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Preview

This thesis deals with studies on synthesis, characterization, metal complexes, ion/s recognition
properties and antimalaria activity of quinoline derivatives. The content of the thesis is divided

into six chapters.

A general introduction to various aspects of quinoline derivatives in pharmaceutical applications,
molecular/ion recognition properties and metal complexes of quinoline derivatives are discussed
in chapter 1. This includes a brief discussion on their pharmaceutical applications and
supramolecular aspects. The selective recognition of various types of molecular/ion by quinoline
derivatives are discussed in this chapter. Further, various metal complexes of quinoline
derivatives are included. In the later part of this chapter scope of the work is presented based on

the discussions of earlier results.

Chapter 2 of the thesis discuses various aspects of synthesis, characterization and properties of
Zinc (II), Manganese (II) and Cobalt (II) 8-oxyquinolate cluster. The work presented in this
chapter also includes magnetic properties of cobalt and manganese 8-oxyquinolate clusters.

The reactions of zinc halides with 8-hydroxyquinoline (hydroxQ) in equi-molar ratio were
carried out in different solvents. Respective solvates of tetra nuclear complexes of zinc-
oxyquinolate were obtained as shown in Scheme 1.1. The reaction used for synthesis of these

complexes (2.1-2.4) is given in Equation 1.1.

[Zn4(0xyQ)sX,] . (DMA),
(X=Cl; 2.2)

DMA

[Zny(oxyQ)eX; | . (DMF), < DMF 7.y o @ —DMSO 170, (0xyQ)eX,] - (DMSO),

X=Cl; 2.1 X=Cl; 2.3)
X=Br; 2.4

Scheme 1.1: Synthesis of zinc complexes 2.1, 2.2, 2.3 and 2.4.

6hydroxQ + 6ZnX; + 2 solvent — [Zng(oxyQ)sXz].(solvent), + 2H,[ZnX4] + 2HX ...... (1.1)
X =Cl, Br.

TH-1453 10612201



From the crystal structure it is clear that the clusters 2.1-2.4 are isostructural and in each
complex, zinc ions are in two different types of environments (Figure 1.1). Zinc centers holding

halide ions are penta coordinated while the other centers are hexa coordinated.

/\\75/

1" \\p
AT

Where X = Cl or Br, solvent = DMF, DMA or DMSO.

. (solvent),

Figure 1.1: Tetranuclear zinc-8-oxyquinolate complex.

These complexes can be used for reversible uptake of moisture. For example, de-solvated
complex 2.1, on standing under ordinary atmospheric condition at room temperature, slowly
absorbs moisture to yield hydrated form. The anhydrous form was regenerated upon heating the
hydrated sample. Since, reversible adsorption of water was observed by these complexes, the
surface area of the complexes 2.1 and 2.4 were determined. Surface areas of complex 2.1 and
complex 2.4 are 8.933m?/g and 6.172 m?/g respectively.

Use of aqueous solvent in the reaction of zinc chloride with 8-hydroxyquinoline did not yield
the corresponding hydrated tetranuclear zinc-8-oxyquinolate complex, however yielded a tetra-
chlorozinc complex and it was formed through a disproportionation reaction as illustrated in
Equation 1.2.

2 hydroxQ + 2ZnCl, + 2H,0 — (HhydroxQ),[ZnCl4] + Zn(OH);....... (1.2)

From this reaction (HhydroxQ),[ZnCl4] (2.5) was isolated and characterized by determining
crystal structure (Figure 1.2a). This mono nuclear complex has hydroxyquinolinium cation.
Advantage of this reaction was taken to prepare a composite material consists of zinc oxide with
complex 2.5. Fluorescence emissions of these complexes have been detailed in this chapter. The
reaction of 8-hydroxyquinoline with zinc halide was affected by methylpyridine ligand. A
molecular complex [Zn(oxyQ),(3mepy)].[Zn(oxyQ).(3mepy),].3H,O (Where 3mepy = 3-

methylpyridine) (2.6) was obtained from the reaction of 8-hydroxyquinoline with zinc chloride
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in the presence of 3-methylpyridine. The two neutral components of this molecular complex

were found to be devoid of chloride ion (Figure 1.2b).
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Figure 1.2: (a) Structure of complex 2.5 and (b) Structure of molecular complex 2.6 (ORTEP
drawn with 35 % probability).

This molecular complex is comprised of two mono nuclear complexes [Zn(oxyQ),(3mepy)] and
[Zn(oxyQ)2(3mepy),]. The five coordinated complex adopts a distorted square pyramid structure,
whereas the six coordinated has a distorted octahedral geometry around zinc ion.

Tetra nuclear 8-oxyquinolate cobalt (II) or manganese (II) complexes were prepared by the
reaction of 8-hydroxyquinoline with their respective metal salts (Scheme 1.2). The results

obtained from reactions of 8-hydroxyquioline with mercury and lead are compared.

OH
NS DMF DMF
MCL + | — [My(0xyQ)sCl] ———= [M;)(0xyQ);2(16-CO3)4](DMF).H,0
MCl,
M = Co, Mn when M = Co; 2.7 When M = Co; 2.10
M=Mn; 2.8 M = Mn; 2.11

Scheme 1.2: Synthesis of tetra nuclear and deca nuclear cobalt and manganese clusters.

These tetra nuclear complexes under solvothermal condition further react with cobalt (II)
chloride or manganese (II) chloride respectively in dimethylformamide to give their respective
deca nuclear cluster having a composition [M;o(0xyQ)2(pe-CO3)4](DMF).H,0O. The deca nuclear
clusters were formed by inclusion of carbonate ions that formed in situ. Carbonate ligands in the
cluster are discerned by spectroscopic tools in addition to X-ray structure determination.
Structure of the cobalt deca nuclear cluster (2.10) is shown in Figure 1.3a. Coordination

environments showing core of metal ions in the crystal structure of 2.10 is shown in figure 1.3b.
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I, type bridging mode
of carbonate ion

(a) (b)
Figure 1.3: (a) Structure of cluster 2.10 (drawn with 35 % thermal ellipsoids). (b) Core of deca

nuclear cobalt cluster (quinoline rings are not shown for clarity of the structure).

Deca nuclear clusters contain four carbonate anions each acts as pg-bridge to connect six metal
ions. Two sets of cobalt ions on the basis of coordination are observed; one set is in N204 type
of hexa coordinated environment and the other one is in O6 type of octahedral environment as in
this set, five cobalt ions linked to three oxygen atoms of bridging carbonates and three oxygen
atoms of bridging oxyquinolates. Magnetochemistry of these clusters (2.7, 2.10 and 2.11) show

antiferromagnetic coupling between the metal centers.

In chapter 3 of the thesis synthesis, characterization, anion-n interactions and selective ions
recognition by a nitroso derivative of 8-hydroxyquinoline 3.1, are presented. Relevance of anion-
© interactions in chloride (3.2), bromide (3.3), perchlorate (3.4) and nitrate (3.5) salts of 5-

(hydroxyimino)quinolin-8-one are discussed.

(0]
N HX il
T ————»[a1x
P
when, X= HCI; Salt (3.2)
NOH X= HBr; Salt (3.3)
X=HCIOy; Salt (3.4)
3.1 X=HNO;; Salt (3.5)

Scheme 1.3: Synthesis of the salts 3.2-3.5.

The crystal structures of salt 3.2 and salt 3.3 are isostructural; halide ions are sandwiched
between two planar aromatic rings of the cations. Distance between anion and centroid of =-

cloud of cation in the salt 3.2 and salt 3.3 are 3.374 A and 3.465 A respectively. These distances
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are within permissible distances for chloride-m interactions. Perchlorate salt 3.4 has a layer like
structure in which perchlorate ions are held on top of n-cloud of cations. Anions are at suitable
distance to have anion-w interactions. Distance between oxygen atom and centroid of n-cloud on
cation is 3.253A, suggests a separation conducive for anion-m interaction.

Structures of nitrate salt of 5-aminoquinoline 3.6, 4-hydroxyquinazoline 3.7 and that of 8-
hydroxyquinoline 3.8 are compared with nitrate salt 3.5. Two arrangements of nitrate anions with
respect to cations are discerned. Nitrate anions are sandwiched between aromatic planes of
cations in nitrate salts of 3.1 or 4-hydroxyquinazoline; whereas nitrate anions are oblique with
respect to aromatic plane of counter cation in nitrate salts of 3.1 and 5-aminoquinoline (Figure

1.4).
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Figure 1.4: Anion-r interactions in (a) nitrate salts 3.5 (b) 5-aminoquinolinium nitrate (3.6) and

(¢) 4-hydroxyquinazolinium nitrate (3.7) salts.

They appear in different planes from cations and distance between centroid of anion and cation is
3.099 A which is shorter than the conventional anion-nt distances.

A solution study based on changes in by UV-visible absorptions caused by the adding various
acids to 3.1 was carried out to determine binding constants. Magnitudes of binding constants for
salts follow order 3.4 > 3.3 > 3.5 >> 3.2. A critical examination based on binding constants of a
series of nitrate salts have shown that in solution anion-r interactions are too weak to show a
distinction in binding constants due to large electrostatic interactions contributing to the salts.
However, it was found that the fluoride ions have extra ability to cause color change to a solution
of 3.1 in dimethylsulphoxide which is not caused by ions other than acetate ions. Thus such color
changes enabled to detect fluoride ions visually in absence of acetate ions over other ions. An
increase of the absorption in the spectra at 437 nm with an appearance of a new absorption at 640

nm occurs on addition of a solution tetra butyl ammonium fluoride (TBAF) in DMSO (Figure
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1.5a, 1.5b) to a solution of 3.1 was observed. This change passes through an isobestic point 356

nm showing one to one transformation between the two species.

0.5 7
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Figure 1.5: (a) Changes in UV-visible spectra of compound 3.1 (10° M in DMSO) on addition of
TBAF (0.1 to 1 equivalent from TBAF 10* M stock solution) in 250-500 nm region (inset is
photographs of solutions of 3.1 in the absence and presence of TBAF) and (b) changes in
absorption in 500-800 nm region of 3.1 (10* M in DMSO) on addition of TBAF (10> M in
DMSO).

The fluoride ion quenches the fluorescence emission of 3.1. However, no such changes were
observed on addition of other ions such as chloride, bromide, iodide, nitrate, bisulphate and
perchlorate, showing the specificity of 3.1 for fluoride ions. Moreover, discussion on the
changes in visible spectra of the compound 3.1 on addition of zinc ions is included in the
chapter. Similarly a host-guest complex (3.9) of tetra butyl ammonium fluoride with 3.1 was
prepared and characterized. To discern the intermediate complex involved in this study zinc
complex was used as model compound for studying interaction of fluorides is also presented in

the chapter.

The Synthesis, characterization and structural study of polymorphs and salts of 4-nitro-N-
(quinolin-8-yl)benzamide are discussed in Chapter 4. The polymorphs of 4-nitro-N-(quinolin-8-
yl)benzamide (4.1) were obtained from crystallization in different solvents as shown in scheme

1.4.
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4-Nitro-N-(quinolin-8-yl)benzamide (4.1)

E &
g H = g
a ‘2‘ A 3

Polymorph VI Polymorph VII  Polymorph VIII  Polymorph IX

Scheme 1.4: Synthesis of polymorphs of 4.1.

4-Nitro-N-(quinolin-8-yl)benzamide (4.1) adopts different conformers in neutral or protonated
form of which may be guided by solvents or anions as illustrated in the Figure 1.6. In neutral
form stabilization of any such conformer would lead to polymorph. Four polymorphs namely
Polymorph VI, Polymorph VII, polymorph VIII, polymorph IX and a concomitant of
polymorph VIII and IX were obtained by crystalllisation of 4.1 from DMSO, methanol, DMF,

DCM and solvent mixture of tert-butanol and dimethylformamide respectively.

Anion

@
7 Nlo : 291 | ¢ "o : ©0
— N\ — N\

NH o0 NH o0

Plane A Plane B Plane A Plane B

(a) (b)
Figure 1.6: (a) The two aromatic planes in the 4.1 and (b) The salts of 4.1, showing that the

position of an anion can influence the torsion angle of protonated 4.1.

The polymorph VII crystallizes in the monoclinic space group P2;/c with Z = 4. It has a chain
like structure having R%(10) type of hydrogen bond motifs. The polymorph VIII belongs to
monoclinic space group P2;/c with Z= 4. This polymorph forms head to tail chains and one of
the oxygen atoms of the nitro group is involved in C-H O interactions to yield a layered
structure. Both the aromatic rings namely, the phenyl and the quinoline rings are nearly parallel
to each other and they are placed within the proximity favorable to have ' n interactions. The

crystals of polymorph IX belong to monoclinic Cc space group, it has Z = 4. The packing
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pattern of polymorphs VII and IX are almost identical having double chain type structure. In
terms of packing, the polymorph IX has a single chain structure, devoid of stacking. It also has a
double chain structure but the position of the molecules in the lattice makes the difference. These
interactions in IX result in the formation of R%(10) motifs (Figure 1.7). All the aromatic rings
positioned on the one side of the chain are similar. Thus, it gives rise to an one dimensional chain

like structure which is extended through R%(10) hydrogen bond motifs.

Figure 1.7: Packing pattern in polymorph IX with extended R?(10) cyclic hydrogen bonding (drawn in
35% ellipsoid).

The concomitant polymorph comprising of the polymorphs VIII and IX are obtained from a
mixed solvent system of tert-butanol and DMF. Each solvent has different ability to interact
with the nitro group and carbonyl groups of the 4.1. Thus, the dispersive forces operating in
solutions will vary with the ability of the solvent to solvate the molecules of 4.1 and thereby they
adopt different structures in solution. From this study it is revealed that the crystallized products
carry these signatures of the interacting molecules of 4.1 in solution by dispersive forces and
adopt suitable orientations as per the guidance of the solute-solvent interactions which are
discussed in details in the chapter.

Crystal structures of salts of 4.1 with sulphuric acid (H,SO4), hydrobromic acid (HBr) and nitric
acid (HNO3) were compared to show the role of anions in stabilization of a particular geometry.
The salt 4.2 has an ethylsulphate anion which was generated in-situ by the reaction of sulphuric
acid with ethanol. On analyzing these three salts it was found that the twist between the two
planes was guide by the bulkiness of the corresponding counter ion. In case of salt 4.2 the phenyl
ring with respect to quinoline ring was almost perpendicular to each other, this happens to

accommodate the ethylsulphate anion in the lattice which has a relatively big size. Among the
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bromide salt 4.3 and nitrate salt 4.4 the twist between the quinoline and the phenyl rings was

found to be more in 4.3. Sequence of twist between the two planes was 4.2 > 4.3 > 4.4.

The chapter 5 deals with synthesis, characterization and antimalarial study of quinoline
derivatives, their salts and cocrystal. This chapter contains discussion of structural features and
the antimalarial activities of salts and co-crystals of aminoquinoline derivatives with different
hydroxyaromatic acids and compared it with some neutral quinoline derivatives. The salts and
cocrystal of aminoquinoline derivatives taken up for the study is listed in Chart 1.1. The
solt/cocrystal generally enhances solubility, in our case we observe the same and also find that
the antimalarial activities of the quinoline derivatives are improved on salt or cocrystal

formation.

NH, NH, NH,
5.1 5.2 53 OH
(o}
H@ 0. 0o NH, O._OH HO Oo
NH
) b el (D
P H,O P ° X
HO OH HO OH = O
NH, OH OH
54 5.5 5.6
0,_0°©
NH, H® OH
R
A
5.7

Chart 1.1: Salts and cocrystal of aminoquinoline derivatives.

Salts of 5-aminoquinoline with 2-hydroxybenzoic acid (5.1) and 3.,4,5-trihydroxybenzoic acid
(5.4) as well as of 8-aminoquinoline with 1-hydroxy-2-naphthoic acid (5.7) are prepared by the
reaction of corresponding acid with amine, however the similar reaction of 8-aminoquinoline
with 3,4,5-trihydroxybenzoic acid led to the formation of 1:1 cocrystal (5.5). Hydroxyaromatics
acids were chosen as salts and cocrystal counterpart as they have definitive therapeutic
applications. Each salts 5.1, 5.4, 5.7 and as well as the cocrystal 5.5 showed potent antimalarial

activity with ICsy values in 6-20 uM magnitude. Among the samples studied for antimalarial
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activity, salts and cocrystal showed an enhancement in potency, whereas the covalently linked
compounds showed minimal activity. Comparison of antimalarial values of salts and cocrystal

with quinidine as standard is included in the chapter.

Chapter 6 deals with the synthesis, characterization, and metal recognition property of bis-
quinoline amide derivatives. We have synthesized two of amide derivatives namely, compound
6.1 and compound 6.2 of quinoline and studied their metal ions recognition properties in solution
state. Synthesis of the compound 6.1 and compound 6.2 are shown in the Scheme 1.6.
N\
" | o®

|

N

R H Ry
! - - T )
H _——
R, R, T HN._O Dry acetone 0 o O\//<O
() T I
HO OH NH
R R

Br

1 1
N
W \_/
When R;= H (6.1a) or -CHj (6.2a) When R;= H (6.1) or -CHs (6.2)

Scheme 1.6: Synthesis of compound 6.1 and 6.2.

Compound 6.1 shows fluorescence emission at 397 nm on excitation at 310 nm, which on
addition of Zn®" ions get quenched and a new emission peak at 493 nm appeared. On further
addition of Zn®" ions, intensity of this emission peak reaches a maximum and beyond a critical
concentration emission peak splits in to two new emission peaks appearing at 451nm and 551 nm
(Figure 1.8a). Similar fluorescence titrations were carried out with Li", Na’, K, Be*", Mg*",
CaH, Ni2+, C02+, Mn%, Cd*" and Hg2+ show insignificant changes in the fluorescence emssion.
On the other hand, Cu** ions quench emission at 397 nm (Figure 1.8b). This occurs as a result of
the electrons as well as energy transfer from the excited state of 6.1 to a low lying empty d-
orbital of Cu*" ions. A similar trend of fluorescence emission intensity changes as that of
compound 6.1 was also observed in compound 6.2 by interactions with Zn>" ions and Cu”" ions.
Major difference between the emission properties of these two compounds is in the splitting
patterns of the fluorescence emission peak at higher zinc concentrations. Compound 6.2 showed
single emission peak at longer wavelength (490 nm) on addition of Zn*" ions with a shoulder at

400 nm and decrease of emission intensity of peak at 400 nm while on addition of Cu®" ions.

TH-1453 10612201 XX
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Wavelength (nm) Wavelength (nm)

(a) (b)
Figure 1.8: The changes in the emission spectra of the compound 6.1 (10° M in methanol, 3 mL)
on addition of the solutions of (a) Zn*" ions and (b) Cu®" ions (in each case 0.033 equivalent

from a solution of methanol in aliquot).

The compound 6.1 and compound 6.2 have major difference in competitive sensing. The
compound 6.2 unlike compound 6.1, can sense Zn*" ions as well as Cu®" ions in presence of each
other (Figure 1.9a and 1.9b) however, in the later case presence of Cu”" ions suppress the Zn>"

ions sensing.

X10°
6

k- wm

Intensity (a.u.)

Intensity (a.u.)
LM (2]

330 380 430 480 530 580 330 380 430 480 530 580
Wavelength (nm) Wavelength (nm)

(a) (b)
Figure 1.9: (a) Changes in fluorescence of a solution of 6.2 (10* M in methanol) containing 1
equivalent cupric chloride (red lines), followed by addition of a solution of zinc chloride in 0.033

equivalent in aliquot (black lines). (b) Changes in fluorescence of a solution of 6.2 on addition of
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zinc chloride 0.033 equivalent (six times, black lines) followed by addition of cupric chloride in

0.033 equivalent aliquots (red lines).

Addition of Zn*" ions to a methanol solution of 6.1 increases the absorption at 252 nm and 360
nm at the cost of absorption at 303 nm and these changes pass through three isobestic points, at
245 nm, 280 nm and 331 nm. Similar changes were observed on addition of Cu®" ions. Other
ions like, Li', Na", K, Bez+, Mg2+, Ca2+, Ni2+, C02+, Mn2+, Cd*" and Hg2+ did not change
absorption spectra of compound 6.1. However, Cu”" and Zn*" ions were less effective to change
the absorbance spectra of compound 6.2 compared to 6.1. A coordination complex of Zn*" or
Cu’" ions with 6.1 proposed based on the result obtained from isothermal microcalorimetric

study has also been discussed.

A conclusion section is given at the thesis underlying the major overall findings from the present
work; this is done to complement the conclusions that are given at the discussion of each chapter.
Relevant literatures and experimental sections of each chapter are compiled after results and
discussion in each chapter. The crystallographic parameters are given as an appendix and

corresponding crystallographic information files are provided as soft copy attached to the thesis.
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Chapter 1

Introduction

1.1: General features of quinoline derivatives

Quinoline was first obtained from coal-tar in 1834 by F. Runge.' Later Gerhardt® extracted
quinoline by distillation of cinchonine, quinine and other alkaloids reacting with caustic potash.
Since then quinoline and its derivatives have found various applications and contributing to
fundamentals of chemical sciences and related topics. Quinoline derivatives have various
applications such as medicine,*” catalyst,”'? electronics.”"

Quinoline derivatives show potent drugs activities. Among them highly useful antimalarial

drugs such as quinine, chloroquine, primaquine, quincrine, quinidin, and epiquinine

% \\N\/ NH
HO N J\/\/ J\/\/ -

HN HN
0 AN BN N\
4 P |
N cI” N Z o~
Quinine (1.1) Chloroquine (1.2) Primaquine (1.3)

//

i Mf

Melfaquine (1.4) Qumacrlne (1.5)

needs special mention. Malaria pigment hemozoin obtained from Plasmodium falciparum which
is human malaria organism is consist of supramolecular assemblies of hemes. Hence there is
necessity to understand interactions of hemozoin with quinoline drugs. Many other Quinoline
derivatives show antimalarial, antibacterial and antifungal activities, some examples are listed in

Table 1.1.
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Table 1.1: Some biological active quinoline derivatives.

Introduction

Anti- malarial drugs Anti- bacterial
cl

Anti- fungal
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(1.16)

On the other hand, some quinoline derivatives such as 8-hydroxyquinoline is a common

chelating agent to metal ions'®"®

and it is also used in organic light emitting diodes (OLED)."**!

Quinoline derivatives are used routinely in analytical chemistry. Fluorescence properties
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associated with quinoline derivatives are utilised to probe biological systems and molecular
recognitions.
1.2: Supramolecular aspects of quinoline derivatives
Quinoline bears naphthalene skeleton in which one carbon atom of the ring is substituted by a
nitrogen atom. Presence of nitrogen atom on the ring confers basicity. Nitrogen atom also makes
the two fused rings non-equivalent, hence quinoilnes are dipolar molecules. There are two
isomers of quinoline, possessing nitrogen at 1-position of the ring is called quinoline, whereas
the iso-quinoline contains nitrogen atom at 2-position of the fused-ring.
= =

Quinoline Isoquinoline
Quinoline is used as solvent and while crystallisation of many compounds from such solvent,
different solvates having quinoline/s as solvated molecule/s are observed. For example quinoline
form solvates with dicarboxylic acid 1.17 and depending on crystallisation conditions different
compositions of solvates are observed.”” In this particular case, two forms were identified, each
of them has different packing patterns, and crystallized in different space groups. One form was
obtained from a solution in quinoline, whereas the other from was obtained from a mixed solvent

of pyridine and quinoline as shown in Scheme 1.1.

OH

(@) o 0

AN Quinoline Q Quinoline XX
(1.17)=3 | ———] N N > |(1.17)= 5 |

N~ |  Pyridine O NT

(o) 6}

HO™ "O
1.17

Scheme 1.1: Different quinoline solvates of 1.17.

Some amide group tethered quinoline derivatives have ability to form gels.” Packing
arrangements of such amides show different orientations around the guest molecules can be
adopted depending on the substituent. As shown in Figure 1.1 head to head arrangement or head
to tail arrangements by encapsulation of water molecule was observed from two different
derivatives. In this Figure quinoline containing side of an asymmetric amide is considered as

head and other side is considered as tail.
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5 \ H( N “
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oy Ty
B¢ :
Head to Head arrangement Head to Tail arrangement

Figure 1.1: Head to head and head to tail arrangements of water assisted self-assemblies.

Similar molecules such as 1.18, 1.19, 1.20 and 1.21 recognise specific acid, which is reflected
in changes in fluorescence emission of the quinoline derivative caused by different acids.**
Compounds 1.18, 1.19 and 1.21 are responsive towards amino acids whereas receptors 1.20, is
not responsive towards amino acids, which suggest substrate selectivity to recognise amino

acids.

X
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i 1

N NH
N
HN T
i -
0" NH N
(0] X
i /
HN™ ~O N
HN\L

N\
O Z OH
1.22 1.23 1.24
Beside these, fluorescence response of compound 1.21 towards amino acid is opposite to that of

response shown by compound 1.18 and 1.19. This was explained on the basis of having a
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template similar to crown ether in skeleton of compound 1.21. Such unit favours binding towards
NH; " of zetterionic form of amino acid.

Self assembly of perchlorate salt of quinoline derivative 1.22 generates channel-like structure
having pore of diameter 7.36 A (Figure 1.2).%° In this case very weak interactions such as C-
Hn interactions®® and C—H™O interactions’ contribute significantly to stability of the

assembly.

(b)
Figure 1.2: (a) Self-assembly of perchlorate salt of 1.22 (perchlorate anions are omitted); (b)

space-filled model showing the void.

Interesting aspect of quinoline derivative 1.23 is the formation of monoprotonated
tetrafluoroborate salt on reaction with fluoroboric acid despite of having scope for formation of
diprotonated salt. Perchlorate salt is a diprotonated 1.23 has two perchlorate anions per cationic
unit (Scheme 1.2). Further to this, hydrolytic reaction of sodium tetrafluoroboarte in aqeous
dimethylformamide in presence of 1.23 was observed. Such hydrolysis also results in formation
of corresponding perchlorate salt.

Hov

N o
\ BF,

a
@
([ Nw i heo, ¢ N N | ) | HBF; 7 N HO &N
NH O NH O
0] DMF NH O
g - O}T

NaBF4/ DMF (wet)

Q
2C10,

Scheme 1.2: Formation of perchlorate and tetrafluoroborate salts of 1.23.
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Biquinoline derivative 1.24 forms self assembly to adopt a single helical structure.® On
treatment with perchloric acid it forms perchlorate salt which retains helical structure and in the
helical structure perchlorate ion occupies the spaces in the folds.

Kemp’s triacid (1, 3, 5-cyclohexyl tricarboxylic acid), 1.25 binds selectively 8-substituted
quinoline. For example, it forms co-crystals with 8-aminoquinoline or 8-hydroxyquinoline

through intermolecular hydrogen bonds; one example is depicted in Figure 1.3.%°

= =
_N.
H H, H’N H,
0 O, '
ANLEAT T e OFH,
’,2 (0] o) O/H H 5 Qi “CI)H‘O o
o e, H
' ¥ H-o o
“H. _H
N
N
~
=
1.25

Figure 1.3: Cocrystal of Kemp’s triacid with 8-aminoquinoline.

N-functionalised dicationic quinoline derivative, 1.27 has ability to bind anion much strongly
than neutral analogue. Such observation is of interest as binding of cation at the inner core of 1.
27 is not sterically favourable, hence electrostatic attraction of anions to dicationic receptor of

anion is a major factor to have higher anion binding over the neutral counterpart without N-

| 0
N NH HN N H
| 7 | pZ | L
N+ + N —
I N
1.27 1.28

Proton transfer from 1-phenyl-3-(quinolin-5-yl)urea 1.28 helps to distinguish isomeric

methyl groups.*

dicarboxylic acids such as maleic acid and fumaric acid®' or positional isomers terephthalic acid
and phthalic acid. One isomer of each pair shows distinct colour change on interaction with 1.28.
Proton transfer without proton transfer to form salt or co-crystal have been established by single

crystal X-ray diffraction as well as by solid sate '"H-NMR study.
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Inter-linking between 2, 3-dihydroxynapthalene appended quinoline derivatives with boron
atoms 1.29 is a good receptor for biphosphate anion (Figure 1.4). Colour changes of this

compound 1.29 takes place selectively on formation of biphosphate.™

.
H NEt,

1.29 1.30
Figure 1.4: Boron complex 1.29 and its host-guest complex with biphosphate anion 1.30.

Quinoline derivative 1.31 and 1.32 having multiple binding sites linked with both amide and
ether linkage binds various carboxylic acids. Compound 1.31 distinguishes hydroxy dicarboxylic
acids from their non-hydroxy analogues and also aliphatic dicarboxylic acids from aromatic
diacids.* Compound 1.32 shows high affinity towards tartaric acid and while interacting with
tartaric acid fluorescence emission of compound 1.32 drastically changes, it enables detection of
tartaric acid among various acids. Reason for such recognition process was established from
solution study and from crystal structure determination it is shown that complementary hydrogen
bonds facilitates accommodation of tartaric acid within the arms of a scissor like geometry of

molecule to form 1:1 host-guest complex 1.33.*
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Nano-cage like structure is generated from interactions of dendritic molecule such as 1.34 with

palladium ions (Scheme 1.3). This type of nano-cage is used for fluorescent detection of

.1 3536
nucleosides.

Guest binding site
and communicator

Tunable Metal binding
site and singnalling unit

Scheme 1.3: Formation of nano cage from compound 1.34.

There are large numbers of molecules in which quinoline unit is attached to another binding site
or to functional molecules demonstrating a plethora of supramolecular chemistry. In next section,

specific anion and cation binding properties of quinoline derivatives are discussed.

1.3: Quinoline derivatives in detection of cations
Quinoline derivatives are fluorescence active compounds; hence quinolines containing
fluorescent receptors are very common. Generally design of quinoline based fluorescence

37-40

receptors shows signal transduction through three mechanisms: a) Photoinduced electron

transfer (PET), b) intramolecular charge transfer (ICT) and c) fluorescence resonance energy
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transfer (FRET). To exaplain these process we illustrate each case by taking illustrative case of
each type.

Photoinduced electron transfer process requires use of spacer which generally has a separation
distance between less than three intervening -CH,- unit to connect a fluorescence group to an
atom having nonbonding electron pair, such as nitrogen or sulfur atom (Figure 1.5),. Such atoms
can transfer an electron to fluorescence group at excited state and result in fluorescence
quenching. But when such electron pair is coordinated to a metal ion (or other cation), the

electron transfer is prevented and fluorescence is enhanced.

=
PET |

N
/—\ N M+ N__
co ™
 —
7
N/ Z\ N

& I

Weak Fluorescence Strong Fluorescence

Figure 1.5: An illustration of photo electron transfer mechanism.

As an illustrative example of a system operating though PET mechism is the fluorescence
changes on interaction of 1.35 with Zn*" and Cu*" ions. Compound 1.35 binds to Zn*" or Cu*"
in different manner showing an efficient ratiometric OFF and ON response.*! It adopts an imidic
acid tautomeric form while binding to Zn*" ion; and while binding to Cu®*" ion it forms of an

deprotonated amide tautomer formed by loosing the proton from NH group as shown in the

Scheme 1.4.

Scheme 1.4: Different binding mechanism of Zn*"and Cu*" ions with 1.35.
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In intramolecular charge transfer mechanism can be explained with a Scheme shown in Figure
1.6. In this Figure quinoline moiety attached to a conjugated system can be a coordinating site to
a metal ion and an electron donating or electron withdrawing group and presence at a remote site
can assist in pulling or pushing the electrons. This would result charge transfer to or from
fluorophore at excited state. On complexation such effect is influenced by a metal ion; hence
fluorescence can be modulated. Since the ICT mechanism operates through conjugation, the
spacer part is not required.

Electron push,_ _ Electon pul

O Electron push

Q=

N [ \ COOH
aiyeh

1)
Electron push  gjectron pus Electron pull

Blue shift in fluorescence signal Red shift in fluorescence signal

Figure 1.6: Model depicting intramolecular charge transfer mechanism.

ICT is observed in sensing of zinc ions by compound 1.36, in which the N-methyl group has a
role to push the electron to the ring taking the emission to a higher wavelength (Figure 1.7).
Upon coordination of zinc ion to the nitrogen atom of the quinoline effects the emission spectra

and appears at 620 nm, whereas uncoordinated compound 1.36 emits at 545 nm.*

Figure 1.7: Intramolecular charge transfer mechanism in compound 1.36.
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On the other hand, fluorescence resonance energy transfer occurs in fluorescent molecules
comprised of donor and acceptor components separated by a suitable distance with appropriate
orientation to favor energy transfer between them. Thus, there must be a clear possibility of
communication between a donor and an acceptor part. It involves non-radiative transfer of
excitation energy from an excited donor to a proximal ground-state acceptor. Following
conditions must be satisfied for observing FRET: a) Donor part should have sufficient lifetime
for energy transfer. b) Distance from the donor to the acceptor must be less than 10 nm. c) The
absorption spectrum of the acceptor fluorophore must overlap with fluorescence emission
spectrum of the donor fluorophore (at least by 30%). d) Orientations of donor and acceptor
dipole must be approximately parallel. FRET- may be observed in small molecule containing

two fluorophores connected by a spacer through covalent links.

Ex =405 nm Ex =405 nm
O O
N LN
o O

Em =536 nm Em =594 nm

Figure 1.8: Fluorescence resonance energy transfer mechanism in compound 1.37 and changes

caused by Cr’* jon.

Based on the fluorescence resonance energy transfer mechanism ratiometric sensors have been
designed.* For example, fluorescence quenching of compound 1.37 takes place on complexation
with Cr’" (Figure 1.8). In this case energy transfer is reflected as quenching of fluorescence. The
fluorescence lifetime of the donor part of 1.37 is lower in absence of Cr’™ ions. There is an
increase in acceptor fluorescence emission which occurs through a FRET mechanism. Since

FRET is very sensitive to the distance between fluorophores, compound 1.37 on complexation

TH-1453 10612201
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with Cr’" brings the acceptor and donor moiety close and also provides favorable orientation for
energy transfer. This shifts the emission to higher wavelength. It has been suggested that in this
system distance of separation between donor and acceptor changes through coordination hence
fluorescence changes may be used to estimate distance between fluorophores.

There are large numbers of examples on quinoline derivatives which have evolved over the years
to detect various metal ions. Thus list of some quinoline derivatives used in detection of different
metal ions are listed in table 1.2. Major challenge in this area is to identify water soluble
molecules with specific signal response to an analyte. Further understanding on interference of
other metal ions prior to development of a new analytical device is essential. Thus, major aspect

of this research is directed towards screening of fluorescence responsive molecules and

modulation of signals. There are also some studies directed to generate logic gates**™* and some
are towards medical sides such as NMR imaging.*®
Table 1.2: List of compounds with their respective metal ion/s detections.
Compound Substituent Compound No. Metal ion/s
X
P
N
HN.__O .
\E 1.35 Zinc and Copper™'
0
N—\
= N |
il N
1.36 Zinc®
1.37 Chromium®
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1.38

1.39

1.40

1.41

1.42

1.43

1.44

1.45

1.46

Zinc™!

Zinc*

Zinc"

Zinc"

Zinc®

Zinc>

Zinc"

Zinc®

Zinc®
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Cadmium and
Zinc™*

1.47

56

Zinc

1.48

Zinc*®

1.49

Zinc™®

1.50

59

Copper

1.51

Cadmium and

60

Zinc

1.52

Cadmium®’

1.53
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|
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= N N
O _ N N 1.54 Cadmium®
YL
N/

< 6! 1.55 Mercury®

N° Y
LO N\O 1.56 Mercury®
/)\j S

1.57 Iron*®

Among various metal ions, detection of zinc ion has been an important issue from biological
point of view. Quinoline receptors for zinc generate high interest as the mobile zinc ions in
biology can be detected by quinoline derivatives. Various fluorogenic chelators for transition
metal ions based on quinoline moieties, particularly 8-hydroxyquinoline and 8-aminoquinoline
are found to be suitable for detecting Zn*" ion in biological samples. Quinoline derivatives such
as 1.40,"7 1.41," 1.42* and 1.44" can detect specifically Zn>" ion in aqueous solution, hence
they are of biological interest. A high selectivity water-soluble fluorescent sensor 1.45
demonstrates™ femtomolar sensitivity for Zn”>" ion with a 14-fold enhanced quantum yield upon
chelation to Zn*" ion and also exhibits selectivity to zinc ion over other physiological relevant
divalent metals in the presence of EDTA. Coordination of acetic carboxylic group significantly

enhances the affinity for zinc ion. Compound 1.46 shows nanomolar affinity for zinc ions and

TH-1453 10612201
15



Introduction

shows large fluorescence shifts with enhancement of fluorescence intensity.” Therefore, 1.38
has desired chemical and spectroscopic properties that satisfy the criteria for further biological
and environmental applications. 8-aminoquinoline based chemosensor 1.38 exhibits 150-fold
increase in fluorescence emission upon binding to Zn*" and shows high selectivity for Zn>" ions
from other biologically relevant metal cations, toxic heavy metals.”'

As mentioned earlier, selectivity of detection of a metal ion over other metal ions is important.
There is large amount of work devoted in this direction. For example, compound 1.39 is
selective™ to quantify Zn”" ions in the presence of high concentrations of Ca*" and Mg ions. As
far as simultaneous multiple ions detection is concerned 1.43 was employed as a novel

+ D4 .
fluorescent probe for Co”* and Ni*" jons.>

o) | 0
0 X SN " o N
>L s o0 cd _
—— H ' N
¥ /o /O ! ‘N@
N W N~
A N=
Weak fluorescence W

Strong fluorescence
Figure 1.9: Process of sensing of Zn>" or Cd*" ions by 1.47.
Ratiometric signal chelation enhanced fluorescence output for Cd*" ion was observed when the
bound Zn”" ion was displaced by Cd*" ion (Figure 1.9). These results demonstrated that 1.47 can
act as a radiometric sensor for Zn>" and also as a dual mode Cd*"-selective sensor ratiometric
displacement.>® A turn-on fluorescent probe 1.57 for Fe’* based on the rhodamine platform has
been reported. Compound 1.57 shows high selectively for Fe’" over Cr’" ions.”
Compounds 1.48 and 1.49 show’’ a 4 to 6 fold enhancement in fluorescence intensity upon
coordination of Zn”" ions, and with slight enhancement upon addition of K, Mg*" and Ca*".

Oxygen atom present at 8-position and the quinoline nitrogen atom participate in the

TH-1453 10612201
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coordination of Zn®" ions, and that dipicolyl amine group endows the sensor with a high affinity
for Zn®" ions. The sensor 1.36 based on ICT process instead of PET process, can readily reveal
changes in intracellular Zn>" ions concentration.*” Dual emissions and cell-permeable nature of
1.36 make it possible to study cellular Zn*" in hippocampus in a ratiometric approach.
Compound 1.50 is used for monitoring Zn>" ions. It shows 14-fold fluorescence enhancement
upon Zn ion addition.”” It has nanomolar range sensitivity and high selectivity for Zn*" ions
which makes it favorable in biological applications as used for imaging Zn®" in living cells with
two-photon microscopy. Chemosensor 1.51 with conjugated backbone shows a 5-fold increase
in the intensity of emission on interaction with Cu®" ions.”®

Interference of Cd*" is a well-known problem for zinc fluorescence sensors and cadmium
fluorescence sensors. 4-isobutoxy-6-(dimethylamino)-8-methoxyquinaldine sensor 1.52 based on
the ICT mechanism exhibits very high sensitivity for Cd*" and excellent selectivity response for
detection Cd*" over heavy and transition metal ions.”” Structural study on zinc and cadmium
complexes of 1.52 showed that the dipicolyl amine moiety plays main role to grasp metal ions,
while 8-position methoxy oxygen helps to tune selectivity of the sensor. Furthermore, it
demonstrates to be a ratiometric chemosensor to image intracellular, which is superior to
intensity-based images of the sole emission channel.

Two 8-hydroxyquinoline units flanking semi-rigid oxadiazole moiety such as in 1.53 effectively
chelate Cd** and show very high selectivity over other heavy and transition metal ions.** A
Quinoline derivative of N, N-dimethyl N -(pyridin-2-ylmethyl)ethane-1, 2-diamine 1.54 is used
as a probe for Cd*" ions.”' This probe shows a large red shift with significant enhancement of
emission intensity on binding to Cd*" ion and also exhibits higher selectivity for Cd*" over Zn*"
ions.

Paramagnetic Fe’" and Cr’" ions are generally most efficient fluorescence quenchers, thus
development of fluorescence chemosensors of these metal ions is a challenging job. FRET-based
Cr’" chemosensor 1.37, showed gradually decrease in intensity of fluorescence emission and a
new emission appeared at longer wavelength with increase in emission intensities.*

Some detection process of metal ions occurs due to chemical reactions; in such detection process
one form of a fluorophore or chromphoric compound transforms selectively to another by
specific metal ion. Such process was demonstrated in detection of mercury by compounds 1.55

and 1.56. Compound 1.55 has 8-hydroxyquinoline connected rhodamine and ferrocene which are

TH-1453 10612201
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chromophoric and electroactive respectively. In this example, compound 1.56 is capable to
recognize Hg”" ions through opening and closing rhodamine ring before and after binding.*
Because of changes in interior electron density before and after binding, the electrochemical
signals of ferrocene varies. On the other hand, hydroxyquinoline derivative 156 is highly
sensitive to detect of Hg®" ions. In this case, very efficient hydrolytic conversion of thioamide
into amide takes place in the presence of Hg*" ions.*

There are large numbers of examples on quinoline units connected to various supramolecular
receptors to make them polyfunctional or to enhance selective binding abilities. Among these
units crown ether, calix-arene, cyclotriveratrylene, porphyrin and aza-crown units are extensively
used. Some examples of such receptors are given as 1.58, 1.59, 1.60, 1.61 and 1.62. Aza-crown

. . g . A 2+ . 64
based quinoline derivative 1.58 is a chemosensor of Zn" " ions.

1.61 1.62

In this example, deprotonation of the hydroxy group of hydroxyquinoline moiety forms chelated

complex with Zn>" thus, the detection process is sensitive to pH. Compound 1.59 is used as an
effective fluorescent sensor for silver ions. It shows a large Stokes shift of about 173 nm on
interaction with silver ions and operates with an ICT mechanism.®® Compound 1.60 is based on

calix[4]arene and bears four iminoquinolines. It shows large enhancement of fluorescence

TH-1453 10612201
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intensity on interaction with Cu®" ions and shows a high selectivity toward Cu®" over others
metal ions.®® Cyclotriveratrylene derivative 1.61 bearing three fluorogenic quinolinyl groups
detect Cu®" ions with very high efficiency.’” In both these examples, quinoline moiety is
responsible for fluorescence changes upon coordination of metal ions and cavity size controls
selectivity of the sensors towards Cu®” ions. Complexation of mercury ion to porphyrin unit
quenches fluorescence of 1.62 and induces a new emission with enhancement of intensity at
lower wavelength.®®

Siderophore analogs based on tris(2-aminoethyl)amine (TREN) spacer 1.63 and 1.64 are good

iron selective sensor molecules.

NaO;S SONa  Nao,s f\ SO3Na
N HO

SOsNa N N-s0,Na
N/ HO B
O-TRENSOX N -TRENSOX
1.63 1.64
Among these two compounds, O-TRENSOX (1.63) is more selective towards iron than N-

TRENSOX (1.64), so it is used as iron sequestering agent.”” "’

1.4: Quinoline derivatives as sensors for anions
Quinoline derivatives have provided wide ranges of templates to selectivity bind anions.
Hydroxy-quinoline derivatives have been widely used in sensing fluoride ions.”! Metal

oxyquinolinate complexes usually of zirconium interact with fluoride ions (Figure 1.10).

X
o EtOH-H,0 |
N :, . N/
O---- '2 S 0 - _
o o RS +2F OH
ro O co
7 FAEERY N/
OC/\’N N
\/ \/CO

Figure 1.10: Fluoride sensing of zirconium oxyquinolate complex.
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Selective reaction of fluoride ion with zirconium oxyquinolinate complex releases quinolinium
ions which show colour change to detect fluoride ions.

Copper complex 1.65 has been found to shows high selectivity to bind acetate ions over other
anions such as fluoride, chloride, bromide, iodide, DIL-malate, L-mandelate, benzoate,
isophthalate, phosphate, nitrate and sulphate (Figure 1.11).”* Such selectivity with parent ligand
without complexing to copper was not observed. This is due to coordination of ligand to copper

ion, which makes an azacrown moiety to provide complementing binding site to an acetate ion.

Hydrogen bonding o) o

array for anion

sensing \
\RKHN j

N

N |-!N
(0] AN 7 (6]
\Cu";" Vacant site for

\
N
O /. O anion recognition
// \\
’ \
// \\
) i
S =

1.65
Figure 1.11: Binding sites for acetate ion in 1.65.

Many anion selective compounds have been prepared based on quinoline moieties. Some of such
compounds are listed in Table 1.3.

Table 1.3: List of compounds with their respective anion/s detections.

Compound Compound No. Anion/s

0 1.66 Fluoride™

1.67

—N NH HN N= Bisulfate and fluoride’®
oo

TH-1453 10612201
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Compound 1.66 is based on a quinoline backbone bearing urea as well as an amide moiety. It
effectively binds halide anions in 1:1 ratio. It has a high selectivity for fluoride ions over the
bigger anions.” Fluoride being a small anion most appropriately fit in the binding pocket formed
by the three NH protons.”* Simple aminoquinoline based bis-urea 1.67 is a receptor for anions,
which effectively binds oxoanions and halides. Two quinoline rings present in the molecule
allows it to form a cavity suitable to hold an anion. Compound has high affinity for bisulfate and

fluoride ions. This is due to strong hydrogen-bond interactions between the host and anions.”

N__S
HNYS AcO" O/,,H \rf
HN. NO, : /QO/,H NI NO,
N Nx
X |
| \/ _
%
PET

Scheme 1.5: Anion- induced flouroscent quenching sensor 1.68 based on PET mechanism.
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A novel colorimetric and fluorescence anion sensor based on 8-nitroquinolyl-2-aldehyde phenyl-
thiosemicarbazone 1.68 is used for observing naked-eye color change from colorless to yellow
on complexation with acetate ions. However, fluorescence emission of this compound is
quenched by acetate ions as due PET as shown in Scheme 1.5.7
N-Phenyl-N'-(3-quinolinyl)urea 1.69 is highly selective colorimetric and ratiometric sensor for
fluoride ion, Sensing process operates through a proton transfer mechanism. By controlling pH
the sensor can be reversibly used or recovered for several cycles with only a slight decay.”’
Bis-ureidoquinoline sensor 1.70, shows turn-on fluorescence changes in the presence of a
fluoride anion and exhibits high selectivity for fluoride in presence of other anions.”® Sensitive
and selective changes caused by fluoride anion on fluorescence emission of 1.70 is attributed to
hydrogen-bond interactions between two uriedo groups and fluoride anion.

O'Bu

X

NP o™
0 0

OT\ILNH HN\©: j
o Lo

1.71
Receptor 1.71 has crown ether unit attached quinoline and urea moieties, it exhibits higher
affinity for chloride ion over other halides. Such selectivity occurs due to presence of a
preorganized cavity. The order of selectivity in detection by this receptor is I' < Br" < CI". This
trend is due to higher basicity of chloride ions and size of binding pocket in the receptor fits

small anion.”

1.5: Metal complexes and coordination polymers of quinoline derivatives

Quinoline is similar to pyridine and it has vast coordination chemistry similar to pyridine. But,
functionalized quinoline derivatives provides better scope to form metal complexes as more
numbers of coordination sites can be added to such unit through fictionalization. In addition to
this, functional group provides directionality and helps in anchoring multiple numbers of metal
ions. Thus coordination chemistry of quinoline derivatives is very vast. In this section we attempt

to describe some coordination features of identified functional group attached to quinoline

TH-1453 10612201
22



Introduction

derivative to provide a glimpse of the versatility and possibility to expand such coordination
chemistry.

Quinoline carboxylic acid ligands are commonly used to form metallo-organic frameworks.***’
Quinoline carboxylic acid can have similar coordination chemistry as that of pyridine carboxylic
acids but the differences arises from larger conjugated m-systems, therefore m-m stacking
interactions play more important role in the formation of such complexes. Quinoline molecule
has week coordinating ability but in quinoline carboxylic acids, carboxylic acid unit helps to

form chelated or bridging complexes. For example, 6-quinoline carboxylic acids bind to metal

centres in various modes to form coordination polymers as illustrated in Figure 1.12.

|
" F - - o)
\ O\ \ (@) M \N
N M N
/ o) / o) 0—M
M M

Figure 1.12: Binding modes of quinoline-6-carboxylic acid.

Quinoline-6-carboxylic acid forms two dimensional coordination polymers with Ni*", Co*" and
Cu”" which have wave like net structures having porous packing pattern.*®

8-quinolyloxy-acetic acid, 1.72 has a flexible tether holding carboxylate moieties, has
multifunctional coordination sites. It can form chelate as well as bridging complex through N, O
atoms of quinolyl and carboxylate group (Figure 1.13).***° 8-Quinolyloxy-acetic acid forms a
helix chain polymer with Cu®" salt while it forms zig-zag chain polymers with Ni*‘and Co**
salts.”’ Under hydrothermal condition it forms 1-D, 2-D, and 3-D coordination polymers with

lanthanide ions, namely Eu’" and Gd®" along with some other auxiliary ligand.”

O
X o O,
(l EN\ /\g [l jN O/])// L
-

M -
Figure 1.13: Binding modes of 8-quinolyloxy-acetate anion with metals.
Quinoline-2-hydroxy-6-carboxylic acid, 1.73 shows supramolecular features by hydrogen bonds

of OH group to make interesting supramolecular motifs (Figure 1.14). Quinoline-2-hydroxy-6-

carboxylic acid donot form coordination polymer as nitrogen atom does not take part in the
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coordination with metal. This happens as ligand remains in keto form to give dinuclear complex

with metal ions as instance with dysprosium.93

Figure 1.14: Binding modes of quinoline-2-hydroxy-6-carboxylic acid.

Bis(8-carboxamidoquinoline) binaphthol 1.74,”* is an interesting quinoline based ligand and it

forms selective metal complexes with Zn>" or Cu*" ions which are illustrated in Figure 1.15.

i
—N
—o0

(a) (b)
Figurel.15: (a) Zinc complex and (b) Copper complex of 1.74.

Erbium complex of hydroxyquinoline derivative 1.75 shows near infra red emission and find use
as light emitting diode (Figure 1.16).”
Y R,

N’R
D \N “ T N
“ ~ N _
§ OH " o] \é/ NQ 7
AN
HL1: X,Y=H ; HL2: X=H,Y =Br; HL3: X,Y =Br R- / o o= R
R VN R/N
X
1.75 R = CH,CHj;

Figure 1.16: Structure of 1.75 and its erbium complex.
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Tetrapodal ligand 1.76 forms water soluble chelates with lanthanide ions, which are good
sensitizer of NIR luminescence.”®”’

=

A /Y@
i

1.76
Reaction of 8-hydroxyquinoline along with 2-bromopropionic acid in presence of sodium
hydroxide yields a coordination polymer 1.77. The coordination polymer on treatment with
perchloric acid exchanges anion to form a dinuclear complex 1.78. The coordination polymer

1.77 can be also used for cadmium coordination polymer 1.79 (Scheme 1.6).”®

OH
ﬂNaOH
i I . . o (I
CC sol
o=y~ \ (0}
(0] Na/ ICHS

Cd(OAc), H20, 0 HCIO / \\ .~
CH — \ 4 H -H
/Cd\ | —— \O—/Na< ICHS —_—) \O O O
Br =z P / 0._O-~
o oho” N
0 Na—__ CHj;

1-D coordination polymer 1.79 1-D coordination polymer 1.77 Aqua-bridged dinuclear
complex1.78

Scheme 1.6: Synthesis of the coordination polymer 1.77, 1.79 and dinuclear complex 1.78.

A series of dinuclear paddle-wheel like transition metal complexes of 2-phenylquinoline 4-
carboxylic derivative 1.80 are reported. These complexes (Figure 1.17) exhibit antibacterial

activities.”

TH-1453 10612201
25



Introduction

\
O bLo
CH;  CHs

1.82: M=Mn 1.83: M=Co
1.84: M=Zn 1.85: M=Cd

Figure 1.17: Metal complexes of 1.80.
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Scheme 1.7: Hydrolysis of ruthenium drug.

Ruthenium chloroquine complexes are drugs for malaria. The mechanism of antimalarial

O of ruthenium (II)-chloroquine complex [RuClL(CQ)], (1.86) have suggested that

action'
[RuCly(CQ)], undergoes hydrolyses in aqueous medium to form an ionic species, which is the
active drug (Scheme 1.7).

The above discussions provide a platform for showing promising aspects of on quinoline

derivatives with a broad spectrum of potential applications.

1.6: Scope of the present work

Among all the quinoline derivatives, 8-hydroxyquinoline is regarded as the second most
important chelating agent after EDTA for cation analysis, although most indicators derived from
it are not specific enough for the selective detection of specific metal ions.'"!

From the discussion made in earlier sections it is very clear that quinoline derivatives have can

be the choice for many supramolecular studies. Quinoline group contains conjugated m-systems
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which provide an important contribution in stabilization of the supramolecular assemblies by -1
interactions. The rare earth quinolines are known for their near-infrared luminescence properties,

hence they find a wide applications in optoelectronic devices.'** 8-Hydroxyquinolinate complexe

of erbium(IIT) is known to exhibit infrared luminescence' "%

106-107

and they are used for fabrication
of near-infrared-emitting OLEDs. Tris(8-hydroxyquinolinato)aluminum(IIl) exhibits
intense green electroluminescence and is an active component in organic light-emitting diodes

108-109

(OLEDs) operating in the visible region. Heteroleptic aluminum(IIl) bis(2-methyl-8-

quinolinolate)phenolate complexes show tunable, blue-to green emission.' "

Many metal complexes of quinoline derivatives find importance biological activities. For
example, manganese complexes quinoline derivatives, [Mn(QA)Cl;] and
[Mn(QA)(OACc)(H,0):](OAc) (QA = 2-di(picolyl)amine- N-(quinoline-8-yl)acetamide)) are
potential attenuators for absorption of Ca®" in mitochondria and interfere with the metabolism of
O, for cancer chemotherapy.'"

Thus, looking at the potentials of these quinoline derivative in the field of supramolecular
assemblies, host-guest interactions, biological activities and the properties of the its metal
complexes, we have synthesized a number of quinoline derivatives and investigated various

aspects including host-guest interactions, polymorphism, molecular recognition and coordination

chemistry of these quinoline derivatives.
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Chapter 2

Synthesis, characterization and properties of Zinc (II), Manganese (II) and

Cobalt (IT)-8-oxyquinolate clusters

Metal ions such as magnesium, zinc, cobalt, nickel, copper and molybdenum forms complexes
with 8-hydroxyquinoline which finds application in analytical chemistry.! Depending on pH of
the medium 8-hydroxyquinoline in separation of aluminum from beryllium and magnesium, and
also in the separation of beryllium in the presence of aluminum, iron, titanium, and zirconium.”
Beside these, metal complexes of 8-hydroxyquinoline are used in organic light emitting diodes
(OLED).* 8-hydroquinoline can form different metal complexes with same metal ions, for
instance, it forms mono nuclear bis(quinolinato)zinc complex from acidic reaction condition.*
On the other hand, anhydrous zinc-quinolinate complex is polymeric, it can be prepared by
recrystallisation of a hydrated form from gas phase.’ The dehydration process is shown in Figure
2.1. There are also examples of tetra nuclear zinc oxyquinolinate complex having terminal
carboxylate group. Such tetra nuclear complex can be easily converted into coordination polymer
by attaching dicarboxylate in place of carboxylate group. An example of coordination polymer

is shown in Figure 1.1b. In this coordination polymer tetruclear zinc-oxyquinolinate units are

held by oxalate.®”’
e — — ‘ X —_
— P
‘ 7 \N N/ \ZI —0 N=
N { N
OH -H,0 / AN,/ 0. _0O
2\21/0 —»2 \ \Zr(/o\ /O\ OIO\ /o/\O 7 /Zn< I AN
O/ | AN O/ \O/ZI"I\ \‘O \o//zn / \ /O 0 N /Zn
N H0 / / N Oz o
| X N N 7\ o) )\
= [ N = N\’\/l A
— _— —
(. 12 — = In
(a) (b)

Figure 2.1 (a) Conversion of mononuclear zinc complex to polynuclear complex by dehydration.

(b) A coordination polymer of zinc-oxyquinolinate having oxalate bridges.
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Chapter 2

There are numbers of examples of other metal complexes in which 8-hydroxquiniline act as the
sole ligand or it is a constituent of mixed ligand complex. In all these complexes 8-
hydroxyquinoline binds through various binding modes such as (i) chelating, (ii) bridging with
u*-oxy, (i) chelating-bridging with u’- oxy, and (iv) chelating-bridging with x’- oxy (Figure

2.2).8
AN X X X
| | | |
N/ N/ N/ N/
M—O M_O\M. M/O\M' M—

(i (il (iii) (iv)

Where M and M’ are metal ions

T
M

Figure 2.2: Binding modes of 8-hydroxyquinoline.

As far as tetranuuclear oxyquinolinate complexes are concerned they have close structural
features to that of metalcarboxylate complexes.” In literature many examples of tetra nuclear zinc
clusters such as Zn4O(acetate)s has been used as molecular model for zinc oxide as this tetra
nuclear zinc cluster has a central oxygen atom which hold four zinc atoms in tetrahedral
coordination environment.'® More importantly metallo-organic frameworks of such motifs are
important, as porous materials have gas absorbing properties.'' > Although there was a report on
tetra nuclear oxyquinolinate zinc complex,® however, no further work in this regard such as to
find out their solvation arising due to packing patterns. On the other hand such chemistry has not
been extended to other metal ions.  Moreover, recently we have shown that 1,8-
dicarboxynaphthoic acid which has some structural similarity to 8-hydroxyquinoline in terms of
position of binding sites forms dinuclear, tetra nuclear or hexanuclear complexes with various
metal ions depending on the ancillary lignads.” Thus we have chosen to study the synthesis,

reactivity and various properties of teranuclear zinc-oxyquinolinate complexes.

2.1: Zinc (II) oxyquinolate complexes

Reaction of equimolar amount of 8-hydroxyquinoline with zinc chloride in different solvents
such as hydroxyquinoline in dimethylformamide (DMF), dimethylacetamide (DMA) and
dimethylsulfoxide (DMSO) respectively yielded corresponding solvates of tetra nuclear zinc-

oxyquinolate complexes each having a general composition [Zns(oxyQ)«Cl, ].(DMF), (2.1),
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[Zn4(0xyQ)sCl2].(DMA), (2.2) and [Zn4(oxyQ)eCl; ].(DMSO), (2.3) as shown in the Scheme
2.1. On the other hand, the bromide containing zinc-oxyquinolate complex [Zns(oxyQ)¢Br;

].(DMF), (2.4) was synthesized by similar reaction between 8-hydroxyquinoline with zinc

bromide.

[Zn4(0xyQ)6X;] - (DMA),

X=Cl; 2.2)
<
S
[Zn4(oxyQ)eX; | . (DMF), <D_ ZnX, + @ LSO» [Zn4(0xyQ)X,] . (DMSO),
<§—]C31 22}0 X=ClL2.3)
=Br; 2.

Scheme 2.1: Synthesis of zinc complexes 2.1, 2.2, 2.3 and 2.4.

All these complexes were characterized by FT-IR, elemental analysis, thermogravimetry, powder
X-ray diffraction and single crystal structure determination. Each of these complexes has similar
FTIR spectra, however they have unique characteristic powder x-ray diffractions pattern which

makes them different from each other. Comparable diffraction pattern may suggest their

similarity in packing patterns.
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Figure 2.3: (a) FT-IR spectra overlay and (b) Powder XRD pattern overlay of DMF solvate (2.1),
DMA solvate (2.2) and DMSO solvate (2.3).
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Although solid state IR spectra have shown distinction among the solvates, but each exchanges
the solvent molecules with absorbed water while making KBr pallet, thus each shows strong OH
stretching absorptions at 3397 cm™, 3362 cm™ and 3376 cm™. DMF shows strong absorption at
1624 cm™,"® which is seen in the solvate 2.1, DMSO shows a strong S-O stretching at 1105 cm’
1% in the DMSO solvate 2.3 there is an absorption at this region because of C-O stretching,
hence could not be distinguished. However, the powder XRD were recorded which is shown in
Figure 2.3. Indexing of Miller indices of powder X-ray diffraction patterns were done on the
basis of the crystallographic information files of respective crystal structure that were determined
by single crystal X-ray diffraction. When we compared the simulated powder patterns of these
complexes with the experimental data it was confirmed that the experimental diffraction patterns
matches with the simulated diffraction obtained from single crystal diffraction data, it implies
high purity bulk materials.

Three tetra nuclear zinc-oxyquinolate complexes 2.1-2.3 are isostructural, each belong to P-1
space group and have unit cell volume 1457.18 (14) A°, 1482.62 (15) A°, 1445.71 (18) A® and
1470.82(16) A’ respectively. The respective crystal densities are 1.531 g/cm’, 1.536 g/em’, 1.555
g/em’ and 1.617 g/cm’. The complexes have similar tetra-nuclear zinc core as for the complex
2.1 shown in Figure 2.4a. Zinc ions in the complexes are in two different types of environments.
The zinc sites holding halide ions are penta-coordinated while the other two zinc sites are hexa-
coordinated. Hexa-coordinated zinc sites have zinc atoms coordinated to four oxygen atoms from
independent oxyquinolates and two nitrogen atoms from two independent oxyquinolates giving a
distorted octahedral geometry around the zinc atom. These octahedral centre have Zn2-O1 bond
has distance of 2.103 A, while Zn2-02, Zn2-0O3 and Zn2-N3 bonds have 2.136 A, 2.109 A and
2.081 A respectively. Moreover the angle O1-Zn2-N1 and N1-Zn2-N3 are 79.5° and 98.2°
respectively which imply a distorted octahedral geometry of hexa-coordinated sites of the
complex. The basal plane is occupied by two O2 atoms, N1 and N3 atoms whereas O1 and O3
occupy the axial positions of the octahedral. Whereas, in case of penta-coordinated zinc sites
three oxygen atoms from three independent oxyquinolines, a nitrogen atom and chloride anion
coordinate to give trigonal bipyramidal environments. In these sites O1, N2 and O3 atoms form
the base plane, while O2 and Clloccupy axial positions. Bond angles of the equatorial plane are

107°, 117° and 118° respectively, whereas between the axial positions is171°. Zn-O bonds are in
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the range of 2.0 to 2.31 A and zinc nitrogen bonds are in the range of 2.08 to 2.10 A, which are

conventional bond distances observed in zinc oxyquinolate complexes.*

Cll e

Five coordinated

(b)

Figure 2.4: (a) Structure of the complex 2.1 (drawn in 30% thermal ellipsoid), (b) Coordination

environment in [Zng(0xyQ)eCly] complex (drawn after removing organic part).

Table 2.1: Bond lengths and bond angles of the complexes 2.1, 2.2 and 2.3.

Length (A) Length (A) Length (A) Angle (°) Angle (°) Angle (°)
Bond Bond angle
Complex 2.1 Complex 2.2 Complex 2.3 Complex 2.1 Complex 2.2  Complex 2.3
Znl1-Cll 2.28(11) 2.28(2) 2.28(2) Cl1-Zn1-01 108.47(8) 108.02(14) 109.83(13)
Zn1-01 2.00(4) 2.00(5) 1.99(5) Zn1-02-Zn2 95.66(9) 95.63(17) 106.80(2)
Znl1-02 2.31(2) 2.30(4) 2.32(4) Cl1-Zn1-02 171.98(8) 171.73(12) 171.33(12
Zn1-03 2.00(3) 2.01(5) 2.01(5) Cl1-Zn1-03 106.40(8) 106.65(14) 105.23(13)
Zn1-N2 2.10(4) 2.10(6) 2.10(5) Zn1-02-Zn2a 96.99(10) 97.00(16) 97.82(15)
Zn2-01 2.10(2) 2.10(4) 2.10(4) Cl1-Zn1-N2 97.56(10) 97.26(18) 77.41(17)
Zn2-02 2.13(3) 2.14(5) 2.12(5) Zn2-02-Zn2a  100.30(11) 100.29(15) 99.96(14)
Zn2 -N1 2.08(4) 2.08(6) 2.09(6) Zn1-03-Zn2a  107.04(13) 106.80(2) 96.68(16)

Comparisons of various metal ligand bond distances among the complexes 2.1-2.3 are listed in

Table 2.1. This comparison of bond distances suggests that the tetra nuclear metal complexes

have similar structure however, with a small but definite have effect on change of solvent of

crystallization. The solvents have effects in the geometry of the tetra-nuclear complex in

complexes 2.1-2.3. Complexes 2.1 and 2.2 have DMF and DMA as solvent of crystallization,

solvent belongs to homologous series, and accordingly there is less difference in the structure of

the host part. However, complex 2.3 has DMSO as solvent of crystallization; it has a clear

difference in the Zn1-O2-Zn2 bond angle at one face without significantly affecting analogous
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bond on other faces. Thus, presence of DMSO solvent causes slight distortion of one face of the
tetra nuclear complex.

Complex 2.4 has bromide ligands instead of chloride that are present in complex 2.1; and
structurally both are alike. Complex 2.1 and 2.4 both have DMF as solvent of crystallization but
they posses different halide, former has two chlorides, whereas later has two bromides. It has Zn-
Br distances 2.432A. Other metal-ligand bond parameters are provided in appendix; despite these
two complexes have structural similarities. However, there are differences between the two
complexes for instances bond distance of Zn1-02 is 2.313 A in case of complex 2.1 whereas,
this bond distance is slightly shorter in case of complex 2.4, i.e. 2.285 A. Again, distances of Zn1-
03 bond in former complex 2.1 is 2.007 A whereas this bond is found to be slightly longer (i.e.
2.013 A) in complex 2.4. Moreover, differences in zinc-halide bond distances between the two
complexes are also observed. The Zn-Cl distance is 2.283 A whereas, the Zn-Br distance is
found to be 2.4323 A. The longer bond distance in case of Zn-Br bond can be attributed to the
greater ionic radius of bromide ion compared to chloride ion. In both cases the halogens project
away and do not interfere in the knitting of the tetra nuclear units. Due to differences in electro
negativity of chloride and bromide ions, metal-oxygen bond distances of the site where the
halides are attached get affected. This also influences packing patterns due to the difference
present between the halides that play a vital role providing a definite shape to these complexes.
We have also examined packing patterns of these complexes and found that in each case they are
guided by C-Hn and C-H "X interactions. Since the packing arrangements have similarities,
one illustrative example to show such interactions is shown in Figure 2.5a and 2.5b. Figure 2.2a
shows C-H' & interactions between C-H bond opposite to nitrogen atom 8-hydroxyquinoline ring
and Figure 2.2b illustrates C-H "X interactions. It is a well known fact that interplay of weak
interactions such as C-Hn'> and C-H"X'® interactions greatly contributes to their stability in
solid state. In complex 2.1, C11-H'CI1 has hydrogen bond donor-acceptor distance dyjj...cn
2.819 A and angle < C11-H11"Cl1, 130.1°; which suggest a considerably weak interaction but
these bond parameters are within admissible limit to have a C-HX interaction. Distance
between the centriod of m-cloud of quinoline to the H of C3-H3 bond is 2.92 A. This separation
is also favorable for C-H "'r interactions.

Solvent molecules such as DMF, DMA and DMSO as solvated species contribute to stability of

their respective crystal lattice by involving in C-H"O and other X-H 'O interactions ( where X
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= N, O, halogen etc.). In the present cases, solvent molecules are held loosely by very weak
hydrogen bond interactions. Dimethylformamide in complex 2.1 has C-H 'O as well as C-H"'n

interactions with the host molecule to be anchored in crystal lattice.

[
2917A

(a) (b)

Figure 2.5: (a) The C-H 'm interactions and (b) C-H "Cl interactions in the complex 2.1.

Structurally these clusters are very interesting, as tetra nuclear zinc carboxylates picks up oxygen
atom to form Zn4O unit, in such structures an oxy-anion holds four zinc ions.'* Generally oxy-
anion in these complexes is picked up from moisture during synthesis of the complexes. This is
especially true in case of methyl-phenylcarboxylate tetra nuclear cluster of zinc, in which careful
reaction condition could not help in exclusion of oxide.'”” On the other hand, due to such
difficulties many zinc carboxylate clusters are prepared either in inert condition or using
organometallic route. Such difficulties were also reported from our group'’ where it is observed
that tetra nuclear benzthizaolate complex of zinc also adopts a structure in which oxyanion gets
incorporated. For comparison the structure and coordination geometry of the complex is given in

Figure 2.6."

(@) (b)

Figure 2.6: (a) Structure of bezthiozolatezincoxy cluster (b) Coordination environment of the

Zn40 cluster.
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Zinc clusters of ZnsO family act as building blocks for the constructions of various types of

porous frameworks which show selective gas absorption.''

Due to weak binding with solvent
molecules, the complexes 2.1-2.4 lose their solvent molecules at relatively low temperature,
which are reflected in their thermal analysis. Since these tetra nuclear complexes are relatively
large in size, their packing patterns themselves should result in voids in between them and make
them suitable for physisorption study. Thermograph of the DMF solvate 2.1 is shown in Figure
2.7a suggests weight loss at 90-137 °C due to loss of two molecules of DMF (theoretical 10. 9%
and found 8.9 %) and compound is thermally stable up to 350 °C. Thermal decomposition in
case of solvates can be correlated by Scheme 2.2.
[Zn4(oxyQ)eClz].(solvent); —, [Zng(oxyQ)sCly] —  [Zns(oxyQ)3;(OH)(O)Cl;]

Scheme 2.2: The thermal decomposition of the complexes 2.1-2.3.
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Figure 2.7: Thermogram of (a) complex 2.1, (b) Sample prepared by heating complex 2.1 at
200°C followed by cooling to room temperature and (c) De-solvated sample of 2.1 after

exposing to moisture for a day (Heating rate in each case 5°C per minute).
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It involves two steps; first is loss of solvent, followed by decomposition of the complex to lose
three 8-hydroxyquinolate units. For complex 2.1, the calculated weight loss to form a
composition [Zng(0oxyQ);(OH)(O)Cl,] is 41.1% whereas found weigh loss in the temperature of
350-450°C is 42.7 %. The complex 2.4 also has shown a similar trend of thermal decomposition
as complex 2.1. Complex 2.1 on heating at 200°C resulted de-solvated complex, which on
standing under ordinary atmospheric condition at room temperature slowly absorbs moisture to
yield hydrated form. The water absorption process is reversible. Process is illustrated by three
thermograms of the complex after and before heating at 200°C (Figure 2.7). Complex 2.1 heated
at 200°C on standing at room temperature absorb moisture; this process is reflected in the weight
loss in the thermogram of the de-solvated sample after exposing to moisture (Fig. 2.7c). Similar
phenomenon of absorption of atmospheric moisture is also shown by complex 2.4. The de-
solvation and exchange of solvent by water molecules can be monitored by change in color of
the sample. For example initial brownish green color of the sample changes to orange on heating
which returns to greenish color on accepting water as illustrated in the photograph of the sample

shown in Figure 2.8.

Figure 2.8: Photograph of the powdered sample (i) complex 2.4, (i) de-solvated complex 2.4 by
heating at 200 °C for 1h and (c) sample after keeping de-solvated complex 2.4 overnight in a

closed chamber saturated with moisture.
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Figure 2.9: Changes in solid state absorbance spectra of complex 2.4 on removal of solvent and

absorption of moisture from atmosphere.
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The visible spectra of solid samples of 2.4 were recorded and shown as Figure 2.9. Anhydrous
form has a shoulder at 475 nm in addition to the parent absorption of solvated form at 400 nm.

Such phenomenon of colour changes is due to variations in the m-stacking interactions between
the included guests in the host framework, which are involved in ligand to ligand charge transfer
transitions.'® In the present case the complexes 2.1 and 2.4 have strong C-H™m interactions,
which may be affected by removal of solvent of crystallization, which is reflected in color of the

19-20

complexes. Generally formation of zinc complexes are guided by solvents; thus the stability

of solvates by the tetra-nuclear core in complexes 2.1 and 2.4 are of synthetic interest.”' 2
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Figure 2.10: FT-IR spectra of 2.4 on heating at a temperature of 480 °C.
The IR spectra of the complex 2.4 showed the IR-stretching frequencies of the oxyquinolate part

after it was heated to 480 °C (Figure 2.10). This suggests that upto a temperature of 480 °C, a

portion of the oxyquinolate ligand remains with the zinc ions.
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Figure 2.11: Nitrogen gas adsorption isotherm at 77 K for (a) complex 2.1 and (b) complex 2.4;

pore size distribution (inset).
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Since reversibility of water binding was observed by these complexes and they also have
relatively high thermal stability, the surface area of the complexes 2.1 and 2.4 were determined.
They follow type 2 of nitrogen adsorption plot* showing reversibility in nitrogen adsorption
(Figure 2.11). The surface areas for complex 2.1 and 2.4 are 8.933 m?*/g and 6.172 m?/g
respectively.

As mentioned earlier, formation of zinc oxyquinolate complex is largely influenced by reaction
conditions. Accordingly we also observed an interesting observation in this direction. We found
that when 8-hydroxyquinoline reacts with zinc chloride in water a white crystalline precipitate
was formed. When we determined the structure of this complex by X-ray single crystal
diffraction we found that the complex has a composition (HhydroxQ),[ZnCl4] (2.5). Complex
2.5 has hydroxyquinolinium cation outside coordination sphere of tetrachloro-zincate. This result
was surprising to us, as the reaction was carried out in neutral condition using zinc chloride salt
without additional acid. It may be also mentioned that to form tetrachloro zincate anions acidic
condition is required.*** Hence, we felt that there must be a hydrolytic equilibrium as illustrated
in equation 2.3, to generate the corresponding complex 2.5. In such a process
hydroxyquinolinium cation, tetra-chloro zincate and zinc hydroxide should be present in the
solution. Thus the entire reaction is guided by water as solvent.

2 hydroxQ + 2ZnCl; + 2H,0 — (HhydroxQ),;[ZnCl4] + Zn(OH),
Where, hydroxQ = 8-hydroquinoline

Equation 2.3: Reaction of zinc chloride with 8-hydroxyquinoline in water.

It was not possible to for us to demonstrate the formation of zinc hydroxide in solution by a
direct method. Thus we adopted an indirect method. It is a well known fact that zinc hydroxide
forms zinc oxide on heating. Zinc oxide has its characteristic powder XRD pattern which is
available in literature. Based on these, we took the reaction mixture containing equimolar
amounts of hydroxyquinoline and zinc chloride in water, on completion of the reaction the
solvent was evaporated. Crude reaction mixture which is supposed to be comprised of complex
2.5 and zinc hydroxide was heated at 120°C for 12 h and the powder XRD pattern of the solid
was recorded. When we compared powder XRD of this sample with powder XRD pattern we
observed that powder XRD pattern has the desired peaks of zinc oxide (Figure 2.12). Zinc oxide

peaks are marked with downward arrows in Figure 2.12. Thus, zinc oxide was formed during
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heating of the crude mixture which must have been formed from dehydration of zinc hydroxide.

Literature suggests that conventionally zinc oxide is obtained on heating zinc hydroxide around

100 °C for overnight.*®

From zinc oxide

|
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Figure 2.12: Powder XRD pattern of complex; bottom: 2.5, top: Crude precipitate from the

reaction of zinc chloride with 8-hydroxyquinoline in water which was heated at 120 °C for 12 h.

Complex 2.5 was characterized by determining its structure by single crystal diffraction. The
compound has a tetrachloro zincate with conventional distorted tetrahedral geometry (Figure
2.13a). In this complex we found that it comprises of a tetrachloro-zincate complex unit which
has a tetrahedral geometry around zinc ion, and two 8-hydroxyquinolium cations. Tetrachloro-

zinc complex holds six 8-hydroxyquinolium cations.
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Figure 2.13: (a) Structure of complex 2.5 (drawn in 35% thermal ellipsoid) (b) Hydrogen bonds

environment around ZnCly.
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Two Cl1 anions hold two 8-hydroxyquinolium cations each by bifurcated hydrogen bonds,
namely N-H"Cl and C-H'Cl, whereas, CI2 anion is attached through O-H"Cl hydrogen bond
to hold one 8-hydroxyquinolium cation each (Figure 2.13b). Distances of N-H*Cl, C-H*Cl and
O-HCl are 2.353 A, 2.706 A and 2.295 A respectively. Complex 2.5 does not decompose at
150 °C, hence the zinc oxide observed was not from this part of the reaction mixture. [ZnCL >
anions are often formed in the reactions of zinc chloride with hydrochloric acid, however,
formation of tetrachloro zincate from a reaction of zinc chloride with 8-hydroxyquinoline
without additional acid is noteworthy. On the other hand, Cs;[ZnCly] anion®’ has Zn-Cl bond
distances ~2.25A with C1-Zn-Cl angles varying from 106-115 °. Zinc chloride bond distances in
the complex are Znl-Cl1, 2.2632(14); Zn1-CI2, 2.2771(13); and Cl1-Zn1-CI2 bond angle is
111.88(5) °.

Complex 2.5 has less thermal stability; it decomposes at a temperature about 250 °C.
Thermogram of complex 2.5 shown in Figure 2.14 shows that it loses 45.8 % weight in the range
of 250-350 °C. This weight loss corresponds to loss of a hydroxyquinoline and two hydrochloric
acid molecules (theoretical weight loss 43.7 %). On further heating, it loses weight in the
temperature range of 450 °C to 700 °C to give a residue having composition ZnClOys
(theoretical weight loss 78.9 %, experimental weight loss 79.2 %). This suggests that when
(HhydroxQ),[ZnCl4] is heated, it forms a complex [(0xQ)ZnCl;]; which above 450 °C forms
dinuclear Zn,OCl,.
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Figure 2.14: Thermogram of the complex 2.5.
We have studied reactions of 8-hydroxyquinoline with zinc chloride in presence of different 3-

methylpyridine. This reaction surprisingly gave a molecular complex 2.6. Molecular complex

2.6 is comprised of two neutral mono nuclear complexes. Both the constituent complexes of this
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molecular complex were devoid of chloride ions. These two neutral complexes
[Zn(oxyQ)>(3mepy)] and [Zn(oxyQ).(3mepy),] (Where 3mepy = 3-methylpyridine) (Figure
2.15a) crystallised together as an assembly. Structurally such complexes are very interesting;
however there are only few examples of such complexes in literature.

Figure 2.15: (a) Structure of molecular complex 2.6 (ORTEP with 35 % thermal ellipsoids), (b)
Hexa-coordinated molecules of 2.6, (c) Penta-coordinated molecules of 2.6 and (d) Weak
interactions between penta- and hexa-coordinated parts of complex. Some of the selected bond
distance (A) Zn1-O1, 2.053(3); Zn1-N1, 2.145(4); Zn1-N2, 2.275(4); Zn2-N3, 2.076(4); Zn2-
02, 2.062(4); Zn2-03, 2.059(4); Zn2-N4, 2.903(4); Zn2- N5, 2.080(5); and selected bond
angles (°) are O1-Zn1-N1, 80.90(17); O1-Zn1-N2, 88.99(17); N1-Zn1-N2, 91.33(15); N3-Zn2-
N5,103.22(19); N4-Zn2-N5, 115.0(2); 02-Zn2-03, 162.20(16); 02-Zn2-N3, 80.97(18); 0O2-
Zn2 -N4, 91.20(17); O2-Zn2-N5, 101.5(2); O3-Zn2-N3, 96.26(17); O3-Zn2-N4, 80.08(17); O3-
Zn2-N5, 96.26(19); N3-Zn2-N4, 141.80(17).

TH-1453 10612201 46



Chapter 2

Our research group have shown such molecular complexes in metal complexes of carboxylates.”®
Molecular complexes between trinuclear and dinuclear combination of zinc complexes; and
between tetra-coordinate and hexa-coordinate zinc complex have been reported earlier.” To best
of our knowledge the present example is only example in literature on molecular complexes of
zinc 8-oxyquinolate. Two complexes involved in this molecular complex have different
coordination geometry around each zinc ion. One part [Zn(oxyQ),(3mepy)] adopts distorted
square pyramid structure, whereas other part [Zn(oxyQ),(3mepy),] has distorted octahedral
geometry. The penta coordinated zinc complex has two oxyquinolates in chelating mode and a
methylpyridine. Oxyquinolates occupy basal plane of square pyramid, whereas 3-methylpyridine
coordinating through nitrogen atom occupies axial position as shown in Figure 2.15a. The hexa
coordinated part having octahedral structure is highly symmetric with a mirror plane bisecting
the half of the complex (Figure 2.15a). This complex has two 3-methylpyridine molecules
occupying two axial positions of the octahedron while two oxyquinolates occupy the basal plane.
Bond distances and bond angles contributing to 2.6 are listed in the caption of Figure 2.15.
Comparing axial Zn-N bonds in two geometries namely Zn1-N2, (2.27 A) and Zn2-N5, (2.08 A)
it may be suggested that 3-methylpyridine molecule is tightly bound in penta coordinated
geometry than hexa coordinated geometry. To examine reasons for stability of molecular
complex 2.6, we have looked at weak interaction Schemes in the complex. We can characterize
the complex by taking three different types of interaction Schemes operating to hold (a) penta
coordinated-penta coordinated complexes, (b) hexa coordinated-hexa coordinated complexes and
(c) penta coordinated-hexa coordinated complexes in crystal lattice. First two sets of interactions
result in layered arrangements of same kind of molecules, whereas third set of interactions
contribute to self-assembling of layers. Interactions between similar coordinated complexes are
mainly through n-m and C-Hzn interactions, while in the third case it is merely C-H " n
interactions.

In general many coordination polymers of zinc show photoluminescence properties.’’>?
Fluorescence emission spectra of each solid sample of the complexes by exciting at 390 nm are
shown in the Figure 2.16. 8-Hydroxyquinoline in solid state has fluorescence emission at 480
nm. Observed trend in change in emission intensity has no clear correlation with solvent of
crystallisation. DMA and DMF solvates show relatively lower intensity with respect to 8-

hydroxyquinoline; whereas DMSO solvate it occurs at 495 nm which shows slight enhancement

TH-1453 10612201 47



Chapter 2

of fluorescence with emission shift towards higher wavelength. These observations clearly points
out that there is an interstitial role of solvent to guide the fluorescence of the complexes. Similar
observations of change of fluorescence intensities in zinc metallo-organic frameworks with
inclusion of aromatic compounds were observed.'® Molecular complex 2.6 shows the highest
emission, whereas the DMF and DMA solvates have the lowest emission. Interestingly, a dual
emission in the case of the sample of ZnO doped into the complex 2.5 was observed, which was
studied in the form of ZnO@complex 2.5 (Figure 2.16b). Zinc oxide encapsulated complex has
emission at 575 nm which is relatively at higher wavelength and it also has another emission
peak relatively at lower wavelength (450 nm), with respect to 8-hydroxyquinoline (480 nm) or

complex 2.5 (495 nm). There are examples of composite materials showing dual fluorescence,

which have practical applications, thus the observation at such high wavelength is of definite
33-34

interest.
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Figure 2.16: Fluorescence emission of the solid samples of complex (i) 2.6; (ii) 2.3; (iii) 8-
hydroxyquinoline; (iv) 2.5; (v) 2.4; (vi) 2.2; (vii) 2.1 (Ax = 390 nm). (b) The fluorescence

emission of ZnO@complex 2.5.

2.2: Cobalt (IT) and manganese (II) oxyquinolate complexes

We studied reaction of 8-hydroxyquinoline with other metal ions such as cobalt and manganese
ions with an anticipation that such metal ions will give paramagnetic complexes. The
paramagnetic manganese and cobalt clusters generally show novel magnetic properties

including single molecular magnet.*>>°

Thus a reaction of cobalt (II) chloride with 8-
hydroxyquinoline yielded a tetra nuclear complex 2.7 which has a composition Co4(0xyQ)sCl,.

The complex is isostructural with tetra nuclear zinc complexes. Structure of the complex is
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shown in Figure 2.17. Complex 2.7 is highly disordered containing two chloride ligands attached

to two cobalt ions.

(a) (b)
Figure 2.17: (a) Structure of complex 2.7, (b) ORTEP diagram of complex 2.7 (drawn in 35 %
thermal ellipsoid).

Two cobalt ions are in the N204 type hexa-coordinated distorted octahedral environment
whereas other two cobalt ions are in the NO3Cl type penta-coordinated environment. Tetra
nuclear cobalt (II) complexes having single and double sets of coordination environments are
reported earlier.”’ In some cases both the sets cobalt atoms are in distorted octahedral geometry,
however in other cases cobalt atoms are in distorted octahedral and square pyramidal geometry.®’
Since the complex 2.7 is highly disorder, hence during the initial refinement, large peaks were
found ca. 1 A from the cobalt atoms, which were large enough to refine as oxygen atoms with
realistic temperature factors, but which were both chemically and structurally unrealistic. It was
noted that when these “ghost peaks” and the cobalt atoms were taken together they formed
regular hexagons or equilateral triangles perpendicular to the C1'"Cl axis, and that this axis was
coincident to the sixfold or threefold axes of these hexagons and triangles. Furthermore, the eight
ghost peaks could be arranged into two sets of four, each of which had peak-peak distances very
similar to the Co-Co distances. Given also the almost exact trigonal symmetry of the external
shape of the molecule, the presence of a threefold whole-molecule disorder was clear.
Assignment of the cobalt atoms and “ghost peaks” all as partial-occupancy cobalt atoms, with
the total occupancy of each set of three cobalt atoms restrained to unity and a common
temperature factor assigned to each set of three cobalt atoms, showed relative occupancies of ca.

64 : 19 : 17. The temperature factors of the cobalt atoms were then restrained to be similar, rather
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than constrained to be equal. Refinement of the organic ligands using isotropic atoms of

occupancy 0.64, with the quinoline ring systems each constrained to two fused regular hexagons

(AFIX 116) allowed most of the atoms of the minor components of the ligands to be located.

Refinement of these, again using AFIX 116, with similarity restraints to all C-O distances and

the oxygen atoms restrained to lie in the plane of their respective quinoline rings, was relatively

straightforward. The C, N and O atoms of the major ligand components could then be refined

anisotropically, with similarity restraints (SIMU) applied to the thermal parameters of partial

atoms closer than 0.4 A to each other. In the final refinement, the relative occupancies were fixed

to values adding up to exactly unity, and the structure refined to convergence. Some relevant

bond distances and bond angles of the complex are listed in Table 2.2.

Table 2.2: Bond parameters of the complex 2.7.

Bond Length (A) Bond angle Angle (°)
Col-02 1.61 C13-Col-02 102.26
Col-03 1.80 CI3-Co1-03 105.14
Col-N1 2.18 CI3-Col-N1 100.45
Co2-03 2.20 02-Col1-03 102.23
Co2-N3 2.14 02-Col-N1 127.78
Col-CI3 2.31 03-Col-N1 116.10

A similar reaction of 8-hydroxyquinoline with manganese chloride resulted a complex which has

identical IR spectra as that of complex 2.7, thus it may be suggested to be a tera nuclear

manganese complex (2.8). It has similar pattern PXRD diffraction patterns with tetra nuclear

cobalt complex 2.7.
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Figure 2.18: EPR spectra of complex 2.8.
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Solid state epr spectra of complex 2.8 shows metal centre to be a di-positive manganese as there
are lines for five unpaired electrons of manganese (II) ions and gaverage Value is found to be 1.992
(Figure 2.18). However, when we tried to crystallize this complex, manganese (II) got oxidized
to give a mono nuclear tris(oxyquinolate)-manganese (III) complex 2.9. This complex was
characterized by determining its crystal structure which is shown in Figure 2.19a. Complex has
a distorted octahedral geometry where two axial positions are occupied by two oxygen atoms
from two independent oxyquinolate whereas the basal plane is occupied by one oxygen atom and
three nitrogen atoms. It is a diamagnetic complex. Furthermore in our laboratory similar reaction
with 8-hydroxyquinoline is extended to heavy metal such as lead (II) and mercury (II),
interestingly a tetra nuclear complex of lead (II)-oxyquinolate was obtained having metal centers
of different arrangements compared to tetra nuclear zinc and cobalt complexes discussed above

(Figure 2.19b).

(©

Figure 2.19: (a) Structure of manganese tris(oxyquinolate) complex, (b) Tetra nuclear lead-

oxyquinolate complex and (c) Coordination polymer of mercury-oxyquinolate complex.

In case of reaction with mercury chloride under solvothermal condition gives a coordination

polymer of mercury(Il)-oxyquinoline chloride; in which chloride anions act as bridging ligand to
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extend the coordination polymer (Figure 2.19¢). These examples establishes the versatile nature
of 8-hydroxyquinoline to form different metal complexes with metal ions under different
reaction conditions.

There are many low nuclearity metallacycles of first row transition metals which transform to
higher nuclearity clusters depending on ancillary ligands®™ or having carbonate as anchoring
ligand on uptaking carbon dioxide from air.>>** We studied the reactivity of complexes 2.7 and
2.8 with additional amount of their respective metal chloride in dimethyformamisde, we found
that in both case deca nuclear complexes [Coio(0xyQ)i2(pts-CO3)4](DMF)H,O (2.10) and
[Mn;o(0xyQ)i2(ne-CO3)4](DMF)H,0 (2.11) were formed as illustrated in equation 2.4.

OH
NS DMF DMF
MCl, + || P —» [My(oxyQ)eCl] —— [M;)(0xyQ);2(114-CO3)4](DMF).H,0
MCl,
M = Co, Mn when M = Co; 2.7 When M = Co; 2.10
M =Mn; 2.8 M =Mn; 2.11

Eqaution 2.4: Synthesis of deca nuclear complexes

These complexes are formed by picking up of carbonate ligand which may be from the
atmospheric carbon dioxide. There are examples of the formation of copper and nickel carbonate
clusters by uptaking of atmospheric carbon dioxide.*” Moreover, there are examples in literatures
that under drastic conditions of high pressure and temperature can oxidize dimethylformamide to
give formate anion, which can act as ligand to hold metal centers to give stable metal cluster.*'**
Such complexes have formate anion included in respective clusters, but we have carbonate anion
in our clusters. Moreover dimethylammonium cation formed in situ, can also be obtained form
decomposition DMF molecule which many cases helps charge neutralization of metal clusters.*”
*"'We have not observed any part having ammonium cation. Thus, clusters 2.10 and 2.11 can be
thought of formed by the reaction of respective tetra nuclear complex with additional metal salt
and by uptaking carbonate anions formed in situ. Under inert reaction conditions or in the
absence of additional cobalt chloride, a deca nuclear cluster was not formed. A deca nuclear
cluster was also not formed in a similar solvothermal reaction carried out in dimethylsulphoxide
or in dimethylsulphoxide saturated with carbon dioxide as a solvent. A control experiment, with
addition of sodium carbonate to the reaction mixture in dimethylsulphoxide did not give deca
nuclear cluster. And also any decomposed product from DMF such as dimethylamine in the

reaction mixture was not observe when analyzed by GC-MS, thus trace amounts of carbon
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dioxide from the atmosphere under hydrothermal conditions could be responsible for the
formation of deca nuclear cluster; nonetheless, without DMF as a solvent the deca nuclear cluster
was not observed. Carbonate ligands in these clusters are discerned by spectroscopic tools in
addition to X-ray structure determination. The presence of carbonate ligands in deca nuclear
cluster 2.10 was also confirmed chemically, as it liberated carbon dioxide upon addition of dilute
hydrochloric acid; the liberated gas was analyzed by a chemical test with lime water. Deca
nuclear cluster 2.10 contains as many as four carbonate anions and each anion acts as a -
bridge® to connect six cobalt ions. The binding mode of one of the carbonate ligands in deca
nuclear cluster 2.10 to knit metal ions within the cluster is shown in Figure 2.20a. Five cobalt (II)
ions of the cluster are individually coordinated to two oxyquinolate chelating ligands. These
chelating oxyquinolate ligands are also involved in the p,-oxyquinolate bridge to connect
neighboring cobalt ions. This set of cobalt ions of the cluster is anchored to two independent
oxygen atoms of two carbonate ligands. Thus, these cobalt ions are in the N204 type of an
octahedral environment. On the other hand, there are other five cobalt ions linked to three
oxygen atoms of bridging carbonates and three oxygen atoms of bridging oxyquinolates. This
makes an O6 octahedral environment around these cobalt (II) ions (Figure 2.20b). A

representative skeleton of the deca nuclear clusters 2.10 and 2.11 is shown in Figure 2.20c.
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Figure 2.20: (a) ORTEP diagram of cluster 2.10 (drawn in 35 % thermal ellipsoids), (b) core of
deca nuclear cobalt cluster (oxyquinoline rings are not shown for clarity of the structure) and (c)

bridging mode of one of the carbonate ligand to hold six metal ions in deca nuclear metal

clusters 2.10 and 2.11.
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Table 2.3: Bond parameters of clusters 2.10 and 2.11.

Bond Length (A) Bond angle Angle ()
Cluster 2.10  Cluster 2.11 Cluster 2.10 Cluster 2.11
M1-01 2.06(4) 2.130(5) 01-M1-02 77.67(16) 78.72(2)
M1-02 2.16(4) 2.244(5) 01-M2-02 78.30(16) 80.00(2)
M2-01 2.08(4) 2.147(5) 01-M2-04 176.98(17) 173.39(2)
M2-02 2.11(4) 2.170(5) 01-M2-N1 79.12(19) 76.63(3)
M2-04 2.09(5) 2.124(6) 0O1-M2-N2 97.71(19) 97.49(3)
M3-06 2.14(4) 2.221(5) 02-M2-04 101.74(17) 103.30(2)
M3-07 2.05(4) 2.104(6) 02-M2-N1 155.59(2) 154.49(3)

Carbonate ligand can adopt various coordination modes; the coordination of carbonate can be
dependent on ancillary ligands and oxidation state of metal ions.*® For instances, carbonate anion
shows ps-type of binding mode to hold two nickel metal centre, while ps-type to give tri nuclear
copper carbonato complex®™ and tetra nuclear nickel-carbonato complex in which carbonate
anion act as bridging ligand to give a butterfly topology® and it also shows pe-type mode to
dodeca nuclear copper cluster.*” These metal-carbonato clusters are important from the magnetic
property point of view. Magnetic behavior of the metal-carbonato complexes depend on the type
of the coordination of the bridging carbonato ligand.*® Examples of tri nuclear and dodeca
nuclear copper-carbonato complexes formed by uptaking carbon dioxide from air are shown in

Figure 2.21.

(b)

Figure 2.2: Structure of (a) tri nuclear copper complex, (b) dodeca nuclear copper complex

containing carbonate anion ligand.
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The presence of solvated molecules of dimethylformamide in clusters 2.10 and 2.11 were
confirmed by thermogravimetry analysis. In thermogram of cluster 2.10 there is a 3.51 % weight
loss in the region of 135°C to164°C (Figure 2.22a) which is due to loss of solvent of
crystallization (theoretical weight loss for a water molecule and a DMF molecule is 3.25 %) and
decomposition of cluster 2.10 starts at a temperature of 264 °C. Whereas in case cluster 2.11 a
3.42 % weight loss was observed in the region of 144 °C to 190 °C (Figure 2.22b) due to loss of
solvent of crystallization (theoretical loss = 3.30%). Decomposition of deca nuclear cluster 2.11

starts at 302 °C.
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Figure 2.22 Thermogram of cluster (a) 2.10 and (b) 2.11 (each heating rate 5 °C per minute); (c)
FT-IR spectra of cluster 2.11 before and after heating at 200 °C.

Loss of DMF molecule is also visible from the FT-IR spectra of manganese cluster, it has a C=0
stretching signal from DMF at 1659 cm™, on heating at 200°C there is decrease in intensity of
this signal (Figure 2.22c).

TH-1453 10612201 55



Chapter 2

2.3: Magnetic study of complex 2.7, cluster 2.10 and cluster 2.11
An anti-ferromagnetic coupling between metal ions was reflected in temperature dependent

magnetic properties of these complexes.
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Figure 2.23: Plots of yMT vs T and M vs H (inset) for (a) complex 2.7, (b) cluster 2.10 and (c)
cluster 2.11.

For the tetra nuclear cobalt complex 2.7 at 1000 Oe, the yuT value at 300 K was 11.16 cm® mol™
K, (where yM being the magnetic molar susceptibility per tetra nuclear cobalt unit) which is
close to the spin only value (S = 3/2 and gco = 2.1; 2.7 < yuT < 3.4 cm® mol” K per ion)

expected for four non interacting high-spin cobalt (II) ions. This behavior is common for cobalt
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(I) complexes, and can be attributed to the orbital contribution of cobalt (I).* The yuT values
of complex 2.7 show a continuous decline to a minimum value of 5.71 cm® mol’ K at 2 K
(Figure 2.23a), which is in accordance with the anti-ferromagnetic behavior of cobalt (II) ions. M
vs. H plots of the complex 2.7 show a saturation value 8.08up per formula unit at 2 K and 7 T
(inset of Figure 2.23a),, which is lower than the saturation value of 12up for the spin-only cobalt
(I) ion (S = 3/2 and gc, = 2.1). This behaviour also supports an anti-ferromagnetic coupling
between cobalt (I) ions in 1 unit.

Magnetic properties investigated by measuring yuT of the deca nuclear cobalt cluster 2.10 in the
2-300 K temperature range at 1000 Oe (where yM being the magnetic molar susceptibility per
deca nuclear cobalt unit) is shown in Figure 2.23b. The measured yyT value at 300 K, 29.67 cm’
mol™ K, lies within the expected range for ten high-spin non-interacting cobalt (II) ions: S = 3/2
and gco = 2.1; 2.7 < ymT < 3.4 cm3 mol™ K per ion,” with paramagnetic ions exhibiting a
significant orbital contribution to their magnetic moment. On lowering temperature, the ymT
value first smoothly decreases at 9 K (ymT = 13.87 cm® mol” K), and finally decreases more
abruptly down to 2.0 K (yuT = 6.02 cm® mol™ K). Decrease of T from room temperature to
13 K is ascribed to the effect of spin-orbit coupling (cobalt (II) ion exhibiting 4T1g ground term)
and also to strong anti-ferromagnetic interactions between cobalt (II) ions. M vs. H plots of
cluster 2.10 show a value 15.12up per formula unit at 2 K and 7 T (inset of Figure 2.23b), which
is much lower than the saturation value of 30up for the spin-only cobalt (II) ion (S = 3/2 and g¢,
= 2.1). This behavior also supports a strong anti-ferromagnetic coupling between cobalt (II) ions
in the deca nuclear cobalt (II) core.

The plot of ymT vs. T under a 1000 Oe external field in the temperature range of 300-2 K for the
deca nuclear manganese cluster 2.11 is shown in Figure 2.23¢. The room-temperature ymT value
for cluster 2.11 is 33.62 cm’ mol™ K, which is lower than the spin only value of 43.70 cm® mol™
K for ten high-spin non-interacting manganese (II) ions (typically the manganese (II) ion has a S
= 5/2 state and gy = 2.0).”° As the temperature is lowered, the yuT value decreases gradually
down to 2 K, where the value has a minimum of 5.51 cm® mol! K at 2 K. This behavior indicates
a strong anti-ferromagnetic interaction between manganese (II) ions in the deca nuclear
manganese unit. The M vs. H plot of cluster 2.11 at different temperatures (2 K-5 K) is shown in
the inset of Figure 2.23¢c. At 2 K, an increase of magnetization was observed with a value of

8.24up at 7 T, which is much lower than the saturation value 50.0up, expected for a spin-only
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value of ten high-spin non-interacting manganese (II) ions (S = 5/2 and gu, = 2). This behavior
also supports a strong anti ferromagnetic coupling between manganese (II) ions in the core of the

deca nuclear cluster.

2.4: Conclusion

In conclusion, we synthesized a number solvates of tetra nuclear zinc-oxyquinolate complexes,
salt of tetrachlorozincate complex with hydroxyquinolium cation and molecular complex of zinc
oxyquinolate complex upon 1:1 molar ration reactions of zinc chloride with 8-hydroxyquinoline
in different solvents. These zinc complexes show interesting features for example complexes 2.1
and 2.4 reversibly absorb atmospheric moisture on standing at room temperature which reflects
on the color of metal complexes. The hydrolytic instability of zinc chloride has helped in
precipitation of a tetrachlorozincate complex along with zinc hydroxide. This has enabled us to
prepare zinc oxide within the matrix of the complex 2.5. The formation of a molecular complex
of two mono nuclear zinc-oxyquinolate complexes in 3-methylpyridine with complexes having
different coordination environment has provided a unique example of molecular complex of
zinc. Deca-nuclear of cobalt (II) and manganese (II) clusters prepared from their respective tetra-
nuclear intermediate by trapping carbonate ions formed in sifu, provided avenues to construct
new clusters. Tetra nuclear cobalt (II) complex as well as deca nuclear clusters of cobalt (II) and
manganese (II) show strong anti-ferromagnetic property, which opens possibilities for synthesis

of new magnetic materials with analogous ligands.

2.5: Experimental
The detailed synthetic methodologies for synthesis of the metal complexes are described.
Analytical data are provided with each complex. The instrumental details and crystallographic

parameters are provided in Appendix.

Synthesis of complex 2.1:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc chloride (0.28
g, 2 mmol) was added and stirred for 15-20 mins. A white precipitate was formed which was
filtered and recrystallised from DMF to obtain the complex 2.1. Yield ~ 45 % (with respect to
zinc). IR (KBr, cm™): 3392(s), 2919(w), 2851(w), 1624(m), 1577(m), 1499(s), 1467(s), 1421(w),
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1389(s), 1371(s), 1327 (s), 1283 (w), 1240 (w), 1109(s), 1033(w), 820(w), 783(w), 742 (m), 620
(w). Elemental analysis: Calculated for Cs;H43N7;07,ClyZng; C: 53.89%, N: 7.72%, H: 3.41%;
found, C: 53.81%, N: 8.12%, H: 3.55 %.
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Figure 2.24: Powder XRD pattern of complex 2.1.

Synthesis of complex 2.2:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc chloride (0.28
g, 2 mmol) was added and stirred for 15-20 mins. A white precipitate was formed which was
filtered and recrystallised from DMA to obtain the complex 2.2. Yield ~ 48 % (with respect to
zinc). IR (KBr, em™): 3372 (s), 2919 (w), 2851 (w), 1628 (m), 1602 (m), 1577 (m), 1499
(s),1466 (s), 1421 (w), 1389 (s), 1371 (s), 1327 (s), 1282 (W), 1240 (w), 1109 (s), 1031 (w), 820
(w), 785 (w), 742 (m), 640 (w), 596 (w), 502 (w). Elemental analysis: Calculated for
Cs7H43N;0,ClZng; C: 53.89%, N: 7.72%, H: 3.41%; found, C: 53.56%, N: 8.15%, H: 3.48 %.
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Figure 2.25: Powder XRD pattern of complex 2.2.
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Figure 2.26: TGA thermogram (heating rate 5 °C/minute) of complex 2.2.

Synthesis of complex 2.3:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc chloride (0.28
g, 2 mmol) was added and stirred for 15-20 mins. A white precipitate was formed which was
filtered and recrystallised from DMSO to obtain the complex 2.3. Yield ~ 45 % (with respect to
zinc). IR (KBr, cm™): 3378 (s), 2918 (w), 1618(m), 1603 (m), 1577 (m), 1500 (s), 1467 (s), 1399
(w), 1390 (s), 1371(s), 1327(s), 1283 (w), 1241(w), 1110 (m) 1033 (w), 850 (w), 820 (w), 780
(w), 743 (s), 640 (W), 502(w). Elemental analysis: Calculated for Cs7H43N707Cl,Zn4; C: 53.89%,
N: 7.72%, H: 3.41%; found, C: 53.86%, N: 8.23%, H: 3.51 %.
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Figure 2.27: Powder XRD pattern of complex 2.3.
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Figure 2.28: TGA thermogram (heating rate 5 °C/minute) of complex 2.3.

Synthesis of complex 2.4:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc bromide (0.28
g, 2 mmol) was added and stirred for 15-20 mins. A white precipitate was formed which was
filtered and recrystallised from DMF to obtain the complex 2.4. Yield ~ 45 % (with respect to
zinc). IR (KBr, em™): 3190 (s), 1644 (m), 1601(m), 1577 (m), 1499 (s), 1456 (s), 1421(w),
1373(s), 1325(s), 1280 (w), 1137 (w), 1105(s), 1067 (w), 1032 (w), 909 (w), 821(m), 787 (m),
742 (m), 641(w), 600 (w), 545 (W), 499 (w).
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Figure 2.29: FT-IR (KBr, cm™) spectra of complex 2.4.
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Figure 2.30: Powder XRD pattern of complex 2.4.

Synthesis of 2.5:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc chloride (0.28
g, 2 mmol) was added and stirred for 15-20 mins. A white precipitate was formed which was
filtered and recrystallised from water to obtain the complex 2.5. Yield ~ 35% (with respect to
zinc). IR (KBr, cm™): 3453 (w), 3056 (w), 2933 (W), 2539 (w), 1627 (w), 1581 (m), 1531 (w),
1499 (s), 1467 (s), 1428 (w), 1382 (s), 1359 (s), 1324 (s), 1276 (m), 1241 (m), 1228 (w), 1180
(w), 1106( s), 1022 (s), 916 (W), 823 (s), 786 (s), 755 (s), 646 (W), 553(W), 514 (m).
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Figure 2.31: FT-IR (KBr, cm™) spectra of complex 2.5.
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Figure 2.32: Powder XRD pattern of complex 2.5.
Synthesis of 2.6:

To a solution of 8-hydroxyquinoline (0.31 g, 2 mmol) in methanol (20 mL) zinc chloride (0.28
g, 2 mmol) was added and stirred for 15-20 minutes. A white precipitate was formed which was
filtered and recrystallised from 3-picoline to obtain the complex 2.6. Yield ~ 60% (with respect
to zinc). %. IR (KBr, cm™): 3323 (s), 3044 (w), 1581(m), 1571 (s), 1495 (m), 1464 (s), 1422 (w),
1389 (s), 1327 (s), 1283 (w), 1232 (w), 1109 (m), 1056 (w), 1031 (w), 821 (m), 791 (m), 735
(m), 705 (w), 640 (w), 500 (w). '"HNMR (400 MHz, DMSO-dg): 8.78 (t, J = 2.8 Hz, 3H), 8.36 (q,
J=1.6 Hz, 4H), 7.57 (q, J =4 Hz, 3H), 7.44 (q, J = 8 Hz, 2H), 7.29 (d, J = 8 Hz, 2H), 7.02 (d, J

=7.2 Hz, 3H), 2.29 (s, 6H).
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Figure 2.33: FT-IR (KBr, cm™) spectra of complex 2.6.
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Figure 3.34: Powder XRD pattern of complex 2.6.

Synthesis of 2.7:

A mixture of 8-hydroxyquinoline (0.31 g, 2 mmol), CoCl,.6H,O (0.28 g, 2 mmol) and
dimethylformamide (10 mL) was stirred for 15 minutes. The resulting solution was transferred to
a Teflon-lined autoclave and kept under autogenous pressure at 160 °C for 2 days. After slow
cooling to room temperature, pink block crystals of tetra nuclear cobalt cluster were obtained.
Isolated yield based on cobalt 45 %. Elemental analysis: calculated for CssH36C1,C04N6Og, C:
55.36 %, N: 7.17 %, H: 3.10%; found C: 52.31 %, N: 7.62 %, H: 3.16 %. IR (KBr, cm-1): 3048
(W), 1658 (w), 1603 (w), 1577 (s), 1499 (s), 1465 (s), 1424 (s), 1379 (s), 1316 (s), 1269 (s), 1233
(w), 1177 (w), 1107 (s), 1032 (w), 908 (w), 826 (m), 789 (m), 756 (m), 733 (m), 645 (w), 600
(w), 507 (w).
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Figure 2.35: FT-IR (KBr, cm™) spectra of 2.7.
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Synthesis of 2.8:

A mixture of 8-Hydroxyquinoline (0.31 g, 2 mmol), MnCl,-6H,O (0.42 g, 2 mmol) and
dimethylformamide (10 mL) was stirred for 15 minutes. The resulting solution was then
transferred to a Teflon-lined autoclave and kept under autogenous pressure at 160 °C for 2 days.
After slow cooling of the solution to room temperature, pink block crystals of tetra nuclear cobalt
cluster were obtained. FT-IR (cm™): 3391(w), 3056 (w), 2923 (w), 1650 (w), 1599 (w), 1572 (s),
1494 (s), 1460 (s), 1422 (m), 1373 (s), 1315 (s), 1269 (s), 1232 (m), 1101 (s), 903 (m), 825 (s),
785 (m), 742 (s), 732 (s), 629 (m), 616 (m), 524 (m), 514 (m), 406 (w).
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Figure 2.36: FT-IR (KBr, cm™) spectra of 2.8.
Synthesis of 2.10:

A mixture of 2.7 (0.40 g, 3 mmol) and CoCl,-6H,0 (0.23 g, 1 mmol) in DMF (10 mL) was
stirred for 15 minutes. The resulting solution was then transferred to a Teflon-lined autoclave
and kept under autogenous pressure at 160 °C for 2 days. After slow cooling of the solution to
room temperature, pink block crystals of deca nuclear cobalt cluster were obtained in 72% yield.
Elemental analysis: Calculated for C;21HgsN150,3Co19; C: 51.97 %, N: 7.51 %, H: 3.42 %; found
C: 51.68 %, N: 7.77 %, H: 3.31 %. IR (KBr, cm™): 3042 (w), 2925 (w), 1659 (s), 1602 (w), 1574
(s), 1492 (s), 1460 (s), 1379 (s), 1321 (s), 1278 (m), 1227 (w) 1108 (s), 1027 (w), 906 (w), 824
(m), 788 (m), 745 (m), 648 (w), 602 (w), 570 (W), 499 (w). Raman (KBr, cm-1): 3064 (w), 1580
(s), 1363 (s), 740 (w).
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Figure 2.37: FT-IR (KBr, cm™) spectra of 2.10.
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Figure 2.38: RAMAN (KBr, cm™) spectra of 2.10.

Synthesis of 2.11:

A yellowish precipitate (0.40 g) obtained from a reaction MnCl,-4H,0 (0.20 g, 1 mmol) with 8-
hydroxyquinoline (0.16g, 1 mmol), analogously to the synthesis of tetra nuclear cobalt complex
2.7 was taken with MnCl,-4H,0 (0.20 g, 1 mmol) in dimethylformamide (10 mL) was stirred for
15 minutes. The solution was transferred to a Teflon-lined autoclave and kept under autogenous
pressure at 160 °C for 2 days. After slow cooling to room temperature yielded pink block
crystals of deca nuclear manganese cluster 3 in 68% yield. Elemental analysis: calculated for
Ci21HosNi5023Mnyg; C: 52.72 %, N: 7.67 %, H: 3.47 %; found C: 52.11 %, N: 8.48 %, H: 3.52
%. IR (KBr, cm™): 3419 (w), 3041 (w), 2924 (w), 1660 (m), 1601 (w), 1572 (m), 1487 (s), 1452

TH-1453 10612201 66



Chapter 2

(s), 1383 (s), 1321 (s), 1278 (m), 1230 (w), 1172 (w), 1107 (s), 1058 (w), 1029 (w), 904 (w), 824
(m), 789 (m), 748 (m), 731 (m), 646 (w), 601 (W), 567 (W), 492 (w). Raman (KBr, cm™): 3054
(w), 1572(s), 1361(s), 870 (s).
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Figure 2.39: FT-IR (KBr, cm™) spectra of 2.11.
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Figure 2.40: RAMAN (KBr, cm™) spectra of 2.11.
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Chapter 3

Synthesis, characterization, anion—m interactions and

selective ion recognition by 5-nitrosoquinolin-8-ol

Among various weak m-interactions, anion-7 interaction is an important interactions contributing
to self-assembling of supramolecular systems. This weak interaction plays vital role in the fields
of non covalent synthesis, > self-replication,” supramolecular catalysis,"® and functional non
covalent devices.” '’ Anion- interaction occurs between electron deficient aromatic system and
anion.'''® Generally such interaction requires favorable geometrical orientation of anion at an
appropriate distance with respect to a m-cloud.'”™  Such interaction may occurs through
common processes (1) nesting, (ii) perching and (iii) encapsulation that are often come across in

host-guest chemistry.'*>’

Some arrangements of anions with 7-clouds to show anion-pi interactions
are shown Figure 3.1.

weak interaction X = Anion O = {-system

O Qs s
\ Anion-tt 4@1------1)_(“-"""@

interaction

BN

H
X

mnn wimnnn

O
O

Y =N, O, S, CH, etc. weak interaction weak interaction

@) (ii) ~ (iii)

Figure 3.1: Arrangement of anions over 7- cloud for anion- 7 interactions.

In the first case the anion is held in an appropriate position to have a favorable anion-n
interaction with a support present in the host molecule by other weak non-covalent interactions
such as hydrogen bonds. An example of a salt showing such interaction is shown in the Figure
3.2. In second type, the anions are placed in alternate places in between the host molecules to
have least repulsions between similar types of ions. Such arrangements of m-aromatic rings

containing organo-cation have not been explored.
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H-bond
Chloride
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Anion-tr interaction

(a) (b)
Figure 3.2: (a) Ethylene ammonium thiocyanuric acid and (b) chloride-n interaction in its

chloride salt.

Whereas, in the third case as illustrated by schematic diagram shown in Figure 3.1(iii) anions are
sandwiched between host molecules. This type of arrangement is observed in nitrate anions in
which anions are held within aromatic host to possess cage-like structures.?® There are also other
examples such as in encapsulation of iodide anion between two molecules of 1,4,5,8,9,12-
hexaazatriphenylene hexacarbonitrile as illustrated in Figure 3.3b.

P il —*\ / " /H,_U—u

— P

“\g\

(a) (b)
Figure 3.3: (a) 1,4,5,8,9,12-Hexaazatriphenylene hexacarbonitrile (b) Encapsulation of iodide

ions showing iodide-m interactions.

As mentioned, anion-t interactions are observed between anions and electron deficient m-
systems. Since there are large number of quinoline based compounds that are used for anion
recognitions, we were interested to develop quinoiline based systems for specific binding to
anions. It is a well known fact that quinoline moiety provides a basis for n-m interactions. Hence

they can be a template for anion-n interactions provided they are made electron deficient and
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polarity in such structure is retained. Keeping these points in the mind, we have chosen 5-
nitrosoquinolin-8-ol (3.1) a nitroso derivative of 8-hydroxyquinoline which is a basic system
suitable to form various salts with acids. 5-nitrosoquinolin-8-ol can remain as keto or enol form
as shown in Figure 3.4. The solid state structure of the compound determined by single crystal x-
ray spectroscopy,”’ have shown that it adopts a keto form which can be named as 5-
(hydroxyimino)quinolin-8-one (3.1) and its crystal packing shows that it forms a lamellar
structure. Thus, a salt of this compound should help in sandwiching anions in between the
laminar interactions of the host cations. Literature survey has shown that the structural aspects of
the salts of 3.1 have not been explored so far. So we set our study to understand structures of

different salts of 3.1 and its interaction with acids in solution.

OH o)

NO NOH

Figure 3.4: Enol and keto forms of 3.1.

Compound 3.1 was synthesized by nitrosation reaction of 8-hydroxyquinoline following reported
procedure.”® The compound 3.1 reacts with various acids and accordingly chloride salt 3.2,
bromide salt 3.3, nitrate salt 3.4 and perchlorate salt 3.5 were prepared by adding respective

mineral acid to the methanolic solution of compound 3.1 and recrystallised as shown in Scheme

3.1.
o)
N\ HX +
\ —» [31].X
=
when, X=HCI; Salt (3.2)
NOH X= HBr; Salt (3.3)
X=HCIO,; Salt (3.4)
3.1 X=HNO3; Salt (3.5)

Scheme 3.1: Salts of compound 5-(hydroxyimino)quinolin-8-one (3.1).

3.1: Anion-7 interactions in salts of compound 3.1

3.1.1: Structural study

Chloride salt 3.2 and bromide salt 3.3 are isostructural, as they have the same structure, but
different cell dimensions nor the same chemical composition. Both the crystals of the salts

belong to monoclinic, P2;/m space group with unit cell volumes 455.61and 481.09 respectively.
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They also fulfill other conditions of isostructurality by having comparable variability in the
atomic coordinates. Structure of chloride salt is shown in Figure 3.6a. In this structure chloride
ions are sandwiched between two planar aromatic rings of the cations. Chloride ions and cations
are placed in alternate positions so as to have maximum electrostatic interactions between the
oppositely charged species. Further to this, the packing arrangements of ions are such that they
have minimum repulsion between similar ions. Similar arrangements were also found in case of
bromide salt 3.3. Distance between anion and centroid of n-cloud of cation of the chloride salt
3.2 is 3.374 A; whereas such distance in bromide salt 3.3 is 3.465 A. These distances are within
permissible distances for anion-m interactions of both the types anions.”~* For example in the
crystal structure of bromide salt of 2,3,4,5,6-pentafluoro-N-(propan-2-ylidene)benzenamine,
where layers of cations and anions run along parallely. The bromide anions are hold in the
crystal lattice by C-H'Br, N-H "Br and anion-m interaction (Figure 3.5).% In this case the

distance between the bromide anion and centroid of the phenyl ring was reported to be 3.440 A.

i

»-; ST O

AL T SH
/=f'" H-bond /"{ /-'!T
-‘"'._ / Anion-Tr interaction .1'-.:

"\‘q _ .,.'_,..-‘--F"-'\N ,,,,,,,,,,, 4\]&.
A\ N Mk
_\

Figure 3.5: Bromide-m interaction in bromide salt of 2,3,4,5,6-pentafluoro-N-(propan-2-

ylidene)benzenamine.

The self-assemblies of the salts 3.2 and 3.3 are guided by C-H O, N-H"X and O-H"'X (where
‘X’ represents the halide ion) interactions. Through the interplay of electrostatic interactions and
weak interactions a layered structure is formed in each of these salts. The layered structure in
case of chloride salt extends along c-axis plane (Figure 3.6b) and along b-axis plane in bromide
salt (Figure 3.6¢). Pertinent hydrogen bond parameters of salts 3.2 and 3.3 are listed in Table
3.1. It is clear from the hydrogen bonds in Table 3.1 that both the salts have similar hydrogen
bonds to stabilize their respective self-assemblies. However, the N-H X and O-H X bond
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distances were observed to be different between the two salts. In case of chloride salt 3.2 the N-
HX and O-H "X bonds distances are 2.27 A and 2.19 A respectively while, in case of bromide
salt 3.3 theses are respectively 2.43 A and 2.35 A.

9
e Kﬁi‘ Anion-1r interaction

{

(b) (c)
Figure 3.6: (a) Interactions of chloride with four different cations in salt 3.2, (b) Hydrogen-bonds

and anion-m interactions in salt 3.2 showing a layered structure and (c¢) hydrogen bonds in

structure of salt 3.3.

The longer N-H X and O-H "X bonds distances in bromide salt 3.3 compared to chloride salt
3.2 can be attributed to the less electronegativity of bromide anion due to its higher ionic radius
compared to chloride anion. Coordination environment of halide is distorted square planar
geometry, where a halide ion holds two cations by anion-m interaction and while other two

cations are hold by N-H*X and O-H"X type of hydrogen bonds.
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Table 3.1: Hydrogen-bond parameters of salts 3.2-3.5.

Compound No. D-H"A dp.u(A) dyg..a(A) dp...a(A) ZD-H-+A(°)
Salt 3.2 NI-H"Cll [1-x,-1/2+y,1-z] 0.86(3) 2.27(3) 3.07(2) 157(3)
02-HCll [2-x,-1/2+y,1-Z] 0.82(5) 2.19(2) 3.00(2) 159(2)
C1-H~02 [ x,y,-1+7] 0.93(3) 2.59(2) 3.34(4) 137(5)
C3-H~01[1+x,y,2] 0.93(3) 2.33(3) 3.02(6) 130(9)
Salt 3.3 NI1-HBrl [1-x,-1/2+y,1-Z] 0.86(3) 2.43(2) 3.24(6) 157(10)
02-H"Brl [-x,-1/2+y,-z] 0.82(3) 2.35(9) 3.37(9) 143(8)
C1-H"02 [-1+x,y,Z] 0.93(3) 2.59(3) 3.38(3) 143(9)
C3-H"01 [x,y,1+7] 0.93(3) 2.32(7) 3.04(4) 133(6)
Salt 3.4 NI1-H06 [1/2-x, 1/2+y, 1/2-7] 0.86(6) 2.00(2) 2.83(12) 161(3)
C7-H~03 [ x,y,-1+7] 0.93(3) 2.71(2) 3.36(3) 128 (4)
02-H~04 [1/2-x, 1/2-y, -Z] 0.82(3) 2.25(4) 2.83(10) 129(5)
Salt 3.5 02-H~03 [1-x,1-y,1-z] 0.82 (2) 1.89 (2) 2.66(19) 156(3)
N1-H04 [-x,-1/2+y,1/2-7] 0.86(3) 2.36(4) 2.96(2) 128(2)
N1-H 05 [-x,-1/2+y,1/2-z] 0.86(3) 2.18(2) 2.97(2) 154(3)
C7-H~03[1-x,-1/2+y,1/2-7] 0.93(3) 2.57(3) 3.22(2) 128(6)
C1-H 04 [-x,-1/2+y,1/2-7] 0.93(3) 2.59(3) 3.08(2) 114(5)
C2-H"05 [-x,1-y, 1-Z] 0.93(2) 2.45(5) 3.35(2) 165(2)

Crystal structure of the salt 3.4 comprises of a cation of 3.1 and a perchlorate anion in the
asymmetric unit. One oxygen atom of perchlorate ion is crystallographically disordered; this
atom is shown to have equal sharing of electron densities among two equivalent positions

(Figure 3.7a).
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Figure 3.7: (a) Anion- 7 interactions in salt 3.4 and (b) hydrogen bonds between perchlorates and

cations.
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Perchlorate salt 3.4 has also a layer like packing pattern where the ions interact through weak
hydrogen bonding such as N-H:-O, O-H---O and C-H---O bonds as shown in the Figure 3.7b. In
this case also anions are in a suitable distance from cations to have a favorable anion-n
interaction. The layer of ions that extends through is hold by anion-m interaction. Distance
between oxygen atom and centroid of m-cloud of cation is 3.253A, suggests a separation
conducive for anion-m interaction.

Nitrate salt 3.5 of compound 3.1 has a composition of [H(3.1)].NOs". In its crystal lattice nitrate
anion is hydrogen bonded to four neighboring cations of compound 3.1 as shown in Figure 3.8a.
Two oxygen atoms O4 and OS5 of a nitrate ion are involved in two bifurcated hydrogen bonds
formed by NI1-H--O4, N1-H---O5 interactions and CI-H:--O4, N1-H--O4 interactions. C3-H
bond of a cation interacts with O5 atom of nitrate anion. There are weak C7-H---O3 and C6-
H---O4 interactions between cations. The oxygen atom, O3 of nitrate anion is hydrogen-bonded
to an O-H group of protonated 3.1. A view along b-crystallographic axis shows wave-like layers
of anions and cations indulging in anion-n interactions that hold the two lines of ions to extend
along. Nitrate anions are found to be sandwiched between cations analogous to the case observed
in chloride and bromide salts. Crystallographic a-axis of the lattice is related by a 2;-screw axis
(Figure 3.8b). Positions of nitrate ions are oblique with respect to cations, they appear in
different planes from cations and distance between centroid of anion and cation is 3.099 A which

is favorable for anion-m interaction.'''®

Literature suggest that nitrate ion held within concave
aromatic host shows anion-m interaction;’' there are also examples of nitrate ions possessing

O- interactions with -cloud of a host*® and nitrate ion placed over naphthalenedimide ring

34-35

shows weak m-anion interaction.

Figure 3.8: (a) Hydrogen bonds and (b) anion-m interaction in layered structure of salt 3.5.
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Pyridine tethered macrocycle shows anion-m interaction with nitrate ion.>* A shorter anion-n
distance was observed in case of salt 3.5 compared to anion-n distances in conventional cases,*
it is attributed to electrostatic interactions present among the ions playing a primary role in the
tight packing.

Since there are other orientations of a nitrate anion to place over a m-cloud such as shown in
Figure 3.9 exist, we chose to make a comparison of other salts of quinoline derivatives such as 5-
aminoquinoline, 4-hydroxyquinazoline and 8-hydroxyquinoline. It may be mentioned that the
nitrate salt of 8-hydroxyquinoline was reported in literature.*®
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Figure 3.9: Modes of interaction of nitrate anion with -cloud.

Structures of nitrate salts, namely 5-aminoquinolinium nitrate (3.6), 4-hydroxyquinazolineium
nitrate (3.7) and 8-hydroxyquinolinium nitrate (3.8) were analyzed. Crystals of 5-
aminoquinolinium nitrate salt belongs to monoclinic, P2;/c space group. In its crystal lattice each
nitrate ion is surrounded by three 5-aminoquinolinium cations has C-HO and N-H"O
interactions as shown in Figure 3.10a. There are several bifurcated hydrogen bonds involved in
holding nitrate anion by cations which have C-HO or N-H"O bonds. CI-H bond of a 5-
aminoquinolinium cation forms bifurcated hydrogen bond with two oxygen atoms of nitrate
anion. There are two other C-H 'O interactions namely C8-H O3 and C3-H"O1 to hold the
cations and anions. N1-H bond act as pivot for bifurcated hydrogen-bonds, N1-H"O2 and N1-
H*O3 bonds, whereas one of hydrogen atom of N2-H is involved in two hydrogen bonds namely
N2-H"O1 and N2-HO3. In case of 3.6, nitrate anions are slightly oblique from plane of
aromatic rings of the cations; with oxygen atom to n-centroid distance of 3.252 A (Figure 2.10c).
4-Hydroxyquinazolinium nitrate (3.7), crystallized in monoclinic space group P2;/c. Each nitrate
anion in lattice is surrounded by three 4-hydroxyquinazolinium cations (Figure 3.10b). There are
two R,%(7) types of hydrogen bonds, involving C1-H 03, N2-H'04 and C1-H04, N1-H02
interactions. On the other hand, there is a C3-H O3 interaction between the nitrate ion and

cation (Table 3.2).
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Figure 3.10: Hydrogen bonded assemblies of nitrate salts of (a) 5-aminoquinolinium and (b) 4-

hydroxyquinazolinium. Anion-x interactions in nitrate salt (c) 3.6 and (d) 3.7.

These interactions generate layer-like structure in which nitrate ions and cations are in same
plane. As a result m-stacking interactions between cations and anions take place. Stacking
interactions present in 3.7 are similar to salt 3.5. Distance between parallel pair of cation and

anion was found to be 3.322 A (Figure 3.10d).

Figure 3.11: A portion of nitrate salt of 8-hydroxyquinoline to show complementary hydrogen

bonds in self assembly.
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In case of nitrate salt of 8-hydroxyquinoline (3.8) similar types of hydrogen bonds were observed
as observed in case of 3.6 and 3.7; however this system is devoid of anion-n interaction. It shows
a lamellar structure and each nitrate anions are held between three quinolinium cations as shown
in Figure 3.11. In this acse complementary hydrogen bonding of nitrate anion with OH and C-H
bonds of hydroxyquinolinium cation plays the key role in stabilization of such structure.

Table 3.2: Hydrogen-bond parameters of 3.6 and 3.7.

Compound No.  D-H"A dp.u(A) dyp...a(A) dp..A(A) Z D-H-+A(°)

Salt 3.6 NI-H"02 [-1+x,1+y,z] 0.97(3) 1.79(3) 2.72(3) 162(3)
N2-H"O1 [-1/2+x,1/2+y.z] 0.87(3) 2.27(3) 3.12(4) 168(3)
C1-H" Ol [1-x,2-y,-Z] 1.07(3) 2.54(3) 3.24(4) 122.6(19)
C1-H" 02 [1-x,2-y,-Z] 1.07(3) 2.23(3) 3.28(4) 167(2)
C8-H03 [l+x,y,7] 0.98(4) 2.59(5) 3.39(5) 138(2)
C3-H"01 [-1+x,y,Z] 0.94(7) 2.47(2) 3.21(5) 134(3)

Salt 3.7 NI1-H ~ 02 [-1+x,y,z] 0.86(8) 1.94(6) 2.78(3) 168(11)
N2-H 04 [x,1/2+y,1/2-Z] 0.96(2) 1.85(2) 2.80(3) 178(2)
Cl1-H~ 04 [-1+x.y.7] 0.93(4) 2.37(6) 3.11(3) 136(2)
C1-H" 03 [-x,1/2+y,1/2-7] 0.93(5) 2.38(9) 2.99(3) 124(3)
C3-H" 03 [-1+x,1+y,7] 0.93(3) 2.39(5) 3.22(3) 149(9)

We find that in two of the three nitrate salts studied have possibilities to show anion-n
interactions. However the anion-m distances are longer than the distance observed in salt 3.5. A
comparison of nitrate-r interactions is listed in Table 3.3; it is seen that distance of anion-n
interaction in the present study is shorter from most of the cases.

Table 3.3: Comparison of nitrate-m interactions in different systems.

System Anion-n distance (A)

Salt 3.5 3.09

Salt 3.6 3.25

Salt 3.7 3.32
calix[4]pyrrole derivative 3.20%
2,4,6-Tris(di-2-picolylamino)-1,3,5-triazine 3.51°%
Triazine derivative 3.45%
bis(arylethynyl)pyridine derivative 3.59%
Hexafluorobenzene derivative 3.32%
Naphthalene anhydride derivative 2.79'¢
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3.1.2: Fluorescence study of 3.1-3.5

Quinoline derivatives are fluorescent probes on the other hand we observed compound 3.1 to be
weakly fluorescent. So it was of our interest to find out the fluorescence emission of these salts
in solid state to find out any significant difference caused by anion. Solid state fluorescence
emissions were recorded for compound 3.1 as well as its salts (3.2-3.5) on excitation at 350 nm,
it was observed that intensities at 504 nm were different for each sample. Relative fluorescence
emission intensities of salts and parent compound is, nitrate salt =~ perchlorate salt > bromide
salt > 5-(hydroxyimino)quinolin-8-one > chloride salt as shown in Figure 3.12a. It was found
that nitrate and perchlorate quenches fluorescence emission, however halides enhances. Thus
there is a definite effect of anions to cause such changes in emission property. Moreover, we
have recorded fluorescence emission of compound 3.1 and its salts in the liquid state by exciting
at a wavelength of 350 nm. We observed two emission maximum for 3.1 at wavelength around
390 nm and 410 nm (Figure 3.12b). Salts have similar emission maximum at wavelength 438
nm, however with different intensities among each other. This trend of different emission
intensities among the salts can be compared with trend of emission differences observed in solid
state emission. From this comparison of solid state and solution sate emission, it can be

suggested that anion-m interaction is active even in solutions of these salts.
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Figure 3.12: Fluorescence emission spectra of 3.1 and different salts (Aex = 350 nm) in (a) solid

sample and (b) solution in methanol; 1) 3.1, (i1) salt 3.2, (iii) salt 3.3, (iv) salt 3.5 and (v) salt 3.4.
3.1.3: Absorbance study

Changes in UV-visible absorptions of 3.1 by various acids were monitored. Compound 3.1

shows absorption maximum at 279 nm, 328 and 445 nm, which on addition of solution of
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mineral acid increases the intensity of former absorbance, whereas the absorbance at 445 nm
disappears in each case. In case of addition of hydrochloric and nitric acids the absorbance at

279 nm increases with splitting of the peak into two new absorbance peaks at 260 nm and 268

nm as shown in Figure 3.13.
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Figure 3.13: UV-visible spectra of 3.1 in methanol (10 M) on addition of (a) HCI and (b) HNO;
(10 pL in each aliquot of 10™ M solution in methanol).

From the changes in absorption on addition of solutions of mineral acids to the solution of 3.1
binding constants were determined by using Benesi-Hildebrand equation.*” Magnitudes of
binding constants for salts follow order 3.4 > 3.3 > 3.5 >> 3.2.

For a direct comparison among nitrate salts, UV-absorptions of compounds 5-aminoquinoline, 4-
hydroxyquinazoline and 8-hydroxyquinoline with different amounts of nitric acid were
monitored. Addition of nitric acid increases the intensity of m-m* transition at 214 nm of 5-
aminoquinoline and 4-hydroxyquinazoline, however in case of 8-hydroxyquinoline on addition
of nitric acid absorbance at 214 nm increases along with growth of a new peak at 253 nm as
shown in Figure 3.14. Binding constants determined from changes in absorptions on addition of
solution nitric acid to respective compounds for salt 3.5, 3.6, 3.7 and 3.8 were determined by
using Benesi-Hildebrand equation, which are 2.44 x 10 M'l, 4.18 x 10° M'l, 3.73 x 10° M and
5.42 x 10° M respectively. Thus, pKa values for salts are 2.38, 3.62, 3.57 and 3.73. Magnitudes
of binding constants are of the order 3.8 > 3.6 > 3.7 >> 3.5. Salts 3.6-3.8 have structural
similarities; hence the differences between their binding constants are nominal. This also

suggests that magnitudes of anion-r interactions are small.
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Figure 3.14: Changes in the UV-visible spectra of (a) 8-aminoquinoline; (b) 4-
hydroxyquinoxaline and (c) 8-hydrxyquinoline in methanol (10° M, 3 mL) on addition of 10 pL

in each aliquot of 107 M solution HNOs in methanol.

On the other hand, in solid state salt 3.8 does not show anion-m interaction, but it shows highest
binding constants among three structurally related salts. Binding constant of salt 3.6 is higher
than salt 3.7. Hence, anion-m interaction could be a cause for difference in optical properties.

A critical examination based on binding constants of a series of nitrate salts have shown that in
solution anion-m interactions are too weak to show a distinction in binding constants due to large

electrostatic interactions contributing to the salts.
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3.1.4: ' H- NMR study

When '"H-NMR spectra were recorded for each salt it was observed that chemical shifts for the
aromatic ring protons were different among each other, which suggested salts exist as ion-pairs
in solution. In solution, each salt shows '"H-NMR peak due to O-H assigned as / (Figure 3.15)
which was assigned on the basis of its presence in the parent compound. This hydrogen peak
disappears on deuterium exchange. >C-NMR of the nitrate salt shows a peak at 181.4 ppm
which is assigned to carbonyl carbon showing the compound remains in keto form. Chemical
shift of ring protons differ from case to case and thus suggests a role of anion on chemical shifts.
This implies diamagnetic contribution of anion to m-cloud of cation varies with counter anion

suggesting interactions between the counter ions.
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Figure 3.15: "H-NMR spectra (400MHz, DMSO-dy) of (i) salt 3.2 (ii) salt 3.3, (iii) salt 3.4 and
(iv) salt 3.5 (only peaks in the range of 6-13.8 ppm are shown for clarity).

3.1.5: DFT calculation

DFT calculation was done for 3.1, 3.2 and 3.5 and it can be seen that highest occupied molecular
orbital (HOMO) shows absence of overlap between chloride and cation in salt 3.2 (Table 3.4).
But, lowest unoccupied molecular orbital (LUMO) shows possibility of an overlap region. Thus

covalent contribution for anion m-interaction at ground state has less significance in this salt.
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However, in case of salt 3.5 we observe that symmetry of highest occupied molecular orbital
(HOMO) are such that it has no orbital overlap between anion and cation. The order of energy
gaps between the HOMO and LUMO follow as 3.1 > 3.2 > 3.5.

Table 3.4: Molecular orbitals of 3.1, 3.2 and 3.5.

System Molecular orbitals Energy gap (eV)
4
3.1 '0 9‘ 9 ‘ 0.146
b
HOMO LUMO
Q.
- L
4
3.2 “ 0.110
HOMO LUMO

4.% 8

35 o

0.091

3.2: Interaction of fluoride with 3.1

We found that interaction of tetrabutyl ammonium fluoride (TBAF) with 3.1 yielded dark blue
crystalline compound which was a host-guest complex of TBAF with 3.1 (Figure 3.16a). Single
crystals were grown from a DMSO solution of 3.1 with TBAF in 1:1 ratio and we obtained blue
crystals (Figure 3.14b), which were analyzed by single crystal analysis. Since, the colors of two
crystals are different from each other, this occurrence can be thought of sensing fluoride ions by
3.1 in solid state; 3.1 has pale yellow crystal, while with fluoride anion it gives a dark blue
crystal. Asymmetric unit of the supramolecular adduct has two molecules each of 3.1 and TBAF
which are symmetrically independent. Both the symmetry independent 3.1 molecules are in keto-
forms, among which one of the 3.1 molecules is crystallographically disordered. The C8-O1
bond distance is 1.24 A, it suggest it to be a C=0 bond, supporting a keto form.
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host-guest
complex 3.9

(a) (b)
Figure 3.16: (a) Host-guest complex [(3.1). TBAF1.5H,0] (drawn with 35% thermal ellipsoid)

and (b) optical micrograph 3.1 and host-guest complex 3.9.

On the other hand, C5-N2 bond distance is 1.35 °A which is supportive of a conjugated C=N
bond. Comparing the structure with the reported structure of 3.1?® and its salts it is found to be

consistent with a keto-form.

3.2.1: Selective interaction of fluoride ions with 3.1
Molecular recognition is an important subject, since it helps in selective detection of small
biologically important molecules as well as environmentally hazardous components such as free

ions.” Thus, variety of synthetic receptors have been designed for the selective detection of free

45-48

ions.* As inorganic fluorides are used in treatment of diseases, while its high concentration

in drinking water is dangerous for human health.*>' Thus, there is a definite need for reagents

that can be used for detection and estimation of fluoride ions.’>™>’

56-60

Fluoride ions have ability to
deprotonate hydroxy group and such property may be compared with basic metal salts. For
this property of fluoride ion, many sensors containing hydroxyl group®' are used for selective
detection of fluoride ions as deprotonation of hydroxyl group induces a change in optical signals.
Moreover the compounds containing oxime moiety can also act as a selective sensor for fluoride
ions. For example fluoride sensor containing oxime moiety attached to a pyrene ring can visually
detect fluoride ions.”*** Recently, in our group compounds containing both oxime moiety as well

as phenol group were used as sensor for fluoride ions.** It was observed that these compounds

visually detect fluoride ions by formation of cocrystal or salts with the fluoride ions.
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As mentioned above that 3.1 has possibility to adopt keto or enol form; it has the possibility of
having phenolic group or oxime moiety where both can be good sensor for fluoride ions.

Thus, we have observed that on addition of a solution of TBAF to a solution of 3.1 in
dimethysulphoxide causes a drastic color change by turning the solution to green. Colour change
was caused specifically by TBAF among the other salts namely tetrabutylammonium chloride,
bromide, iodide, perchlorate, nitrate or bisulphate. This enabled visual detection of fluoride ions
and distinguishing them from other analogous salts. On addition of TBAF to a solution of 3.1
increased the absorption at 437 nm and a new absorption peak at 640 nm was developed (Figure

3.17a and 3.17b).
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Figure 3.17: (a) Changes in UV-visible spectra of compound 3.1 (10° M in DMSO) on addition
of TBAF (0.1 to 1 equivalent from TBAF 10™* M stock solution) in 250-500 nm region (inset is
photographs of solutions of 3.1 in the absence and presence of TBAF) and (b) changes in
absorption in 500-800 nm region of 3.1 (10* M in DMSO) on addition of TBAF (10> M in
DMSO).

This change in absorption passed through an isobestic point at 356 nm. Formation of an isobestic

point showed one to one transformation between two species in solution. From such change in

absorbance intensity of new absorption maxima, fluoride ions could be detected over a

concentration range spreading from 107 to 107 M of stock solutions of TBAF. Zirconium

oxyquinolate based analytes®®® detect fluoride ions in the concentration range 10™ to 10”7 M. On
67-68

the other hand, acetate ions generally interferes in detection of fluoride ions, in our case also

we found interference of ammonium acetate in fluoride detection. Since acetate ions and
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fluoride ions had similar effects on visible spectra of 3.1, it may be suggested that change in
color of 3.1 occurred from deprotonated species or through proton transfer to form ion-pairs in

host-guest complex.
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Figure 3.18: Visible absorption spectra of 3.1 (10 M in DMSO) on addition of 30 pL of TBAF
(10 M in DMSO) at pH condition (a) 4.0, (b) 7.0 and (c) 9.2.

When we carried out similar titration study at different pH such as 4.0, 7.0 and 9.2, it was
observed that on addition of TBAF to the solution of compound 3.1 at pH 4.0, new absorption
peak appears at 627 nm (Figure 3.18a). Appearance of this absorbance in visible region enables
3.1 to detect fluoride ions barely with naked eye. In case of neutral pH absorbance at 620 nm get

intensify on addition of TBAF (Figure 3.18b). However, compound 3.1 showed dark green
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(absorbance at 624 nm) color in basic medium (pH = 9.2) disabling detection of fluoride ions, as
the absorbance does not show any changes on addition of TBAF (Figure 3.18c). Thus, detection
of fluoride ions by a solution of 3.1 was possible under near-neutral pH but not in basic medium.
To understand this phenomenon, 'H-NMR study was carried out by analyzing signals of
compound 3.1 that appear in region 6-14 ppm. We compared 'H-NMR spectra of 3.1 titrated
with different amounts of TBAF. Comparisons of "H-NMR signals in this region from different
ratios of 3.1 and TBAF are shown in Figure 3.19a. Signals appearing in aliphatic region (1-3
ppm) from -CH»- and -CHj3 groups of tetrabutylammonium cations in each case was checked,
these signals did not change with different compositions. Signal of OH at 13.4 ppm disappeared
on addition of TBAF, which suggested a possible deprotonation by fluoride ions or formation of

host-guest complex of 3.1 with TBAF.
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Figure 3.19: (a) '"H-NMR spectra in the region of 6 ppm tol4 ppm obtained during titration of
3.1 (DMSO-ds) with TBAF: (i) 3.1, (ii) 3.1 with 0.25 equivalent of TBAF and (iii) 3.1 with 0.5
equivalent of TBAF. (b) "’F-NMR spectra in the region of -80 ppm to -160 ppm of a solution of
(1) TBAF (DMSO-de) and (ii-v) TBAF on adding different amounts of 3.1 (reference C¢F at -
164.9 ppm).

With increase in concentration of TBAF, proton signals Ha and Hb overlapped, which indicated
its transformation of 3.1 to keto-form to form a host-guest complex [Figure 3.19a(ii)]. lon-pair
involving fluoride ions with phenols® were reported earlier in literature. Oximes are also known

to form host-guest complexes with tetrabutyl ammonium fluoride.**** '"H-NMR titration carried
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out by addition of triethylamine to a solution of 3.1, showed similar disappearance OH signal at
13.4 ppm due to deprotonation of 3.1 by triethylamine. Addition of triethylamine or a base to a
solution of 3.1 caused a similar color change as that of fluoride ions, thus there is resemblance
between these two processes, yet fluoride ions being weak base capable of forming host-guest
complex with 3.1 (vide crystallography). It is suggested to form ion pair through proton transfer
to yield conjugated species equivalent to the one caused by simple deprotonation by acetate.

The F-NMR spectra of TBAF had a signal at -98.1 ppm, this signal disappeared on addition of
3.1 with emergence of a new peak at -134.6 ppm, this indicated that fluoride ions interacted with
3.1 (Figure 3.19b). New peak appearing at -134.6 ppm was broadened on increased in
concentrations of 3.1; this could be due to fast exchange of fluoride ions between keto-enol
forms. Chemical shift of hydrofluoric acid is generally dependent on solvents.®” Thus, °F signal

at -134.6 is attributed to ionic fluoride ions.
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Figure 3.20 (a) Changes in the UV-visible absorption spectra of 3.1 (10° M in methanol) on

270 320

addition of Zn*" ions in 0.1 to 0.7 equivalent (10™* M in methanol). Inset is the photographs of a
methanol solution of 3.1 in absence and presence of Zn*" jons. (b) Increase in absorbance at 710
nm on addition of zinc chloride (10~ M in methanol, 10 pL in each aliquot) to a solution of 3.1

(10 M in methanol) in the region of 500-900 nm.

When a solution of zinc chloride was added to a solution of 3.1 in methanol, the absorbance of
peaks at 445 nm and 279 nm of 3.1 were increased with an appearance of new absorbance in
visible region with absorbance at 710 nm, while the absorbance peak at 328 nm decreases. These
changes pass through an isobestic point at 355 nm (Figure 3.20a). However, other metal chloride

salts such as Mn2+, Cd2+, Fez+, Cu2+, Ni2+, AP’" etc. cause insignificant changes in the visible
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spectra of 3.1 compared to zinc chloride. Job’s plot from absorption versus mole fraction of zinc

ions and 3.1 shows formation of a zinc complex approximately in 1:2 metals to ligand ratio.

3.3: Complexation of 3.1 with zinc ions

Accordingly, crystalline 1:2 complex namely di-aqua-bis(5-nitroso-8-oxyquinolinato)zinc (II)
3.10 was obtained from reaction of 3.1 with zinc chloride was characterized by determining
crystal structure (Figure 3.21a). On checking the morphology of zinc complex 3.10 a clear

difference in color was observed from the parent compound 3.1.
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Figure 3.21: (a) Structure of di-aqua-bis(5-nitroso-8-oxyquinolinato)zinc (II) 3.10, (ORTEP
drawn with 30 % thermal ellipsoid), (b) optical micrograph 3.1 and zinc complex 3.10 (c) 'H-
NMR spectra of zinc complex 3.10. Selected bond distances, Zn1-N1, 2.075(3) A; Znl-O1,
2.105(2) A; Zn1-03, 2.207(3) A and bond angles, N1-Zn1-O1, 100.07(9)°; N1-Zn1-O3,
89.71(10)°.

As from the Figure 3.21b it can be seen that the compound 3.1 is pale yellow whereas, the zinc
complex 3.10 is black in color which enables to distinguish them in the their solid state. Complex
has a distorted octahedral geometry with two apical positions occupied by two aqua ligands.

Irrespective of metal to ligand ratio used in the reaction this zinc complex could be obtained,
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however this complex 3.10 on redissolution in DMSO solution dissociates to give double the
number of peaks of parent ligand in "H-NMR spectra (Figure 3.21c).

Both the fluoride anion and Zn®" ion could change the UV-visible spectra of solution of
compound 3.1. So, we carried out competitive experiments between the fluoride and zinc ions.
When zinc chloride was added to a solution containing 3.1 and fluoride ions, the absorbance
peak at 640 nm shifted to 710 nm with small decrease in intensity of the absorption (Figure
3.22a). This can be attributed to the formation of zinc-5-nitroso-8-oxyquinolinato complex;
which absorbs at 710 nm, with the decomposition of host-guest complex formed between the 3.1

and TBAF.

Absorbance (a.u.)
o
g
Absorbance (a.u.)

500 550 600 650 700 750 800 850 900 500 550 600 650 700 750 800 850 200
Wavelength (nm) Wavelength (nm)

(a) (b)
Figure 3.22: (a) Changes in the visible absorbance of 3.1 (10* M in DMSO) at 640 nm on
addition of solution of TBAF (10~ M in DMSO) (red); the black lines show the shifting to 710
nm on addition of ZnCl, (10 M in DMSO) 10 pL in each aliquot. (b) Increase in absorbance of
3.1 (10* M in DMSO) on addition of ZnCl, solution at 710 nm (black) redlines shows increase in
absorbance on further addition of TBAF (10~ M in DMSO) solution (10 pL in each aliquot).

However, when TBAF was added to a solution of 3.1 containing Zn>" ions the absorbance at 710
nm get intensified rather than shifting towards the lower wavelength (Figure 3.21b). In this case
it can be thought as fluoride ions increase the basicity of the solutions containing 3.1 and Zn*"
ions which facilitates deprotonation of more 3.1 and as result the concentration of zinc-5-nitroso-
8-oxyquinolinato complex increases, which increases the absorbance at 710 nm.

As we have seen in absorption study the spectra of 3.1 changes in similar pattern on addition of

zinc ions or fluoride ions. In order to distinguish the sensing of these two ions, we carried
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fluorescence titration of solution of 3.1 with different ions. A solution of 3.1 shows a
fluorescence emission peak at 556 nm on excitation at 475 nm, which on addition of fluoride
ions get quenched (Figure 3.23a). Similar titrations were also carried for other anions, such as
tetrabutylammonium salts of chloride, bromide, iodide, perchlorate, nitrate or bisulphate.
However, no such significant changes in the emission spectra of 3.1 were observed. This shows
the selectivity of 3.1 towards the fluoride ion over the other anions studied. The fluorescence
quenching is due to internal charge transfer between fluoride and the ligand, which is commonly
caused by fluoride ions.” Binding constant of fluoride ion with 3.1 is calculated as 2.66x10° M

by Benesi—Hildebrand equation from the changes in intensity of emission caused by TBAF.
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Figure 3.23: (a) Fluorescence emission (Aex = 475 nm) of compound 3.1 (10* M in DMSO) on
addition of TBAF in 10 pL (10 M in DMSO). (b) Change in fluorescence emission of 3.1 (Ae
=475 nm; 10™* M in methanol) on addition of zinc chloride (in 10 pL from 10~ M in methanol in

each aliquot).

On the other hand, methanolic solution of compound 3.1 showed a fluorescence emission peak at
572 nm on excitation at 475 nm. Intensity of this emission peak was enhanced and shifted by 12
nm on addition of Zn?" ions (Figure 3.23b). Opposite trends in changes of fluorescence emission
by fluoride and zinc ions enabled to distinguish these ions in independent experiments.
Fluorescence titrations of 3.1 with different metal ions in methanol showed increase in
fluorescence emission by cadmium (II) or aluminium (III) ions. Whereas, addition of solutions of

2+
1

o 2+ 2+ 2+ 2+
paramagnetic ions such as Mn“', Fe”, Co”, Ni"" and Cu” ions decreases the fluorescence
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intensity. Similar fluorescence titrations performed with Na, K, Be*", Mg®", Ca®" and In™ ions
showed no significant changes in the emission spectra of 3.1. Binding constants of 3.1 with metal
ions were in order of Zn*" >> Cu*"> Co* > Fe** > Ni*" > Mn*" > Cd*" > AI’". Relative binding

constants are illustrated as bar diagram shown in Figure 3.24.
100 7
~ 80
___I
5 60
£

2+ 2+ 2+ I+ 2+ 2+ 24+ 3+

Zn Cd Mn Fe Co Ni Cu Al

Figure 3.24: Bar graph showing binding constants of 3.1 with different metal ions.

Zinc ion has highest binding constant 7.87 x 10°® M relative to the other metal ions. Among the
quenchers, Cu”‘ions are most effective and have a binding constant 17.45 x 10° M™.
Paramagnetic Cu”'ions generally causes quenching of fluorescence, which can attributed to
transfer of energies or electrons from 3.1 to low lying empty d-orbital of Cu*'ions.”"

Metal complexes of quinoline derivatives are known for their ability to detect fluoride ions.
Keeping this in mind we too carried a study to detect different anions by zinc complex 3.10.
Interestingly, it was observed that when a solution of TBAF in DMSO was added to the solution
of 3.10 in DMSO, the absorbance at 718 nm shifts to 676 nm with a decrease in absorption. This
changes passes through an isobestic point at 660 nm as shown in the Figure 3.25. This happens

due to replacement of 3.1 from the metal complex by fluoride ions.
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0.14 4
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Figure 3.25: Changes in absorbance spectra of zinc complex (10* M in DMSO) on addition of
TBAF (10° M in DMSO).
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As mentioned above, addition of zinc chloride to a solution of 3.1 in presence of TBAF shifs
absorption peak at 640 nm to 710 nm and absorption at 710 nm of a solution of 3.1 with zinc
chloride increases on addition of TBAF. Thus the zinc complex can be constructed or dislodged
by adequate concentration of fluoride ions and 3.1. Other tetrabutylammonium salt such as
chloride, bromide, perchlorate or nitrate does not change visible spectra of the complex 3.10 at
this pH. This shows selective nature of zinc complex 3.10 towards the fluoride anions over the

other anions.

3.4: Conclusion

It is found that anions are suitably placed to interact with the z-cloud of cations in layered
structures of quinolinium salts 3.2-3.8. Sandwiching of nitrate ions between cations in salts 3.5
and 3.7 are observed, whereas nitrates ions occupy oblique with respect to cation in salt 3.6. Salt
3.5 show exceptionally shorter anion-n distance compared to the conventional distances. These
salts remain as strong ion pair in solution. Thus, anion-7t interactions are too weak to show a
distinction in binding constants due to large electrostatic interactions contributing to the salts in
solutions.

Moreover, host-guest of 3.1with fluoride ion and a mononuclear complex of zinc are isolated
and characterized. The bond distances of compound 3.1 in the adduct 3.9 confirmed that it
remains in its keto form in solid state. Fluoride ions could be visually distinguished from
numbers of anions at slightly acidic pH. Fluoride as well as acetate ions quench fluorescence
emission of 3.1 which distinguishes them from other common neutral anions. Several cations can
enhance intensity of fluorescence emission of 3.1 independently but zinc ions are special to show
sharp enhancement of fluorescence intensity. Several metal ions bring about quenching of
fluorescence which enables zinc ions to be distinguished from other cations. The difference in
color of host-guest complex 3.9 and zinc complex 3.10 from the parent compound 3.1 enables

fluoride ions and zinc ions to detect in solid state.

3.5: Experimental
The detailed synthetic methodologies for synthesis of the metal complexes are described.
Analytical data are provided with each complex. The instrumental details and crystallographic

parameters are provided in Appendix.
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Synthesis of 3.1:

8-hydroxyquinoline (0.725 g, 5 mmol) was added to a solution of conc. sulphuric acid (0.3 mL)
in distilled water (20 mL) with vigorous stirring at 15-18 °C. A solution of sodium nitrite (0.367
g) in water (10mL) was added dropwise over 30-40 minute at a reaction temperature of 18-20 °C.
The mixture obtained was held at this temperature for 3h. The reaction product was neutralized
at temperature not exceeding 25 °C with 24% solution of sodium hydroxide to pH 8-9 and then
acidified to pH 5-6 with glacial acetic acid. The precipitate was filtered off, washed with distilled
water (3 X 50 mL), then dried and recrystallised from 1:1 acetone-DMF solvent mixture. IR
(KBr, cm™): 3436 (w), 3056 (w), 2933 (w), 2814 (w), 2702 (m), 1656 (s), 1601 (w), 1581 (w),
1459 (m), 1388 (w), 1331 (w), 1316 (w), 1131 (m), 1095 (w), 977 (s), 823 (W), 792 (W), 692 (W).
'HNMR (DMSO-dy): 13.4 (s, 1H), 8.87 (t, J= 0.8 Hz, 1H), 8.57 (d, J= 8.4 Hz, 1H), 8.03 (d, J =
10.8 Hz, 1H), 7.74 (q, J = 4.8 Hz, 1H), 6.75 (d, J = 10.4 Hz, 1H).">C-NMR (DMSO-de): 183.42,
151.57, 145.19, 144.70, 131.85, 131.27, 130.44, 127.41, 125.93.
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Figure 3.26: FT-IR (KBr, cm™) spectra of 3.1.
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Figure 3.27: "H-NMR (400 MHz, DMSO-dg) spectra of 3.1.
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Figure 3.28: *C-NMR (400 MHz, DMSO-d,) spectra of 3.1.

Synthesis of 3.2:

The chloride salt of 3.1 was prepared by reacting 3.1 (0.173 g, 1 mmol) in DMF (15 mL) with 1
mL of HCIL. On standing the chloride salt crystallizes. Yield ~ 93%. IR (KBr, cm'l): 3447 (s),
2919(w), 2816 (w), 2746 (w), 1676 (m), 1659 (m), 1618 (m), 1582 (w), 1526 (w), 1326 (w),
1304 (w), 1276 (w), 1102 (w), 1080 (w), 991 (w), 822 (W), 803(w), 667 (w). 'HNMR (DMSO-ds,
400MHz), 13.79 (s, 1H), 8.90 (q, J = 1.2Hz, 1H), 8.65 (d, J = 8.4Hz, 1H), 8.06 (q, J = 4.4 Hz,
1H), 7.82 (d, J=10.4 Hz, 1H), 6.79 (d, J = 10.4 Hz, 1H), 3.15 (s,1H).

Figure 3.29: FT-IR (KBr, cm™) spectra of 3.2.
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Figure 3.30: "H-NMR (400 MHz, DMSO-dg) spectra of 3.2.
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Synthesis of 3.3:

The bromide salt of 3.1 was prepared by reacting 3.1 (0.173 g, 1 mmol) in DMF (15 mL) with
ImL of hydrobromic acid. On standing the bromide salt crystallizes. Yield ~ 90%. IR (KBr, cm
1: 3437 (s), 2920 (w), 2825 (W), 1676 (m), 1638 (m), 1617 (m), 1582 (w), 1526 (w), 1324 (w),
1304 (w), 1276 (w), 1101 (w), 991 (w), 820 (w), 804 (w), 786 (W), 665 (w). 'HNMR (DMSO-ds,
400MHz), 13.75 (s, 1H), 8.94 (q, J = 1.6Hz, 1H), 8.79 (d, J =8.4Hz, 1H), 8.09 (q, J = 4.8 Hz,
1H), 7.92 (d, J=10.4 Hz, 1H), 6.84 (d, /= 10.4 Hz, 1H), 3.12 (s,1H).
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Figure 3.31: FT-IR (KBr, cm™) spectra of 3.3.
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Figure 3.32: "H-NMR (400 MHz, DMSO-de) spectra of 3.3.

Synthesis of 3.4:

The perchlorate salts of 3.1 was prepared by reacting 3.1 (0.173 g, 1 mmol) in DMF (15 mL)
with 1 mL of perchloric acid. On standing the nitrate salt crystallizes. Yield ~ 84%. IR (KBr, cm’
": 3447 (w), 3050 (m), 2921 (m), 2831(m), 2773 (w), 1678 (m), 1617 (m), 1582 (w), 1526 (w),
1423 (w), 1393 (w), 1355 (w), 1325 (w), 1304 (w), 1277 (m), 1142 (s), 1115 (s), 1102 (s), 1089
(s), 1046 (w), 991 (s), 820 (w), 805(w), 785 (W), 665 (W), 648 (W), 636 (W), 626 (w). 'HNMR
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(DMSO-ds, 400MHz),13.75 (s, 1H), 8.87(q, J = 1.6Hz, 1H), 8.62 (d, J =8.4Hz, 1H), 8.02 (q, J =
4.8 Hz, 1H), 7.78 (d, J= 10.4 Hz, 1H), 6.76 (d, J = 10.4 Hz, 1H), 3.12 (s,1H).

EEEEEEE
S
3

&
2

-2 B I

Figure 3.33: FT-IR (KBr, cm™) spectra of 3.4.
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Figure 3.34: '"H-NMR (400 MHz, DMSO-ds) spectra of 3.4.

Synthesis of 3.5:

The nitrate salt of 3.1 was prepared by reacting 3.1 (0.173 g, 1 mmol) in DMF (15 mL) with 1
mL of nitric acid. On standing the nitrate salt crystallizes. Yield ~ 86%. IR (KBr, cm™): 3445
(m), 3050 (m), 2923 (w), 2832 (m), 2772 (w), 1677(m), 1661 (m), 1617 (m), 1582 (w), 1526 (w),
1384 (s), 1356 (w), 1325 (w), 1304 (w), 1277 (w), 1101 (w), 1084 (w), 992 (m), 820 (w),
805(w), 785 (w), 665 (w). 'HNMR (DMSO-ds, 400MHz), 13.75 (s, 1H), 9.18 (g, J =1.6Hz, 1H),
9.03 (d, J = 8.4Hz, 1H), 8.51 (q, J = 4.4 Hz, 1H), 7.90 (d, J = 10.4, 1H), 7.21 (d, J = 10.4, 1H),
3.12 (s, 1H).
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Figure 3.35: FT-IR (KBr, cm™) spectra of 3.5.
Solvenl-\luater DM?O-ds
N = _}__J,_! | 10 .
Figure 3.36: "H-NMR (400 MHz, DMSO-d) spectra of 3.5.
Synthesis of 3.6:

The nitrate salt 3.6 was prepared by reacting S-aminoquinoline (0.144 g, 1 mmol) in methanol

(15 mL) with 1 mL of nitric acid. On standing the nitrate salt crystallizes. Yield: ~ 90%. IR
(KBr, cm™): 3399 (s), 3086 (s), 2924 (s), 1764 (w), 1638 (m), 1590 (s), 1383 (bs), 1223 (m),
1033 (w), 826 (s). '"HNMR (400MHz, DMSO-de): 13.10 (s, 1H), 8.76 (m, 1H), 7.87 (m, 1H) 7.25
(m, 3H), 7.05 (m, 1H), 4.62 (s, 2H).
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Figure 3.36: FT-IR (KBr, cm™) spectra of 3.6.

100



Chapter 3

Synthesis of 3.7:

The nitrate salt 3.7 was prepared by reacting 4-hydroxyquinoxaline (0.146 g, 1 mmol) in
methanol (15 mL) with 1 mL of nitric acid. On standing the nitrate salt crystallizes. Yield ~ 96%.
IR (KBr, cm™): 3431 (s), 3016 (s), 2804 (s), 1721 (s), 1652 (m), 1576 (w), 1384 (s), 1291 (w),
1227 (w), 824 9w), 773 (m). 'HNMR (400 MHz, DMSO-de): 12.2 (s, 2H), 8.16 (t , ] = 8.4 Hz,
2H), 7.81 (t, J= 8 Hz, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.50 (t, J = 8Hz).
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Figure 3.37: FT-IR (KBr, cm™) spectra of 3.7.

Synthesis of 3.9:

Host-guest complex of TBAF with 3.1 was prepared by slow evaporation of a solution of TBAF
and 3.1 in 1:1 molar ratio in dimethylsulphoxide and blue crystals could be obtained after 3
weeks. Yield ~ 56%. IR (KBr, cm™): 3442 (w), 1603 (s), 1573 (m), 1529 (s), 1488 (m), 1466
(w), 1380 (w), 1303 (w), 1129 (m), 1277 (s), 1105 (w), 1065 (w), 796 (w), 737 (w). 'H-NMR
(DMSO-d°): 8. 78 (d, J = 8.0 Hz, 2H), 7.82 (d, J= 8.4 Hz, 1H), 7.67(t, J= 4.4 Hz, 1H), 6.55 (d, J
=10.4 Hz, 1H), 3.16 (t, J = 8.4 Hz, 2H), 1.56 (m, 2H), 1.31 (m, 2H), 0.92 (t, J= 7.6 Hz 3H). "*C-
NMR (DMSO-ds): 182.73, 149.74, 146.80, 143.63, 131.55, 130.16, 127.50, 126.22, 122.93,
57.54,23.05, 19.18, 13.44.
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Figure 3.38: FT-IR (KBr, cm™) spectra of 3.9.
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Figure 3.39: "H-NMR (400 MHz, DMSO-ds) spectra of 3.9.
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Figure 3.40:">C-NMR (400 MHz, DMSO-dy) spectra of 3.9.
Synthesis of 3.10:

To a solution of 5-nitroso-8-hydroxyquinoline (0.348 g, 1mmol) in methanol, anhydrous zinc

chloride (0.137 g, 1 mmol) was added and stirred for half an hour. A green precipitate obtained
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was filtered and redissloved in dimethylformamide. Solution on standing for one week resukted
dark green crystals of the zinc complex. Yield ~ 95 %. IR (KBr, cm™): 3204 (w), 1605 (s), 1577
(m), 1549 (s), 1529 (s), 1493 (m), 1444(w), 1411(w), 1375 (w), 1357 (w), 1305 (m), 1277 (s),
1244 (s), 1148 (s), 1106 (w) 1065 (w), 1027 (w), 819 (w), 796 (w), 741 (w), 692 (w), 502 (w),

473 (w).
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Figure 3.41: FT-IR (KBr, cm™) spectra of 3.10.
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Synthesis, characterization and structural study of
polymorphs and salts of 4-nitro-N-(quinolin-8-

yl)benzamide

McCrone' defined polymorphism as the ability of a substance to crystallize in different crystal
forms. The physical properties of different polymorphs such as solubility, spectroscopic
properties, thermal properties and electrical properties differ. Specially, the solubility and drug
activities of polymorphic drugs require special attention to make them effective active
pharmaceutical ingredient.””

From the crystallographic point of view the polymorphism is divided in to two classes: a)
Conformational ~polymorphism®™ and b) Packing or orientational polymorphism.'®"!
Conformational polymorphism is associated with molecular flexibility and related to differences
in molecular conformation in the crystal phase. > Whereas the orientational polymorphism occurs
due to the molecules packing in different manners while maintaining the same conformation.
Thus, such systems show different crystal structures in which the unit cells have more than one
molecule. Number of symmetry independent molecules per unit cell is described by Z'; higher Z'
value provides more avenues to form orientational polymorphs. In the case of the molecules with
flexible structure both the conformational and the orientational polymorphism may occur. There
are also examples of flexible molecules that are present in the same conformation in different
crystal structures.'”'* Due to obvious reason of conformational rigidity in structurally rigid
molecules, only the packing polymorphism is observed. The strong hydrogen bonds such as O-
H0, N-H"O or O-H"N which have energies in the range of 4-15 kcal mol™ are often the main
cause to contribute to different packing patterns. But the role of weak interactions ranging from
1-4 kcal mol™ associated with interactions such as C-H O, C-H'N, and N-H "7 interactions are

15-16

of definite importance contributing to stability of a particular packing patterns. From
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theoretical point of view polymorphs can be infinite numbers, but only few of them can be
isolated or practically feasible.

Polymophism is observed in many quinoline derivatives, for example Kahlau et al. reported'’
dimorphism shown by 2-methyl quinoline and 3-methyl quinoline. Thermal analysis on the four

polymorphic forms of 2-quinolinecarboxaldehyde'®"

shows clear melting points for each
polymorph. But so far only three polymorphic forms of this compound have been structurally
established. Five polymorphs, two solvates and a monohydrate of a quinoline derivative

dehydro-aripiprazole, an active metabolite of aripiprazole are reported in literature.*

N
cl (\N/\/\/O //H m/
Cl N O'/ 0
| M H

(a) (b)
Scheme 4.1: (a) Dehydro-aripiprazole and (b) homomeric synthons found in the self-assemblies

of different polymorphs.

These polymorphs are designated as polymorph I-V, arises from different conformationally
stabilized in their crystal structures. Among these polymorphic forms, polymorph V is
thermodynamically stable at ambient temperature whereas the polymorph I is the stable form at
temperature >70 °C, Polymorphs I, II, I1I, and I'V have monotropic relationship that means they
do not show reversible transformations below their melting points; on the other hand,
enantiotropic relationship is referred to reversible solid to solid transformations at a transition

temperature.

Form Il

N\

—

Form |
Figure 4.1: Overlay of the structures of the polymorphs I, II and V of Dehydro-aripiprazole

illustrating the difference in the conformations.
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Enantiotropic relationship is observed among the polymorphs I and V, as well as between II and
V. In these polymorphs the orientation of the one end differs with respect to the other end kept
fixed as illustrated in Figure 4.1.

Crystal structures of the polymorphs I, II, V show that the dehydro-aripiprazole molecules form
dimeric motifs with N-H*O=C of amides (scheme 4.1). These dimeric units are comprised of
different conformers contributing to the packing patterns of the polymorphs. There are also
examples of compounds with possibilities of partial bonds rotation to give rise to polymorphs.
For instance, 2-(phenylamino)nicotinic acid shows four polymorphs (Figure 4.2a).*' On the other
hand, 2-acetamidobenzamide (Figure 4.2b) shows polymorphs from the partial rotation of the
amide bonds.”> Hence combination of amide bond with quinoline moiety has definite potential to

prepare compounds which would throw light on understanding of conformational polymorphism.
OH

(a) (b)
Figure 4.2: Rotatable bonds in (a) 2-(phenylamino)nicotinic acid and (b) 2-acetamidobenzamide

which helps to generate polymorphic forms.

4.1: Polymorphs of 4-nitro-N-(quinolin-8-yl)benzamide (4.1)

To bring about different polymorphic structures from quinoline amide derivatives we examined
crystallization of a series of amide derivatives listed in scheme 4.2. Among these compounds our
study to crystallize 4-nitro-N-(quinolin-8-yl)benzamide (4.1) from different solvents have
yielded four different polymorphs. On the other hand, we could not obtain crystals from a
solution of 2-nitro-N-(quinolin-8-yl)benzamide (4.2), but obtained crystals of only one type (
monoclinic, P2; space group) from 3-nitro-N-(quinolin-8-yl)benzamide (4.3). These compounds
were prepared by reacting 8-aminoquinoline with 4-nitrobenzoyl chloride for the compound 4.1,
2-nitrobenzoyl chloride for 4.2 and 3-nitrobenzoyl chloride for compound 4.3 in the presence of
triethylamine in tetrahydrofuran. The compounds in each case were characterized by various

spectroscopic tools. The compound 4.1 gave four different types of crystals depending on
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solvents among which one of the polymorph was reported in literature.”> Based on the crystals
obtained from particular solvent they are named as Polymorph VI, Polymorph VII Polymorph
VIII and Polymorph IX whose crystal morphologies are shown in Figure 4.3.

(0]
NH

7\

4-Nitro-N-(quinolin-8-yl)benzamide (4.1)

<3
|
3 g

DMSO
Methano]

Polymorph VI Polymorph VII  Polymorph VIII ~ Polymorph IX

(a)
® ®
N " HN._O
HN._O
O,N
2-Nitro-N-(quinolin-8-yl)benzamide (4.2) 3-Nitro-N-(quinolin-8-yl)benzamide (4.3)
(b) ©)
Scheme 4.2: (a) Three forms of the polymorphs of 4.1, (b) compound 4.2 and (¢) compound 4.3.

. Polymorph VII

Polymorph TX

@ ®) ©
Figure 4.3: The optical micrograph of the crystals of the polymorphs (a) VII (b) VIII and (¢) IX.

The crystal structures of all the polymorphic forms are determined. The polymorph (Polymorph
VI) reported earlier belongs to monoclinic space group P2;/c, which was obtained upon
crystallization from dimethylsulphoxide. The crystals of the polymorph VII belongs to

monoclinic space group P2,/c. In the crystal packing it has a chain like structure with cyclic
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R%(10) type** hydrogen bond motifs (Figure 4.4a). These R*(10) type hydrogen bond motifs are
formed with the aid of the C15-H"O1 and C12-H" O3 interactions (Table 4.1).

Figure 4.4: Weak interactions among the molecules in crystal lattices of polymorph (a) VII, (b)
VIII and (c) IX (ORTEPs are drawn with 35 % thermal ellipsoids).
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In the crystal lattice, the neighboring molecules interact through hydrogen bonds leading to chain
like structures. The hydrogen bonded chains are arranged in two layers by nn interactions®
between the phenyl rings (dy...x, 3.351 A). Overall there are two parallel chains, these chains are
repeated as units, in the lattice these molecules are arranged slightly offset to each other. The
molecules in one of the chains are linked by C-H™O interactions® along the a-axis. The
molecules present on the other chain are related to the molecules of this chain by 2; screw axis.
These adjacent double chains are related to each other by inversion symmetry. When viewed
along a pair of the interacting chains, the parent molecules appear to be organized in head to
head arrangements. However, when the two molecules across the two layers of non-interacting
chains are compared, they appear to be organized in head to tail arrangements across the two
layers.

The crystals of the polymorph VIII belong to monoclinic space group P2;/c. This polymorph in
its lattice has molecules that form chain like structures with head to tail arrangements. One of the
oxygen atoms of the nitro group involved in C3-H 02 (dp...a, 2.50 A) interactions; such
interactions result in the formation of chain like structure (Figure 4.4b). The carbonyl oxygen
atom of amide group is engaged in C15-HO1 interactions with neighboring molecules (Table
4.1). The phenyl and quinoline rings are nearly parallel to each other and have favorable
geometry to have m'm interactions (dx...r, 3.36 A) as they are in favorable proximity to have
such interactions.

Table 4.1: Hydrogen bond parameters of polymorphs VII, VIII and IX.

Compound No. D-H"A dp.u(A) di..a(A)  dp..a(A) Z D-H+A(°)
Polymorph VIl C12-H-03 [I+x,y.z] 0.93(3) 2452)  3.350) 1642)
CI5-H~O01 [-1+x,y.7] 0.93(3) 241(4)  3.29(6) 160(3)
Polymorph VIIL  C3-H~02 [-14x,1/2-y,1/2+7] 0.93(5) 2503)  3.42(6) 1713)
CI5-H~01 [2-x,-1/2+y,1/2-7] 0.93(3) 240(7)  3.2703) 158(3)
Polymorph IX C12-H-03 [-1/2x,1/2+y.7] 0.93(3) 253(4)  3.42(5) 1602)
CI5-H~O1 [1/2+x,-1/2+y.7] 0.93(3) 242(5)  3.29(5) 156(5)

The crystals of the polymorph IX belong to monoclinic, Cc space group. The packing patterns of
the polymorphs VII and IX are almost identical; both have chain type of arrangements of
molecules in respective lattice. The polymorph IX has also chain-like structure that can be
distinguished from the chains in polymorph VII or VIII. The chains in IX are arranged in such a

way that the molecules in the first chain are related by a diagonal translation (related as C-
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centering) and the molecules in the second chain are related to the first by a glide-plane. These
double chain-like structures are repeated as pairs and neighboring pairs of chains are related by
C-centering. Both the polymorphs VII and IX have C12-HO3 and C15-H Ol interactions.
Presence of these interactions in the lattice of VIII result in the formation of R%(10) motifs. All
the aromatic rings positioned on one side of the chain have similar orientation. Thus, a one
dimensional chain-like structure extended through R*(10) hydrogen bond motifs (Figure 4.4c)
are observed. Interestingly, when we check the morphology of these three polymorphs, three
polymorphs have different morphology from each other as shown in Figure 4.3; optical
micrograph of these polymorphs.

The compound 4.1 has two planes namely aminoquinoline plane and nitro-phenyl plane which
are connected through an amide bond. Thus, there is a probability to change the torsion angle
between these two planes by changing conditions of crystallization or by formation of salts
(Figure 4.5). As a result we obtained three polymorphs of 4.1 on crystallizing from three
different solvent systems, namely polymorph VII, polymorph VIII and polymorph IX from
methanol, dimethylformamide (DMF) and dichloromethane (DCM) respectively. Moreover
concomitant polymorph of polymorph VIII and polymorph IX was obtained from a solvent

mixture of DMF and fer¢-butanol.

Plane B

Plane A Plane B

(a) (b)
Figure 4.5: (a) The two aromatic planes in the 4.1 and (b) The salts of 4.1, showing that the

position of an anion can influence the torsion angle of protonated 4.1.

4.1.1: Differential scanning calorimetry study

Differential scanning calorimetry (DSC) has been used”’® to understand thermal behaviors of
the different polymorphs. The DSC plots of the polymorphs in the range of 30-200 °C were
recorded for two heating cycles (Figure 4.6). While heating polymorph VII showed two

endothermic peaks and on cooling it showed one exothermic peak (Figure 4.6a).
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Figure 4.6: DSC plots obtained for heating and cooling at a rate of 3 °C /min of the polymorph

(a) VII, (b) VIII and (c) IX. The DSC plots of second time heating at 3 °C/min after first cycle

of heating and cooling of polymorphs (d) VII, (e) VIII and (f) IX.

The endothermic peak appearing at 157 °C with the onset temperature of 151 °C corresponds to

melting of the polymorph VII and the presence of a second endothermic peak with an onset

temperature of 167 °C and peak at 173 °C; suggests the polymorph VII have liquid crystal like

property. Thus, on checking the morphology changes of the polymorph VII while heating it

under hot stage microscope with a heating rate 3 °C/min under inert atmosphere, we observed

that polymorph VII became milky hazy liquid above 157 °C as shown in Figure 4.7. While

cooling, appearance of exothermic peak with onset temperature of 101 °C and peak at 99 °C is

attributed to the recrystallization of the melt.

TH-1453 10612201
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Room temperature

Figure 4.7: The images of crystalline sample of the polymorph VII heated at different

temperatures.

In the case of the polymorphs VIII and IX, each show one endothermic peak on heating,
corresponding to their respective melting and subsequent cooling gave one exothermic peak of
recrystallization in each case. In the DSC plots of the polymorph VIII, endothermic peak
appeared with onset temperature of 184 °C and peak at 186 °C, and the exothermic peak was
observed at a temperature 138 °C as shown in the Figure 4.7b. Similarly, the polymorph IX
shows an endothermic peak with onset temperature of 186 °C and peak at 187 °C. While, cooling
it showed an exothermic peak at 144 °C which is attributed to recrystallization (Figure 4.7c). The
enthalpy of melting for polymorph VII, polymorph VIII and polymorph IX are 15.50 J/g, 75.64
J/g and 65.12 J/g respectively. Similar DSC plot to that of the first heating was observed when
the samples of polymorphs used for the first cycle of heating were heated for the second time.
Endothermic peak corresponding to melting appeared at same temperature on second heating
cycle for each polymorph as illustrated in Figure 4.7d-f. It is a general fact that polymorphs of
amides interconvert among themselves, which were reflected in their DSC curves.” However, in
such studies slight differences in the melting temperature of individual polymorphs in each form
were observed.’® In our case, there was no thermal conversion between the polymorphs.
Accordingly, the second cycle heating of the polymorphs showed almost identical profiles as that

of the first cycles. These show that there were no noticeable changes of structures within the
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temperature where DSC were recorded. It could be one of the reasons that polymorph VII having
suitable alignments of molecules to exhibit liquid crystal like properties shows two endothermic
peaks. From crystallography it is already shown that the molecules of polymorph VII are
arranged in chain like arrangements. The crystal densities of three polymorphs are 1.453 g/cm’,
1.436 g/cm’ and 1.477 g/em’, which are comparable to each other. From DSC study it was
observed that the polymorphs were in monotropic relationships as there is no inter conversion

among the polymorphs before their melting temperatures.
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Figure 4.8: (a) The comparison experimental powder X-ray diffraction patterns of the three
polymorphs VII, VIII and IX. The comparison of simulated and experimental powder X-ray

diffraction patterns of polymorphs (b) VII (¢) VIII and (d) IX.

The polymorphs VII, VIII and IX have characteristic PXRD patterns (Figure 4.8a), which are

well distinguishable from each other, hence in a mixture of crystals of these polymorphs can be

TH-1453_10612201 116



Chapter 4

easily analyzed. Moreover, the simulated powder-XRD patterns obtained from the single crystal
x-ray diffraction data are found to be resembled with the experimental ones, which confirmed the
purity of the bulk samples of the polymorphs (Figure 4.8b-d).

As mentioned above, the three polymorphs were obtained from three different solvents and a

concomitant polymorph of polymorph VIII and polymorph IX were obtained from a mixture of

31-33 34-35

solvents. Moreover, it is reported in literature that, solvent and anion can guide
crystallization or transformation of crystals. To see the influence of different solvents in the
crystallization process, crystallization of 4.1 was carried out from the solution of different
solvents systems. We have chosen methanol, DMF, DCM, dioxane as solvents to crystallize 4.1
by taking their binary mixtures at different proportions. The powder X-ray diffractions of the

crystals obtained from complete evaporation of solvents after several days at ambient conditions

H
(o]
A Fal
A 0 0
o | = |
Fat ' Wl M *
0 o DMF-DCM (1:4)

Methanol-DNCM (1:4)

were analyzed (Figure 4.9).

DMF-Methanaol (1:1)

Intensity (a.u.)

DMF-DCM (1:1)

DMF-Dioxane (1:1)

Methanol-DCM (1:1)

20(deg)

Figure 4.9: Powder XRD patterns of the mixture of polymorphs of 4.1 crystallized from different

b

mixture of solvents (the peaks represented by ‘*’ are from polymorph VII, ‘0’ are from

polymorph VIII and ‘A’ are from polymorph IX, respectively.

We find that PXRD patterns of the crystals obtained from the crystallization of 4.1 from an equal
volume of mixed solvent comprising of fert-butanol and dimethylformamide show the PXRD
peaks of polymorphs VIII as well as that of polymorph IX (Figure 4.10). This suggests that

simultaneous crystallization of polymorphs VIII and IX can be done from mixed solvents. The

TH-1453_10612201 117



Chapter 4

use of 1:1 ratio of methanol and DCM led to a mixture of VII and VIII with minor amount of
IX, whereas use of same combination of solvents in 1:4 ratio yielded VII and VIII; it shows that

the methanol has

l Polymorph IX (simulated)

L_J Polymorph VIII (simulated)
H..men——j-.-ﬁ‘_.-__.‘ﬁh‘—-l.—-.-

Intensity (a.u.)

Concomitant (experimental)

5 10 15 20 25 30 35 40 45 50
20(deg)

Figure 4.10: The comparison of experimental powder-XRD pattern of the concomitant

polymorph with simulated patterns of individual polymorphs.

a higher tendency to control the crystallization process over the dichloromethane. The use of
DMF and methanol in 1:1 mixture led to the formation of VII and VIII as the major components
and polymorph IX as the minor component. The trend supports the preferential crystallization of
the polymorph VII from methanol and the polymorph VIII from DMF independently. In binary
mixed solvent, the two solvents compete independently to guide crystallization of the selective
polymorph or mixture of polymorphs. Analogously, a mixture of DMF and DCM in 1:1 ratio led
to crystals of polymorphs VIII and IX predominantly with trace amount of crystals of
polymorph VII; however, changing the ratio of DMF:DCM to 1:4 resulted in the crystallization
of polymorphs VII, VIII and IX but lesser quantity of crystals of polymorph IX was obtained
with respect to the other two polymorphs. However, when 1:1 mixture of DMF-dioxane was
used as solvent of crystallization, polymorphs VII and IX were found to be major product with
trace amount of polymorph VIII. Thus, to a large extent the binary mixture of solvents did not
alter the signature or proportion of the crystals of the polymorphs from the ones that were
independently crystallized from the constituent solvents. However, from above observation it can
be suggested that solvents have definite role in stabilization of a particular polymorph. Different

polymorphs obtained from different solvent mixtures are listed in Table 4.2.
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Table 4.2: different polymorphs obtained from different solvent systems.

Solvent system Polymorph
Methanol : DCM (1:1) VII + VIII + IX*
Methanol : DCM (1:4) VII + VIII
DMEF : methanol (1:1) VII + VIII

DMEF : DCM (1:1) VIII + IX + VII*
DMEF : DCM (1:4) VII + VIII + IX*
DMF : dioxane (1:1) VII + IX + VIIT*
DMF : tert-butanol VIII + IX

¥’ represents minor amount

In case of 3-nitro-N-(quinolin-8-yl)benzamide (4.3), we could obtained only one type of

polymorph. The crystal belongs to monoclinic space group P2;.

Figure 4.11: The weak interactions among the molecules in crystal lattices of 4.3 (ORTEP drawn

with 35 % thermal ellipsoids).

In its crystal lattice, the molecules are held each other by weak C-H"O interactions. The one of
the oxygen atom of the nitro group, O4 involves in a bifurcated hydrogen bond with two C8-H
bonds from the two independent molecules (Figure 4.11). The oxygen atom, O5 anchors another
molecule through C-H"OS5 interaction. Thus, each nitro group holds three molecules of 4.3 to
hold a network of five molecules. The amide group also contributes to the assembly through
oxygen atom O3 interacting with C28-H bond of the nitro phenyl ring.

Besides above mentioned derivatives, we also studied polymorphism in ethyl ester derivative

ethyl-4-(2-ox0-2-(quinolin-8-ylamino)ethoxy)benzoate (4.4) shown in Figure 4.12a. This
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compound shows two polymorphs when crystallized in different solvent systems. One form

(Polymorph X) was obtained from methanol and crystals belong to triclinic P-/ space group,

(b)

Figure 4.12: (a) Compound 4.4; weak interactions among the molecules in crystal lattices of (b)

Polymorph X and (c) Polymorph XI (ORTEP drawn with 35 % thermal ellipsoids).

which has a simple packing pattern. In the crystal lattice a layer of molecules extends, where the

molecules are linked to each other by weak C3-H'O3 hydrogen bonds (Figure 4.12b). Whereas,
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the second form (Polymorph XI) crystallized in monoclinic P2; space group and it was obtained
from tetrahydrofuran. In this case both the oxygen atoms of the ester group participate in
hydrogen bond formation to give a sheet of molecules. These sheets of molecules are held by
n "7 interactions (Figure 4.12c). In both the polymorphs planarity between the quinoline ring and
the phenyl ring was retained. However, the positions of the ethyl group attached to the ester

moiety were different.

Polymaorph VIl

Polymorph IX Polymorph XI

(a) (b)
Figure 4.13: Overlay of the (a) polymorphs VII-IX and (b) polymorphs X-XI.

Thus the two polymorphs of compound 4.4 differ in the orientation of ethyl group. But,
interesting point among the two sets polymorphs (4.1 and 4.4) is that former set is due to the
orientation across the amide bond (Figure 4.13a), whereas the latter set has similar orientations
of amide group but the due to differences in orientations of ethyl group caused polymorphism
(Figure 4.13b). This clearly indicates that a substituent at a remote site can contributes to the
stabilization of conformational polymorph through participation in the weak interactions
schemes. Slight different arrangements in the conformers lead to the polymorphs.’*>” However
in compound 4.4 ethyl group insignificantly contributes to the interaction schemes but can adopt

different orientation to construct tight packed structures.

4.2: Salts of 4-nitro-N-(quinolin-8-yl)benzamide (4.1)

As we have seen that solvents have definite impact on the crystallization of compound 4.1
resulting to different polymorphs upon changing the solvent of crystallization. Thus, to check the
effect of protonation of the quinoline nitrogen and the role of counter anion on structure of

protonated species we prepared three salts of 4.1. The salts were prepared by adding mineral
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acids namely sulphuric acid, hydrobromic acid and nitric acid to the solution of 4.1 as illustrated

by Scheme 4.3.
(0] +
>\*<i>—wo2 — X [H41].X
NH

/ \N When, . B
41 HX=H,SO,4;[H4.1] [CH;CH,S0,4] (4.5)
) HX= HBr;[H4.1] Br (4.6)

+ —

HX= HNO;; [H4.1] [NO;] (4.7)

Scheme 4.3: Synthesis of salts of 4.1.

The salt 4.5 with a composition of [H4.1] [CH3CH,SO4]” was obtained from reacting 4.1 with
sulphuric acid in ethanol. This salt has ethylsulphate anion, which was generated in-situ from the
reaction of sulphuric acid with ethanol in the presence of 4.1. Generation of ethyl sulphate in situ
may be as a consequence of reaction of ethanol with sulphuric acid as shown in equation 4.1.

H,SO, + CH;CH,0H CH,CH,080;H + H,0

Equation 4.1: Reaction of ethanol with sulphuric acid.

In-situ generation and stabilization of ethylsulphate anions by various supramolecular

assemblieshas been well studied.’®>’

However, we observe formation of such species in the
presence of an amide bond containing molecule, which is easy to synthesize as compared to
many complex receptors reported earlier. In the crystal lattice of this salt, there are two oxygen
atoms from the anion involved in bifurcated hydrogen bonds stabilize the packing. The oxygen
atom, namely the atom OS5 interacts with C1-H bond and C2-H bond whereas, the atom O6
interacts with N2-H bond as well as with C13-H bond (Figure 4.14a). The atom O4 forms strong
hydrogen bond with N1-H bond (Table 4.3). Both the oxygen atoms O2 and O3 of the nitro
group are involved in C-H O interactions with C7-H and C2-H bonds respectively. Apart from

these, phenyl ring is almost perpendicular to quinoline ring in the cationic part, this occurs to

accommodate the ethylsulphate anions in the lattice.
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(b)

Figure 4.14: Weak interactions among the molecules in crystal lattices of (a) 4.5, (b) 4.6 and (c)
4.7 (ORTEPs are drawn with 35 % thermal ellipsoids).
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The bromide salt 4.6 crystallizes in triclinic P-/ space group. In comparison to the structure of
4.1, the plane of the phenyl ring in the bromide salt is significantly away from the plane
containing quinoline ring. The crystal lattice is stabilized by strong electrostatic N-HBr
interactions (Figure 4.14b). Each bromide ion is held by four prominent interactions, two of them
are N2-H'Br interactions and other interactions are C1-H'Br and C16-H "Br interactions (Table
4.3). The bromide ions are generally known to adopt spherically symmetric coordinating
supramolecular environment.*’ There are also examples of bromide ions having T-shaped
environments.* Whereas, the bromide ions in the crystal lattice of the salt 4.6 has distorted
tetrahedron environment.

Table 4.3: Hydrogen bond parameters of salts 4.5-4.7.

Compound No.  D-H:--A dpu(A) dy-a(A) dp..a(A) Z D-H+A(°)

4.5 N1- H04 [-x,1-y,1-7] 0.86 1.97 2.76(3) 153
N2 - H06 [1-x,1-y,1-z] 0.86 2.29 2.90(3) 129
C1-H"05 [-1+x,y,-1+2] 0.93 2.47 3.11(4) 127
C5-H"0l [-X,-y,Z] 0.93 2.59 3.41(3) 147
C7- H02 [1-x,1-y,1-Z] 0.93 2.59 3.23(4) 127
C13-H06 0.93 2.58 3.46(4) 160

4.6 NI - H  Brl [-1+x,y,z] 0.86 243 3.21(9) 152
N2 - H*Brl 0.86 2.62 3.37(11) 148
Cl1 - H*Brl [-x,1-y,-Z] 0.93 2.87 3.60(13) 138
C16 -HBrl 0.92 2.98 3.89 165
C5-H~02 0.93 2.66 3.52 153

4.7 N1-HIA 04[1-x,1-y,1-z] 0.86 1.94 2.75(6) 157
N2-H2A""04 [-x,1-y,1-z] 0.83(6) 2.09(6) 2.84(6) 149(5)
C1-HI1"06 [1+x,1+y,z] 0.93 2.42 3.24(7) 147
C1-H1"06 [1-x,1-y,1-7] 0.93 2.57 3.19(8) 125

In the self assembly of the nitrate salt 4.7, two oxygen atoms are involved in C-H 'O interactions
namely the atom OS5 interact with C16-H and O6 with C1-H (Figure 4.14c). Similar C-HO
interactions are observed with the carbonyl oxygen atom O1 with C6-H and that of the O2 with
C5-H. The nitrate oxygen atom O4 is involved in a strong hydrogen bond with N1-H (Table 4.3).
The nitrate salt is highly porous as it is obvious from a spacefill model diagram of the packing of
the molecules in the crystal structure viewed along a-axis (Figure 4.15). The analysis of the
packing pattern of the salt shows void with dimension 114.8 A’ (13.5 %) per unit cell having
volume 853.4 A°.
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Figure 4.15: A spacefill model showing the voids in the packing pattern of the nitrate salt 4.7

(viewed along a-axis).

Generally porous structures are obtained as isomorphic desolvate. By definition desolvates have
three dimensional structures of their parent solvates formed upon loss of solvent molecules. Such

desolvates were demonstrated by Stephenson et al.**

in spirapril hydrochloride. In the present
case the bromide and nitrate salts (4.6 and 4.7) are air stable as well as not hygroscopic.
However, close analysis reveals that the packing patterns of the nitrate and bromide salts have
similar principal weak interactions between the hosts. But differences arise between these two
cases is the interactions of the protonated parent compound with the anions. Bromide ions are
spherical whereas the nitrate ions are planar. Size-wise nitrate is smaller than bromide, hence
solvent might have been present in the nitrate salt as filler molecules to make a tight packed
structure to make arrangement of anions and solvent in space comparable to size occupied by
bromide ions. Such solvent molecules might have got lost of the nitrate salt during
crystallization, causing formation of an isomorphic desolvate having a porous structure.

As we have mentioned, there are possibilities of partial bond rotation between the quinoline ring
and phenyl ring which may be insisted by solvent molecule on neutral 4.1 or by counter anion on
protonated 4.1 (Figure 4.5). Thus, it is interesting to look at the torsion angles as defined in
Figure 4.16a; a) C7-C8-N2-C10, b) C8-N2-C10-0O1, c) O1-C10-C11-C16 and d) C13-C14-N3-
02 in each case. The differences in the torsion angle C7-C8-N2-C10 in each case show the
dissimilar projection of the carbonyl group of amide across the quinoline ring. The differences in
torsions defined as ‘a’, ‘b’ and ‘c’ vary the planarity between quinoline ring and phenyl ring
among the three polymorphs (Figure 4.13a). The differences in torsion angles of the three
polymorphs can be attributed to the formation of different packing patterns in the three

polymorphs. The origin of the differences in the geometries of the polymorphs arises from the
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synergic effects of partial rotation of the amide bond and resonance effect of the nitro group. In
none of the case we could isolate solvate, where one could have anticipated large variation of
torsion angles by strong interactions of solvent molecules with the parent molecules. The torsion

angles of the polymorphs are listed in Table 4.4.

01
H’JB b O
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C 4.4 —
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Figure 4.16: (a) Atom numbering to describe the torsion angles of 4.1; (b) overlay of the
protonated cations of the salts 4.5-4.7.

Large changes in the C7-C8-N2-C10 torsion angles with respect to the parent compound (4.1)
could be brought about in the salts of 4.1. In addition to size differences between a bromide and a
nitrate anion, bromide ion has spherical charge distribution whereas the nitrate ion has charge
distributed among the three oxygen atoms. On the other hand, the relatively larger ethylsulphate
anion is nonplanar and has multiple sites for weak interactions. These factors affect the packing
patterns in each case. Accordingly, the twist between the two planes; torsions between the
quinoline ring plane and the phenyl ring plane of the cations differ (Figure 4.16b). It is found that
the projections of carbonyl group with respect to the nitrogen atom of the quinoline ring in the
structure of ethylsulphate salt (4.5) and in bromide salt (4.6) are opposite to each other. Thus,
differences in the shape, size and weak interaction of the anions cause the differences in the
torsion angles of the cationic counterparts (Table 4.4).

Table 4.4: Torsion angles in the polymorphs and salts of 4.1.

Polymorph VII Torsion angle Polymorph VIII Torsion angle Polymorph IX Torsion angle

C7-C8-N2-C10 -4.6 C7-C8-N2-C10 -6.4 C7-C8-N2-C10 -35

C8-N2-C10-01 1.7 C8-N2-C10-01 -4.4 C8-N2-C10-01 -19
01-C10-C11-C16 158.4 01-C10-C11-C16 164.3 01-C10-C11-C16 175.6
C13-C14-N3-02 -1.3 C13-C14-N3-02 7.3 C13-C14-N3-02 -9.3
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Ethylsulphate salt Torsion angle Bromide salt Torsion angle Nitrate salt Torsion angle
C7-C8-N2-C10 1123 C7-C8-N2-C10 -42.8 C7-C8-N2-C10 -38.6
C8-N2-C10-01 7.0 C8-N2-C10-01 -0.29 C8-N2-C10-01 -1.7

01-C10-C11-C16 148.4 01-C10-C11-Cl16 177.5 01-C10-C11-C16 -179.2
C13-C14-N3-02 -15.0 C13-C14-N3-02 -4.0 C13-C14-N3-02 -4.0

Thus, on analyzing these three salts it was found that the twist between the two planes is guide
by the bulkiness of the corresponding counter ion. In case of salt 4.5 the phenyl ring with respect
to quinoline ring is almost perpendicular to each other, this happens to accommodate the
ethylsulphate anions in the lattice which has a relatively bigger size. Among the bromide salt 4.6
and nitrate salt 4.7 the twist between the quinoline and the phenyl rings is found to be more in
4.6. Since bromide ion is more spherically bulkier with higher charge density whereas the nitrate
ion is planer and charge is distributed among the three oxygen atoms. This can be thought of as
supramolecular machine where the twist of two parts of guest molecule can be controlled by
selecting proper size and shape of the guest molecule.”** The sequence of magnitude of the

twist between the two planes was 4.5 > 4.6 > 4.7.

4.3: Conclusion

In conclusion, four conformational polymorphs VI-IX of 4.1 and also a concomitant polymorph
of polymorph VII and IX were prepared by crystallization in different solvent systems. Highly
ordered structures are observed in each case, comprising of molecules with different orientations
arranged in their respective lattice. The differential scanning calorimetry analysis established that
the three polymorphs VII-IX have monotropic relationship. The dihedral angles of aromatic
plane across the amide bond of protonated 4.1 are dependent on the size and shape of the counter

anions.

4.4: Experimental
The detailed synthetic methodologies for synthesis of the metal complexes are described.
Analytical data are provided with each complex. The instrumental details and crystallographic

parameters are provided in Appendix.

TH-1453_10612201 127



Chapter 4

Synthesis of 4.1:

8-Aminoquinoline (0.288 g, 2 mmol) was dissolved in 20 mL of dry THF to this triethylamine
(0.277 mL, 2 mmol) was added and stirred for 15 minutes, followed by addition of 4-
nitrobenzoylchloride (0.371 g, 2 mmol) solution in dry THF. The resulting mixture was stirred
for 5 hours at room temperature. Completion of the reaction was checked with TLC, solvent was
removed under reduced pressure to obtain a pale yellow solid of compound 4.1. Elemental
analysis calculated for C;¢H;1N3O;3, C: 65.53 %, N: 14.33 %, H: 3.78 %, found C: 65.35 %, N:
13.86 %, H: 3.19 %. Yield ~ 75%. IR (KBr, cm™): 3441 (s), 3331 (s), 2925 (w), 2853 (w), 1676
(s), 1601 (m), 1519 (s), 1480 (w), 1426 (w), 1386 (m), 1341 (m), 1263 (w), 1179 (w), 1112 (w),
851 (w), 827 (w), 794 (w), 684 (w), 602 (w), 456 (w). 'HNMR (400MHz, DMSO-ds): 10.78 (s,
1H), 8.98 (q, J=1.6 Hz, 1H), 8.69 (d, J= 7.6 Hz, 1H), 8.47 (q,J=1.2 Hz, 1H), 8.43 (d, /= 8.8
Hz, 2H), 8.27 (d, J=8.4 Hz, 2H ), 7.80 (d, J = 8.0 Hz, 1H) 7.70 (m, J = 4.0 Hz, 2H). ESI mass:
[M + H] calculated for C;¢H;2N303, 294.0879; found 294.1329.
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Figure 4.17: FT-IR (KBr, cm™) spectra of 4.1.
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Figure 4.18: '"H-NMR (400MHz, DMSO-dy) spectra of 4.1.

Synthesis of 4.2:

8-Aminoquinoline (0.288 g, 2 mmol) was dissolved in 20 mL of dry THF to this triethylamine
(0.277 mL, 2 mmol) was added and stirred for 15 minutes, followed by addition of 2-
nitrobenzoylchloride (0.371 g, 2 mmol) solution in dry THF. The resulting mixture was stirred
for 5 h at room temperature. Completion of the reaction was checked with TLC, solvent was
removed under reduced pressure to obtain a pale yellow solid of compound 4.2. Elemental
analysis calculated for C;¢H;1N303, C: 65.53 %, N: 14.33 %, H: 3.78 %; found C: 65.31 %, N:
13.93 %, H: 3.13 %. Yield ~ 71%. IR (KBr, cm™): 3445 (m), 3301 (m), 3085 (w), 2924 (w),
1670 (s), 1616 (m), 1526 (s), 1484 (w), 1418 (m), 1348 (s), 1326 (m), 1238 (m), 1135 (w), 1073
(w), 822 (w), 796 (m), 762 (m), 762 (m), 717 (m), 598 (w). ESI mass: [M + H] calculated for
C16H12N303, 294.0879; found 294.0254.
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Figure 4.19: FT-IR (KBr, cm™) spectra of 4.2.
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Synthesis of 4.3:

8-aminoquinoline (0.288 g, 2 mmol.) was dissolved in 20 mL of dry THF to this triethylamine
(0.277 mL, 2 mmol.) was added and stirred for 15 minutes, followed by addition of 3-
nitrobenzoylchloride (0.371 g, 2 mmol.) solution in dry THF. The resulting mixture was stirred
for 5 hours at room temperature. Completion of the reaction was checked with TLC, solvent was
removed under reduced pressure to obtain a pale yellow solid of compound 4.3. Elemental
analysis calculated for C;¢H;1N3O;3, C: 65.53 %, N: 14.33 %, H: 3.78 %, found C: 65.33 %, N:
13.72 %, H: 3.86 %. Yield ~ 78%. IR (KBr, cm™): 3444 (s), 3302 (s), 2923 (m), 2854 (w), 1670
(s), 1616 (m), 1526 (s), 1483 (m), 1421 (m), 1384 (w), 1348 (s), 1327 (m), 1260 (m), 1126 (w),
1019 (w), 923 (w), 823 (m), 792 (m), 761 (m), 719 (m), 666 (w), 597 (w). ESI mass: [M + H]
calculated for C;6H12N303, 294.0879; found 294.1501.
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Figure 4.20: FT-IR (KBr, cm™) spectra of 4.3.

Synthesis of 4.4:

To a solution of 8-aminoquinoline (0.72 g, 5 mmol) in dry dichloromethane (20 mL),
triethylamine (0.71 mL, 5 mmol) was added. Solution was stirred at 0°C for 15 mins, followed
by which bromoacetyl bromide (0.52 mL, 6 mmol) was added. Reaction mixture was then stirred
overnight and filtered. Filtrate was washed with water (10 mL), dried over anhydrous sodium
sulphate and then the solvent was removed under reduced pressure. Product was obtained as a
brown solid that was purified by recrystallisation from dichloromethane. Amide obtained from
above reaction (0.53 g, 2 mmol), ethyl 4-hydroxybenzoate (1.66 g, 10 mmol) and potassium

carbonate (1.07 g, 7 mmol) were added to dry acetone (20 mL) under nitrogen and the reaction
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mixture was stirred at 60 °C for 9 hrs. After completion of reaction solvent was removed under
reduced pressure to obtain a pale yellow solid which was recrystallized from methanol. IR (KBr,
cm™): 3430 (m), 3323 (m) 2977 (w), 1701(s), 1691(s), 1607 (s), 1544 (s), 1507 (m), 1485 (m),
1427 (w), 1388 (w), 1367 (w), 1330 (w), 1318 (w), 1301 (w), 1279 (m), 1248(s), 1167 (m), 1107
(m), 1055 (m), 841(w), 823 (w), 791 (m), 764 (w), 755 (w), 686 (W), 638 (W), 567 (w), 500 (w).
'H-NMR (400MHz, CDCl5): 10.88 (s, 1H), 8.82 (q, J = 1.6 Hz, 1H), 8.78 (t, J = 4.4 Hz, 1H),
8.14 (dd, J = 1.6 Hz, 1H), 8.05 (dd, J = 2.0 Hz, 2H), 7.52 (d, J = 4.0 Hz, 2H), 7.44 (q, J = 4.0
Hz, 1H), 7.11 (d, J = 8.8 Hz, 2H), 4.76 (s, 2H), 4.35 (q, J = 7.2 Hz, 2H), 1.37 (t, J = 7.2 Hz,
3H). ESI mass: [M + H] calculated for Cy0H9N»O4, 351.1345; found 351.0266.

Figure 4.21: "H-NMR (400MHz, CDCl;) spectra of 4.4.

Synthesis of 4.5:

The ethylsuphate salt of 4-nitro-N-(quinolin-8-yl)benzamide was prepared also by reacting 4.1
(0.29 g, 1 mmol) in ethanol (15 mL) by addition of few drops of conc. H,SO4 White crystals
crystallize upon standing. Yield ~70%. IR (KBr, cm™): 3433(s), 3097(w), 1674 (s), 1634 (m),
1594 (m), 1556 (m), 1518 (s), 1483 (m), 1416 (w), 1377 (w), 1345 (m), 1259 (s), 1218 (s), 1064
(w), 1011 (m), 923 (m), 825 (w), 766 (w), 570 (w). '"HNMR (400MHz, DMSO-dq): 10.94 (s,
1H), 9.10 (q, J=1.6 Hz, 1H), 8.81 (d, J=8.8 Hz, 1H ), 8.51 (q, /= 7.6 Hz, 2H), 8.44 (t,J=6.8
Hz, 1H ), 8.30 (t, J=6.8 Hz,2H ), 8.02 (d, /= 8.4Hz, 1H ) 7.89 (m, J=4.8 Hz, 2H ) 7.83(t, J =
8.0Hz, 1H), 3.47 (m, J=2.0 Hz, 2H ), 1.06 (m, J=2.0 Hz, 3H ).
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Figure 4.22: FT-IR (KBr, cm™) spectra of 4.5.
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Figure 4.23: "H-NMR (400MHz, DMSO-dg) spectra of 4.5.
Synthesis of 4.6:

The bromide salt of 4-nitro-N-(quinolin-8-yl)benzamide was prepared by reacting 4-nitro-N-
(quinolin-8-yl)benzamide (0.29 g, 1 mmol) in a mixed solvent of methanol and DMF (9:1, 10
mL) with ImL of HBr. On standing the bromide salt crystallizes. Yield ~ 90%. IR (KBr, cm™):
3451 (s), 2925 (w), 2851 (w), 1681 (m), 1630 (m), 1602 (m), 1556 (m), 1520 (m), 1484 (w),
1374 (w), 1344 (w), 1259 (w), 1218 (w), 1051 (w), 850 (w), 823 (w), 760 (w), 711 (w), 600 (w).
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Figure 4.24: FT-IR (KBr, cm™) spectra of 4.6.
Synthesis of 4.7:

The nitrate salt of 4-nitro-N-(quinolin-8-yl)benzamide was prepared by reacting 4-nitro-N-
(quinolin-8-yl)benzamide (0.29 g, 1 mmol) in a mixed solvent of methanol and DMF (9:1, 10
mL) with ImL of HNOs. On standing the nitrate salt crystallizes. Yield ~ 90%. IR (KBr, cm™):
3427 (s), 2919 (w), 2849 (w), 1682 (m), 1631 (m), 1599 (m), 1535 (m), 1519 (m), 1384 (s), 1345
(m), 1310 (m), 1278 (w), 1258 (w), 1218 (w), 1102 (w), 1021 (w), 833 (w), 824 (w), 710 (w),
597 (w).
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Figure 4.25: FT-IR (KBr, cm™) spectra of 4.7.
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Chapter 5

Synthesis, characterization and anti-malarial study of

quinoline derivatives, salts and cocrystal

. . 1-9 . J . .
Quinolines based molecules are used as drugs.~ Many quuinoline derivatives are used as
antimarial agents and quinoline based antimalarial drugs are of special interest because of their

ability to form inclusion compound by forming stacked structures with B-hematin.'®"!

B-Hematin
is a constituent of blood has a carboxylate group containing arm that coordinates to a iron ion to
form dinuclear structure. The dinuclear nature of hematin has an important role to provide the
space for stacking interactions to accommodate quinoline based drug molecules.'® Moreover,
formation of polymorph or salts/cocrystals of a drug molecule may change the effectiveness of
drugs activities. This is due to the fact that salts or cocrystals formation enhance solubility,
stability, bioavailability of active pharmaceutical ingredients (API). Hence, it would be of
interest to look at the binding of quinoline derivatives with another drug related molecule such as
hydroxycarboxylic acids; to look at their possible packing interactions among the host and guest

12-19
molecules.

Further, such a study would help to understand the potential of a cocrystal or salt
to act as a drug’®? Structural study have established the salt formation ability of 4-
aminopyridine with hydroxycarboxylic acids, namely 2- and 4-hydroxybenzoic acid and 3,4,5-
trihydroxybenzoic acid.”* Based on such available data we set to study formation salts and
cocrystal of structural isomers of aminoquinolines with different hydroxyaromatic carboxylic
acids. 5-Aminoquinoline has some structural similarities with 4-aminopyridine, but the
directional properties by virtue of the positions of the donors and acceptors in this molecule
make a difference. Later molecule has multiple numbers of rings making it more potential
candidate for stacking effect. On the other hand, 8-aminoquinoline has nitrogen atom in the ring
and an amino group that may contribute to weak interactions, whereas 5-aminoquinoline is

expected to generate linear structures. Another interest to study on the structure of such salts or

cocrystals would be to ascertain the role of quinoline to retain intramolecular hydrogen bonds of
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hydroxy groups next to a carboxylic acid group in a salt or cocrystal partner. The salts and
cocrystal of quinolines and hydroxyaromatic carboxylic acids were tested for their antimalarial
activities and such with neutral compounds derived from aminoquinoline. The salts and cocrystal

investigated in this study are listed in Chart 5.1.

H?E (o) 09 nga o o@ H@ o 0@
A \
(0]

NH, NH, H NH,
5.1 ¥3 53 OH
0O,
(o) 0o NH, (o) OH HO Oo
; L N ] o
E H,0 e S
HO OH HO OH = O
NH; OH OH
5.4 5.5 5.6
0._0°
NH, OH
N®
AU
5.7

Chart 5.1: Salts and cocrystal of aminoquinolines with hydroxyaromatic acids.

5.1: Structural features of salts and cocrystal

When a carboxylic acid interact with a nitrogen containing molecule it can form a cocrystal by
sharing the hydrogen atom of the acid with base counterpart, or it may form a salt by a complete
proton transfer from acidic part to nitrogen atom of the Lewis base. Childs et al. reported that
location of the proton of acid-base adduct can be distinguished from their ApKa values;
formation of salt or cocrystal is determined by ApKa value between a base and acid. If ApKa
(ApKa = pKa (base) - pKa (acid)) is greater than 2 or 3 forms salt while smaller ApKa values
forms cocrystal.? It is also reported that parameter is inappropriate for accurately predicting salt
formation in the solid state when ApKa is between 0 and 3.

The salt formed from the reaction between 5-aminoquinoline and 2-hydroxybenzoic acid was 5-
aminoquinolinium 2-hydroxybenzoate monohydrate (5.1). The salt 5.1 crystallizes in
orthorhombic P2,2,;2; space group. It is comprised of one 2-hydroxybenzoate anion, one 5-

aminoquinolinium cation and a water molecule as solvent of crystallization in the crystal lattice

TH-1453 10612201 137



Chapter 5

(Figure 5.1a). 2-hydroxybenzoic acid and 5-aminoquinoline have ApKa value greater than 2.2>%
In the crystal lattice of 5.1, the 2-hydroxybenzoate anion are present as discrete units and they
possesses intramolecular hydrogen bond formed between the hydroxy group and one of the
oxygen atom of carboxylate group. The anions are nearly in same plane; they are arranged along
c-crystallographic axis in a sheet like arrangement. The 5-aminoquinolinium cations are present
perpendicular to these layers and they are anchored by hydrogen bonds with the carbonyl group
of anions and also through electrostatic interactions of "N-H with the anions (Figure 5.1b). The
salt has intramolecular hydrogen bond similar to the parent acid. They are further held by N-H"'n
interactions [N1-H"'m; dp.a, 3.523A]. The larger polarizing ability of -NH, group compared to
an -OH group and due to the strong electrostatic interactions operating in the packing pattern

facilitates such N-H'& interactions.

Figure 5.1: (a) Structure of 5.1 (ORTEP drawn with 35 % thermal ellipsoid), (b) Hydrogen bonds
in 5.1 and (c) The arrangement of the 2-hydroxybenzoate anions in the crystal lattice of 5.1 after

exclusion of 5-aminoquinolinium actions.
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It was earlier suggested that the polarisability of electrons plays a crucial role in such systems.”*
Thus, the protonation on the nitrogen atom of quinoline and availability of an appropriate m-
cloud in the vicinity is responsible to have the N-H™'m interactions in salt 5.1. The water
molecules act as support to hold the quinolines and carboxylic acids. The quinoline molecules
interact with oxygen atoms of water molecules through C13-H'O4 interactions; whereas both
the O-H bonds of water molecules are held to oxygen atoms of carbonyl groups of two
independent molecules from two layers (figure 5.1c). The strong hydrogen bond interactions
make the acidic OH group unavailable to interact with another anion. Thus, the anions form
supramolecular assembly assisted by water molecules. Various water assisted assemblies of salts
of hydroxycarboxylic acids with aromatic amines were earlier shown and their packing patterns
were found to be guided by the substituent on the aromatic rings.*® From a CSD analysis it was
also pointed out that the pyridine carboxylates have higher tendency to form hydrated salts.>’ In
our case the water molecules do not interact with the quinolinium cations through N-HO
interactions, but interact through C-H O interactions (weakest among the H-bonds discussed),
suggests that the water molecules acts as filler molecules in the crystal lattice.

The asymmetric unit of the crystal structure of the salt (5.2) of 3-hydroxybenzoic acid and 5-
aminoquinoline has symmetry non-equivalent molecules of two 3-hydroxybenzoate anions along
with the 5-aminoquinolinium cations (figure 5.2a). The cations and anions form stacked
arrangements. The cations are in head to tail arrangement (i.e. facing opposite dipoles) to meet
the energetically favorable geometry for the dipolar interactions between them. The layer like
structures of the cations is separated by 3-hydroxybenzoate anions. The anions are responsible to
form a stable packing pattern by interacting with two cations through "N-H'O and N-H"O
interactions (figure 5.2b). One set of 5-aminoquinolinium cations are held by hydrogen bonds
between the N-H bonds and carbonyl oxygen atoms (Table 5.1).

Table 5.1: Hydrogen bond parameters in 5.1-5.3.

Compound No.  D-HA dp.u(A) dy..a(A) dp..a(A) Z D-H"A(°)
5.1 N2-H-02 [Ix-12+y3/27]  1.063) 1.693) 2.733) 169(3)
03-H--01 0.82 1.77 2.50(3) 148
04-H-01 [1/2-x,1-y,-12+7]  0.83(6) 2.16(6) 2.96(4) 165(5)
04-H-02 [x, y,-1+7] 0.94(4) 1.89(4) 2.80(4) 168(4)
C13-H--04 [1/2+x,1/2-y,1-Z] 0.93 2.58 3.26(3) 131
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5.2 NI1-H-08 [1x,-y,1-Z] 0.86 221 296(14) 145
N1-H-02 [1-x,1-y,1-Z] 0.86 2.15 2.93(16) 152
N2-H--01 0.86 1.80 2.66(13) 177
N3-H--07 0.86 2.20 2.98(14) 152
N3-H-04 [-x,y,1/2-Z] 0.86 2.18 2.92(18) 145
03-H-04 [x,1-y,-1/2+7] 0.82 1.88 2.63(16) 153
N4-H-05 [x,2-y,-1/2+7] 0.86 1.82 2.68(19) 179
06-H6--02 0.82 1.96 2.70(18) 150
53 NI-H+02 [ x,1ty,z] 0.96 1.75 2.65(4) 157
N2-H--02 0.86 2.23 3.04(4) 159
N2-H-+O1[ -x,-y,z ] 0.86 2.08 2.91(4) 163
03-H--01 [1-x,1/2+y,1/2-z]  0.80 1.90 2.64(4) 153

Close examination shows that the neighboring symmetry non-equivalent 3-hydroxybenzoate

anions are hydrogen bonded to each other through hydroxy group of one anion with carboxylate

group of another; they make spiral arrangement in the packing pattern as illustrated in figure

5.2c¢.

(©)

Figure 5.2: (a) Structure of 5.2 (ORTEP drawn with 35 % thermal ellipsoid), (b) Hydrogen bond

interactions in 5.2 showing two symmetry non-equivalent molecules in two different colors and

(c) Arrangement of carboxylate anions in the lattice.
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The neighboring cations are not in one plane and they are twisted with respect to each other. This
could be one of the reasons to make them symmetry non equivalent. Difference in the structural
pattern of 5.2 in comparison with 5.1 is that in former case the water molecules are associated
with O-H O and N-HO interactions with the cations and anions to make the self-assembled
structure, whereas in later case it is through O-H O and C-H O interactions.

The ApKa value of 4-hydroxybenzoic acid with 5-aminoquinoline is nearly 1, accordingly the 4-
hydroxybenzoic acid reacted with 5-aminoquinoline to form salt 5.3 in anhydrous form.>* The
salt 5.3 has a relatively simple structure (figure 5.3a). Spiral chain-like assemblies are formed
among the anions by intermolecular hydrogen bonds between hydroxy groups and carboxylate
groups (figure 5.3b) of these anions. The spiral chains are held together by hydrogen bond
interactions of amino group and 'N-H groups of the cations as illustrated in figure 5.3c. The

hydrogen bond parameters are listed in Table 5.1.
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Figure 5.3: (a) Structure of the 5.3, (b) Arrangements of 4-hydroxybenzoate anions in the lattice
and (c) Hydrogen bond interactions in 5.3.

In the case of the 3,4,5-trihydroxybenzoic acid, which is also known as gallic acid and 5-

aminoquinoline the ApKa is less than 1, here too we obtained a monohydrated salt, (5.4).
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The unit cell of salt 5.4 contains two gallate anions and two 5-aminoquinolinium cations. Out of
these, there is a pair of highly disordered cation and anion as shown in the figure 5.4a. We have
resolved this disorder, as the two overlapping structures. We have to accommodate two different
groups at opposite sites namely a carboxylic acid and hydroxy groups. This is to be done by

180° rotation of a molecule on top of another molecule in which later is hold fixed.

HO. O

OH

= Distorted Gallic acid

—— Distorted
S-Aminoquinoline

m— Callic acid

— 5-Aminoguinoline

(b)
Figure 5.4: (a) Structure of salt 5.4 (ORTEP drawn with 35 % thermal ellipsoids). Inset is

showing the type of disorder observed due to tumbling of two molecules of gallic acid. (b) The

channels showing the encapsulation of cations.
The 5-aminoquinolinium cations are held in the channels formed by the gallate anions as

illustrated in figure 5.4b. Since electrostatic interactions assisted the formation of channel like

structure in this salt, the cations within the channels adopt disordered structure. The cations adopt
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disordered structure due to two rotational structures that can be put up-side down parallel on the
top of each other. To adopt such disordered structure a combination of two orientations are
required (inset of figure 5.4a). The packing pattern of the salt shows the formation of two layers
from the self assembly of gallate anions in which partitions are from the disordered gallate
anions. The cations are held as layers one on the top of the other in a sequence of 5-
aminoquinolinium cations which are not disordered followed by disordered one. The observed
disorder is thus attributed to the non-rigidity caused by electrostatic interactions in an
unsymmetrical molecule to adopt two optional orientations across the aromatic heterocyclic ring.
Similarly, we attempted to get crystalline products from the reactions of 8-aminoquinoline with
gallic acid, 2-hydroxy-3-naphthoic acid and 1-hydroxy-2-naphthoic acid but, we could obtain
cocrystal in case of 8-aminoquinoline with gallic acid (5.5). The cocrystal formation in this case
is attributed to the difference in pKa values between 8-aminoquinoline and gallic acid, which is
less than zero (Figure 5.5a).”>%° It is interesting to note that the R%,(8) type of cyclic hydrogen
bond motifs among carboxylic acid group is observed which gives dimeric units. The dimers are
arranged in one dimension so that all the hydroxy groups are pointing towards each other from

two different dimeric units (figure 5.5b).
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Figure 5.5: (a) The structure of cocrystal 5.5 (ORTEP drawn with 35 % thermal ellipsoids) and
(b) Hydrogen bond interactions.

The dimers are bridged by amino group of the 8-aminoquinoline to make cyclic type of hydrogen
bonded units. The hydrogen bond parameters are listed in Table 4.2. The structure of gallic acid

monohydrate is comprised of hydrogen bonded dimers extending in one plane as polymeric
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chain.’ Furthermore, in the extended structure each gallic acid molecule is linked by bridging
water molecule.*® The amino group of 8-aminoquinoline plays a similar role in the structure of
5.5 as that of the role of water molecule in the structure gallic acid monohydrate. But due to the
presence of two nitrogen binding sites in 8-aminoquinoline (namely N-atom and amine group) it
does not allow the formation of sheets. Thus, in the structure of the cocrystal 5.5 the sheet-like
structure is segregated to a chain like structure among the gallic acids.

Table 5.2: Hydrogen bond parameters of 5.5-5.7.

Compound No. D-H-A dpn(A)  dy.a(R) dp...a(A) <D-H--A(°)
55 O1-H~02 [ x-y,1-2] 0.82 1.83 2.653) 179
NI1-H~03 [ x,y,-1+z] 0.86 237 3.17(3) 154
N1-H:-N2 0.86 2.46 2.77(3) 102
03-H--04 0.82 2.35 2.76(2) 113
03-H-NI [ l4x,y,1+2] 0.82 2.01 2.77(3) 156
04-H--05 0.82 2.20 2.65(3) 115
05-H-N2 [ 1-x,-y,1-7] 0.82 1.94 2.733) 162
C11-H--02 [x,1/2-y,-1/2+7] 0.93 2.59 3.44(4) 152
C14-H-+03 [-14+x,1/2-y,-1/2+7] 0.93 2.58 3.29(4) 134
5.6 N1-H--0O1 [-x,-y,1-Z] 0.96 1.69 2.64 173
N2-H--O1 [-x,-y,1-Z] 0.95 2.09 2.98 154
N2-H--02 [-1/2-x,1/2+y,1/2-7] 0.81 2.38 3.16 163
03-H--02 0.82 1.79 2.52 149
C1-H--02 [-x,-y,1-Z] 0.93 2.37 3.09 134
C2-H03 [1/2+x,1/2-y,1/2+z7] 0.93 2.39 3.28 161
C19-H---O1 0.93 2.48 2.80 100
5.7 O1-H:-02 0.82 1.90 2.55 135
N2-H--05 [-1+x,y, -1+Z] 0.89 2.12 2.98 161
N2-H:-N1 0.89 2.39 2.82 110
N2-H--02 [-1+x,y, Z] 0.89 2.17 2.95 148
N4-H:--03 0.89 2.39 2.89 116
N4-H--06 [-1+x,y, -1+z] 0.89 2.15 3.01 165
C14-H--05 0.93 2.44 2.75 100
O1-H--02 0.82 1.90 2.55 135

Similarly, the difference pKa values between 2-hydroxy-3-naphthoic acid and 8-aminoquinoline

is less than 2,25 29

as expected they form a salt 5.6 in 1:1 ratio (figure 5.6a). In the structure of the
salt of 2-hydroxy-3-naphthoic acid with 8-aminoquinoline, there are two bifurcated hydrogen

bonds, first one is associated with the O2 atom of carboxylic acid group to hold two independent

TH-1453 10612201 144



Chapter 5

quinolinium cations. This bifurcated hydrogen bond occurs by interactions of the amino group
and CI1-H bond with O2-atom as shown in figure 5.6c. The second bifurcated hydrogen bond
involves O1 atom, it holds one quinoline molecule through interactions with amino group and

"N-H bond.

©) (d)
Figure 5.6: structure of (a) salt 5.6 and (b) salt 5.7 (ORTEP each drawn with 35 % thermal

ellipsoids). Hydrogen bond interactions in salts (c) 5.6 and (d) 5.7.

The quinoline nitrogen atom within the ring is protonated, while the hydroxy group of the 2-
hydroxynapthoate remains undisturbed. There is an intramolecular hydrogen bond between the
hydroxy group and carboxylate group.

Again, a salt was obtained in the case of reaction of 1-hydroxy-2-naphthoic acid with 8-
aminoquinoline with ApKa value less than 2.2’ The structure of the salt 5.7 so formed is shown
in figure 5.6b. The salt 5.7 also has intramolecular hydrogen bond between hydroxy group and
carboxylate anion as illustrated in figure 5.6d. Bifurcated hydrogen bonds between O4 with N2-
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H and "N1-H bonds in one pair of symmetry non-equivalent of cation and anion as well as "'N3-
H~O1 and N4-H"O1in another pair are observed.

The packing patterns of 5.6 as well as 5.7 have contributions from the nr interactions among
the rings of the cationic and anionic counterparts. In these cases a small portion of the rings
positioned parallel is on top of each other hence the m™m interactions are oblique type
interactions, which is a frequently observed in aromatic stacking interactions. *>

To find the differences between cocrystal and salts which formed by sharing of proton or proton
exchange respectively, IR spectra of the OH region (2000 cm™ to 4000 cm™) and carbonyl
stretching region (1400 cm™ to 1800 cm™) of salt 5.4 and cocrystal 5.5 are compared with gallic
acid. It is found that OH stretching region of gallic acid and cocrystal 5.5 are have resemblances

(figure 5.7a), whereas salt 5.4 shows stretching frequencies at 3458 cm™, 3348 cm™ and

@iy O

%T
l"ll'-r

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 L R L Ao e L L
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Figure 5.7: FT-IR spectra of salts/cocrystal (a) in range 2000 cm™ t0 4000 cm™ (i) Salt 5.4, (ii)
adduct 5.5 and (iii) Gallic acid; and (b) in the range 1400 cm™ to 1800 cm™ of (i) Salt 5.4, (ii)
Adduct 5.5 and (iii) Gallic acid.

3241 cm’'; which shows structural differences occurred due to proton transfer to form the salt in
case of 5.4. On the other hand the carbonyl stretching of gallic acid appears at 1703 cm™, such
stretching appear at 1644 cm™ and 1686 cm’ respectively (figure 5.7b) in the salt 5.4 and in the
cocrystal 5.5. As it can be seen that C=0 stretching of gallic acid in salt has shifted to lower

frequency compared to stretching in cocrystal, suggesting the deprotonated carboxylic group of
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gallate in salt 5.4. We have confirmed that there is no overlapping peaks from the quinoline

counter part with the stretching of carboxylic counterpart in the 1400 cm™-1800 cm™ region.

5.2: Antimalarial study

After establishing the structures of the salts and cocrystal we have studied antimalarial properties
of the salts andcocrystal to compare such properties with covalently linked derivatives of
quinoline. We have sorted out a few compounds derived from aminoquinolines derivatives. The
structural compositions of the salts, cocrystal and derivatives of aminoquinoline taken up for

antimalarial study are shown in figure 5.8.
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Figure 5.8: Salts, cocrystal and derivatives of aminoquinoline.
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Among the five aminoquinoline derivatives those were tested for animalarial activity,
compounds 5.8** and 5.9% were reported in literature. Each salt 5.1, 5.4 and 5.7 as well as
cocrystal 5.5 showed antimalarial activity with ICsq values in 6-20 uM range for the chloroquine-
resistant strain, but was four fold less active against the chloroquine-sensitive strain (Table 5.3).

Table 5.3: Antimalarial activities of different salts, cocrystal and compounds.

Antimalarial activity

% B-Haematin % Red
ICs = S.D. (uM) % Iron % Free radical
formation blood cell
Compound name (% Parasite growth at 50 uM) chelation at scavenging
inhibition at 50 lysis at 50
FCR-3 50 pM activity at 50 pM
3D7 strain uM M
strain
Salt 5.1 9.34+2.10 34.6 £3.19 0.1+0.01 0.1+0.01 21.4+0.62 3.64+12
Salt 5.4 591+1.12 25.1£1.30 10.8 +1.86 0.1+£0.01 18.5+3.71 1.29+£0.67
Cocrystal 5.5 14.18 £3.12 75.4+5.12 0.1+0.01 0.1+0.01 5.22+£0.26 1.01+0.33
Salt 5.7 20.33 +3.82 104.1 £16.5 0.1+0.01 0.1+0.01 6.12 4+ 0.90 0.15+1.58
> 50
Compound 5.8 n.d. 0.1+0.01 0.1+0.01 0.1+0.01 0.38£0.25
(80.9 £ 3.44%)
Compound 5.9 12.52 £2.07 252+3.62 0.1+0.01 22.4+4.96 2.02+0.16 3.67+0.30
> 50
Compound 5.10 n.d. 0.1+0.01 21.4+429 0.1+0.01 0.85+1.10
(76.7 + 4.48%)
>50
Compound 4.1 n.d. 0.1+0.01 18.6 =4.64 0.1 +£0.01 0.06 £ 0.24
(95.4 £2.36%)
>50
Compound 4.4 n.d. 0.1+0.01 13.6 £ 1.77 0.1+£0.01 0.85+0.26
(76.5 + 6.34%)
Quinine 0.17£0.03 0.09+0.01 n.d. n.d. n.d. 8.22+2.17
Chloroquine 0.12+0.01 0.0065 +0.001 43.6+13.0 n.d. n.d. 2.09 £ 0.59
Ethylenediaminetetraace
n.d. n.d. n.d. 24.8+1.59 n.d. n.d.
tic acid (EDTA)
Trolox™
(6-hydroxy-2,5,7,8
n.d. n.d. n.d. n.d. 19.1+1.14 n.d.

tetramethylchroman-2-

carboxylic acid)

n.d = Not done
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The activity was slightly less when compared to the quinine standard. 8-Aminoquinoline and 5-
aminoquinolin®® shows ICs values greater than 10uM. On the other hand, 6-(8-pentadecenyl)-
salicylic acid®’ has an ICs value of 10.1uM, 3,5-dihydroxy 2-naphthoic acid®® has ICs value 25
uM and gallic acid® has an ICs value of 71.5 pM. Thus, ICs values for salts and cocrystal are
much less than individual components. This clearly indicates the combine effect of two active
components changes their effective anti-malarial activities. Derivatisation of aminoquinoline did
not enhance antimalarial activity, but instead displayed minimal antimalarial activity at 50 uM
when tested against the chloroquine-sensitive strain (Table 5.3). Aminoquinoline compounds are
known to chelate metals such as iron with potential free radical scavenging activity,*’ but these
properties were not retained with these salts, cocrystal and derivatives of aminoquinolines. None
of these were able to inhibit f-haematin or haemozoin formation as a mechanism of action, as
has been shown for 2-amino-8-hydroxyquinoline.*’ Among the individual quinoline derivatives
the bis-quinoline derivative 5.8 is a good chelator for iron, shows antimalarial activities
comparable to the salts.

All the tested compounds retained a good safety profile and did not affect the membrane
integrity of the red blood cell.* Salts of gallic acid have low ICs values. Cooperative effects of
two substrates provide extra potency to such compositions. However, use of poly-
hydroxyaromatic carboxylic acid as one component, they not only enhance water solubility but
helps to maintain neutral condition by neutralizing quinoline counterpart. In order to gain support
towards importance of salt over a covalent compound we studied the antimalarial activity of
compound 5.8-5.10 (Table 5.3). ICso value of 5.4 is less than 5.5, as in these cases the gallic acid

is a common component. Thus quinoline counterpart changes antimalarial activities.

5.3: Conclusion

It is established that from the pKa differences of the partner compounds the salt and cocrystal
were formed in a predictive manner in the case of different combinations of aminoquinolines and
hydroxyaromatic carboxylic acids. Water assisted anionic assemblies are observed in the case of
the hydrated salt. A channel like structure was observed in the salt of gallic acid with 5-
aminoquinoline. It is seen that salts and adduct of quinoline with hydroxy-aromatic acid enhance
antimalarial activities over parent compounds. Enhanced nature could be attributed to the

increase in hydrophilicity of these salts and adducts through proton sharing or proton transfer
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between the two counterparts. The tested amides of aminoquinolines were not potent. Moreover,
antimalarial actions on the parasites by the salt 5.4 are comparable with safety profile to

chloroquine and independent of iron chelation as well as haemozoin formation.

5.4: Experimental
The detailed synthetic methodologies for synthesis of the metal complexes are described.
Analytical data are provided with each complex. The instrumental details and crystallographic

parameters are provided in Appendix.

Synthesis of 5.1:

The salt 5.1 was prepared from 1:1 (molar ratio) mixture of 5S-aminoquinoline with 2-
hydroxybenzoic acid dissolved together in methanol and were kept undisturbed for
crystallization. After 3-4 days obtained crystals of salt 5.1. Yield ~ 90 %. IR (KBr, cm™): 3444
(s), 3321(m), 3082 (w), 1627 (s), 1589 (s), 1566 (m), 1482 (m), 1454(m), 1432 (w), 1384 (m),
1361(m), 1330 (m), 1305 (w), 1252 (w), 1138 (w), 1028 (w), 859(w), 787 (m), 702 (w), 664 (w).
'H-NMR (400 MHz, DMSO-dy): 8.79 (d, J = 4.0 Hz, 1H), 8.59 (d, J= 8.4 Hz, 1H), 7.79 (d, J =
7.6 Hz, 1H), 7.49 (m, 2H), 7.41 (q, J= 4.0 Hz, 1H), 7.19 (d, /= 8.4 Hz, 1H), 6.93 (d, /= 8.0 Hz,
2H), 6.73 (d, J = 8.0 Hz, 2H), 4.18 (s, 2H), 2.53 (s, 2H).
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Figure 5.10: FT-IR (KBr, cm™) spectra of salt 5.1.
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Figure 5.11: "H-NMR (400 MHz, DMSO-de) spectra of salt 5.1.
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The salt 5.2 was prepared from 1:1 (mole ratio) mixture of 5-aminoquinoline with 3-

hydroxybenzoic acid dissolved together in methanol and were kept undisturbed for

crystallization. After 3-4 days obtained crystals of salt 5.2. Yield ~ 90 %. IR (KBr, cm™): 3388
(s), 3227 (m), 2923 (w), 1665 (w), 1599 (w), 1537 (w), 1473 (w), 1431 (w), 1395 (s), 1364 (s),

1312 (w), 1227 (m), 1177(w), 1149 (w), 931(w), 889 (w), 795 (m), 777 (m), 702 (w).
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Figure 5.12: FT-IR (KBr, cm™) spectra of salt 5.2.

Synthesis of 5.3:

3200

2300

5
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The salt 5.3 was prepared from 1:1 (mole ratio) mixture of S-aminoquinoline with 4-

hydroxybenzoic acid dissolved together in methanol and were kept undisturbed for

crystallization. After 3-4 days obtained crystals of salt 5.2. Yield ~ 92 %. IR (KBr, cm™): 3445
(s), 3171 (m), 2925 (w), 1635 (m), 1599 (s), 1530 (w), 1506 (w), 1434 (w), 1360 (m), 1311 (w),

1281 (m), 1248 (), 1164 (w), 848 (W), 788 (m), 703(w), 614(w).
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Figure 5.13: FT-IR (KBr, cm™) spectra of salt 5.3.

Synthesis of 5.4:
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The salt 5.4 was prepared from 1:1 (mole ratio) mixture of 5-aminoquinoline with gallic acid

dissolved together in methanol and were kept undisturbed for crystallization. After 3-4 days
obtained crystals of salt 5.4. Yield ~ 88 %. IR (KBr, crn'l): 3458 (s), 3348 (s), 3241 (m), 3076
(W), 2671 (w), 1644 (w), 1599 (w), 1526 (m), 1471 (w), 1360 (s), 1307 (m), 1228 (m), 1179 (w),
1102 (w), 1035 (m), 886 (w), 786 (m), 746 (w), 703(w), 575(w). '"H-NMR (400 MHz, DMSO-
de): 9.23(s, 1H), 8.76(d, J = 4.0 Hz, 1H), 8.53 (d, J = 8.4 Hz, 1H), 7.43 (t, /= 8.0 Hz, 2H), 7.36
(q,/=4.0 Hz, 1H), 7.19(d, J= 8.0 Hz, 1H), 6.94(s, 3H), 6.72(d, J = 7.6 Hz, 2H), 5.9(s, 2H).
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Figure 5.14: FT-IR (KBr, cm™) spectra of salt 5.4.
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Synthesis of 5.5:

The salt 5.5 was prepared from 1:1 (mole ratio) mixture of §-aminoquinoline with gallic acid
dissolved together in methanol and were kept undisturbed for crystallization. After 3-4 days
obtained crystals of salt 5.5. Yield ~ 85 %. IR (KBr, cm™): 3516 (m), 3400 (m), 3309 (m), 1686
(s), 1620 (m), 1519 (w), 1425 (m), 1374 (w), 1324 (s), 1272 (w), 1188 (m), 1032 (m), 900 (w),
857 (w), 825 (w), 787 (w), 766 (w), 718 (w). 'H-NMR (400 MHz, DMSO-ds): 9.23(s,
1H),8.87(s, 1H), 8.71 (dd, J = 1.6 Hz, 1H), 8.17 (dd, J = 1.6 Hz, 1H), 7.46 (q, J = 4.0 Hz 1H),
7.30(t, J = 8.0 Hz, 1H), 7.06(dd, J = 0. 8 Hz, 1H), 6.91(s, 2H), 6.86(dd, J = 1.2 Hz, 1H), 5.90(s,
1H), 4.09(s, 3H).
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Figure 5.16: FT-IR (KBr, cm™) spectra of salt 5.5.
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Figure 5.17: "H-NMR (400MHz, DMSO-dy) spectra of salt 5.5.

Synthesis of 5.6:

The salt 5.6 was prepared from 1:1 (mole ratio) mixture of §-aminoquinoline with 2-hydroxy-3-
naphthoic acid dissolved together in methanol and were kept undisturbed for crystallization.
After 3-4 days obtained crystals of salt 5.6. Yield ~ 89 %. IR (KBr, cm™): 3457 (m), 3378 (m),
3086 (w), 3043 (w), 1649 (s), 1595 (m), 1513 (s), 1465 (m), 1447 (m), 1370 (s), 1330 (m), 1316
(s), 1243 (m), 1209 (w), 1142 (w), 868 (w), 832 (m), 779 (w), 756 (w), 742 (w), 693 (w), 593
(w), 478 (w). '"HNMR (400 MHz, DMSO-dy), 8.73 (t, J = 2.4Hz, 1H), 8.54 (s, 1H), 8.18 (d, J =
8.4 Hz, 1H), 7.97 (d, /= 8 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 7.54 (q, J =0.8 Hz, 1H), 7.52 (m, J
=0.8 Hz, 1H), 7.36 (m, J= 0.8 Hz, 4H), 7.08 (d, J = 8 Hz, 1H), 6.90 (q, /= 0.8 Hz, 1H).
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Figure 5.18: FT-IR (KBr, cm™) spectra of salt 5.6.
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Figure 5.19: "H-NMR (400MHz, DMSO-de) spectra of salt 5.6.

Synthesis of 5.7:

The salt 5.7 was prepared from 1:1 (mole ratio) mixture of §-aminoquinoline with 1-hydroxy-2-
naphthoic acid dissolved together in methanol and were kept undisturbed for crystallization.
After 3-4 days obtained crystals of salt 5.7. Yield ~ 90 %. IR (KBr, cm™): 3424 (m), 3210 (m),
2923 (w), 1631 (m), 1582 (s), 1504 (m), 1467 (m), 1405 (s), 1377 (m), 1328 (m), 1309 (m), 1213
(w), 1017 (w), 863 (w), 815 (m), 795 (m), 771 (m), 693 (m). 'HNMR (400 MHz, DMSO-dy),
8.72 (d, J = 4Hz, 1H), 8.30 (d J=8Hz, 1H), 8.17 (d, J= 8.4 Hz, 1H), 7.90 (d, /=8 Hz, 1H), 7.76
(d, J=8.8 Hz, 1H), 7.67 (t,J = 1.2, 1H), 7.59 (t, J = 8.4 Hz, 1H), 7.46 (q, J = 3.6 Hz, 1H), 7.39
(d, /J=8.4 Hz, 1H), 7.31 (t, J= 7.6 Hz, 1H), 7.07 (d, /= 8Hz, 1H), 6.89 (d, /= 7.6 Hz, 1 H).
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Figure 5.20: FT-IR (KBr, cm™) spectra of salt 5.7.
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Figure 5.21: "H-NMR (400MHz, DMSO-de) spectra of salt 5.7.
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Synthesis of 5.8:

To a solution of 8-aminoquinoline (0.29 g, 2 mmol) in dry THF (20 ml) triethylamine (0.28 ml,
2 mmol) was added and stirred for 15 minutes. To this reaction mixture a solution of benzoyl
chloride (0.29 g, 2 mmol) solution in dry THF (20 ml) was added. The resulting mixture was
stirred for 5 h at room temperature. Solvent was removed in reduced pressure to obtain solid of
5.8. Yield ~ 60 %. IR (KBr, cm™): 3383 (m), 3279 (m), 2361 (m), 2337 (w), 1656 (s), 1632 (W),
1597 (m), 1554 (m), 1514 (s), 1486 (m), 1452 (w), 1416 (w), 1376 (m), 1296 (m), 1276 (m),
1214 (m), 824 (s), 760 (m), 710 (s), 687 (w), 597 (w). ESI mass: [M + H] calculated for
Ci6H13N0, 249.1028; found 249.3641.
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Wavenumbers (cm-1)

Figure 5.22: FT-IR (cm™', KBr) spectra of salt 5.8.
Synthesis of 5.9:

Compound 5.9 was synthesized following reported procedure.’® IR (KBr, cm™): 3316 (m), 3284
(W), 3253 (w), 3062 (w), 1651 (s), 1600 (m), 1542 (s), 1482 (m), 1441 (m), 1421 (w), 1380 (m),
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1309 (m), 1246 (s), 1203 (m), 1103 (w), 891 (w), 818 (w), 788 (w), 744 (m), 725 (w), 688 (W),
556 (w), 496 (w). ESI mass: [M + H] calculated for C,0H;6N30,, 330.1243; found 330.0165.
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Figure 5.23: FT-IR (KBr, cm™) spectra of salt 5.9.

Synthesis of 5.10:

8-Aminoquinoline (0.72 mg, 5 mmol) was dissolved in dry dichloromethane (20 ml) and
triethylamine (0.71 ml, 5 mmol) was added to it. The solution was stirred at 0°C for 15 min after
which bromoacetyl bromide (0.52 ml, 6 mmol) was added dropwise to the stirred solution over a
period of 30 min. The reaction mixture was then stirred overnight. Subsequently the reaction
mixture was filtered to remove the hydrobromide salts, and the filtrate was collected. The filtrate
was washed with water (10 ml), dried over sodium sulfate and then the solvent was removed
under reduced pressure. The product was obtained as a brown solid that was purified by
recrystallisation from dichloromethane.

The amide obtained from above reaction (0.53 gm, 3 mmol), methyl-3-hydroxybenzoate (0.45
mg, 3 mmol) and K,CO;3; (1.07 gm, 7 mmol) were added to dry acetone (20 ml) in nitrogen
atmosphere and the reaction mixture was stirred at 60 °C for 9 h. (The reaction progress was
monitored at regular intervals using TLC.) After completion of the reaction the solvent was
removed under reduced pressure that gave a pale yellow solid. The product obtained was

crystallized from methanol. IR (KBr, cm'l): 3410 (m), 3332 (m) 3004 (w), 2916 (w), 1710 (s),
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1684 (s), 1585 (w), 1541 (s), 1487 (m), 1459 (m), 1435 (m), 1388 (w), 1372(w), 1324(w), 1296
(s), 1284 (m), 1224 (w), 1189 (w), 1103 (m), 1075 (m), 990 (w), 890 (w), 828 (w), 794 (w), 758
(m), 734 (m), 680 (W), 602 (W), 579 (W), 554 (w). : '"H-NMR (400 MHz, CDCls): 10.91 (s, 1H),
8.84 (q, J =1.2 Hz, 1H), 8.79 (t, J =4.4 Hz, 1H), 8.14 (dd, J =1.6 Hz, 1H), 7.74 (dd, J =1.2 Hz,
2H), 7.52 (d, J =4.4 Hz, 2H), 7.45 (m, 1H), 7.32 (dd, J =2.4 Hz, 2H), 4.76 (s, 2H). ESI mass: [M
+ H] calculated for C19H7N,O4 337.1188; found 337.0094.
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Figure 5.24: FT-IR (cm™, KBr) spectra of salt 5.10.
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Figure 5.25: "H-NMR (400 MHz, CDCls) spectra of 5.10.

5.5: In vitro antimalarial assay
Antimalarial activity of the compounds, against the chloroquine-resistant (FCR-3) and

chloroquine-sensitive (3D7) strains of P. falciparum, was performed using the [*H]-

hypoxanthine incorporation assay.”™** The parasites were continuously maintained in vitro in
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supplemented RPMI-1640 culture media and at a haematocrit of 5%. The culture was incubated
at 37 °C in a gaseous atmosphere of 5 % CO;, 3 % O,, 92 % N, and synchronized at the ring
stage with 5 % D-sorbitol before being adjusted to a final parasitaemia of 0.5 % and haematocrit
of 1%.* This suspension (200 puL) was added to each well of the 96-well plate with the
exception of four wells which received non-parasitized red blood cells. Stock solutions of the test
compounds were made up in DMSO and serially diluted in culture medium in a 96-well
microtiter plate. The microtiter plate was then incubated for 24 h. Following the incubation
period, 25 pL of the radiolabeled [3H]-hypoxanthine isotope (Amersham) at a concentration of
1.85 uCi/well was added to each well. Microtiter plate was then incubated for a further 24 h. The
parasitic DNA was harvested onto glass fibre filter mats by use of a Titertek™ semi-automatic
cell harvester. The mats were then transferred to sample bags containing scintillation fluid
(Wallac®) and the B-radioactivity counted on the Wallac® 1205 Betaplate scintillation counter.
Counts per minute (cpm) were generated and the % parasite growth calculated. The
concentration required to inhibit parasite growth by 50% (ICsy value) was determined from log
sigmoid dose response curves using the GraphPad Prism® 5.0 software. Chloroquine and quinine

were used as the positive controls. Each experiment was repeated, at least, in triplicate.

5.6: Inhibition of B-haematin formation

To asceratain mechanism of action similar to that of chloroquine, the compounds were incubated
with 1 mg/mL haemin (Sigma) solubilised in DMSO, with a final pH of 4.7 ensured by using a
0.5M acetate buffer.* The plates were then incubated for 24 hours before the unreacted haemin
was removed from the B-haematin crystals by centrifugation. The B-haematin crystals were then
quantitated by dissolving them in 2M NaOH. Absorbance at 405 nm was used to calculate the
ICso value at which B-haematin formation was inhibited using GraphPad Prism® 5.0 software.

Chloroquine was used as positive control. Each experiment was repeated three times.

5.7: Haemolytic activity
The haemolytic activities of the compounds were evaluated in comparison to standard
antimalarial agent, quinine.*® Haematocrit (1%) of fresh human red blood cells was incubated

with each test compound (50 uM) for 48 hours at 37°C before the absorbance was read at 540
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nm. Percentage of haemolysis was calculated using a 2.0% (v/v) TritonX100 solution as the

100% haemolytic control. Each experiment was repeated at least in triplicate.

5.8: Iron chelation assay

The ferrozine-iron chelation assay was used to determine the ferrous ion chelating properties of
the derivatives.*® The derivatives were incubated at room temperature with 0.48 mM FeCl,
dissolved in 5% (w/v) ammonium acetate for 5 minutes before 1.2 mM ferrozine was added. The
mixture was shaken vigorously before being incubated at room temperature in the dark for 30
minutes. Thereafter the absorbance was measured at 540 nm in an ELISA plate reader
(Labsystems Multiskan RC) with Ascent Software (version 2.4). Percentage inhibition of

ferrozine-Fe*” complex formation was calculated with EDTA used as positive control.
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Synthesis, characterization and metal ion recognition by

bis-quinoline amide derivatives

There are large numbers of examples of small fluorescent molecules which are used to detect
metal ions.'® Some of the examples were also discussed in the first chapter of the thesis. Some

9-13
For

analytes show selective fluorescence emission response to two or more metal ions.
instances 5-(4-nitrobenzene diazo)-8-benzenesulfonamidoquinaldine has been used to detect
Zn*" and Hg”" ions in biological systems.'* It shows ‘ON’ and ‘OFF’ fluorescence responses
upon coordination to Zn*" and Hg*" ions respectively. Interestingly, in this system Hg”" ions can

replace coordinated Zn>" ions to show ON-OFF response as depicted in Figure 6.1.

NO,

MY M O T,
N,

\©\N¢N N NN N NN

Non fluorescence
Figure 6.1: Coordination modes of Zn®" and Hg*" ions with 5-(4-nitrobenzene diazo)-8

benzenesulfonamidoquinaldine.
However, many fluorescence receptors developed so far for two metal ions detections fail to

detect one type of ion in the presence of other ion or vis-versa.'”>? Fluorescent sulphonamide

derivatives of aminoquinolines have potential in imaging of zinc ions.” Water soluble quinoline
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derivatives also have the ability to sense zinc ions under biological conditions.>**> Fundamental
problems with such receptors is the interference of other metal ions present in the solution.*
Such a problem was partly overcome by designing quinoline receptors which operates through
internal charge transfer mechanism.”” Lippard and his coworkers® developed very efficient

quinoline based sensors for detection of zinc ions.

- ;
8"42%(;?40

Figure 6.2: Hydroxyquinoline functionlized polynorbornene.

7N

The receptors with two pendant arms bearing 8-aminoquinolines have higher efficiency over
similar type of receptors with quinoline unit at one arm. Moreover, a hydroxyquinoline
derivative of polynorbornene with two flexible arms to hold metal ions shows fluorescence turn-
on upon coordination to Zn>" and Cd*" ions (Figure 6.2).”

From the above discussions it can be suggested that there exists opportunity to prepare receptors

with multiple numbers of quinoline rings to hold metal ions in multiple numbers.

M2+
8-Aminoquinoline
N Assembling
N Flexible —% with metal ion
= connectivity I ———— M
R H Ry W/
. . 2+ =Zn*" or Cu®*
0 o O O o O Rigid M
Y 4 connectivity \
NH Ry o HN N
4-Quinoline
N N 2+
\
\_7" \WhenRy= H (6.1) or -CHj (6.2) % M

(a) (b)
Figure 6.3: (a) Compounds 6.1 and 6.2; (b) design principle of assemblies of tri-quinoline

receptor for binding metal ions.

Thus, keeping this in mind we prepared two tri-quinoline based compounds 6.1 and 6.2, which

have two flexible arms to hold metal ions and an openly projected 4-quinoline ring (Figure 6.3a).
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Thus they will be suitable to form metal complexes as illustrated schematically in Figure 6.3b.
Compounds 6.1 and 6.2 have bis-phenolate ether tethers connecting quinoline amide moieties.
Additional 4-quinoline moiety provides a shape like a projectile with two open wings. The

choice of these compounds also arises from the facts that the zinc'>2* ' 2732

and the copper ions
can change fluorescence emissions of quinoline derivatives with high specificity. Masking of
fluorescence emission by copper ions of quinoline derivatives over the zinc ions™ is not
overcome so far in this class of receptors. Bis-8-aminoquinoline amide derivatives were shown to
lose fluorescence response to zinc ions in the presence of copper ions.*' There are reports on the
steric and electronic effects contributing to stabilize different conformations of amides.**™** A
substituent atom or group present at an appropriate position of some amide derivatives can
change rotational barriers of frans or cis conformers of amides.* These factors also contribute to
fluorescence emission occurring through twisted intramolecular charge transfer (TICT)
mechanism of some amides derivatives.***” On the other hand, compounds 6.1 and 6.2 have a
portion of the structure which has pincer type of geometry and ligands of such geometrical
features easily form copper and zinc complexes. ">
The compounds 6.1 and 6.2 were synthesized by reacting 2-bromo-N-(quinolin-8- yl)acetamide
with the corresponding bis-phenol (6.1a or 6.2a) in dry acetone in the presence of anhydrous
potassium carbonate (Scheme 6.1).
N\
A\ . o
- (Nj;j KoCOs3 Ri O H Ri
R Ry + HN._O Dry acetone o o 9
H(1) O1H j ’ NﬁJO Ri R1\//<

Ry Ry

Br HN

\_/ \
When R4=H (6.1a) or -CHj (6.2a) When Ry=H (6.1) or -CHj3 (6.2)

Scheme 6.1: Synthesis of compounds 6.1 and 6.2.

The compounds 6.1 and 6.2 were characterised by by 'H-NMR, IR and mass spectra. As there
are multiple numbers of quinoline moieties in compounds 6.1 and 6.2, protons on the quinoline
units were assigned by analyzing the observed correlation between coupling patterns of typical
two dimensional "H-HOMOCOSY spectra of compound 6.1 shown in Figure 6.4. The cross peak
assigned as ‘A’ represents the coupling of H,, and H, protons of 4-quinoline moiety. The ‘B’

represents coupling between H¢ and H, protons of hetero nuclear ring of 8-aminoquinoline. Cross
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peaks ‘C’ and ‘D’ represent coupling of H;-H; and H;-Hi protons of 4-quinoline ring. Cross peak

‘E’ and ‘F’ represents the coupling between Hy-H, and H,-H, protons of 8-aminoquinoline ring.

Hg Hh
_ He Hk |
‘I A{.-ﬂ v
C A
| i D Ii/v
= i) U e
99 B
)
g |
V@ l.?f]
e 8.6
Y Y 0 L

Ls,
} 2.0
! 9.2
o

.4

Figure 6.4: Assignment of peaks in the aromatic region of two-dimensional 'H-HOMOCOSY
(600 MHz, DMSO-dg) of compound 6.1 (in range of 6.5 to 9.5 ppm).

The tri-quinoline derivatives 6.1 and 6.2 possess V-shape bis-phenolate ether linkage anchoring
flexible methylene groups, such units are flexibile and suitable to adopt different orientations
depending on conditions. Generally constraints provided by the substituent present in a flexible
receptor enhances selectivity to bind to metal ions.”>>* Differences in binding ability of metal
ions to a receptor influences internal charge transfer which influences the position and the
intensity of their fluorescence emissions of the receptor.”” Since the compounds 6.1 and 6.2 have
different substituent at two aromatic rings, hence their optical properties are expected to differ
with coordination environments and electronic factors of different metal ions. Thus, we carried
absorption and fluorescence emission titration of compounds 6.1 and 6.2 with various biological

active metal ions.

6.1: Absorbance study
Intensities of the UV absorptions of the 6.1 present at 252 nm and 360 nm were increased upon
the addition of a solution of Zn*" ions (Figure 6.5a). These spectral changes took place at the cost

of the absorption present at 303 nm. As a result of such changes three isobestic points at 245 nm,
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280 nm and 331 nm had appeared. Similar spectral changes were observed upon the addition of a

solution of Cu®" ions to a solution of 6.1.
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220 270 320 370 420 220 270 320 170 420
Wavelength (nm) Wavelength (nm)
(a) (b)

Figure 6.5: Changes in the absorption spectra of (a) the compound 6.1 and (b) the compound 6.2,
on the addition of a solution of Zn*" ions (in each case 0.033 equivalent from a solution of

methanol in aliquots).

However, Zn>" and Cu®" ions were relatively less effective in changing the absorbance spectra of
the 6.2 (Figure 6.5b) as compared to the compound 6.1. Addition of a solution of Zn”" ions to a
solution of the 6.2, the absorption peak appearing at 255 nm increased with a concomitant
decrease in the absorption at 226 nm and 286 nm. These changes in absorptions passed through

isosbestic points appearing at 243 nm, 282 nm and 330 nm.
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Figure 6.6: Absorbance spectra of compounds (a) 6.1 and (b) 6.2 in the presence of various metal

ions.
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Similarly, when the titrations were carried out for other biologically active metal ions with
compounds 6.1 and 6.2, there were insignificant changes in their absorbance spectra as shown in
the Figure 6.6. The extinction coefficients calculated from the absorbance at 303 nm of the
methanol solution of the compounds 6.1 and 6.2 are 8753 cm’mol”’ and 9671 cm’mol
respectively. In cases of 6.1 and 6.2 addition of 0.33 pM of Zn*" and Cu”" ions causes observable
changes in absorption, which is much lower than the limit of copper in drinking water (~20 uM)
and the typical concentration of copper in blood (15.7-23.6 pM) of normal individual.”®
Detection limits from UV-visible spectroscopic titration for compound 6.1 were found to be
160.34 uM and 204.82 pM; for compound 6.2 these were 192.66 uM and 168.25 pM for Zn**

and Cu”" ions respectively.
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Figure 6.7: Binding constant plot (at 253 nm) of 6.1 with (a) Zn*" and (b) Cu®" ions; 6.2 with (c)

Zn*" and (d) Cu”" ions.
By using Benesi and Hildebrand equation binding constants of compound 6.1 were found to be

11.66 +2 x 10*M™ and 13.53 £ 2 x 10*M™" with Zn*" and Cu®" respectively (Figure 6.7). Thus,

logK of compound 6.1 with Zn*" and Cu*" are 5.07 and 5.13 respectively whereas for compound
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6.2 binding constants were 6.86 (+ 8) x 10°M™ and 8.14 + 3 x 10* M and logK values are 4.84
and 4.91 respectively.

6.2: Fluorescence study

A methanol solution of compound 6.1 shows a broad fluorescence emission peak at 397 nm on
excitation at 310 nm and on similar excitation a methanol solution of the compound 6.2 showed
broad emission peak at 400 nm. Both the emission spectra have a shoulder at 340 nm. This
emission peak could be from the quinoline ring, whereas broad and intense emission at 397 nm
and 400 nm for the compounds 6.1 and 6.2 respectively are originate from the aminoquinoline
rings. The positions of emission spectra of the compounds do not change with changes in
concentrations, which suggest that there are no interactions between the aminoquinoline groups
present in these compounds. These observations are conventional as bis-aminoquinoline
derivatives show fluorescence emissions at similar wavelengths.***!

The intensity of the fluorescence emission peak of the compound 6.1 present at 397 nm
decreases upon addition of Zn** ions and a new emission peak at 493 nm appeared. As the
concentration of the Zn®" ions was increased the intensity of this peak was increased to reach a
maximum point. Further addition of the Zn®" ions, this emission peak at 493 nm splits up into
two new independent emission peaks appearing at 451nm and 551 nm (Figure 6.8a). These two
broad peaks formed by splitting of an emission peak spreads over range 430-580 nm is a
unprecedented observation in quinoline system and resembles white light emission. This occurs
at low concentrations of the Zn*" ions with respect to the compound 6.1 which is at about 30:1
molar ratio. Based on the observation of such a phenomenon at a low concentration of zinc ions
with respect to the receptor it can be suggested as to originate from a sensitization process caused
by zinc ions on compound 6.1 rather than a conventional complex formation. This type of
emission phenomenon can be projected as an exceptional observation as Stokes shift of 183 nm
was observed with emission at 493 nm. When this emission changed to two wavelengths the
Stokes shift associated with new peaks were 141 nm and 241 nm. In literature, a maximum
Stokes shift of 199 nm was observed from an aminoquinoline derivative on interaction with zinc
ions due to internal charge transfer (ICT) mechanism.’’ Thus, compound 6.1 is suitable to
modulate fluorescence by changing concentrations of zinc ions. Similar fluorescence titrations

were carried out with compound 6.1 by adding Li*, Na", K, Be*", Mg*", Ca®", Ni**, Co*", Mn*",
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+ + . . . . . . .
Cd*" and Hg”" ions. These ions showed insignificant changes in fluorescence emissions of

compound 6.1.
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Figure 6.8: The changes in the emission spectra of the compound 6.1 (10° M in methanol, 3 mL)
upon excitation at 310 nm upon addition of the solutions of (a) Zn*" ions and (b) Cu”" ions (in

each case 0.033 equivalent from a 10™* M solution of methanol in aliquot).

We find that on addition of a solution of Cu”" ions to a solution of compound 6.1 decreases the
fluorescence emission at 397 nm (Figure 6.8b). Addition of Cu*" ions decreases the enhanced
fluorescence emission of 6.1 in the presence of Zn’" ions. It was also observed that once
fluorescence of the compound 6.1 was quenched by Cu®" ions, the addition of zinc ions to such a
solution could not recover the emission. The compound 6.2 is structurally more rigid derivative
in comparison to the compound 6.1, as it has two methyl groups attached to each aromatic ring
of bis-phenolate groups. Analogous to 6.1, on addition of Zn*" ions to solution of 6.2 decreases
its emission at 400 nm with appearance of new emission at 490 nm (Figure 6.9a). However,
major difference between the fluorescence emissions of these two compounds on interactions
with zinc ions is that at higher concentrations of zinc ions, splitting of fluorescence emission
peak was not observed in the case of the compound 6.2. Compound 6.2 showed single emission
peak at 490 nm on addition of Zn>" ions, and for this emission peak Stokes shift observed was
180 nm. On the other hand 6.2 also showed decrease in intensity of the emission at 400 nm upon

addition of Cu®" ions (Figure 6.9b).
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Figure 6.9: Changes in emission spectra of the 6.2 (10° M in methanol, 3 mL) upon addition of

330 380

(a) zinc chloride and (b) cupric chloride (in each case 0.033 equivalent of methanol solution in

aliquot).

In both the cases emission spectra were not affected by metal ions other than Zn”" and Cu”" ions
as Figure 6.10. These observations show the selectivity of compound 6.1 and 6.2 for Zn*" and

Cu”" ions over other biologically active metal ions studied.
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Figure 6.10: Fluorescence emission of (a) 6.1 and (b) 6.2 in the presence of various metal ions.
Notable observation in compound 6.2 is that the quenching caused by addition of solution of

Cu”" ions to a solution of 6.2 can be recovered by adding a solution of Zn®" ions; thus both of

these metal ions can be detected by fluorescence technique independently in the presence of each
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other. Reversible change in the fluorescence emission of compound 6.2 by two the metal ions
was established by carrying out a series of competitive experiments. To do so, we added
equivalent amount of cupric chloride to a solution of the compound 6.1, this decreased the
fluorescence emission at 400 nm to a lowest level. To this solution, a methanol solution of zinc
chloride was added in 0.033 mole equivalent aliquot. We observed that the fluorescence
emission at 490 nm increased as concentrations of zinc ions were increased (Figure 6.11a). In an
another experiment a fluorescence titration was carried out by adding a methanol solution of zinc
chloride solution to a solution of the compound 6.2, addition continued till there was no further

increase in fluorescence at 490 nm took place.

X10°
6

w

F-

Intensity (a.u.)

Intensity (a.u.)

0 - : : - 3
330 380 430 480 530 580 330 380 430 480 530 580
Wavelength (nm) Wavelength (nm)

(a) (b)
Figure 6.11: (a) Changes in fluorescence of a solution of 6.2 (10 M in methanol) containing 1
equivalent cupric chloride (red lines), followed by addition of a solution of zinc chloride in 0.033
equivalent in aliquot (black lines). (b) Changes in fluorescence of a solution of 6.2 on addition of
zinc chloride 0.033 equivalent (six times, black lines) followed by addition of cupric chloride in

0.033 equivalent aliquots (red lines).

After reaching this point, a solution of copper chloride was added, which resulted a decrease in
fluorescence emission at 490 nm and emission continue to shift to show a fluorescence emission
peak at 400 nm and after reaching this stage, fluorescence emission at the 400 nm decreases to a
minimum on continuation of addition of cupric chloride solution (Figure 6.11b).

To prove competitive effect of these two ions, we have carried out a series of experiments by
changing sequence of addition of zinc and copper ions to respective receptor solution. The

changes in normalized fluorescence intensities from different control experiments are shown in
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Figure 6.12. As it can be seen from Figure 6.12a, addition of the solution of cupric chloride
quenched the fluorescence emission of the compound 6.1 at 397 nm; when a zinc chloride
solution was added to such a solution, the original fluorescence of the compound 6.1 could not
be recovered. However, when a solution of zinc chloride (circles in Figure 6.12b) was added, the
fluorescence emission increased to a particular concentration. But due to splitting of the
fluorescence emission beyond this critical concentration as discussed earlier there was an

apparent decrease in the fluorescence emission.
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Figure 6.12: Competitive fluorescence titration showing changes in fluorescence emission of a
solution of 6.1 on addition of solution of (a) cupric chloride (squares) followed by solution of
zinc chloride (filled circles). (b) Zinc chloride (filled circles) followed by addition of cupric
chloride (squares); compound 6.2 on addition of (c) Zinc chloride (filled circles) followed by
solution of Cupric chloride (squares). (d) Cupric chloride (filled circles) followed by addition of

Zinc chloride (squares), (in each case ligand 10° M in 3 mL in methanol).

Hence to avoid confusion, intensity changes beyond this point are not shown in this Figure.

When a solution of cupric chloride was added to this solution, the fluorescence got quenched
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(squares in Figure 6.12b). These data clearly established the fact that the quenching in the
fluorescence emission of compound 6.1 caused by copper ions could not be retrieved, however
the reverse case was possible. On the other hand, similar experiments carried out with compound
6.2 (Figure 6.12c and 6.12d) have revealed that fluorescence quenching at 400 nm caused by the
cupric chloride could be retrieved by adding a solution of zinc chloride, and fluorescence
enhancement caused by zinc ion could be quenched by cupric chloride. Thus, from the above
experiment it was observed that changes in fluorescence emission of compound 6.2 on addition

of metal ions was reversible unlike the case of compound 6.1.

6.3: Isothermal calorimetry

We carried out independent isothermal calorimetry titration of compound 6.1 with zinc chloride
and with copper chloride. Binding isotherms were obtained by integrating raw data which was
fitted to a “one-site” model (Figure 6.13). We found the number of binding sites as 1.31 and 1.37
per ligand for Zn®" and Cu®" ions respectively.
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Figure 6.13: Isothermal calorimetric titration of 5 x 10° M of compound 6.1 (1% DMSO in
water) with (a) ZnCl, and (b) CuCl, (in each case 2 x 10™* M in 1% DMSO in water) at 25 °C.

These suggest that in each case three ligands are associated with four metal ions in complexes
formed in solution. Based on this we propose structure of the aggregate with divalent copper or
zinc as shown in Figure 6.14, generated through GaussView. Binding constant (K) with zinc ion

is 2.67 x 10* M and with copper is 3.47 x 10* M"'; whereas enthalpy changes in case of Zn*"
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Figure 6.14: Proposed ball and stick model of aggregate of 6.1 with Zn*" ions.

and Cu”" ions are -9.239 cal/mol and -7.843 cal/mol and respectives entropy changes are -289

cal/mol/° and -239 cal/mol/°.

6.4: "TH-NMR titration

'H-NMR titration of compound 6.1 with ZnCl, showed appearance of a new set of peaks other
than the ones that were observed from parent compound 6.1. These new signals were similar to
signals of parent compound in terms of coupling constants but appeared at different positions.
Thus, in solution there is equilibration between the free and the bound compound 6.1 with Zn**
ions. New signals were appeared as a result of the complex formation, which are marked with
asterisk (Figure 6.15). Important point from NMR titration observed is the identification of
duplicate set of new signals in addition to the signals of the compound 6.1. This clearly indicated
that only one type of complex was formed by compound 6.1 with Zn*" ions in solution. On the
other hand, it is seen that the chemical shift positions of the protons of the three quinoline rings
were shifted; hence the zinc complex in solution was formed through participation of all the
three quinoline rings. Signal at 7.12 ppm is attributed to phenylene protons of the bis-phenolate
unit. This assignment is based on a comparison of 'H-NMR of compound 6.1 with compound
6.2; latter does not show this particular signal as this position is occupied partially by methyl
groups. At higher concentrations of the zinc ion the aromatic proton signal appearing at 7.12
ppm splits suggesting that chelation of the 8-aminoquinoline part to Zn*" ion. On the other hand,

it is observed that at low concentrations of the Zn>" ions NH signal of the compound 6.1 is not
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affected, but new signal for NH is observed at higher concentrations of Zn”" ions, this suggests
that further coordination of the initially formed complex with Zn*" ion affects the amide

hydrogen.
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Figure 6.15: 'H-NMR (600MHz, DMSO-de) spectra (aromatic region) of (i) 6.1; and in the
presence of (i) 0.5 equivalent, (iii) 1.0 equivalent and (iv) excess amounts of zinc chloride
dissolved in DMSO-ds. Peaks marked by # are from compound 6.1; whereas peaks marked as *
are from compound 6.1 bound to zinc ions. Inset is the expansion in the NH protons appearing in

off-set region.

Some signals of quinoline ring protons appear up-field with respect to parent signals on
interaction with Zn>" ions, which may be attributed to formation of planar geometry by
occupying equatorial positions by nitrogen in the chelate, in which ring current may be causing
such a shift. However, such up-field shifts observed from protons on quinoline rings
coordinating to Zn*" ions’’ was suggested to arise from restricted bond rotation and/or n-stacking
interactions for coordination between the pendant quinoline moieties.”®

Thus, we carried reaction between zinc chloride and compound 6.1 in methanol which gave the
precipitate of zinc complex of compound 6.1. When recorded 'H-NMR spectrum of the
precipitate obtained from the above reaction, it is observed that peaks of the parent compound

are shifted in the complex (Figure 6.16).
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Figure 6.16: 1H-NMR (600 MHz, DMSO-dg) spectra of zinc complex of compound 6.1.

6.5: DFT study

To understand fluorescence emissions, we have analyzed the highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) of the 6.1 and 6.2 by DFT

calculation using B3LYP basis set. HOMO of 6.1 spreads over the 8-aminoquinoline amide and

phenyl moiety of one arm; however LUMO spreads only on the 8-aminoquinoline amide moiety

of another arm. While in case of 6.2, HOMO and LUMO are localized on 8-aminoquinoline

located at alternate arms of the skeleton (Figure 6.17). HOMO and LUMO gap of both are

comparable; 0.154 eV in 6.1 and 0.153 eV in 6.2. Since, in the compounds 6.1 and 6.2, electrons

are localized on 8-aminoquinoline amide moiety in ground state and excited states, the

intervening part has no significant contribution to emission and absorption of these compounds

under normal situation.

I'.‘j..'- LUMO.
"j’.': LUMO

E=-0213ev [IERSEEEREA

L E=-0.212 eV
AE=-0.154¢V
5 AE=-0.153 eV
e 74 HOMO
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< e 2
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Figure 6.17: HOMO and LUMO of (a) 6.1 and (b) 6.2 (calculated gas phase energies are not

scaled).
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Increase in the intensity of the fluorescence emissions of compounds 6.1 and 6.2 by Zn*" ions
can be explained by formation of a chelated complex initially, which self assembles with
additional amount of zinc ions. At low concentration of Zn”" ions, a mixed mechanism involving
excited state proton transfer facilitated by Zn>" ions and a twisted intramolecular charge transfer
mechanism at high concentrations is operative in the case of compound 6.1. Zn>" ions initially
participate in excited state proton transfer to show emission at higher wavelength in conventional
manner as depicted earlier for analogous compounds;" But significant difference in the present
case is the dual fluorescence emission at relatively low concentration of Zn>" ions. As the
concentration of Zn®" ions increase compound 6.1 forms assembly by coordinating to Zn”" ions
through 4-quinoline moiety to adopt two different orientations across amide units (I and II in
Figure 6.18). Such conformations in simple amide containing fluorescent molecules essentially
causes dual fluorescence due to twisted intramolecular charge transfer (TICT) process.***” Thus,
compound 6.1 when coordinates to zinc ions shows dual fluorescence. Dual fluorescence
generally occurs in flexible structures through twisted internal charge transfer process.”> On the
other hand, addition of Cu®" ions to a methanol solution of compound 6.1, reduce the intensity of
emission at 397 nm (Figure 6.8b) and during the process no shift in emission peak was observed.
Reduction in intensity of fluorescence of quinoline derivatives routinely occurs;"' analogously,
as a result of electron and energy transfer from excited state of 6.1 to a low lying empty d-orbital
of paramagnetic Cu2+ ions quenching occurs. Various metal ions except Cu”" ions, such as Li",
Na', K, Be*", Mg*", Ca®’, Ni*, Co*", Mn*", Cd*", Hg’" and with Zn*" ions, did not interfere in
the zinc ions sensing. Effect of the substituent group such as methyl group causing equilibration
of conformational isomers of metal complexes were reported eralier.”° Based on such precedence
it is suggested that due to steric factor of methyl groups in compound 6.2, only excited state
proton transfer mechanism operates. This fact is also suggested from the observation on
localization of HOMO strictly on 8-aminoquinoline moiety in the case of compound 6.2. Thus,
the methyl groups present in compound 6.2 enforces relatively higher rigidity to the aggregate
due to which only excited state proton transfer (III of Figure 6.18) takes place to show single
emission peak at longer wavelength. Secondly, due to steric reasons the sensitivity of zinc ions to

mask the detection of the copper ions and vice versa decreases in the compound 6.2. This makes
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a comparable sensitivity differences caused by these two metal ions. Hence, zinc and copper ions

can be detected reversibly in this system.

ExtensioL Ixtension /LExtension
HN SO0 O7™NH HO

N

AN

~N
N N
N AN
= = =
| ] 1]
Oreintation of keto form for TICT Enol form for ESPT

Figure 6.18: I and II are orientations of keto form for TICT; III is planar enol form for ESPT.

6.6: Conclusion

This study has established some novel and unprecedented fluorescence emission properties of
aggregates formed by a tri-quinoline based receptors on interactions with Zn*" ions. Methyl
groups present on the aromatic ring of the connecting part of a particular tri-quinoline make
distinct impact on fluorescence changes by the zinc ions to make them unique examples to show
either single or dual fluorescence at different concentrations of Zn®" ions. Masking effect of
fluorescence emission by Cu’" ions of quinoline derivatives have been overcome in a tri-
quinoline receptor having methyl substituted bis-phenolate tether, enabling reversible modulation
of the fluorescence intensities by sequential addition of Cu®" and Zn®" ions and vice versa.
Substituent changing the emission properties of the receptors in presence of Zn>" ions to show
dual fluorescence makes new avenues to explore similar system and utilize them as optical
materials. Compound 6.1 showing a Stokes shift of a value higher than 200 nm and also showing
fluorescence spreading over a wide range of visible spectra intermittent concentration of Zn*"

ions requires definite attention to make new optical materials.

6.7: Experimental
The detailed synthetic methodologies for synthesis of the metal complexes are described.
Analytical data are provided with each complex. The instrumental details and crystallographic

parameters are provided in Appendix.

Synthesis of 2-Bromo-N-(quinolin-8-yl)acetamide:

2-Bromo-N-(quinolin-8-yl)acetamide was prepared by reported procedures.”
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Synthesis of 6.1a:

4-Quinolinecarboxaldehyde (0.785 g, 5 mmol) and phenol (0.941 g, 10 mmol) were dissolved in
acetic acid (20 mL) and the solution was stirred for half an hr in an ice bath. A mixture of
concentrated sulphuric acid and glacial acetic acid (in 1:2 ratio, 10 mL, v/v) was drop-wise
added to the reaction mixture. After stirring for half an hr, the mixture was kept in a deep freeze
for one week. After one week, ice cold water (10 mL) was added to the reaction mixture; a white
precipitate appeared. Reaction mixture was filtered and the precipitate was washed with aqueous
sodium bicarbonate solution (20 %, 25 mL). The product was then dried in air. Yield ~ 75 %. 'H-
NMR (400 MHz, DMSO-dg): 6.19 (s, 1H), 6.68 (d, J = 9.2Hz, 4H), 6.89 (d, J = 8.8Hz, 4H), 7.52
(t,J="7.2Hz, 1H), 7.70 (t, /= 7.2 Hz, 1H), 8.00 (d, J = 7.6Hz, 1H), 8.08 (d, /= 8.8Hz, 1H), 8.80
(d, J=4.8Hz, 1H), 9.34 (s, 2H). ESI mass: [M + H] Calculated for C,,HsNO, 328.3838; found

328.0075.
\
B ﬂ DMSO-d,
€ f /Hic Solvent-water'l
I
HDDH g '\1 :!
| I
-\ |
? | ! .
b d oot | | [
-M—.JK__JL._J __J»L_/’ I“';l\-—a R N/ - -
Figure 6.19: "H-NMR (400 MHz, DMSO-d;) spectra of 6.1a.
Synthesis of 6.2a:

Similar to compound 6.1a, 4-quinoline-2, 6-dimethyl-bis-phenol (2a) was prepared by reported
procedure. Yield ~ 80 %. 'H-NMR (400 MHz, DMSO-de): 2.06 (s, 12H), 6.04(s, 1H). 6.64 (s,
4H), 6.91(d, J=4.4 Hz, 1H), 7.51(t, /= 8 Hz, 1H), 7.68(t, J= 8 Hz, 1H), 7.99 (d, J = 8 Hz, 1H),
8.05 (d, /= 8.8Hz, 1H), 8.13 (s, 2H), 8.78 (d, J = 4.4 Hz, 1H). ESI mass: [M-H] Calculated for
C26H24NO; 381.4663; found 328.0075 381.8339.
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Figure 6.20: '"H-NMR (400 MHz, DMSO-d;) spectra of 6.2a.

Synthesis of 6.1:

2-Bromo-N-(quinolin-8-yl)acetamide (1.06 g, 4 mmol), bis-phenol 6.1a (0.67 g, 2 mmol) and
anhydrous potassium carbonate (1.11 g, 8 mmol) were added to dry acetone (20 mL) in nitrogen
atmosphere and the reaction mixture was stirred at 60 °C for 10 h. (Progress of the reaction was
monitored at regular intervals using TLC). After completion of the reaction, solvent was
removed under reduced pressure to obtain a pale yellow solid. Solid was washed with dilute
sodium hydroxide solution (5%), and water; then extracted with dichloromethane. Subsequent
removal of solvent and purification by chromatography (silica gel; hexane/ethyl acetate 3:2) gave
compound 6.1. The solid crude product was crystallized from methanol/DMF (4:6) solvent
mixture. Yield ~ 60 %. Melting point: 183 °C. IR (cm™): 3360 (s), 3339 (s), 2924 (m), 1638 (s),
1598 (m), 1539 (s), 1505 (s), 1425 (m), 1384 (m), 1326 (m), 1237 (s), 1217 (m), 1174 (m), 1055
(m), 826 (m), 786 (m), 754 (m), 603 (m), 513 (w).'H-NMR (600 MHz, DMSO-de): 10.71(s, 2H),
8.90 (dd, J= 0.8 Hz, 2H), 8.77 (d, J = 3.2 Hz, 1H), 8.67 (d, J = 5.6 Hz, 2H), 8.42 (dd, ] = 0.8 Hz,
2H), 8.09 (d, J =5.6 Hz, 1H), 8.02 (d, J = 6.0 Hz, 1H), 7.71 (m, 3H), 7.65 (d, J=2.8 Hz, 2H), 7.61
(t, J=5.2 Hz, 2H), 7.50 (t, J = 5.6 Hz, 1H), 7.12 (m, 8H), 6.86 (d, J = 3.2 Hz, 1H), 6.40 (s, 1H)
4.86 (s, 4H). "C-NMR (600 MHz, DMSO-de): 166.84, 156.56, 150.38, 149.91, 148.82, 139.01,
136.44, 136.25, 133.90, 130.47, 129.25, 128.21, 127.46, 126.93, 124.35, 122.48, 122.13, 121.92,
117.05, 115.63, 68.47, 51.37. ESI mass: [M + H] calculated for C44H34N504 696.7719; found
696.2676.
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Figure 6.21: FT-IR (KBr, cm™) spectra of 6.1.
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Figure 6.22: "H-NMR (600 MHz, DMSO-dg) spectra of 6.1.

I. H“I‘ i ‘ I

T T T T T T T T T e L T T 1
1;101;01701901501411110121111010-0“30Toiusn-w:nzﬂ ppm

Figure 6.23: *C-NMR (600 MHz, DMSO-d¢) spectra of 6.1.
Synthesis of 6.2:
Compound 6.2 was synthesized by a similar procedure as for 6.1 where 6.2a was used instead of
6.1a. The compound 6.2 was obtained as solid crude product with a yield ~ 40 %. Melting point:
157 °C. IR (cm™): 3328 (s), 2922 (s), 2852 (m), 1676 (s), 1591(m), 1536 (s), 1483 (s), 1425 (m),
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1384 (m), 1323 (m), 1203 (s), 1145 (s), 1047 (m), 952 (w), 824 (m), 791(m), 748 (m), 663 (W),
595 (w), 555 (w), 506 (w). '"H-NMR (600 MHz, DMSO-dy): 11.23 (s, 2H), 8.86 (t, J = 3.6 Hz,
3H), 8.83 (d, J=1.2 Hz, 2H), 8.18 (d, J =1.2 Hz, 1H), 8.17 (dd, J =1.2 Hz, 2H), 8.00 (d, J = 8.4
Hz, 1H), 7.70 (t, J = 6.0 Hz, 1H), 7.58 (m, 3H), 7.51 (t, J = 6.0 Hz, 1H), 7.47 (q, J = 4.2 Hz, 2H),
7.26 (s,1H), 6.98 (t, J = 4.2 Hz, 1H), 6.81 (s, 4H), 6.09 (s, 1H), 4.56 (s, 4H) 2.35 (s, 12H). °C-
NMR (600 MHz, CDCls): 167.43, 153..92, 150.43, 148.83, 139.12, 183.64, 136.41, 134.13,
131.27,130.41, 130.24, 129.28, 128.27, 127.53, 127.47, 127.02, 124.37, 122.42, 122.28, 121.91,
117.03, 71.44, 51.84, 29.91, 16.99. ESI mass: [M + H] calculated for C4sH4N5O4 752.8782;
found 752.3273.
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Figure 6.25: "H-NMR (600 MHz, CDCl;) spectra of 6.2,
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Figure 6.26: >C-NMR (600 MHz, CDCl;) spectra of 6.2.
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Conclusion

The products from various reactions between zinc chloride and 8-hydroxyquinoline in 1:1 molar
ratio in different solvents were guided by the solvent. The different solvates of tetranuclear zinc-
oxyquinolate complexes, hydroxyquinolium tetrachlorozincate complex and zinc oxyquinolate
molecular complex could be prepared by changing the solvent have shown the sensitivity of
formation of products on reaction conditions. The tetranuclear zinc-oxyquinolate complexes
showed reversible absorption of atmospheric moisture on standing at room temperature which
are reflected on the changes in the color of these metal complexes. A composite material of zinc
oxide within the matrix of metal complex was prepared by taking the advantage hydrolytic
instability of zinc chloride in the presence of hydroxyquinoline. A unique example of a
molecular complex of two mono nuclear zinc-oxyquinolate complexes in 3-methylpyridine
having metal centers with different coordination environments is unearthed. Tetranuclear cobalt
(IT) and manganese (II) complexes are used as building blocks to construct their respective
decanuclear metal clusters by trapping carbonate ions formed in situ. Thus, this reaction provides
avenue to construct new clusters. Tetranuclear cobalt (II) complex as well as decanuclear clusters
of cobalt (II) and manganese (II) showed strong anti-ferromagnetic property, which opens

possibilities for synthesis of new magnetic materials with analogous ligands.

Electron deficiency in the protonated nitroso derivative of 8-hydroxyquinoline helped to place
the counter anions at suitable positions to show anion-w interactions. In all the salts perching type
of anion-m interactions were observed; where the cations and anions were placed in alternate
positions. The nitrate anion was observed to occupy oblique with respect to cation, which is a
rare example. The anion-m interaction between nitrate and quinolinium ion showed exceptionally
shorter distance compared to the conventional anion-n distances. These salts remain as strong ion
pairs in solution. Thus, anion-r interactions are too weak to make distinctions in binding
constants due to large electrostatic interactions contributing to the salts in solutions.

The deprotonation of oxime moiety present in the quinoline derivative by fluoride anion visually
distinguished it from other analogous anions in slightly acidic pH. However, the acetate ions
were found to interfere in the detection fluoride ions as it decreases the fluorescence intensity of

the compound. Sharp enhancement in the fluorescence intensity of the 8-hydroxyquinoline
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derivative on complexation with zinc ion enabled selective detection of zinc ion over other metal
ions. The difference in the colors of the parent compound from the host-guest complex with
fluoride salt or the zinc complex enabled detection of fluoride anion or zinc ion in solution as

well as in solid state.

Taking advantage of possible partial bond rotation across the amide bond of 8-aminoquinoline
derivative, four conformational polymorphs were prepared by crystallization from solutions in
different solvents. Highly ordered structures were observed in each case, comprising of
molecules with different orientations. The monotropic relationship between the three polymorphs
was established by differential scanning calorimetry analysis. The dihedral angles of aromatic
plane across the amide bond of the protonated 8-aminoquinoline derivative were dependent on
the size and shape of the counter anions.

The formation of salt or co-crystal in various combinations of aminoquinolines and
hydroxyaromatic carboxylic acids were determined by the differences in pKa values of the
partner compounds. In hydrated salt, the anionic assemblies were observed to be assisted by
water molecules. A channel like structure was observed in the salt of gallic acid with 5-
aminoquinoline. The salts and cocrystal formation enhanced the antimalarial activities over their
respective individual parent compounds. Enhanced activity could be attributed to the increase in
hydrophilicity of these salts and adducts through proton sharing or proton transfer between the
two counterparts. The covalently linked simple amide derivatives of aminoquinolines were not
potent. Moreover, antimalarial actions on the parasites by the salt of 5-aminoquinoline with
gallic acid was comparable with safety profile to chloroquine and independent of iron chelation
as well as haemozoin formation.

The aggregates formed between a tri-quinoline based receptors with or without zinc ions showed
novel and unprecedented fluorescence emission properties. Presence or absence of substituent on
the aromatic ring of the connecting part of a particular #ri-quinoline receptor exhibited either
single or dual fluorescence at different concentrations of zinc ions. Masking effect of
fluorescence emission by Cu®" ions have been suppressed in one of the #ri-quinoline receptor
having methyl groups in the bis-phenolate moiety, enabling reversible modulation of the
fluorescence intensities by sequential addition of Cu®" and Zn®" ions and vice versa. The ability

of substituent to modulate the emission properties of the receptors in presence of zinc ions to
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show dual fluorescence makes new avenue to explore similar systems and utilize them as optical
materials. 7ri-quinoline based receptor showing a Stokes shift of a value higher than 200 nm and
fluorescence emission spreading over a wide range of visible spectra at intermittent

concentration of zinc ions requires definite attention to make new optical materials.
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Appendix

Details of the analytical instruments:

X-Ray Crystallography:

X-ray diffraction data were collected on Bruker 3-circle diffractometers with CCD area detectors
ProteumM APEX or SMART 6000 or Bruker Nonius Apex 2, using graphite-monochromated
Mo-Ka radiation (A = 0.71073 A) from a 60W microfocus Bede Microsource® with glass
polycapillary optics or a sealed tube.

X-ray diffraction data for crystals were collected using Bruker SMART software. This software
was also used for indexing and determination of the unit cell parameters. Some of the crystal
diffraction data were collected on Oxford SuperNova diffractometer. Data refinement and cell
reductions were carried out by CrysAlisPro. The structures were solved by direct methods and
refined by full-matrix least squares against F~ of all data, using SHELXTL software. The CIF of
all the compounds synthesized and characterized are included in the soft copy.

All non-H atom were refined by full-matrix least squares in anisotropic, all H atoms in isotropic
approximation, against F~ of all reflections. All non-H atoms were refined by full-matrix least
squares in the anisotropic approximation and the hydrogen atoms attached to these atoms were
treated as ‘riding’ in calculated positions and in some of the cases the hydrogen atoms have been
located on the difference Fourier maps. In all cases the hydrogen atoms attached to polar atoms
such as O and N were located on the difference Fourier maps and refined in the final structure in
isotropic approximation. The crystallographic tables for all the compounds are given at the end
of this section, which includes the crystal parameters and the refinement factors.

Powder X-ray diffraction (XRD) patterns were recorded out on a Bruker D8 Advance (Germany)
diffractometer with Cu Ka (1.542 A) radiations operated at 40 kV and 40 mA on a glass surface

of an air-dried sample.
IR Spectroscopy, UV-visible Spectroscopy and Fluorescence Spectroscopy:

IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer with KBr pallet

in the range 4000-400 cm-1. UV-Vis spectra data were recorded using Perkin-Elmer Lambda
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750 UV-Vis spectrophotometer. Fluorescence emission spectra were recorded on a Horiba Jobin

Yvon Fluoromax-4 spectrofluorimeter.

NMR Spectroscopy
The NMR spectra were recorded in a Bruker 400 MHz spectrometer and Oxford 600 MHz NMR
spectrometer. The chemical shifts in the NMR spectra are all given in ppm and tetramethylsilane

as the internal standard.

Differential scanning calorimetry and Thermogravimetric study:

Differential scanning calorimetry (DSC) were performed on a TA Instruments Q20 differential
scanning calorimeter and SDT Q600 analyzer under nitrogen atmosphere from 35 to 350°C with
a heating rate of 10°C. The thermogravimetric studies were carried out using a Mettlar Teledo

TGA/STDA 851 thermal analyzer and also with TA instrument with model no. SDT Q600.

EPR spectroscopy, Surface analysis and Hot stage microscope:

Solid state X band electron paramagnetic resonance spectrum was recorded on a JES-FA200
ESR spectrometer and DPPH was used as internal standard. The surface analysis was carried out
by using a Quantachrome, Model: Autosorb-IQ MP surface analyser. An optical microscope
(BX-51, Olympus, Japan) equipped with a CCD camera (XC10) was used to take images of the
crystal morphology.

Isothemal calorimetry and mass spectroscopy:
Thermodynamic parameters of the binding constants were determined by iTC 200
Microcalorimeter at 20 °C. ESI-mass spectra were recorded on a micro mass Q-TOF (Waters)

mass spectrometer using acetonitrile / formic acid matrix.
DFT calculation:

Energy level calculations were carried out using the hybrid B3LYP functional under the density

functional theory framework with the Gaussian 04 program package.
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Bond parameters of complex 2.4

Bond Length (A) Bond angle Angle (°)
Znl1-Brl 2.43(7) Br1-Znl1-0O1 108.23(7)
Znl1-01 2.01(4) Br1-Zn1-02 106.31(7)
Zn1-02 2.28(2) Zn1-02-Zn2a 171.71(7)
Zn1-03 2.01(3) Br1-Zn1-03 106.45(13)
Znl-N3 2.12(4) Brl-Zn1-N3 97.20(9)
Zn2-01 2.10(2) Zn1-03-Zn2 96.36(9)
Zn2-03 2.13(3) Zn1-03-Zn2a 97.27(10)
Zn2-N1 2.07(4) Zn2-03-Zn2a 100.16(11)

Crystallographic data and refinement parameters for the compounds:

Compound No. 2.1 2.2 2.3 2.4
Formulae Cgo HsoC1,NgOgZn, C¢;Hs54C1LNgOgZny CsgHu3C1NOgS,Zny CgoHsoBroNgOgZny
Mol. wt. 1343.46 1371.51 1353.52 1432.38
CCDC No 960180 960179 960181 960177
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1 P-1
Temperature (K) 296 (2) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a4 11.4278(7) 11.2931(7) 11.5945(6) 11.3662(7)
b A) 12.5311(6) 12.6163(8) 12.4479(9) 12.5613(8)
c(d) 12.6744(7) 12.7410(7) 12.5482(10) 12.6119(8)
a (°) 101.688(4) 102.346(5) 99.560(7) 101.500(5
B 110.189(5) 111.205(5) 114.464(7) 109.660(6)
vy (©) 112.178(5) 109.004(5) 109.975(6) 111.242(6)
V(A% 1457.18(14) 1482.62(15) 1445.71(18) 1470.82(16)
V4 1 1 1 1
Density/gem™ 1.531 1.536 1.555 1.617
Abs. Coeff. /mm™ 1.780 1.751 1.863 3.031
Abs. correction Multi-scan None Multi-scan Multi-scan
F(000) 684 700 688 720
Total no. of reflections 5259 5364 5231 5323
Reflections, 7 > 20(I) 4012 4054 3572 3993
Max. 26 (°) 50.50 50.50 50.50 50.50
-13<h<13 -13<h<13 -13<h<13 -13<h<13
Ranges (h, k, 1) -15<k<11 -15<k<15 -14<k<14 -15< k<14
-15<1<15 -15<1<15 -15<1<15 -15<1<13
Completeness to 20 (%) 0.999 0.999 0.999 0.999
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Data/ Restraints / Parameters 5259/0/372 5364 /32 /382 5231/0/363 5323/0/372
Goof (F?) 1.035 1.034 1.049 1.028
R indices [ > 20(1)] 0.0422 0.0548 0.0615 0.0421
R indices (all data) 0.0610 0.0751 0.0936 0.0638
Compound No. 2.5 2.6 2.7 2.10
Formulae C3H;4CLLN,0,Zn C75HggN1909Zn; Cs4 H3CNgO14Coy C121HgsN ;5047 5C0y9
Mol. wt. 499.50 1485.53 1171.51 2787.41
CCDC No 960182 960178 1025061 1022853
Crystal system Monoclinic Monoclinic Monoclinic Cubic
Space group C2/c P2/c P2i/n Pa-3
Temperature (K) 296(2) 296(2) 296(2) 296(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a (A) 15.2315(10) 22.9887(12) 11.0742(4) 28.1201(4)
b(A) 8.1375(9) 8.3971(4) 13.6865(5) 28.1201(4)
c(d) 16.742(2) 18.0997(8) 17.0032(7) 28.1201(4)
a (°) 90.00 90.00 90.00 90.00
B (® 91.413(9) 93.958(4) 105.997(3) 90.00
vy (©) 90.00 90.00 90.00 90.00
V (A% 2074.5(4) 3485.6(3) 2477.33(16) 22235.7(6)
V4 4 2 2 8
Density/gem™ 1.599 1.415 1.742 1.665
Abs. Coeff. /mm™ 1.715 1.091 1.503 1.538
Abs. correction Multi-scan None Multi-scan Multi-scan
F(000) 1008 1536 1312 11320
Total no. of reflections 1870 6301 4992 7035
Reflections, 1 > 20(1) 1126 4013 3194 4024
Max. 26 (°) 50.48 50.50 52.74 51.31
-18<h<9 -27<h<27 -13<h<13 -34<h<34
Ranges (h, k, 1) -9<k<9 -10<k<7 -17<k<17 -34<k<34
-20<1<8 -21<1<20 21<1<21 -34<1<34
Completeness to 20 (%) 0.992 0.998 0.986 0.998
Data/ Restraints / Parameters 1870/0/128 6301/7/467 4992 /384 /409 7035/62 /486
Goof (F?) 1.043 1.052 1.048 1.067
R indices [1 > 20(1)] 0.0413 0.0647 0.0521 0.0679
R indices (all data) 0.0663 0.1058 0.0942 0.1348
Compound No. 2.11 3.2 3.3 34
Formulae C121Hg4N150,7 sMny CyH;N,0,Cl1 CyH;N,0,Br CsH14N,OCl,
Mol. wt. 2747.51 210.62 255.08 565.23
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CCDC No 1022854 914800 914799 914803
Crystal system Cubic Monoclinic Monoclinic Monoclinic
Space group Pa-3 P2;/m P2;/m C2/c
Temperature (K) 296(2) 296(2) 296(2) 296(2)
Wavelength (&) 0.71073 0.71073 0.71073 0.71073
a (4 28.2948(3) 7.7196(4) 7.7467(8) 14.2720(9)
b A) 28.2948(3) 6.5230(3) 6.7200(9) 7.3529(3)
c(d) 28.2948(3) 9.1079(5) 9.2752(10) 21.2213(12)
a (°) 90.00 90.00 90.00 90.00
B (°) 90.00 96.577(3) 94.889(8) 96.845(4)
e) 90.00 90.00 90.00 90.00
V (A% 22652.7(7) 455.61(4) 481.09(10) 2211.1(2)
Z 8 2 2 4
Density/gem™ 1.611 1.535 1.761 1.698
Abs. Coeff. /mm™ 1.160 0.391 4.245 0.375
Abs. correction Multi-scan None Multi-scan Multi-scan
F(000) 11160 216 252 1152
Total no. of reflections 7709 890 894 1996
Reflections, 7 > 20(1) 3366 784 704 1816
Max. 20 (°) 52.72 50.46 49.46 50.50
-35<h<35 8<h<9 9<h<9 -17<h<17
Ranges (h, k, I) -35<k<35 -7<k<7 -7<k<7 -8<k<8
-35<1< 35 -10<1<10 -10<1<10 -24<1<25
Completeness to 20 (%) 0.998 0.994 0.999 0.996
Data/ Restraints / Parameters 7709 /59 /486 890/0/85 894 /0/85 1996 /0/182
Goof (F%) 1.025 1.023 1.039 1.046
R indices [/ > 20(1)] 0.0844 0. 0380 0.0552 0.0870
R indices (all data) 0.1927 0. 0415 0.0708 0.0919
Compound No. 3.5 3.6 3.7 3.9
Formulae CoH7N305 CyHgN;03 CgH7N3;04 CsoHgoFaNgO,
Mol. wt. 237.18 207.19 209.17 917.22
CCDC No 914801 944122 944121 1024294
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2/c P2/c P2,/c
Temperature (K) 296(2) 296(2) 296(2) 296(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a4 10.1679(3) 9.0298(8) 5.2491(4) 22.5699(14)
b () 6.8254(2) 4.9832(7) 10.7683(7) 9.4519(7)
c(d) 14.2890(5) 20.8468(19) 16.3714(18) 26.9700(17)
a (°) 90.00 90.00 90.00 90.00
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B
v ()
V (A%

Z
Density/gem™
Abs. Coeff. /mm™
Abs. correction
F(000)

Total no. of reflections
Reflections, > 20(I)
Max. 26 (°)

Ranges (h, k, I)

Completeness to 20 (%)

Data/ Restraints / Parameters

95.034(2)
90.00
987.83(5)
4
1.595
0.133
None
488
1785

1592
50.48
-12<h<12
-8< k <8
-17<1<17
1.000

1785/0/ 155

93.080(9)
90.00
936.70(17)
4
1.469
0.113
None
432
1673
939
50.48
-10< h<6
3<k <5
21<1<25
0.991

1673/0/ 172

95.572(9)
90.00
921.01(14)
4
1.508
0.124
None
432
1664
1145
50.48
-6< h <6
-12<k <12
-9 < 112
0.998

1664 /0 /140

104.307(3)
90.00
5575.0(6)
4
1.093
0.077
Multi-scan
1992
9788

5598
50.00
-26<h < 26
-11 <k <11
-32<1<32
0.998

9788 /3 /583

Goof (F?) 1.065 1.140 0.917 1.351
R indices [1> 2a(1)] 0.0426 0.0508 0.0420 0.0933
R indices (all data) 0.5 0.1027 0.0667 0.2050
Compound No. 3.10 Polymorph VII Polymorph VIII Polymorph IX
Formulae CigH14N4,O6Zn Ci6H N304 Ci6H11N;05 Ci6H1N303
Mol. wt. 447.70 293.28 293.28 293.28
CCDC No 983710 902577 902578 902579
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P-1 P2,/c P2,/c Cc
Temperature (K) 296(2) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a(4) 7.2755(9) 7.5561(8) 10.2024(10) 3.8313(3)
b (4 7.9392(9) 25.171(3) 13.3545(12) 14.6334(7)
c(d) 8.4103(9) 7.1509(8) 12.6962(13) 23.5223(13)
a (°) 74.394(10) 90.00 90.00 90.00
B (® 64.840(11) 99.671(7) 128.364(6) 90.851(6)
vy (©) 87.012(10) 90.00 90.00 90.00
Vv (A% 422.41(8) 1340.7(2) 1356.3(2) 1318.63(14)
Z 1 4 4 4
Density/gem™ 1.760 1.453 1.436 1.477
Abs. Coeff. /mm™ 1.503 0.104 0.102 0.105
Abs. correction Multi-scan None None None
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F(000) 228 608 608 608
Total no. of reflections 1533 2304 2342 1615
Reflections, 7 > 20(I) 1297 1128 1209 1457
Max. 26 (°) 50.50 50.00 50.00 50.00
8<h <38 8<h <38 -12<h<1l1 -4<h<4
Ranges (h, k, 1) $<k<9 29 <k <27 -15<k<15 -15<k<16
8<1<10 8<1<8 -23<1<24 -27<1<25
Completeness to 20 (%) 0.998 0.975 0.988 0.998
Data/ Restraints / Parameters 2304 /0/199 2304 /0/199 2342 /0/199 1615/2/199
Goof (F?) 0.924 1.027 1.024 1.029
R indices [/ > 20(1)] 0.0417 0.0542 0.0461 0.0427
R indices (all data) 0.0539 0.1247 0.1148 0.0474
Compound No. 4.3 Polymorph X Polymorph XI 4.5
Formulae Ci6H1N303 CyoH sN,04 CyoH3sN,04 CsH7N;0,S
Mol. wt. 293.28 350.36 350.36 419.41
CCDC No 1417843 1417845 1417844 902580
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group P2, P2;/n P-1 P-1
Temperature (K) 296 (2) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a(4) 7.5262(6) 10.1836(13) 7.8618(6) 7.550(3)
bA) 23.9065(19) 15.7803(16) 8.3966(7) 10.677(3)
c(d) 7.5360(5) 10.9900(14) 13.2455(11) 12.235(5)
a (°) 90.00 90.00 88.121(5) 107.628(16)
B (® 91.955(5) 99.124(14) 89.539(5) 95.921(19)
vy (©) 90.00 90.00 85.062(5) 94.540(11)
Vv (A% 1355.13(18) 1743.8(4) 870.64(12) 928.6(6)
Z 4 4 2 2
Density/gem™ 1.438 1.335 1.336 1.500
Abs. Coeff. /mm™ 0.102 0.094 0.094 0.223
Abs. correction None None None None
F(000) 608 736 368 436
Total no. of reflections 4851 3151 3011 3289
Reflections, 1 > 20(1) 2791 1896 2279 2433
Max. 26 (°) 50.48 50.50 50.00 50.48
9<h <9 -12<h<l1 -9<h<9 -8<h<9
Ranges (h, k, 1) -28< k <28 -18<k<18 -9<k<9 -12<k<12
9<1<9 -13<1<13 -15<1<15 9<I<14
Completeness to 20 (%) 1.000 0.998 0.982 0.983
196

TH-1453 10612201



Data/ Restraints / Parameters

4851/1/397 3151/1/240 3011/3/236 3289/0/263
Goof (F?) 1.022 1.128 1.070 1.100
R indices [1 > 20(1)] 0.0484 0.1628 0.1872 0.0452
R indices (all data) 0.1192 0.1896 0.2046 0.0553
Compound No. 4.6 4.7 5.1 5.2
Formulae C,6H2N;05Br C,6H2N,O4 C6H6N,O4 C3,H30N,O4
Mol. wt. 374.20 356.30 300.31 582.60
CCDC No 902576 956990 842527 842528
Crystal system Triclinic Triclinic Orthorhombic Monoclinic
Space group P-1 P-1 P2,2,2, P2/
Temperature (K) 296 (2) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a4 4.0181(6) 3.7660(3) 10.8806(14) 22.106(3)
b A) 13.900(2) 14.0013(13) 19.061(2) 7.0550(8)
c(d) 15.185(2) 16.2728(15) 6.9842(9) 21.103(2)
a (°) 93.052(8) 94.951(7) 90.00 90.00
B () 90.676(8) 92.379(7) 90.00 118.030(6)
vy (©) 93.453(8) 92.182(7) 90.00 90.00
V(A% 845.3(2) 853.37(13) 1448.5(3) 2905.1(6)
V4 2 2 4 4
Density/gem™ 1.470 1.387 1.377 1.332
Abs. Coeff. /mm™ 2.448 0.109 0.100 0.095
Abs. correction Multi-scan None None None
F(000) 376 368 632 1216
Total no. of reflections 2985 3014 1795 5044
Reflections, I > 20(I) 1438 1799 1518 3281
Max. 26 (°) 50.48 50.00 44.08 50.00
-4<h<4 -4<h<4 -12<h<12 -26< h <25
Ranges (h, k, 1) -15<k<13 -16<k<16 -22<k<22 < k<8
-16<1<16 -19<1<19 -8<1<8 23 <1< 24
Completeness to 20 (%) 0.975 0.998 1.000 98.100
Data/ Restraints / Parameters 2985/0/208 3014/0/243 1795 /0/212 5044 /0/390
Goof (F?) 1.102 1.073 1.052 1.165
R indices [1 > 20(1)] 0.0741 0.0753 0.0340 0.0836
R indices (all data) 0.1428 0.1202 0.0464 0.1176
Compound No. 53 5.4 5.5 5.6
Formulae Ci6H14N,O; C4sH4oN3Oyy Ci6H14N,Os CyoH 6N,O;
Mol. wt. 282.29 1114.90 314.29 332.35

TH-1453 10612201

197



CCDC No 843764 843765 842526 870032
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c P2,/n
Temperature (K) 296 (2) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
a (4 13.602(4) 10.5148(4) 4.6357(4) 11.5532(10)
b A) 8.503(2) 10.7588(4) 23.366(2) 10.7257(8)
c(d) 13.366(3) 22.1402(9) 13.4953(12) 13.8662(10)
a (°) 90.00 90.00 90.00 90.00
B 116.823(8) 102.719(2) 99.715(6) 110.941(5)
vy (©) 90.00 90.00 90.00 90.00
V (A% 1379.6(6) 2443.19(16) 1440.8(2) 1604.8(2)
Z 4 2 4 4
Density/gem™ 1.359 1.516 1.449 1.376
Abs. Coeff. /mm™ 0.096 0.124 0.110 0.094
Abs. correction None None Multi scan None
F(000) 592 1156 656 696
Total no. of reflections 2667 5944 3566 16063
Reflections, 7> 20(I) 1120 4657 1562 1020
Max. 20 (°) 52.00 56.76 56.70 55.00
-16<h<16 -13<h<13 -6<h<5 -13<h<13
Ranges (h, k, 1) -10<k<10 -14<k<14 -28 <k <30 -12<k<12
-l6<1<16 -29<1<28 -16<1<16 -16<1<16
Completeness to 20 (%) 0.981 0.970 0.994 1.000
Data/ Restraints / Parameters 2667 /0/190 5944 /3 /420 3566/0/212 2899 /2/239
Goof (F?) 0.934 1.455 0.939 0.921
R indices [/ > 20(1)] 0.0651 0.1577 0.0626 0.0476
R indices (all data) 0.1380 0.1416 0.1637 0.2038
Compound No. 5.7 6.1 6.2
Formulae Cy0H;6N,04 Cy44H33N50, Cyg HyN5Os5
Mol. wt. 332.35 695.75 767.86
CCDC No. 870031 1045039 1045040
Crystal system Monoclinic Triclinic Triclinic
Space group P2, P-1 P-1
Temperature (K) 296 (2) 296 (2) 296 (2)
Wavelength (A) 0.71073 0.71073 0.71073
a4 7.7707(9) 7.7358(9) 10.332(3)
b A) 22.233(3) 12.270(2) 11.304(3)
c(d) 9.2354(11) 18.895(3) 20.260(13)
a (°) 90.00 102.694(12) 103.43(4)
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B (® 90.105(7) 90.092(10) 102.41(4)

Y (©) 90.00 99.123(9) 95.43(2)
V (A% 1595.6(3) 1726.4(4) 2221.7(16)
Z 4 2 2
Density/gem™ 1.384 1.338 1.148
Abs. Coeff. /mm™ 0.094 0.087 0.075
Abs. correction None Multi-scan None
F(000) 696 728 808
Total no. of reflections 5051 6246 8052
Reflections, > 20(I) 3499 2693 2955
Max. 20 (°) 50.50 50.50 50.50
-9<h<9 -9<h<9 -12<h<12
Ranges (h, k, 1) -26 <k<26 -14<k<14 -13<k<13
-11<1<10 -22<1<22 -21<1<24
Completeness to 20 (%) 0.940 0.999 0.998
Data/ Restraints / Parameters 5051 /1/455 6246 /0/ 478 8052/0/515
Goof (F%) 1.266 1.676 1.283
R indices [/ > 20(1)] 0.1305 0.2525 0.1225
R indices (all data) 0.1532 0.3420 0.2376
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