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Abstract

This thesis details the synthesis and characterisation of several multidentate ligands that
contain the aromatic moieties quinoline, naphthalene and pyrene, and their associated
transition metal complexes. Chapter One presents an introduction to multidentate ligands
containing both pyridine and quinoline units. The synthesis and characterisation of each
ligand is described in Chapter Two. This includes the synthesis of nine new 2-quinolyl-
based ligands including tri- and tetradentate ligands, and a discussion on these ligands is
presented in Chapter Three. In addition, four new multidentate tripodal ligands that
contain a 2-methyl-1H-naphtho[2,3-d]imidazole moiety and one pyrene-based bidentate
ligand are described in Chapter Six.

All the new ligands synthesised have been reacted with transition metal ions and their
corresponding complexes have been analysed using a number of techniques. The new
complexes [Pd(58)CI]Cl.xH20, [Cu(S5)NCCH3](ClO4)2, [Zn(55)NCCH3](ClO4)z,
[(Mn(55))202](Cl04)2.2CH3CN  and  [(62)Co(OH)3Co0(62)](C104)3.CH3CN,  which
contain the new quinoline-containing ligands have been prepared and structurally
characterised. The synthesis of each complex is presented in Chapter Two and the
structural characterisation is expanded on in Chapter Four. The crystal structure for the
complex [Pd(58)CI]Cl.xH>O showed the species to be mononuclear exhibiting a square
planar geometry in which three of the nitrogen donor atoms of the ligand and one chlorido
ligand are coordinated to the metal ion. The fourth nitrogen donor atom of the ligand
belongs to a quinoline group, and this remains uncoordinated. This Pd(II) complex is the
first example of a structurally characterised metal complex that contains a 2-
quinolylethyl-containing ligand. The complexes [Cu(S5)NCCH3](ClOs)> and
[Zn(55)NCCH3](ClO4)2 are isomorphous and are shown to be mononuclear, each
exhibiting distorted square-based pyramid geometries about the metal centres (ts = 0.256
and 15 = 0.160, respectively). The crystal structures of the complexes
[(Mn(55))202](C104)2.2CH3CN and [(62)Co(OH)3C0(62)](C104)3.CH3CN reveal dimer



species in which the two metal centres are bridged by either two oxido or three hydroxido

ligands, respectively.

For those compounds in which crystal structures were not obtained, alternative solution
state characterisation methods were employed including mass spectrometry and visible
spectroscopy (Job’s method). The data obtained from these experiments showed all the
ligands to form mononuclear 1:1 complexes in solution. A discussion of these results is

presented in Chapter Five and Six.

Chapter Seven presents the work conducted as part of a separate side project that
investigated 6-amino-2,3-naphthalimide derivatives. This work describes the synthesis
and characterisation of a series of 6-amino-2,3-naphthalimide derivatives. This included
the synthesis of the 2,3-naphthalimide moiety in which several derivatives were formed
with varying imide functional groups. These compounds have been cross-coupled with a
variety of small amine groups to achieve amination at the 6-position on the naphthalimide

ring. Preliminary photophysical studies of three compounds has been conducted.
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Chapter One

Chapter One

Introduction

1.1 Chapter Overview

The development of novel ligands for the complexation of transition metals, lanthanoids
and actinoids has been and continues as a rapidly developing field of study within
inorganic chemistry. In recent years, quinoline-based metal complexes have gained
significant attention. The unique physiochemical properties and steric and electronic
arrangements of these complexes have made them attractive towards several
applications.! Thus, the synthesis and characterisation of quinoline-derived ligands and
their corresponding metal complexes is of great interest. The primary focus of this
Chapter is to introduce amine ligands with particular emphasis on quinoline-based

multidentate ligands and the corresponding coordination chemistry.
1.2 Introduction

1.2.1 Basics of coordination chemistry

A coordination complex consists of a central metal ion to which a number of atoms or
ions, known as ligands, are bound. Majority of these types of compounds are transition

metal complexes, in which the central ion is from the d-block of the periodic table.

A Lewis acid is an electron-pair acceptor, and a Lewis base is an electron-pair donor.
Products formed from the reaction between a Lewis acid and a Lewis base are often
referred to as Lewis adducts, or just adducts. Coordination complexes are products of
Lewis acid-base reactions and thus are also considered to be Lewis adducts. The transition
metal ion is a Lewis acid that reacts with one or more Lewis base species, otherwise

known as ligands, that individually contain a lone pair of electrons. To illustrate, the
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reaction between Ni(II) (Lewis acid) and six NH3 ligands (Lewis base), affords the
coordination complex [Ni(NH3)s]*" (Lewis adduct) (Figure I).

NH3 2+
| H3N
N | N | NHg
6 H—N: &+ Ny — il
| | e
H
Lewis base Lewis acid NHj

Lewis Adduct

Figure 1. Lewis acid-base reaction between NH3 and Ni(Il).

The ligand, being the Lewis base, has a lone pair of electrons that it can donate to the
Lewis acidic metal ion. In ‘classical’ coordination complexes, the lone pair is located on
a single atom which is referred to as the donor atom, and ligands can have one or more
donor atoms. The denticity of a ligand is defined as the number of donor atoms bonded
to the metal centre. Ligands that use only one atom to bind with the metal centre are called
monodentate ligands, and those that bind via two donor atoms are called bidentate ligands.
Polydentate or multidentate is used in reference to ligands that bind via at least two

atoms.?

1.2.2 Ligands

A huge variety of ligands are known, ranging from simple monoatomic ions to large
complicated biomolecules. Of particular interest in this work are ligands containing
aromatic nitrogen heterocycles. Pyridine is one such example; it is a monodentate ligand,
which binds via the nitrogen donor atom to the metal ion. This is illustrated in the copper
complex [Cu(pyridine)s](HC204), where four monodentate pyridine ligands are bound to

the metal centre (Figure 2).3
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Figure 2. Structure of the [Cu(pyridine)+](HC>04) complex. H atoms have been omitted
for clarity.

2,2’-bipyridine is a bidentate ligand, with two N atoms capable of binding to the same
metal ion. This can be seen in the Pd(II) complex [Pd(2,2’-bipyridine)>](NO3)..H20,

where the Pd(II) ion is coordinated by both the available nitrogen donor atoms from each

ligand (Figure 3).*

Figure 3. Structure of the [Pd(2,2 -bipyridine)>](NO3)2.H>O complex. H atoms have

been omitted for clarity.

Tris(2-pyridylmethyl)amine (TPA) is a widely used polydentate ligand that contains four
nitrogen donor atoms. The Zn(II) coordination complex, [Zn(TPA)CI]ClOs, shows the

polydentate ligand bound to the metal centre via all four nitrogen donors (Figure 4).°
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Figure 4. Structure of the [Zn(TPA)CIl]" cation. H atoms have been omitted for clarity.

The coordination of a multidentate ligand through at least two donor atoms results in the
formation of a chelate ring, and such complexes are often called chelate complexes, while
the ligand is often called a chelating ligand. Chelate rings, by their very nature, are
geometrically constrained, and in ligands such as 2,2’-bipyridine that contain sp’-
hybridised atoms in the ring, the ligand adopts an essentially planar geometry when
coordinated to a metal ion. Multidentate ligands that contain three or more donor atoms
have the potential to form one or more chelate rings with the same metal centre and such
ligands are often found to have high affinities for metal ions. The ligand TPA 1is a good
example of this and, as can be seen in Figure 4, there are three chelate rings present in

the [Zn(TPA)CI]" cation.

In contrast to organic chemistry, where 6-membered rings have the greatest
thermodynamic stability, 5S-membered chelate rings are more stable than 6-membered
chelate rings, owing to the necessary incorporation of one angle close to 90°.5%
Multidentate ligands can form chelate rings of different sizes in the same complex, and

this leads to geometric isomers.

1.2.3 Tripodal Tetraamine Ligands

Tripodal tetraamine ligands are a group of multidentate ligands that have garnered
significant interest in coordination chemistry. They consist of a central nitrogen atom to
which three alkyl arms are attached, each of which also contains a nitrogen donor atom

(Figure 5).
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o
G0

Figure 5. The general structure of a tripodal tetraamine ligand.

A wide range of tripodal tetraamine ligands can easily be prepared by altering either the
arm length or the nature of the nitrogen donor atom. All three alkyl chains can have the
same length (a = b = ¢), different lengths (a # b # ¢), and all possibilities in between
(Figure 6). This can then give rise to a homologous series of ligands through systematic

variation of the chain lengths.

N
b o,

A,

N

Figure 6. The possible variations of the alkyl chain lengths of a tripodal tetraamine

ligand.

An example of a homologous series of tripodal ligands (1-4) is displayed in Figure 7.°
The ligand 1'®!! has three ethyl arms, and ligand 2'>!3 contains one ethyl arm and two
propyl arms. Continuing the stepwise insertion of a -CH» group into each of the ligand

arms of 1 leads to the ligands 3'*!° and 4.1¢18
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HZN\/\N/\/NHZ H2N\/\N/\/NH2
HNH KL
2 NH,
1 2

HQN/\/\N/\/\NHZ H2N/\/\N/\/\NH2

NH,

3 4 NH,

Figure 7. The homologous series of aliphatic tripodal tetraamine ligands tris(2-
aminoethyl)amine 1, 3-aminopropylbis(2-aminoethyl)amine 2, 2-aminoethybis(3-

aminopropyl)amine 3, and tris(3-aminopropyl)amine 4.

The second feature that can be altered is the nature of the nitrogen donor atom on each of
the arms. A wide range of tripodal tetraamine ligands have been prepared that contain
aliphatic (primary, secondary and tertiary), pyridyl, pyrazole, imidazole, pyrrole,
pyrazine and quinoline nitrogen donors.!” For example, 1 contains primary aliphatic

amine donors, while 5 contains benzimidazole nitrogen donor atoms (Figure 8).

o

H

N__N
H,N NH \[
2 \/\N/\/ 2 N/\r/N
N\l) HN
~
NH

N

NH,
1 5

Figure 8. The tripodal tetraamine ligands tris(2-aminoethyl)amine 1 and

tris(benzimdazolylmethyl)amine 5.

The nitrogen donor atoms can be varied within the same molecule. For example, the
ligand 6 is a tripodal tetraamine ligand that contains two types of nitrogen donor atoms,

1-methyl-1H-imidazole and pyridine (Figure 9).
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—~N__N =
|
N N

o

\
N\

Figure 9. Structure of the tripodal tetraamine ligand 6 containing two different nitrogen

donor groups.

Variation of both the arm length and nitrogen donor atoms can therefore produce a variety

of asymmetric ligands, with one such example being the ligand 7 displayed in Figure 10.

| X
_N
N/\/NHZ
J) ;

Figure 10. Structure of the tripodal tetraamine 7 containing different nitrogen donor

groups and alkyl chain lengths.

Tripodal tetraamine ligands can be placed into two categories, those that contain three
identical arms, and those that contain differing arms in either length or the nature of the
nitrogen donor atoms. The latter has effects when the coordination chemistry of these
ligands is discussed as the possibility of forming geometric isomers arises when the arms

of the ligand are non-identical.

Tripyridyl Tripodal Tetraamine Ligands

Tripyridyl tripodal ligands are an important class of tripodal tetraamine ligands that
contain three 2-pyridyl-appended alkyl arms that are connected to the central nitrogen
atom. For example, the ligands 8 (a=b=c=1),9(a=b=1,c=2),10(a=b=2,c=
1) and 11 (a=b = ¢ = 2) have a systematic change in the alkyl chain lengths of each arm

to make up a homologous series of tripyridyl tripodal tetraamine ligands (Figure 11).2*
23
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X | X
N/\O N SN
N No N
| AN ~
Ej
8

=
9
B ~N
0O T 0
) g
N N N N
N N/|
\| NN
10 11

Figure 11. The tripodal tetraamine ligands 8-11.

1.2.4 Synthesis of tripodal tetraamine ligands

The first tripodal tetraamine ligand, tris(2-aminoethyl)amine 1, was prepared in 1896
from the reaction of 2-(2-bromoethyl)-1H-isoindole-1,3(2H)-dione and dry ammonia
followed by the deprotection using HCI (Scheme I). Since then, a variety of methods have

been used to prepare tripodal tetraamine ligands.!'!*

0 O 0]
N +NH3 N\/\N/\/N HCI > H2N\/\N/\/NH2
_\—Br 0] H 0]

H .3HCI
NH

oN_o 2
H |

Scheme 1. Reported synthesis of tris(2-aminoethyl)amine 1.

0]

A common feature of all methods is the alkylation of the nitrogen atom of an ammonium
ion, or a primary or secondary amine precursor, with this nitrogen atom becoming the
tertiary aliphatic N atom of the resulting ligand. Thus, bromo- and
chloroalkylphthalimides have been employed in the synthesis of ligands containing
aliphatic amine groups, as they can easily alkylate both primary and secondary nitrogen

8
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atoms, and deprotection of the phthaloyl group with acid affords the protonated amine.
Similarly, haloalkylpyridines, haloalkylimidazoles and haloalkylpyrazoles are commonly
used alkylating agents for the synthesis of ligands containing aromatic N-donor groups.
For example, the tripyridyl tripodal ligand 8 can be prepared from the reaction of 2
equivalents of 2-(chloromethyl)pyridine hydrochloride and 1-(pyridin-2-yl)methanamine

as seen in Scheme 2.23%6

X
N
B B H,O,NaOH
° N+/ Cl ' N/ NH; 70 °C, 30 min ] N N Nl:
HCr (51%) |
=
8

Scheme 2. Reported synthesis of the ligand 8.%

In addition, 2-vinylpyridine has been found to be very useful in the synthesis of ligands
containing 2-(2-pyridylethyl) arms.!” For example, the ligand 11 can be synthesised by
the reaction of 2-vinylpyridine and ammonium acetate (Scheme 3).>2"3% Alternative
syntheses can include reductive amination between bis(2-pyridyl)alkylamine and
pyridine-2-carbaldehyde, or the reaction of an appropriate bis(2-pyridyl)alkylamine with
2-vinylpyridine.>

Z "N
N | =
N H,0:MeOH (6:1) |
3|l + NH,OAc - N N
N/ = reflux, 6 days
(23%) 1
N/
“ |

Scheme 3. Reported synthesis of the ligand 11.%°

Different substituents can also be incorporated into the ligand at the alkyl carbon atoms,
aliphatic nitrogen atoms, and the aromatic rings, where present. For the tripyridyl tripodal
ligands, once the ligand has been synthesised, the unreactive nature of pyridine means

that substituted derivatives are difficult to prepare. As a result, such substituted ligands

9
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are usually prepared using the appropriately substituted precursors.>! This allows for a
vast range of possible ligands; however, to narrow the scope of this work only

unsubstituted molecules will be considered.

1.3 Quinoline

One of the main aims of this thesis is the synthesis of new quinoline-containing ligands,

and therefore a brief review of the chemistry of quinoline is germane at this point.

Quinoline is a planar heterocyclic aromatic organic compound containing a benzene ring
fused to a pyridine ring (Figure 12).% It is a colourless, hygroscopic oily liquid at room
temperature and atmospheric pressure, with a boiling point of 237 °C. Quinoline is a weak
base with the pKa of the conjugate acid being 4.85 in water at 20 °C. It displays reactivity

similar to pyridine and benzene.**-*

Quinoline

Figure 12. Chemical structure and numbering of quinoline.

Runge first isolated quinoline in 1834 from coal tar, giving it the name “leucol”. A few
years later, in 1842, Gerhadt isolated quinoline as a degradation product from quinine and
cinchonine.® Since this time, quinoline and its substituted derivatives have been widely

studied, most commonly for use as pharmaceuticals.>¢°

1.3.1 Coordination Chemistry of quinoline

While there is a large number of pyridine-containing ligands known, ligands containing
quinoline and its derivatives are much less numerous. As a result, the coordination
chemistry of pyridine and its derivatives has been extensively studied, and that of
quinoline and its analogues is much less established. A recent review on quinoline-based
coordination complexes shows that quinoline itself is not a common ligand; interestingly,
there are no crystallographically characterised homoleptic six-coordinate quinoline
complexes, and the vast majority of quinoline-containing metal species involve

incorporation of quinoline into multidentate ligands.'

10



Chapter One

The most well-studied quinoline-based ligand is quinolin-8-ol 12 (also known as oxine)
(Figure 13). Metal chelate complexes of this ligand have found use as antimicrobial,

40-43

antiviral, anti-metastatic and antileukemia agents, electroluminescent devices,*

radiopharmaceuticals,*> and in PET imaging,*® amongst many other applications.

X

7
N

OH
12

Figure 13. The structure of quinolin-8-ol 12.

For example, the eight-coordinate zirconium tetrakis(12) complex, was first reported in
1974 and consists of a zirconium (IV) centre chelated to four deprotonated quinolin-8-ol
12 moieties (Figure 14).*” This complex has found use in organic light emitting diodes*®

and in PET imaging.*’

Figure 14. Structure of the [Zr(12)4] complex. H atoms have been omitted for clarity.

The quinolin-8-amine (13) (Figure 15) has also been well established in the literature as

a ligand and has been demonstrated to be useful in several applications similar to 12.7°°

11
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NHa2
13

Figure 15. The structure of quinolin-8-amine (13).

In particular, there are a number of examples of metal complexes of this ligand that have
been developed for their potential in spin crossover (SCO) materials. As an example,
Yang and co-workers employed the bidentate ligand 13 for the synthesis of the iron
species, [Fe(13)3](BPhs)2.1.5CH3COCH; (Figure 16).%°

Figure 16. Structure of the [Fe(13)3]** complex. H atoms have been omitted for clarity.

Quinoline-containing ligands and their corresponding metal complexes have
demonstrated great purpose in the development of metallodrugs that can be used in
biological systems for the treatment of disease.®° Several studies have described quinoline
analogues as promising compounds that display positive results in preclinical models for
the treatment of Alzheimer's.%'"% For instance, the quinolin-8-ol derivative, clioquinol 14
(Figure 17), is a bidentate chelating ligand that binds to Cu(Il), and reduces AP

aggregation and oxidative stress, both contributors to the disease.%

12
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Cl

\

OH
14

Figure 17. Chemical structure of clioquinol (14).

Although there have been no reports of structurally characterised clioquinol-based copper

1'67

complexes, Vranec et al.”” have reported the X-ray structure of the Pd(Il) species,

[Pd(14)CI12].2H20 (Figure 18). The preparation of this complex was driven by the aim to
develop a potential anticancer agent on the basis of previous square-planar complexes of

platinum and palladium chemotherapeutics.®’®

cu

N

Figure 18. Structure of the [Pd(14)Clz] complex. H atoms have been omitted for clarity.

An example of the incorporation of the quinoline moiety into a multidentate ligand is
shown in Scheme 4. Wang et al. reported the synthesis of platinum complexes of
tridentate 8-substituted quinoline derived ligands. The ligands were prepared by reaction
of equimolar amounts of quinolin-8-amine 13 and pyridine-2-carbaldehyde or (pyridin-
2-yl)acetaldehyde and subsequent reaction with cis-Pt(DMSO)>Cl, (Scheme 4). However,
it should be noted that the synthetic details differ between the experimental section and
the results and discussion section of this paper. There is no structural characterisation data
reported for these platinum complexes. Both complexes were tested for their anticancer
potential and the complex [Pt(15)Cl] showed superior activity in comparison to complex

[Pt(16)C1].7°

13
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N
»
N oL N EtOH N cis-PtDMSO),Cl,
—_— N
NG N Y0 rt, 4 h N rt, 24 h
NH " N )n
2 15,n=0 | A
16,n=1 “_~
————————————————— Synthesised Pt complexes --—-—-—-—-—-—-
X AN
| |
N N
/N
c-PU N ci-Pt
N
N
ptsien | [PL(16)CI]

Scheme 4. Reported synthesis of the ligands 15 and 16 and the corresponding platinum

complexes.”

Pavlidis et al. have reported the synthesis and characterisation of Cu(Il) complexes with

the ligands 17 and 18 containing quinoline and pyridine rings, and the ligands 19 and 20,

containing solely quinoline rings (Figure 19).

14



Chapter One

B B
O —
N (@) N/ (@)
NH NH HN
| h \
N
17 X 18 Z

NH HN @NﬂN%
W Ny Y N/
19 20

Figure 19. Structures of the quinoline-based ligands 17-20.

This series of ligands and their corresponding copper complexes (Figure 20) provided
significant insight into the action of quinoline-based metal chelators and their effect
against AP aggregation and oxidative stress in cells. In particular, the Cu(Il) complex
[Cu(19)(CI)2].3H20 revealed an effective protection against oxidative stress in cells. As
reported by the authors, X-ray quality crystals of the copper complex containing 19 were
not obtained under the reaction conditions established for the other copper complexes. As
a result, the ligand was reacted with the starting material [Cu(OH2)s](ClO4)2, and
according to the authors these conditions afforded green crystals of trans-
[Cu(19)(ClO4)2]; however, our attempts to find the X-ray characterisation data were

unsuccessful with no entries found on the CSD.”!

15
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Figure 20. Structures of the Cu(ll) complexes containing the ligands 17 (top), 18 (left)
and 20 (right). H atoms have been omitted for clarity.

Many transition metal complexes containing quinoline-based ligands have been prepared
as models for metalloenzymes. The synthesis of enzymatic models has served as a
minimalistic approach to understanding the mechanism of enzymes as the focus is on the
production of the active site without the recreation of the whole protein scaffold.”>”® For
example, the isolation of bis(pn-0xo) manganese complexes play an important role in the
development of research towards modelling the oxygen-evolving complex (OEC) located

within the active site of the enzyme photosystem II (Figure 21).

16
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N , Ala344

NN
CP43-Glu354 /

CP43-Arg357 q _wa Asp3az

Asp170

' '

Figure 21. X-ray crystallographic structure of the oxygen-evolving complex, a

Mn4O5Ca cofactor.™

The formation of O, and the photosynthetic oxidation of H,O are catalysed by a MnsCa
complex active site bound within the proteins of photosystem II. This manganese cluster
is known as the OEC and there has been a significant amount of attention directed towards
solving the structure of the OEC. There has been extensive research on dinuclear
manganese complexes for comparative spectroscopic and theoretical studies to elucidate
the structure and function of the Mn4Ca cluster in photosystem II. Therefore, the isolation
and characterisation of bis(u-oxo) manganese complexes is still relevant in the
development of this area of research.’”> A quinoline-based bis(j-0x0) manganese complex

is discussed further in chapter four.

The addition of a transition metal catalyst has been well established in achieving many
selective organic transformations and has been employed in a number of different

76,77

reactions such as the development of stereoselective catalysis, olefin metathesis,”® C-

H bond activation and functionalisation,” cross-coupling reactions,®® and

transesterification reactions, amongst many others.3!-34

Metal-catalysed transesterification reactions have been well-cited in the literature. Zn(II)
complexes have been found to have great potential for these types of reactions due to their
relatively low toxicity and stability. The quinoline-based Zn(Il) species
[Zn(17)]2.2CH3Cl3 and [Zn(18)2] (Figure 22) contain the ligands 17 and 18 described

above (Figure 19) and have been synthesised to investigate their catalytic capabilities

17
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towards transesterification reactions. Both species were analysed against a variety of

esters and demonstrated active catalytic activity in the transesterification reactions.®

Figure 22. Structures of the Zn(Il) complexes with ligands 17 and 18. H atoms have

been omitted for clarity.

The application of quinoline-based metal complexes in the field of catalysis has been well
established.®** An example of such is the work of Patel et al. who reported a series of
nickel complexes containing quinoline-based pincer ligands. The ligands have been
prepared from the palladium catalysed reaction of quinolin-8-amine and a substituted
aniline moiety, followed by the further reaction of the ligand with (THF),NiBr> or
Ni(OAc); to afford the corresponding nickel complex (Scheme 5).”°

(DME)NICI,, (or)
sz(dba)3 (4 mol%) (THF)2NiBr3 (or)
N, dppf (8 mol%) NR2 Ni(OAG), Ry
NR,

-—Z

NH N
N NaO{Bu, PhCH; EtsN, THF N
v/
N
\

0,
NH, Br 110 °C, 56 h N rtor70°C
13 =~ 21 ~

b

Scheme 5. Reported synthesis of the ligand 21 and corresponding Ni(ll) species.*

The quinoline-based nickel pincer complexes were screened and optimised for the direct
C-H bond alkylation of benzothiazole using un-activated alkyl halides such as 1-
iodooctane. In particular, the complex [Ni(21)Cl] (Figure 23) demonstrated excellent

activity in the alkylation reaction without the addition of any co-catalysts and under mild
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reaction conditions. In addition, excellent functional group tolerance, recyclability, and

product formation was observed for this complex.”

Figure 23. Structure of the [Ni(21)Cl] complex. H atoms have been omitted for clarity.

Quinoline-based metal complexes have emerged as a promising class of materials for
photovoltaic applications. Hsu et al. synthesised a series of iridium complexes that
contained a quinoline ligand derived from 7-methylquinolin-8-amine (Scheme 6).
Emission studies showed that Ir(III) complexes of this ligand could be tuned to emit in
the range from yellow to red. Thus far, there are no examples of structurally characterised

metal complexes of this ligand.”!

1. KOAc, PhCHj

| N 2. Ac,0 - N
~ ~
N 3. isoamyl nitrite N p
NH 4. 25% HCI HN=N
(60%) 22

Scheme 6. Reported synthesis of 22.°!

1.3.2 Amine ligands containing 2-quinolylmethyl groups

The incorporation of the unsubstituted quinoline moiety into multidentate ligands is less
common than the 8-substituted examples discussed above. The following examples are
selected tri- and tetradentate amine ligands containing 2-quinolylmethyl, and metal

complexes of such ligands.
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Tridentate ligands

The general structure of a tridentate amino ligand is given in Figure 24; a central N atom

is attached to two alkylamino arms.

Figure 24. The general structure of a tridentate amino ligand.

These ligands can be prepared in a similar manner to the tetraamine ligands discussed
above. For example, the ligand 23 can be synthesised from the reaction between
quinoline-2-carbaldehyde and N-(2-aminoethyl)acetamide to give the corresponding

imine, and borohydride reduction of this affords the desired product.®?

Alternatively, the
ligand can be also be prepared by reacting 2-(chloromethyl)quinoline hydrochloride with

ethylenediamine (Scheme 7).%

X i 1.MeOH, rt, 3 h mH
+ /\/NH2 >
A0 N 2.0°C, NaBH,, 30 min N N

N H
(61%) 23
X
N RN rt, 12 h R ©\/j\/"'
[}j“‘/ Cl (17%) N N\/\NH2
HCI 23

Scheme 7. Reported syntheses of 23.9%%

The technetium complex, fac-[Tc(23)(CO)3]CL.H20 (Figure 25) is the sole structurally
characterised species of this ligand as displayed in Figure 25.°* This metal complex

exhibits the coordination of the ligand via all three available nitrogen donor atoms of 23.
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Figure 25. Structure of the fac-[Tc(23)(CO)s]" cation. H atoms have been omitted for
clarity.

The ligand 24 is another example of a tridentate quinoline-containing ligand. This ligand
can be prepared from the reaction of 2-(2-methylaminoethyl)pyridine and 2-

(chloromethyl)quinoline hydrochloride in the presence of Cs2COs (Scheme 8).%°

N
A | X THF, CsCOs ©\/L I
+ =
_Cl = ~ N N X

reflux, 4 days

P
3

z
Iz

| - o,
H CI (65%) 24

Scheme 8. Reported synthesis of 2-(2-ethylpyridyl)-(2-methylquinolyl)-methylamine.®>

The dinuclear complex mer-[Cd2(24)2(p-1,3-N3)2(N3)2] shown in Figure 26 has been
synthesised and structurally characterised. The structure of this complex consists of
two mer-[Cd(24)N3]" units connected by two bridging azido ligands. The Cd(Il) centres
are octahedrally coordinated by the three nitrogen donor atoms of24in
a mer configuration, the N atoms from two bridging azido ligands, and a terminal azido
ligand (Cd-N =2.276 A). Intermolecular n-r interactions of adjacent aromatic rings of
24 are observed, with separation of the pyridyl and quinolyl moieties ranging from

3.510 A t0 3.966 A.
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Figure 26. Structure of the mer-[Cd>(24)2(u-1,3-N3)2(N3)2] complex. H atoms have been
omitted for clarity.

The ligand 1-(quinol-2-ylmethyl)-1,4-diazacycloheptane (25)°*°® (Figure 27) can be
prepared from the treatment of 2-(chloromethyl)quinoline hydrochloride with

homopiperazine in the presence of Et;N.

H
A f N EGQNEOH /N | NS
+ - —_—
N >C /N\/) relfux 2 h, r.t 2 days NQ >

|'I| Ccr (77%) 25
Figure 27. The structure of 1-(Quinol-2-ylmethyl)-1,4-diazacycloheptane 25.°°

The five coordinate complex, [Cu(25)Cl2].CH3CN (Figure 28) was synthesised from the
reaction of CuCl2.H20 and 25 in MeOH as a possible aziridination catalyst. The geometry
of the resulting metal species is square pyramidal (ts = 0.08) with the square planar base
consisting of the three ligand N donor atoms. The fourth equatorial position is occupied
by a chlorido ligand while the remaining chlorido ligand is axial.”® In addition, the Cu(II)
complex [Cu(25)((p-NO2Ph)>PO2)2].H20 was prepared and structurally characterised as

part of an investigation into the metal catalysed hydrolysis of phosphate esters.”®
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Figure 28. Structure of the [Cu(25)Cly] " cation. H atoms have been omitted for clarity.

The replacement of the quinolyl moiety of the ligand with the less sterically demanding
pyridyl group results in the formation of a dicopper complex. In this instance, the two

Cu(II) ions are bridged by two bis(p-nitrophenyl)phosphate ligands in a p-1,3 fashion.”®

The ligand 26'%'% (Figure 29) is an example of a tridentate ligand that contains two
quinoline moieties. The reaction of 2-(chloromethyl)quinoline hydrochloride,

benzylamine and base (Na2CO3, K»CO3, NaOH), affords 26.

26

Figure 29. Structure of the ligand N-Benzyl-N,N-di(quinolin-2-ylmethyl)amine 26.

Several four-, five-, and six-coordinate complexes of 26 have been reported. One example
is the five-coordinate copper complex, [Cu(26)Cl>].2CH3CHOH (Figure 30). In this
complex, all three of the nitrogen atoms are bound to the metal centre, and the fourth and
fifth positions are occupied by two chlorido ligands affording an overall significantly

distorted square-pyramidal geometry (t5s = 0.54).
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Figure 30. Structure of the [Cu(26)Cl>] complex. H atoms have been omitted for clarity.

The corresponding pyridine ligand (26py) forms the five-coordinate complex
[Cu(26py)CL2]'* (Figure 31), which adopts a slightly distorted square-pyramidal
geometry (ts = 0.11). The major difference between the two structures is the orientation
of the aromatic rings relative to the chlorido ligands. In [Cu(26py)Cl.], the pyridine ring
lies nearly coplanar with a Cu-Cl bond while in [Cu(26)Cl;], the phenyl ring of the
quinoline moiety essentially bisect the CI-Cu-Cl bond angle, increasing it significantly
compared to the pyridine congener (~108° versus 131.10°, respectively); this arrangement
avoids destabilising interactions between H-8 of the quinoline moiety and the Cl ligands,
and appears to be a common feature in five coordinate complexes of tridentate quinoline-

t105

containing ligands. This behaviour has been termed the quinolyl split™™ and has been

observed in several additional quinoline-based five-coordinate metal complexes.®*!06-110
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Figure 31. Structure of the [Cu(26py)Cl;] complex. H atoms have been omitted for
clarity.

The tridentate ligand 27!l (Figyre 32) affords the Zn(Il) complex,
[Zn(27)(ONO2)2] (Figure 33), which is another example of a quinoline-containing five-
coordinate species that displays the ‘quinolyl split’.

27

Figure 32. Structure of the ligand (1-(1-Naphthylethyl))bis(quinolin-2-ylmethyl)amine
27.

The metal ion in [Zn(27)(ONO2)2] is bound by all three nitrogen donor atoms from the
ligand 27 and two monodentate nitrato ligands, affording the complex a distorted trigonal
bipyramidal geometry (ts =0.30). As displayed in Figure 33 the phenyl ring of the
quinoline unit bisects the O-Zn-O bond angle (91.62°) and this arrangement is a result of

the nitrato ligands avoiding the interaction with the quinoline H-8 atoms.
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Figure 33. Structure of the [Zn(27)(NO3)2] complex. H atoms have been omitted for
clarity.

Tetradentate ligands

Of the numerous examples of quinoline-containing ligands and their corresponding metal
complexes, there are 46 tri-, tetra-, penta-, and hexadentate amine ligands that contain

112-125

unsubstituted quinoline groups.!® Fifteen of these are tetradentate, and four are

tetradentate tripodal ligands.!'!%117:125

The first quinolyl-containing tetradentate tripodal ligands were reported in 1993 by Karlin
et al.'?® Systematic variation of the nitrogen donors from pyridine to quinoline, affords

the homologous series comprising the ligands 8, 28, 29, and 30 (Figure 34).
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Figure 34. Structures of a homologous series of quinolyl ligands 8-30.

The systematic substitution of the pyridyl groups for quinoline allowed the effect of the
bulkier quinoline moieties to be examined. Quinoline in comparison to pyridine has a
greater hydrophobicity and steric bulk which can have an impact on the steric and
electronic properties of resulting metal complexes, and thus investigating the differences

in metal complexes of these ligands was of interest.

As discussed in Chapter One section 1.2.4, the main methods for the preparation of such
ligands are the alkylation of an ammonium ion, or a primary or secondary amine with the
appropriate precursors, or alternatively via reductive amination. Commonly employed 2-
quinolylmethyl precursors include 2-(chloromethyl)quinoline, 2-

(bromomethyl)quinoline and quinoline-2-carbaldehyde.

The ligand 28 was first prepared by Wei and co-workers from the reaction of 1-(pyridin-
2-yl)-N-[(pyridin-2-yl)methylJmethanamine and 2-(bromomethyl)quinoline in THF, with
added Et;N, at room temperature for 3 days (Scheme 9).!'” An alternative synthesis of
this ligand involves the reaction of 2-(chloromethyl)quinoline hydrochloride and 1-
(pyridin-2-yl)-N-[(pyridin-2-yl)methylJmethanamine in anhydrous CH3CN in the

presence of anhydrous K»CO3.'?’
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| N
_N
= X7 N N EtsN, THF
©\/j\/8r ¥ | N H NI 5z r.t, 3 days ” N | h
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28

Scheme 9. Reported synthesis of the ligand 28.'"

Another example is the ligand 29 which consists of two quinolyl and one pyridyl group.
The ligand has been synthesised from the reaction of 2-(bromomethyl)quinoline with 1-
(pyridin-2-yl)methanamine in THF in the presence of i-ProNEt. Purification by column
chromatography and recrystallisation afforded the ligand as a white crystalline material
(Scheme 10).''” An alternative approach reported by Das involves the reaction of 1-
(pyridin-2-yl)methanamine and 2-(bromomethyl)quinoline in anhydrous DMF in the

presence of Cs,CO;3 in the absence of light.!?®

X
|
X X i-Pr,NEt, THF
2 c B * | ~ NH ~
,?r, r N 2 r.t, 3 days
HCI (65%)

Scheme 10. Reported synthesis of the ligand 29.'"

2-(chloromethyl)quinoline hydrochloride can also be used in place of the bromoquinoline
starting material,'?”1?%13% and alternatively, a reductive amination using quinoline-2-
carbaldehyde and 1-(pyridin-2-yl)-N-[(pyridin-2-yl)methyl]methanamine has been
reported for the synthesis of 29.!3!

The symmetrical ligand 30 in which all the nitrogen donor groups are quinoline, was
prepared by the reaction of 2-(bromomethyl)quinoline and NH4OH in THF (Scheme
Ji ])‘117
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N
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Scheme 11. Reported synthesis of the ligand 30.'"

Complexes of the three quinoline-containing tripodal ligands described above have been

Wldely studied, the ligands being 28127’132_140, 29100,102,117,125,127,128,135,136,141—155’ and

3030,100,125,129,134,141,1437145,154,1567165 (Fzgure 35)

B B B
N N _N
N | X N | X N | X
|N\ N~ |N\ N~ |N\ N~
= = =
28 29 30

Figure 35. Structure of the ligands 28, 29 and 30.

Complexes of the ligand 28 with iron, cobalt, copper, and cadmium have been structurally
characterised, and are mostly either five- or six-coordinate. The notable exception is the
four-coordinate species, [Cu(28)][B(CsFs)4] (Figure 36), which was prepared during an
investigation into the reactivity of Cu(I) complexes with CO and Oo. In this complex, the
central Cu(]) ion is coordinated to all four nitrogen donor atoms of the ligand to give a

trigonal pyramidal geometry about the metal centre (t4 = 0.83).!%°
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Figure 36. Structure of the [Cu(28)] cation. H atoms have been omitted for clarity.

The pentacoordinate Cu(Il) complex of the ligand 28, [Cu(28)CI]|CIOs4, is shown in Figure
37. The metal centre is bound to all four N donor atoms of the ligand and one chlorido
ligand, affording a square-based pyramidal geometry (ts = 0.157). The quinoline bond
length is 2.357 A suggesting a weak bond between the nitrogen and metal centre, with
most Cu-Nguinoline bonds ranging from 1.9 A to 2.2 A.'%61% This can be attributed to the
Jahn-Teller effect. Interestingly as illustrated in Figure 37, the quinoline exhibits a bent
coordination with an angle of 154.60° between the Cu-Nguinoline bond and the plane of the

aromatic ring.
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Figure 37. Structure of the [Cu(28)Cl]**cation. H atoms have been omitted for clarity.

The complex [Cu(28)CI]CIO4 was prepared in series with other Cu(Il) compounds that
were analysed for their cytotoxicity against various cancer cell lines. The study revealed
that this complex cation in particular demonstrated cytotoxicity that is comparable to

cisplatin,'¥

The ‘bent’ coordination feature of the quinoline moiety described above has been
observed in several other quinoline-containing complexes.®>!7*17> Another example of
this can be seen in the binuclear nickel complex, [(LNi)2(n-CO3)](PhsB)2 (L = 4-bis[2-
(quinoline-2-yl)-methyl]-1,4-diazepane), in which both the quinoline nitrogen atoms
display significantly bent geometries, with angles of ~158° between the Ni-N vector and
the plane of the quinoline ring (Figure 38).!"!
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Figure 38. Structure of the [(LNi)>(u-CO3)]* cation. H atoms have been omitted for
clarity.

Complexes of 29 with iron, cobalt, cadmium, zinc, and copper have been structurally
characterised. The Cd(II) species [Cd(29-k>N):2](Cl04)..2MeOH (Figure 39) is an
example of a six-coordinate complex that contains two hypodentate ligands bound to one
metal ion. Each ligand binds via the tertiary, pyridine and one quinoline nitrogen donor
atoms, whilst the second quinoline remains dangling with the N atom situated 3.32 A
from the Cd(II) centre. The complex displays a pseudo-trigonal prismatic geometry, with

significant interligand n-m interactions.
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Figure 39. Structure of the [Cd(29),]* cation. H atoms have been omitted for clarity.

The six-coordinate Zn(II) complex cis-[Zn(29)(H20)(Cl104)]Cl04.EtOH.Et,O (Figure
40) also contains the ligand 29. This cation displays a distorted octahedral geometry about
the central metal ion afforded by the coordination of all four nitrogen atoms of the ligand,
an aqua and perchlorato ligand. According to the authors the perchlorate oxygen
interaction with the Zn(II) cation is weak (Zn-O 2.577 A). Whilst the majority of the
reported zinc complexes that contain a coordinated perchlorato ligand have Zn-Operchiorato
bond lengths of < 2.4 A, there are several examples of this bond length being 2.5 A and

greater,! 74180
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Figure 40. Structure of the [Zn(29)(H.0)(ClO4)] " cation. H atoms have been omitted for
clarity.

Several five- and six-coordinate metal complexes containing the ligand 30 have been
structurally characterised, as have both four-coordinate [Cu(30)]ClO4+ and eight-
coordinate [Pb(30)(NO3):].CoHsOH. The [Cu(30)]" cation (Figure 41) displays an
approximate trigonal pyramidal geometry about the metal ion (14 =0.77, 0.83), and

intermolecular n-7 interactions are present (centroid—centroid distances of 3.66 A).!!”

Figure 41. Structure of the [Cu(30)]" cation. H atoms have been omitted for clarity.

The Pb(II) complex [Pb(30)(NO3):].CoHsOH (Figure 42) has eight coordination sites
occupied by four nitrogen donors from the ligand 30 and four oxygen atoms from two
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bidentate nitrato ligands, both of which are bound asymmetrically. The structure provides

8

evidence for the presence of a stereochemically active lone pair.'>

Figure 42. Structure of the [Pb(30)(NO:)2]** cation. H atoms have been omitted for
clarity.

In addition, the Mn(I) complex, cis-[Mn(30)(NCCH3)(Cl04)]Cl04.CH3CN (Figure 43),
is another one of the many characterised structures of metal complexes that contain the
ligand 30. Within the asymmetric unit, there are two independent structures that adopt
distorted octahedral geometries about the manganese centres. Weak intermolecular offset
n-m interactions of 3.663 A (centroid-centroid) are observed between neighbouring
quinolyl moieties. This complex has been prepared in series for the development of
manganese catalase models.'®> The study was prompted by the previous work on the
oxoiron(IV) complex, [Fe(O)(30)(NCCH3)](OTf),, with the same ligand. The complex
demonstrated the ability to oxidise both C-H and C=C bonds making it an excellent

model of the oxoiron(IV) unit of the TauD-J enzyme intermediate.'>
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Figure 43. Structure of the cis-[Mn(30)(NCCH3)(CIlO4)] " cation. H atoms have been

omitted for clarity.

Non-tripodal tetra-, penta- and hexadentate quinolyl-containing ligands

In addition to quinoline-containing tripodal tetradentate ligands, the linear tetradentate

1121,181 and 32119,120,123,1827187

tetraamine ligands, 3 each of which contain two quinoline

moieties (Figure 44), have been prepared.

N/ \/
N N
N N N — i
ng | |% 2\ /EN N; _\i
— =
32

31

Figure 44. Structures of the ligands 31 and 32.

Only one complex of 31, the Cu(Il) complex trans-[Cu(31)(ONO2):] (Figure 45), has
been structurally characterised. The Cu(Il) ion is coordinated to the four nitrogen donor
atoms of 31 which exhibits an mm configuration, and an oxygen atom of two
NOs™ ligands to give a distorted octahedral geometry. The Cu-O bond lengths of 2.673 A
were thought too long by the authors for coordination of the two nitrate ions, and they
described the geometry of the complex as distorted square planar (t4 = 0.116). However,
Cu-Ohitrato bond  lengths of >2.6 A are not without precedent,'® 1% and a

distorted trans octahedral geometry appears to be a more appropriate description.
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Figure 45. Structure of the trans-[Cu(31)(ONO:):] complex. H atoms have been omitted
for clarity.

In contrast to the ligand 31, there are several ligand 32 based metal complexes for which
X-ray structural data have been obtained. For example, the six-coordinate complex, cis-
[Fe(32)Cl2].H,0'?° (Figure 46), has the tetraamine ligand binding via all four nitrogen
donor atoms in an ff configuration with the methyl substituents anti. Two chlorido ligands
occupy the fifth and sixth positions and the Fe(Il) ion exhibits a slightly distorted

octahedral environment.

Figure 46. Structure of the cis-[Fe(32)Clz] complex. H atoms have been omitted for
clarity.

Quinoline-containing multidentate ligands are not restricted to tri- and tetradentate
compounds, and several metal complexes of penta- and hexadentate quinoline-containing
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ligands have been structurally reported. The ligand 33 exhibits pentacoordination through
the five available nitrogen atoms, while 34 and 35 are examples of a hexadentate ligands
in which there are six coordinating nitrogen atoms (Figure 47). Manganese, iron, copper,

and zinc complexes of these three ligands have been structurally characterised.!!®15-202
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Figure 47. Structures of the ligands 33, 34 and 35.
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Of particular interest amongst these is the iron complex [Fe(O)(33)](C104)2.H20, which
is a rare example of a crystallographically characterised Fe(IV)-oxo species.'”> The
Fe = O bond is, as might be expected, very short, at 1.677 A, and the oxo ligand is slightly
tilted towards the pyridine rings, a structural feature which the authors contend assists the

oxidative reactivity of the complex.
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Figure 48. Structure of the [Fe(33)(0)]?" cation. H atoms have been omitted for clarity.

There is only a single example of a structurally characterised complex of 34, namely
[Zn(34)](Cl04)2.H20 (Figure 49). All six nitrogen atoms from the ligand are bound to

metal centre affording a distorted octahedral geometry.'®’

Figure 49. Structure of the [Zn(34)]*" cation. H atoms have been omitted for clarity.

The ligand 35 also has only one structurally characterised metal complex,
[Zn(35)](C104)2.H20 (Figure 50); the Zn(Il) ion is six-coordinate and displays a distorted
octahedral geometry. This quinoline-containing species also exhibits bent coordination

of the aromatic N atoms with an angle of 149.45° between the Zn-N bond and the plane
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of the aromatic ring. In this instance, the bent coordination seemingly indicates substantial

chelate ring strain owing to the constrained nature of the ligand. Although it is not unique

203-206

to quinoline-containing ligands, it appears in this case that the steric bulk of the

quinoline group is a significant factor in imposing such coordination,'%>170-172.196

Figure 50. Structure of the [Zn(35)]°" cation. H atoms have been omitted for clarity.

1.3.3 Amine ligands containing 2-quinolylethyl moieties

The literature on 2-quinolylmethyl-containing ligands and resulting coordination
chemistry is well established in comparison to the relatively rare 2-quinolylethyl-
containing ligands. This appears to be similar to the pyridyl-containing ligands in which
there are approximately 8 times the number of pyridylmethyl-containing complexes in
comparison to the pyridylethyl-based metal complexes. This difference is also observed
for the quinolyl ligands; however, to a much greater extent with only four coordination
complexes that contain 2-quinolylethyl-derived ligands that have been structurally
characterised. The structural characterisation of the ligands 36, 37, and 38 (Figure 51)

and their corresponding metal complexes have been reported and are discussed below.
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Figure 51. Structure of the ligands 36, 37 and 38.

Li et al. have reported the structural characterisation of the Cu(Il) and Zn(II) metal
complexes [Cu(36)(OH2)CI|C1.2H2O and [Zn(36)Clz2]. The two species were isolated
during an investigation into the development of chelating ligands to act as potential drug

candidates for the treatment of Alzheimer's disease.?"’

The cation [Cu(36)(OH2)C1]" (Figure 52) has the Cu(Il) metal centre bound by the four
nitrogen atoms of the ligand, a chlorido ligand and the oxygen of a water molecule
affording a distorted octahedral geometry. Elongation of the Cu-CI (2.810 A) and Cu-O
(2.730 A) bonds is observed, a consequence of the Jahn-Teller effect. This feature is

208-210

consistent with the literature values, although these bonds appear to be on the longer

side.
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Figure 52. Structure of the [Cu(36)(OH>)CI]" cation. H atoms have been omitted for
clarity.

During the UV-vis studies of this complex, the species was found to behave in equilibrium
between N3 and N4 chelation of the Cu(Il) in solution (Figure 53). Whereas, the solid-

state analysis of the structure revealed only a N4 chelation of the Cu(II) metal ion.

Cl Cl
X X
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Figure 53. The possible equilibrium in solution between N4 and N3CI for the Cu(Il)
cation [Cu(36)(OH>)CI]".

In addition to the Cu(Il) complex [Cu(36)(OH»)CI1]Cl.2HO0, the authors also reported the
structure of the Zn(Il) complex, [Zn(36)Clz] (Figure 54). In contrast to the Cu(II) complex
cation discussed above, [Zn(36)Cl] is a four coordinate species that has the Zn(Il) ion
bound by the morpholine N atom and the secondary amine nitrogen atom of the ligand
and two chlorido ligands. There are two independent structures present in the unit cell
with the geometry about the metal centre a distorted tetrahedron (14 = 0.88). Interestingly,
in this instance, neither the quinoline nitrogen atom nor the primary amine substituent is
coordinated to the Zn(Il) metal ion. The bond lengths and angles are consistent with other

structurally similar Zn(II) complexes that have been reported.?!!-2!4
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Q2

Figure 54. Structure of the [Zn(36)(Cl)>] complex. H atoms have been omitted for
clarity.

Ligands that contain chiral acetyl-protected aminoalkyl quinoline groups have been
demonstrated to act as highly efficient enantioselective palladium catalysts for the
arylation of methylene C(sp*)-H bonds. The following two Pd(II) metal complexes have
been structurally characterised as part of an investigation to further understand the

mechanism to which these types of complexes catalyse the arylation reaction.

The reaction between the palladium starting material, [Pd(OAc):], and the ligands 37 and
38 affords the metal complexes [Pd(37)(OAc)]> and [Pd(38)(OAc)]>.Ce¢He (Figure 55),
respectively. Both species exhibit a dimeric amide-bridged bonding motif which displays
each Pd(II) centre bound to two nitrogen atoms from the ligand, an acetoxy oxygen atom,
and an oxygen from the bridging amide group. The distance between the two Pd(II) metal
ions are 3.195 A and 3.229 A, respectively. Both distances are in line with the predicted
values generated using DFT calculations according to the authors. The two Pd(II) species
differ by an ethyl substituent located on the methylene carbon of the quinoline ligand.
Despite this structural change, there are no significant distortions in structure between the

two complexes.?!?
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Figure 55. Structure of the [Pd(37)(OAc)]: (right) and [Pd(38)(OAc)]: (left) complexes.

H atoms have been omitted for clarity.

Interestingly, despite the presence of several metal complexes that contain 2-
quinolylethyl derived ligands, there appears to be an absence of simple unsubstituted 2-
quinolylethyl-containing compounds presented in the literature. Thus, one of the aims of
this thesis was the synthesis and structural characterisation of metal complexes that

contain unsubstituted 2-quinolylethyl ligands.

1.4 Thesis Overview

The broad objective of this work is to design novel multi-amine ligands and investigate
their resulting coordination chemistry. In particular, we are interested in developing the

chemistry of tripodal ligands that contain quinoline moieties.

The research presented herein describes the efforts made towards the synthesis of (i) tri-
and tetradentate quinoline ligands and their corresponding coordination chemistry and (i)
the synthesis of 1H-naphtho[2,3-d|imidazole based tripodal ligands and their

corresponding coordination chemistry.

Thus far, the chemistry of ligands that contain 2-quinolylethyl and 1H-naphtho[2,3-
d]imidazole motifs has received little attention. Therefore, the chemistry of ligands that
contain extended aromatic surfaces is of interest to us. In particular, the extension of the
aromatic molecules pyridine and 1,3-benzimidazole is of interest and we have chosen to

investigate quinoline and 1H-naphtho[2,3-d]imidazole for this purpose.
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In addition, Chapter Seven reports the synthesis and characterisation of several 6-amino-
2,3-naphthalimide derivatives. This chapter is separate from the main body of work

presented herein and has been completed under the supervision of Dr. Cassandra Fleming.
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Chapter Two

Experimental

Instrumentation

All NMR spectra were recorded using a Bruker Ascend 400 NMR spectrometer operating
at 400 MHz for 'H nuclei and 101 MHz for '3C nuclei. Samples were dissolved (0.5 mL)
in either deuterated chloroform (CDCIls), deuterated dimethyl sulfoxide (DMSO-ds), or
deuterated methanol (CD3OD). The residual solvent peaks specific to that of the
deuterated solvents were used as an internal reference; DMSO-de: 2.50 ppm (‘H NMR)
and 39.52 ppm (3C NMR), CD;0D: 3.31 ppm (‘H NMR) and 49.00 ppm ('*C NMR),
CDCls: 7.26 ppm (‘"H NMR) and 77.16 ppm ('*C NMR). All '"H NMR spectra are reported
as: chemical shift & (ppm), multiplicity (s = singlet, br = broadened, d = doublet, t = triplet,
q = quartet, h = heptet and m = multiplet), J (coupling constant in Hz), integral,

assignment.

High-resolution mass spectrometry (HRMS) analysis was recorded by Dr. Githal
Arachchige on a Thermo Orbitrap Exploris 120 using electrospray ionisation (ESI) in
positive mode. All samples were prepared in MeOH at a concentration of less than 1
mg/mL. HRMS data reported as: molecular formula, calculated parent ion (m/z), observed

parent ion (m/z).

Low-resolution mass spectrometry (LRMS) analysis was conducted and recorded on an
Agilent 1260 Infinity Quaternary LC System using electrospray ionisation (ESI) in
positive mode. All samples were prepared in either MeOH or CH3CN at a concentration
of less than 1 mg/mL. Post-run analyses were done using Qualitative Analysis B.07.00
software. LRMS data reported as: molecular formula, calculated parent ion (m/z),

observed parent ion (m/z).
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Absorbance spectra were obtained on a Cary-60 UV-Vis Absorption Spectrometer and

samples in CH3CN were analysed in quartz cuvettes of 1 cm path length.
Chromatography

Thin-layer chromatography (TLC) was performed on aluminium backed plates pre-
coated (0.25 mm) with Merck Silica Gel 60 F254 or on aluminium backed plates pre-
coated (0.2 mm) with Aluminium oxide N with fluorescent indicator UV2s4, with a
suitable solvent system. Developed plates were visualised using UV fluorescence (254
nm). Column chromatography was performed using silica gel 60 (70-230 mesh) (Aldrich)

or aluminium oxide active basic (70-230 mesh) (LOBA Chemie) and a suitable eluent.
Reagents

All chemicals used were of LR or AR grade and were used as received. All syntheses

were carried out under aerobic conditions unless stated otherwise.

2.1 Experimental: Chapter Three
Quinoline-2-carbaldehyde (35)
A Se0;, 1,4-dioxane A
NG reflux, 1 h N 0

(87%)
34 35

This synthesis was modified from a previously reported procedure.?!® In a 500 mL round
bottom flask, a mixture of 2-methylquinoline 34 (5.29 g, 36.9 mmol) and SeO> (7.41 g,
66.7 mmol) in 1,4-dioxane (150 mL) was refluxed for 1 h. The resulting mixture was
filtered, and the solvent removed. The crude residue was triturated with petroleum ether
to afford the title compound 35 as a pale brown solid (4.87 g, 87 %); 'H NMR (400 MHz,
CDCI3) 6 10.23 (d, J=0.9 Hz, 1H), 8.31 (dt, J = 8.6, 1.0 Hz, 1H), 8.25 (dq, /= 8.5, 0.9
Hz, 1H), 7.91 (dd, J=8.2, 1.4 Hz, 1H), 7.83 (ddd, /= 8.4, 6.9, 1.5 Hz, 1H), 7.69 (ddd, J
=8.2, 6.9, 1.2 Hz, 1H); *C NMR (101 MHz, CDCls) & 193.90, 152.75, 148.08, 137.54,
130.64, 130.58, 130.22, 128.01, 117.50; LRMS (ESI, m/z): calculated for C1oHsNO" [M

+ H]* m/z = 158.06; found m/z = 158.0. Data are consistent with the literature.?'®
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2-(Bromomethyl)quinoline (36)

NBS
m ACBN, benzene m
= = Br
N reflux, 18 h N
(45%)
34 36

This synthesis was modified from a previously reported procedure.?!” To a solution of 2-
methylquinoline 34 (3.07 g, 21.4 mmol) and NBS (4.20 g, 23.6 mmol) in benzene (100
mL) was added ACBN (0.105 g, 0.429 mmol) and the reaction was heated at reflux for
18 h. The resulting solution was washed with saturated Na,COs3 (2 X 100 mL) and brine
(2 X 100 mL), then dried over MgSQas, filtered and the solvent removed (rotavap).
Purification by silica gel column chromatography (EtOAc/Hexane 1:1) afforded the title
compound 36 (2.15 g, 45%); 1H NMR (400 MHz, CDCI3) ¢ 8.18 (dd, J = 8.5, 0.8 Hz,
1H), 8.07 (dq, J = 8.5, 0.9 Hz, 'H), 7.82 (dd, J = 8.1, 1.5 Hz, 1H), 7.73 (ddd, J = 8.5, 6.9,
1.5 Hz, 1H), 7.62 — 7.52 (m, 2H), 4.72 (s, 2H). '*C NMR (101 MHz, CDCl3) § 156.75,
147.38, 137.14, 129.80, 129.12, 127.36, 127.18, 126.88, 121.01, 77.16, 76.84, 76.53,
34.22; LRMS (ESI, m/z): calculated for C1oHoNBr* [M + H]" m/z = 221.99; found m/z =

221.9. Data are consistent with the literature.?!’

The compound was converted to the hydrobromide salt by stirring the crude solid in 33%
HBr in acetic acid (20 mL) for 5 minutes. The mixture was reduced to dryness (rotavap)
and ethanol was added and removed 3 times. Isopropanol (30 mL) was added to the
resulting white solid and, following filtration, the solid was washed with isopropanol,
diethyl ether and dried in the vacuum desiccator overnight. '"H NMR (400 MHz, CDCI3)
69.09 (dt, J= 8.6, 1.0 Hz, 1H), 8.85 (dd, /= 8.7, 0.9 Hz, 1H), 8.17 — 8.07 (m, 2H), 7.96
(d, J=9.0 Hz, 1H), 7.96 — 7.88 (m, 1H), 5.36 (s, 2H). 3C NMR (101 MHz, CDCl;) §
154.43, 145.94, 137.92, 135.41, 130.77, 128.21, 128.03, 122.81, 121.87, 77.35, 77.23,
77.03, 76.71, 24.07. Data are consistent with the literature.?!’

N-[(E)-(quinolin-2-yl)methylidene]|hydroxylamine (37)

HO—-NH, .HCI
X K>COs3, EtOH/HZQ N
N _0 reflux, 40 min N” H
(91%)
35 37 NOH
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This synthesis was modified from a previously reported procedure.?'® To a solution of
quinoline-2-carbaldehyde 35 (0.531 g, 3.37 mmol) in EtOH (15 mL) was added a solution
of hydroxylamine hydrochloride (0.235 g, 3.38 mmol) and K>COs (0.541 g, 3.9 mmol) in
H>O (25 mL) and the mixture was heated at reflux for 40 minutes. After cooling to room
temperature, the yellow mixture was filtered to remove a white solid and reduced to
dryness (rotavap). The crude product 37 was used directly in the next step without further
purification (0.532 g, 91%) as a yellow solid; '"H NMR (400 MHz, CDCls) § 8.45 (d, J =
0.6 Hz, 1H), 8.16 (d, J= 8.6 Hz, 1H), 8.12 (dq, J = 8.5, 0.9 Hz, 1H), 7.96 (d, J = 8.6 Hz,
1H), 7.82 (dd, J = 8.2, 1.5 Hz, 1H), 7.74 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.57 (ddd, J =
8.2,7.0, 1.2 Hz, 1H); LRMS (ESI, m/z): calculated for C10HoN>O" [M +H]" m/z=173.07,

found m/z = 173.1. Data are consistent with the literature.?'®

2-(Quinolin-2-yl)ethan-1-ol (39)

(CH2O)n
Nig o " Nid OH
(o]
34 39

This synthesis was modified from a previously reported procedure.?!® 2-Methylquinoline
34 (4.03 g, 23.1 mmol) and 37% aq. formaldehyde solution (3.4 mL, 41.9 mmol) were
dissolved in EtOH (2.5 mL) and H>O (2.5 mL). The reaction mixture was refluxed for 24
h, and after cooling to room temperature, the reaction was diluted with H>O (20 ml) and
extracted with CH2Clz (3 x 10 mL). The collected organic phases were washed with brine,
dried over MgxSO4 and, following filtration, the solvent was removed (rotavap).
Purification by column chromatography on silica (4% MeOH in CH2Cl,) afforded the
title compound 39 (1.38 g, 29%) as a white solid; 'H NMR (400 MHz, CDCls) & 8.10 (d,
J=28.4 Hz, 1H), 8.00 (d, J= 1.1 Hz, 1H), 7.79 (dd, J = 8.2, 1.4 Hz, 1H), 7.70 (ddd, J =
8.4,6.9, 1.5 Hz, 1H), 7.51 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 7.28 (d, J = 8.5 Hz, 1H), 4.79
(s, 1H), 4.15 (t, J = 5.4 Hz, 2H), 3.24 — 3.17 (m, 2H); 1*C NMR (101 MHz, CDCls) §
161.48, 147.29, 136.62, 129.69, 128.79, 127.58, 126.11, 121.86, 76.71, 61.41, 39.21;
LSMS (ESI, m/z): calculated for C;1H;2NO" [M + H]" m/z = 174.09; found 174.0. Data

are consistent with the literature.?'”

49



Chapter Two

2-(Quinoline-2-yl)propane-1,3-diol (40)

(CH,0)
m EtOH, H,0
relfux, 24 h
(33%)

This synthesis was modified from a previously reported procedure.?2° 2-Methylquinoline
34 (4.01 g, 28.0 mmol) and 37% formaldehyde solution (3.4 mL, 41.9 mmol) were
dissolved in EtOH (2.5 mL) and H>O (2.5 mL). The reaction mixture was refluxed for 24

h, and after cooling to room temperature, the reaction was diluted with H,O (20 ml) and
extracted with CH2Clz (3 x 10 mL). The collected organic phases were washed with brine,
dried over Mg>SO4 and, following filtration, the solvent was removed (rotavap).
Purification by silica gel column chromatography (4% MeOH in CH2Cl,) afforded the
title compound 40 (1.61 g, 33%); '"H NMR (400 MHz, CDCl5) § 8.15 (dd, J= 8.5, 0.9 Hz,
1H), 8.01 (dq, J =8.5, 0.9 Hz, 1H), 7.81 (dd, J = 8.1, 1.5 Hz, 1H), 7.71 (ddd, J= 8.4, 6.9,
1.5 Hz, 1H), 7.53 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 7.36 (d, /= 8.4 Hz, 1H), 4.29 (dd, J =
11.1, 4.8 Hz, 2H), 4.16 (dd, J=11.1, 4.4 Hz, 2H), 4.01 (s, 2H), 3.20 (q, J = 4.6 Hz, 1H).
BC NMR (101 MHz, CDCI3) § 162.62, 147.20, 137.11, 129.97, 129.00, 127.75, 127.20,
126.55, 121.85, 64.40, 49.30. LRMS (ESI, m/z): calculated for C12H;sNO," [M + H]*
m/z = 204.10; found m/z = 204.0. Data are consistent with the literature.??°

2-(Chloroethyl)quinoline hydrochloride (41.HCI)

SOCl,
P rt 1h i
’ N Cl
N OH (86%) ) o
39 41.HClI

This synthesis was modified from a previously reported procedure.?!* To a round bottom
flask containing 2-(quinolin-2-yl)ethan-1-ol 39 (0.588 g, 3.39 mmol) was added
anhydrous CH>Cl, (16 ml). Repeating this process three times, using a needle connected
to the house vacuum and a nitrogen-filled balloon, while stirring the flask was evacuated
and nitrogen-filled. SOCl; (0.54 mL, 7.44 mmol) was added slowly to the flask and the
solution turned orange. After stirring at room temperature for 1 h, the solvent was

removed (rotavap). To the crude pink residue was added petroleum ether (50 mL) and the

50



Chapter Two

mixture was stirred for 12 h. The cream solid was collected by filtration and dried under
vacuum to afford the title compound 41.HCI (0.553 g, 86%) as a pale brown solid; 'H
NMR (400 MHz, D;0) 6 9.03 (dd, J = 8.6, 0.8 Hz, 1H), 8.26 (dt, J = 8.3, 1.0 Hz, 1H),
8.22 — 8.08 (m, 2H), 8.01 (d, J= 8.6 Hz, 1H), 7.93 (ddd, J= 8.2, 6.8, 1.3 Hz, 1H), 4.14
(t, J= 6.7, 5.8 Hz, 2H), 3.74 (t, J = 6.3 Hz, 2H). '3C NMR (101 MHz, D;0) & 156.65,
146.97, 134.89, 129.62, 128.99, 127.73, 122.36, 119.85, 42.09, 36.63. LRMS (ESI, m/z):
calculated for C;1H;1NCI" [M + H]" m/z = 192.05; found m/z = 192.1.

2-(Quinolin-2-yl)ethyl methanesulfonate (42)

CH,Cly, Et;N

N/ OH 0 OC, 10 min N/ O/S\\O

39 42

This synthesis was modified from a previously reported procedure.??! A solution of 2-
(quinolin-2-yl)ethan-1-ol 39 (0.102 g, 0.588 mmol) in anhydrous CH>Cl; (4 mL) was
cooled to 0 °C and to this was added Et:N (0.25 mL, 1.79 mmol) and CH3ClO,S (0.05
mL, 0.704 mmol). After stirring at 0 °C for 10 minutes, the reaction mixture was diluted
with CH2Cl> (20 mL), washed with H,O (20 mL), brine (5 mL), dried over Na;SOs4, and
following filtration, the solvent was removed (rotavap) to afford the title compound 42 as
a yellow oil; "TH NMR (400 MHz, CDCl3) § 8.12 (d, J = 8.4 Hz, 1H), 8.01 (d, J= 8.5 Hz,
1H), 7.81 (dd, J= 8.2, 1.5 Hz, 1H), 7.72 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.55 — 7.47 (m,
1H), 7.34 (d, J= 8.4 Hz, 1H), 4.81 (t, /= 6.4 Hz, 2H), 3.42 (t, J = 6.5 Hz, 3H), 2.93 (s,
3H). *C NMR (101 MHz, CDCls) § 157.06, 147.42, 137.40, 130.26, 128.47, 127.85,
127.23, 126.71, 122.11, 68.98, 37.83, 37.38. LRMS (ESI, m/z): calculated for
Ci2HisNO3S™ [M + H]" m/z = 252.06; found m/z = 252.1. Data are consistent with the

literature.?*!

2-(Quinolin-2-yl)ethyl-4-methylbenzene-1-sulfonate (43)

CH,Cl,, Et3N
N/ OH r.t, 2 days N/ O/S\\O
(59%)
39 43
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This synthesis was modified from a previously reported procedure.??? 2-(Quinolin-2-
yl)ethan-1-ol 39 (0.800 g, 4.61 mmol) was dissolved in anhydrous CH>ClL (25 mL). To
the solution was added Et3N (1.3 mL, 9.22 mmol) and then the flask was cooled to 0 °C,
TsCl1 (1.05 g, 5.53 mmol) was added and the reaction was stirred for 2 days, during which
time the solution colour became dark green. The reaction was diluted with CH2Cl> (30
mL) and washed with H>O (20 mL) and brine (10 mL). The organic phase was dried over
Mg>S0Os4 and following filtration, the solvent was removed (rotavap). The resulting green
residue solidified upon standing at room temperature to give a crystalline solid. To this
was added petroleum spirits with stirring. The collected petroleum spirits fractions were
reduced to dryness (rotavap) to yield an orange residue. To the residue was added
additional petroleum spirits and the fine cream precipitate which formed was collected
by filtration and air-dried to afford the title compound 43 (0.892 g, 59%); 'H NMR (400
MHz, CDCI3) & 8.06 (d, J = 8.4 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.83 — 7.76 (m, 1H),
7.69 (ddd, J= 8.4, 6.7, 1.5 Hz, 1H), 7.63 — 7.58 (m, 2H), 7.52 (ddd, /= 7.9, 6.8, 1.1 Hz,
1H), 7.30 — 7.24 (m, 1H), 7.11 (dt, J = 7.8, 1.4 Hz, 2H), 4.61 — 4.53 (m, 2H), 3.30 (t, J =
6.5 Hz, 2H), 2.33 (d, J = 2.1 Hz, 3H). 13C NMR (101 MHz, CDCls) § 157.28, 148.00,
144.64, 136.56, 132.78, 129.71, 129.61, 128.96, 127.89, 127.68, 127.09, 126.30, 122.12,
69.66, 38.09, 21.67. LRMS (ESI, m/z): calculated for CisHisNO3S* [M + H]" m/z =

328.10; found m/z = 328.1. Data are consistent with the literature.?*

2-(Bromoethyl)quinoline (44)

X o r
D 1 LiBr, THF l 44
N 0°"S0 rt 18h

42 X

2-(Quinolin-2-yl)ethyl methanesulfonate 42 (0.147, 0.584 mmol) was added to anhydrous
THF (4.0 mL) forming a cloudy green mixture. To this was added LiBr (0.203 g, 2.33
mmol) and the reaction mixture became clear and colourless. Over the following 1 h, the
solution turned green. The reaction was stirred at room temperature for 18 h. The solvent
was removed under reduced pressure without heating. Purification of the crude solid

using silica gel column chromatography was attempted by gradient elution starting with
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5% EtOAc in CH2Cl2 + 1% EtN and increasing the percentage of EtOAc. However,
coelution occurred and attempts at further purification resulted in complete conversion of
the material to 2-vinylquinoline. LRMS (ESI, m/z): calculated for C;iH1NBr" [M + H]*
m/z = 236.00; found m/z = 236.0.

2-Vinylquinoline (45)
(C,Hs),NH.HCI, CH,0
m 1,4-dioxane N
N" reflux, 1 h N

34 (84%) 45

This synthesis was modified from a previously reported procedure.??* To a solution of 2-
methylquinoline 34 (6.01 g, 41.9 mmol) in 1,4-dioxane (100 mL), was added
diethylamine hydrochloride (5.89 g, 54.4 mmol), 37% formaldehyde solution (6.5 mL,
54.5 mmol) and Et;N (0.88 mL, 6.3 mmol). After stirring at reflux for 1 h, the reaction
mixture was cooled to room temperature and the solvent was removed (rotavap). The
crude residue was dissolved in CH>Cl> (100 mL) and washed with H>O (100 mL). The
organic phase was washed with 10% KOH (2 x 25 mL), H,O (100 mL), dried over MgSO4
and was reduced to dryness (rotavap) following filtration. Purification by silica gel
column chromatography (4% MeOH in CH2Cl,) afforded the title compound 45 (6.11 g,
94%) as a yellow/brown oil; 'TH NMR (400 MHz, CDCl3) § 8.11 (d, J= 8.6 Hz, 1H), 8.07
(dd, /= 8.5, 0.8 Hz, 1H), 7.78 (dd, J = 8.2, 1.5 Hz, 1H), 7.69 (ddd, J = 8.4, 6.9, 1.5 Hz,
1H), 7.60 (d, J=8.6 Hz, 1H), 7.50 (ddd, J=8.1, 6.9, 1.2 Hz, 1H), 7.04 (dd, /= 17.7, 10.9
Hz, 1H), 6.28 (dd, J=17.7, 0.9 Hz, 1H), 5.67 (dd, /= 10.9, 0.9 Hz, 1H). '*C NMR (101
MHz, CDCl3) 6 156.23, 148.16, 138.13, 136.50, 129.79, 129.52, 127.62, 127.60, 126.46,
119.99, 118.51. LRMS (ESI, m/z): calculated for C1iHioN;" [M + H]" m/z = 156.08;

found m/z = 156.1. Data are consistent with the literature.?

2-(2-Azidoethyl)quinoline (47)
NS 70°C, 18 h N N

45.HCI 47

3
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A solution of 2-vinylquinoline hydrochloride 45.HCI (0.220 g, 1.17 mmol) in anhydrous
DMF (20 mL) was treated with NaN3 (0.360 g, 5.81 mmol) and the reaction was stirred
at 70 °C for 18 h. The reaction mixture was cooled to room temperature and HoO was
added (80 mL). The solution was extracted with EtOAc (3 x 100 mL) and washed with
H>O (100 mL) and brine (50 mL). The organic phase was dried over Mg>SO4, and
following filtration, the solvent was removed (rotavap) to afford a 1:1 mixture of 2-(2-
azidoethyl)quinoline 47 and 2-vinylquinoline 45 that was used in the following reaction
without further purification. Azido: 'H NMR (400 MHz, CDCls) § 8.12 (d, J = 3.8 Hz,
1H), 7.78 (td, J=7.9, 1.5 Hz, 2H), 7.69 (dddd, /= 8.4, 6.4, 4.7, 1.5 Hz, 2H), 7.60 (d, J =
8.6 Hz, 1H), 7.50 (dddd, /=8.2, 6.8, 5.4, 1.2 Hz, 2H), 7.32 (d, /= 8.4 Hz, 1H), 3.84 (t,J
= 6.9 Hz, 2H), 3.25 (t, J = 6.9 Hz, 2H).!*C NMR (101 MHz, CDCls) § 161.47, 147.28,
136.60, 129.68, 128.78, 127.57, 126.09, 121.85, 61.40, 39.20; LRMS (ESI, m/z):
calculated for C11Hi1Ns™ [M + H]" m/z = 199.0; found m/z = 199.0.

Click product (49)

L T, o
= +
N N Ns 60 °C, 24 h

(45%)

A mixture of 2-vinylquinoline 45/2-(2-azidoethyl)quinoline 47 (previously synthesised)
(0.098 g) and 48 (0.101 g, 0.322 mmol) were dissolved in anhydrous DMF (10 mL), Cul
(0.049 g, 0.257 mmol) was added to the solution. The flask was flushed with N and the
reaction was stirred at 60 °C for 24 h. After cooling to room temperature, the reaction was
filtered to remove the brown insoluble solid, and then the solvent was removed (rotavap).
Purification by silica gel column chromatography (4% MeOH in CH2Cl,) afforded the
title compound 49 (74 mg, 45%) as an orange solid. H NMR (400 MHz, CDCl3) & 8.27
(dd, J=11.4, 7.8 Hz, 2H, H-1, H-29), 8.04 — 7.92 (m, 3H, H-5, H-9, H-34), 7.70 — 7.63
(m, 2H, H-35, H-37), 7.61 (s, 1H, H-19), 7.46 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H, H-36), 7.30
—7.21 (m, 1H, H-6), 7.10 (d, J = 8.4 Hz, 1H, H-30), 6.57 (d, J = 8.5 Hz, 1H, H-8), 5.90
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(t,J=5.2 Hz, 1H, H-14), 5.39 (s, 2H, H-15), 4.91 (t, J = 7.0 Hz, 2H, H-23), 3.55 (1, J =
7.0 Hz, 2H, H-24), 3.33 (td, J= 7.3, 5.1 Hz, 2H, H-31), 1.81 (h, J= 7.3 Hz, 2H, H-32),
1.07 (t, J = 7.4 Hz, 4H, H-33).3C NMR (101 MHz, CDCl3) & 164.38 (C-13), 163.75 (C-
11), 157.55 (C-25), 150.23 (C-27), 147.94 (C-7), 136.81 (C-5, C-9), 134.71 (C-29),
131.08 (C-1), 129.78 (C-35, C-37), 129.73 (C-18), 129.16 (C-3), 128.94 (C-34), 128.35
(C-28), 127.67 (C-35, C-37), 127.07 (C-4), 126.61 (C-5, C-9), 126.34 (C-36), 125.42 (C-
10), 124.36 (C-6), 124.05 (C-19), 122.43 (C-2), 120.13 (C-30), 104.18 (C-8), 49.17 (C-
23), 45.58 (C-31), 38.97 (C-24), 34.94 (C-15), 22.18 (C-32), 11.84 (C-33). HRMS (ESI,
m/z): calculated for C20H26N6O2Na" [M + Na]* m/z = 513.20095; found 513.2006.

Click product (50)

(34%)

e w4 ;L
X Cul, DMF 0 2
il /
N ¥ ©\/j\ﬁ 60 °C, 24 h N
Br N N3 , N—N
o)

46 47

A mixture of 2-vinylquinoline 45/2-(2-azidoethyl)quinoline 47 (previously synthesised)
and 46 (0.151 g, 0.516 mmol) were dissolved in anhydrous DMF (10 mL), Cul (0.079 g,
0.414 mmol) was added to the solution. The flask was flushed with N> and the reaction
was stirred at 60 °C for 24 h. After cooling to room temperature, the reaction was filtered
to remove the brown insoluble solid, and then the solvent was removed (rotavap).
Purification by silica gel column chromatography (4% MeOH in CH2Cl,) afforded the
title compound 50 (87 mg, 34%) as a white solid. 'H NMR (400 MHz, CDCls) § 8.25 (s,
1H, H-20), 8.21 — 8.16 (m, 2H, H-23, H-24), 8.06 — 7.96 (m, 2H, H-13, H-31), 7.89 (d, J
= 8.8 Hz, 1H, H-27), 7.76 (dd, J= 8.7, 1.9 Hz, 1H, H-25), 7.71 (dd, J = 8.2, 1.4 Hz, 1H,
H-34), 7.66 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H, H-32), 7.59 (s, 1H, H-3), 7.45 (ddd, J = 8.1,
6.9, 1.2 Hz, 1H, H-33), 7.12 (d, /= 8.4 Hz, 1H, H-14), 4.98 (s, 2H, H-1),4.94 (t,J=7.0

Hz, 2H, H-7), 3.56 (t, J = 7.0 Hz, 2H, H-8). '3C NMR (101 MHz, CDCl3) § 166.99 (C-
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19), 166.93 (C-16), 157.44 (C-9), 147.93 (C-11), 142.32 (C-2), 136.84 (C-13), 136.54
(C-22), 133.96 (C-21), 132.79 (C-25), 132.41 (C-24), 131.69 (C-27), 129.81 (C-32),
128.95 (C-31), 128.87 (C-18), 128.14 (C-17), 127.72 (C-34), 127.09 (C-12), 126.38 (C-
33), 124.87 (C-20), 123.92 (C-26), 123.87 (C-3), 123.85 (C-23), 121.8 (C-14)1, 49.10
(C-7), 38.90 (C-8), 33.47 (C-1). HRMS (ESI, m/%): calculated for C2sH sBrNsO2Na" [M
+ Na]" m/z = 534.05361; found 534.0535.

2-(2-Azidoethyl)pyridine (52)

| N NaNg, DMF___ =
N©NF 70°C, 18 h N7 Ns
H Cr (33%)

51.HCI 52

A solution of 2-vinylpyridine hydrochloride 51.HCI (1.137 g, 8.113 mmol) in anhydrous
DMF (20 mL) was treated with NaN3 (2.5130 g, 40.565 mmol) and the reaction was
stirred at 70 °C for 18 h. The reaction mixture was cooled to room temperature and H,O
was added (80 mL). The solution was extracted with EtOAc (3 x 100 mL) and washed
with H>2O (100 mL) and brine (50 mL). The organic phase was dried over Mg>SO4, and
following filtration, the solvent was removed (rotavap). The crude residue was washed
with saturated NaHSO3 (100 mL), dried over Mg>SO4, and following filtration, the
solvent was removed (rotavap) to afford the title compound 52 (0.401 g, 33%). 'H NMR
(400 MHz, CDCl3) 6 8.56 (ddt, J=4.9, 1.8, 0.9 Hz, 1H), 7.62 (tdd, J = 7.6, 1.9, 0.8 Hz,
1H), 7.29 - 7.11 (m, 3H), 3.71 (t, J= 6.9 Hz, 2H), 3.06 (t, J = 6.9 Hz, 2H). LRMS (ESI,
m/z): calculated for C7HoN4s" [M + H]" m/z = 149.08; found m/z = 149.0. Data are

consistent with the literature.?**
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Click product (53)

H
N O 0 I\ Cul, DMF

N +
—
O N_F N Ng 60°C, 24 h

(29%)

2-(2-Azidoethyl)pyridine 52 (0.349 g, 2.35 mmol) and 6-(propylamino)-2-(prop-2-yn-1-
yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 48 (0.690 g, 2.36 mmol) were dissolved in
anhydrous DMF (20 mL), Cul (0.359 g, 1.88 mmol) was added to the solution. The flask
was flushed with N; and the reaction was stirred at 60 °C for 24 h. After cooling to room
temperature, the reaction was filtered to remove the brown insoluble solid, and then the
solvent was removed (rotavap). Purification by silica gel column chromatography (4%
MeOH in CH,Cl,) afforded the title compound 53 (0.300 g, 29%) as a white solid; 'H
NMR (400 MHz, CDCl3) 6 8.52 (ddd, J=4.9, 1.9, 0.9 Hz, 1H, H-27), 8.43 — 8.31 (m,
2H, H-1, H-9), 8.04 — 7.97 (m, 1H, H-5), 7.46 (td, J= 7.7, 1.9 Hz, 1H, H-29), 7.45 (s, 1H,
H-19), 7.38 (dd, /= 8.4, 7.3 Hz, 1H, H-6), 7.05 (ddd, /= 7.6, 4.9, 1.2 Hz, 1H, H-28), 6.96
(dt,/=7.8, 1.1 Hz, 1H, H-30), 6.63 (d, /= 8.5 Hz, 1H, H-8), 5.75 (t, /= 5.1 Hz, 1H, H-
14), 5.40 (s, 2H, H-15), 4.76 (t, /= 7.1 Hz, 2H, H-23), 3.34 (t,J = 7.0 Hz, 4H, H-24, H-
31), 1.82 (h, J = 7.4 Hz, 2H, H-32), 1.09 (t, J = 7.4 Hz, 3H, H-33).°*C NMR (101 MHz,
CDCl) 6 164.42 (C-11), 163.78 (C-13), 157.10 (C-25), 150.13 (C-27), 149.69 (C-18),
144.08 (C-29), 136.76 (C-29), 134.78 (C-1), 131.22 (C-9), 129.84 (C-3), 126.46 (C-5),
124.51 (C-6), 123.84 (C-30), 123.74 (C-4), 122.68 (C-2), 122.08 (C-28), 120.19 (C-10),
104.29 (C-8), 49.55 (C-23), 45.61 (C-31), 38.62 (C-24), 34.94 (C-15), 22.24 (C-32),
11.84 (C-33). HRMS (ESI, m/z): calculated for CasH24aN¢O2Na® [M + Na]® m/z =
463.18530; m/z = found 463.1850.
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Ligand (55)

N . | X i-Pr,NEt, THF
N/ Br N/ r.t, 3 days

NH, (46%)

To a solution of 2-(bromomethyl)quinoline 36 (1.13 g, 5.11 mmol) in THF (20 mL), was
added i-ProNEt (1.7 mL, 10.2 mmol) followed by the addition of 2-(pyridin-2-yl)ethan-
l-amine 54 (0.312 g, 2.56 mmol). After stirring at room temperature for 3 days, the
reaction mixture was filtered through Celite and the solvent removed (rotavap). The crude
residue was dissolved in CH2Cl, (100 mL) and washed with 1 M NaOH (50 mL), H>O
(100 mL), dried over MgSO4 and concentrated (rotavap). Purification by column
chromatography on alumina (10% MeOH in CH2Cl, + 1% NH4OH) afforded the title
compound 55 (0.951 g, 46%) as a yellow/brown solid; "H NMR (400 MHz, CDCl;) § 8.46
—8.39 (m, 1H, H-28), 8.04 (d, J = 8.4 Hz, 4H, H-17), 7.76 (dd, J = 8.2, 1.6 Hz, 2H, H-
22),7.67 (ddd, J = 8.4, 6.8, 1.5 Hz, 2H, H-20), 7.53 (dd, /= 8.5, 1.5 Hz, 2H, H-18), 7.51
—7.45 (m, 3H, H-21,29), 7.08 (ddd, /= 7.6, 4.9, 1.2 Hz, 1H, H-29), 7.05 (dt, J= 7.8, 1.1
Hz, 1H, H-31), 4.08 (s, J = 1.4 Hz, 4H, H-3), 3.08 (s, J = 2.2 Hz, 4H, H-2). *C NMR
(101 MHz, CDCl3) & 160.52, 160.45, 149.06, 147.55, 136.40, 136.34, 129.46, 129.03,
127.56,127.45,126.22,123.48,121.23,121.14, 61.16, 54.78, 35.90. (HRMS) (ESL, m/z):
calculated for C27HasN4 [M + H]" m/z = 405.2070; found 405.2076.

Ligand (57)
15'
16'
A | X EtsN, 1,4-dioxane | -
NS * NP NHz  reflux, 7 days - 18
(49%)
45 56
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To a stirred solution of 1-(pyridin-2-yl)methanamine 56 (0.802 g, 7.41 mmol) in 1,4-
dioxane (100 mL), was added 2-vinylquinoline 45 (2.30 g, 14.8 mmol) and Et;N (2.3 mL,
16.3 mmol). After stirring at reflux for 7 days, the reaction mixture was cooled to room
temperature and 10% KOH solution (50 mL) was added. The mixture was extracted with
CH2Cl: (3 x 50 mL) and the collected organic fractions were washed with H,O (100 mL),
dried over MgSO4 and concentrated (rotavap) following filtration. Purification by column
chromatography on alumina (4% MeOH in CHxCl;) afforded the title compound 57
(1.52g, 49 %) as a brown oil; 'TH NMR (400 MHz, CDCl3) & 8.44 (ddd, J=4.9, 1.8, 0.9
Hz, 1H, H-31), 7.98 (dq, /= 8.5, 0.8 Hz, 2H, H-11), 7.83 (dd, J = 8.4, 0.8 Hz, 2H, H-18),
7.73 (dd, J=8.2, 1.4 Hz, 2H, H-15), 7.66 (ddd, J= 8.5, 6.9, 1.5 Hz, 2H, H-17), 7.47 (ddd,
J=28.1,6.9, 1.2 Hz, 2H, H-16), 7.18 (td, /= 7.6, 1.8 Hz, 1H, H-30), 7.08 (d, /= 8.4 Hz,
2H, H-10), 6.99 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H, H-29), 6.95 (dt, J= 7.8, 1.1 Hz, 1H, H-
28), 3.91 (s, 2H, H-2), 3.21 — 3.06 (m, 8H, H-3). *C NMR (101 MHz, CDCls) § 161.33,
160.14, 148.74, 147.97, 136.19, 135.94, 129.39, 128.90, 127.56, 126.85, 125.81, 122.98,
122.06, 121.81, 60.37, 54.19, 36.89. (HRMS) (ESI, m/z): calculated for C2gH27N4" [M +
H]" m/z = 419.22302; m/z = found 419.2228.

Ligand (58)
28'
29'
19 29
20 =~
X S EtsN, 1,4-dioxane 3|
+ > N
_ .
N/ = N NH, reflux, 7 days , 3 26
(42%) 2
22X 24
23
58

To a stirred solution of 2-(pyridin-2-yl)ethan-1-amine 54 (1.40 g, 11.4 mmol) in 1,4-
dioxane (100 mL), was added 2-vinylquinoline 45 (2.13 g, 13.7 mmol) and Et3N (3.2 mL,
22.8 mmol). After stirring at reflux for 7 days, the reaction mixture was cooled to room
temperature and the solvent was removed (rotavap). The crude residue was dissolved in
CH>Cl, (100 mL) and washed with H,O (150 mL). The organic phase was washed with
10% KOH (2 x 20 mL), H>2O (100 mL), dried over MgSO4 and concentrated (rotavap).
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Purification by alumina column chromatography (4% MeOH in CH2Cl) afforded the title
compound 58 (2.06 g, 42%) as a brown oil; '"H NMR (400 MHz, CDCl3) § 8.49 (ddd, J =
4.9,1.9,0.9 Hz, 1H, H-22, 8.03 (dq, J = 8.5, 0.8 Hz, 2H, 26), 7.85 (dd, J = 8.4, 0.8 Hz,
2H, H-19), 7.73 (dd, J = 7.9, 1.4 Hz, 2H, H-29), 7.67 (ddd, J = 8.4, 6.9, 1.5 Hz, 2H, H-
27),7.48 (ddd, /= 8.1, 6.9, 1.2 Hz, 2H, H-28), 7.35 (td, /= 7.7, 1.9 Hz, 1H, H-24), 7.07
(d, J=8.4 Hz, 2H, H-20), 7.03 (ddd, /= 7.6, 4.9, 1.2 Hz, 1H, H-23), 6.90 (dt, /J=7.8, 1.1
Hz, 1H, H-25), 3.11 (d, J= 1.7 Hz, 8H, H-3), 3.07 — 2.99 (m, 2H, H-2), 2.95 — 2.87 (m,
2H, H-7).*C NMR (101 MHz, CDCl3) § 161.55, 160.77, 149.23, 148.01, 136.16, 135.98,
129.42, 128.92, 127.59, 126.89, 125.81, 123.59, 122.12, 121.11, 54.00, 53.92, 36.99,
36.19. (HRMS) (ESI, m/z): calculated for C20HxN4" [M + H]" m/z = 433.23867; m/z =
found 433.2384.

1-(Pyridin-2-yl)-N-[(pyridin-2-yl)methylmethanamine (60)

(L (L 1MeOHrt18h‘CﬁN N
2. NaBH,, r.t, 2h N H N~

(96%)

60

This synthesis was based on a previously reported procedure.??> To a stirring solution of
1-(pyridin-2-yl)methanamine 56 (1.01 g, 9.33 mmol) in MeOH (25 mL), was added
pyridine-2-carbaldehyde 59 (0.994 g, 9.28 mmol). After stirring at room temperature for
18 h, NaBH4 (0.699 g, 18.4 mmol) was added slowly and stirring was continued for 2 h.
The solvent was removed (rotavap) and H>O (20 mL) was added to the crude brown
residue. This was neutralised with concentrated HCI (32%) and extracted with CH>Cl» (2
x 50 mL). The combined organic phases were dried over MgSO4 and, following filtration,
were concentrated (rotavap) to afford the title compound 60 (1.79 g, 96%) as a brown oil;
'"H NMR (400 MHz, CDCls) § 8.54 (ddd, J= 4.9, 1.9, 1.0 Hz, 2H), 7.62 (td, J= 7.6, 1.7
Hz, 2H), 7.34 (dt, J=7.8, 1.0 Hz, 2H), 7.13 (ddd, J = 7.5, 5.0, 1.3 Hz, 2H), 3.96 (s, 4H) .
3C NMR (101 MHz, CDCls) § 159.64, 149.42, 136.63, 122.46, 122.12, 54.81. LRMS
(ESI, m/z): calculated for C12H14N3 [M + H]" 200.11; found 200.1. Data are consistent

with the literature.??>
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2-(Pyridin-2-yl)-NV-[2-pyridin-2-yl)ethyl]ethan-1-amine (62)

| X .l N CH3COOH,MeOH _ ~ | = |
—
N/ = N NH, reflux, 24 h \N N \N
(74%) H
61 54 62

This synthesis was based on a previously reported procedure.??® To a stirred solution of
2-vinylpyridine 61 (0.531 g, 5.05 mmol) in MeOH (20 mL), was added 2-(pyridin-2-
yl)ethan-1-amine 54 (0.617 g, 5.05 mmol) and acetic acid (0.30 mL). After stirring at
reflux for 24 hours, the reaction mixture was cooled to room temperature and diluted with
CH2Clz (50 mL). The organic phase was washed with H>O (50 mL), 10% KOH solution
(20 mL), dried over MgSO4 and concentrated (rotavap) following filtration. Purification
by column chromatography on alumina (4% MeOH in CHxCl,) afforded the title
compound 62 (0.847 g, 74%) as a brown oil; '"H NMR (400 MHz, CDCl3) § 8.47 — 8.41
(m, 2H), 7.54 (t, J= 7.7, 1.7 Hz, 2H), 7.12 (dd, J = 7.8, 1.4 Hz, 2H), 7.08 (ddd, J = 8.0,
3.8,2.6 Hz, 2H), 3.08 —2.99 (m, 4H), 2.96 (dd, J= 7.9, 5.8 Hz, 4H). '*C NMR (101 MHz,
CDCI3) 6 160.11, 149.29, 136.50, 123.42, 121.35, 49.14, 38.06, 38.04. LRMS (ESI, m/z):
calculated for C14HisN3" [M + H]" m/z =228.15; found m/z = 228.1. Data are consistent

with the literature.?2¢

Ligand (63)

\

| I
N N Et;N, 1,4-dioxane 11 7N 11
*+ > 10' 10
H NT N reflux, 6 days NN 23
(63%) |
60 45 24 22

63

To a stirred solution of 1-(pyridin-2-yl)-N-[(pyridin-2-yl)methyl]methanamine 60 (0.501
g, 2.51 mmol) in 1,4-dioxane (50 mL), was added 2-vinylquinoline 45 (0.426 g, 2.74
mmol) and Et;N (0.38 mL, 2.25 mmol). After stirring at reflux for 6 days, the reaction
mixture was cooled to room temperature and the solvent was removed under reduced

pressure. The crude residue was dissolved in CH2Cl> (50 mL) and washed with H>O (100
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mL). The organic phase was washed with 10% KOH (2 x 10 mL), H>O (100 mL), dried
over MgS0Os, and concentrated (rotavap) following filtration. Purification by alumina
column chromatography (4% MeOH in CH2Cl,) afforded the title compound 63 (0.556
g, 63%) as a brown oil; "TH NMR (400 MHz, CDCl5) & 8.48 (ddt, J=4.1,2.2, 1.1 Hz, 2H,
H-10), 8.02 (dd, J = 8.5, 0.8 Hz, 1H, H-22), 7.97 (dq, J = 8.5, 0.7 Hz, 1H, H-24), 7.78
(dd, J=8.0, 1.4 Hz, 1H, H-27), 7.68 (ddd, /= 8.4, 6.9, 1.5 Hz, 1H, H-25), 7.50 (ddd, J =
8.1,6.9, 1.2 Hz, 1H, H-26), 7.44 (td, /= 7.7, 1.9 Hz, 2H, H-12), 7.27 (d, J = 6.6 Hz, 2H,
H-13), 7.21 (d, J=8.4 Hz, 1H, H-23), 7.08 (ddd, /= 7.4, 4.9, 1.2 Hz, 2H, H-11), 3.91 (s,
4H, H-3), 3.23 (td, J = 6.8, 0.9 Hz, 2H, H-7), 3.13 — 3.03 (m, 2H, H-2). 3*C NMR (101
MHz, CDCI3) 6 161.34, 159.88, 149.01, 148.02, 136.41, 136.09, 129.45, 129.27, 128.99,
127.62,125.91,122.99, 122.10, 122.00, 60.42, 54.40, 36.97. LRMS (ESI, m/z): calculated
for C23H23N4" [M + H]" m/z = 355.19; found m/z = 355.1.

Ligand (64)
19'
18' 2\ 20" 20 ~
| 4 4 |
17 N
X = . N ~ N
| I . X EtsN, 1,4-dioxane 5 115
_ ~ 11 '
N N N N/ = reflux, 6 days
H (38%) NP\ 25
62 45 26 X 24
27 29

To a stirred solution of 2-(pyridin-2-yl)-N-[2-pyridin-2-yl)ethyl]ethan-1-amine 62 (4.04
g, 17.7 mmol) in 1,4-dioxane (150 mL), was added 2-vinylquinoline 45 (3.31 g, 21.3
mmol) and EN (2.7 mL, 19.5 mmol). After stirring at reflux for 6 days, the reaction
mixture was cooled to room temperature and the solvent was removed (rotavap). The
crude residue was dissolved in CH>Cl> (150 mL) and washed with H>O (150 mL). The
organic phase was washed with 10% KOH (2 x 35 mL), H,O (150 mL), dried over
MgSOs4, and concentrated (rotavap) following filtration. Purification by alumina column
chromatography (4% MeOH in CH»Cl,) afforded the title compound 64 (2.55 g, 38%) as
a brown oil; 'H NMR (400 MHz, CDCl3) § 8.48 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H, H-17),
8.07 —8.00 (m, 1H, H-24), 7.96 (dd, J=8.5, 0.8 Hz, 1H, H-26), 7.75 (dd, /= 8.2, 1.5 Hz,
1H, H-29), 7.66 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H, H-28), 7.50 — 7.44 (m, 2H, H-19), 7.42

(dd, J=7.6, 1.9 Hz, 1H, H-27), 7.14 (d, J = 8.4 Hz, 1H, H-25), 7.05 (ddd, J = 7.6, 4.9,
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1.2 Hz, 2H, H-18), 6.95 (dt, J= 7.8, 1.1 Hz, 2H, H-20), 3.10 — 3.07 (m, 4H, H-11), 3.05
—2.96 (m, 4H, H-4), 2.91 (m, 4H, H-5). *C NMR (101 MHz, CDCl;) § 161.40, 160.64,
160.62, 149.18, 147.94, 136.29, 136.27, 136.15, 136.13, 129.45, 128.84, 127.56, 126.88,
125.86, 123.57, 122.06, 121.17, 53.97, 53.88, 36.79, 36.02, 35.99. (HRMS) (ESI, m/z):
calculated for C2sH27N4" [M + H]" m/z = 383.22302; found m/z = 383.2229.

Ligand (65)
1 7
12 8\ 6

X X EtsN, 1,4-dioxane o2 s, 2
| + > 13 9 N5 N X 19

N" NH; N = reflux, 3 days 14 2 H NI

(60%) Z 18
56 45 65 17

To a stirred solution of 1-(pyridin-2-yl)methanamine 56 (1.40 g, 12.9 mmol) in 1,4-
dioxane (100 mL), was added 2-vinylquinoline 45 (2.14 g, 13.8 mmol) and Et;N (3.5 mL,
25.2 mmol). After stirring at reflux for 3 days, the reaction mixture was cooled to room
temperature and the solvent was removed under reduced pressure. The crude residue was
dissolved in CH2Cl> (100 mL) and washed with H>O (150 mL). The organic phase was
washed with 10% KOH (2 x 20 mL), H>O (100 mL), dried over MgSQOs, and concentrated
(rotavap) following filtration. Purification by alumina column chromatography (4%
MeOH in CH,Cl,) afforded the title compound 65 (2.06 g, 60%) as a brown oil; '"H NMR
(400 MHz, CDCl3) 6 8.52 (ddd, J=4.9, 1.8, 1.0 Hz, 1H, H-17), 8.06 (dd, J= 8.3, 0.8 Hz,
1H, H-7), 8.03 (dq, /=8.5, 0.9 Hz, 1H, H-14), 7.77 (dd, J= 8.1, 1.5 Hz, 1H, H-11), 7.67
(ddd, /=8.4, 6.9, 1.5 Hz, 1H, H-13), 7.60 (td, /= 7.7, 1.8 Hz, 1H, H-19), 7.48 (ddd, J =
8.1,6.9, 1.2 Hz, 1H, H-12), 7.34 — 7.28 (m, 2H, H-6, H-20), 7.16 — 7.10 (m, 1H, H-18),
3.97 (s, 2H, H-3), 3.28 — 3.09 (m, 4H, H-2). '3C NMR (101 MHz, CDCl3) & 160.88 (C-
5), 159.87 (C-15), 149.37 (C-17), 148.03 (C-9), 136.58 (C-19), 136.46 (C-7), 129.53 (C-
13), 129.00 (C-14), 127.64 (C-11), 126.94 (C-8), 125.97 (C-12), 122.35 (C-18), 122.04
(C-20), 121.88 (C-6), 55.26 (C-3), 49.02 (C-2°), 39.34 (C-2). (HRMS) (ESIL, m/z):
calculated for C17HisN3™ [M + H]" m/z = 264.14952; found m/z = 264.1494.
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Ligand (66)
6 5 10 20
1 X 9 21 219
| AN . X EtsN, 1,4-dioxane m /14\@
— 2 P~ 2 4 N N N 18
N NH, N reflux, 3 days 5 11 N 15
(52%)
54 45 66

To a stirred solution of 2-(pyridin-2-yl)ethan-1-amine 54 (0.786 g, 6.43 mmol) in 1,4-
dioxane (80 mL), was added 2-vinylquinoline 45 (1.00 g, 6.44 mmol) and EtsN (1.8 mL,
12.8 mmol). After stirring at reflux for 3 days, the reaction mixture was cooled to room
temperature and the solvent was removed under reduced pressure. The crude residue was
dissolved in CH2Cl2 (100 mL) and washed with H2O (100 mL). The organic phase was
washed with 10% KOH (2 x 35 mL), H>O (150 mL), dried over MgSOs, and concentrated
(rotavap) following filtration. Purification by alumina column chromatography (4%
MeOH in CHCl,) afforded the title compound 66 (0.542 g, 52%) as a brown oil; 'H NMR
(400 MHz, CDCI3) 6 8.45 (ddd, J=4.9, 1.9, 0.9 Hz, 1H, H-18), 8.04 (dd, /= 8.4, 0.8 Hz,
1H, H-10), 7.98 (dq, J = 8.6, 0.8 Hz, 1H, H-3), 7.77 (dd, J = 8.0, 1.4 Hz, 1H, H-6), 7.67
(ddd,J=8.4,6.9, 1.5 Hz, 1H, H-2), 7.54 — 7.43 (m, 2H, H-1, H-20, H-1), 7.28 (d, /= 8.4
Hz, 1H, H-9), 7.12 (dt, J="7.8, 1.1 Hz, 1H, H-21), 7.05 (ddd, J=17.5, 4.9, 1.2 Hz, 1H, H-
19), 3.15 (d, J= 1.5 Hz, 4H, H-11), 3.11 — 3.06 (m, 2H, H-14), 2.98 (td, J = 6.7, 1.0 Hz,
2H, H-15). 3C NMR (101 MHz, CDCl3) & 160.95 (C-8), 160.35 (C-16), 149.42 (C18),
148.04 (C-4), 136.39 (C-20), 136.36 (C-10), 129.46 (C-2), 129.07 (C-3), 127.62 (C-6),
126.91 (C-5), 125.93 (C-1), 123.39 (C-21), 121.88 (C-9), 121.28 (C-19), 49.36 (C-16),
49.23 (C-14%),39.25 (C-14), 38.54 (C-15). (HRMS) (ESI, m/z): calculated for C1sH20N3"
[M +H]" m/z=278.16517; found m/z = 278.1651.

1-(Pyridin-2-yl)-NV-[(quinolin-2-yl)methyljmethanamine (67)

N B 1. MeOH, rt 2 h N oy A
AL T N AN NH 5 NaBH, rt 12 h NN
N N -NaBHj, rt, N N

(86%)

35 56 67

This synthesis was modified from a previously reported procedure.??’ To a stirred solution
of 1-(pyridin-2-yl)methanamine 56 (0.688 g, 6.36 mmol) in MeOH (20 mL), was added
quinoline-2-carbaldehyde 35 (1.00 g, 6.36 mmol). After stirring at room temperature for

2 h, the reaction mixture was cooled to 0 °C and NaBH4 (0.242 g, 6.39 mmol) was added.
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After stirring at room temperature for 12 h, the reaction was heated to reflux for 1 h. The
reaction mixture was cooled to room temperature, H>O (50 mL) was added and the pH
was adjusted to ~ 1 with 6 M HCI. The mixture was extracted with CH>Cl> (3 x 25 mL).
The aqueous phase was adjusted to pH 10 by the addition of 10% KOH and the product
was extracted with CH2Cl> (3 x 50 mL). The organic extracts were washed with H>O (100
mL), dried over MgSO4 and reduced to dryness to afforded the title compound 67 (1.36
g, 86%) as a brown oil; 'H NMR (400 MHz, CDCls) § 8.56 (ddd, J = 4.9, 1.8, 1.0 Hz,
1H), 8.12 (dd, J = 8.6, 0.9 Hz, 1H), 8.05 (dq, J = 8.4, 0.9 Hz, 1H), 7.79 (dd, /= 8.0, 1.4
Hz, 1H), 7.74 — 7.60 (m, 2H), 7.56 — 7.45 (m, 2H), 7.39 (dt, J= 7.8, 1.1 Hz, 1H), 7.22 —
7.14 (m, 1H), 4.29 (s, 2H), 4.17 (s, 2H). 3C NMR (101 MHz, CDCl5) & 149.45, 147.60,
137.03, 136.94, 129.84, 129.09, 127.72, 127.57, 126.56, 122.82, 122.67, 120.46, 54.12,
53.89. HRMS (ESI, m/z): calculated for Ci16Hi6N3" [M + H]" m/z =250.13387; found m/z
=250.1338. Data are consistent with the literature.??’

2-(Pyridin-2-yl)-NV-[(quinolin-2-yl)methyl]ethan-1-amine (68)

6 10
1 S XX 9
N N 1.MeOH, rt, 2 h g H 14 20
P L 2 NaBH, rt 12h 2 “ZaN7 N B 1o
N N NH, < NabHa Tl 3 11 \13/\@
(77%) N~ 18
35 54 68 17

To a stirred solution of 2-(pyridin-2-yl)ethan-1-amine 54 (0.781 g, 6.39 mmol) in MeOH
(20 mL), was added quinoline-2-carbaldehyde 35 (1.00 g, 6.36 mmol). After stirring at
room temperature for 2 h, the reaction mixture was cooled to 0 °C and NaBH4 (0.242 g,
6.39 mmol) was added. After stirring at room temperature for 12 h, the reaction was
heated to reflux for 1 h. The reaction mixture was cooled to room temperature, H>O (50
mL) was added and the pH was adjusted to ~ 1 with 6 M HCI. The mixture was extracted
with CH2Cl, (3 x 25 mL). The aqueous phase was adjusted to pH 10 by the addition of
10% KOH and the product was extracted with CH>Cl» (3 x 50 mL). The organic extracts
were washed with H,O (100 mL), dried over MgSO4 and reduced to dryness to afforded
the title compound 68 (1.31 g, 77%) as a brown oil; 'H NMR (400 MHz, CDCl3) & 8.51
(ddd, J=4.9, 1.9, 0.9 Hz, 1H, H-17), 8.07 (dd, J = 8.5, 0.8 Hz, 1H, H-10), 8.02 (dq, J =
8.5,0.9 Hz, 1H, H-3), 7.76 (dd, J = 8.2, 1.5 Hz, 1H, H-6), 7.66 (ddd, /= 8.4, 6.9, 1.5 Hz,
1H, H-2), 7.57 (td, J= 7.7, 1.9 Hz, 1H, H-19), 7.48 (ddd, J= 8.1, 6.9, 1.2 Hz, 1H, H-1),
7.42 (d, J=8.4 Hz, 1H, H-9), 7.18 (dt,J=17.8, 1.1 Hz, 1H, H-20), 7.10 (ddd, J= 7.6, 4.9,
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1.2 Hz, 1H, H-18), 4.12 (s, 2H, H-11), 3.16 — 3.08 (m, 2H, H-13), 3.08 — 3.01 (m, 2H, H-
14).3C NMR (101 MHz, CDCls) § 160.38 (C-8), 160.28 (C-15), 149.37 (C-17), 147.77
(C-4), 136.54 (C-19), 136.52 (C-10), 129.52 (C-2), 129.00 (C-3), 127.64 (C-6), 127.38
(C-5),126.13 (C-1), 123.44 (C-20), 121.38 (C-9), 120.63 (C-18), 55.74 (C-11), 49.34 (C-
14), 38.65 (C-13). (HR/LS)MS (ESI, m/z): calculated for Ci7HisN3" [M + H]" m/z =
264.14952; found m/z = 264.1495

Ligand (69)

~L)

reflux, 7 days

mH @(j\/ EtN, 1,4-dioxane W
7 N +
X
N | N
N~
68 45

7

69

To a stirred solution of (2-pyridylethyl)(2-quinolylmethyl)amine 68 (1.5415 g, 5.85
mmol) in 1,4-dioxane (80 mL), was added 2-vinylquinoline 45 (1.0090 g, 6.50 mmol)
and EN (0.90 mL, 6.50 mmol). After stirring at reflux for 7 days, the reaction mixture
was cooled to room temperature and the solvent was removed under reduced pressure.
The crude residue was dissolved in CH>Cl, (100 mL) and washed with H,O (100 mL).
The organic phase was washed with 10% KOH (2 x 25 mL), H>O (100 mL), dried over
MgSOs4, and concentrated (rotavap) following filtration. LRMS of the crude residue
indicated the formation of the desired product 69; however, all attempts at purification
failed to yield the desired compound. LRMS (ESI, m/z): calculated for C2sH27N4" [M +
H]" m/z = 419.22; found m/z = 419.1.

Ligand (71)

2. NaBH,, 50°C, 4 h N Tl

(74%)
35 70 71

X
. /\/NH2 1. EtOH, r.t, 18 h = N/ N\/\ N\
— O HoN
N ¥z

To a stirred solution of quinoline-2-carbaldehyde 35 (0.505 g, 3.21 mmol) in EtOH (45
mL), was added ethane-1,2-diamine 70 (0.095 g, 1.59 mmol). After stirring at room
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temperature for 18 h, NaBH4 (1.08 g, 28.5 mmol) was added and the reaction was heated
to 50 °C for 4 h. The reaction mixture was cooled to room temperature, and the solvent
was removed (rotavap). To the crude residue was added CH>Cl, (50 mL) and H>O (50
mL), and the aqueous phase was extracted with CH>Cl> (1 x 30 mL). The combined
organic phases were dried over MgSO4 and concentrated (rotavap) following filtration.
The brown residue was dissolved in the minimum volume of EtOH (20 mL), and addition
of concentrated HCI (3-4 drops) resulted in the precipitation of a brown solid. This was
collected by filtration and dried overnight in a vacuum desiccator to afford the title
compound 71 (0.843 g, 74%) as a cream solid; 'H NMR (400 MHz, DMSO) & 9.77 (s,
5H), 8.50 (dd, /= 8.7, 0.8 Hz, 2H), 8.13 — 8.03 (m, 4H), 7.85 (ddd, J = 8.5, 6.9, 1.5 Hz,
2H), 7.73 — 7.62 (m, 4H), 4.67 (s, 4H), 3.63 (s, 4H). 13C NMR (101 MHz, DMSO-d6,
TMS): 6 = 152.33, 146.08, 137.16, 129.99, 127.96, 127.83, 126.96, 126.77, 120.18,
50.53, 43.20, 40.32. (HRMS (ESI, m/z): calculated for C2oHxsN4" [M + H]" m/z =
343.19172; found m/z = 343.1915. Data is consistent with the literature.>?®

2.2 Experimental: Chapter Four

[Pd(58)CL2|CL.xH20

To a stirring solution of K,PdCls (0.078 g, 0.238 mmol) in H,O (1.5 mL) was added a
solution of 58 (0.104 g, 0.248 mmol) in CH3CN (2 mL) and an instant yellow precipitate
was formed. The mixture was heated with stirring at 70 °C for 4 hours and during this
time the precipitate dissolved. The yellow solution was left to stand under ambient
conditions and after 1 week crystals suitable for X-ray analysis were obtained. 'H NMR
(400 MHz, CD30D) 6 9.63 (d, J= 8.7 Hz, 1H), 9.43 (dd, J=5.9, 1.5 Hz, 1H), 8.67 (d, J
= 8.3 Hz, 1H), 8.10 (td, /= 7.7, 1.6 Hz, 2H), 8.00 (d, J = 8.4 Hz, 2H), 7.89 (ddd, J = 8.6,
6.8, 1.6 Hz, 1H), 7.82 (d, /= 8.2 Hz, 1H), 7.76 (d, /= 7.8 Hz, 1H), 7.68 — 7.58 (m, 3H),
7.58 —7.52 (m, 1H), 7.49 (d, J = 7.9 Hz, 2H), 6.86 (d, J = 8.4 Hz, 1H), 5.09 (ddd, J =
15.1,12.9, 6.2 Hz, 1H), 4.22 (ddd, J = 14.5, 10.7, 4.2 Hz, 1H), 3.87 (ddd, /= 16.4, 7.7,
5.0 Hz, 2H), 3.77 (ddd, J=13.8, 6.4, 2.1 Hz, 1H), 3.56 — 3.40 (m, 2H), 3.12 (td, /= 13.4,
3.2 Hz, 1H), 3.05 — 2.92 (m, 1H), 2.90 — 2.84 (m, 1H), 2.72 (ddd, /= 13.1, 10.7, 5.9 Hz,
1H), 2.46 (ddd, J = 13.0, 11.5, 4.2 Hz, 1H). >*C NMR (101 MHz, MeOD) § 162.43,
160.22, 158.23, 156.06, 148.30, 147.28, 143.85, 142.22, 138.34, 132.83, 130.91, 129.98,
129.80, 129.71, 129.21, 128.88, 128.76, 128.23, 127.57, 126.67, 124.43, 123.39, 122.25,
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64.71,59.84,57.88,42.73,38.72,37.14. HRMS (ESI, m/z): calculated for C290HsCIN4Pd*
[M]" m/z=573.11129; found m/z = 573.1115.

[Cu(55)NCCH3](C104)2, [Zn(55)NCCH3](C104): and
[(Mn(55))202](C104)2.2CH;CN

General Procedure I: To a stirring solution of metal salt (1 equiv.) dissolved in CH3CN
(1 mL) was added a solution of 55 (1 equiv.) dissolved in CH3CN (1.5 mL). The resulting
solution was stirred at room temperature for 5 minutes. The solution was left to stand
under ambient conditions and after three days crystals suitable for X-ray analysis were

obtained.
[Cu(55)NCCH3](ClO4)2

General procedure 1: A solution of [Cu(OH2)s](ClO4)2 (51.0 mg, 0.137 mmol) and 55
(50.2 mg, 0.124 mmol) were reacted according to the general procedure. Green crystals
suitable for X-ray analysis were obtained. HRMS (ESI, m/2): calculated for C27H24N4Cu?*
[M]** m/z =233.56400; found m/z = 233.5643.

[Zn(55)NCCH3|(C104):

General procedure 1: A solution of [Zn(OH2)s](ClO4)2 (50.0 mg, 0.134 mmol) and 55
(50.0 mg, 0.123 mmol) were reacted according to the general procedure. Colourless
crystals suitable for X-ray analysis were obtained. '"H NMR (400 MHz, MeOD) & 9.45
(d,J=5.4 Hz, 1H), 8.66 (d, J= 8.5 Hz, 2H), 8.36 (d, /= 8.7 Hz, 2H), 8.10 (d, /= 8.2 Hz,
2H), 7.96 (t, J = 7.9 Hz, 2H), 7.90 (td, J = 7.8, 1.6 Hz, 1H), 7.73 (dd, J = 14.5, 7.3 Hz,
5H), 7.28 (d, J= 7.9 Hz, 1H), 5.15 — 4.86 (m, 4H), 3.37 (q, J = 6.8 Hz, 2H), 2.90 — 2.83
(m, 2H). *C NMR (101 MHz, CD30D) § 161.77, 150.19, 145.85, 142.99, 142.45, 133.29,
130.41,130.30, 129.18, 128.69, 126.76, 125.50, 122.04, 63.45, 58.03,32.91,0.77. HRMS
(ESI, m/z): calculated for C27H24N4Zn?>" [M]*" m/z =234.0646; found m/z = 234.0641.

[(Mn(55))202](C104)2.2CH;CN

General procedure 1: A solution of [Mn(OH2)6](ClO4)2 (50.3 mg, 0.138 mmol) and 55
(56 mg, 0.138 mmol) were reacted according to the general procedure. Dark brown

crystals suitable for X-ray analysis were obtained. HRMS (ESI, m/z): calculated for
Cs4sHasNsO:Mno?t [MT* m/z =475.13300; found m/z = 475.1323.
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[(62)Co(OH)3C0(62)](C104)3.CH;CN

To a stirring solution of [Co(OH2)s](C104)2 (0.047 g, 0.128 mmol) dissolved in CH3CN
(1 mL) was added a solution of 64 (0.051 g, 0.133 mmol) dissolved in CH3CN (1.5 mL).
The resulting solution was stirred at room temperature for 5 minutes. The solution was
left to stand under ambient conditions and after three days crystals suitable for X-ray

analysis were obtained.
2.3 Experimental: Chapter Five

2.3.1 Mass spectrometry
Solution A: 0.0119 M [M(OH2)s](ClO4)2 (M = Cu, Co and Ni) in CH3CN.

Solution B: 0.0119 M ligand (57, 58, 63, 64, 65 and 66) in CH3CN.

To 20 pL of solution A was added 1, 2 and 3 equivalents of solution B, respectively. The
resulting solutions were mixed and left to stand for 30 minutes. Mass spectrometry
samples were prepared by the addition of 10 pL of each metal-ligand solution to 0.5 mL

of CH3CN followed by the direct injection of each sample into the mass spectrometer.

2.3.2 Job’s Method
Solution A: 0.0119 M [M(OH2)6](ClO4)2 (M = Cu, Co and Ni) in CH;CN.

Solution B: 0.0119 M ligand (57, 58, 63, 64, 65 and 66) in CH3CN.

0,0.5,1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 mL of the metal solution was added
into separate 5 mL volumetric flasks using an automatic pipette. Into each flask,
respectively, was added 5.0, 4.5, 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.5, and 0 mL of the
ligand solution. Each flask was mixed thoroughly. After 10 minutes, the UV/vis spectrum

of each solution was measured using CH3CN as the reference.

The collected data was plotted using Origin fitting software with the specific absorbance

versus mole fraction of the metal.

69



Chapter Two

2.4 Experimental: Chapter Six

2-(Pyridin-2-yl)-V-[(quinolin-2-yl)methyl]ethan-1-amine (73.HCI)

CICH,COOH H
NH 4 M HCI N C
NH reflux, 3 h OO N/+
2 0, |
(46%) 4 cr
72 73.HCI

Naphthalene-2,3-diamine 72 (0.702 g, 4.43 mmol) and CICH,COOH (0.420 g, 4.44
mmol) were dissolved in 4 M HCI (20 mL) and refluxed for 3 h. The resulting mixture
was cooled on ice, the solid was collected by vacuum filtration, and washed with ice-cold
H>0O (4 x 10 mL). The brown precipitate was recrystallised from hot MeOH to afford the
title compound 73.HCI (0.439 g, 46%); 'H NMR (400 MHz, DMSO) & 8.28 (s, 2H), 8.12
(m,J=6.2,3.1 Hz, 2H), 7.51 (m, J= 6.5, 3.3 Hz, 2H), 5.19 (s, 2H); *C NMR (101 MHz,
DMSO) & 153.72, 134.09, 130.65, 128.07, 125.04, 111.33, 36.08. (LRMS) (ESI, m/z):
calculated for C12HioN2C1* [M + H]" m/z = 217.05; found m/z = 217.0. Data is consistent

with the literature.??’

Ligand (74)

N o 145 ‘ N SN 14
@/\ /\fj ¥ OO ’ R l:l|1l "
2 21 18
N/ N \N l}l r.t, 7 days 25 24 \\)%
H HCr (68%) 28 Q NH
21"
62 73.HCI 29 25. o4

To a solution of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI
(0.110 g, 0.438 mmol) in CH2Cl> (10 mL) cooled to 0 °C, was added EtsN (0.12 mL, 0.876
mmol) and 2-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]ethan-1-amine 62 (0.099 g, 0.435
mmol) sequentially. The solution was allowed to warm gradually to room temperature
and stirred for 7 days. The reaction mixture was washed with H,O (50 mL), 10% KOH
(25 mL) and H>O (50 mL), dried over MgSOQs, filtered and reduced to dryness (rotavap).
Purification by silica gel chromatography (10% MeOH in CH2CL: + 1% NH4OH )
afforded the title compound 74 (0.120 g, 68%) as a brown oil; 'H NMR (400 MHz,
CDCl) 6 8.45 (ddd, J=5.0, 1.9, 0.9 Hz, 2H, H-14), 7.99 (s, 2H, H-24), 7.96 (dd, J = 6.4,
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3.3 Hz, 2H, H-28), 7.49 (td, J = 7.7, 1.8 Hz, 2H, H-16), 7.40 (dd, J = 6.4, 3.2 Hz, 2H, H-
29), 7.10 (ddd, J = 7.6, 4.9, 1.2 Hz, 2H, H-15), 6.95 (dt, /= 7.8, 1.1 Hz, 2H, H-17), 4.17
(s, 2H, H-18), 3.07 (t, J = 6.5 Hz, 4H, H-10), 2.88 (t, J = 6.5 Hz, 4H, H-11). 3C NMR
(101 MHz, CDCl3) § 159.96 (C-19), 159.90 (C-12), 148.40 (C-14), 136.80 (C-16), 130.39
(C-21), 128.01 (C-28), 123.85 (C-29, C-17), 123.77 (C-25), 121.50 (C-15), 111.01 (C-
24)55.21 (C-10), 52.97 (C-18), 35.86 (C-11). HRMS (ESL m/z): calculated for CasHaeNs"
[M + H]" m/z =408.21827; found m/z = 408.2180.

Ligand (75)

H
N
X = EtsN, CH,CI
Felsew = C@f
= N N N+ r.t, 7 days 17 2 N 24 29
|

HCr (18%) 28 33

. 32
67 73.HCI 29 > 8
33 32

75

To a solution of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI
(0.100 g, 0.397 mmol) in CH>Cl, (20 mL) cooled to 0 °C, was added 1-(pyridin-2-yl)-N-
[(quinolin-2-yl)methyl]methanamine 67 (0.099 g, 0.397 mmol) and Et3N (0.11 mL, 0.794
mmol) sequentially. The solution was allowed to warm gradually to r.t and stirred for 7
days. The reaction mixture was washed with H>O (50 mL), 10% KOH (25 mL) and H,O
(50 mL), dried over MgSOQsa, filtered and concentrated (rotavap). Purification by silica gel
chromatography (10% MeOH in CH2Cl2 + 1% NH4OH) chromatography afforded the
title compound 75 (0.031 g, 18%) as a brown oil; 'H NMR (400 MHz, CDCls) & 8.68
(ddd,J=4.9, 1.9, 0.9 Hz, 1H, H-9), 8.20 (dd, J = 8.4, 1.1 Hz, 1H, H-18), 8.10 — 8.03 (m,
3H, H-16, H-29), 7.99 — 7.90 (m, 2H, H-33), 7.81 — 7.73 (m, 2H, H-21, H-19), 7.63 —
7.50 (m, 2H, H-20, H-11), 7.45 (d, J = 8.4 Hz, 1H, H-17), 7.38 (dt, J = 6.6, 3.3 Hz, 2H,
H-32), 7.30 (dt, J= 7.9, 1.1 Hz, 1H, H-12), 7.19 (ddd, J = 7.6, 4.8, 1.2 Hz, 1H, H-10),
4.20 (s, 2H, H-2), 4.13 (s, 2H, H-4), 3.99 (s, 2H, H-3). '3*C NMR (101 MHz, CDCl;) &
163.79 (C-24), 159.06 (C-5), 158.26 (C-6), 158.14 (C-7), 149.33 (C-9), 147.63 (C-15),
137.05 (C-16, C-29, C-20), 130.37 (C-28), 130.03 (C-19), 128.76 (C-18), 128.03 (C-33),
127.79 (C-21), 127.56 (C-14), 126.69 (C-11), 124.09 (C-12), 123.63 (C-32), 122.77 (C-
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10), 121.61 (C-17), 60.91 (C-2), 60.29 (C-4), 53.01 (C-3). (HRMS) (ESL m/2): calculated
for CasHoaNs" [M + H]" m/z =430.20262; found m/z = 430.2023.

Ligand (76)

12

B 11
8 |

10

\/@ 40 °C 7 days 21 /13 ZK(N 25 30

H cr (35%) 29 34
73.HCI 30 29 33

34" 33
76

To a mixture of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI
(0.334 g, 1.33 mmol) in CH2Cl> (30 mL) was added EtsN (0.37 mL, 2.66 mmol) with
stirring for 1 minute. The solution was then added to a solution of 2-(pyridin-2-yl)-N-
[(quinolin-2-yl)methyl]ethan-1-amine 68 (0.350 g, 1.33 mmol) in CH>ClL> (15 mL). After
stirring at 40 °C for 7 days, the reaction mixture was washed with H>O (50 mL), 10%
KOH (20 mL) and H>O (50 mL), dried over MgSQOy4, filtered and the solvent removed
(rotavap). Purification by silica gel chromatography (10% MeOH in CH2Cl> + 1%
NH4OH) afforded the title compound 76 (0.207 g, 35%) as a brown oil; 'H NMR (400
MHz, CDCl) ¢ 8.62 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H, H-10), 8.12 — 8.07 (m, 1H, H-17),
8.05 (s, 2H, H-30), 7.96 (dd, J = 6.4, 3.3 Hz, 2H, H-34), 7.87 (d, J = 8.5 Hz, 1H, H-19),
7.77 = 7.66 (m, 2H, H-20, H-21), 7.54 — 7.42 (m, 2H, H-22, H-12), 7.39 (dd, /= 6.4, 3.2
Hz, 2H, H-33), 7.16 (ddd, J=7.5,5.0, 1.2 Hz, 1H, H-11), 7.05 (d, /= 8.4 Hz, 1H, H-18),
6.99 (dt,J=17.8, 1.1 Hz, 1H, H-13), 4.19 (s, 2H, H-2), 4.05 (s, 2H, H-4), 3.16 (t, /= 6.3
Hz, 2H, H-3), 3.05 (t, J= 6.4 Hz, 2H, H-7). 3C NMR (101 MHz, CDCl3) § 160.23 (C-5),
159.62 (C-6), 159.30 (C-8), 148.35 (C-10), 147.49 (C-25), 136.89 (C-12), 136.59 (C-19),
129.77 (C-20), 128.82 (C-17, C-30), 128.12 (C-34), 127.70 (C-21), 127.41 (C-29), 126.49
(C-22), 124.05 (C-13), 123.18 (C-33), 121.63 (C-11), 121.02 (C18), 115.76 (C-15),
106.43 (C-16), 61.30 (C-4), 54.75 (C-3), 53.25 (C-2), 36.35 (C-7). (HRMS) (ESI, m/z):
calculated for C20Ha6Ns™ [M + H]" m/z =444.21827; found m/z = 444.2180.
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Ligand (77)

18
X
) N e
N 7 H | 14
| . OO N\, Ll EtN, CH,Cl,
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66 73.HCI 25 Q 33
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To a mixture of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCIl
(0.400 g, 1.59 mmol) in CH2Cl> (40 mL) was added Et;N (0.44 mL, 3.18 mmol) with
stirring for 1 minute. The solution was then added to a solution of N-[(pyridin-2-
yl)methyl]-2-(quinolin-2-yl)ethan-1-amine 66 (0.421 g, 1.59 mmol) in CH>Cl> (20 mL).
After stirring at 40 °C for 7 days, the reaction mixture was washed with H>O (50 mL),
10% KOH (20 mL) and H>O (50 mL), dried over MgSQs, filtered and concentrated
(rotavap). Purification by silica gel chromatography (10% MeOH in CH2Cl + 1%
NH4OH) afforded the title compound 77 (0.019 g, 37%) as a brown oil; 'H NMR (400
MHz, CDCl) 6 8.41 (ddd, J=4.9, 1.8, 0.9 Hz, 1H, H-21), 8.16 (dq, /= 8.4, 0.9 Hz, 1H,
H-10), 7.95 (ddd, /= 13.0, 7.4, 2.1 Hz, 4H, H-30, H-34), 7.84 — 7.74 (m, 2H, H-3, H-2),
7.57 (ddd,J=8.1,6.9,1.2 Hz, 1H, H-1), 7.38 (dd, /= 6.5, 3.2 Hz, 2H, H-33), 7.30 — 7.23
(m, 2H, H-6, H-20), 7.13 (d, /= 8.4 Hz, 1H, H-9), 7.04 — 6.94 (m, 2H, H-19, H-21), 4.19
(s, 2H, H-15), 3.87 (s, 2H, H-14), 3.19 (h, J = 1.4 Hz, 4H, H-12). '*C NMR (101 MHz,
CDCI3) 6 161.12 (C-8), 159.03 (C-22), 158.58 (C-16), 148.85 (C-18), 147.65 (C-25, C-
3), 136.67 (C-30), 136.59 (C-20, C-6), 130.29 (C-29), 129.86 (C-2), 128.48 (C-10),
128.01 (C-34), 127.86 (C-3), 126.99 (C-5), 126.25 (C-1), 123.61 (C-33), 123.50 (C-21),
122.32 (C-19), 122.09 (C-9), 60.69 (C-14), 54.88 (C-12), 53.14 (C-15), 37.34 (C-12’).
HRMS (ESI, m/z): calculated for C20H26Ns* [M + H]" m/z =444.21827; m/z = 444.2179.

Pyrene-4,5-dione (79)

‘ RuCl3.xH,0, NalO,4 O 0o
OO CHN, H,0 “
‘ CH,Cly, rt, 18 h O o)
(34%)

78 79
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To a mixture of pyrene 78 (0.520 g 2.57 mmol), and RuCl3.xH>O (5.12 mg, 0.024 mmol)
in CH3CN (10 mL) was added a solution of NalO4 dissolved in hot H>O (12 mL). CH2Cl»
(10 mL) was added to this and the reaction mixture was stirred vigorously under N> at
room temperature for 18 h. Following filtration through celite, the filtrate was extracted
with CH2Cl; (3 x 25) and the combined organic phases were washed with Na,COs3 and
H>0 and dried over MgSOs, and the solvent was removed (rotavap). Purification by silica
gel chromatography (4% MeOH in CH:Cly) afforded the title compound 79 (0.202 g,
34%) as a bright orange solid. '"H NMR (400 MHz, CDCl5) § 8.51 (dd, J= 7.4, 1.3 Hz,
2H), 8.20 (dd, J= 8.0, 1.3 Hz, 2H), 7.87 (s, 2H), 7.77 (dd, J= 8.0, 7.4 Hz, 2H). '*C NMR
(101 MHz, CDCl3) & 180.69, 135.93, 132.27, 130.39, 130.35, 128.68, 128.18, 127.44.

Data is consistent with the literature. 2°

4,5-Diketopyrene dioxime (80)

NH,OH.HCI, BaCO4

EtOH
reflux, 36 h
(91%)

A mixture of pyrene-4,5-dione 79 (0.169 g, 0.727 mmol), hydroxylamine hydrochloride
(0.180 g, 2.59 mmol), and BaCO3 (0.221 g, 1.11 mmol) in EtOH (10 mL) were stirred at
reflux for 39 h. After cooling to room temperature, the solvent was removed (rotavap).
To the resulting crude yellow residue was added 0.2 M HCI (11.5 mL) and the mixture
was stirred at room temperature for 30 minutes. Following filtration, the solid was washed
with ice-cold H>O (10 mL), EtOH (10 mL) and diethyl ether (10 mL) to afford the title
compound 80 (0.174 g, 91%). 'H NMR (400 MHz, CDCI3) § 13.80 (d, J = 7.7 Hz, 1H),
12.98 (dd, J=7.6, 1.2 Hz, 1H), 12.89 (dd, /= 7.9, 1.2 Hz, 1H), 12.85 — 12.78 (m, 2H),
12.58 — 12.44 (m, 3H). LRMS (ESI, m/z): calculated for Ci1cH11N2O2" [M + H]" m/z =
263.08; found m/z = 263.0. Data is consistent with the literature.?*!
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4,5-Diaminopyrene (81)

O NH

10%-Pd/C, EtOH “ 2

N,H,, EtOH NH,
reflux, 18 h

(82%)
80 81

To a two-neck flask was added 80 (0.174 g, 0.663 mmol) in EtOH (6 mL), followed by
the evacuation and N filling of the flask, repeated three times. To this was added 10%-
Pd/C (0.100 g, 0.939 mmol) and the flask was evacuated, and nitrogen filled again. The
mixture was heated to reflux and to this was added N>H4 (1 mL) in EtOH (1 mL) over
two portions separated by 30 minutes. After stirring at reflux for 18 h, the hot reaction
mixture was filtered through celite, washed with hot ethanol, and reduced to dryness
(rotavap). The crude solid was triturated in H>O (20 mL) and cooled at 4 °C for 12 h. The
resulting green solid was collected by filtration, and dried in a vacuum desiccator, to
afford the title compound 81 (0.126 g, 82%). '"H NMR (400 MHz, DMSO) § 8.31 (dd, J
=17.8, 1.3 Hz, 2H), 8.07 (s, 2H), 8.02 — 7.93 (m, 4H), 5.21 (s, 4H). >*C NMR (101 MHz,
DMSO) 6 130.57, 127.11, 125.36, 125.33, 123.20, 121.24, 119.15, 117.84. LRMS (ESI,
m/z): calculated for CigHisN2" [M + H]" m/z = 233.10; found m/z = 233.0. Data is

consistent with the literature.?!

Ligand (82)

CH3CO,NH4 O H
reflux, 6 days N/>_<Nt©
(12%) O

35 82

Method A: Pyrene-4,5-dione 79 (0.679 g, 2.92 mmol), quinoline-2-carbaldehyde 35
(0.459 g, 2.92 mmol), and ammonium acetate (4.47 g, 58.0 mmol) were dissolved in
acetic acid (50 mL) and the reaction was stirred at reflux for 6 days. The reaction mixture
was then cooled to room temperature and the solvent was removed (rotavap). The dark
green residue was washed with H,O (50 mL) and extracted with CH2Cl (3 x 50 mL). The

combined organic phases were dried over MgSQOq, filtered, and the solvent removed
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(rotavap). Purification by silica gel chromatography (EtOAc:Hexane 1:1) afforded the
title compound 82 (0.132 g, 12%) as a brown solid.

) :
PONRIOOUE_Ngerae
+ 7\
NH, N rt, 16 h N N 7
(44%)

81 35 82

Method B: A solution of 4,5-diaminopyrene 81 (0.074 g, 0.318 mmol) and quinoline-2-
carbaldehyde 35 (0.100 g, 0.637 mmol) in MeOH (7 mL) was stirred at room temperature
for 16 h. Solid NaBH4 (0.060 g, 1.59 mmol) was added slowly, and the reaction was
stirred for a further 3 h at room temperature. To the reaction solution was added H>O, the
pH adjusted to pH 7 by the addition of 6 M HCl, and extracted with CH>Cl> (3 x 100 mL).
The combined organic phases were washed with H,O (100 mL), dried over MgSQOs4, and
following filtration the solvent was removed (rotavap). The crude residue was triturated
in EtOAc (100 mL) and the resulting solid was collected by filtration, dried in a vacuum
desiccator, to afford the title compound 82 (0.051 g, 44%) as a bright yellow solid. 'H
NMR (400 MHz, CDCl3) 6 9.01 (dd, J=7.6, 1.2 Hz, 1H), 8.81 (dd, /= 7.6, 1.1 Hz, 1H),
8.67 (d, J=8.5 Hz, 1H), 8.43 (dd, J = 8.4, 1.6 Hz, 2H), 8.27 (dd, J= 7.7, 1.2 Hz, 2H),
8.21 — 8.10 (m, 5H), 7.94 (dd, J= 8.2, 1.5 Hz, 1H), 7.85 (ddd, J = 8.3, 6.8, 1.5 Hz, 1H),
7.66 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H). HRMS (ESI, m/z): calculated for C2¢HisN3" [M +
H]" m/z =370.13387; found m/z = 370.1339.
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Chapter Three
Synthesis of quinoline-containing starting materials and their

corresponding tri- and tetradentate ligands

3.1 Chapter Overview

This chapter details an investigation of the synthesis of quinoline-containing starting
materials (Scheme 12) for the preparation of tridentate and tetradentate tripodal ligands.
As mentioned previously, multidentate ligands containing quinoline moieties have thus
far been limited to quinolylmethyl moieties, and as yet, no quinolylethyl units have been
incorporated into tetradentate tripodal ligands. With this in mind, one of the aims of this
chapter is the synthesis of 2-quinolylethyl starting materials and the incorporation of these

into tridentate and tetradentate tripodal ligands.
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Se0,, 1,4-dioxane X
reflux, 1 h O

NBS, ACBN N
benzene N/ Br
N reflux, 18 h 36
~
N
34 CH,0, EtOH m/\ SOCl,, CH;Cly N
reflux, 24 h N/ OH rt 1h N; Cl

|
39 Hcr
41
(C,Hs),NH-HCI, CH,0 X
1,4-dioxane N/ =
reflux, 1 h
45

Scheme 12. General synthetic schemes of quinolyl starting materials derived from 2-

methylquinoline.

3.2 Introduction

3.2.1 Tetradentate ligands

As previously discussed in Chapter One section 1.2.3, a tetradentate tetraamine tripodal
ligand consists of a central nitrogen donor atom that is attached to three arms each

containing a nitrogen donor (Figure 56).

~

N

pzd
pd
pzd

Figure 56. The general structure of a tripodal tetraamine ligand.

The synthesis of tripyridyl tripodal ligands, analogous to those reported herein, can be
achieved by alkylation of either ammonia or a primary (2-pyridyl)alkylamine with the
appropriate pyridine precursor. For example, the symmetrical ligand 11 can be prepared
from the reaction of 2 equivalents of 2-vinylpyridine 61 and 2-(pyridin-2-yl)ethan-1-

4’232,233

amine 5 or from the reaction of excess 2-vinylpyridine 61 and either ammonium

acetate or ammonium chloride (Scheme 13).3023+236

78



Chapter Three

4 g
X A H,0O:MeOH (6:1) X X
2 || el - N N N
NT = N NH, reflux, 6 days
(50%)
61 54 2SN 1
~ I
4 4
AN H,0O:MeOH (6:1) \N N \N
| + NH4X >~
NT NF reflux, 6 days
X =CI, OAc (23%)
(o]
61 Z°N M
. I

Scheme 13. Reported syntheses of the ligand 11.2%**

Reductive amination is another commonly employed method for the preparation of such
ligands. To illustrate, 10 can be prepared via reductive amination of 2-(pyridin-2-yl)-N-
[2-(pyridin-2-yl)ethyl]ethan-1-amine 62 with pyridine-2-carbaldehyde 59 using
(NaBH(OAc)3) as the reducing agent. Alternatively, ligand 10 can be synthesised from
the reaction of 2 equivalents of 2-vinylpyridine 61 and 1-(pyridin-2-yl)methanamine 56
(Scheme 14).%%7

(NaBH(OAG),) _ _
@/\ /\ﬁ ¥ Ej\/ S aen \N | N \N |
0
Sy N Sy NTNF rt, 36 h
H (90%) N
62 59 10 Nos

CH,COOH Z | Z |

+ pz NH
N/ = N 2
61 56

reflux, 6 days
(76%) 10 |

Scheme 14. Reported syntheses of the ligand 10.%*7238

Another synthetic pathway that utilises a tridentate ligand as a starting material is the
synthesis of 9 reported by Lonnon et al.?*” The ligand is prepared from the reaction of 1-

(pyridin-2-yl)-N-[(pyridin-2-yl)methylJmethanamine 60 with 3 equivalents of 2-
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vinylpyridine 61 and 1 equivalent of acetic acid refluxed in a MeOH:H>O mixture (4:1)
(Scheme 15).232237

CH4COOH | SEONTS
X N Y, 3Ej\/ MeOH:H,O _N N~
| u M N' P NTNF reflux, 45 h
(93%) N7 |
NN
60 61 9

Scheme 15. Reported synthesis of the ligand 9.%7

The analogous 2-quinolylmethyl-containing tripodal tetradentate ligands are also
prepared following similar preparations to the pyridyl ligands described above. The
ligand 28 can be prepared from the reaction of 1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methyl]methanamine 60 and 2-(bromomethyl)quinoline 36 in THF, with added Et3N,
at room temperature for 3 days (Scheme 16). An alternative synthesis of this ligand
involves the reaction of 2-(chloromethyl)quinoline hydrochloride 83 and 1-(pyridin-2-
yl)-N-[(pyridin-2-yl)methylJmethanamine 60 in anhydrous CH3;CN in the presence of
anhydrous K>COs3.!%’

]
X XN N EtN, THF SN
N =z = r.t, 3 days | |
(56%) N =
36 60 28

Scheme 16. Reported synthesis of the ligand 28.1%

The ligand 29 was initially synthesised by Karlin and coworkers'?® by reaction of 2-
(bromomethyl)quinoline 36 with 1-(pyridin-2-yl)methanamine 56 in THF in the presence

1."2% involves the

of i-ProNEt (Scheme 17). An alternative approach reported by Das et a
reaction of 1-(pyridin-2-yl)methanamine 56 and 2-(bromomethyl)quinoline 36 in

anhydrous DMF in the presence of Cs2CO3 in the absence of light.
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Z N
I
N A i-Pr,NEt, THF N
+ | N N
N/ Br NG NH, rt, 3 days | N N | N
(65%) / Z
36 56 29

Scheme 17. Reported synthesis of the ligand 29.'%°

As discussed in Chapter One section 1.2.3 the chain length of the arms attached to the
central nitrogen atom can be the same, in which case the tetradentate tripodal ligands are
designated as being symmetric, or different, which gives asymmetric tetradentate tripodal
ligands. Utilising such methods gives rise to a plethora of symmetric and asymmetric
ligand combinations. Thus, there are four types of starting compounds that are generally
used for the synthesis of tetradentate tripodal ligands; alkyl halides, aldehydes, vinylic

compounds, and amines.

3.2.2 Tridentate ligands

Tridentate ligands contain three donor atoms that have the potential to coordinate to a
metal centre (Figure 57) (section 1.2.3). The synthesis of such ligands is analogous to
that discussed in Chapter One section 1.2.4 for the tetradentate ligands. In fact, many of
the preparations for the tetradentate tripodal ligands, result in the corresponding tridentate

ligand as a byproduct of the reaction.

a

Figure 57. The general structure of a tridentate amino ligand.

For example, the tridentate ligand 1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methyl]methanamine 60 can be prepared from the reaction of 1-(pyridin-2-
yl)methanamine 56 and pyridine-2-carbaldehyde 59 following subsequent reduction
using NaBH4.%*? Alternatively, the reaction of excess 1-(pyridin-2-yl)methanamine 56
with 2-(chloromethyl)pyridine hydrochloride 84 in the presence of NaxCOs3 affords the
same ligand (Scheme 18).2****! In addition, this methodology also affords the tetradentate

analogue 8.
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1. MeOH
| X | X rt, 10 h | X N | X
- H
A NH, 7 A _0 2. NaBH, _N N~
N N
rt2h
56 59 (99%) 60

EtOH:H,0 (17:1)

NaOH
| X . | N r.t, 40 min @(\N/\@
B . H
N* Cl N NH reflux, 18 h ~N N~
H Cr (40%)
84 56 60

Scheme 18. Reported syntheses of 1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methylJmethanamine 60.>3°>*!

There are a handful of tridentate quinolyl-containing ligands reported in the literature that
contain unsubstituted quinoline moieties. Again, these compounds are prepared following

similar methodologies to those described above.

The reaction between quinoline-2-carbaldehyde 35 and N-(2-aminoethyl)acetamide 85
gives the corresponding imine, and NaBH4 reduction of this affords N!-[(quinolin-2-
yl)methyl]ethane-1,2-diamine 86.> This ligand can also be prepared by reacting 2-
(chloromethyl)quinoline hydrochloride 83 with ethane-1,2-diamine 88 (Scheme 19).°
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EtOH

X 0 rt14h B N

_N H NH,

N H 0 °C, NaBH,
35 85 rt,4h 86
(67%)

A N N
B TR bl _N H/\NH
NG 2 (17%) 2
|
H Cr
83 88 86

Scheme 19. Reported syntheses of N'-[(quinolin-2-yl)methyl]ethane-1,2-diamine 86.°%°

The ligand N-methyl-2-(pyridin-2-yl)-N-[(quinolin-2-yl)methyl]ethan-1-amine 89 can be
obtained as a viscous yellow oil from the reaction of N-methyl-2-(pyridin-2-yl)ethan-1-
amine 90 and 2-(chloromethyl)quinoline hydrochloride 83 in the presence of Cs2CO3
(Scheme 20). It should be noted that the diagram of the ligand given in the original paper

is in error, as it contains an isoquinoline, rather than a quinoline unit.?*?

THF N
A . X Cs,CO; | _ N Ny
N O NT N~ reflux, 4 days N |
Her H (65%) Z
83 920 89

Scheme 20. Reported synthesis of N-methyl-2-(pyridin-2-yl)-N-[(quinolin-2-yl)methyl]ethan-1-

amine 89.°”

3.2.3 Compounds containing the 2-quinolylethyl moiety

To date it appears that there are only a small handful of compounds that contain 2-
ethylquinoline moieties. Two of these are molecules 91 and 92, derivatives of the more
commonly studied phenyl compound lobelane 93. A study conducted by Vartak et al.>*
on improving the water solubility of lobelane 93 (Figure 58), afforded the novel quinolyl
analogue, quinlobelane 91 (Figure 58) from the replacement of the phenyl rings. This

compound is most likely the first reported structure to contain a 2-quinolylethyl moiety.
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lobelane 93 quinlobelane 91

Figure 58. Structures of the ligands lobelane (left) and quinlobelane (right).

The preparation of the quinoline-containing compound was reported from the reaction of
2,6-lutidine 94 with MeOTs to afford compound 95. In the presence of 2 equivalents of
NaOH, 95 is reacted with quinoline-2-carbaldehyde 35 in EtOH followed by sequential
reduction of the double bond to afford 91 (Scheme 21).2%

A MeOTs ~N N
) — A o
" "

N

oTs” NaOH (2 equiv.)
94 95 35 EtOH, 8 h
(90%)

Pt sponge, CH;COOH

= | % 12 h, 30 psi
91

(35%)

1 243

Scheme 21. Reported synthesis of quinlobelane 9

Subsequently, Ding et al.*** reported an improved synthesis of the piperidine-based
compound, 91. Originally, the N-methylated compounds were synthesised; however,
following structure-activity relationship studies on these analogues, it was found that the
absence of the N-methyl substituent did not have an impact on their desired properties.
With this in mind, the authors continued without the methyl substituent and developed a
more efficient synthesis for the formation of 92. A Wittig reaction of the N-Cbz-protected
cis-piperidine-2,6-dicarboxaldehyde 97 with 2-(triphenylphosphinylmethyl)quinoline
bromide 98 was employed, followed by sequential deprotection of the N-Cbz group and
reduction of the alkene groups to afford 92 (Scheme 22).
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| X
e) N/ 0 - PPh3Br
Cbz

96 97
Wittig reaction

N deprotection \/(j\/%
O D O and reduction ©/\/\rﬂ | N
Cb
Z (75%) z z

Scheme 22. Reported modified synthesis of quinlobelane 92.>*

Ir=z

92

The authors selected the quinoline starting material, 2-(triphenylphosphinyl-
methyl)quinoline bromide 98, which was synthesised via a four step synthetic pathway.
The synthesis of the quinoline starting material commenced with the oxidation of 2-
methylquinoline 34 to afford quinoline-2-carbaldehyde 35. The aldehyde was then
reduced to the alcohol 99 using NaBHa, followed by a bromination reaction in 33%
HBr/CH3COOH to yield 2-(bromomethyl)quinoline 36. The final step involved the
reaction between the brominated quinoline and triphenylphosphine (PPh3) in toluene to

obtain the desired product 98 (Scheme 23).2442%

Se0,, 170°C_ _ NaBH, m
(81%) EtOH, r.t

(92%)
33% HBr:CH;COOH
reflux
(98%)
CLL >
NT > PPRBT by, reflux N oL
98 (95%) 36

Scheme 23. Reported synthesis of 2-(triphenylphosphinylmethyl)quinoline bromide
98.244

The ligand N'-{2-[8-amino-6-(trifluoromethyl)quinolin-2-yl]ethyl} -N,/N-
dimethylmethanediamine 100 is a mono-quinolylethyl tridentate ligand and has been
reported in concert with several other derivatives of the basic skeleton of this compound.

The ligand 100 can be prepared via three synthetic steps, commencing with the initial
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formation of 8-nitro-6-(trifluoromethyl)-2-vinylquinoline 101 by the treatment of 2-
methyl-8-nitro-6-(fluoromethyl)quinoline 102 with FeCls and K2S20g in DMA. Next, the
reaction of 101 and N,N-dimethyl-1,2-ethanediamine in the presence of K,COs3 in 1,4-
dioxane, affords 103. Subsequent reduction of 103, affords the free ligand 100 (Scheme
24).2'* The free ligand was then converted to the hydrochloride salt by the addition of
concentrated HCI. This ligand, along with the other derivatives in its series, have been

designed to act as chelating compounds for potential use as anti-Alzheimer’s agents.?"’

FeCI3, K28208

FsC F3C

N DMA . N
N 110°C, 1.5 h N
NO2 402 NO2 101
(CH3),NCH,CH,NH,
K,COs4
1,4-dioxane
rt,1h
FaC A Fe, CHsCOOH, EtOH  F3C N
NT 80 °C, 4 h N
45%
100 N 103 >n

Scheme 24. Reported synthesis of the ligand 100.>'%2%

N-(2-(Quinolin-2-yl)ethyl)acetamide 104 can be prepared from the treatment of
(quinolin-2-yl)acetonitrile 105 with lithium aluminium hydride in THF at room
temperature for 30 minutes. The resulting product is further treated with acetic anhydride
in the presence of EtsN in CH2Cl» at room temperature for 2 hours to afford the desired

2-quinolylethyl ligand 104 (Scheme 25).
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N 1. LAH, THF, r.t, 30 min N o
NP CN 2. Ac0, EtgN, CH,Cly 7 N)K

rt,2h (75%)

105

Scheme 25. Reported synthesis of N-(2-(quinolin-2-yl)ethyl)acetamide 104.2'>

Another ligand that is based on the mono-quinolylethyl skeleton is (R)-N-(1-(3,5-di-tert-
butylphenyl)-2-(quinolin-2-yl)ethyl)acetamide 106. The compound 107 is synthesised
initially following a preparation similar to that described for 104 above. Sequential
treatment with HCI in 1,4-dioxane, Et3N and acetic anhydride, affords the ligand 106
(Scheme 26).215-24

1. n-BuLi, THF N

m 0°Ctort 3h N/
N" 2.0 H He tBu

I
_S. = t-Bu '
34 tBu” N Bu- >0 ©/
107 t-Bu
t-Bu 1.4 M HCI, MeOH
-78°Ct00°C,2h rt, 6h

2. CH3COOH, EtzN, CH,Cl,
rt, 18 h (82%)

N/
HN t-Bu
o @
106 -Bu

Scheme 26. Reported synthesis of (R)-N-(1-(3,5-di-tert-butylphenyl)-2-(quinolin-2-
ylethyl)acetamide 106.>"

3.2.4 Aims

This thesis primarily concerns the synthesis and characterisation of new quinoline-
containing multidentate ligands. As discussed above, while several derivatives of
aminoethylquinoline-containing compounds are known, there is a notable absence of
quinolylethyl-containing ligands in which the quinoline unit is unsubstituted. Therefore,

in addition to incorporating 2-quinolylmethyl units into multidentate ligands, as reported
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elsewhere in this thesis, we are particularly interested in synthesising ligands containing

the 2-quinolylethyl moiety.

Using the methods illustrated in Scheme 12 (section 3.1), the quinoline-containing
starting materials quinoline-2-carbaldehyde 35, 2-(bromomethyl)quinoline 36, 2-
(quinolin-2-yl)ethan-1-ol 39, 2-(2-chloroethyl)quinoline hydrochloride 41, 2-(quinolin-
2-yl)ethyl methansulfonate 42, and 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate
43 have been synthesised. These compounds have then been used as described below to

afford a series of tetradentate and tridentate ligands.
3.3 Synthesis of quinoline starting materials

3.3.1 The synthesis of 2-quinolylmethyl compounds

The aldehyde-containing starting material, quinoline-2-carbaldehyde 35, was a necessary
starting material for the synthesis of these ligands. Following a modified previously

reported preparation,*

the desired product was prepared from the reaction of 2-
methylquinoline 34 and SeO: in 1,4-dioxane at reflux for 1 hour. After cooling to room
temperature, the mixture was filtered to remove a black precipitate, presumably elemental
selenium, and the solvent was removed. The crude material was dissolved in CH2>Cl»
followed by an aqueous work-up to afford quinoline-2-carbaldehyde 35 (Scheme 27). The
identity of the product was confirmed by NMR spectroscopy and mass spectrometry;

these data were consistent with the literature.?4247

X Se0,, 1,4-dioxane m
N/ reflux, 1 h N/ -0
(87%)
34 35

Scheme 27. The synthesis of quinoline-2-carbaldehyde 35.

2-(Bromomethyl)quinoline 36 was prepared by modification of the method reported by
Zhao et al.*'® A mixture of 2-methylquinoline 34 and N-bromosuccinimide in benzene,
in the presence of 1,1-azobis(cyclohexanecarbonitrile) (ACBN), was stirred at reflux for
18 hours. Following aqueous work-up and purification by silica gel column
chromatography, the brominated compound 36 was obtained (Scheme 28). Analysis by
"H NMR spectroscopy revealed the presence of a two proton singlet at duy 4.72 pm,
corresponding to the newly installed CH> group. The synthesis of 36 was further
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confirmed by '*C NMR spectroscopy and mass spectrometry, data from both of which

matched those previously described the literature.?!%27

NBS

©\/j\ ACBN, benzene m
~ —
N reflux, 18 h N Br

(45%)
34 36

Scheme 28. The synthesis of 2-(bromomethyl)quinoline 36.

According to the authors, conversion of 2-(bromomethyl)quinoline 36 to the
hydrobromide salt is helpful for long term storage to mitigate the polymerisation of the
free base.?!” However, in our hands the free base was found to be more useful moving
forward. As a result, the free base was synthesised, purified by silica gel chromatography,

and carried over to the next step immediately to avoid any polymerisation of the product.

While 2-(bromomethyl)quinoline 36 is useful as an electrophile in formation reactions of
multidentate ligands, aminoalkylquinolines will also be useful as nucleophiles in such
reactions. The amine provides the central nitrogen atom to which the other arms can easily
be attached through reaction with alkylhalides or aldehydes. Therefore, the synthesis of

1-(quinolin-2-yl)methanamine 108 became the next reaction of interest.

Following a previously reported preparation,?!¢ 2-(bromomethyl)quinoline 36 (described
above) and potassium phthalimide in DMF were stirred at room temperature for 5 hours
(Scheme 29). To the reaction flask was added H>O and the resultant precipitate was
collected by filtration and washed with additional H,O. Recrystallisation from EtOH
afforded a white solid. '"H NMR analysis of the solid revealed a spectrum that was not
consistent with that reported in the literature for 109. At this point in time, it was decided

not to continue with this reported procedure.
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m CgH4KNO,, DMF mj

” .
NT B rt 5h N
36 109 ©

Scheme 29. Attempted synthesis of 2-[(quinolin-2-yl)methyl]-1H-isoindole-1,3(2H)-
dione 109.

An alternative method was attempted next involving the synthesis of the corresponding
oxime, N-[(E)-(quinolin-2-yl)methylidene]hydroxylamine 37, followed by subsequent
reaction with acetic acid and zinc dust in EtOH. With slight modifications to the reported
preparation,”'® 37 was synthesised from the reaction of quinoline-2-carbaldehyde,
hydroxylamine hydrochloride and K>COs in EtOH at reflux for 30 minutes (Scheme 30).
Following filtration, the solvent was removed (rotavap) to afford a yellow solid 37. 'H
NMR analysis of the crude material 37, revealed a clean spectrum that was consistent

with the literature.?!® The solid was used in the next step without further purification.

HO_N H2
A Ko,COj3, EtOH ~
N _O reflux, 40 min N" H
(91%)
35 37 NOH

Scheme 30. The synthesis of the oxime intermediate 37.

Following the methodology of Sahu et al.,**®

with slight modifications, 37 and acetic acid
were dissolved in EtOH. The addition of zinc powder was made in small increments over
1 hour. The mixture was then stirred at room temperature for a further 13 hours (Scheme
31). Following filtration, concentration of the filtrate and an aqueous work-up, the residue

was obtained as a brown oil.
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CH;COOH, EtOH
= Zn dust N ©\/j\/
NZ N H rt, 13 h N NH2

37 NOH 38

Scheme 31. The synthesis of 1-(quinolin-2-yl)methanamine 38.

The crude material was analysed by mass spectrometry, and a product ion peak at m/z =
159.1 was observed in the mass spectrum, consistent with the calculated value for 38
(calcd. for C1oH 11Nz [M+H]" m/z = 159.09; found m/z = 159.1). However, this peak was
of low relative abundance in comparison to several other signals, with the base peak
observed at m/z = 291.2. However, this peak could not be sensibly assigned. Further
analysis of the crude material by 'H NMR spectroscopy revealed a noisy spectrum
consistent with the presence of a number of compounds. This was confirmed by TLC
analysis which gave a streaky plate with several spots. Purification by silica gel

chromatography failed to isolate any of the desired product.

Since we now had several 2-quinolylmethyl starting materials, we decided to use these in
reactions with aminomethyl- and aminoethylpyridines for the preparation of tri- and

tetradentate ligands.

3.3.2 The synthesis of 2-quinolylethyl-containing starting materials

As discussed previously in Chapter One section 1.3.3, tripodal ligands that contain 2-
quinolylethyl moieties have yet to be reported in the literature. As a result, a series of 2-
quinolylethyl derivatives were required for the synthesis of such ligands. 2-(quinolin-2-
yl)ethan-1-ol 39 was initially chosen as a useful starting material for the preparation of

such derivatives.

Following a previously published method,?!® 2-methylquinoline 34 and 30%
formaldehyde in a EtOH:H>O mixture (1:1) were heated at reflux for 24 hours (Scheme
32). Following removal of the reaction solvent, the crude residue was triturated with

EtOAc to afford a white precipitate.
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(CH0),
N7 relfux, 24 h N7 OH N OH
34 39 (29%) 40 (33%) ~OH

Scheme 32. The synthesis of 2-(quinolin-2-yl)ethan-1-ol 39 and 2-(quinolin-2-
vl)propane-1,3-diol 40.

The '"H NMR spectrum (Figure 59) of this exhibited two multiplet signals each integrating
for two protons (6u 4.29 and 4.16 ppm), as well as the loss of the resonance assigned to
the methyl group of the starting material. In addition, a one proton quintet appearing at
ou 3.21 ppm was present, a signal that could not be assigned to the desired product.
Further analysis of the sample by mass spectrometry revealed the presence of a single
peak, with a molecular weight corresponding to that of 2-(quinolin-2-yl)propane-1,3-diol
40 (calcd. C12H13NO2" [M + H]" m/z = 204.0; found m/z = 204.0). Upon revisitation of
the '"H NMR spectrum and further 2D NMR analysis, the resonance at Sy 3.20 ppm was
assigned to the -CH proton from the diol.
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Figure 59. 'H NMR spectrum of 2-(quinolin-2-yl)propane-1,3-diol 40 in CDCl;.

The presence of 2-(quinolin-2-yl)propane-1,3-diol 40 in the reaction mixture was not
reported by the authors of the referenced paper;?!® however, the synthesis of this

compound using similar experimental procedures has been previously reported.?2024°

lw220

Following the method of Yang et a we found that the obtained product was identical

to the diol 40 we had previously isolated.

The first reaction was then repeated, and 2-(quinolin-2-yl)ethan-1-ol 39 was obtained
following silica gel column chromatography of the crude material, separating the desired
product from the diol. '"H NMR of the product revealed two triplets at 6u 4.15 and 3.20
ppm corresponding to the ethyl -CH protons (Figure 60). Remaining characterisation
data ('3C and 2D NMR and LRMS) were consistent with those reported in the literature®!’

and confirmed the isolation of the correct product.
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Figure 60. 'H NMR spectrum of 2-(quinolin-2-yl)ethan-1-ol 39 in CDCl3.

Having successfully prepared 2-(quinolin-2-yl)ethan-1-ol 39, it was then planned to use
this as the starting material for the synthesis of 2-(2-chloroethyl)quinoline 41 following
the method of Huang et al.>° This involved the treatment of 2-(quinolin-2-yl)ethan-1-ol
38 with thionyl chloride in anhydrous CH:Cl; at room temperature for 1 hour. As per the
reported method, after the removal of excess solvent, the subsequent crude product was
dissolved in a large volume of ethyl acetate, washed with brine, dried over MgSO4 and
excess solvent was removed (rotavap) following filtration. An attempt was then made to
analyse the crude material by 'H NMR in CDCls following the reported method.
However, in our hands the addition of CDCI3 only partially dissolved the solid, leaving a
cloudy white residue in the flask. The resulting 'H NMR spectrum collected was noisy
due to the poor solubility of the compound and suggested the presence of a compound
that was not the desired molecule. Attempts to purify the crude material by silica gel
chromatography resulted in an increased amount of this unknown compound, which was

later found to be 2-vinylquinoline 45.

It was of interest that the obtained material was not very soluble in CDClI3, contrary to the
observations of the authors. Given the acidic environment of the reaction mixture and the
lack of any basic workup, the 'H NMR was re-run in D20 in which the product was

completely dissolved, strongly suggesting the presence of a salt.

The reaction was attempted again under the same conditions, but in this case the crude
material was triturated with petroleum ether to afford the desired compound as the

hydrochloride salt 41.HCI in high yield (86%) (Scheme 33).
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39 41.HClI

Scheme 33. The synthesis of -(2-chloroethyl)quinoline hydrochloride 41. HCI

Analysis by mass spectrometry revealed the successful isolation of the clean 2-(2-
chloroethyl)quinoline hydrochloride product 41.HCI. Further confirmation was obtained
by 'H NMR analysis of 2-(quinolin-2-yl)ethan-1-ol hydrochloride 39.HCI and 2-(2-
chloroethyl)quinoline hydrochloride 41.HCI both in D,O. A sample of 2-(quinolin-2-
yl)ethan-1-ol hydrochloride 39.HCI was prepared in situ by the addition of DCI to the
free base alcohol 39 in D,O. Comparing the 'H NMR spectra (D20) of 2-(2-
chloroethyl)quinoline  hydrochloride =~ 41.HCl and 2-(quinolin-2-yl)ethan-1-ol
hydrochloride 39.HCI revealed a shift in ppm of the ethylene triplets from 6u 3.97 and
3.31 ppmto du4.14 and 3.71 ppm (Figure 61). This shift indicated that the desired product

had been formed.
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Figure 61. 'H NMR spectra of 2-(quinolin-2-yl)ethan-1-ol hydrochloride 39.HCI (top)
and 2-(2-chloroethyl)quinoline hydrochloride 41 (bottom) in D:O.

Following the successful isolation of 2-(2-chloroethyl)quinoline hydrochloride 41.HCI,
it was decided to use this starting material for the preparation of a tetradentate tripodal
ligand. Thus, following the methodology of Wei and co-workers,'!” with slight
modifications, 41.HCI and 1-(pyridine-2-yl)methanamine 56, in the presence of i-ProNEt,
were stirred in THF at room temperature for 5 days (Scheme 34). Monitoring the reaction
via TLC proved difficult due to the number of streaky spots on the plate. After a base
wash and removal of the solvent in vacuo, a crude brown residue was obtained. Analysis
of the sample by 'H NMR spectroscopy revealed a noisy spectrum that was not consistent
with that of the desired product. The reaction was attempted several times with modified

reaction conditions, none of which afforded the title compound 57.
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Scheme 34. Attempted synthesis of the ligand 57.

We then considered using 2-(2-bromoethyl)quinoline 44 as the starting material, as we
believed that a better leaving group, such as bromide, may be required for the alkylation

of the amine to proceed.

The conversion of alcohols to alkyl bromides are well-known substitution reactions with
a large number of different reaction conditions having been reported for a wide variety of
alcohols.?>!"2%7 Surprisingly, a SciFinder structure search for 2-(bromoethyl)quinoline 44
gave only two hits; one, a Japanese paper from 1944 by Zasshi, which was unavailable,
and a paper in which it was reported that 2-(2-bromoethyl)quinoline 44 was commercially

obtained.?®

However, there are several reported methods for the conversion of (quinolin-2-
yl)methanol 99 to 2-(bromomethyl)quinoline 36.247-2>°-26! The one step reaction between
(quinolin-2-yl)methanol 99 and 33% HBr in acetic acid reported by Ding and co-
workers®* afforded the hydrobromide salt in high yield (98%). Alternatively, a two-step
process can be used, in which mesylation of an alcohol is followed by substitution with

bromide. Both methods were investigated.

Following the methodology of Schnopp et al.,?$? with modifications, a solution of HBr in
acetic acid (33%) was added to a solution of 2-(quinolin-2-yl)ethan-1-o0l 39 dissolved in
acetic acid and the solution was refluxed for 2 hours (Scheme 35). The literature
preparation reported that the desired product precipitates upon the addition of Et,O and
in our hands a precipitate did form. However, '"H NMR analysis of the crude material
revealed a noisy spectrum inconsistent with that of the desired product 44.HCI. As a

result, the mesylation reaction was then investigated.
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CH3COOH
X 33% HBr X
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HBr
38 44.HCI

Scheme 35. Attempted synthesis of 2-(2-bromoethyl)quinoline hydrobromide 44. HCI

With the unsuccessful formation of 44.HCI the second mesylation method was trialled
next. 2-(quinolin-2-yl)ethyl methanesulfonate 42 was prepared from 2-(quinolin-2-
yl)ethan-1-ol 38 according to the literature.’*! A mixture of 2-(quinolin-2-yl)ethan-1-ol
39 and methanesulfonyl chloride in anhydrous CH>Cl,, in the presence of Et;N, was
stirred at room temperature for 3 hours. Over this time the reaction solution changed from
yellow to green in colour (subsequent results suggest that this may be due to formation of
polymerised 2-vinylquinoline). Following aqueous work-up, '"H NMR analysis of the
crude material suggested the presence of an equal mix of the mesylated product 42 and
another compound that was shown to be 2-vinylquinoline 45. Purification via silica gel

chromatography afforded the mesylated compound in low yield (8.5 %).

In attempts to increase the yield and prevent the formation of 2-vinylquinoline 45, the
reaction was monitored by TLC and revealed that full conversion of the starting material
to the mesylated product 42 occurred in under 10 minutes. After this time, TLC
monitoring showed the presence of 2-vinylquinoline 45 in the reaction mixture. To slow
formation of this byproduct, the reaction was carried out at 0 °C, and this allowed for
exclusive isolation of the mesylated quinoline 42. It was found that once the reaction had
been stopped, the crude material was still very reactive, and the following work-up and

solvent removal had to be done quickly with no increase in temperature.

To confirm that higher temperatures increase the rate at which the vinyl byproduct is
formed, the reaction was repeated at temperatures of 40 °C, 60 °C and 100 °C. In all cases,

almost complete conversion to 2-vinylquinoline 45 was observed.

Therefore, following our modified method, a solution of 2-(quinolin-2-yl)ethan-1-ol 39
and mesyl chloride in anhydrous CH>Cly, in the presence of Et3;N, was stirred at 0 °C for
10 minutes (Scheme 36). Following aqueous work-up, 2-(quinolin-2-yl)ethyl

methanesulfonate 42 was obtained without further purification.
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39 42

Scheme 36. The synthesis of 2-(quinolin-2-yl)ethyl methanesulfonate 42.

Analysis by 'H NMR spectroscopy revealed the presence of a three-proton singlet at du
2.93 ppm in the 'H NMR spectrum (Figure 62), corresponding to the newly installed

methanesulfonyl group, consistent with the literature.?*!
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Figure 62. 'H NMR spectrum 2-(quinolin-2-yl)ethyl methanesulfonate 42 in CDCl3.

As mentioned previously, purification of the crude material using silica gel
chromatography resulted in a very poor yield of the mesylated product. This can be
attributed to an SiO»-catalysed elimination reaction that accelerates the conversion of 2-
(quinolin-2-yl)ethyl methanesulfonate 42 to 2-vinylquinoline 45. This is plausible due to
the presence of both hydroxides and oxides on the silica surface that can provide a slightly

basic environment to aid the elimination reaction.

The formation of vinylic compounds from the corresponding sulfonate esters is a known

reaction. In 2008, Albanese et al.>% reported the preparation of various vinyl heterocyclic
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compounds through B-elimination of the corresponding sulfonate ester. The compounds
were synthesised in 50% aqueous NaOH solutions at 25 °C to 40 °C with the addition of
a phase transfer catalyst. This paper reported the conversion of 2-(pyridin-2-yl)ethan-1-
ol 113, via the sulfonate intermediate 114, to 2-vinylpyridine 51 (Scheme 37). It was noted
that the reaction does require a phase transfer catalyst since the reaction is performed
under aqueous conditions. It was also demonstrated that the percentage of NaOH was

important, with successful conversion requiring at least 40% NaOH.?%

m NaOH 50% @/
—

NG OrR 25-40°C NZ NF
51

80% yield

MsCI/CH,Cl, [ R=H 113
(o]
257C,99% | . R=ws 114

Scheme 37. Reported synthesis of 2-vinylpyridine 51.%%

In our hands, we were surprised to observe that the formation of 2-vinylquinoline 45
proceeds under very mild conditions in comparison to those reported in the literature. In
our hands, 2-vinylquinoline 45 was formed from 2-(quinolin-2-yl)ethylmethanesulfonate

42 in CH2Cl; in the presence of only 2 equivalents of EtsN at room temperature.

Given the ease of this elimination reaction, we wondered if replacement of the mesyl
group with a tosyl group might either prevent, or substantially retard, this undesired

process, and we therefore set about preparing the tosylated derivative 43.

1.222 reported the preparation of 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-

Fukata et a
sulfonate 43 from the reaction of the corresponding alcohol with toluene-p-sulfonyl
chloride and recrystallisation from light petroleum; however, no further details or

references were provided.

As was found for 2-(quinolin-2-yl)ethyl methanesulfonate 42, the synthesis of 2-
(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43 required several attempts to find the
best reaction conditions. In contrast to the mesylation reaction described above, formation
of the tosylated quinoline 43 required a longer reaction time. However, this also allowed
more time for the tosylated product 43 to undergo self-elimination and convert to the

vinyl derivative. As a result, 43 could not be obtained in the crude material free from 2-
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vinylquinoline 45. Attempts to mitigate this issue included performing the reaction at 0
°C; although this reduced the amount of 2-vinylquinoline 45 formed, purification of the

crude material was still necessary.

Isolation of 43 proved difficult when purification was attempted using silica gel
chromatography. TLC analysis of the crude reaction mixture showed equal amounts of 2-
(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43 and 2-vinylquinoline 45. However,
when the crude material was passed through the column, only a small fraction of the
desired product 43 was isolated, and the major product obtained was 2-vinylquinoline 45,
as evidenced by 'H NMR and mass spectrometry. It is suspected that the slightly basic
silica gel again facilitated the elimination reaction and as a result the tosylated product 43
was converted to 2-vinylquinoline 45. Separation of the two compounds could be
achieved by triturating the crude material with petroleum spirits to afford the pure
compound 43 in a moderate yield. This was achieved by following a literature method,
with slight modifications;**! a solution of 2-(quinolin-2-yl)ethan-1-ol 39 in anhydrous
CHCl> was cooled on ice, EtsN and p-toluenesulfonyl chloride were added and the
reaction mixture was stirred for 2 days (Scheme 38). Following an aqueous work-up and
solvent removal, the crude product was triturated with petroleum ether to afford the title

compound 43 as a cream coloured solid.

CH,Cl,, Et;N
m/\ e g m/\ (I)I/©/
— >~
N OH r.t, 2 days N/ O/S\ o
(59%)

39 43

Scheme 38. The synthesis of 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43.

The structure of the desired product 43 was confirmed by '"H NMR spectroscopy, with a
new diagnostic three proton singlet revealed in the 'H NMR spectrum at &y 2.32 ppm
confirming the introduction of the tosyl group (Figure 63).
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Figure 63. '"H NMR spectrum of 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43
in CDCls.

Over the time the reaction took place there was a change in colour from a pale-yellow
solution to a green solution. The change in colour was observed when the product was
stored for extended periods of time and was also observed during the longer reaction times
for 2-(quinolin-2-yl)ethyl methanesulfonate 42. The green colour is suspected to be
caused by polymerisation of the 2-vinylquinoline that is generated over the longer time
periods. Long term storage of such compounds has been studied and similar observations

were reported.?®

While the pure 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43 that was isolated
did prove to be more stable towards elimination in comparison to 2-(quinolin-2-yl)ethyl
methanesulfonate 42, using the mesylated quinoline as the starting material for the
formation of 2-(2-bromoethyl)quinoline 44 proved a more convenient option, as 42 could

be isolated cleanly from the crude reaction and the reaction time is significantly shorter.

As discussed previously, there are two commonly employed pathways to transformation
of an -OH functional group to its brominated analogue. These include direct bromination
of the alcohol using HBr, and mesylation of the alcohol followed by substitution with a
bromide source. With the successful isolation of 2-(quinolin-2-yl)ethyl methanesulfonate
42, the mesylation pathway was investigated next in an attempt to synthesise the desired

brominated product, 2-(2-bromoethyl)quinoline 44.
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It was envisioned that the synthesis of the quinoline derivative would follow an analogous
pathway to that of 2-(2-bromoethyl)pyridine analogue. Following a literature method,?%
with modifications, 2-(quinolin-2-yl)ethyl methanesulfonate 42 and LiBr were refluxed
in (CH3)CO for 1 hour (Scheme 39). Following aqueous workup and attempted
purification by silica gel chromatography, '"H NMR analysis revealed a noisy spectrum

with the major product being 2-vinylquinoline 45.

X
@j\/\
LiBr, (CH3),CO NG Br
©\/j\ﬁ o) reflux, 1 h 44
_ 87
N 0" 0
42 m/
7
NN
45

Scheme 39. Attempted synthesis of 2-(2-bromoethyl)quinoline 44.

The reaction was then attempted at room temperature in THF as the solvent (Scheme
40).%% This time the "H NMR spectrum of the crude material showed a relatively clean
conversion to 2-vinylquinoline 45, with no obvious evidence of 2-(2-
bromoethyl)quinoline 44 formation. Further investigation by mass spectrometry revealed
the presence of 2-(2-bromoethyl)quinoline 44, albeit in very small amounts; however, all

attempts at the isolation of this were unsuccessful.

AN
% Q_ Lier, THF 44
z S, T
N 0"7S0 rt 18h

42 X

Scheme 40. Attempted synthesis of 2-(2-bromoethyl)quinoline 44.

Elimination reactions associated with bromoethyl moieties appear to require base, a
catalyst, or a combination of both.?¢>2¢7-2% Sych conditions are similar to those reported
in the literature for the formation of vinylic compounds from their corresponding

sulfonate esters, as discussed previously. Interestingly, there are two reported
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265,270

preparations of the pyridyl analogue, 2-(2-bromoethyl)pyridine, and neither makes

reference to any observed elimination reaction.

Our failure to prepare 2-(2-bromoethyl)quinoline 44 is presumably due to a facile
elimination reaction of this molecule in which initial deprotonation is aided by the basic
quinoline moiety. However, with this in mind it is unusual that the pyridine congener does
not behave in a similar way. Quinoline is found to be slightly less basic in comparison to
pyridine (pKa values: pyridinium ion 5.17 and quinolinium ion 4.94?’") and therefore it

would be expected that this increase in basicity would assist in the elimination reaction.

Due to the rapid formation of 2-vinylquinoline 45 and the inability to isolate pure 2-(2-
bromoethyl)quinoline 44, studies of the elimination reaction to give 2-vinylquinoline 45

could not be carried out.

It was concluded from the work described above that the addition of increasingly good
leaving groups appears to increase the amount of 2-vinylquinoline 45 formed. To confirm
this, the synthesis of 2-(2-iodoethyl)quinoline 115 using a classical Finkelstein reaction®’?
was attempted, with a 1:5 ratio of 2-(2-chloroethyl)quinoline hydrochloride 41.HCI and
Nal being refluxed in (CH3)>CO for 24 hours (Scheme 41). As the reaction proceeded, a
white solid, which is presumably KCI, was observed, suggesting that the displacement of
the chloride ion by the iodide was occurring. Analysis of the crude material by '"H NMR

revealed no iodo compound 115 was present, and, as expected, 45 was the major product

X Nal, (CH3),CO X
N ol refl(x, 24 h N7 |

synthesised.

Scheme 41. Attempted synthesis of 2-(2-iodoethyl)quinoline 115.

After concluding that the isolation of a 2-(2-haloethyl)quinoline compound was not
feasible, our attention turned to using the elimination product, 2-vinylquinoline 45 as a

starting material for quinoline-containing ligands.
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3.3.3 The synthesis of 2-vinylquinoline (45)

2-vinylquinoline is a valuable intermediate used in many organic syntheses and appears
in the literature in a range of different applications.?’*>~?”” Established preparations include
(Scheme 42): the FeCls-catalysed reaction between 2-methylquinoline 34 and DMF 116
(A),>"” a Wittig reaction between quinoline-2-carbaldehyde 35 and methyl triphenyl

) 278,279
b

phosphonium bromide 117 (B a QGrignard reaction between vinylmagnesium

), and a

bromide 118 and N-oxyisobutyl-oxycarbonylquinolinium chloride 119 (C
Suzuki coupling between 2-chloroquinoline 120 and vinylboronic acid pinacol ester 121
in the presence of PAPh, K,COs and Pda(dba), (D) 2** However, these methods present a
variety of potential problems including variable yields, harsh conditions, and numerous

synthetic steps.

(A)
o)
©\/i J_ _ TBHP, FeCl; 10 mol% X
+ H™ °N -
N~ I 140°C, 4 h NT NF
34 116 (80%) 45
(B)
X t-BuOK A
+ —PPhy -
N -0 THF, 0 °C 15 min N
35 117 rt 24 h 45
(75%)
(©)
X RMgBr X
+ 72 MgBr »
£ A THF, -78 °C NP
N*" Cl 820, N
119 CI)\H/OR 118 (82%) 45
o)
Pd,(dba)s (0.5 mol%)
(D)

PAPhH (1.5 mol%)

X O, K,CO3 X
m * /BJ/ g A
N Cl @] 1,-4-dioxane:H,0 (4:1) N

120 121 (96%) 45

Scheme 42. Reported methods for the synthesis of 2-vinylquinoline 45.

As a result, Xiao and co-workers®* developed a one-pot synthesis for 2-vinylquinoline

45 that is simple and efficient. It should be noted, although it is not mentioned in the
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paper, this method seems to be an optimisation of a previously published method by

Benito et al. in 1989.28!

As discussed by the authors, Mannich reactions followed by deamination®®* have been
demonstrated as an efficient method for the synthesis of vinyl derivatives. Discovered by
Carl Mannich, the Mannich reaction®®?2% involves a three-component condensation in
which an active hydrogen-containing molecule is reacted with formaldehyde and an NH-

derived amine (Figure 64):

H
R-H + H”H + NH — 20 o g\

Figure 64. General Mannich reaction.

Deamination of the resulting product, the Mannich base, via elimination of a primary,
secondary, or tertiary amine, affords the desired vinyl derivative.?®? This method has been
utilised by Larsen et al.®® for the synthesis of 7-chloro-2-vinylquinoline 122 prepared

from a Mannich reaction of 7-chloro-2-methylquinoline 123 followed by Hofmann

elimination®®? of the resulting quaternary salt 124 (Scheme 43).
N 1,4-dioxane
m 1) Et,NH.HCI o N Et;N S
cl N/ Et3N, formaldehyde " (70%) ¢ NG
2) Mel NEt,Me I |
123 124 122

Scheme 43. Reported synthesis of 7-chloro-2-vinylquinoline 122.%%

However, when direct deamination has been used for the preparation of 2-vinylquinoline
45 in previous attempts, the yield recorded was below 2%.25%%7 The work of Xiao et al.**
commenced with the synthesis of 7-chloro-2-vinylquinoline 122 from 7-chloro-2-
methylquinoline 123 and was focused on increasing the yield of the reaction. The authors
stated after several attempts, the reaction of 7-chloro-2-methylquinoline 123,
formaldehyde solution and diethylamine hydrochloride in the presence of 5 mol% of Ets;N
heated at 100 °C in 1,4-dioxane for 30 minutes afforded the desired vinyl product 122 in
high yield (95%). A significant finding was the importance of the catalytic amount of

Et;N present due to the observation of a substantial drop in yield (58%) in the absence of
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the base. Furthermore, it was also demonstrated that accuracy in the amount of EtsN used
was essential, with reduced yields observed when the addition of EtzN was above or
below 5 mol%. The reaction yield and speed were decreased on decreasing the
temperature, and it was shown at 25 °C, only the Mannich base was obtained in moderate
yield (48%) after 48 hours. This suggests the formation of the Mannich base occurs before
the formation of the desired vinyl product. Since no product and only Mannich base was
formed at room temperature, the authors inferred that the energy barrier for the

deamination reaction must be greater than that for the formation of the Mannich base.

In our work, following the literature procedure of Xiao et al.,** 2-methylquinoline 34,
diethylamine hydrochloride, and 30% formaldehyde solution, in the presence of Et3N,
were refluxed in 1,4-dioxane for 1 hour (Scheme 44). Following the removal of the
reaction solvent, the crude material was redissolved in CH2Cl,. Following a basic work-
up and purification by column chromatography, 2-vinylquinoline 45 was isolated as a

light brown oil in good yield (94%).
(CoHs),NH.HCI, (CH,0),

m Et;N, 1,4-dioxane N
NG reflux, 1h N

40
34 (84%) 45

Scheme 44. The synthesis of 2-vinylquinoline 45.

The identity of the product was confirmed by 'H NMR spectroscopy (Figure 65), with
the presence of the diagnostic one-proton doublet of doublets at 6 7.04 ppm, consistent
with that previously described. Moreover, two new doublets at éu 6.28 and 5.67 ppm
(both with J = 0.9 Hz), were attributed to the desired alkene.??* It should be noted that
the authors highlighted the importance of a 5 mol% addition of EtsN (discussed above)
and any deviation from this amount resulted in lower yields. However, during our work
it was found that 15 mol% was necessary to obtain the title product in a high yield of

94%.

107



Chapter Three

Sy 6.28 ppm
N H

NZ N N 8y 5.67 ppm
45

H
Sy 7.04 ppm

®

567

<

—8.11
—8.06
—769

/760

—750
7.04

778

1.00—]i

0 68 66 64 62 60 58 56 54 52 50 48 4.6
f1 (ppm)

Figure 65. 'H NMR spectrum of 2-vinylquinoline 45 in CDCl;.

3.4 Investigation into the syntheses of 2-(2-chloroethyl)quinoline and 2-
(2-azidoethyl)quinoline

Having established that the formation of 2-vinylquinoline 45 occurs in all of the 2-(2-
haloethyl)quinoline reactions reported above, the original preparation of 2-(2-
chloroethyl)quinoline 41 was reinvestigated. As described above, the literature synthesis
reported this compound as a yellow solid that is soluble in CDCIl3; however, in our hands
we obtained a sticky residue that had very poor solubility in CDCI3 but good solubility in
D;0, strongly suggesting the isolation of the hydrochloride salt. It seems unlikely that the
original authors could have obtained the free base in the absence of a basic work up due
to the generation of H" during the reaction. Similarly, our attempts to convert the isolated
2-(2-chloroethyl)quinoline hydrochloride 41.HCl to the free base form were
unsuccessful; 'H NMR (CDCls;) revealed the material obtained was not 2-(2-
chloroethyl)quinoline 41 but 2-vinylquinoline 45. We propose that the formation of 45
occurs from an elimination reaction of 2-(2-chloroethyl)quinoline 42 that is assisted by
the presence of an unprotonated nitrogen atom in the quinoline ring. This reaction appears
to happen spontaneously; however, addition of base appears to accelerate this pathway,
as was seen in our attempts at converting the hydrochloride salt of 2-

(chloroethyl)quinoline hydrochloride 41.HCI to the free base 41.
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Since the isolation of the free base 41, as the authors claimed to have achieved, proved
unsuccessful in our hands, we wanted to investigate what was driving their subsequent

reactions using this compound. Huang et al.>>°

employed the reaction between the
supposed free base 2-(2-chloroethyl)quinoline 41 and sodium azide for the preparation of

2-(2-azidoethyl)quinoline 47 (Scheme 45).

N7 OH rt,1h N" ¢l 70°C,12h NG N

39 (94%) 41 (86%) 47

3

Scheme 45. Reported synthesis of 2-(2-chloroethyl)quinoline 42 and 2-(2-

azidoethyl)quinoline 47.%°

Upon repeating the synthesis of 2-(2-chloroethyl)quinoline 41 following the reported
literature procedure,”® '"H NMR analysis (CDCl3) of the crude material revealed the
presence of two products, 2-(2-chloroethyl)quinoline hydrochloride 41.HCI and 2-
vinylquinoline hydrochloride 45.HCI in approximately equal amounts, with diagnostic
peaks at ou 4.14 ppm and 3.74 ppm corresponding to the -CH2CHz- unit of 2-(2-
chloroethyl)quinoline hydrochloride, and peaks at ou 7.74, 6.66, and 6.10 ppm
corresponding to the alkene protons of the 2-vinylquinoline hydrochloride 45.HCI. It
should be noted that from our previous work, the solubility of 2-(2-chloroethyl)quinoline
hydrochloride 41.HCl is low, therefore, there may be more of this compound present then
what is observed from the integrations of the 'H NMR spectrum. A closer examination of
the spectrum revealed a shift in the peaks observed for the 2-vinylquinoline hydrochloride
45.HCI in comparison to that seen for free base 2-vinylquinoline 45. In particular, the
doublet of doublets usually observed at du 7.04 ppm for 45, was shifted downfield and
overlapped with other aromatic signals around 6u 7.74 ppm. It was postulated that the
observed downfield shift of the 45.HCI peaks was due to the protonation of the quinoline
nitrogen resulting in the formation of the hydrochloride salt. This seemed plausible due
to the acidic environment of the reaction as a result of the HCI generated. As confirmation,
2-vinylquinoline 45 was synthesised as the free base and then converted to the
hydrochloride salt 45.HCIL. 'H NMR (CDCls) analysis of the isolated product revealed
the same chemical shift in the 'H NMR spectrum. Figure 66 displays the '"H NMR spectra
of both 45.HCI and 45 highlighting the significant difference in chemical shifts of the

respective compounds.
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Figure 66. 'H NMR spectra of 2-vinylquinoline hydrochloride 45.HCI (top) and 2-
vinylquinoline 45 (bottom) in CDCl;.

Huang and co-workers referenced their synthesis described above to a paper reported by
Laronze-Cochard.?®® However, this paper reports the conversion of hydroxymethyl
groups to chloromethyl groups using thionyl chloride. Thus, treatment of (acridine-4,5-
diyl)dimethanol 125 with SOCIl, affords 4,5-bis(chloromethyl)acridine 126 in excellent
yield (Scheme 46). The resulting bis(chloromethyl) compound is unable to undergo
elimination and thus conversion of the to the vinyl analogue is not feasible. However, the
same reaction with a 2-hydroxyethyl compound, will give the resulting 2-chloroethyl

product, which can undergo elimination to give the vinyl derivative.

O \ CH,Ch, SOCl, O \
= rt, 1h 7
N ’ N
(96%)
HO 125 OH Cl 126 Cl

Scheme 46. Reported synthesis of synthesis of 4,5-bis(chloromethyl)acridine 126.%%%

The previously isolated mixture of 2-(2-chloroethyl)quinoline hydrochloride 41.HCI and
2-vinylquinoline hydrochloride 45.HCI was then carried over to the synthesis of 2-(2-
azidoethyl)quinoline 47. As mentioned previously, the authors of the paper reported the
isolation of 2-(2-chloroethyl)quinoline as the free base 41 in high yield ( 94%) (Scheme

45). The next step in their synthetic scheme was the reaction between 2-
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chloroethylquinoline 41 and NaN3 to afford 2-(2-azidoethyl)quinoline 47, which
according to the paper was also obtained in high yield (86%).

In our hands, the treatment of the hydrochloride salts 41.HCI and 45.HCI with an excess
of NaN3 in DMF at 70 °C afforded a 1:1 mixture of 2-vinylquinoline 45 and 2-(2-
azidoethyl)quinoline 47, as confirmed by '"H NMR spectroscopy. The formation of the
azido product was confirmed by the change in chemical shift of the two triplets in the 'H
NMR spectrum (Figure 67). Comparison of the NMR spectra before and after the reaction
revealed a shift of the 2-vinylquinoline hydrochloride 45.HCI signals back to the 'H
chemical shifts that matched those of the free base 45.
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Figure 67. 'H NMR spectrum of a mixture of 2-vinylquinoline 45 and 2-(2-
azidoethyl)quinoline 47 in CDCI;.

Analysis of the sample was also conducted by mass spectrometry which revealed the
molecular ion peak at m/z = 199.1 and this can be assigned to 2-(2-azidoethyl)quinoline
47 (caled. for CiiH1iNs" [M+H]" m/z = 199.09; found m/z = 199.1). The base peak is
observed at m/z = 171.0 and corresponds to the loss of N> from this, a fragmentation of
azide-containing compounds that has been reported previously in the literature (calcd. for

CiHiN2" [M+H]" m/z = 171.09; found m/z = 171.0).2%22

Comparison of the 'TH NMR spectrum before and after the azide reaction revealed a shift

in the chemical shifts of the 2-vinylquinoline hydrochloride 45.HCI signals back to the
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chemical shifts that match those of the free base 45. Again, repeating the above reaction,
starting with the synthesis of the reported 2-(2-chloroethyl)quinoline 41 and leaving the
crude product to stand under ambient conditions for 24 hours afforded solely 2-
vinylquinoline hydrochloride 45.HCI. Further reaction of this with NaN3 under the same
reaction conditions as the paper reported for the synthesis of 2-(2-azidoethyl)quinoline
47, yields a 1:1 mixture of 2-(2-azidoethyl)quinoline 47 and 2-vinylquinoline 45, again
as the free base as determined by the chemical shifts and proton integration. It is likely,
therefore, that the formation of 47 proceeds from the protonated 2-vinylquinoline and not

the 2-chloroethylquinoline as reported in the literature.>>

To further confirm that 2-vinylquinoline hydrochloride 45.HCl is the reactive species for
the formation of the azido product, the free base form of 2-vinylquinoline was converted
to the hydrochloride salt and reaction of this with excess NaN3 under the same reaction
conditions described above, afforded 2-(2-azidoethyl)quinoline and 2-vinylquinoline
(1:1). In addition, 2-vinylquinoline was reacted with an excess of NaN3 in DMF again
following the same conditions. This reaction attempt afforded only vinyl starting material

as revealed by '"H NMR analysis.

The authors assumed they started with pure 2-(2-chloroethyl)quinoline 41 when carrying
out the synthesis of 2-(2-azidoethyl)quinoline 47. In contrast, we have shown that, under
their reaction conditions for the synthesis of 41, an approximate 1:1 mixture of 2-(2-
chloroethyl)quinoline hydrochloride 41.HCI and 2-vinylquinoline hydrochloride 45.HCI
is formed. The authors also reported the clean isolation of the azide product; however,
again in our hands we have shown this to be incorrect and in fact another approximate

1:1 mixture of 2-(2-azidoethyl)quinoline 47 and 2-vinylquinoline 45 is obtained.

The resulting free base of 2-vinylquinoline 45 that is observed in the 'H NMR spectrum
following the azide synthesis, may have been generated via elimination of 2-(2-
chloroethyl)quinoline hydrochloride 41.HCI, from unreacted 2-vinylquinoline
hydrochloride 45.HCI, or a combination of both. Although there is evidence to suggest
that both pathways could be responsible for the formation of the 2-vinylquinoline 45, the
elimination of 41.HCI seems more plausible. The initial starting material contains an
approximate 1:1 mixture of 2-(2-chloroethyl)quinoline hydrochloride 41.HCI and 2-
vinylquinoline hydrochloride 45.HCI and the resulting product obtained also has an
approximate 1:1 mixture of 2-(2-azidoethyl)quinoline 47 and 2-vinylquinoline 45. We
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suggest that the reaction is acid catalysed and 2-(2-chloroethyl)quinoline hydrochloride
41.HCI eliminates to afford the free base of 2-vinylquinoline 45 and the protonated 2-
vinylquinoline hydrochloride 45.HCl reacts with the NaN3 to form 2-(2-

azidoethyl)quinoline 47, conserving the same 1:1 ratio that is observed.

To see whether 2-(2-azidoethyl)quinoline 47 is generated from 2-(2-
chloroethyl)quinoline 41, 2-vinylquinoline 45 or both, the reaction was attempted again
under the same reaction conditions using 2-vinylpyridine 51 instead of the hydrochloride
salt mixture of 2-(2-chloroethyl)quinoline 41.HCl and 2-vinylquinoline 45.HCL
Following reaction of 2-vinylpyridine 51 and NaN3 in DMF at 70 °C for 24 hours, 'H
NMR analysis of the crude product revealed only the 2-vinylpyridine 51 starting material
had been isolated. This led to the conclusion that perhaps the hydrochloride salt of the 2-
vinylpyridine starting material was important for the reaction to proceed. Therefore,
conversion of 2-vinylpyridine 51 to the hydrochloride salt 51.HCI was carried out and
this was then reacted with NaN3 in DMF under the same reaction conditions to afford a

mixture of 2-(2-azidoethyl)pyridine 52 and 2-vinylpyridine 51 (Scheme 47).

| A NaNg, DMF___ = e A

N N 70°C, 18 h N" Ns NE NF
HCr (33%)

51.HCI 52 51

Scheme 47. The synthesis of 2-(2-azidoethyl)quinoline 52 and 2-vinylpyridine 51.

Analysis of the crude material by '"H NMR spectroscopy revealed a 'H NMR spectrum
(Figure 68) that exhibited an approximate 1:1 mixture of 2-vinylpyridine 51 and 2-(2-
azidoethyl)pyridine 52. Removal of 51 was achieved by washing the crude residue
dissolved in CH>Cl» with an aqueous solution of NaHSO3 and, following the removal of
the solvent (rotavap), solely 2-(2-azidoethyl)pyridine 52 was isolated. The successful
isolation of 52 was confirmed by 'H NMR spectroscopy and LRMS. The 'H NMR
spectrum revealed two triplets at 6u 3.71 and 3.05 ppm that are attributed to the newly

form ethyl alkyl chain. The data is consistent with the literature.??*
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Figure 68. 'H NMR spectrum of 2-(2-azidoethyl)pyridine 52 in CDCI;.

3.4.1 The synthesis of organoazides from alkenes

The preparation of organoazides from the reaction of NaN3 and an alkene is not common

224,293-301

in the literature. Alkyl, aryl, and acyl azide derivatives are most often prepared

through the reaction of an azide-containing reagent with an appropriate halide,?***>

sulfonate,>*%3%2 alcohol,??4303

or amine.’* However, only a handful of the reactions of
azides with alkenes have been reported. An indirect preparation of 4-(2-
azidoethyl)cyclohex-1-ene 127 starting from the diene, was reported by Proto et al. This
involved initial conversion of the alkene 128 to the alcohol, subsequent mesylation, and

then reaction of the mesyl derivative with NaN; (Scheme 48).3%

1. Disiamylborane
@\/ 2. NaOH, then H202 @\/\
Z 3.MsCl, Et;N N

128 4. NaN3, DMF 127

3

Scheme 48. Reported synthesis of 4-(2-azidoethyl)cyclohex-1-ene 127.3%

Direct formation of organic azides from an alkene can be achieved by reaction with
hydrazoic acid generated in situ from NaN; under acidic conditions.??!3%63%7 Sych
compounds have also been synthesised from the reaction of the appropriate alkene with

NaN3 in aqueous CH3COOH at temperatures ranging from 0 °C to reflux. For example,
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4-(2-azidoethyl)pyridine 129 can be obtained from the reaction of 4-vinylpyridine 130
and NaNj3 in a CH;COOH:H,0 mixture at 20 °C for 32 hours (Scheme 49).3%

CH3COOH:H,0
NN NaNs @w
NG 32 h, 20 °C 7 N

130 (38%) 129

3

Scheme 49. Reported synthesis of 2-(4-pyridyl)ethyl azide 129.3%

An extensive study into the formation of organic azides by Hassner et al. demonstrates
the requirement of a Lewis acid, in particular TiCly, for the reaction of alkenes bearing
phenyl or two geminal alkyl substituents with azides. It was found; however, that mono-
or 1,2-dialkyl akenes do not react. The authors concluded from this, and subsequent
data,’®! in addition to the observed regioselectivity in these reactions, that the
development of a positive charge, suggestive of a carbocation intermediate, must occur

for the formation of the azide product.’®?

In 2017 Zhou et al. reported the synthesis of organic azides from the reaction of an alkene
and trimethylsilylazide in the presence of tetrabutylammonium iodide and tert-butyl
peroxybenzoate in CH3CN or H>O. Similar preparations have been reported that include
the use of other catalysts and solvents, with most reporting diazidation, or monoazidiation
with the addition of a solvent molecule across the double bond.*%!* The focus of Zhou’s
work was the diazidation of a range of different alkenes, including vinylarenes,
inactivated alkenes, allene, and dienes. The authors reported a method that they claimed
was applicable to a range of alkenes; it was ligand free and non-toxic and could be
performed in water or organic solvents. Diazidiation was achieved in both H,O and
CH3CN for all starting materials with the exception of 2-vinylpyridine 51. The authors
reported the nature of this product to be dependent on whether the reaction was performed
in CH3CN or H>O, where the mono- 52 or diazido 131 compound was formed,

respectively (Scheme 50).%13
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N Cu(OTf), (5 mol %) N Cul (10 mol %) N
| TBAI (10 mol %) Q/ TMSN; (3.5 equiv) m
7 A= 7
N N3 TMSN, (3.5equiv) N TBPB (1.5 equiv) N N3
52 TBPB (15equiv) g CHiCN,50°C 434 N
H,0, 50 °C (75%)
(72%)

Scheme 50. Reported synthesis of 2-(2-azidoethyl)pyridine 52 and 2-(1,2-
diazidoehtyl)pyrdine 131.313

With the successful isolation of 2-(2-azidoethyl)pyridine 52 and 2-(2-
azidoethyl)quinoline 47, it was decided to investigate the chemistry of these compounds
further. A SciFinder search revealed that 2-(2-azidoethyl)quinoline 47 and its derivatives
are particularly rare; there is only a single report of the synthesis of 2-(2-
azidoethyl)quinoline 4,°° and this has only been used in an amination reaction that
converts 47 to 2-(2-aminoethyl)quinoline. Similarly, few substituted 2-(2-

azidoethyl)quinoline 47 derivatives have been reported,®!43%!

including 2-[1-
(azidomethyl)butyl]quinoline 132, 2-[1-(azidomethyl)-2-(trimethylsilyl)ethyl]-4-
methylquinoline 1333!® and methyl (BR)-B-azido-2-quinolinebutanoate 134°2? (Figure

69). However, the chemistry of these compounds has been little explored.

Figure 69. Examples of substituted 2-(2-azidoethyl)quinoline in the literature. 132 (left),
133 (centre) and 134 (right).

In contrast, 2-(azidomethyl)quinoline 135 and derivatised analogues are much more
abundant in the literature.>*32® For example, 135 can be prepared from the treatment of
2-(bromomethyl)quinoline 36 with NaN3 in DMF at 40 °C,3?° or from the same reaction
in H>O:(CH3)2CO (1:2) at room temperature (Scheme 51).>%*
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1. Hy0:(CH3),CO (1:2)

AN r.t (95%) AN
pZ gr * NaNs 0 g _ N
N 2. DMF, 40 °C, 24 h N 3

36 135

Scheme 51. Reported synthesis of 2-(azidomethyl)quinoline 135.3243%°

3.5 Click Chemistry

2-(Azidomethyl)quinoline 135 has been used as a starting material for the synthesis of 1-
(quinolin-2-yl)methanamine 38%*® and quinoline-2-carbaldehyde 35,%** in decomposition

thermolysis studies,>!

and most commonly in click reactions to give 1,2,3- disubstituted
triazoles,323-324:326.328.329.332-336. Gjven that we now had a simple synthesis of both 2-(2-
azidoethyl)quinoline 47 and 2-(2-azidoethyl)pyridine 52, it was decided that the click

chemistry of these should be investigated

The formation of a triazole ring from the cycloaddition reaction between an azide and an
alkyne was first described in the literature in the early 1960s.3*7-33% Commonly referred
to as the Huisgen 1,3-dipolar cycloaddition (Figure 70), this reaction affords a mixture of

the 1,4- and 1,5- disubstituted regioisomers.**7-3*8

2
R%N’N\ RN,
N\ + N

Figure 70. Azide and alkyne cycloaddition products. (a) Huisgen 1,3-dipolar
cycloaddition, 1,4- and 1,5- regioisomers; (b) Cu(l) catalysed click reaction, 1,4-

isomer, (c) Ru(ll) catalysed click reaction, 1,5- isomer.

Since then, Cu(I)- or Ru(Il)-catalysed click reactions have been shown to be regiospecific,

affording either the 1,4->* or 1,5-3* disubstituted triazole, respectively. The copper(I)

)341—343

catalysed azide-alkyne cycloaddition (CuAAC is a classical “click reaction” and
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demonstrates the reaction of an azide with an alkyne affording the 1,4-disustituted 1,2,3-
triazole exclusively — an analogous reaction to that of Huisgen’s concerted triazole
synthesis.** During the last several years, the CUAAC reaction and its applications have
been thoroughly reviewed in the literature and, in 2022, won its discoverers a Nobel

Prize.343‘345

3.5.1 Quinoline triazole derivatives

The combination of the quinoline moiety and a 1,2,3-triazole is of interest due to the
biological importance of both molecules. The desirable properties of quinoline have been
previously discussed in Chapter One section 1.3. As for 1,2,3-triazoles, these molecules

346-350

have been observed to play an important role in biological systems as anticancer,>!~

333 antimalarial,™*  antimicrobial,*>7 anti-inflammatory,*® anti-HIV,»° and

360,361

antituberculosis agents. Figure 71 displays the general structure of the product

obtained from the click reaction of 2-(azidomethyl)quinoline 135 and an alkyne, a

quinoline moiety that is coupled to a 1,2,3-triazole moiety.*?*

Figure 71. General structure of a quinoline triazole hybrid.

Kumar et al’** utilised the Cu(I)-catalysed click reaction to prepare a number of
quinoline-containing compounds with appended sugars. In order to optimise the reaction
conditions, the reaction of 2-(azidomethyl)quinoline 135 with the terminal alkynes
propargyl alcohol 136 and phenylacetylene were first studied. For example, reaction of
2-(azidomethyl)quinoline 135 and propargyl alcohol 136 in the presence of CuSO4.5H>0
and sodium ascorbate in a 1:1 mixture of THF and H>O gave the quinoline-coupled

triazole, 137 in good yield (86 %) (Scheme 52).3*
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THF:H,0 (1:1) HO
CuS04.5H,0 H
N - sodium ascorbate X —
= N T 0 - ~ No. N
N ? OH 45°C,6h N N
(86%)
135 136 137

Scheme 52. Reported synthesis of 137.3*

Following this proof of concept with simple alkynes, the group introduced their chosen
sugar acetylenic derivatives, such as propargyl glycosides of p-glucose, p-galactose, 4,6-
O-cethylidene-p-glycopyranose, 4,6-O-butylidene-p-glycopyranose, p-mannose and p-
ribose derivatives. Analogous to the above reaction, the 1,4-disubstutited triazole
compounds were synthesised from the reaction of 2-(azidomethyl)quinoline 135 with the
respective alkyne 138 in a mixture of THF/H>O (1:1) in the presence of CuSO4.5H>O and
sodium ascorbate to afford 139 (Scheme 53). This method gave a variety of quinoline

triazole hybrids in yields ranging from 55% to 72%.%*

OAc OAc
THF:H,0 (1:1) °
OAc oAc CuS0,.5H,0 ©
m : 2, A —sdumascotate | oo = |
PN o 45°C,6h N“N*N SN
OAc (58%)
135 138 139

Scheme 53. Reported synthesis of 2-(2-azidoethyl)quinoline and 2-propyn-1-yl-2,3,4,-

tri-O-acetyl-B-d-ribopyranoside.>**

3.5.2 The synthesis of 2-quinolylethyl click products

Following our successful synthesis of 2-(2-azidoethyl)quinoline 47 and 2-(2-
azidoethyl)pyridine 52, we investigated the click chemistry of these ethyl azido
compounds. Amalgamating the chemistry reported in Chapter Seven, the compounds 6-
(propylamino)-2-(prop-2-yn-1-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 48°%*3% and
6-bromo-2-(prop-2-yn-1-yl)-1H-benzo[f]isoindole-1,3(2H)-dione 46 were the alkynes

chosen for the following CuAAC reactions.

Following a reported preparation,®®> with slight modifications, a mixture of 2-

vinylquinoline/2-(2-azidoethyl)quinoline 45/47 (isolated as a mixture from the
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preparation; vide supra) and 6-(propylamino)-2-(prop-2-yn-1-yl)-1H-
benzo[de]isoquinoline-1,3(2H)-dione 48 in anhydrous DMF, in the presence of Cul, was
stirred at 60 °C for 24 hours (Scheme 54). The reaction was cooled to room temperature,
filtered to remove a brown solid and the solvent was removed (rotavap). Purification by

silica gel chromatography afforded the desired product 49 as an orange solid.

NH
\ /\/N Cul, DMF Q
o}
N/ 60°C, 24 h 7N N
(45%) X NN S
\
N=N
47 48 49

Scheme 54. The synthesis of the click product 49.

Analysis by "H NMR spectroscopy revealed the triazole peak at 8u 7.61 ppm, in addition
to the shift in the ethyl triplets of 2-(2-azidoethyl)quinoline 47 from ou 3.83 and 3.24
ppm to ou 4.92 and 3.55 ppm, reflecting the change in chemical environment of these
protons resulting from the formation of the triazole ring (Figure 72). HRMS analysis of
the material revealed a molecular ion peak at m/z = 513.2006 and this can be assigned to
the sodiated product ion (calcd. for C2oH26N¢O2Na™ [M + Na]" m/z = 513.20095; found
m/z =513.2006). Further confirmation of the product was obtained through the complete
assignment of the structure using 2D NMR spectroscopy (HSQC, HMBC, and COSY).
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Figure 72. 'H NMR spectrum of the click product 49 in CDCl;.

The above method was also employed for the reaction of a mixture of 2-vinylquinoline/2-
(2-azidoethyl)quinoline 45/47 and 6-bromo-2-(prop-2-yn-1-yl)-1H-benzo[f]isoindole-
1,3(2H)-dione 46, in the presence of Cul, in DMF at 60 °C for 24 hours (Scheme 55).
Following filtration and the removal of the reaction solvent (rotavap), the desired product
50 was obtained as a grey solid following purification by silica gel column

chromatography.
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Br

“°N
OO __ Cul,DMF___ |
N
‘\ 60°C, 24 h N
\ .

(34%)

Scheme 55. The synthesis of the click product 50.

The successful formation of the product was confirmed by 'H NMR spectroscopy that
revealed the triazole peak at on 7.58 ppm and ethylene triplets at du 4.93 and 3.55 ppm,
similar to the shift observed previously. In addition, the singlet at on 4.97 ppm
corresponds to the -CH: protons from the alkyl chain that attaches the naphthalimide and
triazole rings (Figure 73). The HRMS spectrum revealed a molecular ion peak at m/z =
534.0535 and this can be assigned to the sodiated product ion (calcd. for
Ca6H1sBrNsO2Na" [M + Na]" m/z = 534.05361; found m/z = 534.0535). In addition, the
product ion peak also displayed an isotope pattern that was consistent with the presence
of bromine. The 2D NMR spectroscopic data obtained (HSQC, HMBC, and COSY) were

consistent with the proposed product.
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Figure 73. 'H NMR spectrum of the click product 50 in CDCl;.

The third click reaction attempted in this work was the reaction of 2-(2-
azidoethyl)pyridine 52 and 6-(propylamino)-2-(prop-2-yn-1-yl)-1H-
benzo[delisoquinoline-1,3(2H)-dione 48  following the same  modified
methodology.***As reported above, 52 and 48 were stirred in DMF at 60 °C, in the
presence of Cul, for 24 hours (Scheme 56). Subsequent to cooling, the reaction mixture
was filtered to remove a solid impurity and the filtrate was concentrated (rotavap).
Following purification by silica gel column chromatography, the title compound 53 was

isolated as an orange solid.
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Scheme 56. The synthesis of the click product 53.

The identity of the product was confirmed by NMR spectroscopy and HRMS. The 'H
NMR spectrum revealed the triazole signal at oy 7.46 ppm and -CH>-CH> peaks at on
4.76 and 3.34 ppm, whilst the -CH; protons are observed at o 5.40 ppm (Figure 74).
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Figure 74. 'H NMR spectrum of the click product 53 in CDCls.

The HRMS spectrum of the material exhibited a molecular ion peak at m/z = 463.1850
and this can be assigned to the sodiated product ion (calcd. for C2sHisBrNsO>Na'™ [M +
Na]" m/z = 534.05361; found m/z = 534.0535). Further confirmation of the structure was
obtained through assignment of the peaks using 2D NMR spectroscopy (HSQC, HMBC
and COSY).

3.6 The synthesis of tri- and tetradentate 2-quinolylmethyl- and 2-
quinolylethyl-containing ligands

With the successful synthesis and isolation of the 2-methylquinoline-derived starting
materials, quinoline-2-carbaldehyde 35, 2-(bromomethyl)quinoline 36, 2-(quinolin-2-

yl)ethan-1-ol 39 and 2-vinylquinoline 45, the focus was shifted to the synthesis of the
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corresponding ligands. While there are many reports of tridentate and tetradentate tripodal
ligands that contain 2-quinolylmethyl moieties, ligands that contain 2-quinolylethyl
groups are rare. Therefore, the aim of this work was to investigate the design and synthesis
of tridentate and tetradentate tripodal ligands that contain both the 2-quinolylmethyl and

2-quinolylethyl moieties to afford a series of ligands.

3.6.1 The synthesis of the tetradentate ligands

Thus far, the majority of quinoline-derived tripodal tetraamine ligands have been
prepared from either the alkylation of a haloalkylquinoline with the appropriate amine, or
reductive amination. For example, 29 can be prepared from the reaction of 2-
(chloromethyl)quinoline hydrochloride 41.HCI and 1-(pyridin-2-yl)methanamine 56 in

the presence of either potassium!?’ or sodium carbonate (Scheme 57).3%

| X
CH4CN 2N
A A K>CO3 or Na,CO3
£ 2 reflux,
) N . Ny N~
H or (87%) |
=
41.HCl 56 29

Scheme 57. Reported synthesis of 29.127364

With this in mind, this work commenced with the synthesis of the ligand 55. Following a
modified preparation of Wei et al.,''” a solution of 2-(bromomethyl)quinoline 36 and 2-
(pyridine-2-yl)ethan-1-amine 54 in THF, in the presence of i-ProNEt, was stirred at room
temperature for 3 days. The resulting mixture was filtered to remove a precipitate,
followed by removal of the reaction solvent in vacuo. Following redissolution in CH>Cla,
a basic work-up and purification by column chromatography, the title compound 55 was

afforded (Scheme 58).
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Scheme 58. The synthesis of the ligand 55.

The sample was analysed by '"H NMR spectroscopy (Figure 75) which revealed the
presence of two four proton singlets at on 4.09 ppm and 6u 3.08 ppm. The resonance
appearing at ou 4.09 ppm can be assigned to the chemically equivalent methylene protons
from each of the quinoline groups. The two sets of ethyl protons are chemically
inequivalent, and therefore, vicinal coupling is expected to give two triplets in the 'H
NMR spectrum. While this was not observed, the spectrum does contain a four-proton
singlet appearing at ou 3.08 ppm. Further 2D NMR spectroscopy analysis (COSY, HSQC
and HMBC) confirmed the two inequivalent CH» groups of the pyridylethyl moiety, both
correlated to the singlet at 6u 3.08 ppm. The reason for the lack of coupling is not

immediately obvious.
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Figure 75. 'H NMR spectrum of 55 in CDCI:.

In addition, the 'H NMR spectrum reveals a diagnostic doublet of doublets of doublets
signal at ou 8.44 ppm that is attributed to the proton adjacent to the nitrogen atom of the
pyridine ring (Figure 76). This signal appears consistently in the 'H NMR spectra

collected for the following series of ligands that contain pyridyl groups.
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Figure 76. Diagnostic pyridyl signal in the 'H NMR spectrum for the ligand 55 in
CDCls.

The structure of the ligand was further confirmed by HRMS which revealed a molecular
ion signal at m/z = 405.2076 which can be assigned to the free ligand (calcd. for C27HasN4"
[M+H]" m/z = 405.2070, found m/z = 405.2076).

Interestingly, a one proton singlet is observed in the '"H NMR spectrum at u 4.13 ppm
that exhibits no correlation with any other proton or carbon signals, and this persisted
through numerous attempts at purification by column chromatography on both alumina
and silica gel (Figure 77). The peak was eventually removed; however, the assignment
of this peak remains incomplete. Despite the persistent peak, the identity of the desired
product was confirmed through NMR spectroscopy (‘H, '3C, 2D) and high-resolution

mass spectrometry.
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Figure 77. Selected signals in the 'H NMR spectrum of the ligand 55 over the chemical
shift range oy = 2.9—4.4 ppm in CDCl;.

Following the isolation of the ligand with a 46% yield, a series of optimisation reactions
were attempted in hopes to increase the amount of product afforded. Reviewing the
literature on the synthesis of the analogous pyridine ligand, the reaction was trialled using
a variety of solvents, bases, reaction times and temperatures. Mild bases such as NaHCO3
and K>COs3 are commonly used bases for the synthesis of similar pyridine-containing
ligands; 273647368 however, it appears when applied to this reaction these were not reactive

enough to allow reaction to occur.

Considering the successful synthesis of 55 previously outlined, a similar synthetic
approach was employed for the synthesis of 57. Following the methodology described by
Wei and coworkers,!!” with slight modifications, a solution of 2-(pyridin-2-yl)ethan-1-
amine 56 and 2-(2-chloroethyl)quinoline hydrochloride 41.HCI in THF, in the presence
of i-ProNEt, was stirred at room temperature for 5 days (Scheme 59). Subsequent aqueous
work-up and purification by silica gel chromatography failed to afford the title compound
57, as confirmed by '"H NMR spectroscopy. A number of further synthetic attempts were
made, which included changing the solvent, reaction time, temperature of the reaction
mixture, and the identity of the base. However, no modifications to the reaction conditions

resulted in formation of the desired product.
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Scheme 59. Attempted synthesis of the ligand 57.

At the time of the first attempt, it was not yet known to us that the 2-(2-
chloroethyl)quinoline was isolated as the hydrochloride salt and as a result this was not
considered when planning the reaction conditions. After the discovery, the above reaction
was attempted again but included additional equivalents of base in attempts to neutralise
the HCI salt, thereby allowing nucleophilic addition to the free amine. '"H NMR and mass
spectrometry analysis revealed no corresponding peaks or signals that matched the

desired ligand.

However, the 'H NMR spectrum did reveal very distinct signals typical of compounds
containing a vinyl group, with diagnostic '"H NMR doublets observed at u = 6.26 ppm
and on = 5.65 ppm corresponding to the protons on the double bond. As discussed above,

we eventually identified this compound as 2-vinylquinoline (see section 3.3.3).

It is most probable that addition of the i-PrNEt base in the ligand synthesis results in the
elimination reaction of 2-(2-chloroethyl)quinoline hydrochloride 41.HCI proceeding at a
more rapid rate than the free base 2-(2-chloroethyl)quinoline 41 can react with the amine,

and therefore no ligand formation occurs.

In attempts to mitigate the elimination of 2-(2-chloroethyl)quinoline hydrochloride
41.HCI during the reaction, the heterogeneous base NaxCO3 was employed under the
same reaction conditions. Analysis of the crude material by '"H NMR spectroscopy

indicated that the desired product had not been formed.

It was then decided to attempt a similar method to that used for the analogous pyridine
ligand, bis[2-(2-pyridyl)ethyl]-2-[(2-pyridyl)methyl]amine 10. Following a modified
literature procedure,’® a methanolic solution of 2-vinylquinoline 45, 1-(pyridin-2-
yl)methanamine 56 and acetic acid in the presence of EtsN was refluxed for 7 days.
Following a basic work-up, 'H NMR analysis of the crude material indicated no formation

of the desired product 57.
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Eventually, the ligand was successfully prepared from the reaction of 2-vinylquinoline
45 and 1-(pyridin-2-yl)methanamine 56, in the presence of Et;N, in refluxing 1,4-dioxane
for 7 days (Scheme 60). Following a basic work-up and purification by column

chromatography on alumina, the desired product 57 was isolated as a brown oil.

| X
_N =
N \N |
S . | N Et;N, 1,4-dioxane
N7 NF N NH; reflux, 7 days
(49%) Z N
45 56 S I 57

Scheme 60. The synthesis of the ligand 57.

Analysis by "H NMR spectroscopy (Figure 78) revealed the presence of an eight proton
multiplet ranging from du 3.21 ppm to on 3.06 ppm, corresponding to the newly formed
ethyl alkyl chains of the quinoline moieties. In addition, the -CH> protons from the pyridyl
moiety are observed as a singlet at ou 3.91 ppm. The synthesis of 57 was further
confirmed by '*C and 2D NMR (COSY, HSQC and HMBC) spectroscopy and HRMS.

The chemically inequivalent protons that make up the ethyl arm are expected to couple
and hence display two triplets. However, as can be seen in Figure 78, this is not the case
and these signals appear as a multiplet observed at oy 3.21 — 3.06 ppm. It is assumed that
in this case the two triplets appear overlapped and as a result, a multiplet is observed. The
HSQC spectrum revealed the correlation of two carbon resonances to the multiplet at ou
3.16 — 3.08 ppm, confirming the assignment of the quinoline ethyl protons. The multiplet
could be resolved as overlapping triplets from the HSQC correlations. In conjunction with

the HMBC and COSY, full assignment of the ligand was completed.
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Figure 78. '"H NMR spectrum and key proton signal of the ligand 57 in CDCI;.

The overlapping triplet signals that correspond to the ethyl protons of the quinoline group,
are also observed in similar tripodal tetraamine ligands that contain two ethyl alkyl chains.
For example, 'H NMR analysis of the pyridine congener 10 reveals an eight-proton
multiplet that has been assigned to the two -CH,-CHz groups.?*” The doublet of doublets
of doublets (ddd) that appears at ou 8.44 ppm has been assigned to the proton attached to
the carbon adjacent to the nitrogen atom of the pyridine. This particular peak and
assignment is consistent with the ligand 55 described above and across the other pyridyl-
containing ligands discussed below. A similar signal is observed for the analogous pyridyl

ligands.3*-3¢

The HRMS spectrum of 57 (Figure 79) displayed the base peak at m/z =419.2228 which
can be assigned to the free ligand (caled. for C2sHa7Ns" [M+H]" m/z = 419.22303, found
m/z = 419.2228). In addition, the signals at m/z = 441.2046 and 264.1494 were also
observed and these can be assigned to the sodiated ligand, and the ligand fragment 66,
respectively (caled. for CogHasN4Na® [M+Na]" m/z = 441.2050; found m/z = 441.2046;
calcd. for C17HisN3" [M+H]" m/z = 264.1500; found m/z = 264.1494).
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Figure 79. The HRMS spectrum of the ligand 57.

Our attention was then shifted to the synthesis of the symmetrical ligand 140. The planned

synthetic pathway employed the condensation of 2-vinylquinoline 45 and ammonium

chloride, based on the pyridyl congener 10 (see section 1.2.3).28

Following a modified literature procedure,* a solution of ammonium chloride in H2O

was added to a solution of 45 in MeOH. The reaction mixture was heated to reflux and

maintained for 7 days (Scheme 61). Following aqueous workup, 'H NMR spectroscopy

and mass spectrometry revealed the formation of the title compound 140 was

unsuccessful and only starting materials were observed.

X

=

45

] "]
NH4CI, MeOH SN N SN
= requx),(7 days
Z "N 140
. |

Scheme 61. Attempted synthesis of the ligand 140.

The conditions were varied, including using ammonium acetate as an alternative nitrogen

source, changing the solvent, reaction time and temperature. However, unfortunately

none proved successful in the formation of 140.
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The ligand 58 was synthesised in a similar manner to 57 reported above from the reaction
between 2-vinylquinoline 45 and 2-(pyridin-2-yl)ethan-1-amine 54 in the presence of
EtsN in refluxing 1,4-dioxane for 7 days (Scheme 62). Following a basic work-up and

purification by alumina column chromatography, the title compound 58 is afforded as a

brown oil.
Z "N
I

A % |

h + | o Et3N, 1,4-dioxane X
A= — > N N
N N NH, reflux, 7 days
0,
45 54 (42%) 58
N

Scheme 62. The synthesis of the ligand 58.

Analysis by "H NMR spectroscopy (Figure 80) revealed the presence of an eight-proton
singlet at du 3.10 ppm, which is attributed to the newly formed ethyl arms of the quinoline
moieties. The two triplet resonances at on 3.04 and 2.91 ppm have been assigned to the
ethyl -CH» protons of the pyridine moiety. The synthesis of 58 was further confirmed by
13C and 2D NMR spectroscopy and HRMS. Similar to 57, the chemically inequivalent
ethyl protons are expected to couple resulting in two four-proton triplets; however, again
this is not the case. In contrast to 57, the quinoline ethyl protons appear as one eight-
proton singlet in the 'H NMR spectrum. This observation is similar to that found in the
'"H NMR spectrum of 55. The HSQC data for this ligand confirms the singlet to have

correlations to two carbon signals thus confirming the assignment of the peak.
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Figure 80. 'H NMR spectrum of the ligand 58 in CDCl;.

Analysis of 58 by HRMS afforded a spectrum that displayed a molecular ion peak at m/z
= 433.2384 and this signal can be assigned to the free ligand (caled. for CooHaoN4"
[M+H]" m/z = 433.23867; found m/z = 433.2384). Fragmentation of the ligand under the

conditions of the high-resolution mass spectrometer was not observed.

3.6.2 The synthesis of the tri- and subsequent tetradentate ligands

Having successfully prepared the tetradentate ligands, 55, 57 and 58, we were then

interested in the synthesis of tetradentate ligands using tridentate ligands as precursors.

The  synthesis of the tridentate ligand  1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methylJmethanamine 60 was achieved following a previously reported preparation.?*’
A solution of 1-(pyridin-2-yl)methaneamine 56 and pyridine-2-carbaldehyde 59 were
stirred at room temperature for 18 hours. After reduction with NaBH4, the desired product
60 was obtained in 96% yield (Scheme 63). Analysis by "H NMR spectroscopy confirmed

the successful formation of 60 with the data consistent with the literature values.?2>2%°
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Scheme 63. The synthesis of the ligand 60.

The ligand 2-(pyridin-2-yl)-N-[(pyridin-2-yl)ethyl]ethan-1-amine 62 was synthesised
following a literature method.??° A solution of 2-vinylpyridine 51, 2-(pyridin-2-yl)ethan-
1-amine 54 and acetic acid in MeOH were refluxed for 24 hours (Scheme 64). Following
an aqueous work-up and purification by silica column chromatography, the desired
compound 62 was obtained with a yield of 74%. The synthesis of compound 62 was

confirmed by 'H NMR spectroscopy which was consistent with the literature.?*

= =
B B CH3COOH, MeOH (L |
A =t — > N
N N N

N N NH> reflux, 24 h H

74%
51 54 (74%) 62

Scheme 64. The synthesis of the ligand 62.

Two tridentate quinolyl-containing ligands were prepared using a modified method of
Baldeau et al??’ A solution of 1-(pyridin-2-yl)methaneamine 56 and quinoline-2-
carbaldehyde 35 in MeOH was stirred at room temperature for 2 hours. The reaction was
then cooled to 0 °C and NaBH4 was added to the reaction solution slowly; this was stirred
for an additional 12 hours and then refluxed for 1 hour (Scheme 65). Following an acid-
base work-up, the title compound 67 was isolated without further purification. The
structure of the desired product was confirmed by '"H NMR spectroscopy, which was

consistent with previously reported data.??’

m I\ 1. MeOH, r.t. 2 h mH /I
. -
N0 NZ >NH2 2 NaBH,, rt, 12 h NSNSy
0,
s 56 (86%) 67

Scheme 65. The synthesis of the ligand 67.

Similarly, a solution of 2-(pyridin-2-yl)ethan-1-amine 54 and quinoline-2-carbaldehyde

35 in MeOH was stirred at room temperature for 2 hours. The reaction was then cooled
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to 0 °C and NaBH4 was slowly added to the reaction mixture; this was then stirred for an
additional 12 hours and then refluxed for 1 hour (Scheme 66). Following an acid-base
work-up, the title compound 68 was isolated without further purification. Analysis by
NMR spectroscopy ('H, '3C, 2D) and HRMS revealed the successful formation of the

title compound. Surprisingly, the synthesis of this ligand has not yet been reported in the

literature.
X

AN X 1. MeOH, r.t, 2 h ©\/j\/H

+ | > = N
N0 Z 2.NaBHg4, r.t, 12 h N |

N N NH,

(77%) N~

35 54 68

Scheme 66. The synthesis of the ligand 68.

There are several tridentate ligands described in the literature that contain 2-
quinolylmethyl groups;’>?+37%37! however, the synthesis of 68 has not been reported.
Interestingly, the N-methyl substituted analogue, N-methyl-2-(pyridin-2-yl)-N-
[(quinolin-2-yl)methyl]ethan-1-amine 24, is known. The synthesis of this ligand employs
the  reaction of  N-methyl-2-(pyridin-2-yl)ethan-1-amine 141  and  2-
(chloromethyl)quinoline hydrochloride 41.HCI in the presence of CsCOs in refluxing
THF for four days (Scheme 67).2%

N
N 8 THF, CsCO; m |

N N/ reflux, 4 days |
b or H (65%) N~
41.HCI 141 24

Scheme 67. Reported synthesis of N-methyl-2-(pyridin-2-yl)-N-[(quinolin-2-
yvl)methyl]ethan-1-amine 24.

Employing a similar methodology developed for the previous ligands 57 and 58, 1-
(pyridin-2-yl)-N-[(pyridin-2-yl)methylJmethanamine 60 and 2-vinylquinoline 45 in the
presence of Et3N were refluxed in 1,4-dioxane for 6 days (Scheme 68). Following a basic
work-up and purification by column chromatography on alumina, the title compound 63

was isolated as a brown oil (63%).
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Scheme 68. The synthesis of the ligand 63.

Analysis by '"H NMR spectroscopy revealed the presence of two triplets at 5u 3.23 and
3.06 ppm, corresponding to the newly formed ethyl arm of the quinoline moiety.
Furthermore, the singlet at 6 3.91 ppm has been assigned to the chemically equivalent -
CH, protons of the two pyridine groups. The structure of 63 was further confirmed by *C
and 2D NMR spectroscopy and LRMS. In contrast to the ligands discussed above, the 'H
NMR spectrum of 63 (Figure 81) reveals the ethyl protons of the quinoline moiety as two
triplets that are not overlapping. This differs from the analogous pyridine ligand 9, as 'H

NMR analysis of this ligand displays the -CH,-CH> group as a four-proton multiplet.>*’
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Figure 81. '"H NMR spectrum of the ligand 63 in CDCl;.

The ligand 64 was synthesised under the same reaction conditions as 63 from the reaction
of 2-(pyridin-2-yl)-N-[(pyridin-2-yl)ethyl]ethan-1-amine 62 and 2-vinylquinoline 45 in
the presence of Et3N in refluxing 1,4-dioxane for 6 days (Scheme 69). Following a basic
work-up and purification by column chromatography on alumina, the title compound 64

was isolated as a brown oil (38%).

= =
N | X = | EtsN, 1,4-dioxane s | “ |
N N N N reflux, 6 days
H (38%)
45 62 N7 | 64
x

Scheme 69. The synthesis of the ligand 64.

Analysis by 'H NMR spectroscopy revealed the presence of a four-proton multiplet at &y
3.10 ppm, corresponding to the newly formed ethyl arm of the quinoline moiety, while
the two triplet signals at du 3.01 and 2.90 ppm are attributed to the chemically equivalent
ethyl protons from the two pyridines (Figure 82). In contrast to 63, the inequivalent ethyl
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protons from the quinoline appear as a single multiplet, similar to the trend observed for
57 and 58. The identity of this peak was confirmed in the HSQC spectrum which revealed
the correlation to two carbon signals. The synthesis of 64 was further confirmed by '*C

and 2D NMR spectroscopy and HRMS.
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Figure 82. 'H NMR spectrum of the ligand 64 in CDCl;.

The asymmetric ligand 69 was synthesised from the reaction of 2-(pyridin-2-yl)-N-
[(quinolin-2-yl)methyl]ethan-1-amine 68 and 2-vinylquinoline 45 in the presence of Et;N
in 1,4-dioxane at reflux for 7 days (Scheme 70). Upon cooling to room temperature, the
solvent was removed, and the crude material was washed with base. 'H NMR
spectroscopy and mass spectrometry of the crude material revealed the presence of the
desired product; however, all purification attempts to isolate the product resulted in

decomposition of 69.
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Scheme 70. The synthesis of the ligand 69.

The synthesis of the ligands 65 and 66 was achieved via an equimolar reaction of 2-
vinylquinoline 45 and 1-(pyridin-2-yl)methanamine 56 or 2-(pyridin-2-yl)ethan-1-amine
54 in the presence of EsN in refluxing dioxane for 3 days. They were also isolated as

byproducts from the synthesis of their tetradentate analogues.

N-[(Pyridin-2-yl)methyl]-2-(quinolin-2-yl)ethan-1-amine 65 can be prepared from the
reaction of 45 and 1-(pyridin-2-yl)methanamine 56 in refluxing 1,4-dioxane for 3 days
with the addition of EtsN (Scheme 71). Following a basic workup and purification by

alumina column chromatography, the title compound 65 is isolated as a brown oil.

=
X N Et3;N, 1,4-dioxane > |
A+ - NH, - N NS
N N reflux, 3 days Ho N
45 56 (60%) 65

Scheme 71. The synthesis of the ligand 65.

The structure of the tridentate ligand was confirmed by the presence of a singlet at ou
3.97 ppm and a multiplet signal at 8y 3.20 ppm in 'H NMR spectrum (Figure 83), which
correlate to the newly formed -CH> and -CH»-CH> alkyl arms, respectively. In addition,
the characteristic doublet of doublets of doublets at on 8.52 ppm which can be assigned

to the proton located adjacent to the pyridine nitrogen atom is present.
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Figure 83. 'H NMR spectrum of the ligand 65 in CDCl;.

The HRMS spectrum revealed a molecular ion peak at m/z = 264.1494 and this can be
assigned to the free ligand (calcd. for C17H1sN3" [M+H]" m/z = 264.14952; found m/z =
264.1494).

The ligand 2-(pyridin-2-yl)-N-[2-(quinolin-2-yl)ethyl]ethan-1-amine 66 was prepared
from the reaction of 45 and 2-(pyridin-2-yl)ethan-1-amine 54, in the presence of Et;N, in
1,4-dioxane stirring at reflux for 3 days (Scheme 72).

XN | X EtaN, 1,4-dioxane @ /\/(j
+
N = N/ NH, reflux, 6 days
(52%)
45 54 66

Scheme 72. The synthesis of the ligand 66.

The success of this synthesis was confirmed by NMR spectroscopy and HRMS. The 'H
NMR spectrum (Figure 84) revealed a singlet at oy 3.16 ppm, attributed to the ethyl
protons from the quinoline moiety, whilst the two triplets at oy 3.08 and 2.98 ppm can be

assigned to the ethyl protons of the pyridine moiety.
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Figure 84. 'H NMR spectrum of the ligand 66 in CDCI;.

Furthermore, the identity of the product was confirmed by HRMS with the spectrum
exhibiting a molecular ion peak at m/z = 278.1651 and this can be assigned to the free

ligand (calcd. for CigH2oN3" [M+H]" m/z = 278.16517; found m/z = 278.1651).

The synthesis of 65 was also attempted using both 2-(quinolin-2-yl)ethyl
methanesulfonate 42 and 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43 as the
starting materials (see section 3.3.2). Quinoline and pyridine derivatives with mesyl or
tosyl functional groups have been coupled with various amines under different reaction

conditions.’?37

Pathway one:

A solution of previously synthesised 2-(quinolin-2-yl)ethyl methanesulfonate 42 in
CH>Cl> was cooled to 0 °C. To the solution was added 1-(pyridin-2-yl)methanamine 56
and Et;N. The reaction mixture was allowed to warm to room temperature and stirred for
24 hours (Scheme 73). Following aqueous work-up, the crude material was analysed by
"H NMR spectroscopy and mass spectrometry. Unfortunately, in this reaction attempt,

only unreacted 1-(pyridin-2-yl)methanamine 56 and 2-vinylquinoline 45 were observed.

Pathway two:
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A solution of 2-(quinolin-2-yl)ethyl 4-methylbenzene-1-sulfonate 43 in CH2Cl, was
cooled to 0 °C. To this solution was added 2-(pyridin-2-yl)ethan-1-amine 54 and Et3N.
The reaction mixture was allowed to warm to room temperature and stirred for 24 hours
(Scheme 73). Following aqueous work-up, analysis by '"H NMR spectroscopy and mass
spectrometry of the crude material, again, revealed only unreacted 1-(pyridin-2-

yl)methanamine 54 and 2-vinylquinoline 45 were observed.

Pathway one:

X 0 L o
_ g/ CH2C|2,0 C X
N 0" "o Et;N P
42 h 24 h N N |
Pathway two: or + | — rt H N~
N N 65
X 0 NH, -
1] 56 _
= _S< N =
N O 0 —
42 45

Scheme 73. Attempted synthesis of the ligand 65.

The reaction conditions of both pathways appear to assist in the elimination of the
sulfonate groups resulting in the generation 2-vinylquinoline 45. However, once formed
the 2-vinylquinoline 45 appears unreactive. We have previously shown that 2-
vinylquinoline reacts with 1-(pyridin-2-yl)methanamine to afford the ligand 65.
However, the very different reaction conditions used are probably what lead to lack of
reaction; this reaction was carried out at room temperature, whereas the synthesis of 65
was carried out at reflux (see previous discussion for the synthesis of ligand 65), and
different solvents were used (CH2Cl, vs. 1,4-dioxane). Both reactions included the
addition of Et3N, however; in this reaction the base was most likely all consumed during
the elimination of the sulfonate moiety, and was therefore unavailable to assist in the
condensation reaction. In hindsight, the reaction conditions should have been varied,
particularly the temperature and solvent; however, time constraints did not allow

revisitation of this work.

To expand on the tridentate ligands that have been synthesised above, the synthesis of the
unbranched tetradentate ligand 71 was investigated. Following a synthetic method
detailed in the literature,?*® quinoline-2-carbaldehyde 35 and ethane-1,2-diamine 70 in
EtOH were stirred at room temperature for 18 hours. Subsequent to the condensation

reaction, NaBH4 was added, and the solution was heated to 50 °C and maintained at this
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temperature for 4 hours (Scheme 74). The title compound 71 was isolated as the
hydrochloride salt following precipitation with concentrated HCl. The structure of the
product was confirmed by means of NMR spectroscopy and mass spectrometry, results

of which were consistent with literature values.??®

2. NaBH,, 50°C, 4 h H |

(74%)
35 70 71

X
N ~_NH; 1. EtOH, r.t, 18 h N/ N~ N\
Pz O HoN
N —

Scheme 74. The synthesis of the ligand 71.

3.7 Conclusion

This chapter describes the synthesis of several quinoline-containing tri- and tetradentate
ligands and the structural characterisation of each by means of NMR spectroscopy and
HRMS. The new tetradentate ligands included 55, 57, 58, 63, and 64. The interesting
characterisation feature of these ligands was the observed overlapping triplet signals in
the '"H NMR for the chemically inequivalent protons on the 2-quinolylethyl moiety.
Rather than appearing as the expected two triplets, these protons were revealed as a singlet

or multiplet. The tridentate ligands 60, 62, 65, 66, 67, and 68 have been synthesised.

In addition, the synthesis of 2-(2-chloroethyl)quinoline 41, 2-(2-chloroethyl)quinoline
hydrochloride 41.HCI, and 2-(2-azidoethyl)quinoline 47 have been investigated. The
reported synthesis of 2-(2-chloroethyl)quinoline 41 was investigated due to some
discrepancies observed between the reported method and the results we obtained. It was
found that in contrast to what the authors had assumed, under their reported reaction
conditions the free base of 2-(2-chloroethyl)quinoline 41 was not afforded but rather the
hydrochloride salt 41.HCI. The subsequent reaction in the same paper reported the
synthesis of 2-(2-azidoethyl)quinoline 47 from the treatment of 2-(2-
chloroethyl)quinoline 41 with NaNs. However, again we showed this was not the case
and rather the reaction of 2-vinylquinoline hydrochloride 45.HCI (formed in situ from 2-
(2-chloroethyl)quinoline 41) and NaN3 afforded the desired azido compound. Once 2-(2-
azidoethyl)quinoline 47 was isolated, we decided to investigate this compound with two
alkynes using “click” chemistry methods to afford two structures that contain a 1,2,3-

triazole rings coupled to the quinoline moiety.
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Chapter Four

Crystal structures

4.1 Chapter Overview

As discussed in Chapter One, in recent years there has been considerable interest in
quinoline-based metal complexes. Characterised by their unique physiochemical,
electronic, and steric properties, these complexes have found an important place in many

376,377

applications across various fields, including medicinal chemistry, material

378,379 140,163,380

science, enzyme modelling, and catalysis.*®!*¥? Thus, the development of

novel quinoline-based metal compounds is an area of great relevance.

Interestingly, despite the presence of several metal complexes that contain 2-
quinolylethyl derived ligands, there appears to be an absence of simple unsubstituted 2-
quinolylethyl-containing compounds presented in the literature. Thus, one of the main
aims of this thesis was to structurally characterise metal complexes that contain 2-
quinolylethyl-based ligands. This chapter reports efforts made towards structurally
characterising complexes that contain the 2-quinolylethyl- and 2-quinolylmethyl-derived

ligands described in Chapter Three.

4.2 Introduction

X-ray  quality crystals of  [Pd(58)CI]CLxH20, [Cu(55)NCCH3](Cl104)2,
[Zn(55)NCCH3](ClO4)2, [(Mn(55))202](Cl04)2.2CH3CN and
[(62)Co(OH)3C0(62)](Cl04)3.CH3CN were obtained as reported in Chapter Two.
However, a very large number of attempts were made at obtaining crystalline materials
of complexes of all ligands that were prepared in this thesis (see Chapter Two). Reaction
conditions that were varied in attempts to obtain these crystalline materials include the

following;
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4.2.1 Solvents

The solvents used include H,O, CH3CN, MeOH, EtOH, CHCI3;, CH,Cl,, DMSO, DMF,
CsHis, PhCh3, and (CH3)2CO.

4.2.2 Metal salts

The starting metal salts employed include perchlorate, nitrate, chloride and sulfate.

4.2.3 Anions

The following salts were added to solutions of the complexes; NaClOs, NaPFs, KPFé,
Li(N(SO:CF3)»), NaSbFe, NaBF4, sodium benzoate and sodium dithionate.

4.2.4 Metal starting materials

The following starting materials were prepared and trialled; [RuCly(DMSO)4],%
[PACl2(DMSO):] and [PtCla(DMS0),].3%

4.2.5 Crystallisation Conditions

Several different crystallisation conditions were utilised, including slow evaporation,
slow cooling, solvent layering, vapour diffusion, heating, cooling, and recrystallisation of

obtained solids.

4.2.6 Oxidising agents

In attempts to make cobalt(Ill) complexes, the following oxidants were utilised;

(NH4):[Ce(NOs)s], PbO2, and Oxone (2KHSOs-KHSO04-K2S04).38

Despite these many attempts, the only complexes for which we obtained X-ray quality
crystals were [Pd(58)CI]ClL.xH20, [Cu(55)NCCH3](ClO4)2, [Zn(55)NCCH3](ClO4),
[(Mn(55))202](Cl04)2.2CH3CN and [(62)Co(OH)3Co(62)](C104)3;.CH3CN. A discussion

of the synthesis and characterisation of these follows.

4.3 Synthesis

The 2-quinolylethyl-containing ligands 58 and 64 (Figure 85) were reacted with the metal
salts KoPdCls and [Co(OH2)6](ClO4)2, respectively, and the resulting metal complexes
[Pd(58)CI]CL.xH2O and [(62)Co(OH)3Co(62)](ClO4)3.CH3CN were isolated and
structurally characterised. It should be noted that the reaction between the ligand 64 and

the cobalt starting material resulted in the loss of the 2-ethylquinolyl arm affording the
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tridentate ligand 62. The Cu(Il), Zn(IT) and Mn(IIl) complexes of the 2-quinolylmethyl
ligand 55 (Figure 85) (section 3.6), [Cu(55)NCCH;3](ClO4)2, [Zn(S5)NCCH3](ClO4)2 and
[(Mn(55))202](Cl104)2.2CH3CN were also isolated and structurally characterised.

P
5

-

7 N\
==z

~ LI

Figure 85. Structure of the ligands 58, 64, and 55.

The palladium complex, [Pd(58)CI]Cl.xH>0, was prepared from the addition of a solution
of 58 dissolved in CH3CN to a solution of K;PdCls dissolved in H>O; this resulted in the
formation of a fine precipitate. After stirring at room temperature for 10 minutes, the
solution was heated to 70 °C for 2 hours (Scheme 75). Following the removal of the
precipitate via vacuum filtration, the filtrate was left to stand under ambient conditions
during which time crystals of X-ray quality were obtained. Crystal data for this complex

are given in Table 1.
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| X
=z IN N~
NS = |
N CH4CN, H,0
N N +  KyPdCl, =2
70°C, 2 h —
N7 5
™

Scheme 75. The synthesis of [Pd(58)C!]Cl-xH>O.

Numerous attempts were made to obtain X-ray quality crystals of transition metal
complexes containing the ligand 55. Solutions of [M(OH2)s](ClO4)> (M = Mn(1I), Fe(II),
Co(II), Ni(II), Cu(Il)) in CH3CN were reacted with an equimolar CH3CN solution of 55
at room temperature. Upon the addition of the ligand solution to a solution of
[Fe(OH2)6](ClO4); an instant rust-coloured precipitate was formed. Following the
separation of the precipitate by filtration, analysis of the filtrate by mass spectrometry
gave no evidence for the formation of a complex containing the ligand 55. Following
standing for 3 days under ambient conditions, no crystalline material was apparent in the
[Ni(OH2)6](ClO4)> solution. However, X-ray quality crystals of the new complexes
[Cu(55)C1](ClO4)2, [Zn(55)CI](ClO4)2, (Scheme 76) and [(Mn(55))202](Cl104)2.2CH3;CN

were obtained. Crystal data for these complexes are given in Tables 2, 3 and 4,

respectively.
X \S /
N N
N NN =
N CHACN, rt - %
NS+ IMOH)ICI0); NI
= N
M = Cu(ll) or Zn(ll) N
AN 55 ‘
9

Scheme 76. The synthesis of [Cu(55)CI](CIlOy):2 and [Zn(55)CI](CIOy):.

The Co(IIl) complex [(62)Co(OH)3;C0(62)](Cl04);.CH3CN was prepared from the
addition of a solution of 64 in CH3CN to a solution of [Co(OH2)s](ClO4)2 in CH3CN
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(Scheme 77). Upon standing under ambient conditions for 1 week, X-ray quality crystals

were obtained. Crystal data for this complex are given in Table 5.

= \
~ IN \ H 4/
N
X 7 | \ /O\ /
CHSCN, rt
N SN + [Co(OH,)g)(CIOy), ——1% » N—Co—CH)7Co——N
64 N/ o) \N
N/ - H 4 \
| N\ / x

Scheme 77. The synthesis of [(62)Co(OH)3Co(62)](ClO4)3.CH3;CN.

4.3.1 [Pd(58)CI|CL.xH,0

X-ray quality crystals of the complex [Pd(58)CI|CL.xH20 were obtained as described
above. The complex crystallises with two [Pd(58)CI]" cations in the asymmetric unit. The
complex comprises a Pd(II) ion bonded to three N atoms of the ligand 58 and a chlorido
ligand to give a slightly distorted square planar geometry about the metal ion (14 = 0.09,
Figure 86). This is the preferred geometry of metal ions such as Pd*" having a d® electron
configuration, and explains why one N atom of the ligand remains uncoordinated (see
below) as binding of all four N atoms would not result in a square planar geometry.
Considerable disorder is present in the counterions and the solvents of crystallisation, thus
rendering the exact molecular formula uncertain. The ligand 58 coordinates in a
hypodentate fashion, with a 2-quinolylethyl arm remaining uncoordinated to the metal
ion, with a distance of 4.670 A between the quinolyl N atom and the Pd(II) centre. The
N-Pd-N bond angles are 86.89°, 86.04 °, 94.02°, 93.71°, 176.67° and 175.72°, and the N-
Pd-CI angles are 89.70°, 89.74°, 89.89°, 91.24°, 170.48° and 169.63°, close to those
expected for a square planar complex. The bond distances for Pd-Nguinoline, Pd-Nertiary, Pd-
Npyridine and Pd-Cl are 2.036 A and 2.038 A, 2.099 A and 2.107 A, 2.040 A and 2.056 A,
and 2.301 A and 2.307 A, respectively. Intermolecular n-m interactions are observed
between the dangling quinoline moieties of neighbouring cations (centroid-centroid

distance of 3.736 A).
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Figure 86. Structure of the [Pd(58)CI]" cation. H atoms have been omitted for clarity.

Selected bond lengths (A) and angles (°): Pd1-N1 2.036, Pd1-N2 2.107, Pd1-N3 2.040,

Pdi1-Cll 2.301; NI-Pd1-N2 86.89, NI-Pd1-N3 176.67, NI-PdI-Cl1 89.70, N2-PdI-N3
94.02, N2-Pd1-Cl1 170.48, N3-Pd1-ClI 89.89.
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Table 1 Crystal data and structure refinement for [Pd(58)CI1]Cl.xH.0

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

(e}

a/
pre

y/°

Volume/A3

Z

Pealcg/cm’

wmm-!

F(000)

Crystal size/mm’

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

BC296-Pd
Co1H77.12Cl3.77N9Os 36Pd2
1376.46

119.99(10)
monoclinic

P2i/c

14.41317(9)
21.20131(15)
20.56448(12)

90

92.1864(6)

90

6279.48(7)

4

1.456

6.546

2836.0

0.4 x0.1x0.1

Cu Ko (A=1.54184)
5.99 to 145.042

-17<h<17,-26 <k<25,-24<1<25

52681

12108 [Rint = 0.0373, Rsigma = 0.0234]

12108/24/796

1.021

R1=0.0556, wR2=0.1577
R1=0.0567, wR2=0.1588
1.98/-0.74
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The crystal structure confirms the presence of only one of the two possible geometric
isomers; the ligand could coordinate such that both quinolines are bonded to the Pd(II)
ion, or through one quinoline and one pyridine N atom. The latter is observed in the
crystal structure, and '3*C NMR data are consistent with this. The '*C NMR (Figure 87)
spectrum revealed 23 aromatic and 6 methylene carbon signals, consistent with the
isolation of one isomer. Unfortunately, in the 'H NMR spectrum the appearance of a
broad solvent signal obscures some of the proton peaks which is made evident by the
COSY and HSQC spectra. Further confirmation of the characterisation of the palladium
complex was obtained by HRMS (calcd. for C20H2CIN4Pd" [M]" m/z = 574.1118, found
m/z =574.1115).

—162.43

—160.22
158.23
— 156,06

—64.71
—59.89
—57.88
~4273
3837
—-37.19

i BTN

190 180 170 160 15EI 14EI 13[I 12[I 110 100 90 80 70 60 50 40 30 20 10 o
f1 (ppm)

Figure 87. 3C NMR spectrum of the [Pd(58)Cl]" cation in CD3;OD.

There are three closely related structurally characterised complexes present in the CSD,
all of which contain tripodal tetradentate ligands, and all of which exhibit hypodentate
coordination of these ligands. The complex [Pd(9)CI1]C1.H,0%*7 contains the tetradentate
tripodal ligand 9, and, as can be seen from Figure 88, the metal ion is coordinated to the
tertiary N atom and the two pyridylmethyl N atoms, with the pyridylethyl arm remaining
uncoordinated. In contrast to the complex described above, the pyridine of the
pyridylethyl arm lies above one of the coordinated pyridine rings, with a Pd-N distance
of 3.076 A, to give intracation n-w stacking with a centroid-centroid distance of 3.846 A.
A significant difference in the disposition of the quinoline moiety in the above complex
relative to those of the pyridine rings in [Pd(9)CI]CL.H;O is also evident when the two
structures are compared. In [Pd(9)C1]CL.H>0O, the mean planes of the coordinated pyridine
rings are at an angle of approximately 13° to the mean plane containing the metal ion and
the four donor atoms. In the above complex, this angle increases significantly to ~43° for

the pyridine ring and ~62° for the quinoline ring. This is very probably due to the steric
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effect of the quinoline moiety, in particular the H atom at the 8-position, which must

avoid steric interactions with the chlorido ligand.

Figure 88. Structure of the [Pd(9)CI]" cation. H atoms have been omitted for clarity.

There are two examples of the [Pd(8)CI]" cation reported in the CSD, namely
[Pd(8)C1]C1-2H20*7and [Pd(8)C1](C104)**¢ (Figure 89). In both cations, the ligand 8 is
hypodentate, and again, the unbound pyridine ring lies above a coordinated pyridine ring
to give intracation m-7 stacking, with centroid-centroid distances of 3.507 A and 3.817 A,
respectively. Similarly, the angle between the mean planes of the coordinated pyridine
rings and the mean plane containing the metal ion and the four donor atoms are ~18° and

~10°, respectively, again, very different to those found in the [Pd(58)CI]" cation.
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Figure 89. Structures of the [Pd(8)CIl]CL.2H>0 (left) and [Pd(8)Cl](ClOs) (right)

complexes. H atoms have been omitted for clarity.

4.3.2 [Cu(55)NCCH3](C104);

The metal centre in [Cu(55)NCCH3](ClOs)2 (Figure 90) is pentacoordinate, with the
Cu(II) ion bound to one acetonitrile ligand and the four nitrogen atoms of the ligand 55.
The geometry about the metal centre can be described as a distorted square-based pyramid
(t5 = 0.256).387-3%8 The bond angles between the Cu(Il) metal ion and the ligand (N-Cu-
N) range from 82.06° to 162.95°, and the N-Cu-Nacetonitrile angles from 93.33° to 147.59°.
The ligand bond lengths are Cu-Nguinoline 2.047 A and 2.050 A, Cu-Npyridgine 2.188 A, and
Cu-Neertairy 2.016 A. The bond length between the Cu(Il) ion and the acetonitrile ligand is
2.004 A. The Cu(Il) ion is positioned 0.149 A above the plane of the square base which
is defined by the equatorial quinoline and tertiary nitrogen atoms of the ligand. There are

n-stacking interactions®’

observed between the quinoline units of neighbouring cations,
which are positioned 3.500 A apart (centroid-centroid). The identity of the complex was
further confirmed by HRMS. The mass spectrum revealed a base peak at m/z = 233.5643
which can be assigned to the complex formula, [Cu(55)]*" (caled. for CuCa7H24N42 [M]**

m/z = 233.56400; found m/z = 233.5643).
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Figure 90. Structure of the [Cu(55)(NCCH3)]*" cation. H atoms have been omitted for

clarity. Selected bond lengths (4) and angles (°): Cul-N1 2.004, Cul-N2 2.050, Cul-

N3 2.188, Cul-N4 2.016, Cul-N5 2.047; NI-Cul-N2 95.78, NI-Cul-N3 112.34, NI-

Cul-N4 147.59, N1-Cul-N5 93.33, N2-Cul-N3 86.46, N2-Cul-N4 82.53, N2-Cul-N5
162.95, N3-Cul-N4 99.89, N3-Cul-N5 103.34, N4-Cul-N5 82.06.
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Table 2 Crystal data and structure refinement for [Cu(55)NCCH3](Cl04)2

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

a/A

b/A

c/A

(e}

a/
pre

v/°

Volume/A3

V4

Mg/m?

wmm-!

F(000)

Crystal size/mm’

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Extinction coefficient

Largest diff. peak and hole

BC042-Cu
C29H27C12CuNsOs
707.99

116.5(5)

1.54184

Triclinic

P-1

9.2839(5)
10.6305(4)
16.4412(4)
100.177(2)
91.169(3)
114.056(4)
1450.65(11)

2

1.621

3.291

726

0.08 x 0.08 x 0.05
4.652 to 74.565°

-11<=h<=11, -13<=k<=13, -17<=1<=20

28062

5746 [R(int) = 0.0885]

99.9 %

Semi-empirical from equivalents
1.00000 and 0.86902
Full-matrix least-squares on F2
5746 /0 /407

1.028

R1=0.0657, wR2 =0.1737
R1=0.0756, wR2 =0.1814
n/a

1.532 and -1.361 e.A-3
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The most appropriate complexes with which to make a comparison are those that contain
ligands in which the quinolines have been replaced by pyridine. However, surprisingly
there are no structurally characterised copper-containing complexes containing the
analogous pyridine ligand. However, there are a handful of similar copper-containing
species, [Cu(9)X]*", where X = CI (15 = 0.12),>>* F (15 = 0.139)*° and H>O (15 = 0.19).>%°
The value of 15 across these compounds is smaller in comparison to the quinoline-
containing species described above (ts = 0.256) and this can be ascribed to the additional
steric interactions from the quinoline groups in 55, specifically the H-8 protons, which

results in distortion of the geometry.

A comparable complex, [Cu(30)NCCH3](ClO4)2 (Figure 91), has been structurally
characterised.>*! The Cu(Il) ion is pentacoordinate, with the Cu(Il) ion bound to one
terminal acetonitrile ligand and the four nitrogen atoms of the ligand. The geometry about
the metal centre is intermediate between square-based pyramidal and trigonal bipyramidal
(ts = 0.40).*! The bond angles between the Cu(Il) ion and the ligand (N-Cu-N) range
from 80.63° to 163.38°, and the N-Cu-Nacetonitrile bonds are between 94.19° and 136.21°.
The bond angles are similar to those observed for the [Cu(S5)NCCH3] cation, apart from
the N1-Cul-N3 angle between the acetonitrile ligand, Cu(Il), and either the axial

quinoline or pyridine.

The replacement of the pyridine ring with quinoline appears to have a significant effect
on the geometry about the Cu(Il) centre. The geometry changes from a square-based
pyramid (15 = 0.256) to an intermediate between square-based pyramidal and trigonal
bipyramidal (ts = 0.40). The bond lengths are consistent with those observed in the
structure of [Cu(55)NCCH3]*". The Cu(II) cation sits virtually in the plane defined by the
three equatorial nitrogen atoms of the ligand (0.051 A), whereas in [Cu(55)NCCH;]*" the
Cu(Il) ion is positioned out of the plane defined by the square-base (0.149 A). The
complex [Cu(30)NCCH3](ClO4), also exhibits weak intermolecular m-stacking that

shows a centroid-centroid distance of 3.546 A.
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Figure 91. Structure of the [Cu(30)(NCCH;3]**cation. H atoms have been omitted for
clarity.

4.3.3 [Zn(55)NCCH3](C104),

The metal complexes [Cu(55)NCCH;3](ClO4)2 and [Zn(S55)NCCH3](ClOs)> display
isomorphous structures.*?> The [Zn(55)NCCH;3]*" cation (Figure 92) also exhibits a
distorted square-based pyramidal Ns environment about the Zn(II) centre (t5s = 0.16). The
Zn(II) centre is bound to all four nitrogen donor atoms of 55 and the fifth coordination
site is occupied by a solvent acetonitrile nitrogen atom. The Zn-N bond lengths are 2.166
A 2.182 A for Zn-Nguinoline, 2.063 A for Zn-Npyridgine, 2.094 A for Zn-Neersiary, and 2.036 A
for Zn-Nacetonitrite. The N-Zn-N and N-Zn-Nacetonivite bond angles range from 78.76°—
156.37°, and 94.49°— 146.60°, respectively. Very weak intermolecular - interactions of
adjacent quinoline rings of the ligand are observed, with a separation of 4.397 A. The
Zn(1I) ion sits 0.233 A above the plane of the square base formed by the equatorial
quinoline and tertiary nitrogen atoms of the ligand, slightly higher than that observed for

the copper complex described above.
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Figure 92. Structure of the [Zn(55)(NCCH;]**cation. H atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): Zn1-N1 2.036, Znl-N2 2.182, Zn1-N3
2.063, Zn1-N4 2.094, Zn1-N5 2.166;, N1-Zn1-N2 97.80, N1-Znl-N3 110.14, N1-Znl-N4

146.60, N1-Zn1-N5 94.49, N2-Zn1-N3 89.89, N2-Zn1-N4 79.87, N2-Znl-N5 156.37,

N3-Znl-N4 103.19, N3-Znl-N5 104.71, N4-Znl-N5 78.76.
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Table 3 Crystal data and structure refinement for [Zn(55)NCCH3](Cl04)2

Identification code BC042-Zn

Empirical formula C29H27C12ZnN50s

Formula weight 709.82

Temperature/K 115.8(23)

Wavelength/A 1.54184

Crystal system Triclinic

Space group P-1

a/A 8.91680(10)

b/A 10.7079(2)

c/A 16.9085(2)

a/® 97.2950(10)

pre 91.8680(10)

y/° 113.7210(10)

Volume/A3 1459.83(4)

V4 2

Mg/m? 1.615

wmm-! 3.383

F(000) 728

Crystal size/mm’ 0.100 x 0.100 x 0.050
Theta range for data collection 2.646 to 74.429°.

Index ranges -10<=h<=11, -13<=k<=13, -21<=]<=20
Reflections collected 41917

Independent reflections 5792 [R(int) = 0.0574]
Completeness to theta = 67.684° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 1.00000 and 0.96858
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 5746 /0 /407
Goodness-of-fit on F2 1.060

Final R indices [I>2sigma(I)] R1=0.0513, wR2=0.1392
R indices (all data) R1=0.0590, wR2 =0.1456
Extinction coefficient n/a

Largest diff. peak and hole 1.481 and -0.804 e.A-3
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Further analysis of the Zn(II) complex was obtained by means of NMR spectroscopy and
HRMS. The '*C NMR spectrum (Figure 93) revealed 14 aromatic and 3 methylene carbon
signals, and the '"H NMR spectrum is consistent with this. It should be noted that 23
aromatic carbon signals are expected; however, 14 signals are observed due to a number
of overlapping carbons, as confirmed by 2D NMR spectra. The mass spectrum revealed
a base peak at m/z = 234.0641 and this is consistent with the complex formula, [Zn(55)]*"
(caled. for ZnCa7H24N4* [M1* m/z = 234.0646; found m/z = 234.0641).
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Figure 93. 3C spectrum of [Zn(55)NCCH;]*" cation in CD3;OD.

There are no analogous pentacoordinate Zn(II) complexes that contain the pyridine ligand
congener 9. There are a handful of the Zn(II) species that have similar structures to the
[Zn(55)NCCH;]*" cation. 3839339 The majority of these species have a bulky substituent
on either the quinoline or pyridine moieties which result in a significant change in

complex geometry with ts values ranging between 0.475 and 0.872.3%4-3%

A single Zn(IT) complex containing the ligand 55 has previously been prepared by Gan et
al.'™>® The authors have reported the structural characterisation of the Zn(II) complex,
[Zn(55)OH2](Cl04)2.C2Hs0H (Figure 94); however, there are no published preparations
for this ligand. The cation [Zn(55)OH:]*" is five-coordinate, with four nitrogen donors
from the ligand and one monodentate aqua ligand bound to the Zn(II) metal centre,
affording the complex as an intermediate between square-based pyramidal and trigonal
bipyramidal geometry (ts = 0.39). The N-Zn-N bond angles are between 78.65° and
156.68°, and the N-Zn-O angles range from 87.45° to 132.94°. The Zn-N bond lengths
are between 2.050 A and 2.172 A, and the Zn-O bond length is 2.004 A. The Zn(II) ion

sits 0.267 A above the N1-N3-N4 plane. Weak intermolecular m-m interactions occur
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between the quinolyl groups of neighbouring structures with a centroid-centroid distance

of 3.958 A.

Figure 94. Structure of the [Zn(55)(OH)]* cation. H atoms have been omitted for
clarity.

The bond lengths and angles are very similar to those observed in the [Zn(55)NCCH;]**

cation. The notable difference between the two species is the geometry about the Zn(II)

cation which is square-based pyramidal when the fifth coordination site is occupied by an

acetonitrile ligand, and an intermediate geometry with the replacement of H>O (15 =0.16

vs. 15 = 0.39).

Another Zn(II) species that contains a ligand structurally similar to 55 illustrated in Figure
95 is [Zn(a-MeBQPA)CI|CIOs (a-MeBQPA = a-methyl-2-pyridylmethyl-bis(2-
quinolylmethyl)amine).>*’ The ligands differ by a methyl substituent that is located on
the methylene carbon of the quinoline group. In contrast to [Zn(55)NCCH3]?", this species
has the Zn(II) metal centre positioned in a distorted trigonal bipyramidal geometry (15 =
0.72). There are no major differences in the bond lengths between the two species. [Zn(a-
MeBQPA)CI]" has Zn-Nguinoline bond distances similar to those reported in
[Zn(55)NCCH3]*", and the Zn-Npyridine and Zn-Neersiary are slightly longer. The Zn-Cl bond
length of 2.270 A for this species is consistent with the observed literature values of

similar five-coordinate Zn(I) complexes.>**4%
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Figure 95. Structure of the [Zn(a-MeBQPA)Cl] " cation. H atoms have been omitted for
clarity.

4.3.4 [(Mn(55))202](C104)2.2CH3CN
The Mn(IILII) complex, [(Mn(55))202](Cl04)2.2CH3CN (Figure 96), has two

crystallographically independent dimeric cations within the asymmetric unit, with two
Mn(I1II) ions each bound to one 55 ligand, and bridged by a (u-O)2 core. This is unusual

as bis(u-oxo) complexes are predominantly mixed-valence Mn(III)-Mn(IV) species.**
411
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Figure 96. Structure of the [(Mn(55))20,]*"cation. H atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): Mn1-N1 2.311, Mn1-N2 2.145, MnI-
N3 2.147, Mn1-N4 2.333, Mn1-O 1.827, Mn1-O1’ 1.834, NI-Mn1-N2 76.53, NI-Mn1-

N3 85.93, NI-Mn1-N4 150.38, NI-Mn1-O1 105.95, NI-MnI-O1’ 93.67, N2-Mn1-N3
93.10, N2-Mn1-N4 74.60, N2-Mn1-O1 174.14, NI-Mn1-O1’ 89.17, N3-Mn1-N4 89.10),
N3-Mnl-O1 92.38, N3-Mn1-O1’ 177.54, N4-Mn1-O1 103.41, N4-Mn1-O1’ 92.43, Ol-

Mnl-O1’ 85.40.
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Table 4 Crystal data and structure refinement for [(Mn(55))202](C104)2.2CH3CN

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

a/A

b/A

c/A

(e}

a/
pre

v/°

Volume/A3

V4

Mg/m?

wmm-!

F(000)

Crystal size/mm’

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Extinction coefficient

Largest diff. peak and hole

BC042-Mn
CssHs4C2Mn2N10O1o
1231.89

116.0(7)

1.54184

Monoclinic

P21/n

22.0075(3)

12.05850(10)

22.4061(3)

90

112.5840(10)

90

5490.11(12)

4

1.490

5.224

2544

0.16x0.14x 0.14

3.587 to 74.524°.
-27<=h<=27, -15<=k<=14, -25<=1<=27
76882

11063 [R(int) = 0.0664]
100.0 %

Semi-empirical from equivalents
1.00000 and 0.59244
Full-matrix least-squares on F2
11063 /0/ 741

1.026

R1=0.0453, wR2=0.1118
R1=0.0522, wR2 =0.1157
n/a

1.856 and -0.576 e.A-3
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The Mn(Ill) centres display a distorted octahedral geometry. The Mn-Nguinoline bond
lengths lie between 2.298 A and 2.396 A, Mn-Nyyrigine from 2.247 A and 2.155 A, and the
Mn-Niertiary 2.134 A and 2.145 A. The bridging oxygen atoms have Mn-O bond lengths
of 1.826 A and 1.834 A. The Mn-Nquinoiine bond lengths are significantly longer than the
Mn-Niertiary, Which can be attributed to the Jahn-Teller distortion that is expected for high
spin @* Min(I11).!*° The Mn-Mn separation is 2.69 A, consistent with the distances reported
for similar complexes. This is unusual because Mn(IIl)-Mn(IV) bis(p-oxo) dimers also
predominately exhibit a Mn-Mn separation of 2.6 A — 2.7 A 044054127414 deqpite the
difference in the oxidation states of the metal ions. The quinoline rings exhibit
intramolecular m-m interactions with centroid-centroid distances of 3.449 A and 3.593 A.
The trans X-Mn-X angles range from 149.80° to 177.54°, and the cis lie between 74.14°
and 105.95°. The O-Mn-O angles of 85.40° and 85.13° are within the range of other
reported Mn(I1I) complexes.'¢*

The two manganese ions of each independent complex in the unit cell are bridged by two
oxygen atoms and the equatorial plane is defined as containing the two O atoms, the Mn
ion, and the nitrogen atoms of the pyridine ring and tertiary amine. Therefore, the
quinoline groups are positioned in the axial sites. There are two geometric isomeric
possibilities for six-coordinate species containing asymmetric tripodal ligands. These are
the 5- and 6-isomer which refer to the size of the chelate ring in the same plane as the
other donor atoms in the equatorial plane (Figure 97).2* In this instance, the 6-isomer is
present with the six-membered ring formed by the coordination of the pyridylethyl moiety
to the metal centre in the defined equatorial plane. Comparing the N-Mn-N angles, it is
observed that those formed by the five-membered (quinolylmethyl) rings have angles of
74.60° and 76.53°, while the six-membered (pyridylethyl) has an angle of 93.10°;
indicating that the 6-isomer may be favoured on steric grounds as the acute angle is

usually in the equatorial plane in other isomers.*!>
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Figure 97. The geometric 5- and 6-isomers for six-coordinate species that contain

asymmetric tripodal ligands.

The HRMS spectrum of the dinuclear manganese complex revealed a base peak at m/z =
475.1323. This peak is consistent with the complex formula, [(Mn(55))202]*" (calcd. for
Mn,CssHagsNgO2** [M]** m/z = 475.13300, found m/z = 475.1323

A manganese dimer that contains the analogous pyridine ligand 9 (Figure 98),*'> has been
structurally characterised. In contrast to the III/IIl oxidation states observed for the
manganese centres in [(Mn(55))202](ClO4)2.2CH3CN, this species exhibits Mn(III)-
Mn(IV) oxidation states. Despite the different oxidation states, a similar distorted
octahedral geometry is observed with each manganese cation bound to the nitrogen
donors of the ligand and two bridging oxygen atoms. The two independent cations in the
unit cell have frans X-Mn-X angles that range from 157.94° to 177.75°, and cis angles
between 78.45° and 101.93°. The bond lengths are significantly shorter than the
quinoline-containing complex above, with Mn-N and Mn-O distances of 2.080-2.119 A
and 1.806-1.822 A, respectively. This is to be expected as the additional pyridine moieties
have reduced steric hindrance compared to quinoline which allows the pyridine group to
sit closer to the metal centre, and thus shorter Mn-Npyridine bond lengths are observed. The
Mn-Mn separation is 2.69 A which is the same distance between the Mn centres in
[(Mn(55))202](C104)2.2CH3CN. Again, this is unusual because in contrast to
[(Mn(55))202](C104)2.2CH3CN, the analogous pyridine dimer does not have both
manganese cations in the 3+ oxidation state but rather Mnlll/IV. Like the quinoline-
containing complex, the pyridine congener exhibits the six-membered ring in the

equatorial position.
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Figure 98. Structure of the [(Mn(9):0:]°" cation. H atoms have been omitted for clarity.

Out of the 188 bis(u-oxo) dinuclear manganese complexes that have been structurally
characterised, the majority exist as Mno(IILIV) dimers.**>#1642! On the other hand,
examples of (u-O)>Mno(IILII) are still rare and unusual with only 18 examples reported

in the CSD,!23:163:164.203422-431 A gjonificant number of these (u-O)Mno(I1LI1I) structures

are quinoline-containing complexes.

One example of a bis(p-oxo0)diMn™™! complex is [Mn2(30)2(u-0)2](ClO4)2, containing
the tetraamine tripodal quinolyl ligand 30 (Figure 99). The complex has been synthesised
and structurally characterised as part of an investigation into the development of
manganese catalase models and was found to be an approximate structural mimic of the
oxidised form. A more in-depth discussion on the importance of such compounds can be

found in Chapter One.
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Figure 99. Structure of the ligand 30 (right); The structure of the [Mn2(30)2(u-
0)2](ClO4)2 complex (lefi).

The Mn(IlI)2 cation, [Mn2(30)2(pn-O)2)*" (Figure 100), comprises two Mn(III) units
bridged by a (u-O)2 core. The Mn-Nguinoline bonds that lie along the Jahn-Teller axis (2.145
A —2.383 A) are significantly longer than the Mn-Nguinoline (2.145 A) and Mn-Neersiary
(2.114 A) bond distances. The O-Mn-O bond lengths are 1.824 A and 1.829 A, similar to
those reported for [(Mn(55)).02]*" and [(Mn(9).02]*" described above. The distance
between the two Mn(III) cations is 2.67 A. The cis N-Mn-N angles lie between 74.15°
and 84.40°, N-Mn-O from 89.88° to 106.7°, and the O-Mn-O angle is 85.75°. Trans
angles are 147.36° for N-Mn-N, and 172.26° and 175.60° for the N-Mn-O angles. The
manganese dimer displays intramolecular m-m interactions between quinoline groups
(centroid-centroid distance of 3.681 A).!%3 Overall, this manganese dimer exhibits very

similar geometry to that observed in [(Mn(55)).02](Cl04)2.2CH3CN.
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Figure 100. Structure of the [Mn2(30)2(u-0)2]** cation. H atoms have been omitted for
clarity.

4.3.5 [(62)Co(OH)3:C0(62)](C104);.CH3;CN

The dimeric cobalt complex [(62)Co(OH)3Co(62)](ClO4);.CH3CN consists of two
Co(III) centres that are bridged together via three hydroxido ligands. This complex was
prepared from the reaction of [Co(OH2)s].(ClOs), and the ligand 64 in a solution of
CH3CN. X-ray quality crystals were obtained after the solution was left to stand under
ambient conditions for 3 days. As shown in Figure 101, the 2-quinolylethyl moiety of the
tripodal ligand has detached and the resulting complexed ligand is 2-(pyridin-2-yl)-N-[2-
(pyridin-2-yl)ethyl]ethan-1-amine 62. As to be discussed in Chapter Five, a significant
amount of 2-vinylquinoline 45 was observed in the mass spectra obtained for the ligand-
metal solutions of all the 2-quinolylethyl-containing species. Here, we have isolated the
result of the 2-quinolylethyl arm detaching from the central nitrogen donor atom.
Unfortunately, due to the limited amount of sample obtained, this complex has only been

structurally characterised by means of X-ray crystallography.

The structure of the dinuclear complex consists of two fac-[Co(62)] units connected by
three bridging hydroxido ligands. The Co(Ill) centres are octahedrally coordinated by
three nitrogen donor atoms from the ligand and the O atoms from the bridging hydroxido
ligands. The Co(III) ions are 2.595 A apart and the Co-O bond lengths are 1.892 A, 1.920
A, and 1.945 A. The Co-N bond lengths range from 1.945 A to 1.984 A. Bond angles
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involving the metal ions and the ligand (cis N-Co-N) are 93.70°,95.30°, and 96.00°, while
those involving the bridging hydroxido ligands are (trans N-Co-0O) 164.77°, 168.62°, and
173.04°, and 88.02° — 96.57° (cis N-Co-0O). The O-Co-O angles are 77.41°, 79.58°, and
80.80°. The hydroxido ligands participate in hydrogen bonding with the perchlorate

counterions with Ohydroxido-Operchlorate distances of approximately 2.8 A.

Figure 101. Structure of the [(62)Co(OH)3;Co(62)]** cation. H atoms have been omitted
for clarity. Selected bond lengths (A) and angles (°): Col-N1 1.984, Col-N2 1.954,
Col-N3 1.945, Col-O1 1.892, Col-02 1.945, Col-03 1.920; N1-Col-N2 96.00, NI-
Col-N3 93.70, N2-Col-N3 95.30, N1-Col-O1 92.02, NI-Col-O2 94.72, NI-Col-O3

105.36, N2-Col-O1 88.03, N2-Col-0O2 164.77, N2-Col-O3 87.93, N3-Col-O1 173.04,

N3-Col-02 94.77, N3-Col-03 96.57, O1-Col1-0O2 80.80, O1-Col1-0O3 77.41, O2-Col-

03 79.58.
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Table 4 Crystal data and structure refinement for [(62)Co(OH)3C0(62)](Cl04);.CH3CN

Identification code
Empirical formula

Formula weight
Temperature/K
Wavelength/A

Crystal system

Space group

a/A

b/A

c/A

a/®

pre

v/°

Volume/A3

V4

Mg/m?

wmm-!

F(000)

Crystal size/mm’

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Refinement method

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

Final R indices [[>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

BC255-Co
Ci5H19.50Ci1.50CoN3.500s
488.94

293(2)

1.54184

Orthorhombic

Pnma

19.3732(3)

11.4254(2)

17.2501(3)

90

90

90

3818.25(11)

8

1.701

9.462

2004

0.08 x 0.04 x 0.04

3.431 to 72.402°.
-12<=h<=23, -14<=k<=13, -20<=1<=20
18769

3845 [R(int) = 0.0330]

99.9 %

Full-matrix least-squares on F2
3845/0/299

1.018

R1=10.0387, wR2 =0.1079
R1=10.0433, wR2=0.1110
n/a

1.026 and -1.072 e.A-3
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The di-cobalt(II)tris(pu-hydroxido) unit has been known since it was first identified by
Werner in 1907 in the complex cation [(NH3);Co(OH);Co(NH3)3].4*? The bromide and
iodide salts of this were structurally characterised in 1967.%*3 Since this time, there have
been only two entries containing this unit reported in the CSD, namely
[(dpt)Co(OH);Co(dpt)](ClO4)3 (dpt = di(3-aminopropyl)amine)*** and
Na[(tacn)Co(OH)3Co(tacn)]Cl>.(Cl04)2.2H20 (tacn = 1,4,7-triazacyclononane).**®

The [(dpt)Co(OH)3;Co(dpt)]*" and [(tacn)Co(OH);Co(tacn)]** cations exhibit a Co-Co
distance of 2.579 A and 2.549 A, respectively, consistent with the distance observed in
[(62)Co(OH)3;Co(62)]*" (2.595 A). All three cations display Co-O bond lengths of ~ 1.9
A. A slight difference in the O-Co-O bond angles of [(62)Co(OH);Co(62)]** (~80°) is
observed compared to the O-Co-O angles of ~83° in [(dpt)Co(OH);Co(dpt)]*" and ~84°
for the O-Co-O angles in [(tacn)Co(OH);Co(tacn)]**. The hydroxido ligands in both
cations participate in hydrogen bonding with the chloride and perchlorate counterions

with distances of approximately 2.8 A, similar to those observed above.

Figure 102. Structure of the [(dpt)Co(OH)3Co(dpt)]*" (right) and
[(tacn)Co(OH);Co(tacn)]** (left) cations. H atoms have been omitted for clarity. H

atoms of the hydroxido ligands are not included in the reported structure of the cation

[(dpt)Co(OH)3;Co(dpt)]*".

4.4 Conclusion

This chapter has presented the synthesis and characterisation of the new complexes,
[Pd(58)CI]Cl.xH20, [Cu(55)NCCH;3](ClO4)2, [Zn(55)NCCH3](ClO4)s,
[(Mn(55))202](Cl04)2.2CH3CN, and [(62)Co(OH)3C0(62)](Cl04);.CH3CN. The X-ray
structures for each sample have been reported. [Pd(58)CI|CL.xH>O is a rare example of a
metal complex that contains a 2-quinolylethyl-based ligand. Confirmation of the identity
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of this complex has been obtained by means of X-ray crystallography, NMR spectroscopy
and HRMS. The pentacoordinate complex cations, [Cu(55)NCCH;3]** and
[Zn(55)NCCH;]*" are isomorphous structures. Both species have been characterised by
X-ray crystallography and HRMS. In addition, [Zn(55)NCCH3]** has been analysed by
NMR spectroscopy. The manganese cation, [(Mn(55))02]*", is a rare example of a bis(-
0x0) Mn(III)-Mn(IIl) dimer. The characterisation of this species was achieved by X-ray
crystallography and HRMS. Another unusual complex isolated in this work was the
dinuclear Co(III) species, [(62)Co(OH)3Co0(62)](C104)3.CH3CN. This complex consists
of two Co(III) ions that are connected via three bridging hydroxido ligands, a structural

feature that is rare in the literature.
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Chapter Five
The Characterisation of Transition Metal Complexes

Containing Quinoline-Based Ligands

5.1 Chapter overview

This chapter describes the characterisation of transition metal complexes of the ligands
described in Chapter Two (see sections 2.1 and 2.4). Various attempts were made to
produce single-crystal samples suitable for structural analysis via single-crystal X-ray
diffraction. Unfortunately, no X-ray quality crystals were obtained from the many
crystallisation attempts in this work. Therefore, it was necessary to resort to alternative
solution-state characterisation methods for these complexes. Foremost amongst these was
mass spectrometry, which has been used in previous work**® where similar issues were
encountered. Secondly, the use of UV-visible spectroscopy was employed to obtain a

series of Job plots, a method developed for the determination of mole ratios.
5.2 Introduction

5.2.1 Mass spectrometry

Electrospray ionisation mass spectrometry (ESI-MS) has been shown to be a valuable
characterisation tool for the detection and identification of metal complexes.**’** This
technique separates ions individually so that an ion containing one or more polyisotopic
elements will give rise to several isotopomeric signals. Depending on both the mass and
the relative abundance of the isotopes, these signals have a characteristic pattern of
relative intensities and spacing. This signal grouping is known as the isotope pattern.**
The stoichiometry of the species can potentially be determined directly from the m/z

value, while the isotope pattern and additional MS-MS analysis can provide further

confirmation.**!
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As an example of this type of characterisation, Caudle et al. utilised mass spectrometry
to conclusively determine the binding ratio of two iron hydroxamic acid complexes.
Solutions of the dihydroxamic acid ligands, N! N'’-dihydroxy-N',N'°-
dimethyldecanediamide 142 and N',N*-dihydroxy-N! N*-dimethylbutanediamide 143
(Figure 103), were mixed with equimolar amounts of FeCl3.6H>O, using CH3CN as the

H( )\ N\ N ~

Figure 103. Structure of the ligands 142 and 143.

Analysis of the Fe(IIl) complex containing 142, revealed a mass spectrum that showed
signals at m/z = 214, 314, 355, and 663. In conjunction with the expansion of the peak at
m/z = 314, and matching the iron isotope pattern, allowed for the identification of the
singly charged 1:1 [Fe(142)]" complex (Figure 104). A signal that appeared 41 mass units
higher at m/z = 335, was concluded to be from the addition of a CH3CN ligand,
[Fe(142)(NCCH3)]". The chloride-containing binuclear, [Fex(142).Cl]", was assigned to
the peak observed at m/z = 633, and the isotopic distribution was used for the recognition

of the iron and chloride ions present.
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Figure 104. The mass spectrum of a solution of 142 and FeCl3.6H>0 in CH3CN (top=

experimental, bottom= calculated on the basis of isotope ratios).**

The mass spectrum of the iron complex containing 143, revealed similar features to that
observed in the spectrum discussed above. A signal was observed at m/z =230, consistent
with a species that has a 1:1 metal-to-ligand ratio. However, according to the authors the
isotope pattern of the peak could not be justified based on a singly charged entity. An
isotopic distribution similar to that observed for the complex containing 142 would be
expected if the corresponding species was [Fe(143)]". As displayed in Figure 105, the
observed isotope pattern is consistent with an iron complex of [Fe2(143),]*" with m/z =
230 and z = 2. This observation gave the authors evidence that when the alkyl chain length
was n = 2, the short distance between the hydroxamate groups precluded the formation of
the monomer due to the added ring strain and that, the 2:2 dimer was the species present
in solution. The chloride-containing binuclear, [Fe2(143).CI]*, was also observed for this

ligand with a peak at m/z = 495 that was assigned to this complex.*?
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Figure 105. The mass spectrum of a solution of 143 and FeCl3.6H,0 in CH;CN (top=

experimental, bottom= calculated on the basis of the isotope ratios).**

Allen et al. studied several complexes containing the pyridyl-based ligand 8 using ESI-
MS for the characterisation of these metal species in addition to the X-ray crystallography
data obtained. The selected complexes [Zn(8)CI]ClOs, [Zn(8)I]C104 and [Cu(8)Br]ClO4
(Figure 106) were prepared in MeOH and the corresponding solutions were analysed.
The mass spectrum of the Zn(II) species [Zn(8)CI]ClO4 revealed a signal at m/z = 389
that was assigned to the complex ion [Zn(8)CI]*. The expected peak for the compound
[Zn(8)I]ClO4, to the authors surprise, was not observed in the mass spectrum and only
impurity peaks were revealed. The authors speculated that this was due to the halide
displacement by solvent molecules in solution. In addition, the complex [Cu(8)Br]ClO4
was analysed and the mass spectrum revealed a signal at m/z = 389 that was assigned to
the species [Cu(X)Br]" according to the authors. The results of this study were

complementary with the solid-state X-ray data obtained.’
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Figure 106. The structures of the metal species [Zn(8)Cl]ClOy, [Zn(8)I]ClO4 and
[Cu(8)Br]CIO..

Hall reported the synthesis of three hexadentate ligands, N,N’-bis(2,2’-bipyridin-6-
ylmethyl)butane-1,4-diamine 144, N,N’-bis(2,2’-bipyridin-6-ylmethyl)pentane-1,5-
diamine 145 and N,N’-bis(2,2’-bipyridin-6-ylmethyl)octane-1,8-diamine 146 (Figure
107) and the characterisation of the corresponding Co(IlI), Fe(II), Mn(II) and Ni(II)
coordination complexes. The ligands can be prepared in a similar manner from the
condensation of 2,2’-bipyridine-5-carbaldehyde with butane-1,4-diamine, pentane-1,5-

diamine or octane-1,8-diamine, respectively, followed by the subsequent reduction.

The reaction of the ligand 144 with the first-row transition metal ions Co(III), Fe(II),
Ni(Il) and Mn(Il) afforded X-ray quality crystals and structural characterisation
confirmed the isolation of mononuclear complexes. However, crystalline material was
not obtained from the reaction of the ligands 145 and 146 with the same metal ions. Thus,

the identification of the complex and the metal-to-ligand ratio was determined using mass

spectrometry.
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Figure 107. The general structure of the hexadentate ligands 144, 145, and 146.

The Ni(II) complex containing 145 was prepared by mixing equimolar solutions of the

ligand and [Ni(OH2)s](ClO4)> in CH3CN. The product oiled out on standing overnight
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and following the dissolution of the oil in CH3CN the solution was analysed by ESI-MS.
The experimental mass spectrometry data obtained displayed a base peak at m/z =
596.1348 which corresponds to the complex formula, [Ni(145)(Cl04)]". However, fitting
the experimental data against the calculated spectra for the possible mononuclear,
dinuclear and trinuclear complexes, revealed that the measured spectrum does not
correspond exactly to any one of these but rather shows a presence from all three species.
Comparisons between the experimental and calculated data show that the predominant
species is the dinuclear complex, [Ni2(145)2(ClOs):2]**, followed by the mono- and
trinuclear (Figure 108).

‘ (a)

,,,,,,,

(b)

wran (d)

Figure 108. The experimental mass spectrum of the Ni(Il) complex containing 145 (a);
calculated spectrum of [Ni(145)(ClO4)]" (b), calculated spectrum of
[(Ni2(145)2(ClO4)2]*" (c); calculated spectrum of [(Nis(145)3(ClO4)s]*" (d).**

A solution of a Ni(Il) metal complex containing the ligand 146 was prepared in situ by
reacting 1 equivalent of the ligand with the metal perchlorate salt in CH;CN which was
followed by ESI-MS analysis of the resulting solution. The obtained data displayed

similar results to those seen for the ligand 145 discussed above. Again, comparisons
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between the experimental and the calculated data pointed towards the presence of the

mono-, di- and trinuclear species, with the dinuclear complex predominating.***

5.2.2 Job Plots

A Job plot, also known as the method of continuous variation or Job’s method, is an
analytical technique that can be used to determine the stoichiometry of a reaction between
a transition metal ion and a ligand. Named after Paul Job who first reported the method
in 1928,** this method has become widely used in many areas of chemistry, especially

for determining the composition of complexes in solution. #3447

Job’s method is based on the binding potential of one species (A) to another species (B)
when those two species are present in a solution and is used to determine the ratio in

which A and B bind.

To obtain a Job plot, aliquots of two equimolar stock solutions of metal and ligand are
mixed in varying volumes such that the sum of the molar concentrations of the resulting
solutions remain constant, while the metal-ligand ratio varies in each solution. UV/vis
absorbance measurements of the prepared solutions are obtained and plotted against the
mole fractions of the two species. The stoichiometry of the reaction is determined from
the maximum of the curve, which corresponds to the maximal formation of the complex.
The peak of the plot correlates to the mole fraction of the ligands bound to a metal ion.
For example, Figure 109 displays a simple Job plot that shows the absorbance maximum

at a mole fraction of 0.5 indicating a metal-ligand ratio of 1:1.448
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Figure 109. A simple Job plot obtained from the addition of a pseudopeptide ligand and
[Cu(OAc)4(H>0)2].**

There are two main conditions that must be met to obtain a successful Job plot. Firstly,
the system must conform to Beer’s law, and secondly, there can only be one predominant
complex species in solution under the experimental conditions. For instance, in the
example above, the 1:1 complex predominates and there are not significant amounts of

other species having different stoichiometries present.**

The stability of the complex formed is related to the curvature of the plotted lines.
Complexes having higher formation constants afford straighter lateral segments of the
curve allowing for easier determination of the position of the maximum. Two straight
lines can easily be fitted, one with a positive slope due to the increase in the proportion
of the complex, and the other with a negative slope due to its decreasing concentration as
the stoichiometric point is exceeded. Complexes having relatively small formation
constants result in more rounded plotted curves, and this can lead to more unreliable
results. In this case, straight lines are plotted using the data points that are most distant
from the maximum and the point at which these intersect determines the

stoichiometry, #46:430:451

A fluorescent-enhanced chemosensor has been reported for the detection of the metal ions
AI(IIT) and Fe(Ill). Based on the simple naphthyridine and benzothiazole groups, the
authors have synthesised the ligand N-(2-(2-benzothiazol-2-yl)vinyl-4-methyl-1,8-
naphthyrine-7-yl)acetamide 147 (Figure 110). Yao et al. determined the binding
stoichiometry of the chemosensor with the metal ions AI(III) and Fe(Ill). The
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experimental data for the Al(III) metal ion was collected following Job’s method with the
absorbance of the complex solutions recorded at 377 nm. The graph obtained displayed
the absorbance maximum at a mole fraction of 0.5, thus the ratio between the AI(III) metal
ion and the ligand was determined to be 1:1 (Figure 110). The Job plot obtained for the
Fe(III) samples revealed the same 1:1 binding stoichiometry between the ligand and metal
ion. Further confirmation of the binding stoichiometry of both the AI(III) and Fe(III)
complexes was obtained using mass spectrometry that showed a 1:1 metal-ligand ratio.
In combination with the Job plots, 'H NMR spectra, ESI-MS data and DFT calculations,

the binding stoichiometry was further confirmed.*>
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Figure 110. Structure of the ligand 147 and corresponding Job Plot with Al(Ill) ions.*”

The recognition of Cu(Il) metal ions in solution using macrocycles has utilised Job’s
method to study the complexation behaviours of a new cyclic derivative towards the
selected metal ion. The tri-linked macrocyclic ligand 148 displayed in Figure 111, has
been reacted with copper(Il) nitrate and using Job’s method the stoichiometry of the
resulting complex has been determined. The experimental data affords a Job plot that
shows the absorption maximum at a mole fraction of ~0.66, thus revealing the formation

of a 2:1 (M:L) species in solution (Figure 111).4>
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Figure 111. Structure of the tri-linked macrocycle ligand 148 and corresponding Job
plot with Cu(Il) ions.*?

You et al.** reported the synthesis and subsequent investigation of the colourimetric

sensor,

(E)-9-(((5-mercapto-1,3,4-thiadiazol-2-yl)imino)methyl)-2,3,6,7-tetrahydro-

1H,5H-pyrido[3,2,1-ij]quinolin-8-ol 149 (Figure 112) for the sequential detection of

Cu(IT) and CN" ions. A Job plot was obtained from the reaction of the sensor 149 and

Cu(II), finding a 1:2 metal ion to ligand stoichiometric ratio. As can be seen in Figure

112, the two straight lines intersect at the absorbance maximum at the mole fraction of

~0.33, indicative of the 1:2 (M:L) ratio.
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Figure 112. Structure of the colorimetric sensor 149 and the corresponding Job plot

with Cu(ll) ions.*’

The Cu(Il)-ligand solution was further reacted with the gradual addition of a solution

containing CN™ ions and the absorbance measurements were taken again. The Job plot
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obtained demonstrated the 1:1 binding stoichiometry between the Cu(Il) complex and
CN" (Figure 113). Further analysis of this sample by negative ion mass spectrometry
revealed the release of the sensor ligand and the formation of a more stable Cu(CN)x

complex. The authors were able to propose the demetallation mechanism of the Cu(II)

d 454

complex by CN" using both Job plot data and the mass spectrum obtaine
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Figure 113. Structure of the Cu(ll) complex containing 149 and corresponding Job plot
obtained from the addition of CN" ions.**

5.3 Solution Studies

In the absence of X-ray crystallography data, the binding stoichiometries were determined
by means of mass spectrometry and Job’s method using UV-vis spectrometry. The
following discussion investigates the results obtained from both analytical techniques and

determines the binding stoichiometry of each ligand with several metal ions.

The solutions were made up according to the methods described in Chapter Two. All the
experiments were conducted in CH3CN. The mass spectrometry data were collected as
described in section 2.3.1. Low-resolution mass spectrometry was obtained for this series
of experiments. Job’s method and production of the corresponding plots were carried out
according to section 2.3.2. Each experiment was repeated a minimum of two times with

freshly made solutions, and reproducible results were obtained.

The mass spectra were obtained from solutions that had been made up by mixing a
solution of the metal ion with 1, 2 and 3 equivalents of ligand. The complex solutions
were mixed and allowed to stand at room temperature for 30 minutes before each sample

was directly injected into the mass spectrometer for analysis.
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The observed spectrum was compared with the calculated spectrum which was obtained

from Molecular Mass Calculator.*>?

The peaks that correspond to a metal ion-containing species were assigned, in part, using
the specific isotope pattern of each metal ion. For example, there are two stable isotopes
of copper, ®*Cu and ®*Cu, with the average abundance of each being 69.17% and 30.83%,
respectively.*>® As a result, the mass spectrum of a copper-containing species displays an
isotope pattern of two peaks with an approximate ratio of 2:1 (Figure 114).*” Zinc has
five stable isotopes, 4Zn (48.63%), %Zn (27.90%), ’Zn (4.10%), %*Zn (18.75%), and
79Zn (0.62%).%® The presence of this metal ion shows an isotope pattern that contains
approximately five signals (Figure 114).** Nickel also has five stable isotopes, **Ni, ®°*Ni,
6INi, ®2Ni, and ®Ni. The average abundances of each isotope are 67.7%, 26.2%, 1.25%,
3.66%, and 1.16% which corresponds to an isotope pattern of five signals (Figure 114).4%°

The isotope pattern was also used in the identification of the presence of chloride ions
which are seen commonly in the following complex species as either Cl or ClO4™ ions
associated with the metal ions. Chlorine has two naturally occurring stable isotopes, **Cl
(75.77 %) and *’Cl (24.32 %), that have an approximate abundance ratio of 3:1.%! The
presence of chlorine in almost all the following metal complexes is confirmed by the
appearance of appropriately spaced peaks in a ratio of 3:1. In some instances, the data
were consistent with the presence of free chloride as determined by the isotope pattern
and m/z values. Given there was no free chloride present in the solutions, this may be

attributed to a contamination within the mass spectrometer.
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Figure 114. Isotope patterns for the metal ions Cu (left), Zn (centre), and Ni (right).

Determination of the ion charge from the mass spectrum was obtained using the spacing
between the isotope peaks within the isotope pattern for the ion. For example, if the
isotope peaks are spaced by a m/z unit of 1, the ion species is determined to have a 1+
charge.**? For each species discussed in the following experiments, the charge of the ion
was determined by the spacing between the peaks which in all cases, unless otherwise
stated, were found to be m/z = 1, implying that z = 1. Reduction of the metal centre or
association of a negatively charged ion affords the 1+ charge on the following species in

most instances.

For the Job plots, graphs of the absorbance against the mole fraction of the metal ions
Cu(II), Co(II) and Ni(IT) were plotted and the intercept of the two slopes was used to
determine the stoichiometry of the complexes formed in solution. The metal ions Fe(II)
and Mn(II) were not investigated owing to the precipitation within the iron solutions, or

very low absorbance in the case of manganese.

5.4 Results and Discussion

In all the mass spectra of the different quinoline-containing ligands and metal ions, a peak
at m/z = 156.0 corresponding to 2-vinylquinoline 45, a ligand fragment, was observed.
This peak is either the most intense or the second most intense with the exception of the
spectra that include Cu(II) metal ions. It appears that 2-vinylquinoline is generated by the

decomposition of the ligand within the mass spectrometer during the experiment.
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The reaction between the tetradentate 2-quinolylethyl-based ligands 57, 58, 63 and 64
and the metal ions Cu(Il), Co(II), Ni(II), Zn(IT) and Mn(II) has been compared to the

analogous reaction with the respective pyridine congeners.

5.4.1 Ligand 57

Mass spectrometry

=
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| ! Chemical Formula:C,gHogN4

Monoisotopic Mass: 418.21

A solution of the free ligand 57 reveals a mass spectrum that displays a peak
corresponding to 57 observed at an m/z = 419.2 (calcd. for C2oHx/Ns" [M+H]" m/z =
419.22, found m/z = 419.2) and a ligand fragment 65 (Figure 115) at m/z=264.1 (calcd.
for C17HisN3" [M+H]" m/z = 264.15, found m/z = 264.1). It can be seen from this spectrum
that the ligand fragments to afford a significant amount of 2-vinylquinoline 45, observed

at m/z = 156.0, under the conditions of this mass spectrometer.

]
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65 H N

Chemical Formula: C47H47N3
Monoisotopic Mass: 263.14

Figure 115. Structure of the ligand fragment 65.

The addition of the [Cu(OH2)6](C104)> solution to the solution of 57 (Figure 116) affords
a mass spectrum that displays five peaks due to copper-containing species at m/z = 326.0,
388.0,481.1, 526.1, and 580. In addition, signals are observed at m/z = 156.0, 264.1, and
419.2 which can be ascribed to 2-vinylquinoline 45, the ligand fragment 65 and the free
ligand 57, respectively.

189



Chapter Five

x10 5
251
244
234

156.0

2211

24

526.1

1.94
1.89
1.7
1.6
151
144
1.34
1.24
144

103.9

481.1

0.91
0.8
0.7 1
0.6 1
0.5
0.4 4
0.3 4
0.24
0.14

388.0
419.2

121.0

264.1

‘ -
‘LJ‘II“ u'“% \ l e

100 150 200 250 300 350 400 450 S00 S5S0 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)

545.1
[=————580.0

<
0
o
11.
¥

——219.0

Figure 116. The mass spectrum of an equimolar solution of 57 and [Cu(OH>)s](ClOy)>.

The most intense copper-containing peak is observed at m/z = 526.1 which displays the
expected copper ion isotope pattern and the peak spacing confirms it to be a 1+ ion. Using
this reasoning, the peaks at m/z = 481.1, 388.0, 580.0 and 326.0 can also be assigned as
resulting from 1+ ions that contain copper. On addition of a further equivalent of 57, the
copper-containing peaks decrease in intensity and the free ligand signal increases in

intensity. This trend continues upon the addition of a third equivalent of ligand.

The peak at m/z = 526.1 is consistent with the complex formula [Cu(57)(HCOO)]" (calcd.
for CuCa9H27N4O2" [M]" m/z = 526.14, found m/z = 526.2). In this case, it appears that
the Cu(II)-57 complex has bound a negatively charged formate ion, which is used in the
calibration of the mass spectrometer. The anions formate, perchlorate and chloride are

frequently observed in the experimental data to follow.

The peak observed at m/z = 481.1 can be assigned to the mononuclear 1:1 complex,
[Cu(57)]" (caled. for CuCasHaeN4™ [M]" m/z = 481.14, found m/z = 481.1). In this
instance, z = 1, and this indicates that reduction has occurred within the mass spectrometer

during the analysis of the sample to give a Cu(I) complex.

The peak observed at m/z = 580.0 corresponds to [Cu(57)(ClO4)]" in which the 1:1

complex includes an associated perchlorate ion (calcd. for CuCasH26N4ClO4" [M]" m/z =
190



Chapter Five

580.09, found m/z = 580.0). The isotope pattern is consistent with an ion containing both
copper and chlorine. The 1+ charge on the ion confirms that the metal ion has not

undergone reduction.

The peak at m/z = 326.0 is consistent with a Cu(I) complex of the neutral ligand fragment
65, formula [Cu(Ci7H17N3)]". The appearance of the peak at m/z = 326.0 is difficult to
explain, this would require loss of two protons from the ligand and an oxidation state of
copper of at least 2+. When the experimental data was fitted to the calculated, the isotopic
ratio pattern also did not match (Figure 117). The assignment of this peak is not obvious

at the current time.
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Figure 117. Experimental peaks for [Cu(C17H7N3)] " (left); Calculated peaks for
[Cu(C17H17N3)]".

The peak at m/z = 388.0 could not be assigned; however, as determined by the isotope
pattern the species has a 1+ charge and contains a copper ion. The closest calculated fit
was the complex species [Cu(65)(NCCH3)(Na)]" (caled. for CuCi9H20N4Na m/z =390.08,
found m/z = 388.0).

The mass spectra of solutions of [Co(OH2)6](ClO4)2 to which 1, 2, and 3 equivalents of
ligand 57 have been added show peaks at m/z = 156.0, 419.1 and 508.2. The latter can be
assigned to the Co(II) complex ion [Co(57)H3CO]" (caled for CoC29H2oN4sO" [M]" m/z =
508.16 found m/z = 508.2). There is a slight increase in the intensity of the complex ion
peak after the addition of the second and third equivalents of the ligand 57.

The mass spectra of solutions of [Ni(OH2)s](ClOs)2, [Zn(OH2)s](ClOs), and
[Mn(OH2)s](ClO4) containing 1, 2, and 3 equivalents of ligand 57 display intense peaks
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at m/z = 156.1, 419.2 and 264.1, with the only nickel-, zinc- and manganese-containing
species observed being very low intensity peaks corresponding to [M(57)C104]" in all
cases. This suggests that 57 has a very low binding affinity for these metals under the

conditions in the mass spectrometer.

Given the somewhat surprising results obtained for the ligand 57, it was of interest to
investigate the behaviour of the analogous pyridine ligand. This is the ligand 10, which
has three pyridine nitrogen donors, two aminoethyl and one aminomethyl alkyl chain

attached to the central nitrogen atom (Figure 118).
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Chemical Formula: CogHzoN4

Monoisotopic Mass: 318.18

Figure 118. Structure of the pyridyl-based ligand 10.

The analogous pyridine ligand, 10, affords a molecular ion peak at m/z = 319.1 (calcd. for
Ca0H2N4" [M+H]" m/z=319.19, found m/z = 319.1). The mass spectrum of an equimolar
solution of [Cu(OH2)s](ClO4)2 and 10 shows complete reaction of the ligand and a
complex ion peak at m/z = 426.1 corresponding to the formula [Cu(10)(HCOO)]" (calcd.
for CuC21H23N402" [M]" m/z = 426.11, found m/z = 426.1). There is an additional small
peak at m/z = 480.0 consistent with the complex ion [Cu(10)(ClO4)]" (calcd. for
CuC20H2N4ClO4" [M]" m/z = 480.06, found m/z = 480.0). The analogous peaks are also
observed in the [Ni(OH2)s](ClO4)2 spectrum, with the major peak at m/z = 421.1
(INi(10)(HCOO)]") and the minor at m/z = 475.1 ([Ni(10)(ClOs)]") (calcd. for
NiC21H23N4O2" [M]* m/z = 421.11, found m/z = 421.1; calcd. for NiC20H23N4ClO4" [M]*
m/z = 475.06, found m/z = 475.1).

An equimolar solution of [Zn(OH>)6](C104)2 and 10 gives a mass spectrum showing two
zinc-containing peaks m/z =427.1 and 481.0, and a peak corresponding to the free ligand
10. The peak at m/z = 427.0 can be assigned to the complex ion [Zn(10)(HCOO)]" (calcd.
for ZnC21H2N4O2" [M]" m/z = 427.11, found m/z = 427.0) and that at m/z = 481.0 to the
[Zn(10)(C104)]" ion (caled. for ZnC20H22N4ClO4" [M]" m/z = 481.06, found m/z = 481.0).
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The intensities of the peaks corresponding to the free ligand and the [Zn(10)(HCOO)]"

ion increase upon the addition of the second and third equivalents of the ligand.

In contrast, the mass spectrum obtained from an equimolar solution of
[Mn(OH2)s](ClO4)2 and 10 exhibits an intense ligand peak and a low-intensity complex
ion peak at m/z = 472.0, assigned to [Mn(10)(C104)]" (calcd. for MnC20H22N4C104" [M]*
m/z =472.07, found m/z = 472.0).

In this instance, the quinolyl-based ligand 57 and its pyridine congener display relatively
similar complexation behaviour in the presence of the metal ions Cu(II), Co(II), Ni(Il),
Zn(II) and Mn(II). The comparable pyridine ligand 10 shows a complete reaction of the
ligand and [Cu(OH2)s](ClO4)s with no free ligand peak displayed, whereas the quinoline
ligand 57 does not behave in this way. Both the ligands exhibit peaks that correspond to
the complex formulae [Cu(L)(Cl04)]" and [Cu(L)(HCOO)]" (L = 10 or 57). Furthermore,
the reaction of the quinolyl ligand with Cu(Il) afforded an additional complex ion signal
which corresponds to the mononuclear 1:1 species [Cu(57)]". Interestingly, the reaction
between the pyridine congener and Cu(Il) does not afford the same 1:1 complex ion
signal. The reaction of 57 with the metal ions Ni(II) and Zn(Il) afforded signals of very
low intensity; whereas, the reaction of the pyridine congener with these metal ions
afforded clear complex ion signals. Both the quinoline and pyridine ligands show one
manganese complex ion of very low relative abundance and in both instances, this has

been assigned to the formula [Mn(L)(ClO4)]".

Job Plots

Figure 119 shows the Job plots obtained for solutions of the ligand 57 with the metal ions
Cu(Il), Co(II) and Ni(II). The three plots show the maximum absorbance at a mole
fraction of 0.5, indicating that the predominant complex in solution is [M(57)]"" in each

case.

193



Chapter Five

= 15+
—_ = .
E c €
o ° o ‘.; < \
3 8 2 X
© = Q X
@ 04 Q -~
g : g
© c o "
Lo LY 2 _'8 .
o | o = \
a “\ o
g < 2
<
0 0s 1 o 05 1 0 05 1
Mole Fraction (Cu(ll)) Mole fraction (Co(ll)) Mole fraction (Ni(Il))

Figure 119. The Job plots for the reaction between the ligand 57 and the metal ions
Cu(1l), Co(1l), and Ni(Il).

While the Job plots for the Co(II) and Ni(I) complexes show that coordination of the
ligand to the metal ion occurs, no evidence of their formation was observed in the mass
spectrum, presumably due to the harsh conditions of the experiment, suggesting that the

stability of the [Cu(57)]" complex is significantly greater than the Co(II) and Ni(II)

congeners.

5.4.2 Ligand 58

Z N
A | =
|
N N
58
Chemical Formula: CogHogNy4

N/|

S Monoisotopic Mass: 432.23

Mass Spectrometry

The mass spectrum of the free ligand 58 displays a peak corresponding to the free ligand
at m/z = 433.1, while the fragment 66 gives rise to a peak at m/z = 278.0, as described in
Chapter Three section 3.6.1. There is also a significant peak corresponding to the ligand

fragment 2-vinylquinoline 45 (m/z = 156.0).
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66

Chemical Formula: C1gHgN3

Monoisotopic Mass: 277.15

Figure 120. Structure of the ligand fragment 66.

The mass spectrum obtained from the addition of 1 equivalent of the ligand to
[Cu(OH2)6](Cl0O4)2 in solution exhibits an intense peak at m/z =495.1 (Figure 121). This
peak shows an isotope pattern that indicates the presence of copper and the spacing of the
peaks reveals the ion to be of a 1+ charge. This can be assigned to the Cu(I) complex,
[Cu(58)]" (calcd. for CuCaoHasNs" [M]" m/z = 495.16, found m/z = 495.1), where
reduction of the Cu(Il) ion has occurred during analysis. There are three low intensity
peaks at m/z = 433.1, 278.0 and 156.0, which correspond to the free ligand 58, a ligand
fragment 66 and 2-vinylquinoline 45, respectively. On addition of a second equivalent of
the ligand, the ratio of free ligand to bound increases and there are no new peaks formed.

This trend continues upon the addition of the third equivalent of 58.
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Figure 121. The mass spectrum of an equimolar solution of the ligand 58 and
[Cu(OH2)6](ClOy)>.

The mass spectra obtained for solutions of Co(II), Ni(II), Mn(II) and Zn(II) containing
the ligand 58 display no peaks corresponding to coordination complexes. In all cases, the
2-vinylquinoline 45 signal has a greater intensity compared to that seen in the copper
experiment, and this peak increases in intensity on addition of a second and third
equivalents of the ligand. For example, after the addition of Ni(II) ions to the ligand S8,
the 2-vinylquinoline fragment (m/z = 156.0) appears ~2.5 times greater in intensity
compared to the free ligand (m/z=433.1) (Figure 122). This is consistent across the other
metal ions Co(II), Mn(I) and Zn(II). In comparison, the mass spectrum of solely the free
ligand exhibits the 2-vinylquinoline 45 ion peak ~1.4 times greater in intensity compared
to the free ligand peak. The absence of any complex ions in the mass spectra for these
metals and the increase in the amount of 2-vinylquinoline 45 present, suggest that the
addition of the metal has a catalytic effect on the decomposition of the ligand. However,
despite the observed increase in 2-vinylquinoline 45, there is no change or addition of
other product ion peaks from this reaction. Lowering the cone voltage of the spectrometer

could potentially minimise the fragmentation of the free ligand.*%
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Figure 122. The mass spectrum of a solution of the ligand 58 and [Ni(OH>)s](ClOy)>.

The above experiments were repeated using the pyridine ligand congener 11 (Figure 123).
The free ligand 11 gives rise to a molecular ion peak at m/z = 333.2 (calced. for C21HasN4*
[M+H]" m/z = 333.20, found m/z = 333.2).

7 =
< <
N N N
11
N/|
A

Chemical Formula: C,1Ho4Ny4
Monoisotopic Mass: 332.20

Figure 123. Structure of the pyridyl-based ligand 11.

The addition of 1 equivalent of 11 to a solution of [Cu(OH2)s](ClO4), gives, in addition
to the free ligand peak, three copper-containing peaks at m/z = 395.1, 440.1 and 494.0.
The peak at m/z = 395.1 can be assigned to the complex ion [Cu(11)]", and as observed
for the analogous quinoline ligand, reduction of Cu(Il) to Cu(I) occurs during the
experiment (calcd. for CuCaiHa4N4" [M]" m/z = 395.12, found m/z = 395.1). The peaks at

m/z = 440.1 and 494.0 are consistent with the formulaec [Cu(11)(HCOO)]" and
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[Cu(11)(CIOs)]" (caled. for CuCaHasN4Oy* [M]* m/z = 440.12, found m/z = 440.1;
CuC21H2N4ClO4" [M]" m/z = 494.07, found m/z = 494.0). Upon addition of the second

and third equivalents of 11, the free ligand peak at m/z = 333.2 increases in intensity.

A solution of equimolar amounts of [Co(OH2)s](Cl04)2 and 11 affords a mass spectrum
that displays peaks that can be assigned to one cobalt-containing species and the free
ligand 11. The former at m/z = 490.0 can be assigned to the complex
[Co(11)(Cl04)] (caled. for CoCa1H2aNs"™ [M]" m/z = 490.08, found m/z = 490.0). A
similar situation is observed for [Zn(OH2)s](ClO4)2, where a free ligand 11 peak and a
peak corresponding to [Zn(11)(ClO4)]" at m/z = 495.0 are observed. For both Co(II) and
Zn(ID), the intensity of the free ligand peak is much greater than that of the observed metal
complex. While similar behaviour is observed for [Mn(OH2)s](ClO4)2, the
[Mn(11)(C1Os)]" complex ion is present in only trace amounts. Under the same
conditions, [Ni(OH2)s](ClO4), gives a complex ion peak at m/z =435.1, corresponding to
the 1:1 ligand to metal complex, [Ni(11)(HCOO)]" (caled. for NiC2H2sN4O2" [M]" m/z
=435.13, found m/z = 435.1).

Akin to the quinoline ligand, after the addition of the pyridyl congener to a solution of
[Cu(OH2)6](ClO4)2, the mass spectrum exhibits the 1:1 mononuclear species, [Cu(L)]"
as the base peak (L = 11). An additional complex ion peak, [Cu(11)(ClO4)]", is observed
in the pyridine spectrum, whereas this species is not formed during the quinoline ligand
58 reaction with Cu(Il) ions. In contrast to the quinoline data which displays no peaks
corresponding to any complex species for the ions Co(II), Zn(II), and Ni(II), the pyridine
experiment reveals signals for all three metals. A complex ion is observed in the mass

spectrum of the pyridine ligand and manganese, albeit in trace amounts.

Job Plots

The Job plots obtained from the reaction for ligand 58 with the metal ions Cu(II), Co(II)
and Ni(IT) in CH3CN are shown in Figure 124. All three exhibit an absorbance maximum
at a mole fraction of 0.5, indicating that these metal ions have a binding stoichiometry of

1:1 with 58 in solution.
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Figure 124. The Job plots for the reaction between the ligand 58 and the metal ions
Cu(ll), Co(1l), and Ni(1l).

5.4.3 Ligand 63
| X N | X
N N~
N ~
63
AN Chemical Formula: Co3Ho5N,

Monoisotopic Mass: 354.18

Mass Spectrometry

As discussed in Chapter Three section 3.6.1, the peak corresponding to the free ligand 63
is observed at m/z = 355.1, while the fragment 60 (Figure 125) gives rise to a peak at m/z

=200.1. There is also a significant peak corresponding to 2-vinylquinoline (m/z = 156.0).

T N T
N H N~
60

X

Chemical Formula: C45H¢3N3
Monoisotopic Mass: 199.11

Figure 125. Structure of the ligand fragment 60.

The addition of 1 equivalent of the ligand 63 to a solution of [Cu(OH2)s](C104), affords

a spectrum that displays four copper-containing signals at m/z =417.0, 452.0, 516.0, and

462.0. The signal at m/z = 417.0 can be assigned to the 1:1 mononuclear complex,

[Cu(63)]" (calcd. for CuCa3H2oNs" [M]" m/z = 417.11, found m/z = 417.0). The Cu(Il)

species [Cu(63)CI]", [Cu(63)(HCOO)]*, and [Cu(63)(ClO4)]" can be assigned to the

signals observed at m/z =452.0, 462.0, and 516.0, respectively (calcd. for CuC23H22N4ClI*
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[M]" m/z = 452.08, found m/z = 452.0; calcd. for CuC24H23N4O2" [M]" m/z = 462.11,
found m/z = 462.0; calcd. for CuC23H22N4ClO4" [M]" m/z = 516.06, found m/z = 516.0).
Upon the addition of a second and third equivalents of the ligand solution, a signal at m/z
= 355.1 corresponding to the free ligand 63 was observed in addition to the four copper-

containing signals.

The mass spectrum obtained from the reaction of 63 with [Co(OH2)s](C104)2 reveals three
cobalt-containing signals at m/z = 206.5, 448.0, and 512.0, with the latter two
corresponding to the complex ions [Co(63)CI]" and [Co(63)(ClO4)]" (calcd. for
CoC23HuN4CIl" [M]" m/z = 448.08, found m/z = 448.0; caled. for CoCa3H22N4Cl104" [M]"
m/z = 512.06, found m/z = 512.0). The signal at m/z = 206.5 can be assigned to the
mononuclear 1:1 2+ complex ion, [Co(63)]*" (caled. for CoCa3sHxnN4*" [M]*" m/z =
206.55, found m/z = 206.5). A signal observed at m/z = 283.1, despite numerous attempts
could not be assigned, with the closest fit being the Co(II) complex of the ligand fragment
60 (calcd. for CoCi2Hi3N3Na" [M+Na]" m/z = 281.03, found m/z = 283.1). A signal
corresponding to the free ligand becomes present after the addition of the second

equivalent and the intensity increases after the third equivalent is added.

An equimolar solution of [Zn(OH2)s](Cl04)2 and ligand 63 affords a mass spectrum that
shows a peak due to free ligand at m/z = 355.1, the ligand fragment peaks at m/z = 200.1
(60) and 156.0 (45), and three zinc-containing signals at m/z = 517.0, 453.0, and 209.0.
The complex, [Zn(63)Cl04]", can be assigned to the peak at m/z = 517.0 (calcd. for
ZnC3H2»N4ClO4" [M]" m/z = 517.06, found m/z = 517.0). The peak at m/z = 453.0 can
be assigned to the complex formulae [Zn(63)C1]" (calcd. for ZnC23H2oN4Cl" [M]" m/z =
453.08, found m/z = 453.0). The signal displayed at m/z = 209.0 corresponds to the 2+
mononuclear 1:1 species, [Zn(63)]** (caled. for ZnCazH2oNs* [M]** m/z = 209.05, found
m/z = 209.0). There is another signal that can be identified as a 2+ ion from the spacing
of the peaks, observed at m/z = 285.6; however, no unequivocal assignments could be
made. The addition of a second and third equivalents of the ligand reveals an increase in

the intensity of the free ligand and corresponding fragments.

A solution of [Ni(OH2)s](ClO4)2 containing 1 equivalent of 63 affords a mass spectrum
that displays three complex ion peaks at m/z = 206.0, 457.1, and 511.0. The signal at m/z
=206.0 can be assigned to the Ni(II) 2+ species [Ni(63)]*" (calcd. for NiC23H2oN4> [M]**
m/z = 206.05, found m/z = 206.0). The peaks at m/z =457.0 and 511.0 correspond to the
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complex ions [Ni(63)CI]" and [Ni(63)(ClO4)]" (calcd. for NiC23sHnN4Cl' [M]" m/z =
457.11, found m/z = 457.1; calcd. for NiCa3H2N4ClO4" [M]" m/z = 511.06, found m/z =
511.0). Similar to that observed for the zinc experiment, there is a signal displayed at m/z
= 282.6 which from the peak spacing has been assigned as a 2+ ion. There is a mass
difference of m/z = 76.6 between this peak and the 1:1 2+ species seen at m/z = 206.0.
This mass difference is also observed in the zinc-containing spectrum, and again, all
attempts to assign the peak have not been successful at this point in time. An increase in
the intensity of the free ligand and fragment at m/z = 156.0 is seen after the addition of a

second and third equivalents of the ligand 63.

The addition of 1, 2, and 3 equivalents of the ligand 63 solution to a solution of
[Mn(OH2)s](ClO4),, reveals no signals that correspond to any manganese-containing
species. This appears to be consistent with what has been observed for the other quinoline

ligands discussed in this section.

The mass spectrum of the pyridine congener 9 (Figure 126) showed a molecular ion peak
at m/z = 305.1 (caled. for CioHaiN4s" [M+H]" m/z = 305.17, found m/z = 305.1). A
fragment peak is observed at m/z =200.1 corresponding to the loss of the ethyl arm (calcd.
for C12H1aN3" [M+H]" m/z = 200.11, found m/z = 200.1). Another significant fragment at
m/z = 228.1 can be assigned to the loss of the aminomethyl pyridine moiety (calcd. for

CisHisNs" [M+H]" m/z = 228.15, found m/z = 228.1).

|\ N N
N N~
/N9
\I

Chemical Formula: C1gHyoN4
Monoisotopic Mass: 304.16

Figure 126. Structure of the pyridyl-based ligand 9.

The mass spectrum of a solution of [Cu(OH2)s](ClO4)2 to which 1 equivalent of 9 has
been added, exhibited four peaks that on the basis of the isotope patterns appeared to
contain copper. The peak spacing is consistent with each of these being 1+ ions. The free

ligand peak is observed in trace amounts, with its intensity increasing only slightly upon
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the addition of the second and third equivalent of 9, while the intensity of the peak at m/z

=412.1 increases.

The most intense signal is observed at m/z =412.1. This is a 1+ ion and can be assigned
to the complex [Cu(9)(HCOO)]" (calcd. for CuCa0H21N4O2" [M]" m/z = 412.09, found
m/z = 412.1). This is a Cu(Il) species, with the formate ion acting as either a ligand or a
counterion. Additional copper-containing peaks appear at m/z = 466.0, 402.0, 376.0, and
367.0. The peak at m/z = 367.0 can be assigned to the complex [Cu(9)]" (caled. for
CuCi9H2oN4" [M]" m/z = 367.09, found m/z = 367.0), while the peaks at m/z = 466.0 and
402.0 are consistent with the formulae [Cu(9)(ClO4)]" and [Cu(9)CI]", respectively
(caled. for CuCioH20N4ClO4" [M]" m/z = 466.04, found m/z = 466.0; calcd. for
CuCi9H2oN4CI" [M]" m/z = 402.06, found m/z = 402.0). With both Cu and Cl present, the

isotope patterns for these peaks differ from those assigned as containing only Cu.

A solution of [Co(OH2)6](ClO4)2 containing 1 equivalent of 9 affords a mass spectrum
that displays three complex ion peaks at m/z = 181.5, 408.1 and 462.0. The base peak at
m/z = 181.5 can be assigned to the 2+ species, [Co(9)]*" (calcd. for CoC19H2oN4>" [M]**
m/z = 181.55, found m/z = 181.5). The peaks observed at m/z = 408.1 and 462.1 are
consistent with the formulae corresponding to the Co(Il) complexes [Co(9)HCOO]
(caled. for CoCaoH2iN4O2" [M]" m/z = 408.09, found m/z = 408.1) and [Co(9)ClO4]*
(calcd. for CoCi9H20N4ClO4" [M]" m/z = 462.05, found m/z = 462.1), respectively. The
mass spectra of the following addition of the second and third equivalents of the ligand
revealed no change in the peak at m/z =462.1 and an increase in the intensity of the peak

at m/z = 408.1.

Similar behaviour was observed in the spectra obtained from [Ni(OH2)s](ClO4): in the
presence of 1, 2 and 3 equivalents of ligand, with three peaks shown at m/z = 181.0, 407.1
and 461.0. The peak at m/z = 181.0 is consistent with the Ni(II) 2+ species [Ni(9)]*"
(caled. for NiC19H20N4>* [M]** m /z = 181.05, found m/z = 181.0).

The Ni(II) complex ions, [Ni(9)(HCOO)]" and [Ni(9)(ClO4]", correspond to the peaks at
m/z=407.1 and 461.0, respectively (calcd. for NiC20H21N4+O2" [M]" m /z=407.10, found
m/z = 407.1; caled. for NiC19H20N4ClO4" [M]" m/z = 461.05, found m/z = 461.0). The
isotope patterns of both signals are consistent with the calculated data. The peaks at m/z
=461.0 and 421.1 decrease in intensity upon adding the second equivalent of ligand 9

and are only just visible following the addition of the third equivalent of ligand. A signal
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corresponding to the free ligand 9 at m/z =305.1 is also observed after the third equivalent

of the ligand is added.

The most intense peak observed in the mass spectrum of a solution of 9 and
[Zn(OH2)6](ClO4), is at m/z = 184.0, and Zn(II)-containing peaks are observed at m/z =
403.0, 413.0 and 467.0. These are consistent with the formulaec [Zn(9)CI],
[Zn(9)(HCOO)]" and [Zn(9)(C104)]", respectively. The peak at m/z = 184.0 corresponds
to the 2+ complex ion. [Zn(9)]*" (calcd. for ZnCi9H20N4>" [M]*" m/z = 184.04, found m/z
= 184.0).

The addition of 1, 2 and 3 equivalents of 9 to a solution of [Mn(OHz)s](C104), revealed
mass spectra that exhibited no complex ion signals and only the signal corresponding to

the free ligand was observed.

The mass spectrometry data obtained for the 9 ligand in the presence of the M?" ions
showed that all of the ligand present in the solution were either coordinated to the
corresponding metal ion, or fragmented, with the exception of manganese. This is in
contrasts with the analogous quinoline ligand in which the the free ligand peak was
always observed. Both the quinoline and pyridine-containing ligands afforded complex
ion signals when reacted with the metal ions Cu(Il), Co(II), Ni(Il) and Zn(II). In this
instance, both the ligands 9 and 63 afforded mononuclear 1:1 2+ species with the metal
ions Co(II), Ni(IT) and Zn(II). No peaks corresponding to metal complexes of both the

ligands with manganese were observed.

Job Plots

For the Job plots obtained for the ligand 63, the graphs for the Cu(Il) and Co(II) metal
ions show the absorbance maximum at the mole fraction of 0.5 revealing that [M(63)]""
is the predominant complex in solution in each instance. The graph obtained for the metal
ion Ni(II) shows the absorbance maximum at the mole fraction of ~ 0.3 suggesting a metal
to ligand ratio of 1:2 (Figure 127). However, during the experiment no colour change
indicative of a nickel complex was observed, which has been noted for the other quinoline

ligands.
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Figure 127. The Job plots for the reaction between the ligand 63 and the metal ions
Cu(ll), Co(1l) and Ni(lIl).

5.4.4 Ligand 64
= =
< <
N N N
64 Chemical Formula: Co5HogN4

NZ | Monoisotopic Mass: 382.21
A

Mass Spectrometry

The mass spectrum obtained from a solution of 64 displayed a signal corresponding to
the free base ligand at m/z = 383.2 (calcd. for CosHo7N4" [M+H]" m/z = 383.22, found m/z
= 383.2). An equimolar solution of [Cu(OH2)s](ClO4), and the ligand 64 (Figure 128)
gives rise to two copper-containing signals at m/z =445.1 and 495.1, the latter being much
less intense. Also present are peaks for the free ligand 64 and 2-vinylquinoline 45. The
signal at m/z = 445.1 can be attributed to the complex [Cu(64)]" (calcd. for CuCasH26N4"
[M]" m/z = 445.14, found m/z = 445.1) in which reduction of the Cu(Il) to Cu(l) has
occurred. The peak at m/z = 495.1, could not be assigned to any combination of copper
with free ligand 64 or fragments thereof, solvent molecules or associated perchlorates.
However, the isotope pattern and m/z value exactly resembles those seen in the [Cu(58)]"
complex, as discussed previously in Chapter Five section 5.4.2. The formation of this
complex may be due to several reasons such as the fragmentation of 64 which is followed
by the re-formation to afford ligand 58. Alternatively, this may be due to a contamination
of a previous run leaving residual ligand behind. Upon returning to the mass spectrum of

the free ligand 64, a low-intensity peak at m/z = 433.1 is present that corresponds to that
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of the ligand 58. It is difficult to determine whether this contamination occurred before
or during the experiment; however, 'H NMR analysis of the ligand 64 did not reveal any
signals that corresponded to the other ligand 58. This was not observed in any of the other
metal ion mass spectra; however, this is likely due to the weak binding affinity of the
ligand to these metal ions. The addition of a further equivalent of ligand gives essentially
the same spectrum, with consistent intensity increases across all notable peaks, while

addition of a third equivalent gives an increase in the intensity of the free ligand peak.
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Figure 128. The mass spectrum of an equimolar solution of the ligand 64 and
[Cu(OH>)s](ClOy)2

The mass spectrum of a solution of [Co(OH2)s](ClO4)s and 1 equivalent of 64 displays
1+ ion peaks for the free ligand, 2-vinylquinoline 45 and a complex ion at m/z = 540.0.
The complex species signal can be assigned to the formula [Co(64)(C104)]" (calcd. for
CoC25H26N4Cl1O4" [M]" m/z = 540.09, found m/z = 540.0). Addition of both a second and
third equivalents of 64 gives an increase in the intensity of the free ligand and 2-
vinylquinoline peaks. Similar behaviour is seen for both Mn(II) and Ni(II) experiments.
Again, similar behaviour is displayed for Zn(Il); however, the complex ion
[Zn(64)(C104)]" (m/z = 545.0, calcd. for ZnC2sH26N4ClO4" [M]" m/z = 545.09, found m/z

= 545.0), appears in a trace amount in comparison.

205



Chapter Five

In this instance, the quinoline ligand behaves in a similar fashion to the pyridine congener
11 (see section 5.4.2) where a 1+ 1:1 copper complex ion is present and reduction of the
Cu(II) to Cu(I) has occurred. The mass spectrum of 11 and the Cu(II) ions; however, does
not display any other copper-containing peaks, whereas the quinoline does. Both the
quinoline ligand 64 and its pyridine congener 11 display just one metal complex peak
(IM(L)(C104)]") (L = 11 or 64) in each of the mass spectra for the manganese, cobalt,
zinc and nickel ions. However, the quinoline ligand shows trace amounts of the complex
ion with manganese and the pyridine ligand shows trace amounts of the complex peak

with zinc instead.
Job Plots

The Job plots for the reactions of Cu(II), Co(II), and Ni(II) with the 64 ligand are given
in Figure 129. The absorbance maximum lies at a mole fraction of 0.5 for all three ions,

giving a ratio of ligand: metal ion in the complexes of 1:1.
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Figure 129. The Job plots for the reaction between the ligand 64 and the metal ions
Cu(1l), Co(1l), and Ni(Il).

5.4.5 Ligand 65

65

Chemical Formula: C47H¢7N3

Monoisotopic Mass: 263.14
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Mass Spectrometry

The mass spectrum of a solution of the free ligand 65 exhibited peaks at m/z =264.1 and
156.0 and have been assigned to the free ligand and 2-vinylquinoline fragment,

respectively.

An equimolar solution of [Cu(OH2)s](ClO4); and ligand 65 affords a mass spectrum that
shows a peak due to free ligand at m/z =264.1 and the ligand fragments 150 (Figure 130)
and 2-vinylquinoline 45 at m/z = 205.0 and 156.0, respectively. Three copper-containing
signals are observed at m/z = 325.0, 425.0 and 502.0.

2

|
SN NN
H
150

Chemical Formula: C43H4gN;
Monoiosotopic Mass: 200.13

Figure 130. Structure of the ligand fragment 150.

The peak at m/z = 325.0 can be assigned to the complex [Cu(65)]" (calcd. for
CuCi7Hi6N3" [M]" m/z = 325.06, found m/z = 325.0), with the loss of a proton from the
free ligand generating the overall 1+ charge of the complex ion. The ratio between this

peak and that of the free ligand is approximately the same.

The signal observed at m/z = 425.0 shows an isotope pattern that is consistent with the
presence of a copper ion and an associated perchlorate. This is consistent with the
[Cu(65)(C104)]" ion (calcd. for CuCi7H17N3CIO4" [M]" m/z = 425.02, found m/z = 425.0).
In contrast to the above, the loss of a proton is not required to match the experimental

data due to the negatively charged perchlorate that is associated with the species.

The peak at m/z = 502.0 displays a copper isotope pattern could not be confidently
assigned. A complex ion of the formula [Cu(65)(NCCH3)(H20)2(C104)]" matches the m/z
value calculated for CuCi9H24N4ClO4" [M]" m/z = 502.06. However, the calculated
isotope pattern does not fit that of the experimental spectrum and the reason for this

remains unclear.

The mass spectrum after the addition of 2 equivalents of ligand shows an increase in the

intensity of the free ligand 65 signal at m/z = 264.1. Upon the addition of a third
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equivalent, the free ligand peak significantly increases in intensity relative to the other

copper-containing signals.

Addition of 1 equivalent of 65 to [Ni(OH2)s](ClO4) affords a mass spectrum that exhibits
peaks at m/z = 156.0, 264.1, 366.0, and 420.0. The nickel-containing complex ion,
[Ni(65)(HCOO)]" can be assigned to the peak at m/z = 366.0 (caled. for NiCisHisN302"
[M]" m/z =366.07, found m/z = 366.0). The peak at m/z = 420.0 has been assigned to the
metal complex ion with the formula, [Ni(65)(C104)]" (caled. for NiCi7H7N3ClO4" [M]*
m/z = 420.02, found m/z = 420.0). The mass spectra after the addition of a second and
third equivalents of ligand show only an increase in the intensity of the peaks at m/z =

156.0 and 264.1 corresponding to 2-vinylquinoline 45 and the free ligand 6S5.

The mass spectra of solutions containing 65 and either [Co(OH2)s](ClO4)2,
[Ni(OH2)6](ClO4)2, or [Mn(OH2)s](ClO4)> exhibit two distinct peaks at m/z = 264.1 and
156.0, corresponding to the free ligand 65 and 2-vinylquinoline 45. There are no other

relevant peaks that correspond to any metal complexes.

Job Plots

The Job plots for the reaction of 65 with the metal ions Cu(II), Co(II) and Ni(Il) in CH3CN
solution are given in Figure 131. All three graphs show absorbance maxima at a mole

fraction of approximately 0.5, thus suggesting a 1:1 ligand-to-metal ion binding ratio.
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Figure 131. The Job plots for the reaction between the ligand 65 and the metal ions
Cu(ll), Co(1l), and Ni(1l).

5.4.6 Ligand 66

7
7

Iz

66

Chemical Formula: C4gH1gN3

Monoisotopic Mass: 277.15

Mass Spectrometry

The spectrum of the free ligand 66 affords a distinct molecular ion peak at m/z = 278.1.
The mass spectrum of an equimolar solution of [Cu(OH2)s](ClO4)2 and 66 displays a free
ligand peak and peaks at m/z = 340.0 and 495.0 that contain copper ions as identified by
isotopic patterns. This mass spectrum did not contain a peak of significant intensity that

corresponded to 2-vinylquinoline 45 (m/z = 156.0).

The peak at m/z = 340.0 can be assigned to the 1:1 complex [Cu(66)]", (calcd for
CuCisH19N3 m/z = 340.08, found m/z = 340.0). The peak observed at m/z = 495.0 can be
assigned to the complex ion [Cu(58)]" discussed in Chapter Five section 5.4.2. This peak
was also observed in the mass spectrum of the reaction between the ligand 64 and
[Cu(OH2)6](ClO4). In this case, the ligand 66 is a fragment of the ligand 58, therefore,
58 may have been present in the ligand sample prior to the reaction, or the formation of
the ligand could have occurred during the mass spectrometry analysis due to
fragmentation and reformation. Following the addition of the second and third equivalents
of 66, there was no change in the complex ion peaks observed and only an increase in the

intensity of the free ligand signal.
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Figure 132. The mass spectrum of an equimolar solution of the ligand 66 and

[Cu(OH3)s](ClOy)>.

The reaction of the metal ions Co(II), Ni(II), Zn(II) and Mn(II) with 1, 2 and 3 equivalents
of ligand 66 afforded mass spectra that displayed the free ligand peak and the ligand
fragment 2-vinylquinoline 45; no peaks corresponding to metal complex ions were

observed.

Job Plots

The reaction of Cu(Il), Co(II), and Ni(II) with the 66 ligand in CH3CN afforded Job plots
that are given in Figure 133. The absorbance maximum lies at a mole fraction of 0.5 for

all three ions, giving a ratio of ligand: metal ion in the complexes of 1:1.
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Figure 133. The Job plots for the reaction between the ligand 66 and the metal ions
Cu(ll), Co(1l), and Ni(1l).

5.5 Conclusion

In the absence of X-ray crystallography data, the use of mass spectrometry and Job plot
studies strongly suggest that these quinolyl-containing ligands prefer a 1:1 (M:L) binding
and in some cases this is particularly weak. The interaction between [Cu(OH2)s](ClO4)>
and all the ligands was demonstrated to be the strongest, with clear peaks observed in
both the mass spectrometry and Job measurements. The poor quality of the data displayed
in some of the Job plots may be due to the weakly binding ligands; however, further
analysis is required for this to be confirmed. Conducting these experiments again under
different conditions i.e. solvent, could afford better results. The metal ions Co(II), Ni(II),
and Zn(II) afforded complex ions that are consistent with a 2+ charge or had a negatively
bound ligand. In contrast, for Cu(Il) the oxidation state was either conserved through loss
of a proton, reduction of the metal ion or a negatively charged anion association. When
complexation did occur between a ligand and manganese, this was consistently only in
trace amounts and with a negatively charged additional ligand bound. The pyridine

congeners exhibited similar behaviour when reacted with these metal ions.
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Chapter Six
Synthesis of naphthalene and pyrene-containing starting
materials and their corresponding bi- and tetradentate

ligands

6.1 Chapter Overview

In Chapter Three, quinoline was investigated as an extension of pyridine. This chapter
details the investigation into naphtho[2,3-d]imidazole as an extension of 1,3-
benzimidazole. Only a small number of ligands containing the naphtho[2,3-d]imidazole
moiety have been reported; these include linear and tridentate ligands and one
symmetrical tripodal ligand. Thus, the synthesis of naphthalene-derived starting materials
(Scheme 78), ligands and corresponding metal complexes is the main aim of this chapter.
To further examine extended aromatic surfaces, pyrene starting materials (Scheme 78)

and a resulting pyrene-containing ligand have also been explored.
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Scheme 78. General synthetic schemes of naphthalene and pyrene starting materials

derived from naphthalene-2,3-diamine and pyrene.

6.2 Introduction

6.2.1 Naphthalene

Naphthalene, the simplest planar bicyclic aromatic molecule, was first discovered in 1819

by Alexander Garden*®*

and is generally obtained from the distillation and fractionation
of petroleum or coal tar.*®> Conventionally, the aromatic ring is synthesised by a Diels-
Alder reaction of maleic anhydride with 1,1- diaryl ethylene, followed by decarboxylation
with BaOH and copper to afford the aromatised product.*®® The cytotoxicity of

naphthalene has led to extensive exploration of the compound with applications in

physiology,*’” and anticancer,*®*°  antimicrobial,*’®  anti-inflammatory,*¢*4"!
antiviral,*’>#” antidepressant,*’* and anti-neurodegenerative properties,*”>*’® amongst
others 335477

Remarkably there are no structurally characterised examples of naphthalen-2-amine
acting as a monodentate ligand and there is only one such example of naphthalen-1-amine
acting as a monodentate ligand. The X-ray structure of this Co(IlI) complex is presented

in Figure 134; however, unfortunately the reference for this paper was unavailable.
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Figure 134. Structure of the Co(Ill) complex that contains naphthalen-1-amine. H

atoms have been omitted for clarity.

In contrast, there are a number of examples reported of aniline acting as a monodentate
ligand to several metal ions and this highlights that naphthalene has not been studied as
much thus far. Therefore, it is of interest to us to incorporate the naphthalene moiety into

ligand scaffolds.

Interestingly, there is also limited literature on the di-substituted naphthalene-2,3-diamine
72 acting as a bidentate ligand with only a handful of metal complexes that contain this
molecule as a ligand.*’®*%2 One example, displayed in Figure 135 is the cobalt complex,
[Co(72)2]*", in which two naphthalene-2,3-diamine 72 ligands are coordinated to a Co(II)

centre.”’

Figure 135. Structure of the [Co(72)2]*" complex. H atoms have been omitted for
clarity.

Again, there is only a handful of structurally characterised examples of metal complexes
that contain naphthalene-1,8-diamine acting as a bidentate ligand.”**3>%%* For example,

Duda and Lasocha have reported the synthesis and X-ray structure of the cadmium
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complex, [CdBr(1,8-DAN);]Br, in which two naphthalene-1,8-diamine ligands are bound

to the metal centre in a bidentate fashion (Figure 136).4%

Figure 136. Structure of the [CdBr(1,8-DAN)2]" cation. H atoms have been omitted for
clarity.

Despite the paucity of examples of aminonaphthalenes acting as mono- and bidentate
ligands, the naphthalene moiety has been incorporated in a number of multidentate amino
ligands. In addition to naphthalene-2,3-diamine being used as a bidentate ligand, this
compound can also be employed as a naphthalene scaffold for the synthesis of

multidentate ligands.

Nabei et al. reported the synthesis of bis(O-vanillin)-2,3-naphthalenediimine 15243548
from the reaction of naphthalene-2,3-diamine 72 and o-vanillin 151 (Scheme 79). Along
with the pyridine congener, both ligands were complexed to Fe(II) ion centres and the
effect of molecular packing on the occurrence of spin crossover was studied. The
pyridine-based complex showed a two-step spin-crossover behaviour. In contrast to what
the authors had expected, increasing the aromatic surface of the ligand with the
naphthalene moiety resulted in n-stacking interactions which led to the absence of spin

crossover.*¥’
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Scheme 79. Reported synthesis of the ligand 152.%%"

Another example of a multidentate ligand in which the scaffold is based around
naphthalene-2,3-diamine 72 is the tetradentate ligand, N,N'-naphthalene-2,3-diylbis(V'-
methoxyurea) 154. The synthesis of this ligand can be achieved from the reaction of
naphthalene-2,3-diamine 72 and (methoxyamino)(nitro)methanone 153 in CH>Cly, in the

presence of Et3N, at room temperature for 24 hours (Scheme 80).4%

However, to date
there are no structurally characterised metal complexes that contain this naphthalene-

based tetradentate ligand.

NH, H EtsN, CH,CI O
ooty =L o P
NH, rt, 24 h }—NH HN—/<

(36%) /O—NH HN—O\
72 153 154

Scheme 80. Reported synthesis of N,N'-naphthalene-2,3-diylbis(N'-methoxyurea)
154.4%

Naphthalene-2,3-diamine 72 has also been shown to be an ideal starting material for the
synthesis of 1H-naphtho[2,3-d]imidazole and a plethora of its derivatives. The synthesis
of such compounds is simple and usually involves the reaction between naphthalene-2,3-
diamine and carboxylic acids, aldehydes, and cyano-containing molecules that contain
the corresponding functional group of choice. For example, the preparation of 1H-

naphtho[2,3-d]imidazole 155 can be achieved from the reaction of naphthalene-2,3-
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diamine 72 and formic acid (Scheme 81) and the compound can be isolated directly from

the reaction mixture following the addition of Na,CO3.

H
> /
NH, reflux, 36 h N
(79%)
72 155

Scheme 81. Reported synthesis of 155.4%°

As another example, the asymmetric bidentate ligand 2-(pyrazin-2-yl)naphthoimidazole
156, was first reported by Liu et al.*° being obtained from the reaction of pyrazine-2-
carbonitrile 157 with naphthalene-2,3-diamine 72 in polyphosphoric acid (Scheme §2).
The ligand can utilise the terminal naphthyl ring to interact with calf thymus DNA via
intercalation into the DNA base pairs. A Ru(Il) complex of the ligand was also found to
promote cleavage of plasmid DNA upon irradiation. A number of structurally similar

ligands have also been reported.*!=4%

NH, N =N
(L, : ()
175°C, 6 h N N
(74%)
72 157 156

Scheme 82. Synthesis of the ligand 156.%°°

The reaction of quinoline-2-carboxylic acid 158 and naphthalene-2,3-diamine 72 gave the

quinoline derivative 159 of the ligand described above (Scheme 83).4%3

H
NH2 PPA N —
|O .- OO ) »
reflux, 6 h N N

72 159

Scheme 83. Reported synthesis of the ligand 159.%%3

This ligand was prepared as part of a series that contained pyridine, quinoline,

naphtho[2,3-d]imidazole and 1,3-benzimidazole moieties. The heterocyclic 1,3-
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benzimidazole and its derivatives have been established as significant therapeutic
compounds that play an important part in various biological roles including antitumor
properties. Thus, the authors decided to incorporate 1,3-benzimidazole and the

naphthalene derivative into ligands and prepare Ir(III) complexes of these (Figure 137).4%

PF
| A I Xy |7 | A I N 6
N N~ _N N~

7 Ir/ Ir<
\N/ NH N“ "NH
oW

| A N FFe \_l PFe
|
N N~ | N N~
Ir< Ir<
N”"NH N7 NH

Figure 137. Structures of the iridium complexes that contain the ligands 156 and 159.

6.2.2 Imidazole

Imidazole is a conjugated planar five-membered ring that has two nitrogen atoms at the
1- and 3-positions (Figure 138). One of the nitrogen atoms is protonated and behaves like

a pyrrole nitrogen, and the other can be classed as more of a pyridine-type nitrogen.?’!

Figure 138. The structure of imidazole.

Imidazole is widely present in natural compounds and synthetically produced molecules

and is a fundamental building block for many important compounds. The structure and
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electron-rich ring of imidazole and its derivatives allow for easy binding to metal ions in
a variety of enzymes and biological receptors, and such compounds can exhibit broad
biological activities.**> The structural features of the heterocycle enhance its ability to
form multiple interactions with neighbouring molecules through hydrogen bonds, van der
Waals interactions, and hydrophobic forces.*® As with many heterocyclic compounds,
imidazole derivatives have demonstrated importance in a variety of pharmacological
applications.*”” Imidazole is included in many compounds that are of both biological and
chemical interest and are part of numerous significant biomolecules (Figure 139). The
importance of such molecules has led to an extensive body of literature that has focused

on the design and synthesis of imidazole-containing ligand donors.

N7\
N Y/

Histidine Histamine
o) NH,
N x—N
HN N
\ \
P tﬁ@
HN™ °N” N N™
Guanine Adenine

Figure 139. Selected important imidazole-containing biological molecules.

A commonly employed method is the Debus-Radziszewski imidazole synthesis which is
a multi-component reaction between a 1,2-dicarbonyl, an aldehyde, and ammonia or a
primary amine. The first stage of the reaction involves the condensation of two dicarbonyl
groups and two ammonia molecules to afford the diamine analogue. A subsequent
condensation reaction with an appropriate aldehyde affords the desired imidazole

derivative (Scheme 84).4°84%°
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1 1
+ 2 NHs I . - . R
O - HZO R2 \N’H R3 H - HQO R2 ”

Scheme 84. General Debus-Radziszewski imidazole synthesis.

Modification of the general procedure by replacing one of the ammonia molecules with

an appropriate primary amine affords the N-substituted imidazole (Scheme 85). 39!

R4
1 1 !
R'_O o RN
+ I+ H,N-R* + NH; ———> I />—R3
R? 70 R® "H rRZ °N

Scheme 85. Modified Debus-Radziszewski imidazole synthesis.

Imidazole exhibits tautomerism and exists in two equivalent tautomeric forms since each
of the nitrogen atoms can be protonated. This becomes evident in unsymmetrically

substituted compounds such as 4-methylimidazole (Figure 140).2""

H
T;» —

Figure 140. Tautomerism of 4-methylimidazole.

An example of an important imidazole-containing ligand is 2-(1H-imidazol-4-
yl)ethanamine, commonly known as histamine. Histamine is produced by the human
body in immune responses, physiological functions in the gut and as a neurotransmitter
for the brain, uterus, and spinal cord. The formation of histamine is achieved through the
decarboxylation of the amino acid histidine, a reaction that is catalysed by the enzyme -
histidine decarboxylase. Structurally, histamine consists of an imidazole ring with an
aminoethyl side chain. Due to the imidazole moiety, histamine exists in two tautomeric
forms under aqueous conditions and each form can be identified depending on which of
the two nitrogen atoms is protonated (Figure 141). Due to the three nitrogen donor atoms
present, histamine can act as a mono- or bidentate ligand and can bind to metal ions of

biological interest; thus, coordination complexes of this ligand have been widely studied.
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Figure 141. The two tautomeric forms of imidazole that exist under aqueous conditions.

For example, the Ni(II) complex of histamine (Figure 142) was prepared and structurally
characterised in order to study the tautomeric form present. The study found that the
histamine binds as a bidentate ligand and as the N*-H tautomer which is the biologically

active form.>%?

Figure 142. Structure of the Ni(ll) complex containing histamine. H atoms have been
omitted for clarity.

The basic imidazole skeleton can be categorised into three types by derivatisation
products at the 1(N)-, 2-, or 4-positions, affording 1-, -2, or 4-substituted imidazole
ligands, respectively. Multifunctional ligands can also be obtained from the addition of

other functional groups to the imidazole moiety.>®

In recent years imidazole has become widely studied because of the significant interest in
N-heterocyclic carbene (NHC) ligands. NHC ligands are carbene species in which the
carbene carbon is situated between two nitrogen atoms. Thus, it has been well established
that imidazole and its derivatives make excellent NHC ligands with most ligands based

on imidazole (Figure 143).>%
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RIHR

RNNR
Figure 143. General structure of imidazolylidene.

N-substituted imidazole-containing ligands can be simple to prepare; for example, the
reaction between 1,4-dibromobenzene 160 and imidazole 161 affords the rigid ligand,

1,4-di(1H-imidazol-4-yl)benzene 162 (Scheme 86).>%

2</’N> + Br@Br -~ ,\E/\N N/\;L
H

161 160 162

Scheme 86. Reported synthesis of 1,4-di(1H-imidazol-4-yl)benzene 162.5%

The flexible N-substituted ligand, 1,3,5-tris(imidazol-1-ylmethyl)benzene 163, can be

prepared from the reaction of 1,3,5-tris(bromomethyl)benzene 164 and 3 equivalents of

imidazole 161 in the presence of KOH (Scheme 87).5%

o[ ) - ¢ LY
H

Br N/\§
161 164 163 L:N

Scheme 87. Reported synthesis of 1,3,5-tris(imidazol-1-ylmethyl)benzene 163.%%

N-substituted imidazole-containing ligands can only coordinate to a metal ion through
the exocyclic nitrogen atom, and this can be seen in Figure 144, which shows a copper

coordination complex that contains the ligand 1,3,5-tris(imidazol-1-ylmethyl)benzene
163.507’508
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Figure 144. Structure of a Cu(Il) complex that contains the ligand 163. H atoms have

been omitted for clarity.

In contrast to the N-substituted ligands that have one donor site, the 2- and 4-substituted
imidazole-containing ligands can potentially bind to a metal ion through each of the
nitrogen atoms, the imine N atom, and the amine NH atom. Another differing property is
that the N-substituted imidazole are neutral and monodentate, while the 2- and 4-
substituted imidazole ligands can be neutral and monodentate or anionic with the potential
to bind at both the nitrogen atoms if in the deprotonated form (imidazolate anions) (Figure
145). Thus, ligands that contain either a 2- or 4-substituted imidazole exhibit a greater

diversity of coordination modes in comparison to the N-substituted imidazole-containing

ligands.
R R R M
! M .
N /< N=\ . /<
“/ N= NH -H _ N NN
..... N\/) [N = [ON-... M R)@/ N~
1-imidazolyl 2- or 4-imidazolyl

Figure 145. Coordination modes for N-, 2-, and 4-substituted imidazole ligands.

The synthesis of the chelating ligand, 2,2'-biimidazole 165, can be achieved from the
reaction of an aqueous solution of glyoxal 166 and ammonium acetate 167 in H>O

(Scheme 88).599510
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i H 1. H,0, 40 °C N N
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O H H
166 167 165

Scheme 88. Reported synthesis of 2,2 -biimdazole 165.>%

As mentioned above, this ligand has the potential to bind to a metal ion via both of the
nitrogen donor atoms. An example of this is the Ru(Il) complex, [Ru(trpy)(165)CI|PFs
(trpy = 2,2";6',2"-terpyridine), which displays the 2,2’-biimidazole 165 moiety acting as
a bidentate ligand through which both the nitrogen atoms are bound to the metal ion centre

(Figure 146).>"!

Figure 146. Structure of the [Ru(trpy)(165)CI]" cation. H atoms have been omitted for
clarity.

Of interest to this work are imidazole groups which have an extended & system, and the
incorporation of these into multidentate ligands. 1,3-benzimidazole is the exemplar in this
respect, with a large number of substituted derivatives known, and judicious choice of
starting material allows facile incorporation of these units in multidentate ligands. For
example, 2-(chloromethyl)-1H-1,3-benzimidazole 168, which can react with an
appropriate amine to give a multidentate ligand, can easily be prepared from the reaction
of benzene-1,2-diamine 169 and chloroacetic acid 170 (Scheme 89). While it is not

mentioned by the authors, it is assumed that the title compound was isolated as the
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hydrochloride salt due to the acidic reaction conditions and absence of any basic

workup.>!2

[:::I:NHz I H
4M HCI
N ST S
NH, HO/M\‘/ N*  Cl

reflux, 3 h |
(89%) H CI
169 170 168

Scheme 89. Reported synthesis of 168.%"2

However, imidazole appended to larger aromatic systems are uncommon, and, for
example, there are relatively few naphthannulated imidazoles known. One such instance,
2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI, was reported by
Nobbs et al. from the reaction of naphthalene-2,3-diamine 72 and ethyl 2-
chloroethanimidoate dihydrochloride 171. The latter was synthesised from the reaction

of chloroacetonitrile 172, EtOH and HCI gas (Scheme 90).>'3

H
Cl toluene,0°c EtO NH, rt, 12 h N*

I
HCrI
172 171 72 73.HCI

Scheme 90. Reported synthesis of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole
hydrochloride 73.HCL>"

This is a useful starting material for the synthesis of multidentate ligands. For example,
reaction with 2-(N-methylaminomethyl)benzimidazole dihydrochloride 173.2HCI
affords the asymmetric ligand 174 (Scheme 91).'?
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H
H H N\ N N
N N Cl EtsN, CHsCN \’/\ | /\W
e+ QL e o T
N /NH .2HCI ".‘+ rt, 16 h Q

HCr
173.2HCI 73.HCI 174

Scheme 91. Reported synthesis of the ligand 174.°"

Chromium complexes that contain the ligand 174 and its bis(benzimidazole) congener
have exhibited excellent catalytic properties towards the oligomerisation of ethylene.
Furthermore, studies have found that varying the substitution of these ligands affects the
catalytic activity of the resulting complexes. It was found that the naphthalene-containing
complex, displayed increased catalytic activity in comparison to the other asymmetric
ligands synthesised; however, it was not superior to the original pyridine congener

(Figure 147)°"3

Figure 147. Structures of the Cr(Ill) complexes which contain the ligand 174 (left) and
the pyridine congener (vight). H atoms have been omitted for clarity.

6.2.3 Tripodal ligands containing naphtho[2,3-d]imidazole moieties

Naphthalene-2,3-diamine 72 can also be condensed with 2,2',2"-nitrilotriacetic acid 175

(Scheme 92)°'415 to prepare the symmetrical tripodal tetradentate ligand 176.%'4>1¢
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0 HN__N
NH, OH HJ\OH j
CH,OH
NH, L reflux, 20 h O NH H/H
HO™ o O |
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72 175 176 Q

Scheme 92. Reported synthesis of the ligand 176.°"

Despite the presence of several naphtho[2,3-d]imidazole derived ligands in the literature,
there is an absence of such tripodal tetradentate ligands, with 176 being the only one
reported thus far. On the other hand, tripodal tetradentate ligands containing

benzimidazole and derivatives are well known.

In 1977 Thompson et al. reported the first synthesis of the symmetrical tripodal ligand
tris(2-benzimidazylmethyl)amine 177 (Scheme 93). The ligand can be prepared from the
reaction of benzene-1,2-diamine 169 and 2,2',2"-nitrilotriacetonitrile 178 or alternatively

from the condensation of the diamine and 2,2',2"-nitrilotriacetic acid 175.%!7

N
Il
~ o
N/// HN_ N
178 NH, . :f
NS G
NH H
2 NH N

O~__OH |
T m -0

o) OH
OH 475

Scheme 93. Reported synthesis of the ligand 177"

Metal complexes of this tripodal ligand have been studied for their novel structures and

properties. For example, nucleic acids are widely considered to be potential therapeutics;
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however, their delivery into mammalian cells has proven to be difficult due to the
environmental  conditions.’'®>!” As a result, the dinuclear complexes,
[Cux(177)2C2]ClL (Figure 148) and [Cux(177)Cl(H20)](NO3)2, have been investigated
for this purpose and have shown the ability to effectively condense and transfer DNA into
cells. Both the complexes exhibited extensive m-m stacking interactions between the
benzimidazole groups of neighbouring molecules. The authors found the major binding

mode between the Cu(Il) complexes and DNA was via intercalation due to the planar

d 520-522

aromatic surfaces from the ligan

Figure 148. Structure of the [Cux(177):Clz]" cation. H atoms have been omitted for
clarity.

Since the initial report of tri(2-benzimidazylmethyl)amine 177,°!” a number of lower
symmetry analogues have been reported. For example, as reported by Pascaly et al. the
reaction of [(2-benzimidazolyl)methyl]amine 169 and 2-(chloromethyl)pyridine
hydrochloride 84.HCI affords the ligand 179 (Scheme 94).'*° Geng et al. subsequently
reported a modified procedure from the reaction of 1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methyl]methanamine and 2-(bromomethyl)-1H-1,3-benzimidazole in the presence of

Na,COjs in (CH3),CO.523
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169 84.HCI 179

Scheme 94. Reported synthesis of 179.'4

The ligand 179 can also be prepared from the reductive amination reaction between 1H-
1,3-benzimidazole-2-carbaldehyde 180 and 1-(pyridin-2-yl)-N-[(pyridin-2-
yl)methyl]methanamine 60 in a mixture of MeOH and 1,2-dichloroethane; the resulting

imine is reduced using sodium triacetoxyborohydride (Scheme 95).5%*

X
_N

N\\I/\N
NH SN
I
N~
179

Scheme 95. Reported synthesis of the ligand 179.5%*

H
X X N O MeOH, 1,2-DCE
OO0 - Crp .
=N N~ N NaBH(OAc);

60 180

This ligand 179 was used to investigate the catechol cleaving activity of iron(Il)-
containing model compounds for catechol 1,2-dioxygenases. 4?32 Isolated from bacteria,
catechol dioxygenases are mononuclear non-heme iron enzymes that play a key role in
the metabolism of aromatic compounds.®?® Of particular interest is the role of catechol
dioxygenases in the metabolism process of halogenated aromatic compounds which
subsequently play a vital part in the bioremediation of halogenated pollutants. Figure 149
exhibits the X-ray structure of an Fe(II) metal centre which is bound to the ligand 179

and two oxygen atoms of a halogenated aromatic molecule.’%¢
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Figure 149. Structure of a Fe(ll) complex containing the ligand 179. H atoms have been
omitted for clarity.

A feature of tripodal ligands is that the nature of the arms can be systematically varied,
allowing for the synthesis of series of closely related ligands (see section 1.2.3). For
example, reaction of 1-(1H-1,3-benzimidazol-2-yl)-N-[(1H-1,3-benzimidazol-2-
yl)methylJmethanamine 181 with 2-(chloromethyl)pyridine hydrochloride 84.HCI gives
the ligand 182 (Scheme 96), which contains two 1,3-benzimidazole groups and one

pyridine nitrogen donor.>?’

| X
N
H
N\\K\ /\/N (I K,COs3, MeOH N
N 2vUs,
\ « SN
A N@ GOl reflux, 24 @\NC \/H
Y cr (15%) ’\}
180 84.HClI 182

Scheme 96. Reported synthesis of the ligand 182.%*’

This ligand has been coordinated to surprisingly few metal ions.>?® One such example is
the Eu(IIl) complex depicted in Figure 35. This species was prepared as part of a study
investigating luminescent lanthanide complexes and their potential use in catalysis,

fluorescent imaging, and supramolecular devices within biology and medicine.?
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Figure 150. Structure of the Eu(Ill) complex containing the ligand 182. H atoms have

been omitted for clarity.

In light of the above discussion, our aim of this chapter is the synthesis and
characterisation of a series of naphtho[2,3-d]imidazole-containing tripodal tetradentate
ligands which contain extended & systems, in efforts to determine the effect of large planar

surfaces with multidentate amine ligands.

6.3 Synthesis of naphthalene starting material

The ideal starting materials for incorporation of 1H-naphtho[2,3-d]imidazole units into
larger multidentate ligands are either the 2-halomethyl derivatives, or the 2-aminomethyl
compound. Reaction of the former with amines would allow alkylation of the amine N
atom, while reaction of the latter with haloalkanes would give substitution of the amine
N atom with one or two different groups. With this in mind, synthesis of 2-
(chloromethyl)-1H-naphtho[2,3-d]imidazole was achieved following the methodology
described by Mariappan et al., with slight modifications. Naphthalene-2,3-diamine 72
and chloroacetic acid 186 were refluxed in 4M hydrochloric acid for 3 hours. After
cooling to room temperature, the reaction mixture was placed on ice to allow for more
product to precipitate out. Following filtration, the brown solid was dried in a vacuum
desiccator to afford the title product (Scheme 97). Analysis by 'H NMR was consistent
with that reported in the literature.’!'
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Scheme 97. The synthesis of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole
hydrochloride 73.HCI.

Next the synthesis of the brominated analogue was attempted, which had been prepared
by an analogous method.??” However, in our hands, reaction of naphthalene-2,3-diamine
72 and bromoacetic acid at reflux in 4 M HCI for 5 hours failed to give the desired
product; analysis of the crude solid obtained by mass spectrometry revealed no signals
consistent with the desired product, and in fact, a molecular ion peak at m/z = 217.0
corresponding to that of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride
73.HCI was observed.

In addition, several attempts to prepare 1-(1H-naphtho[2,3-d]imidazol-2-yl)methanamine
did not result in any product formation and analysis of the resulting solid by 'H NMR
spectroscopy revealed the presence of only the starting material, naphthalene-2,3-diamine
72. As aresult, 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI was
chosen as the sole naphthalene-containing starting material for the synthesis of the

following tripodal ligands.

6.4 Synthesis of naphthalene-containing ligands

To begin with, the preparation of the tripodal tetradentate ligand 187 was attempted
following the methodology employed for the synthesis of the quinoline-based ligand 55
(see section 3.6.1). This involved the reaction of 2-(chloromethyl)-1H-naphtho[2,3-
d]imidazole hydrochloride 73.HCI and 2-(pyridin-2-yl)ethan-1-amine 54, in the presence
of i-PrEtN, in THF at room temperature for 4 days (Scheme 98). Following a basic
workup, analysis of the crude material by 'H NMR revealed a spectrum with no obvious
evidence of the formation of 187. Further analysis by mass spectrometry revealed no
molecular ion peaks consistent with the product. The reaction was repeated several times
with different solvents, bases, and temperature conditions; however, none proved

successful for the synthesis of the ligand 187.
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Scheme 98. Attempted synthesis of the ligand 187.

Following this, 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI
and 2-(pyridin-2-yl)-N-[2-(pyridin-2-yl)ethyl]ethan-1-amine 62 in the presence of 2
equivalents of EtsN were refluxed in 1,4-dioxane. Monitoring the reaction by TLC
indicated that the complete consumption of the starting materials, even after 7 days, had
not occurred and revealed a messy TLC plate. '"H NMR and mass spectrometry analysis
of the crude material confirmed that none of the desired product had been formed.
Therefore, a series of optimisation reactions were attempted. Reviewing the literature on
similar syntheses and comparable ligands, the reaction was attempted using a variety of

solvents, bases, and reaction times and temperatures.

The conditions found to afford the desired product, albeit in low to moderate yields, were
the addition of EN to a stirring mixture of 2-(chloromethyl)-1H-naphtho[2,3-
d]imidazole hydrochloride 73.HCl in CH>Cl, followed by the addition of the
corresponding tridentate ligand in CH>Cl,, and stirring at room temperature for 7 days.
Following a basic work-up and removal of the solvent (rotavap), the crude residue was
purified by silica gel chromatography. Purification of the compound proved difficult and
required multiple columns, resulting in the isolation of the product as a brown oil (18 —
42%). The successful formation of the ligands was observed by NMR spectroscopy ('H,

13C and 2D) and mass spectrometry.

Following these conditions, the ligand 74 was successfully prepared from the reaction of
2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI and 2-(pyridin-2-
yl)-N-[2-(pyridin-2-yl)ethyl]ethan-1-amine 62 in the presence of EzN in CH2Cl, (Scheme
99). Confirmation of the desired product was obtained by 'H, 1*C and 2D NMR and high-

resolution mass spectrometry.
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Scheme 99. The synthesis of the ligand 74.

The 'H NMR spectrum of 74 revealed the presence of two four-proton triplets at 5y 3.07
and 2.88 ppm corresponding to the ethyl protons from the pyridylethyl units, and another
two-proton singlet at du 4.18 ppm from the methylene protons of the naphthalene moiety.
In addition, integration of the peaks observed in the aromatic region of the 'H NMR
spectrum confirmed the expected number of protons. Since the ligand contains a mirror
plane, this renders a number of carbon atoms chemically equivalent, and these appear as
one signal, and the observation of 12 signals in the '*C NMR is consistent with this. As
observed in the '"H NMR spectra of the quinolyl ligands reported in Chapter Three
(section 3.6), the diagnostic pyridyl doublet of doublets of doublets at on 8.41 ppm,

corresponding to the proton adjacent to the nitrogen atom, is present (Figure 151).
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Figure 151. Diagnostic pyridyl signal in the 'H NMR spectrum for the ligand 74 in
CDCls.

2D NMR spectra including COSY, HSQC and HMBC were obtained allowing for the
assignment of the ligand. The signal at 5¢ 123.85 ppm in the '*C NMR spectrum was
confirmed to be overlapping signals, as revealed by two correlations in the HSQC

spectrum to two different proton signals (Figure 152).
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Figure 152. Key HSQC correlations for the ligand 74 in CDClI3.

The '*C NMR spectrum displays a small broad carbon signal occurring at ¢ 111.01 ppm
that shows a correlation to a two-proton singlet at ou 7.99 ppm in the HSQC spectrum.
Broad carbon signals are unusual; therefore, this peak was further investigated using
variable temperature NMR. Recording the '*C spectrum at 45°C resulted in the broad
carbon signal disappearing (Figure 153), leaving the supposedly attached proton signal
with no correlations in the HSQC. No other new carbon signals were revealed during
these additional experiments. At this point in time, there are no obvious explanations for

this behaviour. An additional small broad signal is observed in the '*C NMR spectrum
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taken at 25 °C at d¢c 139.01 ppm and this too disappears upon running the experiment at

45 °C.

25.0°C

45.0°C

L , L oL

168 166 164 162 160 158 156 154 152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122 120 118 116 114 112 110 108 106 104 102
f1 (ppm)

Figure 153. Variable temperature '*C NMR spectra of the ligand 74 over the chemical
shift range dc 100—170 ppm in CDCls.

In contrast, this peak does not show any correlations in the HSQC spectrum; however,
the HMBC spectrum (Figure 154) does reveal a strong correlation to a signal at oy 7.99
ppm in the 'H NMR spectrum. This correlation strongly suggests that this broad carbon

signal may be a quaternary carbon atom close to this proton.
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Figure 154. Key HMBC correlations for the ligand 74 in CDCl;.

However, we are still confident in the isolation of the desired product due to the HRMS
data obtained and the majority of the NMR data being consistent with the expected

structure.

Mass spectrometry analysis of the material revealed a molecular ion peak at m/z =
408.2180 which can be assigned to the free ligand (calcd. for C26H26Ns™ [M+H]" m/z =
408.21827; found m/z = 408.2180). An additional peak is observed at m/z =430.1999 and
this can be assigned to the sodiated ligand (calcd. for CasHosNsNa™ [M+Na]™ m/z =
430.2000; found m/z = 430.1999).

The ligand 75 was synthesised under the same conditions discussed above from the
reaction of 2-(chloromethyl)-1H-naphtho[2,3-d]imidazole hydrochloride 73.HCI and 1-
(pyridin-2-yl)-N-[(quinolin-2-yl)methyl|methanamine 67 (Figure 155). The title
compound 75 was confirmed by NMR spectroscopy ('H, '3C and 2D) and mass

spectrometry.
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Figure 155. The synthesis of the ligand 75.

The 'H NMR spectrum of 75 displayed three two-proton singlets at &y 4.21, 4.13, and
3.99 ppm (Figure 156) and from the HMBC and HSQC spectra, these correspond to the
naphthalene, quinoline and pyridine -CH> protons, respectively. In addition, the
diagnostic -CH proton from the pyridine group is displayed at ou 8.68 ppm, a signal that

is observed in all the pyridine-containing ligands in this work.
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Figure 156. 'H NMR spectrum of the ligand 75 in CDCI5.

Figure 157 displays the aromatic region of the HSQC spectrum of 75 which shows the
carbon signal at 6c 137.05 ppm corresponding to a three-proton multiplet at ou 8.10 —

8.03 ppm and a one-proton multiplet at on 7.63 — 7.50 ppm. In conjunction with the COSY
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and HMBC spectra, this carbon signal has been identified as three coincident carbon

signals, corresponding to three different protons as determined by the integrations.
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Figure 157. Key HSQC correlations for the ligand 75 in CDClI3.

Mass spectrometry analysis of the ligand afforded a mass spectrum that displayed a
molecular ion peak at m/z = 430.2023 that can be assigned to the free ligand (calcd. for
CasH24Ns [M+H]" 430.20262; found 430.2023). In addition, a peak at m/z = 452.1842 is
observed and this can be assigned to the sodiated ligand (calcd. for C2gH23NsNa*" [M+Na]*
m/z = 452.18500; found m/z = 452.1842).

The 76 ligand was obtained from the reaction of 2-(chloromethyl)-1H-naphtho[2,3-
d]imidazole hydrochloride 73.HCI and 2-(pyridin-2-yl)-N-[(quinolin-2-yl)methyl]ethan-
l-amine 68 (Scheme 100), following the general method described above but at a
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temperature of 40 °C. Confirmation of the successful isolation of 76 was revealed by

NMR spectroscopy ('H, 1*C and 2D) and mass spectrometry.

A

X
P H
N \/\/\j N+ 40 °C 07 days N
=0
68 73.HCI Q

Scheme 100. The synthesis of the ligand 76.

The 'H NMR spectrum of 76 displays two singlets at 5 4.05 ppm (2H) 81 4.19 ppm (2H)
that have been assigned to the -CH» protons from the methylene arm of the quinoline and
naphthalene moieties, respectively. In conjunction with the HMBC and HSQC spectra,
the two two-proton triplets observed in the '"H NMR spectrum have been assigned to the
-CH»-CH; protons of the quinoline moiety. The triplet at 6u 3.16 ppm corresponds to the
-CHo protons closest to the central nitrogen atom, and the triplet signal at éu 3.05 ppm is

the -CH> group adjacent to the quaternary carbon of the pyridine group (Figure 158).

9.0 8.5 8.0 7.5 70 6.5 6.0 5.5 5.0 45
i (ppm)

Figure 158. 'H NMR spectrum of the ligand 76 in CDCI5.

The NMR data obtained have been assigned as completely as possible; however, there
are two very broad peaks observed at 6c 128.12 and 6c 123.61 ppm in the carbon spectrum
that show correlation to protons in the HSQC spectrum (Figure 159), similar to that
observed for the ligand 74.
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Figure 159. Key HSQC correlations for the ligand 76 in CDClI3.
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The HSQC spectrum allows for the approximate assignment of these two carbon signals

and thus the corresponding proton signals as being part of the naphthalene moiety.

The observed broadness of the 1*C signals is consistent with a fluxional process occurring,

and therefore the *C NMR was run again at 45 °C. In contrast to 74 above, this resulted

in a sharpening of the two broad peaks located at ¢ 128.12 and 6c 123.61 ppm (Figure

160). This strongly suggests a fluxional process that appears to only affect a particular

region of the molecule. This is indeed unusual, and thus literature precedent was sought.
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Figure 160. Variable temperature >C NMR spectra of the ligand 76 over the chemical
shift range dc 116—163 ppm in CDCl;.

The ligand 174, appears to be one of the only structurally similar molecules to these

tripodal imidazole-naphthalene ligands (Figure 161). However, the authors of this paper

did not report any broad carbon signals in the 1*C spectrum of this molecule.’!?

H
N N
o T
S
Figure 161. Structure of the ligand 174.

HRMS analysis of the material revealed a molecular peak at m/z = 444.2180 that has been
assigned to the free ligand (calcd. for C29H2¢Ns [M+H]"444.21827; found 444.2180). In
addition, a peak at m/z = 466.1998 can be assigned to the sodiated ligand (calcd. for
C2oH2sNsNa'" [M+Na]" m/z = 466.2000; m/z = found 466.1998).
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The ligand 77 was synthesised following a slightly modified procedure of the general
method reported above. The reaction of a solution of 2-(chloromethyl)-1H-naphtho[2,3-
d]imidazole hydrochloride 73.HCI and EtsN in CH2Cl, and a solution of N-[(pyridin-2-
yl)methyl]-2-(quinolin-2-yl)ethan-1-amine 66, followed by the addition of a second
equivalent of Et3N, affords the title compound 77 (Scheme 101). During the synthesis of
this naphthalene-containing ligand it was found that an increase in temperature to 40°C
was required to yield any product. The structure of 77 was confirmed by NMR
spectroscopy ('H, '*C and 2D) and HRMS.

©\/j\/\ _EGN, CHCly _ H
ﬁi) T40°C. 7 days K\(
(37%) N O
73.HCI H cr 77

Scheme 101. The synthesis of the ligand 77.

The '"H NMR spectrum of 77 revealed two two-proton singlets at 6u 4.19 and 3.87 ppm
that correspond to the methylene protons of the naphthalene and pyridine groups’ alkyl
arms, respectively. The ethyl protons from the quinoline moiety are observed in the 'H
NMR spectrum as a four-proton unresolved multiplet due to the overlapping triplet

signals.

Analysis of 77 by 2D NMR, in particular the HMBC spectrum, revealed the presence of
coincident quaternary carbon signals. Overlapping was also observed for two proton
signals in the 'H NMR spectrum. As can be seen in Figure 162, the carbon signal
observed at dc 147.65 ppm, has two correlations to two separate proton signals in the
HMBC spectrum. The multiplet at ou 7.95 ppm consists of overlapping signals that
correspond to protons located on the naphthalene body. The multiplet at du 7.74 ppm also
is due to overlapping signals that have been assigned to two protons of the quinoline
moiety. Thus, the two correlations suggest that a coincidence of two quaternary carbon

signals has occurred.
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Figure 162. Key HMBC correlations for the ligand 77 in CDCI;.

HRMS data further confirmed the successful isolation of 77 with the presence of the
molecular ion peak at m/z = 444.2179 (calcd. for C2oH26Ns [M+H]" 444.21827; found
444.2179). A peak at m/z =466.1996 is also displayed and this can be assigned to the free
ligand with an associated sodium ion (calcd. for C290H2sNsNa™ [M+Na]" m/z =466.2000;
m/z = found 466.1996).

While the synthesis of 189 was attempted several times, the desired ligand was not
obtained (Scheme 102). Given that the quinoline-containing derivative (63) was
successfully prepared using a similar method, the reasons for the failure of this reaction

remain unclear.
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Scheme 102. Attempted synthesis of the ligand 189.

6.5 Pyrene-based ligands

Pyrene was discovered in 1837 by Laurent from the residue collected during the
distillation of coal tar.’? Since then, this polycyclic aromatic hydrocarbon has been the
subject of many investigations, primarily as a result of its unique photophysical
properties, and its incorporation into a variety of ligands has been extensively

studied.>3%33!

The synthesis of pyrene-containing ligand frameworks generally requires derivatisation
of the molecule. Electrophilic aromatic substitution reactions of pyrene have been
extensively studied and several methods for its bromination,>? nitration,>** acylation,>**
alkylation,’* and formylation>*® have been reported. Although numerous preparations
have been described, regioselectivity still remains a significant challenge in the

substitution chemistry of pyrene.>3’%

Electrophilic aromatic substitution reactions of pyrene usually introduce substituents at
the 1-, 3-, 6-, and 8-positions of the pyrene core, owing to the increased electron density
at these sites. Electrophilic substitution can also occur at the 2-, and 7-positions as,
although the electron density is lower, the steric hindrance is also lower. Thus, bulkier
substituents are easier to introduce here. The lowest activity is observed at the 4-, 5-, 9-,

and 10-positions, also referred to as the K-region (Figure 163).54034!
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Figure 163. Potential positions for the electrophilic substitution of pyrene.

To achieve electrophilic substitution at these positions, the most commonly employed

method starts from the Ru(Ill)-catalysed oxidation of pyrene to afford pyrene-4,5-dione

79, followed by subsequent reactions for further functionalisation (Scheme 103).5%

Scheme 103. Synthetic route for 4-,5-disubstituted pyrenes.

Pyrene-4,5-dione 79 is an ideal starting material for the synthesis of imidazole-containing
pyrenes. For example, the synthesis of 183 (Scheme 104) demonstrates the addition of
bulky substituents at both the 2- and 7-positions, and the introduction of an imidazole
moiety at the 4- and 5-positions. In this instance, the bulky fert-butyl groups are initially
introduced via a Friedel-Crafts alkylation, followed by subsequent oxidation to afford the
substituted pyrene-4,5-dione 184. The reaction of 184 with N-decyl-4-formylbenzamide
affords the desired substituted pyreneimidazole 183.54
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Scheme 104. Reported synthesis of 183 via 2-,7- and 4-,5-disubstitution of pyrene.>®

An example of solely 4-, 5-disubstituion of pyrene is the synthesis of the ligand 185
shown in Scheme 105. Initial oxidation to the dione 79 is followed by reaction with
pyridine-2-carbaldehyde 186. The structure of the ligand was chosen for its rigid,
conjugated, and planar geometry which provides the molecule with interesting

photophysical properties.>**

z\ zIT

‘ ‘ CH3CO,NH,

CH,COOH

Scheme 105. Reported synthesis of 185 via a 4-,5-disubstitution of pyrene.>**

Ruthenium(Il) and osmium(Il) complexes containing polyheterocyclic ligands have
found an important place in the development of DNA-targeted drugs and sensors due to
their excellent photoredox properties. Complexes that contain polycyclic ligands that are
capable of DNA binding have been of particular interest due to their potential use in DNA

molecule light switches, cellular imaging agents, and therapeutic cancer drugs.>*>-3%

An example of this application is the use of the ligand 185 in the design and synthesis of
the complex cations [(bpy)M(185)]*" (M = Ru, Os; bpy = 2,2’-bipyridine). The

ruthenium species is exhibited in Figure 164. An important feature of the ligand is the
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imidazole moiety, which is structurally related to the purine bases in DNA. In these
complex cations, the imidazole unit has been appended to the pyrene moiety in order to
investigate the influence of the extended planar surface. Techniques including absorption,
emission, excited-state lifetime, circular dichroism, and thermal denaturation were used
to study the binding affinities of these cations towards DNA. These experiments revealed
the intercalative nature of the complexes towards DNA and also highlighted their light-
switch behaviour. The complexes were studied for their anion sensing abilities through a
variety of spectroscopic techniques which indicated that both compounds act as “turn-on”
luminescence sensors for HoPO4™ and “turn-off” sensors toward F~ and OAc™ anions. The
imidazole NH plays a key role in each switch with deprotonation occurring after the
addition of excess F~ and OAc™ anions, and hydrogen-binding interactions occurring

between this proton and HoPO4™ 3%

Figure 164. Structure of the [(bpy):Ru(185)]** cation. H atoms have been omitted for
clarity.

Given the ease with which imidazole can be appended to the pyrene nucleus, we were
interested in investigating the incorporation of this moiety into larger, multidentate
ligands. Thus, the focus of this section was to prepare the quinoline congener of the ligand

185S.
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6.5.1 Synthesis of pyrene starting materials and ligand

The initial goal of our studies with pyrene was to make pyrene-4,5-dione 79, as the
starting material for the synthesis of imidazole-appended pyrenes. Following the
previously reported preparation,?*°

of pyrene 78, RuClz.xH>0O, and NalO4 in a mixture of CH3CN, H>O, and CH>Cl> (1:1.2:1)

the title compound 79 was prepared from the reaction

at room temperature for 18 hours (Scheme 106). The mixture was filtered through celite
and extracted with CH>Clo. The combined organic phases were washed with saturated
aqueous Na>CO3 and H>O, dried over MgSOys, and following filtration the solution was
reduced to dryness. The product 79 was obtained as a bright orange solid following
purification by silica gel chromatography. The identity of the product was confirmed by

NMR spectroscopy and mass spectrometry; these data were consistent with the

‘ RuCls.xH,0, NalO,
OO CHiCN, H,0
‘ CH,Cl,, rt, 18 h
(34%)

78 79

literature.?°

Scheme 106. The synthesis of pyrene-4,5-dione 79.

With the successful isolation of pyrene-4,5-dione 79, our attention turned to the synthesis
of the new quinoline-containing bidentate ligand, 82, using the Debus-Radziszewski
imidazole synthesis (previously described in section 6.2.2), which utilises the
condensation reaction between a 1,2-dicarbonyl compound, an aldehyde, and ammonia
in a molar ratio of 1:1:2, respectively (Scheme 107). The commercial production of

several imidazole derivatives employs this methodology. >+

O 0 N
Z 2NH,
Cov I 2 -
Scheme 107. Debus-Radziszewski imidazole synthesis.

Thus, following the slightly modified methodology of the pyridine congener,’** pyrene-

4,5-dione, quinoline-2-carbaldehyde, and ammonium acetate were stirred in refluxing
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acetic acid for 6 days (Scheme 108). Following the purification by silica gel column

chromatography, the title compound was isolated in a poor yield of 12%.

CH3CO,NH, O H
_0 reflux, 6 days N/>_<Nt©
(12%) O

35 82

Scheme 108. The initial synthesis of 82.

An alternative synthetic route of higher yield for the synthesis of 82 was therefore sought.
Given that imidazole derivatives can be prepared from the reaction between a 1,2-diamine
compound and an aldehyde,>*® (for example, the reaction between benzene-1,2-diamine
169 and benzaldehyde 190 affords the compound, 2-phenyl-1H-benzimidazole 191
(Scheme 109)).>! It was envisioned that 82 could be obtained in a similar approach from

the reaction of 4,5-diaminopyrene 81 and quinoline-2-carbaldehyde 35.

+ _—
o Y,
NH, X N
169 190 191

Scheme 109. Reported synthesis of 191.%°!

Such an approach required the synthesis of the diamine starting material 81. This can be
prepared from 79 in two steps, the first being synthesis of 80, and the second being
reduction of this to afford the desired product.

Following a previously published method,*! 80 was prepared from the reaction of
pyrene-4,5-dione 79 and hydroxylamine hydrochloride in EtOH, in the presence of
BaCO3, with stirring at reflux for 36 hours (Scheme 110). The crude reaction mixture was
reduced to dryness and 0.2 M HCI was added to the resulting solid. Filtration of the
mixture and subsequent washings afforded the desired compound 80 without further
purification required. Analysis by 'H NMR spectroscopy and mass spectrometry gave

data consistent with those reported in the literature.?*!
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NH,OH.HCI, BaCO4

EtOH
reflux, 36 h

80

Scheme 110. The synthesis of 80.

The compound 80 was then reacted with hydrazine in refluxing EtOH for 18 hours, the
reaction being catalysed by 10%-Pd/C (Scheme 111). Following the removal of the
reaction solvent (roatvap), the resulting residue was triturated in water, and following

filtration, the desired product 81 was obtained as a green solid.

O NH,
10%-Pd/C, EtOH “
N2H4, EtOH NH2
reflux, 18 h

82%
(82%) 81

Scheme 111. The synthesis of 81.

Confirmation of the structure of 81 was obtained by 'H NMR spectroscopy and mass
spectrometry which gave data that are consistent with the literature.?3! As can be seen in
Figure 165, the '"H NMR spectrum reveals a four-proton singlet at 8y 5.21 ppm which
corresponds to the newly installed -NH> groups. The synthesis of 81 was further
confirmed by '3C NMR spectroscopy and mass spectrometry, with the data from both

consistent with those previously described in the literature.?!
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Figure 165. '"H NMR spectrum of 81 in CDCl.

With the successful isolation of 81, the next step was the reaction with quinoline-2-

carbaldehyde 35 in attempts to isolate and increase the yield of the bidentate ligand (82).

Having this starting material in hand, we were also interested to see if the ligand 192
could be synthesised from the reaction of 81 with 2 equivalents of quinoline-2-

carbaldehyde 35, followed by the subsequent reduction with NaBH4 (Figure 166).

Figure 166. Structure of 192.

However, from this reaction the ligand 82 was isolated instead. Therefore, from the
reaction of 81 and quinoline-2-carbaldehyde 35, followed by the addition of NaBHy, in
stirring in MeOH at room temperature for 16 hours, the ligand 82 was obtained in

moderate yield (44%) without futher purification (Scheme 112).
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(I Joo = U
+ % \
NaBH,

449,
81 35 (44%) 82

Scheme 112. The synthesis of the ligand 82.

The ligand 82 was characterised by 'H and '3C NMR spectroscopy and high resolution
mass spectrometry. Confirmation of the structure was obtained from the HRMS spectrum
(Figure 167) which displayed a clear base peak at m/z=370.1339 and this can be assigned
to the free ligand (calced. for Co6Hi6N3* [M+H]" m/z =370.13387; m/z = found 370.1339).
Another signal is present at m/z = 392.1159 and this can be assigned to the sodiated ligand
(caled. for CogHisN3Na* [M+Na]" m/z = 392.1160; found m/z = 392.1159). In addition, a
peak with approximately 7-fold less abundance in comparison to the signal at m/z =
370.1339, is displayed at m/z = 739.2601. This signal can be assigned to the protonated
free ligand in which an additional ligand has become associated, presumably via =-
stacking interactions (caled. for Cs:H3iNg" [M+H]" m/z = 739.2600; found m/z =
739.2601).
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Figure 167. HRMS spectrum of the ligand 82 recorded in CH3CN.

Unfortunately, well-resolved 'H and '*C NMR spectra (DMSO-ds) could not be obtained,
presumably partly due to the poor solubility of 82 not only in DMSO but in the majority
of the deuterated solvents available. The 'H spectrum displayed signals that integrated
correctly for the expected number of protons; however, there are two very broad one-
proton singlets at oy 9.18 and 8.91 ppm which could not be reasonably assigned (Figure
168). There is also a number of quaternary carbon atoms present in this molecule and

their low intensity makes them difficult to observe in the *C NMR spectrum.
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Figure 168. 'H NMR spectrum of the ligand 82 in DMSO-ds.

The '3C NMR shows a relatively noisy spectrum and reveals only 11 carbon signals when
26 would be expected for this ligand. In addition, the broad singlets show no correlations

in both the HSQC and HMBC spectra, and reasons for this remain unclear (Figure 169).
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Figure 169. Key HSQC correlations (left) and HMBC correlations (right) for the ligand
82 in DMSO-ds.

6.6 The characterisation of transition metal complexes containing

naphthalene and pyrene-based ligands

This section describes the characterisation of transition metal complexes of the ligands
discussed above. Analogous to the quinolyl-containing ligands, various attempts were
made to produce single-crystal samples suitable for structural analysis via single-crystal
X-ray diffraction. However, no X-ray quality crystals were obtained from the many
crystallisation attempts in this work. Thus, again it was necessary to resort to alternative
solution-state characterisation methods for these complexes. In this instance, mass

spectrometry was utilised (see section 5.2.1).

6.6.1 Solution Studies

The solutions were prepared according to the methods described in Chapter Two section
2.3.1. All the experiments were conducted in CH3CN. The mass spectrometry data were
collected as described in Chapter Two section 2.3.1. Low resolution mass spectrometry
was obtained for this series of experiments. Each experiment was repeated a minimum of

two times with freshly prepared solutions, and reproducible results were obtained.

The mass spectra were obtained from solutions that had been made up by mixing a
solution of the metal ion with one, two, and three equivalents of ligand. The complex
solutions were mixed and allowed to stand at room temperature for 30 minutes before

each sample was directly injected into the mass spectrometer for analysis.
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The peaks that correspond to a metal ion-containing species were assigned, in part, using
the specific isotope pattern of each metal ion (see section 5.2.1). Determination of the ion
charge from the mass spectrum can be achieved using the spacing between the

1sotopomeric peaks within the isotope pattern for the ion (see section 5.2.1).

6.6.2 Naphthalene-containing ligands

Ligand 75

Chemical Formula: CygH23N5
Monoisotopic Mass: 429.19

The mass spectrum of the free ligand 75 displays one product ion peak at m/z =430.4. No
other notable peaks corresponding to any ligand fragmentation are observed. The addition
of 1 equivalent of [Cu(OH2)s](ClO4); affords a mass spectrum that displays peaks due to
copper-containing species at m/z = 349.0, 491.0, 527.0 537.0, and 591.0.

The most intense copper-containing signal at m/z = 491.0 can be assigned to the
mononuclear 1:1 complex [Cu(75)]" (calced. for CuCasH2oNs [M-H]" m/z =491.11; found
m/z=491.0). As can be seen in Figure 170, the presence of copper can be confirmed from
the observed isotope pattern. The observed m/z value is consistent with deprotonation of

the imidazole N-H.
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Figure 170. Key copper-containing signals displayed in the mass spectrum of an

equimolar solution of 75 and [Cu(OH)s](CIlOy):.

The signal observed at m/z = 527.0 corresponds to the formula [Cu(75)CI]" in which the
1:1 complex includes a chloride ion (calcd. for CuCagH23NsClH [M]" m/z = 527.09; found
m/z = 527.0). With both Cu and Cl present, the isotope pattern for this signal is different
from those assigned as containing only Cu. The signal at m/z = 537.0 can be assigned to
[Cu(75)(HCOO)]" (calcd. for CuCaoH24NsO2" [M]" m/z = 537.12; found m/z = 537.0).
For this species, it appears that the Cu(I)-75 complex has bound a negatively charged
formate ion, which is used in the calibration of the instrument. The signal at m/z = 591.0
can be assigned to [Cu(75)(ClO4)]" in which the 1:1 species has the inclusion of an
associated perchlorate ion (calcd. for CuCasH23NsClO4" [M]" m/z = 591.07; found m/z =
591.0). The observed isotope pattern is consistent with the presence of both Cu and Cl
ions. The 1+ charge on the complex ion confirms that the metal centre has not undergone
reduction. The addition of a second and third equivalents of ligand results in the

appearance of a new signal at m/z = 430.1, corresponding to the free ligand 75.

The mass spectra of a solution of [Co(OH2)s](C104)> to which 1, 2, and 3 equivalents of
ligand 75 have been added show signals at m/z = 244.0, 487.0, 523.0, 533.0, and 587.0.
A signal observed at m/z =430.0 corresponding to the free ligand is not apparent until the

third equivalent of the ligand solution is added.
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The peak at m/z = 487.0 corresponds to the mononuclear 1:1 Co(II) complex, [Co(75)]"
(calcd. for CoC23H2oNs' [M]" m/z = 487.12; found m/z = 487.0). For this species, z = 1
and in this case, the loss of a proton, presumably from the imidazole NH, affords the
overall 1+ charge. The peaks at m/z = 523.0, 533.0, and 587.0 can be assigned to the
mononuclear 1:1 Co(I) complexes, [Co(75)(X)]", where X = CI', HCOO", and ClOy,
respectively (calcd. for CoCagH23NsCl' [M]" m/z = 523.09; found m/z = 523.0; calcd. for
CoC29H24N502" m/z = 533.12; found m/z = 533.0; calcd. for CoCasH23NsClO4" [M]" m/z
= 587.07, found m/z = 587.0). The signal observed at m/z = 244.0 can be assigned to the
1:1 2+ Co(II) complex, [Co(75)]*" (calcd. for CoCasH23Ns" [M]* m/z = 244.06; found
m/z = 244.0).

The most intense signal observed in the mass spectrum of an equimolar solution of 75
and [Ni(OH2)s](ClOs)> (Figure 171) is at m/z = 243.5 and can be assigned to the
corresponding 2+ Ni(II) species, [Ni(75)]** (caled. for NiCasH23Ns>" [M]** m/z = 243.56;
found m/z = 243.5). Two additional nickel-containing peaks are observed at m/z = 532.1
and 586.0 that can be assigned to the Ni(Il) complexes, [Ni(75)(HCOO)]" and
[Ni(75)(C104]", respectively (calcd. for NiCaoH24Ns* [M]" m/z = 532.12; found m/z =
532.1; caled. for NiCasH23NsClO4™ [M]" m/z = 586.07; found m/z = 586.0). Upon the
addition of a second and third equivalents of the ligand solution, no new peaks are

revealed and an increase in the relative abundance of the present peaks is observed.
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Figure 171. The mass spectrum of an equimolar solution of 75 and [Ni(OH>)s](ClO4)>.

The mass spectrum obtained from the addition of 1 equivalent of 75 to a solution
[Zn(OH2)s](ClO4)2 exhibits an intense peak at m/z = 246.6. The peak shows an isotope
pattern that indicates the corresponding species contains zinc and the spacing of the peaks
reveals the ion to be of a 2+ charge. This can be assigned to the Zn(II) complex, [Zn(75)]*"
(caled. for ZnCasH23Ns?" [M]" m/z = 246.56; found m/z = 246.6). The peak with the
second highest intensity has m/z = 538.0 and can be assigned to the species,
[Zn(75)(HCOO)]" (calcd. for ZnCa9H24NsO2" [M]" m/z = 538.12; found m/z = 538.0),
where the 1:1 mononuclear complex includes an associated formate ion. Three other
signals also display an isotope pattern that indicates the presence of zinc, and these appear
at m/z = 492.0, 528.0, and 592.0. The signal at m/z = 492.0 can be assigned to the
mononuclear 1:1 complex, [Zn(75)]" (calcd. for ZnC2osH2oNs" [M]" m/z = 492.11; found
m/z=492.0), and indicates the loss of a proton from the ligand. The signals at m/z = 528.0
and 592.0 can be assigned to the Zn(II) 1:1 complexes that contain either an associated
chloride or perchlorate ion, corresponding to [Zn(75)(C1)]" and [Zn(75)(ClO4)]",
respectively (calcd. for ZnCasHa3NsCI' [M]" m/z = 528.09; found m/z = 528.0; calcd. for
ZnCo3H23NsClO4" [M]" m/z = 592.07; found m/z = 592.0). On addition of a second
equivalent of the ligand, the ratio of free ligand to bound increases and there are no new

peaks formed. This trend continues with the addition of the third equivalent of 75.
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The mass spectrum obtained from the addition of the ligand 75 to a solution of
[Mn(OH2)s](ClO4)2 is not as clean compared to the spectra of the other metal ions (Figure
172). The addition of 1 equivalent of the ligand to the manganese metal ion solution
reveals a spectrum that displays signals at m/z = 181.0, 215.6, 250.1, and the free ligand
signal at 430.1. The signal at m/z = 215.6 can be assigned to the diprotonated free ligand
species (caled. for CasHasNs?™ [M]>" m/z = 215.60; found m/z = 215.6), which is not

observed in any other mass spectra of this ligand 75.
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Figure 172. The mass spectrum of an equimolar solution of 75 and [Mn(OH>)s](CIlO4)>.

Interestingly, the relative abundance of the signal at m/z = 181.0 is significant and this
can be assigned to the sodiated naphthalene-2,3-diamine ligand fragment ion 72.Na
(caled. for CioH10N2Na" [M+Na]" m/z = 181.07; found m/z = 181.1). This is unusual as
this ligand fragment is not seen in the mass spectrum of the free ligand suggesting that
the metal ion potentially plays a role in catalysing the degradation of 75. While this signal
has been observed in the mass spectra obtained from the reaction between 75 and the

other metal ions, it is of very low intensity.
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Ligand 76
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Chemical Formula: CygH25N5
Monoisotopic Mass: 443.21

The signal that corresponds to the free ligand 76 appears at m/z = 444.4 in the mass
spectrum obtained from a solution of 76. The addition of 1 equivalent of ligand to a
solution of [Cu(OH2)s](ClO4)> affords a mass spectrum that displays three copper-
containing peaks at m/z = 605.0, 543.0 and 505.1. The peak of the highest intensity is
observed at m/z = 505.1 and corresponds to the 1:1 mononuclear species, [Cu(76)]"
(calcd. for CuC29H2Ns" [M]" m/z = 505.13; found m/z = 505.1). The peaks at m/z = 605.0
and 543.0 are of significantly less intensity than the peak at m/z = 505.1. The signal at m/z
=605.0 can be assigned to the species [Cu(76)(C104)]" (caled. for CuCa9H2sNsClO4" [M]*
m/z = 605.08; found m/z = 605.0), and the signal at m/z = 543.0 corresponds to the 1:1
complex which includes an associated chloride ion, [Cu(76)(Cl)]" (calcd. for
CuC29H2sNsCIl" [M]" m/z = 541.10; found m/z = 541.0). Upon the addition of a second
and third equivalents of ligand, the signal assigned to the free ligand at m/z = 444.4

becomes present in the mass spectrum.

A solution of equimolar amounts of [Co(OH2)s](ClO4)> and ligand 76 affords a mass
spectrum that has the three most intense signals at m/z = 251.1, 547.1, and 601.1 in the
mass spectrum (Figure 173). The peak at m/z = 251.1 can be assigned to the 1:1
mononuclear cobalt-containing species, [Co(76)]*" (calcd. for CoCaoHasNs* [M]*" m/z =
251.07; found m/z = 251.1). In contrast to the analogous species observed for 75 where
the complex ion has a 1+ charge, in this case there is no loss of a proton from the ligand
and the metal ion remains in a 2+ oxidation state affording an overall 2+ charge on the

complex ion.

The peaks at m/z = 547.0 and 601.1 can be assigned to the Co(Il) 1:1 complexes that

contain either an associated formate or perchlorate ion, corresponding to the complex
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formulae [Co(76)(HCOO)]"and [Co(76)(Cl04)]", respectively (caled. for CoC29H2sNsC1*
[M]" m/z = 547.14; found m/z = 547.1; calcd. for CoCa9HasNsClO4" [M]" m/z = 601.09;
found m/z = 601.1). A signal at m/z = 444.4 corresponding to the free ligand appears and

increases in intensity upon the addition of a second and third equivalents of the ligand.
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Figure 173. The mass spectrum of an equimolar solution of the ligand 76 and

[Co(OH2)6](ClOy)>.

The mass spectrum of a solution of [Ni(OH2)s](ClO4)> to which 1 equivalent of 76 has
been added shows peaks at m/z = 600.0, 546.1, and 250.6. The latter can be assigned to
the Ni(II) complex ion [Ni(76)]*" (calcd. for NiC29HasNs?* [M]** m/z = 250.57; found m/z
= 250.6). The signals at m/z = 546.1 and 600.0 can be assigned to the complex species
[Ni(76)(HCOO)]" and [Ni(76)(C104)]" (calcd. for NiC30H26NsO2" [M]" m/z = 546.14;
found m/z = 546.1; calcd. for NiC29H2sNsClO4" [M]" m/z = 600.09; found m/z = 600.0).
The addition of a second and third equivalents of ligand resulted in the appearance of the
free ligand peak at m/z = 444.4, and the increase in intensity of the 1:1 complex that has

an associated formate moiety.

The mass spectra of a solution of [Zn(OH2)s](ClO4)2 to which 1, 2, and 3 equivalents of
ligand 76 have been added reveals peaks at m/z = 606.0, 552.0, 542.0, 506.0, 444.1 (free
ligand 76), 339.1, 253.6, 222.6 and 181.1. The complex species [Zn(76)(ClO4)]",
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[Zn(76)(HCOO)]", and [Zn(76)(C1)]" can be assigned to the signals at m/z = 606.0, 552.0,
and 542.0, respectively (caled. for ZnC9H2sNsClO4" [M]" m/z = 606.08; found m/z =
606.0; calcd. for ZnC3oH26NsO2" [M]" m/z = 552.13; found m/z = 552.0; and calcd. for
ZnCaoHasNsC1 [M]" m/z = 542.10; found m/z = 542.0). The signal displayed at m/z =
253.6 corresponds to the 2+ Zn(II) complex ion, [Zn(76)]*" (calcd. for ZnCaoHasNs**
[M]** m/z = 253.57; found m/z = 253.6). The ligand fragment that corresponds to the loss
of the pyridyl group can be assigned to the signal observed at m/z = 339.1. The
diprotonated free ligand can be assigned to the signal displayed at m/z = 222.6, where z =
2 (caled. for CaoHasNs*" [M+2H]? m/z = 222.10; found m/z = 222.6).

In addition, the signal at m/z = 181.0 is also observed when this ligand is reacted with
[Zn(OH2)6](ClO4)2. Again, this signal has been identified to correspond to the sodiated
naphthalene-2,3-diamine ligand fragment (caled. for CioHjoN2Na" [M+Na]" m/z =
181.07; found m/z = 181.1). Unlike the ligand 75, the peak at m/z = 181.1 shows a

significant relative abundance in the zinc spectrum.

The mass spectrum obtained after the addition of 1 equivalent of 76 to a solution of
[Mn(OH2)s](ClO4), shows peaks at m/z = 597.0, 535.2, 444.2 (free ligand 76), 339.1,
222.6, and 181.1. The signal at m/z = 597.0 can be assigned to the 1:1 mononuclear Mn(II)
complex [Mn(76)(C104)]" (calcd. for MnC29H2sNsClO4" [M]" m/z = 597.09; found m/z =
597.0). The signal at m/z = 339.1 can be assigned to the same ligand fragment observed
in the mass spectrum of the nickel metal ion, and the peak at m/z = 222.6 corresponds to
the diprotonated ligand (caled. for C29HasNs' [M+2H]*" m/z =222.10; found m/z = 222.6).
Again, the mass spectrum reveals the signal at m/z = 181.0 that has been previously
assigned to the sodiated ligand fragment, naphthalene-2,3-diamine 72.Na. Upon the
addition of a second and third equivalents of the ligand solution the intensity of the peak

at m/z = 444.1 corresponding to the free ligand increases.

Unfortunately, the peak observed at m/z = 535.2 (Figure 174) could not be assigned to a
corresponding fragment that matched the mass value and the isotope pattern. The
complex, [Mn(76)(C1)]", was found to be the closest match which is two mass units out
at a m/z = 533.11 (caled. for MnCa9H2sNsCI™ [M]" m/z = 533.11; found m/z = 535.2)
(Figure 174).
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Figure 174. Calculated data for [Mn(76)Cl]" m/z = 533.11 (left),; experimental data
showing the signal at m/z = 535.2.

Ligand 74

Chemical Formula: CygHo5N5
Monoisotopic Mass: 407.21

For compound 74, the mass spectrum shows the free ligand peak at m/z = 408.4 (calcd.
for Co6Ha6Ns™ [M+H]" m/z = 408.21; found m/z = 408.4) (see section 6.4). The mass
spectrum obtained from the reaction of a solution of [Cu(OH2)s](C1O4)2 with 1 equivalent
of the ligand 74 solution revealed three copper-containing signals at m/z = 569.0, 505.0,
and 469.1. This mass spectrum showed no peak at m/z = 408.4 indicating the full
consumption of the ligand by the Cu(II) metal ions.

The signal at m/z = 469.1 is of the highest intensity and can be assigned the complex,

[Cu(74)]" (caled. for CuCa¢H24Ns" [M]" m/z = 469.13; found m/z = 469.1). The peaks at
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m/z = 505.0 and 569.0 correspond to the 1:1 metal complex which have an associated
chloride or perchlorate anion, respectively (caled. for CuCasHosNsCIl™ [M]" m/z = 505.10;
found m/z = 505.0; calcd. for CuCasHasNsC1O4™ [M]" m/z = 569.08; found m/z = 569.0).
The addition of a second and third equivalent of the ligand solution results in increased

intensity of all three copper-containing peaks and no appearance of the free ligand.

A solution of [Co(OH2)s](C104)2 containing 1 equivalent of 74 affords a mass spectrum
that displays four complex ion peaks, ligand fragment ions, and the free ligand. Peaks are
observed at m/z = 565.0, 511.1, 465.1, 233.1, 181.0 303.1 and 408.1 (free ligand 74)
(Figure 175).
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Figure 175. The mass spectrum of an equimolar solution of 74 and

[Co(OH>)s](ClO4)2.6H:O.

The signal at m/z = 303.1 can be assigned to the ligand fragment resulting from the loss
of the naphtho[2,3-d]imidazole moiety (calcd. for C19Hi9N4" [M+H]" m/z = 303.16; found
m/z = 303.1). The peaks at m/z = 565.0 and 511.1 are consistent with the formulae
corresponding to the Co(IT) complexes [Co(74)C104]" (caled. for CoCa6HasNsC1O4" [M]*
m/z = 565.09; found m/z = 565.0) and [Co(74)HCOO]" (calcd. for CoC27H26NsO2" [M]"
m/z = 511.14; found m/z = 511.1), respectively.
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The signal observed at m/z = 465.1 is consistent with the formula [Co(74)]" (calcd. for
CoC2sHuNs" [M]" m/z = 465.1; found m/z = 465.13). The peak at m/z = 233.1 can be
assigned to the 2+ species, [Co(74)]*" (calcd. for CoCa¢HasNs>" [M]* m/z =233.07; found
m/z = 233.1). The mass spectra of the following addition of the second and third
equivalents of the ligand solution reveal an increase in the intensities of the peaks at m/z
=511.1, 408.1, and 233.1, and the decrease in the intensity of the peaks at m/z = 565.0
and 465.1.

The mass spectrum of a solution of [Ni(OH2)s](ClO4)> to which 1 equivalent of 74 has
been added exhibited four signals at m/z = 232.5, 464.1, 510.1, and 564.0, which on the
basis of the isotope patterns appear to contain nickel (Figure 176). The base peak at m/z
= 510.1 can be assigned to the 1+ species, [Ni(74)HCOO]" (calcd. for NiC27H26Ns502"
[M]" m/z = 510.14; found m/z = 510.1). The signal at m/z = 564.0 is consistent with the
formula [Ni(74)C104]" (caled. for NiCasHasNsClO4™ [M]" m/z = 564.09; found m/z =
564.0). The peaks observed at m/z = 464.1 and 232.5 can be assigned to the mononuclear
complex ion, [Ni(74)]"" with z = 1 (calcd. for NiC26H24Ns" [M]" m/z = 464.13; found m/z
= 464.1) and z = 2 (calcd. for NiCaH2sNs*" [M]*" m/z = 232.57; found m/z = 232.5),
respectively. The mass spectra obtained from the second and third equivalents of ligand
addition show an increase in the intensities of all peaks and no formation of any new ones.

In all three spectra no signal corresponding to the free ligand was observed.
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Figure 176. The mass spectrum of an equimolar solution of 74 and [Ni(OH>)s](ClO4)>.

The addition of 1 equivalent of the ligand 74 solution to the [Zn(OH2)s](C1O4)2 solution
reveals a mass spectrum that displays the free ligand peak, three ligand fragment peaks,
and three zinc-containing species observed at m/z = 408.1, 181.0, 228.1, 303.1, 470.0,
516.1, and 570.0, respectively (Figure 177).
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Figure 177. The mass spectrum of an equimolar solution of 74 and [Zn(OH>)s](ClOy)2.

The peak at m/z = 181.0 is consistent with the sodiated ligand fragment, naphthalene-2,3-
diamine 72.Na. The peaks at m/z = 228.1 (62) and 303.1 (193) are consistent with the
ligand fragments depicted in Figure 178 (calcd. for C14HisN3s™ [M+H]" m/z = 228.15;
found m/z = 228.1; and calcd. for CioHioN4" [M+H]" m/z = 303.16; found m/z = 303.1,

respectively).
N
_ | _ | 7 N !
— NH N
NS NS
N N N —
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Figure 178. The ligand fragments 62 (left) and 193 (right).

The peak at m/z = 470.0 can be assigned to [Zn(74)]" (caled. for ZnCasH24Ns" [M]" m/z
=470.13; found m/z =470.0). The peaks observed at m/z=516.1 and 570.0 are consistent
with the formulae, [Zn(74)HCOO]" (calcd. for ZnC27H26NsO," [M]" m/z = 516.13; found
m/z = 516.1) and [Zn(74)ClO4]" (calcd. for ZnCasHasNsClO4" [M]" m/z = 570.08; found
m/z = 570.0). In this case, it appears that the Zn(I1)-74 complexes have associated with
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negatively charged formate and perchlorate ions, commonly observed in the other metal

ion experiments discussed throughout.

The addition of a second and third equivalents of the metal solution, revealed the increase

in the relative abundance of the free ligand 74 and the introduction of no new signals.

A solution of equimolar amounts of [Mn(OH>)s](ClOs); and ligand 74 yields two
manganese-containing signals, albeit at very low relative abundances, at m/z = 497.0 and

561.0 in the mass spectrum (Figure 179).
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Figure 179. The mass spectrum of an equimolar solution of 74 and [Mn(OH>)s](CIlO4)>.

These peaks are consistent with the formulae, [Mn(74)CI]" (calcd. for MnCasH2sNsCI™
[IM]" m/z =497.11; found m/z = 497.0) and [Mn(74)C104]" (calcd. for MnCa6H25sNsC104"
[M]" m/z = 561.09; found m/z = 561.0). The isotope patterns observed for these two
species are consistent with what is expected for chloride and perchlorate-containing

species.

In addition, peaks are also observed at m/z = 408.1, 303.1, 228.1, and 181.0,
corresponding to the free ligand 74 and fragments of, all of which have been previously

assigned for this ligand.
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Ligand 77

Chemical Formula: CygH,5N5
Monoisotopic Mass: 443.21

From the data given in Chapter Six section 6.4, the mass spectrum of the free ligand 77
displays one product ion peak at m/z = 444.1. The addition of 1 equivalent of
[Cu(OH2)6](Cl04), affords a mass spectrum that displays peaks due to copper-containing
species at m/z=351.1 413.0, 505.1, 541.0, and 605.0. In addition, a signal at m/z = 156.0
corresponding to the 2-vinylquinoline 45 ligand fragment is present; however, there is no

presence of any free ligand 77.

Surprisingly, the most intense copper-containing signal at m/z = 413.0 can be assigned to
the mononuclear 1:1 complex [Cu(194)]" in which the ligand fragment 194 is bound to a

copper ion (calcd. for CuCo3HigNs" [M]" m/z = 413.08; found m/z = 413.0) (Figure 180).

[Cu(194)]*

Figure 180. Suggested complex structure of the Cu(Il) species for the signal observed at
m/z = 413.0.

There has been another ligand fragment copper-containing species identified in the mass
spectrum at m/z = 351.1. This can be assigned to the complex, [Cu(195)]" (calcd. for
CuCa3HisN4™ [M]" m/z = 351.06; found m/z = 351.1) (Figure 181). In both cases, there

was no free ligand 77 fragment peaks revealed in the spectrum.
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[Cu(195)]*

Figure 181. Suggested complex structure of the Cu(Il) species for the signal observed at
m/z =351.1.

The copper-containing signal at m/z = 505.1 can be assigned to the mononuclear 1:1
complex [Cu(77)]" (caled. for CuCaoH24Ns" [M]" m/z = 505.13; found m/z = 505.1). The
signal observed at m/z = 541.0 corresponds to [Cu(77)CI1]" in which the 1:1 complex
includes an associated chloride ion (caled. for CuCaoHasNsC1* [M]" m/z = 541.10; found
m/z = 541.0). The signal at m/z = 605.0 can be assigned to [Cu(77)(ClO4)]" in which the
1:1 species has the inclusion of an associated perchlorate ion (calcd. for
CuC29H25NsClO4" [M]" m/z = 605.08; found m/z = 605.0). The observed isotope patterns

are consistent with the presence of both Cu and Cl ions.

The addition of a second and third equivalents of the ligand 77 resulted in the increased
relative abundance of all the copper-containing signals and a significant increase in the

signal that corresponds to 2-vinylquinoline 45.

The mass spectra of a solution of [Co(OH2)s](C104)> to which 1, 2, and 3 equivalents of
ligand 77 have been added show signals at m/z = 601.0, 537.1, 295.6, 222.6, 181.0. In
addition, signals observed at m/z = 444.2 and 156.0 corresponding to the free ligand 77
and 2-vinylquinoline 45 ligand fragment which appear in increasing intensities upon the

second and third addition of the metal ion solution.

The peaks at m/z = 601.0 and 537.1 can be assigned to the mononuclear 1:1 Co(II)
complex, [Co(77)(X)]", that includes an associated anion where X = ClO4 and CI,
respectively (calcd. for CoC2oHasNsClO4" [M]" m/z = 601.09; found m/z = 601.0; calcd.
for CoCa9HasNsC1" [M]" m/z = 537.11; found m/z = 537.1). The signal observed at m/z =
251.0 can be assigned to the 1:1 Co(Il) complex, [Co(77)]*" (calcd. for CoCa9H2sNs>*
[M]** m/z = 251.07; found m/z = 251.0). Another ion species in which z = 2 is the signal
observed at m/z = 222.6 and this can be assigned to the diprotonated free ligand.

273



Chapter Six

The peak at m/z = 181.0 is assigned to the sodiated ligand fragment, naphthalene-2,3-
diamine 72.Na. Unfortunately, at this point in time there were no plausible assignments

for the signal at m/z = 295.6. The peak spacing suggests the species to be 2+.

The reaction of equimolar amounts of 77 and [Ni(OH2)s](ClO4),, affords a mass spectrum
that displays peaks at m/z = 600.0, 546.0, 536.0, 500.1, 295.1, 250.6, 181.0, and 156.0. In
contrast to the spectra previously described for this ligand, there appears to be no ligand
fragmentation other than the expected 2-vinylquionline 45 or resulting nickel complex

fragments.

The Ni(II) complex ion [Ni(77)]*" can be assigned to the signal observed at m/z = 250.6
(calcd. for NiCa9H2sNs*" [M]* m/z = 250.57; found m/z = 250.6). This signal is 5-fold
greater in relative abundance in comparison to the most intense 1+ nickel-containing

species at m/z = 600.0.

The nickel-containing signal at m/z = 500.1, the signal with the smallest relative
abundance, can be assigned to the mononuclear 1:1 complex [Ni(77)]" (calcd. for

NiCaoHasNs* [M]" m/z = 501.14; found m/z = 500.1).

The signal at m/z = 536.0 can be assigned to the mononuclear 1:1 complex with the
addition of a negatively bound chloride ion, [Ni(77)CI]" (calcd. for NiC29H2sNsCI™ [M]*
m/z = 536.11; found m/z = 536.0). The complex species [Ni(77)(HCOO)]" and
[Ni(77)(C104)]" can be assigned to the signals at m/z = 546.1 and 600.0 (calcd. for
NiC30H26Ns502" [M]" m/z = 546.14; found m/z = 546.1; calcd. for NiC29H2sNsCl1O4 [M]"
m/z=600.09, found m/z = 600.0). The identity of these signals have been confirmed using
both the m/z values and isotope patterns (Figure 182). The addition of a second and third
equivalents of the ligand solution resulted in the increased relative abundance of the signal

at m/z=444.1.
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Figure 182. Key nickel-containing signals displayed in the mass spectrum of an

equimolar solution of 77 and [Ni(OH>)s](CIlOy)>.

The mass spectrum obtained from the addition of 1 equivalent of 77 to a solution of
[Zn(OH2)6](ClO4), exhibits intense peaks at m/z = 156.0, 181.0, and 222.6, with the first
two peaks previously assigned to ligand fragments. In this instance, the latter has z = 2,
as determined by the peak spacing, implying a 2+ charge on the ions and can be assigned

to the diprotonated free ligand.

Zinc-containing ion signals are seen at m/z = 253.5 and 542.0. Both of these peaks can be
assigned to the mononuclear, [Zn(77)]™", Zn(I) complex. The peak at m/z = 253.5 can be
assigned to the 2+ species [Zn(77)]*" (calcd. for ZnCa9H2sNs** [M]** m/z = 253.57; found
m/z =253.5). The peak with m/z = 542.0 corresponds to the species, [Zn(77)(C1)]" (calcd.
for ZnC29HasNsCl™ [M]" m/z = 542.10; found m/z = 542.0), where the 1:1 mononuclear

complex includes a negatively bound chloride ion.

The mass spectrum obtained after the addition of 1 equivalent of 77 to a solution of
[Mn(OH2)s](ClO4)2 shows peaks at m/z = 597.0, 444.1 (free ligand 77), 289.1, 222.6,
181.0 (sodiated naphthalene-2,3-diamine 72.Na), and 156.0 (2-vinylquinoline 45). The

signal at m/z = 597.0 can be assigned to the 1:1 mononuclear Mn(Il) complex
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[Mn(77)(C104)]" (caled. for MnC29H2sNsClO4" [M]" m/z = 597.09; found m/z = 597.0).
The signal at m/z = 289.1 can be assigned to the same ligand fragment 195 described
above, and the peak at m/z = 222.6 corresponds to the diprotonated ligand (calcd. for
Ca9HosNs?" [M+2H]*" m/z = 222.10; found m/z = 222.6). Upon the addition of a second
and third equivalents of the ligand solution the peaks at m/z = 444.1, 289.1, 222.6, 181.0,

and 156.0 increase in their relative abundance.

6.6.3 Pyrene-containing ligand

Chemical Formula: CygH15N3
Monoisotopic Mass: 369.12

From the data given in Chapter Six section 6.5.1, the free ligand is observed at m/z =
370.1. For this ligand, and there are no other peaks that correspond to any ligand
fragmentation revealed under the conditions of the experiment. The addition of 1
equivalent of [Cu(OH2)s](ClO4), affords a mass spectrum that displays peaks due to
copper-containing species at m/z = 473.0 and 801.1. In addition, the free ligand 82 is
observed at m/z = 370.1 (calcd. for C26Hi6N3" [M]" m/z = 370.13; found m/z = 370.1) and
the relative abundance of this peak is 3-fold and 6-fold greater than the copper-containing

species at m/z =473.0 and 801.1, respectively (Figure 183).
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Figure 183. The mass spectrum of an equimolar solution of 82 and [Cu(OH>)s](ClOy)>.

The most intense copper-containing signal at m/z = 473.0 can be assigned to the complex
[Cu(82)NCCH3]" (caled. for CuCasHisNs" [M]" m/z = 473.08; found m/z = 473.0). The
peak observed at m/z = 801.1 can be assigned to the complex species [Cu(82)2]" in which
reduction of the Cu(II) metal centre has occurred under the conditions of the mass
spectrometer, affording a 1+ ion (calcd. for CuCs2H3oNe™ [M]" m/z = 801.18; found m/z
= 801.1. The addition of a second and third equivalents of the ligand solution reveals an

increase in the intensities of all three of the observed peaks.

Interestingly, the addition of 1, 2, and 3 equivalents of the ligand 82 solution to the metal
ions Co(II), Ni(Il), Zn(II), and Mn(II), afforded spectra that displayed no corresponding
metal complex species and a sole molecular ion peak at m/z = 370.1 assigned to the free
ligand. This suggests that under the conditions of the mass spectrometer, no complexation

between 82 and these metal ions occur.

6.7 Conclusion

To conclude, the synthesis and characterisation of four 1H-naphtho[2,3-d]imidazole-
containing tripodal ligands 74, 75, 76 and 77 have been presented. The formation of each

ligand has been characterised by NMR spectroscopy and HRMS. In addition, a
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pyreneimidazole-based bidentate ligand has been synthesised and characterised by means

of NMR spectroscopy and HRMS.

Furthermore, the reaction of the ligands described in this chapter with the metal ions
Cu(II), Co(II), Ni(II), Zn(IT) and Mn(II) have been analysed using mass spectrometry.
The mass spectrometry data obtained revealed a 1:1 binding stoichiometry between all
four of the 1H-naphtho[2,3-d]imidazole-containing tripodal ligands and the metal ions.
The pyrene derived ligand 82 exhibited both mono-ligand and diligand species when

reacted with Cu(II) ions and no complex formation with the other metal ions.
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Chapter Seven
Synthesis of Fluorescent 6-Amino-2,3-Naphthalimide

Derivatives

7.1 Chapter Overview

4-Amino-1,8-naphthlimides are an important class of fluorophore that have been widely
employed in a number of applications, and the synthesis of 1,8-naphthalimide derivatives
have been well established in the literature. By comparison, the 6-amino-2,3-
naphthlaimides have had much less attention and the chemistry of these compounds is yet

to be fully understood.

The following chapter describes the progress made towards the synthesis of a variety of
6-amino-2,3-naphthalimide derivatives. It has been previously identified that the
naphthalic anhydride precursor i.e. 6-bromonaphtho[2,3-c]furan-1,3-dione (196), is a key
intermediate in the synthesis of these compounds. Thus, this work commences with the
formation of the anhydride. With this intermediate in hand, installation of a variety of
amine groups at the C-6 position on the naphthalimide ring can be achieved using a

Buchwald-Hartwig cross-coupling reaction.
7.2 Introduction

7.2.1 Naphthalimides

Naphthalimides are an important class of heterocyclic compounds that are frequently
researched for their unique properties with significant emphasis applied in photophysical

studies. These compounds have been used in fluorescent labelling,3>? optoelectronics,>>*

554,555 556,557

fluorescent probes and enzyme inhibitors.
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There has been great interest directed towards the synthesis of various naphthalimides by
the functionalisation of the naphthalene or imide moieties of the naphthalimide
framework. This has driven the development of excellent chromophores, fluorophores,

and potential pharmacophores.’®

There are two isoforms, 1,8- and 2,3-naphthalimides. Typically, the framework is
numbered with C-1 to C-8 assigned around the perimeter, a system analogous to that of

naphthalene (Figure 184).

1,8-Naphthalimide 2,3-Naphthalimide

Figure 184. The atom labelling of the 1,8- and 2,3-naphthalimides.

7.2.2 4-Amino-1,8-naphthalimides

While the unsubstituted 1,8-naphthalimide core itself is weakly fluorescent (¢r < 0.01),
the addition of an electron-donating substituent installed at the C-4 position significantly
increases the fluorescence intensity. The fluorescence arises from the ‘push-pull’ based
internal charge transfer (ICT) between the electron donating substituent at the 4-position

of the naphthalimide ring and the electron withdrawing imide moiety (Figure 185).5%-3%!

Figure 185. The ICT in 4-amino-1,8-naphthalimide derivatives.

As a result, this ICT mechanism affords remarkable photophysical properties including
strong absorption and emission in the visible region, high fluorescence quantum yields,
good photostability and large Stokes shifts. Furthermore, the photophysical properties of
4-amino-1,8-naphthalimides can be manipulated by structural modifications that alter the

electron donating ability of the 4-amino group. 627564
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There is an abundance of 4-amino-1,8-naphthalimide examples that have been reported,
with several extensive reviews highlighting this area of chemistry.36%-65-567 Recently,
Zeng et al. have reported the design and synthesis of a novel 4-amino-1,8-naphthalimide-
based fluorescence probe 220 for the detection of HOCI. As displayed in Scheme 113, the
probe is prepared over a two-step synthesis and affords the desired product in a yield of
67%. In this instance, the HOCl-reactive moiety, 2-aminoethan-1-ol 221, is connected to
the fluorophore and this can undergo a specific oxidation reaction with HOCI which

results in the fluorescence switched from “ON” to “OFF”.>%8

’
cl ‘ o) [ j cl ‘ o)
EtOH
O + 0 O TRV
o 85°,6h N\/\N/\
I K/O 221
0 NH,

C3HgO,
140°C, 12 h
(67%)

acer
N\/\N
A

220

Scheme 113. Reported synthesis of 220.%%

Veale et al. described the synthesis and characterisation of the 4-amino-1,8-
naphthalimide-based chemosensor 222 in which the tetraamine tripodal ligand tris(2-
aminoethyl)amine 1 (see Chapter One, section 1.2.3) is the amino substituent located at
the C-4 position. This amine group was included in the structure to act as a receptor for
Cu(Il) ions. The compound was prepared by heating 6-chloro-2-ethyl-1H-
benzo[delisoquinoline-1,3(2H)-dione 223 with an excess of fris(2-aminoethyl)amine 1

(Scheme 114).
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Scheme 114. Reported synthesis of 222.5%°

The authors were able to successfully demonstrate that the synthesised chemosensor 222
can detect Cu(Il) ions selectively at pH values of 5.6 or 7.4 over the metal ions Zn(Il),
Cd(IT) and Hg(II). The binding at the latter pH (7.4) gives rise predominantly to the
formation of a 1:1 complex species, whilst at pH 5.6 the formation of the self-assembly

induced Cu(II) complex with two moieties of 222 is observed.>®

Furthermore, Martinez-Calvo and co-workers reported four novel fluorescent sensors that
are based on the 4-amino-1,8-naphthalimide framework (Figure 186). The synthesis of
these compounds began with imide formation achieved by the treatment of 4-bromo-1,8-
naphthalic anhydride with a benzylamine derivative. Subsequently, the reaction of the

naphthalimide precursor with the appropriate amine group afforded the title compounds.

PN e ve
HZN/\/N\/\N/\/N 0] R \N/\/N 0] R
H N | N
0

O R=H,NH, R = H, NH,

Figure 186. The structure of the 4-amino-1,8-naphthalimide-based fluorescent

sensors.570

The four compounds were synthesised as pH sensors and cellular imaging agents. The pH
dependence of each compound was investigated, and all demonstrated that the fluorescent
emissions are highly pH dependent with the absorption being red shifted going from
acidic to basic environments. Further analysis of the toxicity and localisation of these
compounds within cervical cells was also performed with both tests affording promising

results.>”°
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7.2.3 6-Amino-2,3-naphthalimides

The 6-amino-2,3-naphthalimides also exhibit valuable fluorescent properties. In
comparison to the numerous examples of 4-amino-1,8-naphthalimides, only a handful of
6-amino-2,3-naphthalimides are documented in the literature. With only the 6-
dimethylamino and free amino derivatives available, the diversity of this class of

compound is limited.

6-N-N-dimethylamino-2,3-naphthalimide 224 (Figure 187) was first reported in 2005 by
Vézquez et al. and is one of the few known examples of 6-amino-2,3-naphthalimides.
The formation of 224 is achieved via the functionalisation of the precursor anhydride
intermediate 225 (Figure 187). This intermediate has the 6-amino substituent pre-
installed and several synthetic steps are required for the formation of this compound. This
naphthalimide has demonstrated excellent fluorescent properties including a large
quantum yield and Stokes shift. The authors noted that 224 exhibits combined
advantageous properties of two other environment-sensitive fluorophores, 2-propionyl-

6-dimethylaminonaphthalene, PRODAN and 4-amino-1,8-naphthalimide derivatives.’>*

o) o)
(UL ——— [T =
N >N
I o} I o}
225

224

Figure 187. The structure of 224.

The derivatives 226 and 227 are shown in Figure 188 and were developed as
environmentally sensitive fluorophores, which is a unique class of chromophores that
have spectroscopic behaviour that is dependent on the physiochemical properties of the

surrounding environment,334371-573
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Figure 188. The structures of 226 and 227.

Following the initial report of 224, Vazquez et al. utilised compound 224 in the
development of a novel environment-sensitive fluorescent probe in §-opioid peptides.>>*
The 6-N,N-(dimethylamino)-2,3-naphthalimide 224 moiety was incorporated into a larger
framework that contained an amino acid-derived fragment and a pharmacophore.’>?
Furthermore, the incorporation of 224 with additional peptides has been further
investigated, with Sainlos and Imperiali publishing the ‘building block’ approach for the
preparation of peptides coupled to 6-N,N-(dimethylamino)-2,3-naphthalimide.’’**”* In

addition, this 6-amino-2,3-naphthalimide derivative has been used in the development of

high-affinity binders for the treatment of celiac disease.”’®

In 2010, Baathulaa et al. reported the synthesis of several 6-substituted 2,3-naphthalimide
derivatives including the dimethylamine, free amine, NO», CI and I functional groups
located at the 6-position (Figure 189). The authors studied the absorbance and
fluorescence properties of each derivative in a variety of solvents. The data from this
revealed an interesting feature showing these compounds are solvatochromic with
unusually large Stokes shifts and appreciable quantum yields.’”” These compounds have

found further application as fluorescent probes and ion sensors.>’®
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Figure 189. Reported 6-substituted-2,3-naphthalimide derivatives.””’

Despite the utility of 6-amino-2,3-naphthalimides, there are very few examples reported
in the literature. As such it is very difficult to grasp the effect of the nature of the 6-amino
moiety on fluorescence. In turn, the structure-property relationship with this class of
fluorophore is poorly understood. It is anticipated that this is the result of a lack of robust

methodology to access more diverse structures.

Typically, the synthesis of 6-amino-2,3-naphthalimides is achieved over multiple steps
and requires the pre-installation of the 6-amino substituent prior to the 2,3-naphthalimide
formation. Using 6-N,N-dimethylamino-2,3-naphthalimide as an example, prepared from
the multi-step synthesis shown below in Scheme 115. The first step in the synthesis is the
photobromination of the commercially available 1,2-dimethyl-4-nitrobenzene (228),
which affords 1,2-bis(dibromomethyl)-4-nitrobenzene (229). The treatment of 229 with
maleic anhydride and KI followed by base hydrolysis affords the Diels-Alder adduct 230.
Following the successful isolation of the intermediate 230, a reductive amination is
achieved using formaldehyde solution (37%) and hydrogen in the presence of a catalytic
amount of 10%-Pd/C at room temperature and 30 psi pressure, which results in the
formation of the 6-amino-substituted, 6-N,N-(dimethylamino)-2,3-naphthalene
dicarboxylic acid, in high yield (87%). Formation of the anhydride 225 is achieved
following the dehydration of the previously isolated carboxylic acid in acetic anhydride
under reflux for 1 hour with a high yield of 90%. With the 6-amino anhydride 225 in
hand, the formation of the sequential imide is achieved from the treatment of 225 with
the appropriate amine in either refluxing acetic acid or toluene, affording the desired

product (Scheme 115).>7
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PhCH; or CH;O0H
(6] reflux 225 o

R4 = various amino groups

Scheme 115. Reported synthesis of 6-N,N-dimethylaminonaphthalimide.

The CI- and I-substituted naphthalimide derivatives can be prepared following the same
methodology described above for the isolation of the intermediate 230. Then the reaction
of this intermediate with 10%-Pd/C and a catalytic amount of hydrogen in MeOH and
further diazotisation, followed by a Sandmeyer reaction affords the halogenated
dicarboxylic acid 231. Conversion of 231 is achieved by treatment of the crude material
in refluxing acetic anhydride affording the desired anhydride 232. The desired 6-
substituted 2,3-naphthalimide is obtained from the condensation of 232 with the
appropriate amine in acetic acid. A similar pathway is followed to obtain the free amine
6-substituted-2,3-naphthalimide 233 (Scheme 116). Interestingly, the authors did not
appear to attempt any further functionalisation at the 6-position of the halogenated 2,3-

naphthalimides.
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Scheme 116. General reported synthesis for the 6-substituted 2,3-naphthalimides where
C-6 = NH>, Cl and I.

7.2.4 Aims

In contrast to the 6-amino-2,3-naphthalimides, the chemistry for the preparation of 4-
amino-1,8-naphthalimides is well established. The 4-amino-1,8-naphthalimides 234 are
typically prepared in two steps from the corresponding 4-halo-1,8-naphthalic anhydride
235 starting materials, in which the imide moiety is first installed by nucleophilic acyl

substitution followed by the amination at the 4-position (Scheme 117).5”

Br O‘ o Nucleophilic Acyl B
Substitution
O + HN R

235 O

Scheme 117. Typical synthesis of 4-amino-1,8-naphthalimides.>”

Thus, the synthesis of the corresponding anhydride precursor of the 2,3-naphthalimdes
with a halogen group i.e. bromine, would serve as a valuable building block, allowing for
the facile functionalisation of both the imide and the 6-position of the naphthalimide ring.
Taking inspiration from the various methodologies available to prepare 4-amino-1,8-
naphthalimides, we aimed to apply this approach to access a diverse library of 6-amino-

2,3-naphthalimide derivatives.

Scheme 118 shows the proposed synthetic pathway for the work described in this chapter.

The pathway begins with the formation of the anhydride 196 obtained from the
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tetrabromine starting material 197 (previously synthesised). The next step is the
installation of the imide group from the reaction of 196 and the appropriate amine,
followed by the introduction of the amino functionality at the 6-position of the

naphthalimide ring (Scheme 118).

Nucleophilic

Br o Acyl
Br OO o _ Substitution
Br Br Br
(0]
197 B 196

‘Amination

O
N—R

ST 2

oy
R, 0

Scheme 118. Synthetic plan for the synthesis of 6-amino-2,3-naphthalimide derivatives

7.2.5 Formation of the 6-Bromo-2,3-Naphthalimide

As discussed above, these types of naphthalimides are typically accessed via the
anhydride precursor. In the literature, this precursor always has the 6-position substituent
pre-installed on the naphthalene ring, meaning that late-stage functionalisation to vary the
amino moiety cannot be pursued. In this work, the anhydride precursor consisted of a
bromo group at the 6-psotion. Thus, this work commenced with the synthesis of 196 from
the treatment of 4-bromo-1,2-bis(dibromomethyl)benzene 197 with maleic anhydride and
Nal in DMF stirred at 65 °C for 16 hours. After cooling to room temperature, the reaction
mixture was poured into an ice/water mixture and stirred for 10 minutes (Scheme 119).
The product was collected via vacuum filtration, and following recrystallization from

acetic anhydride the desired anhydride 196 was obtained in 68% yield.
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Br e}
Br Csz(CO)zo, Nal‘ OO o
Br Br DMF Br
B 65°C, 16 h 0]
197 ' (68%) 196

Scheme 119. Synthesis of 196.

Analysis by '"H NMR spectroscopy revealed the presence of five proton signals that are
attributed to the H atoms on the newly formed naphthalene ring (Figure 190). The
synthesis of 196 was further supported by '*C NMR spectroscopy.

—8.53
—B.46
—8.32
8.02
7.89

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)

Figure 190. 'H NMR spectrum of 196 in CDCIs.

The next step in the synthesis was the formation of the imide functional group and this
was first attempted using propan-1-amine. Following the typical conditions for the
formation of naphthalimides,”” propane-1-amine was added to a mixture of 196 and
CH3COOH and stirred at reflux for 48 hours (Scheme 120). The reaction mixture was
poured onto ice and the resulting precipitate was isolated by vacuum filtration, affording
the imide 199 in 90% yield. The structure of the desired imide 199 was supported by 'H
NMR spectroscopy, with a new triplet at on 0.98 ppm, quartet at on 1.75 and a second
triplet at ou 3.60 ppm corresponding to the introduction of the propyl group.
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H 0.98 ppm
H H
(I J o —owee . 1) -
Br 120 °C, 48 h Br H
o} O &y 3.60 ppm
(90%) H pp
196 199

Scheme 120. Synthesis of 199.

7.2.6 Amination at the 6-position

The chemistry typically employed for the functionalisation of the 4-position of the 1,8-
naphthalimide derivatives includes either SNAr methodology or via palladium-mediated
cross-coupling reactions. The former can be achieved by either heating the naphthalimide
with the desired amine at temperatures greater than 100 °C380-381

with the amine in DMF.3%?

or stirring the compound

Palladium-mediated cross-coupling chemistry, specifically Buchwald-Hartwig cross-
coupling, has been utilised for the amination of 1,8-naphthalimides at the 4-position.®”
Furthermore, the mild conditions relative to other amination methods, palladium-
catalysed Buchwald-Hartwig cross-coupling served as a good starting point for this

project.

7.2.7 Buchwald-Hartwig Cross-Coupling

First described in 1983 by Migita et al.,’® the palladium-catalysed aryl-amine cross-
coupling reaction in which bromobenzene was coupled with N, N-diethylaminotributyltin
to afford NV, N-diethylaminobenzene was presented. With a number of undesirable stability

and toxicity features, further improvement of this methodology was of great interest.

A decade later, Buchwald and Hartwig concurrently presented a significant breakthrough
in the Pd-catalysed C-N bond formation of aryl halides with amines. The simultaneous
work presented exhibited a Pd-catalysed cross-coupling reaction without the undesirable
conditions afforded by the original method. The Buchwald-Hartwig reaction has become
a valuable tool for synthetic chemists for the synthesis of C-N bonds between aryl halides
and amines (including primary/secondary, aliphatic and aromatic amines, amides and

anilines).
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The general catalytic cycle of the Buchwald-Hartwig amination starts with the formation
of the electrophilic palladium complex B from the oxidative addition of the aryl halide to
Pd. Subsequently, the Pd complex B undergoes the coordination of the amine (C), and
deprotonation of the base affords the amido complex D. The product is obtained from the
reductive elimination of D resulting in the desired amination product E. The catalytic

cycle is complete with the regeneration of the palladium catalyst A (Figure 191).5%

Pd precatalyst

E
Ar-NH LPd° Ar-X
R A
Reductive Elimination Oxidative Addition
JAr JAr
LP B
D LPd d
H
HoN—R
Base-HX Ar Amine Coordination
Ll?d X
Deprotonation Base HthR
C

Figure 191. General catalytic cycle for Buchwald-Hartwig cross-coupling reactions.>®

The key components of a Buchwald-Hartwig amination include the Pd source, ligand,

base, solvent, and temperature.

The palladium source determines the efficiency of the formation of the active catalyst
species, Pd(0). Due to the instability of this catalytic species, it is generally generated in
situ from stable Pd(II) salts such as [Pd(OAc).] and [PdCl,].>*® Phosphine ligands are
typically employed for the reduction of Pd(II) to Pd(0).°%% For example, [Pd(OAc):]
has the Pd metal ion in a 2+ oxidation state and therefore requires a reduction step to

generate the active Pd° species.’®’
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There are several commercially available stable Pd(0) complexes such as [Pd(PPhs)4],
[Pd>(dba)s] and [Pd2(dba);].CHCIs. These complexes are considered favourable as they

eliminate the need for a reduction step to generate Pd(0).%

The choice of ligand is important as this depends on the substrate combination. Owing to
the history of this methodology, there is a plethora of ligand structures available to choose
from. The steric bulkiness of the ligand has been shown to be crucial for preventing the
formation of undesirable palladium complexes that would otherwise interfere with the
desired transformation.>®*-*%8-5%! The phosphine ligand p(o-tolyl); 236 (Figure 192) has
been reported in the successful coupling of aniline derivatives; however, a disadvantage

of this ligand was that it was found to be unsuccessful in the cross-coupling of primary

236

amines with aryl bromides.>®

Figure 192. Structure of P(o-tolyl)s (236).

There have been several reports that have established suitable ligands for the cross-
coupling reaction with primary amines and aryl bromides which led to the identification
of bidentate chelating ligands such as BINAP (237), dppf (238) and Xantphos (239)
(Figure 193).5385925% Xantphos (239) was developed by van Leeuwen and co-workers,>**
and is an electron-rich chelating phosphine ligand that has been proven to be successful

when employed in Pd-catalysed amination of aryl bromide transformations.>*>>
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Figure 193. Bidentate chelating phosphine ligands.

The use of a strong base i.e. NaO’Bu or a weak base i.e. Cs2CO3 will have an impact on
the rate, functional group tolerance and by-product formation. Alkoxide bases such as
KO'Bu and NaO'Bu are commonly employed.*®” The solvent is important as this defines
the solubility of the substrates and base. A wide variety of solvents for this transformation
have been used, with 1,4-dioxane and toluene most commonly employed. Lastly, the
temperature at which the reaction is carried out will influence the rate of the cross-

coupling and by-product formation.’%3

As discussed above, the Buchwald-Hartwig cross-coupling reaction can be utilised under
several different conditions including the source of base, solvent, and palladium and
phosphine ligand source. It has been previously established that Buchwald-Hartwig
methodology has been successful for the synthesis of 4-amino-1,8-naphthalimides,’’ as

such the same conditions were trialled first.

In the initial reaction [Pdx(dba);]-CHCIs (4 mol%), Xantphos (4 mol%), 6-bromo-2-
propyl-1H-benzo[f]isoindole-1,3(2H)-dione 199, propane-1-amine and Cs2CO; (3.0
equiv.) were heated in toluene for 24 hours at 60 °C (7able 1, Entry A). After 24 hours
TLC analysis of the crude material revealed the presence of a fluorescent spot suggesting
the formation of desired naphthalimide. Purification by silica gel column chromatography
afforded the desired 6-amino-2,3-naphthalimide 212 in a moderate yield of 25%. In
attempts to push the reaction further to completion, the reaction was repeated using an
increased amount of [Pdx(dba);]- CHCIl3 (10 mol%) and Xantphos (10 mol%) and after 24
hours at 60 °C a yield of 70% was obtained following purification (7able 1, Entry B). It
was decided next to investigate other palladium and ligand source combinations.
Changing both the palladium source and phosphine ligand to [Pd(OAc):] (2 mol%) and
PPh; (4 mol%), respectively, did not result in the formation of the desired product (Entry
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C). The combination of [Pd2(dba)s] (5 mol%) and Xantphos (10 mol%) gave the desired
6-amino-2,3-naphthalimide product 212 in a 77% yield, albeit not cleanly as multiple
spots were observed following TLC analysis prior to purification (Entry D). Despite the
higher yield obtained for entry D, it was decided to continue using the conditions
established for entry B as this reaction afforded a much cleaner mixture and hence easier
purification. Next, the importance of the base was investigated, and after screening a
small number of bases (entries E-I), it became clear that CsCO3 gave the 6-amino-2,3-

naphthalimide product in the highest yield.
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Table 1. Optimisation for the Pd-mediated amination of 6-bromo-2,3-naphthalimide

199 with propane-1-amine.”

propane-1-amine

0O Pd, ligand o)
OO N—/_ base, PhCH3 . OO N—/_
Br 60°C,24h S\
O H O
199 212

Entry Pd-source mol% Ligand mol% Base Equiv  Yield(%)
A Pdx(dba);-CHCIz 4 Xantphos 4 Cs2CO; 3 25
B Pdx(dba);-CHCl3 10 Xantphos 10 Cs2COsz 3 70
C Pd(OAc) 2 PPhs 4 Cs2COs3 3 N.R
D Pd>(dba)s 5 Xantphos 10 Cs2CO; 3 77
E Pdx(dba);-CHCl; 10 Xantphos 10 KoCO; 3 20
F Pdx(dba);-CHCl3 10 Xantphos 10 NaHCO; 3 7
G Pdx(dba);-CHCl; 10 Xantphos 10 Na,CO3 3 20
H Pd>(dba);-CHCIz 10 Xantphos 10 KOBu 3 N.R
I Pd>(dba);-CHCIz 10 Xantphos 10 NaOH 3 41

“Reagents and conditions: 6-bromo-2,3-naphthalimide (199, 0.157 mmol), propane-1-
amine (0.785 mmol), base (3 equiv), PhCH3 (5 mL), 60 °C, 24 hours.

The characterisation of the 6-amino-2,3-naphthalimide derivative was obtained by means
of NMR spectroscopy and HRMS. The '"H NMR spectrum was useful in determining the
successful instalment of the amine group which results in the characteristic upfield shift
of the protons located at the 4- and 7-positions on the naphthalimide ring. This is
illustrated in Figure 194 below where the shift in these protons from ou 7.77 and 8.21
ppm to ou 6.99 and 6.91 ppm is evident between the two spectra.
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Figure 194. '"H NMR spectra of 199 (top) and 212 (bottom) in CDCl;.

7.3 The synthesis 6-substituted-2,3-naphthalimide derivatives

It was then decided to investigate the scope of this cross-coupling amination reaction with
a variety of aryl and alkyl amines (including aniline, benzylamines and heterocyclic
amines). Using the optimised reaction conditions described above, a family of 6-amino
substituted naphthalimides were synthesised in yields ranging from 4% to 94% (Figure
195). The success of each reaction was determined by NMR spectroscopy and HRMS,
with the characteristic upfield shift of the naphthalimide protons in the 4- and 7-position
observed in the 'H NMR spectrum.
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1-propane-amine
Pd,(dba);.CHCI3 (10 mol%)
Xantphos (10 mol%)

0 0
Cs,COs, PhCH
O™ —omen (e
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i eRavhe Slo
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208 (57%)

N
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=
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210 (44%) *214(10%) 207 (80%) 214 (63%)

Figure 195. Pd-mediated coupling of 6-bromo-2-propyl-1H-benzol[f]isoindole-1,3(2H)-

dione 199 with various amino substrates. * Further purification required.

The cross-coupling reactions of the aromatic amines were the most successful relative to
the heterocyclic amines, with the exception of 207 and 214. The amination reaction of 6-
(benzylamino)-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione (199) and 1-
phenylmethanamine afforded the highest isolated yield of 94% (211). The coupling
product of the azetidine hydrochloride amination (215) resulted in the isolation of only a
4% yield, presumably due to this amine starting material being the only hydrochloride
salt used. This amine and any other amine salts would require further optimisation of the
reaction conditions such as the type and number of equivalents of base. Fortunately,

despite the low yield, full characterisation of the compound was completed.
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"H NMR spectroscopy was utilised for the identification of the product structure. For
example, the installation of the phenyl group in compound 211 was observed in the 'H
NMR spectrum (Figure 196) which revealed the expected addition of a singlet at 61 4.48
ppm, and five aromatic protons observed across multiplet signals at 65 7.39 and 7.32 ppm.
In addition, the -NH proton is revealed as a broad multiplet at du 4.58 ppm. The identity
of the product was further supported by '*C and 2D NMR spectroscopy and HRMS.
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f1 (ppm)

Figure 196. 'H NMR spectrum of 6-(benzylamino)-2-propyl-1H-benzo[f]isoindole-
1,3(2H)-dione (211) in CDCl;.

Following the development of the Pd-mediated amination methodology to access the
desired 6-amino-2,3-naphthlaimide derivatives, focus turned to the functional group

tolerance of the groups installed at the imide position.

A series of derivatives containing various imide groups were prepared from the reaction
between  6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione  (196) and the
appropriate amine in refluxing acetic acid for 48 hours (Figure 197). The resulting
solution was poured into an ice/water mixture and the resulting precipitate was collected
by filtration and dried in a vacuum desiccator to afford the desired product. As the
reaction between 196 and ethanolamine in acetic acid afforded the acetylated alcohol

derivative 202, the formation of the alcohol 201 was achieved using EtOH for the solvent
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in place of acetic acid. The identity of the isolated products was confirmed by NMR

spectroscopy.

0] CH3COOH 0]

amine
(I L - I T e
Br reflux, 48 h Br

196 © o

R1 =
199 (90%) 201 (59%) 203 (86%)

<~ Yy

46 (91%) 240 (90%)
200 (93%)

O

202 (65%)

Figure 197. Imide functionalisation of 6-bromonaphtho/2,3-c|furan-1,3-dione 196 with

various amino substrates.

The imide derivatives were all obtained in high yield (59-91%). The NMR data were
readily obtained for each compound apart from 240 in which solubility was an issue and

only very noisy spectra ('H and '*C) were revealed in DO, CD30D and DMSO-ds.

In order to evaluate the functional group tolerance of the imide moiety during the
amination reaction, Pd-mediated cross-couplings using the conditions established above
were carried out with propane-1-amine. The imide (202, 203, 46, 200 and 240) was
treated with Pdx(dba);.CHCI3; (10 mol%) and Xantphos (10 mol%) in the presence of
propane-1-amine (5.0 equiv) and Cs2COs3 (3.0 equiv) and the mixture was stirred at 60 °C
for 24 hours. Following purification by silica gel chromatography, the 6-amino-2,3-

naphthalimide derivative was obtained (Figure 198).

Analogous to the 6-amino-2,3-naphthlimides discussed above, the success of each
reaction was determined by NMR spectroscopy and HRMS, with the characteristic
upfield shift of the naphthalimide protons in the 4- and 7-position observed in the 'H

NMR spectrum. In addition, observation of the two triplets and one multiplet
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characteristic of the propane-1-amine moiety in the 'H NMR spectrum supported that the

propyl group had been installed.

1-propane-amine
Pd,(dba);.CHCI3 (10 mol%)

0 Xantphos (10 mol%) O
Cs,CO3, PhCH
I —tetmene . L s
Br 60 °C, 24 h NN
o) H o)

§

R = \/\O/ \/\

217 (63%) 218 (47%) 241 242

O

219 (58%)

Figure 198. Pd-mediated coupling of the imide functionalised 6-bromo-naphthalimide
derivatives with 1-propane-amine.No product was obtained for compounds 241 and

242.

The amination reaction of compounds 217, 218 and 219 afforded the 6-amino-2,3-
naphthalimide product in respectable yields (47-63%). In contrast, 240 did not react, with
the 'H NMR spectrum (D>O) revealing signals that were consistent with the starting
material, possibly due to the solubility issues previously encountered for this 2,3-
naphthalimide. Additionally, the NH of the imide functional group may potentially
coordinate to the palladium catalyst thus rendering the Pd species inactive. The formation
of compound 241 was also unsuccessful and in this instance it appears that a reaction at
the alkyne position predominately occurs. Interestingly, 218 which contains an alkene did

not behave in this way and amination at the 6-position was successful.

7.4 Future Work

A future aim of this project is the optimisation of the reaction conditions for the amines
that either gave very low yields of product or no formation of the desired compound. For
example, a number of different bases such as Ets;N and DBU could be trialled for the
reaction of the azetidine hydrochloride salt, 215.

300



301
As discussed in 0 the 6-amino-2,3-naphthalimides also exhibit valuable fluorescent
properties; however, unlike the 4-amino-1,8-naphthalimides, the fluorescence of the 2,3-
naphthlaimides is yet to receive such great attention. Thus, a future aim for this study
includes the UV/vis absorption and fluorescence spectroscopy of the synthesised 6-

amino-2,3-naphthalimide derivatives.

Since the fluorescence of 6-amino-2,3-naphthalimides is still to be completely
understood, the spectroscopy studies of the 6-amino-2,3-naphthalimide derivatives
presented in this chapter will contribute to this gap in the literature. Once the fluorescence
has been established, areas of application for these compounds can be sought out.
Preliminary studies of the photophysical properties of three selected compounds have
been carried out in CHCI3 and DMSO. As mentioned in Chapter Seven section 7.2.2 the
ICT process of 4-amino-1,8-naphthalimide derivatives can be somewhat controlled by
the electron donating ability of the amino group at the 4-position of the naphthalimide
ring. Thus, it is of interest to analyse the photophysical properties of the 6-amino-2,3-
naphthalmide to determine the influence of the different amino moieties at the C-6

position. The initial results of this study are presented in Table 2.

Table 2. Photophysical properties of 215, 209 and 206 in CDCl3 and DMSO.

Compound Solvent AAbs max (M) AEm max (nm) Stokes Shift

(nm)

215 CHCl; 370 510 140
DMSO 370 557 187

209 CHCI3 370 507 137
DMSO 370 553 183

206 CHCl; 370 510 140
DMSO 370 554 184

The three compounds analysed differ by the addition of a carbon atom into the ring

positioned at the C-6 carbon of the naphthalimide and exhibited similar photophysical
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properties. In CHCIs, the absorption maximum was 370 nm with a strong emission
maxima at 507-510 nm (Stokes Shift of 187-140 nm). In DMSO, minimal changes were
observed in the absorption maximum (370 nm); however, a change in the emission
maxima at 553—557 nm was revealed (Stokes Shift of 183—187 nm). This is indicative of
the solvatochromic behaviour of these 6-amino-2,3-naphthalimide derivatives studied.
The emission and excitation spectra of 215, 209 and 206 in CHCl3; and DMSO are shown
in Figure 199. Future photophysical studies on the 6-amino-2,3-naphthalimide derivatives
described in this chapter would include analysing their absorbance and emission
properties in other solvents of varying polarity. Furthermore, the determination of the

molar extinction coefficients and quantum yields is required.
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Figure 199. (Top right) Absorption (dashed) and emission (solid) spectra of 215 in
CHCI; (green) and DMSO (blue); (Top left) Absorption (dashed) and emission (solid)
spectra of 209 in CHCI; (green) and DMSO (blue); (bottom) Absorption (dashed) and

emission (solid) spectra of 206 in CHCls (green) and DMSO (blue). Absorption spectra
are that recorded in CHCl;.

7.5 Conclusion

To conclude, this chapter describes the synthesis of several 6-amino-2,3-naphthalimide
derivatives including the variation of both the amine group at the 6-position of the
naphthalimide ring, and variation of the imide functional group. To access these 6-amino-
2,3-naphthalimide derivatives, a convenient Pd-mediated amination method that has been
previously established in the literature®” was optimised and employed for the installation
of the various amine groups. This work has proven the diversity of this methodology for
the coupling of a variety of primary and secondary amines including aliphatic, aromatic
and heterocyclic. The introduction of the different imide functional groups to the 2,3-
naphthlimide moiety afforded both successful and unsuccessful installations of the

propane-1-amine group at the C-6 position of the naphthalimide ring.
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7.6 Experimental: Chapter Seven

6-Bromonaphtho[2,3-c|furan-1,3-dione (196)

Br 0] 0
Br Nal, DMF
+ | o - o)
Br Br 65°C, 16 h B
o r
Br O (68%) 0
197 198

196

4-Bromo-1,2-bis(dibromomethyl)benzene 197 (1.098 g, 2.19 mmol) and maleic
anhydride 198 (21.5 mg, 2.19 mmol) were dissolved in DMF (anhydrous, 7 mL). To this
solution was added Nal (1.97 g, 13.1 mmol) and the reaction was heated at 65 °C. After
16 h, the solution was cooled to room temperature and poured into ice/water. The

resulting precipitate was collected by vacuum filtration and washed with H>O to afford

the title compound 196 (41.3 mg, 68%).

General procedure 1: Imine Formation

0 0
CH,COOH
0 -~ N-R
Br 120 °C, 48 h Br
O 0O

196

To a solution of 6-bromonaphtho[2,3-c]furan-1,3-dione 196 in acetic acid (5 mL) cooled
to 0 °C, the amine was added. The resulting mixture was stirred at 120 °C. After 48 h, the
solution was cooled to room temperature and poured into ice/water. The resulting

precipitate was collected by vacuum filtration to afford the title compound.
General procedure 2: Buchwald-Hartwig Amination Reactions.

Pd,(dba);.CHCI3 (10 mol%)
Xantphos (10 mol%)

0 amine 0
Cs,CO, PhCH
Ol om0 e
Br 60°C, 24 h 2\51
o R, 0

To a mixture of 6-bromo-2,3-naphthalimide, Pdx(dba)s;- CHCI3 (10 mol%), and Xantphos
(10 mol%) in toluene (5 mL), amine (5 equiv.) and Cs2CO3 (3 equiv.) were added
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sequentially and stirred for 24 h at 60 °C. After cooling to room temperature, an
appropriate amount of SiO> was added, the solvent was removed in vacuo and the

resulting residue dry loaded and purified by flash column chromatography.

6-Bromo-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (199)

199

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (105 mg,
0.360 mmol) and propane-1-amine (21.2 mg, 0.360 mmol) were heated in acetic acid (5
mL) at 120 °C for 48 h. The solution was poured into ice/water and the resulting
precipitate was collected by vacuum filtration to afford the title compound 199 (102 g,
90%) as a white solid.

'H NMR (400 MHz, CDCls) & 8.30 (s, 1H, H-10), 8.24 (s, 1H, H-7), 8.22 (d, J=2.0 Hz,
1H, H-3), 7.92 (d, J= 8.7 Hz, 1H, H-6), 7.76 (d, J= 2.0 Hz, 1H, H-1), 3.76-3.68 (m, 2H,
H-15), 1.75 (h, J= 7.4 Hz, 2H, H-18), 0.98 (t, J = 7.4 Hz, 3H, H-19).

13C NMR (101 MHz, CDCls) § 167.96 (C-11), 167.88 (C-11°), 136.62 (C-4), 134.03 (C-
5), 132.69 (C-1), 132.43 (C-3), 131.70 (C-6), 129.16 (C-8), 128.43 (C-9), 124.58 (C-10),
123.78 (C-2), 123.57 (C-7), 40.14 (C-15), 22.00 (C-18), 11.52 (C-19).

6-Bromo-2-phenyl-1H-benzo|f]isoindole-1,3(2H)-dione (200)

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione (101 mg, 0.360
mmol) and aniline (33.6 mg, 0.360 mmol) were heated in acetic acid (5 mL) at 120 °C for
48 h. The solution was poured into ice/water and the resulting precipitate was collected

by vacuum filtration to afford the title compound 200 (117 mg, 93%) a white solid.
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'H NMR (400 MHz, CDCls) & 8.43 (s, 1H, H-10), 8.37 (s, 1H, H-7), 8.27 (d, J=2.0 Hz,
1H, H-3), 7.97 (d, J = 8.8 Hz, 1H, H-6), 7.81 (dd, J = 8.7, 1.9 Hz, 1H, H-1), 7.58-7.47
(m, 4H, H-18), 7.47-7.39 (m, 1H, H-20).

13C NMR (101 MHz, CDCl3) § 166.83 (C-11), 166.76 (C-11), 136.85 (C-2), 134.27 (C-
4), 132.98 (C-1), 132.50 (C-3), 131.76 (C-6), 129.33 (C-18), 128.51 (C-20), 126.74 (C-
18), 125.37 (C-10), 124.33 (C-7).

6-Bromo-2-(2-hydroxyethyl)-1H-cyclopenta[b|naphthalene-1,3(2H)-dione (201)

11 OH
OO e
Br” 2

201

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (100 mg,
0.360 mmol) and 2-aminoethan-1-o0l (22.0 mg, 0.360 mmol) were heated in EtOH (5 mL)
at 120 °C for 48 h. The solution was poured into ice/water and the resulting precipitate
was collected by vacuum filtration to afford the title compound 201 (68 mg, 59%) a white
solid.

'H NMR (400 MHz, CDCl3) & 8.32 (s, 1H, H-10), 8.26 (s, 1H, H-7), 8.23 (m, 1H, H-3),
7.93 (d, J = 8.7 Hz, 1H, H-6), 7.79 (dd, J = 8.7, 2.0 Hz, 1H, H-1), 3.99 (m, 2H, H-18),
3.93 (m, 2H, H-15).

13C NMR (101 MHz, CDCls) § 167.62 (C-11), 167.54 (C-117), 136.64 (C-4), 134.05 (C-
5), 132.87 (C-1), 132.47 (C-6), 131.73 (C-3), 128.87 (C-8), 128.14 (C-9), 124.93 (C-10),
123.99 (C-2), 123.91 (C-7), 61.60 (C-18), 37.56 (C-15).

2-(6-Bromo-1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)ethyl acetate (202)
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Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (102 mg,
0.360 mmol) and 2-aminoethan-1-o0l (22.0 mg, 0.360 mmol) were heated in acetic acid (5
mL) at 120 °C for 48 h. The solution was poured into ice/water and the resulting

precipitate was collected by vacuum filtration to afford the title compound 202 (84.8 mg,

65%) a white solid.

'H NMR (400 MHz, CDCl3) & 8.33 (s, 1H, H-10), 8.26 (s, 1H, H-7), 8.23 (d, /= 1.9 Hz,
1H, H-3), 7.93 (d, J = 8.8 Hz, 1H, H-6), 7.78 (dd, J = 8.7, 2.0 Hz, 1H, H-1), 4.36 (t, J =
5.8,4.9 Hz, 2H, H-18), 4.03 (t, J= 5.8, 4.9 Hz, 2H, H-17), 2.03 (s, 3H, H-21).

13C NMR (101 MHz, CDCls) & 171.05 (C-20), 167.62 (C-11), 167.55 (C-11°), 136.65 (C-
4y, 134.06 (C-5), 132.88 (C-1), 132.48 (C-6), 131.74 (C-3), 128.88 (C-8), 128.14 (C-9),
124.94 (C-10), 124.00 (C-2), 123.92 (C-7), 61.60 (C-18), 37.57 (C-17), 20.94 (C-21).

6-Bromo-2-(prop-2-yn-1-yl)-1H-cyclopenta[b|naphthalene-1,3(2H)-dione (46)

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (108 mg,
0.360 mmol) and prop-2-yn-1-amine (19.8 mg, 0.360 mmol) were heated in acetic acid
(5 mL) at 120 °C for 48 h. The solution was poured into ice/water and the resulting
precipitate was collected by vacuum filtration to afford the title compound 46 (102 mg,

91%) as a white solid.

'H NMR (400 MHz, CDCls) & 8.35 (s, 1H, H-10), 8.29 (s, 1H, H-7), 8.23 (d, J=2.0 Hz,
1H, H-3), 7.94 (d, J = 8.7 Hz, 1H, H-6), 7.79 (dd, J = 8.7, 2.0 Hz, 1H, H-1), 4.53 (d, J =
2.6 Hz, 2H, H-15), 2.25 (t, J= 2.5 Hz, 1H, H-19).

13C NMR (101 MHz, CDCl3) § 166.48 (C-11), 166.42 (C-11°), 136.64 (C-4), 134.06 (C-
5), 132.99 (C-1), 132.52 (C-3), 131.77 (C-6), 128.79 (C-8), 128.05 (C-9), 125.21 (C-10),
124.19 (C-7), 124.14 (C-2), 77.36 (C-18), 71.78 (C-19), 27.46 (C-15).
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6-Bromo-2-(prop-2-en-1-yl)-1H-benzo|f]isoindole-1,3(2H)-dione (203)

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (100 mg,
0.360 mmol) and prop-2-en-1-amine (20.6 mg, 0.360 mmol) were heated in acetic acid
(5§ mL) at 120 °C for 48 h. The solution was poured into ice/water and the resulting
precipitate was collected by vacuum filtration to afford the title compound 203 (97.5 mg,
86%) as a white solid.

'H NMR (400 MHz, CDCls) § 8.32 (s, 1H, H-10), 8.26 (s, 1H, H-7), 8.22 (d, J= 1.9 Hz,
1H, H-3), 7.93 (d, J = 8.7 Hz, 1H, H-6), 7.78 (dd, J= 8.7, 2.0 Hz, 1H, H-1), 5.92 (ddt, J
=17.1,10.2, 5.7 Hz, 1H, H-18), 5.34-5.19 (m, 2H, H-19), 4.37 (dt, J= 5.7, 1.5 Hz, 2H,
H-15).

13C NMR (101 MHz, CDCl3) § 167.41 (C-11), 167.33 (C-11"), 136.63 (C-4), 134.05 (C-
5), 132.79 (C-1), 132.46 (C-3), 131.72 (C-6), 131.43 (C-18), 129.04 (C-8), 128.31 (C-9),
124.81 (C-10), 123.91 (C-2), 123.79 (C-7), 118.20 (C-19), 40.57 (C-15).

6-Bromo-1H-benzo|f]isoindole-1,3(2H)-dione (240)

Following general procedure 1: 6-bromonaphtho[2,3-c]furan-1,3-dione 196 (102 mg,
0.360 mmol) and NH4OH.H>) (19.8 mg, 0.396 mmol) were heated in acetic acid (5 mL)
at 120 °C for 48 h. The solution was poured into ice/water and the resulting precipitate
was collected by vacuum filtration to afford the title compound 203 (89.4 mg, 90%) as a

white solid.

'H NMR (400 MHz, DMSO) & 8.75 (d, J = 15.4 Hz, 2H), 8.62 (d, J = 2.1 Hz, 1H), 8.26
(d, J=8.9 Hz, 1H), 7.86 (dd, J = 8.9, 2.0 Hz, 1H).
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2-Propyl-6-{[(pyridin-3-yl)methyl]amino}-1H-benzo[f]isoindole-1,3(2H)-dione

(204)
i
(j;: 6
204

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), 1-(pyridin-3-yl)methanamine (84.9 mg, 0.785 mmol) and Cs>CO3 (153 mg,
0.471 mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by
column chromatography (1:5 EtOAC/Hexane) afforded the title compound 204 (44.9 mg,
83%) as a yellow solid. 'H NMR (400 MHz, CDCl3) § 8.69 (d, J = 2.3 Hz, 1H, H-26),
8.57 (dd, J=4.9, 1.6 Hz, 1H, H-24), 8.12 (s, 1H, H-10), 8.01 (s, 1H, H-7), 7.81 (d, J =
8.8 Hz, 1H, H-6), 7.73 (dt, J= 7.9, 2.0 Hz, 1H, H-22), 7.31 (dd, J = 7.8 Hz, 1H, H-23),
7.06 (dd, J=8.8,2.4 Hz, 1H, H-1), 6.95 (d, /= 2.4 Hz, 1H, H-3),4.64 (t,J=5.7 Hz, 1H,
H-16), 4.52 (d, J = 5.0 Hz, 2H, H-20), 3.71-3.63 (m, 2H, H-17), 1.79-1.65 (m, 2H, H-
18), 0.96 (t, J= 7.4 Hz, 3H, H-19).

13C NMR (101 MHz, CDCls) & 168.74 (C-11), 149.32 (C-26), 149.29 (C-24), 147.95 (C-
2), 137.89 (C-21), 135.30 (C-22), 133.77 (C-4), 131.63 (C-6), 129.09 (C-5), 129.04 (C-
9), 124.56 (C-10), 124.18 (C-8), 123.86 (C23), 122.39 (C-7), 119.96 (C-3), 107.16 (C-1),
45.62 (C-20), 39.82 (C-13), 22.06 (C-18), 11.52 (C-19). HRMS (ESI m/z): C21HaoN302
[M+H]" 346.1550; found 346.1547.

6-Anilino-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione (205)

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione
196 (50.2 mg, 0.157 mmol), Pd>(dba);- CHCIz (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), aniline (73.1 mg, 0.785 mmol) and Cs2CO3 (153 mg, 0.471 mmol) were
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heated in toluene (anhydrous, 5 mL) at 60 °C. Purification by column chromatography

(1:5 EtOAC/Hexane) afforded the title compound 205 (28.8 mg, 56%) as a yellow solid.

'H NMR (400 MHz, CDCls) § 8.15 (s, 1H, H-10), 8.03 (s, 1H, H-7), 7.86 (d, J= 8.9 Hz,
1H, H-6), 7.49 (d, J = 2.4 Hz, 1H, H-3), 7.43-7.30 (m, 3H, H-1, H-21), 7.28-7.20 (m,
2H, H-22), 7.11 (td, J= 7.3, 1.2 Hz, 1H, H-23), 6.22 (s, 1H, H-16), 3.72-3.64 (m, 2H, H-
17), 1.74 (m, J = 7.4 Hz, 2H, H-18), 0.96 (t, J = 7.4 Hz, 3H, H-19).

13C NMR (101 MHz, CDCls) & 168.65 (C-11), 168.62 (C-117), 144.80 (C-20), 141.03 (C-
2), 137.52 (C-4), 131.67 (C-6), 130.04 (C-5), 129.79 (C-21), 128.95 (C-9), 124.84 (C-8),
124.47 (C-10), 123.47 (C-23), 122.73 (C-7), 121.29 (C-3), 120.43 (C-22), 111.44 (C-1),
39.85 (C-17), 22.05 (C-18), 11.52 (C-19). HRMS (ESI m/z): C2iH1sN20;Na [M+Na]*
353.1261; found 353.1257.

6-(Cyclohexylamino)-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione (206)

21 206

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione
199 (51.0 mg, 0.157 mmol), Pd>(dba);-CHCIz (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), piperidine (66.8 mg, 0.785 mmol) and Cs2CO3 (153 mg, 0.471 mmol) were
heated in toluene (anhydrous, 5 mL) at 60 °C. Purification by column chromatography
(1:5 EtOAC/Hexane) afforded the title compound 206 (15.3 mg, 30%) as a yellow solid.
"H NMR (400 MHz, CDCls) § 8.15 (s, 1H, H-10), 8.10 (s, 1H, H-7), 7.87 (d, J= 9.1 Hz,
1H, H-6), 7.39 (dd, J = 9.1, 2.6 Hz, 1H, H-1), 7.23 (d, J = 2.5 Hz, 1H, H-3), 3.73-3.64
(m, 2H, H-14), 3.46-3.39 (m, 4H, H-20), 2.64 (dd, J= 6.3, 3.8 Hz, 6H, H-21), 1.80-1.67
(m, 2H, H-15), 0.97 (t, /= 7.4 Hz, 3H, H-16).

13C NMR (101 MHz, CDCls) & 168.82 (C-11), 168.77 (C-11"), 151.86 (C-2), 137.64 (C-
4), 131.07 (C-6), 128.89 (C-5), 128.73 (C-9), 124.38 (C-8), 124.29 (C-10), 122.88 (C-7),
121.09 (C-3), 111.31 (C-1), 49.66 (C-20), 39.79 (C-14), 25.67 (C-21), 24.42 (C-15),
22.06 (C-21°), 11.53 (C-16). HRMS (ESI m/z): C2oH2sN,0, [M+H]" 323.1754; found
323.1753.
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6-(4-Methylpiperazin-1-yl)-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione (207)

11 16
OO e
21ﬁN
25~ 21'

207

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione
196 (50.1 mg, 0.157 mmol), Pd>(dba);-CHCIz (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), 1-methylpiperazine (89.6 mg, 0.785 mmol) and Cs2CO3 (153 mg, 0.471
mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 207 (42.2 mg, 80%)

as a yellow solid.

'H NMR (400 MHz, CDCLs) § 8.15 (s, 1H, H-10), 8.09 (s, 1H, H-7), 7.87 (d, J=9.1 Hz,
1H, H-6), 7.39 (dd, J= 9.1, 2.5 Hz, 1H, H-1), 7.23 (d, J = 2.5 Hz, 1H, H-3), 3.72-3.64
(m, 2H, H-14), 3.46-3.39 (m, 4H, H-20), 2.63 (dd, J = 6.2, 4.0 Hz, 4H, H-21), 2.39 (s,
3H, H-25), 1.80-1.66 (m, 2H, H-15), 0.96 (t, J = 7.4 Hz, 3H, H-16).

13C NMR (101 MHz, CDCls) & 168.58 (C-11), 168.55 (C-11°), 151.14 (C-2), 137.34 (C-
4y, 131.05 (C-6), 129.23 (C-5), 128.71 (C-9), 124.75 (C-8), 124.17 (C-10), 122.95 (C-7),
120.62 (C-1), 111.41 (C3), 54.83 (C-21), 48.16 (C-20), 46.12 (C-25), 39.71 (C-14), 21.94
(C-15), 11.40 (C-16). HRMS (ESI m/z): C2H24N30, [M+H]" 338.1863; found 338.1859.

6-[Benzyl(methyl)amino]-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (208)

24 208

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione
199 (50.0 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.015 mmol), Xantphos (9.1 mg,
0.015 mmol), N-methyl-1-phenylmethanamine (84.9 mg, 0.785 mmol) and Cs>COs (154
mg, 0.471 mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification
by column chromatography (1:5 EtOAC/Hexane) afforded the title compound 208 (31.9

mg, 57%) as a yellow solid.
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'H NMR (400 MHz, CDCl3) & 8.11 (s, 1H, H-10), 8.03 (s, 1H, H-7), 7.82 (d, J=9.1 Hz,
1H, H-6), 7.37-7.30 (m, 2H, H-23), 7.30-7.19 (m, 4H, H-24, H-1), 7.07 (d, J = 2.6 Hz,
1H, H-3), 4.72 (s, 2H, H-20), 3.72-3.64 (m, 2H, H-14), 3.21 (s, 3H, H-22), 1.80-1.66 (m,
2H, H-15), 0.96 (t, J= 7.4 Hz, 3H, H-16).

13C NMR (101 MHz, CDCl3) § 168.75 (C-11), 149.74 (C-2), 137.70 (C-21), 137.64 (C-
4y, 131.37 (C-6), 128.87 (C-23), 128.77 (C-5), 127.56 (C-9), 127.35 (C-3), 126.49 (C-
24), 124.39 (C-10), 123.36 (C-8), 122.46 (C-7), 117.70 (C-23"), 107.97 (C-1), 56.29 (C-
20), 39.65 (C-14), 38.95 (C-22), 21.95 (C-15), 11.40 (C-16). HRMS (ESI m/z):
C23H23sN,0, [M+H]™ 359.1754; found 359.1751.

2-Propyl-6-(pyrrolidin-1-yl)-1H-benzo|f]isoindole-1,3(2H)-dione (209)

209

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione
199 (50.2 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), pyrrolidine (55.8 mg, 0.785 mmol) and Cs,CO3 (153 mg, 0.471 mmol) were
heated in toluene (anhydrous, 5.0 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 209 (15.5 mg, 32%)

as a yellow solid.

'H NMR (400 MHz, CDCl3) & 8.11 (s, 1H, H-10), 8.03 (s, 1H, H-7), 7.82 (d, J= 9.0 Hz,
1H, H-6), 7.07 (m, 1H, H-1), 6.86 (d, J = 2.4 Hz, 1H, H-3), 3.71-3.63 (m, 2H, H-14),
3.45 (td, J = 5.2, 2.1 Hz, 4H, H-20), 2.15-2.03 (m, 4H, H-21), 1.80-1.66 (m, 2H, H-15),
0.97 (t,J=7.4 Hz, 3H, H-16).

13C NMR (101 MHz, CDCl3) § 169.02 (C-11), 168.93 (C-11), 148.04 (C-2), 137.89 (C-
4), 131.48 (C-6), 128.91 (C-5), 127.12 (C-9), 124.80 (C-10), 122.65 (C-8), 122.21 (C-7),
117.85 (C-1), 107.26 (C-3), 47.89 (C-20), 39.73 (C-14), 25.67 (C-21), 22.10 (C-15),
11.55 (C-16). HRMS (ESI m/z): C19H21N20, [M+H]" 309.1598; found 309.1596.
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6-(Morpholin-4-yl)-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (210)

OO o
21//\N
21'

210

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), morpholine (68.3 mg, 0.785 mmol) and Cs2CO3 (153 mg, 0.471 mmol)
were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 210 (44.4 mg, 44%)

as a yellow solid.

'H NMR (400 MHz, CDCl3) § 8.16 (s, 1H, H- 10), 8.10 (s, 1H, H-7), 7.89 (d, /= 9.1 Hz,
1H, H-6), 7.38 (dd, J= 9.1, 2.5 Hz, 1H, H-1), 7.23 (d, J = 2.5 Hz, 1H, H-3), 3.95-3.88
(m, 4H, H-21), 3.72-3.64 (m, 2H, H-14), 3.39-3.32 (m, 4H, H-20), 1.85-1.70 (m, 2H, H-
15), 0.97 (t, J = 7.4 Hz, 3H, H-16).

13C NMR (101 MHz, CDCls) § 168.64 (C-11), 168.60 (C-11"), 151.34 (C-2), 137.36 (C-
4y, 131.27 (C-6), 129.63 (C-5), 128.89 (C-9), 125.12 (C-8), 124.31 (C-10), 123.06 (C-7),
120.30 (C-1), 111.44 (C-3), 66.80 (C-21), 48.58 (C-20), 39.85 (C-14), 22.05 (C-15),
11.52 (C-16). HRMS (ESI m/z): Ci9H21N205 [M+H]" 325.1547; found 325.1545.

6-(Benzylamino)-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (211)

ISe8: )
24©;\19

2z 211

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), 1-phenylmethanamine (84.1 mg, 0.785 mmol) and Cs>CO3 (153 mg, 0.471
mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 211 (50.8 mg, 94%)
as a yellow solid.
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'H NMR (400 MHz, CDCl3) 5 8.12 (s, 1H, H-10), 8.01 (s, 1H, H-7) 7.79 (dd, J= 8.8, 0.7
Hz, 1H, H-6), 7.46-7.35 (m, 4H, H-22), 7.34-7.29 (m, 1H, H-24), 7.05 (dd, J = 8.8, 2.4
Hz, 1H, H-1), 6.96 (d, J = 2.4 Hz, 1H, H-3), 4.58 (d, J= 5.6 Hz, 1H, H-19), 4.48 (d, J =
5.2 Hz, 2H, H-20), 3.73-3.63 (m, 2H, H-14), 1.80-1.66 (m, 2H, H-15), 0.96 (t, J = 7.4
Hz, 3H, H-16).

13C NMR (101 MHz, CDCls) & 168.86 (C-11), 168.83 (C-11°), 148.45 (C-2), 138.21 (C-
21), 138.03 (C-4), 131.48 (C-6), 129.04 (C-22), 129.01 (C-5), 128.79 (C-9), 127.86 (C-
24), 127.68 (C-22%), 124.58 (C-10), 123.83 (C-8), 122.37 (C-7), 120.02 (C-1), 106.96 (C-
3), 48.11 (C-20), 39.79 (C-14), 22.08 (C-15), 11.53 (C-16). HRMS (ESI m/):
C2oH21N2O; [M+H]™ 345.1598; found 345.1596.

2-Propyl-6-(propylamino)-1H-benzo|f]isoindole-1,3(2H)-dione (212)

1 .

212

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), propane-1-amine (46.4 mg, 0.785 mmol) and Cs2CO3 (153 mg, 0.471
mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 212 (36.8 mg, 79%)

as a yellow solid.

'H NMR (400 MHz, CDCl3) & 8.10 (s, 1H, H-10), 8.03 (s, 1H, H-7), 7.77 (d, J= 8.8 Hz,
1H, H-6), 6.99 (dd, J= 8.8, 2.4 Hz, 1H, H-1), 6.92 (d, J=2.3 Hz, 1H, H-3), 4.19 (s, 1H,
H-14), 3.72-3.64 (m, 2H, H-15), 3.23 (t, J = 7.1 Hz, 2H, H-19), 1.81-1.66 (m, 4H, H-
18), 1.06 (t, J= 7.4 Hz, 3H, H-21), 0.97 (t, J = 7.4 Hz, 3H, H-22).

13C NMR (101 MHz, CDCls) & 168.95 (C-11), 168.89 (C-11"), 148.87 (C-2), 138.19 (C-
4), 131.40 (C-6), 129.01 (C-5), 128.49 (C-9), 124.61 (C-10), 123.48 (C-8), 122.22 (C-7),
120.05 (C-3), 106.33 (C-1), 45.50 (C-19), 39.77 (C-15), 22.60 (C-18), 22.09 (C-18°),
11.78 (C21), 11.54 (C-22).
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6-(Piperazin-1-yl)-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione (213)

0
(L
Hii::jy O

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione
199 (50.3 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), piperazine (67.6 mg, 0.785 mmol) and Cs>2CO3 (153 mg, 0.471 mmol) were
heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 213 (53 mg, 10%) as

a yellow solid. Further purification is required.

6-(1-Methyl-1,4-diazepane)-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (214)

26 214

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd>(dba);- CHCIz (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), 1-methyl-1,4-diazepane (89.6 mg, 0.785 mmol) and Cs,CO3 (153 mg,
0.471 mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by
column chromatography (1:5 EtOAC/Hexane) afforded the title compound 214 (34.7 mg,
63%) as a yellow solid.

'H NMR (400 MHz, CDCl3) & 8.11 (s, 1H, H-10), 8.04 (s, 1H, H-7), 7.84 (d, J=9.1 Hz,
1H, H-6), 7.20 (dd, J=9.2, 2.7 Hz, 1H, H-1), 7.02 (d, J = 2.6 Hz, 1H, H-3), 3.81-3.74
(m, 2H, H-20), 3.72-3.62 (m, 4H, H-14, H-21), 2.88 (s, 2H, H-22), 2.71 (s, 2H, H-24),
2.48 (s, 3H, H-26), 2.20-2.13 (m, 2H, H-25), 1.80-1.65 (m, 2H, H-15), 0.97 (t, J = 7.4
Hz, 3H, H-16).

13C NMR (101 MHz, CDCls) & 168.88 (C-11), 168.83 (C-11°), 149.39 (C-2), 137.89 (C-
4y, 131.64 (C-6), 128.99 (C-5), 127.57 (C-9), 124.52 (C-10), 123.43 (C-8), 122.48 (C-7),
117.35 (C-1), 107.63 (C-3), 57.95 (C-22), 57.10 (C-24), 48.38 (C-20), 46.59 (C-26),
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29.85 (C-14), 27.17 (C-25), 22.09 (C-15), 11.54 (C-16). HRMS (ESI m/z): C20H24N302
[M+H]" 338.1863; found 338.1859.

6-(Azetidin-1-yl)-2-propyl-1H-benzo|f]isoindole-1,3(2H)-dione (215)

215

Following general procedure 2: 6-bromo-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione
199 (50.1 mg, 0.157 mmol), Pd2(dba)s;-CHCI3 (16 mg, 0.157 mmol), Xantphos (9.1 mg,
0.015 mmol), azetidine (73.4 mg, 0.785 mmol) and Cs>CO3 (153 mg, 0.471 mmol) were
heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 215 (1.9 mg, 4%) as

a yellow solid.

'H NMR (400 MHz, CDCl3) 8 8.12 (s, 1 H, H-10), 8.03 (s, 1H, H-7), 7.82 (dd, J= 8.9, 0.7
Hz, 1H, H-6), 6.87 (dd, J = 8.8, 2.4 Hz, 1H, H-1), 6.73 (d, /= 2.3 Hz, 1H, H-3), 4.07 (t,
J =173 Hz, 4H, H-20), 3.72-3.64 (m, 2H, H-17), 2.48 (tt, J = 7.9, 6.9 Hz, 2H, H-21),
1.80-1.66 (m, 2H, H-18), 0.96 (t, J = 7.4 Hz, 3H, H-19).

BC NMR (101 MHz, CDCls) § 168.91 (C-11), 168.85 (C-11"), 151.62 (C-2), 137.50 (C-
4), 131.43 (C-6), 128.96 (C-5), 128.04 (C-9), 124.87 (C-10), 123.41 (C-8), 122.22 (C-7),
116.44 (C-1), 106.61 (C-3), 52.09 (C-20), 39.78 (C-17), 22.08 (C-18), 16.82 (C-21),
11.54 (C-19). HRMS (ESI m/z): Ci1sH19N2O, [M+H]" 295.1441; found 295.1440.

6-(Dipyridin-3-yl)methyl)-2-propyl-1H-benzo|[f]isoindole-1,3(2H)-dione (216)

Following general procedure 2: 6-bromo-2-propyl-1H-benzo[f]isoindole-1,3(2H)-dione

199 (50.0 mg, 0.157 mmol), Pd>(dba);- CHCIz (16 mg, 0.157 mmol), Xantphos (9.1 mg,

0.015 mmol), 1-(pyridin-3-yl)-N-[(pyridin-3-yl)methyl|methanamine (156 mg, 0.785
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mmol) and Cs2CO3 (153 mg, 0.471 mmol) were heated in toluene (anhydrous, 5 mL) at
60 °C for 24 h. Purification by column chromatography (1:5 EtOAC/Hexane) afforded

the title compound 216 (19.4 mg, 28%) as a brown oil. Further purification is required.
HRMS (ESI m/z): C27H25N40, [M+H]" 437.19720; found 437.1969.

2-(2-Hydroxyethyl)-6-(propylamino)-1H-benzo[f]isoindole-1,3(2H)-dione (217)
O
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Following general procedure 2: 6-bromo-2-(2-hydroxyethyl)-1H-benzo[f]isoindole-
1,3(2H)-dione 201 (50.5 mg, 0.156 mmol), Pdx(dba);-CHCI3 (16 mg, 0.015 mmol),
Xantphos (9.1 mg, 0.015 mmol), propane-1-amine (46.1 mg, 0.781 mmol) and Cs2CO3
(152 mg, 0.469 mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h.
Purification by column chromatography (1:5 EtOAC/Hexane) afforded the title
compound 217 (29.3 mg, 63%) as a yellow solid.

'H NMR (400 MHz, CDCl3) 6 8.11 (s, 1H, H-7), 8.04 (d, J= 0.7 Hz, 1H, H-10), 7.76 (dd,
J=28.8,0.7 Hz, 1H, H-6), 6.99 (dd, J = 8.8, 2.4 Hz, 1H, H-1), 6.90 (d, J= 2.3 Hz, 1H, H-
3),4.33 (dd, J = 5.8, 5.0 Hz, 2H, H-18), 4.25 (s, 1H, H-14), 3.98 (dd, /= 5.8, 5.0 Hz, 2H,
H-15), 3.23 (t, J= 7.1 Hz, 2H, H-20), 2.03 (s, 1H, H-28) 1.73 (h, J = 7.4 Hz, 2H, H-21),
1.06 (t, J = 7.4 Hz, 3H, H-22).

13C NMR (101 MHz, CDCl3) § 171.08 (C-27), 168.57 (C-11), 168.47 (C-11"), 149.00 (C-
2), 138.24 (C-4), 131.43 (C-1), 128.70 (C-5), 128.48 (C-9), 124.93 (C-7), 123.08 (C-8),
122.48 (C-10), 120.21 (C-3), 106.25 (C-1), 61.77 (C-19), 45.45 (C-20), 37.10 (C-15),
22.56 (C-21), 20.96 (C-28) 11.77 (C-22). HRMS (ESI m/z): Ci7HisN2Os [M+H]'
298.1310; found 297.1595.
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2-(Prop-2-en-1-yl)-6-(propylamino)-1H-cyclopenta[b|naphthalene-1,3(2H)-dione
(218)
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Following general procedure 2: 6-bromo-2-(prop-2-en-1-yl)-1H-benzo[f]isoindole-
1,3(2H)-dione 203 (50.1 mg, 0.158 mmol), Pdx(dba);*CHCIs (16 mg, 0.015 mmol),
Xantphos (9.1 mg, 0.015 mmol), propane-1-amine (46.6 mg, 0.790 mmol) and Cs2CO3
(154 mg, 0.474 mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h.
Purification by column chromatography (1:5 EtOAC/Hexane) afforded the title
compound 218 (21.9 mg, 47%) as a yellow solid.

'H NMR (400 MHz, CDCl3) & 8.11 (s, 1H, H-10), 8.04 (s, 1H, H-7), 7.76 (d, J= 8.8 Hz,
1H, H-6), 6.99 (dd, J= 8.8, 2.4 Hz, 1H, H-1), 6.91 (d, J = 2.3 Hz, 1H, H-3), 5.92 (ddt, J
=17.2,10.3, 5.6 Hz, 1H, H-18), 5.31-5.15 (m, 2H, H-19), 4.32 (dt, J= 5.6, 1.5 Hz, 2H,
H-15), 4.23 (s, 1H, H-14), 3.23 (t, J = 7.1 Hz, 2H, H-20), 1.74 (h, J = 7.3 Hz, 2H, H-21),
1.06 (t, J = 7.4 Hz, 3H, H-22).

13C NMR (101 MHz, CDCls) & 168.39 (C-11), 168.32 (C-11"), 148.95 (C-2), 138.22 (C-
4),131.97 (C-18), 131.42 (C-3), 128.88 (C-5), 128.48 (C-9), 124.82 (C10), 123.29 (C-8),
122.40 (C-7), 120.13 (C-6), 117.56 (C-19), 106.30 (C-1), 45.47 (C-20), 40.21 (C-15),
22.57 (C-21), 11.77 (C-22). HRMS (ESI m/z): CisH1oN,0, [M+H]" 295.1441; found
295.1439.

2-Phenyl-6-(propylamino)-1H-benzo|f]isoindole-1,3(2H)-dione (219)

O
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Following general procedure 2: 6-bromo-2-phenyl-1H-benzolf]isoindole-1,3(2H)-dione
200 (50.3 mg, 0.141 mmol), Pdx(dba);-CHCI; (16 mg, 0.014 mmol), Xantphos (9.1 mg,
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0.014 mmol), propane-1-amine (41.9 mg, 0.709 mmol) and Cs2CO3 (137 mg, 0.423
mmol) were heated in toluene (anhydrous, 5 mL) at 60 °C for 24 h. Purification by column
chromatography (1:5 EtOAC/Hexane) afforded the title compound 219 (27.2 mg, 58%)

as a yellow solid.

'H NMR (400 MHz, CDCl3) & 8.21 (s, 1H, H-10), 8.13 (s, 1H, H-7), 7.79 (d, J= 8.9 Hz,
1H, H-6), 7.56-7.45 (m, 4H, H-18), 7.45-7.33 (m, 1H, H-20), 7.02 (dd, J = 8.8, 2.4 Hz,
1H, H-1), 6.94 (d, J = 2.4 Hz, 1H, H-3), 3.24 (t, J = 7.1 Hz, 2H, H-23), 1.73 (h, J= 7.3
Hz, 2H, H-24), 1.07 (t, J = 7.4 Hz, 3H, H-25).

13C NMR (101 MHz, CDCls) & 167.76 (C-11), 167.68 (C-11"), 149.08 (C-2), 138.49 (C-
4), 132.35 (C-5), 131.45 (C-6), 129.14 (C-18), 128.74 (C-9), 128.48 (C-8), 128.02 (C-
20), 126.80 (C-19), 126.78 (C-18), 125.36 (C-10), 122.81 (C-7), 120.37 (C-1), 106.16
(C-3), 45.44, 22.54, 11.77. HRMS (ESI m/z): C2iH1oN,0, [M+H]" 331.1441; found
331.1440.
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Chapter Eight

Conclusion and Future Work

8.1 Conclusion

This thesis has presented an investigation into the synthesis and characterisation of
ligands that contain extended aromatic surfaces and the resulting coordination chemistry.
Of particular interest was the incorporation of quinoline and naphthalene scaffolds into
multidentate ligands. To this end, the synthesis and characterisation of the tetradentate
tripodal 2-quinolylmethyl ligand 55 and tridentate 2-quinolulemthyl ligand 68, and the
tri- and tetradentate 2-quinolylethyl-based ligands 57, 58, 63, 64 and 66 was achieved.
Each ligand was characterised by means of NMR spectroscopy (‘H, 1*C, COSY, HSQC
and HMBC) and HRMS.

During the synthesis of the quinoline starting materials, we obtained results that differed
from the literature methodology. This work was based on the synthesis of 2-(2-
chloroethyl)quinoline which in our hands was obtained as the hydrochloride salt, unlike
the reported procedure. The further reaction of this with NaN3 was also investigated. This
led to the isolation of 2-(2-azidoethyl)quinoline and subsequent ‘click chemistry’ between

this molecule and two different 1,8- and 2,3-naphthalimide derivatives.

The copper, zinc and manganese complexes of 55 were isolated and structurally
characterised. The Cu and Zn complexes are isomorphous in which both metal ions are
five coordinate with the metal ion bound by all four nitrogen donor atoms of the ligand
and the fifth position occupied by a coordinating CH3CN ligand. The reaction of 55 and
Mn(II) afforded a rare bis(u-oxo) diMn(IIl) species that has potential applications in

modelling the enzyme involved in the oxygen-evolving complex of Photosystem II.

A Pd(IT) complex of the 2-quinolylethyl ligand 58 has been isolated and characterised.

The cation displays a square planar geometry with one of the quinolyl arms remaining
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uncoordinated. X-ray crystallography and NMR spectroscopy data confirm the isolation
of a single geometric isomer of this species. The reaction of the 2-quinolylethyl-
containing ligand 64 with Co(II) afforded the dimer
[(62)Co(OH)3C0(62)](Cl04)3.CH3CN, in which the 2-quinolylethyl arm has detached
from the ligand. The dinuclear species is a rare example of a complex in which two Co(III)
metal centres are bridged together via three hydroxido ligands. There are only two other
examples of structurally characterised cobalt complexes that contain this ligand
coordination environment.**43 Despite our numerous efforts, no crystalline material was
obtained for any other coordination complexes of other metal ions or 2-quinolylethyl-
containing ligands. Thus, alternative solution state characterisation methods including
mass spectrometry and Job's method were utilised. The results of these studies revealed a
1:1 binding stoichiometry of all the metal ions and ligands analysed, regardless of the
starting mole ratios of ligand to metal. Furthermore, the weak binding affinity of the

majority of the ligands to the metal ions Co(II), Ni(II), Zn(II) and Mn(II) was revealed.

In addition, the incorporation of the naphthalene moiety as an extension of benzimidazole
was studied. This work included the synthesis of four tetradentate tripodal ligands that
contain a 2-methyl-1H-naphtho[2,3-d]imidazole group, namely 74, 75, 76 and 77. Each
of the four ligands was characterised by means of NMR spectroscopy (‘H, 1*C, COSY,
HSQC and HMBC) and HRMS. Interestingly, these ligands also did not afford any
crystalline material upon the reaction with several metal ions. Therefore, solution state
characterisation methods were also employed to analyse the resulting metal complexes.
In this instance, only mass spectrometry studies of the reaction between the naphthalene-

containing ligands and metal ions were conducted.

To round off our investigation into the incorporation of planar aromatic moieties into
amino ligands, pyrene was examined, and the synthesis of a pyrene and quinoline-based

bidentate ligand 82 is presented.

The final chapter presents a separate project carried out under the supervision of Dr.
Cassandra Fleming. This work entailed the synthesis of a series of 6-amino-2,3-
naphthalimide derivatives in which the functionalisation at the imide group and C-6
position on the naphthalimide ring was varied, and an investigation into the fluorescent

properties of the resulting 6-amino-2,3-naphthalimide derivatives was conducted.
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8.2 Future Work

There is a wide scope for future research building on the results presented in this thesis.
Firstly, with only a few quinolylethyl-based ligands known, and, to date, no reports of
tripodal tetradentate ligands containing unsubstituted 2-quinolylethyl moieties, there are
still a large number of possible quinoline ligands that could be synthesised. Of particular
interest is the further investigation into the synthesis of 1-(quinolin-2-yl)methanamine
and 2-(quinolin-2-yl)ethan-1-amine starting materials as these compounds would provide

the central nitrogen source in place of the pyridyl units used in this work.

The photophysical properties of quinoline derivatives have been well established and
remains an active area of research. Quinoline is of interest as the molecule exhibits low
initial fluorescence but can form highly fluorescent complexes with various metal ions.>®
There has been a number of recent studies that have utilised quinoline-derived compounds

399,600 and metal ion

as a fluorescent probe for several applications including bioimaging
sensing.®®! Therefore, it would be of interest to investigate the photophysical properties
of the quinoline-containing ligands and corresponding metal complexes that have been

presented in this work.

A small section of this thesis described the synthesis of 2-(2-azidoethyl)quinoline and the
sequential click chemistry of this molecule. This work only presented the synthesis and
each compound was only analysed by NMR spectroscopy and HRMS. Further
characterisation of these compounds including the photophysical properties would be

interesting and may reveal potential applications.

A significant aspect of our work was the lack of crystalline material obtained for structural
characterisation. Although a number of conditions and techniques were trialled, more

work is required to fully analyse the coordination chemistry of these ligands.

An interesting result was obtained during the characterisation of the naphthalene-
containing ligands and this was the indication of a fluxional process occurring. This was
indicated by the broad naphthalene carbon signals revealed in the 3C NMR spectra.
Additional investigation into this feature is required to fully understand what is

influencing this process.
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Overall, the ligands described in this thesis have expanded the field of multidentate
tripodal chemistry and future work will hopefully reveal a number of interesting

applications.
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