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PREFACE

The thesis entitled "Design and Development of Bis-azo Based Homogeneous 3d-Metal
Catalysts for Auto-Tandem Annulation of N-Heterocycles via Oxidative
Dehydrogenation" presents a glimpse on recent advances in the field of ligand m radical
chemistry derived from tailor-made poly aza chelates. The work initiated with the planned
synthesis of novel organic azo molecules in conjugation with aryl/het-aryl groups. These azo-
aromatics are successfully employed for the preparation of various 3d-metals compounds of

fascinating features and their catalytic behaviour.

The thesis comprises of five chapters.

Chapter 1 gives the general introduction of concise report of this thesis along with brief
description of redox-active azoaromatic compounds. A concise literature review of sustainable
approaches in transition-metal catalysis for the activation and functionalization of small
organic molecules. Physical methods, computational details and equipments used for the

characterization of compounds have been accounted in the last section of this chapter.

Chapter 2 highlights the development and application of a homogeneous, isolable, air- and
moisture-stable zinc catalyst stabilized by an electron-deficient N*N”N pincer-type ligand.
This ternary, penta-coordinated neutral catalyst, [Zn(N*N"N)Cl:], facilitates the selective
synthesis of a-alkylated ketone derivatives (/4 examples) via a one-pot acceptorless
dehydrogenative coupling (ADC) reaction between secondary and primary alcohols,
employing the borrowing hydrogen (BH) methodology. The reactions proceed with good to
excellent isolated yields, reaching up to 93%. Notably, this catalyst also enables the efficient
synthesis of quinoline derivatives (32 examples) by utilizing 2-aminobenzyl alcohols as
alkylating agents through a sequence of dehydrogenative coupling and N-annulation steps. The
catalyst is characterized by its cost-effectiveness, ease of synthesis, and environmentally
benign nature, along with remarkable stability during catalytic cycles under open-air
conditions. This is evidenced by its high turnover number (~10%). Activation is achieved under
mild conditions with a catalytic amount of base, making this system a robust and practical tool

for sustainable synthetic transformations.



Chapter 3 demonstrates Highly efficient Ni-catalyzed C-N/C—C bond formation from
amidines during the [3 + 2 + 1] annulation by primary alcohols alone or by primary alcohols
with secondary alcohols/phenyl acetylenes has been successfully accomplished toward scaled
synthesis of s-triazine and pyrimidines, respectively. The reaction takes place efficiently for a
wide range of substrates (76 examples). This catalyst that promotes this process is has a higher
turnover number (TON) than previously methods using homogeneous catalysts. The results of
mechanistic studies suggest that the process takes place through a pathway that begins with Ni-
catalyzed dehydrogenation of the alcohol, which is followed by sequential condensation,

cyclization, and dehydrogenation.

Chapter 4 contains the report of an eco-friendly and efficient method for the synthesis of
biologically relevant poly-substituted pyridines, including penta-substituted derivatives, using
anickel-metalloradical catalyst. This strategy employs readily available primary and secondary
aryl alcohols and ammonium acetate to achieve polyfunctionalized pyridines through catalytic
dehydrogenative alcohol oxidation, affording products in good to excellent yields (68-93%)
in. The microwave-assisted, solvent-free domino [2 + 2 + 1 + 1] annulation involves
consecutive C—C and C-N bond formations, followed by catalytic dehydrogenative
aromatization. The nickel-metalloradical catalyst efficiently serves dual catalytic cycles
namely alcohol dehydrogenation and ring aromatization, both via single-electron transfer
(SET) pathways. An important aspect of this approach is that it generates only environmentally
benign byproducts, such as H.O and H-0O:, without requiring external oxidants or additional
additives. This green and cost-effective methodology adheres to green chemistry principles,
offering simplicity and excellent E-factor values (0.3-0.5), representing a significant

advancement in functionalized pyridine synthesis.

Chapter 5 explores a catalytic approach to synthesizing E-configured vinylarenes through the
dehydrogenative coupling of secondary alcohols or ketones with 2-amino primary alcohol
derivatives i.e., Friedldnder annulation reactions. A novel penta-coordinated Cu(Il) catalyst,
stabilized by N*N”N pincer-type ligands, facilitates this reaction, yielding products in high
yields and selectivity. The process generates hydrogen peroxide and water as environmentally
friendly by-products. This method offers a significant advantage over previous homogeneous
catalytic systems, demonstrating a higher TON. Mechanistic studies suggest a pathway

involving initial Cu-catalyzed alcohol dehydrogenation, followed by condensation.
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Chapter 1

A Concise Literature Review of Sustainable
Approaches in Transition-Metal Catalysis for
the Activation and Functionalization of Small

Organic Molecules




[I.1] General Introduction

The core idea behind sustainable transformation is to develop new synthetic methods for
producing essential pharmaceuticals, chemicals, and materials.! Consequently, there is
considerable interest in establishing modern procedures that address the need for
environmentally friendly and durable alternatives to traditional methods.? Catalysis is a crucial
component of sustainable transformations, as it not only lowers activation energy but also
reduces the number of steps needed to synthesize a specific molecule.? The production of bulk
and fine chemicals, pharmaceuticals, agrochemicals, energy, materials, and even
environmental remediation technologies rely heavily on catalysis. Catalysts drive chemical
transformations, enabling a faster, simpler, and safer conversion of reactants into target
products. Notably, catalysis enhances resource efficiency and minimizes waste, with catalytic
processes now responsible for over 75% of modern industrial chemical operations.*
Consequently, a key goal in chemical research is to develop catalytic methodologies that are
both cost-effective and eco-friendly. Transition metal-catalyzed activation and
functionalization of small molecules have garnered significant interest in the sustainable
advancement of new catalytic methods for C-X (X = O, N, C, etc.) bond functionalization.’
This approach is applicable to the synthesis of bioactive natural products, agrochemicals, drug
molecules and essential pharmaceuticals.® Consequently, transition-metal catalysis has become
a prominent research area. Although extensive research has been conducted over recent decades
on the use of novel transition metals (such as Pd, Rh, Ir, Ru), the high cost of these metal
catalysts restricts their use in large-scale synthesis.”Therefore, the use of cost-effective and
earth-abundant metals for the activation and functionalization of small molecules presents an
ideal alternative in this context.

Traditionally, organic synthesis in laboratories focused on two primary areas: total synthesis®
and methodology development.” However, with the rise of catastrophic diseases worldwide
(such as SARS-CoV), the current guiding principle in organic synthesis has shifted towards
synthesis for purpose.

The use of advanced techniques for the production of drug derivatives or pharmaceuticals has,
therefore, become the most focused area of research in this century.!

Alcohols are widely found in biomolecules and present valuable opportunities for building
chemical libraries. Furthermore, their significant presence in pharmaceuticals underscores their

potential for late-stage modifications. 1 It is widespread and exhibits remarkable structural
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Figure 1: The most prevalent functional groups in the ChEMBL database, with molecule
counts and percentages shown below (left), Pie chart of the most common functional groups in

the ChEMBL database (right).

diversity, with extensive applications as a native functional group in organic synthesis from a
commercial perspective (Figure 1). In the past decade, alcohol has been widely used as a more
environmentally benign chemical in numerous organic conversions. '? As a result, alcohol has
become a popular reagent for synthesizing value-added products and developing various
sustainable methodologies. Dehydrogenation is a key organic reaction in which adjacent
hydrogen atoms are removed to produce a reactive compound (Figure 2A). Though, the overall
process is endothermic. 12¢ Due to the thermodynamic inefficiency of the reaction, some form
of external activation is required. To achieve effective transformation, chemists traditionally
used stoichiometric amounts of oxidants, but this approach generated significant amounts of
hazardous waste. To develop a sustainable methodology where hydrogen gas, water, hydrogen-
peroxide are generated as by-products, an effective combination of catalytic systems is
essential.’?® As we know, hydrogen gas can be used as a power source or as a fertilizer in the
agrochemical industry. However, storing hydrogen gas is challenging and requires high-
pressure vessels. Alternatively, in-situ generated hydrogen gas can be further utilized in various
organic transformations.!® If an additional nucleophile were introduced into the reaction

system, it could lead to the formation of different products.
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Figure 2: A. Classical dehydrogenation reaction, B. Acceptorless dehydrogenating coupling

(ADC), C. Borrowing hydrogen (BH) methodology.

Acceptorless dehydrogenation (AD)!2¢ represents a methodology wherein the dehydrogenated
intermediate subsequently participates in nucleophilic addition with an external nucleophile,
yielding hydrogen gas/water/hydrogen-peroxide as by-products (Figure 2B). Another approach
involves the in-situ generation of hydrogen atom or hydride by a metal catalyst, which can be
returned within a one-pot process. This enables multiple bond-breaking and bond-forming
steps that are challenging to achieve even in three separate steps. This overall process is known
as the Hydrogen Auto-Transfer process or Hydrogen-Borrowing (HB) methodology (Figure
2C).122b Throughout my doctoral research, I conducted an in-depth investigation of these
catalytic strategies and applied them to activate and functionalize small molecules. The
developed strategies include: (a) both BH and AD method for synthesizing homogeneous
a-alkylated ketones and N-heterocycles with primary alcohols, (b) Highly efficient Ni-
catalyzed C—N/C—C bond formation from amidines during the [3 + 2 + 1] annulation by
primary alcohols alone or by primary alcohols with secondary alcohols/phenyl acetylenes, (c)
Highly efficient Ni-catalyzed C—N/C—C bond formation from secondary alcohols during the [2
+ 2 + 1 + 1] annulation by primary alcohols and ammonium acetate and (d) Cu(Il)-catalyzed
dehydrogenative coupling of secondary alcohols or ketones with 2-amino primary alcohol

derivatives i.e., Friedldnder annulation reactions.



[I.1.1] Transition metal-catalyzed a-alkylation of ketone:

The a-alkylation of carbonyl compounds via transition-metal catalysis using renewable
resources offers a sustainable method for constructing new C—C bonds.'* This approach enables
access to a variety of functionalized organic compounds widely utilized in agrochemical
applications, pharmacology, and materials science. The use of readily available alcohols for the
a-alkylation of ketones through the borrowing hydrogen approach eliminates the need for pre-
synthesized alkyl halides and cryogenic temperatures, while generating water and hydrogen
peroxide as by-products. In this context, transition-metal-catalyzed a-alkylation of ketones and
secondary alcohols using alcohol as a sustainable reagent has shown significant potential.
Precious metal-catalyzed a-alkylation of ketone:

In 2006, Grigg et al. employed alcohol as an alkylating agent for the microwave-assisted

functionalization of 1,3-diethyl barbituric acid (Scheme 1).131n 2016, Wang and

0 [IrCp*Cl]; (2.5 mol%) P
,N_’<; e KOH (15 mol%) D:<N R
o=, + R "OH 110 °C, 10 min .
_Ir LY
/o

N—
AN MWI

9 examples, 76-91% vyield

Scheme 1. Ir catalyzed a-alkylation of 1,3-diethyl barbituric acid
Shi developed alanine triazole (L2) and employed it as a ligand in the Ru-catalyzed -
alkylation of ketones (Scheme 2, method A).1¢

: N
! L N L2
| PNFON M
! j) + 27 Precious base metal o ! \ H i =
. R k R OH catalysis R1T ™~ RE2 \H,Nﬁ_./ 0
i . - 0 H
! ' ;ﬂ‘«rw )
method B Cl N

method A RhCHCOVERh 2 19% method C j >’_|F(COD}|C|
RuCp"Clyl; (2 molt)  KNZLECNFFN (B A ir-cat 11 (0.05 moi%) ¢ N

L2 (4 mol%) ( eq_ul\l'.:], KOH (5 ”10|%}. toluene, A )Ar = 4-CF3-C5H4

t-BuONa, toluene, 110 °C 1.4-dioxane 130 °C r ircat 11

Scheme 2. Precious metal catalyzed a-alkylation of ketone

Feng and his group also employed Rh-based catalysis for a similar reaction, where water was
the only by-product formed (Scheme 2, method B).1” Subsequently, Giilecemal and his group

introduced Ir-catalyst for the same reaction. They demonstrated that using 0.05 mol% Ir-cat 11,
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along with a catalytic amount of base KOH, effectively alkylated a variety of electronically
substituted ketones with good yields (Scheme 2, method C).® In 2012, Baratta groups
demonstrated that the readily available complexes [MCI2(dppf)-(ampy)] (M = Ru, Os; dppf =
1,1'-bis(diphenylphosphine) ferrocene; ampy = 2-aminomethyl pyridine) were effective
catalysts for the a-alkylation of a-tetralone in the presence of a base. A TOF of up to 10"5 h™!
indicated that the catalyst efficiently facilitated the cleavage of the a-C—H bond of alcohols
(Scheme 3, method A).! In 2017, Venkatasubbaiah et al. isolated and characterized a

method A: Baratta method overview Ph,P 3
/ _‘\. CI\ __.'\“ e
O N—RO—P~
I /4 clr { Ph.
—N
<7 Ru-cat 13
Ru-cat 13/ Os-cat 14 (1 mol%) )L H H !
T P +BuOK (30 mol%) /\ y)
[ ) =7o I -
e t-BuOH/toluene NN ) P"’lzp Fe _
120 °C __y
N Os—FP
" _/ /| Ph,
H H Os-cat 14
method B: Venkatasubbaiah method overview CF4
Palladacycle (1 mol%) (o] )\
fL @ 4 poge P@FUR@mo%) A R phf”\ \ o 0,
R" ™~ LiOH (25 mol%) T B 0\»/'0 \\N_’ \wPh
80-100 °C, 24 h "RY

P(2-Fur); = P{C4H;0);
Palladacy[:le

Scheme 3. Precious metal catalyzed a-alkylation of ketone

pyrazole-based palladacycle and used this catalyst for the a-alkylation of carbonyl compounds
with the aid of the ancillary ligand P(2-Fur);. Additionally, they demonstrated the synthesis of
the drug Donepezil (used for Alzheimer's disease) in a 46% yield (Scheme 3, method B).2°

Non-precious metal-catalyzed a-alkylation of ketone

In 2016, Darcel et al. developed an iron-catalyzed a-alkylation reaction between ketones and
primary alcohols. The use of a Knolker-type Fe-catalyst (Fe-cat 15, 2 mol%) in the presence of
Cs2CO3 as a base (10 mol%) was essential for the reaction's effectiveness under hydrogen-
borrowing conditions (Scheme 4, method A).2! Subsequently, Renaud et al. modified the Fe
catalyst by incorporating an electron-rich cyclopentadienone ligand, while Zheng et al.

introduced the Co-PNP pincer complex for the same reaction. Ketones with both electron-



donating and electron-withdrawing groups reacted efficiently, yielding the product in good
yields (Scheme 4, method B).?? Similarly, Beller et al. demonstrated the alkylation of ketones
with various alcohols using Mn-cat 14. The functionalization of several important ketones,
including 2-oxindole, estrone 3-methyl ether, and testosterone, was achieved using manganese

complexes with non-innocent PNP pincer ligands. Mechanistic studies suggested that the

method A ;TMS
Fe-cat 12 (2 mol%) 7=
th:} (2 nlOl%}, 0 v|
Cs,C04 (10 mol%)
. T™S
R 7 TR? ocfe “CO
140 °C, toluene, 24-48 h co
24 examples
Fe-cat 1
40-98% yield Frarts -
BAr 'l
method B (7__.'301!»
Co-cat 13 (2 mol%) o} AV
o £-BUOK (5 mol%) H-N—Co-R
. o ~ d
2 L N R?
RN R ORI e tolvene, 24 h PCY2
+ toluene, 26 examples R = CH;SiMe;
35-98% yield Co-cat 16
_________ Lo
method C |—PR,
Mn-cat 14 (2 mal%) © 1\/ [ &
Cs,C0; (5 mol%) R!  ~~"g2 H-N -}.’IH—CO
0.t
140 °C, +AMOH, 22 h examples PR, “cO
29-92% vield R = i-Pr
Mn-cat 17

Scheme 4. Non-precious metal catalyzed a-alkylation of ketone

alcohol-dehydrogenation process could be facilitated by an intramolecular amide group
(Scheme 4, method C).23 Alcohols have attracted significant interest as feedstock molecules
for both academic and industrial transformations. The process of selectively producing these
ketones is highly challenging, and transition metal catalysts have been employed to achieve the
anticipated alkylated products.

[I.1.2] Transition metal-catalyzed B-alkylation of alcohol

Alcohols have attracted considerable interest as feedstock molecules for both industrial and
academic transformations. The use of readily accessible alcohols for the synthesis of long-chain
linear or branched alcohols, known as B-alkylation of alcohols, is simplified through the
application of the sustainable hydrogen-borrowing strategy. Selectively synthesizing these
alcohols is a complex process, and transition metal catalysts are employed to achieve the

required alkylated products.



Precious metal-catalyzed -alkylation of alcohol
In 2005, Yamaguchi, Fujita, and colleagues presented the first report on Ir-catalyzed B-

alkylation of secondary alcohols. According to the mechanistic analysis, the unsaturated enone

method A
[Cp*IrCly),] (1 mol %) OH
t-BuONa/NaOH (3 equiv.) R’W\‘Rz
teluene, 110 °C, 17 h
NN Tll H
method B g o N
! /‘--N/l\N)\lrl/ —
RUCly(PPhs)s (5 mol%) ! . a N
i OH NN | SN
KOH (3 equiv.) ) HRn/
1-dodecene R \/\RQE " e” | Ru-cat18
oH dioxane, 80 °C, 40 h : Cl -
' : RS
! W — v
R“l\ + R?OH : \/_ H /> “
method C ' /x: N N—
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KOH ( 20 mol% 1PhP— /N Prhs
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N . B- :
' Ru-cat 19
method D
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toluene R ~""R?

reflux, 75 min

Scheme 5. Non-precious metal catalyzed B-alkylation of alcohol

intermediate was converted to the final alcohol product by the in-situ formed iridium hydrido
species (Scheme 5, method A).2* Chao and coworkers demonstrated the cross-coupling of
secondary alcohols (carbinols) with primary alcohols in dioxane at 80 °C to produce the
corresponding linear secondary alcohols, using RuCl>(PPh3);, KOH, and a sacrificial hydrogen
acceptor (Scheme 5, method B).2® Yu and coworkers introduced a pyridyl-based Ru-NNN
pincer catalyst for alcohol cross-coupling. Using 1 mol% catalyst and 20 mol% KOH, they
efficiently converted a variety of electronically substituted secondary alcohols into their
corresponding B-alkylated products in good yields. Furthermore, they successfully alkylated
both B-sites of cyclopentanol from a range of source alcohols (Scheme 5, method C).2¢In 2016,
Kundu and coworkers employed a ruthenium complex containing hydroxy bipyridine for the
same process. A high turnover frequency of 797.6 h™! was achieved due to low catalyst loading

and a relatively short reaction time (Scheme 5, method D).’



Non-precious metal-catalyzed B-alkylation of alcohol

In 2018, Yu and coworkers demonstrated that an active Mn-NNN pincer catalyst, incorporating
pyridine, pyrazole, and imidazole scaffolds, facilitated the B-alkylation of secondary alcohols
with primary alcohols. The reaction, conducted in toluene, required 1 mol% of the Mn-NNN
complex and 25 mol% of base under inert conditions. A variety of primary and secondary
alcohols (both aryl and alkyl) efficiently participated in the reaction to yield the desired
products. Cholesterol was successfully alkylated with good yield, and the synthesis of a
flavonoid derivative highlighted the synthetic utility of the method (Scheme 6, method A).?8

method A . Z ,1 H
Mn-cat 20 (2.1 mol%) o, L g /l\“ ~ N
+-BUOK ( 30 mol%) : < < CON— Q\ >
toluene R’ R%: / /’/
Nj, 110 °C, 24 h : oc” |
: Cco
Mn-cat 20
method B +

OH Mn-cat 21 (1-3 mol%) ,-
-BuOK (25 mol%) ~N ~ |
J\ + RZ TOH J\./\Rzl J PUN

toluene |
135°C, 20 h | N

method C : HN—I—PRZ
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R R2! _f
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20-44 h 5 R = i-Pr H' 2
; Co-cat 22

—Cl

Scheme 6. Non-precious metal catalyzed -alkylation of alcohol

Reuping et al. introduced a pyridine-based Mn-PNP pincer catalyst for the same reaction.
Notably, deuterium scrambling tests indicated that the catalyst functioned via the hydrogen-
borrowing methodology, involving the formation of a monohydride metal species and metal-
ligand cooperation (Scheme 6, method B).?° In 2017, Kempe and coworkers reported the first
Co-PNP pincer compound based on triazine for the synthesis of B-substituted linear ketones
via cross-coupling of secondary alcohols with primary alcohols. The reaction required the use
of the strong non-nucleophilic base KHMDS (potassium bis(trimethylsilyl)amide). Various
alkyl alcohols, including n-alkyl and cyclopropane alcohols, participated efficiently, leading to
B-alkylated alcohols with up to 63% isolated yield (Scheme 6, method C).3°



[I.1.3] Transition metal-catalyzed quinoline synthesis:

The Friedldnder annulation reaction is a popular method for synthesizing quinolines. It involves
condensing 2-aminobenzaldehydes with carbonyl compounds containing an active methylene
group, using either acid or base as a catalys.3! Due to the inherent limitations of the Friedldnder
annulation reaction, various transition metal-catalyzed approaches have been developed to
utilize more stable and readily accessible starting materials such as 2-aminoaryl alcohols and
ketones.3? However, many of these methods necessitate the use of large excesses of coupling
partners or sacrificial hydrogen acceptors. Subsequently, several greener methodologies have
been developed that employ alcohols as coupling partners. This section will discuss recent
developments in the field that utilize alcohols as sustainable starting material. A general
schematic representation of quinolines synthesized through the acceptorless dehydrogenative

coupling (ADC) strategy are illustrated in Scheme 7.

=N <base
L
R F H;O @/{

Scheme 7: A general representation of the synthesis of quinoline

Precious metal-catalyzed quinoline synthesis:

In 2014, Kempe and coworkers reported a bidentate PN-ligand-based Ir(I) complex catalyzed
acceptorless dehydrogenative coupling of primary amino alcohols and secondary alcohols to
synthesize quinolines, liberating H> and H2O (Scheme 8). The reaction proceeded with a low
catalyst loading (0.1 mol%) and a catalytic amount of base, although requiring a large excess

(5 equiv.) of alcohols.

OH Cat 1(0.1-0.2 mol%) ]
J\/ KO'Bu (0.5 equiv.) | N0 N_Y
e ~ -
THF,110°C,24h AP\ g, XN Jre==
R

/
— 1 Me HN=p(ier),
Kempe, 2014 up to 94% yield Cot. 1
10 substrates

Scheme 8: Ir(I)-Catalyzed synthesis of quinolines.

In 2019, the Sortais group reported a well-defined rhenium complex containing a tridentate
diphosphinoamino ligand, which catalyzed the dehydrogenative coupling of o-aminoaryl
alcohols and secondary alcohols (Scheme 9). Notably, this was the first report on the synthesis

of quinolines using a molecularly defined Re(I) complex in the presence of a catalytic amount
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of base (10 mol%). While the method proved effective for aromatic substrates, cyclic alcohols

and aliphatic showed no reactivity under the reported conditions.34

) Cat 7 (1 mol%) R H
. oH OH KO'Bu (10 mol%) o m 3 I/\'l'/ﬁ_]ar
f € By Toa o o axnsn Ry )
NH, Ry toluenzed, :'50 C N R, thp_/Rei—Pphz
” - 18 substrates oC (‘:oco
Sortais, 2019 up to 96% yield Cat.7

Scheme 9: (PNP)Re complex catalyzed synthesis of quinolines

In 2019, Kundu and colleagues introduced a sustainable protocol for a similar synthesis
conducted in water (Scheme 10). They synthesized and evaluated several new bidentate Ir(III)
complexes, identifying a 2-hydroxypyridine-based bifunctional Ir(III) complex 8 as the most
reactive. A wide range of quinolines was synthesized directly from 2-aminobenzyl alcohol

derivatives, achieving good to excellent yields.3?

e
| H oo
OH Cat. 8 (1.5 mol%) P N cl
OH T KOH (1.5 equlv. 21 |HOT N
™ L T i o [ X
NHgNO, T H;0,120°C, 24 h NZ R, /Ir/
under air 37 substrates L
Kundu, 2019 up to 98% yiekd

Cat. 8

Scheme 10: Ir(III)- catalyzed synthesis of quinolines

Non-precious metal-catalyzed quinoline synthesis:

Paul and co-workers in 2017 reported a nickel-catalyzed synthesis employing a tetra-aza
macrocyclic ligand-based Ni(Il) complex (Scheme 11). The catalyst demonstrated broad
substrate applicability, affording the final products in good to excellent yields. Mechanistic
investigations, including several control experiments, provided evidence supporting the
proposed pathway, wherein alcohol dehydrogenation proceeds through nickel-hydride

intermediates.3¢

Cat. 3 (8 mor%) il
OH " R
OH KO'Bu (2 equiv.) b NN
Ry A Rs tomene 50°C, 360 ™ 2 @ M D
NH, Rs y ' N° R; N N
Paul, 2017 35 subsirates g
up to 83% yleld Mei:'/:"‘e

Scheme 11: Ni(I)- catalyzed synthesis of quinolines

Subsequently, in 2016, Kirchner and co-workers reported a similar base-metal-catalyzed
synthesis (Scheme 12). The study involved the screening of several pyridine- and triazene-
based well-defined tridentate (PNP)-pincer Mn(I) complexes. Among these, catalyst 2

featuring Mn—H exhibited the highest reactivity. Under optimized conditions, various quinoline
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derivatives were synthesized in good to excellent yields, employing excess amounts of base as

additives.?’

on 1 el i R O\ W OH KE?; s[?zmom SO Iy 17
u (1.2 equiv ’
¢ 2 g - My = By |
NH, KOH (1 equiv.) N R |y Na—P (P}, MMy e NZ R, |Bu M
toluene, 140 *C, 24 h e | " 16 subatrate < Lo
16 substrates oc to rates o 0
Kirchner, 2016 up 1o 91% yield A Srimani, 2018 up b BE% yield Cat &

Scheme 12: (a) (PNP)Mn(Il)- catalyzed synthesis of quinolines (left), (b) (NNS)Mn(II)-
catalyzed synthesis of quinolines (right).

In 2018, Srimani and co-workers reported a quinoline synthesis utilizing an NNS-pincer ligand-
based Mn(I)-pincer complex (Scheme 12). The study highlighted solvent-free reaction
conditions, enabling the use of alcohols to achieve good to excellent yields of the desired

products.38

[I.1.4] Transition metal-catalyzed dehydrogenative synthesis of s-triazines and
pyrimidines:

The synthesis of nitrogen-containing heterocycles, including triazines, pyrimidines, pyrroles,
quinolines, indoles, quinazolines and pyridines from simple alcohols is a growing area of
interest in sustainable and eco-friendly organic chemistry.’® Among these nitrogen-containing
heterocycles, the triazine framework is widely found in numerous pharmaceuticals various
herbicides, polymers and fungicides.*® Various other triazines demonstrate a broad spectrum of
pharmacological activities, such as antimalarial, anticancer, antiviral, antiprotozoal, antitumor,
antimicrobial antituberculosis, anti-HIV, and anti-HS V-1effects.#! Pyrimidines are fundamental
structural units commonly found in pharmaceuticals, natural products, and functional
materials.*> Numerous poly-substituted pyrimidine derivatives exhibit significant biological
activities, such as antibacterial, anti-inflammatory, anticancer, and antimicrobial effects.*3
Additionally, pyrimidine-containing polymers play a vital role in functional materials,

including fluorescent compounds, semiconductors, and photophysical applications#4

Precious metal-catalyzed synthesis of s-triazines:

Li et al. in 2016 reported a cascade dehydrogenative synthesis of triazines from stable aryl-
substituted alcohols and amidines catalyzed by an iridium complex [Cp*Ir[2]2/Xantphos
(Scheme 13). This was the first successful application of an iridium catalyst in such a

transformation.*’
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Scheme 13. Precious metal catalyzed synthesis of s-triazine

In 2022, Poly and coworkers demonstrated that an active Pt-nanoparticle catalyst, facilitated
the synthesis of triazines from alcohols and amidines. The reaction, conducted in toluene,
required 1 mol% of the Pt/Al,0; catalyst and 10 mol% of base under reflux conditions. A
variety of primary alcohols (both aryl and alkyl) efficiently participated in the reaction to yield

the desired triazines (Scheme 14).46

Rz
NH 1 mol% PYAI,O
e Non ¢ K - S
Ry” °NH 10 mol% KOH ,Jl\ 'A
1.0 mmol 10mmol 1mLtoluene, reflux, 2dh  R;” "N™ "R,
1a 2a 3a

Scheme 14. Precious metal catalyzed synthesis of s-triazine

In 2014, Zhang and coworkers established [RuCl2(p-Cymene)]o/Cs2COs as an efficient catalyst
system, enabled the synthesis of triazines from alcohols and amidines. The reaction, conducted
in DMSO, required 1.5 mol% of catalyst and 1.0 mmol of base at 110 °C. A variety of primary
alcohols and amidines (both aryl and alkyl) efficiently participated in the reaction to yield the

desired triazines (Scheme 15).47

Hd
I
R OH i [RuCls(p-Cymene)]; 1.5 mol3,16 h MTEN
RZ” “NH, * HCI - RH..l'.MN,LHE
110°C, Cs;C05 .1 mL DMSO
1 2 3

Scheme 15. Precious metal catalyzed synthesis of s-triazine

Precious metal-catalyzed synthesis of pyrimidines:
In 2015, kempe and coworkers established iridium as an efficient catalyst A, enabled the
synthesis of pyrimidines from alcohols and amidines. The reaction, conducted in tert-amy;

alcohol, required 0.5 mol% of catalyst and 1.1 equiv. of base under inert conditions. A variety
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of primary alcohols and amidines (only aryl) efficiently participated in the reaction to yield the

desired triazines (Scheme 16).48

wpA
OH . OH . R? rert-amy;rl aelguhul _ N”lQ‘N "‘&/"L Qii:m:;% Gt @N
R L‘R2 HZNANH reflux (24 h) RVJI\,ARQ ot —hype, DX RoR '\"j:::'?"“-?'h
1 2 3 - ; :io 4, yigld® . ) \‘

Scheme 16. Precious metal catalyzed synthesis of pyrimidine

In 2018, Shimizu and coworkers established Pt/C as an efficient catalyst, enabled the synthesis
of pyrimidines from primary and secondary alcohols and amidines. The reaction, conducted in
toluene, required 1.0 mol% of catalyst and 1.1 mmol of base under reflux conditions. A variety
of primary alcohols and amidines (only aryl) efficiently participated in the reaction to yield the

desired triazines (Scheme 17).4

Fh
1 mol% PUC
J\ + pp + NHz - N‘J“\“N
1 2a 3a 2 mL toluene R Ph
1.25 mmol 1.5 mmol 1 mmoal reflux, 24h 4a-4g

Scheme 17. Precious metal catalyzed synthesis of pyrimidine

Non-precious metal-catalyzed synthesis of s-triazines:

In 2020, Adhikari and coworkers established nickel as an efficient catalyst 1, enabled the
synthesis of triazines from alcohols and amidines. The reaction, conducted in toluene, required
5 mol% of catalyst and 0.5 mmol of base at 80 °C. A variety of primary alcohols and amidines

(only aryl) efficiently participated in the reaction to yield the desired triazines (Scheme 18).3

HN.a_ NH, ,.
OH ¢
O " 1 (5 mol%), KO'Bu " o,N|/°
(R Tol,80°C, 8 h @A )@

Me
(2a-21) I + KO'Bu

Scheme 18. Non-precious metal catalyzed synthesis of triazine

In 2015, Zhang and groups demonstrated Cu(OAC)2 as an efficient catalyst, enabled the
synthesis of triazines from alcohols and amidines. The reaction, conducted in toluene, required

10 mol% of catalyst and 2 equiv of base at 110 °C. A variety of primary alcohols and amidines
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(both aryl and alkyl) efficiently participated in the reaction to yield the desired triazines
(Scheme 19).51
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Scheme 19. Non-precious metal catalyzed synthesis of triazine

In 2022, Paul and his groups demonstrated zinc-stabilized azo-anion radical catalyst as an
efficient catalyst, enabled the synthesis of triazines from alcohols and amidines. The reaction,
conducted in toluene, required 3 mol% of catalyst and 0.5 equiv of base at 100 °C. A variety of

primary alcohols and amidines (both aryl and alkyl) efficiently participated in the reaction to
yield the desired triazines (Scheme 20). 2

#N
_N\ cl
3 3, r,N—i-‘:lfl
2 NHy, 1a(30mol%) N7SN = X
Ar” "OH * R™SNH Zn dust, KO'Bu R,..LN/,‘\Ar Q
Toluene,100°C rR=cI, 1a | P
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Scheme 20. Non-precious metal catalyzed synthesis of triazine

Non-precious metal-catalyzed synthesis of s-pyrimidines:

In 2016, kirchner and groups demonstrated that an active Mn-PNP pincer catalyst, facilitated
multicomponent synthesis of primary alcohols, secondary alcohols with amidines. The
reaction, conducted in toluene, required 5 mol% of the Mn-PNP complex and 1.5 mmol of base
under inert conditions. A variety of primary and secondary alcohols (only aryl groups)

efficiently participated in the reaction to yield the desired product (Scheme 21).53

cat. B (5 mal%) P y )
-BuOK
Ph oH OH KOH Ny N—}—rPrs i - Np— -
) J\ 4 —_— | A ‘N—/m—cc QH/ L o Z_ S—h—co
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HzN NH R 54 140 °C n1*¢'\ -] HR=FiPrs HN=P#r; A
A co B o e co

Scheme 21. Non-precious metal catalyzed synthesis of pyrimidine
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In 2019, paul and groups demonstrated iron-catalyzed multicomponent dehydrogenative
functionalization of alcohols to pyrimidines under atmospheric conditions. Using a well-
defined Fe(Il)-complex featuring redox noninnocent 2-phenylazo-(1,10-phenanthroline)
ligand, as a catalyst. The reaction, conducted in toluene, required 3.0 mol% of the Fe-NNN
complex 1b and 0.5 equiv. of base under inert conditions. A variety of primary and secondary
alcohols (both aryl and alkyl groups) efficiently participated in the reaction to yield the desired
product (Scheme 22). 34

Present work RA
L JFLH B0k "I =y
' 2 —
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(a) Fe-catalysed Pyrimidine synthesis. | s N/ N
{b) Phosphine free ligands. | | i
() Metal-ligand cooperativity. = “‘F,"/ @‘R
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Scheme 22. Non-precious metal catalyzed synthesis of pyrimidine

In 2020, Adhikari and coworkers established nickel as an efficient catalyst 1, enabled the
synthesis of pyrimidines from primary alcohols, secondary alcohols and amidines. The
reaction, conducted in toluene, required 5 mol% of catalyst and 0.5 mmol of base at 80 °C. A
variety of primary alcohols and amidines (only aryl) efficiently participated in the reaction to

yield the desired triazines (Scheme 23).5°

(RS (3a-31)

Scheme 23. Non-precious metal catalyzed synthesis of pyrimidine
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In 2020, Paul and colleagues demonstrated that catalysts 1a and 1b, which are tetracoordinate
Ni(II) complexes containing two seemingly redox-inactive tetraaza-macrocyclic ligands, and
catalysts 2a and 2b, which are square planar Ni(II) complexes featuring redox-active
diiminosemiquinonato-type scaffolds, effectively facilitated the multicomponent synthesis of

pyrimidines from primary alcohols, secondary alcohols, and amidines (Scheme 24).3
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Scheme 24. Non-precious metal catalyzed synthesis of pyrimidine

[I.1.5] Transition metal-catalyzed synthesis of substituted pyridine:

The Chichibabin reaction, which involves the condensation of o, B-unsaturated ketones or
aldehydes with ammonia, is widely regarded as a prominent method for the industrial synthesis
of pyridine derivatives. Several traditional methods for pyridine synthesis are illustrated in
Scheme 25.5¢ However, these approaches often involve relatively unstable precursors, require

extremely high reaction temperatures, and generate multiple by-products.

Chichibabin reaction R
R N, RoAR  RUAR
R7CHO —— | or |
R i N7

Hantzsch pyridine synhesis

R
o o \. R200C~ A -COOR;
R>cho+ M N —— »
Ri OR; R NT R,

Scheme 25: Traditional method for synthesis of pyridine derivatives.

The use of stable, readily available and renewable substrates is highly desirable for achieving
greener synthetic pathways for pyridines. This discussion focuses on recent advances in the
synthesis of pyridine derivatives, employing alcohol as a renewable coupling partner. A
schematic representation of the dehydrogenative synthesis of quinoline is provided in Scheme

26.

OH oH M 0 H ™
A ¢ H M *
Ry Ry "NH; T2 Ry R MG -Hz0 ;J\
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[M]] -H;

OH L s}
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R{™ TNT Ry 7N R, R™ N TRy RN R,

Scheme 26: Schematic pathway for synthesis of pyridine from amino alcohol and secondary

alcohol
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Precious metal-catalyzed synthesis of pyridines

In 2013, Kempe and co-workers reported the synthesis of various substituted pyridine
derivatives using a (PNP)Ir-pincer complex via the coupling of 1,3-amino alcohols with
alcohols (Scheme 27).57 This approach utilized an acceptorless dehydrogenative coupling

strategy, resulting in the release of three equivalents of hydrogen and two equivalents of water.

A) Rs Rg R, Cat11(0515mol%) R CFs
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HyN OH . R‘T:} e | o
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Kempe, 2013 up to 96% yield Cat. 11
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Scheme 27: Ir(I)-Catalyzed synthesis of pyridine derivatives.

In 2013, Milstein and co-workers described a similar two-component reaction involving 1,3-
amino alcohols and secondary alcohols catalyzed by a (PNN)Ru complex (Scheme 28). This
method primarily yielded fused bicyclic pyridine derivatives in moderate yields.’® A metal—

ligand cooperative mechanism was proposed to explain the dehydrogenative coupling process.

Cat. 12 (0.5 mol%)
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e
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Scheme 28: Ru(Il)-Catalyzed synthesis of pyridine derivatives

Non-precious metal-catalyzed synthesis of pyridines

In 2018, the Balaraman group reported a cobalt-catalyzed approach for similar reactions. This
method utilized a new phosphine-free, air-stable SNS-pincer ligand-based dimeric Co(Il)
complex to achieve the direct synthesis of pyridines from amino alcohols and secondary

alcohols, delivering moderate to good yields (Scheme 29).5°

’ Cat. 14 (2.5 mol%)
/LAOH OH  KO'Bu (1 equiv.) l X
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Scheme 29: Co(II)-Catalyzed synthesis of pyridine derivatives
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In 2023, Paul and colleagues described a sustainable Zn(II)-catalyzed approach for
synthesizing tri- and tetra-substituted pyridines under solvent-free conditions. This method
utilizes alcohols as the primary feedstock and NH4OAc as the nitrogen source for comparable

reactions. (Scheme 30)

Paul et al, 2023

Synthesis of pyridine using air as oxidant E S ]
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Scheme 30: Zn(II)-Catalyzed synthesis of pyridine derivatives

[I.2] General Introduction of Azo Aromatic Compounds

Acyclic polyaza aromatic compounds, including imine-conjugated aryls, aza-heterocycles and
diaryldiazene (azoaromatic) molecules, are among the most extensively utilized ligands in
coordination and organometallic chemistry.®’ Azoaromatic compounds, distinguished by their
low-lying ©* molecular orbitals, have evolved from traditional dye industry applications to
become promising materials for optoelectronic and photonic technologies over the past
decade.b! Azoaromatic compounds, characterized by low-lying n* molecular orbitals, function
as electron sinks and exhibit cooperative interactions with metals. This property enables their
involvement in homogeneous oxidative coupling reactions.%? Bi- and polydentate azoaromatics
that incorporate additional donor groups have garnered significant attention in the fields of
coordination and organometallic chemistry. These ligands offer a rich platform for exploring
diverse coordination modes and electronic properties, leading to the development of a wide
range of metal complexes with potential applications in catalysis, materials science, and
medicine. Notable examples embrace the complexes of diphenyldiazene, 2-(arylazo)pyridine,
2,2'-azobispyridine, 2-(phenyldiazenyl)-1,10-phenanthroline, 2,6-bis-phenyldiazenyl)pyridine
1,2-bis-phenyldiazenyl)benzene, 2,2'-phenyldiazenyl)phenyl)diazenyl)pyridine and so forth
(Scheme 31).
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Scheme 31: Motif of different mono and bis-azo-aromatics.

Recent research has focused on the synthesis of transition metal complexes incorporating azo
chelates, driven by their potential for diverse coordination modes and intriguing molecular
structures. Some of the additional attributes are (i) potential sites of facile electron transfer,?
(ii) formation of M—C bond,* (iii) stabilization of radical compounds,®* (iv) metal assisted
C-E, N-E (E = H, C and N) bond activation,® and so forth. These notable attributes have
sparked significant interest in this field, driving further exploration of new transition metal-azo
systems. The goal is to understand how the ligand environment can modulate electronic and
molecular structure, redox properties, optoelectronic behaviour, and reactivity. The chemistry
of a metal-ligand complex is significantly influenced by the immediate environment around
the metal ion. Strategic modifications to ligand architecture can lead to dramatic changes in the
properties of these complexes.

In this context, we aimed to design and synthesize a new class of azo-aromatic chelates
containing one or two azo functionalities. By carefully selecting aryl groups, we introduced
additional coordination sites and/or pendent arms into the ligand framework to create
functional materials. These multidentate azo-aromatics are redox-active, known to stabilize azo
anion radical complexes and potentially exhibit rich spectral properties.

Our research focused on investigating the structural, electrochemical, and spectral

properties of these new materials, exploring their potential reactivity i.e., catalysis.

[1.3] Present Work
[I.3.1] Our Ligand Systems
This research focuses on designing and synthesizing new organic molecules containing two

azo chromophores. To enhance the metal-binding properties of these molecules, nitrogen atoms
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were incorporated as additional donor sites. In this thesis, two tridentate NNN donor ligands

were employed (Scheme 32).

Q N=N N=N
N=N N=N —
G O
N/ -
2-(pyridylazo)azobenzene 2-(2-pyridylazo)-4-chloroazobenzene

Scheme 32: Structures of the ligands used in this thesis

The polydentate chelators synthesized were redox-active, capable of stabilizing radical
intermediates, and exhibited promising spectroscopic properties due to their extended -
electron system. Metal complexes of these chelators with zinc, nickel, and copper were
prepared and demonstrated catalytic activity. The entire work is divided into five chapters, each

detailing specific complexes and their catalytic properties.

[I.3.2] Experimental Details

[1.3.3] Physical Measurements

Various physical methods were utilized to characterize and elucidate the properties of the
synthesized compounds. These techniques are detailed in the subsequent chapters and briefly

summarized below.

NMR Spectra. 'H, °C, ’F NMR data were recorded in DMSO-de, CDCls at room temperature
using tetramethylsilane (TMS) as an internal standard with the help of Bruker 300 and 400
MHz FT spectrometer. Signals are assigned to individual protons on the basis of chemical

shifts, spin-spin structure and substituent effects.
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Electronic Spectra. Electronic spectra were recorded on Perkin-Elmer LAMBDA EZ-301 and
a LAMBDA 25 UV-VIS spectrometer (200-1200 nm). A matched pair of quartz cells of path

length 1 cm was used.

Eal

Light Collimator Prismor  Wavelength Sample  Detector
Source Grating Selector  Solution

e
l

Electrochemical Measurements. CHI 620A electrochemical analyzer was used for
electrochemical measurements. All experiments were performed under pure argon atmosphere
298 K. The potentials are referenced to the Ag/AgCl electrode without junction correction.

Mass Spectrometry. Electrospray ionization mass spectra (ESI-MS) (70 eV) were recorded

on a Qtof Micro YA263 spectrometer.
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Elemental Analysis. The C, H, N analysis of the samples was determined with the help of a
Perkin-Elmer 2400 Series II elemental analyzer which utilizes thermal conductivity data for
gas (CO., H20, N») analysis. The sample was introduced into the combustion cell usually at a
temperature in the range of 900-980 °C. For combustion, pure oxygen was used and pure

helium was used as the driving gas.

Infrared Spectra. IR spectra were recorded with the help of a Perkin-Elmer L-0100

spectrometer.
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EPR Spectroscopy. EPR spectrum was recorded on a JEOL JES-FA200 spectrometer at X
band.

23



X-ray Structure Determination
X-ray diffraction data were collected on a Bruker D8 QUEST diffractometer using Mo-Ka

radiation at 298 K. The structures of all compounds were solved by direct methods using

APPEX 3.0 and OLEX 2.0. Molecular structure plots were drawn using ORTEP. R/, wR2 and
goodness-of-fit (GOF) are given by the following equations 1, 2 and 3 respectively.

R1 = S¥YsFoYs- VaFcYsYs/ SV Fols (1)
wR2 = [S[w(Fo2 - Fc2)2]/ S[w(F02)2]]""? (2)
GOF =S =[ X [w(Fo2 - Fc2)2]/ (no - np)]"? 3)

no = number of reflections

np = total number of parameters refined
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[I.3.4] Computational Studies

All calculations were performed using the Gaussian 09 program. Geometry optimization of the
complexes was carried out at the (R/U)B3LYP level of theory in the gas phase, starting from
their crystallographic coordinates. The optimized structural parameters generally agree well
with the experimental values, with minor discrepancies attributed to crystal packing effects.
The nature of all stationary points was confirmed as true minima by the absence of imaginary
frequencies in the vibrational analysis. Time-dependent density functional theory (TD-DFT)
calculations were performed to predict the absorption and emission spectra of the optimized
geometries in dichloromethane (CH2Cl>) solvent. TD-DFT is a well-established method for
calculating electronic excitation energies of transition metal complexes within the DFT
framework. To gain insight into the nature of electronic transitions, natural transition orbital
(NTO) analysis was performed based on the calculated transition density matrices. This method
provides a concise representation of the transition density between the ground and excited
states by decomposing it into single-particle transitions (hole and electron states). The
unoccupied and occupied NTOs are referred to as "electron" and "hole" transition orbitals,
respectively. For the metal atoms (zinc, copper, and nickel), a double-( basis set with the
effective core potential of Hay and Wadt (LANL2DZ) was employed. The 6-311+G(d,p) basis
set was used for other elements except hydrogen (6-31G) to optimize the ground-state
geometries of the complexes. Electronic density plots for frontier molecular orbitals were
generated using GaussView 5.0, and molecular orbital contributions from specific groups or

atoms were calculated using GaussSum 2.2.

[I.4.] Outline of thesis
This thesis focuses on the development of homogeneous catalysts for the dehydrogenative
coupling (DC) of alcohols, addressing critical limitations associated with existing
methodologies. The primary objectives include the design and synthesis of novel homogeneous
catalysts for the efficient DC of alcohols and the exploration of dehydrogenative aromatization
as a key transformation in contemporary synthetic catalysis. Additionally, investigations into
the structure-activity relationships and mechanistic pathways of these catalytic systems are
undertaken, aiming to establish a comprehensive design framework for effective homogeneous
catalysts that promote sustainable and greener organic synthesis.

Chapter 2 highlights the development and application of a homogeneous, isolable, air-
and moisture-stable zinc catalyst stabilized by an electron-deficient N*N”N pincer-type ligand.

This ternary, penta-coordinated neutral catalyst, [Zn(N"N"N)Cl.], facilitates the selective
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synthesis of a-alkylated ketone derivatives (/4 examples) via a one-pot acceptorless
dehydrogenative coupling (ADC) reaction between secondary and primary alcohols,
employing the borrowing hydrogen (BH) methodology. The reactions proceed with good to
excellent isolated yields, reaching up to 93%. Notably, this catalyst also enables the efficient
synthesis of quinoline derivatives (32 examples) by utilizing 2-aminobenzyl alcohols as
alkylating agents through a sequence of dehydrogenative coupling and N-annulation steps. The
catalyst is characterized by its cost-effectiveness, ease of synthesis, and environmentally
benign nature, along with remarkable stability during catalytic cycles under open-air
conditions. This is evidenced by its high turnover number (~10%). Activation is achieved under
mild conditions with a catalytic amount of base, making this system a robust and practical tool
for sustainable synthetic transformations.

Chapter 3 demonstrates Highly efficient Ni-catalyzed C—N/C—C bond formation from
amidines during the [3 + 2 + 1] annulation by primary alcohols alone or by primary alcohols
with secondary alcohols/phenyl acetylenes has been successfully accomplished toward scaled
synthesis of s-triazine and pyrimidines, respectively. The reaction takes place efficiently
for a wide range of substrates (76 examples). This catalyst that promotes this process is has a
higher turnover number (TON) than previously methods using homogeneous catalysts. The
results of mechanistic studies suggest that the process takes place through a pathway that begins
with Ni-catalyzed dehydrogenation of the alcohol, which is followed by sequential
condensation, cyclization, and dehydrogenation.

Chapter 4 contains the report of an eco-friendly and efficient method for the synthesis
of biologically relevant poly-substituted pyridines, including penta-substituted derivatives,
using a nickel-metalloradical catalyst. This strategy employs readily available primary and
secondary aryl alcohols and ammonium acetate to achieve polyfunctionalized pyridines
through catalytic dehydrogenative alcohol oxidation, affording products in good to excellent
yields (68-93%) in. The microwave-assisted, solvent-free domino [2 + 2 + 1 + 1] annulation
involves consecutive C—C and C-N bond formations, followed by catalytic dehydrogenative
aromatization. The nickel-metalloradical catalyst efficiently serves dual catalytic cycles
namely alcohol dehydrogenation and ring aromatization, both via single-electron transfer
(SET) pathways. An important aspect of this approach is that it generates only environmentally
benign byproducts, such as H-O and H-O-, without requiring external oxidants or additional
additives. This green and cost-effective methodology adheres to green chemistry principles,
offering simplicity and excellent E-factor values (0.3-0.5), representing a significant

advancement in functionalized pyridine synthesis.
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Chapter 5 explores a catalytic approach to synthesizing E-configured vinylarenes

through the dehydrogenative coupling of secondary alcohols or ketones with 2-amino primary

alcohol derivatives i.e., Friedldnder annulation reactions. A novel penta-coordinated Cu(II)

catalyst, stabilized by N*N”N pincer-type ligands, facilitates this reaction, yielding products in

high yields and selectivity. The process generates hydrogen peroxide and water as

environmentally friendly by-products. This method offers a significant advantage over

previous homogeneous catalytic systems, demonstrating a higher TON. Mechanistic studies

suggest a pathway involving initial Cu-catalyzed alcohol dehydrogenation, followed by

condensation.
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Chapter 11

Potent Pincer-Zinc Catalyzed Homogeneous
a-Alkylation and Friedldnder Quinoline
Synthesis of Secondary alcohols/Ketones with
Primary Alcohols




I1.1 Introduction

The construction of molecules with diverse functional groups from commonly available small
molecules/building blocks by C—C, C—heteroatom bond activations is one of the fundamental
aspects of chemical and biochemical syntheses.! In reality, majority of classical methods
require expensive and environmentally toxic reagents and, discharge hazardous waste even in
(over)stoichiometric amounts.? Thus, the development of efficient approach is desirable for
selective C—C and C—heteroatom formation reactions. Accordingly, beneficial organic
compounds with potential applications in the medical, agrochemical and pharmaceutical
industries may be synthesized.’> In this context, conversion of alcohols to C-alkylated
derivatives and N-heterocycles via acceptorless dehydrogenation coupling (ADC) and
borrowed hydrogen (BH)/N-annulation methodologies using homogeneous catalysts have
received considerable importance in recent years.* Although such transformation reactions can
be accomplished with 0.5-5 mol% platinum-group-metal catalysts (e.g., Ru, Rh, Ir, Pd and Pt)
in satisfactory yields.>” In general, catalysis by non-precious first-row transition metals with
good turnover numbers (TONs) under open-air condition for a-alkylation and Friedlander
annulation reactions remains challenging for gram-scale production of high-value bio-active
molecules.'” Nonetheless, a continuous effort has been made with 3d metal catalysts (Mn, Fe,
Co, Ni and Cu) with comparable catalyst loading (0.5-5 mol%) since they provide a more
economically viable solution (Scheme land 2).!""!> Only a few examples have recently been
reported where analogous reactions can be accomplished with 0.05% or less catalyst loading
with Ni(II) and Mn(I), respectively.'®
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o
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It is worth noting that the use of zinc(II) is less cited as homogeneous catalysis unlike other 3d
metals plausibly due to its closed-shell, electron-rich, redox innocent nature. Only very recently
molecular zinc-catalyzed dehydrogenation reactions of secondary alcohol have been

documented.!’
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Scheme 3: Plausible ~mechanistic Scheme 4: Plausible mechanistic pathway for
pathway for a-alkylation of secondary  gehydrogenative coupling of secondary
alcohols/ketones with primary alcohols. alcohols/ketones with primary amino alcohols.

Here, dehydrogenation of an alcohol occurred first to produce an aldehyde or ketone that
undergoes an in-situ condensation reaction with an enolate or amine to form an o, f-unsaturated
ketone or imine, where the former is finally reduced to form a new C—C bond (Scheme 3) or
the subsequent cyclization of aniline derivatives leads to quinolines because of the
aromatization in case of C—N annulation reaction (Scheme 4).

In general, the catalytic performance of homogeneous catalysts is superior to that of
heterogeneous catalysts.'® Nonetheless, the disadvantage of the use of homogeneous catalysts
lies in their limited in-situ recyclability. The easily available metal catalysts are commonly
leached in catalytic cycles. Only homogeneous catalysts of robust nature are the best option to
overcome this difficulty. Azo-based N-heterocyclic pincer-type ligands with contiguous chelate
rings are particularly useful in imparting better stability to metal complexes and therefore
helping to maintain metal-ligand integrity many times during the catalytic cycle.!” In contrast,
typically stoichiometric amount or higher catalyst loading is required for 3d metal catalysts,
generated in-situ from its simple salt with commonly available coligand(s). Majority of such
catalysts suffers from sustainability issue as manifested from their turnover number (TON) vis-
a-vis catalyst loading in due course of catalytic reactions. Readily available binary, ternary
transition metal catalysts of types halides, acetates, carbonyls, phosphines and so forth tend to

leach during the catalytic cycle and hence the catalyst loading needs to be enhanced to obtain
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the satisfactory result.'® This creates two additional burdens due to extra costs for the
purification process of the substance and accompanying wastage of environmentally hazardous
metal catalysts. In the context of scaled production of bioactive molecules, the paucity of
environmentally benign homogeneous catalysts containing 3d metals leaves much space for
potential improvements.

Herein, we report a convenient strategy to synthesize a compelling homogeneous
molecular catalyst incorporating environmentally benign zinc integrated with an archetypal -
acidic pincer. The neutral penta-coordinated [Zn(N"*N”N)CI] catalyst 1 have been shown an
effective complex to mediate both one-pot C—C (o-alkylation) and C-N (Friedlédnder
annulation) bond formation in good to excellent yields under mild conditions. Furthermore, the
use of zinc as a non-precious metal has received significant attention in sustainable chemistry,
as it is environmentally friendly, cost-effective and widely accessible compared to other 3d
transition metals as well as platinum-group metals.?® It is worth mentioning that the catalyst

loading in our case (C—C and C—N cross coupling) is very small, less than 0.01 mol%.

I1.2 Results and discussion

I1.2.1. Synthesis of ligands and complexes

First, we synthesized two penta-coordinated Zn(II) complexes, [Zn(L)Cl] 1a and
[Zn(LM)Cl2] 1b, by reacting anhydrous ZnCl, with 2-(2-pyridylazo)-4-chloroazobenzene (L")
and 2-(2-pyridylazo)azobenzene (L"), respectively (Scheme 5). The reason behind the use of a
strong electron-deficient organic template L lies in the favourable initial attack of nucleophiles
(primary/secondary alcohols) at the electron-rich zinc centre, which in turn can facilitate the
overall catalytic pathway Scheme 8. Exploration of these pincer complexes toward cross-

coupling catalytic activities is reported in this work.
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Scheme 5: Synthetic strategy of the zinc catalysts of type [Zn(L)Cl2] 1
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The organic templates L' and LY comprising two electron-deficient azo moieties along with
an aromatic heterocyclic group have been prepared by condensation of (E)-2-((4-
chlorophenyl)azo)aniline or (E)-2-(phenylazo)aniline with 2-nitrosopyridine using the
previously reported procedure.?'? Stoichiometric reaction of anhydrous ZnCl, with the
respective organic template (L' or L") in ethanolic medium at room temperature for 6 hrs
affords two new deep red complexes, 1a and 1b in 90% and 92% yields, respectively. Both
products are air- and moisture-stable.

I1.2.2. IR spectra

Sharp vibrations around 1461, 1417 cm™! and 1467, 1416 cm™! in the infrared spectra of the
free ligands were assigned to the vn-x stretching for L' and LH respectively. The observed

1

lowering of vn=x values in complexes 1459, 1390 cm™! and 1456, 1397 cm™! as compared to

that of free ligand is consistent with the Zn(Il) — ©*(azo) back-bonding for complex 1a and

Ll W‘”’“WW ~

1b respectively (Figure 1).

3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500

em’! em™!

Figure 1: IR spectra of L (left) and 1a(right).

I1.2.3. NMR spectra

'H and '3C NMR of the ligands and complexes were recorded in CDCI3 with TMS as internal
standard. 'H and '*C NMR spectral data provided the support for coordination of the L through
the azo chromophores with zinc metal in both [Zn'(L)CL] 1a and [Zn'(L¥)CI,] 1b
complexes. The ligands are coordinated in their pristine neutral form as apparent from their
diamagnetic behaviour, though the coordination with other oxidation states (L~!, L) was
known.?!® Noticeable variations in chemical shift of the bisazo-pyridine chelates with that of
their respective free forms are consistent with their strong bonding with the metal center.?!# 'H
and 1°C NMR spectrum of both complexes are pertinent with the expected structure (Figure 3).
The most deshielded protons observed at & 8.76 and 8.75 as doublet can be assigned as the H

atoms adjacent to the pyridyl nitrogen atom.
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Figure 4: 'H and °C NMR spectra of complex 1b (DMSO-ds).

I1.2.4. Crystal Structures

Using the X-ray diffraction technique, the molecular structures of two zinc compounds were
determined by growing suitable X-ray quality single crystals from the slow diffusion of
respective dichloromethane solutions into n-hexane at room temperature. ORTEP perspectives

with selected bond parameters of 1a and 1b are given in Figures 5-6.

Figure 5: ORTEP view of 1a (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability). Selected bond lengths (A) and bond angles
(deg): Zn1-CI1 2.2125(9), Zn1-CI2 2.2272(9), Zn1-N1 2.167(3), Zn1-N3 2.127(2), Zn1-N4
2.466(3), N2-N3 1.260(3), N4-N5 1.263(4), N1-Zn1-N3 73.25(9), N3-Znl1-N4 71.40(9),
N4-Znl1-CI1 94.71(6), Cl1-Zn1-CI2 123.35(4), Cl1-Zn1-N3 126.89(7), Cl1-Znl1-N1
99.51(9), N1-Zn1-C12 100.84(7), N3—Zn1-CI12 109.54(7), N4-Zn1-CI2 98.87(6).
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Figure 6: ORTEP view of 1b (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability). Selected bond lengths (A) and bond angles
(av) (deg): Zn1-Cl1 2.221(7), Zn1-CI2 2.210(7), Zn1-N1 2.170(1), Zn1-N3 2.126(1), Znl-
N4 2.452(1), N2-N3 1.259(2), N4-N5 1.257(3), N1-Zn1-N3 73.14(7), N3-Zn1-N4 72.51(6),
N4-Znl-CI1 95.78(5), Cl1-Znl-CI2 126.54(3), Cl1-Znl-N3 115.64(5), Cl1-Zn1-N1
99.90(5), N1-Zn1-C12 99.98(5), N3-Zn1-CI2 117.54(5), N4—Zn1-CI2 96.53(5).

and additional crystallographic information are provided in Table 1 and 2. Complexes 1a and

1b crystalize in monoclinic C12/cl and orthorhombic Pbca space group respectively.
The asymmetric unit of complex 1b contains two crystallographically independent molecules
(Z' =8), with all atoms located in general positions, and the unit cell contains sixteen molecules.

The primary valency of Zn(Il) is fulfilled by two chlorides, aligned cis to each other to reduce

Table 1: Crystallographic Details of complexes 1a and 1b.

la 1b
Empirical formula C17H12NsClsZn C17H13NsCl2Zn
T/K 298K 298K
fw 458.04 847.19
Crystal system Monoclinic Orthorhombic
Space Group Cl12/cl Pbca
a/A 14.0244(8) 13.2739(4)
b/A 15.2683(9) 13.0215(4)
c/ A 19.1822(11) 41.0373(12)
aldeg 90 90
pldeg 105.697(2) 90
yldeg 90 90
v/ A3 3954.3(4) 7093.1(4)
Z 8 8
D/Mgm- 1.539 1.587
w/mm'? 1.658 1.696
F(000) 1840 3424
cryst size/mm?® 0.5x0.3x0.2 0.5x%0.3x0.2
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0ldeg 2.091 —25.712 2.405 — 28.733
Measured reflns 9889 9139
Unique reflns 3912 10062
%GOF on F? 1.117 1.191

R1°, WR2°[I>26(1)] 0.0425, 0.0986 0.0368, 0.0827

R1, wR2 0.0521, 0.1045 0.0423, 0.0858

3GOF = {X[w(Fo 2-Fc2)2]/(n-p)}2. PR1 = X [[Fo|-|Fc|)/ Z |Fol.
‘wWR2 = [ [W(Fo?-Fc?)?]/ = [w(Fo?)?]]Y? where w = 1/[ 6%(Fo?)+(aP)>+bP], P = (Fo?+2F:?)/3.

overall steric encumbrance. The ligand L and two Cl atoms furnish distorted penta-coordinated
geometry around Zn(II), while tridentate coordination was found through Npyridyt, Nazopyridyl and
and Nazophenyl atoms to form two juxtaposed five-membered rings in due course of chelation.
This typical class of ligand with appreciable m-acidity ensures strong coordination through
back-bonding with the metal centre, and thus leads to a robust class of coordinatively
unsaturated zinc compounds. These two features are indispensable for a metal catalyst to be a
good candidate in homogeneous catalysis with sustainable character. For precise determination
of geometry between square pyramid and trigonal bipyramid of penta-coordinated complexes,
the largest (N1—-Zn1-N4 143.59A) and second-largest (N3—Zn1—Cl1 126.89A) angles are used

to calculate the T value as 0.278 for 1a and similar calculation for 1b results t value as 0.225.

Table 2: Selected Experimental and Theoretical Bond Parameters of 1a and 1b complex.

la 1b
Parameter Expt. Theo. Parameter | Expt.(average) Theo.
Zn1-Cl1 2.2125(9) 2.349 Znl-CI1 2.221(7) 2.299
Zn1-CI2 2.2272(9) 2.355 Zn1-CI2 2.210(7) 2.283
Zn1-N1 2.167(3) 2.228 Zn1-N1 2.170(19) 2.279
Zn1-N3 2.127(2) 2.245 Zn1-N3 2.126(17) 2.246
Znl1-N4 2.466(3) 2.593 Zn1-N4 2.452(17) 2.451
N2-N3 1.260(3) 1.261 N2-N3 1.259(2) 1.261
N4-N5 1.263(4) 1.263 N4-N5 1.257(3) 1.265
Cl1zn1CI2 123.35(4) 129.99 Cl1zZn1CI2 126.54(3) 132.27
Cl1Zn1N4 94.71(6) 97.82 Cl1Zn1N4 95.78(5) 100.58
Cl2Zn1N4 98.87(6) 96.67 Cl2Zn1N4 96.53(5) 96.89
N1Zn1Cl1 99.51(7) 99.76 N1Zn1Cl1 99.90(5) 97.66
N1ZnlCI2 100.84(7) 99.57 N1ZnlCI2 99.98(5) 96.39
N1Zn1N4 143.59(9) 139.22 N1Zn1N4 143.54(6) 140.26
N3ZnlClI1 126.89(7) 127.45 N3ZnlCl1 115.64(5) 107.27
N3ZniCl2 | 109.54(7) 102.35 N3ZniCI2 117.54(5) 120.41
N3Zn1N1 73.25(9) 71.54 N3Zn1N1 73.14(7) 70.10
N3Zn1N4 71.40(9) 68.88 N3Zn1N4 72.51(6) 70.86
CIN1zn1 128.9(2) 127.08 C1N1znl 128.99(17) 126.89
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C5N1Znl 113.5(2) 114.02 C5N1Znl 113.04(2) 114.16

N3N2C5 113.6(2) 114.92 N3N2C5 113.30(17) 114.25
C6N3Znl | 123.02(19) 123.35 C6N3Znl 122.48(13) 120.81

N2N3C6 116.0(2) 117.11 N2N3C6 116.38(17) 117.51
N2N3Znl | 120.85(19) 119.38 N2N3Zn1 120.73(13) 121.50
C1IN4Zn1 | 110.28(18) 110.20 ClIN4Znl | 110.11(12) 112.27
N5N4C11 112.4(3) 113.42 N5N4C11 113.04(18) 113.33
N5N4Zn1 135.2(2) 133.11 N5N4Zn1 134.57(15) 132.25
N4N5C12 116.6(3) 118.24 N4N5C12 116.34(19) 118.41

So, they are best described as distorted square pyramid and not as trigonal bipyramid. The bond
lengths Zn—Npy and Zn—Nazopy are 2.167(3) and 2.127(2) A in 1a and 2.170(2) and 2.126(2) A
in 1b and these are quite expected for typical Zn—N bonding.!”*?? In the contrary, Zn—Nazoph
distances are significantly longer by 0.04 A for the reported complexes and lie near 2.46 A,
indicating the natural preference of the Zn(II) centre towards the tetra-coordinated species. As
a result, fascinating structural types have been achieved and these can be beneficial in catalysis
because the flexible-dentate nature of the organic scaffolds plays an important role towards the

metal-substrate bond-making/breaking processes during catalysis.

I1.2.5. Absorption spectra

Both complexes are soluble in polar and nonpolar solvents, e.g., dichloromethane, ether,
acetonitrile ethanol and toluene and so forth, and producing a blood-red solution. A fascinating
aspect of Zn(II) compounds, the typical d!® electronic configuration devoid of any d-d
transition, is the intense red colouration. This is apparent from the well-stretched window above
600 nm in the observed spectra (Figure 7). In order to understand the origin of the red coloration
we performed theoretical studies which reveals that lower energy bands are mainly composed
of intraligand charge-transfer (ILCT) of © to * character and thereby absorbing the blue-green

region of the visible region.
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Figure 7: Experimental (red) and theoretical (black) absorption spectrum of la(left) &
1b(right) complex in CH>Cl> solution at 298 K.

I1.2.6. Electronic Structure and FMOs

The singlet ground state (So) and excited state molecular geometries of synthesised complex
la and 1b were computed by DFT method by employing (R)B3LYP in GAUSSIAN 09
programme package. The solution phase optimised geometries of the complexes were found
without applying any geometry constraints. In order to verify all stationary points as the true
minima in potential energy surface, frequency calculation was executed. The absence of any
imaginary frequency (NImag = 0) indicates that all the obtained stationary points are indeed
the true minima in potential energy surface. The X-Ray positional coordinates of complex 1a
and 1b were directly used as the initial input for geometry optimisation calculation. By using
these ground state optimised geometries as well as excited state geometries, we performed
subsequent Single Point Energy and TD-DFT calculation. In TD-DFT calculation we employ
conductor like continuum model (CPCM) and dichloromethane (CH2Cl,) as solvent to simulate
absorption spectra in dichloromethane solvent. The lowest 100 singlet-singlet transitions in
absorption and emission processes for the complex 1a and 1b were evaluated gradually. The
experimental results and the results obtained from TD calculations were qualitatively
comparable. Presently the approach of TD-DFT is documented as a rigorous formalism for the
electronic excitation energies among the DFT framework for calculating spectral properties of
many transitions metal complexes. In order to acquire the information and nature of absorption
and emission processes natural transition orbital (NTO) analysis was executed. This method
delivers the most accurate representation of the transition density between the ground and

excited states in terms of an expansion into single-particle transitions (hole and electron states
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for each given excitation). we refer to the unoccupied and occupied NTOs as “electron” and
“hole” transition orbitals. The computed vertical transitions were calculated at the equilibrium
geometry of the Sy state and described in terms of one-electron excitations of molecular orbitals
of the corresponding So geometry. The calculated transitions with moderate intensities (f >
0.02) can be envisaged going from the lower to the higher energy region of the spectrum. The
zinc atom was described by a double-( basis set with the effective core potential of Hay and
Wadt (LANL2DZ)!'>!®, and the 6-311++G(d,p) basis set was used for the other elements except
hydrogen atom (6-31G) present in the complexes to optimize the ground state geometries. The
calculated electronic density plots for frontier molecular orbitals were prepared by using the
GaussView 6.0 software. GaussSum program, version 3.2, was used to calculate the molecular

orbital contributions from groups or atoms.

Table 3: Frontier Molecular Orbital Composition (%) in the Ground State for 1a complex.

Composition
. Energy I

Orbital | MO V) | zn | Azol | Azo2 | I | Py | Ph Contribution

112 L+5 -0.80 | O 0 4 0| 3]093 n (Ph)

111 L+4 | 082 | 0| O 5 | 0] 293 n (Ph)

110 L+3 -1.27 | 0 5 1 0 |55]39 n (Py + Ph)

109 L+2 201 | 0 2 0 0 (94| 4 n (Py)

108 L+1 -3.05 | 1 4 46 | 1| 3 |45 n (Azo + Ph)

107 |LUMO | -399 | 0| 44 5 1125|24 n (Azo +Py +Ph)

106 |HOMO | -654 | 1 1 22 |31] 1 |43 Ip (Azo) + n (Cl + Ph)

105 H-1 -6.67 | 1 0 1 |95]0]3 7 (Cl + Ph)

104 H-2 -6.73 | 1 0 1 93] 1] 4 n (Cl)

103 H-3 -6.78 | 5 1 0 |90] 2|3 7 (CI)

102 H-4 -6.90 | 9 0 4 63| 0 |24| =n(Cl+Ph+Py+ Azo0)

101 H-5 -7.39 | 3 8 38 |20] 3 |28 n (Azo+Ph+Cl)

Table 4: Frontier Molecular Orbital Composition (%) in the Ground State for 1b complex.

Composition

Energy

Orbital MO V) |zn| Azl |Az2|cl| Py |Ph Contribution
104 L+5 054 | 0 0 3 0| 0|97 n (Ph)
103 L+4 -067 | 0O 1 7 0| 5|87 n (Ph)
102 L+3 | -1.14 | 0 | 4 1 |0 |55]39 1" (Py + Ph + Az0)
101 L+2 -182 | 0 1 0 0 194 4 n (Py)
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100 | L+#1 | 297 [ 1] 5 | 45 [ 1] 3[45 = (Azo + Ph)

99 |[LUMO| 385 | 0| 44 | 6 | 1]24]25 = (Az0 +Py +Ph)
98 |HOMO| -653 | 2 | 1 | 19 [44| 1 |32]| 1Ip(Azo)+x(Cl+Ph)
97 H1 | 667 | 2| 0 4 |88 1]5 7 (Cl)

96 H2 | 673 | 1] 0 4 |85] 110 7 (Cl)

95 H3 | 679 | 3| 1 0 |90 24 7 (Cl)

94 H4 | 691 | 9| 1 6 |58] 1|26 7 (Cl+ Ph + Azo)
93 H5 | 724 | 1| 2 1 [ 8]0 |88 7 (Ph+ Cl)

Figure 8: Solvent phase optimised geometry of 1a (left) and 1b (right) complex (H’s are

K:\ja

omitted for clarity) calculated at B3LYP/6-311+G(d,p) level of theory.

Table 5: Main Optical Transition at the TD-DFT/B3LYP/6-31+G(d,p) Level for the complex

1a with composition in terms of Molecular Orbital Contribution of the Transition, Computed

Vertical Excitation Energies, and Oscillator Strength in Dichloromethane.

Transition Cl Composition E Oscillator Atheo
eV) Strength (nm)
U)
So— S1 0.63460 HOMO — LUMO 2.23654 0.1586 554.39
(81%)

So— S3 0.51482 HOMO — L+1 (53%) | 2.7684 0.0243 447 .86

So— S7 0.55532 H-5—-LUMO (62%) 3.0766 0.1091 402.99
0.32956 H-4—>LUMO (22%)

So — Sg 0.42948 H-2—-LUMO (37%) 3.1584 0.4438 392.56
0.40887 H-3—>LUMO (33%)

So — S12 0.42254 H-1-L+1 (36%) 3.6283 0.3418 341.71
0.35229 H-2—L+1 (25%)

So— Sus 0.48405 H-1-L+1 (47%) 3.7226 0.1571 333.05
0.38441 H-3>L+1 (30%)

So — S15 0.67201 H-4—L+1 (90%) 3.7960 0.0121 326.62

So — Si7 0.66652 H-5—L+1 (89%) 3.8345 0.0315 323.34

So — S3o 0.52252 HOMO—L+4 (55%) | 5.0444 0.0282 245.79
0.27871 HOMO—LA+3 (16%)

So — Ss3g 0.50026 H-5—L+2 (50%) 5.2230 0.0294 237.38
-0.43140 H-2—L+2 (37%)

So — Sa1 0.61394 HOMO—L+5 (75%) | 5.3973 0.0176 229.72
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Table 6: Main Optical Transition at the TD-DFT/B3LYP/6-31+G(d,p) Level for the complex
1b with composition in terms of Molecular Orbital Contribution of the Transition, Computed

Vertical Excitation Energies, and Oscillator Strength in Dichloromethane.

Transition Cl Composition E Oscillator Atheo
(eV) | Strength (f) (nm)
So— S1 0.61198 HOMO — LUMO | 2.3093 0.1272 536.90
(75%)
So— S3 0.48488 HOMO — L+1 2.8147 0.0180 440.49
(47%)
So — Se 0.64522 H-4 - LUMO 3.1318 0.0125 395.88
(83%)
So— Su1 0.56551 H-1 — L+1 (64%) | 3.6127 0.1311 343.19
So — S12 0.49452 H-2—L+1 (49%) | 3.6914 0.3604 335.87
-0.31640 H-1—-L+1 (20%)
So — S26 0.65379 | HOMO—L+2 (85%) | 4.7083 0.0162 263.33
So — S35 0.49423 | HOMO—L+4 (49%) | 5.3128 0.0216 233.37
0.39368 H-4—1L+2 (31%)

Table 7: Natural transition orbitals (NTOs) for complex 1a illustrating the nature of singlet
excited states in the absorption bands in the range 200—-700 nm. For each state, the respective
number of the state, transition energy (eV), and the oscillator strength (in parentheses) are
listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs that contribute

more than 15% to each excited state.

Wavelength | Transition Hole electron
S1

w = 0.8055

f=0.1586

554.39 nm

500 nm

S3
w =0.5300
f=0.0243
447.86 nm

S7
w =0.6167
f=0.1091
402.99 nm

360 nm
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S7
w=0.2172
f=0.1091
402.99 nm

S8
w =0.3689
f=0.4438
392.56 nm

S8
w =0.3343
f=0.4438
392.56 nm

333 nm

S12
w =0.3570
f=0.1571
341.71 nm

S14
w = 0.4686
f=0.1571
333.05 nm

S14
w = 0.2955
f=0.1571
333.05 nm
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S15

w =0.9031
f=0.0121
326.62 nm

S17

w = 0.8885
f=0.0315
323.34 nm

236 nm

S30

w = 0.5460
f=0.0282
245.79 nm

S30
w =0.1553
f=0.0282
245,79 nm

S38
w = 0.5005
f=0.0294
237.38 nm

S38
w = 0.3722
f=0.0294
237.38 nm
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Table 8: Natural transition orbitals (NTOs) for complex 1b illustrating the nature of singlet
excited states in the absorption bands in the range 200—700 nm. For each state, the respective
number of the state, transition energy (eV), and the oscillator strength (in parentheses) are
listed. Shown are only occupied (holes) and unoccupied (electrons) NTO pairs that contribute

more than 15% to each excited state.

Wavelength | Transition Hole Electron
S1

w =0.7490

f=0.1272

536.90 nm

499 nm S3

w =0.4702
f=0.0180
440.49 nm

S6
w = 0.8326
f=0.0125
395.88 nm

w =0.6396
f=0.1311
343.19 nm

S12
w =0.4891
335 nm f=0.3604
335.87 nm
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S12
w = 0.2002
f=0.3604
335.87 nm

S26
w = 0.8548
f=0.0162
263.33 nm

S35
w = 0.4885
235 nm f=0.0216
233.37 nm

S35
w = 0.3099
f=0.0216
233.37 nm
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Figure 9: Partial MO diagram and isodensity surface plots (isovalue = 0.06) for selected FMOs
of the complexes 1a (left) and 1b (right). The arrows are used to highlight the HOMO-LUMO
energy gaps. All the DFT energy values are given in eV.
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I1.2.7. Catalytic Activity

Herein, we perform two distinctly different types of catalytic reactions: the first is an o-
alkylation of secondary alcohols/ketones with primary alcohols and the second one is
dehydrogenative coupling of secondary alcohols/ketones with 2-aminobenzyl alcohol

derivatives using the synthesized stable penta-coordinated Zn(Il) complexes as catalysts.

11.2.7.1. a-alkylated ketones synthesis

To optimize the reaction conditions of a-alkylation of secondary alcohols/ketones with primary
alcohols have been carried out in presence of acetophenone 3a (1.00 mmol), 1-phenylethanol
4a (1.00 mmol) and benzyl alcohol 2a (1.00 mmol) as benchmark substrates. Preliminary
experiments have been carried out with 1.00 mol% of 1a, 100 mol% of bases (KO'Bu) under
open air condition at 110 °C in 87 and 86% yield of 5aa through condition A and condition B,
respectively (Table 9, entry 1). Reactions were implemented by decreasing the catalyst loading
up to 0.008 mol% and observed almost unaltered yield of the desired product (Table 9, entry
2-3,5). Upon lowering the catalyst loading to 0.005 mol%, yield of 5aa drastically reduced to
45 (A) and 38% (B), respectively (Table 9, entry 4).

Table 9: Reaction of 2a with 3a and 4a: optimization of a-alkylation reactions

o O

i catalyst (X mol%]) catalyst (X mol%) i
base (Y mol%) @ base (Y mol%)
solvent, open air solvent, open air
5aa temperature, time temperature, time Saa
2
Entry Catalyst Solvent Base Temp Yield®® | Yield®®
(X mol%) (Y mol%o) (°C) (%) (%)
1 1a (1.00 mol%) Toluene KO'Bu (100) 110 87 86
2 1a (0.1 mol%) Toluene KO'Bu (100) 110 88 86
3 1a (0.01 mol%) Toluene KO'Bu (100) 110 87 85
4 1a (0.005 mol%) Toluene KO'Bu (100) 110 45 38
5 1a (0.008 mol%) Toluene KO'Bu (100) 110 88 85
6 1a (0.008 mol%) Toluene KO'Bu (50) 110 87 74
7 1a (0.008 mol%) Toluene KO'Bu (10) 110 36 trace
8 1a (0.008 mol%o) Toluene KO'Bu (30) 110 88 65
9 1a (0.008 mol%o) Toluene KO'Bu (60) 110 88 86
10 1a (0.01 mol%) Toluene KO'Bu (60) 110 88 87
11 1a (0.008 mol%) Toluene NaO'Bu (30) 110 75 48
12 1a (0.008 mol%) Toluene KOH (30) 110 70 42
13 1a (0.008 mol%) Toluene NaOH (30) 110 65 36
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14 1a (0.008 mol%) Toluene K2COs (30) 110 49 19
15 1a (0.008 mol%) Toluene Na,COs (30) 110 50 18
16 1a (0.008 mol%) xylene KO'Bu (30) 110 78 50
17 1a (0.008 mol%) THF KO'Bu (30) 70 69 38
18 1a (0.008 mol%) EtOH KO'Bu (30) 80 NR NR
19¢ 1a (0.008 mol%) Toluene KO'Bu (30) RT NR NR
20 1a (0.008 mol%) Toluene KO'Bu (30) 100 54 30
21 1a (0.008 mol%) | Mesitylene | KO'Bu (30) 150 87 64
22 ZnCl,(1.00 mol%) Toluene KO'Bu (30) 110 trace NR
23 ZnClz:ligand (1:1) Toluene KO'Bu (30) 110 trace trace
24 ligands Toluene KO'Bu (30) 110 NR NR
25 1a (0.008 mol%) Neat KO'Bu (30) 110 NR NR
26¢ 1a (0.008 mol%) Toluene KO'Bu (30) 110 trace trace
27° 1a (0.008 mol%) Toluene KO'Bu (30) 110 60 25
28 Toluene KOtBu (30) 110 trace NR
29 1a (0.008 mol%) Toluene 110 NR NR
30 1b (0.008 mol%) Toluene KOtBu (30) 110 78 49

“Reaction Conditions: (mono-dehydrogenation: condition-A): Benzyl alcohol 2a (1.00 mmol),
acetophenone 3a (1.00 mmol). (double-dehydrogenation: condition-B): Benzyl alcohol 2a
(1.00 mmol), 1-phenylethanol 4a (1.00 mmol), Base, solvent (5mL), Reaction time 21 hrs,
open air, “Isolated yield after coloumn chromatography, ‘RT = Room Temperature, “Under
Argon atmosphere, ‘Reaction time 8 hrs, NR = No Reaction. “represents mono-
dehydrogenative coupling product and ®represents double-dehydrogenative coupling product.

Hence, it could be concluded that optimum catalyst loading was 0.008 mol%. Now, upon
lowering the base loading up to 30 mol%, the yield of the expected products remains almost
unchanged (Table 9, entry 5-6, 8). Further lowering of base loading to 10 mol%, yield of
products decreased severely (Table 9, entry 7). An increase in base loading to 60 mol% and
enduring the reaction with 2a and 4a the yield of the desired 5aa increases significantly to 86%
(Table 9, entry 9). Nevertheless, when the catalyst loading was increased to 0.01 mol% with
condition B, the yield of 5aa did not significantly improve (Table 9, entry 10). Among the
series of trial bases e.g., NaO'Bu, KOH, NaOH, K>COs3, Na,CO3, KO'Bu, the maximum yield
of the desired 5aa was found when the reaction was accomplished with 30 mol% of KO'Bu
and 0.008 mol% catalyst (Table 9, entry 11-15). Notably, KO'Bu was found to most efficient
for this type of reaction and afforded with Saa in excellent yields. The reaction efficiency was
found to be maximum in aprotic solvents like xylene, toluene, THF and so forth. But in protic
solvent such as ethanol, the yield of the intended products drastically reduced (Table 9, entry
16-18). The yield of 5aa drops dramatically when the temperature is lowered from 110 to 100
°C and at room temperature no reaction occurred. However, the yield did not increase
appreciably when the reaction was performed at an elevated temperature (Table 9, entry 19-

21). Notably, the azo-chromophores play crucial role for the activity of the catalyst because
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when commercially available ZnCl» was used as the catalyst, no activity was observed even at
prolonged reaction time (Table 9, entry 22). However, practically no catalytic product was
formed, when coupling was carried out by the ligand system itself but only at trace amount of
Saa formed when ligand: ZnCl: (1:1) was employed (Table 9, entry 23-24). Indeed, no coupling
occurred in the absence of zinc catalyst 1a or KO'Bu, or when the reaction was performed in
neat conditions (Table 9, entry 25, 28, 29). The reaction was also performed in an argon
atmosphere but with a trace amount of desired product formed (Table 9, entry 26). Upon
lowering the reaction time 8 hrs product formation was decreased to 60% (Table 1, entry 27).
Remarkably, 1a showed higher activity in this catalytic reaction compare to 1b (Table 9, entry
30) probably because of an electron withdrawing group (Cl vs H) made the former complex
more electron-deficient.

Finally, optimized condition achieved when the reaction of 2a (1.00 mmol), 3a (1.00
mmol) and 4a (1.00 mmol) in presence of complex 1a (0.008 mol%) and KO'Bu (30 mol%) as
base in toluene medium at 110°C resulted maximum yield 87% (condition A), 65% (condition

B) yield of 5aa respectively (Table 9, entry 8).

Table 10: Scope of various secondary alcohols and ketones and various primary alcohols with

catalyst 1a

)0]\ I
R CH3 R CH;
3a, 3h-n HO 4a, 4h-n
o 1a (0.008 mol%) 1a (0.008 mol%) o
KO'Bu (30 mol%) A KO'Bu (30 mol%)
R Ny —————— | —————— > R X
| toluene, open air P toluene, open air |
X 110°C, 21hrs 7 110°C, 21hrs P
5aa-an — R’ — 5aa-an
R' Condition-A 2a-g Condition-B R'

Once the optimum conditions have been established, we evaluated the variety of substrates
both primary and secondary alcohols/ketones facilitating the synthesis of a-alkylated ketone
derivatives in good to excellent yields (Table 10). In our methodology, both electron-rich or
electron-deficient primary alcohols and secondary alcohols/ketones have been used effectively.
Several functional groups performed well in the present catalytic system producing the
corresponding a-alkylated ketones as final product in 52-93% isolated yields and with good to
excellent TON values ranging from 6500 to 11600 (Table 2). Presence of electron-rich
functional groups in secondary alcohols/ketones and electron-deficient functional groups in
primary alcohols produced relatively higher yields of the desired a-alkylated ketone derivatives
during the isolation process. A fascinating finding was that ortho-, meta- and para-substitution

of the secondary alcohols/ketones by electron-rich groups such as 4—-Me, 3—Me, 2—Me, 4—-OMe
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and 3—OMe were well tolerated under the optimized reaction conditions, resulting in the
isolated Sab, Sac, 5ad, Sak and Sal in good to excellent (70-93%, TON 8750—-11625) yields.
(Table 10). In contrast, secondary alcohols/ketones possessing an electron-deficient group such

as 4-F and 4-Br were producing Sam and San with relatively lower yields as compare to

primary alcohols (52-68%, TON 6500-8500) under both conditions A and B (Table 10).

A: 88%, TON 11000 A: 76%, TON 9500 A: 72%, TON 9000

B: 84%, TON 10500 B: 73%, TON 9125 B: 70%, TON 8750
o CH, o) o)
5ad 5ae Cl 5af F
A: 69%, TON 8625 A: 78%, TON 9750 A: 85%, TON 10625
B: 62%, TON 7750 B: 72%, TON 9000 B: 80%, TON 10000
OCH3 H;C
A: 82%, TON 10250 A: 92%, TON 11500 A: 85%, TON 10625
B: 79%, TON 9875 B: 90%, TON 11250 B: 82%, TON 10250
CH; o) o)
‘J’V\‘ OO0
5aj H;CO 5ak 5al
A: 75%, TON 9375 A: 93%, TON 11625 A: 88%, TON 11000
B: 70%, TON 8750 B: 89%, TON 11125 B: 63%, TON 10625
o [¢]
F | 5am | Br | 5an ’
A: 68%, TON 8500 A: 57%, TON 7125
B: 63%, TON 7875 B: 52%, TON 6500

“Reaction Conditions: (mono-dehydrogenation reaction: condition-A): Benzyl alcohol derivatives (2a—g) (1.00
mmol); ketones (3a, 3h—n) (1.00 mmol); base (30 mol%). (double-dehydrogenation reaction: condition-B):
Benzyl alcohol derivatives (2a—g) (1.00 mmol); secondary alcohols (4a, 4h—n) (2.00 mmol); base (60 mol%).
bIsolated yields after column chromatography. 5.0 mL toluene. open air. “represents the yield of the mono-
dehydrogenation reaction product i.e. the yield of the products between benzyl alcohol derivatives (2a-g) (1.00
mmol) and ketones (3a, 3h—n) (1.00 mmol). Brepresents the yield of the double-dehydrogenation reaction product

i.e. the yield of the products between benzyl alcohol derivatives (2a—g) (1.00 mmol) and secondary alcohols (4a,
4h-n) (2.00 mmol).

Next, the suitability of numerous primary alcohols for this C—C bond forming reaction
was assessed. Under both reaction conditions A and B, alkylating agents with structural
variations in primary alcohols were chosen and results of this experiment summarises in Table
2. Notably, reducible halogen functional groups at 4-position of the benzyl alcohol, such as
fluoro and chloro were well tolerated and resulted in 72—85% yields of Sae and Saf (Table 10).

Furthermore, benzyl alcohol derivatives containing electron-rich —Me group at ortho-, meta-
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and para-positions and —OMe at para- and meta- positions were also found to be good coupling

partners delivering the products in 62—-82% yields (Table 10).

11.2.7.2. Friedlinder quinoline synthesis

The Zn(II) based catalyst 1a also revealed efficient activity for dehydrogenative coupling in
one-pot cascade synthesis of quinoline derivatives when 2-aminobenzyl alcohol (6a) was
utilised as the coupling partner. Conventionally, Friedldnder annulation reactions rely on the
condensation of 2-aminobenzaldehydes with ketones in basic or acidic environments.'® These
reactions frequently encounter problems due to the somewhat limited stability of 2-
aminobenzaldehydes, self-condensations and other related issues.”> An eco-friendly synthesis
of quinolines have been developed here via acceptorless dehydrogenative coupling (ADC),
utilising catalytic amounts of base and relatively more stable 2-aminobenzyl alcohol and its
derivatives. According to our hypothesis, a, B-unsaturated ketones would be formed by
alcohols dehydrogenation via base-promoted cross-aldol condensation. These ketones proceed
through intramolecular cyclodehydration to produce compatible quinoline derivatives (Scheme
3). Using this mechanistic approach, the reaction between 2-aminobenzyl alcohol 6a and
acetophenone 3a was scrutinized as the model substrates to determine the optimum condition
for the mono-dehydrogenative cyclization in order to produced quinoline derivatives. The
prospect of double-dehydrogenative cyclization of secondary alcohols and 2-aminobenzyl
alcohols was then determined to investigate. Fortunately, we noticed the reaction employing 1-
phenylethanol 4a and 6a as the benchmark substrates to produced quinoline derivatives as

shown in Table 11.

Table 11: Optimization of the reaction conditions for the zinc catalyzed acceptorless mono-
and double-dehydrogenative coupling of 2-aminobenzylalcohol (6a) with acetophenone (3a)

and 1-phenylethanol (4a)“

(o) OH
OH
CH3 CHS
N 3a NH 4

a
= < i . A
N catalyst (X mol%) catalyst (X mol%) P

9aa base (Y mol%) base (Y mol%) N
solvent, open air B6a solvent, open air 9aa
85°C, 18hrs 85°C, 18hrs

Condition-A Condition-B
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Entry Catalyst Solvent Base Temp |Yield®® (%0)| Yield®9 (%)
(X mol%o) (Y mol%o) (°C)
1 1a (1.00 mol%) | Toluene | KO'Bu (100) 85 92 90
2 1a (0.1 mol%) Toluene | KO'Bu (100) 85 91 90
3 1a (0.01 mol%) | Toluene | KO'Bu (100) 85 92 91
4 1a (0.005 mol%) | Toluene | KO'Bu (100) 85 92 87
5 | 1a(0.001 mol%) | Toluene | KO'Bu (100) 85 53 47
6 | 1a(0.005 mol%) | Toluene | KO'Bu (50) 85 92 87
7 1a (0.005 mol%) | Toluene | KO'Bu (20) 85 92 60
8 | 1a(0.005 mol%) | Toluene | KO'Bu (40) 85 92 90
9 1a (0.005 mol%) | Toluene | NaBHa (20) 85 74 42
10 | 1a(0.005 mol%) | Toluene | NaO'Bu (20) 85 85 57
11 | 1a(0.005 mol%) | Toluene NaOH (20) 85 90 59
12 | 1a(0.005 mol%) | Toluene KOH (20) 85 90 57
13 | 1a(0.005 mol%) | Toluene | K>CO3(20) 85 52 19
14 | 1a(0.005 mol%) | Xylene KO'Bu (20) 85 82 55
15 | 1a(0.005 mol%) THF KO'Bu (20) 85 45 23
16 | 1a (0.005 mol%) EtOH KO'Bu (20) 85 NR NR
17¢ | 1a(0.005 mol%) | Toluene | KO'Bu (20) RT NR NR
18 | 1a(0.005 mol%) | Toluene | KO'Bu (20) 100 90 58
19 | ZnCly + Ligand | Toluene | KO'Bu (20) 85 Trace NR
(1:1)
20 | ZnCl(0.005 & 1| Toluene | KO'Bu (20) 85 NR NR
mol%)
21 | Ligand (1 mol%) | Toluene | KO'Bu (20) 85 NR NR
22 Toluene | KO'Bu (20) 85 NR NR
239 | 1a(0.005 mol%) | Toluene | KO'Bu (20) 85 trace trace
24° | 1a(0.005 mol%) | Toluene | KO'Bu (20) 85 68 37
25 | 1a(0.005 mol%) Neat KO'Bu (20) 85 45 trace
26 | 1b (0.005 mol%) | Toluene | KO'Bu (20) 85 87 59

“Reaction Conditions: mono-dehydrogenation: condition A: 2-Amino benzyl alcohol 6a (1.00 mmol),
acetophenone 3a (1.00 mmol). Double-dehydrogenation: condition B: 2-Amino benzyl alcohol 6a (1.00 mmol),
1-phenylethanol 4a (1.00 mmol), Base, 5.0 ml toluene, Reaction time 18 hrs, open air.

PIsolated yield after coloumn chromatography.

‘RT = Room Temperature.

9Under an argon atmosphere.

“Reaction time 6 hrs, NR = No Reaction.

frepresents the yield of the mono-dehydrogenative coupling reaction.

srepresents the yield of the double-dehydrogenative coupling reaction.

It is worth noting that the exclusively quinoline-based derivatives i.e., the envisioned
cyclization products were obtained under the optimum reaction conditions with no self-
condensed side products of 2-aminobenzaldehydes. Furthermore, unreacted alcohols or

ketones have been found in petite amount in all cases.
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Table 12: Screening of various secondary alcohols and ketones for dehydrogenative coupling

reaction with 1a

OH OH
3a o CHs NHz 4a o CH
1a (0.005 mol%) 1a (0.005 mol%)
s KO'Bu (20 mol%) KO'Bu (20 mol%)
aa-ao Qaa-ao
toluene, open air 6a toluene, open air
85°C, 18hrs 85°C, 18hrs
X X X
Z Pz P~ CH;3
N N N
9aa 9ab 9ac
CHj3
A: 92%, TON 23000 A: 94%, TON 23500 A: 90%, TON 22500
B: 87%, TON 21750 B: 90%, TON 22500 B: 82%, TON 20500
X CH; A X
Z Z Pz OCH3;
N N N
9ad 9ae 9af
OCH,4
A: 84%, TON 21000 A: 89%, TON 22250 A: 87%, TON 21750
B: 78%, TON 19500 B: 83%, TON 20750 B: 85%, TON 21250
A X X
S 7 Br 7
N N N
9ag 9ah 9ai
Br F
A: 86%, TON 21500 A: 72%, TON 18000 A: 84%, TON 21000
B: 83%, TON 20750 B: 68%, TON 17000 B: 81%, TON 20250
X F X X
= 7 P NO,
N N N
93] 9ak 9al
NO,
A: 55%, TON 13750 A: 68%, TON 17000 A:67%, TON 16750
B: 52%, TON 13000 B: 62%, TON 15500 B: 65%, TON 16250
C(I/\/\/ D O D
7 yZ Z
N N N
9am 9an 9ao
A: 75%, TON 18750 A: 89%, TON 22250 A: 84%, TON 21000
B: 71%, TON 17750 B: 86%, TON 21500 B: 80%, TON 20000

“Reaction Conditions: (mono-dehydrogenation reaction: condition A): 2-Aminobenzyl alcohol (6a) (1.00 mmol);
ketone (3a—0) (1.00 mmol); base (20 mol%). (double-dehydrogenation reaction: condition B): 2-Aminobenzyl
alcohol (6a) (1.00 mmol); secondary alcohols (4a—o) (2.00 mmol); base (40 mol%). *Isolated yields after column
chromatography. 5.0 mL toluene. open air. “represents the yield of the mono-dehydrogenation reaction product
i.e. the yield of the products between 2-Aminobenzyl alcohol (6a) (1.00 mmol) and ketones (3a—0) (1.00 mmol).
B'represents the yield of the double-dehydrogenation reaction product i.e. the yield of the products between 2-
Aminobenzyl alcohol (6a) (1.00 mmol) and secondary alcohols (4a—o0) (2.00 mmol)

As optimal conditions were established, the scope for dehydrogenative cyclization of 2-
aminobenzyl alcohol 6a and ketones was elaborately scrutinized starting with ketones. A wide

range of functional groups, including aryl, alkyl, and naphthyl functionalities, were well
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tolerated. It has been found that, under optimum condition A, acetophenones with both electron
withdrawing and electron donating groups could be compatible with 6a as coupling partners.
Superior yields of the corresponding quinolines were found while acetophenones containing
electron-donating groups at the para-, meta- and ortho- positions of the phenyl ring were
employed (Table 12, 9ab-af). For example, the corresponding quinolines 9ab, 9ac, and 9ad
were produced in 94, 90 and 84% isolated yields under condition A, respectively, by the
reaction of 1-(p-tolyl)ethan-1-one 3b, 1-(m-tolyl)ethan-1-one 3¢ and 1-(o-tolyl)ethan-1-one 3d
with 6a. Moreover, reactions continued with acetophenones containing halogens as the
electron-withdrawing groups, producing the corresponding quinolines in 55-86% isolated
yields (Table 3, 9ag-aj). Nevertheless, in the presence of strong electron withdrawing group
like nitro, the desired quinolines were isolated in moderate yields (Table 12, 9ak-al).
Additionally, aliphatic ketones were also used as coupling partners in order to examine the
substrate scope further. Notably, it has been found that the corresponding quinolines 9am and
9an were produced in 75 and 89% isolated yields, respectively (Table 12). This result differs
greatly from the rhenium catalyst developed by Sortais, where aliphatic alcohols were unable
to produce any quinoline products.?* Furthermore, naphthyl ketone was used as coupling
partner in order to test the substrate scope. For example, the corresponding quinolines, 9a0 was
produced in 84% isolated yield, by the reaction of 1-(naphthalen-2-yl)ethan-1-one 30 with 6a.

To assess the adaptability of the zinc catalysed dehydrogenative cyclization processes,
the substrate range of the double dehydrogenative coupling of 2-aminobenzyl alcohols and
secondary alcohols was also explored. The coupling partners of 6a were evaluated with a range
of substituted secondary alcohols (4a-0) in reaction condition B (Table 3). The corresponding
quinolines were produced in moderate to high isolated yields by the reaction of 1-phenylethanol
having electron-donating groups at the ortho-, meta- or para-positions of the phenyl ring. The
reaction of 6a with 1-(p-tolyl)ethanol 4b, 1-(m-tolyl)ethanol 4¢ and 1-(o-tolyl)ethanol 4d
afforded the corresponding quinolines 9ab, 9ac and 9ad in 90, 82 and 78% yields respectively.
I-phenylethanol with electron-withdrawing groups was also compatible, although it required a
longer reaction time and produced lower yields. Aliphatic alcohols were also found to be good
coupling partners even though they had a lower yield and required a longer reaction time. This
might be attributed to the decreased reactivity of the aliphatic alcohols to form the

corresponding ketones via acceptorless dehydrogenation.
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Table 13: Screening of various secondary alcohols and ketones with 2-amino-5-chloro benzyl

alcohol 6b for dehydrogenative coupling reaction with zinc catalyst 1a

o HO OH
RJI\CH R/I\CH
cl N aan O NH, sanC Cl X
R e ——
P 1a (0.005 mol%) 1a (0.005 mol%) =
N R e N R

KO'Bu (20 mol%) Cl KO'Bu (20 mol%)

10aa-an toluene, open air toluene, open air 10aa-an
85°C, 18hrs 85°C, 18hrs
cl N cl N cl N
~ o
O N O O N/ Br O N
10aa 10ab i 10ac Br
A: 94%, TON 23500 A: 85%, TON 21250 A: 90%, TON 22500
B: 92%, TON 23000 B: 82%, TON 20500 B: 86%, TON 21500
cl N cl N cl
~ Z
L, ® "0
10ad Cl 10ae F
A: 92%, TON 23000 A: 87%, TON 21750 A: 60%, TON 15000
B: 90%, TON 22500 B: 84%, TON 21000 B: 56%, TON 14000
cl N cl N cl
O N/ O O N/ OCH;
10ag OCH;3 10ah O
A: 92%, TON 23000 A: 90%, TON 22500 A: 92%, TON 23000
B: 90%, TON 22500 B: 86%, TON 21500 B: 89%, TON 22250
cl N cl N
~ ~
‘ N N N
| ~-N
10ak NO, 10al
A: 85%, TON 21250 A: 70%, TON 17500 A: 76%, TON 19000
B: 82%, TON 20500 B: 66%, TON 16500 B: 74%, TON 18500

Oy T D

10am 10an 10ao
A: 88%, TON 22000 A: 78%, TON 19500 A: 90%, TON 22500
B: 86%, TON 21500 B: 76%, TON 19000 —+

“Reaction Conditions: (mono-dehydrogenation reaction: condition A): 2-amino-5-chloro benzyl alcohol 6b (1.00
mmol); ketone 3a—n (1.00 mmol); base (20 mol%). (double-dehydrogenation reaction: condition B): 2-amino-5-
chloro benzyl alcohol 6b (1.00 mmol); secondary alcohols 4a—n (2.00 mmol); base (40 mol%). *Isolated yields
after column chromatography. 5.0 mL toluene. open air. “represents the yield of the mono-dehydrogenation
reaction product i.e. the yield of the products between 2-amino-5-chloro benzyl alcohol 6a (1.00 mmol) and
ketones 3a—n (1.00 mmol). Zrepresents the yield of the double-dehydrogenation reaction product i.e. the yield of
the products between 2-amino-5-chloro benzyl alcohol 6b (1.00 mmol) and secondary alcohols 4a—n (2.00 mmol)

In order to broaden the scope of the substrate, one substituted 2-aminobenzyl alcohol was

investigated as potential coupling partners with acetophenone 3a and 1-phenylethanol 4a. 3a
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and 4a bearing both electron donating and withdrawing groups were found to be compatible
coupling partners with 2-amino-5-chloro benzyl alcohol 6b furnishing the corresponding

quinolines in 56-92% isolated yields (Table 13).

1a (0.005 mol%)

OH
©f\/ KO'Bu (20 mol%) ©j\>
NH Tolene, Open air H

2 85°C, 18hrs 1a

2-(2-aminophenyl)ethan-1-ol

Scheme 6: Intramolecular dehydrogenative cyclization with zinc catalyst 1a

Intramolecular cyclization reactions can also be performed with catalyst 1a (Scheme 6).
Intramolecular dehydrogenative cyclization of 2-(2-aminophenyl)ethan-1-ol produced 1H-
indole 11a in 90% yield under our standard experimental setup with an excellent TON value of

22500.

90_] 85 B Yield of 9aa

80— 76 78 ® Yield of 5aa

Yield of 9aa/5aa(%)

15

mmmol of 6a mmmol of 2a

Figure 10: Graphical representation of gram-scale catalytic reaction with 1a

To illustrate the usefulness of this methodology, four set of gram scale syntheses were
carried out with 6a [0.616 gm (5 mmol), 1.232 gm (10 mmol), 1.848 gm (15 mmol) and 2.463
gm (20 mmol) respectively] and 2a [0.541 gm (5 mmol), 1.081 gm (10 mmol), 1.622 gm (15

mmol) and 2.162 gm (20 mmol) respectively] under optimized reaction conditions. The
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reaction generates the intended products 9aa and Saa in good percentage of yields as

anticipated. Figure 10 displays a graphical illustration of the gram-scale reaction.

11.2.7.3. Mechanistic Investigation

A mercury poisoning test was conducted in an attempt to understand the uniformity of catalytic
conversions and the role of catalysts. Mercury did not alter the dehydrogenation of alcohol or
the coupling reaction that followed. After scrutinising the substrate range, we proceeded to

examine the conceivable mechanism of the current Zn-catalysed dehydrogenation of aromatic

primary alcohols to the corresponding aromatic aldehydes.

Catalyst 1a
HO o 533(88%
A Toluene, KO‘Bu
110 °C, open air
NHZ NH HO. 0
Catalyst 1a 2 without natalyst
Eaa (trace)
t Toluene KO'Bu
TOI:’:E"E’ Ko B-Ll + 110 °C, open air
6a 85 °C, open air sa'(so%)
2a 3a
HO Ca(alyst 1a
Condition A " Toluene, without base 5‘“ {trace)
110 °C, open air
Catalyst 1a
Toluene, KO'Bu
A Catalyst 1a
2f 85 °C, open air 0  calaystla —— Saa (84%)
F F 2f‘(83l{: Toluene, KO'Bu
110 °C, open air
HO HO OH
without ca(alysl
5 t
Toluene, KO‘Bu aa (trace)
Catalyst 1a + 110°°C, open air
Toluene, KO'Bu 2a 4
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Figure 11: Some control experiments for both C—C and C—N catalytic reactions.
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When 6a, 2f and 4n were reacted under optimal reaction condition without any coupling
partner, the corresponding carbonyls 6a', 2f' and 4n' produced in 90, 83 and 77% yield
respectively (Figure 11), indicated the possibility of a probable conversion both primary and
secondary alcohols as intermediates. Notably, reaction of 6a with base has been performed
without catalyst 1a, only a trace amount of 6a' was produced. To further clarify our mechanistic
study, we reacted 2a with 3a and 4a using both reaction condition-A and -B to produce Saa
with a 92 and 87% yield respectively. The intended product Saa wasn't produced when the
reaction was carried out without catalyst 1a or base. These findings proved that alcohols could
be oxidized to carbonyls only in the presence of catalyst 1a. Similar results were found in case
of quinoline synthesis reaction (Figure 11). Some control experiments were also carried out
using a Schiff-base pincer ligand with zinc metal, i.e., complex 1¢, instead of the azo pincer
ligand for both C-C (o-alkylation) and C-N (Friedlinder annulation) coupling
reactions. Under open air condition, the reaction between 2a and 3a using catalysts 1¢ (3
mol%), KO'Bu (100 mol%), and Saa was produced in 20%. Notably, under inert conditions,
the reaction of 2a with 3a and 4a produced S5aa in 48% and 40% of yield,
respectively. Similarly, under inert conditions, the reaction of 6a with 3a and 4a using catalyst
lc produced the desired product 9aa in 55 and 50% yield, respectively (Figure
11).% Dehydrogenation of cyclobutanol (radical clock substrate) was carried out under
optimised circumstances utilising 1a as catalyst in order to validate the viability of one-electron
hydrogen atom transfer (HAT) vs two-electron hydride transfer (HT) pathway (involving an
intermittent zinc hydride intermediate). The observed HRMS data at 420.9877 and 543.0594
(m/z) of the reaction mixture indicated the formation of a zinc hydride intermediate
corresponding to [I2]* and an intermediate adduct [I14]*, respectively, when the reaction was

carried out with 1-phenylethanol and catalyst 1a in presence of base as shown in Figure 12.

TOF M5 ES+ TOF M5 FUNCTION

S0

m/z (Da)

Figure 12: HRMS of intermediates [I12]*, [I4]": when the reaction was carried out with 1-

phenylethanol and catalyst 1a in presence of base.
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Synthesis of cyclobutanone as the dehydrogenated product, which indicates the involvement
of the two-electron hydride transfer process and rules out the viability of the HAT process
involving ketyl radical intermediate (Scheme 7). To understand the redox behaviour of 1a, we
have performed electrochemical study. Two cathodic responses around —0.3 and —1.2 V have

observed in agreement with two azo chromophores (Figure 13).!7822

20 15 10 05 00 05 -1.0 -1.5 -2.0
E(V)

Figure 13: Cyclic voltammogram of 1a in CH3CN using 0.1 M BusNPFs using a Pt working
electrode at 50 mV s™! with respect to Ag/AgCl reference electrode.

The irreversible nature of both reductive couples most plausibly accounts for adoption of a
non-radical pathway during the catalytic cycle. '"H NMR spectrum was found to be consistent

with the in situ exclusive formation of cyclobutanone as the end product with catalyst 1a
(Figure 14).2°

3.14
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Figure 14: '"H NMR spectrum of cyclobutanone (300 MHz, CDCl3).

It is worth mentioning that the mixture of substrate, catalyst 1 and base resulted in a sharp

single line EPR spectrum near g =~ 2 with small signal width (AH = 3 mT) at room temperature,
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indicating the in-situ generation of an organic radical. But this does not necessarily imply the
formation of a zinc-coordinated anion radical since a similar attribution was also observed in
the absence of zinc catalyst 1. Furthermore, the catalyst does not give any EPR signal with base
alone. Thus, the EPR experiment indubitably shows that organic radical species are not
associated with catalyst 1 and this finding is consistent with the reported non-radical pathway
(Scheme 8). It is apparent that the bisazo-pyridine based Zn(II) catalyst is reluctant to follow
the radical pathway, possibly due to its electron-rich nature, despite coordination to the strong
n-acidic pyridylazo ligand.

OH

/O

standard condition

¢

cyclobutanol cyclobutanone

Scheme 7: Investigation of active participation of non-radical intermediate during catalytic
transformation Dehydrogenation of cyclobutanol with catalyst 1a

Even when they do not form radicals, bisazo-pyridine ligands can act as electron sinks
in a chemical reaction pertaining azo-hydrazo redox pair.!”® Thus, 1-phenylethanol and
deuterated 1-phenylethanol were exposed to stoichiometric dehydrogenation under optimal
conditions in the presence of argon in order to examine the potential participation of the azo-
chromophore. The IR spectra of reaction mixtures show vn-u vibrational modes at 3029 and
3063 cm ! and N-D stretching at 2107 and 2131 cm™!, respectively, suggesting the active
participation of the coordinated azo-aromatic template in due course of the dehydrogenation of
).27:17b

deuterated 1-phenylethanol and non-deuterated 1-phenylethanol (Figure 15

1.00 -

2131em=1 2107 cm-1
N-D stretching

0.75 4
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Figure 15: (a) IR spectrum of reaction mixture showing N-D stretching during

dehydrogenation of non-deuterated 1-phenylethanol (red) and deuterated 1-phenylethanol
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(blue). (b) Electronic spectra of the formation of I3~ ion in presence of H>O» (detection of H>O»

was achieved as described in the text).

After performing these control experiments, we report a probable catalytic cycle for this

reaction mechanism as shown in Scheme 8. Mechanistic research pertaining to a-alkylation

Q
Q

OH

KO'Bu

'‘BuOH+ K

R = H, for Primary Alcohol
= CHa, for Secondary Alcohol

H20; N= N R
- /\Zn/ A r/&o
Oz N\ N / \0
R)\Ar \J

(1)

Q Catalytic Cycle of Dehydrogenative Coupling Reaction
HN- HN =N

C / _ N=N\ /N=N
\ /\0 CN//Z“\
(14 R)\Ar / H
-
HN—R N=N /
e 2%
ArJ\OH \ /N/ ‘

Scheme 8: Proposed reaction mechanism for Zn(II)-mediated alcohol dehydrogenation

reaction.

of secondary alcohols/ketones with primary alcohols using catalyst 1a have reported similar
findings as mention in Scheme 1. This would give a, B-unsaturated ketones as intermediate via
classical aldol condensation and dehydration, which hydrogenated to give final C—C bonded

alkylated product via well-known borrowing-hydrogen (BH) mechanism.
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I1.3 Conclusion

In summary, we have developed a simple, sustainable, and scalable dehydrogenative cross-
coupled strategy by employing a novel electron deficient robust pincer N*N”N-zinc catalyst.
The highly electron-deficient bisazo-pyridine template is likely advantageous for the overall
catalytic cycle by facilitating the initial nucleophilic coordination of alcohols in the catalytic
cycles. This neutral coordinatively unsaturated square pyramidal [Zn(N"N~N)Cl,] catalyst
exhibit excellent stability vis-a-vis in-situ recyclability as well, which is manifested by its
remarkably high turnover numbers (up to 23,000 using a 0.005 mol% catalyst loading) apart
from low base loading (20 mol% KO'Bu) under homogeneous aerobic conditions. Both C-
alkylation of secondary alcohols/ketones with primary alcohols and C-N Friedldnder
annulation to quinoline derivatives occurred via hydride transfer (HT) under open-air
homogeneous reaction conditions in presence of catalytic amounts (~30 mol%) of base, KO'Bu.
Production of a-alkylated ketones and quinoline derivatives are accomplished by acceptorless
dehydrogenative coupling followed by hydrogen borrowing/N-annulation, respectively, in one-
pot procedure. Notably, the dual role of the catalyst was found in nucleophilic aromatic
substitution reaction and a-alkylation with primary alcohols. In both cases, respective desired
catalytic products are formed without any noticeable self-condensed side products and the
reaction byproducts are highly benign in nature. Lower (metal) catalyst, and base loading are
challenging but indispensable in terms of green and sustainable chemistry because of minimal
release of hazardous metal wastes and toxic byproducts to the environment. A non-radical
pathway following a hydride transfer mechanism is presented for the Zn(II)-mediated alcohol
dehydrogenation reaction and substantiated by certain control studies. This urbane method
shows a broad substrate tolerance using aliphatic, aromatic and hetero aromatic alcohols to
produce wide range of C—C/C—N cross-coupled products under mild conditions with highest

TON reported so far among homogeneous zinc catalysts.

I1.4 Experimental Section

I1.4.1 General Information

Except where emphasised, all manipulations have been carried out in an argon atmosphere.
Prior to use, solvents were dried using conventional techniques and afterwards distilled under
argon. Anhydrous zinc chloride, benzyl alcohol and its derivatives and acetophenone and its
derivatives were bought from Sigma Aldrich chemical company. Additional chemicals and
solvents were bought from Merck India, Ranchem Private Limited, TCI Chemicals (India) Pvt.

Ltd., Alfa Aesar and dried before use using well-known methods. FT-IR spectra have been
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measured using a Perkin-Elmer L1600300 spectrometer. TMS was used as the internal
reference for 'H, *C & '""F NMR spectra measurements on Bruker FT 300 & 400 MHz
spectrometers. Electronic spectra were recorded using a Perkin-Elmer LAMDA 25
spectrophotometer and a dichloromethane solution with a solute concentration of

approximately 10> M.

I1.4.2. Synthesis

Synthesis of ligands

The organic ligands L' and L comprising two electron-deficient azo moieties along with an
aromatic heterocyclic group have been prepared by condensation of (E)-2-((4-
chlorophenyl)azo)aniline or (F)-2-(phenylazo)aniline with 2-nitrosopyridine using the

previously reported procedure.?!?

Synthesis of complexes

[Zn(LMCl:] 1a Anhydrous ZnCl> (136 mg, 1.00 mmol) was added to a solution of (L") (354
mg, 1.10 mmol) in ethanol (25 mL) under open air. The reaction mixture was stirred at room
temperature for 6 hrs. The solvent was removed under reduced pressure. Slow diffusion of the
dichloromethane solution of the complex into n-hexane led to the crystallisation of 1a as rod-
shaped crystals. Yield and characterization data: Blood-red crystal, Yield 90% (412 mg). Anal.
Calcd. for C17H12NsCliZn: C 44.58, H 2.64, N 15.29; Found C 44.98, H 2.69, N 15.16%. 'H-
NMR (400 MHz, DMSO-ds): & (ppm) 8.76 (d, J= 5.4 Hz, 1H), 8.07 (t, /= 7.8 Hz, 1H), 7.93-
7.90 (m, 2H), 7.79-7.75 (m, 4H), 7.70-7.64 (m, 3H), 7.62-7.59 (m, 1H). 3C-NMR (100 MHz,
DMSO-ds): & (ppm) 163.3,151.3, 150.0, 149.9, 147.8, 147.4,137.0, 132.9, 132.3, 130.2, 126.6,
125.0, 124.9, 119.4, 119.0, 113.5. FT-IR (cm™'): 1459, 1390 (VN=N).

[Zn(LY)CI2] 1b The former procedure has been applied with same stoichiometrically amount
to synthesised complex 1b. Yield and characterization data: Blood-red crystal, Yield 85% (360
mg). Anal. Calcd. for Ci7H13NsCl2Zn: C 48.20, H 3.09, N 16.53; Found C 48.61, H 3.13, N
16.41%. 'H-NMR (400 MHz, DMSO-ds): J (ppm) 8.75 (d, J = 5.4 Hz, 1H), 8.06 (t, /= 7.8
Hz, 1H), 7.90 (d, J = 7.7 Hz, 2H), 7.79-7.74 (m, 4H), 7.68 (d, J = 8.1 Hz, 1H), 7.62-7.59 (m,
4H). 3C-NMR (100 MHz, DMSO-ds): § (ppm) 163.4, 152.8, 149.9, 148.0, 147.4,139.5,132.8,
132.5,131.9, 130.0, 129.1, 128.7, 126.6, 123.3, 119.5, 118.8, 113.4. FT-IR (cm™!): 1456, 1397

(VN=N).
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General procedure for synthesis of a-alkylated ketone derivatives

In aerial condition, a mixture of catalyst 1a (0.008 mol%), KO'Bu (30 mol%), secondary
alcohols/ketones (1.0 mmol), and primary alcohols (1.0 mmol) had been placed into a 50.0 ml
round-bottom flask. The reaction mixture was then placed in a preheated oil bath at 110 °C
prior 5.0 ml of toluene was added to it. The reaction was continuing for 21 hrs. Following the
reaction, the resulting mixture was vacuum-concentrated and purified using column

chromatography on silica gel 60-120 mesh (hexane/ethyl acetate) to afford the desired product.

General procedure for Friedlinder quinoline synthesis

Catalyst 1a (0.005 mol%), KO'Bu (20 mol%), secondary alcohols/ketones (1.0 mmol), and 2-
aminobenzyl alcohol derivatives (1.0 mmol) were added to a 50.0 ml round-bottom flask under
aerial condition. The reaction mixture was then placed in an oil bath that had been heated to 85
°C before 5.0 ml of toluene was added to it. The reaction continued for 18 hrs. The resulting
mixture was subsequently concentrated under vacuum and purified using column

chromatography on silica gel 60-120 mesh (hexane/ethyl acetate) to afford the desired product.

Detection of hydrogen peroxide in the catalytic reaction

The production of H>O, as a byproduct during the catalytic process was developed
spectrophotometrically by the typical band for I3~ (Amax = 350 nm) upon reaction with KI.?’
Applying our developed procedure, 0.008 mmol catalyst 1a and 20 mol% KO'Bu were added
to a round-bottom flask containing 1 mmol of benzyl alcohol in 5 ml of dry toluene. Following
2 hrs of reaction, the reaction mixture was extracted using dichloromethane, and an equal
volume of water was added. To prevent further oxidation, the aqueous layer was acidified with
H>SO4 to pH 2, and then 1 ml of a 10% KI solution and 3 drops of a 3% ammonium molybdate
solution were added. HO» + 21"+ 2H" — 2H20 + I» is the process that takes place when
hydrogen peroxide is present, while 1> (aq) + " — I3 ™ is the reaction that forms when there is
an excess of iodide ions. By adding an ammonium molybdate solution, the reaction becomes

almost instantaneous albeit it starts out slowly and increases as the acid concentration increases.
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I1.4.3. Characterization data of Zn catalyzed compounds:

All the reactions were carried out in 1.0 mmol scale of reactant and according to the
general procedure for synthesis of a-alkylated ketone derivatives.
1,3-diphenylpropan-1-one (5aa): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield =
88%, 185mg). '"H NMR (300 MHz, CDCls):  (ppm) 8.00 (d, J = 7.4 Hz,
2H)7.59 (t, J=7.3 Hz, 1H), 7.49 (t, J=7.5 Hz, 2H), 7.37 - 7.22 (m, 5H),
3.34 (t, J = 7.7 Hz, 2H), 3.11 (t, J = 7.7 Hz, 2H). '3C NMR (75 MHz,
CDCl3): 0 (ppm) 199.3, 141.3, 136.9, 133.0, 128.6, 128.5, 128.4, 128.0, 126.2, 40.5, 30.1.
1-phenyl-3-(p-tolyl)propan-1-one (5ab): Eluent: Hexane/Ethyl acetate (20:1). White solid
(yield = 76%, 170 mg).'"H NMR (300 MHz, CDCls): 6 (ppm) 8.09 —
oh, 8.05 (m, 2H), 7.64 — 7.60 (m, 1H), 7.56 — 7.52 (m, 2H), 7.29 — 7.25 (m,
4H), 3.37 — 3.31 (m, 2H), 3.19 — 3.14 (m, 2H), 2.45 (s, 3H).!*C NMR (75 MHz, CDCl5): §
(ppm) 198.9, 143.9, 141.4, 134.4, 129.3, 128.5, 128.4, 128.2, 126.1, 40.4, 30.2, 21.7.
1-phenyl-3-(m-tolyl)propan-1-one (5ac): Eluent: Hexane/Ethyl acetate (20:1). White solid
cn, (yield=72%, 161 mg). "H NMR (300 MHz, CDCls): 6 (ppm) 7.99 (d,
J=28.6 Hz, 2H), 7.61- 7.56 (m, 1H), 7.51-7.45 (m, 2H), 7.22 (t, J="7.1
Hz, 1H), 7.11-7.04 (m, 3H), 3.32 (dd, J = 8.5, 6.4 Hz, 2H). 3.09-3.03 (m, 2H), 2.36 (s, 3H). 1*C
NMR (75 MHz, CDCI3): 6 (ppm) 199.4, 141.2,138.1, 136.9, 133.0, 129.2, 128.6, 128.1, 126.9,
125.4, 40.6, 30.1, 21.4.
1-phenyl-3-(o-tolyl)propan-1-one (S5ad): Eluent: Hexane/Ethyl acetate (20:1). White solid
i M (yield = 69%, 155 mg). '"H NMR (300 MHz, CDCl3):  (ppm) 8.01- 7.98
(m, 2H), 7.62-7.57 (m, 1H), 7.51-7.45 (m, 2H), 7.21-7.16 (m, 4H), 3.31-
3.26 (m, 2H). 3.11-3.06 (m, 2H), 2.38 (s, 3H). '*C NMR (75 MHz,
CDCl3): & (ppm) 199.4, 139.5, 136.9, 136.0, 133.2, 130.5, 129.4, 128.9, 128.7, 128.2, 126.4 (d,
J=10.4 Hz), 39.2, 27.6, 19.5.

W
W

J

3-(4-chlorophenyl)-1-phenylpropan-1-one (5ae): Eluent: Hexane/Ethyl acetate (20:1). White
solid (yield = 78%, 191 mg). 'H NMR (300 MHz, CDCls): 6 (ppm)
7.99-7.96 (m, 2H), 7.60-7.56 (m, 1H), 7.51-7.48 (m, 2H), 7.28-7.20
(m, 4H), 3.33-3.28 (m, 2H), 3.09-3.04 (m, 2H). *C NMR (75 MHz,
CDCl): d (ppm) 198.9, 139.8, 136.8, 133.2, 131.9, 129.8, 128.7, 128.6, 128.0, 40.1, 29.4.

W,
(7
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3-(4-fluorophenyl)-1-phenylpropan-1-one (5af): Eluent: Hexane/Ethyl acetate (20:1). White
i solid (yield = 85%, 194 mg). 'H NMR (300 MHz, CDCls): J (ppm)
7.99-7.96 (m, 2H), 7.61-7.56 (m, 1H), 7.50-7.45 (m, 2H), 7.25-7.21
] (m, 2H), 7.03-6.97 (m, 2H), 3.31 (t, /= 7.5 Hz, 2H), 3.07 (t, /= 7.5
Hz, 2H). *C NMR (75 MHz, CDCls): J (ppm) 199.0, 163.0, 159.8, 136.8, 133.1, 129.9, 129.8,
128.6, 128.0, 115.4, 115.1, 40.4, 29.3. 'F NMR (282 MHz, CDCl3): § =-117.3 (s, 1F).
3-(4-methoxyphenyl)-1-phenylpropan-1-one (5ag): Eluent: Hexane/Ethyl acetate (20:1).
White solid (yield = 82%, 197mg). 'H NMR (300 MHz, CDCls): §
O O och (ppm) 8.00-7.97 (m, 2H), 7.61-7.56 (m, 1H), 7.50-7.46 (m, 2H),
3 7.22-7.19 (m, 2H), 6.89-6.85 (m, 2H), 3.81 (s, 3H), 3.30 (t, J = 7.6
Hz, 2H), 3.04 (t, J = 7.6 Hz, 2H). *C NMR (75 MHz, CDCls): 6 (ppm) 199.4, 158.0, 136.9,
133.3, 133.0, 129.4, 128.6, 128.0, 113.9, 55.3, 40.7, 29.3.
3-phenyl- 1 -(p-tolyl)propan-1-one (5ah): Eluent: Hexane/Ethyl acetate (20:1). Colourless
liquid (yield = 92%, 206mg). 'H NMR (300 MHz, CDCl;): 6 (ppm)
" c/‘)J\A‘ 7.92 (d, J=8.0 Hz, 2H), 7.39-7.26 (m, 7H), 3.33 (t, J = 7.7 Hz, 2H),
3.12(t,J=7.7 Hz, 2H). *C NMR (75 MHz, CDCl3): 6 (ppm) 198.9, 143.9, 141.5, 134.5, 129.4,
128.6, 128.5, 128.3, 126.2, 40.4, 30.3, 21.7.
3-phenyl-1-(m-tolyl)propan-1-one (5ai): Eluent: Hexane/Ethyl acetate (20:1). White solid
he (yield = 85%, 190 mg). 'H NMR (300 MHz, CDCl3): 6 (ppm) 7.80-
\‘)\/\‘ 7.76 (m, 2H), 7.39-7.29 (m, 7H), 3.32 (t,J=8.1 Hz, 2H), 3.12-3.07 (m,
2H), 2.43 (s, 3H) 3C NMR (75 MHz, CDCls):  (ppm) 199.5, 141.4, 138.4, 136.9, 133.8, 128.6,
128.4,128.5, 128.4, 126.1, 125.3, 40.5, 30.2, 21.3.
-phenyl -1-(o-tolyl)propan-1-one (5aj): Eluent: Hexane/Ethyl acetate (20:1). Colorless liquid
GHa (yield = 75%, 168mg). 'H NMR (300 MHz, CDCls): 6 (ppm) 7.62 (d, J
O =7.0 Hz, 1H), 7.27-7.21 (m, 8H), 3.25 (t, /= 7.6 Hz, 2H), 3.07 (t, J =
7.6 Hz, 2H), 2.49 (s, 3H). 3C NMR (75 MHz, CDCl3): 6 (ppm) 203.41,
141.2, 138.1, 136.4, 136.2, 131.9, 129.4, 128.5, 128.4, 126.1, 125.7, 125.2,43.2, 30.4, 21.3.
1-(4-methoxyphenyl)-3-phenylpropan-1-one (5ak): Eluent: Hexane/Ethyl acetate (20:1).
i White solid (yield = 93%, 223mg). 'H NMR (300 MHz, CDCls): 6
(ppm) 7.97 (d, J = 8.8 Hz, 2H), 7.23 (d, /= 6.9 Hz, 1H), 7.17 (d, J
- =7.0 Hz, 1H), 6.95 (d, /= 8.8 Hz, 2H), 3.89 (s, 3H),3.28 (t, /= 7.6
Hz, 2H), 3.09 (t, ] = 7.6 Hz, 2H). 3C NMR (75 MHz, CDCls): J (ppm) 197.9, 163.3, 141.5,
130.5, 129.0, 128.5, 128.4, 126.2, 113.6, 55.4, 40.1, 30.4.
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1-(3-methoxyphenyl)-3-phenylpropan-1-one (5al): Eluent: Hexane/Ethyl acetate (20:1).

heco i White solid (yield = 88%, 211mg). 'H NMR (300 MHz, CDCls): §

(ppm) 7.58-7.52 (m, 2H), 7.41-7.30 (m, 5H), 7.19-7.15 (m, 2H), 3.88

(s, 3H), 3.33 (t, J= 7.7 Hz, 2H), 3.10 (t, J = 7.7 Hz, 2H). 3C NMR

(75 MHz, CDCl): 6 (ppm) 199.1, 159.9, 141.3, 138.3, 129.6, 128.6, 128.5, 126.2, 120.7, 119.6,
112.3, 55.5, 40.6, 30.2.

1-(4-fluorophenyl)-3-phenylpropan-1-one (Sam): FEluent: Hexane/Ethyl acetate (20:1).

i White solid (yield = 68%, 155mg). 'H NMR (300 MHz, CDCl;3): §

(ppm) 8.05-8.00 (m, 2H), 7.38-7.24 (m, 5H), 7.19-7.12 (m, 2H), 3.31

] (t,J=7.6Hz 2H)3.12 (t,J="7.6 Hz, 2H). 3*C NMR (75 MHz, CDCl;):

o (ppm) 197.6, 167.0, 164.5, 141.2, 133.47, 133.3, 130.71 (d, /= 9.3 Hz), 128.55 (d, /= 13.0

Hz), 115.71 (d, J=21.8 Hz), 40.4, 30.1. ’F NMR (282 MHz, CDCls): § = -105F.2 (s, 1F).
1-(4-Bromophenyl)-3-phenylpropan-1-one (5an): Eluent: Hexane/Ethyl acetate (20:1).

i White solid (yield = 57%, 165mg). 'H NMR (300 MHz, CDCl3): 6

(ppm) 7.84 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H), 7.33-7.30

> (m, 2H), 7.25-7.21 (m, 3H), 3.32-3.26 (m, 2H), 3.11-3.06 (m, 2H).

3C NMR (75 MHz, CDCls): J (ppm) 198.2, 141.0, 135.6, 131.9, 129.6, 128.9, 128.6, 128.5,
128.5, 128.4, 128.2, 126.4, 126.2, 40.4, 30.0.

All the reactions were carried out in 1.0 mmol scale of reactant and according to the

general procedure for Friedlinder quinoline synthesis.

2-phenyl quinoline (9aa): Eluent: Hexane/Ethyl acetate (20:1). Fawn solid (yield = 92%,
O N 189mg). 'H NMR (300 MHz, CDCI3): § (ppm) 8.26-8.18 (m,4H), 7.92-
N 7.84 (m, 2H), 7.78-7.73 (m,1H), 7.59-7.47 (m,4H). '3*C NMR (75 MHz,
CDCl3): 6 (ppm) 157.4, 148.3, 139.7, 136.8, 129.8, 129.7, 129.4, 128.9,
127.6, 127.5, 127.2, 126.3, 119.1.
2-(p-tolyl)quinoline (9ab): Eluent: Hexane/Ethyl acetate (20:1). Fawn solid (yield = 94%,
O A 207mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.21 (d, J = 8.5 Hz,
N O 2H), 8.11 (d, J = 8.2 Hz, 2H), 7.89-7.82 (m,2H), 7.78-7.72 (m,1H),
M 7.57-7.51(m, 1H), 7.37(d, J = 7.8 Hz, 2H), 2.47 (s, 3H). *C NMR (75
MHz, CDCl3): 6 (ppm) 157.4, 148.3, 139.4,136.8 (d,J=16.6 Hz), 129.6 (d, /= 5.7 Hz), 129.3,
128.5, 127.5, 127.1, 126.1, 118.9, 21 4.
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2-(m-tolyl)quinoline (9ac): Eluent: Hexane/Ethyl acetate (20:1). Yellowish Liquid (yield =
N 90%, 197mg). 1H NMR (300 MHz, CDCI3): & (ppm) 8.25-8.20 (m,
N O ™ 2H),7.95 (d, J=7.7 Hz, 1H), 7.85 (d, J = 6.6 Hz, 1H), 7.80-7.73 (m,
2H), 7.55 (t, J = 6.9 Hz, 1H), 7.47-7.37(m, 2H), 7.31 (d, J = 6.7 Hz,
1H), 2.51 (s, 3H). *C NMR (75 MHz, CDCl3): § (ppm) 157.6, 148.3, 138.5, 136.7, 133.8,
130.1, 129.7, 129.6, 128.7, 128.4, 128.3, 127.4, 126.2, 124.7, 119.1, 21.6.
2-(o-tolyl)quinoline (9ad): Eluent: Hexane/Ethyl acetate (20:1). Fawn solid (yield = 84%,
O X ch;  185mg). "H NMR (300 MHz, CDCls): & (ppm) 8.22 (dd, J = 15.9, 8.5 Hz,
N7 O 2H), 7.89 (dd, /= 8.2, 1.5 Hz, 1H), 7.77 (m,1H), 7.62-7.51 (m,3H), 7.40-
7.31 (m, 3H), 2.44 (s, 3H). 1*C NMR (75 MHz, CDCls): § (ppm) 160.3,
147.9, 140.8, 136.1, 136.0, 130.9, 129.7, 129.6, 128.5, 127.5, 126.8, 126.4, 126.0, 122.4, 20.4.
2-(4-methoxyphenyl)quinoline (9ae): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield
N = 89%, 209mg). 'H NMR (300 MHz, CDCI3): § (ppm) 8.22-8.15 (m,
g 4H), 7.88-7.82 (m, 2H), 7.73 (t, J = 6.9 Hz, 1H), 7.52 (t, J = 7.5 Hz,
°™ 1H),7.08 (d,J= 8.9 Hz, 2H), 3.92 (s, 3H). 3C NMR (75 MHz, CDCl3):
d (ppm) 160.8, 157.0, 148.3, 136.7, 132.3, 129.6, 129.5, 128.9, 127.4, 126.9, 125.9, 118.6,
114.2, 55.4.
2-(3-methoxyphenyl)quinoline (9af): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield
N = 87%, 205mg). 'H NMR (300 MHz, CDCIl3): & (ppm) 8.24-8.20 (m,
W O - 2H), 7.89-7.81 (m, 3H), 7.78-7.72 (m, 2H), 7.57-7.51 (m, 2H), 7.07-
7.03 (m, 1H), 3.95 (s, 3H). *C NMR (75 MHz, CDCl3): § (ppm) 160.2,
159.8, 148.2, 141.2, 136.8, 129.8, 129.8, 129.7, 127.5, 126.4, 120.0, 119.1, 115.4, 112.8, 55.4.

(7

(9

(7

2-(4-bromophenyl)quinoline (9ag): Eluent: Hexane/Ethyl acetate (20:1). Beige solid (yield =

O ? 86%, 245mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.26 (d, J= 7.8 Hz,

" O 1H), 8.18 (dd, J = 8.5, 1.0 Hz, 1H), 8.08 (d, J = 8.6 Hz,2H), 7.87 (d, J =

” 8.6 Hz,2H), 7.79-7.74(m, 1H), 7.68(d, J = 8.6 Hz, 2H), 7.57 (t, J = 6.9

Hz,1H). *C NMR (75 MHz, CDCl3): § (ppm) 156.1, 148.3, 138.5, 137.0, 132.0, 131.4, 129.9,
129.7, 129.1, 127.5, 127.3, 126.6, 123.9, 118.5.

2-(3-bromophenyl)quinoline (9ah): Eluent: Hexane/Ethyl acetate (20:1). Beige solid (yield =

O A 72%, 204mg). 'H NMR (300 MHz, CDCl3): § (ppm) 8.38 (s, 1H), 8.26-

s ” 8.18 (m, 2H), 8.10(s, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.76 (t, /= 7.8 Hz,

1H), 7.59 (t, J = 8.4 Hz, 2H), 7.43-7.33 (m, 1H). 3C NMR (75 MHz,

CDCL): & (ppm) 155.6, 148.2, 141.7, 137.0, 132.2, 131.4, 130.6, 130.3, 129.9, 129.8, 127.5,

126.7, 126.0, 123.2, 118.7
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2-(4-fluorophenyl)quinoline (9ai): Eluent: Hexane/Ethyl acetate (20:1). Beige solid (yield =
O N 84%, 188mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.26-8.16 (m, 4H),
i O 7.86 (d, J=8.6 Hz, 2H), 7.76 (t,J= 6.9 Hz, 1H), 7.56 (t,J=7.5 Hz, 1H),
F7.27-7.21(m, 2H). 3C-NMR (75 MHz, CDCl3): & (ppm) 165.5, 162.2,
156.3, 148.2, 136.9, 135.9, 129.8, 129.5, 129.4, 127.5, 126.4, 118.7, 115.9, 115.7. ’F NMR
(282 MHz, CDCI3): 6 =-117.3 (s, 1F)
2-(2-fluorophenyl)quinoline (9aj): Eluent: Hexane/Ethyl acetate (20:1). Fawn Liquid (yield
=55%, 123mg). 'H NMR (300 MHz, CDCl3): § (ppm) 8.32-8.29 (m, 1H),
8.09-8.05 (m, 2H), 8.0-7.97 (m, 1H), 7.87-7.84 (m, 1H), 7.80-7.74 (m, 1 H),
7.61-7.55 (m, 1H), 7.42-7.34 (m, 1H), 7.13-7.10 (m, 1H), 7.02-6.96 (m,
1H). 3C NMR (75 MHz, CDCls): & (ppm) 161.0, 158.0, 144.8, 137.7, 132.1, 130.5, 127.6 (d,
J =43 Hz), 127.0, 126.7, 118.7 (d, J = 6.3 Hz), 117.3. "F NMR (282 MHz, CDCI3): § = -
117.3 (s, F).

2-(4-nitrophenyl)quinoline (9ak): Eluent: Hexane/Ethyl acetate (20:1). Pastel orange solid
O X (yield = 81%, 203mg). 'H NMR (300 MHz, CDCI3): § (ppm) 8.43-
N O 8.36 (m, 4H), 8.35-8.32 (m, 1H), 8.24-8.20 (m, 1H), 7.96 (d, J = 8.6
Nno, Hz, 1H), 7.92-7.89 (m, 1H), 7.84-7.78 (m, 1H), 7.65-7.60 (m, 1H).
3C NMR (75 MHz, CDCls): § (ppm) 157.6, 148.4, 148.3, 145.5, 137.4, 130.3, 130.0, 128.4,
128.2,127.6, 127.3, 124.1, 118.8.
2-(3-nitrophenyl)quinoline (9al): Eluent: Hexane/Ethyl acetate (20:1). Pastel orange solid
(vield = 67%, 168mg). 'H NMR (300 MHz, CDCls): & (ppm) 9.07 (s,
1H), 8.58 (d,/=7.8 Hz, 1H), 8.33 (d, J=8.2 Hz, 2H), 8.22 (d, /= 8.5
Hz, 1H), 7.97 (d, J = 8.6 Hz, 1H), 7.90 (d, J = 6.7 Hz, 1H), 7.83-7.70
(m, 2H), 7.61 (t, J = 6.9 Hz, 1H). >*C NMR (75 MHz, CDCI3): § (ppm) 154.5, 148.9, 148.3,
141.3,137.5, 133.3, 130.2, 129.9, 129.8, 129.0, 127.6, 127.1, 123.9, 122.5, 118.4.
2-hexylquinoline (9am): Eluent: Hexane/Ethyl acetate (20:1). Colorless Liquid (yield = 85%,
C(i/\/\/ 182mg). 'H NMR (300 MHz, CDCls): & (ppm) 8.06 (t, J = 8.1
i o Hz, 2H), 7.76 (dd, J=8.1, 1.5 Hz, 1H), 7.68 (ddd, /=8.5, 6.8, 1.5
Hz, 1H)), 7.47 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 3.00 — 2.95 (m, 2H),
1.87 — 1.77 (m, 2H), 1.37-1.27 (m, 6H), 0.93-0.87 (m, 3H). '3C NMR (75 MHz, CDCl): §
(ppm) 163.1, 147.9, 136.1, 129.3, 128.8, 127.5, 126.7, 125.6, 121.3, 39.3, 31.7, 30.0, 29.2,
22.6,14.1.

NO,
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2-cyclohexylquinoline (9an): Eluent: Hexane/Ethyl acetate (20:1). Yellowish Oil (yield =
N 89%, 188mg). 'H NMR (300 MHz, CDCls): & (ppm) 8.11 (d, J = 3.0 Hz,
e 1H), 8.08 (d, J=3.4 Hz, 1H), 7.79 (dd, J = 8.1, 1.5 Hz, 1H), 7.70 (ddd, J
=8.5,6.9, 1.5 Hz, 1H), 7.50 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.36 (d, J =
8.6 Hz, 1H), 2.99-2.93 (m, 1H), 2.09-2.03 (m, 3H), 1.95-1.90 (m, 2H), 1.69-1.48 (m, 5H). 1*C
NMR (75 MHz, CDCI3): & (ppm) 166.8, 147.9, 136.2, 129.2, 129.0, 128.2, 127.4, 125.6, 119.6,
47.62,32.8, 28.5, 26.6, 26.2, 25.7.
2-(naphthalen-2-yl)quinoline (9a0): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield
O N = 84%, 213mg). 'H NMR (300 MHz, CDCl3): § (ppm) 8.65 (s, 1H),
N OO 8.41 (dd, J=8.6, 1.8 Hz, 1H), 8.27 (dd, J=8.5, 4.6 Hz, 2H), 8.07 — 8.02
(m, 3H), 7.94 — 7.92 (m, 1H), 7.87 (d, /= 6.7, Hz, 1H), 7.80 — 7.76 (m,
1H), 7.59 — 7.54 (m, 3H). *C NMR (75 MHz, CDCls): § (ppm) 157.2, 148.4, 137.0, 136.8,
133.9,133.5,129.8,129.7, 128.8, 128.6, 128.3, 127.7. 127.5, 127.3,127.2, 126.7, 126.4, 125.1,
119.2.
6-chloro-2-phenylquinoline (10aa): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield
“ O X = 94%, 225mg). 'H NMR (300 MHz, CDCl;): § (ppm) 8.19-8.12(m,
g 4H), 7.92 (d, J=8.7 Hz, 1H), 7.83 (d, J=2.3 Hz, 1H), 7.68 (dd, J=9.0,
2.3 Hz, 1H), 7.59-7.47 (m, 3H). 3C NMR (75 MHz, CDCl3): § (ppm)
157.6, 146.7, 139.2, 135.9, 131.9, 131.3, 130.6, 129.6, 128.9, 127.7, 127.5, 126.2, 119.8.
6-chloro-2-(3-bromophenyl)quinoline (10ab): Eluent: Hexane/Ethyl acetate (20:1). White
“ O D solid (yield = 92%, 252mg). 'H NMR (300 MHz, CDCls): & (ppm)
W i 8.17-8.09 (m, 4H), 7.89-7.83 (m, 2H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H),
7.54-7.50 (m, 2H). 1*C NMR (75 MHz, CDCl5): § (ppm) 156.2, 146.6,
137.6, 136.1, 135.8, 132.2, 131.3, 130.8, 129.1, 128.8, 127.8, 126.2, 119.4. MS (ESI+):
Ci5sH10BrCIN ([M+H]+
); calculated: 317.96, found: 317.98.
6-chloro-2-(4-bromophenyl)quinoline (10ac): Eluent: Hexane/Ethyl acetate (20:1). White
¢ Q X solid (yield = 92%, 252mg). 'H NMR (300 MHz, CDCl3): § (ppm)
N O 8.17-8.09 (m, 4H), 7.89-7.83 (m, 2H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H),
7.54-7.50 (m, 2H). *C NMR (75 MHz, CDCl3): § (ppm) 156.2, 146.6,
137.6, 136.1, 135.8, 132.2, 131.3, 130.8, 129.1, 128.8, 127.8, 126.2, 119.4. MS (ESI+):
Ci5sH10BrCIN ([M+H]+); calculated: 317.96, found: 317.98.

Fi &
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6-chloro-2-(4-chlorophenyl)quinoline (10ad): Eluent: Hexane/Ethyl acetate (20:1). White
“ O D solid (yield = 92%, 252mg). 'H NMR (300 MHz, CDCL3): § (ppm)
8.17-8.09 (m, 4H), 7.89-7.83 (m, 2H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H),
“ 754750 (m, 2H). 3C NMR (75 MHz, CDCl5): § (ppm) 156.2, 146.6,
137.6, 136.1, 135.8, 132.2, 131.3, 130.8, 129.1, 128.8, 127.8, 126.2, 119.4.
6-chloro-2-(4-fluorophenyl)quinoline (10ae): Eluent: Hexane/Ethyl acetate (20:1). White
“ O S solid (yield = 87%, 224mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.20-
8.08 (m, 4H), 7.88-7.82 (m, 2H), 7.68 (dd, J = 9.0, 2.4 Hz, 1H), 7.26-
F 7.20 (m, 2H). *C NMR (75 MHz, CDCl5): § (ppm) 165.6, 162.3, 156.4,
146.6, 135.9, 132.0, 131.2, 130.7, 129.5, 129.3, 127.6, 126.2, 119.4, 116.0, 115.7. ’F NMR
(282 MHz, CDCl3): 6 =-111.9 (s, 1F). MS (ESI+): C1sHioCIFN ([M+H]+); calculated: 258.04,
found: 258.06.
6-chloro-2-(2-fluorophenyl)quinoline (10af): Eluent: Hexane/Ethyl acetate (20:1). White
solid (yield = 60%, 154mg). 'H NMR (300 MHz, CDCl5): & (ppm) 8.16-
8.10 (m, 3H), 7.94 (dd, J = 8.6, 2.6 Hz, 1H), 7.85 (d, J = 2.3 Hz, 1H),
7.69 (dd, J = 9.0, 2.3 Hz, 1H), 7.49-7.44 (m, 1H), 7.34 (td, J=7.5, 1.2
Hz, 1H), 7.23 (ddd, J = 11.4, 8.2, 1.2 Hz, 1H). 3C NMR (75 MHz, CDCl5): § (ppm) 162.1,
159.6, 154.3 (d, /= 2.0 Hz), 146.7, 135.3, 132.4, 131.43 (d, J=2.9 Hz), 131.3, 131.1 (d, J =
8.6 Hz), 130.6, 127.8, 126.2, 124.8 (d, J = 3.4 Hz), 123.3 (d, J = 8.4 Hz), 116.3 (d, J = 22.8
Hz). 'F NMR (282 MHz, CDCI3): § = -117.0 (s, 1F) MS (ESI+): CisHioCIFN ([M+H]+);
calculated: 258.04, found: 258.06.
6-chloro-2-(4-methoxyphenyl)quinoline (10ag): Eluent: Hexane/Ethyl acetate (20:1). White
° O X solid (yield = 92%, 245mg). 'H NMR (300 MHz, CDCls): § (ppm)
8.17-8.07 (m, 4H), 7.87 (d, J = 8.7 Hz, 1H), 7.80 (d, J= 2.3 Hz, 1H),
%™ 766 (dd, J= 9.0, 2.4 Hz, 1H), 7.07 (d, J = 8.9 Hz, 2H), 3.91 (s, 1H).
BC NMR (75 MHz, CDCls): § (ppm) 161.0, 157.1, 146.7, 135.7, 131.8, 131.5, 131.1, 130.5,
128.9, 127.5, 126.1, 119.4, 114.3, 55.4. MS (ESI+): CicHi3CINO ([M+H]+); calculated:
270.06, found: 270.07.
6-chloro-2-(3-methoxyphenyl)quinoline (10ah): Eluent: Hexane/Ethyl acetate (20:1). White
° O : . solid (yield = 90%, 240mg). 'H NMR (300 MHz, CDCl:): & (ppm)
" 8.13-8.07 (m, 2H), 7.86 (d, /= 9.6 Hz, 1H), 7.79-7.76 (m, 2H), 7.71-
7.67 (m, 2H), 7.44 (t, J= 7.9 Hz, 1H), 7.04 (dd, /= 8.2, 2.5 Hz, 1H),
3.94 (s, 3H).!*C NMR (75 MHz, CDCls): § (ppm) 160.2, 157.3, 146.6, 140.6, 135.8, 131.9,
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131.3, 130.6, 129.9, 127.8, 126.1, 119.9, 119,8, 115.6, 112.7, 55.4. MS (ESI+): C16H13CINO
([M+H]+); calculated: 270.06, found: 270.07.

6-chloro-2-(m-tolyl)quinoline (10ai): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield

“ O A =92%, 233mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.12-8.06 (m,

°"’ 4H), 7.88 (d, J = 8.7 Hz, 1H), 7.80 (d, J = 2.4 Hz, 1H), 7.66 (dd, J =

9.0, 2.4 Hz, 1H), 7.38-7.34 (m, 2H), 2.46 (s, 3H).!*C NMR (75 MHz,

CDCl3): 6 (ppm) 157.5, 146.7 139.7, 136.4, 135.7, 131.7, 131.3, 130.5, 129.7, 129.3, 128.5,

127.6,127.4,126.1, 119.7, 21.4. MS (ESI+): Ci6H13CIN ([M+H]+); calculated: 254.07, found:
254.09.

6-chloro-2-(o-tolyl)quinoline (10aj): Eluent: Hexane/Ethyl acetate (20:1). White solid (yield
“ O XN o, = 86%,218mg). '"H NMR (300 MHz, CDCls): & (ppm) 8.13 (t, J = 8.1
N Hz, 2H), 7.87 (d, J = 2.4 Hz, 1H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H), 7.59
(d, J=8.5 Hz, 1H), 7.53-7.50 (m, 1H), 7.41-7.32 (m, 3H) 2.44 (s, 3H).
3C NMR (75 MHz, CDCls): § (ppm) 160.5, 146.3, 140.3, 136.0, 132.1, 131.2, 130.9, 129.7,
128.7,127.3,126.2, 126.1, 123.3, 20.4. MS (ESI+): C16H13CIN ([M+H]+); calculated: 254.07,
found: 254.09.
6-chloro-2-(4-nitrophenyl)quinoline (10ak): Eluent: Hexane/Ethyl acetate (20:1). White
“ O S solid (vield = 70%, 198mg). 'H NMR (300 MHz, CDCls): & (ppm)
8.23 (d, /= 8.7 Hz, 2H), 7.96 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 2.3 Hz,
" 2H), 7.74 (d, J = 2.3 Hz, 1H), 7.45 (d, J = 2.5 Hz, 1H), 6.63 (d, J =
8.8 Hz, 1H). 1*C NMR (75 MHz, CDCls): § (ppm) 154.7, 148.5, 146.4, 144.7, 136.6, 133.2,
131.4,129.3, 128.4, 128.1, 126.3, 124.1, 119.7. MS (ESI+): Ci5sHoCIN2O> ([M]+); calculated:
284.03, found: 284.06.
6-chloro-2-(pyridin-4-yl)quinoline (10al): Eluent: Hexane/Ethyl acetate (20:1). White solid
“ SN (vield = 76%, 182mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.73 (d, ] =
% 5.1 Hz, 2H), 8.24 — 8.06 (m, 2H), 8.01 — 7.99 (m, 2H), 7.84 (dd, J = 8.7,
3.0 Hz, 1H), 7.78 — 7.72 (m, 1H), 7.67 — 7.63 (m, 1H). 1*C NMR (75 MHz,
CDCl3): 6 (ppm) 154.5, 150.4, 146.6, 137.3, 136.3, 132.9, 131.5, 131.0, 130.1, 129.9. 128.3,
127.6, 126.2, 121.5, 119.2. MS (ESI+): C14HoCIN; ([M]+); calculated: 240.04, found: 240.07.
6-chloro-2-(naphthalen-2-yl)quinoline (10am): Eluent: Hexane/Ethyl acetate (20:1). White
¢ O N solid (yield = 88%, 253mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.61
(s, 1H), 8.37 (dd, J = 8.6, 1.8 Hz, 1H), 8.16 (dd, J = 8.8, 4.1 Hz, 2H),
8.06 —7.98 (m, 3H), 7.95 - 7.89 (m, 1H), 7.83 (d, J=2.4 Hz, 1H), 7.70
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(dd, J=9.0, 2.4 Hz, 1H), 7.59 — 7.54 (m, 2H). *C NMR (75 MHz, CDCl3): § (ppm) 157.4,
149.8,136.5,135.9,133.9,133.5,131.9, 131.3, 130.7, 128.9, 128.7, 127.8. 127.2, 126.9, 126.5,
126.2, 124.9, 119.9. MS (ESI+): C19H12CIN ([M]+); calculated: 289.06, found: 289.08.
6-chloro-2-hexylquinoline (10an): Eluent: Hexane/Ethyl acetate (20:1). Colorless Oil (yield
c'm/\/\/ = 78%, 193mg). 'H NMR (300 MHz, CDCl;): & (ppm) 8.00-7.92
v - (m, 2H), 7.77-7.71 (m, 1H), 7.64-7.53 (m, 1H), 7.34-7.28 (m, 1H),
2.97 (dd, J = 8.6, 7.2 Hz, 2H), 1.86-1.76 (m, 2H), 1.46-1.40 (m, 5H), 0.97-0.87 (m, 4H). 1*C
NMR (75 MHz, CDCl3): & (ppm) 163.5, 146.2, 135.3, 131.2, 130.4, 130.2, 127.3, 126.1, 122.3,
39.3, 31.7, 29.9, 29.2, 22.6, 14.1. MS (ESI+): CisHi9CIN ([M+H]+); calculated: 248.120,
found: 248.125.
1H-indole (11a): Eluent: Hexane/Ethyl acetate (20:1). Colorless Liquid (yield = 90%, 105mg).
©i\> 'H NMR (300 MHz, CDCls): § (ppm) 8.17 (s, 1H), 7.70 (dd, J = 7.8, 1.2 Hz, 1H),
N 7.45-741(m, 1H), 7.25-7.16(m, 3H), 6.61-6.59(m, 1H). *C NMR (75 MHz,
CDCl): 6 (ppm) 135.8,127.9, 124.1, 122.0, 120.7, 119.8, 111.0, 102.6.
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Chapter 111

One-pot cascade [3 + 2 + 1] annulation:
synthesis and mechanistic insight of
s-triazines and pyrimidines using

azo-supported metalloradical nickel catalyst




II1.1 Introduction

Metal-organic catalysts have played an important role in achieving numerous synthetically
valuable organic and biomolecules that are otherwise challenging to achieve in realism.
Remarkably, palladium continues to rule the field in fine organic synthesis when compared to
other metals because it validates reliability and uniformity in metal-mediated catalysis and
exhibits a wide substrate tolerance.! However, the substantial expense associated with
palladium has limited its commercial adequacy, thereby motivating the exploration of catalysts
based on earth-abundant, low-cost metals. Being the sibling, cost-effective nickel is the most
viable option. Furthermore, they show striking resemblance in a number of organic catalytic
transformation.? Nevertheless, they differ in many instances as well due to their innate
physicochemical aspects. The recent development of homogeneous catalysis using 3d metals
in organic synthesis is highly promising as it has only lately begun to challenge the abiding
supremacy of late and mostly noble metals in this field and they hold the potency of being able

to encompass large-scale synthesis with substantial turnover number (TON).?
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Scheme 1. Synthesis of s-triazines and pyrimidines by various synthetic protocols.

The synthesis of bio-active poly-azaheterocycles such as pyrroles, pyridines,
imidazoles, pyrimidines and triazines procured from common alcohols is a rapidly expanding
area of interest for green sustainable chemistry.* Among these N-heterocycles, the pyrimidine
and s-triazine are found in a wide range of bio-relevant molecules and are crucial structural

motifs found in many pharmacological, enzyme inhibitor, antifungal, anticancer, antitubercular
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activity, argochemicals.> In fact, a variety of synthetic procedures have been cited in the
literature depending on the substrates, reagents and reaction conditions; where metal-mediated
homogeneous catalysis emerging as a versatile and valuable synthetic protocol due to their
gradual improvising catalytic efficiency, sustainability and atom-economy (Schemes 1).”
Nevertheless, such methods in general suffer from the complications of physical separation of
product(s), formation of hazardous by-products, use of stoichiometric or high amounts of base
and low TON i.e., high catalyst loading. The primary drawback of homogeneous catalysts is
that they cannot be efficiently reinstated after the reaction cycle, which makes cost reduction
challenging in industrial applications.® It is worth noting that nickel catalysts generated in-situ
from commercially available simple salts typically require (over)stoichiometric amounts
catalyst loading and hence suffer from sustainability issues with low TON.” Therefore, it is
highly desirable to design a more practical and eco-friendly catalytic systems for the synthesis
of substituted pyrimidines and triazines from readily available starting materials.

This has prompted us to explore the catalytic efficiency with the first member of nickel-
triad owing to its easy availability and affordability. We focused here on the development of a
robust pincer-type Ni(Il) catalyst with a distinctly redox-active organic template. The
advantage of employing highly m-acidic redox non-innocent ligands relies on their active
participation to facilitate the facile electron transfer process, which is one of the most crucial
aspects of bond-breaking and bond-making processes. Such electron deficient ligand with low-
energy acceptor orbitals demonstrates dual functionality viz. they readily convert to anion-
radical species, thereby acting as good electron-sources and have potency to furnish robust
metal-ligand bonding through double bond character. To retain their efficiency, organometallic
catalysts need to be fabricated with a typical multidentate ligand with strong m-acceptor donors
so that they can sustain the harsh condition during catalytic cycles.

One-pot synthesis of N-heterocycles has become more popular due to its time-efficient,
high-yield products, minimal and eco-friendly waste. In this context, it is still demanding to
have a simple and efficient process to synthesize bio-relevant heterocycles such as pyrimidines
and triazines from basic and easily accessible starting materials. Ni-catalyzed annulation
reactions for synthesizing pyrimidines and triazines, as reported by the Adhikari’" and Paul”
groups, typically require catalyst loadings of 3-5 mol%. Notably, the use of lower alcohols as
C1 or C2 synthons in these transformations remains unexplored. It is worth noting that the
earth-abundant 3d metal-catalysed multicomponent reactions (MCRs) under mild conditions

are highly desirable for synthesizing such heterocycles with improved control over catalyst and
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base loading. We started our exploration with various annulation reactions, where nickel-
catalysed scaled cascade [3 + 2 + 1] annulation reactions are successfully accomplished to
afford high-yield aromatic azaheterocycles with appreciably low (0.001 mol%) catalyst
loading, viz. (i) amalgamation of amidines and primary alcohols with/without phenyl
acetylenes/secondary alcohols affording pyrimidines (43 examples) and s-triazines (37
examples) in excellent yields, respectively. The synthesis of novel bioactive poly-aza
heterocycles through C—C/C—N bond formation, using the partial oxidation of methanol or
ethanol (Cl or C2 sources), presents an intriguing yet challenging process. Therefore,
exploration of methanol/ethanol as a safe, readily available, and cost effective C1/C2 synthon
has attracted significant global attention.!® Notably, formaldehyde is the simplest aldehyde and
has widespread applications across various fields. Traditionally, silver and iron-molybdenum
oxides are used as catalysts to convert methanol to formaldehyde at higher temperatures (600
°C and 250-400 °C, respectively).!! However, this work highlights the superior efficiency of
an Ni-based auto-tandem catalyst, which readily converts methanol/ethanol to

formaldehyde/acetaldehyde even under mild conditions.

I11.2 Result and Discussion

I11.2.1 Synthesis of ligands and complexes

The organic template L, consisting of two electron-deficient azo chromophores and an electron-
poor aromatic heterocyclic ring, was synthesized by the previously reported Baeyer-Mills
condensation of (E)-2-(phenylazo)aniline with 2-nitrosopyridine.!?> Two hexa-coordinated
Ni(IT) complexes, [Ni(L)Cl2(H20)] 1a and [Ni2(L)2(u-Cl1)2Cl2] 1b, were synthesized in good
yields (80 and 84% respectively) by reacting strongly electron deficient NNN-pincer ligand,

N=N N=N
NiCl,.6H,0, aq. EtOH ’
—_— e .
Reflux, 4 hrs N NI\CI
N\_7 |
OH,

>
aq. EtOH

G O] Qiof
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RT, 4hrs stirring b @_- \—@

Scheme 2. Synthetic strategy of [Ni(L)Cl2(H20)] 1a and [Niz(L)2(u-Cl)2Cl2] 1b.
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2-(2-pyridylazo)azobenzene, L with NiClo.6H,O in stoichiometric ratio in ethanol under
varying reaction conditions (Scheme 2).The reddish-brown mononuclear complex 1a is formed
under reflux conditions, whereas the deep brown dinuclear complex 1b is produced by stirring
at room temperature. Notably, the transfusion from the dinuclear to the mononuclear form can
be thermally induced at elevated temperatures. Both complexes exhibit excellent stability in
the presence of air and moisture and demonstrate high solubility in polar solvents such as
dichloromethane, acetonitrile, and ethanol, while displaying limited solubility in non-polar
solvents like toluene. UV-vis and IR spectral data, along with elemental analysis, corroborate

the coordination of ligand L with the nickel metal in both complexes via the azo chromophores.

II1.2.2. IR spectra
Sharp vibrations around 1455, 1397 cm™' and 1457, 1392 cm™! in the infrared spectra of

complex 1a and 1b were assigned to the vn=n stretching respectively (Figure 1).
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Figure 1. IR spectra of 1a (left) and 1b(right).

I11.2.3. Crystal Structures

Hexa-coordination around the nickel atom was authenticated by X-ray crystallographic
analysis (vide infra), and advanced spectroscopic techniques were utilized to characterize the
isolated compounds. Both complexes crystallise in the monoclinic crystal system with space
group P2y/c. The structural analysis reveals that complex 1a has a mononuclear structure, while
complex 1b is dinuclear. Each nickel centre is coordinated through Npy, Npyazo and Nphazo in
meridional fashion with comparable Ni—Npy and Ni—Npyazo distances ranging 1.987(3)-2.098(3)
A, while Ni—Nphazo length is somewhat elongated and lies near 2.20-2.40 A. The N-N azo
distances in complexes lie near 1.26 A signifies Ni(d) — azo(n*) back-bonding as the

corresponding distance in analogous free ligand is 1.24 A."3 Theoretical analysis indicates that
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this conclusion could be further supported by the nearly identical average azo lengths of 1.26

A and 1.25 A calculated in the coordinated and free ligand, respectively (Table 2).

ci1

Figure 2. ORTEP depiction of complex 1a (Solvent molecules and hydrogen atoms have been omitted
for clarity, with thermal ellipsoids displayed at a 50% probability level). Selected bond lengths (A) and
bond angles (deg): Nil-CI1 2.392(1), Ni1-CI2 2.023(3), Nil-O1 2.082(3), Nil-N1 2.081(3), Nil-N3
1.987(3), Nil-N4 2.192(3), N2-N3 1.260(5), N4-N5 1.261(5), CI2-Ni1-Cl1 99.75(10), CI2-Ni1-O1
84.76(13), CI2-Nil-N1 95.80(14), CI12-Nil-N4 108.09(13), O1-Nil-CI1 173.21(11), O1-Nil-N4
84.58(14), N1-Nil-CI1 91.92(9), N1-Nil-O1 92.67(15), N1-Nil-N4 155.55(12), N3-Nil-Cl1
88.66(9), N3-Nil-CI2 168.91(13), N3—-Nil-O1 87.54(12), N3-Nil-N1 76.57(13), N3-Nil-N4
79.03(12), N4-Nil—Cl 1 89.17(8).
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Figure 3. ORTEP representation of complex 1b (Solvent molecules and hydrogen atoms have been
omitted for clarity, and thermal ellipsoids are depicted at a 50% probability level to enhance
visualization.). Selected bond lengths (A) and bond angles (deg): Nil—CI1 2.325(1), Ni1—CI2 2.397(1),
Nil—CI3 2.429(1) Nil-N1 2.098(4), Nil-N3 2.014(3), Nil-N4 2.387(3), N2-N3 1.252(5), N4-N5
1.254(5), N1-Nil-N4 151.15(13), NI-Nil-N3 75.83(14), N3-Nil-CI3 89.29(9), N3-Nil-N4
75.34(12), N4-Nil-CI2 115.05(8), CI1-Nil-N3 93.92(10), N1-Ni1-CI2 93.69(11), CI2-Nil-CI3
84.87(4), CI2-Nil-N4 82.94(8), CI1-Nil-CI2 93.92(4), CI1-Nil-CI3 169.15(5), CI1-Nil-N4
87.85(9), N1-Nil-Cl1 92.83(10), N1-Nil-CI3 98.02(10), N3-Nil-CI2 167.20(10), Nil-CI2-Ni2
95.13(4).
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It is worth noting that the aforesaid azo bond lengths clearly indicate that the ligands are

coordinated in their pristine neutral form.

Table 1. Crystallographic Details of complexes 1a and 1b.

la 1b
Empirical formula C17H15NsCI,ONi C34H26N10ClsNi2
T/K 298K 298K
fw 434.95 833.83
Crystal system Monoclinic Monoclinic
Space Group P2i/c P2i/c
alA 11.5517(9) 10.4657(5)
b/A 13.0793(11) 11.2362(6)
c/ A 13.0431(10) 15.4896(8)
o/deg 90 90
pldeg 90.415(3) 109.160(2)
y/deg 90 90
Vi 4° 1970.6(3) 1720.59(15)
VA 4 4
D¢/mgm’ 1.466 1.610
w/mm?! 1.271 1.448
F(000) 888 848
cryst size/mm? 0.45x0.36 x0.21 0.41x0.32 x 0.23
O/deg 3.485-25.732 2.74 -26.87
Measured reflns 9941 9812
Unique reflns 3938 3945
“GOF on F? 1.070 1.041
R1°, wR2°[I>20(1)] 0.0566, 0.1656 0.0586, 0.1561
R1, wR2 0.0622,0.1721

0.0636, 0.1608

“GOF = {Z[w(F, 2-F»)2]/(n-p)} 2. °R1 = X [|Fo|-|Fc|]/ Z |Fo.

‘WR2 = [Z [W(Fo>-F?)?)/ T [W(Fo2)*]]"? where w = 1/[ 6*(Fo?)+(aP)?*+bP], P = (Fo>+2F2)/3.
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Table 2. Selected Experimental and Theoretical Bond Parameters of 1a and 1b complex.

la 1b

Parameter Expt. Theo. Parameter Expt. Theo.
Nil-CI1 2.392(1) 2.421 Nil-Cl1 2.325(1) 2.396
Nil-CI2 2.023(3) 2.420 Nil-CI2 2.397 (1) 2.430
Nil-Ol1 2.082(3) 2.184 Nil-CI3 2.429(1) 2.534
Nil-N1 2.081(3) 2.129 Nil-N1 2.098(4) 2.128
Nil-N3 1.987(3) 2.056 Nil-N3 2.014(3) 2.040
Nil-N4 2.192(3) 2.316 Nil-N4 2.387(3) 2.307
N2-N3 1.260(5) 1.255 N2-N3 1.252(5) 1.254
N4-N5 1.261(5) 1.258 N4-N5 1.254(5) 1.256
ClINiICI2 99.75(10) 99.73 ClINiICI2 93.92(10) 100.14
CI2Nil01 84.76(13) 81.60 CI2NilCI3 84.87(4) 83.84
CIINiIN4 89.17(8) 91.03 ClINiIN4 87.85(9) 89.55
CI2NiIN4 108.09(13) 112.31 CI2NilN4 82.94(8) 87.15
NINilCll 91.92(9) 92.54 NINilCll 92.83(10) 95.54
NINilCI2 95.80(14) 94.80 NINilCI2 93.69(11) 96.24
NINilN4 155.55(12) 151.60 NINilN4 151.15(13) 152.00
N3NilCll 88.66(9) 91.23 N3NilCll 93.92(10) 90.53
N3NilCI2 168.91(13) 165.77 N3NilCI2 167.20(10) 166.08
N3NilN1 76.57(13) 75.53 N3NilN1 75.83(14) 75.47
N3NilN4 79.03(12) 76.23 N3NilN4 75.34(12) 76.95
CININil 130.8(3) 130.00 CININil 130.8(3) 128.97
C5NINil 111.1(3) 111.20 C5NINil 111.5(3) 110.83
N3N2C5 113.3(1) 113.43 N3N2C5 112.4(3) 112.70
C6N3Nil 122.5(1) 120.15 C6N3Nil 121.7(2) 119.27
N2N3C6 111.7(3) 119.23 N2N3C6 116.4(3) 119.38
N2N3Nil 121.8(3) 120.60 N2N3Nil 121.7(3) 121.29
CI11N4Nil 109.2(2) 109.08 CI11N4Nil 106.8(2) 107.85
N5N4Cl11 112.1(3) 113.26 N5N4Cl11 110.9(3) 112.44
N5N4Nil 138.0(3) 135.82 N5N4Nil 142.2(3) 139.40
N4N5C12 116.34(19) 119.54 N4N5C12 119.7(4) 121.04
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However, coordination in other oxidation states (L~ and L~ ") has been identified.'> ' In 1a,
two chlorides disposed cis to one another along with a highly labile water molecule in the apical
position. In contrast, two bridging chlorides furnishes the dinuclear integrity in 1b, while the
remaining two chloride atoms are terminally coordinated. In both complexes, they satisfy the
primary valency of Ni(II), while tridentate coordination was found through Npyridy, Nazopyridyl,
and and Nazophenyl atoms to form two juxtaposed five-membered rings during the course of
chelation. This usual class of ligand with significant m-acidity corroborates strong coordination
through back-bonding with the metal centre, and a robust class of coordinatively unsaturated

nickel complex is produced by the extremely labile water molecule.

I11.2.4. Absorption Spectra
The electronic spectra of compounds 1a and 1b were recorded in dichloromethane at room
temperature and are presented in Figure 4, along with the reduced species of 1a. The

bathochromically shifted structured profiles observed for the complexes may be attributed to
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Figure 4. Experimental absorption spectra of 1a and 1b in dichloromethane (left) and

absorption spectra of the catalyst 1a, in the presence of KO'Bu (right).

the increased electronic asymmetry introduced by the electron-accepting bis-azo ligand.
Multiple transitions, characteristic of these complexes, are primarily associated with charge-
transfer transitions within the tri-coordinated bis-azo ligand. To investigate the origin of the
orange-red coloration, we conducted theoretical studies, which indicate that the lower energy
bands are predominantly characterized by intraligand charge-transfer (ILCT) transitions of «
to * type. These transitions result in absorption within the blue-green region of the visible

spectrum. '3
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I11.2.5. Electronic Structure and FMOs

The singlet ground state (So) and excited state molecular geometries of synthesised complex
1a and 1b were computed by DFT method by employing (R)B3LYP!? in GAUSSIAN 09°
programme package. The solution phase optimised geometries of the complexes were found
without applying any geometry constraints. In order to verify all stationary points as the true
minima in potential energy surface, frequency calculation was executed. The absence of any
imaginary frequency (NImag = 0) indicates that all the obtained stationary points are indeed
the true minima in potential energy surface. The X-Ray positional coordinates of complex 1a
and 1b were directly used as the initial input for geometry optimisation calculation. By using
these ground state optimised geometries as well as excited state geometries, we performed
subsequent Single Point Energy and TD-DFT* calculation. In TD-DFT calculation we employ

conductor like continuum model (CPCM) 10

and dichloromethane (CH>Cl,) as solvent to
simulate absorption spectra in dichloromethane solvent. The lowest 100 singlet-singlet
transitions in absorption and emission processes for the complex 1a and 1b were evaluated
gradually. The experimental results and the results obtained from TD calculations were
qualitatively comparable. Presently the approach of TD-DFT is documented as a rigorous
formalism for the electronic excitation energies among the DFT framework for calculating
spectral properties of many transitions metal complexes!!!#. In order to acquire the information
and nature of absorption and emission processes natural transition orbital (NTO) analysis was
executed. This method delivers the most accurate representation of the transition density
between the ground and excited states in terms of an expansion into single-particle transitions
(hole and electron states for each given excitation). we refer to the unoccupied and occupied
NTOs as “electron” and “hole” transition orbitals. The computed vertical transitions were
calculated at the equilibrium geometry of the Sy state and described in terms of one-electron
excitations of molecular orbitals of the corresponding So geometry. The calculated transitions
with moderate intensities (f> 0.02) can be envisaged going from the lower to the higher energy
region of the spectrum. The zinc atom was described by a double-{ basis set with the effective
core potential of Hay and Wadt (LANL2DZ)!>!¢ and the 6-311++G(d,p)'”!® basis set was used
for the other elements except hydrogen atom (6-31G) present in the complexes to optimize the
ground state geometries. The calculated electronic density plots for frontier molecular orbitals
were prepared by using the GaussView 6.0 software. GaussSum program, version 3.2'%, was

used to calculate the molecular orbital contributions from groups or atoms.
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(1a)

(1b)

Figure 5. Solvent phase optimised geometry of 1a (left) and 1b (right) complex (H’s are
omitted for clarity) calculated at B3LYP/6-311+G(d,p) level of theory.

Table 3. Coordinates of Optimised structure of complex 1a.

Tag Symbol X Y Z
1 Ni 8.011004 9.822242 3.765901
2 Cl 6.933146 10.16802 1.625147
3 Cl 10.30331 9.561243 3.03245
4 0 8.929697 9.458083 5.713733
5 H 8.680037 8.690555 6.243447
6 H 9.852089 9.333489 5.437854
7 N 8.176399 11.91378 4.127466
8 N 6.050182 11.49599 5.10279
9 N 6.280945 10.3091 4.765671
10 N 6.934141 7.788113 4.026944
11 N 7.267419 6.576433 3.967222
12 C 9.141573 12.76611 3.792423
13 H 10.00481 12.33319 3.300874
14 C 9.051667 14.13558 4.059001
15 H 9.862185 14.79185 3.767279
16 C 7.917913 14.62626 4.696293
17 H 7.81979 15.68272 4.916629
18 C 6.905096 13.7371 5.049528
19 H 5.999943 14.0609 5.547281
20 C 7.077075 12.39017 4.743111
21 C 5.341436 9.319108 5.066307
22 C 4.118424 9.583376 5.699192
23 H 3.875269 10.60307 5.967745
24 C 3.246665 8.542432 5.967625
25 H 2.298703 8.742703 6.453546
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26 C 3.585919 7.232189 5.601167
27 H 2.895613 6.420408 5.801436
28 C 4.792088 6.961927 4.970959
29 H 5.044657 5.95465 4.669253
30 C 5.694129 7.99958 4.704014
31 C 8.33231 6.193746 3.145544
32 C 8.972864 4.99226 3.500058
33 H 8.667361 4.481498 4.406421
34 C 9.986759 4.488273 2.698047
35 H 10.49855 3.575023 2.980621
36 C 10.3237 5.144952 1.509935
37 H 11.09627 4.735773 0.867582
38 C 9.655964 6.312801 1.136307
39 H 9.907736 6.806438 0.20416
40 C 8.669788 6.853314 1.952498
41 H 8.134692 7.746959 1.657353
Table 4. Coordinates of Optimised structure of complex 1b.
Tag Symbol X Y Z
1 Ni 4.413579 6.280003 7.42835
2 Cl 2.956366 4.555175 8.578448
3 Cl 5.88927 7.922665 6.497565
4 N 4.349552 7.479906 9.398755
5 N 5.951921 5.480315 8.504988
6 N 3.706158 8.424638 9.919652
7 N 5.342684 4.906995 6.093232
8 N 6.735899 4.642612 7.9978
9 C 6.102132 5.834222 9.849118
10 C 5.249212 6.853012 10.32524
11 C 2.886255 9.252968 9.145134
12 C 6.453631 4.3854 6.640697
13 C 7.028816 5.217804 10.70125
14 H 7.66444 4.439295 10.29948
15 C 5.350583 7.235761 11.66886
16 H 4.709801 8.026525 12.03332
17 C 5.113837 4.715643 4.798051
18 H 4212566 5.175314 4.40893
19 C 1.933829 9.980318 9.884245
20 H 1.874378 9.81971 10.95505
21 C 7.366838 3.623452 5.91636
22 H 8.241756 3.225962 6.415485
23 C 5.986305 3.984033 3.990379
24 H 5.76733 3.861651 2.936233
25 C 3.032107 9.482481 7.767844
26 H 3.819819 8.994169 7.210378
27 C 7.106847 5.604574 12.02672
28 H 7.818699 5.126636 12.69089
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29 C 7.126136 3.426901 4.560245
30 H 7.822354 2.853517 3.95792
31 C 1.095168 10.88098 9.245978
32 H 0.35286 11.43075 9.815134
33 C 6.263113 6.614892 12.50783
34 H 6.324806 6.919622 13.54738
35 C 1.230971 11.09682 7.871327
36 H 0.590631 11.81686 7.371377
37 C 2.204305 10.40967 7.146019
38 H 2.325605 10.5946 6.08435
39 Ni 1.006662 4.980095 7.246348
40 Cl 2433185 6.666999 6.074

41 Cl -0.43661 3.331315 8.18493
42 N 1.01856 3.73993 5.210052
43 N -0.54845 5.74723 6.192994
44 N 1.650325 2.808369 4.653063
45 N 0.061966 6.351017 8.610405
46 N -1.33953 6.572505 6.710606
47 C -0.71945 5.415305 4.841275
48 C 0.109121 4.398018 4.321445
49 C 2.480063 1.967423 5.406644
50 C -1.06616 6.833681 8.067141
51 C -1.65585 6.061813 4.021534
52 H -2.27269 6.839054 4.453238
53 C -0.0276 4.048098 2.971149
54 H 0.596003 3.258003 2.576318
55 C 0.28127 6.538725 9.907294
56 H 1.19663 6.106081 10.29539
57 C 3.406338 1.229801 4.646322
58 H 3.440623 1.388007 3.573922
59 C -2.00728 7.559537 8.794328
60 H -2.89611 7.928246 8.297569
61 C -0.61689 7.233487 10.71971
62 H -0.40432 7.355653 11.77535
63 C 2.368454 1.745137 6.788117
64 H 1.604046 2.248232 7.364208
65 C -1.76803 5.707906 2.689568
66 H -2.48764 6.211487 2.053235
67 C -1.77464 7.755502 10.15179
68 H -2.49101 8.30007 10.75726
69 C 4.250852 0.320765 5.265943
70 H 4.972011 -0.23914 4.679605
71 C -0.9491 4.698443 2.166013
72 H -1.03712 4.418993 1.121226
73 C 4.14926 0.111463 6.644209
74 H 4.794711 -0.61367 7.130093
75 C 3.20363 0.813269 7.392549
76 H 3.109731 0.635136 8.4582
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Table 5. Frontier f-Molecular Orbital Composition (%) in the Ground State for 1a complex.

Composition
Orbital | MO | Enersy .

(eV) Ni Cl H>O | pyazo | phazo | py ph
111 L+5 -1.09 1 0 0 3 2 50 45
110 L+4 -1.68 51 3 0 3 2 35 5
109 L+3 -1.69 32 6 0 3 0 55 3
108 L+2 -1.89 76 10 2 0 2 9 1
107 L+1 -3.03 2 1 0 8 41 5 43
106 LUMO -3.78 2 1 0 39 9 23 27
105 HOMO -5.92 3 95 0 3 1 0 -1
104 H-1 -6.02 4 91 0 0 3 0 2
103 H-2 -6.28 5 79 0 0 4 0 12
102 H-3 -6.45 9 89 2 0 0 0 0
101 H-4 -6.78 7 14 0 2 18 2 57
100 H-5 -7.07 25 70 0 2 -2 0 7

I11.2.6. Electrochemistry and EPR

The electron-transfer property of the complex 1a was examined using cyclic voltammetry in
an acetonitrile solution (0.2 M BusNPF¢) with a platinum working electrode. Complex 1a
exhibited well-defined reductive responses at —0.34 V (AEp = 120 mV) and —1.40 V (AEp =
130 mV) vs. ferrocenium/ferrocene (Fc*/Fc) reference couple (Figure 6), indicating its strong
electron-accepting capability. The redox potentials are referenced to the (Fc*/Fc). The value of
the Fc'/Fc couple under similar experimental conditions is found to be 0.46 V vs Ag/AgCl. To

investigate the origin of the electron transfer process, we conducted

0.5 00 05 40 -5
E/V vs FctiFe

Figure 6. Cyclic voltammogram of 1a in CH3CN/0.2 M BusNPF¢ using a Pt working electrode
at 100 mV s

DFT calculations at the (U)B3LYP/6-311+G(d,p) level of theory. The computational analysis
demonstrates that the LUMO is largely localized on the tridentate ligand backbone, with a
significant contribution of 62% attributed to the pyridyl-azo moiety, Figure 7 and Table 5. The
LUMO +1 is composed primarily (~80%) of the phenylazo moiety, indicating that the second

reduction event occurs at the azo group linked to the phenyl ring. In contrast, the metal orbitals
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contribute minimally (2%) to the LUMO, corroborating the fact that the redox event is

primarily ligand-centered. The position of the redox couple of such chelated radical anion

Figure 7. LUMO (left) and LUMO+1 of 1a (right), and SOMO of one-electron reduced form,
1a*~ (bottom).

ligand directly reflects their ability to stabilize the trapped electron.!! In particular, the redox
potential value in [Ni"(L*")Cl2(H20)] suggests its suitability as an electron reservoir, capable
of releasing the electron during catalytic processes when necessary. To further substantiate the
existence of the ligand-bound odd electron, EPR studies were conducted in a fluid solution.
The mixture of the substrate, catalyst 1a, and base produced a sharp, single-line isotropic EPR
spectrum at g = 1.998 with a narrow signal width (AH = 1.5 mT) at room temperature,
indicating the in-situ generation of an organic radical. Notably, the formation of a nickel-bound
azo-anion radical is evident, as this signal was not observed in the absence of the nickel catalyst
1a. Additionally, the catalyst alone also generates an analogous EPR signal in the presence of
the base. These observations conclusively demonstrate that the organic radical species is

associated with the Ni catalyst, consistent with the reported radical pathway during
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Figure 8. X-band EPR spectrum of 1a* in toluene (experimental: black, simulated: red).

Conditions: frequency 9.436 GHz, power 1 mW, modulation 1.0 mT, T =298 K.

cascade annulation reactions (Scheme 7).!%!° The strongly m-accepting pyridylazo-based Ni(II)
catalyst demonstrates a superior tendency for electron acceptance, as evidenced by cyclic
voltammetry studies (vide supra). During this process, we also noted that the azo radical was
generated by a relatively mild reductant, such as KO'Bu, which was made feasible by the low-

lying n* orbital (calculated as —3.78 eV) of the nickel-coordinated azo moiety, Table 5.

I11.2.7. Catalytic Activity

I11.2.7.1. Synthesis of s-triazines

In this study, we explore a two-component coupling reaction of primary alcohols with
amidines, alongside a three-component coupling involving primary alcohols and secondary
alcohols or alkynes in conjunction with amidines. This process is followed by dehydrogenation
and subsequent C—N annulation, leading to the formation of s-triazine and pyrimidine
derivatives. The reactions are catalyzed by an air- and moisture-stable hexa-coordinated Ni(II)
complex 1. The aim of the present work is to investigate the catalytic annulation efficiency of
such pincer complexes. The strategic use of a robust, electron-deficient bis-azo based organic
template L is warranted due to its ability to enhance the initial nucleophilic attack of primary
and secondary alcohols at the electron-rich nickel center, thereby propelling the entire catalytic
process (Scheme 7). Moreover, such electron-sink moiety would play a key role in the
dehydrogenative oxidation process, where alcohols are oxidized to their corresponding
carbonyl compounds by removing hydrogen atoms, likely through electron transfer. Aryl-
substituted 1,3,5-triazine derivatives are recognized for their diverse biological activities. To
assess the feasibility of the proposed synthetic procedure, benzamidine 2a and benzyl alcohol

3a were employed as model substrates. Initial reactions were conducted at 110 °C for 10 hrs
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Table 6. synthesis of 2,4,6-triphenyl-1,3,5-triazine 4aa: optimization of reaction conditions.

HN._ _NH, HO

catalyst 1 (x mol%)
base (y mol%)

+ solvent N| \/N
temperature N
2a 3a time ©)\ )\©
4aa
Entry Catalyst Solvent Base Temp Yield”
(X mol%) (Y mol%) °O) (%)
1 Toluene KO'Bu (100) 110 NR
2 1a (1.00 mol%) Toluene KO'Bu (100) 110 90
3 1a (1.00 mol%) Toluene NaO'Bu (100) 110 81
4 1a (1.00 mol%) Toluene KOH (100) 110 70
5 1a (1.00 mol%) Toluene NaOH (100) 110 62
6 1a (1.00 mol%) Toluene K>COs3 (100) 110 45
7 1a (1.00 mol%) Toluene NaxCOs (100) 110 35
8 1a (1.00 mol%) Toluene NaBH4 (100) 110 50
9 1a (1.00 mol%) Toluene NEt; (100) 110 30
10 1a (1.00 mol%) Toluene KO'Bu (60) 110 90
11 1a (1.00 mol%) Toluene KO'Bu (20) 110 90
12 1a (0.1 mol%) Toluene KO'Bu (20) 110 90
13 1a (0.001 mol%) Toluene KO'Bu (20) 110 90
14 1a (0.0001 mol%) Toluene KO'Bu (20) 110 41
15 1a (0.001 mol%) Xylene KO'Bu (20) 110 84
16 1a (0.001 mol%) | Mesitylene KO'Bu (20) 110 85
17 1a (0.001 mol%) THF KO'Bu (20) 65 70
18 1a (0.001 mol%) EtOH KO'Bu (20) 75 trace
19 1a (0.001 mol%) Toluene KO'Bu (20) 60 56
20° 1a (0.001 mol%) Toluene KO'Bu (20) RT NR
21 1a (0.001 mol%) | Mesitylene | KO'Bu (20) 150 85
22 NiCl,.6H>0 (1.00 Toluene KO'Bu (20) 110 NR
mol%)
23 1a (0.001 mol%) KO'Bu (20) 110 trace
24 Toluene KO'Bu (20) 110 NR
25 1a (0.001 mol%) Toluene 110 NR
26¢ 1a (0.001 mol%) Toluene KO'Bu (20) 110 45
27 L : NiCI2.6H20 Toluene KO'Bu (20) 110 trace
(1:1)
28°¢ 1a (0.001 mol%) Toluene KOtBu (20) 110 40
29 1b (0.001 mol%) Toluene KOtBu (20) 110 84

a

“Reaction Conditions: benzamidine 2a (2.00 mmol), benzyl alcohol 3a (1.10 mmol), base (20 mol%), solvent (5

ml), reaction time (10 hrs), open air. ®isolated yield after coloumn chromatography. ‘Room temperature (RT).

9Reaction time (5 hrs), NR = No Reaction. “Under Argon atmosphere.
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using 100 mol% KO'Bu in toluene; however, no traces of the desired product were detected
(Table 6, entry 1). Remarkably, upon the addition of 1.00 mol% of complex 1a to the reaction
mixture, a significant yield of 90% of the expected product was achieved under the same
reaction conditions (Table 6, entry 2). A thorough examination of common reaction parameters,
including bases, solvents, and reaction temperature were conducted using standard substrates.
Screening of various organic and inorganic bases in toluene revealed that KO'Bu produced a
notably higher product yield, while organic bases were ineffective in forming product 4aa
(Table 6, entries 3-9). Upon reducing the amount of KO'Bu to 20 mol%, unaltered yields of
4aa were observed (Table 6, entries 10-11). Notably, decreasing the catalyst loading to 0.001
mol% did not affect the yield of 4aa, yielding an excellent TON value of 90,000. However,
further reduction in catalyst loading led to a significant drop in yield to 41% (Table 6, entries
12-14). Upon evaluating the efficacy of various polar and nonpolar solvents, it was found that
their performance was inferior to that of toluene. (Table 6, entries 15-18). A reduction in
reaction temperature from 110 °C to 60 °C led to a considerable decrease in yield to 56%, with
no reaction occurring at room temperature. Additionally, no increase in activity was noticed at
elevated temperatures (Table 6, entries 19-21). Therefore, KO'Bu was selected as the preferred
base and toluene as the preferred solvent for the aforesaid catalytic reactions. Further
optimization of the base and catalyst loading was pursued using the selected base, solvent, and
catalyst. The optimal catalyst loading was determined to be 0.001 mol%. Notably, the
commercially available NiCl>-6H>O was tested as a catalyst, but showed no activity even after
prolonged reaction times (Table 6, entry 22). Moreover, conducting the reactions under solvent-
free conditions or without complex 1a and base resulted in either trace amounts or no detectable
coupling products (Table 6, entries 23-25). A significant reduction in product formation to 45%
was observed when the reaction time was shortened to 5 hrs (Table 1, entry 26). Furthermore,
only trace amounts of 4aa were detected when coupling was attempted using an equimolar
mixture of L and NiCl.:6H20 (Table 6, entry 27). Notably, conducting the reaction under an
argon atmosphere led to a reduced yield of 40% of 4aa under optimized conditions (Table 6,
entry 28). Finally, the reaction of 2a (1.00 mmol) and 3a (1.10 mmol) in 5 ml of toluene at 110
°C, utilizing catalyst 1b (0.001 mol%) and 20 mol% KOtBu as the base, resulted in the highest
yield of 84% of 4aa, with a TON value of 84,000, indicating somewhat lower activity in this
catalytic reaction compared to catalyst 1a (Table 6, entry 29).

Utilizing the optimal reaction conditions detailed in Table 6, we investigated the

synthesis of s-triazine derivatives through the reaction of a diverse array of primary alcohols
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and amidines as starting materials. The representative outcomes of these reactions are presented
in Table 7.

Table 7. Scope of primary alcohols.*?

X

l =
1a (0.001 mol%)
base (20 mol%) NN
toluene, 110 °C [ _J
i N

10 hrs, under air

2a 3a-t
4aa-at

CH(CHj;),

? ¢ G 9
oMo oMo o™o oo oMo

4aa (90%) 4ab (94%) 4ac (85%) 4ad (75%) 4ae (89%)
TON 90000 TON 94000 TON 85000 TON 75000 TON 89000
OCH,

¢ ¢ 9 ¢ a
HMocto oMo oMo oMo

4af (94%) 4ag (87%) 4ah (60%) 4ai (54%) 4aj (48%)
TON 94000 TON 87000 TON 60000 TON 54000 TON 48000

© © © & o
oo oo oo oo o

4ak (53%) 4al (80%) 4am (85%) 4an (78%) 4ao (75%)
TON 53000 TON 80000 TON 85000 TON 78000 TON 75000

o A A
oo oo oo g oo e

4ap (69%) 4aq (65%) 4ar (50%) 4as (55%) 4at (40%)
TON 69000 TON 65000 TON 50000 TON 55000 TON 40000

“Reaction conditions: benzamidine 2a (2.00 mmol); primary alcohols 3a—t (1.10 mmol); base (20 mol%), 5.0 ml

toluene, open air. “Isolated yields after column chromatography.
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The corresponding s-triazine compounds were obtained in moderate to excellent yields (40—
94%) by a variety of functional groups at the ortho-, meta-, and para-positions of the benzyl
alcohols. These groups included both electron-donating and electron-withdrawing substituents
such as methyl, methoxy, isopropyl, fluoro, nitro, trifluoromethyl and so forth (Table 7, 4ab-
am). Electron-donating substituents, such as methyl, isopropyl, and methoxy, facilitated the

formation of the desired products in higher isolated yields (Table 7, 4ab-af).

Table 8. Scope of aliphatic primary alcohols.**

HN._ _NH,
1a (0.001 mol%) Ry
| X N base (20 mol%) N)§N
/ P 2 toluene, 110 °C o
R, 10 hrs, under air | N N | A
2a-c 3a'-f // /P
R 5aa-ah Ri
H J\ H
N)QN N7SN N)§N
| | I
N N N
HyC CH,
5aa (62%) 5ab (60%) 5ac (65%)
TON 62000 TON 60000 TON 65000
A L T
NI SN N| N N| N
Z
Cl Cl
5ad (57%) 5ae (61%) 5af (62%)
TON 57000 TON 61000 TON 62000

| s | P
N N
5ag (66%) 5ah (67%)

TON 66000 TON 67000

“Reaction conditions: amidines 2a-c¢ (2.00 mmol); aliphatic primary alcohols 3a’-f' (1.10 mmol); base (20 mol%),

5.0 ml toluene, open air. ’Isolated yields after column chromatography.

This trend is consistent with the observation that electron-rich substrates, such as 4-methoxy
benzylic alcohol, tend to produce comparatively greater yields due to their enhanced
nucleophilicity, which likely promotes more efficient reaction pathways (Table 7, 4af). When
alcohols were substituted with electron-withdrawing groups such as -NO> and —CF3, lower
yields were observed (Table 7, 4ah-ak); for example, the presence of a nitro group reduced the
yield to 48%. In contrast, halogen substituents such as -F, -Br, and -Cl resulted in the formation

of the corresponding products in very high yields (Table 7, 4ag, 4al, and 4am). Additionally,
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steric hindrance significantly impacted the reaction outcomes. Para- and meta-substituted
compounds generally provided higher yields compared to ortho-substituted derivatives, as
demonstrated in methyl-substituted benzyl alcohols (Table 7, 4ab-ad). Sterically hindered
alcohols, such as 2-naphthalenemethanol, I-naphthalenemethanol, and anthracen-9-
ylmethanol, were also efficiently participated in the transformations, yielding the desired
pyrimidines in 78%, 75%, and 69% yields, respectively (Table 7, 4an-ap). Subsequently,
primary alcohols containing heteroatoms were explored, including furan-3-ylmethanol,
pyridine-2-methanol, pyridine-3-methanol, and pyridine-4-methanol (Table 7, 4aq-at). All
reactions proceeded efficiently, resulting in good product yields.

Simple alcohols are comparatively more challenging to dehydrogenate than benzylic
alcohols.'® Notably, when primary aliphatic alcohols such as methanol, ethanol, and higher
alcohols were examined under standard reaction conditions, reasonably good results were
obtained (Table 8, Saa-ah).

Table 9. Scope of amidines.*?

I\\
=
1a (0.001 mol%)
base (20 mol%) NN
toluene, 110 °C I
8 10 hrs, under air | N N | A
2820 3a-b,3e R/ Z R/ Z
” 39g,3i,3m,3u 1 6aa-ai 1
CH; CH(CHj3), F

S A

N8, O, O, O,

6aa (78%) 6ab (85%) 6ac (82%) 6ad (75%)
TON 78000 TON 85000 TON 82000 TON 75000

Cl

¢ ¢ 2 9
@M@. Boaachy c.@h o

6ae (62%) 6af (78%) 6ag (61%) 6ah (65%)
TON 62000 TON 78000 TON 61000 TON 65000
CH,

6ai (70%)
TON 70000

“Reaction conditions: amidines 2a, 2¢-d (2.00 mmol); primary alcohols 3a-b, 3e, 3g, 3i, 3m, 3u (1.10 mmol);

base (20 mol%), 5.0 ml toluene, open air. “Isolated yields after column chromatography.

102



Subsequently, the reactions between various substituted primary aryl alcohols and aryl
amidines were investigated. All reactions involving aryl amidines proceeded smoothly,
yielding the desired products in moderate to good isolated yields ranging from 61% to 85%
(Table 9, 6aa-ai). An apparent substitution effect was observed with the amidines; specifically,
the reaction of 3a with 4-fluorobenzamidine 2d resulted in lower yields of s-triazines, whereas
the reaction with 4-chlorobenzamidine 2¢ afforded the desired product in a higher yield (Table
9, 6aa and 6ah).

I11.2.7.2. Synthesis of Pyrimidines

we found that pyrimidine could be synthesized via an analogous three-component coupling that
occurs through two distinct pathways utilizing 1a. The first pathway (Condition A) involves
the dehydrogenative coupling of primary and secondary alcohols with amidines. The
alternative pathway (Condition B) proceeds through the dehydrogenative coupling of primary
alcohols with alkynes and amidines. To optimize the reaction conditions for synthesizing the
desired products via both pathways, various parameters were varied, including solvent, base,

catalyst loading, temperature, and reaction time (Table 10).

Table 10. Optimization of the reaction conditions for the nickel catalyzed 2,4,6-trisubstituted

pyrimidine synthesis*

OHHO H3 W condltlon B OH I I
catalyst 1 (x mol%) catalyst 1 (x mol%)
base (y mol%) NN base (y mol%)
é é é solvent I ) solvent é é * [5
‘)\)\‘ 3a 6a

10 hrs

7aa

Entry Catalyst Solvent Base Temp | Yield” (%) | Yield® (%)
(X'mol%) (Y mol%) (°C) | Condition | Condition

1 Toluene | KO'Bu (100) 110 I\IIAR I\?R

2 1a (1.00 mol%) Toluene | KO'Bu (100) 110 87 90

3 1a (1.00 mol%) Toluene | NaO'Bu(100) 110 76 80

4 1a (1.00 mol%) Toluene KOH (100) 110 68 70

5 1a (1.00 mol%) Toluene | NaOH (100) 110 60 63
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6 1a (1.00 mol%) Toluene | KoCOs3 (100) 110 40 41
7 1a (1.00 mol%) Toluene | NaxCOs3(100) 110 32 35
8 1a (1.00 mol%) Toluene | NaBH4 (100) 110 42 45
9 1a (1.00 mol%) Toluene NEt; (100) 110 25 26
10 1a (1.00 mol%) Toluene KO'Bu (50) 110 87 90
11 1a (1.00 mol%) Toluene KO'Bu (20) 110 87 90
12 1a (1.00 mol%) Toluene KO'Bu (10) 110 70 72
13 1a (0.1 mol%) Toluene KO'Bu (20) 110 87 90
14 1a (0.01 mol%) Toluene KO'Bu (20) 110 86 90
15 | 1a(0.001 mol%) | Toluene | KO'Bu (20) 110 87 90
16 |1a(0.0001 mol%)| Toluene KO'Bu (20) 110 45 50
17 1a (0.001 mol%) | Xylene KO'Bu (20) 110 82 85
18 1a (0.001 mol%) | Mesitylene | KO'Bu (20) 110 83 85
19 1a (0.001 mol%) THF KO'Bu (20) 65 75 78
20 1a (0.001 mol%) EtOH KO'Bu (20) 75 trace trace
21 1a (0.001 mol%) | Mesitylene | KO'Bu (20) 150 85 88
22 1a (0.001 mol%) | Toluene KO'Bu (20) 60 trace trace
23¢ | 1a(0.001 mol%) | Toluene KO'Bu (20) RT NR NR
24 | NiCly. 6H2O(1.00 | Toluene KO'Bu (20) 110 NR NR
mol%)
25 1a (0.001 mol%) KO'Bu (20) 110 trace trace
26 Toluene KO'Bu (20) 110 NR NR
27 1a (0.001 mol%) | Toluene 110 NR NR
284 | 1a(0.001 mol%) | Toluene KO'Bu (20) 110 47 50
29¢ | 1a(0.001 mol%) | Toluene KO'Bu (20) 110 trace trace
30 | L¥:NiCL.6H>O | Toluene KO'Bu (20) 110 trace trace
(1:1)
31 1b (0.001 mol%) | Toluene KO'Bu (20) 110 81 84

“Reaction Conditions: for condition A: benzamidine 2a (1.00 mmol), benzyl alcohol 3a (1.10 mmol), 1-
phenylethanol Sa (1.10 mmol), reaction time (10 hrs); for condition B: benzamidine 2a (1.00 mmol), benzyl
alcohol 3a (1.10 mmol), phenylacetylene 6a (1.10 mmol), reaction time (8 hrs); base (20 mol%), solvent (5mL),
open air, “isolated yields after column chromatography, ‘room temperature, “reaction time (5 hrs), “under argon

atmosphere, NR = No Reaction
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After establishing the optimal conditions, we investigated the breadth and versatility of

this transformation by testing a range of substituted primary alcohols.

Table 11. Scope of aryl/het-aryl primary alcohols.*”

condition A
HN

HN<_NH, HO CHj NH, HO III
1a (0.001 mol%) 1a (0.001 mol%)
base (20 mol%) ____base (20 mol%) S
toluene, 110°C ™\ " toluene, 110 °C |
10 hrs, under air | _ 8 hrs, under air R//
3a-g 5a | N 2a 3a-g 6a
3i,3k,3m-r [ 3i,3k,3m-r
3v R Taa-ao 3v
N“SN N N N N N N CH;N"SN

sape

A: 87%, TON 87000
B: 90%, TON 90000

Z

®

A: 89%, TON 89000
B: 92%, TON 92000

¢

CHs A: 84%, TON 84000 A: 8
B: 88%, TON 88000 B:8

O
W

ne

3 7ad

0%, TON 80000
5%, TON 85000

~
o
=3

NN NN
H3CO CFs F
o NO: 7af 7ag A ?gN
A: 91%, TON 91000 . 809 : 83%, 83000
’ A: 74%, TON 74000 A: 80%, TON 80000 :
B: 93%, TON 93000 B: 76%. TON 76000 B:83% TON 83000 B 85%, TON 85000
\N N;\;N H N;‘EN
O 70 U0 &7
cl N

Tai
A: 82%, TON 82000
B: 85%, TON 85000

A: 85%, TON 85000
B: 88%, TON 88000

A: 75%, TON 75000
B: 78%, TON 78000

A: 83%, TON 83000
B: 85%, TON 85000

aY,

N“SN

| P N
1 N
=
7am 7ao
A: 82%, TON 82000 A: 80%, TON 80000 A: 72%, TON 72000
B: 82%, TON 82000

B: 85%, TON 85000 B: 75%, TON 75000

o'

O

“Reaction conditions: for condition A: benzamidine 2a (1.00 mmol), aryl/het-aryl primary alcohols 3a-d, 3f-g, 3i,
3Kk, 3m-r, 3v (1.10 mmol), 1-phenylethanol 5a (1.10 mmol), reaction time (10 hrs); for condition B: benzamidine
2a (1.00 mmol), aryl/het-aryl primary alcohols 3a-d, 3f-g, 3i, 3k, 3m-r, 3v (1.10 mmol), phenylacetylene 6a (1.10
mmol), reaction time (8 hrs); base (20 mol%), 5.0 ml toluene, open air. ’Isolated yields after column

chromatography.

We began by exploring various primary alcohols under both Condition A and Condition B

(Table 11). All selected primary alcohols were able to couple smoothly with benzamidine 2a,
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I-phenylethanol Sa and phenyl acetylene 6a via condition A and condition B respectively,

resulting in the formation of trisubstituted pyrimidines with good to excellent yields ranging
Table 12. Scope of secondary alcohols and alkynes.*”

HN-NH2 H 3 1a (0.001 mol%) 1a (0.001 moi%) HN.y ~NHz HO Il
base (20 mol%) base (20 mol%)
toluene, 110 °C NN toluene, 110°C | A | S
10 hrs, under air || 8 hrs, under air &, "
Z B R, R
2a 3a- b 3w 5a -¢,5h,5i, O)\)\O 2a 6a- 36h
5p-u // N 3a-b,3w 6a-c,6h,

R; 6i,6p-u

R: 7aa-ac,7ah,7ai

7ap-au
ac

‘N

oMo ota, oC o oY,

7aa 7ab 7ah
A: 85%, TON 85000 A: 88%, TON 88000 A: 82%, TON 82000 CH3 A: 84%, TON 84000
B: 88%. TON 88000 B: 90%, TON 90000 B: 85%, TON 85000 B: 86%, TON 86000

Tx @ b

Tar

O

~
-]
-
o
°
=

A: 83%, TON 83000 A: 75%, TON 75000 A: 80%, TON 80000 A: 85%, TON 85000
B: 87%, TON 87000 B: 77%, TON 77000 B: 82%, TON 82000 B: 87%, TON 87000
NN N;\EN NI SN
|
eRcagri;cone
= J) (o]
7as 7at N Q 7au CH3
A: 65%, TON 65000 A: 72%, TON 72000 A: 78%, TON 78000
B: 68%, TON 68000 B: 75%, TON 75000 B: 80%, TON 80000

“Reaction conditions: for condition A: benzamidine 2a (1.00 mmol), benzyl alcohol 3a-b, 3w (1.10 mmol), 1-
phenylethanol 5a-c, 5h, 5i, Sp-u (1.10 mmol), reaction time (10 hrs); for condition B: benzamidine 2a (1.00
mmol), benzyl alcohol 3a-b (1.10 mmol), phenylacetylene 6a-c, 6h, 6i, 6p-u (1.10 mmol), reaction time (8 hrs);

base (20 mol%), 5.0 ml toluene, open air. *Isolated yields after column chromatography.

from 72% to 93%. The yields of various pyrimidines produced via both conditions were nearly
comparable, indicating that both approaches are equally efficient. A range of electron-donating
groups (—Me, —OMe) and electron-withdrawing groups (-NO2, —CF3, —F, —Cl) at the para-
position of the phenyl ring of benzyl alcohol substituents successfully generated trisubstituted

pyrimidine derivatives (7ab, 7ae-ai) with good to excellent yields varying from 74% and 93%.
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Similarly, moderate isolated yields of the corresponding pyrimidine 7ac were obtained with a

meta-position substituent on the phenyl ring of benzyl alcohol (Condition A: 84%; Condition
Table 13. Scope of amidines.*?

HO_ HO CHS condltlonA

R4
)\ condmon B
HN NH2 S 1a (0.001 mol%) NN 1a(0 001 mol%) NH
R / base (20 mol%) B z B base (20 mol%) 2 |
1 Z toluene, 110 °C I/ I ,\ [ //

2a,2¢f Rz RY Z

toluene, 110 °C 1 R> R
3a-b,3d 5a-b, 5g10 hrs, under air R, 8aa-am R, 8hrs, underair 2a,2c- f3a b.3d 3
3k 3w 3k 3w 63-b,65
Cl F
N“SN N \EN N \;N N;\EN

v
W
O
W,

8aa 8ab Bac F 8ad
A: 80%, TON 80000 A: 78%, TON 78000 A: 85%, TON 85000 A: 65%, TON 65000
B: 83%, TON 83000 B: 82%, TON 82000 B: 88%, TON 88000 B: 67%, TON 67000
Cl Cl
; ;\ ; ;
S QA® m
H3C 8ae O H;C 8ag O 8ah CH3
A: 75%, TgN 75000 2o ?rng ro000 A\ 85% TON 65000 A: 70%, TON 70000
B: 77%, TON 77000 6, B: 70%, TON 70000 B: 73%, TON
B: 73%, TON 73000 ) 73%, TON 73000
)N\Hz )N\Hz NH, NH,
N° SN N"SN N/I\\N N)§N
1 _ m l_ —
ARG OARSY-¢
(o]
8ai HsC F 8ak Q 8al CH;
A: 81%, TON 81000 A: 86%, TON 86000  A:67%, TON 67000 A: 7%, TON 77000
B: 84%, TON 84000 B: 88%, TON 88000  B: 71%, TON 71000 B: 79%, TON 79000
CHs
N“SN
0
H,;C
3 8am

A:71%, TON 71000
B: 73%, TON 73000

“Reaction conditions: for condition A: amidines 2¢-f (1.00 mmol), benzyl alcohol 3a-b, 3d, 3k, 3w (1.10 mmol),
1-phenylethanol 5a-b, 5s (1.10 mmol), reaction time (10 hrs); for condition B: amidines 2a-f (1.00 mmol), benzyl
alcohol 3a-b, 3d, 3k, 3w (1.10 mmol), phenylacetylene 6a-b, 6s (1.10 mmol), reaction time (8 hrs); base (20

mol%), 5.0 ml toluene, open air. “Isolated yields after column chromatography.

B: 88%). In contrast, a slightly lower yield was observed with the ortho-substituted (7ad,
Condition A: 80%; Condition B: 85%). Additionally, sterically hindered alcohols such as 2-
naphthalenemethanol and 1-naphthalenemethanol were well-tolerated under the standard
conditions, yielding the anticipated products 7aj-ak. Furthermore, under optimal conditions,

heteroaromatic alcohols produced the expected products 7al-ao with good yields ranging from
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72% to 85%. Subsequently, 2a and 3a were selected as benchmark substrates to examine the
reactivity of secondary alcohols under Condition A and alkynes under Condition B,
respectively. The substitution patterns on the aryl acetylenes or secondary alcohols exhibited a
similar trend in the variation of yields for the various pyrimidines, consistent with the
observations made using primary alcohols. Under optimum conditions, reactions with diverse
substituted secondary alcohols and aryl acetylenes containing both electron-withdrawing and
electron-donating groups proceeded well, producing the corresponding pyrimidine derivatives
in moderate to good yields (Table 12, 7aa-aq). Functional group tolerance was also
investigated by simultaneously altering substitutions on primary and secondary alcohols/aryl
acetylenes (Table 12, 7ar). Both conditions led to the formation of the corresponding
pyrimidines, yielding 65-80% when secondary alcohols or aryl acetylenes with heteroaryl

groups were employed as the coupling partners (Table 12, 7as-au).

Table 14. Scope of aliphatic primary alcohols.*®

Ej "

Hs 1a (0.001 mol%) N NH
base (20 mol%)
toluene, 110 °C
R2 /

1a (0.001 mol%) H 2

base (20 mol%) Hoj

toluene, 110 °C | A R | N
[ 2 Yz

10 hrs, under air | 8 hrs, under air
Ry R3
Za 2c  3a-c 58 5e,5f 2a,2c  3a'-c' 6a,6e,6f
9aa-ag

N™SN N™SN N \ N ; N SN
I I | AT
= =
K)\@\ —
NO, OCH;3

9aa 9ab 9ac Qae
A: 75%, TON 75000  A: 65%, TON 65000 A:60%, TON 60000 A: 72%, TON 72000 A:60%, TON 60000
B: 77%, TON 77000 B: 68%, TON 68000 B: 63%, TON 63000 B: 75%, TON 75000 B: 62%, TON 62000

@

\N

—T4

N™SN
OCH3 \/\/\)\/K@

A: 44%, TON 44000
B: 48%, TON 48000

9af
A: 55%, TON 55000
B: 57%, TON 57000

“Reaction conditions: for condition A: amidines 2a, 2¢ (1.00 mmol), primary alcohols 3a’-¢’ (1.10 mmol), 1-phenylethanol 5a,
Se, 5f (1.10 mmol), reaction time (10 hrs); for condition B: amidines 2a, 2¢ (1.00 mmol), primary alcohols 3a’-¢’ (1.10 mmol),
arylalkynes 6a, 6e, 6f (1.10 mmol), reaction time (8 hrs); base (20 mol%), 5.0 ml toluene, open air. “Isolated yields after

column chromatography.

Furthermore, numerous amidines were investigated using primary alcohols, and

secondary alcohols/aryl acetylenes as coupling partners, resulting in desired pyrimidine
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derivatives in good yields (Table 13). It was noticed that amidines containing electron-
withdrawing groups were viable in the reaction, producing yields of 65-88% for the
corresponding products 8aa—al under both condition A and condition B. Notably, the reactions
of guanidine 2e and acetamidine 2f under both conditions afforded the desired products in
moderate to good yields (Table 13, 8ai-am).

Additionally, challenging aliphatic alcohols including methanol, ethanol and so forth
were successfully utilized in this protocol. Methanol was exploited as the methylene bridge in
order to generate the C—C and C—N bonds. Under standard reaction conditions, amidines and
secondary alcohols/aryl alkynes showed good tolerance to aliphatic alcohols. Remarkably,
compared to substrates with electron-donating substituents on the secondary alcohols/aryl
alkynes scaffolds, those with electron-withdrawing groups exhibited higher activity when

coupled with aliphatic alcohols, producing yields of 44-77% (Table 14, 9aa-ag).

Table 15. Scope of both aliphatic primary and secondary alcohols.*?

R
HN G NH, &
o
1a (0.001 mol%)
| = HOYCH3 base (20 mol%)
—_—
R// CH;0H CH,3 toluene, 110 °C NI ~N
10 hrs, under air y
2a,2c-d 3a’ 5t I\/kCH3
10aa-ac
NI NN NI NN NI NN
CH;
10aa (61%) 10ab (55%) 10ac (45%)
TON 61000 TON 55000 TON 45000

“Reaction conditions: amidines 2a, 2¢-d (1.00 mmol), methanol 3a’ (1.10 mmol), isopropanol 5t (1.10 mmol),

reaction time (10 hrs), base (20 mol%), 5.0 ml toluene, open air. ’Isolated yields after column chromatography.

A range of trisubstituted pyrimidines were produced in moderate isolated yields,
ranging from 45-61%, through the well-established reactions between amidines and various
simple primary and secondary aliphatic alcohols using only condition A (Table 15, 10aa-ac).

In order to show the synthetic and industrial utility of this developed methodology, we
scaled up the synthesis of both s-triazines and pyrimidines (Scheme 3). Under standard

conditions, we synthesized s-triazines via the reaction of benzamidine 2a (10.00 mmol) with
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benzyl alcohol 3a (5.10 mmol) and 4-methoxybenzyl alcohol 3f (5.10 mmol), which proceeded
smoothly to produce 1.21 g (79%) and 1.42 g (84%) yields of 4aa and 4af, respectively.

OCH,

e ¢ ¢ =z
o oo oMo L0

4aa: 1.21 g (79%) 4af: 1.42 g (84%) 7aa: 1.25 g (81%) 7ae: 1.38 g (82%)

Scheme 3. Gram scale synthesis of triazines and pyrimidines.

Additionally, we successfully synthesized pyrimidines on a gram scale using 5.0 mmol of
benzamidine 2a, benzyl alcohol 3a (5.10 mmol)/4-methoxybenzyl alcohol 3f (5.10 mmol) and
1-phenyl ethanol 5a (5.10 mmol) resulting in 1.25 g (81%)/1.38 g (82%) yields of 7aa/7ae,
respectively. The aforementioned two examples demonstrate its potential for industrial

application.

I11.2.7.3. Mechanistic Investigation

After thoroughly evaluating a broad substrate scope, attention was directed towards elucidating
the mechanism behind the Ni-catalyzed two- and three-component synthesis of s-triazines and
pyrimidines. Systematic control experiments were conducted to clarify the specific role of each
reaction component and to gain insights into the reaction mechanism.

Control Experiments

Homogeneity Test

A mercury poisoning test was performed to probe the nature of the catalysis and assess the
uniformity of catalytic process. The results indicated that the alcohol dehydrogenation and
subsequent coupling reactions were unaffected by mercury, suggesting the absence of metallic
nanoparticles as active species (Scheme 4). In a 50 mL oven dried round bottom flask,
benzamidine 2a (2.00 mmol), benzyl alcohol 3a (1.10 mmol), KO'Bu (20 mol%), and 1a (0.001
mol%) were dissolved in 5.0 mL of toluene. To this, Hg (0) (200 mg, 1.00 mmol) was added
and the resulting reaction mixture was heated at 110 °C in a preheated oil bath for 10 hrs in a

closed system. The reaction mixture was cooled to room temperature and vacuum-
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HN.__NH, HO
1a (0.001 mol%)
Hg (1.00 mmol)
| I + | I N“N
KO'Bu (20 mol%) | _
toluene, 110 °C N
2a 3a 10 hrs, open air

4aa (89%)

Scheme 4. Mercury poisoning experiment.

concentrated. The crude reaction mixture was then purified through column chromatography
on silica gel-60-120 mesh using hexane/ethyl acetate as eluent to afford desired pure products

4aa. This indicated the homogeneous nature of both the catalyst and the reaction.

Radical Quenching Experiment

Additional control experiments were conducted in order to have a better understanding of the
mechanism underlying the catalytic process. To investigate the involvement of a radical
pathway, we performed model reactions with radical inhibitors, TEMPO (2 equiv) or BHT (2

equiv).
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3a 5bCH
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HO. HNyNH, ( | T
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HN NH2 ch, (™2
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3
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4aa 90% 0% 3 (m/z) 543.3384
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Scheme 5. Radical quenching control experiments.

We successfully trapped the BHT radical adduct generated during the reaction and identified it
via high-resolution mass spectrometry (HRMS).
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HNy _~NH; HO 1a (0.001 mol%)
BHT (3 equiv)
base (20 mol%)
+ toluene, 110 °C > BHT-adducts
10 hrs, under air
Scheme 6. Radical quenching and radical trapping experiment.

In a 50 mL oven dried round bottom flask, benzamidine 2a (0.5 mmol), benzyl alcohol 3a
(0.275 mmol), KO'Bu (20 mol%), 1a (0.001 mol%) and radical scavenger (BHT) (0.75 mmol)
were dissolved in toluene 5.0 mL. The resulting reaction mixture was heated at 110 °C in a
preheated oil bath for 10 hrs in an open system. The reaction mixture was cooled to room
temperature and vacuum-concentrated. In presence of BHT, diminished or no product
formation was observed (Scheme 6), possible indication of radical process. To trap the in situ
formed radicals, reaction mixtures with 3 equiv. of BHT in standard conditions were analyzed
immediately after the completion of the reaction in a high-resolution mass spectrometer. In
presence of BHT, HRMS spectra have shown mass (m/z) = 327.2324 which corresponds to the
calculated mass value [M+H]" (m/z) = 327.2326 of BHT adduct of benzyl alcohol (Figure 9).
Similarly, HRMS spectra have shown mass (m/z) = 552.2995 which corresponds to the
calculated mass value [M+Na]" (m/z) = 552.2991 of BHT adduct of 2,4,6-triphenyl-1,2-
dihydro-1,3,5-triazine (Figure 9)
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Figure 9. BHT adduct of benzyl alcohol (left) and BHT adduct of 2,4,6-triphenyl-1,2-dihydro-
1,3,5-triazine (right)

A 25 mL round bottom flask was charged with benzamidine 2a (0.25 mmol), benzyl alcohol
3a (0.275 mmol), 1-(p-tolyl)ethan-1-0l 5b (0.275 mmol), KO'Bu (20 mol%), and 1a (0.001
mol%) in 5 mL toluene in an open air. The resulting reaction mixture was stirred at 110 °C for

12 hrs. Once the reaction completed, the mixture was cooled to room temperature and
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concentrated in vacuo. In presence of radical scavenger, diminished or no product formation

was observed (Scheme S2b), possible indication of radical process.

condition A
CH,

HN NH, HO HO
1a (0.001 mol%)
BHT (3 equiv)
N N | X base (20 mol%) BHT-adducts
// toluene, 110 °C
H3C 12 hrs, under air

To trap the in situ formed radicals, reaction mixtures with 3 equiv. of BHT in standard
conditions were analyzed immediately after the completion of the reaction in a high-resolution
mass spectrometer. In presence of BHT, HRMS spectra have shown mass (m/z) = 377.2448
which corresponds to the calculated mass value [M+Na]" (m/z) = 377.2457 of BHT adduct of
1-(p-tolyl)ethan-1-ol (Figure 10). Similarly, HRMS spectra have shown mass (m/z) = 543.3384
which corresponds to the calculated mass value [M+H]" (m/z) = 543.3375 of BHT adduct of
2,6-diphenyl-4-(p-tolyl)-1,2-dihydropyrimidine (Figure 10)
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Figure 10. BHT adduct of 1-(p-tolyl)ethan-1-ol (left) and BHT adduct of 2,6-diphenyl-4-(p-
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Electron Paramagnetic Resonance (EPR) study

Several control experiments utilizing EPR spectroscopy were conducted to confirm the
presence of radicals in the reaction mixture. A 25 mL oven-dried round-bottom flask was
charged with benzamidine 2a (0.5 mmol), benzyl alcohol 3a (0.275 mmol), KO'Bu (20 mol%),

and 1a (0.001 mol%) in 1 mL of toluene under open air condition.
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Figure 11. X-band EPR spectrum of 1a*" in toluene (experimental: black, simulated: red).

Conditions: frequency 9.436 GHz, power 1 mW, modulation 1.0 mT, T =298 K.

The reaction mixture was stirred at 110 °C for 2 hrs. Subsequently, the mixture was transferred
to an EPR tube, and the EPR analysis was performed at room temperature. The EPR spectrum
showed a sharp peak with a g-value of 1.998, which is consistent with the presence of a nickel-
bound organic free radical, ruling out the involvement of Ni(III) or Ni(I) species as reported in
the literature (Figure 11). The EPR spectrum of compound 1a in toluene alone showed no
signal. However, when 1a (0.001 mol%) and KO'Bu (20 mol%) were stirred in toluene at 110
°C for 2 hrs, the EPR spectrum exhibited a sharp peak with a g-value of 1.998, indicating the
formation of an azo-anion nickel radical intermediate. In contrast, stirring 1a (0.001 mol%)
with benzyl alcohol (0.275 mmol) in toluene under identical conditions did not show any EPR
activity. When 1a, KO'Bu, and 3a were combined and stirred at 110 °C, EPR activity was
observed, highlighting the essential role of the Ni-catalyst in generating ketyl radicals. The
formation of pyrimidines also follows a similar radical pathway.

The alcohol oxidation is proposed to proceed through a radical mechanism involving
hydrogen atom transfer (HAT), facilitated by the two azo moieties in close proximity to nickel
atom in complex 1a (Scheme 4). A series of control experiments, supported by EPR analysis,
were conducted to elucidate the distinct role of each reaction component. For instance, the EPR
signal detected in the presence of catalyst 1a and the base KO'Bu suggests the formation of an

azo-anion radical complex as an intermediate species.
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Scheme 7. Proposed reaction mechanism for Ni(II)-mediated annulation reactions.

To elucidate the mechanism and confirm the involvement of radical intermediates,
cyclobutanol, a radical clock substrate, was subjected to the standard reaction conditions. The
formation of multiple ring-cleavage products is indicative of a one-electron hydrogen atom

transfer (HAT) pathway rather than a two-electron hydride transfer (HT) mechanism, further

supporting the radical nature of the reaction (Figure 12).

cyclobutanone not found
(HT pathway)

OH
1a (0.001 moi%) .
base (20 mol*%) multiple ring
——————"» cloavage products found +
toluene, 110 °C (HAT pathway)
!
!

70 65 60 55 50 45 40 35 30
f1 (ppm)

Figure 12. '"H NMR spectrum of reaction mixture of dehydrogenation of cyclobutanol (300

MHz, CDCl5).
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The reaction proceeds with the dehydrogenation of alcohols to the corresponding
aldehyde with catalyst 1a and KO'Bu. As an example, under optimized conditions,
benzaldehyde 3a’ has been produced in 90% yield by dehydrogenating benzyl alcohol 3a
(Scheme 8). Amidine C was

HO (o)

S
1a (0.001 mol%)
KO'Bu (20 mol%)
toluene, 110 °C
3a 2 hrs, open air 3a' (90%)

O\ HN NH,

1a (0.001 mol%)

+ > NN

KO'Bu (20 mol%) | _

toluene, 110 °C N

3a’ 2a 10 hrs, open air ©)\ )\©

4aa (90%)

Scheme 8. Control experiments performed for triazine synthesis.

neutralized from its hydrochloride salt using KO'Bu, leading to its condensation with the in-
situ generated aldehyde A’, resulting in the formation of azadiene D. Subsequently, the amino
group of C underwent nucleophilic addition to the electrophilic carbon of D. This process
released ammonia and dihydrotriazine E via a thermodynamically favourable deamination
reaction. Finally, stable triazine F was produced as the sole product through a
thermodynamically favorable dehydrogenation step catalyzed by 1a (Scheme 4). For instance,
under optimized conditions, the reaction between 3a’ and 2a followed this pathway, yielding
the desired product 4aa (Scheme 6).

A plausible mechanistic pathway for the synthesis of pyrimidines from primary and
secondary alcohols, along with amidines, is illustrated in Scheme 4. Initially, both types of
alcohols undergo dehydrogenation to yield the corresponding carbonyls, a process catalyzed
by la. For example, 1-phenylethanol Sa is dehydrogenated to produce acetophenone 5a’ as the
dehydrogenation product, which serves to facilitate the subsequent pyrimidine synthesis under
condition A (Scheme 7). This mechanism highlights the role of the catalyst in promoting the
conversion of alcohols into reactive intermediates, which are crucial for the formation of the

desired pyrimidine structures.
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Scheme 9. Dehydrogenation of alcohols.

Subsequently, in the presence of a base, the a,B-unsaturated ketone I was formed. The amino
group of C then underwent nucleophilic addition to the electrophilic carbon core of I, resulting
in the production of dihydropyrimidine J. Finally, stable pyrimidine K was generated through
a thermodynamically favorable dehydrogenation step catalyzed by 1a (Scheme 4). The

reactions
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_ >
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Scheme 10. Control experiments performed for pyrimidine synthesis via condition A (left) and

condition B (right).

of 3a and 5a yielded the a,B-unsaturated ketone Ra in 90%, whereas in the absence of catalyst
1a, Ra was not formed (Scheme 9). However, when the reaction was performed with 3a’ and
5a’ in the presence of the base alone, without catalyst 1a, Ra was produced only in 17% yield
(Scheme 9). The subsequent reaction of Ra with 2a yielded the desired product, 7aa, with a

90% yield under optimized conditions. Notably, 7aa was isolated at only trace amount in the
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absence of catalyst 1a under standard conditions starting from Ra, indicating the significant
role of catalyst 1a in enhancing the yield of 7aa during this condensation step (Scheme 9).
Thus, we concluded that catalyst 1a is crucial for the dehydrogenative aromatization of 1,2-
dihydropyrimidine, demonstrating its effectiveness in facilitating these transformations. !’

Additionally, a mechanistic analysis was carried out to examine the plausible reaction
sequence for condition B. Initially, the primary alcohol A was dehydrogenated to the
corresponding aldehyde A’, facilitated by catalyst 1a (Scheme 7). Following this, A’ condensed
with G to yield the o,B-unsaturated ketone I under our optimized reaction conditions.'® The
remaining steps were executed according to condition A (Scheme 7).

The mechanistic investigation revealed that dehydrogenation occurred via a one-
electron reduced azoaromatic chromophore, which facilitated the removal of the B-hydrogen
from the Ni(Il)-coordinated alcohol 12 through a one-electron HAT pathway, ultimately
generating a ketyl-type radical intermediate that led to the formation of carbonyls. Upon
condensation with amidines, the aldehydes produced during the dehydrogenation of alcohols
resulted in the formation of the desired s-triazine and its derivatives.

Moreover, the aldehydes and ketones formed during the dehydrogenation of alcohols
reacted to produce o,B-unsaturated ketone I via condensation reactions for both conditions A
and B. These intermediates subsequently reacted with amidines through sequential C—C and
C-N bond formation, catalyzed by 1a, to generate the desired pyrimidine derivatives. The
entire catalytic cycle operates exclusively through ligand-centered redox event, with nickel
serving primarily as a spectator.

This mechanistic insight aligns with previous studies that have highlighted the role of
radical pathways and ligand-centered events in metal-catalyzed transformations.”™ 1

Interestingly, spectrophotometric analysis of the reaction mixture with KI and
ammonium molybdate revealed the formation of I3~ (Table 16), which confirmed the presence

of H,0,.%°
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Table 16. Quantification of H,O, for the synthesis of 4aa and 7aa (both condition A and B).

Entry Reaction Absorption spectral data | Amount of
observed during H>0O»
formation of I3~ in the (wrt
presence of H>0». limiting

reagent)
1 HN.__NH, HO @
1a (0.001 mol%)
5 Ej base (20 mol%, NN 'E"
oluene, | 5
@AKQ 0.039
(2. o mmol) (1.4 mmol) 4aa ) equlV.
2 HN._NH,HO_ HO.__CHj a°°" tion
X
ol ° NN
ai P 2
0.037
- equiv.
3 HN_NH, HO ([ @ “1 w1
ToLE L |
o ondor i _ 3
a 3a a E
11.02mmol) (1.1 mmol) (1.1emmol) O 7an O . 3\ 0038
equiv.

II1.3. Conclusions

A cis-[Ni(N*N*N)Cl2(H20)] compound, featuring an bis-azo based pincer-type scaffold, has
been synthesized and successfully introduced as an auto-tandem catalyst for inducing the [3 +
2 + 1] annulation reaction. This work is an excellent example of the creative application of
hybrid organometallic-ligand-radical catalysis in organic transformations, enabling the one-
pot synthesis of bio relevant N-heterocycles from amidines and alkyl/aryl/het-aryl alcohols.
The process involves C—C and C—N bond formation, followed by oxidative annulation
reactions. The dehydrogenation of methanol or ethanol as C1/C2 source under mild reaction
conditions is challenging. However, in-situ generated formaldehyde or acetaldehyde is
effectively utilized to react with amidines resulting in the formation of s-triazines. Additionally,
this HAT-based partial oxidative approach enables the synthesis of various pyrimidines when
similar reactions are carried out in the presence of secondary alcohols or alkynes. It is worth
mentioning that the final step, involving dehydrogenative aromatization followed by ring
closure through C—N bond formation, is primarily driven by the same metal catalyst. This is
evidenced by the fact that sub-stoichiometric amounts of base (ca. 20 mol%) are sufficient to
achieve excellent yields of N-heterocycles within a short residence time at moderately low

temperature. The strongly m-acidic pyridyl-bis-azo scaffold promotes the formation of azo
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anion radicals, as demonstrated by spectral, electrochemical, and theoretical studies, thereby
initiating MRC. This mechanistic attribute offers a distinct advantage in addressing the
challenge of controlling stereoselection. The Ni-catalyzed cascade reaction strategy
demonstrates great potential for advancing green chemistry in the synthesis of N-heterocycles,
offering advantages over traditional methods: (1) the use of earth-abundant Ni-catalyst, (2)
very low catalyst loading (0.001 mol%) with high TON (x10%), (3) scaled synthesis, (4)
minimal base loading (20 mol%), (5) good to excellent isolated yields even with challenging
substrates, (6) without any supplementary sacrificial acceptor and (7) environmentally benign
by-products. This economically and ecologically viable multi-component approach utilizing
one-pot AD strategy with ligand radical catalyst enables the efficient synthesis of poly-
azaheterocycles. This method offers new perspectives into the development of associated

domino reactions.

II1.4. Experimental Section

II1.4.1. General Information

Except where emphasised, all manipulations have been carried out in an argon atmosphere.
Prior to use, solvents were dried using conventional techniques and afterwards distilled under
argon. nickel chloride hexahydrate, benzyl alcohol and its derivatives and acetophenone and
its derivatives were bought from Sigma Aldrich chemical company. Additional chemicals and
solvents were bought from Merck India, Ranchem Private Limited, TCI Chemicals (India) Pvt.
Ltd., Alfa Aesar and dried before use using well-known methods. FT-IR spectra have been
measured using a Perkin-Elmer L1600300 spectrometer. TMS was used as the internal
reference for 'H, 3C & F NMR spectra measurements on Bruker FT 300 & 400 MHz
spectrometers. Electronic spectra were recorded using a Perkin-Elmer LAMDA 25
spectrophotometer and a dichloromethane solution with a solute concentration of

approximately 107 M.

I11.4.2. Synthesis

Synthesis of ligands

The organic ligands L' and L¥ comprising two electron-deficient azo moieties along with an
aromatic heterocyclic group have been prepared by condensation of (E)-2-((4-
chlorophenyl)azo)aniline or (FE)-2-(phenylazo)aniline with 2-nitrosopyridine using the

previously reported procedure.?!?
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Synthesis of complexes:

[Ni(L®)CI2(H20)] 1a NiCl,.6H>O (237.7 mg, 1.00 mmol) was added to a solution of (L") (316
mg, 1.10 mmol) in aqueous EtOH (30 mL) under an open air with reflux for 6 hrs. The solvent
was evaporated under vacuum. The slow diffusion of a dichloromethane solution of the
complex into n-hexane enabled the crystallization of 1a in the form of block-shaped crystals.
Yield and characterization data: Deep-brown crystal, Yield 80% (360 mg). Anal. Calcd. for
C17H15NsCLNiO: C 46.95, H 3.48, N 16.10; Found C 47.16, H 3.51, N 16.03%. UV/Vis
spectrum (CH2Cly): Amax (nm) 340, 368, 480 nm. FT-IR (cm™'): 1455, 1397 (vn=n). HRMS (ESI)
m/z Calcd. for C17H13NsCIaNi [M — H2O] 414.9901, found 414.9916.

[Ni2(L%)2(u-C1)2Clz] 1b NiCl2.6H0 (237.7 mg, 1.00 mmol) was added to a solution of (L)
(316 mg, 1.10 mmol) in EtOH (30 mL) while stirring under ambient air conditions. The
resultant reaction mixture was then allowed to stir for 4 hrs at room temperature. Solvent was
evaporated under vacuum. The slow diffusion of a dichloromethane solution of the complex
into toluene enabled the crystallization of 1b in the form of needle-shaped crystals. Yield and
characterization data: Deep-brown crystal, Yield 84% (352 mg). Anal. Calcd. for
C34H26N10ClsNi2: C 48.98, H 3.14, N 16.80; Found C 48.77, H 3.23, N 16.87%. UV/Vis
spectrum (CH2Cl2): Amax (nm) 337,370, 478 nm. FT-IR (cm™'): 1457, 1392 (vn=n). HRMS (ESI)
m/z caled for Ci7H13NsCINi [M/2 — CI]" 380.1213, found 380.1238.

General procedure for the synthesis of s-triazine derivatives:

A 25 mL oven-dried round bottom flask was charged with primary alcohols 3 (1.10 mmol),
amidines 2 (2.00 mmol), KO'Bu (20 mol%), and 1a (0.001 mol%) in 5 mL toluene in an open
air. The resulting reaction mixture was stirred at 110 °C for 10 hrs. Once the reaction completed,
the mixture was cooled to room temperature and vacuum-concentrated. The crude reaction
mixture was then purified through column chromatography on silica gel-100-200 mesh using
hexane/ethyl acetate as eluent to afford desired pure products 4-6. 'H, *C and 'F NMR
spectroscopies were utilized to characterize the desired product.

General procedure for the synthesis of pyrimidine derivatives (condition A)

A 25 mL round bottom flask was charged with secondary alcohols 5 (1.10), primary alcohols
3 (1.10 mmol) and amidines 2 (1.00 mmol), KO'Bu (20 mol%), and 1a (0.001 mol%) in 5 mL
toluene in an open air. The resulting reaction mixture was stirred at 110 °C for 10 hrs. Once the

reaction completed, the mixture was cooled to room temperature and concentrated in vacuo.
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The crude reaction mixture was then purified through column chromatography on silica gel-
100-200 mesh using hexane/ethyl acetate as eluent to afford desired pure products 7-10. 'H,
13C and 'F NMR spectroscopies were utilized to characterize the desired product.

General procedure for the synthesis of pyrimidine derivatives (condition B)

A 25 mL round bottom flask was charged with alkynes 6 (1.10), primary alcohols 3 (1.10 mmol)
and amidines 2 (1.00 mmol), KO'Bu (20 mol%), and 1a (0.001 mol%) in 5 mL toluene in an
open air. The resulting reaction mixture was stirred at 110 °C for 8 hrs. Once the reaction
completed, the mixture was cooled to room temperature and concentrated in vacuo. The crude
reaction mixture was then purified through column chromatography on silica gel-100-200 mesh
using hexane/ethyl acetate as eluent to afford desired pure products 7-9. 'H, '*C and '°F NMR
spectroscopies were utilized to characterize the desired product.

General procedure for gram-scale synthesis of s-triazine derivatives:

A 25 mL oven-dried round bottom flask was charged with benzamidine 2a (10.00 mmol, 1.566
g), benzyl alcohol 3a (5.10 mmol, 552 mg), and benzamidine 2a (10.00 mmol, 1.566 g), 4-
methoxybenzyl alcohol 3f (5.10 mmol, 705 mg), KO'Bu (20 mol%), and 1a (0.001 mol%) in 5
mL toluene in an open air. The resulting reaction mixture was stirred at 110 °C for 10 hrs. Once
the reaction completed, the mixture was cooled to room temperature and vacuum-concentrated.
The crude reaction mixture was then purified through column chromatography on silica gel-
100-200 mesh using hexane/ethyl acetate as eluent to afford desired pure products: 4aa (1.21
g, 79%) and 4af (1.42 g, 84%). 'H and '3C NMR spectroscopies were utilized to characterize
the desired product.

General procedure for gram-scale synthesis of pyrimidine derivatives (condition A):

A 25 mL oven-dried round bottom flask was charged with benzamidine 2a (5.00 mmol, 783
mg), benzyl alcohol 3a (5.10 mmol, 552 mg), 1-phenyl ethanol Sa (5.10 mmol, 622 mg) and
benzamidine 2a (5.00 mmol, 783 g), 4-methoxybenzyl alcohol 3f (5.10 mmol, 705 mg), 1-
phenyl ethanol 5a (5.10 mmol, 622 mg), KO'Bu (20 mol%), 1a (0.001 mol%) in 5 mL toluene
in an open air. The resulting reaction mixture was stirred at 110 °C for 10 hrs. Once the reaction
completed, the mixture was cooled to room temperature and vacuum-concentrated. The crude
reaction mixture was then purified through column chromatography on silica gel-100-200 mesh
using hexane/ethyl acetate as eluent to afford desired pure products: 7aa (1.25 g, 81%) and 7ae
(1.38 g, 82%). 'H and '3*C NMR spectroscopies were utilized to characterize the desired
product.
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I11.4.3. Characterization data of Ni(II)-catalyzed compounds
All the reactions were carried out in 1.0 mmol scale of reactant and according to the
general procedure for the synthesis of triazine derivatives.

2,4,6-triphenyl-1,3,5-triazine (4aa):

1
SAR®
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 90%, 278 mg). *H NMR (300 MHz,

CDCls): § (ppm) 8.83 — 8.79 (m, 6H), 7.65 — 7.59 (m, 9H). 13C NMR (101 MHz, CDCls): &
(ppm) 171.70, 136.28, 132.17, 128.99, 128.65.

2,4-diphenyl-6-(p-tolyl)-1,3,5-triazine (4ab):
CH;

I
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 94%, 303 mg). *H NMR (400 MHz,
CDCl3): ¢ (ppm) 8.80 (dt, J = 6.4, 1.7 Hz, 4H), 8.70 (d, J = 8.3 Hz, 2H), 7.64 — 7.58 (m, 6H),

7.40 (d, J = 8.0 Hz, 2H), 2.51 (s, 3H). 13C NMR (101 MHz, CDCls): § (ppm) 171.58, 143.11,
136.41, 133.60, 132.49, 132.40, 129.41, 128.99, 128.96, 128.60, 21.73.

2,4-diphenyl-6-(m-tolyl)-1,3,5-triazine (4ac):
CH;

Nl SN
0
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 85%, 274 mg). *H NMR (300 MHz,
CDCls): & (ppm) 8.84 — 8.80 (m, 4H), 8.63 — 8.60 (m, 2H), 7.64 — 7.59 (m, 6H), 7.50 — 7.47

(m, 2H), 2.56 (s, 3H). 3C NMR (101 MHz, CDCls): & (ppm) 171.80, 171.61, 138.33, 136.32,
133.36, 132.49, 132.18, 129.46, 129.13, 128.99, 128.65, 126.24, 21.60.
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2,4-diphenyl-6-(o-tolyl)-1,3,5-triazine (4ad):

CH,3

N| SN
SRS
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 75%, 242 mg). *H NMR (300 MHz,
CDCl3): 0 (ppm) 8.84 — 8.80 (m, 4H), 8.40 — 8.37 (m, 1H), 7.61 — 7.56 (m, 6H), 7.47 — 7.42

(m, 3H), 2.88 (s, 3H). 3C NMR (101 MHz, CDCls): & (ppm) 174.58, 171.70, 139.08, 136.29,
13251, 131.27, 129.44, 128.99, 128.68, 128.65, 127.19, 126.08, 22.70.

2-(4-isopropylphenyl)-4,6-diphenyl-1,3,5-triazine (4ae):
CH(CHj3),

I 7,
OO
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 89%, 312 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.82 (dd, J = 7.9, 1.8 Hz, 4H), 8.73 (d, J = 8.1 Hz, 2H), 7.65 — 7.59 (m, 6H),
7.47 (d, J = 8.0 Hz, 2H), 3.08 (p, J = 6.9 Hz, 1H), 1.38 (d, J = 6.9 Hz, 6H). 3C NMR (101

MHz, CDCls): 6 (ppm) 171.71, 17155, 153.93, 136.42, 134.00, 132.41, 129.16, 128.98,
126.79, 34.34, 23.85.

2-(4-methoxyphenyl)-4,6-diphenyl-1,3,5-triazine (4af):
OCH;

l 7,
SRR
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 94%, 319 mg). *H NMR (300 MHz,
CDCls): & (ppm) 8.82 — 8.74 (m, 6H), 7.64 — 7.58 (m, 6H), 7.12 — 7.07 (m, 2H), 3.95 (s, 3H).

13C NMR (75 MHz, CDCls): 6 (ppm) 171.39, 163.35, 136.45, 132.36, 130.89, 129.44, 128.92,
128.80, 128.60, 113.97, 55.47.
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2-(4-fluorophenyl)-4,6-diphenyl-1,3,5-triazine (4ag):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 87%, 284 mg). *H NMR (300 MHz,
CDCl3): ¢ (ppm) 8.81 (ddt, J = 17.0, 8.3, 1.4 Hz, 6H), 7.65 — 7.59 (m, 6H), 7.30 — 7.27 (m,
2H). *C NMR (75 MHz, CDCls): ¢ (ppm) 171.67, 170.68, 167.50, 136.13, 132.61, 132.53,
132.19, 131.31 (J = 9.0 Hz), 128.97, 128.67, 115.72 (J = 21.7 Hz). F NMR (282 MHz,
CDCl3): 6 =-107.13 (s, 1F).

2-(4-nitrophenyl)-4,6-diphenyl-1,3,5-triazine (4ah):
NO,

|
SRS
Eluent: Hexane/Ethyl acetate (30:1). White solid (yield = 60%, 212 mg). *H NMR (400 MHz,
CDCla3): 6 (ppm) 8.97 (d, J = 8.7 Hz, 2H), 8.82 — 8.79 (m, 4H), 8.44 (d, J = 8.8 Hz, 2H), 7.66

—7.62 (m, 6H). 3C NMR (101 MHz, CDCls): 5 (ppm) 172.13, 169.81, 150.40, 142.05, 135.68,
133.00, 129.87, 129.08, 128.81, 123.76.

2-(3-nitrophenyl)-4,6-diphenyl-1,3,5-triazine (4ai):
NO,

' 7,
SAas
Eluent: Hexane/Ethyl acetate (30:1). White solid (yield = 54%, 191 mg). *H NMR (300 MHz,
CDCls): ¢ (ppm) 9.54 (s, 1H), 9.08 (dt, J = 7.8, 1.4 Hz, 1H), 8.77 (dt, J = 6.7, 1.7 Hz, 4H), 8.46
(ddd, J = 8.2, 2.4, 1.1 Hz, 1H), 7.76 (t, J = 8.0 Hz, 1H), 7.69 — 7.57 (m, 6H). *C NMR (101

MHz, CDCls):  (ppm) 171.93, 169.550, 138.10, 135.52, 133.78, 132.19, 129.86, 129.60,
128.25, 128.23, 127.92, 122.92.
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2-(2-nitrophenyl)-4,6-diphenyl-1,3,5-triazine (4aj):

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield = 48%, 170 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.81 (d, J = 9.7 Hz, 2H), 8.70 — 8.63 (m, 3H), 7.80 — 7.59 (m, 9H). 1*C NMR
(101 MHz, CDCls): ¢ (ppm) 171.92, 171.69, 150.79, 136.28, 135.52, 132.95, 132.51, 129.17,
128.99, 128.79, 128.65, 123.88.

2,4-diphenyl-6-(4-(trifluoromethyl)phenyl)-1,3,5-triazine (4ak):
CF;

l 7,
SRS
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 53%, 200 mg). *H NMR (300 MHz,
CDCls): d (ppm) 8.88 (d, J = 8.3 Hz, 1H), 8.80 — 8.76 (m, 4H), 7.84 (d, J = 7.8 Hz, 3H), 7.64
—7.60 (m, 5H). 3C NMR (101 MHz, CDCls): ¢ (ppm) 171.90, 170.43, 139.57, 135.87, 133.62,

132.80, 129.24, 129.02, 128.72, 125.55 (q, J = 3.8 Hz), 122.21. °F NMR (282 MHz, CDCls):
8 = -62.55 (s, 3F).

2-(4-bromophenyl)-4,6-diphenyl-1,3,5-triazine (4al):
Br

1
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 80%, 310 mg). *H NMR (400 MHz,
CDCls): § (ppm) 8.80 — 8.76 (m, 4H), 8.68 — 8.65 (m, 2H), 7.74 — 7.71 (m, 2H), 7.65 — 7.58

(m, 6H). 3C NMR (101 MHz, CDCls): & (ppm) 171.79, 170.89, 136.07, 135.25, 132.63,
131.91, 130.48, 128.99, 128.67, 127.47.
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2-(4-chlorophenyl)-4,6-diphenyl-1,3,5-triazine (4am):
Cl

I
O 0
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 85%, 291 mg). *H NMR (400 MHz,
CDCl3): ¢ (ppm) 8.76 — 8.74 (m, 4H), 8.72 — 8.69 (m, 2H), 7.57 — 7.54 (m, 2H), 7.53 (d, J =

1.8 Hz, 1H), 7.51 — 7.48 (m, 5H). 3C NMR (101 MHz, CDCls): 6 (ppm) 171.68, 170.67,
145.04, 138.79, 136.04, 134.74, 132.76, 132.15, 130.28, 129.13, 128.98.

2-(naphthalen-2-yl)-4,6-diphenyl-1,3,5-triazine (4an):

O‘

I 7
SAA
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 280 mg). *H NMR (300 MHz,
CDCl3): 6 (ppm) 9.35 (s, 1H), 8.87 — 8.82 (m, 5H), 8.04 (d, J = 8.6 Hz, 2H), 7.66 — 7.60 (m,

9H). 3C NMR (101 MHz, CDCls): & (ppm) 171.69, 136.31, 135.71, 133.64, 133.14, 132.54,
129.70, 129.58, 129.03, 128.68, 128.56, 127.87, 126.48, 125.15.

2-(naphthalen-1-yl)-4,6-diphenyl-1,3,5-triazine (4ao0):

Nl ~N
Sa

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 75%, 269 mg). *H NMR (300 MHz,
CDCI): 6 (ppm) 9.22 (dd, J = 8.6, 1.2 Hz, 1H), 8.87 — 8.83 (m, 4H), 8.59 (dd, J = 7.3, 1.4 Hz,
1H), 8.11 (d, J = 8.2 Hz, 1H), 8.03 — 8.00 (m, 1H), 7.73 — 7.60 (m, 9H). 3C NMR (101 MHz,
CDCIz): 6 (ppm) 174.43, 171.55, 136.25, 134.30, 134.05, 132.62, 132.31, 131.43, 130.75,
129.10, 128.73, 127.24, 126.17, 126.08, 125.17.



2-(anthracen-9-yl)-4,6-diphenyl-1,3,5-triazine (4ap):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 69%, 282 mg). *H NMR (400 MHz,
CDCl3): ¢ (ppm) 8.80 — 8.78 (m, 4H), 8.67 (s, 1H), 8.13 (d, J = 8.4 Hz, 2H), 7.97 (d, J = 8.7
Hz, 2H), 7.65 — 7.48 (m, 10H). 3C NMR (75 MHz, CDCls): J (ppm) 175.67, 171.95, 135.89,
132.89, 131.44, 129.62, 129.29, 129.01, 128.96, 128.79, 128.70, 126.62, 125.57, 125.35.
HRMS (ESI) m/z calcd for C2gH20N3 [M + H]* 410.1657, found 410.1653.

2-(furan-3-yl)-4,6-diphenyl-1,3,5-triazine (4aq):

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield = 65%, 194 mg). *H NMR (300 MHz,
CDCls): § (ppm) 8.75 — 8.72 (m, 4H), 8.57 (dd, J = 1.7, 0.7 Hz, 1H), 7.62 — 7.58 (m, 7H), 7.47
—7.42 (m, 1H). 23C NMR (75 MHz, CDCls): § (ppm) 171.50, 168.48, 144.16, 136.06, 132.78,
132.51, 132.18, 129.13, 128.90, 128.62.

2,4-diphenyl-6-(pyridin-4-yl)-1,3,5-triazine (4ar):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 50%, 155 mg). *H NMR (300 MHz,
CDCIs): 6 (ppm) 8.81 (dd, J=7.9, 1.9 Hz, 2H), 7.69 (dd, J=7.0, 1.5 Hz, 4H), 7.63 — 7.60 (m,
4H), 7.53 — 7.48 (m, 4H). 7.47 — 7.44 (m, 1H). 3C NMR (101 MHz, CDCls): § (ppm) 171.69,
151.83, 139.28, 136.28, 132.75, 132.17, 129.12, 128.65, 118.82. HRMS (ESI) m/z calcd for
C20H15N4 [M + H]* 311.1297, found 311.1295.
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2,4-diphenyl-6-(pyridin-3-yl)-1,3,5-triazine(4as):
SN
| =

I _
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 55%, 178 mg). *H NMR (300 MHz,
CDCl3): ¢ (ppm) 9.29 (s, 1H), 8.83 (d, J = 1.6 Hz, 2H), 8.80 (d, J = 2.0 Hz, 2H), 8.41 — 8.36

(m, 2H), 7.65 — 7.61 (m, 7H). 3C NMR (75 MHz, CDCls): & (ppm) 171.68, 171.38, 166.76,
145.04, 136.27, 132.53, 128.99, 128.92, 128.78, 128.66, 127.21.

2,4-diphenyl-6-(pyridin-2-yl)-1,3,5-triazine (4at):
| e
-N

l 7,
OO0
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 40%, 124 mg). *H NMR (300 MHz,
CDCls): 6 (ppm) 8.83 — 8.80 (m, 4H), 7.70 — 7.67 (m, 3H), 7.64 — 7.60 (m, 5H), 7.51 (d, J =

7.9 Hz, 2H).2*C NMR (101 MHz, CDCls): & (ppm) 171.65, 154.64, 149.36, 137.37, 137.18,
132.53, 130.69, 128.87, 127.48, 125.32.

2,4-diphenyl-1,3,5-triazine (5aa):
H
y Sy
©)I\ /)\©
N
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 62%, 144 mg). *H NMR (300 MHz,

CDCls): § (ppm) 9.28 (s, 1H), 8.69 — 8.65 (m, 4H), 7.64 — 7.55 (m, 6H). 13C NMR (101 MHz,
CDCls): § (ppm) 171.36, 166.75, 135.61, 132.82, 129.93, 128.76.

2-methyl-4,6-diphenyl-1,3,5-triazine (5ab):
CH;

N)§N
N
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 60%, 148 mg). *H NMR (300 MHz,

CDCls): 5 (ppm) 8.69 — 8.65 (m, 4H), 7.62 — 7.56 (m, 6H), 2.82 (s, 3H). 3C NMR (75 MHz,
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CDCl3): ¢ (ppm) 177.10, 171.28, 135.98, 132.78, 132.48, 132.18, 129.13, 128.90, 128.66,
26.11.
2,4-di-p-tolyl-1,3,5-triazine (5ac):
H
NJ§N

N
H3;C CH

3 3

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 65%, 170 mg). *H NMR (300 MHz,
CDCl3): 6 (ppm) 9.22 (s, 1H), 8.55 (d, J = 8.3 Hz, 4H), 7.37 (d, J = 8.1 Hz, 4H), 2.49 (s, 6H).
13C NMR (101 MHz, CDCls): 6 (ppm) 171.22, 166.51, 143.51, 132.92, 129.54, 128.92, 21.75.

2,4-bis(4-chlorophenyl)-1,3,5-triazine (5ad):

H
NJ§N

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 57%, 172 mg). *H NMR (300 MHz,
CDCls): 6 (ppm) 9.26 (s, 1H), 8.60 (d, J = 8.5 Hz, 4H), 7.55 (d, J = 8.6 Hz, 4H). 3C NMR (101
MHz, CDClz): ¢ (ppm) 170.58, 166.85, 139.38, 133.90, 130.26, 129.13. HRMS (ESI) m/z calcd
for C15H10CI2N3 [M + H]" 302.0252, found 302.0255.

2-ethyl-4,6-diphenyl-1,3,5-triazine (5ae):

£

N N

l ~

N
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 61%, 159 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.73 — 8.66 (m, 4H), 7.63 — 7.54 (m, 6H), 2.85 (g, J = 9.1, 8.4 Hz, 2H), 1.39
(t, J = 7.7 Hz, 3H). 3C NMR (75 MHz, CDCls): ¢ (ppm) 180.85, 169.66, 136.53, 132.23,
128.90, 128.84, 32.51, 12.70. HRMS (ESI) m/z calcd for C17H16N3 [M + H]* 262.1344, found
262.1348
2-isopropyl-4,6-diphenyl-1,3,5-triazine (5af):

HsC_ _CH,

o0
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Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 62%, 171 mg). *H NMR (300 MHz,
CDCl3): 6 (ppm) 8.74 — 8.69 (m, 4H), 7.62 — 7.56 (m, 6H), 3.29 (p, J = 6.9 Hz, 1H), 1.51 (dd,
J =6.9, 0.7 Hz, 1H). 3C NMR (75 MHz, CDCls): J (ppm) 184.01, 171.24, 136.32, 132.83,
132.34, 128.92, 128.78, 128.61, 37.56, 21.17.

2-butyl-4,6-diphenyl-1,3,5-triazine (5ag):

N™ N

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 66%, 191 mg). *H NMR (400 MHz,
CDCls): & (ppm) 8.71 — 8.66 (m, 4H), 7.62 — 7.54 (m, 6H), 3.05 — 3.02 (m, 2H), 2.04 — 1.96
(m, 2H), 1.49 — 1.46 (m, 2H), 0.97 (t, J = 6.8 Hz, 3H). *C NMR (75 MHz, CDCls): 5 (ppm)
180.21, 170.91, 136.13, 132.38, 128.97, 128.66, 38.26, 30.61, 22.53, 14.04. HRMS (ESI) m/z
calcd for C19H20N3 [M + H]" 290.1657, found 290.1651

2-pentyl-4,6-diphenyl-1,3,5-triazine (5ah):

I L7’
SRS
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 67%, 203 mg). *H NMR (400 MHz,
CDCl3): 0 (ppm) 8.70 — 8.68 (m, 4H), 7.65 — 7.57 (m, 6H), 3.10 — 3.00 (m, 2H), 2.04 — 1.96
(m, 2H), 1.50 — 1.46 (m, 2H), 1.37 — 1.32 (m, 2H), 0.97 (t, J = 6.9 Hz, 3H). *3C NMR (101

MHz, CDCls): J (ppm) 180.22, 171.19, 136.18, 132.38, 128.91, 128.63, 39.24, 31.61, 27.42,
22.56, 14.06. HRMS (ESI) m/z calcd for C20H22N3 [M + H]* 304.1814, found 304.1818

2,4-bis(4-chlorophenyl)-6-phenyl-1,3,5-triazine (6aa):
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Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 295 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.76 — 8.70 (m, 6H), 7.64 — 7.55 (m, 7H). 1*C NMR (101 MHz, CDCls): ¢
(ppm) 171.81, 170.82, 138.98, 134.54, 133.37, 132.82, 131.19, 130.31, 128.99, 128.74.

2,4-bis(4-chlorophenyl)-6-(p-tolyl)-1,3,5-triazine (6ab):
CH;

N°SN

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 85%, 333 mg). *H NMR (300 MHz,
CDCls): d (ppm) 8.71 (d, J = 8.6 Hz, 4H), 8.64 (d, J = 8.1 Hz, 2H), 7.56 (d, J = 8.6 Hz, 4H),
7.39 (d, J = 8.0 Hz, 2H), 2.51 (s, 3H). 3C NMR (101 MHz, CDCls): 6 (ppm) 171.82, 170.73,
134.68, 134.55, 133.17, 130.83, 130.29, 129.70, 128.95, 128.64, 21.79.

2,4-bis(4-chlorophenyl)-6-(4-isopropylphenyl)-1,3,5-triazine (6ac):
CH(CH,;),

N' SN
Jesae!
Cl Cl

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 82%, 344 mg). *H NMR (400 MHz,
CDCl3): 6 (ppm) 8.66 (d, J = 8.0 Hz, 6H), 7.65 — 7.60 (m, 4H), 7.45 (d, J = 8.2 Hz, 2H), 3.06
(p, J = 6.9 Hz, 1H), 1.36 (d, J = 6.9 Hz, 6H). 3C NMR (101 MHz, CDCl3): ¢ (ppm) 171.84,
170.84, 170.72, 154.31, 138.98, 135.86, 134.68, 134.56, 132.80, 130.31, 129.15, 128.99,
128.73, 126.87, 34.34, 23.81. HRMS (ESI) m/z calcd for C24H20CI2N3 [M + H]* 420.1034,
found 420.1030.

2,4-bis(4-chlorophenyl)-6-(4-fluorophenyl)-1,3,5-triazine (6ad):
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Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 75%, 297 mg). *H NMR (400 MHz,
CDCl3): 0 (ppm) 8.79 — 8.75 (m, 2H), 8.72 — 8.68 (m, 3H), 7.67 — 7.55 (m, 4H), 7.29 — 7.25
(m, 3H). C NMR (101 MHz, CDCls): ¢ (ppm) 172.84, 170.84, 164.70, 139.08, 134.43,
131.41, 131.32, 130.29, 129.01, 128.73, 115.94, 115.72. **F NMR (282 MHz, CDCl3): § = -
106.50 (s, 1F). HRMS (ESI) m/z calcd for C2:H13CI2FNs [M + H]* 396.0471, found 396.0468.

2,4-bis(4-chlorophenyl)-6-(3-nitrophenyl)-1,3,5-triazine (6ae):
NO,

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 62%, 262 mg). *H NMR (300 MHz,
CDCl3): ¢ (ppm) 9.52 (t, J = 1.9 Hz, 1H), 9.06 (dt, J = 7.8, 1.4 Hz, 1H), 8.70 (d, J = 8.6 Hz,
4H), 8.49 (ddd, J = 8.2, 2.4, 1.1 Hz, 1H), 7.79 (t, J = 8.0 Hz, 1H), 7.60 — 7.54 (m, 4H). 13C
NMR (75 MHz, CDCls): ¢ (ppm) 171.25, 169.83, 148.81, 139.56, 137.76, 134.53, 133.89,
130.40, 129.80, 129.15, 127.05, 123.83. HRMS (ESI) m/z calcd for C2:H13CI2N4O2 [M + H]*
423.0416, found 423.0413.

2,4,6-tris(4-chlorophenyl)-1,3,5-triazine (6af):

Cl

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 321 mg). *H NMR (400 MHz,
CDCls): ¢ (ppm) 8.77 — 8.70 (m, 6H), 7.62 — 7.56 (m, 6H). 1°C NMR (101 MHz, CDCl3): §
(ppm) 171.67, 136.27, 132.53, 128.99, 128.66.

2,4-bis(4-chlorophenyl)-6-(thiophen-2-yl)-1,3,5-triazine (6ag):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 61%, 234 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.75 (d, J = 7.5 Hz, 2H), 8.65 (d, J = 8.3 Hz, 4H), 8.36 (d, J = 3.7 Hz, 1H),
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7.69 — 7.60 (m, 3H), 7.27 — 7.25 (m, 1H). *C NMR (101 MHz, CDCls): & (ppm) 170.84,
170.71, 168.19, 141.73, 134.25, 132.58, 131.82, 130.29, 128.96, 128.73, 128.60.

2,4-bis(4-fluorophenyl)-6-phenyl-1,3,5-triazine (6ah):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 65%, 224 mg). *H NMR (400 MHz,
CDCls): 6 (ppm) 8.83 —8.75 (m, 6H), 7.66 — 7.59 (m, 3H), 7.30 — 7.25 (m, 4H). *3C NMR (101
MHz, CDClz): ¢ (ppm) 171.67, 170.68, 167.54, 136.00, 133.73, 132.69, 131.37, 131.25,
130.20, 128.95, 128.70, 128.51, 115.90, 115.61. *®F NMR (282 MHz, CDCls): § = -106.95 (s,
1F).

2,4-bis(4-fluorophenyl)-6-(p-tolyl)-1,3,5-triazine (6ai):
CH;

o0,

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 70%, 258 mg). *H NMR (300 MHz,
CDCls): 6 (ppm) 8.71 (d, J = 8.5 Hz, 4H), 8.65 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.6 Hz, 4H),
7.40 (d, J = 8.0 Hz, 2H), 2.51 (s, 3H). 3C NMR (101 MHz, CDCl3): & (ppm) 171.80, 170.71,
143.53, 138.86, 134.66, 133.14, 130.29, 129.51, 129.00, 128.95, 21.81. *F NMR (377 MHz,
CDCl3): 8 =-106.50 (s, 2F). HRMS (ESI) m/z calcd for C22H16F2N3 [M + H]* 360.1312, found
360.1315.

All the reactions were carried out in 1.0 mmol scale of reactant and according to the

general procedure for the synthesis of pyrimidine derivatives

2,4,6-triphenylpyrimidine (7aa):
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Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =87%, 268 mg; condition
B = 90%, 277 mg). *H NMR (400 MHz, CDCls): § (ppm) 8.82 (d, J = 6.4 Hz, 2H), 8.79 — 8.74
(m, 2H), 8.36 — 8.32 (m, 2H), 8.05 (s, 1H), 7.65 — 7.54 (m, 9H). **C NMR (101 MHz, CDCls):
o (ppm) 164.80, 164.55, 137.59, 132.51, 130.79, 128.94, 128.65, 128.46, 127.31, 110.33.

2,4-diphenyl-6-(p-tolyl)pyrimidine (7ab):

Nl‘N

T

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 89%, 286 mg; condition
B = 92%, 296 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.80 — 8.74 (m, 2H), 8.35 — 8.30 (m,
2H), 8.25 — 8.21 (m, 2H), 8.02 (s, 1H), 7.60 — 7.57 (m, 6H), 7.40 (d, J = 5.0 Hz, 2H), 2.49 (s,
3H). 33C NMR (75 MHz, CDCls): 6 (ppm) 164.69, 164.62, 164.44, 141.18, 137.66, 136.38,
134.72,132.44, 129.67, 128.97, 128.63, 128.50, 128.46, 127.31, 127.21, 109.97, 21.53.

2,4-diphenyl-6-(m-tolyl)pyrimidine (7ac):

NN
|

T C
CH;
Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 84%, 270 mg; condition
B = 88%, 283 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.83 — 8.81 (m, 2H), 8.37 — 8.32 (m,
2H), 8.01 (s, 1H), 7.66 — 7.60 (m, 7H), 7.52 — 7.47 (m, 2H), 7.41 — 7.38 (m, 1H), 2.56 (s, 3H).
13C NMR (75 MHz, CDCls): 6 (ppm) 164.89, 164.61, 164.47, 138.61, 138.31, 137.59, 137.51,

136.35, 132.50, 131.63, 130.80, 130.68, 129.04, 128.94, 128.66, 128.59, 127.95, 127.35,
110.35, 21.70.

2,4-diphenyl-6-(o-tolyl)pyrimidine (7ad):

CH;N"SN
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Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =80%, 258 mg; condition
B = 85%, 274 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.80 — 8.77 (m, 2H), 8.35 — 8.29 (m,
2H), 7.78 (s, 1H), 7.63 — 7.55 (m, 7H), 7.44 — 7.39 (m, 3H), 2.62 (s, 3H). 3C NMR (75 MHz,
CDCl3): ¢ (ppm) 164.79, 164.20, 164.06, 138.64, 138.12, 137.38, 136.55, 132.56, 131.32,
130.69, 129.69, 129.01, 128.98, 128.71, 128.52, 127.31, 127.21, 114.41, 20.78.
4-(4-methoxyphenyl)-2,6-diphenylpyrimidine (7ae):

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =91%, 307 mg; condition
B = 93%, 314 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.78 — 8.75 (m, 2H), 8.34 — 8.28 (m,
4H), 7.97 (s, 1H), 7.59 — 7.55 (m, 6H), 7.09 (d, J = 8.9 Hz, 2H), 3.93 (s, 3H). *C NMR (75
MHz, CDCl3) & 164.50, 164.37, 164.22, 161.94, 138.33, 137.74, 130.66, 130.55, 129.98,
128.92, 128.81, 128.60, 128.47, 128.43, 127.27, 114.27, 113.98, 109.44, 55.47.

4-(3-nitrophenyl)-2,6-diphenylpyrimidine (7af):

Nl\N

SRR

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 74%, 261 mg; condition
B = 76%, 268 mg). *H NMR (300 MHz, CDCls): § (ppm) 9.13 (t, J = 2.0 Hz, 1H), 8.77 — 8.73
(m, 2H), 8.34 — 8.31 (m, 2H), 8.70 — 8.66 (m, 1H), 8.44 — 8.40 (m, 1H), 8.35 — 8.32 (m, 2H),
8.08 (s, 1H), 7.78 (t, J = 8.0 Hz, 1H), 7.62 — 7.57 (m, 6H). 3C NMR (75 MHz, CDCls): 6 (ppm)
165.55, 164.90, 162.25, 157.87, 148.89, 139.36, 137.60, 137.01, 133.11, 131.24, 131.07,
130.01, 129.06, 128.61, 128.55, 127.38, 125.26, 122.18, 110.29.

2,4-diphenyl-6-(4-(trifluoromethyl)phenyl)pyrimidine: (7ag):

NI‘N
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Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =80%, 300 mg; condition
B = 83%, 312 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.88 (d, J = 8.3 Hz, 2H), 8.80 — 8.76
(m, 4H), 8.03 (s, 1H), 7.61 — 7.56 (m, 8H). *C NMR (75 MHz, CDCls) § 165.21, 164.74,
163.27, 137.81, 137.19, 135.87, 132.80, 130.99 (d, J = 12.1 Hz), 129.24, 129.02, 128.72,
128.54, 128.51, 125.86 (d, J = 3.9 Hz), 125.55 (d, J = 3.8 Hz), 110.54. F NMR (282 MHz,
CDCls): 6 =-62.70 (s, 1F).

4-(4-fluorophenyl)-2,6-diphenylpyrimidine (7ah):

N"~N
F
Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =83%, 270 mg; condition
B = 85%, 277 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.77 —8.73 (m, 2H), 8.34 — 8.28 (m,
4H), 7.94 (s, 1H), 7.60 — 7.56 (m, 6H), 7.27 — 7.22 (m, 2H). *C NMR (75 MHz, CDCl3): ¢
(ppm) 164.79, 164.47, 163.56, 162.95, 138.05, 137.41, 132.60, 130.81 (d, J = 9.6 Hz), 129.32

(d, J = 8.6 Hz), 128.95, 128.49, 128.40, 127.29, 115.94 (d, J = 21.7 Hz), 109.83. 1°F NMR (282
MHz, CDCls): § = -110.72 (s, 1F).

4-(4-chlorophenyl)-2,6-diphenylpyrimidine (7ai):

Noaar

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 82%, 280 mg; condition
B = 85%, 291 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.77 —8.69 (m, 3H), 8.30 — 8.27 (m,
2H), 8.22 (d, J = 8.6 Hz, 2H), 7.91 (s, 1H)), 7.59 — 7.55 (m, 7H), 3C NMR (75 MHz, CDCls):
o (ppm) 164.84, 164.48, 163.37, 137.97, 137.31, 136.98, 135.87, 132.65, 130.93, 130.80,
129.13, 128.95, 128.56, 128.51, 127.30, 109.87.

4-(naphthalen-2-yl)-2,6-diphenylpyrimidine (7aj):

Nl‘N

137



Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 85%, 304 mg; condition
B = 88%, 315 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.85 — 8.79 (m, 3H), 8.10 (s, 1H),
8.08 — 8.06 (m, 3H), 7.92 — 7.88 (m, 3H), 7.62 — 7.54 (m, 8H). 1*C NMR (101 MHz, CDCls):
o (ppm) 164.73, 164.53, 164.50, 138.27, 136.31, 135.71, 134.92, 134.62, 133.34, 130.64,
130.04, 129.70, 129.03, 128.68, 128.56, 127.88, 127.30, 126.58, 124.34, 110.24.

4-(naphthalen-1-yl)-2,6-diphenylpyrimidine (7ak):

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =83%, 297 mg; condition
B = 85%, 304 mg). *H NMR (400 MHz, CDCls): § (ppm) 8.87 —8.75 (m, 2H), 8.50 — 8.44 (m,
1H), 8.38 (t, J = 7.7 Hz, 2H), 8.08 — 8.00 (m, 2H), 7.96 (s, 1H), 7.86 (td, J = 7.3, 3.3 Hz, 1H),
7.70 — 7.56 (m, 9H). $3C NMR (75 MHz, CDCls): § (ppm) 167.55, 164.48, 164.39, 138.17,
137.35, 136.93, 134.13, 131.01, 130.94, 130.85, 130.27, 129.06, 128.70, 128.63, 128.00,
127.44,126.31, 125.57, 125.42, 115.44.

4-(1H-imidazol-2-yl)-2,6-diphenylpyrimidine (7al):

N“SN
I/

H
N\
N

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 75%, 224 mg; condition
B = 78%, 233 mg). *H NMR (400 MHz, CDCls): 6 (ppm) 8.64 (dd, J = 6.8, 3.0 Hz, 2H), 8.48
(s, 1H), 8.36 (dd, J = 6.6, 3.0 Hz, 2H), 7.58 — 7.54 (m, 6H), 7.35 (s, 1H). **C NMR (101 MHz,
CDClI3): 6 (ppm) 165.13, 164.27, 155.20, 144.99, 137.60, 136.83, 131.14, 130.88, 129.07,
128.93, 128.52, 128.33, 127.40, 109.29. HRMS (ESI) m/z calcd for Ci9HisN4 [M + H]*
299.1297, found 299.1295.

4-(furan-3-yl)-2,6-diphenylpyrimidine (7am):

N"~N

\ /
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Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 82%, 244 mg; condition
B = 85%, 253 mg). *H NMR (300 MHz, CDCls): 5 (ppm) 8.75 —8.72 (m, 2H), 8.30 — 8.26 (m,
2H), 7.71 (s, 1H), 7.61 (s, 1H), 7.57— 7.53 (m, 8H). 3C NMR (75 MHz, CDCls): 6 (ppm)
167.46, 164.29, 158.63, 157.86, 144.21, 137.85, 137.52, 132.52, 130.54, 128.90, 128.62,
128.45, 127.23, 113.76, 109.66, 108.48.

2-(2,6-diphenylpyrimidin-4-yl)quinoline (7an):

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =80%, 288 mg; condition
B = 82%, 295 mg). *H NMR (400 MHz, CDCls): 6 (ppm) 9.00 (s, 1H), 8.90 (d, J = 8.5 Hz,
1H), 8.81 (d, J = 7.2 Hz, 2H), 8.47 (d, J = 7.3 Hz, 2H), 8.41 (d, J = 8.6 Hz, 1H), 8.30 (d, J =
9.1 Hz, 1H), 7.95 (d, J = 8.2 Hz, 1H), 7.83 (t, J = 7.7 Hz, 1H), 7.65— 7.55 (m, 7H). 1*C NMR
(75 MHz, CDClIs): ¢ (ppm) 165.10, 164.32, 154.74, 147.96, 138.07, 137.45, 137.09, 132.55,
130.90, 130.74, 130.06, 129.90, 128.99, 128.91, 128.68, 128.56, 128.47, 127.77, 127.52,
119.21, 111.21. HRMS (ESI) m/z calcd for CosHigNs [M + H]" 360.1501, found 360.1356.

2,4-diphenyl-6-(pyridin-4-yl)pyrimidine (7a0):

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =72%, 222 mg; condition
B = 75%, 232 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.83 — 8.74 (m, 4H), 8.34 — 8.31 (m,
4H), 8.06 (s, 1H), 7.59— 7.54 (m, 6H). 3C NMR (75 MHz, CDCls): 6 (ppm) 164.85, 164.81,
157.76, 150.30, 138.19, 137.57, 133.82, 131.17, 131.10, 130.24, 128.95, 128.51, 127.33,
114.60, 110.35.
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4-(4-nitrophenyl)-2,6-diphenylpyrimidine (7ap):

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 75%, 265 mg; condition
B =77%, 271 mg). *H NMR (400 MHz, CDCls): 5 (ppm) 8.75 —8.71 (m, 2H), 8.34 — 8.31 (m,
2H), 8.08 (s, 1H), 7.68 — 7.56 (m, 10H). *3C NMR (75 MHz, CDCls): 6 (ppm) 165.55, 164.90,
148.89, 139.36, 137.60, 137.01, 131.24, 131.07, 130.01, 129.06, 128.96, 128.61, 128.55,
127.38, 125.26, 110.29.

4-(4-bromophenyl)-2,6-diphenylpyrimidine (7aq):

N| ~N

o C
Br
Eluent: Hexane/Ethyl acetate (40:1). White solid (yield: condition A = 80%, 309 mg; condition
B = 82%, 317 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.65 (d, J = 8.6 Hz, 3H), 8.21 - 8.16
(m, 2H), 7.98 (s, 1H), 7.70 (d, J = 2.6 Hz, 2H), 7.60 — 7.55 (m, 7H). **C NMR (75 MHz,

CDCls): J (ppm) 164.98, 164.59, 163.56, 136.02, 135.19, 132.67, 131.91, 130.48, 128.99,
128.81, 128.69, 128.51, 128.49, 127.31, 125.45, 109.93.

4-(naphthalen-2-yl)-2-phenyl-6-(p-tolyl)pyrimidine (7ar):

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 85%, 316 mg; condition
B = 87%, 323 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.41 (dd, J = 8.6, 1.8 Hz, 1H), 8.26
(d, J = 8.2 Hz, 2H), 8.01 (s, 1H), 7.98 — 7.88 (m, 4H), 7.61 — 7.58 (m, 7H), 7.40 (d, J = 8.0 Hz,
2H), 2.50 (s, 3H). *C NMR (101 MHz, CDCls): ¢ (ppm) 164.67, 164.46, 141.20, 138.30,
134.91, 134.62, 133.34, 133.13, 130.63, 129.67, 129.59, 128.31, 127.87, 127.81, 127.39,
127.26, 126.57, 126.46, 125.16, 124.30, 110.12, 21.58.
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2,4-diphenyl-6-(pyridin-2-yl)pyrimidine (7as):

Eluent: Hexane/Ethyl acetate (40:1). White solid (yield: condition A = 65%, 200 mg; condition
B = 68%, 210 mg). *H NMR (300 MHz, CDCls): 5 (ppm) 8.80 — 8.74 (m, 5H), 8.44 — 8.39 (m,
2H), 7.93 (td, J = 7.7, 1.8 Hz, 1H), 7.61- 7.55 (m, 6H), 7.45 (ddd, J = 7.5, 4.7, 1.3 Hz, 1H).
13C NMR (75 MHz, CDCls): 6 (ppm) 165.15, 164.25, 163.59, 154.68, 149.41, 138.10, 137.38,
137.12, 130.87, 130.68, 128.86, 128.51, 128.45, 127.47, 125.30, 121.96, 110.61.

2-(2,6-diphenylpyrimidin-4-yl)thiazole (7at):

N| ~N
= S
|
\
Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A =72%, 226 mg; condition
B = 75%, 236 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.74 — 8.69 (m, 2H), 8.47 (s, 1H),
8.41 —8.35 (m, 2H), 8.08 (d, J = 3.2 Hz, 1H), 7.63-7.54 (m, 7H). **C NMR (75 MHz, CDCls)
0 168.11, 165.41, 164.59, 158.47, 144.67, 137.31, 136.89, 131.19, 131.01, 128.96, 128.56,
128.47, 127.44, 123.00, 108.90.

4-(benzofuran-2-yl)-2-phenyl-6-(p-tolyl)pyrimidine (7au):

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 78%, 282 mg; condition
B = 80%, 290 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.75 - 8.70 (m, 2H), 8.26 (d, J = 8.2
Hz, 2H), 8.09 (s, 1H), 7.83 (s, 1H), 7.74 (dd, J = 8.3, 1.1 Hz, 1H), 7.65 — 7.57 (m, 4H), 7.47 —
7.33 (m, 4H), 2.49 (s, 3H). C NMR (101 MHz, CDCls): § (ppm) 164.86, 164.43, 156.33,
155.72, 154.10, 141.43, 137.95, 134.34, 130.71, 129.65, 128.51, 128.47, 127.26, 126.17,
123.52,122.27, 111.70, 108.68, 107.96, 21.55.
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2-(4-chlorophenyl)-4,6-diphenylpyrimidine (8aa):
Cl

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =80%, 274 mg; condition
B = 83%, 284 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.72 — 8.67 (m, 2H), 8.33 — 8.27 (m,
4H), 8.04 (s, 1H), 7.63 — 7.57 (m, 6H), 7.55 — 7.50 (m, 2H). **C NMR (75 MHz, CDCls): §
(ppm) 164.88, 163.54, 137.30, 136.88, 136.57, 130.96, 129.88, 128.99, 128.68, 127.34, 110.54.

2-(4-fluorophenyl)-4,6-diphenylpyrimidine (8ab):
F

NI ~N

SRR’
Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 78%, 254 mg; condition
B = 82%, 267 mg). *H NMR (400 MHz, CDCls): 6 (ppm) 8.32 — 8.29 (m, 4H), 8.04 (s, 1H),
7.94 - 7.88 (m, 3H), 7.52 (d, J = 4.0 Hz, 2H), 7.39 (d, J = 4.4 Hz, 5H). **C NMR (75 MHz,
CDClI3): 6 (ppm) 167.19, 164.58, 164.51, 154.53, 137.83, 130.61, 130.10, 129.62, 128.87,

127.22 (d, J = 6.9 Hz), 115.85 (d, J = 21.9 Hz), 110.32. 1°F NMR (282 MHz, CDCls): 5 = -
110.72 (s, 1F).

2-(4-chlorophenyl)-4-phenyl-6-(p-tolyl)pyrimidine (8ac):
Cl

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 85%, 302 mg; condition
B = 88%, 313 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.31 — 8.28 (m, 2H), 8.21 (d, J = 8.2
Hz, 2H), 8.02 (s, 1H), 7.56 — 7.51 (m, 5H), 7.40 (d, J = 6.5 Hz, 4H), 2.49 (s, 3H). °C NMR
(101 MHz, CDCls): § (ppm) 164.81, 163.50, 143.52, 138.87, 136.75, 134.54, 130.84, 130.29,
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129.83, 129.50, 129.01, 128.65, 127.28. 127.20, 110.15, 21.79. HRMS (ESI) m/z calcd for
C2sH1sCIN2 [M + H]* 357.1159, found 357.1156.

2-(4-chlorophenyl)-4-(4-fluorophenyl)-6-phenylpyrimidine (8ad):
Cl

foans

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 65%, 234 mg; condition
B = 67%, 241 mg). *H NMR (400 MHz, CDCls): 6 (ppm) 8.66 (d, J = 8.1 Hz, 2H), 8.24 (d, J
=7.6 Hz, 4H), 7.91 (s, 1H), 7.58 — 7.50 (m, 5H), 7.07 (d, J = 8.5 Hz, 2H). *C NMR (101 MHz,
CDCl3): ¢ (ppm) 164.46, 164.20, 163.32, 162.01, 137.49, 136.81, 136.66, 130.76, 129.80,
129.70, 128.90, 128.77, 128.59, 127.23, 114.74, 114.27, 109.49. °F NMR (282 MHz, CDCl3):
& = -109.56 (s, 1F). HRMS (ESI) m/z calcd for C22His CIFN2 [M + H]*™ 361.0920, found
360.1356.

2-(4-fluorophenyl)-4-phenyl-6-(p-tolyl)pyrimidine (8ae):

F

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 75%, 255 mg; condition
B = 77%, 262 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.71 (d, J = 8.9 Hz, 2H), 8.31 — 8.28
(m, 2H), 8.21 (d, J = 8.2 Hz, 2H), 7.95 (s, 1H), 7.62 — 7.55 (m, 3H), 7.38 (d, J = 7.9 Hz, 2H),
7.10—-7.05 (m, 2H), 2.48 (s, 3H). **C NMR (75 MHz, CDCls): 6 (ppm) 164.58, 164.51, 164.24,
161.79, 141.04, 137.83, 134.90, 131.04, 130.61, 130.10, 129.62, 128.87, 127.27, 127.17,
113.75, 109.32, 21.50. *°F NMR (282 MHz, CDCls): § = -110.82 (s, 1F). HRMS (ESI) m/z
calcd for C22Hi14 CIFN2 [M + H]* 340.1376, found 340.1321.
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2-(4-chlorophenyl)-4-(naphthalen-1-yl)-6-phenylpyrimidine (8af):
Cl

Nl‘N

% ®

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =70%, 275 mg; condition
B = 73%, 287 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.70 (d, J = 8.6 Hz, 2H), 8.39 — 8.31
(m, 3H), 8.06 — 7.98 (m, 2H), 7.94 (s, 1H), 7.83 (dd, J= 7.1, 1.3 Hz, 1H), 7.68 — 7.51 (m, 8H).
13C NMR (75 MHz, CDCls): 6 (ppm) 167.56, 164.43, 163.49, 137.12, 136.69, 134.09, 131.04,
130.83, 130.29, 129.96, 129.02, 128.75, 128.65, 127.94, 127.36, 127.00, 126.27, 125.38,
125.33, 115.52. HRMS (ESI) m/z calcd for C26H1sCIN2 [M + H]* 393.1159, found 393.1150.

2-(4-chlorophenyl)-4-(pyridin-2-yl)-6-(p-tolyl)pyrimidine (8ag):

Cl

N'\N
Z X
N -~

Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A = 65%, 232 mg; condition
B = 70%, 250 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.81 —8.78 (m, 1H), 8.73 — 8.67 (m,
4H), 8.29 (d, J = 8.2 Hz, 2H), 7.94 (td, J = 7.7, 1.8 Hz, 1H), 7.56 — 7.51 (m, 2H), 7.46 (ddd, J
=75,4.8, 1.2 Hz, 1H), 7.38 (d, J = 7.6 Hz, 2H), 2.48 (s, 3H). 1°C NMR (101 MHz, CDCly): ¢
(ppm) 165.20, 163.49, 163.23, 154.60, 149.44, 141.40, 137.13, 136.75, 136.68, 134.38, 129.76,
129.62, 128.67, 127.36, 125.32, 121.90, 110.41, 21.52. HRMS (ESI) m/z calcd for C22H17CIN3
[M + H]* 358.1111, found 358.1109.

4-(benzofuran-2-yl)-2-(4-chlorophenyl)-6-(p-tolyl)pyrimidine (8ah):
Cl
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Eluent: Hexane/Ethyl acetate (60:1). White solid (yield: condition A =70%, 277 mg; condition
B = 73%, 289 mg). *H NMR (300 MHz, CDCls): 5 (ppm) 8.69 — 8.63 (m, 2H), 8.27 — 8.23 (m,
2H), 8.14 (s, 1H), 7.84 (s, 1H), 7.75 (ddd, J = 7.8, 1.4, 0.7 Hz, 1H), 7.64 (dq, J = 8.3, 0.9 Hz,
1H), 7.55 — 7.50 (m, 2H), 7.48 — 7.31 (m, 4H), 2.50 (s, 3H). **C NMR (101 MHz, CDCls): 6
(ppm) 164.76, 163.31, 156.23, 155.67, 153.83, 141.54, 136.81, 136.35, 134.03, 129.74, 129.63,
128.58, 128.41, 127.17, 126.23, 123.53, 122.26, 111.68, 108.67, 108.03, 21.56. HRMS (ESI)
m/z calcd for C2sH1sCIN2O [M + H]" 397.1108, found 397.1105.

4,6-diphenylpyrimidin-2-amine (8ai):

Eluent: Hexane/Ethyl acetate (10:1). White solid (yield: condition A =81%, 200 mg; condition
B = 84%, 208 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.07 — 8.04 (m, 4H), 7.57 — 7.52 (m,
6H), 7.46 (s, 1H), 5.88 (s, 2H). *C NMR (75 MHz, CDCls): § (ppm) 166.29, 163.69, 137.74,
130.52, 128.82, 127.20, 104.35.

4-phenyl-6-(p-tolyl)pyrimidin-2-amine (8aj):

T

Eluent: Hexane/Ethyl acetate (10:1). White solid (yield: condition A = 86%, 225 mg; condition
B = 88%, 230 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.06 — 8.03 (m, 2H), 7.97 (d, J=8.2
Hz, 2H), 7.52 (d, J = 6.5 Hz, 2H), 7.42 (s, 1H), 7.34 — 7.25 (m, 3H), 5.68 (s, 2H), 2.45 (s, 3H).
13C NMR (75 MHz, CDCls): 6 (ppm) 166.34, 166.28, 163.63, 140.90, 137.69, 134.73, 130.47,
129.53, 128.77, 127.27, 127.19, 104.32, 21.46.

4-(4-fluorophenyl)-6-phenylpyrimidin-2-amine (8ak):
NH,

o0

Eluent: Hexane/Ethyl acetate (10:1). White solid (yield: condition A = 67%, 178 mg; condition
B = 71%, 188 mg). *H NMR (400 MHz, CDCls): § (ppm) 8.13 (d, J = 7.8 Hz, 2H), 8.06 — 7.99
(m, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.55 - 7.52 (m, 1H), 7.49 (s, 1H), 7.38 — 7.33 (m, 1H), 7.23
— 7.12 (m, 2H), 6.02 (s, 2H). *C NMR (75 MHz, CDCls): 6 (ppm) 166.71, 165.41, 164.51,
163.55, 163.41, 137.35 (d, J=10.2 Hz), 133.60, 132.79 (d, J = 9.4 Hz), 130.17, 129.00, 128.82,
128.46, 127.41, 115.98, 115.69, 104.50. *F NMR (282 MHz, CDCls): § =-109.96 (s, 1F).
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4-(benzofuran-2-yl)-6-(p-tolyl)pyrimidin-2-amine (8al):

Eluent: Hexane/Ethyl acetate (10:1). White solid (yield: condition A =77%, 232 mg; condition
B = 79%, 238 mg). *H NMR (400 MHz, CDCls): 6 (ppm) 8.03 (d, J = 7.8 Hz, 2H), 7.69 (d, J
= 7.8 Hz, 1H), 7.62 (d, J = 7.5 Hz, 2H), 7.58 (s, 1H), 7.41 (t, J = 7.8 Hz, 1H), 7.33 (t, J= 7.5
Hz, 3H), 5.36 (s, 2H), 2.46 (s, 3H). *C NMR (75 MHz, CDCls): § (ppm) 166.47, 163.38,
157.07, 155.55, 153.74, 141.18, 134.40, 129.55, 128.34, 127.12, 126.13, 123.44, 122.11,
111.75, 107.57, 102.98, 21.48. HRMS (ESI) m/z calcd for C19H1sN3O [M + H]™ 302.1293,
found 302.1289.

2-methyl-4-phenyl-6-(p-tolyl)pyrimidine (8am):

SO T

Eluent: Hexane/Ethyl acetate (10:1). White solid (yield: condition A = 71%, 185 mg; condition
B = 73%, 190 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.16 — 8.13 (m, 2H), 8.06 (d, J = 8.2
Hz, 2H), 7.88 (s, 1H), 7.58 — 7.53 (m, 3H), 7.35 (d, J = 7.8 Hz, 2H), 2.89 (s, 3H), 2.46 (s, 3H).
13C NMR (75 MHz, CDCls): 6 (ppm) 168.49, 164.80, 141.02, 137.65, 134.67, 130.57, 129.69,
128.93, 127.27, 127.18, 109.75, 26.53, 21.47.

2,4-diphenylpyrimidine (9aa):

N”N

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 75%, 174 mg; condition
B = 77%, 178 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.87 (d, J = 5.2 Hz, 1H), 8.63 — 8.60
(m, 2H), 8.29 — 8.25 (m, 2H), 7.63 (d, J = 5.3 Hz, 1H), 7.64 — 7.53 (m, 6H). 1*C NMR (75
MHz, CDClz): ¢ (ppm) 164.61, 163.88, 157.88, 137.92, 136.98, 131.00, 130.76, 128.97,
128.59, 128.35, 127.25, 114.55.
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4-(4-nitrophenyl)-2-phenylpyrimidine (9ab):

NO,

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 65%, 180 mg; condition
B = 68%, 188 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.97 (dd, J = 5.2, 1.3 Hz, 1H), 8.62
—8.57 (m, 2H), 8.42 (d, J = 1.3 Hz, 4H), 7.69 (dd, J = 5.2, 1.3 Hz, 1H), 7.59 — 7.54 (m, 3H).
13C NMR (75 MHz, CDCls): 6 (ppm) 165.05, 161.51, 158.61, 149.36, 142.87, 137.28, 131.18,
128.70, 128.37, 128.17, 124.15, 115.15.

4-(4-methoxyphenyl)-2-phenylpyrimidine (9ac):

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 60%, 157 mg; condition
B = 63%, 165 mg). *H NMR (300 MHz, CDCls): § (ppm) 8.80 (d, J = 5.3 Hz, 1H), 8.61 — 8.58
(m, 2H), 8.24 (d, J = 8.9 Hz, 2H), 7.56 — 7.52 (m, 4H), 7.07 (d, J = 8.9 Hz, 2H), 3.92 (s, 3H).
13C NMR (101 MHz, CDCls): ¢ (ppm) 164.45, 163.39, 162.09, 157.57, 138.04, 130.62, 129.41,
128.77, 128.52, 128.26, 114.31, 113.69, 55.46.

2-(4-chlorophenyl)-4-phenylpyrimidine (9ad):
Cl

N™ N

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A = 72%, 192 mg; condition
B = 75%, 200 mg). *H NMR (300 MHz, CDCls): ¢ (ppm) 8.84 (d, J = 5.3 Hz, 1H), 8.56 (d, J
= 8.6 Hz, 2H), 8.26 — 8.24 (m, 2H), 7.63 (d, J = 5.3 Hz, 1H), 7.58 — 7.55 (m, 3H), 7.51 (d, J =
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8.6 Hz, 2H). 3C NMR (75 MHz, CDCls): § (ppm) 164.00, 163.66, 157.89, 136.94, 136.79,
136.37, 131.11, 129.66, 129.00, 128.77, 127.22, 114.72.

4-methyl-2,6-diphenylpyrimidine (9ae):

N™N

I
Hie” N7

Eluent: Hexane/Ethyl acetate (30:1). Colourless oil (yield: condition A = 60%, 148 mg;
condition B = 62%, 153 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.49 — 8.47 (m, 4H), 7.50
— 7.45 (m, 6H), 6.85 (s, 1H), 2.51 (s, 3H). *C NMR (101 MHz, CDCl3): 6 (ppm) 166.74,
164.11, 161.80, 138.15, 130.29, 128.94, 128.63, 128.45, 128.26, 117.99, 24.14.

2-(4-chlorophenyl)-4-(4-methoxyphenyl)pyrimidine (9af):
Cl

N” N

OCH,

Eluent: Hexane/Ethyl acetate (30:1). White solid (yield: condition A =55%, 163 mg; condition
B = 57%, 169 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.78 (d, J = 5.3 Hz, 1H), 8.53 (d, J
=8.6 Hz, 2H), 8.21 (d, J = 8.9 Hz, 2H), 7.55 (d, J = 5.4 Hz, 1H), 7.50 (d, J = 8.7 Hz, 2H), 7.07
(d, J=8.9 Hz, 2H), 3.92 (s, 3H). *C NMR (101 MHz, CDCls): § (ppm) 163.47, 162.18, 157.58,
136.80, 136.52. 129.61, 129.18, 128.77, 128.71, 114.34, 113.84, 55.47.

2-(4-chlorophenyl)-4-hexyl-6-phenylpyrimidine (9ag):
Cl

N“SN
H,C Z
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Eluent: Hexane/Ethyl acetate (10:1). Colourless oil (yield: condition A = 44%, 139 mg;
condition B = 48%, 152 mg). *H NMR (300 MHz, CDCls): 6 (ppm) 8.58 (d, J = 8.6 Hz, 2H),
8.24 -8.21 (m, 2H), 7.55 — 7.47 (m, 6H), 2.92 — 2.87 (m, 2H), 1.93 - 1.81 (m, 2H), 1.42 - 1.35
(m, 6H), 0.94 — 0.91 (m, 3H). 3C NMR (101 MHz, CDCls): § (ppm) 164.89, 163.79, 163.29,
137.29, 136.80, 136.58, 130.73, 129.75, 128.90, 128.62, 127.21, 113.62, 38.26, 31.70, 29.08,
28.87, 22.60, 14.11. HRMS (ESI) m/z calcd for C22H24CIN2 [M + H]* 351.1628, found
351.1620.

4-methyl-2-phenylpyrimidine (10aa):

I
I\%CH

Eluent: Hexane/Ethyl acetate (10:1). Colourless oil (yield = 61%, 103 mg). *H NMR (300
MHz, CDCls): § (ppm) 8.63 (d, J = 5.1 Hz, 1H), 8.50 — 8.45 (m, 2H), 7.54 — 7.49 (m, 3H), 7.01
(d, J=5.1Hz, 1H), 2.57 (s, 3H). **C NMR (101 MHz, CDCls): 6 (ppm) 167.27, 164.37, 156.79,
137.86, 130.56, 128.54, 128.21, 118.63, 24.40. HRMS (ESI) m/z calcd for C11H11N2 [M + H]*
171.0922, found 171.0929.

3

2-(4-chlorophenyl)-4-methylpyrimidine (10ab):
Cl

N™ SN

|
e,

Eluent: Hexane/Ethyl acetate (10:1). Colourless oil (yield = 65%, 133 mg). *H NMR (300
MHz, CDCIs): é (ppm) 8.65 (d, J = 5.1 Hz, 1H), 8.44 —8.39 (m, 2H), 7.50 — 7.43 (m, 2H), 7.07
(d, J=5.0 Hz, 1H), 2.60 (s, 3H). *C NMR (101 MHz, CDCls):  (ppm) 167.41, 163.41, 156.83,
136.77, 136.32, 129.54, 128.73, 118.79, 24.39. HRMS (ESI) m/z calcd for C11H10CIN2 [M +
H]* 205.0533, found 205.0528.

149



2-(4-fluorophenyl)-4-methylpyrimidine (10ac):
F

|
2.

Eluent: Hexane/Ethyl acetate (10:1). Colourless oil (yield = 45%, 85 mg). *H NMR (300 MHz,
CDCls): § (ppm) 8.64 (d, J = 5.1 Hz, 1H), 8.49 — 8.44 (m, 2H), 7.22 — 7.19 (m, 2H), 7.07 (d, J
=5.1 Hz, 1H), 2.60 (s, 3H). *°C NMR (101 MHz, CDCls): 6 (ppm) 167.38, 165.85, 163.42 (d,
J =10.6 Hz), 156.81, 134.01, 130.30 (d, J = 8.6 Hz), 127.77, 115.45 (d, J = 21.6 Hz), 24.40.
%F NMR (282 MHz, CDCls): 8 =-110.72 (s, 1F). HRMS (ESI) m/z calcd for C11H10FN2 [M +
H]" 189.0828, found 189.0818.

3

111.4.4. NMR spectra of selected compounds:
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Figure 13. 'H NMR spectrum of compound 4aa (300 MHz, CDCl;).
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Figure 16. *C NMR spectrum of compound 4ab (101 MHz, CDCls)
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Chapter IV

Microwave-Driven Solvent-free [2 +2 +1 + 1]

Cascade Annulation for Poly-Substituted

Pyridine Synthesis Catalyzed by a Nickel
Metalloradical




IV.1. Introduction

The pyridine scaffold, a privileged structure in medicinal chemistry (Figure 1), is renowned for
its pivotal role in drug discovery, biosynthesis, and various biological activities.! Poly-
substituted pyridines highly sought-after synthetic targets, prompting significant efforts to

develop efficient and modular synthetic methodologies.?

Natural products Agrochemicals [Bioactive compound and market drugs}
HO NH, I S N’\ HO OH o) cl
H cN CO,Et Joo L~ COCH;
. | SH, HiC 07 SN cH NO, Z Chs N cl
R : H CFT N
Vitamin Bg Nicotine ® Herbicide Insecticide CH,

Anti inflamatory

Catalysis
Ry N !

N
|
N | X N, X Anticancer
| - ~N N. =~
N

DMAP derivative bi-(or tri-) pyridines
organocatalysis (metal ligands)

Figure 1. Representative pyridine derivatives and their chemical application domains.

Therefore, considerable efforts have been devoted to developing innovative methods for
synthesizing substituted pyridines, utilizing a range of synthetic protocols. Traditional
approaches often involve metal-catalyzed cycloadditions.> A diverse range of both costly,
heavier transition metals (e.g., Ru, Pd, Rh, Ir)* and earth-abundant first-row transition metals
(e.g., Mn, Fe, Ni, Cu, Zn)’ are effective for this task. Despite recent advancements in using
low-cost, eco-friendly, and accessible metal catalysts,® achieving a one-pot MCR (Multi
Component Reaction) for the synthesis of highly substituted pyridines from readily available
starting materials in a greener manner remains a significant challenge.

While metal-catalyzed cross-coupling strategies have led to notable progress in
modifying the prevailing pyridine frameworks, a more versatile and efficient approach involves
the multicomponent cascade annulation-based synthesis. Among these, two-component
[4+2]/[3+3] and three-component [3+2+1]/[2+2+2]® cycloadditions are commonly employed,

offering direct and practical synthetic routes (Scheme 1). Despite significant
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Scheme 1. Synthesis of substituted pyridine derivatives by various synthetic methods.
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advancements in multicomponent annulation strategies, the development of [2 +2 + 1 + 1] N-
annulation remains largely unexplored.” Four-component reactions (4CRs) facilitate enhanced
functionalization with highest possible substituted derivatives, improved atom economy, and
greater structural diversity by integrating multiple reactive units into a single transformation.
However, achieving seamless integration and compatibility of four distinct reactants while
ensuring regioselective formation of two C—C and two C—N bonds in a one-pot transformation
remains a key challenge. Notably, four-component cycloadditions remain scarce, particularly
for the synthesis of penta-substituted pyridines.!® To the best of our knowledge, no precedent
exists in the literature for a [2 + 2 + 1 + 1] aza-annulation involving four components under
microwave-assisted conditions.!! Importantly, alcohols, due to their diverse reactivity and cost-
effectiveness, have emerged as valuable precursors for constructing cyclic carbon
frameworks.!? One advantage of using an increasing number of components in cycloaddition
reactions is the enhanced flexibility in preparing a wide variety of substituted derivatives,
including those with the maximum possible substitution. A key challenge associated with
multi-component cycloaddition strategies is the generation of multiple by-products, which
complicates purification and often leads to reduced yields. Achieving high yields despite these

intricacies remains a considerable hurdle in current research.
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In addition, the use of metalloradicals in catalysis has gained attention for facilitating
challenging transformations via radical-induced single-electron transfer (SET) pathways.X
Metalloradicals are particularly effective in promoting annulation reactions, including various
two- and three-component [4+2] or [2+2+2] pathways, enabling the synthesis of heterocyclic
compounds under mild conditions.!® These catalysts are especially efficient in oxidation
reactions, e.g., oxidative dehydrogenation, using environmentally friendly oxidants like
molecular oxygen.

Effective waste management in chemical industries is crucial for sustainability,
reducing hazardous byproducts, energy consumption, and reliance on toxic reagents in
catalysis. Catalysts with high in situ recyclability, solvent-free conditions, and waste-to-value
strategies enhance atom economy and minimize environmental impact. Microwave irradiation
under neat conditions offers a sustainable solution by eliminating hazardous solvents,
improving safety, simplifying work-up, reducing costs, and enabling scalable synthesis. This
methodology/approach improves reaction efficiency while significantly lowering the E-factor,
a measure of waste per kilogram of product, by minimizing waste and advancing eco-friendly
synthesis.!* Microwave-assisted synthesis, leveraging high-energy electromagnetic radiation,
has become a key tool in organic transformations, addressing limitations of conventional
methods. In green chemistry, combining oxygen as an oxidant with microwave processes may
provide an eco-friendly and cost-effective route for the oxidative dehydrogenation of
primary/secondary alcohols to aldehydes/ketones using metalloradical catalysts. Notably, the
microwave-assisted cascade [2 + 2 + 1 + 1] annulation for synthesizing poly-substituted
pyridines with a pincer-Ni catalyst remains unexplored.

We have synthesized a bis-complex with a cis-dichloro-configured nickel compound,
using a typical electron-deficient azo-pyridyl chelating ligand. The intention behind employing
an electron-poor m-acidic environment is to facilitate the generation of a pro-radical species.
Herein, we demonstrate the successful isolation and use of this species as a metalloradical
catalyst to achieve a four-component domino synthesis of high-yield, multi-substituted bio-
relevant pyridines, including penta-substituted ones. Notably, our approach overcomes the
limitations of multi-component synthesis, including the formation of multiple products and the
reduced yield of the targeted species, achieving excellent yields despite the four-component
[2+2+1+1] cyclization. Furthermore, these domino reactions catalyzed by the Ni-
metalloradical furnish substituted pyridines in excellent yields under solvent-free microwave

conditions.
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IV.2 Result and Discussion

IV.2.1 Synthesis of ligands and complexes

Two hexa-coordinated Ni(IT) complexes, [Ni(L).Cl>] 1a and [Ni(L)]>'[2(PFs") [1b]?**, were
synthesized in high yields (82% and 86%, respectively) through the reaction of the electron-
deficient NNN-pincer ligand 2-(2-pyridylazo)azobenzene L with NiCl2(PPhs); in toluene and
Ni(NO3)2.6H20 in ethanol respectively under stoichiometric conditions. This study aims to
evaluate the catalytic annulation efficiency of pincer complexes. The strategic utilization of a
robust, electron-deficient bis-azo-based organic template (L) is justified by its ability to
facilitate the initial nucleophilic attack of primary and secondary alcohols at the electron-rich
nickel center, thereby driving the overall catalytic process (Scheme 5). Furthermore, this
electron-sink moiety is expected to play a crucial role in the dehydrogenative oxidation process,
facilitating the oxidation of alcohols to their corresponding carbonyl compounds by removing
hydrogen atoms, likely via an electron transfer mechanism.!”> Both complexes exhibit
remarkable stability under ambient conditions, maintaining their integrity in the presence of air
and moisture. Moreover, they demonstrate high solubility in polar solvents such as
dichloromethane, acetonitrile, and ethanol, while their solubility remains limited in non-polar
solvents like toluene. HRMS, IR, and UV-Vis spectral data, along with elemental analysis,
validate the coordination of ligand L to the nickel center in both complexes via the azo
chromophores.

IV.2.2. IR spectra

Sharp vibrations around 1451, 1395 cm™' and 1448, 1389 cm™! in the infrared spectra of

complex 1a and 1b were assigned to the vn-n stretching respectively (Figure 2).

T Ty
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-1 -1
cm cm

Figure 2. IR spectra of 1a (left) and 1b(right).
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IV.2.3. Crystal structures

Hexa-coordination around the nickel center was confirmed by X-ray crystallographic analysis
(vide infra). Complexes 1a and 1b crystallize in the monoclinic crystal system, adopting the
space groups C2/c and P21/c, respectively. In complex 1a, the primary valency of Ni(Il) is
satisfied through bidentate coordination via the Npyridqyt and Nazopyriayl atoms, forming two
juxtaposed five-membered rings upon chelation, with two chloride ligands positioned cis to
each other, whereas in complex 1b, the primary valency of Ni(Il) is balanced by two

hexafluorophosphate anions as counterions,

écu

Figure 3: ORTEP view of 1a (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability).

while tridentate coordination through the Npyridyl, Nazopyridyl, and Nazophenyl atoms results in the

formation of four juxtaposed five-membered rings during chelation.

Figure 4: ORTEP view of 1b (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability).
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Table 1. Crystallographic Details of complexes 1a and 1b.

la 1b
Empirical formula C34H26N10CI2Ni Cs4H26N10F12P2Ni
T/IK 298K 298K
Fw 704.26 923.30
Crystal system Monoclinic Monoclinic
Space Group C2/c P21/n
a/A 14.1874(11) 9.9901(5)
b/A 15.9076(12) 16.0963(8)
c/ A 14.6290(11) 25.2883(12)
aldeg 90 90
pldeg 102.102(3) 93.765(2)
yldeg 90 90
v/ A3 3228.2(4) 4057.7(3)
z 4 4
Do/mgm3 1.449 1.511
w/mm? 0.809 0.652
F(000) 1448 1864
cryst size/mm?® 0.37 x 0.26 x 0.16 0.5x0.4x0.2
0ldeg 2.56 — 24.53 2.25 —-25.64
Measured reflns 9936 9245
Unique reflns 3579 5656
3GOF on F? 1.034 1.087
R1°, WR2°[I>20(1)] 0.0339, 0.0704 0.0728, 0.1421
R1, wR2 0.0505, 0.0774 0.1013, 0.1549

3GOF = {X[w(Fo 2-Fc?)2]/(n-p)}2. "R1 = X [[Fo|-|Fc|)/ Z |Fol.
*wR2 = [Z [W(Fo?-Fc?)?]/ T [w(Fo?)?]]~? where w = 1/[ 6°(Fo?)+(aP)>+bP], P = (Fo’+2F:2)/3.

Table 2. Selected Experimental and Theoretical Bond Parameters of 1a and 1b complex.

la 1b

Parameter Expt. Theo. Parameter Expt. Theo.
Nil-Cl1 2.376(5) 2421 Nil-N1 2.060(4) 2.140
Nil-Clla 2.376(5) 2421 Nil-N3 2.013(4) 2.043
Nil-N1 2.067(6) 2.089 Nil-N4 2.196(4) 2.279
Nil-Nla 2.067(5) 2.089 Ni1-N6 2.062(4) 2.142
Ni1-N3 2.148(4) 2.224 Ni1-N8 1.995(4) 2.043
Ni1-N3a 2.148(4) 2.224 Ni1-N9 2.191(4) 2.282
N2-N3 1.259(2) 1.252 N2-N3 1.260(5) 1.257
N4-N5 1.250(2) 1.256 N4-N5 1.267(5) 1.257
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CIINiiClla 93.08(3) 94.08 N7-N8 1.256(5) 1.257
N1INi1CI1 93.88(4) 91.76 N9-N10 1.263(5) 1.257
N1aNilClla 93.88(4) 91.76 NINi1N4 153.27(15) 152.59
N1aNilCI1 96.34(5) 95.99 N1INiING6 90.13(15) 95.01
N1INi1Clla 96.34(5) 95.99 NINiIN9 88.20(15) 86.65
N1INi1NZ1a 165.13(9) 168.61 N3NiIN1 76.74(15) 75.74
N1aNiIN1 165.13(9) 168.61 N3Ni1N4 77.01(15) 76.94
NINiIN3 74.82(6) 7477 N3NiLNG6 96.35(14) 97.68
N1aNilN3a 74.82(6) 7477 N3NiLIN9 108.99(15) 109.17
NINi1N3a 95.67(6) 97.90 N6Ni1N4 87.77(14) 86.62
N1aNiIN3 95.67(6) 97.90 N6NiLIN9 153.47(15) 152.61
N3Ni1Cl1 170.08(4) 170.10 N8NiIN1 95.34(15) 97.39
N3aNilClla | 170.08(4) 170.10 NSNiIN3 169.34(15) 170.24
N3Ni1Clla 83.21(4) 82.83 NSNi1N4 109.98(15) 109.47
N3aNilCl1 83.21(4) 82.83 NSNiLNG6 76.31(15) 75.78
N3Ni1N3a 101.89(8) 101.73 NSNiLN9 77.48(16) 76.89
CININil 128.03(14) 127.38 NONi1N4 105.13(14) 104.29
ClaN1aNil | 128.03(14) 127.38 CININil 130.7(3) 131.24
C5N1Nil 114.34(12) 113.93 N2N3Nil 120.4(3) 120.74
C5aN1aNil | 114.34(12) 113.93 N7N8Nil 122.2(3) 120.69

IV.2.4. Absorption spectra

The electronic spectra of compounds 1a and 1b (figure 5) exhibit bathochromically shifted
profiles due to the electron-accepting bis-azo ligand. Theoretical studies suggest that the
orange-red coloration arises from intraligand charge-transfer (ILCT) n—n* transitions, leading

to absorption in the blue-green region of the visible spectrum.
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Figure 5. Experimental absorption spectra of 1a (left) and 1b (right) in dichloromethane.
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I1V.2.5. Electronic Structure and FMOs

The singlet ground state (So) and excited state molecular geometries of synthesised complex

la and 1b were computed by DFT method by employing (R)B3LYP in GAUSSIAN 09

programme package. The solution phase optimised geometries of the complexes were found

without applying any geometry constraints. In order to verify all stationary points as the true

minima in potential energy surface, frequency calculation was executed. The absence of any

imaginary frequency (NImag = 0) indicates that all the obtained stationary points are indeed

the true minima in potential energy surface. The X-Ray positional coordinates of complex 1a

and 1b were directly used as the initial input for geometry optimisation calculation.

Table 3. Coordinates of Optimised structure of complex 1a.

Tag Symbol X Y Z
1 Ni 6.326945 9.590997 3.575985
2 Cl 4.546986 7.920241 3.349381
3 N 6.169119 9.798236 5.649192
4 N 8.161125 11.07991 5.380222
5 N 7.95439 10.99485 4.148457
6 N 7.66951 12.89844 2.075517
7 N 7.595381 13.61227 1.045072
8 C 5.257969 9.245865 6.450846
9 H 4.493535 8.656167 5.959665
10 C 5.294166 9.403226 7.838074
11 H 4531712 8.935487 8.448556
12 C 6.319548 10.1487 8.407878
13 H 6.378491 10.28158 9.481715
14 C 7.280504 10.71541 7.573821
15 H 8.110372 11.29424 7.958203
16 C 7.159402 10.52025 6.201991
17 C 9.074724 11.39703 3.356118
18 C 10.32354 10.83862 3.65085
19 H 10.40054 10.14409 4.477053
20 C 11.42695 11.13322 2.861042
21 H 12.38751 10.6858 3.091089
22 C 11.2933 12.0007 1.773435
23 H 12.15428 12.23988 1.158735
24 C 10.06168 12.56983 1.484238
25 H 9.955585 13.26855 0.665054
26 C 8.931833 12.27493 2.262935
27 C 6.385471 14.31355 0.845533
28 C 6.267482 14.95497 -0.39582
29 H 7.079582 14.86487 -1.10892
30 C 5.124397 15.68872 -0.69868
31 H 5.034664 16.17862 -1.66213
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32 C 4.101154 15.79882 0.243201
33 H 3.212441 16.37744 0.014341
34 C 4.223263 15.17107 1.487978
35 H 3.429463 15.26747 2.221237
36 C 5.355764 14.42821 1.794561
37 H 5.455447 13.94513 2.757823
38 Cl 8.106938 7.920281 3.802599
39 N 6.484744 9.79819 1.502779
40 N 4.492717 11.07983 1.771754
41 N 4.699487 10.99482 3.003517
42 N 4.984446 12.8983 5.076509
43 N 5.058639 13.61207 6.106991
44 C 7.395872 9.245787 0.701124
45 H 8.160342 8.656142 1.192315
46 C 7.359606 9.403043 -0.68611
47 H 8.122044 8.935279 -1.29659
48 C 6.334175 10.14845 -1.25592
49 H 6.275177 10.28124 -2.32977
50 C 5.373245 10.7152 -0.42186
51 H 4.543343 11.29397 -0.80625
52 C 5.494414 10.52013 0.949975
53 C 3.579166 11.397 3.795877
54 C 2.330348 10.83859 3.501162
55 H 2.253321 10.14408 2.674948
56 C 1.226954 11.13319 4.290998
57 H 0.266386 10.68578 4.060961
58 C 1.360627 12.00064 5.378621
59 H 0.499664 12.23981 5.993347
60 C 2.592258 12.56975 5.667808
61 H 2.698384 13.26845 6.487016
62 C 3.722087 12.27487 4.889075
63 C 6.268513 14.31344 6.306431
64 C 6.386623 14.95474 7.547837
65 H 5.574628 14.8645 8.261038
66 C 7.529695 15.68853 7.850612
67 H 7.619524 16.17834 8.814105
68 C 8.552804 15.79881 6.90861
69 H 9.441505 16.37748 7.13741
70 C 8.430572 15.17118 5.663783
71 H 9.224267 15.26772 4.930427
72 C 7.298084 14.42827 5.357278
73 H 7.198309 13.94528 4.393981
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Table 4. Coordinates of Optimised structure of complex 1b.

Tag Symbol X Y Z
1 Ni 7.073017 11.48773 8.299386
2 N 5.544258 11.04927 6.863782
3 N 7.052212 13.52 8.092883
4 N 8.590022 11.88376 6.841982
5 N 7.084465 9.449589 8.158448
6 N 7.817939 14.08984 7.274512
7 N 8.766737 10.88382 9.700685
8 N 6.314003 8.856158 7.361692
9 N 5.388091 12.1329 9.697393
10 N 9.773676 11.49206 10.14327
11 N 4.39085 11.53443 10.17377
12 C 8.693855 13.21219 6.615281
13 C 6.090497 14.27619 8.768775
14 C 4.725033 11.84845 6.180977
15 H 4.83303 12.91437 6.341252
16 C 5.438423 9.714767 6.677399
17 C 8.937527 9.46564 9.650722
18 C 9.407643 11.0649 6.180902
19 H 9.300769 10.00423 6.373531
20 C 8.04415 8.712076 8.857453
21 C 5.205767 13.54666 9.593806
22 C 9.685762 12.85763 10.42937
23 C 4.49661 10.18293 10.51559
24 C 9.617509 13.75985 5.730541
25 H 9.648451 14.83265 5.590424
26 C 5.965819 15.66636 8.640139
27 H 6.649711 16.20229 7.995382
28 C 8.544341 13.45627 10.98717
29 H 7.668355 12.85645 11.1977
30 C 4.217709 14.23282 10.3068
31 H 3.556366 13.68145 10.96119
32 C 5.648288 9.62456 11.09357
33 H 6.515957 10.24574 11.27464
34 C 8.158217 7.317226 8.780851
35 H 7.466926 6.762333 8.160466
36 C 10.36578 11.52959 5.276108
37 H 11.00496 10.82049 4.765593
38 C 8.584342 14.79765 11.34655
39 H 7.717701 15.25608 11.80927
40 C 3.763587 11.35776 5.293492
41 H 3.123134 12.05201 4.764481
42 C 4.511849 9.141634 5.812122
43 H 4.479627 8.065139 5.704291
44 C 9.924271 8.799889 10.38449
45 H 10.59273 9.370984 11.01428
46 C 4.97297 16.32761 9.342655
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47 H 4.87361 17.40286 9.252539
48 C 3.654115 9.985196 5.109091
49 H 2.918705 9.574262 4.428078
50 C 10.86818 13.59994 10.26607
51 H 11.75147 13.10721 9.87635

52 C 10.47389 12.89618 5.05076

53 H 11.20708 13.28692 4.355613
54 C 4.103409 15.61047 10.1769

55 H 3.336258 16.13571 10.73413
56 C 5.628432 8.299007 11.50915
57 H 6.50306 7.87261 11.9872

58 C 9.149716 6.675766 9.503407
59 H 9.24087 5.597162 9.453661
60 C 10.88028 14.95087 10.5847

61 H 11.78259 15.53261 10.43465
62 C 3.324061 9.418408 10.38857
63 H 2.432537 9.881865 9.982024
64 C 9.741091 15.5501 11.12952
65 H 9.763436 16.59734 11.41001
66 C 10.02834 7.417536 10.30604
67 H 10.79443 6.908181 10.87925
68 C 3.332281 8.08203 10.76355
69 H 2.437803 7.481899 10.64167
70 C 4.481803 7.522069 11.3282

71 H 4.475251 6.4872 11.65206

Table 5. Frontier a-Molecular Orbital Composition (%) in the Ground State for 1a complex.

Orbital MO Energy Composition

(eV) Ni Cl | pyazo | phazo | py ph
183 L+5 -1.47 0 0 3 1 94 2
182 L+4 -1.49 0 0 4 0 96 0
181 L+3 -2.72 0 0 14 36 10 40
180 L+2 -2.73 0 1 13 35 13 39
179 L+1 -3.28 0 2 39 14 24 21
178 LUMO -3.31 2 2 38 14 25 19
177 HOMO -5.57 2 94 4 0 0 0
176 H-1 -5.88 12 67 14 1 2 4
175 H-2 -5.89 2 96 2 0 0 0
174 H-3 -5.99 5 90 5 0 0 0
173 H-4 -6.03 10 90 0 0 0 0
172 H-5 -6.37 13 47 6 2 24 8
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Figure 6. Solvent phase optimised geometry of 1a (left) and 1b (right) complex (H’s are
omitted for clarity) calculated at B3LYP/6-311+G(d,p) level of theory.

IV.2.6. Electrochemistry and EPR

The electron-transfer properties of complex 1a were investigated via cyclic voltammetry in
acetonitrile (0.2 M BusNPFs) using a platinum working electrode. The voltammogram of 1a
displayed well-defined reductive responses at —0.37 V (AEp = 130 mV) vs.
ferrocenium/ferrocene (Fc*/Fc) reference couple (Figure 7), demonstrating its significant
electron-accepting capability. Additionally, DFT calculations [(U)B3LYP/6-311+G(d,p)]
reveal that the LUMO is predominantly localized on the ligand framework, especially with the
pyridyl-azo moiety contributing around 60%, while metal orbital participation remains

minimal (5%), corroborating a ligand-centered redox process ( Table 5). The redox potential of

[Ni'(L")(L)CL] highlights its role as an electron
g=201
/

300 350 400
Magnetic Field (mT)

04 02 00 -02 -04 -06 -08 -1.0 -1.2
E/V vs FctiFe

Figure 7. Cyclic voltammogram of 1a in CH3:CN/0.4 M BusNPFs (Pt electrode, 100 mV s™).
Inset: X-band EPR of 1a*~ in toluene (9.43 GHz, 1 mW, 1.0 mT mod., 100 kHz mod. freq., 298
K).
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reservoir in catalysis. EPR studies confirm ligand-centered radical formation (g =2.01, AH =
2 mT), which is absent without Ni catalyst 1a, indicating a nickel-bound azo-anion radical
(inset of figure 7). The catalyst alone also produces a similar signal in the presence of a base,
supporting a radical pathway in cascade annulation (Scheme 5). The n-accepting pyridylazo-
based Ni(II) catalyst exhibits strong electron affinity, with the azo radical forming even under

mild reduction (KOtBu), facilitated by its low-lying n* orbital (=3.78 eV, Table 5).

IV.2.7. Catalytic Activity

Over the past four years, pincer complexes, including both noble-metal and base-metal
variants, have gained prominence in organometallic chemistry and organic synthesis,
particularly for their catalytic applications in (de)hydrogenation and transfer (de)hydrogenation

reactions. '

IV.2.7.1. Synthesis of pyridines

Here, we proposed that alcohol dehydrogenation, followed by sequential C—C and C—N bond
construction, could lead to the formation of dihydropyridines. These intermediates may
subsequently undergo in-situ dehydrogenation to yield pyridines, facilitated by the remarkable
catalytic dehydrogenation efficiency of complex 1a. Bergman and Ellman groups!’ described
a two-step approach for synthesizing pyridines through dihydropyridine intermediates. In this
approach, dihydropyridines are initially generated via rhodium-catalyzed C—H activation and
electrocyclization, then converted to pyridines through Pd/C-catalyzed air oxidation in acetic
acid. Developing a single catalyst capable of both forming the dihydropyridine intermediate
and dehydrogenating it to the final pyridine in a single reaction step would be a valuable
advancement. In pursuit of optimal conditions for synthesizing 2,4,6-triarylpyridines, various
reaction parameters were evaluated using a model reaction involving 1-phenyl ethanol 3a,
benzyl alcohol 2a, ammonium acetate, and catalyst 1. The main objective of our optimization
study was to maximize the isolated yield of desired pyridine by exploring systematic variations
in catalysts, reaction conditions, and solvents. Using conventional method, initial reactions at
110 °C for 12 hrs with 100 mol% KO#Bu in toluene yielded no detectable traces of the desired
product 6aa (Table 6, entry 1). The addition of 1.00 mol% of complex 1a to the reaction mixture
under the same conditions resulted in a substantial yield of 82% of 6aa along with numerous
side products (entry 2). Even after substituting toluene with xylene as the reaction medium, we

were unable to reduced side products (entries 3-5).
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Table 6. Optimization of the reaction conditions for Ni(Il) catalyzed 2,4,6-trisubstituted

pyridine synthesis”

OH H;C_ _OH
Catalyst 1 (x mol%)
base (y mol%)
é + é N-source,
s time,
2a 3a tempt.,
solvent
Entry Catalyst Solvent Base Temp (°C) Time | Yield®
(X mol%o) (Y mol%o) (hrs) (%)
1 Toluene | KOtBu (100) 110 12 trace
2 la (1.00 mol%) | Toluene | KOtBu (100) 110 12 82
3 1a (1.00 mol%) Xylene | KOtBu(100) 110 12 78
4 la (1.00 mol%) | Methanol | KOtBu(100) 60 12 trace
5 1a (1.00 mol%) DMSO | KOtBu(100) 110 12 trace
6 la (1.00 mol%) | Toluene | K>COs (100) 110 12 51
7 la (1.00 mol%) | Toluene NEt3(100) 110 12 46
8 1a (1.00 mol%) Neat KOtBu(100) 110, MW 2 91
9 1a (1.00 mol%) Neat KOtBu(100) 80, MW 2 91
10 1a (1.00 mol%) Neat K2CO3(100) 80, MW 2 49
11 1a (1.00 mol%) Neat NEt3(100) 80, MW 2 43
12 1a (1.00 mol%) Neat KOtBu (50) 80, MW 2 90
13 1a (1.00 mol%) Neat KOtBu (20) 80, MW 2 91
14 1a (0.1 mol%) Neat KOtBu (20) 80, MW 2 91
15 1a (0.01 mol%) Neat KO'Bu (20) 80, MW 2 91
16 | 1a(0.002 mol%o) Neat KOtBu (20) 80, MW 2 91
17 | 1a(0.001 mol%) Neat KOtBu (20) 80, MW 2 79
18 1a (0.002 mol%) Neat KOtBu (20) 70, MW 2 84
19 1a (0.002 mol%) Neat KOtBu (20) 50, MW 2 32
20° | 1a (0.002 mol%) Neat KOtBu (20) RT, MW 2 ND
21 | 1a(0.002 mol%) Neat 80, MW 2 ND
22 Neat KOtBu (20) 80, MW 2 ND
23 1b (0.002 mol%) Neat KOtBu (20) 80, MW 2 trace
24 | NiCl2. 6H.0(1.00 Neat KOtBu (20) 80, MW 2 trace
mol%)
25 L": NiCl2.6H20 Neat KOtBu (20) 80, MW trace
(1:1)

“Reaction Conditions: benzyl alcohol 2a (1.10 mmol), 1-phenyl ethanol 3a (2.00 mmol), ammonium acetate (4.00

mmol), reaction time (2 hrs), base (20 mol%), neat conditions, MW: microwave reactions are performed under air

in a sealed tube closed vessel system., “isolated yields after column chromatography, ‘room temperature, ND =

Not Detected.
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Therefore, to improve the yield of 6aa, the reaction was conducted in polar solvents such as
methanol, DMSO, and DMF; however, no detectable amount of the desired product was
formed (entries 4 and 5). Furthermore, to address the formation of multiple side products during
the reaction, we opted to use a weak base like KoCOs. However, the yield drastically reduced
when K>COs3 was used (entry 6). When an organic base triethylamine i.e., NEt3 was used as a
base the yield of the desired product also decreased (entry 7). As part of our ongoing efforts to
develop environmentally sustainable methods, we chose to carry out the reaction using
microwave reactor under solvent-free conditions. In this instance, the reaction mixture
comprising 2a, 3a and ammonium acetate was subjected to microwave reactor (50 W) in the
presence of 100 mol% KO7Bu for 2 hrs (entry 8). Notably, the improvement in the isolated
yield enthused us to further explore the solvent-free, microwave-assisted domino reaction using
a variety of reagents. Various bases, including KO7Bu, NaOrBu, KOH, NaOH, Cs2COs3, K2COs,
Na.COs, NEt3 and pyridine, were evaluated revealing that strong bases, particularly KO7Bu,
were most effective in achieving high product yields, while weaker bases exhibited lower
activity under microwave conditions (entries 9—11). Fortunately, lowering KO#Bu to 20 mol%
demonstrated excellent reactivity in the cascade reaction, leading to the formation of 6aa with
yield to 91% (entries 12 vs 13) under microwave assisted solvent-free condition in 2 hrs. A
decrease in catalyst loading from 1 mol% to 0.1 mol%, 0.01 mol%, or 0.002 mol% yielded
comparable yields of 6aa, while significantly increasing the TONs (entries 14—16). Further
lowering the catalyst loading to 0.001 mol% the yield of the desired product decreased (entry
17). Reducing the reaction temperature from 110 °C to 80 °C had minimal impact (entries 8 vs
9); however, at 80 °C temperature and with a 0.001 mol% loading of 1a, the yield of 6aa
decreased from 91% to 79% (entries 16 vs 17). The reaction with catalyst 1b resulted in a trace
amount of yield of the desired pyridine compared to catalyst 1b (entries 16 vs 23). Notably,
blank experiment established that both the catalyst and the base are crucial for the progression
of the ADC reaction (entries 21, 22). Consequently, the optimized reaction conditions were
determined to be 0.002 mol% of catalyst 1a, 50 mol% of KOBu, at 80 °C for 2 hrs under
solvent-free microwave conditions (entry 16).

Using the optimized conditions, we efficiently synthesized various symmetrical and
unsymmetrical pyridine derivatives, including 2,4,6-trisubstituted, 2,3,4,6-tetrasubstituted, and
2,3,4,5,6-pentasubstituted compounds, through a multicomponent dehydrogenative coupling
reaction involving primary and secondary alcohols, with NH4OAc as the nitrogen source. We

began by assessing the performance of different aryl primary alcohols in this synthesis (Table

171



7). Various benzylic alcohols demonstrated good reactivity, providing the corresponding
trisubstituted pyridines with isolated yields of 71-91%. Benzyl alcohols with both electron-
donating and electron-withdrawing groups reacted efficiently, yielding the desired products in

71-91% (Table 7, 6ab—ak). For instance, Benzyl alcohol substituted with 4-Me, 4-OMe, 3-Me,

Table 7. Three-component 2,4,6-trisubstituted pyridines: scope of primary alcohols

OH HyC 1a (0.002 mol%)
NH,OAC
KO'Bu (20 mol%)
neat, 80 °C
2 MW, 2 hrs
a- P 6aa-6ap
CH;
z z ! :CH3
6aa (89%) 6ab (91%) 6ac (86%) 6ad (79%)
TON 44500 TON 45500 TON 43000 TON 39500
Gae (93%) 6af (83%) 6ag (78%) 6ah (77%
TON 46500 TON 41500 TON 39000 TON 38500
6ai (74%) 6aj (71%) 6ak (72%) 6al (84%
TON 37000 TON 35500 TON 36000 TON 42000
‘ I‘ @ /N‘
6am (81%) 6an (78% 6ap (82%)
TON 40500 TON 39000 620 (86%) TON 41000

TON 43000

“Reaction conditions: primary alcohols 2a-p (1.10 mmol); 1-phenyl ethanol 3a (2.00 mmol); base (20 mol%), neat

condition, microwave-assisted. “Isolated yields after column chromatography.
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2-Me group also selectively yielded the anticipated product with good to excellent yield (Table
7, 6ab-ae). Halogen-substituted benzyl alcohols reacted smoothly, affording the desired
products (Table 7, 6af-ah and 6ak). Interestingly, challenging nitro-benzyl alcohols'® also
selectively yielded the corresponding pyridine with this methodology (Table 7, 6ai-aj).

After investigating various primary alcohols, we then assessed the performance of

diverse secondary alcohols for this synthetic protocol.

Table 8. Three-component 2,4,6-trisubstituted pyridines: scope of secondary alcohols

1a (0.002 mol%)
NH,OAC

| KO'Bu (20 mol%)
neat, 80 °C

H5;C
7aa (89%) 7ab (78%) 7ac (74%) 7ad (91%)
TON 44500 TON 39000 TON 37000 TON 45500

O

I B
H;CO OCHj,4 .
O C "
Br Br
1-7;; %;/30 7af (87%) 7ag (74%) 7ah (82%)
TON 43500 TON 37000 TON 41000

O

7ai (71%) 7aj (77%) 7ak (79%)
TON 35500 TON 38500 TON 39500

“Reaction conditions: benzyl alcohol 2a (1.10 mmol); secondary alcohols 3a-k (2.00 mmol); base (20 mol%), neat

condition, microwave-assisted. “Isolated yields after column chromatography.

Aryl secondary alcohol featuring electron-withdrawing or electron-donating groups at the
ortho-, para- or meta-position of the phenyl ring, underwent efficient conversion to the
corresponding trisubstituted pyridines with moderate to high yields (Table 8). Electron-
donating groups, such as p-Me and p-OMe substituted 1-phenyl ethanol, provided higher yields
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compared to the unsubstituted 1-phenyl ethanol (Table 8, 7aa and 7ad), resulting in the
corresponding trisubstituted pyridine with yields ranging from 89-91%. In contrast, electron-
withdrawing groups, such as flouro, nitro group resulted in lower yields compared to the
unsubstituted 1-phenyl ethanol (Table 8, 7af and 7ai), leading to the corresponding
trisubstituted pyridine with yields ranging from 71-87%. Similarly, halogen derivatives yielded
the desired product in good yields, with without impact on the halogen functionality (Table 8,
7ag and 7ah). Pyridines were obtained in relatively higher yields when electron-donating
substituents were present, whereas a slight drop in yield was noted with electron-withdrawing
substituents. Notably, heterocyclic moieties containing an ethan-1-ol group also performed
well (Table 8, 7aj and 7ak), yielding the desired product with excellent efficiency. Catalyst 1a
demonstrated high functional group tolerance, facilitating the synthesis of tri-substituted
products with simultaneous variations in the substituents on both the primary and secondary
alcohols, achieving with good to excellent yields (Table 9).

The scope of various substituted primary and secondary alcohols was also examined,
with NH4OAc remaining unchanged. A diverse range of primary and secondary alcohols,
including those bearing electron-donating, electron-withdrawing, and heteroaryl substituents,

demonstrated compatibility under the optimized experimental conditions (Table 4).

Table 9: Three-component 2,4,6-trisubstituted pyridines: scope of both primary and secondary

alcohols

OH HsC_ _O
1a (0.002 mol%)
NH,OAC
| N . | N KO'Bu (20 mol%)
—\' \' neat, 80 °C
R4 Rz MW, 2 hrs

2b, 2e-f, 2k-l, 2p-u  3b, 3j-k
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CH,

®

N
I 7,
VL
H,C CH,
8aa (88%) 8ab (82%)
TON 44000 TON 41000

Cl

8ae (77%)
TON 38500

8af (78%)
TON 39000

OCH,

8ai (80%) 8aj (72%)
TON 40000 TON 36000
Br
l - ‘
S 2, N
I N
~,
| N N f N
~«N N 2
8am (77%) 8an (68%)
TON 38500 TON 34000

CH;
| N
7,
| N N f AN
~N N =~
8ac (84%) 8ad (79%)
TON 42000 TON 39500
Br
| AN
-,
N N | N
< ~N
8ag (81%) 8ah (71%)
TON 40500 TON 35500

8al (65%)
TON 32500

8ak (76%)
TON 38000

F

8ao (73%)
TON 36500

“Reaction conditions: primary alcohol 2b, 2e-f, 2k-1, 2p-u (1.10 mmol); secondary alcohols 3b, 3j-k (2.00 mmol);

base (20 mol%), neat condition, microwave-assisted. *Isolated yields after column chromatography.

Pyridines were obtained in relatively higher yields when electron-donating substituents were

present, whereas a slight reduction in yield was observed with halogen substituents (Table 9,

entries 8ae-ah). In the presence of a penta-flouro group on the primary alcohol, compound 8ah

was obtained in a 71% yield. Heteroaryl secondary alcohols afforded the corresponding

pyridines with yields ranging from 65% to 84% (Table 9, entries 8ab-ao).
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We subsequently examined four-component reactions to synthesize unsymmetrical
trisubstituted pyridines. In the presence of NH4OAc, the reaction of primary alcohols with two

differently substituted secondary alcohols proceeds efficiently yielding a diverse array of

Table 10: Four-component 2,4,6-trisubstituted pyridines: scope of both primary alcohols and

secondary alcohols

OH H,C_ _OH H,C_ _OH
1a (0.002 mol%)

N ., | N ., NS NH,OAC
| \' \ I N KOtBu (20 mol%)
R, R, R; neat, 80 °C

2a-b, 2m  3b, 3f, 3h, 3m 3a-b, 3f, 3l MW, 2 hrs

R, 9aa-ae Rs
HC’;\‘OO ’3‘00% ‘;‘OOC
9aa (73%) 9ab (76%) 9ac (71%)
TON 36500 TON 38000 TON 35500
7,
CH; H3C
9ad (69%) 9ae (76%)
TON 34500 TON 38000

“Reaction conditions: primary alcohol 2a-b, 2m (1.10 mmol); secondary alcohols(typel) 3b, 3f, 3h, 3m (1.00
mmol); secondary alcohols(type2) 3a-b, 3f, 31 (1.00 mmol); base (20 mol%), neat condition, microwave-assisted.

bIsolated yields after column chromatography.

unsymmetrical trisubstituted pyridines in 69—76% yields. The reactions proceed efficiently
with both electron-donating and electron-withdrawing groups, although a slightly lower yield
when electron-withdrawing functionalities are present in the alcohol moiety (Table 10, 9aa-ae)
Conspicuously, these reactions resulted in the regioselective formation of a single isomer,
which can be attributed to the higher reactivity of one of the secondary alcohols, with the

primary alcohol yielding only one a, B-unsaturated ketone as one the intermediates
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To explore wide versatility of our catalyst, four-component coupling reactions were
performed to synthesize unsymmetrical 2,3,4,6-tetrasubstituted pyridines (Table 11, 10aa-af).
Compared to 2,4,6-trisubstituted pyridines, the synthesis of 2,3,4,6-tetrasubstituted pyridines

resulted in slightly lower yields.

Table 11: Four-component 2,3,4,6-tetrasubstituted pyridines: scope of primary and secondary

alcohols

OH HsC_ _OH HO

CH,
1a (0.002 mol%)
| XY ., | XY ., NH,OAC >
,\* \ KOtBu (20 mol%)
R, R, neat, 80 °C
2a-b, 2f 3a-b R;3 MW, 2 hrs
4a-b Ry
F F
HiC HiC N HiC A\
| I . P
"0 Oy OO0
10aa (72%) 10ab (69%) 10ac (74%) CH;
TON 36000 TON 34500 TON 37000
F
HsC. A HsC. A
I |
® SRS SRS
H;CO CH; H;CO CH; H.CO
3 10ad (76%) 3 s 10ae (77%) S 10af (75%)
TON 38000 TON 38500 TON 37500

“Reaction conditions: primary alcohol 2a-b, 2f (1.10 mmol); secondary alcohols(typel) 3a-b (1.00 mmol);
secondary alcohols(type2) 4a-b (1.00 mmol); base (20 mol%), neat condition, microwave-assisted. “Isolated

yields after column chromatography.

I-phenylpropanol and 1-(4-methoxyphenyl)propanol were employed as coupling partners with
various primary and secondary alcohols, using NH4OAc as the nitrogen source. 1-(4-
methoxyphenyl)propanol afforded the desired tetrasubstituted pyridines in higher yields
compared to 1-phenylpropanol (Table 11, entries 10ad—af). Both electron-donating and
electron-withdrawing functionalities are compatible with the four-component coupling,
providing 2,3,4,6-tetrasubstituted pyridines in isolated yields reaching from 69% to 77% (Table
11, 10aa--af).
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Next, the coupling reactions were performed to synthesize 2,3,4,5,6-pentasubstituted
pyridines (Table 12, 1laa-ad and 12aa-ad). 1-Phenylpropanol and 1-(4-
methoxyphenyl)propanol

Table 12: 2,3,4,5,6-pentasubstituted pyridines: scope of primary and secondary alcohols
1a (0.002 mol%)

NH,OAC
KO'Bu (20 mol%)
CH; or
neat, 80 °C
R,

MW, 2 hrs
2a-c, 2f 11aa-ad 12aa ad

5a

H,CO 11ad (89%)

11aa (88%) 11ab (91%) 11ac (86%) TON 44500

TON 44000 TON 45500 TON 43000

12aa (88%) 12ab (91%) 12ac (93%) 12ad (87%)
TON 44000 TON 45500 TON 46500 TON 43500

“Reaction conditions: primary alcohol 2a-¢, 2f (1.10 mmol); secondary alcohols(typel) 4a-b (1.00 mmol);
secondary alcohols(type2) 5a (1.00 mmol); base (20 mol%), neat condition, microwave-assisted. “Isolated yields

after column chromatography.

were used as coupling partners with both electron-releasing and electron-withdrawing primary
alcohols to synthesize 2,3,4,5,6-pentasubstituted pyridine derivatives using standard reaction
conditions. Pyridines were obtained in comparatively higher yields when electron-withdrawing
substituents were present in primary alcohols, while a slight decrease in yield was observed
with electron-releasing substituents. Furthermore, 1,2,3,4-tetrahydronaphthalen-1-o0l was
employed as coupling partner with various primary alcohols, using NH4OAc as the nitrogen
source. Electron-withdrawing and electron-donating functionalities are compatible with this
reaction, resulting in the formation of 2,3,4,5,6-pentasubstituted pyridines in 87-93% isolated

yields (Table 12).
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To highlight the synthetic and industrial relevance of this methodology, the pyridine
synthesis was performed on a gram scale (Scheme 2). Under standard conditions, pyridine
derivatives were synthesized through the reaction of benzyl alcohol 2a (10.20 mmol), 1-
phenylethanol 3a (20.00 mmol), and ammonium acetate (40.00 mmol), affording 6aa in 81%

yield (2.5 g) with high efficiency. Similarly, products 10aa and 11aa were obtained through

@ O
OOO OOO

6aa: 2.50 g (81%) 10aa: 2.11 g (66%) 11aa: 2.65 g (79%)

scaled-up synthesis.

Scheme 2. Gram scale synthesis of pyridines.

IV.2.7.2. Mechanistic Investigation

After evaluating the substrate scope, we proceeded to study the plausible mechanism of the Ni-
catalyzed multicomponent synthesis of substituted pyridine derivatives. To gain insights into
the mechanism, we performed a series of controlled experiments (Scheme 3). When the
reaction was conducted using only benzyl alcohol in the presence of 1a, benzaldehyde was

isolated, confirming that it is an intermediate in this coupling reaction, and

HO 0\ HO CH; (o) CH;
1a (0.002 mol%) 1a (0.002 mol%)
KOtBu (20 mol%) - KOtBu (20 mol%) B}
neat, 80 °C neat, 80 °C
1 hr, MW ' 1 hr, MW
2a 2a’ (90%) 3a ' 3a' (87%)

Scheme 3. Dehydrogenation of alcohols

hydrogen peroxide as a by-product was detected chromatographically. In the similar way, when
the reaction was performed with 1-phenylethanol 3a, the corresponding ketone was confirmed
as sole product (Scheme 3). To identify possible intermediates, we reacted 2a and 3a under

optimal conditions excluding NH4OAc.
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1a(0 002 mol%) Z
KO{Bu (20 mol%)

neat, 80 °C Ra (91%)
2 hrs, MW

] [¢]
<N
without 1a wnhout 1a =
_
. KOtBu (20 mol%) O KOtBu (20 mol%) O O
neat, 80 °C o
Ra (61 /) neat, 80 °C Ra (ND)

2a’ 3a’ 2 hrs, MW 2 hrs, MW

= O 1a (0.002 mol%)
I J* KOtBu (20 mol%)
NH,0AC

R
@ 3a neat, 80 °C
2 hrs, MW

o HO
W"h‘“" 1a 1a (o 002 mol%)
+
KOtBu (20 mol%) “Komu o motn) (20 mol%)
R NH,0AC Re (92/)
a
3a

SARS

HO Ho Ho
1a (0.002 mol%) F Rb (ND)
—_—
. KO{Bu (20 mol%) o
O * neat, 80 °C _
2 hrs, MW
cH3 F

Re (92%)

6aa (89%)

NH,OAC
neat, 80 °C neat, 80 °C

2 hrs, MW Gaa (!race)

2 hrs, MWHC

Scheme 4. Some control experiments performed for the synthesis of pyridines.

This led to the exclusive formation of a chalcone Ra, as evidenced by the product analysis in
Scheme 4. To corroborate the intermediary of the chalcone, the synthesized chalcone was
subjected to the same reaction conditions in the presence of NH4OAc, leading to a quantitative
conversion to the desired substituted pyridine (Scheme 4). Furthermore, analysis of the crude
reaction mixture by 'H NMR spectroscopy after 1 hr of reaction time revealed the formation
of benzaldehyde and corresponding o, B unsaturated ketone as intermediates (Scheme 4).
However, only trace amounts of Ra were obtained when the same reactions were repeated
without 1a. Conversely, when preformed benzaldehyde and acetophenone were reacted in the
presence of 1.0 equiv. of KO7rBu, Ra was isolated in 61% yield. No Ra was obtained when
benzaldehyde 2a’ and acetophenone 3a’ were reacted in the absence of catalyst and base
(Scheme 4). This observation suggests that catalyst 1a plays a crucial role in the oxidation of
alcohols to the corresponding carbonyl compounds, which subsequently undergo in situ C-C
coupling to generate intermediate Ra. Notably, 6aa was isolated at only trace amount in the
absence of catalyst 1a under standard conditions starting from 3,4-dihydropyridine, indicating
the significant role of catalyst 1a in enhancing the yield of 6aa during this aromatization step
(Scheme 5). Thus, we concluded that catalyst 1a is vital for the dehydrogenative aromatization
of 3,4-dihydropyridine, demonstrating its effectiveness in facilitating these transformations.'
Based on these experimental results and literature examples, we propose plausible
catalytic cycles for both the dehydrogenation of alcohols and dehydrogenative aromatization,

as depicted in Scheme 5. Primarily, catalyst 1a undergoes a single-electron reduction with
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KO7Bu to form [la]*", which reacts with deprotonated alcohol in the presence of base to

generate the alkoxy intermediate accompanied by the release of a chloride ligand.
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Scheme 5. Proposed reaction mechanism for Ni(II)-mediated annulation reactions.

Since, [1a]*~ comprises an organic azo-anion radical ligand bound to the Ni(Il) center, we
examined the dehydrogenation of the radical-clock substrate cyclobutanol. This reaction could
proceed either through a one-electron hydrogen atom transfer (HAT) mechanism, where the 3-
hydrogen of the Ni-alkoxy intermediate is abstracted by the azo-anion radical ligand, or via a
two-electron pathway involving the formation of a Ni-hydride intermediate. Cyclobutanol,
used as a radical-clock substrate, was subjected to dehydrogenation under the optimized
conditions. The generation of multiple ring-cleavage products aligns with the one-electron HAT
mechanism, involving a ketyl radical intermediate.'> A series of control experiments,
complemented by EPR analysis, were performed to clarify the specific role of each reaction
component. For example, the EPR signal observed in the presence of catalyst 1a and the base
KO7Bu indicates the formation of an azo-anion radical complex as an intermediate species. The
experimental EPR spectrum and its simulation unequivocally support the formation of a ligand-
centered azo-anion radical complex of 1a, specifically [Ni(L*")2Cl2]~ (Scheme 5). The EPR
spectrum of the standard reaction showed no detectable signal in the absence of either catalyst
1a or the base KO7Bu, or both, even in the presence of alcohols. To investigate the involvement

of a radical pathway, we performed model reactions with radical inhibitors, TEMPO (2 equiv.)
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or BHT (2 equiv.). The dehydrogenation reactions were completely inhibited in the presence
of TEMPO. This further supports the HAT mechanism and confirms the presence of organic
radical intermediates. Following this metalloradical pathway, primary alcohols and secondary
alcohols are dehydrogenated to their corresponding carbonyl compounds and dihydropyridine
derivatives aromatized to pyridine derivatives. Through base-mediated cross-aldol
condensation, the aldehyde combines with a ketone to produce an a, -unsaturated ketone Ra.
Simultaneously, a second molecule of ketone reacts with ammonium acetate to form the
corresponding imine. Subsequent condensation of this imine with the a, B-unsaturated ketone,
followed by cyclization and dehydrogenative aromatized catalyzed by 1a produced substituted
pyridine derivatives (Scheme 5).

Mercury poisoning tests revealed that mercury did not affect the dehydrogenation of alcohol
or subsequent coupling reactions, nor did it significantly impact the overall yield of the catalytic

Process.

IV.3. Conclusion

We synthesized a novel cis-[NiL>Cl2] complex featuring two bidentate, electron-deficient azo-
pyridyl frameworks and two labile chlorides positioned adjacently. This arrangement leads to
a unique metal-ligand cooperativity that enhances its potential as a pro-metalloradical catalyst.
Herein, we demonstrate a nickel-mediated 4CRs cascade annulation strategy for the efficient
and sustainable one-pot synthesis of biologically relevant poly-substituted pyridines. This
domino strategy begins with catalytic dehydrogenative oxidation of primary and secondary aryl
alcohols to generate o,B-unsaturated ketones. These intermediates react with in situ-generated
imines, formed from ketones and ammonium acetate (‘N source), through sequential twofold
C—C and C-N bond formations. The reaction culminates in catalytic dehydrogenative
aromatization facilitated by the metalloradical catalyst. This catalyst orchestrates two distinct
catalytic cycles, integrating in situ-generated carbonyl compounds to streamline the
construction of complex pyridine frameworks. In both cycles, the reaction proceeds via a
single-electron transfer (SET)-mediated radical pathway, ensuring high efficiency.

Key features of this approach include solvent-free conditions, minimal waste
generation, and the use of cost-effective, less toxic nickel catalysts with a catalytic amount of
base, catalytic amount of base, adhering to green chemistry principles. Conducted in a
microwave reactor under mild, open-air condition, this four-component [2 + 2 + 1 + 1] domino
methodology delivers high TON with excellent yields, operational simplicity, short residence

time, and broad functional group tolerance, making it an attractive alternative for synthesizing
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poly-substituted pyridines, including penta-substituted derivatives. Moreover, the approach is
scalable for large-scale synthesis. Notably, the cis-[NiLoCly] catalyst outperforms the
coordinatively-rigid and saturated bis-complex [NiL.]** under comparable oxidation
conditions, demonstrating superior catalytic efficiency. These results underscore the promise
of the nickel-metalloradical catalyst for further exploration in sustainable and efficient N-

heterocycle synthesis in a strategically greener way.

IV.4. Experimental Section

IV.4.1. General Information

Solvent drying and purification were carried out following established literature procedures,
and the solvents were distilled prior to use as needed. The required chemicals, including
primary and secondary alcohols were procured from BLDpharm - Reliable research chemicals
supplier, TCI Chemicals (India) Pvt. Ltd, Sisco Research Laboratories Pvt. Ltd. (SRL) — India,
Sigma-Aldrich company. Ammonium acetate was purchased from Otto Chemie Pvt. Ltd.
Supplementary solvents were purchased from Merck India and dried using standard procedures
before use. Nickel(Il) nitrate hexahydrate and dichlorobis(triphenylphosphine)nickel(Il) were
purchased from Sigma-Aldrich (India). Details of electro chemical details, physical

measurements, computational studies and X-ray crystallography are provided in ESI.

IV.4.2. Synthesis

Synthesis of ligand:

The organic ligand L has been prepared using the previously reported procedure.'’

Synthesis of complexes:

[Ni(LH)2Cl2] 1a NiCl2(PPhs), (654 mg, 1.00 mmol) was added to a solution of (L¥) (575 mg,
2.00 mmol) in toluene (30 mL) under open-air conditions, and the reaction mixture was
refluxed for 5 hrs at elevated temperature. The solution turned dark in color and the solvent
was evaporated under vacuum. An intense red color solution was eluted with 20:1 toluene:
acetonitrile (v/v) and collected. The slow diffusion of a dichloromethane solution of the
complex into n-hexane facilitated the formation of 1a as block-shaped crystals. Yield and
characterization data: Intense-red crystal, Yield 82% (536 mg) with respect to nickel. Anal.
Calcd. for C34H26N1oCLNi: C 57.99, H 3.72, N 19.89; Found C 57.81, H 3.76, N 19.81%.
UV/Vis spectrum (CH2Cla): Amax (nm) 236, 338, 370 nm. FT-IR (cm™): 1459, 1404 (vn=n).
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[Ni(LH)2]>*[PFs]2~ ([1b]**[PFs]27) A solution containing (575 mg, 2.00 mmol) L and (291
mg, 1.00 mmol) of Ni(NO3)2.6H20 in 30 mL of EtOH in 100 mL round bottom flask was kept
in reflux condition for 5 hrs at elevated temperature. The dark red colored solution was
evaporated in vacuuo. The crude product was purified using column chromatography. Complex
[1b]?* was eluted as a deep-red band with an acetonitrile/NH4PFs mixture. The slow diffusion
of a dichloromethane solution of the complex into n-hexane resulted in the crystallization of
[1b]?* as needle-shaped crystals. Yield and characterization data: Deep-red crystal, Yield 87%
(253 mg) with respect to nickel. Anal. Calcd. for C34H2sN1oNi: C 64.48, H4.14, N 22.12; Found
C 64.29,H 4.09, N 22.21%. UV/Vis spectrum (CH2Cl2): Amax (nm) 233, 331, 377, 504 nm. FT-
IR (cm™): 1462, 1418 (Vn=N).

General procedure for the synthesis of substituted pyridine derivatives

e Under normal heating conditions
An oven-dried 25 mL round-bottom flask was loaded with primary alcohol 2 (1.10 mmol),
secondary alcohol 3 (2.00 mmol), NH4OAC (4.00 mmol), KOsBu (20 mol%), and 1a (0.002
mol%) in 5 mL of toluene under open-air conditions. The mixture was stirred at 110 °C for 12
hrs. The reaction mixture was cooled to ambient temperature and concentrated in vacuuo. The
crude product was subsequently purified by column chromatography on silica gel (100-200
mesh) using a hexane/ethyl acetate gradient elution to afford the desired compound. The
desired product was characterized using 'H, *C, and F nuclear magnetic resonance (NMR)
spectroscopy.

e Under microwave conditions
The reaction was carried out in a sealed vessel under microwave reactor. A mixture of primary
alcohol 2 (1.10 mmol), secondary alcohol 3 (2.00 mmol), NH4OAC (4.00 mmol), KO/Bu (20
mol%), and 1a (0.002 mol%) was prepared in solvent-free (neat) condition at room
temperature. The reaction mixture was then subjected to microwave irradiation at 50 W and 80
°C for 2 hrs. After cooling, water was added to the reaction mixture. The organic layer was
extracted with two 30 mL portions of ethyl acetate. The combined organic extracts were washed
with brine and dried over anhydrous Na;SO4. The crude product was subsequently purified by
column chromatography on silica gel (100-200 mesh) using a hexane/ethyl acetate gradient
elution to afford the desired compound 6aa—12ad. The desired product was characterized using
'H, *C, and °F nuclear magnetic resonance (NMR) spectroscopy.

e Gram-scale synthesis
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A mixture of benzyl alcohol 2a (1.1 g, 10.20 mmol), 1-phenyl ethanol 3a (2.4 g, 20.00 mmol),
NH4OAC (3.0 g, 40.00 mmol), KOsBu (50 mol%), and 1a (0.002 mol%) was prepared in
solvent-free (neat) condition at room temperature. The reaction mixture was then subjected to
microwave irradiation at 50 W and 80 °C for 1 hr. After cooling, water was added to the reaction
mixture. The organic layer was extracted with two 30 mL portions of ethyl acetate. The
combined organic extracts were washed with brine and dried over anhydrous Na;SO4. The
crude product was subsequently purified by column chromatography on silica gel (100-200
mesh) using a hexane/ethyl acetate gradient elution to afford the desired product 6aa in 81%

yield (2.5 g). Similar gram-scale reactions were also performed with 10aa and 11aa.

IV.4.3. Characterization data of Ni(II)-catalyzed compounds
2,4,6-triphenylpyridine (6aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 89%, 274 mg). '"H NMR (300 MHz,
CDCl3): 0 (ppm) 8.25 — 8.22 (m, 4H), 7.93 (s, 2H), 7.80 — 7.77 (m, 2H), 7.59 — 7.47 (m, 9H).
BCNMR (101 MHz, CDCls): § (ppm) 157.50, 150.36, 139.44, 139.02, 129.16, 129.13, 129.06,
128.74, 128.27, 127.22, 117.25.

2,6-diphenyl-4-(p-tolyl)pyridine (6ab):
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Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 91%, 292 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.24 (d, J = 6.9 Hz, 4H), 7.92 (s, 2H), 7.70 (d, J = 7.8 Hz, 2H), 7.58 — 7.45
(m, 6H), 7.37 (d, J = 7.5 Hz, 2H), 2.48 (s, 3H). '3C NMR (75 MHz, CDCls): 6 (ppm) 157.44,
150.29, 139.46, 139.24, 136.01, 129.94, 129.14, 128.79, 127.35, 127.22, 117.16, 21.32.

2,6-diphenyl-4-(m-tolyl)pyridine (6ac):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 86%, 276 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 8.23 (d, J = 7.6 Hz, 4H), 7.91 (s, 2H), 7.59 — 7.53 (m, 6H), 7.49 — 7.45 (m,
3H), 7.32 (d, J = 7.7 Hz, 1H), 2.51 (s, 3H). '3C NMR (75 MHz, CDCls): J (ppm) 157.48,
150.37,139.67, 139.09, 138.86, 129.75, 129.05, 128.73, 127.92, 127.17,124.32, 117.19, 21.57.

2,6-diphenyl-4-(o-tolyl)pyridine (6ad):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 79%, 254 mg). '"H NMR (400 MHz,
CDCl): 6 (ppm) 8.24 (d, J = 7.8 Hz, 4H), 7.93 (s, 2H), 7.79 (d, J = 7.5 Hz, 2H), 7.58 — 7.54
(m, 7H), 7.35 (d, J = 7.5 Hz, 1H), 2.38 (s, 3H). 3*C NMR (101 MHz, CDCl5): § (ppm) 157.52,
150.31, 139.51, 130.40, 129.26, 129.16, 128.75, 128.57, 127.22, 117.23, 20.98.
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4-(4-methoxyphenyl)-2,6-diphenylpyridine (6ae):

OCH,

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 93%, 314 mg). 'H NMR (400 MHz,
CDCls): 6 (ppm) 8.23 (d, J = 7.6 Hz, 4H), 7.89 (s, 2H), 7.74 (d, J = 8.3 Hz, 2H), 7.55 (t, J =
7.5 Hz, 4H), 7.47 (t,J=7.2 Hz, 2H), 7.08 (d, J= 8.2 Hz, 2H), 3.92 (s, 3H). '*C NMR (75 MHz,
CDCls): § (ppm) 160.51, 157.47, 149.71, 139.67, 131.29, 129.02, 128.71, 128.37, 127.18,
116.68, 114.57, 55.46.

4-(4-fluorophenyl)-2,6-diphenylpyridine (6af):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 83%, 270 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.25 — 8.22 (m, 4H), 7.95 — 7.91 (m, 1H), 7.87 (s, 1H), 7.80 — 7.73 (m, 2H),
7.61 — 7.46 (m, 8H), 7.28 — 7.21 (m, 2H). 3C NMR (101 MHz, CDCl3): 6 (ppm) 157.62,
149.21, 139.43, 135.15, 129.17, 129.00, 128.93, 128.75, 127.17, 116.95, 116.26, 116.04. '°F
NMR (282 MHz, CDCl3): 6 =-112.67 (s, 1F).
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4-(3-fluorophenyl)-2,6-diphenylpyridine (6ag):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 254 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.25 — 8.21 (m, 4H), 7.93 (s, 1H), 7.89 (s, 1H), 7.55 — 7.48 (m, 9H), 7.24 —
7.14 (m, 1H). 3C NMR (75 MHz, CDCls): J (ppm) 163.37, 157.72, 148.92, 141.24, 139.34,
130.79, 130.67, 129.23, 128.77, 127.22, 127.17, 122.92, 117.24, 117.00, 116.01, 115.73,
114.37. F NMR (282 MHz, CDCl3): § =-112.65 (s, 1F).

2,6-diphenyl-4-(4-(trifluoromethyl)phenyl)pyridine (6ah):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 77%, 289 mg). 'H NMR (300 MHz,
CDCL): 6 (ppm) 8.25 (dd, J= 6.7, 1.7 Hz, 4H), 7.92 (d, J= 7.9 Hz, 2H), 7.84 — 7.77 (m, 3H),
7.58 — 7.49 (m, 7H). *C NMR (75 MHz, CDCl3): J (ppm) 157.81, 157.48, 148.85, 142.66,
139.23, 129.33, 128.82, 128.76, 127.66, 127.24, 127.17, 126.19, 126.14, 126.09, 126.04,
117.29, 117.12. F NMR (282 MHz, CDCl;): § = -62.55 (s, 3F).
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4-(4-nitrophenyl)-2,6-diphenylpyridine (6ai):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 74%, 261 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.43 — 8.40 (m, 2H), 8.25 — 8.20 (m, 4H), 8.01 — 7.91 (m, 4H), 7.59 — 7.50
(m, 6H). *C NMR (75 MHz, CDCl5): 6 (ppm) 157.99, 148.18, 147.86, 145.47, 139.03, 129.47,
128.86, 128.20, 127.16, 124.39, 116.97.

4-(3-nitrophenyl)-2,6-diphenylpyridine (6aj):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 71%, 250 mg). 'H NMR (400 MHz,
CDCL): 6 (ppm) 8.64 (d, J=2.2 Hz, 1H), 8.37 (dd, /= 8.2, 2.1 Hz, 1H), 8.24 (d, J=7.3 Hz,
4H), 8.11 (d, J=7.4 Hz, 1H), 7.93 (s, 2H), 7.76 (t, J= 7.4 Hz, 1H), 7.59 — 7.55 (m, 4H), 7.52
—7.49 (m, 2H). 3C NMR (75 MHz, CDCls): 6 (ppm) 158.04, 147.84, 140.80, 138.93, 133.23,
130.26, 129.49, 128.86, 127.25, 127.19, 123.73, 122.19, 116.95.
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4-(perfluorophenyl)-2,6-diphenylpyridine (6ak):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 72%, 286 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 8.20 — 8.17 (m, 4H), 7.76 (s, 2H), 7.57 — 7.53 (m, 4H), 7.51 — 7.47 (m, 2H).
3C NMR (101 MHz, CDCl3): § (ppm) 157.73, 138.80, 129.49, 128.84, 127.14, 119.60. '°F
NMR (377 MHz, CDCl3): 6 =-141.90 — -143.98 (m, 2F), -152.87 (t,J=21.1 Hz, 1F), -160.82
—-160.95 (m, 2F).

4-(naphthalen-1-yl)-2,6-diphenylpyridine (6al):

I
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 84%, 300 mg). 'H NMR (300 MHz,
CDCL): 6 (ppm) 8.29 — 8.26 (m, 5H), 8.05 (s, 2H), 8.01 — 7.88 (m, 4H), 7.61 — 7.46 (m, 8H).

BCNMR (101 MHz, CDCI3): 6 (ppm) 157.00, 150.32, 139.44, 138.11, 133.86, 131.03, 129.14,
128.83, 128.77, 128.56, 127.18, 126.78, 126.73, 126.22, 125.44, 120.20, 118.66.

N
Z
N
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4-(naphthalen-2-yl)-2,6-diphenylpyridine (6am):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 81%, 289 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.28 — 8.24 (m, 4H), 8.02 — 7.98 (m, 3H), 7.89 (s, 2H), 7.63 — 7.49 (m, 10H).
3C NMR (75 MHz, CDCls): 6 (ppm) 157.00, 150.32, 139.44, 138.11, 133.86, 131.03, 129.14,
128.83, 128.77, 128.56, 127.18, 126.78, 126.73, 126.22, 125.44, 120.20, 118.66.

4-(anthracen-9-yl)-2,6-diphenylpyridine (6an):
7
N
e

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 318 mg). 'H NMR (400 MHz,
CDCL): o (ppm) 8.61 (s, 1H), 8.29 (dt, J= 8.1, 1.2 Hz, 4H), 8.12 (d, J = 8.4 Hz, 2H), 7.88 (s,

2H), 7.79 (dt,J=8.7, 1.1 Hz, 2H), 7.58 — 7.41 (m, 10H). 1*C NMR (101 MHz, CDCI3): 6 (ppm)

157.08, 149.03, 139.22, 134.34, 131.35, 129.60, 129.30, 128.82, 128.60, 127.58, 127.22,
126.20, 126.16, 125.42, 121.49.
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4-([1,1'-biphenyl]-4-yl)-2,6-diphenylpyridine (6a0):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 86%, 330 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 8.26 (d, J= 7.5 Hz, 3H), 7.97 (s, 2H), 7.87 (d, J= 7.9 Hz, 2H), 7.80 (d, J =
7.6 Hz, 2H), 7.71 (d, J = 7.5 Hz, 2H), 7.59 — 7.42 (m, 10H). *C NMR (75 MHz, CDCl;): §
(ppm) 157.60, 149.80, 141.99, 140.35, 139.54, 137.83, 129.12, 128.94, 128.75, 127.85, 127.75,
127.64, 127.25,127.15, 117.01.

2-(2,6-diphenylpyridin-4-yl)quinoline (6ap):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 82%, 294 mg). '"H NMR (300 MHz,
CDCL): ¢ (ppm) 8.49 (s, 2H), 8.37 (d, J = 8.5 Hz, 1H), 8.33 — 8.29 (m, 5H), 8.06 (d, J = 8.6
Hz, 1H), 7.92 (dd, J=8.2, 1.5 Hz, 1H), 7.83 (ddd, /= 8.5, 6.9, 1.5 Hz, 1H), 7.64 (ddd, J= 8.1,
6.9, 1.2 Hz, 1H), 7.59 — 7.55 (m, 4H), 7.52 — 7.47 (m, 2H). '3C NMR (101 MHz, CDCl3): 6
(ppm) 157.76,155.20, 148.31 (d, J=13.7 Hz), 139.54, 137.40, 130.18, 129.97, 129.13, 128.80,
128.73, 127.90, 127.25, 127.21, 118.82, 117.05.
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4-phenyl-2,6-di-p-tolylpyridine (7aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 89%, 298 mg). 'H NMR (300 MHz,
CDCL): 6 (ppm) 8.14 (d, J = 8.2 Hz, 4H), 7.88 (s,2H), 7.79 — 7.75 (m, 2H), 7.59 — 7.52 (m,
3H), 7.36 (d, J = 8.0 Hz, 4H), 2.47 (s, 6H). 3*C NMR (75 MHz, CDCls): ¢ (ppm) 157.40,
150.13, 139.25, 139.04, 136.83, 129.45, 129.11, 128.93, 127.23, 127.07, 116.61, 21.37.

4-phenyl-2,6-di-m-tolylpyridine (7ab):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 262 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.04 — 7.99 (m, 4H), 7.90 (s, 2H), 7.80 — 7.76 (m, 2H), 7.59 — 7.52 (m, 5H),
7.46 —7.40 (m, 2H), 2.51 (s, 6H). 3*C NMR (75 MHz, CDCl3): J (ppm) 157.77, 150.08, 139.68,
139.16, 138.34, 129.11, 128.63, 127.88, 127.22, 124.35, 117.23, 21.64.
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4-phenyl-2,6-di-o-tolylpyridine (7ac):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 74%, 248 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 7.60 — 7.58 (m, 2H), 7.54 — 7.50 (m, 2H), 7.44 — 7.40 (m, 6H), 7.33 — 7.28
(m, 5H), 2.48 (s, 6H). *C NMR (75 MHz, CDCl3): J (ppm) 160.37, 149.01, 140.96, 138.74,
136.10, 130.67, 129.31, 128.64, 128.59, 128.52, 128.19, 125.74, 120.31, 20.93.

2,6-bis(4-methoxyphenyl)-4-phenylpyridine (7ad):

®

H,CO OCH,
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 91%, 334 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.33 — 8.30 (m, 6H), 7.98 (s, 2H), 7.61 — 7.58 (m, 3H), 7.12 — 7.07 (m, 4H),

3.94 (s, 6H). 1*C NMR (75 MHz, CDCls): 6 (ppm) 164.24, 161.94, 150.12, 138.31, 130.62 (d,
J=11.4 Hz), 129.98, 128.86 (d, /= 9.3 Hz), 128.45, 127.28, 114.27, 55.48.
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2,6-bis(3-methoxyphenyl)-4-phenylpyridine (7ae):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 81%, 298 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.19 (d, J = 7.0 Hz, 2H), 7.95 (s, 2H), 7.65 — 7.60 (m, 3H), 7.52 — 7.46 (m,
6H), 7.08 (ddd, J = 8.2, 2.6, 0.9 Hz, 2H), 3.96 (s, 6H). 3C NMR (75 MHz, CDCl3): 6 (ppm)
160.14, 157.28, 150.25, 141.07, 138.89, 130.24, 129.23, 128.53, 127.27, 119.72, 117.49,
114.82, 112.93, 55.39.

2,6-bis(4-fluorophenyl)-4-phenylpyridine (7af):

®

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 87%, 299 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.24 — 8.17 (m, 4H), 7.84 (s, 2H), 7.77 — 7.71 (m, 2H), 7.58 — 7.50 (m, 3H),
7.25 —7.19 (m, 4H). *C NMR (101 MHz, CDCl3): § (ppm) 164.91, 162.44, 156.49, 150.46,
138.85, 135.61, 135.58, 129.19, 129.15, 128.96, 128.88, 127.18, 116.71, 115.76, 115.55. I°F
NMR (282 MHz, CDCl3): 6 = -112.84 (s, 2F).
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2,6-bis(2-fluorophenyl)-4-phenylpyridine (7ag):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 74%, 254 mg). '"H NMR (400 MHz,
CDCls): 6 (ppm) 8.43 (td, J=7.9, 1.9 Hz, 2H), 8.19 (s, 2H), 7.59 — 7.55 (m, 7H), 7.39 (td, J =
7.6, 1.2 Hz, 2H), 7.27 — 7.22 (m, 2H). *C NMR (101 MHz, CDCls): 6 (ppm) 162.22, 160.53,
158.07, 139.54, 138.94, 137.50, 132.91 (d, J = 9.4 Hz), 131.12 (d, J= 3.2 Hz), 130.81 (d, J =
8.3 Hz), 130.55, 129.07, 129.04, 128.46, 128.41, 128.36, 128.06 (d, J= 6.5 Hz), 125.84, 124.30
(d, J=3.4Hz), 115.71 (d, J=21.6 Hz). "°F NMR (377 MHz, CDCl5): & = -114.75 (s, 2F).

2,6-bis(4-bromophenyl)-4-phenylpyridine (7ah):

®
Pegacy

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 82%, 381 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.08 (d, J = 8.6 Hz, 4H), 7.88 (s,2H), 7.76 — 7.72 (m, 2H), 7.66 (d, J = 8.6
Hz, 4H), 7.57 — 7.51 (m, 3H). 1*C NMR (75 MHz, CDCls): 6 (ppm) 156.41, 150.67, 138.64,
138.15, 131.91, 129.23, 128.69, 127.20, 123.71, 117.19.
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2,6-bis(4-nitrophenyl)-4-phenylpyridine (7ai):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 71%, 282 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.44 — 8.39 (m, 4H), 8.34 — 8.31 (m, 3H), 8.07 (s, 2H), 7.59 — 7.57 (m, 6H).

13C NMR (75 MHz, CDCls): 5 (ppm) 165.56, 151.76, 147.63, 143.49, 137.60, 131.27, 129.43,
128.24, 127.46, 124.13, 121.33.

4'-phenyl-2,2':6',2""-terpyridine (7aj):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 77%, 238 mg). 'H NMR (400 MHz,
CDCl): 6 (ppm) 9.05 (s, 2H), 8.78 (dd, J = 4.8, 1.7 Hz, 1H), 8.73 (dd, J = 4.7, 1.7 Hz, 2H),
8.66 — 8.64 (m, 2H), 8.09 (d, J = 7.8 Hz, 1H), 7.91 — 7.84 (m, 3H), 7.38 — 7.35 (m, 3H). 1°C

NMR (101 MHz, CDCl3): 6 (ppm) 156.16, 156.09, 155.04, 149.95, 149.11, 148.60, 137.11,
137.02, 123.93, 123.83, 121.49, 118.71.
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4'-phenyl-4,2':6',4'"'-terpyridine (7ak):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 79%, 244 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.82 — 8.80 (m, 4H), 8.12 — 8.10 (m, 4H), 8.07 (s, 2H), 7.79 — 7.76 (m, 2H),
7.62 — 7.52 (m, 3H). 3C NMR (75 MHz, CDCl3): 6 (ppm) 155.29, 151.26, 150.54, 146.10,
137.97, 129.66, 129.40, 127.19, 121.24, 119.06.

2,4,6-tri-p-tolylpyridine (8aa):

CH,

®
Beaaey

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 88%, 307 mg). 'H NMR (300 MHz,
CDCL): ¢ (ppm) 8.22 (d, J = 8.2 Hz, 1H), 8.15 (d, J = 8.2 Hz, 3H), 7.87 (s, 2H), 7.69 (d, J =
8.2 Hz, 1H), 7.40 — 7.35 (m, 7H), 2.49 (s, 3H), 2.48 (s, 6H). *C NMR (75 MHz, CDCls): §
(ppm) 157.39, 149.90, 140.97, 138.92, 137.02, 136.31, 129.82, 129.43, 128.46, 127.04, 116.34,
21.37,21.29.

H 3
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4'-(p-tolyl)-4,2':6',4"'-terpyridine (8ab):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 82%, 265 mg). 'H NMR (300 MHz,
CDCl): ¢ (ppm) 8.78 — 8.72 (m, 8H), 8.01 (s, 2H), 7.63 (d, J = 7.9 Hz, 2H), 7.37 (d, J= 7.0
Hz, 2H), 2.43 (s, 3H). *C NMR (101 MHz, CDCls): 6 (ppm) 155.03, 150.56, 150.23, 141.99,
139.95, 134.81, 131.53, 129.84, 128.78, 121.62, 121.30, 118.79, 21.57.

4'-(4-methoxyphenyl)-4,2':6',4"'-terpyridine (8ac):

OCH;

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 84%, 285 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.78 (d, J = 6.2 Hz, 4H), 8.08 (d, J = 6.2 Hz, 4H), 8.00 (s, 2H), 7.72 (d, J =
8.8 Hz, 2H), 7.09 (d, J = 8.8 Hz, 2H), 3.91 (s, 3H). *C NMR (75 MHz, CDCls): J (ppm)
160.98, 155.08, 150.58, 150.40, 146.21, 130.00, 128.36, 121.22, 118.39, 114.78, 55.49.
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4'-(p-tolyl)-2,2':6',2"'-terpyridine (8ad):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 79%, 255 mg). 'H NMR (400 MHz,
CDCl3): 0 (ppm) 8.75 — 8.67 (m, 6H), 7.92 — 7.84 (m, 4H), 7.38 — 7.33 (m, 4H), 2.45 (s, 3H).
BCNMR (101 MHz, CDCls): 6 (ppm) 156.38, 155.88, 149.12, 139.12, 136.89, 135.48, 129.67,
127.16, 123.79, 121.41, 118.66, 21.28.

4'-(4-fluorophenyl)-4,2':6',4''-terpyridine (8ae):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 77%, 252 mg). 'H NMR (400 MHz,
CDCl): 6 (ppm) 8.79 — 8.76 (m, 4H), 8.09 — 8.07 (m, 4H), 8.00 (s, 2H), 7.82 — 7.69 (m, 4H).
3C NMR (75 MHz, CDCl3): 6 (ppm) 165.42, 162.10, 155.31, 150.46, 145.98, 134.05, 134.01,

129.09, 128.97, 121.22, 118.82, 116.61, 116.32. '%F NMR (377 MHz, CDCls): § = -111.38 (s,
1F).
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4'-(4-chlorophenyl)-4,2':6',4"'-terpyridine (8af):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 78%, 268 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 8.81 (d, J= 5.1 Hz, 4H), 8.09 (d, J= 5.1 Hz, 4H), 8.02 (s, 2H), 7.70 (d, J =
8.1 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H). 3*C NMR (75 MHz, CDCIs): § (ppm) 155.47, 150.56,
149.99, 145.89, 136.37, 136.00, 129.64, 128.46, 121.21, 118.75.

4'-(4-bromophenyl)-4,2':6',4'"'-terpyridine (8ag):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 81%, 314 mg). 'H NMR (400 MHz,
CDCl): 6 (ppm) 8.80 — 8.78 (m, 4H), 8.10 — 8.08 (m, 4H), 8.01 (s, 2H), 7.73 — 7.70 (m, 2H),
7.65 — 7.62 (m, 2H). *C NMR (75 MHz, CDCl3): J (ppm) 155.47, 150.50, 150.05, 145.91,
136.82, 132.60, 128.72, 121.23, 120.97, 118.71.
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4'-(perfluorophenyl)-2,2':6',2"'-terpyridine (8ah):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 71%, 283 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.73 — 8.67 (m, 4H), 8.58 (s, 2H), 7.94 — 7.87 (m, 2H), 7.41 — 7.35 (m, 2H).
3C NMR (75 MHz, CDCls): 6 (ppm) 155.96, 155.65, 149.27, 136.94, 124.21, 124.08, 122.06,
121.30. ’F NMR (282 MHz, CDCls): § = -143.64 — -143.76 (m, 2F), -156.87 — -157.71 (m,
1F), -161.25 —-161.37 (m, 2F).

4'-(4-methoxyphenyl)-2,2':6',2""-terpyridine (8ai):

OCH,

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 80%, 271 mg). 'H NMR (300 MHz,
CDCL): ¢ (ppm) 8.69 — 8.59 (m, 6H), 7.89 — 7.82 (m, 4H), 7.35 — 7.30 (m, 2H), 7.01 (d, J =
8.8 Hz, 2H), 3.84 (s, 3H). 1*C NMR (75 MHz, CDCls): 6 (ppm) 160.51, 156.22, 155.66, 149.74,
148.92, 137.06, 130.53, 128.45, 123.84, 121.56, 118.27, 114.35, 55.30.
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4'-(naphthalen-1-yl)-2,2':6',2"'-terpyridine (8aj):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 72%, 258 mg). 'H NMR (300 MHz,
CDCl): 6 (ppm) 8.76 — 8.66 (m, 6H), 7.99 — 7.8 (m, SH), 7.68 — 7.61 (m, 4H), 7.39 — 7.34 (m,
2H). 3C NMR (75 MHz, CDCls): ¢ (ppm) 156.26, 155.55, 150.87, 149.23, 137.95, 136.91,

133.76, 131.01, 128.74, 128.42, 127.06, 126.59, 126.01, 125.56, 125.32, 123.86, 122.45,
121.44.

2-(]4,2':6',4"'-terpyridin]-4'-yl)quinoline (8ak):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 76%, 274 mg). 'H NMR (300 MHz,
CDCl): 0 (ppm) 8.86 — 8.82 (m, 4H), 8.67 (s, 2H), 8.41 (d, J= 8.4 Hz, 1H), 8.30 (dd, /= 8.5,
1.1 Hz, 1H), 8.21 — 8.16 (m, 4H), 8.08 (d, /= 8.5 Hz, 1H), 7.95 (dd, /= 8.1, 1.5 Hz, 1H), 7.86
(ddd,J=8.5,6.9,1.5Hz, 1H), 7.67 (ddd, J=8.1, 6.9, 1.2 Hz, 1H). 3C NMR (75 MHz, CDCls):
0 (ppm) 155.51, 150.50, 149.37, 148.35, 146.11, 137.67, 130.48, 130.04, 128.07, 127.68,
121.33, 118.95, 118.42.
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6'-(pyridin-4-yl)-2,4':2',4""-terpyridine (8al):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 65%, 201 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.84 — 8.78 (m, SH), 8.47 (s, 2H), 8.13 — 8.11 (m, 4H), 7.98 — 7.88 (m, 2H),
7.46 — 7.41 (m, 1H). C NMR (75 MHz, CDCl3): 6 (ppm) 155.39, 154.03, 150.51, 150.31,
149.01, 145.97, 137.34, 124.39, 121.23, 121.04, 118.30.

4'-(4-bromophenyl)-2,2':6',2""-terpyridine (8am):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 77%, 299 mg). 'H NMR (400 MHz,
CDCl3): 0 (ppm) 8.74 — 8.65 (m, 6H), 7.90 (td, /= 7.7, 1.8 Hz, 2H), 7.79 (d, J = 8.5 Hz, 2H),
7.65 (d, J= 8.5 Hz, 2H), 7.38 (ddd, J = 7.5, 4.9, 1.3 Hz, 2H). '*C NMR (101 MHz, CDCls): 6
(ppm) 156.07, 156.04, 149.13, 137.38, 136.98, 132.13, 128.90, 123.98, 123.50, 121.50, 121.44,
121.38, 118.58.
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2-(]2,2':6',2""-terpyridin]-4'-yl)thiazole (8an):

[\

S /N

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 68%, 215 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 9.03 (s, 2H), 8.76 (ddd, J = 4.9, 1.8, 0.9 Hz, 2H), 8.65 (dt, J = 8.0, 1.1 Hz,
2H), 8.03 (d,J=3.2 Hz, 1H), 7.89 (td, J=7.7, 1.8 Hz, 2H), 7.52 (d, /= 3.2 Hz, 1H), 7.37 (ddd,
J=1.5,4.8,1.3 Hz, 2H). *C NMR (75 MHz, CDCl;): 6 (ppm) 166.06, 156.52, 155.66, 149.24,
144.42,142.42, 136.88, 124.06, 121.30, 120.69, 117.91.

4'-(4-fluorophenyl)-2,2':6',2"-terpyridine (8a0):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 73%, 239 mg). 'H NMR (300 MHz,
CDCL): 6 (ppm) 8.82 — 8.66 (m, 6H), 7.92 — 7.82 (m, 4H), 7.38 — 7.33 (m, 2H), 7.24 - 7.16
(m, 2H). 3C NMR (75 MHz, CDCls): 6 (ppm) 165.13, 161.83, 1256.12, 155.97, 149.22,
149.13, 136.90, 135.50, 135.46, 134.63, 134.59, 129.17, 129.06, 123.90, 121.38, 118.67,
116.06, 115.77. F NMR (282 MHz, CDCl3):  =-112.82 (s, 1F).
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2-(4-fluorophenyl)-4-phenyl-6-(p-tolyl)pyridine (9aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 73%, 247 mg). 'H NMR (400 MHz,
CDCls): 6 (ppm) 8.24 — 8.18 (m, 2H), 8.14 — 8.11 (m, 2H), 7.89 — 7.83 (m, 2H), 7.78 — 7.75
(m, 2H), 7.58 — 7.51 (m, 2H), 7.36 — 7.34 (m, 3H), 7.25 — 7.20 (m, 2H), 2.46 (s, 3H). *C NMR
(101 MHz, CDCls): 6 (ppm) 157.43, 156.39, 150.26, 139.09, 138.98, 136.81 (d, J = 22.1 Hz),
129.48, 129.43, 129.13, 129.08, 128.97, 128.89, 127.19, 127.02, 116.64 (d, J = 21.5 Hz),
115.58 (d, J=21.6 Hz), 21.34. "9F NMR (282 MHz, CDCls): § = -112.86 (s, 1F).

2-(4-bromophenyl)-4,6-di-p-tolylpyridine (9ab):

CH,

®
Pegacy

3

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 76%, 315 mg). '"H NMR (400 MHz,
CDCL): 6 (ppm) 8.15 —8.06 (m, 4H), 7.88 — 7.82 (m, 2H), 7.69 — 7.63 (m, 4H), 7.36 (dd, J =
8.1, 2.3 Hz, 4H), 2.48 (s, 3H), 2.47 (s, 3H). '3C NMR (101 MHz, CDCl5): § (ppm) 157.57,
157.34, 150.15, 139.16, 138.62, 138.31, 136.68, 135.96, 131.87, 131.81, 129.88, 129.44,
128.68, 127.02, 123.62, 116.85, 116.36, 21.38, 21.32.
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2-(4-chlorophenyl)-6-(4-fluorophenyl)-4-(p-tolyl)pyridine (9ac):

CH,

®

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 71%, 265 mg). 'H NMR (300 MHz,
CDCl3): 6 (ppm) 8.22 —8.11 (m, 4H), 7.82 — 7.76 (m, 2H), 7.68 (d, /= 8.2 Hz, 2H), 7.55 - 7.50
(m, 2H), 7.28 — 7.19 (m, 4H), 2.46 (s, 3H). *C NMR (75 MHz, CDCls): 6 (ppm) 165.39,
162.10, 156.65, 156.51, 148.99, 139.31, 137.47, 136.46, 135.38, 135.24, 129.49, 129.33,
128.98, 128.87, 128.46, 127.00, 116.34, 116.15, 115.81, 115.53, 21.31. '°F NMR (282 MHz,
CDCl3): 6 =-112.57 (s, 1F).

2-(3-nitrophenyl)-4-phenyl-6-(p-tolyl)pyridine (9ad):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 69%, 252 mg). 'H NMR (300 MHz,
CDCl): o (ppm) 8.85 (t, J=2.0 Hz, 1H), 8.47 — 8.43 (m, 1H), 8.37 (dt, J=7.8, 1.4 Hz, 1H),
7.96 (d, J = 8.3 Hz, 2H), 7.89 — 7.85 (m, 1H), 7.73 — 7.64 (m, 4H), 7.46 — 7.42 (m, 3H), 7.32
(d, J=8.0 Hz, 2H), 2.46 (s, 3H). '*C NMR (75 MHz, CDCl5):  (ppm) 157.91, 155.28, 150.68,
148.43, 139.50, 135.63, 135.01, 134.34, 134.12, 129.94, 129.34, 129.13, 128.96, 128.78,
128.68, 128.43, 127.07, 123.28, 122.09, 120.66, 21.70.
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4-(naphthalen-1-yl)-2-phenyl-6-(p-tolyl)pyridine (9ae):

L

H,C
Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 76%, 282 mg). 'H NMR (400 MHz,
CDCL): 6 (ppm) 8.26 (d, J=7.4 Hz, 3H), 8.17 — 8.14 (m, 2H), 8.00 (d, J = 8.2 Hz, 3H), 7.89
—7.85 (m, 2H), 7.61 — 7.50 (m, 6H), 7.35 (d, J= 7.7 Hz, 2H), 2.47 (s, 3H). 3*C NMR (75 MHz,
CDCl3): 6 (ppm) 157.01, 156.91, 150.20, 139.46, 139.15, 138.22, 136.69, 133.86, 131.05,

129.50, 129.15, 129.09, 128.84, 128.78, 128.55, 127.19, 127.05, 126.75, 126.70, 126.22,
125.45, 120.20, 21.37.

3-methyl-2,4,6-triphenylpyridine (10aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 72%, 231 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.16 — 8.13 (m, 2H), 7.75 — 7.72 (m, 2H), 7.67 (s, 1H), 7.57 — 7.46 (m, 11H),
2.31 (s, 3H). *C NMR (101 MHz, CDCls): J (ppm) 159.46, 154.07, 151.73, 141.41, 14032,
139.32, 129.51, 128.83, 128.71, 128.67, 128.51, 128.12, 127.95, 126.97, 120.06, 18.01.
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4-(4-fluorophenyl)-3-methyl-2,6-diphenylpyridine (10ab):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 69%, 234 mg). 'H NMR (300 MHz,
CDCL): 6 (ppm) 8.13 — 8.09 (m, 2H), 7.71 — 7.68 (m, 2H), 7.61 (s, 1H), 7.52 — 7.44 (m, 8H),
7.25 — 7.19 (m, 2H), 2.27 (s, 3H). *C NMR (101 MHz, CDCl3): ¢ (ppm) 159.59, 157.63,
154.16, 150.65, 149.18, 141.33, 139.23, 136.23 (d, /= 3.4 Hz), 130.56 (d, /= 8.1 Hz), 129.47,
128.78, 128.69, 128.14, 128.00, 127.17, 126.92, 119.99, 115.52 (d, J = 21.5 Hz), 18.01. '°F
NMR (282 MHz, CDCl3): § =-114.03 (s, 1F). HRMS (ESI) m/z calcd for C24Hi9FN [M + H]*
340.1502, found 340.1499.

4-(4-fluorophenyl)-3-methyl-2-phenyl-6-(p-tolyl)pyridine (10ac):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 74%, 261 mg). 'H NMR (300 MHz,
CDCh): ¢ (ppm) 8.01 (d, J= 8.2 Hz, 2H), 7.71 — 7.67 (m, 2H), 7.58 (s, 1H), 7.52 — 7.40 (m,
5H), 7.30 — 7.27 (m, 2H), 7.24 — 7.18 (m, 2H), 2.42 (s, 3H), 2.26 (s, 3H). *C NMR (75 MHz,
CDCL): 0 (ppm) 164.15, 160.87, 159.46, 154.15, 150.56, 141.42, 138.68, 136.43, 130.59,
130.48, 129.47, 129.39, 128.10, 127.92, 127.01, 126.77, 126.61, 119.64, 11547 (d, J = 21.5
Hz), 21.30, 17.95. 'F NMR (282 MHz, CDCls): § = -114.14 (s, 1F). HRMS (ESI) m/z calcd
for C2sH21FN [M + H]" 354.1658, found 354.1621.
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4-(4-fluorophenyl)-2-(4-methoxyphenyl)-3-methyl-6-(p-tolyl)pyridine (10ad):
F

H4C
3 N
I/
GRS
CH,

H,CO

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 76%, 291 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 8.09 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.57 (s, 1H), 7.49 — 7.39
(m, 5H), 7.20 (t, J= 8.5 Hz, 2H), 7.04 (d, J = 8.3 Hz, 2H), 3.90 (s, 3H), 2.28 (s, 3H). °C NMR
(75 MHz, CDCl3): 6 (ppm) 164.19, 161.75, 160.91, 157.51, 154.17, 149.00, 138.74, 136.43,
136.32, 130.64, 130.54, 129.53, 129.50, 128.14, 127.06, 126.82, 119.66, 116.32, 115.51 (d, J
=21.6 Hz), 55.37,21.34, 18.00. "°F NMR (377 MHz, CDCls): § =-114.14 (s, 1F). HRMS (ESI)
m/z calcd for C26H23FNO [M + H]" 384.1764, found 384.1755.

2-(4-methoxyphenyl)-3-methyl-4-phenyl-6-(p-tolyl)pyridine (10ae):

H,C
3 N
I/
GRS
CH,

H,CO

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 77%, 281 mg). 'H NMR (400 MHz,
CDCl): 8 (ppm) 8.02 (d, J=7.9 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.59 (s, 1H), 7.54 — 7.44
(m, 5H), 7.29 (d, J = 8.2 Hz, 2H), 7.05 (d, J = 8.2 Hz, 2H), 3.91 (s, 3H), 2.43 (s, 3H), 2.30 (s,
3H). 13C NMR (101 MHz, CDCI3): § (ppm) 159.41, 158.93, 153.97, 151.59, 138.54, 136.62,
134.06, 130.86, 129.64, 129.36, 128.84, 128.45, 127.83, 126.76, 126.49, 119.35, 113.48, 55.38,
21.32, 18.19. HRMS (ESI) m/z caled for C26H24NO [M + H]" 366.1858, found 366.1845.
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4-(4-fluorophenyl)-2-(4-methoxyphenyl)-3-methyl-6-phenylpyridine (10af):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 75%, 277 mg). 'H NMR (400 MHz,
CDCL): 8 (ppm) 8.09 (d, J = 8.1 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.57 (s, 1H), 7.49 — 7.40
(m, 5H), 7.20 (t, J= 8.5 Hz, 2H), 7.04 (d, J = 8.3 Hz, 2H), 3.90 (s, 3H), 2.28 (s, 3H). *C NMR
(75 MHz, CDCI3): 6 (ppm) 164.15, 160.87, 159.50, 159.18, 154.04, 150.65, 139.29, 136.35
(d,J=3.4 Hz), 133.84, 130.82, 130.59, 130.48, 128.70, 128.64, 126.88, 119.60, 115.48 (d, J =
21.5 Hz), 113.53,55.37, 18.17. ”F NMR (377 MHz, CDCl3): § = -114.14 (s, 1F). HRMS (ESI)
m/z caled for C2sH21 FNO [M + H]* 370.1607, found 370.1615.

3,5-dimethyl-2,4,6-triphenylpyridine (11aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 88%, 295 mg). 'H NMR (400 MHz,
CDCl): 6 (ppm) 7.78 (d, J = 7.4 Hz, 4H), 7.60 — 7.53 (m, 4H), 7.52 — 7.48 (m, 3H), 7.45 —
7.42 (m, 3H), 7.39 — 7.36 (m, 1H), 2.30 (s, 6H). *C NMR (101 MHz, CDCls): 6 (ppm) 161.51,
142.26,136.89,135.82,131.68, 129.71, 129.52, 129.39, 128.49, 128.31, 128.22, 123.19, 17.76.
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3,5-dimethyl-2,6-diphenyl-4-(p-tolyl)pyridine (11ab):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 91%, 318 mg). 'H NMR (400 MHz,
CDCl3): 6 (ppm) 7.61 (d, J= 7.5 Hz, 4H), 7.47 — 7.44 (m, 4H), 7.40 — 7.38 (m, 2H), 7.34 (d, J
=7.5Hz, 2H), 7.15 - 7.13 (m, 2H), 2.47 (s, 3H), 2.06 (s, 6H). 1*C NMR (101 MHz, CDCl5): §
(ppm) 156.15,151.92, 141.49, 137.04, 136.79, 129.60, 129.44, 128.13, 128.09, 127.67, 127.59,
21.35, 18.30. HRMS (ESI) m/z caled for C26H24N [M + H]* 350.1909, found 396.1913.

4-(4-fluorophenyl)-3,5-dimethyl-2,6-diphenylpyridine (11ac):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 86%, 304 mg). '"H NMR (300 MHz,
CDCh): ¢ (ppm) 7.61 — 7.57 (m, 4H), 7.48 — 7.35 (m, 6H), 7.22 (d, J = 7.0 Hz, 4H), 2.03 (s,
6H). 3C NMR (75 MHz, CDCl5): § (ppm) 163.75, 156.27, 150.80, 141.27, 135.60 (d, J = 3.6
Hz), 129.94 (d, J= 7.8 Hz), 129.37, 128.09, 127.66, 127.59, 115.97 (d, J= 21.5 Hz), 18.22. '°F
NMR (282 MHz, CDCls): § =-114.77 (s, 1F). HRMS (ESI) m/z calcd for C2sH2 FN [M + H]*
354.1658, found 354.1652.
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2,6-bis(4-methoxyphenyl)-3,5-dimethyl-4-phenylpyridine (11ad):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 89%, 352 mg). 'H NMR (400 MHz,
CDCls): 6 (ppm) 7.84 — 7.82 (m, 4H), 7.77 (t, J = 6.5 Hz, 2H), 7.40 — 7.38 (m, 2H), 7.38 — 7.33
(m, 2H), 7.07 (d, J = 8.3 Hz, 1H), 6.97 (d, J=9.3 Hz, 4H), 3.88 (s, 6H), 2.28 (s, 6H). '*C NMR
(101 MHz, CDCls): 6 (ppm) 160.81, 151.09, 140.14, 136.96, 135.95, 132.02, 130.23, 129.63,
128.48, 128.38, 113.68, 55.45, 18.09. HRMS (ESI) m/z caled for C27HNO, [M + H]
396.1964, found 396.1958.

7-phenyl-5,6,8,9-tetrahydrodibenzo|c,h]acridine (12aa):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 88%, 316 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.61 (dd, J= 7.6, 1.5 Hz, 2H), 7.57 — 7.50 (m, 6H), 7.48 — 7.45 (m, 2H), 7.25
—7.22 (m, 3H), 2.89 — 2.84 (m, 4H), 2.74 — 2.65 (m, 4H). '3C NMR (75 MHz, CDCl5): 6 (ppm)
154.44, 150.06, 143.13, 140.57, 137.87, 136.72, 125.47, 133.57, 133.15, 131.83, 129.95,
129.21, 128.68, 128.42, 128.17, 127.01, 125.98, 125.66, 125.34, 28.81, 28.22, 27.27, 25.88.
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7-(p-tolyl)-5,6,8,9-tetrahydrodibenzo|c,h]acridine (12ab):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 91%, 339 mg). 'H NMR (400 MHz,
CDCl): o (ppm) 8.61 (d, J=17.8, 2H), 7.43 (d, /= 8.1 Hz, 2H), 7.33 (d, /= 7.5 Hz, 4H), 7.23
(d,J=7.5Hz, 2H), 7.13 (d, J= 7.5 Hz, 2H), 2.91 — 2.84 (m, 4H), 2.75 — 2.67 (m, 4H), 2.48 (s,
3H). C NMR (101 MHz, CDCls): J (ppm) 150.02, 147.54, 137.87, 137.34, 135.42, 134.86,
129.30, 129.00, 128.66, 128.63, 127.48, 127.01, 125.29, 28.18, 25.84, 21.37.

7-(4-methoxyphenyl)-5,6,8,9-tetrahydrodibenzo[c,h]acridine (12ac):

OCH,

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 93%, 362 mg). 'H NMR (300 MHz,
CDCL): 0 (ppm) 8.62 (dd, J=7.7, 1.4 Hz, 2H), 7.44 — 7.22 (m, 8H), 7.08 — 7.04 (m, 2H), 3.92
(s, 3H), 2.89 —2.84 (m, 4H), 2.73 — 2.68 (m, 4H). 3C NMR (75 MHz, CDCl3): J (ppm) 159.04,
150.06, 147.25, 137.85, 135.45, 130.00, 129.93, 129.20, 128.64, 127.46, 127.00, 125.32,
114.00, 55.32, 28.22, 25.87.
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7-(4-fluorophenyl)-5,6,8,9-tetrahydrodibenzo[c,h]acridine (12ad):

Eluent: Hexane/Ethyl acetate (50:1). White solid (yield = 87%, 328 mg). 'H NMR (300 MHz,
CDCl3): 0 (ppm) 8.62 (dd, J=7.7, 1.5 Hz, 2H), 7.45 (td, J=7.5, 1.4 Hz, 2H), 7.38 — 7.35 (m,
2H), 7.26 — 7.20 (m, 6H), 2.90 — 2.85 (m, 4H), 2.75 — 2.64 (m, 4H). 3C NMR (101 MHz,
CDCL): 6 (ppm) 163.89, 149.14, 147.84, 137.80, 133.39, 130.77, 128.79, 128.51, 128.24,
127.10, 126.66, 124.59, 114.70, 28.79, 26.14. ’F NMR (282 MHz, CDCls): & = -114.30 (s,
1F).

IV.4.4. NMR spectra of selected compounds
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Chapter V

Effective Pincer-Copper Catalyzed
Homogeneous Friedlinder Quinoline Synthesis
from Secondary Alcohols and Primary
Alcohols/Ketones




V.1 Introduction
Quinolines constitute a key class of heterocyclic compounds with extensive applications in,
agrochemical formulations, pharmaceutical development, and the design of functional

materials (Figure 1).!

.0
OCH; ¢ S ol
-
I N N N T
~ 7z _
N~ O HiC N, I N
OH OH
OCH; Robustine o
Berberine (Anticancer) NH, Clioquinol
(Anticancer) Primaquine (Antifungal)

(Antimalarial)

Figure 1. Examples of bio-active and drugs containing quinolines.

A wide range of synthetic strategies has been established for the construction of the quinoline
core, including the Combes, Doebner—von Miller, Conrad-Limpach, Gould-Jacobs, Skraup and
Povarov reactions.>
Nevertheless, the general applicability of these methods is constrained by harsh reaction
conditions, multistep procedures, low stereoselectivity, and limited yields. Green and atom-
economical acceptorless dehydrogenative coupling (ADC) reactions offer a competitive
strategy for quinoline synthesis, serving as a variation of the Friedldnder protocol.® These
metal-catalyzed reactions proceed through a catalytic cycle involving the dehydrogenation of
alcohols, followed by cyclo-condensation with amines. Among various homogeneous
transition metal catalysts,* Copper complexes have also been reported as efficient systems to
date.”
Consequently, the development of green, atom-economic synthetic methods for the preparation
of highly functionalized N-heterocycles, such as quinolines, from readily available and cost-
effective starting materials under mild conditions is still in demand.®

Over the past decade, significant advancements have been made in the design of
synthetic strategies and novel catalysts aimed at achieving efficient dehydrogenative
functionalization of inexpensive and environmentally friendly alcohols, leading to the
production of various valuable products, including N-heterocycles.” The dehydrogenative
synthesis of quinoline has been successfully achieved by Shim, Yus, Verpoort, Milstein, and

Liu and Sun, through a Ru-catalyzed indirect Friedlinder synthesis.®
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Scheme 1: synthesis of quinoline derivatives with various protocol.

Despite substantial advancements in N-heterocycle synthesis via direct
dehydrogenative functionalization of alcohols, the process largely relies on costly and toxic
noble metal catalysts, including Ru, Rh, and Ir.” To enhance the environmental sustainability
and cost-effectiveness of dehydrogenative functionalization of alcohols, it is crucial to replace
precious heavy metals with non-precious, earth-abundant alternatives such as Mn, Fe, Co, Cu,
and Ni.!” However, these methodologies commonly encounter several challenges, including
difficulties in product separation, the generation of hazardous byproducts, the requirement of
stoichiometric or excessive amounts of base, and low turnover numbers (TONs), necessitating
high catalyst loadings. A significant limitation of homogeneous catalysts lies in their inherent
difficulty in efficient recovery and recycling after the catalytic cycle. This limitation poses a
substantial obstacle to achieving cost-effectiveness in industrial applications. It is noteworthy
that copper catalysts generated in-situ from commercially available simple salts often need
(over)stoichiometric loadings. This inherent limitation results in low TON!! and consequently
diminishes the sustainability of the process. Therefore, the development of more practical and
environmentally benign catalytic systems for the synthesis of substituted quinolines from
readily accessible starting materials is highly desirable.

Cooperative catalysis,'? involving the synergistic interplay between metal centers and
their ligands, offers a compelling strategy for enabling chemical transformations that are
typically challenging to accomplish with first-row base metals under mild conditions.

In this chapter, we introduce a copper-catalyzed metal-ligand cooperative strategy for

the dehydrogenative functionalization of alcohols into a range of substituted quinolines under
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mild aerobic conditions. The catalytic system employs air-stable, cost-effective, and well-
defined copper(Il) complexes (1a, 1b) supported by tridentate bis-azo aromatic N*N”N pincer
type ligands. Azo-chromophores, recognized for their redox activity, readily act as electron
sinks!® during the dehydrogenation of alcohols. We hypothesized that the synergistic
interaction between copper and the bis-azo aromatic scaffold would facilitate these

dehydrogenative functionalization reactions under such mild conditions.

V.2 Result and Discussion

V.2.1 Synthesis of ligands and complexes

Initially, two penta-coordinated Cu(Il) complexes, [Cu(L)Cl;] 1a and [Cu(L")Cl:] 1b, along
with a hexa-coordinated Cu(Il) complex [Cu(L"):]"[(PFs)2"] 1c, were synthesized. The
preparation of the penta-coordinated complexes involved the reaction of CuCl2-4H>O, while
the hexa-coordinated complex was synthesized by reacting Cu(OAc)2-H,O with 2-(2-
pyridylazo)-4-chloroazobenzene (L) and 2-(2-pyridylazo)azobenzene (LY).(Scheme 2). The
use of a strongly electron-deficient organic template, L, is supported by its ability to promote
the favorable initial attack of nucleophiles (primary or secondary alcohols) at the electron-rich
copper center. This interaction, in turn, facilitates the overall catalytic pathway (Scheme 4).
This work reports the exploration of these pincer complexes for their catalytic activity in cross-

coupling reactions.

CuCl,.2H,0, EtOH
> N=N

- N=N
RT, 5 hrs strring — \ /
Q / Q /E"/cﬁ\c' Q
R

N=N N=N Cl

<—f 1a(R=Cl)
N 1b(R=H)
\_7 L3(R=CI)

L°(R=H) R /4

Cu(OAC),.H,0, EtOH

RT, 5 hrs strring > éN/ L
o~

Scheme 2. synthetic strategy of the copper catalysts

The organic templates, L' and LY, containing two electron-deficient azo moieties and an
aromatic heterocyclic group, were synthesized via the condensation of (E)-2-((4-

chlorophenyl)azo)aniline or (E)-2-(phenylazo)aniline with 2-nitrosopyridine, following a
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previously reported procedure.!* The stoichiometric reaction of CuCl..4H.O with the
respective organic template (L' or L) in an ethanolic medium at room temperature for 6 hrs
yielded two new deep brown complexes, 1a and 1b, with yields of 90% and 92%, respectively.
A new brownish-red complex, 1¢, was obtained in 85% yield by reacting Cu(OAc)>-H>O with
L" in an ethanolic medium at room temperature for 4 hrs. All the complexes are stable in air
and moisture.

V.2.2 IR spectra

Sharp vibrations around 1456, 1395 cm™!; 1459, 1397 cm ™! and 1448, 1389 cm™! in the infrared

spectra of complex 1a; 1b and 1¢ were assigned to the vn=n stretching respectively (Figure 2).

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber{cm™) Wavenumber(cm™)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 2. IR spectra of 1a (upper left), 1b (upper right) and 1c¢ (bottom).

V.2.3 Crystal Structures

Using the X-ray diffraction technique, the molecular structures of three copper complexes were
determined by growing suitable X-ray quality single crystals from the slow diffusion of
respective dichloromethane solutions into n-hexane at room temperature. ORTEP perspectives

with selected bond parameters of la, 1b and lc¢ are given in Fig. 3-5 and additional
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Figure 3. ORTEP view of 1a (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability). Selected bond lengths (A) and bond angles
(deg): Cul-Cl1 2.239(6), Cul—CI2 2.371(7), Cul-N1 2.017(2), Cul-N3 2.002(3), Cul-N4
2.119(3), N2-N3 1.256(5), N4-N5 1.252(4), N1-Cul-N3 76.52(11), N3—Cul-N4 78.17(12),
N4—Cul-CI1 95.66(11), Cl1-Cul-CI2 122.10(10), Cl1-Cul-N3 99.95(11), Cl1-Cul-N1
94.45(12), N1-Cul—CI2 94.31(10), N3—Cul-CI2 137.68(11), N1-Cul-N4 154.00(8).

Figure 4. ORTEP view of 1b (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability). Selected bond lengths (A) and bond angles
(av) (deg): Cul—-Cl1 2.210(8), Cul—CI2 2.387(8), Cul-N1 2.050(2), Cul-N3 1.982(3), Cul—
N4 2.166(3), N2-N3 1.257(5), N4-N5 1.251(4), N1-Cul-N3 76.52(11), N3—Cul-N4
78.17(12), N4—Cul—Cl1 95.66(11), C11-Cul—CI2 122.10(10), C11-Cul-N3 99.95(11), Cl1-
Cul-N1 94.45(12), NI-Cul-CI2 94.31(10), N3-Cul-CI2 147.98(11), N1-Cul-N4
153.02(11).

Figure 5. ORTEP view of [1¢]** (Solvent molecule and hydrogen atoms are omitted for clarity,
and thermal ellipsoids are set at 50% probability). Selected bond lengths (A) and bond angles
(deg): Cul-N1 2.103(3), Cul-N3 1.972(3), Cul-N4 2.374(3), Cul-N6 2.103(3), Cul-N8
1.972(3), Cul-N9 2.374(3), N2-N3 1.254(5), N4-N5 1.262(5), N7-N8 1.254(5), N9-N10
1.262(5), N1-Cul-N3 77.06(13), N3-Cul-N4 75.15(12), N6—Cul-N8 77.06(13), N8—Cul—
N9 75.15(12).
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crystallographic information are provided in Table 1 and 2. Complexes 1a, 1b and 1¢ crystalize
in monoclinic C12/c1, orthorhombic Pbca and monoclinic C12/c1 space group respectively.
The asymmetric unit of complex 1b comprises two crystallographically independent
molecules (Z' = 8), with all atoms occupying general positions. The unit cell contains a total of
sixteen molecules. The primary valency of Cu(Il) is satisfied by two chloride ligands positioned

cis to each other, minimizing overall steric hindrance. In case of complex 1a and 1b, the ligand

Table 1. Crystallographic Details of complexes 1a and 1b.

la 1b [1c]?*.2PF¢”
Empirical formula C17H12NsClsCu C17H13NsCl2Cu C34H26CuF12N10P2
T/K 298K 298K 298K
fw 456.21 421.77 928.13
Crystal system Monoclinic Orthorhombic Monoclinic
Space Group Ci12/cl Pbca Cl12/cl
a/A 9.4407(7) 12.9783(3) 13.1384(5)
b/A 14.0356(11) 12.8654(3) 21.2067(8)
c/ A 14.0074(11) 41.2875(9) 14.6732(8)
aldeg 90 90 90
pldeg 98.164(2) 90 109.8600(10)
yldeg 90 90 90
v/ A3 1837.3(2) 6893.8(3) 3845.1(3)
Z 4 16 4
DJ/Mgm® 1.649 1.625 1.603
w/mm'? 1.636 1.587 0.751
F(000) 916 3216 1868
cryst size/mm?® 0.5x0.3x0.2 0.5x0.3x0.2 0.51 x 0.43 x 0.31
Oldeg 2.847 —29.591 2.28 - 22.85 2.42 - 25.43
Measured reflns 9941 9961 9354
Unique reflns 3912 10062 10516
%GOF on F? 1.064 1.000 1.049
R1°, WR2°[I>20¢(1)] 0.0636, 0.1649 0.0405, 0.0830 0.0655, 0.0733
R1, wR2 0.0711,0.1724 0.0748, 0.0956 0.1906, 0.1987
3GOF = {X[w(Fo 2-Fc2)2]/(n-p)}2. "R1 = X [[Fo|-|Fc|)/ Z |Fol.
‘wR2 = [Z [W(Fo?-Fc?)?]/ T [W(Fo?)?]]"? where w = 1/[ 6*(Fo?)+(aP)*+bP], P = (Fo’+2F:2)/3.

L and two Cl atoms furnish distorted penta-coordinated geometry around Cu(Il), while
tridentate coordination was found through Npyridyl, Nazopyridyt and and Nazophenyt atoms to form
two juxtaposed five-membered rings in due course of chelation. This typical class of ligand
with appreciable m-acidity ensures strong coordination through back-bonding with the metal
centre, and thus leads to a robust class of coordinatively unsaturated copper compounds. These

two features are indispensable for a metal catalyst to be a good candidate in homogeneous
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catalysis with sustainable character. For precise determination of geometry between square
pyramid and trigonal bipyramid of penta-coordinated complexes, the largest (N1—Cul—N4
154.02A) and second-largest (N3—Cul—CI2 137.69A) angles are used to calculate the t value

as 0.272 for 1a and similar calculation for 1b results t value as 0.221.

Table 2. Selected Experimental and Theoretical Bond Parameters of 1a and 1b complex.

la 1b

Parameter Expt. Theo. Parameter Expt. Theo.
Cul-Cl1 2.2391(10) 2.501 Cul-Cl1 2.3874(8) 2.498
Cul-CI2 2.3711(10) 2.325 Cul-CI2 2.2104(8) 2.328
Cul-N1 2.015(3) 2.079 Cul-N5 2.050(2) 2.080
Cul-N3 2.002(2) 2.035 Cul-N1 1.982(2) 2.040
Cul-N4 2.118(3) 2.160 Cul-N2 2.166(2) 2.156
N2-N3 1.253(4) 1.254 N4-N1 1.267(3) 1.254
N4-N5 1.232(5) 1.254 N2-N3 1.251(3) 1.254
Cl1CulCI2 122.09(4) 118.52 Cl1CulCI2 116.06(4) 119.73
Cl1CulN4 100.52(10) 101.24 CI1CulN2 93.56(6) 96.43
CI2CulN4 95.44(9) 95.96 CI2CulN2 100.01(7) 101.27
N1CulCl1 94.32(10) 95.41 N5CulCl1 98.78(7) 95.07
N1CulClI2 94.48(10) 93.16 N5CulCl2 95.96(7) 92.08
N1CulN4 154.08(15) 154.19 N5CulN2 153.02(9) 154.04
N3CulCI1 | 37.69(9) 142.43 N1CulCl1 95.90(7) 98.41
N3CulCl2 99.95(8) 98.60 N1CulCl2 147.99(7) 141.31
N3CulN1 76.52(14) 75.84 N1CulN5 76.29(9) 75.72
N3CulN4 78.20(13) 78.94 N1CulN2 78.66(9) 78.92
CIN1Cul 128.4(3) 128.77 C14N5Cul 129.6(2) 128.66
C5N1Cul 112.8(3) 111.94 C13N5Cul 112.59(18) 112.05
N3N2C5 110.5(3) 112.44 N1N4C13 111.1(2) 112.39
C6N3Cul 118.4(3) 117.66 C1IN1Cul 119.44(19) 117.57
N2N3C6 119.9(3) 121.38 N4N1C1 118.6(2) 121.43
N2N3Cul 121.4(2) 120.92 N4N1Cul 121.87(19) 120.94
C11N4Cul 112.9(3) 110.44 C6N2Cul 110.03(18) 110.56
N5N4C11 110.2(3) 113.99 N3N2C6 112.8(2) 114.04
N5N4Cul 136.5(3) 134.74 N3N2Cul 136.5(2) 13451
N4N5C12 119.4(4) 121.96 N2N3C7 120.0(3) 121.89

So, they are best described as distorted square pyramid and not as trigonal bipyramid. The bond
lengths Cu—Npy and Cu—Nazopy are 2.167(3) and 2.127(2) A in 1a and 2.170(2) and 2.126(2) A
in 1b and these are quite expected for typical Cu—N bonding.”® In the contrary, Cu—Nazoph
distances are significantly longer by 0.04 A for the reported complexes and lie near 2.46 A,
indicating the natural preference of the Cu(Il) centre towards the tetra-coordinated species. As

a result, fascinating structural types have been achieved and these can be beneficial in catalysis
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because the flexible-dentate nature of the organic scaffolds plays an important role towards the

metal-substrate bond-making/breaking processes during catalysis.

Table 3. Selected Experimental and Theoretical Bond Parameters of 1¢ complex.

1c
Parameter Expt. Theo.
Cul-N1 2.103(3) 2.205
Cul-N3 1.972(3) 2.025
Cul-N4 2.374(3) 2.400
Cul-N6 2.103(3) 2.205
Cul-N8 1.972(3) 2.025
Cul-N9 2.374(3) 2.400
N2-N3 1.254(5) 1.256
N4-N5 1.262(5) 1.255
N1CulN6 99.93(18) 99.06
N1CulN4 148.31(12) 150.16
N1CulN9 90.76(12) 87.28
N3CulN1 77.05(13) 75.80
N1CulN6 97.84(13) 95.78
N3CulN8 171.45(18) 171.46
N3CulN4 75.16(12) 75.43
N3CulN9 111.44(12) 111.06

Single crystals of the [1¢]?* cation were obtained through vapor diffusion of hexane into a
dichloromethane solution at ambient temperature. The resulting hexacoordinate complex
crystallizes in the C12/cl space group. Figure 5 presents the ORTEP plot, alongside key
metrical parameters. Crystallographic analysis reveals a distorted octahedral geometry for this
binary bis-complex. Two bis-azo ligands, oriented nearly perpendicular to each other,
coordinate in a tridentate manner. This coordination occurs through the Npy, Nazopy, and Nazoph
atoms, resulting in the formation of contiguous five-membered rings. This arrangement leads
to the formation of an N6-coordinated copper(Il) species. A pair of Nazopy atoms are oriented in
a trans configuration relative to each other, while the Nazoph and Npy atoms are arranged 1in a cis

configuration.
V.2.4 Absorption Spectra

The electronic spectra of compounds 1a, 1b and 1¢ were recorded in dichloromethane at room

temperature and are presented in Figure 6. The bathochromically shifted structured profiles
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Figure 6. Experimental (red) and theoretical (black) absorption spectrum of 1a (left) and 1b
(right) complex in CH2Cl, solution at 298 K.

observed for the complexes may be attributed to the increased electronic asymmetry introduced
by the electron-accepting bis-azo ligand. Multiple transitions, characteristic of these
complexes, are primarily associated with charge-transfer transitions within the tri-coordinated
bis-azo ligand. To investigate the origin of the redish-brown coloration, we conducted
theoretical studies, which indicate that the lower energy bands are predominantly characterized
by intraligand charge-transfer (ILCT) transitions of & to m* type. These transitions result in

absorption within the blue-green region of the visible spectrum.”

V.2.5 Electronic Structure and FMOs

The singlet ground state (So) and excited state molecular geometries of synthesised complex
1a, 1b and 1¢ were computed by DFT method by employing (R)B3LYP!’ in GAUSSIAN 09!°
programme package. The solution phase optimised geometries of the complexes were found
without applying any geometry constraints. In order to verify all stationary points as the true
minima in potential energy surface, frequency calculation was executed. The absence of any
imaginary frequency (NImag = 0) indicates that all the obtained stationary points are indeed
the true minima in potential energy surface. The X-Ray positional coordinates of complex 1a,
1b and 1¢ were directly used as the initial input for geometry optimisation calculation. By using
these ground state optimised geometries as well as excited state geometries, we performed
subsequent Single Point Energy and TD-DFT!calculation. In TD-DFT calculation we employ
conductor like continuum model (CPCM)'® and dichloromethane (CH2Cly) as solvent to

simulate absorption spectra in dichloromethane solvent. The lowest 100 singlet-singlet
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transitions in absorption and emission processes for the complex 1a, 1b and 1¢ were evaluated
gradually. The experimental results and the results obtained from TD calculations were
qualitatively comparable. Presently the approach of TD-DFT is documented as a rigorous
formalism for the electronic excitation energies among the DFT framework for calculating
spectral properties of many transitions metal complexes'®. In order to acquire the information
and nature of absorption and emission processes natural transition orbital (NTO) analysis was
executed. This method delivers the most accurate representation of the transition density
between the ground and excited states in terms of an expansion into single-particle transitions
(hole and electron states for each given excitation). we refer to the unoccupied and occupied
NTOs as “electron” and “hole” transition orbitals. The computed vertical transitions were
calculated at the equilibrium geometry of the S state and described in terms of one-electron
excitations of molecular orbitals of the corresponding So geometry. The calculated transitions
with moderate intensities (f> 0.02) can be envisaged going from the lower to the higher energy
region of the spectrum. The zinc atom was described by a double-{ basis set with the effective
core potential of Hay and Wadt (LANL2DZ)*%, and the 6-311++G(d,p)*°® basis set was used
for the other elements except hydrogen atom (6-31G) present in the complexes to optimize the
ground state geometries. The calculated electronic density plots for frontier molecular orbitals
were prepared by using the GaussView 6.0 software. GaussSum program, version 3.2%!, was

used to calculate the molecular orbital contributions from groups or atoms.

Table 4. Frontier a-Molecular Orbital Composition (%) in the Ground State for 1a complex.

. Energy Composition
Orbital MO V) Cu | Aol | Azo2 | CI | Py |Ph
116 L+5 -0.89 1 0 2 0 0 97
115 L+4 -0.99 0 0 4 1 9 86
114 L+3 -1.33 1 3 1 0 50 45
113 L+2 -2.01 0 1 0 0 91 7
112 L+1 -3.37 1 7 42 3 4 43
111 LUMO -4.10 1 39 8 3 23 26
110 HOMO -6.15 2 0 1 97 0 0
109 H-1 -6.21 3 1 95 0 2
108 H-2 -6.37 11 1 3 79 3 3
107 H-3 -6.60 2 1 12 59 1 24
106 H-4 -6.93 2 7 80 2 2
105 H-5 -6.99 11 3 6 61 2 17
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Table 5. Frontier f-Molecular Orbital Composition (%) in the Ground State for 1a complex.

. Energy Composition
Orbital MO eV) | Cu [ Azol | Azo2 | CI | Py |Ph
115 L+5 -0.98 0 0 4 1 8 86
114 L+4 -1.33 1 3 1 0 51 43
113 L+3 -2.00 0 1 0 0 91 6
112 L+2 -3.30 3 7 39 4 5 42
111 L+1 -3.97 54 7 12 13 10 3
110 LUMO -4.07 2 38 9 3 22 27
109 HOMO -6.12 3 1 1 96 0 0
108 H-1 -6.18 3 1 1 94 0 2
107 H-2 -6.25 15 4 0 78 2 2
106 H-3 -6.57 3 0 8 67 2 20
105 H-4 -6.88 10 0 1 91 0 0
104 H-5 -7.02 5 2 6 36 1 50
V.2.6 Ligand Redox and EPR

The EPR spectrum of [Cu(L")C1z] 1a recorded from the solid crystalline sample exhibits three
distinct g values, with the higher and lower values typically assigned to g« and g, respectively,
as illustrated in Figure 7. The presence of three g values is characteristic of a pentacoordinate
geometry around the Cu(Il) center, indicative of a structure intermediate between trigonal
bipyramidal and square pyramidal geometries.?> For compound 1a, the geometry is more
closely aligned with the square pyramidal limit, where the three nitrogen atoms from the L
ligand and one labile chloride occupy the equatorial positions, while an additional labile

chloride is situated at the axial site.

240 260 280 200 320 340 360
Magnetic Field (mT)

Figure 7. EPR spectrum of [Cu(L)CL:] 1a

The electron-transfer property of the complex 1a was examined using cyclic voltammetry in
an acetonitrile solution (0.1 M BusNPFs) with a platinum working electrode. Complex 1a
exhibited well-defined reductive responses at —0.49 V (AEp = 120 mV) and —1.52 V (AEp =
130 mV) vs. Ag/AgCl reference couple (Figure 8), indicating its strong electron-accepting
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capability. The observed one reversible response at 0.51 V (AEp = 110 mV) is likely attributed
to the Cu(II)/Cu(I) oxidation couple.

10 05 00 -05 -1.0 1.5 -2.0
E/V vs Ag/AgCI

Figure 8. Cyclic voltammogram of 1a in CH3CN/0.1 M BusNPF¢ with platinum as working

electrode and saturated Ag/AgCl as reference electrode. Scan rate = 100 mV s

V.2.6 Catalytic Activity

Herein, we report the dehydrogenative coupling of secondary alcohols or ketones with 2-amino
primary alcohol derivatives, catalyzed by the synthesized stable penta-coordinated Cu(II)
complexes. The Cu(Il)-based catalyst 1la demonstrated efficient activity for the
dehydrogenative coupling in a one-pot cascade synthesis of quinoline derivatives using 2-
aminobenzyl alcohol 6a as the coupling partner. Traditionally, Friedl&nder annulation reactions
rely on the condensation of 2-aminobenzaldehydes with ketones in either basic or acidic
environments.”> However, these approaches often face challenges due to the limited stability
of 2-aminobenzaldehydes, self-condensation, and related side reactions.?* In this work, an eco-
friendly synthesis of quinolines was developed through acceptorless dehydrogenative coupling
(ADC), employing catalytic amounts of base and the more stable 2-aminobenzyl alcohol and
its derivatives.

The reaction between 2-aminobenzyl alcohol 6a and acetophenone 3a was investigated
as model substrates to optimize the conditions for mono-dehydrogenative cyclization to
produce quinoline derivatives. Subsequently, the potential for double-dehydrogenative
cyclization of secondary alcohols with 2-aminobenzyl alcohol was explored. Notably, the
reaction using 1-phenylethanol 4a and 6a as benchmark substrates successfully yielded
quinoline derivatives, as presented in Table 6.

Preliminary experiments were conducted using 1.00 mol% of catalyst 1a and 100 mol%
of KO7Bu under open-air conditions at 85 °C, yielding 92% and 90% of 9aa under condition A
and condition B, respectively (Table 1, entry 1). The reactions were further optimized by
decreasing the catalyst loading to as low as 0.005 mol%, which resulted in an almost unchanged

yield of the desired product (Table 1, entries 2—4). However, when the catalyst loading was
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Table 6. Optimization of the reaction conditions for the copper catalyzed acceptorless mono-

and double-dehydrogenative coupling of 2-aminobenzylalcohol 6a with acetophenone 3a and

1-phenylethanol 4a“

X A
catalyst (X mol%) catalyst (X mol%) P
base (Y mol%) base (Y mol%) N
solvent, open air solvent, open air 9aa O
85°C, 18hrs 85°C, 18hrs
Condltlon A
Entry Catalyst Solvent Base Temp Yield®f Yieldbd
(X mol%) (Y mol%) (°C) (%) (%)

1 1a (1.00 mol%) | Toluene | KO'Bu (100) 85 92 90

2 1a (0.1 mol%) | Toluene | KO'Bu (100) 85 91 90

3 1a (0.01 mol%) | Toluene | KO'Bu (100) 85 92 91

4 1a (0.005 mol%) | Toluene | KO'Bu (100) 85 92 87

5 | 1a(0.001 mol%) | Toluene | KO'Bu (100) 85 53 47

6 1a (0.005 mol%) | Toluene | KO'Bu (50) 85 92 87

7 1a (0.005 Toluene | KO'Bu (20) 85 92 60

mol%o)

8 1a (0.005 Toluene | KO'Bu (40) 85 92 90

mol%o)

9 1a (0.005 mol%) | Toluene | NaBHa (20) 85 74 42
10 | 1a(0.005 mol%) | Toluene | NaO'Bu (20) 85 85 57
11 | 1a(0.005 mol%) | Toluene | NaOH (20) 85 90 59
12 | 1a(0.005 mol%) | Toluene KOH (20) 85 90 57
13 | 1a(0.005 mol%) | Toluene | K>COs3(20) 85 52 19
14 | 1a (0.005 mol%) | Xylene KO'Bu (20) 85 82 55
15 | 1a (0.005 mol%) THF KO'Bu (20) 85 45 23
16 | 1a (0.005 mol%) EtOH KO'Bu (20) 85 ND ND
17¢ | 1a(0.005 mol%) | Toluene | KO'Bu (20) RT NR ND
18 | 1a(0.005 mol%) | Toluene | KO'Bu (20) 100 90 58
19 | CuCl; + Ligand | Toluene | KO'Bu (20) 85 Trace ND

(1:1)
20 CuCl2(0.005 & | Toluene | KO'Bu (20) 85 ND ND
1 mol%)

21 | Ligand (1 mol%) | Toluene | KO'Bu (20) 85 ND ND
22 Toluene | KO'Bu (20) 85 ND ND
23Y | 1a(0.005 mol%) | Toluene | KO'Bu (20) 85 trace trace
24° | 1a(0.005 mol%) | Toluene | KO'Bu (20) 85 68 37
25 | 1a(0.005 mol%) Neat KO'Bu (20) 85 45 trace
26 | 1b (0.005 mol%) | Toluene | KO'Bu (20) 85 87 59
27 | 1c (0.005 mol%) | Toluene | KO'Bu (20) 85 trace trace
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“Reaction Conditions: mono-dehydrogenation: condition A: 2-Amino benzyl alcohol 6a (1.00 mmol),
acetophenone 3a (1.00 mmol). Double-dehydrogenation: condition B: 2-Amino benzyl alcohol 6a (1.00 mmol),
1-phenylethanol 4a (1.00 mmol), Base, 5.0 ml toluene, Reaction time 18 hrs, open air.

*Isolated yield after coloumn chromatography.

‘RT = Room Temperature.

9Under an argon atmosphere.

¢Reaction time 6 hrs, ND = Not Detected.
frepresents the yield of the mono-dehydrogenative coupling reaction.

srepresents the yield of the double-dehydrogenative coupling reaction.

reduced to 0.001 mol%, the yield of 9aa dropped significantly to 53% with condition A and
47% with condition B (Table 6, entry 5). Hence, it was concluded that the optimum catalyst
loading is 0.005 mol%. Upon reducing the base loading to 40 mol%, the yield of the desired
products remained largely unaffected (Table 6, entries 5-6, 8). However, a further reduction to
20 mol% severely diminished the product yield (Table 6, entry 7). Among the various trial
bases, including NaO7Bu, KOH, NaOH, K»,CO3, NaBH4, and KO7Bu, the highest yield of the
desired 9aa was achieved using 30 mol% of KO/Bu with 0.005 mol% catalyst (Table 6, entries
9-13). Notably, KOrBu proved to be the most efficient base for this reaction, affording 9aa in
excellent yields. The reaction efficiency was maximized in aprotic solvents such as xylene,
toluene, and THF, whereas the yield decreased drastically in protic solvents like ethanol (Table
6, entries 14—-16). Additionally, the yield of 9aa dropped significantly when the temperature
was reduced from 85 °C to room temperature. However, increasing the temperature beyond 85
°C did not lead to a significant improvement in yield. Notably, the azo-chromophores play a
crucial role in the catalytic activity, as no product formation was observed when commercially
available CuClz was used as the catalyst, even after prolonged reaction times (Table 6, entry
20). Furthermore, the ligand system alone produced no catalytic product, while only trace
amounts of 9aa were obtained when a 1:1 ligand-to-CuCl, ratio was employed (Table 6, entries
19, 21). No coupling occurred in the absence of copper catalyst 1a or KO7Bu, or when the
reaction was conducted under neat conditions (Table 6, entries 22, 24-25). Performing the
reaction under an argon atmosphere yielded only trace amounts of the desired product (Table
6, entry 23). Additionally, reducing the reaction time to 6 hrs resulted in a decreased product
yield of 68% (Table 6, entry 23). Remarkably, catalyst 1a exhibited superior activity compared
to 1b and 1c (Table 6, entry 26-27), likely due to the electron-withdrawing nature of the
chlorine substituent (Cl vs H), which rendered complex 1a more electron-deficient.

With the optimal conditions established, the scope of dehydrogenative cyclization
between 2-aminobenzyl alcohol 6a and various ketones was extensively investigated. A wide

range of functional groups, including aryl, alkyl, and naphthyl substituents, were well tolerated.
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Under the optimized condition A, acetophenones bearing both electron-withdrawing and
electron-donating groups demonstrated compatibility with 6a as coupling partners, yielding the
desired quinoline derivatives efficiently. Superior yields of the corresponding quinolines were
obtained when acetophenones containing electron-donating groups at the para-, meta-, and
ortho- positions of the phenyl ring were utilized (Table 7, entries 9ab—ae).

The corresponding quinolines 9ab, 9ac, and 9ad were obtained in 94%, 90%, and 84%
isolated yields, respectively, under condition A through the reaction of 1-(p-tolyl)ethan-1-one
3b, I-(m-tolyl)ethan-1-one 3¢, and 1-(o-tolyl)ethan-1-one 3d with substrate 6a. Additionally,
acetophenones containing halogen substituents as electron-withdrawing groups afforded the
corresponding quinolines in isolated yields ranging from 84% to 86% (Table 7, 9af-ag).
However, in the presence of strongly electron-withdrawing nitro substituents, the desired
quinoline products were obtained in moderate yield (Table 7, 9ah). Additionally, naphthyl
ketones were examined as coupling partners. For instance, the reaction of 1-(naphthalen-2-
Table 7. Screening of various secondary alcohols and ketones for dehydrogenative coupling

reaction with 1a

(0] OH
RJ\CH R)\CH
X 3 3
3a-k OH dak N
Z —_—
N" "R 1a(0.005 mol%) NH 1a (0.005 mol%) P
9aa-ak KOtBu (20 mol%) 6a 2 KOtBu (20 mol%) N~ R
toluene, open air toluene, open air 9aa-ak
85°C, 18 hrs 85°C, 18 hrs
Condition A Condition B
x S B N en x
A: 92%, TON 23000 A: 94%, TON 23500 A- 90% TON 22500 - 54% TON 21000 - s0s TON 225
B 870 TON21730 B: 907%. TON22500 B: §2%, TON 20500 B: 78%, TON 19500 B: 3%, TON 20750
G e L >
i N N7 O NZ
0 L0 O
Br F NO, 9aj

A: 86%, TON 21500 A: 84%_ TON 21000 A: 68%, TON 17000 A- 84%. TON 21000 A 89%, TON 22250
B: 83%, TON 20750 B: 81%, TON 20250 B: 62%. TON 15500 B: 80%, TON 20000 B: 86%, TON 21500

zé\ /i

CHy

9ak
A: 75%, TON 18750
B: 71%, TON 17750

“Reaction Conditions: (mono-dehydrogenation reaction: condition A): 2-Aminobenzyl alcohol (6a) (1.00 mmol); ketone (3a—
k) (1.00 mmol); base (20 mol%). (double-dehydrogenation reaction: condition B): 2-Aminobenzyl alcohol (6a) (1.00 mmol);
secondary alcohols (4a—k) (2.00 mmol); base (40 mol%). “Isolated yields after column chromatography. 5.0 mL toluene. open
air. “represents the yield of the mono-dehydrogenation reaction product i.e. the yield of the products between 2-Aminobenzyl
alcohol (6a) (1.00 mmol) and ketones (3a—k) (1.00 mmol). Brepresents the yield of the double-dehydrogenation reaction
product i.e. the yield of the products between 2-Aminobenzyl alcohol (6a) (1.00 mmol) and secondary alcohols (4a—k) (2.00
mmol).
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yl)ethan-1-one 30 with 6a afforded quinoline 9ai in 84% isolated yield. To further investigate
the substrate scope, aliphatic ketones were employed as coupling partners. Notably, the
corresponding quinolines 9aj and 9ak were obtained in 75% and 89% isolated yields,
respectively (Table 7). This outcome contrasts significantly with the results reported by Sortais
using a rhenium-based catalyst, where aliphatic alcohols failed to produce any quinoline
products.?

To evaluate the versatility of the copper-catalyzed dehydrogenative cyclization process,
the substrate scope of the double dehydrogenative coupling between 2-aminobenzyl alcohols
and secondary alcohols was investigated. A range of substituted secondary alcohols 4a—o was
examined under reaction condition B using 6a as the coupling partner (Table 7). The
corresponding quinolines were obtained in moderate to high isolated yields when using 1-
phenylethanol derivatives bearing electron-donating substituents at the ortho-, meta-, or para-
positions of the phenyl ring. Reactions with 1-(p-tolyl)ethanol 4b, 1-(m-tolyl)ethanol 4¢, and
1-(o-tolyl)ethanol 4d afforded quinolines 9ab, 9ac, and 9ad in 90%, 82%, and 78% yields,
respectively. Secondary alcohols containing electron-withdrawing groups were also
compatible, albeit requiring longer reaction times and yielding lower product amounts.
Aliphatic alcohols proved to be suitable coupling partners, though they exhibited lower yields
and required extended reaction times, likely due to their reduced reactivity in forming the

corresponding ketones via acceptorless dehydrogenation.

Table 8. Screening of various secondary alcohols and ketones with 2-amino-5-chloro benzyl

alcohol 6b for dehydrogenative coupling reaction with zinc catalyst 1a

(o) OH
cl X RJ\CH3 cl R)\CHS ol
3a-i OH 4a-i X
~Z - EE— .
N" R 1a(0.005 mol%) NH 1a (0.005 mol%) =
10aa-ai KOtBu (20 mol%) 6a 2 KOtBu (40 mol%) N _ R
toluene, open air toluene, open air 10aa-ai
85°C, 18 hrs 85°C, 18 hrs
Condition A Condition B
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cl
O SN Cl X [+] X cl e ol x
- O P
O = O = O CH
. . O ; O ) ” ]
10 O 10ad O O
aa 10ab o 10ac . a OCH, 10ae

. TON A: 92%, TON 23000 A 92% TON 2
A: 94%, TON 23500 A 92% TON 23000 - am0r T : A: 92%, TON 23000
o A: 87%, TON 21750 B: 90%, TON 22500 B: 89%, TON 22250
B: 92%, TON 23000 B: 90%, TON 22500 B. 84%, TON 21000
cl
N el
= cl cl
G 1 OO .
0O A : G
10af NO 1o | ) OO N
? e = 10ah 10ai
A: 70%, TON 17500 A 76% TON 19000 A: 78%, TON 19500
B- 66%,. TON 16500 B 74%, TON 18500 A: 88%, TON 22000
B: 86%, TON 21500 B: 76%, TON 19000

“Reaction Conditions: (mono-dehydrogenation reaction: condition A): 2-amino-5-chloro benzyl alcohol 6b (1.00 mmol);
ketone 3a—i (1.00 mmol); base (20 mol%). (double-dehydrogenation reaction: condition B): 2-amino-5-chloro benzyl alcohol
6b (1.00 mmol); secondary alcohols 4a—i (2.00 mmol); base (40 mol%). “Isolated yields after column chromatography. 5.0 mL
toluene. open air. “represents the yield of the mono-dehydrogenation reaction product i.e. the yield of the products between 2-
amino-5-chloro benzyl alcohol 6a (1.00 mmol) and ketones 3a—i (1.00 mmol). Zrepresents the yield of the double-
dehydrogenation reaction product i.e. the yield of the products between 2-amino-5-chloro benzyl alcohol 6b (1.00 mmol) and
secondary alcohols 4a—i (2.00 mmol).

To broaden the substrate scope, a substituted 2-aminobenzyl alcohol was evaluated as a
potential coupling partner with acetophenone 3a and I1-phenylethanol 4a. Both electron-
donating and electron-withdrawing substituents on 3a and 4a were well-tolerated, successfully
coupling with 2-amino-5-chlorobenzyl alcohol 6b to afford the corresponding quinolines in
66-92% isolated yields (Table 8).

Notably, the exclusive formation of quinoline-based derivatives, representing the
desired cyclization products, was achieved under the optimized reaction conditions without the
formation of self-condensed side products from 2-aminobenzaldehydes. Additionally, only

trace amounts of unreacted alcohols or ketones were detected in all cases.

V.2.6 Mechanistic Investigation

A mercury poisoning test was conducted to assess the homogeneity of the catalytic system and
evaluate the role of the catalyst. The presence of mercury did not affect either the
dehydrogenation of alcohols or the subsequent coupling reactions. After exploring the substrate
scope, investigations were directed toward elucidating the plausible mechanism of the Cu-
catalyzed dehydrogenation of aromatic primary alcohols to their corresponding aromatic

aldehydes.
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Figure 9. Some control experiments for both C—C and C-N catalytic reactions.

When 6a, 2f, and 4n were subjected to the optimal reaction conditions in the absence
of a coupling partner, the corresponding carbonyl compounds 6a', 2f', and 4n' were obtained
in 90%, 83%, and 77% yields, respectively (Figure 9), suggesting the probable conversion of
both primary and secondary alcohols as intermediates. Notably, the reaction of 6a with a base
in the absence of catalyst 1a yielded only trace amounts of 6a'. To further elucidate the reaction
mechanism, 6a was reacted with 3a and 4a under both reaction conditions A and B, affording
9aa in 92% and 87% yields, respectively. The target product 9aa was not formed in the absence
of either catalyst 1a or base.

These findings demonstrated that alcohol oxidation to carbonyl compounds occurs
exclusively in the presence of catalyst 1a (Figure 9). To investigate the mechanistic pathway—
specifically the feasibility of a one-electron hydrogen atom transfer (HAT) vs a two-electron
hydride transfer (HT) process involving a transient copper hydride intermediate—the
dehydrogenation of cyclobutanol (a radical clock substrate) was conducted under optimized
conditions using catalyst 1a. The formation of cyclobutanone as the dehydrogenated product
strongly supports the involvement of a two-electron hydride transfer mechanism while
excluding the possibility of a HAT pathway involving a ketyl radical intermediate (Scheme 3).
The "H NMR spectrum confirmed the exclusive in situ formation of cyclobutanone as the final
product in the presence of catalyst 1a, further supporting the proposed two-electron hydride

transfer mechanism. (Figure 10).2
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Figure 10. 'H NMR spectrum of cyclobutanone (300 MHz, CDCl5).
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Scheme 3. Investigation of active participation of non-radical intermediate during catalytic
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Figure 11. Electronic spectra of the formation of I3~ ion in presence of H>O: (detection of H2O>

was achieved as described in the experimental section).

Following the control experiments, a plausible catalytic cycle for the reaction mechanism is

proposed, as illustrated in Scheme 3. These studies suggest the formation of a,B-unsaturated
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ketones as intermediates through classical aldol condensation and subsequent dehydration to
afford the corresponding quinoline derivatives, via the well-known borrowing-hydrogen (BH)

mechanism.

- N_N\Cu/
C A

KO'Bu R
L /L
4 Ar” TOH
'BuOH + K
R=H, For Primary Alcohol
=CHj, for Secondary Alcohol

N= N=N

Y d N A
02% \ /N /\g
A X/

R” CAr

Catalytic Cycle of Dehydrogenative Goupling Reaction

Cwﬁé NQ Ko
oy

- @*ﬂ“ﬂa

Scheme 4. Proposed reaction mechanism for Cu(Il)-mediated catalytic reaction.

V.3 Conclusions

In summary, we have developed a straightforward, scalable, and sustainable dehydrogenative
cross-coupling strategy utilizing a novel electron-deficient and robust N*N”~N-pincer copper
catalyst. The highly electron-deficient bisazo-pyridine framework likely enhances the overall
catalytic cycle by promoting the initial nucleophilic coordination of alcohols during catalysis.
This neutral, coordinatively unsaturated square-pyramidal [Cu(N*N”N)Cl,] -catalyst
demonstrates excellent stability and in-situ recyclability, as evidenced by its remarkably high
turnover numbers (up to 23,000 with a 0.005 mol% catalyst loading) and low base requirement
(20 mol% KO7Bu) under homogeneous aerobic conditions. The C—N Friedldnder annulation to
quinoline derivatives proceeds via HT under open-air homogeneous reaction conditions in the
presence of catalytic amounts (~20 mol%) of KO7Bu as a base. The production of quinoline
derivatives is achieved through acceptorless dehydrogenative coupling followed by N-
annulation in a one-pot process. Notably, the desired catalytic products are obtained without

detectable self-condensed side products, and the reaction byproducts are inherently benign.
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Lower metal catalyst and base loadings pose a challenge but are essential for green and
sustainable chemistry, as they minimize the release of hazardous metal waste and toxic
byproducts into the environment. A non-radical pathway involving a hydride transfer
mechanism is proposed for the Cu(Il)-mediated alcohol dehydrogenation reaction, supported
by control studies. This advanced approach exhibits broad substrate tolerance, accommodating
aliphatic, aromatic, and heteroaromatic alcohols to generate a diverse range of C—C and C-N
cross-coupled products under mild conditions, achieving the highest TON reported to date

among homogeneous copper catalysts.

V.4 Experimental Section

V.4.1 General Information

Except where stated otherwise, all manipulations were performed under an argon atmosphere.
Solvents were dried using conventional techniques and subsequently distilled under argon
before use. copper chloride dihydrate, benzyl alcohol and its derivatives, as well as
ketones/secondary alcohols and its derivatives, were purchased from Sigma-Aldrich, BLD.
Additional chemicals and solvents were obtained from Merck India, Ranchem Private Limited,
TCI Chemicals (India) Pvt. Ltd., and Alfa Aesar, and were dried using standard methods before
use. FT-IR spectra were recorded on a Perkin-Elmer L1600300 spectrometer. NMR spectra
('H, 1C, and "°F) were measured using Bruker FT 300 and 400 MHz spectrometers, with TMS
as the internal reference. Electronic spectra were obtained using a Perkin-Elmer LAMBDA 25
spectrophotometer in dichloromethane solutions at a solute concentration of approximately
105 M.

V.4.2 Synthesis

Synthesis of ligands

The organic ligands L' and LY comprising two electron-deficient azo moieties along with an
aromatic heterocyclic group have been prepared by condensation of (E)-2-((4-
chlorophenyl)azo)aniline or (E)-2-(phenylazo)aniline with 2-nitrosopyridine using the

previously reported procedure.'*

Synthesis of complexes

[Cu(LYCIz] 1a CuCl2.2H>0 (170 mg, 1.00 mmol) was added to a solution of (L") (354 mg,
1.10 mmol) in ethanol (25 mL) under open air. The reaction mixture was stirred at room
temperature for 4 hrs. The solvent was removed under reduced pressure. Slow diffusion of the

dichloromethane solution of the complex into n-hexane led to the crystallisation of 1a as block-
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shaped crystals. Yield and characterization data: Brownish-red crystal, Yield 82% (356 mg).
Anal. Calcd. for C17H12N5Cl3Cu: C 44.76, H 2.65, N 15.35; Found C 44.88, H 2.67, N 15.17%.
FT-IR (cm™): 1452, 1392 (vn=~). HRMS (ESI) m/z Calcd. for Ci7Hi2NsCLCu [M — CI]*
418.9766, found 418.9716.

[Cu(LH)CIz] 1b The former procedure has been applied with same stoichiometrically amount
to synthesised complex 1b. Yield and characterization data: Brownish-red crystal, Yield 79%
(318 mg). Anal. Calcd. for C17H13NsCLCu: C 48.53, H 2.87, N 16.64; Found C 48.61, H 2.84,
N 16.56%. FT-IR (cm™'): 1448, 1391 (vn=n). HRMS (ESI) m/z Calcd. for C17H2NsCICu [M —
Cl1]" 384.0077, found 384.0045.

[Cu(LH)z] 1¢ Cu(OAC)2.H20 (200 mg, 1.00 mmol) was added to a solution of (L") (316 mg,
1.10 mmol) in ethanol (25 mL) under open air. The reaction mixture was stirred at room
temperature for 4 hrs. The solvent was removed under reduced pressure. Subsequent brown
solution was evaporated to dryness. The crude product was subjected to column
chromatography. Complex l¢ was appeared as a brownish-red band when eluted with an
acetonitrile/NH4PF¢ mixture. Slow diffusion of the dichloromethane solution of the complex
into n-hexane led to the crystallisation of 1c as block-shaped crystals. Yield and
characterization data: Brownish-red crystal, Yield 78% (510 mg). Anal. Caled. for
C34H24N19CuP,F12: C 44.10,H2.61,N 15.12; Found C 44.35, H 2.58, N 15.18%. FT-IR (cm™'):
1456, 1389 (v~n=n). HRMS (ESI) m/z Caled. for C3sH24NioCu [M/2]", 462.5382 found
462.5421.

General procedure for Friedléiinder quinoline synthesis

Catalyst 1a (0.005 mol%), KO7Bu (20 mol%), secondary alcohols/ketones (1.0 mmol), and 2-
aminobenzyl alcohol derivatives (1.0 mmol) were added to a 50.0 mL round-bottom flask under
ambient conditions. The reaction mixture was then placed in an oil bath preheated to 85 °C,
followed by the addition of 5.0 mL of toluene. The reaction proceeded for 8 hours. After
completion, the mixture was concentrated under vacuum and purified by column
chromatography using silica gel (60—120 mesh) with a hexane/ethyl acetate eluent to obtain
the desired product.

Detection of hydrogen peroxide in the catalytic reaction

The production of H>O: as a byproduct during the catalytic process was monitored
spectrophotometrically by detecting the characteristic absorption band of I3~ (Amax = 350 nm)
upon reaction with KI.2” Following our developed procedure, catalyst 1a (0.005 mmol) and

KO7Bu (20 mol%) were added to a round-bottom flask containing benzyl alcohol (1.00 mmol)
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in 5 mL of dry toluene. After 2 hrs of reaction, the mixture was extracted using
dichloromethane, and an equal volume of water was added. To prevent further oxidation, the
aqueous layer was acidified with HoSO4 to pH 2, followed by the addition of 1 mL of a 10%
KI solution and three drops of a 3% ammonium molybdate solution. The presence of hydrogen
peroxide initiates the reaction: H.O2 + 21" + 2H* — 2H>0 + .. Subsequently, in the presence
of excess iodide ions, the following reaction occurs: I (aq) + I' — 3. Adding ammonium
molybdate accelerates the reaction, which initially proceeds slowly but increases in rate as the

acid concentration rises.

V.5 Characterization data of Cu catalyzed compounds:
All the reactions were carried out in 1.0 mmol scale of reactant and according to the general
procedure for synthesis of quinoline derivatives.
2-phenyl quinoline (9aa): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 92%,
N 189mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.26-8.18 (m,4H), 7.92-
e 7.84 (m, 2H), 7.78-7.73 (m,1H), 7.59-7.47 (m,4H). 3*C NMR (75 MHz,
CDCL): o (ppm) 157.4, 148.3, 139.7, 136.8, 129.8, 129.7, 129.4, 128.9,
127.6,127.5,127.2, 126.3, 119.1.
2-(p-tolyl)quinoline (9ab): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 94%,
N 207mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.21 (d, J = 8.5 Hz,
N O 2H), 8.11 (d, J = 8.2 Hz, 2H), 7.89-7.82 (m,2H), 7.78-7.72 (m,1H),
CHs  7.57-7.51(m, 1H), 7.37(d, J = 7.8 Hz, 2H), 2.47 (s, 3H). *C NMR (75
MHz, CDCl3): 6 (ppm) 157.4, 148.3, 139.4, 136.8 (d,J=16.6 Hz), 129.6 (d, /= 5.7 Hz), 129.3,
128.5,127.5,127.1, 126.1, 118.9, 21 4.
2-(m-tolyl)quinoline (9ac): Eluent: Hexane/Ethyl acetate (20:1). Yellowish Liquid (yield =
N 90%, 197mg). 1H NMR (300 MHz, CDCIl3): & (ppm) 8.25-8.20 (m,
N O o 2H), 7.95 (d, J= 7.7 Hz, 1H), 7.85 (d, J = 6.6 Hz, 1H), 7.80-7.73 (m,
2H), 7.55 (t, J = 6.9 Hz, 1H), 7.47-7.37(m, 2H), 7.31 (d, J = 6.7 Hz,
1H), 2.51 (s, 3H). 3C NMR (75 MHz, CDCls): & (ppm) 157.6, 148.3, 138.5, 136.7, 133.8,
130.1, 129.7, 129.6, 128.7, 128.4, 128.3, 127.4, 126.2, 124.7, 119.1, 21.6.
2-(o-tolyl)quinoline (9ad): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield = 84%,
O X ch;  185mg). "H NMR (300 MHz, CDCls): & (ppm) 8.22 (dd, ] = 15.9, 8.5 Hz,
N7 O 2H), 7.89 (dd, /= 8.2, 1.5 Hz, 1H), 7.77 (m,1H), 7.62-7.51 (m,3H), 7.40-
7.31 (m, 3H), 2.44 (s, 3H). 1*C NMR (75 MHz, CDCls): § (ppm) 160.3,
147.9, 140.8, 136.1, 136.0, 130.9, 129.7, 129.6, 128.5, 127.5, 126.8, 126.4, 126.0, 122.4, 20.4.

(7

(7
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2-(4-methoxyphenyl)quinoline (9ae): Eluent: Hexane/Ethyl acetate (20:1). pastel orange
O N solid (yield = 89%, 209mg). 'H NMR (300 MHz, CDCls): § (ppm)
v O 8.22-8.15 (m, 4H), 7.88-7.82 (m, 2H), 7.73 (t, /= 6.9 Hz, 1H), 7.52 (t,
o™ J=17.5Hz, 1H),7.08 (d, J = 8.9 Hz, 2H), 3.92 (s, 3H). 13C NMR (75
MHz, CDCls): & (ppm) 160.8, 157.0, 148.3, 136.7, 132.3, 129.6, 129.5, 128.9, 127.4, 126.9,
125.9, 118.6, 114.2, 55.4.
2-(4-bromophenyl)quinoline (9af): Eluent: Hexane/Ethyl acetate (20:1). fawn solid (yield =
O t 86%, 245mg). 'H NMR (300 MHz, CDCl3): § (ppm) 8.26 (d, J= 7.8 Hz,
" O 1H), 8.18 (dd, /= 8.5, 1.0 Hz, 1H), 8.08 (d, J = 8.6 Hz,2H), 7.87 (d, J =
” 8.6 Hz,2H), 7.79-7.74(m, 1H), 7.68(d, J = 8.6 Hz, 2H), 7.57 (t, J = 6.9
Hz,1H). *C NMR (75 MHz, CDCl3): § (ppm) 156.1, 148.3, 138.5, 137.0, 132.0, 131.4, 129.9,
129.7, 129.1, 127.5, 127.3, 126.6, 123.9, 118.5.
2-(4-fluorophenyl)quinoline (9ag): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield =
O N 84%, 188mg). 'H NMR (300 MHz, CDCl;): § (ppm) 8.26-8.16 (m, 4H),
i O 7.86 (d, J=8.6 Hz, 2H), 7.76 (t,J= 6.9 Hz, 1H), 7.56 (t,J=7.5 Hz, 1H),
F7.27-7.21(m, 2H). *C-NMR (75 MHz, CDCls): & (ppm) 165.5, 162.2,
156.3, 148.2, 136.9, 135.9, 129.8, 129.5, 129.4, 127.5, 126.4, 118.7, 115.9, 115.7. ’F NMR
(282 MHz, CDCI3): 6 =-117.3 (s, 1F)
2-(4-nitrophenyl)quinoline (9ah): Eluent: Hexane/Ethyl acetate (20:1). beige solid (yield =
81%, 203mg). 'H NMR (300 MHz, CDCl3): § (ppm) 8.43-8.36 (m,
4H), 8.35-8.32 (m, 1H), 8.24-8.20 (m, 1H), 7.96 (d, J = 8.6 Hz, 1H),
No, 7.92-7.89 (m, 1H), 7.84-7.78 (m, 1H), 7.65-7.60 (m, 1H). 1*C NMR
(75 MHz, CDCI3): 8 (ppm) 157.6, 148.4, 148.3, 145.5,137.4, 130.3, 130.0, 128.4, 128.2, 127.6,
127.3,124.1, 118.8.
2-(naphthalen-2-yl)quinoline (9ai): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield =
O N 84%, 213mg). 'H NMR (300 MHz, CDCls): & (ppm) 8.65 (s, 1H), 8.41
N OO (dd, J= 8.6, 1.8 Hz, 1H), 8.27 (dd, J = 8.5, 4.6 Hz, 2H), 8.07 — 8.02 (m,
3H), 7.94 - 7.92 (m, 1H), 7.87 (d, /= 6.7, Hz, 1H), 7.80 — 7.76 (m, 1H),
7.59 — 7.54 (m, 3H). '3C NMR (75 MHz, CDCls): § (ppm) 157.2, 148.4, 137.0, 136.8, 133.9,
133.5,129.8,129.7, 128.8, 128.6, 128.3,127.7. 127.5,127.3, 127.2,126.7, 126.4, 125.1, 119.2.
2-cyclohexylquinoline (9aj): Eluent: Hexane/Ethyl acetate (20:1). yellowish oil (yield = 89%,
\ 188mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.11 (d, J = 3.0 Hz, 1H),
e 8.08 (d,/=3.4 Hz, 1H), 7.79 (dd, J=8.1, 1.5 Hz, 1H), 7.70 (ddd, J = 8.5,
6.9, 1.5 Hz, 1H), 7.50 (ddd, /= 8.1, 6.9, 1.2 Hz, 1H), 7.36 (d, /= 8.6 Hz,
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1H), 2.99-2.93 (m, 1H), 2.09-2.03 (m, 3H), 1.95-1.90 (m, 2H), 1.69-1.48 (m, 5H). 3C NMR
(75 MHz, CDCl3): 6 (ppm) 166.8, 147.9, 136.2, 129.2, 129.0, 128.2, 127.4, 125.6, 119.6, 47.62,
32.8,28.5,26.6,26.2,25.7.
2-hexylquinoline (9ak): Eluent: Hexane/Ethyl acetate (20:1). colorless oil (yield = 85%,
©f1/\/v 182mg). 'H NMR (300 MHz, CDCl3): & (ppm) 8.06 (t, J = 8.1
i o Hz, 2H), 7.76 (dd, J=8.1, 1.5 Hz, 1H), 7.68 (ddd, /=8.5, 6.8, 1.5
Hz, 1H)), 7.47 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 3.00 — 2.95 (m, 2H),
1.87 — 1.77 (m, 2H), 1.37-1.27 (m, 6H), 0.93-0.87 (m, 3H). '*C NMR (75 MHz, CDCl;): &
(ppm) 163.1, 147.9, 136.1, 129.3, 128.8, 127.5, 126.7, 125.6, 121.3, 39.3, 31.7, 30.0, 29.2,
22.6, 14.1.

6-chloro-2-phenylquinoline (10aa): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield =
°' O X 94%, 225mg). "H NMR (300 MHz, CDCls): & (ppm) 8.19-8.12(m, 4H),
7.92 (d,J=8.7 Hz, 1H), 7.83 (d, J=2.3 Hz, 1H), 7.68 (dd, J=9.0, 2.3
Hz, 1H), 7.59-7.47 (m, 3H). *C NMR (75 MHz, CDCls): & (ppm) 157.6,
146.7,139.2, 135.9, 131.9, 131.3, 130.6, 129.6, 128.9, 127.7, 127.5, 126.2, 119.8.
6-chloro-2-(4-chlorophenyl)quinoline (10ab): Eluent: Hexane/Ethyl acetate (20:1). white
“ O D solid (yield = 92%, 252mg). 'H NMR (300 MHz, CDCl3): § (ppm)
8.17-8.09 (m, 4H), 7.89-7.83 (m, 2H), 7.69 (dd, J = 9.0, 2.3 Hz, 1H),
“ 754750 (m, 2H). *C NMR (75 MHz, CDCls): § (ppm) 156.2, 146.6,
137.6, 136.1, 135.8, 132.2, 131.3, 130.8, 129.1, 128.8, 127.8, 126.2, 119.4.
6-chloro-2-(4-fluorophenyl)quinoline (10ac): Eluent: Hexane/Ethyl acetate (20:1). white
“ O S solid (yield = 87%, 224mg). "H NMR (300 MHz, CDCl5): & (ppm) 8.20-
8.08 (m, 4H), 7.88-7.82 (m, 2H), 7.68 (dd, J = 9.0, 2.4 Hz, 1H), 7.26-
F 7.20 (m, 2H). 13C NMR (75 MHz, CDCl3): § (ppm) 165.6, 162.3, 156.4,
146.6, 135.9, 132.0, 131.2, 130.7, 129.5, 129.3, 127.6, 126.2, 119.4, 116.0, 115.7. "F NMR
(282 MHz, CDCl3): 8 =-111.9 (s, 1F). MS (ESI+): Ci5H1oCIFN ([M+H]+); calculated: 258.04,
found: 258.06.
6-chloro-2-(4-methoxyphenyl)quinoline (10ad): Eluent: Hexane/Ethyl acetate (20:1). white
“ O X solid (yield = 92%, 245mg). 'H NMR (300 MHz, CDCls): § (ppm)
8.17-8.07 (m, 4H), 7.87 (d, J = 8.7 Hz, 1H), 7.80 (d, J= 2.3 Hz, 1H),
%™ 766 (dd, J=9.0, 2.4 Hz, 1H), 7.07 (d, J = 8.9 Hz, 2H), 3.91 (s, 1H).
3C NMR (75 MHz, CDCl3): § (ppm) 161.0, 157.1, 146.7, 135.7, 131.8, 131.5, 131.1, 130.5,
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128.9, 127.5, 126.1, 119.4, 114.3, 55.4. MS (ESI+): CicHi3CINO ([M+H]+); calculated:
270.06, found: 270.07.
6-chloro-2-(m-tolyl)quinoline (10ae): Eluent: Hexane/Ethyl acetate (20:1). white solid (yield
“ O A =92%, 233mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.12-8.06 (m,
°"’ 4H), 7.88 (d, J = 8.7 Hz, 1H), 7.80 (d, J = 2.4 Hz, 1H), 7.66 (dd, J =
9.0, 2.4 Hz, 1H), 7.38-7.34 (m, 2H), 2.46 (s, 3H).!*C NMR (75 MHz,
CDCl): 8 (ppm) 157.5, 146.7 139.7, 136.4, 135.7, 131.7, 131.3, 130.5, 129.7, 129.3, 128.5,
127.6,127.4,126.1, 119.7, 21.4. MS (ESI+): C16H13CIN ([M+H]+); calculated: 254.07, found:
254.09.
6-chloro-2-(4-nitrophenyl)quinoline (10af): Eluent: Hexane/Ethyl acetate (20:1). white solid
“ O > (yield = 70%, 198mg). 'H NMR (300 MHz, CDCL3): 8 (ppm) 8.23
(d,J=8.7 Hz, 2H), 7.96 (d, J = 8.6 Hz, 2H), 7.86 (d, J = 2.3 Hz, 2H),
" 7.74(d.J=2.3 Hz, 1H), 7.45 (d, J=2.5 Hz, 1H), 6.63 (d, /= 8.8 Hz,
1H). 13C NMR (75 MHz, CDCl3): § (ppm) 154.7, 148.5, 146.4, 144.7, 136.6, 133.2, 131.4,
129.3,128.4,128.1, 126.3, 124.1, 119.7. MS (ESI+): C15sHoCIN,O> ([M]+); calculated: 284.03,
found: 284.06.
6-chloro-2-(pyridin-4-yl)quinoline (10ag): Eluent: Hexane/Ethyl acetate (20:1). white solid
° N (vield = 76%, 182mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.73 (d, ] =
% 5.1 Hz, 2H), 8.24 — 8.06 (m, 2H), 8.01 — 7.99 (m, 2H), 7.84 (dd, J = 8.7,
3.0 Hz, 1H), 7.78 — 7.72 (m, 1H), 7.67 — 7.63 (m, 1H). *C NMR (75 MHz,
CDCl3): 6 (ppm) 154.5, 150.4, 146.6, 137.3, 136.3, 132.9, 131.5, 131.0, 130.1, 129.9. 128.3,
127.6, 126.2, 121.5, 119.2. MS (ESI+): C14HoCIN; ([M]+); calculated: 240.04, found: 240.07.
6-chloro-2-(naphthalen-2-yl)quinoline (10ah): Eluent: Hexane/Ethyl acetate (20:1). white
° O X solid (yield = 88%, 253mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.61
(s, 1H), 8.37 (dd, J = 8.6, 1.8 Hz, 1H), 8.16 (dd, J = 8.8, 4.1 Hz, 2H),
8.06 —7.98 (m, 3H), 7.95 - 7.89 (m, 1H), 7.83 (d, J=2.4 Hz, 1H), 7.70
(dd, J=9.0, 2.4 Hz, 1H), 7.59 — 7.54 (m, 2H). *C NMR (75 MHz, CDCl;): § (ppm) 157.4,
149.8, 136.5,135.9, 133.9,133.5, 131.9, 131.3, 130.7, 128.9, 128.7, 127.8. 127.2, 126.9, 126.5,
126.2, 124.9, 119.9. MS (ESI+): C19H12CIN ([M]+); calculated: 289.06, found: 289.08.
6-chloro-2-hexylquinoline (10ai): Eluent: Hexane/Ethyl acetate (20:1). colorless oil (yield =
c'm/\/ 78%, 193mg). 'H NMR (300 MHz, CDCls): § (ppm) 8.00-7.92 (m,
v " 2H), 7.77-7.71 (m, 1H), 7.64-7.53 (m, 1H), 7.34-7.28 (m, 1H), 2.97

(dd, J=8.6, 7.2 Hz, 2H), 1.86-1.76 (m, 2H), 1.46-1.40 (m, 5H), 0.97-0.87 (m, 4H). '3*C NMR
(75 MHz, CDCl5): § (ppm) 163.5, 146.2, 135.3, 131.2, 130.4, 130.2, 127.3, 126.1, 122.3, 39.3,
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31.7, 29.9, 29.2, 22.6, 14.1. MS (ESI+): CisHi9CIN ([M+H]+); calculated: 248.120, found:
248.125.

V.6 NMR spectra of selected compounds
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Figure 12. 'H NMR spectrum of compound 10ah (300 MHz, CDCl5).
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Figure 13. 3C NMR spectrum of compound 10ah (75 MHz, CDCls).
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Figure 14. "H NMR spectrum of compound 10ag (300 MHz, CDCI;).
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ABSTEACT

The diaryl-azo-cocime ligands HL, 1 undergoss oxidative coordination reaction with Wilkinson's catalyst to form two isomeric complexes of type cis [Hlm].zlf'.“l[FF‘hu]].
2a (C] and PPhy are cis) and #rons [Hh'n].zl."ﬂ[I‘P'lu]'l. b where they are fruns with respect to each other. Unlike the case of 2a, the complex 2b apon treatment with
sodium borohydride, can be transformed to froans [F.hm[[]].'.}[L HOFPhal], 3 and the reaction appears to progress vie PCET. The disposition of Egand rameworks as
well as the formation of cadme . oximatn hydrogen bond appears to have a dgnificant fanction for phenylazooxime to exhibit redox non-inmocent behaviour in
presence of thodiumilII. The compounds wene chamcterized by elecdrochemical analysis, different spectral methods, single orystal XRD and optoelectronic prop-

erties, particolarly the nature of transitions in the chelates were sorutinized by TD-DFT.

1. Intreduction

Redox non-innocent ligands are interegting owing to their inherent
capacity to exhibit variouz ligand redox levels wpon coordination [1-23]
and such systema have the aptitude to embrace and reject electronizi
during the course of catalytic procemes [24-30], in chemical and
bischemical reartions [31-33]. Coordinated azo-aromatic systems have
been found to act an appocite precursors for stabilizing ligand centered
anion radical complexes zince they poscess low-lying azo-%* orbital
[34-47]. It hao been well understood that strocture of the ligand ohel-
eton and redox character of the metal centre has a zignificant role for
controlling the stabilization of thece type of complexes and ligand-metal
R-interaction can further adjust the electromic stoructural features for
maximum stabilization [43-50]. Moreowrer, ]iga.nﬂ snvironmant aroumd
the metml centre may aloo influence the aptitude of theoe chelated azo-
ligandz in conjunction with other moieties to receive or donate odd
electron(z) and thiz may be atiributed to electronic or steric factors. The
impact of electronic environment of auxiliary ligands in oupporting
extra electron(z) within 7* LUMO of these ligand: have been much lesa
:\ep-uml [43,51]. Az a continuation of our nl:udg,r on stabilization of odd
electron in coordinated azooximes [51-53], we have ried to investigate
the competence of thece ligand to retain an unpaired electron over a=o-
oxime framework in presence of chodivmi(Ill) and to otabilize the cor-
regponding open chell complexes. In this regard, we have smrted with
the diaryl-azo-oxime HL, 1 which poaceazes low lying ©% LUMO, thereby

* Corresponding authors.
E-maail address: icsgisxcoal.edu (5. Ganguly).
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having the aptitude to perform ar an electron-zink wpon ligation, and
have succesafully isolated two izomeric complexes of type cis-[REML,Cl
(PPhyl] (2a), where Cl and PPh; are in cis positions and smans-[RETL,C]
(PPhy1] (2b), where they are sons with respect to each other. The
complex 2b can be reduced to the aso-oxime radical anion complex of
trpe trons-[RLTHL®)(L ¥ClPPRa] (3) and the reaction appeass to
progrezz via PCET but the correcponding anion radical analog of the cis
izomer could not be izolated. Thua, the trars izomer behaves a0 a oupe-
rior electron carrier and thiz has been attributed to stereochemical
control around the thodium centre. In fact, in the fons isomer 2b, there
iz arope for unpaired electron to be delocalized on both the ligands much
more afficiently since they are practically coplanar. Purthermore, the
stabilization of 3 may aloo be attributed to formation of oxime. . .oximato
intramolecular hydrogen bonding during the coume of electron accep-
tance in presence of protons and thic iz aloo consistent with theoretical
scrutiny. (zes Scheame 1)

2. Experimental details
2.1, General information

Dirying and purification of sobvents were performed uvzing literature
procedure and dictilled out before using as reguired. The required

chemicals were purchazed from following sourcex: Phenyl hydrazine
and Benzaldehyde from TGl Chemical (India) Pvt lad. Wilkineon's
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ABSTRACT: The isolation of isomeric complexes #rans-
[Ru"LF*FYCO)(PPh;)C] 2 and cis-[ R CO)(PPh,)CI] 3,
{Cl and PPh; are trans in 2 and they are cis in 3 respectively) as well
as [Ru"L™*YCO)(PPh,),Cl] 4 and [Rh™ML! Pph‘;"afy]wg
disclose the flexidentate nature of the multifunctional ligand, HL.
2-pyridylhydrazinophenanthrenequinone, 1. These complexes are
maneuvered as molecular templates for understanding the role of
halogen bonds (XB) in M—Cl bond activation and subsequent
cleavage processes. Both isomeric forms 2 and 3 furnish frans-
[Re"™L CO}PPhs)(13)] 6 (where PPhy and I in trans
position) when they are treated separately with 1 in a hydrocarbon
solvent. Nonetheless, complex 5 is converted to 7 upon similar
treatment but 4 remains unreacted. Crystal strecture of 7 revealed
that it is composed of 62% trans-[ Rh™L™* Y PPh, )CI(1,}] and 38%
hsns—[Rh]uLpﬁfm(PPha]Cl{Cllﬂ] {where PPh; and I3 /Cll;” are trans). The I;7/Cll;” gets coordinated to metal centers
exclusively in an end-on fashion in all cases. Since the valence state of metal centers remains unaltered in due course of the reaction,
the emergence of M—I; /M- Cll; from M—Cl in the absence of any reductant in solution is indicative of prior activation of M—Cl
bond via the formation of Halogen Bond (XB) of type [M—Cl—I-I] in 2n intermediate step. The geometrical fluctuations around
the coordination sphere during the transformation of cis-[Re"L™ Y CO}PPhy 1] 3 to frans-[Ru L™ P CO)(PPh)(1;)] 6 is
reminiscent of the active influence of XB, triggering the isomerization of 3 to 2 owing to steric encumbrance, before it is being
converted to 6. Electrochemical behavior and optoelectronic properties of the complexes have been complimented by theoretical
analysis and the structures were characterized by SCXED. Fepeated x-stacking motifs in the crystalline phase architecture of the
complexes have been scrutinized wsing DFT calculations.

|l Metrics & More | © Supporing Information

B INTRODUCTION

bond activation by using platinum group metal com-

It has been well understood that halogen bonds (XB)™ ' are
somewhat complementary to hydrogen bonds and their
reasonably good directional as well as tunable characteristics
led to wide-ranging applications in the rapidly growing field of
catalysis and crystal engineering.'*""*** Halogen bonding
has also been exploited in a2 few organocatalytic reac-
tions'*** a5 well as in the synthesis of certain supra-
malecular entities.”* " Mother Nature employs iodine and XB
for selective binding of thyroid hormones to their targ,etj'“"'u
and there are some “‘E"‘mi of the formation of halogen bonds
to coordinated halide®™ ¥ where certain other ligands may
perform as Lewis bases in metal complexes.™** Exchange of
ligands via h,ala%:_n bond formation has been observed only in
very few cases” * and this perception has triggered the
development of innovative and fascinating insight into metal—
halogen bond activation via the formation of halogen bonds.**

Cur group has been striving to comprehend the role of
ancillary ligands in influencing the stereoselectivity of C—H

& 2024 Amarican Chamical Socety
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plexes.*~*" In this article we have presented how judicious
choice of coligands can induce selectivity in M—Cl (M = Ru™,
Rh™) bond activation wia the formation of halogen bond (XB).
The ligand, 2-pyridylhydrazinophenanthrenequinone, HLFTHFR
1 was used to synthesize two isomeric complexes trans- and
cis-[ Ru"LPHFCOYPPR,)CI] 2 and 3 respectively and in
both cases the ligand exhibits tridentate behavior. Additionally,
another complex of composition [Ru"L™ % CO M PPh,),C1)
4, is formed where the ligand is bidentate, thereby revealing its
flexidentate character. We have also synthesized

[RRL™YPPh,)CL] § starting from Wilkinson's catalyst
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ARTICLEINFO ABSTRACT

The complexes [nut]."“‘jln:m:.[m,m 2, mut].'“‘jm[cn]twr.,}g] &, (ligand behaving as bidentate maono

aniondc) and [Eu[l.m}fl{ﬂﬂ]{l‘ﬁu]] 4, (ligand i tridentate manoanionic) have been synthesized starting from
benzothizzolyl-hydmzino-phenathrensquoinone (HL) 1 and [ReHCOMCPPhals]l. These are characterized by
electrochemical and spectral methods ax well as single crystal Xy diffctometry (SCXRD). Upon treating with
MaBH,, 3 accepts an elsctron within the coordinated bgand framework and the anionic hydrazonyl-N takes up a
profon (o be transformed o meta-stable hydrazrinoguinone anion radical complex of retheninmi(I) [Ruo( | 1
CHOON(PPha)z] 5, possibly vin concerted profon elednom transfer process (CPET)L Thos, the redox non-innocent
character of the ligand upon complexation with netheniumiD), bas been disclosed and it is attdibated to presence
of low lying =* arbitals of almost entirely of phenanthraquinone and hydrazone character. In 5, the z-acceptor
ahility of the ligand domor centres are reduced duoe to the existence of an odd electron in S30MO and hence the M

L distances around the coordination sphere are altered. The N-N (hydrsonyl bond length increases from 1296
(63 A in 3 1o 1.429 A in 5, leading 1o lesser thermodynamic stability of the latter and upan standing, the N-H
bomid is cleaved to be tmnsformed e 67, possibly vie the formation of iminoguinones anion radical complex, [4]
(reported elsewhere). Alsa, it is wa the dissodation of N-N (hydrazony]l) bond, the biologically impaortant
molecule Z-aminobenzothiazede is formed along with 6, sooas to provide a novel rowte for its synthesis.

Fyworda:
Rebox non-innocent ligand
Crpstadlograpy

DFT

HMIE
Cyelic voltammetry

1. Intreduction significant agpects that regulate the activity of several redox metal-

lo-enzymes like cytochrome P450, galactose oxidaze and hydrogenazes

It haz been well underctood that concerted proton-electron tranafer
[CPET) haz consequential rol=g in a disverse field of biological proceszes
az well az in sfficient ENErgy COTMVersiond. [1-7] The most d:ma.nﬂin.g
and challenging illustration iz the biological nitrogen fixation, which
comprizes of succemive tranofer and swapping of protons az well az
electrons to coordinated nitrogen, [3-12] although the exact reaction
pathway iz otill 2 matter of conjecture. In thiz regard, well-defined
complexes having N-N bonds are good candidates to provide come
illustrative clarification with regpect to reduction sequences zince they
may be suitably engineersd to comprehend the redox transformations
accompanying the cleavage of M- bonda. [13-24] Moreover, it has
alzo been reported that metal-ligand oynergy [25-27] iz ome of the

* Corresponding anthors.
E-mail oddresies: ichroaviidgmail.com, icgg@sccaledn (5. Ganguby).

hittps//doilorg 10 1016/ malstruc, 2024, 1387 20

etc. [26-30] In these cases, both ligands (of the prosthetic group) and
metal centres contribute to the redox events az well ag in bond cleavage
or activation. In fact, thece types of ligands are often referred to 2z redox
non-innocent [31-44] and ﬂm’g; have the diztinctive apl:i.l:ude to confar
unprecedented reactivity to the metal complexes by regulating loza or
gain of electrons and protona.

We have bean wm:kin.g with redox non-innocent liga.nﬂn [45-56] and
their roles in meml mediated redox tranzformations for a conziderable
period of time [57-61] and az an extencion of our work in thiz fiald, we
were motivated towards exploration of cooperative effect of metal along
with redox active ligand comprising of hydrazone and iminoguinone
moietien, to foster the cleavage of N-N bonds. [62-64] In the present

Received 19 March 2024; Received in revised form 17 May 2024; Accepeed 21 May 2024

Available online 22 May 2024
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Ruthenium complexes of redox non-innocent
aryl-azo-oximes for catalytic «-alkylation of
ketones and synthesis of 2-substituted quinolinest
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Che this: New J. Chem., 2024,
48, 3181

Supriyo Halder ;" Srijita Naskari” Debashis Jana,” Gopal Kanrar,”
Kausikisankar Pramanik 0= and Sanjib Ganguly [ +®

Rutheniumijs] complexes [RULICOICIPPhall 1a—4a, have been synthesized wusing ligands PhiN—=NC [AfINOH,
HL 14, respectively, by varying the pendant anyl [Ar) groups. The single crystal X-ray diffraction studies of
complexes reveal that there are cerin changes in Ru-M,., and Ru-M_,,.. bond lengths that may be
explained primarily on the basis of electronic effects of pendant ary groups. In 4a, a8l Ru-MN bond lengths
are longer and this is attributed to oeimato—0- O [hydreoyp hemd] interactions. Furthermore there are weak
intramodecular F-- - interadions in 3a The complexes display multiple reductive responses ascribable to
elactron acceptance within the azo-oxime framework of the coordinated ligand and the comesponding
one-slectron reduced metstable anion radical complexes of type [Rull* "HCOIOPPha) ] [1F hawe been
generated. This property of the complexes has been exploited in electron transfer catalyss wia trapping of
electrons in the azo-oxime skeleton in two types of reactions: [1) a-alkyation of ketones with primary aloo-
hols and il synthesis of 2-substtuted quincline deratves from 2-aminobenzyl aloohots and subatituted
acetophenones/alkd methyl ketones. The scope of catalysis has been sudied and the probable catalytic
pathway has been established from experimental results. The catalytic pathway is ligand -centric and redox-
driven for the dehydrogenation process and the initial step imvolees formation of a coordinated anion radical.
This leads to conversion of the starting 1° alcohdl to the comesponding Grbomnyl wia the HAT pathway, with
the nutheniumis) centre practically behaving 2 3 template and remaining redox inadive. The catlytic reac-
tions hawve been proven to be affected by the nature of pendant anyl (A groups within the coordinated
ligand.
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the past two and a half decades™ ™ and at present the catalytic

Introduction ; : , - present the cataly
role of their complexes is under intense investgation. In

The redox non-sinnocence’ of coordinated ligands is gaining
profound importance in the field of electron transfer catalysis
since the metal center and the ligand skeleton have the ability
o stimulate a process in a collaboradvwe manner, with the
catalyst switching from one spin isomeric state to another* %
Such resctions may proceed viz formaton of a meta-stable
ligand-centric coordinated radical and it is usually accompa-
nied by proton coupled electron transfer [PCET) ™ or hydro-
gen atom transfer fI-IAT'"].u'm The chemistry of redox non-
innocent ligands containing azo functions has developed over
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E-mail: kpramanikiphormailcom; Tel <91 23 2457 2781
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+ Electronic supplementary information (E51) asilable OO0 2303589, 2303590,
TI036(T, T30 3603 , T303607 and 2303608 . For ES1 and aystallographic data in CIF
ar ather slectronic format see D00 hitps) doi ong /10,103 9/ d4njdo 291h
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the majority of the cases, ligands are of tridentate azo pincer
type, where the ligated azo moieties have the ability o behave
as electron pockets to store electron/s in the form of an azo
anion-radical. In addition, the reserved elecoron's may be
transferred to suitable centres to bring about catalytic
reduction and this concept has been widely employed o
synthesize several value-added chemicals of pharmaceutical
and industrial importance, ina cost effective and atom efficient
ITATHTHET.

We have been striving to explore and figure out the electron
extracting ability of coordinated diand-azo-odmes in order to
effectuate certmin unusual redox ransformatons™ " We are
further motivated to synthesize suitable complexes of azo-
oximes where the ligand skeleton may become redox active in
the presence of ruthenium(n) and they may be skillfully
emploved to bring about electron-transfer catalysis for synth-
esis of useful organic compounds in an atom effident manner.
It is worth mentioning that there has been no report on

MNew J Chem, 2024, 48, 5181-8124 i
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Herein, we describe an air- and moisture-stable, homogensous zine catalyst stabilized using an electron
deficient MANAM pincer-type ligand. This temary, pema-coordinated neutral maoecular catalyst [Zn
[MAM ANICL] selectively produces a-alkylated ketone deriatives (14 examples) through a one-pot accep-
toress dehydrogenative coupling [ACC) reaction between secondary and primary aloohoks using the bor-
rowing hydrogen [BH) approach in good to excellent isclated yields [up to 93%). It i worth noting that
thiz catalyst also provides an eco-friendly route for the synthesis of quincline dervathes [30 examples)
using 2-amincbenzyl alcohols as alkyating agents wis successive dehydrogenatie coupling and
M-annulation reactions. This cost effective, easy to synthesize and emvironmentally benign catalyst shows
excellent stability in catalytic cycles under open-air conditions, as evident from its high turnower number
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Introduction

The construction of molecules with diverse funetional groups
from commonly available small molecules/building blocks by
C-C and C-heteroatorn bond actvaton is one of the funds-
mental aspects of chemical and biochemical syntheses” In
reality, the majority of classical methods require expensive and
environmentally toode reagents amd discharge hazardous waste
even in [overjstoichiometric amounts.” Thus, the dewelopment
of an efficient approsch is desimble for selective C-C and C-
heteroatom formation reactions. Accordingly, benefical organic
compounds with potential applications in the medical, agm-
chemical and pharmaceutical industries may be sg.l'rlthl.-si.z.vl:\l:l.j
In this contexct, comemion of aloohols to Calkylated derivacives
and MN-heterooyeles wa acceptorless debydmgenation coupling
[ADC) and bormowed hydmgen (BH)M-annulaton method-
ologies using homogeneous catalysts has received considerable
attention in recent years® Although such tmnsformation neac-
tions can be accomplished with 0.5-5 mol% plati num-gmup-
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[~10%), and is activated by using a catalytic amount of base under milder conditions.

metal catalysts (e, Ru, Rh, Ir, Pd and Pt) in satisfactory
yields.*® In geneml, eatalysis using non-predous firstrow tmn-
sition metals with good turnover numbes (TONs) under open-
air conditions for a-alkylation and Friedlinder annulation reac-
tions remains challenging for gramescale production of high-
value bio-active molecules Monetheless, continuous effort
has been made with 3d metal @talysts (Mn, Fe, Co, Ni and Cu]
with compamble catmbst loading (0.5-5 mol%), since they
provide a more economically viable solution (Schemes 1 and
2).11-1% A few examples have recently been meported whene ana-
logrous reactions can be socomplished with 0.05% or less cata-
Lyst Loading with Nijn) and Mnfi), respective by,

It is worth noting that the use of zinc(n) is less cited for
homogeneous catalysis than other 3d metals plausibly due o
its closed -shell, electron-rich, redox innocent nature, Cnly very
recently molecular zinc-catalvzed dehydrogenation reactions of
secondary alcohols hae been documented.” Here, dehydro-
genation of an aleohol occurs first to produce an aldehyde or
ketone that undergoes an in sity condensation reaction with
an enolate or amine to form an ofunsatumted ketone or
imine, where the former is finally reduced to form a new C-C
bond (Scheme 3) or the subsequent cyclization of aniline
derivatives leads to quinolines becuse of the aromatization in
the case of the C-N annulation reaction (Scheme 4).

In general, the catalytic perfformance of homogeneous cata-
lysts is superior to that of heterogencous catalysts™
Monetheless, the disadvantage in the use of homogeneous cat-

Ong Biomod Cham, 2024, 22 6393-6404 | 6393



e

doi.org/10.1002/a5ia.202401278

W) Cheaci bor upiabics

CHEMISTRY
&N A5IAH JOURNAL
Research Article

www.chemasianj.org

Dehydrogenative Coupling for Synthesis of Quinazolin-
4(3H)-ones via Tandem Reaction using Ruthenium(ll)-
Phenyl-Azo-Naphthaldoxime: An Experimental and

Theoretical Investigation

Supriyo Halder*,® Srijita Maskar*,”*! Debashis Jana,”™ Gopal Kanrar,™
Shyama Charan Mandal,” Subhadip Roy,” Nishchal Bharadwaj,® Kausikisankar Pramanik,*

and Sanjib Ganguly**

The bidentate N, N, donor phenyl-azo-naphthaldoxime NpLH, 1
was used to synthesize the rutheniumill) complex trans-[Ru-
MNpLyCOWIiPPh,] 2. It has been characterized by SCY{RD,
electrochemical and spectral studies Computational analysis
indicates that the low-lying =*-LUMO of the complex has
substantial azo-character of coordinated ligand. This property
has been exploited to form an efficient electron transfer pre-
catalyst to effectuate dehydrogenative functionalization of a
large number of benzyl alcohols to guinazolin-4{3Hj-ones via
condensation with diverse c-amino benzamides as well as N-

Introduction

N-heterocycles have been found to be in plenitude in natural
products due to their intimate biological relevance. This leads
to extensive research towards the development of innovative,
sustzinable amd greener methods for synthesis of azs-
heterocycles.” The quinazolinone moiety is present as a
building block in a wide range of natwrally occurring alkaloids
that have been sequestered from natural resources like micro-
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substituted benzamides under aerobic conditions (57 entries). A
reaction mechanism has been projected wia isolation of
intermediates and certain control experiments. Furthermore, it
has been substantiated by theoretical scrutiny using density
functional theory (DFT) calculation. The catalytic cyde involves
stepwise hydrogen atom transfer (HAT) from benzyl alcohols to
the M_. atoms of the coordinated ligand with subsequent
remioval of the H-atoms from the N, atoms to regenerate the
active catalyst.

organisms, plants, and animals.™ Quinazolin-4(3H}-ones and
their substituted analogues have gained significant attention
owing to wvarious phamacological activities, such as anti-
inflammataory,™ antimicrobial,"™ anticancer,"
antihypertensive,” dihydrofolate reductase inhibition,™ and
Tyrosine Kinase inhibition."™ Despite significant progress in this
area, it has been found that in most cases multi-step synthesis
is required. This creates unwanted byproducts and often
needed hazardows chemicals for catalytic transformation. Fur-
thermaore, the precursor molecules are often expensive and less
available™"™ Accordingly, it is always challenging to develop
cost-effective and atom efficient production of substituted
quinazolin-43H}-ones. There hawe been some reports of
transition metal catalysed synthesis of substituted guinazolin-
43H}-ones wia dehydrogenative functionalization of aliphatic
and aromatic alcohols and this strategy i quite promising since
it is & single-step, economical, environment friendly synthesis
starting from readily available precursors and generates hydro-
gen or water as the only byproducts (Scheme 1.7

We were inguisitive regarding the electron trapping
aptitude of coordinated azocximes™™ for the past few years and
this led us to explore their ability to bring about dehydrogen-
ative functionalization of aliphatic and aromatic alcohols to
form value added products”™™ As a continuation of our
previous work, in this paper we have utilized phenyl-azo-
naphthaldoxime MplH, 1 to synthesize a rutheniumill) complex
trans-[RuMpLyCOWCPPha):l, 2 (Scheme 2). The structural, elec-
trochemical, and theoretical studies of 2 have been performed
in order to have a comprehension of their competence to bring
about electron transfer catalysis. The rutheniumilly complex
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One-PotCascade[3 42+ 1] Annulation: Synthesis and
Mechanistic Insight of s-Triazines and Pyrimidines Using
Azo-Supported Metalloradical Nickel Catalyst

Debashis Jana,1! Sampad Malik,® Gopal Kanrar,[®! Supriyo Halder, ! Srijita Naskar,[3]

and Kausikisankar Pramanik*[!

Highly efficient Mi-catalyzed C—N/C—C bond formation from
amidines during the [3 + 2 4+ 1] annulation by primary alcohols
alone or by primary alcohols with secondary alcohols/phenyl
acetylenes has been successfully accomplished toward scaled
synthesis of s-triazine and pyrimidines, respectively. A strongly
m-acidic bis-azo NNM-pincer scaffold was successfully introduced
for dual functionalization such as augmenting the sustainabil-
ity of the molecular catalyst by enhancing the metal-ligand
integrity and interposing a potent electron-sink chromophore.
The high yield synthesis [up to 94%) of pof-azaheterocycles
with merely 0001 mol® catalyst loading demonstrates the
potency of azo-anion radical assisted catalysis. A diverse range
of primary and secondary alcohaols are successfully used as sub-
strates. Furthermore, use of methanol/ethanol as C1'32 synthon
(alkylating agents) enables the formation of challenging imine
intermediates from amidines through dehydrogenation under
mild conditions. This facilitates the synthesis of wide varieties

1. Introduction

Metal-organic catalysts have played an important role in achiey-
ing numerous synthetically valuable organic and biomaolecules
that are otherwise challenging to achieve in realism. Remarkably,
palladium continues to rule the field in fine organic synthesis
wihen compared to other metals because it validates reliabil-
ity and uniformity in metal-mediated catalysis and exhibits a
wide substrate tolerancell However, the substantial expense
associated with palladivm has Imited its commercial adequacy,
thereby motivating the exploration of catalysts based on earth-
abundant, low-cost metals. Being the sibling, cost-effective
nickel is the most viable option. Furthermore, they show striking
resemblance in a number of organic catalytic transformation.®
Mevertheless, they differ in many instances as well dus to
their innate physicochemical aspects. The recent development
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of s-triazines, and pyrimidines driven by the auto-tandem cat-
alyst. Mechanistic investigations reweal that the formation of
C—C and C=N bonds proceed through a metalloradical catalysis
{MRC) pathway instead of bormowing hydrogen (BH) method and
thereby addresses the challenge of controlling stereoselection.
This process is initiated by Mi-catalyzed acceptorless dehydro-
genation [AD) of the alcohol substrate, followed by a series of
sequential steps, including condensation, aza-Michael addition,
cyclization, and subsequent dehydrogenation. The well-defined
one-electron reductive response at —034 WV [wersus Fc*/Fco)
iz indicative of the involvement of azo anion radical during
catalytic annulation. The formation of the ligand radical inter-
mediate was further substantiated by an electron paramagnetic
resonance (EPR) study conducted both in the presence and
absence of radical scavengers, specifically 22 6 &-tetramethyl-1-
piperidinylowy (TEMPO), and butylated hydroxytoluene (BHT)L

of homogeneous catalysis using 3d metals in organic synthe-
sis is highly promising as it has only lately begun to challenge
the abiding supremacy of late and mostly noble metals in this
field and they hold the potency of being able to encompass
large-scale synthesis with substantially high tumover number
I:TGN].HI

The synthesis of bio-active poly-azsheterocycles such as
pymoles, pyridines, imidazoles, pyrimidines, and triazines pro-
cured from common alcohols is a rapidly expanding area of
interest for green sustainable chemistry!®! Among these N-
heterocycles, the pyrimidine and s-triazine are found in a
wide range of bio-relevant molecules and are crucial struc-
tural motifs found in many pharmacological, enzyme inhibitor,
antifungal, anticancer, antitubercular activity, argochemicals. 54!
In fact, a variety of synthetic procedures have been cited in
the literature depending on the substrates, reagents and reac-
tion conditions; where metal-mediated homogeneous catalysis
emenging as a versatile and valuable synthetic protocol due
to their gradual improvising catalytic efficiency, sustaimability
and atom-economy (Scheme 10171 Mevertheless, such methods
in general suffer from the complications of physical separation
of product(s), formation of hazardous by-products, use of sto-
ichiometric or high amounts of base and low TOM, ie, high
catalyst loading. The primary drawback of homogensous cata-
lysts is that they cannot be efficiently reinstated after the reac-
tion cycle, which makes cost reduction challenging in industrial
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Intramolecular Redox-Driven Synthesis of Mono- and
Diradical Iridium(lll) Complexes: Insights into Molecular
and Electronic Structure, Electrochemistry, and Spin-

Communication

Sima Roy*,"™ Tapas Ghorui*,® Debashis Jana,™ Sarat Chandra Patra,”™ Shuvam Pramanik,™
Shruti Moorthy,™ Saurabh Kumar Singh,™ Sakshi Mehta,” Abhishake Mondal,” and

Kausikisankar Pramanik*™

Two m-radical complexes contaning bisazo-aromatic-centersd
radical anmion (1-7) were synthesized through in-situ electron
transfer from metaltodigand wusing [l and 2-42-
Pyridylazojazobenzene (1) in inert hydrocarbon solvent. These
are characterized as diradical [Ir"{1-7I" [217 and monoradical
[r™[1--)CL,{PPh,)] 3. In contrast, a rare metal-mediated hydrolytic
cleavage of the Cjsp’yN bond occumed in protic sohent
resulting in quaternary radical complex [I"[1- 1 PPh, T (4.
This provides an easy way to synthesize stable unsubstituted
pyridine-2-diazotate (1'), an otherwise unstable organic tem-
plate. Theoretical scruting has been performed at (UE3LYP/e—
J1Gid.pVLANLIDZ level to explore the ongin of redox and

Introduction

Open-shell transition metal complexes featuring spin density
localized on the ligand backbone are relatively less common
compared to conventicnal metal-centered paramagnetism.
Nevertheless, they have attracted significant attention in recent
years due to their distinctive featwres and  potential
applications. Certain organic scaffolds, by virtue of the
presence of electron-poor or electron-excess domains, can exist
in multiple cxidation states upon coordination with transition
metals. The cocurrence of such ligand-based varable valence in
complexes is manifested from their well-defined electrochem-
ical responses at the mild-to-moderate potential in solution™
Howewer, it is not straightforward to isolate the in-situ
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optical properties in radical complexes. Magnetic study of [2]*
reveals that a weak antiferromagnetic (AF) spin-communication
¢ = —439 cmi~'} exists between two radicals, leading to an
open-shell singlet ground state. Broken symmetry density
functional theory (BS-DFT) calculations were carried out to
probe the nature of antiferromagnetic exchange interaction
between the two radical centers in species [2]*. This method
has been employed with different basis functionals (BPB&, ELYP,
OLYP, TPS50, TPS5h, @b97D and B3LYP) to comprehend the
nature of the exchange in [2]*. The best result is obtained for
jpure functional OLYP with a J value —8.4 cmi™".

generated corresponding radical anion [M(L:)] or radical cation
[MiL-*}] species starting from the corresponding newtral form
viz. [Mi(L)] by chemicalfelectrochemical means since they
typically exhibit limited stability. The sustainability of ligand-
centered odd-electron species in both solid and solution can be
ausgmented by suitable tuning of the energy of FMOs vis-G-wis
redox potentizl values inthe desired direction since the stability
of a-radical complexes have been precisely related to the value
of respective redox couples [Eua. of Bpa). Indeed, remarkably
stable radical anmion (or radical cation) complexes can be
accomplished by modifying the redox potential ancdically [or
cathodically).

It is worth mentioning that much thrust has been given to
organic diradicals and diradicaloids recently due to their unigue
open-shell structure and physical properties with potential
promising materials  for  bicelectronics,  catalysis, and
spintronics™ The development of a convenient synthetic
procedure to isolate radical complexes in the crystalline state,
mare specifically, the ambient-stable open-shell system with
multiple spin centers, is a challenge to a synthetic chemist.
Since the discovery of intramolecular spin coupling by Guha,
and Bleaney and Bowers in the early fifties for a two-spin
systemn  [[M-)u-LyM- L™ immense impetucus has been given
towards the design of new molecules with the desired value of
coupling constant, 1™ Exploration of an equivalent but
alternative arrangement, i e, coordination of two radical ligands
intervened by a closed-shell metal atom, [LIMILY] with
magnetic state are sparse and has been started only recenthy™
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