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ABSTRACT

Chiral ruthenium N-heterocyclic carbene (NHC) complexes form a
diverse and versatile class of organometallic compounds with a wide
range of structural variations and applications. This study presents our
attempts on the separation of diastereomers of thermally stable
octahedral Ru(II)-CNC pincer complexes.! However, diastereomer
separation proved unsuccessful utilizing camphor sulfonate as a chiral
auxiliary. Consequently, the approach shifted towards pre-reported
Ru(Il)-NHC-DMSO and Ru(II)-NHC-DMS complexes? with
alternative chiral auxiliaries, including R-BINAP, S-BINAP, S-
BINAM, and R-BINAM. Both photochemical and thermal synthetic
routes were explored. 'H NMR spectroscopy indicated a 3:1
diastereomeric ratio, though repeated attempts at physical separation
were unsuccessful, so far. All complexes were thoroughly characterized
using 'H, *C, and *'P NMR spectroscopy. The broad utility of chiral
Ru-NHC complexes stems from their customizable steric and electronic
environments, which make them highly suitable for fine-tuning in
asymmetric catalysis and bioinorganic chemistry. Ongoing research is
directed at expanding their applications and deepening the

understanding of structure—property relationships.
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CHAPTER 1

INTRODUCTION

1.1 Aim of the project:

This research focuses on synthesizing and characterizing
diastereomerically pure Ruthenium(II) complexes containing N-
heterocyclic carbene (NHC) ligands. We aim to develop synthetic
methods utilizing enantiomerically pure chiral auxiliary ligands-
specifically (R)- and (S)-BINAP (2,2'-bis(diphenylphosphino)-1,1'-
binaphthyl) and (R)- and (S)-BINAM (1,1'-binaphthyl-2,2'-diamine)-
to create well-defined stereochemical environments around the
ruthenium center. Diastereomeric purity will be evaluated using NMR
spectroscopy, X-ray crystallography and circular dichroism. These
stereochemically defined Ru(II)-NHC complexes have potential
applications in asymmetric catalysis, where precise spatial control is
essential for achieving high stereoselectivity in chemical
transformations.?

1.2 General Introduction:

Chiral ruthenium complexes are a fascinating class of organometallic
compounds that have garnered significant attention due to their unique
stereochemical properties and versatile applications in both chemical
synthesis and biological systems.* The chirality in these complexes
commonly arises from the octahedral coordination geometry of the
ruthenium center, which allows for the formation of non-
superimposable mirror-image isomers known as enantiomers.
Specifically, the A (delta) and A (lambda) diastereomers are the two
most prominent stereoisomers found in such complexes.’ These
designations refer to the helical twist of the ligands around the
ruthenium center: the A isomer has a right-handed (clockwise)
configuration, while the A isomer exhibits a left-handed
(counterclockwise) twist.®7 The spatial arrangement of these ligands
imparts distinct chiral environments to the complexes, which can
profoundly influence their chemical reactivity and interactions with

other chiral molecules.?



One of the most studied examples is the family of tris-chelated
ruthenium(Il) complexes, such as [Ru(phen);]** (where phen = 1,10-
phenanthroline). The A and A forms of these complexes have been
shown to interact differently with biological macromolecules like
DNA.? For instance, the A isomer often displays selective binding to the
minor groove of DNA, particularly favouring AT-rich regions, while
the A isomer may interact more broadly or with different sequence
specificity. This stereoselective recognition is crucial for the
development of ruthenium-based probes and drugs that target nucleic
acids.

Beyond biological recognition, chiral ruthenium complexes have
become indispensable tools in asymmetric catalysis.!® The introduction
of chiral ligands-such as tetradentate PNNP (phosphine-nitrogen-
nitrogen-phosphine) or helical bapbpy (bis(aminopyridine)-bipyridine)
frameworks-enables precise control over the spatial arrangement of
reactants during catalytic transformations.!! This control is essential for
achieving high levels of enantioselectivity in reactions like asymmetric
hydrogenation, cyclopropanation, and C—-H amination. In these
processes, the chiral-at-ruthenium center can stabilize specific
transition states, leading to the preferential formation of one enantiomer
over the other in the product. Furthermore, recent advances have shown
that modifying the steric and electronic properties of the ligands can
tune the inversion barriers of the helical chirality, allowing for the
isolation of configurationally stable ruthenium complexes.'?

The versatility of chiral ruthenium complexes extends to their ability to
mediate challenging transformations, such as nitrene insertion and
enantioselective macrocyclization, which are valuable in the synthesis
of complex molecules and pharmaceuticals.!® Their robust structural
frameworks and tuneable chiral environments make them attractive
candidates for designing new catalysts and functional materials.
Overall, the unique stereochemistry and broad applicability of chiral
ruthenium complexes continue to drive innovation in both synthetic

chemistry and the development of novel biomolecular tools.



1.3 N-Heterocyclic carbene (NHC):

N-Heterocyclic carbenes (NHCs) are a class of organic compounds
characterized by the presence of a divalent carbon atom (carbene center)
embedded within a heterocyclic ring system.!* What makes NHCs
especially interesting is that the carbene carbon is bonded to two
nitrogen atoms commonly arranged in five or six-membered rings
creating a stable heterocyclic framework. These nitrogen atoms play a
critical role in delocalizing electron density and stabilizing the carbene
center through resonance and inductive effects. The most common
NHC framework is based on the imidazolium ring, forming what is
known as imidazolylidenes. Other well-known structures include
triazolylidenes, which are derived from triazole rings, and
benzimidazolylidenes, which incorporate a benzene-fused imidazole.
These heterocyclic systems not only stabilize the carbene center but also
influence the electronic and steric properties of the molecule, which can
be fine-tuned through substituents on the nitrogen atoms and the ring
backbone.

NHCs are known for being strong 6-donor ligands, often outperforming
traditional phosphine ligands (PRs) in this respect.!® Their ability to
donate electron density to metal centers makes them ideal ligands in
organometallic chemistry, where they help stabilize metal complexes,
including those with low oxidation states or high reactivity.!® This
exceptional electron-donating ability enhances the catalytic efficiency
and stability of the metal complexes they form. In contrast to traditional
carbenes, which are typically transient and highly reactive, NHCs are
thermodynamically stable.!” This stability was once thought
unattainable until the landmark work of Anthony Arduengo and Guy
Bertrand in the late 20th century. They successfully isolated the first

stable NHCs, challenging long-standing assumptions in organic



chemistry and opening new frontiers in both theoretical and applied
research.

Carbenes, defined as neutral species with a bivalent carbon atom
possessing a sextet of electrons (i.e., lacking a full octet), have
fascinated chemists since the late 19th century. Early indirect evidence
of their existence came from the pioneering studies of Buchner and
Curtius, and later Staudinger and Kupfer, who laid the foundation for
modern carbene chemistry. However, it wasn't until the development of
stable carbenes in the 1980s and 1990s that the field experienced a
renaissance. Arduengo's synthesis of the first stable crystalline NHC
marked a turning point, transforming carbenes from fleeting
intermediates into isolable, functional species. The emergence of N-
heterocyclic carbenes (NHCs) has significantly transformed the
landscape of homogeneous catalysis, making them indispensable
ligands in numerous transition-metal-catalyzed reactions.!® Their
strong o-donating ability allows NHC metal complexes to efficiently
promote a range of transformations, including cross-coupling reactions
such as Suzuki—Miyaura, Heck, and Stille couplings, which are widely
used for constructing carbon—carbon bonds. NHCs also play a crucial
role in hydrogenation reactions of alkenes and imines, often enabling
these processes to proceed under mild conditions.!” Additionally, they
are vital in olefin metathesis reactions, where they stabilize ruthenium-
based catalysts like Grubbs catalysts, facilitating the rearrangement of
carbon—carbon double bonds.?’ Beyond their coordination to metals,
NHC:s have also gained prominence in organocatalysis as nucleophilic
carbenes. In this metal-free context, they activate carbonyl compounds
such as aldehydes and esters through the formation of reactive
intermediates like the Breslow intermediate.?! These intermediates are
pivotal in enabling key transformations such as Stetter reactions,
benzoin condensations, and umpolung reactions, the latter of which
reverses the typical electrophilic nature of carbonyl carbons. This
rapidly growing area of organocatalytic carbene catalysis has provided
powerful new tools for synthetic chemists, enabling the efficient

construction of structurally complex, stereochemically defined, and
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functionally diverse organic molecules under environmentally benign
conditions. Here some examples of N-Heterocyclic carbenes:

/ / /
N l N N/ S
[ >: > ; \I/ >; [ > :
N N\ NN N
\ \ \
 Cylic Imidazol- 1,2,4- 1,3-thiazol-
diaminocarbene 2-ylidene triazole- 2-ylidene

Fig.1: N-Heterocyclic carbenes*

1. N-heterocyclic carbenes (NHCs) are distinguished from highly
electron-rich phosphines by their unique o-donating capabilities and

n-accepting characteristics.

IT-electron-donatin

O s-electron-withdrawing
Fig 2. Stabilization of the carbene by adjacent ring nitrogens

2. The structure of NHC ligands can be readily modified to precisely
adjust their steric bulk and electronic properties, enabling control
over the reactivity and selectivity in metal-mediated

transformations.

3. Metal-NHC complexes exhibit exceptional thermal stability while
offering tunable electronic properties, rendering them particularly
valuable candidates for the development of advanced

organometallic materials.



Fig.3: First stable N-Heterocyclic carbene®*

1.4 Chiral Ruthenium N-heterocyclic carbene (NHC) complexes:

Chiral Ruthenium N-heterocyclic carbene (NHC) complexes
represent a versatile class of organometallic compounds with diverse
structural features and applications.”> These complexes can be
synthesized through various approaches, including trans metalation
from silver precursors and modular assembly from chiral NHCs and
diamines.? They exhibit remarkable structural diversity, featuring
both C: and Cz symmetric NHC ligands with various substituents such
as N-(S)-phenylethyl groups. Some complexes derive their chirality
from the helical arrangement of bidentate ligands around the
ruthenium center, creating a stereogenic metal center.?’-2® Ru-NHC
complexes demonstrate exceptional catalytic activity in numerous
transformations, including asymmetric hydrogenation of ketones with
excellent enantioselectivity, various metathesis reactions (ring-
closing, cross-metathesis, and ring-opening polymerization), and
nitrene-mediated C-H insertion reactions. Beyond their synthetic
applications, these complexes show promising biological activities,
exhibiting antimicrobial effects against Gram-positive bacteria and
antiproliferative activity against cancer cell lines, sometimes
exceeding the potency of standard drugs like cisplatin.?® The
versatility of chiral Ru-NHC complexes stems from their tunable
steric and electronic properties, which allow for optimization toward
specific catalytic or biological applications.’® Chiral Ru-NHC
complexes are at the forefront of asymmetric catalysis and
bioinorganic chemistry, with ongoing research focused on expanding
their applications and understanding how their structure controls their

remarkable properties.>!



Fig.4: The structures of the chiral ruthenium(Il) complexes??

1.5 Chiral Auxiliary:

A chiral auxiliary is a stereogenic unit temporarily attached to a
substrate to control the stereochemical outcome of a chemical reaction,
enabling the selective synthesis of one enantiomer over another. This
strategy is widely used in asymmetric synthesis, especially when

catalytic enantioselective methods are unavailable or less effective.’3-3°

The chiral auxiliary is covalently bonded to the substrate, inducing
diastereoselectivity in subsequent reactions. After the desired
transformation, the auxiliary is removed under mild conditions, ideally
without racemization, and can often be recovered and reused. The

process generally involves three steps:

Couple Substrate-auxiliary
Prochiral substrate + Chiral auxiliary > (Ligands or faces of substrate
(Enantiotopic become diastereotopic)
ligands or faces) A

Auxiliary Diastereoselectve
recycle reaction

Y

Chiral product + Chiral auxiliary <e— Product-auxiliary
(Essentially (Major diastereomer
enantiopure) separated and purified)

Cleavage reaction

Fig.5: Chiral auxiliary binding process 3¢

Chiral auxiliaries are essential in the synthesis of pharmaceuticals and
complex natural products, as they enable the production of single-
enantiomer compounds that are often necessary for biological activity.

They offer reliable and predictable control over stereochemistry, making



them especially useful when catalytic asymmetric methods are not
available.’” However, their use requires stoichiometric amounts-meaning
they are not catalytic-and involves extra steps for both attachment and
removal from the target molecule.’**° Despite these limitations, chiral

auxiliaries remain a foundational tool in asymmetric synthesis, valued for

their robustness and effectiveness in constructing complex molecules with

defined stereochemistry. Their versatility and proven success ensure they

continue to play a significant role in synthetic organic chemistry, even as

new catalytic asymmetric methods are developed.*!*#°

achiral or racemic
Ru precursors

chiral auxiliary) | diastereoselective
+
Oﬁ W O:@
'R
N N
|

A-diastereomer A-diastereomer

Fig.6: Overall Strategy for the Chiral-Auxiliary-
Mediated Asymmetric Synthesis of Ruthenium
NHC Complexes 46

CHAPTER-2

EXPERIMENTAL SECTION

2.1 General information:

All chemicals and solvents utilized in this study were obtained from
commercially available sources and used without further purification,
except for hexane and ethyl acetate, which were distilled prior to use.
All experiments were carried out under a nitrogen atmosphere using a
Schlenk line. Reaction progress was monitored by thin-layer

chromatography (TLC) on Merck 60 F254 precoated silica gel plates.
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Product purification was achieved by column chromatography on silica

gel (100-200 mesh).

2.2 Chemicals and Reagents:

All reagents and solvents used in this experiment were sourced
commercially and employed without further purification. These
chemicals include Benzimidazole (SRL, 99%), imidazole (SRL,

99%), 2,6- dibromo pyridine (Alfa Aesar, 98%), 2-bromo pyridine
(Spectrochem, 99%), potassium carbonate (SRL, 99.5%), sodium

bicarbonate (SRL, 99.5%), ruthenium trichloride trihydrate (SRL),
potassium  hydroxide (Emplura, 85%), Sodium hydroxide
(Emplura,84%), Methyl iodide (Spectrochem, 99%), Isopropyl bromide
(Spectrochem, 99%), 1-Methlyimidazole (Spectrochem, 99%), S-
BINAM (BLD pharm 98%), R-BINAM (BLD pharm 98%), S-
BINAP(BLD pharm 98%) and R-BINAP (BLD pharm 98%).

2.3 Instrumentation:

NMR spectra were recorded at room temperature using Bruker BioSpin
ADVANCE III 400 and 500 MHz Ascend instruments. Mass
spectrometric analyses were performed on a Bruker-Daltonics micro

TOF-Q II mass spectrometer.

2.4 SYNTHESIS OF LIGANDS:

2.4.1 Synthesis of Ligand L1:

Experimental procedure:

A 100 mL two-neck round-bottom flask equipped with a magnetic

stirring bar was charged with Cul (0.04 mol, 7.6 g), 2,6-
dibromopyridine (0.01 mol, 2.368 g), KoCOs3 (0.06 mol, 8.29 g),
TEMED (2.43 mL), and imidazole (0.04 mol, 2.7 g). DMSO (20 mL)
was then added to the reaction mixture at room temperature under a
nitrogen atmosphere, after which the flask was sealed and stirred in a
preheated oil bath at 120 "C. After 24 hours, the reaction mixture was

allowed to cool to room temperature. The mixture was then filtered

9



2.4.2

243

using a filtration flask. Following this, brine solution was added to the
filtrate (reaction mixture), and extraction was performed with DCM.
The organic layer was collected and evaporated using rotary
evaporation to yield a white solid with a 75% yield (2.3 g); LCMS (ESI)
m/z calculated for [M+H]" 211.0913, found 211.0959.

Svynthesis of Ligand L.1.HI:

Experimental procedure:

2-bromopyridine (1.81 mL, 18.98 mol), A Schlenk tube equipped with
a magnetic stirring bar was charged with Mel (0.5 mL) and 2,6-di(1H-
imidazol-1-yl)pyridine (2.369 mmol, 0.5 g). Dry toluene (5 mL) was
then added to the reaction mixture at room temperature under a nitrogen
atmosphere. The oil bath temperature was subsequently set to 110 °C,
and the reaction was allowed to proceed for 18 hours. Afterward, the
precipitate was filtered and further purified through recrystallization to
obtain product L1.HI as a yellow solid with an 86% yield (0.429g);
LCMS (ESI) m/z calculated for [M+H]" 226.113, found 211.1259.
TH NMR (500 MHz, DMSO-d6) 8 10.26 (s, 1H), 8.85 (s, 1H), 8.69 (d,
1H), 8.39 (t,J=8.1 Hz, 1H), 8.21 (s, 1H), 8.02 (d, /= 8.1 Hz, 1H), 7.95
(d, J=17.9 Hz, 1H), 7.20 (s, 1H), 4.00 (s, 2H); 13C NMR (126 MHz,
DMSO0-d6,25°C ) s 147.8,145.2, 144.1, 136.0, 135.9, 130.7, 125.0,
119.1, 117.0, 114.2, 113.0, 111.0, 36.

Svynthesis of Ligand 1.2:

Experimental procedure:

2-bromopyridine (1.5799 g, 0.010 mol) and 1H-imidazole (2.042 g,
0.030 mol) were charged in a pressure tube at 190 °C in a silicon oil
bath for 18h. After completion, the mixture was extracted with DCM
and water. After the rotary evaporator, a clear solution was kept in a
vacuum. The obtained product was 95% (1.567 g), and the
characterization for LCMS (ESI) m/z calculated for CgH7N3 [M+H]"
146.0713, found 146.0859.

10
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Svnthesis of Ligand L3 :

Experimental procedure:

A Pressure tube equipped with a magnetic stirring bar was charged with
methyl iodide (0.01 mol, 1 mL), along with L2 (0.01 mol, 1.5 g). Dry
toluene (3 mL) was then added to the mixture at room temperature
under a nitrogen atmosphere. The reaction mixture was heated in an oil
bath at 110 °C for 24 hours. After completion, the precipitate was
filtered to afford yellow solids L3 (80.8% yield).

1IH NMR (CDCls, 500MHz, 25 °C): § (ppm) 10.72 (s, 1H), 8.48 (d,
1H), 8.25 (d, 1H), 8.22 (d, 1H),7.98 (d, 1H), 7.82 (dd, 1H), 7.44
(dd, 1H), 4.26 (s, 3H); *C NMR (CDCls,126 MHz, 25): & (ppm)
149.25, 145.78, 140.50, 134.83, 125.31, 124.69, 123.70, 119.01,
114.69.

Svnthesis of Ligand L4 :

Experimental procedure:

A Schlenk tube equipped with a magnetic stirring bar was charged with
isopropyl iodide (0.01 mol, 1 mL), along with L2 (0.01 mol, 1.5 g). Dry
toluene (3 mL) was then added to the mixture at room temperature
under a nitrogen atmosphere. The reaction mixture was heated in an oil
bath at 110 °C for 24 hours. After completion, the precipitate was
filtered to afford yellow solids L4 (62.76% yield), respectively.

TH NMR (CDCls, 500 MHz): & (ppm) 10.80 (s, 1H), 8.36 (d, 1H), 8.36
(dd, 1H), 8.21 (d, 1H), 7.85 (d, 1H), 7.76 (d, 1H), 5.04 (m, 1H), 1.57 (d,
6H); 3C NMR (CDCI3, 126 MHz, 25 °C): § (ppm) 148.71, 145.56,
140.11, 133.12, 124.84, 120.85, 119.04,114.72, 53.97.

2.5_SYNTHESIS OF COMPLEXES:

2.5.1 Synthesis of Precursor P1 :

Experimental procedure:

11



A Schlenk tube equipped with a magnetic stirring bar was charged L3
(0.76 mmol, 219.26 mg), RuCls-3H20 (0.76 mmol, 200 mg), and THF
(2 mL) under a nitrogen atmosphere. The reaction mixture was stirred
at reflux temperature (66 °C) for 12 hours, forming a brown precipitate
in a dark brown solution. The resulting brown solid was filtered, washed
multiple times with THF, and dried under vacuum to afford P1 (68.8%
yield)

For P1: (LCMS): 348.93 [M—CI] 7, 366.94 [M—CI+H,0] *. UV-vis
Amax/CH3CN for the Ru-NHC complexes is 384 nm.

2.5.2 Synthesis of Precursor P2:

Experimental procedure:

A Schlenk tube equipped with a magnetic stirring bar was charged L4
(0.76 mmol, 241 mg), RuCls-3H20 (0.76 mmol, 200 mg), and THF (2
mL) under a nitrogen atmosphere. The reaction mixture was stirred at
reflux temperature (66 “C) for 12 hours, forming a brown precipitate in
a dark brown solution. The resulting brown solid was filtered, washed
multiple times with THF, and dried under vacuum to afford P2 (61.15%
yield), respectively. For P2: (LCMS): 376.96 [M—CI]". UV-vis
Amax/CH3CN for the Ru-NHC complexes is 385 nm.

2.5.3 Synthesis of precursor P3:

Experimental procedure:

A Schlenk tube equipped with a magnetic stirring bar was charged with
P1 (0.389 mmol, 150 mg), L1.HI (0.389 mmol, 137.31 mg), and Nal
(0.389 mmol, 58.3 mg). Ethylene glycol (2 mL) was then added to the
reaction mixture. The reaction was carried out at reflux temperature
(190°C) for 4 hours under a nitrogen atmosphere. After cooling the
reaction mixture to room temperature, an aqueous solution of KPFs was
added, resulting in the formation of an orange precipitate. The
precipitate was filtered and purified via column chromatography using

5% MeOH in DCM, yielding a yellowish-orange solid identified as Ru-
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254

3a  60.06% (200 mg); LCMS (ESI) m/z calculated for
[C21H20INsRu]PFs 757.39, found [M-PFs]* 612.99.

TH NMR (500 MHz, DMSO-d6) & 12.96 (s, 1H), 12.28 (s, 1H), 10.17
(d, 1H), 9.70 (d, J = 8.1 Hz, 1H), 8.50 (t, 6H), 8.27 (t, 1H), 8.10 (m, J
=7.9 Hz, 8H), 3.12 (s, 3H), 2.97 (d, 2H); 3'P NMR (202 MHz, DMSO-
d6) & 133.70, 137.18, 140.73, 144.24, 147.75, 151.27, 154.78; 13C
NMR (126 MHz, DMSO-d6, 25 °C ) & 187.83, 186.39, 182.01, 153.59,
152.69, 152.09, 141.74, 138.59, 125.60, 122.00, 121.83, 119.93,
118.32, 117.87, 117.73, 112.27, 107.50, 105.19, 104.96, 35.89, 21.96,
15.12.

Svnthesis of precursor P4:

Experimental procedure:

A two-neck round-bottom flask was set up in a silicon oil bath at room
temperature, and to it were added P2 (288.5 mg, 0.75 mmol, 1.0 equiv.)
and DMSO (2 mL, 0.75 mmol, 1.0 equiv.). The mixture was allowed to
react for three days. Upon completion, the mixture was transferred to a
vial, where methanol was added to facilitate dissolution. The Deccan
process was employed, and the resulting precipitate was subjected to
vacuum drying. The obtained product was 53% (0.091 g) and yellow
solid. LCMS (ESI) m/z calculated for CiiHi7CIN3O2RuS [M-CI-
DMSO+H,0]* 391.36 found: 391.97, Ci13H21N302RuS, [M-2CI+H]*
416.04 found: 416.00.

Svynthesis of precursor P5:

Experimental Procedure:

Under an Inert atmosphere, in an oven dried Schlenk tube charged with
magnetic stirrer bar, the complex P1 (0.26 mmol) were dissolved in
MeOH (2-3ml) and added excess of dimethyl sulphide (Iml ). The
reaction mixture was refluxed for 6 hours. After the completion of the
reaction a clear solution of the reaction a clear solution of the product

was obtained. The solvent was triturated using diethyl ether (20ml)
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until the solid product is obtained. The final product is dried under

vacuum.

P5: Yield = 0.056 g (0.123 mmol, 47.4%). LCMS: 419.99 [M-CI]".

2.5.5 Synthesis of complex Rul and Rul’:

Experimental Procedure:

Method-a: A Schlenk tube equipped with a magnetic stirring bar was
charged with P3 (0.023 mmol, 20 mg) and camphor sulfonate (0.023
mmol, 5.84 mg). Acetone was added to the reaction mixture, and the
reaction was evidenced by LC-MS (ESI) analysis, in which the
calculated m/z value of 717.1548 for [M-PFs]* was not detected.
Method-b: After method-a proved unsuccessful, an alternative
approach was adopted. Again, A Schlenk tube equipped with a
magnetic stirring bar was charged with P3 (0.023 mmol, 20 mg) ,
camphor sulfonate (0.023 mmol, 5.84 mg) and KPF¢(0.023 mmol, 4.23
mg). ACN was added to the reaction mixture, and the reaction was
maintained for 24 hours at room temperature. Upon completion of the
reaction, LCMS data was examined, whereby it was determined that the
desired product (separation of diastereomeric pairs) was not obtained,
as evidenced by LCMS (ESI) analysis, in which the calculated m/z
value of 717.1548 for [M-PFs]" was not detected.

Method-c: When method-b was found to be ineffective, a different
method was employed. Again, A Schlenk tube equipped with a
magnetic stirring bar was charged with P3 (0.023 mmol, 20 mg) ,
camphor sulfonate (0.023 mmol, 5.84 mg) and AgPF¢(0.023 mmol, 5.81
mg). ACN was added to the reaction mixture, and the reaction was
maintained for 24 hours at reflux temperature. Upon completion of the
reaction, LCMS data was examined, whereby it was determined that the
desired product (separation of diastereomeric pairs) was not obtained,
as evidenced by LCMS (ESI) analysis, in which the calculated m/z
value of 717.1548 for [M-PF¢]" was not detected.
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Method-d: Following the unproductive outcome of method-c, an
alternative procedure was implemented. Again, A Schlenk tube
equipped with a magnetic stirring bar was charged with P3 (0.023
mmol, 20 mg) , camphor sulfonate (0.023 mmol, 5.84 mg) and
AgPFs(0.023

mmol, 5.81 mg). Acetone was added to the reaction mixture, and the
reaction was maintained for 4 hours at reflux temperature. Upon
completion of the reaction, LCMS data was examined, whereby it was
determined that the desired product (separation of diastereomeric pairs)
was not obtained, as evidenced by LCMS (ESI) analysis, in which the
calculated m/z value of 717.1548 for [M-PFs]* was not detected.

Method-e: When method-d was shown to be unavailing, a substitute
method was applied. Again, A Schlenk tube equipped with a magnetic
stirring bar was charged with P3 (0.023 mmol, 20 mg) , camphor
sulfonate (0.023 mmol, 5.84 mg) and AgPF¢(0.023 mmol, 5.81 mg).
Acectone was added to the reaction mixture, and the reaction was
maintained for 24 hours at room temperature. Upon completion of the
reaction, LCMS data was examined, whereby it was determined that the
desired product (separation of diastereomeric pairs) was not obtained,
as evidenced by LCMS (ESI) analysis, in which the calculated m/z
value of 717.1548 for [M-PFs]" was not detected.

Method-f: After method-e did not yield the desired results, another
strategy was utilized. Again, A Schlenk tube equipped with a magnetic
stirring bar was charged with P3 (0.023 mmol, 20 mg) , camphor
sulfonate (0.023 mmol, 5.84 mg) and AgPF¢(0.023 mmol, 5.81 mg).
Methanol was added to the reaction mixture, and the reaction was
maintained for 24 hours at room temperature. Upon completion of the
reaction, LCMS data was examined, whereby it was determined that the

desired product (separation of diastereomeric pairs) was not obtained,
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as evidenced by LCMS (ESI) analysis, in which the calculated m/z
value of 717.1548 for [M-PFs]" was not detected.

Method-g: Once method-f was determined to be fruitless, a new
method was pursued. Again, A Schlenk tube equipped with a magnetic
stirring bar was charged with P3 (0.0116 mmol, 10 mg) , silver salt of
camphor sulfonate (0.0116 mmol, 3.96 mg) in acetone (2 mL). The
reaction was maintained for 24 hours at reflux temperature. Upon
completion of the reaction, LCMS data was examined, whereby it was
determined that the desired product (separation of diastereomeric pairs)
was not obtained, as evidenced by LCMS (ESI) analysis, in which the
calculated m/z value of 717.1548 for [M-PF¢]" was not detected. Also
this modification similarly produced negative results according to LC-
MS analysis. Additionally, an ion exchange approach utilizing an

aqueous solution of camphor sulfonate was explored, yet this method

likewise proved unsuccessful in achieving the intended separation, as

confirmed by LC-MS (ESI) m/z measurements.

2.5.6 Synthesis of complex Ru2 and Ru2':

Experimental Procedure:

After a negative result was obtained using precursor P3, a new precursor,
P4, which had already been synthesized in our lab, was used. As P4 has no
symmetry, it can also serve as a source of enantiomers. A light-mediated

reaction was executed in the presence of S-BINAP as a chiral auxiliary.

A Schlenk tube equipped with a magnetic stirring bar was charged with P4
(0.102 mmol, 50 mg). Distilled methanol (4 mL) was then added to the
reaction mixture. The light-mediated reaction was conducted at room
temperature for an initial period of 30 minutes, during which the colour of
the precursor was observed to change from yellow to reddish brown.
Following this initial reaction period, S-BINAP (0.102 mmol, 64 mg) was
added to the reaction mixture, and the reaction was allowed to proceed for

24 hours under a nitrogen atmosphere. After completion of the reaction, a
16



clear greenish-yellow solution was obtained. The mixture was then
transferred to a vial, and methanol was added to facilitate dissolution. The
Deccan process was employed, and the resulting precipitate was subjected
to vacuum drying. Afterward, the product was submitted for NMR
analysis, but the desired product was not obtained, as confirmed by NMR

spectroscopy.

2.5.6 Synthesis of complex Ru3 and Ru3’:

Experimental Procedure:

Following the unsuccessful results, a decision was made to alter
precursor , with P1 being selected instead of P4 A Schlenk tube
equipped with a magnetic stirring bar was charged with P1 (0.129
mmol, 50 mg) and R-BINAP (0.387 mmol, 240.97 mg). Distilled
methanol (4 mL) was then added to the reaction mixture. The reaction

was conducted at reflux temperature (65 "C) for 24 hours under a

nitrogen atmosphere. After that reaction mixture was cooled to room
temperature, it was transferred to a vial, and additional methanol was
added to facilitate dissolution. The Deccan process was employed, and
the resulting precipitate was subjected to vacuum drying. The product
was subsequently submitted for LCMS analysis. LCMS (ESI) m/z
calculation yielded results for C53H41CIN3P2Ru [M-Cl]* at 918.1513,
with 918.44 being found. An additional peak was observed for
C53H41CIN3P20Ru [M-CI]" at 934.1375. The precipitate was filtered
and purification via column chromatography using 5% MeOH in DCM
was attempted; however, separation of the undesired compound was not

achieved. Clear NMR data for this compound was also not obtained.

2.5.7 Synthesis of complex Ru4 and Ru4':

Experimental Procedure:
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2.5.8

Following unsuccessful results, a decision was made to first degas the
system before S-BINAP was added. A 100 mL two-neck round-bottom
for this compound was also not obtained. Dropwise addition of the
methanolic solution of S-BINAP was attempted as an alternative to
adding it all at once in the same reaction; however, the desired outcome

was not achieved in this case either.

Svynthesis of complex Ru5 and Ru5':

Experimental Procedure:

After a fruitless result was obtained using precursor P1, a new precursor,
PS, which had previously been synthesized in the laboratory, was
employed. Due to P5's asymmetric structure, it was identified as a
potential source of enantiomers. A 100 mL two-neck round-bottom flask
equipped with a magnetic stirring bar was charged with P5 (0.1025
mmol, 41 mg) and dry MeOH (30 ml). For degassing purposes, the
reaction mixture was heated at reflux temperature (65 °C). After 1 hour,
the mixture was cooled to room temperature. S-BINAP (0.205 mmol,
127.64 mg) was subsequently added, and the reaction was maintained at
reflux temperature (65°C) for 24 hours under a nitrogen atmosphere.
Upon TLC analysis, S-BINAP was still detected, so the reaction was
extended for additional hours. After completion, the reaction mixture was
cooled, transferred to a vial, and supplemented with methanol to enhance
dissolution. The Deccan process was implemented, and the resulting
greenish-yellow precipitate was subjected to vacuum drying. Purification
attempts were made via column chromatography using 10% MeOH in
EtOAc, with gradual increases in polarity; however, isolation of the
desired compound was not accomplished. A colour change to green was
observed during chromatography, and enantiomeric separation was not
achieved. Clear NMR spectroscopic data for this compound could not be

obtained.
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2.6.0

2.6.1

Svnthesis of complex Ru6 and Ru6’:

Experimental Procedure:

As the previous efforts with precursor P5 proved unproductive, attention
was returned to precursor P4, which had previously been synthesized in
the laboratory. Due to P4's asymmetric structure, it was identified as a
potential source of enantiomers. A Schlenk tube equipped with a magnetic
stirring bar was charged with P4 (0.102 mmol, 50 mg), after which distilled
methanol (4 mL) was added to the reaction mixture. The light-mediated
reaction was conducted at room temperature for an initial period of 30
minutes, during which the colour of the precursor was observed to change
from yellow to reddish brown. Subsequently, R-BINAM (0.102 mmol, 64
mg) was added to the reaction mixture, and the reaction was allowed to
proceed for 24 hours under a nitrogen atmosphere. Upon TLC analysis
after 24 hours, R-BINAM was still detected, so the reaction was extended
for additional hours. Following completion, a clear greenish-yellow
solution was obtained. The mixture was transferred to a vial, and additional
methanol was added to facilitate dissolution. The Deccan process was
employed, and the resulting precipitate was subjected to vacuum drying.
The product was then submitted for NMR analysis; however, the desired

product was not obtained, as confirmed by NMR spectroscopy.

Svnthesis of complex Ru7 and Ru7’:

Experimental Procedure:

In light of the unsuccessful attempts with precursor P4, research efforts
were refocused on precursor P1, previously synthesized in the laboratory.
P1's asymmetric structure was considered advantageous as a potential
enantiomer source. A higher temperature approach was implemented for

this reaction sequence. A Schlenk tube equipped with a magnetic stirring
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bar was charged with P1 (0.129 mmol, 50 mg) and S-BINAM (0.129
mmol, 36.97 mg). Ethylene glycol (2 mL) was added to the reaction
mixture. The reaction was conducted at reflux temperature (190°C) for 4

hours under a nitrogen atmosphere. Following temperature reduction to

ambient conditions, addition of an aqueous KPFs solution resulted in
brown solid precipitation. The precipitate was collected by filtration and
purification was attempted via column chromatography using 10% MeOH
in EtOAc, with gradual polarity increases. Despite these efforts, the desired
compound could not be isolated, and definitive NMR spectroscopic

characterization was not achieved.

2.6.2 Synthesis of complex Ru8 and Ru8’:

Experimental Procedure:

Following the failed attempts with precursor P1, attention was redirected
to precursor P4, which had been previously synthesized in the laboratory.
's asymmetric structure was considered advantageous as a potential
enantiomer source. A Schlenk tube equipped with a magnetic stirring bar
was charged with P4 (0.102 mmol, 50 mg) and S-BINAM (0.102 mmol,
29.23 mg). The same reaction was then performed in two different
solvents. First, EtOH (4 ml) was used as a solvent, and second, dry MeOH
(4 ml) was employed. The reflux temperature was provided for each
solvent, and both reactions were conducted for 24 hours. When EtOH was
used as the solvent, results similar to previous reactions were obtained.
However, when dry MeOH was used, more favourable outcomes were
achieved. After the reaction in dry MeOH was completed, the mixture was
allowed to cool to room temperature. Following temperature reduction to
ambient conditions, yellow solid precipitation was observed upon addition
of an aqueous KPFs solution. The precipitate was collected by filtration,
and purification was attempted via column chromatography using 10%
MeOH in EtOAc, with gradual polarity increases.

The desired compound, consisting of two sets of enantiomers, was
obtained with an enantiomeric ratio of 3:1; however, the aliphatic region

peaks were not clearly resolved. Despite multiple attempts, separation of
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these two enantiomers by column chromatography could not be achieved.
Nevertheless, it was proven that two sets of diastereomers are present in

the system, as confirmed by NMR spectroscopy.

CHAPTER 3

RESULTS AND DISCUSSION

3.1 Synthesis of Ligands:

The suitable ligand L1 and ligand precursor salt L1.HI have been
synthesized with 75% (scheme 1) and 86% yield. 'H NMR data
confirmed the existence of this compound (L1.HI) by giving the
resonance at 6 10.26 (s) for the imidazole proton of the carbene groups
and 0 8.39 (t) for pyridine proton. (Scheme 2)

Ligand L2 have been synthesized by treating with 2-bromopyridine and
imidazole and then K»CO3 was added to obtain a yellowish-white solid;
95%.

L3 and L4 have been synthesized by treating L2 with Mel/ 'Prl and then
toluene was added to obtain yellow solids L3 (80.8% yield) and L4
(62.76% yield), respectively.'H NMR data confirmed the existence of
the compound L3 as well as L4 by giving the resonance at 6 10.72 (s)
for imidazole proton in case of L3 and 6 1.57 (d) for isopropyl

substituted imidazole protons in case of L4. (Scheme 3)

A
H
N, A Jt
\ _ + [/> K,COj3, Cul, DMSO, TEMED ;/\N N N/S
Br™ 'N” 'Br N 120 °C, 24h N= EN
2,6 dibromopyridine Imidazole Im-CNCMe (L1) (75%)

Scheme 1: Synthesis of Ligand L1

21



S Ol
| Mel N" N

- ~ N
7 "N° 'N° N™X >
(;f Q Toluene, rtto 110 °C {l; o L\NG
N N | 4
L1 Im-CNCMe (L1.HI) (86%)

Scheme 2: Synthesis of Ligand L1.HI

H
A S
@ + [N/> neat _ @ RI, Toluene - @
“ TOUNT NN

r "N K,COs, 190 °C, 18h 110 °C, 24h N NS
N®
L2 o R

Yield= 95% |

Yield
R= Me; (L3) (80.8%)
R=Pr; (L4) (62.76%)

Scheme 3: Synthesis of Ligand L3 and L4 from L2

3.2 Synthesis of Precursor P1 and P2:

To synthesize the complex Precursor P1 and P2, individually treating
L3 with RuCl3.3H20 in THF for Precursor P1 and similarly L4 with
RuCl3.3H20 in THF for Precursor P2 to obtain brown solids P1 (68.8%
yield) and P2 (61.15% vyield), respectively. Both this complex was
characterized by mass spectrometry. (LCMS (ESI) found 348.93
[M—CI1] %, 366.94 [M—CI+H,0] * ;UV-vis Amax/CH3CN for the P1 is 384
nm and (LCMS (ESI) found 376.96 [M—CI1]" ; UV-vis Amax/CH3CN for
the P2 (2b is 385 nm) (Scheme 5)

I@

AN
X B |
@\ ca N\

P Il N
NN+ Rucl3H,0 —THE o 0% ]
\N@ | "C| N
R

12h, 66 °C

Cl
R= Me; (L3) Pylm®  Yield
= e;
. - . 0

R=Pr; P2 (61.15%)

Scheme 4: Synthesis of Ligand P1 and P2
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3.3 Synthesis of Precursor P3:

Again for the synthesis of P3 the pincer ligand precursor L1.HI and
Ruthenium precursor Rul (2a) were taken and refluxed in ethylene
glycol conditions followed by saturated solutions of KPF¢ was added to
obtain a yellowish-orange solid identified as Ru-3a 60.06% (200 mg).
The complex was characterized using 'H, ’C, and 3P NMR
spectroscopy. In the 'H NMR spectrum recorded in DMSO-d6, two
distinct species were observed in solution: P3 (58%) with a doublet at
0 12.96, and P3' (42%) with a doublet at 6 12.28. This phenomenon
arises from the substitution of iodide by the nucleophilic DMSO
solvent, resulting in two separate signals for the same ortho proton of

the pyridine ring. (Scheme 5)

X >
ol \ S
1. Nal, Ethyl lycol
(N N Nw 20 Ru—<(j a ylene glycol _ N>>/ N
o) f‘ICI ‘ 190 °C, 4h H\ /
I 2. aq. KPFg
L1.HI P1
P3
Yield= 60.06%

Scheme 5: Synthesis of precursor P3

3.4 Synthesis of precursor P4:

For the synthesis of Precursor P4, P1 was treated with DMSO for 3 days
at room temperature to obtain a yellow solid in 53% yield (0.091 g).
This complex was characterized by mass spectrometry LCMS (ESI)
m/z calculated for [M-CI-DMSO+H,O]" 391.36 found: 391.97,
C13H2i1N302RuS; [M-2CI+H]* 416.04 found: 416.00. In the '"H NMR
analysis of P4, the signal for the —CHj protons was obtained at 4.16
ppm, while the most deshielded peak for the ortho proton of the pyridine
ring appeared at 9.47 ppm. (Scheme 6)
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Scheme 6: Synthesis of precursor P4

3.5 Synthesis of Precursor P5:

To synthesize precursor P5, compound P1 was dissolved in 2-3 mL of
methanol (MeOH), followed by the addition of an excess amount of
dimethyl sulfide (1 mL). The reaction mixture was then refluxed for 6
hours. Upon completion, a clear solution was obtained. The solvent was
removed by trituration with 20 mL of diethyl ether, leading to the
precipitation of the solid product. The resulting solid was collected and
dried under vacuum.P5: Yield = 0.056 g (0.123 mmol, 47.4%). LCMS:
419.99 [M-CIJ*

AN N
| »
Cl\'Tl j DMS (excess) CIS\E _«ﬂ
> —Ru
Hz0"Ru—{ I \eoH, 65 °C, 6 %s N
Cl Ly
CI |
(P1) (P5)
Yield= 47%
S=DMS

Scheme 7: Synthesis of precursor P5

3.6 Synthesis of complexes:

3.6.1 Synthesis of complexesRul and Rul':

The synthesis of two sets of diastereomers, designated as Rul and Rul’,
was attempted using camphor sulfonate as a chiral auxiliary, with P3

being utilized as the starting precursor. Various methodologies were
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implemented, including the application of different solvents and the

establishment of diverse suitable conditions; however, the desired

product could not be obtained. The silver salt of camphor sulfonate was

also employed, but the intended result was not achieved. Furthermore,

ion exchange with an aqueous solution of camphor sulfonate was

attempted, which similarly failed to yield the desired outcome. Despite

multiple methodological variations being explored, the approach to

separate diastereomeric pairs was unsuccessful, as evidenced by LCMS
(ESI) analysis, wherein the calculated m/z value of 717.1548 for [M-

PF¢]" was not detected.

Acetone

rt, 16h X PF, TPFG
KPFe, ACN 9"\')1:\,\1\ @1’N ;
rt, 24h . Ru ARU— 7
| ~ IPFe AgPF ENV: AN 7N Nj
— : c
Q"N)ENN NaO ACN, 80 °C, 4h SNANA~ < NANT
EMVBUN N > O-.S"O _|. AgPFg, Acetone_ = =
N i O ¥ H 60 °C, 4h R o (Rut)
NN \= Yo
w O Agl:tF;,‘;:\qcetone: e X= —O’S H
P3 Camphorsulfonate ’ /;_E
AgPFg, MeOH § O .
rt, 24h Expected product is not obtained
X _]PFS X —]PFG
~1PFs < |IIN ZON-|=<" "
e Qs A
EN»E'R“:N\ A90s0 Acetone o * Ty N7 ~{3
: + H H
N O H Reflux, 24h H A SNA
N—N Z lo} — \—/
P3 Silver salt of Camphorsulfonate (Ru1) 0. .0 (Ru1)
X= _O’S%H
(0]
Expected product is not obtained (g)

Scheme 8: Synthesis of complex Rul and Rul'

3.6.2 Synthesis of complex Ru2 and Ru2'":
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Following unsuccessful results with precursor P3, new diastereomers Ru2 and
Ru2' were trying to synthesize using precursor P4 and S-BINAP as achiral
auxiliary instead of camphor sulfonate. P4 was dissolved in distilled MeOH
(4ml), and a light-mediated reaction was conducted at room temperature. A
colour change from yellow to reddish brown was observed during the initial
30-minute period. S-BINAP was then added, and the reaction was continued

for 24 hours under nitrogen atmosphere. Upon completion, a greenish-yellow




solution was obtained after aqueous KPFs addition. LCMS (ESI) analysis
revealed m/z values of 918.44 (calculated: 918.1513) for Cs3H41CIN3P2Ru
[M-CI]" and an additional peak at 934.1375 for Cs3H41CIN3P,ORu [M-
Cl]+. Although purification via column chromatography using 5% MeOH
in DCM was attempted, separation of the undesired compound was not

achieved, and clear NMR data could not be obtained.

® @ N P A TR
2 Pha"N"NA N\’ Ph
s} —(’Qj . O P 1.MeOH 2 Pv.,,RIU\‘L“,} ;JJ./RN P LD
Cl—Ru P P u
e N Blue LED P” 1 7s Is7 | P
cis OO P@ air, rt, 12h (3 Ph,Cl Cl th
@ 2. aq. KPFg
S= DMSO Ru2 Ru2'
P4 S-BINAP (Expected Product is not obtained)

Scheme 9: Synthesis of complex Ru2 and Ru2’

3.6.3 Synthesis of complex Ru3 and Ru3’:

As the previous efforts with precursor P4 proved unproductive, a change
in the precursor was implemented with P1 being selected instead of P4.
P4 and R-BINAP were dissolved in dry methanol (4 ml), and the
reaction was conducted at reflux temperature (65 °C) for 24 hours under
a nitrogen atmosphere. The Deccan process was employed, and the
resulting precipitate was subjected to vacuum drying. By LCMS (ESI)
analysis, an m/z value of 918.44 was found for Cs3H41CIN3;P2Ru [M-
CI]" (calculated: 918.1513), along with an additional peak of higher
intensity at 934.1375 for C53H41CIN3P20ORu [M-CI]+. After filtration
of the precipitate, purification was attempted via column
chromatography using 5% MeOH in DCM; however, the undesired
compound could not be separated, and clear NMR data could not be

obtained.
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Scheme 10: Synthesis of complex Ru3 and Ru3'

3.6.4 Synthesis of complex Ru4 and Ru4':

Following negative results, a system degassing approach was
implemented prior to S-BINAP addition. Dry MeOH (30 ml) was used
to dissolve P1, and the reaction mixture was heated at methanol's reflux
temperature (65 "C) for degassing purposes. After cooling to room
temperature, S-BINAP was introduced, and the reaction was continued
at reflux temperature for 24 hours under nitrogen atmosphere. A
greenish-brown precipitate was obtained via the Deccan process and
was subjected to vacuum drying. Purification was attempted through
column chromatography using 10% EtOAc in DCM; however, the
desired compound could not be separated. A colour change to green was
observed during chromatography, and diastereomeric separation was
not achieved. Structure of the expected complexes couldn’t be interpreted
from the NMR data. An alternative approach involving dropwise
addition of methanolic S-BINAP solution was also attempted, but the

desired outcome remained unattained.

(1 s
0\ Ph, lN/ N /N@ Ph,
1. MeOH Sy Y A, eI
20 RU__«Nj degassed for 1h, 65 °C g F’/RIU\C|\ " /N//RU\‘\P
cl@ ’ 2 Ph, CI a” | OO

2. R-BINAP

65 °C, 24h
P1 Ru4 Ru4'

(Expected Product is not obtained)

Scheme 11: Synthesis of complex Ru4 and Ru4’
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3.6.5 Synthesis of complex Ru5 and Ru5':

Following fruitless results with precursor P1, precursor PS5 was employed
as a replacement. P5 was dissolved in dry MeOH (30 ml), and the reaction
mixture was heated at reflux temperature (65 °C) for degassing purposes.
After being cooled to room temperature, S-BINAP was added, and the
reaction was maintained at reflux temperature for 24 hours under nitrogen
atmosphere. When S-BINAP was still detected by TLC analysis, the
reaction was extended for additional hours. A greenish-yellow precipitate
was obtained via the Deccan process and was subjected to vacuum drying.
Purification was attempted through column chromatography using 10%
MeOH in EtOAc with gradual increases in polarity; however, the desired
compound could not be isolated. A colour change to green was observed
during chromatography, and diastereomeric separation was not achieved.

Clear NMR spectroscopic data could not be obtained for this compound.

‘ N l\ —|F’F6 /| _]F’FS
“ Phy"N"NA N“\’ Ph
s %21] 1. MeOH 2 P \.Lt,\} 1\‘4 N
Cl—Ruy > SRUSTY + Ru
s N degassed for 1h, 65 °C Oe P” | S s | ~p CO
> Ph,CI
w 2. S-BINAP 2 Cl Phy
S= DMS 65 °C, 24h RU5 RU5'
3. aq. KPF
PS5 a 6 (Expected Product is not obtained)

Scheme 12: Synthesis of complex Ru5 and Ru5’

3.6.6 Synthesis of complex Ru6 and Ru6':

Following unproductive efforts with precursor P5, attention was
redirected to precursor P4. P4 was dissolved in distilled MeOH, and
a light-mediated reaction was conducted at room temperature for 30
minutes, during which a colour change from yellow to reddish brown
was observed. S-BINAM was employed as a new chiral auxiliary
instead of S-BINAP, and the reaction was maintained under a
nitrogen atmosphere for 24 hours. After TLC analysis revealed the
continued presence of S-BINAM, the reaction duration was

extended. Upon completion, a greenish-yellow solution was obtained
28




following aqueous KPFs addition. The desired product was not detected,
as confirmed by NMR spectroscopy, where botharomatic and aliphatic
region peaks were not clearly observed. Additionally, S-BINAM

dissociation was evident from its peaks in the NMR spectrum.

G, G0 H
j . NH, 1 MeOH Oe 2 N O (N N H2
\Jl RU—« NH2 Bl
o e ool
\’l air, rt, 12h H2 b| OO

P4 2.aq. KPFg .
S=DMSO S-BINAM Ru6 Ru6

TPF6 P
/

(Expected Product is not obtained)

Scheme 13: Synthesis of complex Ru6 and Ru6’

3.6.7 Synthesis of complex Ru7 and Ru7":

Due to unsuccessful attempts with precursor P4, research efforts were
redirected to precursor P1. P1 and S-BINAM were dissolved in ethylene
glycol (2 mL), and the reaction was conducted at reflux temperature (190
°C) for 4 hours under a nitrogen atmosphere. After the temperature was
reduced to ambient conditions, brown solid was precipitated by the
addition of an aqueous KPFs solution. The precipitate was collected by
filtration, and purification was attempted via column chromatography
using 10% MeOH in EtOAc with gradual polarity increases. Despite these
efforts, isolation of the desired compound could not be achieved, and
definitive NMR spectroscopic characterization was not obtained. Structure

of the expected complexes couldn’t be interpreted from the NMR data.

AN
LA O () O
H N
NHy  (CH,0H), I N%,N\.LQ

i o, et R (N oo
e OO 190°C.an N L C él’ \ CO
P1

S-BINAM Ru7 Ru7

(Expected Product is not obtained)

Scheme 14: Synthesis of complex Ru7 and Ru7’
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3.6.8 Synthesis of complex Ru8 and Ru§':

Following failed attempts with precursor P1, attention was redirected to
precursor P4. P4 and S-BINAM were dissolved in two different solvents:
EtOH (4 ml) and dry MeOH (4 ml). Both reactions were conducted at
reflux temperature for 24 hours. When EtOH was used, results similar to
previous reactions were obtained. However, when dry MeOH was used,
more favourable outcomes were achieved. After cooling to ambient
conditions, yellow solid was precipitated by the addition of an aqueous
KPFs solution. The precipitate was collected by filtration, and purification
was attempted via column chromatography using 10% MeOH in EtOAc
with gradual polarity increases. Two sets of diastereomers were obtained
with a diastereomeric ratio of 3:1, as evidenced by NMR spectroscopy
showing two distinct signals: for the pyridine ortho proton (doublets at &
9.45 for Ru8 and 8 9.39 for Ru8') and for the imidazole proton (singlets at
0 7.09 for Ru8 and 6 7.07). However, the aliphatic region peaks were not
clearly resolved, and S-BINAM proton signals were also observed in the
spectra. Despite multiple attempts, separation of these diastereomers by
column chromatography could not be achieved, although their presence in

the system was confirmed by NMR analysis.

Q OO m ~|PFe @ ~|PFg
u—<(j . E:Z 1. dry MeoH ~ O3 H“T”@ . Ny F’{“‘u
CIS N OO 2 Reflux, 240 (S N7 élxs\ Is” (|:|‘
P4 2. aq. KPFg 2
S=DMSO S-BINAM Ru8 Ru8'
Yield= 42%
(Expected Product is obtained)

Scheme 15: Synthesis of complex Ru8 and Rug’
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3.7.1 Characterization of Ligand L1.HI

3.7.1.1 LCMS of Ligand L1.HI

Intenss. m chem AKS-SC-3_RC3_01_15379.d: +MS, 1.8min #108
x10
1+
10 226.1092
0.5 1%
227.1100
0.0
CizHiNs+, M, 226.1087
3000
1+
2000 226.1087
1000 1+
227.1113
0 - -
225 226 227 228 229 230 m/z
Bruker Compass DataAnalysis 5.1 printed: 30-11-2024 12:18:21 by: 11ITO1 Page 1 of 1
.
Fig.7: LCMS of L1.HI
3.7.1.2 NMR spectra of Ligand L1.HI
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Fig.8: 'HNMR of Ligand L1.HI in DMSO-ds

32



29 52 DMSQ-d6.

~36.53

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 0 -10
f1 (ppm)

Fig.9: ’C{'H} NMR of Ligand L1.HI in DMSO-ds

3.7.2 Characterization of Ligand L2
3.7.2.1 LCMS of Ligand L2

Intens. m chem AKS-AS-SNH-1_R88_01_2117.d: +MS, 0.2min #10

x108
2.5
146.0859
20
1.5
1.0

0.5
0.0 | 160.1010 168.0679

30001 CaHyNa, MenH, 146.0713
2500
2000
1500

1000

145 150 155 160 165 170 175 180 185 mz

Fig.10: LCMS of L2
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3.7.3 Characterization of Ligand L3
3.7.3.1 LCMS of Ligand L3

lmmz i m chem AXS-SC-4_RCA_01_15380.6: +MS, 0.3min #16|
10
x10 p
160.0888
2
1 1+
161.0887
0 1 1(1
CotioNy+, M, 160,0869
2500 i
2000 maime-a
1500 ||
1000 |
1+
500 l | 1610897
0 L\ A
156 158 160 162 164 166 mwz
Bruker Compass DataAnalysis 5.1 printed: 30-11-2024 13:30:26 by: 1ITO1 Page 1of 1

Fig.11: LCMS of L3

3.7.3.2 NMR spectra of Ligand L3
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Fig.12:'H NMR spectrum of L3 in CDCl,
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Fig.13: C{'H} spectrum of L3 in CDCl,
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3.7.4 Characterization of Ligand L4

3.7.4.1 LCMS of Ligand L4

Intens. m chem AKS-SC-5_RC5_01_15381.: +MS, 0.3min #17
x108
3 1+
188.1191
2
1 1+
189.1189
0
CrHiNs+, M, 188.1182
2500 1
2000 188.1182
1500
1000
1+
500 189.1211
0
185 186 187 188 189 190 191 m/z
Bruker Compass DataAnalysis 5.1 printed: 30-11-2024 13:36:01 by: 1ITO1 Page 10f 1
. .
Fig.14: LCMS of Ligand L4
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Fig.15: 'H NMR spectrum of L4 in CDCl;
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Fig.16: *C{'H} NMR spectrum of L4 in CDCl;

3.7.5 Characterization of Precursor P1

3.7.5.1 LCMS of Precursor P1

Intens.

3000

2000

1000

o

348.9367

6958389

m chem AKS-LY-2-76_RC3_01_13534.d: +M5, 0.1min #6

500

2000 2500 3000my/z

Intens.

2000

2000

1000

3£1.2702

342.9420

m chem AKS EY 2 76_RC3_01_13534.d: +M5, 0.1min #6

348.9367
350.9362
347.9392 i

3469363 } 3529355

344.9397 | i 351.950a § 354.9881  356.9941 361.2044
i H 1 W i 2 & % 0

340.0

14 1+
342.9350  344.9323 '| } l I
ou vl 1 W N B

342.5

CHLCILNLORU, M, 338.9317

1+ 14+
348.9313 3509306

1+
347.9322

v 1+
346.9318 4. 3529291

351.9316 | askidaa
. -

345.0 347.5 350.0 352.5 355.0 357.5 360.0 mjz

Fig.17: LCMS of Precursor P1
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3.7.5.2 UV-Vis spectra of Precursor P1

0.6

0.4

Absorbence (OD)

0.2

0.0
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Wavelength (nm)

Fig.18: UV-Vis spectra of Precursor P1

3.7.6 Characterization of Precursor P2

3.7.6.1 LCMS of Precursor P2

Intens, m chem aks-as-bjb-ru-2_RD7_01_25526.d: +MS, 0.1min #4
x10°
1.5

376.9573
7 378.9568

1.0
375.9593 190.9771

374.9635 380.9538

389.9758
0.51 370.9918

382.9526  384.9635 388 ;“‘"7
h o '

372.0004 |
0.0

CiHy:ClaNaORU, M, 376.9630

2500 ” :
5000 376.9627  378.9620
i 1+
1500 375.9636
. > IO 14
1000 374.9632 177.9624 180.9605
14 14 14
o i B L ) . IAY = ~atai . —
370.0 372.5 375.0 377.5 380.0 382.5 385.0 387.5 390.0 m/z

Fig.19: LCMS of Precursor P2
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Fig.20: UV-Vis spectra of Precursor P2
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3.7.7 Characterization of Precursor P3

3.7.7.1 NMR spectra of Precursor P3

©
-]
z

© @ ) =]

o N HEAOHONRNINORNNSDNONAANNNDN

NN - i g Bl B Be Bl e AN BB B e

- SEOGOBBOBBENNNNNNNNN

| J ~ - s -

[
Moo= \ Mmoo
BH3 288 XABBRRMBRARIZLR a o o
N MO SO GONNONNGY @ ® =
e nuY I28"/QZS0558888 8 a2
[N S p—— (I
" ‘.v I
| ”

00 19 180 170 160 150 140 130 120 110 90 80 7 60 50 40 30 2 10 0

100
1 (ppm)

Fig.22: BC{'H} NMR of Precursor P3 in DMSO-ds
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Fig.23: 3'P{'H} NMR of Precursor P3 in DMSO-ds

3.7.8 Characterization of Precursor P4

3.7.8.1 LCMS of Precursor P4

lntensé. m chem AKS-SM-E-35-A_RC2_01_14631.d: +MS, 0.2min #14
x10'
391.9963 415.0129
0.5 373.9875
355.0086
0.0 eI | g
CuHusN;ORUS, MénCl, 373.9662
1+
373.9661
2000
0 I m
CuHuCIN;ORUS, M, 391.9768
1+
391.9767
2000
0
CuHaN;O:RUS:, M-nH, 416.0035
1+
416.0037
2000 1600
0
340 360 380 400 420 440 460 480 500 520 m/z

Fig.24: LCMS of Precursor P4
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Fig.25: 'H NMR of Precursor P4 in DMSO-ds

3.7.9 Characterization of Precursor P5

3.7.9.1 LCMS of Precursor P5

[ntens. h chem AKS-NSH-2a-SMe.d: +MS, 1.5min #89
X105
5
4 4199876
1 4219871
3 1
4189889 | ﬁl
2 0 I
a16.9890 117879y i 4209870 i R
1 413.9909 H 3 ; 8 i\ 4229882 473
0 o 4149018 4159879 i i h 8 B a i i 424.9867
CaHnCINSRUS;, M, 419.9903
3000
1+
419.9902 1+
2000
it 4219897
418.9911
1000 AR -
i 14 4169920 417:9907 420.9903 1 4231;880
4139936 1t 422.9916 423 1+
8 A 4149962 4153909 /\ A N\ 4249003

414 416 418 420 422 424

Fig.26: LCMS of Precursor P5
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3.8.0 Characterization of complex Rul and Rul’:

3.8.1.1 LCMS of Complex Rul and Rul’

Intens. m chem AKS-SC-30_RC1_01_14273.d: +MS, 0.2min #13

+
605.0798

1+
2+ 849.1680
369.0595

10711321
AR IR 1753.2318 2493.4626
CyiHssNsOsRUS+, M, 717.1540

Yo

2500
2000
1500

1+
717.1548

1000
500

500 1000 1500 2000 2500 m/z

Fig 27 a. The expected product is not obtained, as confirmed by
LCMS (LCMS (ESI) m/z calculated for [M-PF] 717.1548)

Intens. m chem aks-5c-23_RA3_01_13543.d; +MS, 0.3min #15
x10%
1+

2-0. 626.1429

1
1-51 7310892

0.5
0.0 i 1039.2268
. s

2sooi

CaHisNgOuRUSE, M, 717.1540

1+
717.1548

500 1000 1500 2000 2500 m/z

Bruker Compass DataAnalysis 5.1 printed: 30-11-2024 15:02:28 by: 1ITO1 Page 10of 1

Fig 27 b. The expected product is not obtained, as confirmed by
LCMS (LCMS (ESI) m/z calculated for [M-PF] 717.1548)

eV 1w 19uu Py zavu e

Intens. m chem AKS-SC-25_RC1_01_13739.d: +MS, 0.2min #13
x105
10 »
617.1125
08 5
49.2209
06 "
04

0.2
0.0 | 11032766 15473326 1831.3649 2207.3851  2493.6267 27913365
CuHisNiO4RUS+, M, 717.1540

2500 &
717.1548
1500
1000
500
ol

“s0 00 s 2000 20  mz

3ruker Compass DataAnalysis 5.1 printed:  30-11-2024 14:52:40 by: 1ITO1 Page 10f 1

Fig 27 c. The expected product is not obtained, as confirmed by
LCMS (LCMS (ESI) m/z calculated for [M-PF ] 717.1548)
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Intens. mchem AKS-SC-27-A_RD1_01_14013.d: +MS, 0.2min #14

1+
1.5 531.0779
1+
785.1313
1.0 1+
| 1039.1840
1+

0.5 | 1293.2349

1+
1547.2806
0.0 . JJJ L L il 35023325 05k 3607

CaH3sNeOaRUS+, M, 717.1540
2500 "
7.154
2000 717.1548
1500

1000

500 1000 1500 2000 2500 m/z

Bruker Compass DataAnalysis 5.1 printed: 30-11-2024 14:41:06 by: 1ITO1 Page 10f 1

Fig 27 d. The expected product is not obtained, as confirmed
+
by LCMS (LCMS (ESI) m/z calculated for [M-PF ]

Intens, m chem AKS-SC-30_RC1_01_14273.d: +MS, 0.2min 13
14+
605.0798

1s
2+ 849.1680
369.0595

1071.1321

I W Y™

1753.2318 2493.4626
CnHysNsO4RUS+, M, 717.1540

2500

1+
717.1548

500 ) 1000 1500 2000 2500 m/z

Fig 27 e. The expected product is not obtained, as confirmed

.
by LCMS (LCMS (ESI) m/z calculated for [M-PF ]
717.1548)

Intens. m chem AKS-SC-27-A_RD1_01_14013.d: +MS, 0.2min #14

1+
1.5 531.0779

| 1+
785.1313

1+
1039.1840

05 | 12932349,

| 1547.2806
JUJ | e o0 1802.3325 2056.3697

0.0

CaHasNgO4RUSH, M, 717.1540
2500 i
2000 717.1548
1500
1000

500

500 1000 1500 2000 2500 m/z
Fig 27 f. The expected product is not obtained, as confirmed
+

by LCMS (LCMS (ESI) m/z calculated for [M-PF ]
717.1548)
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3.8.2 Characterization of complex Ru2 and Ru2’:

3.8.2.1 LCMS of Complex Ru2 and Ru2’

Intens, m chem AKS-SC-33C(F)_RC1_01_15455.d: +MS, 0.2min #9
x104
1+
1.5 934.1550
1.0 ‘ 1 981.1600
05 ' | 1 | [l
U L, M 946.1728 ,!4‘ 1
0.0 s J19.00 AAAL L 'k VAL b ids . A A N l\l'\ U H UAA
CssMuCIN;P;0RY, M, 934.1451
2500 e
—_— 934.1463
1500
1000
500 ll l
0 Lol 11
900 910 920 930 940 950 960 970 980 990 m/z

Fig 28. An additional peak is obtained as confirmed by LCMS
(LCMS (ESI) m/z calculated for Cs3H41CIN3P,ORu [M-CI1]*
934.1375
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3.8.3 Characterization of complex Ru3 and Ru3":

3.8.3.1 LCMS of Complex Ru3 and Ru3’

Intens. m chem AKS-SC-36 F_RB1_01_16004.d: +MS, 0.2min #14
8000
985.0433
6000 934.0753

4000
916.0635 969.0482
2000 UU
; 895.6971 5 | P i il ,IJJAU -

Cs3Ha1CIN3PRY, M, 918.1502

2500 5
2000 918.1513
1500
1000
500 “ l
0 L ll
900 920 940 960 980 m/z
Bruker Compass DataAnalysis 5.1 printed: 24-12-2024 12:43:31 by: 1ITO1 Page 1 of 1

Fig 29. An additional peak is obtained as confirmed by LCMS
(LCMS (ESI) m/z calculated for CssHsCIN3P,ORu [M-CI]*

934.1375

3.8.4 Characterization of complex Ru4 and Ru4':

3.8.4.1 NMR spectra of complex Ru4 and Ru4’

AKS-SC-42.1.fid
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Fig30. '"H NMR spectra of Ru4 and Ru4’
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Fig31. C{'H} NMR spectra of Ru4 and Ru4’

3.8.5 Characterization of complex RuS and Ru5":

3.8.5.1 NMR spectra of complex Ru5 and Rud’

AKS-AS-46-8.1.fid
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Fig32. 'H NMR spectra of Ru5 and Ru5’
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Fig33. 3C{'H} NMR spectra of Ru5 and Ru5’

3.8.6 Characterization of complex Ru6 and Ru6':

3.8.6.1 NMR spectra of complex Ru6 and Ru6’
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Fig34. 'H NMR spectra of Ru6 and Ru6’
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3.8.7 Characterization of complex Ru7 and Ru7":

3.8.7.1 NMR spectra of complex Ru7 and Ru7’

AKS-SC-61.1.fid

b

6
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Fig35. 'H NMR spectra of Ru7 and Ru7’
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Fig36. >C{'H} NMR spectra of Ru and Ru7’
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3.8.8 Characterization of complex Ru8 and Ru8':

3.8.8.1 NMR spectra of complex Ru8 and Rug'’
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Fig37. 'H NMR spectra of Ru8 and Ru8
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Fig38. 3C{'H} NMR spectra of Ru8 and Ru8'
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CHAPTER-4

4.1 CONCLUSION:

In summary, the diastereomeric complexes Ru8 and Ru8' were
successfully synthesized and characterized in the laboratory through
various spectroscopic techniques. The characterization was conducted
using multiple analytical methods including 'H, *C, and 3'P NMR
spectroscopy, whereby the existence of a 3:1 diastereomeric ratio was
observed in the 'H NMR spectra. Initially, concerns were raised
regarding the aliphatic region peaks; however, it was determined that
these signals were attributed to S-BINAM decomposition, which was
also detected in the NMR spectra through its characteristic peaks. The
synthesis represents a significant advancement following numerous

unsuccessful attempts with various precursors and chiral auxiliaries.

Moving forward, reaction conditions must be optimized to improve
yield and diastereoselectivity. Additionally, potential applications
across various fields need to be investigated to fully utilize these novel
ruthenium complexes. The catalytic, photochemical, and biological
properties of these diastereomeric pairs should be evaluated to
determine their efficacy in asymmetric synthesis, photocatalysis, or as
potential therapeutic agents. Further studies may be directed toward the
separation of these diastereomers to assess their individual properties

and applications.



4.2 FUTURE PERSPECTIVE:

The successful synthesis and characterization of the diastereomeric
ruthenium complexes Ru8 and Ru8' open up a wide array of promising
avenues for future research. Moving forward, a primary focus should be
placed on optimizing the reaction conditions to enhance both the overall
yield and the diastereoselectivity, which could lead to more efficient
production and a better understanding of the factors influencing
selectivity. Additionally, the separation and isolation of individual
diastereomers will be crucial for in-depth studies of their unique
chemical and physical properties. Exploring the catalytic activity of
these complexes in asymmetric synthesis could reveal valuable
applications in the preparation of enantioenriched compounds, which are
of great interest in pharmaceutical and fine chemical industries.
Furthermore, investigating their photochemical properties may uncover
novel uses in photocatalysis or light-driven transformations, while their
potential as therapeutic agents warrants comprehensive biological
evaluation. Such studies could include cytotoxicity assays, mechanism-
of-action analyses, and structure- activity relationship investigations.
Overall, the groundwork laid by the initial synthesis and characterization
of Ru8 and Ru8' provides a strong platform for multidisciplinary
research, with the potential to impact catalysis, materials science, and

medicinal chemistry.
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