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ABSTRACT

This PhD Thesis, entitled, “Synthesis, Structural Characterization by X-Ray
Diffractometry and Biological Studies of Some Nitrogenous Compounds and Their Correlations
with Computational Modelling’, deals with the synthesis, characterization, molecular structure
determination and computational modeling of some structurally interesting nitrogenous organic
compounds along with their coordination compounds. Both, ligands and their complexes have
been exposed to molecular docking on some biomolecules and were tested for possible anti-fungal,
anti-bacterial, anti-cancer and anti-oxidant in vitro applications.

The contemporary research on the correlation of empirical molecular structural studies by
XRD and those obtained from advanced computational modeling, is highlighted with examples is
presented in Chapter | of the Thesis. The Chapter concludes with the Scope and objectives.

Chapter 11 is titled as ‘Materials and Methods’ and it describes the procedures of the
synthesis and characterization of compounds studied along with the details of characterization by
various wet, spectral and other instrumental methods. It also briefly introduces the current
computational chemistry procedures.

In Chapter I1I, entitled, Spectral, Electrochemical, Molecular Modelling, Protein
Docking and Biological Activity Studies of Fluoxetine Dithiocarbamate (FLXDTC) and Its
Bivalent Metal Complexes, | have presented the details of investigations of the title compounds.
The studies indicate the formation M(FLXDTC)2 type complexes [M = Zn(ll), Cd(ll), Co(ll),
Ni(Il), Mn(I1) and Cu(ll)]. The antimicrobial, antioxidant, antifungal, anti-malarial and antitumor
capabilities have been tested for both FLXDTC and M(FLXDTC)2 complexes.

Chapter IV of the Thesis is entitled, Synthesis and Spectral, Electrochemical, Single
Crystal X-Ray Diffractometric, Computational Chemistry and Biological Studies of
1-(((3-Fluoro-4-morpholinophenyl)-imino)methyl)-napthalen-2-ol ~ (FMIMN) and Its
Bivalent Metal Complexes. The characterization of the FMIMN, and it metal complexes besides
the single crystal X-ray diffraction studies are discussed It is found that FMIMN crystallizes in
the P2y» monoclinic space group. The comparison of experimental XRD crystal data of FMIMN
with those evaluated by computational analysis from fully optimized semi empirical AM1
calculations by MOPAC, MM2 and DFT/B3LYP calculations is presented and discussed. An
excellent agreement of the computationally evaluated data with the empirical data obtained by
single crystal XRD data was found. Biological docking studies and the antimicrobial, antifungal,
anticancer and anti-oxidant biological activity studies of FMIMN ligand and its metal complexes
are also presented. Zn(FMIMN)2 was found to show a better antimicrobial activity while
Cd(FMIMN)2 a promising anticancer activity.

Chapter V is titled as, Synthesis, Characterization and Single Crystal X-Ray
Diffractometric, Computational Chemistry and Biological Studies of a Pair of Phenyl




Quinolinium Salts. The two are FMPC and FMMC salts. Both FMPC and FMMC crystallize
in their centrosymmetric monoclinic P21 Space groups. The crystal structure analysis data and
molecular modelling studies on the platforms of AM1, MM2 and B3LYP calculations and the data
have been found to be in excellent agreement with the single crystal XRD data. These new
heterocyclic compounds exhibit certain level of anti-cancer property.

In Chapter VI, entitled, Spectral Characterization, and Single Crystal X-Ray
Diffractometric, Computational and Biological Studies of Mono- and Di-Aza Derivatives of
a Pair of Malonaldehydes, the studies of 4 distinct compounds have been described.

Single crystals could be generated only for FMAPA and FFMMMC. FMAPA crystallizes
in a centrosymmetric monoclinic P21/c space group but with four molecules in one-unit cell
whereas FFMMMC crystallizes in a centrosymmetric triclinic P-; space group with only two
molecules in a one-unit cell. The XRD molecular structural data of FMAPA and FFMPMC
obtained through single crystal XRD studies have been compared with the molecular modelled
structural of all the four compounds in this Chapter. Finally, this Chapter presents briefly the
biological applications of the title compounds.

In the last, Chapter VII, entitled, Synthesis and Spectral, Electrochemical,
Computational and Biological Studies of 2,2'-(((1E,3E)-2-Phenylpropane-1,3-diylidene)-bis-
(azaneylylidene))-dibenzoic Acid (PDBAD) and Its Bivalent Metal Complexes
[M(PDBAD)Xz], the studies of PDBAD, and [M(PDBAD)X>] are presented.

Vi
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Figure 3A.28 | (a) Cyclic voltammogram of Cu(FLXDTC)2 (5x10° M) in acetone 88

at different scan rates (b) Effect of scan rate on the anodic current
of Cu(FLXDTC)2
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Figure 3A.29 | Plot of scan rate-dependent E, vs log i for Cu(FLXDTC): 89
Figure 3A.30 | (@) Cyclic voltammograms of Co(FLXDTC). in Acetone at 89
different concentrations (b) Variation of anodic currents of
Co(FLXDTC)2 with respect to concentration
Figure 3A.31 | (a) Cyclic voltammogram of 5x10* M Co(FLXDTC)2 (5x107° M) 89
in acetone at different scan rates (b) Effect of scan rate on the
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Figure 3B.10 | Double dihedral torsional energy Surfer plot of FLXDTC over 93
C19-C20 (on axis shown in red) and C20-N21 (on axis shown in
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Figure 3B.11 | Double dihedral torsional energy Grapher plot of FLXDTC over 94
C19-C20 (on axis shown in blue) and C20-N21 (on axis shown in
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HOMO and LUMO molecular orbitals of FLXDTC in wire mesh
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Figure 6A.10 | Unit cell of FMAPA seen along crystallographic (a) a-axis (b) b- 217
axis (c) c-axis
Figure 6A.11 | MM2-energy-minimized structure of FMAPA (keto form) with 221
numbered atoms
Figure 6A.12 | Anaglyph structure of FMAPA (enamine form) obtained from 222
ChemDrawPro
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ChemDrawPro
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form) over C19-C20 (on axis shown in red) and C20-N21 (on axis
shown in blue) bonds (Refer Figure 6A.11 for numbering of the
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Figure 6A.23 | Double dihedral torsional energy Surfer plot of FMAPA (keto 225
form) over C6-C7 (on axis shown in blue) and C7-C8 (on axis
shown in red) bonds (Refer Figure 6A.11 for numbering of the
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Figure 6A.25 | Double dihedral torsional energy Surfer plot of FMAPA (keto 226
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Figure 6A.28 | Double dihedral torsional energy Grapher plot of FMAPA (keto 227
form) over C8-C7 (on axis shown in blue) and C7-C10 (on axis
shown in red) bonds (Refer Figure 6A.11 for numbering of the
atoms)

Figure 6A.29 | HOMO and LUMO orbitals of FMAPA obtained from different 236
modelling platforms

Figure 6A.30 | Hirshfeld dnorm surface of FMAPA showing intermolecular 237
hydrogen bonding interactions

Figure 6A.31 | Hirshfeld finger print plots of FMAPA 237
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Figure 6A.33 | Hirshfeld surface maps of FMAPA represented by modes 238

Figure 6A.34 | Pair-wise intermolecular interactions in FMAPA (viewed along the 239
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Figure 6A.36 | Molecular docking interactions of FMAPA and FMAMC with 242
EGFR-TK protein; (a) 3D depiction of ligand-receptor binding
interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 6B.9 X-Ray diffraction intensity as a function of angle (°) of reflection 250

Figure 6B.10 | Unit cells of FFMMMC (A) and FMMC (B) seen along 251
crystallographic (a) a-axis (b) b-axis (c) c-axis

Figure 6B.11 | Crystal packing diagram of FFMMMC showing the two 251
dimesitional layer structure with O-H...N intramolecular hydrogen
bonding

Figure 6B.12 | MM2-energy-minimized structure of FFMPMC (keto form) 255

Figure 6B.13 | MM2-energy-minimized anaglyph structure of FFMPMC (keto 256

form)
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Figure 6B.14 | Stereographic projection of MM2-minimized structure of 256
FFMPMC (enamine form) obtained from ChemDrawPro
Figure 6B.15 | Conformational analysis over C6-C7 257
Figure 6B.16 | Conformational analysis over C7-C9 257
Figure 6B.17 | Conformational analysis over N10-C13 257
Figure 6B.18 | Conformational analysis over C21-N25 257
Figure 6B.19 | Conformational analysis over C5-C6-C7-C9 257
Figure 6B.20 | Conformational analysis over C5-C6-C7-C8 257
Figure 6B.21 | Conformational analysis over C9-N10-C13-C23 258
Figure 6B.22 | Conformational analysis over C22-C21-N25-C31 258
Figure 6B.23 | Double dihedral torsional energy Surfer plot of FFMPMC (keto 258
form) C8-C7 (on axis shown in blue) and C7-C9 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms)
Figure 6B.24 | Double dihedral torsional energy Grapher plot of FFMPMC (keto 259
form) C8-C7 (on axis shown in blue) and C7-C9 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms)
Figure 6B.25 | Double dihedral torsional energy Surfer plot of FFMPMC (keto 259
form) C6-C7 (on axis shown in blue) and C7-C8 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms)
Figure 6B.26 | Double dihedral torsional energy Grapher plot of FFMPMC (keto 260
form) C6-C7 (on axis shown in blue) and C7-C8 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms)
Figure 6B.27 | Double dihedral torsional energy Surfer plot of FFMPMC (keto 260
form) C6-C7 (on axis shown in blue) and C7-C9 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms)
Figure 6B.28 | Double dihedral torsional energy Grapher plot of FFMPMC (keto 261
form) C6-C7 (on axis shown in blue) and C7-C9 (on axis shown in
red) bonds (Refer Figure 6B.12 for numbering of the atoms
Figure 6B.29 | Double dihedral torsional energy Surfer plot of FFMPMC 261
(enamine form) C8-N11 (on axis shown in red) and N11-C12 (on
axis shown in blue) bonds (Refer Figure 6B.12 for numbering of
the atoms)
Figure 6B.30 | Double dihedral torsional energy Grapher plot of FFMPMC 262
(enamine form) C8-N11 (on axis shown in blue) and N11-C12 (on
axis shown in red) bonds (Refer Figure 6B.12 for numbering of the
atoms)
Figure 6B.31 | HOMO-LUMO orbitals of FFMMMC obtained from (a) AM1 (b) 262
B3LYP (c) MM2
Figure 6B.32 | Core structure of FFMMMC molecule 276
Figure 6B.33 | Hirshfeld finger print plots of FFMMMC 279
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Figure 6B.34 | Relative contributions of different intermolecular contacts to the 280
Hirshfeld surface area of FFMMMC

Figure 6B.35 | Hirshfeld surface maps of FFMMMC represented by modes 280

Figure 6B.36 | Pair-wise intermolecular interactions in FFMMMC (viewed along 281
the ¢ axis)

Figure 6B.37 | Crystallographic axis-wise modes of intermolecular energies in 283
FEFMMMC

Figure 6B.38 | Molecular docking interactions of FFMPMC and FFMMMC with 284
EGFR-TK protein; (a) 3D depiction of ligand-receptor binding
interactions and (b) 2D representation of different forms of
interactions with amino acid residues

Figure 7A.1 | Schematic of the synthesis of PDBAD and [M(PDBAD)X2] 289
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Figure 7A.8 Overlay UV-Visible spectra of PDBAD and [Cu(PDBAD)] 293

Figure 7A.9 Overlay UV-Visible spectra of PDBAD and [Ni(PDBAD)] 293

Figure 7A.10 | Overlay UV-Visible spectra of PDBAD and [Zn(PDBAD)(H20)] 293

Figure 7A.11 | Overlay UV-Visible spectra of PDBAD and [Co(PDBAD)(H20)] 293

Figure 7A.12 | The solid state Absorption (black) and emission (red) spectra of 294
PDBAD

Figure 7A.13 | The solid state Absorption (black) and emission (red) spectra of 294
[Cu(PDBAD)]

Figure 7A.14 | The solid state absorption (black) and emission (red) spectra of 295
[Mn(PDBAD)(H20)]
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Chapter 1

CHAPTER I

INTRODUCTION

Chemistry is known as the Central Science. Any new development in science and
technology finds chemistry as the quickest customer to be applied for. Chemical sciences
conventionally investigate the relationship between structure of molecules and materials and their
macroscopic properties (applications). Ultimately, it is how the atoms occupy the space while to
get the bond by some quantum mechanical discipline, resulting in the molecules that make the
latter manifest certain unique properties. Further, structural sets of bond lengths, bond angles and
dihedral angles alone are the only three spatial characteristics that distinguish one isomer from the
other. While single crystal X-Ray diffraction (XRD) enabled invisible molecules to be virtually
magnified to be seen vividly on a monitor or a sheet of paper, computational chemistry has been
cultivated on the virtual terrain of quantum mechanics. The most advanced theoretical
development of quantum mechanics, with the latest developments in the computer technology,
have enabled chemists to visualize and model known and unknown compounds and to evaluate
their physicochemical properties without even truly characterizing them experimentally either by
wet or instrumental methods of chemical analysis. The power of computational chemistry® has
become a potential tool in the hands of modern chemists to first predict the properties of the
materials by modeling techniques before considering to really synthesizing them for real

applications and biological applications? by molecular docking studies®.

A great deal of research is going on in the world these days to understand the reliability
and authenticity of the modelled structural properties by computational chemical methods in
juxtaposition with those obtained from molecular structures obtained experimentally by single
crystal X-Ray diffractometery*®. Different levels of sophistication are attached to different
versions of computational chemistry software. As to how much deeper and most modern quantum
mechanical attributes are used in the development of the software is the factor that would decide
the degree of agreement between the real and modelled properties of molecules. PH4, PC MODEL,
ACD Labs, etc. were very primitive molecular modelling software which provide only very
rudimentary spatial structure of the molecules. Software such as Chem 3D, marketed by Perkin
Elmer, AM1 promoted by WinMOPAC, Gaussian, generated by Sun, Sybil from Certara, DFT
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based software from VASP, ABINIT, CASTEP, CP2K etc. from other commercial outlets with
varied levels of reliability of agreement of the modelled properties with the experimental ones, are
presently used by various research groups all over the world®’8°, A few representative examples
of computational chemistry software, routinely in current applications are provided in Table 1.2.

It is our primary objective to consider synthesizing some new organic compounds with a
molecular formula weight of 300 to 500 amu and with 20 to 30 distinct atoms, then to obtain their
single crystals or of their extended derivatives and obtain their molecular structure by single crystal
XRD methods before modelling the molecules with a few computational chemistry software to
ascertain the degree of agreement of the structural data. It was also our objective to characterize
the synthesized compounds by various spectral, electro chemical and other instrumental methods
and to correlate the same with the XRD structures and the properties obtained by molecular
modelling and with the orbital energies and shapes. Conformational analysis by both single bond
dihedral torsion and dual bonds by double dihedral torsion was also considered to ascertain the
most stable single molecules by global minimum Eigen values. The compounds would be also
exposed to evaluate their biological applications and molecular docking studies.

In case the XRD and modelled data are in good agreement and the compounds are proven
to be potential ligands for metal-coordination, the complexes would also be attempted for XRD
studies and molecular modelling. If we would be unable to develop single crystals for the
complexes or some chosen ligands, suitable enough for the XRD, such molecules would be
modelled and their structural properties would be estimated based on the XRD properties of their

ligands and of their structural analogues, respectively.

New classes of Schiff bases and dithiocarbamate systems have been considered for our

studies as nitrogen and sulfur compounds have potential biological applications.

The azomethine functionality or the sulfur functionality bearing compounds, were edificed

on various aromatic skeletons, such as substituted phenyl, naphthyl and quinolinyl aromatic rings.

The following are the compounds chosen and studied in detail.
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Table 1.1: Structures of the compounds investigated

Nature/Type | Nitrogen exocyclic | Nitrogen endocyclic; Sulfur | Nitrogen-exo and endo
exocyclic
Ligand " v O’ 0 N SN o N N
Ligs | O
CI/N\+H FF Q
i FLXDTC FMIMN
™
F I;Il yZ
N _N ¢
AN R =-H, -OMe
@(OHHop FMAPA
(0] (0]
PDBAD POWNGE
‘ =
FEMMMC
Complex [M(FMPC)4] [M(FLXDTC):] [M(FMIMN):]
Type [Cu2(FLXDTC)2Cl] [M(FMAPA)]2
[M(PDBAD)X?] [M(FFMMMC);]

The state of the art of nitrogenous and thio-organic compounds is briefly outlined

hereunder:

1.1 Importance of Nitrogenous Organic Ligands:

Nitrogen compounds are important because they are key in metabolic activities. Nitrogen

compounds have various physicochemical and biological applications. Urea, amine, and guanidine
are nitrogen compounds that denature proteins, giving them antibacterial properties'®. quaternary
ammonium salts are a type of nitrogen molecules that can be used to treat bacteria'*'%** (Coleman,
2005; Shahidi and Wiener, 2012; Windler et al., 2013). Nitrogen compounds [nitrites (NO2") and
nitrates (NO3)] are frequently utilized in the fertilizer sector and by the food industry to extend
the shelf life of food goods. In both nature and synthetic organic chemistry, nitrogen compounds,

in general, and amines, in particular, are extremely significant molecules**.
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OH H
OH N IN{ ) \N'N\”/NHZ
_N XX )J\ S
\_0 o N
OH H
O,N

Nifuroxazide Thiacetazone
N-(Salicyliene)-2-hydroxyaniline
Antibacterial active

s
OW; \
N N=
N (0]
N/

OH \
N
OH H

4-((3,4-dihydroxybenzylidene)amino)-1,5- .
dimethyl-2-phenyl-1,2-dihydro-3H- 4-(((3-(4-fluorophenyl)-1H-pyrazol-4-yl)methylene)amino)-5-
((o-tolyloxy)methyl)-4 H-pyrazole-3-thiol

Antibiotic active Anti-tuberculosis active

pyrazol-3-one

Figure 1.1: Selected examples for biologically active Schiff bases

Amines have a unique niche in organic chemistry. These are found in amino acids,
peptides, proteins (enzymes and glycoproteins), lactams, porphyrins, chlorophyll, nucleosides,
nucleotides, DNA, RNA, alkaloids, and many other naturally occurring, biologically significant
compounds. They are also present in a lot of the synthetic substances that are used to make
medications for commercial applications. Amines are not only crucial building components in
many common polymers, such as nylons and polyamides, but also are used as bases in many
synthetic transformations. They also serve as key intermediates in organic synthesis, especially to
be adducted as Schiff bases, in which them convert carbonyl groups (—C=0) in to azomethine
(-C=N) moieties. Schiff bases, or azomethine compounds have become as unique class of
compounds by themselves to possess a most of biological application and in coordination
chemistry as potential ligands. Compounds with proven biological applications, possessing an

azomethine group (R1R2C=NR3) are presented in Figure 1.1.

Primary amines and secondary amines are also very potential precursors in their extension
to result in thio-organic compounds. A special class thio-organic compounds are dithiocarbamate
R1R2N-CSS". These -N-CS>” based compounds have a unique character of resulting in a

quadricyclic chelation as
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whose analogue of

\ O\ /O\
C M >C~<
/ _<(<)/ <

is hardly present in nature.

1.2 General Introduction to Schiff Bases and Their Metal Coordination:

Schiff base ligands have a significant impact on coordination transitional metal chemistry
and organic chemical synthesis. Hugo Schiff discovered the interaction of carbonyl compounds
with primary amines to generate imines, or Schiff base compounds, in 1864'°. These can form
stable metal complexes with metal atoms in a variety of oxidation states'®. Schiff bases bind to
metal ions via donating lone pair electrons to the nitrogen atom and a variety of donor groups to
the Schiff bases, such as hydroxyl (-OH), carboxyl (-COQO"), thionyl (-SH), and many more. The
Schiff base is depicted structurally in Figure 1.2.

R4, Rz and/ or R; = alkyl or aryl

Figure 1.2: General structure of a Schiff base

Aryl group substituted Schiff bases are more stable than aliphatic group substituted Schiff
bases because imine causes resonance due to effective conjugation with aromatic rings'’. Due to
steric hindrance concerns, aldehydes are more reactive with amines to produce Schiff bases than
ketones. The general approach for synthesizing Schiff bases is shown in Scheme 1.1.
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R2 R2
\c—o + NH-—R > \C:N
— 27 3 e \
R{ -H,0 Ri R,
Aldehyde/Ketone Primary amine Schiff base

Scheme 1.1: The general schematic of the synthesis of a Schiff Base

P Y

Monodentate Bidentate Tridentate

X

»

N

N N N N
seaslis!

OH HO OH HO

Polydentate

Tetradentate

Figure 1.3: Variable number of donor atoms in Schiff base complexation

Schiff base ligands are effective chelating agents in metal complexation because they have
a lone pair of electrons in the sp? orbital of the nitrogen atom in the azomethine group*®. Schiff
bases comprising a variety of donor atoms have been reported frequently. Depending on the
number of donating moieties on the Schiff base, Monodentate (one contributing site), bidentate
(two donating sites), tridentate (three donating sites), tetra dentate (four giving sites), and
polydentate ligands generate metal-coordinated complexes. In stable metal complexes, numerous
functional groups play a role in addition to the Schiff base nitrogen donor. Figure 1.3 shows the
structures of different donor functional group ligands.

Schiff base's chemical, electrical, electrochemical, and structural expressions are based on

the molecular skeleton with various electron-donating or electron-withdrawing groups (R1, R2and

6
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R3in Scheme 1.1)'°. Researchers continue to be drawn to them due to their significance in a wide
range of technological and biological activities. Schiff bases have a significant impact on
coordination chemistry and have played a pivotal role in the evolution of inorganic chemistry.
Because of their variety, synthetic flexibility, and sensitivity to the central metal atom, Schiff bases

are an important family of ligands.

Schiff bases and their metal complexes are extremely important for biological systems due
to their preparative accessibility and structural arrangements. They have applications in
polymers?, dyes?!, catalysis??, agriculture?®, pigments?* and industry?°. Schiff bases have become
extremely important in the fields of medicine and pharmacology?®. Antifungal®’- antibacterial®®,
antioxidant?®, anticancer®®, analgesic®!, inflammatory?®?, antitubercular® and allergy** effects have
been reported in metal complexes derived from several Schiff bases. Some of the biologically
active Schiff-bases are shown in Figure 1.1. In the solid state, crystal packing and intermolecular
interactions of diverse azomethine species might provide significant information for the design
and fabrication of innovative device materials. Because of their wide range of analytical,
commercial, and biological applications, research on Schiff base ligands and their metal complexes

IS continuing.

Murukan et al. reported the formation of a bishydrazone by synthesizing 2-hydroxy-1-
naphthaldehyde with isatin monohydrazone®. Metal complexes of Mn(l1), Fe(Il), Co(l1), Ni(ll),
Cu(ll), and zZn(I1) with the ligand bishydrazone were synthesized and characterized. The results
show that the complexes are more effective at Killing bacteria than the ligand. V. Barve et al.
reported the synthesis of 3-formylchromone Schiff base derivatives and their copper complexes.
The synthesized compounds were characterized and studied for their anticancer activity. The ICso
values of the complexes were far less than the ligands®®. M. Kalanithi et al. reported the synthesis
of metal complexes with the ligand derived from 3-formylchromone with 2-aminothiazole. The
ligand and its metal complexes were characterized by different analytical tools. The antimicrobial
activity against the species A. niger, S. aureus, C. albigans, P. aeruginosa, E. coli and B. subtilis,
was tested and compared with the ligand activity. The metal complexes showed more activity due
to the chelation process®’. The synthesis and characterization of Cu(ll) and Zn(11) complexes with
the new Schiff base ligand derived from 2-amino-3-formylchromone with (R)-2-amino-2-

phenylethanol have been reported by F. Arjmand et al. The DNA binding results showed that both
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the metal complexes bind to CT-DNA by electrostatic groove binding mechanism. The Cu(ll)

complex shown efficient cleavage activity of plasmid pBR322 DNA®*,

C. Anitha et al. reported the synthesis and characterization of VO(II), Co(ll), Ni(Il), Cu(ll)
and Zn(ll) complexes of Schiff base synthesized from 5-(4-chloro-phenylazo)-2-
hydroxybenzaldehyde, 3-formylchromone and p-phenylenediamine. The antibacterial activity
results showed that Cu(ll) and Zn(1l) complexes were more active. The synthesized compounds
showed higher luminescence efficiency®®. T. Jeewoth et al. reported the synthesis and
characterization of Cu(ll), Fe(lI1), Ni(ll), Ru(ll) and Zn(Il) complexes with the new Schiff base
ligand derived from 2-hydroxy-1- naphthaldehyde with 2,3-diaminopyridine?.

V. Mahalingam et al. reported some new Ru(lll) complexes by using the Schiff bases
formed by the reaction between 2-hydroxy-1-naphthaldehyde with some derivatives of aniline.
Some of the Ru(ll) complexes have been tested for the catalytic activity in the oxidation of
benzaldehyde*!. Trivalent lanthanide complexes with Schiff base derived from 2-hydroxy-1-
naphthaldehyde and 1,3-propyldiamine have been reported by Ziyad A. Taha et al. Results
presented in this study indicated that Sm and Tb complexes with N,N-bis(2- hydroxynaphthyl-
methylidene)-1,3-propanediamine can be considered as promising candidates in the design of
photoluminescence devices*?. M. Macit et al. reported crystal structure, spectroscopic properties
and DFT studies on Cu(ll) complex of the Schiff base compound derived from the reaction of 2-
hydroxy-1- naphthaldehyde with 3-chloro-4-methylaniline. This study demonstrated that Cu(ll)

complex can be used as a good nonlinear optical material*®,

A few of the above ligands and complexes have been structurally investigated by both XRD
experimentally and by computational molecular modeling followed by correlating the structural
data.

1.3 General Introduction to Dithiocarbamate and their Metal Binding:

In dithiocarbamate, both of the carbamate's oxygen atoms have been replaced with sulfur
atoms. They were originally used as rubber vulcanization accelerators. The tetra methyl thiuram
disulphide, often known as thiuram, was the first dithiocarbamate derivative to be patented as a
fungicide in 1934%. Dithiocarbamates have drawn a lot of attention because of their soft binding

nature and acute biting angles*® as well as their uses in pharmacy*®, electrochemistry*’, industry*,
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agriculture, and other sectors. Through thioureide tautomerism (Figure 1.4), the dithiocarbamate
moiety can stabilize the oxidation states of numerous transitional metal ions*°. They use

Monodentate or bidentate chelating modes to bind to metal ions as shown in Figure 1.5.

\ S
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Figure 1.4: Canonical resonance forms of dithiocarbamate anion
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Primary and secondary amines reacted with carbon disulfide in cold conditions to
synthesize dithiocarbamate ligands. Any sodium or potassium base can be used to produce

dithiocarbamate ligand salts, and a general scheme for the preparation of dithiocarbamate is shown

in Scheme 1.2.
R, R, S R S
\ Solvent N or A
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Scheme 1.2: General schematic for the synthesis of dithiocarbamate

Dithiocarbamate coordination compounds, comprising divalent transition metals with a
partially coordinated central metal atom, can reverse the binding molecules of organic sulfur-
nitrogen-phosphorous donor bases, resulting in intermolecular heteroleptic coordination
complexes known as adducts®. Because one or two Lewis base molecules are present, adducts
have a higher coordination number. Figure 1.6 shows the adduct formation through bidentate
dithiocarbamate with Lewis base. Ekennia et al. say that forming adducts with Lewis bases doesn't
change the oxidation state of the metal atom, but it does increase the coordination number of the
metal ion. The physical properties of the adducts are also different from those of the parent
complex, which helps with the development of different photosensitizer applications and

biological activities®*.
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Figure 1.5: Monodentate and bidentate metal-binding modes of dithiocarbamate
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Figure 1.6: Schematic of Dithiocarbamate as a bridge to form adducts with Lewis bases

Anderson discovered ferric dimethyl dithiocarbamate (ferbam) for the first time®2. Ziram
(zinc dimethyl dithiocarbamate) has been proven to be more effective in vegetable crops than in
fruit trees, and has been used to prevent orchard diseases as well as an ornamental spray®®. The

structures of ferbam and ziram are shown in Figure 1.7.
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Ferric dimethyl dithiocarbamate (ferbam) Zinc dimethyl dithiocarbamate (ziram)

Figure 1.7: Structures of ferbam and ziram

Many of the reported studies of dithiocarbamate describe the effectiveness of
dithiocarbamate as potential bidentate ligands and the stability of the four-membered MSCS
chelates. There are no extensive studies of the influence of complexation on the otherwise
reversible cyclic voltammetric behavior and magnetic resonance spectra of dithiocarbamates in

non-aqueous environments. In addition, how the complexes serve for further extension of
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complexation with dithiocarbamate sulfurs serving as bridging atoms is also not considerably
documented, though in biology, ferredoxins exhibit such instances. In the case of stable metals,
dithiocarbamate binds with another metal ion with no further consumption of an additional
dithiocarbamate ligand. Such a phenomenon would be reflected in spectral studies. Thus, more

metal centers can be bound by the conservation of dithiocarbamate ligand.

1.4 Introduction to Quinolines:

Quinoline is an aromatic heterocyclic family of organic compounds having a double-ring
system consisting of a benzene and a pyridine ring joined at two carbon atoms adjacent to each
other >*. It forms salts when it reacts with acids in the same way as benzene and pyridine do. It can
perform both electrophilic and nucleophilic substitution reactions®. 1-azanapthalene and benzo
[b] pyridine are other names for quinoline. Quinoline is an essential element that can be found in
both natural and synthetic compounds. The pyranoquinoline ring system has drawn a lot of interest
because it's a significant structure that makes up the basic skeleton of numerous alkaloids®®.

Quinolines are generated from quinine, an alkaloid extracted from the Cinchona tree's bark®’.

Quinoline is primarily used in the production of nicotinic acid, which is used to treat
pellagra in humans as well as other compounds®®. The synthesis of polysubstituted quinoline
derivatives has received a lot of attention and interest because of their wide variety and-vast range
of biological applications®®. Montelukast and Skimmianine are two natural chemicals that contain
the quinoline moiety®®. Polysubstituted quinolines, in particular, are important chemicals with
antimalarial®®, anti-inflammatory®?, antiasthmatic®®, and antibacterial activities®*, as well as a
variety of commercial uses. Substituted quinolines are alkaloids found in many plants belonging
to the Rutaceae family®®. Quinoline’s structure is essential for the development of novel
pharmacological compounds with broad biological effects. Chloroquine, which was the frontline
treatment for treating P. falciparum malaria until the 1950s, is an example of the quinoline
structure®. Its use has now been phased out in several endemic locations owing to parasite
resistance, which has rendered the treatment ineffective. Quinolines cause Plasmodium
cytotoxicity by binding to heme and preventing the formation of hemozoin. Nitroxoline
(antibacterial action), chloroquine and hydroxychloroquine (antimalarial action), and bedaquiline
(antimalarial action) are all commercially accessible quinoline structural component medicines

(multidrug-resistant tuberculosis action). So far, several synthesis processes have been published
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in the literature for the creation of this scaffold. Traditional synthesis approaches, including
Gould—Jacob®’, Friedlander®®, Pfitzinger®®, Skraup’®, Doebner-von Miller’*, and Conrad—
Limpach’?, have been used to create the primary quinoline scaffold in the past. Transition metal-
catalyzed reactions, metal-free ionic liquid assisted procedures, ultrasonic irradiation reactions,
and green reaction protocols are all suitable for the synthesis and functionalization of this
molecule. The majority of literature focuses on and emphasizes the synthesis methods and findings
stated above to address the shortcomings of the syntheses as well as their environmental side
effects. Even though there are many well-known ways to make substituted quinoline derivatives,
which are important in medicine and industry, developing new ways to make more potent

derivatives is still an active area of research.

1.4.1 General Synthetic Method for Quinoline Derivatives:
As we have synthesized a novel compound, FMPC (Table 1.1) by cyclization, the general
procedure of obtaining quinoline synthesis by reported Combes cyclization method is briefly

described here.

The Combes quinoline synthesis was first reported by Combes in 188872, It involves the
condensation of unsubstituted anilines (1) with B-diketones (2) to form substituted quinolines (4)
after an acid-catalyzed ring closure of an intermediate Schiff base (3). The Combes quinoline
synthesis is often used to prepare the 2,4-substituted quinoline backbone and is unique in that it
uses a B-diketone substrate. Scheme 1.3 shows the synthetic procedure of quinoline from the

Combes method.

\
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NH, -H0 N R H20 N" R

Scheme 1.3: General scheme of the Combes quinoline synthesis
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1.5 Computational Chemistry and Molecular Modelling Paradigms:

When a mathematical method is sufficiently well developed that it may be automated for
computer implementation, it is referred to as "computational chemistry." The application of
chemical, mathematical, and computing skills to the solving of interesting chemical issues is
known as "computational chemistry.™ It makes use of computers to generate data such as molecular
attributes or simulated experimental outcomes. Even though only a few parts of chemistry can be
calculated exactly, almost every part has been described in a qualitative or close-to-quantitative

way.

The development of theoretical and computational approaches to model and investigate the
behavior of molecules, from small chemical systems to huge biological molecules and material
assemblies, is the basis of molecular modeling. Molecular modeling has applications in
computational chemistry, drug design, computational biology, and materials research. Simulation
is the most basic computer tool for molecular modeling. Ebejer et al. (2013) say that molecular
simulation approaches need more processing power and software’*. Understanding the structure,
stability, and response qualities of molecular crystals at specific pressures and temperatures is
essential for crystal engineering and applications. For a long time, classical mechanistic force-field
approaches have dominated the field of crystal structure prediction and modeling of molecular
crystals. First-principles techniques based on density functional theory may now be applied to
realistically relevant molecular crystals in view of growing processing capacity and the
development of increasingly sophisticated quantum-mechanical approximations. Computational
chemistry has proven to be a beneficial tool for researching compounds that are either difficult to
get or incredibly expensive. It also helps chemists make predictions before they do real
experiments, which makes it easier for them to make observations. Computer software can
calculate a variety of molecular unit properties. Geometry optimization is the most important of
these calculations. Geometry optimization is the process of observing the molecular potential
energy surface and finding equilibrium between the molecule and the resulting energy. The
potential energy surface is a representation of the relationship between bond distance and energy
associated with nuclear locations. When a global minimum is found, which indicates the lowest
energy of repulsion and attraction between the atoms in the structure, the structure is said to be
optimized. The gradient, or first derivative of the potential energy surface, aids the program in

locating the global minimum by describing the slope and identifying the direction in which the
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energy declines the most rapidly from the original input. When the convergence requirements are
met, the optimization process is complete. These requirements entail bringing the forces and their
root-mean-squares as near to zero as possible, as well as bringing the calculated atom displacement

and its root-mean-square to zero.

Bond energies, bond lengths, bond angles, and dihedral angles can all be calculated using
an optimized geometry. In order to calculate any other parameter correctly, geometry optimization
must be performed to a basis level that is equivalent to or higher than the parameter to be
calculated. Each structural unit is subjected to a vibrational frequency calculation once the
geometry has been adjusted. The nuclei's motion directions and amplitudes in the ground and
excited states, as well as the modes of vibration, are calculated. The equation 3n-6 calculates the
number of modes of vibration for nonlinear molecules, where n is the number of atoms. Because
there is no change in dipole moment as a linear molecule rotates around its molecular axis, it has

3n-5 normal modes of vibration.

As mentioned above computational chemistry as reached such an advanced stage that
contemporary chemist is not only able to visualize the molecular spatial geometry (with all the
structural parameters viz., bond lengths, bond angles and dihedral angles) but also predict their
macroscopic properties based on quantum mechanical molecular modelling without having to
synthesize the compounds and characterize. The usual procedure follows the following steps
(Figure 1.8).
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Plan a molecule

l

Draw the molecular
structure on a
chemical structure
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l

" Check for the structural
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to a potential quantum
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l

Provide the
computational version
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Figure 1.8: The Schematic of the ab initio sequence of molecular modelling

A variety of skeletal structural drawing software for molecular structure drawing, quantum
mechanical computational chemistry software for molecular modelling and molecular docking
software for inter molecular interactions and bio-molecular docking, are available both in open

access and proprietary domains.

A few versions of software to achieve the above various tasks are mentioned here under:
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Table 1.2: A few examples for molecular modelling software

Proprietary: Free Software:

(a) | Structural ACD/ChemSketch, BIOVIA Draw, | BKChem, JChemPaint, Molsketch,

Drawing: ChemDraw, ChemWindow, XDrawChem etc.
Marvin Sketch, etc.

(b) | Quantum CPMD, CHEMKIN, Discovery BigDFT, CONQUEST, MPQC,
Mechanical | Studio, Desmond, Glide, Gaussian, | ORCA, Quantum ESPRESSO,
Molecular MOPAC, Spartan, GAMESS, Q- GROMACS, OpenMM, CP2K,
Modelling: Chem, Chem3D, AMBER, AutoDock, AutoDock Vina,

MODELLER, UCSF Chimera etc. | Avogadro, Jmol, Cantera,
Chemistry Development Kit,
RasMol, Open Babel etc.

(c) | Molecular Glide, LeDock, MOE etc. AutoDock, AutoDock Vina,

Docking: FlexAlID, rDock etc.

The above various versions of molecular modelling software employ a blend of classical

mechanics and quantum mechanics to varied degrees of advancement and sophistication.

Whereas medium range and low-cost software utilized Hartree-Fock method based on self-

consistent theory (SCF) on many body systems advance theories such as Density Functional
Theory (DFT), Time-dependent Density Functional Theory (TD-DFT), use frontier molecular
orbital functional and inter electronic interactions wherein electron cloud of the whole molecule is
taken as localized density variation on the basis of Thomas-Fermi model developed by Walter
Kohn (1998, Nobel prize) and Lu Jeu Sham.

Irrespective of the modernity, any of the above molecular modelling software uses Born-
Oppenheimer approximation, which treats the positively charged nuclei of the molecules or
clusters as fixed in space which generate a static external potential (7) over the moving electrons.
Then a time independent function describing stationary electronic state W (r1, I2,...rN) IS generated

followed by its Hamiltonian operation through Schrodinger equation,

~ ~ ~ —~ h?
AY=[T+V+01¥=|5X, (—5=- Vi) + ZLV 0D + T, UG )| ¥=E¥ (L)

where,
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H =Hamiltonian operator for the wave function (¥) of the N electron system, T is the total Kinetic
energy of all the electrons.

V7 is the inter electronic interactions energy

h = Plank constant

mi = mass of the i" electron

V# = Laplacian operator

E = Total energy of the system (sum of potential and kinetic energies)

Here ri is the radial distance of the i electron from the origin of the Cartesian coordinate system
While medium range molecular modelling software use the simplest Hartree-Fock methods, use
Kohn-Sham equations on normalized wave functions (W) along with the electron density

functional, ni(ri) given by (for arbitrary first electron)

() =N[d3ry o, [ B3y (ry, Tore T ) P (11,7200, Ty ) (1.2)
With certain local density approximations, (LDA)

Exet [ni] = [ exci(ni) ni () d°r; (13)
and local spin density approximations [LSDA]

Exst? [nin,njyd = [ exci(nin,nyy) ni(r) d3n; (1.4)

where
€xci = IS the sum of the inter electronic exchange part (ex;) and correlation part (e¢;)

along with generalized gradient approximations (GGA)
Exét Inin ] = [ exci(Minmjt, Viin, Vi) i (1) d3n; (1.5)
and Thomas-Fermi model, Hohenberg-Kohn theorem have developed an equation for the lowest

eigen value (global minimum) of the n electron system has given below

EwnInl =F[n] + [ V()n(r)d’r; (1.6)
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In molecular modeling, one generates a 3-D structure of the most stable molecule (with the
least possible Eigen value) by exposing the molecule to a quantum mechanical machinery as

mentioned above.

Occasionally, some of the properties of the compounds (molecules) depend simultaneously
on more than one independent variable. Though there are a variety of graphical software are
available to generate plot of the functions like, y = f (x) where y is the domain of the dependent
variable (property) and the x is that of the independent. In order to picture plots of the kind, z = f
(x, y) where z is the domain of the data of the dependent variable (property) and x and y are those
of the dependent ones, one may have to depend on some special software. One may be interested
in the conformational analysis of the molecule over an important single bond or over a pair of
bonds. Plots of molecular energy as a function of torsional angle over a bond can be obtained by
incremental twisting of the molecular segments connected by the bond and by obtaining the
respective Eigen value at each of the twists. A 2-D plot can, then, be obtained for the
conformational energy diagram. However, if two major molecular moieties are linked at 1,3
carbons, the conformational energy diagram may have to be obtained as the plot of Eigen value vs
the angle of torsion over 1-2 carbon bond and also as a simultaneous function of the torsional angle
over the 2-3 carbon atoms. In such cases, a 3-D plotting is necessary. There are commercial and
open access software which generate data-set of z domain, as a simultaneous function of x-data-
set and y-data-set, in case one has experimental data of the z as independently function of x and y
variables. This process is called, Gridding. The grid files can be transformed in to 3-dimensional
images in various formats, mostly as wire-frame diagrams or surfaces. Commercial software such

as GoldenSoft’s Surfer and Grapher can execute such operations.

A few routinely used chemistry software, available both in open access and commercial

markets for molecular modelling are presented in Table 1.2.
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Table 1.3: Some popular molecular modelling software

Program

Organization

Function

ChemDoodle

iChemLabs

Producing chemical 3D structures, graphics, animations, molecular masses, and elemental
analysis calculations. The optimizations were performed using a MMFF94 force field with a
conjugate gradient search direction and Newton line search to convergence. It comes with a
visualization tool called ChemDoodle 3D that transforms the 2D chemical structures into
unique 3D models.

Hypercube

HyperChem Site
Licenses

With single point, geometry optimization, or transition state search computations, use
HyperChem to examine the potential energy surfaces of quantum or classical models.
Include the effects of thermal mobility in simulations using Metropolis Monte Carlo,
Langevin dynamics, or molecular dynamics. It is possible to incorporate user-defined
structural restrictions.

Avogadro

Avogadro
Chemistry.
Powered

by Jekyll & Minim
al Mistakes.

Avogadro is a program that creates various computational chemistry packages and
facilitates the import of chemical data. It is utilized by beginning and experienced chemists
alike in a variety of scientific disciplines, including computational chemistry, molecular
modeling, bioinformatics, and materials science. This software's powerful features for
molecular editing and flexible, high-quality rendering are some of its main benefits.

ChemAxon

ChemAXxon

Tools for drug research, chemical database searching, and management are all included in
the Chemaxon Products line. For academic use, products come with free licenses. The
desktop applications from Chemaxon include JChem for Excel, which combines the
structure handling capabilities of JChem and Marvin within a Microsoft Excel environment;
Instant JChem, a desktop application for end-user scientists; and Marvin, free chemistry
software for drawing and visualizing chemical structures. The program can be used to
forecast logP values and pKa values. Using Markush structures from the Thomson Reuters
Derwent World Patents Index (DWPISM) database, the business built Markush structure
storage and search capabilities (without enumeration). Many Pearson Mastering Chemistry
courses use Chemaxon's JChem, MarvinSketch, and MarvinView as its chemistry tools.

BIOVIA Draw

An application for drawing molecules called BIOVIA Draw is primarily intended for
chemists and other professional members of the chemical industry. It provides them with an
entire range of tools for designing and manipulating intricate molecules, chemical processes,
and biological sequences. It has an easy-to-use interface that makes it possible to look at,
share, and keep scientific knowledge.
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MolView

MolView AGPL
Free Software

The chemistry modeling program MolView has a very unique interface compared to the
other programs described before. Its primary distinction is that it is a free, accessible web
application. In comparison to the other packages described above, MolView has a very
distinct interface and is a modeling tool for chemistry. The key distinction between a
molecular editor and a viewer for 3D models is that both are available in this open-source
web application. We may upload molecules from significant databases, including PubChem,
the RCSB Protein Data Bank, and the Crystallography Open Database as a user. In addition
to establishing structural formulas, MolView also allows for the depiction of chains,
modeling and simulation of protein assembly, and protein display. Additionally, you can
export several types of data in the JCAMP file format or the PNG format (as a snapshot
from the interactive spectrum) (JCAMP-DX file of the current spectrum).

ACD/ChemSketch

ACD/Labs

It is available as free and commercial. However, it is a rather complete piece of software
that either high school pupils or university chemistry students can use for educational
purposes. You may create Markush structures, polymer structures, organometallic
structures, and organic chemical structures using this software. Calculations for molecular
weight, density, molar refractivity, etc. can be made. It can provide 3D structures.

ChemDraw
Professional

PerkinElmer

single drawing solution that is reliable for handling and representing organic,
organometallic, polymeric, and biopolymer materials (including amino acids, peptides,
DNA, and RNA sequences) as well as working with sophisticated stereochemistry.
Chemists can draw and submit chemical compound and reaction searches automatically to
SciFinder using ChemDraw Professional instead of spending time laboriously cutting and
pasting. Using a wide variety of biological templates and drawing tools to produce dynamic
drawings of cells and metabolic pathways, incorporating live chemical items when
necessary, scientists can rapidly, effectively, and precisely communicate findings and ideas.
ChemDraw Professional helps scientists forecast characteristics, create spectra, create
accurate IUPAC names, and determine reaction stoichiometry while speeding up the process
and improving data quality. It offers molecular mechanics, molecular dynamics calculations,
and 3D structures.

Gaussian

Gaussian, INC

Chemists, chemical engineers, biochemists, physicists, and other scientists utilize the
computer application Gaussian. To anticipate energies, chemical structures, spectroscopic
data (NMR, IR, UV, etc.), and much more complex calculations, it makes use of the
fundamental laws of quantum mechanics. You can simulate molecular systems of increasing
scale with more precision and under a wider range of real-world situations, leading to the
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advanced capabilities and performance improvements offered by Gaussian09. One of these
features is the ability to model the reaction of very large systems using ONIOM. Examine
the gas phase's and the solution's excited states. Forecasts for future spectra performance
enhancements, user-friendly features, and new and improved methods IR and Raman, NMR,
UV/Visible, Vibrational Circular Dichroism (VCD), Raman Optical Activity (ROA),
Electronic Circular Dichroism (ECD), Optical Rotary Dispersion (ORD), Hyperfine Spectra
(Microwave Spectroscopy), Franck-Condon, Herzberg-Teller, and Franck-
Condon/Herzberg-Teller analyses are just a few of the spectra that Gaussian09 gives you a
choice of very accurate energy methods for estimating thermochemical quantities,
photochemistry and other excited state processes, and solvent effects when we are
optimizing structures and making predictions about most molecular properties.

CrystalExplorer

School of
Biomedical and
Chemical
Sciences,
University of
Western Australia,
Nedlands 6009,
Australia

Free software named CrystalExplorer (CE) is designed to examine crystal structures in the
*.cif file format. For example, Hirshfeld surface analysis, intermolecular interactions,
polymorphism, the impact of pressure and temperature on crystal structure, single-crystal to
single-crystal interactions, void analysis, and structure-property relationships are all solid-
state chemistry topics that can be studied using CE. CE's graphical interface for 3D crystal
structure visualization has greatly improved.

Grapher

Surfer

GOLDEN
SOFTWARE,
USA

Grapher is a graphing calculator that can produce both 2D graphs in the following
coordinate systems: standard system, cylindrical system, and spherical system, as well as 3D
graphs in the following coordinate systems: polar coordinates, linear-logarithmic, log-log,
and polar log. It is one of the few high-end graphing apps that can export clear vector
drawings for usage in printed documents with ease (although exporting 3D graphs to vector
is not possible). Both 2D and 3D graph animation are supported, and a QuickTime file is
produced.

Microsoft Windows is required to operate Surfer, a full-featured 3D visualization,
contouring, and surface modelling application by Golden Software. In addition to many
other things, Surfer is widely used for terrain modelling, landscape visualization, surface
analysis, contour mapping, 3D surface mapping, gridding, and volumetric.
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Recent structural studies of organic molecules by single crystal X-Ray diffractometric and
molecular modeling on DFT theoretical platforms have proven an amazing success for the
modeling methods. A few examples of Schiff bases and dithiocarbamates are presented along with
their molecular structural data obtained experimentally (by single crystal diffractometry) and
computational methods evaluated by DFT/B3LYP’>/67"78 in Table 1.4 through Table 1.8. The

molecular structures of the compounds mentioned in these tables are presented in Table 1.4.

Since 3-dimensional images (and molecular structures) cannot be placed on a 2-
dimensional stationery or screens, a few gadgets have been invented to visualize 3-dimensionality
by optical illusion to get a virtual binocular perception. Two of the most popular methods are (i)
Stereography and (ii) Anaglyphy. In Stereography, the left-eye view and the right-eye view of the
true 3-D picture in 2-D format are placed side by side at a distance of about 5 cms (typical human
eye separation distance and each figure is viewed separately by the respective eye by a gadget

called, stereograph (shown in Figure 1.9) and the brain synthesizes the 3-D perception.

(b)

Figure 1.9: (a) fabricated and a (b) commercial low-cost stereograph’®

Almost all commercially available Molecular modeling software generates a pair of
molecular structures that can be viewed by a stereograph. Similarly, any single crystal X-Ray
Diffractometer also offers this provision. An example of stereographically generated molecular

structure is shown in Figure 1.10.
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Figure 1.10: Discosoma coral chromophore shown in stereographic projection’®

In the Anaglyphy, the left and right eye views of the true 3-D picture (molecular structure)
is split into 2 differently colored (usually cyan and blue) 2-D graphical pictures aligned slightly
staggered as it would have been by the two eyes. An unusual goggle (spectacles) with left side
cyan and right side blue is used to see the above mentioned anaglyph picture. The picture in cyan
color is seen by left eye only and the blue one by the right eye only. Thereby the brain is able to
synthesize the two different images into one 3-D picture.

The image of a typical anaglyph spectacles (goggle) is shown in Figure 1.11.

Figure 1.11: A typical anaglyph spectacle to view anaglyph pictures

The anaglyph image of phenylalanine is shown in Figure 1.12
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Figure 1.12: The anaglyph picture of phenylalanine (one has to wear the anaglyph spects for a

3-D perception)

Table 1.4: Comparison of the structures evaluated experimentally by XRD and theoretically by

modelling
S.No Structure Molecular structure from | Molecular structure
XRD from DFT
A %
Ne PR P
N e
P e
X'
OH f
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Table 1.5: Selected bond distances (A) and bond angles (°) by X-ray diffraction and theoretical
(DFT) calculations for (N-(4-(dimethylamino)benzyl)-Npropyldithiocarbamato-
S,S8")(thiocyanato-N)(triphenylphosphine)nickel(11) complex (Numbering of the atoms is in
relation to the structure shown at Table 1.4, S.No. 1)

Bond lengths Bond angles

XRD | DFT | XRD-DFT XRD | DFT | XRD-DFT
N1-C1 | 1.3130 | 1.3494 | -0.0364 | N1-C1-S1 124.22 | 124.19 0.03
C1-S1 |1.7310|1.8616 | -0.1306 | N1-C1-S2 126.82 | 125.00 1.82
C1-S2 |1.7180 | 1.8593 | -0.1413 | S1-C1-S2 108.96 | 110.80 -1.84
S1-Nil | 2.1664 | 2.3927 | -0.2263 | C1-C1-Nil | 86.66 | 85.66 1.00
S2-Nil | 2.2314 | 2.4293 | -0.1979 | C1-S2-Nil |84.93 | 84.65 0.28
Nil-P1 | 2.1857 | 2.4006 | -0.2149 | S1-Nil-S2 79.32 | 78.86 0.46
Nil-N3 | 1.8639 | 1.8404 0.0235 S1-Nil-P1 | 95.26 | 94.74 0.52
N3-C32 | 1.1690 | 1.2080 -0.039 S2-Nil-N3 | 94.86 | 94.90 -0.04
C32-S3 | 1.6200 | 1.7762 | -0.1562 | S1-Nil1-N3 | 171.15|173.76 -2.61
S2-Nil-P1 | 174.24 | 173.61 0.63
Nil-N3-C32 | 161.65 | 169.98 -8.33
N3-C32-S3 | 178.61 | 199.93 -21.32
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P1-Nil-N3

90.29

91.48

-1.19

Table 1.6: Selected bond distances (A) and bond angles (°) by X-ray diffraction and theoretical
(DFT) calculations for [Co(L)s], where L = Ethylaminoethanol dithiocarbamate. (Numbering
of the atoms is in relation to the structure shown at Table 1.4, S.No. 2)

Bond lengths Bond angles
XRD | DFT | XRD-DFT XRD | DFT | XRD-DFT
S1-Col | 2.2857 | 2.3945 | -0.1088 | S3-Co01-S3' | 76.45 | 76.09 0.36
S2-Col | 2.2812 | 2.3986 | -0.1174 | S2-Co1-S2' | 165.91 | 166.58 -0.67
S3-Col | 2.2861 | 2.4025 | -0.1164 |S1-Col1-S1' |95.99 | 96.12 -0.13
C1-N1 | 1.337 | 1.3081 0.0289 S1-Co1-S2' | 76.23 | 75.98 0.25
C7-N2 | 1.371 | 1.4730 -0.102 S3-Col-S2 | 95.20 | 95.74 -0.54
C1-S1 | 1.720 | 1.7784 | -0.0584 | S3-Col-S1 |166.95 | 166.44 0.51
C1-S2 | 1.729 | 1.7802 | -0.0512 | N2-C7-S3 |124.4 |124.22 0.18
C7-S3 | 1.715 | 1.7794 | -0.0644 | N1-C1-S1 |125.7 |123.76 1.94
C3-01 | 1.200 | 1.4315| -0.2315 | O1-C3-C2 | 109.00 | 109.85 -0.85

Table 1.7: Selected bond distances (A) and bond angles (°) by X-ray diffraction and theoretical
(DFT) calculations for [Zn(L).], where L = (E)-1-(2-Aminophenyl) ethanone oxime.
(Numbering of the atoms is in relation to the structure shown at Table 1.4, S.No. 3)

Bond lengths Bond angles
XRD | DFT | XRD-DFT XRD | DFT | XRD-DFT

Zn1-02 | 1.999 | 2.039 -0.04 02-Zn1-04 | 87.6 | 90.35 -2.75
Znl-N2 | 2.129 | 2.208 -0.079 02-Zn1-N2 | 89.8 | 87.67 2.13
Zn1-N3 | 2.046 | 2.155 -0.109 02-Zn1-N4 | 166.6 | 164.77 1.83
Zn1-0O4 | 2.042 | 2.060 -0.018 0O4-Zn1-N2 | 91.1 | 87.47 3.63
Znl-N2 | 2.010 | 2.099 | -0.089 | O4-Zn1-N4 |84.6 | 84.34 0.26
Znl-N4 | 2.041 | 2.109 -0.068 N1-Zn1-N3 | 944 | 94.64 -0.24

N2-Zn1-N3 | 172.9 | 169.51 3.39

N3-Zn1-N4 | 83.1 | 80.65 2.45
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02-Zn1-N1 | 97.5 | 100.3 -2.8

Table 1.8: Selected bond distances (A) and bond angles (°) by X-ray diffraction and theoretical
(DFT) calculations for [Zn(L)2], where L = (E)-2-methoxy-6-(((3-
methoxypropyl)imino)methyl)phenol. (Numbering of the atoms is in relation to the
structure shown at Table 1.4, S.No. 4)

Bond lengths Bond angles

XRD | DFT | XRD-DFT XRD | DFT | XRD-DFT
Zn-0O1 | 1.937 | 1.953 -0.016 0O1-Zn-N1 | 9531 | 93.25 2.06

Zn-N1 | 2.001 | 2.086 -0.085 01-Zn-O1A | 110.93 | 131.80 -20.87

01-C7 | 1.309 | 1.297 0.012 01-Zn-N1A | 116.84 | 109.1 7.74

02-C1 | 1421 | 1413 0.008 N1-Zn-N1A | 122.64 | 123.67 -1.03

02-C2 |1.362|1.363| -0.001
03-C11 | 1424 | 1.413 0.011
03-C12 | 1421 | 1.409 0.012
N1-C8 | 1.293|1.301 -0.008
N1-C9 | 1.455 | 1.466 -0.011
C2-C7 | 1423 | 1.443 -0.02
C6-C8 | 1.434 | 1.438 -0.004

1.6 Scope for the Present Work:

Search for new molecules as candidates for applications in various fields of medicine,
energy storage, communication, defense, agriculture, cosmetics, nutrition, optoelectronics,
etc. is one of the prime and active areas of research. Hence, new molecules are first
computationally modelled and their Quantitative Structure-Activity Relationships
(QSARSs) are obtained before a computationally discovered potential molecule is taken up

for actual synthesis.

Correlation of actual and modelled molecular properties of a synthesized molecule is a new
and highly relevant area of chemical research before that molecule is truly adopted for any

actual application in real life. Agreement of various structural parameters of the molecule
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upon such correlation would vindicate suitability of the molecule for the intended real life

application.

Nitrogenous and thio organic compounds and their metal complexes are known for their
potential pharmaceutical applications. Hence, a set of a few of such compounds, that has
not yet been investigated and reported from QSARs points of view and that, that has not
yet been crystallographically and computationally investigated and correlated, could be a

good set to be investigated.

The compounds are chosen on the basis of their distinct and varied structural characteristics
that have some analogous structural relationship with some compounds that are proven to

have biological applications

The compounds are chosen with a viability for green chemistry and for possibility of
crystallization for actual XRD measurements and also to be computationally administrable.

1.7 Objectives of the Present Work:

i)

Vi)

To synthesize by known and novel methods a few nitrogenous and thio organic compounds
and their metal complexes that are likely to have potential pharmaceutical applications

To characterize the synthesized ligands and complexes by various spectral, electrochemical
and other relevant methods to assess their bulk and solution properties and to evaluate their

biological applications

To develop single crystals of the chosen ligands and metal complexes and determine their
molecular structures by single-crystal X-ray diffractometry (XRD)

To perform molecular modelling and do computational chemical evaluation of the

compounds on different computational platforms

To correlate the molecular structural properties of the compounds obtained by the XRD
studies with those of the modelled molecules and to assign reasons of chemistry for the

agreement or deviations of these structural parametric sets.

To perform conformational analysis on the modelled molecules by dihedral and double-

dihedral driving to know the spatial geometry of the free molecules and thereby to
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understand the mechanism of computational molecular docking on chosen proteins or

biomolecules adopted from bioinformatics data base

Keeping in view the above Scope and Objectives, we have synthesized and studied a few
nitrogenous organic compounds besides one with a dithiocarbamate moiety, shown in Table 1.1,
as examples, to meet the objectives of my thesis. Some of these compounds have been extended
for metal coordination. Suitable crystals for a considerable number of these organic compounds
could be isolated for single crystal X-Ray Diffractometric. Despite repeated attempts with change
in solvents, temperature radiance and other experimental conditions, single crystals suitable for
XRD could not be developed for the complexes and for the dithiocarbamate series. In the light of
the excellent correlation between the XRD data and the computationally modelled data of the other
successful compounds, the molecular structural data of the ligands in the modelled complexes,
both as isolated systems and in their biological docking studies, have been justified. Almost all the

ligands and their complexes were investigated for their biological applications.

The procedures of the synthesis of the chosen compounds and the details of the
experimental methods used, are presented in Chapter Il and the results of laboratory investigations,
crystallographic studies, molecular modeling and docking and biological studies of these
compounds, form the contents of the subsequent chapters.
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CHAPTER Il

MATERIALS AND METHODS

This Chapter, entitled, ‘Materials and Methods’, describes the experimental aspects such
as the procedures of synthesis, purification and crystallization of the materials investigated,
sampling techniques and methods of measurements involved in the instrumental analysis of the
compounds, data management, computational procedures, biological assaying details, etc. among

others.

This Chapter is divided into two parts, Part A and Part B, out of which Part A deals with
the synthesis, purification, crystallization of the chosen compounds and other wet methods of
materials, while Part B deals with the instrumental details of characterization of the compounds
besides the computational chemistry procedures on the modelled compounds. Part B also
introduces the principles, instrumentation and applications of some modern methods used during

the studies, for the general benefit of the readers of this thesis.
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PART A

MATERIALS

2A.1 Synthesis of Fluoxetine Dithiocarbamate, FLXDTC (See Scheme 2A.1):

High purity Fluoxetine Hydrochloric acid was purchased from Pharma Company and was
purified by recrystallization before use. For this, AR grade salts of Cd, Zn, Ni, Cu, Co, and MN
were used. Tetra Ethyl Ammonium Perchlorate (TEAP) and CDCI3 (99.9% D with 0.03% TMS)
were purchased from Aldrich (USA). Spectroscopic grade carbon disulfide and other solvents were

employed during the investigations.

To a solution of 1.210 g (3.5 mm) of fluoxetine hydrochloride (FLX) in 20 ml of diethyl
ether, 2.66 g of carbon disulfide (3.5 mm) was added at a temperature of 5 °C with stirring. After
5 minutes, 2 ml of sodium hydroxide solution (3.5 mm) was added to this mixture, with stirring
continued for 5 hours. The yellow-colored solution, thus obtained, was reduced to one third of its
volume in a rotovapour under reduced pressure and mild heating before eluting the reaction
mixture from a polystyrene column chromatograph with a mixture of 20% hexane and 80% ethyl
acetate as the mobile phase. Finally, the yellow-colored solid was separated by suction filtration,
dried in vacuum desiccators over fused calcium chloride, and purified by recrystallization from a
mixture of methanol and dichloromethane. The synthesis procedure of the FLXDTC ligand and

its metal complexes is shown in Scheme 2A.1.

2A.2 Synthesis of the FLXDTC Complexes, M(FLXDTC)2 (See Scheme 2A.1):

This section outlines a typical method for preparing Cu(FLXDTC)2. An aqueous solution
of cupric chloride in 10 ml of water (26.89 mg, 0.2 mM) was added to a methanol solution of 81.49
mg FLXDTC ligand (0.2 mM) while stirring on a water bath. The brown colored precipitate that
formed was filtered and washed with a hexane-ethyl acetate (1:4 v/v) solvent mixture (Scheme

2A.1). The same procedure is followed for the remaining metal complex synthesis.
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Scheme 2A.1: Schematic of the synthesis of FLXDTC and [M(FLXDTC)]

Studies of FLXDTC and its complexes are presented in Chapter-111

2A.3 Synthesis of (E)-1-(((3-fluoro-4-morpholinophenyl)imino)methyl)naphthalene-2-ol,
FMIMN (See Scheme 2A.2):
All of the needed chemicals, including 2-hydroxy-1-napthaldehyde, 3-fluoro-4-
morpholinoaniline, methanol, chloroform, and 35% hydrochloric acid, were of analytical grade

and used as received.

A mixture of 2-hydroxy-1-napthaldenyde (0.172g, 1mM) and 3-fluoro-4-
morpholinoaniline, (0.196 g, 1 mM) was dissolved in methanol and refluxed for an hour after
being spiked with 2 drops of HCI to yield a yellow-colored compound, FMIMN which was
filtered, washed several times with cold methanol and dried. Crystals were grown for this Schiff

base in methanol and a chloroform mixture (1:3 v/v).

2A.4 Synthesis of the Complexes, M(FMIMN)2 (See Scheme 2A.2):

A typical procedure for the preparation of Cu(FMIMN):2 is briefly described below. A
methanol solution of 140.15 mg (0.4 mM) of the ligand FMIMN was added to a methonolic
solution of cupric chloride in 10 ml (26.89 mg, 0.2 mM) while stirring on a water bath. The
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resulting brown precipitate was filtered and washed in an ethanol solvent. The remaining metal
complexes were synthesized using the same process. The sequential procedure of the synthesis of
both FMIMN and its complexes is depicted in Scheme 2A.2. The studies of these complexes are
presented in Chapter IV.

)
N
@ o ‘
N Methanol
B
F + OH Refluxion, 1 h
_N

(E)-1-(((3-fluoro-4-morpholinophenyl)imino)methyl)naphthalen
(FMIMN)

® o
N N
F. F.
w0
O S
Methanol, Reflux N\M
N <0
on 0
I v
)
M = Cu, Ni, Co, Mn, Zn and X = Cl [M(FMIMN),]

Scheme 2A.2: Schematic of the synthesis of FMIMN and [M(FMIMN):]

2A.5 Synthesis of 2-Phenylmalonaldehyde (See Scheme 2A.3):

A procedure reported elsewhere was used to prepare 2-phenyl malonaldehyde'?. To the
solution of phenyl acetic acid in dry DMF, was added small drops of POCIs under overnight reflux.
The dark brown colored mixture was treated with an excess saturated sodium perchlorate solution
to obtain the white colored crystalline solid, N-(3-(dimethylamino)-2-phenylallylidene)-N-
methylmethanaminium (DPM). The white colored compound, 2-phenylmalonaldehyde was
obtained by adding 20 mL warm sodium hydroxide (28 mmol) to 13.5 mmol of DPM and upon
heating at 95 °C for 20 min, after the mixture was acidified to pH = 2 by dropwise 10% HCI. The
procedure is briefly depicted in Scheme 2A.3.
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Scheme 2A.3: Schematic of the synthetic sequence of the 2-phenylmalonaldehyde

2A.6 Cyclization and Adduction to Schiff Bases of the 2-Phenylmalonaldehyde (See Scheme
2A.4):

Very interesting synthesis facts are found from the 2-Phenylmalonaldehyde. Dissolving on

the reaction constituents with mild variation in reagents, we got 3 different compounds from the

2-phenylmalonaldehyde as shown in Scheme 2A.4.

2A.6a Synthesis of 7-Fluoro-6-morpholino-3-phenylquinolin-1-ium Chloride (FMPC):

The 7-fluoro-6-morpholino-3-phenylquinoline-1-ium chloride salt (FMPC) was prepared
by Combe’s quinoline procedure®. It was formed by refluxion of the ethanolic mixture of 2-
phenylmalonaldehyde and 3-fluoro-4-morpholinoaniline, spiked with a few drops of HCI (Scheme
2A.4). The precipitated FMPC was suction-filtered, washed with ethanol, and air-dried. Crystals

were grown for this salt in methanol and a chloroform mixture (1:3 v/v).

2A.6b Synthesis of 5-Fluoro-3-(4-methoxyphenyl)-6-morpholinoquinolin-1-ium Chloride
(FMPMC):
5-fluoro-3-(4-methoxyphenyl)-6-morpholinoquinolin-1-ium chloride salt, (FMPMC) was
prepared by refluxion of the ethanolic mixture of 2-(4-methoxyphenyl)malonaldehyde and 3-
fluoro-4-morpholinoaniline spiked with a few drops of HCI (Scheme 2A.4).

2A.6¢ Synthesis of (E)-3-Fluoro-N-((Z)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-
methoxyphenyl)allylidene)-4-morpholinobenzenaminium (FFMMMC):
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(E)-3-fluoro-N-((2)-3-((3-fluoro-4-morpholinophenyl)-amino)-2-phenylallylidene)-4-
morpholinobenzenaminium, FFMPMC and (E)-3-fluoro-N-((2)-3-((3-fluoro-4-
morpholinophenyl)-amino)-2-phenylallylidene)-4-morpholinobenzenaminium, FFMMMC were
synthesized after a mixture of substituted phenyl malonaldehydes and 3-fluoro-4-
morpholinoaniline was dissolved in ethanol, spiked with 3 drops of glacial acetic acid, and refluxed
for an hour (Scheme 2A.4) before the contents were filtered, washed several times with cold
ethanol, and dried. Investigations of these compounds are presented in Chapter I1V. Single crystals
could be generated only for (Z)-3-((3-fluoro-4-morpholinophenyl)amino)-2-phenylacrylaldehyde
(FMAPA), with one of the carbonyl groups converted to azomethine, and 3-fluoro-N-((1E,2Z)-3-
((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)allylidene)-4-
morpholinobenzenaminium (FFMMMC), with both the carbonyl groups converted to
azomethines, whereas we could not obtain single crystals of 3-fluoro-N-((1Z,3E)-3-((3-fluoro-4-
morpholinophenyl)imino)-2-phenylprop-1-en-1-yl)-4-morpholinobenzenaminium (FFMPMC)
and (2)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)acrylaldehyde
(FMAMA) in a chloroform-methanol solvent mixture.

o
SIS -
N Ethanol F

—_—
+ ©/F HCI, 5 drops

NH,

N Methanol |
F > =
PTSA, 2 drops

+ FMAPA

R NH,
\ \
Ethanol
i . Acetlc acid, 3 drops J\@\

FFMMMC

R =-H, -OMe

Scheme 2A.4: Schematic for the synthesis of various compounds from 2-phenyl malonaldehyde
and 3-fluoromorpholino aniline
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2A.7 Synthesis of 2,2'-(((1E,3E)-2-phenylpropane-1,3-diylidene)bis(azaneylylidene))dibenzoic
acid, PDBAD and its Metal Complexes (See Scheme 2A.5):

The yellow color compound, 2,2'-(((1E,3E)-2-phenylpropane-1,3-
diylidene)bis(azaneylylidene))dibenzoic acid (PDBAD) was obtained after a mixture of 2-phenyl
malonaldehyde (0.74 g, 5 mM) and anthranalic acid (1.37 g, 10 mM) was resulted in ethanol, spiked
with 3 drops of acetic acid for 2 hours (Scheme 2A.5).

A typical procedure followed for the preparation of the [Cu(PDBAD)] is presented here: An
ethonolic solution of cupric chloride in 10 ml (26.89 mg, 0.2 mM) was added to a methanol solution
of 77.28 mg PDBAD ligand (0.2 mM) while stirring on a water bath. The brown colored precipitate,
formed, was filtered and washed with a methanol solvent mixture. Same procedure is followed for
remaining metal complexes synthesis. The simplified chemical equations are shown in Scheme
2A.5.

o o
L Ehanol !
NH, > AN _N
+ Acetic acid
HO” YO Refluxation, 2h OH HO.
o o

MX,
_— >
N Ethanol, Relfux
x|
J_N
17
0.

X = nil for Cu and Ni [M(PDBAD)X;]
X =H,0 for Co, Mn and Zn

Scheme 2A.5: Scheme for the synthesis of PDBAD and [M(PDBAD)X:]

The recrystallized pure compounds suitable for single crystal XRD studies were obtained
from dilute solutions of theirs in test tubes, sealed with aluminium foil with one or two
perforations. To avoid temperature variations, the test tubes were enclosed under a thick sheet of
thermocoal, which was then sealed inside a wooden chest for 3—-10 days. After a few weeks, the
tubes were removed to identify single crystals of various shapes and sizes. Through the use of a
compound microscope, these crystals were sorted. For single crystal XRD studies, the best crystal

was carefully chosen and washed with pure relevant solvents to get rid of any solvent residues.
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PART B

METHODS

This part covers the sample procedures for measurements and characterization of various
instruments and instrumental techniques. A brief introduction to the principles of some modern
research methods that we have used is provided at the end of this chapter for the benefit of the

readers of this thesis.

2B.1 Sampling Methods and Instrumental Operations:

2B.1.1 Melting Point Determination:
The Stuart SPM30 Digital Melting Point Apparatus was used to measure the melting points
of various solid materials and other purifications. The results are now corrected where ever glass

thermodynamics was followed. Mostly these readings are digital.

2B.1.2 Elemental Analysis:
The C, H, N, and S elemental analysis of the ligands and complexes was done using a Carlo
Erba Fisons Model EA 1108 CHNS-O Elemental Analyzer with a DP 200 Data Processor and a

microgram-sensitive Sartorius MC5 Microbalance.

2B.1.3 Mass Spectral Analysis:
A Perkin Elmer Model (SCIEX API-2000, ESI-MS) Spectrometer was used to determine
the electrospray ionization mass spectra (ESI-MS). The Agilent model 6530 Q-TOF LC-HRMS

was also used.

2B.1.4 Infrared Spectral Studies:
The FT-IR spectra of the compounds in their KBr pellets were recorded on a Perkin Elmer

Model Spectrum 100S spectrophotometer that has a resolution of 1 cm™.
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2B.1.5 NMR Spectral Studies:

The ligands and some of the soluble diamagnetic complexes were characterized using *H
and 3C NMR spectra recorded on a Bruker Advance 400 MHz NMR spectrometer at room
temperature using TMS as an internal reference. Solutions suitable for the studies were prepared
in approximately deuterated solvents. The deuterated solvents were also used as the locking

isotopes during the NMR studies.

2B.1.6 ESR Spectral Studies:

In the powder and solution states, EPR spectra were measured with a JEOL FA 100 X-
Band Spectrometer. 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical compound was the external
standard taken in a small capillary.

2B.1.7 UV-Visible Absorption Spectral Methods:

The electronic spectra of all substances were recorded on a Thermo Scientific Evolution
600 or on a Perkin EImer Lambda 25 Spectrophotometer in the wavelength range of 200-1100 nm
at a band width of 1 nm or lower. It has been used to monitor pH-metric and spectrophotometric

titrations, which are used to investigate protonation, deprotonation, and chemical Kinetics.

2B.1.8 Fluorescence Emission Spectral Methods:

The UV-Visible fluorescence emission spectra of all compounds were recorded on a
Horiba Instruments Incorporated, USA model FL-1000 Fluorescence spectrophotometer in the
wavelength range of 900-200 nm. As per the nature of each compound, the excitation wavelength

and its intensities were altered.

2B.1.9 Electrochemical Investigations:

A result, a variety of electroanalytical procedures were applied in our research. An Orion
Model EA 940 Expandable lon Meter equipped with an Ag|AgCl combined glass electrode was
used to test the pH of buffers, stock solutions, and reaction mixtures. Electrochemical
measurements were carried out using a CHI workstation (Model 6132E, USA). The
voltammograms were obtained from a three-electrode electrochemical cell system with either a

glassy carbon electrode or platinum disc as the working electrode, either Ag|AgCI|CI (sat) or SCE
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as the reference electrode and platinum wire as the auxiliary electrode. pH buffers and Tetra ethyl
ammonium perchlorate solutions were used as electrolytes. Figure 2B.1 shows the three-electrode
assembly. To activate the glass carbon electrode surface, polish the electrode with a 0.05 m
alumina slurry. Several scoops of alumina can be mixed with a small wash bottle of high purity

water, such as NanopureTM, and sprayed onto a clean, ground glass plate.

o
o
e
Reference electrode ,\-\3(‘{

gt

N
Working electrode} 2u
""&
Ec ﬁ o ﬂ

NI LA

Electrolyte + Analyte
1

S

Figure 2B.1: Three-electrode electrochemical cell system

2B.2 Crystallographic Data Collections:

The single crystal X-ray data is collected on a Bruker-Nonius SMART APEX CCD
diffractometer at 293 (2) Ka using graphite-monochromated Mo K radiation (= 0.71073), after
getting a suitable crystal for an X-ray experiment. This device is used to direct X-ray beams

through a crystal, record where they diffract, and quantify the intensity of the reflection.

2B.3 Molecular Modelling:

We have run computational studies on it under a few modeling platforms, viz., MM2
(ChemSoft), AM1 (Austin Model-1) and DFT (B3LYP). MM2 uses a force field to produce
energy-minimized molecules, based on the Self Consistent Field (SCF) approach and the semi-
empirical Austin Model-1 (AM1). Becke-3-Parameter-Lee—Yang—Parr (B3LYP) Density
Functional Theory (DFT/B3LYP) is predominantly applied to molecular systems with a large
number of electrons and atoms and operates on the nature and extent of inter-electronic interactions

that manifest as hybrid functional instead of simple electronic wave functions. The chemicals were
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molecularly modeled using ChemOffice Ultra. This molecular modelling software was used to
obtain important thermochemical and molecular energy data, as well as HOMO-LUMO energy
values. Single and double dihedral conformation analyses were performed on the energy
minimized structures. Golden Software's Surfer 10 was used to make 3-D counter plots of double-

dihedral conformational analysis charts.

2B.4 Biological Studies Procedures:

2B.4.1 Antimicrobial and Antifungal Screening:

Two gram-negative bacteria, Klebsiella pneumoniae and Escherichia coli, and two gram
positive bacteria, Staphylococcus aureus and Bacillus subtilis, as well as a few fungus strains,
Aspergillus niger and Pencilliumnotatum, were employed in this study. For bacteria and fungi, the
reference drugs were streptomycin and ketoconazole, respectively. The MIC values of the

investigated compounds and reference drugs were measured in uM.

2B.4.2 Antioxidant Screening:

The antioxidant activity of the synthesized compounds has attracted people's interest, and
it's been tested predominantly in vitro systems. The antioxidant activity of the ligand and its metal
complexes was investigated using the DPPH (1,1-diphenyl-2-picrylhydrazyl) radical as a reagent
in a spectrophotometric test. The antioxidant ascorbic acid is used as a standard. The substances

were tested in triplicate, and the standard deviation was computed.

2B.4.3 Anticancer Screening:

Following the successful evaluations of antimicrobial and scavenging activity, we used the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method to investigate
anticancer activity against MCF-7 (breast), HepG-2 (liver), HEK293 (embryonic kidney), and

FaDU (head and neck) cancer cell lines. Cisplatin is used as a standard of comparison.

2B.4.4 Molecular Protein Docking Interaction Studies:
The objective of molecular docking approaches is to anticipate a ligand's optimal binding
mode to a macromolecular partner (here just proteins are considered)®. It entails the creation of a

variety of potential ligand conformations and orientations, or poses, within the protein binding
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site’. As a result, the presence of the molecular target's three-dimensional structure is needed; it
can be an experimentally solved structure (such as via X-ray crystallography or NMR) or a
structure produced by computational techniques. The graphical user interface tool AutoDock Tools
was used to perform intermediate stages such as creating pdbqt files for protein and ligand
preparation and creating grid boxes (ADT)?®. The protein was modified using ADT by adding polar
hydrogens, Kollman charges, solvation parameters, and fragmental volumes®. The prepared file
was saved in PDBQT format by AutoDock. An AutoGrid was used to create a grid map using a
grid box. To reduce computing time, a score grid is calculated using the ligand structure’. The
protein and ligand information, as well as grid box attributes in the configuration file, were used
to dock AutoDock/Vina. An accelerated local search global optimizer is used by AutoDock/Vina.
Both the protein and the ligands are treated as rigid during the docking phase. The findings with a
positional root-mean-square deviation (RMSD) of less than 1.0 were grouped together and
represented by the result with the lowest binding free energy. For further analysis, the posture with
the lowest binding energy or binding affinity was extracted and aligned with the receptor structure.
EGFR-TK (pdb id: 1m17) belongs to the epidermal growth factor receptor family. Excess EGFR
expression results in anal cancer and epithelial malignancies of the neck and head. The DockVina®
software was used to perform docking calculations. Using AutoDockTools-1.5.6, the ligand is
prepared by eliminating water molecules and adding polar hydrogens, as well as ascribing Kollman
and Gasteiger partial charges. The AutoGrid application was used to create affinity maps with
60x60x60 grid points and 0.575 spacing. The discovery studio visualizer software was used to

help people understand the 2D structure and figure out how the binding interactions worked.

2B.5 Functional Principles of Some Important Techniques:

Here is a brief breakdown of some of the modern methods for ligand and complex
characterization that we have studied. In spite of the fact that excellent books, review articles, and
reference material are available on these strategies, a quick overview may suffice. Only those
methods are talked about here that help us understand the compounds better in terms of their

electrical, structural, redox, geometric, and spectral properties.
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2B.5.1 Cyclic Voltammetry as Tool for Material Diagnostics:

Cyclic voltammetry (CV) has become an important and widely used voltammetric
technique in a number of fields, such as chemical engineering, material science, and chemical
sciences. CV is done by changing the potential of an electrode linearly as a function of time and
watching the current signal at each potential. This is usually done with a three-electrode
electrochemical cell. In this method, the voltage at the working electrode changes both forward
and backward while the current is being measured. Figure 2B.2 depicts a typical waveform applied
to the working electrode.
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Figure 2B.2: Typical triangular potential programme in a cyclic voltammetric run (eg. between
-1.5and +1.5 vs SCE)
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Figure 2B.3: Shape of a typical reversible cyclic voltammogram
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However, repetitive cyclic voltammograms can be used for a variety of applications, such
as determining the Nernstian (reversible) and non-Nernstian (irreversible) behavior of a redox
couple, the stability of reaction products, the number of electrons transferred in an electrochemical
event, reaction kinetics, and so on. The Randles-Sevcik equation explains the effect of scan rate
and electrode area®. On the other hand, a chemical event that happens at the same time as the

electrochemical event can make a big difference in the ratio of peak currents.

Shain and collaborators provide a detailed theory of cyclic voltammetry . Randles
established the utility of the approaches for reversible processes, while Delahey determined the

significance of the techniques for irreversible processes*”.

The net current at the peak of the cathodic response, the potential at the peak of the cathodic
response, the net current at the peak of the anodic response, and the potential at the peak of the
anodic response are all measured by the current potential wave. A typical cyclic voltammogram
for reversible charge transfer is shown in Figure 2B.3.

For a general electrode process,

ip=2.99 X 10° n(ona) 2 ADY212C (2.1)

where

ip = peak current in A

n = number of electrons

A = area of working electrode in cm™

D = diffusion coefficient in cm?

C = concentration in mol lit

v = scan rate in volts

a = transfer coefficient (usually 0.5)

na = number of electrons involved in the rate determining step.

The value of ana IS given through

(2.2)

Where Epand Ep12 are the peak and half peak potentials, respectively.
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For a reversible system,

o g g %059

| ra- pcl_ n (23)
e _ g
lpa (2.4)

The peak current in reversible process is given by Randel-Sevcik equation

ip = kn®¥2ADY2cy12 (2.5)
where
ip = peak current in pA
n = number of electrons
A = area of working electrode in cm™
D = diffusion coefficient in cm?
C = concentration in mol lit™
v = scan rate in volts
k = Randel-Sevcik constant

The peak current in irreversible process is given by equation

ip= 0.227nFAC®ksexp[2 KE, — E,} (2.6)

A plot of log ip vs Ep — E° of different scan rates yields, a from the slope and k from the intercept,

provide E’ is known.

Shain and Nicholson calculated the peak potentials for an irreversible response

E,=E,- % [0.780 + In(D02) /2 - Inks] 2.7)

There is 30/an mV cathodic shift in peak potential for every 10-fold increase in scan rate and this
criterion can be used to characterize an irreversible response.

The heterogeneous forward rate constant (ko f, h) values can be calculated using the equation,

E,= ={(In(k% h/D'?)-1.14)-(0.5In(ctaV)} (2.8)
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where R is the gas constant, F is the Faraday constant and T is the absolute temperature.

Eqns. 2.3 and 2.4 are commonly used to check an electrochemical process’s reversibility.
Eqn 2.1 indicates that ip is proportional to v'2 for a specific ion and other experimental conditions.
As a result, a straight line should be drawn between the square root of the scan rate and the peak
current, ip, of the respective cyclic voltammograms. In organic voltammetry, deviations from this

rule are fairly common.

Usually, the shape of the peak of irreversible response is independent of scan rate and the
separation of Ep and Ep1/2 is given by

(2.9)

If the electron transfer is a diffusion-controlled process with a faster scan rate than the
chemical reaction, the kinetics of the chemical reaction can be determined by analyzing the

variation of peak current and peak potential over time and concentrations.

2B.5.2 X-Ray Crystallographic Technique for Elucidation of Crystal and Molecular Structures:

The experimental science of determining the arrangement of atoms in crystalline
substances is known as crystallography. These techniques are used by material scientists,
biologists, astronomers, and other scientists to determine the structure and other geometrical
properties of crystalline materials'®. The examination of the diffraction patterns of a sample
targeted by an X-ray beam generated from an anodic material such as Cu, Mo, etc. is now used in
crystallographic procedures*. X-rays interact with the spatial structure of crystals to produce
diffraction patterns of sharp Bragg reflection spots'®, making this approach perfect for examining
solid structures. In this Thesis, we discussed some Schiff base and quinoline derivative crystal
structures that were used in the current research, as well as the relationship between X-ray
diffraction data and molecular modeling data. Figure 2B.4 depicts the schematic diagram of a
single crystal XRD method.
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Figure 2B.4: Schematic of an X-Ray diffractometer

2B.5.3 Molecular Modelling:

“Computational Chemistry” is the science of representing molecular structures
computationally and simulating their behavior with quantum and classical physics equations*’.
Computational chemistry, often known as molecular modelling, is the simulation of chemical
processes and computation of chemical characteristics employing computer-based models. The
combination of two mathematical methodologies, Molecular Mechanics (MM) and Quantum
Mechanics (QM), is molecular modelling. ChemOffice Ultra, HyperChem, Gaussian, Spartan,
Sybyl, and other molecular modelling tools are used to calculate single point energy, geometrical
optimization, and property calculations (prediction of certain physical and chemical properties like
heat of formation, HOMO-LUMO, dipole moment)*“. All methods are not capable of performing
all types of calculations, and no single approach is ideal for all applications. The following is a

quick overview of four major computational chemistry approaches.

2B.5.3a Ab Initio Methods:

Quantum mechanics underlies these methods (i.e., solving the Schrodinger equation)*”. In
ab initio calculations, the wave functions Hartree-Fock and Quantum Monte Carlo (QMC) are
commonly used-". Another type of ab initio calculation is density functional theory, which is based
on total electron density rather than wave functions<*. It's the most promising methodology for
quantum chemical calculations. For simple molecules, ab initio calculations produce excellent

quantitative results.
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The theory that all chemistry can be described in terms of interaction between electronic
charges within molecules is the basis of electronic structure approaches. As a result, chemical
bonding can be roughly defined as a redistribution of electrical charge that stabilizes a molecule
with respect to a group of its (isolated) constituent atoms. The relative stability of a system is

shown by its total energy, which is given by a differential equation.
A=T+V (2.10)
where H denotes the Hamiltonian operator that sums the kinetic (T) and potential (V) energies.

The kinetic energy of a particle in quantum mechanical systems is

~ —h2
T=—V? (2.11)

2m

where m is the mass of the particle, h is the Plank constant and

dx?  dy? 0z? (2.12)

The potential energy of electrostatic systems is commonly described as the pairwise interaction
between charged particles.

f=te 1 (2.13)

dme, |r1—r2|
where
£, 1S permittivity of free space and |ri-r2| is the distance between the charges g: and g

The Schrodinger equation cannot be solved exactly for systems with more than two
interacting particles. As a result, all ab initio calculations for many-body systems (e.g., molecules)
involve a variety of approximations. However, ab initio methods for molecular calculations must

meet a number of specific requirements:

e Both the structure and electronic states of the molecule must be well defined and specified

in order for solutions to be very well defined and specified.

e With respect to atomic nuclei displacements, the molecule's potential energy must vary

smoothly and continuously.
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e The model can't be skewed in any way, like by assuming that there is a chemical bond

between two atoms.

e The model must be "size-consistent,” implying that the solutions and errors must scale in

proportion to the molecule’s size.

e The model must be "variational,” which means that approximate solutions must put an
upper bound on the system's "actual™ energy. So, within the limits of the method, the closest

fit to the real wave function is the approximate solution with the lowest energy.

2B.5.3b Semi-Empirical Methods:

Ab initio approaches are substantially slower than semi-empirical methods. These
calculations involve a number of approximations and constraints, including the use of experimental
data®”. Various semi-empirical approaches are optimized according to necessity. The NDDO,
MNDO, AM1, and PM3 methods are some of the approaches used to reproduce the formation
temperatures and structures of massive organic compounds®’. Some methods, like ZINDO/S, are
made to predict electronic transitions in the UV/VIS range*”.

In semi-empirical calculations, the basis sets are specifically optimized minimal basis sets
made up of Slater-type orbitals. Hartree-Fock theory uses a simple point charge model to figure
out the energy of nuclear repulsion. However, this model is not good enough for semi-empirical
calculations because it only takes into account valence electrons and treats core electrons and
nuclei as one effective core potential. The core-core potential employed in NDDO methods
extends further the use of simple point charge modelling with lowered nuclear charges to account
for some of the approximations employed in computing the attractive core-electron energies.

Egp = Z'zZ'pe®/Ras (2.14)

Rag represents the inter-nuclear separation, while Z'a represents the effective core charge,
which includes the nuclear charge as well as all core electrons. In NDDO methods, a general
equation for figuring out the energy of core-core repulsion between nuclei A and B at a distance
of Rag is:

Esp = Z'4Z'y < SuSa SpSp > [1 + F(A) + F(B)] (2.15)
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The core repulsion energy is a result of both the electron-electron repulsion integral SaSa
and SgSg atom-type dependent functions F(A) and F(B), both of which are dependent on the
inter-nuclear spacing Rag. In MNDO, the functions F(A) and F(B) have a relatively simple form:

F4 = exp(-0aRaB) (2.16)

Some of MNDO's flaws, especially those that had to do with hydrogen bonds, were fixed
by giving AM1 a slightly more complex function:

Fy = exp(-aaRas) + = Ka; exp[Lai(Rap — Mu;)?] (2.17)

The sum over supplementary exponential functions includes three or four components and
provides three new parameters for each element, KAIi, LAI, and MAI, which are the main

differences between AM1 and MNDO (aside from the actual appropriate technique).

2B.5.3c Molecular Mechanics Methods:

Within those molecular mechanics (MM) calculations, Newtonian mechanics (classical
physics) is used to predict the structures and properties of molecules. In this approach, nuclei are
considered as spheres, and connected bonds are treated as springs. These MM techniques can be

used to simulate biomolecules like DNA or proteins*.

The potential energy (E) of a molecular system in a particular conformation is calculated
as a sum of individual energy terms using the following functional approximation, known as an

interatomic state equations or force field in chemistry.

E= ECovaEent + ENoncoualent (2-18)

where the following summations derive the portions of the covalent and non - covalent interaction

contributions:

ECovaEent = Epona + EAngIe + EDihedraI (2-19)

ENon.covaIent = EEIectrostatic + EVan. der Waals (220)

2B.5.3d Molecular Dynamics (MD):

To mimic the time-dependent behavior of molecules, molecular dynamics simulations are
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used-°. The MD method is used to investigate how a solute molecule diffuses across a liquid. This

method can be applied to computations involving big biomolecules in solutions®’.

Where the following summations derive the portions of the covalent and non-covalent
interaction contributions: The variation of a set of interacting particles is quantified in MD
simulations using the solution of Newton's equations of motion, eqn 2.21, wherein ri(t) = (xi(t),
yi(t), zi(t)) is the position vector of the i particle, Fi is the force acting on the ith particle at time t,

and mi; is the particle's mass.

v dZrict)
TS (2.21)

The simultaneous forces acting on the particles, as well as their initial locations and
velocities, must be provided in order to incorporate the above second-order partial differential
equation. The differential equations are normalized and solved numerically due to the many nature
of the case. MD trajectories reflect the time system dynamics in phase space and are described by
both position and velocity vectors. As a result, numerical integrators, such as the Verlet method,
are used to propagate the locations and velocities over a finite time interval. ri(t) determines the
(changing over time) position of each particle in space, whereas vi(t) determines the kinetic energy

and temperature in the system.

The objective of numerical integration of Newton's equations of motion is to discover an
expression that specifies locations ri(t + At) at time t + At in terms of positions known at time t.
The Verlet algorithm is widely utilized in MD simulations due to its simplicity and stability. The
essential formula for this technique is egn 2.22, which is obtained from the Taylor expansion for

the positions ri(t).

F.
r(t+ At) = 2r(t)— rn (t— At) + S0 pp2
m; (2.22)

2B.5.4 Hirshfeld Surface Analysis:
a) Hirshfeld Surface and Finger Print Plots:

Hirshfeld surface analysis is a valuable technique for visualizing molecular crystal
interactions®. CrystalExplorer 17.5 is a computer program that uses calculated Hirshfeld surfaces

of molecules within a crystal structure to calculate intermolecular interactions between specific
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molecules or for the entire crystal structure®”. An extension of the weight function describing an
atom in a molecule included the function of a molecule in a crystal producing Hirshfeld surfaces".
The isosurface derived from these calculations surrounds the molecule and delineates the space
occupied by a molecule in a crystal by partitioning the electron density of the molecular
fragments™. It has a weight function with the formula w(r) = 0.5. Because the surface is made up
of both the molecules that are inside and their closest neighbors, Hirshfeld surfaces can show how

the crystal's molecules interact with each other.

The electron densities employed in CrystalExplorer to compute the HS surfaces are
tabulations of atomic wave functions enlarged with exponential-type basis functions (Clementi &
Roetti, 1974; Koga et al., 1993, 2000). The resulting (spherical) atomic electron densities pa (r)
are used to construct the promolecule electron density ppromol () and the procrystal electron density
pprocryst (), which are then used to define the weight function, inspired by Fred Hirshfeld's
‘stockholder’ partitioning of atoms in molecules (Hirshfeld, 1977).

'Op?'ﬂmﬂi(r) EA € molecule Pla(™)

w (T‘) = =
4 EC € crystal Pic(™) (223)

procryst ()

In all space, this constant scalar function has 0 < wa (r), and the HS is the 0.5 isosurface of

all this function.

The fused sphere van der Waals and smoothed Connolly surfaces, which are used to
visualize and quantify molecular geometries, do not have this advantage because they are
exclusively specified by the molecule itself. The essential requirement for extracting excellent data
about intermolecular interactions from Hirshfeld surfaces is that the crystal structures input into
the computer are well-characterized, with all hydrogen atoms identified and arranged precisely. In
crystal space, the HS is the zone around a molecule that separates two regions: the inner reference
molecule and the outer neighboring molecules”. The HS enables the investigation of fingerprint
intermolecular interactions in a crystalline environment by separating space”. HS analysis can be
used to visualize and quantify non-covalent interactions that help to maintain the crystal packing
stable. dnorm, electrostatic potential, shape index, and curvature are all qualities that can be mapped
to HS"“. The dnorm property is a symmetric function of the nuclei's surface distances (di and de) in
relation to their van der Waals radii
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The red and blue colored regions on the dnorm represent shorter and longer inter-contacts,
respectively, whereas the white colored regions represent contacts around the van der Waals
radii-°. Two-dimensional fingerprint plots in the crystal provide useful information on
intermolecular contacts. The use of HS analysis to describe the nature of intermolecular
interactions that affect the packing of molecules in crystals has been shown to be very effective.
Hirshfeld surface analysis®’ is used to investigate polymorphism and crystallization. It also talks
about the importance of small molecules in macromolecule cavities, as well as how the strength of

interactions and the melting point are linked.

The Hirshfeld surface is a smooth, continuously differentiable three-dimensional manifold
with two major curvatures. Using the distances from the surface to atomic nuclei inside and outside

the surface, these can be used to figure out a lot of important things about any spot on the surface.

b) Intermolecular Interaction Energies:

Because it provides a computationally tractable way to obtain reliable intermolecular
energies constructed from a non-empirical electrostatic energy and semi-empirical polarization,
dispersion, and repulsion contributions, PIXEL has become popular for investigating molecular
crystals in terms of pairwise interaction energies’. CrystalExplorer calculates pairwise
intermolecular interaction energies using a method that is based on Gavezzotti's work but differs
in several ways®’. The basic expression used by Gavezzotti and others is Etot = KeleEele + KpolEpol +
kaisEdis + KrepErep, With the exception that each energy term is multiplied by a different scale factor*’.
The following are the definitions of the terms used in this expression: Eee is the classical
electrostatic energy of interaction between monomers with non-affected quantum mechanical
charge distributions; Epol is the polarization energy, calculated as a sum over nuclei with terms of
the kind, where the electric field at each nucleus is due to the quantum mechanical charge
distribution of the other monomer. Ep is the exchange-repulsion energy calculated between
unperturbed quantum mechanical charge distributions of the monomers; Egis is Grimme's D2
dispersion correction, summed over all intermolecular atom pairs. Because it provides a
computationally tractable way to obtain reliable intermolecular energies constructed from a non-
empirical electrostatic energy and semi-empirical polarization, dispersion, and repulsion

contributions, PIXEL has become popular for investigating molecular crystals in terms of pairwise
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interaction energies*'. CrystalExplorer calculates pairwise intermolecular interaction energies
using a method that is based on Gavezzotti's work but differs in several ways*’.
¢) Energy Frameworks:

The pairwise interaction energies for a nearest neighbor cluster of molecules can be used
to build and view a molecular crystal's "energy framework"*”. By integrating intermolecular
interaction energies with a graphical representation of their significance, these innovative images
were created in order to better comprehend crystal packing. The pairwise interaction energies for
a cluster of molecule's closest neighbors. This method was developed and used on a range of
organic molecular crystals with known bending, shearing, and brittle behavior to show how it can
be used to explain mechanical behavior at the molecular level**. In crystals, anisotropy of the
interaction topology in the form of strongly bonded molecular columns, sheets, or slabs can be
linked to mechanical properties like bending and shearing. The energies between molecular pairs
are depicted as cylinders interconnecting the centroids of pairs of molecules in an energy
framework diagram, with the cylinder radius corresponding to the size of the interaction energy.
Eele (red cylinders), Eqis (green), and Egot can all have their own frameworks (blue).

Energy frameworks are a strong and unique technique to explore molecular crystal
structures' supramolecular architecture. The framework's cylinders depict the relative strengths of
molecular packing in various directions. Lattice energies are found by adding up the total
interaction energies of all molecules B that interact with a central molecule A until Ej. is close to
a minimum energy threshold using a cut-off based on the distance between molecule’s centers of

mass.

Etat = 5 Srpp EAS (2.24)

To adjust for duplicate counting of all pairs in the summing, a factor of 1/2 is required.
Comparing Ejat's convergent value to an experimental estimate derived from sublimation enthalpy

data is enlightening.

Hsub (T) = Ejat + Evib + 4RT = Ejat-2RT (2.25)
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where approximating the thermal effects by 2RT assumes no difference between gas and crystal
intramolecular vibrations and that the intermolecular vibrational energy is at the high-temperature
limit of 6RT.

2B.5.5 Data Processing, 2D and 3D Graphical Presentation:

MS EXCEL was routinely used for initial data processing and curve fitting. Origin was
used for drawing plots. GoldenSoft’s Surfer (version 12) and Grapher (version 10) were extremely
used for gridding, surfaces and wireframe mesh 3D plots of data of the z = f (x, y) kind where z is
the domain of the acquired data for the x and y binary conditions or variables*.

The Surfer can generate a ‘z’ data set for any mathematical function, z = f (X, y), where ‘x’
and ‘y’ form sets of real numbers within any range that never makes the value of ‘z” undefined.

The graphical forms, in ‘wire frame’ format from Surfer and in ‘surface mat’ format from
Grapher platforms for the equation, z = x?-y?+xy, are shown in Figure 2B.5. It may be noted that
Grapher has MOE versatile features to manipulate with the presentation and appearances of the

plots.

Z-Axis
Z-Axis

0
A0

Figure 2B.5: The 3D (left) Surfer plot and (right) Grapher plot for the equation, z = x?-y?+xy,
for the range of -20<x<20 and -20 <y <20 with a gridding increment of 0.5 on
each of x and y domains

In molecular modeling, these graphical platforms can be used to obtain similar 3D plots
for double dihedral driven conformational analysis though single dihedral driven plots can be
easily generated from MS EXCEL or from Origin. Consider the sample molecule, 2-(2-

aminophenoxy)-5-methylphenol, shown in Figure 2B.6 with multiple intramolecular hydrogen
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bonds possible. Its stereographic projection, modelled and energy-minimized by an Hartree—Fock
SCF (Self Consistent Field) method (AH% =-9.7 kcal/mol) is also shown in that figure which
confirms the multiple intramolecular hydrogen bonds. Dihedral driven conformational analysis
plots over C6-O7 bond and O7-C8 bonds worked out are presented in Figure 2B.7 and Figure
2B.8, respectively. The 3D plots of the double dihedral driven conformational analysis over C6-
O7-C8 bonds.

Figure 2B.6: Normal (left) and SCF-Energy-Minimized stereographic structures of 2-(2-
aminophenoxy)-5-methylphenol

3990 50

40
2990

30
1990 20
990 10
N 0

-10 107180 120 180

-180 -120 60 O 60 120 180

Figure 2B.7: Dihedral-driven conformational energy plot (left)of 2-(2-aminophenoxy)-5-
methylphenol and its plot (right) truncated for clarity for the torsion overC6-O7 bond
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Figure 2B.8: Dihedral-driven conformational energy plot (left)of 2-(2-aminophenoxy)-5-
methylphenol and its plot (right) truncated for clarity for the torsion over O7-C8 bond

2 hearmel)

2

CEFO(THCIBRC(O)dogrees)
4

Torsional Ene,

Torsional Energy

Figure 2B.9: Double dihedral-driven conformational energy plot of 2-(2-aminophenoxy)-5-
methylphenol over the bond sequence, C6-O7-C8; (top left) contour plot from the Chem3D; (top
right) and its plot by Surfer and (bottom left) Grapher platforms; (bottom right) Grapher plot
truncated beyond 400 units for clarity
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CHAPTER Il

SPECTRAL, ELECTROCHEMICAL, MOLECULAR MODELLING,
PROTEIN DOCKING AND BIOLOGICAL ACTIVITY STUDIES OF
FLUOXETINE DITHIOCARBAMTE (FLXDTC) AND ITS BIVALENT
METAL COMPLEXES

In this Chapter, the studies of dithiocarbamate ligand, FLXDTC are reported along with
those of its complexes with some bivalent metal ions such as Zn(11), Cd(11), Hg(ll), Co(ll), Ni(ll),
Mn(I1) and Cu(ll). The ligand and the complexes have been characterized by various analytical
and spectroscopic methods in addition to voltammetry. The studies propose M(FLXDTC):
stoichiometry to the complexes. Antimicrobial, antioxidant, antifungal, anti-malarial and
antitumor capabilities have been tested for both FLXDTC and M(FLXDTC)2 complexes along
with molecular docking studies.

This Chapter is divided into three Parts based on structural variety as PART A, PART B,
and PART C

PART A describes the physical, analytical, spectroscopic, electrochemical, and

coordination chemistry studies of the fluoxetine dithiocarbamate ligand (FLXDTC)

In PART B are placed the results and discussion of the studies of FLXDTC ligand and its
metal complexes besides those of the molecular modelling and protein molecular docking

investigations.

PART C describes the biological activity studies of FLXDTC ligand and its metal

complexes.
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PART A

SPECTRAL AND ELECTROCHEMICAL STUDIES FLXDTC AND

M(FLXDTC),

3A.1 Elemental Analysis:

The analytical characteristics of the FLXDTC ligand and its metal complexes are shown

in Table 3A.1. The chemical structures shown in the Scheme 3A.1 are in good agreement with

the results of the elemental analysis. The mass spectrum of FLXDTC shown in Figure 3A.1
confirms the molecular weight of it as 408.

F F
F
L MX, 0
hi ©)< T e 5. SN
NaS~ °N o Methanol \N’<\ MS\>/ N
+ | S
FLXDTC 04
M = Cu, Zn, Cd, Ni, Co, Mn and X = CI P [M(FLXDTC),]
F
F F

Scheme 3A.1: Schematic of the synthesis of M(FLXDTC), from FLXDTC

Table 3A.1: Analytical data of FLXDTC and [M(FLXDTC)2]

Elemental analysis*
Compound M.P (°C) Molecular formula Mvsgaicm;]lgr
g %C | %H %N %S
53.16 4.25 3.38 15.78
FLXDTC 121-123 C18H1sF3sNNaOS; 408

(53.06) | (4.21) | (3.44) (15.74)

15.41

51.94 4.12 3.37

CU(FLXDTC)Z 143-145 C3sH34CuFsN20,S, 832 (5185) (416) (330) (1540)
Ni(FLXDTC)2 | 136-138 |  CasHaaNiFsN20:S, 826 5224 | 4l4 | 3.38 15.50

(52.32) | (418) | (3.42) (15.54)
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COo(FLXDTC), | 142-144 |  CasHasCoFeN,05Ss 827 é;:ig) (ﬂg) é:gg) (12:32)
MN(FLXDTC), | 143-145 |  CasHaMnFeN,O,S, 823 (ZZZ) (jéi) éé% égjgg)
ZN(FLXDTC)> | 146-147 |  CasHsuZnFeN,02Ss 834 (21:32) (ﬁé) é::i) &2;2;
Cd(FLXDTC)z | 120-122 |  CasHasCdFsN20:Ss 88l (jgjgg) (gigg) éég) (iiig)

#data in parenthesis are calculated ones; * data limited to integral values

310./1393

349.1753

261.1245

217.0989

408.06

6 [*ESI Scan (rt: 0.557 min) Frag=1756.0V 22122017-7.d

76

525.2768

481.2515

437.2260

450 500 5€
ounts vs. Mass-to-Charge (m/z)

se9.a0 613-3272
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Figure 3A.1: Mass spectrum of FLXDTC

3A.2 Infrared Spectral Studies:
The FTIR spectra in KBr pellet of FLXDTC ligand and a few of its complexes are shown

in Figures 3A.2 through Figure 3A.7. The ligand’s aliphatic C-H stretching frequency comes in
the range of 2810-2910 cm™* and that of aromatic C-H stretching bands at 3020-3080 cm™. The
FLXDTC ligand’s v (C-N) stretching band at 1424 decreases by ~ 25 cm™ on complexation. The

negative shift on complexation is due to near loss of the —C=N- tautomeric character.
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Table 3A.2: IR spectral data of FLXDTC and [M(FLXDTC)2]

Compounds IR spectral data (cm™)*
v [N-H (str)] | v [N-C (str)] | v [C-S (sym)]

FLXDTC 3524 1386 945
Cu(FLXDTC)2 3451 1403 962
Ni(FLXDTC)2 3468 1404 952
Co(FLXDTC)2 3507 1405 947
Zn(FLXDTC): 3444 1401 975
Cd(FLXDTC)2 3500 1394 971
Mn(FLXDTC)2 3483 1404 952

#, in KBr pellet

The v (C-S) stretching band for free ligand appears at 970 cm™ and it decreases by ~40 to

60 cm™ on complexation. The negative shift of v (C-S) stretching band frequency is due to the

formation of complexes through the bidentate mode*. Important infrared spectral data are provided

in Table 3A.2.
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Figure 3A.2: FTIR Spectrum of FLXDTC
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Figure 3A.6: FTIR Spectrum of Ni(FLXDTC)2

Figure 3A.7: FTIR Spectrum of Co(FLXDTC):
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3A.3 Electronic Spectral Studies:

The electronic spectra of FLX and FLXDTC are shown in Figure 3A.8. The drug, FLX,
exhibits only two transitions at ~296 and 263 nm whereas its dithiocarbamate, FLXDTC, shows
three peaks at 320, 289 and 260 nm. Further, the spectral intensities of FLXDTC are found to be
2 to 3 times higher than those of the drug. The electronic spectrum of the drug matches well with
the values reported for similar compounds in literature?. The two peaks for FLX are attributed to
n—n" (of the ethereal oxygen) and n—x" (aromatic) transitions. When the drug gets adducted to
become the FLXDTC, an extra n —m transition of N-C=S moiety is expected. The new peak at
289 nm is assigned to this transition. The n—x" of the drug is observed to be considerably red-
shifted whereas the n—n" transition is hardly altered in energy. The spectral data of FLX and

FLXDTC are presented in Table 3A.3.
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Figure 3A.8: Electronic Spectra of FLX Figure 3A.9: Electronic spectrum of
(—) and FLXDTC (—) in methanol Cu(FLXDTC)zin methanol (4x107 M);
(each at 1.25 x107 M) inset (2x10~ M)

The electronic spectra of M(FLXDTC)2 show considerable variation with that of their
ligand, FLXDTC. A selected few of the spectra of the complexes are shown in Figure 3A.9
through Figure 3A.11. The relevant electronic spectral data of M(FLXDTC): are collected in
Table 3A.3. The weak and broad band observed for Cu(FLXDTC)2 at 645 nm is assigned to the
1B1g— 2Eqd-d transition® whereas that at ~420 nm is to metal to ligand charge transfer. These data
suggest a square planar geometry for Cu(FLXDTC)2. The band found for Ni(FLXDTC): at ~481

nm and at 633 nm are assigned to *Aig — Big and A1 — 1Az transitions respectively which
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indicate a square planar structure to Ni(FLXDTC)z also*. Co(FLXDTC)2 shows two bands at
~638 nm and 324 nm, attributed to the *Ax(F) =*T1(P) and *Ax(F) — *T1(F) d-d transitions. All of
these results together suggest a tetrahedral geometry for Co(FLXDTC)2°. The Mn(FLXDTC)2 is
a d® high spin system with Laporte and spin-forbidden d-d transitions®. No d-d transitions are found
for Zn(FLXDTC). and Cd(FLXDTC): as expected for d'° systems.

1.4 1.8
391nm
—=230 0.6 1.6+
12 B 271 nm 0.25
5 1.4 638 nm
eyl o 269nm |4 0.20
0.34 1.2+
0.1
8 0.2 2 2
g 0.8 ol = 1.0 0.10
5 0.0 S 038
2 0.6 - 450 500 550 600 650 700 750| | |§ U° 0.05-
2 8
< 0.6 0.00
L Jre, 560 595 630 665 700 735
0.4+
|
0.2 0.2+
0.0 1
0.0 T T L} L} T T L} T L} T T T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 270 300 330 360 390 420 450 480 510 540 570 600
Wavenlength (nm) wavelength (nm)
Figure 3A4.10: Electronic spectrum of Figure 3A.11: Electronic spectrum of
; . 4 . .
Ni(FLXDTC), in methanol (4x10 M), Co(FLXDTC), in methanol (4x10* M);
inset 2x102 M inset 2x102 M

Table 3A.3: Physical, spectral and magnetic data of FLX, FLXDTC and [M(FLXDTC).]

Compound Color Electronic spectral data A ()" Meff
(BM)

FLX White | 263 (336); 297 (65) -

FLXDTC Yellow | 228 (784); 289 (545); 321 (296) -

Cu(FLXDTC)2 | Brown | 230 (3250); 269 (2400); 420 (500); 635 (15) 1.82

Ni(FLXDTC)2 | Green | 247 (1270); 323 (2875); 391 (150); 481 (24); 633 2.95
(8)

Co(FLXDTC)2 | Green | 271 (1875); 279 (1950); 324 (2000); 391(4250); 4.37
638 (12)

Mn(FLXDTC). [ Brown [ 230 (4125); 280 (1125) 5.62
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Zn(FLXDTC): | White | 234 (3250); 259 (2985); 288 (2375); 320 (1125) -

CA(FLXDTC)2 | White | 232 (4625); 252 (2750); 279 (2200) -

* ) innm, g in It molicm™

3A.4 NMR Spectral Studies:

The 'H NMR spectra of FLX and FLXDTC are presented in Figure 3A.12 and Figure
3A.13 respectively. The methylene protons of the -NH-CH,- are NMR-distinguishable by
geometric isomerism in relation to their position with the bonds around the nitrogen. They are
found to show their individual chemical shifts at ~4.25 ppm and 4.37 ppm. The *H NMR spectra
of Zn(FLXDTC)2 and Cd(FLXDTC)2 are presented in Figure 3A.14 and Figure 3A.15
respectively. Though the methylene protons of the -NH-CH2- are NMR-distinguishable in
FLXDTC, they seem to get indistinguishable upon complexation to give their common chemical
shift at ~3.95 ppm. The positions of the other protons of FLXDTC hardly undergo any contact
shift upon complexation as they are considerably away from the coordination sphere. The *C
NMR spectra of FLX and FLXDTC are presented in Figure 3A.16 and Figure 3A.17
respectively. A similar non-contact shift is observed for the *C peaks of the FLXDTC, the
position of the C-S carbon in FLXDTC is shifted from ~209 in FLXDTC to ~204 ppm in
M(FLXDTC)2 (M = Zn or Cd). The enhanced shielding suffered by this carbon is attributed to the
diffusion of the electron cloud of the nitrogen’s lone pair towards the C-S carbon through ligand-

to-metal-charge transfer (LMCT) upon complexation’.

2.05
2.08
2954 —
5179
2047 |
1.00
2.24
3.04

Figure 3A.12: *H-NMR Spectrum of Fluoxetine.HCI in CDCls
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Figure 3A.13: *H-NMR Spectrum of FLXDTC in DMSO
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Figure 3A.14: *H-NMR Spectrum of Zn(FLXDTC), in CDCl3z and DMSO mixture

79



Chapter 111

mMminNTooMNOdAS cnNneTm oMo O MmN

STmmmNNa® NAaNN dAaddA02808 T mmmen

Lol el e Inlﬂlﬂlnt‘lll‘z‘lij NN NN NN

pArSringnininink. 5. [ petishahiblat)
b

Y S

L
1005
4 i—
4

e, _— - _
Fis 2 <
ddd J 3 a a4
T T T T T T T T T T T T . T T T T T T :
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0O
f1 (ppm)

—46.12
~301

3457

—15970

—= e ——————————— LS ——————
210 200 190 180 170 16/ 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Figure 3A.16: *C-NMR Spectrum of FLX in CDCls;

80




Chapter 111

E9'SE—

LYEY—
69ES—

1C8L—
0T9s—

6L'STT
68'STT
E5TTT
0Lt
09'5ZT
6L'STT
04921
£L'9TT
L8'LTT~
6871/
06°CET,

EE'OVT
mm.cvﬁw
TETHFT

vT091—

S9°60Z—

nii

210

80 70 60

130

170

190

10 0

20

30

50 40

90

110

150

Figure 3A.17: BC-NMR Spectrum of FLXDTC in CDClz and DMSO mixture

LS'SE—

96'Ty —

STYs—

98'LL—

SLSIIL

$6°TT1L »
E.mﬂ/
F.cﬂ%
€8T —
06'871 s

$6'6€1 —

L0091 —

LTPOT—

110

130

150

170

190

210

80 70 60 50 40 30 20 10

90

Figure 3A.18: BC-NMR Spectrum of Zn(FLXDTC), in CDCl3; and DMSO mixture



Chapter 111

= P o o OO o d
~ L] O 00D NG P

3 i EEEEREEEREE e
(-Iu -T T!-i!-lv-i'-lv-i!-i'-lv-i T

—56.13
—44,98
—35.67

L—AL.A—L-L-M
210 190 i70 150 130 110 20 80 70 60 50 40 30 20 10 [1]
f1 (ppm)

Figure 3A.19: C-NMR Spectrum of Cd(FLXDTC); in CDCls

3A.5 Metal to Ligand Ratio; Job’s Monovariation Spectrophotometric Titration:

In order to arrive at the metal to ligand ratio (coordination number) a spectrophotometric
titration has been carried out for a fixed amount of FLXDTC (titrand) and varied metal ion content
(titrant) in a monovariation Job’s method. In Figure 3A.20 is shown the Job’s plots obtained for
Ni(FLXDTC): at the respective Amax in the visible region. The Job’s plots indicate the metal to
ligand stoichiometry matching to the formulae, M(FLXDTC)a.
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Figure 3A.20: (a) Monovariation Job's plot for the spectrophotometric titration of FLXDTC (c
= 4x10* M) against NiClz (b) Monovariation Job’s plot for the spectrophotometric titration
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However, in the case of spectrophotometric titration by monovariation Job’s method for a
fixed amount of FLXDTC (titrand) and varied Cu?* ion (titrant) content, an interesting observation
is found. In Figure 3A.22 are shown a set of overlapped spectra obtained for solutions of varied
amounts of copper (1) ion for a fixed amount of FLXDTC. While the metal amount continues to
increase, a new band at ~440 nm appears with an increasing absorbance reaching to a maximum
at 0.5 c of the concentration of Cu(ll) ion where ¢ has been the amount of the titrand, FLXDTC,
taken. This fact is indicative of the formation of Cu(FLXDTC)2, as expected.

However, on further addition of Cu(ll) ion, the absorbance ~440 nm gradually falls down,
instead of staying constant (unlike in the cases of nickel and cobalt), and with a new band
commencing at ~390 nm with absorbance increasing with Cu(II). A Job’s plot is shown in Figure

3A.23 for these two wavelengths.
This trend is suggestive of a consecutive metal-ligand complexation as shown below:

Cu?* + 2 FLXDTC — [Cu(FLXDTC).] (3.1)
[CU(FLXDTC)2] + CuClz = [Cuz(FLXDTC)Cl2] (3.2)

The plausible structure for the binuclear® complex is tentatively shown below

@J? oy
S /
ol O
[Cu,(FLXDTC),Cl,] KFF
¢

Figure 3A.21: Sulfur bridged binuclear [Cuz(FLXDTC).Cl;]

That this is the most acceptable structure is deduced from the facts that (i) new band ~390
nm with an isosbestic point at ~400 nm appears only after the added metal ion content is above
0.5¢ with absorbance at ~390 nm reaching maximum and not in the range of 0.0c — 0.5c where ¢
is the fixed concentration of the ligand, FLXDTC and (ii) addition of CuCl; in DMSO to a molar
equivalent solution of [Cu(FLXDTC)z] in DMSO has resulted in the blue shift of the spectrum of
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[Cu(FLXDTC)2] with Amax at ~ 440 nm to a band at ~390 nm while the ratio, Amax40)/ Amax(390)

being same as observed in the cases shown in Figure 3A.22 and Figure 3A.23.

Absorbance

T T T T T T T T T T T T T
360 380 400 420 440 460 480 500 520 540 560 580 600 620
Wavelength (nm)

Figure 3A.22: Spectrophotometric titration of FLXDTC (c = 1x10** M) against CuCl; (in jc
concentrations where 0 <j < 1.9); (—) CuCl, (0.5x 10* M) alone; (—) FLXDTC (0.5x10* M)
alone
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Figure 3A.23: Monovariation Job’s plot for the spectrophotometric titration of FLXDTC (¢ =
1x10* M) against CuCl;

3A.6 Electron Spin Resonance Spectroscopy of Cu(FLXDTC)::

The ESR spectra of Cu(FLXDTC): in both solid (polycrystalline) and liquid (as a solution
in toluene) states are shown in Figure 3A.24 and Figure 3A.25 respectively. In solid state, a single
broad peak centered at g = 2.045 is observed whereas a well resolved four-line fine spectrum in
the solution. From this solution spectrum the gavg and Aayg are evaluated as 2.042 and 80.126 G

respectively. The instrument-embedded JEOL Software has been used to simulate and curve-fit
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the spectrum to resolve the parallel and perpendicular parts of the ESR spectrum. From this
simulation with a regression coefficient of 0.98, the tensor values, g| and gL, are evaluated as
2.056 and 2.012, respectively. The presence of unpaired electron in the dyx?.,? (ground state) orbital
is discerned from the fact that g, > g. > 2.0023 which also infers a square planar geometry to the
Cu(Il) center® The fact that the gavg value is lower than 2.3 means a covalent character between

the metal and the ligand.

The geometric parameter, G, also known as magnetic exchange interaction parameter, and

calculated by the following formula,

g”—E.DDEB

G =
g —2.0023 (3.3)

is found out to be ~ 1.40. However, it is well known, as reported by Hathaway and Billing, that a
value of G < 4 infers an appreciable magnetic interaction between adjacent metal centers in solid

state whereas that of G > 4 a negligible one'°.

The exchange interaction parameter value of complex Cu(FLXDTC)2 being less than 4
suggests that copper centers have spin-exchange interaction between them as in certain Schiff base

square planar complexes and copper'®.

Figure 3A.24: X-band electron spin resonance spectrum of Cu(FLXDTC)z in solid state
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Figure 3A.25: X-band electron spin resonance spectrum of Cu(FLXDTC)zin toluene (v=
9.191GHz)

3A.7 Cyclic Voltammetric Studies of M(FLXDTC)z2:

An excellent monograph on the electrochemical redox behavior of transitional metal
dithiocarbamate is available’?. Many of the dithiocarbamates stabilize the metal centers for
reduction while undergoing the following reversible oxidation process in non-aqueous media on

solid electrode surfaces.

M(R2DTC): M(R2DTC)," + e (3.4)

Copper dithiocarbamate complexes are known as excellent candidates for reversible cyclic

voltammetry in non-aqueous media and some of them are used in academic jargon*3. Depending
upon the organic skeleton connected to the nitrogen atom of the dithiocarbamate, the degree of
reversibility in the anodic sweep cyclic voltammetry varies. Copper dithiocarbamate are reported
to undergo Cu(ll) = Cu(lll) anodic response and Cu(ll) = Cu(l) reductive response. The strained
four-membered chelation loop in the CuSs square planar coordination sphere is shown to be the

cause for the stability of the unusual Cu(l11) oxidation state'*,

The cyclic voltammogram of Cu(FLXDTC)2 in acetone medium with tetraethyl
ammonium perchlorate (TEAP) as supporting electrolyte is presented in Figure 3A.26(a). This
process has been found to be either quasi-reversible [Cu(FLXDTC)2] or irreversible
[Co(FLXDTC)z].
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The profile of the voltammogram besides the ratio of the peak currents (ipc/ipa), difference
between the peak potentials (AEp = |Epc-Epa|) and effect of scan rate on the peak currents indicate
that the electron transfer is quasi-reversible. The effect of concentration on the voltammetric
behavior is presented in Figure 3A.27. The peak current is found to be linear to the concentration
of the Cu(FLXDTC)2. The effect of scan rate on the peak current is presented in Figure 3A.28.
The linearity of both ipa and ipc independently to the square root of scan rate suggests that the
electron transfer is a diffusion-controlled one. In the cathodic scan, no Cu(ll) = Cu(l) reductive
peak is observed even up to -1.0 V vs Ag | AgCl. The absence of the reductive peak of Cu(ll) =
Cu(l) though the standard reductive potential of Cu(Il) | Cu(l) couple is + 0.34V, is attributed to
the fact that higher oxidation states of metal centers are stabilized in dithiocarbamate complexes®.
The dissimilar slopes of plots of anodic and cathodic potentials with concentrations (Figure
3A.27) further suggest the involvement of quasi reversible nature of electron transfer process in
case of Cu(FLXDTC)2 (Eqgn 3.4).

The cyclic voltammogram of Co(FLXDTC): is shown in Figure 3A.26(b). Based on the
fact that the peak currents of Co(FLXDTC)2 and Cu(FLXDTC)2 are linear independently to the
concentrations of the respective metal complexes it is possible to assay FLX, FLXDTC and
M(FLXDTC)2 by linear sweep voltammetry (LSV).
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Figure 3A.26: Cyclic voltammograms of 5x 10* M (a) Cu(FLXDTC)2 (b) Co(FLXDTC); at 120
mVs ! scan rate in acetone solvent
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From the studies of the effect of concentration and scan rate on peak potentials, the electron
transfers coefficient (ana) and heterogeneous electron transfer rate constant (k°%) have been
evaluated. Relevant electrochemical data are presented in Table 3A.4 along with the diffusion
coefficients, D.

5] —025x10°M 4
~——0.50x 10* M (b)
4 ——1.00x10*M 3
——1.25x10*M :
——1.50x10* M y = 1.2056x
34 ——200x10°M 2 R?=0.9878
——250x10*M
=~ 2]—3.00x10°M o
;g €1
g 1
=1 3 0 —
O o O o0 "B~ 15 2 25 U3 35
‘\7\,3
1 \;\
1 ~—_
2 5
-2 y =-0.5871x
T T T T T T T = R" - 0 9802
040 045 050 055 060 065 070 075 0.80 -3 Concentration (...x 10 M)
E vs Ag|AgCI

Figure 3A.27: (a) Cyclic voltammograms of Cu(FLXDTC)2 in Acetone at different
concentrations (b) Variation of anodic and cathodic currents of Cu(FLXDTC) with respect to
various concentrations
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Figure 3A.28: (a) Cyclic voltammogram of Cu(FLXDTC); (5x10° M) in acetone at different
scan rates (b) Effect of scan rate on the anodic current of Cu(FLXDTC)2
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Figure 3A.29: Plot of scan rate-dependent Ep vs log i for Cu(FLXDTC):
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Figure 3A.30: (a) Cyclic voltammograms of Co(FLXDTC)2 in Acetone at different
concentrations (b) Variation of anodic currents of Co(FLXDTC). with respect to concentration
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Figure 3A.31: (a) Cyclic voltammogram of 5x10* M Co(FLXDTC); (5x10° M) in acetone at
different scan rates (b) Effect of scan rate on the anodic current of Co(FLXDTC):
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Figure 3A.32: Plot of scan rate-dependent Ep vs log i for Co(FLXDTC)>

Table 3A.4: Electrochemical data of various metal complexes in acetone medium

Compound Parameters
(D) (0na) K°h
incm?s? [incm?2s?| incm?s?!
Cu(FLXDTC), | 9.75x10-5] 057 [8.78x10°®
Co(FLXDTC)2 | 1.64 x 10° 0.31 5.83x 10°
Zn(FLXDTC)2 | 4.25x 10° 0.47 6.32 x 10°
Ni(FLXDTC). | 3.46 x 10° 053 |7.21x10°
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PART B

COMPUTATIONAL MOLECULAR MODELLING AND MOLECULAR
DOCKING STUDIES OF FLXDTC AND M(FLXDTC)2

3B.1 Molecular Modelling Studies of FLXDTC and M(FLXDTC). Complexes:

In order to address the stability aspects of the FLXDTC ligand and its metal complexes,
we need to identify the conformational visualization of the molecules in various forms. For this
purpose, molecular modelling studies were used. The MM2 force field method with an RMS
gradient of 0.01 is used to calculate the global energy minimized structures. In any structural
analysis the bond length, bond angles and torsional angles are some of the most essential structural
factors. The ligand FLXDTC, as well as its complexes have been investigated using the change in
these parameters. There is a great degree of consistency between the experimental and simulated
data. Global minimized structures of FLXDTC ligand is depicted at Figure 3B.1. The numbering
adaptation is shown in Figure 3B.1 for subsequent reference in the discussion. To visualize the
molecular disposition in space and to provide a 3D visual of it, the anaglyph picture and
stereographic representation of the FLXDTC are given in Figure 3B.2 and Figure 3B.3,
respectively.

Figure 3B.1: MM2-energy-minimized structure of FLXDTC with numbered atoms
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Figure 3B.2: Anaglyph structure of FLXDTC obtained from ChemDrawPro

Figure 3B.3: Stereographic projection of FLXDTC obtained from ChemDrawPro

FLXDTC has a phenyl and benzyl bulky groups connected to the ethereal oxygen
whereat the dithiocarbamate extension is also around. With the view to understand the best relative
disposition of the bulky groups in space with the global minimum of the Eigen value, we have
performed conformational analysis by torsioning over the selected single bonds in both dihedral

driving and double dihedral driving computational methods. Conformational analysis plots of
FLXDTC are shown in Figure 3B.4 through Figure 3B.19.
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Figure 3B.4: Conformational analysis over Figure 3B.5: Conformational analysis
08-C9 over O8-C7
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Figure 3B.10: Double dihedral torsional energy Surfer plot of FLXDTC over C19-C20 (on axis
shown in red) and C20-N21 (on axis shown in blue) bonds (Refer Figure 3B.1 for numbering of
the atoms)
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-

Torsional Energy

Figure 3B.11: Double dihedral torsional energy Grapher plot of FLXDTC over C19-C20 (on
axis shown in blue) and C20-N21 (on axis shown in red) bonds (Refer Figure 3B.1 for

numbering of the atoms)
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Figure 3B.12: Double dihedral torsional energy Surfer plot of FLXDTC over C7-08 (on axis
shown in blue) and O8-C9 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of the

atoms)
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Torsional Energy

Figure 3B.13: Double dihedral torsional energy Grapher plot of FLXDTC over C7-O8 (on axis
shown in blue) and O8-C9 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of the
atoms)

Jorsional Energy

Figure 3B.14: Double dihedral torsional energy Surfer plot of FLXDTC over C7-C9 (on axis
shown in blue) and C9-C20 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of
the atoms)
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Torsional Energy

Figure 3B.15: Double dihedral torsional energy Grapher plot of FLXDTC over C7-C9 (on axis
shown in blue) and C9-C20 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of
the atoms)
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Figure 3B.16: Double dihedral torsional energy Surfer plot of FLXDTC over C6-C7 (on axis
shown in blue) and C7-0O8 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of the
atoms)
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Torsional Energy
3
g

Figure 3B.17: Double dihedral torsional energy Grapher plot of FLXDTC over C6-C7 (on axis
shown in blue) and C7-0O8 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of the
atoms)

Norsional Energy

Figure 3B.18: Double dihedral torsional energy Surfer plot of FLXDTC over C6-C7 (on axis
shown in blue) and C7-C19 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of
the atoms)
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Torsional Energy

Figure 3B.19: Double dihedral torsional energy Grapher plot of FLXDTC over C6-C7 (on axis
shown in blue) and C7-C19 (on axis shown in red) bonds (Refer Figure 3B.1 for numbering of
the atoms)

Quantum mechanical HOMO-LUMO orbital energy assessments were used to calculate
the projected gas-phase electronic transitions. The HOMO-LUMO energy diagrams of FLXDTC
ligand and corresponding metal complexes are depicted in Figure 3B.21 through Figure 3B.26.
Some of the data regarding bond length, bond angle and torsional angle for M(FLXDTC):
complexes obtained from MM2 calculations are included in Table 3B.1 and Table 3B.2.
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Figure 3B.20: Global minimized ball-stick models of (a) Cu(FLXDTC)2 (b) Ni(FLXDTC) (c)
Co(FLXDTC): (d) Mn(FLXDTC)2 (e) Zn(FLXDTC) and (f) Cd(FLXDTC)2 (The hydrogen
atoms are hidden for clarity)

Figure 3B.21: HOMO and LUMO molecular orbitals of FLXDTC in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)
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HOMO (-7.294 eV) &

Figure 3B.22: HOMO and LUMO molecular orbitals of Cu(FLXDTC). in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)

HOMO (-1.251 eV)

Figure 3B.23: HOMO and LUMO molecular orbitals of Ni(FLXDTC)2 in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)

HOMO (-4.445 eV)

Figure 3B.24: HOMO and LUMO molecular orbitals of Mn(FLXDTC). in wire mesh format
(H-atoms and lone pairs of electrons are excluded for clarity)
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Figure 3B.25: HOMO and LUMO molecular orbitals of Zn(FLXDTC)2 in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)

HOMO (-8.315 eV)

Figure 3B.26: HOMO and LUMO molecular orbitals of Cd(FLXDTC); in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)

3B.2 Molecular Docking Studies of FLXDTC and M(FLXDTC)z:

The cell-membrane receptor, EGFR-TK (pdb id: 4HJO), is in the family of epidermal
growth factor tyrosine kinase receptors'®. Anal cancer and epithelial tumors of the neck and head
are caused by excess expression of EGFR'’. On the basis of this feature, we have considered EGFR
as a target protein receptor for molecular docking studies with FLXDTC and M(FLXDTC)2. The
binding energies resulted in after the docking studies are collected into Table 3B.3. The binding
energies of the ligand and complexes with the protein receptor EGFR (as shown in Table 3B.3)

101



Chapter 111

are suggestive of good binding to the EGFR protein receptor. The docking studies also reveal that
the Cd(FLXDTC)2 and Mn(FLXDTC) exhibit least binding energies i.e., -9.0 kcal mol* and -
8.6 kcal mol™ respectively against EGFR. Molecular docking interactions are shown in Figure
3B.9 through Figure 3B.15.
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l:] van der Waals - Pi-Sigma
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- Conventional Hydrogen Bond [: Alkyl

D Pi-Cation l: Pi-Alkyl
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Figure 3B.27: Molecular docking interactions of FLXDTC with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 3B.28: Molecular docking interactions of Cu(FLXDTC), with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 3B.29: Molecular docking interactions of Ni(FLXDTC). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues

o
(b) LEU AB52
5 o ;
& asr = ass1 o
AB38 = g =
N ARG A8s6
an1y I s
agss o
s
=
o
s
wa) z -
o s
A699 VAL
o2
=
1 -
4% s
&
aan
Interactions
I:l van der Waals D Pi-Pi T-shaped
D Carbon Hydrogen Bond D Alkyl
D Halogen (Fluorine) D Pi-Alkyl
[j Pi-Cation

Figure 3B.30: Molecular docking interactions of Co(FLXDTC)2 with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 3B.31: Molecular docking interactions of Mn(FLXDTC), with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 3B.32: Molecular docking interactions of Zn(FLXDTC). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues

The Cu(FLXDTC)2 complex docks to the EGFR protein via four hydrogen bond
interactions, three of them are through fluorine atoms with the protein amino acid residues
ALAG698, ILE854 and LY S855 and one hydrogen bond interaction through the -NCHz group with
the amino acid residue of SER696. Furthermore, this complex docks through two halogen
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interactions with VALS852, three electrostatic interactions with ASP831, LYS721, LYS 851 and
nine hydrophobic interactions with the amino residues of TRP856, ALA698, ARG817, LYS851,
LEUS834, LEU775 and LYS889.

(a)

(b)

N
/Q '
|
N Interactions
/ . i [j van der Waals [—] Pi-Anion
| \ i ) ‘ E Conventional Hydrogen Bond [f] Pi-Pi T-shaped
/ [‘: Carbon Hydrogen Bond [—] Alkyl
[: Halogen (Fluorine) Ij Pi-Alkyl
D Pi-Cation

Figure 3B.33: Molecular docking interactions of Cd(FLXDTC). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues

The Ni(FLXDTC)2 complex docks to the EGFR through a total of five hydrogen bond
interactions, three of them are through the fluorine atoms with protein amino acid residues of
LYS721, ALA 835 and two are through —NCHz group with the amino acid residues of PRO853
and SER696. Furthermore, it docks through one hydrophobic interaction with ASP813, two
electrostatic interactions with LYS721, ASP813 and nine hydrophobic interactions with the amino
residues of PHE699, SER696, ALA835, LYS851, LEU838, PRO853, VAL702 and ARG817.

Table 3B.1: Some of the important bond lengths and bond angles of ML, (L=FLXDTC) (Refer
Figure 3B.20 for numbering of the atoms)

Bond M=Cu| M=Ni M=Co | M=Mn | M=Zn | M=Cd
lengths
A)

M-Sso 2.190 2.182 2.189 2.200 2.277 2.505
M-Ss1 2.189 2.181 2.193 2.202 2.278 2.505
M-S24 2.189 2.182 2.189 2.200 2.277 2.505
M-Sss 2.189 2.181 2.193 2.202 2.277 2.505
Ca9-Sso 1.917 1.835 1.838 2.200 1.939 1.973
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Ca9-Ss1 1.916 1.836 1.838 2.202 1.937 1.970
C23-S24 1.918 1.835 1.838 1.840 1.939 1.973
C23-S24 1.916 1.834 1.838 1.838 1.937 1.970
N19-C23 1.464 1.460 1.460 1.460 1.465 1.467
N19-C20 1.458 1.456 1.463 1.461 1.457 1.456
C18-N19 1.465 1.461 1.462 1.463 1.465 1.465
C19-Nass 1.464 1.460 1.460 1.460 1.465 1.467
Nas-Cag 1.458 1.456 1.463 1.461 1.457 1.456
Nas-Caq 1.465 1.462 1.462 1.463 1.465 1.465
Bond
angles (°)
C18N19C20 | 108.8 111.9 107.8 108.0 109.0 109.4
C1sN19Co3 | 112.6 111.4 114.2 113.9 112.5 112.6
C20N19C23 | 113.1 110.0 110.7 111.5 1135 114.0
N19C23S24 | 116.8 113.1 112.6 114.0 117.0 116.9
N19C23S25 | 110.5 116.0 117.2 115.5 109.5 108.1
C23524M 87.9 103.8 100.5 100.4 86.4 85.8
C23S2sM 87.9 106.2 100.4 100.4 86.4 85.8
S24MS>s 84.2 67.8 71.1 70.8 83.8 79.6
S24C23S25 | 100.0 81.9 87.7 87.7 103.4 108.8
S24MSsg 123.6 104.8 114.4 111.5 123.9 126.5
S25MSs1 123.3 70.0 103.5 106.6 123.5 126.0
S50MSs1 84.3 72.0 71.1 70.8 83.8 79.6
S50C49S51 | 100.1 88.6 87.7 87.7 103.4 108.8
Na5Ca9Ss51 [ 110.5 114.5 117.2 1155 109.5 108.1
Na5CagSs0 | 117.1 114.4 112.6 114.0 117.0 116.9
Ca6NssCao | 113.2 110.6 110.7 111.5 113.5 114.0
CasNgsCao | 112.5 110.7 114.2 114.0 112.5 112.6

for numbering of the atoms)

Table 3B.2: Some of the important dihedral angles of ML, (L=FLXDTC) (Refer Figure 3B.20

Dihedral M=Cu| M=Ni M =Co M = Mn M =2Zn M=Cd
angles (A)
N19C23S25M -123.2 -98.0 -109.3 -108.9 -125.3 -127.9
N19C23S24M +118.6 +95.5 +113.6 +110.3 +120.4 +122.7
C23524MSs -125.9 -54.4 -51.6 -52.2 -126.6 -127.5
C23524MSs1 +126.9 | -1185 -108.5 -110.8 +126.6 +127.3
C23S25MSsg +126.3 | +113.8 +121.9 +116.9 +126.8 +128.0
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C23S25MSs1 -127.1 +53.7 +58.2 +55.2 -126.6 -127.4
N45C49S50M +122.7
N25C49Ss1M -124.2 -111.7 -109.3 -108.9 -125.4 -127.9
C19S50MS25 +126.3 | -117.0 -108.5 -110.8 +126.6 +127.3
C19S50MS24 -126.9 -58.7 -51.6 +127.6 -126.6 -127.5
C49S51MS24 +127.0 | +109.9 +121.9 +116.9 +126.8 +127.9
C49S51MS25 -126.1 +54.0 +58.2 +55.2 -126.6 -127.4

Table 3B.3: Docking data of FLXDTC and its metal complexes with the EGFR protein

Compound

Binding energy
(kcal mol?)

No. of
H_
bonds

Proteins residues involved in the interactions

FLXDTC

-6.4

2

ASN818, ASP831, ARGS817,

PRO853, GLY697,
PHEG99, LYS851

LEUS3S,

GLY695,
LEU834,

VAL702,
ASP813,

LYS721,
ALAB835,

Cu(FLXDTC).

-8.3

ILE854, LYS855, VALS852,

LEU775,
LEU834

ARG817,

SER696,

TRP856,
ALAG98,

LYS851,
LYS721,

LY S889,
ASP831,

Ni(FLXDTC)2

GLY695,
GLY697, ASP813,
ALA835, PHEG99,
LEU775, ALAG9S,

LEUS820,

VAL702,
LEU834,
ALAB840,

LYS721,
PRO853,
ARG817,

THR701,
LEU83S,
ASP776,

GLY700,
VALS852,
CYST773,

Co(FLXDTC):

GLY697, LEUTT75,
LYS855, LYS889,
PHEG99,

GLY695,

PRO853,

ARG817,

VALS852,

PRO890, LEU838, ASP831,

SER696,CYS773, LEU820

LEUS834,

VAL702,

TRP856,
LYS721,
ARGT79,

Mn(FLXDTC)z

LEU694, LEUS820, VAL702, ARGS817, ASNS818,
LYS851, LYS721, LEUS834, PRO853, LEUS838,
ALA835, ASP813, PHEG699, GLY695, CYS773, ASPT776,
ARG779, LEU775, SER696, GLY697, ALAG98

ASP831,
ALAB840,

Zn(FLXDTC):

LYS851, ASP776, SER696, GLY695, CYS773, VAL702,
LEU838, LYS721, ASP831, LEU834, ASP813, PHEG99,
ALA835, ARG779, GLY697, ALAG98, LEU775, ARG817,

TRP856, LYS889

Cd(FLXDTC):

GLY697, LEU775, PRO853, ARG817, LYS851, VALS852,
TRP856, LYS855, LYS889, PRO890, LEU838, ASP831,
PHEG99, LYS721, LEU834, GLY695, VAL702, ARG779,

SER696, CYS773
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The Co(FLXDTC)2 complex docks to the EGFR via three hydrogen bond interactions, one
through the fluorine atom with PRO890 protein amino acid residue and one through the -NCH3
group with SER696 amino acid residue. Two fluorine atoms interacts with the amino acid residues
ASP831, PRO890 through halogen interactions. This complex also has two electrostatic
interactions with LYS721, ARG817 along with nine hydrophobic interactions with TRP856,
LYS889, PRO890, LEU834, PHE699, LYS851, PRO853, and VAL702.

The Mn(FLXDTC)2 complex docks to the EGFR via two hydrogen bond interactions, one
through the aromatic carbon with amino acid residue PRO853, and another hydrogen bond
interaction through the N-atom with SER696. Furthermore, this complex interacts with amino acid
residues ASP813 via halogen interactions. This complex also interacts electrostatically with
LYS721, ARG779, and ASP831, as well as hydrophobically with LEU775, PHE699, ALA835,
PRO853, VAL702, LEU838, ARG817 and CYS773.

The Zn(FLXDTC)2 complex docks to the EGFR via five hydrogen bond interactions, two
of them are through two fluorine atoms with the protein amino acid residues of ALA698, GLY 697,
one interaction is through —NCHz group with amino acid residue of SER696 and two more are
formed with oxygen atom and EGFR’s amino acid residue of LYS721. This complex has
hydrophobic interactions with the amino acid residues of LEU775, LEU834, ALA835, LEU838,
ALAG698, ARG817. Moreover, it interacts with the amino acid residue of ASP831 through
electrostatic interaction, in addition to the six hydrophobic interactions with LEU775, LEU834,
ALAB835, LEU838, ALA698 and ARG817.

The Cd(FLXDTC)2 complex has five hydrogen bonds, three of which are formed between
fluorine atoms and amino acid residue of ARG817 and one is formed between the S-atom and
LYS851 amino acid residue. Besides, this complex also interacts with amino acid residue ASP813
through halogen interactions, along with electrostatic interactions with amino acid residues
LYS721, LYS851, LYS855, ASP813 and ASP831. This complex has nine hydrophobic
interactions with the PHE699, TRP856, LEU838, LEU775, ARG817, LYS889 and ALA896.
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PART C

BIOLOGICAL ACTIVITY STUDIES OF THE TITLE COMPOUNDS

3C.1 In Vitro Antimicrobial Activity:
The microbial activity of FLXDTC ligand and its various dithiocarbamate complexes were
screened against two gram positive and two gram negative bacteria and with streptomycin as the

standard!®. The tested results are collected in Table 3C.1.

Table 3C.1: Antibacterial MIC values of FLXDTC and [M(FLXDTC)2] (ug/ml)

Compound S. aureus B. subtilis | K. pneumoniae E. coli
Cu(FLXDTC)2 9.46 7.16 8.41 8.25
Zn(FLXDTC): 16.58 16.39 14.26 13.31
Cd(FLXDTC)2 >100 21.22 18.25 26.45
Ni(FLXDTC): 15.25 22.36 14.52 12.95
Co(FLXDTC): 12.12 13.25 12.58 13.48
Mn(FLXDTC)2 32.22 39.57 33.57 14.19

FLXDTC >100 >100 40.12 30.14

Streptomycin 4.32 3.53 3.14 3.85

The results reveal that the ligand shows less activity against both gram negative and gram
positive microorganisms. Complexes Zn(FLXDTC)2, Cd(FLXDTC)2 and Co(FLXDTC)2 show
moderate inhibitory activity whereas Cu(FLXDTC)2 shows good activity.

3C.2 In Vitro Antioxidant Property:

The scavenging activity has been studied on the free radical DPPH (2,2-Diphenyl-1-
picrylhydrazyl). The results are collected in the Table 3C.2. The data suggest some reasonable
antioxidant activity for Cd(FLXDTC)z2, Mn(FLXDTC)2, and Ni(FLXDTC)2 in the same order.
Further, the activity of some of the complexes, Cd(FLXDTC)2 and Mn(FLXDTC)2), is lower
than that of the standard to which Cu(FLXDTC)2 has a closer and some promising activity
(Figure 3C.1).
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Figure 3C.1: Histographical representation of the 1Cso inhibition values of DPPH radical
scavenging activity of FLXDTC and M(FLXDTC);
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Figure 3C.2: Cell viability assay; dose-response curves of FLXDTC and its metal complexes

with different concentrations on MCF7 cells
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Table 3C.2: Anti-scavenging activity MIC values of FLXDTC and [M(FLXDTC)2/ (ug/ml)

Compound 1Cs0 (LM)

Cu(FLXDTC). | 22.31+1.25
Zn(FLXDTC)2 | 18.44+1.09
Cd(FLXDTC)2 | 8.25+1.13
Ni(FLXDTC). | 11.51+1.38
Co(FLXDTC)2 | 27.33+£1.67
Mn(FLXDTC)2 | 11.29+1.85
FLXDTC 35.23+1.41
Ascorbic acid 521+0.12

100
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Figure 3C.3: Cell viability assay; dose-response curves of FLXDTC and its metal complexes
with different concentrations on HepG-2 cells

3C.3 In Vitro Antifungal Activity:
In vitro antifungal activity studies of fluoxetine dithiocarbamate ligand (FLXDTC) and its

complexes are investigated with help of the two fungal strains, Asperegillusniger,

pencilliumnotatum with ketoconazole drug as standard. The results are furnished in the Figure
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3C.3. The antifungal activity of Cu(FLXDTC)2, Co(FLXDTC): are reasonably closer to the
standard for both the fungal strains.
Table 3C.3: Antifungal activity MIC values of FLXDTC and [M(FLXDTC)2] (ug/ml)

Compound Asperegillusniger | Pencilliumnotatum
Cu(FLXDTC)2 3.12 5.14
Zn(FLXDTC): 7.40 6.47
Cd(FLXDTC)2 9.35 9.12
Ni(FLXDTC):2 6.25 6.25
Co(FLXDTC)2 4.12 5.73
Mn(FLXDTC)2 8.12 7.17
FLXDTC 10.53 13.86
Ketoconazole 1.75 2.62

3C.4 In Vitro Anticancer Activity:

Anticancer activity of FLXDTC and its complexes was tested against three cancer cell
lines, MCF-7, HepG-2 and HEK-293 by MTT assay method with cisplatin as standard. The results
are put in the Table 3C.4. From the results only Cd(FLXDTC)2 and Zn(FLXDTC)2 exhibits

some promising results.

Table 3C.4: Anticancer activity MIC values of FLXDTC and [M(FLXDTC)2] (ug/mil)

Codes MCF-7 HepG-2 HEK 293
Cu(FLXDTC), | 63.49+1.06 | 57.24 +1.14 ND
Zn(FLXDTC); | 28.63+1.36 | 19.24+1.04 | 91.62+1.121
CA(FLXDTC), | 23.08+0.12 | 12.30+0.25 | 85.58 +1.36
Ni(FLXDTC). | 58.59+0.382 | 80.97 +0.359 ND
Co(FLXDTC); | 62.04+1.219 |58.12 £0.125 ND
Mn(FLXDTC); | 49.04 £0.453 | 31.92+1.28 ND

FLXDTC |74.15 +0.536 [67.24 +1.39 ND
Cisplatin 1160 £0.32 | 6.25+0.17 ND
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Note: A major part of the results and discussion presented in this Chapter have been published in
a Springer journal (Synthesis and Spectral, Electrochemical, Protein-Docking and Biological
Studies of Fluoxetine Dithiocarbamate and Its Bivalent Metal Complexes, Dhananjay Rao
Thandra et al, Chemistry Africa, 2021, 4, 777 — 789)
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CHAPTER IV
SYNTHESIS AND SPECTRAL, ELECTROCHEMICAL, SINGLE
CRYSTAL X-RAY DIFFRACTOMETRIC, COMPUTTIONAL
CHEMISTRY AND BIOLOGICAL STUDIES OF
1-(((3-FLUORO-4-MORPHOLINOPHENYL)IMINO)METHYL)-NAPTHAL
EN-2-OL (FMIMN) AND ITS BIVALENT METAL COMPLEXES

The Schiff base compound (E)-1-((3-fluoro-4-morpholinophenyl)imino)methyl)-
naphthalene-2-ol (FMIMN) and its metal complexes are discussed in this Chapter. The spectral
(IR, UV-Visible absorption, mass, 'H & *C NMR, fluorescence emission) properties,
electrochemical properties, single crystal X-ray diffraction, molecular modelling, molecular
docking and bio-activity studies have been extensively studied. The condensation of 2-hydroxy-1-
napthaldehyde with 3-fluoro-4-morpholinoaniline yields this Schiff base, FMIMN. The details of

synthesis of FMIMN ligand and its metal complexes is presented in Chapter I1.
This Chapter is divided into 3 parts, Part A, Part B and Part C.

Part A discusses the results of the physical, analytical, spectroscopic, electrochemical, and

coordination chemistry studies of the FMIMN and its metal complexes, M(FMIMN)z.

In Part B are placed the results of conformational analysis, evaluation of structural
parameters such as bond length, bond angles, torsional angles, HOMO-LUMO orbital energies,
molecular docking studies, single and double dihedral conformational analysis of FMIMN ligand

and its metal complexes.

Part C contains some biological activity studies of the FMIMN ligand and its metal

complexes.
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PART A

SPECTRAL, ELECTROCHEMICAL CRYSTALLOGRAPHIC STUDIES
OF FMIMN AND [M(FMIMN)]

4A.1 Elemental Analysis:
Table 4A.1 incorporates the physical and analytical properties of the FMIMN ligand and
its metal complexes. The chemical structures shown in Figure 4A.1 are closely related to the

results of the elemental analysis. These are briefly described in terms of their spectral properties.

Table 4A.1: Analytical data® of FMIMN and [M(FMIMN).]

Compound M.P Molecular formula | Molecular
(°C) Weight”
%C %H | %N | %0
FMIMN 178-180 C21H19FN202 350 7210 | 538 | 7.88 | 9.34
(71.98) | (5.47) | (8.00) | (9.13)
Cu(FMIMN)2 | 342-344 | Ca42HzsCuF2N4O4 762 66.28 | 4.84 | 7.47 | 8.49
(66.17) | (4.76) | (7.35) | (8.39)
Ni(FMIMN)z2 | 323-325 | Ca2H3sNiF2N4O4 757 66.71 | 4.82 | 7.53 | 8.56
(66.60) | (4.79) | (7.40) | (8.45)
Co(FMIMN)2 | 365-367 Ca2H36C0oF2N4O4 757 66.65 414 | 748 | 857
(66.58) | (4.79) | (7.39) | (8.45)
Mn(FMIMN)2 | 328-330 | Ca2H3sMnF2N4O4 754 67.08 | 492 | 7.54 | 8.62
(66.93) | (4.81) | (7.43) | (8.49)
Zn(FMIMN)2 | 356-358 | Ca2H36ZnF2N4O4 764 66.03 | 4.85 | 7.42 | 841
(66.02) | (4.75) | (7.33) | (8.37)

#data in parenthesis are calculated ones; * data limited to integral values

4A.2 Mass Spectrum of FMIMN:
Figure 4A.2 shows the mass spectrum of the FMIMN ligand. M+1 is the highest intensity
peak, which matches the molecular formula of FMIMN, (Figure 4A.1).
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Figure 4A.1: The chemical structure of FMIMN and M(FMIMN)2

Figure 4A.2: Mass spectrum of FMIMN

4A.3 IR Spectral Studies:

The infrared spectra of the FMIMN ligand and its metal complexes [M(FMIMN)2] are
shown in Figures 4A.3-4A.6. Table 4A.2 holds some important IR data of the prepared
compounds. As we can see, the most noticeable band in all Schiff base ligands is in the range of
1520-1622 cm* (1558 cm™ for FMIMN).

Table 4A.2: IR data” of the FMIMN and [M(FMIMN);]

Compound vC=N | vC-Harom. | vC-Haiiph. | vC-OH | vM-O | vM-N
FMIMN 1558 3060 2885 1320 - -
Cu(FMIMN). | 1536 3053 2849 1361 519 | 463
Ni(FMIMN). | 1536 3051 2854 1357 524 | 460
Co(FMIMN). | 1534 3052 2853 1362 508 | 453
Zn(FMIMN)2 | 1537 3058 2856 1340 511 | 448
Mn(FMIMN)2 | 1533 3051 2853 1354 507 | 427
#, in KBr pellet
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Figure 4A.3: FTIR Spectrum of FMIMN
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Figure 4A.6:

FTIR Spectrum of Zn(FMIMN);

The shift of this particular band towards lower wave number values by approximately 20-

25 cm in their metal complexes! indicates the participation of nitrogen atoms of the azomethine

group in coordination with the metal ions. In the region of 1310-1335 cm™ a prominent band is

observed, which is due to the naphthalic oxygen of the FMIMN. This band is observed in the

region of 13541371 cm™* in their metal complexes, which could be attributed to skeletal vibrations

connected to the ligand's naphthalic oxygen. These bands are known to shift to higher frequencies

when the naphthalic oxygen coordinates with metal ions?. Far infrared spectral bands in the 600—

400 cm* range confirm the presence of oxygen and nitrogen atoms in coordination with metal ions
(i.e., v(M-N) and (M-O). According to IR spectral data, the FMIMN works as a neutral bidentate
ligand with O and N as donor atoms.
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4A.4 Electronic Spectral Studies:

The uv-visible spectra of FMIMN and its copper complex are shown overlapped in Figure
4A.7. The ligand shown two bands one in the range of 220-250 nm that corresponds to the n-r*
transition and another in the range of 400-450 nm that corresponds to the n-n* transition. The weak
and broad band observed for Cu(FMIMN)2 at 576 nm corresponds to the 2B1g—°Eg d-d transition.
The band at 410 nm corresponds to metal to ligand charge transfer. These findings point to the
Cu(FMIMN)2 complex having a square planar structure®. The band, found for Ni(FMIMN): at
~462 nm, is assigned to the *A1;—°Bagq transition. This indicates a square planar structure for the
Ni(FMIMN). complex®. Co(FMIMN)2 has a single band at 451 nm that is attributed to the
3A4(F)—>*T1(F) d-d transition. These findings suggest that the Co(FMIMN)2 complex has a
tetrahedral geometry®. The Mn(FMIMN)2 is a d° high spin system with d-d transitions that are
Laporte- and spin-forbidden. At 462 nm, Zn(FMIMN); exhibits a Ligand to Metal Charge
Transition (LMCT) band. Table 4A.3 describes the relevant electronic spectral data of
M(FMIMN)z.

—— FMIMN

=230 nm
Cu(FMIMN),

0.42
226 nm 011 ©762 nm

0.03
0.08

410 nm
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451nnoos
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o
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Figure 4A.7: Electronic Spectra of FMIMN (—) and Cu(FMIMN), (—) in DMSO (5x 10° M);
inset (2x 102 M)

Table 4A.3: Physical, spectral and magnetic data of FMIMN and [M(FMIMN)2]

Compound Color Electronic spectral data A (€)" et (BM)

FMIMN | Orange | 226 (14500); 330 (4350); 451 (5820) -
Cu(FMIMN):z | Yellow | 230 (16420); 410 (4130); 576 (450) | 1.63
Ni(FMIMN)2 | Brown 337 (12400); 462 (8220) 2.82
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Co(FMIMN): | Brown 226 (13400); 451(8450) 417

Mn(FMIMN)2 | Brown 230 (4125); 466 (8140) 5.24

Zn(FMIMN): | White 232 (14210); 462 (7980) -
* % innm, g in It mol*cm®

4A.5 NMR Spectral Studies of FMIMN:
The *H NMR spectra of FMIMN and Zn(FMIMN)2 are shown in Figure 4A.8 and 4A.10

respectively.

Table 4A.4: *H NMR data of FMIMN and Zn(FMIMN)

Moiety | H NMR (FMIMN) IH NMR Zn(FMIMN)2
-HC=N- | 15.37 (s, 1H) 9.29 (s, 1H)
-C-OH 9.34 (s, 1H) -
8.12 (d, J = 8.4 Hz, 1H), 7.81 (d, J = | 8.24 (s, 1H), 7.08-7.87 (m, 6H), 6.94 (m,
8.8 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), | 1H), 6.92 (s, 1H)
Aromatic | 7.53 (t, J = 8.0 Hz, 1H), 7.35 (t, J =
7.2 Hz, 1H), 7.16-7.11 (m, 3H), 6.99
(t, J=9.2 Hz, 1H),
. [3.89 (t, J = 4.8 Hz, 4H), 3.13 (t, J = | 3.75 (m, 4H), 3.01 (m, 4H), 1.85 (m, 3H)
Aliphatic 4.8 Hz, 4H)

The imine (-HC=N-) proton, which is engaged in an intramolecular H-bonding, gives its

'H-NMR chemical shift value at 15.37 ppm (a singlet), which is slightly higher than that of a non-

H-bonded imine proton. This down field shift is due to its H-bonding to the phenolic

electronegative oxygen. Conversely, the & value of phenolic hydrogen (H-O-Ar) appears at 9.34

ppm (a singlet), which is slightly lower than that expected for free phenolic hydrogen due to partial

syphoning of the electron cloud on oxygen towards the imine proton through the intramolecular

H-bonding®. The two chemically distinguishable sets of the eight morpholine ring protons give

their two triplets at 3.89 ppm (-CH2-O-) and 3.13 ppm (CH2-N-) as expected. The 6 values of the

aromatic protons appear in the usual range of 6.99-8.12 ppm.
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Figure 4A.8: 'H-NMR spectrum of FMIMN in CDCls

The & values of the aromatic protons appear in the usual range of 6.99 - 8.12 ppm.
The -CH=N and -OH functional group protons are shielded in Zn(FMIMN).. This enhanced
shielding is attributed to the diffusion of the ligand's electron cloud to metal upon complexation
with the zinc metal atom’.

—167.84
4,
50.94
50.91

—66.96

<

L L

210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 o

Figure 4A.9: *C-NMR spectrum of FMIMN in CDCls

The spin-decoupled 3C-NMR spectrum of FMIMN is shown in Figure 4A.9. The

phenolic carbon (-C-OH) appears at 167.84 ppm whereas the fluorine atom-connected carbon
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gives its peak at 141.04 ppm. All the other remaining aromatic carbon atoms appear in the range
of 108.45-136.12 ppm. The imine carbon’s (-CH=N-) peak appears at 154.94 ppm, while the
carbon atoms of the morpholine ring show two peaks in the aliphatic region, at 50.92 ppm (-CHo-
N-) and at 66.96 ppm (-CH»2-O-).

®© <+ vy — vy
ISE=-N =~ | = %
Lag] o —
| |
/

Figure 4A.10: *H-NMR spectrum of Zn(FMIMN) in DMSO-d6

4A.6 Electron Spin Resonance Spectroscopy of Cu(FMIMN)z2:
The room temperature poly crystalline state ESR spectrum of Cu(FMIMN)z is shown in

Figure 4A.11. The two g-values detected in its ESR spectra are g, = 2.1476 and g. = 2.0508. The

spectrum also reveals that these values are much greater than that of ge (2.0023), indicating that
the unpaired electron is mostly present in the ground state of Cu (I1) dyx?,? orbital®. This suggests a
typical square-planar geometry around Cu(ll) ions. According to Hathway, if the axial symmetry
parameter G > 4, the exchange interaction is said to be minor and if G = 4, the exchange interaction
is reasonable in the solid state. The exchange interaction parameter term G was calculated using
the formula G = (g-2.0023)/( g.-2.0023) = 2.99, which is less than 4, indicating that the copper

center has significant exchange interaction®.
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Figure 4A.11: ESR spectrum of Cu(FMIMN):

4A.7 X-Ray Crystal Structure of FMIMN:

The ORTEP diagram of FMIMN is shown in Figure 4A.12. Single crystal X-Ray
crystallographic studies of FMIMN relevant XRD data are given in Table 4A.5. The reflection
angle vs intensity graph is presented in Figure 4A.14. It is found that FMIMN crystallizes in the
Po1m space group. In Figure 4A.16, is shown the unit cell obtained from the single crystal X-ray
diffraction studies. A close observation of the intermolecular arrangement of the 4 molecules

reveals that the molecules are stacked in layers constituted by a number of possible intermolecular
interactions™®.

~ (70316)

~Jun 24 12:03:56 2019

LATON

Z -18 shel x P 21/n R 0.06 RES 0 20 X

Figure 4A.12: XRD- Platon diagram of FMIMN with atom-numbering
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Figure 4A.13: X-Ray crystallographic stick diagram of FMIMN showing intramolecular
hydrogen bonding
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Figure 4A.14: X-Ray diffraction intensity as a function of angle (°) of reflection
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8

Figure 4A.15: ORTEP diagram of the XRD structure of FMIMN molecule
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Figure 4A.16: Unit cell crystal packing diagram of FMIMN showing the two dimesitional layer
structure with O-H...N intramolecular hydrogen bonding

The primary interactions seem to be weak m-m interactions between any pair of adjacent
molecules, with one pair in a naphthalene-naphthalene stacking and another pair in a naphthalene-
benzene stacking while any adjacent pair, inter alia, being in an inverse disposition. Most of the

single crystal XRD structural data are presented in the next part juxtapositioned with the molecular
modeled computational data.

Table 4A.5: Crystallographic data of FMIMN

CcDC 2001213
Empirical formula C21H19FN202
Formula weight 350.38
Color/shape Yellow/needle
Crystal size, mm?® 0.6x0.3x0.3
Temperature, K 296(2)
Crystal system P21/n
Space group Monoclinic
a=15.1589(12)
Unit cell dimensions, A b = 7.4349(5)
c = 15.4287(13)
Deg B = 98.340(4)
Volume, A3 1720.5(2)
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Z 4
Density, mg/m? 1.353
Absorption coefficient, mm™ 0.095
Reflections collected/unique 13631/ 4112
0 range for data collections 1.760 — 28.340°
F (000) 736
-19<h <20
Limiting indices -9<k<9
220<1<20
Completeness 100.0 %
Goodness-of-fit on F? 1.008
Final R indices [1>20 (1)] R1 = 0.0564, wR> = 0.1601
R indices (all data) R1=0.1170, wR2> = 0.2123
Largest diff. peak and hole (eA) 0.525 and -0.229

Table 4A.6: Data of hydrogen bonding of FMIMN?*

D-H...A (A) d(D-H) | dH...A) | d(D...A) | <(DHA) (°)
0(2)-H(2A)...N(1) 0.82 1.82 2.542 (2) 146.2
C(17)-H(17)...F()#1 | 0.93 2.62 3.471 (3) 152.7
C(18)-H(18A)...F(1) 0.97 2.32 2.948 (3) 121.4

Symmetry transformations used to generate equivalent atoms: # 1 X, y-1,

4A.8 Cyclic Voltammetric Studies of FMIMN and Cu(FMIMN)z:

Figures 4A.17 and 4A.18 show the cyclic voltammograms (CV) and linear sweep
voltammogram (LSV) of FMIMN ligand as a function of scan rate and concentration respectively.
The ratio of peak currents (ipc/ipa), the gap between peak potentials (AEp = |Epc-Epa|) and the effect
of scan rate on peak current values indicate that the electron transfer is irreversible in both cases.
In the case of FMIMN, two irreversible oxidation peaks are detected in the cyclic voltammogram
at 1.05 V and 1.20 V. The square root of the scan rate versus peak current values plot is presented
in Figure 4A.19. Moreover, the anodic peak current is found to be linear with the concentration
of the FMIMN (Figure 4A.20). The relationship between the square root of the scan rate and peak

current shows that electron transfer is diffusion-controlled.

The cyclic voltammogram of [Cu(FMIMN)2] on a glassy carbon electrode revealed an

anodic peak at 1.02 V, this may be attributed to ligand oxidation and possibly related to the
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presence of an azomethine group, which facilitates electron transfer to the metal [Figure 4A.21—
4A.26]. Because of the ligand's coordination to the Cu(ll) ion center, the oxidation peak potentials
are slightly negative than those of the free ligand. The electron transfers coefficient (ona) and
heterogeneous electron transfer rate constant (k%) have been evaluated from studies of the
influence of concentration and scan rate on peak potentials. The respective electrochemical data

of FMIMN ligand and Cu(FMIMN): along with the diffusion coefficients (D) are shown in Table
4A.7.

Current (i)

-5.0 T T T T T T T
0.6 0.7 0.8 0.9 1.0 11 1.2 1.3 14

E vs Ag|AgCI

Figure 4A.17: Cyclic Voltammogram of FMIMN (5x10 M) in DMSO at different scan rates
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Figure 4A.18: Cyclic Voltammogram of FMIMN (5x10 M) in DMSO at different
concentration
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Figure 4A.19: Effect of scan rate on the anodic current of FMIMN in cyclic voltammogram
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Figure 4A.20: Variation of anodic currents of FMIMN with respect to various concentrations

120

100 ——0.04 V

80 ——0.08 v

Current (i)
g8 &
1 |

<
Il

|
S
1

L
F 3

T T T
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
E vs Ag|AgClI

Figure 4A.21: Cyclic Voltammogram of Cu(FMIMN). in DMSO at different scan rates

131



Chapter IV

1204 ——0.02 V
—0.04V
wod —— 0.06 V
—0.08 V
—0.10V
80
£ 60
e
]
o
40
204
0 T T T T T T T T T
080 085 09 095 1.00 105 L10 LIS 1.20 125 130
Potential (E) vs AgJAgCI

Figure 4A.22: Linear Sweep Voltammogram of Cu(FMIMN). in DMSO at different scan rates
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Figure 4A.23: Cyclic Voltammogram of Cu(FMIMN)2 in DMSO at different concentrations
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Figure 4A.24: Effect of scan rate on the anodic current of Cu(FMIMN)2 in cyclic
voltammogram
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Figure 4A.25: Effect of scan rate on the anodic current of Cu(FMIMN): in linear sweep

voltammetry
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Figure 4A.26: Variation of anodic currents of Cu(FMIMN). with respect to concentration

Table 4A.7: Electrochemical data of FMIMN and Cu(FMIMN)z in DMSO medium

Compound Parameters
(D) ((lna) K°h

incm?2s?! [incm?s!| incm?s?

FMIMN 17.43 x 107 0.84 13.00 x 107
Cu(FMIMN): | 18.18 x 10°® 0.95 14.59 x 10°
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PART B

COMPUTATIONAL AND DOCKING STUDIES OF FMIMN AND
[M(FMIMN).] AND CORRELATION WITH CRYSTALLOGRAPHIC
DATA

4B.1 Computational Methods:

The structures of multi-atom, multi-ring organic molecules in the solid state and gaseous
state differ mostly in the bond angles and dihedral angles close to the locations of the
intermolecular packing interactions'’. To understand these aspects, semi-empirical molecular
orbital calculations were performed using the Austin Model-1 (AM1) and density functional theory
(DFT) methods on B3LYP platform.

The initial molecular geometry was adopted as Pople’s standard data'?, and subsequently
optimized using a fully optimized energy gradient method. The conformations were designated by
Klyne-Prelog terms*? using s = syn, a = anti, ¢ = clinal (0+300& 180+300) and all other angles p
= peri-planar. Conformational analysis of isolated molecules was done in the form of
conformational flexible compounds®. Initial X-ray structure of the molecule were used for
conformational analysis and then using semi-empirical AM1 and B3LYP calculations, the energy
minimized stable conformer was generated. Geometry optimizations of the crystal structure of the
title compound were carried out using the Fletcher-Powell-Davidson algorithm implemented in
the package and the PRECISE option to improve the convergence criteria'®. The correlation data
of various molecular parameters obtained by empirical XRD and semi-empirical AM1 and DFT
method B3LYP calculations are collected in Table 4B.1 through Table 4B.4. The DFT/B3LYP
with the 6-31G* basis set calculations were obtained from Gaussian 16 platform'S, whereas
molecular mechanics (MM2)!" were done by ChemSoft’s ChemOffice Pro (version 12). The
stereographic projection of the molecule after energy-minimization through MM2 on the Chem3D
Pro platform is shown in Figure 4B.1(a). The corresponding anaglyph picture is presented in
Figure 4B.1(b).
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Figure 4B.1: Stereographic projections of MM2-energy-minimised FMIMN obtained from
ChemDraw Pro

An interesting aspect is found here. In order to avoid steric hindrance and presumably to
retain the aromaticity of each of the two aromatic rings, viz., naphthalene and benzene, the
molecule is expected to have a finite dihedral angle (close to 90°) over the =N-C- bond location,
if not over C-C-N (to facilitate hydrogen bond, N~H-O-). However, the modelling by AM1,
DFT/B3LYP and ChemDraw Pro (MM2) on FMIMN shows near planarity of the molecule from
the naphthalene ring till the nitrogen of the morpholine. Relevant dihedral angles over some
pertinent moieties are shown in Figure 4B.2, from which it is clear that the stable gas phase
molecule is planar till the morpholine nitrogen. Conformational torsional energy analysis over the
C(Naphthyl)-CH(azomethine) and N(azomethine)-C(benzene) are done by ChemDraw and are
shown in Figures 4B.3 and 4B.4 respectively. The global minima represent the energy-minimized
molecule (Figure 4B.1) with dihedral angles as mentioned in Figure 4B.2. The local minima and
global maxima related to the dihedral angles are shown in Figure 4B.3 and Figure 4B.4. Since
MM?2 calculations take Huckel’s aromaticity into account, the additional stability, despite
planarity, is understood on the basis of the number of z-bonds in conjugation, viz., 5 (naphthalene)
+1 (azomethine) +3 (benzene) = 9. The number of = electrons in conjugation becomes 18, which
follows Huckel’s 4n+2 rule with n=4. As shown in Figure 4B.3, the local minimum with
naphtholic oxygen and azomethine’s nitrogen is in an anti-geometric posture with no possibility
of hydrogen bond and with a dihedral angle of about 9.5° (due to steric hindrance from the
oxygen’s lone pair of electrons or the naptholic proton and the hydrogen of the azomethine moiety,
-CH=N-). From this diagram, one can evaluate the hydrogen bond energy to be about 10 kcal mol*

(the difference between the Global Minimum and the Local Minimum). The Double Dihedral
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Torsional Energy Conformational Analysis over the C(Naphth)-CH=N-C performed by
GoldenSoft’s Surfer mathematical gridding on the double-dihedral torsion derived from the
Chem3D is shown in Figure 4B.5, which indicates higher energies when rings cross and when the

system has dihedral angles close to 90° and minima with planarity with rings not crossing.

Although the preferred conformation in the solid phase may differ from that in the dilute
solution and the gas phase, X-ray diffraction data is used for comparison. As a whole, it can help

us understand the physical and chemical properties of this molecule when it is both condensed and

‘ 11?» Lﬂarc ‘ 162“ ‘ 21[5;
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x 0.67 x 0,15 ¢ \ 0420
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Figure 4B.2: Dihedral angles over various locations of energy-minimized structure of FMIMN

Some small deviations are observed between the X-ray diffraction data in the solid state
and the computational data in the gaseous state under vacuum. The geometrical parameters are
incorporated in Table 4B.2 (bond lengths), Table 4B.3 (bond angles), and the dihedral angles or
torsion angles in Table 4B.4. These results can be applied as groundwork for prediction and
exploring the other properties of the molecule (FMIMN). The numbering system of the AM1
method is indicated in Figure 4B.6.
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Figure 4B.3: Conformational Analysis over C-C Bond, shown
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Figure 4B.4: Conformational Analysis over N-C Bond, shown
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Figure 4B.5: Double Angle Torsional Energy Plot Over —C(Naphth)-C=N- Moiety of FMIMN.
Full z-scale (left, wireframe) and truncated z-scale (right, surface)
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»ﬂ/ “

Figure 4B.6: AM1- Structure along with atom-numbering

4B.2 Comparison of the X-Ray Data with Computational Data:

The Schiff base, FMIMN, is the combination of naphthalene, benzene, and morpholin
moieties. lonization potential (1), electron affinity (A), chemical potential (u), chemical hardness
(n), global softness (S) and electronegativity (y) of the Schiff base, FMIMN, are calculated from
the AM1 and DFT/B3LYP methods and the same are incorporated in Table 4B.1. It is found that
N2o of morpholine has more electron density than the N13 atom of the imine, as O24 of morpholine

has more than the naphthenic O1, atom.

Table 4B.1: Important molecular energy data evaluated by AM1 and B3LYP calculations on

FMIMN
Parameter | AM1 value | B3LYP
Enomo (eV) | -8.3483 -7.8665
ELumo (V) -0.7490 -1.8005
I (eV) 8.3483 7.8665
A (eV) 0.7490 1.8005
n (eV) 3.7996 3.0031
U (eV) 4.5486 4.8335
x (eV) - 4.5486 -4.8335
S (ev?) 0.1315 0.1665
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Table 4B.2: Comparative list of selected bond lengths (A°) between experimental XRD and AM1,

MM2 and B3LYP Calculations of FMIMN

Bond Bond Bond Bond lengths (A) Variation, 8, (A)*
type location | (Figure-
4A.14) | XRD | B3LYP | AM1 | MM2 | A(XRD- | A(XRD- | A(XRD
B3LYP) | AM1) | -MMm2)
oH- | Aromatic | Hyx—-C; | 0.930 | 1.084 |1.099 | 1.099 | -0.154 | -0.169 | -0.169
C(sp2)
H,7—C, |1 0.930 [ 1.086 |1.100| 1.104 | -0.156 | -0.170 | -0.174
Hzs—Cs | 0.930 | 1.086 |1.099| 1.103 | -0.156 | -0.169 | -0.173
H»o—-C4 | 0930 | 1.087 |1.101| 1.104 | -0.157 | -0.171 | -0.174
H3—-C; | 0.930 | 1.087 |1.101| 1.104 | -0.157 | -0.171 | -0.174
H31—Co | 0.930 | 1.085 |1.099| 1.104 | -0.155 | -0.169 | -0.174
Hs,— Ci5 | 0930 | 1.085 |1.102| 1.106 | -0.155 | -0.172 | -0.176
Hss—Ci | 0.930 | 1.084 |1.102| 1.102 | -0.154 | -0.172 | -0.172
Hss— Ci9 | 0.930 | 1.083 |1.102] 1.101 | -0.153 | -0.172 | -0.171
Hgs—C11 ] 0930 | 1.092 |1.116| 1.093 | -0.162 | -0.186 | -0.163
oH- Alkenyl | Hss—Czs| 0.970 | 1.102 |1.121] 1.115 | -0.132 | -0.151 | -0.145
C(sp3)
Hs7—Cxs | 0970 | 1.093 |1.122 | 1.115 | -0.123 | -0.152 | -0.145
Hss— Cp: | 0970 | 1.100 |1.129| 1.118 | -0.130 | -0.159 | -0.148
Hz—Cp1 | 0970 | 1.091 |1.123| 1.117 | -0.121 | -0.153 | -0.147
Hi—C2 | 0970 | 1.090 |1.124| 1.116 | -0.120 | -0.154 | -0.146
Hs — C | 0970 | 1.097 |1.127 | 1.118 | -0.127 | -0.157 | -0.148
Hs2— Cp3 | 0970 | 1103 |1.121| 1.115 | -0.133 | -0.151 | -0.145
Hs3—Cp3| 0.970 | 1.093 |1.122 | 1.115 | -0.123 | -0.152 | -0.145
oH- Hss—-012 | 0.820 | 1.007 |0.968 | 0.966 | -0.187 | -0.148 | -0.146
O(sp3)
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oF- Fas—Ci7 | 1.360 | 1.356 | 1.357 | 1.325 | +0.004 | +0.003 | +0.035
C(sp2)
N(sp2)- Imine | Ni3—Ci1| 1.285 ] 1.298 |[1.290| 1.266 | -0.013 | -0.005 | +0.019
C(sp2)

Cu— Nz | 1417 | 1403 |1.412| 1.269 | +0.014 | +0.005 | +0.148
oN(sp3) Nopo—Cig| 1.412 | 1411 |1419| 1.286 | +0.001 | -0.007 | +0.126
-C(sp2)
oC(sp3) | Aliphatic | Ca1— Ny | 1.458 | 1.463 |1.454 | 1.490 | -0.005 | +0.004 | -0.032
-N(sp3)

Ca2—Ngpo | 1453 | 1.464 |1.458 | 1.486 | -0.011 | -0.005 | -0.033
oC(sp2) O12—C1o| 1.317 | 1335 |1.377| 1.365 | -0.018 | -0.060 | -0.048
-O(sp3)
oC(sp3) O2—Cp3| 1409 | 1.426 |1.424| 1.402 | -0.017 | -0.015 | +0.007
-O(sp3)

Cxs— 024 1403 | 1417 |1.423| 1402 | -0.014 | -0.020 | +0.001
oC(sp3) Cp2—Cp| 1496 | 1551 |[1.533| 1.529 | -0.055 | -0.037 | -0.033
-C(sp3)
oC(sp2) Cu—Cs | 1437 | 1.446 |1.471| 1.356 | -0.009 | -0.034 | +0.081
-C(sp2)

C(sp2)- | Aromatic | C,—C; | 1.360 | 1.380 |1.374| 1.342 -0.02 -0.014 | +0.018
C(sp2)

C3—C, | 1.394 | 1410 |1.414] 1.337 | -0.016 -0.020 | +0.057

Cs—Cz | 1.355| 1377 |1.372] 1.338 | -0.022 | -0.017 | +0.017

Cs—Cs | 1.399 | 1416 |1.422] 1347 | -0.017 | -0.023 | +0.052

Ce—Cs | 1.421 | 1432 |1.422] 1354 | -0.011 | -0.001 | +0.067

Cr—Cs | 1414 | 1424 |1.421)] 1341 -0.01 -0.007 | +0.073

Cs—Cs | 1.427 | 1.448 |1.426] 1.364 | -0.021 | +0.001 | +0.063

Co—C7 | 1.342 | 1.367 |1.369| 1.335 | -0.025 -0.027 | +0.007

Ciwo—Cg | 1401 | 1.413 |1.393| 1.358 | -0.012 | +0.008 | +0.043

Cis—Cus | 1.379 | 1.402 |1.412| 1.344 | -0.023 | -0.033 | +0.035
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Cis—Cia| 1.388 | 1406 |1.406| 1.343 | -0.018 | -0.018 | +0.045
Ci7—Cis | 1.365 | 1.382 |[1.403| 1.346 | -0.017 | -0.038 | +0.019
Cis—Ci7| 1.385 | 1.408 |[1.427| 1.357 | -0.023 | -0.042 | +0.028
Ci9—Cig| 1.392 | 1.405 |[1.410| 1.353 | -0.013 | -0.018 | +0.039

*Red color indicates difference of variation competed between AM1, MM2 and B3LYP

Calculations

Table 4B.3: Comparative list of selected bond angles (°) between experimental XRD and

calculated AM1, MM2 and B3LYP studies of FMIMN

Central | Atomic Variation, g, (°)*
atom | string XRD | B3LYP|AML | MM2 | A(XRD- | A(XRD- | A(XRD-
B3LYP) | AM1) | MM2)

Csp? | CaCCi | 12080 120.92 | 12070 [ 12011 0.2 | +0.10 | +0.69
CaCsC, | 119.30] 119.16 | 119.82 | 11834 | +0.14 | 052 | +0.96
CsCaCs | 121.30 | 12115 | 120.68 | 120.94| +0.15 | +0.62 | +0.36

Co Cs Ca_ | 120.30 | 120.08 | 119.74 | 122.23| +0.22 | +0.56 | -1.93

C7 Cs Ca | 121,00 | 120.69 | 120.31 | 117.65| +0.31 | +0.69 | +3.35
CsCsCs | 119.30 | 110.13 | 119.05 | 120.25| +0.17 | +0.25 | -0.95
CoCrCs | 122.00] 12159 | 120.82 | 11947 | +1.41 | +1.18 | +2.53
CioCsCo | 11954 | 118.97 | 119.12| 118.90 ] +0.57 | +0.42 | +0.64
CiiCsCo | 12130 | 12158 | 123.77 | 121.78 | 028 | 247 | -0.48

Ow C1o Cs | 12350 | 122.76 | 117.43 | 124.75| +0.74 | +6.07 | -1.25

Cis Cua Nis | 116.20] 118.00 | 118.02 ] 116.01| -1.80 | -1.82 | +0.19

Cis Cra Nis | 125.10 ] 12391 | 123.79 ] 128.88| +L.19 | +13L | -3.78

Ci Cio Cra | 118.80 | 119.66 | 12102 | 122.98| 086 | 222 | -4.18

Cus Ci7 C1o | 124.50 | 123.58 | 121.02 | 12257 | +0.92 | +3.48 | +193

Cio C1s Ciy | 11550 | 115.66 | 116.72 | 113.44] 016 | 122 | +2.06

Nao Cis C1 | 12070 | 119.33 | 119.66 | 125.00] +137 | +1.04 | -4.30
Hys C1 Co | 119.00] 118.11 | 119.38 | 112.86| 0.89 | 0338 | +6.14

Hy7 C2Cs | 119.60 | 119.72 | 119.03| 119.39] 0.2 | +0.57 | +0.1

Hos CsC, | 120.40 | 120.22 | 119.31| 12072 0.8 | +L.09 | -0.32

Hyo CaCs | 119.30 | 120.49 | 120.82 | 117.64| 119 | 152 | +L66
Hao C7 Cs | 119.00 | 118.43 | 118.68 | 120.98 | +0.57 | +0.32 | -2.98

Hai Co C; | 119.70 | 122.08 | 12129 | 118.74| 2.38 | -1.59 | +0.96

Ha Cis C1 | 11050 | 118.67 | 119.88 | 119.86] +0.83 | 038 | -0.36

Has Cro C1a | 120.60 | 122.07 | 120.85 | 12112 | 147 | 025 | -0.52
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F34 C17Cis | 11740 117.82 | 117.90] 113.92| -0.42 -0.50 +3.48
Hss C19 C1s | 119.30 | 119.16 | 119.76 | 122.86 | +0.14 -0.46 -3.56
Has C11 Cg | 119.20 | 117.84 | 112.49]1119.04 | +1.36 +6.71 +0.16
N3 C11 Cg | 121.50 | 122,52 | 123.39 | 127.61| -1.02 -1.89 -6.11
Csp? C23 C22 N2o | 109.50 | 111.40 | 114.53 | 114.83 -1.9 -5.03 -5.33
024 C23 Cp2 | 111.70 | 110.23 | 111.52 | 111.15| +1.47 +0.18 +0.55
Hss Cos O24 | 109.20 | 110.38 | 104.26 | 107.84| -1.18 +4.94 +1.36
H3z7 C25 O24 | 109.20 | 105.24 | 109.31 | 109.32 | +3.96 -0.11 -0.12
Hsg C21 N2o | 109.70 | 107.28 | 105.43 | 108.33 | +2.42 +4.27 +1.37
Hzg C21 N2o | 109.70 | 108.95 | 110.31]111.45| +0.75 -0.61 -1.75
Hao C22 N2o | 109.80 | 110.26 | 109.97 | 110.99 | -0.46 -0.17 -1.19
Ha1 C22 N2o | 109.80 | 107.28 | 106.01 | 108.36 | +2.52 +3.79 +1.44
Ha2 C23C22 | 109.80 | 108.23 | 110.30 | 111.59 | +1.57 -0.50 -1.79
H43 C23 C22 1 109.80 | 111.09 | 111.09 | 110.55 -1.29 -1.29 -0.75
Nsp? C14N13 Cyp | 123.80| 121.86 | 121.14 | 128.77 | +1.94 +2.66 -4.97
Nsp? C21 Noo Cyg | 117.16 | 119.35 | 117.39 | 119.75| -2.19 -0.23 -2.59
Co2 Ny Cig | 114.71 | 117.11 | 115.74 1 120.57 -2.40 -1.03 -5.86
Osp?® C25 O24 Cp3 | 110.40 | 111.97 | 112.70 | 110.21 | -1.57 -2.30 +0.19
Has O12 C10 | 109.50 | 107.11 | 108.02 | 112.39 | +2.39 +1.48 -2.89
*Red color indicates difference of variation competed between AM1, MM2 and B3LYP

Calculations

Table 4B.4: Comparative list of selected Dihedral angle (°) of Schiff base, from experimental

XRD and AM1, MM2, B3LYP calculations of FMIMN

Dihedral angle XRD B3LYP AM1 MM?2
©) Angle | () Angle *) | Angle | (*) | Angle | (*
CsC3C2Cy +1.1 +sC +0.08 +SC -0.48 - SC - 0.006 -SC
Cs C4 C3Co -0.2 -SC - 0.05 -SC + 0.36 +SC - 0.005 -SC
Ce C5 C4 C3 -0.7 -SC - 0.08 -SC +0.67 -SC +0.04 +SC
C7Cs5C4Cs +1788 | +ac | +179.81 | +ac | -179.12 | +ac | +179.95 | +ac
CsCs CsCy -1795 | -ac -179.81 -ac | +17953 | +ac | -179.90 | -ac
CoC7CsCy +180.0 | +ac | -179.78 -ac | +179.20 | +ac | -179.79 | -ac
C10 Cg C6 Cs -0.6 -SC - 0.57 -SC +1.79 +SC -0.05 -SC
C11CsCsCs +1774 | +ac | +179.26 | +ac | -179.04 -ac | +179.50 | +ac
012C10CgCs | +1788 | +ac | -179.43 -ac | +178.45 | +ac | -178.26 | -ac
012 C10 Cs C11 -- -- +0.72 +SC -- -- +2.18 +SC
Cs C7C11 N13 -- -- +1.14 +SC -- -- +1.17 +SC
Ni3C11CeCs | -1784 | -ac | +179.02 | +ac | +49.29 | +sp | -178.38 | -ac
C1aNi3C11Cs | +178.9 | +ac +177.20 +ac | +179.02 | +ac | -179.73 -ac
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C15C14N13 Cy1 | -1715 | -ac | +153.46 | +ac | -150.99 | -ac | -179.88 | -ac
C16 C14aNi3Cy | +9.6 +SC -28.58 -sc | +32.06 | +sp -0.15 -SC
C17C16 C1a N1z | -179.3 | -ac 179.63 +ac | +176.37 | +ac | +179.99 | +ac
C18 C17 C16 Cu4 +0.0 +SC +1.51 +SC +0.76 +SC -0.15 -SC
F34 C17 C16 C1s | -179.3 | -ac -179.51 -ac | -179.44 | -ac | +179.45 | +ac
F34 C17 C1s N2o - - - - +3.12 +SC - - - - +0.30 +SC
C19 C18 C17 C1s -1.9 -SC +0.27 +SC -0.01 -SC +0.74 +SC
N2o C18 C17C16 | -179.4 | -ac | -177.91 | -ac -175.9 -ac | +180.00 | +ac
C17 C18 N2oo Co1 - - - - +1.86 +SC - - - - +2.17 +SC
C21 N2o C18Ci7 | +164.3 | +ac | +158.90 | +ac | +159.81 | +ac | -176.98 | -ac
C22N20 C18C17 | -64.3 -Sp -64.65 -Sp - 65.35 -Sp -1.72 -ac
C23 C22 N2o C1g | +169.2 | +ac -76.35 -Sp -91.61 | -ap | +174.25 | +ac
024 C23 C22 Noo | +57.9 | +sp -23.50 -sc | -5153 | -sp | +36.74 | +sp
C25 024 C23C2 | -58.2 -Sp -40.65 -sp | +55.56 | +sp | -66.91 -Sp
* Conformational analyses using prefixes a = anti, s = syn, p = peri-planar, ¢ = clinal (0+30°&
180+30°%) and + & - signs.

The bond lengths (in A) are found to vary slightly in the gaseous state. It is observed that
oH-C(sp?) of aromatic rings is increased by about 0.170 A in the gaseous state. cH-C(sp?) of
alkenyl is increased by about 0.185 A. The aliphatic cH-C(sp3) is also increased by ~0.15 A. The
lengths of the other bonds, such as, cH-O(sp3), oN(sp3)-C(sp2) and cC(sp2)-O(sp3) are noted to
have increased their lengths by ~0.148 A, ~0.007, ~0.060 and ~0.017 A, respectively whereas cF-
C(sp?) is decreased by ~0.003 A. The variation of bond lengths as evaluated by computational
methods on a gaseous molecule of FMIMN Vis a Vis the corresponding values for various bonds
obtained from the XRD for FMIMN in its solid state is presented in Table 4B.2. The increase in
bond length in gaseous state suggests a possible zone of steric strain in the solid state and a decrease

in any bond length, a location of intermolecular interaction in the solid state.

The difference in bond angles between XRD and computational data over several atomic
strings is shown in Table 4B.3. The closer are the two angles, the less is the strain experienced by

the respective atomic string.

Bond angle (°) at C-sp? is observed to vary from -6.7 ° to +2.47 ° due to angle strain or
aromatic strain in the gaseous state. Bond angle (°) at C-sp® is found to vary from -4.94° to +5.03
°. The bond angle at N-sp? is decreased (by ~ 2.66 ©) and that at N-sp? is increased (by ~ 2.25°),
whereas the bond angle at O-sp? is increased by +2.30 ° in the case of morpholin and decreased
by -1.48° in the case of aromatic H-O-C.
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The conformational changes as seen from the variation through several dihedral angles
over some selected atomic strings are shown in Table 4B.4. For example, the dihedral angles of
Cs-Cs-C3-Co and C10-Cg-Ce-Cs are changed from —sc to +sc conformation under the AM1 method.
The +ac of Cg-C7-Cs-C4 and O12-C10-Cs-Cs change to —ac under DFT. Similarly, the +sc of Cys-
C17-C16-C14 changes to —sc under MM2 method. The —ac of C17-C16-C14-N13 change to +ac under
all the three computational platforms. The trends of other methods with respect to the empirical
data can be seen in Table 4B.4. In near all cases of molecular structural parameters, it is evident
from Table 4B.2 through Table 4B.4. That the values obtained from the DFT/B3LYP method
appear to be in better agreement with the experimental data than those from the other two
platforms, viz., AM1 and MM2.

4B.3 Hirshfeld Surface Analysis:

Hirshfeld surface analysis is a tool for analyzing molecular interactions and arrangements
in a crystal®. CrystalExplorer 17.5 software has been used to generate Hirshfeld surfaces'®.
Hirshfeld analysis was performed on FMIMN in order to examine the strength and role of
hydrogen bonds and other intermolecular contacts, Hirshfeld surfaces and the corresponding
fingerprint plots and to assess their importance in the stability of the crystal lattice. Figure 4B.7
shows the molecule's Hirshfeld surface mapped over the dnorm range of -0.0441 to 1.4288 a.u.

Figure 4B.8 shows intermolecular hydrogen bonding interactions of FMIMN.

Figure 4B.7: Hirshfeld dnorm surface of FMIMN
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Figure 4B.8: Hirshfeld dnorm surface of FMIMN showing intermolecular hydrogen bonding
interactions

4B.3.1 Hirshfeld Fingerprint Plots:

In a crystal, fingerprint plots show the specific atom pair interactions. They are a graphic
representation of the intermolecular interactions in a crystalline structure?®. The intermolecular
interactions of molecules appear as sharp spikes and wings?*. Complementary regions in the
fingerprint plot indicate one molecule as a donor (de > d;) and another molecule as an acceptor (de
< di)?. The shortest H...H contact has a minimal value of (de + di) about 2 A. The H...H contact
accounts for the majority of the overall Hirshfeld surface area (48%). Figure 4B.10 shows the
contributions of several interactions to the total Hirshfeld surface area. Figure 4B.9 shows two-
dimensional fingerprint plots of various intermolecular interactions on the Hirshfeld surface area.
The strong acceptor-donor intermolecular hydrogen bond interactions that appear at Cs-Hag---O24,
Cs4-Hag--+-Ca3, C7-Hzp:--O24, C17-F34---Hs32 are indicated as bright red color spots. Figure 4B.9
indicates H---H interactions as the largest, which is about 48% of the surface concentration. The
C---H/ H---C contact accounts for approximately 24.1% of the total, with two spikes at de + di
values of 1.6 A. The F---H/ H---F contact contributes around 6.8% with a d. + di value of ~1.3 A.
The O---H/ H---O contact contributes nearly 9.9%, with a de + di value of ~1.4 A. All other
intermolecular interatomic contacts and the corresponding interactions are found to contribute less
than 7.0%.
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Figure 4B.9: Hirshfeld finger print plots of FMIMN
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Figure 4B.10: Intermolecular Hirshfeld inter-atomic interaction percentages

4B.3.2 Shape Index, Curvedness, Electrostatic Potential and Fragment Patches:
The surface parameters of shape index and curvedness are used to determine the molecular

arrangements in the crystal?®?4. The flat regions on the curvedness plot reflect planar molecule
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stacking. The arrangement of red and blue triangles on the contour index map exemplifies a
common property of n- t interactions. The molecule is clearly stacked in a planar way since it has
flat portions on the curvedness map. Figure 4B.13 represents the surfaces of shape-index (a), curve
index (b), fragment patches (c), diffuse graphical portrayal (positive electrostatic potential is

shown in blue shade and negative in red) color coded interactions with in 3.8 A (d).

Small blue regions around the bright-red spots in the shape index plot indicate n- « stacking
between the benzene and quinoline rings. The green shade in the flat region of the curve index plot
represents the n- = stacking around the benzene and quinoline rings. Figure 4B.13(d) depicts the
electrostatic potential map generated by the HF/3-21G basis set, with a red region indicating
negative electrostatic potential (hydrogen acceptors) and a blue region indicating positive

electrostatic potential (hydrogen donor)?°.

4B.3.3 Hirshfeld Interaction Energies and Energy Frameworks:

The HF/3-21G quantum theory, which is available in CrystalExplorer software, was used
to compute the interaction energies in FMIMN?®, Figure 4B.12 shows molecular packing
corresponding to dispersion energy, coulomb energy and total energy along a, b, and c axes,
respectively. It exhibits individual energy components as cylinders between the centroids of
interacting molecular pairs with the corresponding energies. Figure 4B.11 depicts a graphical
representation of the interaction energy calculations performed for the molecule clusters. The
cylindrical radii in the laddered bars are represented as a function of the strength of the interaction

energies?’, normalized to 100 with a minimum value of 5 kJ mol™.

Figure 4B.11: Pair-wise intermolecular interactions in FMIMN (viewed along the ¢ axis)
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Table 4B.5: Pair-wise intermolecular interaction energies of FMIMN

N|||Symop R Eele |Epol |[Edis  |Erep |Etot
I 2 X, Y, Z 15.16| 3.4 |-1.4] -11.2 | 0.0 | -7.5

1 -X, Y, -Z 1495 19 |-0.8] -85 | 0.0 | -6.3

2 X, Y, Z 16.88|-12.91-3.0] -12.6 | 0.0 |-26.5

2 -X+1/2, y+1/2, -z+1/2 | 9.66 | -3.1 |-1.1| -24.6 | 8.9 |-18.8

1 X, -Y, -Z 16.93| 1.2 |-0.3| -6.0 | 0.0 | -4.3
2 X, Y,z 7.43 |-10.3]-3.1] -26.7 | 12.6 |-26.4
1 -X, =Y, -Z 7.88 | -4.6 |-4.0| -29.3 | 13.6 |-22.6

2 -x+1/2, y+1/2, -z+1/2 | 8.96 | -7.5 |-2.6| -43.9 | 19.3 |-33.2

1 -X, =Y, -Z 3.82|-751-6.2|-107.6| 43.1 |-73.7
Energy Model Ketle | Kpol | Kaisp | Krep
CE-HF ... HF/3-21G electron densities 1.019]0.651]0.901]0.811

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities|{1.057{0.740|0.871]0.618

The scaling parameters for the evaluated energies for the HF/3-21G are Kele = 1.019 kJ mol
1 kool = 0.651 kJ mol™, Kaisp = 0.901 kJ mol™, and krep = 0.811 kJ mol™ and the energy framework
values for the above evaluated energies are -39.4 k mol™, -270.4 kJ mol?, -22.5 kJ mol?, and 97.5
kJ mol, respectively. From these values, it can be observed that the dispersion energy dominates
the electrostatic energy. The total energy is found to be 219.3 kJ mol. The chemical pair-wise
interaction energies are listed in Table 4B.5. In the table, R stands for the distance between the
mean atomic locations. The molecular packing interactions are illustrated along the a, b, and ¢ axes
in Figure 4B.10, which correspond to coulomb energy (red), dispersion energy (green), and total
energy (blue). The size of the cylinders in the energy frameworks represents molecular packing

and the strength of the interaction energy?®.
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Figure 4B.13: Hirshfeld surface maps of FMIMN represented by modes
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4B.4 Molecular Modelling and Docking Studies of FMIMN and M(FMIMN)::

Molecular modelling studies were used to determine the conformational visualization of
the molecules in various forms in order to address the stability aspects of the FMIMN ligand and
its metal complexes. The global energy minimized structures are calculated using the MM2 force
field method with a RMS gradient of 0.01. In any structural analysis, the bond length, bond angles
and torsional angles are some of the most essential structural factors. The ligand FMIMN as well
as its complexes are being investigated. There is a great degree of consistency between the
experimental and simulated results. Figure 4B.14 shows the globally minimized structures of the
FMIMN ligand and associated metal complexes. Quantum mechanical HOMO-LUMO orbital
energy estimates were used to compute the expected gas-phase electronic transitions. Figures
4B.15 and 4B.16 show the HOMO-LUMO structures of FMIMN and M(FMIMN)2. Some of the
important bond lengths, bond angles, and torsional angles data of M(FMIMN)2 obtained from
MM2 calculations are shown in Tables 4B.6 and 4B.7.

The cell-membrane receptor EGFR-TK (pdb id: 4HJO) belongs to the tyrosine kinase
family of epidermal growth factor receptors?®. Excess EGFR expression causes anal cancer and
epithelial tumors of the neck and head®. We chose EGFR as a target protein receptor for molecular
docking studies with FMIMN and [M(FMIMN)2 because of this feature. Figures 4B.17-4B.22
show molecular docking interactions of FMIMN and its complexes. Table 4B.8 comprises the
binding energies obtained from the docking investigations. The binding energies of the ligand and
complexes with the protein receptor EGFR (as shown in Table 4B.8) indicate that the ligand and
complexes have a good affinity for the EGFR protein receptor. Docking experiments also show
that [Co(FMIMN):z] and [Cu(FMIMN)2] have the lowest EGFR binding energies, with values of
-11.4 and -9.8 kcal mol?, respectively.

The [Co(FMIMN)2] complex interacts with the EGFR via three carbon hydrogen bond
interactions with ARG817, LYS851, and LY S852 protein amino acid residues. It also docks via
one halogen interaction with SER696, four electrostatic interactions with LYS721, ARG817, and
ASP813, and ten hydrophobic interactions with PHE699, ASP813, LYS721, PHE699, ALAG98,
and ARG817 amino acids.

The [Ni(FMIMN)2] complex docks to the EGFR through a total of four hydrogen bond
interactions with the protein amino acid residues of LYS836, ASP737, GLU734, and VAL741.
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Further, it docks through five hydrophobic interactions with VAL741, LEU809, and LYS836.
Moreover, it docks through GLU738, ASP737, and LY S836 with three electrostatic interactions.

The [Cu(FMIMN)2] complex docks to the EGFR via four hydrogen bond interactions with
ALA698, ARG817, and ASN818 protein amino acid residues. There are two halogen interactions
with ASP813 and ASN818, as well as ten hydrophobic interactions with ALA698, LEU694,
GLY695, LEU838, PHE699, LYS851, VAL702, and ARG817.

The [Mn(FMIMN)2] complex has three hydrogen bond interactions with ARG817, and
GLY697. Moreover, it has two halogen interactions with GLY697 and ARG817 amino acid
residues and six hydrophobic interactions with PHE699, LYS855, TRP856, ARG817 and
LYS851.

The [Zn(FMIMN)2] complex docks to the EGFR via three hydrogen bond interactions
with LYS836 and ALAG698 protein amino acid residues. The amino acid residues of LEU809,
PHE832, HIS869, VAL741, LEU809, LYS836, and ARG808 interact with this complex through
hydrophobic interactions. Furthermore, it also interacts with the amino acid residue of ARG808

through halogen interaction.

Figure 4B.14: Global minimized ball-stick models of (a) FMIMN (b) Cu(FMIMN)2 (c)
Ni(FMIMN)2 (d) Mn(FMIMN). and (e) Zn(FMIMN). (The hydrogen atoms are hidden for
clarity)
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LUMO (-3.863 eV)

Figure 4B.15: HOMO and LUMO molecular orbitals of FMIMN in wire mesh format (H-atoms
and lone pairs of electrons are excluded for clarity)

LUMO (-7.075 eV) Mn(FM]MN)z : ._ Zn(FMIMN)Z \:.; : LUMO (-4.837 eV)

Figure 4B.16: HOMO and LUMO molecular orbitals of M(FMIMN)2 in wire mesh format (H-
atoms and lone pairs of electrons are excluded for clarity)
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depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
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Figure 4B.19: Molecular docking interactions of Co(FMIMN). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
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Figure 4B.20: Molecular docking interactions of Mn(FMIMN). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 4B.21: Molecular docking interactions of Ni(FMIMN). with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues

(b)

Interactions

N

Mt

':] van der Waals [:] Pi-Cation
Conventional Hydrogen Bond i Pi:Sigma
E] Halogen (Fluorine) D PP Stacked
- Unfavorable Positive-Postive El Pi-Alkyl

Figure 4B.22: Molecular docking interactions of Zn(FMIMN), with EGFR protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of

interactions with amino acid residues

Table 4B.6: Some of the important bond lengths and bond angles of ML, (L=FMIMN) (Refer
Figure 4B.13 for numbering of the atoms)

Bond
lengths

(A)

Cu(FMIMN)2

Ni(FMIMN);

Co(FMIMN),

Mn(FMIMN);

Zn(FMIMN);
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M-Os> 1.811 1.773 0.731 1.792 1.892
M-O26 1.811 1.771 0.731 1.792 1.893
M-N1> 1.334 1.811 1.839 1.832 1.936
M-N3g 1.335 1.811 1.839 1.833 1.937
Ni2-C13 1.290 1.282 1.278 1.279 1.281
N12-C7 1.285 1.279 1.278 1.283 1.276
O26-Cs 1.364 1.373 1.425 1.376 1.372
N3g-Cs3 1.285 1.277 1.279 1.282 1.276
N3g-Csg 1.290 1.278 1.278 1.279 1.280
O52-Cs1 1.364 1.372 1.425 1.376 1.373
C32-Cas 1.357 1.361 1.346 1.364 1.361
C7-Cs 1.358 1.360 1.347 1.352 1.361
Bond
angles (°)
C14C13N12 119.5 118.6 125.1 125.5 127.2
C18C13N12 126.9 127.0 119.4 119.6 118.0
C6C7N12 134.3 135.1 123.7 133.2 136.2
C1Ce6Cr 124.8 121.6 126.8 122.3 120.2
N12MO26 107.6 103.1 107.2 98.7 99.7
N12MOs; 104.9 110.7 101.3 113.7 115.2
026MNzsg 112.9 115.0 100.9 113.8 113.8
N3sMOs> 107.5 98.7 107.2 98.7 99.1
C1sN12M 113.7 108.8 120.6 114.9 101.7
C13N12C17 107.6 111.4 110.8 119.3 115.0
C33N35Ca9 107.6 123.3 110.4 119.1 115.2
052C31C32 122.3 125.5 123.7 126.1 126.7
MN35Csg 113.7 112.5 121.1 115.0 102.7
MN35C33 1154 107.1 110.7 106.6 107.2
MO26Cs 111.3 111.2 126.6 113.3 112.1

Table 4B.7: Some of the important dihedral angles of ML, (L=FMIMN) (Refer Figure 4B.13
for numbering of the atoms)

Torsional Cu(FMIMN)2 | Ni(FMIMN)2 | Co(FMIMN)2 | Mn(FMIMN)2 | Zn(FMIMN):

angles (A)

C14C13N12M -96.1 +100.9 -85.2 +85.7 +88.2
C14C13N12C7 +134.7 -140.9 +46.9 -42.6 -28.1
C18C13N12C7 +18.2 +37.2 +30.2 -32.8 +151.3
C18C13N12M +104.7 -81.0 +100.7 -97.6 -92.5
C13N12MOs; +27.8 -164.4 -126.6 -67.9 +151.6
C13N12MO2s -87.4 +79.7 ++99.7 +175.1 -83.6
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C13N12MNB3s +148.6 -50.1 -11.5 +49.9 +38.1
N12C7CsCs -3.4 +0.6 +6.1 -5.8 +0.9
MO26CsCs +20.9 -27.3 -47.0 -26.8 +26.0
N3sMO26Cs +82.7 +177.0 +172.0 +178.6 -161.5
N3sMOs2C31 -40.2 -49.5 +51.8 +48.0 +43.4
N38C33C32Ca1 -3.5 +4.3 -174.4 -5.8 0.0
C32C33N33C39 +107.1 -167.3 -135.0 +168.0 -88.6
C39N3sMN12 +148.6 -119.1 -13.6 +50.3 -156.0
C39N38MOs; -87.5 -170.8 +98.1 +175.3 +81.1
C39N3sMO2s +27.7 -55.5 -128.5 -67.7 -42.6

Table 4B.8: Docking data of FMIMN and its metal complexes with the EGFR protein

Compound Binding No. of Proteins residues involved in the interactions
energy H-
(kcal mol'Y)  bonds
FMIMN -9.1 1 VAL702, GLY695, SER696, GLY700, LYS721,

GLY697, LEU834, ASP831, ALA835, ALA840,
PHEG699, CYS773, LEU820, THR830, ARG817,
PRO853, LYS851, LEU838, VAL852

Cu(FMIMN): -9.8 4 LYS889, ARG779, LYS721, ARG817, ASNB8L1S,
LEU834, ASP813, ALA835, LEUS838, PRO853,
PHE699, GLY697, GLY695, LEU694, CYS773,
VAL702, SER696, ALAG98, LYS851

Ni(FMIMN): -9.4 4 LYS730, ASP737, TYR740, GLU734, GLU738,
GLY833, PHE832, VAL741, ARG812, LYS836,
LEU809

Co(FMIMN)2 -11.4 3 CYS773, ALAG98, LYS851, LEU775, ARG817,
LEU820, VAL702, SER696, GLY697, LYS721,
GLY695, PHE699, PRO853, ASP813, LEUS834,
LEU838, ALA835

Mn(FMIMN): -9.4 3 LYS721, GLY697, LEU834, LEU838, ASP813,
PHE699, ALA698, PRO853, SER696,GLY695,
TRP856, LYS855, ARG817, LYS851

Zn(FMIMN)2 -9.4 3 ARG808, HIS869, THR868, ARG807, VALS810,

LEUB809, GLY833, VAL741, MET742, GLU738,
PHE832, LYS836, ARG812
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PART C

BIOLOGICAL ACTIVITY STUDIES OF FMIMN AND [M(FMIMN):]

4C.1 In vitro Antimicrobial Activity:

The FMIMN ligand and its various Schiff base complexes were tested for microbiological
activity against two gram-positive and two gram-negative bacteria, along with streptomycin as a
standard®’. Table 4C.1 lists the results of the studies.

Table 4C.1: Antibacterial MIC values of FMIMN and [M(FMIMN)2] (ug/ml)

Compound S.aureus | B.subtilis | K.pneumoniae | E. coli
Cu(FMIMN): 8.36 9.15 11.31 8.73
Zn(FMIMN): 9.12 13.39 10.76 11.31
Ni(FMIMN): 13.14 14.26 11.58 14.58
Co(FMIMN)2 34.21 42.36 24.12 42.75
Mn(FMIMN)2 42.23 49.67 36.57 24.19

FMIMN 80.14 73.24 >100 >100

Streptomycin 5.62 7.26 7.15 5.80

The results reveal that the ligand shows less activity against both gram negative and gram
positive microorganisms. The activity of Zn(FMIMN)z2, Cu(FMIMN)z, and Ni(FMIMN)z

complexes have moderate to good activity.

4C.2 In vitro Antioxidant Property:

The scavenging activity has been studied for the free radical DPPH (2,2-Diphenyl-1-
picrylhydrazyl)®?. The results are presented in Table 4C.2. According to the findings, the
complexes [Zn(FMIMN):z], [Ni(FMIMN)z], and [Co(FMIMN)z] have significant antioxidant
activity in that order. However, the activity of some of the complexes [Cu(FMIMN):] and
[Mn(FMIMN)2]) is lower than the standard (Figure 4C.1).
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Figure 4C.1: Histographical representation of the 1Cso inhibition values of DPPH radical
scavenging activity of FMIMN and M(FMIMN)2
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Figure 4C.2: Cell viability assay; dose-response curves of FMIMN and its metal complexes
with different concentrations on MCF7 cells

Table 4C.2: Anti-scavenging activity MIC values of FMIMN and [M(FMIMN)2] (ug/ml)

Compound 1Cs0 (UM)
Cu(FMIMN). |27.34+1.37
Zn(FMIMN)2 | 10.82 +2.12
Ni(FMIMN)2 |14.13+1.15
Co(FMIMN)2 |22.14+1.23
Mn(FMIMN). | 18.39 + 2.52
FMIMN 32.43+£1.03
Ascorbic acid | 6.27 +£0.24
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Figure 4C.3: Cell viability assay; dose-response curves of FMIMN and its metal complexes
with different concentrations on HepG-2 cells

4C.3 In vitro Antifungal Activity:

In vitro antifungal activity studies of Schiff base ligand (FMIMN) and its complexes are
investigated with the help of two fungal strains, Asperegillusniger and pencilliumnotatum, with
ketoconazole drug as a standard. The results are furnished in Table 4C.3.

The anti-fungal activities of Cu(FMIMN)2 and Ni(FMIMN)2 complexes are comparable to those

of standard for both the fungal strains.

Table 4C.3: Antifungal activity MIC values of FMIMN and [M(FMIMN)2] (ug/mL)

Compound | Asperegillusniger | Pencilliumnotatum
Cu(FMIMN): 5.32 7.28
Zn(FMIMN)2 18.67 16.93
Ni(FMIMN): 7.86 9.35
Co(FMIMN)2 55.73 42.12
Mn(FMIMN): 26.67 38.17

FMIMN 57.13 62.38

Ketoconazole 3.64 3.49
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Figure 4C.4: Graphical representation MIC values of antifungal activity of FMIMN and its
metal complexes

4C.4 In vitro Anticancer Activity:

The anticancer activity of FMIMN and its complexes was tested against two cancer cell
lines, MCF-7 and HepG-2, by the MTT assay method with cisplatin as standard®. Table 4C.4
shows the results. Out of all the complexes tested, only Cd(FMIMN)2 and Zn(FMIMN)2 showed

some promising results.

Table 4C.4: MIC values of anticancer activity of FMIMN and [M(FMIMN):] (ug/ml)

Codes MCF-7 HepG-2 HEK 293
Cu(FMIMN) | 28.65+ 056 | 37.24 +1.23 | 63.12 + 1.02
Zn(FMIMN), | 4758+163 | 52.89+1.16 | 83.62+1.13
Ni(FMIMN); | 58.59 + 0.382 | 72.97 * 0.359 ND
Co(FMIMN); | 21.04 + 1.321 | 16.43 + 0.327 | 58.48 + 1.28
Mn(FMIMN), | 49.04 £ 0.453 | 39.72 £ 1.28 ND

FMIMN | 74.15 £0.536 | 67.24 +1.39 ND
Cisplatin 1058 £0.32 | 5.25+0.27 |41.86+0.43
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CHAPTER V

SYNTHESIS, CHARACTERIZATION AND SINGLE CRYSTAL X-RAY
DIFFRACTOMETRIC, COMPUTATIONAL CHEMISTRY AND
BIOLOGICAL STUDIES OF A PAIR OF PHENYL QUINOLINIUM SALTS

A pair of novel organic molecules, 7-fluoro-6-morpholino-3-phenylquinolin-1-ium
(FMPC) and 7-fluoro-3-(4-methoxyphenyl)-6-morpholinoquinolin-1-ium chloride (FMMC) salts,
have been synthesized and characterized by various spectroscopic techniques and by single
crystal XRD studies. The detailed synthesis is presented in Chapter Il. Computational molecular
modelling studies were also performed on its cationic skeleton on the platforms of AM1, MM2 and
B3LYP calculations and the data has been correlated with the XRD data.

This Chapter is divided into two parts, Part A and Part B. From these parts, Part A focuses
on the characterization and electrochemical, fluorescent and single crystal XRD studies of the 7-
fluoro-6-morpholino-3-phenylquinolin-1-ium chloride salt (FMPC) and the 7-fluoro-3-(4-
methoxyphenyl)-6-morpholinoquinolin-1-ium chloride salt (FMMC) and in Part B, we discuss
the computational analysis and molecular modeling studies of FMPC and FMMC from their fully
optimized semi empirical AM1 calculations by MOPAC, MM2 and DFT/B3LYP calculations. The
comparison of experimental XRD crystal data of FMPC and FMMC with those evaluated by

these molecular modelling studies is also presented.
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PART A
CHARACTERIZATION AND SINGLE CRYSTAL X-RAY
DIFFRACTOMETRIC STUDIES OF FMPC AND FMMC

5A.1 Analytical Characteristics of FMPC and FMMC:
The physical and analytical characteristics of the FMPC and FMMC are shown in Table
5A.1.

Table 5A.1: Analytical data” of FMPC and FMMC

Molecular Elemental analysis*
weight | onc | 96H | %N | %0
66.02 511 8.02 451

(66.18) | (5.26) | (8.12) | (4.64)
60.96 | 551 | 7.02 | 12.14
(61.15) | (5.64) | (7.13) | (12.22)

Compound | M.P (°C) | Molecular formula

FMPC 174-175 C19H18CIFN20* 344.8

FMMC 191193 C20H22CIFN203* 392.8

#data in parenthesis are calculated ones; ~ data limited to integral values

Figure 5A.2 shows the mass spectra of the FMPC and FMMC. The M+1 is the base peak,
which matches the molecular cationic formula of both FMPC and FMMC, viz., 308.34 and
338.37, respectively.

® T 9
= N

FMPC FMMC

Figure 5A.1: Structure of FMPC and FMMC
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Figure 5A.2: MASS Spectra of FMPC and FMMC

5A.2 Electronic Spectral Studies of FMPC and FMMC:

Figure 5A.3 shows the UV-Visible spectra of FMPC and FMMC in DMSO solvent. Two

bands are found for FMPC at 301 and 348 nm, which are attributable to the aromatic 1 — =*

transition and then the n — =* transition of the quinoline nitrogen of the ligand, respectively. The
respective bands for FMMC compound are found at 260, 308 and 423nm. The red shift of both

the peaks is attributed to the excess electron density pumped into the aromatic skeleton by the
methoxy group. Figure 5A.4 shows the UV-Visible spectra of FMPC and its metal complexes.

As aresult of coordination with the central metal atoms, the © — 7* and n — =* transitions of metal

complexes are pushed to lower wavelengths. That the ligand peaks are not varied considerably is

due to the fact that the coordination is through the quinoline nitrogen lone pair which is orthogonal

to the aromatic © bond.
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Figure 5A.3: Electronic Spectra of FMPC and FMMC
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Figure 5A.4: UV-Visible spectra of FMPC and its complexes in DMSO
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5A.3 FTIR Spectral Studies of FMPC and FMMC:

Figure 5A.5 shows the infrared spectra of FMPC and FMMC. FT-IR (KBr) v (cm™);
FMPC: 3445 br (N-H); 3000-3060 s (=N—H in aromatic); 2860-2980 s (aliphatic C—H); 1568,
(C=N); 1500 (=C-H in aromatic); 1108 (C-O in morpholine). FMMC: 3445 br (N-H); 3000-3060
s (=N-H in aromatic); 2860-2980 s (aliphatic C—H); 1561 s (C=N); 1516 s (=C-H in aromatic);
1112 (C-O in morpholine).
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Figure 5A.5: FT-IR spectra of FMPC and FMMC
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5A.4 NMR Spectral Analysis of FMPC and FMMC:

The 'H NMR spectrum of FMPC is shown in Figure 5A.6. In the FMPC 'H NMR
spectrum, the imine proton (CH=N-) gives its *H-NMR chemical shift value at 10.81 ppm as a
doublet. All the remaining aromatic hydrogens appear at chemical shift values in the range of ¢
7.09-9.07 ppm. The hydrogen attached to the quinolinium nitrogen atom appears at 6 4.59 ppm.
The two 'H NMR triplets at 3.74 ppm (-CH-O-) and 3.01 ppm (CH-N-) are due to morpholine

protons.

The H NMR spectrum of FMMC is shown in Figure 5A.7. The imine proton (CH=N-)
gives its tH-NMR chemical shift value of 10.03 ppm as a singlet. Methoxy protons appear at 3.84
ppm with three protons integration. All the remaining aromatic hydrogens appear at chemical shift
values in the range of ¢ 7.13-9.35 ppm. The hydrogen attached to the quinolinium nitrogen atom
appears at ¢ 4.5 ppm. The two *H NMR triplets at 3.83 ppm (-CH2-O-) and 3.21 ppm (CHz-N-)

are due to morpholine protons.

FMPC

FMMC

Figure 5A.6: H and spectra of FMPC and FMMC in DMSO-d6
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FMPC

Figure 5A.7: ¥C NMR spectra of FPMC and FMMC in DMSO-d6

Figure 5A.6 shows the 3C NMR spectrum of FMPC. The spin-decoupled *C-NMR
spectral line of the imine C=N- carbon appears at 158.93 ppm. The ring carbon connected to the
fluorine gives its peak at 155 ppm with LJ(*°F,*3C) = 243.75 Hz, 2J(*°F,1*C) = 26.25 Hz; 3J(*°F,1*C)
= 11.25 Hz and *J(*°F,3C) = 8.75 Hz, remaining aromatic carbon atoms are found in the range of
107.61-138.09 ppm while the morpholine aliphatic carbon atoms show four peaks in the range of
50.93, 51.50 ppm (-CH>-N-) and at 66.44, 66.52 ppm (-CH-O-).

The 3C NMR spectrum of FMMC is shown in Figure 5A.7. The spin-decoupled *3C-
NMR spectral line of the imine C=N- carbon appears at 160.52 ppm. The peak of the ring carbon
connected to fluorine is 142.65 ppm. The remaining aromatic carbon atoms are found in the range
of 115.21-136.73 ppm, while the morpholine aliphatic carbon atoms show five peaks in the range
of 50.83, 50.97 ppm (-CH2-N-), at 66.38, 66.43 ppm (-CH»-O-) and at 55.79 (-O-CHa).
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5A.5 Fluorescence Spectral Studies of FMPC and FMPC:

The luminisence spectra of FMPC and FMMC in DMSO are shown in Figure 5A.8. The
broad emission peaks are observed at 497 and 458 nm, respectively, owing to the emission of green
light, which corresponds to the flow of electrons from the benzene ring to the quinolinium cation
through the single bond. The band gap energies were calculated to be about 2.38 and 2.71 eV. The
close proximity of the Amax at ~500 nm of absorption (excitation) and fluorescence (emission) in
the visible region indicates negligible inter-system crossing or molecular vibrational relaxation

mechanism?.

The luminous behavior of Copper(1l), Nickel(l1), Zinc(11) and FMPC ligand was examined
in the solid state. Figure 5A.9 depicts the emission spectra of a few metal complexes containing
the ligand FMPC. At 270 nm, the ligand FMPC was excited, resulting in a 520 nm emission band.
Excitation of metal complexes of Copper(Il), Nickel(ll), and Zinc(ll) at 270 nm caused emission
bands to move to longer wavelengths?. The luminescence intensity of the complexes was lowered
due to ligand metal charge transfer transitions (LMCT)3. The relatively large wavelength shifts
show that the energy taken in by the organic ligand was transferred to the metal ions in an effective

way.
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Figure 5A.8: Absorption (black) and emission (red) spectra of FMPC and FMMC in DMSO
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Figure 5A.9: Fluorosence emission spectra of FMPC and its complexes (in their powder form)

5A.6 Electrochemical Studies of FMPC:

The cyclic voltammogram of FMPC on a glassy carbon electrode in DMSO acetate buffer
medium (pH =4) is shown in Figure 5A.10, which exhibits an irreversible anodic electron transfer
at ~0.50 V vs Ag|AgCl. The compound FMPC is expected to be electrochemically inert, with the
overall molecular skeletal frame having been stabilised by conjugated and hence delocalised = -
electron aromaticity. There is hardly any reducible electrophore on the molecule. In the DMSO,
no cathodic response was observed up to a potential of -1.2 V vs Ag|AgCl. On the anodic side too,
morpholine’s sp® nitrogen alone is oxidizable as the quinoline’s sp? nitrogen is already protonated
in acid media. The effect of scan rate on the peak potential, Epa and the anodic peak current, ipa, IS
also shown in Figure 5A.10 (b). Though the irreversible electron process appears to be diffusion
controlled, as evidenced by the linearity of ipa vs square root of scan rate (v?) (Figure 5A.10 (c))*,
the process appears to involve an E-C mechanism, as evidenced by the anodic drift of Epa (Figure
5A.10 (b)) with increased scan rate®. Tentatively, the cyclic voltammetric response may be

considered as shown in Scheme 5A.1.
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Figure 5A.10: Cyclic voltammograms of FMPC (3.5 x 10 mM) on glassy carbon
electrode at scan rates of (a) 40 mvs? and (b) at different scanrates and (c) the plot of
the effect of the scan rate on the anodic peak current (in DMSO; pH= 4 buffer as the
supporting electrolyte)
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Scheme 5A.1: Oxidative electron transfer by E-C mechanism of FMPC

Using the Randles-Sevcick Equation® for a temperature of 25 °C,

1 1

3
i, = 8.51nzADzcvz (5.1)
where ip = current in amps, n, the number of electrons transferred in the redox event
(usually 1), A is electrode area in cm?, D is the diffusion coefficient in cm?s?, ¢, the concentration

in mol It? and v is the scan rate in mVs™, the diffusion coefficient has been evaluated as 1.612
cm?st for FMPC.
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5A.7 Crystal Structure Analysis of FMPC and FMMC:

Figure 5A.11 shows the crystal structures of FMPC and FMMC in there ORTEP mode.
The FMPC crystallizes in a centrosymmetric monoclinic P21/c space group whereas the
compound FMMC crystallizes in a centrosymmetric monoclinic P21 (4) space group. Table 5A.2
contains the relevant XRD data for FMPC and FMMC. In Figure 5A.13, the unit cells are shown
in three different dispositions, one seen along each of the three crystallographic axes. Careful
observation of FMPC reveals that the molecules are stacked in pairs. Each pair assumes an
inversion symmetry with the two molecules slightly staggered as viewed from the ab or ac planes.
A close observation of the unit cell also discloses that adjacent pairs of FMPC are oriented in a
crisscross manner as seen over the crystallographic c-axis. The crystal structure analysis further
reveals that the molecules form a parquet floor structure in the crystal’. The molecules form right-
handed and left-handed helices on the 21 screw axis with C-H---Cl, N-H---Cl and C-H---O
hydrogen bonds along the crystallographic a-axis. The right-handed helices are interconnected
with other inversion related right-handed helices via C—H---CIl, N-H---Cl and C—H---O hydrogen
bonds along the crystallographic c-axis. Both these helices combine and give a parquet floor
structure along the crystallographic a-axis (Figure 5A.14). These parquet floor structures are

stabilized by C—H''n weak interactions.
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Figure 5A.11: XRD-Platon diagrams of FMPC and FMMC with atom numbering

A close observation of the unit cell also discloses that adjacent pairs of FMMC are oriented
in a parallel manner with structural inversion as seen over the crystallographic c-axis. The crystal
structure analysis further reveals that the molecules form a parquet floor structure in the crystal
with N-H---Cl and H20---Cl hydrogen bond intermolecular interactions® (Figure 5A.15). The

reflection angle vs intensity graphs are presented in Figure 5A.16.
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Figure 5A.12: X-Ray crystallographic stick diagrams of FMPC and FMMC showing
intramolecular hydrogen bonding (The atom numbering here is different from that in the
manuscript)
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Figure 5A.13: Unit cells of FMPC (A) and FMMC (B) seen along crystallographic (a) a-axis
(b) b-axis (c) c-axis

Figure 5A.14: Parquet floor structure of FMPC with C—H---Cl, N-H---CI and C-H-+-O
hydrogen bond intermolecular interactions (shown in blue dotted lines)
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Figure 5A.15: Parquet floor structure of FMMC with N-H---Cl and H>O---Cl hydrogen bond
intermolecular interactions (shown in blue and red dotted lines)
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Figure 5A.16: X-Ray diffraction intensity as a function of angle (°) of reflection of FMPC and
FMMC
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Table 5A.2: X-ray crystallographic data for FMPC and FMMC

FMPC FMMC
CCDC 2036305 2181246
Empirical formula C19H18CIFN.O* C20H22CIFN203*
Formula weight 34411 392.13
Color/shape Orange/needle Orange red/needle
Temperature, K 293 293 (2)
Crystal system P21/c P 21(4)
Space group Monoclinic Monoclinic

Unit cell dimensions, A

a=11.050 (4); b = 8.871
(3); ¢ = 17.510 (5)

a = 54436 (18); b = 9.337
(3); ¢ = 18.471 (7)

Deg a=7=90; f =97.605 (17) | o=y =90; p =90.600 (13)
Z 4 2

Density, Mg/m® 1.346 1.008

Absorption coefficient, mm™ 0.242 0.141

Reflections collected/unique 18681/ 2981 4281/ 3061

0 range for data collections 2.347 — 25.000° 2.444 — 27.551°

F (000) 720 299

Limiting Indices

-13<h<13;-10<k <10;
-20<1<20

-7<h<7;-12<k<12;-23
<1<24

Goodness-of-fit on F2

1.126

1.004

Final R indices [l >2c (1)]

R1=0.1152, wR, = 0.3859

R1=0.0717, wR2 = 0.0933

R indices (all data)

R1=0.2241, wR> = 0.3076

R1=0.0399, wR> = 0.0848

Largest diff. peak and hole (eA)

0.542 and -0.470

0.164 and -0.198
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PART B

Molecular Modelling and Biological Docking Studies of FMPC and FMMC
and Correlation of the Computational Data with the X-Ray Diffraction Data

5B.1 Correlation of the X-Ray Crystallographic and Molecular Modelled Data of FMPC and
FMMC Cations:

The title compounds, FMPC and FMMC, have quinoline, benzene, and morpholine
moieties connected. In order to understand the quantum mechanical aspects and structural
parameters of both the molecules in their free molecular entity form (gaseous state), we have run
computational studies for them on a few modelling platforms, viz., MM2 (ChemSoft), AM1
(Austin Model-1) and DFT (B3LYP/6-31G*). Here, we present molecular structural data of
FMPC and FMMC obtained from these competing and progressive platforms in comparison with
the experimental single crystal XRD data to correlate the geometry of both the compounds in free
and solid state forms. This exercise would also serve as an example of the reliability and usability

of the three computational methods mentioned above.

The AM1, MM2, and DFT/B3LYP platforms were used independently to obtain quantum
mechanical molecular energy data such as ionization potential (), electron affinity (A), chemical
potential (i), chemical hardness (n), global softness (S), and electronegativity (y) of the FMPC
and FMMC cations, which are included in Table 5B.1. The geometrical parameters are
incorporated in Table 5B.2 (bond lengths), Table 5B.3 (bond angles) and Table 5B.4 (dihedral
angles or torsional angles) along with those obtained from the single crystal XRD measurements.
The experimental XRD data and the computationally evaluated values are in reasonably good
agreement. The larger deviations, wherever observed, would have to be attributed to the fact that
XRD studies are for a multi-molecular solid state material with molecular geometric parameters
affected by possible intermolecular and inter-ionic interactions, whereas the computational results
are for isolated cations of FMPC and FMMC. The conformational labels, abbreviated as s = syn,
a = anti, p = peri-planar (0+300, 180+300), and all other angles c = clinal, are designated as per
Klyne-Prelog terms. The charge of Ns-(-0.30) of morpholine has more electron density than the
charge of N9-atom (-0.07) of quinoline, whereas O21 of morpholine has -0.25. Some minor changes

are observed in the bond lengths also. It is observed that cH-C (sp?) of aromatic rings is higher by
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about ~0.17A as obtained by AM1 and MM2, whereas the DFT/B3LYP gave very close to the
experimental data. The 6F-C (sp?) is shown to be lower by 0.01A (AM1), 0.04 A (MM2) and 0.03
A (DFT/B3LYP) from the XRD data. The quinoline ring's amine bond, H-N(sp2), is reduced by
0.144 (AM1), 0.121 (MM2), and 0.134 (DFT/B3LYP). The trends of the remaining and pertinent
bond lengths follow a similar pattern. A keen look at Table 5B.2 leads us to conclude that the
empirical bond length data has negligibly fewer deviations from the ones theoretically computed
by B3LYP than those by MM2 and AM1platforms, as expected. Similar kinds of correlations were
observed with other structural data such as bond angles, dihedral angles, etc.

Important selective bond angles at various parts of the molecule of the cations of FMPC
and FMMC are presented in Table 5B.3. The bond angles at C-sp? obtained by the three
computational platforms are observed to vary from ~—2.5°to ~+2.5° from the XRD counterparts.
But the bond angles at C-sp® are found to differ by a higher range due to the 3-dimensional and
all-single-bonded torsional and spanning nature. However, the bond angles at both N-sp? and N-
sp? are found to differ to a greater extent than at the C-sp? and C-sp® respectively due to nitrogen’s
higher capability of engaging in interatomic interaction than organic carbon atoms. Inspection of
Table 5B.3 also reveals higher deviations for bond angle at O-sp® than that at C-sp® for the

computational data from the bond angle at O-sp® evaluated from the XRD measurements.

Various dihedral angles are presented in Table 5B.4. These values engaged with the atoms
of the aromatic rings infer the near planarity of the whole molecule beyond the morpholine ring,
as seen for both computational and experimental data. Both XRD and computations show
quinoline, benzene and morpholine rings near coplanar despite Baeyer’s strain®. Many of the
dihedral angles obtained from XRD are in reasonable agreement with those computed. The total
number of n-electrons spread over the quinoline and the phenyl rings turns out to be 16 which does
not fall under the Huckel’s rule of 4n+2 many delocalizable w-electrons. However, with the
indulgence of the nitrogen loan pair electrons of the morpholine ring, the total number of
delocalizable w-electrons becomes 18 by way of which the molecule acquires aromatic stability by
Huckel’s rule of 4n+2 many delocalizable m-electrons. This necessitates that not only the dihedral
angle between the quinoline and benzene rings but also that between the quinoline and the
morpholine’s atomic moiety connected to the quinoline be close to zero. In Figure 5B.1(b), is

shown the molecular skeleton of FMPC, from which one can clearly see a near total planarity over
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the whole molecular skeleton of sp?-hybrid atoms till the nitrogen of the morpholine heterocycle.
Conformational analysis plots over the inter-cyclic C-C bond and the C-N bond of cations FMPC
and FMMC are shown in Figures 5B.2 and 5B.3 respectively. It is clear from these plots that the
conformers expected with near -90° dihedral angles are more energetic (about 30 at C-C and about
60 kcal mol™ at C-N bonds) than the ones with co-planarity. The co-planarity of the quinoline ring
with the connected NCC atomic skeleton of the morpholine seems to be further favored by possible

H---F hydrogen bond.

In FMPC, the dihedral angle is changed from +ap of Hi-N1-C10-C15 and N1-C10-C15-Ci4
to -ap whereas the —ap of H1-N1-Ce-Cg is changed to +ap conformation under AM1, MM2 and
B3LYP methods. It is also observed that the conformation +sp of Cg-Cs-C4-C3s, H16-C16-C15-C1o
and Hie-C16-C15-C14 changed to —sp conformation in all methods (AM1, MM2 and B3LYP). The
conformation —sc of Hi9a-C19-Os-C1s is found to become +sc (B3LYP and AM1). The +sc of Os-
C1s-C17-N2 alters to -sc (B3LYP), +ac (AM1) and +sp (MM2) conformations.

In FMMC, the dihedral angle is changed from +ap of F-C12-C13-C14 to —ap whereas —ap
of H1-N1-Cg-Cg, H16-C16-Cg-Co, C5-Cs-C16-C15, C1-O1-C2-C7 is changed to +ap conformation under
AM1, MM2 and B3LYP methods. It is also observed that conformation +sp of Cg-Cs-Cs-Ha, C14-
C15-C16-H1s and C12-C13-C14-Ci5 changed to —sp conformation in all methods (AM1, MM2 and
B3LYP). The conformation —sc of Higg-Cis-C17-N2 and Ci3-N2-Ci7-Cis is found to become -ap
(B3LYP and AM1) and +ap (MM2) whereas the +ap of O3-Cis-C17-Hi7a to —ap (B3LYP and
AML1) and -sc (MM2). Under AM1, MM2, and B3LYP methods, the -sp of C11-C12-C13-C14, C7-

C2-C3-C4, C14-C13-N2-Coo and Co-Cg-C16-H1s is a +sp conformation.

The HOMO and LUMO molecular orbitals and their corresponding energies of the cations
of FMPC and FMMC are shown in Figures 5B.4 and 5B.5 respectively.

Table 5B.1: Important molecular energy data evaluated by AM1, B3LYP and MM2 calculations
on the cation of FMPC and FMMC

FMPC FMMC
Parameter
AM1 | B3LYP | MM2 AM1 | B3LYP MM?2
EHomo (eV) -11.673 | -9.006 | -3.060 | -0.4290 | -0.3180 | -2.722
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ELumo (eV) -5.307 | -6.097 | -0.182 | -0.1949 | -0.2187 | +0.149
I (eV) lonization Potential | 11.673 9.006 3.060 | 0.4290 | 0.3180 2.7122
A (eV) Electron affinity 5.307 6.097 0.182 | 0.1949 | 0.2187 | -0.149
n (eV) Chemical hardness | 3.183 1.454 1.439 | 0.1170 | 0.0496 | 1.4355
K (eV) Chemical potential | 8.490 7.551 1.621 | 0.3119 | 0.2683 | 1.2865
x (V) Electro negativity | -8.490 | -7.551 | -1.621 | -0.3119 | -0.2683 | -1.2865
S (eV?) Global softness 0.157 0.343 0.347 | 4.2735 | 10.0806 | 0.3483
(a) kﬂ k\ (b)
vy vV )
vy vy .
‘ 2%2%'a
e by (e by REeh 2 \'0'*
t A H K
W W

Figure 5B.1: Energy-minimized (38.07 kcal mol™) cationic form of FMPC (by MM2) in ()
stereo view and (b) its lateral view with the line joining N9 and C8 atoms perpendicular to
the plane of the page (H-atoms are hidden for clarity)
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Figure 5B.2: Torsional energy plots of FMPC over (a) C-C and (b) C-N bonds
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Figure 5B.3: Torsional energy plots of FMMC over (a) C-C and (b) C-N bonds
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Figure 5B.4: HOMO-LUMO orbitals of FMPC obtained from (a) B3LYP and (b) MM2
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Table 5B.2: Comparative list of selected bond lengths of FMPC (block), FMMC (RED) in (A)

Bond lengths (&) Fracti((lr}igg;iation
Bond Bond type
XRD | AM1 | MM2 | B3LYP | AM1 | MM2 | B3LY
P

Hioa — Cag H-Csp® 0970 | 1.125 | 1.116 | 1.087 |0.160 |0.151 |O0.121
0.970 | 1.121 | 1.115 | 1.101 |-0.156 |-0.149 |-0.135
He — Cs H-Csp? 0.930 | 1.100 | 1.009 | 1.086 | 0.183 | 0.182 0.168
0.930 | 1.101 | 1.100 | 1.086 |-0.184 |-0.183 | -0.168

H7-C7 H-Csp? 0.930 | 1.101 | 1.104 | 1.085 |0.184 |0.187 |0.167
0.931 | 1.100 | 1.102 | 1.084 |-0.182 | -0.184 | -0.164
Hz0a — C20 H-Csp® 0970 | 1.129 | 1.118 | 1.100 |0.164 |0.153 0.134
0970 | 1.125 | 1.117 | 1.094 |-0.160 |-0.152 | -0.128

Ce—Cr Csp?~Csp? 1.371 | 1.382 | 1.346 | 1.382 |0.011 | 0.003 | 0.006
1.370 | 1.384 | 1.344 | 1.380 | -0.010 | 0.019 | -0.007

Ce—Cs Csp?~Csp? 1.400 | 1.403 | 1.353 | 1.404 |0.002 |-0.034 |0.003
1.398 | 1.407 | 1.351 | 1.410 | -0.006 | 0.034 | -0.009

Hios — C19 H- Csp® 0.970 | 1.122 | 1.115 | 1.093 |-0.157 | 0.198 | 0.175
0.930 | 1.122 | 1.144 | 1.093 | 0.206 | -0.149 | -0.127

C-C Csp?~Csp? 1.383 | 1.412 | 1.345 | 1.407 |0.026 |-0.016 | 0.026
1.360 | 1.396 | 1.338 | 1.396 | -0.021 | 0.027 |-0.017

Hzos — C20 H- Csp® 0.970 | 1.537 | 1.528 | 1.532 | 0.206 |0.198 | 0.175
0.930 | 1.122 | 1.144 | 1.093 |-0.585 | -0.575 | -0.579

C19—0s Csp3-0sp?® 1.420 | 1.420 | 1.402 | 1.415 |0.000 |0.009 |0.017

1.390 | 1.420 | 1.402 | 1.414 |0.022 |0.013 | 0.004

Hisa — Cis H-Csp® 0970 | 1.121 | 1.115 | 1.101 |0.164 |0.153 | 0.134
0.970 | 1.129 | 1.118 | 1.100 |-0.156 |-0.149 |-0.135
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Hi— N H-Nsp? | 0.860 | 1.005 | 1.030 | 1.016 |-0.125 |-0.105 |-0.117
1.150 | 1.006 | 1.029 | 1.016 | -0.169 | -0.198 | -0.181
He — Co H-Csp? | 0.930 | 1.111 | 1.100 | 1.082 |0.195 |0.183 |0.163
0.930 | 1.111 | 1.100 | 1.082 |-0.195 |-0.183 |-0.163
Hi—Cu | H-Csp? | 0930 | 1.103 | 1.104 | 1.085 |0.186 |0.187 |0.167
0.930 | 1.103 | 1.104 | 1.085 |[-0.186 |-0.187 |-0.167
Ni—Co | Nsp2Csp? | 1.325 | 1.347 | 1.306 | 1.342 |0.027 |-0.003 |0.024
1.310 | 1.345 | 1.306 | 1.342 [-0.017 | 0.014 |-0.013
Ni—Cwo | Nsp’Csp? | 1.357 | 1.389 | 1.306 | 1.368 | -0.024 | 0.038 | -0.008
1.389 | 1.390 | 1.306 | 1.369 | 0.001 | -0.060 | -0.014
Co—Cs | Csp?—Csp? | 1402 | 1.420 | 1.351 | 1.404 |-0.008 |-0.034 |-0.002
1.400 | 1.389 | 1.352 | 1.397 |-0.013 | 0.036 |-0.001
Fi—Ci | Fsp°—Csp? | 1.356 | 1.348 | 1.325 | 1.337 [-0.008 |-0.026 |-0.018
1.361 | 1.350 | 1.325 | 1.336 | 0.006 | 0.023 |0.014
Cii- Cio | Csp?—Csp? | 1.403 | 1.419 | 1.341 | 1.406 |0.018 |-0.056 |0.004
1437 | 1.463 | 1.356 | 1.443 |-0.011 |0.044 |-0.002
Cii-Ci | Csp?—Csp? | 1.345 | 1.386 | 1.345 | 1.370 |0.019 |-0.011 |0.008
1.359 | 1.385 | 1.344 | 1.370 |-0.030 | 0.000 |-0.019
Cio— Cis | Csp?—Csp? | 1411 | 1.428 | 1.340 | 1.426 |0.015 |-0.048 |0.014
1.407 | 1.428 | 1.340 | 1.427 |[-0.012 | 0.050 |-0.011
Cao— N2 | Csp®— Nsp® | 1.464 | 1.457 | 1.491 | 1.469 |-0.004 | 0.024 |0.010
1.455 | 1.449 | 1.490 | 1.469 | 0.005 |-0.018 |-0.003
Coo—Hxs | CspP-H | 0.970 | 1.289 | 1.118 | 1.102 |0.158 |0.153 |0.128
0970 | 1.123 | 1.118 | 1.094 [-0.329 |-0.153 |-0.136
Cro— Cis | Csp?—Csp? | 1429 | 1.460 | 1.356 | 1.443 |0.018 |-0.056 |0.004
1437 | 1.463 | 1.356 | 1.443 |[-0.022 | 0.051 |-0.010
Co—Cs | Csp?— Csp? | 1.483 | 1.454 | 1.362 | 1.474 |-0.003 |-0.067 | 0.013
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1.461 | 1.457 | 1.363 | 1.480 | 0.020 | 0.082 | 0.006
Ce—Cis | Csp?—Csp? | 1.381 | 1.391 | 1.352 | 1.399 |0.029 |-0.023 | 0.023
1.380 | 1.420 | 1.348 | 1.412 |-0.007 |0.021 |-0.013
Cs—Cs | Csp?—Csp? | 1.390 | 1.401 | 1.351 [ 1.401 [0.009 |-0.026 |0.012
1.389 | 1.402 | 1.353 | 1.405 |-0.008 | 0.028 |-0.008
Cis— Cis | Csp?—Csp? | 1.415 | 1.417 | 1.348 | 1.417 [-0.006 |-0.048 | -0.001
1.416 | 1.408 | 1.348 | 1.414 |-0.001 | 0.047 |-0.001
Cis— Cia | Csp?—Csp? | 1.402 | 1.412 | 1.348 | 1.412 [-0.006 |-0.048 [ -0.001
1.416 | 1.408 | 1.348 | 1.414 |-0.007 [ 0.039 [ -0.007
0;1-C, | Osp®—Csp? | 1.369 | 1.370 | 1.374 | 1.370 | -0.001 | -0.004 | -0.001
01-C: | Osp*-Csp® | 1419 | 1.427 | 1.409 | 1.427 | -0.006 | 0.007 | -0.006
Ci6— Hus Csp?— H 0.930 | 1.105 | 1.099 | 1.105 |0.188 [0.181 |0.168
0.930 | 1.105 | 1.098 | 1.086 |-0.188 |-0.182 |-0.188
C2—Cs | Csp?—Csp? | 1.383 | 1.403 | 1.344 | 1.403 [0.011 [-0.030 [0.012
1.380 | 1.395 | 1.338 | 1.396 |-0.014 | 0.028 |-0.014
Cis—Cus | Csp2—Csp? | 1.379 | 1.397 | 1.355 | 1.397 |0.016 [-0.020 | 0.017
1.370 | 1.392 | 1.343 | 1.393 |-0.013 | 0.017 |-0.013
Cis— N2 | Csp?—Nsp® | 1.401 | 1.393 | 1.287 | 1.393 |-0.024 |-0.086 | -0.023
1.408 | 1.374 | 1.287 | 1.376 | 0.006 | 0.081 | 0.006
Cu—Hua | Csp2—H [ 0930 | 1.104 | 1.100 [ 1.104 |0.186 [0.180 |0.162
0.931 | 1.104 | 1.099 | 1.082 |-0.187 | -0.183 | -0.187
N2—Ci7 | Nsp®—Csp3 | 1.475 | 1.458 | 1.487 | 1.458 |-0.014 | 0.012 |0.009
1.470 | 1.450 | 1.487 | 1.483 | 0.012 | -0.008 | 0.012
Hia— C1 H—csp® [ 0960|1116 | 1.113 | 1.116 |-0.163 | -0.159 | -0.163
O3—Cig | Osp3—Csp? | 1.428 | 1.421 | 1.402 | 1.421 [0.014 |0.001 |0.012
1.401 | 1.420 | 1.402 | 1.418 |0.005 |0.018 |0.005
Hig— C1 H-cCsp? | 0960 | 1.120 | 1.113 | 1.120 [ -0.167 | -0.159 | -0.167
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Cis—Ci7 | Csp®—Csp® | 1.510 | 1.536 | 1.529 | 1.536 |0.017 |0.013 |-0.013
1.510 | 1.535 | 1.529 | 1.505 [-0.017 |-0.013 |-0.017

Cis— Hisa Csp®—H 0970 | 1.122 | 1.115 | 1.122 |0.158 |[0.149 |0.135
0970 | 1.123 | 1.115 | 1.101 |-0.157 |-0.149 | -0.157

Cs—Cs Csp?—Csp? | 1.380 | 1.390 | 1.342 | 1.390 |0.016 |-0.020 | 0.017
1.370 | 1.392 | 1.343 | 1.393 |-0.007 | 0.028 | -0.007

Cs—Hs Csp?—H 0.930 | 1.101 | 1.100 | 1.101 |0.183 | 0.182 |0.169
0.930 | 1.100 | 1.099 | 1.087 |-0.184 |-0.183 |-0.184
Ci—Hic Csp®—H 0.960 | 1.116 | 1.113 | 1.116 | -0.163 | -0.159 | -0.163

Cs—Hs Csp?—H 0.930 | 1.099 | 1.105 | 1.099 |0.185 |0.187 |0.167
0.930 | 1.102 | 1.104 | 1.085 |-0.182 |-0.188 | -0.182

Ci7— Hua Csp®*—H 0970 | 1.124 | 1.118 | 1.124 |0.158 |0.149 |0.135
0970 | 1.122 | 1.115 | 1.101 |-0.159 | -0.153 | -0.159

Ci7—Hus Csp®*—H 0970 | 1.129 | 1.116 | 1.129 |0.157 |0.149 |0.127
0970 | 1.123 | 1.115 | 1.093 |-0.164 | -0.151 | -0.164

Table 5B.3: Comparative list of selected bond angles of FMPC (block), FMMC (RED) in (°)

_ Variation from XRD data
Atomic | Central | o | B3 vp | am1 | MM2 (%)
string atom
B3LYP AM1 MM2
C1-01-C> OSp3 117.2 119.1 116.8 118.7 1.62 0.34 1.28
108.7 110.6 111.8 110.1 1.75 2.85 1.29
C18-03-Cyo Osp?®
109.0 110.6 112.1 110.1 1.47 2.84 1.01
118.2 118.0 120.4 120.2 0.17 1.86 1.69
Co-N1-H1 Nsp2
109.0 117.6 118.3 120.7 7.89 8.53 1.73
118.2 117.6 118.2 120.7 0.51 0.00 2.03
C10-N1-H1 Nsp2
109.2 117.7 118.3 120.8 7.86 8.42 1.69
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123.7 124.2 121.3 | 119.2 0.40 1.94 3.64

Co-N1-C1o Nsp?
122.6 124.2 121.2 | 119.1 1.31 1.14 2.85
1154 118.6 117.3 | 119.9 2.77 1.65 3.90

C13-N2-C2o Nsp?
116.0 118.7 122.3 | 120.2 2.33 5.43 3.62
110.4 112.0 1134 | 120.4 1.45 2.72 8.06

C17-N2-C2o Nsp?
118.1 120.8 122.2 | 1193 2.41 2.68 6.32
118.1 |120.8 122.2 | 1204 2.29 3.47 1.95

C13-N2-Cy7 Nsp?
117.0 |120.7 118.9 | 120.7 3.16 1.62 3.16
01-C1-Hic Csp® 109.5 1111 1105 | 1104 1.46 0.91 0.82
01-C1-His Csp® 109.5 105.5 103.0 | 110.3 3.65 5.94 0.73
01-C1-Hia Csp® 109.5 1111 1105 | 107.8 1.46 0.91 1.55
Hig-C1-Hic Csp® 109.5 109.5 110.8 | 111.8 0.00 1.19 2.10
Hia-C1-Hic Csp® 109.4 109.8 110.9 | 108.2 0.37 1.37 1.10
Hia-C1-His Csp® 109.5 109.5 110.8 | 108.2 0.00 1.19 1.19
01-C2-C7 Csp? 116.1 115.6 1148 | 1193 0.43 1.12 2.76
119.2 119.9 119.7 | 118.1 1.35 0.18 0.17

Cs-Co-Cy Csp?
118.3 119.3 120.3 | 1145 0.08 0.92 3.94
01-C2-Cs Csp? 124.7 124.9 1247 | 126.2 0.16 0.00 1.20
119.7 120.1 120.3 | 120.4 0.08 0.08 0.17

C2-C3-C4 Csp?
120.2 119.6 1194 | 1223 0.08 0.25 2.17
119.9 119.7 119.7 |120.3 0.17 0.17 0.33

H3-C3-Cs Csp?
120.1 119.3 119.7 | 117.4 0.67 0.33 2.25
122.7 120.4 120.0 | 1235 1.87 2.20 0.65

Cs3-Cs-Cs Csp?
122.31 121.5 120.7 | 123.8 0.66 1.32 1.22
118.6 120.2 120.2 | 123.2 1.35 1.35 3.88

H4-C4-Cs Csp?
118.8 120.1 120.1 | 122.6 1.09 1.09 3.20
C3-Cs-Hg Csp? 119.9 119.7 119.7 | 120.3 0.17 0.17 0.33
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118.8 118.2 120.7 113.6 0.51 1.60 4.38
121.9 120.3 120.0 | 123.1 1.31 1.56 0.98

Cs-Cs-Cs Csp?
121.3 120.7 119.9 123.4 0.49 1.15 1.73
122.8 120.6 120.5 | 123.0 1.79 1.87 2.20

C4-Cs5-Cs Csp?
116.5 118.0 119.3 | 1157 1.29 2.40 0.69
122.8 120.6 120.5 | 123.0 1.79 1.87 0.16

C4-Cs5-Cs Csp?
122.1 121.2 120.7 120.9 0.74 1.15 0.98
119.2 120.0 120.1 | 123.2 0.67 0.76 3.36

Hs-Ce-C7 Csp?
119.1 118.8 1194 | 1136 0.25 0.25 4.62
119.2 120.0 120.1 | 123.2 0.67 0.76 3.36

Cs-Ce-C7 Csp2
121.8 121.0 120.7 123.3 0.66 0.90 1.23
119.2 120.1 120.0 | 119.3 0.76 0.67 0.08

Ce-C7-H7 Csp2
119.8 121.2 121.3 | 119.0 1.17 1.25 0.67
119.2 120.1 120.0 | 119.3 0.76 0.67 0.08

Co-C7-H7 Csp2
119.7 118.4 119.2 118.1 1.09 0.42 1.34
118.3 119.9 119.7 118.1 1.35 0.18 0.17

N1-Co-Ho Csp?
119.3 116.2 117.6 | 111.6 2.60 1.42 6.45
120.5 119.2 118.8 | 118.3 1.08 141 1.83

Cs-Co-Hg Csp?
119.2 122.7 120.6 | 122.5 2.94 1.17 2.77
109.7 109.9 113.1 | 1149 0.18 3.10 4.74

N1-Co-Cs Csp?
1215 121.0 121.6 | 125.9 0.41 0.08 3.62
117.0 117.6 1194 | 1204 0.51 2.05 291

N1-C10-C11 Csp2
122.0 121.8 1214 | 122.3 0.16 0.49 0.25
1194 120.5 1215 | 1244 0.92 1.76 4.19

N1-C10-C15 Csp2
118.2 117.5 119.2 120.3 0.59 0.85 1.78
122.9 124.1 121.9 | 121.9 0.98 0.81 0.81

C11-C10-C1s Csp?
119.8 120.5 119.3 | 1175 0.58 0.42 1.92
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ottt | cop | 05| 192 [ 188 [IB3[ 108 | 14T | 183
1208 | 1223 | 1207 | 1102 | 124 | 008 | 132

cnca | cpr | TOZ| 00 [T [IBZ[ U6 | 076 | 336
1208 | 1101 | 1189 | 1182 | 141 | 157 | 215

| 1229 | 1241 | 1219 | 1219 | 098 | 081 | 081

CotuCiz |G ea | 1184 | 1203 | 1226 | 000 | 160 | 355
| 181 | 1185 | 1201 | 1245 | 034 | 169 | 203

G O s | wrs | 170 | 1138 | 017 | osa | aus
| 181 | 1185 | 1201 | 1245 | 034 | 169 | 203

FrCwCe O o | 1ss | 120 | 12aa | o1 | 212 | ssn
| 1229 | 1241 | 1219 | 1219 | 098 | 08L | 081

CutizCn | O e | 1240 | 1205 | 1208 | ous | 240 | 225
| 1158 | 1156 | 1162 | 1138 | 017 | 035 | 173

CrCaCie |00 se | 1157 | 1166 | 1138 | 000 | oso | 173
| 1194 | 1205 | 1215 | 1244 | 092 | 176 | 419

NeCaCiz | O 0a | 1204 | 1206 | 125 | 000 | 017 | 241
| 1194 | 1205 | 1215 | 1244 | 092 | 176 | 419

NeCuCas O a7 | 1236 | 1224 | 1207 | 008 | 105 | 162
| 1236 | 1225 | 1229 | 1252 | 089 | 057 | 129

CartieCis |00 o0 | 1225 | 1228 | 1253 | 041 | oes | 270
| 1182 | 1197 | 1202 | 1206 | L27 | 169 | 203

MGG |00 o0 | 76 | 1167 | 1140 | 118 | 103 | 420
| 1182 | 1197 | 1202 | 1206 | L27 | 169 | 203

GGl | O 00 | 1107 | 1208 | 1207 | oso | 100 | 143
| 1166 | 1187 | 1194 | 1191 | 180 | 240 | 214

CoCasCae | C9° 180 | 179 | 11890 | 1186 | 008 | 076 | ost
CoCisCu | Csp? | 1237 | 1233 | 1207 | 1224 | 032 | 162 | 105
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119.3 118.6 119.1 119.1 0.59 0.17 0.17
123.6 122.5 122.9 125.2 0.89 0.57 1.29

C14-C15-C1s Csp?
122.7 123.3 121.8 122.3 0.49 0.73 0.33
122.8 122.5 120.2 123.5 0.24 2.12 0.57

Cs-C16-Ci5 Csp?
122.1 122.6 120.4 123.4 0.41 1.39 1.06
118.6 118.5 119.4 115.3 0.08 0.67 2.78

Cs-C16-H1e Csp?
118.9 118.9 120.1 121.2 0.00 1.01 1.93
118.2 119.7 120.2 120.6 1.27 1.69 2.03

C15-Ci6-Has Csp?
119.0 118.3 119.4 115.4 0.59 0.34 3.03
109.7 109.9 113.1 114.9 0.18 3.10 4.74

N2-C17-Cis Csp®
109.7 109.8 112.0 115.1 0.09 2.10 4.92
109.7 108.7 109.2 110.9 0.91 0.46 1.09

N2-C17-Hi7a Csp®
109.7 110.2 109.9 110.9 0.46 0.18 1.09
109.7 110.3 108.3 108.4 0.55 1.28 1.19

N2-C17-Hi7s Csp®
109.7 108.7 109.5 108.3 0.91 0.18 1.28
109.7 109.8 110.6 111.6 0.09 0.82 1.73

Hi17a-C17-C1s Csp®
109.8 110.1 108.1 107.0 0.27 1.55 2.55
109.7 109.8 110.6 111.6 0.09 0.82 1.73

H178-C17-Cus Csp®
109.7 109.2 108.5 104.9 0.46 1.09 4.38
108.0 108.8 110.3 106.4 0.74 2.13 1.48

Hi7s-Ci7-Hiza | Csp?
108.2 108.4 108.4 110.6 0.18 0.18 2.22
111.3 110.9 112.2 111.0 0.36 0.81 0.27

03-C1s-Hisa Csp®
109.4 110.4 110.0 107.9 0.91 0.55 1.37
107.7 109.8 110.6 111.6 0.09 0.82 1.73

C17-Cig-Hisa Csp®
109.4 109.8 110.7 110.6 0.37 1.19 1.10
108.2 108.4 108.4 110.6 0.18 0.18 2.22

Hisa-Cis-Hiss | Csp?
108.0 108.8 110.3 106.4 0.74 2.13 1.48

192




ChapterV

oroncy | cor | TE [ 109 [ 122 [THO[ 0% [ 08T [ 027
1113 | 1109 | 1112 | 1120 | 036 | 009 | 027

oot | cop | 157 | 198 [1084 [T078 089 | 077 | 17
1094 | 1067 | 1046 | 1002 | 247 | 439 | o018

| 1097 | 1098 | 1106 | 1116 | 009 | 082 | 173

CorCiates | O 0a | 1008 | 1006 | 1116 | 037 | 018 | 201
| 1081 | 1086 | 1088 | 1101 | 046 | 065 | 185

MaonCrofloe | O™ | vo | 1087 | 1203 | 1064 | 07a | 222 | 10
cncn | oo | 97| 1098 | 106 [ TG | 005 | 082 | 173
1002 | 1093 | 1106 | 1126 | 009 | 128 | 220

oot | cop | IS | 09 [T2Z [0 [03 | 08I | 07
1002 | 1104 | 1200 [ 1004 | 110 | 073 | o018

ntocn | oo | 7 | 1098 [ 106 [TILE [T 005|082 | 173
1002 | 1097 | 1096 | 1105 | o046 | 037 | 119

orourim | cop | TS | 109 [T2Z [0 [ 03 | 08I | 07
1002 | 1069 | 1046 | 1078 | 211 | 421 | 128

oroncn | cor | 70 | 105 1003 [T078 | 1080 [ 1076 | 1278
1122 | 1115 | 1112 | 1109 | 062 | 089 | 116

oot | oot | 107 | 1058 1094 [T078 | 005 [ 027 [ 173
1006 | 1089 | 1082 | 1072 | o064 | 128 | 219

oot | cor | TOZ | W80 [1073 [TH3 [ 109 | 263 | 10D
1006 | 1090 | 1087 | 1084 | o055 | 082 | 109

[ 1079 | 1087 | 1103 | 1064 | 074 | 222 | 139

MeoaCar-flae | O™ | g0 | 1086 | 1088 | 1201 | o04s | oes | 1
oncn | ot | 197 | 1088 [IBI TS [ 0% |30 | 47
1102 | 1005 | 1120 | 1147 | o064 | 163 | 408
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Table 5B.4: Comparative list of selected torsional angles of FMPC (block), FMMC (RED) in (°)

Atomic string XRD B3LYP AM1 MM?2
Angle | (*) | Angle (*) [Angle |[() |[|Angle ™
He-Ce-C7-H7 +0.8 +sp | +10.2 +sp | +7.6 +sp | )
+0.1 +sp | +1.1 +sp | +0.3 +sp
He-Cs-C7-Co +82.3 | +sc |-1643 |-ap |[-179.2 |-ap |+7.8 +sp
+79.8 +sc | -178.0 -ap |-1795 |-ap |+0.1 +sp
Cs-Cs-C7-H- -159.7 |-ap |+163.2 | +ap | +143.5 | +ac |-10.4 -sp
-179.8 |-ap | +179.0 |+ap | +179.6 | +ap |-0.1 -Sp
He-Cs-Cs-Cs -1.0 -sp | -2.0 -sp | -0.67 -sp | -0.08 -Sp
-0.6 -sp | -2.2 -sp |-0.8 -sp |-0.1 -Sp
Hs-Cg-Cs-Ca +172.1 | +ap | +175.3 | +ap | +165.6 | +ap | +175.6 | +ap
+179.3 | +ap | +177.9 | +ap | +179.4 | +ap | +180.0 +ap
C7-Cs-Cs-Cs +169.6 | +ap | +177.4 | +ap | +176.8 | +ap | +0.6 +sp
+179.4 | +ap | +179.8 | +ap | +179.8 | +ap | +0.2 +sp
C7-C6-Cs5-Ca -0.6 -sp | +0.2 +sp | +0.6 +sp | +175.7 | +ap
-0.7 -sp | +0.1 +sp | +0.2 +sp | +178.3 +ap
H7-C7-C2-Cs -176.8 |-ap |-1794 |-ap |-1798 |-ap |-179.8 -ap
-1795 |-ap |-179.1 -ap |-179.8 |-ap |-179.5 -ap
Cs-C7-Co-0; -1783 |-ap |-176.8 |-ap |-1765 [-ap |-1.8 -sp
-179.0 |-ap |-179.9 -ap |-179.8 |-ap |-2.0 -Sp
Cs-C7-C-C3 +0.4 +sp | +0.6 +sp | +0.7 +sp | -1.8 -Sp
+0.5 +sp | +0.1 +sp | +0.1 +sp |-1.6 -Sp

H19a-C19-C20-N> +66.1 | +sc |-64.3 -sc | -71.6 -sc | +79.8 +sC
+64.1 +sc | -66.4 -sc | -70.0 -sc | +84.2 +sC

Hioa-C19-Coo-Hoog | 995 | -sc | +174.8 | +ap | +176.8 | +ap | -167.9 -ap
-56.6 -sc | +171.5 | +ap | +167.6 | +ap |-155.4 -ap

Hio-C19-Coo-Hooa | -734 | -sC | +65.2 +sc |-71.3 |-sc | +1709 |+ac
-57.4 -SC -66.3 -SC -72.2 -SC +145.5 +ac

Hi9g-C19-Coo-N> -169.8 |-ap |+1743 | +ap | +167.9 | +ap |[-157.5 -ap
-178.2 |-ap |+173.2 | +ap |-167.4 |-ap |-179.3 -ap
Hiog-C19-Coo-Hoos | 793 | +sC | +52.4 +sc | +45.6 | +sc |-37.2 -SC
+61.1 +sc | +11.6 +sp | +79.6 +sc | -59.6 -SC
03-C19-Coo-Haoa +63.7 | +sc | +175.3 |+ap | +172.4 | +ap |-33.1 -SC
+52.8 +sc | +168.7 | +ap | +171.6 | +ap | -43.9 -SC
03-C19-C20-N> -57.0 -sc | +56.0 +sc | +52.6 | +sc |-146.0 -ac
-11.6 -sp | +59.3 +sc | -0.9 -sp | -176.2 -ap
03-C19-C20-Hoos -177.8 |-ap |-65.9 -sc | -69.6 -sc | -27.2 -Sp

-165.2 |-ap |-60.5 -sc | -72.6 -sc | -31.9 +sC

194




ChapterV

Hi9a-C19-O3-Cis -61.4 -sc | +61.2 +sc | +64.5 | +sc | +24.9 +sp
-7.9 -sp | +72.3 +sc | +63.7 +sc | +15.2 +sp
Hi9g-C19-O3-C1s -179.0 |-ap | +179.3 | +ap |-1769 |-ap |-170.9 -ap
-158.9 |-ap |-1794 -ap | -176.6 |-ap |-53.3 -SC
C20-C19-03-C1s +59.8 +sc | -60.6 -sc | -58.5 -sc | -33.3 -SC
+61.2 +sc | -71.3 -sc | -52.5 -sc | -176.1 -SC
H1-N1-Co-Cs -1799 |-ap | +179.7 | +ap | +179.7 | +ap | +179.8 +ap
-1775 |-ap |+177.8 | +ap | +179.8 | +ap | +179.7 +ap
C10-N1-Co-Hg -1799 |-ap |-1778 |-ap |-1794 |-ap |-0.1 -Sp
-179.4 | +ap | -178.6 -ap | +179.5 | +ap | +179.9 +ap
C10-N1-Co-Csg +0.1 +sp | +0.8 +sp | +0.2 +sp | -180.0 -ap
+2.0 +sp | +0.4 +sp | +0.09 -sp | -0.03 -Sp
H1-N1-C10-C11 +1.6 +sp | +0.9 +sp | +0.3 +sp |-179.8 -ap
+2.0 +sp | +37.6 +sc | +41.9 +sc |-0.4 -Sp
H1-N1-C10-C1s +168.0 | +ap | -178.7 -ap | -179.7 |-ap |-179.9 -ap
-1795 |-ap |-178.6 -ap | -1794 |-ap |+0.1 +sp
Co-N1-C10-Cu1 -1784 |-ap | +179.8 | +ap | +179.8 | +ap |-04 -sp
-176.1 |-ap | +178.2 | +ap | +179.5 | +ap |-1.0 -Sp
C9-N1-C10-Cs1s +0.5 +sp | +0.2 +sp | +0.1 +sp | -179.9 -ap
+4.0 +sp | +0.1 +sp | 0.01 +sp | -178.9 -ap
Ho-Co-Cs-Cs -1.2 -sp |-1.6 -sp |-0.2 -sp | +179.9 +ap
-2.0 -sp |-0.1 -sp | +0.2 +sp | +179.9 +ap
N1-C10-C15-C14 +178.6 | +ap |-178.9 -ap | -1795 |-ap |-179.9 -ap
+178.0 | +ap | -179.0 -ap |-179.3 |-ap |+0.1 +sp
C11-C10-Ci15-Cis +178.4 | +ap | +179.2 | +ap | +179.8 | +ap | -179.7 -ap
+178.9 | +ap | +142.3 | +ac | +179.6 | +ap |-179.8 -ap
C11-C10-C15-Cag -3.0 -sp | +1.4 +sp | +0.8 +sp | +0.2 +sp
-2.0 -sp | +0.4 +sp | +0.1 +sp | +0.4 +sp
H20a-C20-N2-Ci3 +68.5 +sc | +40.1 +sc | +47.6 +sc | +66.2 +sC
+79.3 +sc | +60.7 +sc | +57.8 +sc | +67.3 +sC
H20a-C20-N2-Ci7 -67.0 -sc |-1716 |-ap |-167.4 |-ap |-109.1 -ac
-46.5 -s¢ | -102.04 |-ac |-179.8 |-ap |-56.3 -SC
C19-C20-N2-Cy3 -170.8 |-ap | +1594 | +ap | +167.1 | +ap |-111.2 -ac
-177.8 |-ap | +179.2 | +ap | +178.8 | +ap |-178.9 -ap
C19-C20-N2-C17 +53.7 +sc | -52.4 -sc | -47.8 -sc | +170.8 +ap
+73.2 +sc | -79.6 -s¢ | -102.2 |-ac | +163.0 +ap
H208-C20-N2-C13 -50.1 -sc | -79.3 -sc | -71.7 -s¢ | -55.0 -SC
-72.4 -sc | -37.8 -sc |-98.1 -ac | -65.6 -SC
H20s-C20-N2-C17 +174.4 | +ap | +68.7 +sc | +73.2 |+sc |+129.6 | +ac
+178.2 | +ap | +66.1 +sc | +68.1 +sc | +106.5 +ac
F-C12-C13-C14 +174.0 | +ap | -176.0 -ap |-1785 |-ap |-178.9 -ap
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+178.2 | +ap | -179.3 -ap | -179.8 |-ap |-179.7 -ap
F-C12-C13-N2 -1.5 -sp |-0.3 -sp | -3.7 -sp | +0.4 +sp
-2.3 -sp |-0.1 -sp | -2.2 -sp | +6.2 +sp
C11-C12-C13-Cu4 -3.4 -sp | +2.0 +sp | +0.5 +sp | +0.7 +sp
-1.2 -sp | +9.8 +sp | +23.3 +sp | +1.7 +sp
C11-C12-C13-N2 -1789 |-ap | +177.7 | +ap | +175.3 | +ap | +179.9 +ap
+178.8 | +ap | +66.1 +sc | +163.8 | +ap | +175.3 +ap
Co-Cs-Cs5-C4 +0.5 +sp |-35.1 -sc | -40.7 -sc | -2.2 -Sp
+4.3 +sp | -59.7 -sc | -59.7 -sc | -4.8 -Sp
C16-Cs-C5-Cs -0.2 -sp | -34.1 -sc |-39.9 -sc | -0.5 -Sp
-2.1 -sp | -37.6 -sc | -41.9 -sc |-04 -Sp
C16-Cg-Cs5-C4 +179.9 | +ap | +145.6 | +ac | +139.6 | +ac | +177.8 +ap
+174.5 | +ap | 142.3 +ac | 137.8 +ac | 179.5 +ap
Co-Cg-C16-H1s -1796 |-ap | +178.9 | +ap | +179.7 | +ap | +179.8 +ap
-178.6 |-ap |+178.9 | +ap | +179.5 | +ap | +179.9 +ap
Cs-Cs-C16-C1s -179.0 |-ap | +179.3 | +ap | +179.6 | +ap |-179.1 -ap
-1785 |-ap | +179.9 | +ap | +179.8 | +ap | +179.9 +ap
Cs-Cs-Cs-Cs +179.5 | +ap | -179.9 -ap |-179.8 |-ap |-179.9 -ap
-1795 |-ap |-179.6 -ap |-1795 |-ap |+0.4 +sp
Cg-Cs5-Cs-Hs +0.0 +sp |-2.2 -sp |-0.8 -sp |-0.1 -Sp
+0.5 +sp | -2.1 -sp |-0.7 -sp |-10.1 -Sp
C10-C15-C16-Csg +0.1 +sp | +0.9 +sp | +0.2 +sp |-0.1 -sp
+3.8 +sp | +0.4 +sp | 0.7 +sp |-0.0 -Sp
C10-C15-Cae-Hae +0.0 +sp |-0.3 -sp |-0.2 -sp |-0.1 -sp
-179.9 |-ap |-177.8 -ap | -1794 |-ap |-179.2 -ap
C14-C15-C16-Cs -1784 |-ap | +178.7 | +ap | +179.2 | +ap |-179.2 -ap
+176.1 | +ap | +179.9 | +ap | +179.9 | +ap |-179.5 -ap
C14-C15-C16-Has +1.6 +sp |-0.1 -sp |-04 -sp |-0.1 -sp
+0.1 +sp |-2.1 -sp |-0.8 -sp |-0.2 -Sp
C10-C15-C14-C13 +3.0 +sp | -1.0 -sp | -0.7 -sp |-0.3 -Sp
+1.1 +sp |-1.0 -sp |-1.2 -sp | +0.3 +sp
C16-C15-C14-C13 +179.6 | +ap |-178.8 -ap | +179.7 | +ap |-179.8 -ap
+176.2 | +ap | -178.2 -ap | +179.7 | +ap | -179.9 -ap
C1-01-Co-Co -1779 |-ap | +1795 | +ap | +179.7 | +ap | +178.8 +ap
C1-01-C2-C3 +2.6 +sp | +0.3 +sp | -0.2 -sp | +0.7 +sp
C1-01-Ci1-Hic +58.0 +sc | +60.9 +sc | +61.6 +sc | +62.5 +sC
C2-01-C1-His +178.0 | +ap | +179.6 | +ap |-1799 |-ap |-179.6 -ap
C2-01-C1-Cia -62.0 -sc | -61.7 -sc | -61.5 -sc | -61.6 -SC
01-C2-C3-Hs -1.1 -sp | +0.9 +sp | +0.3 +sp |-1.8 -Sp
C12-C13-C14-Cys +1.9 +sp |-0.5 -sp | +0.5 +sp | -0.7 -sp
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+4.3 +sp |-0.1 -sp | -84 -sp |-10.3 -Sp
C12-C13-C14-H14 +177.8 | +ap | -179.2 -ap |[-178.8 |-ap |-178.2 -ap
-178.0 |-ap |-179.2 -ap |-179.0 |-ap |+178.9 +ap
N2-C13-C14-Ci5 +177.3 | +ap | -176.0 -ap | -176.1 |-ap |+179.8 +ap
+178.2 | +ap | -79.5 -sc | -1564 |-ap |+177.3 +ap
C12-C13-N2-Coo +1709 | +ap | -163.8 -ap | -162.3 |-ap | +177.1 +ap
+176.1 | +ap | -179.9 -ap | -179.9 |-ap | +179.8 +ap
C12-Ci13-N2-Cy7 -58.1 -sc | +50.3 +sc | +31.5 |[+sc | 1.76 +sp
-56.6 -sc | +50.8 +sc | +54.6 +sc |-1.8 -Sp
C14-C13-N2-Coo -4.3 -sp | +11.5 +sp | +12.1 +sp | +2.1 +sp
-4.3 -sp | +0.1 +sp | +10.8 +sp | +0.3 +sp
C14-C13-N2-Ci17 +128.2 | +ac |-133.8 -ac |-130.8 |-ac |+177.4 | +ap
+145.6 | +ac | -137.8 -ac | -1715 |-ap |+179.5 +ap
C20-N2-C17-Cys -54.9 -sc | +52.9 +sc | +47.8 +sc | -9.8 -Sp
-58.2 -sc | +50.3 +sc | +31.4 +sc |-1.2 -Sp
C13-N2-C17-Cys +167.0 | +ap | -159.3 -ap | +140.8 | +ac |-174.8 -ap
-54.9 -sc | -159.5 -ap | -167.7 |-ap |+174.9 +ap
C19-03-C18-C17 -119.0 |-ac | +61.1 +sc | -64.1 -sc | +171.1 | +ap
-60.9 -sc | -67.1 -sc | +58.4 +sc |-67.1 -SC
Hisa-C1s-C17-Hi7za | -68.1 -sc | -26.1 -sp | +79.3 | +sc |-0.9 -Sp
-59.4 -s¢ | -55.5 -sc | -51.1 -sc | -17.0 -Sp
Higa-C18-C17-Hize | +11.4 | +sp |-1653 |-ap |-179.4 |-ap | +49.6 +sC
+59.4 +sc | -174.6 -ap |-168.6 |-ap |+31.3 +SC
0O3-Ci18-C17-N2 +63.4 | +sc | +146.8 | +ac |-78.5 -sc | +10.5 +sp
+59.1 +sc | -56.3 -sc | -52.5 -sc | +36.5 +sC
03-C18-C17-H17a +163.8 | +ap | -179.3 |-ap |-156.9 |-ap | +69.0 +sc
+179.7 | +ap | -177.9 -ap |-173.8 |-ap |-83.9 -SC
03-Cy18-C17-Hi7s -36.2 -s¢c | +179.2 | +ap | -70.2 -sc | +156.5 +ap
-61.6 -sc | +62.9 +sc | +68.6 +sc | +158.6 +ap
Higs-C1s-C17-N2 -11.3 -sp | +178.1 | +ap |-2.6 -sp | +161.4 | +ap
-61.9 -sc | -174.2 -ap | -167.7 |-ap | +59.2 +ap
Higg-Ci1-C17-Hiza | +71.3 | +sc |-1795 |-ap |+56.9 |+sc |-176.1 -ap
+58.7 +sc | +64.1 +sc | +70.9 +sc | +35.8 +sC
Higg-C18-C17-H1i7s | #159.2 | +ap | +67.1 +sc | -51.9 -sc | +45.3 +sC
+177.5 | +ap | -54.9 -sc | -46.6 -sc | -81.7 -SC
Cs-Cs-C3-Co - - -6.4 -sp | -11.7 -sp | +165.7 | +ac
-0.2 -sp |-0.2 -sp |-0.1 -Sp
Hs-Cs-Cs-C> -176.3 |-ap | +179.3 | +ap | +179.8 | +ap | +179.9 +ap
-180.0 |-ap |-177.7 -ap |-179.1 |-ap | +178.2 +ap

* The conformations were designated by Klyne-Prelog terms using s = syn, a = anti, p = peri-

planar (0+30°& 180+30°) and all other angles ¢ = clinal, and + & - signs.
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5B.2 Hirshfeld Surface Analysis of FMPC and FMMC:
A Hirshfeld analysis was performed on FMPC and FMMC to investigate the strength and
role of hydrogen bonds and other intermolecular contacts, Hirshfeld surfaces, and the

corresponding fingerprint plots, and to assess their importance in the crystal lattice's stability.

Figure 5B.6 shows the Hirshfeld surface interaction diagram and fingerprint plots of
FMPC. The surfaces show the dnorm in the range of -0.23 to 1.42 A. Strong acceptor-donor
intermolecular hydrogen bond interactions appear at N2-Hz---Cl1, C16-Hie-+--O1, C7-H7---Cly, C11-
Hi1---Cly and Os---Ci16-Hie and are indicated as bright red color spots. Table 5B.5 indicates
H---H interactions as the largest, with about 47% surface concentration. The CI---H/
H---Cl contacts contribute to about 16% with two spikes at de + di value of ~2.8 A, F---H/ H---F to
7.0% with de + d; value of ~2.3 A and O---H/ H---O to about 5% with de + d; value of ~2.3 A. The
C---H/ H---C interactions due to 7---x stacking and shown in green patch contribute to about 8%
with de + di value of ~1.8 A. All other intermolecular interatomic contacts and the corresponding

interactions are found to contribute less than 3.0%.
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Figure 5B.6: Hirshfeld surface maps (a) with dnorm Neighboring molecules associated with close
contacts among FMPC, (b) two-dimensional fingerprint plot and (c) deconvolution of two-
dimensional fingerprint plot illustrating percent interactions

In Figure 5B.7, the small blue regions around the bright-red spots indicate n- 7 stacking
between the benzene and quinoline rings whereas the green shade in the flat region indicates the
n- © stacking around the benzene and quinoline rings in FMPC. The electrostatic potential

generated by using the HF/3-21G basis set is shown in Figure 5B.7(c) with red region indicating
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negative electrostatic potential (hydrogen acceptors) and blue region, positive electrostatic

potential (hydrogen donor).

Figure 5B.7: Graphical visuals of the Hirshfeld surface for FMPC mapped over as (a) shape
index property (b) curve index flat region (rings, referred to, are marked in red) (c) diffuse color
graphical portrayal (positive electrostatic potential is shown in blue shade and negative in red)

(d) color coded interactions with in 3.8 A

In the FMMC, the surfaces show the dnom in the range of -0.4657 to 1.2780 A. The
intermolecular hydrogen bond interactions appear at Cis-His:--Cl, Cl----H20, C14-H14---Cly, Hs-
Ni:--Cl, C3-Hz3---O1, Co-Ho---O> is indicated as bright red color spots (Figure 5B.8). Figure 5B.9
shows the finger print plots for FMMC. Figure 5B.11 and Table 5B.5 collectively indicate
H---H interactions as the largest, with about 47.2% surface concentration. The C---H/
H---C contacts contribute to about 11.2% with two spikes at de + di value of ~1.6 A, O---H/
H---O to 11.6% with de + d; value of ~1.42 A and CI---H/ H---Cl to about 11.0% with de + di value
of ~1.4 A. The C---C/ C---C interactions due to m---m stacking and shown in the green patch
contribute to about 7.4% with a d. + di value of ~1.7 A. All other intermolecular interatomic
contacts and the corresponding interactions are found to contribute to less than 1%. Figure 5B.10
show the Hirshfeld surface of molecule FMMC mapped with shape index map, curvedness

map, electrostatic potential map, and fragment patches.
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Figure 5B.8: Hirshfeld dnorm surface of FMMC showing intermolecular hydrogen bonding
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Figure 5B.9: Hirshfeld finger print plots of FMMC

Figure 5B.10: Hirshfeld surface maps of FMMC represented by modes

(a) Shape index (b) Curvedness

A

(c) Fragment patches (d) Electrostatic potential map
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Table 5B.5: Intermolecular Hirshfeld inter-atomic interaction percentages

Contribution (%)

Interaction FVPC | EMIVIC
C-C 11.1 7.4
C-H/H-C 7.9 11.2
C-N/N-C 1.8 1.1
C-0/0-C - 1.6
C-FIF-C 2.2 1.8
H-H 47.2 47.2
H-N/N-H 1.8 1.1
H-O/O-H 4.8 11.6
H-F/F-H 7.0 4.3
O-F/F-0 0.6 0.8
H-CI/CI-H 16.1 11.0
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5 181 16 218 1.81 0.6.8
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© U@*‘ J\\“‘ 00\0 PN Qﬁ\“ \XQ\O & Qﬁ,\\“‘

FMPC FFMC

Figure 5B.11: Histogram of percentage contributions of various intermolecular interactions
FMPC and FMMC

Users usually correlate the results of the Hirshfeld surface analysis with the strength of the
electronic contacts and their corresponding interaction energies'®. The scale factors used for the
construction of energy frame works for FMPC are E_ele = 34.0, E_pol = -43.8, E_dis = -450.3,
E rep=201.0, E_tot=236.9, whereas E_ele =32.0, E_pol =-32.6, E_dis =-296.4, E_rep = 106.9,
E_tot=-168.9 kJ mol for FMMC. These model energies reveal that dispersion energy contributes

significantly to the interactions in the crystal.
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diagram and (d) its annotated total energy diagram
Individual energy components are shown as cylinders between the centroids of interacting

Figure 5B.12: Hirshfeld energy frameworks calculated for FMPC and as viewed along the c-
axis showing the (a) electrostatic potential force, (b) dispersion force and (c) total energy

molecular pairs in Figure 5B.12 and 5B.13, corresponding to dispersion energy, coulomb energy,
to 100 with a minimum value of 5 kJ mol™. Figure 5B.14 represents the molecular pairs that

participate in the interaction of FMMC when viewed along the c axis.

proportionate measure of the strength of the interaction energies

and total energy along the a, b, and ¢ axes
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Figure 5B.14: Pair-wise intermolecular interactions in FMMC (viewed along the ¢ axis)
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5B.3 Biological Studies of FMPC and FMMC:

5B.3.1 Cell Viability (MTT Assay) of FMPC and FMMC:

The MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay is used to
investigate the drug resistant sensitivities of the hypopharyngeal cancer cell line FaDu, as
described by Mossman'!. FaDu cancer line cells are seeded in a 96-well cluster with a cell
population density of 10* per well. The nourishing medium (RPMI + 10% FBS) is administered to
each well and incubated for 24 hours. A series of specified concentrations of FMPC and FMMC
(in 5, 10, 15, 20, 25, 30, 35, and 40 pg/mL) are added to cells and incubated (37 °C, 5% CO») for
about 4 hrs. Once incubation period was completed, the left-over nourishing medium was removed
by decanting and each well was administered with the fresh nourishing (RPMI + 10% FBS)
medium. The incubation was continued for an additional 24 hrs before adding 10 uL of the MTT
reagent prepared in PBS (5 mg mL™), followed by further incubation for 4 hours at 37°C. The
purple-colored formazan crystals were extracted by adding 100 uLL of DMSO (dimethyl sulfoxide)
to each well for which the absorbance was measured at 570 nm. In a blank (control) experiment,
the above procedure was repeated with no addition of FMPC and FMMC. The following equation

has been used to compute the relative cell viability.

A
_sample .100 = RCVP

control

where RCVP is the relative cell viability percentage. It is established that FMPC and
FMMC have a reasonably promising RCVP as depicted in Figures 5B.15 and 5B.16, respectively.

RCVP

control 5 10 15 20 25 30 35 40

Concentration (pg/mL)

Figure 5B.15: Cell viability graph of FMPC using FaDu cells by MTT assay
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Figure 5B.16: Cell viability graph of FMMC using FaDu cells by MTT assay

5B.4 Molecular Docking Studies of FMPC and FMMC:

EGFR-TK (pdb id: 1m17) belongs to the epidermal growth factor receptor family'?. Excess
EGFR expression results in anal cancer and epithelial malignancies of the neck and head'®. We
chose EGFR as a target protein receptor for molecular docking by the cation of FMPC.

The DockVina software® was used to perform docking calculations. Using
AutoDockTools-1.5.6, the ligand is prepared by eliminating water molecules and adding polar
hydrogens, as well as ascribing Kollman and Gasteiger partial charges'®. The AutoGrid application
was used to create affinity maps with 60 x 60 x 60 grid points and with 0.575 spacing. The
discovery studio visualizer software was used to understand the 2D structure and to explore the
mode of binding interactions. The cationic form of FMPC has a binding energy of -9.1 kcal mole”
1 and docks to the EGFR through three hydrogen bonds, seven electrostatic interactions and one
hydrophobic interaction; one hydrogen bond is through the fluorine atom with the protein amino
acid residue of GLY-833, as well as the other two hydrogen bonds are through the morpholine ring
carbons with amino acid residues of GLU-734, GLU-738. There is one hydrophobic interaction in
the ALA-731 and seven electrostatic interactions in the ASP-831, ASP-813, and LYS-721 amino

acid residues are shown in Figure 5B.17.

The cationic form of FMMC has a binding energy of -9.3 kcal mole™! and docks to the
EGFR through, two halogen interactions with the protein amino acid residue of GLY-695, SER-

696 and three electrostatic interactions with amino acid residues of LYS-721, ASP-813. There are
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eight hydrophobic interactions in the ALA-835 LEU-838, ALA-840, ARG-817, CYS-773, and
PHE-699 amino acid residues are shown in Figure 5B.18.

(b) AlA
ASP ASP 6Ly A731
A:813 A3 A3

Gl
A734
A
(\¢} GLU
A721 A738
Interactions
I:‘I Attractive Charge D Pi-Anion
I:l Carbon Hydrogen Bond D Alkyl
D Pi-Cation

Figure 5B.17: Molecular docking interactions of FMPC with EGFR-TK protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 5B.18: Molecular docking interactions of FMMC with EGFR-TK protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Note: The FMPC crystal part of this Chapter has been published in a Elsevier journal (Synthesis,
characterization, molecular structure determination by single crystal X-ray diffraction, and
Hirshfeld surface analysis of 7-fluoro-6-morpholino-3-phenylquinolin-1-ium chloride salt and
computational studies of its cation), Dhananjay Rao Thandra et al, Journal of Molecular
Structure, 2022, 1250, 131701)

Contonts lists svailable at Scloncellirmet

Journal of Molecular Structure

lournal homepage: www.elsovier.comilocateimo sty

Synthesis, characterization, molecular structure determination by &)
single crystal X-ray diffraction, and Hirshfeld surface analysis of 4
7-fluoro-6-morpholino-3-phenylquinolin-1-ium chloride salt and

computational studies of its cation

Dhananjay Rao Thandra, Ramachandraiah Allikayala

Deportmenst of Chemiseny. Narienol Instkoee of Tectimardogy Wovomgol, Telongona SOG4 Inifia

ARTICLE INFO ABSTRACT

Areicie Abrary 7-fluoro-G-morpholing-3-phenyiquinolin-1 -lum chioride 2 has been synthesized and characterised by var-
Reconved 3 Nagust 2021 sous spoctral and electrochemical studies bosides its meolecular structure Selenmination by 4 single-crystal
Ssvizedl 3 Oclobur 2021 X-ray diffraction investigation. Computational studies by Austin Model-1 (AM CF-MM2 and DFT/BILYP
Aﬁ"?:'“ Lad 0“““?"" ‘"’f‘ to compare the structural data with the xingle crystal XRD data have been performed on the cation of 2.
Awaiiabls anline 13 Dctober 2023 The compound is found to crystallize in 3 monedinic system in space group P21/ with crystal data as

Graphical abstract

7-fluoro-6-morpholino-3-phenylquinolin-1-iumm, has been synthesized
and characterised before single crystal X-ray diffraction and Hirshteld
surface analysis studies have been carried out on it.

v Py
-~ M ' .
N N Qah, !
1 1 [

A novel organic molecule 7-fluoro-6-morpholino-3-phenylquinolin-1-ium chloride salt, (2), was
synthesized and characterized by various spectroscopic techniques and by single crystal XRD
studies. Computational molecular modelling studies were also performed on 1ts cationic skeleton
on the platforms of AM1. MM2 and B3LYP calculations and the data are correlated with the XRD
data. The computationally evaluated data are i excellent agreement with the empirical single
crystal XRD data. Some negligibly small deviations are observed in the locations at -C—=NH., F-
C- and H__O-C- moieties. These minor deviations are obviously due to the fact that XRD studies
are for molecules in crystalline solid state which engage a vamety interaction amongst the
neighbouring molecules whereas the computational data are on the 1solated gas phase molecule.
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CHAPTER VI

CHAPTER VI
SPECTRAL CHARACTERIZATION, AND SINGLE CRYSTAL X-RAY
DIFFRACTOMETRIC, COMPUTATIONAL AND BIOLOGICAL STUDIES
OF MONO- AND DI-AZA DERIVATIVES OF A PAIR OF
MALONALDEHYDES

A pair of malonaldehydes, viz., 2-phenylmalonaldehyde and 2-(4-methoxyphenyl)-
malonaldehyde, each possessing two terminal aldehyde groups and potential candidates of
tautomerism has been chosen to synthesize their corresponding mono- and di-azomethine
derivatives of 3-fluoro-4-morpholinoaniline. The results and discussions of these four Schiff bases
have been presented in this Chapter.

Single crystals could be generated only for (Z)-3-((3-fluoro-4-morpholinophenyl)amino)-
2-phenylacrylaldehyde (FMAPA), with one of the carbonyl groups converted to azomethine, and
3-fluoro-N-((1E,2Z)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)allylidene)-
4-morpholinobenzenaminium (FFMMMC), with both the carbonyl groups converted to
azomethines, whereas we could not obtain single crystals of 3-fluoro-N-((1Z,3E)-3-((3-fluoro-4-
morpholinophenyl)imino)-2-phenylprop-1-en-1-yl)-4-morpholinobenzenaminium (FFMPMC)
and (2)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)acrylaldehyde
(FMAMA). The FMAPA crystallizes in a centrosymmetric monoclinic P21/c space group but
with four molecules in a one-unit cell, whereas FFMMMC crystallizes in a centrosymmetric

triclinic P-1 space group with only two molecules in a one-unit cell.

This Chapter is also divided into two parts, Part A and Part B. Each of these two parts has

been sub-divided into two sections, Section 1 and Section 2.

Section 1 of Part A (Section Al) deals with the spectral studies of FMAPA and FMAMA
(Figure 6A.1) and single crystal XRD studies besides molecular structural determination of
FMAPA. FMAMA, while Section 2 of this Part (Section A2) discusses the computational
chemistry of FMAPA and FMAMA along with their protein docking studies. Similarly, Section
1 of Part B (Section B1) and Section 2 of Part B (Section B2) covers the corresponding bis-
derivatives of dialdehyde, viz. FFMPMC and FFMMMC (Figure 6B.1).
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SPECTRAL, SINGLE CRYSTAL X-RAY DIFFRACTOMETRIC AND

PART A

COMPUTATIONAL CHEMISTRY STUDIES OF FMAPA AND FMAMA

SECTION-A1

6A.1 Physical and Analytical Characterization of FMAPA and FMAMA:
Table 6A.1 shows the physical and analytical characteristics of the FMAPA and

FMAMA.
Table 6A.1: Physical data” of FMAPA and FMAMA
Color M.P Molecular Elemental analysis*

Compound °C) Molecular formula weight %C %H | %N %0

66.92 | 587 | 8.58 9.80

FMAPA Yellow | 210-212 C19H19FN202 326.3 (67.05) | (5.95) | (8.72) | (9.87)
67.40 | 594 | 7.86 | 13.47
FMAMA | Orange | 217-219 C20H21FN203 356.4 (6751) | (6.14) | (7.93) | (13.58)

#data in parenthesis are calculated ones; ~ data limited to integral values

The mass spectra of the FMAPA and FMAMA are shown in Figure 6A.2. The molecular
formulae of both FMAPA and FMAMA, which are 327.15 and 357.16, match with the M+1

molecular ion peak.

FMAPA

FMAMA

Figure 6A.1: Structures of FMAPA and FMAMA
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Figure 6A.2: Mass Spectra of FMAPA and FMAMA
6A.2 IR Spectral Studies of FMAPA and FMAMA:
Table 6A.2: IR data” of FMAPA and FMAMA (in cm™)
Compound | v (N-H) | v (=N-H) | v (C-H) v (C=N) | v(C=0) | v (=C-H) | v (C-0)
FMAPA | 3435 3000-3060 | 2821-2980 | 1520 1617 1500 1118
FMAMA | 3411 3000-3080 | 2860-2980 | 1605 1617 1515 1110
#, in KBr pellet
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Figure 6A.3: FT-IR Spectra of FMAPA and FMAMA
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6A.3 NMR Spectral Analysis of FMAPA and FMAMA:

The overlay *H NMR spectra of FMAPA and FMAMA are shown in Figure 6A.4. In the
FMAPA H NMR spectrum, the imine proton (CH=N-) gives its *"H-NMR chemical shift value at
10.81 ppm as a doublet. All the remaining aromatic hydrogens appear at chemical shift values in
the range of ¢ 7.09-9.07 ppm. The hydrogen attached to the quinolinium nitrogen atom appears at
0 4.59 ppm. The two *H NMR triplets at 3.74 ppm (-CH2-O-) and 3.01 ppm (CH2-N-) are due to

morpholine protons.

In the FMAMA *H-NMR spectrum, the (=C-NH-) proton gives its *H-NMR chemical shift
value at 9.35 ppm as a doublet and the aledhydic proton gives as a singlet at a chemical shift value
of 9.02 ppm. All of the remaining aromatic hydrogens appear as multiplets with chemical shift
values ranging from 6.86 to 7.54 ppm, and the morpholine protons appear as multiplets with
chemical shift values ranging from 2.51-3.83 ppm. Methoxy protons appeared at 3.85 ppm as
singlets.

Figure 6A.5 shows the FMAPA and FMAMA 'C-NMR spectra overlayed. In the
FMAPA 3C-NMR spectrum, the aldehyde carbon spectral line (C=0) appears at 190.88 ppm. The
ring carbon connected to the fluorine gives its peak at 156 ppm with 1J(*°F,3C) = 246.12 Hz,
remaining aromatic carbon atoms are found in the range of 105.20 -143.32 ppm while the

morpholine aliphatic carbon atoms show peaks at 66.88 ppm (-CH2>-N-) and at 51.13, (-CH,-0O-).

In the FMAMA BC-NMR spectrum, the spin-decoupled *C-NMR spectral line of the
imine C=N- carbon appears at 189.94 ppm. The peak of the ring carbon connected to fluorine is
147.49 ppm. The remaining aromatic carbon atoms are found in the range of 114.46-143.13 ppm,
while the morpholine aliphatic carbon atoms show two peaks at a range of 46.96 (-CH-N-), 55.59
ppm (-CH2-O-) and methoxy protons appear at 55.77 ppm.
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6A.4 Fluorescence Studies of FMAPA and FMAMA:
The luminisence spectra of FMAPA and FMAMA in DMSO are shown in Figure 6A.6.

The broad emission peaks are observed at 525 nm. The broad emission peak is observed at 525

nm, owing to the emission of green light, which corresponds to the flow of electrons from aldehyde

to benzene rings®?. The band gap energy was calculated to be about 2.37 eV. The close proximity

of the Amax at ~ 455 nm of absorption (excitation) and fluorescence (emission) in the visible region

indicates negligible inter-system crossing or molecular vibrational relaxation mechanism.
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Figure 6A.6: The absorptive (black) and emission (red) spectra of FMAPA and FMAMA
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6A.5 Crystal Structure Analysis of FMAPA:

The compound FMAPA crystallizes in a centrosymmetric monoclinic P21/c space group®
with four molecules in a one-unit cell (Figure 6A.7) and relevant XRD data is shown in Table
6A.2. The reflection angle vs intensity graph is in Figure 6A.8. Figure 6A.9 shows intermolecular
hydrogen bonding present in the crystal. In Figure 6A.10, the unit cell is shown in three different

dispositions seen along each of the three crystallographic axes.
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Figure 6A.7: XRD- Platon diagram of FMAPA with atom-numbering
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Figure 6A.8: X-Ray diffraction intensity as a function of angle (°) of reflection
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Figure 6A.9: Crystal packing diagram of FMAPA showing the two dimesitional layer structure
with O-H...N intramolecular hydrogen bonding

(b)

Figure 6A.10: Unit cell of FMAPA seen along crystallographic (a) a-axis (b) b-axis (c) c-axis
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Table 6A.3: X-ray crystallographic data for FMAPA

CHAPTER VI

CCDC 2181229

Empirical formula C19H19N202F

Formula weight 326.36

Color/shape Greenish yellow/needle
Temperature, K 293

Crystal system P21/c

Space group Monoclinic

Unit cell dimensions, A

a=6.2176 (14); b=10.8756 (4); c =
25.0144 (7)
a=1v=90; B =96.990 (9)

Z 4

Density, Mg/m?® 1.291
Absorption coefficient, mm™ 0.092
Reflections collected/unique 4031/ 1994

0 range for data collections 1.640 — 28.222°
F (000) 688

Limiting Indices

-7<h<8;-12<k<14;-33<1<33

Goodness-of-fit on F2

0.985

Final R indices [1 >26 (1)]

R1 =0.0643, wR, = 0.1525

R indices (all data)

R1=10.1371, wR> = 0.1986

Largest diff. peak and hole (eA)

0.322 and -0.325
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SECTION-A2

6A.6 Correlation of the X-Ray Crystallographic Data with the Molecular Modelled Data of
FMAPA:

In order to understand the quantum mechanical aspects and structural parameters of the
molecule FMAPA in its free form (gaseous state), we have run computational studies on it under
a few modeling platforms, viz., MM2 (ChemSoft), AM1 (Austin Model-1) and DFT (B3LYP/6-
31G*). The Austin Model-1 (AM1) produces energy-minimized molecules using a force field and
a self-consistent field (SCF) approach”, whereas the MM2- uses a semi-empirical approach. The
Becke-3-Parameter-Lee—Yang—Parr (B3LYP) hybrid functional (DFT/B3LYP/6-31G*)° operates
on the nature and extent of inter-electronic interactions rather than simple electronic wave
functions. Here, we present molecular structural data of FMAPA obtained from these competing
and progressive platforms in comparison with the experimental single crystal XRD data to
correlate the geometry of FMAPA in free and solid state forms. This exercise would also serve as

an example of the reliability and usability of the above-mentioned three computational methods.

The AM1, MM2, and DFT/B3LYP platforms were used independently to obtain quantum
mechanical molecular energy data for FMAPA such as ionization potential (1), electron affinity
(A), chemical potential (p), chemical hardness (1)), global softness (S), and electronegativity (y),
which are included in Table 6A.4. The geometrical parameters are incorporated in Table 6A.5
(bond lengths), Table 6A.6 (bond angles) and Table 6A.7 (dihedral angles or torsional angles)
along with those obtained from the single crystal XRD measurements. The experimental XRD data
and the computationally evaluated values are in reasonably good agreement. The larger deviations,
wherever observed, would have to be attributed to the fact that XRD studies are for a multi-
molecular solid state material with molecular geometric parameters affected by possible
intermolecular and inter-ionic interactions. The conformational labels, abbreviated as s = syn, a =
anti, p = peri-planar (0+30° and 180+30°) and all other angles ¢ = clinal, are designated as per
Klyne-Prelog terms. Some minor changes are observed in the bond lengths also. The H-C(sp?) of
aromatic rings is found to be higher by about 0.15-0.35 as determined by DFT/B3LYP and MM2,
whereas AM1 produced results that were very close to the experimental data. The oF-C(sp?) is
shown to be lower by 0.017A (AM1), 0.018A (MM2) and 0.011A (DFT/B3LYP) from the XRD

data. The trends of the remaining and pertinent bond lengths follow a similar pattern. A keen look
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at Table 6A.5 leads us to conclude that the empirical bond length data has negligibly fewer
deviations from the ones theoretically computed by B3LYP than those by MM2 and AM1
platforms, as expected. Other structural data, like bond angles, dihedral angles, etc., showed the

same kinds of correlations.

Important selective bond angles at various parts of the molecule FMAPA are presented in
Table 6A.6. The bond angles at C-sp? obtained by the three computational platforms are observed
to vary from ~ —10°to ~ +10° from the XRD counterparts. But the bond angles at C-sp® are found
to differ by a higher range due to the 3-dimensional and all-single-bonded torsional and spanning
nature. However, the bond angle at N-sp? is found to differ to a greater extent than at the C-sp? and
C-sp® due to nitrogen’s higher capability of engaging in interatomic interaction than organic carbon
atoms. Inspection of Table 6A.5 also reveals higher deviations for bond angle at O-sp® than that
at C-sp® for the computational data from the bond angle at O-sp® evaluated from the XRD

measurements.

Various dihedral angles are presented in Table 6A.6. These values engaged with the atoms
of the aromatic rings infer the near planarity of the whole molecule beyond the morpholine ring,
as seen for both computational and experimental data. Both XRD and computations show benzene
and morpholine rings near coplanar despite Baeyer’s strain. Many of the dihedral angles obtained

from XRD are in reasonable agreement with those computed.

The dihedral angle is changed from +ap of O1-C1s-C19-C19a and O1-Cig-Ci9-C1oa to —SC
whereas —ap of C16-N1-C19-H19a and Hi7s-C17-O1-C1g is changed to +sc conformation under AM1,
MM2 and B3LYP methods. It is also observed that conformation +sc of C16-N1-C19-H19s to —ap
conformation in all methods (AM1, MM2 and B3LYP), while the dihedral angles of N1-C13-Ci»-
Cu +ap to —ap conformation in the case of methods (B3LYP, MM2 and AM1). The conformation
-ap of Hi7e-C17-C16-N1 is found to become +sc (B3LYP and MM2) and -sc of Higa-C16-N1-Ci9to
+ap (B3LYP and MM2) and +sc (AM1). The +ap of C13-N1-C19-Cys alters to +ac (B3LYP), +sc
(AM1) and -ap (MM2) conformations.

220



CHAPTER VI

Table 6A.4: Important molecular energy data evaluated by AM1, B3LYP and MM2 calculations

on the cation of FMAPA
Parameter AM1 B3LYP MM?2
Exomo (eV) -0.3045 -0.1851 -7.469
ELumo (eV) -0.0230 -0.0550 -1.803

I (eV) lonisation Potential 0.3045 0.1851 7.469
A (eV) Electron affinity 0.0230 0.0550 1.803
1N (eV) Chemical hardness 0.1407 0.0650 |2.833
K (eV) Chemical potential 0.1637 0.1200 | 4.636
1 (eV) Electro negativity -0.1637 -0.1200 | -4.636
S (eV?1) Global softness 3.553 7.6923 | 0.1765

There is a great degree of consistency between the experimental and simulated data. Global
minimized structures of FMAPA ligand is depicted at Figure 6A.11. The numbering adaptation
is shown in Figure 6A.11 for subsequent reference in the discussion. To visualize the molecular
disposition in space and to provide a 3D visual of it, the anaglyph picture and stereographic
representation of the FMAPA are given in Figure 6A.12 and Figure 6A.13, respectively.

Figure 6A.11: MM2-energy-minimized structure of FMAPA (keto form) with numbered atoms
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Figure 6A.12: Anaglyph structure of FMAPA (enamine form) obtained from ChemDrawPro

Figure 6A.13: Anaglyph structure of FMAPA (keto form) obtained from ChemDrawPro

FMAPA has a phenyl and benzyl bulky groups connected to the imine bond whereat the
Schiff base extension is also around. With the view to understand the best relative disposition of
the bulky groups in space with the global minimum of the Eigen value, we have performed
conformational analysis by torsioning over the selected single bonds in both dihedral driving and
double dihedral driving computational methods. Conformational analysis plots of FMAPA are
shown in Figure 6A.14 through Figure 6A.28.

The HOMO and LUMO molecular orbitals and their corresponding energies of FMAPA
are shown in Figure 6A.29.

222



CHAPTER VI

370 70

41.5 4

41.0 - 85+

40.5 -

60 -

= 40.0-
5 -
__E_ 39.54 g 55
= =
2 3.0+ [
- x 50
5 38.5 ?
g 38.0 4 @ 45
W75 i

37.04 by

36.5-

35+
36'0 T T T T T T T T T
» - T T T T T T T T T
160 120 80 40 0 40 80 120 160 60 120 -80 40 0 40 80 120 160

Figure 6A.14: Conformational analysis
over C6-C7
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Figure 6A.17: Conformational analysis
over C15-N18
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Figure 6A.22: Double dihedral torsional energy Surfer plot of FMAPA (enamine form) over
C19-C20 (on axis shown in red) and C20-N21 (on axis shown in blue) bonds (Refer Figure
6A.11 for numbering of the atoms)
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Figure 6A.23: Double dihedral torsional energy Surfer plot of FMAPA (keto form) over C6-C7
(on axis shown in blue) and C7-C8 (on axis shown in red) bonds (Refer Figure 6A.11 for
numbering of the atoms)
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Figure 6A.24: Double dihedral torsional energy Grapher plot of FMAPA (keto form) over C6-
C7 (on axis shown in blue) and C7-C8 (on axis shown in red) bonds (Refer Figure 6A.11 for
numbering of the atoms)
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Figure 6A.25: Double dihedral torsional energy Surfer plot of FMAPA (keto form) over C6-C7
(on axis shown in blue) and C7-C10 (on axis shown in red) bonds (Refer Figure 6A.11 for

numbering of the atoms)
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Figure 6A.26: Double dihedral torsional energy Grapher plot of FMAPA (keto form) over C6-
C7 (on axis shown in blue) and C7-C10 (on axis shown in red) bonds (Refer Figure 6A.11 for

numbering of the atoms)
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Figure 6A.27: Double dihedral torsional energy Surfer plot of FMAPA (keto form) over C8-C7
(on axis shown in blue) and C7-C10 (on axis shown in red) bonds (Refer Figure 6A.11 for
numbering of the atoms)

Figure 6A.28: Double dihedral torsional energy Grapher plot of FMAPA (keto form) over C8-
C7 (on axis shown in blue) and C7-C10 (on axis shown in red) bonds (Refer Figure 6A.11 for
numbering of the atoms))
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Table 6A.5: Comparative list of selected bond lengths (A) of FMAPA

CHAPTER VI

Fractional variation
Bond Bond type Bond lengths (A) (A/XRD)
XRD | AM1 | MM2 | B3LYP | AM1 | MM2 | B3LYP
Hi7a — C17 H - Csp® 0.970 | 1.070 | 1.114 | 1.094 | 0.103 | 0.148 | 0.128
Hisa — Cis H — Csp? 0.969 | 1.070 | 1.113 | 1.098 | 0.104 | 0.149 0.133
Ci7—- 01 H — Osp® 1.404 | 1.433 | 1.403 | 1.424 | 0.021 -0 0.014
Ci7—Cis | Csp®—Csp® | 1.492 | 1.507 | 1.528 | 1.530 | 0.01 | 0.024 | 0.025
Ci17—Hus Csp®-H 0971 | 1.070 | 1.115 | 1.103 | 0.102 | 0.148 | 0.136
01—-Cis | Osp*-Csp® | 1.412 | 1.463 | 1.403 | 1.422 | 0.036 | -0.01 | 0.007
Ci6 — Hies Csp®-H 0.969 | 1.070 | 1.117 | 1.089 | 0.104 | 0.153 | 0.124
Ci6— N1 Csp®— Nsp® | 1.465 | 1.434 | 1.457 | 1.471 -0.02 | -0.01 0.004
Hi9a — Cig H - Csp® 0971 | 1071 | 1117 | 1.098 | 0.103 | 0.15 0.131
Higa—Cis| H-Csp3 [ 0969 | 1.070 | 1.114 | 1.094 [ 0.104 | 0.15 | 0.129
Cis—Cio | Csp®—Csp® | 1.503 | 1.566 | 1.528 | 1.533 | 0.042 | 0.017 0.02
Cis — Haigs Csp®-H 0.970 | 1.069 | 1.115 | 1.103 | 0.102 | 0.149 0.137
Ni—Cio | Nsp®—Csp® | 1.452 | 1.472 | 1.455 | 1.462 | 0.014 | 0.002 | 0.007
Ni—Ci3 | Nsp®—Csp® | 1.420 | 1.469 | 1.461 | 1.402 | 0.035 | 0.029 | -0.01
C19 — Hios Csp®-H 0.970 | 1.069 | 1.117 | 1.093 | 0.102 | 0.152 | 0.127
F—Cua F — Csp? 1.366 | 1.349 | 1.348 | 1.355 | -0.01 | -0.01 | -0.01
Ci3—Cus | Csp?—Csp? | 1.383 | 1.353 | 1.516 | 1.411 | -0.02 | 0.096 | 0.02
Cis—Ci2 | Csp?—Csp? | 1.390 | 1.398 | 1.533 [ 1.407 [ 0.006 [ 0.103 | 0.012
Cu—Cis | Csp?—Csp? | 1.367 | 1.356 | 1.504 | 1.380 [ -001 [ 01 [ o0.01
His— Cis H — Csp? 0.930 | 1.070 | 1.114 | 1.085 | 0.151 | 0.198 | 0.167
Cis—Cio | Csp?—Csp? | 1.385 [ 1.358 [ 1.526 | 1.403 | -0.02 | 0.202 | 0.013
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Ci—Hiz | Csp?—H [0930 | 2.069 [ 1.215 [ 1.083 | 0.149 | 0.199 | 0.165
Ci2—Cu | Csp?—Csp? | 1.385 | 1.353 | 1.525 | 1.394 | -0.02 | 0.101 | 0.006
Cii—Ciwo | Csp?2—Csp? | 1377 | 1.357 | 1.525 | 1.394 | -0.01 | 0.107 | 0.012
Cuu—Hu | Csp2—H [ 0930 [ 1069 | 1115 | 1.084 | 0.149 | 0.199 | 0.166
Cio— N2 Csp2—N | 1.415 | 1.469 | 1.461 | 1.403 | 0.038 | 0.033 | -0.01
No—Han | Nsp?—H | 0.861 [ 1.001 | 1.050 | 1.026 | 0.163 | 0.22 | 0.192
N2—Co | Nsp?—Csp? | 1.342 | 1.337 | 1.459 | 1.347 -0 | 0.087 | 0.004
O,-Cg | Osp2—Csp? | 1.226 | 1.258 | 1.395 | 1.240 | 0.026 | 0.138 | 0.011
Co— Ho Csp?—H | 0931 ] 12.070 [ 1.114 [ 1.086 | 0.149 | 0.197 | 0.166
Co—C7 | Csp—Csp? | 1.360 | 1539 | 1.530 | 1.384 | 0.132 | 0.125 | 0.018
Cs—C7 | Csp>—Csp? | 1.433 | 1539 | 1.522 | 1.448 | 0.074 | 0.062 | 0.01
Cs— Hs Csp’—H | 0930 | 1.070 | 1.112 [ 1.106 | 0.151 | 0.196 | 0.189
C—Cs | Csp?—Csp? | 1.481 | 1539 | 1529 | 1.482 | 0.039 | 0.032 | 7E-04
Hi- C1 H-Csp? | 0.930 [ 1.070 | 1.114 | 1.087 | 0.151 | 0.198 | 0.169
Ce—C1 | Csp>—Csp? | 1.388 | 1.534 | 1.526 | 1.406 | 0.105 | 0.099 | 0.013
Co—Cs | Csp?—Csp? | 1.382 | 1.361 | 1.525 | 1.407 | -0.02 | 0.103 | 0.018
Ci—C, | Csp>—Csp? | 1.378 | 1.343 | 1526 | 1.393 | -0.03 | 0.107 | 0.011
Hs— Cs H-Csp? | 0929 [ 1.070 | 1.124 | 1.086 | 0.152 | 0.199 | 0.169
Cs—Cs | Csp?—Csp? | 1.382 | 1.366 | 1.526 | 1.394 | -0.01 | 0.104 | 0.009
Cz—He Csp2—-H [ 0930 ] 1070 | 1.115 [ 1.087 | 0.151 | 0.199 | 0.169
C2—Cs | Csp>—Csp? | 1.369 | 1.534 | 1526 | 1.396 | 0.121 | 0.115 | 0.02
Cs—Cs | Csp2—Csp? | 1.369 | 1.361 | 1.526 | 1.395 | -0.01 | 0.115 | 0.019
Cs—Ha Csp2—-H [ 0930 ] 1070 | 1115 [ 1.086 | 0.151 | 0.199 | 0.168
Cs—Hs Csp?—H | 0930 | 1.069 | 1.115 [ 1.086 | 0.149 | 0.199 | 0.168
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Table 6A.6: Comparative list of selected bond angles (°) of FMAPA

Variation from XRD data

':fir:;c Caetr:)tr;a' xrD | B3LYP | am1 | Mm2 (%)

B3LYP | AMI | MM2
Hi-C1-Co Csp? | 1195 | 1193 | 1208 | 1095 | -0.168 | 1076 -9.132
Hi-C1-Cy Csp? | 1194 | 1195 | 1208 | 1095 | 0084 | 1159 -9.041
C2-C1-Cs Csp? 121.2 121.1 118.2 | 110.9 | -0.083 -2.538 | -9.288
Cr-CoHo Csp? | 1197 | 1196 | 1208 | 1096 | -0.084 | 0911 -9.215
Cr-CoCa Csp? | 1206 | 1202 | 1182 | 1106 | -0333 | -2.030| -9.042
H2-Co-Cs Csp? | 119.7 | 1201 | 1208 | 109.7 | 0333 | 0911 -9.116
Co-Co-Ca Csp? | 1190 | 1193 | 1201 | 1104 | 0251 | 0916 -7.790
Co-Ca-Hs Csp? | 1205 | 1203 | 1199 | 109.6 | -0.166 | -0500| -9.945
Ho-Cs-Ca Csp? | 1205 | 1203 | 1199 | 109.6 | -0.166 | -0500] -9.945
Co-CaCs Csp? | 1200 | 1203 | 1216 | 1106 | -0499 | 0576 -9.313
Ha-Ca-Cs Csp? | 1196 | 1195 | 1191 | 1096 | -0.084 | -0420| -9.124
Co-CaHa Csp? | 1195 | 1200 | 1191 | 1097 | 0417 | -0336| -8.933
H-Ca-Co Csp? | 1196 | 1195 | 1191 | 1094 | -0.084 | -0420| -9.324
CaCo-Co Csp? | 1208 | 1210 | 1216 | 1109 | 0165 | 0658 -8.927
CaColls Csp? | 1196 | 1194 | 1192 | 1097 | 0168 | -0336| -9.025
CiCoCr Csp? | 1204 | 1213 | 1200 | 1127 | 0742 | -0333| -6.832
Cs-Co-Cr Csp? | 121.8 | 1209 | 1198 | 11L.0 | -0.744 | -1.669| -9.730
Ci-CoCa Csp? | 1176 | 1178 | 1201 | 1127 | 0170 | 2082| 5282
Cs-Cr-Co Csp? | 1148 | 1197 | 1199 | 1113 | 4094 | 4254| -3.145
Co-Cr-Co Csp? | 1250 | 1203 | 1200 | 1098 | -3.907 | -4.167 | -13.843
Co-Cr-Ca Csp? | 1201 | 1199 | 1199 | 1123 | -0167 | -0.167| -6.946
Cr-Cs-03 Csp? | 1268 | 1254 | 1199 | 1096 | -1.116 | -5.755 | -15.693
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Hs-Cs-O2 Csp? 116.6 | 118.8 120.0 | 106.3 | 1.852 2.833| -9.690
C7-Ce-Hs Csp? 116.6 | 115.6 119.9 | 1108 | -0.865 2.752 | -5.235
Hs-Co-N2 Csp? 116.8 | 116.2 120.0 | 1104 | -0.516 2.667 | -5.797
C7-Co-N2 Csp? 1264 | 1242 119.9 | 1108 | -1.771 | -5.421] -14.079
C7-Co-Hg Csp? 116.8 | 1195 120.0 | 109.0 | 2.259 2.667 | -7.156
C11-C10-C15 Csp? 118.4 | 1182 1204 | 1085 | -0.169 1.661 | -9.124
C15-C10-N2 Csp? 123.3 118.0 119.7 | 112.3 | -4.492 -3.008 | -9.795
C11-C10-N> Csp? 118.3 | 1237 119.8 | 1085 | 4.365 1.252 | -9.032
C10-C11-C12 Csp? 120.8 | 1205 119.9 | 1117 | -0.249 | -0.751| -8.147
Hi2-C12-C11 Csp? 119.6 118.6 120.0 | 109.4 | -0.843 0.333| -9.324
C10-C11-Hu1 Csp? 1196 | 120.8 119.9 | 109.6 [ 0.993 0.250 | -9.124
H12-C12-C13 Csp? 118.9 | 119.3 120.2 | 109.7 | 0.335 1.082 | -8.387
C11-C12-C13 Csp? 1222 | 1226 1195 | 1128 | 0.326 -2.259 | -8.333
C11-C12-Hi2 Csp? 119.0 | 117.9 120.2 | 105.7 | -0.933 0.998 | -12.583
C14-C13-N1 Csp? 1226 | 1206 120.1 | 109.8 | -1.658 | -2.082] -11.658
C12-C13-Ni Csp? 122.7 | 1243 120.2 | 1146 | 1.287 -2.080 | -7.068
C12-C13-C1s Csp? 1146 | 1149 119.5 | 108.6 | 0.261 4.100| -5.525
Cu3-Cus-F Csp? 118.8 | 1189 119.9 | 1105 | 0.084 0917 -7.511
Cis-Cus-F Csp? 1164 | 117.4 119.9 | 106.4 | 0.852 2.919 | -9.398
C13-C14-C15 Csp? 1248 | 1236 120.0 | 1139 | -0971 | -4.000| -9.570
Cu4-Cas-H1s Csp? 1204 | 1186 119.7 | 108.1 | -1.518 | -0.585] -11.378
C10-C15-C1s Csp? 119.1 | 119.9 1204 | 111.2 | 0.667 1.080 | -7.104
C10-C1s-Hus Csp? 120.5 121.3 119.7 | 110.0 | 0.660 -0.668 | -9.545
Hisa-C16-C17 | Csp® 109.6 | 108.9 86.9 | 1095 | -0.643 | -26.122| -0.091
Hisa-Ci6-Hisg |  Csp? 108.1 | 107.9 137.9 | 1064 | -0.185 | 21.610| -1.598
Hi6a-C16-N1 Csp® 109.6 | 108.0 87.1 | 1117 | -1.481 | -25.832| 1.880
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Ci7-Cis-Hisz | Csp® 109.6 | 110.8 774 | 111.2 | 1.083 | -41.602| 1.439
C17-C16-N1 Csp® 1104 | 1108 1338 | 112.3 [ 0.361 | 17.489[ 0.809
Ni-Cie-Hig | Csp? 109.5 | 110.0 769 | 111.7 | 0455 | -42.393| 1.970
Hi7a-C17-01 | Csp? 109.1 | 106.2 1104 | 109.4 | -2.731 1.178 | 0.274
Ci6-C17-Hiza | Csp? 109.1 | 110.8 111.4 | 1105 | 1.534 2.065| 1.267
Hi7a-Ci7-His | Csp? 107.9 | 1085 109.0 | 107.6 | 0553 1.009 [ -0.279
C16-C17-O1 Csp® 1123 | 1111 106.1 | 1104 | -1.080 | -5.844| -1.721
Hi7-C17-O1 | Csp® 109.1 | 1101 110.3 | 107.4 | 0.908 1.088 | -1.583
Ci6-Ci7-Hize |  Csp® 109.1 | 109.8 109.3 | 1075 | 0.638 0.183 | -1.488
Higa-C1s-O1 | Csp?® 109.2 | 106.3 108.3 | 1074 | -2.728 | -0.831| -1.676
C19-C15-O1 Csp® 112.3 | 1105 109.8 | 110.2 | -1.629 | -2.277[ -1.906
Hiee-C1s-O1 | Csp® 109.1 | 109.9 110.3 | 1074 | 0.728 1.088 | -1.583
Higa-C1s-C1o | Csp® 109.1 | 110.8 108.8 | 1104 | 1534 | -0.276| 1.178
Hisa-C1s-His |  Csp® 107.9 | 1084 | 1095 | 107.6 | 0.461 1461 -0.279
H1sg-C1s-C1g Csp® 109.1 110.6 109.8 | 111.4 | 1.356 0.638| 2.065
Ci1s-Cio-Hion | Csp® | 109.4 | 108.0 107.8 | 107.3 | -1.296 | -1.484[ -1.957
Hioa-C1o-N1 | Csp® | 109.4 | 107.3 109.9 | 1103 | -1.957 0.455 | 0.816
Hioa-C1o-Hios [  Csp? 108.0 | 1074 | 1095 | 1085 | -0.559 1.370 | 0.461
C1s-C1o-N1 Csp® | 1111 | 1121 1100 | 1109 [ 0.892 | -1.000| -0.180
Cis-Cao-Hios | Csp® 109.4 | 1117 110.8 | 108.6 | 2.059 1.264 | -0.737
Ni1-Cio-Hie | Csp? 109.5 | 109.9 108.6 | 111.0 | 0364 | -0.829| 1.351
C16-N1-Cig Nsp® | 109.6 | 1107 1053 | 108.2 | 0.994 | -4.084| -1.294
C13-N1-Cis Nsp* | 1147 | 119.9 108.8 | 109.9 | 4.337 | -5.423[ -4.368
C13-N1-Cig Nsp® | 1157 | 120.1 111.3 | 1149 | 3.664 | -3.953| -0.696
C10-N2-Han Nsp® | 1170 | 119.2 119.9 | 1085 | 1.846 2419 | -7.834
Ce-N2-C1o Nsp* | 126.0 | 127.6 120.1 | 1127 | 1.254 | -4.913] -11.801
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Co-N2-Han Nsp? 117.0 113.0 119.9 | 109.0 | -3.540 2419 -7.339
C17-01-Cus Osp? 108.8 1115 1124 | 110.8 2.422 3.203 1.805
Table 6A.7: Comparative list of selected torsional angles (°) of FMAPA
Atomic string XRD B3LYP | AM1 MM?2
Angle | (*) Angle *) Angle *) Angle *)
H17a-C17-01-Css -61.5 | -sc +179.7 | +ap +163.1 +ap +179.5 +ap
C16-C17-01-Cag +59.6 | +sc +59.0 +sC +42.1 +sC +58.9 +sC
H178-C17-01-Cis -179.2 | -ap -62.9 -SC -76.2 -SC -63.5 -SC
H17a-C17-C16-Hies | -58.2 -SC -55.1 -SC -66.0 -SC -173.8 -ap
H17a-C17-C16-Hiea | -176.7 | -ap +63.5 +sC +153.2 +ap +61.0 +sC
Hi17a-C17-C16-N1 +62.6 | +sc -173.9 -ap -149.0 -ac -176.2 -ap
01-C17-C16-H1en -179.3 | -ap +62.7 +sC +54.3 +sC +64.4 +sC
01-C17-C16-Hisa +62.2 | +sc -178.5 -ap -86.4 -SC -176.2 -ap
01-C17-C16-N1 -58.6 | -sc -56.0 -SC -28.7 -Sp -57.5 -SC
H178-C17-C16-Hies | +59.5 | +scC -175.1 -ap +173.4 +ap -58.5 -SC
Hi178-C17-C16-Hisa | -59.0 -SC -56.4 -SC +32.6 +SC -72.0 -SC
H178-C17-C16-N1 -179.7 | -ap +66.1 +SC +90.3 +ac +64.2 +SC
C17-01-C18-H1sa -179.5 | -ap -178.3 -ap +175.8 +ap +179.9 +ap
C17-01-C18-Ca9 -58.3 | -sc -57.9 -SC -65.3 -SC -59.6 -SC
C17-01-C18-H1ss +62.8 | +sc +64.4 +scC +55.9 +sC +63.3 +sC
Hi1ee-C16-N1-Cig +174.7 | +ap | -66.7 -SC -52.3 -SC -66.1 -SC
Hi6s-C16-N1-Ci3 -53.3 | -sc +146.4 | +ac -171.7 -ap +60.1 +SC
C17-C16-N1-Cao +53.9 | +sc +52.6 +scC +30.6 +sC +55.4 +sC
C17-C16-N1-Cy3 -174.0 | -ap -94.2 -ac -88.8 -SC -178.2 -ap
Hi6a-C16-N1-C19 -66.9 | -sc +175.6 | +ap +88.4 +sC +175.7 +ap
Hi6a-C16-N1-C13 +65.2 | +sc +28.7 +sp -30.9 -SC -57.8 -SC
01-C18-C19-C19a 1775 | +ap |-62.9 -SC -53.6 -SC -63.4 -SC
01-C18-C19-N1 +56.6 | +sc +55.0 +sC +66.3 +sC +58.8 +sC
01-C18-C19-Hios -64.4 | -sc +179.0 | +ap -173.4 -ap +179.4 +ap
Hisa-C1s-C1o-Hioa | -61.3 | -sC +54.7 +sC +64.9 +sC +57.6 +sC
Hisa-C1s-C10-N1 +177.8 | +ap | +172.7 | +ap -175.1 -ap +177.4 +ap
Higa-C18-C1o-Hios | +56.8 | +sc -63.2 -SC -54.9 -SC -61.9 -SC
Hige-C18-C19-Hioa | +56.4 | +sC +175.0 +ap -175.1 -ap -172.8 -ap
H1gg-C18-C19-N1 -64.5 | -sc -66.9 -SC -55.2 -SC +174.7 +ap
Higg-C18-C19-Hios | +174.5 | +ap +57.0 +sC +64.9 +sC +57.6 +sC
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C16-N1-C19-H1oa -174.0 | -ap +65.8 +sc +74.9 +sC +78.2 +sC
C16-N1-C19-Cig -53.1 | -sc -52.6 -SC -43.6 -SC -56.0 -SC
C16-N1-C19-H1os +67.9 | +sc -177.5 -ap -165.1 -ap -174.8 -ap
C13-N1-C19-Hioa +54.4 | +sc -147.3 -ac -167.2 -ap +61.8 +sC
C13-N1-C19-Css +175.4 | +ap | +94.1 +ac +74.1 +sC -179.3 -ap
C13-N1-C19-H198 -63.7 | -sc -30.7 -SC -47.3 -SC -58.4 -SC
C16-N1-C13-Cu4 +54.9 | +sc -53.6 -SC -32.0 -SC +92.1 +ac
C16-N1-C13-C12 -128.3 | -ac +130.4 | +ac +148.0 +ac -145.1 -ac
C19-N1-C13-Ci4 -176.0 | -ap +162.5 | +ap -147.6 -ac -145.1 -ac
C19-N1-C13-Cy2 +0.8 +sp -13.2 -sp +32.3 +sC -22.7 -sp
N1-C13-Cus-F +3.9 +sp +2.0 +sp +0.1 +sp -60.5 -SC
N1-C13-C14-Cis -179.0 | -ap -177.2 -ap -179.9 -ap +179.6 +ap
C12-C13-Cus-F -173.1 | -ap +178.2 | +ap -179.9 -ap +173.4 +ap
C12-C13-C14-Cys +3.9 +sp -1.0 -sp +0.1 +sp +53.6 +sC
N1-C13-C12-H12 +0.3 +sp -5.3 -sp -0.1 -Sp +66.8 +sC
N1-C13-C12-C11 -179.7 | -ap +176.0 +ap +179.9 +ap +175.5 +ap
C14-C13-Cr2-H12 +177.4 | +ap | +178.6 | +ap +179.9 +ap -169.9 -ap
C14-C13-C12-C11 -2.7 -sp +0.1 +sp -0.1 -Sp -52.2 -SC
F-C14-C15-His -4.6 -sp -0.1 -Sp -0.1 -Sp +59.2 +sC
F-C14-C15-C1o +175.5 | +ap | -177.7 -ap +179.9 +ap -179.8 -ap
C13-C14-C15-Hss +178.3 | +ap | +179.2 | +ap +179.9 +ap -178.7 -ap
C13-C14-C15-Cao -1.6 -sp +1.5 +sp -0.1 -Sp -57.8 -SC
C14-C15-C10-C11 -2.1 -sp -0.9 -sp -0.1 -Sp +56.9 +SC
C14-C15-C10-N2 -178.8 | -ap +179.5 | +ap +179.9 +ap +177.0 +ap
H15-C15-C10-C11 +178.0 | +ap | -178.6 -ap +179.9 +ap +176.3 +ap
H15-C15-C10-N2 +1.3 +sp +1.9 +sp -0.1 -sp -63.2 -SC
C13-C12-C11-Cyo -0.7 -sp +0.4 +sp +0.1 +sp +56.1 +SC
C13-C12-C11-Hu1 +179.3 | +ap | +178.2 | +ap -179.9 -ap +177.7 +ap
H12-C12-C11-C1o +179.2 | +ap -178.1 -ap -179.9 -ap +176.1 +ap
H12-C12-C11-Hua -0.8 -sp -04 -sp +0.3 +sp -62.2 -SC
C12-C11-C10-C1s5 +3.2 +sp +0.2 +sp -0.1 -Sp -56.5 -SC
C12-C11-C10-N2 -179.9 | -ap +179.4 | +ap +179.9 +ap -178.9 -ap
H11-C11-C10-Cis -176.8 | -ap -177.7 -ap +179.9 +ap -178.0 -ap
H11-C11-C10-N2 +0.1 +sp +1.7 +sp +0.1 +sp +59.5 +SC
C15-C10-N2-Han +166.2 | +ap | +11.9 +sp +0.1 +sp -167.7 -ap
C15-C10-N2-Co -13.8 | -sp -166.3 -ap -179.9 -ap +71.3 +SC
C11-C10-N2-Hon -10.6 | -sp -167.4 -ap -179.8 -ap -47.7 -SC
C11-C10-N2-Co +169.4 | +ap +14.2 +sp +0.2 +sp -168.6 -ap
C10-N2-Co-Ho -5.8 -sp +1.9 +sp +0.1 +sp -73.6 -SC
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C10-N2-Co-Cr +174.2 | +ap | -179.6 -ap -179.8 -ap +165.3 +ap
Han-N2-Co-Hg +174.2 | +ap | -176.5 -ap -179.8 -ap +165.7 +ap
Hon-N2-Co-Cr -5.8 -sp +1.9 +sp +0.1 +sp +44.7 +sC
N2-Co-C7-Csg +1746 | +ap |-0.3 -sp +90.1 +ac +177.1 +ap
N2-Co-C7-Cs -8.3 -sp +179.2 | +ap -89.9 -SC -57.7 -SC
Ho-Co-C7-Cs -5.4 -sp +178.0 | +ap -89.9 -SC +55.3 +sC
Ho-Co-C7-Co +171.7 | +ap |-2.3 -Sp +90.1 +ac -179.5 -ap
02-Cs-C7-Co -177.9 | -ap -1.3 -Sp -90.1 -ac -172.4 -ap
0,-Cs-C7-Cs +4.9 +sp +179.0 | +ap +89.9 +sC +63.8 +sC
Hg-Cs-C7-Co +2.0 +sp +177.7 | +ap +89.6 +sC +55.3 +sC
Hs-Cs-C7-Co -175.2 | -ap -1.9 -Sp -90.1 -ac -179.0 -ap
Co-C7-C6-C1 -48.4 | -sc -41.25 -SC -90.2 -ac -82.4 -ac
Co-C7-C6-Cs +136.4 | +ac +138.8 | +ac +89.7 +sC +151.1 +ap
Cs-C7-Ce-C1 128.6 | +ac +138.3 | +ac +89.7 +sC +42.1 +sC
Cg-C7-C6-Cs -46.7 | -sc -41.5 -SC -90.2 -ac -84.2 -SC
C7-Ce-C1-H1 +5.4 +sp -2.3 -sp -0.1 -Sp +58.2 +sC
C7-C6-C1-C2 -174.5 | -ap +179.3 | +ap -179.9 -ap +179.2 +ap
Cs-C6-C1-H1 -179.2 | -ap +177.5 | +ap +179.9 +ap -175.7 -ap
Cs-Ce-C1-C2 +0.9 +sp -0.8 -sp -0.2 -Sp -54.7 -SC
C7-C6-Cs-Hs -5.1 -sp -1.8 -Sp +0.1 +sp -56.9 -SC
C7-C6-Cs5-Cy +174.8 | +ap | +179.7 | +ap -179.9 -ap -178.2 -ap
C1-Ce-Cs-Hs +179.5 | +ap | +178.2 | +ap -179.9 -ap +176.0 +ap
C1-Cs-Cs5-Cs -0.6 -sp -0.1 -sp +0.1 +sp +54.8 +SC
H1-C1-Ca-H2 -0.5 -sp +1.6 +sp -0.1 -Sp -61.6 -SC
H1-C1-C2-C3 +1795 | +ap |-177.2 -ap +179.9 +ap +177.0 +ap
Ce-C1-Co-H2 +179.3 | +ap | +179.9 | +ap +179.9 +ap +177.2 +ap
Cs-C1-C2-C3 -0.6 -sp +1.1 +sp -0.1 -Sp +56.0 +SC
Cs-Cs-Cs-Cs -0.1 -sp +0.8 +sp -0.1 -Sp -56.2 -SC
Ce-Cs5-Cs-Hs +179.9 | +ap | +179.8 | +ap +179.9 +ap -177.4 -ap
Hs-Cs-Cs-Cs +179.9 | +ap | -177.6 -ap +179.9 +ap -177.2 -ap
Hs-Cs-Cs-Ha -0.1 -sp +1.4 +sp -0.1 -Sp +61.0 +SC
C1-Co-C3-Cs -0.6 -sp -04 -sp +0.1 +sp -57.8 -SC
C1-C2-C3-Hs +180.0 | +ap | +179.4 | +ap -179.9 -ap -178.8 -ap
H2-C2-Cs-Cy +180.0 | +ap | -179.2 -ap -179.9 -ap -178.9 -ap
H>-C>-C3-Hs 0.0 sp +0.5 +sp 0.0 sp +60.0 +SC
Cs-Cs-C3-Co +0.9 +sp -0.5 -sp -0.1 -Sp +57.8 +sC
Cs-Cs-C3-H3 -179.6 | -ap +179.6 | +ap +179.9 +ap +178.8 +ap

* The conformations were designated by Klyne-Prelog termsusing s = syn, a = anti, p = peri-planar

(0+30°& 180+30°) and all other angles ¢ = clinal, and + & - signs.
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Figure 6A.29: HOMO and LUMO orbitals of FMAPA obtained from different modelling

platforms

6A.7 Hirshfeld Surface Analysis:

Figure 6A.30 is obtained by mapping dnorm over the Hirshfeld surface’ over a range of -
0.4786 to 1.8997 A. Strong acceptor-donor intermolecular hydrogen bond interactions appear at
02----H11-C11, Cg-02----Hon, C12-H12----C1, and C12-Hio----Ce are indicated as bright red color
spots. The relative percent Hirshfeld surface area contributions of various intermolecular
interatomic interactions are shown in Table 6A.8. Figure 6A.31 shows the finger print plots® of
FMAPA. This and Figure 6A.32 together suggest some H'""H interactions as the strongest, with
nearly 46.9% surface concentration. The O--"H/ O ""H contacts contribute approximately 14.9%
with two spikes at a de + di value of ~1.18 A, the F-*"H/ H'"*'F contacts contribute approximately
8.5% with a de + di value of ~1.5 A and the C~"H/ H-"C contacts contribute approximately
23.0% with a de + di value of ~1.58 A. The contributions of all other intermolecular interatomic

interactions are less than 8%.
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Figure 6A.30: Hirshfeld dnorm surface of FMAPA showing intermolecular hydrogen bonding
interactions
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Figure 6A.31 Hirshfeld finger print plots of FMAPA

Table 6A.8: Intermolecular Hirshfeld inter-atomic interaction percentages

Interaction Contribution (%)
C-C 3.3
C-H/H-C 23.0
C-N/N-C 0.8
C-0/0-C 0.2
C-F/F-C 0.2
H-H 46.9
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Figure 6A.32: Relative contributions of different intermolecular contacts to the Hirshfeld
surface area of FMAPA
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Figure 6A.33: Hirshfeld surface maps of FMAPA represented by modes

The presence of interaction is indicated by the pattern of neighboring red and blue triangles
that are displayed on the shape index surfaces of FMAPA (Figure 6A.33 (a)) and the
corresponding curvatures of the surfaces on the same side of the molecule through large and flat

green regions on it (Figure 6A.33 (b)). The electrostatic potential generated by the HF/3-21G basis

set is depicted with red representing negative electrostatic potential (hydrogen acceptors) and blue

representing positive electrostatic potential (hydrogen donor) (Figure 6A.33 (d)).
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The surface parameters of shape index and curvedness are used to determine the molecular
arrangements in the crystal. The measures of shape index and curvedness describe the local shape
in terms of principal curvatures. The flat regions on the curvedness Figure 6A.33 (c) plot reflect
planar molecule stacking. The arrangement of red and blue triangles on the contour index map
demonstrates the typical property of m-n interactions. The molecule is clearly stacked in a planar

way since it has flat portions on the curvedness map.
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Figure 6A.34: Pair-wise intermolecular interactions in FMAPA (viewed along the ¢ axis)

Table 6A.9: Pair-wise intermolecular interaction energies of FMAPA

N |Symop R Electron density |E_ele|E_pol|E_dis|E_rep|E_tot
1]-x, -y, -z 15.89|HF/3-21G -11.6] -1.0f -4.9 0.0] -16.9
2|-x, y+1/2, -z+1/2 | 8.62|HF/3-21G 0.7] -04| -41 0.1] -3.2
2|-x, y+1/2, -z+1/2 | 6.54|HF/3-21G -9.9| -5.8| -38.9| 16.6]-35.4
2%, -y+1/2, z+1/2 | 13.56|HF/3-21G 1.1 -0.7] -9.6 0.0] -7.9
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I 2[-x, y+1/2, -z+1/2

1|x, -y+1/2, z+1/2 | 16.76|HF/3-21G -20| -1.9] -88 0.0] -11.2
1]-x, -y, -z 10.11|HF/3-21G -2.7| -1.4] -23.0 7.5]-18.3
1]-x, -y, -z 13.86|HF/3-21G 20| -0.21 -7.3 0.0] -4.7
2|x,y,2 6.22|HF/3-21G -9.0| -3.6] -69.0] 32.5]-47.2
Energy Model k_ele |k _pol |k _disp|k_rep
CE-HF ... HF/3-21G electron densities 1.019]1 0.651| 0.901] 0.811
CE-B3LYP ... B3LYP/6-31G(d,p) electron densities| 1.057| 0.740| 0.871| 0.618
9.41|HF/3-21G -44.31 -15.4| -29.4| 35.2|-53.0

The scaling parameters for evaluated energies for HF/3-21G are Keie = 1.019, kpot = 0.651,
Kagisp = 0.901, and Krep = 0.811; -75.7 kdmol?, -195 kdmol?, -30.4 kJmol?, and 91.9 kJmol?,

respectively, are the energies of electrostatic, dispersion, polarization, and repulsion interactions.

Figure 6A.34 shows the molecular pair-wise interactions in the FMAPA crystal. The total energy

is -197.8 kdmol™. The chemical pair-wise interaction energies are listed in Table 6A.8. R stands

for the distance between the mean atomic locations. Dispersion energy dominates electrostatic

energy. Molecular packing is depicted in Figure 6A.35 along the a, b, and c axes, which

correspond to coulomb energy (red), dispersion energy (green), and total energy (blue). The size

of the cylinders in the energy frameworks represents molecular packing and the strength of the

interaction energy”.
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Figure 6A.35: Crystallographic axis-wise modes of intermolecular energies in FMAPA

6A.8 Molecular Docking Studies of FMAPA and FMAMC:

EGFR-TK (pdb id: 1m17) belongs to the epidermal growth factor receptor family'®. Excess
EGFR expression results in anal cancer and epithelial malignancies of the neck and head. We chose
the protein receptor EGFR as a target for molecular docking by the FMAPA and FMAMC.
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Figure 6A.36: Molecular docking interactions of FMAPA and FMAMC with EGFR-TK
protein; (a) 3D depiction of ligand-receptor binding interactions and (b) 2D representation of
different forms of interactions with amino acid residues

The molecule FMAPA has a binding energy of -8.7 kcal mol* and docks to the EGFR
through eight hydrogen bonds with the protein amino acid residues of ARG817, ALA840,
ARG865, ASP813, LEU838, there are two halogen interaction in the LEU838, ALA835 and eight
hydrophobic interactions in the PHE699, ALA840, VAL852, ALA835, LEU838, PRO853 amino

acid residues are shown in Figure 6A.36.

The molecule FMAMC has a binding energy of -8.3 kcal mol™ and docks to the EGFR
through, three electrostatic interactions with the protein amino acid residues of ASP831, ASP831
and five hydrogen bonding interactions with ARG817, GLU734, and GLU738. There are six
hydrophobic interactions in the PHE699, ALA731, CYS773 and LEU820 amino acid residues,

which are shown in Figure 6A.36.
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PART B

SPECTRAL, SINGLE CRYSTAL XRD AND COMPUTATIONAL
CHEMISTRY STUDIES OF FFMPMC AND FFMMMC

SECTION -B1

6B.1 Analytical Characterization of FFMPMC and FFMMMC:
Table 6B.1 shows the physical and analytical characteristics of the FFMPMC and
FFMMMC. The data is stoichiometrically matched with the formulae shown in Figure 6B.1.

Table 6B.1: Analytical data” of FFMPMC and FFMMMC

Molecular Elemental analysis*
Weight 1 osc | 96H [ %N | %0
66.92 |5.87 |858 |9.80

(67.05) | (5.95) | (8.72) | (9.87)
5584 |5.19 |8.79 |17.84
(55.91) | (5.34) | (8.92) | (17.97)

#data in parenthesis are calculated ones; * data limited to integral values

Compound | M.P (°C) | Molecular formula

FFMPMC 187-189 C2oH30F2N40O2 504.57

FFMMMC | 166-168 | C2oH32CIF2N4*O77 | 622.03

6B.2 Mass Spectra of FFMPMC and FFMMMC:

Figure 6B.2 shows the mass spectra of the FFMPMC and FFMMMC. The molecular
formulas of FFMPMC and FFMMMC, which are 505.24 and 535.25, respectively, match the
M+1 base peak.

FFMPMC FFMMMC

Figure 6B.1: Structures of FFMPMC and FFMMMC
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Figure 6B.2: Mass Spectra of FFMPMC and FFMMMC

6B.3 IR Spectral Studies of FFMPMC and FFMMMC:

Figure 6B.3 shows the infrared spectra of FFMPMC and FFMMMC. FFMPMC: 3444
br (N-H), 3000-3065 s (=N-H in aromatic), 2860-2960 s (aliphatic C-H), 1605 s (C=N), 1515 s
(=C-H in aromatic), 1112 s (C-O in morpholine). FFMMMC: 3444 br (N-H), 3000-3057 s (=N-
H in aromatic), 2821-2980 s (aliphatic C-H), 1655 s (C=N), 1516 s (=C-H in aromatic), 1110 s (C-

O in morpholine).
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Figure 6B.3: IR Spectra of FFMPMC and FFMMMC

6B.4 NMR Spectral Studies of FFMPMC and FFMMMC:

The 'H NMR spectra of FFMPMC and FFMMMC is shown in Figure 6B.4. In the
FFMPMC H-NMR spectrum, imine CH=N- protons show chemical shift values of 8.71 and
10.85 ppm as a doublet. Chemical shift values for the remaining aromatic hydrogens range from
7.10 to 7.63 ppm. Eight morpholine ring protons show up together at 3.01-3.76 ppm. In the
FFMMMC H-NMR spectrum, imine CH=N- protons shows chemical shift values of 9.59 and
12.09 ppm as a doublet. Chemical shift values for the remaining aromatic hydrogens range from
7.26 to 6.82 ppm. Three methoxy protons and eight morpholine ring protons show up together at
3.88-3.83 ppm. Morpholine (CH2 N-) protons appear in two chemical shift zones, 3.05 and 1.59
ppm.

The ¥C NMR spectra of FFMPMC and FFMMMC is shown in Figure 6B.5. In the
FFMPMC, the imine C=N- carbons' spin-decoupled *C-NMR spectral line appears at 158.71
ppm and 153.42 ppm. Carbons of morpholine (-CH2-N-) are shown at 55.85 and 50.91 ppm, while
carbons of morpholine (-CH2-O-) appear at 66.56 ppm. In the FFMMMC, the imine C=N-
carbons' spin-decoupled *C-NMR spectral line appears at 164.79 ppm and 160.17 ppm. At 66.46
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ppm, methoxy carbon (-O-CHs) can be found. Carbons of morpholine (-CH>-O-) are shown at

55.35 and 51.03 ppm, while carbons of morpholine (-CH>-N-) appear at 49.31 and 39.59 ppm.
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Figure 6B.4: 'H-NMR Spectra of FFMPMC and FFMMMC
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FFMPMC

FFMMMC

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

Figure 6B.5: *C-NMR Spectra of FFMPMC and FFMMMC

6B.5 Fluorescence Studies of FFMPMC and FFMMMC:

The FFMPMC and FFMMMC luminisence spectra are presented in Figure 6A.5. Green
light emission provides broad emission peaks at 466 and 522 nm, respectively, which corresponds
to electron transfer from the azomethelene group to the benzene ring via the single bond. The band
gap energy was calculated to be around 2.69 and 2.37 eV for FFMPMC and FFMMMC,
respectively. The reason that its absorption (excitation) and fluorescence (emission) peaks at ~500

nm are so close suggests that there is no inter-system crossing or molecular vibrational relaxation
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process in the visible region. These powerful peaks can be used to analyse FFMPMC and
FFMMMC photometrically.

450
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Figure 6B.6: The solid state absorption (black) and emission (red) spectra of FFMPMC and
FFMMMC

6B.6 Tautomerization and Potentiometric Titration of FFMPMC and FFMMMC:

Both FFMPMC and FFMMMC are found to exhibit tautomeric proton exchange
equilibrium in agueous media**. A generalized schematic is shown in Scheme 6B.1. In order to
ascertain whether these Schiff bases act as amphoteric systems as shown in Scheme 6B.1,
potentiometric pH titration was carried out*-.
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In a 100 ml beaker, 5x 10* M of FFMPMC in DMSO (20 ml) was added after arranging
a titration system with 0.07 M HCI in the burette. As HCI was added, a pH meter was used to keep
a record of the pH of the solution. HCIl was added in 0.5ml increments until the pH values
plateaued. At several such compositions the uv-visible spectra were also recorded. The titration
curve was drawn using the volume of HCI used and the pH for each addition of HCI. Using a 0.07
M NaOH solution, the same procedure was followed. Figure 6B.7 shows the titration curves of
FFMPMC with NaOH and HCI. The sigmoidal curves obtained from both titrations of ligand
with HCI and NaOH gave an isosbestic point at 5.2 ml. The calculated pKa and pKb values of the
ligand FFMPMC are 10.4 and 3.6.

QN N/O QN N/O Q /O Q D

"I " Ko - HY I Kr,
Kp+ H* H

Q,.9 O 0 QDQD

2‘ N| HN Kr,

Volume

Figure 6B.7: Acid-base pH metric titration curve for the titration of FFMPMC (5x10™
M)
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6B.7 Crystal Structure Analysis of FFMMMC:

Figure 6B.8 shows the single crystal XRD structure of FFMMMC. We could not obtain
single crystals for FFMPMC suitable for molecular structure determination. FFMMMC
crystallizes in a centrosymmetric triclinic P-1 space group with two molecules in a one-unit cell.
Table 6B.2 has the relevant XRD data. Figure 6B.9 shows a graph of reflection angle vs. intensity.
The unit cell is presented in three different configurations along each of the three crystallographic

axes in Figure 6B.10. Intermolecular hydrogen bonding is seen in Figure 6B.11.

Figure 6B.8: XRD- Platon diagram of FFMMMC with atom-numbering
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Figure 6B.9: X-Ray diffraction intensity as a function of angle (°) of reflection
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Figure 6B.10: Unit cells of FFMMMC (A) and FMMC (B) seen along crystallographic (a) a-
axis (b) b-axis (c) c-axis
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Figure 6B.11: Crystal packing diagram of FFMMMC showing the two dimesitional
layer structure with O-H...N intramolecular hydrogen bonding
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Table 6B.2: X-ray crystallographic data of FFMMMC

CCDC 2181236
Empirical formula C30H32F2N4O3
Formula weight 534.59
color/shape Orange needle
Temperature, K 296 K

Crystal system P-1

Space group Triclinic

Unit cell dimensions, A

a = 10.1165(8); b = 12.6191(13); ¢ = 14.9201(18)

a=107.643(5); B = 109.756(3); y = 99.105(3)

Volume, A3 1634.5(3)

Z 2

Density, Mg/m® 1.319
Absorption coefficient, mm™ 0.182
Reflections collected/unique 13642/ 7315

0 range for data collections 1.570 — 28.377°
F (000) 676

Limiting indices

-13<h<8;-16<k<16;-19<1<19

Goodness-of-fit on F?

1.027

Final R indices [I >2c (1)]

R1=0.0822, wR> = 0.2443

R indices (all data)

R1=0.1390, wR> = 0.3011

Largest diff. peak and hole (eA)

0.735 and -0.457
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SECTION-B2

6B.8 Correlation of the X-Ray Crystallographic and Computational Molecular Modelled
Data of FFMMMC and FFMPMC:

The crystal structure of FFMMMC reveals that it is in a quaternary ammonium cationic
form with a perchlorate counter anion. In Scheme 6B.1, the tautomer’s of FFMMMC are shown.
As a result, its structural characteristics in free molecular FFMMC and in protonated form are
likely to differ in many structural and geometric parameters. We performed computational
investigations on the molecule FFMMMC in its free form (gaseous state) in order to understand
the quantum mechanical aspects and structural parameters of the molecule. The Austin Model-1
(AM1) semi-empirical method and the ChemSoft MM2 method that generates energy-minimized
molecules by a force field Self-Consistent Field (SCF) approach, besides a structure from a more
reliable and advanced density functional theory (DFT) applicable for many-electron and many-
atom molecular systems, are employed to arrive at the structural features of FFMMMC. Similar
calculations have been accomplished on the tautomers of the protonated form of it. The DFT
method is taken as the more reliable one because it takes into consideration all those criteria of
AM1 and MM2 besides various inter-electronic interactions through functional (rather than simple
electronic wave functions), famously known as the B3LYP (Becke, 3-parameter, Lee—Yang—Parr)
method. We compare the experimental single crystal XRD data with the molecular structure data
obtained from various competing and progressing platforms, to correlate the geometry of
FFMMMC in free and solid state forms. This experiment would also serve as evidence of the

above-mentioned three computational approaches with regard to their consistency and usability.

Tables 6B.4, 6B.5 and 6B.6 display the bond lengths, bond angles, dihedral angles, and
torsional angles generated from single crystal XRD studies of FFMMMC. Though the effect of
the perchlorate ion is not considered in the modelled structures, the tabulated computational values
are in good agreement with the results of experimental XRD data. Wherever any larger deviations
are found, they are attributable to the reality that XRD studies are for a multi-molecular solid state
material with intermolecular and interionic interactions, whereas the modelled data, particularly
those from MM2 and AML1, are for an isolated cationic form. In these tables, the Klyne-Prelog
nomenclature has been adopted such that s = syn, a = anti, p = peri-planar (0+300 and 180+300),

and ¢ = clinal.
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A careful examination of Table 6B.4 reveals that B3LYP's deviations from theoretically
calculated bond lengths are quite small and, as expected, are in better agreement with empirical d
ata than the other two methods used, MM2 and AML1.

Table 6B.5 displays important selected bond angles at various regions of the FFMMMC.
Because of the 3-dimensional and all-single-bonded torsional and spanning nature of C-sp3, the
bond angles, arrived at by modelling and those obtained from XRD studies, differ marginally.
Table 6B.6 shows a variation of dihedral angles. According to both computational and
experimental data, the methoxy benzene moiety is nearly perpendicular to the remaining molecular
skeleton. Many of the dihedral angles obtained by XRD correlate quite well with those calculated.
The values acquired from the DFT/B3LYP appear to be in greater agreement with the experimental
data than those generated from the other two platforms, namely, AM1 and MM2, in almost all
situations of computational approaches, as expected. The dihedral angles of H11-C11-C12-H12 and
N4-C13-C14-Cys5 are shifted from +sp to +ap using the AM1, MM2, and B3LYP methods, whereas
the dihedral angles of C7-C>-Cs-H3z and N4-C13-C14-Cys are shifted from —ap to +ap. Hz-C3-Cs-Cs
conformation +ap changed to —ap, while C3-Cs-Cs-Ce conformation +sp changed to —sp. Haea-Cog-
Cao0-Hzos conformation +sc changed to —sc. In all approaches, the —sc conformation of Higg-Cis-
C19-N4 was transformed to +ac while the conformation —sc of Ce-Cs-Cs-Coo turned out to be +ac
on B3LYP, to —sc on AM1, and to +sp on AM1. The conformation, +sp, of C20-Cs-Ce-Hy is found
to be -sp on B3LYP but -ap on both AM1 and MM2 platforms, whereas the -ap of C20-Cg-Co-Hy
to +ap on both B3LYP and AML1 but to -sp on MM2 and the -sp of Cs-C¢-C7-H7 to +ap on B3LYP
and AML1 but to +sp on MM2.

In Table 6B.7 and Table 6B.8 are placed a set of structural parameters of bond lengths,
bond angles and dihedral angles excerpted from Table 6B.4, Table 6B.5 and Table 6B.6 at the
core of the molecule shown in Figure 6B.13. Though in the gaseous state and as a solute in certain
possible solvents, the molecule, FFMMMC, is expected to exhibit tautomeric equilibrium as
mentioned in Scheme 6B.1, it would settle into the most stable form in the solid state, governed
by many aspects, including intermolecular and interionic interactions. A few years back, a series
of compounds with a core moiety similar to the one shown in Figure 6B.13 were investigated
theoretically on B3LYP simulation to evaluate the tautomeric equilibria in the gaseous state and

in some selected solvents®®. The results were compared to the experimental solid state structural
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data of two synthesized compounds. Global minimized structures of FFMMMC ligand is depicted
at Figure 6B.12. The numbering adaptation is shown in Figure 6B.12 for subsequent reference in
the discussion. To visualize the molecular disposition in space and to provide a 3D visual of it,
the anaglyph picture and stereographic representation of the FFMMMC are given in Figure 6B.13
and Figure 6B.14, respectively. Conformational analysis plots of FFMMMC are shown in Figure
6B.15 through Figure 6B.30. The HOMO and LUMO molecular orbitals and their corresponding
energies of FFMMMC are shown in Figure 6B.31. Despite the fact that the MOs' absolute
energies are considerably different, the band gap between the HOMO and LUMO of FFMMMC
in the AM1, B3LYP, and MM2 computational methods is around 0.19, 0.135, and 0.992 eV,
respectively. Table 6B.3 shows important molecular energy data obtained from three different
computational platforms. A detailed look at the crystallographic data of FFMMMC indicates that
all the carbon and nitrogen atoms are predominantly in their sp? hybridization, suggesting that the

core moiety shown in Figure 6B.31 is essentially planar.

Figure 6B.12: MM2-energy-minimized structure of FFMPMC (keto form)
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Figure 6B.13: MM2-energy-minimized anaglyph structure of FFMPMC (keto form)

Figure 6B.14: Stereographic projection of MM2-minimized structure of FFMPMC (enamine
form) obtained from ChemDrawPro
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Figure 6B.23: Double dihedral torsional energy Surfer plot of FFMPMC (keto form) C8-C7 (on
axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 6B.12 for numbering
of the atoms)
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Figure 6B.24: Double dihedral torsional energy Grapher plot of FFMPMC (keto form) C8-C7
(on axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 6B.12 for
numbering of the atoms)
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Figure 6B.25: Double dihedral torsional energy Surfer plot of FFMPMC (keto form) C6-C7 (on
axis shown in blue) and C7-C8 (on axis shown in red) bonds (Refer Figure 6B.12 for numbering
of the atoms)
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Figure 6B.26: Double dihedral torsional energy Grapher plot of FFMPMC (keto form) C6-C7
(on axis shown in blue) and C7-C8 (on axis shown in red) bonds (Refer Figure 6B.12 for
numbering of the atoms)
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Figure 6B.27: Double dihedral torsional energy Surfer plot of FFMPMC (keto form) C6-C7 (on
axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 6B.12 for numbering
of the atoms)
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Figure 6B.28: Double dihedral torsional energy Grapher plot of FFMPMC (keto form) C6-C7
(on axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 6B.12 for
numbering of the atoms)
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Figure 6B.29: Double dihedral torsional energy Surfer plot of FFMPMC (enamine form) C8-
N11 (on axis shown in red) and N11-C12 (on axis shown in blue) bonds (Refer Figure 6B.12 for
numbering of the atoms)
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Figure 6B.30: Double dihedral torsional energy Grapher plot of FFMPMC (enamine form) C8-
N11 (on axis shown in blue) and N11-C12 (on axis shown in red) bonds (Refer Figure 6B.12 for
numbering of the atoms)

Figure 6B.31: HOMO-LUMO orbitals of FFMMMC obtained from (a) AM1 (b) B3LYP (c)
MM2
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Table 6B.3: Important molecular energy data evaluated by AM1, B3LYP and MM2 calculations

on FFMMMC
Parameter AM1 B3LYP MM2
Eromo (eV) -0.393 -0.175 -1.300
ELumo (eV) -0.203 -0.040 -0.308
| (eV) lonization Potential | 0.393 0.175 1.300
A (eV) Electron affinity 0.203 0.040 0.308
n (eV) Chemical hardness | 0.095 0.067 0.496
K (eV) Chemical potential | 0.298 0.107 0.804
¥ (eV) Electro negativity | -0.298 -0.107 -0.804
S (eV?) Global softness 5.263 7.463 1.008

Table 6B.4: Comparative list of selected bond lengths(A) of FFMMMC

Bond lengths (A) (FE)C:I;ODn?I Variation
Bond Bond type

XRD |AM1 | MM2 | B3LYP | AM1 | MM2 |B3LY

P

Hia—Cs1 H-Csp® 0.960 |1.093 |1.113 | 1.098 -0.139 1 0.159 -0.144
Hig—C1 | H-Csp® 0.960 |1.113 |1.100 |1.097 |-0.159 | -0.146| -0.143
Hic—Cy H-Csp® 0.961 |1.100 |1.111 |1.091 -0.145| -0.156 | -0.135
C1-0s Osp® - Csp® | 1.369 |1.452 |1.409 |1.418 -0.061 | -0.029 | -0.036
C-GCs Csp?~Csp? 1.356 |1.405 |1.345 |1.404 -0.036 | 0.008 | -0.035
C-Cy Csp?~Csp? 1.353 [1.416 | 1.344 | 1.398 -0.047 | 0.007 | -0.033
C2-0s Osp® — Csp? |1.385 [1.364 |1.374 |1.364 0.015| 0.008| 0.015
C-Cs Csp?~Csp? 1.383 |[1.412 | 1.345 | 1.407 -0.021 | 0.027 ] -0.017
Cs—Hs Csp? -H 0.931 |1.087 |1.102 |1.085 -0.168 | -0.184| -0.165
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Cs—Cs Csp?~Csp? 1.406 [1.393 [1.344 [ 1.386 0.009 | 0.044| 0.014
Cs—Hs | Csp®-H 0.930 [1.100 |1.102 |1.086 | -0.183| -0.185| -0.168
Cs4—Cs Csp?~Csp? 1.375 | 1.403 [1.351 |1.408 | -0.020| 0.017 | -0.024
Cs— Cs Csp?~Csp? 1.380 |1.410 [1.350 |1.401 | -0.022| 0.022| -0.015
Cs— Cs Csp?~Csp? 1.502 |1.472 [1.363 |1.490 0.020 | 0.093| 0.008
Ce—Hs | Csp>~H 0.929 [1.092 |1.100 |1.087 [ -0.175] -0.184| -0.170
Cs—Cy Csp?~Csp? 1.383 | 1.385 [1.342 |1.398 | -0.001| 0.030| -0.011
C;—H; | Csp>~H 0.930 [1.091 |1.104 [1.084 | -0.173| -0.187| -0.166
Cs—Co Csp?~Csp? 1.376 |1.463 |1.356 [1.370 | -0.063| 0.015| 0.004
Cs—Cxn |Csp?—Csp? [1.390 |[1.357 |1.357 |1.464 0.024 | 0.024 | -0.053
Co—Hy | Csp?>~H 0.931 [1.118 |1.096 |1.085 | -0.201]| -0.177 | -0.165
Co—Ns | Csp2—Nsp? [1.323 [1.321 [1.273 |1.363 0.002 | 0.038| -0.030
Ciwo—Cu |Csp*—Csp? |1.376 [1.405 [1.341 [1.401 |[-0.021| 0.025[ -0.018
Cw—-Cis |Csp2—Csp? |[1.387 [1.407 [1.341 [1.404 | -0.014| 0.033] -0.012
Cwo—Ns |[Csp2—Nsp?2 |[1.428 [1.445 [1.275 [1.402 | -0.012| 0.107] 0.018
Cu—Hu |Csp?-H 0.929 |1.097 |1.105 [1.084 | -0.181| -0.189| -0.167
Cu-Cu |Csp2—Csp? |[1.395 [1.388 |1.342 |1.394 0.005| 0.038| 0.001
Ci2—Hi2 | Csp?—H 0.930 |1.103 |1.098 |1.084 | -0.186| -0.181| -0.166
Ci2—Ciz |Csp?—Csp? |1.374 [1.413 [1.353 [1.403 | -0.028| 0.015[ -0.021
Cis—Cu |Csp2—Csp? |1.395 [1.428 [1.358 [1.406 [ -0.024| 0.027| -0.008
Cia—Ns |[Csp2—Nsp® [1.421 [1.422 |1.285 (1415 | -0.001| 0.006| 0.004
Ciu—Cis | Csp>—Csp? |1.373 [1.389 [1.346 [1.382 |[-0.012| 0.020| -0.007
Cu—-F, |Csp™-F 1.354 [1.332 [1.323 [1.353 0.016 | 0.023| 0.001
Cis—His | Csp?—H 0.930 [1.091 |1.102 |1.086 | -0.173| -0.185| -0.168
Ci6— Hisa | Csp®—H 0.970 |1.114 |1.115 [1.100 | -0.148| -0.149| -0.134
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Cis— Hiss | Csp®—H 0970 [1.119 [1.106 [1.092 [ -0.154] -0.140] -0.126
Cwo—Cr |Csp®—Csp® | 1492 |1541 [1528 | 1555 | -0.033| -0.024 | -0.042
Nis—Cis | Nsp’—Csp® | 1461 |1.493 |1.490 | 1464 | -0.022| -0.020| -0.002
Huza— Ci7 | H - Csp? 0971 [1.106 [1.115 [1.094 | -0.139| -0.148] -0.127
Hizg— Ci7 | H— Csp® 0970 [1.103 [1.115 [1.102 [ -0.137| -0.149] -0.136
0,—Ci; | Osp®—Csp® | 1420 | 1439 |1.402 |1.417 | -0.013| 0.013| 0.002
Cis— Hisa | Csp®—H 0970 [1.103 [1.115 [1.103 [ -0.137| -0.149| -0.137
Cro— Hiss | Csp® —H 0.970 [1.105 [1.115 [1.094 |-0.139| -0.149 | -0.128
Cis—Cro | Csp’—Csp® | 1498 | 1544 1529 | 1550 | -0.031| -0.021| -0.035
Cis— 0, |Csp’—Osp® | 1422 | 1439 |1.402 |1.426 | -0.012| 0.014]| -0.003
Cro— Hion | Csp® —H 0970 [1.108 [1116 [1.091 [ -0.142[ -0.151| -0.125
Coo—Ns |Csp®—Nsp® |1.468 |1.492 |1.486 |1.465 | -0.016| -0.012| 0.002
Co—Hzo | Csp?—H 0.930 [1.115 [1.095 [1.097 [ -0.199| -0.177 -0.180
Cwo— N2 |Csp?—Nsp® | 1317 |1.408 |1.267 |1.285 | -0.069| 0.038| 0.024
Coi—Cz |Csp?—Csp? | 1.384 |1.490 |1.345 | 1.406 | -0.077| 0028 -0.016
Coi—Cox | Csp?_Csp? | 1.397 | 1492 |1.343 | 1.402 | -0.068| 0.039 | -0.004
Coi-N2 | Csp?_Nsp® | 1417 | 1288 |1.271 | 1417 | 0.091| 0.103| 0.000
Cz—Hz |Csp?—Csp? |0.930 |1.096 |1.106 |1.084 | -0.178| -0.189| -0.166
Co—Cos | Csp?—_Csp? | 1.366 |1.345 |1.345 |1.381 | 0.015| 0.015] -0.011
Cos— Cos | Csp?—_Csp? | 1.394 | 1493 |1.356 |1.407 | -0.071| 0.027]| -0.009
Cu—F1 | Csp?—F 1.362 [1.327 [1325 [1.358 | 0.026] 0.027] 0.003
Coe—Cox | Csp?—_Csp? | 1394 | 1483 |1.353 |1.403 | -0.064| 0.029| -0.006
Coi-N; |Csp?_Nsp® | 1415 | 1315 |1.286 |1.415 | 0.071| 0091| 0.000
Cas—Hzs | Csp?—H 0.930 [1.094 |1.101 [1.084 | -0.176| -0.184| -0.166
Co—Ni | Csp?_Nsp® | 1415 |1.315 |1.286 |1.415 | 0.071| 0091| 0.000
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Cas— Cao | Csp?— Csp? | 1.375 |1.339 |1.343 [1.394 | 0.026| 0.023] -0.014
Cos—Hos | Csp?—H 0931 [1.105 [1.102 |1.085 | -0.187| -0.184| -0.165
C27—Hara | Csp® —H 0970 [1.121 [1.118 [1.105 | -0.156| -0.153 | -0.139
C27—Hzs | Csp® —H 0970 [1.110 [1.116 [1.090 | -0.144| -0.151 | -0.124
Coi—Cas | CspP—Csp® | 1502 | 1547 [1.529 | 1526 | -0.030]| -0.018 | -0.016
Cor—N:i | Csp®— Nsp® | 1.466 | 1491 |1.486 | 1471 | -0.017 | -0.014 | -0.003
Cos— Hasa | Csp® —H 0970 [1.105 [1.115 [1.094 | -0.139| -0.149 | -0.128
Cos— Hass | Csp®—H 0970 1110 [1.115 [1.102 | -0.144 | -0.149 | -0.136
Css—O1 | CspP—Osp® |1.428 [1.429 [1.402 [1.422 | -0.001| 0.018] 0.004
Ca9— Haa | Csp® —H 0970 [1.108 [1.115 [1.094 | -0.142| -0.149| -0.128
Co9— Hags | Csp® —H 0969 |1.109 [1.115 [1.102 | -0.144 | -0.151 | -0.137
Cao— Czo | CspP—Csp® | 1515 |1541 [1.145 | 1528 | -0.017| 0.244| -0.009
Cawo—O:1 |Csp’—Osp® | 1422 | 1436 |1.402 | 1412 | -0.010| 0014| 0.007
Cso— Haoa | Csp®—H 0970 |1.115 |1.117 |1.106 | -0.149| -0.152 | -0.140
Cao— Haos | Csp® —H 0971 [1.124 [1.118 [1.095 | -0.158| -0.151 | -0.128
Cawo—N:i | Csp®—Nsp® | 1457 |1.499 |1.490 |1.459 | -0.029 | -0.023 | -0.001

Table 6B.5: Comparative list of selected bond angles (°) of FFMMMC

Central Variation from XRD data (%)
Atomic String XRD B3LYP AM1 MM?2

Atom B3LYP |AM1 | MM2
Hia-Ci-Hig Csp® 109.5 |109.1 112.3 111.9 0.37 2.56 2.19
Hia-Ci-Hic Csp® 109.5 | 109.2 110.8 108.2 0.27 1.19 1.19
Hia-C1-O3 Csp® 109.5 |[1115 110.4 110.4 1.83 0.82 0.82
Hig-C1-Hic Csp® 109.4 | 109.2 110.9 108.1 0.18 1.37 1.19
Hig-C1-O3 Csp® 109.4 111.5 110.4 107.8 1.92 0.91 1.46
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H1g-C1-O3 Csp® 109.4 | 1115 110.4 | 107.8 1.92 0.91 1.46
Hic-C1-O3 Csp® 109.4 |105.9 101.4 |110.3 3.20 7.31 0.82
C3-C2-Os3 Csp? 1232 | 115.7 125.9 |[126.0 6.09 2.19 2.27
C7-C2-O3 Csp? 115.2 | 124.8 112.6 | 119.3 8.33 2.26 3.56
C2-Ca-H3 Csp? 1205 |118.4 121.3 | 1204 1.74 0.66 0.08
C2-C3-C4 Csp? 119.0 |120.3 118.7 |1223 1.09 0.25 2.77
C2-C3-C4 Csp? 119.0 |120.3 118.7 1223 1.09 0.25 2.77
H3-C3-Ca Csp? 1205 |121.1 1199 [117.3 0.50 0.50 2.66
C3-Cs-Hs Csp? 1196 | 119.3 119.4 [ 114.2 0.25 0.17 452
C3-C4-Cs Csp? 120.8 |121.3 120.5 |123.6 0.41 0.25 2.32
H4-C4-Cs Csp? 1196 | 119.3 1199 [1221 0.25 0.25 2.09
C4-Cs-Co Csp? 117.8 1175 120.0 |113.4 0.25 1.87 3.74
C4-Cs-Cs Csp? 122.3 |121.0 120.1 | 122.8 1.06 1.80 0.41
Ce-Cs-Cs Csp? 1199 |[121.4 119.8 |[123.8 1.25 0.08 3.25
Cs-Cs-Hs Csp? 119.2 |119.3 119.7 |122.6 0.08 0.42 2.85
Cs-Cs-C7 Csp? 121.7 |[121.8 120.2 | 123.2 0.08 1.23 1.23
He-Cs-Cv Csp? 119.2 | 118.7 1199 [114.1 0.42 0.59 4.28
C2-C7-Cs Csp? 119.2 1195 119.0 |122.9 0.25 0.17 3.10
C2-Cr7-Hy Csp? 120.4 |[121.1 119.1 |118.2 0.58 1.08 1.83
Cs-C7-Hy Csp? 1204 |[121.1 119.1 [ 1182 0.58 1.08 1.83
Cs-C7-Hy Csp? 120.4 |119.3 121.8 |118.9 0.91 1.16 1.25
Cs-Cs-Co Csp? 1226 |120.4 119.4 [ 119.0 1.79 2.61 2.94
Cs-Cs-C20 Csp? 121.8 | 1245 1247 |122.8 2.22 2.38 0.82
Co-Cs-C20 Csp? 115.6 |114.8 115.6 | 118.2 0.69 0.00 2.25
Cs-Co-Ho Csp? 117.1 | 119.2 117.4 | 120.7 1.79 0.26 3.07
Cs-Co-N3 Csp? 125.9 |125.7 1225 |127.3 0.16 2.70 1.11
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Hg-Co-N3 Csp? 117.0 |[114.9 119.7 [ 111.9 1.79 2.31 4.36
Cu1-C10-C1s | Csp? 119.5 | 1183 1209 | 1158 1.00 1.17 3.10
Ci5-C10-Nz | Csp? 116.7 | 118.0 118.8 | 126.9 1.11 1.80 8.74
Ci0-C1i-Hu1 | Csp? 120.4 | 120.9 121.2 [ 120.3 0.42 0.66 0.08
C10-C11-C12 | Csp? 119.2 [ 120.4 119.6 [121.3 1.01 0.34 1.76
H11-C11-C12 | Csp? 1204 |118.6 119.1 [ 1184 1.50 1.08 1.66
Cu1-Ci-Hiz | Csp? 118.4 | 1185 1185 |113.0 0.08 0.08 4.56
C11-C12-C13 | Csp? 1232 [ 1224 121.9 [ 124.2 0.65 1.06 0.81
Hi2-C12-C13 | Csp? 1184 |119.0 1194 [ 1229 0.51 0.84 3.80
C12-C13-Cis | Csp? 1154 |115.4 116.2 | 113.6 0.00 0.69 1.56
C12-C13-Ns | Csp? 1249 [125.4 1231 [1215 0.40 1.44 2.72
Cu-Ci-Ns | Csp? 119.6 |[119.1 120.1 | 124.9 0.42 0.42 4.43
C13-C4-C15 | Csp? 1234 |[1235 1231 [ 1225 0.08 0.24 0.73
Ci3-Cu-F2 Csp? 119.0 |118.7 120.3 [ 1236 0.25 1.09 3.87
Ci5-Cua-F> Csp? 117.6 |117.7 1164 | 113.9 0.09 1.02 3.15
C10-C15-C1s | Csp? 119.3 |[119.7 117.9 [ 122.7 0.34 1.17 2.85
Ci0-C1s-His | Csp? 120.3 [ 1215 121.5 | 1206 1.00 1.00 0.25
Hi6a-C16-Hies | Csp® 108.3 | 106.9 105.5 |110.0 1.29 2.59 1.57
Hisa-Ci6-H17 | Csp® 109.8 | 109.4 110.6 | 107.3 0.36 0.73 2.28
Hi6a-C16-Na | Csp?® 109.9 |108.8 106.1 |108.3 1.00 3.46 1.46
Hi6s-C16-C17 | Csp® 109.9 |[111.4 110.7 [ 105.1 1.36 0.73 4.37
Hie-C16-C17 | Csp® 109.9 | 109.4 110.3 [ 1051 0.45 0.36 4.37
Hies-C16-Na | Csp? 109.9 | 108.4 110.7 [ 1115 1.36 0.73 1.46
C17-C16-Ns | Csp® 109.1 |111.4 1131 | 1146 2.11 3.67 5.04
Ci6-Ca7-Hi7a | Csp® 109.3 | 110.6 112.6 | 1105 1.19 3.02 1.10
Ci6-C17-Hi7e | Csp® 109.4 |[111.4 1121 [ 1116 1.83 2.47 2.01
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Ci6-C17-02 | Csp® 111.4 |110.2 110.8 | 110.9 1.08 0.54 0.45
H17a-C17-Hi7s | Csp® 108.0 |107.5 109.7 | 106.5 0.46 1.57 1.39
02-Ci7-Hi7a | Csp® 109.4 | 106.4 1109 [107.8 2.74 1.37 1.46
02-C17-Hizs | Csp® 109.7 |110.4 109.2 | 109.3 0.64 0.46 0.36
Hisa-C1s-Hass | Csp® 107.9 | 108.2 109.7 | 106.4 0.28 1.67 1.39
Hisa-C1s-C1o | Csp® 109.3 | 110.3 116.7 | 110.6 0.91 6.77 1.19
Hisa-C1s-02 [ Csp?® 109.2 | 110.3 108.9 | 107.8 1.01 0.27 1.28
Hise-C1s-C1o | Csp® 109.3 1111 112.6 |[1116 1.65 3.02 2.10
O2-Cig-Hiss | Csp® 109.2 | 105.2 101.4 | 109.2 3.66 7.14 0.00
C19-C18-O2 Csp® 111.8 |111.4 111.8 [111.2 0.36 0.00 0.54
Cis-Cio-Hioa | Csp® 109.8 | 110.7 110.1 | 104.7 0.82 0.27 4.64
C1s-C1o-Ns | Csp® 109.5 |110.3 1121 | 1148 0.73 2.37 4.84
Hiea-C1o-Hies | Csp? 108.3 | 107.0 105.6 | 110.7 1.20 2.49 2.22
Hia-C10-Ns | Csp? 109.7 |[107.3 111.3 | 108.4 2.19 1.46 1.19
His-C10-Ns | Csp? 109.7 | 110.1 106.6 | 111.0 0.36 2.83 1.19
Ce-C20-Hao | Csp? 117.0 | 1125 121.0 |[118.4 3.85 3.42 1.20
Cs-C20-N2 Csp? 126.0 |133.7 1279 |[127.7 6.11 1.51 1.35
H20-C20-N2 [ Csp? 117.1 | 1136 111.0 |[113.9 2.99 5.21 2.73
C2-C21-C2s | Csp? 118.6 |[117.8 112.7 [ 115.0 0.67 4.97 3.04
C2-Cz1-N2 | Csp? 119.0 1185 119.2 | 116.3 0.42 0.17 2.27
C26-C21-N2 | Csp? 1224 |[123.1 127.6 | 128.7 0.57 4.25 5.15
C21-Ca2-Hz2 | Csp? 1204 1205 1185 |[119.0 0.08 1.58 1.16
C21-C22-Ca3 | Csp? 119.2 | 120.0 116.4 |123.6 0.67 2.35 3.69
Hz2-C22-Cas | Csp? 1204 | 119.4 125.0 |[117.4 0.83 3.82 2.49
C22-C23-Cas | Csp? 1245 |[123.4 120.6 |[1221 0.88 3.13 1.93
C22-Cos-Fi Csp? 117.1 [ 117.9 121.7 | 1141 0.68 3.93 2.56
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Co4-Cos-F1 Csp? 1184 | 1186 1175 1238 0.17 0.76 4.56
C23-Cas-Cas | Csp? 1149 | 1156 111.4 [ 1134 0.61 3.05 1.31
C23-Cos-N1 | Csp? 120.9 | 1201 1264 | 124.9 0.66 4.55 3.31
C25-C2a-N1 Csp? 124.1 | 124.1 121.8 | 121.6 0.00 1.85 2.01
C24-Cos-Hzs | Csp? 118.9 |119.3 118.7 [122.4 0.34 0.17 2.94
C24-C25-C26 | Csp? 122.3 [ 122.0 118.1 | 1246 0.25 3.43 1.88
Has5-Ca5-Cos | Csp? 118.8 | 1185 123.0 [113.0 0.25 3.54 4.88
C21-C26-Ca5 | Csp? 120.5 | 120.9 119.3 [121.3 0.33 1.00 0.66
C21-Cas-H2s | Csp? 119.7 [ 1193 118.0 1221 0.33 1.42 2.01
Co5-Cas-H2s | Csp? 119.8 |119.7 1225 |116.6 0.08 2.25 2.67
Hz7a-Co7-Hare | Csp? 108.1 | 108.2 106.4 | 110.7 0.09 1.57 2.41
Hz7a-C27-Cos | Csp? 109.6 | 109.5 109.6 | 104.7 0.09 0.00 4.47
Hz7a-Co7-N1 | Csp? 109.6 [ 109.2 108.3 [ 111.0 0.36 1.19 1.28
Hz7-C27-Cas | Csp? 109.6 | 109.3 109.6 | 107.1 0.27 0.00 2.28
Hz7s-C27-N1 | Csp?® 109.6 |110.7 1135 |108.4 1.00 3.56 1.09
C2s-Co-N1 | Csp® 110.3 [ 109.5 109.2 | 1148 0.73 1.00 4.08
C27-Cog-Hzsa | Csp® 109.4 | 1105 112.0 1116 1.01 2.38 2.01
C27-Cag-Hzee | Csp® 109.4 | 109.4 1111 [ 1115 0.00 1.55 1.92
Cor-Cos-O1 | Csp® 111.3 [ 1115 109.9 |[111.2 0.18 1.26 0.09
Hasa-Cas-Hags | Csp® 108.0 | 108.8 109.9 | 110.6 0.74 1.76 2.41
O1-C2s-Hasa | Csp® 109.4 | 106.4 1104 [ 1078 2.74 0.91 1.46
O1-Cas-Hzss | Csp® 109.4 | 110.0 102.9 | 109.2 0.55 5.94 0.18
Hzea-Cas-Hoos | Csp? 108.1 | 108.7 109.4 | 106.5 0.56 1.20 1.48
Hzoa-C20-C30 | Csp? 109.6 | 110.4 111.4 |[137.7 0.73 1.64| 2564
O1-Ca9-Hzoa | Csp® 109.4 | 106.5 111.2 [ 109.3 2.65 1.65 0.09
Haos-C20-C30 | Csp® 109.5 |110.4 102.9 | 106.2 0.82 6.03 3.01
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Haog-C20-01 | Csp? 109.4 | 110.1 102.9 107.8 0.64 5.94 1.46
C30-C29-O1 Csp® 110.8 | 1115 111.6 104.3 0.63 0.72 5.87
C29-C30-Haos | Csp® 109.6 | 109.5 110.8 105.1 0.09 1.09 411
C29-C30-N1 Csp® 110.3 |109.3 109.3 114.6 0.91 0.91 3.90
Hz0a-C3o0-Hsos | Csp® 108.1 | 107.9 108.2 109.9 0.19 0.09 1.67
Hsoa-Cs0-N1 | Csp? 109.6 | 112.2 108.5 1115 2.37 1.00 1.73
Haos-Cs0-N1 | Csp?® 109.5 | 109.0 112.1 108.3 0.46 2.37 1.10
C24-N1-Ca27 Nsp® 1145 |116.1 124.9 120.5 1.40 9.08 5.24
C24-N1-Cs3o Nsp® 1105 | 1111 112.8 119.5 0.54 2.08 8.14
Co-N3-C1o Nsp? 1242 | 127.8 122.8 133.4 2.90 1.13 7.41
C13-Ns-Cis Nsp® 116.5 | 1191 116.4 119.8 2.23 0.09 2.83
C13-N4-Cy9 Nsp? 114.7 116.3 116.3 120.6 1.39 1.39 5.14
C16-N4-Ci9 Nsp® 109.8 | 109.9 110.7 119.5 0.09 0.82 8.83
C28-01-C29 Osp® 109.3 | 1105 112.7 110.2 1.10 3.11 0.82
C17-02-C1g Osp® 109.8 |111.9 1141 |110.2 1.91 3.92 0.36
C1-03-C2 Osp® 118.2 | 118.2 118.5 118.7 0.00 0.25 0.42
Table 6B.6: Comparative list of selected torsional angles (°) of FFMMMC
Atomic String XRD B3LYP AM1 MM?2
Angle | (*) Angle *) Angle *) Angle *)
H1a-C1-05-Co 174 [-sp | 1618 [FsC iep0 | +4sc +62.9 | +sc
H1g-C1-03-Ca 1374 |-ac | 1793 |[-ac +1795 |[+ap  [+267 | +sp
Hic-C1-Os-C2 +102.7 | +ac | "60-5 -SC -62.8 -SC +0.8 +sp
C7-C2-Ca-Hs 1786 |-ap |-1798 |[-ap 1795 | -ap +179.7 | +ap
C7-C2-Ca-Ca +15 |+sp | 701 +Sp +0.2 +sp +0.4 +sp
O3-C2-Ca-Hs +03 |[+sp [0 P | +04 +sp [-1791 | -ap
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03-C2-C3-C4

-179.9

-179.9

-179.6 | -ap -ap -ap +0.6 +sp
Cs-Co-C7-Co 01 |-sp |04 -Sp -0.3 -sp +179.4 | +ap
Ca-Co-Cr-Hy +180.0 | +ap | 1795 |[-ap +1796 |+ap [+1782 | +ap
O3-C2-C7-Ce 1789 [-ap | *1796 [*ap 141797 |+ap  [+0.2 +sp
03-C2-Cr-Hy +1.0 [+sp [0 P 1-03 -sp +179.1 | +ap
C3-C2-03-C1 -85 -sp +178.9 +ap +0.8 +sp -178.8 -ap
C7-C2-05-C +170.4 | +ap |10 “Sp -179.2 | -ap -2.1 -sp
C2-Ca-Ca-Ha +1782 | +ap [*1799 |+ap | .1787 |-ap +177.4 | +ap
C2-C3-Ca-Cs 1.7 |-sp | 705 +Sp +0.4 +sp +0.5 +sp
Hs-Ca-Ca-Ha 1.7 |-sp |01 “Sp +1.0 +sp -1.9 -sp
H3-C3-Ca-Cs +1784 [ +ap |-1795 [-ap  |.1798 |-ap 1788 | -ap
C3-C4-Cs5-Ce +0.3 +sp -0.7 -Sp -1.0 -sp 1.1 -sp
C3-Ca-Cs-Cs 1767 [-ap |-1786 [-ap  |+1790 |+ap [+179.9 |+ap
Ha-C4-Cs-Co -179.6 | -ap +179.8 +ap +178.1 +ap 3.1 -sp
Ha-Ca-Cs-Ce +34 |+sp [*20 +sp -1.7 -sp +177.3 | +ap
C4-Cs-Ce-Hs -178.8 | -ap +178.7 | +ap -179.0 -ap -175.0 -ap
C4-Cs-Ce-C7 +1.2 +sp +0.3 +sp +0.9 +sp +0.9 +sp
Cs-Cs-Ce-Hs -1.8 -Sp -3.3 -sp +0.8 +sp +176.6 +ap
Cg-Cs5-C6-C7 +178.3 | +ap | +178.2 | +ap -179.2 -ap -0.3 -sp
C4-Cs5-Cs-Co -82.8 | -sc +117.8 | +ac -70.5 -ac +158.8 +ap
C4-Cs-Cg-Co0 +98.6 | +ac -57.1 -SC +103.4 +ac -38.7 -SC
Cs-Cs-Cs-Co +100.3 [ +ac | -60.1 -SC +109.5 +ac -154.5 -ap
Cs-Cs5-Cs-Co20 -78.3 | -sc +125.0 | +ac -76.4 -SC +24.6 +sp
Cs-Cs-C7-C2 -14 -sp +0.2 +sp -0.2 -sp +180.0 +ap
Cs-Ce-Cr-H7 -1.3 -sp +179.3 | +ap +179.8 +ap +1.8 +sp
He-Cs-C7-C> +178.6 | +ap |-178.1 -ap +179.7 +ap +6.9 +sp
Hs-Ce-C7-H7 -1.3 -sp +0.9 +sp -0.2 -sp +1.3 +sp
Cs5-Cg-Co-Hg -178.5 | -ap -178.1 -ap -176.7 -ap +4.9 +sp
Cs5-Cg-Co-N3 +1.4 +sp +0.4 +sp +9.2 +sp -177.3 -ap
C20-Cs-Co-Hg +0.2 +sp -2.6 -sp +8.8 +ap -10.3 -ap
C20-Cg-Co-N3 -179.9 | -ap +175.8 | +ap -165.2 -ap +177.2 +ap
Cs-Cs-C20-H2o +176.9 | +ap | +167.8 | +ap +178.1 +ap -9.1 -Sp
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Cs-Cs-C20-N2 -3.1 -sp -10.3 -sp +0.1 +sp +174.3 +ap
Co-Cs-C20-H20 -1.8 -sp -7.3 -sp -1.7 -sp +175.8 +ap
Co-Cs-C20-N2 +178.2 | +ap | +1744 | +ap +174.1 +ap -13.5 -sp
Cs-Co-N3-C1o -176.6 | -ap +178.7 | +ap +166.4 +ap -178.7 -ap
Ho-Co-N3-Ci1o +3.4 +sp -2.6 -sp -7.4 -sp -0.8 -sp
C15-C10-C11-Hu1 +177.6 | +ap +179.2 +ap -179.2 -ap +179.5 +ap
C15-C10-C11-Cl> -24 -sp -1.1 -sp +1.6 +sp -0.3 -sp
N3-C10-C11-Hus -4.1 -sp -0.4 -sp +4.9 +sp -0.2 -sp
N3-C10-C11-C12 +1759 | +ap | +179.3 | +ap -174.1 -ap -180.0 -ap
C11-C10-C15-Cu4 +1.8 +sp -0.8 -sp -1.7 -sp +0.3 +sp
C11-C10-C15-Hss -178.2 | -ap +179.8 | +ap +178.9 +ap -179.5 -ap
N3-C10-C15-C14 -176.6 | -ap +178.7 | +ap +174.1 +ap -180.0 -ap
N3-C10-C15-H1s +3.3 +sp -0.4 -sp -5.2 -sp +0.2 +sp
C11-C10-N3-Co -5.6 -sp -12.4 -sp -31.5 -SC +0.1 +sp
C15-C10-N3-Co +172.7 | +ap | +167.9 | +ap +152.6 +ap +179.7 +ap
C10-C11-C12-H12 -178.8 | -ap -176.7 -ap +179.7 +ap +179.4 +ap
C10-C11-C12-Ca3 +1.1 +sp +2.4 +sp +0.5 +sp -0.3 -sp
H11-C11-C12-H12 +1.2 +sp | +2.9 +sp +0.6 +sp +179.6 +ap
H11-C11-C12-Ca3 -178.8 | -ap -177.9 -ap -178.5 -ap -0.2 -Sp
C11-C12-C13-Cu4 +0.7 +sp -1.5 -sp -2.5 -sp +0.8 +sp
C11-C12-C13-N4 +178.2 | +ap | +1759 | +ap +169.4 +ap -179.9 -ap
H12-C12-C13-C14 -179.3 | -ap +177.5 | +ap +178.2 +ap -178.8 -ap
H12-C12-C13-N4 -1.9 -sp -4.9 -sp -9.7 -sp +0.4 +sp
C12-C13-C14-Cy5 -14 -sp -0.5 -sp +2.5 +sp -0.8 -sp
C12-C13-Cus-F2 +178.6 | +ap |-179.5 -ap -179.4 -ap +178.9 +ap
N4-C13-C14-C1s -179.0 | -ap -178.1 -ap -169.7 -ap +180.0 +ap
Ns-C13-C1s-F2 +1.0 +sp +2.7 +sp +8.3 +sp -0.3 -sp
C12-C13-N4-Cys -17.6 | -sp -20.7 -sp -120.0 -Sp 2.1 -sp
C12-C13-N4-Cyo +112.7 | +ac +114.6 | +ac +121.4 +ac -178.6 -ap
C14-C13-N4-Cye +159.8 | +ap | +156.7 | +ap +159.6 +ap -4.2 -sp
C14-C13-N4-Cayo -69.9 | -sc -67.9 -SC -66.8 -SC +1.7 +sp
C13-C14-C15-Cro +0.1 +sp +1.7 +sp -04 -Sp +0.3 +sp
C13-C14-C15-Hss -179.8 | -ap -178.9 -ap +178.9 +ap -179.9 -ap
F2-C14-C15-Cao -179.9 | -ap -179.2 -ap -178.5 -ap -1.2 -sp
F2-C14-Ci5-His +0.2 +sp +0.1 +sp +0.8 +sp +179.6 +ap
Hiea-C16-C17-H17a | -178.3 | -ap +97.4 +ac +120.6 +ac -145.3 -ac
Hi6a-C16-C17-Hi7s | -60.3 -SC -22.1 -Sp -3.6 -Sp -34.8 -SC
Hi6a-C16-C17-O2 +60.8 | +sc -144.5 -ac -126.1 -ac +107.2 +ac
Hies-C16-C17-H17a | -59.2 | -sc -20.7 -sp -3.6 -sp -109.3 -ac
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Hie8-C16-C17-H17s | +58.7 | +sc | -140.3 -ac -120.3 -ac -18.6 -Sp
Hi68-C16-C17-O2 +179.8 [ +ap | +97.2 +ac +117.2 +ac +28.1 +sp
N4-C16-C17-H17a +61.2 | +sc -142.6 -ac -120.4 -ac -18.1 -sp
N4-C16-C17-H178 +179.2 | +ap | +97.8 +ac +115.2 +ac -106.7 -ac
N4-C16-C17-O2 -59.7 | -sc -24.6 -sp -1.2 -sp +144.6 +ac
Hisa-C16-Ns-Ci3 +69.9 | +sc -23.2 -sp -149.4 -ac +28.4 +sp
Hiea-C16-Na-C1g -62.7 -SC +82.7 +sC +74.6 +sC +90.3 +ac
Hi6s-C16-N4-Ci3 -49.2 | -sc -23.2 -sp -35.6 -SC +131.1 +ac
H168-C16-N4-Cig +178.3 | +ap |-161.1 -ap -171.6 -ap -68.8 -SC
C17-C16-N4-Ca3 -169.7 | -ap +100.1 | +ac +89.0 +sC +12.4 +sp
C17-C16-N4-Cao +57.8 | +sc -37.7 -SC -46.8 -SC -170.3 -ap
C16-C17-02-C1s +59.5 | +sc +66.0 +sC +58.1 +sC -67.6 -SC
H17a-C17-02-Cys -61.4 | -sc -172.9 -ap +178.1 +ap -7.3 -sp
H17g-C17-02-C1s -179.5 | -ap -56.5 -SC -65.9 -SC -25.0 -sp
Hisa-C18-C1o-Hioa | -61.3 | -scC -28.8 -sp -10.4 -Sp -104.5 -ac
Hisa-C1s-C1o-Hios | +57.6 | +sC +89.9 +sC -10.4 -Sp +145.5 +ac
H1sa-C18-C19-N4 +178.1 | +ap |-1475 -ac -134.5 -ac +34.3 +SC
Higg-Cis-Ci9-Hioa | +56.6 | +sC -148.9 -ac -18.0 -sp +15.9 +sp
Higs-C18-C19-Hios | +175.5 | +ap | -30.1 -SC -134.5 -ac -144.3 -ac

H1ss-C13-C19-Na4 -64.0 -SC +92.3 +ac +106.5 +ac +106.2 +ac

02-C18-C19-H1oa +177.6 | +ap | +94.1 +ac +111.8 +ac +15.9 +sp

02-C18-C19-H198 -63.4 | -sc -147.1 -ac -131.6 -ac -29.9 -Sp
02-C18-C19-N4 +57.1 | +sc -24.6 -sp -7.0 -sp -147.1 -ac
H1sa-C18-02-C17 -179.3 | -ap +83.3 +sC +73.4 +sC -171.8 -ap
Hisg-C1s-02-C17 +62.9 | +sc -160.0 -ap -170.8 -ap -56.6 -SC
C19-C18-02-Cay -58.2 | -sc -39.5 -SC -50.4 -SC +66.9 +sc
C18-C19-N4-Cy3 +170.0 | +ap |-75.3 -SC -81.5 -SC -174.2 -ap
C18-C10-N4-Cys -56.6 | -sc +63.8 +SC +54.4 +SC +5.3 +sp
H19a-C19-Ns-Cas +49.4 | +sc | +47.7 +scC +42.3 +scC +22.4 +3p
H19a-C19-N4-C1s -177.1 | -ap -173.0 -ap +178.3 +ap -29.5 -sp
H198-C19-N4-Cis +64.0 | +sc -56.9 -SC -66.8 -SC -83.0 -SC
Cg-C20-N2-C1 -174.0 | -ap -8.7 -sp -75.3 -SC -179.7 -ap
H20-C20-N2-C21 +6.1 +sp +173.1 | +ap +106.4 +ac -0.9 -sp
C26-C211-C20-H22 -178.4 | -ap -176.8 -ap +145.2 +ac -179.6 -ap
C26-C21-C22-Co3 +1.7 +sp +2.3 +sp -35.9 -SC +0.3 +sp
N2-C21-C22-H22 +34 | +sp |-4.0 -sp -41.5 -SC -0.1 -sp
N2-C21-C22-C23 -176.5 | -ap +175.1 | +ap +137.3 +ac +0.1 +sp
C22-C21-C26-Cos -0.4 -Sp -2.4 -sp +35.2 +SC +179.8 +ap
C22-C21-Coe-Hoe +1795 | +ap | +177.6 | +ap -145.7 -ac +179.4 +ap
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N2-C21-C26-Cos +177.7 | +ap -174.8 -ap -137.5 -ac -0.1 -sp
N2-C21-Cos-Hos -2.4 -sp +5.2 +sp +41.6 +sC -0.2 -sp
C22-C21-N2-Coo -162.3 | -ap +128.8 | +ac -165.6 -ap +1.1 +sp
C26-C21-N2-Coo +19.6 | +sp -58.8 -SC +6.5 +sp +0.5 +sp
C21-C22-C23-Cos -1.0 -sp -0.7 -sp +0.8 +sp +0.3 +sp
C21-C22-Co3-F1 +177.1 | +ap | +179.9 | +ap +177.2 +ap -179.3 -ap
H22-C22-C23-Cos +179.1 | +ap | +178.5 | +ap +179.5 +ap -0.1 -sp
H22-C22-Ca3-F1 -2.8 -sp -0.8 -sp -4.0 -sp +179.5 +ap
C22-C23-C24-Cos -1.1 -Sp -0.9 -sp +35.5 +sC -0.8 -Sp
C22-C23-C24-N1 +176.6 | +tap |-177.9 -ap -138.2 -ac +180.0 +ap
F1-C23-C24-Cos -179.1 | -ap +178.3 | +ap -140.9 -ac +113.4 +ac
F1-C23-C24-N1 -1.5 -sp +1.3 +sp +45.2 +sC -0.5 -sp
C23-C24-Cos-Hos -177.7 | -ap -179.5 -ap +145.6 +ac -178.9 -ap
C23-C24-C25-Cos +2.4 +sp +0.9 +sp -36.4 -SC +0.8 +sp
N1-C24-Cos-Hos +4.7 +sp -2.6 -sp -40.2 -SC +179.6 +ap
N1-C24-Co5-Coe -175.1 | -ap +177.8 | +ap +137.7 +ac -0.2 -sp
C23-C24-N1-Cy7 +63.7 | +sc -62.6 -SC -1.9 -sp -0.8 -sp
C23-C24-N1-Cso -165.2 | -ap +162.8 | +ap +174.2 +ap +4.8 +sp
C25-C24-N1-Co7 -118.9 | -ac +120.6 | +ac -175.1 -ap +2.5 +sp
C25-C24-N1-Cso +12.2 | +sp -13.8 -sp +1.1 +sp -178.1 -ap
C24-C25-C26-C1 -1.8 -sp +0.7 +sp +1.8 +sp -0.3 -sp
C24-Co5-Coe-Hoe +178.4 | +ap -179.2 -ap -177.2 -ap +179.8 +ap
H2s-Ca2s5-Co6-Co1 +1784 | +ap |-178.8 -ap +179.6 +ap +1.1 +sp
H2s5-Ca2s5-Cos-Hos -1.5 -sp +1.2 +sp +0.6 +sp -179.6 -ap
H27a-C27-Cos-Hosa | -178.5 | -ap +172.8 | +ap +173.8 +ap -36.1 -SC
H27a-C27-Cos-Hass | -57.8 | -sC +53.0 +scC +50.4 +scC -154.3 -ap
H27a-C27-C2s-01 +63.2 | +sc -65.1 -SC -62.8 -SC +83.6 +sC
H278-C27-Cas-Hasa | -57.3 | -sC +54.3 +sC +57.3 +sc +107.9 +ac
H278-C27-C2s-Hzgs | +60.7 | +sC -65.5 -SC -66.0 -SC -146.2 -ac
H278-C27-C2s-01 -178.3 | -ap +176.2 | +ap -179.4 -ap -30.9 -SC
N1-C27-Cog-Hzsa +63.4 | +sc -65.5 -SC -67.5 -SC -34.6 -SC
N1-C27-Cos-Hzss -178.5 | -ap +174.6 +ap +169.0 +ap +105.7 +ac
N1-C27-C2s-O1 -575 |-sc +56.4 +sC +55.7 +sC -156.5 -ap
H27a-C27-N1-C24 +67.7 | +sc -711.7 -SC -117.8 -ac +125.2 +ac
H27a-C27-N1-C3o -66.3 | -sc +65.3 +sC +65.6 +sc -89.9 -SC
H278-C27-N1-Co4 -50.8 | -sc +47.5 +sC +0.2 +sp +24.1 +sp
H278-C27-N1-Cao +175.2 | +ap |-1754 -ap -176.2 -ap +70.3 +sC
C28-C27-N1-Co4 -171.6 | -ap +167.5 | +ap +122.8 +ac +7.1 +sp
C28-C27-N1-Cso +54.4 | +sc -55.4 -SC -53.7 -SC +170.8 +ap
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C27-Co28-01-Co9 +60.3 | +sc -58.5 -SC -61.4 -SC +66.9 +sc
H2sa-Ca2s-01-Co9 -60.7 | -sc +63.1 +sc +62.7 +sc +6.8 +sp
H2gg-C2s-01-Co9 -178.7 | -ap -179.1 -ap -179.9 -ap +25.3 +sp
H29a-C29-C30-Hzoa | -60.3 | -sC -172.6 -ap -172.1 -ap -145.3 -ac
H29a-C29-C30-Hzos | +58.2 | +sC -54.8 -SC -53.8 -SC -719.7 -SC
H29A-C29-Cs0-N1 +178.9 | +ap | +64.6 +scC +68.2 +scC +157.7 +ap
Hog-C29-C30-Hz0a | +58.1 | +sC +64.8 +sC +68.8 +sC +32.2 +sC
H29-C2o-C30-Hsos | +176.5 | +ap | -52.9 -SC -49.4 -SC +142.6 +ac
H295-C29-C30-N1 -62.7 | -sc -175.7 -ap -169.0 -ap -107.1 -ac
01-C29-C30-Hszoa +178.9 | +ap | +65.2 +sC +63.9 +sC +33.1 +sC
01-C29-C30-H3os -62.6 |-sc -176.9 -ap -177.7 -ap +27.0 +sp
01-C29-C30-N1 +58.1 | +sc -57.5 -SC -55.6 -SC +145.8 +ac
H29a-C29-01-Cos +178.8 | +tap | -62.6 -SC -62.6 -SC +36.5 +SC
H29g-C29-01-Cog +60.7 | +sc +179.5 | +ap -179.7 -ap -129.0 -ac
C30-C29-01-Cos -60.2 | -sc +59.0 +sC +61.4 +sC +33.2 +sC
C29-C30-N1-Co4 +172.4 | +ap |-167.6 -ap -122.7 -ac +173.5 +ap
C29-C30-N1-Cy7 -54.6 |-sc +55.6 +sC +53.9 +SC -11.2 -sp
H3zoa-C30-N1-Ca4 +51.6 | +sc +71.6 +sC +116.2 +ac -124.4 -ac
H30a-C30-N1-Ca7 -175.4 | -ap -64.9 -SC -67.1 -SC +90.4 +ac
H3o0s-C30-N1-C24 -66.8 | -sc -47.9 -SC -3.3 -sp +134.1 +ac
H3o0s-C30-N1-C27 +66.2 | +sc +175.4 | +ap +173.3 +ap -68.8 -SC

* The conformations were designated by Klyne-Prelog termsusing s = syn, a = anti, p = peri-planar
(0+30°& 180+30°) and all other angles ¢ = clinal, and + & - signs.

C

Cs

Figure 6B.32: Core structure of FFMMMC molecule
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Table 6B.7: Selected geometric and delocalization parameters for FFMMMC

PARAMETRES LEFT RIGHT IDIFFERENCE]|

Bond lengths C21-N2 1.410 C10-N3 1.417 0.007
N2-Hon 0.890 N3-Hza 0.860 0.03
N2-Coo 1.319 N3-Cg 1.311 0.008
C20-H2o 0.929 Co-Ho 0.931 0.002
C20-Cs 1.391 Co-Cs 1.382 0.009
Cs-Cs 1.495

Bond angles C21-N2-Hon 118.0 C10-N3-Hza 117.4 0.6
C21-N2-Cao 124.7 C10-N3-Co 125.2 0.5
Han-N2-Cao 117.0 H3za-N3-Co 117.4 0.4
N2-C20-Cs 126.2 N3-Co-Cs 126.3 0.1
N2-C20-Hzo 116.9 N3-Cg-Ho 116.9 0
H20-C20-Cs 116.9 Hg-Co-Cs 116.8 0.1
C20-Cs-Cs 122.0 Co-Cs-Cs 122.7 0.7

Dihedral angles C21-N2-Co-Hzo | +5.9 C10-N3-Co-Hg | +3.4
C21-N2-C20-Cs -174.1 C10-N3-Co-Cs -176.6
Han-N2-Ca0-Hao +177.0 H3sa-N3-Co-Hg | -176.6
Han-N2-Ca0-Cs -3.0 H3a-N3-Co-Cs | +3.4
N2-C20-Cs-Cs -2.0 N3-Cgo-Cs-Cs +1.1
H20-C20-Cs-Co -1.3 Hg-Co-Cs-C2o +0.4
N2-C20-Cs-Co +178.7 N3-Cgo-Cs-Coo -179.6
H20-C20-Cs-Cs +178.0 Hg-Co-Cs-Cs -178.9

Table 6B.8: Sum of bond angles around selected atoms in FFMMMC

Around N2 Angle 1 Angle 2 Angle 3 SUM

Hon-N2-Co1 H21-N2-Coo Hon-N2-Coo

118.0 124.7 117.0 359.7
Around N3 H3a-N3-C1o Hza-N3-Cg C10-N3-Cg

1174 117.4 125.2 360.0
Around Cao H20-C20-Cs N2-C20-Cs N2-C20-H2o

116.9 126.2 116.9 360.0
Around Co N3-Co-Hg N3-Co-Cs Cg-Co-Ho

116.9 126.3 116.8 360.0
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Except the terminal zones, the central core structure of FFMPMC and FFMMMC is very
similar. As we could not obtain a single crystal of the FFMPMC, we have attempted MM2
calculations on FFMPMC and calculated many of their structural parameters such as bond

lengths, bond angles, and dihedral angles at some crucial moieties.

6B.9 Hirshfeld Surface Analysis:

Figure 6B.33 shows the Hirshfeld surface interaction diagram and fingerprint plots** of
FFMMMC. The surfaces show dnorm in the range of -0.205 to 2.244 A. Strong acceptor-donor
intermolecular hydrogen bond interactions appear as prominent red color spots at C19-H190s3,
Co-Hg----04, C20-H20----04, C30-Hzo----F2, Cis-H1s----O1, C12-H12----01, C30-Hzo----O4 and Cis----
Co7-H27. The relative percent Hirshfeld surface area contributions of various intermolecular
interatomic interactions are shown in Table 6B.9. This table and Figure 6B.33 together suggest
some HH interactions as the strongest, with nearly 32.8% surface concentration. The O""""H/
O'""H contacts contribute to around 29% with two spikes at a de + di value of ~1.4 A whereas the
F~H/HF to about 8.7% with a de + di value of ~1.6 A and the C-*"H/ H""*C to about 15% with
de + di value again of ~1.4 A. The contributions of all other intermolecular interatomic interactions
are less than 15%. Figure 6B.34 shows the relative contributions of different intermolecular
contacts to the Hirshfeld surface area of FFMMMC.
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Figure 6B.33: Hirshfeld finger print plots of FFMMMC

Table 6B.9: Intermolecular Hirshfeld inter-atomic interaction percentages of FFMMMC

Interaction Contribution (%)
C-C 1.1
C-H/H-C 14.6
C-N/N-C 0.2
C-0/0-C 1.8
C-F/F-C 1.4
H-H 32.8
H-N/N-H 3.5
H-O 29.5
H-F/F-H 8.7
N-O/N-O 2.7
O-F/F-O 1.8
O-H 29.5
0-0 1.9
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Figure 6B.34: Relative contributions of different intermolecular contacts to the Hirshfeld
surface area of FFMMMC

(a) Shape index (b) Curvedness

(c) Fragment patches (d) Electrostatic potential map

Figure 6B.35: Hirshfeld surface maps of FFMMMC represented by modes

The shape index, curvedness, fragment patch and electrostatic potential map surfaces are
shown in Figure 6B.35. The pattern of nearby red and blue triangles on the shape index surfaces
of FFMMMC and the corresponding curvatures of the surfaces on the same side of the molecule
through wide and flat green patches on them show the presence of interaction'®. The electrostatic
potential created by the HF/3-21G basis set is shown in Figure 6B.35 (d), with red representing
negative electrostatic potential (hydrogen acceptors) and blue representing positive electrostatic
potential (hydrogen donors) (hydrogen donor).
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The strength of the electronic contacts and their corresponding interaction energy are
usually correlated with the Hirshfeld surface analyzed data. Eeie = - 65.9, Epol = - 55.0, Egis = -
288.9, Erep = 115.5, Etot = - 269.6 are the scale factors used to create energy frame works for HF-
3-21G. These model energies show that dispersion energy plays a key role in crystal interactions.
Individual energy components are shown as cylinders between the centroids of interacting
molecular pairs in Figure 6B.37, corresponding to dispersion energy, coulomb energy, and total
energy along the a, b, and c axes, respectively, while the relevant energies are listed in Table
6B.10. The cylindrical radii are represented as a proportionate measure of the strength of the

interaction energies in the laddered bars, normalized to 100 with a minimum value of 5 kJ mol.

Figure 6B.36: Pair-wise intermolecular interactions in FFMMMC (viewed along the ¢ axis)

Table 6B.10: The molecular pair-wise interaction energies of FFMMMC

N|Symop |R Electron density |E_ele|E_pol |E_dis|E_rep|E_tot
1|-x, -y, -z|13.16|HF/3-21G 0.0f -08| 00| 0.0 -05
1]-x, -y, -z| 5.48|HF/3-21G -12.6] -3.4|-89.8] 36.3] -66.4
1|-x, -y, -z| 5.46|HF/3-21G -27.3| -83|-97.9] 39.6] -89.4
2|x,y,z |14.87|HF/3-21G 0.0] -5.6] 0.0 0.0] -3.7
1]-x, -y, -z|18.20|HF/3-21G 0.0] -11} 0.0 0.0] -0.7
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2|X,y,z |14.92|HF/3-21G 0.0] -6.0] 0.0 0.0] -39

1]-x, -y, -z|12.11|HF/3-21G 0.0] -52| 0.0 0.0] -34

1]- 4.49|HF/3-21G 0.0] nan] 0.0 0.0 nan

1|- 3.60|HF/3-21G 0.0f 0.0 00| 0.0] 00

1]- 6.19|HF/3-21G 0.0] nan] 0.0 0.0 nan

1{- 4.77|HF/3-21G -27.3] -8.3]-97.9] 39.6|] -89.4

1|-x, -y, -z|13.07|HF/3-21G 0.0] -1.0] 0.0 0.0] -0.6

2|x,y,z |14.93|HF/3-21G 0.0] -0.2] 0.0 0.0] -01

1|-x, -y, -z|18.94|HF/3-21G 0.0] -0.9] 0.0 0.0] -0.6

1{- 6.22|HF/3-21G 1.3 -0.2] -3.3 0.0] -17

1]- 9.84|HF/3-21G 0.0] -5.6] 0.0 0.0] -3.7

1|- 11.54|HF/3-21G 0.0f -08| 00| 0.0] -05

1{- 10.48|HF/3-21G 0.0] -0.1] 0.0 0.0] -01

1]- 11.45|HF/3-21G 0.0] -0.0] 0.0 0.0] -0.0

1|- 8.11|HF/3-21G 0.0 -04| 00| 0.0 -03

1]- 13.58|HF/3-21G 0.0] -6.0] 0.0 0.0] -39

1{- 12.71|HF/3-21G 0.0] -11} 0.0 0.0] -0.7
Energy Model k _ele |k _pol |k _displk_rep
CE-HF ... HF/3-21G electron densities 1.019] 0.651] 0.901{0.811
CE-B3LYP ... B3LYP/6-31G(d,p) electron densities| 1.057| 0.740| 0.871{0.618
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Figure 6B.37: Crystallographic axis-wise modes of intermolecular energies in FFMMMC

6B.10 Molecular Docking Studies of FFMPMC and FFMMMC
EGFR-TK (pdb id: 1m17) belongs to the epidermal growth factor receptor family'®. Excess
EGFR expression results in anal cancer and epithelial malignancies of the neck and head. We chose

EGFR as a target protein receptor for molecular docking by the cations of FFMPMC and
FFMMMC.
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(b)

FFMPMC

e
Bond s

Figure 6B.38: Molecular docking interactions of FFMPMC and FFMMMC with EGFR-TK
protein; (a) 3D depiction of ligand-receptor binding interactions and (b) 2D representation of
different forms of interactions with amino acid residues

The cationic form of FFMPMC has a binding energy of -9.3 kcal mol™ and docks to the
EGFR through two hydrogen bonds with the amino acid residues of ASP-831 and SER-728. One
halogen interaction with the protein amino acid residue of GLU-734 and seven electrostatic
interactions with amino acid residues of ASP-831, LYS-721, PHE-699 and GLU-738. There are
four hydrophobic interactions in the PHE-699, ALA-731, CYS-773 and ILE-735 amino acid
residues, which are shown in Figure 6B.25.

The cationic form of FFMMMC has a binding energy of -9.8 kcal mol™ and docks to the
EGFR through three hydrogen bonds with the amino acid residues of LYS-851, ALA-835. Two
halogen interactions with the protein amino acid residue of ARG-817, ASN-818 and three
electrostatic interactions with amino acid residues of LYS-721, ARG-817, ASP-813. There are
thirteen hydrophobic interactions in the PHE-699, TRP-856, VAL-702, ALA-840, LYS-851,
LYS-855, ALA-896, LEU-838, PHE-699, PRO-853, LY S-851 amino acid residues are shown in
Figure 6B.25.
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CHAPTER VII

SYNTHESIS AND SPECTRAL, ELECTROCHEMICAL,
COMPUTATIONAL AND BIOLOGICAL STUDIES OF 2,2'-(((1E,3E)-2-
PHENYLPROPANE-1,3-DIYLIDENE)-BIS-(AZANEYLYLIDENE))-
DIBENZOIC ACID (PDBAD) AND ITS BIVALENT METAL COMPLEXES
[M(PDBAD)X:]

The studies of the tetradentate Schiff base ligand, 2,2'-((1E,3E)-2-phenylpropane-1,3-
diylidene)-bis-(azaneylylidene)-dibenzoic acid (PDBAD), and its metal complexes with a variety
of bivalent metal ions such as Zn(I1), Cd(1l), Co(l1), Ni(ll), Mn(Il) and Cu(Il) have been discussed
in this chapter. All these have been characterized by using various analytical and spectroscopic
methods. Additionally, voltammetric studies, molecular modeling has also been conducted.
Biological activity studies like antimicrobial, antioxidant, antifungal, anti-malarial and antitumor
capabilities have been tested for both PDBAD and [M(PDBAD)Xz] complexes. The condensation
of 2-phenylmalonaldehyde with anthranilic acid yields this PDBAD Schiff base with a tetra
dentate capability. The detailed synthesis of PDBAD and its metal complexes are presented in
Chapter Il. The studies suggest the structure of PDBAD and [M(PDBAD)Xz] as shown in Figure
7A.L.

This Chapter is divided into three parts, viz., PART A, PART B, and PART C.

Part A presents the results of the physical, analytical, spectroscopic, electrochemical and
coordination chemistry studies of the PDBAD and its metal complexes, [M(PDBAD)Xz2].

Part B shows results and discussion of the studies of the molecular modeling and protein
molecular docking of the ligand and its metal complexes, many attempts have been made in vain
to develop an analysis of [Cu(PDBAD)] or any of the [M(PDBAD)Xz2].

Prat C describes the biological activity studies of the PDBAD ligand and its metal

complexes.
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PARTA

SPECTRAL, ELECTROCHEMICAL AND COORDINATION
CHEMISTRY STUDIES OF PDBAD and [M(PDBAD)X:]

7A.1 Analytical Characteristics of the PDBAD and [M(PDBAD)Xz]:

The physical and analytical characteristics of the PDBAD ligand and its metal complexes
are shown in Table 7A.1. The structures of the chemical compounds match well with the results
of the elemental analysis. Figure 7A.1 shows the structures of PDBAD ligand and its metal

complexes.
Table 7A.1: Analytical data” of PDBAD and [M(PDBAD)Xz]
Compound M.P (°C) Molecular Molecular Elemental analysis*
formula weight
%C %H %N %0
PDBAD 195-197 C23H18N204 386 53.16 4.25 3.38 16.29
(71.49) (4.70) (7.25) | (16.56)
[Cu(PDBAD)] 240-242 C23H16CUN204 447 61.43 3.48 6.12 14.17
(61.67) (3.60) (6.25) | (14.29)
[Ni(PDBAD)] 275-277 C23H16NiN204 443 62.24 3.51 6.16 14.19
(62.35) (3.64) (6.32) | (14.44)
[Co(PDBAD)(H20)2] 268-270 C23H20CoN20¢ 479 57.63 421 5.84 20.03
(58.21) (4.42) (5.91) | (21.05)
[Mn(PDBAD)(H20)2] | 243-245 C23H20MnN2Os 475 58.11 4.24 5.89 20.19
(58.63) (4.53) (6.18) | (20.75)
[Zn(PDBAD)(H20):] 254-226 Ca23H20ZnN20¢ 484 56.86 4.15 5.77 19.76
(57.12) (4.33) (5.93) | (19.92)

#data in parenthesis are calculated ones; ~ data limited to integral values
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Figure 7A.1: Schematic of the synthesis of PDBAD and [M(PDBAD)Xz>]

7A.2 IR Spectral Studies:

The FTIR spectra of PDBAD ligand and its complexes show aliphatic C-H stretching
frequencies in the range of 3000-3100 cm™ (Figures 7A.2—7A.7). The PDBAD ligand’s v (C-N)
stretching bands at 1575 and 1540 cm™ decrease by ~20-60 cm™ on complexation. Similarly, the
PDBAD ligand’s v (C=0) stretching bands at 1683 and 1625 cm™ decrease by ~30-90 cm™ on

complexation. The negative shift of these bands up on complexation is caused by the loss of the —

C=N- and —C=0-tautomeric characters and it indicates the formation of metal complexes via the

imine and carboxylic acid functional groups'. Important infrared spectral data are provided in

Table 7A.2.
Table 7A.2: IR data” of PDBAD and [M(PDBAD)X;]
Compounds IR spectral data (cmt)*
vC-H (aromatic) | vCOO (str) | vC=N (sym) | vM-N | vyM-O
PDBAD 3068 1683, 1625 | 1575, 1540 | - -
[Cu(PDBAD)] 3095 1596, 1579 | 1549, 1496 | 530 437
[Ni(PDBAD)] 3098 1633, 1593 | 1494,1459 [576 [ 449
[Co(PDBAD)(H20):] 3065 1592, 1556 | 1505, 1445 |[533 | 470
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[Mn(PDBAD)(H20)2] 3074 1597, 1578 | 1537,1498 | 523 | 466
[Zn(PDBAD)(H20)2] 3095 1611, 1586 | 1505, 1453 | 529 | 472
#, in KBr pellet

7A.3 Electronic Spectral Studies:

The electronic spectra of PDBAD ligand and its metal complexes are shown in Figures
7A.8 through Figure 7A.11. The PDBAD ligand exhibits only two transitions at ~345 and 415
nm. The two peaks for PDBAD are attributed to n—n" (of the carboxylic acid) and n—m
(aromatic) transitions. The electronic spectra of [M(PDBAD)Xz] differ significantly from that of
their ligand, PDBAD.

Table 7A.3 comprises the relevant electronic spectral data for PDBAD and
[M(PDBAD)Xz]. The weak broad band observed for [Cu(PDBAD)] at 735 nm is assigned to the
2B1g— %Eq d-d transition®. Whereas, shifting in n—n" and n—n=" (aromatic) transitions indicate the
formation of [Cu(PDBAD)] metal complex, furthermore, spectral data points to a square planar
geometry. The bands observed for [Ni(PDBAD)] at ~ 517 and 633 nm are assigned to *T1(F) —
3T1(P) and 3T1(F) — 3Ax(F)) d-d transitions, respectively, indicating that [Ni(PDBAD)] has a
tetrahedral structure®. One band at 517 nm in the electronic spectra of [Co(PDBAD)(H20)2] is
attributed to the “Ax(F) —*Ti(P) d-d transition, implying tetrahedral geometry for
[Co(PDBAD)(H20)2]*. [Mn(PDBAD)(H20):] is a d° high spin system with spin and Laporte
forbidden transitions®. [Zn(PDBAD)(H20)] has no d-d transitions, as expected for d° systems.

Table 7A.3: Physical, electronic spectral and magnetic data of PDBAD and

[M(PDBAD)(H20)2]
Compound Color | Electronic spectral data A ( &) Meff

(BM)

PDBAD Yellow | 345 (13100); 415 (21600) -

[Cu(PDBAD)] Brown [ 291 (21570); 453 (16600); 735 (1630) 1.65

[Ni(PDBAD)] Green | 349 (35200); 397 (41000); 633 (2150) 2.42

[Co(PDBAD)(H20)2] | Brown | 332 (17000); 430 (6000); 517 (2000) 4.15

[Mn(PDBAD)(H20)] | Yellow [ 230 (4125); 280 (1125) 5.12

[Zn(PDBAD)(H20)2] | Yellow | 234 (3250); 259 (2985); 288 (2375); 320 (2000) -
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Figure 7A.2: IR spectrum of PDBAD
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Figure 7A.3: IR spectrum of [Cu(PDBAD)]
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Figure 74.10: Overlay UV-Visible spectra of PDBAD
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Figure 7A.11: Overlay UV-Visible spectra of PDBAD
and [Co(PDBAD)(H0)]
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7A.4 Fluorescence Spectral Studies of PDBAD and [M(PDBAD)Xz]:

Figure 7A.12 represents the luminisence spectrum of PDBAD. The emission of green
light, which corresponds to electron transfer from the azomethelene group to the benzene ring
through the single bond, produces a broad emission peak at 421 nm®. The energy of the band gap

was measured to be around 2.94 eV.
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Figure 7A.12: The solid state Absorption (black) and emission (red) spectra of PDBAD
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Figure 7A.13: The solid state Absorption (black) and emission (red) spectra of [Cu(PDBAD)]

Figures 7A.13 through 7A.17 show the fluorescence spectra of [M(PDBAD)Xz] for M =
Cu, Mn, Ni, Zn, Co. The [Cu(PDBAD)] complex exhibits two emission bands at 517 and 764 nm
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for an excitation wavelength of 288 nm. In the case of the [Mn(PDBAD)(H20):] complex, two
emission bands are observed at 415 and 777 nm upon excitation at 356 nm. The [Ni(PDBAD)]
complex exhibited three emission bands at 396, 520, and 755 nm for the excitation wavelength of
332 nm. The [Zn(PDBAD)(H20)2] complex has a 511 nm emission band and a 487 nm excitation
band. Similarly, for excitation with 372 nm the [Co(PDBAD)(H20)2] complex exhibits two

emission bands at 435 and 750 nm.

180 160
‘ Excitation spectrum Excitation spectrum
1604 415 nm = Emission spectrum 140 ——— Emission spectrum
140
120
120 -
,s — 100+
< 100 + ;
£ g0 B 90
s 356 nm 2
£ 60 » S 60
= =
40 - 40
20 777 nm
i 2 755 nm
oL T T r T T T 7 T [
240 320 400 480 560 640 720 800 880 ] T T T T T T T T T
Wavelength (nm) 240 320 400 w;:eolen;f:: (m:t)o 720 800 880
Figure 74.14: The solid state absorptive (black) Figure 74.15: The solid state absorptive (black)
and emission (red) spectra of [Mn(PDBAD)(H:0);] and emission (red) spectra of [Ni(PDBAD)]
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Figure 74.16: The solid state absorptive (black) Figure 74.17: The solid state absorptive (black)
and emission (red) spectra of [Zn(PDBAD)(H.0),] and emission (red) spectra of [Co(PDBAD)(H.0);]

7A.5 Fluorescence Spectrophotometric Titration of PDBAD Against Cu*? ion (Job’s Plot):
In order to find out the metal to ligand ratio (coordination number), a fluorescence
spectrophotometric titration has been carried out for a fixed amount of PDBAD (titrand) against
varied metal ion content (titrant) in a monovariation Job’s Method at a fixed excitation wavelength
of 353 nm’. Figure 7A.19 shows the Job’s plot of PDBAD against CuCl,. This and Job’s plot for
other metal ions indicate the metal to ligand stoichiometry matching to the formulae,
[M(PDBAD)X2] (where X = nil for Cu*? and Ni*? but X = H,0 for Co*?, Mn*? and Zn*?).
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Figure 7A.18: Spectrophotometric titration of PDBAD (¢ = 1x10™* M) against CuCl. (c = 1x10*
M) with variation metal volume
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Figure 7A.19: Monovariation Job’s plot for the spectrophotometric titration of PDBAD (c =
1x10* M) against CuCl,

Based on the elemental analysis and the above mentioned Job’s Plots, the structure of metal

complexes are tentatively assisted as in Figure 7A.1.

7A.6 Electron Spin Resonance Spectroscopy of [Cu(PDBAD)]:

The polycrystalline state ESR spectrum of [Cu(PDBAD)] is shown in Figure 7A.20. A
single broad peak centered at g = 2.101 is observed. From the simulated spectrum of
[Cu(PDBAD)] the tensor values, g; and g. are evaluated as 2.252 and 2.047, respectively. The

presence of unpaired electrons in the dxz.y> (ground state) orbital is discerned from the fact that g
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> g1 > 2.0023, which also infers a square planar geometry to the Cu(ll) center®. The fact that the

Qavg Value is lower than 2.3 means there is a covalent bond between the metal and the ligand.

The geometric parameter, G, also known as magnetic exchange interaction parameter and
calculated by the following formula, is found out to be about 5.58. However, it is well known, as
reported by Hathaway and Billing, that a value of G < 4 infers an appreciable magnetic interaction

between adjacent metal centers in a solid state, whereas that of G > 4 is a negligible one®.

. g”—E.GGEE
g, —2.0023 (6.1)

Figure 7A.20: X-band electron spin resonance spectrum of [Cu(PDBAD)] in solid state

The fact that the exchange interaction parameter value of complex [Cu(PDBAD)] is
greater than 4 indicates that copper centers do not have spin exchange interaction, as in certain

Schiff base square planar complexes and copper*.

7A.7 Cyclic Voltammetric Studies of PDBAD and [M(PDBAD)Xz]:

Figures 7A.21 (a) shows the cyclic voltammogram (CV) of PDBAD ligand as a function
of scan rate. Two anodic peaks at E, = 0.85 and E, = 0.96 V are observed with no corresponding
cathodic peaks in the reverse scan. The CV then indicates an irreversible oxidation of PDBAD in

consecutive electron transfer steps.
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In Figure 7A.21 (b) is shown the relation between peak current, ip and scan rate, v. The

2 indicates that the electron transfer proceeds is diffusion controlled. Figure

linearity plot of ip vs v
22 (b) shows the linear sweep voltammogram (LSV) of PDBAD B varied concentrations. The
anodic peak currents are found to be linear with the concentrations of the PDBAD. Thus LSV

seems to serve as an electroanalytical tool for the analysis of PDBAD.

The cyclic voltammogram of [Zn(PDBAD)(H20)2] shows one prominent oxidation at 0.67
V, attributed to ligand oxidation of azomethine groups (Figure 7A.23 (a)). The oxidation peak
potentials are slightly negative when compared to the free ligand (Epa = 23 mV) due to the
coordination of the PDBAD ligand to the Zn(ll) ion center. The electron charge transfers from
metal to the ligand. In Figure 7A.23(b) is shown the effect of scan rate on the peak current. The
linearity of the ip with v is indicative of diffusion-controlled electron transfer. Figure 7A.24(a)
shows the LSV of [Zn(PDBAD)(H20)] with varied concentration whereas Figure 7A.24(b)
shows the linearity of ip of [Zn(PDBAD)(H20)2]. This plot suggests possible quantitative analysis
of Zn ion by complexometric LSV.

The electron transfers coefficient (ana) and heterogeneous electron transfer rate constant
(k°) have been evaluated from studies of the influence of concentration and scan rate on peak
potentials'. The pertinent electrochemical data along with the diffusion coefficient (D) value are
shown in Table 7A.4.
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Figure 7A.21: (a) Cyclic voltammogram of PDBAD (5x10° M) in DMSO at different scan rates
(b) Effect of scan rate on the anodic current of PDBAD
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Figure 7A.22: (a) LSV of PDBAD in DMSO at different concentrations (b) Variation of anodic
and cathodic currents of PDBAD with respect to various concentration
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Figure 7A.23: (a) Cyclic voltammogram of [Zn(PDBAD)(H20),] (5x 10° M) in DMSO at
different scan rates (b) Effect of scan rate on the anodic current of [Zn(PDBAD)(H20):]
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Figure 7A.24: (a) LSV of [Zn(PDBAD)(H20)] (5x10° M) in DMSO at different scan rates (b)
Effect of scan rate on the anodic current of [Zn(PDBAD)(H-0)]

Table 7A.4: Electrochemical data of PDBAD and [Zn(PDBAD)(H-0).] various metal
complexes in acetone medium

Compound Parameters
(D) ((lna) koh
incm?s?! incm?s incm? st
1
PDBAD 9.32x10° 0.34 5.22x 107
[Zn(PDBAD)(H20)2] | 11.36 x 10® 0.66 10.13 x 107
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PART B

MOLECULAR MODELING AND MOLECULAR DOCKING STUDIES OF
PDBAD AND ITS METAL COMPLEXES

7B.1 Molecular Modelling Studies of PDBAD and [M(PDBAD)Xz]:

Molecular modelling studies were used to determine the conformational visualization of
the molecules in various forms in order to address the stability aspects of the PDBAD ligand and
its metal complexes [M(PDBAD)Xz]. The global energy minimized structures are calculated using
the MM2 force field method with an RMS gradient of 0.01. In any structural analysis, the bond
length, bond angles and torsional angles are some of the most essential structural factors. The
ligand PDBAD as well as its complexes are being investigated. There is a great degree of
consistency between the experimental and simulated results. Figure 7B.1 shows the globally
minimized structures of the PDBAD ligand. The numbering adaptation is shown in Figure 7B.1
for subsequent reference in the discussion. Figures 7B.2 and 7B.3 show the anaglyph image and
stereographic depiction of the PDBAD, respectively, to view the molecule disposition in space
and to provide a 3D visual of it. We have used computational methods for dihedral driving and
double dihedral driving to undertake conformational analysis by torsion across the chosen single

bonds. Conformational analysis plots of PDBAD are shown in Figure 7B.4 through Figure 7B.25.

Quantum mechanical HOMO-LUMO orbital energy estimates were used to compute the
expected gas-phase electronic transitions (Figures 7B.26 through Figure 7B.31). Table 7B.1 and
Table 7B.2 contain some of the important bond lengths, bond angles and torsional angles data of
[M(PDBAD)Xz] obtained from MM2 calculations.
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Figure 7B.1: MM2-energy-minimized structure of PDBAD (enamine form)

Figure 7B.2: MM2-energy-minimized anaglyph structure of PDBAD (Enamine form)
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Figure 7B.3: Stereographic projection of MM2-minimized structure of PDBAD (enamine form)
obtained from ChemDrawPro
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Figure 7B.4: Conformational Figure 7B.j5.' Conformational
analysis over C6-C7 analysis over C7-C9
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Figure 7B.6: Conformational Figure 7B.7: Conformational
analysis over C8-N11 analysis over N11-C12
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Figure 7B.12: Double dihedral torsional energy Surfer plot of PDBAD (keto form) over C6-C7
(on axis shown in red) and C7-C9 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.13: Double dihedral torsional energy Grapher plot of PDBAD (keto form) over C6-
C7 (on axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.14: Double dihedral torsional energy Surfer plot of PDBAD (keto form) over C8-C7
(on axis shown in red) and C7-C9 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.15: Double dihedral torsional energy Grapher plot of PDBAD (keto form) over C8-
C7 (on axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.16: Double dihedral torsional energy Surfer plot of PDBAD (keto form) over C7-C8
(on axis shown in red) and C8-N11 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.17: Double dihedral torsional energy Grapher plot of PDBAD (keto form) over C7-
C8 (on axis shown in blue) and C8-N11 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)

o

6 200 e

g S
w450 ,,,:.0%’0’“000‘0’:“3\\»
% 100 A
2 10Q %ﬁgﬁ:ﬁ:ﬁtﬁ:ﬁﬁofoﬁgﬁ“‘“‘“‘
2 X

Nox

Figure 7B.18: Double dihedral torsional energy Surfer plot of PDBAD (enamine form) over C7-
C8 (on axis shown in red) and C8-N11 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.19: Double dihedral torsional energy Grapher plot of PDBAD (enamine form) over
C7-C8 (on axis shown in blue) and C8-N11 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.20: Double dihedral torsional energy Surfer plot of PDBAD (enamine form) over C6-
C7 (on axis shown in red) and C7-N9 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.21: Double dihedral torsional energy Grapher plot of PDBAD (enamine form) over
C7-C8 (on axis shown in blue) and C8-N11 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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Figure 7B.22: Double dihedral torsional energy Surfer plot of PDBAD (enamine form) over C8-
C7 (on axis shown in red) and C7-C9 (on axis shown in blue) bonds (Refer Figure 7B.1 for

numbering of the atoms)
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Figure 7B.23: Double dihedral torsional energy Grapher plot of PDBAD (enamine form) over
C8-C7 (on axis shown in blue) and C7-C9 (on axis shown in red) bonds (Refer Figure 7B.1 for

numbering of the atoms)
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Figure 7B.24: Double dihedral torsional energy Surfer plot of PDBAD (enamine form) over C7-
C8 (on axis shown in red) and C8-N11 (on axis shown in blue) bonds (Refer Figure 7B.1 for
numbering of the atoms)

Figure 7B.25: Double dihedral torsional energy Grapher plot of PDBAD (enamine form) over
C7-C8 (on axis shown in blue) and C8-N11 (on axis shown in red) bonds (Refer Figure 7B.1 for
numbering of the atoms)
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(@)

HOMO (-7.037eV)

(b)

LUMO (-4.468 eV)

PDBAD

\[Figure 7B.26: HOMO and LUMO molecular orbitals of

HOMO(-8.651 ¢¥) ¢ LUMO (3,769 ¢¥) "

Figure 7B.27: HOMO and LUMO molecular
orbitals of [Cu(PDBAD)]

(b)

HOMO (-10.354eV) LUMO(-8.814eV)

Figure 7B.28: HOMO and LUMO molecular
orbitals of [Ni(PDBAD)]

[Co(PDBAD)(H:0),]

Figure 7B.29: HOMO and LUMO molecular orbitals of |

HOMOf11988eY) | LUMO [-10.618 ¢V) \.

HOMO (-9.285 V) ¢ LUMO (-4.374eV) 0

Figure 7B.30: HOMO and LUMO molecular
orbitals of [Mn(PDBAD):(H;0),]

Figure 7B.31: HOMO and LUMO molecular
orbitals of [Zn(PDBAD)(H:0),]
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Table 7B.1: Some of the important bond lengths and bond angles of [M(PDBAD)X>]

Bond Lengths (A) | [Cu(PDBAD)] | [Ni(PDBAD)] | [Co(PDBAD)(H-0).] | [Mn(PDBAD)(H-0).] | [Zn(PDBAD)(H20)-]
Ce-C7 1.360 1.369 1.369 1.360 1.364
C7-Cs 1.364 1.359 1.358 1.353 1.361
C7-Co 1.350 1.361 1.357 1.347 1.356
Co-N1u1 1.277 1.286 1.287 1.288 1.281
Cs-N1o 1.286 1.271 1.273 1.284 1.276
N1o-M 1.312 1.804 1.832 1.838 1.929
N11-M 1.844 1.801 1.832 1.870 1.929
N11-Ci2 1.284 1.295 1.292 1.285 1.286
N10-Ci3 1.286 1.275 1.280 1.289 1.274
C19-C24 1.377 1.382 1.380 1.383 1.388
C24-O29 1.219 1.219 1.225 1.222 1.220
C24-O25 1.385 1.391 1.478 1.379 1.394
O25-M 1.806 1.774 0.748 1.794 1.890
O2s-M 1.812 1.763 0.713 1.801 1.894
O2s-C26 1.382 1.380 1.466 1.383 1.384
C26-O27 1.220 1.221 1.266 1.219 1.220
C26-Cis 1.378 1.384 1.376 1.368 1.382

Bond Angles (°)

C1CeCr 124.1 123.4 123.2 123.1 121.4
CsCeCr 121.0 123.1 123.5 122.1 123.9
CeC7Cs 124.3 119.6 120.6 124.8 120.8
CeC7Co 121.5 120.1 120.8 123.0 118.5
C7CsN1o 129.6 130.1 130.1 129.6 127.7
C7CoN11 120.6 133.5 130.6 120.8 126.6
CgN1oM 116.4 112.6 116.3 119.2 112.9
CoNuM 105.6 110.9 118.0 107.8 106.7
CsN10C13 124.0 128.3 126.2 118.0 130.9
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CoN11Ca2 131.1 137.6 125.9 114.8 132.2
N10MN11 112.0 108.5 99.7 81.9 101.1
N10MO;s 101.3 90.8 102.4 106.8 91.3
C18C26028 124.0 126.1 121.4 121.5 125.3
02sMO2s 117.6 115.9 127.7 123.2 123.9
C2602sM 111.3 106.7 124.6 118.1 109.1
C2402sM 106.3 109.5 123.2 113.8 106.3
O28MN14 89.9 105.3 104.4 80.9 91.9
C26C18C12 121.9 124.7 114.3 116.9 124.2
C24C19C13 119.2 121.6 114.2 125.1 124.7
Table 7B.2: Some of the important torsional angles of [M(PDBAD)Xz]

Torsional Angles (A) Cu(PDBAD) | Ni(PDBAD) | [Co(PDBAD)(H20)2] | [Mn(PDBAD)(H20)2] | [Zn(PDBAD)(H20):]
H3sCsN1oM -161.6 -168.6 -163.3 +168.2 -158.4
C7CsN1oM +31.8 +23.0 +28.5 -10.1 +32.9
C7CoNuiM +49.8 -173.1 +5.7 +70.3 +54.9
H37CoN11M +62.9 -179.4 +177.6 -113.1 -123.5
CsN10MO2s -139.3 -138.0 -137.5 +123.6 -138.8
CgN10MO2s +93.6 +101.8 +83.5 -29.5 +91.3

C13N10MO2s +43.6 +71.5 +68.8 -24.5 +70.4
C13N10MO2s -56.0 -48.7 -70.2 -177.7 -59.3
C18C26028M +22.3 +28.3 +36.6 -32.4 +19.2
C18C12N11M -57.1 -24.1 -25.0 +57.5 -56.2
N10MO25Co26 -166.6 -167.8 -162.2 +132.4 -153.1
N10MO25C24 -49.8 -53.6 -54.5 +15.2 -52.6
N11MO25C24 -175.7 -165.1 -159.3 +94.5 -158.5
N11MO28C26 -52.5 -46.3 -55.7 +58.6 -49.5
029C24025M +36.0 -152.1 -148.1 +176.2 -152.7

-154.6 -152.8 -142.8 +145.7 -157.3

027C26028M
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7B.2 Molecular Docking Studies of PDBAD and [M(PDBAD)Xz]:

For molecular protein docking studies with PDBAD and [M(PDBAD)Xz], we selected
EGFR as a target protein receptor'?. Table 7B.3 comprises of the binding energies obtained from
docking investigations. The binding energies of the ligand and complexes with the protein receptor
EGFR (as shown in Table 7B.3) indicate that the ligand and complexes have a good affinity for
the EGFR protein receptor. The docking tests also show that [Mn(PDBAD)(H20):] and
[Ni(PDBAD)] have the lowest binding energies against EGFR, with a values of -11.4 kcal mol*
and -9.8 kcal mol™? respectively. Figure 7B.32 — Figure 7B.37 shows the molecular docking
interaction diagrams of PDBAD and [M(PDBAD)Xz].

(b)

Interactions

:i van der Waals I:l Pi-Cation
!:] Conventional Hydrogen Bond [: Pi-Pi T-shaped
Carbon Hydrogen Bond Pi-Alkyl

Figure 7B.32: Molecular docking interactions of PDBAD with EGFR-TK protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues

Figure 7B.33: Molecular docking interactions of [Cu(PDBAD)] with EGFR-TK protein; (a) 3D
depiction of ligand-receptor binding interactions and (b) 2D representation of different forms of
interactions with amino acid residues
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Figure 7B.34: Molecular docking interactions of [Ni(PDBAD)] ith

EGFR-TK protein; (a) 3D depiction of ligand-receptor binding interactions
interactions and (b) 2D representation of different forms of interactions
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Figure 7B.37: Molecular docking interactions of [Zn(PDBAD)(H>0)2] vith
EGFR-TK protein; (a) 3D depiction of ligand-receptor binding interactions

Figure 7B.36: Molecular docking interactions of [Mn(PDBAD)(H,0)] with
EGFR-TK protein; (a) 3D depiction of ligand-receptor binding interactions

and (b) 2D representation of different forms of interactions with amino acid
residues

and (b) 2D representation of different forms of interactions with amino acid
residues

315



CHAPTER VII

The ligand PDBAD docks to the EGFR through a total of five hydrogen bond interactions
with amino acid residues of PHE699, GLY700, and LYS851. Furthermore, it docks through two
electrostatic interactions with LYS721, ARG817 and seven hydrophobic interactions with the
amino acid residues of PHE699, ALA835, LEU838, ALA840, PRO853, LYS851 and PRO853.

The [Ni(PDBAD)] complex docks to the EGFR via a one-hydrogen bond interaction with
the ALAG98 protein amino acid residues., it docks through four electrostatic interactions with
LYS721, ASP813 and six hydrophobic interactions with the amino acid residues of PHE699,
ALAB835, LEU838, PRO853, ALA698, LYS851.

The [Cu(PDBAD)] complex docks to the EGFR through one hydrogen bond interaction
with the ALAG98 protein amino acid residues. It also docks through four electrostatic interactions
with ASP813, ASP831 and six hydrophobic interactions with the amino residues LEU834,
ALAB835, LEU838, ALAG98, LYS851, and ARG817.

The [Co(PDBAD)(H20)2] complex binds to the EGFR through one hydrogen bond
interaction with the CYS773 protein amino acid residues, one electrostatic interaction with
LYS721 and three hydrophobic interactions with ARG817, LYS851 and CYS773.

The [Mn(PDBAD)(H20)2] complex exhibits three hydrogen bond interactions with amino
acid residues of ALA698, PHE699 and LYS851. Furthermore, it binds through one electrostatic
interaction with amino acid residue ARG817 and through seven hydrophobic interactions with
PHE699, ALA835, LEU838, ALA840, PRO853, LYS851 and PRO853.

The [Zn(PDBAD)(H20)2] complex docks to the EGFR through four hydrogen bond
interactions with the protein amino acid residues of ARG817, ASN818 and LYS851. it binds
through one electrostatic interaction with amino acid residue ASP813 and five hydrophobic
interactions with the LYS851, PRO853, ALA835 and ALA840.
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Table 7B.3: Docking results of PDBAD and its metal complexes with the EGFR protein

Compound Binding energy | No. of Proteins residues involved in the interactions
(kcal mol?) H-
bonds
PDBAD -8.4 5 ALA840, ALA835, LEU838, ASP813, LYS721, GLY700, GLY697, PHE699, ALA698,
ARG817, TRP856, LYS851, VAL852, PRO853
[Cu(PDBAD)] -10.2 1 ALA835, PHE699, LYS851, ALA698, SER696, GLY697, LYS721, VAL702, ASP831,
ARG817, ASN818, LEU834, LEU838, ASP813, ALA835, PHE699, LYS851
[Ni(PDBAD)] -10.7 2 GLY700, LEU834, LYS721, ALA840, ASP813, VALS852, PRO853, ALA835, LEUS838,
PHEG99, LYS851, ALA698, GLY697, ARG817, SER696
[Co(PDBAD)(H20)] 9.8 1 LYS721, ARG817, CYS773, LYS851, ALA698, PHE699, LEU8S38, LEU834, GLY697,
GLY700, THR701, VAL702, SER696, ASP831
[Mn(PDBAD)(H20):] -10.8 3 LYS721, GLY697, PHE699, GLY700, ALA698, ASP813, ARG817, TRP856, LYS851,
PRO853, LEU838, ALA840, ALA835, PRO853, VALS852
[Zn(PDBAD)(H20)] -10.4 4 TRP856, LYS851, VAL852, PRO853, ALA835, PHE699, ASP813, ALA840, ALAG9S,

GLY697, GLY700, LYS721, ASN818, ASP831, ARG817
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PART C

BIOLOGICAL ACTIVITY STUDIES OF PDBAD AND [M(PDBAD)X:]

7C.1 In vitro Antimicrobial Activity:

The PDBAD ligand and its various Schiff base complexes were tested for microbiological
activity against two gram-positive and two gram-negative bacteria along with streptomycin as a
standard. Table 7C.1 lists the results of the studies.

Table 7C.1: Antibacterial activity MIC values of PDBAD and [M(PDBAD)X:] (ug/ml)

Compound S. aureus B. subtilis | K.pneumoniae E. coli
[Cu(PDBAD)] 8.46 9.15 6.14 8.52
[Zn(PDBAD)(H20)2] 6.23 8.42 13.26 14.35
[Ni(PDBAD)] 16.43 24.54 16.36 16.11
[Co(PDBAD)(H20);] 11.23 14.25 10.85 12.95
[Mn(PDBAD)(H20)2] 18.12 24.63 12.21 17.83
PDBAD 60.26 55.63 61.42 74.97
Streptomycin 3.82 3.51 3.87 3.64

The results reveal that the ligand shows less activity against both gram negative and gram
positive microorganisms. All the complexes exhibit moderate to good activity compared with both
standards and ligands.

7C.2 In vitro Antioxidant Property:

The scavenging activity has been studied for the free radical DPPH (2,2-Diphenyl-1-
picrylhydrazyl)'®>. The results are presented in Table 7C.2. The data indicate
[Co(PDBAD)(H20)2] and [Cu(PDBAD)] complexes have considerable antioxidant activity in the
same order. Further, the ligand and the remaining complexes show good to moderate antioxidant
activity (Figure 7C.1).
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230+

Inhibition IC.

Figure 7C.1: Histographical representation of the 1Cso inhibition values of DPPH radical

scavenging activity of PDBAD and [M(PDBAD)X>]

Table 7C.2: Anti-scavenging activity MIC values of PDBAD and [M(PDBAD)Xz] (ug/ml)

Compound 1Cs0 (LM)
[Cu(PDBAD)] 11.15+0.38
[Zn(PDBAD)(H20)2] | 18.22 + 1.61
[Ni(PDBAD)] 30.62 + 1.51
[Co(PDBAD)(H20)2] | 9.35+1.24
[Mn(PDBAD)(H20)2] | 21.81 £1.22
PDBAD 48.63 £ 0.58
Ascorbic acid 7.35+0.28

7C.3 In vitro Antifungal Activity:

In vitro antifungal activity studies of Schiff base ligand (PDBAD) and its complexes are

investigated with the help of two fungal strains, Asperegillusniger and pencilliumnotatum, with

ketoconazole drug as a standard. The results are provided in Table 7C.3. The anti-fungal activities
of [Ni(PDBAD)], [Co(PDBAD)(H20)2] and [Cu(PDBAD)] are reasonably closer to the standard

for both the fungal strains.
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Table 7C.3: Antifungal activity MIC values of PDBAD and [M(PDBAD)X2] (ug/ml)

Compound Asperegillusniger | Pencilliumnotatum
[Cu(PDBAD)] 4,92 7.25
[Zn(PDBAD)(H20)2] 7.29 6.18
[Ni(PDBAD)] 3.25 4.65
[Co(PDBAD)(H20)2] 431 5.72
[Mn(PDBAD)(H20)2] 7.35 9.11
PDBAD 8.62 9.54
Ketoconazole 2.67 2.78
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Figure 7C.2: Histographical representation of the 1Cso inhibition values of Asperegillusniger,
Pencilliumnotatum antifungal activity of PDBAD and [M(PDBAD)X:]

7C.4 In vitro Anticancer Activity

The anticancer activity of PDBAD and its complexes was tested against three cancer cell
lines, MCF-7, HepG-2 and HEK-293 by the MTT assay method with cisplatin as standard*. The
results are presented in the Table 7C.4. From the results, only [Mn(PDBAD)(H20):] and

[Ni(PDBAD)] complexes exhibit some promising results.

Table 7C.4: Anticancer activity MIC values of PDBAD and [M(PDBAD)Xz>] (ug/m!l)

Codes

MCF-7 HepG-2

HEK-293

[Cu(PDBAD)]

33.213+0.991 43.48 +1.08

91.67+1.11
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[Zn(PDBAD)(H:0).] | 38.63%1.36 | 32.26+0.98 86.27 £0.89
[Ni(PDBAD)] 2550 +0.382 | 19.97 +0.359 ND
[Co(PDBAD)(H:0).] | 52.66+1.325 | 58.12 £0.125 | 8258 + 1.29

[Mn(PDBAD)(Hz0);] | 22.41+0.361 | 17.39« 1.211 ND
PDBAD 79.24 +0.436 67.24 +1.39 ND
Cisplatin 10.56 + 0.271 7.34+£0.18 ND
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Figure 7C.3: Histographical representation of % inhibition values of MCF-7, HepG-2,
HEK-293 of cytotoxicity activity of PDBAD and its metal complexes
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Figure 7C.4: Cell viability assay; dose-response curves of PDBAD and its metal complexes with
different concentrations on MCF7 cells
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Figure 7C.5: Cell viability assay; dose-response curves of PDBAD and its metal complexes with
different concentrations on HepG-2 cells
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SUMMARY AND SCOPE FOR FURTHER WORK

Summary

The Thesis, entitled, “Synthesis, Structural Characterization by X-Ray Diffractometry
and Biological Studies of Some Nitrogenous Compounds and Their Correlations with
Computational Modelling”, deals with the synthesis and characterization of a few selected
nitrogenous organic compounds along with their molecular structure determination by single
crystal XRD and correlation of the structural parameters with those obtained by molecular
modeling of these compounds and their bivalent metal complexes. Both, ligands and their
complexes have been exposed to molecular docking on some biomolecules and were tested for
possible anti-fungal, anti-bacterial, anti-cancer and anti-oxidant in vitro applications.

Chapter 1 introduces the importance of nitrogenous organic compounds with a special
emphasis on Schiff bases, dithiocarbammates, quinolinium compounds, etc. and their metal
complexes. The contemporary research on the correlation of empirical molecular structural studies
by XRD and those obtained from advanced computational modeling, is highlighted with examples.
The Chapter concludes with the Scope and objectives.

Chapter 11, entitled, ‘Materials and Methods’, describes the procedures of the synthesis
and characterization of the compounds studied. Part A of this Chapter deals with the synthesis of
the compounds and their metal complexes whereas Part B the details of characterization of the
compounds by various methods. Introduction to current computational chemistry procedures and
some of the instrumental methods are also provided.

In Chapter IlI, entitled, Spectral, Electrochemical, Molecular Modelling, Protein
Docking and Biological Activity Studies of Fluoxetine Dithiocarbamate (FLXDTC) and Its
Bivalent Metal Complexes, and divided into 3 Parts, the details of investigations of a
dithiocarbammate ligand, FLXDTC, along with its bivalent metal complexes are presented. The
studies indicate the formation M(FLXDTC)2 complex [M = Zn(11), Cd(I1), Co(Il), Ni(1l), Mn(lI)
and Cu(ll)]. Cu(FLXDTC). takes additional CuCl, to result in the formation of
Cuz2(FLXDTC)2Cl kind binuclear complex with sulfur atom bridges Molecular docking studies
and antimicrobial, antioxidant, antifungal, anti-malarial and antitumor capabilities have been
tested for both FLXDTC and M(FLXDTC)2 complexes. The biological activity studies of
FLXDTC ligand and its metal complexes are also described.

The title of Chapter 1V, is “Synthesis and Spectral, Electrochemical, Single Crystal X-
Ray Diffractometric,c, Computational Chemistry and Biological Studies of
1-(((3-Fluoro-4-morpholinophenyl)-imino)methyl)-napthalen-2-ol ~ (FMIMN) and Its
Bivalent Metal Complexes”. The characterization of the FMIMN, and it metal complexes is
discussed in its Part A. It is found that FMIMN crystallizes in the P21,» monoclinic space group.
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Conformational analysis, evaluation of structural parameters, HOMO-LUMO orbital energies,
single and double dihedral analysis, etc. by molecular modelling, molecular docking studies on the
EGFR protein, and so on are placed in Part B. The comparison of XRD data with those by
computational analysis is presented and discussed. There is an excellent agreement of the
computationally evaluated data with the empirical data obtained by single crystal XRD data. The
biological activity studies of ligand and its metal complexes are presented in Part C. In general,
the activities of the complexes were found to be better than those of FMIMN. Zn(FMIMN):
shows better antimicrobial activity while Cd(FMIMN)2 a promising anticancer activity.

Chapter V is titled as, Synthesis, Characterization and Single Crystal X-Ray
Diffractometric, Computational Chemistry and Biological Studies of a Pair of Phenyl
Quinolinium Salts. Two novel organic molecules, viz., 7-fluoro-6-morpholino-3-phenylquinolin-
1-ium (FMPC) and 7-fluoro-3-(4-methoxyphenyl)-6-morpholinoquinolin-1-ium chloride
(FMMC) salts have been synthesized and characterized by various spectroscopic techniques and
by single crystal XRD studies. Both FMPC and FMMC crystallize in their centrosymmetric
monoclinic P2yc Space groups. The crystal structure analysis data and molecular modelling studies
on the platforms of AM1, MM2 and B3LYP calculations and the data have been correlated with
the XRD data. The computationally evaluated data are found to be in excellent agreement with the
empirical single crystal XRD data. Hirshfeld surface analysis and energy frame work calculations,
carried on FMPC and FMMC, reveal some interesting hydrogen bond intermolecular interactions.

These new heterocyclic compounds exhibit certain level of anti-cancer property as proven
from the MTT assaying. These studies are presented systematically in Part A and Part B of this
Chapter.

In Chapter VI, entitled, Spectral Characterization, and Single Crystal X-Ray
Diffractometric, Computational and Biological Studies of Mono- and Di-Aza Derivatives of
a Pair of Malonaldehydes, studies of 2-phenylmalonaldehyde and 2-(4-methoxyphenyl)-
malonaldehyde, each possessing two terminal aldehyde groups and potential candidates of
tautomerism have been presented in this Chapter.

Single crystals could be generated only for (Z)-3-((3-fluoro-4-morpholinophenyl)amino)-
2-phenylacrylaldehyde (FMAPA), with one of the carbonyl groups converted to azomethine, and
3-fluoro-N-((1E,22)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)allylidene)-
4-morpholinobenzenaminium (FFMMMC), with both the carbonyl groups converted to
azomethines whereas we could not obtain single crystals of 3-fluoro-N-((1Z,3E)-3-((3-fluoro-4-
morpholinophenyl)imino)-2-phenylprop-1-en-1-yl)-4-morpholinobenzenaminium (FFMPMC)
and (2)-3-((3-fluoro-4-morpholinophenyl)amino)-2-(4-methoxyphenyl)acrylaldehyde
(FMAMA). FMAPA crystallizes in a centrosymmetric monoclinic P21/c space group but with
four molecules in one-unit cell whereas FFMMMC crystallizes in a centrosymmetric triclinic Py
space group with only two molecules in a one-unit cell. Section 1 of Part A (Section Al) deals
with the spectral, single crystal XRD studies, molecular structural determination of FMAPA and
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FMAMA, while Section 2 of this Part (Section A2) discusses the computational chemistry of the
same along with their protein docking studies. Similarly, Section 1 of Part B (Section B1) and
Section 2 of Part B (Section B2) covers the corresponding bis-derivatives of dialdehyde viz.
FFMPMC and FFMMMC. The XRD molecular structural data of FMAPA and FFMPMC
obtained through single crystal XRD studies have been compared with the molecular modelled
structural of all the four compounds in this Chapter. Finally, this Chapter presents briefly the
biological applications of the title compounds.

In the last, Chapter VII, entitled, Synthesis and Spectral, Electrochemical,
Computational and Biological Studies of 2,2'-(((1E,3E)-2-Phenylpropane-1,3-diylidene)-bis-
(azaneylylidene))-dibenzoic Acid (PDBAD) and Its Bivalent Metal Complexes
[M(PDBAD)Xz], the studies of the Schiff base ligand, 2,2'-(((1E,3E)-2-phenylpropane-1,3-
diylidene)bis(azaneylylidene))-dibenzoic acid (PDBAD), along with those of its complexes of
some bivalent metal ions such as Zn(I1), Cd(Il), Co(ll), Ni(ll), Mn(I1) and Cu(ll) are described.
The studies propose the formation [M(PDBAD)Xz2] type complexes due to the tetradentate nature
of the ligand. Biological activity like antimicrobial, antioxidant, antifungal, anti-malarial and
antitumor capabilities has been tested for both PDBAD and [M(PDBAD)Xz] kind of complexes
along with molecular docking studies. While PART A describes the characterization of the
PDBAD, PART B molecular modelling and protein molecular docking studies and PART C is
for the biological activity studies of PDBAD and [M(PDBAD)Xz2].

Scope for Further Work

The kind of organic skeletons of the compounds that | have synthesized and studied are
very common in many of the functional materials and pharmaceuticals. Most of these heterocyclic
compounds defy crystallization for the determination of their exact molecular structure. Our
studies have suggested how Density Functional Theoretical (DFT) molecular modeling gave
structural parameters found to be very close to the ones determined by single crystal X-Ray
Diffractometry (XRD). More and more such recent studies need to pile up to form a heap of organic
and coordination compounds that have a wide variety of inherent structural motifs with tables of
correlations between the computational parameters and the X-Ray Diffractometric data.

Like the Heat Charts, CCDC, CODATA, ASTM, CRC Handbook, etc, one such database
of molecular structural correlations with empirical X-Ray Crystallographic data may soon be
compiled so as to enable chemists and materials scientists to confidently arrive at the molecular
structural parameters to those compounds that are unable to be crystallized. In the regime of
Quantitative Structure Activity Relationships (QSARS), it is important to have such charts aplenty.

With constant theoretical refinements taking place in Quantum Mechanics, more reliable
computational modeling platforms are likely to be developed that may bring the expected XRD
data much more closely to the computational data and vice versa.
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Summary and Scope for Further Work

Molecular Docking to other physiologically decisive macromolecules, biomolecules,
proteins, nucleosides, cell-organelle, metallo-enzymes in the light of the correlation charts of XRD
data and computational data may open new vistas in pharmaceutics and biotechnological
applications.
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