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The research work described in this Ph.D. thesis themes on mono and binuclear ruthenium(ll) complexes catalyzed C-C,
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synthesis of some biologically important compounds such as imines, E-olefins, 2-amino-4H-chromenes and pyrazoles
via oxidative dehydrogenation / acceptorless dehydrogenation coupling of readily available alcohols with the suitable
coupling partners. All the reactions operate under mild conditions with the liberation of hydrogen gas and water as the
only by-products. Chapter 6 describes the summary of all the five chapters. Organometallic chemistry concerns with the
compounds encompassing atleast one direct bond between the carbon atom of the organic compound and metal
centre such as alkaline, alkaline earth, transition metal and other cases. 1 In addition, several other compounds such as
transition metal hydrides or metal phosphine complexes are also included in organometallic research. Organometallic
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Chapter 1

INTRODUCTION

The research work described in this Ph.D. thesis themes on new mono and binuclear
ruthenium(I1) complexes catalyzed C-C, C-N and C-O bond forming reactions towards the
synthesis of important heterocycles via dehydrogenative coupling of alcohols. The present
thesis comprises six chapters. The first chapter is the introduction about the chelating ligands
including thiourea, aroylhydrazone and aroylhydrazine ligands along with their structural
features and their coordination ability in forming metal complexes. Further, a detailed
literature survey on recent advancements in the mono and binuclear ruthenium(ll)
complexes catalyzed alcohol dehydrogenation and its importance in C-C, C-N and C-O
bond formation reactions towards sustainable organic synthesis is portrayed. Chapters 2-5
mainly focused on the synthesis and characterization of new mono and binuclear Ru(Il)
complexes featuring thiourea, aroylhydrazone and aroylhydrazine ligands. In addition,
special attention has been focused on sustainable synthesis of some biologically important
compounds such as imines, E-olefins, 2-amino-4H-chromenes and pyrazoles using the
newly synthesized ruthenium complexes as efficient catalysts via oxidative / acceptorless
dehydrogenation coupling of readily available alcohols with the suitable coupling partners.
All the reactions operate under mild conditions with the liberation of hydrogen gas and water

as the only by-products. Chapter 6 describes the summary of all the five chapters.

Organometallic chemistry concerns with the compounds encompassing atleast one
direct bond between the carbon atom of the organic compound and metal centre such as
alkaline, alkaline earth, transition metal and other cases.! In addition, several other

compounds such as transition metal hydrides or metal phosphine complexes are also



included in organometallic research. Organometallic chemistry combines the chemical
characteristics of classic inorganic and organic compounds.? Chemistry of such compounds
provides solutions to the challenges faced by researchers in catalytic, synthetic organic and
material chemistry. They have wide applications as catalysts in stereoselective organic
synthesis and industrially important homogeneous catalysts.® Further, the synthesized metal
complexes have attracted great interest in cancer metallotherapeutics due to the structural
diversity in ancillary ligands and easy accessibility to the hydrophobic nature of

substitutions.

In recent years, there has been extensive interest in the chemistry of transition metal
complexes mainly due to the fact that they offer opportunities for tuning the electronic factor
of the metal centre, including substrate chirality, enhancing the stability of homogeneous or
heterogeneous catalysts.® Particularly, ruthenium complexes are effectively exploited in
diverse fields such as catalysis, biology and material chemistry due to the ability of
ruthenium to exist in various oxidation states (-2 to +8), geometries, coordination numbers,
ligand exchange Kkinetics and iron-mimicking capability etc.® More specifically,
organoruthenium complexes were exploited as catalysts in various organic reactions, such
as imine synthesis,” asymmetric catalysis,® amidation reactions,® transfer hydrogenation,°
olefin metathesis,'! alkylation reaction,*> hydroformylation,** tandem reactions,'*
hydrosilylation.’® Recently, many ruthenium complexes appended arene moiety were
reported as potent anticancer agents.'® Intense investigations were focused on ligands such
as arene, phosphine, and other multidentate ligands containing oxygen, nitrogen, and

sulfur.’

1.1.  Thiourea ligands
Thiourea is a significant compound with the common structure

(R1R2N)(R3R4N)C=S and commonly attained by the reaction of isothiocyanate with



hydrazides/amines. Particularly, aroylthiourea ligands have received immense importance
because of their flexible coordination ability with numerous transition metal ions.'® Due to
their soft (C=S) and hard (C=0) donor groups, thiourea ligands exhibit a very high binding
probability and serve as possible O, S donors (Scheme 1). The thiocarbonyl group which is
connected with N-H group substituents have an impact on the coordination behaviour and

also the chemical and physical properties of the complexes.*®

o)
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Scheme 1. General formula of thiourea ligands

Thiourea ligands with O, N, or S donor atoms show several coordination modes and
bind to the metal ion in monobasic, dibasic, or neutral forms (Scheme 2). Typically, they
coordinate in a monoanionic bidentate way with the transition metal ion (I). They also bind
with the metal ions in neutral monodentate mode via sulphur atom (11). By the use of O and
N atoms, they can coordinate with the metal ion (111) in a neutral bidentate form as well. It
was also found that O and S atoms were bound to one metal ion in a monobasic bridging
ligand, whereas N was linked to another metal ion (1V). It can also coordinates to metal as

neutral N and S donor atoms forming a four-membered chelate ring (V).2°
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Scheme 2. Various modes of coordination of aroylthiourea ligands
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Among the various coordination modes, the monoanionic bidentate (O, S)
coordination mode has been found to be very common and leads to stable transition metal
complexes.?! Thiourea has many catalytic applications in organic synthesis and also
provided many applications in the field of analytical chemistry, agriculture and biology. In
addition, they treated as antioxidant, anti-bacterial, anti-cancer, anti-inflammatory agents
and for urease inhibition.?? Thiourea-based metal complexes have received favourable
attention in recent years due to their chemical and biological characteristics. The ability to
coordinate metal ions through a variety of coordination modes results in a structural variety

of their metal complexes, which attracts momentous scientific investigation.?®

1.2.  Aroylhydrazone ligands
Aroylhydrazones are analogues of Schiff's base ligands with nitrogen and oxygen
donor atoms. They are synthesized under smooth conditions by reacting aldehydes or

ketones with hydrazides (Scheme 3).24

o _
bl _ HaN-NH N . H,0
S 3%

Scheme 3. General preparation of hydrazone ligands

Hydrazones are extremely important because they are responsible for the formation
of active species with various oxidation states and for forming a stable chelate ring with
transition metals, which catalyse the corresponding chemical processes. This is due to their
ability of complex formation with metal ions and their active involvement in a variety of
catalytic and biological processes.?® In addition, hydrazone derivatives have been
extensively utilised as anti-HIV agents, anti-bacterial agents, and anti-microbials agents. In
particular, hydrazone containing azomethine -NHN=CH protons constitutes a crucial class

of compounds for the development of new drug molecules (Figure 1).%
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Figure 1. The general formula of hydrazone ligands

Hydrazones have a strong coordinating ability to transition metals using phenolate-
O or enolate-O, imine-N and deprotonated amide-O atoms and form stable complexes with
transition metals. The competition between binding and chelating coordination modes is an
important fact in producing mono, di, and polynuclear metal complexes (Scheme 4).2” When
compared to free ligands, these metal complexes exhibit a wide range of stereochemical,

electrochemical, catalytic and biological properties.?®
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Scheme 4. The general formula of acyl/ aryl-hydrazone and mesomerism of the anion
obtained by deprotonation

Hydrazones are yet another class of versatile ligands that exhibit amido-imidol
tautomerism in solution and exhibit unique coordination modes (Scheme 5). Changes in the
parent aryl or acid benzhydrazides with different aldehyde or ketone were used for the

enhancement of electronic properties of the ligands.
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Scheme 5. Amido and imidol forms of hydrazones

Generally, hydrazones behave as O”N bidentate donor ligand.? Tri and tetradentate
ligands may also be attained if R, and/ or Rz residues are moieties such as —PR2, -NR2, -OH,

-SH, etc. (Scheme 6).%°
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(d) C, N, O donor (e) O, N, O donor () N,O, donor

Scheme 6. Different bonding modes of hydrazone derivatives

The stability of the metal complexes increases the mechanism of electron
delocalization and the size of the chelate rings produced. Exclusively, metal complexes
containing ligands with tridentate donor sites, have a unique shape, structural diversity and
chemical sensitivity.3! Moreover, several hydrazone ligand containing metal complexes
have been reported to have potential applications as catalysts, anticancer agents,* analytical
reagents for spectrophotometric and sensitive spectrofluorimetric titrations,®® ultra-trace

determination of metals,® conversions, storage and photo-sensitizers in redox reactions.



1.3.  Aroylhydrazine Ligands

Aroylhydrazine ligands bearing nitrogen and oxygen donor atoms are generally
produced from the reaction of acid chloride with acid hydrazide. They are characterized by
the presence of >C(O)-NH-NH-C(O) functional group and have a strong tendency to bind
the transition metals. These ligands can be easily modified by variation of the parent acid

hydrazides (Scheme 7).

Aroylhydrazine have a broad range of biological activity due to the presence of an
electron-rich hydrazine group via hydrogen bonding with biological enzymes. They possess
several biological activities such as insecticidal, herbicidal, fungicidal, enzyme inhibition,
antiviral and antitumor activities.®® There has been considerable attention to the synthesis
of aroylhydrazines and their metal complexes because of their applications in the synthesis
of several heterocyclic compounds including oxadiazoles, triazoles, thiadiazoles and

tetrazines.®’

0]

H
N — > Modification site
&\ ~ Wﬁ)
N
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Hydrazine linkage

Scheme 7. The framework of arylhydrazine ligand

These ligands can coordinate to the metal ions in different modes such as bidentate and

tetradentate manner.
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1.4.  Metal complexes of half-sandwich arene ligands

Half-sandwich complexes are considered as one of the significant classes of
organometallic compounds. Among them, arene ruthenium complexes represent one of the
most important organometallic compounds due to their potential applications in various
areas.®® The synthesis of ruthenium(I1) arene complexes requires mild reaction conditions
and furnishes greater yields, excellent stability and water solubility that have allowed them
to a reputable place in the field of organometallics.®® Further, it has been demonstrated that
the nature of the arene, the chelating moieties and the leaving group in these complexes
exhibit structure-activity relationship and significantly influence their chemical and
biological activity.*® The half-sandwich complexes encapsulating a (5"-arene)Ru-moiety
have emerged as tunable intermediates in organic synthesis due to facile functionalization
of the arene moiety.** Further, the arene ring enhances the electrophilic character by
coordination with a metal centre. Therefore, reactions such as nucleophilic addition or
substitution, arene and benzylic deprotonation become more facile (Scheme 8). The
coordinated #"-bonded hydrocarbon ligands such as (#%-arene)Ru- and (n°-
cyclopentadienyl)- Ru-moieties in the complexes are relatively inert towards substitution
and behave as spectator ligands. These arene fragment stabilizes and prevents rapid

oxidation of metal centre.*?



Scheme 8. A general structure of half sandwich metal complexes
(X=halideor N, S, O, P etc. and Y, Z = chelating group with NN,
NO, NS, NP etc., donor atoms; X, Y, Z = mono or bi or tridentate
ligand)

A huge number of catalytic reactions were carried out by half-sandwich complexes
including hydration reaction in alkynes,*® organonitriles,** olefin metathesis,*® Diels-Alder
reactions,*® hydrogenation of alkenes,*’ transfer hydrogenation of imines/ketones*® and
oxidation of alcohol.** The chiral half sandwich-based metal complexes have given
important contribution to the synthesis of chiral intermediates.>
1.5. Transition metal-catalyzed C-C, C-N and C-O cross-coupling reactions

towards the synthesis of heterocycles

Heterocycles are found the largest and most diverse family of organic compounds.
They play a vital role in the development of organic synthesis and medicinal chemistry.>!
The heterocyclic compounds containing nitrogen, oxygen and sulphur atoms have a key role
in many biological processes and as therapeutic agents.>> A huge number of heterocyclic
derivatives have been found and display physiological and pharmacological properties such
as anti-inflammatory, anti-bacterial, analgesic and antioxidant agents.>® Considering the
importance of these useful compounds in modern science, the synthesis of heterocycles and
their derivatives has always been an emerging topic in organic synthesis. Over the past few
decades, great research efforts have been made to develop novel, flexible, and efficient

synthetic methods for the construction of heterocycles through cross-coupling reactions.>*



Generally, the carbon-carbon (C-C) and carbon-heteroatom (C-X, X = N, O) bond-
forming reactions are central importance and constitute the backbone of synthetic organic
chemistry.® These reactions have a prodigious contribution towards the synthesis of natural
products, agrochemicals and important synthetic compounds. Further, these bond formation
reactions towards the synthesis of heterocyclic frameworks are immense importance in drug
discovery and development of the compounds with novel or selective pharmacologic

targets.

The traditional protocol involves a C-C bond formation reaction from aryl or vinyl
halides with terminal alkyne.>® The C-N bond formation takes place from amines with
organic halides and C-O bond formation reactions between aryl bromides or iodides with
phenols.> These reactions are associated with the use of harsh chemicals and the generation

of a large amount of toxic waste which affects the environment and sustainability.

During the past decade, transition metal-catalyzed cross-coupling reactions played a
remarkable role in the construction of bioactive compounds because of their extended scope
and practicability.>® Here, a coupling reaction has occurred between two organic fragments
with the help of transition metal catalyst by the formation of a new carbon-carbon (C-C) or
carbon-heteroatom bond.>® The general mechanism for cross-coupling reactions has been
demonstrated in scheme 9. The reaction starts with a rate-determining step in the catalytic
cycle to activate the carbon-substituent bond (R-X) by oxidative addition to a transition
metal complex followed by a transmetallation step with organic substituent. Further, the
reductive elimination step of metal complex forms the desired cross-coupled product (R’-

R) with the regeneration of the active metal catalyst.°
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M-Ln

. Oxidative
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R-X + R-M » R-R + X-M

Scheme 9. A general mechanism for transition metal-catalyzed cross-coupling reaction

The transition metal-catalyzed cross-coupling between aryl halide with
organometallic reagents, such as the Heck, Suzuki and Negishi reactions are well established
for the construction of C-C and carbon-heteroatom bond formation.®* However, these
methods suffer with some limitations such as the heteroaryl organometallic reagents and
pseudohalides are not readily accessible and may also ineffectively contribute to the
coupling reaction. Moreover, heteroaryl-heteroaryl bond formation is irregular, because of
the reactivity and selectivity of coupling partners in the coupling reaction. As a result, the
replacement of traditional methods with another effective approach is highly appealing,

which helps to overcome these limitations to a great extent.

There is continuous growth in developing new methodologies for the coupling
reaction by applying new innovative solutions to overcome the problems. Recent reports
revealed the ongoing growth and innovation in metal catalyzed coupling reactions towards

the synthesis of heterocycles through the dehydrogenative coupling of alcohols.

11



1.6. Dehydrogenative coupling of alcohols

Alcohols are significant building blocks for synthetic organic and pharmaceutical
chemistry to build advanced organic structures.®?> They are greener starting materials,
economical, highly abundant, and utilized as important precursors for the synthesis of

numerous fine chemicals with the aid of metal catalysts.®

Acceptorless dehydrogenative coupling of alcohol reaction has developed as one of
the proficient methods in synthetic organic chemistry to construct carbon-carbon and
carbon-heteroatom bonds in an environmentally benign and sustainable way. The transition-
metal catalyzed acceptorless dehydrogenative coupling (ADC) strategy have attracted much
attention in recent trend. 54 The traditional dehydrogenation reactions have been performed
using oxidants/additives, cocatalysts, and ended with the formation of toxic waste. When
compared to conventional protocols, acceptorless dehydrogenative strategies are more
sustainable, and act as an alternative and practical technique for the synthesis of bioactive
heterocycles.® Moreover, ADC process involves initial dehydrogenation of alcohols
without use of oxidants or sacrificial acceptors followed by a coupling reaction with suitable
coupling partners to afford the desired final product. Similarly, dehydrogenation of alcohols
performed in open atmospheric condition leads to oxidative dehydrogenation. The overall

process involves the liberation of hydrogen gas and water as by-products.

Acceptorless dehydrogenation Oxidative dehydrogenation

H,0

SN

@< [M]j\@ @ v air

Cf\XH2 H,0 (X=N,0,S) U\XHZ H,0 (X=N,O0,S)

Scheme 10. Transition metal mediated acceptorless / oxidative dehydrogenative coupling
of alcohols

OH
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Therefore, significant progress has been achieved in the sustainable synthesis of
heterocyclic compounds employing C-C or C-X (X = N, O) bond-forming reactions via
acceptorless dehydrogenative coupling of readily available alcohols with suitable reactant
partner.®® Recently, various transition metal-based catalyst systems have been used for the
dehydrogenative synthesis of various heterocycles using the ADC reaction. However, those
reported methods have some disadvantages such as harsh reaction conditions, high catalyst
loading, higher temperature and limited substrate scope etc.%” Among them, Ru-catalyzed
ADC reactions have gained major interest because of their widespread applications in
organic synthesis.®® For example, Madsen et al. used ruthenium-catalyzed acceptorless
dehydrogenative coupling reactions of primary alcohols to obtain functional ester
derivatives.®® Beller and co-workers described an efficient dehydrogenative coupling
reaction towards pyrroles synthesis from 1,4-diols and amines.’® Milstein et al. reported an

ADC protocol for synthesis of peptides and pyrazines from S-amino alcohols.™

However, ruthenium-catalyzed sustainable synthesis of heterocycles from alcohols
following an acceptorless dehydrogenative coupling protocol is not explored well. Hence,
this thesis focuses on the new mono and binuclear ruthenium(ll) complexes mediated
construction of various heterocycles via C-C, C-N and C-O bond formation reactions using

acceptorless dehydrogenative coupling of alcohols.

1.5.1. Synthesis of imines

Imines are one of the most imperative compounds which have led to significant
applications in variety of organic synthesis reactions, pharmaceuticals, agricultural and also
in various industries.”? In traditional routes, synthesis of imines was accomplished by
condensation of ketones/aldehydes with amines in presence of acid or base. After that,

numerous approaches were developed for synthesis of imines such as self-condensation of

13



amines, the reaction of nitroarenes with primary alcohols, oxidative dehydrogenation of
amines using various oxidants such as quinine, TEMPO, iodosylbenzene.”® However, these
methods have lead to the formation of stoichiometric amount of toxic waste.”* Hence, the
development of an efficient method for the synthesis of imines is highly desirable due to

their potential versatility and wide scope.

Metal catalyst Ry NH, Y

etal catalys A~ ~

RZOH — VS Ng ————— Ry N R, Ry N" R,
Base 1 Metal catalyst

H,0

Scheme 11. General reaction of transition metal-catalyzed imine synthesis from alcohols

Based on recent reports,” a plausible mechanism for the direct synthesis of imine

from alcohols and amines has been depicted (Scheme 12).

X )H<H + Base
H, MLnX R™ OH
(U]
H X
H
R)<OH
(Iv) LnM—H LnM—O> ({0))
R
0 R
I{IILn
yd
R NH, + R0 H
(1)
-H,0
R ONTR

Scheme 12. General catalytic cycle for the imine synthesis from alcohol and amine
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The reaction involves the formation of metal alkoxide species (I1) from the catalyst
through deprotonation of the alcohol followed by p-hydride elimination (I11) to form
aldehyde. This aldehyde intermediate further reacts with amines to produce imines and
water is eliminated as a by-product. Further, the metal hydride (IV) reacts with alcohol to

form the next catalytic cycle with the release of water.

1.5.2 Olefination of methyl-N-heteroarenes

E-Selective conjugated olefins are found to be an important intermediates in most
synthetic organic transformations.’”® They are indispensable building blocks for the
construction of important heterocyclic frameworks including natural products and
pharmaceuticals.”” Particularly, most drug molecules and agrochemicals containing
heteroarene units were proved to have promising biological applications. A large number of
olefin synthetic routes were developed such as Wittig reaction, Peterson olefination and
Julia olefination.”® The Heck, Suzuki, and olefin metathesis reactions are found to be most

useful synthetic strategies for olefins as well.”

The recent reports available on the synthesis of conjugated olefins were performed
by the condensation of aldehydes with N-heteroarenes in the presence of a strong acid or
base.2® However, these methods often suffer from, multistep reaction sequence, use of
oxidant, generation of stoichiometric waste, poor selectivity and poor atom economy. Thus,
the development of new methodologies for the construction of olefins conjugated with N-

heteroarenes is a highly demanding goal.

P PN Metal catalyst s
H) + HO R ) + H,0
A ol P "

Base

Scheme 13. General reaction of metal-catalyzed olefination of methyl-N-heteroarenes
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Following recent reports,! a plausible reaction mechanism for olefination of methyl-
N-heteroarenes is depicted (Scheme 14). Initially, the metal catalyst (1) reacts with alcohols
in the presence of a base to form metal alkoxide (I1). After that, 11 underwent g-hydride
elimination (111) to release aldehyde and M-H species (1V). Further, alcohol reacts with
metal hydride species (1) to generate metal alkoxide species (11) with the liberation of H>
and thereby catalyst enters into the next catalytic cycle. Afterwards, the liberated aldehyde

reacts with 2-methylheteroarenes in the presence of a base to afford desired olefinated

product.
X jI<H + Base
H, MLnX R” "OH
)
H X
H
Rk0H
(V) LnM—H LnM—O> )
R
0” R
I
X /MLn
@@ - ro H
N™ >~ ()
-H,0
X -
@A
RW[NI\v*‘

Scheme 14. General catalytic cycle for metal-catalyzed olefination of methyl-N-
heteroarenes
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1.5.3 Synthesis of 2-amino-4H-chromenes

2-Amino-4H-chromenes and their derivatives are of significant importance due to
their wide range of biological activities such as antimicrobial, antiproliferative and
antitumor activity.®2 They are used as a drugs for Alzheimer’s disease, Huntington’s disease

and anticancer therapeutic agents etc.

Multi-component reactions (MCRs) have gained significant attention for
constructing a broad range of bioactive molecules in highly efficient, rapid, low-cost, and
eco-friendly manner.8* Several multicomponent protocols have been reported for the
synthesis of 2-amino-4H-chromenes and their derivatives using malononitrile, resorcinol
and aldehyde with various catalysts such as piperidine, triethyl amine, aqueous K2COs etc.®®
Most of these reported protocols require a long reaction time, harsh condition, high
temperature and possess poor recyclability of catalysts. To make the reaction simple and
green, it is important to use the environmentally friendly medium for the synthesis of 2-

amino-4H-chromenes.

R

CN Metal catalyst CN
R"OH + < + /@\ ‘ + H0 + H,}
CN HO OH HO O” 'NH,

Base, Solvent

Scheme 15. General reaction of metal-catalyzed synthesis of 2-amino-4H-chromenes from
alcohols

In accord with the previous reports,®® a plausible mechanism for metal catalysed
synthesis of 2-amino-4H-chromene has been proposed (Scheme 16). At first, the catalyst (I)
reacts with alcohol with the aid of base to give metal-alkoxide species (I1). Further, 11
undergoes S-hydride elimination (I11) to discharge aldehyde along with the generation of

metal-hydride species (I'V). Further, the in-situ generated aldehyde underwent Knoevenagel
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condensation with malononitrile to form benzylidenemalononitrile intermediate. Later,
Michael addition®” of benzylidenemalononitrile and resorcinol followed by intramolecular
cyclization to result the 2-amino-4H-chromene. Finally, metal-hydride species (IV) reacts

with another molecule of alcohol to regenerate the catalyst with the liberation of hydrogen

gas.
X /HkH + Base
H, MLnX R™ OH
U}
H X
H
R)<0H
(IV) LnM—H LnM—°> (In
R
.
MLn
NC._CN + R0 H
(1)
e ®
R/\/CN HO OH ! ‘ CN
CN HO 0~ "NH,

Scheme 16. General catalytic cycle for the metal mediated synthesis of 2-amino-4H-
chromenes from alcohols

1.5.4 Synthesis of pyrazoles

Pyrazole and its derivatives have tremendous application in pharmaceutical and
agrochemical industries.® These compounds are known to exhibit antimalarial, antitumor,
antifungal and antimicrobial®® and insecticidal activities.®® Several methods have been

reported for pyrazole syntheses such as 1,3-dicarbonyl compounds with hydrazines and 1,3-
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dipolar cycloaddition of dipolarophiles.®* These methods have drawbacks such as the need
of expensive catalyst, long reaction time and tedious work-up process. Consequently, great
efforts have been made to find efficient synthesis of pyrazoles via dehydrogenation of

alcohols.

R
(o)
N NH, Metal catalyst RSN
- etal catalys -
R1/\OH * < * H Y L(N o
NC

CN
R, Base

NH,

Scheme 17. General reaction of metal-catalyzed synthesis of pyrazole derivatives

Based on the previous reports,® a plausible mechanism for metal-catalysed synthesis
of pyrazole has been demonstrated (Scheme 18). Initially, the catalyst (I) reacts with alcohol
with the help of base to give metal-alkoxide species (I1). Further, 11 undergoes g-hydride
elimination (111) to discharge aldehyde. Further, the in-situ generated aldehyde reacts with
malononitrile to form benzylidene malononitrile intermediate. Later, reaction of
benzylidenemalononitrile with benzohydrazide followed by intramolecular cyclization to
result the pyrazole products. Further, metal-hydride species (IV) react with another

molecule of alcohol to regenerate the catalyst with the liberation of hydrogen gas.

19



X )<H + Base
H, MLnX R™ OH
V)]
X
H
R)<OH
(V) LnM—H LnM—O ()

N

NC._CN + R ~0
()

-H,0 o)

©)LN,NH2
H R, N
CN NC = (o]
NH,

Scheme 18. General catalytic cycle for the synthesis of pyrazole derivatives from alcohols

1.6 Literature survey

A detailed literature survey on the mono and binuclear ruthenium complexes

featuring thiourea, aroylhydrazone and aroylhydrazine ligands has been described.

1.6.1 Arene ruthenium(ll) thiourea complexes
Sheeba et al. have reported six new arene ruthenium(I1) complexes containing chiral

acyl thiourea ligands. Single-crystal X-ray investigations on three of the complexes verified
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their molecular structures. For the first time, the monodentate coordination of the ligands
with the ruthenium ion through sulphur atom was reported. The synthesized complexes act
as efficient catalysts for the asymmetric transfer hydrogenation of aromatic ketones in the
presence of 2-propanol and KOH to produce chiral alcohols. All of the catalysts showed

excellent conversions of up to 99% and enantiomeric excesses of up to 99%.%

Rao and co-workers have described two cationic arene ruthenium(ll) complexes
containing 1-benzoyl-3-(pyridine-2-yl)thiourea ligands. All the complexes have been
characterized by FT-IR, UV-vis and NMR methods. Single crystal X-ray crystallographic
studies of the complexes established the coordination of the ligand to the metal atoms in

bidentate mode and reveals a pseudo-octahedral geometry %

The reactions of chiral thiourea ligands with ruthenium benzene dimer gave chiral
half-sandwich arene Ru(ll) complexes as described by Sheeba et al. The solid-state
molecular structures of ligand and complexes were confirmed by single crystal X-ray
diffraction study. Further, synthesized complexes were successfully screened as catalysts
for the asymmetric transfer hydrogenation of ketones using 2-propanol as the hydrogen
source in the presence of KOH. These catalytic reactions proceeded with excellent yields

(up to 99%) and very good enantioselectivity (up to 99% ee).%

A series of ruthenium(ll) arene complexes were synthesized from acyl/aroyl
thiourea ligands ruthenium(ll) starting precursors. The solid-state structural studies of the
complexes revealed that the ligands coordinated to the metal via neutral monodentate
fashion through sulphur atom. Furthermore, the newly synthesized complexes were treated
with NaNs, which resulted in the formation of highly strained four-membered azido
complexes. The reaction of azido complexes with diethylacetylene dicarboxylate (DEAD)
and dimethylacetylene dicarboxylate (DMAD) directed to the formation of triazolato

complexes and the results were documented by Kollipara and co-workers.*
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Our research group has reported two ruthenium complexes encompassing aroyl
thiourea ligands. Notably, the catalytic efficiencies of six- and four-membered N, S chelated
ruthenium complexes were evaluated in synthesis of azines from alcohols and hydrazines
via acceptorless dehydrogenative pathway. A diverse range of azines was synthesized in
good to high yields using a catalyst loading of 0.5 mol %, in marked contrast to the previous

reports.®’

Next, a series of arene Ru(ll) complexes comprising acylthiourea ligands were
synthesized. All Ru(Il) complexes were well characterized by analytical and spectral (UV-
Vis, FT-IR and NMR) methods. The molecular structures of two of the complexes were
confirmed by single crystal X-ray diffraction technique. The catalytic ability of the Ru
complexes was evaluated in the synthesis of quinoxaline compounds from various 2-

nitroaniline and hydroxy ketone derivatives via transfer hydrogenation approach.®

Recently, Gumus’s research group has disclosed ruthenium(I1) complexes supported
acylthiourea ligands. The synthesized complexes used as homogeneous catalysts for the
direct oxidation of the a-methylene group in amine. The catalytic activity of all the
complexes for the a-oxygenation reactions of primary benzylic amines to amides was
investigated. Overall, all catalysts exhibited excellent activity and selectivity towards the

formation of amide production under mild reaction conditions.®

1.6.2. Ruthenium(ll) aroylhydrazone complexes

Our group has explored the convenient synthesis of Ru(ll) carbonyl complexes
comprising thiophene-based benzhydrazone ligands. The synthesized Ru(ll) complexes
were employed as catalysts in one-pot conversion of aldehydes to corresponding amides in
presence of NH,OH.HCI. Moreover, the screening of solvents, bases, temperatures, and

catalyst loading were also evaluated in the catalytic reaction.%
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In 2016, Jia’s research group reported a set of ruthenium(l1)-p-cymene complexes
featuring hydrazone ligands. The molecular structures of ruthenium complexes were further
confirmed by single-crystal X-ray diffraction methods. Further, these half-sandwich
ruthenium complexes are developed as active catalysts for the mild hydrogenation of
nitroarenes to aromatic anilines in the presence of sodium tetrahydroborate reducing agent

in water medium.1%?

Ruthenium(11) complexes were synthesized from pyridine-2-carboxaldimine ligands
with ruthenium(ll) precursors. The complexes were confirmed by spectral and analytical
methods. The X-ray diffraction studies showed that complexes possess pseudo-octahedral
geometry. Further, synthesized complexes were used as effective catalysts in transfer

hydrogenation reaction of ketones into alcohols.%

A series of Ru(ll) arene complexes encompassing Schiff-base ligands have been
synthesized and characterized by IR, NMR and mass studies. The exact molecular structures
of Ru(Il) complexes were further authenticated by single-crystal X-ray diffraction analysis.
Additionally, these complexes were employed as catalysts for the hydrogenation of
nitroarenes to aromatic anilines in aqueous medium in the presence of a reducing agent

sodium tetrahydroborate.%®

Manikandan et al. has described the synthesis of new air-stable octahedral
ruthenium(Il) carbonyl complexes bearing O, and N-bidentate benzhydrazone ligands.
Further, complexes were characterized by elemental analysis, spectral and single crystal X-
ray diffraction methods. The synthesised complexes were exploited as a catalyst for the
transfer hydrogenation process of different ketones using isopropanol medium and KOH

base, and the maximal conversion is reached up to 100%.%
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Viswanathamurthi and co-workers has documented a new series of ruthenium(Il) 2-
oxo-1,2-dihydroquinoline-3-carbaldehyde hydrazone complexes. Further, the solid-state
molecular structure of complexes was confirmed by the single-crystal X-ray diffraction
method. In addition, the catalytic efficiency of the synthesized complexes has been
investigated in direct amidation of alcohols with amines. The catalytic parameters like base,

temperature and catalyst loading in the amidation reaction were also evaluated.%®

Mohan et al. have reported a panel of p-cymene Ru(ll) benzhydrazone complexes
synthesized from the reaction of acetophenone benzoyl hydrazone ligands with [Ru(z;%-p-
cymene)(u-CI)Cl]2 starting precursor. The solid-state molecular structures of the few of the
complexes were confirmed by single crystal X-ray diffraction studies. All the ruthenium(Il)
arene complexes were explored as catalysts for transfer hydrogenation of a wide range
ketones with 2-propanol using 0.1 mol% catalyst loading, and conversions of up to 100%
were obtained. Further, the influence of other variables on the transfer hydrogenation
reaction, such as base, temperature, catalyst loading and substrate scope, was also

investigated. 0

Half-sandwich #°-p-cymene ruthenium(ll) complexes containing pyrrole-2-
hydrazones have been synthesized and characterized by various spectral and analytical
techniques. All the complexes exhibit exceptional catalytic activity towards the synthesis of
quinoline derivatives from 2-aminobenzyl alcohol and ketones or secondary alcohols. The

maximum yield of the quinolines obtained was up to 97%.%%

Our group has reported a series of neutral ruthenium(ll) complexes containing
methyl-2-pyrrole ketone hydrazone ligands. The single crystal X-ray study of the complexes
reveals the bidentate coordination mode of the ligand to ruthenium ion via azomethine
nitrogen and imidazolate oxygen. These complexes were established as selective catalysts

for the direct synthesis of imine from alcohol and amine in toluene medium. Further, the
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model catalyst shows maximum yield using 1 mol% catalyst loading under aerobic

conditions.1%®

In 2018, Ramachandran et al. disclosed new ruthenium(ll) complexes with
PNO/PNS donor ligands. The single crystal X-ray study of the synthesized complexes
revealed the distorted octahedral geometry around the ruthenium(ll) ion. The catalytic study
of complexes was carried out towards the regioselective N-alkylation of a wide range of

heterocyclic amines with alcohols.%®

Three new half-sandwich #5-p-cymene ruthenium(ll) complexes bearing
benzothiazole hydrazone ligands were synthesized. The solid-state molecular structure of
the complexes reveals that the hydrazone ligand coordinated to Ru(ll) ion via monobasic
bidentate fashion. The complexes were used as active catalysts for transamidation of

primary amide and the findings were documented by Viswanathamurthi group.°

A panel of Ru(ll) complexes containing hydroxyquinoline hydrazone ligands were
synthesized. Further, solid-state molecular structures of two of the complexes were resolved
by single crystal X-ray diffraction method which revealed a pseudo-octahedral geometry
around the ruthenium ion. All the new complexes have been employed as efficient catalysts
in N-alkylation reactions for the synthesis of tertiary amines by the coupling of secondary
amines with aromatic primary alcohols at low catalyst loading and resulted maximum

111

yields.

1.6.3 Arene ruthenium(ll) aroylhydrazine complexes
Dinuclear  arene  ruthenium(ll)  complexes of  dipropionylhydrazine,
dibutanoylhydrazine and dipentanoylhydrazine ligands were synthesized and characterized

by analytical and spectral methods. The solid-state molecular structures of all ruthenium(Il)
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complexes were corroborated with aid of single crystal X-ray studies. The geometry of the

complexes was found to be pseudo-octahedral geometry.!?

Our research group has reported diruthenium(ll) complexes encompassing 1,2-
diacylhydrazine ligands. The solid-state molecular structure of complex was authenticated
with the help of single-crystal X-ray diffraction method. Further, the complexes were
employed as catalysts for the synthesis of imine derivatives from alcohols and amines and
the catalytic system produced water as the only by-product. The oxidative imination reaction
operated under environmentally benign condition with low catalyst loading. The catalytic

protocol tolerates a wide range of imine derivatives in good to excellent yields.**

The new dinuclear p-cymene Ru(ll) complexes have been synthesized and
characterized by spectral and analytical methods. The resulted complexes performed as
efficient catalysts for the synthesis of 2,4,5-trisubstituted imidazoles from easily accessible
primary alcohols. A variety of imidazoles products was achieved with a yield up to 95% by
using 0.25 mol% of catalyst loading. The catalytic protocol is environmentally benign,

performed under mild conditions and discharges water as the only by-product.t!*
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Chapter 2

Arene Diruthenium(l1) Mediated Synthesis of Imines from
Alcohols and Amines Under Aerobic Condition

7
Abstract

The utility and selectivity of the newly synthesized dinuclear arene Ru(ll)
complexes were demonstrated towards the synthesis of imines from coupling of
alcohols and amines in aerobic condition. Analytical and various spectral methods have
been used to establish the unprecedented formation of the new thiolato bridged
dinuclear ruthenium complexes. The molecular structure of the titled complexes was
evidenced with aid of X-ray crystallographic technique. A wide range of imines were
obtained in good to excellent yields upto 98% and water as the by-product through
dehydrogenative coupling of alcohols with amines. The catalytic reaction operated a
concise atom economical without any oxidant with 1 mol% of the catalyst load. Further,
the role of base, solvent and catalyst loading of the coupling reaction has been
investigated. A plausible mechanism has been described and was found to proceed via
the formation of an aldehyde intermediate. Short synthesis of antibacterial drug N-

(salicylidene)-2-hydroxyaniline illustrated the utility of the present protocol.

» Yields up to 98%
» Mild conditions
» Open air

Ry
(\OH B RN HJO/

Pub.: Appl. Organomet. Chem., 2021, 35, e6122

39




2.1. INTRODUCTION

Imines are profound important class of nitrogen compounds due to their high
reactivity.! They are ubiquitous intermediates in many organic reactions such as cyclization,
cycloaddition, multicomponent reactions and condensation.? They are adaptable nitrogen
sources which find applications in pharmaceuticals, industrial and agriculture.® Further,
many nitrogen containing bioactive compounds such as amines, amides and pyrrolines can
be constructed from imine functional group (Figure 1).* Hence, synthesis and applications

of imines are essentially ever-appealing topics in synthetic organic chemistry.

OMe
@
o] N
n_/
Chitosan-derived Schiff base Ancistrocladidine Morpholine-derived imine
(Antifungal agent) (Antimalarial agent) (Antimicrobial agent)
t-Bu
___H OH
)LN S o NS t-Bu
H oy oM <o H
NO,
Thioacetazone N-(Salicylidene)-2-hydroxyaniline Hydrazide-derived Schiff base
(Antiviral agent) (Antibacterial agent) (Anti inflammatory agent)

Figure 1. Examples for bioactive imine analogues

The conventional approach for imine synthesis involves the direct coupling of
amines with aldehydes or ketones with lewis acid or dehydrating agents and higher reaction
time are required in many situations.> Imines have been also synthesized in different
circumstances includes Schmidt reaction, Aza-Wittig reaction® and oxidation of secondary

amines using oxidizing agents (Scheme 1).’
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Though a number of methods are known for imine synthesis in the literature, largely
suffer from drawbacks like use of toxic reagents, poor atom economy, harsh synthetic
process, and low level of selectivity.®

Traditional route:

NS

R2
RS0 + Ry-NH, — o RZONT © T HO

New approaches:
a) Cross-coupling

R2_NH2

[0] « R
RIN0 — " » RSN H HO

R/ OH ———»

b) Oxidative dehydrogenation
_~. -Ro [O] P /R2
RN ————— R{ N + H0 t+ H,
c) Self-coupling:

[0]

“SNH, ————= R"SNR O+ NHg

2 R
Scheme 1. Imine formation via traditional method and new approaches by aerobic
oxidation of alcohols and amines (a, b, and c)

To overcome the aforementioned limitations, the metal-catalyzed direct synthesis of
imines from alcohols with amines through dehydrogenation coupling mechanism is an
alternative approach. The strategy consists of two steps: (i) aerobic oxidation of alcohol in
the presence of a transition metal catalyst and (ii) generation of imine. More advantageously,
the dehydrogenative methodology is a greener protocol for the coupling of alcohol and

amine to desired imine with the water as the by-product.

Milstein and co-workers reported Ru-PNP type pincer complex promoted synthesis
of imines from alcohols and amines under nitrogen atmosphere.® This significant
breakthrough methodology has much attention to the researchers towards imine synthesis.
Several wide transition metal complexes such as Ru, Os, Pd, Pt and Au have been reported
as catalysts for imine synthesis under high temperature, inert atmosphere, special condition

and long reaction time.'®* Shiraishi and co-workers employed Pt/TiO2 heterogeneous
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catalyst for the imine synthesis with UV-radiation and used nitrogen atmosphere
protection.’® Kobayashi and co-workers have reported synthesis of imines by
gold/palladium alloy nanoparticles (1.5 mol%) in the presence of oxidant.'® Donthiri et al.
have described synthesis of imines by using NaOH (10 mol%) as a catalyst at high
temperature.!® Haiwen research group explored imine formation by employing
Cul/bipyridine/TEMPO under neat conditions.!’ Later, the Zhang group reported mild one-
pot synthesis of imines using Fe(NO3)s/TEMPO system as a catalyst in presence of
additives.'® Maggi et al. demonstrated the catalytic performance of Ru-NHC complex (5
mol%) in imine synthesis using DABCO ligand in the presence of molecular sieves for 24
h.1% The catalytic activity of Co(I1)-NNN pincer complex has been explored for imines
synthesis and the reaction was carried out with n-octane as a solvent at high temperature!®

(Scheme 2).

Previous literature reports

(i) PY/TiO,, UV-light, N,
(i) Fe(NO3)s/TEMPO, 80 °C, 24 h
(iii) Ru-NHC/DABCO, toluene, 4A molec. sieves,

o]
RONOH + Ry—NH, 110°C, 24 h

(iv) PICB-Au/Pd, NaOH, O, balloon, 30 °C,
THF-TFE medium

(v) Co(ll) NNN pincer, t-BuOK, n-octane, 150 °C

(vi) Pd(OAc),,EtsN, TEMPO, {-BuOK, r.t., 72 h

(vii) Pd/DNA, LiOH. H,0, N5, 50 °C

(viii) Ru-PNP (0.2 mol%, no base, 110 °C, 24 h)

This work

Ru(ll)arene catalyst R
Ry ~OH + Ry—NH, > RSN C + H0

t-BuOK, Open air, Toluene 60 °C
12 h

Scheme 2. Synthetic strategies of imine reaction

Overall, a large number of metal complexes with different ligand systems have been
explored as catalysts for this reaction. In particular, metal-based catalysts for the synthesis

of imines with phosphine labile ligands have been well explored. However, the catalytic
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condition showed some draw backs such as higher temperature, higher catalyst load and
inert atmosphere. To overcome the above issues, we are interested to execute the imine
synthesis protocol using metal complexes with phosphine free ligands. Generally, metal
complex containing phosphorus-free ligands has salient features like ease of synthesis, air

stability, easy separation and efficient catalyst recovery.

In the present art of research, we have described the synthesis and characterization of
new binuclear Ru(1l) complexes of thiourea ligand and used as a catalyst for imine synthesis
under aerobic catalytic condition. Catalysts featuring two closely associated metal active
sites is one of the emerging areas in homogeneous catalysis. This bimetallic catalytic system
complements the traditional focus on parameters in order to optimize catalytic behavior in
a better way. Change of the steric and electronic properties of the ligands can fine-tune the
performance of the bimetallic system. Such catalysts introduce new optimization parameters
such as catalyst nuclearity and synergistic cooperation between the two metal active sites
and the bridging ligands.?° Hence, controlling selectivity and activity of the catalytic
transformations will be offered by the suitable design of bimetallic catalysts. Exquisite
levels of activities of these catalysts could be achieved by careful design of two metal active

sites (Figure 2).

Pairing of metals
tunes reaction
pathway, activity &
selectivity

Ligand sterics &
electronicstunes
activity & selectivity

Figure 2. Structure-function relationship available in bimetallic catalysis
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2.2. EXPERIMENTAL SECTION
2.2.1. Reagents and materials

All the reagents used were chemically pure and analytical grade. Phenyl
isothiocyanate and 2-aminothiazole derivatives were purchased from Sigma Aldrich
chemicals. The solvents were freshly distilled before use by following the standard

procedures.?!

2.2.2. Physical measurements and instrumentation

The elemental analysis of carbon, hydrogen, nitrogen and sulphur were performed
at Sophisticated Test and Instrumentation Centre (STIC), Cochin University of Science and
Technology, Kochi. Infrared spectra of complexes were recorded in KBr pellets with a
Perkin Elmer 597 spectrophotometer in the range of 4000-400 cm™. The H and **C NMR
spectra were recorded in CDCl3z with Bruker 400 MHz instrument using TMS as internal

reference.

2.2.3. Preparation of 1-(5-methylthiazol-2-yl)-3-phenylthiourea ligands
1-(5-methylthiazol-2-yl)-3-phenylthiourea ligands (HL) ligands were prepared from
the literature procedure.?? To a stirred DMF solution (10 mL) of phenyl isothiocyanate (1
mmol), 2- and 2-amino thiazole derivatives (1 mmol) were added and the reaction mixture
was stirred for 24 h. At the end of the reaction the solution was concentrated to 5 mL and
poured into cold water 10 mL. The white solid was obtained, filtered and dried in vacuum

(Scheme 3). Yield: 80-90%.

R R
SRR ]
it e L
N H,N~ N RT,24n AN
H H
R = -H, -CH;, HL1: R=-H

HL2: R = -CH,

Scheme 3. Preparation of thiourea ligands
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2.2.4. Synthesis of new arene diruthenium(ll) thiourea complexes

The synthesis of cationic arene diruthenium(ll) thiourea complexes can be
accomplished in good yield from complexation of ruthenium starting precursor [(#°-p-
cymene)RuClz]2 (1.0 mmol) with thiourea ligand in 1:2 molar respectively in benzene under
open air condition. The complexes were yellow in color and air-stable. They were easily
soluble in solvents like CH2Cl,, CHCI3, CH3CN, DMSO, THF etc. The resulting complexes
were crystallized from the mixture of dichloromethane and methanol (1:1) (Scheme 4) and

X-ray quality crystals were obtained only for complex 4.

R2 _ H —_ 2®
o R e aely.
| I~
)J\ /Lé Benzene 1\<\’N 2CIO
Ru ~ __ Senzene \/ N
\CI‘ cl RT, 6h Ra Ru
N l‘l
\
@HJ\\NJL Ry

C2:Ry= -CHy Ry= <)
C3:R,=-H R2=©_<
C4:R=-CH; R,= ©_<

Scheme 4. Synthesis new arene Ru(ll) thiourea complexes

R1 = 'H, 'CH3

Spectral characterization of arene Ru(ll) thiourea complexes (1-4)

[Ru(y5-benzene)(HL1)]2Cl2  (1): Yellow solid. Yield: 90%: Anal. Calcd. For
Ca2H32CloN6RU,S4: C, 42.80; H, 3.14; N, 9.36. Found: C, 42.62; H, 3.10; N, 9.26. 'H NMR
(400 MHz, CDCls): & (ppm) = 11.42 (b, 2H, aromatic N-H), 7.59-7.36 (m, 7H, ArH), 7.26-
7.05 (m, 7H, ArH), 5.74-5.67 (m, 12H). ¥C{*H} NMR (100MHz, CDCls): & (ppm) =
174.64, 170.18, 159.04, 143.91, 140.72, 139.79, 137.85, 129.30, 128.52, 128.29, 124.32,
121.15, 111.81, 111.20, 87.60. FT-IR (cm™): 2923 (N-H), 1620 (C=N), 1592 (C=C), 1267

(N-C=S), 1159 & 876 (C=S). UV-vis (CHCI3): Amax (nm) 254, 320, 456.
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[Ru(#n®-benzene)(HL2)]2Cl2  (2): Yellow solid. Yield: 89%: Anal. Calcd. For
Ca4H32CloN6RU,S4: C, 44.10; H, 3.48; N, 9.08. Found: C, 43.90; H, 3.45; N, 8.91. 'H NMR
(400 MHz, CDCls): & (ppm) = 11.24 (b, aromatic N-H), 7.83-7.73 (m, 4H, ArH), 7.59-7.52
(m, 6H, ArH), 7.43-7.33 (m, 2H, ArH), 5.88-5.52 (m, 12H, CH benzene), 2.42 (s, 6H, CH3).
BC{*H} NMR (100MHz, CDCls): & (ppm) = 175.43, 170.98, 159.83, 144.71, 141.52,
140.58, 138.64, 130.10, 129.31, 129.08, 125.12, 121.94, 112.61, 112.0, 88.40, 19.20. FT-
IR (cm™): 2922 (N-H), 1640 (C=N), 1597 (C=C), 1265 (N-C=S), 1164 & 900 (C=S). UV-

vis (CHCls): Amax (Nm) 269, 303, 452.

[Ru(#n®-p-cymene)(HL1)]2Cl2 (3): Yellow solid. Yield: 85%: Anal. Calcd. For
CaoHa4Cl2N6RU,S4: C, 47.56; H, 4.39; N, 8.32. Found: C, 47.37; H, 4.35; N, 8.25. 'H NMR
(400 MHz, CDCl3): 6 (ppm) = 11.38 (b, 2H, aromatic N-H), 7.59-7.68 (m, 7H, ArH), 7.44-
7.27 (m, 7H, ArH), 5.55 (s, 4H, arene), 5.44 (m, 4H, arene), 2.82 (sept, 2H, CH(CH3).), 2.06
(s, 6H, CHs), 1.24 (s, 12H, CH(CHs)2). BC{*H} NMR (100MHz, CDCl3): & (ppm) = 175.04,
143.85, 136.54, 129.52, 129.20, 127.64, 125.00, 114.76, 106.68, 100.04, 86.28, 84.87,
84.80, 84.47, 30.79, 22.50, 22.23, 18.55. FT-IR (cm): 2922 (N-H), 1640 (C=N), 1591

(C=C), 1274 (N-C=S), 1159 & 874 (C=S). UV-vis (CHCls): Amax (NM) 276, 331, 464.

[Ru(#n®-p-cymene)(HL2)]2Cl2  (4): Yellow solid. Yield: 92%: Anal. Calcd. For
Ca2H4sCl2N6RU,S4: C, 48.59; H, 4.66; N, 8.09. Found: C, 48.62; H, 4.60; N, 8.01. *H NMR
(400 MHz, CDCls): & (ppm) = 11.55 (s, 2H, N-H), 7.60-7.58 (m, 4H, ArH), 7.47-7.43 (m,
4H, ArH), 7.38-7.36 (m, 4H, ArH), 5.57-5.43 (m, 2H, CH), 5.38-5.30 (m, 6H, CH), 2.80
(sept, 2H, CH(CHa)2), 2.43 (s, 6H, CHs), 2.08 (s, 6H, CH3), 1.26-1.21 (m, 12H, CH(CH3)2(-
eymengy). BC{"H} NMR (100MHz, CDCls): & (ppm) = 175.35, 158.22, 140.52, 136.32,
129.19, 128.95, 127.89, 125.28, 106.66, 100.06, 86.29, 84.89, 84.73, 84.24, 30.78, 22.52,
22.17, 18.54, 12.53. FT-IR (cm™): 2925 (N-H), 1642 (C=N), 1594 (C=C), 1261 (N-C=S),

1149 & 910 (C=S). UV-vis (CHCls): Amax (Nm) 280, 340, 463.
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2.2.5. X-ray crystallographic data collection

Single crystals of complex were grown by slow evaporation of a dichloromethane —
methanol solution at room temperature. The data collection was carried out using a Bruker
AXS Kappa APEX II single crystal X-ray diffractometer using monochromated Mo—Ka
radiation (A = 0.71073 A). Data was collected at 296 K. The absorption corrections were
performed by the multi-scan method using SADABS software.?® Corrections were made for
Lorentz and polarization effects. The structures were solved by direct methods (SHELXS
97) and refined by full-matrix least squares on F? using SHELXL 97.2* All non-hydrogen
atoms were refined anisotropically and the hydrogen atoms in these structures were located
from the difference Fourier map and constrained to the ideal positions in the refinement
procedure. The unit cell parameters were determined by the method of difference vectors
using reflections scanned from three different zones of the reciprocal lattice. The intensity
data were measured using o and ¢ scan with a frame width of 0.5° Frame integration and
data reduction were performed using the Bruker SAINT-Plus (Version 7.06a) software.?
Figure 11 was drawn with ORTEP and the structural data have been deposited at the

Cambridge Crystallographic Data Centre: CCDC 1879184.

2.2.6. General Protocol for synthesis of imines

Alcohols (1 mmol), amine (1 mmol), t-BuOK (0.5 mmol), catalyst (1 mol%), was
heated at 60 °C for 12 h under open air atmosphere in 5 mL toluene and the reaction was
monitored by TLC until completion. Then, the reaction mixture was cooled and diluted with
ethyl acetate (10 mL). For calculation of isolated yield, the layers were formed upon the
addition of water (5 mL) and organic layer was separated. The organic phase was dried over
Na,SO4 and concentrated in vacuum. The resulting residue was purified by column

chromatography using EtOAc: hexane to afford imine products.
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2.3.  Results and Discussion

Thiourea ligands were easily prepared from the reaction of phenyl isothiocyanate
and 2-amino thiazole derivatives in DMF. Complexation was accomplished by reacting
these ligands with the Ru(I1) precursor [Ru(#5-arene)Cl2] in a 1:1 molar ratio in the presence
of benzene solvent. The resulted complexes are yellow in color. All the complexes are stable
in air and readily dissolved in most organic solvents. The newly formed arene
diruthenium(ll) complexes were authenticated with the help of analytical and different

spectral techniques.

2.3.1. FT-IR Spectra

In the IR spectra, thiazole N-H and phenyl group N-H in the ligands showed bands
in the regions 3362-3161 cm™ and 3162-3006 cm™ respectively. Also, free ligands
displayed the thiocarbonyl (vc=s) stretching frequencies at 1254 cm™. On complexation,
thiazole attached N-H stretching vibration was not observed in the complexes indicating
that the ligands underwent enolization and decrease in vc=s (1150-1120 cm™). The shift in
these bands revealed that coordination of ligands to the metal via thiazole nitrogen and

thiocarbonyl sulphur.

2.3.2. NMR spectra

In the *H NMR spectra, the free ligands showed signals at 12.45-12.30 and 10.45-
10.23 ppm due to N-H protons. Upon complexation, the thiazole connected -NH protons
were disappeared in the complexes, further supporting enolization and coordination through
thiocarbonyl sulphur to the Ru(ll) ion. All aromatic protons of the complexes were appeared
as multiplet in the region of 7.05-7.83 ppm. The arene protons of the complexes were
observed at 5.37-5.80 ppm. The methyl protons of isopropyl group in p-cymene moiety
exhibited as singlet in the region 1.21-1.26 ppm. A septet was appeared in the range of 2.82-
2.81 ppm due to methine proton of the isopropyl group. Further, signals due to the methyl

protons of the p-cymene were observed at 2.44 ppm as singlet.
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Figure 4. 1*C NMR spectrum of complex 1 in CDCls (100 MHz, 293 K).
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Figure 6. 1*C NMR spectrum of complex 2 in CDCl3(100 MHz, 293 K).
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2.3.4. X-ray molecular structure determination

The solid state structure of the complex 4 [Ru(;8-p-cymene)(HL2)]2Cl. has been
studied by X-ray crystallographic technique. Crystals of suitable size were obtained from
mixed solvents of dichloromethane and methanol (1:1). The ORTEP view of the complex
is shown in Figure 11. The crystal is belong to the monoclinic space group “C 2/c” with Z
= 4. The thiourea chelates to Ru(ll) ion through the two thiolato sulphur ions and thiazole
nitrogen and the remaining position is occupied by arene moiety forming a pseudo
octahedral geometry. A four-membered Ru-S-Ru-S ring system is formed due to the
bridging position of sulphur atoms between the two Ru ions. The unprecedented formation
of bridging system is due to pushing of electron density by the thiazole group through the
amino nitrogen atom. This enabled the sulphur atom to make the new Ru-S bond, resulting
in dimer formation. The observed dimeric structure is similar to the related compound
contain a [Rh-N-C-S]2 sulfur bridged dinuclear unit.?® The RuzS; core is essentially planar
which indicated the cymene ligands adopted cis arrangement in the complex, the similar to
the arrangement observed in [(;%-CsHsMes)Ru{SCMe,CH-(CO2H)NH2}2]2.2" All of the Ru-
S distances of complex are basically equal length [range 2.3765(15)-2.4204(16)A],
indicating symmetrical sulphur atoms. It has been observed that the Ru-S-Ru bond angle
[99.25 (6)°] is slightly larger than the corresponding chloride bridging Ru-Cl-Ru [98.22°]
bond angle.?® Hence, the single crystal X-ray diffraction studies confirmed the structure

proposed with the aid of other spectroscopic techniques.
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Figure 11. ORTEP diagram of the complex 4 with 30% probability. All the hydrogen
atoms were omitted for clarity.
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Table 1. Crystal data and structure refinement for complex 4 [Ru(#5-p-cymene)(HL)]2Cl2

CCDC

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A, biA, c/A

o/°, B/°, y/°

Volume/A3

VA

Peaicmg/mm3

m/mm’*

F(000)

Crystal size/mm?

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [I>20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

1879184
Ca2HgClsNeRU2S4
1109.04

295(2)

Monoclinic

‘C2lc’

15.3174(10), 14.6942(9), 20.4178(14)
90, 103.282(7), 90
4472.7(5)

4

1.647

1.140

2248

0.12 x 0.07 x 0.05

3.364 to 29.345°
-15<h<21,-17<k<19,-27<1<27
10472

5282[R(int) = 0.0357]
5282/0/270

1.099

R1 =0.0710, wR2 = 0.1440
R1=0.0934, wR, = 0.1527
0.719/-0.986
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Table 2. Selected bond lengths (A) and angles (°) for the complex 4 [Ru(#®-p-cymene)(HL)]Cl»

Bond lengths (A) Bond angles (°)

Ru1-S2 2.3765 (15) Ru1-S2-Ru2 99.25 (6)
Ru2-S2 2.4204 (16) S2-Rul-S1 80.75 (6)
Rul-N1 2.120 (5) N1-Rul-S2 86.99 (14)
Rul-C12 2.261 (6) N1-Rul-C12 122.3 (2)
Rul-C13 2.189 (6) N1-Rul-C13 159.7 (2)
Rul-C14 2.189 (6) N1-Rul-Ci4 153.9 (2)
Ru1-C15 2.230 (6) N1-Rul-C15 116.6 (2)
Rul-C16 2.178 (7) N1-Rul-C16 93.3(2)
Rul-C17 2.225 (6) N1-Rul-C17 95.8 (2)
S1-C1 1.722 (6) N1-C1-S1 112.2 (5)
S1-C2 1.727 (7) N1-C1-N2 131.0 (6)
$2-C5 1.800 (6) N2-C1-S1 116.5 (5)
N1-C1 1.321 (8) N2-C5-S2 125.6 (5)
N1-C3 1.393 (8) N2-C5-N3 122.5 (6)
N2-C1 1.346 (9) N3-C5-S2 111.9 (5)
N2-C5 1.306 (8) C5-S2-Rul 103.4 (2)
N3-C5 1.329 (8) C12-Rul-S2 97.35 (17)
N3-C6 1.433 (9) C12-C1-Rul 74.0 (3)
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2.3.5. Catalytic application to synthesis of imines

The remarkable applications of ruthenium catalysts to an extensive variety of
coupling reactions motivated us to tune the present arene dinuclear Ru(ll) complexes as
catalysts in the direct synthesis of imines via dehydrogenative coupling substituted benzyl

alcohols and amine derivatives under aerobic condition.

2.3.5.1. Optimization of bases, solvents and temperature

To initiate the test reaction between the equimolar amounts of 4-methylbenzyl
alcohol and aniline with complex (1 mol%) as a catalyst with various solvents and KOH as
a base to optimize the reaction condition (Table 3). When toluene was used as solvent, the
corresponding imine product 3a was obtained 83% yield in 12 h (Table 3, entry 1).
Switching the solvent to xylene and benzene is also effective, furnishing imines up to 80%
and 72% vyield respectively (Table 3, entries 2 and 3). Moderate yields of imines were
obtained when the reaction was performed in various polar solvents like dioxane, THF,
acetonitrile, DMF and methanol (Table 3, entries 4-8). These results indicated that non-polar
solvents outperformed polar solvents in the test reaction. No further the reaction was
proceeded in the absence of base or catalyst (Table 3, entries 9-11). Furthermore, good
product yields are observed in the presence of NaOH and NaOMe (Table 3, entries 12 and
13). In addition, upto 80% yield of imines were noted when K,CO3 and Cs,COs are present
(Table 3, entries 14 and 15) in the catalytic synthesis. Further, it has been observed that t-
BuOK outperformed other bases, which afforded 3a in 90% yield of imine (Table 3, entries
16 and 17). Notably, the cationic dinuclear ruthenium complex catalyzed effectively the
coupling of alcohol and amine, and yielded 98% of selective imine under the optimized

condition of toluene/ t-BuOK at 60°C (Table 3, entry 18).
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Table 3. Screening of solvents, bases, and temperatures!®

g

)©/\OH H,N Ru Catalyst SN +  HO
" © Conditions > /©/\
1a 2a Open air 3a

Entry Solvent Base Temp. (°C) Yield(%)®!
1 Toluene KOH 110 83
2 Xylene KOH 140 80
3 Benzene KOH 80 72
4 1,4 Dioxane KOH 100 65
5 THF KOH 66 78
6 Acetonitrile KOH 82 60
7 DMF KOH 150 52
8 Methanol KOH 65 70
oldl Toluene -- r.t NR
101l Toluene -- 80 NR
111d] Toluene t-BUOK 110 10
12 Toluene NaOH 110 82
13 Toluene NaOMe 110 85
14 Toluene K2COs3 110 79
15 Toluene CS2CO3 110 80
16 Toluene t-BuOK 110 88
17 Toluene t-BuOK 80 90
18 Toluene t-BuOK 60 98
190l Toluene t-BUOK r.t 70

[alReaction conditions: 4-methyl benzyl alcohol (1 mmol), aniline (1 mmol), catalyst (1.0
mol%), base (0.5 mmol) in presence of solvent (5 mL) at 60 °C for 12 h. [b] Isolated Yield.

[c] absence of base. [d] absence of catalyst. [e] time 24 h.
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2.3.5.2. Optimization of effect of substituent

Once the various catalytic parameters were optimized, the effect of substituents of
all the complexes on the catalytic reaction has been investigated. At most, all the complexes
(1-4) showed good catalytic activity in the formation of imine product with appreciable
yields. However, based on experimental results, the complex 4 relatively provided a better
yield than complexes (1-3) due to the presence of electron donating methyl group (Table 2,
entries 1-3). Hence, the complex 4 was kept as a representative catalyst to explore the broad

substrate scope using a diverse range of alcohols.

Table 4. Effect of the substituent of catalyst?

WL
/@/\OH H,N Ru Catalyst 1-4 (1 mol%) /@N + H,0
+
\© Toluene, t-BuOK, 60 °C

a N Open air, 12 h s
Entry Ru complex Yield(%)P

1 Complex 1 82

2 Complex 2 86

3 Complex 3 91

4 Complex 4 98

2Reaction conditions: 4-methyl benzyl alcohol (1 mmol),
aniline (1 mmol), catalyst, (1.0 mol%), base (0.5 mmol) in
presence of solvent (5 mL) at 60 °C for 12 h. [b] Isolated
yield.

2.3.5.3. Optimization of catalyst loading

Further, the effectiveness of our catalyst was examined with different catalyst
loadings for the test reaction (Table 5). Upon reducing the catalyst loading from 1 mol% to
0.25 mol%, there was a substantial decrease in yields (Table 5, entries 1 - 4). Therefore 1

mol% catalyst loading is the best choice for optimization.
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Table 5: Effect of catalyst loading®

NS
/©/\0H H,N Ru Catalyst 4 /@/\N . H,0
+
\© Toluene, t-BuOK, 60 °C
1a 2a

Open air, 12 h 3a
Entry Catalyst 4 (mol %) Yield(%)P
1 1.0 98
2 0.5 80
3 0.3 61
4 0.1 39

2Reaction conditions: 4-methyl benzyl alcohol (1 mmol), aniline (1
mmol), base (0.5 mmol) in presence of solvent (5 mL) at 60 °C for 12
h. [b] Isolated yield.

2.3.5.4. Scope of the reaction

The substrate scope of the reaction with respect to various types of alcohols and
amines under the optimized catalytic conditions was displayed in Table 6. Fabulously,
electron-rich functionalities of benzyl alcohols (-CHs, -OCHpa) are efficiently reacted with
aniline to yield the respective imines 3a-3c in 83-95% of isolated yields. Further, electron-
withdrawing substituents (-Cl, -F) on benzyl alcohols were tolerated well with aniline
acquired desired imines 3d and 3e in the yields of 88-78%. In addition, the coupling
reactions between different benzyl alcohols and 4-ethoxy and 4-methoxy anilines afforded
the corresponding imines 3f and 3g in 80-83% of isolated yields. More interestingly, the
complex catalyzed well in the coupling of sterically hindered 2-bromobenzyl alcohol with
4-methoxy aniline to afford the respective imine 3h in 75% of yield. However, the electron-
withdrawing substituent of 4-chlorobenzyl alcohol with 4-methoxy aniline showed a better
result in the formation of respective imine 3i in 79% of yield. The high yield of 82% for 3j

was obtained by the reaction of 4-methoxybenzyl alcohol and 4-methoxy aniline. Coupling

60



of benzyl alcohol bearing electron-donating and withdrawing substituents (4-methyl and 4-
chloro) with 4-bromoaniline gave respective imines 3k and 3l in 98% and 90% of yields.
Importantly, piperonyl based imine moieties were found to be effective in pharmaceutically
active ingredients. But, the synthesis of piperonyl derived imines are less covered in
previous literature.?® Hence, we interested to couple the piperonyl alcohol with various
amines. More significantly, we attained the piperonyl derived imines 3m-30 up to 94% of
yields. Gratifyingly, the catalytic efficiency of present complex proved in the synthesis of
bis-imine product 3p with the appreciable yield of 75% under optimized condition.
Deliberately, a chiral imine 3q was achieved from the coupling of 4-methylbenzyl alcohol
with (R)-(+)-a-methylbenzylamine with 84% yield. Notably, the complex efficiently
promoted the synthesis of imines from heterocyclic alcohols and amines and resulted in
good yields of imine products 3r and 3s with 70% and 87% respectively. Attempt taken for
coupling of alcohol and aliphatic amine to provide the expected product 3t was successful.
Further, the catalytic condition was found to be ineffective for the coupling of aliphatic

alcohols with amines.

It is crucial at this point to compare the catalytic efficiency and scope of our catalytic
system with other reported ruthenium(ll) catalysts. Maggi et al. demonstrated the catalytic
performance of Ru-NHC complex (5 mol%) in imine synthesis using DABCO ligand in
presence of molecular sieves for 24 h.'% Gelman et al. have reported the catalytic activity
of bifunctional Ru(Il) PCP pincer complexes towards synthesis of imine from alcohols and
amines in p-xylene medium with 2 mol% catalyst loading for 24 h under Argon
atmosphere.®® The binuclear Ru catalyst has documented to catalyzed an imine formation
reaction with 5 mol% DABCO ligand and molecular sieves for 24 h.3! In addition, Kazushi
Mashima and co-workers reported the ruthenium complex catalyzed imination reaction with
Zn(OCOCFs3)2 (1 mol%) and KO'Bu (20 mol%) as a base in dioxane medium.? The present

dinuclear arene Ru(ll) complex has considerable benefits over than other reported catalyst.
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In contrast, the salient features of titled catalysts are insensitive towards air, simple, and
convenient catalytic method for the synthesis of imines. Further, in the bimetallic catalytic
system, cooperative effect between the two metal centers enhances the strong metal-metal
interaction which interact with the substrates and increases the rate of the reaction than the
monometallic system. We speculated that the catalytic performance may be from two active
metal centers of the complex working independently, or only an active metal center under
the electronic influence of the second one. Hence, the catalyst loading is 1 mol% sufficient

to catalyze the reaction with good to excellent yields.
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Table 6. Synthesis of Imines from Alcohols and Aminel®

Ru Catalyst /R2
R/ DOH + H,N—R, > RN H,0
1a 2a Toluene, t-BuOK, 60 °C 3a
Open air, 12 h
Entry 1 2 3 Yieldl!
%
o o o K e o
N
OH NH
2 g (3b) |80
\@/\N
" Q
3 5 ©/ Sy (3c) 83
~o
OH NH,
4 g (3d) |88
cl /©/‘N
cl
F NH,
: \©/\QH - _ @ (3e) 78
\©/\N
on NH, OEt
6 Q _ /©/ @ |80
EtO ©/\N
OH NH2 OMe
7 Q S O (g |83
nadliPes
OH NH2 OMe
8 /©/ S /©/ (3h) 75
Br MeO N
Br
AT o™
SN 3i 79
Cl MeO @A (31)
Cl
T O e
~ SN (3j) |82
© MeO Meo/©/\ )
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Entry 1 2 3 Yield™
%
Br
g | o I e o
Br /©/\
Br
e o | o o e
Cl Br (¢]]
13 <O:©/\OH NH, | ° \N/: (3m) | 70
o] ©/ o
/©/BI’
o NH o] S
14 <OI>AOH /O/ 2 <O N (3n) | 94
Br
OMe
NH 0 \/©/
15 <o OH /©/ 2 <O N (30) | 82
MeO
16 /©AOH /©/NH2 /@/\\N@/\N (3p) | 75
H,N
17 /©/\OH : o (3q) | 84
o LD
18 /©/\OH N o (3r) |70
\O S)\NH2 MeO
]\ OH NH; 7\ /N\©\
19 Q\/ Meo/©/ S OMe (3s) 87
20 /@ﬂoH J\ \j\
e N o @) |60
MeO

@Reaction conditions: 1a (1 mmol), 2a (1 mmol), catalyst (1 mol %), t-BuOK (0.5 mmol)
and Toluene (5 mL) stirred for 12 h in open air. [b] Isolated yields. [c] Reaction for 24 h.
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It is worth to note that one of the antibacterial drugs namely N-(salicylidene)-2-
hydroxyaniline was synthesized from 2-hydroxybenzyl alcohol and 2-amino phenol using

our present protocol (Scheme 5) and an excellent yield of 95% was obtained.

H-N Ru Catalyst ~
SO e O
OH + Toluene, t-BuOK, 60 °C OH OH

HO
Open air, 12 h

Scheme 5. Preparation of N-(salicylidene)-2-hydroxyaniline using our protocol

2.3.5.5. Control experiments

Control experiments were performed under standard conditions in order to examine
the mechanism of the imination (Scheme 6). Initially, oxidation of alcohol lead to the
formation of aldehyde. Further, mixture of products aldehyde and imine were obtained when
the reaction was conducted in the presence of amine for 8 h. Complete imine product was
obtained only after 12 h of the reaction. Hence, the formation of aldehyde clearly indicates

that the reaction proceeds via oxidation of alcohol as an initial step.

Q) R /\OH Absence cij/[cat] No reaction
1
Standard conditions
1a
Presence of [cat]
(i R OH — R Y0 + H,0
Standard conditions
1a R, NH,
[cat] N NN
> R1 O + R1 N R2
Toluene, t-BuOK, 8 h
(iy Ry OH
PN
1a Ry™ NHp

[cat] S
Toluene, t-BuOK, 12 h

2

Scheme 6. Control experiments for mechanistic studies
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2.3.5.6. Mechanism for the synthesis of imines

A plausible mechanism has been proposed based on the results from the control
experiments and on the previously reported literature (Scheme 7). The reaction involves the
formation of ruthenium alkoxide species (B) from the catalyst (A) through deprotonation of
the alcohol followed by S-hydride elimination to form aldehyde. This aldehyde intermediate
further reacts with amines to produce imines and water is eliminated as a by-product.
Further, the ruthenium hydride®®3* intermediate (C) reacts with alcohol to form to the next
catalytic cycle with the release of two molecules of water. The detailed studies on the

mechanism for imine synthesis is under investigation.

B |t

5 ? \ 2CI

\@
NH Ru<W

\(S

A
t-BuOK
2R4CH;-OH —> 2R CH,-OK | Ru-N bond cleavage

- t-BuOH -2 KCI

e
2 R0 {ONH \R( N={
x O\ \7S 2R{0
R

O, + 2H,

L

/‘ 2 R2-NH2

I22
oW ¢+ 2H,0
2 R4CH,-OH 2R{N 2

Scheme 7. Plausible mechanism for imine formation



Spectral data of aldehyde products
(1a) 4-methoxybenzaldehyde®. *H NMR (400 MHz, CDCls): & (ppm) 9.78 (s, IH, CH=0),
7.72-7.74 (d, J = 8 Hz, 2H), 6.89-6.91 (d, J = 8 Hz, 2H), 3.78 (s, 3H). 3C NMR (100 MHz,

CDCls): & (ppm) 189.86, 163.59, 130.96, 128.87, 113.28, 54.53.

(1b) benzo[d][1,3]dioxole-5-carbaldehyde®. 'H NMR (400 MHz, CDCls): § (ppm) 9.69
(s, 1H, CH=0), 7.29 (dd, J = 7.9, 14 Hz, 1H), 7.20 (s, 1H), 6.81 (d, J = 7.9 Hz, 1H) 5.96 (s,
2H). *C NMR (100 MHz, CDCls): § (ppm) 189.32, 152.07, 147.64, 130.76, 127.69, 107.29,

105.74, 101.12.

Spectral data of catalytic isolated imine products

(3a) (E)-N-(4-methylbenzylidene)aniline®. 'H NMR (400 MHz, CDCls): § (ppm) 8.40 (s,
1H, CH=N), 7.78 (d, J = 8 Hz, 2H), 7.37 (t, J = 7.7 Hz, 3H), 7.26 (m, 3H), 7.20 (d, J = 8 Hz,
1H), 2.40 (s, 3H). 3C NMR (100 MHz, CDCls): & (ppm) 160.43, 152.32, 141.93, 133.73,

129.59, 129.19, 128.89, 125.82, 120.96, 21.72.

(3b) (E)-N-(3-methylbenzylidene)aniline®. *H NMR (400 MHz, CDCls): & (ppm) 8.28 (s,
1H, CH=N), 7.71 (s, 1H), 7.64 (d, J = 7.6 Hz, 1H), 7.53 (d, J = 7.2 Hz, 1H), 7.25 (m, 3H),
7.16 (m, 2H), 7.10 (m, 2H), 2.28 (s, 3H). 3C NMR (100 MHz, CDCls): & (ppm) 159.57,

151.04, 137.42, 135.06, 131.17, 128.06, 127.89, 127.57, 125.35, 124.81, 119.80, 20.22.

(3c) (E)-N-(4-methoxybenzylidene)aniline®®. *H NMR (400 MHz, CDCls): & (ppm) 8.37
(s, 1H, CH=N), 7.84 (d, J = 8.7 Hz, 2H), 7.38 (t, J = 7.7 Hz, 2H), 7.20 (t, J = 8.5 Hz, 3H),
6.98 (d, J = 8.7 Hz, 2H), 3.86 (s, 3H). 13C NMR (100 MHz, CDCl3): § (ppm) 161.14, 158.62,

151.21, 129.45, 128.15, 128.12, 128.04, 124.51, 119.83, 117.28, 113.97, 113.08, 54.23.

(3d) (E)-N-(4-chlorobenzylidene)aniline®. *H NMR (400 MHz, CDCls): § (ppm) 8.40 (s,
1H, CH=N), 7.82 (d, J = 8.4 Hz, 2H), 7.42 (m, 4H), 7.21 (m, 3H). *C NMR (100 MHz,

CDCls): 3 (ppm) 158.87, 151.71, 137.41, 134.74, 130.01, 129.26, 129.12, 126.26, 120.92.
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(3e) (E)-N-(3-fluorobenzylidene)aniline®’. *H NMR (400 MHz, CDCls): & (ppm) 8.48 (s,
1H, CH=N), 7.73 (dd, J = 21.8, 8.5 Hz, 2H), 7.49 (m, 4H), 7.38-7.20 (m, 3H). *C NMR
(100 MHz, CDClI3): 8 (ppm) 163.20, 160.75, 157.86, 157.83, 150.31, 137.31, 129.19,

128.14, 125.29, 123.94, 119.83, 117.11, 113.47.

(3f) (E)-N-benzylidene-4-ethoxyaniline. *H NMR (400 MHz, CDCls): § (ppm) 8.48 (s,
1H), 7.88 (m, 2H), 7.49 — 7.39 (m, 3H), 7.23 (d, J = 8.8 Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H),
4.05 (g, J = 7.0 Hz, 2H), 1.43 (t, J = 7.0 Hz, 3H). 3C NMR (100 MHz, CDCl3): & (ppm)
158.37, 157.70, 144.78, 136.50, 131.05, 128.77, 128.61, 122.23, 114.99, 63.72, 14.92. Anal.

Calcd. For C11H1sNO : C, 79.97; H, 6.71; N, 6.22. Found: C, 79.87; H, 6.69; N, 6.16.

(39) (E)-4-methoxy-N-(4-methylbenzylidene)aniline®. *H NMR (400 MHz, CDCls): §
(ppm) 8.44 (s, 1H), 7.77 (d, J = 8.0 Hz, 2H), 7.24 (dd, J = 16.8, 8.7 Hz, 4H), 6.92 (d, J =
8.8 Hz, 2H), 3.82 (s, 3H), 2.41 (s, 3H). *C NMR (100 MHz, CDCls): & (ppm) 158.52,

158.14, 145.15, 141.51, 133.91, 129.52, 128.62, 122.18, 114.38, 55.55, 21.67.

(3h) (E)-N-(2-bromobenzylidene)-4-methoxyaniline**. 'H NMR (400 MHz, CDCls): &
(ppm) 8.41 (s, 1H, CH=N), 8.08 (t, J = 1.6 Hz, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.57 (ddd, J =
7.9,1.9, 1.0 Hz, 1H), 7.32 (t, J = 7.8 Hz, 1H), 7.24 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz,
2H), 3.83 (s, 3H).1*C NMR (100 MHz, CDCls): & (ppm) 158.66, 156.35, 144.24, 138.49,

133.82, 131.08, 130.27, 127.39, 123.07, 122.35, 114.47, 55.54.

(3i) (E)-N-(4-chlorobenzylidene)-4-methoxyaniline®. *H NMR (400 MHz, CDCls): §
(ppm) 8.43 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.8 Hz,
2H), 6.93 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H). *C NMR (100 MHz, CDCls): § (ppm) 158.51,

156.75, 144.48, 136.97, 134.98, 129.75, 129.06, 122.28, 114.45, 55.53.

(3j) (E)-4-methoxy-N-(4-methoxybenzylidene)aniline*. *H NMR (400 MHz, CDCls): §

(ppm) 8.40 (s, 1H, CH=N), 7.83 (d, J = 8.7 Hz, 2H), 7.28 -7.15 (m, 2H), 6.94 (dd, J = 20.5,
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8.8 Hz, 4H), 3.86 (s, 3H), 3.82 (s, 3H). *C NMR (100 MHz, CDCls): & (ppm) 162.03,

158.01, 145.27, 130.30, 122.11, 114.39, 114.19, 55.52, 55.44.

(3K) (E)-4-bromo-N-(4-methylbenzylidene)aniline®*. 'H NMR (400 MHz, CDCls): &
(ppm) 8.37 (s, 1H, CH=N), 7.77 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 8.7 Hz, 2H), 7.27 (d, J =
7.9 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 2.41 (s, 3H). *C NMR (100 MHz, CDCl5): § (ppm)

159.57, 149.99, 141.07, 131.03, 128.43, 127.82, 121.55, 117.99, 115.56, 20.57.

(31) (E)-4-bromo-N-(4-chlorobenzylidene)aniline®. *H NMR (400 MHz, CDCls): &
(ppm) 8.39 (s, 1H, CH=N), 7.83 (d, J = 8.5 Hz, 2H), 7.48 (dd, J = 22.0, 8.6 Hz, 4H), 7.09
(d, J = 8.6 Hz, 2H). *C NMR (100 MHz, CDCls):  (ppm) 158.03, 149.39, 136.53, 133.29,

131.15, 128.95, 128.03, 121.52, 118.54, 115.60.

(3m) (E)-N-(benzo[d][1,3]dioxol-5-yImethylene)aniline®. *H NMR (400 MHz, CDCls):
5 (ppm) 8.15 (s, 1H, CH=N), 7.39 (d, J = 1.4 Hz, 1H), 7.22 (d, J="7.7 Hz, 2H), 7.06 (dd, J
= 10.1, 9.0 Hz, 4H), 5.82 (s, 2H). 3C NMR (100 MHz, CDCls): 8 (ppm) 158.33, 150.90,
149.41, 147.32, 130.05, 128.05, 124.67, 124.63, 119.82, 117.33, 113.97, 107.08, 105.72,

100.51.

(3n) (E)-N-(benzo[d][1,3]dioxol-5-ylmethylene)-4-bromoaniline. *H NMR (400 MHz,
CDCl3): & (ppm) 8.11 (s, 1H, CH=N), 7.36 — 7.30 (m, 3H), 7.07 (t, J = 8.6 Hz, 2H), 6.90 (d,
J=8.5Hz, 2H), 5.86 (5, 2H). 3C NMR (100 MHz, CDCl3): & (ppm) 158.61, 149.79, 149.63,
147.36, 131.04, 130.86, 129.77, 124.93, 121.55, 117.92, 115.57, 107.13, 105.70, 100.59.
Anal. Calcd. For C14H10BrNO; : C, 55.29; H, 3.31; N, 4.61. Found: C, 55.23; H, 3.27; N,

4.55.

(30) (E)-N-(benzo[d][1,3]dioxol-5-ylmethylene)-4-methoxylaniline®*. 'H NMR (400
MHz, CDCls): & (ppm) 8.34 (s, 1H, CH=N), 7.51 (s, 1H), 7.27 — 7.15 (m, 3H), 6.94 — 6.78

(m, 3H), 6.01 (s, 2H), 3.81 (s, 3H). 3C NMR (100 MHz, CDCls): & (ppm) 13C NMR (101
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MHz, CDCI3) ¢ 158.10, 157.57, 150.27, 148.44, 144.94, 131.48, 125.37, 122.15, 114.40,

108.23, 106.75, 101.59, 55.52.

(3p)  (E)-4-methyl-N-(4-((E)-(4-methylbenzylidene)amino)benzylidene)aniline.  H
NMR (400 MHz, CDCls): & (ppm) 8.46 (s, 2H, CH=N), 7.80 (d, J = 7.9 Hz, 4H), 7.27 (d, J
= 8.5 Hz, 8H), 2.41 (s, 6H). **C NMR (100 MHz, CDCl3): § (ppm) 159.69, 150.02, 141.87,
133.77, 129.58, 128.84, 121.85, 21.68. Anal. Calcd. For C22HxN:> : C, 84.58; H, 6.45; N,

8.97. Found: C, 84.53; H, 6.38; N, 8.90.

(39) (R,E)-N-(4-methylbenzylidene)-1-phenylethanamine. *H NMR (400 MHz, CDCls):
§ (ppm) 8.32 (s, 1H, CH=N), 7.66 (d, J = 7.8 Hz, 2H), 7.42 (d, J = 7.4 Hz, 2H), 7.33 (t, J =
7.5 Hz, 2H), 7.21 (m, 3H), 4.51 (q, J = 6.5 Hz, 1H), 2.36 (s, 3H), 1.59 (s, 3H). 1*C NMR
(100 MHz, CDCls): & (ppm) 159.47, 145.38, 140.86, 133.87, 129.31, 128.45, 128.30,
126.83, 126.70, 69.73, 24.91, 21.56. Anal. Calcd. For C16H17N: C, 86.05; H, 7.67; N, 6.27.

Found: C, 85.90; H, 6.61; N, 6.19.

(3r) (E)-N-(4-methoxybenzylidene)thiazol-2-amine. *H NMR (400 MHz, DMSO-dg): &
(ppm) 9.00 (s, 1H, CH=N), 7.99 (d, J = 8.6 Hz, 1H), 7.70 (d, J = 3.2 Hz, 2H), 7.58 (d, J =
3.4 Hz, 1H), 7.11 (d, J = 8.6 Hz, 1H), 3.86 (s, 1H). 1*C NMR (100 MHz, DMSO-ds): &
(ppm) 172.68, 168.77, 163.23, 141.27, 138.58, 131.71, 127.49, 118.69, 114.60, 106.46,
55.55. Anal. Calcd. For C11H10N20OS: C, 60.53; H, 4.62; N, 12.83. Found: C, 60.47; H, 4.59;

N, 12.75.

(3s) (E)-4-methoxy-N-(thiophen-2-ylmethylene)aniline*. *H NMR (400 MHz, CDCls): §
(ppm) 8.58 (s, 1H, CH=N), 7.46 (dd, J = 10.9, 4.3 Hz, 2H), 7.22 (d, J = 8.9 Hz, 2H), 7.12
(dd, J = 4.9, 3.7 Hz, 1H), 6.92 (d, J = 8.9 Hz, 2H), 3.83 (s, 3H). 3C NMR (100 MHz, CDCls):
8 (ppm) 158.37, 151.27, 144.24, 143.12, 131.93, 129.91, 127.87, 122.43, 116.57, 114.85,

114.48, 55.49.
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(3t) (E)-N-(4-methoxybenzylidene)propan-2-amine. *H NMR (400 MHz, CDCls): §
(ppm) 8.09 (s, 1H), 7.70 (s, 1H), 7.48 (s, 1H), 7.54 (d, J = 8.7 Hz, 2H), 3.72 (s, 3H), 3.37
(sept, 1H), 1.13 (d, 6H). 3C NMR (100 MHz, CDCls): & (ppm) 163.55, 160.37, 130.90,
128.59, 127.47,113.24, 112.84, 60.48, 54.46, 23.15. Anal. Calcd. For C11H1sNO : C, 74.54;

H, 8.53; N, 7.90. Found: C, 74.50; H, 8.51; N, 7.82.

N-(Salicylidene)-2-hydroxyaniline*®. *H NMR (400 MHz, CDCls): & (ppm) 12.29 (s, 1H,
OH) 8.69 (s, 1H, CH=N), 7.43 (t, J = 8.7 Hz, 2H), 7.22 (t, J = 7.2 Hz, 1H), 7.15 (d, J = 7.8
Hz, 1H), 7.05 — 6.90 (m, 4H), 5.86 (s, 1H). 13C NMR (100 MHz, CDCls): § (ppm) 164.02,

149.90, 135.84, 133.79,132.76, 128.81, 121.08, 119.64, 118.36, 117.31, 115.92.
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NMR spectra of the aldehyde intermediates
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Figure 12. *H NMR spectrum for 4-methoxybenzaldehyde in CDCls (400MHz, 300K).
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Figure 13. *C NMR spectrum for 4-methoxybenzaldehyde in CDCls (100MHz, 300K).
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Figure 14. 'H NMR spectrum for benzo[d][1,3]dioxole-5-carbaldehyde in CDCls
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NMR spectra of imine products
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Figure 17. **C NMR spectrum for (3a) in CDCl3 (100MHz, 300K).
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Figure 21. *C NMR spectrum for (3c) in CDCl3 (100MHz, 300K).
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Figure 23. *C NMR spectrum for (3d) in CDCl; (100MHz, 300K).
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Figure 25. *C NMR spectrum for (3€) in CDCl3 (100MHz, 300K).
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Figure 26. *H NMR spectrum for (3f) in CDCls (400MHz, 300K).
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Figure 27. 1*C NMR spectrum for (3f) in CDCl3 (100MHz, 300K).
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Figure 28. *H NMR spectrum for (3g) in CDCl3 (400MHz, 300K).
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Figure 35. 1*C NMR spectrum for (3j) in CDCl3 (100MHz, 300K).

83




—241

095
207
205+
216=

~ 42007
3.00-=

=
&
-
w
-
=
-
o
-
=
©
@

6
1 (ppm)

60000

55000

F50000

45000

40000

35000

30000

25000

F20000

15000

r1o000

5000

0

5000

Figure 36. *H NMR spectrum for (3k) in CDCl3 (400MHz, 300K).
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Figure 37. *C NMR spectrum for (3k) in CDCl; (100MHz, 300K).
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Figure 42. *H NMR spectrum for (3n) in CDCl; (400MHz, 300K).
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NMR spectra for N-(Salicylidene)-2-hydroxyaniline
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Figure 56. *H NMR spectrum for N-(Salicylidene)-2-hydroxyaniline in CDCls (100MHz,
300K).
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Chapter 3

Ru(11)-NNO Pincer Type Complexes Catalyzed E-Olefination
of Alkyl Substituted Quinolines/Pyrazines Utilizing Primary
Alcohols

7
Abstract

An efficient and selective E-olefination of alkyl-substituted quinolines and
pyrazines through dehydrogenative coupling of alcohols catalyzed by Ru(ll) N*N*O
pincer type complexes encompassing carbonyl and triphenyl arsines as co-ligands is
demonstrated. An array of Ru(ll) catalysts has been synthesized and evaluated by
analytical and spectral methodologies. The solid-state molecular structure of the
synthesized complex (2) has been substantiated by X-ray crystallography. The catalytic
protocol produces a diverse range of olefinated products up to 90% by employing readily
available primary alcohols. The present synthetic strategy is operationally simple,
scalable and tolerates various functional groups under mild reaction conditions. Notably,
an aldehyde and aryl-2-quinoline-2-yl-ethanol intermediate are involved in the catalytic
reaction mechanism. The utility of the present procedure is demonstrated through a facile

synthesis of the antifungal drug (E)-2-(2-(pyridin-4-yl)vinyl)quinoline.

SR

~ »
Q Ru (II)-NNO pincer catalyst (1 mol%)
o A L d LI o' e
O Mild reaction condition

Q Open air

Pub.: Appl. Organomet. Chem., 2022, 36, 6561
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3.1. INTRODUCTION

Olefins especially conjugated E-selective olefins are important key motifs found in
various natural products, pharmaceuticals and materials etc.! Particularly, N-heteroarenes
are widely used as intermediates for the fabrication of valuable materials, conducting
polymers and organic light-emitting diodes.? Moreover, quinoline based conjugated N-
heteroarenes are exhibits biological activities such as antifungal, antiviral, antibacterial and
antitumor activities (Figure 1).2 Owing to the biomedical prominence, the synthesis of such
useful quinoline/pyrazine based conjugated N-heteroarene derivatives attracted synthetic

chemists and has been broadly explored in catalysis research.

Notably, several conventional approaches were documented for the synthesis of E-
olefins by various research groups with an appropriate leaving functional group.* In
addition, coupling reactions including the Heck, Suzuki and olefin metathesis have been

well-known strategies for the fabrication of olefins.®

Antiviral activity Antifungal activity
=
~
N N/ s NS s e OH
OH | N
HO OH =N OH
Antibacterial activity Antitumor activity Antimalarial activity

0 o~
Cro 0, ey
N7l 0
O/

Precursor of
+ Cuspareine

Figure 1. Selective examples for bioactive methyl-N-heteroarene analogues

Construction of E-selective olefins were performed by the condensation of
aldehydes with N-heteroarenes in the presence of an oxidant, Lewis acid, organocatalysts,

acid or base etc. as well.® Nevertheless, the aforementioned reported protocols suffer by
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some major shortfalls like (i) harsh synthetic process, (ii) poor selectivity and (iii)
stoichiometric waste.” Hence, greener and cost-effective methods to the sustainable
fabrication of E-selective olefin compounds conjugated with N-heteroarenes is an extremely
demanding goal.® In this scenario, the transition metal-supported conversion of C(sp®)-H
bonds into olefins would be an alternative approach as it has received significant attention

in recent years.’

The dehydrogenative coupling strategy symbolizes most atom economical and
clearest procedures as a substitute to conventional oxidation with water and hydrogen as
only the valuable side products. In this connection, Chepre et al. have reported Mn-PNP
complexes catalyzed olefination of N-heteroarenes using primary alcohols at longer reaction
time.1% Maji research group demonstrated pincer manganese catalysts mediated alkenation
of methyl N-heteroarenes employing primary alcohols under an inert atmosphere.!
Banerjee and co-workers have explored Ni(ll) catalyzed olefination of N-heteroarenes with
alcohols at inert condition, concurrently Fe(ll) catalyzed olefination reaction was also
documented by the same research group.!? Baidya group reported the synthesis of olefin
from 2-methylheteroarene with primary alcohols in presence of in situ generated Ni(ll)
complexes in tertiary butyl alcohol at 140°C for 48 h.'® Zhang research group have disclosed
MnO, mediated olefination of N-heteroarenes with alcohols at inert atmosphere.'* Recently,
the Elias group reported N-hetereoarene olefination from alcohols/amines in the presence

of TBHP/DMAP in water medium®? (Scheme 1).
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Previous reports

(i) Mn-PNP (0.5 mol%), KOH (40 mol%), t-AmOH/toluene, 48 h
(if) Mn(CO)s/L (2.5 mol%), t-BuOK, t-BuOH, 140°C, Ar
- (iii) NiBry (5 mol%)/phen (6 mol%), KOH, toluene, 140°C, 24 h, N, .
(*:,\\ PN (,:_:\
P P
L roneR L e, T H2 T 0
~ (iv) Fe(OAc), (5 mol%)/ L (6 mol%), t-BuOK/toluene, 140°C, 24 h, N, ¥ R
(v) NiBr, (10 mol%)/ L (10 mol%) t-BuOK/ t-BuOH, 140°C, 48 h
(vi) MnO, (10 mol%), KOH, t-AmOH, N,

present work

m m
P
N/ N 7 \R

/\R Ru(Il) NNO catalyst (1 r@l%)

dioxane, t-BuOK,
100°C, 20 h

(o ey

Q mild reaction condition @ open air @ low catalyst loading

+  Ho

Scheme 1. Methods for E-olefination of methyl N-heteroarenes with Alcohols

Though different metal catalysts with various ligand frameworks were developed
for the olefination of N-heteroarenes reaction with alcohols, they are associated with some
drawbacks including high catalyst loading, higher temperature, necessity of oxidants, and
inert atmospheric conditions. To overcome the above issues by a sustainable protocol, we
are interested to execute the olefination of N-heteroarenes with primary alcohols catalyzed

by ruthenium complexes with simple NNO pincer type ligands.

In general, ligand partners have been the imperative constituent of the metal
catalysts/ pre-catalysts, which can stabilize the metal centre, regulate the stereo-, chemo-
and enantioselectivities of chemical transformations, the solution state reactivity, etc.
Further, the metal-ligand cooperation depends on their both electronic and steric properties
of ligands by the design of suitable donor triads, size of the metallic rings, nature of the
ancillary, neutral and anionic ligands. Tridentate ligands possess a perfect balance of control

on composition of the coordination geometry by carrying the donor atoms in an orderly
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configuration. Upon complexation, these tridentate ligands formed meridional geometry
with a metal centre and control the vacant coordination sites which increase the stability of
the pincer complexes.'® Furthermore, the ligands have given a strong mer-coordination,
planarity around the metal centre that provides a good balance of stability and reactivity,
which distinguishes the pincer complexes from other homogeneous catalysts.'® Moreover,
metal complexes comprising pincer type ligands possess enticing catalytic activities and

ever-increasing applications in various fields.'’

Herein, we have reported the synthesis and structural elucidation of new Ru(ll)
pincer type complexes comprising NNO terdentate ligands with easy leaving AsPhs as co-
ligands and the synthesized complexes were developed as a catalysts for selective E-
olefination of methyl N-heteroarenes via dehydrogenative coupling of primary alcohols.
The present protocol requires only mild reaction conditions and uses low catalyst loading

and covers a diverse range of substrates scope with good yields of olefin products.

3.2.  Experimental Section
3.2.1. Reagents and materials

All the reagents used were chemically pure and analar grade. Commercially
available RuCls.3H20 was supplied from Loba Chemie. Substituted benzhydrazides were
purchased from Sigma Aldrich and were used without further purification. The solvents

were freshly distilled before use following the standard procedures.*®

3.2.2. Physical measurements and instrumentation

Melting point was recorded in the Boeties micro heating table and is uncorrected.
The elemental analysis of carbon, hydrogen, nitrogen and sulphur were performed at
Sophisticated Test and Instrumentation Centre (STIC), Cochin University of Science and
Technology, Kochi. Infrared spectra of complexes were recorded in KBr pellets with a

Perkin-Elmer 597 spectrophotometer in the range of 4000-400 cm™. The *H and *C NMR
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spectra were recorded in CDClz and DMSO-ds with Bruker 400 MHz instrument using TMS

as internal reference.

3.2.3. Preparation of methyl-2-pyrrolyl hydrazone NNO pincer ligands
Methyl-2-pyrrolyl hydrazone NNO pincer ligands were synthesized from the
literature procedure.'® To a stirred ethanolic solution (10 mL) of methyl-2-pyrrole ketone (1
mmol), 4-substituted benzhydrazide (1 mmol) and few drops of conc. HCI in ethanol (10
mL) was added drop wise (Scheme 2). The reaction mixture was refluxed 12 h. At the end
of the reaction the solution was concentrated to 5 mL and poured into cold water 10 mL.

The white solid was obtained, filtered and dried in vacuum. Yield: 85-90%.

X NH + HZN\N)J\©\ C,H;0H, Conc.HCL XN
H B} |
12 h
R HN. o

R

R=L1:H;L2:0CH;;L3:Br

Scheme 2. Preparation of methyl-2-pyrrolyl hydrazone NNO pincer ligands

3.2.4. Synthesis of new Ru(ll) hydrazone complexes

An equimolar ratio of 4-substituted pyrrole ketone benzhydrazone (1 mmol),
[RUHCI(CO)(AsPh3)3] (1 mmol) and triethylamine (1 mmol) were mixed in benzene (15
mL) (Scheme 3). The resulting reaction mixture was refluxed for 6 h. The completion of the
reaction was monitored by TLC. The resulting solution was concentrated to 2 mL and the
addition of petroleum ether (60-80 °C) in excess gave a brown solid. The synthesized Ru(ll)

NNO pincer type complexes are stable in air and can be dissolved in most organic solvents.
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The structures of the newly formed Ru(ll) NNO symmetrical pincer complexes were

confirmed by analytical and spectral methods.

1 AsPh
X NH NN |3 3CO
NL
X Ru
N [RUHCI(CO)(AsPhs)s] A RN
HN > N~ AsPh;O
S TEA, benzene, reflux,6 h \N—
R R
R=L1=-H, L2 =-OCHj, L3 = -Br C1=-H, C2 =-OCHj, C3 = -Br

Scheme 3. Synthetic route to Ru(ll) NNO pincer type complexes

Spectral characterization of Ru(11)-NNO pincer complexes (1-3)

Complex 1. Brown solid, Yield: 80%, m.p.: 228 °C (with decomposition). Anal. calcd:
CsoH41As2N302RuU: C, 62.12; H, 4.27; N, 4.35%. found: C, 62.08; H, 4.24; N, 4.29%. FT-
IR (KBr, cm™): 1514 vic=n), 1228 vic.0), 1510 vic=n-n=c). *H NMR (400 MHz, CDCls): &
(ppm) =7.49 (d, J = 8 Hz, 3H, ArH (ligand)), 7.24 — 7.06 (m, 32H, ArH (ligand+(AsPhs).),
6.11 (s, 1H, pyrrole C-H), 6.04 (d, J = 4 Hz, 1H pyrrole C-H), 5.64 (s, 1H, pyrrole C-H),
1.57 (s, 3H, ligand CHs). 3C {*H} NMR (100 MHz, CDCl3): & (ppm) = 204.05 (Ru-CO),
172.38 (N=C-0), 153.23 (C=N), 137.50, 132.77, 131.36, 128.61, 127.72, 127.52, 127.37,

126.92, 126.18, 112.09, 108.70 (Ar carbons (ligand+(AsPhs),), 28.76 (ligand CHs).

Complex 2. Brown solid, Yield: 85%, m.p.: 235 °C (with decomposition). Anal. calcd:
Cs1H43As2N303RuU: C, 61.45; H, 4.35; N, 4.22%. found: C, 61.40; H, 4.32; N, 4.18%. FT-
IR (KBr, cm™): 1522 vic=n), 1248 v(c-0), 1517 vc=n-n=c). *H NMR (400 MHz, CDCls): §
(ppm) =7.53 (d, J = 8 Hz, 2H, ArH (ligand)), 7.34 — 7.21 (m, 30H, ArH (AsPhs).), 6.67 (d,
J =8 Hz, 2H (ligand)), 6.18 (s, 1H, pyrrole C-H), 6.12 (d, J = 4 Hz, 1H pyrrole C-H), 5.71

(s, 1H, pyrrole C-H), 3.77 (s, 3H, ligand OCHs), 1.63 (s, 3H, ligand CH3). *C {*H} NMR
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(100 MHz, CDCls): § (ppm) = 205.07 (Ru-CO), 173.22 (N=C-0), 160.20 (C-OCHs), 153.65
(C=N), 143.94, 138.28, 133.78, 132.42, 129.55, 129.44, 128.32, 127.68, 112.73, 112.44,

109.50 (Ar carbons (ligand+(AsPhs).), 55.19 (ligand OCHs3), 12.77 (ligand CHa).

Complex 3. Brown solid, Yield: 78%, m.p.: 242°C (with decomposition). Anal. calcd:
CsoH40As2BrN3O2Ru: C, 57.43; H, 3.86; N, 4.02%. found: C, 57.39; H, 3.83; N, 3.99%. FT-
IR (KBr, cm™): 1530 vic=n), 1279 v(c-0), 1523 vc=n-n=c). *H NMR (400 MHz, CDCls): &
(ppm) =7.61 (d, J =8 Hz, 2H, ArH (ligand)), 7.39 — 7.37 (m, 2H, ArH (ligand), 7.34 - 7.10
(m, 30H, ArH (AsPhs)2), 6.13 (s, 1H, pyrrole C-H) 6.05 (d, J =4 Hz, 1H, pyrrole C-H), 5.63
(s, 1H, pyrrole C-H), 1.55 (s, 3H, ligand CH3). *C {*H} NMR (100 MHz, CDCls3): & (ppm)
=203.87 (Ru-CO), 173.22 (N=C-0), 170.98 (C-Br), 153.48 (C=N), 138.58, 132.65, 132.62,
130.39, 128.58, 128.34, 127.62, 127.43, 127.29, 112.36, 108.91 (Ar carbons

(ligand+(AsPhs)z2), 21.59 (ligand CHa).

3.2.5. X-ray crystallographic data collection

Single crystals of complex 2 were grown by slow evaporation of a chloroform —
methanol solution at room temperature. The data collection was carried out using a Bruker
AXS Kappa APEX II single crystal X-ray diffractometer using monochromated Mo—Ka
radiation (A = 0.71073 A). Data was collected at 296 K. The absorption corrections were
performed by the multi-scan method using SADABS software.?° Corrections were made for
Lorentz and polarization effects. The structures were solved by direct methods (SHELXS
97) and refined by full-matrix least squares on F? using SHELXL 97.% All non-hydrogen
atoms were refined anisotropically and the hydrogen atoms in these structures were located
from the difference Fourier map and constrained to the ideal positions in the refinement
procedure. The unit cell parameters were determined by the method of difference vectors
using reflections scanned from three different zones of the reciprocal lattice. The intensity

data were measured using o and ¢ scan with a frame width of 0.5°. Frame integration and
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data reduction were performed using the Bruker SAINT-Plus (Version 7.06a) software.?
Figure 8 was drawn with ORTEP and the structural data have been deposited at the
Cambridge Crystallographic Data Centre: CCDC 1844598.
3.2.6. General procedure for the Ru(l1)-NNO pincer catalyzed olefination of methyl
N-heteroarenes
In a 4 mL of 1,4-dioxane solvent, methyl N- heteroarenes (1 mmol), primary
alcohols (1 mmol), t-BuOK base (0.5 mmol) and Ru(11)-NNO pincer catalyst (1 mol%) were
dissolved in a round-bottom flask. The resulting mixture was stirred at 100 °C for 20 h under
open air atmosphere. Then the solution was quenched by water (5 mL) and followed by
extraction with EtOAc (5 x 10 mL). The organic fractions were separated and dried over
anhydrous Na>SOs. The solvent was removed from the organic fraction under reduced
pressure. The resulting crude mixture was purified by using column chromatography with

ethyl acetate/hexane (5:95) as an eluent.

3.2.7. Competitive control experiment between EDG and EWG

4-methoxybenzyl alcohol 2d (1 mmol), 4-chlorobenzyl alcohol 2f (1 mmol), 2-
methylquinoline (1 mmol), t-BuOK (0.5 mmol) and Ru(ll)-NNO pincer type catalyst (1
mol%) were stirred in 1,4-dioxane medium at 100 °C for 20 h. The resulting mixture was
concentrated and the formed olefin products were isolated by column chromatography. The

olefin products 3d and 3f were eluted using ethyl acetate/hexane mixture.

3.2.8. Procedure for gram scale synthesis

In a 40 mL of 1,4-dioxane solvent, 2-methyl quinoline (1.43 g, 10 mmol), benzyl
alcohol (1.08 g, 10 mmol), t-BuOK (0.56 g, 0.5 mmol) and Ru(Il)-NNO pincer catalyst (0.1
g, 1 mol%) were dissolved in a round-bottom flask. The resulting mixture was refluxed at
100 °C for 20 h under open air atmosphere. Then the solution was quenched by adding water

(50 mL) and followed by extraction with EtOAc (2 x 100 mL). The organic fractions were
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separated and dried over anhydrous Na>SO4. The solvent was removed from the organic
fraction under reduced pressure. The resulting crude mixture was purified by using column

chromatography with ethyl acetate/hexane (5:95) as an eluent.

3.3.  Results and Discussion

The simple NNO pincer type ligands (L1-L3) were easily prepared from
condensation methyl-2-pyrrole and 4-substituted benzhydrazides in methanol.’® The
synthesis of Ru(Il) NNO pincer type complexes were accomplished in good yield from the
reaction of [RuHCI(CO)(AsPhs)z] with the prepared ligands in 1:1 molar ratio in benzene
medium using EtsN as a base. The synthesized Ru(Il) NNO pincer type complexes are stable
in air and can be dissolved in most organic solvents. The structures of the newly formed
Ru(1l) NNO symmetrical pincer complexes were confirmed by analytical and spectral

methods.

3.3.1. FT-IR Spectra

In the IR spectra, stretching bands found around 3400-3430 cm™ and 3235-3262
cm! regions were attributed to pyrrole and hydrazone N-H moieties of L1-L3. Besides, the
strong bands around 1640-1684 cm™ and 1684-1710 cm™ have been assigned for C=N and
C=0 functional groups of ligands, L1-L3. The absence of vn-+ frequencies in the complexes
evidenced the bonding of pyrrole nitrogen to ruthenium ion. Further absence of C=0 band
along with emergence of new intense C-O band (1228-1279 cm™) indicated the
tautomerization and consequent binding of the imidolate oxygen to ruthenium. In all the
spectra of complexes, C=N stretching frequencies were lower (1514-1530 cmt) than free
ligands, confirmed that the imine nitrogen possesses the yet another point of attachment to
ruthenium ion. Further, the complexes possess strong band around 1920-1928 cm™ due to
the terminally binded carbonyl group. The bands in the region 1412-1483 cm™ are

attributed to ruthenium-bounded triphenylarsines.?® From the IR spectral data, the tridentate
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coordination of ligand to the ruthenium via imidolate oxygen, pyrrole nitrogen and imine

nitrogen was corroborated.

3.3.2. NMR spectra

The proton NMR spectra of ligands exhibited two singlets in the region of 6 8.95-
10.85 ppm due to the hydrazinic and pyrrole nitrogens. The methyl protons of the ligands
were appeared as singlet at & 1.64 ppm. Another singlet at 6 3.82 ppm was addressed to
methoxy protons of ligand 2. The absence of both —NH peaks of the ligand indicates that
pyrrole nitrogen and hydrazinic nitrogen are coordinated to Ru(ll) centre. Further, aromatic
protons of the hydrazone ligand and triphenylarsines resonated as multiplet in the range of
d 5.64-7.62 ppm. Besides, the formation of the synthesized complexes was further
evidenced by *C{*H} NMR spectra. The bonding of imidolate oxygen and hydrazinic
nitrogen to Ru(ll) ion was authenticated by the up-shift of C=N (172 ppm) and down-shift

C-O (153 ppm) in the spectra of the complexes.
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Figure 2: *H NMR spectrum for complex 1 in CDCl3 (400 MHz, 300K).
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3.3.3. X-ray molecular structure determination

The suitable quality of crystals were grown by slow evaporation of CHCls/MeOH
solvent (1:1). The X-ray single-crystal diffraction analysis was used to confirm the solid-
state structure of complex 2. The ORTEP diagram of complex 2 is depicted in Figure 8. The
complex 2 crystallized in monoclinic space group 'P 21/n". The crystallographic data as well
as selected bond lengths and bond angles are described in Tables 1 and 2. The pincer type
ligand meridionally binded with ruthenium ion in NNO tridentate manner and resulted in
two five-membered chelate rings. The remaining positions were filled by a CO and sterically
hindered two triphenylarsine ligands that are trans to each other and thus form a pseudo-
octahedral geometry around Ru(ll) ion. The Ru(1)-N(1) bond distance of the ligand is
significantly shorter (2.025(3) A) than the Ru(1)-N(3) bond distance (2.078(4) A), in
agreement with the geometrical constraints of the tridentate ligand showing N(1)-Ru(1)-
N(3) and N(1)-Ru(1)-O(2) bond angles 77.79(14)° and 75.98(12)°, respectively. The N(1)-
Ru(1)-C(1) angle is slightly distorted from the idealized 180° to 177.87(16)°, and the N(1-
)Ru(1)-As(1) angle is 88.80(9)°. Further, the bond distances and bond angles of complex 2

is consistent with other reported Ru(ll) complex possess pseudo-octahedral geometry.2*

Figure 8. ORTEP view of complex 2. All hydrogens were omitted for clarity
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Table 1. Crystal data and structure refinement for the complex 2

CCDC

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA, biA, c/A

o/°, B/°, y/°

Volume/A3

Z

PcalcMg/mm?

m/mm’*

F(000)

Crystal size/mm?

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [I>20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

1844598
Cs2HasAs:CI3N30O3RuU
1116.16

295(2)

Monoclinic

‘P2i/n’

15.5688(4), 18.4229(6), 17.1320(7)
90, 96.010(3), 90
4886.8(3)

4

1.517

1.874

2248

0.22 x 0.12 x 0.09

3.438 to 29.554°
-16<h<21,-17<k<25,-20<1<22
25900

11708[R(int) = 0.0359]
11708/0/507

1.039

R1 =0.0490, wR> = 0.1136
R1=0.0891, wR> = 0.1330
0.693/-0.611
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Table 2. Selected bond lengths (A) and angles (°) for the complex 2

Bond lengths (A) Bond angles (°)

Rul-Asl 2.4504 (5) As1-Rul-As2 176.62 (2)
Rul-As2 2.4543 (5) 01-C1-Rul 178.8 (4)
Rul-C1 1.858 (4) 02-Rul-Asl 89.77 (8)
Ru1-N3 2.078 (4) 02-Rul-As2 89.82 (8)
Ru1-N1 2.025 (3) N1-Rul-Asl 88.80 (9)
Ru1-02 2.097 (3) N1-Rul-As2 87.84 (9)
As1-C16 1.930 (2) N1-Rul1-02 75.98 (12)
As1-C22 1.926 (4) N1-Rul-N3 77.79 (14)
As1-C28 1.925 (3) N1-C1-S1 112.2 (5)
As2-C34 1.933 (2) N1-C1-N2 131.0 (6)
As2-C40 1.927 (2) N2-N1-Rul 1185 (2)
As2-C46 1.921 (2) N2-C8-C9 116.5 (3)
01-Cl 1.140 (5) N3-Rul-Asl 88.94 (10)
02-C8 1.299 (5) N3-Rul-As2 89.93 (10)
03-C12 1.350 (4) N3-Ru1-02 153.76 (13)
03-C15 1.402 (7) C1-Rul-Asl 91.67 (13)
N1-N2 1.379 (5) C1-Rul-As2 91.70 (13)
N1-C6 1.301 (5) C1-Rul-02 101.95 (15)
C1-Rul-N1 177.87 (16)




3.3.4. Catalytic application to synthesis of styryl quinoline

The remarkable applications of ruthenium catalysts to an extensive variety of
coupling reactions motivated us to tune the present Ru(ll)-NNO pincer complexes as
catalysts in the direct E-olefination of alkyl substituted quinolines/pyrazines via

dehydrogenative coupling of substituted benzyl alcohols.

3.3.4.1. Optimization of reaction conditions, effect of substituent and catalyst loading®

To select the appropriate reaction condition for the fabrication of E-olefins (3a),
several catalytic variables such as different bases, solvents, time and temperatures have been
tested using pincer type Ru(ll) complex as catalysts. The model reaction between 2-methyl
quinoline la and benzyl alcohol 2a as test substrates utilizing Ru(ll) catalysts in
combination with various solvents, bases and temperatures are depicted in Table 3. While
employing Ru(11) complex 1 (1 mol%) as a catalyst, in presence of K2COz and Cs2COs bases
at 110 °C in toluene medium, the ADC reaction gives E-Selective olefinated product 3a with
40%-43% vyields (Table 3, entries 1 and 2). Further, the model reaction was performed in

toluene/KOH mixture and the yield of 3a was increased up to 60%. (Table 3, entry 3).
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Table 3. Screening of reaction conditionst®

L
—
N CH

3

" HO/\©
Base, Solvent,

Ru(ll) NNO catalyst

1a 28 Open air
Entry | Complex Solvent Base Temp | Time (h) | Yield®]
“C)

1 Complex 1 Toluene K.COs | 110 24 40

2 Complex 1 Toluene Cs2COs3 | 110 24 43

3 Complex 1 Toluene KOH 110 24 60

4[] - Toluene KOH 130 24 NR

5ldl Complex 1 Toluene - 130 24 NR

6 Complex 1 Toluene t-BuOK | 130 24 70

7 Complex 1 m-Xylene t-BuOK | 130 24 66

8 Complex 1 t-BuOH t-BuOK | 100 24 50

9 Complex 1 THF t-BuOK | 100 24 45

10 Complex 1 Acetonitrile | t-BuOK | 80 24 20

11 Complex 1 Ethanol t-BuOK | 80 24 27

12 Complex 1 1,4-Dioxane | t-BuOK | 80 20 68

13 Complex 1 1,4-Dioxane | t-BuOK | 100 20 77

[AlReaction conditions: 2-methylquinoline (1a) (1 mmol), benzyl alcohol (2a) (1 mmol),
Complex (1 mol %), t-BuOK (0.5 mmol), solvent (4 mL). Plisolated yield of 3a product.
[l Absence of catalyst. [Absence of base.
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The catalyst and base are essential for the catalytic reaction because the absence of
any of them the reaction was unfruitful (Table 3, entries 4 and 5). Conspicuously, when the
reaction was accomplished with t-BuOK instead of KOH, the yield of 3a was 79% (Table
3, entry 6). While comparing the yields of the end product, the outperformance of t-BuOK
over the other bases was distinguished. In the model reaction, switching solvents and
temperatures with t-BuOK base was performed and among them 1,4-dioxane operated well
at 80 °C (Table 3, entry 7-12). It has been observed that complex 1 gave the maximum yield
of 77% of 3a from the coupling of 2-methyl quinoline with benzyl alcohol under the

conditions of 1,4-dioxane/t-BuOK at 100 °C in 20 h (Table 3, entry 13).

Thus, table 3 outlined that the best optimal conditions for the ruthenium complexes
catalysed selective E-olefination of methyl N-heteroarenes using primary alcohols. The
reaction operated well in 1,4-Dioxane medium with t-BuOK as a base at 100 °C for 20 h

under open-air atmosphere.

3.3.4.2. Optimization of effect of substituent

Once the various catalytic parameters were optimized, the effect of substituents of
all the complexes on the catalytic reaction has been investigated (Table 4). At most, all the
complexes (1-3) showed good catalytic activity in the formation of olefin product with
appreciable yields. However, based on experimental results, the complex 2 relatively
provided a better yield than complexes (1-3) due to the presence of electron donating
methoxy group?® (Table 4, entries 1-3). Hence, the complex 2 was kept as a representative

catalyst to explore the broad substrate scope using a diverse range of alcohols.
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Table 4. Effect of the substituent of catalyst!®

©\/j f o Ru(ll) NNO catalyst (1-3) O N . ho
~
N” CH,

AN
t-BuOK, 1,4- dioxane N O
100 °C, 20 h
1a 2a 3a
Entry Ru complexes Yield(%)P
1 Complex 1 72
2 Complex 2 80
3 Complex 3 65

laIReaction conditions: 2-methylquinoline (1a) (1 mmol), benzyl
alcohol (1 mmol), complex (1 mol %), t-BuOK (0.5 mmol), 1,4-dioxane
(4 mL), 20 h in open air. [b]Isolated yield.

3.3.4.3. Optimization of catalyst loading

Further, the effectiveness of our catalyst was examined with different catalyst
loadings for the test reaction (Table 5). Upon reducing the catalyst loading from 1 mol% to
0.1 mol%, there was a substantial decrease in yields (Table 5, entries 1 - 4). Therefore 1

mol% catalyst loading is the best choice for optimization.
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Table 5: Effect of catalyst loading®

N X
+ HO Ru(ll) NNO catalyst (2)
— N + H,O
N™ "CHj t-BuOK, 1,4- dioxane N O
100°C, 20 h
1a 2a

3a

Entry Catalyst 2 (mol %) Yield(%)P
1 1.0 80
2 0.5 51
3 0.25 42
4 0.10 20

[alReaction conditions: 2-methylquinoline (1a) (I mmol), benzyl
alcohol (1 mmol), complex 2 (1 mol %), ~-BuOK (0.5 mmol), 1,4-
dioxane (4 mL), 20 h in open air. [b] Isolated yield.

3.3.4.4. Scope of the reaction

After optimization, the substrate scope of the olefination reaction was examined and
the findings are documented in Table 6. The catalytic efficiency exhibited by the complex 2
in the test reaction was conveniently applied to 2-methyl quinoline and 2-methylpyrazines
with a variety of electronic and sterically different primary alcohol derivatives and
selectivity in E-selective olefin products seen in every case. Benzyl alcohols encompassing
electron-rich groups such as 4-methyl, 3-methoxy and 4-methoxy substituents resulted 3b-
3d in high yields up to 90% of the desired olefins. In contrast, electron-deficient groups like
3-chloro, 4-chloro and 3-bromo benzyl alcohols tolerated well with 2-methyl quinoline to
deliver olefin products 3e-3g comparatively low yields (70%-78%). Fabulously, electron-
poor 4-nitrobenzyl alcohol was successfully transferred into the respective olefin 3h in 50%
isolated yield. In addition, the complex 2 effectively catalyzed the dehydrogenative coupling
of 2-methyl quinoline and benzyl alcohols with two and three electron releasing substituents

including 3,4-dimethoxy, 2,6-dimethoxy and 3,4,5-trimethoxy benzyl alcohols and
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furnished the corresponding olefins 3i-3k in 73%-83% yields. Besides, the yield of olefin
3l has been 60% when the ADC reaction was performed with 2-methyl quinoline and

electron deficient 2,6-dichloro benzyl alcohol.

Interestingly, the present catalytic approach can be exploited for sterically fused
aromatic alcohols including 1-naphthalene methanol, 9-anthracene methanol, and 1-pyrene
methanol are they were smoothly converted into suitable olefins 3m-3o0 with 72%-78%
isolated yield. Encouraged by the yield of the olefin products, the utility of the present
catalytic protocol was further extended to the olefination of 2-methyl pyrazine with various
benzyl alcohols derivatives. Under standard conditions, 2-methyl pyrazine smoothly reacted
with benzyl alcohol, 4-methyl benzyl alcohol, 4-methoxybenzyl alcohol and 3-
methoxybenzyl alcohol to led the respective olefinated pyrazines 5a-5d up to 83% yields.
Strikingly, the reaction operated well for 2-methyl pyrazine with electron-deficient groups
including 3-chloro, 4-chloro, and 3-bromobenzyl alcohols in 64%-72% yields of 5e-5g.
Delightfully, the benzyl alcohols comprising electron-rich groups such as 2,6-dimethoxy,
3,4-dimethoxy and 2,3-dimethoxy are tolerated well with 2-methyl pyrazine to provide the
equivalent olefins 5h-5j up to 69% yield. Additionally, the benzyl alcohol with electron-
withdrawing substituent, 2,6-dichloro benzyl alcohol was elegantly treated under the
optimal condition to deliver the respective 5k product in 51% yield. Pleasingly, sterically
hindered aromatic alcohols produce the appropriate E-olefin products 5I-5m in moderate
yields. Nonetheless, the reactions of 2-methyl pyrazine with heterocyclic and aliphatic

alcohols were found to be unproductive 5n-50.
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Table 6. Ru(I11)-NNO catalyzed E-olefination of methyl N Heteroarenes(2}[]

t-BuOK, 1,4-dioxane,
1a or 4a 100°C, 20 h

i~ X

I Ru(ll) NNO catalyst (2) o X

L\@ ,,]:@Nj\ + Q@ ToH k@]: +  H,0
~ Sso” N

3aor 5a

5a, 75% 5c, 83%
O
(s » - |
N/ o O\ N/ A cl [N/ 7
5d, 80% 56, 69% 5f, 72%
Cl
~
[N\ [N\ o] [N\
N P> Br N/ P N7 e 0\
5g, 64% sh, 60% 5i, 69% o

\
N
[N\ o [ N cl [N\
o) / ‘
N/ > ~ N/ N/ >
5j, 63% 5k, 51% al 51, 67%
N
[\N | P> [ S _0 [ j\/\/\/\/
—
5m, 59% OO N | N F
, ‘O 5n, 0% / 50, 0%

[AReaction conditions: 2-methylquinoline (1a) or 2-methyl pyrazine (4a) (1
mmol), alcohol (1 mmol), complex 2 (1 mol %), t-BuOK (0.5 mmol), 1,4-dioxane
(4 mL), 20 h in open air. [b]lsolated yield.
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Overall, the presence of the easily exchangeable AsPhs groups has promoted the
catalytic efficiency of the pincer Ru(Il)-NNO complexes towards the synthesis of E-
selective olefines in high yields. It should be highlighted that the current catalytic system

performed well in the open air without any additive/oxidant at 1 mol% catalyst loading.

3.3.4.5. Control experiments

To get the better understanding of the mechanistic study, a series of control
experiments under various reaction conditions has been carried out. Initially, the reaction of
benzyl alcohol (2a) in the absence of la and catalyst was conducted under standard
condition, but it did not proceed (Scheme 4a). However, when benzyl alcohol (2a) was
treated under optimal conditions in presence of a catalyst, it releases the corresponding
aldehyde and hydrogen gas (Scheme 4b). Moreover, no reaction was taken place when 2a
was reacted with 1a in absence of catalyst. However, the reaction generated 3a in 80% yield
while the coupling has been executed with benzyl alcohol 2a in the presence of catalyst
(Scheme 4c, 4d). In contrast, 1a reacts with benzaldehyde (2a’) under standard conditions

to give the olefin product 3a only with 30% of the yield (Scheme 4e).

In addition, the control experiment was carried out to trap aryl-2-quinoline-2-yl-
ethanol intermediate?® (1a%) by reacting 1a and 4-nitro benzyl alcohol (2h) in 12 h. Further,
1a’ subsequently underwent dehydration to furnish the desired olefinated products (Scheme
4f). Hence, based on control experiments, we strongly believe that the current olefination
reaction occurs via aldehyde intermediate which is produced through dehydrogenative

pathway from benzyl alcohol.
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(a) In the absence of 1a and catalyst

OH t-BuOK (0.5 mmol)
No reaction

1,4 dioxane (4 mL),
2a 100°C, 20 h
(b) In the absence of 1a and presence of catalyst

- 0,
OH Ru(I)-NNO catalyst 2 (1 mol%) N
t-BuOK (0.5 mmol) + H, T
2a 1,4 dioxane (4 mL), 2a'

100°C, 20 h
(c) 1a treated with 2a, and absence of catalyst

X OH t-BuOK (0.5 mmol)
_ + No reaction
N 1,4 dioxane (4 mL),
2a

100°C, 20 h

(d) 1a treated with 2a, and presence of catalyst

Ru(I1)-NNO catalyst 2 (1 mol%)
©\/j\ ©/\ #-BuOK (0.5 mmol)
1,4 dioxane (4 mL),
100°C, 20 h

) 1a treated with 2b
Ru(I)-NNO catalyst 2 (1 mol%)

£-BuOK (0.5 mmol) O N
N
©/\ 1,4 dioxane (4 mL), N O + H0

0,
100°C, 20 h 3a (30%)

(f) formation of aryl-2-quinoline-2-yl-ethanol intermediate in presence of catalyst

u(ll)-NNO catalyst 2 (1 mol%)
1,4 dioxane (4 mL),

100°C, 12 h 140/) NO, h (30%)

Scheme 4. Control experiments for mechanistic studies

3.3.4.6. Competitive control experiment between EDG and EWG

A competitive experiment was performed under optimized reaction conditions using
benzyl alcohol containing electron-donating (4-methoxybenzyl alcohol) and electron-
withdrawing groups (4-chlorobenzyl alcohol) with 2-methyl quinoline to gain a better
understanding of the electronic effects of substitutes on catalytic activity. The results
outlined that the electron-donating group is more reactive than the electron withdrawing

group (Scheme 5).
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2-methylquinoline

on o By et o LI g4e

N /©/\ + /©/\ - : O N n O N + H,0

0 cl 1,4 dioxane (4 mL) ~o o
100°C, 20 h 3d, 48% 3f, 28%

Scheme 5. Competitive control experiment between EDG and EWG

3.3.4.6. Gram-scale synthesis of olefin

Further, gram-scale synthesis was also established to demonstrate the utility of
current catalytic protocol (Scheme 6). For that purpose, we performed the reaction of benzyl
alcohol (1.08 g, 10 mmol) with 2-methyl quinoline (1.43 g, 10 mmol) in the presence of
catalyst (0.1 g, 1 mol%), t-BuOK (0.56 g, 0.5 mmol) and 1,4-dioxane (40 mL) furnished
desired 3a in 77% yield.

m Ru(ll) NNO catalyst O A

+ HO
— — 7 + H20
N~ "CHj /\© t-BUOK, 1,4- dioxane N O
100°C, 20 h
1a (1.439) 2a (1.08g) 3a (1.78g)

Scheme 6. Gram-scale synthesis of olefin

3.3.4.6. Synthesis of (E)-2-(2-(pyridin-4-yl)vinyl)quinoline antifungal drug
In addition, one of the antifungal drugs, (E)-2-(2-(pyridin-4-yl)vinyl)quinoline (3p)
has been synthesized utilizing the present methodology from 2-methyl quinoline and 4-

pyridinemethanol with a good yield of 80% (Scheme 7).

Ru(Il)-NNO catalyst (1 mol%)

X
t- BuOK (0.5 mmol) + H,0
©\/j\ /\G N/ Z | X 2

1,4 dioxane (4 mL) _N
100°C, 20 h 3p

Scheme 7. Synthesis of (E)-2-(2-(pyridin-4-yl)vinyl)quinoline
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3.3.4.7. Reaction mechanism for olefination of methyl-N-heteroarenes
From control experiments and previous reports'?!3 a plausible reaction mechanism
for olefination of methyl-N-heteroarenes using Ru(ll)-NNO pincer catalyst is depicted

(Scheme 8).

AsPhs

X //A\\\
®) Qo ;[?I@

t-BuOK
OH © @ oH Ay A
> K o e
_ " co NT
N N\IL / H
u
\N/| H,0
\ AsPh, 2
N

)

olefin product

Scheme 8. Plausible reaction mechanism
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Initially, the Ru(I1) NNO pincer type catalyst (A) reacts with alcohols in the presence
of a base to form ruthenium alkoxide (B). After that, (B) underwent S-hydride elimination
to release aldehyde and Ru-H species (C). Further, alcohol reacts with ruthenium hydride
species (C) to generate ruthenium alkoxide species (B) with the liberation of H. and thereby
catalyst enters into the next catalytic cycle. Afterwards, the liberated aldehyde reacts with
2-methylheteroarenes in the presence of a base to afford aryl-2-quinoline-2-yl-ethanol

intermediate followed by dehydration to yield the desired olefinated product.

Characterization data of intermediates, and E-olefin products:
(22°) Benzaldehyde. *H NMR (400 MHz, CDCls): & (ppm) 9.96 (s, 1H), 7.83 (d, J = 8 Hz,
1H), 7.58-7.41 (m, 4H). 3C {*H} NMR (100 MHz, CDCls): & (ppm) 192.64, 136.31,

134.50, 129.73, 128.98.

(12°) 1-(4-nitrophenyl)-2-(quinolin-2-yl)ethan-1-0l”. *H NMR (400 MHz, CDCls): §
(ppm) 8.21 (d, J = 8.7 Hz, 2H), 8.13 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.82 (d, J
= 8.1 Hz, 1H), 7.76 (dd, J = 11.2, 4.2 Hz, 1H), 7.65 (m, 2H), 7.56 (t, J = 7.2 Hz, 1H), 7.26
~7.21 (m, 1H), 6.77 (s, 1H), 5.45 (dd, J = 8.7, 3.0 Hz, 1H), 3.32 (m, 1H).2°C {*H} NMR
(100 MHz, CDCls): & (ppm) 159.67, 151.44, 146.88, 137.27, 130.17, 128.62, 127.74,

126.97, 126.70, 126.58, 123.68, 121.94, 72.20, 45.28.

(3a) (E)-2-styrylquinoline?. *H NMR (400 MHz, CDCls): & (ppm) 8.09 (t, J = 8.6 Hz, 2H),
7.76 (d, J = 8.0 Hz, 1H), 7.71 (d, J = 6.4 Hz, 1H), 7.68 — 7.61 (M, 4H), 7.48 (t, J = 7.4 Hz,
1H), 7.42 (d, J = 5.0 Hz, 1H), 7.40 — 7.36 (m, 2H), 7.32 (t, J = 7.2 Hz, 1H).C {*H} NMR
(100 MHz, CDCl3): & (ppm) 156.03, 148.31, 136.56, 136.38, 134.47, 129.78, 129.24,

129.06, 128.84, 128.67, 127.54, 127.39, 127.31, 126.21, 119.30.

(3b) (E)-2-(4-methylstyryl)quinoline?. *H NMR (400 MHz, CDCls): § (ppm) 8.10 (dd, J

=11.2, 8.6 Hz, 2H), 7.81 — 7.75 (m, 1H), 7.69 (m, 4H), 7.54 (d, J = 8.0 Hz, 2H), 7.49 (t, J
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= 7.5 Hz, 1H), 7.39 (t, J = 13.9 Hz, 1H), 7.21 (d, J = 7.9 Hz, 1H), 2.38 (s, 3H).13C {*H}
NMR (100 MHz, CDCls):  (ppm) 156.20, 138.84, 136.42, 134.63, 133.76, 129.81, 129.58,

129.07, 128.61, 128.15, 127.91, 127.52, 127.28, 126.14, 119.20, 21.41.

(3¢c) (E)-2-(3-methoxystyryl)quinoline®. *H NMR (400 MHz, CDCls): & (ppm) 8.17 —8.06
(m, 3H), 7.94 (s, 1H), 7.78-7.70 (m, 2H), 7.67 — 7.65 (m, 2H), 7.54 — 7.47 (m, 1H), 7.33 —
7.26 (m, 1H), 7.23 — 7.19 (m, 1H), 6.88 (d, J = 8.0 Hz, 1H), 3.85 (s, 3H). 1°C {*H} NMR
(100 MHz, CDClI3): & (ppm) 159.96, 155.95, 148.27, 137.95, 136.39, 134.36, 129.79,

129.34, 129.21, 127.55, 126.24, 120.18, 119.21, 114.79, 111.92, 55.31.

(3d) (E)-2-(4-methoxystyryl)quinoline?. *H NMR (400 MHz, CDCls): § (ppm) 8.07 (dd,
J=8.4, 4.5 Hz, 2H), 7.75 (d, J = 8.0 Hz, 1H), 7.68 (t, J = 7.2 Hz, 1H), 7.65 — 7.56 (m, 4H),
7.46 (t, J = 7.4 Hz, 1H), 7.28 (d, J = 16.3 Hz, 1H), 6.92 (d, J = 8.7 Hz, 2H), 3.83 (s, 3H).
13C {'H} NMR (100 MHz, CDCl3): § (ppm) 160.16, 156.39, 148.29, 136.29, 134.12, 129.72,

129.34, 129.09, 128.69, 127.52, 127.25, 126.87, 125.98, 119.16, 114.30, 55.36.

(3e) (E)-2-(3-chlorostyryl)quinoline®. *H NMR (400 MHz, CDCls): § (ppm) 8.19 — 8.07
(m, 3H), 7.94 (s, 1H), 7.83-7.80 (m, 1H), 7.73 (t, J = 7.5 Hz, 1H), 7.65 — 7.62 (m, 1H), 7.52
(dd, J = 15.6, 7.8 Hz, 1H), 7.41-7.26 (m,1H). 3C {*H} NMR (100 MHz, CDCls): § (ppm)
156.29, 148.93, 137.17, 135.74, 135.00, 133.74, 130.55, 130.19, 129.90, 129.71, 129.51,

129.10, 128.23, 127.02, 120.05.

(3f) (E)-2-(4-chlorostyryl)quinoline?. *H NMR (400 MHz, CDCls): § (ppm) 8.13 — 8.05
(m, 2H), 7.77 (d, J = 8.1 Hz, 1H), 7.72 — 7.59 (m, 4H), 7.55 (d, J = 8.0 Hz, 1H), 7.49 (t, J =
7.5 Hz, 1H), 7.43 — 7.31 (m, 3H).2C{*H} NMR (100 MHz, CDCls): § (ppm) 155.63,
148.32, 136.44, 135.12, 134.34, 133.06, 129.84, 129.58, 129.28, 129.04, 128.42, 127.53,

126.32, 119.39.
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(39) (E)-2-(3-bromostyryl)quinoline®. *H NMR (400 MHz, CDCls): & (ppm) 8.19 — 8.05
(m, 3H), 7.93 (s, 1H), 7.82 — 7.76 (m, 4H), 7.73 — 7.69 (m, 2H), 7.63 — 7.57 (m, 1H), 7.53
(d, J = 7.4 Hz, 1H).3C{*H} NMR (100 MHz, CDCl3): & (ppm) 155.38, 148.26, 138.73,
136.53, 134.66, 132.74, 131.39, 130.32, 130.05, 129.90, 129.29, 127.56, 126.43, 125.87,

123.00, 119.47.

(3h) (E)-2-(4-nitrostyryl)quinoline®. *H NMR (400 MHz, CDCls): & (ppm) 8.27 (d, J =
8.6 Hz, 2H), 8.19 (d, J = 8.5 Hz, 1H), 8.11 (d, J = 8.4 Hz, 1H), 7.83 — 7.66 (m, 5H), 7.67 (d,
J=8.5Hz, 1H), 7.54 (dd, J = 15.5, 6.3 Hz, 2H). *C{*H} NMR (100 MHz, CDCls): & (ppm)
154.69, 143.01, 136.76, 133.18, 131.74, 130.11, 129.43, 127.70, 127.61, 126.84, 124.23,

119.78.

(3i) (E)-2-(3,4-dimethoxystyryl)quinoline®l. *H NMR (400 MHz, CDCls): & (ppm) 8.11
(m, 3H), 7.97 (d, J = 18.4 Hz, 2H), 7.80 — 7.69 (m, 4H), 7.54 — 7.36 (m, 2H), 3.92 (s, 3H),
3.89 (s, 3H).13C NMR (100 MHz, CDCls):  (ppm) 156.49, 155.43, 153.12, 148.35, 147.60,
136.56, 136.25, 134.66, 130.60, 129.86, 128.82, 127.50, 126.64, 124.25, 119.57, 118.94,

112.44, 61.32, 55.90.

(3j) (E)-2-(2,6-dimethoxystyryl)quinoline. *H NMR (400 MHz, CDCls): & (ppm) 8.09 (dd,
J =118, 8.6 Hz, 2H), 7.98 (d, J = 16.6 Hz, 1H), 7.77 (d, J = 8.6 Hz, 2H), 7.71 — 7.67 (m,
1H), 7.48 — 7.41 (m, 2H), 7.27 (d, J = 9.7 Hz, 1H), 6.86 (d, J = 1.4 Hz, 2H), 3.88 (s, 3H),
3.82 (s, 3H).3C {"H} NMR (100 MHz, CDCls): & (ppm) 156.65, 153.77, 151.95, 148.26,
136.21, 129.74, 129.68, 129.19, 129.11, 127.51, 127.32, 126.11, 118.90, 115.78, 112.47,

111.40, 56.26, 55.83.

(3k) (E)-2-(3,4,5-trimethoxystyryl)quinoline. *H NMR (400 MHz, CDCls): § (ppm) 8.14
(d, J=8.6 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.72 (m, 2H), 7.59

(d, J = 16.3 Hz, 1H), 7.51 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 16.3 Hz, 1H), 6.89 (s, 6H), 3.93
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(s, 5H), 3.90 (s, 3H).*C{*H} NMR (100 MHz, CDCls): & (ppm) 155.97, 153.46, 148.26,
136.43, 134.35, 132.18, 129.86, 129.12, 128.59, 127.56, 127.35, 126.24, 118.91, 104.30,

61.03, 56.17.

(31) (E)-2-(2,6-dichlorostyryl)quinoline. 'H NMR (400 MHz, CDCls): § (ppm) 8.22 — 8.07
(m, 2H), 7.95 (s, 1H), 7.85 — 7.78 (m, 2H), 7.75 — 7.67 (m, 2H), 7.55 — 7.48 (m, 2H), 7.38
(d, J = 8.0 Hz, 1H), 7.15 (t, J = 8.1 Hz, 1H). 3C{*H} NMR (100 MHz, CDCl3): § (ppm)
155.34, 148.31, 137.16, 136.58, 136.48, 134.86, 134.67, 133.97, 132.94, 129.61, 129.48,

128.65, 127.64, 126.58, 126.54, 119.56, 119.30.

(3m) (E)-2-(2-(naphthalen-1-yl)vinyl)quinoline. *H NMR (400 MHz, CDCls): § (ppm)
8.51 (d, J = 16.0 Hz, 1H), 8.33 (d, J = 8.3 Hz, 1H), 8.12 (d, J = 8.0 Hz, 2H), 7.90 — 7.68 (m,
6H), 7.58 — 7.43 (m, 5H). 3C {*H} NMR (100 MHz, CDCls): 5 (ppm) 156.07, 148.36,
136.48, 134.10, 133.83, 131.77, 131.56, 131.44, 129.84, 129.36, 129.02, 128.75, 127.59,

127.48, 126.40, 126.29, 126.01, 125.77, 124.27, 123.81, 119.62.

(3n) (E)-2-(2-(anthracen-9-yl)vinyl)quinoline. *H NMR (400 MHz, CDCls): § (ppm) 8.64
(d, J =16.5 Hz, 1H), 8.50 — 8.41 (m, 2H), 8.33 (dd, J = 5.8, 3.3 Hz, 1H), 8.24 (d, J = 8.6
Hz, 1H), 8.17 (d, J = 8.3 Hz, 1H), 8.08 — 7.99 (m, 2H), 7.89 — 7.70 (m, 4H), 7.52 (m, 4H),
7.32 (s, 1H).3C {"H} NMR (100 MHz, CDCls): § (ppm) 155.63, 148.38, 137.46, 136.63,
134.14, 133.51, 131.50, 129.88, 129.69, 129.48, 128.77, 127.61, 127.24, 126.39, 125.98,

125.79, 125.30, 119.70.

(30) (E)-2-(2-(pyren-2-yl)vinyl)-4a,8a-dihydroquinoline. *H NMR (400 MHz, CDCls): §
(ppm) 8.59 (d, J = 16.0 Hz, 1H), 8.37 (d, J = 9.2 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 8.12 —
7.95(m, 5H), 7.93-7.78 (m, 4H), 7.62 (d, J = 7.7 Hz, 2H), 7.53 — 7.45 (m, 1H), 7.40 - 7.36

(m, 1H). 2C{"H} NMR (100 MHz, CDCls): 5 (ppm) 156.09, 148.36, 136.31, 134.20,
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131.48, 131.41, 131.37, 131.07, 130.82, 130.68, 129.79, 129.30, 128.90, 127.82, 127.58,

127.41, 126.18, 126.02, 125.50, 125.27, 125.15, 125.02, 123.77, 122.86, 119.58.

(5a) (E)-2-styrylpyrazine?. *H NMR (400 MHz, CDCls): § (ppm) 8.64 (d, J = 1.1 Hz, 1H),
8.58 —8.51 (m, 1H), 8.40 (d, J = 2.4 Hz, 1H), 7.75 (d, J = 16.1 Hz, 1H), 7.60 (d, J = 7.3 Hz,
2H), 7.40 (t, J = 7.4 Hz, 2H), 7.35 (d, J = 7.2 Hz, 1H), 7.16 (d, J = 16.1 Hz, 1H).3C {*H}
NMR (100 MHz, CDCls): § (ppm) 151.31, 144.37, 143.79, 142.77, 136.06, 135.23, 129.03,

128.88, 127.36, 124.05.

(5b) (E)-2-(4-methylstyryl)pyrazine?®. *H NMR (400 MHz, CDClz): § (ppm) 8.60 (s, 1H),
8.50 (s, 1H), 8.36 (s, 1H), 7.70 (d, J = 16 Hz, 1H), 7.59 — 7.40 (m, 2H), 7.26 — 7.07 (m, 3H),
2.36 (s, 3H).3C{"H}NMR (100 MHz, CDCls): & (ppm) 151.50, 144.31, 143.66, 142.49,

139.19, 135.17, 133.29, 129.60, 127.84, 127.32, 123.03, 21.42.

(5¢) (E)-2-(4-methoxystyryl)pyrazine?®. 'H NMR (400 MHz, CDCls) § (ppm) 8.61 (s, 1H),
8.51 (s, 1H), 8.36 (s, 1H), 7.70 (d, J = 16.0 Hz, 1H), 7.54 (d, J = 8.0 Hz, 2H), 7.02 (d, J =
16.1 Hz, 1H), 6.92 (t, J = 8.2 Hz, 2H), 3.85 (s, 3H).*C{*H} NMR (100 MHz, CDCls): &

(ppm) 160.42, 144.27, 143.56, 142.28, 134.81, 129.25, 128.78, 121.85, 114.34, 55.38.

(5d) (E)-2-(3-methoxystyryl)pyrazine. 'H NMR (400 MHz, CDCls): § (ppm) 8.65 (s, 1H),
8.55 (s, 1H), 8.42 (s, 1H), 7.72 (d, J = 16.1 Hz, 1H), 7.34-7.27 (m, 2H), 7.21-7.13 (m, 2H),
6.90 (d, J = 8.2 Hz, 1H), 3.86 (s, 3H). *C{*H} NMR (100 MHz, CDCl3): § (ppm) 159.96,
151.22, 144.38, 143.79, 142.81, 137.46, 135.13, 129.85, 124.36, 120.05, 114.83, 112.39,

55.32.

(5e) (E)-2-(3-chlorostyryl)pyrazine. *H NMR (400 MHz, CDCls): & (ppm) 8.64 (s, 1H),
8.56 (s, 1H), 8.44 (s, 1H), 7.70 (d, J = 15.8 Hz, 1H), 7.59 (s, 1H), 7.46 (d, J = 6.3 Hz, 1H),
7.32 (m, 2H), 7.16 (d, J = 16.1 Hz, 1H).*C{*H} NMR (100 MHz, CDCls): & (ppm) 151.04,

14451, 143.95, 143.09, 134.82, 134.66, 133.93, 129.19, 128.58, 124.65.
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(5f) (E)-2-(4-chlorostyryl)pyrazine?. *H NMR (400 MHz, CDCls): § (ppm) 8.63 (d, J =
1.2 Hz, 1H), 8.57 — 8.49 (m, 1H), 8.42 (d, J = 2.4 Hz, 1H), 7.70 (d, J = 16.1 Hz, 1H), 7.52
(d, J = 8.5 Hz, 2H), 7.40 — 7.33 (m, 2H), 7.12 (d, J = 16.1 Hz, 1H).C{*H} NMR (100
MHz, CDCl3): & (ppm) 150.94, 144.43, 143.86, 143.00, 134.73, 134.56, 133.83, 129.10,

128.50, 124.55.

(59) (E)-2-(3-bromostyryl)pyrazine. *H NMR (400 MHz, CDCls): § (ppm) 8.63 (s, 1H),
8.56 (d, J = 1.4 Hz, 1H), 8.43 (d, J = 2.3 Hz, 1H), 7.79 — 7.62 (m, 2H), 7.48 (dd, J = 15.7,
7.5 Hz, 2H), 7.28 (d, J = 7.3 Hz, 1H), 7.15 (d, J = 16.0 Hz, 1H).*C{"H} NMR (100 MHz,
CDCls): § (ppm) 150.73, 144.47, 143.97, 143.19, 138.22, 133.58, 131.77, 130.37, 129.99,

126.07, 125.38, 123.05.

(5h) (E)-2-(2,6-dimethoxystyryl)pyrazine. *H NMR (400 MHz, CDCls): § (ppm) 8.68 (s,
1H), 8.54 (s, 1H), 8.38 (s, 1H), 8.03 (d, J = 16.2 Hz, 1H), 7.27 — 7.18 (m, 2H), 6.87 (s, 2H),
3.87 (s, 3H), 3.82 (s, 3H). *C{*H} NMR (100 MHz, CDCls) & (ppm) 153.65, 152.27,

151.85, 144.32, 143.69, 142.48, 130.21, 125.06, 115.55, 112.48, 112.35, 56.14, 55.82.

(5i) (E)-2-(3,4-dimethoxystyryl)pyrazine. *H NMR (400 MHz, CDCls): § (ppm) 8.69 (s,
1H), 8.55 (s, 1H), 8.40 (d, J = 2.4 Hz, 1H), 8.04 (d, J = 16.3 Hz, 1H), 7.25 (dd, J = 26.2,
11.8 Hz, 2H), 7.09 (t, J = 8.0 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 3.90 (s, 3H), 3.89 (s,
3H).2C{*H} NMR (100 MHz, CDCl3): & (ppm) 153.18, 151.69, 147.82, 144.36, 143.71,

142.65, 130.26, 129.78, 125.67, 124.22, 118.64, 112.70, 61.26, 55.88.

(5j) (E)-2-(2,3-dimethoxystyryl)pyrazine. *tH NMR (400 MHz, CDCls): & (ppm) 8.62 (d,
J=1.3 Hz, 1H), 8.49 (dd, J = 2.3, 1.6 Hz, 1H), 8.34 (d, J = 2.5 Hz, 1H), 7.97 (d, J = 16.3
Hz, 1H), 7.23-7.13 (m, 2H), 7.03 (t, J = 8.0 Hz, 1H), 6.85 (dd, J = 8.1, 1.2 Hz, 1H). 3C{*H}
NMR (100 MHz, CDCIs): 6 (ppm) 152.44, 150.96, 147.09, 143.62, 142.97, 141.91, 129.53,

129.05, 124.94, 123.48, 117.91, 111.96, 60.52, 55.15.
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(5k) (E)-2-(2,6-dichlorostyryl)pyrazine. *H NMR (400 MHz, CDCls): § (ppm) 8.65 (s,
1H), 8.60 (s, 1H), 8.47 (s, 1H), 7.85 (d, J = 16.3 Hz, 1H), 7.38 (d, J = 8.0 Hz, 2H), 7.31 (s,
1H), 7.17 (t, J = 8.0 Hz, 1H).3C{*H} NMR (100 MHz, CDCls3): & (ppm) 150.54, 144.57,

144.07, 143.55, 134.88, 133.56, 132.38, 129.03, 128.96, 128.77.

(51) (E)-2-(2-(naphthalen-1-yl)vinyl)pyrazine®®. 'H NMR (400 MHz, CDCls): & (ppm)
8.66 (s, 1H), 8.59 (d, J = 15.5 Hz, 2H), 8.42 (d, J = 2.0 Hz, 1H), 8.28 (d, J = 8.2 Hz, 1H),
7.85 (dd, J = 17.6, 8.9 Hz, 3H), 7.52 (m, 3H), 7.20 (d, J = 16 Hz, 1H).3C{*H} NMR (100
MHz, CDCls): 5 (ppm) 151.32, 144.47, 143.98, 142.95, 133.78, 133.66, 132.25, 131.52,

129.35, 128.73, 126.73, 126.54, 126.11, 125.64, 124.17, 123.72.

(5m) (E)-2-(2-(pyren-2-yl)vinyl)pyrazine. 'H NMR (400 MHz, CDCls): § (ppm) 8.68 (d,
J =155 Hz, 1H), 8,51 (d, J = 28.2 Hz, 2H), 8.39 — 8.32 (m, 2H), 8.15- 8.06 (M, 4H), 8.00
—7.90 (m, 4H), 7.21 — 7.13 (m, 1H).23C{*H} NMR (100 MHz, CDCl3): & (ppm) 151.38,
144.40, 143.98, 142.69, 131.71, 131.38, 130.79, 130.07, 129.09, 128.00, 127.90, 127.36,

126.11, 125.62, 125.40, 125.25, 125.06, 124.93, 124.72, 123.55, 122.78.

(E)-2-(2-(pyridin-4-yl)vinyl)quinoline: *H NMR (400 MHz, CDCls): & (ppm) 8.65 (d, J =
4.2 Hz, 1H), 8.12 (dd, J = 14.7, 8.5 Hz, 2H), 7.81 (dd, J = 15.8, 6.9 Hz, 3H), 7.69 (dd, J =
15.1, 7.2 Hz, 3H), 7.52 (dd, J = 18.0, 10.5 Hz, 2H), 7.20 (dd, J = 6.9, 5.2 Hz, 1H). 3C{'H}
NMR (100 MHz, CDCls): 6 (ppm) 155.36, 155.09, 149.84, 148.31, 136.68, 136.55, 133.73,

132.65, 129.82, 129.41, 127.57, 126.47, 122.86, 122.79, 120.33.
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NMR spectra of catalytic isolated products
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Figure 9: *H NMR spectrum for (2a’) in CDCls (400MHz, 300K).
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Intermediate- aryl-2-quinoline-2-yl-ethanol
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Figure 11: *H NMR spectrum for (1a°) in CDCl3 (400MHz, 300K).
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NMR spectrum of E-olefin products (3a-3o0 and 5a-5m)
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Figure 14: 3C NMR spectrum for (3a) in CDCl; (100MHz, 300K).
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Figure 15: *H NMR spectrum for (3b) in CDCl; (400MHz, 300K).
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Figure 17: *H NMR spectrum for (3c) in CDCl; (400MHz, 300K).
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Figure 18: 3C NMR spectrum for (3c) in CDCl; (100MHz, 300K).
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Figure 19: *H NMR spectrum for (3d) in CDCl; (400MHz, 300K).
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Figure 21: *H NMR spectrum for (3e) in CDCls (400MHz, 300K).
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Figure 25: *H NMR spectrum for (3g) in CDCl; (400MHz, 300K).
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Figure 27: *H NMR spectrum for (3h) in CDCl; (400MHz, 300K).
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Figure 28: C NMR spectrum for (3h) in CDCl; (100MHz, 300K).
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Figure 29: *H NMR spectrum for (3i) in CDCl3 (400MHz, 300K).
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Figure 30: *C NMR spectrum for (3i) in CDCl; (100MHz, 300K).
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Figure 32: C NMR spectrum for (3j) in CDCl; (100MHz, 300K).
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Figure 40: 3C NMR spectrum for (3n) in CDCI3 (100MHz, 300K).
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Figure 41: *H NMR spectrum for (30) in CDCl; (400MHz, 300K).
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Figure 42: 3C NMR spectrum for (30) in CDCl; (100MHz, 300K).

150



Q
0| T a
o~~~

o

Pl I e W W R Ty

MmN ONO0G MmO v~ 0

=S OG0T Mo M

NS T MM 0ol e [N

LU W R R Rk b b | N
=

N
R
(S

200 1% 180 170 160 150 140 130 120 110 le(O )90 80 70 60 50 40 30 20 10 0 -10
1 (ppm

Figure 44: 3C NMR spectrum for (5a) in CDCls (100MHz, 300K).
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Figure 45: *H NMR spectrum for (5b) in CDCl; (400MHz, 300K).
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Figure 46: 3C NMR spectrum for (5b) in CDCl; (100MHz, 300K).
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Figure 48: 3C NMR spectrum for (5¢) in CDCl; (100MHz, 300K).
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Figure 49: *H NMR spectrum for (5d) in CDCl; (400MHz, 300K).
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Figure 50: 3C NMR spectrum for (5d) in CDCl; (100MHz, 300K).
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Figure 53: *H NMR spectrum for (5f) in CDCls (400MHz, 300K).
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Figure 54: C NMR spectrum for (5f) in CDCl; (100MHz, 300K).
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Figure 55: *H NMR spectrum for (5g) in CDCl; (400MHz, 300K).
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Figure 56: C NMR spectrum for (5g) in CDCl; (100MHz, 300K).
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Figure 57: *H NMR spectrum for (5h) in CDCl; (400MHz, 300K).
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Figure 58: C NMR spectrum for (5h) in CDCl; (100MHz, 300K).
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Chapter 4

Ruthenium(l1) Catalyst Mediated Synthesis of 2-amino-4H-
chromenes Using Primary Alcohols via Acceptorless
Dehydrogenative Coupling Pathway

(
Abstract

A series of biologically important 2-amino-4H-chromenes functionalized
with different substituents has been synthesized through one-pot multicomponent
reaction catalysed by p-cymene Ru(ll) organometallic complexes encompassing
N"O chelated carbazole based hydrazone ligands. A panel of p-cymene Ru(ll)
complexes were synthesized and characterized by various spectral (FT-IR and
NMR) and analytical methods. The molecular structure of one of the complexes was
corroborated with the help of single-crystal X-ray diffraction study. 2-amino-4H-
chromene derivatives have been readily assessed under mild conditions via
ruthenium(Il) catalyst mediated acceptorless dehydrogenative coupling of
substituted benzyl alcohols, resorcinol and malononitrile. The present catalytic
protocol furnishes a variety of 2-amino-4H-chromenes in high yields up to 95%
from a wide range of readily available primary alcohols without the use of any
oxidant/additives utilizing low catalyst loading. A plausible mechanism to the
catalytic synthesis of 2-amino-4H-chromene compounds has been described via the
formation of an aldehyde and benzylidenemalononitrile intermediates with the
discharge of water and hydrogen as by-products. Interestingly, medicinally
important tacrine analogue was successfully constructed with good yields from the
synthesized 2-amino-4H-chromenes.
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4.1. INTRODUCTION

O-Heterocycles present a broad spectrum of indispensable structural motifs due to
their vast biological and pharmacological properties.® Among them, chromenes have been
one of the imperative classes of O-heterocyclic compounds extensively used as valuable
synthetic organic building blocks and are attracted towards a diverse array of research areas
exclusively medicinal chemistry and chemical biology.? Predominantly, 2-amino-4H-
chromenes are interesting biomolecules with notable bioactivities such as antimicrobial,

antiviral, and antiproliferative activity (Figure 1).

CN ‘ ‘ g
o~
CN

NH,
NH,

antirheumatic

UCPH-101 IRSP Inhibitor

Figure 1. Selective examples for bioactive 2-amino-4H-chromene analogues

Multicomponent reactions (MCR) mediate a facile route to the construction of 2-
amino-4H-chromenes in a single step and a huge number of methods have been developed
from substituted phenols and compounds comprising active methylene group as starting
materials (Scheme 1a).* For instance, Zhang et al. described the synthesis of 2-amino-4H-
chromenes using chiral organocatalysts and aldehyde as substrate in presence of molecular
sieves.® Dekamin group has reported the Lewis base (5 mol% potassium phthalimide)
mediated synthesis of diverse range of chromenes from aldehyde, malononitrile, and

resorcinol.® Heravi et al. have reported the multicomponent fabrication of 2-amino-4H-
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chromenes employing the strong methanesulfonic acid (1 mmol) as a catalyst.” Imidazole
mediated one pot synthesis of 2-amino-4H-chromenes at high catalyst loading (20 mol%)
has been demonstrated by Choudhury’s group.® However, the above approaches have some
drawbacks such as the usage of unstable aldehyde reactants, hazardous organic acids, Lewis
bases, the requirement of higher reaction temperature, high catalyst loading, longer reaction

time and low yields of the chromene products.

(a) Previous reports

a) Organocatalyst/ 4 A MS, (Ref. 5) R4
b) Methanesulfonic acid (1 mmol), O
X CH;,CN, (Ref. 6)
/EjA i /©\ cN T H0
R +R2 OH c) Potassium phthalimide (5 mol%), (Ref. 7) O |
d) Imidazole (20 mol%), (Ref. 8) Ry 0" 'NH,
NC\/CN

X oz s 5
OH L ; G
+ p-cymene Ru(ll) catalyst (1 mol%)
R CN
Toluene (5 mL), KOH (0.5 mmol),
100 °C, 18 h
HO OH

Scheme 1. Synthetic protocol for the synthesis of 2-amino-4H-chromenes

Transition metal catalysed multi-component reactions for the synthesis of
heterocyclic compounds have particular interest due to easy workup of intermediates, and a
sequence of condensation, addition or cycloaddition reactions can be performed in one pot.°
Among them, ruthenium-mediated MCR have drawn much attention towards the syntheses
of heterocycles due to their atom economy, ready availability and higher catalytic
efficiency.'® Further, MCR for the construction of heterocycles from alcohols through
acceptorless dehydrogenative coupling (ADC) strategy has attracted significant interest due
to the needless of any oxidants, additives and circumvent of toxic by-products such as

permanganate, dichromate, and peroxides.!! Further, the Kempe et.al have explored
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multicomponent synthesis of pyrimidines catalyzed by Mn-PNP pincer complexes in 1,4-
dioxane at 120 °C for 20 h under argon atmosphere.'? Beller and co-workers have described
Ru catalyzed synthesis of pyrroles from ADC reaction of alcohols with diol in t-amyl
alcohol at 130 °C for 18 h.*?*¢ Recently, Srimani group reported Ru-Catalyzed Acceptorless
Dehydrogenative MCR towards the synthesis of 1,8-Dioxo-decahydroacridines at 135 °C
for 36 h in solvent free condition under nitrogen atmosphere.*?® Following a thorough
review of the literature, it is believed that there are no reports available on ruthenium-
mediated MCR for the syntheses of O-heterocycles, especially construction of 2-amino-4H-

chromenes through acceptorless dehydrogenative coupling reaction from alcohols.

In recent years, p-cymene encapsulated transition metal catalysts have been
extensively employed as catalysts in various organic transformation reactions including C-
C and C-N bond formations.!® Hence, we have employed p-cymene capped half sandwich

organometallic complexes for our present catalytic investigations.

In view of these, herein we have developed and reported the synthesis of carbazole
based hydrazone chelated p-cymene Ru(ll) complexes as catalysts for the direct access of
2-amino-4H-chromenes from benzyl alcohols, malononitrile and resorcinol via ADC
pathway for the first time. Gratifyingly, the present methodology is considered to be simple
and eco-friendly protocol which releases water and hydrogen as the only by-products

(Scheme 1b).

4.2.  Experimental Section
4.2.1. Reagents and materials

All the reagents used were chemically pure and analytical grade. Benzohydrazide
derivatives were purchased from Sigma Aldrich chemicals. The solvents were freshly

distilled before use following the standard procedures.*
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4.2.2. Physical measurements and instrumentation

Commercially available RuCls.3H.O was used as supplied from Loba Chemie Pvt.
Ltd. The solvents were freshly distilled before use the standard procedures. The
ruthenium(I1) precursor complex, [(#°-p-cymene)RuCl,]. was prepared by reported
literature method.™ The microanalysis of carbon, hydrogen and nitrogen were recorded by
an analytical function testing Vario EL 11l CHNS elemental analyzer at the Sophisticated
Test and Instrumentation Centre (STIC), Cochin University, Cochin. The Fourier Transform
infrared spectra of complexes were recorded in KBr pellets with a Perkin-Elmer 597
spectrophotometers in the range 4000—-400 cm™. The NMR spectra were recorded in CDCl3
with a Bruker 400 MHz instrument using TMS as the internal reference. Chemical shifts are
given in ppm referenced to solvents. The electronic spectra of the complexes in acetonitrile
solution were recorded with a Jasco V-730 UV-Vis Varian spectrophotometer in the range
800-200 nm. The gas chromatograph analysis for the formation of hydrogen gas was
performed on a Shimadzu GC 2014 and TCD detector, injection temperature = 30 °C,

column temperature = 50 °C, detector temperature (TCD) = 60 °C, carrier gas = Na.

4.2.3. Preparation of carbazole based hydrazone ligands

A mixture 2,3,4,9-tetrahydro-1H-carbazol-1-one'® and substituted benzhydrazide
and few drops of conc. HCI in ethanol was stirred at room temperature for 2 h, which
resulted a pale-yellow solution. The solution was left to reflux for another 1 h during which
time a pale-yellow precipitate was formed. The precipitate was recovered by filtration,

washed with ethanol, diethyl ether and air dried (Scheme 2) Yield: 80-90%.

R
CH;CH,0OH/CH;COOH XN (o]
\ * > NH HN
N RT, Stirring, 3 h
H (o]
(o) NHNHZ R=H =L1 R

R=Br =12
R=0OCH; =13

Scheme 2. Preparation of carbazole based hydrazone ligands.
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4.2.4. Synthesis of new arene Ru(ll) carbazole based hydrazone complexes
Carbazolone based hydrazone derivatives (2 mmol), [(#°-p-cymene)2RuzClz(u-Cl)2]
(2 mmol), and EtsN (1 mmol) were dissolved in toluene solvent. The resultant mixture has
been refluxed for 5 h. The formation of the complex was confirmed using thin-layer
chromatography. After completion, the reaction mixture was then reduced to 5 mL, and
addition of excess diethylether produced brown solid. The solid was collected, washed, and

dried (Scheme 3).

) NH HN Toluene/EtsN \§7
é Reflux, 5 h @»\c

L1=-H R=-H C1
L2 i -Br R = -Br =C2
L3 =-OCH, R=-OCH; =C3

Scheme 3. Synthetic route to p-cymene Ru(ll) complexes.

Spectral characterization data of complexes (1-3)

Complex 1. Brown solid, Yield: 81%, m.p.: 251°C (with decomposition). Anal. calcd:
C29H30N3OCIRu: C, 60.78; H, 5.28; N, 7.33%. found: C, 60.74; H, 5.26; N, 7.29%. FT-IR
(KBr, cm™): 3225 v(n-H), 1644 v(c=N), 1560 v(c=0), 1246 v(c-0), 1527 vic=n-n=c). *H NMR (400
MHz, CDCI5): 8 (ppm) = 10.80 (s, 1H, N-Hcarbazole)), 8.06 (d, J = 8 Hz, 2H, ArHigana)), 7.59-
7.55 (m, 1H, ArHgigana)), 7.41-7.36 (m, 2H, ArHigana)), 7.31-7.20 (m, 3H, ArHigana)), 7.11-
7.07 (m, 1H, ArHqigang)), 5.35-5.26 (m, 2H, CHp-cymene)), 4.99 (d, J = 8 Hz, 1H, CHp-cymene)),
4.71 (d, J = 8 Hz, 1H, CHp-cymene)), 3.02 (S, 6H, CHa(cyclohexane)), 2.60 (sept,1H, CH(CHs)2(-
oymene)), 2.23 (S, 3H, CHs(p-cymene)), 1.30-1.11 (m, 6H, CH(CH3)2(p-cymene)). *C {*H} NMR

(100MHz, CDCls): & (ppm) = 171.85 (C-O), 161.08 (C=N), 136.85, 131.68, 129.10, 128.67,
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127.72, 126.78, 125.29, 124.17, 122.76, 118.75, (Ar carbons of ligand), 110.88 and 99.18
(quaternary carbons of p-cymene), 83.16, 81.31, 80.92, 80.60 (Ar carbons of p-cymene),
45.17 (CH of p-cymene), 2984, 2975, 2300, 20.49 (CHZ(cyclohexane)), 2123, 21.16 (2CH3,

p-cymene), 17.70 (CHs, p-cymene).

Complex 2. Brown solid, Yield: 76%, m.p.: 245 °C (with decomposition). Anal. calcd:
C20H20N3OCIBrRu: C, 53.42; H, 4.48; N, 6.44%. found: C, 53.41; H, 4.47; N, 6.41%. FT-
IR (KBr, cm™): 3247 v(n-n), 1662 vic=n), 1578 v(c=0), 1268 v(c-0), 1516 vc=n-n=c). *H NMR
(400 MHz, CDCl3): & (ppm) = 10.77 (s, 1H, N-H(carbazole)), 7.94 (d, J = 8 Hz, 2H, ArHiigang)),
7.56 (d, J = 8 Hz, 1H, ArHigana)), 7.39 (d, J = 8 Hz, 2H,ArHigang)), 7.26-7.21 (m, 2H,
ArHigana)), 7.11-7.07 (m, 1H, ArHgigang)), 5.35-5.26 (M, 2H, CH(p-cymene)), 4.99 (d, J = 8 Hz,
1H, CH(p-cymene)), 4.71 (d, J = 8 Hz, 1H, CH(p-cymene)), 3.02 (S, 6H, CH2(cyclohexane)), 2.57 (sept,
1H, CH(CHa)2(p-cymene)), 2.23 (S, 3H, CHs(p-cymene)), 1.30-1.10 (m, 6H, CH(CHs3)2(p-cymene)).
3¢ {*H} NMR (100MHz, CDCl3): & (ppm) = 170.88 (C-0), 161.49 (C=N), 136.97, 130.70,
129.94, 129.37, 128.60, 125.31, 124.31, 123.58, 123.06, 119.03, 118.81(Ar carbons of
ligand), 110.93 and 100.98 (quaternary carbons of p-cymene), 83.17, 81.26, 80.96, 80.52(Ar
carbons of p-cymene), 44.97 (CH of p-cymene), 29.87, 29.79, 23.00, 20.51 (CHz(cyclohexane)),

21.26, 21.11 (2CHs, p-cymene), 17.71 (CHzs, p-cymene).

Complex 3. Brown solid, Yield: 85%, m.p.: 260 °C (with decomposition). Anal. calcd:
CaoH32N302CIRu: C, 59.74; H, 5.35; N, 6.97%. found: C, 59.70; H, 5.33; N, 6.94%. FT-IR
(KBr, cm™): 3273 v(n-H), 1679 v(c=n), 1605 v(c=0), 1295 v(c-0), 1520 vic=n-n=c). *H NMR (400
MHz, CDCl3): & (ppm) = 11.76 (S, 1H, N-Hcarbazole)), 8.21 (d, J = 8 Hz, 1H, ArHigana)), 8.06
(d, J = 8 Hz, 1H, ArHigang)), 7.77-7.68 (m, 4H, ArHigana)), 7.52-7.49 (m, 2H, ArHiigang)),
5.46-5.29 (m, 2H, CHp-cymene)), 4.91 (d, J = 4 Hz, 1H, CH(p-cymene)), 4.49 (d, J = 4 Hz, 1H,
CH(p-cymene)), 3.83 (5, 3H, OCHzgigand)), 3.09 (S, 6H, CHa(cyclohexane)), 2.62 (sept, 1H,

CH(CH3)2(p—cymene)), 2.27 (5, 3H, CH3(p—cymene)), 1.38 (m, 6H, CH(CH3)2(p—cymene))- 13(: {1H}
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NMR (100MHz, CDCls): § (ppm) = 174.48 (C-0), 161.51 (C=N), 158.16 (C-OCHs),142.72,
139.90, 134.44, 131.03, 130.51, 129.07, 128.14, 127.11, 126.85, 124.65, 113.16, (Ar
carbons of ligand), 101.65 and 101.20 (quaternary carbons of p-cymene), 85.15, 81.59,
81.47, 80.99 (Ar carbons of p-cymene), 55.28 (OCHz), 45.93 (CH of p-cymene), 38.76,
30.96, 29.70, 28.94 (CHa(yclohexane)), 22.42, 22.13 (2CHa, p-cymene), 18.94 (CHs,

p-cymene).

4.2.5. X-ray crystallographic data collection

Single crystals of complex 2 were grown by slow evaporation of a dichloromethane
- methanol solution at room temperature. The data collection was carried out using a Bruker
AXS Kappa APEX II single crystal X-ray diffractometer using monochromated Mo—Ka.
radiation (A = 0.71073 A). Data was collected at 296 K. The absorption corrections were
performed by the multi-scan method using SADABS software.!’ Corrections were made for
Lorentz and polarization effects. The structures were solved by direct methods (SHELXS
97) and refined by full-matrix least squares on F? using SHELXL 97.'8 All non-hydrogen
atoms were refined anisotropically and the hydrogen atoms in these structures were located
from the difference Fourier map and constrained to the ideal positions in the refinement
procedure. The unit cell parameters were determined by the method of difference vectors
using reflections scanned from three different zones of the reciprocal lattice. The intensity
data were measured using o and ¢ scan with a frame width of 0.5°. Frame integration and
data reduction were performed using the Bruker SAINT-Plus (Version 7.06a) software.®
Figure 8 was drawn with ORTEP and the structural data have been deposited at the
Cambridge Crystallographic Data Centre: CCDC 2025903.
4.2.6. General procedure for the p-cymene Ru(ll) catalyzed synthesis of 2-amino-4H-

chromenes

Aromatic alcohols (1 mmol), malononitrile (1 mmol), resorcinol (1 mmol), KOH

(0.5 mmol), and catalyst (1 mol %) have been dissolved with 5 mL of toluene solvent. Then
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the mixture was refluxed for 18 h at 100 °C in nitrogen atmosphere. The reaction mixture
has been quenched with water and extracted using EtOAc. The organic fractions were
separated and dried over anhydrous Na>SO4, and the solvent was removed under vacuum.
The products have been isolated by column chromatography with petroleum ether/EtOAc

(80:20).

4.2.7. Competitive control experiment between EDG and EWG

p-methylbenzyl alcohol 1b (1 mmol), p-chlorobenzyl alcohol 1le (1 mmol),
resorcinol (1 mmol), malononitrile (1 mmol), KOH (0.5 mmol) and catalyst (1 mol%) were
refluxed in toluene for 18 hours at 100 °C under nitrogen atmosphere. The reaction mixture
has been reduced and the 2-amino-4H-chromene derivatives have been isolated by column
chromatography. petroleum ether/EtOAc (80:20) combination was used to elute the

chromenes 4b and 4e.

4.2.8. Procedure for gram scale synthesis

Benzyl alcohol (1.08 g, 10 mmol), malononitrile (0.66 g, 10 mmol), resorcinol (1.10
g, 10 mmol), KOH (0.23 g, 0.5 mmol), and catalyst (0.56 g, 1 mol%) were taken in 50 mL
of toluene solvent. The resultant mixture has been refluxed for 18 h at 100 °C under nitrogen
atmosphere. After that, the final mixture has been quenched with water and extracted with
ethyl acetate. The EtOAc fractions have been collected separately dried using Na>SO4 and
filtered. The evaporation of solvent under vacuum provided the crude mixture which has

been purified using column chromatography with petroleum ether/ethyl acetate (80:20).

4.2.9. Experiment for confirmation of hydrogen gas using Gas chromatography
Benzyl alcohol 1a (1 mmol), malononitrile 2 (1 mmol), resorcinol 3 (1 mmol), Ru
(1) catalyst 3 (1 mol%), KOH (0.5 mmol), 2 mL of toluene were transferred in a dried 10

mL Schlenk flask under N2 atmosphere, and the reaction mixture was heated at 100 °C for
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5 h. The reaction mixture was then analysed using GC (TCD detector), confirming the

liberation of hydrogen gas.

4.3.  Results and Discussion

The carbazole ligands were easily prepared from the reaction of 2,3,4,9-tetrahydro-
1H-carbazol-1-one with substituted benzhydrazide in ethanol. Complexation was
accomplished by reacting these ligands with the Ru(ll) precursor [Ru(ll)(x%-arene)Cl] in a
1:2 molar ratio in the presence of toluene solvent. The resulted complexes yellow in color.
All the complexes are stable in air and readily dissolved in most organic solvents. The newly
formed arene ruthenium(ll) complexes were authenticated with the help of analytical and

different spectral techniques.

4.3.1. FT-IR Spectra

In FT-IR spectra, stretching frequencies were observed around 3225-3273 and
3317-3460 cm™ and assignable to carbazole and hydrazone N-H fragments of the ligands
(L1- L3). Moreover, the intense bands around 1644-1679 and 1560 - 1605 cm™ were
attributed to C=N and C=0 moieties of L1- L3. In the spectra of the complexes, one of the
v(n-H) frequencies and vc=0) were absent which suggested the tautomerization and the
formation of a new sharp band characteristic to v(c-0) (1246-1295 cm™) demonstrated the
subsequent coordination of the imidolate oxygen to ruthenium. Further, vc=n) in the
complexes were decreased (1516-1527 cm™) relative to free ligands and witnessed that
another active binding cite of ligand to ruthenium ion is ylidene nitrogen and authenticated

the bidentate N"O coordination of L1-L3 to Ru metal centre.

4.3.2. NMR spectra
The proton NMR spectra of L1-L3 displayed two distinctive downfield singlets
around 6 9.13-11.36 ppm due to the carbazole and hydrazone NH protons. The aliphatic

protons of the carbazole ring exhibited three multiplets from & 2.26-4.02 ppm. Another
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singlet at & 3.82 ppm was endorsed to methoxy protons of ligand L3. The coordination via
imidolate oxygen to ruthenium ion was entailed by the absence of hydrazone —NH peak in
the spectra of the complexes after enolization and subsequent deprotonation. All aromatic
protons of the ligands and complexes were appeared as multiplets in the range of 6 7.09-
8.07 ppm. In the complexes, arene protons were found at 6 4.69-5.35 ppm. The —CH3
protons of the isopropyl group in p-cymene moiety were resonated as a singlet in the region
o 1.11-1.13 ppm and methine proton was emerged as septet around o 2.50 ppm.
Furthermore, methyl protons of p-cymene moiety were noticed as a singlet at & 2.23-2.66
ppm. The formation of the synthesized complexes was further evidenced by **C{*H} NMR
spectra. The downfield shifts of C=N (161.08-161.49 ppm) and C-O (170.34-171.45 ppm)
in the spectra of the complexes supported the bonding of imidolate oxygen and ylidene

nitrogen to Ru(ll) ion.
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4.3.3. X-ray molecular structure determination

The molecular structure for the representative complex 2 is confirmed by X-ray
diffraction studies and the ORTEP diagram is portrayed in Figure 8. The crystal structure
refinement parameters have been provided in Table 1, and important bond distances and
angles have been presented in Table 2. The orthorhombic system of complex 2 belongs to
the “P 21 21 21” space group with Z = 4. The bite angle O(1)-Ru(1)-N(1) of the complex is
76.37 (15)°. Ru(1)-N(1) and Ru(1)-O(1) have bond lengths of 2.107(4) and 2.051(4) A",
respectively. The Ru-Cl has a bond length of 2.4093(16) A°, and Ru-centroid distance of
1.677 A which is comparable with other reported p-cymene ruthenium(ll) complexes.?
Therefore, the XRD studies corroborated the binding of hydrazone ligand with the Ru(ll)
ion through the ylidene nitrogen and imidolate oxygen to form a five-member metallacycle.
The residual cites of the octahedron have been occupied by p-cymene and chloride ligands

resulting in the formation of piano-stool geometry.

Figure 8. ORTEP diagram of the complex 2 with 30% probability. All the hydrogen
atoms were omitted for clarity.
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Table 1. Crystal data and structure refinement for complex 2

CCDC

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A, b/A, c/A

a/°, B/°, y/°

Volume/A3

YA

pcalemg/mm?®

m/mm-*

F(000)

Crystal size/mm?®

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [[>20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

2025903
C29H29BrCINzORu

651.98

295(2)

Orthorhombic

P212121

8.0310(4), 16.1519(7), 20.7720(8)
90, 90, 90

2694.47(19)

4

1.607

2.191

1312

0.42 x 0.13 x 0.07

3.446 to 29.330°
-8<h<10,-15<k<22,-25<1<28
16543

6452[R(int) = 0.0353]
6452/0/332

1.025

R1=0.0412, wR2 = 0.0859
R1=0.0624, wR2 = 0.0928
0.353/-0.726
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Table 2. Selected bond lengths (A) and angles (°) for the complex 2

Bond lengths (A) Bond angles (°)

Rul-Cl1 2.409 (16) O(1)-Ru(1)-CI(1) ~ 86.51(12)
RUL-O1 2.051 (4) O(1)-Ru(1)-N(1)  76.37 (15)
RULNL 2107 (4) CI(1)-Ru(1)-C(21)  152.89 (15)
RUL.C20 2193 (5) N(2)- C(13)-0(1)  126.3 (5)

N(1)-Ru(1)-CI(1)  85.12 (12)
Rul-C21 2.166 (5)

N(1)-N(2)-C(13) 1105 (4)
Ru1-C22 2.195 (6)

C(11)-N(3)-C(12)  108.6 (5)
Ru1-C23 2.227 (6)

C(16)-C(17)-Br(1) 119.0 (5)
Rul-C24 2.191 (6) CAD-CUING) 1239 (5)
Rul-C25 2.158 (6) C(11)-N(3)-C(12) 1086 (5)
Br1-C17 1.893 (6) C(20)-Ru(1)-CI(1)  161.71 (15)
01-C13 1.292 (6) C(21)-Ru(1)-CI(1) 152.89 (15)
N1-N2 1.409 (6) C(22)-Ru(1)-CI(1)  116.13 (17)
N1-C1 1.304 (6) C(23)-Ru(1)-CI(1)  93.12 (18)
N2-C13 1.296 (7) C(24)-Ru(1)-CI(1)  96.30 (19)
N3-C11 1.377 (7) C(25)-Ru(1)-CI(1) 123.62 (19)
CL.Co 1514 (7) C(26)-C(20)-Ru(l) 126.0 (4)
cLC1 1446 (7 C(29)-C(23)-Ru(l) 129.7 (5)

C(13)-0(1)-Ru(l) 111.7 (3)
C5-C12 1.379 (7)
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4.3.4. Catalytic application to synthesis of 2-amino-4H-chromenes

Based on the development of ruthenium catalysts towards noteworthy applications
in coupling reactions, the p-cymene Ru(ll) complexes have been tuned as a catalysts in the
direct synthesis of 2-amino-4H-chromene derivatives under mild conditions. The catalytic
synthesis was carried out via ADC of substituted benzyl alcohols with malononitrile, and

resorcinol.

4.3.4.1. Optimization of bases, solvents and temperature

The optimization for the multicomponent synthesis of 2-amino-4H-chromene has
been started with benzyl alcohol (1a), resorcinol (2), and malononitrile (3) as a benchmark
substrate employing 1 mol % of p-cymene ruthenium complex 1 and demonstrated in Table
3. The trail reaction influenced us to check the catalytic variables including different
solvents, bases, times, catalyst loadings and temperatures. Initially, complex 1 was utilized
as a catalyst with 1 mol% catalyst loading in presence of K2COs base in m-xylene solvent
at 140 °C for 24 h to provide 2-amino-4H-chromene 4a with 74% of isolated yield (Table
3, entry 1). Upon screening the solvents, the multicomponent synthesis performed in toluene
medium furnished better yield of 4a (81%) when compared to m-xylene, 1,4-dioxane, t-
BuOH, THF, CH3CN, and ethanol medium that afforded only upto 74 % (Table 3, entries
2-7). The key role of the base towards catalyst activation was evidenced by the outcomes of
previous optimization reactions and for the current multicomponent chromene synthesis, the
same KOH base proved as suitable choice among the all-other bases screened (Table 3,
entries 8-13). Further, the yield of 4a was decreased marginally when lowering the
temperature from 110 °C (85%) to 100 °C (83%) (Table 3, entry 14). Hence, complex 1 has
been carry out the chromene synthesis at a little shortened time (18 h) time (Table 3, entry
15) and almost same amount of 4a was attained (79 %). The inevitability of catalyst and
base to the catalytic reaction was further evidenced by the no formation or non-quantitative
yields (<10 %) of the products when the synthesis was performed without the catalyst and
KOH (Table 3, entries 16 and 17). From the results of optimization reactions, the suitable
condition has been streamlined as PhCH3/KOH medium at 100 °C for 18 h for extending

the substrate scope of desired 2-amino-4H-chromene.
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Table 3. Screening of reaction conditionst

Ru(ll) catalyst (1 1%
on oN u(ll) catalyst (1 mol%) CN
N < + O ‘ + HO + Hzf
CN HO OH Base, Solvent HO' (o) NH

2
1a 2 3

4a

# Complex Solvent Base T T Yield[®!
(°0) (h)

1 1 m-Xylene K2COs3 140 24 74
2 1 PhCH3 K2COs3 110 24 81
3 1 Dioxane K2COs3 100 24 52
4 1 t-BuOH K2COs3 82 24 48
5 1 THF K2COs3 66 24 26
6 1 CH3CN K2COs3 80 24 35
7 1 Ethanol K2COs 78 24 42
8 1 PhCHs Na.COs 110 24 64
9 1 PhCHs NaHCOs 110 24 53
10 1 PhCHs Cs2C0O3 110 24 67
11 1 PhCHs KOH 110 24 85
12 1 PhCHs NaOH 110 24 72
13 1 PhCHs t-BuOK 110 24 69
14 1 PhCHs KOH 100 24 83
15 1 PhCH3s KOH 100 18 79
164 |- PhCHs KOH 100 24 <10
1741 PhCH3 - 100 24 NR

[(Reaction Conditions: Benzyl alcohol (1a) (1 mmol), malononitrile (2) (1 mmol),
resorcinol (3) (1 mmol), complex (1 mol %), base (0.5 mmol), solvent (5 mL). N2 atm. [b]
Isolated yield of 4a. [c] No catalyst. [d] No base.
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4.3.4.2. Optimization of effect of substituent

Once the various catalytic parameters were optimized, the effect of substituents of
all the complexes on the catalytic reaction has been investigated (Table 4). At most, all the
complexes (1-3) showed good catalytic activity in the formation of 2-amino-4H-chromene
product with appreciable yields. However, based on experimental results, the complex 3
relatively provided a better yield than complexes (1-3) due to the presence of electron
donating methoxy group (Table 4, entries 1-3). Hence, the complex 3 was kept as a

representative catalyst to explore the broad substrate scope using a diverse range of alcohols.

Table 4. Effect of the substituent of catalyst?

OH CN Ru(ll) catalyst 1-3 (1 mol%)
s oN
CN  HO OH O ‘ + HO + HZT
HO [e) NH

KOH, Toluene, 100°C , 18 h
1a 2 3 2
4a

Entry Ru complexes Yield(%)®
1 Complex 1 83
2 Complex 2 81
3 Complex 3 89

lalReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile
(2) (1 mmol), resorcinol (3) (1 mmol), complex (1 mol %), KOH (0.5
mmol), PhCH3 (5 mL). N2 atm, 100 °C, 18 h. [b] Isolated yield.
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4.3.4.3. Optimization of catalyst loading

Further, the effectiveness of our catalyst was examined with different catalyst
loadings for the test reaction (Table 5). Upon reducing the catalyst loading from 1 mol% to
0.1 mol%, there was a substantial decrease in yields (Table 5, entries 1-4). Therefore 1 mol%

catalyst loading is the best choice for optimization.

Table 5: Effect of catalyst loading®

©/\OH <CN /@\ Ru(ll) catalyst 3 (1 mol%)
+ +
CN HO OH

CN
| + H,0 + Ho T
KOH, Toluene, 100°C , 18 h
HO [©] NH

1a 2 3 2
4a

Entry Catalyst 3 (mol %) Yield(%)P
1 1.0 87
2 0.5 45
3 0.25 23
4 0.10 <10

lalReaction conditions: Benzyl alcohol (1a) (I mmol), malononitrile
(2) (1 mmol), resorcinol (3) (1 mmol), complex 3 (1 mol %), KOH (0.5

mmol), PhCH3 (5 mL). N2 atm, 100 °C, 18 h. [b] Isolated yield.
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4.3.4.4. Scope of the reactions

The broad substrate scope to the ruthenium-catalysed synthesis of 2-amino-4H-
chromenes from the coupling of resorcinol and malononitrile with primary alcohols with
different structural diversities were given in Table 6. The optimized reaction conditions
were applied for benzyl alcohols containing different electron-donating (p-CHs, m-OCHg,
p-OCHz, and m-OH) and deficient (p-Cl, o-Cl, m-Br and 0-Br) substituents to the
construction of corresponding chromene derivatives 4b-4i in 69-95% isolated yields. It is
worth to note that, benzyl alcohols bearing electron-donating substituents were found to be
effective to provide the final products than the electron-withdrawing benzyl alcohol
analogues. In addition, the catalytic reaction with benzyl alcohols comprising more electron-
donating groups including dimethoxy, and trimethoxy benzyl alcohols afforded 4j-4m in
65%-80% vyields. The reaction of benzyl alcohol encompassing isopropyl group provided
4n in 73% yield. 4-nitro benzyl alcohol reacted with resorcinol and malononitrile smoothly
to give the chromene 40 with moderate yield (61%). Further, 2,6-dichloro benzyl alcohol
resulted the preferred 4p with 58% vyield. Noticeably, 1,4-benzenedimethanol underwent
ADC reaction with malononitrile and resorcinol to form 4q in 70% yield. Aliphatic and
heterocyclic alcohols were also tested for the synthesis of 2-amino-4H-chromenes 4r and

4s and it was observed as unsuccessful.
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Table 6. p-cymene-Ru(ll) catalyzed 2-amino-4H-chromene synthesis from acceptorless
dehydrogenative coupling of various benzyl alcohols[2P]

R

OH CN Ru(ll) catalyst 3 (1 mol%)
S oN
R CN HO OH ‘ + H0 + H2 T
KOH, Toluene, 100°C, 18 h
3 HO 0~ “NH

2
CN
(L)
HO O NH

4b, 90%

4a-s

2

NH,

CN

4s, 0%

[[lReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile (2) (1
mmol), resorcinol (3) (1 mmol), complex 3 (1 mol %), KOH (0.5 mmol), PhCHj3
(5 mL). N2 atm, 100 °C, 18 h. [b] Isolated yield.
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4.3.4.5. Control experiments

A sequence of control experiments has been carried out to propose the possible
mechanistic pathway behind the catalytic synthesis of 2-amino-4H-chromene. Initially,
dehydrogenation of benzyl alcohol (1a) formed benzaldehyde (1a’) with the discharge of
hydrogen gas under the influence of the Ru(ll) catalyst in 4-5 h under the optimized reaction

condition.?

(a) Overall reaction

0,
H Ru(ll) catalyst 3 (1 mol%) X
0]
+  H, T

KOH, Toluene, 100 °C
1a 4-5h 1a', 95% (Isolated yield)

CN
< Ru(ll) catalyst 3 (1 mol%)
KOH, Toluene, 100 °C

CN 5-10h
(2
N CN
+ H,0
CN
2a' 93% (Isolated yield)

Ru(ll) catalyst 3 (1 mol%)
KOH, Toluene, 100 °C
HO OH

10-18h

3
! CN
HO O NH

4a, 87%

2

(b) 2a' treated with 3 in absence of catalyst

N KOH, Toluene, 100 °C
. CN
CN HO OH
2a’ 3 |
HO 07 “NH

4a, 35%

2

(c) 2a' treated with 3 in presence of catalyst

CN
~ R /@\ Ru(ll) catalyst 3 (1 mol%) CN
CN HO OH ‘
3 KOH, Toluene, 100 °C
HO 07 TNH,

4a, 87%

Scheme 4. Control experiments for the synthesis of 2-amino-4H-chromene
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Further, the benzaldehyde 1a’ formed was reacted with malononitrile (2) in presence
of catalyst to give 2a’ in 93% of isolated yield in 10 h. After, Ru(ll) catalyst mediated
reaction of 2a” with resorcinol (3) provided 2-amino-4H-chromene 4a with 87% yield in 18

h (Scheme 4a).

To attest the vital role of the synthesized Ru(ll) catalyst towards the construction of
the desired chromene, a test reaction with 2a’ and resorcinol (3) has been performed without
the complex 3. As expected, the reaction ended with the chromene 4a only in 35% yield
(Scheme 4b). However, in contrary to the above reaction, 87% of 4a was attained while 2a’
coupled with resorcinol (3) in the presence of complex 3 under optimal conditions (Scheme

4¢) which corroborated the active involvement of ruthenium catalyst in catalytic cycle.**

4.3.4.6. Competitive control experiment between EDG and EWG

An intermolecular competitive experiment was carried out between p-methylbenzyl
alcohol and p-chlorobenzyl alcohol with malononitrile and resorcinol under optimized
reaction conditions. From this reaction, we have gained a better understanding of the impact
of the electron-donating and electron-deficient substituents of substrates on catalytic
efficiency. The results expressed that the electron releasing benzyl alcohol is more reactive

than the electron-deficient benzyl alcohol (Scheme 5).

Malononitrile
Resorcinol

/©/\OH /@/\OH Ru(ll) catalyst 3 (1 mol%)
.

Cl KOH (0.5 mmol)
Toluene (5 mL)
100 °C, 18 h

Scheme 5. Competition reaction among electron releasing and electron deficient alcohols
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4.3.4.7. Large-scale synthesis of 2-amino-4H-chromene

Large-scale synthesis has been carried out to illustrate the usefulness of the titled
catalysts for the enlightenment to large-scale synthesis of 2-amino-4H-chromene.
Advantageously, the gram-scale reaction of benzyl alcohol (1a), malononitrile (2), and
resorcinol (3) at the optimized reaction condition furnished 4a in 65 % isolated yield (1.62

g) (Scheme 6).

on cN Ru(ll) catalyst 3 CN
o OO, vewt
CN HO OH KOH, Toluene, HO (o) NH

2
100 °C, 18 h
1a (1.08g) 2 (0.66g) 3 (1.1g) 4a (1.62g)

Scheme 6. Large scale synthesis of 2-amino-4H-chromenes

4.3.4.8. Synthesis of Tacrine analogue

2-amino-3-cyano-4H-chromenes exist as core structural fragment in multitude of
natural and man-made compounds demonstrating fascinating therapeutic and
pharmacological applications. They are used as key intermediates for the fabrication of
tacrine analogues. Tacrine is one of the important drugs used for the treatment of
Alzheimer’s disease.?? Further, research of tacrine and its analogues is still of interest to
researchers investigating in the field of Alzheimer medicine. Hence, here we have fabricated
tacrine analogue 5 with good yields from the synthesized 2-amino-7-hydroxy-4-phenyl-4H-

chromene-3-carbonitrile (4a) with cyclohexanone in presence of AICIsz in 1,4-dioxane

® I
I CN é

HO 0" 'NH, AICI3, 1,4-dioxane,
100 °C

4a 5

(Scheme 7).%

Tacrine analogue

Scheme 7. Synthesis of Tacrine analogue
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4.3.4.9. Reaction mechanism for 2-amino-4H-chromenes
Based on the control experiments and previous literature reports®* a plausible
mechanism for Ru(ll) catalysed synthesis of 2-amino-4H-chromene has proposed (Scheme

8).

OH KOH oK' -KCl
—_—
-H,0
1a

Ha

chromene product

Scheme 8. A plausible mechanism for 2-amino-4H-chromene synthesis
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At first, the catalyst reacts with alcohol with the aid of KOH to give Ru-alkoxide
species (A). Further, A undergoes S-hydride elimination to discharge benzaldehyde (1a)
along with the generation of Ru-H species (B). Further, the in-situ generated benzaldehyde
(1a’) underwent Knoevenagel condensation with malononitrile (2) to form
benzylidenemalononitrile intermediate (2a°). Later, Michael addition?® of 2a’ and resorcinol
(3) followed by intramolecular cyclization to result the 2-amino-4H-chromene (4a). Finally,
Ru-hydride species (B) reacts with another molecule of benzyl alcohol (1a) to regenerate
the catalyst with the evolution of hydrogen gas.?® The liberated Hz gas was confirmed by

Gas chromatography.

Spectral data of the catalytic products
Benzaldehyde (1a’)?". *H NMR (400 MHz, CDCls): & (ppm) & 9.96 (s, 1H), 7.83 (d, J=7.6
Hz, 1H), 7.58-7.41 (m, 4H), 2.91-2.83 (s, 1H), 1.19 (s, 6H). *°C {*"H} NMR (100 MHz,

CDCls): § (ppm) 192.63, 136.36, 134.55, 129.79, 129.03.

2-benzylidenemalononitrile (2a°)?. *H NMR (400 MHz, CDCls): & (ppm) 7.91 (d, J = 7.6
Hz, 2H), 7.79 (s, 1H), 7.64 (t, J = 7.4 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H). *C {*H} NMR (100

MHz, CDCls): é (ppm) 160.05, 134.70, 130.96, 130.79, 129.68, 113.77, 112.61, 82.86.

2-amino-7-hydroxy-4-phenyl-4H-chromene-3-carbonitrile (4a)%. *H NMR (400 MHz,
DMSO-dg): & (ppm) 9.72 (s, 1H), 7.30 (t, J = 7.4 Hz, 2H), 7.23 — 7.14 (m, 3H), 6.88 (s, 2H),
6.81 (d, J = 8.5 Hz, 1H), 6.49 (dd, J = 8.4, 1.3 Hz, 1H), 6.42 (d, J = 2.2 Hz, 1H), 4.62 (s,
1H). 8C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 160.22, 157.04, 148.82, 146.34,

129.88, 128.55, 127.34, 126.60, 120.65, 113.71, 112.34, 102.14, 56.22

2-amino-7-hydroxy-4-(p-tolyl)-4H-chromene-3-carbonitrile (4b)%°. *H NMR (400 MHz,
DMSO-de): 6 (ppm) 9.74 (s, 1H), 7.11 (d, J = 7.9 Hz, 2H), 7.05 (d, J = 7.9 Hz, 2H), 6.84 (s,

2H), 6.78 (d, J = 8.4 Hz, 1H), 6.48 (dd, J = 8.4, 2.1 Hz, 1H), 6.42 (d, J = 2.1 Hz, 1H), 4.57
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(s, 1H), 2.25 (s, 3H). 3C {*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 160.12, 156.96,
148.75, 143.39, 135.68, 129.87, 129.09, 127.26, 120.67, 113.85, 112.30, 102.10, 56.36,

20.54.

2-amino-7-hydroxy-4-(3-methoxyphenyl)-4H-chromene-3-carbonitrile (4c)*°. *H NMR
(400 MHz, DMSO-ds): & (ppm) 9.76 (s, 1H), 7.22 (t, J = 8.0 Hz, 1H), 6.89 (s, 2H), 6.85 (d,
J=8.5Hz, 1H), 6.76 (m, 3H), 6.51 (dd, J =8.3, 1.7 Hz, 1H), 6.45 (s, 1H), 4.61 (s, 1H), 3.71
(s, 3H).3C{*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 160.30, 159.31, 157.06, 148.79,
147.93, 129.85, 129.71, 120.67, 119.56, 113.60, 113.46, 112.35, 111.43, 102.17, 56.11,

54.90.

2-amino-7-hydroxy-4-(4-methoxyphenyl)-4H-chromene-3-carbonitrile (4d)%l. *H NMR
(400 MHz, DMSO-ds): & (ppm) 9.71 (s, 1H), 6.94-6.82 (m, 5H), 6.75 (d, J = 6.8 Hz, 1H),
6.56 (s, 1H), 6.49 (d, J = 8.3 Hz, 1H), 6.44 (s, 1H), 4.95 (s, 1H), 3.71 (5, 3H).3C{*H} NMR
(100 MHz, DMSO-ds): & (ppm) 160.94, 156.91, 153.26, 150.57, 149.09, 135.27, 129.21,

120.76, 115.06, 113.76, 112.75, 112.18, 111.47, 102.10, 56.19, 55.13.

2-amino-7-hydroxy-4-(3-hydroxyphenyl)-4H-chromene-3-carbonitrile (4¢)*%. 'H NMR
(400 MHz, DMSO-de): 5 (ppm) 9.53 (s, 1H), 7.09 (t, J = 7.8 Hz, 1H), 6.85 — 6.81 (m, 3H),
6.64-6.58 (m, 2H), 6.54 (s, 1H), 6.50 (dd, J = 8.4, 2.0 Hz, 1H), 6.42 (d, J = 1.9 Hz, 1H),
4.51 (s, 1H).1C {*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 160.20, 157.48, 156.99, 148.79,

147.82, 129.83, 129.44, 120.70, 118.05, 114.06, 113.78, 113.69, 112.31, 102.12, 56.31.

2-amino-4-(4-chlorophenyl)-7-hydroxy-4H-chromene-3-carbonitrile (4f)3. 'H NMR
(400 MHz, DMSO-de): & (ppm) 9.75 (s, 1H), 7.37 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.4 Hz,
2H), 6.93 (s, 2H), 6.79 (d, J = 8.5 Hz, 1H), 6.49 (dd, J = 8.4, 2.1 Hz, 1H), 6.42 (s, 1H), 4.67
(s, 1H).*C{'H} NMR (100 MHz, DMSO-de): & (ppm) 160.21, 157.18, 148.78, 145.30,

131.20, 129.87, 129.25, 128.54, 120.49, 113.16, 112.45, 102.19, 55.79.
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2-amino-4-(2-chlorophenyl)-7-hydroxy-4H-chromene-3-carbonitrile (49)*°. 'H NMR
(400 MHz, DMSO-ds):  (ppm) 9.82 (s, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.29 — 7.18 (m, 3H),
6.95 (s, 2H), 6.75 (d, J = 8.5 Hz, 1H), 6.50 (dd, J = 8.4, 2.2 Hz, 1H), 6.45 (d, J = 2.1 Hz,
1H), 5.15 (s, 1H).C{*H} NMR (100 MHz, DMSO-ds): & (ppm) 160.49, 157.28, 148.97,
142.77, 131.80, 130.74, 129.70, 129.22, 128.53, 127.77, 120.32, 112.49, 112.44, 102.24,

54.84.

2-amino-4-(3-bromophenyl)-7-hydroxy-4H-chromene-3-carbonitrile (4h)?°. *H NMR
(400 MHz, CDCl3): 5 (ppm) 9.77 (s, 1H), 7.41 (d, J = 7.7 Hz, 1H), 7.35 (s, 1H), 7.28 (¢, J =
7.8 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 6.96 (s, 2H), 6.82 (d, J = 8.4 Hz, 1H), 6.51 (d, J = 8.4
Hz, 1H), 6.42 (d, J = 1.4 Hz, 1H), 4.68 (s, 1H). *C{*H} NMR (100 MHz, CDCls): § (ppm)
160.32, 157.25, 149.08, 148.77, 130.89, 129.93, 129.57, 126.55, 121.81, 120.45, 112.94,

102.23, 56.00.

2-amino-4-(2-bromophenyl)-7-hydroxy-4H-chromene-3-carbonitrile (4i)?°. 'H NMR
(400 MHz, DMSO-dg): & (ppm) 9.78 (s, 1H), 7.58 (d, J = 6.8 Hz, 1H), 7.32 (s, 1H), 7.15 (d,
J = 6.5 Hz, 2H), 6.95 (s, 2H), 6.75 (d, J = 7.4 Hz, 1H), 6.49 (d, J = 7.6 Hz, 1H), 6.44 (s,
1H), 5.16 (s, 1H). 3C{*H} NMR (100 MHz, DMSO-ds): & (ppm) 160.38, 157.33, 148.85,

144.56, 132.82, 130.96, 129.13, 128.79, 128.43, 122.28, 120.22, 112.54, 102.27, 55.10.

2-amino-4-(2,3-dimethoxyphenyl)-7-hydroxy-4H-chromene-3-carbonitrile (4j)®. H
NMR (400 MHz, DMSO-ds): & (ppm) 9.72 (s, 1H), 6.98 (t, J = 7.9 Hz, 1H), 6.89 (d, J = 7.5
Hz, 1H), 6.81 (s, 2H), 6.74 (d, J = 8.4 Hz, 1H), 6.64 (d, J = 7.5 Hz, 1H), 6.46 (dd, J = 8.4,
2.2 Hz, 1H), 6.41 (d, J = 2.1 Hz, 1H), 4.86 (s, 1H), 3.78 (s, 3H), 3.62 (s, 3H).3C{*H} NMR
(100 MHz, DMSO-de): 6 (ppm) 160.37, 156.87, 152.38, 148.95, 145.96, 139.22, 129.48,

124.04, 120.84, 120.74, 113.68, 112.12, 111.17, 102.10, 60.18, 55.63, 55.48.
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2-amino-4-(3,4-dimethoxyphenyl)-7-hydroxy-4H-chromene-3-carbonitrile (4k)®. H
NMR (400 MHz, DMSO-de): & (ppm) 9.68 (s, 1H), 6.83-6.89 (m, 5H), 6.67 (d, J = 7.9 Hz,
1H), 6.49 (d, J = 8.3 Hz, 1H), 6.40 (s, 1H), 4.57 (s, 1H), 3.71 (s, 6H). 1C {H} NMR (100
MHz, DMSO-ds): 6 (ppm) 160.13, 156.92, 148.65, 147.52, 138.84, 129.86, 120.72, 119.35,

113.91, 112.25, 111.92, 111.20, 102.06, 56.34, 55.45, 55.41.

2-amino-4-(2,5-dimethoxyphenyl)-7-hydroxy-4H-chromene-3-carbonitrile (41)*%. H
NMR (400 MHz, CDCl): § (ppm) 9.66 (s, 1H), 7.53 (d, J = 2.5 Hz, 3H), 7.30-7.27 (m, 2H),
7.16 (d, J = 9.2 Hz, 2H), 6.50 (dd, J = 29.8, 5.5 Hz, 1H), 6.39 (s, 1H), 4.91 (s, 1H), 3.85 (s,
3H), 3.75 (s, 3H). 3C {*H} NMR (100 MHz, CDCls): & (ppm) 155.27, 153.20, 152.65,

122.77,119.92, 114.35, 113.63, 112.31, 81.36, 56.35, 55.54.

2-amino-7-hydroxy-4-(2,3,4-trimethoxyphenyl)-4H-chromene-3-carbonitrile  (4m)®,
IH NMR (400 MHz, DMSO-ds): & (ppm) 9.67 (s, 1H), 6.77-6.73 (m, 5H), 6.46 (dd, J = 8.4,
2.2 Hz, 1H), 6.40 (d, J = 2.1 Hz, 1H), 4.75 (s, 1H), 3.75 (s, 3H), 3.74 (s, 3H), 3.64 (s,
3H).3C{*H} NMR (100 MHz, DMSO-ds): § (ppm) 160.26, 156.78, 152.26, 150.90, 148.97,
141.64, 131.54, 129.44, 123.34, 120.89, 113.93, 112.05, 107.82, 102.03, 60.68, 60.18,

55.84, 55.68.

2-amino-7-hydroxy-4-(4-isopropylphenyl)-4H-chromene-3-carbonitrile  (4n)*. H
NMR (400 MHz, DMSO-ds): & (ppm) 9.69 (s, 1H), 7.17 (d, J = 8.1 Hz, 2H), 7.07 (d, J =
8.1 Hz, 2H), 6.85 (s, 2H), 6.81 (d, J = 8.5 Hz, 1H), 6.48 (dd, J = 8.4, 2.3 Hz, 1H), 6.40 (d,
J = 2.2 Hz, 1H), 4.57 (s, 1H), 2.88 — 2.78 (sept, 1H), 1.18 (s, 3H), 1.16 (s, 3H). 3C {*H}
NMR (100 MHz, DMSO-dg): 6 (ppm) 160.21, 156.97, 148.81, 146.56, 143.82, 129.86,

127.16, 126.45, 120.74, 113.92, 112.31, 102.10, 56.31, 32.98, 23.84.

2-amino-7-hydroxy-4-(4-nitrophenyl)-4H-chromene-3-carbonitrile (40)*. 'H NMR

(400 MHz, DMSO-de): & (ppm) 9.86 (s, 1H), 8.21 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 8.6 Hz,
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2H), 7.07 (s, 2H), 6.83 (d, J = 8.4 Hz, 1H), 6.53 (dd, J = 8.4, 2.2 Hz, 1H), 6.48 (d, J = 2.1
Hz, 1H), 4.88 (s, 1H). C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 160.39, 157.47,

153.71, 148.85, 146.26, 129.92, 128.66, 123.96, 120.31, 112.61, 112.29, 102.38, 55.09.

2-amino-4-(2,6-dichlorophenyl)-7-hydroxy-4H-chromene-3-carbonitrile  (4p)*2. H
NMR (400 MHz, DMSO-ds): & (ppm) 9.81 (s, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.30-7.37 (m,
2H), 6.95 (s, 2H), 6.59 (d, J = 8.4 Hz, 1H), 6.47 (dd, J = 8.4, 1.9 Hz, 1H), 6.40 (s, 1H), 5.70
(s, 1H).3C{*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 160.73, 157.45, 149.57, 137.86,

135.28, 134.68, 130.68, 129.55, 128.37, 120.01, 112.24, 110.05, 102.01, 52.12.

4,4'-(1,4-phenylene)bis(2-amino-7-hydroxy-4H-chromene-3-carbonitrile  (4q)®. 'H
NMR (400 MHz, DMSO-de): § (ppm) 9.97 (s, 1H), 7.10 (s, 4H), 6.84 (d, J = 11.7 Hz, 6H),
6.50 (d, J = 8.1 Hz, 2H), 6.43 (s, 2H), 4.58 (s, 2H). 3C {*H} NMR (100 MHz, DMSO-ds):
O (ppm) 160.28, 157.09, 148.86, 144.65, 129.85, 127.43, 120.71, 113.62, 112.42, 102.18,

56.23, 56.02.

11-amino-12-phenyl-7,9,10,12-tetrahydro-8H-chromeno[2,3-b]quinolin-3-ol (5)*. H
NMR (400 MHz, DMSO-ds): & (ppm) 7.21 (d, J = 9.5 Hz, 4H), 7.10 (s, 1H), 6.98 (d, J =
7.6 Hz, 1H), 6.47 — 6.43 (m, 2H), 5.50 (s, 2H), 5.20 (s, 1H), 2.30 — 2.17 (m, 2H), 1.84 (s,
2H), 1.69 (s, 4H). 23C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 156.85, 155.33, 152.22,
151.31, 145.95, 129.44, 128.43, 127.03, 126.24, 115.88, 111.96, 111.11, 102.60, 98.58,

31.92, 22.87, 22.28, 22.08.
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NMR spectra for the catalytic isolated products
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Figure 9: 'H NMR spectrum for (1a”) in CDCl3z (400MHz, 300K).
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Figure 10: C NMR spectrum for (1a’) in CDCl; (100MHz, 300K).
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NMR spectra for benzylidinemalonitrile intermediate
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Figure 11: *H NMR spectrum for (2a’) in CDCl; (400MHz, 300K).
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Figure 12: 33C NMR spectrum for (2a’) in CDCIl3 (100MHz, 300K).
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Figure 14: 3C NMR spectrum for (4a) in DMSO-ds (100MHz, 300K).
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Figure 15: *H NMR spectrum for (4b) in DMSO-ds (400MHz, 300K).
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Figure 17: *H NMR spectrum for (4c) in DMSO-de (400MHz, 300K).
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Figure 18: C NMR spectrum for (4c) in DMSO-ds (100MHz, 300K).
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Figure 19: *H NMR spectrum for (4d) in DMSO-ds (400MHz, 300K).
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Figure 20: C NMR spectrum for (4d) in DMSO-ds (100MHz, 300K).
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Figure 21: *H NMR spectrum for (4e) in DMSO-ds (400MHz, 300K).
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Figure 23: *H NMR spectrum for (4f) in DMSO-ds (400MHz, 300K).
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Figure 27: *H NMR spectrum for (4h) in DMSO-ds (400MHz, 300K).
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Figure 28: C NMR spectrum for (4h) in DMSO-ds (100MHz, 300K).
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Figure 29: *H NMR spectrum for (4i) in DMSO-ds (400MHz, 300K).
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Figure 33: *H NMR spectrum for (4k) in DMSO-ds (400MHz, 300K).
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Figure 34: 3C NMR spectrum for (4k) in DMSO-ds (100MHz, 300K).
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Figure 35: *H NMR spectrum for (41) in DMSO-ds (400MHz, 300K).
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214



157~
HE
v mM
be'E
seel
Seb—
oF'9
oF'9
56'9

WG
LFe

8r'e
£L9
LG
SLG
LLG

L96—

-Lg L6

|

86'C
\ E0'E

—16'0

280
660
TS

Foot

f1 (ppm)

14 13 12 11 10

15

Figure 37: 'H NMR spectrum for (4m) in DMSO-ds (400MHz, 300K).
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Figure 41: *H NMR spectrum for (40) in DMSO-ds (400MHz, 300K).
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Figure 42: 3C NMR spectrum for (40) in DMSO-ds (100MHz, 300K).
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Figure 43: 'H NMR spectrum for (4p) in DMSO-ds (400MHz, 300K).
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Figure 44: 3C NMR spectrum for (4p) in DMSO-de (100MHz, 300K).
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Figure 45: 'H NMR spectrum for (4g) in DMSO-ds (400MHz, 300K).
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NMR spectra for tacrine analogue (5)
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Figure 47: *H NMR spectrum for (5) in DMSO-de (400MHz, 300K).
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Figure 48: C NMR spectrum for (5) in DMSO-ds (100MHz, 300K).
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Chapter 5

Binuclear Arene Ru(ll) Mediated C-N Bond Formation for
One-Pot Synthesis of Pyrazoles from Benzohydrazides and
Alcohols via Acceptorless Dehydrogenative Pathway

4 N
Abstract

We present a new route to synthesis of pyrazoles through one-pot reaction
facilitated by binuclear p-cymene Ru(ll) complexes encapsulated N"O hydrazine
ligands. A set of new binuclear p-cymene Ru(ll) complexes were synthesized and
characterized by analytical and spectroscopic techniques. The molecular structure of
one of the complexes was confirmed by a single crystal X-ray diffraction study. The
synthesized complexes were employed as effective catalysts for the synthesis of
pyrazole derivatives using alcohols, malononitrile and benzohydrazides through
acceptorless dehydrogenative pathway. The current catalytic approach provides a
variety of pyrazole derivatives in high yields up to 95% without any oxidant/additives

using low catalyst loading under mild reaction conditions.

Binuclear p-cymene Ru (I} catalyst (1 mol%)

m-Xylene (5 mL), +BuCK (0.5 mmaol), 120 °C, 18 h

e
R{/ CN ¥ Acceptorless dehydrogenative
+

CN ¥ Mild reaction condition

NC. NH
coupling =\
N + H0 + Hyl
| = N Pe)
o e
N—NHZ ¥ Low catalyst loading R
H
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51. INTRODUCTION

N-heterocycles are ubiquitous nature and important key motifs in various synthetic
and natural organic compounds.! Among them, pyrazole and its derivatives forms an
imperative framework in pharmacological (Figure 1) and agrochemical sciences.? For
example, a several pyrazole-containing compounds have been successfully achieved into
commercial available drugs® and employed as ligands for transition-metal-catalyzed cross-
coupling reactions,* precursors to N-heterocyclic carbenes (NHCs)® and directing groups
for C-H activations.® Due to the functional flexibility of the pyrazole skeleton, their

synthesis has been extensively explored.’

//—§\ O\\ }_<:27
5
f O F

NH,
Celecoxib Sulfaphenazole Crizotinib
(Anti-inflammatory) (Antibiotic) (Anticancer)
)
/N\ /O
el
—
0]
HO
Penthiopyrad Pyrazofurin
(Antifungal) (Antiviral)

Figure 1. Selective examples for bioactive pyrazole analogues

The traditional procedures for the construction of pyrazoles derivatives include the
condensation of monosubstituted hydrazine with carbonyl compounds and
cyclocondensation between dicarbonyl or a,fp-unsaturated carbonyl compounds and
hydrazines.? Besides the above two strategies, another straightforward approach to

synthesize the pyrazole analogues is oxidative cyclization reaction of hydrazones catalyzed
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by iodine or DDQ could provide derivatives of pyrazoles.® However, these methods have
some drawbacks such as higher reaction temperature, use of microwave, additives/oxidants
and limited substrate scope. Therefore, the synthetic community remains interested in
current synthetic procedures for substituted pyrazoles with good selectivity using benign

and economic conditions.

Transition metal mediated synthesis of N-heterocycles have received considerable
interest due to easy workup process of intermediates, and a series of condensation, addition
or cycloaddition reactions can be performed in one pot.X° Among them, ruthenium-mediated
syntheses of heterocycles has been particular attention due to their atom economy, ready

availability and higher catalytic efficiency.!

The previous reports are available on transition-metal-catalyzed synthesis of
pyrazole from hydrazones.'> However, these methods have certain limitations such as
limited substrate scope and inferior yields due to the low stability of the intermediates. Thus,
the development of more convenient and efficient method for fabrication of pyrazoles still

highly desirable.

Further, the construction of heterocycles from alcohols using acceptorless
dehydrogenative coupling (ADC) strategy has received extensive attention due to the
needless of any oxidants, additives and avoid the production of toxic by-products like
permanganate, dichromate, and peroxides.®® Furthermore, the synthesis of N-heterocycles
using acceptorless dehydrogenative coupling promoted by transition metal catalysts has also
received attention recently. Particularly, ruthenium mediated N-heterocycles synthesis via
ADC strategy is enticing approach due to the efficiency of ruthenium metal. Hence, Ru(ll)

catalyzed ADC reaction for the production of N-heterocycles has been well-explored.'*
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Recently, p-cymene moiety supported ruthenium(ll) catalysts have been widely
employed as catalysts in various organic transformation reactions including C-C and C-N
bond formations.'® However, the bimetallic catalytic system has cooperative effect between
the two metal centres which increases the strong metal-metal interaction that interacts with

the substrates, increasing the rate of the reaction over the monometallic system.

The earlier reportst® for synthesis of pyrazole derivatives from aldehydes/alcohols
react with malononitrile and phenylhydrazine. Herein, we have attempted to synthesis of
pyrazole derivatives from alcohols with malononitrile and benzohydrazides catalyzed by
newly synthesized binuclear p-cymene Ru(Il) complexes via ADC pathway (Scheme 1).The
catalytic protocol is considered an atom economical and eco-friendly which releases water

and hydrogen are the only by-products.

Previous reports
R

H =N,
R No oN N (Ref. 16) N@
or N < 4 ©/ 2 _— NG ~

R” TOH CN NH,

Present work

R,
(0]
CN _NH, Binuclear p-cymene Ru(ll) catalyst R _N_
o+ & oS g
NC o
NH,

CN m-Xylene, t-BuOK, 120 °C, 18 h
R>

Scheme 1. Synthetic strategies for pyrazole derivatives.

5.2. Experimental Section
5.2.1. Reagents and materials

All the reagents used were chemically pure and analytical grade. Thiophene-2-
carbonyl chloride and different benzhydrazides were purchased from Sigma Aldrich
chemicals. The solvents were freshly distilled before use following the standard

procedures.t’
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5.2.2. Physical measurements and instrumentation

Commercially available RuCls.3H,O was used as supplied from Loba Chemie Pvt.
Ltd. The ruthenium(ll) precursor complex, [(1°-p-cymene)RuCl;]. was prepared by reported
literature method.*® The microanalysis of carbon, hydrogen and nitrogen were recorded by
an analytical function testing Vario EL Il CHNS elemental analyzer at the Sophisticated
Test and Instrumentation Centre (STIC), Cochin University, Cochin. The Fourier Transform
infrared spectra of complexes were recorded in KBr pellets with a Perkin-Elmer 597
spectrophotometers in the range 4000-400 cm™. The NMR spectra were recorded in CDCls
and DMSO-ds with a Bruker 400 MHz instrument using TMS as the internal reference.

Chemical shifts are given in ppm referenced to solvents.

5.2.3. Preparation of thiophene based hydrazine ligands
N-benzoylthiophene-2-carbohydrazide ligands (HL) ligands were synthesized from
the literature procedure.!® To a stirred solution of the thiophene-2-carbonyl chloride (1
mmol) in dry tetrahydrofuran (5 mL) at 0 °C was added a hydrazide (1 mmol) and anhydrous
sodium carbonate (1 mmol) in dry tetrahydrofuran (10 mL) and water (10 mL). The mixture
was stirred at 0 °C for 1 h, and room temperature for 4 h. Diethyl ether was then added and
a precipitation was observed. The residue was collected by filtration, washed with cold

diethyl ether and dried in vacuum (Scheme 2) (Yield: 80-85%).

(0]
Nach3 H
7 N . U/ \_ N-
cl ~ N

THF/H,0 o
0°Cto6h

Scheme 2. Preparation of thiophene based hydrazine ligands
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5.2.4. Synthesis of new binuclear arene Ru(ll) complexes

To a benzene solution of N-benzoylthiophene-2-carbohydrazide ligands (1 mmol)
and [(5#%-p-cymene)2Ru.Clz(u-Cl)2] (1 mmol) in the presence of triethylamine base this
reaction mixture was stirred for 5 h. The formation of complexes were monitored by TLC.
At the end of the reaction, the solution was concentrated to 3 mL and addition of petroleum

ether (60-80 °C) resulted in the formation of yellow solid (Scheme 3).

o] R ~o
H Cl Cl
i\ N-N + SN Benzene/Et;N 7 r‘ﬁ ~
S H /Ru\ /Ru s - N
o cl ci RT. 5h O\Rlll

Scheme 3. Synthetic route to p-cymene binuclear Ru(ll) complexes.

Spectral characterization data of complexes (1-3)

Complex 1. Yellow solid, Yield: 85%, m.p.: 228 °C (with decomposition). Anal. calcd:
Cz2H36CI2N202RULS: C, 48.92; H, 4.62; N, 3.57%. found: C, 48.72, H, 4.58, N, 3.45%. FT-
IR (KBr, cm™): 3275 vn-my, 1668 v(c=n), 1578 v(c=0), 1250 v(c-0), 1520 v(C=N-N=C). H
NMR (400 MHz, CDCls): & (ppm) = 8.02 (dd, J = 3.6 Hz, 1.2Hz, 2H, ArHiganq)), 7.48-7.44
(m, 4H, ArHigand)), 7.27 (S, 1H, ArHqigang)), 7.07 (dd, J = 4.8 Hz, 3.6 Hz, 1H, ArHigand)),
5.14 (t, J = 6 Hz, 2H, CH(p-cymene)), 5.06 (d, J = 8 Hz, 1H, CH(p-cymene)), 5.03 (d, J = 4 Hz, 1H,
CHp-cymene)), 4.74 (d, J =4 Hz, 1H, CH(p-cymene)), 4.49 (d, J = 4 Hz, 1H, CHp-cymene)), 4.14 (d,
J = 4 Hz, 1H, CHepcymens), 3.71 (d, J = 4 Hz, 1H, CHpcymens), 2.68-2.62 (sept,1H,

CH(CH3)2(p-cymene)), 255'248 (Sept,lH, CH(CH3)2(p-cymene)), 219 (S, 3H, CH3(p-cymene)), 213
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(s, 3H, CHs(p-cymene)),1.14-1.05 (m, 12H, CH(CHz3)2(p-cymene)). °C {*H} NMR (100MHz,
CDCl3): 6 (ppm) = 173.05 (C-O), 167.51 (C=N), 136.79, 136.43, 131.66, 129.48, 127.81,
126.36 (Ar carbons of ligand), 100.71, 100.19, 99.85, 99.78 (quaternary carbons of p-
cymene), 83.57, 82.88, 81.53, 81.49, 80.40, 80.33, 79.90, 79.64 (Ar carbons of p-cymene),
46.01 (CH of p-cymene), 30.40 (CH of p-cymene), 22.62, 22.25 (2CHs, p-cymene), 18.80,

8.69 ((CHa). of p-cymene).

Complex 2. Yellow solid, Yield: 82%, m.p.: 221 °C (with decomposition). Anal. calcd:
CaoH34CI2N203RU2S: C, 46.45; H, 4.42; N, 3.61%. found: C, 46.25, H, 4.40, N, 3.56%. FT-
IR (KBr, cm™): 3175 vin-h), 1627 vie=ny, 1560 vic=0), 1230 v(c-0), 1542 v(C=N-N=C). H
NMR (400 MHz, CDClz): & (ppm) = 8.04 (s, 1H, ArHiigand)), 7.58-7.38 (m, 3H, ArHigand)),
7.06 (s, 1H, ArHgigand)), 6.49 (s, 1H, ArHigand)), 5.20-5.08 (m, 4H, CHp-cymene)), 4.79 (S, 1H,
CHp-cymene)), 4.65 (S, 1H, CHp-cymene)), 4.43 (S, 1H, CHp-cymene)), 4.19 (S, 1H, CHp-cymene)),
2.68-2.60 (sept, 2H, CH(CHz)2(p-cymene)), 2.20 (s, 6H, CHap-cymene)), 1.11 (s, 12H,
CH(CH3)2(p-cymeney). 3C {*H} NMR (100MHz, CDCl3): & (ppm) = 168.15 (C-O), 164.33
(C=N), 147.15, 143.38, 136.60, 131.94, 127.99, 126.38 (Ar carbons of ligand), 114.70,
110.79,101.12, 100.12 (quaternary carbons of p-cymene), 82.87, 82.70, 81.54, 81.25, 80.32,
80.25, 80.07, 79.82 (Ar carbons of p-cymene), 45.98 (CH of p-cymene), 30.47 (CH of p-

cymene), 22.71, 22.23 (2CHzs, p-cymene), 18.79, 8.70 ((CHz)2 of p-cymene).

Complex 3. Yellow solid, Yield: 86%, m. p.: 210 °C (with decomposition). Anal. calcd:
CaoH34Cl2N202RU2S2: C, 45.51; H, 4.33; N, 3.54%. found: C, 45.37, H, 4.28, N, 3.44%. FT-
IR (KBr, cm™): 3257 vin-n), 1675 vic=n), 1568 v(c=0), 1283 v(c-0), 1510 v(C=N-N=C). 'H
NMR (400 MHz, CDCl3): & (ppm) = 8.04 (d, J = 4 Hz, 2H, ArHigang)), 7.48-7.46 (m, 2H,
ArHigangy), 7.07 (dd, J = 4.8 Hz, 3.6 Hz, 2H, ArH(igand)), 5.14 (d, J = 4 Hz, 2H, CHp-cymene)),
5.07 (d, J = 4 Hz, 2H, CH(p-cymene)), 4.67 (d, J = 4 Hz, 2H, CH(p-cymene)), 4.14 (d, J = 4 Hz,

2H, CH(p-cymene)), 264'257 (Sept, 2H, CH(CH3)2(p-cymene)), 219 (S, 6H, 2CH3(p-cymene)), 112'
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1.08 (m, 12H, CH(CH3)2(p-cymene)). *3C {*H} NMR (100MHz, CDCls): & (ppm) = 173.23 (C-
0), 167.85 (C=N), 136.77, 131.83, 127.86, 126.35 (Ar carbons of ligand), 100.80, 100.07
(quaternary carbons of p-cymene), 83.04, 81.62, 80.22, 80.14 (Ar carbons of p-cymene),
45.84 (CH of p-cymene), 30.44 (CH of p-cymene), 22.56, 22.28 (2CHs, p-cymene), 18.82,

8.65 ((CHa). of p-cymene).

5.2.5. X-ray crystallographic data collection

Single crystals of complex 3 were grown by slow evaporation of a dichloromethane-
methanol solution at room temperature. The data collection was carried out using a Bruker
AXS Kappa APEX II single crystal X-ray diffractometer using monochromated Mo—Ka.
radiation (A = 0.71073 A). Data was collected at 296 K. The absorption corrections were
performed by the multi-scan method using SADABS software.?° Corrections were made for
Lorentz and polarization effects. The structures were solved by direct methods (SHELXS
97) and refined by full-matrix least squares on F? using SHELXL 97.2* All non-hydrogen
atoms were refined anisotropically and the hydrogen atoms in these structures were located
from the difference Fourier map and constrained to the ideal positions in the refinement
procedure. The unit cell parameters were determined by the method of difference vectors
using reflections scanned from three different zones of the reciprocal lattice. The intensity
data were measured using ® and ¢ scan with a frame width of 0.5°. Frame integration and
data reduction were performed using the Bruker SAINT-Plus (Version 7.06a) software.??
Figure 8 was drawn with ORTEP and the structural data have been deposited at the
Cambridge Crystallographic Data Centre: CCDC 2179018.
5.2.6. General procedure for the binuclear p-cymene Ru(ll) catalyzed synthesis of

pyrazoles

Aromatic alcohols (1 mmol), malononitrile (1 mmol), benzohydrazide derivatives (1
mmol), t-BuOK (0.5 mmol), and catalyst (1 mol %) have been dissolved with 5 mL of

xylene solvent. Then the mixture was refluxed for 18 h at 120 °C in nitrogen atmosphere.
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The reaction mixture has been quenched with water and extracted using EtOAc. The organic
fractions were separated and dried over anhydrous Na>SOs, and the solvent was removed
under vacuum. The products have been isolated by column chromatography with petroleum

ether/EtOAcC (95:5).

5.2.7. Competitive control experiment between EDG and EWG.

The round bottom flask with 4-methyl and 4-chloro benzyl alcohol (1 mmol),
malononitrile (1 mmol), benzohydrazide (1 mmol), t-BuOK (0.5 mmol) and catalyst (1
mol%) and another reaction performed with 4-methoxy and 4-chloro benzohydrazide (1
mmol), benzyl alcohol (1 mmol), malononitrile (1 mmol), t-BuOK (0.5 mmol) and catalyst
(1 mol%) both reactions were refluxed in m-Xylene solvent for 18 h at 120 °C under nitrogen
atmosphere. The reaction mixture has been reduced and the pyrazole derivatives have been
isolated by column chromatography. petroleum ether/EtOAc (95:5) combination was used

to elute the desired pyrazole products.

5.2.8. Procedure for gram scale synthesis.

Benzyl alcohol (1.08 g, 10 mmol), malononitrile (0.66 g, 10 mmol), benzohydrazide
(1.36 g, 10 mmol), t-BuOK (0.56 g, 0.5 mmol), and catalyst (0.77 g, 1 mol%) were taken in
50 mL of m-xylene solvent. The resultant mixture has been refluxed for 18 h at 120 °C under
nitrogen atmosphere. After that, the final mixture has been quenched with water and
extracted with ethyl acetate. The EtOAc fractions have been collected separately dried using
Na>SO4 and filtered. The evaporation of solvent under vacuum provided the crude mixture
which has been purified using column chromatography with petroleum ether/ethyl acetate

(95:5).

5.3.  Results and Discussion
Thiophene derived different set of hydrazine ligands have been prepared in

accordance with previously described literature. The synthesis of new p-cymene binuclear
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Ru(Il)complexes have been accomplished in good vyields from the reaction of [(#°-p-
cymene)2Ru2Clz(u-Cl)2] with hydrazine ligand in benzene medium and presence of EtsN

base.

5.3.1. FT-IR Spectra

The synthesized p-cymene binuclear Ru(ll) complexes are stable to air and
dissolvable in most organic solvents. In FT-IR spectra, stretching frequencies were observed
around 3205-3089 cm™ assignable to hydrazine N-H fragments of the ligands (L1-L3).
Moreover, the intense bands around 1654-1689 cm™ were attributed C=0 moiety of ligands.
On complexation, both of the vn-H frequencies and v(c=0) were absent which suggested the
tautomerization and the formation of a new sharp band characteristic to v(C-O) (1219-1300
cm™). The shift in these bands revealed that coordination of ligand to the metal via hydrazine

nitrogen and imidolate oxygen to ruthenium (1) centre.

5.3.2. NMR spectra

The proton NMR spectra of L1-L3 displayed two distinctive downfield singlets
around ¢ 10.12-11.86 ppm due to the hydrazine NH protons. The coordination via imidolate
oxygen to ruthenium ion was entailed by the absence of hydrazone —NH peak in the spectra
of the complexes after enolization and subsequent deprotonation. All aromatic protons of
the ligands and complexes were appeared as multiplets in the range of 7.05-8.04 ppm. In
the complexes, arene protons were found at 6 5.20-3.70 ppm. The —CH3 protons of the
isopropyl group in p-cymene moiety were resonated as a singlet in the region 61.08-1.40
ppm and methine proton was emerged as septet around 6 2.60 ppm. Furthermore, methyl
protons of p-cymene moiety were noticed as a singlet at 2.13-2.20 ppm. The formation of
the synthesized complexes was further evidenced by *C{*H} NMR spectra. The downfield
shift of C-O (167.85-173.07 ppm) in the spectra of the complexes supported the bonding of

imidolate oxygen and hydrazine nitrogen to Ru(ll) ion.
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Figure 2. *H NMR spectrum of complex 1 in CDCl3 (400 MHz, 293 K).
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Figure 3. *C NMR spectrum of complex 1 in CDCls (100 MHz, 293 K).
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Figure 4. *H NMR spectrum of complex 2 in CDCls (400 MHz, 293 K).
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Figure 5. 1*C NMR spectrum of complex 2 in CDCl3(100 MHz, 293 K).
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Figure 6. 'H NMR spectrum of complex 3 in CDCls (400 MHz, 293 K).
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5.3.3. Single crystal X-ray studies

The solid-state molecular structure for the representative complex 3 is corroborated
by X-ray diffraction studies and the ORTEP diagram is depicted in Figure 8. The crystal
structure refinement parameters have been provided in Table 1, and important bond
distances and angles have been presented in Table 2. The triclinic system of complex 3
belongs to the “P-1"" space group with Z =2. The bite angle O(1)-Ru(1)-N(1) of the complex
is 76.34 (8)°. Ru(1)-N(1) and Ru(1)-O(1) have bond lengths of 2.093(2) and 2.070(2) A°,
respectively. The Ru-Cl has a bond length of 2.413(8) A°, and Ru-centroid distance 1.656
A which is comparable with other reported p-cymene ruthenium(l1) complexes.?® Therefore,
X-ray studies confirm the formation of the arene binuclear Ru(ll) complexes by the
coordination of the ligand in a monoionised bidentate manner to each ruthenium(ll) ion via
the hydrazine nitrogen and carbonyl oxygen including one chlorine atom and p-cymene ring.

It adopts a piano-stool pseudo octahedral geometry around each Ru(ll) ion.

Figure 8. ORTEP view of complex 3. All hydrogens were omitted for clarity.
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Table 1. Crystal data and structure refinement for complex 3

CCDC 2179018
Empirical formula Cs0H34Cl2N202RU2S;
Formula weight 395.88
Temperature/K 298(2)
Crystal system triclinic
Space group P-1

a/A 9.3518(10)
b/A 9.6547(10)
c/A 9.9074(11)
a/° 72.253(3)
p/e 85.331(3)
y/° 69.299(3)
Volume/A3 796.61(15)
YA 2
pcalcg/cm® 1.650
w/mm 1.277
F(000) 398.0

Crystal size/mm?®

0.28 x 0.25 x 0.16

Radiation

MoKa (A =0.71073 A)

Theta range for data collection

4.658 to 60.146

Index ranges

-13<h<13,-13<k<13,-13<1<13

Reflections collected

20735

Independent reflections

4578 [R int = 0.0227, R sigma = 0.0172]
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Table 2. Selected bond lengths (A) and angles (°) for the complex 3

Bond angles (°)

Bond lengths (A)
Ru1-01 2.070(2)
Ru1-N1 2.093(2)
Rul-Cl1 2.413(8)
Ru1-C4 2.153(3)
Ru1-C2 2.175(3)
Ru1-C6 2.186(3)
Ru1-C5 2.191(3)
RU1-C3 2.193(3)
S1-C12 1.652(4)
S1-C15 1.672(12)
01-C1 1.286(3)
N1-N2 1.409(6)
N1-C1 1.312(3)
N2-N1 1.422(4)
C1-C12 1.476(4)
N3-C12 1.378(7
C1-C2 1.514(7)
C1-C12 1.446(7)

O1-Rul-N1  |76.34 (8)
O1-Rul-C4  |123.16 (12)
N1-Rul-C4  |94.42 (10)
O1-Rul-C2  |89.31(12)
N1-Rul-C2  |146.04 (13)
C4-Rul-C2  |67.76 (13)
O1-Rul-C6  |148.67 (13)
C4-Rul-C6  |68.49(14)
C2-Rul-C6  |67.45(15)
O1-Rul-C5  |160.84(13)
N1-Rul-C5  |104.46(11)
Ru1-C20 38.2(2)
C4-Rul-C5  |37.96(16)
Rul-C22 79.1(2)
Rul-C23 67.6(2)
Rul-C24 37.4(3)
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5.3.4. Catalytic application to synthesis of pyrazoles

The p-cymene Ru(ll) complexes have been tailored as catalysts for the direct access
of pyrazole derivatives under benign conditions based on the development of ruthenium
catalysts towards significant applications in coupling reactions. The catalytic synthesis was

carried out via ADC of substituted benzyl alcohols with malononitrile and benzohydrazide.

5.3.4.1. Optimization of bases, solvents and temperature

We started the optimization for the one-pot synthesis of pyrazole with benzyl alcohol
(1a), malononitrile (2) and benzohydrazide (3a) as a benchmark substrates utilising 1 mol%
of p-cymene binuclear Ru(ll) complex 1 as catalyst and results are illustrated in Table 3.The
trail reaction encouraged us to investigate the catalytic factors such as various solvents,
bases, time and temperatures. At first, complex 1 was used as a catalyst with 1 mol %
catalyst loading in m-xylene solvent at 140 °C for 24 h to produce 5-amino-1-benzoyl-3-
phenyl-1H-pyrazole-4-carbonitrile 4a with 72% isolated yield (Table 3, entry 1).
Encouragingly, the one-pot synthesis reaction was performed in various solvents like
toluene, 1,4-dioxane, t-BuOH, THF, acetonitrile and ethanol. Amongst them, m-xylene was
the best medium for the reaction and furnished good yield of 4a (81%) when compared other
solvents (Table 3, entries 2-7). After complete screening, revealing that t-BuOK as suitable
base for current pyrazole 4a synthesis when compared to the all-other bases (Table 3, entries
8-13). Reducing the temperature to 120 °C the yield of 4a was decreased (88%) marginally
(Table 3, entry 14). Additionally, the reaction has been carried out at a little shortened time
(18 h) time (Table 3, entry 15) and almost same amount of 4a was attained (86 %). In
absence of catalyst and t-BuOK in catalytic reaction only trace (<10 %) amount of product
4a was detected (Table 3, entries 16 and 17). Further, the effectiveness of catalyst complexes
2 and 3 was evaluated under optimum conditions (m-Xylene/t-BuOK at 120 °C for 18h) and
pyrazole 4a was produced with 94% and 89% respectively. (Table 3, entries 18 and 19).
From optimization reaction outcomes, the suitable condition has been streamlined as m-
xylene / t-BuOK medium at 120 °C for 18 h for extending the substrate scope of desired

pyrazole product.
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Table 3. Screening of reaction conditions!®

Binuclear Ru(ll) catalyst (1 mol%)

Ha

Base, Solvent

H,O + HZT

Entry | Complex Solvent Base Temp | Time | Yield®
€ C) (h)

1 Complex 1 m-Xylene Na2COs 140 24 72
2 Complex 1 PhCHjs Na2COs 110 24 61
3 Complex 1 1,4-dioxane Na,COs3 100 24 54
4 Complex 1 t-BuOH Na>COs 82 24 42
5 Complex 1 THF Na2COs3 66 24 34
6 Complex 1 Acetonitrile Na2COs3 80 24 39
7 Complex 1 Ethanol Na.COs 78 24 46
8 Complex 1 m-Xylene K2COs3 140 24 68
9 Complex 1 m-Xylene Cs2C0O3 140 24 62
10 Complex 1 m-Xylene NaHCO3 140 24 50
11 Complex 1 m-Xylene NaOH 140 24 76
12 Complex 1 m-Xylene KOH 140 24 79
13 Complex 1 m-Xylene t-BuOK 140 24 92
14 Complex 1 m-Xylene t-BuOK 120 24 88
15 Complex 1 m-Xylene t-BuOK 120 18 86
16 |- m-Xylene t-BuOK 120 18 <10
176 | Complex 1 m-Xylene - 120 18 NR
18 Complex 2 m-Xylene t-BuOK 120 18 94
19 Complex 3 m-Xylene t-BuOK 120 18 89

[{IReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile (2) (1 mmol), benzohydrazide
(3a) (1 mmol), complex (1 mol %), base (0.5 mmol), solvent (5 mL). N, atm. PlIsolated yield of 4a.
[l No catalyst. [ No base.
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5.3.4.2. Optimization of effect of substituent

Once the various catalytic parameters were optimized, the effect of substituents of
all the complexes on the catalytic reaction has been investigated (Table 4). At most, all the
complexes (1-3) showed good catalytic activity in the formation of pyrazole product with
appreciable yields. However, based on experimental results, the complex 2 relatively
provided a better yield than complexes (1-3) and explore the broad substrate scope using a

diverse range of alcohols.

Table 4. Effect of the substituent of catalyst?

. NC NH,
@AOH . <CN . N/NHz Binuclear Ru(ll) catalyst (1-3)(1 mol%) \N’N + Hy0 + HzT
CN

1a , 3: m-Xylene, BuOK, 120 °C, 18 h "
Entry Ru complexes Yield(%)P
1 Complex 1 86
2 Complex 2 94
3 Complex 3 89

[alReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile (2) (1
mmol), benzohydrazide (3a) (1 mmol), complex (1 mol %), ~-BuOK (0.5
mmol), m-Xylene (5 mL). N2 atm, 120 °C, 18 h. [b] Isolated yield.

5.3.4.3. Optimization of catalyst loading

Further, the effectiveness of our catalyst was examined with different catalyst
loadings for the test reaction (Table 5). Upon reducing the catalyst loading from 1 mol% to
0.1 mol%, there was a substantial decrease in yields (Table 5, entries 1 - 4). Therefore 1

mol% catalyst loading is the best choice for optimization.
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Table 5: Effect of catalyst loading®

NG NH,
(0] . —
N
@/\OH . <C . NH, Binuclear Ru(ll) catalyst 2 \N'N + HO + HA
N
CN H m-Xylene, t-BuOK, 120 °C, 18 h o
4a

1a 2 3
Entry Catalyst 2 (mol %) Yield(%)P
1 1.0 94
2 0.5 41
3 0.25 20
4 0.10 <10

[alReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile
(2) (1 mmol), benzohydrazide (3a) (1 mmol), z-BuOK (0.5 mmol), m-
Xylene (5 mL). Nz atm, 120 °C, 18 h. [b] Isolated yield.

5.3.4.4. Scope of the reactions

The optimization results inspired us to further demonstrate broad substrate scope of

the ruthenium-catalysed synthesis of pyrazoles from the coupling of benzohydrazide and
malononitrile with primary alcohols was surveyed and the outcomes are depicted in Table
6. The benzyl alcohols have substituted by electron-donating groups (4-CHs, 3-OCHg, 4-
'Pr, and 3-OH) gave the products in good to excellent yields up to 95% (4b-4e), while the
reactions of the benzyl alcohols with electron-withdrawing groups (4-Cl, 3-Cl, 2-Cl, 3-Br,
4-NO3, 2-NOz and 4-CONH2>) proceeded well and furnished good to moderate yields of
desired products (4f-4l). These results showed that electron-donating groups had more

favourable effects than electron-withdrawing groups. Further, the catalytic reaction
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employing more electron-donating groups (2,5-dimethoxy and 3, 4-dimethoxy) on benzyl
alcohols to deliver 4m and 4n in 78% and 80% vyields. However, 2,6-dichloro benzyl
alcohol was tolerated well and conferred target product 40 in 68% of isolated yield. Notably,
2-naphthalenemethanol was operated well in ADC reaction with malononitrile and
benzohydrazide to afford 4p in 85% vyield. In addition, substituted benzohydrazides (4-Cl,
4-OCHz3) undergone smoothly react with benzyl alcohol, 4-methyl and 4-chloro benzyl
alcohols to give equivalent pyrazole products 4g-4s in good yields up to 94%. Heterocyclic

and aliphatic alcohols were also tested for this reaction and it was observed as ineffective.
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Table 6. Binuclear Ru(ll) catalyzed pyrazoles from acceptorless dehydrogenative
coupling of various benzyl alcohols and benzohydrazides!®

(0] .
CN Binuclear Ru(ll) catalyst 2 (1 mol%
@AOH s (N N, (Il) catalyst 2 ( 6)
R CN H t-BuOK, m-Xylene, 120 °C, 18 h
1
1a-x 2 Rz 3a-c

0 o) N o)
c
OH Cl Cl 4q,76% 4h, 70%
4e, 84%
NH,
NH, NC
N N, N NC —<§::> N
N \/,N \N,N N o
NS NTOY O  HN
NO,
O,N 0
Br  4i, 82% 4j, 68% 4k, 53% 41, 50%
NH
NH» NC 2
NC _ p cl N= NC NH,
N —
N <
~ ’ N N
N o >
) °
? cl
o] 4p, 85%
/ ’
4m, 78% 4n, 71% 4o, 68% \
\ o]
o]

c
ve NH
s /N
N o

4q, 87% 4r, 94%

4s, 86%

[BReaction conditions: Benzyl alcohol (1a) (1 mmol), malononitrile (2) (1 mmol),
benzohydrazide derivatives (3a-c) (1 mmol), catalyst 2 (1 mol %), t-BuOK (0.5 mmol),
m-Xylene (5 mL). N2 atm, 120 °C, 18 h.
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5.3.4.5. Control experiments

Control experiments were carried out to elucidate the reaction path of the
acceptorless dehydrogenative coupling reaction facilitated by a binuclear Ru(ll) catalyst.
Initially, benzyl alcohol underwent dehydrogenation (1a) to formed benzaldehyde (1a’)

with the liberation of H. under the involvement of the binuclear Ru(ll) catalyst in 5 h.

(a) Overall reaction

0, N
oH Ru(ll) catalyst 2 (1 mol%) ©/\O 1a', 95%
t-BuOK, m-Xylene, 120 °C, 5h (Isolated yield)

-H2$
1a Ru(ll) catalyst 2 (1 mol%)
NC.___CN
@) t-BuOK, m-Xylene, 120 °C, 10h
-H,0
CN
= 2a' 93%
CN (Isolated yield)
0}
N~NH2
H
3
Absence of catalyst Ru(ll) catalyst 2 (1 mol%)
t-BuOK, m-Xylene, 120 °C, 18h t-BuOK, m-Xylene, 120 °C, 18h
NG NH,
\ /N
N o
4a, 30% 4a, 81%

(a) Reaction with phenol/g-substituted benzyl alcohols

R
H

OH

NC Ru(ll) catalyst 2 (1 mol%)

2 t-BuOK, m-Xylene, 120 °C, 18h

©/OH * No reaction
O
N NH2

Scheme 4. Control experiments for the synthesis of pyrazole
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Further, the formed benzaldehyde 1a’ was reacted with malononitrile in presence of
catalyst to give 2a’ in 93% of yield in 10 h. After, presence of catalyst mediated reaction of
2a’ with benzohydrazide (3) provided pyrazole product 4a with 81% yield in 18 h. However,
in contrary to the above reaction was performed in absence of catalyst the reaction ended
with only 30% of pyrazole 4a which indicates the active involvement of binuclear ruthenium
catalyst in catalytic cycle. Hence, the acceptorless dehydrogenation reaction leads to the
formation of expected pyrazole under the influence of binuclear ruthenium catalysts through

acceptorless dehydrogenative coupling?* of alcohols.

5.3.4.6. Competitive control experiment between EDG and EWG

An intermolecular competitive experiment was carried out between 4-methyl, 4-
chlorobenzyl alcohols and 4-methoxy, 4-chlorobenzohydrazides under optimized reaction
conditions. From this reaction, we have gained a better understanding of the impact of the
electron-donating and electron-deficient substituents of substrates on catalytic efficiency.
The results expressed that the electron releasing group has more reactive than the electron-

deficient group on both benzyl alcohols and benzohydrazides (Scheme 5).

Malononitrile NH, NH,
Benzohydrazide NC NC _
Binuclear Ru(ll) catalyst 2 (1 mol%) - - N
OH + OH \N’N + Nt H,O + Hp ?
t-BuOK (0.5 mmol) (0]
Cl al

m-Xylene (5 mL)
120°C, 18 h

a) Competition between alcohols

4b, 81% 4f, 73%

b) Competition between bezohydrazides

Benzyl alcohol

o— Cl
o) o) Malononitrile NH
NH Binuclear Ru(ll) catalyst 2 (1 mol%) NC NH; NC. 2
N NH2 - N2 = + N\ + HO + Hy
H H +-BuOK (0.5 mmol) < N Sy
o cl Ny o}
I

m-Xylene (5 mL)

120°C, 18 h
4s, 87% at, 78%

Scheme 5. Competition reaction among electron releasing and electron deficient benzyl
alcohols and benzohydrazides
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5.3.4.7. Large-scale synthesis of pyrazole

We then succeeded in performing the reaction on a large scale to illustrate the
practical usefulness of the developed methodology in a one-pot reaction. Advantageously,
the large-scale reaction of benzyl alcohol (1a), malononitrile (2) and benzohydrazide (3) at

the optimized reaction condition furnished 4a in 76 % isolated yield (2.18g) (Scheme 6).

CN N

ve NH
o —
©/\OH . <CN . _NH,  Binuclear Ru(ll) catalyst 2 (1 moi%) " (v o
t-BuOK, m-Xylene, 120 °C, 18 h

1a (1.08g) 2 (0.66g) 3a (1.36g) 4a, 76%

Scheme 6. Large scale synthesis of pyrazole

5.3.4.8. Reaction mechanism for pyrazole

Based on the control experiment studies and literature reports'® a plausible
mechanism for binuclear Ru(Il) catalysed synthesis of pyrazole has been proposed (Scheme
7). At first, the binuclear Ru(lIl) catalyst reacts with benzyl alcohol with the aid of t-BuOK
to give Ru-alkoxide species (A). Further, A undergoes S-hydride elimination to discharge
benzaldehyde (1a’) along with the generation of Ru-H species (B). Further, the in-situ
generated benzaldehyde (1a’) underwent condensation with malononitrile (2) to form
benzylidenemalononitrile intermediate (2a”). After that, 2a’ reacted with benzohydrazide
(3) to form intermediate (4a’) followed by coordination of more basic nitrogen on 4a’ to the
ruthenium ion to generate ruthenium amino species C. Thereafter, the formed C reacts with
another molecule of benzyl alcohol (1a) to regenerate the catalyst with the formation of the

product 4a along with the release of Ha.
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OH tBuOK
(1a)
/

2H,

Scheme 7. A plausible mechanism for pyrazole synthesis

Spectral data of the catalytic products

(4a) 5-amino-1-benzoyl-3-phenyl-1H-pyrazole-4-carbonitrile. *H NMR (400 MHz,
DMSO-dg): § (ppm) 11.91 (s, 1H), 8.50 (s, 1H), 7.95 (d, J = 7.2 Hz, 2H), 7.75 (d, J = 6.2
Hz, 2H), 7.59 — 7.45 (m, 6H). 13C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 163.17 (C=0),

147.80, 134.32, 133.41, 131.73, 130.05, 128.80, 128.45, 127.61, 127.07.

(4b) 5-amino-1-benzoyl-3-(p-tolyl)-1H-pyrazole-4-carbonitrile. *H NMR (400 MHz,
DMSO-ds): & (ppm) & H NMR (400 MHz, DMSO) & 11.84 (s, 1H), 8.45 (s, 1H), 7.94 (d, ]

=8 Hz, 2H), 7.65 — 7.50 (m, 5H), 7.25 (d, J = 8 Hz, 2H).13C {*H} NMR (100 MHz, DMSO-
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de): & (ppm) 163.15 (C=0), 147.90, 139.88, 133.45, 131.67, 131.59, 129.40, 128.42, 127.57,

127.06, 20.98.

(4c) 5-amino-1-benzoyl-3-(3-methoxyphenyl)-1H-pyrazole-4-carbonitrile. *H NMR
(400 MHz, DMSO-de): & (ppm) 11.91 (s, 1H), 8.45 (s, 1H), 7.93 (d, J = 8 Hz, 2H), 7.60-
7.51 (m, 4H), 7.39-7.31 (m, 3H), 3.81 (s, 4H). 3C {*H} NMR (100 MHz, DMSO-ds): &
(ppm) 163.21 (C=0), 159.52, 147.72, 135.73, 133.36, 131.74, 129.91, 128.45, 127.60,

120.07, 116.22, 111.15, 55.12.

(4d) 5-amino-1-benzoyl-3-(4-isopropylphenyl)-1H-pyrazole-4-carbonitrile. *H NMR
(400 MHz, DMSO-de): & (ppm) 11.81 (s, 1H), 8.45 (s, 1H), 7.93 (d, J = 4 Hz, 2H), 7.66 (d,
J=8Hz, 2H), 7.67-7.51 (m, 3H), 7.33 (d, J = 8 Hz, 2H), 2.95-2.89 (sept, 1H), 1.22-1.21 (d,
J = 4 Hz, 6H). 3C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 163.06 (C=0), 150.67,

147.84, 133.46, 132.00, 131.66, 128.43, 127.56, 127.17, 126.77, 33.35, 23.62.

(4e) 5-amino-1-benzoyl-3-(3-hydroxyphenyl)-1H-pyrazole-4-carbonitrile. *H NMR
(400 MHz, DMSO-de): & (ppm) 11.82 (s, 1H), 9.66 (s, 1H), 8.40 (s, 1H), 7.93 (d, J = 8 Hz,
2H), 7.58-7.52 (m, 3H), 7.24 (s, 2H), 7.12 (s, 1H), 6.86 (d, J = 4 Hz, 1H). 3°C {"H} NMR
(100 MHz, DMSO-de): & (ppm) 163.13 (C=0), 157.67, 147.92, 135.57, 133.41, 131.70,

129.85, 128.43, 127.58, 118.81, 117.44, 112.63.

(4f) 5-amino-1-benzoyl-3-(4-chlorophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): & (ppm) 11.94 (s, 1H), 8.46 (s, 1H), 7.93 (d, J =8 Hz, 2H), 7.76 (d, J = 8
Hz, 2H), 7.60-7.51 (m, 5H). *C {*H} NMR (100 MHz, DMSO-ds): § (ppm) 163.18 (C=0),

146.42, 134.49, 133.25, 131.78, 128.89, 128.67, 128.45, 127.61.

(4g) 5-amino-1-benzoyl-3-(3-chlorophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-dg): 6 (ppm) 12.01 (s, 1H), 8.46 (s, 1H), 7.94 (d, J = 8 Hz, 2H), 7.79 (s, 1H),

7.69 (s, 1H), 7.60 — 7.49 (m, 5H). 3C {*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 163.27

251



(C=0), 146.05, 136.56, 133.64, 133.21, 131.84, 130.68, 129.65, 128.45, 127.65, 126.23,

125.78.

(4h) 5-amino-1-benzoyl-3-(2-chlorophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): & (ppm) 8 12.13 (s, 1H), 8.89 (s, 1H), 8.05 (s, 1H), 7.97 (d, J = 8 Hz, 2H),
7.50-7.42 (m, 6H).23C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 163.20 (C=0), 143.69,

133.20, 133.10, 131.89, 131.57, 131.42, 129.86, 128.46, 127.65, 127.54, 126.85.

(4i) 5-amino-1-benzoyl-3-(3-bromophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): & (ppm) 12.02 (s, 1H), 8.44 (s, 1H), 7.94 (s, 3H), 7.72 (d, J = 8 Hz, 1H),
7.60 — 7.53 (m, 5H), 7.43 — 7.40 (m, 1H). 23C {*H} NMR (100 MHz, DMSO-ds): & (ppm)
163.29 (C=0), 145.94, 136.78, 133.20, 132.53, 131.84, 130.94, 129.07, 128.45, 127.66,

126.22, 122.16, 40.10, 39.89, 39.68, 39.47, 39.26, 39.06, 38.85.

(4j) 5-amino-1-benzoyl-3-(4-nitrophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): 6 (ppm) 12.14 (s, 1H), 8.54 (s, 1H), 8.27 (s, 2H), 7.95 (s, 4H), 7.56 (d, J
= 24 Hz, 3H). *C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 163.41 (C=0), 147.76,

145.20, 140.60, 133.02, 131.97, 128.47, 127.92, 127.70, 123.97.

(4k) 5-amino-1-benzoyl-3-(2-nitrophenyl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): § (ppm) 12.22 (s, 1H), 8.89 (s, 1H), 8.10 (d, J = 28 Hz, 2H), 7.95 (s, 2H),
7.81 (s, 1H), 7.67 — 7.54 (m, 4H).23C {"H} NMR (100 MHz, DMSO-ds): & (ppm) 163.32,
(C=0) 148.18, 142.90, 133.65, 132.94, 131.98, 130.60, 128.69, 128.46, 127.90, 127.70,

124.61.

(41) 4-(5-amino-1-benzoyl-4-cyano-1H-pyrazol-3-yl)-3-nitrobenzamide. *H NMR (400
MHz, DMSO-ds): & (ppm) 11.80 (s, 1H), 10.16 (s, 2H), 8.42 (s, 1H), 7.93 (d, J = 4. Hz, 2H),
7.68 (s, 4H), 7.54 (d, J = 20 Hz, 3H). *C {*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 168.57,

163.09, 147.66, 140.99, 133.46, 131.63, 128.88, 128.41, 127.78, 127.55, 118.92.

252



(4m)  5-amino-1-benzoyl-3-(2,5-dimethoxyphenyl)-1H-pyrazole-4-carbonitrile. 'H
NMR (400 MHz, DMSO-de): & (ppm) 11.90 (s, 1H), 8.81 (s, 1H), 7.94 (d, J = 7.4 Hz, 2H),
7.59-7.50 (m, 3H), 7.40 (d, J = 2.3 Hz, 1H), 7.07-6.99 (m, 2H), 3.82 (s, 3H), 3.76 (s, 3H).
3C {H} NMR (100 MHz, DMSO-ds): & (ppm) 162.94 (C=0), 153.22, 152.27, 143.12,

133.30, 131.70, 128.41, 127.58, 122.89, 117.60, 113.36, 109.13, 56.17, 55.40.

(4n)  5-amino-1-benzoyl-3-(3,4-dimethoxyphenyl)-1H-pyrazole-4-carbonitrile.  'H
NMR (400 MHz, DMSO-ds): & (ppm) 11.75 (s, 1H), 8.39 (s, 1H), 7.91 (d, J = 8 Hz, 2H),
7.61-7.51 (m, 3H), 7.36 (s, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.03 (d, J = 8 Hz, 1H), 3.83 (s,
3H), 3.81 (s, 3H).23C {*H} NMR (100 MHz, DMSO-ds): & (ppm) 163.00 (C=0), 150.74,
149.05, 148.03, 133.55, 131.61, 128.42, 127.52, 127.01, 121.88, 111.46, 108.22, 55.53,

55.43.

(40) 5-amino-1-benzoyl-3-(2,6-dichlorophenyl)-1H-pyrazole-4-carbonitrile. *H NMR
(400 MHz, DMSO-de): & (ppm) 12.16 (s, 1H), 8.69 (s, 1H), 7.95 (d, J = 4 Hz, 2H), 7.61 —
7.41 (m, 6H).23C {*H} NMR (100 MHz, DMSO-dg): & (ppm) 163.23 (C=0), 143.16, 133.92,

132.99, 131.95, 131.10, 130.57, 129.04, 128.48, 127.68.

(4p) 5-amino-1-benzoyl-3-(naphthalen-2-yl)-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): & (ppm) 11.99 (s, 1H), 9.16 (s, 1H), 8.90 (s, 1H), 8.01 (s, 4H), 7.59 (s,
7H). 3C {"H} NMR (100 MHz, DMSO-ds): & (ppm) 163.12, 147.68, 133.53, 133.40,
131.79, 130.53, 130.23, 129.57, 128.76, 128.50, 127.71, 127.61, 127.30, 126.24, 125.53,

124.19.

(49) 5-amino-1-(4-chlorobenzoyl)-3-phenyl-1H-pyrazole-4-carbonitrile. *H NMR (400
MHz, DMSO-ds): & (ppm) & tH NMR (400 MHz, DMSO) § 11.93 (s, 1H), 8.47 (s, 1H), 7.96

(d, J = 8 Hz, 2H), 7.74 (s, 2H), 7.60 (d, J = 8 Hz, 2H), 7.45 (s, 3H). 13C {®H} NMR (100
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MHz, DMSO-ds): o (ppm) 167.34, 153.40, 141.85, 139.46, 137.32, 135.40, 134.79, 134.07,

133.81, 132.38.

(4r) 5-amino-1-(4-methoxybenzoyl)-3-(p-tolyl)-1H-pyrazole-4-carbonitrile. *H NMR
(400 MHz, DMSO-ds): & (ppm) & *H NMR (400 MHz, DMSO) & 11.69 (s, 1H), 8.42 (s,
1H), 7.92 (d, J = 8 Hz, 2H), 7.62 (d, J = 8 Hz, 2H), 7.26 (d, J = 4 Hz, 2H), 7.06 (d, J = 12
Hz, 2H), 3.83 (s, 3H), 2.33 (s, 3H). 13C {*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 162.52,

161.96, 147.25, 139.71, 131.70, 129.48, 129.39, 126.96, 125.45, 113.67, 55.36, 20.97.

(4s)  5-amino-3-(4-chlorophenyl)-1-(4-methoxybenzoyl)-1H-pyrazole-4-carbonitrile.
IH NMR (400 MHz, DMSO-ds): & (ppm) & *H NMR (400 MHz, DMSO) & 11.81 (s, 1H),
8.44 (s, 1H), 7.92 (s, 2H), 7.73 (s, 2H), 7.55 (s, 2H), 7.05 (d, J = 8 Hz, 2H), 3.82 (s, 3H).
3¢ {*H} NMR (100 MHz, DMSO-ds): & (ppm) 162.61, 162.03, 145.80, 134.33, 133.36,

130.19, 129.55, 128.84, 128.55, 125.28, 113.67, 55.35.
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NMR spectra for pyrazole products
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Figure 10: °C NMR spectrum (4a) in DMSO-ds (100MHz, 300K).
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Chapter 6

CONCLUSIONS

The construction of heterocycles is an emerging area of chemical research and plays
a vital role due to their high importance in pharmaceuticals, material chemistry, and natural
product synthesis etc. The development of sustainable methodologies by employing easily
available starting materials has been a long thirst for synthetic chemists. Thus, the
development of much greener and more effective methodologies by using abundant starting
materials under milder reaction conditions is highly desirable. Alcohol is an economical and
abundantly available greener substrate produced from diverse sustainable resources. The
transition metal-catalyzed dehydrogenative coupling of alcohols offers the environmentally
benign synthesis of numerous N-heterocycles via C-C, C-N and C-O bond formation, since
only water and hydrogen are produced as the eco-friendly by-products compared to
conventional protocols. In particular, ruthenium metal catalyzed dehydrogenative coupling
reaction of alcohols with suitable coupling partners is one of the alternatives and sustainable

routes for the synthesis of potent heterocyclic compounds.

In this context, the current investigation involves the synthesis of new mono and
binuclear ruthenium(ll) complexes featuring chelating ligands such as thiourea,
aroylhydrazone and aroylhydrazine ligands. The structural characterization of synthesized
complexes was established by elemental analysis, spectroscopic (FT-IR, UV-Vis and NMR)
and single crystal X-ray diffraction methods. Further, the synthesized complexes were
promoted as effective catalysts for the synthesis of bioactive compounds via

acceptorless/oxidative dehydrogenative coupling of alcohols.
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The thesis is divided to six chapters. Chapter -1 provides a quick overview of
thiourea, aroylhydrazone, aroylhydrazine and metal-arene frameworks. Further, the
transition metal catalyzed acceptorless/oxidative dehydrogenative coupling of alcohols with
suitable partner towards the synthesis of imines, E-olefins, 2-amino-4H-chromenes and
pyrazoles have been described. Furthermore, literature reports on the catalytic applications
of ruthenium(1l) complexes containing various multidentate ligands in organic synthesis

were given.

Chapter - 2 outlined the arene diruthenium(Il) complexes mediated synthesis of
imines from alcohols and amines under aerobic condition. The new complexes were
synthesized in good yields using [RuClz(arene)]. and thiourea ligands. The structural
compositions of synthesized complexes were evidenced with aid of analytical and spectral
techniques. The molecular structure of one of the complexes was substantiated with the help
of single-crystal X-ray diffraction method and confirmed the unprecedented formation of
the thiolato-bridged dinuclear ruthenium complexes. The synthesized complexes were
developed as catalysts for the synthesis of a wide range of imines through dehydrogenative
coupling of alcohols and amines. The desirable imines were obtained in good to excellent
yields up to 98% with water as the only by-product. This catalytic reaction is a concise atom
economical protocol operated with 1 mol% of the catalyst loading without the use of any

oxidant or additives.

In chapter — 3, Ru(Il)-N~N"O pincer-type complexes catalyzed E-olefination of
alkyl-substituted quinolines/pyrazines has been described. An array of NAN”O pincer type
Ru(ll) methyl-2-pyrrole benzhydrazone complexes containing carbonyl and triphenyl
arsines as co-ligands has been synthesized. The structural composition of the complexes
was elucidated by analytical and spectral techniques. The solid-state molecular structure of

the representative complex has been substantiated by single crystal X-ray crystallography.
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Further, the synthesized complexes were employed as catalysts for selective E-olefination
of alkyl-substituted quinolines and pyrazines. The catalytic protocol produces a diverse
range of olefinated products up to 90% via dehydrogenative coupling of readily available
primary alcohols. This synthetic strategy is operationally simple, scalable and tolerates
various functional groups under mild reaction conditions and discovers a chance for the

production of biologically important olefins using Ru(11)-N~N"O pincer-type catalysts.

Chapter - 4 deals with the one-pot three-component synthesis of 2-amino-4H-
chromenes catalyzed by new Ru(ll) complexes. The complexes were synthesized from
carbazole-based hydrazone ligands and [RuClz(p-cymene)].. Analytical and spectral
techniques demonstrated the formation of new Ru(ll) complexes comprising N*O chelating
carbazolone benzhydrazone ligands. The molecular structure of one of the complexes was
corroborated with the help of single-crystal X-ray diffraction study. A broad variety of 2-
amino-4H-chromenes derivatives were synthesized from acceptorless dehydrogenative
coupling of substituted benzyl alcohols with malononitrile and resorcinol. This synthetic
approach is amenable and constructed a broad variety of 2-amino-4H-chromenes derivatives
with the maximum yield up to 95% at low catalyst loading (1 mol %). Interestingly, the
medicinally important tacrine analogue has been successfully derived from the synthesized
2-amino-4H-chromenes. The environmentally friendly protocol operates under mild

conditions and discharges water and hydrogen as only by-products.

In chapter — 5, binuclear arene Ru(ll) complexes promoted one-pot synthesis of
pyrazoles from benzohydrazides and alcohols has been portrayed. A series of binuclear p-
cymene Ru(ll) thiazole-based hydrazine complexes were synthesized and characterized by
analytical and spectroscopic techniques. The solid-state molecular structure of one of the
complexes was confirmed by a single crystal X-ray diffraction study. The synthesized

complexes were promoted as effective catalysts for the synthesis of pyrazole derivatives
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from alcohols, malononitrile and benzohydrazides through acceptorless dehydrogenative
pathway. This catalytic protocol provides a variety of pyrazole derivatives in high yields up
to 50% - 95% using low catalyst loading. This approach is efficient, highly facile and
environmentally friendly as hydrogen and water are gentle by-products and do not use any

oxidant/additives.

Chapter - 6 concisely gives the summary of all the five chapters.

Overall, the thesis focuses on the synthesis and characterization of mono and
binuclear ruthenium(1l) complexes featuring thiourea, aroylhydrazone and aroylhydrazine
ligands. Further, the complexes were developed as catalysts for the direct synthesis of
imines, E-olefins, 2-amino-4H-chromenes and pyrazoles involving C-C, C-N and C-O bond
formation reaction proceeds through acceptorless / oxidative dehydrogenative coupling of

alcohols with suitable coupling partners.
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Arene diruthenium(II)-mediated synthesis of imines from

alcohols and amines under aerobic condition

Veerappan Tamilthendral Rengan Ramesh' | Jan Grzegorz Malecki’
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School of Chemistry, Bharathidasan The utility and selectivity of the newly synthesized dinuclear arene Ru(II)
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*Department of Crystallography, Institute alcohols and amines in the aerobic condition. Analytical and various spectral
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Katowice, g)landv v methods have been used to establish the unprecedented formation of the
new thiolato-bridged dinuclear ruthenium complex. The molecular structure

Correspondence of the titled complex was evidenced with aid of X-ray crystallographic tech-

Rengan Ramesh, Centre for . . L. . . .

Organometallic Chemistry, School of nique. A wide range of imines were obtained in good-to-excellent yields up to

Chemistry, Bharathidasan University, 98% and water as the by-product through an acceptorless dehydrogenative

Tlru?hlrappalh’ 620 024 Tamﬂnadu’ India. coupling of alcohols with amines. The catalytic reaction operated a concise
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atom economical without any oxidant with 1 mol% of the catalyst load. Fur-

Funding information ther, the role of base, solvent and catalyst loading of the coupling reaction has

Science and Engineering Research Board, . . . . .

Grant/Award Number: EMR/2016/004952 been investigated. A plausible mechanism has been described and was found
to proceed via the formation of an aldehyde intermediate. Short synthesis of
antibacterial drug N-(salicylidene)-2-hydroxyaniline illustrated the utility of
the present protocol.

KEYWORDS
aerobic oxidation, imine synthesis, thiolato Ru(II) catalyst, thiourea
1 | INTRODUCTION higher reaction time are required in many situations."!

Imines have been also synthesized in different circum-

Imines are profound important class of nitrogen com-
pounds owing to their high reactivity.'! They are ubiqui-
tous intermediates in many organic reactions such as
cyclization, cycloaddition, multicomponent reactions and
condensation.?! They are adaptable nitrogen sources that
find applications in pharmaceuticals, industrial and
agriculture.®! Further, many nitrogen-containing bioac-
tive compounds such as amines, amides and pyrrolines
can be constructed from imine functional group
(Figure 1)."*! Hence, synthesis and applications of imines
are essentially ever-appealing topics in synthetic organic
chemistry.

The conventional approach for imine synthesis
involves the direct coupling of amines with aldehydes or
ketones with Lewis acid or dehydrating agents and

stances includes Schmidt reaction, Aza-Wittig reaction!®!
and oxidation of secondary amines using oxidizing agents
(Scheme 1).”!

Although a number of methods are known for imine
synthesis in the literature, they largely suffer from draw-
backs like use of toxic reagents, poor atom economy,
harsh synthetic process and low level of selectivity.'®!

To overcome the aforementioned limitations, the
metal-catalyzed direct synthesis of imines from alcohols
with amines through acceptorless dehydrogenation cou-
pling mechanism is an alternative approach. The strategy
consists of two steps: (i) aerobic oxidation of alcohol in
the presence of a transition metal catalyst and
(ii) generation of imine. More advantageously, the accept-
orless dehydrogenative methodology is a greener protocol

Appl Organomet Chem. 2020;e6122.
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(Antifungal agent) (Antimalarial agent) (Antimicrobial agent)
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OH
Thioacetazone N-(Salicylidene)-2-hydroxyaniline H_\draude-dem ed Schiff base
(Antiviral agent) (Antibacterial agent) (Anti inflammatory agent)
Traditional route: SCHEME 1 Imine formation via

R
N0 + Ro-NH, — o RN T HO

New approaches:
(a) Cross-coupling
[0] PRV Rk
Ry OH R™™

(b) Oxidative dehydrogenation

O
R1/\ H - R2 [ ]
(c) Self-coupling:

0
AN, — 2 o g SNSR O+ N

NS
RN

2R

for the coupling of alcohol and amine to desired imine
with the water as the by-product.

Milstein and co-workers reported Ru-PNP-type pin-
cer complex that promoted synthesis of imines from alco-
hols and amines under nitrogen atmosphere.”! This
significant breakthrough methodology has garnered
much attention from the researchers towards imine syn-
thesis. Several wide transition metal complexes such as
Ru, Os, Pd, Pt and Au have been reported as catalysts for
imine synthesis under high temperature, inert atmo-
sphere, special condition and long reaction time.!**'4
Shiraishi and co-workers employed a Pt/TiO, heteroge-
neous catalyst for the imine synthesis with UV radiation
and used nitrogen atmosphere protection."* Soule and
co-workers have reported synthesis of imines by gold/pal-
ladium alloy nanoparticles (1.5 mol%) in the presence of
oxidant."*! Donthiri et al. have described synthesis of
imines by using NaOH (10 mol%) as a catalyst at high
temperature.''® The Tian research group explored imine
formation by employing Cul/bipyridine/TEMPO under
neat conditions.'” Later, the Zhang group reported mild
one-pot synthesis of imines using as Fe(NOs);/TEMPO

gL Hzo + H2

traditional method and new approaches by
aerobic oxidation of alcohols and amines (a, b
and c¢)

R2
0 — = RZONT * HO

system used as a catalyst in the presence of additives.!*®!
Maggi et al. demonstrated the catalytic performance of
Ru-NHC complex (5 mol%) in imine synthesis using
DABCO ligand in the presence of molecular sieves for
24 h.'%! The catalytic activity of Co(II)-NNN pincer
complex has been explored for imine synthesis, and the
reaction was carried out with n-octane as a solvent at
high temperature[lg] (Scheme 2).

Overall, a large number of metal complexes with dif-
ferent ligand systems have been explored as catalysts for
this reaction. In particular, metal-based catalysts for the
synthesis of imines with phosphine labile ligands have
been well explored. However, the catalytic condition
showed some drawbacks such as higher temperature,
higher catalyst load and inert atmosphere. To overcome
the above issues, we are interested to execute the imine
synthesize protocol wusing metal complexes with
phosphine-free ligands. Generally, metal complex con-
taining phosphorus-free ligands has salient features like
ease of synthesis and air stability, to avoid tedious separa-
tion and catalyst recovery. In the present art of research,
we have described the synthesis and characterization of
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Previous literature reports

(i) PYTiO,, UV-light, N,
(i) Fe(NO3)s/TEMPO, 80 °C, 24 h
(iii) Ru-NHC/DABCO, toluene, 4A molec. sieves,
110°C,24 h » R1/‘\N’
(iv) PICB-Au/Pd, NaOH, O, balloon, 30 °C,
THF-TFE medium
(v) Co(ll) NNN pincer, t-BuOK, n-octane, 150 °C
(vi) Pd(OAc),,Et;N, TEMPO, t-BuOK, r.t., 72 h
(vii) Pd/DNA, LiOH. H,0, N,, 50 °C
(viii) Ru-PNP (0.2 mol%, no base, 110 °C, 24 h)

R OH + Ry—NH,

This work

Ru(ll)arene catalyst R
_— R1/\\N/ 2+ HO

t-BuOK, Open air, Toluene 60 °C
12h

R OH + Ry—NH,

SCHEME 2 Synthetic strategies of imine reaction

new binuclear Ru(II) complex of thiourea ligand and
used as a catalyst for imine synthesis under the aerobic
catalytic condition. A catalyst featuring two closely asso-
ciated metal active sites is one of the emerging areas in
homogeneous catalysis. This bimetallic catalytic system
complements the traditional focus on parameters in order
to optimize catalytic behaviour in a better way. Change
of the steric and electronic properties of the ligands can
fine-tune the performance of the bimetallic system. Such
catalysts introduce new optimization parameters such as
catalyst nuclearity and synergistic cooperation between
the two metal active sites and the bridging ligands.*"!
Hence, controlling selectivity and activity of the catalytic
transformations will be offered by the suitable design of
bimetallic catalysts. Exquisite levels of activities of these

eecc e,
%4 LN

FIGURE 2 Structure-function
relationship available in bimetallic catalysis

Chemistry

catalysts could be achieved by careful design of two metal
active sites (Figure 2).

2 | RESULTS AND DISCUSSION
1-(5-Methylthiazole-2-yl)-3-phenylthiourea ligand
(HL) was prepared from phenyl isothiocyanate with
5-methylthiazole-2-amine in the equimolar ratio in the
presence of dimethylformamide (DMF) medium./*!
The synthesis cationic arene Ru(II) thiourea complex
can be accomplished in good yield from complexation
of ruthenium starting precursor [(;°-p-cymene)RuCl,],
(1.0 mmol) with thiourea ligand in 1:2 molar respec-
tively in benzene under the open-air condition. The
complex was yellow in colour and air stable. It was
easily soluble in solvents like CH,Cl,, CHCl;, CH;CN,
dimethyl sulfoxide (DMSO), and tetrahydrofuran
(THF). The resulting complex was crystallized from the
mixture of solvents dichloromethane and methanol
(1:1) (Scheme 3).

In the IR spectrum, thiazole N-H and phenyl group
N-H in the ligand showed bands in the regions 3,366 and
3,162 cm™, respectively. Also, free ligand displayed the
thiocarbonyl (vc_s) stretching frequencies at 1,254 cm ™.
On complexation, thiazole-attached N-H stretching
vibration was not observed in the complex, indicating
that the ligand underwent enolization and decrease in
Vs (1,150 cm ™). The shift in these bands revealed the
coordination of ligand to the metal via thiazole nitrogen
and thiocarbonyl sulfur.

Pairing of metals
tunes reaction
pathway, activity &
selectivity

Ligand sterics &
electronicstunes
activity & selectivity
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In the "H NMR spectrum, the free ligand showed sig-
nals at 12.30 and 10.23 ppm due to N-H protons. Upon
complexation, the thiazole-connected -NH proton dis-
appeared from the complex, further supporting
enolization and coordination through thiocarbonyl sulfur
to the Ru(Il) ion. All aromatic protons of the complex
appeared as multiplet in the region of 7.30-7.60 ppm. The
arene protons of the complex were observed at
5.30-5.56 ppm. The methyl protons of isopropyl group in
p-cymene moiety exhibited as singlet in the region
1.21-1.26 ppm. A septet appeared in the range of 2.80 ppm
due to a methine proton of the isopropyl group. Further,
signals due to the methyl protons of the p-cymene were
observed at 2.43 ppm as singlet (Figures S1, S2).

The solid state structure of the complex [Ru(y°-
p-cymene)(HL)],Cl, has been studied by X-ray crystallo-
graphic technique. Crystals of suitable size were obtained
from mixed solvents of dichloromethane and methanol
(1:1). The Oak Ridge thermal ellipsoid plot (ORTEP) view
of the complex is shown in Figure 3, and the crystallo-
graphic data and selected bond distances and bond angles
are shown in the supporting information (Table S1, S2).
The crystal belongs to the monoclinic space group ‘C 2/c’
with Z = 4. The thiourea chelates to Ru(II) ion through
the two thiolato sulfur ions and thiazole nitrogen, and
the remaining position is occupied by arene moiety for-
ming a pseudo octahedral geometry. A four-membered
Ru-S-Ru-S ring system is formed owing to the bridging
position of sulfur atoms between the two Ru ions. The
unprecedented formation of bridging system is due to
pushing of electron density by the thiazole group through
the amino nitrogen atom. This enabled the sulfur atom to
make the new Ru-S bond, resulting in dimer formation.
The observed dimeric structure is similar to the related
compound containing a [Rh-N-C-S], sulfur-bridged din-
uclear unit.”?! The Ru,S, core is essentially planar,
which indicated that the cymene ligands adopted cis
arrangement in the complex, similar to the arrangement
observed  in [(#°-C¢H;Me;)Ru{SCMe,CH-(CO,H)
NH.,},],.?*! All of the Ru-S distances of complex are basi-
cally of equal length [range 2.3765(15)-2.4204(16) Al,
indicating symmetrical sulfur atoms. It has been observed
that the Ru-S-Ru bond angle [99.25 (6)°] is slightly larger
than the corresponding chloride bridging Ru-Cl-Ru
[98.22°] bond angle.** Hence, the single-crystal X-ray

TAMILTHENDRAL ET AL.
; - SCHEME 3 Synthetic route to [Ru
S NN (#5-p-cymene)(HL)],Cl, complex
<7 1O

SOr 0
NS

HEN
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diffraction studies confirmed the structure proposed with
the aid of other spectroscopic techniques.

With the novel dinuclear arene Ru(II) thiourea
complex in hand, we wish to study the catalytic utility
in the synthesis of imines from coupling of alcohols
and amines at open atmospheric conditions. For that,
we initiated with test reaction between the equimolar
amounts of 4-methylbenzyl alcohol and aniline with
complex (1 mol%) as a catalyst with various solvents
and KOH as a base to optimize the reaction condition
(Table 1). When toluene was used as solvent, the
corresponding imine product 3a was obtained 83%
yield in 12 h (Table 1, entry 1). Switching the solvent
to xylene and benzene is also effective, furnishing
imines up to 80% and 72% yield, respectively (Table 1,
entries 2 and 3). Moderate yields of imines were
obtained when the reaction was performed in various
polar solvents like dioxane, THF, acetonitrile, DMF

FIGURE 3 Oak Ridge thermal ellipsoid plot (ORTEP)
representation of complex [Ru(n®-p-cymene)(HL)],CL, with 50%
probability level. All hydrogen atoms were omitted for clarity.
Selected bond lengths [A] and angles [°]: Ru(1)-S [2] = 2.3765 [15],
Ru(2)-S [2] = 2.4204 [16], Ru(1)-N [1] = 2.120 [5], Ru(1)-C

[12] = 2.261 [6], Ru(1)-C [13] = 2.189 [6]; Ru(1)-S(2)-Ru

[2] = 99.25 [6], S(2)-Ru(1)-S [1] = 80.75 [6], N(1)-Ru(1)-S

[2] = 86.99 [14], N(1)-Ru(1)-C [12] = 122.3 [2], N(1)-C(1)-S

[1] = 112.2 [5], C(5)-S(2)-Ru [1] = 103.4 [2], C(12)-Ru(1)-S

[2] = 97.35 [17]
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Screening of solvents,
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Q/\OH H,N Ru Catalyst SN H,0
- \© Conditions - /@ﬂ
1a 2a Open air 3a

Entry Solvent Base Temp. (°C) Yield(%)®
1 Toluene KOH 110 83
2 Xylene KOH 140 80
3 Benzene KOH 80 72
4 1,4-Dioxane KOH 100 65
5 THF KOH 66 78
6 Acetonitrile KOH 82 60
7 DMF KOH 150 52
8 Methanol KOH 65 70
9¢ Toluene — r.t NR
10° Toluene — 80 NR
11¢ Toluene +-BuOK 110 10
12 Toluene NaOH 110 82
13 Toluene NaOMe 110 85
14 Toluene K,CO; 110 79
15 Toluene CS,CO; 110 80
16 Toluene t-BuOK 110 88
17 Toluene t-BuOK 80 90
18 Toluene t-BuOK 60 98
19° Toluene t-BuOK r.t 70

Abbreviations: DMF, dimethylformamide; THF, tetrahydrofuran.
The bold data in the table 1 indicates the best optimized reaction condition.

#Conditions: 4-methyl benzyl alcohol (1 mmol), aniline (1 mmol), catalyst, (1.0 mol%) and base (0.5 mmol)

in the presence of solvent (5 ml) at 60°C for 12 h.
*Isolated yield.

“Absence of base.

dAbsence of catalyst.

“Time for 24 h.

and methanol (Table 1, entries 4-8). These results indi-
cated that nonpolar solvents outperformed polar sol-
vents in the test reaction. No further reaction
proceeded in the absence of a base or a catalyst
(Table 1, entries 9-11). Furthermore, good product
yields are observed in the presence of NaOH and
NaOMe (Table 1, entries 12 and 13). In addition, up to
80% of imines were noted when K,CO; and Cs,CO;
are present (Table 1, entries 14 and 15). Further, it
has been observed that t-BuOK outperformed other
bases, which afforded 3a in 90% yield of imine
(Table 1, entries 16 and 17). Notably, the cationic din-
uclear ruthenium complex catalyzed effectively the
coupling of alcohol and amine and yielded 98% of

selective imine under the optimized condition of tolu-
ene/t-BuOK at 60°C (Table 1, entry 18).

Further, the effectiveness of our catalyst was exam-
ined with different catalyst loadings for the test reaction
(Table 2). Upon reducing the catalyst loading from 1 mol
% to 0.25 mol%, there was a substantial decrease in yields
(Table 2, entries 1-4). Therefore, 1 mol% catalyst loading
is the best choice for optimization.

The substrate scope of the reaction with respect to
various types of alcohols and amines under the optimized
catalytic conditions is displayed in Table 3. Fabulously,
electron-rich functionalities of benzyl alcohols (-CHj, —
OCHs;) are efficiently reacted with aniline to yield the
respective imines 3a-3c in 83-95% of isolated yields
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TABLE 2 The screening of the
catalyst loadings®

OH H,N Ru Catalyst _ /@A\ N + H,O
/EjA \© Toluene, t-BuOK, 60 ‘E
Open air, 12 h 3a
Entry Catalyst (mol %) Yield (%)
1 1.0 97
2 0.5 80
3 0.3 61
4 0.1 39

The bold data in the table 2 indicates the best optimized condition.

#Conditions: 4-methylbenzyl alcohol (1 mmol), aniline (1 mmol) and base (0.5 mmol) in the presence of

solvent (5 ml) at 60°C for 12 h.

(Figures S3-S8). Further, electron-withdrawing substitu-
ents (-Cl, —-F) on benzyl alcohols were tolerated well with
aniline that acquired desired imines 3d and 3e in the
yields of 88-78% (Figures S9-S12). In addition, the
coupling reactions between different benzyl alcohols
and 4-ethoxy and 4-methoxy anilines afforded the
corresponding imines 3f and 3g in 80-83% of isolated
yields (Figures S13-S16). More interestingly, the complex
catalysed well in the coupling of sterically hindered
2-bromobenzyl alcohol with 4-methoxy aniline to afford
the respective imine 3h in 75% of yield (Figures S17,
S18). However, the electron-withdrawing substituent of
4-chlorobenzyl alcohol with 4-methoxy aniline showed a
better result in the formation of respective imine 3i in
79% of yield (Figures S19, S20). The high yield of 82% for
3j was obtained by the reaction of 4-methoxybenzyl alco-
hol and 4-methoxy aniline (Figures S21, S22). Coupling
of benzyl alcohol-bearing electron-donating and with-
drawing substituents (4-methyl and 4-chloro) with
4-bromoaniline gave respective imines 3k and 31 in 98%
and 90% of vyields (Figures S23-S26). Importantly,
piperonyl-based imine moieties were found to be effective
in pharmaceutically active ingredients. But the synthesis
of piperonyl-derived imines is less covered in previous lit-
erature.*’! Hence, we are interested in coupling the
piperonyl alcohol with various amines. More signifi-
cantly, we attained the piperonyl-derived imines 3m-30
up to 94% of yields (Figures S27-S32). Gratifyingly, the
catalytic efficiency of the present complex proved the
synthesis of bis-imine product 3p with the appreciable
yield of 75% under the optimized condition (Figures S33,
S34). Deliberately, a chiral imine 3q was achieved from
the coupling of 4-methylbenzyl alcohol with (R)-
(+)-a-methylbenzylamine  gave an  84%  yield

(Figures S35, S36). Notably, the complex efficiently pro-
moted the synthesis of imines from heterocyclic alcohols,
and amines resulted in good yields of imine products 3r
and 3s (Figures S37-S40). The attempt taken for coupling
of alcohol and aliphatic amine to provide the expected
product 3t was successful (Figures S41, S42). Further, the
catalytic condition was found to be ineffective for the
coupling of aliphatic alcohols with amines.

It is crucial at this point to compare the catalytic effi-
ciency and scope of our catalytic system with other
reported ruthenium(II) catalysts. Maggi et al. demon-
strated the catalytic performance of Ru-NHC complex
(5 mol%) in imine synthesis using DABCO ligand in the
presence of molecular sieves for 24 h.['°°! Musa et al.
have reported the catalytic activity of bifunctional
Ru(IT) PCP pincer complexes towards synthesis of imine
from alcohols and amines in p-xylene medium with
2 mol% catalyst loading for 24 h under argon atmo-
sphere.!?! The binuclear Ru catalyst was documented to
catalyze an imine formation reaction with 5 mol%
DABCO ligand, and molecular sieves for 24 h were
reported.?””! In addition, Higuchi and co-workers
reported the ruthenium complex catalyzed imination
reaction with Zn (OCOCF;), (1 mol%) and KO'Bu
(20 mol%) as a base in dioxane medium.””®' The arene
Ru(IT) complex has considerable benefits over other
reported catalysts. In contrast, the salient features of
titled catalysts are insensitive towards air and simple,
convenient catalytic method for the synthesis of imines.
Further, the bimetallic catalytic system, with a coopera-
tive effect between the two metal centres, enhances the
strong metal-metal interaction, which interact with
the substrates, increasing the rate of the reaction than
the monometallic system. We speculated that the
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TABLE 3 Synthesis of imines from alcohols and amine®

Ru Catalyst Ry
RFSOH + HN-R, ———————> R/ W + HO
1a 2a Toluene, t-BuOK, 60 °C 3a
Open air, 12 h
Entry 1 2 3 Yield® %
1 (3a) 95
O R Q
Cr S

o

2 (3b) 80
r S

\@/\ N

3 (3c) 83
OH NH;
o ©/ SN
~o
4 (3d) 88
o o O
cl /©/\\ N
Cl
5 (3e) 78
F\©/\ OH ©/ NH,

Fe : Sy Ji ]

6 30 80

“

EtO

7 3g) 83

MeO

%

8 (3h) 75

MeO

T g
I

B

(Continues)
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TABLE 3 (Continued)
Ru Catalyst - /R2
R OOH + HN-R, —————————————> R/ N + H,0
1a 2a Toluene, t-BuOK, 60 °C 3a
Open air, 12 h
Entry 1 2 3 Yield® %

OMe
WA
S

Br

9 (3i) 79

N
o
Cl

10 3j) 82

OMe

Q

OMe

o i
o
T
=

@

o E
P4
ac
¥

Me

11 (3k) 98

oy
12 31 90
o

13 (3m) 70

- g e
O

O/\

14 (3n) 94

OH /@/NHZ
Br

15 (30) 82
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Ru Catalyst « /R2
R OH + HN-R, —————————> R{ N + HO
1a 2a Toluene, t-BuOK, 60 °C 3a
Open air, 12 h
Entry 1 3 Yield® %
<O :©/\ OH /@/ NH, /©/0Me
S
O MeO <O]©/\N
0]
NH,
o) \
HoN /©/\ N
S
o
17 3Bq) 84
OH L
@/\ NH, /@/\ N /\©
18 (3r) 70
OH N S
o (- S
s~ "NH, /©/‘N N
MeO
19 (3s) 87
S OMe
S
MeO
20 (3t) 60
o A A
MeO HoN @/\ N
MeO
*Reaction conditions: 1a (1 mmol), 2a (1 mmol), catalyst (1 mol%), --BuOK (0.5 mmol) and toluene (5 ml) stirred for 12 h in open air.
®Isolated yields.
“Reaction for 24 h.
SCHEME 4 Preparation of N-(salicylidene)-
s . Ru Catalyst ~
2-hydroxyaniline using our protocol ©\/\ ]@ N
OH Toluene, t-BuOK, 60 °C OH OH

Open air, 12 h
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0 R1/\OH Absence of [cat] No reaction
Standard conditions
1a
Presence of [cat]
- R/\OH > RA 4 H.0
® ! Standard conditions 0 2
13 Ry NH,
cat] S
2 > R0 + RIONTR,
Toluene, t-BuOK, 8 h
@iy Ry OH
1a Ry NH,
cat] S
[cat] > R/\N/\R2

Toluene, t-BuOK, 12 h

[a] Reaction conditions: alcohol 1a (1 mmol), amine (1 mmol) catalyst (1 mol %), {-BuOK
(0.5 mmol), Toluene (5 mL) stirred for 12 h in open air.

SCHEME 5 Control experiments

catalytic performance may be from two active metal cen-
tres of the complex working independently, or only an
active metal centre under the electronic influence of the
second one. Hence, the catalyst loading is 1 mol% suffi-
cient to catalyse the reaction with good-to-excellent
yields.*!

It is worth to note that one of the antibacterial drugs,
namely, N-(salicylidene)-2-hydroxyaniline, was synthe-
sized from 2-hydroxybenzyl alcohol and 2-amino phenol
using our present protocol (Scheme 4), and an excellent
yield of 95% was obtained (Figures S43, S44).

S AN
N
B T
Nﬁg e O
Rl "

\(S

(@

o
2CI

t-BuOK

2R4CH,-OH 2 RyCH,-OK Ru-N bond cleavage

-2 KCI

Ao R
N Okl HN

B >s4

- t-BuOH

2 H,0

T
el /34
NH Ru

o N=(
S

N
>/
QNW\&
s
! W
0, + 2H,
(b)
2
2 RyCH,-OH 2RN T T 2H0
N H
N RG
N

3 | CONTROL EXPERIMENTS FOR
THE MECHANISTIC
INVESTIGATIONS[A

Control experiments were performed under standard
conditions in order to examine the mechanism of the
imination (Scheme 5). Initially, oxidation of alcohol leads
to the formation of aldehyde. Further, a mixture of prod-
ucts aldehyde and imine was obtained when the reaction
was conducted in the presence of amine for 8 h. Com-
plete imine product was obtained only after 12 h of the
reaction. Hence, the formation of aldehyde clearly indi-
cates that the reaction proceeds via oxidation of alcohol
as an initial step (Figures S45-S50).

A plausible mechanism has been proposed based on
the results from the control experiments and on the previ-
ously reported literature (Scheme 6). The reaction involves
the formation of ruthenium alkoxide species from the cat-
alyst through deprotonation of the alcohol followed by
B-hydride elimination to form aldehyde. This aldehyde
intermediate further reacts with amines to produce
imines, and water is eliminated as a by-product. Further,
the ruthenium hydride"***°! complex reacts with alcohol
to form the next catalytic cycle with the release of two mol-
ecules of water. The detailed studies on the mechanism for
imine synthesis are under investigation.

SCHEME 6 Plausible mechanism
for imine formation

/‘ 2 RQ-NHZ
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4 | CONCLUSIONS

Summing up, we have presented the first example of
thiolato-bridged dinuclear arene Ru(II) arene complex
that promoted green synthesis of highly desirable imines
obtained from readily available alcohols and amines in
open air as an eco-friendly oxidant. To our knowledge,
this is a convenient and straightforward method for one-
pot synthesis of imines from alcohols and amines. The
catalyst system provides selective imination reactions of
substituted alcohols with various amines with good toler-
ance to reducible functional groups. The complex was
demonstrated as an efficient catalyst with 1 mol% loading
under optimized conditions to afford up to 98% yield.

5 | EXPERIMENTAL SECTION

5.1 | General method for the synthesis of
binuclear p-cymene ruthenium(II)
complex

[RuCl,(5°-p-cymene)], (1 equiv) and 1-(5-methylthiazole-
2-yl)-3-phenylthiourea(HL) (2 equiv) were dissolved in
25 ml of benzene and stirred for 6 h. The solution was
reduced to 2 ml, and addition of petroleum -ether
(60-80°C) in excess gave a clear yellow solid.

511 | [Ru(y’-p-cymene)(HL)],Cl,
Yellow solid. Yield: 92%: Anal. Calcd. For
C4H4sCLNGgRU,S,: C, 48.59; H, 4.66; N, 8.09. Found: C,
48.62; H, 4.60; N, 8.01. 'H NMR (400 MHz, CDCL): &
(ppm) = 11.55 (s, 2H, N-Hpheny), 7.58-7.60 (m, 4H,
ArH(hgand)), 7.43-7.47 (m, 4H, ArH(ligand))’ 7.36-7.38 (Wl,
4H, ArHgigang), 543-557 (m, 2H, CHpcymene)
5.30-5.38 (m, 6H, CHp.cymene))> 280 (sept, 2H, CH (CH3),
(p-cymene))s 243 (5, 6H, CHagpcymene))> 2.08 (s, 6H, CHs
(ligand))9 1.21-1.26 (m’ 12H, CH (CH3)2(p-cymene))- 13C{1H}
NMR (100 MHz, CDCls): 8 (ppm) = 175.35 (C-S), 158.22
(C=N), 140.52, 136.32, 129.19, 128.95, 127.89, 125.28
(Ar carbons of ligand), 106.66 and 100.06 (quaternary car-
bons of p-cymene), 86.29, 84.89, 84.73, 84.24 (Ar carbons
of p-cymene), 30.78 (CH of p-cymene), 22.52, 22.17
(2CH3;, p-cymene), 18.54 (CHj3, p-cymene), 12.53 (CH; of
ligand). Fourier transform infrared (FT-IR) (cm™): 2,925
(N-H), 1,642 (C=N), 1,594 (C=C), 1,261 (N-C=S), 1,149
and 910 (C=S). UV-vis (CHCl5): Aax (nm) 280, 340, 463.

5.2 | Typical procedure for imine
formation reaction

The alcohol (1 mmol), an amine (1 mmol), -BuOK
(0.5 mmol), and a catalyst (1 mol%) were stirred at 60°C

Appl

et W LE Y-
for 12 h under open-air atmosphere in 5 ml of toluene,
and the reaction was monitored by thin-layer chromatog-
raphy (TLC) until completion. Then, the reaction mixture
was cooled and diluted with ethyl acetate (10 ml). For
calculation of isolated yield, the layers were formed upon
addition of water (5 ml), and organic layer was separated.
The organic phase was dried over Na,SO, and concen-
trated in vacuo. The resulting residue was purified by col-
umn chromatography using EtOAc:hexane to afford
imine products.
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1 | INTRODUCTION

Gunasekaran Balamurugan® | Rengan Ramesh' |

Abstract

An efficient and selective E-olefination of alkyl-substituted quinolines and
pyrazines through acceptorless dehydrogenative coupling of alcohols catalysed
by Ru(II)-NAN~O pincer-type complexes encompassing carbonyl and
triphenylarsines as co-ligands is demonstrated. An array of Ru(II) catalysts has
been synthesized and evaluated by analytical and spectral methodologies. The
solid-state molecular structure of the synthesized complex (2) has been sub-
stantiated by x-ray crystallography. The catalytic protocol produces a diverse
range of olefinated products up to 90% by employing readily available primary
alcohols. The present synthetic strategy is operationally simple and scalable
and tolerates various functional groups under mild reaction conditions.
Notably, an aldehyde and aryl-2-quinoline-2-yl-ethanol intermediate are
involved in the catalytic reaction mechanism. The utility of the present
procedure is demonstrated through a facile synthesis of the antifungal drug
(E)-2-(2-(pyridin-4-yl)vinyl)quinoline.

KEYWORDS

acceptorless dehydrogenative coupling, alcohols, E-olefination, quinolines/pyrazines, Ru
(I)-NNO pincer-type complexes

attracted synthetic chemists and has been broadly
explored in catalysis research.

Olefins, especially conjugated E-selective olefins, are
important key motifs found in various natural products,
pharmaceuticals and materials.'!! Particularly, N-
heteroarenes are widely used as intermediates for the fab-
rication of valuable materials, conducting polymers and
organic light-emitting diodes.l*! Moreover, quinoline-
based conjugated N-heteroarenes exhibit biological activi-
ties such as antifungal, antiviral, antibacterial and anti-
tumour activities (Figure 1).*! Owing to the biomedical
prominence, the synthesis of such useful quinoline/
pyrazine-based conjugated N-heteroarene derivatives

Notably, several conventional approaches were docu-
mented for the synthesis of E-olefins by various research
groups with an appropriate leaving functional group.[4]
In addition, coupling reactions including Heck, Suzuki
and olefin metathesis have been well-known strategies
for the fabrication of olefins.!*!

Construction of E-selective olefins was performed by
the condensation of aldehydes with N-heteroarenes in
the presence of an oxidant, Lewis acid, organocatalysts,
acid or base as well.[°! Nevertheless, the aforementioned
reported protocols suffer by some major shortfalls like

Appl Organomet Chem. 2021;e6561.
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Antiviral activity

Antitumor activity

(a) harsh synthetic process, (b) poor selectivity and
(c) stoichiometric waste.”l Hence, greener and
cost-effective methods to the sustainable fabrication of
E-selective olefin compounds conjugated with N-
heteroarenes are an extremely demanding goal.!®! In this
scenario, the transition metal-supported conversion of
C(sp*)—H bonds into olefins would be an alternative
approach as it has received significant attention in recent
years. !

The acceptorless dehydrogenative coupling (ADC)
strategy symbolizes most atom economical and clearest
procedures as a substitute to conventional oxidation with
water and hydrogen as only the valuable side products.
In this connection, Zhang et al. have reported that Mn-
PNP complexes catalysed olefination of N-heteroarenes
using primary alcohols at longer reaction time.'”) Maji
research group demonstrated pincer manganese catalysts
mediated alkenation of methyl N-heteroarenes
employing primary alcohols under an inert atmo-
sphere.'"! Banerjee and co-workers have explored
Ni(II) catalysed olefination of N-heteroarenes with alco-
hols at inert condition; concurrently, Fe(Il) catalysed
olefination reaction was also documented by the same
research group.[u] Baidya group reported the synthesis of
olefin from 2-methylheteroarene with primary alcohols
in the presence of in situ generated Ni(I) complexes in
tertiary butyl alcohol at 140°C for 48 h.['¥! Zhang
research group has disclosed MnO,-mediated olefination
of N-heteroarenes with alcohols at inert atmosphere.!**!
Recently, the Elias group reported N-heteroarene
olefination from alcohols/amines in the presence of tert-
Butyl hydroperoxide (TBHP)/4-Dimethylaminopyridine
(DMAP) in water medium!®®! (Scheme 1).

Though different metal catalysts with various ligand
frameworks were developed for the olefination of N-
heteroarenes’ reaction with alcohols, they are associated
with some drawbacks including high catalyst loading,
higher temperature, necessity of oxidants and inert

Antifungal activity

=
OH D N
O NP ~F B NS OH
OH N OH O

FIGURE 1
for bioactive methyl N-heteroarene

Selective examples

analogues

Antimalarial activity

Precursor of
+ Cuspareine

atmospheric conditions. To overcome the above issues by
a sustainable protocol, we are interested to execute the
olefination of N-heteroarenes with primary alcohols
catalysed by ruthenium complexes with simple NNO
pincer-type ligands.

In general, ligand partners have been the imperative
constituent of the metal catalysts/pre-catalysts, which
can stabilize the metal centre and regulate the stereo-
selectivity, chemoselectivity and enantioselectivity of
chemical transformations, the solution state reactivity
and so forth. Further, the metal-ligand cooperation
depends on their both electronic and steric properties of
ligands by the design of suitable donor triads, size of the
metallic rings, nature of the ancillary and neutral and
anionic ligands. Tridentate ligands possess a perfect bal-
ance of control on composition of the coordination geom-
etry by carrying the donor atoms in an orderly
configuration. Upon complexation, these tridentate
ligands formed meridional geometry with a metal centre
and control the vacant coordination sites which increase
the stability of the pincer complexes.''>! Furthermore, the
ligands have given a strong mer-coordination, planarity
around the metal centre that provides a good balance of
stability and reactivity, which distinguishes the pincer
complexes from other homogeneous catalysts.'® More-
over, metal complexes comprising pincer-type ligands
possess enticing catalytic activities and ever-increasing
applications in various fields.!'”!

Herein, we have reported the synthesis and struc-
tural elucidation of new Ru(II) pincer-type complexes
comprising NNO terdentate ligands with easy leaving
AsPh; as co-ligands, and the synthesized complexes
were developed as catalysts for selective E-olefination of
methyl N-heteroarenes via ADC of primary alcohols.
The present protocol requires only mild reaction condi-
tions and uses low catalyst loading and covers a diverse
range of substrate scope with good yields of olefin
products.
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(i) Mn-PNP (0.5 mol%), KOH (40 mol%), t-AmOH/toluene, 48 h
(i) Mn(CO)s/L (2.5 mol%), t-BuOK, t-BuOH, 140°C, Ar

(iii) NiBr, (5 mol%)/phen (6 mol%), KOH, toluene, 140°C, 24 h, N,

e

(iv) Fe(OAG), (5 mol%)/ L (6 mol%), t-BuOK/toluene, 140°C, 24 h, N,

r’::\
'a':-:lR + Hp + H,0

(v) NiBr, (10 mol%)/ L (10 mol%) t-BuOK/ t-BuOH, 140°C, 48 h

(Vi) MnO, (10 mol%), KOH, t-AmOH, N,

present work

©\/j\
/
N

CCL
— 2
N X7 R

N Ru(ll) NNO catalyst (1 mol%)
dioxane, t-BuOK,

10
N 100°C, 20 h
N
(o
N

Q mild reaction condition

SCHEME 1

2 | RESULTS AND DISCUSSION

The simple NNO pincer-type ligands (L1-L3) were easily
prepared from condensation methyl-2-pyrrole and
4-substituted benzohydrazides in methanol.'®! The syn-
thesis of Ru(II)-NNO pincer-type complexes was accom-
plished in good yield from the reaction of [RuHCICO
(AsPhj3);] with the prepared ligands in 1:1 molar ratio in
benzene medium using Et;N as a base (Scheme 2). The
synthesized Ru(I)-NNO pincer-type complexes are sta-
ble in air and can be dissolved in most organic solvents.
The structures of the newly formed Ru(II)-NNO symmet-
rical pincer complexes were confirmed by analytical and
spectral methods.

In the infrared (IR) spectra, stretching bands found
around 3400-3430 and 3235-3262cm™ ' regions were
attributed to pyrrole and hydrazone N-H moieties of L1-
L3. Besides, the strong bands around 1640-1684 and
1684-1710 cm ' have been assigned for C=N and C=0
functional groups of ligands, L1-L3. The absence of vn_y
frequencies in the complexes evidenced the bonding of
pyrrole nitrogen to ruthenium ion. Further absence of
C=0 band along with emergence of new intense C—O
band (1228-1279 cm ') indicated the tautomerization
and consequent binding of the imidolate oxygen to ruthe-
nium. In all the spectra of complexes, C=N stretching
frequencies were lower (1514-1530cm ') than free
ligands and confirmed that the imine nitrogen possesses
the yet another point of attachment to ruthenium ion.
Further, the complexes possess strong band around

N

[\
—
N:W\R

Q openair Q@ low catalyst loading

Methods for E-olefination of methyl N-heteroarenes with alcohols

RuHCICO(AsPh X 1O\
o [RUHCICO(AsPhg)s] " Aspho
TEA, benzene, reflux,6 h \N——
R R

R=L11=-H,L2=-0OCHj3, L3 =-Br

SCHEME 2
complexes

Synthetic route to Ru(II)-NNO pincer-type

1920-1928 cm ' due to the terminally binded carbonyl
group. The bands in the region 1412-1483 cm ™' are
attributed to ruthenium-bounded triphenylarsines.!*”’
From the IR spectral data, the tridentate coordination of
ligand to the ruthenium via imidolate oxygen, pyrrole
nitrogen and imine nitrogen was corroborated.

The ultraviolet-visible (UV-vis) spectra of all the
Ru(II)-NNO pincer-type complexes revealed strong
bands in the 250-460 nm range. The n-n* and n-w*
ligand-centred transitions have been observed with high
intensity at 246-355nm. Moreover, the complexes
showed a band in the 451-460 nm range, which was
attributed to metal to ligand-centred transitions and com-
parable with other similar Ru(II) complexes.!*")

The proton nuclear magnetic resonance (NMR) spec-
tra of ligands exhibited two singlets in the region of &
8.95-10.85 ppm due to the hydrazinic and pyrrole

C1=-H, C2 =-OCHj3, C3 =-Br
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nitrogens. The methyl protons of the ligands were
appeared as singlet at & 1.64 ppm. Another singlet at §
3.82 ppm was addressed to methoxy protons of ligand 2.
The absence of both -NH peaks of the ligand indicates
that pyrrole nitrogen and hydrazinic nitrogen are coordi-
nated to Ru(Il) centre. Further, aromatic protons of the
hydrazone ligand and triphenylarsines resonated as mul-
tiplet in the range of § 5.64-7.62 ppm. Besides, the forma-
tion of the synthesized complexes were further evidenced
by "*C{'"H} NMR spectra. The bonding of imidolate oxy-
gen and hydrazinic nitrogen to Ru(Il) ion was authenti-
cated by the upshift of C=N (172 ppm) and downshift
C—O0O (153 ppm) in the spectra of the complexes.

The suitable quality of crystals was grown by slow
evaporation of CHCl;/MeOH solvent (1:1). The x-ray
single-crystal diffraction analysis was used to confirm the
solid-state structure of complex 2. The Oak Ridge thermal
ellipsoid plot (ORTEP) diagram of complex 2 is depicted
in Figure 2. The complex 2 crystallized in monoclinic
space group ‘P2;/n’. The crystallographic data as well as
selected bond lengths and bond angles are described in
Tables S1 and S2. The pincer-type ligand meridionally
binded with ruthenium ion in NNO tridentate manner
and resulted in two five-membered chelate rings. The
remaining positions were filled by a CO and sterically
hindered two triphenylarsine ligands that are trans to
each other and thus form a pseudo-octahedral geometry
around Ru(II) ion. The Ru(1)-N(1) bond distance of the

‘:]‘

FIGURE 2 ORTEP view of complex 2. All hydrogens were
omitted for clarity. Selected bond lengths (A) and angles (°): Ru(1)-
N(1) = 2.025(3), Ru(1)-N(3) = 2.078(4), Ru(1)-C(1) = 1.858(4),
Ru(1)-As(1) = 2.4504(5), Ru(1)-As(2) = 2.4543(5), N(1)-Ru(1)-C
(1) = 177.87(16), N(3)-Ru(1)-0(2) = 153.76(13), As(1)-Ru(1)-As
(2) = 176.62(2), N(1)-Ru(1)-As(1) = 88.80(9), N(1)-Ru(1)-As(2)

= 87.84(9), N(1)-Ru(1)-0(2) = 75.98(12), N(1)-Ru(1)-N(3) = 77.79
14

ligand is significantly shorter (2.025(3) A) than the
Ru(1)-N(3) bond distance (2.078(4) A), in agreement
with the geometrical constraints of the tridentate ligand
showing N(1)-Ru(1)-N(3) and N(1)-Ru(1)-O(2) bond
angles 77.79(14)° and 75.98(12)°, respectively. The N(1)-
Ru(1)-C(1) angle is slightly distorted from the idealized
180° to 177.87(16)°, and the N(1)-Ru(1)-As(1) angle is
88.80(9)°. Further, the bond distances and bond angles of
complex 2 are consistent with other reported
Ru(IT) complex possess pseudo-octahedral geometry.[21]

To select the appropriate reaction condition for the
fabrication of E-olefins (3a), several catalytic variables
such as different bases, solvents, time and temperatures
have been tested using pincer-type Ru(II) complex as cat-
alysts. The model reaction between 2-methylquinoline 1a
and benzyl alcohol 2a as test substrates utilizing
Ru(Il) catalysts in combination with various solvents,
bases and temperatures is depicted in Table 1. While
employing Ru(II) complex 1 (1 mol%) as a catalyst, in the
presence of K,CO; and Cs,COj; bases at 110°C in toluene
medium, the ADC reaction gives E-selective olefinated
product 3a with 40%-43% yields (Table 1, entries 1 and
2). Further, the model reaction was performed in tolu-
ene/KOH mixture, and the yield of 3a was increased up
to 60% (Table 1, entry 3). Furthermore, the catalytic effi-
ciency of the complexes 2 and 3 as catalysts was evalu-
ated by allowing the test substrates to perform in toluene
medium, and the product 3a was isolated in 71% and 53%
yields, respectively (Table 1, entries 4 and 5). Among the
three complexes, we found that complex 2 was the most
effective catalyst for this reaction because the electron-
donating group (-OCHj;) enhances the catalytic
activity.m]

The catalyst and base are essential for the catalytic
reaction because in the absence of any of them, the reac-
tion was unfruitful (Table 1, entries 6 and 7). Conspicu-
ously, when the reaction was accomplished with -BuOK
instead of KOH, the yield of 3a was 79% (Table 1, entry 8).
While comparing the yields of the end product, the out-
performance of -BuOK over the other bases was distin-
guished. In the model reaction, switching solvents and
temperatures with #-BuOK base was performed, and
among them, 1,4-dioxane operated well at 80°C
(Table 1, entries 9-14). It has been observed that complex
2 gave the maximum yield of 80% of 3a from the coupling
of 2-methylquinoline with benzyl alcohol under the
conditions of 1,4-dioxane/t-BuOK at 100°C in 20h
(Table 1, entry 15).

In addition, the impact of catalyst loading was investi-
gated. While reducing the catalyst loading from 1 to 0.5
and 0.25 mol%, a decrease of yield of the product 3a was
observed in 51% and 42%, respectively (Table 1, entries
16 and 17).
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Screening of reaction

@1

Chemistry

Ru(ll) NNO catalyst B
e
N

Base, Solvent,

“@ Ny e

Open air 3a

Entry Complex Solvent Base Temp (°C) Time (h) Yield®
1 1 Toluene K,CO;3 110 24 40
2 1 Toluene Cs,CO3 110 24 43
3 1 Toluene KOH 110 24 60
4 2 Toluene KOH 110 24 71
5 3 Toluene KOH 110 24 53
6° — Toluene KOH 130 24 NR
7¢ 3 Toluene — 130 24 NR
8 2 Toluene t-BuOK 130 24 79
9 2 m-Xylene t-BuOK 130 24 66
10 2 t-BuOH t-BuOK 100 24 50
11 2 THF t-BuOK 100 24 45
12 2 Acetonitrile t-BuOK 80 24 20
13 2 Ethanol t-BuOK 80 24 27
14 2 1,4-Dioxane t-BuOK 80 20 68
15 2 1,4-Dioxane t-BuOK 100 20 80
16 2 (0.50 mol%)  1,4-Dioxane t-BuOK 100 20 51
17 2(0.25 mol%)  1,4-Dioxane t-BuOK 100 20 42

Note: Reaction conditions: 2-Methylquinoline (1a; 1 mmol), benzyl alcohol (2a; 1 mmol), complex (1 mol%),
t-BuOK (0.5 mmol) and solvent (4 ml). The bold data in the table indicate the best optimized reaction

condition.

“Isolated yield of 3a product.

®Absence of catalyst.
“Absence of base.

Thus, Table 1 outlined that the best optimal condi-
tions for the ruthenium complexes catalysed selective
E-olefination of methyl N-heteroarenes using primary
alcohols. The reaction operated well at 1 mol% of com-
plex 2 as a catalyst with BuOK as a base in
1,4-dioxane medium at 100°C for 20 h under open-air
atmosphere.

After optimization, the substrate scope of the
olefination reaction was examined, and the findings are
documented in Table 2. The catalytic efficiency exhibited
by the complex 2 in the test reaction was conveniently
applied to 2-methylquinoline and 2-methylpyrazines with
a variety of electronic and sterically different primary
alcohol derivatives and selectivity in E-selective olefin
products seen in every case. Benzyl alcohols
encompassing electron-rich groups such as 4-methyl,
3-methoxy and 4-methoxy substituents resulted 3b-3d in
high yields up to 90% of the desired olefins (Figures S7-
S14). In contrast, electron-deficient groups like 3-chloro,
4-chloro and 3-bromo benzyl alcohols tolerated well with

2-methylquinoline to deliver olefin products 3e-3g
(Figures S15-S20) comparatively low yields (70%-78%).
Fabulously, electron-poor 4-nitrobenzyl alcohol was suc-
cessfully transferred into the respective olefin 3h in 50%
isolated yield (Figures S21 and S22). In addition, the com-
plex 2 effectively catalysed the dehydrogenative coupling
of 2-methylquinoline and benzyl alcohols with two and
three  electron-releasing  substituents  including
3,4-dimethoxy, 2,6-dimethoxy and 3,4,5-trimethoxy ben-
zyl alcohols and furnished the corresponding olefins 3i-
3k (Figures S23-S28) in 73%-83% yields. Besides, the
yield of olefin 31 has been 60% when the ADC reaction
was performed with 2-methylquinoline and electron-
deficient 2,6-dichloro benzyl alcohol (Figures S29 and
S30).

Interestingly, the present catalytic approach can be
exploited for sterically fused aromatic alcohols including
1-naphthalene methanol, 9-anthracene methanol and
1-pyrene methanol, and they were smoothly converted
into suitable olefins 3m-30 with 72%-78% isolated yield
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TABLE 2

Ru(Il) NNO catalyst (2)

Ru(II)-NNO catalysed E-olefination of methyl N-heteroarenes

X
OO

1laorda

3m, 78%

® ®
N/ 2 N/

5a, 75% 5b, 81%
N N
S | S
[N/ _ ONg [N/
5d, 80% 5e, 69%
N N
B A
[N/ 7 Br [N/
59, 64% 5h, 60%
(@)
Ny o~ [N\
[N/ & O\ N/
5j, 63% 5k, 51%

N
& N
[ | A
NS 2 [
N N/
5m, 59% O‘%

t-BuOK, 1,4-dioxane,
100°C, 20 h

5n, 0%

OO

3a or 5a

30, 74%

N
N
®

N

5c, 83%
(0]
N
N
Cl [N/
5f, 72%
Cl
C
N/ 7 O\
5i, 69%
(] o/
Cl N
~N
PV
N
51, 67% O
N
~N
O [NJW\/\/
\ / 50, 0%

Note: Reaction conditions: 2-Methylquinoline (1a) or 2-methylpyrazine (4a; 1 mmol), alcohol (1 mmol), Complex 2 (1 mol%), t-BuOK (0.5 mmol), 1,4-dioxane

(4 ml), 20 h in open air.

(Figures S31-S36). Encouraged by the yield of the olefin
products, the utility of the present catalytic protocol was
further extended to the olefination of 2-methylpyrazine
with various benzyl alcohols derivatives. Under standard
conditions, 2-methylpyrazine smoothly reacted with

benzyl alcohol, 4-methylbenzyl alcohol, 4-methoxybenzyl
alcohol and 3-methoxybenzyl alcohol to led the respec-
tive olefinated pyrazines 5a-5d (Figures S37-S44) up to
83% vyields. Strikingly, the reaction operated well for
2-methylpyrazine  with  electron-deficient  groups
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including 3-chloro, 4-chloro and 3-bromobenzyl alcohols
in 64%-72% yields of 5e-5g (Figures S45-S50). Delight-
fully, the benzyl alcohols comprising electron-rich groups

SCHEME 3 Synthesis of (E)-
2-(2-(pyridin-4-yl)vinyl)quinoline

2-methylquinoline

t-BuOK (0.5 mmol)

Ru(1l)-NNO catalyst (1 mol%)

OH OH
+
>0 cl

1,4 dioxane (4 mL)

2a (1.08g)

100°C, 20 h
SCHEME 4
1a (1.43
SCHEME 5 Gram-scale synthesis of olefin a(14%9)
(a)
©/\ OH £BUOK (0.5 mmol)
1,4 dioxane (4 mL),
2a 100°C, 20 h
(b)
oH Ru(l1)-NNO catalyst 2 (1 mol%)
©/\ t-BuOK (0.5 mmol)
2a 1,4 dioxane (4 mL),

100°C, 20 h
(c)

t-BuOK (0.5 mmol)

1,4 dioxane (4 mL),
100°C, 20 h

@(j\ [ j o
N

2a
(d)

t-BuOK (0.5 mmol)

Ru(I1)-NNO catalyst 2 (1 mol%)

1,4 dioxane (4 mL),
100°C, 20 h

A
~
N
1a 2a

(e)

Ru(I1)-NNO catalyst 2 (1 mol%)

t-BuOK (0.5 mmol)

1,4 dioxane (4 mL),
100°C, 20 h

sotiva
N/

1a 2a'
()

t-BuOK (0.5 mmol)

u(l1)-NNO catalyst 2 (1 mol%)

@Q@

SCHEME 6

1,4 dioxane (4 mL),
100°C, 12 h

pegel

Chemistry

such as 2,6-dimethoxy, 3,4-dimethoxy and 2,3-dimethoxy
are tolerated well with 2-methylpyrazine to provide the
equivalent olefins 5h-5j (Figures S51-S56) up to 69%

Ru(Il)-NNO catalyst (1 mol%) N
©\/j\ /\O t-BuOK (0.5 mmol) N/ P ~ + H,0
1,4 dioxane (4 mL) ‘ _N
100°C, 20 h 3p

3d, 48%

3f, 28%

Competitive experiment between electron-donating and electron-withdrawing groups

Ru(Il) NNO catalyst X

@ O AP + H,0

t-BuOK, 1,4- dioxane N
100°C, 20 h O

3a (1.78g)

No reaction

(I wt

2a'

No reaction

L
N/ Z O + H,O

3a (30%)

‘\/j\/\‘\ + H,O
(30%)

(14%)

Control experiments: (a) in the absence of 1a and catalyst; (b) in the absence of 1a and the presence of catalyst; (c) 1a

treated with 2a, and absence of catalyst; (d) 1a treated with 2a and the presence of catalyst; (e) 1a treated with 2b; and (f) formation of aryl-

2-quinoline-2-yl-ethanol intermediate in presence of catalyst
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yield. Additionally, the benzyl alcohol with electron-
withdrawing substituent, 2,6-dichlorobenzyl alcohol was
elegantly treated under the optimal condition to deliver
the respective 5k (Figures S57 and S58) product in 51%
yield. Pleasingly, sterically hindered aromatic alcohols
produce the appropriate E-olefin products 51-5m
(Figures S59-S62) in moderate yields. Nonetheless,
the reactions of 2-methylpyrazine with heterocyclic and
aliphatic alcohols were found to be unproductive
(Table 2, 5n-50).

Overall, the presence of the easily exchangeable
AsPh; groups has promoted the catalytic efficiency of the
pincer Ru(II)-NNO complexes towards the synthesis of
E-selective olefines in high yields. It should be
highlighted that the current catalytic system performed
well in the open air without any additive/oxidant at
1 mol% catalyst loading.

In addition, one of the antifungal drugs, (E)-
2-(2-(pyridin-4-yl)vinyl)quinoline ~ (3p), has  been

synthesized utilizing the present methodology from
2-methylquinoline and 4-pyridinemethanol with a good
yield (Figures S63 and S64) of 80% (Scheme 3).

A competitive experiment was performed under opti-
mized reaction conditions using benzyl alcohol con-
taining electron-donating (4-methoxybenzyl alcohol) and
electron-withdrawing groups (4-chlorobenzyl alcohol)
with 2-methylquinoline to gain a better understanding of
the electronic effects of substitutes on catalytic activity.
The results outlined that the electron-donating group is
more reactive than the electron-withdrawing group
(Scheme 4).

Further, gram-scale synthesis was also established to
demonstrate the utility of current catalytic protocol. For
that purpose, we performed the reaction of benzyl alco-
hol (1.08 g, 10 mmol) with 2-methylquinoline (1.43 g,
10 mmol) in the presence of catalyst (0.1 g, 1 mol%), t-
BuOK (0.56 g, 0.5 mmol) and 1,4-dioxane (40 ml)
furnished desired 3a in 77% yield (Scheme 5).

X N\RL/CO
<. |\O
AsPhs
\N
(A)
t-BUOK -
OH — » 0K
O/\ -+-BuOH O/\ AsPhy
© ®
_ O/—o K
S N\|L /CO
u
LN
| AsPhs
N s
(B) Q@ o ;[?I@
H,0

t-BuOK

O/\OH O @

X

co O)O:/[@NBI OE)

%/ H,O

L)

olefin product

SCHEME 7 Plausible reaction mechanism
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3 | CONTROL EXPERIMENTS FOR
THE MECHANISTIC INVESTIGATIONS

To get better understanding of the mechanistic study, a
series of control experiments under various reaction con-
ditions has been carried out. Initially, the reaction of ben-
zyl alcohol (2a) in the absence of 1la and catalyst was
conducted under standard condition, but it did not pro-
ceed (Scheme 6a). However, when benzyl alcohol (2a)
was treated under optimal conditions in the presence of a
catalyst, it releases the corresponding aldehyde and
hydrogen gas (Scheme 6b). Moreover, no reaction was
taken place when 2a was reacted with 1a in the absence
of catalyst. However, the reaction generated 3a in 80%
yield, whereas the coupling has been executed with ben-
zyl alcohol 2a in the presence of catalyst (Scheme 6¢,d).
In contrast, 1a reacts with benzaldehyde (2a’; Figures S65
and S66) under standard conditions to give the olefin
product 3a only with 30% of the yield (Scheme 6e).

In addition, the control experiment was carried out to
trap aryl-2-quinoline-2-yl-ethanol intermediate!®* (1a’;
Figures S67 and S68) by reacting 1a and 4-nitrobenzyl
alcohol (2h) in 12 h. Further, 1a’ subsequently under-
went dehydration to furnish the desired olefinated prod-
ucts (Scheme 6f). Hence, on the basis of control
experiments, we strongly believe that the current
olefination reaction occurs via aldehyde intermediate,
which is produced through an acceptorless
dehydrogenative pathway from benzyl alcohol.

From control experiments and previous reports,
a plausible reaction mechanism for olefination of methyl
N-heteroarenes using Ru(II)-NNO pincer catalyst is
depicted (Scheme 7). Initially, the Ru(II)-NNO pincer-
type catalyst (A) reacts with alcohols in the presence of a
base to form ruthenium alkoxide (B). After that, (B)
underwent f-hydride elimination to release aldehyde and
Ru-H species (C). Further, alcohol reacts with ruthenium
hydride species (C) to generate ruthenium alkoxide spe-
cies (B) with the liberation of H,, and thereby, catalyst
enters into the next catalytic cycle. Afterwards, the liber-
ated aldehyde reacts with 2-methylheteroarenes in the
presence of a base to afford aryl-2-quinoline-2-yl-ethanol
intermediate followed by dehydration to yield the desired
olefinated product.

[12,13]

4 | CONCLUSIONS

In summary, the first report on the synthesis of Ru(Il)-
NNO pincer-type complexes mediated selective E-
olefination of methyl N-heteroarenes using primary alco-
hols under mild reaction conditions was described. This
present approach unveiled the synthesis of a variety of E-

Chemistry

selective olefinated products in the maximum yield of
90% using 1 mol% of Ru(II) catalyst loading. The present
approach is efficient, highly facile and environmentally
friendly as hydrogen and water are gentle by-products.
Control experiments and the mechanistic insights
evidenced that the olefination reaction of methyl N
heteroarenes proceeds via ADC pathway. Undoubtedly,
this catalytic strategy discovers a chance for the produc-
tion of biologically important olefins using Ru(II)-NNO
pincer-type catalysts.

5 | EXPERIMENTAL SECTION
51 | The general method for the
synthesis of Ru(II)-NNO pincer complexes

An equimolar ratio of 4-substituted pyrrole ketone
benzhydrazone (1 mmol), [RuUHCICO(AsPh;);] (1 mmol)
and triethylamine (1 mmol) was mixed in benzene
(15 ml; Scheme 2). The resulting reaction mixture was
refluxed for 6 h. The completion of the reaction was mon-
itored by thin-layer chromatography. The resulting solu-
tion was concentrated to 2 ml, and the addition of
petroleum ether (60-80°C) in excess gave a brown solid.

5.2 | Characterization data of complexes
Complex 1. Brown solid, Yield: 80%, m.p.: 228°C (with
decomposition). Anal. Calcd: CsoHyAs;N3O,Ru: C,
62.12; H, 4.27; N, 4.35%. Found: C, 62.08, H, 4.24, N,
4.29%. Fourier transform infrared (FT-IR; KBr, cm ')
1514 V(c=N)» 1,228 V(c—0), 1510 V(C=N—N=C) UV-vis
(CH;CN): Amax (nm) 248, 353, 458. "H NMR (400 MHz,
CDCly): & (ppm) = 7.49 (d, J = 8 Hz, 3H, ArH (ligand)),
7.24-7.06 (m, 32H, ArH (ligand + (AsPhs),)), 6.11 (s, 1H,
pyrrole C—H), 6.04 (d, J = 4 Hz, 1H pyrrole C—H), 5.64
(s, 1H, pyrrole C—H), 1.57 (s, 3H, ligand CH3). °C {'H}
NMR (100 MHz, CDCl;): & (ppm) = 204.05 (Ru—CO),
172.38 (N=C—0), 153.23 (C=N), 137.50, 132.77, 131.36,
128.61, 127.72, 127.52, 127.37, 126.92, 126.18, 112.09,
108.70 (Ar carbons (ligand + (AsPhs),)), 28.76 (ligand
CH,).

Complex 2. Brown solid, Yield: 85%, m.p.: 235°C
(with decomposition). Anal. Calcd: Cs;H43As,N303Ru: C,
61.45; H, 4.35; N, 4.22%. Found: C, 61.40, H, 4.32, N,
4.18%. FT-IR (KBr, cm™): 1522 yic—ny, 1248 vic o), 1517
WC=N—N=C). UV-vis (CH;CN): Ap.x (nm) 246,
347, 451. '"H NMR (400 MHz, CDCl;): & (ppm) = 7.53
(d, J=8 Hz, 2H, ArH (ligand)), 7.34-7.21 (m, 30H,
ArH (AsPhs),), 6.67 (d, J=8 Hz, 2H (ligand)), 6.18
(s, 1H, pyrrole C—H), 6.12 (d, J =4 Hz, 1H pyrrole
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C—H), 5.71 (s, 1H, pyrrole C—H), 3.77 (s, 3H, ligand
OCH;), 1.63 (s, 3H, ligand CH;). “C {*H} NMR
(100 MHz, CDCl3): & (ppm) = 205.07 (Ru—CO), 173.22
(N=C—0), 160.20 (C—OCH,), 153.65 (C=N), 143.94,
138.28, 133.78, 132.42, 129.55, 129.44, 128.32, 127.68,
112.73, 112.44, 109.50 (Ar carbons (ligand + (AsPhs),)),
55.19 (ligand OCH3), 12.77 (ligand CH3).

Complex 3. Brown solid, Yield: 78%, m.p.:
242°C (with decomposition). Anal. Calcd:
CsoH40AS,BrN;O,Ru: C, 57.43; H, 3.86; N, 4.02%.
Found: C, 57.39, H, 3.83, N, 3.99%. FT-IR (KBr, Cmfl):
1530 Yieeny 1279 yc o) 1523 (C=N—N=C). UV-vis
(CH;CN): Amax (nm) 250, 355, 460. '"H NMR (400 MHz,
CDClL): & (ppm) = 7.61 (d, J = 8 Hz, 2H, ArH (ligand)),
7.39-7.37 (m, 2H, ArH (ligand)), 7.34-7.10 (m, 30H, ArH
(AsPhs),), 6.13 (s, 1H, pyrrole C—H) 6.05 (d, J =4 Hz,
1H, pyrrole C—H), 5.63 (s, 1H, pyrrole C—H), 1.55 (s, 3H,
ligand CH;). *C {*"H} NMR (100 MHz, CDCl;): 8 (ppm)
= 203.87 (Ru—CO), 173.22 (N=C—O0), 170.98 (C—Br),
153.48 (C—N), 138.58, 132.65, 132.62, 130.39, 128.58,
128.34, 127.62, 127.43, 127.29, 112.36, 108.91 (Ar carbons
(ligand + (AsPhs),)), 21.59 (ligand CHy).

5.3 | General procedure for the Ru(II)-
NNO pincer catalysed olefination of methyl
N-heteroarenes

In a 4 ml of 1,4-dioxane solvent, methyl N-heteroarenes
(1 mmol), primary alcohols (1 mmol), -BuOK base
(0.5 mmol) and Ru(IT)-NNO pincer catalyst (1 mol%)
were dissolved in a round-bottom flask. The resulting
mixture was stirred at 100°C for 20 h under open-air
atmosphere. Then, the solution was quenched by water
(5 ml) and followed by extraction with EtOAc
(5 x 10 ml). The organic fractions were separated and
dried over anhydrous Na,SO,. The solvent was removed
from the organic fraction under reduced pressure. The
resulting crude mixture was purified by using column
chromatography with ethyl acetate/hexane (5:95) as an
eluent.

54 | Competitive experiment between
electron-donating and electron-
withdrawing groups

4-Methoxybenzyl alcohol 2d (1 mmol), 4-chlorobenzyl
alcohol 2f (1 mmol), 2-methylquinoline (1 mmol), ¢
BuOK (0.5 mmol) and Ru(II)-NNO pincer-type catalyst
(1 mol%) were stirred in 1,4-dioxane medium at 100°C
for 20 h. The resulting mixture was concentrated, and the
formed olefin products were isolated by column

chromatography. The olefin products 3d and 3f were
eluted using ethyl acetate/hexane mixture.

5.5 | Procedure for gram-scale synthesis
In a 40 ml of 1,4-dioxane solvent, 2-methylquinoline
(1.43 g, 10 mmol), benzyl alcohol (1.08 g, 10 mmol), -
BuOK (0.56 g, 0.5 mmol) and Ru(I)-NNO pincer catalyst
(0.1 g, 1 mol%) were dissolved in a round-bottom flask.
The resulting mixture was refluxed at 100°C for 20 h
under open-air atmosphere. Then, the solution was
quenched by adding water (50 ml) and followed by
extraction with EtOAc (2 x 100 ml). The organic frac-
tions were separated and dried over anhydrous Na,SO,.
The solvent was removed from the organic fraction under
reduced pressure. The resulting crude mixture was puri-
fied by using column chromatography with ethyl acetate/
hexane (5:95) as an eluent.

ACKNOWLEDGEMENTS

The authors are thankful to the Science and Engineering
Research Board (SERB; scheme no. EMR/2016/004952)
for providing financial support and for junior research
fellow to V. T. We are also thankful to the DST-India
(FIST Programme) for the use of instrumental facilities at
the School of Chemistry, Bharathidasan University,
Tiruchirappalli 620 024, India. The authors declare no
competing financial interest.

AUTHOR CONTRIBUTIONS

Veerappan Tamilthendral: contributed in the investi-
gation, methodology and writing of the original draft.
Gunasekaran Balamurugan: contributed in the investi-
gation and methodology. Rengan Ramesh: contributed
in the conceptualization, supervision, validation and
writing—review and editing—of the manuscript. Jan
Grzegorz Malecki: contributed in software support.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able in the supporting information of this article.

REFERENCES

[1] a) N. Chatani, T. Asaumi, S. Yorimitsu, T. Ikeda, F. Kakiuchi,
S. Murai, J. Am. Chem. Soc. 2001, 123, 10935; b) F. S. Chang,
W. Chen, C. Wang, C. C. Tzeng, Y. L. Chen, Bioorg. Med.
Chem. 2010, 18, 124; ¢) X. Franck, A. Fournet, E. Prina, R.
Mahieux, R. Hocquemiller, B. Figadere, Bioorg. Med. Chem.
Lett. 2004, 14, 3635; d) C. Torborg, M. Beller, Adv. Synth. Catal.
2009, 351, 3027; e) R. Dumeunier, I. E. Marko, Takeda, T.
Ed. Wiley-VCH: Weinheim, 2004; p 104; f) S. Blanchard, A. D.
William, A. C.-H. Lee, A. Poulsen, E. L. Teo, W. Deng, N. Tu,
E. Tan, K. L. Goh, W. C. Ong, C. P. Ng, K. C. Goh, Z. Bonday,



TAMILTHENDRAL ET AL.

Appl 11 of 11
O talli
Ofganomeraiic W[ LE Y| 21ort

(2]

4]

E. T. Sun, Bioorg. Med. Chem. Lett. 2010, 20, 2443; g) S. A.
Khalil, A. Alkofahi, D. E. Eisawi, A. A. Shibib, J. Nat. Prod.
1998, 61, 262.

a) J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N.
Marks, K. Mackay, R. H. Friend, P. L. Burns, A. B. Holmes,
Nature 1990, 347, 539; b) J. Dai, Z. Q. Liu, X. Q. Wang, J. Lin,
P. F. Yao, S. L. Huang, T. M. Ou, J. H. Tan, D. Li, L. Q. G. Z. S.
Huang, J. Med. Chem. 2015, 58, 3875.

a) W. Cieslik, R. Musiol, J. E. Nycz, J. Jampilek, M. Vejsova,
M. Wolff, B. Machura, J. Polanski, Bioorg. Med. Chem. 2012,
20, 6960; b) K. Mekouar, J. F. Mouscadet, D. Desmaéle, F.
Subra, H. Leh, D. Savouré, C. Auclair, J. d'Angelo, J. Med.
Chem. 1998, 41, 2846; ¢ M. O. Puskullu, B. Tekiner, S. Suzen,
Mini Rev. Med. Chem. 2013, 13, 365; d V. V. Kouznetsov, C.
Gomez, M. G. Derita, L. Svetaz, E. del Olmo, S. A. Zacchino,
Bioorg. Med. Chem. 2012, 20, 6506; e V. V. Kouznetsov, L. Y. V.
Méndez, C. E. P. Galvis, M. C. O. Villamizar, New J. Chem.
2020, 44, 12; f K. Gopaul, S. A. N. A. S. Koorbanally, Anti Can-
cer Agents Med. Chem. 2015, 15, 631; g A. Mrozek-
Wilczkiewicz, M. Kuczak, K. Malarz, W. E. CieSlik, R. M.
Spaczynska, Eur. J. Med. Chem. 2019, 177, 338.

a) G. Wittig, G. Geissler, J. Liebigs, Ann. Chem. 1953, 580, 44;
b) D. J. Peterson, J. Org. Chem. 1968, 33, 780; c) M. Julia, J. M.
Paris, Tetrahedron Lett. 1973, 14, 4333; d) B. E. Maryanoff,
A. B. Reitz, Chem. Rev. 1989, 89, 863; €) J. Clayden, S. Warren,
Angew. Chem. Int. Ed. Engl. 1996, 35, 241; ) L. F. Van Staden,
D. Gravestock, D. J. Ager, Chem. Soc. Rev. 2002, 31, 195.

a) R. F. Heck, J. P. Nolley, J. Org. Chem. 1972, 37, 2320; b) K.
Ferré-Filmon, L. Delaude, A. Demonceau, A. F. Noels, Coord.
Chem. Rev. 2004, 248, 2323; c) R. H. Grubbs, in Handbook of
Metathesis, (Ed: R. H. Grubbs) Vol. 1-3, Wiley-VCH,
Weinheim 2003.

a) S. Hazra, V. Tiwari, A. Verma, P. Dolui, A. J. Elias, Org. Lett.
2020, 22, 5496; b) L. Gong, L. J. Xing, T. Xu, X. P. Zhu, W.
Zhou, N. Kang, B. Wang, Org. Biomol. Chem. 2014, 12, 6557; c)
E. Liang, J. Wang, Y. Wu, L. Huang, X. Yao, X. Tang, Adv.
Synth. Catal. 2019, 361, 3619; d) Y. Ogata, A. Kawasaki, H.
Hirata, J. Org. Chem. 1970, 35, 2199; e) B. Qian, D. J. Shi, L.
Yang, H. M. Huang, Adv. Synth. Catal. 2012, 354, 2146; f) B.
Qian, S. M. Guo, C. G. Xia, H. M. Huang, Adv. Synth. Catal.
2010, 352, 3195; g) H. Omai, T. Yoshino, S. Matsunaga, M.
Kanai, Org. Lett. 2011, 13, 1706; h) L. Xu, Z. Shao, L. Wang, H
Zhao, J. Xiao, Tetrahedron Lett. 2014, 55, 6856; i) V. B. Graves,
A. Shaikh, Tetrahedron Lett. 2013, 54, 695; j) S. Fu, L. Wang,
H. Dong, J. Yu, L. Xu, J. Xiao, Tetrahedron Lett. 2016, 57,
4533; k M. Wang, M. Gao, K. D. Miller, G. W. Sledge, G. D.
Hutchins, Q. H. Zheng, Eur. J. Med. Chem. 2009, 44, 2300.

a) 0. M. Ogba, N. C. Warner, D. J. O'Leary, R. H. Grubbs,
Chem. Soc. Rev. 2018, 47, 4510; b) Y. Yan, K. Xu, Y. Fang, Z
Wang, J. Org. Chem. 2011, 76, 6849.

D. S. Latha, S. Yaragorla, Eur. J. Org. Chem. 2020, 15, 2155.
For selected examples on sp> C-H bonds transformations:a)
V. G. Zaitsev, D. Shabashov, O. Daugulis, J. Am. Chem. Soc.
2005, 127, 13154; b) T. Watanabe, S. Oishi, N. Fujii, H. Ohno,
Org. Lett. 2008, 10, 1759; c) D. Shabashov, O. Daugulis, D.

Shabashov, O. Daugulis, J. Am. Chem. Soc. 2010, 132, 3965; d)
H. Li, B. J. Li, Z. J. Shi, Catal. Sci. Technol. 2011, 1, 191; €)
S.-Y. Zhang, F.-M. Zhang, Y.-Q. Tu, Chem. Soc. Rev. 2011, 40,
1937; f) R. Jazzar, J. Hitce, A. Renaudat, J. S.-K. O. Baudoin,
Chem. Eur. J. 2010, 16, 2654; g) F. Bellina, R. Rossi, Chem. Rev.
2010, 110, 1082; h) T. W. Lyons, M. S. Sanford, Chem. Rev.
2010, 110, 1147; i) X. Chen, K. M. Engle, D. H. W. J. Q. Yu,
Angew. Chem. Int. Ed. 2009, 48, 5094; j) Z. Jamal, Y. C. Teo,
G. S. Lim, Tetrahedron 2016, 72, 2132.

[10] G. Zhang, T. Irrgang, T. Dietel, F. Kallmeier, R. Kempe,
Angew. Chem. Int. Ed. 2018, 57, 1.

[11] M. K. Barman, S. Waiba, B. Maji, Angew. Chem. Int. Ed. 2018,
57,9126.

[12] a)J. Das, M. Vellakkaran, D. Banerjee, Chem. Commun. 2019,
55, 7530; b) J. Das, M. S. M. Vellakkaran, D. Banerjee, Org.
Lett. 2019, 21, 7514.

[13] B. M. Ramalingam, I. Ramakrishna, M. Baidya, J. Org. Chem.
2019, 84, 9819.

[14] C. Zhang, Z. Li, Y. Fang, S. Jiang, M. Wang, G. Zhang, Tetra-
hedron 2020, 76, 130968.

[15] M. Rauch, S. Kar, A. Kumar, L. Avram, L. J. Shimon, D.
Milstein, J. Am. Chem. Soc. 2020, 142, 14513.

[16] C. Gunanathan, D. Milstein, Chem. Rev. 2014, 114, 12024.

[17] H. A. Younus, N. Ahmad, W. Su, F. Verpoort, Coord. Chem.
Rev. 2014, 276, 112.

[18] T. S. Manikandan, R. Ramesh, N. Shivalingegowda, L. N.
Krishnappagowda, ChemistrySelect 2018, 3, 1561.

[19] M. Cao, L. V. Do, N. W. Hoffman, M. L. Kwan, J. K. Little,
J. M. McGilvray, C. B. Morris, B. C. Soderberg, A. Wierzbicki,
T. R. Cundari, C. H. Lake, Organometallics 2001, 20, 2270.

[20] E. Fogler, M. A. Iron, J. Zhang, Y. Ben-David, Y. Diskin-
Posner, G. Leitus, L. J. Shimon, D. Milstein, Inorg. Chem.
2013, 52, 11469.

[21] R Manikandan, G. Prakash, R. Kathirvel, P.
Viswanathamurthi, Spectrochim. Acta A Mol. Biomol.
Spectrosc. 2013, 116, 501.

[22] S. Balaji, G. Balamurugan, R. Ramesh, D. Semeril, Organome-
tallics 2021, 40, 725.

[23] T. M. Aliyeu, D. V. Berdnikova, O. A. Fedorova, E. N.
Gulakova, C. Stremmel, H. IThmels, J. Org. Chem. 2016, 81,
9075.

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

How to cite this article: V. Tamilthendral,

G. Balamurugan, R. Ramesh, J. G. Malecki, Appl
Organomet Chem 2021, e6561. https://doi.org/10.
1002/a0c.6561



https://doi.org/10.1002/aoc.6561
https://doi.org/10.1002/aoc.6561

	Front pages
	Final Thesis
	Publicationss
	Screenshot


