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Preface

Design and study of molecular receptors capable of mimicking
natural processes has found applications in basic research as well as in
the development of potentially useful technologies. Of the various
receptors reported, the cyclophanes are known to encapsulate guest
molecules in their cavity utilizing various non-covalent interactions
resulting in significant changes in their optical properties. This unique
property of the cyclophanes has been widely exploited for the
development of selective and sensitive probes for a variety of guest
molecules including complex biomolecules. Further, the incorporation of
metal centres into these systems added new possibilities for designing
receptors such as the metallocyclophanes and transition metal
complexes, which can target a large variety of Lewis basic functional
groups that act as selective synthetic receptors.

The ligands that form complexes with the metal ions, and are
capable of further binding to Lewis-basic substrates through open
coordination sites present in various biomolecules are particularly
important as biomolecular receptors. In this context, we synthesized a
few anthracene and acridine based metal complexes and novel
metallocyclophanes and have investigated their photophysical and

biomolecular recognition properties. The thesis has been divided into

viii



four chapters, and of which the first chapter describes a brief summary
about the molecular recognition with a particular emphasis on the
metallo-supramolecular systems. Also, the objectives of the present
thesis were briefly described in this chapter.

The second chapter of the thesis deals with the synthesis and
study of photophysical properties of the anthracene-imidazole based
ligands 1 and 3 and their metal complexes [1.CuCl:]2, [1.Hg(Cl04)2] and
[(3)2.CuCl:]. These systems were synthesized in good yields and have
been characterized on the basis of analytical and spectral evidence. The
formation of the metal complexes was confirmed by optical
spectroscopic techniques. For example, with increasing concentration of
the Cu?* ions, the absorption spectrum of 1 showed ca. 28%
hypochromicity along with a bathochromic shift of 2 nm, whereas the
fluorescence spectra showed ca. 50% quenching in the intensity at 421
nm. Similar experiments were carried out with Hg(Cl04)2, which showed
ca. 22% hypochromicity along with a bathochromic shift of 2 nm as well
as ca. 40% quenching in fluorescence intensity. In addition to this, the
ligand 3 having only one imidazole moiety showed ca. 44% quenching in
fluorescence intensity by increasing concentration of the Cu?* ions.

To understand the nature of the interactions between the ligand 1

and CuCl; or Hg(ClO4)2, we analyzed the absorption and emission



changes using Job’s plot, which indicated a 1:1 stoichiometry for these
complexes. The Benesi-Hildebrand analysis of the fluorescence data
gave association constants of Kass =1.75+ 0.1 x 105and 1.37 £ 0.1 x 10>
M-1 and change in free energy of AG = -12.1 and -11.8 k] mol-,
respectively, for the complexation of the ligand 1 with CuCl: and
Hg(Cl04)2.

The metal complexation was further confirmed by MALDI-TOF
mass spectral analysis, which showed a molecular mass of 944.67. This
value was in agreement with the calculated molecular mass
corresponding to 2:2 stoichiometry for the complex [1.CuClz]e.
However, in the case of the complex formed between the ligand 1 and
Hg(ClO4)2, we observed a peak at 737.42, which corresponds to 1:1
stoichiometry. In the H NMR spectrum, we observed regular
broadening and complete disappearance of the peaks corresponding to
the imidazole protons of the ligand 1 with the addition of ca. 11 uM of
CuClz, whereas the peaks corresponding to the anthracene and
methylene protons remained unaffected. Based on the MALDI-TOF MS
and NMR evidence as well as the literature reports, we assign a
symmetric cyclic structure such as a metallocyclophane for [1.CuCl;]..
This unique arrangement of the metal ions as bridging motifs between

the two ligand molecules creates a highly rigid cavity in [1.CuCl:].



making it an ideal choice as a host for biomolecules under physiological
conditions.

Investigation of interactions of the metal complexes [1.CuClz]2,
[1.Hg(ClO4)2] and [(3)2.CuClz] with various nucleosides and nucleotides
forms the subject matter of the third Chapter of the thesis. The addition
of guanosine 5’-monophosphate (5’-GMP) to an aqueous solution of the
complex [1.CuClz]2, resulted in significant changes in absorption and
emission properties. In contrast, negligible changes were observed with
the addition of other nucleotides such as guanosine 5’-diphosphate (5’-
GDP), guanosine 5’-triphosphate (5’-GTP), adenosine 5’-triphosphate
(5’-ATP), adenosine 5’-diphosphate (5’-ADP), adenosine 5’-
monophosphate (5’-AMP), adenosine, guanosine and phosphate ions,
indicating thereby that the complex [1.CuCl;]. undergoes selective
interactions with 5’-GMP. The complexation between [1.CuCl;]. and 5’-
GMP was further evidenced through fluorescence titration experiments.
We obtained an association constant of Kass = 1.2 + 0.1 x 10* M- through
the Benesi-Hildebrand analysis with a change in free energy (AG) of -
9.4 k] mol-1. Furthermore, this supramolecular complex was isolated
and characterized through MALDI-TOF MS analysis, which showed a
peak at 1352.44, corresponding to 1:1 stoichiometric supramolecular

assembly between [1.CuCl;]. and 5’-GMP.
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The selective recognition of 5-GMP by the complex [1.CuCl;].
when compared to other nucleotides was furthermore confirmed
through calorimetric, electrochemical, 'H and 3P NMR techniques. We
observed a significant shift in reduction potential of differential pulse
voltammogram (DPV) of the complex [1.CuClz]2 by the addition of 5’-
GMP, whereas a regular endothermic response was observed in the
isothermal titration calorimetric (ITC) measurements. In the 'H NMR
spectrum, with the successive addition of the complex [1.CuClz]2, we
observed a decrease in the intensity along with a significant broadening
of the peak corresponding to the Hg proton of 5’-GMP. Similarly, the 31P
NMR spectrum of 5’-GMP exhibited a gradual broadening of peak at 6
3.7 ppm, corresponding to the phosphate group of 5-GMP by the
addition of the complex [1.CuClz]2. In contrast, other complexes
[1.Hg(Cl04)2] and [(3)2.CuCl;] showed negligible interactions with 5’-
GMP and also with other nucleosides and nucleotides, thereby indicating
the importance of the cavity size in the biomolecular recognition event.
The unusual selectivity of the complex [1.CuCl:]2 for 5’-GMP over other
nucleotides could be attributed to the synergy of various interactions.
These include, i) the electrostatic interactions between Cu?* ions of
[1-CuClz]2 and the suitably placed phosphate group of 5’-GMP, ii) the

coordinative interactions between Cu2+ ions and N7 of the guanine base,
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and iii) the m-stacking interactions between the anthracene moieties
and the aromatic unit of 5’-GMP.

Synthesis and investigation of interactions of Pd-complexes of the
acridine-imidazole conjugates (Pd-NHC) with nucleosides and
nucleotides through photophysical, calorimetric and NMR techniques
have been included in the fourth Chapter of the thesis. The synthesis of
the acridine-imidazole based ligands 9 and 10 and their corresponding
Pd-complexes 4 and 5 were achieved in moderate yields and which
were characterized on the basis of spectroscopic and photophysical
analysis. The TH NMR analysis of the complexes 4 and 5 revealed the
disappearence of the peaks corrresponding to the Hs proton of the
carbene carbon. Similarly, we observed a significant downfield shift of
the peak corresponding to the carbene carbon in the 13C NMR spectrum.
The MALDI-TOF MS analysis showed characteristic peaks at 1088.87
and 763.18 for the complexes 4 and 5, which correspond to 2:1
complexes formed between Pd(OAc):and ligands 9 and 10, respectively.

To explore the potential of the Pd-NHC complexes 4 and 5 as
probes, we have investigated their interactions with various nucleosides
and nucleotides in the aqueous medium. The addition of 5’-GMP to a
solution of the complex 4 resulted in enhancement in its fluorescence

intensity at 500 nm, with an association constant of K = 3.63 £ 0.12 x
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10* M-1. Similar observations were made with 5’-GDP and 5’-GTP, having
association constant values of Kass = 5.13 £ 0.12 x 104 M- and Kass = 7.38
+ 0.12 x 10% M-, respectively. In contrast, we observed negligible
changes in both absorption and fluorescence spectra of 4 by the addition
of 5’-AMP, 5’-ADP, 5’ATP, adenosine and phosphate ions. The complex 5,
on the other hand, showed negligible selectivity towards nucleosides
and nucleotides, when compared to the complex 4. The selectivity of the
complex 4 for G-based nucleotides was confirmed by isothermal
titration calorimetry, which gave an endothermic response and
association constants in the order of 104 M-1 for these nucleotides.

To improve the sensitivity of the probe for G-based nucleotides,
we developed a fluorescent indicator displacement assay (FID) by
making use of the beneficial properties of the complex 4 and a
fluorescence indicator, 8-hydroxy-1,3,6-pyrene trisulfonate (HPTS).
With increasing in concentration of the complex 4, we observed ca. 23%
hypochromicity in the absorption spectrum of HPTS along with ca. 93%
quenching in fluorescence intensity at 512 nm with an association
constant of 4.66 + 0.2 x 10* M-1. The successive additions of the G-based
nucleotides (5’-GMP, 5’-GDP, 5’-GTP) to a solution of the non-fluorescent
complex resulted in a regular enhancement in the fluorescence intensity

corresponding to HPTS at 512 nm, which led to the visual detection

Xiv



through “turn on” fluorescence intensity. In contrast, the addition of
other non-interacting nucleosides and nucleotides such as adenosine, 5’-
AMP, 5’-ADP, 5’-ATP and phosphate ions showed negligible changes in
the fluorescence intensity of the complex [4-HPTS]. The selectivity of the
complex 4 towards the G-based nucleotides has been attributed to the
presence of better m-electron cloud to facilitate effective electronic and
m-stacking interactions and strong coordinative interactions with N7
nitrogen of the guanine base and the metal centre. These results
demonstrate the importance of the presence of Lewis acidic center as
well as the aromatic surface in the molecular recognition ability of the
complex 4 as a probe for the detection of the G-based nucleotides.

In summary, we have synthesized a few novel
anthracene/acridine imidazole conjugates and their corresponding
Cu?*/Hg?* and Pd?* complexes, and have evaluated their biomolecular
recognition properties. These systems were found to exhibit solubility in
the aqueous medium and favorable photophysical properties. The study
of their interactions with various nucleosides and nucleotides indicate
that these systems, depending on the cavity size, bridging unit and
aromatic surface, exhibit selective interactions with the G-based
nucleotides and signal the event through visual changes in the
fluorescence intensity. Of these systems, the metallocyclophane

XV



[1.CuClz]2 as well as the Pd-NHC complex 4 showed selectivity for 5’-
GMP and G-based nucleotides, respectively, when compared to other
nucleosides and nucleotides, thereby demonstrating their potential as

fluorescent molecular probes for biological applications.

Note: The numbers of various compounds given here correspond to those

given under the respective chapters.
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CHAPTER 1

METALLO-SUPRAMOLECULAR SYSTEMS IN
BIOMOLECULAR RECOGNITION: AN OVERVIEW
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1.1. INTRODUCTION

Supramolecular chemistry is one of the active areas of research in
recent years, which mainly focuses on weak non-covalent interactions of
molecules. The major non-covalent interactions confront in
supramolecular chemistry are electrostatic, van der Waals, hydrogen
bonding, charge transfer, m-stacking and coordinative interactions.!?2
The non-covalent interactions exist between the molecular assemblies
are weak and can easily dismantle the complex, when equated to the
covalently linked compounds. However, the nature creatively utilizes

these weak non-covalent interactions in the construction of large and



Chapter 1

ordered complex supramolecular biomolecules.? For example, tobacco
mosaic virus (TMV) is formed through the self-assembly of
approximately 2130 identical units to a helical sheath structure having
300 nm in length and 18 nm in diameter around a single stranded RNA

containing 6390 base pairs (Figure 1.1).4

300 nm

18 nm

Protein Coat (+) RNA genome

Figure 1.1. Schematic representation of the tobacco mosaic virus
(TMV).

By the proper manipulation of the non-covalent interactions, the
nature became successful in the construction of highly complicated
supramolecular tobacco mosaic virus particle through host-guest
interactions or self-assembly based on the two fundamental concepts
such as principles of preorganization and complementarity.> Keeping in
mind the preorganization and complementarity, the most outstanding
examples of the host-guest complexation are lock and key concept and

induced fit concept in enzyme substrate binding. In 1902, Emil Fisher

2



Metallo-Supramolecular Systems

proposed lock and key model for the highly specific enzyme-substrate
interactions. According to this model, the formation of stable enzyme-
substrate complex is possible, when the interacting surface of the
enzyme and substrate are complementary to each other like a key fit to
its lock. Since the lock and key model could not explain some of the
complex enzyme substrate interactions taking place in living systems,
Khosland, in 1958, proposed induced fit model for the enzyme substrate
interactions.® According to this model, the preorganization of the
enzyme interacting surface has been introduced for the formation of the
stable enzyme substrate complex. Motivated from the nature,
researchers have been successful in synthesizing host systems, based on
the complementarity and preorganization, for the selective recognition
of the guest molecules. In 1960s, Pederson and co-workers have
synthesized a series of crown ethers such as dibenzo-18-crown-6, and
further showed that these compounds form strong complexes with
alkali metal ions (Figure 1.2). Pederson’s flat crown further provided the
concrete platform for the groups of Lehn and Cram to develop
increasingly complex systems that selectively recognize a group of
substrates. Moreover, Lehn and co-workers were successful in creating

3D crown ethers such as cryptands from a multiple layers of atoms
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having interconnected chains, which contained an internal cavity that
could encapsulate the guest molecules (Figure 1.2). Similarly, Cram and
co-workers were successful in designing a series of progressively

complex prototype molecules.

2O URINLe:
L 0 CoD)

oo N

Dibenzo-18-Crown-6 2.2.2.-Cryptand Spherands

Figure 1.2. Structure of crown ether, cryptand and spherands.

For these magnificent results, Lehn, Pedersen and Cram were
honoured with the Nobel Prize in chemistry in 1987 and since then the
supramolecular chemistry and the host-guest chemistry has become an
active area of research.” Several receptor molecules have been reported,
which include crown ethers, cryptands, cyclodextrins, calixarenes,
pillararenes, cucurbiturils, porphyrins, metallocrowns, zeolites,
cryptophanes, carcerands, foldamers and functional cylophanes.8
Among these wonderful receptor molecules, the functional cyclophanes
are one of the successful classes of host systems used for the recognition

of guest molecules with the aid of various non-covalent interactions
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Metallo-Supramolecular Systems

(Figure 1.3). This chapter provides an overview of the metallo-
supramolecular architectures, obtained by the supplementary
modification of the functional cyclophanes, and their host-guest

complexation properties.

Figure 1.3. Schematic representation of a functionalized cyclophane

system.

A number of functional cyclophanes have been designed and
developed over the years by various research groups with an aim to
selectively recognise different types of the guest molecules. The
introduction of coordination core onto the cyclophanes opened up new
promises for designing receptors as in the metallocyclophanes and
which enable improved binding through coordinative interactions. In
this context, the design of the host systems, which can target a large
variety of Lewis basic functional groups of the guest molecule and can

stabilize the host-guest complexation through employing the auxiliary
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binding interactions such as the coordinative interactions or the
cation/anion m-interactions are of particular interest.

The synthetic compounds with large, rigid and molecular-sized
cavities combined with an understanding of the coordination chemistry
of the metal ions and their structural role in the spatial arrangement
lead to the new type of chemistry called supramolecular inorganic
chemistry or metallo-supramolecular chemistry.l® This chapter
describes a brief summary on metallo-supramolecular systems with a
particular emphasis on molecular recognition properties especially on
recognition of nucleosides and nucleotides. Also, the objectives of the

present investigations were briefly described in this chapter.

1.2. Metallo-Supramolecular Architectures

The metallo-supramolecular architectures were synthesized by the
coordination directed self-assembly of transition metal ions and
multitopic ligands. In these cases, the metals act as a type of ‘glue’ to
hold together assemblies of organic molecules, a term coined by
Constable in 1994.11 By employing donor groups in organic molecules
(ligands) that bridge more than one metal centre, it is possible to
construct one, two or three dimensional architectures such as molecular
triangles, squares, rectangles, pentagons, hexagons, macrocycles,

polyhedrons and cages.!? Besides, a major advantage of the
6



Metallo-Supramolecular Systems

metallocyclophanes over the organic cyclophanes is that it is possible to
modulate and fine-tune their dimensions, topology, electronic
properties and binding selectivity. Furthermore, the synthetic strategy
is comparatively easy to introduce the functional units such as chiral,
catalytic, luminescent or redox-active centres into the frameworks of the
metallocyclophanes.’3 The cavity size, shape and properties can be
altered by using different ligands and metal ions with different oxidation
states.l* An increase in awareness of the coordination chemistry of the
specific metal ions together with the knowledge of various organic
ligands, led to the design of various metallocyclophanes of interest
having exact geometry. Thus the metal-directed self-assembly has led to
the development of an array of highly refined architectures including
boxes, triangles, helicates and grids and a few examples of such

structures are discussed in the following sections.

1.2.1. Supramolecular Squares

The chemistry of the metal architectures evoked in 1990 when
Fujita and co-workers demonstrated the spontaneous formation of a Pd
based metal complex 1 (Chart 1.1) having square geometry from

(ethylenediamine)palladium(II) nitrate and 4,4’-bipyridine.l> These
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ligands were predefined to be complimentary in the formation of the
square architecture by the appropriate use of the spacer groups. The
authors have carefully chosen the correct number of spatially oriented
ligands as well as the metal ions preferring square planar coordination
geometry to access 90° and 180° angles for the formation of the square
architectures. The leaving nitrate group of (ethylenediamine)-
palladium(II) nitrate are cis to each other which restrict the possibility
of co-ordination of Pd2* ions only through 90° angle resulting in the
formation of the square geometry for 1. Fujita and co-workers have
further showed that when the reaction was repeated with a flexibly
linked bis(4-pyridine) derivative, a binuclear macrocyclic complex 2

was formed in the presence of Pd?* salt (Chart 1.1).16

\ — —
| = | = EZ I > i\l HZ
[ P 7 F N\ _N
A AN AN Pd
| —~ | —~ H N/ I F F \N \N
l\\l _ _ N 2 N | > H;
HN—Pld—NC/>—<\://\N—P\d'NH
{_NH HN_) F F
1 2
Chart 1.1

A number of other methods have also been used to synthesise the
supramolecular squares. Chart 1.2 shows the porphyrin based square

geometry 3 reported by Lehn and co-workers in which the Pd?* ions
8



Metallo-Supramolecular Systems

were blocked in a trans fashion and coordinated to right-angled pyridyl
porphyrin ligands. The ligands in this square geometry present at the
corner of the square and metal ions were present at the centre of the
square sides.'” Similarly, Constable et al., have reported a dinuclear
octacationic box by the reaction of a dicationic bis(2,2":6’,2”-terpyridine)
with Fe?* ions resulting in the formation of square 4 shown in Chart

1.3.18
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Hanoon and co-workers have reported a novel metallo-
supramolecular cage having different metal ions. For example, Chart 1.3
shows the structure of metallic square 5 formed by Cu?*ions. The cage
structure furnishes each metal ion with only three donor atoms i.e. one
from the pyridyl unit of one ligand and two from the bipyridyl unit.1®
Stang and co-workers have designed Pt2* based molecular square 6
having Lewis base receptor sites, which showed a variety of metal-

binding capability (Chart 1.4).20

Chart 1.3

Interestingly, the acetylene moieties in the backbone of the
molecular square 6 interact with 2 equivalent of silver triflate to give a
host-guest complex with considerable stability in solution. The complex
6 was characterized by MALDI TOF MS and ESI-FTICR mass

spectrometric techniques. The silver atoms in the complex were located

10



Metallo-Supramolecular Systems

in a trans arrangement with respect to the Pt-Pt2*-Pt plane, resulting in
a Ci-symmetric relationship. Che and co-workers have reported a
platinum metallocycle 7 complex with a dicarbene and cyanide ligands
as chelating agents, which showed hexagonal cavity as shown in Chart

1.4.21

R
N N
Et3P
Et3 R C C
6TFO R
Et3P- Pt—‘<\:\N Pt\pEt3 l/\IEKP'Z \P):ITI
=~ t
I T e
N N R
I Il
Etg P/Pt N Pt\PEt R \ / /<R
3 N/ Pt\ _ /Pt N
Q_/PEt3 Et,P W GNT N
N R R*N
6 7) R=NHCHj

Chart 1.4

This complex exhibited luminescence maximum at 514 nm, when
excited in the near-UV region (MLCT). More recently, Maverick and co-
workers have synthesized a few supramolecular squares 8 and 9 by the
reaction of bis(f-diketone) ligands with Cu2* ions. Addition of Cu?* ions

resulted in the formation of a 2:2 complex in which the two metal

11
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centres were held rigidly separated from each other by the aromatic
spacer. As in the case of the metallo square reported by Lehn, the
organic ligands form the corners of the square and the metal ions were
located at the centre of the sides (Chart 1.5).22 These two square planar
Cu?* complexes form the walls of a cavity which can bind to substrates

via metal ligand coordination.

9) R= CH3CH2

Chart 1.5

1.2.2.Supramolecular Triangles

It was proposed that the use of more flexible ligands during the
formation of the metal squares had allowed the synthesis of a molecular
triangle, which was in equilibrium with the more stable square
architectures. For example, Lippert and co-workers have reported the

synthesis of a supramolecular triangle from [(en)Pd(2,2’-bpz-N1,N1)]2*
12
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and trans-(NHs3):Pt(I). The Pd?* ions in these cases, form the three
vertices of the triangles and the Pt?* ions were located in the sides of the
metallo triangle 10 (Chart 1.6).23 Similarly, Mukherjee and co-workers
have recently reported the self-assembly of a heterometallic triangle 11
from the reaction of 1,1'-bis(diphenylphosphino)ferrocene-
palladium(II) ditriflate with sodium nicotinate (Chart 1.6).24# The bowing
of the ligands along the sides of the triangle allowed the O-Pd-N angles
to approach close to the preferred 90°, minimising the angle strain at

the metal centre.

N, /N Fe
Pd
ﬁN N= Ph3p\ zPPhB

C1~p/ pgCl N
Pr OREN . ~
_N N= Pha\N
L] WEE=S .y 0” ONa
NN 6 Y = P9 Pd
_Pd- “Pt-N  y-Pd~ p SNTEET
N % ZPh,P

10 11 §é§

Chart 1.6

1.2.3. Trigonal and Tetragonal Cages
The metallo-supramolecular chemistry facilitated the formation of

complex functional architectures that otherwise would have been

13
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achieved using classical organic chemistry. Of the various ions, Ag* ions
were known to display a flexible coordination geometry varying from 2-
6. Su and co-workers have reported the synthesis of a trigonal prismatic
cage 12 shown in Chart 1.7. The X-ray crystal structure showed that the
two Ag* centres occupied a trigonal planar geometry having
coordination with the three imino nitrogen atoms. Such a coordination
resulted in a trigonal prismatic cage structure in which the central cavity
of the cage was occupied by a distorted triflate anion.2> In 2005, Du and
co-workers have reported a trigonal cage 13 through the reaction of
tetrahedral copper(l) ions with 2,5-di(pyridin-3-yl)-1,3,4-oxadiazole
ligands (Chart 1.7).26 In this case one of the metal coordination sites was
occupied by the solvent acetonitrile and the other three were
coordinated by the nitrogenous ligands. The X-ray crystal structure
revealed that each prismatic cage hosts a water molecule inside the
central cavity. Atwood and co-workers have further reported a M:L4
cage compound 14, which was achieved by employing four bidentate
ligands bound to two octahedral Cu?* ions (Chart 1.7).27 This was one of
the example of a tetragonal prismatic cage in which the axial positions
were blocked by the use of water molecules. Similar examples
incorporating Co?* and Zn?* ions have also been reported in the

literature.28

14
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Chart 1.7

More recently, Su and co-workers have presented the formation of
tetragonal cage 15 using a bis-monodentate ligand and the Cu?* ions
instead of the Cu* ions.2? The six-coordinate metal centres bound four
different pyridyl nitrogen atoms in the equatorial positions enabling the
prismatic structure to be formed as shown in Chart 1.8 and the axial
positions were occupied by the anions. Fujita and co-workers have

prepared a rigid bis-pyridyl ligand which upon reaction with Pd?* ions in

15
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Chart 1.8

a 1:2 ratio to yielded a tetragonal prismatic cage 16. The X-ray crystal
structure of the cage confirmed that a nitrate anion was encapsulated
within the central cavity (Chart 1.8).3% Also, Puddephatt and co-workers
have reported the formation of the functional tetragonal prismatic cages
17 and 18 (Chart 1.8) by the reaction of pyridin-3-amine based ligands

with Pd?* ions.3! These complexes exhibited an interesting host-guest

16
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chemistry and have been shown to encapsulate cations, anions and

water molecules in their cavity.

1.2.4. Supramolecular Helicates

Helical structures are often found in nature, which include
deoxyribonucleic acid (DNA), protein a-helices and collagen. These
helical structures may hold their particular shape through
conformational restrictions, hydrogen bonding, or metal ion
coordination. In 1987, Lehn had used the term, for the first time, helicate
to pronounce the supramolecular structures in which one or more
covalent organic strands were wrapped about and coordinated to a
sequence of metal ions outlining the helical axis. The helicates were
formed by self-assembly, therefore the subunits must be pre-designed
so that they were complementary in the formation of the helical
structure.3? The metal ions were selected based on their coordination
number and geometry preferences, which meticulously harmonized to
the properties of the ligand. The ligands were designed with two or
more binding positions that were accomplished to coordinating to the
chosen metal ions. The spacer group among the binding sites was

allowed to be flexible enough to permit the ligand to wrap about the

17
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helical axis, but also rigid enough to avert multiple binding sites of that

ligand from coordinating to the same metal center.

The helicates can be categorized as homotopic or heterotopic. The
homotopic helicates were those in which the coordinated ligand strands
contain analogous binding sites along their length, whereas the strands
with dissimilar binding sites results in the heterotopic helicates. As
shown in Chart 1.9, the heterotopic helicates exist in two isomeric

forms.33

Homotopic Hetrotopic

Strands A A

® ®

v v

Head to Head HH Head to Tail HT

Chart 1.9

The majority of these structures contain one, two, three or four ligand
strands and some of these interesting examples of supramolecular
helicates are discussed in the following section. Single stranded
helicates have been synthesized by efficiently employing a metal ion

that was too small to fit the cavity of a multi-dentate ligand. A small
18
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twist was encouraged in the ligand to diminish the steric interactions
between the two ends of the strand.

In this context, Constable and co-workers have reported the
formation of a single-stranded helicate 19 from the reaction of silver (I)
acetate with quinquepyridine. The five nitrogen atoms of the
quinquepyridine ligand bound to the metal ions forced the ligand to
wrap around it with a slight helical twist (Chart 1.10).3* More recently,
Zhang and co-workers have been successful in generating single-
stranded Cu?* helicate 20 by intelligently employing a tetradentate
ligand  (1S,25)-N1,N2-bis(pyridin-2-ylmethyl)cyclohexane-1,2-diamine

(Chart 1.10).3>

Chart 1.10

Lehn, Sauvage, Ziessel and co-workers have introduced the first
strategy for the generation of a dinuclear double-stranded helicate.36

They have prepared the dinuclear double stranded helicate 21 by the

19
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reaction of a sterically hindered and conformationally restricted and

preorganized quaterpyridine with the Cu*ions (Chart 1.11).

21 22

Chart 1.11

The methyl groups bound to the 5' and 3'- positions maintained the two
bipyridine subunits in a twisted conformation, which favoured the
formation of the dinuclear helical complexes. In 1991, Williams and co-
workers have reported for the first time the structurally characterised
triple stranded helicate by incorporating a rigid spacer into a
tetradentate ligand 22 preventing it from acting as a tetradentate
chelator.3” Therefore, the reaction of the ligand with six co-ordinate Co%*
resulted in the formation of the triple stranded helicates. During the last
two decades, several examples of the helicates have been reported, of
which, only a limited number of heteronuclear metallo-helicates were
described. Piguet and co-workers have reported the synthesis of the

heteronuclear helicates with Ru?* and Eu?* ions, which resulted in the

20
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formation of the heteronuclear helicate.3® This heterotopic ligand
consists of bi-dentate and tri-dentate binding sites separated by a rigid
spacer unit.

In 1998, Steel and co-workers have reported the formation of a co-
ordinatively saturated, quadruply-stranded helicate. This was achieved
by employing a combination of four ligands and two square planar Pd2+
centres in a self-assembly process.3? The X-ray crystal structure of the
helicate revealed that a hexaflurophosphate ion was encapsulated
within the central cavity. The previous section highlights the success of
recent advances in supramolecular inorganic chemistry. Our interest in
this field stems from the potential of the supramolecular complexes to
be used as receptors for nucleosides and nucleotides. In the next section,
we have discussed about a few literature reports on the selective
recognition of various guest molecules by the metallo-supramolecular

architectures.

1.3. Molecular Recognition by Metallocyclic

Supramolecular  Systems

The metallocyclic supramolecular systems can act as promising

hosts for various types of guest molecules since they can be easily
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constructed having different cavity size by utilizing a variety of organic
ligands and the metal ions. The molecular square 1 reported by Fujita
and co-workers showed the unique ability of molecular recognition of
the neutral aromatic guests such as benzene, naphthalene and similar
aryl systems (Chart 1.12). The central cavity within the square was m-
electron deficient and has been shown to bind electron rich benzene
derivatives, such as 1,4-dimethoxybenzene and 1,3,5-
trimethoxybenzene through hydrophobic and m-m stacking interactions
in water (D20) to form a 1:1 host-guest complex. In the 1H NMR spectra,
chemical shift change of 1.56 ppm for the aromatic protons and 0.59
ppm shift for the methyl protons in D20 at room temperature were
observed. The analysis of the chemical shift changes by the Benesi-
Hildebrand and a least squares procedure gave an association constant,
Ko, =750 M1 at 25 °C. During the binding process, both the hydrophobic
and electrostatic interactions were found to contribute to the formation
of the host-guest complexes. Later, the authors have observed that the
square 1 showed low binding constants with smaller molecules such as
p-dimethoxybenzene (K, = 330 M-1), m-dimethoxybenzene (K, = 580

M-1) or o-dimethoxybenzene (K. =30 M-1).
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The metallocyclophane 2 reported by Fujita and co-workers, on the
other hand, showed excellent substrate binding properties with electron
rich aromatic moieties. It was observed that the strength of the binding
increased as the electron density on the aromatic ring of the substrate
increased, suggesting that a donor-acceptor interaction was important
for the host-guest recognition. This compound was shown to bind to
electron rich aromatic guests in water with strikingly high affinity,
which was ascribed to the incorporation of an electron deficient
perfluorinated benzene unit (Chart 1.13). It was also capable of binding
to 1,3,5-trimethoxybenzene, p-dimethoxybenzene, m-
dimethoxybenzene, and o-dimethoxybenzene with association constants

of Ka = 2500, 2680, 1560, and 1300 M-! respectively.
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For larger guests, such as N-(2-naphthyl)-acetamide, only a weak host-
guest interaction was observed (K, =15 M-1).  Stang and co-workers
have designed a few molecular square complexes with Lewis base
receptor sites, which showed a variety of metal-binding capability and
geometrical predictability. The X-ray crystallography provided new
insights into the molecular recognition design of the Lewis acid-base
host-guest molecular square 6 (Chart 1.14) with phenazine as the guest
unit. It has been observed that the guest phenazine oriented nearly
orthogonal to the Pt-Pt?*-Pt plane. Further, the metallocylic square 6,
served as a receptor to bind Lewis basic guests with the appropriate size

being achieved through the complexed silver cations.
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Chart 1.14

The reaction of 6 with equimolar amount of the Lewis bases such as
pyrazine, phenazine or 4,4’-bipyridyl ketone in CH2Clz at room
temperature, resulted in the formation of the corresponding ternary

complexes (Chart 1.14).

The binuclear Cu?* cyclic derivative 8 reported by Maverick and
coworkers have exhibited selectivity as a host for various nitrogen bases
such as pyrazine, pyridine, quinuclidine, and diazabiclo-[2,2,2]octane
(DABCO) as well as fullerene (Chart 1.15). The olive green solution of 8
changed to turquoise on addition of the nitrogen bases. The binding
constants of the nitrogen bases with 8 were determined

spectrophotometrically in chloroform at room temperature. The authors
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Guests

DO

Chart 1.15

have compared the binding constants for 8 with monofunctional and
bifunctional Lewis bases such as pyridine (K, = 0.5 M-1), quinuclidine
(Ka =7 M-1), pyrazine (K. =5 M-1) and DABCO (K. = 220 M-1) in
chloroform solutions showed high association constant and that could

be attributed to the internal coordination in the cavity.

Introduction of chromogenic or luminescent properties was
especially interesting in metallocyclic supramolecular assemblies since
this approach might be used as an alternative to conventional NMR
spectroscopy in the detection of guest inclusion. In addition, the
photoluminescence allows examination of the excited state behavior of
the host-guest complexation. It may be mentioned that the

luminescence could be much more sensitive to subtle changes in the
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geometry and environment when compared to other techniques. Many
luminescent compounds with internal cavities have been demonstrated
as having potential applications as probes.*? The complementary cavity
sizes and the presence of intermolecular forces such as hydrogen
bonding, hydrophobic or electrostatic interactions for the receptor can
be easily achieved by incorporating fluorescent metal-organic
chromophore in the metallocyclic supramolecules. Additionally, the vast
literature available on the photophysical and photochemical properties
of the metal complexes was an advantageous in designing such
metallocyclic supramolecular assemblies. In the next section, a few of
similar examples are described as host systems which have been used

for the recognition of guest molecules.

Che and co-workers have reported a hexametallic metallocyclic
derivative 7 formed from Pt?* and the chelating dicarbene and cyanide
ligands. The observed MLCT emission was due to the formation of
intramolecular charge transfer transition of the complex (Chart 1.16).
The MLCT emission was quenched by the addition of guest molecule
such as N,N’-dimethyl-4,4’-bipyridinium hexafluorophosphate because it

can block the charge transfer transition with in the metal complex.
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reported the

Guest

2PFg

encapsulation of 1,4-

into the electron

deficient cavity of the dinuclear metallocyclic Zn complex 23 (Chart

1.16). The guest binding was easily monitored by following the

photophysical properties of the pyrene moiety. The X-ray structure of

the corresponding complexes were determined and which established

the inclusion of the guest molecule within the cavity.*!
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A luminescent Re* based cyclophane has also been reported by
Sun and Lees (Chart 1.17). For example, the square structure 24, was
shown to be an effective probe for molecular sensing of an explosive
nitro aromatics (e.g. TNT).#2 A series of nitro-substituted aromatic
compounds have been found to effectively quench the thin film

luminescence of the molecular square 24.
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Chart 1.17
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The quenching phenomenon was attributed to the porosity that exists in
the film of the square 24, which provides cavities for binding of the
quencher molecules. Hupp and co-workers (Chart 1.17) have reported a
heterometallic molecular square 25, with alternating Re(C0)3Cl and
Pd(dppp)2 (dppp = 1,3-bis(diphenylphosphino)propane) corners and
4,4’-bipyridine as the bridging unit.#3 In acetone solution, the emission
from the MLCT state of these complexes was observed at 610 nm. It was
expected that these systems would act as a host for various anions
because of the cationic nature of the inorganic cyclophane 25. Addition
of Cl04 to the solution of 25 increased the luminescence intensity as
well as the lifetime of the complex. The enhancement effect was believed
to originate from the anion encapsulation-induced inhibition of
oxidative quenching by Pd?* sites. On the other hand, the addition of
BF4-, which binds more strongly than Cl04~ (K. = 6000 M-1 compared to
900 M-1) induced efficient enhancement of the luminescence. In
contrast, the addition of trifluoromethanesulphonate, which has a
binding constant of intermediate value of 3000 M-1, indicated the
enhancement in the luminescence to a degree between that observed for
BF4~and ClO4~.

Lu and co-workers have reported the photoluminescence electron

transfer quenching of the MLCT state of Re* based rectangle 26 by
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several amine derivatives (Chart 1.18).#¢ The amines with lower
oxidation potential showed a higher quenching constant suggesting that
it is an electron-transfer process. The association constants of the
systems such as N, N, N’, N'-tetramethylphenylenediamine with the
three different rectangles 26 were found to be 2.3 x 104, 2.6 x 102 and
64 M-1, respectively, which suggest that the rectangle 26 is a better host
for amines with larger size. Yip and co-workers have reported a new
luminescent Au* based rectangle 27 with 9,10-bis-(diphenylphosphino)-
anthracene and 4,4’-bipyridine as the bridging ligand as shown in Chart

1.19.45 This system exhibited a cavity size of 7.92 A x16.73 A. The
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emission intensity of the rectangle was quenched in the presence of the
aromatic guest molecules. The solvophobic and ion-dipole effects were
attributed to the effective formation of the host-guest inclusion
complexes between 27 and the aromatic guests.

Host Guest

php NN\ N AUy ©

J— /)

27

Chart 1.19

The rich photochemistry of the porphyrins has been utilized to
construct metallocyclic supramolecules, in which significant changes in
absorption as well as luminescent properties were noticed upon guest
encapsulation. The zinc(II) metalloporphyrin cycle 28 which was
reported by Hunter and Sarson and was created through a Lewis acid-
base interaction between the Zn(II)-porphyrin and pyridine.#¢ The
intramolecular hydrogen bonding between the central pyridine and
amide N-H ensures the approximate right angle in the supramolecular
assembly. The porphyrin cycle 28 was able to encapsulate appropriate

terephthalmide derivatives with strong hydrogen binding provided by

32



Metallo-Supramolecular Systems

the amide functionality of the ligand (Chart 1.20). The association

constants were determined by 'H NMR analysis.

Host Guests
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Chart 1.20

The terephthalic ester and bulky groups around the carbonyl moieties
showed weak interactions and also similar observations made with
isophthalic acid derivatives.

As described above, a few successful applications of the metallo-
supramolecular architectures have been achieved through host-guest
chemistry. Even though a large number of the metallated assemblies
were reported, only a few of them have found the potential in
biomolecular recognition, especially for nucleotides and nucleosides. In

the following next section, the main focus will be on recent advances
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made in the area of metallo-supramolecular assemblies with a particular
emphasis on their potential use in the optical recognition of the

important biomolecules.

1.4. Metallocyclophanes for Recognition of Nucleosides

and Nucleotides

Navarro and co-workers have synthesized a palladium based
metallocyclophane 29, which showed selective interaction with the
nucleotide mono-phosphates when compared to the nucleotide di- and
tri-phosphates.#’” The reaction of [(dach)Pd(NOs)z] entities (dach =
(R,R)-1,2-diaminocyclohexane, (S,5)-1,2-diaminocyclohexane) and 4,7-
phenan-throline (phen) provided, respectively, led to the formation of
the two novel positively charged homochiral cyclic trinuclear
metallacalix [3] arene species [((R,R)-1,2-diaminocyclohexane)-
Pd(phen)]3(NO3)s and [((S,9)-1,2-
diaminocyclohexane)Pd(phen)]3(NO3)e¢ 29 having 90° and 120° bond
angles. These species have been characterized by 'TH NMR and X-ray
structural analysis, which indicated that they possess accessible cavities
suited for biomolecular recognition (Chart 1.21). It has also been
observed from the 'H NMR studies that the trinuclear species 29 in

aqueous solution exhibited the inclusion of the mononucleotides inside
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the cavity. The calculated association constants (K.) were observed to be
in the range from 85 * 6 M1 to 37 + 4 M- for 29 and adenosine
monophosphate and thymidine monophosphate, respectively. The
driving force for such recognition of mononucleotides was attributed to
be the synergy of electrostatic, anion-m and m-m interactions between

nucleotides and 29.
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The metallohelical triangles based on functionalized amide groups
have been reported by Duan and co-workers for the selective detection

of 5’-ATP in the DMF-water medium through UV-Vis response (Chart

1.22).48 The recognition of 5’-ATP by the host 30 has been due to the

contribution of the hydrogen-bonding interactions between the
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sulfonamide groups of the host molecule and the adenosine base, which
block the photoinduced electron transfer process from the amide groups

to the dansyl groups, resulting in the luminescence enhancement.
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Chart 1.22

Interestingly, the presence of the other ribonucleotide
triphosphates, 5’-CTP, 5’-GTP, and 5’-UTP could cause similar
luminescence enhancement of the dansyl sulphonamide groups, but the
ribonucleotide monophosphates showed negligible changes under the
similar experimental conditions. It was also observed that the
fluorescence response was size-selective for the nucleotides through
hydrogen bonding between the sulfonamide groups and the negatively
charged polyphosphate groups. From a mechanistic viewpoint, the
amide groups that were fixed at the inflexible backbone of the Werner-
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type macrocyclic receptors can respond to 5’-ATP through the
hydrogen-bonding patterns between the amide group and the
nucleoside. Recently, Fujita and co-workers have reported the selective
formation of an anti-Hoogsteen type base pair in the cavity of a Pt
based metallocyclophane 31.4° The Self-assembled coordination cages
formed from the PtZ* ions (Chart 1.23) and the pyrazine pillars provided

a flat, hydrophobic

Host Guest

Chart 1.23

microenvironment having an ideal interplanary distance (~6.6 A) for
the binding of single planar aromatic moiety. Expectedly, such a
hydrophobic cavity strengthened the hydrogen-bonding interactions

and thereby the complementary base pairing in the aqueous solution.
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1.5. Objectives of the Present Investigation

The design of selective receptors for a biomolecule of interest is
based on the complementarity and preorganization, as well as the
involvement of different non-covalent interactions. Since the selectivity
of the recognition is decided by the subtle balance between various
primary binding forces, the secondary binding interactions between the
receptor and the guest molecules would swing the balance in favor of a
particular analyte. In spite of the remarkable progress made in the
design and development of the functional cyclophanes as probes for the
selective optical recognition of various biomolecules, the significant
advancements are required in terms of the ease of synthesis, sensitivity
and capability of recognition of the receptor under biological conditions.

In this context, it was of our objective to develop functionalized
metal ion complexes and or metallocyclophanes as host systems that
can selectively bind and recognize nucleosides and nucleotides in the
aqueous medium through various non-covalent interactions. It was
proposed that such metallocyclophanes would target a large variety of
Lewis basic functional groups of the guest molecules and can stabilize
the host-guest complexation through employing the supplementary
binding interactions such as the coordinative interactions or the

cation/anion m-interactions. Yet another objective was to evaluate the
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structure-property relationship and importance of the cavity size and
the aromatic surface of the receptors in the biomolecular recognition

processes.

We have synthesized a few novel anthracene/acridine imidazole
conjugates and their corresponding Cu?*/HgZ* and Pd2* complexes,
respectively, and evaluated their photophysical and biomolecular
recognition ability. These systems were found to exhibit solubility in the
aqueous medium and favourable photophysical properties. The study of
their interactions with various nucleosides and nucleotides indicated
that these systems, depending on the cavity size and aromatic nature,
exhibited selective interactions with G-based nucleotides and signal the
event through visual changes in the fluorescence intensity. These results
demonstrate that the metal complexes under investigation are novel and
unique in their interactions with nucleosides and nucleotides and hence

can have potential use as molecular probes.
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CHAPTER 2

SYNTHESIS AND STUDY OF PHOTOPHYSICAL PROPERTIES
OF METALLOCYCLOPHANES
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2.1. ABSTRACT

With a view to develop efficient metal ion complexes or
metallocylophanes as probes for nucleosides and nucleotides, we have
synthesized anthracene imidazole based ligands 1 and 3 and their metal
complexes [1.CuClz]2, [1.Hg(ClO4)2] and [(3)2.CuClz] and investigated
their photophysical properties. The formation of the metal ion
complexes was confirmed by optical spectroscopic techniques. For
example, with increasing concentration of Cuz/Hg?* ions, the ligands 1
and 3 showed significant hypochromicity along with a bathochromic

shift in their absorption spectra, while their emission spectra showed
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quenching in the fluorescence intensity at 421 nm. We have analysed
the absorption and emission changes using Job’s plot and Benesi-
Hildebrand analysis, which gave association constants of Kaiss = 1.75 *
0.1 x 105 and 1.37 £ 0.1 x 10> M-! and change in free energy of AG = -
12.1 and -11.8 k] mol-1, respectively, for complexation of the ligand 1
with CuClz and Hg(ClO4)-.

The metal complexation was further confirmed by MALDI-TOF
mass spectral analysis, which showed peaks at 944.67 and 737.42,
corresponding to a 2:2 and 1:1 stoichiometric complexes formed
between the ligand 1 and CuCl; and Hg(ClO4)2, respectively. In the 'H
NMR spectrum, we observed regular broadening and complete
disappearance of the peaks corresponding to the imidazole protons of
the ligand 1 with the addition of CuCl;, whereas the peaks
corresponding to the anthracene and methylene protons remained
unaffected. Based on the MALDI-TOF MS, theoretical calculations and
NMR evidence as well as literature reports, we assign a symmetric cyclic
structure such as a metallocyclophane for [1.CuClz].. This unique
arrangement of the metal ions as bridging motifs between the two
ligand molecules creates a highly rigid cavity in the metallocyclophane
[1.CuClz]. making it an ideal choice as a host for biomolecular

recognition under physiological conditions.
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2.2. INTRODUCTION

Biomolecular recognition processes are often influenced by a
number of factors such as hydrogen bonding, electrostatic, m-stacking
and hydrophobic interactions.! The selective recognition of various
biomolecules requires the synergistic interplay of all these non-covalent
interactions.2 One of the most important concepts to be considered
while designing specific receptors is the structural features of the
biomolecule that could aid the various non-covalent interactions.? For
example, the aromatic base present in the nucleotides can participate in
m-stacking and hydrophobic interactions, while the negatively charged
phosphate groups facilitate electrostatic interactions.* Even though non-
covalent interactions are weaker than covalent bonds, the cooperative
effect of a number of such different non-covalent interactions would
stabilize the complexation process. One of the most important
challenges in the design of receptors for biomolecules is the feasibility of
the recognition in the biologically relevant medium.>

Most of the receptors reported for biomolecules rely on hydrogen
bonding for the selective recognition process.® However; the recognition
by hydrogen bonding interactions becomes limited in the aqueous

medium due to the competitive hydrogen bonding by the solvent. In this
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point of view, other non-covalent interactions such as electrostatic
interactions as well as m-m stacking and solvophobic interactions are
preferable in the host system to enhance the capability of selective
complexation in water. One of the successful classes of receptors used
for the recognition of biomolecules with the aid of various non-covalent
interactions are rigid functional cyclophanes.” A number of such
cyclophanes have been designed and developed over the years by
various research groups with an aim to selectively recognise various
guest molecules of interest.? Supplementary modification of these
cyclophanes by the incorporation of metal centres opens up a new
promises for designing receptors such as the metallocyclophanes and
transition metal complexes (Figure 2.1).

The incorporation of additional binding sites such as metal
centres in these systems would enable improved binding interactions
through coordinative and cation/anion m-interactions. These host
systems can target a large variety of Lewis basic functional groups
containing guest molecules and can stabilize the host-guest
complexation by employing the additional binding interactions such as
the coordinative interactions or the cation/anion m-interactions along
with the other synergistic interactions.” Albeit a larger number of

metallated assemblies are reported, only a few of them have been
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investigated for their biomolecular recognition.l® Therefore,
development of novel metal architectures,11-13, which can selectively
recognize nucleosides and nucleotides in the aqueous medium, is an
active area of research. In this regard, the ligands that form co-
ordinatively unsaturated complexes with metal ions, and are capable of
further binding to Lewis-basic substrates through open coordination
sites present in various biomolecules are particularly interesting and

are worth exploring for such applications.14

4 — N\ S B -
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% Metal lon %% —

N J ~—

Figure 2.1. Schematic representation of the metallocyclophane

formation by the ligands and the metal ions.

With an objective of developing metallocyclophanes as receptors,
we have synthesized anthracene-imidazole conjugates 1-3 and have
investigated their potential to form complexes with various metal ions
(Chart 2.1). Our investigations revealed that these ligands exhibited
favourable photophysical properties and undergo selective interactions
with Cu?* and Hg?* ions, when compared to other metal ions. Of these
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metal complexes, the Cu?* ions induced the formation of novel
metallocyclophane with a well-defined cavity for its potential

applications as host in the biomolecular recognition.

d e
_ =\
OOO OOO 2 OO0
NN N“
1 2 3
Chart 2.1.

2.3. RESULTS

2.3.1. Synthesis of the Ligands 1, 2 and 3

The synthesis of 9,10-bis((1H-imidazol-1-yl)methyl)anthracene
(1) and 1,1'-(anthracene-9,10-diylbis(ethylene))bis(3-methyl-1H-
imidazol-3-ium) iodide (2) were achieved in moderate yields by using
the modified literature procedures (Scheme 2.1).15 Bromomethylation
of anthracene (4) with hydrobromic acid in glacial acetic acid in the
presence of paraformaldehyde for 4 h at room temperature gave 9, 10-
bis(bromomethyl)anthracene (5) in 95% yields. The reaction of 5 with
imidazole in the presence of sodium hydride in tetrahydrofuran for 4 h
at room temperature resulted in 1 in 78% yields. The synthesis of the
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model derivative 2, on the other hand, was achieved in moderate yields
through the reaction of 1 with ethyl iodide in CH3CN for 24 h at 80 °C.
The bromination of anthracen-9-ylmethanol (6) using phosphorus
tribromide in dichloromethane for 12 h gave 7, which on reaction with
imidazole in presence of sodium hydride in tetrahydrofuran for 4 h at

room temperature gave the model derivative 3 (Scheme 2.2).

—> 21
N/\N
2

i) Paraformaldehyde, HBr in glacial acetic acid, 25 °C, 4 h; ii) imidazole,
NaH, THF, 25 °C, 4 h; v) CHzl, CH3CN, 80 °C, 24 h.

Scheme 2.1
I4\N
OH Br N
OO0 —— L0 —— o
—_— —_—
6 7 3

(iii) PBr3, CH2Cly, 0°C, 12 h; (vi) imidazole, NaH, THF, 25 °C, 4 h.

Scheme 2.2

These compounds were characterized on the basis of analytical
and spectral evidences. For example, the !H NMR spectrum of the ligand

1 in DMSO-d® showed peaks corresponding to the the imidazole protons
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Hg, He and Hr at 8 6.7, 6.9 and 7.7, whereas the peaks corresponding to
the anthracene (Ha. and Hyp) protons appeared in the region & 7.7 - 8.6
and the methylene protons appeared as a singlet at 6 6.3 (Hc). Similarly,
the 13C NMR spectrum of the ligand 1 showed peaks at 6 109.9, 113.6,
119.1, 124.7, 124.9, 128.3, 129.1, and 130.1, confirming its symmetric

structure.

2.3.2. Photophysical Properties of the Ligands 1-3

The photophysical properties of the ligand 1 and the model
compounds 2 and 3 have been investigated under different conditions.
All these derivatives exhibited characteristic anthracene chromophore
absorption having maxima in the region between 365-375 nm in 20%
DMSO-water mixture. For example, the ligand 1 showed a structured
absorption spectrum with maximum at Amex 373 nm, while the
derivative 3 exhibited Amex at 368 nm as shown in Figure 2.2. The
absorption spectra of these derivatives in organic solvents such as
acetonitrile were found to be similar to that observed in the 20% DMSO-
water mixture. The emission spectra of the ligand 1 and the model
derivative 3 recorded in 20% DMSO-water mixture, which were also
characteristic of the anthracene chromophore. In 20% DMSO-water, all

these derivatives exhibited emission maxima in the region between 397
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- 430 nm (Figure 2.3). Similarly, the model derivative 2 in the aqueous
medium, showed the anthracene chromophore absorption having

maxima at 375 and 395 nm as shown in Figure 2.4.
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Figure 2.2. Absorption spectra of the ligands A) 1 (20 uM) and B) 3 (36
uM) in 20% DMSO-water mixture.
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Figure 2.3. Emission spectra of the ligands A) 1 (20 uM) and B) 3 (36
uM) in 20% DMSO-water mixture. Aex, 375 nm.
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Figure 2.4. A) Absorption and B) emission spectra of the ligand 2 (12

uM) in aqueous solution. Aex, 375 nm.

We have calculated the fluorescence quantum yields of the ligand
1 and the model derivatives 2 and 3 using quinine sulphate in 0.1 N
H2SO4 as the standard. The derivatives 1-3 exhibited quantum yield
values of ¢r = 0.34 + 0.01, 0.54+ 0.01 and 0.16% 0.01, respectively in
20% DMSO-water mixture. To understand the excited state behavior of
the ligands 1-3, we have carried out their picosecond time-resolved
fluorescence analysis.’® The time-resolved experiments have revealed
that these compounds showed mono-exponential fluorescence decay
with lifetime values of 6.6 ns, 8.3 ns and 4.2 ns, respectively for 1, 2, and

3 in methanol (Figure 2.5).

2.3.3. Study of Interactions with Metal Ions

To understand the potential of the ligands 1-3 as complexing

agents, we have monitored their interactions with various mono and
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Figure 2.5. Fluorescence decay profiles of the ligands A) 1 (20 uM) and
B) 2 (12 uM) in methanol monitored at 418 nm. Aey, 375 nm.

divalent metal ions such as Na*, K*, Cu?*, Hg?+, Ca%*, Mg?*, Zn?*, Pb2* Zn2*
and Cd2* ions through optical spectroscopic techniques. For example,
Figure 2.6 shows the changes in the absorption spectrum of the ligand 1
upon addition of Cu?* ions. Upon increasing in concentration of Cu?*
ions, we observed significant hypochromicity in the absorption
spectrum along with a concomitant bathochromic shift. At 156 pM of
CuClz, the absorption spectrum of the ligand 1 showed ca. 28%
hypochromicity along with a bathochromic shift of 2 nm. The
corresponding changes in the fluorescence spectra of the ligand 1 with
increasing addition of the Cu?* ions are shown in Figure 2.7A. With
increasing concentration of Cu?*ions, we observed ca. 50% quenching in
the fluorescence intensity at 421

nm.
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Figure 2.6. Changes in the absorption spectra of 1 (20 pM) with
increasing concentration of A) Cu?* and B) Hg?* ions in 20% DMSO-

water. [M2+] a) 0 and i) 156 UM. Aex 375 nm.

Similar experiments were carried out with Hg(ClO4)2 under identical
conditions. With increasing concentration of Hg(ClO4)2, the extent of
hypochromicity and the quenching in fluorescence intensity was found
to be less, when compared to Cu?* ions. With the addition of 156 pM of
Hg?*ions, the absorption spectrum of 1 showed ca. 22% hypochromicity
along with a bathochromic shift of 2 nm as shown in Figure 2.6B,
whereas in the emission spectra, we observed ca. 40% quenching in the
fluorescence intensity (Figure 2.7B). Interestingly, the ligand 1 showed
negligible interactions with various other mono and divalent metal ions
such as Na*, K*, Ca2+, Mg2+, Zn2*, Pb2* and Cd?*ions as evidenced through

the negligible changes in its absorption and emission spectra.
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Figure 2.8 shows the relative changes in the emission intensity
observed on titration of the ligand 1 with these metal ions. From the
relative plot it is clear that the ligand 1 forms stable complexes with
only Cu?* and Hg?* ions. For example, Figure 2.9 shows the changes in
the absorption and emission spectra of the ligand 1 (20 uM) with

increasing concentration of ZnZ* ions in 20% DMSO-water.
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Figure 2.7. Changes in the emission spectra of 1 (20 pM) with the
addition of A) Cu?* ions and B) Hg?* ions in 20% DMSO-water. [M2+] a) 0
and e) 156 uUM. Aex 375 nm.
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Figure 2.8. Relative changes in fluorescence intensity of the ligand 1 (20

uM) upon interaction with different metal ions.
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Figure 2.9. Changes in the A) absorption and B) emission spectra of 1
(20 pM) with the addition of Zn2* ions in 20% DMSO-water. [M2*] a) 0
and h) 156 uM. Aex375 nm.

Similarly, we have monitored the binding interactions of the ligands 2
and 3 with various metal ions.We have monitored the absorption and
emission properties of the ligand 3 by increasing in concentration of
various metal ions. At 156 uM of Cu?* ions, we observed ca. 44%
quenching in the fluorescence intensity of the ligand 3 in 20% DMSO-
water mixture as shown in Figure 2.10A. Figure 2.10B shows the extent
of quenching and selectivity of the ligands 1 and 3 for the Cu?* ions. The
ligand 2, on the other hand, exhibited negligible changes in its
absorption and emission properties upon interactions with various
monovalent and divalent metal ions in the aqueous solution as shown in

Figure 2.11.
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Figure 2.10. Changes in the A) emission spectrum of the model
compound 3 (36 uM) with the addition of Cu2* ions in 20% DMSO-water
and B) shows the relative changes in the fluorescence intensity of 1 and

3 in the presence of Cuz*ions. [Cu?*] a) 0 and i) 156 pM. Aex, 375 nm.
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Figure 2.11. Changes in the A) absorption and B) emission spectra of
the ligand 2 (12 uM) with the addition of Cu?* ions in 20% DMSO-water.
[Cu?*] a) 0 and i) 156 M. Aex, 375 nm.

To understand the stoichiometry of the complexation of the ligand
1 with CuClz and Hg(ClO4), we analysed the absorption and emission

changes using Job’s plot analysis. In this method, the total molar
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concentration of the ligand 1 and Cu?* ions and Hg?* ions were held
constant, but their mole fractions were varied. The peak area from the
emission spectra that was proportional to the complex formation was
plotted against the mole fractions of these two components.l” When the
mole fraction of the ligand 1 was reached 0.50, the fluorescence
intensity of the ligand 1 in the complex also reached maximum,
indicating the formation of a complex with 1:1 ratio between 1 and Cu?*
ions and Hg?* ions (Figure 2.12). Further, we have analysed the
absorption and fluorescence changes using Benesi-Hildebrand
techniques, which indicated a 1:1 stoichiometry for the complexes
formed between 1 and CuClz/ Hg(ClO4)2 having the association

constants of Kgss = 1.75 £ 0.1 x 105
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Figure 2.12. Jobs plot analysis of 1 (20 uM) with the addition of A) Cu2+
ions and B) Hg?+*ions in 20% DMSO-water.
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and 1.37 £ 0.1 x 10> M-1 and change in free energy of AG = -12.1 and -

11.8 k] mol-1, respectively (Figure 2.13).18
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Figure 2.13. The Benesi-Hildebrand fit for fluorescence quenching of

the ligand 1 by A) Cu?* and B) Hg?*ions.

2.3.4. Isolation and Characterization of the Metal Complexes

The reaction of the anthracene imidazole conjugate 1 with one
equivalent of CuCl; in 10% methanol-acetonitrile mixture at room
temperature readily gave a complex, which was collected, washed with
methanol (Scheme 2.3). The product thus obtained was further purified
through recrystallization from acetonitrile. The complex was
characterized through matrix assisted laser desorption ionization time
of flight (MALDI-TOF) mass spectrometry analysis. We observed a peak
at 944.67 in the mass spectrum [1.CuClz]2 formed between the ligand 1

and CuCl,. The observed peak in the MALDI-TOF mass spectrum of the
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Scheme 2.3

complex 1 with Cu?* ions can be assigned to 2:2 metallocyclophane
[1.CuClz]2. Similarly, the complex obtained after the reaction of the
ligand 1 with one equivalent of Hg(ClO4)2 showed a peak at 737.4 in the
MALDI-TOF mass spectrum, which corresponds to a 1:1 stoichiometry
of the complex [1.Hg(ClO4):]. Further, the formation of the

metallocyclophane [1.CuClz]z2 by the complexation of the ligand 1 with
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CuCl; was studied through 'H NMR spectroscopic techniques. Figure
2.14 shows the changes in the TH NMR spectra of the ligand 1 with the
addition of Cu2* ions in DMSO-d6. We observed line broadening during
NMR titrations because of the paramagnetic nature of the Cu?* ions. To
understand the binding interactions, we carried out the NMR titrations
at very low concentrations of the Cu(II) (0-11 pM). The gradual addition
of Cu?* ions resulted in significant broadening of the peaks
corresponding to the imidazole protons Hg, He and Hrat 8 6.7, 6.9 and 7.7
ppm, respectively. In addition, as the concentration of Cu?* was
gradually increased, the intensity of these peaks decreased drastically
and at ca. 11 uM, we observed complete disappearance of these peaks.
Moreover, no significant changes were observed with the peaks

corresponding to the anthracene and methylene in the 'H NMR titration

d \_____J DJL
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NN
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Figure 2.14. Changes in the 'H NMR spectra of the ligand 1 (4.9 mM)

with the addition of CuClz in DMSO-ds. [Cu?*] a) 0, b), c) and d) 11 uM.
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of the ligand 1 with metal ions. These observations indicate that the
anthracene moiety has no significant interactions with the metal ions,
whereas the metal complexation is primarily through the imidazole
nitrogen atom of the ligand.

To understand the strength and reversibility of the complex, we
have investigated the effect of temperature and using a better chelating
ligand such as EDTA.1® Monitoring the emission changes of the
anthracene chromophore by the successive additions of EDTA revealed
the reversibility of the complex formed by Cu2* ions with the ligand 1.
Due to the strong chelating behavior of EDTA with Cu?* ions, when
compared to the ligand 1, the enhancement in the fluorescence intensity
corresponding to anthracene moiety was observed with increasing in
concentration of EDTA as shown in Figure 2.15. The quenched
fluorescence of the anthracene chromophore in [1.CuCl;]; was
completely revived by the addition of excess concentration of EDTA.
This regenerated ligand 1 by EDTA from the complex [1.CuClz]. showed
ca. 43% quenching of fluorescent intensity by further addition of Cu?*
ions. Similar observations were obtained by increasing the temperature
from 25 to 85 °C. At 25 °C, we observed the expected fluorescence
emission quenching of the anthracene chromophore in the complex

state as shown in Figure 2.15.
66



Design of Novel Metallocyclophanes

A) 3] B)

. 80°C o3

] =

T AL :

? 1 25°C > 21

0 k%

=

3 5

E 1' -IE 1_
0 T T T 0 T T T
400 450 500 400 450 500 550

Wavelength, nm Wavelength, nm

Figure 2.15. Changes in the emission spectrum of [1.CuCl:]; (16 uM)
with A) increasing temperature (25-85 °C) and B) addition of EDTA.
[EDTA] (a) 0, and (g) 625 uM. Aex, 375 nm.

However, we observed the enhancement in fluorescent emission
corresponding to the anthracene chromophore when the temperature
increased from 25 to 85 °C. We have theoretically calculated the
minimum energy conformation of the complex using the Universal Force
Field (UFF)20 which gave a 2:2 stoichiometric for the metallocyclophane

as is shown in Figure 2.16.

2.4. DISCUSSION

We have synthesized the anthracene-imidazole based ligand 1 and
the model derivatives 2 and 3 linked together through methylene group

as bridging moieties. The ligand 1 and the model derivative 3 exhibited
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solubility in the 20% DMSO-water medium, whereas the ligand 2

showed
Cl
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Figure 2.16. Optimized geometry of the metallocyclophane [1.CuCl:]>.

high solublity in the aqueous medium. These systems showed
photophysical properties characteristic of the anthracene chromophore.
In this aspect, the anomalous behavior of the metallocyclophane
formation of the ligand 1 containing two imidazole moiety bridged
together through methylene unit is quite interesting. The extent of the
hypochromicity and bathochromic shift observed for the ligands 1 and 3
along with quenching in the fluorescence intensity upon interactions
with Cu?* and Hg?* ions can be attributed to the coordinative
interactions of the metal ions through imidazole nitrogen.

From the NMR titration experiments, the formation of the

metallocyclophane [1.CuCl:]; through imidazole nitrogen was confirmed
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by the significant broadening of the peaks corresponding to the
imidazole protons.2! Addition of the Cu?* ions resulted in the selective
broadening and disappearance of the imidazole protons, which could be
attributed to the inductive effect of paramagnetic nature of the Cu?*
ions.22 These results confirm that the Cu2* ions coordinate exclusively
with the imidazole moiety through the imidazole nitrogen. The
observation of the symmetric nature of the NMR spectrum also supports
the formation of a symmetric complex having a 2:2 stoichiometry for
[1.CuCl2]2.

The observation of the revival of their fluorescence intensity and
1H NMR signals of the complex upon decomplexation with EDTA clearly
explain the existence of reversible coordination interactions between
the imidazole nitrogen and the Cu?* ions. The decomplexation of the
metallocylophane by increasing temperature also showed the
reversibility of the complex formed by the ligand 1 and CuCl..
Furthermore, the matrix assisted laser desorption ionization time of
flight (MALDI-TOF)23 mass spectrometry analysis of this complex
showed a molecular mass of 946.1, which is in agreement with the
formation of a 2:2 stoichiometric complex between the ligand 1 and
CuCly. In contrast, the model derivative 3 showed selectivity towards

Cu?* ions as expected, since it contains one imidazole moiety. As
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evidenced from the titration experiments, the extent of the quenching
and selectivity of the ligand 3 towards Cu?* ions is not significant
because of the fact that the coordination is expected to take place
through only one imidazole moiety. The negligible interactions observed
with the ligand 2 clearly confirm the fact that the metallocyclophane
formation involves the coordination through the imidazole nitrogen.
Furthermore, the observed selectivity of the ligand 3 towards Cu?* ions
clearly indicated that two imidazole moieties are necessary for the
formation of a cyclic structure as in the case of [1.CuClz]2. The optimized
geometry obtained through universal force field modeling showed a
cyclic structure for the complex formed between the ligand 1 and CuCl;
with an interplanar distance of 9.38 A between the two anthracene

moieties.24

2.5. CONCLUSIONS

In conclusion, we have synthesized a few anthracene imidazole
based ligands and investigated their binding ability with various metal
ions for the formation of metallocyclophanes. These systems were
characterized by the presence of the pendant imidazole moiety, due to
which these ligands act as mono/bidentate ligands for various metal

ions. Among the various metal ions investigated, the ligand 1 displayed
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selectivity for Cu?* and Hg?* ions. Our investigation revealed that the
ligand 1 with two imidazole pendant moieties forms stable cyclic water
soluble metallocyclophane [1.CuCl;]; having rigid and well defined
cavity. The metallocyclophane formation was characterized by
absorption, emission, 1H NMR, theoretical studies and MALDI TOF MS
spectral analysis. The binding of the anthracene imidazole derivatives
with Cu?* and Hg?* ions could be visualized through “turn off”
fluorescence intensity. The metallocyclophane [1.CuCl:]2, thus formed
showed high solubility in the aqueous medium and exhibited a rigid and
well defined cavity. This unique arrangement of the metal ions as
bridging motifs between the two ligand molecules creates a highly rigid
cavity in the case of the metallocyclophane [1.CuClz]> making it an ideal
candidate as a probe for biomolecular recognition in the aqueous

medium.

2.6. EXPERIMENTAL SECTION
2.6.1. General Techniques

The equipment and procedures for melting point determination
and spectral recordings have been described elsewhere.2526 All melting
points were determined on a Mel-Temp 11 melting point apparatus. 'H

and 13C NMR spectra were measured on a 300 MHz or 500 MHz Bruker
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advanced DPX spectrometer. HRMS were recorded on a JEOL mass
spectrometer. MALDI-TOF MS analysis was performed with a Shimadzu
Biotech Axima CFRplus instrument equipped with a nitrogen laser in the
linear mode using 2, 5-dihydroxybenzoic acid (DHB) as the matrix. The
electronic absorption spectra were recorded on a Shimadzu UV-VIS-NIR
spectrophotometer. Fluorescence spectra were recorded on a SPEX-
Fluorolog Fl12X spectrofluorimeter. The fluorescence quantum yields
were determined by using optically matched solutions. Quinine sulphate
(A= 0.54) in 0.1 N H2SO4 was used as the standard.?” The quantum yields
of fluorescence were calculated using the equation 2.1,

2
AsFuns

2

= Fs  eq21
Au FS nu

u

wherein, As and Au are the absorbance of standard and unknown,
respectively. Fu and Fs are the areas of fluorescence peaks of the
unknown and standard and ns and nu are the refractive indices of the
standard and unknown solvents, respectively. The metal ion binding
studies were carried out by the addition of equal aliquots of metal ion
stock solution in water to 3 mL of the ligand in 20% DMSO-water

medium.
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2.6.2. Materials

Anthracene, paraformaldehyde, sodium, diethylmalonate, p-
xylene, imidazole, sodium hydride, hydrobromic acid in glacial acetic
acid and CuCl: were purchased from S. D. Fine and used without further
purification. All the solvents used were purified and distilled before use.
Hg(ClO4)2, Pb(ClO4)2, Zn(ClO4)2, Ca(ClO4)2, NaClO4, KClOs4, LiClO4,
Mg(ClO4)2 were purchased from Aldrich and used as such. Petroleum
ether used was the fraction with boiling range 60-80 °C.

2.6.3. Synthesis of 9,10-bis((1H-imidazol-1-yl)methyl)anthracene
(1)

To a solution of imidazole (500 mg, 7.4 mmol) in dry THF (100 mL)
was added NaH (330 mg, 13.8 mmol) at 0 °C. After the reaction mixture
was stirred for 30 min at 0 °C, 9,10-bis(bromomethyl)anthracene (500
mg, 1.4 mmol) was added. The reaction mixture was then additionally
stirred for 2 h at room temperature; it was poured into 100 mL of water
and extracted with dichloromethane. The organic layer was then
separated, dried over anhydrous sodium sulphate and evaporation of
the solvent under vacuum yielded a residue which was purified by
column chromatography over silica gel. Elution of the column with ethyl

acetate yielded 370 mg (78%) of the ligand 1, which was then
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recrystallized from a mixture (4:1) of acetonitrile and ethyl acetate; mp
246-247 °C; 'H NMR (300 MHz, DMSO-ds, TMS) 6 6.29 (s, 4H), 6.78 (s,
2H), 6.94 (s, 2H), 7.68 - 7.70 (m, 6H), 8.61 - 8.64 (m, 4H); 13C NMR (75
MHz, DMSO-ds, TMS) 6 109.9, 113.6, 119.1, 124.7, 124.9, 128.3, 129.1,
130.1; HRMS (FAB): m/z Calcd for C22H19N4: 339.4132; Found 338.5208
(M-H)*.

2.6.4. Synthesis of metallocyclophane [1.CuCl:]:

To a solution of 9,10-bis(imidazolylmethyl) anthracene (1, 250 mg,
0.74 mmol) in a mixture of acetonitrile (50 mL) and methanol (5 mL)
was added CuCl; (100 mg, 0.74 mmol). The reaction of the anthracene-
imidazole conjugate 1 with one equivalent of CuCl, in methanol-
acetonitrile mixture at room temperature readily gave the
metallocyclophane in moderate yields. It was further purified through
recrystallization from acetonitrile to yield 124 mg (17%) of the
metallocyclophane [1.CuClz];; MALDI-TOF MS: m/z Calcd for
[C44H36ClsNg]: 945.7; Found 944.67 (M - H)*. The presence of the Cu?*
ions was confirmed by atomic absorption spectroscopy (AAS) and also
by observation of broadening of the peaks in the 'H and 13C NMR spectra

due to paramagnetic Cu2* ions.
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2.6.5. Synthesis of [1.Hg(Cl104)2]

To a solution of 9,10-bis(imidazolylmethyl)anthracene (1, 250 mg,
0.74 mmol) in a mixture of acetonitrile (50 mL) and methanol (5 mL)
was added Hg(ClO4)2 (120 mg, 0.74 mmol). As described above, the
reaction of the anthracene-imidazole conjugate 1 with one equivalent of
Hg(ClO4)2 in methanol-acetonitrile mixture at room temperature readily
gave the [1.Hg(ClO4)z] in moderate yields (15%). It was further purified
by re-crystallization from acetonitrile to yield 112 mg of the
metallocyclophane [1.Hg(ClO4)2]; MALDI-TOF MS: m/z Calcd for
[C22H18Cl2HgN40g]: 738.02; Found 737.4 (M - H)+. The presence of Hg?*
ions was confirmed by AAS.

2.6.6. Synthesis of 1-(anthracen-9-ylmethyl)-1H-imidazole (3)

To a solution of imidazole (250 mg, 3.4 mmol) in dry THF (100 mL)
was added NaH (165 mg, 7 mmol) at 0 °C. After the reaction mixture was
stirred for 30 min at 0 °C, 9-(bromomethyl)anthracene (500 mg, 1.4
mmol) was added. The reaction mixture was then additionally stirred
for 2 h at room temperature; it was poured into 100 mL of water and
extracted with dichloromethane. The organic layer was then separated,
dried over anhydrous sodium sulphate and evaporation of the solvent
under vacuum yielded a residue which was purified by column

chromatography over silica gel. Elution of the column with ethyl acetate
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yielded 150 mg (63%) of the ligand 3, which was then recrystallized
from a mixture of acetonitrile and ethyl acetate (4:1). mp 218-219 °C; 'H
NMR (300 MHz, DMSO-ds, TMS) 6 5.91 (2H, s), 6.8 (1H, d, ] = 3 Hz), 7.16
(1H, s), 7.38 (2H, t,] = 3.5 Hz), 7.39 (2H, t, ] = 3 Hz), 7.71 (1H, s), 7.84
(2H, d, ] = 3.5 Hz), 8.15 (1H, s); 13C NMR (75 MHz, DMSO-d6, TMS) &
137.8,128.1,119.2,119.2, 130.5, 131.9, 132.2, 124.7, 128.2, 126, 125.3,
49; HRMS (FAB) m/z Calcd for C1sH14N2: 259.1332, Found: 258.4495 [M
- H]+.

2.6.7. Synthesis of 1,1'-(anthracene-9,10-diylbis(methylene))bis(3-
methyl-1H-imidazol-3-ium) bromide (2)

To a solution of 9,10-bis((IH-imidazol-1-yl)methyl)anthracene (1,
0.25 g, 0.74 mmol) in a mixture of acetonitrile (100 mL) and DMF (50
mL) was added ethyl iodide (0.81 g, 0.74 mmol). The reaction mixture
was then refluxed for 24 h, cooled to room temperature and the
precipitate formed was filtered and washed with 30 mL of dry
acetonitrile. It was further purified by recrystallization from acetonitrile
to yield 180 mg (40%) of 2; mp 276-277 °C; tH NMR (500 MHz, DMSO-
ds, TMS) 6 1.37 (t, 6H, ] = 7 Hz), 4.04 (q,4H, ] = 7.5), 6.39 (s, 4H), 7.32 (d,
4H, ] = 7 Hz), 7.38 (s, 2H), 7.75 (q, 4H, ] = 3.3 Hz), 8.24 (s, 2H), 8.39 (q,

4H, ] = 3.5 Hz); 13C NMR (125 MHz, DMSO-d6, TMS) § 14.0, 44.7, 45.3,
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122.1, 123.9, 125.9, 127.7, 130.7, 134.6; HRMS (FAB) m/z Calcd for
C3sH30Br2N4: 622.5758, Found 621.5753 [M - H]+.
2.6.8. Determination of stoichiometry of the complexation

In the Jobs plot method the total molar concentration of the two
binding partners (e.g. ligand and metal ion) was held constant, but their
mole fractions were varied. The fluorescence intensity (or peak area)
that was proportional to complex formation was plotted against the
mole fractions of these two components. The fluorescence maximum
observed on the plot corresponds to the stoichiometry of the two
species if sufficiently high concentrations were used.
2.6.9. Determination of association constants

The binding affinities were calculated using Benesi-Hildebrand
equation 2.2,

1 1 + 1 eq. 2.2
(t-1d (-1 K(If-Igg [Metal ion]

wherein, K is the equilibrium constant, Ir is the fluorescence of the
ligand, Io» is the observed fluorescence in the presence of various ligands
and I is the fluorescence at saturation. The linear dependence of 1/(1s-
o) on the reciprocal of the ligand concentration indicates the formation
of a 1:1 molecular complex between metal ion and the host.
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CHAPTER 3

STUDY OF INTERACTIONS OF METALLOCYLOPHANES
WITH NUCLEOSIDES AND NUCLEOTIDES
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Metallocyclophane

3.1. ABSTRACT

With an objective of developing selective probes for nucleosides
and nucleotides, we have monitored the interactions of the metal
complexes [1.CuClz]2, [1.Hg(ClO4)2] and [(3)2.CuClz] with nucleosides
and nucleotides. The addition of guanosine-5’-monophosphate (5’-GMP)
to an aqueous solution of the complex [1.CuClz]2, resulted in significant
changes in absorption and emission properties. In contrast, negligible
changes were observed with the addition of other nucleosides and
nucleotides such as 5’-GDP, 5’-GTP, 5’-ATP, 5’-ADP, 5’-AMP, adenosine,
guanosine and phosphate ions, indicating thereby that the complex

[1.CuClz]2 undergoes selective interactions with 5’-GMP. The
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complexation between [1.CuClz]: and 5’-GMP was evidenced through
fluorescence titration experiments. We obtained an association constant
of Kass = 1.2 £ 0.1 x 10* M-1 through the Benesi-Hildebrand analysis with
a change in free energy (AG) of -9.4 k] mol-l. Furthermore, this
supramolecular complex was isolated and characterized through
MALDI-TOF MS analysis, which showed a peak at 1352.44,
corresponding to a calculated mass of 1:1 stoichiometric
supramolecular assembly between [1.CuCl:z]2 and 5’-GMP.

The selective complexation of [1.CuCl;]> with 5’-GMP over other
nucleotides was confirmed through calorimetric, electrochemical, H
and 31P NMR techniques. We observed a significant shift in reduction
potential of differential pulse voltammogram of the complex [1.CuClz]:
by the addition of 5’-GMP, whereas a regular endothermic response was
observed by isothermal titration calorimetric (ITC) measurements. With
the successive addition of the complex [1.CuClz]2, the 'H NMR spectrum
of 5’-GMP showed a decrease in the intensity along with a significant
broadening of the peak corresponding to Hs proton of 5’-GMP, whereas
the 31P NMR spectrum exhibited a gradual broadening of the peak at §
3.7 ppm, corresponding to the phosphate group of 5’-GMP. In contrast,
other complexes [1.Hg(ClO4)2] and [(3)2.CuClz] showed negligible

interactions with 5’-GMP and also with other nucleosides and
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nucleotides, thereby indicating the importance of the cavity size in the
biomolecular recognition event. The wunusual selectivity of the
metallocyclophane [1.CuClz]2 for 5’-GMP over other nucleotides could
be attributed to the synergy of interactions. These include, the
electrostatic and coordinative interactions between Cu2* ions of
[1.CuClz]2 and the phosphate group and N7 of 5-GMP as well as m-
stacking interactions between the anthracene moieties of [1.CuCl;]. and

the aromatic unit of 5’-GMP.

3.2. INTRODUCTION

The development of receptors for biologically important anions
has received considerable attention in recent years.l-3 Of the various
biologically important anions, special attention has been focused on the
selective recognition of nucleosides and nucleotides due to their
biological implications.*> For example, guanosine-5’-triphosphate (5’-
GTP) is required for many biological activities in the cell such as,
synthesis of DNA, RNA, and proteins; nutrient metabolism; and cell
signaling,® whereas adenosine-5’-triphosphate (5’-ATP) is well known
for its capability to function as the biological currency, chemical energy
storage and transfer in the bioenergetics of all living organisms.”

Similarly, the recognition of guanosine-5’-monophosphate (5’-GMP) is
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vital because 5’-GMP acts as an intermediate in the synthesis of nucleic
acids and plays an important role in several metabolic processes. 5’-GMP
also displays important extra cellular roles such as trophic effects to
neurons and astrocytes, behaves as an antagonist of glutamate receptors
and is neuroprotective in hippocampal slices against excitotoxicity or
ischemic conditions.8

Of all the nucleosides and nucleotides, the biological importance of
G-based nucleotides (5’-GMP, 5’-GDP and 5°GTP) and their versatile
roles in different biological process make them attractive targets for
their recognition in the aqueous solution (Chart 3.1). In this regard,
developments of host systems based on the transition metal complexes
are of particular importance in view of their additional non-covalent
interactions while considering the rigid functional cyclophanes. For
example, the nature exploited the transition metal complexes in

carrying out several biological processes in living organisms by

Ry
AMP) R1 = H; R2 = NHZ; n=1
Y ADP) R,=H; R,=NH, n=2
B B ﬁ ATP) R,=H; R,=NH, n=3
N
R{ N~ N o—P7L0® GMP) R;=NH; R,=OH; n=1
0 /o GDP) R;=NH; R,=OH; n=2
GTP) R1 = NHZ; Rz = OH, n=3
0o
HO OH
Chart 3.1
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associating with various biomolecules in a variety of ways.? The heavy-
metal ion interactions with nucleic acids indeed have provided the basis
for the successful application of cis-platin and its derivatives as
anticancer chemotherapeutic agents.l? In all these endeavours, the
nature utilizes the advantage of the coordination chemistry of the
transition metal complexes with biomolecules.!!

The co-ordination chemistry of the transition metal complexes
with most prevalent biomolecule such as nucleosides and nucleotides is
quite interesting.l? As may be evident, each mononucleotide base
contains a variety of sites for interactions with the metal ions such as
the electrostatic interactions with the anionic phosphate backbone as
well as the coordinative interactions between the soft metal ions and
nucleophilic positions on the heterocyclic bases. The nucleophilic sites
targeted by the soft metal ions with the heterocyclic bases include the N7
position of adenine, N3 position on cytosine and the deprotonated N3
positions of thymine and uracil.13 Indeed, it has been reported that the
coordination by the metal complexes to one site of the heterocyclic base
lowers the pKa and increases the metal-binding affinity to the secondary
sites.1* [t is noteworthy, however, that in base-paired double-helical
DNA, only the N7 positions on the purines are easily accessible in the

major groove of the helix. The nucleic acid base binding at the purine N7
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position is of course, not limited to the soft metal ions such as Pt(II),
Pd(II) and Ru(II) but also with first-row transition-metal ions such as
Cu(IT) and Zn(II) as well.’> The liability of the complexes formed by the
first row transition metal complexes may be an added advantage in the
coordination with the heterocyclic bases.’® Along with this, the
transition-metal ions with decreasing softness are capable of
coordinating also to the phosphate oxygen atoms. Although the pentose
ring in general provides a poor ligand for the metal ions, Osmate esters
can form complexes quite easily across the C2'-C3' positions of the
ribose rings.1”

In this context, it was of our interest to investigate the potential of
the novel metallocyclophanes [1.CuClz]z and [1.Hg(ClO4)2] and the
model compound [(3)2.CuClz] reported in Chapter 2 as receptors for
nucleosides and nucleotides (Chart 3.2). These systems were associated
with a high degree of structural rigidity and well defined cavity and
hence these systems can encapsulate and stabilize guest molecules
through various non-covalent interactions.'® We have selected Cu (II)
and Hg (II) metallocyclophanes and investigated their interactions with
various nucleosides and nucleotides through photophysical,

electrochemical, H and 31P NMR and calorimetric techniques.
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c
’\/l/\ ’CU\
OO 0 O “ “
/ CIO
N»Cu*—N N/\
CI
[1-:CuCl,], [1-Hg(CIOy),] [(3)2'CuCl,]

Chart 3.2

Our results indicate that the cavity size, nature of the metal ion and
aromatic surface of the metallocyclophane play major roles in their
biomolecular recognition process. Of these two systems, the
metallocyclophane [1.CuClz]2 found to undergo selective interactions
with 5’-GMP when compared to other nucleosides and nucleotides and

signalled the event through changes in fluorescence intensity.

3.3. RESULTS

3.3.1. Interaction of Metallocyclophanes with Nucleosides and
Nucleotides

The synthesis of the metallocylophanes [1.CuClz]: and
[1.Hg(ClO4)2] under investigation as well as the model complex
[(3)2.CuClz] has been achieved as per the procedures described in

Chapter 2 of this thesis. To understand the biomolecular recognition
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ability, we have monitored the absorption and fluorescence changes of
these metallocyclophanes with the addition of various nucleosides and
nucleotides. The gradual addition of 5-GMP resulted in significant
hyperchromicity in the absorption spectrum of the complex [1.CuClz]2
along with a bathochromic shift of ca. 5 nm (Figure 3.1).1° Under
identical conditions, by the addition of 625 uM of 5’-GMP, the emission
spectrum showed ca. 90% quenching in fluorescence intensity at 425
nm as shown in Figure 3.2A. The Benesi-Hildebrand analysis of the
fluorescence changes gave an association constant of Kaiss = 1.2 + 0.1 x
10+ M1 for the formation of the supramolecular assembly
[(1.CuClz)2]<5-GMP with a change in free energy of AG = -9.2 k] mol!

(Figure 3.2B).
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Figure 3.1. Changes in the absorption spectra of the metallocyclophane
[1.CuClz]2 (11 pM) with the successive addition of 5’-GMP in aqueous
solution. [5’-GMP], (a) 0 and (i) 625 uM.
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Figure 3.2. Changes in the A) emission spectrum of the
metallocyclophane [1.CuClz]. (11 uM) with the successive addition of 5’-
GMP in aqueous medium. [5’-GMP], (a) 0 and (h) 625 pM and B) Benesi-
Hildebrand fit for the fluorescence changes of [1.CuClz]; in presence of
5’-GMP. [5’-GMP], 625 pM. Aex, 375 nm.

In contrast, negligible changes were observed in the absorption
and fluorescence spectra of the metallocyclophane with the addition of
other analytes such as adenosine, guanosine, 5’-AMP, 5’-ADP, 5’-GDP, 5’-
ATP and 5’-GTP under these conditions (Figure 3.3). Figure 3.4 shows
the relative changes in the fluorescence intensity of the
metallocyclophane [1.CuCl:]2 with the addition of different nucleosides
and nucleotides. It is evident from this figure that the metallocyclophane
[1.CuClz]2 shows unusually high selectivity towards 5’-GMP as compared

to other analytes. The complex [1.CuCl;].c5’-GMP was isolated and

characterized through MALDI-TOF MS analysis, which showed a peak at
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Figure 3.3. Changes in the emission spectra of the metallocyclophane

[1.CuClz]2 (11 pM) with the successive addition of A) 5’-GDP, B) 5’-GTP,

C) 5’-ATP and D) 5’-AMP in the aqueous medium. [Nucleotide], (a) 0 and
(i) 625 uM. Aex, 375 nm.

1352.44, corresponding to a 1:1 stoichiometric assembly between the

metallocyclophane [1.CuClz]2 and 5’-GMP. In contrast, the absorption

and emission spectra of the complex [1.Hg(Cl04)2] as well as the model

compound [(3)2.CuClz], under identical conditions, showed negligible

changes by the addition of 5’-GMP ( Figure 3.5).
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Figure 3.4. Relative changes in the fluorescence intensity of [1.CuCl:z]2
with the addition of 5’-GMP, 5’-GDP, 5’-GTP, 5-AMP, 5’-ADP, 5’-ATP,

adenosine, guanosine.
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Figure 3.5. Changes in the emission spectra of the metallocyclophanes
A) [1.Hg(Cl04)2] (11 uM) and the model complex B) [(3)2.CuClz] (11 uM)
with the successive addition of 5’-GMP in aqueous medium. [5’-GMP],

(a) 0 and (i) 625 uM. Aex, 375 nm.
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3.3.2. Characterization of Complexation between [1.CuCl:]: and

5’-GMP

To understand the nature of complexation between [1.CuClz]; and
5’-GMP, we have used 'H and 31P NMR, isothermal titration calorimetry
and cyclic voltammetric techniques.2® We have followed the 1H NMR
spectra of 5’-GMP in DMSO-d6 by the addition of successive amount of

the metallocyclophane [1.CuCl;] (Figure 3.6). The 1H NMR spectrum of
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Figure 3.6. Changes in the A) 'H and B) 31P NMR spectra of 5’-GMP (10
mM) with the addition of [1.CuClz]2 in DMSO. [1.CuClz]:], a) 0, b) 7.4 and
c) 15.8 uM.
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5’-GMP (10 mM in DMSO0-d6) exhibited peaks at 6 8.1, 5.8, 4.3, 4.2 and
3.8, corresponding to the protons Hs, Hy, Hz, Hy and Hs, respectively
(Chart 3.3). With the successive addition of 15.8 uM of the complex
[1.CuClz]2, we observed a decrease in the intensity along with a
significant broadening of Hs proton alone, whereas other protons
remained unaffected. In the 3P NMR spectrum of 5’-GMP (Figure 3.7),

we observed significant decrease in
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Figure 3.7. Changes in the H NMR spectra of A) 5’-GDP and B) 5’-AMP
(10 mM) and 3P NMR spectra of C) 5’-GDP and D) 5-AMP with the
addition of [1.CuClz]2 in DMSO. [1.CuClz]2, a) 0, b) 7.4 and c) 15.8 pM.
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intensity and broadening of the peak at 6 3.7 corresponding to the
phosphate group, with the gradual addition of the metallocyclophane. At
ca. 15.8 uM, we observed the complete disappearance of the phosphate
group of 5’-GMP. In contrast, nucleotides such as 5’-AMP, 5’-GDP and 5’-
ATP showed negligible changes in both 'H and 3P and NMR spectra

under similar conditions.

Recent technological and methodological advances in the field of
calorimetry made it possible to measure the small amount of heat
associated with the non-covalent interactions between the components
in a binding process.?! Measurement of this heat allows for the accurate
determination of binding constants (Kj), reaction stoichiometry (n), and
a thermodynamic profile of the interaction that includes the observed
molar calorimetric enthalpy (AHobs), entropy (ASobs) and change in free
energy.22 We have followed the complexation between [1.CuClz]. with
the nucleotides by monitoring the heat change produced during the
interaction (Figure 3.8). With the gradual addition of 5’-GMP to a
solution of [1.CuClz]2 (0.05 mM) at 25 °C, we observed a regular
endothermic response in the isothermal titration calorimetric (ITC)
measurements. After the addition of 0.07 mM of 5-GMP, we observed

the saturation in the heat changes and on the basis of the ITC data, the
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enthalpy change was calculated and is found to be AH = 1.42 *+ 0.14 kcal

mol-! with an association constant of K, = 3.63 + 1.89 x 104 M-1,
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Figure 3.8. [sothermal titration calorimetry data for the addition of 5’-
GMP to a solution of metallocyclophane [1.CuClz]2 (0.05 mM) in water at
298 K. [5’-GMP], 0 - 0.07 mM. A) The raw data for the 5 pL sequential
addition of 5’-GMP to the metallocyclophane solution and B) the plot of
the heat evolved (kcal) per mole of 5’-GMP.

The results obtained from ITC are in agreement with those
obtained through fluorescence changes for the complex between the
metallocyclophane and 5’-GMP. In contrast, the addition of other
nucleotides such as 5’-AMP, 5’-GDP and 5’-GTP under similar conditions
showed negligible heat changes in ITC measurements, confirming

thereby that only 5’-GMP undergoes selective complexation with the

metallocyclophane. For example, Figure 3.9 shows the negligible heat
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changes produced by the titrations of 5-AMP and 5’-GDP with the

aqueous solutions of [1.CuClz]z at 298 K.
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Figure 3.9. [sothermal titration calorimetry raw data for the addition of
A) 5’-AMP and B) 5’-GDP to a solution of metallocyclophane [1.CuCl:]2
(0.05 mM) in water at 298 K. [5’-AMP/5’-GDP], 0 - 0.07 mM.

We have employed cyclic voltametry, in particular, differential
pulse voltammogram (DPV)23 technique to evaluate the selective
interactions of the metallocyclophane [1.CuCl;]. with 5’-GMP. DPV
carried out in homogeneous solution showed that the complex
[1.CuClz]2 undergoes strong interactions with 5-GMP, showing the
different binding mechanism towards 5’-GMP. As evidenced from the
Figure 3.10, the DPV of the metallocyclophane exhibited two peaks at -
0.33 and -1.55 V in the aqueous solution. By the addition of 20 mM of 5’-

GMP, we observed a significant shift in the reduction potentials by -110
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and 40 mV, respectively. On the other hand, the addition of other

nucleosides and nucleotides such as guanosine, 5’-AMP, 5’-GDP and 5’-

-0.44V
-1.55V /1-033V

0 it S W
-1800 -1200 -600 0
V, mV

Figure 3.10. Differential pulse voltammogram of the metallocyclophane
[1.CuClz]2 (0.98 mM) in the absence (——) and presence (- - -) of 5’-GMP

(20 uM) in the aqueous medium.

GTP under similar conditions, showed negligible changes in DPV
measurements, confirming thereby that only 5-GMP wundergoes

selective complexation with the metallocyclophane.

3.3.3. Selectivity of 5’-GMP Recognition

To understand the effect of cavity size in the biomolecular
recognition, we have studied the effect of the metallocyclophane in the
supramolecular complexation by monitoring the emission changes of

the ligand 1 alone in presence of increasing concentration of various
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nucleosides and nucleotides in the absence of Cu(ll) ions. Figure 3.11
shows the changes in the fluorescence intensity of the ligand 1 by the
sequential addition of 5’-GMP followed by the Cu?* metal ions. The
gradual addition of 625 puM of 5’-GMP to a solution of the ligand 1 led to
a negligible quenching (<5%) in its fluorescence intensity. However,
when we added Cu?* ions to this solution containing the ligand 1 and 5’-
GMP, a significant quenching of the fluorescence intensity (>90%) was
observed. These observations confirm the independence of the
sequence of addition of the additives and indicate that the
metallocyclophane formation is a pre-requisite for the selective

recognition of 5’-GMP (Figure 3.11).
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Figure 3.11. Changes in the emission spectrum of ligand 1 (20 pM) with
the sequential addition of A) 5’-GMP (625 uM) followed by B) Cu?*ions
(156 uM). Aex, 375 nm.
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To wunderstand the reversibility of the complexation in
biomolecular recognition, we have studied the interactions between the
supramolecular complex and a strong chelating ligand such as EDTA.
When EDTA was added to the supramolecular assembly, we observed
quantitative revival of fluorescence intensity of the ligand 1, indicating
thereby the dissociation of the supramolecular assembly [1.CuClz].c5’-
GMP under these conditions (Figure 3.12). Similarly, we have studied
the effect of temperature on the stability of the supramolecular complex.
When we increased the temperature of the supramolecular complex
from 25-85 9C, we observed the revival of the fluorescence intensity of

the ligand 1 due to the decomplexation of metallocyclophane.

Fl. Intensity, a.u.
S = BN W B &

400 450 500 550
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Figure 3.12. Changes in the emission spectra of the complex
[1.CuClz].c5’-GMP (24 uM) upon the addition of EDTA in the aqueous
medium. [EDTA], a) 0 and h) 650 uM.
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3.4. DISCUSSION

The optimized geometry of [1.CuClz]z obtained through theoretical
calculations utilizing a universal force field showed a 2:2 stoichiometric
cyclic structures for the metallocyclophane with an interplanar distance
of 9.38 A between the two anthracene chromophores. This unique
arrangement of the metal ions as bridging motifs between the two
ligand molecules interestingly creates a highly rigid cavity in the
metallocyclophane making it as an ideal choice as a probe for
biomolecular recognition in the aqueous medium.23

The significant changes observed in the photophysical properties of
the complex [1.CuCl:]2 only in the presence of 5’-GMP indicate that this
complex shows unusually high selectivity towards 5’-GMP, when
compared to other nucleotides and nucleosides. The high association
constant of the supramolecular assembly obtained from the
fluorescence changes indicate the high stability for the complex formed
between the complex [1.CuClz]z and 5’-GMP. The observed peak of
1352.44 in the MALDI TOF MS spectra can be attributed to a 1:1
stoichiometric supramolecular assembly between the
metallocyclophane [1.CuClz]z and 5’-GMP. The observed negligible
interactions of the metallocyclophane [1.Hg(ClO4)2] towards 5’-GMP

clearly establishes the fact that the cavity size plays an importance in the
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selective complexation. The limited cavity size and aromatic surface of
the metallocyclophane [1.Hg(ClO4)2] make this complex not useful as a
probe in the host-guest complexation process.

Furthermore, the effect of cavity size in host-guest interactions2+
again demonstrated by the negligible interactions observed with the
complexes formed by ligand 3 with Cu(II) ions. Since the ligand 3
consists of only one imidazole moiety, it was not able to form a rigid
cavity after the metal complexation, which makes it inefficient for the
host-guest interaction. The high selectivity and stability of the
supramolecular assembly formed between the metallocyclophane
[1.CuClz]2 and 5’-GMP was evidenced through the observation of the
endothermic responses and high association constants from
fluorescence, ITC and DPV measurements as well as through broadening
of peaks in the 'H and 3P NMR spectra.2>

The importance of metallocyclophane formation in the selective
recognition of 5’-GMP was confirmed by monitoring the interaction of
the ligand 1 with 5-GMP in the presence and absence of Cu?* ions. The
negligible quenching observed in the fluorescence intensity of the ligand
1 upon addition of 5-GMP clearly indicating the less significant
interactions between ligand 1 and 5-GMP. However, when we added

Cu?* ions to this solution containing the ligand 1 and 5-GMP, a
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significant quenching of fluorescence intensity was observed. The net
fluorescence quenching was comparable to that observed when 5-GMP
was added to the complex [1.CuClz]: and which demonstrates the
independence of the sequence of addition of the additives. Moreover,
these results confirm that the metallocyclophane [1.CuClz]. formation is
the first step, which then encapsulates 5-GMP to form a supramolecular
assembly [1.CuClz].cGMP. The observed dissociation of the
supramolecular assembly at higher temperatures of around 85 °C and
also in the presence of a strong chelator such as EDTA demonstrate the
reversibility of the spuramolecular complex [1.CuCl2]2.cGMP formation.
Figure 3.13 shows the schematic representation for the
supramolecular complexation between the metallocyclophane [1.CuCl:]2
and 5-GMP through various non-covalent interactions. The
complexation between 5’-GMP and the metallocyclophane is expected to
be initiated by the electrostatic interactions, which position the
nucleobase subsequently to undergo effective coordinative and -
stacking interactions inside the cavity leading to the formation of a
supramolecular assembly [1.CuClz].c5’-GMP.1? The formation of such a
supramolecular assembly results in changes in the fluorescence
intensity due to the thermodynamically feasible electron transfer
process from the nucleobase to the excited state of the anthracene
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chromophore as confirmed through laser flash photolysis studies.?6 The

evidence for the involvement of the electrostatic interactions was

Figure 3.13. Schematic representation for the formation of
supramolecular complex [1.CuClz].c5’-GMP from the metallocyclophane

and 5’-GMP.

obtained from the 3P NMR studies, wherein we observed the
disappearance of the phosphate group of 5-GMP upon complexation as
compared to other nucleotides. The coordinative interactions between
Cu(Il) of the metallocyclophane and N7 of 5’-GMP were established on
the basis of observance of the selective broadening of Hs proton of 5'-
GMP in the 1H NMR spectral analysis. This is in agreement with the
literature reports that N7 of 5’-GMP has a strong binding affinity towards
Cu(II) ions and such interactions are the decisive factor in the selectivity

observed.?728 The observation of the sigmoidal nature of the relative
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fluorescence changes further supports the involvement of these multiple
interactions in the selective recognition of 5-GMP by the
metallocyclophane.2?

Figure 3.14 shows the visual changes in fluorescence intensity for
the formation and reversibility of the metallocyclophane as well as the
supramolecular complexation. The ligand 1, which showed quite intense
fluorescence intensity (Figure 3.14A), experienced quenching of its
fluorescence intensity (ca. 50%) by the addition of Cu?* ions and due to
the in situ formation of the metallocyclophane [1-CuCl;]. (Figure 3.14B).
With the addition of 5’-GMP, the fluorescence of the complex [1:CuCl:]2
exhibited further quenching in intensity of ca. 90% (Figure 3.14C) as a
result of formation of the supramolecular assembly [1.CuClz].c5’-GMP.

The revival in fluorescence intensity of the ligand 1 could be observed

Figure 3.14. Visual observation of fluorescence intensity of A) 1 alone
(20 uM), B) the complex [1:CuClz]2, C) [1:-CuCl;]: in presence of 5’-GMP
(625 pM) and D) in presence of EDTA (625 uM), respectively.

108



Biomolecular Recognition of Nucleotides

by the addition of EDTA (Figure 3.14D) which could be attributed to the
reversibility of the supramolecular assembly [1.CuClz].c5’-GMP and
destruction of cyclic structure of the metallocyclophane [1-CuCl:]2. Thus,
the recognition of 5’-GMP could be achieved selectively through the
metallocyclophane [1:CuClz]2 through changes in fluorescence changes,

when compared to other structurally similar nucleotides.

3.5. CONCLUSIONS

In conclusion, we have investigated the interactions of the metal
complexes [1.CuClz]z, [1.Hg(ClO4)2] and [(3)2.CuClz] described in
Chapter 2 with nucleosides and nucleotides. The significant changes in
the absorption and fluorescence properties of the complex [1.CuCl;]2 by
the addition of 5’-GMP when compared to other nucleosides and
nucleotides indicated the high selectivity of the complex [1.CuCl:]2
towards 5’-GMP. Furthermore, the selectivity of [1.CuClz]> with 5’-GMP
over other nucleosides and nucleotides was confirmed through
calorimetric, electrochemical, 'H and 3P NMR techniques. The
uniqueness of the metallocyclophane is that it selectively recognizes 5
GMP over other nucleosides and nucleotides and signals the event
through changes in the fluorescence intensity. The unusual selectivity

for 5’-GMP over other nucleotides could be attributed to the synergy of
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various non-covalent interactions such as electrostatic interactions,
coordinative interactions and the m-stacking interactions between the
anthracene moieties and the aromatic unit of 5’-GMP and the metal ion
present in the cyclophane. These results are important in understanding
the role of cavity size, metal ion and aromatic surface in the
biomolecular recognition and in the design of efficient receptors based

on metallocyclophanes for nucleosides and nucleotides.
3.6. EXPERIMENTAL SECTION

3.6.1. General Techniques

The equipment and procedures for melting point determination
and spectral recordings have been described elsewhere. 1H and 13C NMR
spectra were measured on a 500 MHz Bruker advanced DPX
spectrometer. 31P NMR spectra were measured on a 500 MHz Bruker
advanced DPX spectrometer using ortho-phosphoric acid as external
standard. MALDI-TOF MS analysis was performed with a Shimadzu
Biotech Axima CFR plus instrument equipped with a nitrogen laser in
the linear mode using 2, 5-dihydroxybenzoicacid (DHB) as the matrix.
Electrochemical measurements were carried out in a Bio analytical
Systems Inc.,, BAS-CV50W cyclic voltammeter. Isothermal titration
calorimetry was carried out using a Micorcal ITC 200 instrument.

Doubly distilled water was used in all the studies. Ligand binding studies
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were carried out by the addition of equal aliquots of nucleosides and
nucleotides solution in water to 3 mL of ligand in 20% DMSO-water
medium. All experiments were carried out at room temperature (25 + 1
°C), unless otherwise mentioned.
3.6.2. Materials

Guanosine 5’-monophosphate (GMP), adenosine 5’-
monophosphate (AMP), adenosine 5’-triphosphate (ATP), adenosine 5’-
diphosphate (ADP), guanosine 5’-diphosphate (GDP), guanosine 5’-
triphosphate (GTP), guanosine and adenosine were purchased from
Sigma Aldrich and used as received without any further purification. The
synthesis of the ligands and the complexes used in the present study
was achieved as described in Chapter 2 of the present thesis. All the
solvents used were purified and distilled before use. Petroleum ether
used was the fraction with boiling range 60-80 °C. The ligands 1-3 and
the metal complexes [1.CuClz]2, [1.Hg(ClO4)2] and [(3)2.CuCl:] were
synthesized as described in Chapter 2 of this thesis.

3.6.3. Determination of Association Constants

Nucleotidse, nucleosides (Sigma Aldrich) and metallocyclophane
[1.CuClz]2 solutions were prepared in distilled water. The binding

affinities were calculated using Benesi-Hildebrand equation 3.1,
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1 1 1 eq. 3.1

Ie-Tog (e~ Igd " K(If- I [Ligand]

wherein, K is the equilibrium constant, I is the fluorescence of ligand 1,
ILo» is the observed fluorescence in the presence of various ligands and I
is the fluorescence at saturation. The linear dependence of 1/(Is- I,») on
the reciprocal of the ligand concentration indicates the formation of a

1:1 molecular complex between ligand and the host.
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CHAPTER 4

SYNTHESIS AND STUDY OF INTERACTION OF Pd(II)-NHC
COMPLEXES WITH NUCLEOSIDES AND NUCLEOTIDES
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4.1. ABSTRACT

With the objective of developing fluorescence based probes for
biomolecules, we have synthesised Pd-complexes (Pd-NHC) 4 and 5 of
the acridine-imidazole conjugates 9 and 10 and have investigated their
interactions with nucleosides and nucleotides. The addition of 5’-GMP
or 5’-GDP or 5’-GTP or guanosine (G-based) to a solution of the Pd-NHC
complex 4 resulted in enhancement in its fluorescence intensity at 500
nm, with an association constant of Kgss = 3.63 £ 0.12 x 104 M-}, whereas

negligible changes were observed with the addition of 5’-AMP, 5’-ADP,
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5’-ATP, adenosine and phosphate ions. The Pd-NHC complex 5, on the
other hand, showed negligible selectivity towards these nucleosides and
nucleotides. The selectivity of the complex 4 for G-based nucleotides
when compared to 5 was confirmed by isothermal titration calorimetry.

To improve the sensitivity of the complex 4, we developed a
fluorescent indicator displacement assay (FID) by making use of the
beneficial properties of 4 and a fluorescence indicator, 8-hydroxy-1,3,6-
pyrene trisulphonate (HPTS). With increasing in addition of the complex
4, we observed ca. 23% hypochromicity in the absorption spectrum of
HPTS along with ca. 93% quenching in the fluorescence intensity at 512
nm with an association constant of 4.66 + 0.2 x 104 M-L. The successive
additions of the G-based nucleotides to a solution of the non-fluorescent
complex [4.HPTS] resulted in a regular enhancement in fluorescence
intensity corresponding to HPTS at 512 nm, which led to their visual
detection through “turn on” fluorescence intensity.

The selectivity of the complex 4 towards the G-based nucleotides
has been attributed to the presence of better zelectron cloud to
facilitate effective electronic and 7zstacking interactions and strong
coordinative interactions with N7 nitrogen of the guanine base and the

metal centre. These results demonstrated the importance of the
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presence of Lewis acidic center as well as the aromatic surface in the
molecular recognition ability of the complex 4 as a probe for the
detection of the G-based nucleotides, when compared to the other

nucleotides.

4.2. INTRODUCTION

N-Heterocyclic carbenes (NHCs) have been extensively studied
and widely accepted as a universal ligands in organometallic chemistry
as well as in inorganic coordination chemistry.! The NHCs can form
stable complexes with various metal ions from the main group to the
transition metal ions in different oxidation states with a strong o
bonding and little or no @ back bonding.2 The metal complexes of the
NHCs were first reported in 1968 by Ofele, Wanzlick and Schonherr.3
The transition metal complexes of the NHCs have been actively being
investigated because of their wide range of applications such as
antibiotics and anticancer drugs (with silver, gold and palladium),*>
building blocks for supramolecular complexes as well as NHC based
polymers.® In addition to these, it has been shown that a number of
reactions may be catalysed by the transition metal complexes of the
NHCs.” A famous example of the successful application of the NHC

complex in catalysis is the Grubbs’ catalyst. The first generation Grubbs’

121



Chapter 4

catalyst 1 (Chart 4.1).8 A ruthenium complex with two phosphane
ligands was found to be highly efficient in the metathesis of olefins,
whereas the second generation catalyst 2, in which one of the
phosphane ligands was replaced by an NHC ligand, proved to be even
more active and stable. In 2005, Robert Grubbs was awarded the Nobel
Prize in chemistry for his work on the metathesis reaction. Liu and co-
workers have synthesized an alkane-bridged diimidazolium based
macrocyclic dinuclear silver (I) NHC complex 3 and exploited its
potential as a building block for the formation of the supramolecular

complexes.?

| 1 cl
Ru= e Ag  2pFS Ag
c’|  Ph Cl)f“‘ Ph \ 6
%@ %@ R-N®NH~NDNR
1 2 3
Chart4.1

The initial achievements in these areas clearly demonstrated that
the transition metal complexes bearing the NHC ligands may be
promising candidates in the field of host-guest chemistry. The NHC
complexes associated with a Lewis acidic metal centre and rich in
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aromatic surface can stabilize guest molecules through effective
electronic, 7-stacking and coordinative interactions.l? In this context,
palladium complexes of the NHCs have attracted much attention
because of their easy accessibility and high thermal stability. Particular
attention has been devoted to the imidazol(in)-2-ylidene based
complexes because they can provide extra stability to the metal centres.
Further, it has been reported in literature that the palladium(II)-NHC
complexes could be easily prepared from palladium(II) acetate and the
corresponding imidazolium salts.!? However, the potential of the
transition metal complexes bearing the NHC ligands in the field of host-
guest complexation has not been explored till now.

In this context, it was our objective to develop novel Pd-NHC
complexes and study of their potential as probes for biomolecular
recognition. We have synthesized Pd complexes 4 and 5 of the acridine-
imidazole conjugates 9 and 10 (Chart 4.2) and have investigated their
interactions with various nucleosides and nucleotides under different
conditions through photophysical, calorimetric and 'H NMR techniques.
Of the two systems, the Pd-NHC complex 4 showed selective
interactions with G-based nucleotides (5-GMP, 5’-GDP, 5’-GTP or
guanosine) when compared to other analytes and signalled the event

through ‘turn on’ fluorescence mechanism. Our results indicate that the
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Lewis acidic metal centre and the aromatic surface of the system play a

major role in the biomolecular recognition exhibited by these systems.

N
B\ )\3
r Br\ )\N
N
N
4 5
Chart 4.2
4.3. RESULTS

4.3.1.Synthesis and Photophysical Properties of Ligands

The synthesis of the ligands 1,3-bis(acridin-9-ylmethyl)-1H-
imidazol-3-ium bromide (9) and the 1-(acridin-9-ylmethyl)-3-ethyl-1H-
imidazol-3-ium bromide (10) was achieved in moderate yields by using
the modified procedure (Scheme 4.1).12 The allylic bromination of 9-
methylacridine (6) in carbon tetrachloride gave 9- bromomethylacridine
(7) in ca. 75% yield. The reaction of 7 with imidazole in the presence of
the aqueous sodium hydroxide and tetra-propyl ammonium hydroxide

in benzene yielded ca. 68% of 9-Imidazolylmethylacridine (8).
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6 7 8

i) NBS, benzoyl peroxide, CCls, 80 °C, 4 h; ii) Imidazole, NaH, THF, 25 °C,
4 h; iii) 9-bromomethylacridine, CH3CN, 80 °C, 48 h; iv) Cz2Hsl, CH3CN, 80
°C, 24 h.

Scheme 4.1

The reaction of 8 with 7 in CH3CN for 48 h gave 9 in moderate yield. The
synthesis of the ligand 10, on the other hand, was achieved by
quaternization of 8 with ethyl iodide in CH3CN. All these compounds
were characterized on the basis of spectral data and analytical results.13
For example, the 'TH NMR spectrum of 9 in DMSO-ds showed peaks
corresponding to the imidazole and acridine protons in the region 6 6.9-
7.7, whereas the methylene protons appeared as a singlet at § 6.3 ppm.
The transition metal complexes bearing NHC as ligands are often

synthesised via reaction of an imidazolium salt with a basic metal salt
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(e.g. Pd(OAc)z2) to give a complex of the form Pd(carbene):X2.1* The
reaction of two equivalents of 9 and/or 10 with one equivalent of
Pd(OCOCH3z)2 in DMSO at room temperature readily gave the

corresponding Pd-NHC complexes 4 and 5 (Scheme 4.2).

N/ i,

ii

10

i) Pd(OCOCH3)2, CH30H-CH3CN, 25 °C, 2 h; ii) Pd(OCOCHs)2, CH3OH-
CH3CN, 25 °C, 2 h.

Scheme 4.2
The products thus obtained were purified and were characterized
through 1H and 13C NMR and matrix assisted laser desorption ionization
time of flight (MALDI-TOF) mass spectrometry analysis. We observed
peaks at 1088.87 and 763.18 in the MALDI-TOF mass spectra for the

complexes 4 and 5 formed between Pd2+ions and 9 and 10, respectively.
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The photophysical properties of the ligands 9, 10 and their Pd
complexes 4 and 5 have been investigated under different conditions.
All these derivatives exhibited the characteristic acridine chromophore
absorption in the region between 365-375 nm in the aqueous medium.
For example, the ligand 9 showed a structured absorption band in the
region 300-400 nm. Similarly, the fluorescence spectra of the ligands 9
and 10 showed the characteristic of the acridine chromophore emission
having maximum in the region between 397-430 nm (Figure 4.1). To
understand the excited state behaviour, we have carried out their
picosecond time-resolved fluorescence analysis. Figure 4.2 shows the
fluorescence decay profiles of 9 and 10 excited at 375 nm, which
exhibited monoexponential decay with lifetimes of 10.4 ns and 6.3 ns,

respectively, in the aqueous solution.
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Figure 4.1. A) Absorption and B) emission spectra of the ligands a) 9
(26 uM) and b) 10 (32 uM) in the aqueous medium. Aey, 375 nm.

127



Chapter 4

A) 10"y

»n 10’

b

=

o

o

@) 102_

0 froele «o] @ Q3N .
10" , — . 10 prems o amms—a
200 400 600 0 200 400 600
Time, ns Time, ns

Figure 4.2. Fluorescence decay profiles of the ligands A) 9 (26 uM) and
B) 10 (32 pM) in the aqueous solution monitored at 411 nm. Aexy, 375 nm.

4.3.2. Interactions of the Ligands with Mono and Divalent Metal

Ions

To understand the formation of the complexes from the ligands 9
and 10 through carbene carbon, we have monitored their interactions
with various mono and divalent metal ions such as Na*, K¢, Cu?+, Hg?+,
Caz+, Mg?+, Zn?*, Pb2*, Zn%*, Cd?* and Pd?* ions through optical
spectroscopic techniques. For example, Figure 4.3 shows the changes in
the absorption and emission spectra of the ligand 9 with the addition of
the Pd?+ ions. Increasing in concentration of the Pd2* ions to the ligand 9
in water, we observed decrease in the absorbance with a concomitant
bathochromic shift. At 17 uM of Pd(OAc)2, the absorption spectra of the

ligand 9 showed ca. 8% hyperchromicity along with a bathochromic
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shift of 3 nm. The corresponding changes in the fluorescence spectra of
the ligand 9 with increasing addition of the Pd%* ions are shown in
Figure 4.3. With increasing concentration of Pd?* ions, ca. 44%

quenching in the fluorescence intensity was observed at 438 nm.

A B) 4

0.12 d g a
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Figure 4.3. Changes in the A) absorption and B) emission spectra of 9
[26 puM] with increasing concentration of Pd?* ions in the aqueous
medium. [M2+] a) 0 and d) 17 pM. Aex, 365 nm.

In contrast, the ligand 9 showed negligible interactions in the
absorption and emission spectra by the successive additions of various
mono and divalent metal ions such as Na*, K+, Hg?+, Cu?*, Ca%*, Mg?*, Zn?*,
PbZ* and Cd?* ions. For example, Figure 4.4 shows the changes in the
emission spectra of the ligand 9 with increasing concentration of Cu?+
and Hg?* ions in the aqueous solution. To understand the metal binding
properties of the ligand 10, we have monitored the absorption and

emission properties of the ligand 10 by increasing concentration of
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various metal ions. At 23 uM of Pd2+ ions, we observed ca. 23%

quenching in fluorescence intensity of 10 in the aqueous solution

(Figure 4.5).
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Figure 4.4. Changes in the emission spectra of the ligand 9 (26 pM) with
the addition of A) Cu?* and B) Hg?* in aqueous medium. [M2*] a) 0 and d)
17 uM. Aex, 365 nm.
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Figure 4.5. Changes in the A) absorption and B) emission spectra of 10
(32 uM) with increasing concentration of Pd2* ions in the aqueous

medium. [Pd?*] a) 0 and d) 23 uM. Aex, 365 nm.
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To characterize the metal complexes formed, we carried out the
isothermal titration calorimetry.1> Typical titration curves for Pd2* ions
with 9 are shown in Figure 4.6A, in which cumulative heats of the
complexation are plotted against the concentration (the reaction was
exothermic). With the gradual addition of Pd2* to a solution of 9 (0.2
mM) at 25 °C, we observed a regular exothermic response in the
isothermal titration calorimetric (ITC) measurements. After the addition
of 1 mM of Pd?+, we observed a saturation in the heat changes and on the
basis of the ITC data, the enthalpy change was calculated and is found to
be AH =-1.28 # 0.14 kcal mol! with an association constant of K, = 3.35

+1.89 x 104 ML,

Furthermore, we have carried out single injection method
titration of the ligand 9 with Pd?* ions to understand the complexation
process as shown in Figure 4.6 B.16 The results obtained through single
injection method analysis were also in agreement with the observations
made through the continuous injection ITC measurements. In addition,
we have followed the complexation of the ligand 10 and Pd?* ions with
ITC by monitoring the heat change produced under the similar

conditions. Upon complexation, their interactions exhibited exothermic
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responses confirming that Pd2+ ions form the stable complex with the

ligand 10.
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Figure 4.6. Isothermal titration calorimetry data for the addition of Pd?+
ions to a solution of the ligand 9 (0.2 mM) in water at 298 K. A)

Continuous method and B) single injection method. [Pd%*], 1 mM.

Similarly, we have applied the nuclear magnetic resonance
technique to characterize the complexation between the ligand 9 with
the Pd2*ions. We have monitored the 1H NMR spectra of the ligand 9 in
DMSO by the successive additions of the Pd?* ions (Figure 4.7). At 0.8
mM of Pd?+ ions, we observed a decrease in the intensity along with a
significant broadening of Hs proton alone at 9.25 ppm, whereas other

protons remained unaffected. Furthermore, the 13C NMR spectrum also
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showed significant downfield shift in the peak corresponding to the

carbene carbon of the ligand 9.17

d MM A

o/ppm

Figure 4.7. Changes in the 'H NMR spectra of the ligand 9 (1.4 mM) with
the addition of Pd?* ions in DMSO. [Pd?+*], a) 0, b) 0.2 mM, c) 0.5 mM and
d) 0.8 mM.

Figure 4.8 shows the relative changes in the emission intensity of
the ligand 9 upon interaction with various metal ions such as Cu?+, HgZ*,
Ca?*, Mg?+, Zn?*, Pb?+, and Cd?* ions. It is evident from this figure that the
ligand 9 exhibited selectivity towards Pd?* ions, whereas all other metal
ions showed negligible changes in emission properties. To understand
the strength and reversibility of the complex 4, we have investigated the
effect of temperature and a better chelating ligand EDTA. By monitoring

the emission changes in the acridine chromophore upon successive

additions of 625 pM of EDTA reveals the irreversibility of the complex
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formed by Pd?* ions with the ligand 9. Figure 4.9A shows negligible

changes in the emission intensity corresponding to the acridine moiety
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Figure 4.8. Relative changes in the fluorescence intensity of the ligand 9

(26 uM) upon interaction with different metal ions.
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Figure 4.9. Changes in the emission spectra of the complex 4 (16 uM)
with A) increasing temperature (25-85 °C) and B) addition of EDTA.
[EDTA] (a) 0, and (d) 625 uM. Ay, 365 nm.
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with the increasing in concentration of EDTA. Similarly, by increasing
the temperature from 25 to 85 °C (Figure 4.9B), we observed negligible
revival of the fluorescence intensity of the acridine chromophore. B3LYP
level theoretical calculations were also used to support the formation of
a 1:2 stoichiometric complexes 4 and 5.18 Figure 4.10 shows the energy
minimized structures of the complexes 4 and 5 formed between the Pd?+

ions and ligand 9 and 10, respectively.

Figure 4.10. Optimized geometry of the Pd-NHC complexes 4 and 5.

4.3.3. Interaction of Pd(II)-NHC Complexes with Nucleosides and
Nucleotides

To investigate the biomolecular recognition ability, we have
monitored the changes in the absorption and emission spectra of the Pd-
NHC complexes 4 and 5 with the addition of various nucleosides and

nucleotides. Addition of 5’-GMP or 5-GDP or 5’-GTP or guanosine (G-
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based) to a solution of the complex 4 showed a significant changes in the
absorption and emission spectra corresponding to the acridine
chromophore (Figure 4.11). For example, by the successive addition of
5’-GTP, we observed ca. 3% hypochromicity in the absorption spectrum
of the complex 4, whereas the emission spectra showed ca. 23%
enhancement in fluorescence intensity in the long wavelength region
around 500 nm. The addition of other guest molecules such as
phosphate ion, adenosine 5’-monophosphate (5’-AMP), adenosine 5’-
diphosphate (5’-ADP) and adenosine 5’-triphosphate (5’-ATP) resulted

in negligible changes in the absorption and emission spectra of 4 (Figure

4.12).
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Figure 4.11. Changes in the A) absorption and B) emission spectra of

the complex 4 (16 uM) with the successive addition of 5’-GTP. [Ligand],
(a) 0 and (i) 500 uM. Aey, 365.
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Similarly, the complex 5 showed ca. 2% hypochromicity in the
absorption spectra and ca. 8% enhancement in fluorescence intensity at
500 nm with the addition of 5’-GTP. In contrast, the Pd-NHC complex 5
displayed significant changes in its absorption and emission spectra by
the addition of all the nucleosides and nucleotides as shown in Figure

4.12B, indicating thereby its limitation as a selective receptor.
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Figure 4.12. Relative changes in the emission of the complexes A) 4 (16
uM) and B) 5 (16 pM) in the presence of various nucleosides and

nucleotides.

Further, we have characterized the binding interactions of
complex 4 with 5-GMP or 5-GDP or 5’-GTP or guanosine using
isothermal titration calorimetric (ITC) technique. We have investigated
the interactions between the complex 4 and the G-based nucleosides

and nucleotides by monitoring the heat change produced as shown in
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Figure 4.13. For example, with the gradual addition of 5-GTP to a
solution of 4 (1 mM) at 25 °C, we observed a regular exothermic

response in ITC measurements.
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Figure 4.13. Isothermal titration calorimetry data for the addition of 5’-
GTP to a solution of the complex 4 (1 mM) in DMSO at 298 K. [Ligand],
12 mM. A) The raw data for the sequential addition of 5’-GTP and B) the
plot of the heat evolved (kcal) per mole of 5’-GTP.

After the addition of 12 mM of 5’-GTP, we observed a saturation in the
heat changes and on the basis of the ITC data, the enthalpy change was

calculated and is found to be AH

1.42 + 0.14 kcal mol! with an
association constant of Kiss = 7.63 = 1.89 x 10* M-l In contrast, the
addition of other nucleotides such as 5’-AMP, 5’-ADP and 5’-ATP under

similar conditions, showed negligible changes in ITC measurements.

138



Biomolecular Recognition of Nucleotides

4.3.4. FID Assay: Selectivity of G-Based Nucleosides and Nucleotides

Recognition

Even though the Pd-NHC complex 4 showed selectivity towards G-
based nucleosides and nucleotides and signalled the event through
changes in the fluorescence intensity, its utility as a sensitive probe was
limited due to the fact that the recognition is through quenching in
fluorescence intensity. By making use of the beneficial non-fluorescent
and selective binding properties of the receptor 4, it was of our interest
to exploit its potential as a probe for nucleotides through fluorescent
indicator displacement (FID) assay.!® In this strategy, an indicator is first
allowed to bind reversibly to a receptor (Figure 4.14) and such a
complexation between the receptor and the indicator results in notable
changes in the optical properties of the indicator. Then, a competitive
analyte is introduced into the system causing the displacement of the

indicator from the host, which in turn modulates an optical signal.

)

ON

OFF
R = Receptor, | = Indicator, A = Analyte

Figure 4.14. Schematic representation of a FID assay.
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In this context, we have utilized a highly fluorescent indicator, 8-
hydroxy-1,3,6-pyrene trisulphonate (HPTS; ®r = 0.7). Based on this
principle, the major requirement is that the affinity between the
indicator and the receptor be comparable to that between the analyte
and the receptor. We first explored the changes in spectral properties of
the indicator HPTS upon addition of the complex 4 (Figure 4.15). The
successive additions of 4 to a solution of HPTS resulted in a broadening
in the absorbance and quenching of the fluorescence intensity of HPTS
centred at 512 nm. At ca. 625 uM of 4, we observed ca. 23%
hypochromicity in the absorption spectra of HPTS along with a

quantitative quenching in fluorescence intensity (ca. 93%).
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Figure 4.15. Changes in the A) absorption and B) fluorescence spectra
of HPTS (7 uM) with the addition of 4 in 20% DMSO-water medium. [4],
(a) 0 and (i) 625 UM. Aex, 365 nm.

The changes in the optical properties of HPTS in the presence of 4 are

indicative of the formation of a stable complex. The Benesi-Hildebrand
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analysis?0 of the emission data gave a 1:1 stoichiometry for the complex
[4-HPTS], with an association constant (Ka) of 4.66 + 0.2 x 10* M- and

change in free energy of -11 k] mol-1.

The complexation between the complex 4 and HPTS was further
analysed through picosecond time-resolved fluorescence analysis and
ITC techniques. HPTS alone exhibited a single exponential fluorescence
decay with a lifetime of 5.3 ns (Figure 4.16),2! whereas bi-exponential
decay with lifetimes of 2.1 ns (70%) and 6.3 ns (30%) was observed in
the presence of the complex 4.

4

10'E

Counts

Time, ns

Figure 4.16. Fluorescence decay profiles of (a) HPTS, (b) complex
[4-HPTS] and (c) complex [4-HPTS] in the presence of 5’-GTP.

Similarly, with the gradual addition of 4 to a solution of HPTS (1 mM) at
25 °C, we observed a regular exothermic response in the isothermal
titration calorimetric (ITC) measurements (Figure 4.17). After the

addition of 10 mM of 4, we observed a saturation in the heat changes
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and on the basis of the ITC data, the enthalpy change was calculated and
is found to be AH = 1.42 * 0.14 kcal mol-! with an association constant of

Kass = 3.63 £ 1.89 x 104 ML,
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Figure 4.17. Isothermal titration calorimetry data for the addition of

HPTS (1 mM) to a solution of complex 4 (10 mM) in DMSO at 298 K.

To understand the nature and strength of the complex formed
between the complex 4 and HPTS, we have investigated the effect of
temperature (Figure 4.18). For example, when the temperature of the
complex [4-HPTS] was raised from 293 to 348 K, we observed a regular
increase in the emission intensity of HPTS, indicating a gradual

dissociation of the complex at these temperatures.
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Figure 4.18. Effect of temperature on the emission spectra of complex

[4-HPTS]. (a) 293 and (f) 348 K. Aex, 365 nm.

The beneficial competitiveness of the assay was demonstrated by
comparing the efficiency of fluorescence indicator displacement (FID)
by various nucleotides and nucleosides. Figure 4.19 shows regular
release of HPTS from the complex [4-HPTS] by gradual addition of 5’-
GTP. For example, the successive additions of 5’-GTP resulted in a
regular enhancement in fluorescence intensity corresponding to HPTS
at 512 nm. In 20% DMSO-water, ca. 93% enhancement was observed at
1.6 mM of 5-GTP, which led to the visual detection of 5’-GTP
through“turn on” fluorescence intensity. In contrast, the addition of
adenosine, 5’-AMP, 5’-ADP, 5-CTP and 5’-UTP showed negligible
changes in the revival of fluorescence intensity of HPTS. To further
demonstrate the selectivity of the FID assay, it was tested in the

presence of other nucleotides and nucleosides. Even in the presence of
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various other nucleosides and nucleotides, the complex [4.HPTS]

exhibited selectivity towards only G-based nucleotides (Figure 4.20).
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Figure 4.19. Fluorescence indicator displacement (FID) from the

complex [4-HPTS] by 5’-GTP. [5’-GTP], (a) 0 and (i) 1.6 mM. Aex, 365 nm.
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Figure 4.20. Relative concentration dependent FID assay efficiency by

[4-HPTS] for various analytes.

The displacement of HPTS from the complex [4-HPTS] was confirmed by

time-resolved fluorescence techniques. For example, when 5’-GTP was

added to the complex [4-HPTS], we observed a biexponential decay
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having lifetimes 5.3 ns (98%) and 8.5 ns (2%) (Figure 4.16). The former
lifetime has been attributed to the free HPTS in solution.
4.4. DISCUSSION

The acridine imidazole based ligands 9 and 10 undergo selective
complexation with the Pd2* ions resulting in significant hypochromicity
and bathochromic shift as well as quenching in the fluorescence
intensity. Interestingly, these ligands 9 and 10 showed remarkably high
selectivity for the Pd?* ions as compared to other metal ions. The
disappearance of the resonances of the imidazolium protons (NCHN) in
the TH NMR and the significant downfield shift of the carbene carbon in
the 13C NMR spectra, confirm the coordination of the metal ions through
carbene carbon in these complexes. The Pd-NHC complexes 4 and 5
were found to be stable and irreversible as evidenced through the
observation of high association constants for the complexation process
and their negligible reaction with EDTA and also at higher temperatures.

The increase in the fluorescence intensity of the Pd-NHC complex
4 at the long wavelength region by the addition of 5-GTP could be
attributed to the interaction of the phosphate group of the guanosine
base with the acridine nitrogen atom. In comparison to the complex 4,
the replacement of one of the acridine moieties by an ethyl unit as in the

case of 5 resulted in a system with lesser aromatic surface. Furthermore,
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the presence of hydrophobic space as well as the Lewis acidic metal
centre in the complex 4 play major role in its selective recognition of G-
based nucleotides as evidenced from the negligible selectivity observed
with the complex 5 and also with various other guest molecules.
Therefore, the observed selectivity of the Pd-NHC complex 4 towards
guanosine based nucleotides can be attributed to the presence of a
better m-electron cloud which facilitates effective electronic and 7
stacking interactions with the acridine moiety?2 and a strong
coordinative interaction with N7 nitrogen of the guanosine base and
metal ions present in the centre.23 These results confirm the importance
of the presence of Lewis acidic centre, coordination site and aromatic
surface in the molecular recognition ability of the complexes and
demonstrate the potential of the complex 4 as a probe for the detection
of guanosine based nucleotides.

Interestingly, the fluorescence indicator HPTS undergoes efficient
complexation with the Pd-NHC complexes 4 and 5 resulting in complete
quenching of its fluorescence intensity. The mechanism of quenching
may be attributed to the photoinduced electron transfer process from
the excited state of HPTS to the acridine moiety of the complexes. Also,

the non-fluorescent [4.HPTS] thus formed can be effectively utilized in
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the competitive displacement assay as shown in Figure 4.21. The
fluorescence indicator, HPTS exhibits ca. 72% fluorescence intensity
(Figure 4.21a), which on interaction with the Pd-NHC complex 4 showed
quantitative quenching in fluorescence intensity resulting the formation
of the non-fluorescent complex [4.HPTS] (Figure 4.21b). Importantly,
the indicator HPTS was successfully displaced from the complex
[4-HPTS] by G-based nucleotides resulting in the ca. 93% enhancement
in fluorescence intensity (Figure 4.21c). By virtue of having a better 7
electron cloud and low ionization potential,?* the guanosine based
nucleotides unusually exhibit better complexing ability with the Pd-NHC
complex 4 through synergistic effects of electronic, #-stacking,
electrostatic and co-ordinate interactions with four acridine moieties.
This was evidenced through the observation of relatively less sensitivity
and selectivity with the complex 5 which was substituted with only two
acridine moieties. Thus, the Pd-NHC complex 4 can be successfully
utilized to discriminate the structurally similar guanine based
nucleotides from the adenine nucleotides and recognition can be

achieved through ‘turn on’ fluorescence enhancement.
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Figure 4.21. Observation of the visual changes in fluorescence intensity
of (a) HPTS (7 uM) alone, (b) HPTS in presence of the complex 4 (625
uM) and (c) the complex [4-HPTS] in presence of the analyte, 5’-GTP (1.6
mM).

4.5. CONCLUSIONS

In conclusion, we have synthesised Pd-NHC complexes 4 and 5 of
the acridine-imidazole conjugates 9 and 10 and have investigated their
interactions with various nucleosides and nucleotides under different
conditions through photophysical, calorimetric and 'H NMR techniques.
Of the two complexes, Pd-NHC complex 4 showed selective interactions
with the G-based nucleosides and nucleotides and also in presence of
other analytes. Subsequently, a sensitive FID assay was developed for
the G-based nucleotides through the beneficial properties of the
complex 4 and the fluorescence indicator, HPTS. The uniqueness of this

assay was that it successfully discriminate G-based nucleotides from
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other nucleosides and nucleotides through an “ON-OFF-ON”
fluorescence mechanism with a visual change in fluorescence intensity.
The selectivity of the complex 4 towards the G-based nucleotides has
been attributed to the presence of a better melectron cloud, which
facilitates effective electronic and z-stacking interactions as well as
strong coordinative interactions with N7 nitrogen of the guanine base
and the metal ion centre. These results confirm the importance of the
presence of Lewis acidic centre and aromatic surface in the molecular
recognition ability of the complexes and demonstrate the potential of
the complex 4 as a probe for the selective recognition of the G-based

nucleotides through visual changes in the fluorescence intensity.

4.6. EXPERIMENTAL SECTION
4.6.1.General Techniques

The equipment and procedures for melting point determination
and spectral recordings have been described elsewhere.25> All melting
points were determined on a Mel-Temp 4 melting point apparatus. 'H
and 13C NMR spectra were measured on a 500 MHz Bruker advanced
DPX spectrometer. HRMS were recorded on a JEOL mass spectrometer.
The electronic absorption spectra were recorded on a Shimadzu UV-VIS-

NIR spectrophotometer. Fluorescence spectra were recorded on a SPEX-
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Fluorolog F112X spectrofluorimeter. The fluorescence quantum yields
were determined by using optically matched solutions. Quinine sulphate
(A = 0.54) in 0.1 N H2SO4 was used as the standard.?® The quantum
yields of fluorescence were calculated using the equation 4.1, wherein,
As and Au are the absorbance of standard and unknown, respectively. Fu
and Fs are

2

AsFuns

2

F, =
Aqunu

Fs  eq4.1

the areas of fluorescence peaks of the unknown and standard and ns and
ny are the refractive indices of the standard and unknown solvents,
respectively. @ s and @ u are the fluorescence quantum yields of the
standard and unknown. The fluorescence lifetimes were measured using
a IBH Picosecond single photon counting system. The fluorescence
decay profiles were deconvoluted using IBH data station software V2.1

and minimizing the xZ values of the fit to 1 + 0.1.itc

4.6.2.Materials

All the nucleosides and nucleotides, Pd(OAc);, tetrapropyl
ammonium hydroxide and the fluorescence indicator, HPTS, were
purchased from Sigma-Aldrich and used as received. Doubly distilled

water was used for all the experiments. All experiments were carried
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out in 20% DMSO-water mixture at room temperature (25 * 1 °C),
unless otherwise mentioned. Petroleum ether used was the fraction

with boiling range 60-80 °C.

4.6.3. Preparation of 9-((1H-imidazol-1-yl)methyl)acridine (8)

To a solution of imidazole (500 mg, 7.4 mmol) in dry benzene
(100 mL) was added aqueous sodium hydroxide (0.2 M, 25 mL) and
tetra propyl ammonium hydroxide as phase transfer catalyst at room
temperature with constant stirring. After the reaction mixture was
stirred for 30 min, 9-bromomethylacridine (7) (500 mg, 1.4 mmol) was
added and refluxed for 6 h. The reaction mixture was then additionally
stirred for 2 h at room temperature; it was poured into 100 mL of water
and extracted with dichloromethane. The organic layer was then
separated, dried over anhydrous sodium sulphate and evaporation of
the solvent under vacuum yielded a residue which was purified by
column chromatography over silica gel. Elution of the column with ethyl
acetate yielded 370 mg (48%) of the ligand 8, which was then
recrystallized from a mixture of acetonitrile and ethyl acetate (4:1); mp
226-227 °C; 'H NMR (300 MHz, DMSO-ds, TMS) 6 6.31 (s, 4H), 6.78 (¢,
2H), 6.94 (t, 2H), 7.68-7.70 (m, 4H), 7.74 (s, 2H), 8.63-8.65 (m, 4H); 13C

NMR (75 MHz, DMSO-ds, TMS) & 43.0, 115.0, 127.8, 128.4, 129.2, 130.3,

151



Chapter 4

131.6, 134.9; HRMS (FAB) m/z Calcd for Ci7HisNs: 259.3012, Found
258.4208 (M - H)".

4.6.4.Preparation of 1,3-bis(acridin-9-ylmethyl)-1H-imidazol-3-

ium bromide (9)

To a solution of 8 (0.25 g, 0.57 mmol) in a mixture (0.5:1) of
acetonitrile (100 mL) and DMF (50 mL) was added 7 (0.21 g, 0.57
mmol). The reaction mixture was then warmed and maintained at 80 °C
for 24 h. After cooling to room temperature, the precipitated product
was filtered and washed with 50 mL dry acetonitrile. It was further
purified by recrystallization from a mixture (1:5) of acetonitrile and
methanol to yield 0.16 g (35%) of 9, mp 290 °C; 1H NMR (300 MHz,
DMSO-ds, TMS) 6 6.47 (s, 4H), 7.46-7.47 (d, 4H), 7.66-7.70 (t, 2H), 7.92 -
8.00 (m, 4H), 8.26 - 8.29 (d, 4H, ] = 9 Hz), 8.42-8.45 (d, 4H, ]= 9 Hz), 9.26
(s, 1H); 13C NMR (75 MHz, DMSO-ds, TMS) 6 42.0, 119.0, 124.8, 126.7,
128.2, 129.0, 130.1, 136.9; HRMS (FAB) m/z Calcd for [C31H23BrNs]:
531.4451, Found 530.6703 [M-H]*.

4.6.5.Preparation of 1-(acridin-9-ylmethyl)-3-ethyl-1H-imidazol-3-

ium bromide (10)
To a solution of 8 (0.25 g, 0.57 mmol) in a mixture (0.5:1) of

acetonitrile (100 mL) and DMF (50 mL) was added ethyl iodide (0.21 g,

0.57 mmol). The reaction mixture was then warmed and maintained at
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80 °C for 24 h in a seal tube. After cooling to room temperature, the
precipitated product was filtered and washed with 50 mL dry
acetonitrile. It was further purified by recrystallization from a 1:5
mixture of acetonitrile and methanol to yield 0.16 g (35%) of 10; mp
278 °C; 'H NMR (500 MHz, DMSO-ds, TMS) 6 6.53 (s, 4H), 6.98 (t, 2H),
7.24 (t, 2H), 7.58 - 7.62 (m, 4H), 7.76 (s, 2H), 8.32 - 8.34 (m, 4H); 13C
NMR (125 MHz, DMSO-d¢, TMS) & 44.0, 113.0, 121.8, 124.7, 126.2, 129.0,
132.1, 134.2; HRMS (FAB) m/z Calcd for C19H1sBrN3: 368.2703; Found

367.0218 (M - H)".

4.6.6. Synthesis of the Pd-NHC complex 4

To a solution of 9 in a mixture of acetonitrile (50 mL) and
methanol (5 mL) was added Pd(OAc): (100 mg, 0.74 mmol) with
constant stirring at 25 9C, readily gave the complex 4. It was further
purified by recrystallization from acetonitrile to yield 124 mg (17%) of
the Pd-NHC complex 4; 'H NMR (500 MHz, DMSO-ds, TMS) & 6.47 (s,
4H), 7.46-7.47 (d, 4H), 7.66-7.70 (t, 2H), 7.92 - 8.00 (m, 4H), 8.26 - 8.29
(d, 4H, ] =9 Hz), 8.42-8.45 (d, 4H, ]= 9 Hz); 13C NMR (125 MHz, DMSO-d,
TMS) 6 46.0, 119.0, 124.8, 126.7, 128.2, 129.0, 130.1, 136.9; MALDI-TOF

MS: m/z Calcd for [Ce2H46BrPdNs]: 1169.3102; Found 1088.87 (M -Br)*.
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4.6.7.Synthesis of the Pd-NHC complex 5

To a solution of 10 in a mixture of acetonitrile (50 mL) and
methanol (5 mL) was added Pd(OAc): (100 mg, 0.74 mmol) with
constant stirring at 25 °C gave the complex 5. It was further purified by
recrystallization from acetonitrile to yield 146 mg (21%) of the Pd-NHC
complex 5; 'H NMR (500 MHz, DMSO-ds, TMS) & 6.31 (s, 4H), 6.78 (t,
2H), 6.94 (t, 2H), 7.68-7.70 (m, 4H), 7.74 (s, 2H), 8.63-8.65 (m, 4H); 13C
NMR (125 MHz, DMSO-d¢, TMS) 6 45.7,119.0, 124.8, 126.7, 128.2, 129.0,
130.1, 136.9. MALDI-TOF MS: m/z Calcd for [C3sH3sBrPdNs]: 842.94.;

Found 763.18 (M - Br)*.
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