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One who perceives inaction in action and action in inaction is truly wise among humans; inwardly harmonized

and united with divine consciousness, such a person acts without attachment and thus perfects all actions.

Bhagavad Gita, Chapter 4, Sloka 18
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Preface

The Thesis entitled “Bivalent Ni, Pd, Pt, and Zn Complexes of Some Chemodiverse
Ligands: Structure, Biophysical Study, and Catalytic Activity” is divided into five

chapters.

Chapter 1: A Thematic Review on Bivalent Ni, Pd, Pt and Zn Complexes: Evolution,
Catalytic Versatility and Bioactivity

In this Chapter, literature reports have been reviewed to provide a perceptive view on synthesis
and application of some bivalent Ni, Pd, Pt, and Zn complexes of several structurally and
electronically diverse ligands. From a detailed analysis, this Chapter concluded the confines
and opportunities of further study of bivalent group 10 complex especially for catalytic and
biomedical application. This Chapter also includes general methods, material, and

instrumentation used in experimental works.

Chapter 2: Palladium(II) and Platinum(II) Complexes of Disubstituted Imidazo|[1,5-
a]Pyridine and Imidazolylpyridine: Coordination Chemistry, Versatile Catalysis, and
Biophysical Study

This Chapter contained synthetic process of some well characterized pincer type mono-, di-
and poly-nuclear Pd(II) and Pt(II) complexes bearing ligands of imidazo[1,5-a]pyridine and
imidazolylpyridine moiety. Distorted square planar geometry around the bivalent palladium
and platinum in all complexes was established by single crystal X-ray diffraction studies.
These Pd(II) complexes displayed high catalytic activity in Suzuki-Miyaura cross-coupling
reaction, transfer hydrogenation reaction, and alkyne homocoupling. Also, interaction study of
all the complexes with calf thymus DNA (CT-DNA) and bovine serum albumin (BSA) were
investigated using electronic spectroscopy where intercalative binding mode was observed by
all complexes through displacement of ethidium bromide (EB) in EB-DNA. The complexes
were also displayed high binding affinity toward BSA confirmed by emission, synchronous
fluorescence, and steady state fluorescence anisotropy measurement. Moreover, the
pharmacokinetic properties of two bioactive compounds (3s and 3t) obtained from Suzuki
coupling reaction were calculated and to evaluate their activity as leukotriene A4 hydrolase

(LTA4H) inhibitor, these molecules were docked with human LTA4H enzyme.
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Chapter 3: Group 10 Complexes of Some Chemodiverse N-, O-, P- Donor Ligands:
Structural Artistry, Versatile Catalytic Activity, and ct-DNA/BSA Interaction
Syntheses, characterization, and molecular structures of a series of bivalent group 10
complexes of containing benzothiazole viiiyridineviii, coumarin fused pyrrole and
imidazo[ 1,5-a]pyridine nucleus with N/O/P-donor are discussed in this Chapter. The Ni(II)
complexes were applied as catalysts in imine/viiiyridin formation via acceptorless
dehydrogenative coupling (ADC) of alcohol and amine/diamine. Only 1.0 mol% of Ni(Il)
catalyst excellently produced imines/diimines in toluene (110 °C, 12 h). In Heck coupling,
Pd(IT) catalysts were adeptly produced alkene in 98% yield in ethanol under significantly
milder condition than traditional protocols relying on DMF/DMSO at higher temperatures.
Among all complexes, NNP-NiCl complex (1a) and NNO-PdCl complex (2h) were found as
superior catalyst in their respective conversion. Versatility of Pd(II) catalysts was also
performed in a model reaction of cross dehydrogenative coupling (CDC) of thiophene-2-
carbaldehyde. The Pt(Il) complexes were examined for their interactions with CT-DNA and
BSA wherein NNO-PtClI (3e) exhibited highest binding affinity which was also visualized
through molecular docking with CT-DNA and BSA.

Chapter 4: Dinuclear Pd(II) Complexes of N-(imidazo[l,5-a]viiiyridine-1-
yl)picolinimidamides: Pd - * * Pd distance vs Reactivity in C-C/P Bond Formation

In this Chapter, the facile syntheses and characterization of five dinuclear palldium(II)
complexes of substituted imidazo[1,5-a]pyridinylpicolinimidamides were explored and their
molecular structure was established using single crystal X-ray diffraction. All ligands
coordinated with palladium center through pseudo-pincer type mode, Pd(II) possessed
distorted square planar geometry and an eight-membered metallic cavity was observed in all
complexes. These dinuclear Pd(II) complexes effectively viiiyridineviii copper-free
Sonogashira coupling reactions under mild reaction conditions with excellent functional group
tolerance. Also, they were employed as catalyst in C—P bond formation reaction. High catalytic
activity of these complexes was accredited to cooperativity and synergic effect of two Pd(II)

center present with in optimum proximity.
Chapter 5: Zinc(II) Complexes of Some 2-Cyanopyridine Derived Nitrogen-Rich

Ligands: Catalysts for Cycloaddition of CO2 and Epoxide into Cyclic Carbonate

TH-3861_196122003
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Synthetic methods of twelve mono- and two tri- nuclear zinc(Il) complexes using some
imidazo[ 1,5-a]pyridine, triazine, and imidazolylpyridine moieties containing ligands are
described in this Chapter. The new ligands and all zinc complexes were thoroughly
characterized using several spectroscopic techniques and molecular structure of some ligands
and all zinc complexes were established by single crystal X-ray diffraction. The imidazo[1,5-
a]pyridine and imidazolylpyridine nucleus containing ligands yielded both mono and
trinuclear complexes while only mononuclear complexes were produced by the pincer triazine
ligands. The geometry of tetra coordinated Zn(II) centres were observed as distorted tetrahedral
while a distorted square pyramidal and trigonal bipyramidal environment was observed in
penta-coordinated complexes as conferred from Houser and Addison geometry index values.
All the zinc(IT) complexes were employed as catalyst in the conversion of carbon dioxide and
styrene epoxide into styrene carbonate, yielded excellently in a mild and solvent free condition
using CO2 balloon. Among all the Zn(II) catalysts, trinuclear analogous were found as superior

catalyst as compared to their mononuclear congeners.
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Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

1.1 Introduction

Transition metal complexes, particularly those involving nickel, palladium, platinum, and zinc
have played transformative role in both synthetic chemistry and biomedical science. In the
field of catalysis, though palladium have dominated in the landscape, increasing attention has
shifted toward more earth abundant and sustainable options such as Ni and Zn, shown excellent
potential as catalysts in diverse chemical reactions. The use of nickel in catalysis dates back to
the early 20th century, notably with the Raney nickel catalyst developed in 1926 and became
a pillar in industrial hydrogenation processes.!™ In the homogeneous catalysis arena, Reppe’s
pioneering work in the 1950s identified the capability of nickel in alkyne trimerization and
hydrocyanation reactions.>® Palladium's rise began with Tsuji and Heck’s work in the 1960s,”*
which ultimately culminated in the 2010 Nobel Prize’ in chemistry awarded to Heck,'

113 and Negishi'* for developing Pd-catalyzed cross-coupling reactions, now a

Suzuki,
cornerstone in the construction of complex molecules.!>"!7 Platinum, in contrast, found its
revolutionary applications not in catalysis but in medicine. In anti-cancer activity, the
serendipitous discovery of cisplatin in the 1960s unbolted a new frontier in chemotherapy.'®
23 Since then, several Pt-based drugs like carboplatin and oxaliplatin have become backbones
in oncology, showcasing the metal’s biological relevance.’*>® Early use of zinc in catalysis
dates to the 20th century, notably in the Frankland reaction and early organometallic Grignard-
type additions involving zinc halides.’*® However, the real turning point came with the

3941

employment of zinc complexes as catalyst in value addition of CO-, ring-opening

4144 4547

polymerizations, and asymmetric catalysis.

C-H activation

Antimicrobial Pd Cyclization
Antiviral Pt/Pd Bio PPNiPA,Pt,Zn Redux
Antitumor ‘AE\‘CE | Complexes [ Coupling
Antibacterial o
Anticancer » C—C/C-N Coupling O Ring-opening
» Dehydrogenative transformations polymerizations
» Polymerization — > O Grignard-type
> ADC reaction Ni Al O Asymmetric
» Carboamination / carbofunctionalization catalysis
of alkenes a CO: fixation

Figure 1.0: Application of Ni, Pd, Pt and Zn complexes.
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Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

Over the decades, advances in ligand design, mechanistic understanding, and sustainability
have further refined the efficiency and selectivity of these metal catalysts, extending their use
into greener transformations and industrial scale syntheses.

In sum, the multifaceted roles of Ni, Pd, Pt and Zn complexes in organic transformations to
life-saving medicine, emphasize their profound impact on modern science. This thesis explores
their cutting-edge design and useful applications with a focus on advancing rational design for

future innovation.

1.2 Progress in palladium catalysis

Palladium catalysts have been witnessed remarkable evolution since its inception, shaping the
landscape of modern synthetic chemistry. The journey began with the work of Tsuji, evolved
by the discoveries of Mizoroki and Heck and laid the groundwork for a series of transformative

cross-coupling reactions.

xR |_ R/ X

Base 0 X=Ar

\f' Pd \Q
HPd—X ¥
L 5 Pd~X
o VoW
:‘ R

2 orR

N

Scheme 1.0: Tsuji allylic alkylation (left) and Mizoroki-Heck (right)reaction catalytic cycle.

Ph\/\{
Ar
_—
A//\ /\R
Pd =X
\
=N

Ar—
Ay R\./ =\=

R

v’\/R

The field rapidly expanded with the development of the Suzuki, Negishi, Stille, Sonogashira,
and Kumada reactions, each utilizing palladium as the central catalytic system with various
organometallic partners.*>* Over the years, many developments on palladium catalysts were
evolved including:

e The development of bulky, electron-rich phosphine ligands that greatly enhanced

catalytic activity, selectivity, stability, and broad substrates scope.

TH-38 G«imi%fzg&j%singh, PhD Thesis, IITG 3



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

e Air and moisture stable, heterogeneous, and recyclable Pd catalysts allow catalytic
conversion under ambient conditions and in aqueous-phase reactions, align with the
goals of sustainable chemistry.

e Pd catalysis has moved beyond classical cross-coupling to comprehend C—H activation,
oxidative couplings, and asymmetric transformations, offering atom- and step-
economical synthetic routes to complex molecules.

e Theoretical studies and spectroscopic techniques have deepened the understanding of
mechanistic cycles, enabling rational design of catalysts and predictive reactivity

models.

1.2.1 Recent advances in the design and reactivity of palladium(Il) complexes
Modern strategies have increasingly shifted toward ligand-controlled reactivity, low-loading
protocols, and environmentally benign conditions.>>>” A series of recent studies discussed in
this section collectively highlight innovations in structure, electronic tuning, and sustainable
applications of Pd(II) complexes.

Santillan and coworker explored dinuclear Pd(II) complexes (Pd1 and Pd2) supported by di-
and tritriazol-5-ylidene ligands.’® These complexes were evaluated in Sonogashira and Suzuki

couplings, showing notable activity and stability under mild reaction conditions (Scheme 1.1).

E = S/Se
Pd1 Pd2 Pd3

Scheme 1.1: Some reported Pd catalyst used in Suzuki-Miyaura and Sonogashira reactions.

Singh and co-worker developed triazole-based organosulfur and selenium ligand containing
Pd(IT) complexes (Pd3) that catalyzed both Suzuki—Miyaura and Sonogashira reactions in

water.® The presence of bulky 2,6-diisopropylphenyl substituent on triazole core and the

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 4



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

nature of chalcogen was responsible for the catalytic activity by which the sulfur-based
complex showed superior activity as compared to the Se-analogues (Scheme 1.1). Dehury et
al. reported dinuclear Pd(II) complexes (Pd4 — Pd7) supported by tetrapyrazolyl ligands,*
which catalyzed tandem transfer hydrogenation/Suzuki coupling of fluoroarylketones. Their
study provided insights into the effects of intermetallic Pd—Pd distances where Pdé (shorter
Pd—Pd separations) produced higher yield than other (Scheme 1.2). The system was selective
toward fluoroaryl substrates. Notably, mononuclear Pd analog displayed lower tandem

activity, reinforcing the potential of spatially cooperative bimetallic catalysts.

O = 0y @
| \ R > < > ¢ Pd”
'\Pd\N,N N. _Pd N—N N-NT N
FN] Y D {p !
Pd4 Pd5

Pd6 Pd7

Scheme 1.2: Pd catalysts previously reported and used in tandem catalysis.

Moving into Heck-type C—C cross-coupling, Schroeter ef al. synthesized and characterized an
anionic Pd complex, [NBus][Pd(DMSO)CI;] (Pd8),%! active in the Mizoroki—Heck reaction
without stabilizing ligands. The mechanism, consistent with an Amatore—Jutand-type cycle,
operated under Jeffery conditions and displayed excellent activity toward aryl chlorides in
aqueous media. Lang and co-workers synthesized a library of mono- and binuclear Pd(II)
complexes (Pd9 — Pd12, Pd13 — Pd17) based on N,N'-disubstituted imidazole-2-thiones and
demonstrated their efficacy in Suzuki and copper-free Sonogashira couplings.®? These
phosphine-free systems were structurally diverse, ranging from trans dichloride to u-thione
bridged bis-Pd cores and exhibited tunable reactivity depending on steric and electronic
properties of the substituents. DFT studies supported that the larger ligands promoted higher

activity by stabilizing favorable transition states and elongating Pd—S bonds (Scheme 1.3).

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 5



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

In 2018, a key mechanistic insight emerged from the detailed mechanistic characterization by
Toledo et al, where an oxidase-type behavior was elucidated for aerobic Pd-catalyzed
homocoupling of terminal alkynes.®* Their study highlighted the central role of a low-ligated
Pd(0) anionic intermediate, which undergoes oxygenation to form a (kO, kO-peroxo)
palladium(Il) species. The peroxo intermediate then proceeds via protonolysis and second
alkyne metalation steps to deliver the 1,3-diyne. This coupling was mechanistically distinct
due to the intertwined -

R1 2R

- R1 / ZR\
\P / + - ] d N
/d\ [NBu4l E >=s Pd_ =< [ >—s s=< ]

v < ,
‘RZ / \ R

R' = R? = Me (Pd9), R' = R2 = Me (Pd13),

Pds L (PR D). iPr (Pd14), Cy (Pd15),

CeMesH, (Pd11) CeMeaHz (Pd16)

1 2 _

Scheme 1.3: Some previously reported anionic (Pd8), mono- and dinuclear Pd catalysts.

nature of catalyst oxidation and substrate transformation, a deviation from classical

Pd(IT)/Pd(0) redox cycles (Scheme 1.4).

Pd18 /\—Pd o)
~ppPh,

<> — 5 mol% ><:\F: ___J\\:>

Acetone/water (1:1)
NaOAc, 25 °C, air

Scheme 1.4: A reported Pd catalyst used for homocoupling of alkynes.

Pirkl et al. reported a novel class of diiodo-bridged NHC—Pd(I) dimers, served as precatalysts
for cross-coupling reactions such as Suzuki—Miyaura and Sonogashira, operating effectively
under mild conditions with low catalyst loading.®* Unlike traditional Pd(0) or Pd(II) systems
that often require external activators or ligands, these Pd(I) dimers directly generated

catalytically active species, offering practical advantages in scalability (Scheme 1.5).

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 6



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

P

[:>—Pd< :>Pd—<:] [:>—P:d—<:]

s <gheghes

Pd19 Pd20

Scheme 1.5: Reported Pd catalysts used for C-C coupling reactions.

Ray et al. introduced a Pd(IT) Schiff-base complex immobilized within a zeolite-Y framework
(Pd21).®> The encapsulated form showed enhanced thermal stability and reusability,
outperforming the homogeneous analogue in Heck-type couplings. The zeolite matrix along
with electron withdrawing substituents imparted distinct steric and electronic influences that
subtly modulated catalytic performance (Scheme 1.6). In a parallel contribution, Singh and co-
workers designed chalcogenated Schiff-base Pd(Il) complexes (Pd22—Pd24) supported on an
anthracene backbone.®® These catalysts enabled base-free transfer hydrogenation and N-
alkylation reactions under mild conditions. The redox-active chalcogen donor groups played a
key role in hydrogen atom transfer processes. Lindsay’s group introduced dinuclear
benzimidazolyl Pd(II) complexes as bifunctional, air-stable catalysts for C—C coupling at low
loadings in alcoholic solvent.®” Their ambidentate ligands enabled internal base assistance,
streamlining the (trans)metalation step in cross-coupling and enabling green reaction

conditions with excellent yields (Scheme 1.6).

Y. /@\ Y
SN N7 N —
\©\A ea N
o—PI—_ L\V/E
Y = Zeolite E=S,Se \©

Pd21 Pd22

Scheme 1.6: Some reported Pd complexes used as catalysts.
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Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1

Balakrishna’s team explored Pd(II) pincer complexes (Pd25 and Pd26) supported by
bisphosphine-triazole ligands and delivered excellent catalytic efficiency in Mizoroki—Heck
reactions.® Their study provided insight into phosphine-rich coordination environments
(Scheme 1.7). The role of PdA-NHC scaffolds was further refined by Song et al., by developing
unsymmetrical Pd-PEPPSI-NHC complexes for hetero-arylation under ambient conditions.®’
These catalysts effectively produce 2-methyl-5-(4-nitrophenyl)furan with a low loading (0.05
mol%) at 130 °C in 12 h. However, increasing the steric hindrance by introducing isopropyl

groups in place of methyl groups lessened the product yield. The findings underscored how

flexible methyl groups can significantly influence catalytic activity (Scheme 1.7).

Ph
N =N ~Ph :
N Ph N N
Pth q/
thP—Pd—PHth Ph,P \ oh Pldl,
/ \ Ph N
|
N
R = Me, OMe
Pd25 Pd26 Pd27

Scheme 1.7: Some reported phosphine and carbene Pd complexes used as catalysts.

In the domain of oxidative transformations, Joshi and coworkers developed NNN- and CNN-
pincer Pd(I) complexes (Pd28-Pd31) for cross-dehydrogenative couplings (CDC) of
heteroarenes.’”® Their air- and moisture-stable systems activated C—H bonds without external
oxidants and showed compatibility with a variety of functional groups with minimal catalytic
degradation over four cycles. The in situ generated acetate analogue of Pd catalyst was found
as active catalyst for the conversion (Scheme 1.8).

In 2020, Kletskov et al. reported phosphine-free binuclear Pd(II) complexes made from
N,N,N-pincer mimicked pyrimidinyl-azole carboxamide scaffolds.”! These complexes (Pd32—
Pd35) exhibited remarkable activity in aqueous-phase Suzuki, Mizoroki—-Heck, and
Sonogashira reactions, achieving high turnover frequencies using 0.1 mol% catalyst.
Ravikanth and coworker reported a bis-Pd(II) complex (Pd35) derived from a pyrrole—

benzimidazole—dipyrrin ligand framework.”? The complex exhibited unique geometric and
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spectroscopic properties and preliminary studies showing catalytic activity in Suzuki coupling
reaction (Scheme 1.9).

Cat 1.0 mol% /

@[ C‘\/ DMSO, AgOAG__ @[N $— "o
27—\ |
110 °C, 16h N
O()—Lpd—n ] O\ C

FS N%/N\
X=N,L=Cl;Pd28, X =C, L = L3 (Pd29) - L5 (Pd31)
Scheme 1.8: Some reported NNN/CNN Pd complexes used as catalysts in Cross

Dehydrogenative Coupling reaction.

In 2020, Kletskov et al. reported phosphine-free binuclear Pd(Il) complexes made from
N,N,N-pincer mimicked pyrimidinyl-azole carboxamide scaffolds.”' These complexes (Pd32—
Pd35) exhibited remarkable activity in aqueous-phase Suzuki, Mizoroki—-Heck, and
Sonogashira reactions, achieving high turnover frequencies using 0.1 mol% catalyst.
Ravikanth and coworker reported a bis-Pd(II) complex (Pd35) derived from a pyrrole—
benzimidazole—dipyrrin ligand framework.”> The complex exhibited unique geometric and
spectroscopic properties and preliminary studies showing catalytic activity in Suzuki coupling

reaction (Scheme 1.9).

3R
3
N>//\§/R xR
/N /
° Spa—N
N R2
R \Pd \N
| YW\ 0
7 N=
1R N
RN
R3
X =0, R'=Ph, R? = H, R® = H(Pd32), Me (Pd33) Pd36

X =8, R"=R"=CI, R =H (Pd34), Me (Pd35)

Scheme 1.9: Some previously reported dinuclear Pd catalysts.
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In 2021, Chakrabortty et al. developed a bis(BICAAC) Pd(Il) complex (Pd37) featuring a
robust carbene framework based on a bicyclo[2.2.2]octane skeleton.”® The enhanced o-
donating and m-accepting capabilities of BICAAC stabilized the Pd—carbene bond, enabling
efficient Heck and Suzuki reactions at low catalyst loadings under open-air conditions.
Mclntosh’s team reported amine-bisphenolate Pd complexes (Pd38 — Pd42) competent in
Suzuki-Miyaura couplings under phosphine-free conditions.” The maximum yield (88 %) in
I-acetylbiphenyl was observed using 1.0 mol% Pd40 in MeOH at 40 °C for 24h providing

environmentally benign protocols (Scheme 1.10).

COOEt
D'PP COOEt
o—Pd—o
p”

Dip
\

Dipp= 2,6-Pr,CgH3 (Pd37) R = NEt; (Pd38), NHEt, (Pd39) R' = H (Pd40), Me (Pd41), Bn (Pd42)

Scheme 1.10: Some previously reported palladium catalysts used in Heck and Suzuki

reactions.

In a structurally distinct system, Panchavarnam and coworkers prepared a Pd(II) complex
(Pd43) of a-formyl pyrrolyl dipyrromethene.” The metal center exhibited a square planar
geometry coordinated to three pyrrolic nitrogen and a water molecule, stabilized via hydrogen
bonding. Despite the absence of conventional phosphine or carbene ligands, this complex
exhibited substantial catalytic activity in Suzuki coupling, particularly for aryl bromides.
Szostak and co-workers used the renewable alkaloid caffeine to prepare NHC—Pd(II) PEPPSI
complexes Pd44 — Pd46 (Scheme 1.11), marking a unique convergence of sustainable ligand
sourcing with robust catalysis.’® The resulting catalysts performed efficiently across Suzuki,
Heck, and Sonogashira reactions. These findings established caffeine-based NHCs as credible

alternatives to traditional imidazol-2-ylidenes in Pd(II) chemistry.

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 10



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 1
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Pd43

Scheme 1.11: Some previously reported palladium complexes used as catalyst.

In a separate work, Szostak and coworkers developed a family of Pd(II) complexes (Pd47—
Pd50) featuring imidazo[1,5-a]pyridine-based NHC ligands those demonstrated high

selectivity in Suzuki coupling via C—NO: bond activation.”’

B(OH), Cat5 mol%
/©/ ©/ K3PO4 H,0
TDA dioxane O
MeO

130 °C, 16h

Me iPr, iPr,
ZZh— N 2
\N\<© \N\<© \N\<‘© \N\<©
iPr Me iPr iPr
Me Pd— iPr Pd— Me Pd— Me d—
Me A \./ Pr s \!/ Me Me 2
) S .. ) S . \/ ('
Bu
iPr Me Me
Pd47 Pd48 Pd49 Pd50

Scheme 1.12: Some previously reported NHC-Pd catalyst used in C-NO2 bond activation.

Their rigid NHC environment not only enhanced catalytic turnover but also broadened the
accessible substrate scope in nitroarene functionalization (Scheme 1.12).

In 2023, Chang’s group reported Pd(II) complexes (Pd51-PdS2) bearing PPh3-stabilized,
di(1-adamantyl)phosphinous-acid ligands and exploring their reactivity in Hirao-type
couplings.”® Their system successfully activated aryl halides for P-C bond formation using

dialkyl phosphites, marking a significant step toward sustainable phosphorus containing
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molecule synthesis. Their findings highlighted the careful tuning of the ligand field around

Pd(IT) for selectivity, turnover frequency, and tolerance to functional groups (Scheme 1.13).

/
2PPh3, CHCI3 p/_pd_p

P\ o
’\ 3

i 0°C, RT, 1h

Pd51 Pd52

Scheme 1.13: Previously reported Phosphene-Pd catalyst used in C—P bond formation.

Patricio-Rangel et al. reported MIC-Pd(I)-PEPPSI complexes (Pd53 and PdS54)
functionalized with 2-/4-mercaptopyridine motifs.” Among them, complex Pd53 displayed
high catalytic activity in Suzuki coupling may be due to the presence 2-mercaptopyridine
which coordinated with Pd® and stabilized intermediate. Further, the hydroamination of

anilines and phenylacetylene was also conducted by a dicationic Pd complexes (Pd55) derived

from Pd53 (Scheme 1.14).

2+
—N
\
N N ON
S -
S 2SbF
I S I—Pld—l I N o J N/Pld\N S °
— \
“ | |
N NS N
Pd53 Pd54 Pd55

Scheme 1.14: Some reported MIC-Pd(I1)-PEPPSI catalysts.

King et.al introduced a metalla-GAP strategy for homogeneous Pd catalysis in SM couplings,
enabling catalyst recyclability without compromising activity.®® The design exploits
phosphinamide based ligands (Pd56-PdS7) to merge homogeneity with separability,
preserving high turnover while facilitating facile recovery, a significant stride towards green
catalysis (Scheme 1.15). Ananikov's group investigated how halogen substitution on aryl

ligands affects the electronic structure and reactivity of PA-NHC complexes (Pd58 — Pd70).%!
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The incorporation of electron-withdrawing groups such as CFs and Br at meta or para positions
led to enhanced catalytic activity and stability. The reactivity order of the halogen substituent
was Br > F > Cl and m-X, p-X > 0-X in Heck coupling and this structural property insight has

broad implications for rational ligand design (Scheme 1.15).

N
Q °J \C‘.—R R= H (Pd58)
—N\ /N\p S o-/m-/p- F (Pd59 - Pd61)
- Pd o-/m-/p- Cl (Pd62 - Pd64)
N— \ R
\ Y, OAc

o0-/m-/p- Br (Pd65 - Pd67)
R =Bn (Pd56), iPr (Pd57)

A
_g_<

0-/m-/p- CF4 (Pd68-Pd70)

@z

Scheme 1.15: Some reported palladium catalysts used in Suzuki and Heck coupling.
Recently, Hey-Hawkins and coworkers examined the reactivity of Pd(II) complexes (Pd71 and
Pd72) coordinated to phosphine aldehyde ligands in Cu-free Sonogashira and Suzuki—Miyaura
reactions.®” Their work revealed versatile coordination behavior and chelate-assisted C—H

activation pathways and diversifying the ligand compatibility with Pd catalysis (Scheme 1.16).

NN
R0 Y5

Pd71 Pd72

Scheme 1.16: Some Pd catalysts used in Cu-free Sonogashira and Suzuki—Miyaura reactions

1.3 Progress in platinum/palladium complexes in bioactivity

In 1965, Barnett Rosenberg discovered that platinum ions from electrodes inhibited E. coli cell
division. Further study identified cis-diamminedichloroplatinum(Il) (cisplatin) as the active
compound, marked a breakthrough in medicinal chemistry and approved by the FDA in 1978
for treating testicular and ovarian cancers. Though its success (Figure 1.1) transformed
platinum into a central figure in cancer therapy, its side effects have driven the search for safer

and more effective metallodrugs. Among them, Pd(II) complexes stand out for their structural
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similarity to Pt(I[) complexes, while offering faster hydrolysis, higher ligand-exchange rates,
and better water solubility.

1 Oxaliplatin: colorectal cancer , Carboplatin: kidney toxicity

< U Testicular cancer (cure rates < 90%). Ovarian, bladder, lung, head and neck

=
F  cancers
& J y Disrupt DNA
"‘1 \ DNA f replication
Pt/Pd®” ——— Cancer — — — - S to 8
com lex Cell binding 7 And transcription i @
® - = |
H
=]
=

e Photoactivatable Pt complexes for spatial control of activation.

e Pt-based immunomodulators that combine DNA damage with immune
activation.

Figure 1.1: Mechanism and evolution of Pd/Pt complexes in bioactivity.

1.3.1 Emerging trends in bioactive Pt(ii) and Pd(ii) complexes

Recent efforts have aimed to improve selectivity, overcome resistance, and reduce toxicity in
metallodrugs through structural innovations such as polynuclear architectures, redox-active
ligands, and targeted delivery strategies. This review highlights key developments in platinum
complexes, focusing on DNA/protein binding. It also discusses the growing interest in
palladium complexes as promising alternatives to platinum drugs, owing to their versatile
coordination chemistry, tunable reactivity, and better hydrophilicity.

Jovanovié et al. reported some dinuclear Pd(II)/Pt(IT) complexes (Pt1 — Pt3)?* bridged through
pyrazine ligands and demonstrated significant DNA and BSA binding capabilities, and Pt1
showed noticeable cytotoxicity toward melanoma and cervical cancer cells. Their structure-
reactivity studies emphasized the decomposition pathways upon nucleophilic substitution

(Scheme 1.17).

2+ 2+

AN = —l H, __l

| N
N NS N
Z5\ N\ _/ [ \Pd/
—\ Pt [— \
/Pd‘N N’ WX N °N “NH (CHz)eNHz

7N \| \ / | H, N\ //
. Z

Pt1 Pt2

Scheme 1.17: Some bioactive Pt(I1)/Pd(Il) complexes. Counter ions are Cl— and C1O4~
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Kasparkova and co-workers reported an approach that combine platinum(Il) centers with
diclofenac, a nonsteroidal anti-inflammatory drug possessing both COX (cyclooxygenase)-
dependent and COX-independent anticancer effects.®* With a variation in co-ligands, they
attained enhanced lipophilicity, increasing cellular uptake and allowing simultaneous DNA
cross-linking by Pt and metabolic disruption via diclofenac. Thus, exhibited superior potency

to cisplatin, demonstrating the clinical potential of dual-function metallodrugs (Scheme 1.18).

DMSO
W
—Pt— —Pt—NH; VA
\ 7 %
NH, H,N
HN_ O HN__©
t@\@ NH HN
N
Pt4 Pt5 Pt6

Scheme 1.18: Some reported Pt(I) complexes of diclofenac.

In a separate track, Icsel ef al. synthesized saccharinate based Pt(II)/Pd(Il) complexes (Pt7 —
Pt10, Pd73 — Pd76) with diphosphine ligands.®> The complexes caused reactive oxygen
species (ROS) mediated apoptosis and S-phase arrest in colon cancer cells. The charge of the
ligands suggestively enhanced water solubility and cellular uptake. Mansour and Shehab
reported lysozyme and DNA interactions of N,N-pyridylbenzimidazole-coordinated
PA(II)/Pt(Il) complexes (Pt11, Pt12, Pd77 and Pd78).%¢ The conjugation of alkylated
phosphonium groups modulated DNA/lysozyme binding and showed antifungal and
anticancer properties (Scheme 1.19).

Aseman et al. introduced cycloplatinated(Il) complexes (Pt13—Pt18) integrating 6-
mercaptopurine (6-MP) as a bioactive ligand.®” The rigid C"N cyclometalated scaffold
communicated high kinetic stability, while the 6-MP fragment offered DNA intercalation and

protein-binding potential.
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R = C3HgSO3X; M = Pd (X = H) (Pd77)
M =Pd, n=1 (Pd73),2 (Pd74) M =Pd, n=1 (Pd75),2 (Pd76) (PY), Pt (X = K) (Pt11)

M =Pt, n =1 (Pt7), 2 (Pt8) M =Pt n =1 (Pt9), 2 (Pt10) R = C3HgPPh3Br, M = Pd Pd78), Pt (Pt12)

Scheme 1.19: Some reported Pt(II)/Pd(II) complexes.

Biophysical assessment confirmed strong interaction with human serum albumin (HSA) and
efficient ct-DNA binding. Cytotoxicity assays discovered activity against leukemia cells,
demonstrating the effectiveness of amalgamation of robust organometallic complex with
biological relevance pharmacophores (Scheme 1.20).

X

AN SMe, _R_ N
n N, NN d N\ =N
! Pt . » = P | P
N R NZ N ~ s~ N
H
R =Me, C'N = pyy (Pt13), bhq (Pt14) CAN = pyy (Pt17)
R =p-MeCgH4, C*N = pyy (Pt15), bhq (Pt16) CAN = bhq (Pt18)

Scheme 1.20: Reported platinum complexes showing DNA/HAS interaction.

Petrovi¢ and coworker reported homo- and hetero-dinuclear Pt(II)/Pd(II) complexes (Pd79,
Pt19 and Pt20) that comprehended distinct substitution kinetics, strong DNA/BSA binding

and inhibited autophagy, suggesting efficient anticancer potential (Scheme 1.21).38

9 /|_‘2+

\r'\l \"l‘ \N T s
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R = H (Pt21), CH,Ph (Pt22)

M = Pd (Pd79), Pt (Pt19), Pt/Pd (Pt20) CH,-Naph (Pt23). CHy-Pyr (Pt24)

Scheme 1.21: Some reported Pd(II)/Pt(Il) complexes displayed DNA interaction.
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Incorporation of luminescent ligands such as 2-(2 Pyridyl)benzimidazoles in Pt(II) complexes
(Pt21-Pt24) was reported by Vaquero et al., displayed strong DNA interaction and
luminescent properties in aqueous media that also exhibited micromolar level cytotoxicity with

).8 With a similar

potential imaging capability valuable for clinical application (Scheme 1.21
technique, Zamora et al. developed cyclometalated platinum complexes (Pt25 — Pt28) for
DNA recognition, adopting intercalation (Pt26 — Pt27) and minor-groove interaction mode.”
Their extended n-ligands enabled sequence selectivity, excimer emission “switch-on” with

DNA, and sustained anticancer activity even in 3D tumor spheroids (Scheme 1.22).

7\ — 7 \ L 7\ — L
— }‘l / =N N/ i \ /_\ \ /)
\ NP AN NN

- S OO O
Pt25 Pt26 Pt27 Pt28

Scheme 1.22: Library of Pt complexes (NO3™ ion present as counter ion).

The work forwarded by Gupta’s group with some multinuclear platinum complexes (Pt29 —
Pt32) based on luminescent terpyridine ligands and employed for DNA detection.”! By using
radiant ligands, they shaped a platform for selective and sensitive DNA sensing, bridging
therapeutic and diagnostic applications an emerging concept in metallodrug development
(Scheme 1.23).

Chen and co-workers stated a mononuclear (Pt34) and a star-shaped trinuclear platinum(II)
complex (Pt33) showed strong anticancer activity against TNBC cells.”” The complex
effectively disturbed DNA and mitochondria of the cell and induces apoptosis through p53-
mediated pathways and better than cisplatin (Scheme 1.24). Yang and coworkers successfully
synthesized Pt(II) Schiff base complexes (Pt35 — Pt40) that well target cisplatin resistant lung
cancer cells.” Among the complexes, particularly Pt40 confirmed cell death through DNA

damage by suppressing drug resistance mechanisms like P-glycoprotein overexpression.
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Scheme 1.23: Luminescent terpyridine based ligand containing reported Pt(Il) complexes.

The study presented a proficient approach to overcome cisplatin resistance with less side
effects (Scheme 1.24). Gushchin and Babak's team synthesized and characterized square planar
Pt(I) and Pd(II) complexes of redox active bis(diisopropylphenyl)iminoacenaphtene (dpp-
Bian) based ligand (Scheme 1.24).°* Unlike Pd complexes (Pd80 and Pd21), their platinum
analogues (Pt41 and Pt42) exhibited high anticancer activity against breast cancer cell lines
surpassing cisplatin. The combination of DNA intercalation and ROS induction was credited

to their superior anticancer effects.

s 8 %\" @ ﬁ

N )\\N | N N—pt— R,
N o)
Ve Spf N/ R =R, = H (Pt35)
-y /N = Ry =H, R2 = o-Tol (Pt36)
<N \ /
\ R1 H, R2 = Me (Pt37) S
7 R1=H, R, = 'Bu (Pt38)
R = H, R, = Ph (Pt39) M =Pd, Q = S (Pd80),Se (Pd81)
Pt33 Pt34 Ry = R, = Me (Pt40) M =Pt Q=S (Ptd1) Se (Pt42)

Scheme 1.24: Some reported Pt(II)/Pd(I) complexes used for DNA damage.

In 2024, Vilar’s group explored Pt(II) complexes (Pt43 — Pt45) of salphen based ligands as

selective G-quadruplex DNA binders.”® Their modular design permitted finetuning of
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planarity, charge, and substituents to achieve excellent binding affinity and sequence
selectivity. Cellular assays displayed significant inhibition and apoptosis induction similar to

quadruplex targeting mechanism (Scheme 1.25).
\ / °—> ¢ )
®N— <_ N
” }
2 HN
o] o (o]

=N N= =N N= ~N N=
P el Sel
o~ o o~ o o~ o
Pt43 Pt44 Pt45

Scheme 1.25: Salphen based Pt(II) complexes reported by Vilar’s group

The work by Mondal and team involved with two Pd(II) and Pt(II) complexes (Pt46 and Pd82)
of an ONS- donor azo-thioether pincer ligand.”® The complexes exhibited strong binding
affinity with DNA (via intercalation) and BSA. Also, the in vitro tests revealed potent
anticancer activity that was more effective for Pt(II) complex than the Pd(II) analogue. Very
recently, Qin’s group contributed in the synthesis of two new Pt(I[) complexes of 8-
hydroxyquinoline (Pt47 — Pt48).°” The compounds displayed effective action against MDA-
MB-231 breast cancer cells where the selectivity was higher than cisplatin and Pt47 was more

effective than Pt48 (Scheme 1.26).
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M = Pd (Pd82) R = CI (Pt47)
M = Pt (Pt46) R = Br (Pt48)

Scheme 1.26: Some reported Pt(II)/Pd(IT) complexes exhibited DNA interaction
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1.4 Progress in nickel catalysis
From the discovery of Raney nickel catalyst till date, Ni catalysts have been laid the

groundwork for many catalytic conversions beyond cross-coupling chemistry (Figure 1.2).

J ijs 8 96 —9) * Cross-coupling reaction

: Earth abtundance N + Alkene functionalization
ow cos 8 + Enantioselective synthesis

£

N

Figure 1.2: Importance and use of Nickel catalyst.

Over the past years, as a low-cost alternative to palladium, nickel catalysis has undergone many
developments that include:
e Nickel has proven valuable for challenging substrates and excels in reductive coupling
for C-C bonds, carboamination/carbofunctionalization of alkenes, and C-H
functionalization.
e Recent advancements have shown that Ni can engage in dual catalytic cycles,
combining with photo redox or electrochemical systems enabling milder conditions.
e Ni catalysis has entered the domain of enantioselective synthesis, contributing to chiral

drug development and total synthesis.

1.4.1 Recent advances in the design and reactivity of nickel(II) complexes

The exploration of nickel-based catalysts has advanced substantially over the past decade,
driven by a need to replace expensive noble metals. A review discussed in this section
highlighting key developments in nickel catalysis over last decade.

Monfette and coworker reported a robust and air-stable Ni(II) precatalyst, NiCl(o-
tolyl)(TMEDA) (Nil),’® that matched the performance of commonly used Ni(cod). in Suzuki,
Kumada, and Heck-type cross-coupling reactions (Scheme 1.27). The work highlighted solid-

' K muda [ —
Ar—Ar umu Sonogashira . Ar

Ar—Alk Neg'Sh' Suzuki

Ar'—Ar (Ar = alkyl, aryl, Het)

E /s, _?
Ar—B(OH), orylatlon ﬁ Amination A —NHAIK
Ar'
ductive Heck
—Alk % _ Heck /
Ar oupling Ar—/_

Scheme 1.27: A Nickel catalyst used in various reactions
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state stability and glovebox-free handling for high scale induststrial and pharmaceutical
synthesis. Some di- and tri- nuclear nickel complexes (Ni2—Nil0) of tridentate Schiff-base
ligands was developed by Ko’s group in 2016.” These complexes exhibited remarkable
activity and selectivity in the alternating copolymerization of carbon dioxide with cyclohexene
oxide, yielding highly ordered polycarbonates with > 99% carbonate linkages (Scheme 1.28).
Their study offered the role of Ni catalysis beyond traditional cross-couplings into sustainable

polymer chemistry.
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Scheme 1.28: Some previously reported Ni catalyst used for polymerization.
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Wang et al. developed N-heterocyclic carbene (NHC) based hydrido Ni(I) pincer complexes
(Ni11-Ni16) that effectively catalyze hydrodehalogenation of aryl and alkyl halides.' Their
method relied on generating Ni—H species through reduction of Ni-Br complexes with silanes
or NaBHa. Complex Nil5 exhibited superior activity, even at low catalyst loadings,
particularly for substrates containing electron-withdrawing groups. Mechanistic experiments
pointed to a radical pathway involving Ni(I) intermediates, supported by reactivity with
iodoalkanes and trapping studies. Their work develops the mechanistic understanding of nickel
mediated hydrogen atom transfer (HAT) processes and expands the catalytic utility of Ni-H
species in reductive transformations (Scheme 1.29). The potential of imidazolin-2-imine based
aryloxide ligands to design Ni(Il) complexes (Nil7-Nil9) for efficient copolymerization of
norbornene with polar monomers was introduced by Eisen and co-workers (Scheme 1.29).!°!
The structural rigidity and strong c-donating nature of the imidazolin-2-imine framework
proved beneficial for enhancing thermal stability and catalytic activity, achieving highest

polymerization activities for Nil7 (26.88 x 10° g of Polynorborane (mol of Ni17) ' h™).

Q\TMez Ph ph Ph
N—Ni—X
@ J\ Me3P Me3P _Me Ph
O
@ 5 y
X=Br, R ="Bu (Ni11)
iPr (Ni12), Bn (Ni13) Ph
X=H, R = "Bu (Ni14)
'Pr (Ni15), Bn (Ni16)

Ni17 Ni18 Ni19

Scheme 1.29: Some previously reported nickel catalyst used in hydrodehalogenation (Nill —
Nil6) copolymerization of norbornene (Nil7 — Nil9).

The Yamaguchi group reported pincer Ni(Il) catalysts (Ni20 — Ni22) bearing acetylacetonato
based ONN-, ONP-, and NNN- donor ligandscatalyzed Kumada-type cross-couplings of aryl

chlorides with Grignard reagents where the ONP- ligated complex (Ni21) delivered the most

02

favorable performance.'? Their investigation on electronic properties of the complexes
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revealed the effect of ligand donor type and geometry on key mechanistic steps in activating
the inert C—CI bonds (Scheme 1.30).

Another polymerization reaction, coupling of carbon dioxide and ethylene to form acrylates
under relatively mild conditions was reported by Hopkins et al. using a bis(di-iso-
propylphosphino)benzene nickel complex (Ni23).!9 These findings marked a key step in the
valorization of greenhouse gases into industrial monomers using nickel catalyst and provide a

platform for acrylate synthesis from CO: (Scheme 1.30).
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Scheme 1.30: Some previously reported nickel catalyst used in various coupling reaction.

Balaraman’s group developed NNN pincer Ni(Il) complexes (Ni24 and Ni25) and employed
in direct N-alkylation of amines using secondary alcohols.!* This work extended the hydrogen
autotransfer (HA) strategy into previously inaccessible substrate scope. Base metal nickel was

seen as a substitute of expensive metal catalyst in HA type conversion (Scheme 1.31).

2 L
R
Z OH “NH
N R”NH,  Ni24/Ni25 M N NH
N—Ni—N R, R, * or —_— R R A
A 1
8 X/|\x \:\o R—NH; A Ri le
0H2 - Seae

X = CI (Ni24), Br (Ni25)
Scheme 1.31: Previously reported NNN-Ni catalyst used in hydrogen autotransfer reaction.

Nickel’s capability on borrowing hydrogen and dehydrogenative coupling reactions was
reported by Adhikari’s group in 2020. They synthesized a phosphine-free Ni(II) catalyst (Ni26)
for the formation of quinolines and quinoxalines (Scheme 1.32).!% Avoiding classical metal-

hydride intermediates and operating under aerobic conditions, this system delivered
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synthetically valuable heterocycles with excellent yields and minimized waste, an eco-friendly
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Scheme 1.32: A reported Ni catalyst used in the synthesis of quinoline.

A further evolution on borrowing hydrogen strategy for C—N bond formation was carried out
Balamurugan et al. who synthesized azo-phenolate Ni(II) complexes (Ni27 — Ni29).!!3
Notably, these systems utilized ligand redox activity rather than metal-centered redox
processes to facilitate the N-alkylation of amines with alcohols. This mechanistic development
has opened the door for designing redox-cooperative ligand frameworks in nickel chemistry
(Scheme 1.33). In 2024, Singh et al. provided a compelling case for multielectron redox
capability in nickel catalysis using an iminosemiquinonate based pincer ligand (Scheme
1.33).!!* Their dinuclear Ni complex (Ni30) effectively catalyzed Kumada-type C—C coupling
via a single-electron radical pathway supported by radical trapping and DFT studies.

R Y Y
N
! ‘ r / N/NI
\N'/ \Ni/r‘\l
. N— \N

PPh,
R = H (Ni27), OMe (Ni28), CI (Ni29) Ni30

Scheme 1.33: Some reported Ni complexes used as catalyst.

Zhang et al. reported three phosphine free and air-stable nickel acetate complexes (Ni31-Ni33)
having NNO- pincer type salicylaldiminato ligands.!'> The complexes were employed as
catalyst in the synthesis of imines/diimines using primary alcohols and amines/diamines via

ADC under mild reaction condition with excellent functional group tolerance. The study
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delivered implementation of simple Schiff base Ni(Il) complex as sustainable catalyst in C=N

bond formation under sustainable conditions (Scheme 1.34).

AcO
\ /L
tBu /N

‘Bu
Ni31 O—NI\O
1
N 7 \t
/\NEt2
Ni32 Ni33

Scheme 1.34: Some reported Ni complexes used as catalyst.

Without using base, Mani and co-workers synthesized a family of bis(phosphine) ligands and
their pincer carbene Ni(II) complexes (Ni34-Ni39).!!® These complexes were used as catalysts
in the hydrosilylation of aldehydes, ketones, and nitro containing compounds. The phenyl
substituent containing nickel thiolates Ni36 and Ni37 produced higher yield than the chloride
and hydride analogous may be due to coordinated thiolate ligand and favorable steric factor
(Scheme 1.35).

+ + +

] [\ sph [\ B N/—\N -

s  NA N >

X : PF
RP~_y PR PFe RP—__ ¥/ PR, RPP—_¥__—-PRz PFe RzP\x_/PR 6

Ni T T Il
l SPh SPh H
R = Ph (Ni34), ‘Bu (Ni35) R = Ph (Ni36) R = Ph (Ni37), ‘Bu (Ni38) R = Bu (Ni39)

Scheme 1.35: Some reported Ni complexes used as catalyst in hydrosilylation reaction.

Kukreti ef al. reported Ni-catalyzed multicomponent synthetic methods for 2-pyrazolines via
acceptorless dehydrogenation of aryl primary alcohols (Scheme 1.36).!'” They employed two
air-stable Ni(II) complexes (NI40 and Ni41) anchored by NNN pincer type bis(imino)pyridine
ligands and attained 93%, yield with Ni41. The method addressed key limitations in traditional
heterocycle synthesis such as poor atom economy and multistep procedures.

Recently, Balakrishna and co-workers reported a bipincer Ni(II) complex of bisphosphine
(PNN) based ligand. The complex Ni42 was much capable to catalyze acceptorless
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dehydrogenative coupling between 2-aminobenzyl alcohols and ketones, and a-alkylation of

ketones.!'®

Ni40 Ni41

Scheme 1.36: Reported Ni complexes used as catalyst in the synthesis of 2-pyrazolines.

This straightforward methodology is economical and effective in wide range of both primary
and secondary alcohols and ketones to produce high yields of quinoline and a-alkylated

ketones respectively (Scheme 1.37).

R
Rz)l\/ 3 . R2

Ni42

S — -
R/ “cH, ' R& OH Ri R,

Ni42
Scheme 1.37: Reported PNN-Ni complex used as catalyst in the synthesis of quinolines and

a-alkylation of ketones.

1.5 Progress in zinc catalysis

Zinc, long regarded as a biologically essential and redox-inactive metal, has gradually emerged
as a practical alternative to noble metals in catalysis (Figure 1.3). Since its early applications
as Grignard-type additions, zinc has gained increasing attention due to its low toxicity, cost-
effectiveness, versatile coordination behavior, and sustainable alternatives to noble metal
catalysts.

Over the years, zinc catalysis has broadened significantly that include:
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o 7n(II) catalysts have been used in ring-opening polymerizations (ROP) of lactides,
carbonates, and cyclic esters, copolymerization, and selective bond activation.

e Zinc complexes are now widely investigated for converting CO: into cyclic carbonates
and carbamates, suitable for carbon capture and utilization (CCU) strategies.

e Till date, zinc-based catalysts have been applied in selective bond-forming reactions,

including alkylation, hydroboration, Michael additions, and aza-Diels—Alder reactions.

Lewis acid, Grignard-type additions and classical condensation reactions

H Past

v Low Toxicity

Transition Green chemistry v" Cost-effectiveness
Metal Catalyst ‘ - - > v Versatile
Sustainable alternatives Coordination
Behavior

ﬂ]’rc\cnl

Esterifications, Transesterifications, Hydrosilylations, CO: Conversion

and Ring-opening Polymerization (ROP)
Figure 1.3: Importance and application of Zn complexes in catalysis.

1.5.1 Emerging trends in catalytic activity of zinc complexes

Meng’s group designed some mono- and tri- nuclear zinc complexes (Znl — Zn7) using Schiff
base ligands, used as catalyst in CO. and epoxide copolymerization.!! Trimetallic species
displayed superior activity, with steric bulk and electron density on the zinc centers directly

influencing polymer microstructure (Scheme 1.38).

=H(Zn1), F (Zn2) R = H (Zn3), iPr (Zn4) Zn5 R = H (Zn6), tBu (Zn7)
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Scheme 1.38: Some reported zinc complex used as catalyst in polymerization.

Zhou and coworker devised a tetraoxo-coordinated 2-hydroxypyridine N-oxide zinc complex
(Zn8) used in the reaction of epoxides and CO> and produced cyclic carbonate (22,000 h™*,
120 °C, 3.0 MPa CO2) in the presence of tetra butyl ammonium iodide (TBAI).!?’ Synthetic
method of the catalyst design was easy and recovered up to 5 times without decreasing the

product yield significantly (Scheme 1.39).
Zn8

o) o<
2 4 \Zn/ NTR o)
j> U |
+ co r 0]
R F TBAI, 80 °C P

R

Scheme 1.39: A reported zinc catalyst used in the coupling of CO and epoxide

Williams and co-worker focused on the application of Zn and Mg catalysts (Zn9 — Zn10) for
the synthesis of polycarbonate polyol using CO: derived from power station.'?! This catalyst
was remarkably tolerant to impurities such as S—H (H»S, octadecanethiol), N—H (diethylamine,
MEA), and O—H (H20, MEA, SO>). They established industrial feasibility for producing
poly(cyclohexylene carbonate) without negotiating polymer properties (Scheme 1.40). Fuchs
et al. prepared an easy-to-use salen-type zinc complex (Zn11) to produce cyclic carbonates in
high yields.'? During the substrate scope exploration, the catalyst was found to produce
maximum Yyield with propylene oxide under mild reaction condition and low-level catalyst
loading. The use of co-catalyst also affected the product formation where TBAB and TBAI
majorly produced cyclic carbonates but TBA-Cl and PPN-Cl vyielded alternating
polycarbonates (Scheme 1.40).

N\E/N |0
oo o o~ Yow (K
AN R
OEt
CN
X = OAc (Zn9), O,CF3 (Zn10) Zn11

Scheme 1.40: Some reported zinc complexes used as catalyst in CO; value addition.
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Huang et al. developed a zinc complex (Znl12) that mimic the active site of carbonic
anhydrase.'?> The complex exhibited remarkable catalytic activity in the hydrolysis of p-
nitrophenylacetate (p-NPA) and p-nitrophenylbutyrate (p-NPB) and preparation of CaCOs
using carbon dioxide. This bio-inspired Zn-complex synthesis bridged enzymatic principles

with synthetic design (Scheme 1.41).

NO, 94 His' NO,
/©/ Zn12 > /©/
R n HO

R = OCOC3H7, OCOCH3

Scheme 1.41: A reported zinc catalyst mimicking carbonic anhydrase

Martinez et al. synthesized bimetallic zinc catalysts (Zn13-Zn15) having heteroscorpionate
ligands with —NR2 group (Scheme 1.41)."** The catalysts were proficient to catalyze
alternating ring-opening copolymerization (ROCOP) of cyclohexene oxide and carbon dioxide
where Zn15 was found as superior catalyst. The bimetallic design allowed for tunable polymer
microstructures, broadening the scope of sustainable polyester synthesis (Scheme 1.42). Yi’s
group reported N-oxide ligand containing zinc complexes (Zn17-Zn18) which effectively
catalyzed Michael addition reactions of thiols and a,B-unsaturated carbonyls using only 0.01
mol% of the catalyst'>. Exploring the mechanistic investigation, they found that the ligand
substitution by thiolate ion produce the active catalyst which was responsible for the excellent

catalytic activity of these zinc complexes (Scheme 1.42).

BN AN ) WP
N Vo r
N N~ N\ I /N\
(o] I ol .0
\Zn /Zn\
A 0 BN
7\ | ‘N// 7N N//
N
NS
<X =" "\ /
R = NMe,, R' = H (Zn13)
R = R, = NMe, (Zn14), NEt, (Zn15) Zn16 Zn18

Scheme 1.42: Some reported zinc complexes used as catalyst in ROCOP
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With the evolution in cyclic carbonate formation strategy, Nayak et al. developed tetradentate
zinc salen complexes (Zn19-Zn20) for coupling CO: with epoxides under blue light
irradiation.'?® The ligand framework provided an optimal balance of rigidity and flexibility,
ensuring both substrate activation and product release. Wavelength of light was also very
crucial for product formation as the catalyst was less active under UV light (Scheme 1.43).
Kumar et al. reported three zinc complexes (Zn21-Zn23) supported by N-benzhydryl-1-
(pyridine 2-yl)methanimine employed for hydroboration of esters and nitriles using
pinacolborane and delivered high yields across a broad substrate range under ambient
conditions (Scheme 1.43).!” The transfer of hydride from boron to ester was found to proceed

through a cyclic six-membered intermediate.

n-Hex n-Hex
X = BMe, (Zn19), H (Zn20) X Cl, Br, 1 (Zn21-Zn23)

Scheme 1.43: Some reported zinc complexes used as catalyst in CO: valorization.

Lamberti’s team compared mono- and binuclear Schiff-base zinc complexes (Zn24 — Zn26)
(Scheme 1.44).'2® The complexes successfully catalyzed the of lactides and e-caprolactone and
the ring opening copolymerization of cyclohexene oxide and phthalic anhydride. The binuclear
catalyst Zn24 displayed highest catalytic activity in the polymerization of /- and rac- lactide
while Zn2S outperformed in both the polymer synthesis.

[Zn] S—
\[H\o’)' : \Z" Z"
N(SIMes)z
Y= N(S|M83)2

=1 (Zn24), 2 (Zn25) Zn26

Scheme 1.44: Some reported zinc complexes used as catalysts in synthesis of polyester.
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Sun and co-workers presented a series of Zn-N4 complexes (Zn27-Zn31) utilizing N4
aminopyridine ligands.'?° Using these catalysts, they fixed carbon dioxide with epoxides under
solvent and cocatalyst conditions as well as reused for five times with significant loss in
product yield. The complex Zn28, featuring a DAP ligand, exhibited a remarkable

multifunctionality by coordinating Lewis acidic zinc and uncoordinated pyridine that assists in

CO: activation (Scheme 1.45).

Cf U@\/UC@Q@C@Z(“@

Br

e Y Zn29 (X = Br, DAP-ZnBry) -
n
n Zn30 (X = OTf, DAP-Zn(OTf),) n

Scheme 1.45: Previously reported zinc complex used as catalyst in CO: valorization.

In 2024, Navarro et al. reported an enantiopure NNN- donor heteroscorpionate zinc complex
(Zn32) that excelled in the ring-opening polymerization (ROP) of rac-lactide, achieving an
isotacticity parameter of 0.88, comparable to the best-known zinc initiators.!>* Notably, the
same complexes catalyzed the cycloaddition of CO: to epoxides under solvent-free, mild
conditions, demonstrating multifunctionality rooted in stereogenic N-donor ligands (Scheme
1.46). Recently, Chen and co-workers reported five zinc complexes (Zn33—-Zn37) based on
fluorenylimine supported alkyl ligands and deployed as catalyst for selective hydroboration of
aldehydes and ketones with pinacolborane and performed excellently with wide substrate

) 131

scope (Scheme 1.46).°" Among all zinc catalysts, Zn37 gave maximum yield under mild

reaction condition, using only 0.8 mol% catalyst loading.

OOQ o 0.0 & 0.0 O 0.0

N/Zn\Et N Zn‘Et Zn‘Et
(Ef > k@ @;J (j @
Zn33 , (Zn34), Me (Zn35) Zn36 Zn37

Scheme 1.46: Recently reported zinc catalysts used in ROP and hydroboration.
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Very recently, Cruz and Veiros reported bis(k2-borohydride) zinc complexes (Zn32-Zn36) of
borane containing heteroscorpionate ligands (Scheme 1.47).!*? As a catalyst, these complexes
were used for hydroboration of CO-, tert-butyl isocyanate, and ethyl benzoate. Also, they were
efficient in dihydroboration of diphenylacetonitrile at 60 °C with 1 mol% of catalyst loading.
The borane tethered complexes Zn41 and Zn42 boosted the catalytic activity up to 5-fold as
compared to non-borane analogues Zn39 and Zn40. From the experimental and theoretical
investigation, it was confirmed from their mechanistic study that the reactivity of the catalysts

relied on removal of BH3 from borohydride ligands.

\m/ W BH; R = H (Zn39)
—N,, 2NaBH, [ JN-N., |'||/H G
+ 4 . ~ZN=H Zn4o
N THF N—N L (£n40)
/U\ /@\ Bz acy,
e (Zn41) (Zn42)

Scheme 1.47: Reported zinc complexes used as catalyst in hydroboration reaction

1.6 Challenges and need for further research

Although Pd, Ni, and Zn complexes displayed excellent catalytic performance and Pt
complexes gained popularity in medicine, they have been facing challenges including the use
of carbene and phosphene-based ligands, expensivePd/Pt, complicated catalyst synthesis, toxic
67,133-136

solvents and byproducts, harsh reaction conditions, and tedious separation methods.

Several other challenges also persist that includes:

Residual Pd contamination in active pharmaceutical ingredients (APIs) is strictly
regulated and requires ultra-clean catalysis or heterogeneous systems that minimize

leaching.

Mechanistic understanding is limited in some Pd catalysts, especially those follow
redox-neutral or dual-metal pathways, as seen in Zn due to undetectable intermediates,
while versatile redox chemistry of Ni promotes off-cycle or radical routes, lowering

selectivity. Thus, it requires specialized ligand design for better control.

Air/moisture sensitivity of many Ni and Zn complexes drives the search for robust,

stable. and a highly efficient catalyst.
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= Many cancers cells' resistance to cisplatin arose due to DNA repair, efflux transporters,
and intracellular detoxification.
= Metabolic fate needs better understanding because of limited efficacy in certain cancers
due to poor penetration, resistance, and tumor selectivity.
Addressing these challenges requires the design of easily synthesized, multifunctional, and
recyclable catalytic systems that operate in green solvents under mild reaction conditions,
delivering high selectivity, broad substrate scope, and optimal atom economy while

minimizing time, energy, and waste.

1.7 Objectives

From the above discussed literature review and considering the current challenges, this thesis

focuses on the design of advanced Ni, Pd, Pt, and Zn complexes to enhance catalytic efficiency,

broaden application scope, and improve sustainability in catalysis and biophysical chemistry
with the following key objectives:
% Synthesize complexes by tailoring ligand environments for fine-tuning electronic
properties of the metal center to boost catalytic activity under sustainable and mild
reaction conditions.

» Exploring the novel 1,3-disubstituted imidazo[1,5-a]pyridine ligands to synthesize
bivalent Ni, Pd, and Zn complexes for catalytic utility. Also, compared the effect of these
ligands with other N-/O-/P- donor ligands.

% Investigate mono-, di-, and multinuclear complexes for making multifunctional catalysts.

% Explore ct-DNA and BSA binding affinity of Pt(II)/Pd(I) congeners within unified

ligand framework for therapeutic relevance.

1.8 Why imidazo[1,5-a]pyridine based ligands were chosen

The first reported uses of imidazo[1,5-a]pyridine ligands in coordination chemistry date back
to the early 2000s, where they were initially explored for their optical and medicinal properties
due to unique structural and electronic characteristics (Figure 1.4)."*’"1*! Literature contained
a few reports of various metal (Ni, Fe, Co, Pd, Ir, Rh and Ru) complexes having imidazo[1,5-
a]pyridine moieties employed as catalysts and more exploration remained as a key goal.!**15
Though there are many reports available for the synthesis of imidazo[1,5-a]pyridine moiety

153-156

containing compounds, synthetic methods for 1,3-disubstituted derivatives are
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inadequate, which is crucial for metal complex design via N-coordination. In this facet, this
thesis explored the bivalent Ni, Pd, Pt and Zn complexes of disubstituted imidazo[1,5-

157158 considering their unique

a]pyridine ligands reported by Manivannan and coworker
architecture and facile synthetic method.

Imidazo[1,5-a]pyridine  1-Substituent

nucleus
= Sterically and % o ‘
Electronically \ ............. : % Organic thin-layer field- :
modification 4‘” ‘” i effect transistors (FETSs),
= synthesized both ; ' @“——— i < Light Emitting Diodes

simply and cheaply /‘J/tj g : & Catalysis

= Relative tolerance u O Mafri‘alslschienc'e
= Readily adjusted e “ : N MBQCTEL SIEBIY e ;
ancillary ligands 3-Substituent

Figure 1.4: Importance and application. of imidazo[1,5-a]pyridine compound.

1.9 General Methods, Material, and Instrumentation

The solvents were purchased from commercial sources, chemicals used in this report were of
reagent grade, obtained from Sigma-Aldrich and TCI, used without any further purification
unless otherwise stated. The catalytic products were purified by preparative thin layer
chromatography using ethyl acetate and hexane as eluting agents. Fourier Transform Infrared
(FT-IR) measurements were recorded by using a Perkin—Elmer attenuated total reflection
infrared (ATR-IR) spectrophotometer (4000400 cm™'). NMR spectra were recorded on
Bruker 400MHz, 500 MHz, and 600 MHz instruments. FESEM images of the dry powder
sample were taken on a Sigma 300 FESEM instrument (Carl Zeiss). Electronic spectra were
recorded using Perkin Elmer Lambda-35 UV-visible and Fluoromax spectrophotometer. A
varioMACROcube instrument was used for CHN analysis. Electrospray ionization high
resolution mass spectra (ESI-HRMS) were recorded on an Agilent MS Model G6546A (Serial
Number SG2242E201) Q-TOF mass spectrometer and the simulated spectra were calculated
by using MestReNova software. All known compounds were characterized by using NMR

spectroscopy and compared with the literature.
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Abstract

Some pincer type mono- and poly-nuclear Pd(II) and Pt(II) complexes bearing imidazo[1,5-
a]pyridine and imidazolylpyridine moiety were synthesized and characterized by using several
spectroscopic methods. Determination of molecular structures of all complexes by single crystal
X-ray diffraction studies revealed a distorted square planar geometry around the bivalent
palladium and platinum in all complexes. These Pd(II) complexes have been observed to display
high catalytic activity in various reaction such as Suzuki-Miyaura cross-coupling reaction, transfer
hydrogenation reaction, and alkyne homocoupling. The theoretical study was also well matched
with experimental data of all catalysts. Substantial deviations in the catalytic activity were
observed by changing the co-ligand, binding mode of the ligand and the number of metal centre.
Under optimal conditions, Suzuki cross-coupling and the transfer hydrogenation reaction were
accomplished proficiently with wide functional group possibility by taking only 0.1 mol% of
tetranuclear Pd(II) complex (5) as catalyst. Intermediates in Suzuki coupling reaction were also
detected by using mass spectroscopy. Among all studied complexes, the tetra nuclear palladium
complex exhibited high catalytic activity. Further Pd(II) complexes were tested in a model reaction
of homocoupling of phenylacetylene and produce diphenylbutadiyne in excellent yield. Also,
interaction study of all the complexes with calf thymus DNA (CT-DNA) and bovine serum
albumin (BSA) were investigated using electronic spectroscopy Absorption study showed minor
groove binding of DNA with these complexes while intercalative binding was observed by all
complexes through displacement of ethidium bromide (EB) in EB-DNA by quenching of
fluorescence intensity. The complexes were also displayed high binding affinity toward BSA
confirmed by emission, synchronous fluorescence, and steady state fluorescence anisotropy
measurement. Moreover, the pharmacokinetic properties of two bioactive compounds (3s and 3t)
obtained from Suzuki coupling reaction were calculated and to evaluate their activity as
leukotriene A4 hydrolase (LTA4H) inhibitor, these molecules were docked with human LTA4H

enzyme.

2.1 Introduction
In transition metal catalysis, palladium complexes have emerged as highly effective and
versatile tools in organic transformation such as coupling reactions, transfer hydrogenation

of carbonyl compounds, homo coupling of alkynes and many more.!® The coupling
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reactions play a key role in the production of pharmaceuticals,’ plastics, agrochemicals, '
and other synthetic chemicals. A well-known transformation in organic synthesis is metal
catalysed transfer hydrogenation process, in which conversion of carbonyl group to alcohol
achieved by transfer of hydrogen from alcoholic solvent to the carbonyl group.!'"!* From a
comprehensive literature survey in Chapter 1, it was concluded that there are some
limitations posed by palladium catalysts such as expensive synthesis of catalyst, carbene
and phosphene based ligands, noxious byproduct, toxic solvent, inert conditions, and
tedious separation.'* To overcome these drawbacks faced by the homogeneous palladium
catalyst, the development of innovative and simply made protean catalytic systems are
supposedly desirable!® intending the execution of multiple reactions by means of minuscule
amounts of recyclable catalyst in harmless solvents, ordinary conditions, atom economy
with diminution of time, energy, and waste.'® To overcome the prevailing expensive, lethal,
and unstable carbene or phosphine-based ligands,!” there has been an incremental
necessitate for alternate ligand systems. Also, in recent years bi- and tri-nuclear palladium
complexes have appeared as an attractive system in organic conversions.'®!?

In this facet, nitrogen rich imidazo[l,5-a]pyridine and imidazolylpyridine based
multidentate ligands turns to be an upright option as these ligand embedded catalyst

systems are relatively rare.??! Imidazo[1,5-a]pyridine based heterocycles have engrossed

1’22 123

a lot of attention due to their fascinating biologica photophysical~> and medicinal
properties.”>?’ This unique ligand architecture imparts specific properties to the resulting
PdIl) complex, making it an attractive candidate for catalytic applications.?! Metal
complexes bearing multi-substituted imidazoles have been widely employed in catalysis,
biomimetic studies and as photoluminescent materials.?® ! The effect of various groups on
the imidazole rings was observed to be responsible for the catalytic activity by altering the
donor capability of imidazole ring.*

Ravikanth and co-worker synthesized biphenyls up to 86% yield in 5 h using 5 mol% of a-formyl
pyrrolyl dipyrromethene based Pd(II) complex in toluene at 90 °C.** Suzuki coupling catalyzed by
mono and dinuclear Pd(II) complexes bearing phosphine aldehyde ligand was recently reported by
Hey-Hawkins and coworker.** However, they used 1,1,3,3-tetramethylguanidine as base, in
toluene at 100 °C for 5 h and got about 47-57 % yield which was amplified to 84% by increasing

boronic acid quantity.
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Other than catalytic activity, Pd(Il) and Pt(Il) complexes are known for significant
biological applications such as anticancer agents as they interact with DNA, RNA, and
proteins, disturb the tumour microenvironment that cause apoptosis.*> Some side effects of
well-known anticancer drug, cisplatin, inspired researcher to design an alternative, non-
toxic and effective metallodrugs. In this regard, Pd(II) complexes have also gained specific
attention due to resemblance to Pt(II) complex, along with some more advantages such as
faster hydrolysis, high ligand-exchange rate, and better water solubility than Pt(II)
complexes. For delivery of drugs to the targeted area, their binding with serum albumins is
essential because serum albumins are the main drug transporter present in blood.*® Bovine
serum albumin (BSA) is commonly employed in binding studies due to its similarity with
human serum albumin (HSA).?” Hence, DNA and BSA binding study is an important part

38

to investigate therapeutic effectiveness,” antitumour activity and pharmacological

response of metallodrug.”

This Chapter described the synthesis and characterization of two pincer(Il) and each of one
binuclear PdII) and Pt(II) complexes bearing N-(3-(pyridin-2-yl)imidazo[1,5-a]pyridin-1-
yl)picolinimidamide (L1H) along with a tri- and tetra- nuclear palladium(Il) complex using
2,2'.2"-(1H-imidazole-2,4,5-triyl)tripyridine (L2H). The Pd(II) complexes were employed
as catalyst in Suzuki coupling and transfer hydrogenation reaction while all complexes were
evaluated for their interaction with ct-DNA and BSA.

Also, two bioactive molecules (3s and 3t) were synthesized using the Pd(II) catalyst under
Suzuki condition. Their adsorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties were calculated and inhibition properties for human leukotriene A4
hydrolase (LTA4H) enzyme were computed using molecular docking. The conversion of
leukotriene A4 into leukotriene B4 (LTB4) by LTAsH*%*! has been known to cause several

4245

diseases and thus, LTA4H inhibitors play a great role in diminishing LTB4

production.*® These computational calculations not only mitigate the risk factor but also

minimize the animal trials.*”-4°

2.2 Results and Discussion

2.2.1 Synthesis, characterization, and coordination chemistry of all complexes
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Both L1H and L2H were synthesized by following the reported procedure.>® Using ligand
L1H, mononuclear palladium complexes of composition [Pd(L1)CI] (1) and
[PA(L1)(PPh3)]PFs (2) were synthesized by the 1:1 reaction with PdCl> and Pd(PPh3).Cl»
in acetonitrile and methanol respectively. The complex 1 got precipitated from the reaction

mixture, while cationic complex 2 was precipitated by stirring with KPFs (Scheme 2.1).

Scheme 2.1: Synthetic outline for complexes 1 — 3 and 6.

The 'H and 1C NMR spectra of 1 and 2 matched correctly and 2 displayed a singlet at 8 =
32.9 ppm in *'P NMR confirmed the palladium bonded phosphorous (Figure 2.1). Two
characteristic triplets at 8 = 6.81 and 6.85 ppm in the '"H NMR of due to imidazopyridine
ring in L1H was observed to be shifted respectively to 7.31 and 7.20 — 7.14 as triplet and
multiplet in 1 due to coordination. Similar downfield shift of signals due to these protons
in "H NMR spectrum of 2 was also observed (Figure S2.1 and S2.2). The peaks due to
[PA(L1)(CH3CN)]" and [Pd(L1)(PPh3)]" ions appeared as the base peak in their mass
spectra (Figure S2.5A and S2.6B). Molecular structure of 1 and 2 has been established
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further by the single crystal X-ray diffraction method and crystallized in orthorhombic Pbca
and monoclinic P2/n space group respectively (Table S2.1). Ligand L1H has five potential
N-binding sites and has been found to coordinate in anionic (L.17) tridentate manner in 1

and 2, spanning three coordination sites in pincer-type mode.

Figure 2.1: POV-Ray rendered ORTEP diagrams (30% probability level) of 1 and 2.

Hydrogen atoms are omitted for clarity.

The fourth site being occupied respectively by chloride ion in 1 and by PPhs in 2. As a
result, the whole molecule of 1 was planar in nature while 2 was non-planar due to bulky
PPhs. The imidazo[1,5-a]pyridine-N (Nj) lie trans to Cl and P, with the Ni—Pd bond length
being shorter by ~0.028(4) A in 1 compared to that of in 2. The nitrogen from 2-pyridyl
ring (Np) that is attached with imidazo[1,5-a]pyridine nucleus lie trans to the nitrogen from
—NH~ (Na) of 2-picolinamide moiety. The five-membered chelate ring was formed by
Ni—Pd—Np and six-membered chelate ring was formed by Ni—Pd—Na. In general, the trend
in the bond length Pd-N; < Pd-Na < Pd-Np has been observed in 1 and 2. The Pd1-P1 bond
length value of 2.284 (16) A, was comparable with reported complex,*’ but shorter than
Pd1-ClI1 and the Pd—Ni bond length found in 2 and was longer as that of in 1. The palladium
center in both 1 and 2 has displayed a distorted square planar geometry (Figure 2.1, Table
S2.1-S2.4).

Two 1isostructural binuclear palladium and platinum complexes of composition

[M2(L1H)Cl4] {M = Pd(I) (3), Pt(IT) (6)} were obtained by altering the reaction condition
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and by using stoichiometric ratio of L1H to metal precursor as 1:2. Orange coloured
complex 3 was isolated using PdCl:> in benzonitrile at room-temperature and using
PtCl2(DMSO): in acetonitrile under reflux produced yellow powder of 6. HRMS spectra of
3 and 6 contained base peaks corresponding to [Pd2(L1)Cl(CH3CN)]" and
[Pt2(L1H)CI3(CH3CN)]" respectively (Figure S2.7A, S2.7B and S2.12). Both 3 and 6
crystallised in triclinic P1 space group, contained two molecules in the asymmetric unit and
the structure of one of them has been described here as the bond parameter in both units
were nearly identical. The ligand L1H sequestered two M(II) ions and was found to exist
in its neutral form with the denticity changed to a bis-bidentate fashion compared to
tridentate in 1 and 2. The Pd1/Pt]1 and Pd2/Pt2 centre contained each of one five-membered
chelate ring formed using Ni, Np and nitrogen atoms from imine (Ng) and 2-picolinamide

ring (Np) in cis fashion (Figure 2.2).

cn'y @an

Figure 2.2: POV-Ray rendered ORTEP diagrams (30% probability level) of 3 and 6.

Hydrogen atoms are omitted for clarity.

The Pd2/Pt2 was chelated by pair of nitrogen atoms from imine (Ng) and 2-picolinamide
ring (Np), in cis fashion. Other two coordination sites in 3 and 6 were occupied by two
chloride ligands alike cisplatin type geometry with each metal centre having a distorted
square planar coordination geometry (Table S2.5—S2.8). The non-bonded intramolecular
Pd---Pd and Pt---Pt distance was 4.588(1) A and 4.696(1) A respectively and Pd/Pt
coordinated nitrogen and chloride distances in 3 and 6 (Table 2.1) were matched well with

the literature values.?®
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Table 2.2: Selected bond distance (A) in complex 3 and 6.

MI-N1 | MI-N2 | MI-Cl1 MI1-CI2 M2-N4 | M2-N6 | M2-C13 M2-Cl4
3: M=Pd | 2.030(4) | 2.048(4) | 2.2722(15) | 2.2819(14) | 2.028(4) | 2.031(4) | 2. 2765(14) | 2.2984(15)
6: M=Pt | 2.027(4) | 2.020(4) | 2.2754(15) | 2.2825(13) | 2.014(4) | 2.010(4) | 2.2773(13) | 2.2981(15)

The ligand L2H can be a potential tetradentate ligand in the neutral form and pentadentate
in the anionic form and may lead to diverse binding modes. The reaction of L2H and PdCl:
in 2:1 ratio at room temperature in acetonitrile, a mononuclear Pd-complex having two
neutral ligand units was expected. Captivatingly, an unusual discrete trinuclear
[Pd3(L2)2(L2H)2](L2)Cl3 (4) complex was harvested as orange colour crystals upon slow
evaporation of reaction solution, in which a free L2~ served as the anion outside the

coordination sphere (Scheme 2.2).

5 (68%) 4 (61%)

Scheme 2.2: Synthetic outline for complexes 4 and 5.

By reversing the molar ratio of L2H and PdCL to 1:2 and using few drops of triethylamine
to facilitate the deprotonation, a tetranuclear complex of composition [Pd4(L2)2Cls] (5) was
isolated as squash coloured powder, crystals were obtained by slow evaporation of DMF
solution. The complex 4 crystallized in monoclinic P21/n while 5 in trigonal P3,21 space

group. In complex 4 three Pd(II) ions were embedded by two equivalents each of anionic
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L2~ and neutral L2H. One free uncoordinated anionic ligand along with three chloride ions
were present outside the coordination sphere to balance the charge on complex cation.
Coordination environment of palladium centres was quite infrequent in 4, the anionic L2~
behaved as bis-bidentate ligand bound to both central and two terminal palladium centres
while neutral L2H coordinated in bidentate fashion bound only to the terminal Pd(II)

centre.

Figure 2.3: POV-Ray rendered ORTEP diagrams (30% probability level) of 4 and 5.

Hydrogen atoms are omitted for clarity.
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Terminal Pd1 and Pd3 displayed same framework (Figure 2.3) by forming a five-membered
chelate ring with imidazolate-N (Nt) and pyridine-N (Ny) of L2~ and a seven membered
chelate ring with pyridine-N situated at 4 and 5 positions of L2H. These two terminal
palladium units acted as a reverse folding hand, approached the central palladium Pd2 and
built two seven membered chelate rings with free pyridyl nitrogen from L2~ of Pd1 and
Pd3 components and concluded the trinucleation. The chelate bites of five- and seven-
membered chelate rings lie respectively in the range 80.8(3)°—81.6(3)° and
87.2(3)°—88.1(3)°. All palladium centre in 4 displayed a distorted square planar geometry
(Figure S2.9 and S2.10). The presence of readily detachable strained seven membered
chelate ring in 4, make it unstable in solution as two fragments of 4 were observed along
with the trinuclear entity [4-2C1-L27]3*" in HRMS(ESI) spectrum (Figure S2.8A—S2.10).
The asymmetric unit of complex 5 contained half of the molecule with a two-fold rotational
axis passing through the center of 5, along with a DMF molecule in the lattice. All the
palladium centre in 5 possessed one 5-membered chelate ring and the two terminal Pd(II)
centers had N2Cl, while the central two had N3Cl coordination environments. Among
coordinated nitrogen atoms Npy and Niv {Npy = pyridine-N; Niv = imidazolate-N} were
linked to the terminal Pd(II) center, while two Npy and one Niv were linked to the two
central Pd(II) center. The non-bonded Pdl---Pd2 and Pd2---Pd2' distances were
respectively 5.974(1) and 3.836(1) A and all the four Pd(II) centers had distorted square
planar geometry around all palladium centre (Figure 2.3, Table S2.11,S2.12). The non-
bonded Pd1---Pd2 distance observed in § was in agreement with reported dinuclear Pd(II)
catalyst™® and the Pd2---Pd2' distance was also comparable with reported Pd(II)
bifunctional catalyst.!> The HRMS (ESI) spectrum of 5 contained peak at m/z 1198.6702
that can be assigned to the composition [Pd4(LL2)2(Cl)s]" (calcd. m/z = 1198.6767) indicated
stability in solution (Figure S2.11A-S2.11C).

The electronic absorption spectrum of all complexes was recorded in DMF and the major peak
values observed at Amax, nm (g, Mlem™) for 1: 488 (14600), 2: 491 (5050), 3: 461 (5890), 4: 324
(9090), 5: 361 (18000), and 6: 430 (7100) (Figure S2.14A), all may be due to MLCT. Field
emission scanning electron microscope (FESEM) images were taken to understand the

morphology of 1 — 6 and the smooth surface images without any pores established existence of
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molecular packing in elevated order (Figure S2.14B). Significantly, all these palladium complexes
crystallized without lattice water, were found to be air stable and non-hygroscopic for prolonged

duration in solid state and hence they can be employed as catalysts without dehydration.

2.2.2 Assessment of Suzuki coupling catalysed by palladium complexes 1 — 5

Considering the ever-increasing need of palladium catalyst in Suzuki Miyaura cross
coupling reaction, the catalytic activity of 1-5 was investigated. The reaction condition was
optimized by varying solvents, base, and the temperature by taking phenylboronic acid and
4-bromo nitrobenzene as a model reaction (Table 2.4). From the base screening
experiments, it was found that the highest yield of product was obtained in the presence of
K>COs3; which may be due to the ability of KoCOs to enhance the intramolecular trans-
metalation process during catalytic cycle. Bearing in mind the effect of solvents on the
Suzuki-Miyaura cross coupling reaction, in the model reaction carried out with methanol,
ethanol, toluene, acetonitrile and chloroform, ethanol was found to be the finest solvent.
The best yield of biphenyl was found with ethanol as solvent and potassium bicarbonate as
base (Table S2.4, entry 5) using catalyst 1 at 80 °C in 4h. To check the temperature effect
on catalytic activity of 1, the model reaction was examined at various temperature and
optimum temperature was found to be 80 °C and the yield declined at high temperature
(120 °C) may be due to homo coupling of boronic acid. A time dependent experiment was
also executed to optimize the effect time on conversion percentage (Figure 2.6b) and
maximum yield was noticed in 4h. The hot filtration test was also carried out to check the
homogeneity of catalyst 1 and no significant decrease in product yield indicated the

homogenous nature of the catalyst. It was revealed form recycle experiment that catalyst 1

OH R\
Br I|3 ct;a\talysg (g mol%) | X
R X . HO” X ase (1. equw)» _ N
! = | /\, solvent, temp., time |
R ¥
R’
Table 2.4: Optimization table for Suzuki cross-coupling reaction
1 1(1) KOH  EtOH 80 4 62
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¢ NMR yield determined by using 1,4-dimethoxybenzene as internal standard. ’l1-iodo-4-

methoxybenzene and “4-chlorobenzaldehyde was used.

effectively produced 67% coupled product for the fifth cycle (Figure 2.6a). Evaluation of

reactivity of complexes 1-5 under the optimized conditions uncovered a notable variance

in catalytic activity. Only 1.0 mol% of 1 gave the coupled product in excellent yield, while

the complex 2 and 3 resulted in a diminution of the product yield. The transformation was

also affected while dropping the catalyst loading of 1.0 to 0.1 mol % with lesser yield. The

important variance in catalytic productivity perceived for catalysts 1-5 can be credited to several

aspects. In 1, the pincer palladium is bonded with chloride which facilitate the reduction of Pd(II)
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to Pd(0) while in cationic complex 2, the PPhs group may hinder the reduction as well as further

oxidative addition, as it may be present on Pd(0) centre during the catalytic cycle.
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Figure 2.6: (a) Reusability of palladium catalyst 1 in Suzuki coupling, (b) time dependent yield of
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The natural bonding orbital (NBO) analysis also supported this assumption as the palladium center
in 1(+0.49136) and 2 (+0.13098) displayed variation in charge led to more nucleophilic Pd center
in complex 1 than 2. In bis-palladium complex 3, though there are two metal centres present but
the catalytic activity was not excellent as that of 1 may be due to intramolecular long Pd---Pd
distance which may vary due rotation about C—N bond. Though high conversion was anticipated
from catalyst 4, but a moderated yield was observed which may be attributed to the low palladium
percentage in the complex and the coordination environment around Pd(II) in 4 due to involvement
of seven membered chelate ring. Tetranuclear catalyst 5 produced biphenyls in excellent yield
even in very less catalyst loading of 0.1 mol% and made it superior catalyst among all complexes
(Table 2.4, entry 16). This exceptional high reactivity of 5 may be due to presence of four
palladium centres. The Pd---Pd distance between both central palladium center in 5 was in optimal
range of 3.836(1) A, which maximize the cooperative effect, work together in concerted substrate
activation, stabilize transition state, and boost the catalytic activity. With these refined Suzuki
cross-coupling conditions, a diversity of substrates was evaluated to ascertain the general
applicability of the process by taking various aryl halides having electron withdrawing and

donating groups as well as diverse phenylboronic acids with all producing moderate to high yield.
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Scheme 2.3. Substrate scope in the Suzuki coupling reaction catalyzed by 5

«‘«‘«“ o‘o‘

3a (82%) b (74%) (83%) d (99%, 98.5%7) e (68%, 82%")
3f (88%, 42%°) 39 (94%) 3h (68%) i (82%) (74%)
cl
O/\ \‘\‘\
NO,
3k (83% 31 (80%) (78%) 3n (62%
@\Lj/u\ ﬁ\‘
® 2
30 (91%) y 3p (79%) q (78%) r (80%)
/‘/‘/CI /‘/~
3s (78%) 3t (67%)

Reaction conditions: Aryl halide (1.0 mmol), Aryl boronicacid (1.2 mmol), K»CO3 (1.5mmol),
catalyst 5 (1 mol%), ethanol (10 mL), temperature (80 °C) and time (4 h). Isolated yields. “NMR
yield was determined by using 1,4-dimethoxybenzene as internal standard. ’1-iodo-4-

methoxybenzene was taken. “4-chlorobenzaldehyde was used.
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The Suzuki-Miyaura cross-coupling reactions of aryl bromides containing electron-withdrawing
groups (EWGs) such as -NO,, -COOH, -COOR, -COH, and -CN with phenylboronic acid
proceeded with high to excellent yields. This may be due to increased electrophilicity and ease of
C-halide bond breaking during oxidative addition step. The reactions of less reactive aryl bromides
containing electron-donating groups such as -Me, -OMe, -Ph also proceeded efficiently and
furnished respective biphenyls in good yields. Among aryl halides, conversion was better for
bromides and iodide but lesser product was obtained for chloride. The noted yields for heterocyclic
bromides were also good. The HRMS(ESI) analyses of model reaction mixture in the mid of the
reaction (peak observed at m/z 542.0578) confirmed the oxidative addition with the formation of
4-nitrophenyl bonded palladium(II) intermediate complex (IM1, Scheme 2.4). In the spectrum of
reaction mixture taken after 4 h, the peak observed at m/z 497.0717 due to phenyl bonded
palladium intermediate (Figure 2.7 and 2.8). However, no peak was observed for both phenyl and
4-nitrophenyl bonded complex (IM3, Scheme 2.4) which may be an indicative of faster reductive

elimination step.

1
Ethanol
K,CO3 NO,

Pd(0)L1

Br
Oxidative addition

L1
(||) |

@( @ L

K,CO;

B(OH),(KCO3) T1 i

Transmetalation

NO, KBr

Scheme 2.4. Proposed mechanism of Suzuki-Miyaura coupling reaction for phenyl boronic acid

and 4-nitrobromobenzene catalyzed by 1.
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Figure 2.7: HRMS(ESI) spectra of Suzuki coupling reaction (catalyzed by 1) mixture after 2h.
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Figure 2.8: HRMS(ESI) spectra of Suzuki coupling reaction (catalyzed by 1) mixture after 4h.

2.2.3 Assessment of transfer hydrogenation activities by palladium complexes 1 — 5

The complexes 1-5 were also employed for their catalytic activity in hydrogen transfer
reaction for the conversion of carbonyl compounds to alcohols. The reaction conditions
were optimized with the variation of several factors including temperature, base, and
solvent (as the source of hydrogen). The conversion of carbonyl compound into alcohol
was not established in any non-alcoholic solvents and in the absence of strong base (Table
2.5). Secondary alcohol such as ‘PrOH was found to be the best solvent as compared to the

primary analogous and KOH was ascertained as the best base. From the time regulated
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evaluation, maximum yield was noticed in 16 hours (Figure 2.9a). The conversion was also
monitored at various temperature and the suitable temperature was observed to be 80 °C.
Catalytic activities were also monitored with the palladium precursors PdCl, and
Pd(PPh3),Cl> which produced lower yield of alcohol as compared to the palladium
complexes 1-5. However, unlike Suzuki coupling reaction, here all the catalyst exhibited
comparatively excellent yield which may be due to hydride addition to metal centre
(Scheme 2.7). Here also, 5 was found as superior catalyst (entry 13, Table 2.5) as compared

to 1-4 and efficiently produced alcohols in very low catalyst loading (0.1 mol%).

o
catalyst (x mol%
base (1.0 eq.)
>
solvent, temp., time

Table 2.5: Optimization data of transfer hy drogenation reaction

1 1(1) KOH  EtOH 80 16 nd
2 1(1) K,COs; 'PrOH 80 16 54
3 1(1) KOH PrOH 30 16 nd
4 1(1) KOH 'PrOH 80 16 99
5 1(1) KOH 'PrOH 60 16 87
6 1(1) KOH MeOH 80 16 nd
7 1(1) KOH PhCH,OH 80 16 nd
8 1(1) - iPrOH 80 16 nd
9 2(1) KOH 'PrOH 80 16 95
10 3(D) KOH PrOH 80 16 98
11 4 (1) KOH 'PrOH 80 16 98
12 5(1) KOH 'PrOH 80 16 98
13 5(0.1) KOH ‘PrOH 80 16 99
14 - EtN  'PrOH 80 16 nd
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15 1(0.1) KOH 'PrOH 80 16 82
16 (PPh3),PdCl, KOH 'PrOH 80 16 nd
17 PdCl, KOH PrOH 80 16 16

“NMR yield determined by using 1,4-dimethoxybenzene as internal standard. nd= not detected

Scheme 2.5: Substrate scope in the transfer Hydrogenation reaction catalyzed by 5

’h@@@@

a (99%)2 b (87%) 5c (82%) 5d (84%) e (76%)
5f (89%) (91%) (86%) i (90%)
5j (93%) (99%) 1 (88%) 5m (91%) 5n (81%)

Reaction conditions: Aryl aldehydes/ketone/nitriles (1.0 mmol), KOH (1.0 mmol), catalyst
5 (0.1 mol%), ‘PrOH (10 mL), temperature (80 °C), time (16 h). Isolated yields. *NMR

yield determined by using 1,4-dimethoxybenzene as internal standard.

With the optimum conditions in hand, a variety substrate of aldehydes and ketones
including heterocyclic ketone were utilized to assess the hydrogen transfer activity. In case
of 2- aminoacetophenone, yield was decreased which may be due to the intramolecular
interaction of amino and keto group present in the molecule. It was also noticed that under

the optimal conditions, only aldehyde and ketone function got reduced to alcohol but
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competitive hydrodehalogenation were not observed. Attempt to prepare primary amines (-
CH>NH>) using nitriles were failing as it produced amides in high yield.

It was noticed that after formation of 4-acetylbiphenyl, the reduction ensues to keto centre,
also there was no hydrogen transfer till first one hour of the reaction. After 4-acetylbiphenyl
reached a maximum yield, the transfer hydrogenation step started with a decrease of yield
in 4-acetylbiphenyl (Figure 2.9b). Thus, the transfer hydrogenation process is slower than

the Suzuki coupling reaction as reported in the literature.>’

Scheme 2.6: Tandem Suzuki coupling/transter hydrogenation process catalyzed by 1.

o OH 1 (1 mol%)
/©)j\ B KOH (2 eq
+HO
Br Ethanol iPrOH
80 °C, 20 h

Reaction conditions: 4-bromo acetophenone (1.0 mmol), PhB(OH)> (1.0 mmol), KOH
(2.0 mmol), catalyst 1 (1 mol%), ethanol + 'PrOH ( 5+5 mL), temperature (80 °C) and
time (20 h).
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Figure 2.9: (a) Time dependent yield of diphenylmethanol. (b) Time-dependent formation of 1-

([1,1'-biphenyl]-4-yl)ethan-1-one (A) and 1-([1,1'-biphenyl]-4-yl)ethan-1-ol (B).
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Scheme 2.7: Proposed mechanism of transfer hydrogenation reaction for 5c¢ catalyzed by 1.

To explore versatility in catalytic application of these Pd(II) complexes, they were
examined in a model reaction of homocoupling of phenylacetylene (Scheme 2.8).
Complexes 1 — 5 produced moderate to excellent yield of 1,4-diphenylbuta-1,3-diyne using
potassium carbonate in ethanol at 70 °C for 8h (Table 2.6).

Scheme 2.8: Homocoupling of phenylacetylene

-
©// Pd cat. (mol%) 72\ T
2 K,COs, EtOH — \_/

70 °C, 8h

Table 2.6: Homocoupling of phenylacetylene

Complex 1 |2 |3 |4 |5
Catalystmol% |1 |1 |1 |1 |1,0.1
Yield (%) 95190 | 88|77 1(99,98

2.2.4 Bioactivity studies
2.2.4.1 DNA binding study
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Deoxyribonucleic acid (DNA) is the prime target for most of the anticancer drugs such as
metallodrug due to their binding affinity with cancer cell DNA and prevents from
proliferating which lead to cell death. The binding mode may be covalent or non-covalent
bonding between DNA and metal complexes. In covalent bonding, a nitrogen atom (N7) of
guanine in DNA forms covalent bond with metal complex. Non-covalent binding mode
may be intercalative, electrostatic, and groove binding. In intercalation, planar metal
complexes insert between DNA base pair and disturb the helical structure and thus inhibits
replication and transcription. Electrostatic binding is possible with cationic complex but
this is weak and reversible. To know the type of binding between a metal complex and
DNA, UV-Vis and fluorescence spectroscopic techniques are widely used. Hypochromism
and bathochromic shift in UV titration study indicates intercalative mode of binding while
hyperchromism suggests groove binding. Further, in fluorescence spectroscopy, metal
complexes are used as quencher to decrease fluorescence intensity of ethidium bromide
(EB)-DNA adduct as the intercalator EB fluoresces when bind to DNA.

All the complexes 1 — 6 was seen to exhibit a hypochromic shift upon gradual increase of
the CT-DNA concentration confirmed the intercalative mode of binding (Figure 2.10 and
S2.20). The UV spectral data were also analysed using Wolfe-Shimmer equation (Eq. 2.1)
and the intrinsic binding constant (Ky) values of all complexes were calculated and listed
in Table 2.7. The values were in the range of 10* M, indicated high affinity of the

complexes towards DNA.
[DNA] _ [DNA] 1
(ea—gf) (eb—gf) Kp(ep—tf)

(Eq. 2.1)

Where [DNA] is the concentration of DNA in base pairs, €, is the extinction coefficient for
complex in presence of DNA, ¢ris the extinction coefficient for the unbound complex and ¢ is the
extinction coefficient for the complex in the fully bound form. The binding constant Ky can be

obtained from the plot [DNA]/(e.— &f) versus [DNA].

Also, the Gibbs free energy (AG) was calculated using equation 2.2 and the binding of these

complexes with DNA was seen as a spontaneous process due to the negative AG.

AG = —RT InKb (Eq.2.2)

Table 2.7: K, and AG values from UV-Vis titration of CT-DNA with all complexes individually.

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 63



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 2

Complexes 1 2 3 4 5 6
KoM 4.17x10° | 1.77 x 10° | 1.4 x 10° | 3.23 x 10* | 2.03 x 10° | 3.31 x 10°
AG (Kcal mol™) | -32.062 -29.939 | -29.358 | -25.724 -30.278 -31.49

Further, all the complexes were tested using fluorescence titration method for their DNA
binding ability. The emission spectra of EB—DNA adduct with the gradual addition of each
complex individually were taken. All the complexes efficiently diminished the fluorescence
intensity which unveiled that these complexes are capable to displace EB from EB-DNA
adduct (Figure 2.10 and S2.22). All the emission spectra were also processed using
Stern—Volmer equation (eq. 2.3) and Scatchard equation (eq. 2.4) to calculate
Starn—Volmer and bimolecular quenching (K4 and Ksv) constants using equations S3 and

S4, values were listed in Table 2.8.
D= 1+ Kg[Q] = 1+ K,o[Q] (Eq. 2.3)

log(*=) = logKb + nlog[Q] (Eq. 2.4)
where Ip and I represent the fluorescence intensities in absence and presence of the quencher ‘Q’
(here Q is complexes 1-6) respectively. [Q] is the quencher concentration, and Ksy denotes the
Stern— Volmer quenching constant calculated from the plot of Io/I vs [Q]. Kq is the biomolecular
quenching constant and 1o is the mean lifetime of the fluorophore = 23 ns. The binding constant

Ky is the intercept of log (Io - I)/I vs log [Q] plot. The number of binding sites per nucleotide is n.
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Figure 2.10: (a) Absorption spectra of 1 upon gradual addition of CT-DNA. (b) Emission spectra

of EB-DNA adduct with incremental addition of complex 1.
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The Kq values (~10'?) were greater than that of the scattering collision quenching constant
(2 x 10'% for the biopolymer, suggesting that a static quenching process is present.
Quenching constant order was 1 >2 >4 > 5> 6 > 3. Complex 1 displayed very high Ksv
values (3.0 x 10° M ') may be due to the planar structure which enhances the intercalating
property. Thus, the high Ksv values indicated that the complexes can displace EB from the
EB-DNA adduct.

Table 2.8: Ksv, Kg, Kp, and n values from EB-DNA titration with 1—6 individually.

complexes | Ksy x 10*M ! | Kgx 102 M s | KoM | AG (kJ mol ™) n
1 9TV, 4.25 3.71x107 -43.182 1.55
2 8.89 3.86 8.44x107 -45.218 1.23574
3 1.31 0.57 1.15 x10* -23.166 0.99403
4 2.29 1 2.67 x10° -19.548 0.80156
5 1.47 0.64 7.4 x10* -27.778 1.16226
6 1.37 0.6 5.97 x10? -15.836 0.71183

2.2.4.2 BSA Binding Study:

Serum albumins (SA) are basically used to study the interaction of drugs or metal
complexes due to their importance in the transportation of ions and drugs to cells and tissues
through the bloodstream. Thus, the binding affinities of metallodrugs towards albumin is
very crucial. One of the extensively studied albumins is bovine serum albumin (BSA) due
to its high structural similarity with human serum album (HSA). BSA has two tryptophan,
Trp-134 and Trp-213 present in the IA and IIA subdomains respectively as there are three
a-helical domains I, II, III and each domain is further subdivided into A and B present in
BSA. The intrinsic fluorescence nature of BSA is primarily due to the tryptophan alone
though it contains three fluorophores, tryptophan, tyrosine, and phenylalanine. This is due
to that phenyl alanine has a very low quantum yield and the fluorescence of tyrosine is
almost totally quenched when close to tryptophan residue or amino group, carbonyl group
or ionized. After the addition of some bioactive molecule, the fluorescence intensity of the
of BSA decreases due to interactions on a certain fluorophore. Various kinds of molecular

interactions such as molecular excitation, rearrangements, energy transfer, ground-state

TH-38 Gimi%§2§66%gingh’ PhD Thesis, IITG 65



Bivalent Ni, Pd, Pt, and Zn complexes...... ... Chapter 2

complex formation, and collision quenching are responsible to reduce the fluorescence
intensity.

Here, different types of fluorescence spectroscopic techniques such as emission,
synchronous, and steady-state anisotropy studies were implemented to study the binding of

these complexes with BSA.

Emission Study.

Gradually addition of studied complexes individually into a BSA solution in HEPES buffer,
a linear quenching in fluorescence intensity was observed (figure 2.11 and S2.25) which
may be due to the structural modification in the protein. All the emission spectra were
processed using equation 2.3 and 2.4 to calculate Ksv, Kq, Ky, and n (Table 2.9). It was
observed that the binding affinity follows the order: 5>4>6 > 1> 3 > 2. This trend can
be explained based on polycentric, planarity and type of metal.

The calculated Kq values of these complexes were in the range of 4.3 — 15.8 x 10> M ! s!
which are > 200 times higher than the scatter collision quenching constant (2.0 x 10! M!
s 1) values known for various quenchers with biomolecules. Thus, it can be concluded that
these complexes induced a static quenching mechanism during the interactions with BSA.
Comparable Ky, values (~10° — 10° M) were observed like reported Pd/Pt complexes in
the literature.’® The binding constants were also not very high to foil the release of the
complex upon being delivered to the intended cells. The number of binding sites (n) was

close to 1, indicating the single binding site present in BSA for each complex.

Table 2.9: Ksv, Kg, Kv, and n values of BSA for all complexes individually.

complexes | Ksy x 10* M | Kgx 10 M ' s | KoM ! n
1 12.31 528 6.3x10° | 0.75099
2 9.90 43 4.7 x10% | 0.74387
3 11.22 4.87 6.38 x10* [ 0.95412
4 26.69 11.6 2.88 x10* | 0.82011
5 36.33 15.79 7.54 x10° | 1.0641
6 14.37 6.2 1.7 x10* | 0.83034
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Synchronous Fluorescence Experiment

The synchronous fluorescence study was performed to investigate the conformational
changes around the tryptophan (Trp) and tyrosine (Tyr) residues of the BSA
microenvironment. To monitor the interactions in tryptophan and tyrosine residues of BSA,
the monochromators of excitation and emission were kept at constant wavelength interval
of AL =60 and 15 nm respectively. All the complexes (0—1.5 uM) were titrated individually
with a fixed concentration of BSA (1.5 uM) in both offsets and displayed a significant
decline in fluorescence intensity along with a red shift for tryptophan residue at AL = 60
nm while only complexes 1, 3 and 4 exhibited decreases in fluorescence intensity at
tyrosine environment (Figure 2.11 and S2.28). Thus, it is confirmed that all the complexes
interacted strongly with tryptophan residue of BSA while complex 1 and 3 moderately
interact with tyrosine and complex 4 strongly decrease the intensity by binding with
tyrosine in the microenvironment. Further all the synchronous spectra were analysed to

calculate Ksy, K, Kb, and n (Table 2.10).
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Figure 2.11: (a) Emission spectra of BSA upon gradual addition of 5. Synchronous fluorescence
spectra of BSA in presence 5 at (b) AL =5 and (c) AL =60 nm. (d) Fluorescence anisotropy of BSA

in presence of complexes 1 — 6.

Table 2.10: Ksv, K4, Kv, and n values of BSA (synchronous fluorescence data) for all complexes

individually.
Complexes | AL (nm) | Ksy (M) | Kqx 102 M5! | Ky (M) n

1 15 5.88 x 10* 2.56 3.64 x10' | 0.37434
60 1.18 x 10° 5.16 4.63 x10% | 0.54023

2 15 2.46 x 10* 1.07 9.27 x10° | 0.3222
60 4.59 x 10* 1.99 9.18x10° | 0.74737

3 15 1.02 x 10° 4.44 2.01 x10* | 0.86172
60 1.71 x 10° 7.4 3.51x10° | 1.0572

4 15 2.81 x10° 12.26 2.33x10% | 1.17507
60 2.89 x 10° 12.59 1.60x10° | 1.1441

5 15 5.17 x 10* 2.25 3.56 x10° | 0.77643
60 9.74 x 10* 4.24 2.25x10* | 0.89174

6 15 5.37 x 10* 2.34 1.02x10° | 0.68072
60 1.16 x 10° 5.06 3.82x10* | 0.91286

Steady-state fluorescence anisotropy

In the absence and presence of 1-6, the fluorescence anisotropy of BSA was recorded to
investigate the interaction of complexes with BSA. This technique tracks the alteration in the
rotational diffusion or Brownian motion of the molecule present in solution. The infusion of the
metal complexes into the albumin solution produces a BSA-complex adduct leading to more rigid
structure or make any structural modification of the protein backbone which slows down the
overall rotational motion, as a result, anisotropy value increases. Sometimes if the molecule
increase flexibility of BSA skeleton due to partial unfolding, then internal motion of the protein
increases and thus anisotropy decreases. The anisotropy (r) values of BSA with different studied
complex were recorded and plotted as anisotropy vs concentration (Figure 2.11d) by using the

following equation (Eq. 2.4).

TH-38 G«imi%fzg&j%singh, PhD Thesis, IITG 68



Bivalent Ni, Pd, Pt, and Zn complexes...... ... Chapter 2

r = (Ivw—Glvn)/(Ivv + 2Glvn) (Eq.2.4)
G = Ive/Inn

Where G is the instrumental grating factor, Ivv and Ivu denotes the intensities obtained with the
excitation polarizer in the vertical position and the emission polarizer in both the horizontal and
vertical positions, respectively.

The result revealed that all complexes effectively altered the BSA microenvironment and
confirmed the binding with BSA. However, it was also seen that cationic complexes 2 and
6 diminished the net anisotropy value while all other neutral complexes effectively

increased the BSA anisotropy.

2.2.5 Bioactivity of compound 3s and 3t

Two new compounds 3s {4-((4'-chloro-[1,1'-biphenyl]-4-yl)oxy)phenol} and 3t {4-(4-
(naphthalen-2-yl)phenoxy)phenol} obtained for the first time from Suzuki coupling using
5 as catalyst, can be potential inhibitor for Leukotriene A4 Hydrolase (LTA4H) since their
phenyl analogue (4-(4-(phen-4-yl)phenoxy)phenol)®’ was reported to exhibit inhibition. So,
ADMET properties of 3s and 3t were calculated and in silico molecular docking study were
carried out with as LTA4H (PDB id-5fwq) to evaluate their inhibition properties. From the
calculated results, the physicochemical values, lipophilicity, drug-likeness,’® and medicinal
chemistry properties of both 3s and 3t were found to be compatible with drug development.
To check the similarities in properties of existing drugs, a drug-likeness test of 3s and 3t
was calculated for all five filters (Lipinski, Muegge, Ghose, Veber, and Egan). However,
3s had one Lipinski and Muegge violation, and 3t also had one violation of each Lipinski,
Muegge, Ghose, and Egan. The bioavailability score was 55% for both 3s and 3t and they
were not against the biological assays in the Pan-assay interference compounds (PAINS),
and Brenk filter. The pharmacokinetic properties of both molecules were compared with
the known LTA4H inhibitor SC-22716° and commercially available drug bestatin®. The
GI (gastrointestinal) absorption rate of 3s and 3t was 94.42% and 93.08%, which is
specified as appropriate for human intestinal absorption while it was only 37.07 % for
bestatin. The blood-brain barrier (BBB) values of 3s and 3t were less than 1 (LogBB < 1),
and thus, these are not dispersed to the brain.®! As cytochrome P450 (CYP450) isomers are

one of the significant drug-metabolizing enzymes, both molecules were subjected to
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various CYP450 enzyme substrates/inhibitors and produced better results than SC-22716
and were comparable to bestatin.®?> Also, 3s and 3t tested negative in Ames test®® and 3t
was found to be non-carcinogenic in 2 years carcinogenicity bioassay in mouse and rat
while 3s produced a positive result for mouse carcinogenicity. Molecules 3s and 3t were
also assessed for more toxicity using ProTox-11°* and both molecules were observed as non-
toxic in most of the targets and found to be active in only two out of eighteen tests. Thus,
from ADMET properties, the compounds 3s and 3t were found to be appropriate for most
of the pharmacokinetic properties. All the calculated data are given in Table S2.13— 2.18
in Appendix I.

After ADMET assessment, all the compounds were run in Autodock 4.2.6 to predict their
efficacy as the human Leukotriene A4 hydrolase inhibitor. High binding free energy was
found for 3s and 3t as compared to that of SC-22716 and bestatin. Both 3s and 3t displayed
various nonbonding interaction (Table S2.19) with active side amino acid residues of the

receptor to form a stable ligand-protein complex.
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Figure 2.12: 2D Interactions and 3D docking pose view of 3s (a, ¢) and 3t (b, d) with LTA4H (PDB
ID: 5fwq).
The binding free energy of 3s and 3t was —12.73 kcal/mol and —12.42 kcal/mol respectively
which was higher than that of SC-22716 (—10.45kcal/ mol) and bestatin (—7.32 kcal/mol)
(Table 2.11). Many hydrophobic and a hydrogen bonding interaction were observed for 3s

and 3t with active side residues of human Leukotriene A4 hydrolase (Figure 2.12).

Table 2.11: Molecular docking energy of all molecules.

Free Energy of Inhibition Constant | Internal energy ¢
Binding (kcal/mol) (Ki) (U) kcal/mol
3s -12.42 783.56 pM -9.26
3t -12.73 463.17 pM -9.45
SC-22716 -10.45 21.75 nM -6.81
Bestatin -7.32 4.28 uM -4.90

“T=298.15 K. pM = picomolar, nM = nanomolar, uM = micromolar.

23 Conclusions

In summary, we tale the design and characterization some pincer mono-, di- and poly-
nuclear Pd(I1) complexes bearing imidazo[1,5-a]|pyridine and imidazolyl-pyridine ligands
along with a cisplatin like dinuclear Pt(II) complexes bearing imidazo[1,5-a]pyridine
ligands which showed resilience to both moisture and air. The Pd(II) complexes were
proved as versatile and potent catalysts in Suzuki cross-coupling, transfer hydrogenation
reaction, and alkyne homocoupling under environmentally apposite conditions. It has been
observed that the denticity of L1H was found to be bis-bidentate or tridentate coordinated
through nitrogen atoms by controlled stoichiometric ratio and reaction conditions. The
exceptional coordination mode with formation of a seven membered chelate was observed
in trinuclear Pd(II) complex of L2H and a tetranuclear complex was synthesized by
reversing the molar ratio of ligand and PdCl,. Based on X-ray diffraction study and
spectroscopic results, the geometry around palladium center was observed to be distorted
square planar. The binding mode of ligand and the co-ligand were found to be very crucial
in their catalytic activity. The tridentate pincer palladium complex 1 was recognized as a

better catalyst bearing imidazo[1,5-a]pyridine moiety while the tetranuclear palladium
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complex of imidazolyl-pyridine ligand L2H was found as superior catalyst among all the
catalyst. Notably, from the HRMS(ESI) analysis of Suzuki Miyaura cross coupling reaction
mixture, intermediate (IM1) was identified. The interaction of all Pd(II) and Pt(II)
complexes with calf thymus DNA were examined wherein all displayed intercalative mode
of binding. Also complexes 1 — 6 showed high binding affinity with bovine serum albumin
(BSA). From comprehensive ADMET calculations and molecular docking study, both 3s
and 3t may act as potent LTA4H inhibitors and thus paves the way for further experimental
investigations as an effective anti-inflammatory candidate. The versatile reactivity of these
palladium catalysts may unbolt more trails for the organic transformations and the
biomolecule interaction properties instigate further investigations for in vitro anticancer

activities.

24 Experimental Section

2.4.1 Synthesis of Ligands

The ligands L1H {N-(3-(pyridin-2-yl)imidazo[1,5-a]pyridin-1-yl)picolinimidamide} and L2H
{2,2',2"-(1H-imidazole-2,4,5-triyl)tripyridine} were synthesized by following a previously reported
procedure. For this, 2-picolylamine (0.976 g, 0.009 mol) and 2-cyanopyridine 1.880 g, 0.018 mol)
were heated at 100 °C in an oil bath for 12 h. The resultant red gummy oil was suspended in 25
mL of water, and KOH (1.00 g, 0.18 mmol) was added with mechanical stirring for the next 12 h.
The yellow solid obtained was filtered, washed with water, and dried in vacuum over fused CaCl,.
The dry solid was subjected to column chromatography using silica gel (60-120 mesh) with ethyl
acetate—hexane (1:9) as eluent and the yellow fibrous solid of pure L1H (CisH14N¢) was obtained
after removal of the solvent. Then, the filtrate was neutralized with 1N HCI to produce precipitate,
which was filtered, dried, and recrystallized from dichloromethane to produce ligand L2H

(C1sH13N5s). All the spectroscopic data were in good agreement with the reported values.

2.4.2 Synthesis of complexes

[PA(LT)CI] (1):

Solid PdClI; (35.46 mg, 0.2 mmol) was refluxed (~2 h) in acetonitrile (10 mL) until all palladium
chloride dissolved. To this hot solution, L1H (62.8 mg, 0.2 mmol) dissolved in acetonitrile (10
mL) was added dropwise and the resultant brownish orange solution was refluxed with continuous

stirring for 12 h. It was allowed to cool to room temperature and precipitates were separated by
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filtration, washed with diethyl ether, and dried in vacuum to yield pure 1. Dark brown crystals
suitable for X-ray crystallography were obtained by slow vapor diffusion of tetrahydrofuran into
a concentrated solution of 1 in DMSO for several months. Yield: 74.6 mg, 82%. Anal. calcd for
CisHi3N6PdCl: C 47.49, H 2.88, N 18.46; found: C 47.58, H2.91, N 18.24. ATR-IR (neat, cm™)
3318, 1666, 1474, 1262, 1147, 996, 672, 542, 433. 'H NMR (600 MHz, DMSO-ds) § 9.03 (d, J =
6.9 Hz, 1H), 8.77 (d, J = 4.3 Hz, 1H), 8.67 (d, /= 4.1 Hz, 1H), 8.61 (d, J = 7.8 Hz, 1H), 8.43 (s,
1H), 8.39 (d,/=8.2 Hz, 1H), 8.18 (t,J = 7.7 Hz, 2H), 7.94 (s, CH, DMF), 7.97 (t,J= 7.0 Hz, 1H),
7.55—-7.51 (m, 1H), 7.46 — 7.41 (m, 1H), 7.31 (t, J = 6.5 Hz, 1H), 7.20 — 7.14 (m, 1H), 2.88 (s,
CHs, DMF), 2.72 (s, CHs, DMF), 2.06 (CH3CN). 3C NMR (151 MHz, DMSO-ds) § 149.9, 148.3,
148.4 144.1,138.8,137.4,124.7,124.3, 123.8, 121.4, 120.9, 119.5, 119.3, 119.2. HRMS(ESI) m/z
caled. for [Pd(L1)(CH3CN)]"™: 460.0502, found 460.0505.

[PA(L1)(PPh3)]PFs (2):

To a hot methanolic solution of [Pd(PPh3).Cl2] (87.7 mg, 0.125 mmol), L1H (39.3 mg, 0.125
mmol) dissolved in methanol (10 mL) was added dropwise followed by few drops of triethylamine.
Resultant dark red solution was heated at reflux for 12 h, cooled to room temperature and KPFg
(23 mg, 0.125) was added and stirred. After few minutes, precipitates of 2 deposited were filtered
and washed well with cold ethanol and diethyl ether. Methanol solution of 2 on slow evaporation
produced deep red crystals suitable for X-ray crystallographic analysis. Yield: 73.4 mg, 71%. Anal.
caled for C3gH2sNsP2FePd: C 52.22, H 3.53, N 10.15; found: C 52.37, H 3.48, N 10.08. ATR-IR
(neat, cm™) 3275, 1519, 1476, 1295, 1147, 836, 751, 685, 556.5, 429. 'H NMR (600 MHz, DMSO-
d6) 69.22 (d,J=7.1 Hz, 1H), 8.55 (dd, J = 13.6, 8.2 Hz, 2H), 8.37 (d, J = 8.9 Hz, 1H), 8.22 (d,J
=4.5Hz, 1H), 8.17 (t, ] = 7.9 Hz, 1H), 7.90 (dd, J = 11.9, 7.7 Hz, 6H), 7.87 — 7.82 (m, 1H), 7.79
(t,J=7.4 Hz,3H), 7.67 (dt,J = 7.9, 4.0 Hz, 6H), 7.64 (d, J = 5.8 Hz, 1H), 7.51 (t,J = 6.9 Hz, 1H),
7.43 (d, J = 10.9 Hz, 1H), 7.41 — 7.34 (m, 2H), 7.09 (t, J = 6.6 Hz, 1H), 5.72 (s, -CHa,
dichloromethane), 4.45 (t, J = 5.0 Hz, -OH ethanol), 4.20 (d, J = 5.2 Hz, -OH methanol), 3.42 (-
CHa ethanol, merged with broad H>O peak), 3.16 (d, J = 5.0 Hz, -CH3 methanol), 1.05 (t, J = 7.0
Hz, -CH3 ethanol). 3*C NMR (151 MHz, DMSO-de) § 151.8, 151.7, 147.7, 145.7, 139.7, 137.3,
134.7, 134.6, 132.8, 132.4, 130.1, 126.8, 126.0, 125.7, 124.9, 124.3, 122.1, 121.7, 121.3, 120.5,
120.3, 120.0, 56.2 (-CH3 ethanol), 54.9 (-CH_, dichloromethane), 48.7 (-CH3 methanol), 18.63 (-
CH: ethanol). *'P NMR (243 MHz, DMSO-ds) & 32.90, -144.22 (hept, J = 711.3 Hz, PFe).
HRMS(ESI) m/z calcd. for [Pd(L1)(PPhs)]": 681.1148, found 681.1176.
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[Pd>Cl4(L1H)] (3):

Solid PdCl> (35.4 mg, 0.2 mmol) was heated (~1 h) in benzonitrile (10 mL) until all palladium
chloride got dissolved. Solid L1H (31.4 mg, 0.1 mmol) was added to this solution at room
temperature and stirred for 24 h. The precipitates of 3 deposited were separated by filtration,
washed with diethyl ether, and dried in vacuum. Yellowish brown crystals suitable for X-ray
crystallography were obtained by slow evaporation of DMF solution of 3 for several weeks. NMR
spectra of the complex were not recorded due to poor solubility in common deuterated solvents.
Yield: 48.0 mg, 72%. Anal. calcd for C1gH14ClsNePd2: C 32.32, H 2.11, N 12.56; found: C 32.48,
H 2.17, N 12.48. ATR-IR (neat, cm!) 3314. 1640, 1567, 1132, 1244, 1150, 681, 503, 424.
HRMS(ESI) m/z caled. for [Pd2(L1)Cl2(CH3CN)]™: 637.8918, found 637.8916.

[Pds(L2)2(L2H),J(L2)Cls (4):

Solid PdCl, (35.4 mg, 0.2 mmol) was heated in acetonitrile (10 mL) till a clear solution was
obtained and cooled to room temperature. To this solution, L2H (119.7 mg, 0.4 mmol) dissolved
in acetonitrile (10 mL) was added and the resultant tangerine color solution was stirred for 12h at
ambient temperature. Solvent was evaporated to ~2 mL, diethyl ether was added and formed solid
was washed with diethyl ether, dried in vacuo. Dark orange crystals suitable for X-ray
crystallography were obtained by slow evaporation of reaction solution. Yield: 78.2 mg, 61%.
Anal. calcd for CooHsrCI3N2sPd3: C 56.32, H 3.26, N 18.25; found: C 56.74, H 3.23, N 18.21.
ATR-IR (neat, cm™) 3356, 1593, 1518, 1482,1155, 780, 744. 'H NMR (600 MHz, DMSO-ds) &
8.91 (d, J=4.1 Hz, 2H), 8.70 (d, J = 4.4 Hz, 1H), 8.49 (d, J= 7.7 Hz, 2H), 8.21 (d, J= 7.9 Hz,
1H), 8.17 (t, J= 7.3 Hz, 2H), 7.99 (t, J = 8.3 Hz, 1H), 7.65 — 7.60 (m, 2H), 7.53 — 7.48 (m, 1H).
3C NMR (151 MHz, DMSO-ds) & 149.4, 147.4, 147.3, 140.5, 137.7, 127.0, 125.0, 124.6, 123.9,
123.2, 121.0. HRMS(ESI) m/z calcd. for [Pd3(L2)2(L2H),CI]**: 516.3780, found 516.3751.

[Pds(L2)2Cle](5):

Solid PdCl> (35.4 mg, 0.2 mmol) was heated in acetonitrile (10 mL) till a clear solution was
obtained and cooled to room temperature. To this solution, L2H (30.0 mg, 0.1 mmol) dissolved in
acetonitrile (10 mL) was added followed by few drops of triethylamine and the resultant apricot
color solution was stirred for 24 h at ambient temperature. Solvent was evaporated to ~5 mL and
formed solid was filtered, washed with diethyl ether, dried in vacuo. Amber colored crystals

suitable for X-ray crystallography were obtained by slow evaporation of 5 in DMF. Yield: 42.0
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mg, 68%. Anal. calcd for C36H24CIsNioPd4: C 35.01, H 1.96, N 11.34; found: C 35.12, H 2.01, N
11.23. ATR-IR (neat, cm™) 1603, 1485, 1454, 1256, 1157, 993, 778, 744, 891, 545, 425. '"HNMR
(600 MHz, DMSO-dg) 6 9.00 (d, /= 5.4 Hz, 1H), 8.89 — 8.83 (m, 2H), 8.50 (d, /= 5.5 Hz, 1H),
8.11 (t,J=17.5 Hz, 1H), 7.97 (d, /= 4.3 Hz, 2H), 7.94 (s, DMF), 7.88 (t, /= 7.9 Hz, 1H), 7.46 (t,
J=6.6 Hz, 1H), 7.40 (t, /= 6.8 Hz, 1H), 7.34 (d, J=4.9 Hz, 1H), 6.88 — 6.83 (m, 1H), 2.88 (s,
DMF), 2.73 (s, DMF). 3C NMR (151 MHz, DMSO-ds) § 162.5(DMF), & 155.58, 155.34, 151.91,
150.89, 149.93, 149.57, 148.18, 141.05, 140.18, 139.90, 137.53, 129.54, 129.25, 126.95, 126.74,
125.61, 123.87, 121.42, 35.89(DMF), 30.88(DMF). HRMS(ESI) m/z caled. for [Pds(L.2)2Cls]":
1198.6767, found 1198.6702.

[Pt2Cl4(L1H)] (6):

Ligand L1H (31.4 mg, 0.1 mmol) and PtClo(DMSO); (84.45 mg, 0.2 mmol) was taken in 10 mL
acetonitrile solution and stirred for 12 h at reflux condition. The golden yellow precipitates of 6
were collected by filtration, washed with diethyl ether, and dried under vacuum. Golden yellow
crystals suitable for X-ray crystallography were obtained by slow evaporation of 6 in DMF for few
weeks. Yield: 60.0 mg, 71%. Anal. calcd for C1sH14ClaNgPta2: C 25.55, H 1.67, N 9.93; found: C
25.72, H 1.70, N 9.78. ATR-IR (neat, cm™") 3281. 1605, 1488, 1241, 1147, 748, 668, 428.
HRMS(ESI) m/z calcd. for [Pt2(L1H)CI3(CH3CN)]": 851.9875, found 851.9992.

2.4.3 Crystallographic data

For the single crystal XRD data collection of the appropriate single crystals of complex 1, 2 and
4; a single source Super Nova CCD System from Agilent Technologies equipped with a fine focus
1.75 kW sealed tube with Mo-Ka radiation was used at room temperature. The data were reduced
using CrysAlisPro and Autochem?2.1 software. For complex 3, 5, and 6, data was collected at room
temperature using a Bruker D8 QUEST instrument equipped with SMART APEX CCD
diffractometer with fine focus 1.75 kW sealed tube of Mo-Ka (A = 0.71073 A) X-ray source, with
increasing o (width of 0.3° per frame) at a scan speed of 3s—5s per frame. The SMART software
was used for data acquisition and the SAINT software for data extraction. The structure solution
and refinement were performed in APEX4 and Olex2-1.5 using the SHELXT, SHELXL
programs.®> All atoms except hydrogen atoms are tuned using anisotropic displacement
parameters, whereas hydrogen atoms are tuned using relative isotropic parameters. Solvent

molecules in 1, 3 and 4 were SQUEEZED by solvent masking and disordered atoms were modeled
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in olex2-1.5. PLATON was used for structure validation.®® Mercury and ORTEP software were

used to create a pictorial depiction linked to X-ray single crystal data.

2.4.4 Optimization of Suzuki cross coupling reaction

I-bromo-4-nitrobenzene (0.5 mmol), phenylboronic acid (0.6 mmol), 1,4-dimethoxybenzene (0.5
mmol) (internal standard), base (0.75 mmol), and catalyst (x mol%) were mixed in solvent (10
mL) and was stirred at specified temperature for a given time. After the completion of the reaction,
the mixture was cooled, filtered through a short pad of celite, and washed with ethyl acetate.
Further, water was added and the reaction mixture was extracted with ethyl acetate and dried over
NazS04. The solvent was removed under reduced pressure, and the crude product was analyzed by

using '"H NMR spectroscopy to calculate the NMR yield.

2.4.5 Time dependent study

1-bromo-4-nitrobenzene (1.0 mmol), phenylboronic acid (1.2 mmol), 1,4-dimethoxybenzene (1.0
mmol) (internal standard), K2COs3 (1.5 mmol), and catalyst 1 (1 mol%) were taken in ethanol (20
mL) at 80 °C. Aliquots were taken at different time interval (0, 30, 90, 150, 210, 240, and 480
minutes), diluted with ethylacetate and filtered. After removing the volatiles, crude product was

analyzed by '"H NMR to calculate the yield.

2.4.6 General procedure for the Suzuki—Miyaura cross-coupling reaction

A mixture of aryl halide (0.5 mmol), aryl boronic acid (0.6 mmol), potassium carbonate (1.5
mmol), and catalyst 5 (0.1 mol%) in ethanol solution (10 mL) was stirred at 80 °C for 4 hours.
After the completion of the reaction, the mixture was cooled, filtered through a short pad of celite,
and washed with ethyl acetate. Further, water was added and the reaction mixture was extracted
with ethyl acetate and dried over Na;SO4. The solvent was removed under reduced pressure and
the residue was purified by preparative thin layer chromatography using ethyl acetate/hexane as the

eluent to give the corresponding biphenyl products.

2.4.7 Characterization data for Suzuki coupling products 3a-3t

1,1'-biphenyl (3a)°’

U”'**-‘:J "H NMR (400 MHz, Chloroform-d) § 7.65 (d, J= 6.8 Hz, 4H), 7.49 (t,J = 6.8 Hz,

i -H\[ﬂ::_ 4H), 7.39 (t, J = 7.2 Hz, 2H)."*C NMR (125.78 MHz, Chloroform-d) § 141.6,
~ 129.1,127.6, 127.5.
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4-methyl-1,1'-biphenyl (3b)®3
,:h]/ 'H NMR (400 MHz, Chloroform-d) & 7.57 (d, J = 7.2 Hz, 2H), 7.49 (d, J = 8.0
o~ - Hz, 2H), 7.42 (t, J = 7.6 Hz, 2H), 7.31 (t, J = 7.3 Hz, 1H), 7.26 — 7.23 (m, 2H),
E‘w'*l 2.39 (s, 3H). '3C NMR (125.78 MHz, Chloroform-d) & 141.3, 138.5, 137.1,
129.6, 128.8, 127.1 (d, J=2.6 Hz), 21.2.
[1,1'-biphenyl]-4-carboxylic acid (3¢)®

ﬁ "H NMR (400 MHz, Chloroform-d) § 8.19 (d, J= 8.4 Hz, 2H), 7.71 (d, J =
f"ﬂ\”/ “OH 8.4 Hz, 2H), 7.67 — 7.63 (m, 2H), 7.48 (t, J = 7.4 Hz, 2H), 7.41 (t, J= 6.8
E"ﬁ SR Hz, 1H). *C NMR (125.78 MHz, Chloroform-d) & 171.3, 146.6, 140.0,

130.9, 129.1, 128.4, 128.1, 127.4, 127.3.
4-nitro-1,1'-biphenyl (3d)*’

(*-:Q '"H NMR (400 MHz, Chloroform-d) & 8.30 (d, J = 8.8 Hz, 2H), 7.74 (d, J =
|H flhv,%_ 8.8 Hz, 2H), 7.63 (d, J= 7.0 Hz, 2H), 7.53 — 7.44 (m, 3H). 3C NMR (125.78
LJ ~no. MHz, Chloroform-d) § 147.7, 147.2, 138.9, 129.3, 129.0, 127.9, 127.5,
2
124.2.

4-methoxy-1,1'-biphenyl (3¢)%
'"H NMR (400 MHz, Chloroform-d) & 7.58 — 7.51 (m, 4H), 7.42 (t, J = 7.7 Hz,
2H), 7.31 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H). '3C NMR
::Jx (125.78 MHz, Chloroform-d) & 159.3, 140.9, 133.9, 128.8, 128.3, 126.8, 126.7,
| 114.3, 55.4.

1-([1,1'-biphenyl]-4-yl)ethan-1-one (3£)*®

O 'H NMR (400 MHz, Chloroform-d) & 8.04 (d, J = 8.5 Hz, 2H), 7.69 (d, J =
“ T ~ 8.5Hz, 2H), 7.63 (d, J= 7.1 Hz, 2H), 7.47 (t, J= 7.4 Hz, 2H), 7.40 (t, J=7.3
rf‘]f’*ﬁf Hz, 1H), 2.64 (s, 3H). '3*C NMR (125.78 MHz, Chloroform-d) & 197.9, 145.9,
= 140.0, 136.0, 129.0, 129.0, 128.3, 127.4, 127.3, 26.7.
[1,1'-biphenyl]-4-carbonitrile(3g)%®
A "H NMR (400 MHz, Chloroform-d) & 7.75 — 7.67 (m, 4H), 7.60 (d, J = 8.8
Hz, 2H), 7.49 (t,J = 7.6 Hz, 2H), 7.43 (t, J= 7.3 Hz, 1H). 3C NMR (125.78
~#~.._ MHz, Chloroform-d) & 145.8, 139.3, 132.7, 129.2, 128.8, 127.8, 127.3,

119.0, 111.0.
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[1,1'-biphenyl]-2-carbaldehyde (3h)”°
0 'H NMR (400 MHz, Chloroform-d) & 9.96 (s, 1H), 8.01 (d, J = 8.7 Hz, 1H), 7.59
ﬂ*”"*ﬂ: A “H  (td,J=7.5,1.3 Hz, 1H), 7.43 (dt, J= 14.7, 7.5 Hz, 5H), 7.34 (dd, J=7.6, 1.7 Hz,
~F ™ 2H). 3C NMR (125.78 MHz, Chloroform-d) § 192.4, 146.0, 137.7, 133.7, 133.6,
=7 130.8, 130.1, 128.4, 128.1, 127.8, 127.6.
[1,1'-biphenyl]-4-carbaldehyde (3i)%®
O 'HNMR (400 MHz, Chloroform-d) & 10.06 (s, 1H), 7.96 (d, J = 8.3 Hz, 2H),
Iﬁf’f “~|~f “H  7.76 (d, J = 8.2 Hz, 2H), 7.64 (d, J= 7.1 Hz, 2H), 7.49 (t, J = 7.4 Hz, 2H),
C’“ﬂ = 7.42 (t, J = 7.3 Hz, 1H). *C NMR (125.78 MHz, Chloroform-d) & 192.1,
= 147.3,139.8, 135.3, 130.4, 129.1, 128.6, 127.8, 127.5.
2-phenylpyridine (3j)"'
rf‘j 'H NMR (400 MHz, Chloroform-d) & 8.70 (d, J=4.9 Hz, 1H), 8.00 (d,J="7.1 Hz,
Z~ Sy 2H), 7.74 (dd, J= 6.3, 1.5 Hz, 2H), 7.48 (t, J= 7.3 Hz, 2H), 7.42 (t, J = 7.3 Hz,
X 1H), 7.23 (ddd, J= 6.8, 4.9, 2.2 Hz, 1H). *C NMR (125.78 MHz, Chloroform-d)
8 157.5, 149.6, 139.4, 136.7, 128.9, 128.7, 126.9, 122.1, 120.6.
Methyl [1,1'-biphenyl]-4-carboxylate(3k)’>

.,

O "H NMR (400 MHz, Chloroform-d) & 8.14 —8.10 (m, 2H), 7.69 — 7.61 (m,

J:?jf 07 4H), 7.50 — 7.44 (m, 2H), 7.43 — 7.37 (m, 1H), 3.95 (s, 3H). 3C NMR

jﬁ‘“ﬂf S (125.78 MHz, Chloroform-d) § 167.1, 145.7, 140.1, 130.2, 129.0, 128.2,
S 127.1, 52.2.

Ethyl [1,1'-biphenyl]-4-carboxylate(31)"

,J{i "H NMR (400 MHz, Chloroform-d) & 8.13 (d, J = 8.4 Hz, 2H), 7.65 (dd,
-:’ff““i 07 J=14.0,7.9 Hz, 4H), 7.47 (t, ] = 7.4 Hz, 2H), 7.40 (t, J = 7.3 Hz, 1H),
K*i = 441 (q, ] = 7.1 Hz, 2H), 1.43 (t, ] = 7.1 Hz, 3H). *C NMR (125.78

MHz, Chloroform-d) & 166.6, 145.6, 140.1, 130.1, 129.3, 129.0, 128.2,
127.3,127.1, 61.0, 14.4.
1,1':4',1""-terphenyl (3m)"*
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= 'H NMR (400 MHz, Chloroform-d) & 7.68 (s, 4H), 7.65 (d, J = 7.1 Hz,

" 4H), 7.46 (t, J = 7.6 Hz, 4H), 7.36 (t, J = 7.4 Hz, 2H). *C NMR (125.78
(-~| P MHz, Chloroform-d) & 140.8, 140.2, 128.9, 127.6, 127.4, 127.2.

4-chloro-4'-nitro-1,1'-biphenyl (3n)”
_~_NO> "HNMR (400 MHz, Chloroform-d)  8.30 (d, J = 8.8 Hz, 2H), 7.71 (d,
,,_;H/[%,JT J=8.9 Hz, 2H), 7.56 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 8.6 Hz, 2H). °C
,e-:%;l- NMR (125.78 MHz, Chloroform-d) 6 147.4, 146.4, 137.3, 135.4, 129.1,
128.7, 127.8, 124.3.
2-(4-nitrophenyl)naphthalene (30)"°
N0z '"H NMR (400 MHz, Chloroform-d) & 8.35 (d, J = 8.8 Hz, 2H), 8.10 (s,
PN k,' 1H), 7.99 — 7.86 (m, 5H), 7.75 (dd, J = 8.5, 1.8 Hz, 1H), 7.58 — 7.53
L% ) -%’,J/ (m, 2H). 3C NMR (125.78 MHz, Chloroform-d) & 147.6, 147.1, 136.0,
133.4,133.2,129.0, 128.4, 128.0, 127.7, 126.9, 126.8, 124.9, 124.2.

Cl-
-

1-(6-phenylpyridin-2-yl)ethan-1-one (3p)’’

= "H NMR (400 MHz, Chloroform-d) § 8.10 (d, J= 7.0 Hz, 2H), 7.96 (dd, J =

““w' 7.3, 1.3 Hz, 1H), 7.87 (dt, J = 15.2, 7.2 Hz, 2H), 7.50 (d, J = 7.5 Hz, 2H),
7.48 — 7.43 (m, 1H), 2.82 (s, 3H). *C NMR (125.78 MHz, Chloroform-d) &

200.5, 156.4, 153.4, 138.4, 137.6, 129.5, 128.9, 126.9, 123.4, 119.8, 25.7.

3-phenylisoquinoline (3q)"®
rf:jr"“fm "H NMR (400 MHz, Chloroform-d) 6 9.19 (d, J = 2.2 Hz, 1H), 8.27 (d, J =
S H;?J\ *‘ﬁ 1.7 Hz, 1H), 8.15 (d, J= 8.5 Hz, 1H), 7.85 (d, J= 8.1 Hz, 1H), 7.70 (d, J =
1&’ 8.2 Hz, 3H), 7.59 — 7.48 (m, 3H), 7.42 (t,J= 7.4 Hz, 1H). *C NMR (125.78
MHz, Chloroform-d) 6 149.9, 147.3, 137.8,133.8, 133.2,129.43 129.2, 129.2, 128.1, 128.0, 127 .4,
127.0.
4-phenylisoquinoline (3r)”
r*‘“-mx "H NMR (400 MHz, Chloroform-d) & 9.25 (s, 1H), 8.49 (s, 1H), 8.02 (d, J = 8.2
| = Hz, 1H), 7.91 (d, J = 8.3 Hz, 1H), 7.66 — 7.59 (m, 2H), 7.53 — 7.45 (m, 5H). *C
=, NMR (125.78 MHz, Chloroform-d) 6 152.0, 142.8, 137.0, 134.2, 133.3, 130.5,
[avtﬂ\q;;f“l 130.1, 128.6, 128.4, 127.9, 127.9, 127.2, 124.8.
4-((4'-chloro-[1,1'-biphenyl]-4-yl)oxy)phenol (3s)

-~
i -
o
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ATR-IR (neat, cm™) 3193, 2956, 2921, 1603, 1509, 1480,

e
o “ U 1245, 1102, 817,490. 'H NMR (400 MHz, Chloroform-d) 3
T) CT 7.47 (dd, J = 8.7, 2.0 Hz, 4H), 738 (d, J = 8.5 Hz, 2H), 6.98

(dd, J = 12.5, 8.8 Hz, 4H), 6.84 (d, J = 8.9 Hz, 2H), 4.85 (s,
1H). 3C NMR (125.78 MHz, Chloroform-d) § 158.50, 152.14, 150.12, 139.21, 134.41, 133.14,
129.04, 128.33, 128.21, 121.31, 117.97, 116.55. HRMS (ESI) m/z calculated for [C1sH13C102—
H]": 295.0531, found: 295.0530.

4-(4-(naphthalen-2-yl)phenoxy)phenol (3t)
.f.-:‘f“"f‘t ATR-IR (neat, cm™) 3195, 2958, 2923, 1604, 1508, 1245,
HO =~ =~ S~ 1101, 818, 740, 475. 'H NMR (400 MHz, Chloroform-d) 3
\“xf«’:" H[r’[ﬁw 7.99 (s, 1H), 7.88 (q, J = 8.6 Hz, 3H), 7.71 (dd, J = 8.5, 1.8
Hz, 1H), 7.68 — 7.63 (m, 2H), 7.52 — 7.44 (m, 2H), 7.08 — 7.03 (m, 2H), 7.02 — 6.96 (m, 2H), 4.87
(s, 1H). 3C NMR (125.78 MHz, Chloroform-d) § 158.30, 152.06, 150.30, 138.08, 135.60, 133.86,
132.58, 128.74, 128.56, 128.24, 127.78, 126.45, 125.95, 125.56, 125.45, 121.25, 118.06, 116.54.
HRMS (ESI) m/z calculated for [C22H160>+H]": 313.1224, found: 313.1210.

2.4.8 Optimization of transfer hydrogenation reaction

Benzophenone (1.0 mmol), base (1.0 mmol), catalyst (x mol%), and 1,4-dimethoxybenzene (1.0 mmol)
(internal standard) were mixed in solvent (10 mL) and were stirred at a specified temperature for
a given time. After the completion of reaction, the mixture was cooled, filtered through a short pad
of celite, washed with ethyl acetate. The solvent was removed under reduced pressure, and the

crude product was analyzed using "H NMR spectroscopy to calculate the NMR yield.

2.49 Time dependent study

To investigate the effect of time on formation of alcohol, we carried out a time dependent study.
For this, benzophenone (1.0 mmol), KOH (1.0 mmol), catalyst 1 (I mol%), and 1,4-
dimethoxybenzene (1.0 mmol) (internal standard) were taken in isopropanol (20 mL) and was
stirred at 80 °C. Aliquots were taken at different time interval (0.5, 1, 2, 3, 5, 9, 20, and 24 hours),
diluted with ethylacetate, and filtered. After removing the solvents, 'H NMR spectrum was
analyzed to calculate the percent yield of diphenylmethanol.

2.4.10 General procedures of transfer Hydrogenation reaction.
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A mixture of aryl ketone or aldehyde (1.0 mmol), potassium hydroxide (1.0 mmol), and catalyst 5
(0.1 mol%) in isopropanol (10 mL) was stirred at 80 °C for 16 hours. After the completion of the
reaction, the mixture was filtered through a short pad of celite and washed with ethyl acetate.
Further, water was added and the reaction mixture was extracted with ethyl acetate and dried over
NaxSOs. The solvent was removed under reduced pressure and the residue was purified by
preparative thin layer chromatography using ethyl acetate/hexane as the eluent to give the

corresponding alcohol products.

2.4.11 Specific procedures and characterization data for Transfer Hydrogenation products
(5a-5n)

diphenylmethanol (5a)°

F\ OH "H NMR (400 MHz, Chloroform-d) § 7.38 —7.22 (m, 10H), 5.79 (s, 1H), 2.36 (s,

N/ *\}_ 1H). *C NMR (125.78 MHz, Chloroform-d) & 143.9, 128.5, 127.6, 126.6, 76.3.
7

—
. W
\ A

"\.‘_—_ v

1-(4-(1H-imidazol-1-yl)phenyl)ethan-1-ol (5b)!
fﬁ‘*}l 'H NMR (400 MHz, Chloroform-d) 8 7.74 (s, 1H), 7.49 (d, J = 8.3 Hz, 2H), 7.33 (d,
E J= 8.4 Hz, 2H), 7.24 (s, 1H), 7.15 (s, 1H), 4.96 (q, J = 6.4 Hz, 1H), 2.83 (s, 1H),
[’ “] 1.52 (d, J = 6.5 Hz, 3H). '>C NMR (125.78 MHz, Chloroform-d) 5 146.0, 136.3,
135.6, 130.0, 127.1, 121.5, 118.4, 69.5, 25.5.
~"0OH
1-(pyrazin-2-yl)ethan-1-ol (5¢)>
oH 'HNMR (400 MHz, Chloroform-d) & 8.66 (s, 1H), 8.54 — 8.44 (m, 2H), 4.98 (q, J
N H—LH,, = 6.5 Hz, 1H), 3.72 (s, 1H), 1.55 (d, J = 6.6 Hz, 3H) ppm. °C NMR (125.78 MHz,
L aj Chloroform-d) 6 158.8, 143.4, 143.2, 142.5, 68.1, 24.0ppm.
1-(4-bromophenyl)ethan-1-ol (5d)%*
OH  '"H NMR (400 MHz, Chloroform-d) & 7.47 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.3
r”“i ~~ "~ Hz, 2H), 4.86 (q, J = 6.4 Hz, 1H), 1.90 (s, 1H), 1.47 (d, J = 6.5 Hz, 3H). 1*C
Br ™ NMR (125.78 MHz, Chloroform-d) 6 144.9, 131.7, 127.2, 121.3, 69.9, 25.3.
1-(2-aminophenyl)ethan-1-ol (5¢)**
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OH  'H NMR (400 MHz, Chloroform-d) & 7.09 (t, J = 6.8 Hz, 2H), 6.73 (t, J = 7.4 Hz,
="~ 1H), 6.68 (d, J= 8.2 Hz, 1H), 4.94 (q, J = 6.6 Hz, 1H), 1.60 (d, J = 6.6 Hz, 3H). 1*C
" NH,  NMR (125.78 MHz, Chloroform-d) & 145.2, 128.7, 128.4, 126.6, 118.2, 116.7, 69.7,
21.6.
1,1'-([1,1'-biphenyl]|-4,4'-diyl)bis(ethan-1-ol) (5%
oH "H NMR (400 MHz, Chloroform-d) & 7.57 (d, J= 8.3 Hz, 4H), 7.44 (d,

P N J=28.1Hz, 4H), 4.95 (q, /= 6.5 Hz, 2H), 1.76 (s, 2H), 1.54 (d, J= 6.5
]f;;l ,»_;:H Hz, 6H). *C NMR (125.78 MHz, Chloroform-d) & 144.9, 140.2, 127.3,
\EJJ«HT,DH 126.0, 70.3, 25.3

anthracen-9-ylmethanol (5g)*°
OH '"H NMR (400 MHz, Chloroform-d) § 8.48 (s, 1H), 8.43 (d, J = 8.9 Hz, 2H),

Py J; o 8.04(d,J=8.4 Hz, 2H), 7.61 - 7.55 (m, 2H), 7.52 — 7.47 (m, 2H), 5.69 (s, 2H),
[Hﬁ;Eq_;[x;] 1.77 (s, 1H). *C NMR (125.78 MHz, Chloroform-d) & 131.7, 131.1, 130.4,
129.3, 128.5, 126.6, 125.2, 124.0, 57.6.
pyren-1-ylmethanol (5h)®’

OH 'H NMR (400 MHz, Chloroform-d) & 8.39 (d, J = 9.2 Hz, 1H), 8.20 (dd, J = 6.9,
f”f“ ) Hz, 2H), 8.18 — 8.14 (m, 2H), 8.09 — 7.99 (m, 4H), 5.42 (s, 2H), 1.90 (s, 1H).
= 3C NMR (125.78 MHz, Chloroform-d) § 133.9, 131.4, 130.9, 129.0, 128.0, 127.6,
ﬁ’fﬂx‘]" 127.5,126.2,126.1, 125.4, 125.1, 124.9, 124.8, 123.1, 64.0.

1,1'-(1,4-phenylene)bis(ethan-1-o0l) (5i)%®
OH  1H NMR (400 MHz, CDCI3): & = 7.38 (s, 4H), 4.93 (q, ] = 6.4 Hz, 2H), 2.03
< j/ ~ (s, 2H), 1.52 (d, J = 6.4 Hz, 6H); 13C NMR (125.78 MHz, CDCI3): § = 145.0,
NN 125.5, 70.18 70.1, 25.1.
OH
1-(naphthalen-2-yl)ethan-1-ol (5§)%°
OH  'H NMR (400 MHz, Chloroform-d) § 7.89 — 7.77 (m, 4H), 7.49 (dtt, J = 10.9,
["‘j:’%fj\ 7.2,3.3 Hz, 3H), 5.07 (q,J = 5.6 Hz, 1H), 2.03 (s, 1H), 1.59 (d, J= 6.5 Hz, 3H).

o

= 13C NMR (125.78 MHz, Chloroform-d) & 143.3, 133.4, 133.0, 128.4, 128.0,
127.8,126.2, 125.9, 123.9, 70.6, 25.2.
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2-methoxybenzamide (5k)%
| "H NMR (400 MHz, Chloroform-d) & 8.21 (d, J = 9.3 Hz, 1H), 7.72 (s, 1H), 7.47
© (t,J=8.7Hz, 1H), 7.09 (d, /= 7.4 Hz, 1H), 6.99 (d, J= 8.3 Hz, 1H), 6.06 (s, 1H),
leo 3.97 (s, 3H). 3C NMR (125.78 MHz, Chloroform-d) § 167.2, 157.9, 133.5, 132.7,
121.4,120.9, 111.5, 56.0.
4-hydroxybenzamide (51)”°
'H NMR (400 MHz, DMSO-ds) & 10.04 (s, 1H), 7.75 (d, J = 8.7 Hz, 3H),
_;_:uj,-—LHNH? 7.12 (s, 1H), 6.85 — 6.75 (m, 2H). 3C NMR (126 MHz, Chloroform-d) &
- t:h,,l 168.2,160.41, 129.7, 125.0, 114.9

NH>

Hx
4-phenylpicolinamide (5m)

. 'H NMR (400 MHz, DMSO-ds) & 8.61 (d, J= 5.0 Hz, 1H), 8.47 (s, 1H),
L .ﬂh . lGLH 7.92 (s, 1H), 7.74 — 7.70 (m, 2H), 7.67 (dd, J= 5.1, 1.8 Hz, 1H), 7.54 —
N h y 7.44 (m, 3H), 5.80 (s, 1H). '3C NMR (126 MHz, Chloroform-d) § 167.3,
150.2, 150.0, 148.9, 137.5, 129.6, 129.4, 127.2, 124.2, 120.5.
pyrazine-2,3-dicarboxamide (5n)
H:N._O . "HNMR (400 MHz, Chloroform-d) § 9.25 (s, 2H), 8.57 (s, 2H), 8.14 (s, 2H). °C
NZ HW’A NMR (126 MHz, DMSO-ds) & 167.16, 147.17, 144.69. Cas no 6164-78-9.

-
N

L+

]

2.4.12 Homocoupling of phenylacetylene

Phenylacetylene (2 mmol), KoCOs3(1.5 mmol), and catalyst 5 (0.1 mol%) were mixed in ethanol
(10 mL) and were stirred at 70 °C for 8h. After the completion of reaction, the mixture was cooled,
filtered through a short pad of celite, washed with ethyl acetate. The solvent was removed under
reduced pressure, and the crude product was purified by preparative thin layer chromatography to
produce isolated yield of 1,4-diphenylbuta-1,3-diyne.”! 'H NMR (400 MHz, Chloroform-d) &
7.56 — 7.51 (m, 4H), 7.35 (q, J = 7.2, 6.3 Hz, 6H). *C NMR (126 MHz, DMSO-d6) § 132.65,
129.36, 128.59, 121.94, 81.69, 74.04.

2.4.13 Reusability of catalyst 1
1-bromo-4-nitrobenzene (1.0 mmol), phenylboronic acid (1.2 mmol), KoCO3 (1.5 mmol), and
catalyst 1 (1 mol%) were taken in ethanol (20 mL) at 80 °C and stirred for 4 hours. Solvent was

removed, water (10 mL) was added and extracted with ethylacetate. Organic phase was collected,
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dried over anhydrous sodium sulfate and solids were collected after removal of solvent. The crude
product was purified by preparative thin layer chromatography (5% EtOAc/hexane). The insoluble
catalyst present in aqueous phase was collected by centrifuge, dried in an oven, and applied directly

for next run.

2.4.14 Hot filtration test

To check the homogeneity of catalyst 1, a hot filtration test was conducted. The reaction condition
was same as for product 3d. After 1.5 hours, the reaction solution was filtered quickly through a
short pad of celite in hot condition. Then, the filtrate was allowed to stirring for next 2.5 hours.
After the completion of reaction, the mixture was cooled, filtered through a short pad of celite, and
washed with ethyl acetate. The solvent was removed under reduced pressure and the residue was
purified by preparative thin layer chromatography using ethyl acetate/hexane (1:19) as the eluent
to obtain pure 4-nitro-1,1'-biphenyl. The yield of the product was 96% while without filtration, it

was 98.5% which confirmed the homogeneous nature of catalyst 1.

2.4.15 DNA Binding Study:

The experiments were performed at room temperature in Tris-HCI buffer (5 mM Tris-HCI and 50
mM NaCl, pH = 7.2). The DNA stock solution was prepared in Tris-HCI buffer and the stock
solution was stored at 4 °C in dark. The concentration was determined spectrophotometrically
from the absorbance at 260 nm (molar extinction coefficient is 6600 M~! cm™!). Further, the
absorbance of DNA stock solution at 260 and 280 nm gave a ratio of 1.8, signifying that the DNA
was adequately protein free. The titration experiment was carried out with fixed complex
concentration (15 puM) to which DNA (0—15 pM) was gradually added for absorption
measurement. For emission experiments, stock solution of ethidium bromide (EB) was prepared
in deionized water. A 5.0 uM of EB solution was mixed with 5.0 uM DNA solution and kept for
30 minutes. A 5.0 uM of EB-DNA mixed solution was titrated with variation of complex

concentration (0—15 uM). EB-DNA adduct.

2.4.16 BSA Binding Study:

BSA stock solution was prepared by dissolving in HEPES buffer (10.0 mM, pH= 7.2) and
concentration was determined from the absorbance at 278 nm (molar extinction coefficient 4.4 x
10* M em™). Stock solutions of all metal complexes were prepared in DMSO and diluted in

HEPES buffer. Titration study was carried out with a constant BSA concentration (1.5 uM) and
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gradually increasing concentration of metal complexes (0-3.0 uM). The excitation was set at 285
nm and emission spectra were collected in the range of 280—500 nm at 25 °C. For steady-state
fluorescence anisotropy measurement, the excitation and emission slit were set at 5 nm and 10 nm.

respectively. The system was excited at 350 nm and emission wavelength was fixed at 533 nm.

2.4.17 In silico ADMET properties and Molecular Docking study

The physicochemical properties, lipophilicity, drug-likeness scores, and medicinal chemistry data
were calculated with the SwissADME database.”? Pharmacokinetics properties were computed
using pkCSM tool.”> The Ames test and rodent carcinogenicity were predicted in PreADMET.**
Molecular docking was executed using the Autoock4.2.6 and MGL Tools 1.5.6 programs.®> The
Apo structure of human LTA4H was obtained from Protein Data Bank (PDB ID: 5fwq).”® Then, it
was cleaned by removing water and co-crystal molecules followed by the addition of polar
hydrogens and atomic Kollman charges. A blind docking was carried out with grid box dimensions
148 x 236 x 200, grid points spaced 0.375 A, and the receptor was kept inflexible during the study.
Lamarckian Genetic Algorithm (GA) with a population size of 100 was used to generate the
docked conformations with studied compounds. The docking results were visualized by using

BIOVIA Discovery Studio Visualizer.”’

2.4.18 Computational Study

For computational study, all calculations were performed by using Gaussian09 (G09) program and
GaussView 5.0 was used for picturization.”®” The geometry of complexes 1-6 were optimized
using B3LYP hybrid functional and 6-311g(d,p)/LanL2DZ basis set.!?%!%! The natural bonding
orbital (NBO) analysis was carried out to calculate natural atomic charges and electron
configurations.!?>!%* Frontier molecular orbital (FMO) analysis was also performed to calculate

the chemical reactivity and stability in 1-6.'%

CCDC No. 2390283—-2390286, 2422918, and 2422915 contain the crystallographic data for all

complexes studied in this Chapter.
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The ATR-IR, NMR and HRMS spectra of complexes, NMR spectra of catalytic products, electronic
spectra of DNA/BSA interaction, and optimized structures, HOMO-LUMO orbitals, NBO analysis
data and cartesian coordinates of all complexes can be found in Appendix I by using the following
link:

https://drive.google.com/file/d/INH8C4aVkmm2rxSCxNTd-MVOwWbqaTB7X/view?usp=sharing
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Abstract

A series of bivalent complexes of group 10 metals using various structurally and electronically
diverse ligands (N/O/P-donor) were synthesized, characterized, and their structures were
determined by SCXRD. Computational calculations were applied to optimize molecular
geometries, evaluate the energies of frontier molecular orbitals (FMOs), NBO analysis and
possible electronic transitions. The ligands featuring various donor sites revealed how they were
responsible for the geometry of complexes; altered the catalytic and bioactivity. The Ni(II)
complexes were applied as catalysts in imine/diimine formation via acceptorless dehydrogenative
coupling (ADC) of alcohol and amine/diamine. Only 1.0 mol% of Ni(Il) catalyst excellently
produced imines/diimines in toluene (110 °C, 12 h). In Heck coupling, Pd(Il) catalysts were
adeptly produced alkene in 98% yield in ethanol under significantly milder condition than
traditional protocols relying on DMF/DMSO at higher temperatures. Among all complexes, 1a
and 2h were found as superior catalyst in their respective conversion. Versatility of Pd(II) catalysts
was also examined in a model reaction of cross dehydrogenative coupling (CDC) of thiophene-2-
carbaldehyde. The Pt(II) complexes were examined for their interactions with CT-DNA and BSA
wherein 3e exhibited highest binding affinity. Binding mode of 3e was visualized through
molecular docking with CT-DNA and BSA.

3.1 Introduction

Group 10 metal complexes have been extensively used as catalysts and metallodrugs. Many types
of organic transformations catalyzed by Pd(II) and Ni(II) complexes are much importance as well
as powerful tool in research and synthetic industry.!™ In the history of homogeneous metal
catalyst, palladium earned a special place due to its versatility, selectivity, high activity, mild
reaction conditions and large functional group tolerance.”’ However, the high cost of palladium
motivated the evaluation of cheaper and earth-abundant nickel as an alternate option for
establishing the catalytic conversions.®!* In the era of metal catalyzed organic synthesis, design
of a catalyst to catalyze more than one reaction is more desirable which diminished the requirement
of multiple catalyst syntheses. Minimal use of solvents, reagents, reaction time, and energy during
synthesis of both catalyst and reactions catalyzed by them are major advantages of these
multifunctional catalysts.!!"!? Remarkably, the cutting-edge development of efficient, stable, and

multifunctional catalysts that enhance their synthetic application are highly demanded.'®
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However, characteristics of the ligand plays a significant role in the catalytic activity at the metal
site. In case of palladium, the selection of ligand to enhance the reactivity for a specific catalysis
has become instinctive, but this ramification for nickel remains inherent. In some reports, it was
observed that ligands specific for activity of Pd were found to be inactive for Ni.'*"!7 Pincer ligands
gain popularity due to their ability to form structurally predictable and highly robust complexes.'®
and N and P donors in the same chelate was a crucial combination to provide hemi-lability that
support metal center in different oxidation states. '>?° An important transition metal complex
catalyzed chemical conversion is imine synthesis, and compounds containing the imine function
have been widely used in various medical, agricultural, and other sectors.2!® Acceptorless
dehydrogenative coupling (ADC) of alcohols with amine by using a catalyst has emerged as a
greener strategy to produce imines. However, imine synthesis has been performed using precious
metal catalyst.2?2° Some pincer ruthenium complexes (Ru3.1, Ru3.2) were used by
Nishibayashi and co-worker as catalyst to produce imine from amines and benzyl alcohol.?’
However, 48 h was required to achieve a maximum 86% imine in presence of NaO'Pr and toluene.
The Yao group reported some air-stable half-sandwich iridium complexes (Ir3.1-1r3.5) and used
as oxidation catalyst for imine synthesis using DMSO as solvent and under 1 atm oxygen.?> A
well-defined cobalt complex (Co3.1) was reported by Ding and coworkers and used to catalyze
imine formation reaction via dehydrogenative coupling of amines with primary alcohols using 3.0
mol% of catalyst loading in 24 hours.*® Very recently, Lin group reported ruthenium catalysts

(Ru3.3-Ru3.6) for imine formation reaction.’! (Scheme 3.1). Thus, development of earth

abundant catalysts using simple ligands for imine synthesis via ADC would be significant.

4
{ #( |
PtB”Z I/\P Buz /Ir /@ PhsP. (Ij\
LN

@: >-—Ru—CO E >——Ru—C0 \N/C°:: Prr2 \ oc//u—N

2 PPh

\-——P'B P‘BUz _ P\)Q 3@
uz N \\\/

S R
Ru3.1 =
Ru3.2 Co3 1

(Ir3.1), 4-OCHj (Ir3.2) R = Me (Ru3.3), OMe I(Ru3.4)
r3.3), 2-CH, (Ir3.4), 3-Br (Ir3.5) Cl (Ru3.5), Br (Ru3.6)

Scheme 3.1: Some reported metal catalysts used for imine synthesis from alcohol and amine.

Another most demanded C—C coupling reaction is Heck coupling which is very useful synthetic

procedure in natural product synthesis, biomaterials, and fine chemical synthesis. Shao and
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coworker successfully conducted Heck coupling between aryl bromide and n-butyl acrylate using
CNC pincer type Pd(Il) complexes (Pd3.1-Pd3.3) in DMSO at 110 °C.>?> A bis (BICAAC)
palladium(II) complex (Pd3.4) was reported by Singh and coworker.>*> The enhanced c-donating
and m-accepting capabilities of BICAAC stabilized the Pd—carbene bond and catalyzed Heck
reactions at 110 °C for 10-12 hours in DMA. Szostak group reported various C-C coupling
reactions including Heck coupling in moderate yield by using Pd-PEPSSI N-heterocyclic caffeine
complexes (Pd3.5-Pd3.7).>* Recently Ananikov group showed that how halogen substitution on
aryl ligands affects the electronic structure and reactivity of the Pd-NHC catalysts (Pd3.8-Pd3.20)
in the Heck reaction .>* The reactivity order of the halogen substituent was Br > F > Cl and m-X,
p-X > 0-X in Heck coupling. The presence of electron-withdrawing groups such as CFs and Br at
meta or para positions led to enhanced catalytic activity and stability (Scheme 3.2).

As most of the Heck coupling used Pd(II) catalyst made from phosphene and carbene based ligands
along with toxic solvents and high temperature, it would be noteworthy to develop sustainable

reaction condition using alcoholic solvent and readily available ligand systems.

® o 7/ =\
Z | ] - _N>—N o Q/NYN 7 .
) N~ il N/ /
SN PFg , >_—2: R/ —hd= =

, N: N N
N Pd\(N /Pd | Y = - |
@,N ' N N I—Pd—I X
‘R R Dipp” |
R R=H (Pd3.8)
Do 2 el o-/m-/p- F (Pd3.9 - Pd3.11)
Ipp= 2,6-FrCgH3 o-/m-/p- Cl (Pd3.12 - Pd3.14)
R= allyl (Pd3.1) R= 3-CI-Py (Pd3.5) o-/m-/p- Br (Pd3.15 - Pd3.17)
pentyl (Pd3.2), hexyl (Pd3.3) P -Py (Pd3.6), o-/m-/o- CF5 (Pd3.18-Pd3.20)

1-methylimidazole (Pd3.7)

Scheme 3.2: Some reported Pd(II) catalysts used in Heck coupling reaction.

In addition to their well-known catalytic roles, group 10 metal complexes, particularly Pt(II)
complexes have attracted considerable attention for their potential in biomedical applications,
especially as anticancer agents.’*>° Their ability to interact with key biomolecules such as
deoxyribose nucleic acid (DNA) and serum proteins can disrupt the tumour microenvironment and

trigger cell death (apoptosis).*°

A crucial aspect of any effective anticancer drug lies in its ability
to reach the intended site of action. In this regard, binding to serum albumins is vital, as these
proteins are the primary carriers of drugs in the bloodstream.*! Bovine serum albumin (BSA) is

frequently used in such studies because of its close structural resemblance to human serum albumin
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(HSA).*? Therefore, evaluating the binding affinity of these platinum(II) complexes to both DNA
and BSA is essential for understanding their therapeutic potential, anticancer activity, and
pharmacological behaviour.**#® With this in mind, we have investigated the interactions between
the platinum(II) complexes of the synthesized ligands and biomolecules like calf thymus DNA
(CT-DNA) and BSA.

Thus, from the above discussed literature results, it is concluded that there is necessity for
development of robust and sustainable Ni and Pd catalyst which can overcome the various
limitation faced by metal catalyzed imine synthesis and Heck coupling. This chapter discussed the
synthesis of some benzothiazole hydrazone (NNP- and NNN- donor), coumarin fused pyrrole
(NN- donor) and imidazo[1,5-a]pyridine (NN-, NNO- donor) based ligand systems and explored
the catalytic activity of their nickel(II) and palladium(Il) complexes and DNA, BSA interaction
with Pt(IT) congeners. The main objective of this chapter is to investigate how various fused ring
moieties containing ligands with different donor sites influences structure and control reactivity of

their group 10 complexes in both catalysis and biomolecule interaction.

3.2 Results and discussion

3.2.1 Synthesis and characterization of ligands

Ligands (E)-2-(2-(2-(diphenylphosphaneyl)benzylidene)hydrazineyl)benzo[d]thiazole (L1H) and
(E)-2-(2-(quinolin-8-ylmethylene)hydrazineyl)benzo[d]thiazole (L2H) was prepared through a
simple condensation reaction (Scheme 3.3). The NNP- donor ligand L1H was obtained from the
reaction of 2-(diphenylphosphaneyl)benzaldehyde and 2-hydrazineylbenzo[d]thiazole in 92%
yield, while L2H having NNN- coordinating sites was prepared from quinoline-8-carbaldehyde
and 2-hydrazineylbenzo[d]thiazole with a yield of 88%. Both the ligands were characterized by
ATR-IR and NMR (Figure S3.1-S3.3). Their infrared spectra displayed a sharp peak at 744 cm™!
due to the vcs and peaks at 1619 cm™ (L1H) and 1614 cm™!' (L2H) may be attributed to C=N
stretching of thiazole ring. The hydrazone (-HC=NNH-) formation was indicated by the presence
of a v peak at 1563 cm™! and 1575 cm ! in L1H and L2H respectively. In the 'H NMR spectra,
the proton resonated at 11.90 ppm and 12.50 ppm for L1H and L2H respectively, as a broad singlet
was due to -NH proton. The *'P NMR spectrum of L1H showed a singlet at = —15.40 ppm, which
was appropriate for this type of phosphorus.
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)—NH 4 EEE— \>_NH
N \ R™ "H Reflux, 12h s

NH,

=4 N
L1H (92%): R= L2H (88%): R=
PPh, A

Scheme 3.3: Synthesis of ligands L1H and L2H

For the preparation of coumarin fused pyrrole ligand, 2-(pyridin-2-yl)chromen[4,3-b]pyrrol-
4(1H)-one (L3H), the precursor 4-chloro-2-oxo-2H-chromene-3-carbaldehyde (A) was
synthesized under Vilsmeier-Haack condition. The electrophilic substitution of chlorine in A with
2-picolylamine followed by the intramolecular aldol condensation reaction produced L3H in 72%

yield (Scheme 3.4).
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Scheme 3.4: Synthetic mechanism of L3H.

The presence of pyrrole-NH in L3H was confirmed from the peak at 10.92 ppm in 'H NMR
spectrum as well as presence of peak at 3283 cm ! in the IR spectrum (Figure S3.1). Peaks due to

lactone C=0 and C-O-C stretching were observed at 1685 cm ! and 1186 cm™!, respectively.

Ligand, 3-(2-bromophenyl)-1-(pyridin-2-yl)imidazo[1,5-a]pyridine (L.4) was obtained as light green
solid from the reaction of 2,2'-dipyridyl ketone, 2-bromobenzaldehyde and NH4OAc in hot acetic acid by
a minor modification of reported procedure.*’ Following the same procedure, by taking 2,2'-dipyridyl
ketone, 2-hydroxynaphthaldehyde and NH4OAc, 1-(1-(pyridin-2-yl)imidazo[l,5-a]pyridin-3-
yl)naphthalen-2-ol (LSH) was prepared in 68% yield as brown crystalline powder (Scheme 3.5). In the
'H NMR spectrum, protons of the imidazo[1,5-a] nucleus in L4 resonated at 8.73, 7.14, 6.97, 6.67
ppm, while that of in LSH resonated at 8.81, 7.15, 7.06, 6.64 ppm and their >*C NMR spectrum
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Scheme 3.5: Synthetic route for L.4 and L5SH.

contained peaks matched with calculated number of carbons (Figure S3.4 and S3.5). The broad
peak at 3066-2628 cm ™! in infrared spectrum of L5H was assigned to phenolic —OH group, the
lowering in frequency may be due to intramolecular hydrogen bonding with imidazo[1,5-
a]pyridine nitrogen. All ligands in their high-resolution mass spectrum rendered molecular ion

peaks that matched well with calculated values (Figure S3.25).

3.2.2 Molecular structure of ligands

The molecular structure of all ligands was determined by single crystal X- ray diffraction analysis
(Figure 3.1, S3.47 and Table S3.1-S3.11). The crystals of L1H and L2H were obtained by slow
evaporation in DMF and crystallized in P2;/n and P2i/c space group respectively. The
benzothiazole and phenylphosphene/quinoline groups were in opposite sides of C=N bond in L1H
and L2H and thus in £ configuration in their respective geometry. Both ligands displayed
intermolecular discrete hydrogen bonded dimer through hydrazinyl-H and benzothiazole nitrogen
having D---A distance 2.987(4) A, 3.040(6) A and D-H---A angle 167.3 ° and 175.0 ° in L1H and
L2H respectively along 1-x, 1-y, 1-z (Figure S73—S74). Colorless crystals of L3H were obtained
by slow evaporation of reaction mixture which crystallized in Pn space group. Pyrrole nitrogen
and pyridine-N was seen in anti-conformation in a nearly planar structure. Presence of H-bonding
between oxygen (O1) and pyrrole hydrogen (NH) in L3H with N1---O1 distance 2.866(5) A and
N1-H1:--O2 angle 169.6° produced an infinite linear chain-like linkage (Figure S75) along -1+x,
I+y, z. Crystals of L4 and L5H suitable for X-ray diffraction were obtained by slow evaporation
their solution in methanol and dichloromethane (1:3) and crystallized in P2;212; and Pbca space

group respectively. Phenolic group in L5SH was involved in hydrogen bonding with pyridine
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nitrogen resulting in a zig-zag 1D chain (Figure S76) where the O1---N1 distance, O1-H1---N1
angle and symmetry transformation were 2.771(2) A, 158.0 ° and 1/2-x, -1/2+y, z respectively.

3.040(6) A

L1H L2H

2.866(5) A

L3H

S5 771(2) A -

L4 L5H
Figure 3.1: POV-Ray rendered ORTEP diagram (30% probability level) of all ligands and
hydrogen bonding interaction in L1H — L3H and LSH.

3.2.3 Synthesis and characterization of complexes
Group 10 complexes with general composition [M(L1)Cl] {M = Ni (1a), Pd (2a), and Pt (3a)}
were prepared from the reaction of NiCl2-6H>O, PdCl; and PtClx(CH3CN), with ligand L1H in 1:1
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molar ratio (Scheme 3.6). The peak corresponding to benzothiazole ring ve—x in L1H (1619 cm™)
was absent in the respective IR spectra of 1a — 3a may be due to delocalization of double bond
followed by metal coordination. The peak due to hydrazone imine vc-x in L1H (1563 cm!) was
observed at a lower wavenumber in 1a (1469 cm™), 2a (1463 cm™), and 3a (1478 cm™!) indicating
the coordination (Figure S3.1). The '"H NMR peak for hydrazenyl nitrogen (-NH) which resonated
at 11.90 ppm in L1H was absent in 1a — 3a confirmed its loss because of complexation (Figure
S3.7, S3.11 and S3.14). Moreover, other protons were shifted to more up-field in 1a as compared
to 2a and 3a which indicating that Ni(II) center is more electron rich than Pd(II) and Pt(IT) (Figure
3.2). From *'P NMR, 1a — 3a displayed more deshielding effect and § (ppm) values followed the
trend 2a (27.37) > 1a (13.19) > 3a (1.69) > L1H (—15.40). The stronger relativistic effect and high
n-backdonation of platinum may be the cause for lesser deshielding making phosphorous to
resonate at upfield along with appearance of Pt-satellites.

Attempts to isolate octahedral bis-complex of nickel(II) with L1H by using nickel chloride in 2:1
molar ratio also yielded only 1a. Interestingly, when few drops of triethylamine were added to
facilitate the deprotonation, a distorted square planar complex [Ni(L1):] (1b) was isolated and
PdCl, also produced a similar complex [Pd(L1)2] (2b) with two units of L1". The *'P NMR
spectrum contained two peaks at 22.29, -14.49 ppm for 1b and at 27.14, -13.30 ppm for 2b
indicating the presence of coordinated (+6 value) and uncoordinated (—6 value) phosphorous atoms

(Figure 3.3). However, both complexes did not produce interpretable 'H and '*C NMR spectra.
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Scheme 3.6: Synthetic Scheme for 1a — 1d, 2a — 2¢ and 3a.

The reaction of L1H with various nickel salts (NiBr,, Ni(OAc)2'4H>O, Ni(NOs3),'6H>0, and
NiSO4'4H>0) were also carried out by following the same procedure for 1a. Nickel acetate and
nickel bromide successfully produced [Ni(L1)X] {X = Br (1¢), OAc (1d)} but, in case of nitrate
and sulfate salts the complex [Ni(L1)2] (1b) was isolated. *'P NMR spectra 1c¢ and 1d were
comparable to that of 1a (Figure 3.3). Presence of acetate co-ligand in 1d was inferred from IR

spectrum (1625 cm™') and "H NMR peak at § = 1.28 ppm (-CH3) (Figure S3.10).
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Figure 3.2: '"H NMR (stacking view) of L1H and 1a — 3a.
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Figure 3.3: 3'P NMR (stacking view) of L1H and 1a — 3a.

In an attempt to protonate the complexes of L.1~, methanolic solution of 1a—3a (5.0 mL, 0.01M)
were stirred with addition of 0.1 mL (0.5 M) aqueous HNO3, for 0.5 h (Scheme 3.6). In case of 2a,
single crystal of protonated cationic complex [Pd(L1H)CIINO; (2¢) was isolated after slow
evaporation of the solution. Unfortunately, crystallization and isolation of similar protonated

complex from the reaction mixture of 1a and 3a were not successful. In the >'P NMR spectrum,
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2c¢ displayed peak at higher field (40.67 ppm) than that of in 2a (27.37 ppm) may be due to cationic
complex (Figure S3.13). HRMS molecular ion peak corresponding to the formula [M+H]" for 1a—
1d, 2b and 3a, [Pd>(L1).CI]" for 2a, [M]" for 2¢ and [M-X+MeCN]" for 1¢ (X =Br) and 1d (X =
OAc) matched well with calculated values (Figure S3.26—S3.33).

Under similar reaction condition of 1a, L2H did not produce any pincer complex. When the
stoichiometry was changed to 2:1 (L2H:NiCl>'6H>0), [Ni(L2)2] (le) was isolated as pure
crystalline brown solid (Scheme 3.7). The complex 1e was 2-electron paramagnet and the magnetic
moment in solution was found to be 2.76 pp measured using Evan’s NMR method. '"H NMR
spectrum of 1le was recorded in far high field and resonances appeared as broad singlets at 6 =
32.77,25.47 and 14.94 ppm, due to the presence of paramagnetic Ni(Il) center (Figure S3.18). The
complex [Pd(L2)CI] (2d) was isolated from the reaction of L2H with PdCl; in 1:1 ratio in
acetonitrile, and by stirring 2d with 1.2 equivalents of NaNj3 in acetone, produced [Pd(L2)N3] (2e)

at ambient temperature (Scheme 3.7).

HN” N
| NZ N
N A, CH3CN ' NaNj3, Acetone L/
z N—
\CI B W [ 9
N Temp., t|me RT, 12 h N Ns
N
X =
L2H 2d (84%): M = Pd, A = PdCl,, RT, 16 h
0,
3b (62%): M = Pt, A = PtCl,(DMSO),, 2e (70%)
80°C, 24 h
s
TJ\"
N \
TN WA
Ni \
/ N
|
®/S
1e (82%)

Scheme 3.7: Synthetic Scheme for 1e, 2¢, 2d, and 3b
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Presence of a sharp peak at 2038 cm™! in ATR-IR spectrum of 2e indicated the presence of
coordinated azide ion (Figure S3.1). A platinum congener [Pt(LL2)CI] (3b) was also prepared by
the reaction of L2H and [PtCl,(DMSO),] in acetonitrile. The 'H NMR spectrum of 2d, 2e and 3b
lacked the signal due to -NH proton that was appeared at & = 12.50 ppm in L2H, confirmed
deprotonation (Figure S3.15—S3.17). Other protons except -CH=N were resonated at downfield
while imine proton shifted to upfield as compared to ligand due to coordination to the metal ion.
The HRMS spectrum of 1e, 2d, 2e, and 3b displayed peaks at m/z at 665.0833, 854.9197, 861.9499
and 539.0587 {calcd. 665.0833 for [Ni(L2),+H]", 854.9171 for [Pd»(L2).Cl]", 861.9581 for
[Pd2(LL2):N3]" and 539.0613 for [Pt(L.2)MeCN] "} respectively (Figure S3.34—S3.37).

The complexes [Ni(L3)2(H20)2] (1f), [Pd(L3)2] (2f) and [Pt(L3):] (3¢) were synthesized by
refluxing L3H, NiCl>'6H>0 / PdCl; / [PtCl,(DMSO);] in 2:1 molar ratio along with few drops of
triethylamine (Scheme 3.8). The sharp peak in the ATR-IR spectrum of L3H at 3283 cm™ due to
pyrrole N-H stretching was absent in 1f, 2f and 3¢ which indicated its deprotonation. This was also
established by the '"H NMR spectra where the broad peak for -NH proton at 10.92 ppm in L3H
was absent in 1f and 2f. NMR spectra of 3¢ was not recorded due to its poor solubility in common

deuterated solvents.

NiCl,.6H,0 A, CHsCN

o]

MeOH T ., time
80°C. 12h emp

1f (74%) 2f (63%): M =Pd, A=
PdCl,, RT, 16 h
3c (62%): M = Pt, A =
PtCl,(DMSO)y,,
80 °C, 24 h

Scheme 3.8: Synthetic Scheme for 1f, 2f / 2f* and 3¢ / 3¢*
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In ATR-IR spectrum of 1f, the broad peak at 3296 cm™' may be due to water bound to nickel ion
and at 1685, 1726 and 1701 cm! respectively in L3H, 1f and 2f were due to vc-o. The high-
resolution mass spectrum also established the presence of [Ni(L3),-H>O+H]", and [M+H]" (M=
2f and 3c) ions (Figure S3.38—S3.38). The 'H NMR spectrum of 1f displayed broad peaks due to
paramagnetic Ni(II) center and it showed magnetic moment 2.81 uB which was in congruent with
two unpaired electrons. The possible geometry of 2f/2f* and 3¢/3¢* was confirmed from their X-
ray structure and discussed in crystallographic section.

The reaction of L4 with NiCl, 6H>O produced [Ni(L4)>(H20)2]Cl» (1g) which was a two-electron
paramagnetic Ni(II) complex and the magnetic moment was 2.73 ug calculated using Evan’s NMR
method. A similar procedure was carried out with NNO- tridentate ligand LSH to synthesize a
pincer Ni(II) complex, but a complex with two equivalents of ligand alike 1g was identified as
[Ni(L5H)2(H20)2]Cl2 (1h) (Scheme 3.9). All the trials including alteration in stoichiometric ratio
and reaction condition to isolate a pincer Ni(Il) complex using L5SH was not successful. The
complex 1h was paramagnetic (2.69 ug) and thus did not produce any interpretable NMR spectra.
Presence of water molecule in the complex was detected in ATR-IR spectrum (3448 cm™) (Figure
S3.1). Under the similar condition of 2b and 3a, [M(L4)CL] {M = Pd( 2g), Pt (3d)} was
precipitated and similarly, LSH yielded pincer Pd(Il) and Pt(II) complexes of composition
[M(L5)CI1] {M =Pd (2h), Pt (3e)} using the conditions of 2f and 3¢ (Scheme 3.9). Complexes 1g,
1h, 2g, 2h, 3d, and 3e were also characterized by high resolution mass spectrometry and
successfully rendered peaks that were in congruence with calculated values along with isotopic
pattern (Figure S3.41-S3.45). The '"H NMR spectrum of L4 and L5H contained peaks respectively
at 0 = 8.73, 7.14-6.67 ppm and 8.81, 7.15-6.64 ppm corresponding to imidazo[1,5-a]pyridine
nucleus. In Pd(IT)/Pt(I) complexes 2g, 2h, 3d, and 3e, due to coordination, the peaks at 8.73 ppm
(L4) and 8.81 ppm (L5H) were shifted to upfield, while the other peaks were observed at more
downfield (Figure S3.21-S3.24).

Furthermore, field emission scanning electron microscope images were taken to understand the
morphology of all compounds and the smooth surface images without any pores established

existence of molecular packing in elevated order (Figure S3.46).
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80 °C, 24 h

Scheme 3.9: Synthesis of 1g, 2g, 1h, 2h, 3d, and 3e.

3.2.4 Electronic spectra

The electronic absorption spectra of all ligands and complexes were recorded in acetonitrile in the
range of 200—700 nm (Figure 3.4). The electronic spectrum of L1H and L2H showed a prominent
peak at 345 nm (27400 M'em™) and 365 nm (25000 M™! cm™!) mainly due to n — m* transition.
Complexes of L1H and L2H, exhibited a new peak at around 490 nm which may be attributed to
MLCT transition with decrease in the molar absorptivity of n — ©* bands and appearance of band
due to m — ©* transition at around 290 nm. The trend in € values of 490 nm band was 2b <1b <
lc < 2a < 1a < 1d < 3a. The Pt(Il) complex displayed stronger absorption may be due to strong

spin-orbit coupling which renders greater intensity to the d-d transition, thus absorption was more
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intense than Ni(II) and Pd(II) congener. The major twin bands due to n — m* transition was
observed at 340 nm (28490 M 'ecm™) and 325 nm (29930 M 'ecm™) in L3H. The Ni(II) complex 1f
exhibited red shift at 361 nm (14310 M-'cm™) while 2f and 3¢ displayed comparatively less intense
bands at 341 nm (9280 M'cm™) and 395 nm (15430 M'cm™) respectively possibly due to ILCT.
Two major broad bands were observed for L4 at 294 nm (9695 M'em™) and 358 nm (5815 M~
'em™) while its Ni(II) complex 1g, displayed bands at 360 nm (31285 M-'em™) and 325 nm (22250
M- em™) due to coordination. The 2g, exhibited a peak at 378 nm (12330 M 'cm™!) while the 3d
displayed a band at 406 nm (8390 M'cm™), 365 nm (10500 M-'cm™") and 383 nm (10470 M'cm™
1. Similarly, for LSH, two split broad bands were seen at 332 nm (21820 M"'cm™) and 360 nm
(19740 M-'cm™) while in 1h, 2h and 3e, major bands at 277 nm (17230 M'em™), 341 nm (22260
Mlem™); 382 nm (9910 M'em™), 400 nm (8650 M lem™); and 395 nm (13650 M 'cm™), 451 nm
(12430 M 'em™) were observed possibly due to MLCT.
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Figure 3.4: Electronic spectra of all ligand and complexes in acetonitrile.

3.2.5 Crystallography and coordination chemistry of complexes
The molecular structure of all complexes discussed here was established by single crystal X-ray

diffraction. The crystals of 1a, 1¢, 1d, 2a were obtained by slow evaporation in DMF while 1b,
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2b, and 3a from 1:3 mixture of methanol and dichloromethane and 2¢ from the reaction mixture
(Table S3.12—-S3.31). In 1a — 3a, the ligand L1 coordinated in a tridentate NNP pincer mode by
forming a five-membered chelate ring using benzothiazolate nitrogen (N1) and imine nitrogen (Ny),
a six-membered chelate using Ni and phosphorus donor (P) was also formed while the fourth
position was occupied by a chloride ion. The delocalization of benzothiazole ring double bond at
C2-carbon after deprotonation of proximal hydrazino nitrogen (Nu) was also confirmed from bond
distances. In L1H, C2-Ny bond length was 1.334(3) A and in 1a — 3a it was decreased by
0.023(3)-0.039(4) A while lengthening of C2—Nrt distance by 0.047(3)-0.060(4) A was also seen
in 1a — 3a respectively as compared to that of in L1H (1.292(3) A. The fluctuation in imine (C8=N)
bond distance was also observed in 1a (1.299(3) A), 2a (1.287(8) A), and 3a (1.281(7) A) as
compared to that of in L1H (1.262(3) A) due to the trans influence of chloride on Njas well as 7-
back donation (Table 3.1).
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Figure 3.5: POV-Ray rendered ORTEP diagrams (30% probability level) of 1a — 1d, 2a — 2¢, and

3a. Hydrogen atoms (except H2 in 2¢) are omitted for clarity.

As two equivalents of L1H was used to produce 1b and 2b, the 4™ coordination site was occupied
by hydrazenylate nitrogen (Nu) of another unit of anionic L1 in both complexes as confirmed by
X-ray structure. The bond distances followed the trend Ni-Np < Ni-N; < Ni—Nt in 1b and Pd—N;
< Pd-Nu < Pd-Nr in 2b may be due to combined effect of better o-donating ability of anionic Nu
and increased m-donation into C=Ni group. The distance of Pd—Nj in 2a was slightly shorter than
that in 2b while Ni-N; was nearly same in both 1a and 1b due to the negligible trans influence
(Table 3.1). Both 1b and 2b contained free phosphine group and the nonbonded M- --P2 distance
was 4.893(1) A (1b) and 5.036 A (2b). The 4™ position, that was occupied by chloride ligand in
1a has been replaced by bromide and acetate ions in 1¢ and 1d respectively. The imine (C8=Nj)
bond distance in 1¢ and 1d was comparable but 0.032(1)-0.035(1) A longer than that of free ligand

because of n-back bonding due to coordination.

Table 3.1: Selected bond lengths (A) in L1H, 1a — 1d, 2a — 2¢, and 3a.

M-PI |M-N; |[M-Nr |[M-X C8-N; |C2-Nu |C2-Nr

L1H 1.262(3) | 1.334(3) | 1.292(3)

la | 2.165(1) | 1.898(2) | 1.937(2) | 2.162(1) | 1.299(3) | 1.311(3) | 1.339(3)

2a | 2212(2) |2.035(5) | 2.086(5) | 2.287(2) | 1.287(8) | 1.325(8) | 1.333(8)

3a | 2.212(1) |2.013(4) | 2.077(4) | 2.300(1) | 1.281(7) | 1.295(7) | 1.352(7)

1b | 2.161(1) | 1.898(4) | 1.934(4) | 1.892(3) | 1.299(6) | 1.301(6) | 1.349(6)

2b | 2.2273) |2.021(8) | 2.085(7) | 2.049(7) | 1.285(11) | 1.322(11) | 1.336(11)

1c [ 2.1707(8) | 1.904(2) | 1.948(2) | 2.3071(5) | 1.294(4) | 1.313(4) | 1.341(4)
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1d 2.154(5) 1.885(2) | 1.907(2) | 1.877(1) 1.297(2) 1.312(3) 1.340(2)
2¢ 2.223(3) | 2.021(7) | 2.096(8) | 2.285(3) 1.275(13) | 1.321(13) | 1.307(13)

(1a—1d, M = Ni; 2a — 2¢, M = Pd; 3a, M = Pt; 1a,2a, 3a and 2¢, X = CI; 1b and 2b, X = Ny; 1¢, X = Br;

and 1d, X = OAc)

Table 3.2: Selected bond angles (deg) in 1a — 1d, 2a — 2¢, and 3a.

PI-M—X | N-M-P1 | N-M-Nt | N-M—X | Nt-M-P1 [ N-M-X
1a | 86.16(4) | 93.51(6) |83.15(7) | 97.14(6) | 171.84(5) | 179.57(5)
2a | 88.09(6) | 93.70(15) | 80.3(2) | 97.87(14) | 172.20(14) | 177.98(14)
3a | 88.59(5) | 94.45(13) | 79.47(17) | 97.52(12) | 172.64(12) | 176.96(13)
1b | 93.44(12) | 88.76(12) | 82.73(16) | 96.61(16) | 164.83(12) | 172.53(15)
2b [ 90.02) |9353) |7973) |9693) |171.82) |176.1(3)
Ic | 84.85(2) | 94.14(8) | 83.24(10) | 97.69(7) | 176.62(8) | 177.86(8)
1d | 85.47(4 | 94.97(5) | 83.62(7) | 96.72(6) | 168.63(5) | 176.00(6)
2c [ 86.93(10) | 94.62) |80.23) |983(2) |174.82) |177.4(3)

(1a—1d, M = Ni; 2a — 2¢, M = Pd; 3a, M = Pt; 1a,2a, 3a and 2¢, X = Cl; 1b and 2b, X = Ng; 1¢, X = Br;
and 1d, X = OAc)

In 2c, nitrate ion was in hydrogen bonded with Ny—H with distance N2 --O3 of 2.69(2) A. The
effect of added proton to Ny shifts the n-bond onto Nr, as a result compared to 2a (i) C2—Nr length
in 2¢ decreased by 0.026(5) A and (ii) Pd—-N; length lessened by 0.014(2) A. Thus, the divalent Ni,
Pd and Pt displayed distorted square planar geometry in 1a — 1d, 2a — 2¢, and 3a (Figure 3.5,
Table 3.1 and 3.2).

Crystals of 1e, 2d, and 2e were obtained from slow evaporation of DMF solution and 3b was found
from 3:1 mixture of methylene chloride and methanol. In 1e, two L2~ units were coordinated in
NiNgNr-tridentate fashion and the quinoline nitrogen (Ng) and Nt were frans to each other. The
Ni—Ni—Ngq chelate ring was six-membered while Ni-Ni—Nt was five-membered and displayed a
distorted octahedral geometry around nickel(Il) ion (Figure 3.6, Table S3.32—S3.34). Interestingly,
le was not a centrosymmetric molecule as one of the ligand units was not planar. From the trans
angles Nt—Ni—Ng (167.2(1)°) and Ni—Ni—Nj (166.1(1)°), a cis-cis-trans-(NoNq)(NTNT)(NiN)
configuration was found around the metal center. In 2d, L2~ spanned three coordination sites and

hold Pd(II) in NNN- pincer mode. Like 2a, the fourth location was occupied by chloride ion and
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Npg lies trans to Nt as in 1e. The chloride ligand in 2d was replaced by azide group in 2e and the
azide group coordinated with one terminal nitrogen atom (Na) in bent fashion (Figure 3.6). The
coordination mode of ligand in 3b and bond parameters were nearly like that of in 2d. The divalent
metal center in 2d, 2e and 3b possessed a five membered Ni-Pd—Ng and a six membered N—Pd—
Nr chelate ring and thus displayed a distorted square planar geometry around the metal center
(Figure S3.57-S3.59, Table S3.35-S3.41).

The complexes 1f, 2f and 3¢ crystallized from DMF solution and found in 12/c (1f) and P1 (2f, 3¢)
space group. In 1f, Ni(II) center embedded with two bidentate L3~ ions bound by pyridine-N (Np)
(neutral) and pyrrole nitrogen (Ni) (anionic) atoms. The two N were in trans position while two
Np were in cis. Two water molecules were positioned at remaining two cis sites and thus
surrounded in a distorted octahedral geometry around Ni(II) (Figure 3.7, table S3.43—-SS3.44). The

nickel-bound water molecules were involved in bifurcated hydrogen bonding interactions between

2d 3b
Figure 3.6: POV-Ray rendered ORTEP diagrams (30% probability level) of 1e, 2d, 2e, and 3b.

Hydrogen atoms are omitted for clarity.
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1f 2f 3c
Figure 3.7: Molecular structure of 1f, 2f and 3¢. Hydrogen atoms are omitted for clarity and

thermal ellipsoids are shown at the 30% probability level.

oxygen of DMF (03---04, 2.658(4) A, O3-H---O4: 166.4°) along 1-x, y, 1.5-z and carbonyl oxygen
of coumarin moiety (03---02, 2.802(3) A, O3-H---02: 168.9°) along X, y, z (Figure 3.8). Both 2f

and 3¢ also contained two L3~ units but interestingly, Np and N were oriented ¢rans to each other.

{7

Figure 3.8: Hydrogen bonding interaction in 1f.

This has brought two sterically bulky coumarin moieties in close vicinity. As a result, these two
coumarin moieties got twisted with respect to each other and the angle calculated between the
pyrrole rings was 37.4° (2f) and 33.22° (3¢). Overall, the central metal ion had a severely distorted
square planar geometry which was also evident from the bond angles around the metal center
(Table 3.3, 3.4, S3.45-S3.48). The calculated geometry index (t4) was 0.256 (in 2f) and 0.148 (in
3c¢). This interesting geometry is due to the trans effect as L3~ was a N, N~ donor and the anionic

NL being a strong sigma donor exerting a significant trans influence. Thus, to minimize electronic
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repulsion, Pd(IT)/Pt(IT) forced Np and Ny to occupy positions trans to each other thereby avoided
two Nr facing each other in opposite.

To investigate theoretically, the 2f and 2f* (Scheme 3.8) were optimized using density functional
theory. In 2f*, both HOMO and LUMO electron density were accumulated along the axis while in
2f, the electron clouds were seen in one side along the molecular axis. Thus, to minimize the
tension from electronic repulsion, thus trans geometry (2f) was favored rather than cis (2f*)
(Figure 3.11). Also, in 2f*, the complex was facing intense distortion in geometry due to steric

hindrance at both ends of ligands.

Table 3.3: Selected bond lengths (A) in 1f, 2f and 3e. (in 1f, N3 = N1/, N4 = N2)
M-NI [M-N2 | M-N3 |[M-N4 | M-01

2.1342) [ 2.0772) | 2.1342) | 2.0772) | 2.092(2)
2.030(4) | 2.100(5) | 2.013(4) | 2.108(5)
2.034(9) | 2.015(3) | 2.041(8) | 1.994(8)

1f M =Ni)
2f (M =Pd)
3ce(M=Pt)

Table 3.4: Selected bond angles (deg) in 1f, 2f and 3¢

N1-M-N2

N3-M-NI

N1-M-N4

N3-M-N2

N3-M-N4

N2-M-N4

1f (M = Ni)

80.32(7)

174.29(10)

95.84(7)

95.84(7)

80.32(7)

96.22(11)

2f (M = Pd)

79.57(18)

101.86(18)

162.34(18)

161.52(19)

79.38(18)

104.93(18)

3c(M=Pt)

78.7(3)

100.6(4)

173.7(3)

175.7(4)

78.8(3)

102.3(3)

Crystals of 1g were obtained from 1:1 mixture of methanol and dichloromethane while 1h was
obtained from the slow evaporation of reaction mixture. Both were found in P1 and C2/c space
group, 1h contained half of the molecule in asymmetric units. The 2-bromophenyl rings in 1g and
2-hydroxy naphthyl rings in 1h were highly disordered and thus modelled using partial occupancy
factor. Ni(II) center in each molecule was coordinated by two ligand unit molecules using pyridine-
N (Npy) and imidazo[1,5-a]pyridine-N (Nm) in which both Npy were trans to each other while
two Nim were in cis fashion. Other two coordination sites were occupied by water molecule (Ow)

and two chloride ions were present outside of the coordination sphere to balance the charge of the
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complex. Thus, Ni(II) center possessed distorted octahedral geometry having trans-cis-cis
configuration for Npy-Nim-Ow (Figure 3.9, Table S3.50, S3.51, S3.57 and S3.58).

From the slow evaporation of DMF solution, complexes 2g, 2h, 3d, and 3e produced crystals
suitable for X-ray analysis. In the isostructural 2g and 3d, ligand L4 coordinated in bidentate mode
through Niv and Npy with Pd(II) and Pt(Il) centers and other two sites were occupied by two
chloride ions, possessed a distorted square planar geometry (Figure 4, Table S3.52—-S3.55). In 3d,
the Pt(II) center was similar to cisplatin type of molecules which inspired us to investigate its
interaction with CT-DNA and BSA along with other platinum(Il) complexes described here. In
both isostructural 2h and 3e, L5 chelated three coordinate sites in tridentate NNO- pincer fashion.
The fourth coordination site was engaged by a chloride ion situated trans to Npv along with a five
and six membered chelate ring (Npy—M—Nm and hydroxy-O-M— Nv) and thus displayed distorted
square planar geometry around metal center (Figure 3.9, Table S3.59-S3.62). The Pd—N bond
lengths in 2h and 3e were 0.11(2) A and 0.095(4) A shorter than that of in 2g and 3d. This

shortening in bond distance may be due to geometrical demand of pincer mode coordination.

TH_386}}m}agn6}(’.2%9)g§singh, PhD Thesis, ITG 115



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 3

Figure 3.9: Molecular structure of 1g, 2g, 1h, 2h, 3d and 3e. Hydrogen atoms and counter ions

are omitted for clarity, and thermal ellipsoids are shown at the 30% probability level.

3.2.6 Computational study

In the HOMO of L1H electron density was spread all over the molecule while in 1a—3a that was
more concentrated on benzothiazole moiety. The LUMO of all four was similar and electron
density accumulated around (i) imine group (ii) thiazole ring and (iii) phenyl ring that is linked
imine group and phosphorus atom (Figure 3.10). With respect to L1IH, HOMO-LUMO energy gap
decreased by 1.291 (1a), 1.226 (2a) and 1.218 eV (3a) and similar decreasing trend was also
observed in 1¢, 1d, and 2¢. In bis-L1~ complexes 1b and 2b, HOMO was concentrated on
monodentate L1~ and LUMO was similar to that was found in complexes of L1H but was localized
on tridentate LL1-. The HOMO of L2H, 2d, 2e and 3¢ had contribution from whole molecule while
the LUMO was accumulated on quinoline and hydrazone moieties. In the octahedral Ni(II)
complex 1e held by two ligands, HOMO was spread on one L2~ unit and LUMO was on the other
unit (Table 3.65). The energy gap of L2H was higher than that of its complexes and followed the
trend: L2H > 2e > 2d > 3b > 1e. Both HOMO and LUMO of L3H was distributed all over the
molecule with AE = 4.028 eV while in 1f, HOMO was centered around metal center and LUMO
was escalated throughout the molecular framework and energy gap decreased to 1.924 eV. As
mentioned earlier, HOMO as well as LUMO electron density of 2f and 3¢ was accumulated on
two pyrrolide moiety and the energy gap decreased to 0.586 eV (2f) and 0.612 eV (3¢). In
disubstituted imidazo[1,5-a]pyridine ligand L4, HOMO was distributed over almost whole
molecule while LUMO was over pyridiyl and imidazo[1,5-a]pyridiyl moieties. In 1g, highest
occupied molecular orbital was centered around metal center while LUMO was on pyridyl and
imidazo[ 1,5-a]pyridyl moieties of one of the ligand units. In complexes 2g and 3d HOMO was
located around metal center and chloride but their lowest unoccupied orbitals moved towards
imidazo[1,5-a]pyridyl and pyridyl part of the ligand. The 2-bromophenyl ring did not contribute
to both orbital of L4 and its complexes. The HOMO-LUMO energy gap got lowered in complexes
1g(1.794 eV), 2h (3.078 eV) and 3d (2.931 eV) than that of L4 (3.993 eV). Similarly, both HOMO
and LUMO were spread over whole molecular framework in LSH while in pincer Pd(II) (2h) and

Pt(Il) (3e) complexes, HOMO was localized around metal center and naphthalene moiety of the
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molecule while to LUMO naphthalene moiety did not contribute. The order of HOMO-LUMO
energy gap was found as: LSH (3.630 eV) > 2h (2.730 eV) > 3e (2.695 eV) (Table 3.65).

Lumo
o ’ 9
> ? v
9 19 0 ’ Y
- ’ >

AE =3.936 eV AE =2.645 eV AE=2.71eV AE=2.718 eV

L1H

1a 2a 3a
Figure 3.10: HOMO, LUMO orbitals, and energy gap in L1H and 1a—3a.

Electrostatic potential map (MEP) was calculated to predict electrostatic region in the molecule in
terms of color grading where red, blue and green represent negative, positive and neutral regions
respectively. It was observed from MEP analysis that most of the negative charges accumulated
near electronegative atoms and positive regions were at carbons and protons. The metal center was
located near positive sites thus, can be susceptible to nucleophilic attack (Figure S3.87).

Time-dependent density functional theory (TD-DFT) calculation was also carried out using same
basis sets and integral equation formalism polarizable continuum (IEFPCM) model was
implemented using acetonitrile as solvent for all ligands and complexes (Table S3.66). It was
observed that calculated wavelength of electronic transitions matched closely with experimental
data for the ligands, but deviated slightly for complexes and matched with appropriate FMOs

transitions.
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AE=0.517 eV

HOMO

Figure 3.11: HOMO and LUMO molecular orbitals of 2f and 2f*.

3.2.7 Assessment of catalytic activities of 1a—1h in imine synthesis from alcohol and amine:
The nickel complexes were employed as catalysts in the acceptorless dehydrogenative coupling
(ADC) of alcohols and amines to produce imines along with green byproducts. The role of various
solvents was screened using the reaction of benzyl alcohol and benzylamine catalyzed by 1a (1.0
mol %) at 80 °C and 16 h. Among the tested solvents, toluene produced maximum yield which
decreased in THF, DCM, DMF and chloroform. Then the effect of temperature was investigated
at 50 °C, 80 °C, 110 °C and 140 °C and the best yield was obtained at 110 °C (Table 3.5, entry 5—
8). A similar variation in time was also examined at several time interval and maximum product
was isolated at 12 h. The use of different bases also affected the product yield in toluene at 110 °C
for 12 hours. Triethylamine gave 51% yield and KoCO3 produced only 65% while the use of ‘BuOK
amplified the product yield to 99%. When the catalyst loading was decreased to 0.5 mol% and
0.25 mol%, the product yield diminished to 72% and 45%. Thus, the reaction of benzyl alcohol
and benzylamine catalyzed by 1.0 mol% of 1a at 110 °C and 12 h in toluene and ‘BuOK was
concluded as optimum condition (Table 3.5, entry 11). The role of catalysts 1a—1g also affected
the product yield at optimum condition and can be attributed to various factors including electronic

nature of ligand and co-ligands as well as geometry of the complexes. The complex 1b—1d
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produced slightly less yield compared to that of 1a which may be due to effect of co-ligand present
in these isostructural complexes (Table 3.5, entry 16—18). Better activity of 1a than 1¢ may be due
to electrophilicity of metal center which also supported by NBO analysis where Ni showed a
charge of +0.32414 and +0.27123 in 1a and 1c respectively. But, 1d that possessed more natural
charge than 1a—1¢ but produced less yield may due to chelation effect of acetate group. Similarly,
1b, despite more electronegative Ni center, produced less yield which may be due to less nickel
content present in the complex. Moreover, among octahedral Ni(II) complexes, 1le and 1g
produced less product (65% and 68%) and 1f generated comparatively more yield (77%) while 1h
produced comparatively more yield (78%). The use of 0.5 mol% of Pd(II) complex 2a excellently
produce 97% amine indicated high reactivity of palladium complex in ADC reaction. With the
ideal conditions, the scope of amines with benzyl alcohol were explored. Hydrazide and aromatic
amines containing -OH, -NO- and -CN substituents effectively produced imines in high yield using

only 1.0 mol% of 1a and aliphatic amines yielded 65-72% of product.

Table 3.5: Optimization table for imines synthesis
Entry Catalyst (mol%) Base Solvent T/°C Time (h) Yield” (%)

1. 1a(l) KOH THF 80 16 42
2. la(l) KOH CHCLIz 80 16 54
3. 1la(l) KOH DMF 80 16 63
4. 1la(l) KOH DCM 80 16 47
5. 1la(l) KOH  Toluene 80 16 73
6. 1a(l) KOH Toluene 110 16 81
7. 1la(l) KOH  Toluene 140 16 74
8. 1la(l) KOH  Toluene 50 16 40
9. 1la(l) KOH Toluene 110 8 54
10. 1a (1) KOH  Toluene 110 12 82
11. 1a (1) ‘BuOK  Toluene 110 12 99
12. 1a (1) K>COs; Toluene 110 12 65
13. 1a (1) EtsN  Toluene 110 12 51
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14. 1a (0.5) 'BuOK Toluene 110 12 72
15. 1a (0.25) 'BuOK Toluene 110 12 45
16. 1b (1) 'BuOK Toluene 110 12 61
17. 1c (1) 'BuOK Toluene 110 12 92
18. 1d (1) 'BuOK Toluene 110 12 78
19. 1le(1) '‘BuOK Toluene 110 12 65
20. 1f(1) '‘BuOK Toluene 110 12 77
21. 1g(1) ‘BuOK Toluene 110 12 68
22. 1h (1) ‘BuOK Toluene 110 12 78
23. 2a(0.5) BuOK Toluene 110 12 92
# Isolated Yields

Scheme 3.10: Substrate scope in imine synthesis from alcohol and amine catalyzed by 1a.¢

cat. 1a (1 mol%)
§
BuOK, Toluene
OH + R'—NH; or R'<NH2 —>» R N
NHz  4100c, 12

R/\
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Sandsnaeloanehu @pQ

4a (98%) 4b (99%)° 4c (71%) 4d(68%) (87%)
o™ “Y@ o O A
NS
NS
4f (68%) 49 (93%) 4h (72%) 4i (65%)
QI grerssmnl) O™
ANGFANGLEN ©/\
4j (73%) 4k (66%) 41 (89%)

IS} CARCUNE
|\ IN F. XN NS
_N

m (66%) 4n (72.5%)

NO,
o :
4p (72%) O,N 4q (78%) 4r (65%)

“Reaction condition: Aryl alcohol (0.6 mmol), amine (0.5 mmol) or diamine (0.25 mmol), catalyst
1a (1.0 mol%) ‘BuOK (0.5 mmol), toluene (5 mL), 110 °C and 12 h. Isolated yield. > NMR yield

determined using mesitylene as internal standard.

The diimines are important precursors used to synthesize various ligands for synthesis of metal
complexes. Thus, the substrate scope was adopted towards the synthesis of several diimines (4j—
4r) using different alcohols and diamines, which afforded the products in good yield (Scheme
3.10). The reaction under optimized condition was carried out in presence of radical scavenger
TEMPO, produced 92 % of product indicated the non-radical pathway in the catalytic conversion.

27,2848 and results of control

The mechanistic pathway of the conversion based on previous reports,
experiments (Scheme 3.11), a plausible mechanism is presented in Scheme 3.12. The steps
involved with the formation of Ni(Il) alkoxide intermediate (A), that produce aldehyde (detected
in HRMS analysis) and Ni—H species (C) after B—hydride elimination. The imine was formed by

the reaction of amine with in situ generated aldehyde.
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cat. 1a (1 mol%)

oH BUOK, Toluene o
_
110 °C, 12 h Yield = 92 %

\N
~o NH;
+
Without catalyst Yield = 95 %
With catalyst Yield = 97 %

cat. 1a (1 mol%)
©/\o|-| ©/\NH2 'BUOK, Toluene O/\ /\©
+ B
110 °C, 12 h
TEMPO 1.0 eq Yield = 92 %

cat. 1a (1 mol%)
O/\OH ©/\NH2 'BUOK, Toluene ©/\ /\©
+ R
110 °C, 12 h
Yield = 99 %

Scheme 3.11: Control Experiments

N
. S
=) Y Q\/OH
\ N
H Ni—
2 7\
(o) BuOK

Ph” b
KCI+!BuOH
N XS
N Y

Scheme 3.12: Plausible mechanism for the synthesis of imine (4b) using catalyst 1a.
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3.2.8 Assessment of catalytic activities of 2a—2h in Mizoroki-Heck coupling reaction:

All eight palladium complexes were also employed as catalysts in the Mizoroki-Heck cross-
coupling reaction. The optimization of reaction conditions was carried out with a model reaction
between bromobenzene and 4-methylstyrene. Based on the literature, the model reaction catalyzed
by 2a was optimized with variation in solvent and base at 120 °C and 12 hours. Among several
bases, K»COs3 was recognized as a superlative base while the yield was less in case of EtsN, KOH,
and ‘BuOK (Table 3.13, entry 1-4). In the solvent screening process, ethanol yielded 84% product
using catalyst 2a and without requirement of any additional additive. Remarkably, the application
of alcohol-based solvents made from biomass are relatively uncommon in Heck coupling
reaction.*> The use of conventional solvents DMF, DMSO and 1,4-dioxane produced
comparatively less yield (Table 3.8, entry 4-8). Time and temperature were also affected the
product yield, as high temperature was not required for ethanol, decrease in temperature to 90 °C
did not remarkably influence the product yield while lessening in yield was observed at lower
temperature (Table 3.8, entry 8-11). The formation of 4-methylstilbene was also impacted with
the variation in time and a maximum yield (88 %) was achieved in 8 hours. Lessening of the
catalyst loading to 0.5% also dropped the yield to 58% but the use of iodobenzene under this
loading produced 4-methylstilbene in 92%. The efficiency of all other Pd(II) complexes 2b — 2h
were also examined with the model reaction in ethanol at 90 °C and 8 h without any additive (Table
3.6, entry 16-22). These catalysts were successfully produced the coupled product with some
variations in yield which can be attributed to several factors including ligand framework and
geometry of the complexes. In 2a, Pd(I) center achieved hemi-lability being chelated by
phosphorous and nitrogen, offered higher yield compared to that of 2d and 2e. Among 2a and 2b,
the fluctuation in yield may be due to the co-ligand present in 4 coordination site as well as less
Pd content, as a result only 61% product was formed with 2b. The similar trend was also seen in
2d and 2e, the azide being better leaving group yielded more product than the chloride analogue
2d and NBO analysis also supported this by envisaging higher charge on Pd in 2e (+0.56227) than
in 2d (+0.49657). Monoanionic bidentate ligand containing 2f offered a lesser yield may be due

to alteration in ligand electronic properties as well as severe distortion in geometry.
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Table 3.6: Optimization table for Heck coupling reaction.

Solvent T/°C Time (h) Yield” (%)

Entry Catalyst (mol%) Base

1.

SR B B A R A B e I

[\ T S R S R I e e - - T . N Y
N =2 2 9 ¥ 2SRk wW DN RS

2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (1)
2a (0.5)
2b (1)
2¢ (1)
2d (1)
2e (1)
2f (1)
2g (1)
2h (1)

KOH

‘BuOK
K>CO3
EtzN

K>CO3
K>CO3
K>COs
K>CO3
K>CO;3
K>CO3
K>CO;3
K>CO;3
K2CO3
K>CO;3
K>CO3
K>CO3
K>CO3
K>CO;3
K>COs
K>CO;3
K>CO;3
K>CO3

# Isolated yields, ® Iodobenzene was used.

DMF
DMF
DMF
DMF
Toluene
DMSO
dioxane
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol
Ethanol

120
120
120
120
120
120
120
120
90
50
25
90
90
90
90
90
90
90
90
90
90
90

12
12
12
12
12
12
12
12
12
12
12

—
(@)

0 0 O X 0 O X O WnM ©

62
58
65
50
45
54
15
84
86
41
27
87
88
62
58 (92)°
61
72
67
70
58
91
08

Scheme 3.13: Substrate scope in the Heck coupling reaction catalyzed by 2h.”
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(1.0 mol%)
K2003 1 5eq

TN
R—I .
Z EtOH, 90 °C, 8 h

< 90
S A
N O
g (81%) h (79%) (92%)°
oh
51 (87%)

(78%) 5k (67%)

(85%)

“ Reaction condition: Aryl bromide/iodide (0.5 mmol), 4-methylstyrene (0.6 mmol), catalyst 2h
(1.0 mol%) K>COs3 (0.75 mmol), ethanol (5 mL), 90 °C, and 8 h. Isolated yield. 4NMR yield, “4-

10doanisole was used.

But, 2g, which contained neutral bidentate ligand produced 91% product indicated the role of
imidazo[ 1,5-a]pyridine moiety in the ligand frame work. The NNO- pincer Pd(II) complex of
disubstituted imidazo[1,5-a]pyridine (2h) that displayed +0.55281 charge on Pd calculated by
NBO analysis produced highest yield (98%) and was recognized as superior catalyst among all
eight Pd(II) complexes. This superior catalytic activity of 2h may be attributed the presence of

12,51

imidazo[ 1,5-a]pyridine ligand that enhance the catalytic efficiency as reported earlier and

NNO- mode of binding to form NNO- pincer Pd complexes.**>° The Ni(II) complex 1a was unable
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to produce the coupled product. With these optimal conditions, scope for Heck coupling was also
examined for substrates bearing a wide variation in functional groups. Both electron-rich and
electron-deficient aryl bromides, as well as heterocyclic derivative (5i) provided good yields using
only 1 mol% of 2h as catalyst. The use of ethyl acrylate was also succeeded with 87% of product

formation.

The new molecule 5k obtained from Heck coupling using 2h as catalyst contained extended
conjugation was favorable for strong photophysical properties and thus selected for electronic
spectral investigation. The absorption spectrum of molecule exhibited two prominent bands at 350
nm and 217 nm. The molecule was strongly emissive and displayed dual fluorescence with
emission bands in the range of 380—420 nm and 510-590 nm on excitation at 350 nm in hexane,
ethylacetate, acetonitrile, chloroform, dichloromethane, methanol, ethanol, isopropanol, DMF, and
DMSO. The higher energy band was less affected by the nature of solvents, but the lower energy
band was greatly influenced by solvent polarity, which may due to intermolecular charge transfer
(ICT) (Figure 3.12). Although solutions of Sk were colorless to the naked eye but displayed
different colors when observed under a UV lamp (365 nm), the distinct fluorescence response
indicated positive fluorescence solvatochromism.>’>° Thus, 5k may serve as a sensitive probe in
biological systems, aid in the design of smart fluorescent materials, and function as a component

in molecular logic gates and optoelectronic devices.%® %

The homogeneity of the catalyst 1a and 2h was also tested using hot filtration test and no
substantial changes in product yield was observed. To check Pd nano particle formation, ICP-MS
analysis of reaction mixture was done after filtration. The quantity of Pd detected was 12.112 ppm

(87.7% recovery), indicated absence of Pd nano particles.
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(a) (b)

MeCN | CHCI, DCM MeOH EtOH IPrOH DMF DMSO

SN S -‘%J %

(c)
Figure 3.12: (a) Absorption spectra, (b) emission spectra (Aex = 350 nm) of Sk and (c) image of 5k

under 365 nm UV lamp in different solvents.

Further, the versatility of Pd(II) catalysts was tested in a model reaction and effectively produced
[2,2'-bithiophene]-5,5'-dicarbaldehyde from thiophene-2-carbaldehyde (Scheme 3.14) via cross
dehydrogenative coupling (Table 3.7).

DMF, AgOAc
2 110°C,16h O~/—S S

Scheme 3.14: Cross dehydrogenative coupling of thiophene-2-carbaldehyde

Tables 3.7: Cross-dehydrogenative coupling of thiophene-2carbaldehyde.
Catalyst | 2a 2b 2c 2d 2e 2f 2g 2h
Yield (%) | 72 45 70 64 68 42 51 84

3.2.9 Biomolecule interaction

3.2.9.1 DNA Binding Study

Given the critical role of platinum complexes in metallodrug development, we investigated the
DNA-binding interactions of all platinum complexes described here by using electronic
spectroscopy. The complexes 3a—3e (15 uM) were titrated with gradual addition of CT-DNA (0—
15 uM) resulted increase in intensity of peak at 260 nm (Figure 3.13, S3.69). The intrinsic binding
constant (Kp) of 3a—3e were calculated using the Benesi-Hilderbrand equation (Eq. 3.1) and Gibbs
free energy (AG) was calculated using equation 3.2 (Table 3.8).
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1 1 1
= + Eq. 3.1
Aops—Ao  Amax—Ao Kp(Amax—Ao)[Complex] ( q )

AG = —RT InKb (Eq. 3.2)

Where [DNA] is the concentration of DNA in base pairs, Ao, Acbs, and Aobs are the absorbances of
free complex, complex in presence of DNA, and for the complex in the fully bound form

respectively. The binding constant Ky can be obtained from the plot 1/( Aobs— Ao) vs [Complex].

Table 3.8: K, and AG values from UV-Vis titration of CT-DNA with 3a—3e individually.
Complexes 3a 3b 3c 3d 3e

Kp (x10* M) 031 ] 096 | 1.19 | 1.34 | 1.31
AG (Kcal mol™) | -4.76 | -5.44 | -5.57 | -5.64 | -5.62

The Ky values were found to lie in the range of 10°~10* M!, the higher value indicated strong
interaction of these Pt(II) complexes with CT-DNA. The complex 3e (-5.62 Kcal mol!) had the
lowest value of calculated Gibbs free energy (AG) (Table 3.9) and 3a (-4.76 Kcal mol ') had the

highest, which indicated spontaneity of the process.

1.4x10°
R-Square = 0.99 . »JR-Square = 0.99

1 Slope = 2.99E-05 " Slope = 12560.19029 _
.| Intercept = 0.39307 1.2x10% EB+DNA ' Intercept = 0.97972

1.0x10° 4

8.0x10° o 3e

6.0x10° o

Emission Intensity

4.0x10° o

2.0x10° 4

0.0

T T T T T T T T T T T T T T T T

250 300 350 400 450 500 550 600 650 700 550 575 600 625 650 675 700 725 750
Wavelength (nm) Wavelength (nm)

(a) (b
Figure 3.13: (a) UV titration curve of 3e upon gradual addition of CT-DNA and the inset is Benesi-

Hilderbrand plot. (b) EB-DNA emission spectra quenched by gradual addition of 3e and the inset

is Stern-Volmer plot.

The DNA-binding affinities were also assessed using the fluorescence method by titrating
ethidium bromide (EB) intercalated CT-DNA with 3a—3e. The fluorescence intensity of EB-DNA
adduct quenched with increasing concentration of 3a—3e. A substantial quenching in emission

intensity was observed in case of pincer complexes 3a, 3b and 3e while 3¢ and 3d displayed
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minimal effect on intensity of EB-DNA adduct (Figure 3.13, S3.71). Quenching of fluorescence
intensity indicated displacement of EB by the complexes through intercalative mode of binding.

The Stern—Volmer equation (Eq. 3.3) and Scatchard equation (Eq. 3.4) was used to calculate the
Stern—Volmer quenching constant (Ksv), bimolecular quenching constant (Kg), intrinsic binding

constant (Kp) and number of binding sites (n) (Table 3.9).
2 = 14 Ky[Q] = 1+ K47o[Q] (Eq. 3.3)

log(’ol—_l = logKb + nlog[Q] (Eq. 3.4)

where Ip and I represent the fluorescence intensities in absence and presence of the quencher ‘Q’
(here Q is the studied complexes) respectively. [Q] is the quencher concentration, and Ksy denotes
the Stern— Volmer quenching constant calculated from the plot of Io/I vs [Q], K is the biomolecular
quenching constant and 1o is the mean lifetime of the fluorophore=23ns. The binding constant Ky

is the intercept of log (Io - I)/I vs log [Q] plot. The number of binding sites per nucleotide is n.

Table 3.9: Ksv, Kg, Kv, and n values from EB-DNA emission titration with 3a—3e.

Complexes | Ksv (10° M) [ Kq 10" M s7!) | Ky (10* M) | AG (kcal mol ™) n
3a 0.80 3.47 0.86 5.37 1.01122
3b 0.90 3.91 1.61 5.74 1.05703
3¢ 0.23 1.02 0.03 3.34 0.79578
3d 0.44 1.91 0.10 4.06 0.85471
3e 1.26 5.46 10.26 6.83 1.20124

The lowest Ksy value was 2.3 x 10> M! (3¢) and highest was 1.256 x 10* M! for 3e which may
be due to its NNO- pincer type planar structure and comparable with reported Pt(II) complexes*>¢+
6. In the context of anticancer drug design, binding affinities in terms of Ksv are critical as they
reflect the potential to effectively interact with biomolecular targets. The observed binding
constant values of 3b (0.9 x 10*M™) and 3e (1.26 x 10* M) positioned within or above the range
of cisplatin (0.948 x 10* M) indicated promising pharmacokinetic potential. The Kq values
followed the trend: 3e > 3b > 3a > 3d > 3¢ which were higher than scattering collision quenching

constant (2 x 10! M) for the biopolymer, indicating involvement of static quenching process.

The values of ‘n” were nearly 1 for 3a—3e suggesting presence of single binding site. The Ky was
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higher for two planar complex 3b (1.61 x 10* M ') and 3e (1.03 x 10° M) than that of other three
complexes. Thus, noticeable quenching of fluorescence intensity as well as high binding constant

was a sign of displacement of EB from the EB-DNA adduct by these Pt(II) complexes.

3.2.9.2 BSA Binding Study

Human serum albumin (HSA) transports ions and drugs via the circulatory system to cells and
tissues. Bovine serum albumins (BSA) due to its structural similarity with HSA, are commonly
employed for examining the interactions of newly discovered drugs. BSA is composed of three a-
helical domains (I-III) with each subdivided into A and B subdomains, and contains two
tryptophan residues (Trp-134 in IA and Trp-213 in ITA) that fluoresces BSA. Thus, addition of
bioactive molecules, quenching in the fluorescence intensity of BSA indicates conformational
changes mainly at tryptophan sites. Electronic spectroscopy is a popular tool and highly potent in
decoding the interactions of BSA with bioactive compounds. Hence, we used absorption
spectroscopy as well as several fluorescence techniques such as emission, synchronous, and

steady-state anisotropy measurements to examine the interaction of 3a—3e with BSA.

Absorption study: A titration experiment was conducted with the gradual addition of 3a—3e
individually to a fixed concentration of BSA in HEPES buffer (10.0 mM, pH= 7.4). It was
observed that intensity of band at 280 nm increased on addition of complex due to the interaction
with BSA (Figure 3.14 and S3.74). The intrinsic binding constant (Kp) were calculated for 3a—3e
using equation 3.1 and the highest Ky value was observed for 3e (2.96 x 10* M™). The high K
values for all 3a—3e indicated strong interaction of these Pt(II) complexes with BSA as well as the

spontaneity of the process was confirmed from negative Gibbs free energy (Table 3.10).

Emission Study Like absorption spectral study, a similar titration was done using fluorescence
spectroscopy and the intensity of BSA was effectively quenched by 3a — 3e which may have
triggered conformational fluctuations within the protein structure (Figure 3.14 and S3.75). The
values of Ksv, Kq, Ky and n were calculated using equation 3.3 and 3.4 and the value are given in
Table 3.11. The variation in binding affinity for 3a—3e with BSA may be attributed to ligand
moieties, coordination mode and planarity of the complex. The Ksy followed the order: 3e (4.56 x
10°M 1) >3¢(3.46 x 10° M 1) >3a (237 x 10*° M) >3b (2.11x 10* M 1) >3d (1.80 x 10* M1).
The Kq values (1.02 — 5.46 x 10" M! s71) were found to be ~10 times higher than the collision
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quenching constant (2.0 x 10'° M! s7!) values known among various quenchers®’ indicating that
3a—3e displayed static quenching through the interactions with BSA. The number of binding sites
(n) was nearly 1 for all five complexes signifying the presence of single binding site in BSA for
3a — 3e. The K, values were in the range 0.04 — 2.93 x 10'! M and comparable with Pt(II)

complexes reported in the literature. %68
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Figure 3.14: (a) Emission spectra of BSA in the absence and presence of 3e, (b) Fluorescence

anisotropy of BSA on addition of 3a—3e. Synchronous spectra of BSA in the absence and presence

of 3e at AL = 60 nm (c) and 5 nm (d). The insets are Stern-Volmer plots.

Table 3.10: Ky and AG values from UV-Vis titration of BSA with 3a—3e individually.

Complexes 3a 3b 3¢ 3d 3e
Kp (x10*M ™) 0.98 | 0.086 | 0.66 |0.49 |2.96
AG (Kcal mol™) | -5.45 | -4.00 | -5.21 | -5.04 | -6.11

Table 3.11: Ksv, Kq, Kb, and n values of BSA for complexes 3a—3e.
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Complexes | Ksy (10* M) | Kq (102 M s | Kb (10 M) | AG (kcal mol™!) | n

3a 2.37 1.03 0.13 4.23 0.73
3b 2.11 0.92 0.25 4.64 0.81
3c 1.80 0.78 0.04 3.62 0.66
3d 3.46 1.50 0.29 4.72 0.77
3e 4.56 1.98 2.93 6.09 0.96

Synchronous fluorescence experiment A synchronous fluorescence study was employed to

explore the conformational shifts in the microenvironment of tryptophan (Trp) and tyrosine (Tyr)

residues within BSA on addition of complexes 3a—3e. Fixed excitation—emission wavelength

intervals of AL = 60 nm and 15 nm were used for selective monitoring of tryptophan and tyrosine

microenvironment. Increasing the concentration of 3a—3e gradually diminished fluorescence

intensity accompanied by a red shift in the tryptophan residue. In the tyrosine microenvironment,

only 3¢ and 3d showed a reduction in fluorescence intensity (Figure 3.14, S3.78). All synchronous

fluorescence spectra were used to calculate Ksy, Kq, Ky and n (Table 3.12). The highest Ksy was

found for 3e (4.38 x 10* M 1) at AL = 60 nm while that was for 3d (1.98 x 10* M ') at AL =15 nm.

Table 3.12: Ksy, Ky, Kb, and n values of BSA (synchronous fluorescence data) for 3a—3e.

Complexes | AL Ksv (x10*M™) [ Kq(10''M's!) | Kp(M ™) AG (kcal | n
(nm) mol )

3a 15 0.54 2.33669 1.08 x10% | -2.77 0.63
60 1.74 7.56141 2.06 x 10° | -4.52 0.79

3b 15 0.64 2.79904 9.59 x 10% | -4.07 0.80
60 1.86 8.09819 1.07 x 10 | -4.13 0.74

3c 15 1.32 5.72494 1.75 x 10° | -8.51 1.43
60 1.82 7.93 1.25x10° | -6.95 1.17

3d 15 1.98 8.6269 9.16 x 10* | -6.77 1.14
60 3.29 14.2938 8.14 x 10° | -5.33 0.87

3e 15 1.70 7.41004 5.67x10° | -5.12 0.90
60 4.38 19.0316 1.19 x 10* | -5.56 0.88
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Steady-state fluorescence anisotropy: The steady-state fluorescence anisotropy of BSA was
recorded with gradual addition of 3a—3e separately to observe their interactions with the protein.
As the rotational motion depends on structural rigidity, the addition of Pt(II) complexes to BSA
solution led to the formation of BSA— Pt(II)complex adducts which alter the Brownian motion of
protein, resulting change in anisotropy. The equation 3.5 was used to determine the steady-state
anisotropy ().
r = (Ivw—Glvn)/(Ivv + 2Glvn) (Eq. 3.5)
G = Ive/Inn

Where G is the instrumental grating factor, Ivy and Ivu denotes the intensities obtained with the
excitation polarizer in the vertical position and the emission polarizer in both the horizontal and

vertical positions, respectively.

Figure 3.14d represents the plot of anisotropy (r) vs concentration of 3a—3e which indicated that

all Pt(II) complexes interacted with the BSA and alter the rotational motion.**”°

As 3e showed highest binding constant, molecular docking study was performed to visualize its
interaction with CT-DNA and BSA using Autodock 4.2.6 software.”! The complex 3e displayed
intercalative mode of binding with CT-DNA (pdb id- 1bna)’? (Figure 3.15) as established from
electronic spectral study. The high binding energy (—10.54) and nanomolar inhibition constant
(18.89 nM) (Table 3.13) was an indication of strong binding affinity and also comparable with

some reported Pt(II) complexes.”

Table 3.13: Binding energy of 3e DNA and BSA calculated from docking.

Biomolecules | Binding energy | Inhibition constant | Temperature

DNA -10.54 kcal/mol | 18.89 nM 298.15 K

BSA -10.48 kcal/mol | 20.81 nM 298.15K
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Figure 3.15: 2D and 3D Docking pose of 3e with (a, b) CT-DNA (pdb id- 1bna) and (c, d) BSA

(pdb id- 3v03)

After getting docked with BSA (pdb id- 3vo3),”* 3e exhibited —10.48 kcal/mol binding energy and

20.81 nM inhibition constant. Also, the complex displayed several interactions (Table 3.14)

indicated the interaction at IB subdomain near to tryptophan134 (Figure 3.15)

Table 3.14: List of non-bonding interactions between 3e and BSA (pdb id- 3v03).

TH-3861 196122003
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Residue | Amino | Distance | Residue | Amino | Distance | Residue | Amino Distance
acid (A) acid (A) acid (A)
115B LEU |3.14 132B LYS 3.23 136B LYS 2.07*
115B LEU |3.36 132B LYS 3.44 137B TYR 3.29
117B PRO |3.99 133B PHE |3.98 160B TYR 3.30
122B LEU |3.15 136B LYS 3.61 125B GLU 3.92

(* H-bonding, others are hydrophobic interaction)

3.3  Conclusion

In conclusion, we present the synthetic procedure of a series of Ni(Il), Pd(IT) and Pt(II) complexes
of various ligands bearing benzothiazole, coumarin fused pyrrole and imidazo[1,5-a]pyridine
moieties. The ligands were structurally and electronically diverse by containing a wide range of
P-, N- and O- donor sites. All the ligands and complexes were characterized thoroughly using
various spectroscopic techniques, and their molecular structures were confirmed by single crystal
X-ray diffraction method. Computational investigation was also performed to optimize the
geometry and the calculated energies of all compounds were in accordance with experimental
findings and most importantly, the severely distorted square planar geometry of 2f and 3¢ were
also supported by FMOs. The nickel(Il) complexes were employed as catalysts in synthesis of
imines/diimines via acceptorless dehydrogenative coupling of alcohols and amines/diamine.
Among all Ni(IT) complexes, 1a gave maximum yield of 99% in 12 h using only 1.0 mol% catalyst
loading offered a cost-effective and sustainable alternative to existed noble metal catalysts. The
catalytic activity of Pd(I) complexes was assessed in Heck coupling reaction, and all the
palladium(Il) complexes 2a—2h effectively produced 1-methylstilbene in good to excellent yields
in ethanol at 90 °C and 8 hours, surpassing many existing conventional systems relying on DMF
or DMSO solvent at high temperature. The pincer Pd(II) complex 2h was superior catalyst among
all, with a yield of 98% using only 1.0 mol% catalyst loading. Among the Heck products,
photophysical study of Sk was examined and it displayed positive fluorescence solvatochromism
which can be used as sensing probe and in the design of optoelectronic devices. Furthermore, the
versatility of Pd(II) catalysts was tested in cross-dehydrogenative coupling of thiophene-2-
carboxaldehyde and formed the product in good yield. The variation in catalytic activity was

mainly due to ligand environment which played a pivotal role in creating a tunable electronic
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environment around the metal center and thus enhanced their catalytic activity. The platinum
complexes of all ligands were inspected for their interaction with biomolecules such as CT-DNA
and BSA and among all Pt(Il) complexes, 3e displayed the highest binding constants with these
two biomolecules. Molecular docking study was also carried out to visualize the interaction of 3e
with CT-DNA and BSA, showed high binding free energy and intercalative binding mode with
CT-DNA which was in congruence with experimental findings. Hence, the study highlighted the
effect of ligand framework on the geometry of complexes as well as the catalytic and bio activity
of the resulting complexes. Thus, the combined catalytic and biological evaluation of group 10
complexes within a unified ligand framework, underscored a versatile platform for the
development of multifunctional catalysts that could facilitate a range of organic transformations

and further investigations on in vitro anticancer activities.

3.4  Experimental section

3.4.1 Synthesis of Ligands
[N-(2-diphenylphosphanyl-phenyl)methylideneamino]-1,3-benzothiazol-2-amine (L1H):
2-(diphenylphosphaneyl)benzaldehyde (1.451 g, 5 mmol) and 2-hydrazineylbenzo[d]thiazole
(0.826 g, 5 mmol) were taken in 10 mL of absolute ethanol and the mixture was refluxed for 12 h.
Then, it was cooled at room temperature, precipitate was filtered, washed with cold ethanol (50
mL), and dried over fused CaCl: to produce analytical pure compound L1H as ivory colored solid.
Yield: (2.012 g) 92%. Anal. caled for C26H20N3PS: C, 71.38%; H, 4.61%; N, 9.61; found: C,
71.52%; H, 4.64%; N, 9.50. ATR-IR (neat, cm'): 1618, 1563, 1467, 1432, 1263, 1021, 744, 693,
487, 427. "H NMR (400 MHz, DMSO-ds) § 11.90 (s, 1H), 8.74 (d, J = 4.9 Hz, 1H), 8.01 (dd, J =
6.6,4.0 Hz, 1H), 7.53 (d, J= 7.4 Hz, 1H), 7.39 — 7.32 (m, 2H), 7.31 — 7.25 (m, 6H), 7.19 (ddt, J =
10.4,6.9,2.9 Hz, 6H), 7.00 (t,J=7.6 Hz, 1H), 6.81 (dd, J=6.9, 4.6 Hz, 1H). '3C NMR (126 MHz,
DMSO-ds) 6 168.0, 150.3, 142.1, 141.9, 138.0, 137.8, 136.1, 136.1, 134.2, 134.0, 133.8, 132.3,
132.1, 132.1, 130.4, 129.6, 129.1, 128.9, 128.7, 128.6, 126.5, 126.4, 126.1, 122.2, 121.2, 119.0.
3P NMR (243 MHz, DMSO-ds) § -15.40. UV- Vis: nm (M™' cm™) 345 (27400). HRMS (ESI) m/z
calculated for (L1H+H)": 438.1188; found 438.1198.

[N-quinolin-8-ylmethylideneamino]-1,3-benzothiazol-2-amine (L2H):
The ligand L2H was prepared following the similar procedure for L1H by taking quinoline-8-
carbaldehyde (0.785 g, 5.0 mmol) and 2-hydrazineylbenzo[d]thiazole (0.826 g, 5.0 mmol) to
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produce L2H as vanilla colored solid. Yield: (1.34 g) 88%. Anal. calcd for C17H12N4S: C, 67.08%;
H, 3.97%; N, 18.41; found: C, C, 67.12%; H, 4.01%; N, 18.35. ATR-IR (neat, cm™'): 1614, 1575,
1439, 1266, 1123, 899, 827, 791, 745, 625, 428. 'H NMR (400 MHz, DMSO-ds) § 12.50 (s, 1H),
9.39 (s, 1H), 8.99 (dd, J = 4.1, 1.7 Hz, 1H), 8.43 (dd, J = 8.3, 1.6 Hz, 1H), 8.37 — 8.27 (m, 1H),
8.11 —8.00 (m, 1H), 7.80 (d, J=7.7 Hz, 1H), 7.73 (t, J= 7.7 Hz, 1H), 7.62 (dd, J = 8.3, 4.2 Hz,
1H), 7.49 (d, J = 7.8 Hz, 1H), 7.31 (t, J = 8.2 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H). 3C NMR (151
MHz, DMSO-ds) 6 167.2, 150.5, 145.1, 136.7, 131.2, 129.6, 128.2, 126.7, 126.1, 125.0, 122.0,
121.8, 121.6. UV- Vis: nm (M! em™) 365 (25000), 289 (14070). HRMS (ESI) m/z calculated for
[L2H+H]": 305.0855, found 305.0855.

2-(pyridin-2-yl)chromeno[4,3-b]pyrrol-4(1H)-one (L3H):
4-chloro-2-oxo0-2H-chromene-3-carbaldehyde (A) was synthesized by some modification of
reported procedure. 4-hydroxy-2-oxo-2H-chromene was taken in dimethylformamide (10 mL) and
kept at 273K. In a closed container, POCI; (2.0 mL) was taken in 5.0 mL DMF and kept at 273K.
After few hours, POCL; solution was added to 4-hydroxy-2-oxo-2H-chromene solution at 273K
with constant stirring. After 2 hours of stirring, the reaction mixture was kept at 273K for
overnight. Next day, water was added carefully portion wise to the mixture with vigorous stirring
at same temperature. Precipitates of A were collected by filtration followed by washing with water,
dried over fused CaClz. 2.0 mmol (0.417 mg) of A was taken in 10mL absolute ethanol and 2.0
mmol of 2-picolylamine (0.216 g) was added to it followed by few drops of triethylamine. The
mixture was stirred at reflux for 12 hours, cooled at room temperature and left undisturbed for few
days. Colorless crystals of L3H were collected and washed with cold ethanol (20 mL). Yield:
(0.377 g) 72%. Anal. caled for CisH10N202: C, 73.27%; H, 3.84%; N, 10.68; found: C, 73.42%;
H,3.91%; N, 10.51. ATR-IR (neat, cm™'): 3283, 1686, 1450, 1186, 1088, 969, 744, 473. '"H NMR
(400 MHz, Chloroform-d) & 10.92 (s, 1H), 8.49 (d, ] =4.4 Hz, 1H), 7.77 — 7.66 (m, 3H), 7.39 (dd,
J=6.0, 1.3 Hz, 2H), 7.26 — 7.22 (m, 2H), 7.21 — 7.15 (m, 1H). '3C NMR (126 MHz, Chloroform-
d) & 159.3, 152.4, 148.9, 148.9, 137.4, 136.7, 135.8, 129.4, 124.3, 122.6, 120.8, 119.7, 117.8,
113.5,111.1, 106.2. UV- Vis: nm (M™! cm™) 340 (28496), 325 (29934), 313 (24877), 290 (14047).
HRMS (ESI) m/z calculated for [L3H+H]": 263.0815, found 263.0825.

3-(2-bromophenyl)-1-(pyridin-2-yl)imidazo[1,5-a]pyridine (L4):
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Ligand L4 was synthesized by following a reported procedure.®> A mixture consisting of 2,2'-
dipyridyl ketone (0.460 g, 2.5 mmol), 2-bromobenzaldehyde (0.925 g, 5 mmol), NH4OAc (0.965
g, 10 mmol) in 20 mL of glacial acetic acid was stirred at 110 °C for 5 h. Then reaction mixture
was cooled to room temperature and poured into 100 mL of ice water. The formed solid was then
filtered, dried, and recrystallized from ethanol. Yield: (0.648 g) 74%. Anal. calcd for CisH12N3Br:
C, 61.73%; H, 3.45%; N, 12.00; found: C, 61.58%; H, 3.50%; N, 11.88. ATR-IR (v, cm™'): 1585,
1523, 1474, 1140, 1006, 790, 776, 743, 706, 618, 422, 438, 403. '"H NMR (400 MHz, Chloroform-
d) 6 8.73 (d, J=9.2 Hz, 1H), 8.66 — 8.61 (m, 1H), 8.22 (d, /= 8.1 Hz, 1H), 7.79 — 7.68 (m, 2H),
7.66 —7.59 (m, 2H), 7.49 (t, J=7.5 Hz, 1H), 7.39 (td, J= 7.7, 1.6 Hz, 1H), 7.14 — 7.06 (m, 1H),
6.97 (dd, J = 9.2, 6.4 Hz, 1H), 6.67 (t, J = 6.8 Hz, 1H). *C NMR (126 MHz, Chloroform-d) &
155.1, 149.2, 136.9, 136.4, 133.7, 133.3, 131.5, 131.3, 130.3, 129.7, 128.0, 124.6, 122.5, 121.7,
121.4,120.6,120.1, 113. UV- Vis: nm (M™' em™) 264 (9150), 294 (9700), 328 (7930), 358 (5810).
HRMS (ESI) m/z caled for [L4+H]": 350.0287, found: 350.0292.

1-(1-(pyridin-2-yl)imidazo[1,5-a]pyridin-3-yl)naphthalen-2-ol (L5SH):

A mixture consisting of 2,2'-dipyridyl ketone (0.460 g, 2.5 mmol), 2-hydroxynaphthaldehyde (5
mmol), NH4OAc (0.965 g, 10 mmol) in 20 mL of glacial acetic acid was stirred at 110 °C for 5 h.
Then reaction mixture was cooled to room temperature and poured into 100 mL of ice water. The
formed solid was then filtered, dried, and recrystallized from ethanol. Yield: (0.573 g) 68%. Anal.
calcd for CooHisN3O: C, 78.32%; H, 4.48%; N, 12.46; found: C, 78.41%; H, 4.52%; N, 12.31.
ATR-IR (v, cm™): 2588, 1625, 1591, 1508, 1435, 1347, 1275, 1245, 1143, 1073, 970, 820, 739,
706, 625, 599. 'TH NMR (400 MHz, Chloroform-d) § 8.81 (d, J=9.2 Hz, 1H), 8.67 (d, J= 5.6 Hz,
1H), 8.21 (d, J = 8.0 Hz, 1H), 7.90 (dd, J = 8.1, 5.4 Hz, 2H), 7.75 (td, J= 7.8, 1.8 Hz, 1H), 7.54
(d, J=7.2 Hz, 1H), 7.48 — 7.38 (m, 2H), 7.36 (d, J= 8.9 Hz, 1H), 7.29 (s, 1H), 7.15 (dd, J= 7.9,
4.4 Hz, 1H), 7.06 — 6.99 (m, 1H), 6.64 (t, J = 7.4 Hz, 1H). *C NMR (151 MHz, Chloroform-d) &
155.1, 154.5, 149.3, 136.6, 134.1, 132.0, 130.8, 130.3, 129.2, 129.1, 127.4, 124.6, 123.7, 123.5,
122.0,121.9, 121.0, 120.0, 118.9, 113.9, 107.5. UV- Vis: nm (M"! em™) 332 (21830), 287 (17220),
278 (17980), 360 (19750). HRMS (ESI) m/z caled for [LSH+H]": 338.1288, found: 338.1295.

3.4.2 Synthesis of complexes
[Ni(L1)Cl] (1a)
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Nickel chloride hexahydrate (119 mg, 0.5 mmol) in 10 mL methanol was added to a methanolic
solution of L1H (218.5 mg, 0.5 mmol) and the mixture was refluxed at 80 °C with continuous
stirring for 12 h. The resulting shiny denim blue precipitates were separated by filtration, washed
with cold ethanol (20 mL), diethyl ether (10 mL), and dried in vacuo to afford the pincer nickel
complex [Ni(L1)CI] (1a). Yield: (228 mg), 86%. Anal. calcd for C26H19CIN3NiPS: C, 58.85%; H,
3.61%; N, 11.06; found: C, 59.02%; H, 3.65%; N, 10.98. ATR-IR (neat, cm!): 1493, 1469, 1238,
998, 745, 688, 515, 480, 437, 422. '"H NMR (500 MHz, Chloroform-d) & 8.25 (d, J= 8.3 Hz, 1H),
8.02 (s, 1H), 7.86 (dd, J = 11.3, 8.0 Hz, 4H), 7.55 (dt, J=13.9, 7.5 Hz, 3H), 7.47 (t, J = 7.2 Hz,
4H), 7.42 —7.37 (m, 1H), 7.35 (d, J = 7.7 Hz, 1H), 7.28 (d, J = 7.6 Hz, 1H), 7.16 (t, J = 8.2 Hz,
1H), 7.07 (t,J=7.8 Hz, 1H), 6.92 (t,J= 7.5 Hz, 1H). '3C NMR (151 MHz, Chloroform-d) § 176.8,
149.6, 148.6, 136.5, 136.4, 134.4, 134.0, 133.9, 132.6, 131.5, 130.6, 130.1, 129.0, 128.9, 128.3,
128.0, 125.8, 121.3, 120.8, 120.7, 120.4, 116.7. *'P NMR (202 MHz, Chloroform-d) & 13.19. UV-
Vis: nm (M em™) 490(10020), 351 (77440), 288 (25200). 490(10020), 351 (77440), 288 (25200).
HRMS (ESI) m/z calculated for [1a+H]": 530.0156, found 530.0155.

[Ni(L1)2] (1b)

The complex 1b was synthesized by the reaction of 1.0 mmol of L1H with Nickel Chloride
hexahydrate (0.5 mmol) in 10 mL methanol with few drops of triethylamine and was refluxed with
continuous stirring for 12h. The resulting a shiny black color precipitates formed were separated
by filtration, washed with diethyl ether, and dried in vacuo to afford the nickel complex [Ni(L1):]
(1b). Yield: (289 mg), 62%. Anal. calcd for Cs2H3sNsNiP2S,: C, 67.04%; H, 4.11%; N, 9.02;
found: found: C, 67.12%; H, 4.12%; N, 8.93. ATR-IR (neat, cm!): 1551, 1461, 1433, 1259, 1102,
999, 742, 690, 489, 425. 3'P NMR (243 MHz, Chloroform-d) § 22.29, -14.49. UV- Vis: nm (M"!
cm™) 490 (6950), 400, (20260), 348, (23070). HRMS (ESI) m/z caled for (1b+H)" 931.1501; found
931.1484.

[Ni(L1)Br] (1¢)

Nickel bromide (109 mg, 0.5 mmol) in 10 mL methanol was added to a methanolic solution of
L1H (219 mg, 0.5 mmol) and the mixture was refluxed with continuous stirring for 12h. The
resulting shiny denim blue precipitates were separated by filtration, washed with cold ethanol (20
mL), diethyl ether (10 mL), and dried in vacuo to afford the pincer nickel complex [Ni(L1)Br]
(1e). Yield (207 mg), 72%. Anal. caled for CasHi19BrN3NiPS: C, 54.30%; H, 3.33%; N, 7.31;
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found: C, 54.38%; H, 3.29%; N, 7.25. ATR-IR (neat, cm!): 1569, 1483, 1252, 1003, 972, 742,
689, 481, 453, 420. 'H NMR (400 MHz, Chloroform-d) § 8.32 (d, J = 8.3 Hz, 1H), 8.02 (s, 1H),
7.87 (t,J=9.0 Hz, 4H), 7.54 (q, J = 6.6, 6.0 Hz, 3H), 7.48 (d, /= 7.5 Hz, 4H), 7.37 (d, /= 7.6 Hz,
1H), 7.33 (d, J= 7.7 Hz, 1H), 7.28 (s, 1H, merged with Chloroform-d), 7.09 (q, J = 8.6, 8.0 Hz,
2H), 6.92 (t, J = 7.5 Hz, 1H). 3C NMR (101 MHz, Chloroform-d) § 177.5, 149.7, 148.4, 136.3,
136.2, 134.5, 134.2, 134.1, 133.9, 133.9, 132.6, 131.6, 131.0, 130.2, 129.3, 129.0, 128.9, 128.7,
125.7,121.5, 121.0, 118.2. *'P NMR (162 MHz, Chloroform-d) § 16.77. UV- Vis: nm (M cm™)
490 (8310), 400 (9750), 284 (25550). HRMS (ESI) m/z calculated for [1c+H]": 575.9622, found
575.9585.

[Ni(L1)OAc] (1d)

Nickel acetate tetrahydrate (124 mg, 0.5 mmol) in 10 mL methanol was added to a methanolic
solution of L1H (219 mg, 0.5 mmol) and the mixture was refluxed with continuous stirring for 12
h. The resulting shiny denim blue precipitates were separated by filtration, washed with cold
ethanol (20 mL), diethyl ether (10 mL), and dried in vacuo to afford the pincer nickel complex
[Ni(L1)OACc] (1d). Yield (197 mg), 71%. Anal. calcd for C2sH220N3Ni1O2PS: C, 60.68%; H, 4.00%;
N, 7.58; found: C, 60.82%; H, 3.95%; N, 7.51. ATR-IR (neat, cm !): 1625, 1471, 1313, 1279, 992,
750, 689, 545, 488, 442, 426. 'H NMR (400 MHz, Chloroform-d) § 7.93 (d, J= 7.2 Hz, 4H), 7.89
(s, 1H), 7.57 (t, J=7.4 Hz, 2H), 7.50 (q, J = 7.7 Hz, 5H), 7.36 (d, J= 7.7 Hz, 2H), 7.31 (t,J=7.5
Hz, 1H), 7.23 (d, /= 7.4 Hz, 1H), 7.11 (d, J= 7.4 Hz, 1H), 7.08 — 7.02 (m, 1H), 6.94 — 6.88 (m,
1H), 1.28 (s, 3H). '*C NMR (101 MHz, Chloroform-d) § 177.7, 176.9, 150.0, 148.8, 137.1, 133.6,
132.8, 131.8, 130.6, 130.0, 129.1, 126.1, 121.7, 120.7, 114.4, 22.8. *'P NMR (162 MHz,
Chloroform-d) § 17.22. UV- Vis: nm (M cm™) 578 (2600), 490 (11060), 351 (8870), 288 (33200).
HRMS (ESI) m/z calculated for [1¢+H]": 535.0651, found 535.0628.

[PA(L1)CI] (2a)

Solid palladium dichloride (71 mg, 0.4 mmol) was taken in 10 mL acetonitrile and was refluxed
till all palladium dissolved. To the light-yellow color hot solution, Solid L1H (175 mg, 0.4 mmol)
was added resulting a deep red color solution. The reactants were left with continuous stirring for
16 h at ambient temperature. The precipitates formed were separated by filtration, washed with
diethyl ether, and dried in vacuo to afford the pincer palladium complex [Pd(L1)CI] (2a). Yield:
(203 mg), 88%. Anal. calcd for C2sH19CIN3PdPS: C, 53.99%; H, 3.31%; N, 7.27; found: C, C,
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54.12%; H, 3.38%; N, 7.20. ATR-IR (neat, cm™!): 1463, 1370, 1232, 1005, 919, 747, 691, 543,
518, 493, 422. 'H NMR (400 MHz, Chloroform-d) & 8.47 (d,J = 8.2 Hz, 1H), 8.15 (d, J = 3.9 Hz,
1H), 7.78 — 7.67 (m, 4H), 7.61 — 7.51 (m, 3H), 7.49 — 7.43 (m, 4H), 7.39 (dd, J = 12.5, 7.7 Hz,
2H), 7.26 (s, 2H), 7.20 — 7.15 (m, 1H), 7.01 — 6.93 (m, 1H). *C NMR (151 MHz, Chloroform-d)
5150.4, 144.2, 137.8, 137.7, 135.2, 135.1, 134.3, 134.2, 133.0, 132.0, 131.0, 131.0, 130.0, 129.1,
129.1, 128.3, 127.9, 126.4, 121.3, 118.3, 117.9, 116.9. >'P NMR (162 MHz, Chloroform-d) &
27.37. UV- Vis: nm (M ecm’!) 490 (8810), 324

(8740), 295 (17790), 278 (19210). HRMS (ESI) m/z calculated for (2(2a)-Cl)* 1120.9844; found
1120.9838.

[PA(L1)2] (2b)

Palladium dichloride (35.6 mg, 0.2 mmol) was taken in 10 mL acetonitrile and was refluxed till
all palladium dissolved. To the light-yellow color solution, 175 mg (0.4 mmol) of L1H in
acetonitrile was added followed by few drops of triethylamine. The resultant deep orange color
solution was refluxed with continuous stirring for 12 h at 80 °C. The precipitates formed were
separated by filtration, washed with diethyl ether, and dried in vacuo to afford the pincer palladium
complex [Pd(L1)2] (2b). Yield: (100 mg) 51%. Anal. calcd for CspH3gNsPdP2S,: C, 63.77%; H,
3.91%; N, 8.58; found: C, 63.81%; H, 3.95%; N, 8.47. ATR-IR (neat, cm'): 1486, 1464, 1233,
1131, 1009, 747, 696, 543, 504, 421. 3'P NMR (243 MHz, Chloroform-d) § 27.14, -13.30. UV-
Vis: nm (M cm™) 490 (6060), 338 (1260), 294 (14380). HRMS (ESI) m/z caled for (2b+H)"
979.1199; found 979.1221.

[PA(L1H)CIINOs (2¢)

Complex 2a (58 mg, 0.1 mmol) was taken in 10 mL methanol. To this solution, 100uL of aqueous
HNO:s from a 1M stock solution was added dropwise with continuous stirring. The solution was
left for few days, crystals were collected, washed with diethyl ether, and dried in vacuo to afford
the cationic palladium complex [PA(L1H)CIINO; (2¢). Yield: (33 mg), 57%. Anal. calcd for
C26H20CINsO3PPdS: C, 48.69%; H, 3.14%; N, 8.74; found: C, 48.79%; H, 3.10%; N, 8.67. ATR-
IR (neat, cm™'): 3448, 1712, 1437, 1274, 1120, 996, 754, 693, 539. 'H NMR (600 MHz,
Chloroform-d) é 8.34 (dd, J = 7.7, 4.1 Hz, 1H), 7.71 — 7.67 (m, 2H), 7.61 (dd, J = 12.2, 7.5 Hz,
7H), 7.54 — 7.46 (m, 8H), 7.09 (dd, J = 14.7, 7.7 Hz, 1H). *C NMR (101 MHz, Chloroform-d) &
134.85, 134.76, 134.29, 134.18, 133.64, 133.52, 133.19, 133.16, 132.96, 132.93, 132.45, 132.35,
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131.16, 131.03, 130.31, 130.26, 129.19, 129.06. 3'P NMR (243 MHz, Chloroform-d) & 40.09. UV-
Vis: nm (M em!) 510 (970), 387, (2940) 270 (13400). HRMS (ESI) m/z calculated for (2¢)°
579.9831; found 579.9792.

[Pt(L1)CI] (3a)

Cis-dichlorobis(dimethylsulfoxide)platinum(Il) (84.5 mg, 0.2 mmol) was taken in 10 mL
acetonitrile and was refluxed till all dissolved. To this solution, L1H (87.5 mg, 0.2 mmol) was
added resulting ruby red solution and refluxed with continuous stirring for 24 h. The solvent was
reduced to 5 mL, precipitates formed were separated by filtration, washed with diethyl ether, and
dried in vacuo to afford the pincer platinum complex [Pt(L1)Cl] (3a). Yield: (102.5 mg), 77%.
Anal. calcd. for C26Hi9CIN3PtPS: C, 46.82%; H, 2.87%; N, 6.30; found: C, 46.74%; H, 2.80%; N,
6.18. ATR-IR (neat, cm™!): 1478, 1237, 1004, 742, 691, 493, 548, 520, 493, 460, 433. 'H NMR
(400 MHz, Chloroform-d) 6 8.67 (d, J = 8.1 Hz, 1H), 8.37 (s, 1H), 7.76 — 7.69 (m, 4H), 7.60 —
7.56 (m, 1H), 7.55 — 7.50 (m, 3H), 7.44 (ddd, J=9.9, 8.1, 5.1 Hz, 6H), 7.40 — 7.34 (m, 1H), 7.20
(t, J=8.4 Hz, 1H), 6.99 (t, J = 7.6 Hz, 1H). >*C NMR (101 MHz, Chloroform-d) & 150.5, 145.2,
138.1, 137.9, 135.2, 135.0, 134.8, 134.3, 134.2, 132.8, 131.8, 131.3, 131.2, 129.0, 128.9, 128.3,
126.4,121.5,121.3,118.5,117.9, 116.2. *'P NMR (162 MHz, Chloroform-d) & 1.69. UV- Vis: nm
M1 em™) 552 (1220), 490 (12180), 330 (980), 295. (18690). HRMS (ESI) m/z calculated for
(3a+H)" 668.0442; found 668.0402.

[Ni(L2)2] (1e)

Nickel chloride hexahydrate (60 mg, 0.25 mmol) in 10 mL methanol was added to a methanolic
solution of L2H (0.5 mmol) under reflux. The dark red solution was stirred for overnight, solvent
was removed, washed with diethyl ether, and dried in vacuo to produce complex 1le. Yield: (136
mg), 82%. Anal. calcd. for C34H22NgNiS2: C, 46.82%; H, 2.87%; N, 6.30; found: C, 47.01%; H,
2.92%; N, 6.35. ATR-IR (neat, cm™'): 1669, 1444, 1382, 1258, 1028, 832, 756, 670, 556, 458.
UV- Vis: nm (M em™) 490 (11260), 370 (5590), 292 (10650). HRMS (ESI) m/z caled for,
(1e+H)" 665.0835; found 665.0833.

[Pd(L2)CI] (2d)
For the synthesis of complex 2d, the method of synthesis of 1a was followed by taking 0.5 mmol
of ligand L2H and 0.5 mmol of PdCl,. The resulting deep red precipitates were washed with ether
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and dried to produce pure complex 2d. Yield: (187 mg), 84%. Anal. calcd. for Ci7H11CIN4PdS: C,
45.86%; H, 2.49%; N, 12.58; found: C, 45.92%; H, 2.51%; N, 12.48. ATR-IR (neat, cm!): 1497,
1451, 1265, 1046, 833, 748, 681, 420. 'H NMR (600 MHz, Chloroform-d) § 10.53 (d, J = 5.5 Hz,
1H), 8.68 (d, /= 8.1 Hz, 1H), 8.48 (d, /= 8.0 Hz, 1H), 8.14 (s, 1H), 8.01 (d, /J=7.3 Hz, IH), 7.96
(d, /=79 Hz, 1H), 7.74 - 7.70 (m, 2H), 7.38 (d, J= 7.7 Hz, 1H), 7.23 (d, J = 8.3 Hz, 1H), 7.03
(t,J=7.5Hz, 1H). >*C NMR (101 MHz, Chloroform-d) § 158.5, 149.3, 141.8,139.7, 138.2, 133.0,
129.7,128.6, 128.5, 127.5, 126.3, 122.5, 121.8, 121.5, 121.5, 117.7, 116.9. UV- Vis: nm (M em”
1) 490 (8330), 345 (15950), 296 (11940). HRMS (ESI) m/z caled for (2(2d)-C1)* 854.9171; found
854.9196.

[PA(L2)N3] (2e)

The complex 2d (111.3 mg, 0.25 mmol) was taken in 10 mL acetone and solid sodium azide (0.3
mmol) was added to it. The reaction mixture was stirred for 12 h at ambient temperature. The deep
pink fiber like precipitated was filtered and the residue was soluble in excess chloroform and again
filtered. The filtrates were removed and solids were collected, washed with ether, and dried over
fused calcium chloride to produce 2e. Yield: (79 mg), 70%. Anal. calcd. for C7H11N7PdS: C,
45.19%; H, 2.45%; N, 21.70; found: C, C, 45.26%; H, 2.41%; N, 21.81. ATR-IR (neat, cm™'):
2038, 1491, 1274, 1037, 773, 753, 682, 471, 418. '"H NMR (600 MHz, Chloroform-d) & 10.02 (m,
1H), 8.60 (d, J= 8.1 Hz, 1H), 8.25 (s, 1H), 8.09 — 8.04 (m, 2H), 7.99 (d, J = 8.2 Hz, 1H), 7.83 (dt,
J=15.8,7.3 Hz, 2H), 7.46 (d, J= 7.7 Hz, 1H), 7.38 (t, /= 7.8 Hz, 1H), 7.09 (t, /= 7.5 Hz, 1H).
3C NMR (101 MHz, Chloroform-d) & 157.1, 143.7 (d, J = 12.7 Hz), 142.4, 138.9, 137.56, 135.5,
133.6, 133.2, 127.9, 127.6, 127.2, 123.0, 115.7, 115.1. UV- Vis: nm (M™' em™") 500 (2960), 345
(5510), 295 (4600). HRMS (EST) m/z calcd for (2(2€)-N3)" 861.9581; found 861.9499.

[Pt(L2)CI] (3b)

84.5 mg (0.2 mmol) of Cis-dichlorobis(dimethylsulfoxide)platinum(II) was taken in 10 mL
acetonitrile and was refluxed till all solid dissolved. To this solution, L2H (61 mg, 0.2 mmol) was
added and the resulting violet solution was refluxed with continuous stirring for 24 h. The mixture
was cooled, solvent evaporated to 2 mL and the precipitates formed were separated by filtration,
washed with diethyl ether, and dried in vacuo to afford the pincer platinum complex 3b. Yield: (66
mg), 62%. Anal. calcd. for C17H11CIN4PtS: C, 38.24%; H, 2.08%; N, 10.49; found: found: C,
38.42%; H, 2.04%; N, 10.53. ATR-IR (neat, cm'): 1500, 1453, 1234, 1036, 827, 747, 685, 445,
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422. "H NMR (400 MHz, Chloroform-d) § 10.81 (d, J = 5.8 Hz, 1H), 8.81 (d, J = 8.3 Hz, 1H),
8.58 — 8.44 (m, 2H), 8.03 — 7.94 (m, 2H), 7.77 — 7.68 (m, 2H), 7.41 (d, J = 8.2 Hz, 1H), 7.29 (d, J
=7.3 Hz, 1H), 7.06 (t, J = 7.6 Hz, 1H). '3C NMR (101 MHz, Chloroform-d) § 158.1, 142.2, 139.6,
139.4, 134.4, 134.2, 127.1, 126.3, 123.0, 122.6, 122.4, 122.4, 121.7, 121.5, 117.2. UV- Vis: nm
(M em™) 301 (9390), 367 (17420), 516 (6040). HRMS (ESI) m/z calculated for (3b-Cl+CH3CN)"
539.0613; found 539.0587.

[N1(L3)2(H20)2] (1f)

Ligand L3H (131 mg, 0.5 mmol) was taken in 5.0 mL methanol and stirred under reflux. Nickel
chloride hexahydrate (60 mg, 0.25 mmol) in 5.0 mL methanol was added to it followed by few
drops of triethylamine. The mixture and was refluxed for 12h, cooled to produce brown precipitate
which was then filtered, washed with ether, and dried over fused CaCl; to produce pure nickel
complex 1f. Yield: (114 mg), 74%. Anal. calcd. for C32H22N4NiOg: C, 62.27%; H, 3.59%; N, 9.08;
found: C, 62.34%; H, 3.61%; N, 8.90. ATR-IR (neat, cm™!): 3281, 1658, 1602, 1446, 1189, 1089,
972,739, 471, 451. '"H NMR (600 MHz, DMSO-ds) § 14.65 (s, 2H), 8.28 (d, J= 6.0 Hz, 3H), 7.65
(s, 4H), 7.47 (s, 4H), 7.43 — 7.34 (m, 4H), 7.27 (s, 2H), 6.97 (s, 3H), 5.22 (s, 2H). 1*C NMR (151
MHz, DMSO-ds) 8 153.2, 151.6, 131.9, 129.6, 124.3, 122.7, 121.3, 116.1, 113.5, 104.2. UV- Vis:
nm (M cm!) 318 (10385), 335 (11425), 361 (14310), 507 (256). HRMS (ESI) m/z calcd for (1f-
2H>O+H)" 581.0754; found 581.0754.

[PA(L3):] (2f)

Solid palladium dichloride (44.5 mg, 0.25 mmol) was taken in 10 mL acetonitrile and was refluxed
till all palladium dissolved. To the light-yellow color hot solution, Solid L3H (131 mg, 0.5 mmol)
was added followed by few drops of triethylamine. The resulting deep red color solution were left
with continuous stirring for 16 h at ambient temperature. The precipitates formed were separated
by filtration, washed with diethyl ether, and dried in vacuo to afford the complex 2f. Yield: (99
mg), 63%. Anal. calcd. for C32HisN4PdO4: C, 61.11%; H, 2.88%; N, 8.91; found: C, 61.20%; H,
2.91%; N, 8.82. ATR-IR (neat, cm'): 1702, 1605, 1539, 1450, 1189, 1085, 955, 743, 447, 422.
'H NMR (400 MHz, DMSO-ds) & 8.66 (d, J = 6.3 Hz, 2H), 8.54 — 8.49 (m, 2H), 8.04 (d, J = 8.2
Hz, 2H), 7.89 (td, J = 7.8, 1.8 Hz, 2H), 7.64 (s, 2H), 7.46 (dd, J=11.7, 1.3 Hz, 4H), 7.39 — 7.33
(m, 4H). *C NMR (151 MHz, DMSO-ds) & 158.22, 151.65, 149.25, 149.15, 137.40, 136.76,
136.67, 129.30, 124.34, 122.65, 120.01, 116.98, 113.71, 113.51, 109.72, 106.43. UV- Vis: nm (M
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I em') 294 (8212), 325 (9240), 341 (9282), 352 (7945), 440 (826). HRMS (ESI) m/z calcd for
(2f+H)" 629.0448; found 629.0405.

[Pt(L3)2] (3¢)

Cis-dichlorobis(dimethylsulfoxide)platinum(Il) (21 mg, 0.05 mmol) and L3H (26.4 mg, 0.1
mmol) was mixed in 10 mL acetonitrile along with few drops of triethylamine. The mixture was
refluxed with continuous stirring for 24 h. The yellow precipitates formed were separated by
filtration, washed with diethyl ether, and dried in vacuo to produce the platinum complex 3c¢. Yield:
(25.5 mg), 71%. Anal. calcd. for C32H1gN4PtO4: C, 53.56%; H, 2.53%; N, 7.81; found: C, 53.62%;
H, 2.50%; N, 7.72. ATR-IR (neat, cm™"): 1702, 1611, 1546, 1454, 1191, 1089, 958, 746, 733, 449,
430. UV- Vis: nm (M! cm™) 265 (29804), 292 (25854), 319 (25751), 395 (15429). HRMS (ESI) m/z
calculated for (3¢+H)" 718.1051; found 718.1022.

[Ni(L4)2(H20).]Cl2 (1g)

Nickel chloride hexahydrate (60 mg, 0.25 mmol) and L5 (175 mg, 0.5 mmol) were taken in 10 mL
methanol and refluxed for overnight. The solution was left undisturbed for few days to produce
cloud green crystals of 1g. Yield: (147 mg), 68%. %. Anal. calcd. for [C36H2sN¢Br2NiO2]Cla: C,
49.93%; H, 3.26%; N, 9.70; found: C, 50.14%; H, 3.28%; N, 9.64%. ATR-IR (neat, cm™'): 3324
(broad), 1608, 1479, 1369, 1150, 1057, 781, 743, 706, 418. UV- Vis: nm (M cm™) 277 (15860),
285 (16405), 325(22248), 360 (31285), 371 (33242) 447 (27), 682 (18). HRMS (ESI) m/z calcd
for [1g-2H,0]*" 378.9875; found 378.9877.

[PA(L4)Cl2] (2g)

Solid palladium dichloride (44.5 mg, 0.25 mmol) was taken in 10 mL acetonitrile and was heated
till all PdCl, dissolved. To this solution, 87.5 mg (0.25 mmol) of L4 was added and the yellow
solution was stirred for 24 h at ambient temperature. The precipitates formed were separated by
filtration, washed with diethyl ether, and dried in to afford palladium complex 2g. Yield: (108 mg),
82%. Anal. calcd. for CigH12BrCLoNsPd: C, 40.98%; H, 2.29%; N, 7.97; found: C, 41.14%; H,
2.35%; N, 7.93%. ATR-IR (neat, cm™'): 1604, 1557, 1512, 1335, 1244, 1150, 1050, 1022, 1009,
772, 739, 703, 633, 591, 416. 'H NMR (400 MHz, DMSO-ds) § 9.01 — 8.96 (m, 1H), 8.44 (d, J =
9.4 Hz, 1H), 8.32 (d, J= 8.1 Hz, 1H), 8.27 (CHCL), 8.19 (t, /= 8.4 Hz, 1H), 7.79 (dd, J= 5.8, 3.4
Hz, 1H), 7.75 (d, J= 7.2 Hz, 1H), 7.63 (dd, J = 6.0, 3.3 Hz, 1H), 7.59 — 7.54 (m, 2H), 7.49 (q, J =
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7.1, 6.0 Hz, 2H), 7.11 (s, 1H), 5.72 (CH2CL). 13C NMR (151 MHz, DMSO-de) & 152.6, 149.2,
140.7, 138.9, 134.1, 133.0, 132.3, 128.3, 128.0, 127.8, 127.2, 127.2, 124.9, 123.7, 122.6, 120.3,
117.2, 116.8, 79.2 (CHCls), 54.9 (CH,Cly). UV- Vis: nm (M em'') 268 (9973), 361 (10597), 378
(12333), 396 (8703). HRMS(ESI) m/z calcd for [2g-C1]* 491.8923; found 491.8925.

[Pt(L4)ClL2] (3d)

Following the procedure of 3a, complex [Pt(L4)Cl>] (3d) was prepared using ligand L4 (35 mg,
0.1 mmol) and PtCl,(DMSO); (42 mg, 0.1 mmol) in acetonitrile. Yield: (46.5 mg), 76%. Anal.
caled. for CisH12BrCLoNsPt: C, 35.09%; H, 1.96%; N, 6.82; found: C, 35.20%; H, 2.04%; N,
6.78%. ATR-IR (neat, cm'): 1642, 1608, 1561, 1513, 1485, 1428, 1338, 1150, 1024, 957, 769,
739, 704, 694, 638, 430, 416. 'H NMR (400 MHz, DMSO-ds) § 9.42 — 9.30 (m, 1H), 8.47 (d, J =
9.4 Hz, 1H), 8.34 (d, J=17.9 Hz, 1H), 8.26 — 8.20 (m, 1H), 7.83 — 7.79 (m, 1H), 7.74 (d, /= 7.2
Hz, 1H), 7.67 (dd, J = 5.8, 3.5 Hz, 1H), 7.61 — 7.56 (m, 2H), 7.55 — 7.47 (m, 2H), 7.13 (t,J= 7.2
Hz, 1H), 5.72 (CH2Cl,). 3C NMR (101 MHz, Chloroform-d) § 153.46, 148.16, 140.22, 139.62,
134.34, 133.40, 132.60, 129.67, 128.74, 128.18, 128.09, 127.28, 125.06, 124.13, 122.96, 120.28,
116.91, 116.84, 55.08 (CH2Cl,), 48.87 (MeOH). UV- Vis: nm (M"' ecm’") 310 (10042), 365 (10498),
383 (10466), 406 (8391). HRMS (ESI): m/z calcd for [3d-+H]" 579.9524; found 579.9492.

[Ni(LSH)2(H20).]Cl, (1h)

Nickel chloride hexahydrate (60 mg, 0.25 mmol) in 10 mL methanol was added to a methanolic
solution of LSH (0.5 mmol) under reflux. The light brown solution was stirred for overnight,
solvent was removed, washed with diethyl ether, and dried in vacuo to produce light green
crystalline powder of complex 1h. Yield: (147 mg), 70%. Anal. calcd. for [C44H34Ne¢Ni104]Cl: C,
62.89%; H, 4.08%; N, 10.00 %; found: C, 63.00%; H, 4.15%; N, 9.86%. ATR-IR (neat, cm"):
3048, 1602, 1515, 1477, 1735, 1279, 1242, 1146, 1080, 823, 776, 739, 703, 512, 419. UV- Vis:
nm (M em™) 277 (17230), 341 (22260). HRMS (ESI) m/z calcd for (1h-2H>0)** 366.0886; found
366.0863.

[PA(LSH)CI] (2h)
PdCl> (89 mg, 0.5 mmol) was taken in 10 mL acetonitrile and was heated till all palladium
dichloride dissolved. To this, 168.5 mg (0.5 mmol) of L5SH was added followed by few drops of

Et;N resulting a brown solution. After stirring for 24 h at room temperature, the solvent was
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reduced to half. The complex 2h precipitated and separated by filtration, washed with diethyl ether
and dried. Yield: (196 mg), 82%. Anal. calcd. for C22H14CIN3OPd: C, 55.25%; H, 2.95%; N, 8.79;
found: C, 55.41%; H, 3.04%; N, 8.72%. ATR-IR (neat, cm): 2583, 1639, 1605, 1519, 1385,
1240, 1106, 820, 750, 667, 515, 420. '"H NMR (400 MHz, DMSO-ds) & 8.78 (d, J= 6.1 Hz, 1H),
8.51 (d, J=9.6 Hz, 1H), 8.40 (d, /= 8.3 Hz, 1H), 8.23 (t, /= 8.6 Hz, 1H), 7.96 (d, /= 7.2 Hz,
1H), 7.89 (d, J= 8.1 Hz, 1H), 7.83 (d, /= 9.1 Hz, 1H), 7.55 — 7.48 (m, 2H), 7.45 (d, J = 7.0 Hz,
1H), 7.34 (d,J= 7.2 Hz, 1H), 7.26 (dd, J = 18.8, 8.7 Hz, 2H), 7.15 — 7.10 (m, 1H). *C NMR (101
MHz, DMSO-ds) 6 166.55, 152.43, 151.25, 140.14, 133.73, 131.73, 130.11, 128.75, 128.73,
127.22, 126.82, 126.73, 126.56, 125.13, 124.82, 122.95, 122.44, 120.55, 117.96, 114.73, 102.33.
UV- Vis: nm (M em™) 262 (23360), 382 (9910), 400 (8650), 420 (4890), 458 (2920). HRMS
(ESI) m/z calcd for [2h-C1]" 442.0175; found 442.0151.

[Pt(LSH)CI] (3e)

Cis-dichlorobis(dimethylsulfoxide)platinum(Il) (42 mg, 0.1 mmol) was taken in 10 mL
acetonitrile and was refluxed till all salt dissolved. To this solution, LSH (34 mg, 0.1 mmol) was
added followed by few drops of triethylamine. The resulting deep brown solution was refluxed
with continuous stirring for 24 h. The precipitates formed were separated by filtration, washed
with diethyl ether, and dried in vacuo to afford the pincer platinum complex [Pt(L5)Cl1] (3e). Yield:
(37 mg), 65%. Anal. calcd. for C2oH14CIN3OPt: C, 46.61%; H, 2.49%; N, 7.41; found: C, 46.72%;
H, 2.53%; N, 7.30%. ATR-IR (neat, cm '): 1740, 1610, 1511, 1482, 1362, 1240, 1203, 989, 829,
756, 730, 662, 536, 417."H NMR (400 MHz, DMSO-ds) § 9.16 (d, J=5.9 Hz, 1H), 8.58 (d, J =
9.3 Hz, 1H), 8.45 (d, J= 8.2 Hz, 1H), 8.29 — 8.24 (m, 1H), 7.97 (d, J = 7.4 Hz, 1H), 7.90 (dd, J =
15.4, 8.5 Hz, 2H), 7.51 (dt, J = 10.3, 6.3 Hz, 3H), 7.35 (d, J = 9.1 Hz, 2H), 7.28 (d, J = 8.4 Hz,
1H), 7.16 (t, J = 6.5 Hz, 1H). 3*C NMR (101 MHz, DMSO-ds) § 164.70, 152.73, 150.65, 138.99,
130.90, 130.82, 130.48, 129.27, 128.55, 127.61, 127.27, 126.23, 125.61, 125.45, 122.70, 122.63,
120.46, 117.34, 114.28, 101.84, 79.28(CHCl3). UV- Vis: nm (M™' em™) 332 (13350), 395 (13650),
431 (11960), 451 (12430). HRMS (ESI) m/z calcd for [3e+H]" 568.0542; found 568.0515

3.4.3 Computational study
For computational study, all calculations were performed by using Gaussian16 (G16) program and
GaussView 5.0 was used for picturization.”>’® The geometry of all ligands and complexes was

optimized using B3LYP hybrid functional and 6-311g(d,p)/LanL.2DZ basis set that matched well with
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single crystal X-ray structure. Density functional theory (DFT) was used to model the frontier molecular

orbitals to predict the kinetic stability and chemical reactivity (Appendix II).

3.4.4 Crystallographic data collection
For the single crystal XRD data collection of the appropriate single crystals of L2H, 1a, 2a, le; a

single source Super Nova CCD System instrument from Agilent Technologies equipped with a
fine focus 1.75 kW sealed tube with Mo-Ka radiation was used at room temperature. The data
were reduced using CrysAlisPro and Autochem2.l software.”” For rest of the ligands and
complexes, data was collected at room temperature using a Bruker SMART APEX CCD
diffractometer equipped with fine focus 1.75 kW sealed tube of Mo-Ko. (A = 0.71073 A) X-ray
source, with increasing o (width of 0.3° per frame) at a scan speed of either 3 or 5 s per frame.”®
The SMART software was used for data acquisition and the SAINT software for data extraction.
The structure solution was performed by direct methods using APEX4, SHELXT, CrysAlispro,
Autochem and refined with Olex2-1.5 using SHELXL program.”-*® All atoms except hydrogen
atoms are tuned using anisotropic displacement parameters, whereas hydrogen atoms are tuned
using relative isotropic parameters. The disorder in molecular structure of 1g and 1h was fixed
using partial occupancies factor, unidentified electron densities were masked using OLEX2

utility.3! PLATON was used for structure validation and for pictorial depiction linked to X-ray

single crystal data, Mercury and ORTEP software was used.®* %4

3.4.5 Optimization of imines synthesis from alcohols and amines.

Benzylamine (0.5 mmol), benzyl alcohol (0.6 mmol), base (0.75 mmol), and catalyst (x mol%)
were mixed in a solvent (5.0 mL) and was stirred at specified temperature for a given time. After
the completion of the reaction, the mixture was cooled, diluted with ethyl acetate (10.0 mL). Then
it was filtered through a short pad of celite and filtrate was washed with copious amount of
ethylacetate. The solvent was removed under reduced pressure, and the crude product was purified

by preparative thin layer chromatography to produce isolated yields.

3.4.6 General procedure for imines synthesis.
Aryl/alkyl amine (0.5 mmol) or diamine (0.25 mmol), aryl alcohol (0.6 mmol), ‘BuOK (0.5 mmol),
catalyst 1a (1.0 mol%), and toluene (5.0 mL) was stirred at 110 °C for 12 h. After the completion

of the reaction, the mixture was cooled, diluted with ethylacetate. Then it was filtered through a
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short pad of celite and washed with ethyl acetate (2x10.0 mL). The solvent was removed under

reduced pressure, and the crude product was purified by preparative thin layer chromatography.

3.4.7 Specific procedures and characterization data for imines 4a-4r
(E)-N,1-diphenylmethanimine (4a)%
'H NMR (400 MHz, Chloroform-d) § 8.41 (s, 1H), 7.92 — 7.85 (m, 2H), 7.43

\N© (dd, J=5.0, 1.8 Hz, 3H), 7.36 (td, J=7.1, 2.0 Hz, 2H), 7.23 — 7.17 (m, 3H).
g 3C NMR (151 MHz, Chloroform-d) & 152.2, 136.3, 131.5, 129.3, 129.0,
128.9, 126.1, 121.1.

(E)-N-benzyl-1-phenylmethanimine (4b) %

SN '"H NMR (600 MHz, Chloroform-d) & 8.45 (s, 1H), 7.85 (d, J = 7.5 Hz,
g /\© 2H), 7.47 (d, J = 5.6 Hz, 3H), 7.41 (d, J = 4.1 Hz, 4H), 7.34 — 7.32 (m,
1H), 4.89 (s, 2H). '*C NMR (151 MHz, Chloroform-d) § 162.1, 139.4, 136.2, 130.8, 128.7, 128.6,
128.4, 128.0, 127.1, 65.1.

(E)-1-benzylidene-2-phenylhydrazine (4¢) %’
o H '"H NMR (600 MHz, Chloroform-d) & 7.67 (d, ] = 7.4 Hz, 3H), 7.60 (s,
OAN/ \© 1H), 7.38 (t, J = 7.5 Hz, 2H), 7.33 — 7.27 (m, 3H), 7.13 (d, ] = 7.9 Hz, 2H),
6.89 (t, ] = 7.2 Hz, 1H). °C NMR (151 MHz, Chloroform-d) & 144.8,
137.4, 135.5, 129.5, 128.8, 128.6, 126.3, 120.3, 112.9.

(E)-N-cyclooctyl-1-phenylmethanimine (4d) *
O 'H NMR (600 MHz, Chloroform-d)  8.26 (s, 1H), 7.72 (dd, J = 6.5, 2.9
\N Hz, 2H), 7.41 — 7.37 (m, 3H), 3.39 (tt, J=8.7, 3.7 Hz, 1H), 1.89 — 1.81 (m,
4H), 1.70 (m, J = 13.1, 3.5 Hz, 2H), 1.65 — 1.47 (m, 8H). '3C NMR (151
MHz, Chloroform-d) 6 157.75, 136.79, 130.32, 128.60, 128.13, 71.75, 34.21, 27.41, 25.86, 24.28.

(E)-2-(benzylideneamino)-5-nitrophenol (4e) *°
NO, 'H NMR (600 MHz, Chloroform-d) & 8.82 (s, 1H), 8.26 (s, 1H), 8.15
SN (d, J=8.2Hz, 1H), 7.96 (d, J= 7.3 Hz, 2H), 7.78 (s, 1H), 7.56 (dt, J =
@ OH 27.0, 6.8 Hz, 3H), 7.10 (d, J = 8.8 Hz, 1H). '*C NMR (151 MHz,
Chloroform-d) 6 160.6, 157.9, 135.6, 135.1, 129.5, 129.3, 124.8, 115.2, 112.2.
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(E)-N'-benzylidene-3,5-dihydroxybenzohydrazide (4f) *°

T 'H NMR (600 MHz, DMSO-d6) & 11.71 (s, 1H), 9.66 (s, 2H), 8.43

\N,Hj‘/@w (s, 1H), 7.71 (d, J = 5.9 Hz, 2H), 7.43 (d, ] = 7.3 Hz, 3H), 6.78 (s,

g o 2H), 6.45 (s, 1H). 3C NMR (151 MHz, DMSO-d6) § 163.7, 158.6,
147.9, 135.6, 134.5, 130.2, 129.0, 127.2, 106.0, 105.9.

(E)-1-(4-nitrophenyl)-N-phenylmethanimine (4g) °!
'H NMR (600 MHz, Chloroform-d) & 8.59 (s, 1H), 8.39 —8.31 (m, 2H),
\N/© 8.11 (d, J = 8.7 Hz, 2H), 7.46 (t, J = 7.7 Hz, 2H), 7.33 (1, J = 7.4 Hz,
OZN/(>A 1H), 7.29 (d, J = 7.3 Hz, 2H). *C NMR (151 MHz, Chloroform-d) §
157.5,151.1, 149.5, 141.7, 129.5, 129.5, 127.2, 124.1, 121.1.

(E)-N-hexyl-1-phenylmethanimine (4h) %2

'"H NMR (600 MHz, Chloroform-d) & 8.23 (s, 1H), 7.81 — 7.70 (m,
@vN\/\/\/ 2H), 7.36 (s, 3H), 3.60 (¢, J = 7.1 Hz, 2H), 1.79 — 1.67 (m, 2H), 1.47
—1.28 (m, 6H), 0.92 (t, /= 6.8 Hz, 3H). *C NMR (151 MHz, Chloroform-d) 5 160.3, 136.3, 130.1,
128.3,127.8, 61.6, 31.5, 30.8, 26.9, 22.5, 13.9.

(E)-N-hexyl-1-(3-methoxyphenyl)methanimine (4i) °>
~ 'H NMR (600 MHz, Chloroform-d) & 8.14 (s, 1H), 7.30 (s, 1H), 7.20

@ (dt, J=16.1, 7.5 Hz, 2H), 6.90 — 6.86 (m, 1H), 3.72 (s, 3H), 3.52 (s,
N~~~ 1H),1.64(p,J=7.1 Hz,2H), 1.35—1.23 (m, 7H), 0.85 (t, J=6.7 Hz,
3H). 13C NMR (151 MHz, Chloroform-d) 8 160.2, 159.7, 137.6, 129.2, 121.0, 116.8, 111.4, 61.4,
54.8,31.5,30.7,26.8,22.4, 13.8.

(1E,1'E)-N,N'-(propane-1,3-diyl)bis(1-phenylmethanimine) (4j) >

"H NMR (600 MHz, Chloroform-d) & 8.30 (s, 2H), 7.77 (s, 4H),
©\¢N\/\/Nﬁ 7.42 (s, 6H), 3.76 (t, J = 6.8 Hz, 4H), 2.18 (p, J = 6.8 Hz, 2H).
13C NMR (151 MHz, Chloroform-d) 161.1, 136.2, 130.4, 128.4, 127.9, 59.0, 31.8.

(1E,1'E)-N,N'-(octane-1,8-diyl)bis(1-phenylmethanimine) (4k) ¢

TH_386}]’m}agn6}€.2%91)gg’singh, PhD Thesis, IITG 150



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 3

"H NMR (600 MHz, Chloroform-d) § 8.24 (s, 2H),
X N/\/\/\/\/Nﬁ 7.73 (dd, J=6.5,3.0 Hz, 4H), 7.43 — 7.33 (m, 6H),
g 3.59 (t,J=7.0 Hz, 4H), 1.77 — 1.67 (m, 4H), 1.36
(s, 8H). *C NMR (151 MHz, Chloroform-d) § 160.6, 136.2, 130.3, 128.4, 127.9, 61.6, 30.80, 29.3,
27.2.

(1E,1'E)-N,N'-(1,4-phenylene)bis(1-phenylmethanimine) (41) **

Q "H NMR (600 MHz, Chloroform-d) & 8.55 (s, 2H), 7.96 (s, 4H),
Nx

/O/ 7.52 (s, 6H), 7.33 (s, 4H). *C NMR (151 MHz, Chloroform-d)
©AN 5159.8,150.1, 136.4, 131.4, 128.9, 128.9, 121.9.

(1E,1'E)-N,N'-(1,4-phenylene)bis(1-(pyridin-2-yl)methanimine) (4m) %>
NN 'H NMR (600 MHz, Chloroform-d) & 8.68 (d, J = 4.1 Hz, 2H),
NS 8.62 (s, 2H), 8.17 (d, J=7.9 Hz, 2H), 7.79 — 7.75 (m, 2H), 7.34
N \N/©/ (s, 4H), 7.32 (dd, J = 7.0, 4.5 Hz, 2H). *C NMR (151 MHz,
| =N Chloroform-d) 6 160.2, 154.6, 149.8, 149.6, 136.7, 125.2, 122.3,
122.0.

(1E,1'E)-N,N'-(1,4-phenylene)bis(1-(3-fluorophenyl)methanimine) (4n) ¢
p\ "H NMR (400 MHz, Chloroform-d) & 8.48 (s, 2H), 7.71 —
N £ 7.62 (m, 4H), 7.44 (td, J=7.9, 5.7 Hz, 2H), 7.29 (s, 4H),
F\©AN/©/ 7.18 (td, J = 8.3, 2.6 Hz, 2H). '3C NMR (151 MHz,

Chloroform-d) 6 164.1, 162.4, 158.3, 149.8, 138.7, 130.4,
125.1, 122.1, 118.5, 114.7.

(1E,1'E)-N,N'-(1,4-phenylenebis(methylene))bis(1-phenylmethanimine) (40) *°
©AN/\©\/ Q "H NMR (600 MHz, Chloroform-d) & 8.41 (s, 2H), 7.84 (s,
Nx 4H), 7.42 (d, J = 35.3 Hz, 10H), 4.86 (s, 4H). '3*C NMR

(151 MHz, Chloroform-d) 6 161.8, 138.0, 136.2, 130.7, 128.6, 128.3, 128.2, 64.7.

(1E,1'E)-N,N'-(1,3-phenylenebis(methylene))bis(1-phenylmethanimine) (4p) %
"H NMR (600 MHz, Chloroform-d) & 8.44 (s, 2H), 7.86 (s,
©\¢NM©\/Nv© 4H), 7.47 (d, J= 6.9 Hz, 6H), 7.44 — 7.40 (m, 2H), 7.34 (d,
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J=1.5Hz, 2H), 4.90 (s, 4H). *C NMR (151 MHz, Chloroform-d) § 162.2, 139.7, 136.3, 130.9,
128.8, 128.7, 128.5, 128.4, 126.9, 65.2.

(1E,1'E)-N,N'-(1,4-phenylene)bis(1-(4-nitrophenyl)methanimine) (4q) °’
NO, 'H NMR (600 MHz, Chloroform-d) § 8.62 (s, 2H),
Nv©/ 8.35 (d, J = 8.2 Hz, 4H), 8.10 (d, J = 8.2 Hz, 4H),
X N/©/ 7.37 (s, 4H). 3*C NMR (151 MHz, Chloroform-d) §
157.2,149.9, 149.5, 141.6, 129.6, 124.2, 122.3.

O,N
(1E,1'E)-N,N'-((1r,4r)-cyclohexane-1,4-diyl)bis(1-phenylmethanimine) (6r)*®

Q '"H NMR (600 MHz, Chloroform-d) & 8.38 (s, 2H), 7.76 (s, 4H),

O»N X 7.46 —7.38 (m, 6H), 3.30 (s, 2H), 1.91 — 1.80 (m, 8H). 1*C NMR

©/§N\“ (151 MHz, Chloroform-d) 6 159.4, 136.6, 130.5, 128.6, 128.2,

69.3, 32.7.

3.4.8 Optimization of Heck coupling reaction.

Bromobenzene (0.5 mmol), 4-methylstyrene (0.6 mmol), base (0.75 mmol), and catalyst (x mol%)
were mixed in solvent (5.0 mL) and was stirred at specified temperature for a given time. After
the completion of the reaction, the mixture was cooled, diluted with ethyl acetate (20.0 mL). Then
it was filtered through a short pad of celite and filtrate was removed under reduced pressure; the

crude product was purified by preparative thin layer chromatography to produce isolated yields.

3.4.9 General procedure for Heck coupling reaction.

Aryl bromide/iodide (0.5 mmol), 4-methylstyrene/ethylacrylate (0.6 mmol), KoCO3 (0.75 mmol),
catalyst 2h (1.0 mol%), and ethanol (5.0 mL) was stirred at 90 °C for 8 h. After the completion of
the reaction, the mixture was cooled, diluted with ethyl acetate (30.0 mL). Then it was filtered
through a short pad of celite and filtrate was removed under reduced pressure, and the crude

product was purified by preparative thin layer chromatography.

3.4.10 Specific procedures and characterization data for Heck coupling products 5a-5I

(E)-1-methyl-4-styrylbenzene(5a) *°
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'H NMR (400 MHz, Chloroform-d) & 7.50 (d, J = 7.2 Hz, 2H), 7.41 (d, J
X O = 8.0 Hz, 2H), 7.35 (t, J= 7.6 Hz, 2H), 7.25 (t, J= 3.6 Hz, 1H), 7.17 (d, J
O =8.0 Hz, 2H), 7.07 (d, J= 2.3 Hz, 2H), 2.36 (s, 3H). 3*C NMR (126 MHz,
Chloroform-d) § 137.7, 134.7, 129.5, 128.8, 127.9, 127.5, 126.6, 126.5, 21.4.
(E)-1,2-di-p-tolylethene (5b) '

O 'H NMR (400 MHz, Chloroform-d) & 7.40 (d, J = 8.0 Hz, 4H), 7.16 (d,
O X J =179 Hz, 4H), 7.04 (s, 2H), 2.36 (s, 6H). '*C NMR (126 MHz,
Chloroform-d) & 137.4, 134.9, 129.5, 127.8, 126.4, 21.4.

(E)-1-methyl-4-(4-nitrostyryl)benzene (5¢) !*!
NO, 'H NMR (400 MHz, Chloroform-d) & 8.21 (d, J = 8.8 Hz, 2H), 7.62
SN O (d, J= 8.7 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 7.24 — 7.18 (m, 3H),
O 7.10 (d, J = 16.3 Hz, 1H), 2.38 (s, 3H). 3*C NMR (126 MHz,
Chloroform-d) 6 146.8, 144.3, 139.2, 133.6, 133.5, 129.8, 127.1, 126.8, 125.4, 124.3, 21.5.
(E)-4-(4-methylstyryl)benzonitrile (5d) '°
N '"H NMR (400 MHz, Chloroform-d) § 7.65 — 7.54 (m, 4H), 7.43 (d,
J=28.0 Hz, 2H), 7.22 — 7.16 (m, 3H), 7.04 (d, /= 16.3 Hz, 1H), 2.38
O (s, 3H). 3*C NMR (126 MHz, Chloroform-d) & 142.2, 138.9, 133.7,
132.6, 129.7,127.0, 119.2, 110.5, 21.5.
(E)-4-(4-methylstyryl)-1,1'-biphenyl (5e) '
"H NMR (500 MHz, Chloroform-d) § 7.65 — 7.56 (m, 6H), 7.45 (t,
J=1709 Hz, 4H), 7.35 (t, /= 7.4 Hz, 1H), 7.19 (d, /= 7.8 Hz, 2H),
7.14 (d, J=16.5 Hz, 1H), 7.10 (d, J= 16.3 Hz, 1H), 2.37 (s, 3H).
3C NMR (126 MHz, Chloroform-d) & 140.9, 140.3, 137.7, 136.7,
134.7,129.6, 128.9, 128.8, 127.5, 127.4, 127.3, 27.0, 126.9, 126.6, 21 .4.
(E)-1-(4-(4-methylstyryl)phenyl)ethan-1-one (5f) '
O  'HNMR (400 MHz, Chloroform-d) & 7.95 (d, J = 8.3 Hz, 2H), 7.57

0 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.24 — 7.16 (m, 3H),
O X 7.08 (d, J = 16.3 Hz, 1H), 2.61 (s, 3H), 2.37 (s, 3H). 13C NMR (126
MHz, Chloroform-d) & 197.7, 142.4, 138.5, 135.9, 134.1, 131.6,

129.7, 129.0, 126.9, 126.6, 126.5, 26.7, 21.5.
(E)-4-(4-methylstyryl)benzaldehyde (5g) !
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"H NMR (400 MHz, Chloroform-d) & 9.99 (s, 1H), 7.86 (d, J = 8.2
Hz, 2H), 7.64 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.25 —
7.17 (m, 3H), 7.10 (d, J= 16.3 Hz, 1H), 2.38 (s, 3H). 1°C NMR (126
MHz, Chloroform-d) 6 191.8, 143.883, 138.787, 135.3, 133.9, 132.3, 130.4, 129.7, 127.0, 126.9,
126.5, 21.5.
(E)-1-methoxy-4-(4-methylstyryl)benzene (5h) '*°
O._ 'HNMR (400 MHz, Chloroform-d) § 7.45 (d, J = 8.7 Hz, 2H), 7.40
AN O (d, J = 8.0 Hz, 2H), 7.16 (d, J = 7.9 Hz, 2H), 7.03 (d, J = 16.3 Hz,
O 1H), 6.96 (d, J=16.4 Hz, 1H), 6.90 (d, /= 8.7 Hz, 1H), 3.83 (s, 3H),
2.36 (s, 3H). 3*C NMR (126 MHz, Chloroform-d) § 159.3,137.2,135.0, 130.5, 129.5, 127.7, 127 .4,
126.7,126.3, 114.2, 55.5, 21.5.
(E)-4-(4-methylstyryl)isoquinoline (5i) '*
"H NMR (400 MHz, Chloroform-d) & 9.22 (s, 1H), 8.80 (s, 1H), 8.22 (d, J = 8.5
Hz, 1H), 8.05 (d, /= 8.1 Hz, 1H), 7.80 (t, /= 7.7 Hz, 1H), 7.73 — 7.66 (m, 2H),
7.56 (d, J= 8.0 Hz, 2H), 7.29 (d, J= 9.3 Hz, 2H), 7.24 (d, /= 16.6 Hz, 1H), 2.44
(s, 3H). *C NMR (126 MHz, Chloroform-d) & 151.8, 140.4, 138.4, 134.5, 134.0,
133.3, 130.6, 129.7, 129.0, 128.3, 127.3, 126.9, 123.1, 121.5, 21.5.

(E)-2-(4-methylstyryl)benzaldehyde (5j) '’
O =0 "H NMR (400 MHz, Chloroform-d) § 10.34 (s, 1H), 7.99 (d, J= 16.2 Hz,
= 1H), 7.84 (d, J=17.0 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.58 (t, /= 7.6 Hz,
O 1H), 7.45 (dd, J=13.6, 7.9 Hz, 3H), 7.20 (d, /= 7.9 Hz, 2H), 7.04 (d, J =
16.2 Hz, 1H), 2.38 (s, 3H). 1*C NMR (126 MHz, Chloroform-d) & 192.8, 140.4, 138.5, 134.2,
133.8, 132.3,129.6, 127.6, 127.3, 127.1, 123.8, 21.5.
(E)-4'-(4-methylstyryl)-N,N-diphenyl-[1,1'-biphenyl]-4-amine (5k)
=" According to the general procedure, the reaction of 4'-

N bromo-N,N-diphenyl-[1,1'-biphenyl]-4-amine (0.5

L Ay S mmol), 4-methylstyrene (0.6 mmol), K>COs3 (0.75
= ’ﬂ\‘N f[\ﬁj/ mmol), and catalyst 2h (1.0 mol%) in ethanol for 16 h
,;:-'fL at 90 °C, affording the title compound as light-yellow
[‘x‘*;fl solid after work-up and chromatography. ATR-IR
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(neat, cm™): 1733, 1459, 1261, 1081, 1021, 802, 996. 'H NMR (600 MHz, Chloroform-d) 5 7.56
(d, J = 3.0 Hz, 4H), 7.50 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 4H),
7.18 (d, J = 7.8 Hz, 2H), 7.14 (d, J = 7.8 Hz, 6H), 7.10 (d, J = 6.2 Hz, 2H), 7.04 (t, J = 7.2 Hz,
2H), 2.37 (s, 3H). 13C NMR (101 MHz, Chloroform-d) & 147.7, 147.3, 129.6, 129.4, 128.5, 127.64,
127.4, 127.0, 126.90, 126.5, 124.6, 124.0, 123.1, 29.8. HRMS (ESI) m/z calculated for
[C33HyN+H]': 438.2217, found: 438.2163.

ethyl (2E)-3-phenylprop-2-enoate (5k) '

O '"H NMR (600 MHz, Chloroform-d) § 7.69 (d, J = 16.0 Hz, 1H), 7.54 —
|”“'*‘*~T””'“‘~:.-*” 07~ 7.49 (m, 2H), 7.42 — 7.34 (m, 3H), 6.44 (d, J = 16.0 Hz, 1H), 4.26 (q, J =
~F 7.1 Hz, 2H), 1.33 (t, J= 7.1 Hz, 3H). *C NMR (151 MHz, Chloroform-d)

0 167.0, 144.65, 134.5, 130.3, 128.9, 128.1, 118.3, 60.6, 14.4.

3.4.11 Hot filtration test

Benzylamine (0.5 mmol), benzyl alcohol (0.6 mmol), ‘BuOK (0.75 mmol), and 1a (1.0 mol%)
were mixed in toluene (5.0 mL) and was stirred at 110 °C. After 4 hours, the reaction mixture was
filtered through a short pad of celite in hot condition and again stirred for next 8 h. After the
completion of the reaction, the mixture was cooled, diluted with ethyl acetate (10.0 mL). Then it
was filtered through a short pad of celite and filtrate was washed with copious amount of
ethylacetate. The solvent was removed under reduced pressure, and the give 97% of 4b after
preparative thin layer chromatography.

Bromobenzene (0.5 mmol), 4-methylstyrene (0.6 mmol), KoCO3 (0.75 mmol), catalyst 2h (1.0
mol%), and ethanol (5.0 mL) was stirred at 90 °C. After 2 hours, the reaction mixture was filtered
through a short pad of celite in hot condition and again stirred for next 6 h. After completion of
the reaction, the mixture was cooled, diluted with ethyl acetate (30.0 mL). Then it was filtered
through a short pad of celite and filtrate was removed under reduced pressure. The crude product

was purified by preparative thin layer chromatography and the yield of product (5a) was 95%.

3.4.12 ICP-MS analysis
Bromobenzene (0.25 mmol), 4-methylstyrene (0.3 mmol), K»CO3 (0.35 mmol), catalyst 2h (1.5
mg, 1.0 mol%), and ethanol (5.0 mL) was stirred at 90 °C. After completion of reaction, it was

filtered through a short pad of celite and filtrate was removed. The crude product was digested and
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diluted to 20 mL volume. ICP-MS analysis showed 12117.364 ppb of Pd (87.7% recovered) that

rule out the Pd nano particle formation.

3.4.13 Cross-dehydrogenative coupling of thiophene-2carbaldehyde

Thiophene-2-carbaldehyde (1.0 mmol), silver acetate (1.0 mmol), and catalyst (1.0 mol%) were
mixed in dimethylformamide (5.0 mL) and were stirred at 110 °C for 16 h. After the completion
of reaction, the mixture was cooled, diluted with ethyl acetate, and filtered through a short pad of
celite. It was washed with sufficient water and organic phase was dried over anhydrous sodium
sulphate. Then, solvent was removed under reduced pressure, and the crude product was purified
by preparative thin layer chromatography to produce isolated yield of [2,2'-bithiophene]-5,5'-
dicarbaldehyde. 'H NMR (400 MHz, Chloroform-d) & 9.91 (s, 1H), 7.72 (d, J= 4.0 Hz, 1H), 7.42
(d,J=4.0 Hz, 1H). '*C NMR (126 MHz, Chloroform-d) § 182.71, 145.00, 144.04, 137.05, 126.64.

NMR spectroscopic data were in accordance with literature values.!'%

3.4.14 Biomolecule interaction studies

3.4.14.1 DNA Binding Study:

The interaction of CT-DNA with complexes 3a—3e was screened by utilizing analytical methods
such as UV—Vis and fluorescence spectroscopy. The experiments were performed at room
temperature in Tris-HCI buffer (5 mM tris-HCl and 50 mM NaCl, pH = 7.2). The DNA stock
solution was prepared in tris-HCI buffer and concentration was determined spectrophotometrically
from the absorbance at 260 nm (molar extinction coefficient is 6600 M ! cm ') and stored at 4 °C
in dark. Further, the absorbance of DNA stock solution at 260 and 280 nm gave a ratio of 1.8,
signifying that the DNA was adequately protein free.'!” The titration experiment was carried out
with fixed complex concentration (15 uM) to which DNA (0—15 uM) was gradually added for
absorption measurement. For emission experiments, stock solution of ethidium bromide (EB) was
prepared in deionized water. 10.0 uM of EB solution was mixed with 10.0 uM DNA solution and

was titrated with variation of complex concentration (0—15 uM).

3.4.14.2 BSA Binding Study:
The binding study of 3a—3e with BSA was performed using fluorescence spectroscopy. BSA stock
solution was prepared by dissolving in HEPES buffer (10.0 mM, pH= 7.4) and concentration was

determined from the absorbance at 278 nm (molar extinction coefficient 4.4 x 10*M ! em ™). Stock
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solutions of complexes 3a—3e were prepared in DMSO and diluted in HEPES buffer for analysis.
Titration study was carried out with a constant BSA concentration (15 uM) and gradually
increasing concentration of complexes (0—16 pM). The excitation was set at 285 nm and emission

spectra were collected in the range of 280—500 nm at 25 °C.

3.4.14.3 Steady-state fluorescence anisotropy

In HEPES buffer solution at pH 7.4, the fluorescence anisotropy of BSA in the absence and
presence of the complexes 3a—3e were recorded at 25 °C. The excitation slit (5 nm) and emission
slit (10 nm) were set for the anisotropy study. The system was excited at 350 nm and emission

wavelength was fixed at 533 nm.

3.4.15 Molecular docking of 3e with CT-DNA and BSA

Autoock4.2.6 and MGL Tools 1.5.6 programs were used to perform molecular docking study of
3e with DNA and BSA.”! The docking results were visualized by using BIOVIA Discovery Studio
Visualizer. The crystal structure of DNA and BSA was obtained from Protein Data Bank (PDB
ID: 1BNA, 3V03).”? Then, the water molecules and co-crystal molecules were deleted from the
crystal structure, followed by the addition of polar hydrogens and atomic Kollman charges. A blind
docking was carried out with grid box dimensions 78 x 70 x 124 for DNA and 260 x 164 x 244
for BSA, grid points spaced 0.375 A, and the receptor was kept inflexible during the study.
Lamarckian Genetic Algorithm (GA) with a population size of 140 was used to generate the

docked conformations with 3e.

3.4.16 Solution state magnetic moment by Evans’ NMR method

Complex 1e, 1f, 1g and 1h were separately taken in 0.500 mL mixture of DMSO-D6/toluene (95:5
v/v) and loaded into a standard NMR tube. Then, a one-end sealed capillary tube filled with same
solvent mixture up to the same height as sample and the capillary was carefully inserted into the
NMR tube. Evans NMR spectrum was recorded using a 600 MHz operated spectrometer at 296 K
as a normal '"H NMR.

From the chemical shift difference, effective magnetic moment (u, ) was calculated by using the

equation 3.6 and 3.7.
Herr = 2.828 T - xu (Eq. 3.6)
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3-Af (Eq. 3.7)
XM = 550 F .
1000-f -c
Where, T is the temperature in Kelvin and y,, is the molar magnetic susceptibility of the sample
in mL per mole. Af'is the chemical shift difference observed in Hz, f is the spectrometer frequency

in Hz, ¢ is the sample concentration in mM.

CCDC No. 2453369-2453373, 2453397-2453399, 2453417-2453421, 2453654-2453657,
2454026-2454029, 2453768-2453771 and 2482884 contain the crystallographic data for all

ligands and complexes studied in this Chapter.

The ATR-IR, NMR and HRMS spectra of complexes, NMR spectra of catalytic products, electronic
spectra of DNA/BSA interaction, and optimized structures, HOMO-LUMO orbitals, NBO analysis
data and cartesian coordinates of all complexes can be found in Appendix Il by using the following
link:

https://drive.google.com/file/d/1 HCKuPwApZm-TKFOFgofK GTrg8vIP2JdD/view?usp=sharing
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Chapter-4

Dinuclear Palladium(II) Complexes of N-(imidazo[1,5-
a]pyridin-1-yl)picolinimidamides: Effect of Pd---Pd distance
in C—C/P bond Formation

= 16 Examples

= Up to 29% vield

= 0.5 mol% catalyst
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R = 2-CMe (1), 4-OMe (2), 2-Cl (3), 4-Me (4), 4-Br (5)
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Abstract

This work describes the facile synthesis and characterization of three dinuclear palldium(II)
complexes of substituted imidazo[1,5-a]pyridinylpicolinimidamides. Molecular structure of
ligands and complexes was established using single crystal X-ray diffraction. All ligands
coordinated with palladium center through pseudo-pincer type mode, Pd(II) possessed distorted
square planar geometry and an eight-membered metallic cavity was observed. The complexes
effectively catalyzed copper-free Sonogashira coupling reactions under mild reaction conditions
with excellent functional group tolerance. Also, complexes were employed as catalyst in C—P bond
formation reaction. High catalytic activity of these complexes was accredited to cooperativity and

synergic effect of two Pd(II) center present with in optimum proximity.

4.1 Introduction

Transition metal complex, especially palladium catalyzed organic transformations have gained
significant importance in both scientific research and industrial production valuable chemicals.'-
Abundant progress has been developed in terms of ligand framework, catalysis condition, catalyst
loading, functional group tolerance. Designing of a robust, highly active catalyst using stable and
tunable ligand system for the large-scale production of useful chemicals is still challenging.’ ¢ In
the history of homogenous palladium catalyst, mononuclear complexes dominated due to their
ease of synthesis using structurally predictable ligands while dinuclear complexes delivered
excellent catalytic activity compared to mononuclear due to the presence of two metal centers in
proximal distance providing cooperativity and synergic effect between the reaction location.”!!
Thus, designing of such ligand systems for dinuclear complexes with variation in metal-metal
distance are basically critical. Also, there has been continuous demand to replace the prevailing
toxic, expensive and/or unstable phosphene and carbene based ligands those were widely used for
synthesis of palladium catalysts. Regarding this, nitrogen rich imidazo[1,5-a]pyridine based
multidentate ligands turns to be an upright option as the use of these ligand system in Pd(II) catalyst
synthesis is relatively rare.!*!> Imidazo[l,5-a]pyridine-based heterocycles have attracted
considerable attention due to their remarkable biological activity and photophysical properties.'®
'8 When incorporated into palladium complexes, this unique ligand framework imparts distinct
electronic and structural characteristics, enhancing their potential reactivity leading to efficient

catalytic transformations.'’
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At this point, design of dinuclear Pd(II) catalysts using substituted imidazo[1,5-a]pyridin-1-yl-
picolinimidamides and their utilization in catalysis is relatively rare and important. In the spectrum
of Pd catalyzed organic transformation, C—C bond formation is vital which can be done via various
coupling reactions. Among them, copper-free Sonogashira coupling is well known that offer a
more sustainable and less toxic alternative for constructing aryl—-alkyne linkages, which are vital
in the synthesis of natural products and organic electronic materials.?*2

The Patra group reported some dinuclear palladium (4.1-4.3) complexes with varying
intramolecular Pd---Pd distance using heteroscorpionate ligands and employed them as catalyst in
tandem conversion of organofluoro molecules.”* A dinuclear palladium complex (4.4) based on

benzimidazolyl ligand was used as catalyst by Lindsay group in various cross-coupling reaction.

The complex catalyzed Cu-free Sonogashira coupling in ethanol at 80 °C using TBAI as an

additive in 8 h.?

o
@ "
P P =dppe (4.6)

45 dppf (4.7)

A
p p =dtbpf(4.8)

Scheme 1. Some reported dinuclear palladium catalysts used in coupling reactions.
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In 2023, Hey-Hawkins group synthesized a dinuclear Pd(II) complex (4.5) of 3-
(diphenylphosphino)propanal ligand and applied as catalyst (5 mol%) in Sonogashira coupling
effectively produced alkynes in MeCN at 100 °C using DBU as base in 4 h (Scheme 1).2! Recently,
Dey and coworker reported some diphosphine chelated dinuclear Pd(I) complexes of 4-
pyridylselenolate (4.6 — 4.8).2° Among these complexes, 1,10-bis(di-tertbutylphosphino)ferrocene
(dtbpf)  chelate containg complex 4.8 existed as dinuclear while (1,2-bis
(diphenylphosphino)ethane) dppe and 1,1'-Bis(diphenylphosphino)ferrocene (dppf) containg
complexes 4.6 and 4.7 were present as di- and tetramer. They catalyzed Sonogashira coupling,
produced diphenyl acetylene in DMA at 120 °C for 15 hours in presence Cul and potassium

carbonate where complex 4.7 yielded maximum product (95%).

Rather than C—C coupling reaction, Pd catalyzed C—hetero bond formation especially C—P bond
making strategies to synthesize phosphorylated compounds has gained popularity as these
compounds are very useful in medicinal chemistry, agrochemical synthesis, materials chemistry
and as ligands in metal complex design.?’ *® The C(sp?)-P bonds are basically constructed by the
metal catalyzed coupling of (hetero)aryl and alkenyl (pseudo)halides with H—P containing
phosphorous compounds such as phosphonates, phosphene oxides and diarylphosphines.’”
However, many palladium catalyzed C—P bond formation protocols were relying on high catalyst
loading, elevated temperature, toxic solvents, and long reaction time as well as the use of palladium
salts along with supported ligands.*!** Thus, it is vital for the development of sustainable and
efficient catalyst for the C(sp?)-P coupling under mild reaction conditions.

This chapter explored the convenient synthesis and characterization of five novel dinuclear
palladium complexes bearing substituted imidazo[1,5-a]pyridinylpicolinimidamide ligands. These

complexes were employed as catalysts in Cu-free Sonogashira coupling and C—P bond formation

and displayed high catalytic activity.

4.2  Results and discussion

4.2.1 Synthesis and Characterization.

Ligands N-(3-(2-methoxy/4-methoxy/2-chloro/4-methyl/4-bromophenyl)imidazo[ 1,5-a]pyridin-
I-yl)picolinimidamide (L1H/L2H/L3H/L4H/L5H) were prepared from the reaction of 2-
methoxy/4-methoxy/2-chloro/4-methyl/4-bromo benzaldehyde with 2-cynaopyridine respectively

following a reported procedure with some modifications.* All ligands were isolated as yellow
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fiber like solid in good yield, L1H, L3H and L5H were explicitly categorized by ATR-IR, UV-
Vis, NMR, and High-Resolution Mass Spectrometry (HRMS) (Figure S4.1-S4.4 and S4.10) while
spectroscopic data for L2H and L4H were well matched with the reported values.*> The 'H NMR
spectrum of ligands displayed a broad peak at 9.28 ppm (L1H) and 9.17 ppm (L3H) corresponding
to one proton of -NH> while the other proton may involve in H-bonding with imidazo[1,5-
a]pyridine-N and thus was not resonated. The methoxy protons of L1H were detected at 3.83 ppm
and the protons of imidazo[1,5-a]pyridine nucleus was observed at around 7-6 ppm. The HRMS
spectrum of L1H, L3H and L5H displayed the peaks corresponding to [C2oH;7NsO+H]"
(344.1510), [C1oH14CIN+H]" (348.1026) and [C19H14BrN+H]" (392.0514) were matched well with

the calculated values.

The dinuclear palladium complexes [Pd2(X)2Cl2]Cl; {X =L1H — L3H (1 — 3)} were synthesized
using 1:1 molar equivalent of palladium chloride and respective ligand in acetonitrile at ambient
temperature (Scheme 2). The orange/red colored Pd(II) complexes (1 — 3) were obtained as
crystalline solids after removal of solvent followed by washed with diethylether. The similar
method was followed for L4H and LSH with PdCl; and their methanolic solution was stirred with
1.2 equivalents of KPFs to produce orange solids of 4 and 5 having general formula
[Pd2(X)2CL2](PFs)2 {X=L4H (4) and L5SH (5)}. The binding of Pd(II) with ligands was confirmed
by various spectroscopic techniques. In the 'TH NMR of ligands one hydrogen was not observable
due to hydrogen bonding while there was no H-bonding in 1-5 as all their protons resonated
(Figure S4.5-S4.9). The complex 1 contained two broad singlets at 9.56 ppm and 8.61 ppm due to
protons of amine group and a similar trend was observed in other complexes which indicated
binding of ligand in the neutral form. Also, the methoxy protons (-OCH3) in 1 shifted to upfield
(3.34 ppm) as compared to those in L1H (3.83 ppm) after palladium incorporation. The presence
of PFe anion in 4 and 5 was confirmed from the peak at —144.2 ppm as septet in their respective
3P NMR spectrum. In HRMS(ESI) spectrum, peaks observed for 1 — 5 corresponding to
[Pd2(X)2CL]** (X = L1H — L5H) {m/z = 485.0174 (1), 485.0130 (2), 489.9632 (3), 469.0203 (4),
531.8982 (5)} and [Pd2(X)>Cl—H]" {m/z=969.0270 (1), 969.0182 (2), 978.9184 (3), 937.0323(4),
1066.8212 (5)} matched well with calculated values along with isotopic pattern (Figure
S4.11A-S4.15C).
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_— R — 2+
\ RC N/ 2y
NS /N
~
N 7 N X NN /Pd\N/ NH,
_L__J  Pdcl, CHiCN 7 AN ~
>\ —
N RT, 12 h No N_Z
2\ : N NS
NH; HN—  Pd~
— N
\ Iy [
N/ _ SR
R = 2-OMe (L1H), 70% Y =ClI,R=2-OMe (1), 74%
R = 4-OMe (L2H), 63% Y = Cl, R = 4-OMe (2), 72%
R = 2-Cl (L3H), 78% Y =Cl, R=2-Cl (3), 85%
R = 4-Me (L4H), 77% Y = PFg, R = 4-Me (4), 81%
R = 4-Br (L5H), 68% Y = PFg, R = 4-Br (5), 76%

Scheme 2. Synthesis of dinuclear palladium(II) complexes 1 — 5.
Field Emission Scanning Electron Microscope (FESEM) was used to examine the surface
morphology of ligands and palladium complexes (Figure S4.17). Obtained images revealed
relatively smooth, densely packed surfaces lacking visible porosity, suggesting a high degree of

molecular packing.

4.2.2 X-ray crystallography

The molecular structure of all ligands and Pd(II) complexes were confirmed using single crystal
X-ray diffraction technique. The single crystals of L1H, L3H and L5SH were obtained from
dichloromethane solution and crystallized in P1 space group while similar method produced
crystal of L2ZH and L4H having P2/c and P2/n space group respectively (Table S4.1-S4.2). The
X-ray structure of L1H — L5H showed the presence of N3 as imine nitrogen and N2 as amine (-
NHo) as evident from longer C6-N2 bond length by 0.052(2), 0.066(4), 0.056(3) and 0.038(1) A
compared to that of C6—N3 in L1H — LSH respectively (Table S4.3—S4.12). Also, the ligands were
engaged in intramolecular hydrogen bonding between N2 and N4 with a distance of 2.694(5) A
(L1H), 2.753(3) A (L2H), 2.733(3) A (L3H), 2.734(2) A (L4H) and 2.686 (6) A (L5H) (Figure
1).

The single crystals of 1 — 5 were obtained from their solution in dimethylformamide. Complex 2
crystalized in 141/a space group while others crystalized in P1 space group (Table S4.13-S4.14).

Crystals of 1 — 3 diffracted moderately due to which the chloride counter ions along with lattice
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solvent molecules were not assignable properly from the Fourier map and thus were masked using
solvent masking utility while 4 and 5 contained two PFs entities in the lattice Figure S4.26 and
S4.27). Complexes 1 — 5 contained two ligand units in neutral form that coordinated with two
palladium ions in a tridentate pseudo-pincer type binding mode. One ligand formed a five
membered chelate ring with a Pd(II) ion by coordinating through pyridine nitrogen (Npy) and imine

nitrogen (Nv), while the imidazo[ 1,5-a]pyridine nitrogen (Nip) bridged with another Pd(II) center.

. %

N5 w
7"“\3—% |
v \ Y
A‘\V‘\/N ;.694(5) A }

L4H LSH

Figure 1: Molecular structures of L1H — LSH showing intramolecular hydrogen bonding

interaction. Ellipsoids are drawn at 30% probability level.
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The second ligand contraposed by forming chelate ring with the second Pd(II) and linked through
Nip with the first Pd(I) resulting in a bis-dinuclear complex. At both metal sites, Nip positioned
trans to Npy, 4" coordination site was occupied by chloride ion trans to Ny and thus possessed
distorted square planar geometry (Figure 2). The Pd—Npy and Pd—Nyp bond distances were nearly
equidistant while the Pd—Nmv length was shorter than them which may be due to its better back
bonding ability compared to chloride (Table S4.15-S4.24). The non-bonded Pd---Pd distances
were 3.558(2), 4.126(1), 3.532(1), 3.784(1) and 3.776(1) A in 1 — 5 respectively and an eight-
membered tub-shaped metallic cavity was observed connecting Pd1-Nm—C7-Np—Pd2—-Npn—C27—
N (Figure 2, S4.23-S4.27), believed to be the epicenter of catalytic process.
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Figure 2: Molecular structures of 1 — S. Ellipsoids are drawn at 30% probability level and

hydrogen atoms and anions are omitted for clarity.

4.2.3 Assessment of catalytic activities of 1 — 5 in Cu-free Sonogashira coupling:

To evaluate the catalytic activity of these dinuclear palladium complexes in C—C cross coupling
reaction, complexes were employed as catalyst in copper-free Sonogashira coupling reaction. The
reaction condition was screened by altering solvents, bases, time, and temperature. Among several
tested solvents, ethanol produced maximum yield in a model reaction of phenylacetylene, 4-
bromotoluene, and K>COj3 catalyzed by 0.5 mol% of 1 at 80 °C in 10 hours without using any other
additives. Similarly, change in the use of bases was carried out with K>CO3, NaOH, Et3;N, and
'BuOK where the maximum product yield was observed with potassium bicarbonate (Table 1,
entryl). Then, the effect of temperature was tested using the model reaction at various temperature
and highest yield was noted at 80 °C. During time dependency test, the model reaction produced
maximum product in 8 hours (Table 1, entryll). Thus, the reaction of 4-bromotoluene,
phenylacetylene, and K>COs at 80 °C catalyzed by 0.5 mol% of 1 yielded 98% of product in 8
hours and concluded as optimum condition. The catalyst loading was also lessened to 0.1 mol%

which diminished the product formation to 62% (Table 1, entry16).

Table 1: Optimization table for copper-free Sonogashira coupling reaction
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cat. 1-5 (0.5 mol%)

O

JogF el
temp., time O b
Entry | Catalyst (0.5 mol%) | base Solvent | T/°C | Time (h) | Yield* (%)
1 1 K>COs; | EtOH 80 10 98
2 K2COs | Toluene | 80 10 87
3 1 K2COs | CH3CN | 80 10 79
4 1 K>COs; | DMF 80 10 72
5 1 KOH | EtOH 80 10 84
6 1 NaOH | EtOH 80 10 88
7 1 EtsN | EtOH 80 10 74
8 1 '‘BuOK | EtOH 80 10 90
9 1 K.CO; | EtOH 80 12 94
10 1 K>COs; | EtOH 80 4 72
11 1 K>COs | EtOH 80 8 99
12 1 K2COs | EtOH 110 8 84
13 1 K>COs; | EtOH RT 8 12
14 1 K>CO; | EtOH 50 8 64
15 - K>CO; | EtOH 80 8 00
16 1 K>COs; | EtOH 80 8 528
17 2 K>COs; | EtOH 80 8 91
18 3 K.CO; | EtOH 80 8 98
19 4 K>COs | EtOH 80 8 95
20 5 K>COs | EtOH 80 8 96

Reaction condition: 4-Bromotoluene (0.5 mmol), phenylacetylene (0.6 mmol), catalyst (0.5

mol%), base (0.75 mmol), and solvent (10.0 mL). Isolated yields. * 0.1 mol% catalyst was used.
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Also, complexes 2 — 5 effectively catalyzed the model reaction at optimal condition and produced
1-methyl-4-(phenylethynyl)benzene in excellent yield (Table 1, entryl1 7-20). A small deviation in
product yield was detected in case of catalysts 1 — 5 that can be attributed to both the presence of
substituents on phenyl ring of ligand and the non-bonded Pd---Pd distance. Longer Pd--Pd gap led
to diminished the product yield as compared to the shorter gap. The catalytic activity of 1 — §
followed the order 1 =3 >4 = 5> 2 while the order of non-bonded intramolecular Pd---Pd distance
was 1 >3 > 5> 4 > 2. The substrate scope was explored under optimum condition where both
electron rich and poor aryl bromides provided excellent yields of the corresponding internal
alkynes (Scheme 3). Also, heterocyclic bromides tolerated well and produced good product (3g,
3j and 3l). Moreover, aliphatic alkynes such as propargylic alcohol and trimethylsilylacetylene
also produced desired product in moderate yields. Among the alkynes, molecular structure of 30
was established using X-ray diffraction. The crystals of 30 was obtained from slow evaporation of
chloroform solution and crystalized in P21/n space group.

Further, to understand the mechanistic pathway in these dinuclear complexes, HRMS analysis was
carried out on the aliquot taken in the mid of the catalytic reaction of bromobenzene and
phenylacetylene catalyzed by 1. It was observed that the free -NH> group played a vital role in
stabilization of Pd center via internal Lewis’s base mechanism during catalytic cycle which was
comprehended from the peak observed at m/z 449.0344 {for [1-4CI1-2H] / [Pdx(L1)2]*"}, that may
be the active catalyst. Similarly, after oxidative addition of C¢HsBr (during the synthesis of 3a),
phenyl bonded intermediates were detected at m/z 1055.0335 {[Pdx(L1)(L1H)(C¢Hs)BrCI-C1]™}
(IM1), 975.1094 {[Pd2(L1)2(CsHs)Br—Br]"} (IM2), and 527.0815
{[Pd2(L1H)>(C6Hs),Br,—2Br]*"} (IM3) (Figure S4.29-S4.32).

To check the homogeneity nature of these catalysts, a hot filtration test was also carried out with
4-bromotoluene and phenylacetylene under optimal condition using 1 and no significant decline

in product yield indicated the homogenous nature of the catalyst.

Scheme 3: Substrate scope in Sonogashira coupling reaction.

TH_386}]’m}agn6}€.2%91)gg’singh, PhD Thesis, IITG 17



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 4

R'
1 (0.1 mol%) =
B R 7
@/ r R' K2C03, EtOH x/ |
R— \\ — >
I + AN
= 80°C, 8 h X
1a-ap 2a-2p 3a-3p
‘) (“) ‘/(‘/‘ -
a (99 %) 3b (99 %)? 3c (98 %) d (94 %) 3e (90 %) (99%)°
3f (91 %) g (85 %) (72 %) 3i (88 %) j (86 %)
!
N \ %
Nio_
Z
OH
3k (92 %) 1 (82 %) 3m (82 %) 3n (79 %)

| ¢

0 (88 %) 3p (72 %)

Reaction condition: Aryl bromide/iodide (1.0 mmol), Alkyne (1.2 mmol), catalyst 1 (0.5 mol%),
K2CO3 (1.5 mmol), ethanol (10 mL), 80 °C, and 8 h. Isolated yields. “ NMR yield determined using

1,4-dimethoxybenzne. *4-iodoanisole was used.
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4.2.4 Assessment of catalytic activities of 1 — 5 in C(sp?)—P coupling:

The efficiency of these dinuclear Pd(II) catalysts were also employed for the construction of C—P
bond and for this, reaction conditions were screened by altering the use of bases, solvents,
temperature, and time using catalyst 1 in a model reaction of diethylphosphite and 4-iodoanisole
(Scheme 4). Among several tested solvents and bases, ethanol and potassium hydroxide produced
highest yield using 1 as catalyst under at 90 °C for 4 hours (Table 2, entry4). Similarly, from
temperature and time screening, the best yield of diethyl (4-methoxyphenyl)phosphonate*® was
observed at 90 °C in 10 hours using KOH, catalyst 1 (0.5 mol%) in ethanol and concluded as
optimum condition. Here all catalysts 1-5 produced diethyl (4-methoxyphenyl)phosphonate in
excellent yield (97-99%) (Table 2, entryl7-20) under optimal condition, however, the yield

lessened to 64 % with the use of bromide analogue.
i o
0 [ Cat. 1-5 (0.5 mol%) \’
0=F—0 -
/©/ | o — Solvent, base \©\
I r T°C,th )
Scheme 4: C(sp?)-P coupling of diethylphosphite and 4-iodoanisole

Table 2: Optimization table for C—P bond formation reaction

Entry | Catalyst (0.5 mol%) | base | Solvent | T/°C | Time (h) | Yield" (%)
1 1 K>COs | EtOH 80 10 85
2 1 EtzN EtOH 80 10 74
3 1 ‘BuOK | EtOH 80 10 77
4 1 KOH | EtOH 80 10 99
7 1 KOH | Toluene | 80 10 31
8 1 KOH | CH3;CN | 80 10 20
9 1 KOH | DMF 80 10 65
10 1 KOH | EtOH 80 7 84
11 1 KOH | EtOH 80 12 99
12 1 KOH | EtOH 110 10 82
13 1 KOH | EtOH RT 10 00
14 1 KOH | EtOH 50 10 35
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15 - KOH | EtOH 80 10 00
16 1 KOH | EtOH 80 10 68
17 2 KOH | EtOH 80 10 97
18 3 KOH | EtOH 80 10 98
19 4 KOH | EtOH 80 10 99
20 5 KOH | EtOH 80 10 97

Reaction condition: 4-iodoanisole (0.5 mmol), diethylphosphite (0.6 mmol), catalyst (0.5 mol%),
base (0.75 mmol), and solvent (10.0 mL). Isolated yields. “ 0.1 mol% catalyst was used.

4.3 Conclusions

In conclusion, we have reported the synthesis and characterization of five dinuclear palldium(II)
complexes of substituted imidazo[1,5-a]pyridinylpicolinimidamides. Single crystal X-ray analysis
revealed that the ligands were coordinated with palladium center through pseudo-pincer type mode
and the Pd(II) center possessed distorted square planar geometry while an eight-membered
metallic cavity was observed in complexes. The complexes were employed as highly active
catalyst in copper-free Sonogashira coupling and C—P coupling under mild reaction conditions and
produced excellent yield using only 0.5 mol% of catalyst loading. High catalytic activity of these
complexes was mainly due to cooperativity and synergic effect of two Pd(II) center present in
optimum proximity. The present study thus lays a robust foundation for the deployment of these
dinuclear Pd(I) complexes as straightforward yet highly efficacious catalysts, with strong
potential for widespread application in the future advancement of metal-catalyzed transformations

extending well beyond the explored reactions.

4.3 Experimental Section

4.3.1 General procedure for synthesis of ligands

The ligands were synthesized following a reported procedure with some modification. The
corresponding aldehyde, 2-cyanopyridine, and ammonium acetate in 1:2:2 ratio was heat at 100
°C in an oil-bath for 12 h. To the resultant red gummy oil 25 mL of water was added with
mechanical stirring for next 12 h. Then, 50 mL dichloromethane was added to the mixture, organic

layer was collected and the solid obtained was dried in vacuum over fused CaCl,. The products
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were isolated as crystalline fibrous solid after column chromatography using silica gel (60-120

mesh) and ethyl acetate/hexane (1:9) as eluent.

N-(3-(2-methoxyphenyl)imidazo[1,5-a]pyridin-1-yl)picolinimidamide (L1H)
2-Methoxybenzaldehyde (0.68 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used.
Yield: (1.2 g) 70%. ATR-IR (neat, cm™'): 3448, 2922, 2853, 1745, 1616, 1563, 1462, 1380, 1309,
1269, 1238, 1162, 1105, 1077, 956, 759, 729, 747, 711. 466, 427. '"H NMR (400 MHz, DMSO-dj)
09.28 (s, 1H), 8.64 (d,J=7.9 Hz, 1H), 8.58 (d, /= 5.5 Hz, 1H), 7.92 (d, J=9.0 Hz, 1H), 7.80 (td,
J=17.8,1.7Hz, 1H), 7.68 (dd, J= 7.5, 1.7 Hz, 1H), 7.54 — 7.44 (m, 2H), 7.34 - 7.30 (m, 1H), 7.13
(t, J=7.9 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 6.69 (dd, J = 9.0, 6.3 Hz, 1H), 6.54 (t, J = 6.8 Hz,
1H), 3.83 (s, 3H). *C NMR (126 MHz, Chloroform-d) & 157.4, 153.1, 150.1, 148.0, 140.2, 136.4,
132.6, 130.9, 130.5, 125.3, 124.2, 122.5, 121.6, 121.2, 119.7, 119.0, 116.5, 113.2, 111.5, 55.7.
UV-Vis (A, nm (€, M! cm™)): 355 (14700), 399 (15700), 417 (15900), 443 (10600). HRMS (ESI)
m/z calcd for (C20Hi7NsO +H)™: 344.1506; found 344.1510.

N-(3-(4-methoxyphenyl)imidazo[1,5-a]pyridin-1-yl)picolinimidamide (L2H)
4-methoxybenzaldehyde (0.68 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used.
Yield: (1.07 g) 63%. UV-Vis (A, nm (€, M! em™)): 357 (18400), 400(16000), 425 (15260). ATR-
IR, NMR and HRMS data were matched well with the literature.

N-(3-(2-chlorophenyl)imidazo[1,5-a]pyridin-1-yl)picolinimidamide (L3H)
2-chlorobenzaldehyde (0.70 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used. Yield:
(1.35 g) 78%. ATR-IR (neat, cm ): 3460, 2923, 2853, 1738, 1616, 1562, 1467, 1440, 1382, 1324,
1235, 1133, 1033, 992, 727, 709, 453, 420. '"H NMR (400 MHz, Chloroform-d) § 9.18 (s, 1H),
8.62 (d, J= 8.0 Hz, 1H), 8.58 (d, /= 4.8 Hz, 1H), 7.94 (d, /= 9.0 Hz, 1H), 7.80 (td, J="7.8, 1.7
Hz, 1H), 7.70 — 7.64 (m, 1H), 7.59 — 7.51 (m, 2H), 7.45 — 7.41 (m, 2H), 7.35 - 7.30 (m, 1H), 6.77
—6.69 (m, 1H), 6.60 (t,J=7.3 Hz, 1H). '>*C NMR (126 MHz, Chloroform-d) & 152.9, 150.8, 148.1,
140.1, 136.5, 134.3, 133.0, 130.5, 130.4, 130.3, 129.7, 127.2, 125.0, 124.3, 121.6, 121.4, 119.4,
117.0, 114.1. UV-Vis (A, nm (€, M! em™)): 355 (18500), 400 (16100), 427 (15000), 452 (9800).
HRMS (ESI) m/z calculated for (C19Hi4CINs+H)"™: 348.1011; found 348.1026.

N-(3-(4-methylphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L4H)
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4-methylbenzaldehyde (0.6 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used. Yield:
(1.26 g) 77%. UV-Vis (A, nm (€, M! cm™)): 274 (13330), 361 (12870), 401 (10870), 425 (9900).
ATR-IR, NMR and HRMS data were matched well with the literature.

N-(3-(4-bromophenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (LSH)
4-bromobenzaldehyde (0.92 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used. Yield:
(1.33 g) 68%. ATR-IR (neat, cm™!): 3434, 2922, 2852, 1744, 1620, 1528, 1494, 1466, 1371, 1305,
1243, 1075, 994, 948, 832, 798, 709, 502, 470, 442. UV-Vis (A, nm (€, M cm™)): 236 (18600),
375 (15670), 399(14700), 424 (11830). *H NMR (400 MHz, Chloroform-d) § 9.21 (s, 1H), 8.62 —
8.58 (m, 2H), 8.16 (d, J=7.2 Hz, 1H), 7.91 (d, J = 8.9 Hz, 1H), 7.80 (td, J = 7.6, 1.7 Hz, 1H), 7.73
(d, J=8.6 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 7.42 (s, 1H), 7.36 — 7.31 (m, 1H), 6.71 — 6.66 (m,
1H), 6.62 (td, J = 6.9, 6.5, 1.3 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) & 161.87, 149.59,
148.39, 137.65, 133.72, 132.40, 129.46, 128.95, 127.42, 126.57, 122.87, 122.49, 122.25, 121.62,
120.76, 118.02, 114.25. HRMS (ESI) m/z calculated for (CioHi4BrNs+H)": 392.0505; found
392.0514.

4.3.2 General procedure for synthesis of palladium complexes:

The dinuclear palladium complexes were synthesized by a general procedure. For this, Palladium
dichloride (88 mg, 0.5 mmol) was taken in 10 mL acetonitrile and was heated till all PdCL
dissolved. To the squash colour hot solution, corresponding ligand (L1H — L3H) (0.5 mmol) was
added resulting a deep red/orange colour solution. The mixture was left at ambient temperature
with continuous stirring for 12 hours. The solvent was removed, solids were washed with diethyl
ether, and dried in vacuo to afford the desired dinuclear palladium complexes (1 — 3). Following
the similar method, solids obtained from the reaction of PdCl, with L4H and L5H were dissolved
it methanol, KPF¢ was then added and stirred for about 2 hours at room temperature. Orange solids
were precipitated out, filtered, washed with diethyl ether, and dried in vacuo to afford the dinuclear

palladium complexes 4 and 5.

[Pd2(L1H)CL]CL: (1)

Following the general procedure, complex 1 was synthesized from the reaction of PdCl> and L1H.
Yield: (0.385 g) 74%. ATR-IR (neat, cm™'): 2924, 1720, 1645, 1566, 1454, 1250, 1017, 751, 628,
432. UV-Vis (A, nm (€, M™' cm™)): 304 (28000), 385 (11800), 440 (6000). 'H NMR (400 MHz,
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DMSO0-d6) § 9.56 (s, 2H), 9.14 (d, J = 5.1 Hz, 2H), 8.61 (s, 2H), 8.57 — 8.50 (m, 4H), 8.46 (t, J =
7.7 Hz, 2H), 7.98 (t, J = 6.7 Hz, 2H), 7.62 (t, J = 7.1 Hz, 2H), 7.39 (d, J = 7.2 Hz, 2H), 7.21 (t, J
= 7.6 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 6.96 (s, 4H), 6.80 (dt, J = 7.4, 3.7 Hz, 2H), 3.34 (s, 6H).
13C NMR (151 MHz, DMSO-de) & 165.00, 157.53, 152.08, 151.73, 142.64, 133.47, 132.99,
132.31, 130.41, 128.57, 127.79, 126.46, 124.15, 123.02, 120.99, 116.37, 115.52, 114.01, 112.17,
56.32. HRMS (ESI) m/z calculated for [CaoH34C1sN1002Pd>—2C1]2": 485.0155, found 485.0128;
[C40H34ClaN1002Pd2~2C1-H]": 969.0238, found 969.0178.

[Pd2(L2H),CL2]Cl2 (2)

Following the general procedure, complex 2 was synthesized from the reaction of PdCIl> and L2H.
Yield: (0.375 g) 72%. ATR-IR (neat, cm ™ !): 3084, 1651, 1609, 1557, 1456, 1252, 1177, 1025, 839,
795, 748, 575, 523, 440. UV-Vis (A, nm (€, M em™)): 311 (19300), 352 (10800), 428 (7600). 'H
NMR (400 MHz, Chloroform-d) 6 9.77 (s, 2H), 9.09 (d, /= 5.0 Hz, 2H), 8.77 (s, 2H), 8.66 (d, J =
7.3 Hz, 2H), 8.51 (t,J=7.5 Hz, 2H), 7.97 (dt, J=15.8, 7.4 Hz, 4H), 7.62 (d, J= 8.5 Hz, 4H), 7.32
(d,/=9.2Hz, 2H), 7.17 (d, J = 8.6 Hz, 4H), 7.04 — 6.95 (m, 2H), 6.80 (t, /= 6.7 Hz, 2H), 3.86 (s,
6H). 3C NMR (151 MHz, DMSO-de) & 165.32, 162.62, 161.06, 152.01, 151.38, 142.34, 134.47,
131.14, 130.10, 128.63, 126.25, 122.83,121.86, 117.34, 117.17, 116.27, 115.04, 55.68. HRMS
(ESI) m/z calculated for [CaoH34ClsNj9O2Pd>—2CIJ*":  485.0155, found 485.0130;
[C40H34CLsN1002Pd2—2C1-H]": 969.0238, found 969.0182.

[Pd2(L3H),CL:]Cl2 (3)

Following the general procedure, complex 3 was synthesized from the reaction of PdCIl> and L3H.
Yield: (0.446 g) 85%. ATR-IR (neat, cm!): 3442, 1738, 1626, 1598, 1450, 1354, 1290, 1055, 745,
681, 509, 424. UV-Vis (A, nm (€, M cm™)): 321 (20600), 366 (14300), 424 (7890). '"H NMR (600
MHz, Chloroform-d) ¢ 9.20 (d, J=5.1 Hz, 2H), 8.76 (d, J=7.6 Hz, 2H), 8.06 (d, /= 7.7 Hz, 2H),
7.99 (t,J= 7.6 Hz, 2H), 7.54 — 7.51 (m, 2H), 7.50 — 7.47 (m, 2H), 7.47 — 7.44 (m, 2H), 7.34 (d, J
=7.4 Hz, 2H), 7.16 (d, J = 9.2 Hz, 2H), 7.08 (d, J = 7.2 Hz, 2H), 6.73 (dd, J = 8.8, 6.9 Hz, 2H),
6.55 — 6.52 (m, 2H). '*C NMR (151 MHz, Chloroform-d) & 169.44, 153.96, 149.74, 139.88,
136.33, 134.87, 134.30, 132.03, 130.26, 129.26, 127.62, 126.89, 126.45, 126.17, 122.89, 121.65,
119.79, 119.57, 114.97. HRMS (ESI) m/z calculated for [C3sH2sClsN1oPd2—2CI]>": 489.9652,
found 489.9632; [C3sH2sClsN1oPd2—2C1-H]": 978.9231, found 978.9184.
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[Pd2(L4H)>C12](PF¢)2 (4)

Following the general procedure, complex 4 was synthesized from the reaction of PdCIl> and L4H.
Yield: (0.497 g) 81%. ATR-IR (neat, cm™'): 3086, 1648, 1567, 1384, 1253, 1098, 831, 754, 661,
556,497, 441. UV-Vis (A, nm (€, M cm™)):310 (23700), 365 (11500), 426 (8160). 'H NMR (600
MHz, DMSO-ds) 6 9.66 (s, 2H), 9.10 (d, J = 5.0 Hz, 2H), 8.78 (s, 2H), 8.54 (q, J = 9.1, 7.8 Hz,
4H), 8.01 (t, J = 6.3 Hz, 4H), 7.95 (s, DMF), 7.59 (d, J = 7.9 Hz, 4H), 7.44 (d, J = 7.8 Hz, 4H),
7.35 (d, J=9.2 Hz, 2H), 6.99 (t, J = 7.8 Hz, 2H), 6.82 (t, J = 6.8 Hz, 2H), 2.89, (s, DMF), 2.73,
(s, DMF), 2.43 (s, 6H). '>*C NMR (151 MHz, DMSO-ds) § 165.16, 162.33, 151.91, 151.24, 142.22,
140.81, 134.35, 130.02, 129.20, 128.76, 125.99, 122.85, 122.62, 122.22, 121.85, 117.24, 116.21,
35.80, 30.78 (DMF), 21.15 (DMF). *'P NMR (243 MHz, DMSO-ds) & -144.19 (sept, J = 710.6
Hz). HRMS (ESI) m/z calculated for [C40H34C12F12N10P2Pd2—2PFe]**: 469.0206, found 469.0203;

[C40H34CLF 12N 10P2Pd2—2PFs—H]": 937.0240, found 937.0323.

[Pd2(LSH)2ClL2] (PF¢)2 (5)

Following the general procedure, complex 5 was synthesized from the reaction of PdCIl> and LSH.
Yield: (0.516 g) 76%. ATR-IR (neat, cm '): 3074, 1644, 1563, 1521, 1454, 1069, 1009, 965, 795,
747, 496, 434. UV-Vis (A, nm (€, M™' cm™)): 328 (21230), 398 (9950), 432 (7700). "H NMR (600
MHz, DMSO-ds) 8 9.69 (s, 1H), 9.12 — 9.07 (m, 1H), 8.79 (s, 1H), 8.55 (q, J = 8.1 Hz, 2H), 8.09
(d, J=7.3 Hz, 1H), 8.02 (t, J= 6.2 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H),
7.46 (d, J=9.3 Hz, 1H), 7.10 — 7.04 (m, 1H), 6.89 — 6.83 (m, 1H). *C NMR (151 MHz, DMSO-
ds) 0 165.34, 151.97, 151.21, 142.23, 133.05, 132.50, 131.24, 129.95, 129.12, 126.04, 124.50,
124.39, 123.16, 123.09, 122.08, 117.08, 116.47. 3'P NMR (162 MHz, DMSO-ds) & -144.20 (sept,
J = 711.2 Hz). HRMS (ESI) m/z calculated for [C3sH2sBroCloF12NoP2Pd2—2PFg]**: 531.8985,
found 531.8982; [C3sH2sBr2ClaF12N19P2Pd>—2PF¢—H]": 1066.8217, found 1066.8212.

4.3.3 Crystallographic data

For the single crystal XRD data collection of the appropriate single crystals of L1H, L3H and
LSH was mount on a single source Super Nova CCD System instrument from Agilent
Technologies equipped with a fine focus 1.75 kW sealed tube with Mo-Ka radiation was used at
room temperature. The data were reduced using CrysAlisPro and Autochem2.1 software.*’ For
rest of the ligands and complexes, data was collected at room temperature using a Bruker SMART

APEX CCD diffractometer equipped with fine focus 1.75 kW sealed tube of Mo-Ka (A =0.71073
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A) X-ray source, with increasing o (width of 0.3° per frame) at a scan speed of either 3 or 5 s per
frame.*® The SMART software was used for data acquisition and the SAINT software for data
extraction. The structure solution and refinement were performed on the Olex2-1.5 using the
SHELXT, SHELXL programs.*>>° All atoms except hydrogen atoms are tuned using anisotropic
displacement parameters, whereas hydrogen atoms are tuned using relative isotropic parameters.
The disorder in molecular structure of 1g was fixed using partial occupancies factor, unidentified
electron densities were masked using OLEX2 utility.>! PLATON was used for structure validation
and for pictorial visualization of X-ray single crystal data, Mercury and ORTEP software was

used.>> >4

4.3.4 Optimization copper-free of copper-free Sonogashira reaction

A 50 mL round bottom flask equipped with a magnetic stir bar was charged with the 4-
bromotoluene (0.5 mmol), base (0.75 mmol), phenylacetylene (0.6 mmol), and catalyst 1 (0.5
mol%) in 10.0 mL absolute ethanol. Then it was stirred at specified temperature for a given time.
Then, the reaction was allowed to cool to room temperature, ethyl acetate and H>O were added
and the layers were separated. The aqueous layer was extracted three times with ethylacetate, the
combined organic layers were washed with water, dried over NaxSO4, filtered, and concentrated
in vacuo to yield the crude product, which was purified by preparative thin layer chromatography

to produce the product.

4.3.5 General procedures for Sonogashira coupling reaction.

A 50 mL round bottom flask equipped with a magnetic stir bar was charged with the aryl bromide
(1.0 eq.), KoCOs3 (1.5 eq.), the terminal alkyne (1.2 eq.), catalyst 1 (0.5 mol%), and 10 mL absolute
ethanol. Then it was stirred at 80 °C for 8 hours. The reaction was allowed to cool to room
temperature, ethyl acetate and H,O were added and the layers were separated. The aqueous layer
was extracted three times with ethylacetate, the combined organic layers were washed with brine,
dried over Na,SOg, filtered, and concentrated in vacuo to yield the crude product, which was
purified by preparative thin layer chromatography to yield the pure product (see specific

procedures for individual purification conditions).

4.3.6 Characterization data for Sonogashira products 3a-3p

1,2-diphenylethyne (3a) >°
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O 'H NMR (400 MHz, Chloroform-d) & 7.57 — 7.51 (m, 4H), 7.39 — 7.32 (m,
P 6H). 13C NMR (126 MHz, Chloroform-d) & 132.6, 131.7, 128.5, 123.4, 89.5.
=

1-methyl-4-(phenylethynyl)benzene (3b)

O 'H NMR (400 MHz, Chloroform-d) & 7.55 — 7.50 (m, 2H), 7.43 (d, J = 8.1
> Hz, 2H), 7.37 — 7.30 (m, 3H), 7.16 (d, J = 7.9 Hz, 2H), 2.37 (s, 3H). 13C
NMR (126 MHz, Chloroform-d) § 138.54, 131.70, 131.65, 129.26, 128.46,

128.22, 123.64, 120.3, 89.7, 88.8, 21.7.

1-nitro-4-(phenylethynyl)benzene (3c) >’
@]

N“O "H NMR (400 MHz, Chloroform-d) § 8.22 (d, J = 8.7 Hz, 2H), 7.67
O (d, J=8.7Hz, 2H), 7.61 — 7.53 (m, 2H), 7.43 — 7.36 (m, 3H). *C NMR

=
Z (126 MHz, Chloroform-d) 6 147.1, 132.4, 132.0, 130.4, 129.4, 128.7,

123.8,122.3,94.8, 87.7.
4-(phenylethynyl)benzonitrile (3d)°°
_N 'H NMR (400 MHz, Chloroform-d) & 7.66 — 7.58 (m, 4H), 7.57 —
O 7.52 (m, 2H), 7.40 — 7.36 (m, J = 5.1, 1.8 Hz, 3H).3C NMR (126
Z MHz, DMSO-de) 6 132.2, 132.2, 131.9, 129.3, 128.6, 128.4, 122.3,

O 118.7, 111.6, 93.9, 87.8.

1-methoxy-4-(phenylethynyl)benzene (3¢) >

O 'H NMR (400 MHz, Chloroform-d) 8 7.51 (dd, J = 7.8, 1.7 Hz, 2H),

P O 7.47 (d, J = 8.9 Hz, 2H), 7.38 — 7.29 (m, 3H), 6.88 (d, J = 8.9 Hz, 2H),
=

3.83 (s, 3H). 1*C NMR (126 MHz, Chloroform-d) 8 159.8, 133.2, 131.6,

128.4,128.1, 123.7, 115.5, 114.1, 89.5, 88.2, 55.4.
1-(4-(phenylethynyl)phenyl)ethan-1-one (3f) >
O IH NMR (400 MHz, Chloroform-d) & 7.94 (d, J = 8.5 Hz, 2H), 7.61
O (d, J = 8.6 Hz, 2H), 7.55 (dd, J = 6.2, 3.4 Hz, 2H), 7.37 (td, J = 3.6,
Z 3.2,2.0 Hz, 3H), 2.62 (s, 3H). '3C NMR (126 MHz, Chloroform-d) &
197.3, 136.2, 131.8, 131.7, 128.8, 128.5, 128.3, 128.2, 122.7, 92.7,
88.6, 26.6.
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4-(phenylethynyl)isoquinoline (3g) *’
'H NMR (400 MHz, Chloroform-d) & 9.21 (s, 1H), 8.78 (s, 1H), 8.35 (d, J
_ O = 9.1 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 7.82 (ddd, J = 8.3, 6.9, 1.2 Hz,
X 1H), 7.72 — 7.62 (m, 3H), 7.45 — 7.35 (m, 3H). 1*C NMR (126 MHz,
_

N hloroform-d) & 152.1, 146.6, 135.7, 131.9, 131.3, 129.0, 128.7, 128.1,
128.1, 128.0, 125.3, 123.0, 116.1, 96.9, 84.6.

((p-Nitroxyphenyl)ethynyl)trimethylsilane (3h) >
_~_NO; 'HNMR (400 MHz, Chloroform-d)  8.17 (d, J = 8.6 Hz, 2H), 7.59 (d, J
,AQ,JT = 8.6 Hz, 2H), 0.27 (s, 9H). '>C NMR (126 MHz, Chloroform-d)  147.3,

_;.Si’?f 132.8,130.1, 123.6, 102.9, 100.8, -0.15.

(Phenylethynyl)benzaldehyde (3i) >
O 'H NMR (400 MHz, Chloroform-d) 3 10.02 (s, 1H), 7.87 (d, J = 8.4
O H Hz, 2H), 7.68 (d,J = 8.2 Hz, 2H), 7.60 — 7.53 (m, 2H), 7.38 (p, J = 3.1,
yZ 2.6 Hz, 3H). >*C NMR (126 MHz, Chloroform-d) § 191.6, 135.5, 132.2,
131.9,129.7, 129.7, 129.1, 128.6, 122.6, 93.6, 88.6.

2-(phenylethynyl) pyridine (3j) >

= '"H NMR (400 MHz, Chloroform-d) & 8.57 (d, J = 4.7 Hz, 1H), 7.65 — 7.54

SN~ (m, 3H), 7.47 (d, J= 7.8 Hz, 1H), 7.37 — 7.28 (m, 3H), 7.21 — 7.14 (m, 1H).
3C NMR (126 MHz, Chloroform-d) § 150.1, 143.5, 136.2, 132.1, 129.0,
128.4,127.2, 122.8, 122.28, 89.3, 88.7.

=

4-(phenylethynyl)-1,1'-biphenyl (3k) *°
"H NMR (400 MHz, Chloroform-d) & 7.62 (dd, J = 8.9, 1.4 Hz, 6H),
O 7.57(dd, J=17.6,2.1 Hz, 2H), 7.46 (t,J=7.5 Hz, 2H), 7.40 — 7.34 (m,
O 4H). *C NMR (126 MHz, Chloroform-d) § 141.1,140.5, 132.2, 131.8,
Z 129.0, 128.5, 128.4, 127.8, 127.2, 123.4, 122.3, 90.2, 89.4.

3-(phenylethynyl)isoquinoline (31)
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"H NMR (400 MHz, Chloroform-d) § 9.00 (s, 1H), 8.22 (s, 1H), 8.09 (d, J
=8.4 Hz, 1H), 7.72 (m, J=8.0, 3.7 Hz, 1H), 7.69 — 7.64 (m, 1H), 7.58 (dd,
J=52,2.6 Hz, 2H), 7.53 — 7.48 (m, 1H), 7.38 — 7.32 (m, 3H). *C NMR
(126 MHz, Chloroform-d) ¢ 152.1, 146.8, 138.20 131.7, 130.0, 129.4,
128.8, 128.5, 127.6, 127.2, 127.2, 122.6, 117.4, 86.7. HRMS (ESI)
calculated for [C17H 1 N+H]": 230.0965, found 230.0960.

3-(4-nitrophenyl) prop-2-yn-1-ol (3m) ®
OH " 'H NMR (400 MHz, Chioroform-d)  8.18 (d. J = 8.9 Hz, 2H), 7.57 (d. J

-

N = 8.9 Hz, 2H), 4.54 (s, 2H), 1.86 (s, 1H). 3C NMR (126 MHz,

0 J/\;] Chloroform-d) 6 147.4, 132.6, 129.6, 123.7, 92.6, 83.96, 51.6.
C:N+ e
o

3-(4-methoxyphenyl)prop-2-yn-1-ol (3n)*°
OH 'H NMR (400 MHz, Chloroform-d) & 7.36 (d, J = 8.9 Hz, 2H), 6.82 (d, J
" Z = 8.9 Hz, 2H), 4.47 (s, 2H), 3.79 (s, 3H). *C NMR (126 MHz, Chloroform-
N ﬂ j/ d) 5 159.8,133.3,114.7, 114.0, 86.0, 85.7, 55.4, 51.7.
ol
4-methyl-N-(4-(phenylethynyl)phenyl)-N-(p-tolyl)aniline (30)
According to the general procedure, the reaction of 4-bromo-N,N-di-p-tolylaniline (0.5 mmol),

phenylacetylene (0.6 mmol), KoCOs (0.75 mmol), catalyst 1 (0.5 mol%) in ethanol for 8 h at 80
°C, affording the title compound as light yellow solid after work-up and chromatography.

/[fw 'H NMR (400 MHz, Chloroform-d) § 7.50 (dd, J = 7.8, 1.6 Hz,
_ .~ 2H), 7.36 — 7.30 (m, 5H), 7.09 (d, J = 8.8 hz, 4H), 7.01 (d, J =

“H/‘j f J" 8.8 hz, 4H), 6.94 (d, J = 8.7 Hz, 2H), 2.32 (s, 6H). °C NMR

TN T (101 MHz, Chloroform-d) § 148.4, 144.8, 133.4, 132.5, 131.57,

[:’ij 130.2, 128.4,127.9,125.3,124.8, 121.2, 115.2, 90.0, 88.4, 21.0.

‘T’ HRMS (ESI) calculated for [CasHsN-+H]": 347.1904, found
347.1904.

N-phenyl-N-(3-(phenylethynyl)phenyl)-[1,1'-biphenyl]-4-amine (3p)
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According to the general procedure, the reaction of N-(3-

|’~|~=H__:;f:| _ iﬁh] bromophenyl)-N-phenyl-[1,1'-biphenyl]-4-amine (0.5

o Ne o Z 7 mmol), phenylacetylene (0.6 mmol), K2COs (0.75 mmol),

. ,ﬂh_,_’; L;JJ’ catalyst 1 (0.5 mol%) in ethanol for 8 h at 80 °C, affording
L J the title compound as light yellow solid after work-up and

chromatography and '"H NMR (400 MHz, Chloroform-d)
0 7.61 —7.55 (m, 2H), 7.50 (td, /= 6.0, 5.4, 3.3 Hz, 4H), 7.42 (t, J= 7.6 Hz, 2H), 7.35 — 7.26 (m,
7H), 7.25 — 7.18 (m, 2H), 7.18 — 7.13 (m, 4H), 7.13 — 7.05 (m, 2H). 3*C NMR (151 MHz,
Chloroform-d) 6 147.9, 147.5, 147.0, 140.7, 135.7, 131.7, 129.6, 129.5, 128.9, 128.5, 128.4, 128.1,
127.0, 126.9, 126.8, 126.1, 124.8, 124.4, 124.3, 123.4, 89.6, 89.3. HRMS (ESI) calculated for
[C32H23N+H]"™: 422.1904, found 422.1866.

4.3.7 Optimization of C—P bond formation reaction

4-iodoanisole (0.5 mmol eq.), base (0.75 mmol.), diethylphosphite (0.6mmol), and catalyst 1 (0.5
mol%) were taken in 10.0 mL solvent. Then it was stirred at specified temperature for a given
time. The reaction was allowed to cool to room temperature, solvent was removed. Then, ethyl
acetate and H>O were added and the layers were separated. The aqueous layer was extracted three
times with ethylacetate, the combined organic layers were washed with water, dried over Na;SO4,
filtered, and concentrated in vacuo to yield the crude product, which was purified flash column

chromatography to produce the pure product.

Diethyl (4-methoxyphenyl)phosphonate
O 'HNMR (600 MHz, Chloroform-d) § 7.76 — 7.69 (m, 2H), 6.96 (dd, J= 8.7, 3.3
ey T"{}"’““-- Hz, 2H), 4.14 — 3.99 (m, 4H), 3.85 (s, 3H), 1.30 (t, J= 7.1 Hz, 6H). °C NMR

.

l | (151 MHz, Chloroform-d) 6 162.99, 133.93, 133.86, 118.89, 114.22, 114.11,

~

\g 62.12, 62.08, 55.48, 16.47, 16.42. >'P NMR (243 MHz, Chloroform-d) & 19.73.

T

NMR spectroscopic data matched literature values.*

4.3.8 Hot filtration test
Bromotoluene (0.5 mmol), phenylacetylene (0.6 mmol), KoCO3 (0.75 mmol), catalyst 1 (0.5
mol%), and ethanol (10.0 mL) was stirred at 90 °C. After 2 hours, the reaction mixture was filtered

through a short pad of celite in hot condition and again stirred for next 6 h. After completion of
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the reaction, the mixture was cooled, diluted with ethyl acetate (30.0 mL). Then it was filtered
through a short pad of celite and filtrate was removed under reduced pressure. The crude product

was purified by preparative thin layer chromatography and the yield of product (3b) was 88%.

CCDC No. 2496016—2496026 contain the crystallographic data for all ligands complexes and 4-
methyl-N-(4-(phenylethynyl)phenyl)-N-(p-tolyl)aniline (30).

The ATR-IR, NMR, HRMS(ESI), electronic spectra and FESEM images of ligands and complexes,
NMR spectra, HRMS spectra (new compounds) of catalytic products, can be found in Appendix 111
by using the following link:

https://drive.google.com/file/d/1zaFRMO0avj 7Jde DhpNY-czZtpF Mj-cejv/view?usp=sharing
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Chapter-5

Zinc(1I) Complexes of Some 2-Cyanopyridine Derived
Nitrogen-Rich Ligands: Catalysts for Cycloaddition of CO;

and Epoxide into Cyclic Carbonate

= 0.5 mol% Catalyst
= 60°C, 5 hours

= CO, Balloon

= Upto99% Yield

14 Complexes Tri-Zn > Mono-Zn

TH_386}m}agn6235721]91913Rayasingh, PhD Thesis, IITG 192



Bivalent Ni, Pd, Pt, and Zn complexes......... Chapter 5

Abstract

A series of zinc(Il) complexes were synthesized using some ligands containing imidazo[1,5-
a]pyridine, triazine, and imidazolylpyridine moieties. Newly synthesised ligands and all zinc
complexes were thoroughly characterized using several spectroscopic techniques. Molecular
structure of some ligands and all zinc complexes were established by single crystal X-ray
diffraction measurements. By controlling the stoichiometry, imidazo[1,5-a]pyridines and
imidazolylpyridine ligands yielded both mono and trinuclear complexes while the pincer triazine
ligands produced only mononuclear complexes. The geometry of tetra coordinated Zn(II) centres
were distorted tetrahedral and a distorted square pyramidal environment was observed in penta-
coordinated triazine Zn(II) complexes while distorted trigonal bipyramidal geometry was observed
in trinuclear Zn(Il) imidazolylpyridine complex. All the zinc(Il) complexes were employed as
catalyst in the conversion of carbon dioxide and styrene epoxide into styrene carbonate, yielded
excellently in a mild and solvent free condition using balloon pressure CO2. Among all the Zn(II)
catalysts, trinuclear analogous were found as superior catalyst as compared to their mononuclear

congeners.

5.1 Introduction

One of the greenhouse gases' is carbon dioxide (CO>) that is produced in large scale globally due
to consumption of fuels. The massive emission of CO; leads to serious environmental concern®
including global warming while on other hand, it is readily accessible, cheap, and sustainable C1
source for various synthetic chemistry.®-!° Thus, fixation of carbon dioxide for the conversion fine
chemicals is one of the currently emerging strategies and became a cornerstone goal. Several
methods have been developed for the utilization of carbon dioxide in the production of fine
chemicals, fuels, and polymeric materials.!! 2 Among these CO> fixation methods, formation of
cyclic carbonates using epoxides and CO; using a catalyst under mild reaction condition is an atom

economical efficient strategy.’’?> The cyclic carbonates have been widely applied as

23,24 25-27

electrolytes, solvents, and key intermediates for the synthesis of ionic liquids, diols, and

31-33

polycarbonates.”®3® Many catalytic systems including organocatalysts, metal organic

3436 metal oxides,’” and transition metal complexes®***’ " have been established for

frameworks,
the synthesis of cyclic carbonates using carbon dioxide as coupling partner. Basically, presence of
a Lewis acidic metal center in these catalytic systems activate the C—O bond of epoxide while a

nucleophile co-catalyst such as Br™ from tetrabutyl ammonium bromide (TBAB) executed the ring-
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opening process of epoxide.”> However, many of these systems relied on harsh conditions
including high CO; pressure, elevated temperature, and high catalyst/co-catalyst loading.*!**> Thus,
development of robust, sustainable catalysts for the cycloaddition of epoxide and CO; under mild
reaction condition would be significant. In this facet, utilization of zinc complexes as catalyst along
with a co-catalyst as dual catalytic platform for the production of cyclic carbonate using epoxide
and carbon dioxide have gained popularity due to the non-toxic, readily available, Lewis acidity,
and ecofriendly features of zinc.**** Being a d'° metal ion, Zn(II) complexes are redox-inert and
their reactivity depends on coordination environment which is completely controlled by the ligand
framework. The ligand skeleton stabilizes the zinc center, regulate the Lewis acidity, modulate
electronic and steric influences at the metal center and thus fine tune the catalytic efficiency of the
complex. Thus, development of appropriate ligand systems for the synthesis of Zn(I) complexes
have played a vital role in the catalytic application of the complex specifically in cycloaddition of
CO; and epoxide.

Sun and coworkers reported dinuclear Zn(II) complex 5.1 based on amino phenolate tripodal
ligand and employed as catalyst in the reaction of CO> and epoxides, produced cyclic carbonate at
relatively high temperature and 0.1 MPa CO, pressure in the presence of TBAB (Scheme 1).*° He
and coworkers developed [OSSO]-type zinc complexes 5.2—-5.6 that exhibited catalytic activity in
cyclic carbonate formation under mild, solvent-free conditions. The proximity of the two Zn(II)
centers enabled synergistic effect, promoting dual activation of CO: and epoxide substrates.*®
Zakrzewska et al. reported a series of aryl-BIAN ZnCl. complexes 5.7-5.11 synthesized via a
green one-pot method.*” These complexes catalyzed the coupling of CO- and various epoxides in
the presence of a quaternary ammonium salt as co-catalyst. Among the series, 5.10 displayed the
highest activity, achieving good conversions for propylene and styrene oxides. Recently, Christ
and coworker worked on some pyrrole Schiff base containing zwitterionic Zn(Il) complexes

(5.12-5.15) and used as catalyst in the production of styrene carbonate at 100 °C (Scheme 1).*8
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Scheme 1: Some reported zinc catalyst used in the coupling of CO; and epoxide

With inspiration from a deep literature survey and owing to use nitrogen rich neutral ligands for
the designing of Zn(II) complexes as catalysts in conversion of epoxide and carbon dioxide into
cyclic carbonate, this Chapter introduces some imidazo[l,5-a]pyridine, triazine, and
imidazolylpyridine based ligands, synthesized by using 2-cyano pyridine. Zn(Il) complexes
bearing these ligand systems were used as catalyst for the first time in cycloaddition of epoxide
and CO> though their group 10 complexes displayed excellent catalytic activity.

Imidazo[1,5-a]pyridine containing compounds have garnered considerable focus because
of their captivating biological,* photophysical®® and medicinal properties.*>* Ligands
having this moiety along with these specific properties enhance the catalytic applications>”

of the resulting metal complexes. Similarly, multi-substituted imidazoles containing metal
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complexes have been extensively used in catalysis, biomimetic studies and as
photoluminescent materials.’®>® By regulating the donor capability of imidazole ring,
various groups on the imidazole rings was found to be responsible for the catalytic activity

of the resulting metal complexes.>%-%°

5.2  Results and discussion

5.2.1 Synthesis and characterization of ligands

Ligands N-(3-phenylimidazo[1,5-a]pyridin-1-yl)picolinimidamide (L1H) and N-(3-(2-
benzyloxy/2-methoxy/3-methoxy/4-methoxy/4-fluoro/4-methyl/2-methyl)imidazo[ 1,5-a]pyridin-
1-yl)picolinimidamide (L2H / L3H / L4H / L5H / L6H / L7H / L8H) were prepared from the
reaction of 2-cynaopyridine with benzaldehyde, and N-(3-(2-benzyloxy / 2-methoxy / 3-methoxy
/ 4-methoxy / 4-fluoro / 4-methyl / 2-methyl benzaldehyde respectively in presence of ammonium
acetate by following a reported procedure with slight modifications (Scheme 2).°! All ligands were
isolated as yellow fibrous solid in good yield and L2H, L4H, L6H, L8H were explicitly
categorized by ATR-IR, NMR, and High-Resolution Mass spectrometry (HRMS) while
spectroscopic data for L3H was reported in Chapter 4 and for L1H, L4H and L7H matched well
with the reported values. The 'H NMR spectrum of ligands displayed a broad peak around 9.30
ppm (L2H, L4H) and 9.22 ppm (L6H, L8H) corresponding to one proton of -NH> while the other
proton may involve in H-bonding with imidazo[1,5-a]pyridine-N and thus was not observed. The
methylene, methoxy and methyl protons appeared at 5.08, 3.90, 2.31 ppm for L2H, L4H and L8H
respectively while their '*C NMR spectrum contained peaks matched well with total number of
calculated carbon atoms. The formation of these new ligands also confirmed from the m/z peaks
corresponding to [CasH2iNsO+H]" (420.1819), [C20H17NsO+H]" (344.1515), [CioHi14sFNs+H]"
(332.1294), and [C20H7Ns+H]" (328.1561) for L2H, L4H, L6H, and L8H respectively in their
HRMS spectrum.

From the same reaction mixture, triazine ligands L9 — L12 were eluted with a mixture of
ethylacetate and hexane (9:1) as brown solids (Scheme 2) while imidazolylpyridine ligand (L13H)
was prepared by following a previously reported procedure. The formation of ligands L.10 and
L12 were established using several spectroscopic techniques and the data obtained for L9, L11
and L13H were in congruent with reported values. In the "H NMR spectrum, the methoxy protons

of L10 resonated at 3.87 ppm while L12 displayed peaks at 14.00 ppm and 3.98 ppm confirmed
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the presence of -OH and -OCHj3 groups and both ligands contained calculated number of carbons
in their 3C NMR spectrum. In HRMS spectra, peak rendered at m/z 342.1350 and 358.1301
matched with [C20HsNsO+H]" (L10) and [C20HisNsO+H]" (L12).

) 100 °C, 12 h Ng’ 9
2 © 4 NH,0Ac —> \ = NT N
2)H,0, 12 h

N

A:R = None (L1H, 71%), 2-OBn (L2H, 68%), 2-OMe (L3H, 70%), 3-OMe (L4H, 73%),
4-OMe (L4H, 68%), 4-F (L5H, 78%), 4-Me (LTH, 77%), 2-Me (L8H, 74%)
B: R = 4-Br (L9, 28%), 3-OMe (L10, 24%), 4-OMe (L11, 29%), 2-OH, 3-OMe (L12, 34%)

Scheme 2: Synthetic route of ligands L1H — L8H and L9 — L12

5.2.2 Synthesis and characterization of complexes

The reaction of equimolar amounts of L1H — L7H and ZnCl; excellently produced mononuclear
zinc complexes with composition [ZnXClx] {X = L1H (1) — L7H (7)} in methanol at ambient
temperature (Scheme 3). Complexes precipitated as red/orange solids and characterized using
various spectroscopic techniques. In high resolution mass spectrometry (ESI, -ve), the base peak
at m/z 447.9924, 554.0346, 438.0028, 438.0022, 438.0030, 465.9825, and 462.0088 were due to
[ZnXCl,-H] (X = L1H — L7H) indicated the existence of mononuclear Zn(II) complex 1 -7 and
the molecular structure of all complexes was confirmed from their X-ray diffraction data.
Interestingly, a similar mononuclear complex was not observed from the reaction of ZnCl, with
L8H. By changing the stoichiometric ratio of ZnCl; and L8H to 1.5:1, a trinuclear Zn(II) complex
Zn3(L8)2Cls (8) was isolated while the formation of trinuclear complexes with L1H — L7H was
not succeeded (Scheme 4). The complex 8 rendered a peak at m/z 1026.9200 was matched well
with the calculated values for [Zn3(L8).Cl4+K]" species. Under the same reaction condition used
for 1 —7, mononuclear pincer Zn(II) complexes of composition [ZnXClz] {X=L9 (9) - L12 (12)}
were prepared from the reaction of pincer triazine ligands L9 —L12 and ZnClzin 1:1 stoichiometric
ratio (Scheme 5). The complexes 9 — 12 produced peaks in their respective HRMS spectrum at m/z
489.9227, 440.0261, 440.0272 and 456.0202 were due to the presence of [C19H2BrCINsZn]" (9),
[C20H15CINsOZn]" (10), [C20H;5CINsOZn]" (11), and [C20H15CINsO2Zn]" (12).
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Scheme 3: Synthetic Scheme of mono nuclear zinc complexes 1 —7
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Scheme 4: Synthetic Scheme for trinuclear zinc complex 8
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Scheme 5: Synthetic Scheme of pincer mono-nuclear zinc complexes 9 — 12

Ligand L13H has the structural flexibility to act as a tetradentate donor in its neutral state and as
a pentadentate donor when deprotonated, offering the potential for various coordination modes
and geometries as demonstrated in Chapter 2. Based on this versatility, its reaction with ZnCl. was
anticipated to produce either a dinuclear complex or a coordination polymer, depending on
whether the ligand adopts its neutral or anionic (L13") form. But a mononuclear Zn(II) complex
Zn(L13H)CI: (13) was obtained from the reaction of L13H with ZnCl; in 1:1 stoichiometric ratio.
Using few drops of triethylamine to facilitate deprotonation and changing the stoichiometry of
L13H and ZnCl; to 1.5:1 yielded a trinuclear complex Zn3(L13)Cl4 (13) (Scheme 6). The HRMS
(ESI) values and the isotopic pattern of 13 and 14 matched well with the calculated values.

~
\ — — \
/__ \ 7 \ Y/ N/ =
N - < N oH, S l
ZnCl, (1.0 eq.) - ZnCl, (15 eq.) Zn \/ I N
- HN__N -—— | z —N
80'\{!%012 A MeOH, EtzN \N \Zn\
N 80°C 12h 7\ /
N ' =5
13 (84%) L13H 14 (92%)

Scheme 6: Synthetic Scheme of mono- and tri- nuclear zinc complexes 13 and 14

All the complexes 1-14 displayed broad peak in their '"H NMR spectra of and thus was not
interpretable. Field emission scanning electron microscopy (FESEM) was employed to investigate
the surface morphology of all new ligands and zinc complexes. The resulting images revealed
smooth, pore-free surfaces, indicative of a densely packed molecular arrangement. This lack of
visible porosity suggests a high degree of intermolecular organization, likely driven by strong non-
covalent interactions. Such ordered molecular packing reflected the inherent structural rigidity and
solid-state stability, which may be beneficial in optoelectronic or catalytic applications. (Figure

35.28).

5.2.3 X-Ray crystallography
Single crystals of ligands L1H, L2H, L6H, and L8H obtained by slow evaporation from their
dichloromethane solution and crystallized in P2:/n (L1H), Aea2 (L2H), P2,2,2, (L6H), and
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P412:2 (L8H) space group (Table S5.1 and S5.2). The X-ray structure of ligands disclosed the
presence of imine nitrogen (Nmv) and amine (-NHz) nitrogen (Nawm) as evident from longer C6—
Nawm bond length by 0.050(3), 0.067(11), 0.054(8) and 0.078(7) A than C6-Nm distance in L1H,
L2H, L6H, and L8H respectively (Figure 1). Also, the ligands were engaged in intramolecular
hydrogen bonding between imidazo[1,5-a]pyridine nitrogen (Nip) and Nam with D—H---A distance
of 2.702(2) A (L1H), 2.711(1) A (L2H), 2.783(5) A (L6H), and 2.733(8) A (L8H).

Figure 1: PoV-Ray rendered ORTEP diagram of L1H, L2H, L.6H, and L.8H.

Further, the molecular structure of Zn(II) complexes 1 — 8 were established using X-ray diffraction
technique. Crystals of suitable for data collection were harvested from their solution in DMF by
slow evaporation method and found to be crystalized in P21/n (1, 6 and 7), P1 (2 — 5), and C2/c
(8) (Table S5.12 and S5.13). In mononuclear complexes 1-7, ligand L1 — L7 acted as bidentate
donor and coordinated with zinc center through pyridine nitrogen (Npy) and Ny by forming a five
member chelate ring. Other two coordination site around zinc center was occupied by chloride
ions and thus, a distorted tetrahedral geometry was observed in 1 — 7 as inferred from the bond
parameters. The geometry index was calculated in terms of Houser®? parameter (1) (Table 1) for
1 — 7 and the values nearly equal to 1 which suggested the distortion from ideal tetrahedron. The
Nip and Nam remained uncoordinated and engaged in intramolecular hydrogen bonding interaction
with D-H--A distance of 2.643(3) A (1), 2.681(1) A (2), 2.671(3) A (3), 2.646(2) A (4), 2.676(2)
A (5),2.642(3) A (6), and 2.632(3) A (7).
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Figure 1: POV-Ray rendered ORTEP diagrams (30% probability level) of 1-8. Hydrogen atoms

are omitted for clarity.

Table 1: Geometry index (t4) for complexes 1-7

Complexes 1 2 3 4 5 6 7

B(deg) | 127.49(6) | 117.25(5) | 126.16(5) | 127.72(6) | 117.20(6) | 127.74(6) | 127.43(7)

a(deg) | 116.16(7) | 115.89(6) | 114.92(6) | 118.32(3) | 114.73(3) | 116.23(7) | 114.45(7)

T4 0.825 0.900 0.844 0.809 0.909 0.823 0.838

_ 360—(a+ B)
- 141

{14

, where [ and o are two largest bond angles. t4 = 1, tetrahedral; 0, square planar}

In 8, half of the molecule was in asymmetric unit due to the presence of a 2-fold screw axis and 2-
tolyl ring of the ligand possessed rotational disorder which was addressed through partial
occupancy factor. The molecule consisted of two ligand units that was found as a tetradentate
donor in anionic form (L.8") and held three Zn(II) center. Deprotonated Nam and Nip of two L8~
units formed a six-membered chelate ring with central zinc in distorted tetrahedral (14 = 0.756)
environment while the remaining donor sites coordinated with terminal zinc centers (Znl, Zn3)
using Npy—Zn—Nv chelate and completed the trinucleation. Two chloride ions linked at remaining
sites of both terminal Zn(Il) center, constructed a similar distorted tetrahedral geometry (14 =
0.879) as in mononuclear complexes 1 — 7 and the Zn—Np bond distance was 0.068(1) A longer

than that of Zn—Nam may be due to neutral and anionic nature of nitrogen (Figure 3).
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Crystals of complexes 9 — 12 were also obtained from DMF solution and 9 crystalized in P1 while
10 — 12 in P2/c space group. The Zn(II) center in 9 — 12 was found in penta-coordination where
triazine ligands L9 — .12 spanned over three coordination sites around zinc as NNN pincer type
binding mode and rest of the coordination location was engaged by two chloride ions. Two five-
membered chelate was observed around zinc comprising pyridine nitrogen (Npy) and triazine
nitrogen (Ntz). Due to the geometrical constraint, Zn—Ntz distance was shorter than that of Zn—
Npy while two chlorides were in equidistant. According to Addison et al.,®? the structural parameter
(t5) {15 = (P - o) / 60, where B and o are two largest bond angle f > a} for complexes 9 — 12 was
0.044, 0.097, 0.29 and 0.093 respectively and thus proposed distorted square pyramidal geometry
around the zinc(II) center. However, the substituents on phenyl ring did not affect the Zn—Nt bond

lengths in 9 — 12 may be due to pincer binding mode.

A1 A
S ]
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Figure 2: POV-Ray rendered ORTEP diagrams (30% probability level) of 9-12. Hydrogen atoms

Cl2

are omitted for clarity.

Figure 3: POV-Ray rendered ORTEP diagrams (30% probability level) of 13 and 14. Hydrogen

atoms are omitted for clarity.

Molecular structure of 14 contained two ligand units in anionic form (L.147) that anchored three
zinc(Il) centers. Coordination environment of zinc centers in 14 was both tetra- and penta-

coordinate. Two anionic ligand L14~ acted as bis-bidentate ligand, firstly bound to central zinc
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(Zn2) by forming two five membered chelate ring using imidazolate-N (Nig) and Npy while the
fifth site was occupied by a water molecule. Then both the ligand units used their Npy and Niz to
form a five membered chelate with terminal zinc centers Znl and Zn3. These zinc centers were
tetra coordinated having two chloride ions, exhibited the similar geometry as in 13. The geometry
index 15 = (173.82° - 128.07°) / 60° = 0.76 indicated a distorted trigonal bipyramidal geometry
around central zinc (Zn2). Similarly, geometry parameter 14 for terminal Zn(II) centers were 0.88
and 0.89, suggested distorted tetrahedral geometry. The equatorial Zn—Npy lengths {2.150(4) and
2.137(4) A)} were longer than that of Zn—Ni lengths {2.046(3) and 2.064(3) A)} may be due to
strong sigma donor ability of anionic N group. The ligand .14~ engaged it’s four nitrogen in
coordination with zinc, still one uncoordinated Npy was present in each ligand units and displayed
intermolecular discrete hydrogen bonding with oxygen of coordinated water molecule (Ow) with
a non-bonded distance of 2.714(5) A. Also, Ow involved in another discrete H-bonding with
oxygen atom of lattice DMF molecule (Ow---Ommr), 2.658(6) A).

5.2.4 Catalytic activity of 1-14 in the conversion of CO2 and epoxide into cyclic carbonates
Considering the excellency of zinc complexes as catalyst in the conversion of CO: and epoxides
into valuable cyclic carbonates, complexes 1- 14 were employed as catalyst (Scheme 7).
Optimization of reaction was investigated with alteration in solvents, temperature, time, and
catalyst/co-catalyst loading (Table 2). Several solvents such as ethanol, acetonitrile,
dimethylformamide (DMF), and 1-4 dioxane were tested in a model reaction of the cycloaddition
of styrene oxide with carbon dioxide using catalyst 3 (1.0 mol%) and tetra-butyl ammonium
bromide (TBAB) (1.0 mol%) at 80 °C for 5 hours. The model reaction condition was also carried
in a solvent-free condition. Among all solvents, DMF produce highest yield of 74% but
interestingly, the production of styrene carbonate was maximum in solvent-free system and thus,
the catalytic conversion was further optimized without using any solvent. Then, the effect of
temperature was monitored at various temperature. As the flash point of styrene oxide 76— 69 °C,
high temperature condition was avoided and the maximum yield was achieved at 60 °C. Further,
the role of reaction time was scrutinized and the progress of reaction was observed by analysing
the reaction mixture at different time interval using '"H NMR and ATR-IR spectroscopy (Figure
4). The formation of 4-phenyl-1,3-dioxolan-2-one (styrene carbonate) was confirmed from the

peaks at & =5.67, 4.79 and 4.33 ppm while peaks at 6 = 3.80, 3.08 and 2.75 ppm were for styrene
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oxide in their respective 'H NMR spectrum. Peaks corresponding to styrene carbonate were seen
to appear within 0.5 h of the reaction and intensity of the peaks were increasing with time. After
5.0 h, the peaks of styrene oxide were nearly disappeared and the maximum yield was noted. A
similar trend was also observed in ATR-IR spectral data of reaction mixture at 0.0, 2.0, 3.0 and
5.0 hours (Figure 5). At beginning of the conversion, prominent peaks at 874, 756, 696, 574 and
532 cm™!' were due to styrene oxide. As the reaction proceeded, formation of carbonate was
identified with the appearance of a new peak at 1782 cm™! which was due to C=0 stretching in
styrene carbonate. After 5.0 hours, this new peak intensity was high and other peaks were observed
at 1162, 1064, 1050, 764, and 697 cm ™' while peaks due to styrene oxide disappeared. Then, the
effect of catalyst loading on product yield was examined and a decline in production of styrene
carbonate was observed with loading of 0.5 mol% of catalyst 3 in the model reaction. Also, a
similar lower yield of product was seen with low loading of co-catalyst TBAB and without TBAB
carbonate formation was halted while without zinc catalyst, a low yield (24%) was noted. Use of
zinc chloride and zinc acetate yielded only 28% and 36% respectively. Thus, the conversion of
CO: and styrene oxide into styrene carbonate using 1.0 mol% of catalyst 3 and TBAB at 60 °C in
5.0 hours produced maximum yield (94%), concluded as optimum condition and under this
condition catalytic activity of other complexes (1, 2, 4-14) were also tested. Imidazo[1,5-
alpyridine based mononuclear complexes 1-7 produced 82-94 % of styrene carbonate. A little
deviation in yield may be attributed to the electronic effect of substituents on phenyl ring.
However, the trinuclear complex 8 yielded product excellently even at low catalyst loading (0.5
mol%). The triazine Zn(II) complexes were effectively gave 81-90 % styrene carbonate under
optimal condition and the fluctuation in product amount was probably due to the presence of
substituents on phenyl ring. Among mono- and tri- nuclear zinc complexes (13 and 14) of
imidazolyl-pyridine ligand, 13 produced only 82% of styrene carbonate while 14 yielded 98%
even using only 0.5 mol% of catalyst loading. Thus, both trinuclear Zn(II) complexes 8 and 14

gave maximum product and acknowledged as superior catalyst among complexes 1-14.

o)

Catalyst 3 (1.0 mol% >=0
+ 0=C=0
TBAB (1.0 mol%

T °C, time

Scheme 7: Synthesis of styrene carbonate using Zn(II) catalysts 3.
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Table 2: Optimization of cyclic carbonates formation using CO2 and epoxide.

Entry | Catalyst (mol %) Solvent | Cocatalyst | Temp (°C) | Time (h) | Yield (%)
1. 3 (1.0 %) EtOH TBAB 80 5 34
2. 3 (1.0 %) MeCN TBAB 80 5 28
3. 3 (1.0 %) 1,4- TBAB 80 5 31

Dioxane
4. 3 (1.0 %) DMF TBAB 80 5 67
5. 3 (1.0 %) - TBAB 80 5 86
6. 3 (1.0 %) — TBAB 40 5 82
7. 3 (1.0 %) - TBAB 60 5 94
8. 3 (1.0 %) — TBAB RT 5 trace
9. 3 (1.0 %) — TBAB 60 0.5 21
10. 3 (1.0 %) — TBAB 60 2 44
11. 3 (1.0 %) - TBAB 60 3 68
12. 3 (1.0 %) — TBAB 60 4 80
13. 3 (1.0 %) = — 60 5 00
14. - — TBAB 60 5 24
15. 3 (0.5 %) — TBAB 60 5 62
16. 1(1.0 %) - TBAB 60 5 82
17. 2 (1.0 %) - TBAB 60 5 85
18. 4 (1.0 %) - TBAB 60 5 87
19. 5 (1.0 %) - TBAB 60 5 88
20. 6 (1.0 %) — TBAB 60 5 79
21. 7 (1.0 %) — TBAB 60 5 88
22. 8 (1.0 %) - TBAB 60 5 99
23. 8 (0.5 %) - TBAB 60 5 98
24, 9 (1.0 %) - TBAB 60 5 90
25. 10 (1.0 %) - TBAB 60 5 88
26. 11 (1.0 %) — TBAB 60 5 84
27. 12 (1.0 %) — TBAB 60 5 81
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28, 13 (1.0 %) - TBAB 60 5 82
29, 14 (1.0 %) - TBAB 60 5 99
30. 14 (0.5 %) - TBAB 60 5 98
31. ZnCl, - TBAB 60 5 28
32. Zn(OAc), - TBAB 60 5 36

Reaction condition: Styrene oxide (1.0 mmol), catalyst 3 (1.0 mol%), TBAB (1.0 mol%), and CO»
balloon. Isolated yields.

..................................

Figure 4: "H NMR spectra of reaction mixture (conversion of styrene oxide and CO; into styrene

carbonate using catalyst 3) at time interval of 0.0, 0.5, 2.0, 3.0, and 5.0 hours.
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Figure 5: ATR-IR spectra of reaction mixture (conversion of styrene oxide and CO: into styrene

carbonate using catalyst 3) at time interval of 0.0, 2.0, 3.0, and 5.0 hours.

5.3 Conclusion

In conclusion, this Chapter unveiled the facile synthesis of a family of zinc(II) complexes 1 — 14
using some nitrogen rich heterocyclic ligands containing imidazo[1,5-a]pyridine, triazine, and
imidazolylpyridine moieties. Ligands having imidazo[1,5-a]pyridine and triazine nucleus were
prepared using unified, atom economical one-pot strategy from reaction of 2-cyanopyridine,
corresponding aryl aldehydes and ammonium acetate in a single synthetic pathway. The reaction
of 2-cyanopyridine and 2-picolylamine yielded imidazolylpyridine ligand. The molecular structure
of ligands L1H, L2H, L6H, and L8H and all zinc complexes were established by single crystal
X-ray diffraction measurements. The disubstituted imidazo[1,5-a]pyridine and imidazolylpyridine
ligands yielded both mono and trinuclear complexes while the pincer triazine ligands produced
only mononuclear complexes. The geometry of tetra coordinated zinc centres in Zn(II)
imidazo[ 1,5-a]pyridine and imidazolylpyridine complexes were distorted tetrahedral where their
Houser parameter (t4) was in the range of 0.8—0.9. A distorted square pyramidal environment with
was observed in penta-coordinated Zn(Il) triazine complex having 0.044-0.293 Addison

parameter (t5) while and trinuclear imidazolylpyridine complex 14 displayed both distorted
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tetrahedral and trigonal bipyramidal Zn(II) centres with geometry index 0.88 and 0.76. All fourteen
zinc(Il) complexes were employed as catalyst in the conversion of carbon dioxide and styrene
epoxide into styrene carbonate, yielded excellently in a mild and solvent free condition using
balloon pressure CO». Using 1.0 mol% catalyst, all mononuclear zinc complexes produced styrene
carbonate in comparative yield of 81-94% while trinuclear catalysts yielded 98% using 0.5 mol %
catalyst loading. The trinuclear analogous were found as superior catalyst as compared to their

mononuclear congeners may be due to multisite catalytic pathways.

5.4 Experimental section

5.4.2 Synthesis of Ligands

5.4.2.1 General procedure (A) for synthesis of ligands L1H — L8H

The ligands L1H — L8H were synthesized following a reported procedure with some
modification.®! The corresponding aldehyde (1.0 equivalent), 2-cyanopyridine (2.0 equivalent),
and ammonium acetate (2.0 equivalent) were heated at 100 °C in an oil-bath for 12 h. The resultant
red gummy oil was suspended in 25 mL of water with mechanical stirring for next 12 h. The
precipitates were filtered, washed with water, and dried in vacuum over fused CaCl. If precipitates
were not formed, ethyl acetate was added to the aqueous reaction solution and organic layer was
separated, washed with copious amount of water, dried with anhydrous sodium sulfate and solvent
was removed to produce crude products. The products were isolated as crystalline fibrous solid
after column chromatography using silica gel (60-120 mesh) and ethyl acetate/hexane (1:9) as

eluent.

N-(3-phenylimidazo[1,5-a]pyridin-1-yl)picolinimidamide (L1H)
Benzaldehyde (0.53 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) were used to synthesize
L1H (C19H5N5s). Yield: (1.11 g) 71%. Spectroscopic data were matched well with the literature. 5!

N-(3-(2-benzyloxyphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L2H)

2-Benzyloxybenzaldehyde (1.06 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used
to synthesize L2H (C26H21Ns0). Yield: (1.32 g) 63%. ATR-IR (v, cm™"): 3427, 2922, 2853, 16186,
1562, 1465, 1447, 1379, 1239, 1107, 1024, 957, 759, 725, 691, 658, 465, 421. 'H NMR (400 MHz,
Chloroform-d) 6 9.30 (s, 1H), 8.64 (d, /= 8.0 Hz, 1H), 8.59 (dd, /=4.8, 1.6 Hz, 1H), 7.92 (d, J =
8.1 Hz, 1H), 7.80 (td, J=7.8, 1.7 Hz, 1H), 7.72 (dd, J= 7.5, 1.7 Hz, 1H), 7.60 (d, /= 7.2 Hz, 1H),
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7.44 (td, J=8.1, 1.7 Hz, 1H), 7.32 (dd, J = 7.4, 4.9 Hz, 1H), 7.22 (dd, /= 5.1, 1.9 Hz, 3H), 7.16
(td, J=17.7, 4.8 Hz, 4H), 6.67 (dd, J = 8.8, 6.1 Hz, 1H), 6.47 (t, J= 7.4 Hz, 1H), 5.08 (s, 2H). 1*C
NMR (101 MHz, Chloroform-d) 6 156.56, 153.01, 150.47, 148.05, 140.05, 136.52, 136.42,
132.66, 130.88, 130.42, 128.45, 127.85, 127.05, 125.25, 124.20, 122.66, 121.75, 121.52, 120.41,
118.90, 116.65, 113.59, 113.17, 70.87. HRMS (ESI) m/z caled for [CasH21NsO+H]": 420.1819;
found 420.1813.

N-(3-(2-methoxyphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L3H)
2-Methoxybenzaldehyde (0.68 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used to
synthesize L3H (C20H7N50). Yield: (1.2 g) 70%. Spectroscopic data were reported in Chapter 4.

N-(3-(3-methoxyphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L4H)
3-Methoxybenzaldehyde (0.68 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used to
synthesize L4H (C20H17Ns0). Yield: (1.05 g) 61%. ATR-IR (v, cm™): 3452, 2925, 1620, 1563,
1467, 1382, 1283, 1252, 1036, 746, 730, 711, 695, 421."H NMR (600 MHz, Chloroform-d) & 9.28
(s, 1H), 8.60 (dd, J=14.9, 6.6 Hz, 2H), 8.22 (d, J= 7.2 Hz, 1H), 7.91 (d, /= 9.0 Hz, 1H), 7.79 (t,
J=17.7Hz, 1H), 7.46 — 7.36 (m, 4H), 7.32 (dd, J = 8.4, 4.8 Hz, 1H), 6.99 — 6.93 (m, 1H), 6.68 —
6.64 (m, 1H), 6.57 (t, J= 7.3 Hz, 1H), 3.89 (s, 3H). '*C NMR (151 MHz, Chloroform-d) § 160.16,
152.87, 150.80, 148.08, 140.51, 136.45, 132.65, 131.85, 130.05, 125.60, 124.30, 121.58, 120.62,
119.92, 119.69, 116.83, 114.63, 113.97, 113.54, 55.56. HRMS (ESI) m/z calcd for [C20H17N50
+H]": 344.1506; found 344.1515.

N-(3-(4-methoxyphenyl)imidazo[1,5-a]pyridin-1-yl)picolinimidamide (L5H)
4-Methoxybenzaldehyde (0.68 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used to
synthesize L4H (C20H17N50). Yield: (1.08 g) 63%. Spectroscopic data were matched well with

the literature.!

N-(3-(4-fluorophenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L6H)

4-Fluorobenzaldehyde (0.62 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) were used to
synthesize L5H (C19Hi4FNs). Yield, C1oH14FNs: (1.22 g) 74%. ATR-IR (v, cm™!): 3445, 2922, 1739,
1638, 1505, 1377, 1223, 835, 798, 716, 697, 517, 461, 427. '"H NMR (400 MHz, Chloroform-d) o
9.22 (s, 1H), 8.64 — 8.53 (m, 2H), 8.11 (d, /= 7.2 Hz, 1H), 7.90 (d, /= 9.0 Hz, 1H), 7.80 (dt, J =
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9.3, 6.4 Hz, 3H), 7.39 (s, 1H), 7.32 (dd, J= 7.2, 4.9 Hz, 1H), 7.22 (t, J = 8.6 Hz, 2H), 6.66 (dd, J
= 8.9, 6.3 Hz, 1H), 6.62 — 6.53 (m, 1H). *C NMR (101 MHz, Chloroform-d) & 163.87, 161.40,
152.81, 150.82, 148.10, 140.48, 136.50, 129.70, 129.62, 124.37, 121.60, 120.16, 119.77, 116.79,
116.27, 116.06, 114.80. HRMS (ESI) m/z caled for [CioHsFNs+H]': 332.1306; found 332.1294.

N-(3-(4-methylphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L.7H)
4-Methylbenzaldehyde (0.60 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) were used to
synthesize L6H (C20H17N5s). Yield: (1.26 g) 77%. Spectroscopic data were matched well with the

literature.®!

N-(3-(2-methylphenyl)imidazo[ 1,5-a]pyridin-1-yl)picolinimidamide (L8H)
2-Methylbenzaldehyde (0.60 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) were used to
synthesize L6H (C20H17Ns). Yield: (1.21 g) 74%. ATR-IR (v, cm™!): 3452, 3306, 2923, 1740,
1615, 1563, 1467, 1374, 1319, 1025, 991, 948, 802, 725, 714, 747, 652, 439, 419. '"H NMR (500
MHz, Chloroform-d) 6 9.22 (s, 1H), 8.63 (d, /= 7.9 Hz, 1H), 8.58 (d, /= 4.7 Hz, 1H), 7.92 (d, J
=9.0 Hz, 1H), 7.79 (t, J= 7.7 Hz, 1H), 7.60 (d, J= 7.1 Hz, 1H), 7.53 (d, /= 7.5 Hz, 1H), 7.43 —
7.29 (m, 5H), 6.66 (dd, J = 8.9, 6.4 Hz, 1H), 6.52 (t, J= 6.7 Hz, 1H), 2.31 (s, 3H). >*C NMR (126
MHz, Chloroform-d) & 152.96, 150.51, 148.05, 139.71, 138.48, 136.43, 132.50, 131.12, 130.15,
129.59, 129.28, 126.10, 124.25, 124.23, 121.51, 120.55, 119.39, 116.61, 114.09, 20.14. HRMS
(EST) m/z caled for [C20H17Ns+H]™: 328.1557; found 328.1561.

5.4.2.2 General procedure for synthesis of ligands L9 — .12
Following the procedures (A), the ligands L9 — L12 were isolated as crystalline solid after eluted
with 19:1 mixture of dichloromethane and methanol using column chromatography technique (60-

120 mesh silica gel).

2-(4-bromophenyl)-4,6-di(pyridin-2-yl)-1,3,5-triazine (L9)
4-Bromobenzaldehyde (0.92 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol) was used to
synthesize L9 (C19H2BrNs). Yield: (0.55 g) 28%. The spectroscopic data were matched well with

the literature.*

2-(3-methoxyphenyl)-4,6-di(pyridin-2-yl)-1,3,5-triazine (L10)
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The ligand L10 (C20Hi5sNsO) was synthesized from the reaction of L4H. Yield: (0.58 g) 34%.
ATR-IR (v, em™1): 3377,2923, 1520, 1363, 1237, 1043, 999, 907, 775, 728, 667, 648, 624, 478.'H
NMR (600 MHz, Chloroform-d) & 8.91 (d, J=4.3 Hz, 2H), 8.79 (d, /= 7.8 Hz, 2H), 8.38 (d, J =
7.7 Hz, 1H), 8.30 (s, 1H), 7.94 (t, J= 7.7 Hz, 2H), 7.51 (dd, J = 7.2, 4.9 Hz, 2H), 7.47 (t, J="7.9
Hz, 1H), 7.15 (dd, J=8.1,2.4 Hz, 1H), 3.94 (s, 3H). *C NMR (151 MHz, Chloroform-d) & 172.72,
171.62, 160.09, 153.40, 150.40, 137.26, 136.90, 129.88, 126.55, 125.00, 122.04, 119.20, 114.20,
55.64. HRMS (ESI) m/z calcd for (C20HisNsO+H)": 342.1350; found 342.1350.

2-(4-methoxyphenyl)-4,6-di(pyridin-2-yl)-1,3,5-triazine (L11)
The ligand L11 (C20H15N50) was synthesized from the reaction of L5H. Yield: (0.53 g) 31%. The

spectroscopic data were matched well with the literature.%*

2-(4,6-di(pyridin-2-yl)-1,3,5-triazin-2-yl)-6-methoxyphenol (L12)
2-hydroxy-3-methoxybenzaldehyde (0.76 g, 0.005 mol) and 2-cyanopyridine (1.04 g, 0.01 mol)
was used to synthesize L12 (C20HisNs0O). Yield: (0.68 g) 38%. ATR-IR (v, em'): 3371, 2923,
1738, 1527, 1457, 1374, 1246, 771, 736, 691, 673, 624. '"H NMR (600 MHz, Chloroform-d) &
14.00 (s, 1H), 8.92 (d, J=4.2 Hz, 2H), 8.77 (d, /= 7.8 Hz, 2H), 8.34 (d, /= 8.1 Hz, 1H), 7.96 (t,
J=17.6 Hz, 2H), 7.57 — 7.52 (m, 2H), 7.12 (d, J = 7.8 Hz, 1H), 6.97 (t, J = 8.0 Hz, 1H), 3.98 (s,
3H). 3C NMR (151 MHz, Chloroform-d) § 173.02, 170.49, 153.64, 152.48, 150.75, 149.50,
137.30, 127.00, 125.07, 121.42, 118.63, 117.29, 116.72, 56.44. HRMS (ESI) m/z calcd for
(C20H15Ns02+H)™: 358.1299; found 358.1278.

2,2'2"-(1H-imidazole-2,4,5-triyl)tripyridine (L13H)
From the reaction of 2-cyanopyridine, 2-picolylamine, and ammonium acetate, ligand L13H
(CigH13Ns) was synthesized by following a reported procedure. The spectroscopic data were in

congruent with the reported values.®’

5.4.2.3 General procedure (A) for synthesis of Zinc(II) complexes 1 —7:

The mononuclear zinc complexes 1 — 7 were synthesized by a general procedure (B). For this, zinc
dichloride (0.0025 mol) was taken in 5.0 mL absolute ethanol, corresponding ligand (L1H — L7H)
(0.0025 mol) in 5.0 mL absolute ethanol was added, resulting a deep red/orange color solution.

The mixture was left at ambient temperature with continuous stirring for 12 hours. The solids were
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filtered, washed with diethyl ether, and dried in vacuo to afford the desired zinc complexes (1 —

7).

[Zn(L1H)Cl2] (1)

Following the general procedure (A), complex 1 was synthesized from the reaction of ZnCl, and
L1H. Yield: (0.91 g) 81%. Anal. calcd for Ci9Hi5Cl2NsZn: C, 50.75%; H, 3.36%; N, 15.58%;
found: C, 50.82%; H, 3.39%; N, 15.47%. ATR-IR (v, cm™1): 3349, 3017, 2970, 1740, 1601, 1446,
1368, 1216, 720, 752, 696, 542, 469, 427. HRMS (ESI) m/z calcd for [Ci19HisCaNsZn—H]™:
447.9895; found 447.9924.

[Zn(L2H)Cl2] (2)

Following the general procedure (A), complex 2 was synthesized from the reaction of ZnCl, and
L2H. Yield: (1.16 g) 84%. Anal. calcd for C26H21CLbNsOZn: C, 56.19%; H, 3.81%; N, 12.60%;
found: C, 56.27%; H, 3.84%; N, 12.53%. ATR-IR (v, cm'): 3369, 1633, 1599, 1451, 1215, 1101,
983, 750, 697, 649, 533, 424. HRMS (ESI) m/z calcd for [C26H21Cl2NsOZn—H]™: 554.0315; found
554.0346.

[Zn(L3H)Cl2] (3)

Following the general procedure (A), complex 3 was synthesized from the reaction of ZnCl, and
L3H. Yield: (1.08 g) 91%. Anal. calcd for C20H17Cl:NsOZn: C, 50.08%; H, 3.57%; N, 14.60%;
found: C, 50.18%; H, 3.60%; N, 14.54%. ATR-IR (v, cm™'): 3369, 3148. 1636, 1602, 1508, 1461,
1445, 1274, 1244, 1101, 1007, 768, 746, 731, 716, 648, 540, 461, 428. HRMS (ESI) m/z calcd for
[C20H17CI:NsOZn—H]™: 478.0001; found 478.0028.

[Zn(L4H)Cl:] (4)

Following the general procedure (A), complex 4 was synthesized from the reaction of ZnCl, and
L4H. Yield: (1.13 g) 95%. Anal. calcd for C20H17CL:NsOZn: C, 50.08%; H, 3.57%; N, 14.60%;
found: C, 50.14%; H, 3.60%; N, 14.55%. ATR-IR (v, cm'): 3348, 3139, 1637, 1602, 1577, 1371,
1287, 1237, 1038, 786, 734, 724, 700, 650, 555, 423. HRMS (ESI) m/z caled for
[C20H17CNsOZn—H]™: 478.0001; found 478.0030.

[Zn(LSH)CL] (5)
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Following the general procedure (A), complex 5 was synthesized from the reaction of ZnCl, and
LSH. Yield: (1.01 g) 85%. Anal. calcd for C20H17CI2NsOZn: C, 50.08%; H, 3.57%; N, 14.60%;
found: C, 50.15%; H, 3.61%; N, 14.52%. ATR-IR (v, cm™'): 3353, 3143, 1739, 1640, 1604, 1526,
1376, 1234, 1162, 1140, 854, 798, 753, 727, 622, 551, 515, 471, 438, 418. HRMS (ESI) m/z caled
for [C20H17C12NsOZn—-H]™: 478.0001; found 478.0029.

[Zn(L6H)Cl2] (6)

Following the general procedure (A), complex 6 was synthesized from the reaction of ZnCl, and
L6H. Yield: (1.00 g) 87%. Anal. calcd for Ci9H14CbFNsZn: C, 48.80%; H, 3.02%; N, 14.98%;
found: C, 48.92%; H, 3.07%; N, 14.91%. ATR-IR (v, cm™'): 3350, 1599, 1553, 1522, 1374, 1151,
1007, 854, 784, 751, 726, 592, 548, 513, 437, 416. HRMS (ESI) m/z calcd for
[C19H14Cl2FNsZn—H]™: 465.9800; found 465.9825.

[Zn(L7H)Cl2] (7)

Following the general procedure (A), complex 7 was synthesized from the reaction of ZnCl, and
L7H. Yield: (1.04 g) 90 %. Anal. caled for: C, 51.81%; H, 3.70%; N, 15.10%; found: C, 51.92%;
H, 3.78%; N, 15.00%. ATR-IR (v, cm™): 3350, 3105, 1638, 1603, 1321, 1047, 957, 832, 796, 736,
726, 552, 505, 431, 409. HRMS (ESI) m/z calcd for [CooH17Cl:NsZn—H]™: 462.0051; found
462.00887.

[Zn3(L8)2Cls] (8)

Zinc dichloride (0.54 g, 0.004 mol) was taken in 10 mL absolute ethanol. To this, ligand L8H
(0.82 g, 0.0025 mmol) was added resulting a dark orange color solution. The mixture was left at
ambient temperature with continuous stirring for 12 hours. The solids were filtered, washed with
diethyl ether, and dried in vacuo to afford the trinuclear zinc complex 8. Yield: (1.13 g) 92%. Anal.
calcd for C40H32ClaN19Zn3: C, 48.49%; H, 3.26%; N, 14.14%; found: C, 48.58%; H, 3.32%; N,
14.10%. ATR-IR (v, cm™'): 3358, 1669, 1546, 1451, 1385, 1330, 1093, 1033, 932, 771, 654, 568,
446, 418. HRMS (ESI) m/z calcd for [C40H32ClsN10Zn3+K]": 1026.9011; found 1026.9826.

[Zn(L9)CIL2] (9)
Following the general procedure (B), complex 9 was synthesized from the reaction of ZnCl, and

L9. Yield: (0.58 g) 75%. Anal. calcd for C19H12BrCl2NsZn: C, 43.34%; H, 2.30%; N, 13.30%;
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found: C, 43.48%; H, 2.34%; N, 13.24%. ATR-IR (v, cm™!): 3340, 1739, 1636, 1555, 1527, 1410,
1378, 1217, 1066, 1006, 955, 828, 779, 748, 555, 494, 435, 408. HRMS (ESI) m/z calcd for
[C19H12BrCIoNsZn+H]": 489.9226; found 489.9227.

[Zn(L10)Cl:] (10)

Following the general procedure (B), complex 10 was synthesized from the reaction of ZnCl, and
L10. Yield: (0.61 g) 74%. Anal. caled for C20H15sCbNsOZn: C, 50.29%; H, 3.17%; N, 14.66%;
found: C, 50.35%; H, 3.22%; N, 14.60%. ATR-IR (v, cm™!): 1740, 1556, 1528, 1370, 1236, 1094,
1009, 893, 775, 661 632, 409. HRMS (ESI) m/z calcd for [C20H15C1:NsOZn+H]": 440.0251; found
440.0261.

[Zn(L11)Cl2] (11)

Following the general procedure (B), complex 11 was synthesized from the reaction of ZnCl, and
L11. Yield: (0.64 g) 78%. Anal. caled for C20H15ClbNsOZn: C, 50.29%; H, 3.17%; N, 14.66%;
found: C, 50.34%; H, 3.21%; N, 14.58%. ATR-IR (v, cm'): 3445, 1736, 1602, 1554, 1512, 1374,
1253, 1177, 1011, 835, 784, 753, 666, 633, 599, 518, 413. HRMS (ESI) m/z calcd for
[C20H15CI2NsOZn+H]"™: 440.0251; found 440.0231.

[Zn(L12)Cl2] (12)

Following the general procedure (B), complex 12 was synthesized from the reaction of ZnCl, and
L12. Yield: (0.52 g) 52%. Anal. calcd for C20Hi5ClaNsO2Zn: C, 48.66%; H, 3.06%; N, 14.19%;
found: C, 48.73%; H, 3.12%; N, 14.12%. ATR-IR (v, cm™'): 3388, 1738, 1638, 1533, 1472, 1382,
1252, 1078, 793, 776, 735, 527, 428. HRMS (ESI) m/z caled for [CaoHisClaNsOZn
C20H15C1oNsO2Zn+H]": 456.0200; found 456.0202.

[Zn(L13H)CI2] (13)

Ligand L13H (0.75 g, 0.0025 mol) was taken in 10.0 mL absolute ethanol and reflux till all ligand
dissolved. Solid ZnCl; (0.34 g, 0.0025 mol) was added to it and the mixture was stirred at 80 °C
for 12 hours. The ivory-colored solids were filtered, washed with diethyl ether, and dried in vacuo
to afford the mononuclear zinc complex 13. Yield: (0.91 g) 77%. Anal. calcd for: C, 49.63%; H,
3.01%; N, 16.08%; found: C, 49.76%; H, 3.08%; N, 16.00%. ATR-IR (v, cm!): 1598, 1500, 1485,
1449, 1022, 795, 781, 754, 719, 697, 642, 553, 511, 419. HRMS (ESI) m/z calcd for
[C1sH13CIoNsZn+H]": 398.0145; found 398.0120.
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[Zn3(L13)2Cls(H20)] (14)

Ligand L13H (0.75 g, 0.0025 mol) was taken in 10.0 mL absolute ethanol and reflux till all ligand
dissolved. Solid ZnCl: (0.54 g, 0.004 mol) was added to it followed by few drops of triethylamine
and the mixture was stirred at 80 °C for 12 hours. The tan-colored solids were filtered, washed
with diethyl ether, and dried in vacuo to afford the trinuclear zinc complex 14. Yield: (1.1 g) 92%.
Anal. caled for C3sH26ClsN10OZn3: C, 45.39%; H, 2.75%; N, 14.70%; found: C, 45.51%; H,
2.82%; N, 14.62%. ATR-IR (v, cm!): 3500, 3061, 1739, 1607, 1489, 1460, 1373, 1230, 1158,
1024, 790, 747, 714, 646, 550, 503, 413. HRMS (ESI) m/z caled for
[C36H26C14N100Zn3—H>0—-Cl]": 898.9049; found 898.8994.

5.4.1 Crystallographic data collection

For the single crystal XRD data collection of the appropriate single crystals of L8H, 8, 9 and 14
was mount on a single source Super Nova CCD System instrument from Agilent Technologies
equipped with a fine focus 1.75 kW sealed tube with Mo-Ka radiation was used at room
temperature. The data were reduced using CrysAlisPro and Autochem2.1 software.®® For rest of
the ligands and complexes, data was collected at room temperature using a Bruker SMART APEX
CCD diffractometer equipped with fine focus 1.75 kW sealed tube of Mo-Ka (A =0.71073 A) X-
ray source, with increasing o (width of 0.3° per frame) at a scan speed of either 3 or 5 s per frame.¢’
The SMART software was used for data acquisition and the SAINT software for data extraction.
The structure solution and refinement were performed on the Olex2-1.5 using the SHELXT,
SHELXL programs.’®*% All atoms except hydrogen atoms are tuned using anisotropic
displacement parameters, whereas hydrogen atoms are tuned using relative isotropic parameters.
The disorder in molecular structure of L8H and 8 were fixed using partial occupancies factor,
unidentified electron densities were masked using OLEX2 utility.”” PLATON was used for
structure validation and for pictorial visualization of X-ray single crystal data, Mercury and

ORTEP software was used.” "

5.4.3 Optimization of cycloaddition of styrene oxide with carbon dioxide

Styrene oxide (1.0 mmol eq.), TBAB (0.01 mmol.), catalyst 3 (0.5 mol%) were stirred at specified
temperature for a given time in presence of carbon dioxide gas supplied from a balloon. The
reaction was allowed to cool to room temperature, diluted with ethyl acetate, filtered and and

concentrated in vacuo to yield the crude product which was analysed using '"H NMR spectroscopy.
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The pure product 4-phenyl-1,3-dioxolan-2-one (styrene carbonate) was obtained by using

preparative thin layer chromatography.

4-phenyl-1,3-dioxolan-2-one

r—=0>__ 5 Styrene oxide (1.0 mmol), TBAB (0.01 mmol.), catalyst 3 (0.5 mol%) were
@"J“‘D 7 stirred at 60 °C for 5.0 hours. The reaction mixture was cooled cool to room
= temperature, diluted with ethyl acetate, filtered and concentrated in vacuo to

yield the crude product. The pure 4-phenyl-1,3-dioxolan-2-one (styrene carbonate) was obtained
by using preparative thin layer chromatography (hexane/ethylacetate, 1:9). *H NMR (400 MHz,
Chloroform-d) 6 7.47 — 7.40 (m, 3H), 7.37 — 7.33 (m, 2H), 5.67 (t, J =8.0 Hz, 1H), 4.79 (t, J = 8.4
Hz, 1H), 4.37 — 4.29 (m, 1H). *3C NMR (101 MHz, Chloroform-d) & 154.98, 135.86, 129.78,
129.28, 125.96, 78.09, 71.24. NMR spectroscopic data matched literature values.”*

CCDC No. 2496030 — 2496047 contain the crystallographic data for ligands L1H, L2H, L6H,
L8H and complexes 1-14 studied in this Chapter.

The ATR-IR, NMR, HRMS spectra and FESEM images of ligands and complexes, NMR spectra of
catalytic product, and crystallographic data, refinement parameters, bond parameters, and

ORTEP diagrams can be found in Appendix IV by using the following link:

https://drive.google.com/file/d/1-39P80yGNvIMIS5jG3z9Nzu4bE-inOgsA/view ?usp=sharing
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Thesis Summary

This thesis covers five chapters.

Chapter 1 provides a comprehensive overview of the recent advancements in the synthesis and
applications of divalent Group 10 and zinc complexes, tracing their development from historical
discoveries to contemporary progress. It highlights the evolution of palladium-based catalysts in
C—C cross-coupling reactions, emerging trends in nickel catalysis, and the biological activities of
Pd(IT) and Pt(IT) complexes. The Chapter also discusses significant progress in carbon dioxide
fixation employing zinc(II) complexes as catalysts. Additionally, the general methods, materials,

and instrumentation used in experimental works are given in this Chapter.
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Chapter 2 deals with synthesis and characterization of a series of mono-, di-, tri-, and tetranuclear
Pd(IT) complexes along with one Pt(IT) analogue using two nitrogen-rich ligands with imidazo[ 1,5-
a]pyridine and imidazolyl-pyridine moieties. the denticity of L1H was bis-bidentate or tridentate
coordinated through nitrogen atoms with controlled stoichiometry and reaction conditions. The
exceptional coordination mode with formation of a seven membered chelate was observed in
trinuclear Pd(II) complex (4) and a tetranuclear complex was synthesized by reversing the molar
ratio of ligand and PdCl,. Based on X-ray diffraction study and spectroscopic results, the geometry
around palladium center was observed to be distorted square planar. The Pd(II) complexes were
proved as versatile and potent catalysts in Suzuki cross-coupling, transfer hydrogenation reaction,
and alkyne homocoupling under environmentally apposite conditions by taking only 0.1 mol% of
tetranuclear Pd(II) complex (5) as catalyst. The interaction of all Pd(II) and Pt(IT) complexes with

calf thymus DNA were examined wherein all displayed intercalative mode of binding and showed
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high binding affinity with bovine serum albumin (BSA). Further, ADMET calculations and
molecular docking study of two bioactive molecules 3s and 3t obtained from Suzuki reaction using

catalyst 5 were performed towards LTA4H inhibition.

= Versatile catalyst - No inert condition R

% 20 Examples
3s, 3t
aiéi 10
OH
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TN H/Me
\\ ;

* Low level catalyst loading - Bioactive

Chapter 3 outlines the synthetic procedure of a series of Ni(Il), Pd(II) and Pt(Il) complexes of
various ligands bearing benzothiazole hydrazone, coumarin fused pyrrole and imidazo[l,5-
a]pyridine moieties. All the ligands and complexes were characterized thoroughly using various
spectroscopic techniques, molecular structures were confirmed by single crystal X-ray diffraction
method and computational investigation was also performed to optimize the geometry and
calculate energies. The nickel(Il) complexes were employed as catalysts in synthesis of
imines/diimines via acceptorless dehydrogenative coupling of alcohols and amines/diamine.
Among all Ni(IT) complexes, 1a gave maximum yield of 99% in 12 h using only 1.0 mol% catalyst
loading offered a cost-effective and sustainable alternative to existed noble metal catalysts. The
catalytic activity of Pd(II) complexes was assessed in Heck coupling reaction, effectively produced
I-methylstilbene in ethanol at 90 °C and 8 hours, surpassing many existing conventional systems
relying on DMF or DMSO solvent at high temperature. The pincer Pd(II) complex 2h was superior
catalyst among all, with a yield of 98% using only 1.0 mol% catalyst loading. Furthermore, the
versatility of Pd(II) catalysts was tested in cross-dehydrogenative coupling of thiophene-2-
carboxaldehyde and formed the product in good yield. The platinum complexes of all ligands were
inspected for their interaction with biomolecules such as CT-DNA and BSA and among all Pt(II)
complexes, 3e displayed the highest binding constants with these two biomolecules. Molecular

docking study was also carried out to visualize the interaction of 3e with CT-DNA and BSA,
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showed high binding free energy and intercalative binding mode with CT-DNA which was in

congruence with experimental findings.
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Chapter 4 describes the synthesis and characterization of five dinuclear palldium(Il) complexes
of substituted imidazo[1,5-a]pyridinylpicolinimidamides. Single crystal X-ray analysis revealed
that the ligands were coordinated with palladium center through pseudo-pincer type mode and the
Pd(II) center possessed distorted square planar geometry while an eight-membered metallic cavity
was observed in all complexes. The complexes were employed as highly active catalyst in copper-
free Sonogashira coupling and C—P coupling under mild reaction conditions and produced
excellent yield using only 0.5 mol% of catalyst loading. High catalytic activity of these complexes
was mainly due to cooperativity and synergic effect of two Pd(II) center present in optimum
proximity.
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Chapter S unveils the synthetic methods of fourteen well characterized zinc(II) complexes of
nitrogen rich heterocyclic ligands containing imidazo[l,5-a]pyridine, triazine, and
imidazolylpyridine moieties. Ligands having imidazo[1,5-a]pyridine and triazine nucleus were
prepared using unified, atom economical one-pot strategy from the reaction of 2-cyanopyridine,
corresponding aryl aldehydes and ammonium acetate in a single synthetic pathway. The molecular
structure of ligands L1H, L2H, L6H, and L8H and all zinc complexes were established by single
crystal X-ray diffraction measurements. The disubstituted imidazo[l,5-a]pyridine and
imidazolylpyridine ligands yielded both mono and trinuclear complexes while the pincer triazine
ligands produced only mononuclear complexes. The geometry of tetra coordinated zinc centres in
Zn(Il) imidazo[ 1,5-a]pyridine and imidazolylpyridine complexes were distorted tetrahedral where
their Houser parameter (14) was in the range of 0.8—0.9. A distorted square pyramidal environment
was observed in penta-coordinated Zn(Il) triazine complexes having Addison parameter (ts)
0.044-0.293 while trinuclear imidazolylpyridine complex 14 displayed both distorted tetrahedral
and trigonal bipyramidal Zn(II) centres with geometry index 0.88 and 0.76. All fourteen zinc(II)
complexes were employed as catalyst in the conversion of carbon dioxide and styrene epoxide into
styrene carbonate, yielded excellently in a mild and solvent free condition using balloon pressure
COs. Using 1.0 mol% catalyst, all mononuclear zinc complexes produced styrene carbonate in

comparative yield of 81-94% while trinuclear catalysts yielded 98% using 0.5 mol % catalyst

loading.
Q
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Future Perspectives

The current thesis explored divalent Ni, Pd, Pt, and Zn complexes of ligands containing various
nitrogen-rich nuclei, including imidazo[1,5-a]pyridine. All complexes other than Pt(II) effectively
catalyzed various organic transformations, while palladium and platinum complexes interacted
well with CT-DNA and BSA. The present study thus lays a robust foundation for a versatile
platform for the development and deployment of group 10 and zinc complexes as efficacious
catalysts and further investigations for in vitro anticancer activities. Though the study covered
several metal-catalyzed conversions and biomolecule interactions using these metal complexes,

there are still more possibilities for future investigation to address the following points.

1. Earth-abundant metal complexes can be synthesized using these ligands for sustainable,
cost-effective, and valuable catalysis.

2. Pt(Il) complexes can be tested for in vitro anticancer activities, aiming for biomedical
applications.

3. The Pd(IT) and Ni(IT) complexes can be used for other value-added organic transformations
under green chemistry conditions.

4. These imidazo[1,5-a]pyridines and their complexes can be tested for optoelectronic and
luminescent properties. Also, the design of lanthanide complexes using these ligands can
be utilized for this purpose.

5. These catalysts or using other metals with these ligands can be applied in photo/electro-
catalysis.

6. Dinuclear Pd(II) complexes given in Chapter 4 can be used to synthesize dual metal centers
of specific distances.

7.  Mononuclear Zn(II) complexes of imidazo[1,5-a]pyridines may be used as precursors for
synthesis of hetero bimetallic complexes.

8. These zinc complexes can be used for other catalysis, including ring opening of lactides

and polymer synthesis.
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