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Preface

This Thesis contains six chapters. Chapter 1 is about Introduction, Materials and Methods. In
this chapter introduction about fluorescence and various sensing mechanisms are discussed
briefly. Some recent literature reports on detection of Zn?*, Cu?* and Pd?* ions using different
fluorescent probes have been discussed. Recent reports on benzannulation reactions for the
synthesis of substituted benzenes have also been described. Along with this, materials, methods
and instrumentation related to this thesis are described in details. In Chapter 2, a probe 3,3'-((-
(5-(tert-butyl)-2-hydroxy-1,3-phenylene)bis(methaneylylidene))bis(hydrazin-1-yl-2-

ylidene))bis(quinoxalin-2(1H)-one) (LH) showed very weak fluorescence (Aem = 597 nm) in
EtOH/HEPES buffer system (5 mM, pH = 7.4, 8:2, v/v) upon excitation with 419 nm light.
Upon adding Zn?* ion to the probe solution, a huge enhancement in fluorescence (hem = 537
nm) was observed with appearance of yellow green colour when seen in long UV light. Job's
plot and single crystal XRD method suggested a 2:1 binding ratio between Zn?" and LH. A
very low detection limit of 95 nM was calculated using LH for detection of Zn?* ion. In Chapter
3, a heterocyclic probe 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H) has exhibited
very high fluorescence in MeOH/HEPES buffer system (5 mM, pH = 7.4, 2:8, v/v) at Aem = 437
nm when excited with Aex = 336 nm. But after addition of Cu?* and Pd?* ions the fluorescence
got quenched. Job's plot and mass spectral analysis suggested a 1:2 binding ratio between M?*
(M = Cu, Pd) and L2H. DFT/TDDFT calculation supported the experimentally observed red
shifts in absorption spectra due to addition of Cu®* and Pd* ion to probe solution. In Chapter
4, a polypyridine ligand (L3) containing two terpyridine arms was synthesized and utilized in
synthesis of two new metal complexes of Co(ll) and Mn(ll) with compositions
[M2(L3)Cl4]-2H20. Molecular structures of these three were established using single crystal
XRD method. Taking inspiration from synthesis of terpyridine, Chapter 5 deals with synthesis
of 1,2,4,6-tetrasubstituted benzenes from the reaction of aryl methyl ketones and aromatic
aldehydes in 3:1 ratio in the presence of 3 equivalents of NaH in one pot condition. The reaction
was regioselective in nature. In Chapter 6, changing the ratio of aryl methyl ketone and
aromatic aldehyde from 3:1 to 3:2 in the presence of catalytic amount of NaH yielded 1,2,3,4,5-
pentasubstituted cyclohexanol. Using this methodology some new and reported substituted

cyclohexanols were synthesized.
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Abbreviations

a Unit cell dimension a

b Unit cell dimension b

c Unit cell dimension ¢

a Interfacial angle in a unit cell
S Interfacial angle in a unit cell
y Interfacial angle in a unit cell
Z Unit cell formula unit
U Absorption coefficient
) Chemical shift in NMR

ppm Parts per million

NMR  Nuclear magnetic resonance

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
ORTEP Oak Ridge Thermal Ellipsoid Plot
CHEF  Chelation enhanced fluorescence
CHEQ Chelation enhanced quenching
ESIPT  Excited state intramolecular proton transfer
PET Photoinduced electron transfer
DCM Dichloromethane

THF Tetrahydrofuran

DMSO  Dimethyl sulfoxide

DMF N,N-Dimethylformamide
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Chapter 1

Introduction, Materials and Methods
Abstract

A Dbrief discussion of metal ion sensing, fluorescent detection and its mechanism such as excited
state intramolecular proton transfer (ESIPT), photoinduced electron transfer (PET), chelation
enhanced fluorescence (CHEF), C=N isomerization, and chelation enhanced quenching
(CHEQ) have been discussed with examples. A brief introduction about features and
disadvantages of Zn?*, Cu** and Pd?*" have been discussed. Accordingly, some recent
developments on fluorescent detection of Zn*, Cu?* and Pd?* have also been discussed. In the
next section of this thesis, synthesis of tetrasubstituted benzene has been described, a brief
review on various reactions involved in synthesis of substituted benzenes have also been

discussed.
1. Introduction

Metal ions are present in all living beings and play a pivotal role in biology as they regulate
fundamental processes like metabolism, biomineralization, osmotic regulation, catalysis,
signaling.!*! There is a high abundance of group 1 and 2 metals (Na, K, Ca and Mg) in many
of the bio-organisms. However, transition metal ions (Fe, Cu, Zn, Mn, Ni, Co, W, Mo, Cr and
V) also play a crucial role in biology. These transition metals are present in much lower levels
with respect to group 1 and 2 metals and are frequently referred as trace metals. Metals like
zinc, copper and iron are crucial component in many biological processes and enzymatic
reactions.? The balanced concentration (homeostasis) of biological metal ions is necessary to
regulate the fundamental processes; however, if the metal homeostasis is disturbed, it can lead
to many diseases that include cancer,®l and diabetes¥ neurodegenerative diseases.?!
Homeostasis disruption can be caused by lack of excretion of potential toxic metal ions,®!
excessive accumulation of zinc, iron and copper ions.”#l Increase in copper ion levels have
been identified in tumor and cancer.®l Imbalance in concentration of Zn?* ion has also been
linked to cancers and diabetes. As we have discussed, various metal ions have crucial role in
biological processes having appropriate concentration; however, if there is disruption in their
concentration can lead to fatal diseases. Hence it is essential to detect and quantify metal ions
using various techniques. There are many conventional electroanalytical and
spectrophotometric detection techniques available for the detection of small amounts of metal
ions which include atomic absorption spectroscopy (AAS), inductive coupled plasma mass

spectrometry (ICP-MS), voltammetry, chromatography.*¥ However, they have limitations of
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high cost, complex sample preparation, sensitivity, selectivity, time consuming, require skilled
persons. On the other hand, the fluorescent detection technique is most advantageous over other
available techniques as it provides quick response, high selectivity, low cost and low detection

limit. [t

Fluorescence is a phenomenon of emission of visible light upon irradiation of light of particular
wavelength. The fluorescence property occurs for very short time of few nanoseconds after an
absorption event, i.e., as soon as light source is removed, the fluorescent materials stop to glow
immediately. This phenomenon is highly useful in the field of analytical chemistry. The
fluorescence property plays crucial role in the recognition of atoms, molecules or ions. The
species which is going to be detected is known as analyte and the molecule with the help of
which this species is detected is known as probe or sensor. Fluorescent sensors generally
contain two parts one is metal chelating or binding unit (receptor) and other is signaling unit
(fluorophore) capable of absorbing and emitting light; sometimes, these two parts are separated
with spacer. When a particular analyte interacts or binds with binding unit of probe, there is
alteration of signal observed because of electronic or molecular structure change, which helps
in detection of that particular species. Typically, there is enhancement or decrease in
fluorescence intensity observed upon interaction with analyte, if there is enhancement in
fluorescence upon binding, it is termed as turn-on detection and if there is decrease in
fluorescence intensity upon binding, the term turn-off detection is referred. Polydentate ligands
containing O, N or S donor atoms are widely used in artificial fluorescent sensor for detection
of metal ions as they provide strong complexing ability. Several factors should be accounted
for design and development of fluorescent chemosensor, selective for specific metal ion which
include donor atom preference, preferential coordination geometry, preorganization of

polydentate ligand and HSAB principle.[!2*°]
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Figure 1. Schematic presentation of (a) turn on and (b) turn off fluorescent detection.

According to design of probe, their selectivity for particular analyte can be modified. Here in
this chapter, a brief introduction of metal ion sensors and their mechanism of sensing has been
discussed. Along with these, the metal ions which are used here in this thesis for detection are
Zn?*, Cu?* and Pd?* and hence a brief introduction about features and disadvantages of these
metal ions and some recent reports for the recognition of these analytes using fluorescent

probes have also been described.
1.1 Fluorescent sensing mechanism

Scientists have utilized practical approach to design and develop new and efficient
chemosensor using several fluorescence mechanisms and with the help of concepts of
supramolecular chemistry. These conventional mechanisms include photoinduced electron
transfer (PET),[***] excited state intramolecular proton transfer (ESIPT),!*6] intramolecular
charge transfer (ICT),[*® ligand metal charge transfer (LMCT), metal ligand charge transfer
(MLCT), fluorescence resonance energy transfer (FRET),[*1 C=N isomerization,?°! chelation
enhanced fluorescence (CHEF) and chelation enhanced quenching (CHEQ). Some of

important mechanisms have been discussed here.
1.1.1 PET mechanism

Photoinduced electron transfer mechanism is generally used in explaining turn on fluorescent
detection. The probe generally contains fluorophore and receptor (containing N, O or S donor
atom) which are separated with spacer. In the unbound state, upon excitation with light having

definite wavelength, there might be electron transfer taking place from free receptor to
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fluorophore which in result decrease the fluorescence, however when analyte interacts with
receptor, the electron transfer is no longer taking place and hence upon excitation, there is huge

enhancement in fluorescence intensity was observed.™*®!

hv\‘i_
Fluorophore  Receptor hv 'tluorophore Receptor
LUMO LUmMmo
- Analyte I
i uorgsfu:anca T | Fluorescence
J/“}_JH_____ . on
! R HOMO T " & N ;
Hamo Free Receptor HOMO

Fluorophore Fluorophore Bound receptor

Figure 2. Schematic presentation of PET mechanism in turn on chemosensor.

Probe 1 was synthesized from benzothiazolyl-salicylaldehyde and 2-hydrazinoquinoline, and
found to have ability to detect Zn®* ion selectively accompanied by appearance of green
fluorescence. The proposed sensing mechanism for the 1 towards Zn?* was suggested to be
restriction of PET upon coordination with Zn?* ion. In free probe 1, the lone pair at imine
nitrogen participated in photoinduced electron transfer process, due to which it remained
weakly fluorescent, however upon coordination with Zn?* the PET process got inhibited and

high enhancement in fluorescent intensity was observed.?%

L)
(o)
il oA
|
joel_NNath
H
At q
1

|
N<
NH
NZ |
X
Fluorescence OFF

Fluorescence ON
Figure 3. Proposed binding mechanism of 1.

PET mechanism has also been useful in explaining turn off fluorescent detection of metal ions.
The chemosensor itself remains highly fluorescent upon excitation with light of particular
wavelength, however as soon as it interacts with metal ion, the photo excited electron of
chemosensor can be transferred to vacant orbital of metal ion, consequently, quenching of

fluorescence occurs.[?2
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Figure 4. Schematic presentation of PET mechanism in turn off chemosensor.

A BODIPY based probe 2 having 2,2'-bipyridyl group was utilized in selective detection of
Cu?* ion. The probe 2 was highly fluorescent initially but when it interacted with Cu?* and
became non fluorescent due to operation of PET from excited state of fluorophore to bound

Cu?* via bipyridyl unit.[*!

Fluorescence ON Fluorescence OFF

Figure 5. Sensing mechanism for turn off fluorescent recognition of Cu?*.
1.1.2 ESIPT mechanism

Typically, the ESIPT process includes the shifting of a—OH (or —-NHR) proton to the C=0 (or
C=N) upon excitation via a six or five membered ring. It is faster process (ranges in time scale
of few picoseconds) as compared to electron transfer process.?41251 ESIPT is four level
photochemical process in which (i) fluorophore generally exists in enol form which upon
photoexcitation goes to S; state, (ii) in this state acidity and basicity of hydrogen bond donor
and hydrogen bond acceptor increases (iii) it favours the enol keto phototautomerization and
as a result enol form is rapidly converting into keto form in its excited state Si' (iv) after
radiative decay, it comes to ground state So’ which revert back to its original enol form at So

after reverse proton transfer (RPT). The ESIPT based fluorophores generally have high stokes
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shift values. The process of ESIPT can be inhibited upon deprotonation and coordination with

metal ions.

51 - - ﬂ.
- 51:

Excitation Emission
/ - Sy
So RPT
H H
SN Mo SN o
/IH%K )\\"‘\ru\
Enol form Keto form

Figure 6. Schematic presentation of ESIPT mechanism in fluorescent probes.

The probe 3 was synthesized from 2-hydrazinobenzothiazole and 2,6-diformyl-4-methylphenol
and acted as turn on fluorescent sensor for Zn*. A huge enhancement in fluorescence was

observed when probe 3 coordinated with Zn?* ion due to ESIPT process got inhibited.[?6]

I ESIPT N
S” SN NZ s )% )\

S” N N“ 'S
N o O
Enol form @ Keto form

2

AN O NG
HN” >~ 3 -7 “NH

)\ ‘@ )\ No ESIPT
AP SN2

S” N N“ 'S

& O

Highly Fluorescent

Figure 7. Mechanism of sensing of Zn?* by probe 3.
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1.1.3 C=N isomerization mechanism

The C=N isomerization mechanism can also explain the phenomenon of fluorescence turn on
upon complexation with metal ion. From various reports, it has been observed that the molecule
containing unbridged C=N group may undergo isomerization upon excitation, and because of
this isomerization molecule becomes non-fluorescent. However a dramatic enhancement in
fluorescence intensity was observed when this C=N isomerization was restricted with the help
of bridging on C=N group or complexation/chelation with a metal ion.?"l Typically, due to
C=N isomerization, the probe remains non fluorescent whereas, upon coordination with metal

ion, the complex shows high fluorescent intensity.

ssaclvans
IO O<D

C=N Isomerization No C=N Isomerization
Non Fluorescent Highly Fluorescent

Figure 8. Bridged and un-bridged C=N containing compounds sowing weak and high

fluorescence.

A fluorescent probe 4 having coumarin as signaling unit (fluorophore) and antipyrine as
chelating moiety (receptor) linked together by C=N bond was reported. Free probe was almost
non fluorescent due to C=N isomerization, however a remarkable enhancement in fluorescence

was attained upon coordination with Zn?* because of inhibition of C=N isomerization.[?"]

C=N Isomerization

RS o

X=ClO4 or CHacN X
Highly fluorescent

C=N Isomerization

/\N
4

Non-fluorescent

Figure 9. Proposed sensing mechanism for detection of Zn?* by 4.
1.1.4 CHEF and CHEQ mechanisms

Chelation enhanced fluorescence is another mechanism for explanation of turn on fluorescent

detection. Chemosensor upon excitation remains non fluorescent initially because of non-
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radiative decay due to viberation, rotation or interaction with solvent, however upon chelation
with analyte, rigidity in chemosensor has been attained and favours radiative decay and hence
there is huge enhancement in fluorescence is obtained. A terpyridine based ligand 5 was
reported to have conformational flexibility in free state remained weakly fluorescent however
upon coordination with Zn?* ion, flexibility got decreased which in turns facilitates

fluorescence emission due to occurrence of CHEF.[%8

Fluorescence ON

Figure 10. Binding mechanism 5 with Zn?* ion

Conversely, in CHEQ mechanism, the sensor itself has high fluorescence upon excitation, but
as soon as it chelates with analyte, this fluorescence phenomenon of sensor is disrupted because
of formation of non-fluorescent complex which favours deactivation of photons in non-
radiative pathway. This mechanism generally utilized in explaining turn off fluorescent
detection. A schiff base probe 6 containing vanillin was reported that detects Cu?* ion in turn

off fashion because of occurrence of CHEQ.!?"]

v
N Cu(NOg3), 5 \\ HN
@Q_l HN\© CH5CN / H,0 O ‘Cu\ \©
6

)
1
O Il}l "ONO,
CHEQ /
Fluorescent Non fluorescent

Figure 11. Fluorescent recognition of Cu?* ion by 6.
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1.2 Recent development in fluorescent detection of Zn?*, Cu?* and Pd?* ions

Some selected probes having selectivity for Zn?*, Cu?* and Pd?* ions, utilizing aforementioned
mechanisms have been illustrated here, as in Chapters 2 and 3 fluorescent detection of Zn?*,
Cu?* and Pd?* have been reported.

Zinc exists as Zn?* ion in the human body and it is second most abundant trace metal ion after
iron. It has great importance in physiological response. Zn?* ion is found in active site of many
enzymes like carbonic anhydrase and carboxypeptidase. In the human body, labile Zn?* ion
controls many events such as neuronal transmission, apoptosis, epilepsy and ischemia.2% Its
balanced concentration in our body regulates various processes like immunity growth and
endocrine function.®1*2 However, its imbalance in concentration may lead to various fatal
diseases like Alzheimer’s and Parkinson’s diseases.[**I34 Zn2* has d'° electronic configuration
in its valence shell, Cd?* and Hg?" also belong to same group having same fulfilled d°
electronic configuration. Due to their fulfilled d orbitals they are spectroscopically inaccessible
and it becomes very hard to distinguish Zn?* ion over Cd?* and Hg?* ions. Hence detection of
zinc(l) is crucial. Fluorescence detection technique enables an easy way to distinguish these

metal ions using appropriate fluorescent probes.

ESIPT
=z
— NG, O NG
HN H NH
NJ\N NJ\N
AN NN

Inhibition of ESIPT and PET \ @

X= C|O4

Figure 12. Sensing pathway of 7 for the detection of Zn?* ion
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A probe 7 was synthesized using 2-hydrazinyl-4,6-dimethylpyrimidine and 2,6-diformyl-4-
methylphenol. It was found to be a selective chemosensor for Zn?* ion in fluorescent turn on
fashion. The sensing mechanism for detection of zinc(ll) ion was due to restriction of ESIPT
and PET processes and onset of CHEF.[*® Another similar probe 8 was reported which can
also detect Zn?" in fluorescent turn on fashion. The probable sensing mechanism for the
detection of Zn?* was due to inhibition of PET and occurrence of CHEF, however, the role of
ESIPT and C=N isomerization cannot be neglected.*®! There are various reports on detection
of Zn?* published based on quinoline (9),°1 1,8-naphthalimide (10),1%8 pyrene (11),5

coumarin (12),14% benzoxazole (13)[“! and fluorescein (14).142]

0 RS Sy

N OH N /@(Nj/\N o
G D e N ey
I I H |l
pZ /
X g X 9 OH 40

H H

X _N N. =
O 0O O O 7 % //_Q @[O
(1 (10 M
1" O HO OH
O 12 13

O&a-OH HO O O
v JI

\N /
COOH

« Q)

Figure 13. Some recent probes utilized for fluorescent detection of Zn?* ion.

Copper (1) ion is third most abundant trace metal ion after iron and zinc. It has an important
role in many physiological processes like brain function, cellular respiration and bone
formation.[*3144145] The permissible limit of Cu?* in drinking water prescribed by WHO is 31.5
UM. Imbalance in concentration of Cu?* in the human body may lead to fatal diseases like
Parkinson’s, Menkes, Alzheimer's and heart diseases.*8I*7l Excess content of Cu?* in
environment reduces chlorophyll quantity and accordingly hinders photosynthesis and plant
growth.[*81491 Wastewater containing excess amount of copper poses risk to surrounding

organism. %

10
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Figure 14. Proposed binding mode of 15 with Cu?".

H
N ) .
0 iy =5 A L X
AN 0o N N 0”0, e’
N

Highly fluorescent Weakly fluorescent
Figure 15. Proposed binding of 16 with Cu?*.

On the other hand, palladium has applications in the various fields such as electronic
devices,5U fuel cells,® jewelry,®®l and catalyst in organic synthesis®®4. However, it has
adverse effects in environment as well as human health, can bind with various proteins (silk
fibroin, casein), DNA, thiol containing amino acids, can cause eye and skin irritation.[®® The
permissible Pd* content in drugs was prescribed by WHO is 5-10 ppm.¢l A 2-
pyridylquinoline based fluorescent chemosensor 15 was synthesized which acted turn off
chemosensor for Cu?* ion, the fluorescence intensity was quenched by 18 folds upon
introduction of Cu?" to probe solution.’l Another coumarin based chemosensor 16 was
synthesized and used as chemosensor for selective recognition of Cu?* ijon in the coexistence
of various metal ions. The limit of detection was calculated to be 4.0 ppb.[8 A probe 17 for
selective recognition of Pd?* ion in aqueous medium via turn off fluorescence was reported
which has pyridine-2,6-dicarboxamide and naphthyl groups, upon introduction of Pd?* ion to
the probe resulted in quenching of fluorescence.®® Another quinoline-containing chemosensor
18 for selective fluorescent detection of Pd?* was designed. It was used for detection of Pd?* in
various water samples.[®% Selective and sensitive turn on fluorescent detection of Pd?* ion was
achieved with a perylene diimide based fluorescent probe 19 in mixed aqueous media.l®t] A

very low detection limit of 7.32 nM was obtained by this probe for Pd?* ion.

11
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X = H,0, DMF

Highly Fluorescent Weakly Fluorescent

Figure 16. Proposed binding mode of 17 with Pd?*.

? @
PR,

Highly fluorescent Weakly fluorescent

Figure 17. Proposed binding mode of 18 with Pd?*.

O~ D @ x v e¥i
2e9e2ava Ral e 2980 éj
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Weakly fluorescent Highly fluorescent
Figure 18. proposed binding mode of 19 with Pd?*.

Sometimes copper and palladium may exist together such as heterogeneous catalysis which
utilizes palladium /copper cocatalyst.[5?! Therefore, their simultaneous detection is important.
Some of the probes which detects both the Cu?* and Pd?* ions have been shown here. A probe
bis-tetraphenylimidazole Schiff base 20 showed red fluorescence (at 550-650 nm) in aqueous
solution but upon introduction of Cu?* and Pd?* ions, the fluorescence intensity was quenched

tremendously. 5]

12
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P
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\
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Weakly fluorescent
Figure 19. The sensing mechanism of 20 for Cu?* and Pd?*.

A probe 21 having purine derivative was synthesized and showed quenching of fluorescence
upon inclusion of Cu?* and Pd?* into the HEPES buffer solution of probe. Using this probe, a

very low detection limit 0.63 uM for Pd?* and 1.19 uM for Cu?* were achieved.[64

)I NKH):;;Z%@ N|)j:N\>—<'j N
Nae g

Weakly fluorescent Highly fluorescent Weakly fluorescent

Figure 20. The probable binding mode of 21 with Cu?* and Pd?*.
1.3 Synthesis of substituted benzene

Substituted benzene are found in many natural products, agrochemicals and pharmaceuticals.
They are also act as building blocks for the synthesis of today’s industrial chemicals and
functional materials.[®® The function of these compounds generally depend upon the
substituents attached to benzene ring and therefore synthesis of polysubstituted benzenes
remained the center of attraction among the organic chemists. Conventionally, these
substitution patterns were achieved by electrophilic and nucleophilic aromatic substitution

reactions of pre-existing arenes as well as transition metal catalyzed cross coupling
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reactions.[®® However, it has limitation of sequential manipulations of reactants and it involves
many steps. On the other hand, these reactions involve expensive transition metal catalyst,
multistep, harsh condition and also have limited substitution pattern. Therefore, the reaction
which involves one pot synthesis for attainment of substituted benzenes having specific
substitution patterns are most widely used. Benzannulation reactions are the reactions which
involve the formation of benzene ring with definite substitution pattern from acyclic building
blocks.[*”] These reactions enable formation of desired substituted benzene in less number of
steps, usually regioselective in nature with flexible substitution pattern. There are various

benzannulation reactions reported and some of the recent ones have been discussed below.

A series of polysubstituted benzenes were synthesized utilizing a [3+3] benzannulation
reaction of trifluoromethylalkenes and B,y-alkynyl-a-ketoesters. This methodology has

enabled access to wide range of polysubstituted benzenes. 58]

0 Rs catalyst 1 mol%  F3C a.COsR;
o + J\/ -
= CORy FsC R4 Benzannulation R/ H
Ry R,
Mehta and co-workers reported synthesis of diversely functionalized carbazoles utilizing one-
pot, transition metal free benzannulation reaction of 2-(2-oxo-2-arylethyl)-indole-3-

carbaldehydes and ynones/alkynoate. VVarious natural products were also reported utilizing this

methodology. 5]

Rz
o RS - Q .
R CSQCO3 DMF

‘1 100 °C, 12 h

2e )LRor)LR4

Another report on synthesis of substituted benzene (2-nitrobiaryls) using metal free,
organocatalyzed [4 + 2] benzannulation reaction of nitroolefins and 1,4-dithiane-tethered

enals.[7]

14
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Pyrrolidine (cat) Easy

[SICHO JNOZ DMU (cat) ESD:N% unmasking @[N02
+ . —_—
S” “CH; Ar S Ar Ar

PhCO,H, EtOAc

Varieties of polycyclic indeno[1,2 a]fluorenes were synthesized using domino benzannulation
reaction of 2,3-dibromoindenone and acyclic 1,3-dicarbonylsin presence of base. This
methodology described synthesis of pentacyclic molecules using 2,3-dibromoindenone.[!]

Br
®) 0) aqg. K2CO3
T L -
Ri R THF, 65 °C
(0]

Another Ru(ll) catalyzed regioselective [3+1+2] benzannulation reaction was adopted for
synthesis of polysubstituted benzenes from allyl alcohol and acetylenedicarboxylate esters.[?]

| SN
D X
R/ OH Cu(OAc), P
) AgSbFy
MeO,C—==—CO,Me [Ru(p-cymene)Cl,],
L MeO,C CO,Me
MeO,C—==—CO,Me CO,Me

A [3+2+1] benzannulation reaction was adopted to synthesize polysubstituted arylnitriles via
Tf,O-mediated reaction of enaminones and acylacetonitriles. The reaction went in mild

condition with high functional groups tolerance.[”!

R
(0] NC CN
R, Rz)l\/CN R
XX NP e, N TR0 |\\
I _ 0 Base FZ
n=1or2
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A phosphine catalyzed domino benzannulation reaction between allenoates and enamines has

been published for the synthesis of substituted terephthalates.["4]
R
COORs =(—OAC PPhs (20 mol%) O
/_<— + =C » R;00C COOR;
Ry NHTs COOR; Na,CO; (1.2 eq.)

Toluene (0.1 M)
rt, 5h

A tertiary amine catalyzed, [3+3] benzannulation reaction was carried out to synthesize a series
of CFs substituted fully functionalized benzenes.l” The methodology had features of high
atom economy, exclusive chemoselectivity and require less number of steps for the synthesis.

R
i ch [3+3] benzannulation R;00C CN
* '
X4 R400C y X 2
CN

A CsCOz mediated [4+2] benzannulation reaction was adopted for synthesis of fully
substituted aryl o-keto esters from a-cyano-B-methylenones and ynediones.[’'! This
methodology features metal free condition, high functional groups tolerance, high atom

economy.

The cascade reaction of vinyloxirane and coumarin using catalytic amount of BFs-OEt, was
adopted to synthesize benzocoumarin derivatives.’”! This reaction methodology has high

functional groups tolerance and has potential development of drug.

0 LG 20 mol% BF5-OEt,

N
+ RI\ -
R1 R2 = 0) O 60 mol% K2003
THF, 70 °C
Ri=MeorAr R,=HorCO,R
LG = EWG
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A series of highly substituted naphthalenes were synthesized from Ni(ll)- catalyzed [2+2+2]

benzannulation reaction of novel directing groups with alkynes.[8l

DG DG R
X Ni(ll) / Zn R
+ R—=—R - OO
H Base R
R
X=1,Br R = aryl, alkyl

DG = pyrazole, imidazopyridine,benzoimidazo-
thiazole thiazole and triazole
A series of polycyclic (hetero)aromatic organic compounds were synthesized by utilizing green
and electrochemical methodology via [4+2] benzannulation reaction of biaryldiazonium salts

and alkynes.[’® This methodology features a wide substrate scope.

7
R — R —_—
"V 3 Undivided cell 1
+ —
y Il
—x — I
Ry R, R, X

X = Aromatics and heteroaromatics
Y = NH2, N2+BF4-

1.4 Objective of thesis

Inspired from survey on various reported literature of metal ion sensing, an effort has been
made to evaluate metal ion sensing ability of 3,3'-((-(5-(tert-butyl)-2-hydroxy-1,3-
phenylene)bis(methaneylylidene))bis(hydrazin-1-yl-2-ylidene))bis(quinoxalin-2(1H)-one)

(LH) in Chapter 2. Similarly, in Chapter 3, metal ion sensing ability of bidentate ligand 1-
(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H) has been described. In Chapter 4,
synthesis and coordination ability of a bis-terpyridine ligand has been discussed. Taking cue
from the synthesis of terpyridine, a series of tetrasubstituted benzenes synthesis has been

explored in Chapter 5 and a series of pentasubstituted cyclohexanols in Chapter 6.
1.5 Materials and methods

1.5.1 Materials

LiCl, KCI, NaCl, CaCl,, MgCl,, AlCI3, CrCl3, MnClz, ZnCl,, NiCl-6H>0, FeSO4-7H>0,
FeCl3-6H:20, CoCl2-6H:20, CuClz:2H20, CdClz, HgClz, Pb(NO3)2, PACl, PtCl2, AgNO3, AuCls,
oxalic acid, o-phenylenediamine, SeO,, NH>NH>-H>O, aldehydes, aryl methyl ketones,

17
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spectroscopic grade MeOH, DMSO, and CH3CN solvents were supplied by Merck India.
Isoquinoline, 2-hydroxynaphthaldehyde, 4-tert-butyl-2,6-diformylphenol, DMSO-ds, CDCls,
and HEPES buffer were purchased from Sigma Aldrich. The purchased sodium hydride was of
55-60% in mineral oil and molar ratio was calculated using this strength. No purification
processes were performed in supplied chemicals and solvents used here for synthesis,

characterization and experimental work.

1.5.2 Instrumentation and methods

An Agilent Cary 100 spectrophotometer and a Perkin Elmer Lambda-35 instruments were used
for recording the UV-visible spectra with the help of quartz cuvettes (path length = 1 cm) in
200-800 nm range. For recording fluorescence spectra, a Horiba Fluoromax-4
spectrofluorometer instrument was used with the help of quartz cuvettes (path length = 1 cm).
An Agilent QTOF6520 and Agilent 6546A series High Resolution Mass Spectrometers were
used for recording mass spectra. Lifetime measurements (TRPL study) of probes and probes
containing metal ions were determined by using Pico Second Time Resolved Fluorimeter
Lifespec 11 by Edinburgh Instruments. Melting points of organic compounds were determined
using Buchi melting point B-540 apparatus and are uncorrected. NMR studies were performed
using a Bruker Advance 600 MHz NMR instrument. TMS was used as an internal reference in
deuterated solvents; chemical shifts (5 scale) were reported in parts per million (ppm) unit. *H
NMR spectra were reported in the sequence of multiplicity, coupling constant (Hz), and
number of protons. A PerkinElmer FTIR Spectrum Two instrument was used for recording IR

spectra.
1.5.3 UV-Vis and fluorescence spectroscopic studies

The EtOH/aqueous HEPES buffer (5 mM, pH = 7.4, 8:2, v/v) was used for solution studies in
case of LH and unless otherwise stated, solution refers to this buffered solution. The stock
metal salts (10 mM) were prepared in MeOH and diluted to 1 mM. For a UV-visible and
fluorescence experiments, a 1 mM solution of LH was prepared in DMSO and diluted to 1.0 x
10° M in cuvette with EtOH/aqueous HEPES buffer. In the typical experiments, a quartz
optical cell (path length = 1 cm) was filled with 3.0 mL of the LH solution (1.0 x 10° M) and
then appropriate amounts of the corresponding metal ions (1mM) were added and spectra were
recorded sequentially. The excitation wavelength employed here for the fluorescence
experiment was 419 nm, and the emission spectra were recorded in the range 440-820 nm using

an emission slit of 5 nm. all spectra were taken right away just after mixing LH with the metal
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chloride solutions for one minute. Similarly, in case of L2H, the MeOH/aqueous HEPES buffer
(5 mM, pH = 7.4, 2:8, viv) was used for solution studies. L2H solution (2.0 x 10° M) was
titrated with appropriate amounts of metal salt solutions (2 mM). The excitation wavelength
used to record fluorescence spectra of L2H was 336 nm and the emission range 356-652 nm

with slit length 5 nm were used.
1.5.4 Calculation of Detection Limit

The well accepted procedure employing equation (1) was used to calculate the detection limit
of probes LH and L2H towards M?* ion. Firstly, 15 times, with 2 minutes’ gap between each
fluorescence spectral recordings, the standard deviation (o) of emission maxima of blank (the
probes LH and L2H) were calculated. Fluorescence titration experiment was then performed
with addition of appropriate amounts of MCI> solution. Emission maxima vs concentration of
M?* gave slope (k) of the fitted straight line and finally detection limit was calculated using
following equation.

b . .33
Detection limit = T (D

1.5.5 Binding ratio between analyte and probes

For the determination of binding stoichiometry between probes (LH and L2H) and M?*, a
method of continuous mole-fraction variation was used, and Job's plot was obtained. In the
typical experiment, with consecutive change in mole fraction of M?* jon (M = Zn, Cu, Pd)
ranging from 0 to 1, emission maxima were recorded and plotted. After linear fitting, point of
intersection obtained in the graph gives the mole fraction of M?* ion which is exactly binding
with LH or L2H and accordingly binding ratio between M?* and LH / L2H were determined.

1.5.6 Evaluation of binding constant

The probe solutions were titrated with increasing concentrations of the M?* ion. The binding
constant for the formation of the respective host—guest complex was evaluated using the
Benesi-Hildebrand (B—H) plot.[182

1 _ 1 4 1
(1 - IO) {K(Imax - IO)Cn} Imax - IO

(2)

Where, lo is the emission intensity of probes, Imax iS maximum emission intensity value and |

is the observed emission intensity at that particular wavelength in the presence of a certain
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concentration of the analyte of concentration (C). The binding constant K was determined from

the slop of linear plot.
1.5.7 Determination of Fluorescence quantum yield
Fluorecsence quantum yield (®) were determined with the help of equation (3).[8384]

ODstandard X Asample

= X Dgsrandard 3)
ODsample X Astandard

cI)sample

Where “A” is the area under the emission spectral curve and OD refers to optical density at the
excitation wavelength. Rhodamine 6G (@ = 0.95 in ethanol) was used as reference to measure

quantum yield.
1.5.8 Time-resolved fluorescence spectroscopy

As a source, a laser diode with 405 nm excitation wavelength was employed in case LH and
LH + Zn?* solutions. Using the DAS6 programme, the fluorescence decays were fitted.[®% The
laser diode having 340 nm excitation wavelength was used as a source in case of L2H and
L2H + M?* (M = Cu, Pd) solutions.

1.5.9 X-ray crystallography

The structure of some organic compounds and metal complexes were also determined using a
single XRD diffractometer. A Bruker Nonius Smart Apex Il single-crystal X-ray
diffractometer was used for crystallographic data collection. The cell reduction and data
refinements were done with the help of Bruker Apex Il program. SHELXS-14 was used
Structure solution and refined by full matrix least-squares method. !

1.5.10 Theoretical study

The structure of probes and metal complexes were optimized using the density functional
theory (DFT/TDDFT) method at the B3LYP level. In Chapter 2, 6311-G (d) basis set was used
for all elements in LH and LanL2DZ basis set for its zinc complex. In Chapter 3, the structure
of L2H was optimized using the basis set B3LYP/631-G (d, p) and LanL2DZ basis set for its
complexes with Cu?* and Pd?* ions. All calculations were performed with Gaussian09

program!® and molecular orbitals were visualized with the aid of Gauss View program.
1.6 Appendices

Each Chapter contains an appendix at the end of references.
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Chapter 2

Fluorescent Turn On Detection of Zinc(Il) lon Using a Hydrazone Derived
from 4-Tert-butyl-2,6-diformylphenol and 3-Hydrazineylquinoxalin-2(1H)-
one*

Abstract

A polydentate chelating ligand (LH) was synthesized from 4-tert-butyl-2,6-diformylphenol and 3-
hydrazineylquinoxalin-2(1H)-one and characterized by mass spectrometry, IR and NMR
spectroscopy. LH is weakly fluorescent in EtOH — HEPES buffer (5 mM, pH = 7.4, 8:2, v/v) but
exhibited a turn on response with Zn?* ion having a workable pH range of 6 — 12 and thus is
compatible with biological pH. This sensor is selective for Zn?* ion, over various metal ions and
anions as evident from competition experiments. The probable mechanism of sensing by LH is
restriction of ESIPT, PET and C=N isomerization processes and on-set of CHEF process upon
coordination to Zn(lIl) ion. Reversibility was established using EDTA test and applicability in
various real samples were evaluated. The calculated limit of detection for Zn?* ion was 95 nM and
Job's plot as well as *H NMR titration suggested a 2:1 binding ratio between Zn?* ion and LH.
From the reaction (in ethanol) of ZnCl> with LH, in 2:1 ratio, crystalline solids of composition
[Zn2(L)Cl3]-2H.0-2.5DMF was isolated and its molecular structure was established by single
crystal XRD studies. DFT/TDDFT calculation supported the experimental electronic absorption

spectrum.

*This work has been published in

S. Kumar, S. Mahata and V. Manivannan, J. Photochem. Photobiol. A; Chem. 2024, 450, 115436.
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1. Introduction

The design and syntheses of chemosensors for molecules and ions (including proton) have
remained center of attraction owing to their potential applications in chemical, biological and
environmental sciences.l! Fluorescence detection is the most advantageous among all available
detection techniques owing to its high selectivity, quick response, low cost, and low detection
limit.24 When fluorescent sensors interact with analytes, their typical emission intensity may be
increased (turn on) or quenched (turn off),® of which turn on chemosensors are supposed to be
more efficient than that of turn off chemosensors.l®! Particularly this technique is more pertinent
to spectroscopically and magnetically insensitive metal ions such as Zn?*, Cd** and Hg?" as they
have d*° electronic configuration.[*®) Among these three, Zn* ion has biological significance due
to its critical role in growth, immunity, and endocrine function,[!*1? while other two are
detrimental to the health. Zinc(ll) is second most abundant trace metal ion in human body!*3! and
can be found in the active sites of numerous enzymes, including carboxy peptidase and carbonic
anhydrase.™ Human blood plasma typically contains Zn®* ion in amounts between 12 and 6
M. An adequate amount of Zn?* ion in our body regulates a number of processes, including
neuronal transmission,*? apoptosis,i*é! epilepsy,*”! ischemia,*®! and so forth. However, an
imbalance in its concentration can result in a number of diseases like Alzheimer's, prostate cancer
and other neurodegenerative diseases being of particular concern.l**2% Approximately, 1.1 billion

people of global population are suffering from zinc deficiency all over the world.[*%24

Due to their d*° electronic configuration and similar chemical characteristics, it is difficult to detect
Zn?* jon above Cd?** and Hg?* ions.[?>% Therefore, it is essential to design turn on fluorescent
chemosensors that can sensitively and selectively detect Zn?* ion. There have been some studies
available on the detection of Zn?* ion based on coumarin,’?’! rhodamine,”® quinoline,? 18-
naphthalimide,?® benzothiazole,% pyrenel®Y and other fluorophores. However, development of
chemosensors that sensitively as well as selectively detect Zn?* over Cd?* and Hg?* ions is still a

demand.

In coordination chemistry, ligands derived from 4-substituted-2,6-diformylphenol are extremely
important because their phenolic oxygen has a propensity to connect to two metal centers in a
bridging fashion.[*? According to reports, these compounds possess an extensive role in catalysis,

chemosensors, and have several biological activities.*>3"1 On the other hand, quinoxalines are
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significant heterocycles that have a variety of biological properties, including antibacterial,
antifungal, and anticancer action.®®l Numerous earlier studies suggest that changing the
substituents in the quinoxaline moiety could enhance its biological activity.*°! The quinoxaline
moiety is an intriguing template for the development of ion sensors due to its well-known

medicinal properties and significant involvement as a pharmacophore in numerous drugs.!®

Considering these facts, a hydrazone chemosensor LH, synthesized from 4-tert-butyl-2,6-
diformylphenol and 3-hydrazineylquinoxalin-2(1H)-one has the potential to detect Zn?* ion in
fluorescent turn on fashion, in biological pH range reversibly and with low detection limit.

2. Results and discussion
2.1 Syntheses

Compounds P and Q were synthesized according to literature procedure.[*4?l Ligand LH was
synthesized in good vyield by reacting 4-tert-butyl-2,6-diformylphenol with  3-
hydrazineylquinoxalin-2(1H)-one (Q) in acetonitrile (Scheme 1). One equivalent of LH reacted
readily with two equivalents of ZnCl; in ethanol (conditions similar to that used in spectroscopic
studies) vyielding solids of composition [Znz(L)Cls] (1), which in DMF-CH3CN mixture
crystallized as 1-2H,0-2.5DMF at room temperature. Molecular structure of 1.2H,0-2.5DMF was

determined using single crystal X-ray diffraction technique.

NH; O NH,NH,-H,0
CL oy 2 @EI @I““Z
NH, H,0, 100°C o) H20 100°C

OH
P 88% Q 84%
N ! I N 2 equiv.
O OH O HN “NH ZnCI2
\ N/ O [ZHZ(L)C|3]

CH3CN, reflux EtOH
HN NH 1
68%
LH

82%

Scheme 1. Syntheses of LH and 1.
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2.2 Electronic absorption and emission spectra

The absorption spectra of LH in presence of different metal ions like Cr¥*, Mn?*, Fe3*, Fe?*, Co?*,
Ni2*, Cu?*, Zn?* Cd?*, Hg?*, Pb%*, Pd?*, Ag*, Na*, K*, Li*, Ca%*, Mg?*, Au®*" and AI** ions were
investigated in EtOH-HEPES buffer solution (8:2, v/v, 5 mM, pH = 7.4). The probe LH showed
absorption bands at 270, 367 and 393 nm along with shoulder at 347 and 409 nm and they may be
attributed to 1 — ©n* and n — 7* transitions (Figure 1). Upon the gradual addition of ZnCl> solution
into LH solution, the intensity of peaks at 367 nm and 393 nm got gradually diminished and four
bands were observed at 270 nm, 364 nm, 405 nm and 470 nm along with an isosbestic point at 419
nm (Figure 2). Presence of isosbestic point indicated that there are only two species present during
the titration viz., ligand LH and its zinc complex 1. A perceptible change from colorless to light
yellow was observed upon addition of Zn?* ion to LH is consistent with the observed red shift in
the absorption band due to the formation of 1. Whereas upon addition of Cd?* ion and rest of the

other metal ions, the pattern of the spectra remained same but with small reduction in absorbance

values.
0.6+ LH
0.5 LH with Na ™. KT, LiT, ca?™,
' M2t M2t AT Rt Tedt,

0.44| 3, co?t N, cu?t, ngt
%) 4 1 L 3
o | Po2t Pa2T, AgT AU
= )

0.3

\ ¥

- N LH with 7n”"
s
= 0.2 LH with Cd>"
-

0.1

0.0

300 400 500 00
Wavelength (nm)

Figure 1. The absorption spectra of LH (10 uM) with various metal chloride solution (20 uM) in
EtOH - aqueous HEPES buffer (5 mM, pH = 7.4, 8:2 v/v)
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Figure 2. Changes in absorption spectra of LH upon gradual addition of ZnCl; Solution.

In EtOH — HEPES buffer (8:2, v/v, 5 mM, pH = 7.4) solution, LH was weakly fluorescent (Aem =
597 nm) upon irradiation of with Aex = 419 nm. For the purpose of checking the emission behavior
of LH with various metal ions, a fluorescence titration study was carried out. Upon titrating with
soluble salts of Na*, K*, Li*, Ca?*, Mg?*, Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Hg?*, Pb?*, Pd?*, Cd?*, Ag*,
AUt AP Fe** and Cr®* ions, the solution of LH remained weakly fluorescent (Figure 3).
Whereas in case of Cd?" ion, the weak emission peak got shifted to 533 nm but with no
enhancement in emission intensity even upon further addition of CdCl, solution. However,
solution of LH became fluorescent upon adding ZnCl. with the emission peak being observed at
Xem = 537 nm. The emission peak intensity increased with increasing amounts of ZnCl, which
reached the maximum at 2 equivalents (Figure 4). So it can be concluded that LH can selectively
recognize Zn?* ion in fluorometric turn on fashion. This can also be comprehended by an
appearance of yellowish-green colored fluorescence which can be seen through naked eye when
kept under long UV. To ensure applicability of LH for the detection of Zn?* ion, emission spectra
of LH with some common zinc salts (zinc acetate, zinc nitrate, zinc triflate and zinc chloride) were
recorded (Figure A5 (a)) and found that LH can detect Zn?* ion with the same efficiency,

irrespective of anions.

In order to assess the ability of LH as selective fluorescence receptor for Zn?* ion, competitive
experiment was carried out. In this experiment, to the solution obtained after the addition of various
competing metal ions like Ag*, AIP*, Au®*, Cd?*, Co?*, Cr¥*, Cu?*, Hg?", Li*, Na*, Ni%*, Pb?*, Pd?*,
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Pt?* and Fe3* to LH, ZnCl_ solution was then added and fluorescence spectra of resultant solutions
were recorded. The weakly fluorescent solution containing LH plus competing metals exhibited a
turn on fluorescence response after adding ZnCl» (Figure A5 (b)) into it. Thus, LH has the potential
to detect Zn?* ion with coexistence of other metal ions listed above. In order to assess the utility
of LH bound to zinc(I1) ion as an anion sensor, the fluorescence responses of solutions obtained
after titrating LH with ZnCl,, common anions such as F-, Br-, CN-, SCN-, POs*, S;03%, NO3",
S04>, P,07*, HSO4~, COs?", HCOs", AcO, ClOs and C,0+> were added and no perceptible
changes in emission intensity (Figure A6) were observed. Thus, these anions did not have

interfering effect on the sensing ability.

1.2%10" -

LH with 222"
1.0%10° -
LH with Na*, KT, Li™, Ca2™,
5 % %
‘5" 8.0x10" 4 Mg:", MiZ®, A, Felt pedt,
= Crt co?t, NiZt cu?T. Hp?t,
2 6.0x10° P2t P2t Aut Autt
W
= 5 |
3 4.0x10
=
2.0x10° -
0.0 —— k_

400 450 500 550 600 650 700 750 8OO
Wavelength (nm)

Figure 3. Emission spectra of LH (10 pM) in the presence of various metal ions (20 uM) in
EtOH - aqueous HEPES buffer (5 mM, pH = 7.4, 8:2 v/v).
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Figure 4. Changes in fluorescence spectra of LH upon gradual addition of ZnCl> solution.
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2.3 pH effect and reversibility

Based on the results obtained from X-ray diffraction studies (vide infra) and Job's plot, the
composition [Zn2(L)Cls] (1) has been assigned for the species present in the mixture containing
LH and ZnCl>. To know the potential applicability of LH as a chemosensor, the optimal pH range
has been determined by recording the fluorescence intensity of LH in absence and presence of
Zn?* ion in EtOH-HEPES buffer solution (pH was adjusted by adding aqueous HCI and NaOH
solutions) in the pH range 2 — 12. It has been found that free LH remained weakly fluorescent in
range 2 — 12 with Aem = 597 nm. In acidic medium (pH = 1 to 5) the emission intensity of solution
of LH and ZnCl, was low but in the pH = 6 — 12 it exhibited appreciable fluorescence intensity.

Thus the optimum pH window has been found to be 6 — 12 (Figure 5).

1.6x10°

1.4x10°

—=—LH

1.2x10°

1.0x10°
8.0x10°

6.0x10°

Intensity (a.u.)

4.0x10°

2.0x10°

0.0 4

1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
Figure 5. pH dependence of LH and its complex with Zn?* ion.
The fluorescent solution of [Zn2(L)Cls] became weakly fluorescent upon adding two equivalents
of Na;EDTA solution due the formation of [Zn(EDTA)]? ion and free LH. Upon further addition
of ZnCl; to the resultant solution fluorescence was reestablished, and this cycle was repeated three

times and found to be consistent (Figure A7 (a)).

The probe LH is equally efficient in detecting Zn?* ion in real water samples collected from potable
sources. They were filtered through 0.22 pum filter paper and after that LH (1 x 10> M) was titrated
with various concentrations of Zn?* ion (ranging from 0 to 2 x 10 M) and emission spectra were
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recorded. The plot of emission maxima versus concentration of Zn?* jon (Figure A7 (b)) is
consistent with the observed results in EtOH-HEPES buffer.

2.4 Binding stoichiometry and fluorescence quantum yield

Job's plot was employed for finding the stoichiometry of binding between LH and Zn?* ion. In this
typical experiment, by varying mole fractions of Zn?* ion against LH from 0 to 1, emission spectra
were recorded. Emission maxima obtained were plotted against mole fraction of Zn?* ion. Point of
intersection (around 0.66) on linear fitting of this plot implied a 2:1 binding stoichiometry between
Zn?* and LH (Figure A8). In other words, for one equivalent of LH, 2 equivalents of Zn?* ion is
needed and this is consistent with the results of molecular structure determined using X-ray
diffraction method. Fluorescence quantum yields (®) for LH and LH bound Zn?* ion in ethanol
were calculated from equation (3) in SI and were found be 0.011 and 0.193, respectively. These
values are consistent with the turn on fluorescence response upon binding of LH to Zn?* ion.

2.5 TRPL measurement and sensing mechanism

The time resolved photoluminescence (TRPL) measurements were performed to comprehend the
mechanism of the turn on fluorescence detection of LH towards Zn?* ion. The decay profiles are
shown in (Figure A9 (a)). The lifetime (t) for free LH was calculated to be 0.47 ns in EtOH-HEPES
buffer solution. On the other hand, the lifetime for Zn?* bound probe (LH) has been found to have
greater lifetime of 0.98 ns (Table S1). This suggests that binding of Zn?* ion to LH allowed CHEF
to come into effect and hence lifetime of emissive species become greater than free probe LH.
Operation of ESIPT mechanism in LH (involving intramolecular hydrogen bond between imine-
N and phenolic O-H) has been established by recording the fluorescence spectra of LH in different
solvents (Figure A9 (b)). Upon irradiation with Lex = 375 nm, LH exhibited a well separated dual
bands. Bands at shorter wavelength (432 nm) may be for emission of enol form of LH, and bands
at longer wavelengths (538-580 nm) are may be due to emission of keto form. The longer
wavelength emissions exhibited a solvent dependency (hexane, 579 nm; dioxane, 553 nm; acetone,
550 nm; THF, 551 nm and acetonitrile, 549 nm). However, this longer emission wavelength was
observed at 540 nm in protic solvents like EtOH/MeOH (about 40 nm difference with non-polar
hexane and 10-13 nm with aprotic solvents). These observations were quite consistent the ESIPT
phenomenon exhibited by sensors having similar structural features, reported previously.[*3-51

Because of operation of ESIPT phenomenon in LH, a weak fluorescence was observed. Whereas
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upon coordination with Zn?* ions were accompanied by deprotonation of phenolic O-H which
inhibited operation of ESIPT and hence very high fluorescence was observed. Other possible
mechanism for weak fluorescence of LH may also be due to PET-ON process involving lone pair
of electrons on imine—N and quinoxaline—N which no longer participate in electron transfer (PET-
OFF) upon coordination with Zn?* ion and fluorescence got enhanced tremendously. This process
has been found to operate in similar chemosensors reported earlier by other authors.52-51 Weak
fluorescence may also be feasible because of C=N isomerization in LH whereas this isomerization
gets inhibited upon coordination of LH with Zn?* ion, hence fluorescence intensity getting
enhanced [56]. Thus in free LH, ESIPT/PET/C=N isomerization rendered weak fluorescence
while in 1, inhibition of all these three process and on-set of CHEF rendered strong fluorescence
(Figure 6).

C=N Isomerization C=N Isomerization restricted
Weakly Fluorescent Highly Fluorescent

Figure 6. Probable sensing mechanism of Zn?*ion by LH.
2.6 Limit of detection and binding constant

The minimum concentration of Zn?* ion that can be detected using LH has been calculated using
equation (1). From titration graph of ZnCl> with LH and applying detection limit formula
(detection limit = 36/k), the limit of detection was calculated to be 95 nM (Figure 7) which is
quite less than the range of intracellular concentration (6-12 pM) of Zn?* ion.'l For ready
reference, a comparison between various probes reported for Zn?* ion detection and probe LH has
been listed in Table S2. The probe LH has a very high binding affinity towards Zn(ll) ion as
evident from the binding constant of 1.345 x 10'® M2 that was calculated from Benesi-Hildebrand
plot (Figure A10).
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2.7 'H NMR titration

The interaction between LH with Zn?* ion was also examined by *H-NMR titration experiment in
DMSO-ds (Figure 8). With gradual addition of zinc chloride solution (two equivalents) to LH
solution, two hydrazineyl NH protons (denoted by *) at 11.59 ppm got gradually shifted to 13.25
ppm. Other two NH protons (denoted by @) of quinoxaline ring at 12.53 ppm shifted to 12.84 ppm.
Whereas the peak at 12.63 ppm due to OH proton disappeared gradually suggesting coordination
of LH as L=. The peak at 8.88 ppm due to imine protons (CH=N) shifted slightly to 8.81 ppm
suggesting involvement of imine—N in coordination to Zn?* ion. The peak in aromatic region ~7.24

ppm exhibited splitting due to coordination to Zn?* ion. This is consistent with the formula

[Zna(L)Cl3).

TH-3690_186122034
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Figure 8. *H NMR Titration spectra obtained after gradual addition ZnCl, to LH.
2.8 Molecular structure

Molecular structure of 1-2H,O-2.5DMF was determined using single crystal X-ray diffraction
method and crystallized in P1 space group. Crystallographic data and refinement parameters are
listed in Table S3. In 1, the ligand binds in a pentadentate fashion and bridges two zinc(ll) ions
through the phenolate oxygen atom along with a bridging chloride ion. Each zinc atom is
coordinated individually by the imine-N, quinoxaline-N and a chloride ion. These two zinc centers
are penta coordinated having distorted square pyramidal geometries and are bound by five- and a
six-membered chelate ring. Thus LH binds in the monoanionic form (L") in 1 and the ORTEP
(50% probability) diagrams of 1 has been shown in Figure 9. In 1, L~ bridges Znl and Zn2 via
phenolate oxygen O2 which results in formation of Zn.Cl>O, core having distances Zn1-CI2 =

2.366(3); Zn2—CI2 = 2.352(2); Zn1-02 = 2.087(4) and Zn2—-02 = 2.101(5)A with the non-bonded

distance being Zn1---Zn2 = 3.319(2) A. Selected bond parameters encompassing zinc centers in 1
are listed in Table S4. In the course of coordination with two zinc centers, the plane containing
quinoxaline ring were tilted. The formulation of 1 with a 2:1 binding ratio between Zn?* and LH
in EtOH-HEPES buffer solution was also been obtained using Job's plot. Significant inter-
molecular hydrogen bonding interactions present among 1, water and DMF are N7---06, 2.713(7);

03--N2, 2.844(9); O7--N8, 2.78(1); O7--05, 2.80(1); O7--CI3, 3.18(1); O1--06, 2.73(1);
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N3.--04, 2.77(1); CI1.--06, 3.170(7).

Figure 9. POV-Ray rendered ORTEP plot (50% probability) of 1.
2.9 Computational study

The DFT/TDDFT calculations were carried out on LH with 6-311 G(d) basis sets the structural
optimization was done at the B3LYP level whereas for [Zn2(L)Cls] the lanl2dz basis set was
assigned for all elements using a conductor-like polarizable continuum model (CPCM) applying
ethanol as solvent.[257°8] The optimised structures for the ground state are depicted in Figure A1l
and the frontier molecular orbitals are displayed in Figure A12 and A13. The electronic excitation
energies of low-lying singlet states for ligand and 1 are shown in Table S5 and S6. Energies and
contour diagram of HOMO and LUMO of LH and 1 were included in Figure 10. In HOMO of
LH, & electron density resides on one half of the molecule (phenolate ring and one of the two
quinoxaline moieties) whereas in LUMO on the other half of the molecule (phenolate ring and the
other quinoxaline moiety), suggesting the occurrence of an intra-ligand charge transfer transition.
On the other-hand in 1, HOMO electron density resides on probe as well as on metal centres but
in LUMO electron density is delocalized over whole ligand molecule. The net effect of
complexation on the frontier orbitals is that the energies of HOMO and LUMO are stabilized to
the extent of 0.44 eV and 0.65 eV respectively. This resulted in a net decrease the HOMO-LUMO
energy gap from 3.492 eV (in LH) to 3.282 eV (in 1), which has been observed experimentally as
a slight red shift in the absorption maximum of LH upon binding to Zn?* ion (Figure A14).
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Figure 10. HOMO and LUMO of LH and 1 and their energies.
3. Conclusion

The hydrazone LH has been synthesized and is weakly fluorescent in nature, but act as a turn on
chemosensor for selective fluorescent detection of Zn?* ion in the biological pH. The probable
modes fluorescence selectivity is due to restriction of ESIPT, C=N isomerization and PET
processes and onset of chelation enhanced fluorescence (CHEF) process. Reversibility of sensing
was established using EDTA test and Job's plot indicated a 2:1 binding ratio between Zn?* ion and
LH. A very low detection limit of 95 nM falls within the limit that is required for natural samples.
Crystalline solids of composition [Zn2(L)Clz]-2H20-2.5DMF was obtained from ethanol medium
in which the probe exists in its mono-anionic form, a condition similar to that used for fluorescence
studies. Determination of the molecular structure revealed that in 1 the bivalent zinc centers are

penta-coordinated. DFT/TDDFT calculations supported the experimentally observed results.
4. Experimental section
4.1 Syntheses

4.1.1 3,3'-((-(5-(tert-butyl)-2-hydroxy-1,3-phenylene)bis(methaneylylidene))bis(hydrazin-1-yl-2-
ylidene))bis(quinoxalin-2(1H)-one) (LH)
Compounds P and Q were synthesized according to literature procedure.[*42 To Q (353 mg, 2

mmol) in acetonitrile (15 mL), 4-tert-butyl-2,6-diformylphenol (210 mg, 1 mmol) was added with

stirring and heated at reflux for 6 h. Precipitates of LH obtained was filtered and washed with ice-
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cold acetonitrile and dried in desiccator over CaClz. (Yield: 427 mg, 82 %). ESI-MS (+): m/z calcd.
for [C2sH27NsO3]* (M* + H) 523.2201 found 523.2147. *H NMR (600 MHz, DMSO-ds) § 12.63
(s, 1H), 12.43 (s, 2H), 11.59 (s, 2H), 8.88 (s, 2H), 7.71 (s, 2H), 7.51 (d, J = 7.2 Hz, 2H), 7.24 (m,
6H), 1.35 (s, 9H). 3C NMR (150 MHz, DMSO-dg) § 154.93, 151.22, 146.50, 146.08, 141.93,
133.11, 129.28, 126.68, 126.00, 125.35, 124.05, 120.54, 115.59, 34.44, 31.73 (Figure A1-A3).
FTIR (ATR mode, cm1): 3345(w), 3228(m), 3048(w), 2970(w), 2907 (w), 1680(s), 1641 (m),
1620(m), 1570(s), 1419(m), 1217(s), 1137(w), 1090(m), 934(m), 899(w), 755(s), 649(m), 634(m),
587(s), 528(w), 480(s) (Figure A4).

4.1.2 [Zny(L)Cls] 2H20 2.5DMF (1 -2H20-2.5DMF)

To LH (53 mg, 0.1 mmol) in ethanol (15 mL) solid ZnCl> (30 mg, 0.22 mmol) was added and
heated at reflux for 3 h. The mixture was cooled to room temperature, yellow colored precipitates
of 1 obtained was filtered and washed with 20 ml of cold ethanol and dried in vaccuo over P4Oxo.
Yield of 1: (51 mg, 68%). Anal. calcd for C2sH2sNsO3ClsZnz, C, 44.33; H, 3.32; N, 14.77; found:
C, 44.18; H, 3.34; N, 14.70% IR (cm?) ATR mode: 3238(m), 2970(w), 1702(s), 1628(m),
1615(m), 1575(s), 1560(s), 1532(w), 1474(w), 1420(m), 1348(m), 1249(m), 1222(m), 1092(m),
785(m), 766(s), 725(m), 704(w), 638(m), 597(m), 521(w), 475(s), 426(s) (Figure A4). Single
crystals of 1-2H,0-2.5DMF suitable for X-ray diffraction studies were grown by slow evaporation
in DMF-CH3CN solvent mixture.
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Table Al. Fluorescence decay parameter.

TH-3690_186122034

Sample 1(ns) 1
LH 0.47 1.084
LH + ZnCl> 0.98 1.026
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Table A2. Comparison table of some reported probes for detection of Zn?* ion.

TH-3690_186122034

Probes Selef%t:wty Solvents Delti?;]:ﬂon
o/ \ o
NH
- HN. 2+
N| N Zn DMSQ/Water 151 nM
“\) I (turn-off) (6:4)
L, JCC
| | Zn%* DMSO/Water
HN’N OH N\NH (turn-on) (19) 972nM
N)\N N)\N
AN KN
| X
HN™ N H’N\ Zn2*
2 ol (turn-on) rtdihg
OH
L
\
HN—N
2+
Zn DMSQ/Water 37nM
(turn-on) (1:1)
OH
Ny
\__
Q Zn®* | CHiCN/H20 | g0
S O o~ (turn-on) (9:1)
\
N
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©\/S\/\ = ‘ zn* EtOH/Water
N O (turn-on) (9:1) 503 nM
HO
I I Zn2* EtOH/Water
HN'N OH r‘LNH (turn-on) (8:2) 9% nM
HN\© ©/NH

Table A3. Crystallographic data and refinement parameters of 1-2H,O-2.5DMF.

TH-3690_186122034

Formula C71H93ClgN21015Zn4
CCDC No. 2302879
Mol. wt. 1954.84
Cryst.color, habit Red, needle
T, K 296.15
Cryst. syst. Triclinic
Space group P-1
a, A 11.788(6)
b, A 15.092(7)
c, A 15.112(9)
a ,deg 103.109(18)
B, deg 111.214(18)
y deg 102.342(19)
Vv, A3 2308(2)
YA 1
Dcalcd, g cm™3 1.407
u, mm? 1.269
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GOF? on F? 1.008

F(000) 1008.0
Reflection collected 51966

Unique reflections 8108

R1®, WR2® (1> 20(1)) 0.0777, 0.1953
R1®, R (all data) 0.1500, 0.2217

3GOF (Goodness-of-fit) = [Y[w(Fo? - F¢?)?] IM — N ]*2 (M =number of reflections, N = number of
parameters refined). P Ri =3 [|Fo| - |Fe[|/ X | Fol. ‘WRz2 = [Y[w(Fo? - F?)?] / T[w(Fo?)?].

Table A4. Selected bond parameters in 1.

Bond Length (A) Bond Angle (°)
Znl-Cl1 2.244(3) N1-Zn1-Cl1 | 103.44(18)
Zn1-CI2 2.366(2) N1-Zn1-CI2 98.10(16)
Zn2-CI2 2.352(2) N4—-Zn1-Cl1 117.5(2)
Zn2—CI3 2.237(3) N4-Zn1-CI2 134.2(2)
Zn1-N1 2.154(5) N4-Zn1-N1 76.6(2)

- 2.100(6) No=b 82.63(13)
Zn1-N4 02-Zn1-CI2
2.145(5) 149.9(2)
Zn2-N5 02-Zn1-N1
e 1.360(7) . 81.54(19)
- 2.088(5) - 113.03(10)
- 2.087(4) | C13-2n2-Cl2 | 409 57(15)
Zn1-02 2.101(4) | N5-Zn2-CI2 | 104 g6(16)
Zn2-02 N5-Zn2-CI3 138.32(17)
N6-Zn2-CI2 | 107.90(17)
N6-Zn2—CI3 76.04(19)
N6-Zn2—N5 81.24(18)
N6-Zn2—-02 82.70(13)
02-Zn2-CI2 102.48(14)
02-Zn2-CI3 148.67(19)
02-Zn2-N5

Table A5. Calculated energy levels of the low-lying transition in LH.

wave .
assignment coefficient energy length oscillator
state (eV) (nm) strength
from to
SO>Sl | HOMO-1 | LUMO 144% | 29804 | 416 | 02639
52
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TH-3690_186122034

HOMO LUMO 80.3%
HOMO LUMO+1 3.3%
HOMO-1 LUMO 47.6%
HOMO-1 | LUMO+1 8%
S0->S2 3.2132 385.85 0.2312
HOMO LUMO 16.4
HOMO LUMO+1 26.7%
HOMO-1 LUMO 36.5%
S0>S3 | HOMO-1 | LUMO+1 5.7% 3.3683 367.10 1.3713
HOMO LUMO+1 55.5%
HOMO-1 | LUMO+1 82.9%
S0->s4 3.4185 362.68 0.0722
HOMO LUMO+1 13.6%
S0->S5 | HOMO-2 LUMO 91% 3.683 336.7 0.1548
Table A6. Calculated energy levels of the low-lying transition in 1.
' wave .
assignment o5 energy oscillator
state coefficient length
from to (eV) (nm) strength
S0>S1 | HOMO LUMO 97.0% 2.7195 455.91 0.2656
S0>S2 | HOMO | LUMO+1 98.5% 3.0123 411.59 0.1954
S0>S3 | HOMO-1 | LUMO+1 93.5% 3.1701 391.10 0.1434
S0->S4 | HOMO-1 | LUMO 97.3% 3.1908 388.57 0.7135
S0>S5 | HOMO-2 | LUMO 94.5% 3.5184 352.38 0.0159
HOMO-3 | LUMO 14%
S0->S6 3.6456 340.09 0.0759
HOMO-2 | LUMO+1 81.2%
HOMO-4 | LUMO+2 12.7%
S0->S7 | HOMO-3 | LUMO 69% 3.7427 331.27 0.0762
HOMO-2 | LUMO+1 14.1%
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Fluorometric Turn Off Detection of Cu?* and Pd?* lons Using 1-
(Imidazol[5,1-a]isoquinolin-3-yl)naphthalen-2-ol*

Abstract

The fused heterocycle 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H) has been
synthesized and characterized by spectroscopic methods. Probe L2H upon irradiation with Aex
= 336 nm, exhibited strong fluorescence with Aem = 437 nm in MeOH/HEPES buffer (5 mM,
pH = 7.4, 2:8, v/v). Upon adding several metal ions, the fluorescence intensity was quenched
only by Cu?* and Pd?* ions. This fluorescence turn-off response by Cu?* and Pd?* ions was
observed even in the coexistence of other metal ions and anions. From the Job's plot and mass
spectra analysis, a 1:2 ratio of M?*: L2H was obtained and the composition [Cu(L2)2H20] and
[Pd(L2),] has been assigned. The detection limit for Cu?* and Pd?* ions was determined to be
0.24 and 0.35 uM respectively and workable pH window to be 4-10. The binding of L2H to
Cu?* and Pd?" resulted in red-shift in the UV-visible spectrum which was supported by
DFT/TDDFT calculations.

*This work has been published in

S. Kumar, H. Phogat and V. Manivannan, Luminescence 2025, 40, e70104.
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1. Introduction

In the fields of biochemistry and biotechnology, scientists rely heavily on fluorescent probes
to detect various metal ions such as aluminium, chromium, cadmium, copper, arsenic, iron,
palladium, mercury, zinc and so forth.l*"1 Palladium (Pd) complexes are particularly important
in various coupling reactions like the Heck, Kumada, Suzuki, Stille, Sonagashira, and
Negishi.®? They are also used widely in the pharmaceutical industry and jewellery
making.!***° Additionally, Pd-based Lindlar catalyst is crucial in hydrogenation reactions.
Despite its importance, Pd can however be harmful if consumed above the permissible limit of
15 pg/day per person.[*®! Since it readily binds with thymidine base, it can cause DNA
damage” and can also inhibit enzymes like aldolase, carbonic anhydrase, trypsin, and creatine
kinase.[*8%° Overexposure to Pd can also damage kidneys, liver, and bone marrow. Toxic waste
containing palladium poses a threat to aquatic life. Therefore, detecting Pd is crucial for

safeguarding human health and the environment.

Copper is an essential transition metal ion, the third most abundant trace metal ion in the human
body and plays a crucial role in maintaining many vital physiological functions within the body.
It is a key component in various metalloenzymes such as cyt-c oxidase and superoxide
dismutase.l??1 Additionally, copper-containing proteins like plastocyanin and azurin, are
essential for electron transfer processes. Maintaining the right balance of copper is vital for
ensuring proper cellular metabolism and enzyme function.???l However, excessive
accumulation of copper can be hazardous, concentration prescribed by WHO stands at 31.5
uM in drinking water.[? Conditions like Menkes syndrome, Alzheimer's and Wilson's diseases
can result from excess accumulation of copper.[?6-281 Hence, it is essential to monitor copper

level in water to avoid health problems.

Techniques based on fluorescent sensors offer a simpler, faster, and cost-effective approach for
detecting these ions over other techniques.?*31 Many colorimetric and fluorometric sensor
systems based on BODIPY, coumarin, acridine, fluorescein, rhodamine, and naphthalimide
have been developed for detecting Cu?* or Pd?* ions.B2%1 However, there is limited
documentation on the use of single probes for detecting both metal ions simultaneously.[6:%"]
As Cu?* and Pd?* ions can be present together in samples,81 there is a requirement for probes
capable of detecting both ions simultaneously. As a result, many small molecular sensors have

been designed for the fluorometric detection of Cu and Pd, offering a promising avenue for the
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simultaneous detection of these ions. Some of probes for the selective and simultaneous
detection of copper and palladium ions include 2-hydroxynaphthaldehyde, purine, bis-
tetraphenylimidazole and so forth in the structural moiety (see Table A3).BL373 In this
Chapter, the development of 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H) as a
probe that has demonstrated remarkable selectivity and sensitivity in detecting both Cu?* and

Pd?* ions at very low concentrations has been described.
2. Results and discussion

The probe 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H) by virtue of having
imidazo[5,1-a]isoquinoline and naphthol rings could be a potential fluorophore. Close
analogues, 3-(1-isoquinolinyl)imidazo[5,1-a]isoquinoline was an effective fluorescent sensor
for detecting palladium(I1) ions[*?! and 2-(imidazo[5,1-a]isoquinolin-3-yl)phenol was found to
be selective for detection of Cu(ll) ion in which in situ generated copper complex also served
as cyanide ion sensor.[?®l Hence this study to evaluate utility of L2H as a metal ion sensor was
undertaken, which was synthesized using one equivalent each of 1-isoquinolinemethylamine,
2-hydroxynaphthaldehyde and selenium dioxide in EtOH (Scheme1).[*! The mass, *H and *3C
-NMR spectra were shown in Figure Al - A3. The molecular structure of L2H has also been
determined by single crystal XRD method and the ORTEP diagram has been shown in Figure
1. Presence of intermolecular hydrogen bonding interaction between N1 and O1 (2.678 (3) A)
in L2H has been shown in Figure A4. The crystallographic data and refinement parameters has
been shown in Table Al. The solution studies were conducted using a mixture of methanol and
aqueous HEPES buffer (5 mM, pH 7.4, in a 2:8 ratio). Unless otherwise stated, the
MeOH/aqueous HEPES buffer (5 mM, pH = 7.4, 2:8, v/v) solvent system was used for the

spectroscopic detection of metal ions.
| N O SeO, N O
_—
N ¥ O EtOH N O
i L
NH, O OH HO
L2H
Scheme 1. Synthesis of probe L2H
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Figure 1. ORTEP diagram (50% probability) of L2H.

Due to the acidity of naphthyl-OH, L2H can readily form the conjugate base L~ which can be
a potential bidentate chelating ligand coordinating through imidazo-N and naptholate-O atoms,
by forming a six-membered chelate ring with metal ions. With this background, the ability of
L2H as fluorescent metal ion sensor was undertaken in MeOH/HEPES buffer (5 mM, pH 7.4,
2:8, v/v) by employing chlorides of K*, Fe**, Cd?*, Pt?*, Na*, Fe?*, Cu?’, Li*, Pb?*, Zn?*, Ni?*,
Mg?*, Ca?*, Mn?*, Au®*, Cr*, Pd?*, AI** and Hg?*. Stoichiometry studies (vide infra) suggested
a [Cu(L2)2(H20)] and [Pd(L2);] formula for the reactions of CuCl, and PdCl, with L2H,

respectively.

Solvatochromism of probe L2H has been evaluated in MeOH, THF, DMF, DMSO, ACN,
DCM, H20 and 1,4-dioxane by both absorption and emission studies. In case of MeOH, THF,
DMF, DMSO, ACN, H20 and 1,4-dioxane (Figure A5) very little change in Amax (335-340 nm)
was observed ranging whereas in DCM, Amax value shifted to 350 nm. On irradiation with Aex
=336 nm, Xem Showed a solvent dependent nature (Figure A6), namely, MeOH (428 nm), ACN
(448 nm), 1,4-dioxane (435, 502 nm), THF (431, 509 nm), H20 (459 nm), DMSO (432 nm),
DCM (499 nm) and DMF (434 nm).

2.1 UV-Visible spectra

The UV-visible spectrum of L2H exhibited distinct absorption band with Amax = 336 nm, which
may be due to the n—n* transition. To L2H, when one equivalent of K*, Fe3*, Cd?*, Pt?*, Na*,
Fe2*, Li*, Pb?*, Zn?*, Ni¥*, Mg?*, Ca?*, Mn?*, Au®*, Cr¥*, AI**, and Hg?* chloride was added,
absorption band showed negligible change (Figure 2). However, upon gradual addition of half
equivalent of Pd?* and Cu?* chloride, the intensity of the peak at 336 nm got diminished
accompanied by appearance (Figure 3) of new band at Amax = 389 nm (for Cu?*) and 363 nm
(for Pd?*). This red shift in absorption spectrum of L2H upon adding Cu?* and Pd?* metal ions

has been shown in Figure A7.
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Figure 2. Electronic absorption spectra of L2H (20 uM) with various metal ions (20 uM).
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Figure 3. Variations in the UV-Visible spectra of L2H (20 uM) during gradual addition (0-
10 uM) of CuCl (left) and PdClI> (right).

2.2 Fluorescence spectra

The emission spectra of L2H was recorded in THF-H20 and ACN-H20 mixture (0-100% with

10% increments of H20). The intensity at Aem = 437 nm increased with increase in H20 content

(2 times with 10-80% water in THF and 1.7 times with 10-80% water in ACN), then decreased

with further increase in water percentage (Figure A8).

The solution of L2H was fluorescent with Aem = 437 nm when excited with 336 nm light. No

significant change in fluorescence intensity was noted after addition of two equivalents of
soluble salts of K*, Fe**, Cd?*, Pt?*, Na*, Fe?*, Li*, Pb?*, Zn?*, Ni**, Mg?*, Ca?*, Mn?*, Au®",
Cr¥*, APF*, and Hg?* ions to the L2H solution (Figure 4). However, during gradual addition of

CuClz and PdCly, shift in peak (432 nm for Cu?*, 424 nm for Pd?*) (Figure 5) accompanied by

TH-3690_186122034
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decrease in fluorescence intensity was observed. Finally, after the addition of half-equivalent,
quenching followed by a change in colour from light blue to colourless (under long-wave
ultraviolet light) was observed (Figure A9). The quenching effect of CuCl> and PdCl, can be
ascribed to the coordination of L2H with Cu?* and Pd®* ions. A study on metal ion competition
further confirmed the selectivity of L2H for Cu?* and Pd?" ions. Treating L2H first with
competing metal salts of same molarity and then introducing equimolar quantities of CuCl. or
PdCl2 showed that fluorescence intensity of L2H was effectively quenched only in the presence
of Cu?* and Pd?" ions (Figure 6) despite the presence of various other metal ions. This
competition study underscores the ability of L2H to selectively detect Cu?* and Pd?* ions even
when other competing metal ions are present. The Aex values of 336 (L2H), 350 (L2H + Cu(ll))
and 360 (L2H + Pd(I1)) nm were obtained from the excitation spectra (Figure A10).

T,
1.8x10° Lz with Nt K, LT ca?t, Mg,
3+ .3

LOr

+ + + 2+
\ \-1112 f (.'02 S NIT,

- -+ ¥4
e o/ L T e

1.6x10° - re’’, al
1.4x10°
1.2x10°
1.0x10° 4

8.0x10°
L2H with Pd>"

Intensity (a.u.)

6.0x10°
5 5 2+
4.0x10° 1 L.2H with Cu™
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Figure 4. Fluorescence spectral behaviour of L2H (20 uM) with various metal ions (40 uM).
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Figure 5. Variations in the emission intensity of L2H (20 uM) during gradual addition (0-10
uM) of CuCl; (left) and PdClI: (right).
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Figure 6. Bar diagrams of fluorescence intensity maxima of L2H with competing metal ions
followed by the addition of Cu?* (left) and Pd?* (right) ions.

The selectivity of L2H towards Cu?* and Pd?* ions in presence of different anions, namely, I°,
S0Os%7, SO4*, SCN, F, CI, Br, $*7, S;03%>7, NOs ", NO2 ", HSO4~, CO3*", H2PO4™, ClO4,
PO+, N3~, HSO3, AcO™ and AsO2~ were also examined. Upon the addition of these anions to
the in situ generated complex species, no discernible change in the emission spectral properties
was observed. Thus, none of the anions restored the emission intensity, which meant that free

L2H was not released at all from the complexed species (Figure Al11).
2.3 Binding stoichiometry

The Job's method of continuous variation was employed to obtain the binding stoichiometry
and the intersection point was around 0.33 for both metal ions (Figure A12), indicating a
binding ratio of 1:2 between the metal ions and L2H. The binding constant from the
fluorescence titration data was calculated to be 2.82 x 10° M (for Cu?*) and 9.46 x 10* M
(for Pd?*) by using Benesi—Hildebrand plot (Figure A13). These findings underscore the strong
affinity and specific interaction between L2H and the respective metal ions. The ESI mass
spectrum of 1:2 mixture of CuCl2/PdCl, and L2H contained peak at m/z = 699.1448 (calculated
for Ca2H28CuN4Os*, 699.1457; corresponding to the formula [Cu(L2)2(H20)]* ion) and at m/z
= 725.1187 (calculated m/z for Cs2H27PdN4O2", 725.1164; corresponding to the formula
[PA(L2)2+H]" ion). Isotopic pattern calculated using m-Mass software matched correctly with
those observed in the experimental mass spectrum (Figure Al4 and A15). Thus, the
compositions [Cu(L2)2H20] and [Pd(L2)2] consistent with 1:2 ratio were assigned. The
binding of L2H with Cu?* and Pd?* was also examined through *H NMR titration of L2H with

metal salts (CuClz and PdCl>) in DMSO-des. Upon gradual addition of CuCl, (0 to 0.5 eq.) to
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L2H, the intensity of broad peak due to —OH (at 10.33 ppm) gradually decreased and
disappeared after completion of adding 0.5 equivalent suggesting deprotonation of hydroxyl
proton, accompanied by broadening of all aromatic peak because of paramagnetic nature of
Cu?* ion (Figure 7). ¥4 Sych disappearance of —OH peak at 10.33 ppm was observed when
PdCl> was added to L2H. However, aromatic peaks remained sharp because of diamagnetic
nature of Pd?* ion (Figure A16).

V.38 Cu*”
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Figure 7. *H NMR titration of L2H with CuClz in DMSO-ds.

2.4 pH Effect and reversibility

The optimum pH range for fluorescence detection of Cu?* and Pd?* ions was determined by
measuring the intensity (Aem = 437 nm) at different pH adjusted using aqueous HCI and NaOH
solutions. The emission intensity of L2H was quenched by both ions within a pH range of 4—
10 (Figure 8). At pH < 4, L2H itself was weakly fluorescent, which was not affected by the
addition of CuCl, and PdCl, due to protonation of the nitrogen atom and suppression of
deprotonation of —OH group. Above pH = 10, due to formation of metal hydroxides the

intensity remained unaffected.
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Figure 8. Fluorescence intensity versus pH plot.

The reversibility of binding of L2H with M (M = Cu?" and Pd?") was tested by repeating
addition of NaEDTA and MCI> (M = Cu, and Pd) solution. Initially, the solution containing
only L2H showed high intensity which got quenched upon addition of half equivalent of metal
ions. The intensity of same solution was restored upon addition of equimolar quantity (with
respect to metal ion) of Na2EDTA due to release of free L2H and sequestering of metal ions
as soluble [M(EDTA)]* (Figure A17). Fluorescence response time was observed to be 35 sec

in case of Cu?* ion while it was 75 sec with Pd?* ion (Figure A18).

2.5 Detection in real water samples

Fluorescence titration experiments were conducted to evaluate the practical effectiveness of
L2H in detecting Cu?* and Pd?* ions in environment water samples. Water samples collected
Tap, potable sources, and river were collected, filtered through a 0.22 uM membrane and pH
was adjusted to 7.4. A preliminary blank experiment was performed to verify the presence of
these metal ions in the samples, which was found to be negative. These water samples were
used for titration experiments and results were consistent with those obtained earlier (Figure

A19), thus can be employed for environmental monitoring and water quality assessment.

2.6 Life time measurements

The quenching of fluorescence caused by complexation with Cu?* and Pd?* was confirmed by
lifetime measurements through time-resolved fluorescence spectroscopy (TRPL). The
fluorescence decay profiles of free L2H and in the presence of Cu?* and Pd?* ions (Figure A20
and Table A2) indicated that the average fluorescence lifetime (t) for free L2H is 1.37 ns, while

in the presence of Cu?* and Pd?* ions, got decreased to 0.93 and 0.98 ns respectively. This
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reduction in lifetime suggested the formation of a non-fluorescent complex due to operation of
chelation enhanced quenching (CHEQ) (Figure 9) and photoinduced electron transfer (PET)
mechanisms. Probe L2H is highly fluorescent but fluorescence quenching upon coordination
with Cu?* and Pd?* ions occurred may be due to photoinduced electron or energy transfer
between fluorophore and M?* ions.*54° Fluorescence quantum yield of free L2H was found
to be 0.1233 and which decreased to 0.0035 {for [Cu(L2)2(H20)]} and 0.0019 {for [Pd(L2)2]}.
Using the formula 3c/k, the limit of detection for Cu?* and Pd** was calculated to be 0.24 and
0.35 uM respectively (Figure A21).

Highly Fluorescent Non - Fluorescent

Figure 9. Probable mechanism of sensing.

2.7 Computational studies

Based on 'H NMR titration, mass spectra, and Job's plot, the formulae [Cu(L2)2H.0] (1) and
[PA(L2)2] (2) were assigned for performing DFT/TDDFT calculations (including L2H)
utilizing the Gaussian09 software.° The geometries were optimized using 6-31G(d,p) basis
set at the B3LYP level for L2H, while the lanl2dz basis set was applied to all elements in
complexes and energy-optimized structures were shown in Figure A22. In both 1 and 2, the
central metal ion is coordinated by two L~ ions in a bidentate manner. The coordination
involves the oxygen from the naphtholate group and the nitrogen atom from the imidazo group
of the imidazo[5,1-a]isoquinoline moiety and this arrangement leads to a square planar
geometry around the central metal ion in 2 and a square pyramidal geometry in 1, with the
water molecule occupying the axial position. Even though geometrical isomers can exist in

both cases, the results were quite similar and the results for trans isomer is described here.
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Figure 10. Energy level diagram.

In both HOMO and LUMO of L2H, the electron density is spread throughout the entire
molecule. Electron density in the HOMO of 1 is concentrated mainly in naphthol and fused
imidazo ring while that of LUMO in isoquinoline of imidazo[5,1-a]isoquinoline moiety. Upon
complexation energy of the HOMO increased while that of LUMO decreased in both 1 and 2
(Figure 10). This resulted in reduction of the HOMO-LUMO energy gap by 0.338 eV (in 1)
and 0.436 eV (in 2), which supported the experimentally observed red shift in the absorption
peak of L2H in both complexes.

3. Conclusion

The probe L2H was synthesized and characterized using mass spectrometry, *H and **C NMR

spectroscopy. This probe has been found to detect Cu?* and Pd?* ions selectively over various

metal ions and anions through fluorescent turn-off fashion. Job's plot, mass spectra and 'H

NMR titration suggested a 1:2 binding ratio between M?* ions (M = Cu, Pd) and L2H. The

optimum pH window was determined to be 4-10 and EDTA test suggested that binding of the

probe was reversible. A very low detection limit of 0.24 uM (for Cu?*) and 0.35 uM (for Pd?*)
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was determined which were very less in comparison with the permissible concentration
suggested in WHO guidelines. The decreased fluorescence lifetime of L2H upon coordination
with both ions indicated the quenching phenomena occurred through CHEQ and PET
mechanisms. DFT/TDDFT studies were also in close agreement with experimental results.
Thus, L2H can be a potential candidate for practical utility for the selective and sensitive

detection of Cu?* and Pd?" ions.

4. Experimental section

4.1 Synthesis

4.1.1 Synthesis of 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-ol (L2H)

The probe L2H was synthesized following a previously reported literature procedure.[*9 A
mixture containing 1-isoquinolinylmethanamine (0.175 g, 1.106 mmol) and 2-
hydroxynaphthalaldehyde (0.190 g, 1.106 mmol) was stirred in ethanol for 30 minutes. Solid
selenium dioxide (0.122 g, 1.106 mmol) was introduced and stirred at room temperature. After
5 hours, saturated aqueous sodium thiosulfate solution (20 ml) was added, mixed thoroughly
and then left undisturbed for 20 min. The turbid solution was filtered, washed 3 to 4 times with
ethyl acetate and the solvent was evaporated from the combined filtrate and washings. The
crude mixture was subjected to column chromatography over silica gel, L2H was eluted with
8% ethyl acetate in hexane. After evaporation of the volatiles, the yield of light yellow solid
was 0.150 g (44%). ESI-MS (+): m/z calcd. for C21HisN.O™ [M+H™] 311.1179, found
311.1198. *H NMR (600 MHz, DMSO-ds) & 10.33 (s, 1H), 8.26 (d, J = 7.9 Hz, 1H), 8.17 (s,
1H), 8.00 (d, J =9.0 Hz, 1H), 7.90 (dd, J = 7.9, 1.5 Hz, 1H), 7.72 (d, J = 7.7 Hz, 1H), 7.60 (t,
J=7.6Hz, 1H), 7.48 (t, J = 7.5 Hz, 1H), 7.42 — 7.31 (m, 5H), 6.91 (d, J = 7.5 Hz, 1H). 13C
NMR (150 MHz, DMSO-d6) 6 154.6, 136.5, 134.3, 131.5, 128.4, 128.2, 128.1, 128.0, 127.2,
127.1,127.1, 126.9, 124.5, 124.0, 123.3, 122.4, 122.0, 120.7, 118.3, 112.8, 108.7.
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Figure A3. *C-NMRspectrum of L2H.

Figure A4. Packing diagram of L2H on viewing down the b-axis. Intermolecular hydrogen
bond N1---01, 2.678 (3) A and the dihedral angle N1-C11-C12-C13, 62.2(4)°.
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Table Al: Crystallographic data and refinement parameters of L2H.

Entry L2H
Formula C21H14N20
CCDC No. 2413598
Mol. wt. 310.34
Cryst.color, habit yellow, block
T,K 295.00
Cryst. syst. orthorhombic
Space group Pca2:

a, A 15.3666(14)
b, A 12.6613(12)
c, A 8.3011(8)

a ,deg 90

f, deg 90

y ,deg 90

Vv, A3 1615.1(3)

Z 4

Dcalcd, g cm™3 1.276

%, mm 0.080
GOF? on F? 1.119
F(000) 648.0
Reflection collected 36225
Unique reflections 2826

R1®, WR2® (1 >26(1))
R1®, R (all data)

0.0342, 0.0777
0.0438, 0.0865

3GOF (Goodness-of-fit) = [Y[w(Fo? - Fc2)?] /M — N 12 (M =number of reflections, N = number of
parameters refined). PRy =Y ||Fo| - | Fe|l/ X | Fo|. WR2 = [Y[w(Fe? - F&)?] / S [w(Fo?)?]]
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Figure A9. Fluorescence intensity examined under long ultraviolet (UV) light.
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For Copper Complex
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For Palladium Complex
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Figure A16. *H NMR titration of L2H with PdCl, in DMSO-d6.

0 1 2 3 4
(Cyel

(@)

5
es)

3.6

1.6x10°4
1.4x10°
—~ 1.2x10°
- i}
= 1.0x10"
.?:“ 8.0x10°
£
< 6.0x10°4
=
= L]
= 4.0x10"

2.0x10"

0.0

B4

8.2

8.0

T T
78 7.8 74

EDTA
L ]

T
72

T
7.0

(b)

Figure A17. Reversiblity test of probe L2H towards (a) Cu®* and (b) Pd?* ions.

TH-3690_186122034

78



Chapter 3

7x10°q | 1.2%10° -
i
aai o ek _—lan e |
3 . —LIH+ Culll) - LA+ Pl
= =
- 5 \ s B.0x10° 4
2, 510 \_ & 8.0x10
5 a0 7\ “Z 6.0x10°
- \ =
= \ &
L}
3x10°- £ 40x10°
]
2x10° - B e =z 2.0x10° 4
L T T L T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (sec) Time (sec)

Figure A18. Fluorescence response time of L2H for Cu?* (left) and Pd?* (right).
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Figure A19. Variation in emission intensity of L2H along with (a) Cu(Il) and (b) Pd(Il) ions

obtained in real water samples.

Table A2. Fluorescence decay parameters for life time measurements.

Sample T (ns) y 2

L2H 1.37 1.08

L2H+ Cu?* 0.93 1.09

L2H+ Pd?* 0.98 1.09
79
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Table A3. Comparison of L2H with some reported probes.

Probe Solvent LOD

| DMSO/aqueous | 1.19 uM

N 2+
HN HEPES Buffer | (CY)

N7 XN S 0.63 uM
|)j: \ | (3:2, viv)
k ~ N>_<\j (Pd2+)
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HO H20 0.08 uM
=\
R Ji)v'}‘w (Cu®)
=/ 0.076
uM
(Pd*)
OH
MeOH:H0 0.49 uM
(1:1, viv) (Cu?)
0.98uM
(Pd*)
THF/H:0 | 0.83 uM
(5/95, vIv) (Cu?)
0.92uM
(Pd*)
O MeOH : HEPES | 0.24 uM
S buffer (5 mM, 24
O oH=74 28 | ()
\ v/v) 0.35uM
HO (Pd2+)
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Chapter 4

Synthesis, Structural Characterization of Co(Il) and Mn(Il) complexes of a
Polypyridine Ligand and Supramolecular Interactions

Abstract

A polypyridine ligand L3, was synthesized and characterized using mass spectrometry, *H-,
13C- NMR, IR spectroscopy. Its 3D structure has been established using single crystal X ray
diffraction method. The intermolecular interactions involved in L3 has been discussed. Using
L3, two new metal complexes of compositions [M2(L3)Cls]-2H20 {M = Co(ll) (1) and Mn(lI)
(2)} have been synthesized. Their molecular structures have been established using single
crystal X ray diffraction method and intermolecular interactions involved in these complexes

have also been illustrated.

1. Introduction

The multidentate chelating ligands containing polypyridine rings exhibit strong affinity with
metal ions and form thermally stable coordination complexes. Terpyridine is one of the most
versatile ligands which contain NNN chelating donor sites generally form square planar,!
distorted square pyramidal,'?! trigonal bipyramidal,®! and octahedral complexest with various
metal ions. Terpyridine ligands are considered as thermally and oxidatively robust,! and
hence, these are widely used in diverse area of research like material sciences, medicines and
supramolecular chemistry.[®7 Because of their potential to form stable metal complexes with
transition metal ions and rare earth metal ions, these metal complexes have wider applications
in material science, optoelectronics,® photovoltaics,®! medicines!*®! and catalytic applications
such as organometallic catalysis as well as biomimetic oxidation and reduction reactions.***?
In the field of therapeutic applications, these metal complexes possess ability to intercalate
with DNA and may serve as anticancer agents.[**!4! Their unique photophysical properties,
make them valuable components for enhancing the efficiency of energy conversion processes.
Furthermore, terpyridines and their metal complexes have diverse applications in
supramolecular chemistry.*®  The supramolecular assemblies possess enchanting
photophysical and redox properties and hence utilized in development of advanced materials
and exploring new frontiers in molecular engineering.[*! The Co(ll) complexes of terpyridines
was utilized in electrocatalytic reduction of CO..['"1 A wide variety of cobalt-catalyzed
coupling reactions, hydro-formylation,™*® cycloaddition,™*®! cyclopropanation of alkenes!?®! and
radical polymerization were reported.?Yl While Mn(I1)-terpyridine complexes have
applications in a variety of reactions including C—C cross coupling, radical mediated oxidative
cyclization, hydrosilylation, epoxidation of alkene and C—H activation reactions.?2 Mn(11)-
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terpyridine mono-complexes were particularly employed as water-oxidation catalysts (WOCs),
mimicking green plants' natural photosystem-I1 (PS-11).[1%2% Furthermore, the Co(Il) and
Mn(ll) metal complexes were also utilized in various catalytic reactions such as
dehydrogenative coupling of alcohols and amines.[?4

On these backgrounds, a polypyridine ligand L3 containing two terpyridine (NNN) arms was
synthesized and characterized using mass spectrometry, *H 3C, IR spectroscopy. The 3D
structure of L3 has been established using single crystal XRD measurement. Using L3, two
metal complexes of Co(ll) and Mn(l1) ions have been synthesized and their 3D structures were
established using single crystal XRD studies. Furthermore, the supramolecular interactions

involved in ligand and these metal complexes have also been discussed.
2. Results and discussions
2.1 Synthesis of L3

The polypyridine ligand (L.3) containing seven pyridine rings was synthesized (Scheme 1) from
the reaction of 4:4:1 mixture of 2-acetylpyridine, NaOH and 2,6-pyridinedicarboxaldehyde in
PEG-300 solvent.[?®lit was characterized by mass spectrometry, ‘H, *C NMR and IR
spectroscopy (Figure A1-A3) as well as single-crystal XRD. In *H NMR spectrum (Figure A2),
protons present in the Ring-1 appeared as characteristic singlet peak at 9.28 ppm. In **C NMR
spectrum (Figure A3), 11 signals were observed which indicated the presence 11 unique carbon

atoms in L3.

O
| - 4 equiv. NaOH
| A + N/ .
_N A !3 NH,OAc, PEG-300,
100°C, 7 h
4 equiv. 1 equiv.

51%

Scheme 1. Synthesis of ligand L3.
2.2 Molecular structure of L3

Single crystals of L3 suitable for X-ray diffraction studies were grown by slow evaporation of
L3 solution in DCM-toluene solvent mixture. It crystallized in 141/a space group and ORTEP
diagram (50% probability) has been shown (Figure 1). The nitrogen atoms of the adjacent
pyridine rings stayed in trans-trans geometry to each other to avoid repulsion caused by lone
pair electrons and each aromatic ring deviate slightly from planarity with torsional angles lying
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in the range 1.0(4) — 12.1(4)°. In the packing diagram, inter-molecular interaction present are
(i) =7 having the calculated inter-planar distance between two central Ring-11 (N4, C16-C20)
of 3.44 A and (ii) C-H---N interaction about C29-H29.-N1 with a C29---N1 distance of
3.289(5) A (Figure 2). Due to this C29-H29---N1 interaction, a cyclic tetrameric packing
generated by a four-fold axis has been observed. Because of these two interactions, a beautiful
3D architecture has been observed on viewing down the b-axis (Figure 3). The L3 can be a
potential ligand by virtue of having seven N-donor sites, synthesis of its complex with various
transition metal ions were attempted, but we were successful in obtaining single-crystal of
isostructural complexes of composition [M2(L3)Cls]-2H.0 {M = Co(ll) (1) and Mn(Il) (2)} in
which L3 behaved as bis-tridentate ligand.

Figure 2. Tetrameric cyclic unit formed by C29—H29---N1 interaction in L3 viewing down c-

axis.
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Figure 3. Packing diagram upon viewing down b-axis of L3.

2.3 Molecular structures of 1 and 2

Single crystals of 1 (green) and 2 (pale yellow) were obtained by slow diffusion of methanol
solution of MCl>-xH20 {x = 6 (Co) and 4 Mn)} into the THF solution of L3 in 2:1 ratio and

the general reaction is shown in Scheme 2. In mass spectra, 1 and 2 showed peaks at m/z

=763.9740 and m/z =758.2165 respectively (Figure 4 and 6) corresponding to the composition

|:|\/|2(L3)C|3]Jr having formulae C3s5H23ClI3C02N7" and CzsH23ClsMnaN7*

. The isotopic patterns

of these peaks matched very well with the ones calculated using mMass software (Figure 5 and

7). Molecular structures of 1 and 2 were established using single crystal X-ray diffraction

method and ORTEP diagrams have been shown in Figure 8 and 12.

TH-3690_186122034

MC12'XH20

{x=6(Co)and 4 (Mn)}

Scheme 2. Synthesis of complex 1 and 2.
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Figure 4. ESI-Mass spectrum of 1 and on set expansion of m/z = 763-770 region of mass

spectrum of 1.
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Figure 5. Isotopic pattern for the fragment in 1, determined in mMass software.
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Figure 7. Isotopic pattern for the fragment in 2, determined in mMass software.

Molecular structure of [Co2(L3)Cl4]-2H20 (1) and [Mn2(L3)Cl4]-2H20 (2) were determined

and both crystallized in P21 space group. The crystallographic data has been provided in Table
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1 and they are isostructural and isomorphous in nature. The ligand L3 has two pincer-type
NNN arms connected by the central pyridine Ring-1l, available to coordinate. Indeed the
molecular structure contained two Co(ll) or Mn(l1) ions bound to two NNN arms by two five-
membered chelate rings. Each of these metal metal centers in both complexes had
pentacoordination (Figure 8 and 12), wherein remaining fourth and fifth coordination sites were
occupied by two chloride ions. Also two water molecules were present in the lattice. The
coordination geometry of each metal ion in both the complexes has been determined using
distortion parameter () utilizing Addison’s method,?®l which is applicable for
pentacoordinated system, T = (61- 62)/60, where 61 and 62 are the two largest angles in the
coordination sphere. For a perfect square pyramidal geometry, T value should be zero and for
perfect trigonal bipyramidal geometry, it should be unity. In complex 1, T = 0.11 (for Col) and
0.15 (for Co2) suggesting distorted square pyramidal geometry around both the Co(ll) ions.
Similarly, in complex 2, T = 0.08 (for Mn1) and 0.08 (for Mn2) suggested distorted square

pyramidal geometry around both the Mn(ll) ions.

Figure 8. ORTEP diagram (50% probability) of complex 1. Selected bond lengths (A) and
angles (°): Col-N1 2.075(16), Col-N2 2.061(13), Col-N3 2.134(8), Col-CI1 2.271(6),
Col-ClI2 2.331(6), Co2-N5 2.047(14), Co2-N6 2.081(16), Co2—N7 2.141(17), Co2—CI3
2.312(6), Co2—Cl4 2.270(6). CI1-Col1-CI2 112.5(2), N2-Co1-Cl1 152.7(5), N2—Co1-CI2
94.8(4), N2—Co1-N1 74.6(5), N2—Co1-N3 75.6(5), N1-Co1-CI1 100.7(5), N1-Col-CI2
94.7(5), N1-Co1-N3 145.6(5), N3-Col1—CI1 97.9(3), N3—-Co1-CI2 104.5(4), Cl4—C02—CI3
111.1(2), N6—C02—CI3 100.2(5), N6—C02—Cl4 96.2(5), N6—C02—N7 150.9(6), N5-C02—CI3
107.4(5), N5-C02-Cl4 141.4(5), N5-C02—-N6 75.8(6), N5-C02—N7 76.6(6), N7-C02-CI3
96.6(5), N7-C02-Cl4 99.7(4).
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Various inter-molecular interactions found in 1 are mainly O—H---O, C-H---Cl, C-H---O and
O—H---Cl interactions (Figure 9). Another weak interaction involved in complex 1 is &
interaction (Figurel0). Because of these interactions, a beautiful 3D packing of complex 1 on
viewing down b-axis has been observed (Figure 11). Similar inter-molecular interactions
including O-H---O, C—H---Cl, C—H---O and O—H---Cl (Figure 13) and =---n interactions (Figure
14) and packing diagram of complex 2 on viewing down b-axis have been shown in Figure
15.

Figure 9. O—H:--O, C-H---Cl, C-H---O and O—H---Cl interactions involved in complex 1.
02---01 2.56(6), C7---Cl2 3.78(2), C4---CI2 3.60(2), C17---CI2 3.71(2), C2---O1 3.47(4),
Cl1---01 3.46(4), C15---01 3.85(4), C2---Cl1 3.58(2), CI2---O1 3.38(4).

Figure 10. m---m interactions involved in complex 1.
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Figure 12. ORTEP diagram (50% probability) of complex 2. Selected bond lengths (A) and
angles (°) Mn1-N1 2.199(18), Mn1-N2 2.165(12), Mn1-N3 2.265(18), Mn1-CI1 2.355(6),
Mn1-CI2 2.327(6), Mn2—N5 2.194(13), Mn2-N6 2.137(17), Mn2-N7 2.252(14), Mn2—CI3
2.346(6), Mn2—Cl4 2.367(6), CI2-Mn1-CI1 111.5(2), N2-Mn1-CI2 138.1(4), N2-Mn1-Cl1
110.4(4), N2-Mn1-N3 72.3(6), N2—-Mn1-N1 71.9(5), N3-Mnl1-Cl2  101.6(4),
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N3-Mn1-CI1 99.9(4), N1-Mn1-CI2 98.0(4), N1-Mn1-CI1 101.8(4), N1-Mn1-N3 142.8(6),
CI3-Mn2-Cl4 115.5(2), N6—Mn2-Cl4 94.8(4), N6—Mn2—CI3 102.4(4), N6—Mn2-N5 70.7(5),
N6-Mn2-N7 140.2(5), N5—Mn2-Cl4 99.3(4), N5—Mn2—CI3 145.1(4), N5-Mn2-N7 72.5(6),
N7-Mn2—Cl4 105.7(4), N7-Mn2—CI3 99.0(4).

Figure 13. O-H---O, C—H-:-Cl, C—H---O and O—H---Cl interactions involved in complex 2 upon
viewing down a-axis. Cl1---02 3.22(3), C14---Cl1 3.66(2), C13---02 3.70(3), C33---02 3.32(3),
01---02 2.86(4), Cl4---01 3.36(3), C19---Cl4 3.66(2), C25---Cl4 3.81(2), C27---Cl4 3.59(2).

Figure 14. r---m interactions involved in complex 2.
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Figure 15. Packing diagram upon viewing down b-axis of complex 2.

Table 1. Crystallographic data and refinement parameters

Entry L3 1 2
Formula C3sHa3N7 C35sH27N702C02Cls C3sHa7N70:Mn,Cly
CCDC No. 2428965 2428966 2428967
Mol. wt. 541.60 837.29 829.31
Cryst.color, habit colorless, block  green, needle yellow, needle
T,K 297 295 295
Cryst. syst. tetragonal monoclinic monoclinic
Space group 14i/a P2, P2,
a, A 31.0994(9) 8.8512(8) 8.949(3)
b, A 31.0994(9) 13.9603(12) 14.182(5)
c, A 11.6070(5) 14.3857(13) 14.439(5)
o ,deg 90 90 90
p, deg 90 90.951(3) 91.155(11)
y, deg 90 90 90
v, A3 11226.0(8) 1777.3(3) 1832.2(11)
Z 16 2 2
Dcalcd, g cm™ 1.282 1.565 1.503
1, mm™! 0.079 1.278 1.023
93
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GOF? on F? 1.132 1.021 1.007

F(000) 4512.0 848.0 840.0
Reflection collected 132217 40556 17377

Unique reflections 5313 6275 6209

R®, wRy* (1>20(1)) 0.0616,0.1615 0.0819, 0.2008 0.0853, 0.2073
R°, wR>¢ (all data) 0.1244, 0.2367 0.1689, 0.2637 0.2056, 0.2396

3GOF (Goodness-of-fit) = [Y[w(Fo? - F?)?] /M — N 1¥2 (M =number of reflections, N = number of
parameters refined). * Ri= Y ||Fo| - | Fel|/ | Fo|. “WRz = [Y[w(Fo? - F2)?] / Y [w(F?)?]].

3. Conclusion

A polypyridine ligand L3 having two terpyridine (NNN) arms connected by a pyridine ring
was synthesized and characterized using mass spectrometry, 'H, *C NMR and IR
spectroscopy. The molecular structure of L3 was established using single crystal XRD
measurement. Using L3, Co(ll) and Mn(ll) complexes were synthesized, characterized,
molecular structures were confirmed using single crystal XRD. Their molecular structure
contained two Co(ll) or Mn(ll) ions bound to two NNN arms by two five-membered chelate
rings having pentacoordination with fourth and fifth coordination sites being occupied by two
chloride ions. In 1 and 2, Addison’s 7 values suggested a distorted square pyramidal geometry
around the metal ions. Various molecular interactions in these metal complexes involved were

also described.
4. Experimental Section

4.1 Synthesis
4.1.1 6',6"-di(pyridin-2-yl)-2,2":4",2":6",4"":2™ ,2""-quinquepyridine (L3)

2-Acetylpyridine (2 g, 16.5 mmol) and NaOH powder (0.67 g, 16.8 mmol) were mixed
thoroughly till a gummy paste is formed. Then 2,6-pyridinedicarboxaldehyde (0.55 g, 4 mmol),
PEG 300 (15 mL) and NH4OAc (4 g, 52 mmol) were added, and heated at 100 °C for 7 h. The
solution was allowed to cool to room temperature, water (20 mL) was added, precipitate was
filtered and washed initially with plenty of water then ice-cold ethanol (10 mL). Yield: 1.13 g
(51%); *H NMR (600 MHz, CDCls) § 9.28 (s, 4H), 8.78 (d, J = 4.5 Hz, 4H), 8.70 (d, J = 7.9
Hz, 4H), 8.15 (d, J = 7.8 Hz, 2H), 8.01 (t, J = 7.8 Hz, 1H), 7.90 (t, J = 7.7 Hz, 4H), 7.38 (dd, J
=6.9, 5.2 Hz, 4H); 13C NMR (150 MHz, CDCls) § 156.4, 156.3, 155.3, 149.3, 148.6, 138.05,
137.0,123.9,121.6, 121.4,119.0; IR (cm™) ATR mode: 3045(w), 1502(w), 1581(m), 1552(m),
1466(m), 1433(w), 1423(w), 1375(m), 1394(w), 1259(m), 990(m), 895(m), 788(s), 746(m),
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717(m), 660(m), 639(m), 622(m), 602(m), 404(m). ESI-MS (+): m/z calcd. for (M + HY)
CasH24N7" 542.2088, found 542.2090.

4.1.2 [Coz(L3)Cls] 2H20 (1)

In a test-tube, a THF (2 mL) solution of L3 (15 mg, 0.027 mmol) was layered firstly with
MeOH (2 mL) and then with solution of CoCl2-6H.0 (13 mg, 0.055 mmol) in MeOH (10 mL)
and was kept undisturbed. Green needle shaped crystals suitable for single crystal XRD
measurement were separated after 4-5 days. Yield: 13 mg (56 %); IR (cm™) ATR mode:
3400(br), 3068(w), 1646(w), 1614(m), 1604(m), 1571(m), 1566(m), 1474(m), 1439(w),
1418(m), 1250(m), 1164(w), 1049(w), 1024(m), 1012(m), 897(m), 817(m), 790(s), 727(m),
658(m), 614(w), 582(w), 409(w); ESI-MS (+): m/z calcd. for [M — CI]* CasH2aN7Cl3Co2*
763.9740, found 763.9740.

4.1.3 [Mn2(L3)Cl4] 2H20 (2)

Light yellow crystals of 2 were obtained by adopting the same procedure using same molar
ratio of L3 and MnCl2-4H,0. Yield: 11 mg (48%); IR (cm~) ATR mode: 3450(br), 3060(w),
1598(m), 1569(w), 1546(m), 1469(m), 1437(m), 1414(m), 1384(m), 1301(w), 1246(m),
1157(m), 1012(m), 901(m), 790(s), 745(m), 721(m), 658(m), 638(w), 605(m), 405(w); ESI-
MS (+): m/z calcd. for [M — CI]" CasH24N7ClsMn2" 757.9819, found 758.2165.
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Chapter 5

De Novo Construction of Benzene Ring: Synthesis of 2,4,6-Trisubstituted
Benzophenones Using NaH Promoted Cascade Reaction of Aryl Methyl
Ketone and Aromatic Aldehyde*

Abstract

Benzannulation is one of the most important methods to construct the simplest aromatic ring
i.e., benzene ring. Various efforts to synthesize benzene derivatives were already made, but
they generally require some transition metal species in stoichiometric or catalytic amount to
carry out this transformation which contaminate with metal-based impurity. On the other hand,
the reactant i.e., alkyne used for these transformations is also quite expensive in nature.
Keeping these facts in mind, a series of 2,4,6-trisubstituted benzophenones (vis-a-vis 1,2,4,6-
tetrasubstituted benzenes) were synthesized under transition metal and solvent free conditions
using simple chemicals aryl methyl ketones, aromatic aldehydes and sodium hydride. The
beauty of this methodology is that 4 out of 6 o and all 3  bonds of benzene ring were generated
within one reaction vessel. Using this methodology, 2,4,6-trisubstituted benzophenones
bearing aromatic and heterocyclic groups can be readily accessed.

*This work has been published in

S. Kumar and V. Manivannan, ChemistrySelect 2025, 10, e202405611.
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1. Introduction

Benzannulation is an important method for de novo construction of benzene ring having
particular substitution pattern through cycloaddition or cyclization of acyclic building blocks.!*!
This method enables access to many substituted benzene compounds which exhibit important
properties including those used in various natural products, pharmaceuticals, agrochemicals
optical and functional materials.’l Importance of polysubstituted benzenes and their
benzannulation syntheses using transition metal™ as well as organol¥! catalyst has been a topic
of interest. As many of the biologically active compounds and commercially available drugs
contain at least one substituted benzene/phenyl ring, development of an efficient method for
the synthesis of polysubstituted benzene has continuous attraction. Alternatively,
polysubstitution in the benzene nucleus can be achieved by electrophilic and nucleophilic
substitution reactions® and transition metal catalyzed cross coupling reactions.[®! The facile
method is the benzannulation reactions involving cyclotrimerization of alkynes,[’l Diels-
Alder,®l Danheiser benzannulation,® Bergman cyclization!*®! and D6tz reaction.™ Since,
many of these benzannulation reactions require stoichiometric or catalytic amount of transition
metal ions that generate metal impurity thereby imposing the compulsion of purification. It
may also be pertinent to note that some inorganic bases were used for benzannulation.*?
Another difficulty is the requirement of multistep preparation of starting material or some
additives. Therefore, one-pot synthesis of polysubstituted benzenes under transition metal free

benzannulation process using easily available chemicals is still in demand.

Recently, some tetrasubstituted benzene derivatives having 2-pyridyl substituent were
synthesized using alkynyl ketones and 2-acetylpyridine in a Co(ll) catalyzed reaction with 2,2’-
bipyridine as ligand (Scheme 1).1*31 A series of tetrasubstituted benzene (m-terphenyls) were
also synthesized using vinyl sulfoxonium ylides and ynones.!? Another three-step synthesis
of tetrasubstituted benzene was reported starting from 2,4,6-tribromobenzaldehyde,
arylboronic acid and organolithium species, which also included the natural product

selagibenzophenone A.[*4]

In Chapter 4, synthesis of L3 has been discussed which contains two terpyridine moieties
linked by a central pyridine ring. The general procedure for the synthesis of terpyridine
involves reaction of two molecules of 1-(pyridin-2-yl)ethan-1-one with one molecule of
pyridine-2-carboxaldehyde in presence of base and ammonium acetate (as source of ammonia).

Taking cue from this synthesis, in this Chapter, the synthesis of some 2,4,6-trisubstituted
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benzophenones (vis-a-vis 1,2,4,6-tetrasubstituted benzenes) in a one-pot, transition metal free,
sodium hydride mediated cascade reaction of aryl methyl ketones and aromatic aldehydes

under solvent free condition has been described.

| Previous reports |

AR O OR Ar?
Ar’ Ar2  MeCN, rt, TMSOTf
r OR
12h | + 30 mol% o
- —_—
1
A I CH,Cly, rt, Ar’
Ard PN Ar? 12h Ar
m- terphenyls 0 parabens
0
)km
0 %
N\’/\RS
_
R1 \\
R, [Co]

O (0]
/@)‘\ HJ\@ NaH (3.2 eq.), 100 °C
+ —R 12 h
X 4

X =H, Br, OMe
3eq. 1eq.

Scheme 1. Previous reports on synthesis of polysubstituted benzene and this work.
2. Results and discussion

Under neat conditions acetophenone was first treated with one molar equivalent of NaH (55-
60% in mineral oil) at ambient conditions and typically both were stirred for ~20 min. Then
the resultant gummy product was allowed to react at 100 °C for 12 h with one-third equivalent
of benzaldehyde. From this solvent free reaction mixture after work up, 2,4,6-
triphenylbenzophenone (1a), was isolated in good yields as white solid (Scheme 2). Thus aryl
methyl ketone, NaH and aryl aldehyde when reacted in 3:3:1 ratio can yield a 2,4,6-
trisubstituted benzophenones. To check the wider applicability of this procedure, acetophenone
when reacted with o-tolualdehyde (1b), p-tolualdehyde (1c), 2-chlorobenzaldehyde (1d), 3-

chlorobenzaldehyde (1e), 4-chlorobenzaldehyde (1f), 2-bromobenzaldehyde (1g), 3-
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bromobenzaldehyde (1h), 4-bromobenzaldehyde (1i), 2-methoxybenzaldehyde (1j), 3-
methoxybenzaldehyde (1k), 4-methoxybenzaldehyde (11) and 1-pyrenecarboxaldehyde (1v),
yielded respective 2,4,6-trisubstituted benzophenones in moderate to good yields. The methyl
ketone, 4'-bromoacetophenone also reacted with aldehydes like 4-chlorobenzaldehyde (1m),
4-fluorobenzaldehyde (1n), 4-bromobenzaldehyde (10), 2-methoxybenzaldehyde (1p) and 2-
thiophenecarboxaldehyde (1t) while 4’-methoxyacetophenone with 4-methoxybenzaldehyde
(19), benzaldehyde (1r), 4-fluorobenzaldehyde (1s) and 2-acetylpyridine reacted with 2-
pyridinecarboxaldehyde (1u), from these respective benzene compounds were isolated. The 3-
methoxyacetophenone also reacted with benzaldehyde to give 1w however, benzannulated

product could not be isolated using o-substituted acetophenone.

O%\©\
R4 = H, Br, OMe R

R, =H, CI, Br, F, OMe
Scheme 2. Synthesis of 1a-1w.

The annulated benzene product had three substituents arising from the aryl methyl ketone (two
aromatic ring and one benzoyl ring) and one from the aldehyde. Out of the four substituents
the aromatic ring arising from inclusion of the aldehyde group was found to be in para position
with respect to the benzoyl ring. Two aromatic rings originating from three aryl methyl ketone
were in two ortho positions with respect to benzoyl ring. Compounds 1a-1w were characterized
thoroughly using 'H-, *C-NMR, mass and IR spectroscopy. In *H NMR spectra, the
characteristic singlet peak for two protons of the annulated benzene ring appeared at & = 7.67
ppm in la and in all compounds it was found to appear in the range 6 = 7.43-8.41. The
characteristic signal for the carbonyl carbon of the benzoyl group in the **C NMR appeared at

6 =198.9 ppm in 1a and was in the range 197.2-199.2 in other compounds.

Molecular structures of 1a, 1b, 1k, 1m, 1n and 1t were determined by single crystal X-ray

diffraction method, which confirmed regioselectivity of substituents in the central benzene ring
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formed by the benzannulation reaction. The plane formed by four aromatic rings linked to the
central benzene ring (in 1a) was twisted by the angles 33.9, 50.5, 59.5 and 73.1° wherein the
highest angle was shown by the benzoyl ring. The C7-O1 distance was 1.218(2) A, a
representative diagram of 1la and 1b were displayed in Figure 1 and that of others in the

supporting information file (Figure A3- A7).

Figure 1. Pov Ray rendered ORTEP (50% probability) diagram of 1a and 1b.

The reaction condition was optimized using acetophenone and benzaldehyde under different
conditions of base, temperature and solvent (Table 1). At 100 °C, only the chalcone and
diketone were isolated when NaOH, KOH and KOtBu was used as base but with Cs>COs,
Na,CO3 and K>COs no perceptible product was isolated. However, consistent with Le
Chatelier-Braun principle, use of NaH produced 2-oxo-2-phenylethan-1-ide ion at 100 °C,
since the hydrogen molecule formed escaped from the reaction mixture. So formed 2-o0xo-2-
phenylethan-1-ide ion produced 1a readily upon adding benzaldehyde without requirement of
solvents. In ethanol and methanol, the mixture of acetophenone, NaH and benzaldehyde did
not yield any benzannulated product, while in toluene, DMF and DMSO, only 8-14% yield
was obtained at 110-120 °C. Under neat condition, the best yield of 1a was 66% at 100 °C and
this condition was adopted for the synthesis of la-lw. The conditions were not further

optimized beyond this point.
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Table 1. Optimization of reaction condition for the synthesis of 2,4,6-trisubstituted

benzophenones.
Entry Base Solvent  Temp” % Yield
1 NaOH - 120 ND*
2 KOH - 120 ND
3 KOtBu - 120 ND
4 NaH" EtOH Reflux ND
5 NaH MeOH Reflux ~ ND
6 NaH Toluene  Reflux 8
7 NaH DMF 120 14
8 NaH DMSO 120 12
9 NaH - RT ND
10 NaH - 60 20
11 NaH - 80 50
12 NaH - 100 66
13 NaH - 120 64
14 Cs:CO3 - 120 ND
15 K:COs - 120 ND
16 Na2COs 120 ND

Condition: 4 mmol each of acetophenone and NaH, 1.33 mmol of benzaldehyde. ND = Not Detected.

" °C. "The purchased sodium hydride was of 55-60% in mineral oil and molar ratio was calculated using

this strength. Caution: Sodium hydride may catch fire upon exposure to water/moisture.

Thus to check applicability of this methodology, a series of substrates were employed with five

kinds of aryl methyl ketone and several aromatic aldehydes (Table 2). With acetophenone as

the ketone, the reaction went smoothly with benzaldehyde bearing substituents —CH3, —-OMe

TH-3690_186122034
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(electron donating), —Cl, —Br (electron withdrawing) in all three positions (ortho, meta and

para) as well as polycyclic 1-pyrenecarboxaldehyde.

Table 2: Substrate scope.

IR

(1a) 66% (1b) 62% (1c) 64% (1d) 65% (1e) 55%

Cl

®

OOO

O (o]

(1f) 68% (19) 62%

®

r
<
r

e

(1r) 52% (1s) 50%
O
OO
\
(1v) 58% (1w) 46%

(1t) 65% (1u) 57%

However, aldehydes having nitro group reacted violently at room temperature and desired

product was not isolated even when the reaction was performed at 0°C, hence aldehyde
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containing —NO2 group were avoided. By wusing 4-hydroxyacetophenone and 4-

aminoacetophenone desired product was not obtained even with excess of NaH.

The plausible mechanism has been proposed using acetophenone and benzaldehyde as the
common substrate (Scheme 3). Acetophenone reacted readily with sodium hydride and
liberated hydrogen gas to generate the carbanion (I). One-third equivalent of benzaldehyde
added consumed one-third of the carbanion I and produced the chalcone (I1). Thus formed 11
added another equivalent of | successively to generate anion (I111), which upon protonation and
tautomerization generated 1,3,5-triphenylpentane-1,5-dione (IV) first and then 3-hydroxy-
1,3,5,7-tetraphenylheptane-1,7-dione (V).

> o ciz/*© eae
o ©*

1a IX

Scheme 3. Plausible mechanism for the formation of la.
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The intermediate V after losing proton formed 3-hydroxy-1,7-dioxo-1,3,5,7-
tetraphenylheptan-2-ide ion (V1) which cyclized to the intermediate VI11. Removal of one water
molecule from V11 led to formation of ¢, f-unsaturated ketone (V111) which lost another water
molecule to give conjugated diene (1X) and finally aromatization with the loss of a hydrogen
moleculel® yielded the final product 1a. An aliquot of the reaction mixture was quenched after
1 h and the mass spectrum (Figure Al) of this sample contained peaks with m/z values
corresponding to the intermediates 11 (M + H*, found 209.0958, calcd. 209.0961) and IV (M +
H*, found 329.1527, calcd. 329.1537), as well as same values for V and VII (M + H*, found
449.1291, calcd. 449.2111) since both have the same formula. The molecular structure of 1,5-
diketone  obtained from the reaction between  4’-bromoacetophenone  and
ferrocenecarboxaldehyde was also confirmed through single crystal XRD measurement of
crystal. A representative diagram has been provided in the supporting information (Figure A2),

but this diketone did not react further to yield the benzannulated product.
3. Conclusion

In summary, a neat one pot transition metal free NaH mediated reaction methodology was
applied to synthesize a series of 2,4,6-trisubstituted benzophenones using aryl methyl ketones
and aromatic aldehydes. Here 4 out of 6 o and 3 t bonds of benzene ring formed in one reaction
vessel. The reaction was regioselective in nature wherein the 1,2,4,6-tetrasubstituted benzene
ring bear an aryl keto group at position 1 while aryl group at other three. The aryl groups at 2
and 6 positions originated from aryl methyl ketone and the one at 4 from the aldehydes. These
compounds were characterized thoroughly by mass spectrometry, *H, **C NMR spectroscopy
and regioselectivity was confirmed from determination of molecular structure of some of them
using single crystal XRD method. This methodology provides a direct access to benzene
derivatives which were usually synthesized by using various multistep cross coupling
reactions. The reaction condition used here, is mild with respect to that of other benzannulation
reactions. This reaction can be a new addition to benzannulation reactions to obtain 2,4,6-
trisubstituted benzophenones bearing two or three different aromatic and heterocyclic

substituents starting from a simple aryl methyl ketones and aromatic aldehydes.
4. Experimental section

4.1 General Procedure

4.1.1 Phenyl(5'-phenyl-[1,1':3" 1"-terphenyl]-4'-yl)methanone (1a):
109
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To acetophenone (0.50 g, 4.16 mmol) solid sodium hydride (0.18 g, 4.12 mmol) was added in
small quantities and hydrogen gas started to bubble out. The colorless reaction mixture became
brown after 20 to 30 min and hydrogen evolution ceased. Benzaldehyde (0.14 g, 1.32 mmol)
was added slowly and the mixture was stirred with glass rod for 30 min. The brown solid
mixture was heated at 100 °C for 12 h and then allowed to cool to room temperature. Ethanol
(5 mL) was added to quench unreacted sodium hydride and stirred magnetically for 3 h. The
white solid precipitated was filtered, washed with water, dried and subjected to column
chromatography over silica gel, 1a was eluted with 5% ethyl acetate in hexane. White solid
(0.37 g, 66%). mp 166-168 °C; 'H NMR (600 MHz, CDCls) § 7.72 (d, J = 7.2 Hz, 2H), 7.67
(s, 2H), 7.56 (dd, J= 8.2, 1.1 Hz, 2H), 7.48 (t, J = 7.7 Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H), 7.31
(d, J= 6.8 Hz, 4H), 7.23 — 7.17 (m, 9H); *C NMR (150 MHz, CDCI3) & 198.9, 142.0, 141.6,
140.4,140.1, 138.4,137.2, 132.8, 129.5, 129.3, 129.1, 128.2, 128.1, 128.1, 128.0, 127.5, 127 .4;
IR (cm™) ATR mode: 3056(w), 3028(w), 1666(s), 1594(m), 1494(m), 1445(m), 1310(w),
1264(s), 931(m), 888(m), 751(s), 695(s), 584(m), 522(m), 499(m). ESI-MS (+): m/z calcd. for
(M +H") C31H»30" 411.1743, found 411.1723.

Same procedure was adopted to synthesize 1b — 11, 1v and 1w by using same molar ratio of
the reactants and for 1m — 1p and 1t, 4’-bromoacetophenone and sodium hydride were heated
together at 50 °C. In case of 1q-1s, it was necessary to heat the mixture of 4’-
methoxyacetophenone and sodium hydride for ~30 minute prior to addition of the aldehyde. In
the case of 1u, the temperature was kept at 0 °C during addition of sodium hydride to 2-
acetylpyridine and then 2-pyridinecarboxaldehyde. The 1u was eluted by using 40%

ethylacetate in hexane.

4.2 Spectral information

The spectroscopic data are given below:

Phenyl(5'-(o-tolyl)-[1,1':3",1"-terphenyl]-2'-yl)methanone (1b): White solid (0.36 g, 62%). mp
212-214 °C, "TH NMR (600 MHz, CDCl3) & 7.58 (d, J = 7.3 Hz, 2H), 7.43 (s, 2H), 7.38 (d, J =
8.2 Hz, 1H), 7.31 (m, 8H), 7.18 (m, 8H), 2.41 (s, 3H); 3C NMR (150 MHz, CDCls) § 199.1,
142.9,140.8, 140.3, 138.3, 136.7, 135.5, 132.8, 130.7, 130.1, 129.9, 129.5, 129.3, 128.2, 128.1,
127.8, 127.4, 126.1, 20.8; IR (cm™) ATR mode: 3059(w), 3031(w), 1668(s), 1595(m),
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1492(m), 1447(m), 1312(w), 1262(m), 929(m), 753(m), 728(w), 698(s), 524(w). ESI-MS (+):
m/z caled. for (M+H") C35sH250" 425.1900, found 425.1900.

Phenyl(5'-(p-tolyl)-[1,1':3',1"-terphenyl]-2'-yl)methanone (1¢):White solid (0.37 g, 64%). mp
232-234 °C; 'H NMR (600 MHz, CDCls) § 7.66 (s, 2H), 7.62 (d, J = 8.1 Hz, 2H), 7.56 (d, J =
7.2 Hz, 2H), 7.33 — 7.28 (m, 7H), 7.23 — 7.16 (m, 8H), 2.42 (s, 3H); *C NMR (150 MHz,
CDCl) 6 199.0, 141.9, 141.5, 140.4, 138.4, 138.0, 137.2, 136.9, 132.7, 129.8, 129.5, 129.3,
128.2, 128.1, 127.7, 127.4, 127.2, 21.3; IR (cm™) ATR mode: 2955(w), 2915(m), 2849(w),
1660(s), 1595(s), 1447(m), 1415(m), 1379(m), 1315(w), 1269(m), 928(m), 892(w), 827(m),
755(m), 698(s), 596(m), 502(m). ESI-MS (+): m/z caled. for (M+H") C3,Ho5s0" 425.1900,
found 425.1889.

(5'-(2-Chlorophenyl)-[ 1,1":3',1"-terphenyl]-2'-yl)(phenyl)methanone (1d): White solid (0.40 g,
65%); mp 217-219 °C; 'H NMR (600 MHz, CDCls) § 7.58 (dd, J = 8.3, 1.4 Hz, 2H), 7.55 (s,
2H), 7.52 (dd, J = 7.8, 1.5 Hz, 1H), 7.49 (dd, J = 7.4, 1.9 Hz, 1H), 7.39 — 7.32 (m, 3H), 7.31
(m, 4H), 7.22 — 7.16 (m, 8H); *C NMR (150 MHz, CDCls) § 198.9, 140.8, 140.3, 140.2, 139.5,
138.3,137.4,132.9,132.7,131.6, 130.4, 130.3, 129.6, 129.4, 129.2, 128.2, 128.2, 127.5, 127.2;
IR (cm™) ATR mode: 3059(w), 3028(w), 1668(s), 1597(m), 1493(m), 1478(m), 1447(m),
1396(w), 1263(s), 1147(w), 1076(w), 930(m), 893(w), 753(s), 698(s), 529(w). ESI-MS (+): m/z
caled. for (M+H") C31H22C10" 445.1354 found 445.1366.

(5'-(3-Chlorophenyl)-[1,1':3",1"-terphenyl]-2'-yl)(phenyl)methanone (1e): white solid (0.34 g,
55%); mp 134-136 °C; '"H NMR (600 MHz, CDCl3) § 7.70 (t, J = 1.9 Hz, 1H), 7.64 (s, 2H),
7.59 (dt, J=17.6, 1.5 Hz, 1H), 7.55 (dd, J= 8.3, 1.4 Hz, 2H), 7.41 (t, J= 7.8 Hz, 1H), 7.38 (m,
1H), 7.33 (d, J= 7.4 Hz, 1H), 7.30 (m, 4H), 7.23 — 7.18 (m, 8H); '*C NMR (150 MHz, CDCls)
0 198.7, 142.0, 141.8, 140.6, 140.1, 138.2, 137.8, 135.0, 132.9, 130.3, 129.5, 129.3, 128.3,
128.8, 128.0, 127.9, 127.6, 127.6, 125.6; IR (cm™) ATR mode: 2957(w), 2917(m), 2850(w),
1665(s), 1593(m), 1556(m), 1492(m), 1446(w), 1263(s), 1181(m), 1075(w), 930(s), 878(m),
861(m), 778(s), 758(s), 698(s), 645(m), 598(m), 556(m), 526(m). ESI-MS (+): m/z calcd. for
(M+H") C31H22C10" 445.1354 found 445.1363.

(5'-(4-Chlorophenyl)-[1,1":3',1"-terphenyl]-2'-yl)(phenyl)methanone (1f): White solid (0.42 g,
68%); mp 212-214 °C; 'H NMR (600 MHz, CDCl3) § 7.65 (d, J = 8.4 Hz, 2H), 7.63 (s, 2H),
111
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7.55 (d,J=7.7 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 7.33 (d, J= 7.5 Hz, 1H), 7.30 (d, J= 7.3 Hz,
4H), 7.20 (m, 8H); 1*C NMR (150 MHz, CDCls) § 198.8, 141.7, 140.8, 140.2, 138.6, 138.2,
137.5, 134.3, 132.9, 129.5, 129.3, 129.3, 128.7, 128.3, 128.2, 127.8, 127.6; IR (cm™) ATR
mode: 1658(s), 1595(m), 1580(m), 1493(s), 1447(m), 1315(m), 1269(m), 1089(w), 1008(w),
927(m), 838(m), 781(m), 757(m), 698(s), 647(m), 589(w), 562(w), 502(w), 480(w). ESI-MS
(+): m/z caled. for (M+H") C3;H2CIO" 445.1354 found 445.1367.

(5'-(2-Bromophenyl)-[1,1":3",1"-terphenyl]-2'-yl)(phenyl)methanone (1g): White solid(0.42 g,
62%); mp 235-237 °C; '"H NMR (600 MHz, CDCl3) § 7.72 (dd, J = 8.0, 1.2 Hz, 1H), 7.57 (dd,
J=28.3,1.3 Hz, 2H), 7.52 (s, 2H), 7.48 (dd, /= 7.6, 1.8 Hz, 1H), 7.40 (td, /= 7.5, 1.2 Hz, 1H),
7.35—-17.32 (m, 1H), 7.31 (m, 4H), 7.24 (dd, J= 7.6, 1.7 Hz, 1H), 7.21 — 7.18 (m, 6H), 7.18 —
7.15 (m, 2H); *C NMR (150 MHz, CDCls) § 198.9, 141.9, 141.6, 140.7, 140.1, 138.2, 137.4,
133.5, 132.9, 131.5, 130.3, 129.6, 129.4, 129.3, 128.2, 128.2, 127.7, 127.5, 122.6; IR (cm™)
ATR mode: 3056(w), 3026(w), 1667(s), 1595(m), 1475(m), 1445(w), 1395(w), 1310(w),
1263(s), 1178(w), 1073(m), 1029(m), 929(m), 891(m), 781(m), 754(s), 696(s), 651(m),
617(m), 589(m), 559(m), 525(m), 444(w). ESI-MS (+): m/z caled. for (M+H") C31H2.BrO"
489.0849 found 489.0823

(5'-(3-Bromophenyl)-[1,1':3',1"-terphenyl]-2'-yl)(phenyl)methanone (1h): White solid (0.35 g,
52%). mp 156-158 °C; 'TH NMR (600 MHz, CDCls) § 7.86 (t, J = 1.9 Hz, 1H), 7.63 (s, 2H),
7.56 —7.52 (m, 3H), 7.36 (d, /= 7.9 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.31 — 7.29 (m, 4H),
7.24 —7.17 (m, 9H); '*C NMR (150 MHz, CDCls) § 198.7, 142.3, 141.8, 140.5, 140.0, 138.2,
137.8, 132.9, 131.0, 130.6, 130.5, 129.5, 129.3, 128.3, 128.2, 127.9, 127.6, 126.0, 123.2; IR
(cm™) ATR mode: 2956(w), 2917(m), 2850(w), 1666(s), 1592(m), 1493(m), 1447(w),
1379(m), 1311(m), 1262(s), 1178(w), 1148(w), 1074(w), 1027(m), 929(m), 877(w), 852(w),
755(m), 695(s), 644(m), 527(m). ESI-MS (+): m/z caled. for (M+H") C3:H22BrO" 489.0849
found 489.0813.

(5'-(4-Bromophenyl)-[1,1":3',1"-terphenyl]-2'-yl)(phenyl)methanone (1i): White solid; (0.45 g,
66%); mp 223-225 °C; 'H NMR (600 MHz, CDCl3) § 7.62 (s, 2H), 7.59 (m, 4H), 7.54 (d, J =
8.3 Hz, 2H), 7.33 (d, J= 7.4 Hz, 1H), 7.30 (d, J = 6.7 Hz, 4H), 7.23 — 7.17 (m, 8H); >*C NMR
(150 MHz, CDCI3) 6 198.8, 141.8, 140.8, 140.2, 139.0, 138.2, 137.6, 132.9, 132.2, 129.5,
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129.3, 128.9, 128.3, 128.1, 127.8, 127.6, 122.5; IR (cm™*) ATR mode: 2955(w), 2915(m),
2849(w), 1659(s), 1595(m), 1579(w), 1447(m), 1377(w), 1315(m), 1269(m), 1179(s), 1147(m),
1072(m), 1005(m), 927(m), 893(m), 828(m), 756(m), 698(s), 646(m), 588(m), 559(m),
522(m), 454(w). ESI-MS (+): m/z caled. for (M+H") C31H2,BrO* 489.0849 found 489.0839.

(5'-(2-Methoxyphenyl)-[1,1":3",1"-terphenyl]-2'-yl)(phenyl)methanone (1j): White solid; (0.42
g, 68%). mp 185- 187 °C; 'H NMR (600 MHz, CDCI3) § 7.64 (s, 2H), 7.58 (dd, J = 8.2, 1.1
Hz, 2H), 7.46 (dd,J=7.5, 1.7 Hz, 1H), 7.39 — 7.36 (m, 1H), 7.30 (m, 4H), 7.21 — 7.14 (m, 9H),
7.07 (td, J = 7.5, 0.9 Hz, 1H), 7.03 (d, J = 8.2 Hz, 1H), 3.86 (s, 3H); 3*C NMR (150 MHz,
CDCl3) & 199.2, 156.7, 140.7, 140.6, 139.5, 138.4, 136.9, 132.7, 131.2, 130.5, 129.6, 129.4,
129.4, 128.2, 128.1, 127.3, 121.1, 111.4, 55.8; IR (cm™) ATR mode: 3059(w), 3026(w),
2934(w), 2833(w), 1667(s), 1597(s), 1557(s), 1493(m), 1412(m), 1264(m), 1247(m), 1178(w),
1119(m), 1024(m), 929(m), 753(s), 696(s), 589(w), 521(m). ESI-MS (+): m/z calcd. for
(M+H") C32H2502" 441.1850 found 441.1838.

(5'-(3-Methoxyphenyl)-[1,1':3',1"-terphenyl]-2'-yl)(phenyl)methanone (1k): White solid (0.38
g, 63%). mp 144-146 °C; 'H NMR (600 MHz, CDCl3) 6 7.67 (s, 2H), 7.57 — 7.55 (m, 2H), 7.40
(t, /=79 Hz, 1H), 7.34 — 7.30 (m, 6H), 7.23 — 7.17 (m, 9H), 6.96 (dd, J = 8.2, 1.9 Hz, 1H),
3.88 (s, 3H); *C NMR (150 MHz, CDCls) § 198.9, 160.2, 141.9, 141.6, 141.6, 140.4, 138.3,
137.4, 132.8, 130.1, 129.5, 129.4, 128.3, 128.1, 128.0, 127.5, 119.9, 113.7, 112.9, 55.5; IR
(cm™) ATR mode: 3049(w), 2955(w), 2916(m), 2848(w), 1661(s), 1593(s), 1493(m), 1449(m),
1386(m), 1311(m), 1265(s), 1212(m), 1144(w), 1030(m), 1000(m), 932(m), 890(m), 854(s),
779(s), 764(s), 701(s), 654(m), 606(m), 541(m), 524(m), 448(w). ESI-MS (+): m/z calcd. for
(M+H") C32H2502" 441.1850 found 441.1832.

(5'-(4-Methoxyphenyl)-[1,1':3',1"-terphenyl]-2'-yl)(phenyl)methanone (11): White solid (0.42
g, 69%). mp 211-213 °C; '"H NMR (600 MHz, CDCls) § 7.66 (d, J = 8.6 Hz, 2H), 7.63 (s, 2H),
7.55 (d, J="7.8 Hz, 2H), 7.30 (d, J = 7.4 Hz, 5H), 7.19 (m, 8H), 7.01 (d, J = 8.5 Hz, 2H), 3.87
(s, 3H); *C NMR (150 MHz, CDCl3) & 199.0, 159.8, 141.6, 141.6, 140.5, 138.4, 136.6, 132.8,
132.6, 129.5, 129.3, 128.5, 128.2, 128.1, 127.5, 127.4, 114.52, 55.5; IR (cm™) ATR mode:
2954(m), 2916(m), 2871(w), 1659(s), 1595(s), 1513(s), 1447(m), 1270(m), 1238(s), 1181(m),
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1029(m), 927(m), 838(s), 756(s), 696(s), 597(m), 551(m), 520(m), 419(w). ESI-MS (+): m/z
caled. for (M+H") C32HasO2" 441.1850 found 441.1823.

(4-Bromophenyl)(4,4"-dibromo-5'-phenyl-[1,1":3',1"-terphenyl]-2'-yl)methanone (1m): White
solid (0.34 g, 62%). mp 250-252 °C; '"H NMR (400 MHz, CDCls) § 7.69 (dd, J = 6.9, 1.6 Hz,
2H), 7.62 (s, 2H), 7.49 (m, 2H), 7.44 — 7.41 (m, 1H), 7.40 — 7.34 (m, 8H), 7.18 — 7.13 (m, 4H);
3C NMR (150 MHz, CDCls) § 197.5, 142.6, 140.3, 139.6, 138.8, 136.6, 136.3, 131.9, 131.6,
130.9, 129.2, 128.9, 128.8, 128.4, 128.2, 127.4, 122.3; IR (cm™) ATR mode: 2955(m),
2915(m), 2871(w), 2848(w), 1661(s), 1581(s), 1486(s), 1378(m), 1267(m), 1146(m), 1070(s),
1009(s), 926(s), 818(s), 765(s), 746(m), 697(s), 561(m), 524(m), 502(m), 468(m), 415(w). ESI-
MS (+): m/z caled. for (M+H") C31H20Br;0" 646.9039 found 646.8975.

(4-Bromophenyl)(4,4"-dibromo-5'-(4-fluorophenyl)-[1,1':3',1"-terphenyl]-2'-yl)methanone
(1n): White solid (0.31 g, 56%). mp 232-234 °C; '"H NMR (600 MHz, CDCls) § 7.65 (m, 2H),
7.57 (s, 2H), 7.40 — 7.36 (m, 8H), 7.18 (t, J = 8.7 Hz, 2H), 7.15 (d, J = 8.4 Hz, 4H); °*C NMR
(150 MHz, CDCls) 6 197.3, 163.1 (d, J = 248.2 Hz), 141.9, 140.4, 138.7, 136.6, 136.4, 135.7,
132.3,131.9, 131.6, 130.8, 130.8, 129.0 (d, /= 8.1 Hz), 128.8, 127.9, 122.3, 116.2 (d, /= 21.6
Hz); IR (em™t) ATR mode: 2955(w), 2915(m), 2871(w), 2850(s), 1664(s), 1581(s), 1511(s),
1486(s), 1396(m), 1255(m), 1234(m), 1159(m), 1069(s), 1009(s), 926(m), 818(s), 779(m),
516(s), 466(m), 427(w). ESI-MS (+): m/z caled. for (M+H") C3:H19BrsFO" 664.8945 found
664.8904.

(4-Bromophenyl)(4,4"-dibromo-5'-(4-bromophenyl)-[1,1":3',1"-terphenyl]-4'-yl)methanone
(10): White solid (0.39 g, 64%). mp 246-248 °C; '"H NMR (600 MHz, CDCls) § 7.62 (d, J =
8.6 Hz, 2H), 7.58 (s, 2H), 7.55 (d, J = 8.6 Hz, 2H), 7.39 — 7.35 (m, 8H), 7.14 (d, J = 8.5 Hz,
4H); 3C NMR (150 MHz, CDCls) & 197.2, 141.4, 140.5, 138.6, 138.5, 136.7, 136.5, 132.4,
131.9, 131.6, 130.9, 130.8, 128.9, 128.8, 127.9, 122.8, 122.4; IR (cm™*) ATR mode: 2955(s),
2915(s), 2871(m), 2849(m), 1664(s), 1580(s), 1489(s), 1377(m), 1266(m), 1071(m), 1009(s),
925(m), 817(s), 778(m), 755(m), 687(m), 666(m), 506(s), 526(m), 439(w). ESI-MS (+): m/z
calcd. for M+H") C31H19BrsO" 726.8123 found 726.8063.
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(4-Bromophenyl)(4,4"-dibromo-5'-(2-methoxyphenyl)-[1,1":3',1"-terphenyl]-2'-yl)methanone
(1p): White solid (0.34 g, 61%). mp 210-212 °C; 'H NMR (600 MHz, CDCls) § 7.60 (s, 2H),
7.42 (d,J=8.4 Hz, 3H), 7.41 —7.32 (m, 8H), 7.14 (d, J= 8.4 Hz, 4H), 7.07 (t, J=7.4 Hz, 1H),
7.03 (d, J = 8.2 Hz, 1H), 3.86 (s, 3H); 3*C NMR (150 MHz, CDCl3) § 197.7, 156.6, 140.0,
139.4,139.0, 136.7,135.9,131.8, 131.5, 131.0, 130.9, 130.9, 130.6, 129.7, 128.9, 128.6, 122.0,
121.2, 111.4, 55.8; IR (cm™) ATR mode: 3000(w), 2967(w), 2937(w), 2830(w), 1666(s),
1584(m), 1486(m), 1399(m), 1266(m), 1244(s), 1118(w), 1070(m), 1009(s), 926(s), 821(s),
746(s), 526(m), 472(w), 410(w). ESI-MS (+): m/z calcd. for (M+H") C3:H2»Br30," 676.9144
found 676.9124.

(4,4"-dimethoxy-5'-(4-methoxyphenyl)-[1,1":3',1"-terphenyl]-4'-yl)(4-
methoxyphenyl)methanone (1q) : White solid (0.30g, 51%); mp 181-183 °C; 'H NMR (400
MHz, CDCls) § 7.64 (d, J = 8.8 Hz, 2H), 7.57 — 7.52 (m, 4H), 7.24 (d, J = 8.7 Hz, 4H), 7.00 (d,
J=28.8 Hz, 2H), 6.75 (d, J = 8.7 Hz, 4H), 6.67 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H), 3.77 (s, 3H),
3.74 (s, 6H); 1*C NMR (100 MHz, CDCI3) § 197.9, 163.2, 159.7, 158.9, 141.2, 140.8, 136.8,
133.1,132.8,131.9, 131.7, 130.4, 128.4, 127.2, 114.5, 113.7, 113.4, 55.5, 55.4, 55.3; IR (cm™)
ATR mode: 3000(w), 2955(w), 2931(w), 2833(w), 1647(m), 1593(s), 1508(s), 1461(w),
1438(w), 1287(m), 1264(m), 1247(s), 1174(m), 921(m), 830(s), 789(m), 566(m). ESI-MS (+):
m/z caled. for (M+H") C35H3105" 531.2166 found 531.2142.

(4,4"-dimethoxy-5'-phenyl-[1,1':3',1"-terphenyl]-2'-yl)(4-methoxyphenyl)methanone (1r):
White solid (0.29g, 52%); mp 114-116 °C;

'H NMR (400 MHz, CDCl3) § 7.72 — 7.68 (m, 2H), 7.60 (s, 2H), 7.57 — 7.54 (m, 2H), 7.47 (td,
J=6.8,1.5Hz,2H),7.42-7.36 (m, 1H), 7.26 — 7.23 (m, 4H), 6.77 — 6.74 (m, 4H), 6.70 — 6.66
(m, 2H), 3.77 (s, 3H), 3.74 (s, 6H); *C NMR (100 MHz, CDCl3) § 197.8, 163.2, 158.9, 141.7,
140.9, 140.4, 137.4,132.9, 131.9, 131.6, 130.4, 129.0, 127.9, 127.7, 127.4, 113.7, 113.5, 55.4,
55.3; IR (cm™) ATR mode: 2924(w), 2853(w), 2835(w), 1735(w), 1654(m), 1593(s), 1508(s),
1459(m), 1245(s), 1175(s), 1143(s), 1027(s), 928.85(m), 828(m), 765(m), 698(m), 569(w),
538(w). ESI-MS (+): m/z calcd. for (M+H™) CasH2904" 501.2061 found 501.2048.
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(5'-(4-fluorophenyl)-4,4"-dimethoxy-[1,1":3",1"-terphenyl]-2"-yl) (4-
methoxyphenyl)methanone (1s): White solid (0.28g, 50%); mp 163-165 °C; *H NMR (400
MHz, CDCls) & 7.67 — 7.63 (m, 2H), 7.56 — 7.53 (m, 4H), 7.25 — 7.22 (m, 4H), 7.19 — 7.13 (m,
2H), 6.76 (d, J = 8.8 Hz, 4H), 6.68 (d, J = 8.9 Hz, 2H), 3.77 (s, 3H), 3.74 (s, 6H); 1*°C NMR
(150 MHz, Chloroform-d) 6 197.7, 162.9 (d, J = 247.1 Hz)., 159.0, 140.9, 140.7, 136.5, 137.5,
132.9, 131.9,131.6, 130.4, 128.9 (d, J = 8.1 Hz), 128.4, 127.5, 115.9 (d, J = 21.5 Hz)., 113.7,
113.5, 55.4, 55.3; IR (cm™) ATR mode: 2923(w), 2848(w), 1656(m), 1593(s), 1506(s),
1463(w), 1313(w), 1243(s), 1176(m), 1142(m), 1109(w), 1025(m), 928(m), 829(s), 790(m),
773(m), 729(w), 698(w), 568(w), 518(w). ESI-MS (+): m/z calcd. for (M+H") CzsH2sFO4*
519.1967 found 519.1948.

(4-Bromophenyl)(4,4"-dibromo-5'-(thiophen-2-yl)-[ 1,1":3',1"-terphenyl]-2'-yl)methanone (1t):
White solid (0.36 g, 65%). mp 215-217 °C; '"H NMR (600 MHz, CDCls3) § 7.62 (s, 2H), 7.59 —
7.52 (m, 1H), 7.44 (d, J = 3.3 Hz, 1H), 7.37 (m, 8H), 7.14 (d, J = 7.6 Hz, 5H); *C NMR (150
MHz, CDCL3) 6 197.2, 142.6, 140.5, 138.5, 136.6, 136.4, 135.8, 132.4, 131.9, 131.6, 130.8,
128.8, 128.5, 126.6, 126.4, 124.6, 122.4; IR (cm™) ATR mode: 1661(s), 1580(s), 1485(s),
1390(m), 1266(m), 1069(s), 1009(s), 924(m), 820(s), 778(m), 702(s), 554(m), 524(m), 467(m),
454(w), 419(w). ESI-MS (+): m/z caled. for (M+H") C29H 3Br;0S™* 652.8603 found 652.8534.

Pyridin-2-yl(2,4,6-tri(pyridin-2-yl)phenyl)methanone (1u): Brown solid (0.32 g, 57%). mp 223
225 °C; '"H NMR (600 MHz, CDCl3) & 8.74 (dd, J = 4.9, 0.9 Hz, 1H), 8.41 (s, 2H), 8.33 (dd,
J=428, 0.8 Hz, 1H), 8.28 (dd, J=4.9, 0.9 Hz, 2H), 7.96 (d, /= 7.9 Hz, 1H), 7.91 (d, /= 7.9
Hz, 1H), 7.80 (td, J=7.7, 1.8 Hz, 1H), 7.68 — 7.65 (m, 3H), 7.61 (td, J= 7.7, 1.8 Hz, 2H), 7.29
(m, 1H), 7.14 (m, 1H), 7.03 (m, 2H); '3C NMR (150 MHz, CDCls) § 197.4, 157.6, 156.30,
155.9,149.9, 148.8, 148.6, 141.4, 140.2, 139.6, 137.0, 136.4, 136.3, 127.9, 125.3,123.1, 122.8,
122.2, 121.9, 121.0; IR (cm™) ATR mode: 3074(w), 3049(w), 3008(w), 1677(s), 1584(s),
1471(s), 1439(m), 1233(m), 1155(m), 1092(m), 1049(w), 991(s), 900(m), 780(s), 759(s),
744(s), 695(s), 656(m), 618(m), 597(m), 562(m), 505(m), 407(m). ESI-MS (+): m/z calcd. for
(M+H") C27H19N4O" 415.1554 found 415.1573.

Phenyl(5'-(pyren-1-yl)-[1,1":3",1"-terphenyl]-2'-yl)methanone (1v): Yellow solid (0.43 g, 58%);
mp 185-187 °C; 'H NMR (600 MHz, CDCl3) & 8.38 (d, J= 8.8 Hz, 1H), 8.27 (d, J= 7.7 Hz,

1H), 8.22 (d, J= 7.5 Hz, 1H), 8.20 (d, J = 7.5 Hz, 1H), 8.12 (m, 4H), 8.03 (t, J = 7.6 Hz, 1H),
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7.76 (s, 2H), 7.68 (d, J= 7.6 Hz, 2H), 7.39 (d, J = 7.6 Hz, 4H), 7.36 (d, J= 7.3 Hz, 1H), 7.22
(m, 8H); *C NMR (150 MHz, CDCl3) 6 199.1, 142.3, 141.2, 140.2, 138.4, 137.2, 136.5, 132.9,
131.6,131.5,131.1,131.0, 129.6, 129.4, 129.2, 128.6, 128.3, 128.2, 128.1, 127.9, 127.8, 127.6,
126.3, 125.5, 125.2, 125.2, 125.1, 125.0, 124.9; IR (cm™) ATR mode: 3036(w), 2955(w),
2916(w), 2845(w), 1666(s), 1594(s), 1492(m), 1446(m), 1310(w), 1260(m), 1148(w), 1028(w),
929(m), 845(s), 825(m), 781(m), 698(w), 563(w), 506(w). ESI-MS (+): m/z calcd. for (M+H")
C41H270" 535.2057 found 535.2062.

(3,3"-dimethoxy-5'-phenyl-[1,1":3',1"-terphenyl]-2'-yl) (3-methoxyphenyl)methanone(1w):
Colorless liquid (0.25 g, 46%); *H NMR (400 MHz, CDCls) & 7.71 (d, J = 7.0 Hz, 2H), 7.68
(s,2H), 7.48 (t, J =7.5Hz, 2H), 7.41 (d, J = 7.3 Hz, 1H), 7.30 (t, J = 7.0 Hz, 1H), 7.22 (d, J =
7.6 Hz, 1H), 7.18 — 7.15 (m, 2H), 7.13 (d, J = 2.0 Hz, 1H), 7.11 (d, J = 2.1 Hz, 1H), 6.91 (s,
1H), 6.90 (s, 1H), 6.86 — 6.84 (m, 2H), 6.75 (dd, J = 2.6, 0.8 Hz, 1H), 6.74 - 6.72 (m, 1H), 3.72
(s, 3H), 3.65 (s, 6H); 3C NMR (100 MHz, CDCl3) § 198.7, 159.4, 159.2, 142.0, 141.7, 141.3,
140.1,139.7,137.2,129.3,129.1, 129.1, 128.1, 127.9, 127.4,122.9, 121.8,119.7, 114.5, 113.8,
112.9, 55.5, 55.2; IR (cm™) ATR mode:3056(w), 2998(w), 2935(m), 1667(m), 1595(s),
1579(s), 1496(m), 1464(m), 1429(w), 1389(w), 1317(w), 1271(s), 1224(m), 1180(w), 1134(w),
1044(m), 977(w), 765(m), 740(m), 700(s). ESI-MS (+): m/z calcd. for (M+H™) CasH2904"
501.2061 found 501.2074.
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Figure A3. ORTEP diagram (50% probability)
of 1b. 2-Tolyl group was disordered here with
occupancy 0.75 in part 1 and 0.25 in part 2.
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Table Al: Crystallographic data and refinement parameters

Entry la 1b
Formula CesHs102 C32H240
CCDC No. 2404353 2404354
Mol. wt. 864.05 424.51
Cryst.color, habit Colorless, needle Colorless, block
T,K 298 295

Cryst. syst. Triclinic monoclinic
Space group P-1 C2/c

a, A 10.9347(9) 20.589(7)
b A 12.2310(10) 10.146(3)
aA 18.5826(16) 24.465(8)
o ,deg 100.465(2) 90

B, deg 93.306(2) 110.932(9)
y ,deg 92.699(2) 90

v, A3 2435.7(4) 4773(3)

Z 2 8

Dcalced, g cm™ 1.178 1.181

u, mm™! 0.069 0.070
GOF? on F? 1.044 1.089
F(000) 914.0 1792.0
Reflection 53345 28036
Ur;iqué rieﬂections 9911 4155

wRyY (I >

VRSN

Rl , WR»° (all data)

0.0572, 0.1197
0.0942, 0.1437

0.0839, 0.1815
0.1244, 0.1991

3GOF (Goodness-of-fit) =
refined). *Ri =Y || Fo |

TH-3690_186122034
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Table A2. Crystallographic data and refinement parameter.

Entry Zﬁ:;f;le 1K 1m 1n 1t
Formula CorH2BrFeO;  CaoH2402 Ce2H40BreO3 CaiH1sBrsFO  Cy9H19Brs0,S
CCDC No. 2404359 2404355 2404356 2404357 2404358
Mol. wt. 594.11 440.51 1312.40 665.18 671.23
Cryst.color, Red. needle Colorless, Colorless, Colorless, Colorless,
habit ' block needle block block

T, K 301 295 300 295 301

Cryst. syst. Monoclinic Triclinic monoclinic monoclinic monoclinic
Space group P21/n P-1 P2i/n P2i/n P2i/n

a, A 5.7399(3) 8.2577(4) 6.6979(4) 6.6096(4) 6.6541(7)

b, A 22.0772(11) 8.9317(4) 16.3506(9) 16.3765(10)  16.4813(17)
c, A 18.4512(9) 17.4681(7) 23.8319(13 24.2811(16)  23.750(3)

o deg 90 81.2700(10) 90 90 90

B, deg 93.192(2) 80.7250(10)  96.587 96.556(2) 96.607

y deg 90 70.0320(10) 90 90 90

V, A3 2334.5(2) 1188.56(9) 2592.7(3) 2611.1(3) 2587.3(5)

Z 4 2 2 4 4

Dcalcd, gcm™2  1.690 1.231 1.681 1.692 1.723

u, mmt 4.091 0.075 4.693 4.665 4.784
GOF? on F? 1.106 1.044 1.094 1.052 1.084
F(000) 1184.0 464.0 1292.0 1304.0 1320.0
Eoelflfstgg” 54979 27222 61197 60261 61465
i?lijcutfons 4133 4138 4554 4615 4536
?;b(’l);NRZC 1= 0.0412,0.0971 0.0394, 0.1006 0.0433, 0.1092 ggggi 0.0583, 0.1589
R:%, wR® (all 0.0676,

data) 0.0697, 0.1207  0.0469,0.1086 0.0827, 0.1353 0.1139

3GOF (Goodness-of-fit) = [ [w(Fo? - Fc2)2] /M — N ]2 (M =number of reflections, N = number of parameters
refined). PRi=Y ||Fo| - | Fel|/ X | Fo|. *WR2 = [S[w(Fo? - F2)?] / S Iw(Fe?)].

0.0819, 0.1720
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H, 13C, Mass and IR Spectra of compounds 1a-1w
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Chapter 6

NaH Catalyzed Synthesis of Pentasubstituted Cyclohexanol from Aryl
Methyl Ketone and Aromatic aldehyde

Abstract

A series of 1,2,3,4,5-pentasubstituted cyclohexanols was synthesized using 3:2 reaction
mixture of aryl methyl ketone and aromatic aldehyde in presence of 20 mol% of NaH. These
compounds are characterized by mass spectrometry, *H, 3C- NMR and IR spectroscopy. This
methodology adopts solvent free and aerobic conditions to obtain pentasubstituted
cyclohexanols containing multiple stereocenters. Single crystal XRD method revealed the
existence of enantiomeric pair and accordingly mechanism has been proposed for formation of

both enantiomers.
1. Introduction

The carbocycle having six membered ring are commonly found in many natural products and
biologically active compounds.!! Substituted six membered carbocycles also serve as building
block in synthetic organic chemistry.[? As cyclohexane derivatives are the basic raw materials
for the production of kerosene-based fuels, liquid crystal materials and coating agent, their
synthesis has drawn a lot of attention.®! Traditionally, cyclohexane derivatives were
synthesized by hydrogenation of existing aromatic compounds having alkyl substituents
obtained from Friedel-Craft reaction.[*l Cyclohexanol moieties are found in various drugs
(Figure 1) like Ketamine (anesthetic), Tramadol (analgesic), Venlafaxine (antidepressant),
Ambroxol (secretolytic agent).®) Domino reactions i.e. reactions in which two or more
chemical bond forming reaction takes place within one reaction vessel, are the most important
one to synthesize cyclohexanol derivatives. These reactions are well within the requirement of
green synthesis that rely on transformation required to have less number of steps, less waste
production and increased atom economy.[®! Synthesis of 1,2,3,4,5-pentasubstituted
cyclohexanols have been reported earlierl and a series were also synthesized by reacting
acetophenone derivatives with various substituted benzaldehydes using KOtBu (catalytic
amount) in a domino reaction in DMSO!®4 and the one-pot asymmetric synthesis through a
two-component reaction.[®® In Chapter 5, synthesis of 2,4,6-trisubstituted benzophenones (vis-
a-vis 1,2,4,6-tetrasubstituted benzenes) using NaH promoted cascade reaction of aryl methyl
ketone and aromatic aldehyde in the ratio of 3:3:1 has been discussed. Incidentally, it was found

that on changing this ratio of aryl methyl ketone and aromatic aldehyde to 3:2 and by using
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NaH only in catalytic amount, 1,2,3,4,5-pentasubstituted cyclohexanols were obtained as major

product, the details of which are discussed in this Chapter.

N, 7 \
N N— HO NH,
N
O, NH / “ Br
HO of N
(o) H
ca -
OH

Br

Ketamine Tramadol Venlafaxine Ambroxol

Figure 1. Some drugs that contain cyclohexane / cyclohexanol ring.

Previous reports

OH
)o]\ 1% equiv KOt-Bu Ar
+ > Ar Ar
Ar DMSO, 25 °C
0 o)
_____________________________________________________________ 68-9%ER 7 .\ _
Ar
o=
4 N OTms OH
NO
I 2 A 3,5-(CF3)-CHs pO-
| * R, > R R
DABCO, CH,Cl,, RT  Ri 2
R NO, NO,

Scheme 1. Previous reports on synthesis of cyclohexanol derivatives and our work.

2. Results and Discussion
2.1 Synthesis

A neat 3:2 mixture of acetophenone and 4-pyridinecarboxaldehyde when heated at 100 °C for
6 h in presence of 20 mol% sodium hydride, yielded a gummy solid from which 1-phenyl-3,5-
bis(4-pyridyl)-2,4-bis(benzoyl)cyclohexan-1-ol (2a) was isolated in good yield (Scheme 2).
With acetophenone as the methyl ketone, reaction of benzaldehyde (2b), o-tolualdehyde (2c),
p-tolualdehyde (2d), 4-methoxybenzaldehyde (2e), 4-fluorobenzaldehyde (2f), 4-
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bromobenzaldehyde (2g) and 2-thiophenecarboxaldehyde (2h), vyielded respective
pentasubstituted cyclohexanol in moderate to good vyields. The methylketone, 4'-
bromoacetophenone also reacted with 4-methoxybenzaldehyde (2i), p-tolualdehyde (2j),
benzaldehyde (2k), 4-fluorobenzaldehyde (2I), 4-chlorobenzaldehyde (2m), o-tolualdehyde
(2n) and 3-methoxybenzaldehyde (20), from which respective cyclohexanol compounds were
isolated. The o-substituted acetophenone, 2'-chloroacetophenone reacted with o-toulaldehyde
to give (2p). The 4’-methoxyacetophenone also reacted with o-tolualdehyde to give 2q.
Compounds 2a-2q were characterized thoroughly using *H-, 3C-NMR, mass, IR and single-

crystal X-ray diffraction (2b) methods.

In *H NMR spectra, the characteristic peak for the —OH proton at C1 position (refer Figure 2
for numbering) of the cyclohexanol ring appeared as a singlet at & = 5.31 ppm in 2a, but in all
other compounds as doublet in the region 6 = 5.29 — 5.40 ppm due to weak coupling (J ~ 1.8
— 2.5 Hz) with C3 — H. The proton at C2 position was observed as doublet at & = 4.50 ppm in
2b. The protons at C3 and C4 positions were expected as triplets but got merged and appeared
as multiplet at 6 = 4.27-4.16 ppm. The proton at C5 position appeared as triplet of doublets at
& =4.07 ppm because of coupling with two protons at C6 and then one at C4. The diastereotopic
protons Ha at C6 positions appeared as triplet at 6 = 2.56-2.50 ppm whereas the proton Hs
appeared as doublet of doublets at § = 2.26 ppm. The *C NMR spectrum of 2b has two distinct
peaks 207 and 203 ppm which suggested that two carbonyl carbons have different

environments.

The molecular structure of 2b was determined by single crystal X-ray diffraction method,
which confirmed the regioselectivity of the substituents in the chair form of cyclohexanol ring.
It is pertinent to note that crystal data, molecular compound 2b crystallized in P1 space group,
in the asymmetric unit two molecules of 2b along with one CHCIs were present and a schematic
diagram of one of the molecules has been shown in (Figure 2) and both enantiomers has been
shown in Figure A2. These two were mirror images and hence the crystal lattice consisted of
1.1 mixture of ((1R,2S,3R,4S,6S)-4-hydroxy-2,4,6-triphenylcyclohexane-1,3-
diyhbis(phenylmethanone) and ((1S,2R,3S,4R,6R)-4-hydroxy-2,4,6-triphenylcyclohexane-
1,3-diyl)bis(phenylmethanone). The 1,2,3,4,5-pentasubstituted cyclohexanol had phenyl/4-
bromophenyl at position C1, benzoyl/4-bromobenzoyl at positions C2 and C4 originating from
the ketone while aryl group of the aldehyde occupied the position C3 and C5 (refer Figure 2

for numbering). The cyclohexan-1-ol existed in the chair conformation with —OH group
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occupying the axial site at C1 and the bulky aryl group in the equatorial position. All other
bulky groups in 2,3,4 and 5 positions were in the equatorial sites and the product formed thus
had an equal proportion of racemic mixture. The hydrogen bonding interaction between the
—OH group and the oxygen of the benzoyl group at the adjacent carbon is present and the non-
bonded distances are O1---02, 2.767(3) and 04---O5 2.704(3) A. The crystal structure of 2b
matched with the details reported earlier by other group,® but the only relevant structural
details of 2b has been included here to support the synthetic methodology.

Figure 2. ORTEP diagram (50% Probability) of one of the enantiomers of 2b. Hydrogen
atoms of phenyl rings were omitted for clarity.

Table 1. Optimization of reaction condition of 2b.

3 equiv. 2 equiv.

Entry NaH* Temp” %Yield

(equiv.) 2b

1 1 RT ND*

2 1 40 10

3 1 60 38

4 1 80 52

5 0.5 80 61

6 0.3 80 68

7 0.2 100 74

8 0.1 100 63

Condition: 4 mmol (3 eq.) of acetophenone and 2.93 mmol (2.2 eq.) of benzaldehyde. *ND = Not Detected. " °C.
“The purchased sodium hydride was of 55-60% in mineral oil and molar ratio was calculated using this strength.

Caution: Sodium hydride may catch fire upon exposure to water/moisture.
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The reaction condition was optimized with acetophenone and benzaldehyde by varying
temperature and mol % of NaH (with respect to acetophenone). Addition of 1 equivalent of
NaH, did not yield the cyclohexanol (2b) at room temperature (Table 1). However, as the
temperature was increased the yield of 2b started to increase however along with 2,4,6-
triphenylbenzophenone (1a, details of which were discussed in Chapter 5) as product mixture.
Hence to isolate 2b as exclusive product and to minimize the formation of 1a, NaH loading
was decreased and it was found that cyclohexanol 2b was obtained exclusively with maximum
yield when NaH was 20 mol%. This stoichiometric ratio of the reactants was adopted for the
synthesis of all other cyclohexanols reported in this work. It is pertinent to note that synthesis
of 2b and some other cyclohexanols were reported earlier by other group as well "8 put the
compounds 2a, 2c, 2l, 2m, 2n, 20, 2p and 2q reported in this work are new compounds
synthesised using this methodology.

R4 i R1\©
\©\NCH )‘\Ar K’ ;
NaH 20 mol%
\©\r( p 2H20 ;

Ar

R4 =H, Br, OMe

2a-2q

e

(Rz = CH3, OCHjs, F, CI, Br)

Scheme 2. Synthesis of 1,2,3,4,5-pentasubstituted cyclohexanols.
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Table 2. Substrate scope.

2m 58% 2n 64% 20 60% 2p 54%

2q 56%

2.2 Mechanism

For mechanistic study, acetophenone and 4-pyridinecarboxaldehyde were chosen as reactants
and ESI-MS (+) data were recorded to detect the intermediates, accordingly a plausible
mechanism has been proposed (Scheme 3). Acetophenone in presence of catalytic amount of
sodium hydride, deprotonated to carbanion (1) which readily reacted with 4-
pyridinecarboxaldehyde to generate the anion which could have abstracted a proton from
acetophenone to produce and chalcone (11) (m/z calculated for C14H12NO™ 210.0914 (M + HY);
found 210.0900). A 1,4-attack on chalcone by | lead to formation of the anion Il (m/z
calculated for C22H20NO2* 330.1489 (M~ + 2H™); found 330.1482) which further can combine

with 11 in two equivalent fashions to generate the two forms of anion IV. These two forms of
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IV can undergo intramolecular aldol reaction to form racemic mixture of 2a- from which 2a

formed after abstraction of proton from acetophenone which will regenerate 1.

(o}
O
g )

~-N

((1R,2S,3R,4S,6S)-4-hydroxy-4-phenyl-2,6-di(pyridin-4- ((1S,2R,3S,4R,6R)-4-hydroxy-4-phenyl-2,6-di(pyridin-4-
yl)cyclohexane-1,3-diyl)bis(phenylmethanone) yl)cyclohexane-1,3-diyl)bis(phenylmethanone)

Scheme 3: Plausible mechanism for the formation of cyclohexanol 2a.
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3. Conclusion

Facile synthesis of a series of pentasubstituted cylohexanol was achieved in moderate to good
yield by the reaction of aryl methyl ketone and aromatic aldehyde (3:2 ratio) using NaH (20
mol %) as base. These compounds are thoroughly characterized using 'H, *C NMR
spectroscopy, mass spectrometry and IR spectroscopy. These 1,2,3,4,5-pentasubstituted
cyclohexanols had the positional pattern of phenyl/4-bromophenyl group at C1, benzoyl/4-
bromobenzoyl at C2 and C4 all groups originating from the ketone, while aryl group of the
aldehyde at C3 and C5. Determination of molecular structure of 2b confirmed the pattern as
well as that aryl and benzoyl groups occupied the equatorial sites of chair form of cyclohexane,
while —OH occupied axial site.

4. Experimental Section
4.1 General Procedure

4.1.1 Synthesis of 2a to 2q
4-Hydroxy-4-phenyl-2,6-di(pyridin-4-yl)cyclohexane-1,3-diyl)bis(phenylmethanone) (2a):

A mixture of acetophenone (0.50 g, 4.16 mmol), 4-pyridinecarboxaldehyde (0.32 g, 2.99
mmol) and solid sodium hydride (0.04 g, 20 mol%) was heated in air with stirring using a glass
rod at 100 °C for 6 h and then allowed to cool to room temperature. Ethanol (15 mL) was
added, stirred and the white solid precipitated was filtered, washed with ice-cold ethanol and
dried. White solid (0.48 g, 64%). mp 262-264 °C; *H NMR (600 MHz, CDCls) § 8.33 (d, J =
4.8 Hz, 2H), 8.07 (d, J = 4.9 Hz, 2H), 7.53 (d, J = 7.7 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 7.28
(d, J=7.6 Hz, 3H), 7.22 (d, J = 7.4 Hz, 2H), 7.19 (d, J = 4.9 Hz, 2H), 7.12 — 7.02 (m, 8H),
5.31 (s, 1H), 4.50 — 4.47 (m, 1H), 4.21 — 4.16 (m, 2H), 4.09 — 4.04 (m, 1H), 2.50 (t, J = 13.3
Hz, 1H), 2.27 — 2.23 (m, 1H); **C NMR (150 MHz, CDCl3) § 205.9, 201.8, 150.7, 150.1, 149.8,
147.7,145.0, 138.0, 137.7,133.6, 133.2, 128.6, 128.3, 128.2, 127.9, 127.6, 127.5, 124.8, 123.4,
75.1,55.7, 54.8, 47.6, 44.9, 42.8; IR (cm™) ATR mode: 3445(br), 3060(w), 3028(w), 1668(s),
1595(s), 1447(m), 1415(m), 1301(m), 1251(m), 1219(m), 1067(m), 1001(m), 972(m), 816(m),
784(m), 760(m), 694(s), 556(m), 539(m). ESI-MS (+): m/z calcd. for (M + H) CasH31N203"
539.2330 found 539.2350.

Same procedure was adopted to synthesize 2b — 2q by using same molar ratio of the reactant.

The spectroscopic data are given below:
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(4-hydroxy-2,4,6-triphenylcyclohexane-1,3-diyl)bis(phenylmethanone) (2b): White solid
(0.55 g, 74%). mp 237-239 °C; *H NMR (600 MHz, CDCls); & 7.56 (d, J = 7.4 Hz, 2H), 7.28
(d, J = 7.3 Hz, 2H), 7.26 — 7.23 (m, 4H), 7.23 — 7.11 (m, 6H), 7.10 (t, J = 7.7 Hz, 2H), 7.06 —
7.01 (m, 5H), 6.98 (t, J = 7.3 Hz, 1H), 6.83 (t, J = 7.8 Hz, 2H), 6.72 (t, J = 7.4 Hz, 1H), 5.40
(d, J=2.4Hz, 1H), 450 (d, J = 11.4 Hz, 1H), 4.27 — 4.16 (m, 2H), 4.07 (td, J = 12.5, 3.5 Hz,
1H), 2.56 — 2.50 (m, 1H), 2.26 (dd, J = 14.1, 3.6 Hz, 1H); *3C NMR (150 MHz, CDCls) § 207.3,
203.7,146.0,142.2,139.1, 138.7,138.2,132.8, 131.9, 128.5, 128.3, 128.2, 128.1, 127.8, 127.8,
127.7, 127.5, 127.1, 127.0, 126.8, 124.9, 75.4, 56.9, 43.5; IR (cm™) ATR mode: 3482(br),
3064(w), 3028(w), 2922(w), 1666(s), 1641(s), 1595(m), 1578(m), 1493(m), 1448(s), 1344(m),
1252(m), 1219(m), 1182(w), 1065(m), 1001(m), 973(m), 752(m), 694(s), 681(s), 610(m),
539(m), 527(m). ESI-MS (+): m/z calcd. for (M + Na") CsgH3203Na* 559.2244 found 559.2248

(4-Hydroxy-4-phenyl-2,6-di-o-tolylcyclohexane-1,3-diyl)bis(phenylmethanone) (2c): White
solid (0.53 g, 67%). mp 242-244 °C; *H NMR (600 MHz, CDCls) 6 7.53 (d, J = 7.4 Hz, 2H),
7.47 (d,J=7.7Hz, 1H), 7.42 (d, J = 7.7 Hz, 1H), 7.28 (d, J = 7.5 Hz, 2H), 7.22 (dd, J = 18.5,
7.3 Hz, 3H), 7.19 — 7.15 (m, 3H), 7.03 (t, J = 7.6 Hz, 5H), 6.97 (t, J = 7.5 Hz, 1H), 6.94 (d, J
=7.3Hz, 1H), 6.86 (t, J = 7.8 Hz, 1H), 6.72 (dd, J = 16.6, 7.7 Hz, 2H), 6.60 (t, J = 7.3 Hz, 1H),
5.39 (d, J=2.5Hz, 1H), 4.55 (t, J = 11.2 Hz, 1H), 4.47 (d, J = 11.6 Hz, 1H), 4.41 (td, J = 11.9,
3.2 Hz, 1H), 4.29 (t, J = 10.9 Hz, 1H), 2.39 (s, 3H), 2.37 (dd, J = 15.1, 3.2 Hz, 1H), 2.27 (s,
3H), 2.14 (dd, J = 14.2, 3.6 Hz, 1H); 3C NMR (150 MHz, CDCls) § 207.5,203.9, 145.9, 140.6,
139.1,138.3,137.4, 136.8, 136.4, 132.7, 131.9, 130.7, 130.6, 128.3, 127.8, 127.7, 127.7, 127 .4,
127.4,127.1, 126.9, 126.5, 126.4, 125.8, 125.5, 124.9, 75.6, 57.3, 56.3, 46.5, 41.9, 37.8, 19.9;
IR (cm™) ATR mode: 3492(br), 1665(s), 1651(m), 1596(w), 1491(m), 1447(m), 1377(m),
1254(m), 1214(m), 1065(m), 1002(m), 975(w), 955(w), 756(s), 694(s), 547(m), 455(m). ESI-
MS (+): m/z calcd. for (M + Na*) CaoHss03Na* 587.2557 found 587.2564.

(4-Hydroxy-4-phenyl-2,6-di-p-tolylcyclohexane-1,3-diyl)bis(phenylmethanone) (2d): White
solid (0.59 g, 76%). mp 253-255 °C; *H NMR (600 MHz, CDCls) § 7.57 — 7.54 (m, 2H), 7.29
—7.26 (m, 2H), 7.26 — 7.20 (m, 4H), 7.20 — 7.16 (m, 4H), 7.05 (q, J = 6.7, 6.0 Hz, 7H), 6.91
(d, J = 7.9 Hz, 2H), 6.64 (d, J = 8.1 Hz, 2H), 5.38 (d, J = 2.4 Hz, 1H), 4.49 (d, J = 11.4 Hz,
1H), 4.24 — 4.13 (m, 2H), 4.03 (td, J = 12.4, 3.5 Hz, 1H), 2.53 — 2.47 (m, 1H), 2.24 (dd, J =
14.1, 3.6 Hz, 1H), 2.14 (s, 3H), 1.93 (s, 3H); 3C NMR (150 MHz, CDCls) § 207.5, 203.9,
146.1,139.2,139.2, 138.3, 136.4, 136.2, 135.7, 132.6, 131.7,129.1, 128.8, 128.2, 127.9, 127.9,
127.7,127.6,127.6, 127.0, 124.9, 75.5, 57.2, 57.1, 47.8, 46.2, 43.1, 20.9, 20.7; IR (cm™1) ATR
mode: 3497(br), 3024(w), 1667(s), 1637(m), 1595(m), 1578(w), 1514(m), 1447(m), 1348(w),
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1255(m), 1220(m), 1069(m), 1001(m), 975(m), 807(m), 759(m), 708(m), 694(s), 682(m),
562(m), 535(m), 520(m). ESI-MS (+): m/z calcd. for (M—H20 + H*) C40H350," 547.2632 found
547.2606.

(4-Hydroxy-2,6-bis(4-methoxyphenyl)-4-phenylcyclohexane-1,3-diyl)bis(phenylmethanone)
(2e): White solid (0.62 g, 75%). mp 211-213 °C; *H NMR (600 MHz, CDCl3) § 7.56 (d, J =
7.8 Hz, 2H), 7.28 (d, J =8.5 Hz, 3H), 7.26 — 7.14 (m, 7H), 7.07 (td, J = 7.9, 3.1 Hz, 7H), 6.65
(d, J = 8.6 Hz, 2H), 6.38 (d, J = 8.7 Hz, 2H), 5.38 (d, J = 2.2 Hz, 1H), 4.47 (d, J = 11.0 Hz,
1H), 4.16 (p, J = 11.0 Hz, 2H), 4.02 (t, J = 9.9 Hz, 1H), 3.64 (s, 3H), 3.48 (s, 3H), 2.51 — 2.45
(m, 1H), 2.23 (dd, J = 14.1, 3.5 Hz, 1H); 3C NMR (150 MHz, CDCls) § 207.5, 204.1, 158.3,
146.1,139.2,138.3, 134.4,132.8, 131.9, 130.9, 129.0, 128.3, 127.8, 127.8, 127.7, 127.6, 127.1,
124.9, 113.9, 113.6, 75.5, 57.4, 57.1, 55.2, 55.1, 47.4, 46.2, 42.7; IR (cm™') ATR mode:
3423(br), 1666(s), 1640(s), 1611(m), 1596(w), 1579(w), 1446(m), 1249(s), 1220(m), 1177(m),
1032(m), 974(m), 825(m), 697(s), 537(s). ESI-MS (+): m/z calcd. for (M=H20 + H") C4oH3504"
579.2530 found 579.2501.

(2,6-Bis(4-fluorophenyl)-4-hydroxy-4-phenylcyclohexane-1,3-diyl)bis(phenylmethanone)
(2f): White solid (0.55 g, 69%). mp 252-254 °C;*H NMR (600 MHz, CDCl3) § 7.56 (d, J=7.5
Hz, 2H), 7.28 (t, J = 7.7 Hz, 5H), 7.26 (s, 1H), 7.25 — 7.20 (m, 4H), 7.14 — 7.06 (m, 7H), 6.80
(t, J = 8.6 Hz, 2H), 6.54 (t, J = 8.7 Hz, 2H), 5.38 (d, J = 2.3 Hz, 1H), 4.46 (d, J = 11.1 Hz, 1H),
4.17 (dt, J =24.5, 11.0 Hz, 2H), 4.09 — 4.04 (m, 1H), 2.48 (m, 1H), 2.25 (dd, J = 14.1, 3.5 Hz,
1H); 3C NMR (150 MHz, CDCls) & 207.0, 203.4, 162.5, 162.4, 160.8, 160.8, 145.8, 138.8,
138.0,137.8,133.1,132.4, 129.5, 128.4, 128.0, 127.9, 127.8, 127.5, 127.3, 124.8, 115.4, 115.3,
115.2, 115.0, 75.4, 57.1, 56.8, 47.5, 46.0, 42.8; IR (cm~1) ATR mode: 3450(br), 1669(s),
1656(s), 1594(m), 1578(w), 1510(s), 1448(m), 1349(m), 1254(m), 1239(m), 1221(s), 831(s),
764(s), 711(m), 696(s), 537(m), 524(m), 478(w). ESI-MS (+): m/z calcd. for (M—H20 + H")
CasH20F202" 555.2131 found 555.2111.

(2,6-Bis(4-bromophenyl)-4-hydroxy-4-phenylcyclohexane-1,3-diyl)bis(phenylmethanone)

(29): White solid (0.62 g, 64%). mp 238-240 °C; *H NMR (600 MHz, CDCls) § 7.52 (dd, J =
8.4, 1.3 Hz, 2H), 7.30 — 7.26 (m, 2H), 7.26 — 7.23 (m, 3H), 7.23 — 7.20 (m, 3H), 7.20 — 7.17
(m, 2H), 7.13 (d, J = 8.5 Hz, 2H), 7.12 — 6.98 (m, 7H), 6.96 — 6.94 (m, 2H), 5.31 (d, J = 2.4
Hz, 1H), 4.45 — 4.41 (m, 1H), 4.16 — 4.09 (m, 2H), 4.04 — 3.98 (m, 1H), 2.48 — 2.40 (m, 1H),
2.21 (dd, J = 14.1, 3.5 Hz, 1H); 3C NMR (150 MHz, CDCl3) § 206.8, 203.0, 145.6, 141.0,
138.6, 138.0, 137.8, 133.2, 132.5, 131.6, 131.4, 129.8, 128.4, 128.1, 128.04, 127.8, 127.5,
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127.4,124.9, 121.0, 120.7, 75.4, 56.7, 56.5, 47.6, 45.8, 42.9; IR (cm~1) ATR mode: 3423(br),
1668(s), 1631(m), 1596(m), 1487(m), 1447(w), 1408(w), 1257(m), 1073(m), 1009(s), 820(m),
806(m), 762(m), 694(s), 543(s), 526(m). ESI-MS (+): m/z calcd. for (M-H.O + HY)
CagH20Br202" 677.0509 found 677.0468.

(4-Hydroxy-4-phenyl-2,6-di(thiophen-2-yl)cyclohexane-1,3-diyl)bis(phenylmethanone) (2h):
White solid (0.48 g, 63%). mp 251-253 °C; *H NMR (600 MHz, CDCls) § 7.52 (d, J = 7.4 Hz,
2H), 7.45 (d, J =7.3 Hz, 2H), 7.36 (d, J = 7.3 Hz, 2H), 7.28 (t, J= 7.5 Hz, 2H), 7.18 (1, J = 7.8
Hz, 2H), 7.14 (t, J = 7.8 Hz, 2H), 7.09 (t, J = 7.8 Hz, 2H), 7.04 (t, J = 7.3 Hz, 1H), 6.93 (d, J =
4.9 Hz, 1H), 6.74 (d, J = 2.9 Hz, 1H), 6.66 (d, J = 5.0 Hz, 1H), 6.64 — 6.61 (m, 2H), 6.39 (dd,
J=5.0, 3.6 Hz, 1H), 5.29 (d, J = 2.5 Hz, 1H), 4.54 (t, J = 11.3 Hz, 1H), 4.43 (d, J = 11.7 Hz,
1H), 4.38 (td, J=11.7, 3.8 Hz, 1H), 4.13 (t, J = 11.0 Hz, 1H), 2.48 (m, 1H), 2.39 (dd, J = 14.0,
3.8 Hz, 1H); 3C NMR (150 MHz, CDCls) § 206.8, 203.3, 145.6, 145.3, 142.2, 138.7, 137.9,
133.1,132.3,128.4,128.0,127.9, 127.8,127.8, 127.3, 127.1, 126.7, 126.4, 125.7, 124.9, 124.0,
123.4, 75.4, 59.0, 57.8, 47.0, 43.4, 39.2; IR (cm™) ATR mode: 3368(br), 1667(s), 1634(s),
1594(m), 1578(m), 1446(w), 1407(m), 1253(m), 1065(m), 1001(m), 698(s), 681(m), 560(m),
527(m). ESI-MS (+): m/z calcd. for (M—H20 + H") CasH290,S," 531.1447 found 531.1423.

(4-(4-Bromophenyl)-4-hydroxy-2,6-bis(4-methoxyphenyl)cyclohexane-1,3-diyl)bis((4-
bromophenyl)methanone) (2i): White solid (0.47 g, 68%). mp 269-271 °C; *H NMR (600
MHz, CDCl3) § 7.40 (s, 2H), 7.31 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 8.5
Hz, 2H), 7.15 - 7.10 (m, 6H), 7.00 (s, 2H), 6.64 (d, J = 8.6 Hz, 2H), 6.40 (d, J = 8.8 Hz, 2H),
5.31(d, J=1.8 Hz, 1H), 4.32 (d, J = 10.9 Hz, 1H), 4.09 — 4.02 (m, 2H), 3.96 — 3.91 (m, 1H),
3.64 (s, 3H), 3.50 (s, 3H), 2.37 — 2.31 (m, 1H), 2.16 (dd, J = 14.1, 3.4 Hz, 1H); 3C NMR (150
MHz, CDCls) 6 206.1, 202.8, 158.6, 145.1, 137.6, 136.5, 133.8, 131.5, 131.4, 131.1, 130.3,
129.3,129.0, 128.9, 128.6, 127.2, 126.7, 121.3, 114.0, 113.9, 75.4, 57.2, 56.6, 55.3, 55.2, 47.3,
46.0, 42.6; IR (cm™) ATR mode: 3475(br), 1666(s), 1644(m), 1612(m), 1584(s), 1513(s),
1396(m), 1253(s), 1179(m), 1073(m), 1009(m), 975(m), 824(s), 753(m), 734(m), 550(m),
532(m), 457(w). ESI-MS (+): m/z calcd. for (M—H20 + H*) CaoH32Brs04" 814.9825 found
814.9825.

(4-(4-Bromophenyl)-4-hydroxy-2,6-di-p-tolylcyclohexane-1,3-diyl)bis((4-

bromophenyl)methanone) (2j): White solid (0.47 g, 70%). mp 275-277 °C; *H NMR (600
MHz, CDCls) 6 7.38 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H),
7.19 (d, J = 8.5 Hz, 2H), 7.13 — 7.08 (m, 6H), 7.00 — 6.93 (m, 2H), 6.90 (d, J = 7.8 Hz, 2H),
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6.66 (d, J = 7.9 Hz, 2H), 5.30 (d, J = 2.0 Hz, 1H), 4.32 (d, J = 10.9 Hz, 1H), 4.10 — 4.03 (m,
2H), 3.93 (t, J = 11.2 Hz, 1H), 2.36 (t, J = 13.4 Hz, 1H), 2.18 (d, J = 3.5 Hz, 1H), 2.15 (s, 3H),
1.97 (s, 3H); °C NMR (150 MHz, CDCls) § 205.9, 202.6, 145.0, 138.6, 137.5, 136.9, 136.6,
135.2, 131.4, 131.2, 130.9, 129.2, 129.0, 128.4, 127.7, 126.9, 126.6, 121.2, 75.2, 47.5, 45.8,
42.9, 20.9; IR (cm™) ATR mode: 3455(br), 1667(s), 1642(s), 1583(s), 1561(m), 1512(m),
1485(m), 1396(m), 1251(m), 1217(m), 1071(s), 1009(s), 845(m), 809(s), 537(m), 518(m),
437(w). ESI-MS (+): m/z calcd. for (M—H20 + H™) C4oH32Br302" 782.9927 found 782.9908.

(4-(4-Bromophenyl)-4-hydroxy-2,6-diphenylcyclohexane-1,3-diyl)bis((4-
bromophenyl)methanone) (2k): White solid (0.45 g, 69%). mp 235-237 °C; *H NMR (600
MHz, CDCl3) 6 7.41 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 7.23 (t,J = 7.7 Hz, 4H), 7.18
—7.07 (m, 10H), 7.01 (t, J = 7.3 Hz, 1H), 6.87 (t, J = 7.8 Hz, 2H), 6.79 (t, J = 7.4 Hz, 1H), 5.36
(d, J=2.1 Hz, 1H), 4.40 — 4.35 (m, 1H), 4.17 — 4.11 (m, 2H), 4.04 — 3.98 (m, 1H), 2.46 — 2.39
(m, 1H), 2.22 (dd, J = 14.1, 3.5 Hz, 1H); 3C NMR (150 MHz, CDCls) & 205.9, 202.5, 145.0,
141.7,138.3,137.5, 136.5, 131.5, 131.4, 131.0, 129.3, 128.9, 128.7, 128.5, 127.9, 127.5, 127.3,
127.2,126.7,121.4, 75.3, 56.6, 56.3, 48.1, 45.7, 43.4; IR (cm~Y) ATR mode: 3415(br), 1666(s),
1651(s), 1585(s), 1564(m), 1485(m), 1396(m), 1250(m), 1217(m), 1071(s), 1009(s), 836(m),
699(s), 536(m). ESI-MS (+): m/z calcd. for (M—H20 + H™) CssH2sBrs0," 754.9614 found
754.9613.

(4-(4-Bromophenyl)-2,6-bis(4-fluorophenyl)-4-hydroxycyclohexane-1,3-diyl)bis((4-
bromophenyl)methanone) (21): White solid (0.38 g, 56%); mp 229-231; *H NMR (600 MHz,
CDCl3) 6 7.38 (t, J = 7.2 Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 7.28 (s, 2H), 7.24 (d, J = 8.5 Hz,
2H), 7.18 (dd, J = 8.3, 5.4 Hz, 2H), 7.14 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 8.4 Hz, 2H), 7.09 —
7.01 (m, 2H), 6.81 (t, J = 8.5 Hz, 2H), 6.58 (t, J = 8.5 Hz, 2H), 5.29 (d, J = 1.8 Hz, 1H), 4.32
(d, J=11.6 Hz, 1H), 4.11 (t, J = 11.1 Hz, 1H), 4.05 - 3.96 (m, 2H), 2.35 (t, J = 12.2 Hz, 1H),
2.18 (dd, J = 14.1, 3.0 Hz, 1H); *C NMR (150 MHz, CDCls) & 205.5, 202.0, 162.5, 160.9,
144.7,137.3,137.1,136.3,134.1, 131.6, 131.4, 129.4,129.4, 129.2, 129.1, 128.9, 127.9, 126.6,
121.5, 115.7, 115.6, 115.5, 115.4, 75.2, 56.8, 56.3, 47.3, 45.8, 42.7; IR (cm~!) ATR mode:
3490(br), 1665(s), 1647(m), 1607(m), 1584(s), 1510(s), 1486(m), 1397(m), 1236(s), 1073(s),
1009(s), 829(s), 762(m), 732(m), 539(m), 526(m). ESI-MS (+): m/z calcd. for (M—H20 + H")
CagH26BrsF202" 790.9426 found 790.9413.

(4-(4-Bromophenyl)-2,6-bis(4-chlorophenyl)-4-hydroxycyclohexane-1,3-diyl)bis((4-
bromophenyl)methanone) (2m): White solid (0.41 g, 58%). mp 234-236 °C; *H NMR (600
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MHz, CDCls) 6 7.37 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.7 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H),
7.24 (s, 2H), 7.16 — 7.08 (m, 8H), 7.07 — 6.96 (m, 2H), 6.86 (d, J = 8.7 Hz, 2H), 5.24 (d, J =
2.2Hz,1H),4.31(d, J=11.5Hz, 1H), 4.11 (t, J=11.2 Hz, 1H), 4.03 (t, J = 10.9 Hz, 1H), 3.97
(td, J = 11.7, 3.1 Hz, 1H), 2.37 — 2.31 (m, 1H), 2.17 (dd, J = 14.0, 3.3 Hz, 1H); 3C NMR (150
MHz, CDCls) 6 205.3, 201.7, 144.6, 140.0, 137.0, 136.8, 136.2, 133.4, 132.9, 131.6, 131.6,
131.5,129.2,129.2, 128.9, 128.8, 128.7, 128.0, 126.6, 121.6, 75.2, 56.3, 56.1, 47.4, 45.7, 42.8;
IR (cm™) ATR mode: 3459(br), 1665(s), 1642(s), 1583(s), 1563(m), 1487(m), 1396(m),
1252(m), 1215(m), 1073(s), 1009(s), 844(m), 817(s), 761(m), 535(m), 517(m). ESI-MS (+):
m/z calcd. for (M—H20 + H*) CagH26BrsCl202" 822.8835 found 822.8821.

(4-(4-Bromophenyl)-4-hydroxy-2,6-di-o-tolylcyclohexane-1,3-diyl)bis((4-
bromophenyl)methanone) (2n): White solid (0.43 g, 64%); mp 210-212 °C; *H NMR (600
MHz, CDCls) & 7.43 (d, J = 7.8 Hz, 1H), 7.38 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 7.7 Hz, 1H),
7.31(d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 8.6 Hz, 2H), 7.13 (dd, J = 8.6,
2.0 Hz, 4H), 7.00 (t, J = 7.5 Hz, 1H), 6.94 (d, J = 7.2 Hz, 1H), 6.90 (t, J = 7.2 Hz, 1H), 6.79 (t,
J=7.4Hz, 1H), 6.72 (d, J = 7.3 Hz, 1H), 6.67 (t, J = 7.2 Hz, 1H), 5.33 (d, J = 2.3 Hz, 1H),
4.49 (t, J = 11.2 Hz, 1H), 4.35 (t, J = 10.2 Hz, 2H), 4.19 (t, J = 11.0 Hz, 1H), 3.49 (d, J = 4.1
Hz, 1H), 2.35 (s, 3H), 2.21 (s, 3H), 2.09 (dd, J = 14.2, 3.5 Hz, 1H); *C NMR (150 MHz,
CDCl3) 6 205.9, 202.6, 145.0, 140.0, 137.5, 136.9, 136.8, 136.5, 136.4, 131.5, 131.4, 131.1,
130.9, 130.9, 129.2, 128.9, 128.6, 127.3, 127.2, 127.1, 126.7, 126.2, 125.9, 125.8, 75.4, 56.7,
56.2, 46.4, 41.9, 37.7, 19.8; IR (cm™) ATR mode: 3435(br), 1668(s), 1641(s), 1583(s),
1563(m), 1485(m), 1396(m), 1254(m), 1211(m), 1071(s), 1007(s), 838(m), 753(s), 731(s),
545(m), 459(m). ESI-MS (+): m/z calcd. for (M—H20 + H*) CaoH32Brz0,* 782.9927 found
782.9928.

(4-(4-Bromophenyl)-4-hydroxy-2,6-bis(3-methoxyphenyl)cyclohexane-1,3-diyl)bis((4-

bromophenyl)methanone) (20): White solid (0.42 g, 60%); mp 218-220 °C; *H NMR (600
MHz, CDClI3) 6 7.39 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 8.6 Hz, 2H),
7.21(d, J = 8.6 Hz, 2H), 7.17 — 7.14 (m, 4H), 7.03 (t, J = 7.9 Hz, 1H), 6.80 (dd, J = 18.3, 7.9
Hz, 2H), 6.74 (s, 1H), 6.73 — 6.56 (m, 2H), 6.56 — 6.53 (m, 1H), 6.33 — 6.30 (m, 1H), 5.34 (d,
J=2.1Hz, 1H),4.32 (d, J=11.0 Hz, 1H), 4.08 (p, J = 11.0 Hz, 2H), 3.97 - 3.91 (m, 1H), 3.67
(s, 3H), 3.54 (s, 3H), 2.40 — 2.32 (m, 1H), 2.20 (dd, J = 14.1, 3.5 Hz, 1H); 3C NMR (150 MHz,
CDCIs) 6 205.8, 202.3, 159.7, 159.5, 145.0, 143.3, 139.9, 137.6, 136.6, 131.5, 131.4, 131.1,
129.7, 129.6, 129.3, 129.1, 128.6, 127.3, 126.7, 121.4, 120.2, 114.2, 112.3, 75.3, 56.3, 55.3,
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48.0, 45.8, 43.5; IR (cm™) ATR mode: 3391(br), 2916(w), 2835(w), 1672(s), 1648(s), 1584(s),
1484(m), 1395(m), 1251(s), 1213(m), 1156(m), 1071(s), 1009(s), 830(m), 701(m), 551(m),
499(m), 450(m). ESI-MS (+): m/z calcd. for (M-H20 + H") CaoHz2Brs04* 814.9825 found
814.9838.

(4-(2-chlorophenyl)-4-hydroxy-2,6-di-o-tolylcyclohexane-1,3-diyl)bis((2-
chlorophenyl)methanone) (2p) White solid (0.39 g, 54%); mp 240-242 °C; *H NMR (600 MHz,
CDCl3) 6 7.90 (dd, J = 8.0, 1.3 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.36 (dd, J = 7.3, 1.9 Hz,
1H), 7.27 (d, J = 6.8 Hz, 1H), 7.20 (t, J = 7.2 Hz, 1H), 7.11 — 7.01 (m, 6H), 7.01 — 6.98 (m,
2H), 6.96 — 6.93 (m, 2H), 6.90 (m, 3H), 6.86 (t, J = 7.4 Hz, 1H), 6.79 (t, J = 7.3 Hz, 1H), 5.35
(d, J=11.6 Hz, 1H), 5.18 (d, J = 2.6 Hz, 1H), 4.57 (t, J = 11.0 Hz, 1H), 4.33 — 4.23 (m, 2H),
3.19-3.13 (m, 1H), 2.46 (s, 3H), 2.45 (s, 3H), 1.87 (dd, J = 14.4, 3.7 Hz, 1H); *C NMR (150
MHz, CDCls) 6 206.1, 202.9, 141.7, 140.0, 138.4, 137.9, 137.4, 136.7, 132.3, 132.1, 132.1,
131.7,131.2,131.1, 131.0, 130.9, 130.7, 129.9, 129.8, 129.3, 129.0, 128.9, 127.8, 127.5, 127.1,
126.7,126.4,125.8,125.7, 125.5, 125.4, 75.8, 58.7, 55.5, 42.3, 41.1, 38.1, 20.5, 20.1; IR (cm™?)
ATR mode: 3442(br), 1688(m), 1654(m), 1588(m), 1491(w), 1469(m), 1434(m), 1339(w),
1268(m), 1248(s), 1192(w), 1077(m), 976(m), 943(w), 758(s), 732(s), 704(m), 650(m),
558(m), 464(m), 426(w). ESI-MS (+): m/z calcd. for (M—H20 + H*) CaoH32Cl30," 649.1463
found 649.1443.

(4-hydroxy-4-(4-methoxyphenyl)-2,6-di-o-tolylcyclohexane-1,3-diyl)bis((4-
methoxyphenyl)methanone) (2q) White solid (0.40 g, 56%); mp 156-158 °C; *H NMR (500
MHz, CDCl3) 6 7.48 (d, J = 7.9 Hz, 1H), 7.42 (t, J = 7.8 Hz, 3H), 7.35 (m, 4H), 6.99 (t, J = 7.7
Hz, 1H), 6.92 (d, J = 7.6 Hz, 1H), 6.86 (t, J = 7.5 Hz, 1H), 6.77 (t, J = 7.7 Hz, 1H), 6.68 (t, J =
6.8 Hz, 3H), 6.59 (t, J = 7.5 Hz, 1H), 6.53 (m, 4H), 5.55 (s, 1H), 4.52 (t, J = 11.2 Hz, 1H), 4.37
(d, J=11.6 Hz, 2H), 4.22 (t, J = 11.0 Hz, 1H), 3.70 (s, 3H), 3.68 (s, 3H), 3.66 (s, 3H), 2.37 (s,
3H), 2.30 (t, J = 13.3 Hz, 1H), 2.24 (s, 3H), 2.08 (dd, J = 14.1, 3.2 Hz, 1H); *C NMR (125
MHz, CDCls) 6 205.2, 201.7, 163.2, 162.5, 158.3, 140.9, 138.5, 137.7, 136.7, 136.4, 131.9,
131.0, 130.6, 130.5, 130.4, 129.9, 127.3, 126.6, 126.3, 126.2, 126.1, 125.7,125.4, 113.5, 113.0,
112.8, 75.2, 66.0, 56.4, 55.4, 55.3, 55.2, 46.9, 41.9, 37.7, 19.8, 15.4; IR (cm~1) ATR mode:
3442(br), 1658(m), 1633(w), 1592(s), 1513(m), 1464(m), 1391(w), 1344(w), 1313(w),
1293(w), 1276(m), 1255(s), 1171(s), 1077(w), 1033(m), 974(w), 833(s), 762(s), 689(w),
638(w), 608(w), 554(s), 518(w), 457(w). ESI-MS (+): m/z calcd. for (M—H20 + H*) C43H4105"
637.2949 found 637.2912.
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Table S1: Crystallographic data and refinement parameters

Entry 2b
Formula C77He5Cl306
Mol. wt. 1192.64

Cryst.color, habit
T, K

Cryst. syst.

Space group

a, A

b, A

c, A

a ,deg

p. deg

y ,deg

v, A

Z

Dcalcd, g cm™3

u, mm

GOF? on F?

F(000)

Reflection collected
Unique reflections
R1°, WR:® (1> 20(1))
R1°, WR° (all data)

Colorless, block
130

Triclinic

P-1

12.317(2)
12.430(2)
20.484(4)
94.706(7)
97.277(6)
101.085(7)
3034.6(9)

2

1.305

0.208

1.093

1252.0

71603

10728

0.0551, 0.1434
0.0884, 0.1546

3GOF (Goodness-of-fit) = [Y[w(Fo? - F¢?)?] /M — N ]2 (M =number of reflections, N =
number of parameters refined). *Ri =3 ||Fo| - | Fe||/ S| Fol. ‘WR2 = [Y[w(Fo? - F?)?Z] /

Y[w(Fo?)]].
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Figure A62. IR spectrum of 2i.
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Figure A63. IR spectrum of 2j.
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Figure A64. IR spectrum of 2k.
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Figure A65. IR spectrum of 2I.
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Figure A66. IR spectrum of 2m.
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Figure A67. IR spectrum of 2n.
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Figure A68. IR spectrum of 20.
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Thesis Summary:

This dissertation includes six chapters out of which Chapter 1 contains introduction about
fluorescence detection of metal ions, sensing mechanism with examples and recent progress
on fluorescent detection of Zn?*, Cu?* and Pd?* ions. Furthermore, various recent reports on
synthesis of substituted benzenes using benzannulation reactions have also been discussed.
Materials and methods used have also been described in this chapter. Chapter 2 deals with the
synthesis and characterization of a probe 3,3'-((-(5-(tert-butyl)-2-hydroxy-1,3-
phenylene)bis(methaneylylidene))bis(hydrazin-1-yl-2-ylidene))bis(quinoxalin-2(1H)-one)

(LH) and the probe was utilized in selective “turn on” fluorescent detection of Zn?* ion over
various metal ions and anions. The structure of complex obtained from the reaction of 2:1
mixture of ZnCl, and LH has been established using single crystal XRD method. In Chapter
3, synthesis and characterization of a probe 1-(imidazo[5,1-a]isoquinolin-3-yl)naphthalen-2-
ol (L2H) has been described. The probe has potential to detect Cu?* and Pd?* ions in
fluorescent turn off fashion over various metal ions and anions. Chapter 4 deals with
synthesis and characterization of a polypyridine ligand L3 has been described. Using L3, two
new metal complexes of metal chlorides (cobalt(ll) and manganese(ll)) were synthesized.
Molecular structures of L3, [M2(L3)Cls]-2H.0 {M = Co(ll) (1) and Mn(ll) (2)} were
established using single crystal XRD method. The intermolecular interactions involve has
also been described. In Chapter 5, de novo construction of benzene ring from 3:1 mixture of
aryl methyl ketone and aldehyde using NaH has been discussed. With this methodology,
various tetrasubstituted benzenes were synthesized. The reaction was regioselective in nature
which was confirmed by single crystal XRD method. Chapter 6 describes the facile synthesis
of a series of pentasubstituted cyclohexanol achieved in moderate to good yield by the
reaction of aryl methyl ketone and aromatic aldehyde (3:2 ratio) using NaH (20 mol %) as

base. Some new and reported cyclohexanols were synthesized using this methodology.

Future Perspective:

In Chapter 2 and 3, N,O-donor probes were utilized in fluorescent detection of Zn?*, Cu?* and
Pd?* ions. Various probes which contain N,N and N,S-donor atoms would have potential to
detect toxic metal ions. In Chapter 4, two metal complexes of Co(ll) and Mn(ll) ions were
synthesized using a polypyridine ligand, which contains two terpyridine arms and from
various reports, it was found that metal terpyridine complexes have excellent catalytic

activity. So these complexes will be utilized in various organic transformations. Chapter 5

TH-3690_186122034



and 6 deal with synthesis of substituted benzenes and cyclohexanols, may be useful synthons
as well as metal ion sensing ability and biological activity of these compounds may be

evaluated.
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