorption pre-feature makes it problematic to precisely quantify the HOMO-

LUMO separation using redox data, but the relative trend for all three metals is that AEox-ired

decreases with increasing conjugation (L1-MCl—L2-MCl—>L3-MCl).*
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Table 2.8. Electrochemical potentials and UV-Vis absorption parameters for complexes (L1-

L3)MCI ( M = Ni, Pd, Pt).

FWHM
Epeak’ reda/V Epeak, ox a/V Aonl_edb/V Xc/nm (E/M_lcm-110-3) A, W/nmd
. 301 (31.2), 337 (5.2), 371 (sh),
L1-NiCl -2.28 0.26 2.54 499 (8.0) 86
284 (25.6), 313 (24.1), 339
L2-NiCl -2.25 0.20 245 (15.1), 356 (sh), 395 (4.0), 498 89
(8.7)
. . . 319 (27.4), 336 (22.9), 354
L3-NiCl -2.20 0.16 2.36 (15.5), 402 (6.7), 496 (7.8) 91
L1-PdCl -2.08 0.26 2.34 291 (29.8), 372 (2.5), 489 (8.8) 87
278 (22.1), 306 (17.5), 338
L2-PdCl -2.06 0.27 2.33 (sh), 392 (3.3), 492 (6.9) 98
308 (sh), 318 (12.8), 334 (8.3),
L3-PdCl -2.05 0.18,0.30 2.23 398 (3.1), 489 (4.2) 104
300 (33.6), 339 (7.7), 356
- _ _ f
L1-PtCl | -2.09, -1.37 0.25 2.34 (6.6). 383 (3.1), 503 (9.8) 87
314(24.3), 337 (17.2), 353 (sh),
- _ _ f
L2-PtCl | -2.10,-1.40" | 0.15,0.31 2.25 405 (4.2), 503 (9.4) 91
322 (32.4), 336 (27.4), 354
- _ _ f
L3-PtCl | -2.15,-1.45" | 0.05,0.20 2.20 (20.1), 406 (5.6), 503 (10.7) 88

2Measured for CH>Cl; solutions with 0.1 M [nBusN][PFs] as the supporting electrolyte, via DPV

with potentials reported referenced to the Fc

b AEp — onl/z_Ered

¢ Ambient temperature, CH>Cl>

0/+

redox couple.

4 Maximum of broad peak observed at lowest energy in spectrum in CH>Cl»

¢ Value represents middle of two unresolved peaks.

' Surface-based deposition observable only at slow scan rates and/or DPV.
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2.4.3. Electronic Structure Calculations:

We, in collaboration with Prof. Rebecca L. Davis, carried out density functional theory (DFT)
calculations, incorporating a polarizable continuum model (DFT-PCM) to model solvent effects,
and time-dependent DFT-PCM (TDDFT-PCM) calculations to probe the impact of benzannulation
on the electronic structure of L1-MCIL2-MCVL3-MCI, and explain the experimental UV—Vis
absorption spectra. As the trends for the Ni and Pd systems were found to be similar, only the Ni
complexes are presented. The Pt complexes were not analyzed for this work. All structures were
optimized with (SMD-M06/6-31+G(d,p)) and optimized geometries are in good agreement with
the experimental X-ray crystallography data (see Supporting Information for details).??

The trends in calculated energies shown in Table 4 correspond well with those observed in the
experimental electrochemistry. The calculated HOMO energy levels increase with extended
conjugation of the ligand (L1-MCl—-L2-MCl—L3-MCl), consistent with the observed cathodic
shift in oxidation potential. The observed trend in the onset of reduction potentials is not
reproduced; however, as noted above, the irreversibility of the cathodic electrochemical events and
presence of absorption pre-features complicate precise analysis of the peak positions.

Using the optimized structures, vertical excitation energies were determined using TDDFT. The
lowest energy vertical transitions for solution (SMD) calculations are in good qualitative
agreement with the experimental absorption trends as shown in Table 2.8. Consistent with the
observed experimental spectra, the increase in conjugation in the ligands has little effect on the
position of the low energy absorption of the metal complexes. However, benzannulation does
impact the nature of the absorption, as can be seen through analysis of atomic contributions to the

computed molecular orbitals.
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Our calculations on the complex with the smallest m-system (L1-NiCl) predict that the
HOMO—LUMO transition defines the lowest energy excitation at 494 nm (98% calculated
contribution). The HOMO of this complex consists largely of contributions from the m system of
the Cs-benzo rings and amido lone pair, with small contributions from the d- and p-orbitals of the
nickel and chloride respectively, and the C-N r bond of the quinolinyl rings as shown in Figure
2.6. The LUMO of this system has a small contribution from the Ni but is otherwise largely

delocalized across the m system of the ligand.

? P 93 J“
L1-NiCl (LUMO+1) L2-NiCl (LUMO+1) L3-NiCl (LUMO+1)

XS
z¢

L1-NiCl (LUMO) L2-NiCl (LUMO)
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, 9O,
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L1-NiCl (HOMO) L2-NiCl (HOMO) L3-NiCl (HOMO)

9

Figure 2.6. Orbital diagrams of the HOMO, LUMO and LUMO+1 for L1-NiCl, L2-NiCl, and L3-

NiCl
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The extended 7 system of L2-NiCl produces two low energy excitations at 491 nm and 484 nm
with nearly equal oscillator strengths (Table 4). The excitation at 491 nm is dominated by the
HOMO—LUMO transition (58% calculated contribution) but contains significant
HOMO—LUMO+1 character (41% calculated contribution). The excitation at 484 nm is
dominated by the HOMO—LUMO+1 transition (57%) but contains significant HOMO—LUMO
character (41%). The HOMO of this system is similar to that of L1-NiCl in that it consists largely
of contributions from the © system of the benzo moieties, the central amido lone pair and, to a
smaller extent, the C=N n-bond. The LUMO of L2-NiCl consists of contributions from both ligand
arms and Ni. Qualitatively, the structure of the LUMO+1 in the calculated structure of L2-NiCl
more closely resembles the orbital configuration of the LUMO of L1-NiCl and is delocalized
across the 7 system of the ligand as shown in Figure 2.6. Further expansion of the © system of the
ligand in L3-NiCl produces an excitation at 490 nm that is defined by the HOMO—LUMO+1
transition (97%). The orbital contributions of the HOMO, LUMO and LUMO+1 of the L3-NiCl
complex closely resemble those of the L2-NiCl complex, with the LUMO/LUMO++1 character
inverted compared to L1-NiCl as shown in Figure 2.6. The main impact of benzannulation in the
series L1-NiCl—L2-NiCl—L3-NiCl therefore appears to be to cause the energy of the LUMO of
L1-NiCl to rise, while at the same time lowering the energy of the LUMO+1 (which becomes the
LUMO of L2-NiCl and L3-NiCl). The orbital contributions to the HOMO, in comparison, remain
largely unchanged from L1-NiCl—L2-NiCl—L3-NiCl, while the energy of this orbital is
calculated to rise slightly, in keeping with conventional expectations of extended conjugation and
consistent with the trends in the experimental anodic electrochemistry. Interestingly, in both

pseudo-C>y symmetric complexes (L1-NiCl and L3-NiCl), only one low energy transition has
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significant calculated oscillator strength and the atomic contributions to the orbitals involved in
this transition are very similar. In the Cs symmetric L2-NiCl, both the HOMO—LUMO and
HOMO—LUMO+I transitions contribute to the low energy absorptions.

This is qualitatively consistent with Gordon and Thompson’s model'¢ for understanding shifts
in frontier orbital energies following benzannulation: there is minimal HOMO density at the site
of benzannulation in L1-NiCl by a conceptual cis-1,3-butadiene fragment. No orbital mixing or
significant change to the HOMO energy/character would therefore be expected. In contrast, there
is a bisecting nodal plane in the LUMO of L1-NiCl at the site of benzannulation. There is therefore
a symmetry match with the HOMO of a cis-1,3-butadiene fragment (a2, C2, point group), which
can therefore act as an effective electron-donating group to the LUMO of L1-NiCl, leading to its

destabilization.

Table 2.9. TDDFT Vertical Excitation Energies and HOMO, LUMO, and LUMO+1 energies for

complexes L1-NiCl/L2-NiCl/L3-NiCl.

HOMO LUMO LUMO+1 Acale Assignment Oscillator Coefficient % Con-

(eV) (eV) (eV) (nm) Strength tribution
L1-NiCl -5.35 -1.90 -1.85 494.34 HOMO—-LUMO 0.3698 0.70142 98.4
483.13 HOMO—-LUMO+1 0.0078 0.70319 98.9
L2-NiCl -5.32 -1.88 -1.84 490.66 HOMO—-LUMO 0.2131 0.53712 57.7
HOMO—LUMO+1 0.45206 40.9
483.83 HOMO—LUMO 0.1722 -0.45215 40.9
HOMO—-LUMO+1 0.53581 57.4
L3-NiCl -5.28 -1.90 -1.79 496.51 HOMO—LUMO 0.0221 0.70183 98.5
485.04 HOMO—LUMO+1 0.3536 0.69707 97.2

In a relevant literature example, similarly extending ligand conjugation for a series of annulated
meso-tetraphenylmetalloporphyrins was found not to significantly impact the energy of the HOMO
and LUMO with respect to the parent porphyrin, but did lead to significant destabilization of the

HOMO-1.** In this case, destabilization of the HOMO-1 led to this orbital rising above the parent
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HOMO in energy (and become the new HOMO in the benzannulated complexes), thus leading to
a red shift in the absorption and emission spectra. A similar effect occurs in the series L1-
NiCl—-L2-NiCl—-L3-NiCl, where the orbitals comprising the LUMO and LUMO+1 in the parent
complex (L1-NiCl) formally change positions upon benzannulation (L2-NiCl/L3-NiCl). In our
series, however, the slight rise in the energy of the HOMO upon benzannulation is matched by a
similar rise in the energy of the LUMO+1. The shift in the character of the lowest energy transition
from HOMO—-LUMO (L1-NiCl) to HOMO—LUMO/HOMO—LUMO+1 to strictly
HOMO—LUMO+I (L3-NiCl) then results in similar energies for these transitions calculated by
theory and observed experimentally.

2.4.4. Synthesis of Bu-PhenNANANQuinH (T 4).

From the above experiments it is evident systematic benzannulation the solubility of the
metal complexes decreases in organic solvents as L1-MCI1 > L2-M-CI > L3-MCI (M = Ni, Pd,
Pt), with symmetric amido bis(phenathridinyl) complexes being poor. To study the reactivity of
these metal complexes, solubility in organic solvents is necessary. One way to increase the
solubility is by introducing bulky fert-butyl group onto the phenanthridinyl ring, which should
theoretically break the strong n-m stacking interactions between the complexes in solution. Having
the previous knowledge of synthesizing 2-methyl substituted phenanthridines, 2-fert-butyl-4-
aminophenanthridine (2-NHz) was synthesized [9.10ppm (‘H, CDCls); 150.9 ppm (*C, CDCl3)]
as shown in Scheme 2.4 (a-b) and was isolated as a pale green compound in high yields.
Asymmetric proligand (4-fert-butylphenanthridinyl)(8-quinolinyl)amine L4 is synthesized using
C-N coupling between 2-tert-butyl-4-aminophenanthridine and 8-bromoquinoline as shown in
Scheme 2.4c [150 °C, 72 h; 5 mol % Pd(OAc), (1,1'-diphenylphosphino)ferrocene (dppf);

sodium-tert-pentoxide] gave high isolated yields (> 92 %).
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Scheme 2.3. (a) One-pot Pd-catalyzed coupling/condensation route to 4-substituted
phenanthridines (2-NQO3); (b) reduction of 2-NQO3 to 2-NHj>; (c¢) synthesis of n-extended pincer-
type proligand L4.

Proligand L4 shows spectroscopic features diagnostic of phenanthridine, the downfield
shift of the 'H and '*C NMR resonances attributed to the [C-H] unit in the 6-position adjacent to
the nitrogen in the phenanthridinyl ring system at 9.10 ppm (*H, CDCl3) and 150.5 ppm ('3C,
CDCl3) as observed for ligands L1-L3. Also, the 'H NMR resonance for [N-H] appears far
downfield at 11.58 ppm ('H, CDCIls). Having the proligand L4 synthesized in good yields, have
targeted the synthesis of divalent nickel and palladium complexes using NiCl.6H>O and

Pd(COD)Cl»/Pd(OAc), with NaOsBu as base in refluxing dichloromethane or THF. Metal
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complexes L4-NiCl, L4-PdCl and L4-PdOAc were isolated as deep red colored compounds in
high yields (74 — 87%) as shown in Scheme 2.5. The disappearance of the far downfield [N-H]
proton of L4 in the 'H NMR spectrum and the significant shift of diagnostic [Cs-H] proton
confirmed the synthesis of the corresponding complexes as shown in Table 2.10. Although, even
after introducing a tert-butyl group into the ligand framework the solubility of the metal complexes

improved but not significantly in organic solvents.

o0
V/ /)
N-H NaOBu N_}V'—X
\ DCM, 70 °C N |
\ \ M = Ni, Pd
_ _ X = Cl, OAc
L4-NiCI
L4 L4-PdCl
L4-PdOAc

Scheme 2.4. (a) synthesis of metal complexes L4-MX (L,MCl, = NiClx(H20)s, (1,5-COD)PdCl,
or Pd(OAc)s.
Table 2.10. Selected solution 'H NMR data (diagnostic [CH] resonances) for and L4, L4-NiCl,

L4-PdCl and L4-PdOAc.

L4 L4-NiCl | L4-PdCl | L4-PdOAc
S('H)
Ce-H | 9.10 9.12 9.37 8.63
/ppm

Attempts were made to reduce the L4-MCI complexes to their corresponding metal hydrides using
a broad range of reducing agents like trimethylsilane, NaBH4, NaH and LiAlH4 in DCM and THF
but were not fruitful. Often, have observed either insoluble material or demetalated complex after

the analysis. Similar attempts to synthesize metal triflates using AgOTf/TMS-OTf were not
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successful, gave insoluble red precipitates. These compounds were only soluble on coordinating
solvents like THF, DMSO and acetonitrile, which is not interesting for further reactivity studies.
2.5. Conclusion:

A synthetic methodology has been established allowing the preparation of a series of tridentate
proligands templated on bis(8-quinolinyl)amine (L1), bearing one (L.2) or two phenanthridinyl
(L3) units. Compounds L2-L3 bind as tridentate, mer-bound pincer-like amido ligands to divalent
group 10 metal ions (Ni, Pd and Pt). In contrast to the differences observed in the low energy
absorption transitions of L1-L3, the maxima observed for the lowest energy absorptions of L1-
MCI to L2-MCI to L3-MCI (M = Ni, Pd, Pt) do not shift appreciably, though the onset of
absorption edges to higher wavelengths, consistent with the trend of slight red shift in the HOMO-
LUMO gap estimated from electrochemistry. DFT calculations reveal that, more so than simply
impacting the frontier orbital energies, benzannulation strongly affects the atomic contributions to
the LUMO and LUMO+1, with the orbital character of these MOs in L2-MCI and L3-MCI
switched compared with L1-MCI. In addition, while the lowest energy absorption in the
bis(quinolinyl) L1-MCI is dominated by the HOMO—LUMO excitation, the analogous
absorption in the bis(phenanthridinyl) L3-MCI is dominated by the HOMO—LUMO+1
excitation; the mixed quinolinyl/phenanthridinyl L2-MCI has both HOMO—LUMO and
HOMO—LUMO-+1 character. This suggests that complexes of ligands L.1-L3 with heavier metals
such as L1-PtCl, L2-PtCl and L3-PtCl may present interesting trends in their emission spectra,
where a straightforward correlation with the extent of m-conjugation may not exist and the orbital
structure of the frontier orbitals may influence other parameters such as radiative rate constants

and zero-field splittings. Investigations to this extent are currently underway in our labs.
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2.6. Experimental Section:

Unless otherwise specified, all air sensitive manipulations were carried out either in a N> filled
glove box or using standard Schlenk techniques under Ar. 2-Formylphenylboronic acid (AK
Scientific), N-iodosuccinimide (AK Scientific), N-bromosuccinimide (Alpha Aesar), Pd(PPhs)4
(Sigma Aldrich), Pd(OAc), (Sigma Aldrich), (1,1'-diphenylphosphino)ferrocene (dppf, Sigma
Aldrich), NaxCOs (Alpha Aesar), trifluoroacetic acid (Sigma Aldrich), sodium fert-pentoxide
(NaOtPen, Sigma Aldrich), sodium tert-butoxide (NaO7Bu, Sigma Aldrich), zinc (Alpha Aesar),
hydrazine hydrate (Sigma Aldrich), formic acid (Alpha Aesar), and NiCl>-:6H>O (Alpha Aesar)
were purchased and used without any further purification. 2-bromo-4-methylaniline,*> Pd(1,5-
cyclooctadiene)Cl,,*¢ Pt(1,5-cyclooctadiene)Cly, L1, L1-NiCl, L1-PdCl and L1-PtCl'*° were
synthesized according to published procedures. Organic solvents were dried and distilled using
appropriate drying agents prior to use. Distilled water was degassed prior to use. 1- and 2D NMR
spectra were recorded on Bruker Avance 300 MHz or Bruker Avance-III 500 MHz spectrometers.
'H and BC{'H} NMR spectra were referenced to residual solvent peaks.>’” Elemental analyses
were performed by Microanalytical Service Ltd., Delta, BC (Canada).

For electrochemical analysis, 1-2 mg of each compound was dissolved in 15 mL of CH>Cl,
containing 0.1 M (nBusN)PFs, and purged with Ar for 20 minutes before analysis. All
electrochemical experiments were conducted under inert (Ar) atmosphere using a CHI 760c
bipotentiostat, a freshly polished (0.03 pm alumina paste) 3 mm diameter glassy carbon working
electrode (BASIi), a Ag/Ag" quasi-non-aqueous reference electrode separated by a Vycor tip, and
a Pt wire counter electrode. Cyclic voltammetric (CV) experiments were conducted using scan
rates of 50-800 mV/s. Differential Pulse Voltammetry (DPV) experiments were conducted using

a 5 mV increment, 50 mV amplitude, 0.1 s pulse width, 0.0167 s sample width, and 0.5 s pulse
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period. Upon completion of all CV and DPV analyses, ferrocene (Fc) was added to the solution as

% redox couple.?®

an internal standard, with all potentials reported versus the Fc

Preparation of 2-bromo-6-iodo-p-toluidine: Trifluoroacetic acid (30 mol %, 1.23 mL) was
added to a stirred acetonitrile solution (300 mL) of 2-bromo-4-methylaniline (10.1 g, 53.7 mmol)
at 0 °C, followed by addition of N-iodosuccinimide (12.7 g, 56.4 mmol) in small portions over 1.5
h. The mixture was stirred for 0.5h at this temperature, after which the ice bath was removed and
stirring continued for 2 h. The solvent was then removed in vacuo, the residue taken up in CH>Cla,
and washed with brine (3 x 100 mL). The organic layer was dried over Na,SOs, and volatiles
removed to leave a gray solid, which was used without further purification. Isolated yield = 16.0
g (95 %). The 'H NMR spectrum was consistent with that previously reported.*®

Preparation of 2-iodo-6-nitro-p-toluidine: An identical procedure to the synthesis of 2-bromo-
6-iodo-p-toluidine was employed, using 2-nitro-p-toluidine (5.01 g, 32.9 mmol) and N-
iodosuccinimide (12.7 g, 34.5 mmol). Isolated yield of orange solid = 7.60 g (96 %). The 'H NMR
spectrum was consistent with previously reported values.*

Preparation of 4-bromo-2-methylphenanthridine (1-Br): A 500 mL teflon-stoppered flask
was charged with Pd(PPh3)4 (0.87 g, 0.75 mmol), and 50 mL of 1,2-dimethoxyethane (DME).
After stirring briefly to mix, 2-bromo-6-iodo-p-toluidine (7.80 g, 25.0 mmol), 2-
formylphenylboronic acid (4.16 g, 27.8 mmol) and an additional 70 mL of DME were added,
followed by Na>,COs (8.0 g, 76 mmol) dissolved in 100 mL of degassed water. The flask was then
sealed and the mixture stirred vigorously for 6 h in an oil bath (130 °C). The flask was then allowed
to cool, charged with 80 mL of 2M HCI, and refluxed for additional 2 h. The reaction mixture was
cooled, neutralized with NaOH, and pumped to dryness. The residue was then taken up in CH>Cl>

(100 mL) and washed with brine (3 x 100 mL). The organic layer was separated, dried over Na>SO4
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and volatiles removed to leave yellow-brown solid. Column chromatography on basic alumina
gave a pale yellow solid (Rr= 0.41; 1:5 EtOAc/hexane). Isolated yield = 6.3 g (91 %). 'H NMR
(CDCl3, 500 MHz, 22 °C): 6 9.29 (s, 1H, Cs-H), 8.52 (d, 1H, Jun = 8.3 Hz, Ci0-H), 8.26 (s, 1H,
Cs-H), 8.03 (d, 1H, Juu = 7.9 Hz, C;-H), 7.90-7.77 (overlapped m, 2H, Ci-H, Co-H), 7.70 (app t,
1H, Juu = 7.5 Hz, Cs-H), 2.57 ppm (s, 3H, CH3). *C{!H} NMR (CDCl3, 300 MHz, 22 °C): § 153.5
(Ce), 144.3 (Car), 142.8 (Car), 140.0 (Car), 137.8 (Car), 134.1 (C1), 132.1 (Car), 131. 3 (Co), 129.0
(C7), 128.1 (Cs), 126.6 (Car), 125.6 (Car), 125.4 (Car), 122.1 (Cio), 121.7 (C3), 21.7 ppm (CH3).

Preparation of 2-methyl-4-nitrophenanthridine (1-NOz): An identical procedure to the
synthesis of 4-bromo-2-methylphenanthridine was employed, using Pd(PPhs)s (0.42 g, 0.36
mmol), 2-iodo-6-nitro-p-toluidine (5.02 g, 18.0 mmol), and 2-formylphenylboronic acid (3.01 g,
20.0 mmol). Following column chromatography (R = 0.25; 1:5 EtOAc/hexane), isolated yield of
yellow-brown solid = 4.0 g (93 %). '"H NMR (CDCls, 300 MHz, 22 °C): § 9.34 (s, 1H, Cs-H), 8.61
(d, 1H, Jun = 8.3 Hz, Cio-H), 8.54 (s, 1H, C3-H), 8.11 (d, 1H, Jun = 7.9 Hz, C7-H), 7.99-7.89 (m,
1H, Co-H), 7.88-7.71 (overlapped m, 2H; C;-H, Cs-H), 2.69 ppm (s, 3H, CH3). *C{'H} NMR
(CDCls, 300 MHz, 22 °C): 6 155.1 (Cs), 149.3 (Car), 136.8 (Car), 134.3 (Car), 132.0 (Cs), 131.3
(Car), 129.3 (C7), 128.9 (Cy), 126.7 (Car), 125.6 (Car), 125.5 (C3), 123.8 (C1), 122.2 (Cyo), 21.9
ppm (CH3).

Preparation of 4-amino-2-methylphenanthridine (1-NHz): To a stirred solution of 4-NO»
(5.02 g, 21.0 mmol) in methanol (100 mL), Zn dust (2.75 g, 42.0 mmol), and hydrazinium
monoformate solution (54 mL; prepared by slowly neutralizing equal molar amounts of hydrazine
hydrate (50 mL) with 85% formic acid (4 mL) in an ice-water bath) were added, and stirred
vigorously at 60 °C. The resulting green suspension was cooled and filtered using celite. The

filtrate was pumped dry, the residue dissolved in CH2Cl> (100 mL), and washed with brine (3 x 60
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mL). The organic layer was dried over NaxSOg, filtered, and the volatiles removed to leave a green-
brown solid, which was purified using column chromatography (basic alumina, R = 0.25; 1:5
EtOAc/hexane). Isolated yield = 3.74 g (86 %). 'H NMR (CDCls, 300 MHz, 22 °C):  9.07 (s, 1H,
Cs-H), 8.52 (d, 1H, Jun = 8.3 Hz, Ci10-H), 7.97 (d, 1H, Jun = 7.9 Hz, C;-H), 7.86-7.74 (m, 1H, Co-
H), 7.69-7.61 (overlapped m, 2H; Ci-H, Cs-H), 6.85 (s, 1H, C3-H), 4.96 (br s, 2H, N-H), 2.51 ppm
(s, 3H, CH3). BC{'H} NMR (CDCl3, 300 MHz, 22 °C): & 149.4 (Cs), 144.5 (Car), 137.8 (Car),
132.6 (Car), 132.0 (Car), 130.4 (Car), 128.6 (Car), 127.1 (Car), 126.8 (Car), 124.6 (Car), 122.4
(Car), 113.1 (Car), 110.9 (C3), 22.4 ppm (CHa).

4-nitro-2-tert-butylphenanthridine (2-NOz): A 500 mL Teflon-stoppered flask was charged with
Pd(PPh3)s4 (1.03 g, 0.89 mmol), and 50 mL of DME. After stirring briefly to mix, 2-iodo-6-nitro-
4-tert-butylaniline (5.73 g, 17.91 mmol), 2-formylphenylboronic acid (2.96 g, 19.70 mmol) and
an additional 70 mL of DME were added, followed by Na,COs3 (5.69 g, 53.73 mmol) dissolved in
100 mL of degassed water. The flask was then sealed and the mixture stirred vigorously for 6 h in
an oil bath (130 °C). The flask was then allowed to cool, charged with 130 mL of 2M HCI, and
refluxed for additional 2 h. The reaction mixture was cooled, neutralized with NaOH, and pumped
to dryness. The residue was then taken up in dichloromethane (100 mL) and washed with brine (3
x 100 mL). The organic layer was separated, dried over Na>xSO4 and volatiles removed. Column
chromatography on silica gave a pale yellow solid (R¢= 0.42; 20% EtOAc/hexane). Isolated yield
=5.54 g (96 %). 'H NMR (CDCls, 500 MHz, 22 °C): 4 9.48 (s, 1H; CacH), 9.01 (d, 1H, Juu = 1.7
Hz; Ca:H), 8.67 (d, 1H, Jun = 8.3 Hz; Ca:H), 8.25-8.13 (m, 2H; Ca.H), 8.05 (ddd, 1H, Jun = 8.4,
7.1, 1.4 Hz; CacH), 7.87 (ddd, 1H, Jun = 8.0, 7.1, 1.0 Hz; Ca:H). *C{'H} NMR (CDCl3, 125 MHz,

22 °C): § 158.0 (Car), 149.8 (Car), 137.5 (Car), 133.1 (Car), 131.2 (Car), 130.0 (Ca), 128.4 (q,
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Car), 126.9 (Car), 126.0 (Car), 124.4 (Car), 123.2 (Car), 122.3 (Car), 118.7 (Car). PF{'H} NMR
(CDCl3, 470 MHz, 22 °C): 6 -62.03 ppm.

4-amino-2-tert-butylphenanthridine (2-NH:): To a stirred solution of 4-nitro-2-fert-
butylphenanthridine (4.5 g, 16.1 mmol) in methanol (100 mL), Zn dust (2.1 g, 32.2 mmol), and
hydrazinium monoformate solution (54 mL; prepared by slowly neutralizing equal molar amounts
of hydrazine hydrate (50 mL) with 85% formic acid (4 mL) in an ice-water bath) were added, and
stirred vigorously at 60 °C. The resulting green suspension was cooled and filtered using celite.
The filtrate was pumped dry, the residue dissolved in dichloromethane (100 mL), and washed with
brine (3 x 60 mL). The organic layer was separated, dried over Na,SO4 and dried to leave a green-
brown solid, which was purified using column chromatography (silica, R = 0.29; 20%
EtOAc/hexane). Isolated yield = 3.74 g (86 %). 'H NMR (CDCls, 300 MHz, 25 °C): 9.10 (s, 1H,
CarH), 8.61 (dd, 1H, Jun = 8.5, 1.1 Hz; Ca:H), 8.00 (dd, 1H, Jun=7.9, 1.5 Hz; Ca:H), 7.93 (d, 1H,
Jun = 1.9, CacH), 7.81 (app td, 1H, Jun = 8.4, 7.0, 1.4 Hz; CaH), 7.65 (app td, 1H, Juu = 8.0, 7.0,
1.1 Hz; CacH), 7.14 (d, 1H, Jun = 1.9 Hz; CaH), 5.01 (s, 2H, NH>), 1.48 ppm (s, 9H, Bu-H).
BC{'H} NMR (CDCls, 75 MHz, 22 °C): 8 150.9 (Car), 149.8 (Car), 144.3 (Car), 133.1 (Car), 132.1
(Car), 130.5 (Car), 128.7 (Car), 127.1 (Car), 126.9 (Car), 124.2 (Car), 122.4 (Car), 110.1 (Car),
107.1 (Car), 35.3 ((CCH3s)3), 31.6 ppm (CH3).

Synthesis of MePhenNN(H)NQUnH (4-methyl-phenanthridinyl)(8-quinolinyl)amine (L2): A
500 mL Teflon-stoppered flask was charged with Pd(OAc), (0.25 g, 1.10 mmol), 1,2-
diphenylphosphinoferrocene (dppf; 0.96 g, 1.76 mmol), and toluene (30 mL). After stirring briefly,
4-Br (6.01 g, 22.0 mmol), 8-aminoquinoline (3.33 g, 23 mmol) and an additional 120 mL of
toluene were added, followed by sodium fert-pentoxide (NaOzPen; 3.60 g, 33.0 mmol) and the

mixture stirred vigorously for 72 h in an oil bath (150 °C). After cooling the flask and removing
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the volatiles, the residue was taken up in CH>Cl, (120 mL), and the resulting suspension filtered
over celite and dried to leave a red solid, which was purified using column chromatography (basic
alumina; 1:5 EtOAc/hexane; R¢ = 0.5). Isolated yield = 6.8 g (93 %). '"H NMR (CDCls, 500 MHz,
22 °C): 6 10.69 (br s, 1H, N-H), 9.27 (s, 1H, C¢-H), 8.99 (dd, 1H, Jun = 4.1, 1.7 Hz; QinCx-H),
8.57 (d, 1H, Jun = 8.3 Hz; P"nC-H), 8.14 (dd, 1H, Jun = 8.2, 1.6 Hz; Q"Ca-H), 8.04 (d, 1H, Jun
= 7.7 Hz; P'"Cx-H), 7.94 (d, 1H, Juu = 7.6 Hz; inCx-H), 7.86 (s, 1H, PhenCa-H), 7.85 (s, 1H,
PhenCx-H), 7.83-7.77 (m, 1H, Phe"Cy,-H), 7.67 (app t, 1H, Jun = 7.7 Hz; P""Ca,-H), 7.54 (app t,
1H, Juu = 7.9 Hz, ®"Ca,-H), 7.45 (dd, 1H, Jun = 8.2, 4.2 Hz; ?“"Ca,-H), 7.32 (d, 1H, Jun = 8.1
Hz, QinCy,-H), 2.65 ppm (s, 3H, CH3). BC{'H} NMR (CDCl;, 500 MHz, 22 °C): § 150.1
(PrenCaH), 148.1 (QinCaH), 140.2 (Car), 139.4 (Car), 139.2 (Car), 137.5 (Car), 136.2 (QinCaH),
133.8 (Car), 132.6 (Car), 130.6 (*"nCaH), 129.1 (Car), 128.7 (Pr"Ca,H), 127.3 (QinCaH), 127.2
(PrenCarH), 126.4 (Car), 124.8 (Car), 122.4 (Pr"CaH), 121.7 (WinCyH), 117.7 (QinCyH), 112.8
(PrenCarH), 112.6 (PhenCaH), 109.8 (UinCy,H), 22.9 ppm (CH3). UV-Vis (DMF): A (g) 267 (45
400), 308 (14 700), 392 nm (17 650 M-lem™).

Synthesis of M&PhenNN(H)NPhenMe pig(4-methylphenanthridinyl)amine (L3): A 500 mL
Teflon-stoppered flask was charged with Pd(OAc)2 (0.25 g, 1.10 mmol), dppf (0.96 g, 1.76 mmol),
and 30 mL of toluene and stirred briefly. Next, 4-Br (6.02 g, 22.1 mmol), 4-NH; (5.01 g, 24.0
mmol) and an additional 120 mL of toluene were added, followed by NaOzPen (3.60 g, 32.6
mmol). The flask was then sealed and the mixture stirred vigorously for 72 h in an oil bath (150
°C) then dried in vacuo. Isolation and work up was as for L2 (R¢=0.5; 1:5 EtOAc/hexane). Isolated
yield =7.9 g (90 %). 'H NMR (CDCl3, 300 MHz, 22 °C): 4 10.63 (br s, 1H, N-H), 9.29 (s, 2H, Cs-
H), 8.61 (d, 2H, Jun = 8.3 Hz, C10-H), 8.08 (app d, 2H, Jun = 8.0 Hz, C7-H), 7.90-7.80 (overlapped

m, 6H; Ci-H, C3-H, Co-H), 7.73-7.67 (app t, 2H, Juu = 7.5 Hz, Cs-H), 2.67 ppm (s, 6H, CHs).
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BC{'H} NMR (CDCl3, 300 MHz, 22 °C): § 150.1 (**"Ca,H), 139.7 (*"Cy,), 137.6 (*2"Ca,),
133.9 (PhenCyp), 132.7 (PrnCyr), 130.7 (PrenCaH), 128.8 (PrnCaH), 127.3 (Ph"CaH), 127.0
(PrenCar), 124.9 (PrenChp(), 122.5 (PCaH), 112.7 (PnCy,H), 112.5 (PhenCy,H), 23.0 ppm (CHa).
UV-Vis (DMF): A (g) 266 (44 800), 297 (24 500), 307 (shoulder), 382 nm (17 050 M-lcm™).

Synthesis of BuPRenNN(H)NQUnH (4-tert-butyl-phenanthridinyl)(8-quinolinyl)amine (L4): A
500 mL Teflon-stoppered flask was charged with Pd»(dba)s (0.26 g, 0.30 mmol), BINAP (0.42 g,
0.70 mmol) and toluene (30 mL). After stirring for 5 minutes, 8-bromoquinoline (2.0 g, 10.1
mmol), 4-amino-2-tert-butylphenanthridine (2.5 g, 10.1 mmol), and an additional 20 mL of toluene
were added, followed by sodium tert-butoxide (NaO’Bu; 1.4 g, 15.1 mmol). The reaction mixture
was stirred and subject to reflux in an oil bath at 150 °C for 72 h. After cooling the flask, the
volatiles were removed, and the residue was taken up in dichloromethane. The suspension was
then filtered over a silica plug and the solvent was removed to leave a brown solid. Isolated yield
=3.8 g (> 99 %). 'H NMR (CeDs, 500 MHz, 25 °C): § 11.58 (s, 1H, N-H), 9.10 (s, 1H, Ca:H),
8.73 (dd, 1H, Jun =4.3, 1.6 Hz, Ca.H), 8.40 (d, 1H, Jun = 8.3 Hz, Ca:H), 8.32 (s, 1H, Ca:H), 8.12-
8.05 (m, 2H, Cii-H, Ca:H), 7.59 (dd, 1H, Juu = 8.2, 1.6 Hz, CacH), 7.44 (d, 1H, Jun = 7.9 Hz,
CaH), 7.39 (m, 2H, Cs-H, CacH), 7.20 (t, 1H, Jun = 7.4 Hz, CacH), 7.06 (d, 1H, Jun = 8.2 Hz,
CacH), 6.83 (dd, 1H, Jun = 8.2, 4.1 Hz, Ca:H), 1.46 ppm (s, 9H, /Bu). *C{'H} NMR (CDCls, 125
MHz, 25 °C): 6 150.5 (Car), 150.5 (Car), 148.0 (Car), 140.8 (Car), 140.2 (Car),140.0 (Car), 135.9
(Car), 134.6 (Car), 133.3 (Car), 130.5 (Car), 129.5 (Car), 129.0 (Car), 127.5 (Car), 127.3 (Cav),
127.1 (Car), 124.7 (Car), 122.4 (Car), 121.8 (Car), 117.6 (Car), 110.3 (Car), 109.3 (Car), 108.9

(Car), 35.6 ((CCHs)3), 31.7 ppm (CHj3).
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Synthesis of (MePhenNNNQUinH)NjCl (L2-NiCl): NiCl*6H>O (0.14 g, 0.6 mmol) and NaOsBu
(60 mg, 0.63 mmol) were added as solids to a solution of L2 (0.2 g, 0.6 mmol) in CH>Cl> (10 mL)
and the mixture stirred vigorously at 50 °C for 12 h. The resulting red suspension was allowed to
cool and the volatiles removed in vacuo. The residue was then washed with diethyl ether (3 x 10
mL) and ethanol (3 x 10 mL). While the solubility of L2-NiCl is poor in general, it was observed
to be highest in CHCI3 compared with other common organic solvents. Isolated yield = 0.209 g
(81 %). '"HNMR (CDCl3, 300 MHz, 22 °C): 8 9.05 (s, 1H, Car-H), 8.71 (d, 1H, Jun = 4.8 Hz, Car-
H), 8.43 (d, 1H, Jun = 8.3 Hz, Ca-H), 8.13 (d, 1H, Jun = 8.2 Hz, Car-H), 7.97 (d, Jun = 1H, 7.9
Hz, Car-H), 7.85 (t, 1H, Jun = 7.6 Hz, Ca-H), 7.64 (t, 1H, Jun = 7.5 Hz, Ca-H), 7.55 (d, 1H, Jun
=7.9 Hz, Car-H), 7.50-7.32 (overlapped m, 3H, Car-H), 7.29 (t, 1H, Jun = 5.4 Hz, Ca-H), 6.93 (d,
1H, Juu = 8.0 Hz), 2.58 ppm (s, 3H, CH3). BC{'H} NMR (CDCl3, 500 MHz, 22 °C): 154.1 (CaH),
150.5 (CacH), 148.4 (Car), 148.3 (Car), 147.7 (Car), 140.8 (Car), 139.9 (Ca:H), 138.6 (CacH), 133.0
(Car), 132.6 (CacH), 130.0 (CaH), 129.8 (Car), 129.5 (CaH), 127.8 (CaH), 126.3 (Car), 125.5
(Car), 122.4 (CaH), 121.1 (CacH), 22.8 ppm (CH3). UV-Vis (DMF): A (g) 282 (25 750), 311 (21
800), 337 (13 200), 360 (sh), 400 (sh), 485 nm (8 400 M'cm™). Anal. Calcd for C23HsN3NiCl: C,
64.46; H, 3.76. Found: C, 64.30; H, 3.99.

Synthesis of (MePhenNNNQuinH)pqCl (L2-PdCl): To a stirred solution of L2 (0.22 g, 0.66
mmol) in 10 mL of THF, Pd(COD)Cl; (0.17 g, 0.60 mmol), and NaO7Bu (0.060 g, 0.63 mmol)
were added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The residue was then washed with diethyl
ether (3 x 10 mL) and ethanol (3 x 10 mL). Solubility is similar to L2-NiCl. Isolated yield = 0.228
g (83 %). '"H NMR (CDCls, 500 MHz, 22 °C): § 9.27 (s, 1H, Car-H), 8.96 (br s, 1H, Car-H), 8.43

(d, 1H, Juu = 8.6 Hz, Ca-H), 8.17 (d, 1H, Juu = 8.0 Hz, Ca-H), 8.00 (d, 1H, Jun = 7.9 Hz, Car-
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H), 7.86 (app t, 1H, Jun = 7.3 Hz, Car-H), 7.67 (app t, 1H, Jun = 7.0 Hz, Ca-H), 7.54 (s, 1H, Car-
H), 7.48-7.43 (overlapped m, 2H, Ca,-H), 7.40-7.31 (m, 1H, Ca-H), 7.0 (br s, 1H, Car-H), 2.60
ppm (s, 3H, CH3). BC{'H} NMR (CDCls, 500 MHz, 22 °C): § 151.8 (CaH), 149.9 (Car), 149.8
(Car), 148.9 (CaH), 148.3 (Car), 141.4 (Car), 140.1 (CaH), 138.7 (CaH), 132.8 (Car), 132.7
(CaH), 131.3 (Car), 129.9 (CaH), 129.6 (CaH), 128.1 (CarH), 126.9 (Car), 126.2 (CaH), 122.6
(CarH), 121.2 (CaH), 114.8 (CaH), 114.2 (Car), 112.5 (Car), 110.7 (Car), 22.8 ppm (CH3). UV-
Vis (DMF): X (g) 266 (30 000), 277 (28 850), 307 (22 050), 336 (sh), 392 (4 250), 489 nm (9 950
M-lem™). Anal. Calcd for C23H16N3PdCl: C, 58.00; H, 3.39. Found: C, 57.54; H, 3.37.

Synthesis of (MePhenNNNQuinH)ptC] (L2-PtCl): To a stirred solution of compound L2 (0.20 g,
0.60 mmol) in 10 mL of THF, Pt(COD)CI: (0.22g, 0.60 mmol), and NaO7Bu (0.06 g, 0.63 mmol)
were added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The residue was then was washed with diethyl
ether (3 x 10 mL) and acetonitrile (3 x 10 mL). Solubility is similar to L2-NiCl and L2-PdCl.
Isolated yield = 0.239 g (71 %). 'H NMR (CDCl3, 500 MHz, 22 °C): § 9.49 (s, 1H, Car-H), 9.17
(d, 1H, Jun = 4.7 Hz, Car-H), 8.40 (d, 1H, Jun = 8.2 Hz, Ca,-H), 8.22 (d, 1H, Jun = 8.1 Hz, Car-
H), 8.02 (d, 1H, Jun = 7.8 Hz, Car-H), 7.86 (app t, 1H, Jun = 7.5 Hz, Car-H), 7.67-7.65 (overlapped
m, 2H, Car-H), 7.53 (s, 1H, Car-H), 7.47-7.40 (overlapped m, 2H, Car-H), 7.36 (dd, 1H, Jun = 7.9,
4.9 Hz; Car-H), 6.97 (d, 1H, Jun = 7.7 Car-H), 2.60 ppm (s, 3H, CH3). BC{'H} NMR (CDCl3, 500
MHz, 22 °C): & 151.1 (CaH), 149.3 (Car), 149.2 (Car), 148.7 (Car), 148.3 (CaH), 142.2 (Ca),
140.0 (CarH), 138.8 (CarH), 132.9 (CaH), 132.7 (CaH), 131.5 (Car), 129.9 (CarH), 129.4 (Ca:H),
128.2 (CaH), 127.0 (Car), 126.2 (Car), 122.6 (CaH), 121.2 (CaH), 115.4 (CaH), 114.7 (Ca),
113.5 (Car), 111.1 (Ca/H), 22.8 (CH3) ppm. Anal. Calcd for CosHisN3PtCl: C, 48.90; H, 2.85.

Found: C: 48.64; H: 2.87.
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Synthesis of (MePhenNNNPhenMe)NGC] (L3-NiCl): To a stirred solution of L3 (0.20 g, 0.50
mmol) in CH>Cl, (10 mL), NiCl,*6H>0 (0.12 g, 0.50 mmol) and NaO7Bu (0.052 g, 0.53 mmol)
were added, and then stirred vigorously at 50 °C for 12 h. The resulting red suspension was allowed
to cool, and the volatiles removed in vacuo. The red residue was then washed with diethyl ether (3
x 10 mL) and ethanol (3 x 10 mL). Isolated yield = 0.221 g (89 %). 'H NMR (CDCls, 500 MHz,
22 °C): 8 9.10 (s, 2H, Car-H), 8.43 (d, 2H, Jun = 8.3 Hz, Ca,-H), 8.00 (d, 2H, Juu = 8.1 Hz, Ca-
H), 7.92-7.81 (m, 2H, Car-H), 7.65 (app t, 2H, Jun = 7.5 Hz, Car-H), 7.48 (s, 2H, Car-H), 7.36 (s,
2H, Car-H), 2.60 ppm (s, 6H, CH3). *C{!H} NMR (CDCl3, 500 MHz, 22 °C): § 154.0 (CaH),
139.9 (CarH), 133.0 (Car), 132.6 (CaH), 130.0 (CacH), 127.8 (CaH), 126.3 (Car), 125.6 (CacH),
122.4 (CaH), 116.24 (Car), 113.3 (Car), 109.2 (CaH), 107.1 (CarH), 23.0 ppm (CH3). UV-Vis
(DMF): & (¢) 265 (22 300), 274 (sh), 319 (13 600), 339 (11 250), 358 (7 500), 398 (sh), 498 nm (4
100 M-'em™). Anal. Caled for CasH2oN3NiCl: C, 68.27; H, 4.09. Found: C, 68.28; H, 4.11.

Synthesis of (MePhenNNNPhenMeypqCl (L3-PdCl): To a stirred solution of L3 (0.22 g, 0.55
mmol) in THF (10 mL), PA(COD)CI: (0.14 g, 0.50 mmol), and NaO7Bu (0.050 g, 0.53 mmol) were
added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The red residue was then washed with diethyl
ether (3 x 10 mL) and ethanol (3 x 10 mL). Isolated yield = 0.211 g (78%). '"H NMR (CDCls, 500
MHz, 22 °C): 6 9.38 (s, 2H, Ca-H), 8.50 (d, 2H, Juu = 8.3 Hz, Car-H), 8.08 (d, 2H, Jun = 7.9 Hz,
Car-H), 7.94-7.87 (m, 2H, Ca-H), 7.72 (app t, 2H, Jun = 7.4 Hz, Car-H), 7.67 (s, 2H, Ca-H), 7.53
(s, 2H, Car-H), 2.66 ppm (s, 6H, CH3). *C{'H} NMR (CDCl3, 500 MHz, 22 °C): & 151.8 (Ca.H),
132.8 (CaH), 130.0 (CaH), 128.2 (Ca:H), 122.7 (CarH), 22.9 ppm (CH3). The poor solubility of

L3-PdCl precluded assignment of all peaks in the *C{'H} NMR spectrum. UV-Vis (DMF): A (¢)
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266 (31 350), 318(16 200), 335 (10 550), 397 (3 800), 496 nm (5 350 M-'em™). Anal. Calcd for
C2sH20N3PdCls(CHCL3): C, 52.80; H, 3.21. Found: C, 52.72; H, 3.01.

Synthesis of (MePhenNNNPhenMeypCl (L3-PtCl): To a stirred solution of compound L3 (0.22
g, 0.55 mmol) in THF (10 mL), Pt(COD)Cl; (0.14 g, 0.5 mmol), and NaO7Bu (0.050 g, 0.53 mmol)
were added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The red residue was washed with diethyl ether
(3 x 10 mL) and acetonitrile (3 x 10 mL). Solubility of the L3-PtCl was generally poor in all
organic solvents. Isolated yield = 0.226 g (65 %). 'H NMR (CDCls, 300 MHz, 22 °C): § 9.58 (s,
2H, Car-H), 8.45 (d, 2H, Jun = 8.3 Hz, Car-H), 8.07 (d, 2H, Jun =7.9 Hz, Car-H), 7.93-7.86 (m,
2H, Ca-H), 7.77-7.60 (overlapped m, 4H, Car-H), 7.47 (s, 2H, Ca-H), 2.65 ppm (s, 6H, CH3).
BC{'H} NMR (CDCl3, 500 MHz, 22 °C): 8§ 151.0 (CaH), 140.0 (CaH), 132.7 (CaH), 129.9
(CarH), 128.3 (CaH), 126.2 (Ca/H), 122.7 (CaH), 22.9 ppm (CH3). Six aromatic carbon signals
could not be assigned in the '*C NMR spectrum due poor solubility. Anal. Calcd for C2sH2oN3PtCl:
C, 53.47; H, 3.20. Found: C, 52.83; H, 3.31.

Synthesis of (BuPhenNNNQUnH)NjC] (L4-NiCl): NiCl*6H2O (0.14 g, 0.53 mmol) and NaO7Bu
(60 mg, 0.55 mmol) were added as solids to a solution of L4 (0.2 g, 0.53 mmol) in CH>Cl (10
mL) and the mixture stirred vigorously at 50 °C for 12 h. The resulting red suspension was allowed
to cool and the volatiles removed in vacuo. The residue was then washed with diethyl ether (3 x
10 mL) and ethanol (3 x 10 mL). While the solubility of L2-NiCl is poor in general, it was observed
L4-NiCl to be highest in CHCl3 compared with other common organic solvents. Isolated yield =
0.183 g (74 %). 'H NMR (CDCls, 300 MHz, 22 °C): 8 9.12 (s, 1H, Car-H), 8.75 (d, 1H, Car-H),

8.55 (d, 1H, Car-H), 8.16 (d, 1H, Car-H), 8.02 (d, 1H, Car-H), 7.91 (t, 1H, Car-H), 7.77-7.62 (m,
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3H, Car-H), 7.55 (d, 1H, Ca-H), 7.51-7.41 (overlapped m, 2H, Ca-H), 7.29 (t, 1H, Jun = 5.4 Hz,
Car-H), 6.97 (d, 1H, Car-H), 1.53 ppm (s, 9H, C(CH3)3).
Synthesis of (‘BH-PrenNNNQuinH)pgCl (L4-PdCl): To a stirred solution of L4 (0.20 g, 0.53 mmol)
in 10 mL of THF, Pd(COD)Cl, (0.15 g, 0.53 mmol), and NaO7Bu (0.060 g, 0.55 mmol) were
added, and the mixture stirred vigorously at 70 °C for 12 h. The resulting red suspension was
allowed to cool, and the volatiles removed in vacuo. The residue was then washed with diethyl
ether (3 x 10 mL) and ethanol (3 x 10 mL). Solubility is similar to L.4-NiCl. Isolated yield = 0.228
g (83 %). 'TH NMR (CDCls, 500 MHz, 22 °C): 8 9.37 (s, 1H, Car-H), 9.04 (d, 1H, Ca-H), 8.61 (d,
1H, Car-H), 8.24 (d, 1H, Car-H), 8.10 (d, 1H, Car-H), 7.99-7.88 (m, 2H, Car-H), 7.83 (s, 1H, Car-
H), 7.79-7.69 (m, 2H, Car-H), 7.54 (t, 1H, Car-H), 7.46-7.38 (overlapped m, 1H, Car-H), 7.10 (d,
1H, Car-H), and 1.57 ppm (s, 9H, C(CH3)3).
Synthesis of (Bw-PhenNNNQuinH)pqCl (L4-PdOAc): To a stirred solution of L4 (0.20 g, 0.53
mmol) in 10 mL of THF, Pd(OAc): (0.17 g, 0.60 mmol was added, and the mixture stirred
vigorously at 70 °C for 12 h. The resulting red suspension was allowed to cool, and the volatiles
removed in vacuo. The residue was then washed with diethyl ether (3 x 10 mL) and ethanol (3 x
10 mL). Solubility is similar to L4-NiCl. Isolated yield = 0.228 g (86 %). 'H NMR (CDCl3, 500
MHz, 22 °C): 8 8.63 (s, 1H, Car-H), 8.55 (d, 1H, Car-H), 8.29 (d, 1H, Car-H), 8.19 (d, 1H, Car-H),
8.00 (d, 1H, Car-H), 7.89 (t, 1H, Car-H), 7.81 (s, 1H, Car-H), 7.75 (s, 1H, Car-H), 7.71-7.60 (m,
1H, Car-H), 7.47 (t, 1H, Car-H), 7.40-7.33 (overlapped m, 1H, Ca-H), 7.02 (d, 1H, Car-H), 2.33
(s, 3H, O-CH3) and 1.53 ppm (s, 9H, C(CHs)3).
2.6.1. Computational Details:

All calculations were carried out using the Gaussian 09 program package.*! Initial geometries

were taken from X-ray crystallographic data and were optimized with M06/6-31+G(d,p) method.
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Vibrational frequencies were computed at the same level to identify structures as energy minimum
or transition state structures and to evaluate zero-point vibrational energies (ZPVE) and thermal
energies at 298 K. Solvation effects (CH2Clo) were modeled using the SMD approach. SMD-
TDDFT calculations were conducted using M06/6-31+G(d,p) with solvent equilibration. The first
50 states were considered in all SMD-TDDEFT calculations to cover UV and visible range of the

spectrum.
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Chapter 3: Luminescent Platinum(II) Complexes of N*N"*N Amido Ligands
with Benzannulated N-Heterocyclic Donor Arms

3.1. Abstract:

A platform for investigating the impact of m-extension in benzannulated, anionic pincer-
type N*N"N-coordinating amido ligands and their Pt(II) complexes is presented. Based on bis(8-
quinolinyl)amine, symmetric and asymmetric proligands bearing quinoline or m-extended
phenanthridine (3,4-benzoquinoline) units are reported, along with their red-emitting,
phosphorescent Pt(II) complexes of the form (NN "N)PtCl. Comparing the photophysical
properties of complexes of (quinolinyl)amido ligands with those of =n-extended
(phenanthridinyl)amido analogs revealed a counter-intuitive impact of site-selective
benzannulation. Contrary to conventional assumptions regarding m-extension, and in contrast to
isoenergetic lowest energy absorption bands and a red shift in fluorescence from the organic
proligands, a blue shift of nearly 40 nm in the emission wavelength is observed for Pt(Il)
complexes with more extended bis(phenanthridinyl) ligand n-systems. Comparing the ground state
and triplet excited state structures optimized from DFT and TD-DFT calculations, we trace this
effect to a greater rigidity of the benzannulated complexes, resulting in a higher energy emissive

triplet state, rather than to a significant perturbation of orbital energies caused by m-extension.

3.2. Introduction:

The utility of phosphorescent platinum(Il) complexes in chemosensing,!-? bioimaging,-
and light-emitting diodes®® is owed both to the large spin-orbit coupling (SOC) constant of the
third row transition metal, which promotes the formally forbidden T1—Sy radiative process, and

to a well-developed coordination chemistry where ligand design is used to control color and
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enhance emission.!%!! Amongst the most brightly luminescent Pt(IT) complexes, cyclometallating
ligands predominate, particularly those based on 2-phenylpyridine (ppy).'*!'* Tridentate
derivatives'>-!? that combine N-heterocycles and C-metallated aryl rings have also been reported
as shown in Figure 3.1). In such ligand sets, the synergistic combination of strong c-donation (C—
Pt bond) and the m--accepting nature of the heterocycle stabilizes charge-transfer (CT) excited
states over metal-centreed (MC) ones, limiting undesirable non-radiative decay and ligand
photolability through population of d orbitals with metal-ligand anti-bonding character.?’ The
multidentate, chelating ligand arrangement also increases the rigidity of the complex, suppressing
excited-state distortions that can contribute to non-radiative decay pathways. This may have an
additional effect, too, of enhancing color purity by reducing contributions from longer-wavelength
Franck-Condon vibrational components, often particularly desirable in the design of OLED
emitters.?!"?2 These frameworks also increase the stability of a complex, important in high
temperature processing common to device fabrication by evaporation.??

Once a promising ligand framework has been identified, tuning the photophysical
properties commonly involves either substitution of a ligand with donor/acceptor groups or
expansion of a ligand’s conjugated m-system. Both strategies are understood to impact
absorption/emission spectra by influencing the relative energies of the frontier orbitals
(HOMO/LUMO), though not always in an obvious manner. For example, despite the prevailing
expectation that extending m-conjugation via benzannulation of aromatic molecules or ligands will
induce bathochromic (red) shifts in absorption/emission spectra by stabilizing ligand-based m*
acceptor orbitals, both red and blue shifts in absorption/emission bands have been recorded for
Pt(IT) complexes of benzannulated derivatives of 1,3-bis(2-pyridylimino)isoindoline (BPI) ligands

(Figure 1b).?*2% Using a series of benzannulated (BPI)PtCl complexes, Thompson and colleagues?’
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detailed a general theoretical framework for understanding and predicting the direction of energy
shifts caused by benzannulation. In that paradigm, the site of benzannulation is critical and the
shift in absorption/emission energy can be traced to a selective stabilization or destabilization of
the HOMO or the LUMO.

With this background in mind, the bis(quinolinyl)amido (BQA) ligand attracted our
attention as an alternative NN "N-binding ligand, potentially well-suited to the construction of
Pt(II)-based emitters (Figure 1¢).28-3! First, this tridentate, pincer-like amido ligand bears two all-
sp? quinolinyl heterocyclic donor arms and forms robust, square planar coordination compounds
with Group 10 elements with 5-membered chelate rings (in contrast to the 6-membered rings of
Pt(BPI)C1).?® Second, unlike N"\C"N cycloplatinated complexes, which often require forcing
conditions to prepare and which incorporate a central carbon donor whose strong trans influence
can labilize trans disposed ligands,*? ligands that feature anionic amido donors can be installed
following more accessible deprotonation of an N—H group. Third, the strong, rigid, planar binding

of the tridentate ligand suggests that a triplet state populated by light absorption might exhibit only

a C| b C| ¢
A NN h N/Pt\N g
%@ (< 4 _
(dpyb)PtCI (BPI)PtCI (BQA)PiCI

Figure 3.1. Structures of (a) (dpyb)PtCl featuring an N"C"N-coordinating, tridentate
cyclometallated ligand, dpybH = 1,3-di(2-pyridyl)benzene; (b) (BPI)PtCl containing an N*N~N-

coordinating tridentate ligand, BPI = 1,3-bis(2-pyridylimino)isoindoline; (c) (BQA)PtCl-derived
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complexes containing benzannulated, tridentate NN~ N-coordinating ligands with either quinolinyl

or phenanthridinyl donor arms, BQA = bis(8-quinolinyl)amine.

small structural distortions in the excited state, potentially favoring emission over non-radiative
decay processes. Finally, thinking of bis(quinolinyl)amine as a framework, the quinolinyl arms
provide a conceptual site for benzannulation to 3,4-benzoquinoline (phenanthridine) where the
site-selection for m-extension should not impact the coordinating ability of the tridentate ligand;
such modification contrasts with 2,3-benzannulation, for example, that converts quinoline to
acridine. In this chapter I report the synthesis and luminescence properties of Pt(Il) complexes of
BQA pincer-type amido ligands and their benzannulated analogs. For this ligand design, neither
of the prevailing predictive paradigms for understanding the impact of benzannulation on
photophysical properties is appropriate: absorption and emission are not impacted in the same

direction by benzannulation.

3.3. Results and Discussion:
3.3.1. Ligand Design:

Taking bis(8-quinolinyl)amine as the conceptual starting point, targeted synthesis of
methyl-substituted bis(8-(6-methyl)quinolinyl)amine (L5) and bis(4-(2-
methyl)phenanthridinyl)amine (L6) proligands, together with a “mixed” analog that incorporates
one quinoline and one phenanthridine (L3). These compounds were prepared via Pd-catalyzed
Buchwald-Hartwig coupling of methyl-substituted amino/bromoquinolines and phenanthridines
as shown in Scheme 3.1. 6-(Methyl)quinolines amenable for cross-coupling were accessible via
the Skraup reaction,®® while 2-methylphenanthridine derivatives were assembled using one-pot

Suzuki coupling/condensation reactions.>* In both cases, methyl substitution improves precursor
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yields over unsubstituted derivatives. Proligand synthesis proceeded efficiently and the bis(/N-
heterocyclic)amines L5 and L6 were isolated in high yields (80-90%) as yellow solids following

chromatography. L3 has been previously described.>?

Br AN _‘ I N N 'Tl N z |
N\ 4 N/ N
= NH,
L5
O Conditions

Br aorb ~N H N~
Ny _ | N
+ N
= NH,
L6
0
L3

Scheme 3.1. Synthetic routes to proligands L5, L6 (conditions @) and L3 (conditions b)*® and their

corresponding Pt(II) complexes LS5-PtCl, L6-PtCl and L3-PtCl. Conditions: a: Pdx(dba)s, rac-

BINAP, NaO7Bu, toluene, 150 °C; b: Pd(OAc),, dppf, NaO(tert-pentoxide); toluene, 150 °C.

3.3.2: Platinum Metal Complexes of N*N "N Ligands:

The NN "N-coordinated Pt(I[) complexes (L5-PtCl, L6-PtCl, L3-PtCl from LS5, L6, L3
respectively) were prepared upon reaction of the appropriate proligands with Pt(COD)Cl; in

refluxing dichloromethane, in the presence of a sodium alkoxide base as shown in Scheme 3.2.
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The complexes precipitated over the course of the reaction as deep red solids. Their solubility is
generally poor in standard organic solvents and benzannulation was found to further decrease the
solubility. Nevertheless, 'H NMR spectroscopy in solution could be used to verify ligand
coordination, which was followed by the shift of the diagnostic [CH] resonance in the 6-position
of the phenanthridinyl arms of L6 and L3 as shown in Table 3.1. Compound structures could
thereby be confirmed by NMR spectroscopy, and their purity was established by elemental
analysis.

Table 3.1. Diagnostic phenanthridinyl “imine-like” [N=CsH] resonances for L5, L6 and L3 and

L5-PtCl, L6-PtCl and L3-PtCl. ® in CDCI3, 295 K, 300 MHz.

Resonance? L5 L6 L3

8 ("H) Cs— H /ppm 8.88 9.27 9.29

L5-PtC1 | L6-PtCl | L3-PtCl

8 ("H) Cs— H /ppm 9.14 9.50 9.58
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Scheme 3.2. Synthetic routes to metal complexes L5-PtCl, L6-PtCl and L3-PtCl using proligands

LS5, L6 and L3 respectively.

3.3.3: X-ray Crystallography studies:

The crystal structure of L5-PtCl is shown in Figure 3.2a (the structure of L3-PtCl was
previously reported*®). In the solid state, the ligands are rigidly planar and bind meridionally to the
metal centre. The three nitrogen donor atoms of the ligands are coplanar with the coordinated metal
atom, resulting in an essentially flat molecular structure. The structure of L5-PtCl does not include
any solvent in the crystal lattice, while crystals of complex L3-PtCl suitable for X-ray diffraction
could only be obtained with a co-crystallized molecule of chloroform?> as shown Figure 3.2d. In

the structure of L5-PtCl, close intermolecular nt- interactions are observed (~3.3 A), while only
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hydrogen bonding with co-crystallized CHCIl3 can be seen in the structure of L3-PtCl. The
decreasing solubility in the order L5-PtCl > L6-PtCl > L3-PtCl is presumably attributable to
similar m-7 interactions as seen in the structure of L5-PtCl, likely enhanced by benzannulation.
Crystals with sufficient long-range order for good diffraction could only be obtained if these
intermolecular interactions could be disrupted, for example, through inclusion of a hydrogen bond
donor solvent in the crystal lattice. As solids, all three platinum complexes show high thermal
stability, which varies a little with the degree of benzannulation: 5% weight reduction was
observed at temperatures of 386 °C (LS5-PtCl), 430 °C (L6-PtCl) and 378 °C (L3-PtCl),

respectively as shown in Figure 3.3.
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Figure 3.2. Solid-state structure of L5-PtCl shown (a) perpendicular to the metal square plane,
and (b) along the CI-Pt—N(2) axis. Thermal ellipsoids are shown at 50% probability and hydrogen
atom labels are omitted for clarity. Packing diagrams for (¢) L5-PtCl and (d) L3-PtCl with thermal
ellipsoids shown at 50% probability levels. Close n-n interactions are noted for L5-PtCl, while
hydrogen bonding interactions with co-crystallized chloroform solvent molecule are shown for

L3-PtCl.
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Selected bond distances (A) and angles (°): CI(1)-Pt(1) 2.339(1), N(1)-Pt(1) 1.998(4), N(2)-Pt(1)
1.971(4), N(3)-Pt(1) 2.000(4), N(1)—C(1) 1.329(6); N(1)-Pt(1)-N(3) 165.23(17), N(2)-Pt(1)-CI(1)
179.42(11), N(1)-Pt(1)-CI(1) 97.55(12), N(3)-Pt(1)-CI(1) 97.10(12), N(2)-Pt(1)-N(1) 82.56(16),

N(2)-Pt(1)-N(3) 82.77(16), C(6)-N(2)-C(16) 130.7(4).
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Figure 3.3. TGA traces of Platinum complexes L5-PtCl, L6-PtCl and L3-PtCl.

3.3.4: Photophysical Properties:

Absorption and emission spectra for the three proligands in dichloromethane solution at
room temperature are shown in Figure 3.4 and associated data are compiled in Table 3.2. In its
absorption spectrum, the bis(quinolinyl)amine proligand L5 displays two main bands, one deep in
the UV region at 270 nm and a longer wavelength band extending into the visible region, centreed
at 403 nm. The bis(phenanthridinyl) analogue L3 has a similar, but broader, long-wavelength band
with a blue-shifted Amax (388 nm), an intense band at 253 nm, and a band at 299 nm that has no

counterpart in the spectrum of LS. The “mixed” quinoline-phenanthridine system L6 shows
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features corresponding to both LS and L3; in fact, its spectrum is nearly identical to that simulated
from an average of L5 and L3 as shown Figure 3.5. While the peak maximum of the long
wavelength band appears blue shifted in the phenanthridine-containing systems L6 and L3 relative
to that of the bis(quinolinyl)amine L5, it should be noted that this band tails further into the visible
for L6 and L3, with higher absorption at A > 415 nm, suggesting that the lowest energy transitions
may indeed be lower in energy in the phenanthridine proligands with their more extended n
systems. For comparison, the first-excited singlet state energies (Es) of quinoline and

phenanthridine are 31850 and 28590 cm™! respectively.3¢
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Q 1- Pz 1 - L3
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Figure 3.4. (a) UV-visible absorption spectra of proligands LS5, L6 and L3 in CH>Cl solution at

295+1 K; Photoluminescence spectra in (b) CH>Cl solution at 295+1 K and (c) EPA at 77 K.

Table 3.2. Absorption and emission data of proligands!®! and Pt(Il) complexes!®!

Absorption Emission 77K
1 Emission ko®?
;umax/nm (8 / IIlM 1 c ¢]um e kr Eknr _ _
cm_l) ;\.max/nm[ ] (%)Ic d] T/ l'lsl ] /103 S—llfl /105 s_][g] /109 1[\11/{ 1 S 1 Amax/NM T/ns
269 (28.4), 344 (i
L5 (3.2). 403 (9.8) 474 0.55 -- - - -- 431, 451 3.5
254 (26.0), 264 ‘
L6 (27.1), 310 (7.4), 503 0.25 --[il - - -- 441, 461 3.8
395 (9.0)
L3 253(65.2), 299 485 0.20 il - . - 447,471 32

(22.0), 308 (sh), 388
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(15.9)

301 (35.3), 340

L5-PtC1  (6.0), 356 (4.9), 381 738 0.081 [1283000] 0.49 5.6 1.7 696,763 2200
(1.6), 501 (9.2)
284 (23.7), 315
_ (21.8), 338 (15.3), 1000
L6PCl 20 0 405 (5.0, 740 0.13 [180] 1.3 10 2.1 692,756 3000
502 (8.5)
265 (28.0), 321
] (16.1), 338 (13.6), 2500
L3PCL 500 5405 (0.6, 703 018 o 0.72 4.0 22 663,727 18300

503 (4.9)

[a] Tn CH2Cl> at 298+1 K and in EPA (diethyl ether/isopentane/ethanol, 2:2:1 v/v) glass at 77 K; Aex = 400 nm. ! In
degassed CH2Clz at 295+1 K, except where indicated otherwise. ! Emission maxima and photoluminescence quantum
yields @um determined from spectra recorded using a Synapse CCD detector. [{lMeasured in deoxygenated solution
(L5-PtCl, L6-PtCl and L3-PtCl), using [Ru(bpy)3]Clag) as the standard. ! Luminescence lifetimes in deoxygenated
solution (L5-PtCl, L6-PtCl and L3-PtCl). Values in air-equilibrated solution are given in square parenthesis. [
Radiative (k) and non-radiative (Xknr) rate constants estimated from quantum yield and lifetime, assuming unitary
population of the emissive state upon light absorption: k ~ ®/1; ku ~ (1-®) /1. ¢ Bimolecular Stern-Volmer
constant for quenching by molecular oxygen, estimated from the lifetimes in deoxygenated and air-equilibrated
solution, and assuming [O2] = 2.2 mmol dm™ at atmospheric pressure of air. ™ In diethyl ether / isopentane / ethanol
(2:2:1 v/v). 1 Emission spectra at 77 K were recorded using a Hamamatsu R928 PMT detector. I The lifetimes of the

proligands are probably < 1 ns but the intensity is too weak to allow reliable deconvolution from the instrument

response and a precise value to be obtained.
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Figure 3.5 a) The UV-vis absorption spectrum in CH2CI2 at 295 K of the quinoline- phenathridine
proligand L6 (purple) and the spectrum simulated by taking an average of the spectra of the
corresponding bis-quinoline and bis-phenanthridine proligands L5 and L3 respectively (grey).
b) The UV-visible absorption spectrum in CH>Cl, at 295 K of the quinoline-phenathridine Pt(II)
complex L6-PtCl (purple) and the spectrum simulated by taking an average of the spectra of the

corresponding bis-quinoline and bis-phenanthridine complexes L5-PtCl and L3-PtCl respectively

(grey).

Time-dependent density functional theory (TD-DFT) analysis assigns the lowest energy
transition for all three proligands as HOMO—LUMO in nature were shown in Figure 3.6 and data
is tabulated in Tables 3.3-3.5. Population analysis shows the HOMOs are comprised largely of the
amino (N-H) lone pair, with contributions from the hydrocarbon portions of the heterocycle arms
(shown in Figure 3.7 and Figure 3.8; Tables 3.6 — 3.8). Interestingly, for both L6 and L3, the

HOMO does not significantly include any orbital density located on the most distal fragments of
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the benzannulated ligand moieties, i.e., at the site of benzannulation. In contrast, the LUMOs of
all three proligands are comprised of out-of-phase (n*) contributions from the N-heterocycle n
systems; the LUMO of L6 (and L3) are heavily influenced by benzannulation. The distinctive
bands at 299 nm in the spectra of phenanthridinyl-containing L6 and L3, but absent from the
spectra of L5, arise primarily from HOMO—-1—-LUMO transitions. The HOMO-1 orbitals of L6
and L3 are higher in energy than in L1, and this transition is therefore likely buried deeper in the
UV for the smallest ligand LS. The contribution from the phenanthridinyl moiety is clear here -
the HOMO-1 of the asymmetric L6 is mostly located on the phenanthridine moiety, with very

little contribution from the quinolinyl arm.
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Figure 3.6. TD-DFT simulated spectrum and vertical excitation energies (bottom) with the

experimental spectrum (top) of a) LS b) L6 and ¢) L3 in CH2CI2 (SMD-M06/LANL2DZ/

/SMDMO062x/LANL2DZ)).
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Table 3.3. TD-DFT predicted vertical excitation energies, oscillator strengths (f> 0.01)

and MO contributions (>10%) for L5-PtCl.

No. EleV f ’Orbital Transition  Contribution (%)

3 393 0.103 H-->L+2 87
7 442 0.010 H-5-->L 14
H-1-->L 72

9 472 0197 H-3-->L+1 16
H-2-->L 51
H-->L+3 12
H-3-->L 58

11 482 0.351 H-->L+4 64
H-5-->L 20
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Table 3.4. TD-DFT predicted vertical excitation energies, oscillator strengths (f> 0.01)

and MO contributions (>10%) for L6-PtCl.

No. EleV “f  Orbital Transition  Contribution (%)
2 326  0.061 H-->L+1 96
4 397 0052 H-->L+3 86
6 426 0012 H-5-->L
H-5-->L+1 11
H-4-->L 23

9 4.49 0.219 H-->L+4 81

11 4.68 0.352 H-2-->L+1 59
H-1-->L 13
H-1-->L+1 10

13 4.81 0.454 H-2-->L 14
H-1-->L+2 55
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Table 3.5. TD-DFT predicted vertical excitation energies, oscillator strengths (f> 0.01)

and MO contributions (>10%) for L3.

No. EleV f  Orbital Transition _ Contribution (%)

2 3.19 0.102 H-->L#1 97

4 3.70 0.025 H-->L+3 88

H-2-->L+1
H-1-->L 49

11 444 0405 H-->L+4 77

14 468 0015 H-2-->L+1 18
H-1-->L 11
H-->L+5 56

H-3-->L
H-1-->L+2 42
H-->L+5 15

18 496 0016 H-5->L+3 13
H-4-->L+2 21
H-3-->L+3 21
H-1-->L+3 24
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Figure 3.7. Relevant ground state MOs of LS, L6, L3 (isosurface

SMDMO06/LANL2DZ//SMD-M062x/LANL2DZ)

e

Figure 3.8. Diagram of assigned fragment contributions for LS, L6 and L3
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Table 3.6. Fragment contributions (%) to the ground state MOs of L1 using the Hirshfeld

atomic population method (SMD-MO06L/6-31+G(d,p)//SMD-O3LYP/6-31+G(d,p)).

L1 E(eV) NH A A’ B B’
L+4 -0.29 2 33 33 15 15
L+3 -0.50 0 29 29 19 19
L+2 -0.59 0 29 29 19 19
L+1 1.25 3 14 14 34 34
A8 1 L2222 g _Z_ L
H ’5.50 20 34 34 5 5
H-1 -6.76 2 33 33 14 14
H-2 7.21 1 34 34 13 13
H-3 7.23 0 32 32 16 16
H-4 7.37 3 9 9 39 39

Table 3.7. Fragment contributions (%) to the ground state MOs of L2 using the Hirshfeld

atomic population method (SMD-MO06L/6-31+G(d,p)//SMD-O3LYP/6-31+G(d,p)).

L2 E(eV) NH A A’ B B’ C
L+4 -0.10 1 42 6 19 5 24
L+3 -0.54 0 1 57 0 37 0
L+2 -1.04 2 32 4 21 10 31
L+1 -1.40 2 12 18 14 33 19
IS S R S N ¥ A A R 7S [N VA R ¥
H -5.50 21 33 35 4 5 1
H-1 -6.65 0 42 6 17 2 29
H-2 -6.79 1 33 26 11 12 14
H-3 -7.21 1 2 63 1 27 1
H-4 -7.37 3 6 12 27 51 1

Table 3.8. Fragment contributions (%) to the ground state MOs of L3 using the Hirshfeld

atomic population method (SMD-MO06L/6-31+G(d,p)//SMD-O3LYP/6-31+G(d,p)).

L3 | E@eV) | NH A A’ B B’ C c
L+4 | -0.16 1 24 24 11 11 13 13
L+3 | -0.99 2 17 17 15 | 15 | 17 17
w2 | 117 1 23 23 7 7 19 19
L+1 | -1.48 1 10 10 | 21 21 18 18

I e T A I I e A A - SO
H 5.49 | 21 33 33 5 5 1 1
H1 | -6.62 0 24 24 10 | 10 | 14 14
H2 | -6.67 0 23 23 8 8 18 18
H3 | -6.81 1 28 28 11 11 11 11
H4 | -7.39 2 9 9 38 | 38 2 2
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The proligands are weakly fluorescent in solution at room temperature, each displaying a
broad unstructured emission band with Amax in the range 474 — 518 nm, quantum yields < 1% and
lifetimes < 1 ns at room temperature (shown in Figure 3.4b, Table 3.1). Considering the impact of
benzannulation, the bis(quinolinyl)Jamine proligand LS emits at higher energy than the
phenanthridine analogues L6 and L3, in line with the aforementioned differences in Es for
quinoline and phenanthridine. Comparing the room temperature and low temperature spectra, the
red shift of the mixed quinoline—phenanthridine proligand L6 relative to L3 at ambient temperature
might be explained in terms of more pronounced charge-transfer character between the different
aromatic arms (quinoline—phenanthridine), evident in transitions involving the frontier orbitals in
the asymmetric L6, which is destabilized at 77 K as shown in Figure 3.4c.

Photophysical data for the corresponding platinum complexes are compiled in Table 1. The
most striking difference in the spectra of the metal complexes compared to the corresponding
proligands is the appearance of an intense, broad band centered close to 500 nm. This band
evidently accounts for the strong, deep red color of the complexes. The substantial displacement
of the band to lower energy by some 5000 cm™! relative to the lowest energy band in the proligands
is intuitively consistent with the deprotonation of the amine N—H that accompanies complexation.
This would be expected to increase the energy of highest occupied orbitals, while the vacant
heterocycle-based ©* orbitals may be conversely lowered in energy upon binding to Pt(II). The
resulting decrease in the frontier orbital energy gap would produce the observed red shift, very
much in line with those observed for BPI ligands (as shown in Figure 3.1) upon binding to

transition metal ions.2> 2’
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Figure 3.9. (a) UV-visible absorption spectra of Pt(II) complexes L5-PtCl, L6-PtCl and L3-PtCl
in CH2Cls solution at 295+1 K; Photoluminescence spectra in (b) CH2Cl, solution at 295+1 K and

(c) EPA at 77 K.

As with the proligands, the main difference between the bis(quinolinyl) complex L5-PtCl
and bis(phenanthridinyl) complex L3-PtCl is the stronger absorption of the latter in the 300—
350 nm region. The “mixed” quinoline-phenanthridine system L6-PtCl again has an absorption
spectrum that closely matches that simulated from the average of L5-PtCl and L3-PtCl as sown
in Figure 3.5. All of the complexes are luminescent in deoxygenated solution at room temperature,
emitting in the deep red / near-infrared region of the spectrum as shown in Figure 3.9b and Table
3.2. The emission tails into the 800—-1000 nm region, a part of the spectrum where the sensitivity
of conventional photomultiplier tubes falls off steeply. The recording of the emission spectra was
better achieved using a CCD detector (see Experimental Section for details).

The spectra each show a single, unstructured band that is relatively narrow compared to
many red/NIR-emitting transition metal-based phosphors (FWHM ~ 2300 cm™!).3740 Interestingly,
and counterintuitively, amongst the series L5-PtCl, L6-PtCl and L3-PtCl, the

bis(phenanthridinyl) complex L3-PtCl unequivocally emits at higher energy than the quinoline-
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containing complexes, despite the more extended conjugation of phenanthridine compared to
quinoline and the isoenergetic absorption maxima. Furthermore, the spectrum of the mixed
quinoline-phenanthridine L6-PtCl is essentially identical to that of bis(quinoline) LS5-PtCl,
suggesting that the emissive excited state in the former involves the quinoline rather than the
phenanthridine. At 77 K, a vibrational 0,1 band is resolved to low energy of the main 0,0
component in each case,*! but the trend in emission energies L3-PtCl > L6-PtCl ~ L5-PtCl is
retained as shown in Figure 3.9c. This counterintuitive trend is reminiscent of an unexpected blue-
shift, observed by Thompson and co-workers, in the phosphorescence of Pt(N*C-dbq)(dpm)
compared to Pt(N"C-bzq)(dpm), where dbq and bzq are cyclometallated dibenzo[f,#]quinoline and
benzo[A]quinoline respectively (dpm = O"O-coordinated dipivolylmethanoate),*> and in
benzannulated Pt(BPI)CI complexes.?’ In those cases, however, the impact of benzannulation on
absorption matched that on emission. We also observed a similar effect in the luminescence of
dinuclear Cu(I) complexes [(P"N)Culz(u-X)> with P N-coordinating phosphine-pyridine ligands
based on quinolines and phenanthridines (X = halide): the luminescence of the more conjugated
phenanthridine-based complexes was blue-shifted relative to the quinoline analogues.** Here, the
absorption maxima are unchanged by benzannulation, while emission is starkly affected. We
return to the likely origin of this effect in the next section. The luminescence lifetimes in
deoxygenated solution are of the order of a microsecond (Table 3.2), which is quite typical of
cyclometallated Pt(II) complexes and indicative of phosphorescence from a formally forbidden
triplet state that is facilitated by the spin-orbit coupling associated with the metal. The lifetimes
are an order of magnitude shorter in air-equilibrated solutions, indicating quenching of the triplet
excited state by molecular oxygen: the bimolecular rate constants for quenching are around 2 x

10°M1sh,
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The luminescence quantum yields are in the range of 0.1-0.2 %. A close match of the
excitation spectra with the absorption spectra suggests that the emitting triplet state forms with
high efficiency, irrespective of the state to which light absorption occurs (as typically observed in
most phosphorescent Pt(I) complexes thanks to efficient intersystem crossing to the triplet state).
Quantum yields are then determined by the relative values of the radiative & and non-radiative
> kur rate constants. Assuming that the emitting state is indeed formed with unitary efficiency, they
can be estimated as follows: & = ® / T and Y knr = (7! — k). The values thus obtained are compiled
in Table 3.2. From these data, it can be seen that the low quantum yields are a combined result of
low k: values in the range 500-1300 s~! and high Y kur up to 10° s7!. In contrast, the most efficient
red-emitting Pt(I[) complexes reported to date (albeit emitting at shorter Amax ~650 nm) have k:
values almost two orders of magnitude higher and Y kur up to two orders of magnitude lower.* The
low k: values may reflect a relatively low degree of metal character in the triplet state, given the
highly conjugated nature of the organic ligand. Indeed, the systems bear some resemblance to the
units found in Pt(Il) phthalocyanines and Pt(II) porphyins, where quantum yields are limited by
low k.*! TD-DFT calculations lend support to this interpretation in terms of limited metal
character, as discussed in the next section. They also reveal substantial distortion of the excited
triplet state relative to the ground state, which could account for the large > knr values.

Amongst the three complexes, the highest ) knr value is found for that which emits at lowest
energy and vice versa, qualitatively in line with intramolecular vibrational deactivation of
electronic excited states and the “energy gap law”.*> There is no clear-cut trend in k. A smaller k:
for the highest-energy emitter L3-PtCl evidently limits the quantum yield, which is not

significantly higher than for L6-PtCl, despite having the lowest Y k. value.
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3.3.5. DFT Calculations:

Density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations were
carried out on the three complexes (L5-PtCl, L6-PtCl and L3-PtCl) to interpret the trends
observed in the photophysical properties. Inspecting the orbital densities of the frontier orbitals
and the LUMO-+1 illustrates the similarities between the sets of complexes (Figure 3.10 and Figure
3.11). For example, the HOMOs of all three Pt(II) complexes are comprised of nearly even
contributions from the metal centre, the amido 2p lone pair, and the C¢ ring of the N-heterocyclic
ligand arms (for Hirshfeld populations, see Figure 3.12 and Tables 3.9 —3.11). In comparison, the
unoccupied orbitals are almost completely localized on the CsN rings of the N-heterocycles, split
equally in the symmetric complexes (L5-PtCl / L3-PtCl) with the LUMO weighted more heavily

(64%) on the phenanthridinyl arm in the asymmetric complex (L6-PtCl).
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Figure 3.10. Orbital diagrams of the HOMO, LUMO and LUMO+1 of L5-PtCl, L6-PtCl and L3-
PtCl shown with isovalues of 0.02.
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Figure 3.11. Relevant ground state MOs of L5-PtCl, L6-PtCl and L3-PtCl (isosurface = 0.02;

SMDMO06/ LANL2DZ// SMD-M062x/LANL2DZ)

Figure 3.12. Diagram of assigned fragment contributions for L5-PtCl, L6-PtCl and L3-PtCl.

The major difference between the absorption spectra of the three metal complexes is the
appearance of additional prominent peaks at higher energy (300-430 nm) that grow in intensity
when comparing complexes of L6-PtCl and L3-PtCl, and therefore can be attributed to the
phenanthridinyl arms. TD-DFT (as shown in Figure 3.13 and Tables 3.12 - 3.14) assigns these to

HOMO—LUMO+2 transitions (2) and HOMO—LUMO+2/HOMO—LUMO+3 transitions (L3-
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PtCl). These virtual orbitals are largely m-anti-bonding combinations on the n-extended portion of
the phenanthridinyl ligand arms. The corresponding orbitals (LUMO+2) are at much higher energy

for the smaller quinolinyl nt-system of L5-PtCl, pushing these transitions further into the UV.

Table 3.9. Fragment contributions (%) to the ground state MOs of L5-PtCl using Hirshfeld atomic

population method SMD-MO06/LANL2DZ//SMD-M062x/LANL2DZ).

1 EeV) | Pt cl N A A’ B B’
L+a | -0.74 3 1 1 27 | 27 19 19
L+3 | 082 | 52 11 10 5 5 8 8
L+2 | 087 1 0 0 29 | 29 19 19
L+1 | -1.96 3 0 1 20 | 20 | 27 | =27

T e L e M S [ - S B
H -5.31 17 4 19" | 26 | 26 3 3
H1 | -6.65 | 40 0 1 13 | 13 16 16
H2 | -6.79 | of 1 2 1 1 2 2
H3 | -681 | 35 35 2 12 12 1 1
H4 | 696 | 32 59 1 1 1 3 3

Table 3.10. Fragment contributions (%) to the ground state MOs of L6-PtCl using Hirshfeld
atomic population method (SMD-MO06/LANL2DZ//SMD-M062x/LANL2DZ).

2 [Eev [ Pt [ cIl [ N [ A A [ B | B | C
L+4 | 079 | 20 4 4 2 | 37 | 3 | 27 | 1
L+3 | 081 | 35 7 7 3 | 23 [ 5 |18 0
+2 | 129 | 1 0 1 | 40 | 2 | 18 | 2 | 36
L+1 | 193 | 4 0 1 11 | 24 | 14 | 39 | 6
R I e S I A A e
H [ 531 | 16 4 19 | 26 [ 27 | 3 3 1
H1 | -663 | 38 0 1 12 | o [ 16 | 13 | 10
H2 | -6.80 | of 1 2 1 1 2 2 0
H3 | 680 | 34 | 31 2 | 12 | 14 | 2 2 1
H4 | 694 | 3 5 0 | 41 1 12 | 1 35
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Table 3.11. Fragment contributions (%) to the ground state MOs of L3-PtCl using Hirshfeld
atomic population method (SMD-MO06/LANL2DZ//SMD-M062x/LANL2DZ).

3 E(eV) Pt Cl N A A’ B B’ C C’
L+4 -0.78 53 11 11 4 4 8 8 1 1
L+3 -1.25 1 0 1 20 20 1 11 18 18
L+2 -1.32 0 0 0 22 22 8 8 20 20
L+1 -1.92 4 0 1 12 12 24 24 11 11
L |05 |Ca [0 1 _[6_|_6 [ % [ 26 15 15
H -5.29 16 4 20 26 26 3 3 1 1
H-1 -6.60 36 0 1 9 9 13 13 9 9
H-2 -6.78 32 28 1 14 14 2 2 2 2
H-3 -6.78 90 1 2 1 1 2 2 0 0
H-4 -6.93 3 0 0 23 23 7 7 17 17
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Figure 3.13. TD-DFT simulated spectrum and vertical excitation energies (bottom) with the
experimental spectrum (top) of L5-PtCl, L6-PtCl and L3-PtCl in CH2CI2 (SMD-MO06/

LANL2DZ//SMDMO062x/LANL2DZ)).
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Table 3.12. TD-DFT predicted vertical excitation energies, oscillator strengths (> 0.01)

and MO contributions (>10%) for L5-PtClL

No. EleV f Orbital Transition = Contribution (%)

3 243 0.012 H-->L 2l
4 245 0.326 H-->L+1 99
13 3.50 0.086 H-->L+2 94
16 3.61 0.031 H-1-->L 25
H-->L+4 65

17 3.64 0.014 H-2-->L 91
22 3.68 0.240 H-1-->L 66
H-->L+4 20

28 3.87 0.053 H-3-->L+1 92
30 3.91 0.036 H-4-->L 18
H-3-->L 24

H-1-->L+1 51

31 3.95 0.012 H-4-->L 65
H-1-->L+1 10

H-1-->L+3 12

39 430 0.597 H-->L+5 84
41 436 0.047 H-3-->L+3 74
44 444  0.207 H-6-->L 24
H-5-->L+1 53

H-1-->L+4 12

46 459 0.065 H-7-->L 44
H-5-->L 29

50 465 0.027 H-7-->L+1 38
H-6-->L 18

H-5-->L+1 30

Table 3.13. TD-DFT predicted vertical excitation energies, oscillator strengths (f> 0.01) and

MO contributions (>10%) for L6-PtCl.

No. EleV f Orbital Transition  Contribution (%)

2 246  0.364 H-->L+1 98
4 3.23 0.094 H-->L+2 95
5 3.57 0.052 H-->L+3 31
H-->L+4 57
6 3.64 0.059 H-2-->L 80
H-1-->L 14
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10 3.81 0.045 H-3-->L 67
H-1-->L+1 21
14 3.94 0.161 H-4-->L 51
H-4-->L+1 20

17 407 0025 H-5-->L+3 39
H-5-->L+4 23
H-->L+5 14

18 410 0384  He->l#5 70

19 436 0.024 H-4-->L 11
H-d-->L+1 23
H-3->L+3 32
H-3-->L+4 16

21 443 0.092 H-6-->L 31
H-6-->L+1 38

23 455 0.161 H-7-->L 14
H-6-->L 14

H-1-->L+2 38

H-->L+6 10

25 461  0.110 H-7-->L+1 18
H-6-->L+1 25
H-->L+6 33

28 475 0.070 H-4-->L+2 10
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H-3-->L+2 77

29 478 0.239 H-4-->L+2 47
30 4.87 0.119 H-7-->L 47
H-7-->L+1 20
H-4-->L+2 13

Table 3.14. TD-DFT predicted vertical excitation energies, oscillator strengths (> 0.01)

and MO contributions (>10%) for L3-PtClL

No. EleV f Orbital Transition = Contribution (%)

2 245 0.388 H-->L+1 99
4 3.21 0.077 H-->L+2 96
5 3.23 0.101 H-->L+3 96
6 3.61 0.177 H-3-->L 64
H-1-->L 32

7 3.64 0.524 H-3-->L 33
H-1-->L 57

9 3.73 0.015 H-3-->L+1 51
H-3-->L+4 29

H-1-->L+1 11

10 3.79 0.082 H-2-->L 69
11 3.88 0.069 H-2-->L+1 81
12 3.88 0.011 H-6-->L 67
H-1-->L+4 16

13 3.91 0.034 H-1-->L+1 46
H-1-->L+4 21

14 3.93 0.023 H-5-->L+1 32
H-4-->L 47

15 3.94 0.307 H-6-->L 14
H-5-->L 30

H-4-->L+1 28

16 3.97 0.023 H-1-->L+1 26
H-1-->L+4 27

17 4.01 0.222 H-6-->L+1 21
H-->L+5 62

18 4.03 0.146 H-6-->L+1 59
H-->L+5 22

19 410 0.044 H-6-->L+1 11
H-6-->L+4 61

23 439 0.104 H-5-->L+1 44
H-4-->L 34
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28

30

31

32

33
34

For the lowest energy absorption manifold, (dpc+pn)-to-n* metal-to-ligand charge transfer
character is evident from the population analyses and MO diagrams. TD-DFT calculations show
that the peak with the highest oscillator strength in all three complexes is composed of a
HOMO—LUMO-+I transition; the HOMO—LUMO excitation does not contribute significantly
to this band. Fragment contributions calculated using the Hirshfeld atomic population method*®
reveal that for all three complexes, the HOMO/LUMO+1 pair are more co-extensive than the
HOMO/LUMO pair, thanks to sizeable contributions from the Ce rings of the heterocyclic arms.
While the LUMO+1 experiences a slight destabilization with m-extension, this is offset in a small
perturbation in the HOMO energy of L3-PtCl as shown in Table 3.15. Thus, while the LUMO is
actually stabilized progressively with benzannulation (L3-PtCl > L6-PtCl > L5-PtCl), there is

little change to the wavelengths of the lowest energy absorption manifold. Indeed, both

4.44
4.52

4.60

4.66

4.70

4.73

4.76
4.81

0.187
0.313

0.042

0.018

0.590

0.332

0.045
0.330

H-7-->L
H-4-->L+1
H-1-->L+2
H-7-->L+1

H-->L+7
H-3-->L+3
H-4-->L+3
H-2-->L+2

H-->L+8
H-5-->L+2
H-4-->L+3
H-2-->L+2
H-2-->L+3
H-5-->L+3
H-4-->L+2

73
22
61
33
53
97
15
49
10
22
22
37
82
27
46

experimental and TD-DFT predicted spectra show isoenergetic absorptions.
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In their analysis of Pt(II) complexes with bis(2-pyridylimino)isoindole (BPI) and
benzannulated ligand analogs, Hanson et al. noted that the HOMO of a 1,3-butadiene fragment
has appropriate symmetry to act as an effective electron-donating group to the LUMO of the
isoindole of BPI, and that the destabilization is due largely to this effect on the LUMO, as opposed
to a significant influence on the HOMO.?” The orbital contributions to the frontier orbitals of the
Pt complexes presented here similarly reveal that the LUMO/LUMO+1 (but not the HOMO)
present lobes of the appropriate symmetry at the site of benzannulation to interact with the HOMO
of a 1,3-butadiene moiety. While the LUMO+1 is slightly destabilized upon benzannulation,
consistent with the fused 1,3-butadiene moiety acting as an effective electron donor,
benzannulation has a more conventional impact on the LUMO, which drops in energy. Our ligand
design therefore can be contrasted with the experimental paradigm previously put forward as a
general explanation for blue-shifted emission in benzannulated ligands.?” In this case, the nearly
40 nm blue shift in the emission maximum cannot be solely explained by the impact of site-specific

benzannulation on ligand electronics.

Table 3.15. TD-DFT Vertical Excitation Energies and HOMO, LUMO, and LUMO+1 energies

for complexes L5-PtCl, L6-PtCl and L3-PtCl.

Orbital Energies (V) Aeale . Oscillator . %
/mm Assignment Strength Coefficient Contribution
HOMO LUMO LUMO+I g
L5-PtC1 531  -1.97 196 5067 HOMg:;LUM 03263 0.70258 98.7
L6-PtCI 531  -2.02 193 5047 HOMg:;LUM 03637 0.70136 98.4
L3-PtCI 529  -2.05 192 5057 HOMg:;LUM 03884 0.70193 98.5
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To investigate the origin of this curious blue shift, the complexes were optimized with
triplet multiplicities to compare the energies of the lowest lying triplet states (T1) with estimates
of the first excited singlet states from TD-DFT as shown in Table 3.16 and Figure 3.14. Calculated
single-point energies of the complexes at the optimized triplet geometry with singlet multiplicity
(T1@So; Figure 3.14) were used to computationally estimate emission energies. Consistent with
experimentally observed phosphorescence, the T; state for L3-PtCl indeed lies higher in energy
relative to its ground state (So; 1.88 eV) compared to the energies of the T states calculated for
L5-PtCl and L6-PtCl. In addition, the corresponding calculated emission energy E(T1) —
E(T1@So) is also higher for the largest m-system (1.63 eV for L3-PtCl vs 1.51 (L5-PtCl) and 1.49

(L6-PtCl)), again reproducing experiment.

A
8
T
<
(]
&
g - E(T,)
w w
T1@So/)/
A
] M E(S)

Nuclear Coordinates

Figure 13

Figure 3.14. Diagram illustrating parameters calculated using the protocol described in

computational experimental section.
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Table 3.16. Calculated photophysical parameters of L5-PtCl, L6-PtCl and L3-PtCl.

EeV) L5-PtCl | L6-PtCl | L3-PtCl

Everiabs 2.45 2.46 2.45

Evertphos 1,51 1.49 1.63
Eodia 1.78 1.77 1.88
A 0.28 0.27 0.25

Comparing the optimized geometries of the ground state (So) and first excited state (T1) of
L5-PtCl, L6-PtCl and L3-PtCl reveals structural changes that accompany emission as shown in
Figure 3.18 and Tables 3.17-3.18. The root-mean-squared deviations, calculated from overlaying
the optimized Sp and T structures (L5-PtCl: 0.328 A, L6-PtCl: 0.356; L3-PtCl: 0.295; Figure
3.15), are consistent with bigger structural differences for the smaller quinolinyl-containing
systems (L5-PtCl and L6-PtCl) compared with L3-PtCl. In all three ground-state structures, the
rigid tridentate ligand maintains a highly planar orientation. In their T excited states, the two-
ligand arms twist to break this plane, which likely contributes strongly to the rates of non-radiative
decay.*” In particular, a strong torsional twist of up to ~13° is observed. For example, while similar
torsions are observed for the optimized T; geometries for L6-PtCl (13.2°) and L3-PtCl (12.76°),
the deviation from the planarity of the ligand in the triplet geometry compared with the ground
state is more pronounced for L6-PtCl1 (S1 4.2, T 13.2; A =9.0) than for L3-PtCl (S; 7.6, T1 12.8;

A=5.2).

With respect to the N-heterocyclic moieties themselves, the CsN sub-unit in the quinolinyl
moiety in L5-PtCl in the T excited state is more significantly distorted compared with the
benzannulated CsN sub-unit in the phenanthridinyl moiety of the ligand in L3-PtCl. The largest
change in the phenanthridinyl moiety is localized in the C=N sub-unit, consistent with localization

of double-bond character in this position which maximizes the number of aromatic sextets in the
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fused three ring system.*® This buffers the phenanthridinyl ring system from larger overall changes
compared with quinoline. Comparing all three complexes, the CsN rings of the calculated T,
structures are all strongly distorted in one half of the tridentate ligand only: in L5-PtCl and L6-
PtCl, this is the quinolinyl arm; in L3-PtCl, a phenanthridinyl arm as shown in Figure 3.26. This
is consistent with isoenergetic emission from L5-PtCl and L6-PtCl, as the emissive excited state
in both involves the quinoline (rather than the phenanthridine).

This implies that the higher energy triplet state of L3-PtCl can also be attributed to
inhibition of the electronically desirable distortion for L3-PtCl compared with L5-PtCl. A similar
observation has been made for cyclometallated Pt complexes with extended rn-systems*? and for
Cu emitters.** With respect to the cyclometallated Pt complexes, the extent of m-conjugation in
aromatic C"N ligands was found to also not correspond with the observed trends in emission
energies, and was rationalized in terms of structural distortions that occur upon cyclometalation
matching distortions that stabilized the molecules’ triplet states. The energy cost of geometry
relaxation of the T; state to the So state has been previously estimated by calculating the
corresponding relaxation energy (Ar).* For L3-PtCl, the At (0.25 eV) is smaller than those
determined for L5-PtCl and L6-PtCl (0.28, 0.27 eV respectively), though these values are close
to being within error of each other. Nevertheless, the observed and measurable geometric changes
are consistent with the phenanthridinyl PN ligands enforcing an excited state geometry more
similar to the ground state geometry in L3-PtCl than for the smaller quinolinyl-containing analogs

L5-PtCl and L6-PtCl with a commensurately smaller resulting apparent Stokes shift.
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a b

Torsion angle: 13.2° Torsion angle: 12.8°

L6-PtCl (T) L3-PtCl (T4)

Torsion angle: 4.2° Torsion angle: 7.6°
L6-PtCI (So) ° L3-PtCl (Sp) °
A=9.0 A=5.2

Figure 3.15. Comparison of torsion angles in DFT-optimized structures of So and T} states of

L6-PtCl and L3-PtCl.

L5-PtCI

L6-PtCI

L3-PtCl y

Figure 3.16. Overlay of DFT-optimized SO (green) and T1 structures of L5-PtCl, L6-PtCl and
L3-PtClL
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L5-PtCI (Sy)
L5-PtCI (T,)

L6-PtCI (Sy)
L6-PICI (T,)

L3-PtCI (Sy)
L3-PtCI (T,)

.........................

1.334 1.418
1.391 1.379

1.334 1.417

1.317 1.436

Figure 3.17. Selected bond length comparison of DFT-optimized SO and T1 structures of L5-PtCl,

L6-PtCl and L3-PtCl. The most impacted ligand arm is outlined in blue.

Table 3.17. Comparison of computed bond angles (°) for L5-PtCl, L6-PtCl and L3-PtCl (S0/T1;

MO062x/LANL2DZ).
) 1 ] 2 3
Bond (A) So T A(So-T1) So T, A(So-Th) So T1 A(So-T1)
1Pt-2CI 2.475 2.459 0.016 2.479 2.457 0.022 2.479 2.452 0.027
1Pt-3N 2.031 2.013 0.020 2.029 2.013 0.016 2.029 2.048 -0.019
1Pt-4N 1.990 1.983 0.007 1.987 1.979 0.008 1.983 1.972 0.010
1Pt-5N 2.031 2.050 -0.019 2.027 2.048 -0.021 2.029 2.011 0.018
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Table 1.18. Comparison of computed bond distances (A) for L5-PtCl, L6-PtCl and L3-PtCl (S0/T1;
MO062x/LANL2DZ).

Angle (°
ngle (°) So T1 A(So-T1) So T1 A(So-T1) | So T A(So-T1)

2CI-1Pt-3N | 97.252 | 98.045 -0.793 97.148 | 98.053 -0.905 97.15 | 96.414 0.736

2CI-1Pt-5N | 97.252 | 96.702 0.550 97.111 | 96.733 0.378 97.15 | 98.321 -1.171

3N-2Pt-4N 82.748 | 82.445 0.303 82.857 | 82.447 0.410 82.85 | 82.952 -0.102

4N-1Pt-5N | 82.748 | 82.808 -0.060 82.884 | 82.769 0.115 82.85 | 82.312 0.538

3.4. Conclusions:

The complexes discovered during this study are amongst the most red-shifted of phosphorescent
Pt(I) complexes reported to date that emit from monomolecular excited states. While emission
peaking around 700 nm in solution is well-established for bimolecular (aggregate or excimer)
excited states of Pt(IT) complexes,**-! complexes with sufficient conjugation to emit in this region
from monomolecular states are rare and are largely limited to platinum porphyrins and
phthalocyanins. Of particular interest also is the observation of the intense low-energy absorption
band around 500 nm. For many applications, particularly those envisaged for use in biological
media such as bio-sensing and imaging, intense absorption in the visible region is desirable.? The
“brightness” of the phosphor — defined as the product of the emission quantum yield and the
extinction coefficient at the excitation wavelength — is crucial. Similar criteria apply to the
development of materials for photodynamic therapy (PDT) where low-energy excitation is sought,

52-53 In

beyond the wavelength range where endogenous biological molecules absorb strongly.
PDT, long-lived excited states that can sensitize the formation of singlet oxygen are desirable, and

the efficient excited-state quenching by oxygen observed in this new series of complexes (Table

1) suggests that such a process is at work. The availability of molecules with intense visible

150



absorption in conjunction with efficient formation of triplet states having microsecond lifetimes is
similarly desirable for upconversion through triplet-triplet annihilation (TTA-UC).>*

Finally, molecular-level control over emission properties is a critical tool in designing
useful light-emitting materials. Ligand benzannulation and the resultant extension of a molecule’s
n-system have long been successfully exploited to narrow HOMO-LUMO gaps and shift
absorption/emission to the red. The work of Thompson and colleagues?’ demonstrated that a more
nuanced consideration of the impact of benzannulation on frontier orbital energies can also predict
‘counter-intuitive’ shifts in absorption/emission energy that sometimes accompany m-extension.
Here, I present a further exception, wherein combining quinolinyl and phenanthridinyl arms in
ligand frameworks results in complexes where absorption and emission are not impacted in the
same direction by benzannulation. The findings of this study will hopefully serve as an additional
tool to materials designers. Comparative study of all proligands (L1-L12) and corresponding

complexes is under way.

3.5. Experimental Section:

3.5.1. General Information:

All air-sensitive manipulations were carried either in a N»-filled glove box or using standard
Schlenk techniques under Ar. 2-Formylphenyl boronic acid (AK Scientific), N-iodosuccinimide
(AK Scientific), N-bromosuccinimide (Alpha Aesar), Pd(PPhs)s (Sigma Aldrich), Pd(OAc)>
(Sigma  Aldrich),  2-nitro-4-(trifluoromethyl)aniline  (Sigma  Aldrich),  2-bromo-4-
(trifluoromethyl)aniline (Combi Blocks), (1,1'-diphenylphosphino)ferrocene (dppf, Sigma
Aldrich), (£)-2,2"-bis(diphenylphosphino)-1,1'-binaphthalene (rac-BINAP), Sigma Aldrich),
NaxCOs (Alpha Aesar), trifluoroacetic acid (Sigma Aldrich), sodium tert-pentoxide (NaOtPen,
Sigma Aldrich), sodium fert-butoxide (NaO7Bu, Sigma Aldrich), zinc (Alpha Aesar), hydrazine
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hydrate (Sigma Aldrich), formic acid (Alpha Aesar), and PtCl, (Sigma Aldrich) were purchased
and used without any further purification. 8-bromo-4-methylquinoline,*® 8-amino-4-
methylquinoline,  Pt(COD)Cl,,*®  2-bromo-6-iodo-4-(tert-butyl)aniline,  2-iodo-6-nitro-4-
(trifluoromethyl)aniline, L1 and L1-PtCl;?® 2-bromo-6-iodo-p-toluidine, L2, L3, L2-PtCl and L3-
PtCl; L4 and L7;% 4-amino-2-zert-butylphenanthridine, 4-nitro-2-zert-butylphenanthridine and 4-
bromo-2-(trifluoromethyl)phenanthridine[REF-JASON Fe PAPER] were synthesized according
to literature procedures. Organic solvents were dried and distilled using appropriate drying agents,
and distilled water was degassed prior to use. 1- and 2D NMR spectra were recorded on Bruker
Avance 300 MHz or Bruker Avance — I1I 500 MHz spectrometers. 'H and *C{'H} NMR spectra
were referenced to residual solvent peaks.’” Elemental analyses were performed by
Microanalytical Service Ltd., Delta, BC (Canada), and at the University of Manitoba using a
Perkin Elmer 2400 Series II CHNS/O Elemental Analyzer. Thermogravimetric analyses (TGA)
were recorded on a Perkin Elmer TGA 7 instrument under an argon atmosphere.

3.5.2. General Procedure for Proligand Synthesis (L1-L12):

A thick-walled, 100 mL Teflon-stoppered flask was charged with Pd catalyst, ligand and toluene
(30 mL). After stirring briefly, the appropriate quinoline or phenanthridine reagents were added,
along with an additional 30 mL of toluene, followed by the alkoxide base. The sealed flask was
then stirred vigorously for 72 h in an oil bath set to 150 °C. After cooling and removing the
volatiles, the residue was taken up in CH2Clz (120 mL) with the resulting suspension filtered over
Celite and dried.

Me,QuinNN(H)NQuimMe (5): The general procedure was followed using: Pd>(dba); (84.0 mg, 0.09
mmol), rac-BINAP (112.6 mg, 0.18 mmol); 8-bromo-4-methylquinoline (0.36 g, 2.27 mmol), 8-

amino-4-methylquinoline (0.50 g, 2.26 mmol); and NaO7Bu (0.26 g, 2.71 mmol). Column
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chromatography gave a red solid (neutral alumina; 1:5 EtOAc/hexane; Rr= 0.5). Isolated yield =
0.67 g (98%). 'H NMR (CDCl3, 300 MHz, 22 °C): § 10.55 (br s, 1H; NH), 8.88 (dd, 2H, Juu =
4.2, 1.7 Hz; CaH), 8.04 (dd, 2H, Jun = 8.2, 1.7 Hz; CacH), 7.74 (d, 2H, Jun = 1.6 Hz; Ca:H), 7.41
(dd, 2H, Jun = 8.2, 4.2 Hz; Ca:H), 7.11 (bs, 2H, Ca:H), 2.58 ppm (s, 6H; CH3). *C{'H} NMR
(CDCls, 75 MHz, 22 °C): 6 147.4 (Car), 139.0 (Car), 138.6 (Car), 137.1 (Car), 135.5 (Car), 129.1
(Car), 121.8 (Car), 117.0 (Car), 112.0 (Car), 22.7 ppm (CH3).

Me,PhenNN(H)NQuim-Me (6): The general procedure was followed using: Pdx(dba)s (0.174 g, 0.180
mmol), rac-BINAP (0.275 g, 0.440 mmol); 8-bromo-4-methylquinoline (0.700 g, 3.15 mmol), 4-
amino-2-methylphenanthridine (0.660 g, 3.15 mmol); and NaOzBu (0.450 g, 4.73 mmol). Column
chromatography gave a red solid (neutral alumina; 1:5 EtOAc/hexane; R = 0.3). Isolated yield =
1.01 g (92%). 'H NMR (CDCl3, 300 MHz, 22 °C): § 10.60 (br s, 1H; NH), 9.27 (s, 1H; CacH),
8.90 (d, 1H, Jun = 4.1 Hz; Ca:H), 8.60 (d, 1H, Jun = 8.3 Hz; Ca.H), 8.11-8.00 (overlapped m, 2H;
CacH), 7.88-7.81 (overlapped m, 3H; Ca:H), 7.76 (s, 1H; CacH), 7.69 (app t, 1H, Jun = 7.4 Hz;
Ca:H), 7.40 (dd, 1H, Jun = 8.2, 4.2 Hz; CacH), 7.10 (s, 1H; Ca:H), 2.67 ppm (s, 3H; Cphenf13), 2.58
(s, 3H; Cquinff3). PC{'H} NMR (CDCl3, 75 MHz, 22 °C): 8 150.2 (Car), 147.3 (Car), 139.5 (Cay),
139.0 (Car), 138.8 (Car), 137.1 (Car), 135.5 (Car), 133.9 (Car), 132.7 (Car), 130.6 (Car), 129.2
(Car), 128.8 (Car), 127.3 (Car), 127.0 (Car), 124.8 (Car), 122.5 (Car), 121.7 (Car), 116.9 (Car),

112.8 (Car), 112.6 (Car), 111.9 (Car), 23.0 (CphenHs), 22.7 ppm (CouinHs3).

3.5.3. General Procedure for Pt(I) Complexes Synthesis:
In a thick-walled Teflon-stoppered flask, equimolar amounts of Pt(COD)Cl»*® and NaO7Bu were
added to a solution of the appropriate ligand (L4-L12) in 10 mL of CH>Cl,, and the mixture stirred

vigorously at 70 °C for 18 h. The resulting red suspension was allowed to cool, and the volatiles
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were removed in vacuo. The residue was then was washed with acetonitrile (3 x 10 mL) and diethyl

ether (3 x 10 mL).

Me,QuinNNNQuin.Me_p¢C] (L5-PtCl): The general procedure was followed using: L5 (0.15 g, 0.50
mmol), Pt(COD)Cl: (0.19 g, 0.51 mmol), and NaO7Bu (0.05 g, 0.52 mmol). Isolated yield = 0.217
g (82 %). 'H NMR (CDCls, 300 MHz, 22 °C): § 9.13 (dd, 2H, Jim = 5.2, 1.4 Hz; Ca:H), 8.17 (d,
2H, Jin = 8.4 Hz; CacH), 7.51 (s, 2H, CasH), 7.36 (dd, 2H, Jirr = 8.3, 5.1 Hz; CacH), 6.89 (s, 2H,
CarH), 2.59 ppm (s, 6H, CH3). Anal. Calcd for C20H16CIN3Pt: C, 45.42; H, 3.05. Found: C, 44.70;
H, 3.27.

Synthesis of MePhenNNNQuinMe_ptC] (L6-PtCl): The general procedure was followed using: L5
(0.20 g, 0.58 mmol), Pt(COD)Cl» (0.22 g, 0.59 mmol), and NaO7Bu (0.060 g, 0.60 mmol). Isolated
yield = 0.266 g (79 %). 'H NMR (CDCls, 300 MHz, 22 °C): § 9.50 (s, 1H, CacH), 9.10 (d, 1H, Jin
— 4.8 Hz; CacH), 8.43 (d, 1H, Jin = 8.4 Hz; CacH), 8.11 (d, 1H, Jun = 8.3 Hz; CasH), 8.02 (d, 1H,
Jun = 7.9 Hz; CacH), 7.87 (app t, 1H, Juu = 7.7 Hz; CacH), 7.67 (app t, 1H, Jun = 7.5 Hz; Ca:H),
7.54 (s, 1H, CacH), 7.49 (s, 1H, CacH), 7.45 (s, 1H, CacH), 7.32 (dd, 1H, Jin = 8.3, 5.0 Hz; CacH),
6.78 (s, 1H, Ca:H), 2.62 (s, 3H, CH3), 2.55 ppm (s, 3H, CH3). Anal. Calcd for Co4H13sCIN3Pt: C,

49.79; H, 3.13. Found: C, 49.49; H, 3.20.

3.5.4. X-Ray Crystallography:

X-ray crystal structure data was using collected from a multi-faceted crystals of suitable size and
quality selected from a representative sample of crystals of the same habit using an optical
microscope. The crystal was mounted on MiTiGen loops with data collection carried out in a cold

stream of nitrogen (150 K; Bruker D8 QUEST ECO; Mo K, radiation). All diffractometer
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manipulations were carried out using Bruker APEX3 software.>® Structure solution and refinement
was carried out using XS, XT and XL software, embedded within the Bruker SHELXTL suite.>
For each structure, the absence of additional symmetry was confirmed using ADDSYM
incorporated in the PLATON program.® CCDC No. 1947217 contains the supplementary
crystallographic data for this paper. The data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Crystal structure data for L5-PtCl: X-ray quality crystals were grown following diffusion
of diethyl ether vapor into a CHCI; of the compound at room temperature. Crystal structure
parameters: C20H16C1iN3Pt; 528.90 g/mol, monoclinic, space group P2i/n; a = 9.8984(3) A, b =
7.6056(3) A, c=21.7673(7) A, a = 90°, f = 98.1820(10)°, y = 90°, V = 1622.03(10) A3; Z = 4,
Pealed = 2.166 g cm3; crystal dimensions 0.110 x 0.080 x 0.020 mm?; Omax = 27.525°; 36146
reflections, 3726 independent (Rin = 0.0672), direct methods; absorption coeff (u = 8.823 mm™),
absorption correction semi-empirical from equivalents (SADABS); refinement (against F,?) with
SHELXTL V6.1, 228 parameters, 0 restraints, R; = 0.0287 (I > 20) and wR> = 0.0617 (all data),

Goof = 1.066, residual electron density 1.285/~0.880 ¢ A,

3.5.5. Thermal Gravimetric Analysis:

Thermal gravimetric analysis was performed on 2-3 mg of each complex. The temperature was
started initially at 50 °C and ramped to 500 °C for the corresponding complexes at the following
rates: 1: 1 °C/min; 2: 50 °- 200 °C at 5 °C/min; 200 °C — 500 °C at 2 °/min; 3: 50 °- 200 °C at 5

°C/min; 200 °C - 500 °C at 2 °/min.
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3.5.6. Optical Spectroscopy Measurements:

The absorption spectra of the complexes were measured in solution in CH2Cl in 1 cm quartz
cuvettes using a Biotek Instruments XS UV-visible spectrometer at room temperature. The
emission spectra of the proligands at 295 and 77 K, and of their Pt(II) complexes at 77 K, were
recorded using a Jobin Yvon Fluoromax-2 spectrometer equipped with a red-sensitive Hamamatsu
R928 photomultiplier tube. The emission spectra of the Pt(I) complexes at 295 K, which extend
up to around 1000 nm, were recorded using a thermoelectrically cooled Synapse CCD detector,
which offers better sensitivity in the red / NIR region compared to the R928 PMT. The samples
for measurements at 295 K were contained within 1 cm pathlength quartz cuvettes modified for
attachment to a vacuum line and were degassed prior to measurement by a minimum of three
freeze-pump-thaw cycles; final vapor pressure at 77 K was < 102 mbar. Emission spectra at 77 K
were recorded in 4 mm diameter tubes held within a liquid-nitrogen-cooled quartz dewar.
Luminescence lifetimes were measured by time-correlated single-photon counting (TCSPC)
following excitation using a pulsed laser diode at 405 nm; the emitted light was detected at right

angles to the excitation beam, using an R928 PMT thermoelectrically cooled to —20°C.

3.5.7. DFT Calculations:

DFT calculations were carried out using Gaussian09%! with M062x/LANL2DZ%*% with an
I[EFPCM®* solvent model with DCM. TD-DFT calculations were performed with
MO6/LANL2DZ%*%0n the M062x/LANL2DZ optimized structures. Molecular orbital analyses
were carried out with Hirshfeld partition method*® available in Multiwfn software.® and visualized

using VESTA, % while TD-DFT results were analyzed using Origin 2017 software package.
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To calculate ground-state, excited-state and reorganization energies,* the following
protocol was followed: (1) The So geometry was optimized by restricted DFT (charge = 0,
multiplicity = 1) using the crystal structure coordinates as starting input. The T; geometry was
optimized with unrestricted DFT (charge = 0, multiplicity = 3) using the optimized So geometry
as starting input. Frequency calculations were then subsequently carried out to confirm that these
structures are at a minimum and to derive free energies. (2) To determine the relative atomic
contributions to the frontier MOs, population analyses were carried out on the optimized structures
of So states. The electronic energies, £(So) and E(T1), obtained from the single point calculations
of So and T} in their respective minimum were used to estimate the adiabatic energy (£2%9), where,
E*ia = E(Ty) — E(So). (3) TD-DFT was then carried out on the following: (a) Sn<—So singlet-singlet
transitions (first 50 transitions) with the restricted formalism with charge = 0 and multiplicity = 1;
(b) Tas—(T1@So) singlet-triplet transitions (first 50 transitions) with the unrestricted formalism, but
keeping the same charge and multiplicity as in (a). These gave EV8 and Eer-Phos a5 shown in
Figure S15. The reorganization energy (At) after the emission of light was then calculated as At =
Eadia_ pyertphos . Ag shown in Figure S15, “Ti1@So” denotes a single point calculation on the singlet
potential energy surface (i.e., with singlet multiplicity) with a geometry matching that of optimized

T structure.
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Chapter 4: Deep Red Luminescence From Platinum(IT) Complexes of N*N*" V-
Amido Ligands With Benzannulated N-Heterocyclic Donor Arms

4.1 Abstract:
A synthetic methodology for accessing narrow-band, deep-red phosphorescence from
mononuclear Pt(II) complexes is presented. These charge-neutral complexes have the general
structure (NN "N)PtCl, in which the Pt(II) centres are supported by benzannulated diarylamido
ligand scaffolds bearing substituted quinolinyl and/or phenanthridinyl arms. Emission maxima
ranging from 683 to 745 nm are observed, with lifetimes spanning from 850 to 4500 ns. In contrast
to the corresponding proligands, benzannulation is found to counter-intuitively, but markedly,
blue-shift emission from metal complexes with differing degrees of ligand benzannulation but
similar substitution patterns. This effect can be further tuned by incorporation of electron-releasing
(Me, tBu) or electron-withdrawing (CF3) substituents in either the phenanthridine 2-position or
quinoline 6-position. Compared with symmetric bis(quinoline) and bis(phenanthridine)
architectures, “mixed” ligands incorporating one quinoline and one phenanthridine unit present a
degree of charge transfer between the N-heterocyclic arms that is more pronounced in the
proligands than in the Pt(II) complexes. The impact of benzannulation and ring-substitution on the
structure and photophysical properties of both the proligands and their deep-red emitting Pt(II)
complexes is discussed.
4.2. Introduction:

Luminescent complexes that emit light in the deep red region of the electromagnetic

spectrum are of interest for a variety of applications. For example, white light-emitting diode

(LED) devices are commonly constructed by combining high purity red, green and blue emission
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into a broad spectral output.! In addition, deep red and near infrared (NIR) light can penetrate
biological tissue to a greater extent than shorter wavelengths and so is more compatible with
bioimaging and sensing applications.? While fluorescent deep red and NIR emitters have found
application in luminescent devices and sensors,’ phosphorescent complexes present certain distinct
advantages.* In biosensing/imaging applications, for example, the longer lifetime of
phosphorescence can avoid signal complications due to autofluorescence from endogenous
fluorophores.> In LED devices, phosphorescence can enable harvesting of excitons of both singlet
and triplet multiplicity.’

Efficient, deep red molecular phosphors — emitting from triplet states — are not as common
as the corresponding fluorescent emitters. Nevertheless, examples built on late transition metal
ions are known for elements of Group 7 (Re®?), Group 8 (Ru,!® Os!!), Group 9 (Ir'>!3), Group 10
(Pt'*17) and Group 11 (Cu,'® Au'). As a third-row transition element, Pt has a large spin-orbit
coupling (SOC) constant that boosts Ti—So radiative decay, the formally forbidden
phosphorescence process. In addition, the coordination chemistry of Pt is well-established.?’ Taken
together, this has led to the design and use of platinum(II) complexes in phosphorescence-based

2426 and chemosensing.?” The pursuit

applications including light-emitting diodes,?!"?* bioimaging,
of deep red Pt(II) emitters is therefore of significant interest. Solution-state emission within this
target wavelength region (~700 nm) has been extensively described for Pt(II) complexes with
bimolecular excited states (e.g., aggregates or excimers).?®?’ In comparison, complexes that can
emit at these wavelengths from monomolecular excited states are very rare, as the extended
conjugation required typically limits the available supporting ligand platforms to porphyrins or

phthalocyanines.?%-3
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In addition to engineering bathochromically shifted emission with narrow profiles, intense
absorption of the chromophore in the visible region can also be desirable, particularly in biological
media where emissive probes and labels are ideally excited at wavelengths longer than those at
which endogenous biological molecules strongly absorb.**3*> The “brightness” of a phosphor,
defined as the product of the extinction coefficient at the excitation wavelength and the emission
quantum yield, is thus a critical parameter.?* Beyond imaging, in photodynamic therapy (PDT)
too, triplet excited states with long enough lifetimes to sensitize singlet oxygen formation are
advantageous.*® Designing molecules which combine strong absorption of visible light with
efficient triplet excited-state formation and microsecond lifetimes is also attractive for accessing
upconversion via triplet-triplet annihilation (TTA-UC).*’

I have reported a series of Pt(I) complexes that to date present some of the most red-shifted
phosphorescence for non-porphyrinic Pt(II) complexes emitting from monomolecular excited
states.*® These complexes are based on anionic, tridentate pincer-like ligands, with the form (NN
N)PtCI. In this work, I extend our synthetic strategy and demonstrate how ligand substitution can
be used to further tune the emission properties of a rare class of mononuclear Pt(Il) deep red
emitters.

4.3. Results and Discussion:
4.3.1. Ligand Preparation and Scope:

To build a library of ligands, functionalized amino/bromoquinolines and phenanthridines
bearing either electron-withdrawing (EWG: CF3), electron-donating (EDG: CHj3, tBu) groups, or
no substituent (H) on the heterocycle were synthesized as shown in Scheme 4.1. Phenanthridine
precursors were prepared using tandem Pd-catalyzed cross-coupling/condensation reactions of 2-

formylphenylboronic acid and appropriately substituted anilines, following a protocol we
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previously established.’® Quinoline precursors were prepared using Skraup reaction conditions.*
For the tricyclic systems, formation of the phenanthridine core was confirmed in each case by the
appearance of a diagnostic proton resonance between 9.35 and 9.50 ppm, attributed to the N=CH
in the 6-position of the heterocycle as hown in Table 4.1.#! Once in hand, the amino- and bromo-
substituted heterocycles were subjected to Buchwald-Hartwig amination conditions, similar to
those reported for the synthesis of the bis(quinolinyl)amine L1.*? In general, proligand synthesis
proceeded efficiently with Buchwald-Hartwig C-N coupling reactions and twelve bis(/N-
heterocyclic)amines with a variety of substitution patterns. They are grouped into L1®R (L1, L5),
L2RR (L2, L4, L5, L6, L7, L8 and L9) and L3®R(L2, L10, L11 and L12). All the ligands were
isolated in good yields (70-90%) as orange-red (L8) or yellow-green solids following
chromatography. The LI®BR and L3RR proligands are bis(quinolyl)amines and
bis(phenanthridinyl)amines respectively; superscripts are used to denote the substituents meta to
the amine N-H. These proligands are symmetric around the N-H, apart from L3¢¥3B%(,12) which
comprises two differently substituted phenanthridines. Within the L2R® group, in contrast, each

proligand contains one phenanthridine and one quinoline donor.
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Cl
SN H 2 FI’
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(L7) L2H.CF3 (R1 H, R? = CFj)

(L6) L2VMeMe (R1 = CH,, R2 = CHj)
(L8) L2MetBu (RT = CH,4, R? = tBu)
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(L7-PtCl) 2H.CF3 (R‘ H R2 = CF;)
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(L3) L3Me,Me (R1 CHS R2 = CH3) (L3-PtCI) 3Me,Me ( CH3 R2 = CH3)
(L10) L3ButBu (RT - {By, R? = tBu) (L10-PtCl) 3tButBu (BT - {By, R? = tBu)
(L11) L3CF3.CF3 ( CF3 RZ CF3) (L11-PtCI) 3CF3,CF3 (R1 CF3 R2 = CF3)
(L12) L3CF3Bu (R = CF;, R? = tBu) (L12-PtCI) 3CF318u (R = CF,, R? = tBu)

Scheme 4.1. Synthetic routes to proligands (a) L1™H (L1)** and L1MMe (1L3) 3%; (b) L2%Me(1L2)%,
L2MBu (L4)% L2BCF3 (1,7)% (R! = H, X = NHa; R2 = CF3, Y = Br; [Pd] = Pda(dba)s, L = rac-
BINAP); L2MeMe (L6) 38; [ 2MeBu (R1 = CHj, X = Br; R2 = fBu, Y = NHa; [Pd] = Pda(dba)s, L =
rac-BINAP), L2MCF3 (1.9) (R! = CHs, X = NHy; R2 = CFs, Y = Br; [Pd] = Pd(OAc)s, L = dpp?);
(c) L3MeMe(,3)43 [ 3/BuBu(1,10), L3CFHCF3(L11), L3 B»CF3 (1L12). The preparation and structures
of their corresponding (N"N"N)PtCl complexes 1®R/2RR/IRR are also shown. The TUPAC

numbering system for quinolines and phenanthridines is illustrated for L1®R and L3®R,

The proligands were characterized by 'H, 1*C and '°F (for the CF; derivatives) NMR spectroscopy
in solution as shown in Table 4.1 for selected '"H NMR resonances. The crystal structure of a
representative proligand L3¢F3CF3 (L11), was obtained to verify the solution-state structure
assigned by NMR as shown in Figure 4.1. Appendage of two, 2-substituted phenanthridinyl rings

about the central N—H unit can be clearly seen in the solid state. The importance of the ‘imine-
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bridged biphenyl’ resonance contributor to the ground state of phenanthridine derivatives is
evident in the comparably short C1-N1 [1.301(4) A] and C15-N3 distances [1.301(3) A]. Unlike
related diarylamine proligands, L3C¥3CF3 (L11) is essentially flat in the solid state, likely a result
of packing effects; m-stacking is evidenced by contacts of < 3.4 A between neighboring

phenanthridine units which are staggered head-to-tail relative to one another

Figure 4.1. a) Solid-state structure of L3F3>CF3(L11) with thermal ellipsoids at 50% probability
and hydrogen atoms omitted for clarity. Selected bond distances (A) and angles (°): N(1)-C(1)
1.301(4), N(2)-C(10) 1.380(3), N(2)-C(24) 1.375(3), N(3)-C(15) 1.301(3); C(10)-N(2)-C(24)
132.9(2). Packing diagram showing close-contacts in the solid-state structure of L3¢F3 €F3 (L11)
from (b) side-on and (c) face-on views.

With the proligands in hand, a full library of Pt(I) complexes (series L1®RR-PtCl, L2RR-
PtCl, L3®R-PtCl from L1®R L2RR L3RR) were prepared by refluxing dichloromethane solutions

of proligand and Pt(COD)Cl, (COD = 1,5-cyclooctadiene) in the presence of a base (sodium tert-
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butoxide). Over the course of the reaction, the complexes were observed to precipitate as dark red
solids. They are all poorly soluble in common organic solvents, and solubility was further
diminished by benzannulation despite the introduction of substituents such as /Bu or CF3 onto the
N-heterocyclic arms of L2RR-PtCl and L3®R-PtCl. Nonetheless, solution-state 'H NMR
spectroscopy verified ligand binding, as the 6-positioned [CH] resonance of the phenanthridinyl
arms of L2®R and L3®R shifted in a diagnostic fashion upon coordination as shown Table 4.1.
When resolved, >Jpwi coupling constants of 33-39 Hz could be observed between the coordinated
Pt and the hydrogen nucleus ortho to the donor nitrogen of the heterocyclic ligand. In this way, we
were able to establish the structures of the library of compounds in solution. Compound purity in
the solid-state was confirmed using combustion analysis.

Table 4.1. Diagnostic phenanthridinyl [CsH] resonances for LI®R-L3®R and L(1®R-3RR)_PtCl.

9 Not resolved.

b Compound is too insoluble to record a meaningful NMR spectrum.
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The crystal structures of 2MeBt (L8-PtCl) and 3/B%8" (LL10-PtCl) are shown in Figure 4.2.
As with previously reported structures of 1HH (L1-PtCl),** 1MeMe (L5-PtCl),’8 2H:Me (L2-PtCl)
and 3MeMe (L3-PtCl),* the coordinated ligands bind in a meridional fashion to each Pt centre and
form planar structures. The structure of 2M&BY(L8-PtCl) does not contain any solvent molecules
embedded in the crystal lattice, while that of 3BwBu (L10-PtCl) reveals a co-crystallized
equivalent of CH,Cl. Close intermolecular n-r interactions (3.3-3.5 A) can be discerned in the
structure of 2MeBu (L8-PtCl) (Figure 4.2); in that of 38w (L10-PtCl), they are replaced by non-
covalent interactions with co-crystallized CH>Cl> solvent (Figure 4.2). The trend of decreasing
solubility within the series LI®R-PtC1 > L2®BR-PtCl > L3®R-PtCl likely arises from the presence
of -7 interactions similar to those seen in structure of 2Me™8Bu (L8-PtCl), which are plausibly
enhanced by benzannulation. Thus, crystals of 3B48Bu (L,10-PtCl) suitable for diffraction could

only be grown through disruption of these interactions by inclusion of solvent in the lattice.
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Figure 4.2. Solid-state structures of (a) & (b) 2MeBu (L8-PtCl); Packing diagram showing close
contacts in the solid-state structure of 2M¢B* (L8-PtCl). and (c) & (d) 3B»B* (L10-PtCl); Packing
diagram showing close contacts in the solid-state structure of 3B%8v (L10-PtCl), with thermal
ellipsoids at 50% probability and hydrogen atoms omitted for clarity. For each structure, views
perpendicular to the metal square plane (top) and along the C1-Pt—N(2) axis (bottom) are shown.
Selected bond distances (A) and angles (°) for 2MeBY(L8-PtCl): C1(1)-Pt(1) 2.3307(6), N(1)-Pt(1)
1.9918(18), N(2)-Pt(1) 1.9736(18), N(3)-Pt(1) 1.9950(19), N(1)-C(1) 1.314(3), N(3)-C(18)
1.336(3); N(1)-Pt(1)-N(3)165.62(7), N(2)-Pt(1)-CI(1) 178.55(5), N(1)-Pt(1)-CI(1) 97.37(5), N(3)-
Pt(1)-CI(1) 97.00(6), N(2)-Pt(1)-N(1) 83.06(7), N(2)-Pt(1)-N(3) 82.60(7), C(10)-N(2)-C(23)
131.27(18). 3BuwBu (L10-PtCl): CI(1)-Pt(1) 2.337(2), N(1)-Pt(1) 1.996(8), N(2)-Pt(1) 1.950(7),
N(@3)-Pt(1) 1.998(8), N(1)-C(1) 1.287(13), N(3)-C(17) 1.292(13); N(1)-Pt(1)-N(3) 165.9(3),
N(2)-Pt(1)-CI(1) 179.4(3), N(1)-Pt(1)-CI(1) 96.0(3), N(3)-Pt(1)-CI(1) 98.1(3), N(2)-Pt(1)-N(1)

83.4(4), N(2)-Pt(1)-N(3) 82.5(3), C(10)-N(2)-C(26) 130.1(8).
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4.4. Photophysical Properties:

Extension of a conjugated ligand’s m-system through benzannulation and introducing donor
or acceptor substituents represent two common strategies for red-shifting emission from transition
metal coordination complexes without introducing significant changes to the parent structure.
Thompson and coworkers have shown that the structure-property relationship between
benzannulation and absorption/emission, however, is more nuanced than is often supposed.*> In
that study, they demonstrated that the effect of benzannulation must be evaluated in light of the
site of benzannulation and the localization of the frontier orbitals for systems in which the lowest
energy spin-allowed absorption and spin-forbidden emitting state involve HOMO-LUMO
transitions. This new paradigm has been verified for 1,3-bis(2-pyridylimino)isoindoline-supported
platinum chlorides, various organic emitters,* and phosphorescent cyclometallated Ir(III)
complexes.*® For platinum chloride complexes supported by bis(8-quinolinyl)amido ligands (e.g.,
1MeMe (5-PtCl), bis(phenanthridinyl)amido ligands 3MeMe (L3-PtCl) and “mixed” analogues
2MeMe(1,6-PtCl) that incorporate one quinoline and one phenanthridine, however, we have
discovered that this model does not fully hold.*® In these compounds, absorption and emission are
not affected in the same way by benzannulation; all three complexes show isoenergetic absorption
maxima, but emission from the complex with the most extended ligand m-system 3MeMe (L3-PtCl)
is blue-shifted by nearly 40 nm. Similarly, exceptional behavior was observed for phenanthridinyl
and quinolinyl derivatives of (P"N),CuX, dimers.*’ In that case, emission was shifted to higher
energy for complexes of phenanthridinyl ligands despite a red-shift in absorption. The library of
proligands presented here enables both further insight into the impact of n-extension and also how

substitution patterns of benzannulated ligands affect absorption and emission.
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4.4.1. Proligands L1-L3:

The photophysical properties of the proligands are considered first, followed by those of the
corresponding Pt(IT) complexes. Table 1 compiles room temperature absorption and emission data
in dichloromethane solution for all twelve proligands, with a selection of representative spectra
shown in Figure 4.3 (absorption) and Figure 4.4 (emission). In my previously published report,3®
only the dimethylated compounds L1MeMe (L5), L2MeMe (L6)and L3MeM¢ (L3) in order to isolate
the effect of benzannulation by keeping ring substitution patterns consistent. All three proligands
were found to show a strong, lowest energy absorption band centered around 400 nm. Although
this band appears to be shifted slightly to higher energy in the phenanthridine-containing systems
L2RR L3RR relative to the bis(quinoline) congener L1MeMe (L5) in terms of the Amax value as
shown Table 4.2 and Figure 4.3, the former tail further into the visible and absorb more intensely
at wavelengths greater than 415 nm. The first spin-allowed transition may thus be lower in energy
for the phenanthridine-containing molecules which present more extended n- systems, as would
be anticipated based on the first singlet excited state energies of the constituent heterocycles (Es
of quinoline and phenanthridine are 31850 and 28590 cm™! respectively*®).

With the new proligand derivatives in hand, the effects of ring substitution can now be
evaluated too. Considering the bis(phenanthridine) systems (L3RR, Figure 4.3a), it can be seen
that the replacement of the methyl substituents at the 2-position by electron-withdrawing
trifluoromethyl groups leads to a blue-shift in the lowest energy absorption band, while changing
to /Bu substituents has little effect on Amax though the band is broadened slightly (Note: these shifts
are best examined by referring to the spectra, rather than the Amax values which do not necessarily
capture the full picture; Figure 4.3¢). The band of the mixed-substituent L3¢¥3BU (LL12) is also

rather broad, but has a shorter Amax similar to L3¢F3CF3 (L11). These observations can be
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rationalized by considering the localization of the frontier orbitals. We previously demonstrated
using density functional theory (DFT) and time-dependent DFT (TDDFT) calculations that the
lowest energy transitions of L1M&M¢(L5)-L3MeMe(3) are HOMO—LUMO in nature.®® The
HOMOs of these systems are comprised of the amine lone pair (:NH; ~20%) and the Cg¢ ring of
the heterocycle arms directly bonded to the amine unit (~34% from each arm). The LUMOs, in
comparison, are made up of out-of-phase (m*) contributions from the n systems of the N-
heterocycles, specifically the CsN rings (~24% per N-heterocycle) and the C=N subunit in

particular.’® Ring substitution at the 2-position of the phenanthridinyl rings in L3®R

most directly
impacts the HOMO, being directly attached to the Cs ring comprising ~70% of this frontier orbital.
Substitution with a strongly electron-withdrawing CF3 group has a stabilizing effect on the
HOMO, widening the HOMO-LUMO gap, leading to the observed blue shift. CF3; has a greater
(electron-withdrawing) effect compared with the (electron-releasing) impact of Bu, as evidenced
by the absolute values of their respective Hammett parameters (CF3: Guers = 0.43; BU: Gpera = -
0.10)*-° and thus the impact of substitution on the HOMO is more pronounced in L3F3¢F3 (L11).

The “mixed” quinoline-phenanthridine systems L2®R show a similar trend on variation of
the phenanthridine substituent (Figure 3b), with the lowest energy absorption in L2M&CF3 (1L9)
blue-shifted relative to the dimethyl and rBu analogues. A strong band at around 310 nm — which
is a feature of the bis(phenanthridine) L3®R series but not of the bis(quinolines) L1®R — also
appears in the mixed L2®R compounds but is proportionately weaker than in L3RR consistent
with the presence of one of each type of heterocycle.?® The L2"R compounds (with no substituent

on the quinoline) show exactly the same trend (Figure 4.3d), and there is no significant difference

in their absorption spectra compared to their respective methylated quinoline analogs L2MeR,
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Figure 4.3. UV-visible absorption spectra in CH>Cl, solution at 295 K of (a) bis(phenanthridine)
proligands L3®R; (b) three of the mixed quinoline-phenanthridine L2MR (¢) Comparison of UV-
visible absorption spectra of L3¢F3CF3 (L11) and L3®"B" (L10) in CH,Cl; solution at 295 K
showing the noticeable blue-shifted absorption band for L3F3CF3 but similar Amax values. (d)
UV-visible absorption spectra in CH>Cl, solution at 295 K of L2%:R, In both panels, the absorption

spectrum of the bis(quinoline) proligand L1MMe (L5) is provided for comparison.
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Table 4.2. Absorption and emission data of proligands in CH2Cl; at 295 K and in EPA (diethyl
ether/isopentane/ethanol, 2:2:1 v/v) glass at 77 K.

Prolizand Absorption Emission  ®ym Emission 77 K
g Amax/nm (e/M'em™)  Amax/nm  x 102 7:;“;:/ T/ns
L1%H(@L1) 270 (23000), 342 (sh),
4 . 429, 44 .
403 (9520) 75 0.35 9, 449 3.7
L1MeMe(L5) 269 (28400), 344 (3200),
474 . 431, 451 .
403 (9800) 7 0.55 31,45 3.5
L2%Me(2) 254 (23900), 265 (23800),
4 1 445, 4 .
310 (6410), 395 (8910) o7 0.16 3,468 >0
L21Bu(] 4) 254 (27700), 264 (27900),
4 2 437, 4 3.6
309 (7640), 397 (9320) 93 0.23 37,456
L2%CR(L7) 255 (26800), 290 (6060),
1 444,467 2.2
309 (4890), 386 (9050) 309 0.10 ’
L2MeMe(L6) 254 (26000), 264 (27100),
2 441, 461 .8
310 (7400), 395 (9000) 303 0-25 , 46 3
L2MeBu(] g) 255 (28200), 265 (29300),
1 437, 4 3.4
311 (7300), 394 (9480) 505 019 37,455
L2MeCF3(L9) 257 (30200), 291 (6860),
1 A2 445, 4 2.0
310 (5120), 386 (9140) S18 0 3,467
L3MeMe(13) 253 (65200), 299 (22000),
4 2 447, 471 32
308 (sh), 388 (15900) 83 0-20 ’
L3BuwBup10) 253 (76100), 299 (26400), 498 0.47 443,467, 3.9
309 (sh), 383 (16500) 508, 551
L3CFCE(L11) 247 (76000), 294 (20900),
4 : 423,447 2.0
304 (sh), 382 (16100) 76 0.098 ’
CF3,/Bu
L3 (L12) 254 (75400), 296 (21600), 518 021 445, 469 18

380 (16900)

At room temperature, the twelve proligands all emit weakly in solution, with unstructured
and broad fluorescence peaking at ~ 474-518 nm, quantum yields below 1% and lifetimes of less
than 1 ns (Figure 4.4 and Table 4.2). We noted in my initial report*® how emission from the
bis(quinoline) L1MeMe (15) occurs at higher energy than either of the phenanthridine-containing

molecules. This trend is likewise observed in all of the new proligands reported here, consistent
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with the previously mentioned trend in the first singlet excited state energy (£s) of the parent

heterocycles.
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Figure 4.4. Photoluminescence spectra in CH>Cl> solution at 295 K of (a) bis(phenanthridine)
proligands L3®R; (b) three of the mixed quinoline-phenanthridine L2MeR (c) three of the mixed
quinoline-phenanthridine L2™R, In both panels, the emission spectrum of the bis(quinoline)

proligand L1MeMe (15) is provided for comparison.

Amongst the three symmetrically substituted bis(phenanthridine) ligands, L3¢F3CF3 emits
at highest energy and L3/ (L.10) the lowest (Figure 4a). Interestingly, however, the asymmetric
derivative L3CF3Bu (1,12) emits at unequivocally lower energy than either of them, indicative of
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an element of charge-transfer character between the differently substituted phenanthridines. A
similar observation is made for the L2®R series: L2M&CF3 (1L9) emits at a lower energy than L2MeMe
(L6) or L2MeBu (1.8) (Figure 4.4b), while L2%CF3 (7) emits at a lower energy compared to L2H-Me
(L2) and L2%B" (Figure 4.4c). Across the entire library, the mixed quinoline-phenanthridine
compounds L2R®R are all red-shifted compared to their correspondingly substituted

3RR_ consistent with the quinoline and phenanthridine units acting

bis(phenanthridine) analogues L
as donor and acceptor respectively in a charge-transfer process. At 77 K (Table 4.2, Figure 4.5),
this effect is largely lost which may be understood in terms of a destabilization of the charge-
transfer contribution under these conditions. Underscoring this point, the three compounds
incorporating a methyl substituent in the 6-position of the quinoline arm (L2M®R) all show a small
but significant red-shift relative to those with no substituent on the quinoline (L2%R) at room

temperature (Figure 4.6). This is consistent with the methylated quinoline being a slightly more

electron-rich donor in the proposed charge-transfer process.
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Figure 4.5. Photoluminescence spectra of proligands in EPA glass at 77 K: (a) Spectra of the L3RR

series of bis-phenanthridine proligands; (b) Spectra of three of the mixed quinoline-phenanthridine
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series L2MeR The emission spectrum of the bis-quinoline proligand L1MeM¢ (L5) is provided for

comparison (dashed orange line).

Normalized Emission Intensity

400 450 500 550 600 650 700
Wavelength / nm
Figure 4.6. Photoluminescence spectra of all six mixed quinoline-phenanthridine proligands,

2Me,R

showing how the L compounds (solid lines) display red-shifted emission relative to the

corresponding L2"R (dashed lines) in each case (CH2Cl,, 295 K).

4.4.2. Platinum complexes:

Photophysical data for all twelve of the platinum complexes are reported in Table 4.3, with selected
UV-visible absorption spectra shown in Figure 4.7 (additional absorption and emission spectra are
shown in 4.8). The Pt complexes are all dark red in color. Accordingly, a broad and intense
absorption band can be observed in each case, with a maximum at ~500 nm. Deprotonation of the
amine N—H and chelation to a Lewis acidic Pt(Il) centre thus increases the energy of the highest

occupied orbitals and concomitantly stabilizes the heterocycle-based n* orbitals, displacing the
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lowest energy absorption band by ~5000 cm™! compared with the proligands. The major difference
between the phenanthridine-containing complexes (L2RR-PtCl and L3®R-PtCl) and the
bis(quinoline) analogs (L1®R-PtCl) is the higher absorption of the former in the 300-350 nm
region, as observed for the proligands. The identity of the substituents in the 2-position of the
phenanthridine (or the 6-position of the quinoline)*! is seen to have minimal effect on the lowest-
energy absorption band. As demonstrated for the methyl substituted analogs L(1MeMe-3MeMe)
PtCl, the main contributor to the lowest energy absorption is from the HOMO—LUMO+1
transition.® Population analysis of both these orbitals revealed only small contributions of the
carbon at the site of substitution. For example, there is no orbital density present at the carbons
directly bonded to the methyl groups, nor at the methyl groups themselves, in the HOMOs of
L(1MeMe_3MeMey ptCl, Thus, only the bis-CF3-substituted complex, bearing strongly electron-
withdrawing substituents, shows some differences in relative intensities of UV and visible bands
compared to the others as shown in Figure 4.7a. Nevertheless, only a small shift to lower energy
is observed for the lowest energy absorption in 3¢F3CF3 (L11-PtCl) compared with 3MeMe (13-

PtCI).
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Table 4.3. Absorption and emission data of Pt(II) complexes!?

Emission 77 K¢

Absorption Emission ®um 1/ns kr Ykur kq®?
Amax/nm dmaxmm® % 102 /10 /108 /10° Amax/Dnm T/ ns
[byc] [ 1Ll g1 lel M-l 1 [h]
11H 239, 300, 342, 1200
LILPC) 357 381, 504 740 0.0 oy 083 83 23 692,760 3300
1MeMe 240, 301, 340, 1800
LsPC) 356 381, 501 738 0081 o 04956 1.7 696,763 2200
2HMe 244,258, 284,
(L2-PtCI) 315, 338, 353, 745 0.11 [111800(} 1.0 9.1 2.1 692,753 5200
404, 504
2HBu 245, 260, 280sh,
(L4-PtCI) 317, 338, 356, 737 0.22 [118900(} 1.2 5.5 2.1 682,741 2900
403, 508
2HCF3 235, 261, 283,
(L7-PtCI) 325,356,412, 712 0.31 [220500(} 1.6 5.0 1.6 680, 726 6500
500
2MeMe 246, 284, 315,
(L6-PtCI) 338, 354, 405, 740 0.13 [110800(} 1.3 10 2.1 692,756 3000
502
2MeBu 243,285, 316,
(L8-PtCI) 338, 355, 405, 743 0.092 [ggg] 1.1 12 1.5 690, 753 5600
505
2MeCF3 236, 261, 282,
(L9-PtCI) 324,356, 415, 710 0.30 [220100(} 1.5 5.0 1.9 711,774 2600
497, 570sh
3MeMe 265, 321, 338, 2500
(L3-PtCI) 355, 405, 503 703 0.18 [190] 0.72 4.0 2.2 663, 727 18300
3BuBu 266, 324, 338, 2000
(L10-PtCI) 356, 406, 509 713 0.47 [190] 2.4 5.0 2.2 664, 728 2600
CF3,CF3
3 241, 263, 330, 4500
(L11-PtCD) 348, 369, 404sh, 683 0.10 [240] 0.22 2.2 1.8 675 1800
506, 539sh
CF3,Bu
3 265, 325, 337, 1300
(L12-PtC) 356, 399, 502, 715 0.30 [240] 2.3 7.7 1.5 702 2300

570sh

o] In degassed CH2Clz at 295 K, except where indicated otherwise. ®! Emission maxima and photoluminescence

quantum yields ®um determined from spectra recorded using a Synapse CCD detector. [l Measured in deoxygenated

solution, using [Ru(bpy)s]Claqg as the standard. [¢) Luminescence lifetimes in deoxygenated solution. Values in air-

equilibrated solution are given in square parenthesis. [ Radiative (k) and non-radiative (k) rate constants estimated

from quantum yield and lifetime, assuming unitary population of the emissive state upon light absorption: k: ~ @/ 1;

kar ~ (1-®) / t.'" Bimolecular Stern-Volmer constant for quenching by molecular oxygen, estimated from the lifetimes

in deoxygenated and air-equilibrated solution, and assuming [O2] = 2.2 mmol dm at atmospheric pressure of air. [¢]

In diethyl ether / isopentane / ethanol (2:2:1 v/v). " Emission spectra at 77 K were recorded using a conventional

monochromator and Hamamatsu R928 PMT detector. For additional spectra, see Figure 4.6c-d and 4.7.
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Figure 4.7. UV-visible absorption spectra in CH>Cl, solution at 295 K of (a) bis(phenanthridine)
series 3RR(L3RR_PtCl); (b) three of the mixed quinoline-phenanthridine series 2M&R (L2MeR-
PtCl) (c) three of the mixed quinoline-phenanthridine series 2%R (L2HR-PtCl) (d)
photoluminescence spectra in CH>Cly solution at 295 K of three of the mixed quinoline-
phenanthridine series 2R (L2%R-PtCl) showing the effect of the phenanthridine substituent while
the quinoline remains unsubstituted; spectra of the bis-quinoline complex 1 (L1-PtCl) are
provided for comparison. In both panels (a) and (b), the absorption spectrum of the bis(quinoline)

complex 1MeMe (L5-PtCl) is provided for comparison.
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Figure 4.8. Photoluminescence spectra of Pt(I) complexes in EPA glass at 77 K: (a) Spectra of
the bis-phenanthridine series 3®R (L3RR-PtCl); (b) Spectra of three of the mixed quinoline-
phenanthridine 2RR (L2RR-PtCl) complexes. The emission spectrum of the bis-quinoline

complex 1MeMe (L5-PtCl) is also provided for comparison.

DFT modeling of 3¢F3CF3 (L11-PtCl) is consistent with this observation as shown in
Figure 4.9. Namely, the introduction of strongly electron-withdrawing CF3 groups has a stabilizing
influence on both the HOMO of 3¢F3CF3 (L11-PtCl) (Enomo = -5.74 €V) compared to 3MeMe (13-
PtCl) (Enomo = -5.29 eV; AEnomo = -0.45 e¢V) and the LUMO+1 (ELumo+1 = -2.40 eV, 3CF3CF3
(L5-PtCl); ELumo+1 = -1.92 eV, 3MeMe (L3-PtCl); AELumo+1 = -0.48 eV). As for 1MeMe(L5-PtCl)
[2MeMe(6-PtCl) /3MeMe(L3-PtCl),*® TDDFT reveals the lowest energy absorption in 3CF3.CF3
(L11-PtCl) is dominated by the HOMO—LUMO+1 transition (Table 4.4, Figure 4.10).
Interestingly, a consequence of the introduction of a strongly electron-withdrawing CF3 substituent
in 2MeCF3 (1,9-PtCl) is to turn on the HOMO—LUMO transition, which is predicted by TDDFT
to have an oscillator strength comparable to that of the HOMO—LUMO+1 transition and thus
contribute to the lowest energy absorption band (Table 4.5, Figure 4.11). Indeed, it appears as a
low-energy shoulder in the UV-Vis absorption spectrum as shown in Figure 4.7. Consequently,

the broad, lowest energy absorption band for 2MeCF3 (L9-PtCl) is not significantly shifted
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compared to the rest of the 2RR (L2RR-PtCl) series. Despite a larger HOMO-LUMO+1 energy
gap, the participation of the lower energy HOMO—LUMO transition keeps the absorption

maximum relatively unchanged.
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Figure 4.9. Selected MOs and energies (IEFPCM[CH2Cl>]-M06/LANL2DZ; isosurface = 0.05)
of 2MeCF3 (1,9-PtCl) and 3¢¥3CF3 (L11-PtCl).

The location of the CF3 substituent on the phenanthridinyl arm in 2M&C¥3 (L9-PtCl) has
an unequal effect on the HOMO, LUMO and LUMO+1. Specifically, the electron-withdrawing
effect of CF3 results in relatively significant stabilization of both the HOMO and LUMO compared
to in 2MeMe(L6-PtCl) but has less of an impact on the acceptor LUMO+1. The influence on the
HOMO can be attributed to an inductive stabilization on the amido nitrogen meta to the substituent.
For the mixed quin/phen systems 2®R (L2RBR-PtCI), the LUMO and LUMO+1 are comprised of
different relative contributions from the quinolinyl and phenanthridinyl arms. In 2MeMe (L6-PtCl),
the quinolinyl moiety contributes more than the phenanthridinyl unit does to the LUMO+1 and

185



vice versa for the LUMO.?® Introducing a CF3 substituent exaggerates this asymmetry, such that
the phenanthridinyl arm completely dominates the LUMO in 2M&CF3 (L9-PtCl) (see Tables 4.6
and 4.7 for population analysis). Thus, the LUMO energy is most drastically impacted by
introduction of a strongly electron-withdrawing CF; substituent; the LUMO+1, less so. In
pseudooctahedral Fe(IT) complexes of L2HCF3 (L7-PtCl) and L2%-8" (L4-PtCl), introduction of a
strongly electron-withdrawing CF3 at the phenanthridine was found to similarly increase the
phenanthridine contributions to the LUMO over those from quinoline.** This contrasts with what
is often observed for CFs-containing luminescent organometallics (e.g., those based on
cyclometallating ligands) where, although both HOMO and LUMO are stabilized, the latter is
more so, largely inducing bathochromic shifts.>!-? Structure-property relationships accounting for
the placement of substituents relative to the primary orbital density comprising the HOMO and
LUMO have been previously used to explain unequal impacts on the frontier orbitals in
cyclometallated Ir emitters.*® It is notable that Amax for 2M&CF3 (L9-PtCl) is still some 27 nm red-
shifted compared to 3¢¥3-CF3 (L11-PtCl), which has no quinoline unit.

All twelve platinum complexes are emissive at room temperature in deoxygenated solution,
with luminescence in the deep red/NIR that tails to 800—1000 nm (Figure 4.12, Figure 4.7d; Table
4.3). Owing to the poor sensitivity of conventional photomultiplier tubes in this region, the spectra
shown in Figure 4.12 were recorded using a CCD detector with superior sensitivity in the NIR (see
Experimental Section for details). Each spectrum contains a relatively narrow, unstructured band
(FWHM ~ 2300 cm™). In our initial study of the parent dimethyl complexes, we noted how
emission from the bis(phenanthridine) complex 3MeMe (L3-PtCl) is unequivocally higher in
energy compared to that of the quinoline-containing complexes 1M&Me¢ (L5-PtCl) and 2MeMe (L6-

PtCl), in spite of the greater conjugation of the phenanthridinyl-containing ligands.*® I traced this
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to enhanced rigidity within the benzannulated phenanthridinyl systems, which results in a higher
energy emissive triplet state. The “mixed” system 2MeMe (L6-PtCl) behaves like the bis(quinoline)

1MeMe (1 5.PtCl), implying the emissive state in both primarily involves the quinoline.
plymg p y q

Table 4.4. TDDFT calculated (IEFPCM-M06/LANL2DZ) vertical excitation energies, oscillator

strengths (f> 0.05) for 3¢F3CF3 (L11-PtCl).

No. A/nm E/eV  fo Major Contributions
1 510 243 045 HOMO—L+1 (99%)
4 386 321  0.08 HOMO—L+3 (96%)
5 385 322 0.08 HOMO—LA+2 (95%)
8 350 3.54  0.76 H-1-LUMO (89%)
12 332 3.74  0.09 H-3—L+1 (80%)
14 327 379  0.05 H-4—L+1 (82%), HOMO—L+5 (10%)

15 320 387  0.11  H-6—L+1 (11%), H-5>LUMO (23%), H-3—L+1 (11%),
HOMO—L+4 (13%), HOMO—L+5 (28%)

16 318 3.90  0.07 H-1—L+4 (43%), H-1—L+5 (22%)
17 317 391 0.18 H-6—LUMO (31%), H-5—L+1 (32%)

23 283 438 0.1  H-6-L+1 (20%), H-5—LUMO (39%), H-1—L+3 (32%)
24 281 441 020 H-5—L+1 (24%), H-1—L+2 (68%)

28 268 463  0.15 H-3—L+3 (85%)

29 268 463 032 H-6—1+2 (12%), H-5—L+3 (24%), H-3—1L+2 (44%)
30 267 464 031  H-7-LUMO (13%), H-6—L+2 (19%), H-5—L+3 (10%),
H-3—1+2 (46%)

34 255 487 032 H-7—LUMO (70%), H-5—L+3 (13%)
36 252 492 0.09 HOMO—L+7 (77%)
37 252 493 021 H-7—L+1 (66%), H-5—L+2 (11%)
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Figure 4.10. Experimental (—) and TDDFT (IEFPCM-MO06/LANL2DZ) simulated absorbance

spectra (---) and vertical excitations (—) of 3¢¥3¢F3 (L11-PtCl) in CH>Cl.

Table 4.5. TDDFT calculated (IEFPCM-M06/LANL2DZ) vertical excitation energies, oscillator

strengths (f> 0.05) for 2MeCF3 (L9-PtCl).

No. A/nm E/eV  fos Major Contributions
1 533 2.33 0.20 HOMO—LUMO (98%)
2 490 2.53 0.20 HOMO—L+1 (98%)
4 400 3.10 0.08 HOMO—L+2 (96%)
6 349 3.55 0.42 H-1-LUMO (78%), H-1—>L+1 (10%)
9 337 3.68 0.09 H-3—-LUMO (66%), H-2—L+1 (10%)
12 327 3.79 0.09 H-1—-L+1 (69%)
13 323 3.83 0.16 H-5—LUMO (14%), HOMO—L+3 (12%),
HOMO—L+4 (24%), HOMO—L+5 (30%)
16 316 3.92 0.10 H-5—LUMO (63%)
19 285 435  0.13 H-5—LUMO (11%), H-1—L+2 (79%)
22 278 4.46 0.12 H-6—L+1 (65%)
25 271 458 042 H-5—L+1 (19%), H-3—L+2 (20%), HOMO—L+6
33%
26 269 4.01 0.30  H-5-L+1 (13%), H-5—>(L+2 218%), H-3—L+2 (32%),
HOMO—L+6 (18%)
30 260 4.78 0.18 H-7—LUMO (39%), H-5—L+2 (33%)
31 256 4.85 0.06 H-7—L+1 (63%)
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Figure 4.11. Experimental (—) and TDDFT (IEFPCM-MO06/LANL2DZ) simulated absorbance

spectra (---) and vertical excitations (—) of 2M&CF3 (L11-PtCl) in CH,Cl,.

Table 4.6. Fragment contributions to the frontier molecular orbitals of 2M&CF3(L9-PtCl) using

Hirshfeld atomic population method! (IEFPCM-MO06/LANL2DZ).

MO E/eV Pt Cl N2mide (C=Nphen (C=Nauin  Aypphen  Apquin  CEF;  Me

L+2 -1.60 1 0 1 4 1 &9 3 2 0
L+1 -2.09 4 0 1 0 29 7 58 0 1
LUMO -234 4 0 1 35 0 54 2 3 0
HOMO -5.53 18 5 19 2 2 25 29 0 0
H-1 -6.78 43 3 1 7 7 13 23 0 1

Table 4.7. Fragment contributions to the frontier molecular orbitals of 3¢¥3CF3 (L11-PtCl) using

Hirshfeld atomic population method! (IEFPCM-M06/LANL2DZ).

MO E/eV Pt Cl Namide  C=Nphen A phen CF;
L+2 -1.71 0 0 1 4 94 2
L+1 -2.40 3 0 1 32 61 3
LUMO -2.44 4 0 1 38 54 )
HOMO -5.74 20 6 19 4 50 1
H-1 -6.91 48 0 1 17 34 0
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Figure 4.12. Photoluminescence spectra in CH>Cl at 295 K of (a) the bis(phenanthridine) series
3RR. (b) three mixed quinoline-phenanthridine 2M&R (L2MeR_PtCl) complexes (2R (L2HR-
PtCl)are shown in Figure 4.6d). In both panels, the emission spectrum of the bis(quinoline)

complex 1MeMe (L5-PtCl) is provided for comparison.

These observations are largely borne out amongst the new series of complexes, with most
of the quinoline-containing compounds (1®R (L1®RR-PtCl) and 2R R(L2RR-PtCl)) emitting at lower
energy than the bis(phenanthridines) 3®R(L3RR-PtCl). Within the series of substituted
bis(phenanthridine) complexes, it can be seen that the substituents have a small but noticeable
influence on Amax (Figure 4.12a). The trend parallels that observed in the proligands. Namely, a
blue shift is observed on going from the bis-CH3 3MeMe (L3-PtCl) to bis-CF3-substituted complex
3CF3CE(,11-PtCl), while a red shift results from introduction of /Bu groups in 3€¥38u (L 12-PtCl)
and 3BwBu (L,10-PtCl). As noted above, the introduction of strongly electron-withdrawing CF3
substituents in 3¢¥3CF3 (L11-PtCl) stabilizes both the HOMO and LUMO+1 by similar amounts

(AEnOMO = -0.45 eV; AELumo+1 = -0.48 eV). In comparison, the LUMO is stabilized by a smaller

amount (AELumo = -0.39 eV). This has an overall destabilizing effect on the lowest-lying emissive
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state [E(T1) = 2.03 eV; Table 4.8], which is thus less stabilized than the T state of 3MeMe (13-
PtCl) [E(T) = 1.88 eV]*8 resulting in blue-shifted emission despite slightly red-shifted absorption.
As for 3MeMe (1.3-PtCl), optimization of the T structure of 3¢¥3CF3 (L11-PtCl) reveals the most
significant excited state distortions in the lowest-lying T, state are localized in the phenanthridinyl
ligand arms; the coordination environment about the Pt centre is left largely untouched (Table 4.9,
Figure 4.13).

The “mixed” complexes in series 2BR (L2RR-PtCl), in comparison, reveal a different
picture. Those incorporating methyl or Bu substituents in the phenanthridine emit at similar
energy to the parent 2MeMe (L6-PtCl) and 2%-M¢(L2-PtCl), consistent the emissive excited state
involving the quinoline (rather than the phenanthridine). However, emission from both 2MeCF3
(L9-PtCl) and 2H-CF3 (L7-PtCl) is blue-shifted by ~30 nm relative to the rest of the 2RR (L2RR-
PtCl) series, rendering their emission maxima similar to those of some of the bis(phenanthridines)
and apparently counteracting the red-shifting effect of the quinoline. Comparing the optimized
structures of the T and ground state (So) of 2M&CF3(L9-PtCl), the most significant distortions are
in fact localized in the CsN rings of the phenanthridinyl ligand arm (Figure 4.13). Thus, unlike for
1RR (L1RR_PtCI) and 2RR(L2®R-PtCl), inclusion of strongly electron-withdrawing substituents
leads to emissive excited states in the CF3-substituted analogs with stronger participation of the
phenanthridine rather than the quinoline. A plot of the spin density in the lowest lying T, state
(Figure 4.14) supports this assertion and confirms the SMLCT character of the lowest lying triplet
excited states for both 2MeCF3 (L9-PtCl) and 3¢¥3CF3 (L11-PtCl). The higher energy emission
from 2RCF3 (L2RCF_PtCl) can be traced to a higher energy T, state [E(T1, 2M*CF3(1L9)) = 1.79 eV

vs B(T1, 2MeMe(L6)) = 1.77 eV¥].
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In deoxygenated solutions, the observed excited-state lifetimes are on the order of a
microsecond, typical of cyclometallated Pt(II) complexes (Table 4.3). These values are consistent
with formally spin-forbidden phosphorescence from a triplet excited state, expedited by the spin-
orbit coupling of the heavy metal. In air-equilibrated solutions, the lifetimes are shorter by an order
of magnitude. The triplet excited state is quenched by molecular oxygen with bimolecular rate
constants of ~2 x 10° M! s7!. The quantum yields are all low, in the range of 0.1-0.5%.
Interestingly, the complexes that display the brightest emission do not have the longest lifetimes,
suggesting that structural variation influences both radiative & and non-radiative k. rate constants.
Assuming that the emitting state is formed with unit efficiency, these rate constants can be
estimated using the expressions k= @ / 1 and knr = (17! — kr). Considering first the knr values, it can
be seen that the highest values are found for the complexes that emit at lowest energy and vice
versa, as predicted by the “energy gap law”. This trend is expected in the absence of deactivation
processes involving higher-lying states for compounds that present a common type of excited state,
as intramolecular energy transfer into vibrational modes becomes increasingly probable.>

Previous studies of Ru(IT) and Pt(IT) complexes>*>¢

revealed a logarithmic dependence. Here, a
fairly convincing linear relationship can be seen in a plot of In(knr) versus the excited-state energy
(which we estimate from Amax), when considering the twelve complexes collectively as shown in

Figure 4.14. Inevitably, additional factors may be introduced when substituents are added that

could also influence knr and cause some deviation from linearity.

Table 4.8. Calculated photophysical parameters for 2M&CF3 (L8-PtClI) and 3¥*CF3(L11-PtCl).

E / eV 2Me,CF3 3CF3,CF3
E*i (T1—So) 1.79 2.03
Evertehos (T, —T1@So) 1.57 1.89
At (T1@So-So) 0.22 0.14
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Table 4.9. Selected DFT (IEFPCM-MO06/LANL2DZ) optimized ground state and lowest excited

triplet state bond lengths (A) and angles (°) of 2M&CF3 (L8-PtCl) and 3°F3CF3 (L11-PtCl).

2MeCF3 (1.8-PtCl) 3CFCR(L11-PtCl)

So T So T
P—Namide 1.998 1.976 1.995 1.973
Pt—NN-bet.a 2.026 2.047 2.025 2.043
Pt—Nphen 2.026 2.026 2.025 2.043
Pt—Cl 2.458 2.428 2.456 2.430
Neamide_pt—C] 179.6 179.1 180.0 180.0
NN-het_pg— Nphen 165.2 164.9 165.2 165.0

@ N-heterocycle: 2MCF3(L8-PtCl), 6-methylquinoline; 3¥>F(L11-PtCl), 2-trifluoromethylphenanthridine

QuinN-pt-Phen

2.458 165.2
""""""""" ' 2.428 164.9
. Cl_ .-
1427 1322 12.027 | " 202 1.338 1.41
12 AL

(L-PICY) (S,)
(L9)-Ptcl (T)

B e
4

165.2

(L11)-PICl (S
(L11)-PtCl (T,)

Figure 4.13. Selected bond length comparison of DFT-optimized (IEFPCM-M06/LANL2DZ) So

and T, structures of 2MeCF(L9-PtCl) and 3¢F3CF3 (L11-PtCl). The most impacted moiety is

outlined in blue and bolded.
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Figure 4.14. Plot of In(k.r) versus the emission energy, estimated from Amaxem in degassed CH2Clo
at 295 K. Data points for the bis(quinoline) complexes [1RR(LI1RR-PtCl); orange circles],
bis(phenanthridine) series [3®R(L3®R-PtCl); black squares] and the mixed quinoline-
phenanthridine series [2RR(L2R-R-PtCl); purple diamonds] are shown along with the best linear fit

using all data points (dashed green line).

On the other hand, there is no obvious trend in 4. However, it can be seen that 4; is smallest for
the highest-energy emitters 3¢¥3CF3 (L11-PtCl) and it is evidently for this reason that its quantum
yield is not the highest amongst the series, despite having the lowest ki value. In contrast, the
highest quantum yields [observed for 3®B%B¢ (L10-PtCl)and 3¢¥3B (L12-PtCl)] reflect k: values
that are around an order of magnitude larger (e.g., for 3¢F3CF3(L11-PtCl) and 3/B*B" (L10-PtCl),
the k- values are 220 and 2400 s' respectively). Since k: for the formally forbidden
phosphorescence process is determined by the efficiency of spin-orbit coupling, which in turn is
dependent on the degree of metal character in the excited state, these observations might suggest

a better matching of orbital energies of ligand and metal when electron-donating substituents are
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present. The efficiency of spin-orbit coupling is also inversely dependent on the S;—T; energy gap,

and so it is possible that this gap is smallest in 3"B%8v (L,10-PtCl)and 3¢¥3/B* (L12-PtCl).

(L9)-PtCI (L11)-PiCl
Figure 4.15. Spin density maps (isovalue = 0.005) of the lowest lying triplet excited state for (a)

2MeCFY(L9-PtCl) and (b) 3¢F3CF3 (L11-PtCl).

Although the quantum yields are low, such values are quite typical for NIR-phosphorescent
complexes of many transition metals in solution where the combined effects of fast non-radiative
decay and a low degree of metal participation in the excited state conspire to limit efficiency.*>’
The best reported performance for Pt(II) systems is offered by complexes of highly conjugated
benzoporphyrins, where quantum yields in excess of 50% have been observed,*>® but their
synthesis is often demanding, with poor solubility and marked propensity to aggregation. In OLED
devices, the use of bimolecular excited states formed through interfacial intermolecular
interactions between Pt(II) complexes offers an alternative way of achieving efficient NIR
emission,?** but some of the best performing OLED emitters of this type are actually non-

emissive in solution.’ Notable features of the Pt(IT) complexes reported here are the relatively
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narrow spectra (2300 cm™! compared to > 3000 cm™! for some excimer-based systems?®2°) and the
sharp onset of emission on the high-energy side of the spectrum. This latter property limits or even
eliminates contamination of the spectrum by visible emission, a requirement in some applications

of NIR OLED:s.

4.5. Conclusions:

In conclusion, a synthetic methodology based on chelating, pincer-like benzannulated
diarylamido ligand scaffolds for constructing phosphorescent Pt(II) complexes which emit in the
deep red region of the electromagnetic spectrum with narrow band profiles was presented. The
construction of 2-substituted phenanthridines amenable to cross-coupling conditions enables the
preparation of a wide library of compounds, with varying substituents, as in the L2®R and L3RR
series of proligands and platinum complexes 2RR (L2RR-PtCl) and 3RR (L3RR-PtCl).
Benzannulation, counter-intuitively but markedly, blue-shifts emission in this series, attributable
to an increase in molecular rigidity and the ability of the phenanthridine (3,4-benzoquinoline) units
to buffer against substantial molecular reorganization.® The influence of substituents in the
phenanthridine 2-position can further be used to modulate the photophysical properties dependent
on the relative strength of the substituent as an electron donating/accepting group. This influence
therefore is subtle for substituents with lower Hammett parameters (Me, /Bu) compared to those
with larger ones (CF3).%° Overall, the impact of CF3 substituents is most pronounced, leading to
significant hypsochromic shifts to emission, to such an extent that the 2M&CF3 (L9-PtCl) and 2%-CF3
(L7-PtCl) complexes emit at higher energy than the bis(quinolines) 1M&M¢ (L5-PtCl) and 114
(L1-PtCl). This influence is traced to unequal impacts of the substituent on the HOMO and
LUMO+1, which represent the donor and acceptor orbitals involved in formation of the lowest

energy excited state. The phosphorescence radiative rate constants of the complexes are mostly in
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excess of 10° s7! but are reduced in the highest-energy emitters, possibly due to mismatching of
metal and ligand orbitals and hence inefficient spin-orbit coupling. The non-radiative rate
constants, meanwhile, show a trend that is in line with that expected from the energy gap law, with
the lowest-energy emitters subject to the most rapid non-radiative decay. Efforts to improve deep
red phosphorescence further by addressing the relative rates of radiative vs. non-radiative decay

through ligand design®® are now underway.

4.6. Experimental Section:

4.6.1. General Information:

Air-sensitive manipulations were performed in either a Na-filled glove box or using standard
Schlenk techniques in argon atmosphere. Pdx(dba);, Pd(PPhs)s, Pd(OAc), (%)-2,2'-
bis(diphenylphosphino)-1,1'-binaphthalene (rac-BINAP), 1,1'-bis(diphenylphosphino)ferrocene
(dppf), sodium tert-amoxide (NaOfAm) and sodium tert-butoxide (NaOrBu) were purchased
(Sigma Aldrich) and used without further purification. 8-Bromo-6-methylquinoline,*’ 8-amino-6-
methylquinoline,®!  4-amino-2-trifluoromethylphenanthridine,®> Pt(COD)CL,%  4-amino-2-
methylphenanthridine, L1MeMe (L5), L2MeMe (L), 1MeMe (L5-PtCl) and 2MeMe (L5-PtCl),®
L3MeMe-(1,3) and 3MeMe(L3-PtCl),* L2H8Bv (L4) and L2"CF3 (L7) * were synthesized according
to literature procedures. Organic solvents were dried and distilled using appropriate drying agents,
and distilled water was degassed prior to use. 1- and 2D NMR spectra were recorded on Bruker
Avance 300 MHz or Bruker Avance-III 500 MHz spectrometers. All 'H and 3C {'H} NMR spectra
were referenced to residual solvent peaks. '"F NMR spectra were collected using deuterated
solvents and locked to the deuterium signal. NMR spectra of all new compounds are provided in

Figures S15-S39. Elemental analyses were performed by Microanalytical Service Ltd., Delta, BC
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(Canada), and at the University of Manitoba using a Perkin Elmer 2400 Series II CHNS/O

Elemental Analyzer.

4.6.2. Synthesis of Ligand Precursors:

4-bromo-2-tert-butylphenanthridine: A 500 mL Teflon-stoppered flask was charged with
Pd(PPh3)s (1.66 g, 1.43 mmol) and 50 mL of 1,2-dimethoxyethane (DME). After stirring briefly
to mix, 2-bromo-6-iodo-4-tert-butyl-toluidine (15.02 g, 47.80 mmol), 2-formylphenylboronic acid
(7.89 g, 52.58 mmol) and an additional 70 mL of DME were added, followed by Na>xCOs (15.20
g, 143.4 mmol) dissolved in 100 mL of degassed water. The flask was then sealed, and the mixture
stirred vigorously for 6 h in an oil bath (130 °C). The flask was then allowed to cool, HClg) (2 M,
130 mL) added, and the mixture refluxed for additional 2 h. The flask was then cooled, neutralized
with NaOH, and pumped to dryness. The residue was taken up in CH>Cl> (100 mL) and washed
with brine (3 x 100 mL). The organic layer was separated, dried over Na,SO4 and volatiles
removed to leave a yellow-brown solid. Column chromatography on basic alumina gave a pale-
yellow solid (Rf = 0.41; 1:5 EtOAc/hexane). Isolated yield = 11.74 g (86 %). '"H NMR (CDCls,
500 MHz, 22 °C): § 9.33 (s, 1H; Ca:H), 8.62 (d, 1H, Jun = 8.4 Hz; Ca:H), 8.52 (s, 1H; Ca:H), 8.14
(d, 1H, Jun = 1.9 Hz; Ca:H), 8.06 (d, 1H, Jun = 7.9 Hz; Ca:H), 7.87 (t, 1H, Jun = 7.6 Hz; Ca:H),
7.71 (t, IH, Jun = 7.4 Hz; CacH), 1.49 ppm (s, 9H; Bu). *C{'H} NMR (CDCls, 125 MHz, 22 °C):
0 153.8 (Car), 150.9 (Car), 140.0 (Car), 132.6 (Car), 131.3 (Car), 131.1 (Car), 129.1 (Car), 128.0
(Car), 126.6 (Car), 125.5 (Car), 125.3 (Car), 122.0 (Car), 117.8 (Car), 35.4 (CCHjs)3, 31.5 ppm

(CH3).
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4.6.3. General Procedure for Proligand Synthesis (L1®R-L3®R);

A thick-walled, 100 mL Teflon-stoppered flask was charged with a Pd catalyst, ligand (rac-BINAP
or dppf) and toluene (30 mL) in the amounts noted below. After stirring briefly, the appropriate
quinoline or phenanthridine reagents were added, along with an additional 30 mL of toluene,
followed by the alkoxide base. The sealed flask was then stirred vigorously for 72 h in an oil bath
set to 150 °C. After cooling and removing the volatiles, the residue was taken up in CH>Cl, (120
mL) with the resulting suspension filtered over Celite and dried.

L2MeBu(],8): The general procedure was followed using: Pdx(dba)s (0.110 mg, 0.120 mmol), rac-
BINAP (0.162 g, 0.440 mmol); 8-bromo-6-methylquinoline (0.490 g, 2.20 mmol), 4-amino-2-fert-
butylphenanthridine (0.500 g, 2.00 mmol); and NaOfAm (0.29 g, 3.0 mmol). Column
chromatography gave an orange-red solid (neutral alumina; 1:5 EtOAc/hexane; Rf= 0.43). Isolated
yield = 1.01 g (92%). 'H NMR (CDCl3, 300 MHz, 22 °C): § 10.43 (br s, 1H; NH), 9.29 (s, 1H;
Ca:H), 8.91 (dd, 1H, Jun = 4.2, 1.7 Hz; CacH), 8.68 (d, 1H, Jun = 8.2; CacH), 8.19-8.02 (m, 4H;
Cadf), 7.91-7.82 (m, 1H; CacH), 7.77 (d, 1H, Jun = 1.6 Hz; Ca:H), 7.70 (dd, 1H, Jun = 8.0, 7.0
Hz; Ca:H), 7.46-7.39 (m, 1H; Ca:H), 7.11 (br s, 1H; Ca:H), 2.57 (s, 3H; CH3), 1.57 (s, 9H, C(CH3)3
ppm. BC{'H} NMR (CDCl;3, 75 MHz, 22 °C): 8 150.6 (Car), 150.4 (Car), 147.3 (Car), 139.2 (Cay),
139.0 (Car), 137.0 (Car), 135.5 (Car), 133.1 (Car), 130.7 (Car), 129.2 (Car), 128.9 (Car), 127.3
(Car), 127.0 (Car), 124.3 (Car), 122.4 (Car), 121.8 (Car), 116.7 (Car), 111.6 (Car), 110.9 (Ca),
108.8 (Car), 35.7(C(CHs3)3), 31.7 (*"nCH3), 22.7 (QinCH3) ppm.

L2MeCF3(1.9): The general procedure was followed using: Pd(OAc), (0.025 g, 0.11 mmol), dppf
(0.086 g, 0.15 mmol); 4-bromo-2-trifluoromethylphenanthridine (0.710 g, 2.18 mmol), 8-amino-
6-methylquinoline (0.350 g, 2.23 mmol); and NaOtAm (0.35 g, 3.27 mmol). Column

chromatography gave a yellow-green solid (neutral alumina; 1:5 EtOAc/hexane; Re= 0.3). Isolated
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yield = 0.77 g (88%). 'H NMR (CDCls, 300 MHz, 22 °C): § 10.74 (br s, 1H; NH), 9.43 (s, 1H;
CarH), 8.90 (dd, 1H, Jun = 4.1, 1.7 Hz; Ca:H), 8.65 (d, 1H, Jun = 8.5 Hz; Ca:H), 8.32 (s, 1H;
Ca:H), 8.18-8.04 (overlapped m, 3H; Ca:H), 7.93 (dd, Juu = 8.4, 7.1 Hz; 1H, CaH), 7.83-7.73
(overlapped m, 2H; CaH), 7.45 (dd, 1H, Jun = 8.3, 4.2 Hz; Ca:H), 7.23-7.14 (br s, 1H; CaH), 2.60
ppm (s, 3H; quinCH3). *C{'H} NMR (CDCl3, 75 MHz, 22 °C): 8 153.0 (Car), 147.6 (Car), 140.7
(Car), 139.1 (Car), 137.9 (Car), 137.2 (Car), 136.4 (Car), 135.6 (Car), 132.9 (Car), 131.6 (Car),
131.0(q, Car), 129.6 (Car), 129.20 (Car), 129.16 (Car), 128.3 (Car), 127.1 (Car), 124.5 (Car), 122.6
(Car),122.0 (Car), 118.2 (Car), 113.1 (Car), 109.6 (q, Car), 106.0 (q, Car), 22.6 ppm (QuinCH3).
YF{'H} NMR (CDCl3, 282 MHz, 22 °C): § -62.26 ppm.

L3B%B¥(1,10): The general procedure was followed using: Pd(OAc): (0.032 g, 0.14 mmol); dppf
(0.13 g, 0.23 mmol); 4-bromo-2-tert-butylphenanthridine (0.90 g, 2.9 mmol); 4-amino-2-tert-
butylphenanthridine (0.70 g, 3.2 mmol); and NaOrAm (045 g, 4.3 mmol). Column
chromatography gave a yellow-green solid (neutral alumina; 1:5 EtOAc/hexane; R = 0.35).
Isolated yield = 1.08 g (78%). 'H NMR (CDClz, 300 MHz, 22 °C): 4 10.41 (br s, 1H; NH), 9.30
(s, 2H; CarH), 8.69 (d, 2H, Jun = 8.4 Hz; Ca:H), 8.18 (s, 2H; Ca:H), 8.14-8.05 (overlapped m, 4H;
CarH), 7.91-7.82 (m, 2H; Ca:H), 7.76 (m, 2H; Ca:H), 1.55 ppm (s, 18H; C(CH3)3). *C{'H} NMR
(CDCl3, 75 MHz, 22 °C): 6 150.54 (Car), 150.50 (Car), 139.7 (Car), 134.0 (Car), 133.2 (Car), 130.7
(Car), 128.9 (Car), 127.3 (Car), 127.1 (Car), 124.4 (Car), 122.4 (Car), 110.0 (Car), 108.5 (Car), 35.7
(C(CHa3)3), 31.8 ppm (C(CH3)3).

L3CF3CF3(L11): The general procedure was followed using: Pd(OAc): (21.0 mg, 0.09 mmol); dppf
(72.0 mg, 0.13 mmol); 4-bromo-trifluoromethylphenanthridine (0.65 g, 1.99 mmol); 4-amino-2-
trifluoromethylphenanthridine (0.53 g, 2.33 mmol); and NaOfAm (0.29 g, 2.78 mmol). Column

chromatography gave a yellow-green solid (neutral alumina; 1:5 EtOAc/hexane; Rr= 0.2). Isolated
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yield = 0.76 g (74%). 'H NMR (CDCls, 500 MHz, 22 °C): § 10.91 (br s, 1H, N-H), 9.42 (s, 2H,
Ca:H), 8.63 (d, 2H, Jun = 8.1 Hz, Ca:H), 8.34 (s, 2H, Ca.H), 8.20-8.08 (overlapped m, 4H, Ca:H),
7.94 (app t, Jun = 7.4 Hz, 2H, CacH), 7.83 ppm (app t, 2H, Jun = 7.3 Hz, Ca:H). BC{'H} NMR
(CDCls, 125 MHz, 22 °C): 6 153.3 (Car), 140.0 (Car), 136.5 (Car), 132.8 (Car), 131.8 (Car), 129.23
(Car), 129.19 (Car), 128.5 (Car), 128.4 (Car), 127.1 (Car), 124.7 (Car), 122.6 (Car), 110.7 (Cay),
106.7 ppm (Car). PF{!H} NMR (CDCl;s, 470 MHz): & -62.45 ppm.

L3C¥3Bu(1,12): The general procedure was followed using: PA(OAc): (0.025 g, 0.11 mmol), dppf
(0.083 g, 0.15 mmol); 4-bromo-2-trifluoromethylphenanthridine (0.70 g, 2.2 mmol); 4-amino-2-
tert-butylphenanthridine (0.55 g, 2.2 mmol); and NaOtAm (0.34 g, 3.2 mmol). Column
chromatography gave a yellow-green solid (neutral alumina; 1:5 EtOAc/hexane; Rf = 0.32).
Isolated yield = 0.89 g (83%) 'H NMR (CDCls, 300 MHz, 22 °C): § 10.57 (br s, 1H; NH), 9.43 (s,
1H; Ca:H), 9.30 (s, 1H; CarH), 8.67 (dd, 2H, Jun = 11.7, 8.3 Hz; Ca:H), 8.29 (s, 1H; CacH), 8.22-
8.04 (m, 5SH; CacH), 7.97-7.85 (m, 2H; Ca:H), 7.82-7.70 (m, 2H; Ca:H), 1.56 ppm (s, 9H; C(CHj3)3).
BC{'H} NMR (CDCl;3, 75 MHz, 22 °C): 8 152.9 (Car), 151.0 (Car), 150.6 (Car), 141.2 (Car), 138.5
(Car), 136.3 (Car), 134.3 (Car), 133.1 (Car), 132.9 (Car), 131.6 (Car), 130.9 (Car), 129.6 (Cav),
129.2 (Car), 129.2 (Car), 129.0 (Car), 128.3 (Car), 127.5 (Car), 127.1 (Car), 127.1 (Car), 124.7
(Car), 124.5 (Car), 122.6 (Car), 122.4 (Car), 111.7 (Car), 110.0 (Car), 109.2 (q, Car), 105.8 (q, Car),

35.7 (C(CH3)3), 31.6 ppm (C(CHs)s). '°F{'H} NMR (CDCls, 282 MHz, 22 °C): & -62.52 ppm.

4.6.4. General Procedure for Pt Complex Synthesis:
In a thick-walled Teflon-stoppered flask, equimolar amounts of Pt(COD)Cl, and NaO7Bu
were added to a solution of the appropriate ligand (L1®R, L2RR or L3®R) in CH>Cl, (10 mL), and

the mixture stirred vigorously in an oil bath set to 70 °C for 18 h. The resulting red suspension was
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allowed to cool, and the volatiles were removed in vacuo. The residue was then washed with
acetonitrile (3 x 10 mL) and diethyl ether (3 x 10 mL).

2HBY T 4-PtCl): The general procedure was followed using: L2%B" (0.20 g, 0.53 mmol),
Pt(COD)Cl> (0.20 g, 0.54 mmol), and NaOzBu (0.050 g, 0.54 mmol). Isolated yield = 0.279 g
(87%). '"H NMR (CDCls, 300 MHz, 22 °C): § 9.60 (s, 1H, *Jpwu = 39 Hz, Ca:H), 9.25 (d, 1H, Jun
= 5.0 Hz; Ca:H), 8.58 (d, 1H, Jun = 8.4 Hz; Ca:H), 8.27 (d, 1H, Jun = 8.2 Hz; Ca:H), 8.09 (d, 1H,
Jun = 8.0 Hz; CaH), 8.03-7.85 (overlapped m, 2H, Ca.H), 7.80 (s, 1H, CaH), 7.76-7.68
(overlapped m, 2H, Ca:H), 7.53 (app t, 1H, Jun = 8.0 Hz; Ca:H), 7.41 (dd, 1H, Juun = 8.3, 5.0 Hz;
CacH), 7.06 (d, 1H, Jun = 7.9 Hz; CacH), 1.57 ppm (s, 9H, CH3). Anal. Calcd for C2sH22CIN3Pt:
C, 51.45; H, 3.65. Found: C, 51.15; H, 3.74.

2HCE(L7-PtCl): The general procedure was followed using: L2HCF3 (0.10 g, 0.26 mmol),
Pt(COD)CIl (0.096 g, 0.26 mmol), and NaOzBu (0.026 mg, 0.27 mmol). Isolated yield = 0.279 g
(87%). 'TH NMR (CDCl3, 500 MHz, 22 °C): § 9.79 (s, 1H, CarH), 9.30 (d, 1H, Juu = 5.4 Hz; Ca:H),
8.59 (d, 1H, Jun = 8.6 Hz; Ca:H), 8.36 (d, 1H, Jun = 8.4 Hz; Ca:H), 8.19 (d, 1H, Jun = 7.7 Hz;
Ca:H), 8.07-7.99 (overlapped m, 2H, Ca:H), 7.94 (s, 1H, Ca:H), 7.86-7.78 (m, 2H, CacH), 7.60
(app t, 1H, Jun = 7.9 Hz; Ca.H), 7.51-7.44 (overlapped m, 1H, Ca:H), 7.21 ppm (d, 1H, Jun = 8.0
Hz; CacH). YF{'H} NMR (CDCls, 470 MHz, 22 °C): & -62.19 ppm. Anal. Calcd for
C23Hi3CIF3N3Pt: C, 44.64; H, 2.12. Found: C, 44.57; H, 2.29.

2MeBu([ 8-PtCl): The general procedure was followed using: L2MeB® (0.20 g, 0.58 mmol),
Pt(COD)Cl» (0.22 g, 0.59 mmol), and NaO7Bu (0.06 g, 0.60 mmol). Isolated yield = 0.266 g (79%).
'"H NMR (CDCls, 300 MHz, 22 °C):  9.60 (s, 1H, *Jpw = 39 Hz, Ca.H), 9.17 (d, 1H, Jur = 6.9
Hz; Ca:H), 8.59 (d, 1H, Jun = 8.2 Hz; Ca:H), 8.17 (d, 1H, Jun = 8.4 Hz; Ca:H), 8.10 (d, 1H, Jun =

7.4 Hz; CacH), 7.99-7.89 (overlapped multiplet, 2H, Ca.H), 7.80 (s, 1H, Ca:H), 7.72 (app t, 1H,
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Jun = 6.6 Hz; CacH), 7.56 (s, 1H, CacH), 7.37 (dd, 1H, Jun = 8.4, 5.2 Hz; CacH), 6.88 (s, 1H, Ca:H),
2.60 (s, 3H, CH3), 1.57 ppm (s, 9H, C(CH3)3). Anal. Calcd for C27H24CIN3Pt: C, 52.22; H, 3.90.
Found: C, 51.91; H, 4.16.

2MeCF3(.9_PtCl): The general procedure was followed using: L2MeCF3 (0.21 g, 0.53 mmol),
Pt(COD)CI> (0.20 g, 0.53 mmol), and NaO7Bu (0.05 g, 0.54 mmol). Isolated yield = 0.222 g (66%).
'"H NMR (CDCls, 300 MHz, 22 °C): § 9.76 (s, 1H, *Jpir = 39 Hz, Ca:H), 9.18 (d, 1H, Jun = 5.1
Hz; Ca:H), 8.56 (d, 1H, Jun = 8.4 Hz; Ca:H), 8.23 (d, 1H, Jun = 8.8 Hz; Ca:H), 8.17 (d, 1H, Jun =
8.0 Hz; Ca:H), 8.08-7.95 (overlapped m, 2H, Ca:H), 7.91 (s, 1H, CaH), 7.81 (app t, IH, Jun = 7.6
Hz; Ca:H), 7.58 (s, 1H, CacH), 7.41 (dd, 1H, Jun = 8.3, 5.1 Hz; Ca:H), 7.00 (s, 1H, CacH), 2.63
ppm (s, 3H, CHs). YF{'H} NMR (CDCls, 470 MHz, 22 °C): § -62.49 ppm. Anal. Calcd for
C24H15CIF3NsPt: C, 45.54; H, 2.39. Found: C, 45.73; H, 2.41.

3BuBy(,10-PtCl): The general procedure was followed using: L3B%8Bv (0.20 g, 0.41 mmol),
Pt(COD)Cl> (0.16 g, 0.42 mmol), and NaO7Bu (0.04 g, 0.43 mmol). Isolated yield = 0.228 g (78%).
'"H NMR (CDCl3, 300 MHz, 22 °C): § 9.63 (s, 2H, Ca:H), 8.57 (d, 2H, Jun = 8.6 Hz; Ca:H), 8.11
(d, 2H, Jun = 8.0 Hz; Ca:H), 8.06 (s, 2H, CacH), 7.99-7.88 (m, 2H, Ca.H), 7.78 (s, 2H, CacH),
7.76-7.66 (m, 2H, CaH), 153 ppm (s, 18H, C(CHz);). Anal. Caled for
C34H32CIN3Pte(4xCHCl3)(0.5xEt:0): C, 44.08; H, 4.16. Found: C, 44.05, 4.26. This compound is
very insoluble and had been isolated after a series of recrystallizations from chloroform and diethyl
ether.

3CE3Bu(,12-PtCl): The general procedure was followed using: L3¢FB® (0.20 g, 0.40 mmol),
Pt(COD)Cl> (0.15 g, 0.41 mmol), and NaO7Bu (0.04 g, 0.42 mmol). Isolated yield =0.182 g (62%).
'"H NMR (CDCl3, 300 MHz, 22 °C): § 9.75 (s, 1H, Ca:H), 9.58 (s, 1H, Ca:H), 8.56 (d, 1H, Juu =

8.4 Hz; CarH), 8.47 (d, 1H, Jun = 8.4 Hz; CarH), 8.16 (d, 1H, Jiy = 7.4 Hz; CacH), 8.10 (d, 1H,
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Jitt = 8.0 Hz; CacH), 8.03-7.65 (m, 8H, CaH), 1.59 ppm (s, 9H, C(CH3)s). 'F{'H} NMR (CDCls,
470 MHz, 22 °C): 6 -62.50 ppm. Anal. Calcd for C31H23CIF3N3Pt: C, 51.35; H, 3.20. Found: C,
51.43; H, 3.21.

3CECE(L11-PtCl): The general procedure was followed using: L3¢F3CF3 0.28 g, 0.54 mmol),
Pt(COD)CI, (0.21g, 0.55 mmol), and NaOzBu (0.05 g, 0.56 mmol). Isolated yield of 3CF3CF =
0.265 g (66%). ’F{'H} NMR (DMSO, 470 MHz, 22 °C): & -60.77 ppm. The compound appears
to be too insoluble to characterize. Anal. Calcd for C23H14CIF3N3Pt(2xCHCI3): C, 36.93; H, 1.65.

Found: C, 37.22; 1.88.

4.6.5. X-Ray Crystallography:
X-ray crystal structure data were collected from multi-faceted crystals of suitable size and quality
selected from a representative sample of crystals of the same habit using an optical microscope. In
each case, crystals were mounted on MiTiGen loops and data collection carried out in a cold stream
of nitrogen (150 K; Bruker D8 QUEST ECO; Mo K, radiation). All diffractometer manipulations
were carried out using Bruker APEX3 software.®* Structure solution and refinement was carried
out using XS, XT and XL software, embedded within the Bruker SHELXTL suite.%® For each
structure, the absence of additional symmetry was confirmed using ADDSYM incorporated in the
PLATON program.®® CCDC Nos. 1992330-1992332 contain the supplementary crystallographic
data for this paper. The data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/structures.

Crystal structure data for L3C¥*CF3(L11) (CCDC 1992332): X-ray quality crystals were
grown from reaction mixture in toluene. Crystal structure parameters: C2gH15N3Fs 507.43 g/mol,

monoclinic, space group P2i/n; a = 13.0578(6) A, b=9.2399(4) A, ¢ = 19.4731(10) A, o =90°,
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=109.319(2)°, y =90°, V =2217.19(18) A%; Z =4, peatca = 1.520 g cm™3; crystal dimensions 0.22
x 0.14 x 0.06 mm?; Omax = 27.525°; 39662 reflections, 3800 independent (Rint = 0.0517), direct
methods; absorption coeff (u = 0.126 mm™'), absorption correction semi-empirical from
equivalents (SADABS); refinement (against F,?) with SHELXTL V6.1, 334 parameters, 0
restraints, R; = 0.0579 (I > 20) and wR> = 0.1518 (all data), Goof = 1.067, residual electron density
0.74/~0.55 ¢ A3,

Crystal structure data for 2MeBt (L8-PtCl) (CCDC 1992330): X-ray quality crystals were
grown following diffusion of diethyl ether vapor into a CHCI3 solution of the compound at room
temperature. Crystal structure parameters: C27H24CI1N3Pt; 621.03 g/mol, triclinic, space group P-
1; a = 8.8827(6)A, b = 11.5775(8) A, ¢ = 12.2098(9) A, a = 63.521(2)°, B = 77.693(2)°, y =
88.681(2)°, V =1094.37(13) A%; Z = 2, peatca = 1.885 g cm3; crystal dimensions 0.330 x 0.140 x
0.040 mm?; Omax = 27.916°; 27804 reflections, 5201 independent (Rin = 0.0288), direct methods;
absorption coeff (u = 6.554 mm!), absorption correction semi-empirical from equivalents
(SADABS); refinement (against Fo?) with SHELXTL V6.1, 293 parameters, 0 restraints, R; =
0.0151 (/> 26) and wR> = 0.0357 (all data), Goof = 1.057, residual electron density 0.909/—0.692
e A7

Crystal structure data for 3B (L10-PtCl) (CCDC 1992331): X-ray quality crystals were
grown following diffusion of diethyl ether vapor into a CH2Cl: solution of the compound at room
temperature. Crystal structure parameters: C34H26CliN3Pt1(CH2Clz) 792.04 g/mol, orthorhombic,
space group Pnma; a = 24.9983(13) A, b =6.7957(3) A, ¢ = 18.1591(9) A, a = 90°, f=90°, y =
90°, V =3084.9(3) A3; Z=4, peaica = 1.705 g cm3; crystal dimensions 0.100 x 0.022 x 0.021 mm?;
Omax = 24.789°; 76058 reflections, 2888 independent (Rint = 0.2484), direct methods; absorption

coeff (u = 4.838 mm™!), absorption correction semi-empirical from equivalents (SADABS);
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refinement (against Fo?) with SHELXTL V6.1, 249 parameters, 0 restraints, R; = 0.0461 (I > 20)

and wR> = 0.0834 (all data), Goof = 1.145, residual electron density 1.273/-0.901 e A3,

4.6.6 Optical Spectroscopy Measurements:

The absorption spectra of the complexes were measured in solution in CH2Cl in 1 cm quartz
cuvettes using a Biotek Instruments XS UV-Visible spectrometer at room temperature. The
emission spectra of the proligands at 295 and 77 K, and of their Pt(II) complexes at 77 K, were
recorded using a Jobin Yvon Fluoromax-2 spectrometer equipped with a red-sensitive Hamamatsu
R928 photomuliplier tube. The emission spectra of the Pt(I) complexes at 295 K, which extend
up to around 1000 nm, were recorded using a thermoelectrically cooled Synapse CCD detector,
which offers better sensitivity in the red / NIR region compared to the R928 PMT. The samples
for measurements at 295 K were contained within 1 cm pathlength quartz cuvettes modified for
attachment to a vacuum line, and were degassed prior to measurement by a minimum of three
freeze-pump-thaw cycles; final vapor pressure at 77 K was < 102 mbar. Emission spectra at 77 K
were recorded in 4 mm diameter tubes held within a liquid nitrogen cooled quartz dewar.
Luminescence lifetimes were measured by time-correlated single-photon counting (TCSPC)
following excitation using a pulsed laser diode at 405 nm; the emitted light was detected at right

angles to the excitation beam, using an R928 PMT thermoelectrically cooled to —20 °C.

4.6.7: DFT Calculations:
DFT optimizations of 2M&CF3 (L9-PtCl) and 3¢¥*CF3 (L11-PtCl) were carried out using
Gaussian16, rev. C01%7 with MO6/LANL2DZ%%%° with an IEFPCM’° solvent model with CH>Cl.

TD-DFT and single point calculations were performed at the same level of theory. Molecular
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orbital analyses were carried out using the Hirshfeld partition method’! available in Multiwfn
software’? and visualized using Avogadro.” TD-DFT results were analyzed using GaussSum.”
Spin density maps were generated using Gabedit.”” To calculate ground-state, excited-state and
reorganization energies, the following protocol (Figure 4.16) was followed: (1) The So geometry
was optimized by restricted DFT (charge = 0, multiplicity = 1) using the crystal structure
coordinates as starting input. The T1 geometry was optimized with unrestricted DFT (charge = 0,
multiplicity = 3) using the optimized So geometry as starting input. Frequency calculations were
then subsequently carried out to confirm that these structures are at a minimum. (2) To determine
the relative molecular fragment contributions to the frontier MOs, population analyses were carried
out on the optimized structures of Sy states (Tables 4.8 and 4.9). The electronic energies, E(So) and
E(T1), obtained from the single point calculations of Sp and T in their respective minimum were
used to estimate the adiabatic energy (E*4*), where, E2%* = E(T;) — E(So). (3) TD-DFT was then
carried out on the first 50 Sn<—So singlet-singlet transitions with the restricted formalism with
charge = 0 and multiplicity = 1 to yield E¥et2bs, (4) Everphos (T, —T@So) was estimated as the
ASCEF between single point energies of the T; (charge = 0, multiplicity = 3) and T1@So (charge =

0, multiplicity = 1) both at the optimized T geometry.
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Figure 4.17. Diagram illustrating parameters calculated using the protocol described in

computational experimental section.
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Chapter 5: Synthesis, Characterization and Reactivity Studies of
Phenanthridine-Based N* N *NMe: Pincer Complexes of Nickel and Palladium

5.1. Abstract:

Proligands based on bis(2-(dimethylamino)phenyl)amido ligands (A) were prepared
containing one quinolinyl unit (L.13) and one benzo-fused N-heterocyclic phenanthridinyl (L14,
L15, L16) unit, installed with electron donating groups (Me, rBu) and electron withdrawing group
(CF3) to address the solubility issue and explore the impact of systematic 7-extension conjugation
in the context of tridentate pincer-like amido complexes of Group 10 metals. Divalent nickel and
palladium complexes were synthesized using proligands (L13-L16) in good yields. Ni(Il)
complexes supported by tridentate N"N"N diarylamido pincer-type ligands have been
demonstrated to act as active catalysts in the carbon-carbon bond forming alkylation of azoles
using unactivated alkylhalides. Here, we show that benzannulated phenanthridine-containing
ligands can form homogenous Ni(Il) catalysts active with both benzoxazole and benzothiazole
substrates. These precatalysts have been fully characterized in solution and the solid-state,
including by cyclic voltammetry.

5.2. Introduction:

The homogeneous catalytic conversion of C—H bonds to C—C bonds mediated by
coordination complexes of first-row transition metals is of prime interest in the drive to increase
sustainability in chemical synthesis.!”? First, direct functionalization of C—H bonds obviates the
need for leaving groups that can limit atom economy.? Second, the use of first-row metal catalysts
reduces reliance on less abundant precious metals for transformations that add value to organic

substrates such as aromatic heterocycles.* With respect to these widely used synthetic building

blocks, transition metal catalyzed C—H alkylation reactions using alkylhalides with B-hydrogens
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can be challenging, as B-hydride elimination can lead to unproductive side reactions.> As a result,
a relatively limited number of examples of such cross-couplings have been reported, with

12-14 catalysts featuring most prominently.

palladium,7 nickel®*!! and copper

Well-defined complexes of nickel supported by diarylamido N*N"N pincer-type ligands,
in particular, have been shown to direct the alkylation of oxazoles and thiazoles using unactivated
alkyl halides (Figure 5.1).% ' While Ni(Il) complexes of bis(2-(dimethylamino)phenyl)amido
ligands (A) show excellent catalytic activity, as reported by Hu and coworkers, addition of a copper
co-catalyst is necessary to achieve high yields.® Moreover, decomposition of A was observed over
time under the high temperature reaction conditions, depositing nanoparticulate metal into the
reaction mixture.® Punji and coworkers elaborated this scaffold into a more robust quinolinyl-based
pincer type analog. The corresponding Ni chloride complexes supported by a (2-

(dimethylamino)phenyl)(8-quinolinyl)amido donor set (B) exhibit greater temperature stability

and do not require a co-catalyst in the catalytic alkylation of benzothiazoles.!°

R
|
MezN_Nl_NMeg MezN_N|_ MGQN_Nl_N\ O
CI I
A (ref. 8) B (ref. 10) C (this work)

Figure 5.1. N"N""N pincer-type ligand supported Ni complexes for the C-H alkylation of

azoles (A, see ref.?; B, see ref.'?; C, this work).

In previous chapters, the synthesis of tridentate, N*N""N diarylamido pincer-type ligands

bearing benzannulated phenanthridine (3,4-benzoquinoline) heterocyclic donor arms were
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described.!> Compared with (8-amino)quinolines, a relatively broad range of 2-substituted (4-
amino)phenanthridines can be easily accessed via tandem cross-coupling/condensation reactions
using various 4-substituted anilines;!¢ accessing 6-substituted (8-amino)quinolines can require less
tractable Skraup reaction conditions.!” Moreover, in these benzannulated pincer-type frameworks,
the phenanthridinyl donor arm can act as an efficient Lewis base with strong m-acid character
thanks to the presence of low-lying vacant orbitals'® and are sterically less encumbered than
isomeric acridines.!” As mechanistic studies of azole alkylation reactions mediated by B suggest
involvement of a Ni(II)/Ni(IIT) redox couple,?’ we decided to apply our phenanthridine-containing
ligand architecture in the preparation of m-extended Ni(II) analogs (C) to probe the impact of -
extension on the stability of higher oxidation states?! and potentially with it, catalytic activity. We
report here that complexes of the type C are competent in the catalytic C-H bond alkylation of
azoles with unactivated alkylhalides containing -hydrogens, with activity and good substrate
scope comparable to A and B without the requirement of a Cu co-catalyst.

5.3. Results and Discussion:

5.3.1. NAN"*NMe2 Ligand Synthesis:

To access the proligands used in this chapter, aminophenanthridines/quinolines suitable for
elaboration into the target scaffolds were prepared similarly to those described in earlier chapters.
First, (4-nitro)phenanthridines were assembled via tandem cross-coupling/condensation
reactions'>!¢ to produce 1-NO2z, 2-NO; and 3-NO,, and these were then reduced to the
corresponding (4-amino)phenanthridines 1-NHz, 2-NH; and 3-NH; as shown in Scheme 5.1.
Having the phenathridine precursors synthesized in good yields, they were coupled with (N,N-
dimethyl)(2-bromo-4-methyl)aniline using Pd-catalyzed C—N bond formation to give proligands

L.14-L.16 as yellow solids, which could be purified using column chromatography. For each of the
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amine proligands, the hydrogen in the 6-position of the phenanthridine framework resonates
significantly downfield of the remaining aromatic resonances in the |H NMR spectrum, indicating
formation of the tricyclic phenanthridine.?? The appearance of a broad singlet assigned to an N-H
signal similarly confirmed formation of the diarylamine unit. For comparison, the (6-

methyl)quinolinyl analog L.13 was also prepared via Pd-catalyzed C-N coupling as shown in

Scheme 4.2.
(a)
R | ‘
Pd(PPhg),, 1,2-DME 1 N
+
NH, BOOH)2 ™ Na,COg(aq) 130°C P
NO, o) N iNo (R = Me)
— = 2 =
R = Me, Bu, CF3 NO, 2-NO, (R = fBu)
3'N02 (R = CF3)
(b)

R Zn/NH,NH,-HCO,H R
N/ MeOH, 60°C =

N
NO, R = Me, 1Bu, CF3 NH,
1-NO, (R = Me) 1-NH, (R = Me)
2-NO, (R = 1Bu) 2-NH, (R = 1Bu)
3-NO, (R = CFj) 3-NH, (R = CFy)

Scheme 5.1. Synthesis of (a) and (b) phenanthridine precursors, installed with EDGs (Me, tBu)

and EWGs (CF3).
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(a) \N/
N B Pd,(dba)s, dppf
P r NaOtAm
N toluene, 150°C N |
NH H
2 N N
L13
e
AN NMeZ
—
N

R R
Br Pd,(dba)s, dppf
+ NaOtAm O
NH, toluene, 150°C H
NM92 N ~

1-NH, (R = Me) L14 (R = Me)
2-NH, (R = tBu) L15 (R = tBu)
3-NH, (R = CF,) L16 (R = CFy)

Scheme 5.2. Synthesis of (a) methyl-substituted quinolinyl analogs of B!°, described in this
chapter (b) proligands L14-L16 installed with EDGs (Me, rBu) and EWGs (CF3).

The solid-state structures of the phenanthridine-containing proligands L.14-L16 were determined
using single crystal X-ray diffraction as shown in Figure 5.2. Consistent with the general
importance of ‘imine-bridged biphenyl’ resonance contributors to the ground-state structure of
phenanthridines,? the C-N distance between the phenanthridinyl nitrogen and the adjacent carbon
in the 6-position is quite short in all three proligands [L14: C(1)-N(1) 1.3034(11); L15: C(1)-N(1)
1.302(3); L16: C(1)-N(1) 1.291(4)] pointing to localization of imine C=N character at this site.18
The localization of imine C=N = character at this site has been shown to temper the impacts of m-

extension, for example, in emissive complexes of phenanthridinyl-based ligands.?? 24
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Figure 5.2. Solid-state structures of L.14-L.16 shown with thermal ellipsoids at 50 % probability
levels. Hydrogens other than H2 are omitted for clarity. Selected bond distances (A) and angles
(°) for L14: C(1)-N(1) 1.3034(11), C(10)-N(2) 1.3957(10), C(15)-N(2) 1.4124(11), C(16)-N(3)
1.4168(12); C(10)-N(2)-C(15) 122.64(7), C(9)-C(10)-N(2) 117.25(7), C(16)-C(15)-N(2)
121.17(8). L15: C(1)-N(1) 1.302(3), C(10)-N(2) 1.386(3), C(18)-N(2) 1.397(3), C(23)-N(3)
1.425(3); C(10)-N(2)-C(18) 128.8(2), C(9)-C(10)-N(2) 115.4(2), C(19)-C(18)-N(2) 122.4(2).
L16: C(1)-N(1) 1.291(4), C(10)-N(2) 1.374(3), C(15)-N(2) 1.395(4), C(16)-N(3) 1.430(4); C(10)-
N(2)-C(15) 129.9(2), C(9)-C(10)-N(2) 116.2(2), C(16)-C(15)-N(2) 116.6(3).

With the proligands in hand, divalent Ni(II) coordination complexes [(L.14-L.16)-NiCl] and
the quinoline congener L13-NiCl were synthesized through metalation with NiCl2*6H2O in the
presence of base (sodium fert-butoxide) in dichloromethane at elevated temperatures, and isolated
in good yields (83-93%) as dark red solids as shown in Scheme. The disappearance of the signal
assigned to the N-H resonance in the '"H NMR spectrum and shifts to the remaining signals,
including the diagnostic signals for the hydrogen nucleus in the 6-position of the
phenanthridinyl/quinolinyl arms, confirmed installation of the ligand frameworks on the Ni(II) ion.
The geometry and structures of both the (N*NN)NiCl complexes were determined using single-
crystal X-ray diffraction as shown in Figure 5.3. In keeping with analogous complexes such as
B,'? the nickel ions in L.14-NiCl, L15-NiCl and L13-NiCl sit within the meridional pocket formed

by the N*N"N diarylamido ligand. All complexes are essentially flat (angles between planes
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formed by six carbon rings (e.g., C8-C13 and C15-C20 for L14-NiCl) flanking the amido
nitrogens: L14-NiCl 9.43°, L15-NiCl 3.49°, L13-NiCl 10.42°), but with distorted square-planar
geometry resulting from tied-back bond angles formed by the two neutral donor arms [L.14-NiCl:
N(1)-Ni(1)-N(3)  170.83(10);  L15-NiCL: ~ N(1)-Ni(1)-N(3) 171.60(6);  L13-NiCl:
N(1)-Ni(1)-N(3) 170.93(10)°]. The Ni—Namidso distances (L14-NiCl: 1.848(2); L15-NiCl:
1.8511(14); L13-NiCl: 1.859(2) A] are within range of those reported for A2 and B!, and shorter
than between nickel and the neutral donor arms [L14-NiCl: Ni(1)-N(1) 1.895(2), Ni(1)-N(3)
1.951(2); L15-NiClL: Ni(1)-N(1) 1.8937(14), Ni(1)-N(3) 1.9512(15); L13-NiCl Ni(1)-N(1)
1.896(2), Ni(1)-N(3) 1.949(2) A]. For these latter Ni-N distances, the Ni-NMe, distance is
consistently longer than the Ni—Nhpeterocycle distance. All three complexes show similar Ni—Cl
distances (~2.2 A), implying very similar trans influence to the amido nitrogens of the ligand

frameworks.

L14-NiCl L15-NiCl L13-NiCl

Figure 5.3. Solid-state structure of L14-NiCl, L15-NiCl and L13-NiCl shown with thermal
ellipsoids at 50 % probability levels. Hydrogens are omitted for clarity. Selected bond distances
(A) and angles (°) for L14-NiCl: Ni(1)-CI(1) 2.1919(8), Ni(1)-N(1) 1.895(2), Ni(1)-N(2)
1.848(2), Ni(1)-N(3) 1.951(2), C(1)-N(1) 1.304(4); N(1)-Ni(1)-N(3) 170.83(10),
CI(1)-Ni(1)-N(2) 179.08(8), N(1)-Ni(1)-N(2) 84.95(10), N(3)—Ni(1)-N(2) 86.35(10),
N(1)-Ni(1)—CI(1) 94.03(7), N(3)-Ni(1)-CI(1) 93.62(7). L15-NiCl: Ni(1)-CI(1) 2.1950(5),
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Ni(1)-N(1) 1.8937(14), Ni(1)-N(2) 1.8511(14), Ni(1)-N(3) 1.9512(15), C(1)-N(1) 1.316(2);
N()-Ni(1)-N@3) 171.60(6), CI(1)-Ni(1)-N@2) 176.71(5), N(1)-Ni(1)-N(2) 85.12(6),
N(3)-Ni(1)-N(2) 86.49(6), N(1)~Ni(1)-CI(1) 94.50(5), N(3)-Ni(1)~CI(1) 93.90(5). L13-NiCl:
Ni(1)-CI(1) 2.2094(9), Ni(1)-N(1) 1.896(2), Ni(1)-N(2) 1.859(2), Ni(1)-N(3) 1.949(2), C(1)-
N(1) 1.326(4); N(1)-Ni(1)-N(3) 170.93(10), CI(1)~Ni(1)-N(2) 176.84(8), N(1)-Ni(1)-N(2)

84.69(10), N(3)-Ni(1)-N(2) 86.25(10), N(1)-Ni(1)~CI(1) 94.59(8), N(3)-Ni(1)~CI(1) 94.42(7).

(a) ) )
N N

NiCl,.6H,0 \
_.N'

N N

H JR—
y NaOtBU, CH20|2 l Cl
\
/
N

L1 L13-NiCl

/)
a, aWa
NiCl,.6H,0 [

—Cl

3
NH NaOtBu, CH,Cl, N- l'

R = Me, tBu, CF

(b)

= L14-NiCl (M = Ni; R = Me)
L14(R=M

L15 ER = tBi)) L15-NiCl (M = Ni: R = tBu)
L16 (R = CF) L16-NiCI (M = Ni; R = CFs)

Scheme 5.3. Synthesis of (a) methyl-substituted quinolinyl based metal complexes, (b)

phenanthridine-based N"N(H)"N nickel complexes.
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5.3.2. Nickel(II) Complexes - Catalytic Activity:

I then screened the prepared coordination complexes for reactivity in the direct C-H
activation of azoles using unactivated alkyl halides as shown in Table 5.1. Comparing all four
precatalysts, the 6-methyl substituted quinolinyl congener L13-NiCl, a direct analog of B'?, was
found to give the highest yield (61 %, run 5) in the direct alkylation of benzothiazole (H1) with
iodooctane (A1) using 5 mol % catalyst loading, 1 equiv. of LiOfBu, 1,4-dioxane solvent and 16h
reaction time at 140 °C. As noted, complex B has been previously shown to be highly competent
in the coupling of alkylhalides with sulfur-containing benzothiazoles.!® Phenanthridinyl-based
analogs (L4-L16)-NiCl were competitive but gave slightly lower yields (42-49 %; runs 1-4) under
these conditions. In the coupling of alkyl halides with the oxygen-containing starting material
benzoxazole (H2), L16-NiCl began to significantly outperform all other precatalysts. Yields of
the coupled product were found to reach as high as 87 % using octylchloride (A3) in the presence
of Nal.

Table 5.1. Catalyst comparison for [Ni]-Catalyzed Alkylation of Benzannulated Azoles®

[Ni] (5 mol%)
©:N\ LiOBu(1.0 eq.) N\
H + Oct-X Oct
E>_ 1,4-dioxane ©: E>7
140°C, 16h
H1 (E=S) A1 (X =) P1(E=0)
H2 (E=0) A2 (X =Br) P2 (E=S)

A3 (X = Cl)

Entry Catalyst Heterocycle  Alkyl Halide  Yield”

1 L14-NiCl HI Al 49
2 L15-NiCl HI Al 49
3 L16-NiCl HI Al 42
4 L13-NiCl HI Al 61
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5 L14-NiCl H2 Al 46

6 L15-NiCl H2 Al 39
7 L16-NiCl H2 Al 73
8¢ L16-NiCl H2 Al 63
94 L16-NiCl H2 Al 55
10¢ L16-NiCl H2 Al 65
1V L16-NiCl H2 Al 0

12 L13-NiCl H2 Al 39
13 L16-NiCl H2 A2 35
14¢ L16-NiCl H2 A2 57
15¢ L16-NiCl H2 A3 87

¢ Conditions unless otherwise specified: heterocycle (1.006 mmol), alkyl halide (1.509 mmol), LiOzBu (1.06 mmol),

solvent (2.0 mL); oil bath set to 140 °C, 16 h

b GC yield; average of two runs

¢ In the presence of 100 equivalents of elemental Hg
< In the presence of 500 equivalents of elemental Hg
¢ Reaction mixture filtered after 1 h

/In the presence of added TEMPO

¢ With 0.2 equivalents of Nal.

Having observed promising reactivity with benzannulated coordination complex L16-
NiCl, next a brief substrate scope for L16-NiCl as precatalyst was explored as shown in Table 5.2.
The reaction conditions were found to be amenable to the coupling of benzoxazole with a variety
of alkylhalides bearing carbazole (P3), ester (P4), aryl (P5), arylether (P6), thioether (P7), alkenyl

(P8) and aliphatic (P9, P10) substituents. The catalysis mediated by (L.14-L.16)-NiCl and L13-
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NiCl likely proceeds analogously to what has been observed by Punji and coworkers using their
related quinolinyl-supported precatalyst B.!%2° In support of this, participation of heterogeneous
particulate nickel generated via catalyst decomposition appears to be minimal, as catalysis in the
presence of added Hg as shown in Table 5.1, (runs 8-9) and following filtration (run 10) proceeded
unimpeded. On the other hand, addition of the radical scavenger TEMPO (2,2,6,6-
tetramethylpiperidine 1-oxyl) completely shut down reactivity (run 11). This is consistent with the
homogenous radical rebound pathway proposed by Punji and coworkers, which involves on-cycle
high-valent Ni(Ill) and Ni(IV) intermediates®® as shown in Scheme 5.4. Accordingly,
electrochemical data was collected for the precatalysts screened in this work in an attempt to
correlate catalytic behavior with redox potentials.

Table 5.2. Scope for L16-NiCl Catalyzed Alkylations of Benzoxazole with Alkylbromides®

L16-NiCl (5 mol%)

N R LiOBu(1 0 equiv) >_/*
N\ +

©E >*H Br 1,4-dioxane,
O 140°C, 16h

S P ot CMQ

P4 (24)

@ﬁ @ﬁ @f

P6 (20)

@33 rer

P10 (60)
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2 Conditions: heterocycle (1.006 mmol), 1-bromoalkane (1.509 mmol), LiOzBu (1.060 mmol),

solvent (2.0 mL); 140 °C, 16 h; GC yield in parentheses

/>—L|

LIOtBu V

(€)

Scheme 5.4. Plausible alkylation pathway catalyzed by L16-NiCl.%
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Cyclic voltammograms (CVs) and differential pulse voltammograms (DPVs) of
precatalysts (L.14-L.16)-NiCl and L.13-NiCl were taken in a dichloromethane solution with 0.1 M
[nBusN][PF¢] as the supporting electrolyte as shown in Figure 5.4. A quasi-reversible anodic wave
between 0 and +0.3 V (vs FcH”"; FcH = ferrocene) is observed for each compound, consistent
with an overall le” oxidation. All compounds exhibit broad, irreversible reductions that overlap
with the edge of the solvent window, making comparisons of these cathodic features within the
series challenging. Accordingly, I focus here on the anodic electrochemical events. The oxidation
potentials and peak parameters for the complexes are tabulated in Table 5.3. The electron releasing
Bu group of L15-NiCl shifts the oxidation potential to more accessible potentials compared with
methyl analogs L14-NiCl and L13-NiCl. In comparison, an anodically shifted oxidation is
observed for L16-NiCl, consistent with the presence of an electron withdrawing substituent on the
ligand. The alkylation pathway catalyzed by B proposed by Punji and coworkers?® invokes a one-
electron Ni(II/III) pathway that occurs by oxidative addition of alkyl iodide via iodine atom
transfer (IAT).2® The lack of reactivity in the presence of the radical trap TEMPO as shown in
Table 5.1, (run 11) supports a similar mechanism here. Oxidative addition by (inner-sphere)
electron-transfer mechanisms are typically associated with metal centres with coordinative
unsaturation to bind a substrate, and sufficiently cathodic electrochemical potentials to reduce the
organic electrophile.?” The observation of higher yields for the most electrophilic congener L16-
NiCl with a pronounced anodic shift to its oxidation event, suggests that the elevated m-acidicity

of the CF3-substituted phenanthridine ligand framework!'® may be key in this context.
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Figure 5.4. (a) Cyclic voltammograms (—) and corresponding differential pulse voltammograms

(---) of (L14-L16)-NiCl and L13-NiCl in CH>Cl, with 0.10 M [#BusN][PF¢] as the supporting

electrolyte, glassy carbon working electrode. CV scan rates were 100 mV/s. Potentials are

referenced vs. the FcH”* redox couple (FcH = ferrocene); (b) Normalized DPVs of (L14-L16)-

NiCl and L13-NiCl.

Table 5.3. Electrochemical parameters for Ni complexes

Compound

Ewn/V

Aptpa/ mV ired/ iox

L15-NiCl 0.01
L14-NiCl 0.07
L13-NiCl 0.16
L16-NiCl 0.26

133 1.17
143 1.04
91 0.87
147 0.92

“Aptp = distance measured from ‘peak-to-peak’, showing the separation in mV between the peak

maximum of the oxidation and corresponding reduction.

5.3.3. N*N""NMe; Complexes of Palladium:

Having shown the potential of the divalent Ni(I[) metal complexes in terms of solubility,

coordination chemistry, robustness at higher temperatures and reactivity towards catalysis

involving C—H bond alkylation of azoles with alkyl halides to synthesize aromatic heterocycles, it

is interesting to expand the scope and explore the reactivity of other group 10 metals.
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With the proligands in hand, divalent Pd(II) coordination complexes L14-PdCl, L16-PdCl
and the quinoline congener L13-PdCl were synthesized through metalation with Pd(COD)Cl; in
the presence of base (sodium tert-butoxide) in dichloromethane at elevated temperatures, and
isolated in good yields (79-88%) as dark red solids as shown in Scheme 5.5. The disappearance of
the signal assigned to the N-H resonance in the 'H NMR spectrum and shifts to the remaining
signals, including the diagnostic signals for the hydrogen nucleus in the 6-position of the
phenanthridinyl/quinolinyl arms, confirmed installation of the ligand frameworks on the Pd(II)
ion, as observed in corresponding nickel complexes. The geometry and structures of the (NN
AN)PdCI complexes were determined using single-crystal X-ray diffraction as shown in Figure 5.5.
All the palladium ions in L14-PdCl, L16-PdCl and L13-PdCl sit within the meridional pocket
formed by the NN "N diarylamido ligand. All complexes are essentially flat (angles between
planes formed by six carbon rings (e.g., C8-C13 and C15-C20 for L14-PdCl) flanking the amido
nitrogens: L14-PdCl 10.08°, L16-PdCl 11.85°, L13-PdCl 12.46°), but with distorted square-
planar geometry resulting from tied-back bond angles formed by the two neutral donor arms [L14-
PdCl: N(1)-Pd(1)-N(3) 167.73(6); L16-PdCl: N(1)-Pd(1)-N(3) 165.9(2); L13-PdClL:
N(1)-Pd(1)-N(3) 167.41(14)°]. The Pd-Namido distances (L14-PdCl: 1.9599(15); L16-PdCl:
1.959(5); L13-PdCl: 1.961(3) A] are within range of those reported for bis(2-
(dimethylamino)phenyl)amido-PdCI** , and shorter than between palladium and the neutral donor
arms [L14-PdCl: Pd(1)-N(1) 2.0034(15), Pd(1)-N(3) 2.0627(15); L16-PdCl: Pd(1)-N(1)
2.003(6), Pd(1)-N(3) 2.045(5); L13-PdCl1 Pd(1)-N(1) 1.996(4), Pd(1)-N(3) 2.054(3) A]. For these
latter Pd-N distances, the Pd-NMe; distance is consistently longer than the Ni-Nheterocycle distance.
All three complexes show similar Pd-Cl distances (~2.2 A), implying very similar trans influence

to the amido nitrogens of the ligand frameworks.
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Scheme 5.5. Synthesis of (a) methyl-substituted quinolinyl based palladium complex L13-PdCl,

(b) phenanthridine-based N"N"NMe: palladium complexes.

5.3.4. UV-Vis Spectroscopy of Nickel and Palladium Complexes:

UV-Vis experiments were performed on both divalent nickel and palladium complexes in at 1x10"
“M concentration using dichloromethane as solvent. Absorption spectra of L13-NiCl, L14-NiCl,
L15-NiCl and L16-NiCl are marked by a broad peak at low energy, whose maximum shifts to
higher wavelength (L13-NiCl: 515 nm; L14-NiCl: 520 nm; L15-NiCl: 531nm; L16-NiCl:
538nm;) with increasing conjugation. Significant red shift was observed with various substituents
(Me, Bu and CF3) on the phenanthridine ring, L16-NiCl (CF3) being the far red shifted complex
as shown in Figure 5.4a. Similarly, UV-Vis absorption spectra of L13-PdCl, L14-PdCl are

marked by a broad peak at low energy, whose maximum shifts to higher wavelength (L13-PdCl:
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491 nm; L14-PdCl: 516 nm;) in dichloromethane with increasing conjugation. Although, similar
red shift trend was observed divalent palladium complexes recorded absorption maxima at lower
wavelengths. To study the effect for solvents on palladium complexes, the same experiment was
performed for both complexes L14-PdCl and L13-PdCl in solvents with increasing polarity
(toluene to DMF), initially hypsochromic (blue) shift was observed representing ‘negative
solvatochromism’ until methanol as shown in Figure 5.6, which indicates ground state molecule
is better stabilized than the exited state.’®> Later inverted solvatochromism was observed from
methanol to DMF with bathochromic (red) shift as shown in Table 5.4 which could be due to

coordinating ability of acetonitrile and DMF with metal complex.

Table 5.4. UV-Vis data for L14-PdCl and L13-PdCl in different solvents.

Solvent L14-PdCl L13-PdCl

(Amax, NM) (Amax, Nm)
Toluene 527 507
Diethyl ether 525 503
Dichloromethane 516 491
Acetone 515 492
Methanol 504 486
Acetonitrile 507 484
N,N-dimethylformamide 518 495
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L14-PdCl L16-PdCl L13-PdCl
Figure 5.5. Solid-state structure of L14-PdCl, L15-PdCl and L13-PdCl shown with thermal

ellipsoids at 50 % probability levels. Hydrogens are omitted for clarity. Selected bond distances
(A) and angles (°) for L14-PdCI: Pd(1)-Cl(1) 2.3358(5), Pd(1)-N(1) 2.0034(15), Pd(1)-N(2)
1.9599(15), Pd(1)-N(3) 2.0627(15), C(1)-N(1) 1.308(2); N(1)-Pd(1)-N(3) 167.73(6),
CI(1)-Pd(1)-N(2) 178.99(5), N(1)-Pd(1)-N(2) 82.77(6), N(3)-Pd(1)-N(2) 85.02(6),
N(1)-Pd(1)-CI(1) 96.81(5), N(3)~Pd(1)-Cl(1) 95.38(5). L16-PdCl: Pd(1)-CI(1) 2.3332(16),
Pd(1)-N(1) 2.003(6), Pd(1)-N(2) 1.959(5), Pd(1)-N(3) 2.045(5), C(1)-N(1) 1.298(8);
N(1)-Pd(1)-N(3) 165.9(2), CI(1)-Pd(1)-N(2) 178.64(18), N(1)-Pd(1)-N(2) 82.6(2),
N(3)-Pd(1)-N(2) 85.2(2), N(1)-Pd(1)~CI(1) 97.08(16), N(3)-Pd(1)-CI(1) 95.29(16). L13-PdCl:
Pd(1)-CI(1) 2.3382(11), Pd(1)-N(1) 1.996(4), Pd(1)-N(2) 1.961(3), Pd(1)-N(3) 2.054(3), C(1)-
N(1) 1.321(5); N(1)-Pd(1)-N(3) 167.41(14), CI(1)-Pd(1)-N(2) 178.85(11), N(1)~Pd(1)-N(2)
82.53(14), N(3)-Pd(1)-N(2) 84.96(14), N(1)-Pd(1)-CI(1) 97.02(11), N(3)-Pd(1)-Cl(1)

95.46(10).
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Figure 5.6. UV-Vis absorption spectra (a) for Ni(II) complexes (b) for L13-PdCl and L.14-PdCl

in (CH2Cl,, 22 °C) (b) observed bathochromic shift for L13-PdCl (c)&(d) negative

solvatochromism observed for L14-PdCl and L3-PdCl respectively

5.3.5. Reactivity of Pd(II) complexes:

After successfully demonstrating the role divalent Ni(II) complexes in C—H bond alkylation of

azoles with alkyl halides, initial attempts were made to understand and study the reactivity of

Pd(IT) complexes to isolate metal hydrides (nickel and palladium) with reducing agents. Reaction

of L14-PdCl with TMSOT{/AgOTT in dichloromethane/THF at room temperature gave a red

precipitate indicating the possible formation of triflate bound complex (L14-PdOTY) but could not

be well characterized due to solubility issues in non-coordinating solvents. A broad range of
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reducing agents to isolate Pd(II)hydride were used as shown in Scheme 4.6a, but none of them
gave fruitful products, often, free ligand was observed suggesting demetallation of the palladium
complex. When L14-PdCl was reacted with excess sodium isopropoxide in C¢Ds a trace amounts
of acetone were observed in preliminary '"H NMR studies. This suggests the possible occurrence
of B-hydride elimination at the palladium metal centre, leaving behind acetone. Further studies are
currently underway to investigate the possibility and scope with different palladium complexes

and ligand frameworks.

R,
NaBH,

LiAIH,
/ EtaSlH
“\ thsn42
N—Pd—ClI N- Pd——H
DCMﬂbI
NMe, r.t. NMe2
L14-PdClI L14-PdH

/Z\
Zs

NaOPr xs. l
N—Pd—ClI N Pd
/ CoDs
NMe, NM%

L14-PdClI

Scheme 5.6. (a) Unsuccessful attempts to isolate L14-PdH using different reducing agents, (b)

reaction of L14-PdCl with NaO'Pr
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5.4. Conclusions:

In conclusion, I have demonstrated that the introduction of benzannulated phenanthridine
ligands supporting Ni(II) coordination complexes maintain the high activity observed in the C-H
alkylation of azoles observed with quinoline congeners,!® for both benzoxazole and benzothiazole.
The synthetic route to the N"N(H)"N proligand frameworks L14-L16 allows for facile
incorporation of different substituents, whose electron-releasing/electron-withdrawing properties
can be quantified in terms of the redox properties of their Ni complexes in solution. Comprehensive
mechanistic studies, including investigating correlation of catalytic activity to the m-acidity of the

¥ and expansion of the scope of C-C bond

benzannulated phenanthridine ligand frameworks,
forming reactions to other substrate classes is presently underway. L13-PdCl and L14-PdCl show

inverted solvatochromism trend with increasing solvent polarity. The reactivity studies to further

investigate B-hydride elimination at the palladium metal centre is currently underway.

5.5. Experimental Section:

Unless otherwise specified, air sensitive manipulations were carried either in an N2-filled glove
box or using standard Schlenk techniques under Ar. (N,N-dimethyl)-para-toluidine (Sigma
Aldrich), 2-formylphenyl boronic acid (AK Scientific), N-iodosuccinimide (AK Scientific), N-
bromosuccinimide (Alpha Aesar), Pd(PPhs3)4 (Sigma Aldrich), Pdx(dba)s (Sigma Aldrich), 2-nitro-
4-(trifluoromethyl)aniline (Sigma Aldrich), (1,1'-diphenylphosphino)ferrocene (dppf, Sigma
Aldrich), (#)-2,2'-bis(diphenylphosphino)-1,1'-binapthalene (rac-BINAP, Sigma Aldrich),
NaxCOs (Alpha Aesar), trifluoroacetic acid (Sigma Aldrich), sodium tert-pentoxide (NaOt#pen,
Sigma Aldrich), sodium tert-butoxide (NaO7Bu, Sigma Aldrich), zinc (Alpha Aesar), hydrazine
hydrate (Sigma Aldrich), formic acid (Alpha Aesar), NiCl,*6H,O (Alfa Aesar) and all reagents

used in precursor synthesis and catalytic trials were purchased and used without any further

235



purification. (2-bromo-4,N,N-trimethyl)aniline,?® (8-amino-4-methyl)quinoline,?® (4-amino-2-
methyl)phenanthridine (1-NH2),'> (4-amino-2-tert-butyl)phenanthridine (2-NH>),'® and 2-iodo-6-
nitro-4-trifluoromethylaniline®® were synthesized according to published procedures. Organic
solvents were dried and distilled using appropriate drying agents, while distilled water was
degassed prior to use. Multinuclear 1- and 2D NMR spectra were recorded on Bruker Avance 300
MHz or Bruker Avance — III 500 MHz spectrometers. 'H and *C{'H} NMR spectra were
referenced to residual solvent peaks. Elemental analyses were performed by Microanalytical
Service Ltd., Delta, BC, Canada, and at the University of Manitoba using a Perkin Elmer 2400
Series I CHNS/O Elemental Analyzer. High-resolution mass spectra were recorded using a Bruker
microOTOF-QIII.

Synthesis of 4-nitro-2-trifluoromethylphenanthridine (3-NOz): A 500 mL Teflon-stoppered
flask was charged with Pd(PPhs)4 (1.04 g, 0.90 mmol), and 50 mL of 1,2-dimethoxyethane (DME).
After stirring briefly to mix, 2-iodo-6-nitro-4-trifluoromethylaniline (10.0 g, 30.1 mmol), 2-
formylphenylboronic acid (4.97 g, 33.1 mmol) and an additional 70 mL of DME were added,
followed by Na>COs3 (9.6 g, 90.4 mmol) dissolved in 100 mL of degassed water. The flask was
then sealed and the mixture stirred vigorously for 6 h in an oil bath set to 130 °C. The flask was
then allowed to cool, charged with 130 mL of 2M HCI, and refluxed for additional 2 h. The reaction
mixture was cooled, neutralized with NaOH, and pumped to dryness. The residue was then taken
up in dichloromethane (100 mL) and washed with brine (3 x 100 mL). The organic layer was
separated, dried over Na;SO4 and volatiles removed. Column chromatography on neutral alumina
gave a pale yellow solid (R¢= 0.41; 1:5 EtOAc/hexanes). Isolated yield = 7.86 g (89 %). 'H NMR
(CDCls, 300 MHz, 22 °C): 6 9.48 (s, 1H; CacH), 9.01 (s, 1H; CacH), 8.67 (d, 1H, Jun = 8.0 Hz;

CacH), 8.18 (overlapped m, 2H; Ca:H), 8.05 (ddd, 1H, Jun = 8.4, 7.2, 1.4 Hz; CacH), 7.92 ppm (m,
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1H; CaH). BC{!H} NMR (CDCl3, 125 MHz, 22 °C): § 158.0 (Car), 149.8 (Car), 137.5 (Car),
133.1 (Car), 131.2 (q, Car), 130.0 (Car), 129.8 (Car), 128.4 (Car), 126.9 (Car), 126.0 (Car), 124.3
(Car), 123.2 (q, CF3), 122.3 (Car), 118.7 ppm (q, Car). F{!H} NMR (CDCl;, 282 MHz, 22 °C):
0 -62.03 ppm.

4-amino-2-trifluoromethylphenanthridine (4-NH3): To a stirred solution of 1¢ (6.02 g, 20.5
mmol) in methanol (100 mL), Zn dust (2.68 g, 41.1 mmol), and hydrazinium monoformate solution
(54 mL; prepared by slowly neutralizing equal molar amounts of hydrazine hydrate (50 mL) with
85% formic acid (4 mL) in an ice-water bath) were added and stirred vigorously at 60 °C. The
resulting green suspension was cooled and filtered over Celite. The filtrate was pumped dry, the
residue dissolved in dichloromethane (100 mL), and washed with brine (3 x 60 mL). The organic
layer was separated, dried over Na;SO4 and dried to leave a brown solid. Column chromatography
on neutral alumina gave a pale-yellow solid (Rf=0.43; 1:5 EtOAc/hexane). Isolated yield = 3.74
g (86 %). "H NMR (CDCl3, 300 MHz, 22 °C): 8 9.15 (s, 1H; Ca:H), 8.50 (d, 1H, Jun = 8.3; CacH),
8.07 (s, 1H; CacH), 8.01 (dd, 1H, Jun = 8.0, 1.3 Hz; Ca:H), 7.83 (app t, 1H, Jun = 8.4, 7.0 Hz;
Ca:H), 7.70 (app t, 1H, Jun = 8.1, 7.0; Ca:H), 7.13 (d, 1H, Jun = 1.8 Hz; CaH), 5.22 ppm (br s,
2H; NH). BC{'H} NMR (CDCls, 75 MHz, 22 °C): 8 152.2 (Car), 145.6 (Car), 134.5 (Car), 132.7
(Car), 131.3 (q, Car), 128.9 (Car), 128.1 (Car), 126.9 (Car), 124.3 (Car), 122.5 (Car), 107.9 (q, CF3),
106.7 ppm (q, Car). PF{'H} NMR (CDCls, 282 MHz, 22 °C): § -62.28 ppm.
Synthesis of M&QUnNN(H)NMe: (L13): A 350 mL Teflon-stoppered flask

was charged with Pdx(dba)s (1.91 g, 2.09 mmol), dppf (2.69 g, 4.69 mmol), <o

and toluene (30 mL). After stirring briefly, (8-amino-4-methyl)quinoline®

(4.15 g, 26.1 mmol), (2-bromo-4,N,N-trimethyl)aniline*® (6.70 g, 31.3 e oz

C14 C13

c18

mmol) were combined with an additional 90 mL of toluene, followed by NaOfAm (4.30 g, 39.1
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mmol). The mixture was then stirred vigorously for 72 h in an oil bath set to 130 °C. After cooling
the flask and removing the volatiles, the residue was taken up in dichloromethane (120 mL), and
the resulting suspension filtered over Celite and dried. Column chromatography gave a yellow oil
which solidified on standing (neutral alumina; 1:10 EtOAc/hexane; Rr=0.5). Isolated yield = 8.23
g (74%). '"H NMR (CDClz, 500 MHz, 22 °C): § 8.76 (dd, 1H; Jun = 4.2, 1.7 Hz, C1H), 8.65 (brs,
1H; NH), 8.01 (dd, 1H, Jun = 8.3, 1.7 Hz; C3H), 7.50 (d, 1H, Juu = 1.9 Hz; CisH), 7.46 (d, 1H,
Jun = 1.7 Hz; C7H), 7.38 (dd, 1H, Juu = 8.2, 4.2 Hz; C2H), 7.06 (d, 1H, Jun = 8.0 Hz; C13H), 7.00
(s, 1H, CsH), 6.81 (m, 1H, Juu = 8.0, 2.0 Hz; C14H), 2.72 (s, 6H; N(C(18,19/H3)2), 2.51 (s, 3H;
CioH3), 2.38 (s, 3H, C17H3). BC{'H} NMR (CDCl3, 125 MHz, 22 °C): § 146.7 (C1), 142.7 (C1»),
139.7 (Cs), 138.1 (Cy), 137.3 (Cs), 136.0 (C11), 136.0 (C3), 132.7 (Cis), 129.1 (Cy), 122.1 (Cha),
121.6 (C2), 119.2 (C13), 118.5 (C16), 115.5 (Cs), 109.6 (C7), 44.1 (N(Cis,19)2), 22.5 (C10), 21.4 ppm

(C17).

Synthesis of M*PhenNN(H)NMe; (L.14): An identical procedure to the
synthesis of § was employed, using Pd>(dba)s (0.51 g, 0.55 mmol), dppf
(0.67 g, 1.21 mmol), 2a (2.30 g, 11.0 mmol), (2-bromo-4,N,N-

trimethyl)aniline®® (2.83 g, 13.3 mmol) and NaOtAm (1.82 g, 16.6

mmol). Column chromatography on neutral alumina gave a yellow solid

c18  C17

(1:10 EtOAc/hexane; Rr= 0.5). Isolated yield = 1.34 g (97%). '"H NMR (CDCls, 500 MHz, 22 °C):

0 9.18 (s, 1H; C1H), 8.72 (br s, 1H; NH), 8.61 (d, 1H, Jun = 8.2 Hz; CsH), 8.06 (d , 1H, Jun = 7.7
Hz; C3H), 7.84 (dd, 1H, Juu = 8.4, 7.0 Hz; CsH), 7.78 (s, 1H; C20H), 7.71 (dd, 1H, Juu = 8.0, 7.0
Hz; C4H), 7.55 (s, 1H; C13H), 7.51(s, 1H; C11H), 7.07 (d, 1H, Jun = 8.0 Hz; C17H), 6.82 (dd, 1H,
Jun = 8.0, 1.9 Hz; Ci3H), 2.74 (s, 6H; N(C2223H3)2), 2.60 (s, 3H; C14H3), 2.38 ppm (s, 3H; Ca1H3).

13C{'H} NMR (CDCls, 75 MHz, 22 °C): & 149.5 (C1), 142.7 (Ci6), 140.7 (C10), 137.7 (C12), 136.1
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(Cis), 132.8 (Co), 132.7 (C1o), 132.6 (C2), 130.5 (Cs), 128.6 (C3), 127.3 (C4), 127.1 (Cs), 124.7
(Cy), 122.4 (Cs), 122.0 (Cis), 119.1 (C17), 118.7 (C11), 111.0 (Ca0), 110.5 (Ci3), 44.1 (N(C22.23)2),

22.8 (C14), 21.3 ppm (Cay).

Synthesis of B"PhenNN(H)NMe; (L15): An identical procedure to the
synthesis of § was employed, using Pdx>(dba); (0.55 g, 0.60 mmol), dppf
(0.73 g, 1.32 mmol), 2b (3.0 g, 11.9 mmol), (2-bromo-4,N,N-

trimethyl)aniline®® (2.87 g, 13.4 mmol) and NaOtAm (1.98 g, 17.9

mmol). Column chromatography on neutral alumina gave a yellow solid

c21 Cc20

(1:10 EtOAc/hexane; Re= 0.5). Isolated yield = 4.18 g (91%) '"H NMR (CDCls, 300 MHz, 22 °C):

0 9.18 (s, 1H; C1H), 8.73 (brs, 1H; NH), 8.65 (d, 1H, Jun = 8.4 Hz; C¢H), 8.11-7.97 (m, 2H; C3H,
Ca3H), 7.96-7.80 (m, 2H; CsH, C13H), 7.69 (m, 1H; C4H), 7.54 (s, 1H; C11H), 7.08 (dd, 1H, Jun =
8.0, 2.5 Hz; Cx0H), 6.80 (dd, 1H, Jun = 8.1, 2.2 Hz; C21H), 2.78 (s, 6H; N(C2s, 26H3)2), 2.37 (s, 3H;
CosH3), 1.52 ppm (s, 9H; (Cis,16,17H3)3). PC{'H} NMR (CDCls, 75 MHz, 22 °C): 8 150.6 (C12),
150.0 (C1), 142.3 (C19), 140.1 (Cro), 136.6 (C1s), 133.2 (Co), 133.1 (C2), 132.9 (C22), 130.6 (Cs),
128.8 (C3), 127.2 (Cy), 127.0 (Cy), 124.3 (C7), 122.4 (Cé), 121.5 (Ca1), 119.3 (C20), 117.4 (C11),
108.9 (C23), 107.4 (C13), 44.2 (N(C2s,26)2), 35.7 (C1a4), 31.7 (C15, 16,17), 21.5 ppm (C24).

Synthesis of “"*PhenNN(H)NMe; (L16): An identical procedure to the
synthesis of 5 was employed, using Pd>(dba)s; (0.20 g, 0.22 mmol), dppf
(0.27 g, 0.49 mmol), 2¢ (1.16 g, 4.42 mmol), (2-bromo-4,N,N-

trimethyl)aniline®® (1.14 g, 5.30 mmol) and NaOtAm (0.73 g, 6.63

mmol). Column chromatography on neutral alumina gave a yellow solid
(1:10 EtOAc/hexane; Re= 0.5). Isolated yield = 1.50 g (85%) '"H NMR (CDCls, 300 MHz, 22 °C):

§9.30 (s, 1H; C1H), 8.89 (brs, 1H; NH), 8.63 (d, 1H, Jun = 8.3 Hz; CeH), 8.18 (s, 1H; C13H), 8.11
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(d, 1H, Jun = 8.0 Hz; C3H), 7.92 (t, 1H, Juu = 8.3, 6.9 Hz; CsH), 7.83-7.73 (m, 2H; C4H, C11H),
7.46 (s, 1H, C20H) 7.07 (d, 1H, Jun = 8.0, Hz; C17H), 6.87 (d, 1H, Jun = 8.2; Ci3H), 2.72 (s, 6H;
N(C22, 23H3)2), 2.37 ppm (s, 3H; C21H3). BC{'H} NMR (CDCls, 125 MHz, 22 °C): § 152.3 (C)),
143.2 (Co), 141.9 (Ci6), 135.2 (C15), 135.1 (Co), 133.1 (C2), 133.0 (Ch9), 131.5 (Cs), 129.6 (C4,
quartet), 129.0 (C3), 128.2 (C4), 127.1 (C12), 125.8 (Cs), 123.7 (C7), 123.3 (C1s), 122.6 (Cs), 119.5
(C17), 119.4 (Ca0), 108.0 (Cy3), 104.2 (C11), 44.14 (N(C22, 23)2), 21.4 ppm (C21). YF{'H} NMR
(CDCl3, 282 MHz, 22 °C): § -62.37 ppm (s, 3F; CF3).

Synthesis of M*QuinNNNMe;-NiCl (L13-NiCl): To a stirred solution of
compound 5 (1.01 g, 3.43 mmol) in 30 mL of dichloromethane, NiCl,*6H>O
(0.86g, 3.60 mmol), and NaO7Bu (0.35 g, 3.60 mmol) were added, and the

mixture stirred vigorously at 65 °C for 18 h. The resulting red suspension was

allowed to cool, and the volatiles removed in vacuo. The residue was then washed with diethyl
ether (3 x 15 mL) to isolate red solid. The compound is further purified by redissolving in DCM
and passed through Celite. Isolated yield = 1.17 g (89%). 'H NMR (CDCls, 500 MHz, 22 °C): §
8.46 (d, 1H, Jun = 5.0 Hz; C1H), 7.98 (dd, 1H, Juu = 8.2, 1.5 Hz; C3H), 7.34 (s, 1H; Ci6H), 7.24
(s, 1H; Cy5H), 7.17 (dd, 1H, Jun = 8.2, 5.3 Hz; CoH), 6.96 (d, 1H, Jun = 8.1; C13H), 6.67 (s, 1H;
CsnH), 6.47-6.40 (m, 1H; C14H), 3.02 (s, 6H; N(C19,18H5)2), 2.48 (s, 3H; C10H3), 2.36 ppm (s, 3H;
Ci7H3). BC{'H} NMR (CDCl3, 125 MHz, 22 °C): § 149.5 (C1), 147.9 (C3), 147.2 (Cn), 146.1
(Cy), 145.2 (C12), 139.6 (Cs), 138.5 (Cis), 137.7 (C3), 129.5 (Cs), 120.9 (C2), 119.9 (C13), 117.9
(Cra), 115.5 (Cip), 112.5 (Cs17), 112.3 (Cs/7), 51.9 (N(C1s, 19)2), 22.6 (C1o), 21.7 ppm (Cy17). Anal.

Calcd for C19H20CIN3Ni: C, 59.35; H, 5.24. Found: C, 59.07; H, 5.25.
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Synthesis of M*PhenNNNMe;-NiCl (L14-NiCl): An identical procedure to
the synthesis of 6 was employed, using 3a (1.14 g, 3.33 mmol), NiCl,*6H>0

(0.81 g, 3.42 mmol), and NaOsBu (0.34 g, 3.50 mmol) in 15 mL of

N2 N—N|—C|

dichloromethane. Isolated yield = 1.32 g (91 %). '"H NMR (CDCls, 300 MHz, Ao |, o
c21 . N nz
22°C): 3 8.88 (s, IH; C1H), 8.39 (d, 1H, Jiun = 8.4 Hz; CsH), 7.88 (d, 1H, Jun A=A

= 8.1 Hz; C3H), 7.83 (t, 1H, Jun = 7.8 Hz; CsH), 7.61 (t, 1H, Jun = 7.6 Hz; C4H), 7.37 (s, 1H;
Ca0H), 7.31 (s, 1H; C11H), 7.28 (s, 1H; C13H), 6.96 (d, 1H, Jun = 8.1 Hz; C17H), 6.43 (d, 1H, Jun
=7.8 Hz; Ci3H), 3.05 (s, 6H; N(C22,23H3)2), 2.57 (s, 3H; C1aH3), 2.36 ppm (s, 3H; C21H3). BC{'H}
NMR (CDCls, 125 MHz, 22 °C): § 153.9 (C1), 148.5 (Cio), 147.3 (C1s), 145.0 (Ci6), 140.0 (C),
139.6 (Cr2), 138.3 (C19), 132.7 (C2), 132.4 (Cs), 129.6 (C3), 127.5 (Cs), 126.0 (Cy), 125.2 (Cy),
122.2 (Cs), 119.8 (C17), 117.6 (C13), 115.4 (Ca0), 112.2 (C11), 108.3 (C13), 51.8 (N(C22,23)2), 22.8
(C14) and 21.6 (C21). Anal. Calcd for C23H22CIN3Ni: C, 63.57; H, 5.10. Found: C, 63.60; H, 5.21.

Synthesis of B'"PhenNNNMe»-Ni (L15-NiCl): An identical procedure to the
synthesis of 6 was employed, using 3b (1.01 g, 2.60 mmol), NiCl,*6H>O
(0.65 g, 2.74 mmol), and NaO7Bu (0.26 g, 2.74 mmol) in 15 mL of

dichloromethane. Isolated yield = 1.17 g (93 %). 'H NMR (CDCls, 500 MHz,

22 °C): § 8.93 (s, 1H; CiH), 8.51 (d, 1H, Jux = 8.3 Hz; CeH), 7.94 (d, 1H,
Jin = 8.1 Hz; C3H), 7.88 (t, 1H, Jin = 8.1 Hz; CsH), 7.64 (m, 2H; Ca.1113H), 7.55 (s, 1H; C11/13H),
7.40 (s, 1H: Ca3H), 6.98 (d, 1H, Jim = 8.2 Hz: CaoH), 6.43 (d, 1H, Junt = 8.2 Hz; Ca1H), 3.05 (s,
6H; N(Cazs,26H3)2), 2.36 (s, 3H; C24H3) and 1.49 ppm (s, 9H; (Cis, 16, 17H3)3). *C{'H} NMR (CDCl;,
125 MHz, 22 °C): 5 154.4 (C1), 152.9 (C12), 148.4 (C10), 147.5 (Cis), 145.2 (C1o), 140.1 (Cs), 138.5
(Ca), 133.4 (C2), 132.6 (Cs), 129.9 (C3), 127.7 (Ca), 126.3 (Cs), 125.0 (C1), 122.3 (Cs), 120.0

(Cr0), 117.5 (C21), 115.4 (C23), 109.4 (C11113), 104.7 (Ci1/13), 51.9 (N(C25,26)2), 35.7 (Cis, 16, 17)3),
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31.8 (Ci4), 21.9 ppm (C24). Anal. Caled for CosH23CIN3Ni: C, 65.51; H, 5.92. Found: C, 65.35; H,
6.03.

Synthesis of “**PhenNNNMe;-Ni (L16-NiCl): An identical procedure to the
synthesis of 6 was employed, using 3¢ (1.80 g, 4.56 mmol), NiCl,*6H,0O (1.14

g, 4.77 mmol), and NaO7Bu (0.46 g, 4.79 mmol) in 15 mL of dichloromethane.

Isolated yield = 1.86 g (83 %). 'H NMR (CDCls, 500 MHz, 22 °C): § 9.10 (s, o —: thN
1H; C1H), 8.48 (d, 1H, Jun = 8.3 Hz; CsH), 8.10-7.90 (m, 2H; C35H), 7.84-7.56 (m, 3H; Ca,11,13H),
7.36 (s, 1H; Ca0H), 7.01 (d, 1H, Jun = 8.2 Hz; C17H), 6.52 (d, 1H, Jun = 8.2 Hz; Ci1sH), 3.06 (s,
6H; N(C22,23H3)2), and 2.37 (s, 3H; C21H3). BC{'H} NMR (CDCls, 125 MHz, 22 °C): § 156.1 (C)),
149.0 (Cho), 146.5 (Ci15), 145.3 (Ci6), 142.6 (Co), 138.8 (Cr9), 133.4 (Cs), 132.9 ((2), 131.1 (Cu4,
quartet), 130.1 (C3), 128.5 (C4), 126.1 (C12), 125.5 (Cs), 123.4 (C7), 122.4 (Cs), 120.1 (C17), 119.0
(C1g), 115.8 (C20), 105.9 (C13), 105.1 (Ci1), 52.0 (N(C22, 23)2), 21.7 ppm (C21). PF{!H} NMR
(CDCl3, 470 MHz, 22 °C): 6 -62.27 ppm (s, 3F; CF3). Anal. Calcd for C23H19CIF3N3Ni: C, 56.54;
H, 3.92. Found: C, 56.33; H, 3.63.

Synthesis of M*QuinNNNMe,-PdCl (L13-PdCl): To a stirred solution of
compound L13 (0.20 g, 0.69 mmol) in 30 mL of THF, PA(COD)Cl> (0.33 g,
0.69 mmol), and NaO7Bu (0.070 g, 0.72 mmol) were added, and the mixture

stirred vigorously at 65 °C for 18 h. The resulting red suspension was allowed ¢

to cool, and the volatiles removed in vacuo. The residue was then washed

with diethyl ether (3 x 15 mL) to isolate a red solid. The compound was redissolved in CH>Cl, and
passed through a short plug (1 cm) of Celite. Isolated yield of L13-PdCl=0.24 g (83%). '"H NMR
(CDCls, 500 MHz, 22 °C): 6 8.78 (d, 1H, Jun = 5.0 Hz; C1H), 8.03 (dd, 1H, Jun = 8.3 Hz; C3H),

7.42 (s, 1H; C16H), 7.34 (s, 1H; C2H), 7.29-7.23 (m, 1H, C2H), 7.06 (d, 1H, Jun = 8.1 Hz; C13H),
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6.76 (s, 1H; CsH), 6.54 (d, 1H, Jun = 8.1 Hz; C14H), 3.27 (s, 6H; N(C19,18H3)2), 2.49 (s, 3H; C10H3),
2.38 ppm (s, 3H; Ci7H3). *C{'H} NMR (CDCls, 125 MHz, 22 °C): § 149.3(C), 148.6 (C11), 148.0
(C1), 146.8 (Cs), 145.7 (C12), 139.8 (Co), 139.1 (Ci5), 137.9 (C3), 130.9 (Cs), 121.1 (C2), 121.1
(C13), 118.8 (C14), 115.9 (Ci6), 113.6 (C1o), 113.1 (Cs), 53.9 (N(C1s, 19)2), 22.5 (C1o0), 21.7 ppm
(C17). Anal. Calcd for C19H20CIN3Pd: C, 52.79; H, 4.66. Found: C, 52.99; H, 4.69.

Synthesis of M*PhenNNNMe;-PdCl (L14-PdCl): To a stirred solution of
compound L.14 (0.20 g, 0.59 mmol) in 30 mL of THF, Pd(COD)CL (0.17 g,

0.59 mmol), and NaO7Bu (0.060 g, 0.62 mmol) were added, and the mixture

stirred vigorously at 65 °C for 18 h. The resulting red suspension was allowed

Cc20 c22

C15 /

C16 N NS
Cc19
\ C2

to cool, and the volatiles removed in vacuo. The residue was then washed

Cc18 c17 3

with diethyl ether (3 x 15 mL) to isolate a red solid. The compound was redissolved in CH>Cl, and
passed through a short plug (1 cm) of Celite. Isolated yield of L14-PdCl1=0.23 g (79%). '"H NMR
(CDCl3, 500 MHz, 22 °C): § 9.26 (s, 1H; C1H), 8.50 (d, 1H, Jun = 8.3 Hz; CsH), 8.02 (d, 1H, Jun
= 8.0 Hz; C3H), 7.88 (t, 1H, Jun = 7.7 Hz; CsH), 7.69 (t, 1H, Jun = 7.5 Hz; C4H), 7.51 (s, 1H;
Ca0H), 7.48 (s, 1H; C11H), 7.47(s, 1H; C13H), 7.09 (d, 1H, Jun = 8.2 Hz; C17H), 6.56 (d, 1H, Jun =
8.1 Hz; Ci3H), 3.31 (s, 6H; N(C22, 23H3)2), 2.60 (s, 3H; C14H3), 2.41 ppm (s, 3H; C21H3). BC{'H}
NMR (CDCls, 125 MHz, 22 °C): § 151.9 (C1), 150.2 (Cio), 148.9 (C1s), 145.6 (Ci6), 140.7 (Co),
140.1 (Cr2), 139.1 (C19), 132.9 (Cs), 132.7 (C7), 129.8 (C3), 128.1 (Cs), 127.0 (Cy), 126.2 (),
122.6 (Ce), 121.1 (C17), 118.7 (C1s), 115.9 (C20), 112.8 (C11), 109.5 (C13), 54.0 (N(C22,23)2), 22.9

(C14) and 21.7 (Cz1). Anal. Caled for C23H22CINsPd: C, 57.28; H, 4.60. Found: C, 56.90; H, 4.63.
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Synthesis of ¢¥*PhenNNNMe;-PdCl (L16-PdCl): To a stirred solution of O

compound L.16 (0.20 g, 0.51 mmol) in 30 mL of THF, Pd(COD)Cl, (0.15 g, . O N
3
0.51 mmol), and NaO7Bu (0.051 g, 0.54 mmol) were added, and the mixture N-Pd—Cl
NMe,

stirred vigorously at 65 °C for 18 h. The resulting red suspension was allowed

to cool, and the volatiles removed in vacuo. The residue was then washed with diethyl ether (3 x
15 mL) to isolate a red solid. The compound was redissolved in CH>Cl, and passed through a short
plug (1 cm) of Celite. Isolated yield of L16-PdCl= 0.24 g (88%). 'H NMR (CDCls, 500 MHz, 22
°C): 6 9.32 (s, 1H), 8.46 (d, 1H; J = 8.4 Hz), 8.03 (d, 1H; J = 7.9 Hz), 7.95 (t, 1H; J = 7.7 Hz),
7.77 (d, 2H; J=11.6 Hz), 7.68 (s, 1H), 7.39 (s, 1H), 7.12 (d, 1H; J=8.2 Hz,), 6.63 (d, 1H; J=8.4
Hz,), 3.31 (s, 6H), 2.39 (s, 3H). *C{!H} NMR (CDCls, 125 MHz, 22 °C): 154.5 (Car), 150.3 (Cay),
147.8 (Car), 143.1 (Car), 139.3 (Car), 133.4 (Car), 132.8 (Car), 131.2 (CF3, quartet), 130.1 (Car),
128.8 (Car), 126.7 (Car), 126.0 (Car), 122.5 (Car), 121.1 (Car), 119.9 (Car), 116.1 (Car), 106.2
(Car), 105.8 (Car), 54.0 (Cnme2), 21.55 (Cume). PF{H} NMR (CDCl3, 470 MHz, 22 °C): § -62.25

ppm (s, 3F; CF3).

5.5.1. X-Ray Crystallography:

X-ray crystal structure data was using collected from multi-faceted crystals of suitable size and
quality selected from a representative sample of crystals of the same habit using an optical
microscope. In each case, crystals were mounted on MiTiGen loops with data collection carried
out in a cold stream of nitrogen (150 K; Bruker D8 QUEST ECO; Mo K, radiation). All
diffractometer manipulations were carried out using Bruker APEX3 software.?! Structure solution
and refinement was carried out using XS, XT and XL software, embedded within the Bruker
SHELXTL suite.?? For each structure, the absence of additional symmetry was confirmed using

ADDSYM incorporated in the PLATON program.** CCDC Nos. 1985563-1985568 contain the
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supplementary crystallographic data for this chapter. The data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.

Crystal structure data for .14 (CCDC No. 1985568): X-ray quality crystals were grown
following diffusion of diethyl ether vapor into a saturated CHCl; solution of the compound at room
temperature. Crystal structure parameters: C23H23N3 341.44 g/mol, monoclinic, space group P21/c;
a=17.2243(11) A, b = 14.7273(9) A, ¢ =7.1219(5) A, a = 90°, B = 99.910(3)°, y = 90°, V =
1779.6(2) A%; Z = 4, peatca = 1.274 g cm™3; crystal dimensions 0.266 x 0.200 x 0.150 mm?; Opax =
39.509°; 114196 reflections, 10645 independent (Rin = 0.0597), intrinsic phasing; absorption coeff
(n=10.076 mm™"), absorption correction semi-empirical from equivalents (SADABS); refinement
(against Fo?) with SHELXTL V6.1, 239 parameters, 0 restraints, R; = 0.0553 (I > 20) and wR; =
0.1722 (all data), Goof = 1.046, residual electron density 0.620/—0.610 ¢ A,

Crystal structure data for L15 (CCDC No. 1985565): X-ray quality crystals were grown
following diffusion of diethyl ether vapor into a saturated CHCl; solution of the compound at room
temperature. Crystal structure parameters: C26H20N3 383.52 g/mol, trigonal, space group P32; a =
10.2023(3) A, b =10.2023(3) A, ¢ = 17.7612(6) A, a = 90°, f = 90°, y = 120°, V = 1061.03(11)
A3 Z =3, peateca = 1.193 g cm™3; crystal dimensions 0.100 x 0.050 x 0.050 mm?; Omax = 30.499°;
37488 reflections, 6534 independent (Rine = 0.0833), intrinsic phasing; absorption coeff (L =0.070
mm ), absorption correction semi-empirical from equivalents (SADABS); refinement (against
Fo?) with SHELXTL V6.1, 269 parameters, 1 restraints, R; = 0.0533 (I > 20) and wR> = 0.1243
(all data), Goof = 1.032, residual electron density 0.294/—0.245 ¢ A3.

Crystal structure data for L16 (CCDC No. 1985563): X-ray quality crystals were grown
following diffusion of diethyl ether vapor into a CHCl; solution of the compound at room

temperature. Crystal structure parameters: C23H20F3N3 395.42 g/mol, triclinic, space group P-1; a
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= 7.8443(4) A, b = 9.5831(4) A, ¢ = 13.4612(6) A, a = 89.4932(18)°, B = 78.5285(18)°, y =
87.8849(19)°, V =991.02(8) A%; Z = 2, peatca = 1.325 g cm3; crystal dimensions 0.280 x 0.150 x
0.040 mm?; Omax = 27.721°; 23306 reflections, 4645 independent (Rin = 0.0560), intrinsic phasing;
absorption coeff (u = 0.099 mm™!'), absorption correction semi-empirical from equivalents
(SADABS); refinement (against Fo?) with SHELXTL V6.1, 265 parameters, 0 restraints, R; =
0.0793 (I > 26) and wR> = 0.2179 (all data), Goof = 1.050, residual electron density 1.031/—0.771
e A™.

Crystal structure data for L13-NiCl (CCDC No. 1985567): X-ray quality crystals were
grown following diffusion of diethyl ether vapor into a CHCI3 solution of the compound at room
temperature. Crystal structure parameters: C19H20CliN3N1i; 384.54 g/mol, triclinic, space group P-
1; a=9.8825(13) A, b = 14.352(3) A, c = 24.736(4) A, o = 90.844(12)°, B = 94.338(10)°, y =
102.995(13)°, V =3406.9(10) A3; Z =8, peatca = 1.499 g cm3; crystal dimensions 0.300 x 0.200 x
0.050 mm?; Omax = 30.679°; 97358 reflections, 20976 independent (Rine = 0.1012), intrinsic
phasing; absorption coeff (u = 1.300 mm!), absorption correction semi-empirical from
equivalents (SADABS); refinement (against F,?) with SHELXTL V6.1, 881 parameters, 0
restraints, R; = 0.0601 (/ > 20) and wR> = 0.1253 (all data), Goof = 1.021, residual electron density
0.770/-0.722 ¢ A3

Crystal structure data for L14-NiCl (CCDC No. 1985564): X-ray quality crystals were
grown following diffusion of diethyl ether vapor into a CHCI3 solution of the compound at room
temperature. Crystal structure parameters: C23H22CliN3Ni; 434.59 g/mol, triclinic, space group P-
1;a=69170(4) A, b = 11.9707(8) A, c = 12.3017(11) A, a = 72.668(3)°, B = 82.739(3)°, y =
89.465(3)°, V =964.12(11) A%; Z = 2, peaica = 1.497 g cm™3; crystal dimensions 0.200 x 0.100 x

0.030 mm?; Omax = 27.979°; 39487 reflections, 4613 independent (Rin = 0.0453), intrinsic phasing;
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absorption coeff (u = 1.159 mm™'), absorption correction semi-empirical from equivalents
(SADABS); refinement (against Fo?) with SHELXTL V6.1, 257 parameters, 0 restraints, R; =
0.0424 (1> 20) and wR> = 0.1011 (all data), Goof = 1.137, residual electron density 0.806/—0.637
e A

Crystal structure data for L15-NiCl (CCDC No. 1985566): X-ray quality crystals were
grown following diffusion of diethyl ether vapor into a CHCI3 solution of the compound at room
temperature. Crystal structure parameters: C26H25C1iN3N11 476.67 g/mol, monoclinic, space group
P2i/c; a = 14.9402(10) A, b = 16.7884(11) A, c = 8.9308(6) A, a = 90°, S = 98.074(3)°, y = 90°,
V =2217.83) A3, Z = 4, peaica = 1.428 g cm™3; crystal dimensions 0.200 x 0.150 x 0.050 mm?;
Omax = 33.129°; 68772 reflections, 7415 independent (Rine = 0.0419), intrinsic phasing; absorption
coeff (u = 1.014 mm™!), absorption correction semi-empirical from equivalents (SADABS);
refinement (against Fo?) with SHELXTL V6.1, 286 parameters, 0 restraints, R; = 0.0453 (I > 20)
and wR> = 0.0915 (all data), Goof = 1.054, residual electron density 0.647/—0.642 e A3,

Crystal structure data for L13-PdCl: X-ray quality crystals were grown following diffusion
of diethyl ether vapor into a CHCI; solution of the compound at room temperature. Crystal
structure parameters: C19H20CliN3Pd; 432.26 g/mol, triclinic, space group P-1; a = 9.8508(5) A,
b=14.02447(7) A, c =14.9899(8) A, a=75.218(2)°, B =75.159(2)°, y = 88.144(2)°, V = 1934(17)
A3 Z =4, peatea = 1.689 g cm™; crystal dimensions 0.160 x 0.080 x 0.050 mm?; Omax = 29.255°;
46843 reflections, 10522 independent (Rine = 0.1273), intrinsic phasing; absorption coeff (1 =
1.313 mm™'), absorption correction semi-empirical from equivalents (SADABS); refinement
(against F,?) with SHELXTL V6.1, 477 parameters, 0 restraints, R; = 0.0497 (I > 20) and wR> =

0.1052 (all data), Goof = 0.997, residual electron density 1.157/—1.449 ¢ A3,
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Crystal structure data for L14-PdCl: X-ray quality crystals were grown following diffusion
of diethyl ether vapor into a CHCI; solution of the compound at room temperature. Crystal
structure parameters: Co3H2C1iN3Pd; 482.32 g/mol, triclinic, space group P-1; a = 9.3568(8) A,
b=10.1501(8) A, c=22.0543(17) A, a = 85.973(4)°, f = 87.953(4)°, y = 68.173(4)°, V = 1939(3)
A3 Z =4, peatea = 1.652 g cm™3; crystal dimensions 0.160 x 0.080 x 0.060 mm?; Omax = 30.592°;
127149 reflections, 11912 independent (Rint = 0.0416), intrinsic phasing; absorption coeff (u =
1.109 mm™'), absorption correction semi-empirical from equivalents (SADABS); refinement
(against Fo?) with SHELXTL V6.1, 513 parameters, 0 restraints, R; = 0.0286 (I > 20) and wR; =
0.0564 (all data), Goof = 1.076, residual electron density 0.501/—-0.676 ¢ A,

Crystal structure data for L16-PdCl: X-ray quality crystals were grown following diffusion
of diethyl ether vapor into a CHCI; solution of the compound at room temperature. Crystal
structure parameters: CosHi9oCliF3N3Pdl 536.29 g/mol, monoclinic, space group P2i/c; a =
37.836(2) A, b =5.4885(3) A, ¢ =20.5895(14) A, a = 90°, f = 104.145(3)°, y = 90°, V = 4146(4)
A3 Z =4, peateca = 1.718 g cm™3; crystal dimensions 0.210 x 0.080 x 0.007 mm?; Omax = 27.468°;
119759 reflections, 9469 independent (Rine = 0.0548), intrinsic phasing; absorption coeff (u =
1.067 mm™'), absorption correction semi-empirical from equivalents (SADABS); refinement
(against Fo?) with SHELXTL V6.1, 529 parameters, 0 restraints, R; = 0.0713 (I > 20) and wR; =

0.1534 (all data), Goof = 1.210, residual electron density 0.188/—2.187 ¢ A,

5.6. Catalysis Procedure:
5.6.1. Representative Procedure for Catalytic Trials:
To a 50 mL teflon stoppered flask containing catalyst L16-NiCl (0.012 g, 0.05 mmol), LiO7Bu

(0.081 g, 1.01 mmol), benzoxazole (H2; 0.12 g, 1.01 mmol), and 1-iodooctane (A1; 0.291 g, 0.75
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mmol), added 1,4-dioxane (2.0 mL) inside an N»-filled glovebox. The resulting reaction mixture
was stirred in a preheated oil bath set to 140 °C for 16 h. An aliquot (10 pL) of the reaction mixture
diluted with 1 mL acetone was injected to GC instrument to analyze the products. GC yields of the
products were obtained from the calibration curves plotted for pure reactants and products, with

biphenyl as an internal standard, and are reported as an average of two runs.

5.6.2. GC Method:

Gas chromatographic analysis was performed using a Varian Cp-3800 GC gas chromatograph
equipped with an autosampler and a Chrompak Cp Sil 8CB capillary column (50 mm x 0.2 mm x
0.33 um). The instrument was set to an injection volume of 1 pL, an inlet split ratio of 10:1, and
inlet and detector temperatures of 250 and 320 °C, respectively. UHP-grade argon was used as
carrier gas with a flow rate of 30 mL/min. The temperature program used for all the analyses is as
follows: 80 °C, 1 min; 30 °C/min to 200 °C, 2 min; 30 °C/min to 260 °C, 3 min; 30 °C/min to 300
°C, 3 min. Response factor for all the necessary compounds with respect to standard biphenyl was

calculated from the average of two independent GC runs.

5.6.3. Hg Suppression Experiment:

Inside an N»-filled glovebox, a flame-dried screw-cap tube was equipped with a magnetic stir bar,
L16-NiCl (0.024 g, 0.050 mmol), LiOzBu (0.085 g, 1.012 mmol), benzoxazole (0.120 g, 1.006
mmol), 1-iodooctane (0.291 g, 1.509 mmol) and Hg (1.0 g, or 5.0 mmol). This mixture was then
dissolved/suspended in 1,4-dioxane (1.0 mL) and stirred in a preheated oil bath (oil bath
temperature set to 140 °C) for 16 h. An aliquot (10 pL) of the reaction mixture was taken, diluted
with 1 mL acetone and injected into the GC instrument to analyze the products. GC yields of the

products were obtained from calibration curves plotted for pure reactants and products, with
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biphenyl as an internal standard. The yield of the alkylated product P1 measured was 63 % and 55

% for reactions conducted in the presence of 100 and 500 equivalents of Hg, respectively.

5.6.4. TEMPO Experiment:

Inside an N»-filled glovebox, a flame-dried Teflon-stoppered flask was equipped with a magnetic
stir bar, L.16-NiCl (0.024 g, 0.050 mmol), LiO/Bu (0.085 g, 1.012 mmol), benzoxazole (0.120 g,
1.006 mmol), 1-iodooctane (0.291 g, 1.509 mmol) and TEMPO (0.236 g, 1.509 mmol), and 2 mL
of 1,4-dioxane. The reaction mixture was stirred in a preheated oil bath (oil bath temperature set
to 140 °C) for 16 h. An aliquot (10 pL) of the reaction mixture was taken, diluted with 1 mL
acetone and injected into the GC instrument to analyze the products. GC Yields of the products
were obtained from the calibration curves plotted for pure reactants and products, with biphenyl

as an internal standard.

5.6.5. Filtration Experiment:

To an oven dried, 10 mL Teflon stoppered flask equipped with magnetic stir bar, catalyst 4¢ (0.024
g, 0.050 mmol), LiO7Bu (0.085 g, 1.012 mmol), benzoxazole (0.120 g, 1.006 mmol), 1-iodooctane
(0.291 g, 1.509 mmol) and 2 mL of dioxane was added inside an N»-filled glove box. The resultant
reaction mixture was stirred at 140 °C in a preheated oil bath for 1h. The reaction mixture was
then cooled to room temperature and filtered into a second, oven-dried 10 mL Teflon stoppered
flask, and charged with additional LiOzBu (0.085 g, 1.012 mmol). The reaction mixture was once
again stirred at 140 °C in a preheated oil bath for 16 h. An aliquot (10 pL) of the reaction mixture

diluted with 1mL acetone was injected to GC instrument to analyze the products. GC Yields of the
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products were obtained from the calibration curves plotted for pure reactants and products, with

biphenyl as an internal standard.

5.6.7. Characterization Data of Coupling Products:

2-octylbenzo[d]oxazole (P1):' 'H NMR (CDCls, 300 MHz, 22 °C): &

7.65-7.68 (m, 1H), 7.45-7.48 (m, 1H; ArH), 7.27-7.30 (overlapped m, @EN\

2H; ArH), 2.92 (t, Jun = 7.6 Hz, 2H; (N=C)CH>), 1.88 (tt, Jun = 7.3, °

7.6 Hz, 2H; CH>), 1.27-1.44 (overlapped m, 10H; CH>), 0.88 ppm (t, J = 6.9 Hz, 3H; CH3).
2-octylbenzo[d]thiazole (P2):> 'H NMR (CDCls;, 300 MHz, 22 °C): &

7.98 (d, Jun= 8.2 Hz, 1H; ArH), 7.84 (dd, Jun = 8.2, 1.4 Hz, 1H; ArH), @[N\

7.43 (td, Jun = 7.8, 1.1 Hz, 1H; ArH), 7.33 (td, Jun = 7.6, 0.9 Hz, 1H; ArH), 3.810 (t, Jun = 7.8 Hz,
2H; (N=C)CH>), 1.91-1.84 (m, 2H; CH>), 1.47-1.27 (overlapped m, 10H; CH>), 0.89 ppm (t, J =
6.9 Hz, 3H; CH;).

2-(3-(9H-carbazol-9-yl)butyl)benzo[d]oxazole (P3): 'H NMR N, O
(CDCl;, 300 MHz, 22 °C): 6 8.10 (dd, Jun = 7.7, 0.8 Hz, 2H; ArH), @m
7.74-7.63 (m, 1H; ArH), 7.51-7.38 (overlapped m, 5H; ArH), 7.33-

7.18 (overlapped m, 4H; ArH), 4.39 (t, Jun = 6.6 Hz, 2H; CH>), 2.96 (t, Jun = 6.9 Hz, 2H; CH>),
2.02 ppm (overlapped d, Jun = 5.9 Hz, 4H; CH>). *C{'H} NMR (CDCl;, 125 MHz, 22 °C): §
166.54 (N=C-0), 150.90 (Car), 141.42 (Car), 140.46 (Car), 125.81 (Car), 124.70 (Car), 124.29
(Car), 123.02 (Car), 120.52 (Car), 119.71 (Car), 119.01 (Car), 110.46 (Car), 108.71 (Car), 42.70
(CH>), 28.51 (CH>), 28.40 (CH2), 24.57 ppm (CHz). HRMS (APCI-TOF) m/z: [M + H]" Calc’d

for [C23H20N20+H'] 341.1648; Found 341.1664.
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6-(benzo[d]oxazol-2-yl)hexyl benzoate (P4):> 'H NMR (CDCls, 0 @
o

300 MHz, 22 °C): & 8.03 (d, Jin = 7.6 Hz, 2H; ArH), 7.67 (m, 1H; ] %/_/—f
ArH), 7.54 (t, Juu = 6.7 Hz, 1H; ArH), 7.44 (overlapped m, 3H; CEN/
ArH), 7.29 (overlapped m, 2H; ArH), 4.32 (t, Jun = 6.5 Hz, 2H; OCH>), 2.94 (t, Jun = 7.3 Hz, 2H;
CH»), 1.93 (m, 2H; CH>), 1.79 (m, 2H; CH>), 1.54 ppm (overlapped m, 4H; CH>).
2-(3-phenylpropyl)benzo[d]oxazole (P5):* '"H NMR (CDCls, 300 MHz, N

@[ N
22 °C): § 7.70 (m, 1H; ArH), 7.49 (m, 1H; ArH), 7.26 (overlapped m, °>_\/\©
TH; ArH), 2.96 (t, Jun = 7.6 Hz, 2H; CH>), 2.78 (t, Jun = 7.3 Hz, 2H; CH>), 2.24 ppm (m, 2H;
CH,).
2-(3-phenoxypropyl)benzo[d]oxazole (P6):* 'H NMR (CDCl;, 300 MHz, @
22 °C): 6 7.70 (m, 1H; ArH), 7.50 (m, 1H; ArH), 7.28 (overlapped m, 4H; @ >_/_/
ArH), 6.92 (overlapped m, 3H; ArH), 4.12 (t, Jun = 5.9 Hz, 2H; OCH>), 3.17 (t, Jun = 7.3 Hz, 2H;
CH>), 2.40 ppm (m, 2H; CH>).
2-(3-(phenylthio)propyl)benzo[d]oxazole (P7):> 'H NMR (CDCl;, 300 @
MHz, 22 °C): & 7.68 (m, 1H; ArH), 7.48 (m, 1H; ArH), 7.31 (overlapped @E >_/J
m, 6H; ArH), 7.18 (m, 1H; ArH), 3.08 (overlapped m, apparent Jun = 7.3 Hz, 4H; CH>), 2.23 ppm
(m, Juu = 7.0 Hz, 2H).
2-(pent-4-enyl)benzo[d]oxazole (P8):* 'H NMR (CDCl;, 300 MHz, 22 °C): § >_/_ﬁ
7.67 (m, 1H; ArH), 7.47 (m, 1H; ArH), 7.28 (overlapped m, 2H; ArH), 5.82 (m, C[
1H; =CH), 5.04 (m, 2H; =CH>), 2.93 (t, Jun = 7.6 Hz, 2H; CH>), 2.20 (m, apparent Juu = 7.0 Hz,
2H; CH>), 1.99 ppm (m, 2H; CH>).
2-(cyclohexylmethyl)benzo[d]oxazole (P9):* 'H NMR (CDCl;, 300 MHz, >_§:>

N
22 °C): 6 7.67 (m, 1H; ArH), 7.47 (m, 1H; ArH), 7.29 (m, 2H; ArH), 2.81 (d, @[o\
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Jun = 7.0 Hz, 2H; CH>), 1.97 (m, 1H; CH), 1.72 (overlapped m, SH; CH>), 1.15 ppm (overlapped

m, SH; CH>).

2-butylbenzo[d]oxazole (P10):’ '"H NMR (CDCl;, 300 MHz, 22 °C): § 7.67 N >_/_/
(m, 1H; ArH), 7.47 (m, 1H; ArH), 7.29 (overlapped m, 2H; ArH), 2.93 (t, Jun ©

=7.6 Hz, 2H; CH»), 1.87 (m, 2H; CH>), 1.46 (m, 2H; CH>), 0.97 ppm (t, Jun = 7.3 Hz, 3H; CH>).
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Chapter 6: Conclusions and Outlook

6.1. Conclusions:

In this thesis, I have reported the design, construction and synthesis of monoanionic, palindromic
and non-palindromic, tridentate (N"NN) pincer-type ligand motifs containing phenanthridinyl
and/or quinolinyl arms. I furthermore described their coordination chemistry with nickel,
palladium and platinum. Applications in emissive molecule design and catalysis were also
presented.

Specifically, to obtain my target proligands, I first optimized the synthesis of functionalized
phenanthridines using a one-pot Pd-catalyzed C-C Suzuki coupling/condensation protocol, leading
to isolated yields of various functionalized phenanthridines of greater than 85%. Reflecting on
these efforts, the one-pot nature of the reaction is appealing compared with multi-step syntheses
of the sort described in Chapter 1. In general, yields of phenanthridines prepared in this way were
high and tolerant of both electron-releasing (Me, fBu) and electron-withdrawing (CF3, NO», Br)
substituents. To access amino-substituted variants, use of an ortho-diamine aniline precursor was
less effective for direct synthesis of (4-amino)phenanthridines in high yields. Instead, a two-step
process in which the 4-nitro variant was first isolated, then reduced to the (amino)phenanthridine
was found to give greater overall yields. The lower conversion using the ortho-diamine aniline
likely results from chelation of the Pd catalyst, hampering turnover. These phenanthridine
precursors were then used in Buchwald-Hartwig C-N coupling reactions to form the desired
proligands.

As a series, metal(II) chloride complexes of Group 10 metals (nickel, palladium, and platinum)
were constructed in high yields using three intial ligands. The ligands L1, L2 and L3, and their

corresponding metal complexes (L)MCI (M = Ni, Pd, Cl; n = 1, 2, 3), were used to study the
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impact of systematic m-extension on electronic and photophysical properties. To do so, the ligands
and complexes were characterized using both solution (1D & 2D NMR spectroscopy, UV-Vis
spectroscopy and cyclic voltammetry) and solid-state (X-ray diffraction, EA) techniques, as well
as DFT studies. Metal complexes L2-MCI and L3-MCI are sparingly soluble due to the planar
structure and presence of m-n stacking interactions. Attempts were made to improve the solubility
by introducing fBu groups into phenanthridinyl arms, but the outcome was not very significant.

Having found that platinum(II) chloride complexes of L1, L2 and L.3 could be prepared, I then
explored their luminescence in solution. In that work, I discovered these molecules can be used to
test two different but equally common ways to control the absorption and or photophysical
properties of the molecules or metal complexes. In the first way, site-specific benzannulation is
typically thought to have a conventional impact on a complex’s electronic properties in that it
destabilizes the highest occupied molecular orbital (HOMO) and stabilizes the lowest unoccupied
molecular orbital (LUMO); this will yield a red-shifted spectrum. In the second way, the
introduction of electron-donating groups (Me, tBu) or electron-withdrawing groups (CF3) usually
induce either hypsochromic (blue) shift to bathochromic (red) shifts in the absorption or emission
spectra. This substitution will impact the HOMO and LUMO energies relative to unsubstituted
molecules.!

To explore the impact of these potentially complimentary tools, a larger library of ligands L1-
L12 was prepared starting from bis(quinolinyl)amines (BQA) and then moving towards
asymmetric and symmetric bis(phenanthridinyl)amines, with a range of different substituents in
the 2-position of the phenanthridinyl rings and corresponding 6-position of the quinolinyl arms.
To do so, in addition to preparing functionalized phenanthridines, 6-functionalized quinolines were

also prepared using the Skraup reaction.? A notable finding from these investigations is that the
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preparation of functionalized phenanthridines in general proceeds in higher yields and with more
facile workup that the Skraup preparation of 2,6-functionalized quinolines.

Once assembled, these ligands were reacted with Pt(COD)Cl; to isolate the corresponding
library of Pt(II) complexes. As the benzannulation increased, the solubility of the prepared
complexes decreased significantly, which is attributable to the presence of strong n-m stacking
interactions. Nevertheless, the complexes were found to be soluble enough for study by various
spectroscopies. Comparing the photophysical properties of complexes of (quinolinyl)amido
ligands with those of m-extended (phenanthridinyl)amido analogues revealed a counterintuitive
impact of site-selective benzannulation. A blue shift of nearly 40 nm in the emission wavelength
is observed for bis(phenanthridinyl)amino Pt(Il) complexes, despite nearly isoenergetic absorption
manifolds.

Even the presence of two bulky rBu groups on bis(phenanthridinyl)amine could not improve
the solubility issues, which further decreased upon coordination with the metal centre, again likely
due to m-w stacking interactions. To address the solubility issues and prevent metal complexes from
n-n stacking interactions, and to explore the reactivity of metal complexes in common organic
solvents, a new ligand design was then pursued (N*"N"NMe;) bearing pyramidal NMe> donor
groups. Proligands L13-L14 based on bis(2-(dimethylamino)phenyl)amido ligands were
accordingly prepared containing a second donor based on one quinolinyl unit (L.13), or one benzo-
fused N-heterocyclic phenanthridinyl (L.14, .15, L.16) unit bearing either electron-donating (Me,
Bu) or electron withdrawing (CF3) groups. Divalent nickel(II) and palladium(II) complexes of
these ligands were then prepared in good yields. The nickel(IT) complexes were then evaluated in
C-C bond forming catalysis, and were found to be active catalysts for Cgp2 -Cyps coupling of azoles

and alkyl halides. Of the series, L.14-NiCl containing a phenanthridinyl donor bearing an electron
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withdrawing group (CF;) outperformed the other complexes. In terms of substrates, alkyl chlorides
were found to give higher yields when compared to corresponding alkyl bromides and alkyl
iodides as shown in Table 5.1, further boosted by addition of Nal. This finding is important, as
alkyl chlorides are typically more difficult to activate than the those containing the heavier
halogens. It is accordingly potentially worth investigating the reactivity of these complexes with
alkyl fluorides to pursue C-F activation. Similarly, divalent palladium (II) complexes were
synthesized from the proligands L13-14 and Pd(COD)Cl, and the coordination complexes L13-
PdCl and L.14-PdCl were found to show inverted solvatochromism trends, whereby the lowest
energy absorption shifted to higher energy with increasing solvent polarity. Attempts to make

platinum (II) complexes were unsuccessful.

6.2. Outlook:

In general, to be able to probe the reactivity of metal complexes in small molecule
activation reactions and as catalysts for organic transformations, the complexes should be readily
soluble in common organic solvents. Unfortunately, the metal complexes synthesized with ligands
containing extended m-conjugated systems discussed in Chapter 2, Chapter 3 and Chapter 4
suffer from low solubility due to the presence of n-n stacking interactions. Protonation of these
complexes with strong acids (e.g., HCI, CF3COOH etc.) should disrupt the planarity of the
complexes by pyramidalizing the amido nitrogen and break n-r stacking interactions through this
effect and also through introduction of a counterion. This is anticipated to improve solubility as
shown in Scheme 6.1. Preliminary investigations indeed showed that when sparingly soluble metal
complexes were treated with HCI or trifluoromethanesulfonic acid (CF3SO3H), protonation took

place at the amido nitrogen, corroborated by '"H NMR spectroscopy. Replacing the chloride ligand
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in the resulting complexes with a hydride would then produce a species that is the ostensible
product of activation of H» by addition across a metal-amido bond. In initial investigations,
however, treating protonated divalent Ni(II) or Pd(II) chloride complexes with reducing agents

such as NaBH4, LiAlH4, NaH led to demetalation and recovery of dissociated ligand.
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Scheme 6.1. a) Attempted reduction reaction to isolate metal hydride, b) protonation of metal

complex to isolate metal hydride.

Platinum (II) metal complexes of benzannulated m-extended conjugated system have
shown impressive photophysical absorption and emission properties. Previously, our group
reported phenanthridine containing (N*N"0) have shown shown superior in vitro therapeutic
index compared with phenanthriplatin and cisplatin.® Testing complexes coordinated (N"N“"NMe:)
would be interesting in terms of both these potential research directions, but attempts to make

platinum(II) chloride complexes of (N*"N"NMe;) ligands have so far been unsuccessful. A new
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tridentate hybrid (NP"N(H)®) ligand containing neutral phosphorous (soft donor, stronger o
donation) as central donor and X-type nitrogen donor may instead help further stabilize the metal
complex. The alkynyl derivatives of these (NP N(H)®)PtCl complexes could then be used to

enhance photophysical properties or activity as anticancer agents (Scheme 6.2).*

/
NHR? 1
) sec-BulLi R O N
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NHR?

g N
Pt(COD)Cl,

i

R P NaOtBu R—P- Pt_CI R—P- Pt
base
NHR2 NR2 NRz
L17 L17-PtCI

Scheme 6.2. a) Ligand design to synthesize (N"\P"N(H)¥) ligand b) synthesis of corresponding
platinum (II) chloride and alkynyl complexes.

Small molecule activation and heterolytic splitting of H-X bonds ( X = H, alkynyl, NH>,
SPh) plays important role in 1,2-addition reactions and catalysis.’ In Chapter 4, I mentioned that
among the Ni(Il) complexes tested, the complex with a CF; (L.16) outperformed in C-C bond
forming catalysis. This gives us the opportunity to explore the reactivity of palladium(II) chloride
complex and their corresponding palladium(I)triflate complexes ([Pd]OTf) for small molecule

activation and H-X bond activation chemistry with ligands L.16 and L.17 as shown in Scheme 6.3.
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Scheme 6.3. Synthesis of L14-PdOTf and L17-PdOTf which can be potential catalysts for small
molecule activation.

As a graduate student I have studied extensively phenanthridines starting from synthesis to
complete characterization and introduced them into tridentate ‘pincer’ motifs as ancillary ligands
and their coordination complexes with group 10 metals (Ni, Pd and Pt). From my previous chapters
it is clear that functionalized phenanthridines are easier to synthesize compared to quinoline
analogs, and can present altered photophysical properties (luminescence) and improved catalytic
activity in C-C coupling reactions between azoles and alkyl halides. There may be many other
interesting applications yet to be discovered. For example, as discussed in earlier chapters,
phenanthridine mimic NADH/NAD(P)H model and has the potential to act a nature’s hydride
shuttle in chemical transformations that involves hydride transfers for sustainable chemistry.

Yang-Gui Zhou and Matthias Beller research groups have used commercially available
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phenanthridine for asymmetric hydrogenation® and reduction of a-keto/a-imino esters’ in the
presence of expensive ruthenium and cheap earth abundant iron catalysts respectively. They have
demonstrated that phenanthridine can be hydrogenated/dehydrogenated under mild conditions and
can be used for transfer hydrogenation, also involves aromatization and dearomatization of
phenanthridine. Applying these concepts to a single metal-ligand complex may enabling intriguing
new reactions.

In this work, I have explored how phenanthridine-containing ligands can be used to adjust
electronic properties in photophysical applications or reactivity in organic catalysis mediated by
transition metal complexes. In these applications, the phenanthridine moieties served as spectator
ligands, participating in charge-transfer and/or stabilizing the metal through enhanced r-acidity.
A further avenue to explore is the potential for chemical non-innocence of phenanthridines when
bound to the metal centre. Acridine, a structural isomer to phenanthridine, can act as a hydride
shuttle for organic transformations via reduction (hydride addition) at the C9 carbon as shown by
Milstein and co-workers who incorporated acridine into pincer ligand frameworks and have
reported its chemical non-innocence in catalysis.® Using these ligands, a number of applications in
catalysis were possible including conversion of alcohols to acetals,” catalytic transformation of
lactams from amines,'? production of biofuel from ethanol,!! synthesis of amides,'? and oxidation
of alkenes.!* Phenanthridine-containing ligands accordingly provide an opportunity to access
similar reactivity.

Another outlook emerging from this work is the idea of constructing phenanthridine-
containing ligands with hemi-labile donor arms (Figure 6.1) and their earlier transition metal
complexes (e.g., manganese, iron and cobalt) which can access higher oxidation states. As

transition metal hydrides play an important role in many catalytic reactions, these might be
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pursued.'* Iron'> and cobalt!® hydrides would be key targets. Synthesis and isolation of such metal
hydrides along with reduced phenanthridine bound to a metal centre would be an exciting area of
research to explore applications in catalysis that involve transfer hydrogenation reactions,!” and

also promote short-range ‘ligand-metal cooperation’ (Scheme 6.4).

L21 L22 L23

Figure 6.1. New set of proligands designed for early transition metals.
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Scheme 6.4. Synthesis of Fe and Co metal hydrides using new ligand design approach
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In conclusion, I have successfully incorporated phenanthridines into N"N(H)"N pincer
frameworks and built a library of compounds and metal complexes. In this thesis, I furthermore
report the coordination chemistry of these ligands, along with a study of the photophysical
properties of their Group 10 metal complexes. In addition, I describe the use of Ni-complexes of
related, more soluble ligands as active catalysts for catalytic C-C coupling. I anticipate this work
will open many avenues for future scientists to discover the properties of these phenanthridine
containing pincers with wide range of transition metals and many more applications in various

fields of chemistry.
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