Nitrile Triggered Access of N-Heterocycles

under Thermal and Photochemical Processes

A dissertation submitted in partial fulfillment for the degree of
Doctor of Philosophy
Submitted By
Amitava Rakshit

Roll No. 166122029

Under the supervision of
Prof. Bhisma Kumar Patel
Department of Chemistry
Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India
June, 2022

TH-2725_166122029



TH-2725_166122029



Nitrile Triggered Access of N-Heterocycles
under Thermal and Photochemical Processes

A dissertation submitted in partial fulfillment for the degree of

Doctor of Philosophy

Submitted By

Amitava Rakshit

Roll No. 166122029

Under the supervision of

Prof. Bhisma Kumar Patel

Department of Chemistry
Indian Institute of Technology Guwahati
Guwahati-781039, Assam, India
June, 2022

TH-2725_166122029



TH-2725_166122029



DEDICATED TO
MY PARENTS & FAMILY

MY SUPERVISOR
PROF. BHISMA K. PATEL

MY BEST FRIENDS
SANDIP MONDAL
RIYA MALLIK

TH-2725_166122029



TH-2725_166122029



INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
Department of Chemistry

3,
G,
Uahagiep®®

.

pule g7,

S
RS 3"% o
,‘ o
2,
5
"z of T

S

STATEMENT

| do hereby declare that the matter embodied in this thesis is the result of
investigations carried out by me in the Department of Chemistry, Indian Institute of

Technology Guwahati, India, under the guidance of Prof. Bhisma K. Patel.
In keeping with the general practice of reporting scientific observations, due

acknowledgements have been made wherever the work described is based on the

findings of other investigators.

Aavq. ﬁMM

Amitava Rakshit

June, 2022
HT Guwahati

TH-2725_166122029



TH-2725_166122029



INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
Department of Chemistry

N

3,
G,
“Hahari g

.

pule g7,

Pk
‘ [ )
2
K
'z"'t’ of Te

o

CERTIFICATE
This is to certify that Amitava Rakshit has been working under my supervision since July
2016 as a regular registered Ph.D. student. His thesis entitled “Nitrile Triggered Access
of N-Heterocycles under Thermal and Photochemical Processes” is an authentic record
of the results obtained from the research work in the Department of Chemistry, Indian
Institute of Technology Guwahati, Assam, India. I am forwarding his thesis to submit for

the Ph.D. (Science) degree from this institute. | certify that he has fulfilled all the
requirements according to the rules of this institute regarding the investigations

embodied in his thesis and this work has not been submitted elsewhere for a degree.

%’?ﬂeﬂ/

June, 2022 Prof. Bhisma K. Patel
1T Guwahati (Thesis Supervisor)
Department of Chemistry

TH-2725_166122029



TH-2725_166122029



Acknowledgement

ACKNOWLEDGEMENT

| would like to express my sincere gratitude to all the people around me who have
helped, supported, and encouraged me during my Ph.D. studies.

First and foremost, | want to express my deepest respect and profound gratitude to
my supervisor Prof. Bhisma K. Patel for providing me the opportunity to work under his
guidance. His continuous support, and inspiration through creative and unique scientific
ideas helped me to explore the domain of my work assembled in this thesis.

I would also like to extend my heartiest thanks to the doctoral committee members,
Prof. Bhubaneswar Mandal, Prof. Subhas Chandra Pan, and Prof. Shyam Prosad Biswas
for their timely evaluation of my Ph.D. work, encouragement, and precious suggestions.

My honest regards to all the faculty and staff members of the Department of
Chemistry, T Guwahati for their cooperative nature. | would like to thank Babulal da for
single-crystal XRD, Imdadul da for NMR, Aniruddha da for HRMS, Diganta da, Basab
da, and John for various official work and support in the Department of Chemistry.

| wish to express sincere gratitude to MHRD for financial support and 11T
Guwahati for all the facilities that were made available to me for learning several
analytical instruments required during my research work. |1 would also like to especially
thank to the Department of Chemistry, IIT Guwahati for providing me the opportunity to
become an operator of the HRMS instrument. | am grateful to the central Instruments
Facility (CIF) for the 600 MHz NMR and single-crystal XRD facilities, MHRD for the 400
MHz NMR facility under the COE-FAST program, DST for the 500 MHz NMR facility
under the DST-FIST program, NECBH, T Guwahati, and DBT, Govt. of India for the
400 MHz NMR and single-crystal XRD facilities.

I would like to express my gratitude and a big thanks to all the operators inside or
outside IIT Guwahati for successfully carried out all the instrumental experiments
required during my research work. Further I am extremely thankful to all the co-authors,
editors, associate editors and reviwers for their valuable comments and suggestion.

I would like to express my deepest gratitude to my Ph.D. senior Prasenit da for his
guidance and encouragement during my earlier stage in the lab. | would like to thank
wonderful lab seniors Sourav da, Wajid da, Anju di, Ahalya di, Suresh da, Prakash da,
and Bilal da for their help, precious suggestions, and encouragement. | would like to thank
postdoctoral lab seniors Joy da, Suman da, Ritush da, Gaurav da, Pakiza di, Binoy da,

Bhaskar da, Gongutri di, and Kamal sir for their support.

TH-2725_166122029



Acknowledgement

| would like to express my heartiest thanks to my co-lab members cum friends
Anjali, Subhendu, lab-juniors cum friends Tipu, Ashish, Nikita, Tamanna, Hiru, Bubul,
Pritashree, Raju for their help, support, and creating a friendly environment in the lab.

| would like to thanks to my junior Ph.D. student Hiru and M.Sc. project students
Kunika and Prashant for their assistance, support, and giving me the opportunity to guide
during their projects and sharing the basic ideas, techniques and knowledge of Chemistry.

| would like to express millions of gratitude from the bottom of my heart to my best
friends Sandip, Riya, Anjali and Subhasish (Master) for their help, support, and staying
by my side to make good times even better, and the hard times a whole lot easier. Thank
you for motivating me at this stage of my life.

I would also like to thank my Ph.D. friends, seniors and juniors here in 1ITG, Rabi
(bandhu), Kanu, Govinda, Tukhar, Subhajit, Suhaib, Dipanjan, Tanumay, Asesh, Mihir,
Chiranjib, Debasish, Rabi, Sayanta, Altab, Sukesh, Avishek, Gourab da, Sumit da, Karuna,
Shantiram, Santanu, Arin, Jyoti di, Srijita di, Sujan di, Tapasi di, Anisha di, Archana,
Eileen, Madhusmita, Shilpa for making the journey a lot better, easier and entertaining.

| would like to express a big thanks to my village friends and seniors Milan da,
Kanta da, Krishna da, Dipak da, Ranjit da, Fuchu da, Gouranga da, Babin da, Rana da,
Ganesh da, Mithu da, Jagu da, Habu master, Sadhan Master, Bappa, Papu, Sanu, Bura,
Gede, Chhoton, Badal, Benu, Anup and all others members of Murgaboni A to Z Club for
giving various kind of support and entertaining during this period of journey.

Finally, my Ph. D. endeavour could not have been completed without the endless
love, unending support, tolerance and blessings from my family. I am very much grateful
to my Didi, Jamaibabu, Dada, and Boudi for their unconditional support, affection and
deep concern for my career. | would like to express my deepest gratitude to my parents
whose unconditional love in every stage of my life motivated me to overcome all the
challenges and | owe my entire life to them.

Last but not the least; 1 am thankful to Almighty for continuous blessing during my

research carrier to accomplish this remarkable journey.

Aavi_ ﬁa«éfij“

Amitava Rakshit

TH-2725_166122029



Synopsis report

SYNOPSIS

The contents embodied in this thesis are divided into five chapters including one
introductory chapter based on experimental results obtained during the research period. The
introductory chapter represents an overview of nitrile-triggered access of N-heterocycles under
thermal and photochemical processes. This includes a brief discussion about transition-metal-
catalyzed C—H/N and C—H/N—-H oxidative alkyne annulations, insertion of an alkyne into the
nitrile (C=N), thermal and visible-light mediated cascade addition/cyclization to the nitrile
leading to the formation of C—C and C—N bonds.

Chapter Il demonstrates a one-pot sequential synthesis of fused isoquinolines via intramolecular-
cyclization/annulation and their photophysical investigations.

Chapter 111 illustrates a Pd(ll)-catalyzed synthesis of furo[2,3-b]pyridines from B-ketodinitriles
and alkynes via cyclization and N—H/C annulation.

Chapter IV describes Cu(l1)-promoted cascade synthesis of fused imidazo-pyridine-carbonitriles.
Chapter V defines visible-light-accelerated Pd-catalyzed cascade addition/cyclization of
arylboronic acids to y- and p-Ketodinitriles for the construction of 3-cyanopyridines and 3-

cyanopyrrole analogues.

CHAPTER 1. An Overview of Nitrile Triggered Access of N-

Heterocycles under Thermal and Photochemical Processes

The development of efficient methods for nitrogenous heterocycles synthesis is the most
important objective in organic synthesis. This is owing to the omnipresence of N-heterocycles in
various organic substances which are not only found in naturally occurring bioactive
compounds, and medicinally related drug molecules but also widely used in material sciences.
In particular, the highly substituted m-conjugated fused polycyclic N-heterocycles are versatile
building blocks of many natural products and found to be very useful in functional materials
such as luminescent materials, organic semiconductors, liquid crystal displays (LCDs), organic
light-emitting diodes (OLEDs), and several others multifaceted applications. Therefore, in the
light of its importance over the decades, numerous numbers of effective methods have been
developed for their synthesis. Among varieties of methods, the transition metal-catalyzed

addition to a nitrile functionality and subsequent cyclization serves as one of the elegant
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methodologies for the synthesis of N-heterocycles. The nitrile assists as a flexible precursor for
various other functional groups like amine, amide, aldehydes, ketone, and carboxylic acid which
can undergo further intramolecular cyclization with suitable functional groups present in the
proximity (Figure 1.1). In this regard, the thermal and visible-light mediated addition of suitable
nucleophiles/radicals to the nitrile followed by cyclization, or intermolecular [3 + 2] and [2 + 2
+ 2] cycloadditions are well explored. Therefore the presence of nitrile functionality act as a
prominent precursor for constructing nitrogenous heterocycles when suitably functionalized or

activated in an organic molecule.
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Figure 1.1. Conversion of nitrile to other functional groups and N-heterocycles.

One of the cheapest and environmentally benign ways to introduce such nitrile
functionality is the use of malononitrile to design synthetic precursors like 2-(2-oxo-2-
phenylethyl)malononitrile (B-ketodinitrile) and 2-(3-oxo-1,3-diphenylpropyl)malononitrile (y-
ketodinitriles) (Figure 1.2). These precursors contain nitrile functionality having proximity to the
keto group and therefore could be very much useful as synthetic precursors for the synthesis of
N-heterocycles. However, these synthetic precursors remain less explored in literature either

thermally or photochemically.

NC__CN

o) o) 0o CN
NC_CN )kI Nc\/
ArJ\/\Ar Ar Ar Ar)j\/kcn )J\/Br

Michael-addition

y-ketodinitriles B-ketodinitriles

Figure 1.2. Synthesis of nitrile precursors.
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This synopsis contains newer methodologies to synthesize the privileged N-heterocycles
from B-ketodinitriles and y-ketodinitriles via nitrile-triggered thermal and visible-light mediated
reactions via the construction of C—C and C—N bonds concerning the followings:

I.1.  Synthesis of N-heterocycles via transition-metal-catalyzed C—H/N and C—H/N-H
oxidative alkyne annulations.

1.2.  Synthesis of cyclic compounds via alkyne insertion into the nitriles.

1.3.  Synthesis of N-heterocycles via thermal and photochemical cascade addition/cyclization

of nitriles.

.1. Synthesis of N-Heterocycles via Transition-Metal-Catalyzed
C—-H/N and C—-H/N-H Oxidative Alkyne Annulations:

In the chelation-assisted transition-metal-catalyzed C—-H bond activation, nitrogen-
directing groups have been used for the synthesis of N-heterocycles through the formation of
C-C and C—N bonds. Based on the nature of the nitrogenous directing group the annulation
process can be divided into the following two categories.

I.1.1. C—H/N Alkyne Annulation:

In this annulation process, the lone pair on the nitrogen atom directs the active metal
species to get inserted into the ortho-C—H bond, thereby forming a cyclic metal complex. The
cyclic metal complex on subsequent alkyne insertion followed by the reductive elimination

leaves the nitrogen atom as part of the final product (Scheme 1.1.1.1).
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Scheme 1.1.1.1. Synthesis of N-heterocycles via C—H/N alkyne annulation.
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1.1.2. C-H/N-H Alkyne Annulation:

When the nitrogen atom of the directing group has acidic hydrogen then concurrent
activation of both C—H and N—H bonds occurs. In this case, at first, the active metal catalyst
forms a cyclic metal complex via a concerted deprotonative metalation generally through
N-H/C—H dual activation. A subsequent alkyne insertion and reductive elimination of the metal

affords N-heterocycles via C—C and C—N bond formation (Scheme 1.1.2.1).
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Scheme 1.1.2.1. Synthesis of N-heterocycles via C-H/N—H alkyne annulation.

1.2.  Synthesis of Cyclic Compound via Alkyne Insertion into the Nitrile:

The transition-metal-catalyzed oxidative alkyne annulation has been verified as a
powerful and prevalent synthetic tool for the construction of diverse N-heterocycles via the
formation of C—C and C—N bonds efficiently and economically. In this endeavor development of
newer unprecedented annulation methodologies involving nitrile, remains an important quest in
organic synthesis.

1.2.1. Alkyne Insertion via Carbopalladation of Nitrile:

The nitrile functionality has long been considered inactive in organometallic reagents.
Hence the nitriles such as acetonitrile, benzonitrile, etc have been widely employed as a solvent
in most transition-metal mediated reactions. However, after the finding of Pd-catalyzed alkyne
insertion into nitrile by Larock et al. this area becomes exciting and explored rapidly. They

developed the synthesis of 2,3-diarylindenones or 3,4-disubstituted 2-aminonaphthalenes from 2-
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iodobenzonitrile or 2-iodophenylacetonitrile and internal alkyne via intramolecular
carbopalladation of the cyano group (Scheme 1.2.1.1). A plausible reaction mechanism for these
transformations is shown. The reactions were initiated via the oxidative addition of Pd(0) into the
C-I bond thereby giving an aryl-Pd(Il) species. Next insertion of the alkyne between in situ
generated aryl—palladium bond produces alkenylpalladium(I1) which is followed by nucleophilic
addition to the proximal nitrile and finally, hydrolysis or aromatization provides a wide variety
of 2,3-diarylindenones or 3,4-disubstituted 2-aminonaphthalenes.

Pd(OAc), (5 mol%)
Et;N (2.0 equiv) Oe NH;
"BuyNClI (1.0 equiv) Ph

DMF, 100 °C, 48 h

ph  Pd(dba), (10 mol %) 0 Ph

/ +
CN Et;N (1.0 equiv) CN Il
A e
DMF:H,0 = 9:1, 100 °C [
LBy Ph
Ph
CN

Pd(0) @( C(\CN
Ph (il idative additi ! NH; -~ N !
) pridative acolliCy Pd(ll) oxidative addition

Ph

CN
Ph
H,0 Pd(Il) (:(F;

P! oh i "
1 alkyne insertion ZN alkyne insertion 0"
el BENe ;
Ph Ph

CN Ph

Ph wo® N Ph
(G 0
\Cg P
00 (i 2 Pd(ID)!
& 7 “ph & P
Ph
Ph

Ph
alkynylpalladium(ll) species alkynylpalladium(ll) species

Scheme 1.2.1.1. Alkyne insertion into the nitrile via carbopalladation.

1.2.2. Alkyne Insertion via [2 + 2 + 2] Cycloaddition of Nitrile:

Extensive and well-organized advancements have been made in the area of transition-
metal-catalyzed alkynes insertion into the nitrile partners to construct specific nitrogenous
heteroarenes. The transition-metal-catalyzed [2 + 2 + 2] cycloaddition reaction between alkyne
and nitrile proved to be a dominant and atom economical practice for the synthesis of multi-
substituted pyridine. A general mechanistic pathway for this cycloaddition between alkynes and
nitrile is shown in Scheme 1.2.2.1. Initially, the metal [M] coordinated with two alkyne partners
giving a metallacyclopentadiene via oxidative coupling. Next, the nitrile partner can coordinate
through two possible pathways. (i) insertion into the [M]—C bond to give cycloheptametallacycle

or (ii) intramolecular [4 + 2] cycloaddition to form a bicyclic complex. Finally, reductive
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elimination or isomerization of the cycloheptametallacycle or bicyclic complex affords the

pyridine skeleton and the metal catalyst is released.

R2

R? R? R2
N Transition-metal [M] Z "N
||| + ” + || ~ |
R R? R

R? R? R2

RZ
NN ] Ree o
PSR )
R? 2
e/ IM1

Scheme 1.2.2.1. Alkyne insertion via [2 + 2 + 2] cycloaddition of nitriles.

1.2.3. Alkyne Insertion via Hydrolysis of Nitrile:

The oxidative alkyne insertion into the nitrile via hydrolysis into an amide provides the
synthesis of multi-substituted isoquinolines. In this regard, Ru(ll)/Cu(ll)-catalyzed cyclization
between aromatic or heteroaromatic nitriles and internal alkynes in an acetic acid medium
afforded isoquinolones in good to excellent yields (Scheme 1.2.3.1). The reaction proceeds
through the hydrolysis of the nitrile into an amide (CONH>) in the presence of Cu(OAc)2.H20 in
acetic acid. Further amide-directed C—H/N—H oxidative annulation with internal alkyne provided

substituted isoquinolones.

|l R? [RUCly(p-cymene)], (5 mol %) Io Io
KPF (20 mol %) X7 NH X “NH
S , Cul(0Ac)H;0 (30 mol %) PNF g3 T
R R AcOH, 120 °C, 10 h R?

under air

Scheme 1.2.3.1. Alkyne insertion via hydrolysis of nitriles.

1.2.4. Intramolecular Alkyne insertion into the Nitrile:
The development of nitrile-triggered access to nitrogen heterocycles proceeds when both
the nitrile and alkyne are an integral part of the same precursors such as o-alkynylarylnitriles

(Figure 1.2.4.1). Here, the alkynes implanted at the ortho position upgraded the reactivity of the
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precursor leading to the synthesis of diverse N-heteroarenes through nucleophilic addition to the
nitrile followed by intramolecular insertion with the alkyne. Another possible way of accessing
nitrogenous heterocycles is the nucleophilic attack of an N-nucleophile to the nitrile followed by
annulation with the alkyne triggered through an external nucleophile. However, in the latter case
alkyne is not inserted into the nitrile rather it triggered the process allowing the nucleophile to be

a part of the heteroarenes.

[attack through N-nuclophilej attack through nitrile

R —»
— N
// // r
‘> Nu R
% | N
|

Scheme 1.2.4.1. Synthesis of N-heterocycles from o-alkynylarylInitriles.

1.3. Synthesis of N-Heterocycles via Thermal and Photochemical Cascade
Addition/Cyclization of Nitriles:

In the past few decades, cascade addition/cyclization has been established as one of the
most attractive approaches for the construction of diverse N-heterocycles. In this regards nitrile
functionality has appeared as the most prevalent synthetic precursor achieving diverse nitrogen-
containing heterocycles through cascade addition/cyclization sequences either thermally or
photochemically.

1.3.1. Transition Metal-Catalysed Cascade Addition/Cyclizations of Nitrile:

The transition metal-catalyzed cascade addition/cyclizations of nitriles (CN) have
provided a novel convenient, superior, and straightforward route to create a wide range of N-
heteroarenes through efficient construction of C—C and C—N bonds. Transition metals such as
manganese (Mn), nickel (Ni), copper (Cu), palladium (Pd), and Silver (Ag), have been used
frequently in this nitrile-triggered transformation in recent years. These reactions can proceed
either with nucleophilic/electrophilic mechanism or free radical mechanism. In the process, the
transition metal converts the nitrile into an iminyl group (C=N) through the addition by (i) using
the o-coordination of nitrogen to the metal as a Lewis acid, (ii) 1,2-insertion, or (iii) in situ

generations of a radical and undergoes further cyclization. (Scheme 1.3.1.1).
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Scheme 1.3.1.1. Transition-metal-catalyzed addition of nitrile.

1.3.1.1. Transition-Metal-Catalyzed Nucleophilic/Electrophilic cascades:

In this transition-metal-catalyzed cascades reaction, the nitrile precursors react with
different coupling partners such as amine, Grignard reagent, arylboronic acids, aryl iodides,
indoles, arylhydrazines, and aryl carboxylic acid to afford various N-heterocycles. During the
process, the nitrile group acts as an electrophile and undergoes addition with aryl nucleophile

generated from the coupling partners.

4, 3
NH, CN ) _R X R2 R
Transition metals [M]
_— l \ R4
[M] = Pd, Ni, Cu R N
X = B(OH),, NHNH,, CO,H H
3 R3
cycllzatlon NH cycllzatlon R?
\ R4 o orR3 — || D—r*
1“ N
R H

4.X
ellmlnatlty/ transmetallation

e N\/L
R’ R3
or
NH, I I LS
R' R3
R2

Scheme 1.3.1.1.1. Carbometallation of nitriles to synthesize N-heterocycles.

After Larock’s pioneering work in the field of catalytic carbopalladation of nitrile, this

concept has been explored for the synthesis of various N-heterocycles. In these transformations,

TH-2725_166122029 Page |vii



Synopsis report

the nitrile N-atom undergoes cyclization with a proximal carbonyl (C=0) group or hydrolyzed
into a ketone and cyclized with proximal amine (NH2) to provide various N-heterocycles. A
general mechanism for this carbometallation of nitrile is shown in Scheme 1.3.1.1.1, where the
coupling partner undergoes transmetallation with the metal catalyst to provide an aryl-metal
species. Next coordination with the cyano group followed by the addition of the aryl group
through carbometallation of nitrile provides an immine or ketone and the metal catalyst is
regenerated through elimination. Finally, cyclization of the imine or ketone with the proximal
keto or amine group of the starting nitrile precursor gives a cyclic product.

1.3.1.2. Transition-Metal-Catalyzed Radical cascades:

The transition-metal-catalyzed radical cascade process involving the nitrile functionality
provides a convenient route for the construction of various important N-heterocycles. The
application of the cyano group as a radical acceptor is shown below (Scheme 1.3.1.2.1). An
iminyl radical is formed when an in situ generated radical adds to the nitrile group of a precursor
(Path A). An iminyl radical can also be generated through the radical addition to the nitrile via an
appropriately placed C=C bond or another unsaturated group (Path B). Finally, nitrile insertion

onto the aryl ring through the iminyl radical produces the corresponding N-heterocycle.

Path A: Direct attack to the nitrile

\
4

=%

~
s ~
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0 Oy, O
' T

T R*LN N
/C)—’©AR—>i/LR

Iminyl radical

Path B: Attack to the nitrile through an unsaturated group

~ ~ ~
- PO N

t, 2 £ ~ £ 4 BN

N //N |
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| &ﬂb ! |
NP ~e- NP o’
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Scheme 1.3.1.2.1. Nitrile as a radical acceptor for synthesis of N-heterocycle.

1.3.2. Visible-Light mediated Radical Cascade Addition/Cyclizations with Nitrile:

The Visible-light-induced radical cascade addition/cyclization processes have been
successfully used for the construction of N-heterocycles because of their simplicity, efficiency,
and unique activation.!*? In this context construction of C—C and C—N bonds using photoredox

catalysis has grabbed significant attention giving prominence to the nitrile functionality. In
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contrast to that of transition-metal-catalyzed radical reactions herein the radical is generated
through the photocatalysts (PC) in its excited state (PC*) via single electron transfer (SET) by
the influence of visible-light (Figure 1.3.2.1). The generated radical adds to the cyano group to
obtain an iminyl radical which subsequently underwent intramolecular cyclization to access N-
heterocycles through a radical or a cationic species. The photocatalyst is regenerated to its

ground state either via oxidative quenching or reductive quenching cycle (Scheme 1.3.2).
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Scheme 1.3.2.1. Visible-light mediated radical addition to nitrile.

CHAPTER I1. One-pot Sequential Synthesis of Fused Isoquinolines
via Intramolecular-Cyclization/Annulation and their Photophysical

Investigations

This chapter describes the synthesis of fused isoquinolones, 4-oxo-2,6,7-triaryl-4H-
pyrido[2,1-a]isoquinoline-3-carbonitriles from y-ketomalononitriles and internal alkynes in the
presence of Cu(ll) and Ru(ll) catalysts. This one-pot process consisting of Cu(ll)-catalyzed
selective hydrolysis of a cyano group to an amide, dehydrative cyclization of the amide to a
cyclic amide, aromatization of the cyclic amide to a 1,2-dihydropyridone and finally, the Ru(ll)-
catalyzed C—H/N—H annulation with an internal alkyne. This overall process is associated with
the formation of one C-C, two C—N, two C=C, and a C=0 bonds leading to highly fluorescence
active fused isoguinolone having emission in the green region (502-560) nm and absorption
(Amax) in the range of (454—490) nm. The AE(Lumo-Homo) Of the synthesized compounds is in the
range of 2.88 to 3.45 eV which is calculated based on DFT

TH-2725_166122029 Page |X



Synopsis report

The transition-metal-catalyzed C—H bond activation has gained great attention for the
synthesis of nitrogen-containing fused heterocycles, especially, isoquinolines and isoquinolones.
In this context Rh(11), Pd(I1), Ni(Il), and Ru(ll) catalysts are most common and have been used
extensively to obtain isoquinolones via the oxidative coupling between an internal alkyne and an
amide. Inspired by this transition-metal-catalyzed direct annulation of C—H bonds we envisaged
the synthesis of fused isoquinolines from y-ketomalononitriles. Our initial investigation started
using 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) (0.2 mmol), diphenylacetylene (a) (1
equiv), Cu(OAc)2-H20 (1 equiv), and [Ru(p-cymene)Clz]2 (2 mol %) in glacial AcOH at 110 °C
[Scheme 11.1, (i)]. Interestingly, the reaction resulted in the formation of a new yellow
fluorescent spot (viewed under 365 nm UV lamp) as observed by TLC. Unfortunately, the
compound could not be separated for characterization as it was associated with several other
side products. However, a decent amount (18%) of expected cyclic 1,2-dihydropyridone
intermediate viz. 2-0xo0-4,6-diphenyl-1,2-dihydropyridine-3-carbonitrile (17) could be isolated.

(i) Our initial result: Ph

L !
Ph_ O Ph N__.o Ph N 2O
CN Cu(OAc),-H,0 (1.0 equiv) | |

+ Z + o
on | [Ru(p-cymene)Cl,], (2 mol %) CN CN
Ph Ph  AcOH (2 mL), 110 °C, 12 h Ph g
1) (a) (1a, trace amount) (1", 18%)

(ii) Our present work:

(one-pot sequential approach)

Cu(OAc),-H,0 (10 mol %)
1,10-phenanthroline (20 mol %)
AcOH (2 mL), 110 °C,5h
(step2), R*-—=—=—R* (1.0 equiv)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
PEG-400 (2 mL), 110 °C, 24 h

Scheme 11.1. One-pot synthesis of fused isoquinolones.

Encourage by the success of our anticipated strategy we adopted a two-step protocol. In
the first step the 2-(3-oxo-1,3-diphenylpropyl)malononitrile (0.2 mmol) (1) was treated with
Cu(OAC)2-H20 (1 equiv) in AcOH (2 mL) at 110 °C and the reaction was continued for 5 h,
during this period all the starting materials got consumed giving 1,2-dihydropyridone
intermediate (1”) which has potential C—H/N—H sites for annulation with an alkyne. To this
crude reaction mixture, diphenylacetylene (a) (1 equiv) and [Ru(p-cymene)Clz]2 (5 mol %) were
added and the reaction was allowed to proceed for 12 h. The reaction was found to be much
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cleaner and the product (1a) was isolated in 30% vyield. The product was separated and
characterized by spectroscopic analysis (IR, *HNMR, *CNMR, and HRMS) and the structure
was found to be 4-0x0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a).

Next, further optimizations were carried out by varying various reaction parameters. The
optimized condition for this transformation in the first step is found to be the use of y-
ketomalononitriles (0.2 mmol), Cu(OAc)2-H20 (10 mol %), and 1,10-phenanthroline (20 mol
%), at 110 °C in AcOH (2 mL). The optimized condition for this annulation step is the use of
diphenylacetylenes (0.2 mmol), [Ru(p-cymene)Clz]2 (5 mol %). Cu(OAc)2-H20 (50 mol %), at
110 °C in PEG-400 (2 mL) for 24 h [Scheme I1.1, (ii)].

Next, this one-pot two-step synthesis was then explored with various other y-keto-
malononitriles and internal alkynes under the optimized reaction conditions. To understand the
mechanism and nature of the C—H bond activation, and whether the C—H metalation step is
reversible or irreversible a deuterium-scrambling experiment and Kinetic isotope effect
experiments were performed (Scheme 11.2). These experiments conclude that the irreversible

C—Ru bond formation is the rate-limiting step.

(i) Deuterium-exchange experiment:

[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
D,0 (2 mL), 90°C, 24 h

Me

(ii) Kinetic isotope effect experiment:

H
0O
H

H

NC
d CN
O Cu(OAc),*H,0 (10 mol %)
H cl 1,10-phenanthroline (20 mol %)
(6) AcOH (2 mL), 110 °C, 5 h

NC. _CN Ph—==—Ph (a) (0.1 mmol)
o [Ru(p-cymene)Cl,], (5 mol %)

D
D Cu(OAc),'H,0 (50 mol %)
O O PEG-400 (2 mL), 110 °C, 24 h
D D Cl
D

H NMR

Scheme 11.2. Experiments with isotopically labeled compound.

Based on this a plausible mechanism is depicted in Scheme 11.3. In the first step, one of
the nitrile (—CN) groups of the substrate (1) is hydrolyzed selectively to a mono amidic

intermediate (1). The NH2 of the amide then attacks the carbonyl group and undergoes a
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dehydrative cyclization to produce a six-membered cyclic intermediate (I1). The intermediate
(11) is oxidized/aromatized under the reaction conditions to an aromatic pyridone intermediate
(111). The formation of intermediate (1), (11), and (I11) has been detected by the HRMS analysis
of the reaction aliquots at various time intervals. In the second step, the catalyst [RuClx(p-
cymene)]> undergoes ligand exchange with Cu(OAc).-H20 to generate the active catalytic
species, which coordinates with the nitrogen atom of the intermediate (I11) via N-H
deprotonation. This is then followed by ortho C—H bond activation through the elimination of
AcOH, forming a five-membered ruthenacycle (V). Further coordination of the alkyne (a),
followed by an alkyne insertion and reductive elimination afforded the final product (1a) via the
intermediate (V1). The active catalyst species is then regenerated by the oxidant Cu(OAc)2-H>0

and air for the next catalytic cycle.

H

Ph_ O Ph___O Ph_ _N
CN Cu(OAc),-H,0 CONH;  dehydrative l Z0
CN AcOH CN cyclization CN

Ph (1) 20 Ph () Ph (I)
[Ru(p-cymene)Cl,], Ru(p-cymene)Cl, oxidation
Cu(OAc)z -Hy
CuC|2 — —
Cu(OAc),'H,0
V P >
AcOH
(1a)
Ru .))-.Me

c’0

Ph
Ru
alkyne msertlon ,!1 /,0 (IV)
Ph——= —
;i AcOH

Scheme 11.3. Proposed mechanistic pathway.

To further ascertain the geometry and electronic structure of the annulated fused
isoquinoline, density functional theory (DFT) calculations were performed with a B3LYP/6-31G
(d, p) basis set level in acetonitrile solvent modelled by the PCM approach (the Gaussian 09
programme). The density functional theory (DFT) calculation of (1a) reveals that the electron

density in the highest occupied molecular orbital (HOMO) is localized at the central core
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extending to the nitrile and minor contributions from the two phenyl rings originating from the
diphenylacetylene. Whereas the lowest unoccupied molecular orbital (LUMO) is again localized
at the central core and extended up to the phenyl ring originating from the o to malononitrile
(Figure 11.1). In a donor-acceptor (D-n-A) type system, the AELumo-Homo) energy can be directly
correlated with the presence of either electron-donating or electron-withdrawing groups on the
donor (HOMO) or the acceptor (LUMO) part of the molecule. Here, since both the HOMO and
LUMO are localized on the central molecular core with very insignificant contributions from the
three phenyl rings, no proper correlation between the HOMO-LUMO energy gap could be found
due to the presence of EDG or EWG groups.

&
[
&<
-‘6‘

2
J‘J““ ¢
09,00 AE (LUMO —HOMO) = 3.42eV
.
¥ g
@ 9 b
@9, f
3 . ""J,“;'
[ ) ’
>
s
JJ;‘J;

Exono = -5.77€V

Figure 11.1. (A) Optimized structure of 1a. (B) Molecular Orbitals amplitude plots of HOMO
and LUMO of 1a using density functional theory calculation at the B3LYP/6-31G (d, p) basis set
level in acetonitrile solvent modelled by the PCM approach.

As stated earlier that the newly synthesized compounds having highly conjugated fused
isoquinoline core display yellow fluorescent therefore, their photophysical properties such as
UV visible and photoluminescence were investigated. The absorption spectra (Aabs) and emission
spectra (Aem) Were measured for a few selected compounds in CH2Cl,. The UV-Vis and
photoluminescence spectra of selected compounds are shown in Figure 11.2. All these
synthesized compounds showed strong absorptions, with the positions of maximum ranging

from 454-490 nm. The compounds exhibit three distinct absorption maxima, a band in the
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region of 313-321 nm, a band in the region of 428-467 nm, and another in the region of 454—
490 nm. All exhibit strong fluorescence emission in the range of 502—560 nm which belongs to

the green region of the visible light spectrum.
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Figure 11.2. (a) UV-vis and (b) Photoluminescence spectra in CH2Cl (1 x 10~° M).

CHAPTER II1. Pd(Il)-Catalyzed Synthesis of Furo[2,3-b]pyridine
from B-Ketodinitriles and Alkynes via Cyclization and N-H/C

Annulation

This chapter describes a Pd(l1)-catalyzed synthesis of furopyridines from B-ketodinitriles
and internal alkynes via an unusual N—H/C annulation. The participation of both the nitrile
groups along with the concurrent construction of furan and pyridine rings through the formation
of C-C, C=C, C-0, C-N, and C=N bonds are the important features. The synthetic applicability
was further demonstrated through a series of post-synthetic alterations.

The past decade has witnessed an upsurge in the transition-metal-catalyzed alkyne
insertion into the C—H/N—H bonds for the synthesis of various fused heterocycles. In this rapidly
developing realm of oxidative annulation with internal alkynes, the Pd(11)-catalyzed annulation is

gaining prominence to deliver diverse carbocycles, heterocycles, and spirocycles in minimal
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steps. Owing to the inertness of the cyano group towards organopalladium reagents this was an
underdeveloped area of research. However, after the discovery of Pd-catalyzed annulation by the
Larock group involving nitrile functionality this area is becoming exciting and rapidly
expanding. In the recent past Pd(Il)-catalyzed reactions are rapidly developing extending the
concept of catalytic carbopalladation of nitriles. Taking advantage of this, subsequently, our
group developed the synthesis of pyridines and pyrroles using y-ketodinitriles and -
ketodinitriles respectively in the presence of Pd(Il) under visible-light excitation. With our
increasing interest in the Pd-catalyzed alkyne insertion into the nitrile, herein we report the
synthesis of furo[2,3-b]pyridine employing B-ketodinitrile and internal alkyne (Scheme I11.1).
Gratifyingly, in this protocol both the cyano groups participate and the reaction is initiated
through the keto oxygen leading to the simultaneous construction of furan and pyridine rings
through the formation of C—C, C=C, C-O, C-N, and C=N bonds in one pot.

Pd(OAc), (10 mol %)
1,10-phen (10 mol %)

ent | | PTSA.H,0 (2.0 equiv)
@ Rz DCE, 120°C,Nj 12 h
Pressure tube

Scheme I11.1. Pd(Il)-catalyzed alkyne insertion into the nitrile.

We began this Pd(ll)-catalyzed coupling of pB-ketodinitrile (1) (0.25 mmol) and
diphenylacetylene (a) (0.25 mmol, 1 equiv) in the presence of Pd(OAc)2 (5 mol %), 2,2'-
bipyridine (5 mol %) and p-toluenesulfonic acid (PTSA-H20, 2 equiv) in 1,2-dichloroethane
(DCE) (2 mL) at 120 °C in a pressure tube under N. atmosphere for 12 h. A new blue
fluorescent spot was observed from TLC and the product isolated after column chromatography
was found to be furo[2,3-b]pyridine (1a) obtained in 37% yield. From the spectroscopic
evidence, the structure was assigned to be 2,5,6-triphenylfuro[2,3-b]pyridin-4-amine (1a)
which was reconfirmed by a single-crystal X-ray diffraction study (1a). To establish the
optimal reaction conditions further screening process was carried out and the best-optimized
condition was found to be the use of pB-ketodinitrile (1) (0.25 mmol), diphenylacetylene (a)
(0.375 mmol, 1.5 equiv), Pd(OAc)> (10 mol %), 1,10-phenanthroline (10 mol %) and
PTSA-H20 (2 equiv) in 1,2-dichloroethane (DCE) (2 mL) at 120 °C in a pressure tube under N2

atmosphere for 12 h.

TH-2725_166122029 Page |xvi



Synopsis report

Having established the best-optimized conditions, the effect of substituents on [3-
ketomalononitriles and internal alkynes were studied. Next, to illuminate a plausible reaction
mechanism few control experiments were performed. Based on control experiments and literature
reports, a tentative reaction mechanism is demonstrated (Scheme I111.2). Initially, the pB-
ketodinitrile (1) undergoes an acid-catalyzed enol formation in the presence of PTSA-H>O to
obtain an intermediate (I). The intermediate (I) then undergoes another acid-catalyzed
intramolecular cyclization to afford a five-membered cyclic intermediate (1'). In the presence of
1,10-phenanthroline (L) a ligand-coordinated Pd(I) complex (A) is generated in situ, which
undergoes a deprotonative coordination with the amino group of intermediate (1') to form
another intermediate (I1) eliminating AcOH. Next, the diphenylacytelelene (a) is inserted
intermolecularly into the N atom giving an alkynyl Pd(I1) species (I11). This intermediate (111)
undergoes intramolecular insertion of the alkyne to another nitrile through a carbopalladation
giving a six-membered pyridine ring (IV) and the Pd(Il) is coordinated with the other nitrile N-
atom. Protonolysis of (1) with PTSA-H-O gives an imine intermediate (V) and the OTs ligated
Pd(11) complex (B), which on acetate ligand exchange regenerates the initial Pd(I1) complex (A).

Finally, the aromatization of intermediate V produces the corresponding furopyridine (1a).

PTSA

O CN  prsa OH" CN }_ OH cN
Ph)H/kCN = [ e Ph CN
H OTs H (|)

1 A
(1) OTs
Pd(OAc), ¥
“1,10-phen (L)

NH,

PTSA
C{ >—\—I o
ligand exchng 72\ \_ coordinatichN
AcOH =N_(II),N / Ph (1
:Pd\
aromtlzatlon AcO OAc AcOH
(A)
=N (II) N
\ Ph AcO OTs
(B
NH

PTSA HN-Pd(I)(OAC)L

HN \ Ph
27\
N—Pd(ll)(OAc)L X CN

Ph (IV) any
carbopalladation )§< alkyne insertion
/é\ Pd(Il)(OAc)L oh—=—Ph (a)
Ph

(i

Scheme 111.2. Proposed reaction path.
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To explore the synthetic utility and to expand the substrate scope, a few late-stage
functionalizations were successfully carried out as shown in Scheme I11.3. The 2-phenyl
pyridine of la involves Ru(ll)-catalyzed annulation reaction with diphenylacetylene (a) and
C-H functionalization with n-propylmalimide (r) giving the corresponding functionalized
product (laa, 80%) and (law, 72%) respectively [Scheme 111.3 (i) and (ii)]. Further p-Br
substituted furopyridine (7a) undergoes Pd(Il)-catalyzed Suzuki coupling with phenylboronic
acid (x) [Scheme I11.3 (iii)], Sonogashira coupling with 4-ethynyltoluene (y) [Scheme 111.3 (iv)]
and Heck coupling with p-tolylstyrine (z) [Scheme 111.3 (v)] giving corresponding cross-coupled
products (7ax, 68%), (7ay, 75%) and (7az, 70%) respectively.

(i) Alkyne annulation:

Ph
Ph [RuCl,(p-cymene)], (5 mol %)
N7, ~Ph .
| Cu(OAc),'H,0 (2.2 equiv)
07 N\F + | | -
_ NH, TfOH (1.5 equiv)
A Eh DCE, 120 °C, 24 h
(1a) (a) Pressure tube
(ii) C—H functionalization: n
Ph

[} [RuCl,(p-cymene)], (5 mol %)

NTX-Ph Cu(OAc),-H,0 (1.0 equiv)
o — | N-"Pr
+ AgSbF¢ (20 mol %)

o DCE, 120 °C,12 h
Pressure tube

Ph

(1a) (w)

(iii) Suzuki coupling:
Ph

T‘/l\ Ph  Ph-B(OH), (x) (3.0 equiv)

(o) — Pd(OAc), (5 mol %)
S N
2 K,CO; (3.0 equiv)
(7a) DMF, 120 °C, 24 h
Pressure tube
Br
(iv) Sonogashira coupling:
Ph
p-tolyl—=—= (y) (3.0 equiv)
N N\, P
[ PdCI,(PPh3), (5 mol %)
07 = Cul (10 mol %)
— NH,
DBU (3.0 equiv)
(7a) DMF, 120 °C, 24 h
Pressure tube
Br p-tolyl
(v) Heck coupling: Ph
P Vauu Ph
"I‘ \\,—Ph p-tolyl (2) (3.0 equiv)
(0} — PdCI,(PPhg3), (10 mol %) NH,
— NH,

K,CO; (3.0 equiv)

(7a) DMF, 120 °C, 24 h

(7az, 70%)
Pressure tube p.tolyl -

Br

Scheme 111.3. Post-synthetic functionalizations.
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CHAPTER 1IV. Cu(ll) Promoted Cascade Synthesis of Fused

Imidazo-Pyridine-Carbonitriles

This chapter describes the synthesis of aza-fused N-heterocycle having a benz-
imidazopyridine scaffold via an addition-cyclization followed by an Ullmann-type C-N
coupling between o-iodoanilines and y-ketodinitriles. The synthesized fused imidazo-pyridines
show excellent photoluminescence properties having emission maxima in the range of 502-533
nm and HOMO-LUMO energy gap of 3.49-3.57 eV. A few post-synthetic modifications were
also demonstrated to enhance the synthetic utility.

The transition-metal-catalyzed synthesis of nitrogen-heterocycles via C-N cross-
coupling mainly involves Pd or Cu catalysts. But, the latter is preferred due to its low cost and
high environmental acceptability. o-lodoanilines have been used as valuable precursors in
transition-metal catalysis especially, copper-catalyzed couplings via the addition/cyclization
cascade process. The nucleophilic amino group promotes the intermolecular addition with the
unsaturated electrophilic center, while the o-iodo group takes part in an intramolecular
cyclization via a metal-mediated C—C or C-heteroatom bond formation. Further, substrates
bearing functionalized or activated cyano group has drawn substantial attention owing to their
well-recognized potential to transform into a variety of nitrogen-containing heterocycles. Based
on our interest in nitrile triggered process to access N-heterocycles and taking cues from the
copper-catalyzed cascade addition/cyclization of o-iodoaniline herein, we report a Cu(ll)-

promoted strategy for the construction of benzo[4,5]imidazo[1,2-a] pyridine-4-carbonitriles

(Scheme 1V.1).
@ OCN NHz  Cu(OAc),-H,0 (50 mol%) @ ’

NN

I 2,2" bipyridine (20 mol%) |
CN + - S
PTSA-H,0 (4.0 equiv) CN

1,2-DCE (2 mL), 120 °C, 12 h
pressure tube @

Scheme 1V.1. Synthesis of benzo[4,5]imidazo[1,2-a] pyridine-4-carbonitriles.

The initial assays were carried out by taking y-ketodinitrile (1) (0.25 mmol) and 2-
iodoaniline (a) (0.50 mmol, 2 equiv) as the reacting partners in the presence of Cu(OAc)2-H.0

(10 mol %) as the catalyst, 2,2"-bipyridine (20 mol %) as ligand and p-toluenesulfonic acid
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(PTSA-H20, 2 equiv) as an additive in 1,2-dichloroethane (DCE) (2 mL) at 120 °C in a pressure
tube for 12 h. The reaction furnished a yellow fluorescent spot (viewed under 365 nm UV lamp)
as observed by TLC, and the product (1a) was isolated in 15% yield. Further, increasing the
loading of Cu(OAc)2-H20 (50 mol %) produces (1a) an improved yield of 58%. From the
spectroscopic analysis, the structure of the isolated product was found to be 1,3-
diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1a) and was further confirmed by a
single-crystal X-ray diffraction study of one of its derivative. To find the optimal reaction
conditions further screening process was initiated and after the screening of various reaction
parameters, the optimized condition for this transformation was found to be the use of (1) (0.25
mmol), (a) (0.50 mmol, 2 equiv), Cu(OACc)2-H20 (50 mol %), 2,2"-bipyridine (20 mol %), and
PTSA-H20 (4 equiv) in DCE (2 mL) at 120 °C in a pressure tube for 12 h.

With the best-optimized conditions in hand, the effect of substituents on y-keto-
malononitriles and o-iodoanilines were tested. Next, several control experiments were carried
out to elucidate a plausible reaction mechanism for this Cu(ll)-promoted transformation. Based
on the control experiments, literature reports, and intermediate detected by HRMS analysis, a
plausible reaction mechanism was proposed (Scheme 1V.2). Initially, the y-ketodinitrile (1)
undergoes an acid-catalyzed imine formation with 2-iodoaniline (a) to form an intermediate (1).
In the presence of 2,2-bipyridine (L) and PTSA, the in situ generated ligand-bound Cu(ll)
complex (A) undergo coordination with one of the nitrile groups of intermediate (1) to form
intermediate (I1). The intramolecular cyclization of (I1) produces a six-membered cyclic
intermediate (I111) in which the Cu(ll) is coordinated with the nitrile N atom with the elimination
of PTSA. Protonolysis of (I11) gives intermediate (1) and regenerates the Cu(ll) complex (A).
In the presence of Cu(OAc).-H.O/bpy, the intermediate (1) aromatizes to a cyclic imine (V)
which coordinates with complex (A) to give an intermediate (V1) via elimination of AcCOH. The
Cu(Il) bound intermediate (V1) undergo disproportionation in the presence of in situ generated
Cu()OAc to generate a Cu(l) coordinated species (VI11). A subsequent intramolecular oxidative
addition with the iodoaryl generates a Cu(lll) intermediate (V111). Next, the exchange of acetate
ligand produces an intermediate (I1X) with the elimination of HI. Finally, the reductive
elimination gives the product (1a) with the formation of [Cu(l)(OAc)(bpy)] complex which

coordinates with PTSA to regenerate the active catalyst (A).
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Scheme 1V.2. Proposed reaction path.
Me

Pd(OAc), (10 mol %)
2,2"-bipyridyl (20 mol %)
PTSA-H,0 (10.0 equiv)

Toluene (2 mL), 120 °C, 24 h

(3.0 equlv)

PdCI,(PPhs), (5 mol %)
Cul (10 mol %)

DBU (3.0 equiv)
DMF, 120 °C, 24 h

(1ip, 52%)

Scheme 1V.3. Post-synthetic applications.
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To further explore the synthetic utility, a few late-stage functionalizations were
successfully carried out as shown in Scheme 1V.3. As expected the nitrile moiety of 1b convert
into a keto group via Pd(Il)-catalyzed addition with phenylboronic acid (0) to obtain 1b0 with
72% vyield. Further Pd(ll)-catalyzed Sonogashira coupling was performed between 1i and 4-
ethyniletoluene (p) to produce an alkyne functionalized benz-imidazopyridine (lip) with 52%
yield

Usually, n-conjugated nitrogen-containing flat, planner heterocycles display luminogenic
behavior under UV light. Thus, the photophysical behavior of some of the synthesized
compounds was inspected. The UV-Visible absorption and photoluminescence spectra of 1a, 3a,
6a, 7a, 8a [Figure IV.1, (a) and (b)] exhibit two absorption maxima, one in the region of
270-280 nm and the other 338—350 nm and fluorescence emission between 502—-533 nm (green
region. Therefore, they could be developed as good organic fluorophores having important

applications in materials sciences.

Absorbance

T T T
250 300 350 400 450 500

‘Wavelength (nm})

w—H e xane
+ox10° (c) T pluene
[} C IV
e Ethy| Acetate
—— [leOH
m— f cotonitrile
e VU SO

20010

Fluorosense intensity (a.u.)

450 500 550 600 650 700 750
Wavelenghth {nm)

Figure 1V.1. (a) UV-Vis and (b) Photoluminescence spectra of 1a, 3a, 6a, 7a, 8a in CH2Cl> (c)
Photoluminescence spectra of 1a in different solvents [concentrations: 1 x 10 M, excitation
wavelength 380 nm] (d) DFT optimized structure and Molecular Orbitals amplitude plots of

HOMO and LUMO of 1a using density functional theory calculation at the B3LYP/6-31G (d, p)

basis set level in dichloromethane solvent modelled by the PCM approach.
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The effect of solvent polarity was also examined by measuring the fluorescence
emissions of compounds 1a [Figure IV.1, (c)] in hexane, toluene, DCM, ethyl acetate, MeOH,
acetonitrile, and DMSO. The emission wavelengths of compound 1a in both polar and non-polar
solvents were unaffected, suggesting a negligible solvent effect. From the DFT calculation using
Gaussian 09 program at the B3LYP/6-31G (d, p) basis set level in dichloromethane solvent
modelled by the PCM approach it was found that the LUMO’s of compound 1a is distributed
over the entire molecule, while the HOMO is primarily on the benzo[4,5]imidazo[1,2-a]pyridine
skeleton excluding the two aryl rings at 1 and 3 positions having an energy gap in the range of
3.46-3.57 eV [Figure IV.1, (d)].

CHAPTER V. Visible-Light-Accelerated Pd-Catalyzed Cascade
Addition/Cyclization of Arylboronic Acids to y- and B-Ketodinitriles
for the Construction of 3-Cyanopyridines and 3-Cyanopyrrole

Analogues

This chapter describes the synthesis of 2,4,6-triarylnicotinonitriles and 2,5-diaryl-1H-
pyrrole-3-carbonitriles via a Pd(I1)-catalyzed coupling of arylboronic acid with y-ketodinitriles
and B-ketodinitriles respectively under mild reaction conditions followed by intramolecular
cyclization of an intermediate formed after the regeneration of catalyst under acidic reaction
conditions. The cascade reactions proceed in 1,2-dichloroethane solvent under visible-light
irradiation, and the active catalyst is generated in situ in the presence of catalytic amounts of
Pd(OACc): and 2,2-bipyridine. The active Pd-catalyst undergoes photoexcitation by the virtue of
MLCT, and subsequent redox trans-metalation occurs with arylboronic acid, thus obviating the
necessity of any exogenous photosensitizer. The targeted products, composed of a new C-C, a
C-N, a C=N, and two new C=C bonds, were isolated in good yields.

In the last couple of decades, visible-light mediated organic syntheses have gained
immense popularity due to the advantages associated with this regime. Several organic, as well
as transition metal-based photocatalysts, have been developed to harness the energy of abundant
visible light and transform it into chemical energy, thereby enabling the generation of carbon-
centered radicals under mild catalytic conditions, and hence tapping the novel reactivity of these

intermediates. Unprecedented Pd-catalyzed transformations have been achieved under visible-
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light irradiation, although an exogenous photo-catalyst may or may not be required. In the case
of the latter, the Pd-catalyst plays a dual role in several elegant reactions, for instance, the Csps-
Csp2 Heck coupling reaction, carbonylative cross-coupling reactions, and others. The successful
underpinnings of these strategies can be attributed to the fact that irradiation of Pd(0) catalyst
induces a facile single electron transfer (SET) oxidative addition of unactivated alkyl halide, and
the subsequent photoexcitation of Pd(ll)-alkyl complex restrains the undesired B-hydride
elimination process, which otherwise plagues the traditional reactions.

Previously, our group developed a cascade [4 + 2] Ru(ll)-catalyzed annulation strategy
for accessing fused isoquinolines, wherein, we noticed that one of the cyano groups, associated
with malononitrile moiety, was selectively hydrolyzed. We envisioned that the five-carbon core
of the y-ketomalononitrile may act as a harbinger of pyridine nucleus, if cross-coupled with a
suitable partner via a cascade [5 + 1] annulation strategy. A thorough literature survey revealed
that recently several protocols have been developed for the synthesis of 5- and 6-membered
nitrogen  heterocycles.  These studies are an extension of the catalytic
carbopalladation/carbonickelation of eclectic nitrile substrates with suitable coupling partners
such as arylboronic acids and arylhydrazines to obtain ketones and imines followed by
intramolecular cyclization to afford diverse N-heterocycles. A commonality that can be
discerned from the mechanisms is that the initial step engages arylboronic acids in a traditional
two-electron trans-metalation with electron-deficient Pd(ll)-catalysts. The high activation
energy barrier associated with this step predisposes the necessity of elevated temperatures.
Keeping in mind the natural propensity of Pd-catalyzed reactions to follow a facile SET
mechanistic pathway under visible-light irradiation, and arylboronic acids as readily available
radical progenitors, we envisaged the synthesis of 2,4,6-triaryl-3-cyanopyridines and 2,5-diaryl-
3-cyanopyrrole derivatives (Scheme V.1).

NC CN

o L
@ @ HO.5-OH  p4(0Ac), (10 mol %)
or

2,2'-bipyridyl (20 mol %)
.
O CN @ PTSA-H,0 (2.0 equiv)
CN 1,2-DCE (2 mL), rt, 24 h
2 x 10 W White LEDs

Scheme V.1. Pd(ll)-catalyzed photochemical synthesis of pyridines and pyrroles.
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We embarked on our experimentation by  selecting  2-(3-oxo0-1,3-
diphenylpropyl)malononitrile (0.25 mmol) and phenylboronic acid (1 equiv), Pd(OAc). (5 mol
%), 2,2'-bipyridine (10 mol %), and PTSA-H20 (1 equiv) in Toluene (2 mL) under 20 W (2 x 10
W) white LEDs at room temperature. The new compound was isolated, and characterized by
standard spectroscopic techniques (IR, *H NMR, *C NMR, and HRMS). Delightfully, the
analysis confirmed that the isolated compound was 2,4,6-triphenylnicotinonitrile and the yield
was estimated to be 33%. Subsequently, single-crystal X-ray diffraction studies were performed
on one of the derivatives which further validated the structure of the product. After successfully
characterizing the desired product, a further screening process was carried out to find the
optimal reaction condition. After screening of various reaction parameters, the optimized
standard conditions for this transformation were established to be the use of 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) (0.25 mmol), phenylboronic acid (a) (3 equiv), Pd(OAc). (10
mol %), 2,2’-bipyridine (20 mol %) and PTSA-H20 (2 equiv) in 1,2-DCE (2 mL) as the solvent
under irradiation by 20 W (2 x 10 W) white LEDs at room temperature.

With the optimized reaction conditions in hand, this photoreaction was subjected to
further studies for the elucidation of substrate scope. Firstly, various y-ketomalononitriles and
arylboronic acids bearing electron-donating and electron-withdrawing groups were taken in a
series of different reactions to generate the corresponding triarylsubstituted cyanopyridines. The
synthetic utility of this photoreaction was further extended by investigating the
addition/cyclization of phenylboronic acids to a few [-ketomalononitriles under the optimized
reaction conditions to yield the substituted pyrroles.

Next, to understand the mechanistic underpinnings of the photoreaction, a few control
experiments and HRMS analyses of the reaction mixtures at different time intervals were
performed. Based on these facts, the likelihood of a conventional SET mechanism involving
organic radicals due to visible-light irradiation is not obvious in our case, and a plausible
reaction mechanism is outlined (Scheme V.2). Initially, Pd(OAc). combines with 2,2'-bipyridyl
ligand (L) to form a complex Pd(Il)(bpy)(OAc).. The protocol requires 3 equivalents of
arylboronic acid with respect to the reacting substrate. The requirement of excess boronic acid
can be rationalized by the in situ generations of Pd(0) by the reduction of Pd(I1)(bpy)(OAC)2,
which is also accelerated under visible-light irradiation. Another 2,2’-bipyridine ligand (L)

combines with the in situ generated Pd(0) species, which subsequently undergoes

TH-2725_166122029 Page |xxv



Synopsis report

photoexcitation via MLCT to form an excited palladium complex, [L2Pd(0)*]. Although the
next step, that is, transmetalation is not fully understood, we speculate that a redox reaction may
be occurring, wherein the excited palladium complex, [L2Pd(0)*] reduces the phenylboronic
acid (a). Concomitantly, transfer of aryl group (of boronic acid), and elimination of 2,2'-
bipyridine ligand (L) occur to give the intermediate (I). The redox step may involve the M—Z
o-interaction between the palladium centre and the boron centre of boronic acid. The Pd(ll)
centre of intermediate (1) then coordinates with the y-ketomalononitrile substrate (1) to give the
intermediate (I11). Next, intramolecular carbopalladation of nitrile occurs via the insertion of the
phenyl group to the nitrile moiety followed by the insertion of an acetate anion to the palladium
centre which results in the corresponding ketimine complex (111). Later, PTSA-H20 protonates
this intermediate to release 2-(imino(phenyl)methyl)-5-o0x0-3,5-diphenylpentanenitrile (1) and
coordination of PTSA to the Pd(Il) centre forms the intermediate (VIII). The intial Pd(Il)
species is regenerated via the intermidecy of (1X) and continues the catalytic cycle. Finally,
PTSA-H2O triggers the intramolecular cyclization of 1V, which is followed by dehydration to
form the intermediate VII. Finally, aromatization of the intermediate VI affords the desired

product, 3-cyano-2,4,6-triphenylpyridine (1a).
Pd(ll)(OAc),

2,2'-bypyridine (L)
PTSA 2 PhB(OH), (a

/
Oap W (")" 2H,0 , 2 B(OH),,
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AcO o—S Aco” OAc
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Scheme V.2. Proposed mechanistic pathway.
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CHAPTER I

An Overview of Nitrile Triggered Access of N-
Heterocycles under Thermal and Photochemical
Processes

1.1. Introduction:

The development of effective synthetic methodologies to construct valuable nitrogenous
heterocycles is one of the most indispensable targets in organic synthesis. N-heterocycles such as
pyrroles,®  pyridone/pyridines,> indoles,® isoquinolines/isoquinolones,* imidazopyridines,®
furopyridines® and other fused rings N-containing compounds’ (Figure 1.1.1) have grabbed
extensive attention in synthetic organic chemistry. These N-heteroarenes are appreciated as key
building blocks in many bioactive compounds, constitute the core skeleton of many drug
molecules, found as a ubiquitous unit in various natural products, playing important roles in the
pharmaceuticals especially, as antitumor, antibacterial, antiviral, antifungal, anticancer, anti-
inflammatory agents, treatment of specified contagious diseases, and used as key intermediates

and ligands in many organic transformations.
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Figure 1.1.1. Representative active N-heterocycles as core fragments.
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Additionally, due to conspicuous photo and electrochemical properties, they have broadly
been used in the arena of materials chemistry and other fields of research.® In particular, highly
substituted m-conjugated polycyclic N-heteroarenes were found to be very useful in functional
materials. They have been comprehensively used as organic semiconductors, luminescent
materials, organic light-emitting diodes (OLEDs), liquid crystal displays (LCDs), cell imaging,
and several other multifaceted applications (Figure 1.1.2).° Therefore, given the importance there
is continuous interest in the improvement of convenient, efficient, environmentally benign
synthetic methods and successful implementation for the construction of these essential N-
heterocycles.

Blue

' ; -
' electroluminescence  Cell imaging

Semiconductors OLEDs application Solar cell dye

Figure 1.1.2. Representative N-heterocycles as functional materials.

Amidst the varieties of methods established, the synthesis of N-heterocycles involving
cyano or nitrile functionality is of significant interest and an exciting concept either via thermal
or photochemical processes. Generally, the nitrile group (—C=N) is playing a pivotal role in the
field of organic synthesis as a predominant precursor of various other functional groups or
intermediates such as imine, ketone, amide, acid, amine, aldehyde, as a versatile directing group
in C—H bond functionalization reactions and as a radical acceptor in radical cascade reactions.”
The conversion of nitrile into other functional groups mainly proceeds via nucleophilic addition,
hydrolysis, or reduction under transition metal or metal-free conditions. Typically, (i) the

nucleophilic reactivity of lone electron pairs on the N-atom, (ii) the m-coordination reactivity of
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the C—N triple bond, and (iii) the electrophilic reactivity of the carbon center of the cyano group
contribute towards its numerous transformations. Due to the presence of this polar unsaturated
C-N triple bond, mostly the reactions of nitriles concentrated on their transformations into
carbonyl (C=0), amine/imine (NH2, =NH), amide/acid (CONH., CO.H). Further, cyclization
with suitable functional groups, especially with the amine /keto group present in the proximity or
transition-metal-catalyzed intramolecular amination with bromo (Br) or iodo (I) group or C—H
amination gives diverse N-heterocycles (Figure 1.1.3).!! On the contrary the intermolecular [3 +
2] or [2 + 2 + 2] cycloadditions of nitriles with azides or alkynes provide tetrazoles or pyridines
without functional group interconversion and the nitrile nitrogen atom becomes an intrinsic part
of these heteroarenes (Figure 1.1.3).1? Consequently the presence of nitrile functionality offers a
fascinating and emerging opportunity for the construction of N-heterocyclic skeletons when it is

suitably functionalized or activated in an organic molecule.
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Figure 1.1.3. Conversion of nitrile to other functional groups and N-heterocycles.

One of the cheapest and environmentally benign ways to introduce such nitrile
functionality into an organic molecule is the use of malononitrile for the synthesis of a wide
range of N-heterocycles.*® Malononitrile is used to design synthetic precursors viz. 2-(2-0xo-2-
arylethyl)malononitrile  (B-ketodinitrile), and 2-(3-oxo-1,3-diarylpropyl)malononitrile  (y-
ketodinitriles) via the nucleophilic substitution of a-bromoacetophenone and Michael addition
with chalcone (Figure 1.1.4).2* These precursors contain nitrile functionality that is close to the

keto group and thus very much expedient as synthetic precursors for diverse N-heteroarenes.
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Figure 1.1.4. Synthesis of nitrile precursors.

However, these synthetic precursors remain less explored in literature either thermally or
photochemically. There are few reports available utilizing both these - and y-ketodinitriles for
the synthesis of nitrogen and oxygen heterocycles as well as carbocycles.® For example, in
2017, Wang et. al. developed an efficient synthesis of enantioenriched 3,4-dihydro-2H-pyran-
carbonitriles from racemic y-ketodinitriles via dynamic kinetic resolution (DKR)—asymmetric
transfer hydrogenation (ATH) followed by a cascade cyclization process (Scheme 1.1.1).1% This
powerful DKR—ATH-cyclization cascade process delivers the targeted enantioenriched 3,4-

dihydro-2H-pyran-carbonitriles with high enantio- and diastereoselectivities.

NH, :
NC. _CN (mesitylene)RuCl(mono CN E Ts
0 -sulfonated diamine) (0 M ! Ph, N, &
(2.0 mol %) , E J: R
] ' Cl
@ @ HCOONa @ ; L

'PrOH:H,0 (3:1), Et;N, 60 °C |(mesitylene)RuCl(mono-
! sulfonated diamine)

y-ketodinitriles

Scheme 1.1.1. Synthesis of o-heterocycles from j-ketodinitriles.

In 2018, Han and co-workers used the B-ketodinitriles for a one-step, effective synthesis
of highly functionalized cyclopentenes via cascade cycloaddition with electron-deficient olefins
(Scheme 1.1.2).*%® Herein tetrabutylammonium fluoride (TBAF) works as an effective
organocatalyst allowing the construction of multi-functionalized cyclopentenes having an allylic
quaternary carbon center bearing both cyano and carboxamide groups with high

diastereoselectivity.

H,NOC, CN

O CN
‘)K/k ~_EWG  cat. TBAF
@ CN
+ _—
DMSO, rt

B-ketodinitriles

Scheme 1.1.2. Synthesis of functionalized cyclopentenes from g-ketodinitriles.

In the same year, Wei-Ke Su and Zhen-Hua Li group utilize both the B- and v-

ketodinitriles for a one-pot cascade strategy to achieve 2,4-dichloro-substituted

TH-2725_166122029 Page |6



Chapter |

pyrano[2,3-d]pyrimidines and furo[2,3-d]pyrimidines respectively (Scheme 1.1.3).2 The
reaction is mediated by triphosgene and triphenylphosphine oxide to afford synthetically useful

products in moderate to good yields.
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Scheme 1.1.3. Synthesis of N-heterocycles from S- and y-ketodinitriles.

In 2019, Ban and co-workers disclosed the enantioselective synthesis of functionalized
cyclopentenes containing a quaternary chiral center (Scheme 1.1.4).1%¢ The reaction proceeded
through a thiosquaramide-catalyzed cascade Michael-Henry reaction between nitroolefins

and B-ketodinitriles giving the product up to 98% enantioselectivity.

H,NOC, CN

o CN
chiral

CN N02 thiosquramide
+ - E

B-ketodinitriles

Scheme 1.1.4. Synthesis of functionalized cyclopentenes from g-ketodinitriles.

In 2019, Sun et al. developed a synthesis of diverse 4,5-substituted-1H-pyrrole-3-
carbonitriles in excellent yields using commercially available HZSM-5 and Pd/C as recyclable
heterogeneous catalysts (Scheme 1.1.5).1%®

o CN HN) N
i
B-ketodinitriles

Scheme 1.1.5. Synthesis of NH-pyrroles from f-ketodinitriles.

In 2020, a similar synthesis of substituted 1H-pyrrole-3-carbonitriles was developed by
the Yu group via a palladium(Il)-catalyzed Csp—Csp2 coupling of arylboronic acids with -

ketodinitriles through the intramolecular formation of C-N bonds (Scheme 1.1.6).2%f

Ar?
O CN Ar2.B(OH),

HN \
@ CN Pd(OAc), =~ CN
toluene, 100 °C @

B-ketodinitriles

Scheme 1.1.6. Pd(ll)-catalyzed synthesis of N-H-pyrroles from S-ketodinitriles.
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A substrate-controlled tributylphosphine-catalyzed [3 + 2] annulation of B-ketodinitriles
with allenoates was demonstrated by Kishor Mohanan (Scheme 1.1.7).1%9 This procedure enables
the synthesis of multi-functionalized cyclopentene carboxamides and cyclopentenols via
Michael/aldol/nucleophilic cyclization sequence. The allenic esters bearing a substituent at the
c-position provided an unprecedented formation of cyclopentene carboxamide while

unsubstituted allenoates produced cyclopentenols.

co2
= CO
CONH, /_C 2 OH c
PBuj (20 mol %) PBu3 (20 mol %)
3A MS, CH;CN 3AMS, CH,CN  RO,C

25°C, 12 h B-ketodinitriles 25°C, 12 h Me

Scheme 1.1.7. Substrate-controlled synthesis of carbocycles from g-ketodinitriles.

In 2022, our group reported the synthesis of thio-functionalized pyrroles using B-
ketodinitriles and thiophenols in the presence of Eosin Y as a photocatalyst under green light
irradiation (Scheme 1.1.8).25" The mechanistic investigation reveals a photo-induced selective
thiyl radical addition to one of the nitrile groups of B-ketodinitriles followed by a nucleophilic

attack and aromatization process.

> s—Ar?
o CN

Eosin Y (3 mol %) CN
SH i X
@ CN | K,CO; (1.0 equiv) @
-
Ar2  DMSO, N,, rt, 8-10 h

2 x 10 W green LEDs

B-ketodinitriles

Scheme 1.1.8. Photochemical synthesis of thio-functionalized pyrroles from f-ketodinitriles.

This thesis report comprises newer methodologies demonstrating the synthesis of
privileged N-heterocycles from - and y-ketodinitrile precursors under thermal and
photochemical conditions through the construction of C—C and C-N bonds concerning the
followings:

1.2.  Synthesis of N-heterocycles via transition-metal-catalyzed C—H/N and C-H/N-H
oxidative alkyne annulations.

1.3.  Synthesis of cyclic compounds via alkyne insertion into the nitriles.

1.4.  Synthesis of N-heterocycles via thermal and photochemical cascade addition/cyclization

of nitriles.
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I.2. Synthesis of N-Heterocycles via Transition-Metal-Catalyzed
C—-H/N and C—H/N-H Oxidative Alkyne Annulations:
1.2.1. Directing Group-Assisted C—H Bond Activation:

The transition-metal-catalyzed C—H bond activation is prevalent in organic synthesis for
the construction of the C—C bond.'® In general, the directing group (DG) assisted C—H bond
activation by the use of a coordinative functional group has offered important advantages.!’ This
activation strategy uses the proximate effect via the coordination of functional group-containing
heteroatoms such as nitrogen (N), oxygen (O), and sulfur (S) which can chelate with the metal
center of the catalyst that brings about regioselective C—H bond activation. In the course of C—H
bond activation, a metal (M) is inserted in between the C—H bond thereby forming a C—-M
species. This is followed by the formation of either a five or a six-member chelated metallacycle
which is the key intermediate in coupling reactions (Scheme 1.2.1.1).2® The commonly used
transition metals in the C—H bond activation process are generally cobalt (Co), rhodium (Rh),
iridium (Ir), ruthenium (Ru), palladium (Pd), and nickel (Ni).

DG DG
DG Ar-X Ar R
H or » or
A /\R Transition Metals [M] DG R
" or x  [MI=Co,Rh,Ir, Ru, Pd, and Ni xR
- or
DG = Directing Group X =1, Cl, Br, B(OH),, OTs
Y
[Oxidant]7/ M)
H

DG
C-H activation

LA
Y, Y"and Y™ are

different oxidation
states of the metal

reductive
elimination
(LI
DG
[M]Y"=—Ar 5 or 6 membered
. metallacycle

DG
oxidative p,.x
addition

Scheme 1.2.1.1. Transition metal-catalyzed C—H bond activation.

1.2.2. Directing Group-Assisted Oxidative Alkyne Annulation:
The directing group (DG) assisted transition-metal-catalyzed incorporation of alkynes

leading to cyclic product is known as oxidative alkyne annulation. An alkyne can be inserted
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into the ortho-Csp>—H bond, either via an intramolecular cyclization with the directing
heteroatom or via simultaneous insertion between the Cspo—H/heteroatom(X)—H bonds. These
oxidative alkyne annulations are environmentally friendly and are useful for the synthesis of a
variety of heterocyclic compounds via the formation of C—C and C—heteroatom(X) bonds in a
step economical fashion (Scheme 1.2.2.1).2® The directing group assisted alkyne annulation has
several advantages, such as (i) DGs participate in subsequent organometallic transformation as

nucleophiles or electrophiles, (ii) DGs remain an intrinsic part of the desired cyclic product, and

R
Transition Metals [M] I
+ R—=R DG

R
DG
[Oxidant]
e o
DG

Y
[M] C—H activation
R
| Y, Y"and Y™ are
DG different oxidation

(i) it avoids extra steps.

[y

- R states of the metal
reductive
elimination
[M]Y
alkyne
insertion 5 or 6 membered
DG metallacycle
[M]Y R———R

Scheme 1.2.2.1. Directing group-assisted oxidative alkyne annulation.

1.2.3. Nitrogen Directing Group for the Synthesis of N-Heterocycles via
Oxidative Alkyne Annulation:

In the chelation-assisted transition-metal-catalyzed C—H bond activation, nitrogen
directing groups have been used for the synthesis of N-heterocycles through the formation of
C-C and C—N bonds. Based on the nature of the nitrogenous directing group the annulation
process can be divided into the following two categories.
1.2.3.1. C—H/N Alkyne Annulation:

In this annulation process, the lone pair on the nitrogen atom directs the active metal
species to get inserted into the ortho-C—H bond, thereby forming a cyclic metal complex. The
cyclic metal complex on subsequent alkyne insertion followed by the reductive elimination

leaves the nitrogen atom as part of the final product (Scheme 1.2.3.1.1).
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R2 R?
R® R
O Transition Metals[M] (27~ >N-
R1: ﬁ "Rl R,
Cop - S NP R3
~ H 4 R
R = OH, OMe, aryl R R*
[Oxidant] [myY R
R ?/ RIN:
R'._N: R* ’
| MY C-H activation
R3
Y, Y"and Y™ are
different oxidation R
. states of the metal \
Cyclization |reductive N\:
elimination - i
R NUM
R! _N._ _R*
| Y
R3 [M] R3
//

alkyne insertion R*

Scheme 1.2.3.1.1. C-H/N oxidative alkyne annulation.

1.2.3.2. C-H/N-H Alkyne Annulation:

When the nitrogen atom of the directing group has acidic hydrogen then concurrent
activation of both C—H and N—H bonds occurs. In this case, at first, the active metal catalyst
forms a cyclic metal complex via a concerted deprotonative metalation generally through
N—-H/C-H dual activation. A subsequent alkyne insertion and reductive elimination of the metal

affords N-heterocycles via C—C and C—N bond formation (Scheme 1.2.3.2.1).

9 R? 9
: r;:\ﬂ\/‘\NHR I | Transition Metals [M] . i | N'R
R'-- + - 3y Rl
SNy R = H, alkyl S NF g2
3
R R3
o (o]
~ -2 -R
o 1
Lo ANA RN H
> R2 MY H

N-H activation

Y, Y"and Y™ are
different oxidation
states of the metal o

N -R
alkyne insertion :'/ l]\)LN
R3 ) S M1

A W I(J

C-H activation

Scheme 1.2.3.2.1. C-H/N—H oxidative alkyne annulation.
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These sequential C—H/N or C—H/N-H oxidative alkyne annulations are exploited for the
assembly of valuable N-heterocycles particularly (i) pyrroles, (ii) pyridines/pyridones, (iii)
indoles, (iv) isoquinolines/isoquinolones, and (v) various other w-conjugated polycyclic N-

heteroaromatics.

1.2.3.3. Synthesis of Pyrrols:

The five-membered heterocycle, pyrrole is synthesized via transition metal-catalyzed
C-H/N-H alkyne annulation. In 2010, Glorius et al. described a Rh(lll)-catalyzed pyrrole
synthesis via the allylic C(sp®)-H bond activation of enamines followed by an intermolecular

coupling with unactivated alkynes under oxidative conditions (Scheme 1.2.3.3.1).%°

[Cp*RhCl,]; (2.5 mol %) R

RS R3 R R3
AgSbFg (10 mol %)
R2 S H -+ I | | A\ Ph
NH Cu(OAc), H,0 (2.1 equiv) RS N
\
rR"” Ph  DCE (0.2M),120°C, 16 h gz R

(R* = Et, Ph)

Scheme 1.2.3.3.1. Synthesis of pyrrole via allylic C(sp®)—H/N-H alkyne annulation.

In 2013, the Ackermann group reported a Ru(ll)-catalyzed synthesis of diversely
decorated pyrrole through C—H/N—H oxidative alkyne annulation strategy using electron-rich
enamines (Scheme 1.2.3.3.2).2! This expedient pyrrole synthesis was accomplished aerobically

with air as the ideal terminal oxidant.

R® H R4 [RuCly(p-cymene)], (5 mol %) R4
3
I . Cu(OAc),H,0 (30 mol %) R QA
22~py-H I | 4 | RS
R N t-AmOH, 100 °C, 22 h 2 ~N
)
R! RS ambient air R \

R1

Scheme 1.2.3.3.2. Ru(ll)-catalyzed pyrrole synthesis by C-H/N—H alkyne annulation.

In the same year, Baiquan Wang and co-workers reported a Ru(ll)-catalyzed pyrrole
synthesis via oxidative annulation of enamides and alkynes (Scheme 1.2.3.3.3).22 The reaction
provides both N-acyl substituted or NH pyrroles by slightly modifying the reaction conditions.

2 2
R cat. Ru(ll) H R2 cat. Ru(ll) R

Cu(OAc),-H,O0 Cu(OAc),-H,0
[\S’RB ( )2-Ha R1JIN’H . l" AR |\ R3
RY N AgSbF , DCE RN
MeOH : DCE (2: 1) Me” X0 R J=o

Me

Scheme 1.2.3.3.3. Ru(ll)-catalyzed pyrrole synthesis.
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In 2013, Liu et al. developed a competent synthesis of N-acetylpyrroles via cationic
Ru(ll)-catalyzed oxidative alkyne annulation of enamides in dimethoxyethane (DME) (Scheme
1.2.3.3.4).2 The reaction can also be carried out in an aqueous medium providing 95% vyield
when diphenylacetylene was used but with substituted diphenylacetylenes, the yield decreased
significantly in the agueous medium.

H R! [RuCly(p-cymene)], (2 mol %) R?

KPFg (20 mol %
o 1 - I o ") | )—r!
';l Cu(OAc),-H,0 (1.0 equiv) Eto N
0 Ac R? DME, 110 °C, 12 h Ac

o

Scheme 1.2.3.3.4. Cationic Ru(ll)-catalyzed synthesis of N-acetylpyrroles.

In 2014, Guan et al. established an efficient Pd(1l)-catalyzed alkenyl C—H activation and
oxidative alkyne annulation of enamides for the synthesis of substituted N-acetylpyrroles
(Scheme 1.2.3.3.5).2 This Pd(ll)-catalyzed oxidative annulation tolerates a wide range of
functional groups and is a reliable procedure for rapid elaboration of readily available aryl
enamides into a variety of valuable triaryl substituted pyrroles in high yields.

Pd(OAc), (5 mol %) R2

2
| i 53 xantphos (10 mol %) A\
| I R®
Ar N

& s CuOAc), (1.0 equiv) Ar N\R
RIYo R t-AmOH, 120 °C Ri 2

Scheme 1.2.3.3.5. Pd(l1)-catalyzed synthesis of N-acetylpyrroles.

In the same year, Loh and co-workers demonstrated another Pd(l1)-catalyzed cyclization
between enamides and alkynes using oxygen as the sole oxidant. The simple reaction conditions
permit this methodology to be used as a general tool for the preparation of multi-substituted
pyrroles (Scheme 1.2.3.3.6).%°

H r Pd(OAc), (10 mol %) R
NaOAc (2.0 equiv)
JI PL | | | VH—r
Ph N DMSO, 80 °C Ph N
H
Me/go R 0, (1 atm)

Scheme 1.2.3.3.6. Pd(ll)-catalyzed synthesis of multi-substituted pyrroles.

In 2016, Pawar et al. described a Co(lll)-catalyzed oxidative alkyne annulation with
enamides for the synthesis of N-acetylpyrroles at room temperature in excellent yields (Scheme
1.2.3.3.7).2% The reaction works well with various internal alkynes with broad substates scope and
functional group tolerance. Synthetically useful NH pyrroles can also be obtained through this

protocol at elevated temperatures.
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at room temperature at 120 °C

H R!  [CP*Co(CO)]l; (5 mol %) R2 R?

AgSbF¢ (10 mol %
EtO I ’H . | I g 6( 0) I \ R1 | \ R1
N Cu(OAc),H,0 (1.0 equiv) Eto N EtO N
0 Ac R? TFE, 14h Ac H

o) (o]

Scheme 1.2.3.3.7. Co(l11)-catalyzed synthesis of substituted pyrroles.

1.2.3.4. Synthesis of Pyridines and 2-Pyridones:

The six-membered nitrogen-containing heterocycles pyridines and 2-pyridones can be
synthesized via transition metal-catalyzed alkyne annulation. For example, in 2008, the Cheng
group reported a synthesis of pentasubstituted pyridines through a Rh(l)-catalyzed insertion of
alkynes into the alkenyl C—H bond of a,B-unsaturated ketoximes followed by an intramolecular

6r-electrocyclization (Scheme 1.2.3.4.1).%"

R3
2 3 4
RL_AS, -OH RhCI(PPh); 3 mol %) R~zN~-R
| . R4—RS |
RI“H toluene, 130 °C R2 DS R5

R1

Scheme 1.2.3.4.1. Rh(l)-catalyzed synthesis of substituted pyridines.

In 2010, Li et al. demonstrated the synthesis of 2-pyridones via a Rh(lll)-catalyzed
oxidative C—H/N-H alkyne annulation with acrylamides in the presence of Cu(OAc). as an
oxidant (Scheme 1.2.3.4.2).%

R1

o gt [RRCP*Cl, (0.5 mol %) ) o y
‘NJ\/\R:’ l I Cu(OAc), (2.2 equiv) R*N | R
+
H Re acetone, 100 °C, 12 h R R3
RS

R4

Scheme 1.2.3.4.2. Rh(lll)-catalyzed synthesis of 2-pyridones.

In 2011, a similar synthesis of substituted 2-pyridones was developed by Ackermann and
co-workers executing a Ru(ll)-catalyzed C—H/N-H oxidative alkyne annulation through C-C
and C-N bond formation (Scheme 1.2.3.4.3).%° They used various electron-rich and electron-
deficient N-substituted acrylamides as well as diaryl- and dialkyl-substituted internal alkynes

which shows a broad and improved range of substrates scope.
(o] R4
szl\)LN‘m [RuCly(p-cymene)], (5 mol %) R~ i N
R H H I | Cu(OAc),-H,0 (1.0 equiv) RY N “RS5
R®  £.AmOH, 120 °C, 20 h R

Scheme 1.2.3.4.3. Ru(Il)-catalyzed synthesis of 2-pyridones.
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1.2.3.5. Synthesis of Indoles:

Indoles are well-known nitrogen-containing heterocycles having fused six and five-
membered rings and can be synthesized through transition metal-catalyzed C—H/N—H alkyne
annulation. In 2008, Fagnou and co-workers reported a synthesis of indoles via a Rh(lll)-

catalyzed oxidative coupling between N-acetyl anilines and internal alkynes (Scheme 1.2.3.5.1).%°

[Cp*RhCl,], (2.5 mol %) e

Me
Cu(OAc),-H,0 (2.1 equiv) X
Il R N—ph
AgSbFg (10 mol %) Z~N

| Ph o, )A
Ac t-AmOH (0.2 M), 120 °C, 1 h (o

Scheme 1.2.3.5.1. Indole synthesis via Rh(l11)-catalyzed C—H/N—H alkyne annulation.

In 2012, Ackermann and co-workers demonstrated a cationic Ru(ll)-catalyzed oxidative
C-H/N-H alkyne annulation with 2-pyrimidyl substituted anilines to synthesize substituted
indole derivatives (Scheme 1.2.3.5.2).3! Herein, the oxidative alkyne annulation occurs through
the construction of C—C and C—N bonds using water as the solvent. Mechanistic studies indicate
that the reaction proceeds through the reversible formation of a six-membered ruthenacycle as

the key intermediate.

R2 [Ru(p-cymeneCl,], (5 mol %) R2
H
L Al KPF¢ (20 mol %) N W
{
N Cu(OAc),-H,0 (2.0 equiv) = N
2hym R H,0, 100 °C, 22 h 2-pym

Scheme 1.2.3.5.2. Ru(ll)-catalyzed synthesis of indoles.

In 2013, Ackermann disclosed a Ni(0)-catalyzed step-economical synthesis of indoles
through alkyne annulations with anilines bearing removable directing groups. The C—H/N-H
activation strategy efficiently occurred in the absence of any metal oxidants with excellent

selectivities (Scheme 1.2.3.5.3).32

y g2z Ni(cod), (10 mol %) R2
Rl X . | dppf (20 mol %) R : X N\ R3
0
Z~n-H 160 °C, 20 h Z~N
3 \
2-pym R 2-pym

Scheme 1.2.3.5.3. Ni(0)-catalyzed solvent-free synthesis of indoles.

In 2014, Huang et al. developed a synthesis of N-substituted indoles via N-N bond

cleavage of pyrazolidin-3-one followed by a Ru(ll)-catalyzed redox-neutral C—H activation
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(Scheme 1.2.3.5.4).%% The reaction proceeds via a Ru(ll)-catalyzed C—H/N—H bond activation,

alkyne insertion, internal oxidation of Ru(ll) to Ru(lV), and reductive elimination pathways.

RS

1 N R1.L S \ R4
R H R4 ' N
P N o [RuCly(p-cymene)], (2.5 mol %)

+ R2
R® NaOAc (2.0 equiv) R3
2
R R® PhCI, 110 °C o NH:

Scheme 1.2.3.5.4. Ru(ll)-catalyzed synthesis of indoles via N-N bond cleavage.

In 2018, Xu et al. established a Ru(ll)-catalyzed C—H/N—H oxidative annulation for the
efficient synthesis of indoles (Scheme 1.2.3.5.5).3* The reaction occurs electrochemically in a
simple undivided cell in an aqueous solution using N-2-pyrimidyl-substituted anilines and
internal alkynes as coupling partners. In this electrolysis reaction, the electric current is used to
regenerate the active ruthenium catalyst instead of any external oxidant.

-e -e

2
R2 rvcl Pt R

ivi I B
R1—: A . H undivided ce R1—: N\ R?
7 H 4 N
)\ R3 [Ru(p-cymeneCl,], (5.0 mol %) )\N

1
N= IN KPFg (20 mol %), NaOAC (20 mol%) N\\)
K) H,O/PrOH (1 : 1), reflux, 1.8-3.9 h —

Scheme 1.2.3.5.5. Ru(l1)-catalyzed electrochemical synthesis of indoles.

1.2.3.6. Synthesis of Isoquinolines/Isoquinolones:

Among fused ring nitrogen-containing heterocycles, isoquinolines/isoquinolones are
well-known for having two fused six-membered rings. Over the years a tremendous number of
publications have appeared on their synthesis via transition metal-catalyzed alkyne annulation. In
2009, Miura and co-workers reported a Rh(lll)-catalyzed oxidative coupling between aromatic
imines with internal alkynes for the synthesis of isoquinolines through a regioselective C—H
bond cleavage (Scheme 1.2.3.6.1).%

Ph Ph

R1
©5§N I [CP*RhCL,1, N
1+ _—
wH , Cu(OAc),H;0 ary

R R2

Scheme 1.2.3.6.1. Rh(lll)-catalyzed synthesis of isoquinolines.

In 2011, Ackermann et al. reported a Ru(ll)-catalyzed annulations between N-substituted

benzamides and internal alkynes for the chemo- and site-selective synthesis of isoquinolones
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(Scheme 1.2.3.6.2).%% Herein, functionalization of both C—H and N—H bonds occurs during the
reaction and mechanistic studies in deuterated AmOH suggest an irreversible C-H bond
ruthenation. Further, the kinetic isotope effect (KIE) study provided strong evidence for a
carboxylate assistance rate-limiting C—H bond ruthenation.

R® 0

RZ

N N° [RuCly(p-cymene)], (5 mol %) X N°
R1—: 1 + | | R1|—
A~y o Cu(OAc),H,0 PN R3
R* t-AmOH, 100 °C, 22 h

R4

Scheme 1.2.3.6.2. Ruthenium-catalyzed synthesis of isoquinolones.

In the same year, the Ackermann group established a synthesis of isoquinolones via an
external oxidant-free carboxylate assisted Ru(ll)-catalyzed C—H/N-H annulation from N-
methoxybenzamides and N-hydroxybenzamides in an aqueous medium (Scheme 1.2.3.6.3).%" In
this annulation process, the N-O bond of N-methoxybenzamides served as the internal oxidant,
and free hydroxamic acids were also found to be good substrates due to the chemoselectivity of

the ruthenium(l1l) carboxylate catalyst.
i [RuCl,(p-cymene)], (2.5 mol %)

f R
R1
20 Y N
R ' [] + I l
Ay H MesCOOK (30 mol %) Y

4
R'=OMe,OH R H,0, 60 °C, 16 h

Scheme 1.2.3.6.3. Ru(ll)-catalyzed synthesis of isoquinolines in an aqueous medium.

In 2012, the Huang group reported a Pd(lIl)-catalyzed atom economical synthesis of
isoquinolones via C—H/N-H oxidative annulation between N-substituted benzamides and
internal alkynes (Scheme 1.2.3.6.4).38 Further, the unsymmetrical alkynes provided excellent

yields and good regioselectivity in this Pd(Il)-catalyzed alkyne annulation.

o

o
R3
n-OF Pd(OAc), (10 mol %) LY
1 +
H H | | Nal-2H,0 (1.0 equiv) ¥ R3

R2 DMF, 120 °C

Scheme 1.2.3.6.4. Pd(I1)-catalyzed synthesis of isoquinolones.

In 2012, Jaganmohan and co-workers reported a synthesis of substituted isoquinolines via
a Ru(ll)-catalyzed C—H/N annulation between aromatic/heteroaromatic ketoximes and internal
alkynes as well as terminal alkynes in good to excellent yields with high regioselectivity
(Scheme 1.2.3.6.5).%
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R? R4 [RuCly(p-cymene)], (2.5 mol %) R?
R1—'\O/k\N’R3 . I,I NaOAc (25 mol %) Rl SN
F ¥ MeOH, 100 °C, 16 h T
R'=1,Br, Cl, OR R*=Ph, alkyl R?
R? = Me, i-Pr, Ph RS = Ph, alkyl, CO,R, CH,OH, H
R® = OH, OMe

Scheme 1.2.3.6.5. Ru(ll)-catalyzed regioselective synthesis of isoquinolines.

In 2012, Ackermann et al. also reported a redox-neutral alkyne annulation between
ketoximes and internal alkynes for the expedient synthesis of isoquinolines (Scheme 1.2.3.6.6).%°

The reaction proceeds through carboxylate-free cationic ruthenium(Il)-catalyzed C—H bond
activation with reversible cycloruthenation.

Me R3 Me

. o,
O \N,OH | | [RuCl,(p-cymene)]; (5 mol %) 14\ SN
R T / + !

R2

KPFg (30 mol %)
MeOH, 60 °C, 24 h

Scheme 1.2.3.6.6. Cationic Ru(ll)-catalyzed synthesis of isoquinolines.

In 2013, Urriolabeitia and co-workers developed a Ru(ll)-catalyzed oxidative C—H/N-H

annulation between unprotected primary amines (benzylamines) and internal alkynes for the
synthesis of isoquinolines (Scheme 1.2.3.6.7).4

R? g3 [RuCly(p-cymene)], (10 mol %) R?
i R ;;1’ I l Cu(OAc), (2.0 equiv) I SN
(N, H KPF¢ (10 mol %) (AL RS
R* MeOH, 100 °C, 24 h R4

Scheme 1.2.3.6.7. Ru(ll)-catalyzed synthesis of isoquinolines from benzylamines.

In 2014, the Li group reported a Rh(lll)-catalyzed synthesis of isoquinolines from
benzylidenehydrazones and internal alkynes via C—H/N annulation (Scheme 1.2.3.6.8).%? This

process is understood via cleavage of the N—N bond followed by sequential C—H activation and
cyclization with internal alkynes.

4 5 - 4
RY R [RhCI,Cp*]; R
N \N'N\Rs o AgNO, o XN
R34 + R——R? R*T
= Cu(OAc), PN Rt
RS R® it EtOH, 80 °C, 12 h R2
, R® = aryl, alky

Scheme 1.2.3.6.8. Rh(l1l)-catalyzed synthesis of isoquinolines from benzylidenehydrazones.
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In 2014, Daugulis et al. reported a Co(ll)-catalyzed synthesis of isoquinolones via
aminoquinoline-directed C(sp?)—H bond activation (Scheme 1.2.3.6.9).® This method provides
excellent functional-group tolerance and both internal and terminal alkynes are also compatible

in this coupling process.

o) g1 Co(OAc);:4H;0 (10 mol %) o
©ﬁL'ﬂ . | | NaOPiv (2.0 equiv) N |
pHoNs ' Mn(OAc), (1.0 equiv) N peNx

2
CF3;CH,OH, 80 °C, 16 h R’

Scheme 1.2.3.6.9. Co(ll)-catalyzed synthesis of isoquinolones.

In 2014, Ackermann reported an external oxidant-free dehydrative alkyne annulation via
an in situ generated Ru(ll) biscarboxylate catalyst. This reaction proceeds through a C—H/N-H
oxidative alkyne annulation followed by N—OH cleavage to give isoguinolones in an aqueous
medium (Scheme 1.2.3.6.10).** The ruthenium(ll) catalyst derived from the electron-deficient
carboxylic acid m-(FsC)CsHsCO2H displayed highly regio- and site-selective C-H
functionalizations with a broad substrate scope. Further, detailed mechanistic studies suggest a
kinetically relevant C—H metalation by carboxylate assistance along with subsequent migratory
alkyne insertion, reductive elimination, and intramolecular oxidative addition.

(o}
R3
i N ,;J,OHJr II [RuCly(p-cymene)], (5 mol %) R‘—'\ NH
Z H H m-(F3C)CgH4CO,K (30 mol %) (A~ R3
R2

H,0, 100-120 °C, 18 h R2

Scheme 1.2.3.6.10. Ru(ll)-catalyzed external oxidant free synthesis of isoquinolones.

In the same vyear, the Ackermann group demonstrated the synthesis of 1-
aminoisoquinolines via C—H/N—H oxidative alkyne annulation of aryl and heteroaryl amidines
(Scheme 1.2.3.6.11).%° In this reaction a cationic Ru(ll) complex is generated in situ from KPFg
or AgOAc and displayed a reversible C—H bond activation followed by C—H/N-H alkyne

annulation with the high site-, regio- and, chemoselectivity.

.R? -R?
HN R3 [RuCly(p-cymene)], (5 mol %) HN
R A \r;J . H Cu(OAc),-H,0 (2.0 equiv) R1_.\ SN
Ay H KPFg (30 mol %) LA RS
R4 DME, 120 °C, 22 h

R4

Scheme 1.2.3.6.11. Ru(ll)-catalyzed synthesis of 1-aminoisoquinolines.
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In the year 2014, Swamy and co-workers used 8-aminoquinoline as an auxiliary bidentate
directing group for a Ru(ll)-catalyzed oxidative annulation of N-quinolin-8-yl-benzamides with
alkynes to achieve isoquinolones with high regioselectivity, broad substrates scope and broad
functional group tolerance (Scheme 1.2.3.6.12).¢ The reaction occurs in the presence of
[RUClz(p-cymene)]. as the catalyst and Cu(OAc)2-H-0 as an oxidant with the involvement of a
monoacetate complex [RuCI(OAc)(p-cymene)] instead of the bis-acetate complex [Ru(OAc)2(p-
cymene)]. The mechanistic studies reveal the involvement of a ruthenium N-quinolin-8-yl-
benzamide complex (i.e. N, N-bidentate chelate complex).

R2 RZ
o R3 o
- 0,
il O I;l . l | [RuCl,(p-cymene)], (5 mol %) R1'—\ N |
N SHLE N Cu(OAc),+H,0 (2.0 equiv) N LN
R4

t-AmOH, 110 °C, 24 h R

Scheme 1.2.3.6.12. Ru(ll)-catalyzed synthesis of isoquinolones.

In 2015, Sundararaju et al. described an efficient Co(lll)-catalyzed external oxidant free
redox-neutral C—H/N oxidative alkyne annulation between aromatic ketoximes and internal
alkynes (Scheme 1.2.3.6.13).4” The reaction offers multi-substituted isoquinolines with decent
yields and excellent functional group tolerance including heterocycles.

§-OH [CP*Co(CO)Il, (10 mol %) Me
_ | ER NaOAc (20 mo %) - = | N
RZ [ Me + R=FR AN s
N TFE, 80 °C, 24 h R

Scheme 1.2.3.6.13. Co(lll)-catalyzed synthesis of isoquinolines.

In 2017, Gogoi et al. reported a Ru(ll)-catalyzed C—H/N-H oxidative annulation of
benzamidines and internal alkynes for the facile synthesis of 1-aminoisoquinolines with
excellent regioselectivity (Scheme 1.2.3.6.14).%8

NH, g3 [RUCly(p-cymene)]; (2.5 mol %) NH,
i NOSN || Cu(OAc),-H,0 (1.0 equiv) RSN
Ay H K,CO; (1.0 equiv) L R

R? t-AmOH, 85 °C, 12 h

Scheme 1.2.3.6.14. Ru(ll)-catalyzed synthesis of isoquinolines.

In 2017, Urriolabeitia et al. described a carboxylate-assisted Ru(ll)-catalyzed synthesis of
isoquinoline-1-carboxylate derivatives through C—H/N—H oxidative alkyne annulation between

N-unprotected methyl esters of phenyl glycine and internal alkynes (Scheme 1.2.3.6.15).%® The N-
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fluoro-2,4,6-trimethylpyridinium triflate works as the terminal oxidant and the process shows a
remarkable tolerance to the presence of diverse electron-releasing and electron-donating

functional groups at the phenyl ring of the amino acid.

[RuCl,(p-cymene)], (10 mol %)

COOMe 3 COOMe
H R NaOAc (2.0 equiv)
R A r;l' . II KPFg (10 mol %) R1—:\ ~N
1
Z H N-fluoro-2,4,6- NP NR3
R? trimethylpyridinium triflate R2
(1.0 equiv)

HFIP, 60 °C, 24 h

Scheme 1.2.3.6.15. Ru(ll)-catalyzed synthesis of isoquinoline-1-carboxylate.

1.2.3.7. Synthesis of n-Conjugated Polycyclic N-Heteroarenes:

The transition-metal-catalyzed C-H/N-H oxidative alkyne annulation is an excellent
method for the construction of various n-conjugated polycyclic N-heteroaromatics. For example,
in 2010, the Li group reported a Rh(lll)-catalyzed oxidative C—H/N—H annulation between
primary benzamides and internal alkynes to synthesize 5,6,13-triaryl-8H-isoquinolino[3,2-
a]isoquinolin-8-ones (Scheme 1.2.3.7.1).%°

? Ph
_H
R_IdLr;l " |
q
H
Z H

1

i
I Ag,CO; (3.0 equiv) NP
y CH;CN, 115 °C,12 h Ph

O Ph

[CP*RICl,], (4 mol %) N NP
R_

Scheme 1.2.3.7.1. Rh(lll)-catalyzed synthesis of polycyclic N-heteroarenes.

In 2012, Ackermann et al. reported a Ru(ll)-catalyzed synthesis of fused polycyclic
indolo[2,1-a]isoquinolines and pyrrolo[2,1-a]isoquinolines via an aerobic oxidative coupling of
internal alkynes with 2-arylindoles and 2-aryl pyrroles respectively (Scheme 1.2.3.7.2).>! The
reaction occurs in the presence of the catalytic amount of Cu(OAc)2-H20 and air as the oxidant.

2 2

R! R RS - R Re
A\ =|= [RuCl,(p-cymene)], (5 mol %) QA ==
.
Y I Cu(OAc),-H,0 (10 mol %) N 7
Y *  t-AmOH, 100 °C, 22 h, air =
RS R*

5 R
Rz R RZ
| N\ | | [RuCly(p-cymene)], (5 mol %) | N\
"
R3 N‘ Cu(OAc),-H,0 (10 mol %) R N

R*  t-AmOH, 100 °C, 22 h, air

Scheme 1.2.3.7.2. Ru(ll)-catalyzed synthesis fused polycyclic N-heteroarenes.
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In the same year, the Ackermann group developed a cationic Ru(ll)-catalyzed effective
C-H/N-H oxidative annulations strategy to provide conjugated pyrazolo[5,1-aJisoquinolines
with both aryl- and alkyl-substituted alkynes (Scheme 1.2.3.7.3).5?

| \N R2 [RuCly(p-cymene)], (5 mol %) f \N
B N AgSbFg (20 mol %) BN N
RS R R'S
= H H Cu(OAc),-H,0 (1.0 equiv) NG RS
R3 DCE, 100 °C, 20 h

Scheme 1.2.3.7.3. Cationic Ru (I1)-catalyzed synthesis of pyrazolo[5,1-a]isoquinolines.

In 2014, Wang and co-workers reported a Ru(ll)-catalyzed oxidative C—H/N—H alkyne
annulation of 2-phenyl imidazoles to access imidazo[2,1-a]isoquinolines in the presence of para-
benzoquinone as the oxidant (Scheme 1.2.3.7.4).>% A wide range of electron-deficient alkynes are
converted into fused isoquinolines with high chemo- and regioselectivity.

@(Ni} R? [RuCl,(p-cymene)], (10 mol %) ";_N—\>
H |"| . H p-benzoquinone (2.0 equiv) Z R2
R DMF, 130 °C, 48 h R
Scheme 1.2.3.7.4. Ru (I1)-catalyzed synthesis of imidazo[2,1-a]isoquinolines.

In 2014, Chien-Hong Cheng reported a one-pot synthesis of naphthyridine-based
polyheteroaromatic compounds via a Rh(lll)-catalyzed multiple C—H/N-H alkyne annulation

between N-hydroxybenzamidines and alkynes in excellent yields (Scheme 1.2.3.7.5).5

H  NH, \

R
% o ek ‘ [CP*Rh(CH,CN);](SbFe),
R 5 +

Cu(OAc),
t-AmyIOH, 130 °C

R' = Aryl R = Alkyl

Scheme 1.2.3.7.5. Rh(l1l)-catalyzed synthesis of naphthyridine-based poly-N-heterocycles.

In the same year, the Peng group demonstrated a C—H/N—H annulation of quinazolones
with internal alkynes for the facile construction of fused tetracyclic heteroarenes in the presence
of [RuClz(p-cymene)]z and Cu(OAc)2-H20 under mild reaction conditions (Scheme 1.2.3.7.6).%°

H - o
i N L R? [RuCly(p-cymene)], (5 mol %) R1'_\
L N/ \ - H Cu(OAc),-H,0 (2.2 equiv) T

v Na,CO; (2.0 equiv)
z R2 R3 toluene, 90 °C, 16 h

Scheme 1.2.3.7.6. Ru(ll)-catalyzed synthesis of tetracyclic heteroarenes.
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In 2015, one-pot synthesis of fused polycyclic nitrogen-heteroarenes, 5,6-aryl-8H-
isoquinolino[1,2-b]quinazolin-8-ones was reported by Nanubolu et al. via a Ru(ll)-catalyzed
oxidative C—H/N—H annulation between heteroaryl dihydroquinazolinones and internal alkynes
followed by dehydrogenation (Scheme 1.2.3.7.7).® This method does not require copper salt as

the external oxidant, rather oxidation occurs by molecular oxygen.

o) o R*
3
» @\’(H H R4 [RuCly(p-cymene)], (5 mol %) R1'—\ R
T Na,CO; (2.0 equiv) ! P
= 2C03 =
N X ¢l N
. | 0, (1 atm)
Xe R DCE, 80 °C, 12 h R2

Scheme 1.2.3.7.7. Ru (11)-catalyzed external oxidant free synthesis of N-heteroarenes

In 2017, Swamy and co-workers achieved an N-aryl substituted amide group-directed,
Ru(ll)-catalyzed regioselective C—H/N-H oxidative annulation between 2H-chromene-3-
carboxamides with internal alkynes (Scheme 1.2.3.7.8).>” The method provides easy access to
benzopyran-fused 2-pyridones. In addition, using an excess of the alkyne a double C—H bond
activation occurred in the same pot, which most likely involves a Ru—N covalent bond and a

Ru-O coordinative bond.

R2-—=——R®(2.0 equiv)  R! RZ—==—R® (1.0 equiv) : R? X |
I [RuCl,(p-cymene)], (5 mol %) X | [RuCl,(p-cymene)], (5 mol %) R Z "N X
Z N Cu(OAc),-H,0 (2.0 equiv) NS NH Cu(OAc),-H,0 (2.0 equiv) X o
N ORS AgNTf, (30 mol %) B 0 AgNTf;, (30 mol %)
f{AmOH, 100 °C, 14 h - ‘AmOH, 100 °C, 14 h °

Scheme 1.2.3.7.8. Ru(ll)-catalyzed synthesis of benzopyran-fused 2-pyridones.

In 2019, Tang and co-workers reported an electrochemically enabled Ru(ll)-catalyzed
dehydrogenative C—-H/N—H alkyne annulation of primary benzamides (Scheme 1.2.3.7.9). The
method provides the synthesis of 5,6,13-triaryl-8H-isoquinolino[3,2-a]isoquinolin-8-ones

through a double C—H/N—H bond activation process.

[RuCly(p-cymene)], (5 mol %)
NaOPiv (1.0 equiv)
n-BuyNCIO, (1.0 equiv)

i-PrOH/H,0 (3/1), 100 °C
Ar, 10 mA

Scheme 1.2.3.7.9. Ru(ll)-catalyzed electrochemical synthesis of polycyclic isoquinolinones.
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1.3. Synthesis of Cyclic Compounds via Alkyne Insertion into the
Nitriles (-C=N):

The transition-metal-catalyzed oxidative alkyne annulation has been verified as a
powerful and prevalent synthetic tool for the construction of diverse N-heterocycles via the
formation of C—C and C—N bonds efficiently and economically. In this endeavor development of
newer unprecedented annulation methodologies involving the nitrile or cyano, functionality
remains an important quest in organic synthesis. Despite the flexibility to transform into various
other functional groups, nitrile functionality has long been considered inactive in organometallic
reagents. Hence the nitriles such as acetonitrile, benzonitrile, etc are widely employed as a
solvent in most transition metal-mediated reactions. Further, the nitrile group remains as a ligand
in a few metal catalysts like palladium chloride bisacetonitrile or palladium chloride
bisbenzonitrile.®® Therefore, owing to the inherent inertness of the cyano group towards
organometallic reagents the transition-metal-catalyzed oxidative alkyne annulations strategies
involving nitrile functionality offers a challenging but exciting opportunity to the synthetic

organic chemist for creating cyclic compounds.

1.3.1. Synthesis of Carbocycles via Alkyne insertion into the Nitriles:

The alkyne insertion methodology has been developed as a convenient route to various
carbocycles involving intramolecular cyclization with the nitrile group. In this regard long back
ago in 2002, Larock developed the synthesis of 2,3-diarylindenones from 2-iodobenzonitrile and
internal alkyne via an intramolecular carbopalladation of the nitrile (Scheme 1.3.1.1).%° This
reaction is the first example of the addition of an organopalladium species across the carbon-

nitrogen triple bond and is familiarly known as Larock’s annulation.

ph  Pd(dba), (10 mol %) fe
CN Et;N (1.0 equiv)
+ | | Q Ph
| DMF:H,0 = 9:1, 100 °C
Ph Ly

Scheme 1.3.1.1. Pd(0)-catalyzed synthesis of indenones.

A plausible reaction mechanism for this transformation is shown below (Scheme 1.3.1.2).
The reaction is initiated via the oxidative addition of Pd(0) into the C—I bond thereby giving an

aryl-Pd(Il) species. Next the alkyne insertion between in situ generated aryl—palladium bond
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produces alkenylpalladium(ll) which is followed by nucleophilic addition to the proximal nitrile

and finally hydrolysis provides a wide variety of 2,3-diarylindenones.

CN

raor—
Oo " .
Pd(II) oxidative addition
CL,
Pd(Inl

_Pd()

ph

P h o Z N
oo

va\ Pd(II)I
2™
K/ Z Ph
Ph

alkynylpalladium(ll) species

Ph

alkyne insertion| Ph——=

Scheme 1.3.1.2. The mechanism for the Pd(0)-catalyzed synthesis of indenones.

Following the same intramolecular carbopalladation of the cyano group, in 2003, they
developed a Pd(ll)-catalyzed synthesis of 3,4-disubstituted 2-aminonaphthalenes from 2-
iodophenylacetonitriles and internal alkynes with good yields and regioselectivity (Scheme
1.3.1.3).1 Herin the reaction is initiated via the in situ generations of Pd(0) from Pd(Il), oxidative
addition with C—I bond, alkyne insertion between aryl—palladium bond, nucleophilic addition of

alkenylpalladium(ll) to the proximal nitrile and finally aromatization.

Ph  Pd(OAc), (5 mol %)

O™ e @O
+
| "BuyNClI (1.0 equiv) Ph
Ph

Scheme 1.3.1.3. Pd(ll)-catalyzed synthesis of 2-aminonaphthalenes.

DMF, 100 °C, 48 h

In 2005, Murakami and co-workers reported a Rh(l)-catalyzed [3 + 2] annulation strategy
between 2-cyanophenylboronic acids and internal alkynes leading to the formation of 2,3-
indenones (Scheme 1.3.1.4).62 The reaction is conducted via an intramolecular nucleophilic
addition of an in situ generated organo-rhodium(l) species to the cyano group.

Ph o
@[CN I [Rh(OH)(cod)], (5 mol %)
' Q Ph
B(OH), Ph dioxane:H,0 = 40:1 O

100°C,2d Ph

Scheme 1.3.1.4. Rh(l)-catalyzed synthesis of indenones.
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Later in 2016, Tsukamoto et al. improved this annulation with internal alkynes by taking
2-(cyanomethyl)phenylboronates as the nitrile precursors leading to the formation of 3,4-
disubstituted 2-naphthalenamines (Scheme 1.3.1.5).5 The reaction is catalyzed by a (dppe)-
ligated palladium(ll) complex in methanol under relatively mild reaction conditions. The
reaction proceeds via initial transmetalation of the palladium(Il) complexes with the boronates,
then alkyne insertion to generate an alkenylpalladium(ll) species, followed by an intramolecular

Pd(TFA),(dppe) (5 mol %) OO NH,
MeOH, 65 °C, 4-24 h Ph

Ph

nucleophilic addition to the cyano group.
Ph
CN
)
BPin
Ph

Scheme 1.3.1.5. Pd(ll)-catalyzed synthesis of 2-aminonaphthalenes.

1.3.2. Synthesis of N-heterocycles via Alkyne Insertion into the Nitriles:

Extensive and well-organized advancement has been made in the field of transition
metal-catalyzed alkyne insertion into the nitrile for the construction of specific nitrogenous
heteroarenes. In this context, the transition metal-catalyzed [2 + 2 + 2] cycloaddition of alkynes
with nitriles provides multi-substituted pyridines, and the oxidative alkyne annulation of nitriles
via hydrolysis into amides gives isoquinolines.
1.3.2.1. Alkyne Insertion via [2 + 2 + 2] cycloaddition with Nitrile:

The [2 + 2 + 2] cycloaddition of a nitrile with alkyne-alkyne or alkyne-nitrile with an
alkyne provided substituted pyridine. For example. in 2005, Louie and co-workers reported a
mild and efficient method for the synthesis of a wide range of cyclopentane-fused pyridines from
methyl terminated tethered alkynes and benzonitriles via a combination of a Ni(0) catalyst and an
imidazolylidene (Scheme 1.3.2.1.1).%% The reaction is also subjected to an untethered alkyne
namely 3-hexyne to obtain pentasubstituted pyridine. Later in 2013, a detailed mechanistic
investigation was conducted for a Ni(IPr)z-catalyzed [2 + 2 + 2] cycloaddition of diynes and
nitriles through kinetic analysis of these reactions which give the evidence for the formation of a
Key n1-Ni(IPr)2(RCN) intermediate.®*°

SIPr = 1,3-bis- (2,6-diisopropylphenyl)-4,5-dihydroimidazol-2-ylidene)
MeO,C_CO,Me

E
I gt Ni(cod)2 (3 mol %) Me . t
SIPr (6 mol %) MeO.C Z N Z N
* ” ||or|| MC§C \I or \I
toluene, rt €0 Et
Me Me Et Me Et

Scheme 1.3.2.1.1. Ni(0)-catalyzed synthesis of pyridines from benzonitrile.
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In 2012, Takeuchi et al. developed a similar cycloaddition of a,w-diynes accommodating
a wide range of nitriles catalyzed by [Ir(cod)CI]2/DPPF or BINAP (Scheme 1.3.2.1.2).%° In this
protocol both aliphatic and aromatic nitriles smoothly reacted with a,®-diynes to give pyridines.
The high regioselectivity is obtained with unsymmetrical diyne bearing two different internal
alkyne moieties.

RS R*

R2
[Ir(cod)ClI]; (1 mol %)
|T| A DPPF (2 mol %) R /S~ N
R! benzene, reflux R® N R?
R3 R3

Scheme 1.3.2.1.2. Ir(l)-catalyzed synthesis of pyridines from nitriles.

In 2020, the Wang group demonstrated an iron(ll)—cobalt(ll) co-catalysis for the
cycloaddition of untethered internal as well as terminal alkynes to nitriles under mild reaction
conditions leading to the synthesis of polysubstituted pyridines in a single step. (Scheme
1.3.2.1.3).%¢ This reaction facilitates the preparation of 2,3,4,5,6-pentafuntionalized pyridines

which are valuable luminescent materials.

2 :
R2 R2 Catalyst1 (2 mol %) R R ] +
|T| Al Catalyst 2 (4 mol %) z N |
! Co
R toluene, 50°C,20 h  R2 N R! | b1 SNH

R? R? 18 ; | Ph,P
i [MeCN=—Fe_
R1=Ph,alkyl :| MeCN' NCMe
R2 = Ph, CO,R, H E catalyst 1 catalyst 2

Scheme 1.3.2.1.3. Fe(11)/Co(ll)-catalyzed synthesis of pyridines from nitriles.

Recently in 2021, an inexpensive Co(ll)-catalyzed fully intermolecular [2 + 2+ 2]
cycloaddition using unactivated nitriles and internal alkynes leading to pentasubstituted pyridines
is reported (Scheme 1.3.2.1.4).%7 The reaction is well-tolerated with a broad range of substrates
scope covering aryl, heteroaryl, and alkyl substituents in all of the reacting partners. The reaction
proceeds through the oxidative coupling of two alkynes, insertion of the nitrile into a

cobaltacyclopentadiene, and finally, C—N reductive elimination is supported by DFT.

RZ
RZ R2 Col, (10 mol %) R2
|"‘| -l dppp (10 mol %) z N
.
1 Zn (50 mol %) R2 X “R!
R R?2 R? o
NMP, 80 °C, 24 h R

R1 = aryl, heteroaryl, alkyl R? = aryl, heteroaryl

Scheme 1.3.2.1.4. Co(ll)-catalyzed synthesis of pyridines from nitriles.

TH-2725_166122029 Page |27



Chapter |

A general mechanistic pathway for this metal-catalyzed cycloaddition between alkynes
and nitrile for the synthesis of pyridine is shown below (Scheme 1.3.2.1.5). Initially, the metal
[M] coordinated with two alkyne partners giving a metallacyclopentadiene via subsequent
oxidative coupling. Next, the nitrile partner coordinates through two possible pathways. (i)
insertion into the [M]—C bond to give cycloheptametallacycle or (ii) intramolecular [4 + 2]
cycloaddition to form a bicyclic complex. Finally, after reductive elimination or isomerization of

the cycloheptametallacycle or bicyclic complex respectively affords the pyridine and the metal is

)N:jph‘\/ \\

\ LIM]
| e ] /
Ph)\/\Ph Ph PH

decoordinated.

M, Ph N=m]

4 Ph M
N Ph / Ph [M]
AT o | )—Ph
o o . PrL\Ph_/Ph i
Ph—=N

Scheme 1.3.2.1.5. Mechanistic pathway for the [2 + 2 + 2] cycloaddition of nitriles.

In 2016, Liu and co-workers developed an efficient Ni(0)-catalyzed synthesis of multi-
substituted fused-pyridines in the presence of a Lewis acid via a [2 + 2 + 2] cycloaddition of
alkyne-nitriles with alkynes (Scheme 1.3.2.1.6).% Mechanistic studies reveal the formation of a
five-membered azanickelacycle intermediate through intramolecular hetero coupling between

alkyne and nitrile followed by intermolecular insertion of an alkyne.

OTBS ,  Ni(COoD) (5 mol %) TBSO R
PMePh, (10 mol %) 2
\\ re Tl BPh; (20 mol %) \// ’
CN 3 ° N g3

R® toluene, rt, 24 h

Scheme 1.3.2.1.6. [2 + 2 + 2] cycloaddition of benzene-tethered alkyne-nitriles with alkynes.

1.3.2.2. Alkyne Insertion via hydrolysis of Nitrile:
In 2013, Jaganmohan et al. described a Ru(ll)/Cu(ll)-catalyzed cyclization of aromatic

and heteroaromatic nitriles via oxidative annulation with internal alkynes in the acetic acid
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medium under air to afford substituted isoquinolones in good to excellent yields (Scheme
1.3.2.2.1).%° The reaction is initiated through the hydrolysis of the nitrile into a primary amide
(CONHpy) in the presence of Cu(OAc)2H20 in acetic acid. Further, an amide-directed Ru(ll)-

catalyzed C—H/N-H oxidative annulation with internal alkyne provided substituted isoquinolone.

N
|1 g2 [RUC,(p-cymene)]; (5 mol %) e 9
KPFy (20 mol % N
% I LU, g S g
S . Cu(OAc),-H,0 (30 mol %) et 2
1
R R AcOH, 120 °C, 10 h R?

under air

Scheme 1.3.2.2.1. Synthesis of isoquinolones via hydrolysis of nitriles.

1.3.3. Synthesis of N-Heterocycles via Intramolecular Alkyne Insertion into the

Nitriles:

The development of nitrile-triggered access of N-heterocycles further proceeds when both
the nitrile and alkyne remain as an integral part of the same precursors such as o-
alkynylarylnitriles (Figure 1.3.3.1).7° Herein, the alkynes attached at the ortho position trigger the
reactivity of the precursor leading to the synthesis of diverse N-heteroarenes through
nucleophilic addition to the nitrile followed by intramolecular insertion with the alkyne. Another
possible way of accessing nitrogenous compounds from this precursor is the nucleophilic attack
of an N-nucleophile onto the nitrile followed by annulation with the alkyne. However, in the
latter case alkyne is not inserted into the nitrile rather it triggered the process allowing the

nucleophile to be a part of the heteroarenes.

E—Jttack through N- nuclophlle] attack through nitrile

O e -

Figure 1.3.3.1. Synthesis of N-heterocycles from o-alkynylarylnitrile.

In 2010, a Pt(Il)-catalyzed facile synthesis of 1-alkoxyisoquinolines via intramolecular 6-
endo-dig cyclization of ortho-alkynylbenzonitriles was reported by Li in an alcoholic medium

(Scheme 1.3.3.1).7%%, The reaction is initiated by the Pt(I1)-induced nucleophilic addition of an
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alkoxide to the nitrile, and then the addition of the alkyne occurs to form the C—Pt bond.

Protonation of the C—Pt bond provides the isoquinoline and regenerates the Pt catalyst.

R2

= 2
N7 PtPMe,OH); (10 mol %) AN R
R+ R'——
Z < ROH, reflux A~ N
AN
N OR

Scheme 1.3.3.1. Pt(Il)-catalyzed synthesis of isoquinolines from o-alkynylbenzonitriles.

In the same year, Xei and co-workers developed titanium catalyzed stereospecific
synthesis of aminoisoindole from the reaction between o-alkynylarynitrile and amine with
various functional groups tolerance (Scheme 1.3.3.2).”. The reaction is initiated via a
nucleophilic attack on the nitrile by amine followed by a 5-exo-dig cyclization to deliver the

aminoisoindoles.

R2 R2
= H Ti-catalyst (10 mol %) A
1A N N
R1—| + R? R* R O 7 N
a N toluene, 115 °C G
NN N‘R“
7

R3

Scheme 1.3.3.2. Ti-catalyzed synthesis of isoindolines from o-alkynylbenzonitriles.

In 2017, Kumar et. al. explored the transformation of o-alkynylarylnitrile to sulfur and
nitrogen substituted benzo naphthyridine via Pd(ll)-catalyzed 6-endo-dig protocol using

secondary amine and thio nucleophiles (Scheme 1.3.3.3).7%

P R? Pd(OAc), (2.5 mol %) ,
3 2
= N =z Na,S / R°X PPh, (5 mol %) Z D R z XN R
R'-— || + or R1-— or R'=— | !
NS N/ \\N H DMF, 80 °C NS ~N N N/ P
~N 3
R3/ R4 SR R3,N\R4

Scheme 1.3.3.3. Pd(ll)-catalyzed synthesis of benzo naphthyridine from o-alkynylbenzonitriles.

In 2018, Liang groups reported an efficient Cu(ll)-catalyzed heteroannulation reaction for
the synthesis of benzo [4,5]imidazo[2,1-a]isoquinoline derivatives captivating o-
alkynylbenzonitriles and 2-iodoanilines (Scheme 1.3.3.4).7%¢ The efficiency of this protocol relies

on the nitrogen of the aniline to undergo both nucleophilic attacks on nitrile and alkyne.

RZ
Cu(OAc), (10 mol %) 2
= 2 R
O Z X NH, BuOK (3.0 equiv) R‘—'\ A
R + R AN
(~ Z DMAc, 120 °C, N R?
N S g

Scheme 1.3.3.4. Cu(ll)-catalyzed coupling between 2-iodoaniline and o-alkynylbenzonitriles.
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1.4. Synthesis of N-Heterocycles via Thermal and Photochemical

Cascade Addition/Cyclization of Nitriles:

A cascade strategy, also recognized as a domino or tandem reaction, is a chemical
process that includes at least two successive reactions such that each subsequent reaction takes
place only in virtue of the chemical functionality formed in the previous step (Figure 1.4.1).” In
general, the cascade strategies allow several bond formations in one sequence, thus isolation of
each intermediate is not required at all, no additional reagent or catalyst is required, and no
change in the reaction condition as each reaction composing the sequences occurs

spontaneously.

'/_Nu
N Nu
w H,0
NH r e 0l - D—Nu
2 NH, H
ADDITION Intermediate CYCLIZATION

Figure 1.4.1. Cascade addition/cyclization with nitrile precursor

Advantages of Cascade Strategies:
v' Complex molecule synthesis in one pot.
v The reaction is fast and clean.
v Displays high atom economy.
v’ Step economy.
v

Reduce the production time and amount of waste generated.

Classification of Cascade Strategies:

The classifications of cascade reactions are very difficult due to the involvement of
miscellaneous reaction sequences either thermally or photochemically. Therefore considering
the various nature of reaction mechanisms or steps and the catalysts involved the cascade
strategy can be arbitrarily distinguished into the following categories:

1. Nucleophilic or electrophilic cascades.
2. The radical cascades.

3. Pericyclic cascades.

4. Transition-metal-catalyzed cascades.
5

Enzyme-catalyzed cascades.
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The use of these cascade strategies has flourished not only in the area of total synthesis’? but
also the development of each cascade-driven organic methodologies has been also growing
tremendously. In the past few decades, cascade addition/cyclization has been established as one
of the most attractive approaches, for the construction of diverse N-heterocycles.” In this
consequence the nitrile (—CN) functionality has appeared as the most prevalent synthetic
precursor to achieving diverse nitrogen-containing heterocycles through cascade addition
cyclization sequences either thermally or photochemically. Among the various cascade
processes, herein we are going to discuss the construction of various N-heterocyclic compounds
introducing various nitrile precursors under the following two categories:

1.4.1. Transition-metal-catalyzed cascade addition/cyclization (going through
nucleophilic/electrophilic mechanism or radical mechanism)
1.4.2. Visible-light mediated radical cascade addition/cyclization (going through radical

mechanism)
1.4.1. Transition Metal-Catalysed Cascade Addition/Cyclizations:

The transition metal-catalyzed cascade addition/cyclizations of nitriles (—CN) have
provided a novel convenient, superior, and straightforward route to create a wide range of N-
heteroarenes through efficient construction of C—C and C—N bonds. Transition metals such as
manganese (Mn), nickel (Ni), copper (Cu), palladium (Pd), and Silver (Ag), have been used
frequently in this nitrile-triggered transformation in recent years. These reactions can proceed
either with nucleophilic/electrophilic mechanism or free radical mechanism. In the process, the
transition metal converts the nitrile into an iminyl group (C=N) through the addition by (i) using
the o-coordination of nitrogen to the metal as a Lewis acid, (ii) 1,2-insertion, or (iii) in situ

generations of a radical (Figure 1.4.1.1) and undergoes further cyclization.

------------------- — Nu N
. — M) . N ~
i R—=N M gy FN P TV
c-coordination | R
' neucliophilic addition

i [R—=N----mIr’ ;

: R" N
' | o-coordination |: Y S M1
- [M]R" or : R
ir—=n S 2 [ R
H H : 1,2-insertion
[M]R*

n-coordination |:

; : RN
(iii) R—=N —>ER'X\/@\'R' L \lf
. ' radical addition

,
 radical generation
\ B

Figure 1.4.1.1. Transition-metal-catalyzed addition of nitrile.
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After Larock’s pioneering work in the field of catalytic carbopalladation of nitrile, this
concept has been explored for the synthesis of various N-heterocycles. In these transformations,
the nitrile N-atom undergoes cyclization with a proximal carbonyl (C=0) group or hydrolyzed
into a ketone and cyclized with proximal amine (NH2) to provide various N-heterocycles. A
general mechanism for this carbometallation of nitrile is shown in Figure 1.4.1.2, where the
coupling partner undergoes transmetallation with the metal catalyst to provide an aryl-metal
species. Next coordination with the cyano group followed by the addition of the aryl group
through carbometallation of nitrile provides an immine or ketone and the metal catalyst is
regenerated through elimination. Finally, cyclization of the imine or ketone with the proximal

keto or amine group of the starting nitrile precursor gives a cyclic product.

R4-X R®

O CN NH, CN ” R2
or Transition metals [M] A
R? R3 R! R3 - | R*
R [M] = Pd, Ni, Cu N

X = B(OH),, NHNH,, CO,H

R2 cyclization NH cycllzatlon R?
I R4 -~ R o or R3 _— I \ RA
1“ N
R’ R" §

4-X
ellmlnatly transmetallation
3'< {' RAIM]

R IM] NH, CN

1

_ R
N or carbometallation coordination R1J\)\R3
[M] R4 or R2
CN
M—R 0 R R
N
"Ki

Figure 1.4.1.2. Carbometallation of nitriles to synthesize N-heterocycles.

1.4.1.1. Transition-Metal-Catalyzed Nucleophilic/Electrophilic Cascades:

In this transition-metal-catalyzed cascade reaction, the nitrile precursors react with
different coupling partners such as amine, Grignard reagent, arylboronic acids, aryl iodides,
indoles, arylhydrazines, and aryl carboxylic acid to afford various N-heterocycles. During the
process, the nitrile group acts as an electrophile and undergoes addition with aryl nucleophile

generated from the coupling partners.
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In 2009, Nagasawa reported a Cu(l)-catalyzed facile synthesis of 1,2,4-triazoles through
tandem addition of 2-aminopyridines to the nitriles followed by oxidative cyclization. (Scheme
1.4.1.1.1).”* The reaction proceeds via nucleophilic attack by the amine on the nitrile and

subsequent cyclization gives triazoles through the formation of C—N and N—N bonds.

Il
NH2 CuBr (5 mol %)

N - o a /N —

R1+\ . (\N 1,10-phen (5 mol %) RZ_'/\r />_<\:/>
% /\/ Znl, (10 mol %) NN |
1

R? DCB, air, 130 °C, 24 h R

Scheme 1.4.1.1.1. Cu(l)-catalyzed synthesis of 1,2,4-triazoles from nitriles.

In 2014, the Jen-Chieh Hsieh group developed a copper(l)-catalyzed addition of Grignard
reagent to the nitriles followed by intramolecular cyclization to afford various polysubstituted
phenanthridines through the formation of C-N bond (Scheme 1.4.1.1.2).” The mechanistic
investigations demonstrated that the reaction proceeded more likely through a Cu(l)/Cu(lll)

catalytic cycle.

CN R N
Rl X Cu,0 (5 mol %) “ N g
P~ *  RMgBr X >
| A g2 toluene, 100 °C, 24 h R
= O

Br

Scheme 1.4.1.1.2. Cascade addition/cyclization of Grignard reagent to nitrile.

Liu and Li disclosed a copper(ll)-catalyzed synthesis of quinazolines through cascade
addition/cyclization between aromatic nitriles and 2-aminobenzylamines followed by aerobic
oxidation using molecular oxygen as the sole oxidant (Scheme 1.4.1.1.3).”® Interestingly, herein,
none of the nitrogen present in the quinozaline comes from the nitrile source because the method
proceeds via the addition of the nitrile followed by the elimination of ammonia and Cu(ll).

N
Il
Cu(cinamic acid), (10 mol %
R1'—\ . Rz@(\NHz ( )2 ( o) R2|_<j\/§N
| 0 g
Z Z NH, toluene, 100 °C, O, (ballon) PN S

Scheme 1.4.1.1.3. Cu(ll)-catalyzed synthesis of quinozalines from nitriles.

In 2017, Wu and Chen’s group established a Pd(ll)-catalyzed tandem addition and
cyclization of arylboronic acids with functionalized nitriles for the construction of 2-substituted
indoles (Scheme 1.4.1.1.4)."" This transformation has excellent substrate tolerance with

remarkable chemoselectivity.
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Pd(OAc), (5 mol %)

B(OH),
5,5'-dimethyl-2,2'-bipyridine
R1:_\ CN | 2P I (10 mol %) R1m
Z NH X~ TfOH (10.0 equiv), KF (2.0 equiv) N\ |
Ac THF/H,0 (1.5/2.0 mL) H R2

80 °C, 48 h, N,

Scheme 1.4.1.1.4. Pd(l1)-catalyzed synthesis of indoles from nitriles.

In the same year, Adhikari et al. reported a Pd(l1)-catalyzed addition of arylboronic acids
to substituted aliphatic nitriles in an aqueous acetic acid medium to achieve 3-carboxy-nitrile 2-
aryl pyrroles (Scheme 1.4.1.1.5).”® The reaction has excellent functional group tolerance with
good yields for both electron-donating as well as electron-withdrawing substituents.

EWG
B(OH), .
EWGOEt Pd(QAc)z (5 mol %) TN
| S 2,2 -bpy (5 mol %) ol N H
M —
NC OEt Ru—_ D

H,0 / AcOH (1:1)
80°C,1-3 h

EWG = CN, CO,Et
Scheme 1.4.1.1.5. Pd(ll)-catalyzed synthesis of pyrroles from aliphatic nitriles.

Yang and Shao groups developed a Pd(ll)-catalyzed synthesis of multi-substituted
imidazoles via the addition of arylboronic acids to aminoacetonitriles through the formation of
C—C and C—N bonds (Scheme 1.4.1.1.6)."°

Pd(TFA), (10 mol %) R’

BOH), |, ,. . w =N
4,4'-di-tert-butyl-2,2'-bipyridine 2-N
O CN R-N__
JL )\ . e (10 mol %) | S
1 o 3
R" "N7 R O CF4COONH, (1.0 equiv) R X
R? R*

toluene (2 mL), reflux, 4-6 h

Scheme 1.4.1.1.6. Pd(l1)-catalyzed synthesis of substituted imidazoles from nitriles.

Chen and Wu groups reported a Pd(l1)-catalyzed synthesis of isoquinolines via a similar
sequential nucleophilic addition cyclization of arylboronic acid to functionalized y-ketonitriles
(Scheme 1.4.1.1.7).8°

2
1 B(OH);  pd(acac), (5 mol %),
2N R 2,2'-bpy (10 mol %)
= | o TsOH (10.0 equiv), H,O (2 mL)
iS 80°C,24 h

R1

Scheme 1.4.1.1.7. Pd(I1)-catalyzed access of isoquinolines from nitriles.

Chen and co-workers developed another alternative pathway to access symmetrical and

unsymmetrical isoquinolines through a Pd(ll)-catalyzed tandem reaction of 2-
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(cyanomethyl)benzonitriles or 2-(carbonylphenyl)acetonitriles with arylboronic acids in an

aqueous medium (Scheme 1.4.1.1.8).8!

R3B(OH),

R2 1 R?
1
R\ R\\ Pd(acac), (5 mol %) X
N o ] CN bpy (10 mol %)
> Y .
N TsOH.H,0 (10.0 equiv)
R

4 H,0 (2 mL), 80 °C, 24 h

Scheme 1.4.1.1.8. Synthesis of symmetrical or unsymmetrical isoquinolines from nitriles.

In 2018, the Bao group introduced a convenient Cu(ll)-catalyzed cascade process
between o-halobenzamides and nitriles to synthesize quinazolinones (Scheme 1.4.1.1.9).8% The
methodology proceeds through a Cu(ll)-assisted nucleophilic addition of 2-halobenzamides to
the nitriles followed by an intramolecular Cu(ll)-catalyzed N-arylation in the presence of a base

to give quinozalinone derivatives. The reaction proceeds smoothly with aryl, alkyl, or

e 9 Cu(OAc), (10mol %) 2 ||

N

i . ﬁ\\ NH, ‘BuOK (3.0 equiv) ﬁy}\”
1 Yz ‘BUOH, 100°C, 16 h ' ~F “NZ  R!

R X

heteroaromatic nitriles.

R1 = aryl, alkyl, heteroaryl X=CI,Br,I Y=C,N

Scheme 1.4.1.1.9. Cu(ll)-catalyzed synthesis of quinozalinones from nitriles.

Kumar et al. introduced a Pd(ll)-catalyzed intermolecular cyclization process for the
regioselective synthesis of polysubstituted phenanthridines using aryl iodides and alkyl/aryl
nitriles (Scheme 1.4.1.1.10).28% The reaction is initiated via the nucleophilic insertion of aryl
iodides into nitriles followed by in situ generated imine-directed sequential two-fold C—H
activation through the cascade formation of C—C and C—N bonds.

Pd(OAc), (10 mol %)
|T| . Rz—'éj AgBF, (3.0 equiv)
R Z  JhonPhos (20 mol %)

R1 = aryl, alkyl DCE, 130 °C, 48 h

Scheme 1.4.1.1.10. Pd(Il)-catalyzed synthesis of phenanthridines from nitriles.

Liao et al. explored a Pd(Il)-catalyzed redox-free C—H addition of indoles to nitriles for
the synthesis of functionalized B-carbolines and y-carbolines in good to excellent yields via

addition/cyclization sequences with broad substrates scope (Scheme 1.4.1.1.11).84
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. R*—=N
RS J 5 R? R R
Pd(OAc);, (10 mol %) —N .
O or Q bpy (12 mol % TN R
N g ot Py ( ) O SNAL or RN /
| o 3
A~ rTN NMA:HOAG = 3:1 e R Z>N R
R ZN R or R R
1
R THF:HOAC = 3:1

120 °C

Scheme 1.4.1.1.11. Pd(Il)-catalyzed addition of indoles to nitriles.

Chen and co-workers further demonstrated the synthesis of 2,4-disubstituted
quinazolines via a Pd(ll)-catalyzed tandem reaction of arylboronic acids with N-(2-
cyanoaryl)benzamides (Scheme 1.4.1.1.12).8% The reaction is compatible with both these
substrates and various functional groups are well-tolerated.

B(OH),  Pd(OAc), (5 mol %)

H
RN R? N 2,2"-bipyridine (10 mol %)
DRSS

el = CF;COOH (2.0 equiv),
THF (1 mL), 80 °C, air, 24 h

Scheme 1.4.1.1.12. Pd(l1)-catalyzed synthesis of quinozalines from nitriles.

Chen group proposed a Pd(ll)-catalyzed sequential nucleophilic addition followed by
intramolecular cyclization of a quinazoline-based nitrile, 2-(quinazoline-3(4H)-yl)benzonitriles
with arylboronic acids to synthesize 2-(a-arylquinazoline-2-yl)anilines containing a free amino
group (Scheme 1.4.1.1.13).%5 The free amino group in the final product is favorable to further
synthetic elaborations to expand its diversity in both synthetics as well as in medicinal
chemistry. Both substrates with strongly electron-donating and electron-withdrawing groups are

compatible with this reaction.

B(OH), Pd(OAc), (5 mol %)

Ri _CN
AN (o]
| R, X 2,2-bpy (10 mol % S
@N //| . By © v ( o) /N Ry
k\N ~ TSOHH,0 (10.0 equiv) N NF
toluene (5 mL), air, 80 °C, 24 h A

v

Scheme 1.4.1.1.13. Pd(Il)-catalyzed tandem reaction of quinazolinone-based nitriles.

Shao and Yang's group developed a novel and regioselective construction of 3-aryl-1-
aminoisoquinolines via a Ni(l)-catalyzed C-C and C-N coupling reactions of 2-

(cyanomethyl)benzonitriles and arylboronic acids (Scheme 1.4.1.1.14).8” The reaction is atom-
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economic and has a broad substrate scope with a wide range of both aryl or heteroaryl boronic

acids as well as 2-(cyanomethyl)benzonitriles.

Ni(acac), (5 mol %)
R B(OH), . .
4,7-dimethyl-1,10-phenanthroline

1
X CN X (5 mol %)
| on © R
Z z Cs,C0; (20 mol %)

R2 Toluene (2 mL), 110 °C, 6 h

Scheme 1.4.1.1.14. Ni(l)-catalyzed access of aminoisoquinolines from nitriles.

In 2019, Chen and co-workers developed a Pd(ll)-catalyzed cascade reaction of 2'-
acetyl-[1,1'-biphenyl]-2-carbonitriles with arylboronic acids for the construction of a seven-
membered ring compound 5-arylidene-7-aryl-5H-dibenzo[c,e]azepines (Scheme 1.4.1.1.15).%8
This methodology proceeds through sequential nucleophilic addition, intramolecular cyclization,
and oxidative Heck coupling.

B(OH), Pd(TFA), (6 mol %)
N 2,2'- bpy (12 mol %)

Z MsOH (2 mmol)
DMF (2 mL), 100 °C, air, 24 h

Scheme 1.4.1.1.15. Pd(Il)-catalyzed cascade reaction of o-cyanobiaryls

Chen’s group further developed another Pd(ll)-catalyzed tandem addition and
cyclization of 2'-formyl-[1,1’-biaryl]-2-carbonitriles with arylboronic acids with excellent
selectivity for the efficient synthesis of dibenzo[c,e]azepin-5-ols (Scheme 1.4.1.1.16).%

B(OH);  Pd(TFA), (6 mol %)
A 2,2'- bpy (12 mol %)
+ RB:_
Z CH3SO;H (10.0 equiv)
dry THF (2 mL), 80 °C
24 h,N,

Scheme 1.4.1.1.16. Palladium(ll)-catalyzed synthesis of dibenzo[c,e]azepin-5-ols.

Shao and Li’s group accomplished a convenient method for the synthesis of 2,4-
disubstituted imidazoles via a Ni(ll)-catalyzed C-C coupling of aryl boronic acids with N-
(cyanomethyl)benzamides followed by intramolecular C-N bond formation (Scheme
1.4.1.1.17).%° The method is compatible with a variety of aryl or aliphatic substituents, halogen,
and N-containing heterocyclic groups demonstrating further synthetic explorations.
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2
B(OH) Ni(PPh;),Br, (10 mol %) 74 ‘\/R
2
o ©N 4,4'-di-tert-butyl-2,2'-bipyridine —
A (10 mol %)
A J R 1\
R Ir_ll ¥ Na,S0, (5.0 equiv) RV(N

anhyd. toluene (3 mL)
sealed, 120 °C, 24 h

Scheme 1.4.1.1.17. Ni(ll)-catalyzed synthesis of 2,4-disubstituted imidazoles.

Shao and Chen’s group developed the synthesis of 2-arylquinolines via a Pd(ll)-
catalyzed tandem reaction of 2-aminostyryl nitriles with arylboronic acids having good

substrates and functional groups tolerance (Scheme 1.4.1.1.18).%

R? B(OH), Pd(TFA), (5 mol %) R?
R’ CN R R3
I\\ RS R4 © bpy (10 mol %) |\\ B
3 |
SN =z TSOH H,0 (2.0 equiv) NN X
toluene (2 mL), 90 °C, 36 h, air l N

Scheme 1.4.1.1.18. Pd(Il)-catalyzed synthesis of 2-arylquinolines.

Neuville’s group described a Cu(ll)-catalyzed synthesis of benzimidazo[1,2-
c]quinazolines via three-components gathering of cyanamides, 2-cyanoarylboronic acids, and
amines (Scheme 1.4.1.1.19).°2 The reaction is initiated via a copper-catalyzed nucleophilic
addition between arylcyanamide and amine to obtain a guanidine unite which adds to the 2-
cyanoarylboronic acid via Chan-Evans-Lam type coupling followed by intramolecular
cyclization with the o-cyano group to provide quinazolin-4(H)-imines. Finally a Cu(ll)-

catalyzed intramolecular C—H amination provides benzimidazo[1,2-c]quinazolines.

H
N

@ .
Cu(OAc), (50 mol%) /O R! —Q
O\ Rz@ _NayC0, (3.0 equiy) _, Cu(OAc), (20 mol %) al XN
NH

B(OH), toluene (1.2 mL)

toluene O 110 °C —~
°C, 4 h, air ~ NJ‘O

Scheme 1.4.1.1.19. Cu-(ll)-promoted synthesis of benzimidazo[1,2-c]quinazolines.

Chen and Shao’s group reported the construction of 2,4-diarylquinazolines via a Pd(lIl)-
catalyzed tandem addition/cyclization of 2-(benzylidenamino)benzonitriles with arylboronic
acids (Scheme 1.4.1.1.20).%® The reaction has broad substrate scopes with different functional

groups tolerability concerning both the substrates.
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<
)
N oN B(OH), Pd(acac), (10 mol %)
5,5'-dimethyl-2,2'-bipyridine
NN r3 X (20 mol %)
. n
Z TsOH - H,0 (4.0 equiv)

z . R
R, & | KF (2.0 equiv)

NS DMF (2 mL), 80 °C, 48 h, air

Scheme 1.4.1.1.20. Access of 2,4-diarylquinazolines from nitriles.

In 2020, Chen’s group reported a Ni(ll)-catalyzed tandem addition/cyclization of 2-
(cyanomethyl)benzonitriles and methyl 2-(cyanomethyl)benzoates with arylboronic acids in a 2-
Me-THF solvent, providing a new strategy for the construction of diverse aminoisoquinolines
and isoquinolones under mild conditions (Scheme 1.4.1.1.21).%4

R2 R3-B(OH), R2 2 R3-B(OH), R2

1
R1 . R! i 1 R . 1
Rr3 Ni(dppe)Cl, (10 mol %) X 'R Ni(dppe)Cl, (5 mol %)R 3
EEEN SN R
|\ T, ZncCl, (2 mmol) ] 2 g" ' l\\ CN ZnCl, (0.6 mmol) |\\ =
/ 1 >
2-MeTHF (2.0 mL) PNy 2-MeTHF (25 mL) AN
o air, 120 °C, 48 h OMe ! air, 80 °C, 4 h NH,
1

Scheme 1.4.1.1.21. Ni(ll)-catalyzed synthesis of aminoisoquinolines and isoquinolones.

Chen, Shao, and Li’s group reported a selective synthesis of benzofuro[2,3-c]pyridines
via a Pd(ll)-catalyzed cascade reaction of 2-(cyanomethoxy)chalcones with arylboronic acids
(Scheme 1.4.1.1.22).% The mechanistic studies of this transformation informed that the reaction
proceeds via a sequential carbopalladation of nitrile, an intramolecular Micheal addition,

cyclization, and aromatization leading to the formation of C—C and C—N bonds.

» B(OH):  pg(0Ac), (5mol %) R
|\\ A 7 | -y X, 2,9-dimethyl-1,10-phen (10 mol %) |\
o
= 0" CcN \\Rz % TFA (0.4 mmol), THF (1 mL)

air, 80 °C,36 h

Scheme 1.4.1.1.22. Synthesis of benzofuro[2,3-c]pyridines.

Shao and Chen's group developed a Pd(ll)-catalyzed tandem reaction of 2-
(arylamino)benzonitriles with arylboronic acids in an aqueous medium for the synthesis of 9-
arylacridines (Scheme 1.4.1.1.23).%¢ Mechanistic studies showed that the reaction involves a
nucleophilic addition of aryl palladium intermediate to the nitrile group to form an aryl ketone

followed by an intramolecular Friedel-Craft acylation and dehydration.
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B(OH),  pd(0Ac), (5 mol %)

RINLCN )
I\\ z | R S 2,2'-bpy (10 mol %)
+ R3L—
Z N N 2 ( CH3SO;H (5.0 equiv)
R
H

H,0(2 mL), 100 °C

Scheme 1.4.1.1.23. Pd(Il)-Catalyzed synthesis of 9-arylacridines.

Chen, Hu, and Li group reported the construction of 2,6-disubstituted pyridines via a
Pd(Il)-catalyzed C-C, C—N coupling using o&-ketonitriles and arylboronic acids (Scheme
1.4.1.1.24).%" This method has the advantage of its atom economical, mild reaction condition,

excellent functional group tolerance, and broad substrate scope.

]
B(OH
o CN (OH), Pd(dba); (5 mol %) NS
U Wy @ 2,2'-bpy (10 mol %) P
R’ Z CF;COOH (0.15 mL) M r2
R'= Me, Aryl

CH3OH (2 mL), 90 °C, 12 h, air

Scheme 1.4.1.1.24. Pd(ll)-catalyzed cascade reactions of j-ketonitriles.

In 2020 Chen group demonstrated a Pd(ll)-catalyzed denitrogenative addition of
arylhydrazines with o-aminocinnamonitriles followed by cyclization to achieve quinolines in

moderate to good yields (Scheme 1.4.1.1.25).%

R2 NHNH,

" PdCl, (10 mol %)
Q X _CN \ O 2,2'-bpy (20 mol %)
v " s TfOH (2.0 equiv)
2

toluene (2 mL), 90 °C

Scheme 1.4.1.1.25. Pd(ll)-catalyzed cascade reactions with phenylhydrazine.

Chen and Shao developed a Pd(Il)-catalyzed C—C activation-initiated reaction of 2-(3-
phenyloxiran-2-yl)-benzonitriles  with  arylboronic acids to synthesize benzo-fused

dipyrromethene derivatives (Scheme 1.4.1.1.26).%°

B(OH),

R2 X R Pd(TFA), (10 mol %)
I\ A | A L RS bpy (20 mol %)
A en > {~ TFA (3.0 equiv), KF (2.0 equiv)
THF/H,0 (1:1)(3 mL)

110°C, 24 h R;«

Scheme 1.4.1.1.26. Pd(Il)-catalyzed synthesis of benzo dipyrromethenes.
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Chen and Li et al. developed an effective Ni(ll)-catalyzed C—C and C—N coupling of
ketonitriles with arylboronic acids to access biologically active 3-carboxylate-2,5-diaryl-
pyrroles and 2,6-diarylpyridines (Scheme 1.4.1.1.27).2% This transformation is highly versatile,
atom-economical has broad substrate scope, and has excellent functional group tolerance.

R! B(OH
I\\ R N (OH)2 Ni(dppe)Cl, (10 mol %)
> /+ RZ'—\ ZnCl, (1.0 equiv)
o n O THF (1.5 mL), 100 °C
n=1or2 24 h, air

R =H or COOEt

Scheme 1.4.1.1.27. Ni(ll)-catalyzed synthesis of substituted pyrroles and pyridines.

In 2021, Yu and Zhang’s group developed a novel and efficient strategy for the
construction of functionalized pyrrolo[1,2-a]pyrazine derivatives through a Pd(Il)-catalyzed

Csp—Cspz bond formation and an intramolecular cyclization (Scheme 1.4.1.1.28).1%

NC R¢
R® B(OH) N R3

R o Pd(OAc)2(5moI%)\|
I /: /<+ R“'—\ 2,2-bpy (5 mol %) z N/\g

|
X R? = DMF (5 mL),100 °C Nﬁ)kx

X=CH,N 12h

Scheme 1.4.1.1.28. Pd(Il)-catalyzed synthesis of multi-substituted pyrrolo[1,2-a]pyrazines.

Recently Li and Chen et al. developed a one-pot three-component reaction of 2-
aminobenzonitriles, arylboronic acids, and ketones for the synthesis of poly-substituted
quinolines via a Pd(l1)-catalysis under an acidic condition (Scheme 1.4.1.1.29).1%2 The reaction
proceeds through a palladium-catalyzed aryl addition to the cyano group, hydrolysis, and

Friedlander-type cyclization to give quinolines.

o] B(OH),

R N Pd(TFA), (10 mol %)
l\\ . .Rle RN bpy (20 mol %)
. -
A, bR (~ TsOHH,0 (5.0 equiv)
, e

toluene (2 mL), 120°C, 24 h

Scheme 1.4.1.1.29. Pd(Il)-catalyzed three-component tandem reaction of nitriles.

Chen and co-workers developed a Pd(ll)-catalyzed synthesis of pyrazino-fused
quinazolines via coupling of 2-(4-oxoquinazoline-3(4H)-yl)acetonitriles with arylboronic acids

followed by an intramolecular cyclization in aqueous media (Scheme 1.4.1.1.30).1%
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(o) z
R0 j" BOH):  py(TFA), (5 mol %) RIS Q \\|
l\\ NS P o+ Re B 2,2"bpy (10 mol %) _ || N R3
o N
N X\ 2 CH3SO;H (3.0 equiv) ~F N7 N
2 0,
I H,0 (2 mL), 70 °C, 24 h P
R |
N

Scheme 1.4.1.1.30. Pd(lIl)-catalyzed synthesis of pyrazino-fused quinazolinones.

Chen et al. further developed a Pd(Il)-catalyzed decarboxylative addition/cyclization of

aromatic carboxylic acids with functionalized

aliphatic nitriles to synthesize imidazoles and

oxazoles in a single step with good yields (Scheme 1.4.1.1.31).1%4

R2—CO,H
Pd(TFA), (5 mol %)

1

- . ]

R! H 2,9-d|methy|-1,10-p?enanthrol|ne o CN!
\r 2 (10 mol %) '

| R JJ\ ) '

N / _ R1 N 1
HFBA (4.0 equiv) H !

)

dioxane, 120 °C, N5, 12 h

R2—CO,H
Pd(OAc), (5 mol %)
6,6'-dimethyl-2,2'-bipyridine R!
(10 mol %) \F\(;)_Rz
HFBA (0.75 equiv) N
PhCF3, 100 °C, 24 h

O CN

I

O

R1

TH-2725_166122029

Scheme 1.4.1.1.31. Pd(Il)-catalyzed addition of carboxylic acids to nitriles.

1.4.1.2. Transition-Metal-Catalyzed Radical Cascades:

The transition-metal-catalyzed radical cascade process involving the nitrile functionality
provides a convenient route for the construction of various important N-heterocycles. The
application of the cyano group as a radical acceptor is shown below (Figure 1.4.1.2.1). An iminyl
radical is formed when an in situ generated radical adds to the nitrile group of a precursor (Path
A). Alternatively, an iminyl radical can also be generated through the radical addition to the
nitrile via an appropriately placed C=C bond or other unsaturated groups like isocyanides (N=C)
(Path B). Finally, nitrile insertion onto the aryl ring through the iminyl radical produces the

corresponding N-heterocycle.

Path A: Direct attack to the nitrile
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Path B: Attack to the nitrile through an unsaturated group
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Figure 1.4.1.2.1. Nitrile as a radical acceptor for synthesis of N-heterocycles.
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In 2016, Cui et al. reported Ag(l)-mediated phosphorylation/cyclization of N-cyanamide
alkenes to access quinazolinones. The addition of in situ generated phosphorus radical to N-
cyanamide alkenes triggers the reaction followed by addition to the nitrile and finally, cyclization
affords the quinazolinones (Scheme 1.4.1.2.1).1%

! (o}

o

(\/I 0

NN | N, 2;,'\ AgNO; (1.0 equiv) ﬁ N | A -
| —R'" + RZ\TH —mMm8M8M8— —_
N & R? CH,CN, 80 °C RZ’/F' NN NF

R2 L_,')

Scheme 1.4.1.2.1. Ag(l)-catalyzed radical cascade addition/cyclization of nitriles.

In 2018, Ya-Min Li reported an atom economical strategy to access cyano substituted
pyrido[4,3,2-gh]phenanthridines via an oxidative radical cascade cyclization of 2-cyano-3-
arylanilines derived acrylamides with acetonitrile in the presence of Cu(OAc). and tert-butyl
peroxy benzoate (TBPB) (Scheme 1.4.1.2.2).1%

0
i X NJJ\( L e Cu(OAc); (10 mol %) o
T 2 3 R >
# CN S TBBP (2.0 equiv)
120 °C, Ar

Scheme 1.4.1.2.2. Cu(ll)-catalyzed radical cyclization of nitriles.

A Mn(Il)-catalyzed synthesis of silicon/nitrogen heterocycles is reported by He et al. via
an intermolecular oxidative radical heteroannulation of N-(2-cyanoaryl)-acrylamides and tertiary
silanes through a 1,6-hydrogen atom transfer (1,6-HAT) (Scheme 1.4.1.2.3).1% The reaction
allows Si-incorporation using triisopropylsilane via Csps—H functionalization.

Me R?

H | _Me l!l 0
Z 0 \|/ Me  MnCl, (5 mol %)
R1—\| + H-Si - R R
N )\ Me  DTBP (3.0 equiv) 7 | /"L"e
)
CN R? R® Me” "Me PhCF, 120°C, Ar, 12 h N_ _si7 Me
Me
Me M‘:"Me

Scheme 1.4.1.2.3. Mn(lIl)-catalyzed radical cyclization of nitriles.

In 2019, Kang et al. developed a Cu(ll)-catalyzed addition of benzylic radical to the
nitriles group followed by an intramolecular cyclization to access NH indoles (Scheme
1.4.1.2.4).1% The reaction proceeds through the in situ generations of an iminyl radical via an

intermolecular carbanion-radical redox relay using a copper(ll) catalyst.
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CuSO0, (2 mol %)

" .
R1L\ . | \—R2 BuOK (1.0-5.0 equiv) R1+: A\

S Octane, 60 °C-100°C N
X NC H

Scheme 1.4.1.2.4. Cu(ll)-catalyzed radical cascades of nitriles.

Ji and Wang’s group proposed a Mn(Ill)-mediated reaction for the construction of
pyrrolopyridines using multi-functionalized 3-isocyano-[1,1’-biphenyl]-2-carbonitriles with

arylboronic acids (Scheme 1.4.1.2.5).1%° The transformation occurred via a radical path with the

formation of two new C—C bonds and one C—N bond.

N
B(OH),

Mn(OAc); - 2H,0 (3.0 equiv)
20 |
TR toluene (2 mL), 80 °C, Ar

Scheme 1.4.1.2.5. Mn(l11)-mediated radical cascade of nitriles.

Ya-Min Li reported an efficient Ag(l)-catalyzed synthesis of pyrido[4,3,2-
gh]phenanthridines using o-keto acids as acyl radical precursor with 2-cyano-3-arylaniline
derived acrylamides in moderate to good yields (Scheme 1.4.1.2.6).11° The reaction proceeds
through an oxidative decarboxylative cyclization leading to the formation of one C—N bond, two
C-C bonds, and a quaternary carbon center in a single step.

Ag,0 (5 mol %)

% H (NH.);8;05 (3.0 equiy)
CN R2 R®

acetone:water = 1:1.3

100 °C,12 h COR*

Scheme 1.4.1.2.6. Ag(l)-catalyzed radical cascade of nitriles.

In 2020, the Wang group reported an efficient and atom-economic strategy for the
synthesis of SCFs-substituted tryptanthrin derivatives in the presence of AgSCFs as an SCF3

radical source in moderate to good yields (Scheme 1.4.1.2.7).11

AgSCF; (1.2 equiv) o ,__/Rz
R1©)L K3S,05 (1.5 equiv) R1:—\ N\ /
||| DMSO, 80 °C, 16 h PIN? g3
F4CS

Scheme 1.4.1.2.7. Ag(l)-catalyzed SCF3 radical addition.
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Recently in 2021, a Mn(ll1)-assisted radical reaction of multi-functionalized 2-isocyano-
6-alkenyl(alkynyl) benzonitriles with arylboronic acids has been explored by Shun-Jun Ji
(Scheme 1.4.1.2.8).1*2 This methodology provides an atom-economical synthesis of

pyrroloisoquinolines through the formation of C—C and C—N bonds via a radical cyclization.

QA
N
Z R
B(OH),
CN . rell Xy, Mn(OAc); - 2H,0 (2.0 equiv)
NC F toluene, 80 °C, Ar

Scheme 1.4.1.2.8. Mn(l11)-mediated radical cascade of nitriles.

1.4.2. Visible-Light Mediated Radical Cascade Addition/Cyclizations:

The Visible-light-induced radical cascade addition/cyclization processes have been
successfully used for the construction of N-heterocycles because of their simplicity, efficiency,
and unique activation.!*® In this context construction of C—C and C—-N bonds using photoredox
catalysis has grabbed significant attention giving prominence to the nitrile functionality. In
contrast to that of transition-metal-catalyzed radical reactions herein the radical is generated
through the photocatalysts (PC) in its excited state (PC*) via single electron transfer (SET) by
the influence of visible-light (Figure 1.4.2.1). The generated radical adds to the cyano group to
obtain an iminyl radical which subsequently underwent intramolecular cyclization to access N-
heterocycles through a radical or a cationic species. The photocatalyst is regenerated to its

ground state either via oxidative quenching or reductive quenching cycle.

[Oxidative quenching cycle] [Reductive quenching cyclej

~
PO >

R L %\N 5 Ho2 202 /\N

s [PC]
£ \/[PC1 ,‘\/
/\' 2 \ 0%
2
[PC]- [PC]*
[PCI* o N

(&
~
T [PCl+ /
[:A:]A . ' \ = / /;\l HO, 02> SET \
¥ IN C;N/ \ ©)\ RSN +RH RH
©)\R ©/\\, R RX

[PC] = Photocatalyst

Figure 1.4.2.1. Visible-light mediated radical addition to nitrile.
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In 2014, Yu’s group developed an Ir(l11)-catalyzed visible-light promoted strategy for the
synthesis of fused quinoxaline derivatives using diethyl 2-bromo-2-(2-cyanoethyl)malonate as
the radical precursor with aryl isocyanides (Scheme 1.4.2.1).1* The reaction proceeds through
the intermolecular radical addition to the isocyanide followed by an intramolecular radical

addition to the nitrile.

NC Ir(ppy); (1 mol %) N
A A
P
ZSNC Et0,C blue LED NN

CO,Et CO,Et
50 °C, Ny, 24 h Et0,C

Scheme 1.4.2.1. Ir(l11)-catalyzed inter- and intramolecular radical addition.

In 2016, Yu and co-workers reported the synthesis of tetracyclic quinazolinones using a
visible-light promoted intramolecular radical cascade approach using fac-Ir(ppy)s as
photocatalyst (Scheme 1.4.2.2).11°

fac-Ir(ppy)s;
o

RS NN, DIPEA, MecN RN
2N N A rt, white LEDs Z~\

N—7 \

X

Scheme 1.4.2.2. Ir(111)-catalyzed radical addition to nitrile.

In 2017, Sun et al. developed a visible-light-induced cascade addition cyclization
sequence for the synthesis of ester-functionalized pyrido[4,3,2-gh]phenanthridind derivatives.
The reaction proceeds via the addition of an ester radical from alkyl carbazate in the presence of

eosin Y as the photoredox catalysts (Scheme 1.4.2.3).116

o eosin'Y (2 mol %) 2
.R
Wy N Nz & HZN\NJ\O’R4 TBHP, DCM Rl
|
P> CN R* R H 5 W white LEDs 0
Ar, 36 h COR*

Scheme 1.4.2.3. Eosin Y catalyzed radical addition to nitrile.

In the same year, they also developed a radical cascade addition/cyclization reaction to

synthesize phenanthridines under an Ir-(111) photoredox catalysis (Scheme 1.4.2.4).117

o fac-Ir(ppy)s;, Na,CO;4
R N . BrchCN DMSO/CH,CN <
! 2 3 2
# CN R® R 5 W blue LEDs
Ar, rt,32 h

Scheme 1.4.2.4. Ir-(111)-catalyzed radical cyclization.
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In 2018, the Sun group published a visible-light-mediated decarboxylative alkylation via
cascade addition/cyclization to N-arylacrylamides involving the combination of eosin Y and
(NH4)2S20s. Herein, decarboxylation of aliphatic carboxylic acids generates an alkyl radical
which undergoes addition to the nitrile group followed by intramolecular cyclization to access
alkylated phenanthridines (Scheme 1.4.2.5).118

o

eosin Y (2 mol %)

2

N N 0 (NH,),S,05, DMSO ¢ :
RUE \ + JU _n T

P> CN R? Me R® O 5 W blue LEDs o

Ar,rt, 12 h R®

Scheme 1.4.2.5. Eosin Y catalyzed radical addition to nitrile.

In 2018, Natarajan et al. demonstrated an efficient strategy for the construction of 2-
substituted benzothiazoles via the radical coupling between nitriles and thiophenols in good to
excellent yields through a sequential C—S and C—N bond formation under photoredox catalysis
(Scheme 1.4.2.6).1*° The reaction involves the direct oxidative radical coupling of thiophenols

with nitriles to afford iminyl radical followed by intramolecular cyclization.
CN SH Eosin Y (2 mol %) 1
R1!—(5 3 Rz—@ Green LEDs RZ:_(\:EN\>_<\=_|=/>
7 Z DMSO0, 30 °C )

Scheme 1.4.2.6. Eosin Y catalyzed thiol radical addition to nitrile.

Owing to the importance of fluorine-containing compounds Sun et al. reported a visible-
light-induced radical cyclization of 2-cyano-3-arylaniline derived acrylamides in the presence of
Ru(phen)sCl, or fac-Ir(ppy)s. Two different fluorine-containing radical sources are used to
deliver trifluoroalkyl phenanthridines and difluoroalkyl phenanthridines respectively in moderate
to good yields (Scheme 1.4.2.7).12 The protocol underwent smoothly via the addition of
fluorinated radicals to the C=C bond followed by the addition to the nitrile and finally an
intramolecular cyclization process.

BrCF,R?2 CF3S0,Cl

fac-Ir(ppy); (2 mol %) O Ru(phen),Cl, (2 mol %)
Na,HPO, (2.0 equiv) NC Na,COj; (2.0 equiv)

NS

5W blue LEDs RVNL0 5Wblue LEDs  Me

DMF, Ar, rt, 12 h CHCN, Ar, it, 12h  F.C

Me'

Scheme 1.4.2.7. Ru(ll) and Ir(l11)-catalyzed trifluoromethylation.
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In 2019, the Fu group demonstrated N-trifluoromethylthiosaccharin as an effective
precursor of SCFs radical to access the SCFs containing phenanthridines under visible-light
irradiation using Ir(I11) photocatalyst (Scheme 1.4.2.8).122 A large variety of functional groups
having electron-donating and electron-withdrawing substituents reacted smoothly to afford fused

phenanthridines in moderate to good yields.

(o}
T N)V fac-Ir(ppy)s (2 mol %)
R Ly s * N-SCF; ——————————» R
~ CN R® R -S', 6 W blue LEDs

CH,CN

Scheme 1.4.2.8. Ir(l11)-catalyzed thiotrifluoromethylation.

1.5. Conclusion:

In conclusion, the C-H/N-H alkyne annulation and cascade addition/cyclization
reactions remain a powerful and demanding synthetic methodology for the construction of
nitrogen heterocycles through the formation of C—C and C-N bonds in a single step. The
involvement of nitrile (C=N) or cyano precursors utilizing these approaches has revolutionized
the synthesis of several essential N-heterocycles from designer reactants. Synthetic precursors
like B-ketodinitriles and vy-ketodinitriles having nitrile functionality can open up broad
opportunities in this area. However, these precursors remain less explored either thermally or
photochemically. Therefore in the subsequent chapters of this thesis, we report newer
methodologies for a straightforward and efficient synthesis of various N-heterocycles such as
isoquinolines, furopyridines, benz-imidazopyridines, cyanopyridines, and cyanopyrroles from

these functionalized or activated nitrile precursors B-ketodinitriles and y-ketodinitriles.
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CHAPTER || ——

One-pot Sequential Synthesis of Fused Isoquinolines
via Intramolecular-Cyclization/Annulation and their

Photophysical Investigations

selective hydrolysis

R3——R*
(1.0 equiv) N_ 20"
[Ru(p-cymene)Cl,], (5 mol %)

Cu(OAc),-H,0 (10 mol %)
1,10-phenanthroline (20 mol %)

CN AcOH (2mL),110°C,5h Cu(OAc),-H,0 (50 mol %) CN
H,0"® PEG-400 (2 mL), 110 °C, 24 h
40 examples [ N
R? ) . Yields (25-78%) =~ R?
P . 0 one-pot sequential reaction
R'=R? = EDG, EWG, heteroaromatic o selective hydrolysis of one of the —-CN group
R®= R* = Aryl (possessing EDG, EWG), alkyl o formation of C-C, C=0, 2C-N, and 2C=C bonds

0 photoluminescence behaviour

~

J
~

Adv. Synth. Catal. 2019, 361, 3824-3836. “%?eﬂs&
Catalysis

FULL PAPER asc.wiley-vch.de

ABSTRACT: A one-pot synthesis of fused conjugated isoquinolones was developed from

J

v-ketomalononitriles and internal alkynes in the presense of Cu(Il) and Ru(ll). This one-pot
process consisting of a Cu(ll)-catalyzed selective hydrolysis of a cyano group to an amide,
dehydrative cyclization of the amide to a cyclic amide and finally the Ru(ll)-catalyzed
C—H/N-H annulation with an internal alkyne. The overall process is associated with the
formation of one C—C, two C—N, two C=C and a C=0 bonds leading to highly fluorescence
active fused isoquinolone having emission in the green region (502—-560) nm and absorption
(Amax) in the range of (454-490) nm. The AEumo-Homo) Of the synthesized compounds are
in the range of 2.88 to 3.45 eV which is calculated on the basis of DFT.
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CHAPTER II

One-pot Sequential Synthesis of Fused Isoquinolines
via Intramolecular-Cyclization/Annulation and their
Photophysical Investigations

I1.1. Introduction:

Various heterocyclic compounds having potential biological activities have been
synthesized via Michael adduct with numerous carbon nucleophiles.® Malononitrile is one of the
useful and convenient precursors for the synthesis of a wide range of fused N- and O-heterocyclic
skeletons.? Over the years, many publications have appeared for nitrogen-containing six-membered
heterocyclic systems highlighting their biological importance as well as photophysical properties.
Amid fused-ring nitrogen heterocycles, isoquinolines and isoquinolones are a special class
possessing comprehensive biological activities (Figure 11.1.1) and exist in many synthetic drugs
and natural products.>-> Further, organic fluorescent molecules, used in organic light-emitting
diodes (OLEDs),® liquid crystal displays (LCDs)’ and fluorescent dyes® are important in bridging
between the synthetic organic chemistry and material science.® Due to fascinating luminescent0&:
properties substituted fused isoquinolines® play a significant role in material science (Figure
[1.1.1). Moreover, numerous organic transformations use isoquinolones as one of the key
intermediate.!* Therefore, it is desirable to develop synthetic protocols for these potentially active

heterocycles as target structures for biological evaluation and application in material science.

Figure 11.1.1. Representative biologically active natural product and highly fluorescent fused

isoquinolines/isoquinolones.

Page |65
TH-2725_ 166122029



Chapter Il

Of late, transition-metal-catalyzed C—H bond activation'?*® has gained great attention for
the synthesis of bioactive complex nitrogen-containing fused heterocycles, especially,
isoquinolines and isoquinolones. In this context Rh(Ill), Pd(Il), Ni(ll), and Ru(ll) catalysts are
most common and have been used extensively to obtain isoquinolones' via the oxidative coupling
between an internal alkyne and an amide. Further, in the recent past, a two-step protocol has been
achieved utilizing two different catalytic systems for the synthesis of highly functionalized
compounds.'® The development of one-pot strategies is often ineffective because each step
provides several byproducts along with unreacted starting materials. Inspired by transition-metal-
catalyzed direct annulation of C—H bonds® and the advantage of two-step protocol we envisaged
the synthesis of 4-oxo-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a) from a
Michael-adduct,'” 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) [Scheme 11.1.1, (i)]. The
selective hydrolysis of one of the cyano groups in y-keto dicyano compound (1) would lead to an
amide similar to hydrolysis of methylenemalononitriles [Scheme 11.1.1, (ii)].*® The in situ
generated monoamide may undergo an intermolecular dehydrative cyclization followed by
aromatization/oxidation to form a cyclic amide, 1,2-dihydropyridone (1) which has potential
C—H/N-H sites for annulation with an alkyne to afford 4-oxo-2,6,7-triphenyl-4H-pyrido[2,1-
aJisoquinoline-3-carbonitrile (1a). This reaction involves an intramolecular dehydrative
cyclization followed by an intermolecular annulation with an alkyne to obtain a fused isoquinolone
framework. Our initial investigation started using 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1)
(0.20 mmol), diphenylacetylene (a) (1 equiv), Cu(OAc)2-H20 (1 equiv), and [Ru(p-cymene)Cl2]>
(2 mol %) in glacial AcOH at 110 °C. Interestingly, the reaction resulted in the formation of a new
yellow fluorescent spot (viewed under 365 nm UV lamp) as observed by TLC. Unfortunately, the
compound could not be separated for characterization as it was associated with several other side
products. However, a decent amount (18%) of expected cyclic 1,2-dihydropyridone intermediate
viz. 2-0x0-4,6-diphenyl-1,2-dihydropyridine-3-carbonitrile (17) could be isolated [Scheme 11.1.1,
(iii)]. Encouraged by the success of our anticipated strategy we adopted a two-step protocol
[Scheme 11.1.1, (iv)]. In the first step the 2-(3-0x0-1,3-diphenylpropyl)malononitrile (0.2 mmol)
(1) was treated with Cu(OAc)2-H20 (1 equiv) in AcOH (2 mL) at 110 °C and the reaction was
continued for 5 h, during this period all the starting materials got consumed giving 1,2-

dihydropyridone intermediate (1) as the major product along with significant amounts of other
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uncharacterized by-products To this crude reaction mixture, diphenylacetylene (a) (1 equiv) and
[Ru(p-cymene)Cl2]2 (5 mol %) were added and the reaction was allowed to proceed for 12 h. The
reaction was found to be much cleaner and the product (1a) was isolated in 30% yield. The product
was separated and characterized by spectroscopic analysis (IR, *H NMR, B¥C{*H} NMR, and
HRMS) and the structure was found to be 4-oxo-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (1a). Finally, the structure of the product (1a) was reconfirmed by a single-crystal X-

ray diffraction study (Figure 11.1.2, CCDC-1885708).

(i) Our Expected approach: _ C-HIN-H alkyne

annulation ] Ph
H Ph
Ph__O H A
CN Ph N 2O
| N_ -0
CN + -, > —
| I CN | P
Ph Ph CN
Ph Bh
(1) (a) L via (1') (1a)
(ii) Previous reports:
R' 1
) <CN Cu(OAc), H,0 (10mol %) R CN
RZ CN AcCH RZ2 CONH,
(iii) Our initial result: Ph
Ph H
Ph o) N Ph [Ru(p-cymene)Cl,], RS Ph N._O
(2 mol %) N_._.O |
|l + Kz
CN Cu(OAc),-H,0 (1.0 equiv) | _ CN
Ph Ph AcOH (2 mL), 110 °C, 12 h CN Ph
Ph
1) (a, 1.0 equiv) (1a, trace) (1', 18%)

(iv) Our present work:

one-pot sequential approach ]

Cu(OAc),*H,0 (10 mol %)
1,10-phenanthroline (20 mol %)
AcOH (2mL), 110 °C,5h
R3——=—R* (1.0 equiv)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
PEG-400 (2 mL), 110 °C, 24 h

Scheme 11.1.1. Strategies for the synthesis of fused isoquinolones from j-ketodinitriles.

This one-pot transformation of 2-(3-oxo0-1,3-diphenylpropyl)malononitrile (1) to a 4-oxo-
2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a) is accompanied by the formation
of new C-C, C-N, C=C and C=0 bonds. Observing the structure of the product it is evident that
the amidic carbonyl group in the product (1a) is not the original carbonyl group of the starting
material (1). Thus, the carbonyl group may be originating from the selective hydrolysis of one of

the cyano groups. An O incorporated product was detected when the typical reaction was carried

Page |67
TH-2725_166122029



Chapter Il

out in the presence of H,O, thereby confirming water to be the source of oxygen in the product
(1a). Although, synthetic strategies of some of the isoquinolone involve C—H bond activation and
annulation of various amides with internal alkynes employing transition metal catalysts we feel

our report exploring the alternative pattern would be useful to the synthetic community.

Figure 11.1.2. ORTEP diagram of (1a) with 40% ellipsoid probability (CCDC-1885708).

11.2. Strategies for the Synthesis of Fused Isoquinolones:
Owing to the versatile utility of isoquinolones in both biological and synthetic fields, several
methods have been implemented for their synthesis via transition-metal-catalyzed C—-H/N-H

oxidative alkyne annulation. A few of these strategies are enlisted below.

In 2010, the Li group reported a Rh(Ill)-catalyzed oxidative alkyne annulation using
primary benzamides to access polycyclic fused isoquinolones through double C—H/N—-H alkyne

annulation (Scheme 11.2.1).1°

o o o Ph
-H [Cp*RACl,], (4 mol %) Ph
R—I X l;l . || 212 ° R—'\ N
1 |
A~y h Ag,CO; (3.0 equiv) NG
Ph CHyeN, 115 ¢, 12 h Ph

Scheme 11.2.1. Rh(Ill)-catalyzed synthesis of isoquinolones via double annulation.
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In 2011, Ackermann et al. reported a Ru(ll)-catalyzed annulations between N-benzyl-
substituted benzamides and internal alkynes for chemo- and site-selective synthesis of
isoquinolones (Scheme 11.2.2).2° Mechanistic studies in deuterated ‘AmOH suggest an irreversible
C—H bond ruthenation while the kinetic isotope effect (KIE) study provided strong evidence for a

carboxylate assistance rate-limiting C—H bond ruthenation.

o) . o)
R? [RuCl,(p-cymene)], (5 mol %) -R?
1 AN N N || 2\p-Cy 2 o R1'—\ N
Ay H Cu(OAc),H,0 AN g
R* t-AmOH, 100 °C, 22 h

R4

Scheme 11.2.2. Ru(ll)-catalyzed synthesis of isoquinolones.

In 2012, the Huang group reported a Pd(ll)-catalyzed atom-economical synthesis of
isoquinolinones via C—H and N-H bonds activation of benzamides with internal alkynes in
excellent yields and good regioselectivity with unsymmetrical alkynes (Scheme 11.2.3).2

o]
OR! RY 9 OR!
N~ Pd(OAc), (10 mol %) N’
) +
il || Nal-2H,0 (1.0 equiv) PR

R? DMF, 120 °C R?

Scheme 11.2.3. Pd(ll)-catalyzed synthesis of isoquinolones.

In 2013, Jaganmohan et al. described a Ru(I1)/Cu(ll)-catalyzed cyclization of aromatic and
heteroaromatic nitriles via oxidative annulation with alkynes in acetic acid under air to afford
isoquinolones in good to excellent yields (Scheme 11.2.4).?? The reaction proceeds through the
hydrolysis of the nitrile into an amide (CONHy>) in the presence of Cu(OAc)2-H20 in acetic acid.
Further, an amide-directed C—H/N—H bond functionalization followed by annulation with internal

alkyne provided substituted isoquinolones.

N

|l R2 [RuCl,(p-cymene)], (5 mol %) Io Io
- KPFg (20 mol %) R1_:®I\H ) R1:_<\:\%NHZ
S Cu(OAc),-H,0 (30 mol %) R3 ay
R R®  AcOH,120°C, 10 h R?
under air

Scheme 11.2.4. Ru(Il)/Cu(Il)-catalyzed synthesis of isoquinolones from nitriles.

In 2014, Daugulis et al. reported a Co(ll)-catalyzed synthesis of isoquinolones via

aminoquinoline-directed C(sp?)-H bond activation. (Scheme 11.2.5).2 This method provides
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excellent functional group tolerance and both internal and terminal alkynes are also well tolerated

in this coupling process.

o] g2 Co(OAc);4H,0 (10 mol %) o]
N N NaOPiv (2.0 equiv) N N
iy I rill |
72 TS Mn(OAc), (1.0 equiv) ANA SreNx
3

R CF,CH,0H, 80 °C, 16 h R?

Scheme 11.2.5. Co(ll)-catalyzed synthesis of isoquinolones.

In 2018 Jaganmohan group further reported a Co(ll)-catalyzed 8-aminoquinoline directed
annulation of benzamides with alkynes to synthesize fused isoquinolines in good yields under an

aerial atmosphere (Scheme 11.2.6).24

o R2 (o]
F N Co(OAc),-4H,0 (10 mol %) z N
R'— | H + | I - - R | N I
™ N PivOH (1.3 equiv) X 7 rINX
R3

under air
RZ

Scheme 11.2.6. Co(ll)-catalyzed synthesis of fused isoquinolones.

In the same year Van der Eycken, et al. described a microwave-assisted Ru(ll)-catalyzed
highly efficient intermolecular C—H functionalization sequence to access substituted isoquinolones

using a.-amino esters as the directing group (Scheme 11.2.7).2°

R3 4

R* R®
2 4 [Ru(p- Cl,], (10 mol % 5 R?
J\O,R R* [Ru(p-cymene)Cl,]; (10 mol %) R y N)\O’

. I | Cu(OAc), (50 mol %)
R1;\ o t-AmOH (1.5 mL) RIL Xy "o
( RS MW, 120 °C, 1 h (-

Scheme 11.2.7. Ru(ll)-catalyzed synthesis of isoquinolones.

In 2019, Tang and co-workers reported a Ru(ll)-catalyzed electrochemically enabled
dehydrogenative annulation reaction of amides and alkynes for the synthesis of polycyclic
isoquinolinones through a double C—H activation route (Scheme 11.2.8).25

i-PrOH/H,0 (3/1), 100 °C
Ar, 10 mA

R2
a H [RuCly(p-cymene)], (5 mol %)
R S r;]’ . NaOPiv (1.0 equiv)
2 qH || n-BuyNCIO, (1.0 equiv)
R!

Scheme 11.2.8. Ru(ll)-catalyzed synthesis of polycyclic isoquinolinones.
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11.3. Present Work:

11.3.1. Optimization of the Reaction Conditions:

Encouraged by the above one-pot two-fold sequential synthesis of fused isoquinoline,
further optimizations were carried out by varying various reaction parameters using 2-(1-(4-
chlorophenyl)-3-oxo-3-(p-tolyl)propyl)malononitrile  (18) as the model substrate and
diphenylacetylene (a) as the coupling partner in the presence of Cu(OAc).-H2.0 and [Ru(p-
cymene)Cl]2. Fixing the conditions [i.e. diphenyl acetylene (a) (1 equiv), Cu(OAc)2-H20 (1 equiv)
and [Ru(p-cymene)Cl.]2 (5 mol %)] of the second step (i.e. annulation step), reaction parameters
for the first steps (i.e. hydrolytic-dehydrative cyclization) were varied. Various solvents such as p-
xylene (00%), toluene (00%), DMF (00%), and DMSO (00%) were tested (Table 11.3.1.1, entries
2-5) all were found to be ineffective compared to ACOH (45%) (Table 11.3.1.1, entry 1). When the
reaction was carried out in the absence of Cu(ll)-catalyst very poor yield (<10%) of (18a) was
detected (Table 11.3.1.1, entry 6), suggesting the involvement of copper salt in facilitating the
reaction, possibly via the coordination with the cyano (—CN) group. The selective hydrolysis of
one of the cyano groups in the presence of Cu(ll) catalyst is in agreement with the earlier report.'8
An improvement in the yield (55%) was observed when the ligand 1,10-phenanthroline (10 mol
%) was used (Table 11.3.1.1, entry 7). Keeping the catalyst loading constant (10 mol %), an increase
in the ligand loading to 15 and 20 mol % improved the yield to 60 and 65% respectively (Table
11.3.1.1, entries 8-9). Maintaining the ligand loading to 20 mol % and increasing the catalyst
loading up to 20 mol % did not alter the product yield (65%) any further (Table 11.3.1.1, entry 10).
With Cu(OAc)2-H20 (10 mol %) as the suitable catalyst and AcOH as the solvent the use of other
ligands such as 2,2'-bipyridyl (52%), L-proline (48%), JhonPhos (28%), PPhs (27%) were screened
(Table 11.3.1.1, entries 11-14). All the ligands tested gave lower yields compared to 1,10-
phenanthroline (65%) (Table 11.3.1.1, entry 9). The reaction carried out both at higher 130 °C
(42%) or lower 90 °C (26%) temperature was detrimental to the product formation (Table 11.3.1.1,
entries 15 and 16). No significant improvement in the overall yield (67%) was observed when the
hydrolytic dehydrative-cyclization step of the reaction mixture was maintained up to 12 h (Table
11.3.1.1, entry 17). After screening of various reaction parameters, the optimized condition for this

transformation in the first step is found to be the use of 2-(1-(4-chlorophenyl)-3-o0xo0-3-(p-
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tolyl)propyl)malononitrile (18) (0.20 mmol), Cu(OAc)2-H20 (10 mol %), and 1,10-phenanthroline
(20 mol %), at 110 °C in AcOH (2 mL) (Table 11.3.1.1, entry 9).

Table 11.3.1.1. Optimization of the reaction conditions for the first step.2-¢

Catalyst Ph 0O
QN M solver:tig’la1r(1)d°c, 5h PN I l eN
+ I (a) (1.0 equiv) O X
Ve o Ph [Ru(p-cymene)Clal; (5 mol %) O o
(18) (a) Cu(OAc),"H,0 (1.0 equiv) (18a)
110 °C, 24 h

entry catalyst (mol %0) ligand (mol %) solvent yield (%0)°

1 Cu(OAC),-H20 (10) AcOH 45

2 Cu(OAC)2-H20 (10) p-xylene 00

3 Cu(OAC)2-H20 (10) Toluene 00

4 Cu(OAC),-H20 (10) DMF 00

5 Cu(OAc)2-H20 (10) DMSO 00

6 AcOH <10

7 Cu(OAC)2-H20 (10) 1,10-phenanthroline (10) AcOH 55

8 Cu(OAC)2-H20 (10) 1,10-phenanthroline (15) AcOH 60

9 Cu(OAC)2-H20 (10) 1,10-phenanthroline (20) AcOH 65

10 Cu(OAC)2-H20 (20) 1,10-phenanthroline (20) AcOH 65

11 Cu(OAC)2-H-0 (10) 2,2'-bipyridyl (20) AcOH 55

12 Cu(OAC)2-H20 (10) L-proline (20) AcOH 48

13 Cu(OAcC)2-H20 (10) Jhon Phos (20) AcOH 28

14 Cu(OAC)2-H0 (10) PPhs (20) AcOH 27

15 Cu(OAC)2-H20 (10) 1,10-phenanthroline (20) AcOH 26°¢

16 Cu(OAC)2-H20 (10) 1,10-phenanthroline (20) AcOH 424

17 Cu(OAC)2-H20 (10) 1,10-phenanthroline (20) AcOH 67¢
@Reaction condition: 2-(1-(4-chlorophenyl)-3-o0xo-3-(p-tolyl)propyl)malononitrile (18) (0.20 mmol), catalyst
(mol %), ligand (mol %) at 110 °C for 5 h. ®Yields of the isolated product. “Temperature 90 °C. 9Temperature
130 °C. ®Yield after 12 h.

Maintaining the optimized condition for the hydrolytic-dehydrative cyclization step (Table
11.3.1.1, entry 9), further optimization was carried out for the annulation step using [Ru(p-
cymene)Clz]2 as the catalyst in AcOH at 110 °C. Increasing the amount of catalyst loading (from

2 to 5 mol %) marginally enhanced the yield of the desired product (27 to 38%, Table 11.3.1.2,
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entries 1-2). No significant improvement in the product yield (40%) was observed even when the
catalyst loading was increased to 10 mol % (Table 11.3.1.2, entry 3). Among the additives such as
AgSbFs (31%), AgOTT (33%), Cu(OAc)2 (36%), and Cu(OAc)2-H20 (38%) (Table 11.3.1.2,
entries 4-7), the later proved to be the best choice (Table 11.3.1.2, entry 7).

Table 11.3.1.2. Optimization of the reaction conditions for the second step.2-"

Cu(OAc), H,0 (10 mol %) Ph O
oNC CN Ph 1,10-phenanthroline (20 mol %) Ph SN ! CN
/‘)\l‘\+ Il AcOH (2 mL), 110 °C, 5 h <
S N e L,
(18) (a solvent, 110 °C, 24 h (18a)
entry catalyst (mol %0) additive (mol %0) solvent yield (%6)°

1 [Ru(p-cymene)Cl2]2 (2) AcOH 27

2 [Ru(p-cymene)Cl;]2 (5) AcOH 38

3 [Ru(p-cymene)Clz]2 (10) AcOH 40

4 [Ru(p-cymene)Cl2]2 (5) AgSbFg (10) AcOH 31

5 [Ru(p-cymene)Clz]2 (5) AgOTf (10) AcOH 33

6 [Ru(p-cymene)Cl2]2 (5) Cu(OACc); (10) AcOH 36

7 [Ru(p-cymene)Cl2]2 (5) Cu(OAC)2-H20 (10) AcOH 38

8 [Ru(p-cymene)Cl2]2 (5) Cu(OAC)2-H20 (20) AcOH 42

9 [Ru(p-cymene)Clz]2 (5) Cu(OAC)2-H20 (30) AcOH 46

10 [Ru(p-cymene)Cl2]2 (5) Cu(OAC)2-H20 (50) AcOH 52

11 [Ru(p-cymene)Cl2]2 (5) Cu(OACc)2-H.0 (100) AcOH 53¢

12 [Ru(p-cymene)Cl.]. (5) Cu(OAc),-H,0 (50) 'AmOH 18

13 [Ru(p-cymene)Cl:]. (5) Cu(OAC)2-H20 (50) MeOH 12

14 [Ru(p-cymene)Cl2]. (5) Cu(OAC)2-H20 (50) isopropanol 16

15 [Ru(p-cymene)Cl2]2 (5) Cu(OAC)2-H20 (50) PEG-400 72

16 [Ru(p-cymene)Cl,]2 (5) Cu(OAC),2-H,0 (50) PEG-400 749

17 [Ru(p-cymene)Cl2]. (5) Cu(OAC)2-H20 (50) PEG-400 75¢

18 [Ru(p-cymene)Cl]2 (5) Cu(OAcC)2-H20 (50) PEG-400 36

19 [Ru(p-cymene)Cl:]2 (5) Cu(OAC)2-H20 (50) PEG-400 429

20 [Ru(p-cymene)Cl]. (5) Cu(OACc)2-H20 (50) PEG-400 59h
8Reaction condition: 2-(1-(4-chlorophenyl)-3-oxo-3-(p-tolyl)propyl)malononitrile (18) (0.2 mmol), diphenylacetylene
(@) (0.2 mmol), catalyst (mol %) additive (mol %.) at 110 °C for 24 h. ®Yields of the isolated product. 1 equiv additive
was used. 91.5 equiv of (a) was used. €2 equiv of (a) was used. "Temperature 80 °C. 9Temperature 130 °C."Yield after
12 h.

TH-2725_166122029
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The yield progressively improved from 38 to 52% as the additive Cu(OAc).-H20 loading
increased from 10 to 50 mol % (Table 11.3.1.2, entries 7—10). No significant improvement in the
product yield (53%) was observed even when the additive loading was increased up to 1 equiv
(Table 11.3.1.2, entry 11). Since the intermediate dihydropyridone (18") form in the first step
precipitated in the AcOH medium, thus, it was felt necessary to have additional co-solvent in the
second step to make the medium homogeneous. Among few representative solvents tested such as
'AmMOH (18%), MeOH (12%), iso-propanol (16%) (Table 11.3.1.2, entries 12—-15), PEG-400 proved
to be the best choice, affording the annulated product (18a) in 72% yield (Table 11.3.1.2, entry 15).
No major improvement in the yield was observed even when the quantity of diphenylacetylene (a)
was increased to 1.5 equiv (74%) and 2 equiv (75%) (Table 11.3.1.2, entries 16 and 17). Both
decrease (80 °C) and increase (130 °C) in the reaction temperature resulted lowering in the product
yields (36% and 42% respectively) (Table 11.3.1.2, entries 18 and 19). When the reaction was
stopped after 12 h the product (18a) was isolated in a lower yield (59%) as a substantial amount of
intermediate 1,2-dihydropyridone remain unconsumed (Table 11.3.1.2, entry 20). Hence the
optimized condition for this annulation step is the use of diphenylacetylene (a) (0.2 mmol), [Ru(p-
cymene)Clz]2 (5 mol %). Cu(OAc)2-H20 (50 mol %), at 110 °C in PEG-400 (2 mL) for 24 h (Table
11.3.1.2, entry 15).

To see the efficacy in a step-wise process, the intermediate 1’ was isolated in 82% yield
that was subsequently subjected to annulation step which provided 64% yield of the product (1a),
thus giving an overall yield of 52%. Although this two-step yield (52%) is slightly better than the

one-step process (45%) for convenience we preferred the latter.

11.3.2. Substrates Scopes for the Synthesis of Fused Isoquinolines:

This one-pot two-step synthesis of 4-o0x0-2,6,7-triaryl-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile was then explored with various other y-ketomalononitriles with diphenylacetylene (a)
under the optimized reaction condition (Scheme 11.3.2.1). A substrate (1), having both
unsubstituted phenyl rings coupled with diphenylacetylene (a), yielding its fused isoquinoline (1a,
45%) in moderate yield (Scheme 11.3.2.1). Reactants having an electron-neutral substituent (—H)
in the phenyl ring attached to the keto group and electron-donating substituents such as p-Me (2),
p-OMe (3), p-SMe (4), and p-Ph (5) in the other phenyl ring reacted successfully with
diphenylacetylene (a), yielding their fused isoquinolines (2a), (3a), (4a), and (5a) in 51%, 55%,
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52%, and 48% vyields respectively (Scheme 11.3.2.1). When the phenyl ring a- to the malononitrile
is substituted with electron-withdrawing substituents such as p-Cl (6), 0-Br (7), and m-NO: (8) all
provided their respective products (6a, 49%), (7a, 45%), and (8a, 35%) (Scheme 11.3.2.1). This
methodology was equally successful when the phenyl ring a- to the malononitrile is unsubstituted
and the aroyl phenyl ring is substituted with either electron-donating p-Me (9), and p-OMe (10) or
electron-withdrawing groups such as p-CFs (11), p-F (12), p-Cl (13), p-Br (14), and p-NO2 (15) all
yielded their respective fused isoquinolines (9a, 45%), (10a, 42%), (11a, 59%), (12a, 57%), (1343,
53%), (14a, 52%), and (15a, 30%). Although, the yields obtained here are not high but considering
the number of steps involved in the process, such as selective hydrolysis of a cyano group to an
amide, followed by a dehydrative cyclization of an unreactive amide, aromatization and finally,
the C—H/N—H annulation with an alkyne, these yields are very well accepted. This protocol was
explored to a substrate (16), having a naphthyl ring instead of a phenyl ring, and to another
substrate (17) having a 1-naphthyl ring towards the malononitrile and a 2-naphthyl ring towards
the keto side, both provided their respective products (16a) and (17a) in 44% and 43% vyields
(Scheme 11.3.2.1). Similarly, the presence of various other substituents either electron-donating
groups (EDGs) or electron-withdrawing groups (EWGS) in any or both the phenyl rings all
provided their anticipated products. As demonstrated earlier, the substrate (18) having EDG p-Me
and EWG p-Cl gave a good yield (72%) of the product (18a). Other Michael adducts bearing EWG
p-Br/EWG p-Cl (19) and EDG p-OMe/EWG p-NO: (20) both provided their resultant products
(19a, 58%) and (20a, 25%) respectively (Scheme 11.3.2.1). Observing the trends in the yield
obtained there is no correlation between the nature of the substituents present in either of the phenyl
rings. Besides mono-substituted phenyl rings, di-substituted aryl rings a-to malononitrile sides
such as 2,6-dichloro (21) and 3,4-di-OMe (22) reacted efficiently giving good yields of their
products (21a, 57%) and (22a, 61%) respectively (Scheme 11.3.2.1). Besides flexible keto
substrates, a cyclic y-keto substrate (23) underwent an efficient transformation to its fused
isoquinoline product (23a) in 56% yield (Scheme 11.3.2.1). Further, a furan (24) or thiophene (25)
bearing substrates were quite compatible and yielded their resultant products (24a, 41%) and (25a,
43%) respectively (Scheme 11.3.2.1).

To evaluate the potential of this two-step process and to expand the scope of this reaction,
(18) and (a) were reacted on a 1 mmol scale which provided isoquinolone (18a) in 62% vyield
(Scheme 11.3.2.1).
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Cu(OAc),-H,0 (10 mol %)

1,10-phenanthroline (20 mol %)
AcOH (2mL),110°C,5h

Ph——=——Ph (1.0 equiv)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
PEG-400 (2 mL), 110 °C, 24 h

(1a, 45%) (2a, 51%) Me (3a, 55%) OMe (4a, 52%) SMe (5a, 48%) Ph

(12a, 57%) O
h

P

(17a,43%)  (59%)®, (62%)° CI

(21a,57%)  (22a, 61%) OMe (23a, 56%) CI (24a,41%) (25a, 43%)
@Reaction conditions: (i) 1-25 (0.20 mmol), Cu(OAc)2-H20 (0.02 mmol), 1,10-phenanthroline (0.04 mmol), and glacial AcOH (2
mL) at 120 °C for 5 h. (ii) diphenylacetelene (a) (0.20 mmol), [Ru(p-cymene)Clz]2 (0.01 mmol), Cu(OAc)2-H20 (0.10 mmol) and
PEG-400 (2 mL) at 120 °C for 24 h. PYield after 12 h, ¢Yield reported for 1 mmol scale.

Scheme 11.3.2.1. Substrate scope for various y-ketodinitriles.®"¢
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To further expand the scope of this methodology, the compatibility of various alkynes was
tested with two selected y-ketomalononitriles namely, (1) and (18) (Scheme 11.3.2.2). The reaction
proceeded smoothly with different symmetrical 1,2-diarylacetylenes (b—e), possessing either
electron-donating groups such as p-Me (b), p-OMe (c), or electron-withdrawing groups such as p-
F (d) and m-Cl (e) irrespective of their position of attachments. All underwent efficient annulation
when reacted with y-ketomalononitrile (1) providing their expected fused isoquinolines (1b, 46%),
(1c, 48%), (1d, 41%), and (1e, 42%) respectively. Besides symmetrical 1,2-diarylacetylenes (b—e),
an aliphatic symmetrical alkyne, 4-octyne (g), upon reaction with (1) provided a 51% yield of the
product (1g) (Scheme 11.3.2.2). All these symmetrical internal alkynes (b—g) reacted competently
with another y-ketomalononitrile (18), providing their corresponding annulated products (18b,
75%), (18c, 78%), (18d, 61%), (18e, 55%), (18f, 58%), and (18g, 71%) respectively (Scheme
11.3.2.2). Observing the trend in the yields for substrates (1) and (18) with various substituted aryl
alkynes (b—f), it was found that aryl alkynes possessing electron-donating substituents (p-Me, p-
OMe) provided better yields than the aryl alkynes having electron-withdrawing substituents (p-F,
m-Cl, and p-Br) (Scheme 11.3.2.2). To check the regioselectivity of this C—H/N—H annulation, an
unsymmetrical alkyne, 1-phenyl-1-propyne (h), whether it is taking place towards the phenyl side
or the alkyl side, was reacted with (18) under an identical condition. The reaction provided a regio-
isomeric mixture of (18h) and (18h’) in a 2.4:1 ratio in a combined yield of 63%, suggesting the
attachment of the benzylic carbon to the N atom of the in situ generated 2-pyridone intermediate.
The structure of the major regioisomer (18h) was confirmed by X-ray crystallography analysis
(Scheme 11.3.2.2, CCDC-1885709). Further, another unsymmetrical alkyne, 1-phenyl-1-butyne
(i) also afforded a regioisomeric mixture of products (18i) and (18i") in the ratio of 2.3:1 in a
combined yield of 66% which is almost identical to that of the product obtained from alkyne (h).
This preferential reactivity of the N atom at the benzylic carbon of an unsymmetrical internal
alkynes® (h) and (i) leading to regioselective C—H/N—H annulation is similar to other (C—H/O-H
and C-H/S—H) hetero annulation reactions.?” Highly electron-deficient symmetrical aliphatic
alkynes, such as dimethylacetylenedicarboxylate (j) and diethylacetylenedicarboxylate (k) both
failed to react with substrate (18) giving no traces of annulated products (18j) and (18k). It should
be mentioned here that these electron-deficient alkynes (j and K) react efficiently during the

C—H/S—H annulation process?”™® demonstrating the lower propensity for C—H/N—H annulation.
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This method is however unsuccessful for terminal alkynes such as phenylacetylene () giving no

annulated product (18l).

Cu(OAc),-H,0 (10 mol %)

1.~
1,10-phenanthroline (20 mol %) R
AcOH (2mL),110 °C, 5 h

@ alkyne (1.0 equiv)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),H,0 (50 mol %)
(b—k) PEG-400 (2 mL), 110 °C, 24 h

Me

Me

/CN

(18i, 46%) Cl (18", 20%) CI (18}, 00%) ClI (18k, 00%) ¢ (181, 00%) ClI
@Reaction conditions: (i) 1/18 (0.20 mmol), Cu(OAc)2-H20 (0.02 mmol), 1,10-phenanthroline (0.04 mmol), and glacial AcOH (2

mL).at 110 °C for 5 h. (ii) b—k (0.20 mmol), [Ru(p-cymene)Cl2]2 (0.01 mmol), Cu(OAc)2-H20 (0.10 mmol) and PEG-400 (2 mL)
at 110 °C for 24 h.

Scheme 11.3.2.2. Substrate scope for alkynes.?
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11.4. Mechanistic Investigations:

11.4.1. Intermolecular Competition Experiments:

Whether the electronic effect of the substituents (R) on the aroyl phenyl ring has any
influence on the reaction, an equimolar mixture of substrates having an electron-donating p-OMe
(10) and an electron-withdrawing p-F (12) were reacted with diphenylacetylene (a) (Scheme
11.4.1.1). The ratio of the products 10a:12a obtained was 1:2.53, suggesting higher reactivity of
electron-withdrawing substrate p-F (12) compared to electron-donating substrate p-OMe (10).

MeO F MeO
O o O o Cu(OAc),-H,0 (10 mol %) O
CN CN 1,10-phenanthroline (20 mol %)
CN CN AcOH (2 mL), 110 °C, 5 h
Ph—=—=—Ph (a, 0.10 mmol)
O O [Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)

(10a) THNMR (12a)

1:2.53 (10a:12a)

Scheme 11.4.1.1. Competition experiments between aroyl substituted j-ketodinitriles.

(10, 0.20 mmol) (12, 0.20 mmol) PEG-400 (2 mL), 110 OC, 24 h

To see the effect of substituents, either an EDG p-Me (2) or an EWG p-Cl (6) present on
the phenyl rings (R? i.e. a-to malononitrile) were reacted with diphenylacetylene (a). The ratio of
the products 2a:6a obtained was 1:0.80 (Scheme 11.4.1.2) suggesting the preferential reactivity of

electron-donating substituents (R?) in this annulation reaction.

Ph
Ph

X
Cu(OAc),-H,0 (10 mol %) O K o
1,10-phenanthroline (20 mol %) | v

AcOH (2 mL), 110 °C, 5 h — CN
Ph——=——Ph(a, 0.10 mmol)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %) 1H NMR
Me (2, 0.20 mmol) Cl (6,0.20 mmol) PEG-400 (2mL), 110 °C,24 h (2a) Me Cl (6a)

Scheme 11.4.1.2. Competition experiments between phenyl substituted j-ketodinitriles.

The nature of the substituents present on the phenyl rings of the alkynes was investigated.
In an intermolecular competition reaction between an electron-rich alkyne p-OMe (c) and a
relatively electron-deficient alkyne p-F (d), both yielded their annulated products (1c) and (1d) in
the ratio of 1:0.80 suggesting a slight preferential reactivity of the electron-rich alkyne (c) over the

electron-deficient alkyne p-F (d) (Scheme 11.4.1.3).

Page |79
TH-2725_166122029



Chapter Il

OMe F
(1) F
O O O Cu(OAc)-H;0 (10 mol %)
o CN 1,10-phenanthroline (20 mol %)
|| || AcOH (2 mL), 110 °C,5h
+ + CN

alkynes (c and d)

O [Ru(p-cymene)Cl], (5 mol %)
O O Cu(OAc), H,0 (50 mol %) O

PEG-400 (2 mL), 110 °C, 24 h

]
OMe F HNMR
(c, 0.20 mmol) (d, 0.20 mmol) (1, 0.10 mmol) (1c) 1:0.80 (1c:1d)| (1d)

Scheme 11.4.1.3. Competition experiments between alkynes.

11.4.2. Isotopic Labeling Experiments:

To ascertain the source of oxygen in the carbonyl group of the product a reaction of vy-
ketodinitrile (9) was performed in the presence of H.O'® under identical conditions (Scheme
11.4.2.1). The formation of an O8 labeled product suggests that water might be the source of oxygen
in the keto group. The formation of 80 labeled intermediate (9') and 80 labeled product (9a) was

detected by the HRMS analysis of the reaction mixture.

Me Me
O o Cu(OAc), H,0 (10 mol %)

Ph———Ph (a) (1.0 equiv)
CN 1,10-phenanthroline (20 mol %) [Ru(p-cymene)Cl,], (5 mol %)
CN AcOH (2mL),110°C,5h

Cu(OAc),-H,0 (50 mol %)
H,018
(9) O

PEG-400 (2 mL), 110 °C, 24 h
Scheme 11.4.2.1. H20” labeling experiment.

&
(9a) O

To understand the mechanism and nature of the C—H bond activation, and whether the C—-H
metalation step is reversible or irreversible a deuterium-scrambling experiment was performed. The
deuterium exchange experiment on the isolated intermediate (27) in the absence of an alkyne under
the standard reaction condition in D,O did not afford any deuterium exchange at the ortho-C—H of

the annulating phenyl ring, suggesting an irreversible C—Ru bond formation (Scheme 11.4.2.2).28

[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
D,0 (2 mL), 90 °C, 24 h

Scheme 11.4.2.2. Deuterium-exchange experiment.
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In an intermolecular competition experiment between (6) and its deuterated analog (6-ds)
with (a), an observed ku/ko = 3.00 signifies the irreversible C—H bond cleavage to be the rate-

limiting step (Scheme 11.4.2.3).28¢

C

CN
O Cu(OAc),H,0 (10 mol %)
Cl 1,10-phenanthroline (20 mol %)
(6) AcOH (2 mL),110 °C,5h
N Ph—=—=—Ph(a) (0.1 mmol)
[Ru(p-cymene)Cl,], (5 mol %)
Cu(OAc),-H,0 (50 mol %)
PEG-400 (2 mL), 110 °C, 24 h
Cl 'H NMR

N

Scheme 11.4.2.3. Kinetic isotope effect experiment.

N
H O
0
H H
H

NC
a Cc

D
0
D D

D

11.4.3. Plausible Reaction Mechanism:

Based on the above isotopic experiments and from previous reports,?>2%% a plausible
mechanism is depicted in Scheme 11.4.3.1. In the first step, one of the nitrile (—CN) groups of the
substrate (1) is hydrolyzed selectively to a mono amidic intermediate (1). The NH2 of the amide
then attacks the carbonyl group and undergoes a dehydrative cyclization to produce a six-
membered cyclic intermediate (I11). The intermediate (I1) is oxidized/aromatized under the reaction
conditions to an aromatic pyridone intermediate (111). The formation of intermediate (1), (11), and
(111) has been detected by the HRMS analysis of the reaction aliquots at various time intervals
(Figure 11.4.3.1). In the second step, the catalyst [RuCl2(p-cymene)]. undergoes ligand exchange
with Cu(OAc)2-H20 to generate the active catalytic species, which coordinates with the nitrogen
atom of the intermediate (I111) via NH deprotonation. This is then followed by ortho C—H bond
activation through the elimination of AcOH, forming a five-membered ruthenacycle (V). Further
coordination of the alkyne (a), followed by an alkyne insertion and reductive elimination afforded
the final product (1a) via the intermediate (V). The active catalyst species is then regenerated by
the oxidant Cu(OAc).-H20 and air for the next catalytic cycle.

Ph__0O ! ! N
CONH, Y 3 e
QCN i \(/\ECN ! 7 en
Ph C1gH17N20; | Ph C1gH13N20 i Ph C4gH15N20
(I) caled [M + H]* 293.1285 3 () calcd [M + H]* 275.1179 i () calecd [M + H]* 273.1022
found 293.1282. ' found 275.1174. 1 found 273.1020.

Figure 11.4.3.1. Intermediate detected from the HRMS analysis of the reaction aliquots.
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H
Ph (o] Ph (0] Ph
CN  Cu(OAc),-H,0 CONH, dehydrative Nz©
i _— I
CN AcOH CN cyclization CN

Ph (1) MO Ph () Ph ()
[Ru(p-cymene)Cl,], Ru(p-cymene)Cl, oxidation
Cu(OAc),-H,0 -H,
CuCl, — —

Me Pr

K{e)
AcO’Ru"Q‘»_'VIe

Ph Cu(OAc),-H,0

Me

Scheme 11.4.3.1. Proposed mechanistic pathway.

11.5. Theoretical Investigations:

The crystal structure of (1a) reveals the presence of a slightly twisted 4H-pyrido[2,1-
aJisoquinoline-3-one core and the three phenyl rings are out of the molecular plane. While the aroyl
ring is part of the 4H-pyrido[2,1-a]isoquinoline-3-one core, the phenyl ring a- to the malononitrile
is twisted out of the planar core with a dihedral angle of 42.58°. The two phenyl rings originating
from the diphenylacetylene moiety are also twisted out of the molecular plane with a dihedral angle
of 78.16° and 85.24° respectively. To further ascertain the geometry and electronic structure of the
annulated fused isoquinoline, density functional theory (DFT) calculations were performed with a
B3LYP/6-31G (d, p) basis set level in acetonitrile solvent modeled by the PCM approach (the
Gaussian 09 program).3! The density functional theory (DFT) calculation of (1a) reveals that the
electron density in the highest occupied molecular orbital (HOMO) is localized at the central core
extending to the nitrile and minor contributions from the two phenyl rings originating from the
diphenylacetylene. Whereas the lowest unoccupied molecular orbital (LUMO) is again localized at
the central core and extended up to the phenyl ring attached to the o position of the malononitrile
(Figure 11.5.1).
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Exono = -3.77 eV

Figure 11.5.1. (A) Optimized structure of 1a. (B) Molecular Orbitals amplitude plots of HOMO
and LUMO of 1a using density functional theory calculation at the B3LYP/6-31G (d, p) basis set
level in acetonitrile solvent modeled by the PCM approach.

In a donor-m-acceptor (D-m-A) type system the AEwumo-Homo) energy can be directly
correlated with the presence of either electron-donating or electron-withdrawing groups on the
donor (HOMO) or the acceptor (LUMO) part of the molecule.®? Here, since both the HOMO and
LUMO are localized on the central molecular core with very insignificant contributions from the
three phenyl rings, no proper correlation between the HOMO-LUMO energy gap could be found
due to the presence of electron-donating or electron-withdrawing groups. The calculated
AELumo-Homo) energy gap for unsubstituted (1a), p-Me substituted (1b), p-OMe substituted (1c),
and p-F substituted (1d) isoquinolines respectively are 3.42, 3.41, 3.34 and 3.43 eV (Figure 11.5.2).
When a 1,2-dialkylacetylene, namely, 4-octyne (g) was replaced with the diphenylacetylene (a) in
the fused isoquinolines moiety (1g), the energy gap was found to be 3.39 eV (Figure 11.5.2). The
calculated AE(Lumo-Homo) energy of various other substituents either in the acceptor (LUMO) or in

the donor (HOMO) are summarized in Figure 11.5.3, and Figure 11.5.4.
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Figure 11.5.2. DFT optimized structures and HOMO-LUMO energy level diagrams of
synthesized compounds (1a), (1b), (1c), (1d), and (1g) respectively using the B3LYP/6-31G (d, p)

basis set level in acetonitrile solvent modeled by PCM approach.
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Figure 11.5.3. DFT optimized structures and HOMO-LUMO energy level diagrams of

synthesized compounds (3a), (6a), (8a), and (10a) respectively using the B3LYP/6-31G (d, p)
basis set level in acetonitrile solvent modeled by PCM approach.
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Figure 11.5.4. DFT optimized structures and HOMO-LUMO energy level diagrams of
synthesized compounds (15a), (16a), (17a), and (18a) respectively using the B3LYP/6-31G (d, p)

basis set level in acetonitrile solvent modeled by PCM approach.
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11.6. Photophysical Properties:

As stated earlier that the newly synthesized compounds having highly conjugated fused
isoquinoline core display yellow fluorescent when viewed under a 365 nm UV lamp. In solution,
this class of fused conjugated heterocycles exhibits an intense yellowish-green colour. Therefore,
the absorption spectra (Aaps) and emission spectra (Aem) for a few selected compounds (1a, 2a, 3a,
6a, 8a, 10a, 12a, 13a, 15a, 18a, 20a, 1b, 1c, 1d, and 1g).were investigated in CH2Cl, (10> M).
The UV-visible spectra and photoluminescence spectra are shown in (Figure 11.6.1). All these
synthesized compounds showed strong absorptions, with the positions of maximum ranging from
454-490 nm. The compounds exhibit three distinct absorption maxima, a band in the region of
313-321 nm, a band in the region of 428-467 nm, and another in the region of 454-490 nm. In
dichloromethane solution (10> M) one of the fused isoquinoline derivatives (1a) showed
absorption peaks at 318, 431, and 458 nm with high extinction coefficients (g) of 27000, 26000,
and 35000 L mol™* cm™?, respectively (Table 11.6, entry 1). All these compounds exhibit strong
fluorescence emission in the range of 502—-560 nm which belongs to the green region of the visible

light spectrum.
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Figure 11.6.1. UV-visible and photoluminescence spectra in CH2Cl, (1 x 10° M).
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Table 11.6. Photophysical studies.

entry | compound dabs (NM) € x10° (L mol™tcm™) dem (NM)
1 la 318, 431, 458 0.27,0.26, 0.35 506
2 2a 317, 431, 457 0.35, 0.29, 0.39 506
3 3a 317, 436, 457 0.08, 0.07, 0.08 504
4 6a 318, 433, 459 0.34, 0.30, 0.40 507
S) 8a 321, 436, 462 0.15, 0.16, 0.22 511
6 10a 315, 429, 454 0.58, 0.49, 0.75 502
7 12a 321, 436, 462 0.37,0.33, 0.43 503
8 13a 319, 434, 460 0.32, 0.30, 0.39 507
9 15a 466, 490 0.11,0.11 555
10 18a 319, 433, 458 0.14,0.13,0.19 505
11 20a 467, 489 0.13,0.13 560
12 1b 319, 433, 459 0.34,0.31, 0.40 510
13 1c 319, 434, 460 0.32,0.25,0.34 510
14 1d 318, 430, 456 0.26, 0.24, 0.31 502
15 19 319, 436, 461 0.38, 0.37, 0.49 503

11.7. Conclusion:

In conclusion, we have utilized a Michael-adduct y-ketomalononitrile, obtained from the
reaction between o,p-unsaturated aromatic ketone and malononitrile as the substrate for the
C—H/N—-H annulation with an alkyne. In this one-pot sequential two-component synthesis of z-
conjugated fused ring N-containing heterocycle 4-oxo-2,6,7-triaryl-4H-pyrido[2,1-a]isoquinoline-
3-carbonitrile is accomplished via the formation of six new bonds namely a C-C, two C-N, two
C=C, and a C=0 bonds. The success of the strategies lies in the selective hydrolysis of one of the
cyano groups of y-ketomalononitrile to an aromatic cyclic amide and finally C—H/N—H annulation

with disubstituted alkynes in the presence of Ru(ll) catalyst. This process is compatible with a range
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of substituents present in various coupling partners. Based on DFT calculation, the positions and
electronic nature of MO levels were investigated but no significant correlation of the substituents
effects with the HOMO-LUMO energy levels could be correlated since both the HOMO and LUMO
are localized at the same central part of the molecule. These synthesized heterocyclic compounds
having several phenyl rings are emissive under a 365 nm UV lamp, so beyond synthesis, the UV-vis
and fluorescence spectra of some selected compounds were also examined. These molecules may
therefore find application in fluorescent probes, optoelectronics applications in organic light-

emitting diodes (OLEDs), and various other applications in material science.

11.8 Experimental Section:

11.8.1. General Information:

All the reagents and solvents used were purchased from commercially available sources and
used without further purification. HPLC-grade solvents were purchased from commercial sources.
Organic extracts were dried over anhydrous sodium sulfate. Solvents were removed in a rotary
evaporator under reduced pressure. Silica gel (60—120 mesh size) was used for the column
chromatography. Reactions were monitored by TLC on silica gel 60F2s4 (0.25 mm). All NMR
spectra were recorded in CDCl3z with tetramethylsilane (TMS) as the internal standard and a few
were taken in DMSO-dg in 600 and 400 MHz NMR. The *H NMR spectra were referenced to the
residual CDCls (7.26 ppm) whereas for DMSO-ds it is 2.50 ppm. The *C NMR spectra were
referenced to the residual CDCls (77.230 ppm) and for DMSO-ds it is 39.50 ppm. All 1°F NMR
spectra were recorded in 400 MHz, and hexafluorobenzene (CeFs) was taken as reference. Mass
spectra were recorded using ESI mode (Q-TOF MS analyzer). IR spectra were recorded in KBr or
neat in FT-IR spectrometer. All UV experiments were performed at a probe concentration of 10-°
M in 1 mL quartz cuvettes of path length 1 cm at 25 °C in a UV-visible spectrometer in HPLC
grade dichloromethane solution. Photoluminescence was carried out at a concentration of 10~ M
in 1 mL quartz cuvettes at 25 °C in Spectrofluorometer in HPLC grade dichloromethane solution.
11.8.2. General Procedures:
11.8.2.1. General Procedure for the Synthesis of 2-(3-Oxo-1,3-diarylpropyl)malononitriles
(1-25):

All the y-ketodinitriles (1-25) were synthesized according to the literature procedure.!’
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11.8.2.2. General Procedure for the Synthesis of Internal Alkynes (b—f):

The internal alkynes (b—f) were synthesized according to the modified literature
procedure.®
11.8.2.3. General Procedure for the Synthesis of 4-Oxo-2,6,7-triphenyl-4H-pyrido[2,1-
aJisoquinoline-3-carbonitrile (1a) from 2-(3-Oxo-1,3-diphenylpropyl)malononitrile (1) and
Diphenylacetylene (a):

To an oven-dried 10 mL round bottom flask was added 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) (55 mg, 0.20 mmol), Cu(OAc)2-H20 (4 mg, 0.02 mmol), 1,10-
phenanthroline (7 mg, 0.04 mmol), and glacial AcOH (2 mL). The reaction mixture was heated in
an oil bath at 110 °C for 5 h. Then to this reaction mixture was added diphenylacetylene (a) (36
mg, 0.20 mmol), [Ru(p-cymene)Cl2]> (6 mg, 0.01 mmol), Cu(OAc).-H20 (20 mg, 0.10 mmol), and
PEG-400 (2 mL). The reaction mixture was further heated for 24 h. Then the reaction mixture was
cooled to room temperature, admixed with ethyl acetate (25 mL) and the organic layer was washed
with saturated sodium bicarbonate solution (5 mL). The organic layer was dried over anhydrous
sodium sulfate (Na,SO4) and the solvent was evaporated under reduced pressure. The crude
product so obtained was purified over a column of silica gel (hexane/ethyl acetate, 9:1) to give
pure 4-0x0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a) (40 mg, yield 45%).
The identity and purity of the product were confirmed by spectroscopic analysis.

11.8.3. Mechanistic Investigation:
11.8.3.1. ESI-MS Studies for the H20'® Labeled Experiment:

To an oven-dried 10 mL round bottom flask was added 2-(3-oxo-1-phenyl-3-(p-
tolyl)propyl)malononitrile (9) (58 mg, 0.20 mmol), Cu(OAc)2:H20 (4 mg, 0.02 mmol), 1,10-
phenanthroline (7 mg, 0.04 mmol), H20® (4 uL, 0.20 mmol), and glacial AcOH (2 mL). The
reaction mixture was heated in an oil bath for 5 h at 110 °C. The formation of 80 labeled
intermediate (9') was confirmed by HRMS analysis of the reaction mixture (Figure 11.8.3.1.1). Then
to this reaction mixture was added diphenylacetylene (a) (36 mg, 0.20 mmol), [Ru(p-cymene)Cl2].
(6 mg, 0.01 mmol), Cu(OACc)2-H20 (20 mg, 0.10 mmol), and PEG-400 (2 mL). The reaction
mixture was further heated in an oil bath for 24 h. Then the reaction mixture was cooled to room
temperature, admixed with ethyl acetate (25 mL) and the organic layer was washed with saturated
sodium bicarbonate solution (5 mL). The organic layer was dried over anhydrous sodium sulfate
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(Na2S0s), and the solvent was evaporated under reduced pressure. The crude product so obtained
was purified over a column of silica gel (hexane/ethyl acetate, 9:1) to give pure 9-methyl-4-oxo-
2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (9a) (42 mg, yield 45%). The identity
and purity of the product were confirmed by spectroscopic analysis. The identity of the O*8 labeled

product was confirmed by HRMS analysis (Figure 11.8.3.1.2).
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Figure 11.8.3.1.1. HRMS spectrum of 20 labeled (9").
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Figure 11.8.3.1.2. HRMS spectrum of 30 labeled (9a).
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11.8.3.2. ESI-MS Studies for the Reaction Mixtures at Different Time Intervals:

Sample Name
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11.8.3.3. Intermolecular Competition Experiments:

11.8.3.3.1. Intermolecular Competitive Experiment Between 2-(3-(4-Methoxyphenyl)-3-oxo-
1-phenylpropyl)malononitrile (10) and 2-(3-(4-Fluorophenyl)-3-oxo-1-
phenylpropyl)malononitrile (12):

The intermolecular competition experiment was carried out according to the general
procedure described in 11.8.2.3 taking 2-(3-(4-methoxyphenyl)-3-o0xo-1-
phenylpropyl)malononitrile  (10) (61 mg, 0.20 mmol), 2-(3-(4-fluorophenyl)-3-oxo-1-
phenylpropyl)malononitrile (12) (58 mg, 0.20 mmol), and diphenylacetylene (a) (18 mg, 0.10
mmol) under standard reaction condition. The crude product so obtained was purified over a
column of silica gel (hexane/ethyl acetate, 9:1) to give mixture of products 9-methoxy-4-oxo-2,6,7-
triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (10a), and 9-fluoro-4-oxo-2,6,7-triphenyl-
4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (12a). The ratio of the product obtained for 10a:12a
was (1:2.53), as determined from *H NMR spectra (Figure 11.8.3.3.1.1).
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Figure 11.8.3.3.1.1. *H NMR spectra of intermolecular competitive experiment between aroyl

substituted y—ketodinitriles.

11.8.3.3.2. Intermolecular Competitive Experiment Between 2-(3-Oxo-3-phenyl-1-(p-
tolyl)propyl)malononitrile 2 and 2-(1-(4-Chlorophenyl)-3-oxo-3-
phenylpropyl)malononitrile (6):

The intermolecular competition experiment was carried out according to the general

procedure described in 11.8.2.3 taking 2-(3-oxo-3-phenyl-1-(p-tolyl)propyl)malononitrile (2) (58
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mg, 0.20 mmol), 2-(1-(4-chlorophenyl)-3-oxo0-3-phenylpropyl)malononitrile (6) (62 mg, 0.20
mmol), and diphenylacetylene (a) (18 mg, 0.10 mmol) under standard reaction condition. The crude
product so obtained was purified over a column of silica gel (hexane/ethyl acetate, 9:1) to give
mixture of products 4-oxo-6,7-diphenyl-2-(p-tolyl)-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(2a), and 2-(4-chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(6a). The products afforded yield 2a:6a (1:0.80) as shown from 'H NMR spectra (Figure
11.8.3.3.2.1).
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5.0
f1 (ppm)

Figure 11.8.3.3.2.1. *H NMR spectra of intermolecular competitive experiment between phenyl

substituted y—ketodinitriles.

11.8.3.3.3. Intermolecular Competitive Experiment Between 1,2-Bis(4-methoxyphenyl)ethyne
(c) and 1,2-Bis(4-fluorophenyl)ethyne (d):

The intermolecular competition experiment was carried out according to the general
procedure described in 11.8.2.3 taking 2-(3-oxo0-1,3-diphenylpropyl)malononitrile (1) (27 mg, 0.10
mmol), 1,2-bis(4-methoxyphenyl)ethyne (c¢) (48 mg, 0.20 mmol), and 1,2-bis(4-
fluorophenyl)ethyne (d) (43 mg, 0.20 mmol) under standard reaction condition. The crude product
so obtained was purified over a column of silica gel (hexane/ethyl acetate, 9:1) to give mixture of
products 6,7-bis(4-methoxyphenyl)-4-oxo-2-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(1c), and 6,7-bis(4-fluorophenyl)-4-oxo-2-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
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(1d). The products afforded yield 1c:1d (1:0.80), as estimated from *H NMR spectra (Figure
11.8.3.3.3.1).
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Figure 11.8.3.3.3. *H NMR spectra of Intermolecular competitive experiment between

internal alkynes.

11.8.3.4. Isotopic Labeling Experiments:
11.8.3.4.1. Deuterium-Exchange Experiment:

To an oven-dried 10 mL round bottom flask a mixture of 2-oxo-6-phenyl-4-(p-tolyl)-1,2-
dihydropyridine-3-carbonitrile (2') (57 mg, 0.20 mmol,), [RuClz(p-cymene)]. (6 mg, 0.01 mmol),
and Cu(OAc)2-H20 (40 mg, 0.20 mmol) in D.O (2 mL) was stirred on a preheated oil bath at 90 °C
for 24 h. The reaction mixture was diluted with water (10 mL) and extracted with ethyl acetate (25
mL). The combined organic layer was dried over anhydrous sodium sulfate (Na2SQO4) and the
solvent was evaporated in a vacuum. The crude product so obtained was purified using column
chromatography and eluted with ethyl acetate:hexane (1:1) to afford the expected product 2-oxo0-6-
phenyl-4-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (2'-d, 52 mg, 91%). The *H NMR analysis of
the product reveals no deuterium incorporation (Figure 11.8.3.4.1.1).

2'-d As a white solid (51 mg, 91% vyield); *H NMR (DMSO-ds, 400 MHz): § 12.78 (s, 1H),
7.88 (d, 2H, J = 6.8 Hz), 7.65 (d, 2H, J = 8.0 Hz), 7.56—7.51 (m, 3H), 7.38 (d, 2H, J = 8.0 Hz), 6.79
(s, 1H), 2.39 (s, 3H).
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Figure 11.8.3.4.1.1. *H NMR spectra of D20 exchange experiment (2'-d).

11.8.3.4.2. Kinetic Isotope Effect Studies:

To an oven-dried 10 mL round bottom flask was added 2-(1-(4-chlorophenyl)-3-oxo-3-
phenylpropyl)malononitrile (6) (62 mg, 0.20 mmol), 2-(1-(4-chlorophenyl)-3-oxo-3-(phenyl-
ds)propyl)malononitrile (6-ds) (63 mg, 0.20 mmol), Cu(OAc)2:H20 (4 mg, 0.02 mmol), 1,10-
phenanthroline (7 mg, 0.04 mmol), and glacial AcOH (2 mL). The reaction mixture was heated in
an oil bath for 5 h at 110 °C. Then to these reaction mixture was added diphenylacetylene (a) (18
mg, 0.10 mmol), [Ru(p-cymene)Cl2]2 (6 mg, 0.01 mmol), Cu(OAc)2-H20 (20 mg, 0.10 mmol) and
PEG-400 (2 mL). The reaction mixture was further heated for 24 h. Then the reaction mixture was
cooled to room temperature, admixed with ethyl acetate (25 mL) and the organic layer was washed
with saturated sodium bicarbonate solution (5 mL). The organic layer was dried over anhydrous
sodium sulfate (Na2SOs), and the solvent was evaporated under reduced pressure. The crude
product so obtained was purified over a column of silica gel (hexane/ethyl acetate, 9:1) to give
mixture of  expected products 2-(4-chlorophenyl)-4-o0x0-6,7-diphenyl-4H-pyrido[2,1-
alisoquinoline-3-carbonitrile (6a), and 2-(4-chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-
alisoquinoline-3-carbonitrile-8,9,10,11-d4 (6a-da) respectively. The ratio of the deuterated (6a-da)

and non-deuterated (6a) product was calculated based on the integration ratio of the aromatic
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proton peak at 7.59-7.52 (obtained as multiplet) and a singlet proton peak at 7.37 (Figure
11.8.3.4.2.1).
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Figure 11.8.3.4.2.1. 'H NMR spectra of kinetic isotope effect studies.

Calculation:

For one proton at 7.37, the integration value is 1.00

Thus for a single proton, the integration corresponds to 1.00/1 = 1.00

Now for the integration value of the protons originating from multiplet at 7.59—7.52 is 1.50

Thus the number of protons corresponding to this integration value is 1.50/1.00 = 1.50

Upon correlation with the original spectra of (6a), the number of protons at 7.59—7.52 should

be 2

Hence the proton difference in this region is 2 - 1.50 = 0.50

Thus the Kn/Kp = 1.50/0.50 = 3.00
11.8.4. Crystallographic Information:

Diffraction data were collected at 298 K with MoKa radiation (A = 0.71073 A') using a

Bruker Nonius SMART APEX CCD diffractometer equipped with a graphite monochromator and
Apex CD camera. The SMART software was used for data collection and for indexing the

reflections and determining the unit cell parameters. Data reduction and cell refinement were
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performed using SAINT!? software and the space groups of these crystals were determined from

systematic absences by XPREP and further justified by the refinement results. The structures were

solved by direct methods and refined by full-matrix least-squares calculations using SHELXL-

20143 software. All the non-H atoms were refined in the anisotropic approximation against F? of

all reflections.

1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta
Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.

3. G. M. Sheldrick, Acta Crystallogr. Struct. Chem. 2015, 71, 3-8.

11.8.4.1. Crystallographic Description of 4-Oxo-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-

3-carbonitrile (1a):

Cz2H20N20, crystal dimensions 0.28 x 0.22 x 0.16 mm, M, = 448.50, Monoclinic, space
group P 21/n, a=11.901(2) A, b = 16.080(3) A, ¢ = 12.352(2) A, a =90°, = 97.524(2)°, y = 90°,
V = 23435(7) A3 Z = 4, peaed = 1.271 mg/m®, x = 0.077 mm, F(000) = 936.0, reflection
collected/unique = 2313/2053, refinement method = full-matrix least-squares on F2, final R indices
[1>2\s(1)]: R1 = 0.0435, wR2 = 0.1378, R indices (all data): R; = 0.0386, wR2 = 0.1305, goodness of
fit = 1.064. CCDC-1885708 for 4-0x0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (1a) contains the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

11.8.4.2. Crystallographic Description of 2-(4-Chlorophenyl)-7,9-dimethyl-4-0xo0-6-phenyl-
4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (18h):

C28H19CIN2O, crystal dimensions 0.26 x 0.21 x 0.16 mm, M, = 434.90, Monoclinic, space
group P 21/c, a=10.706(7) A, b = 16.149(10) A, ¢ = 12.628(8) A, « =90°, #=92.33(2)°, y = 90°,
V = 2182(2) A3 Z = 4, peaca = 1.324 mg/m?, x = 0.199 mm, F(000) = 904.0, reflection
collected/unique = 5214/3389, refinement method = full-matrix least-squares on F?, final R indices
[1>2\s(D)]: R1=0.0852, wR2 = 0.1795, R indices (all data): R1 =0.0499, wR2 = 0.1541, goodness of
fit=1.029. CCDC-1885709 for 2-(4-chlorophenyl)-7,9-dimethyl-4-oxo-6-phenyl-4H-pyrido[2,1-
aJisoquinoline-3-carbonitrile (18h) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.
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11.9. Spectral Data:
2-0x0-4,6-diphenyl-1,2-dihydropyridine-3-carbonitrile (1'):

As a light yellow solid (18 mg, 15% yield, mp 305—-307 °C); Purification over a
column of silica gel (30% EtOAc in hexane); *H NMR (DMSO-dg, 400 MHz): §
12.79 (s, 1H), 7.89 (d, 2H, J = 6.8 Hz), 7.75-7.72 (m, 2H), 7.58-7.53 (m, 6H),
6.82 (s, 1H); 3C{*H} NMR (DMSO-ds, 100 MHz): 6 167.1, 162.1, 159.9, 136.1,
131.8, 131.6, 131.3, 130.5, 129.0, 128.9, 128.3, 127.8, 116.6, 106.2; IR (KBr, cm1): 3425, 2958,
2925, 2855, 2218, 1647, 1607, 1574, 1531, 1497, 1471, 1399, 1352, 1262, 1224, 1175, 1122, 1075,
1001, 977, 962, 839, 802, 762, 699; HRMS (ESI/Q-TOF) (m/z) calcd for C1gH13N20 [M + H]*
273.1022; found 273.1015.

2-0x0-6-phenyl-4-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (2'):

As a white solid (49 mg, 85% vyield, mp 225-227 °C); Purification over a column
of silica gel (30% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): 6 12.76 (s,
1H), 7.88 (d, 2H, J = 7.2 Hz), 7.64 (d, 2H, J = 7.8 Hz), 7.57-7.51 (m, 3H), 7.37
(d, 2H, J = 7.8 Hz), 6.79 (s, 1H), 2.39 (s, 3H); C{*H} NMR (DMSO-ds, 150
MHz): ¢ 167.2, 162.2, 159.9, 151.4, 140.6, 133.2, 132.4, 131.3, 129.5, 129.1,
128.3,127.8, 116.8, 106.2, 21.0; IR (KBr, cm1): 3435, 2956, 2923, 2854, 2218, 1646, 1609, 1573,
1534, 1471, 1450, 198, 1353, 1228, 1178, 1076, 1002, 964, 916, 842, 817, 770, 696; HRMS
(ESI/Q-TOF) (m/z) calcd for C1oH1sN20 [M + H]* 287.1179; found 287.1187.

4-0Ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a):

As a yellow solid (40 mg, 45% yield, mp 262-264 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 5 8.42 (d, 1H,
J=8.4Hz),7.78 (d, 2H, J = 6.0 Hz), 7.66—7.64 (m, 1H), 7.62—7.56 (m, 5H), 7.50
(s, 1H), 7.31-7.27 (m, 3H), 7.12—7.11 (m, 3H), 7.06—7.04 (m, 4H); BC{*H} NMR
(CDCls, 150 MHz): ¢ 160.9, 156.0, 145.1, 136.7, 136.51, 136.48, 135.1, 133.2,
132.4,131.1, 130.9, 130.6, 129.24, 129.20, 128.6, 128.4, 128.3, 127.8, 127.5,
127.4, 127.3, 125.6, 124.7, 116.7, 100.9, 96.3; IR (KBr, cm™1): 2961, 2925, 2854, 2214, 1643,
1608, 1573, 1495, 1472, 1384, 1262, 1224, 1178, 1156, 1077, 1022, 839, 801, 762, 701; HRMS
(ESI/Q-TOF) (m/z) calcd for C32H21N20 [M + H]*449.1648; found 449.1655.
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4-0x0-6,7-diphenyl-2-(p-tolyl)-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (2a):

As a yellow solid (47 mg, 51% yield, mp 256-258 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.32 (d, 1H, J = 8.4 Hz), 7.61 (d, 2H, J = 7.8 Hz), 7.55 (t, 1H, J = 7.5 Hz), 7.50
(t, 1H, J = 7.2 Hz), 7.40 (s, 1H), 7.28 (d, 2H, J = 8.4 Hz), 7.22-7.17 (m, 4H),
7.03-7.01 (m, 3H), 6.97-6.94 (m, 4H), 2.37 (s, 3H); *C{*H} NMR (CDCls, 150
MHz): 6 160.9, 155.9, 144.9, 140.9, 136.5, 136.4, 135.1, 133.7, 133.1, 132.3,

131.0, 130.8, 129.8, 129.2, 128.5, 128.4, 128.3, 127.7, 127.4, 127.3, 127.2, 125.6, 124.7, 116.9,
100.9, 95.9, 21.6; IR (KBr, cm-1): 2955, 2924, 2854, 2215, 1670, 1610, 1566, 1506, 1491, 1471,
1366, 1261, 1224, 1165, 1082, 1044, 813, 762, 701; HRMS (ESI/Q-TOF) (m/z) calcd for
CasHasN20 [M + H]* 463.1805; found 463.1807.

2-(4-Methoxyphenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (3a):

OMe

As a yellow solid (53 mg, 55% yield, mp 248—250 °C); Purification over a column
of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.33 (d, 1H,
J=8.0Hz), 7.70 (d, 2H, J = 8.8 Hz), 7.58-7.49 (m, 2H) 7.40 (s, 1H), 7.22-7.18
(m, 4H), 7.04-7.01 (m, 4H), 6.99-6.95 (m, 5H), 3.82 (s, 3H); 3C{*H} NMR
(CDClz, 100 MHz): ¢ 161.7, 161.1, 155.5, 144.9, 136.6, 136.5, 135.2, 133.2,
132.2,131.1, 130.7,130.2, 129.2, 128.8, 128.4, 128.3, 127.7, 127.5, 127.4, 127.3,

125.7,124.7, 117.1, 114.7, 100.7, 95.8, 55.7; IR (KBr, cm-1): 2956, 2924, 2853, 2214, 1665, 1612,
1568, 1507, 1489, 1464, 1376, 1295, 1257, 1182, 1156, 1111, 1089, 1026, 885, 818, 762, 719, 707;
HRMS (ESI/Q-TOF) (m/z) caled for CasH2sN202 [M + H]* 479.1754; found 479.1754.

2-(4-(Methylthio)phenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (4a):

As a yellow solid (51 mg, 52% yield, mp 146—148 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.41 (d, 1H, J = 7.6 Hz), 7.72 (d, 2H, J = 8.4 Hz), 7.67-7.58 (m, 2H), 7.47 (s,
1H), 7.40 (d, 2H, J = 8.8 Hz), 7.31-7.27 (m, 4H), 7.12-7.10 (m, 3H), 7.06—7.02
(m, 4H), 2.56 (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): 5 160.9, 155.3, 145.1,
142.6, 136.54, 136.51, 135.2, 133.2, 132.8, 132.4, 131.1, 130.9, 129.2, 128.9,
128.4,128.3,127.8, 127.5, 127.4,127.3, 126.3, 125.6, 124.7, 116.9, 100.6, 95.8,

TH-2725_166122029
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15.4; IR (KBr, cm™1): 2955, 2923, 2853, 2212, 1666, 1595, 1567, 1550, 1466, 1490, 1377, 1261,
1155, 1094, 1022, 802, 762, 700; HRMS (ESI/Q-TOF) (m/z) calcd for Cs3H23sN20S [M + H]*
495,1526; found 495.1531.

2-([1,1'-Biphenyl]-4-yl)-4-oxo0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (5a):

As a yellow solid (50 mg, 48% yield, mp 225-227 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢ 8.44 (d, 1H,
J=7.6Hz),7.88(d, 2H, J = 8.4 Hz), 7.79 (d, 2H, J = 8.4 Hz), 7.68-7.66 (M, 2H),
7.64-7.58 (m, 2H), 7.54 (s, 1H), 7.50 (t, 2H, J = 7.4 Hz), 7.43-7.41 (m, 1H),
7.36-7.32 (m, 1H), 7.30-7.27 (m, 3H), 7.14-7.12 (m, 3H), 7.09-7.04 (m, 4H);
13C{'H} NMR (CDCls, 100 MHz): § 160.9, 155.5, 145.1, 143.5, 140.3, 136.6,
136.5, 135.5, 135.2, 133.3, 133.4, 131.1, 130.9, 129.24, 129.18, 129.1, 128.5,

128.3,128.2, 127.9, 127.8, 127.5, 127.45, 127.41, 127.3, 125.7, 124.7, 116.8, 100.8, 96.1; IR (KBr,
cmY): 2955, 2924, 2854, 2214, 1669, 1603, 1565, 1467, 1375, 1305, 1262, 1223, 1080, 1042, 815,
761, 699; HRMS (ESI/Q-TOF) (m/z) calcd for CasHasN20 [M + H]* 525.1961; found 525.1961.

2-(4-Chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (6a):

As a yellow solid (47 mg, 49% yield, mp 235-237 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.33 (d, 1H, J = 7.6 Hz), 7.64 (d, 2H, J = 8.4 Hz), 7.59-7.51 (m, 2H), 7.44 (d,
2H, J = 8.4 Hz), 7.37 (s, 1H), 7.24 (d, 1H, J = 8.0 Hz), 7.20-7.18 (m, 3H),
7.05-7.02 (m, 3H), 6.97-6.94 (m, 4H); C{"H} NMR (CDCls, 100 MHz): &
160.7, 154.6, 145.3, 136.8, 136.5, 136.4, 135.0, 133.2, 132.5, 131.2, 131.0,
129.9,129.4, 129.3, 128.4, 128.3, 127.8, 127.5, 127.38, 127.35, 125.5, 124.8,

116.6, 100.6, 95.9; IR (KBr, cm1): 2956, 2924, 2853, 2214, 1670, 1596, 1564, 1489, 1469, 1377,
1305, 1225, 1155, 1092, 1014, 814, 761, 725, 700; HRMS (ESI/Q-TOF) (m/z) calcd for
Cs2H20CIN20 [M + H]" 483.1259; found 483.1257.
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2-(2-Bromophenyl)-4-oxo0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (7a):

As a yellow solid (47 mg, 45% yield, mp 205-207 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢ 8.30 (d, 1H,
J=8.0Hz), 7.69 (d, 1H, J = 8.0 Hz), 7.58-7.51 (m, 2H), 7.44—7.40 (m, 2H), 7.36
(s, 1H), 7.32-7.28 (m, 1H), 7.24—7.18 (m, 4H), 7.06-7.04 (m, 3H), 6.99-6.96 (m,
4H); ¥C{*H} NMR (CDCls, 100 MHz): 6 160.4, 155.6, 145.0, 137.8, 136.6, 136.5,
135.1, 133.7, 133.2, 132.4, 131.29, 131.26, 131.0, 130.3, 129.3, 128.4, 128.3,
127.9, 127.8, 127.5, 127.4, 127.3, 125.7, 124.8, 121.6, 115.7, 102.0, 98.3; IR (KBr, cm1): 2956,
2924, 2853, 2218, 1674, 1566, 1507, 1464, 1377, 1261, 1094, 1023, 801, 701; HRMS (ESI/Q-
TOF) (m/z) calcd for C32H20BrN20 [M + H]* 527.0754; found 527.0758.

2-(3-Nitrophenyl)-4-oxo0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (8a):

As a red solid (35 mg, 35% yield, mp 272—274 °C); Purification over a column of
silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.60-8.59 (m,
1H), 8.47 (d, 1H, J = 8.8 Hz), 8.41 (d, 1H, J = 8.0 Hz), 8.16 (d, 1H, J = 8.0 Hz),
7.77 (t, 1H, J = 8.0 Hz), 7.72—7.64 (m, 2H), 7.50 (s, 1H), 7.36 (d, 1H, J = 8.0 Hz),
7.29-7.28 (m, 3H), 7.14—7.12 (m, 3H), 7.07—7.04 (m, 4H); *C{*H} NMR (CDCls,
100 MHz): 6 160.4, 153.2, 148.7, 145.8, 138.3, 136.6, 136.2, 134.9, 134.7, 133.4,
132.9, 131.7, 130.9, 130.4, 129.5, 128.45, 128.36, 127.9, 127.7, 127.51, 127.46, 125.4, 125.1,
124.9,123.5, 116.2, 100.3, 95.9; IR (KBr, cm1): 2955, 2924, 2853, 2214, 1671, 1566, 1530, 1508,
1466, 1378, 1347, 1271, 1224, 1075, 1047, 889, 814, 763, 741, 704; HRMS (ESI/Q-TOF) (m/z)
calcd for Cs2H20N303 [M + H]* 494.1499; found 494.1499.

9-Methyl-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (9a):

As a yellow solid (42 mg, 45% vyield, mp 275-277 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.24 (d, 1H, J = 8.8 Hz), 7.72—7.69 (m, 2H), 7.49-7.47 (m, 2H), 7.39 (d, 2H,
J = 8.0 Hz), 7.37 (s, 1H), 7.21-7.19 (m, 4H), 7.04-7.02 (m, 2H), 6.99-6.94
(m, 5H), 2.32 (s, 3H); 3C{"H} NMR (CDCls, 100 MHz): § 161.0, 155.9, 145.3,
1434, 136.9, 136.7, 135.3, 133.3, 131.1, 130.9, 130.8, 130.5, 129.2, 128.5, 128.4, 128.3, 127.7,
127.4, 127.24, 127.21, 124.8, 123.4, 116.9, 100.5, 95.5, 22.1; IR (KBr, cm™1): 2955, 2924, 2854,
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2214, 1671, 1563, 1493, 1464, 1378, 1264, 1073, 800, 701, HRMS (ESI/Q-TOF) (m/z) calcd for
Cs3H23N20 [M + H]" 463.1805; found 463.1806.

9-Methoxy-4-oxo0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (10a):

As a yellow solid (40 mg, 42% yield, mp 250-252 °C); Purification over a
column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
§8.27 (d, 1H, J = 9.6 Hz), 7.70-7.68 (m, 2H), 7.48-7.46 (m, 3H), 7.27 (s,
1H), 7.19-7.18 (m, 4H), 7.15-7.13 (m, 1H), 7.04-7.02 (m, 3H), 6.98-6.94
(m, 4H), 3.64 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): § 162.8, 161.1,
155.8, 145.3, 137.2, 136.9, 136.7, 135.5, 135.2, 130.9, 130.4, 129.1, 128.5, 128.38, 128.35, 127.8,
127.4, 127.3, 126.9, 119.4, 118.5, 117.0, 113.9, 109.0, 99.9, 94.3, 55.7; IR (KBr, cm™1): 2955,
2924, 2853, 2213, 1666, 1610, 1560, 1510, 1491, 1464, 1401, 1377, 1264, 1222, 1125, 1086, 1030,
881, 802, 754, 727, 701; HRMS (ESI/Q-TOF) (m/z) calcd for CasH2sN202 [M + H]* 479.1754;
found 479.1754.

4-0x0-2,6,7-triphenyl-9-(trifluoromethyl)-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (11a):

As a yellow solid (60 mg, 59% vyield, mp 205-207 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
5851 (d, 1H, J = 8.8 Hz), 7.83-7.77 (m, 3H), 7.59-7.57 (m, 3H), 7.53 (s,
1H), 7.51 (s, 1H), 7.31-7.29 (m, 3H), 7.14—7.12 (m, 3H), 7.06-7.02 (m, 4H);
13C{H} NMR (CDCls, 100 MHz): 6 160.5, 156.4, 143.8, 137.9, 136.3,

135.9,134.1, 133.4, 130.97, 130.88, 130.2, 129.3, 128.6, 128.5, 128.4, 128.3, 127.7, 127.6, 125.6,
125.2 (q, J = 3.3 Hz), 124.5, 124.4 (d, J = 4.0 Hz), 122.1, 116.2, 101.7, 98.2; °F NMR (CDCl; +
hexafluorobenzene): 5 —66.3 (s); IR (KBr, cm): 2955, 2924, 2854, 2217, 1671, 1610, 1569, 1511,
1493, 1465, 1376, 1325, 1287, 1223, 1174, 1131, 1159, 1068, 1003, 943, 905, 879, 822, 759, 727,
704; HRMS (ESI/Q-TOF) (m/z) calcd for CssH20FsN20 [M + H]* 517.1522; found 517.1522.

9-Fluoro-4-o0xo0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (12a):

As a yellow solid (53 mg, 57% vyield, mp 262-264 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.44-8.42 (m, 1H), 7.78-7.76 (m, 2H), 7.57—7.56 (m, 3H), 7.40 (s, 1H), 7.36
(t, 1H, J = 9.6 Hz), 7.29-7.28 (m, 3H), 7.13-7.12 (m, 3H), 7.05-7.01 (m, 4H),
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6.94 (dd, 1H, J1 = 6.6 Hz & J> = 3.0 Hz); 3C{*H} NMR (CDCls, 100 MHz): 5 166.2, 163.6, 160.8,
156.3, 144.6, 137.8, 136.6, 136.2, 134.6, 130.9, 130.7, 129.2, 128.54, 128.51, 128.3, 128.1, 127.54,
127.48,122.2,117.9 (d, J = 23.7 Hz), 116.5, 112.9 (d, J = 23.2 Hz), 100.7, 96.2; °F NMR (CDCl3
+ hexafluorobenzene): 5 —107.4 (s); IR (KBr, cm1): 2955, 2924, 2853, 2212, 1658, 1568, 1507,
1493, 1464, 1377, 1261, 1092, 1018, 803, 721, 707; HRMS (ESI/Q-TOF) (m/z) calcd for
Ca2H20FN20 [M + H]" 467.1554; found 467.1561.

9-Chloro-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (13a):

As a yellow solid (51 mg, 53% yield, mp 285287 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.33 (d, 1H, J = 9.0 Hz), 7.78-7.76 (m, 2H), 7.59-7.55 (m, 4H), 7.42 (s, 1H),
7.29-7.28 (m, 3H), 7.25 (s, 1H), 7.13-7.12 (m, 3H), 7.04-7.01 (m, 4H);
13C{H} NMR (CDCls, 100 MHz): 6 160.7, 156.2, 144.4, 139.0, 137.8, 136.5,
136.2, 134.5, 134.4, 130.9, 130.7, 129.8, 129.7, 129.2, 128.53, 128.51, 128.3,
128.1, 127.53, 127.46, 126.8, 126.3, 124.1, 116.5, 100.9, 96.8; IR (KBr, cm1): 2955, 2924, 2853,
2212, 1656, 1596, 1570, 1530, 1464, 1377, 1267, 1121, 1073, 1018, 877, 804, 758, 721; HRMS
(ESI/Q-TOF) (m/z) calcd for Cs2HaoCIN2O [M + H]* 483.1259; found 483.1259.

9-Bromo-4-0xo0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (14a):

As a yellow solid (54 mg, 52% vyield, mp 215-217 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.25 (d, 1H, J=9.0 Hz), 7.77-7.76 (m, 2H), 7.73 (d, 1H, J = 9.0 Hz), 7.57-7.55
(m, 3H), 7.43-7.41 (m, 2H), 7.29-7.28 (m, 3H), 7.12-7.11 (m, 3H), 7.04—7.01
(m, 4H); 3C{*H} NMR (CDCls, 100 MHz): § 160.7, 156.3, 144.5, 137.8, 136.5,
136.1, 134.7, 134.4, 132.5, 131.0, 130.7, 129.9, 129.7, 129.2, 128.6, 128.5,
128.3,128.1, 127.6, 127.55, 127.48, 126.2, 124.5, 116.5, 100.9, 96.9; IR (KBr, cm): 2955, 2924,
2853, 2217, 1650, 1560, 1507, 1463, 1377, 1264, 1121, 1073, 1024, 885, 802, 721, 701; HRMS
(ESI/Q-TOF) (m/z) calcd for Cs2HaoBrN,O [M + H]* 527.0754; found 527.0759.
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9-Nitro-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (15a):

As ared solid (29 mg, 30% yield, mp 245—-247 °C); Purification over a column
of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.53 (d,
1H, J = 9.2 Hz), 8.38-8.36 (m, 2H), 8.11 (s, 1H), 7.79-7.77 (m, 2H),
7.74-7.69 (m, 1H), 7.59-7.58 (m, 3H), 7.53 (s, 1H), 7.33-7.32 (m, 3H),
7.07-7.06 (m, 2H), 7.05-7.03 (m, 3H); 3C{*H} NMR (CDCls, 100 MHz): &
160.3, 156.5, 149.6, 143.1, 138.6, 135.9, 135.6, 134.1, 133.7, 131.0, 130.9,
129.9,129.4, 128.9, 128.8, 128.5, 128.3, 127.9, 127.6, 126.4, 122.9, 122.5, 115.9, 102.9, 99.1; IR
(KBr, cm1): 2955, 2924, 2854, 2220, 1646, 1462, 1378, 1262, 1099, 880, 803, 727; HRMS
(ESI/Q-TOF) (m/z) calcd for Cs2Ha0N303 [M + H]* 494.1499; found 494.1492.

2-(Naphthalen-1-yl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (16a):

As a yellow solid (43 mg, 44% yield, mp 146—148 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢ 8.24-8.22
(m, 1H), 7.95-7.89 (m, 2H), 7.81 (d, 1H, J = 7.6 Hz), 7.59 (d, 1H, J = 7.2 Hz),
7.55 (d, 1H, J = 8.0 Hz), 7.53-7.48 (m, 4H), 7.46 (s, 1H), 7.25-7.18 (m, 5H),
7.01-7.00 (m, 5H), 6.98-6.96 (m, 1H); *C{*H} NMR (CDCls, 100 MHz): &
160.6, 155.9, 144.8, 136.7, 136.6, 135.2, 134.6, 134.0, 133.3, 132.4, 131.2,
131.12, 131.06, 130.5, 130.4, 129.3, 128.9, 128.5, 128.4, 128.3, 127.8, 127.5, 127.43, 127.36,
127.30, 127.1, 126.7, 125.6, 125.5, 125.2, 124.8, 116.0, 102.7, 99.0; IR (KBr, cm™1): 2955, 2924,
2854, 2223, 1666, 1562, 1513, 1493, 1464, 1377, 1262, 1156, 1073, 1018, 803, 719, 703; HRMS
(ESI/Q-TOF) (m/z) calcd for CasH2sN20 [M + H]* 499.1805; found 499.1805.

10-(Naphthalen-1-yl)-8-o0x0-5,6-diphenyl-8H-benzo[f]pyrido[2,1-a]isoquinoline-9-carbonitrile
(17a):

As a yellow solid (47 mg, 43% vyield, mp 175-177 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.81 (s, 1H), 8.04 (d, 1H, J = 8.4 Hz), 8.01 (d, 1H, J = 7.2 Hz), 7.95-7.93 (m,
2H), 7.78-7.77 (m, 1H), 7.72—7.71 (m, 3H), 7.66-7.64 (m, 1H), 7.62—7.53 (m,
5H), 7.35-7.32 (m, 3H), 7.18-7.14 (m, 6H); *C{*H} NMR (CDCls, 100 MH2):
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0 160.6, 156.5, 145.1, 136.6, 135.6, 135.3, 134.9, 134.4, 134.0, 132.7, 131.8, 131.2, 131.1, 130.9,
130.5, 128.85, 128.81, 128.4, 127.8, 127.5, 127.4, 127.3, 127.1, 126.8, 126.7, 125.54, 125.48,
125.2, 1235, 115.8, 103.6, 100.6; IR (KBr, cm-Y): 2957, 2924, 2854, 2224, 1661, 1462, 1377,
1261, 1023, 803; HRMS (ESI/Q-TOF) (m/z) calcd for CaoHasN20 [M + H]* 549.1961; found
549.1968.

2-(4-Chlorophenyl)-9-methyl-4-ox0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(18a):

As a yellow solid (71 mg, 72% vyield, mp 276-278 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.31 (d, 1H, J = 9.0 Hz), 7.72 (d, 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 8.4 Hz),
7.48 (d, 1H, J = 8.4 Hz), 7.40 (s, 1H), 7.28-7.27 (m, 3H), 7.11-7.10 (m, 3H),
7.08 (s, 1H), 7.03-7.01 (m, 4H), 2.40 (s, 3H); B¥C{*H} NMR (CDCls, 100
MHz): 6 160.8, 154.6, 145.5,143.7, 136.8, 136.7, 136.6, 135.24, 135.17, 133.4,
131.0, 130.9, 129.9, 129.5, 128.4, 128.3, 127.8, 127.4, 127.31, 127.26, 124.8, 123.3, 116.7, 100.1,
95.2, 22.1; IR (KBr, cm™1): 2955, 2924, 2853, 2210, 1639, 1465, 1261, 1090, 1020, 802; HRMS
(ESI/Q-TOF) (m/z) calcd for Ca3H22CIN20 [M + H]* 497.1415; found 497.1419.

9-Bromo-2-(4-chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(19a):

As a yellow solid (64 mg, 58% yield, mp 240-242 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.24 (d, 1H, J = 9.2 Hz), 7.75-7.72 (m, 2H), 7.69 (s, 1H), 7.54 (d, 2H, J = 8.4
Hz), 7.42 (s, 1H), 7.38 (s, 1H), 7.30-7.28 (m, 3H), 7.13-7.11 (m, 3H),
7.03-7.00 (m, 4H); *C{*H} NMR (CDCls, 100 MHz): § 160.5, 154.9, 144.7,
137.9, 137.1,136.0, 134.9, 134.7, 134.3, 132.6, 130.9, 129.99, 129.93, 129.89,
129.6, 128.6, 128.4, 128.2, 127.8, 127.6, 127.5, 126.2, 124.4, 116.3, 100.6, 96.6; IR (KBr, cm™1):
2956, 2923, 2854, 2216, 1668, 1595, 1566, 1492, 1463, 1388, 1309, 1263, 1220, 1091, 1018, 808,
702; HRMS (ESI/Q-TOF) (m/z) calcd for C32H19BrCIN2O [M + H]" 561.0364; found 561.0364.
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2-(4-Methoxyphenyl)-9-nitro-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(20a):

As ared solid (26 mg, 25% yield, mp 216—218 °C); Purification over a column
of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.52 (d,
1H, J = 9.2 Hz), 8.36 (d, 1H, J = 9.0 Hz), 8.09 (s, 1H), 7.79-7.76 (m, 3H),
7.51 (s, 1H), 7.32-7.31 (m, 3H), 7.15-7.13 (m, 2H), 7.10-7.07 (m, 3H),
7.06-7.03 (m, 3H), 3.91 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): § 162.1,
160.5, 155.9, 149.5, 142.8, 138.6, 135.6, 134.1, 133.8, 130.9, 130.6, 130.3,
129.9, 129.5, 128.9, 128.8, 128.5, 128.3, 128.0, 127.9, 127.7, 127.6, 126.2,
122.8,122.4,114.9, 102.7, 98.5, 55.8; IR (KBr, cm1): 2956, 2924, 2853, 2214, 1663, 1570, 1513,
1464, 1378, 1259, 1093, 1020, 883, 806, 717; HRMS (ESI/Q-TOF) (m/z) calcd for C33H22N304
[M + H]* 524.1605; found 524.1605.

2-(2,6-Dichlorophenyl)-9-fluoro-4-ox0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(21a):

As a yellow solid (60 mg, 57% yield, mp 255257 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.33-8.30 (m, 1H), 7.43 (d, 2H, J = 7.8 Hz), 7.33 (t, 1H, J = 8.1 Hz), 7.29 (t,
1H,J=9.6 Hz), 7.23-7.22 (m, 3H), 7.19 (s, 1H), 7.08-7.06 (m, 3H), 6.99-6.95
(m, 4H), 6.88 (dd, 1H, J1 = 7.2 Hz & J, = 2.4 Hz); ®*C{*H} NMR (CDCls, 100
MHz): 8 166.3, 163.7, 160.1, 152.2, 145.4, 137.9, 136.2, 135.9, 135.8, 134.7,
134.6, 133.9, 131.4, 130.9, 128.7, 128.6, 128.3, 128.1, 127.98, 127.88, 127.6, 127.5, 122.27,
122.25, 118.1 (d, J = 23.7 Hz), 115.0, 112.9 (d, J = 23.2 Hz), 100.9, 98.9; *®F NMR (CDClI; +
hexafluorobenzene): 6 —106.9 (s); IR (KBr, cm™): 2954, 2924, 2853, 2223, 1670, 1610, 1510,
1467, 1379, 1261, 1180, 1095, 1020, 873, 790, 758, 698; HRMS (ESI/Q-TOF) (m/z) calcd for
Ca2H18CI2FN20O [M + H]* 535.0775; found 535.0775.
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2-(3,4-Dimethoxyphenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(22a):

As a yellow solid (62 mg, 61% yield, mp 240-242 °C); Purification over a column
of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6 8.35 (d, 1H,
J =84 Hz), 758 (t, 1H, J = 7.2 Hz), 7.53 (t, 1H, J = 7.2 Hz), 7.43 (s, 1H),
7.33-7.31 (m, 2H), 7.23-7.19 (m, 4H), 7.05-7.04 (m, 3H), 6.98-6.96 (m, 5H),
3.94 (s, 3H), 3.91 (s, 3H); B¥C{*H} NMR (CDCls, 100 MHz): ¢ 161.1, 155.5,
151.3, 149.4, 144.8, 136.54, 136.47, 135.2, 133.3, 133.2, 131.1, 130.7, 129.2,
129.0,128.4,128.3, 127.7, 127.5, 127.4, 127.3, 125.6, 124.7,121.8, 117.1, 111.9,
111.6, 100.7, 95.7, 56.5, 56.3; IR (KBr, cm™1): 2956, 2924, 2853, 2217, 1659, 1564, 1513, 1495,
1464, 1377, 1264, 1117, 1022, 885, 800, 762, 727, 699; HRMS (ESI/Q-TOF) (m/z) calcd for
Cz4H25N203 [M + H]* 509.1860; found 509.1860.

1-(4-Chlorophenyl)-3-oxo-5,6-diphenyl-10,11-dihydro-3H-benzo[de]pyrido[3,2,1-ij]Jquinoline-2-
carbonitrile (23a):

As a yellow solid (57 mg, 56% yield, mp 165—167 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.96 (d, 1H,
J=7.6Hz),7.88 (d, 1H, J = 7.6 Hz), 7.75 (t, 1H, J = 7.8 Hz), 7.66—7.59 (m, 2H),
7.56-7.49 (m, 3H), 7.47-7.44 (m, 2H), 7.39 (t, 1H, J = 7.2 Hz), 7.33-7.29 (m,
3H), 7.14-7.08 (m, 3H), 2.88 (t, 2H, J = 7.8 Hz), 2.53 (t, 2H, J = 7.8 Hz); C{'H}
NMR (CDCl3z, 100 MHz): ¢ 164.9, 159.6, 158.3, 138.9, 137.2, 132.9, 131.6,
130.9, 130.85, 130.79, 129.8, 129.6, 129.2, 128.6, 128.5, 128.3, 127.9, 127.8,
127.5, 127.4, 127.1, 125.6, 125.3, 123.0, 121.9, 112.1, 98.2, 27.4, 23.2; IR (KBr, cm™1): 2954,
2924, 2853, 2221, 1668, 1633, 1485, 1464, 1608, 1377, 1267, 1091, 1014, 836, 808, 766, 719;
HRMS (ESI/Q-TOF) (m/z) calcd for CaaH22CIN20 [M + H]* 509.1415; found 509.1416.

2-(Furan-2-yl)-9-methyl-4-ox0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (24a):

As a yellow solid (37 mg, 41% yield, mp 185-187 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): &
8.39 (d, 1H, J = 8.4 Hz), 7.89 (s, 1H), 7.79 (d, 1H, J = 3.6 Hz), 7.73 (s, 1H),
7.49 (d, 1H, J = 8.8 Hz), 7.27-7.26 (m, 3H), 7.10-7.08 (m, 3H), 7.04-6.99
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(m, 5H), 6.68 (dd, 1H, J; = 3.6 Hz and J, = 1.6 Hz), 2.39 (s, 3H); *C{*H} NMR (CDCls, 100
MHz): 6 161.2, 148.4, 145.5, 143.4, 141.9, 136.7, 135.3, 133.3, 131.1, 130.8, 130.6, 128.6, 128.4,
128.3,127.7,127.4,127.22, 127.17, 124.9, 123.6, 116.2, 113.6, 95.8, 22.1; IR (KBr, cm™1): 2954,
2924, 2853, 2214, 1641, 1510, 1465, 1378, 1265, 1029, 812, 756, 700; HRMS (ESI/Q-TOF) (m/2)
calcd for Cs1H21N202 [M + H]* 453.1598; found 453.1595.

7-Ox0-4,5,9-triphenyl-7H-thieno[2,3-a]quinolizine-8-carbonitrile (25a):

As a yellow solid (39 mg, 43% yield, mp 166—168 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.77-7.74
(m, 2H), 7.71 (d, 1H, J = 5.6 Hz), 7.57-7.53 (m, 3H), 7.26-7.24 (m, 3H),
7.16-7.15 (m, 3H), 7.08—7.05 (m, 2H), 7.04—7.02 (m, 2H), 6.96 (d, 1H, J = 5.2
Hz), 6.89 (s, 1H); 3C{*H} NMR (CDCls, 100 MHz): 6 160.8, 155.7, 142.3, 141.9,
138.0, 136.5, 135.9, 135.6, 132.9, 132.5, 130.5, 130.3, 129.1, 128.7, 128.5, 128.3,
127.9, 127.6, 127.4, 126.2, 117.2, 100.4, 93.2; IR (KBr, cm™1): 2958, 2924, 2854, 2208, 1638,
1592, 1556, 1513, 1495, 1462, 1377, 1289, 1267, 1119, 1071, 1018, 885, 798, 748, 723, 699;
HRMS (ESI/Q-TOF) (m/z) calcd for CsoH19N20S [M + H]* 455.1213; found 455.1213.

4-0xo0-2-phenyl-6,7-di-p-tolyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1b):

As a yellow solid (44 mg, 46% yield, mp 278-280 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.39 (d, 1H, J = 8.2 Hz), 7.79-7.77 (m, 2H), 7.64—7.53 (m, 5H), 7.46 (s, 1H),
7.31(d, 1H, J = 8.0 Hz), 7.09 (d, 2H, J = 7.6 Hz), 6.94-6.92 (m, 6H), 2.35 (s,
3H), 2.26 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): 6 161.1, 155.8, 145.2,
137.4, 136.9, 136.8, 136.6, 133.6, 133.5, 132.22, 132.15, 130.9, 130.5, 129.1,
129.03, 129.01, 128.5, 128.25, 128.23, 127.5, 125.5, 124.6, 116.8, 100.8, 96.1,
21.53, 21.46; IR (KBr, cm™1): 2959, 2924, 2855, 2217, 1659, 1577, 1500, 1463, 1405, 1381, 1312,
1261, 1221, 1153, 1091, 1023, 873, 807, 760, 728, 701; HRMS (ESI/Q-TOF) (m/z) calcd for
CasH2sN20 [M + H]" 477.1961; found 477.1961.
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6,7-Bis(4-methoxyphenyl)-4-oxo-2-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1c):

As a yellow solid (49 mg, 48% yield, mp 258-260 °C); Purification over a
column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
§8.39 (d, 1H, J = 8.4 Hz), 7.79-7.77 (m, 2H), 7.63-7.55 (m, 6H), 7.47 (s,
1H), 6.98-6.94 (m, 4H), 6.83 (d, 2H, J = 8.8 Hz), 6.68 (d, 2H, J = 8.8 Hz),
3.81 (s, 3H), 3.75 (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): § 161.2, 158.9,
158.6, 155.8, 145.2, 136.8, 136.7, 133.7, 132.25, 132.16, 130.8, 130.5, 129.6,

129.2, 129.0, 128.6, 127.5, 127.3, 125.5, 124.7, 116.8, 113.9, 113.1, 100.8,

96.1, 55.4, 55.3; IR (KBr, cm™1): 2955, 2925, 2854, 2221, 1654, 1560, 1546, 1507, 1463, 1377,
1264, 1180, 1117, 1077, 1026, 883, 812, 742, 705; HRMS (ESI/Q-TOF) (m/z) calcd for
CasH2sN203 [M + H]* 509.1860; found 509.1860.

6,7-Bis(4-fluorophenyl)-4-oxo-2-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1d):

As a yellow solid (40 mg, 41% vyield, mp 235-237 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.42 (d, 1H, J = 7.6 Hz), 7.79-7.77 (m, 2H), 7.69-7.56 (m, 6H), 7.50 (s, 1H),
7.06 (d, 6H, J = 6.8 Hz), 6.85 (t, 2H, J = 8.8 Hz); *C{*H} NMR (CDCls, 100
MHz): ¢ 160.9, 160.6, 156.2, 144.9, 136.6, 135.9, 132.7 (d, J = 8.1 Hz), 132.5,
130.7, 130.3, 130.2 (d, J = 8.2 Hz), 130.1, 129.5, 129.3, 128.5, 127.3, 125.8,
124.8,116.5, 115.7 (d, J = 21.5 Hz), 114.8 (d, J = 21.8 Hz), 101.1, 96.7; *°F

NMR (CDCl; + hexafluorobenzene): 6 —116.5 (s), —116.9 (s); IR (KBr, cm1): 2956, 2924, 2855,
2213,1661, 1609, 1562, 1495, 1461, 1376, 1263, 1226, 1092, 1016, 876, 807, 722; HRMS (ESI/Q-
TOF) (m/z) calcd for C32H19F2N20 [M + H]" 485.1460; found 485.1460.

6,7-Bis(3-chlorophenyl)-4-oxo-2-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1e):

As a yellow solid (43 mg, 42% yield, mp 210-212 °C); Purification over a

column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.36 (d, 1H, J = 7.6 Hz), 7.73-7.71 (m, 2H), 7.62—7.58 (m, 2H), 7.52—7.49 (m,
3H), 7.44 (s, 1H), 7.23-7.19 (m, 3H), 7.04-6.98 (m, 4H), 6.89 (d, 2H, J = 6.4
Hz): 3C{'H} NMR (CDCls, 100 MHz): ¢ 160.7, 156.4, 144.8, 137.9, 136.6,
136.4,135.2, 132.7, 132.4, 131.6, 130.8, 130.0, 129.8, 129.3, 128.5, 128.4,

TH-2725_166122029
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127.7, 127.4, 126.7, 125.8, 124.9, 116.5, 101.3, 96.8; IR (KBr, cm™): 2955, 2924, 2853, 2208,
1649, 1544, 1505, 1463, 1377, 1289, 1265, 1121, 1071, 1020, 879, 802, 743, 722; HRMS (ESI/Q-
TOF) (m/z) calcd for C32H19CI2N20 [M + H]" 517.0869; found 517.08609.

4-0xo0-2-phenyl-6,7-dipropyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (19):

As a yellow solid (39 mg, 51% vyield, mp 158-160 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.29 (d, 1H, J = 8.0 Hz), 7.84 (d, 1H, J = 8.4 Hz), 7.76-7.71 (m, 3H), 7.59-7.52
(m, 4H), 7.34 (s, 1H), 3.25 (t, 2H, J = 7.8 Hz), 2.93 (t, 2H, J = 8.2 Hz), 1.78-1.72
(m, 2H), 1.68-1.62 (m, 2H), 1.13 (t, 3H, J = 7.4 Hz), 0.98 (t, 3H, J = 7.2 Hz);
BC{H} NMR (CDCls, 100 MHz): 6 162.3, 155.0, 145.1, 138.4, 136.6, 132.4,

130.4, 129.1, 128.5, 128.3, 127.4, 125.5, 125.2, 124.4, 117.3, 100.9, 95.4, 32.3, 30.3, 23.4, 23.0,
14.7, 14.5; IR (KBr, cm1): 2956, 2924, 2854, 2208, 1656, 1608, 1566, 1508, 1463, 1377, 1265,
1235, 1154, 1127, 1071, 1033, 881, 838, 778, 754, 723, 697; HRMS (ESI/Q-TOF) (m/z) calcd for
Co6H25N20 [M + H]* 381.1961; found 381.1961.

2-(4-Chlorophenyl)-9-methyl-4-oxo-6,7-di-p-tolyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(18b):

As a yellow solid (78 mg, 75% yield, mp 280282 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
08.28 (d,1H,J=8.4Hz), 7.71 (d, 2H, J=8.4 Hz), 7.52 (d, 2H, J = 8.4 Hz),
7.45 (d, 1H, J = 8.4 Hz), 7.36 (s, 1H), 7.10-7.08 (m, 3H), 6.91-6.89 (m,
6H), 2.39 (s, 3H), 2.36 (s, 3H), 2.25 (s, 3H); *C{*H} NMR (CDCls, 100
MHz): 6 161.0, 154.4, 145.6, 1435, 137.3, 136.9, 136.8, 136.7, 135.3,
133.7, 133.6, 132.1, 131.0, 130.9, 130.7, 129.9, 129.4, 129.0, 128.2, 127.2,
124.7,123.2,116.8, 99.9, 94.9, 22.1, 21.54, 21.50; IR (KBr, cm™1): 2955,
2924, 2854, 2214, 1660, 1563, 1493, 1463, 1376, 1262, 1223, 1179, 1090, 1018, 808, 727; HRMS
(ESI/Q-TOF) (m/z) calcd for CssH26CIN20 [M + H]* 525.1728; found 525.1728.
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2-(4-Chlorophenyl)-6,7-bis(4-methoxyphenyl)-9-methyl-4-oxo-4H-pyrido[2,1-a]isoquinoline-3-

carbonitrile (18c):

OMe As a yellow solid (86 mg, 78% vyield, mp 240-242 °C); Purification over
a column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400
MHz): 6 8.28 (d, 1H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.8 Hz), 7.52 (d, 2H,
J=8.4Hz),7.45 (d, 1H, J = 8.4 Hz), 7.36 (s, 1H), 7.11 (s, 1H), 6.95-6.92
(m, 4H), 6.83 (d, 2H, J = 8.8 Hz), 6.67 (d, 2H, J = 8.8 Hz), 3.82 (s, 3H),
3.74 (s, 3H), 2.40 (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): § 161.0,
158.9, 158.6, 154.3, 145.6, 143.5, 136.8, 136.7, 135.3, 133.9, 132.2,
130.9, 130.7, 129.9, 129.6, 129.4, 129.0, 127.3, 127.2, 124.7, 123.2, 116.8, 113.9, 113.1, 99.9,
94.9, 55.4, 55.3, 22.1; IR (KBr, Cm‘l): 2956, 2924, 2854, 2214, 1667, 1562, 1509, 1494, 1466,
1378, 1288, 1248, 1176, 1092, 1031, 805; HRMS (ESI/Q-TOF) (m/z) calcd for CasH26CIN203 [M
+ H]* 557.1626; found 557.1626.

2-(4-Chlorophenyl)-6,7-bis(4-fluorophenyl)-9-methyl-4-oxo-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (18d):

As a yellow solid (65 mg, 61% yield, mp 280-282 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
§8.31(d, 1H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.4 Hz), 7.54-7.49 (m, 3H), 7.40
(s, 1H), 7.03-6.97 (m, 7H), 6.85-6.81 (m, 2H), 2.42 (s, 3H); *C{*H} NMR
(CDCl3, 100 MHz): 6 163.5, 163.0, 161.1, 160.8, 160.5, 154.7, 145.4, 143.9,
136.9, 136.1, 135.0, 133.1, 132.7 (d, J = 8.0 Hz), 131.2, 130.1 (d, J = 8.1
Hz), 129.9, 129.5, 127.1, 124.9, 123.4, 116.6, 115.7 (d, J = 21.5 Hz), 114.7
(d, J=21.8 Hz), 100.3, 95.5; °F NMR (CDCl; + hexafluorobenzene): § —116.5 (s), —116.9 (s); IR
(KBr, cm™): 2957, 2924, 2854, 2215, 1667, 1601, 1563, 1506, 1469, 1401, 1381, 1261, 1227,
1158, 1092, 1017, 843, 805, 762, 724; HRMS (ESI/Q-TOF) (m/z) calcd for CasHaoCIFaN20 [M +
H]* 533.1227; found 533.1227.
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6,7-Bis(3-chlorophenyl)-2-(4-chlorophenyl)-9-methyl-4-oxo-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (18e):

As a yellow solid (62 mg, 55% yield, mp 315-317 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
58.31 (d, 1H, J = 8.8 Hz), 7.72 (d, 2H, J = 8.4 Hz), 7.55-7.50 (m, 3H),
7.40 (s, 1H), 7.31-7.29 (m, 2H), 7.10-7.03 (m, 5H), 6.96—6.94 (m, 2H),
2.43 (s, 3H); B¥C{*H} NMR (CDCls, 100 MHz): § 160.6, 154.9, 145.2,
144.1, 137.9, 137.0, 136.6, 134.9, 132.6, 131.4, 130.3, 130.2, 129.9,
129.5,129.3, 129.1, 129.0, 127.7, 127.1, 124.9, 124.8, 123.4, 116.5,
100.4, 95.7, 22.2; IR (KBr, cm1): 2955, 2924, 2855, 2213, 1668, 1614, 1596, 1566, 1505, 1470,
1403, 1314, 1261, 1227, 1185, 1091, 1019, 805, 712; HRMS (ESI/Q-TOF) (m/z) calcd for
C33H20CI3N20 [M + H]* 565.0636; found 565.0636.

6,7-Bis(4-bromophenyl)-2-(4-chlorophenyl)-9-methyl-4-oxo-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (18f):

As a yellow solid (75 mg, 58% yield, mp 282—-284 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
58.30 (d, 1H, J = 8.8 Hz), 7.71 (d, 2H, J = 8.4 Hz), 7.53 (d, 2H, J = 8.8 Hz),
7.46 (d, 2H, J=8.0 Hz), 7.39 (s, 1H), 7.31-7.27 (m, 3H), 7.00 (s, 1H), 6.90
(d, 4H,J=7.6 Hz), 2.42 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): ¢ 160.7,
154.9, 145.3, 144.0, 137.0, 135.6, 135.3, 134.9, 133.8, 132.8, 132.6, 131.9,
131.3,130.9, 129.91, 129.88, 129.5, 127.0, 124.9, 123.4, 122.4, 121.7,
116.4, 100.4, 95.6, 22.1; IR (KBr, cm™1): 2954, 2924, 2853, 2214, 1658, 1596, 1562, 1507, 1489,
1464, 1377, 1263, 1224, 1115, 1095, 1069, 1013, 877, 808, 741, 719; HRMS (ESI/Q-TOF) (m/z)
calcd for C33H20Br.CIN20 [M + H]* 652.9625; found 652.9623.
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2-(4-Chlorophenyl)-9-methyl-4-oxo-6,7-dipropyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(189):

As a yellow solid (60 mg, 71% yield, mp 185-187 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
08.17 (d, 1H,J=8.4 Hz), 7.68 (d, 2H, J=8.4 Hz), 7.61 (s, 1H), 7.50 (d, 2H,
J=8.4Hz),7.41(d, 1H, J=8.4 Hz), 7.24 (s, 1H), 3.24 (t, 2H, J = 7.6 Hz),
2.91 (t, 2H, J =8.2 Hz), 2.57 (s, 3H), 1.78-1.59 (m, 4H), 1.13 (t, 3H,J=7.2
Hz), 0.97 (t, 3H, J = 7.4 Hz); *C{*H} NMR (CDCls, 100 MHz): § 162.2,
153.5, 145.4, 143.4, 138.6, 136.6, 135.1, 132.5, 129.9, 129.8, 129.4, 127.6,
125.2, 124.3, 123.2, 117.3, 100.2, 94.3, 32.3, 30.2, 23.4, 23.0, 22.4, 14.7, 14.5; IR (KBr, cm™):
2956, 2924, 2855, 2208, 1662, 1605, 1562, 1470, 1380, 1308, 1263, 1228, 1162, 1094, 1060, 814,
720; HRMS (ESI/Q-TOF) (m/z) calcd for C27H26CIN20O [M + H]* 429.1728; found 429.1728.

2-(4-Chlorophenyl)-7,9-dimethyl-4-oxo-6-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(18h):

As a yellow solid (56 mg, 45% yield, mp 245—247 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.26 (d, 1H, J = 8.8 Hz), 7.71-7.68 (m, 2H), 7.66 (s, 1H), 7.51-7.49 (m, 3H),
7.45-7.36 (m, 3H), 7.30-7.27 (m, 3H), 2.59 (s, 3H), 2.26 (s, 3H); C{'H}
NMR (CDCls, 100 MHz): ¢ 160.7, 154.2, 145.1, 143.8, 137.2, 136.6, 135.9,

135.2,133.3,130.7, 129.9, 129.4, 128.4, 128.1, 127.9, 125.0, 123.8, 123.3, 116.8, 99.9, 95.0, 22.2,
15.7; IR (KBr, cm1): 2956, 2924, 2854, 2213, 1664, 1561, 1463, 1378, 1261, 1168, 1093, 1014,
807, 700; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH20CIN20 [M + H]* 435.1259; found 435.1250.

2-(4-Chlorophenyl)-6,9-dimethyl-4-oxo-7-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(18h"):

As a yellow solid (16 mg, 18% yield, mp 225-227 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.21 (d, 1H, J = 8.8 Hz), 7.71 (d, 2H, J = 8.4 Hz), 7.57—7.51 (m, 5H), 7.41 (d,
1H, J = 8.4 Hz), 7.32-7.28 (m, 3H), 6.95 (s, 1H), 2.55 (s, 3H), 2.39 (s, 3H);
B3C{'H} NMR (CDCls, 100 MHz): 6 162.3, 154.2, 145.6, 143.4, 136.8, 136.7,
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135.4, 135.2, 130.6, 130.2, 129.9, 129.5, 129.3, 128.6, 126.6, 124.7, 122.9, 117.0, 100.3, 95.0,
22.9, 14.3; IR (KBr, cm™1): 2956, 2924, 2854, 2218, 1656, 1560, 1461, 1378, 1261, 1093, 1023,
874, 804, 704; HRMS (ESI/Q-TOF) (m/z) calcd for CasH20CIN2O [M + H]* 435.1259; found
435.1256.

2-(4-Chlorophenyl)-7-ethyl-9-methyl-4-ox0-6-phenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile
(18i):

As a yellow solid (40 mg, 46% vyield, mp 248-250 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.28 (d, 1H, J =8.4 Hz), 7.73 (s, 1H), 7.67 (d, 2H, J = 8.4 Hz), 7.49 (d, 3H, J
= 8.4 Hz), 7.43-7.38 (m, 3H), 7.32-7.30 (m, 3H), 2.69 (q, 2H, J = 7.6 Hz),
2.59 (s, 3H), 1.12 (t, 3H, J = 7.4 Hz); *C{*H} NMR (CDCls, 100 MHz): ¢
160.7, 154.2, 145.1, 143.7, 136.9, 136.6, 135.9, 135.2, 132.1, 130.7, 129.8,
129.6,129.4,128.2,128.1, 127.9, 125.4, 124.9, 123.8, 116.9, 99.9, 94.9, 22.4, 21.7, 14.8; IR (KB,
cm™1): 2961, 2924, 2854, 2211, 1665, 1614, 1561, 1493, 1474, 1398, 1310, 1264, 1221, 1178,
1090, 1014, 815, 761, 724, 698; HRMS (ESI/Q-TOF) (m/z) calcd for C2oH22CIN2O [M + H]*
450.1493; found 450.1499.

2-(4-Chlorophenyl)-6-ethyl-9-methyl-4-oxo-7-phenyl-4H-pyrido[2,1-a]isoquinoline-3-
carbonitrile (18i').

As a yellow solid (18 mg, 20% yield, mp 235-237 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.21 (d, 1H, J =8.4 Hz), 7.73 (d, 2H, J = 8.4 Hz), 7.54 (d, 4H, J = 8.0 Hz),
7.40 (d, 1H, J = 8.4 Hz), 7.35 (s, 1H), 7.29-7.28 (m, 3H), 6.85 (s, 1H), 3.20
(9, 2H, J = 7.4 Hz), 2.37 (s, 3H), 1.02 (t, 3H, J = 7.2 Hz); 3C{'H} NMR
(CDCls, 100 MHz): 6 162.2, 154.0, 143.8, 143.4, 140.9, 136.8, 136.5, 135.1,
133.7, 130.5, 130.3, 130.1, 129.9, 129.5, 129.2, 128.5, 126.9, 124.6, 122.9,
117.1, 100.6, 94.9, 25.4, 22.1, 13.9; IR (KBr, cm™1): 2953, 2924, 2854, 2214, 1661, 1559, 1491,
1482, 1262, 1098, 1013, 807, 703; HRMS (ESI/Q-TOF) (m/z) calcd for C29H22CIN20 [M + H]*
450.1493; found 450.1498
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11.10. Representative NMR Spectra:
4-0x0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1a): *H NMR (CDCls,

600 MHz)
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2-(4-Methoxyphenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (3a):

IH NMR (CDCl3, 400 MHz)
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2-(4-Methoxyphenyl)-4-oxo0-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (3a):

13C{'H} NMR (CDCl3, 100 MHz)
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2-(4-Chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile  (6a):
'H NMR (CDClIs, 400 MHz)
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2-(4-Chlorophenyl)-4-oxo-6,7-diphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile  (6a):
13C{IH} NMR (CDCls, 100 MHz)
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H

(10a):

9-Methoxy-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile

NMR (CDCl3, 400 MHz)
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9-Methoxy-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile

13C{1H} NMR (CDCls, 100 MHz)
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1H

(13a):

9-Chloro-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile

NMR (CDCl3, 600 MHz)
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9-Chloro-4-ox0-2,6,7-triphenyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (13a): 3C{*H}

NMR (CDCl3, 100 MHz)
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7-0x0-4,5,9-triphenyl-7H-thieno[2,3-a]quinolizine-8-carbonitrile (25a): 'H NMR (CDCls,

400 MHz)

$68'97
156’9
96’9
SLo'L
€20°L
820,
2e0’L
6€0°L
1502
19072
0L0°L
9202
oLL

95} LA

o0+ —

£YT'L
GN.%
0922}
085
L85
1952
LYS'L
§§5°L
£9G°L
195°L
00L°L
vLLL
ShLL
6L,
€9L°L
692"

0.0

15 1.0

20

25

35

4.0

65 60 55 50 45
f1 (ppm)

70

9.5 9.0 85 8.0

10.0

1BC{IH} NMR

7-0x0-4,5,9-triphenyl-7H-thieno[2,3-a]quinolizine-8-carbonitrile  (25a):

(CDCls, 100 MHz)
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4-0xo-2-phenyl-6,7-di-p-tolyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (1b): *H NMR

(CDCls, 400 MHz)
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4-0Ox0-2-phenyl-6,7-di-p-tolyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile  (1b):

NMR (CDCl3, 100 MHz)
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'H NMR

4-0xo0-2-phenyl-6,7-dipropyl-4H-pyrido[2,1-a]isoquinoline-3-carbonitrile (19):

(CDCls, 400 MHz)
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Pd(11)-Catalyzed Synthesis of Furo[2,3-b]pyridine from
S-Ketodinitriles and Alkynes via Cyclization and N—H/C

Annulation
Intramolecular cyclization R2 B
o éL R2 Pd(OAc), (10 mol %) 54 3 - Further modific':ations
S N l | 1,10-phenanthroline (10 mol %) _ i—gﬂl a;r:t':ztl::
R1:—/ ?ﬂr:l R3 EEEA:;?)O"(?S e:‘;i;) rifl_ N—H Suzuki-coupling
Intermolecular ’ 1 2 e Sonogashira-coupling
alkyne insertion Heck-coupling
O 35 examples upto 82% yield O formation of C-C, C=C, C-N, C=N & C-O bonds
O formation of furopyridine O involvement of both cyano groups
L O N-H/C alkyne annulation O five post synthetic modifications y
e '
OL Organic
Letters Org. Lett. 2022, 24, 3741-3746.
| pubsacsong/Orglet )

ABSTARCT: A Pd(ll)-catalyzed synthesis of furopyridine has been developed from
—ketodinitriles and alkynes via an unusual N—H/C annulation. The participation of both the
nitrile groups and the concurrent construction of furan and pyridine rings through the
formation of C-C, C=C, C-0O, C-N, and C=N bonds are the important features. The

synthetic applicability is further demonstrated through a series of post-synthetic alterations.
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CHAPTER IlI

Pd(I1)-Catalyzed Synthesis of Furo[2,3-b]pyridine
from B-Ketodinitriles and Alkynes via Cyclization
and N—-H/C Annulation

I11.1. Introduction:

The fused ring N-heterocycles are common building blocks in pharmaceuticals and other
analogues that are associated with remarkable biological activities. Amid fused ring nitrogenous
heterocycles, furopyridine is found in alkaloids such as furomegistine 1 and Il, phantasmidine, and
dimethyl rhoifolinate, which are anticancer compounds, antiviral compounds, agonists/antagonists,
etc (Figure 111.1.1).! Further, the presence of m-excess furan ring and z-deficient pyridine ring

systems makes them potential organic fluorophores.2

0Ny _COMe

CO,Me o__N._Cl
W A _ome S | |
| \ OMe \ A = ¥z
MeO COMe N N,
0,C

Furomegistine | Furomeglstlne 1 Dlmethyl rhiofolinate Phantasmidine
FsC 0._CO,Me

NH Me N \ /
y W
—-}(N N - NH,

O

Figure 111.1.1. Representative bioactive furo[2,3-b]pyridines.

The past decade has witnessed an upsurge in the transition-metal [Co(ll1), Rh(111), Ru(ll),
and Ni(11)/Ni(0)]-catalyzed insertion of an alkyne into C—H and N—H bonds for the synthesis of
various fused heterocycles.®-® These strategies generally activate the 0-C—H bonds of the precursors
through a coordinating functional group. A subsequent cyclization with alkynes allows the
synthesis of heterocycles in an atom economic manner. In this rapidly developing realm of oxidative

annulation with alkynes, the Pd(l1)-catalyzed annulation is gaining prominence to deliver diverse
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carbocycles, heterocycles, and spirocycles.” Because of the inertness of the cyano group towards
organopalladium reagents, this was an underdeveloped area of research. However, after the
discovery of Pd-catalyzed annulation by the Larock group involving nitrile functionality, this area
is becoming exciting and rapidly expanding.

Exactly two decades ago the Larock group developed an intramolecular carbopalladation of
the nitrile group leading to the synthesis of 2,3-diarylindenone using 2-iodobenzonitrile and
diphenylacetylene [Scheme 111.1.1, (i)].2 This was the first example of the addition of an
organopalladium species across the C=N bond known as Larock’s annulation. Following the same
strategy, they also develop a Pd(Il)-catalyzed synthesis of 3,4-disubstituted 2-aminonaphthalene
from 2-iodophenylacetonitrile and internal alkyne [Scheme 111.1.1, (ii)].® These reactions proceed
via the oxidative alkyne insertion between the in situ generated aryl-Pd bond followed by the
nucleophilic addition of alkenyl Pd(ll) to the proximal nitrile group. Finally, depending upon the
conditions, hydrolysis or aromatization provided either 2,3-diarylindenones or 2-naphthalenamines.
Later in 2016, Tsukamoto et al. extended this annulation to 2-(cyanomethyl)phenylboronates
leading to the synthesis of 3,4-disubstituted 2-naphthalenamines [Scheme 111.1.1, (iii)].}° These
reactions are triggered via the insertion of an in situ generated Pd(0) species into the C—I or C-B
bonds. This is different from the standard C—H/N—H alkyne annulation, in which the active metal
species is inserted through deprotonation of the acidic hydrogen attached with imine/amine
nitrogen.

Following this, in 2019 our group reported a cascade [4 + 2] C—H/N—-H annulation with
internal alkyne to access highly fluorescent active fused isoquinolines from y-ketodinitriles
[Scheme 111.1.1, (iv)].}! In the recent past Pd(Il)-catalyzed reactions have rapidly developed,
extending the concept of catalytic carbopalladation of nitriles.'? Taking advantage of this,
subsequently, our group developed the synthesis of pyridines and pyrroles using y-ketodinitriles
and B-ketodinitriles respectively, in the presence of Pd(ll) under visible-light excitation.t?
Subsequently we have also developed a visible-light mediated thio-functionalized pyrrole from 3-
ketodinitriles.}* In the reactions mentioned above, one of the cyano groups remains silent while the
other cyano group actively participates in the reaction. With our growing interest in the Pd-
catalyzed insertion of an alkyne into the nitrile, herein we report the synthesis of furo[2,3-b]pyridine

employing B-ketodinitrile and alkyne [Scheme I111.1.1, (v)]. Gratifyingly, in this protocol
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simultaneous participation of both the cyano groups leads to the construction of fused furopyridine

rings through the formation of C—C, C=C, C—0, C-N, and C=N bonds in one pot.

Earlier reports ref8
Ph Pd(dba), (10 mol %) /o
Et3;N (1.0 equiv)
Il Q Ph
DMF:H,0 =9:1, 100 °C
Ph
ref9 Ph
Ph Pd(OAc), (5 mol %) NH,
(ii) Et;N (2.0 equiv) OO
| | "BuyNCI (1.0 equiv) Ph
DMF, 100 °C, 48 h

ref 10 NH2

Ph
Pd(TFA),(dppe) (5 mol %) OO
| MeOH, 65 °C, 4-24 h Ph
Ph

(iii)
Cf |

(iv) Our previous work

R' 'o
R2 CN
ref 11 7N |
_ Cu(yRu() @ X @
R1
(v) Our present work Pd(OAC), (10 mol %)
1,10-phen (10 mol %) \ R2

o)
PTSA.H,0 (2.0 equiv) -
DCE, 120°C, Ny, 12 h @ NH,

Pressure tube

Scheme 111.1.1. Alkyne insertion into the nitrile.

I11.2. Strategies for the Synthesis of Furo[2,3-b]pyridine:

Owing to the importance of this furopyridine core, numerous efforts have been made for
their construction.*>® Nevertheless, there have been few limitations because most of the existing
strategies use functionalized pyridine or furan ring as the precursors, which is undesirable.
Consequently, emerging an effective and mild process from easily available starting precursors to

create furopyridine derivatives remains highly anticipated in modern organic chemistry.
I11.2.1. Formation of the Furan Ring from Pyridine Derivatives:

In 2002, a Pd(I1)-catalyzed electrophilic cyclization of o-acetoxyalkynylpyridines at room
temperature was reported to access 2,3-disubstituted furo[2,3-b]pyridines (Scheme 111.2.1.1).1%

R1

// CO,Me
| X PdCl,, CO, K,CO3 X A\
R1
N/ OAc NaOAc, CuCl,2H,0 N/ Te)
MeOH, rt

Scheme 111.2.1.1. Pd(Il)-catalyzed synthesis of furo[2,3-b]pyridines.

TH-2725_166122029 Page 135



Chapter I11

In 2003, a Pd(Il)-mediated three-component synthesis of furo[2,3-b]pyridones was
described by Balme and co-workers (Scheme 111.2.1.2).1%° The one-pot assembly of 4-alkoxy-3-
iodo-2-pyridones, terminal alkynes, and organic halides has been accomplished via sequential
Sonogashira-coupling and Wacker-type heteroannulation processes to afford furo[2,3-b]pyridones.

OR?

\ ! Pdc'z(PPhs)z PdCIZ(PPh3)2 \
| | R3
N Cul Et;N MeCN 60 °C

R MeCN, 60 °C '

Scheme 111.2.1.2. One-pot sequential synthesis of furo[2,3-b] pyridines.

A straightforward base-promoted synthesis of ethyl-3-aminofuropyridine-2-carboxylates

was established from 1-halo-2-cyano or 1-hydroxy-2-cyano pyridines (Scheme 111.2.1.3).1°¢
N s,CO3 CSZC03 OEt
o ek (Lo CC
N> x OFt Nmp, 70°c, 12 | Nle) ’ NMP, 70 °C, 12 h /\ﬂ/
X =Cl, Br X = Cl, Br

Scheme 111.2.1.3. Base-promoted synthesis of furo[2,3-b]pyridines.

Further, furopyridine was synthesized by the reaction of tetrafluoro-4-cyanopyridine and
1,3-dicarbonyl derivatives by Sanford et al. in 2010 (Scheme 111.2.1.4).2 Subsequently this
fluorinated furopyridine scaffold can undergo reaction with other nucleophiles to provide highly
functionalized heteroaromatic systems.

CN  co,Et
25°c 1h FZ N7 S0

Scheme 111.2.1.4. Synthesis of furo[2,3-b] pyridines from highly fluorinated pyridines.

111.2.2. Formation of the Pyridine Ring from Furan Derivatives:

The pyridine ring was mostly synthesized from furan derivatives having an amino group at
the 2-position of the furan ring. For example, a Lewis acid-mediated synthesis of furopyridine
having an amino group in the 4-position of the pyridine ring was described by Villarroya et al.

starting from readily available 2-amino-4,5-diaryl-3-cyano furan derivatives (Scheme 111.2.2.1).1%

R! NH,
AICI;, DCM
m iﬁ f. Rm
retiux N

Scheme 111.2.2.1. Synthesis of 4-amino-substituted furo[2,3-b]pyridines.
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The condensation of 4,5-disubstituted 2-amino-3-furancarboxaldehyde with malononitrile
in presence of catalytic NH4Cl provided substituted 6-aminofuro[2,3-b]pyridine-5-carbonitriles in
excellent yields (Scheme 111.2.2.2).%5f

R' CHO R'

)\_X\ NC._CN oN
I\ ———— 2 /0
R2“Ng” ~NH, cat.NH,CI R S I

N7 NH,

Scheme 111.2.2.2. Synthesis of furo[2,3-b]pyridines from 2-amino-3-furancarboxaldehyde.

111.2.3. Other Miscellaneous Methods for the Synthesis of Furo[2,3-b]pyridines:
In 2014, Ma and co-workers developed a Pd(Il)-catalyzed cyclizations of an enediyne-
imides moiety in the presence of allyl bromide as an electrophile leading to furo[2,3-b]pyridines
having allyl substituents at 3-position of both pyridine and furan rings (Scheme 111.2.3.1).162
]!
I e 3
4 5, _PdCl (3 mol %) | A RF:

R3 DMF, 60 °C, N R® Z
TsHN” Yo 2 RT"SNT O

Scheme 111.2.3.1. Pd(I1)-catalyzed synthesis of allyl-substituted furo[2,3-b]pyridines.

In 2016, Emery et al. provided a concise strategy for the synthesis of 2,3-substituted
furo[2,3-b]pyridines from pyridine-N-oxides and acyl chlorides or anhydrides under metal-free

conditions in moderate to excellent yield (Scheme 111.2.3.2).1%

ﬁ\ O\ okt
OE 2
N t RY Tl DBU, DMAP N g N
RisJ o + org o RT g

f;l J.I\ )J\ DCM, rt N

0_ RZ O R2

Scheme 111.2.3.2. Metal-free synthesis of furo[2,3-b]pyridines.

In 2018, Ma et al. reported a Pd(ll)-catalyzed cycloisomerization and cross-coupling
reaction of readily accessible dienyne-imides with terminal olefins to access a series of highly
substituted furo[2,3-b]dihydropyridine derivatives via 6n-electrocyclization (Scheme 111.2.3.3).16¢

R CO,Me
N R R3 PACI, (5mol %) _, =
_ //+ MeO,C BQ (1.1 equiv) z | N\ R?
TSHN o ] DMF, 40 °C,N, R! l o

Scheme 111.2.3.3. Pd(I1)-catalyzed synthesis of furo[2,3-b]pyridines via 6 z-electrocyclization.
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111.3. Present Work:

111.3.1. Optimization of the Reaction Conditions:

We began this Pd(Il)-catalyzed coupling of p-ketodinitrile (1) (0.25 mmol) and
diphenylacetylene (a) (0.25 mmol, 1 equiv) in the presence of Pd(OAc)2 (5 mol %), 2,2"-bipyridine
(5 mol %) and p-toluenesulfonic acid (PTSA-H20, 2 equiv) in 1,2-dichloroethane (DCE) (2 mL)
at 120 °C in a pressure tube under N2 atmosphere for 12 h. A new blue fluorescent spot was
observed via TLC, and the product isolated after column chromatography was found to be
furo[2,3-b]pyridine (1a) obtained in 37% vyield (Table 111.3.1, entry 1). From the spectroscopic
evidence, the structure was assigned to be 2,5,6-triphenylfuro[2,3-b]pyridin-4-amine (1a) which

was reconfirmed by a single-crystal X-ray study (1a) (Figure 111.3.1.1, CCDC-2164129).

Figure 111.3.1.1. ORTEP diagram of 1a with 40% ellipsoid probability (CCDC-2164129).

To establish the optimal reaction conditions further screening process was carried out
(Table 111.3.1). Increasing the loading of Pd(OAc)2 (10 mol %) and 2,2'-bipyridine (10 mol %)
produces (1a) an improved yield of 54% (Table 111.3.1, entry 2). Next, the amount of PTSA-H20
was increased (4 equiv) but was not found beneficial, yielding the product with 56% yield (Table
111.3.1, entry 3). Further experiments showed that only Pd(TFA)2 was closer to Pd(OAc)2 giving
product in 48% vyield (Table 111.3.1, entry 4) while other palladium salts, such as PdCly,
Pd(PPh3).Cl,, and Pd(PPhs3)s were far inferior (Table 111.3.1, entries 5—7). The omission of 2,2'-
bipyridine ligand gave a trace amount of the product, and no reaction occurred in the absence of
PTSA-H,0 thereby proving their decisive role in this protocol (Table 111.3.1, entries 8 and 9).

TH-2725_166122029 Page 138



Chapter I11

Table 111.3.1. Optimization of the reaction conditions.?”

o CN catalysts, ligands 0Ny Ph
Ph)J\/kCN FPhT= so|vent:d12itt)i\:: N, 12 h I SN | Ph
") (@) pressure tube (12) NH,
entry catalyst (mol %0) ligand (mol %) additive (equiv) solvent | yield (%)°

1 Pd(OAC): (5) 2,2'-bipyridyl (5) PTSA-H20 (2) 1,2-DCE 37

2 Pd(OAC): (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 1,2-DCE 54

3 Pd(OAC): (10) 2,2'-bipyridyl (10) PTSA-H20 (4) 1,2-DCE 56

4 Pd(TFA)2 (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 1,2-DCE 48

5 PdCI: (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 1,2-DCE 00

6 PdCI;(PPh3)2 (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 1,2-DCE 00

7 Pd(PPhs)4 (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 1,2-DCE 00

8 Pd(OAc) (10) PTSA-H20 (2) 1,2-DCE trace

9 Pd(OAc) (10) 2,2'-bipyridyl (10) 1,2-DCE 00

10 Pd(OAc) (10) 2,2'-bipyridyl (10) PTSA-H20 (2) CHsCN 00

11 Pd(OAc): (10) 2,2'-bipyridyl (10) PTSA-H20 (2) Toluene 00

12 Pd(OAc): (10) 2,2'-bipyridyl (10) PTSA-H20 (2) DMF 00

13 Pd(OAc): (10) 2,2'-bipyridyl (10) PTSA-H20 (2) 'AmOH 00

14 Pd(OAc): (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 62

15 Pd(OACc) (10) L-proline (10) PTSA-H-0 (2) 1,2-DCE 00

16 Pd(OAc): (10) PPhs (10) PTSA-H20 (2) 1,2-DCE 00

17 Pd(OAc) (10) XPhos (10) PTSA-H20 (2) 1,2-DCE 00

18 Pd(OACc): (10) 1,10-phen (10) AcOH (2) 1,2-DCE 00

19 Pd(OAc): (10) 1,10-phen (10) CFsSOzH (2) 1,2-DCE 00

20 Pd(OAc): (10) 1,10-phen (10) PhCO2H (2) 1,2-DCE 00

21 Pd(OAC)2 (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 72°

22 Pd(OAc) (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 754

23 Pd(OAc) (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 74¢

24 Pd(OACc) (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE trace'

25 Pd(OAc): (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 748

26 Pd(OAc): (10) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 54h

27 Pd(OAc)2 (5) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 52!

28 Pd(OAc)2 (2) 1,10-phen (10) PTSA-H20 (2) 1,2-DCE 28
@Reaction condition: B-ketodinitrile (1) (0.25 mmol), diphenylacetylene (a) (0.25 mmol), catalyst (mol %), additives
(equiv) at 120 °C in a pressure tube for 12 h. Yields of the isolated product. ¢1.5 equiv of (a) was used. 92.0 equiv
of (a) was used. ¢Yield after 24 h. fTemperature 80 °C. 9Temperature 140 °C. "Without N2. "iLow Pd-catalyst loading.
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Screening of various solvents, such as CHsCN, toluene, DMF, and t-AmOH was found to
be ineffective (Table 111.3.1, entries 10-13). Next switching the ligand system to 1,10-
phenanthroline (62%) gave an improved yield while screening of other ligands such as L-proline
(00%), PPh3 (00%), and XPhos (00%) was found completely ineffective (Table 111.3.1, entries
14-17). Instead of PTSA-H20, the use of other acid additives such as AcOH, CFsSOzH, and
PhCO2H was found completely unsuccessful (Table 111.3.1, entries 18—20). Increasing the amount
of diphenylacetylene (a) to 1.5 equiv improved the yield significantly (72%) (Table 111.3.1, entry
21), while further increasing the amount to 2 equiv does not provide any improvement in the
reaction yield (75%) (Table 111.3.1, entry 22). On allowing the reaction to continue up to 24 h, a
74% yield of the product was observed (Table 111.3.1, entry 23). From the variation of temperature,
it was found that reaction at lower (80 °C) temperature produces a trace amount of the product
while reaction at higher (140 °C) temperature provided an almost similar yield (74%) (Table 111.3.1,
entries 24 and 25). Further, the reaction carried out in the air atmosphere (without N2) gave a 54%
yield of the product (Table 111.3.1, entry 26). This might be due to the formation of other by-
products from diphenylacetylene (a) upon aerial oxidation and therefore access amount of
diphenylacetylene (a) may be needed. Additionally, reduced Pd-loading of 5 mol % and 2 mol %
produces lower yields of 52% and 28% respectively keeping all other parameters identical (Table
111.3.1, entries 27 and 28). Hence the best optimized condition was found to be the use of -
ketodinitrile (1) (0.25 mmol), diphenylacetylene (a) (0.375 mmol, 1.5 equiv), Pd(OAc)2 (10 mol
%), 1,10-phenanthroline (10 mol %) and PTSA-H20 (2 equiv) in 1,2-dichloroethane (DCE) (2 mL)
at 120 °C in a pressure tube under N2 atmosphere for 12 h (Table 111.3.1, entry 21).

111.3.2. Substrates Scopes for the Synthesis of Furo[2,3-b]pyridines:

Having established the optimal conditions, we studied the effect of substituents on -
ketomalononitriles (1-14) with diphenylacetylene (a) (Scheme 111.3.2.1). B-Ketodinitriles having
electron-donating substituents in the phenyl ring, viz. p-Me (2), p-OMe (3), and p-'Pr (4),
underwent smooth reactions with diphenylacetylene (@), affording their corresponding
furopyridine (2a), (3a), and (4a) in 69%, 65%, and 68% yields respectively (Scheme 111.3.2.1).
Similarly, substrates bearing electron-withdrawing groups such as p-F (5), p-Cl (6), p-Br (7), p-I
(8), p-CF3 (9), and p-NO2 (10) provided their corresponding fused products (5a, 74%), (6a, 76%),
(7a, 78%), (8a, 71%), (9a, 78%), and (10a, 80%) (Scheme 111.3.2.1). This protocol was also
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successful when the phenyl ring of B-ketomalononitriles was replaced with a naphthyl ring (11)
and benzo[d][1,3]dioxole aroyl ring (12), giving their furopyridines (11a) and (12a) in 72% and
61% yields respectively (Scheme 111.3.2.1). The B-ketomalononitriles having a thiophene ring (13)
reacted to provide product (13a) in a 55% yield. Interestingly, the B-ketomalononitriles having a
tetralone (14) ring reacted with diphenylacetylene (a) to produce a naphthyl-fused furopyridines
(14a) in 60% vyield. Herein, the tetralone ring was aromatized to a naphthyl moiety (Scheme

111.3.2.1). In addition, this protocol was scaled up to 5 mmol, giving the desired product 1a in 56%

yield.
O CN Ph Pd(OAc), (10 mol %)
‘)V\CN + |.| 1,10-phenanthroline (10 mol %)
@ PTSA.H,0 (2.0 equiv)
Ph DCE, 120°C, N, 12 h
(1-14) (a) pressure tube

Ph
NH, o> NH, o > NH, o NH, o NH,
ip

(1a, 72%)? (56%)° Me (2a, 69%) MeO (3a, 65%) 'Pr (4a,68%) F (5a,74%) Cl (6a, 76%)

gdé}dé} ey

Br (7a,78%) | (8a,71%) F3C (9a,78%) O,N (10a, 80%) (11a,72%) O (12a, 61%)
Ph ¢ 1. WAL rph ) T P

Ph NC N Ph Ph

A CN I
S
NH, o NH, NH,
l I standard — aromatization
condltlon

S ' :
(13a, 55%) | (14) (a) A B (14a, 60%) !

@Reaction conditions are as follows: (i) 1-14 (0.25 mmol), diphenylacetylene (a) (0.375 mmol), Pd(OAc). (0.025 mmol), 1,10-
phenanthroline (0.025 mmol), PTSA-H20 (0.50 mmol) and 1,2-DCE (2 mL) at 120 °C in a pressure tube under N2 atmosphere for

12 h. 5 mmol scale.

Scheme 111.3.2.1. Substrate scope for various S-ketodinitriles.®®
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After successfully generating a library of furopyridines using various substituted -keto
malononitriles (1-14), we changed the scope of this methodology to substituted diphenylacetylenes
(b—n) (Scheme 111.3.2.2). Diphenylacetylenes possessing electron-rich groups such as p-Me (b), m-
Me (c), p-OMe (d), and p-'Bu (e) positively responded to this protocol, providing their annulated
products (1b, 79%), (1c, 77%), (1d, 82%), and (le, 80%) respectively (Scheme 111.3.2.2).
Diphenylacetylenes having electron-withdrawing groups p-F (f), m-F (g), p-Cl (h), 3-ClI (i), p-Br
(1), and p-CF3 (k) underwent annulations when reacted with 3-ketomalononitrile (1), providing their
anticipated products (1f, 73%), (19, 71%), (1h, 70%), (1i, 68%), (1j, 65%), and (1k, 61%)
respectively (Scheme 111.3.2.2). As one can see from the yields pattern, diphenylacetylenes
possessing electron-donating groups (b—e) gave higher yields than those of diphenylacetylenes
bearing electron-withdrawing (f—k) substituents. An unsymmetrical diphenylacetylene having
electron-donating p-Me and p-OMe (1) substituents provided exclusive annulated furopyridine (11)
in 78% vyield, where the phenyl ring bearing p-OMe is towards the pyridyl nitrogen and the p-Me
near the amino group. In addition, an unsymmetrical diphenylacetylene having p-Me and p-F (m)
substituents provided an inseparable mixture of furopyridines (1m and 1m’) in a 1.3 ratio as
determined by *H NMR. Here, in the major isomer (1m’), the electron-rich phenyl ring bearing the
p-Me group is oriented toward pyridyl nitrogen. Another diphenylacetylene having electron-
donating p-OMe and electron-withdrawing p-Br (n) resulted in a single isomeric furopyridine (1n)
in 70% vyield. The structures of isomer 11 and 1n were predicted based on the literature reports,’
where the insertion of alkyne generally occurs towards the benzylic carbon attached to the more
electron-donating group. Two other unsymmetrical alkynes, viz. 1-phenyl-1-propyne (0), and 1-
phenyl-1-butyne (p) delivered a regio-isomeric mixture of (10":10) and (1p”:1p) in the ratio of 1:2.5.
In the major isomer (1o and 1p) the pyridyl nitrogen is on the electron-rich phenyl side and the
amino group is on the methyl/ethyl side (Scheme 111.3.2.2). In addition to internal alkynes, this
protocol is also successful for terminal alkynes. Phenyl acetylenes having electron neutral —H (q),
electron-donating (r), and electron-withdrawing (s) substituents all afforded the corresponding
furopyridines (1q, 52%), (1r, 54%), and (1s, 43%) in moderate yields. In all these products, the
phenyl ring is orienting towards pyridine N and the hydrogen near the amino side. The electron-
deficient symmetrical aromatic alkynes, viz. p-NO: substituted diphenylacetylene (t), a

heteroarylacetylene (u), and dialkylacetylenedicarboxylates (v and v*), all failed to react.
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Ph
R Pd(OAc), (10 mol %)
O CN i -
1,10-phenanthroline (10 mol %)
/U\)\ + l | HeN z ?
Ph CN PTSA.H,0 (2.0 equiv) |
R2 DCE, 120°C, N, 12 h RN
(1) (b-s) pressure tube (1b-1s) R!

(19, 71%) (1h, 70%) CI (1i, 68%) (1], 65%) Br (1K, 61%) CF,4
Unsymmetrical alkynes:
Ph Ph Ph Ph
o _ o o
H,N HN
| |N
N Me NS
Me Me
11, 78% 75% 1n, 70% 10", 21% 10, 52%
( o) OMe E (75%) Me ( o) Lo ( o) ( o)
Lm:Am’ = 1:3)° ' (1:2.5) J
© Terminal alkyneS'
Ph | 3
o ? 3
2 3 H,N 2 ~ 0 HN 3
N ! N N !
1p', 20% 1p, 53% . :
(1p’, 20%) (1p, 53%) (19, 52%) Me(Ir, 54%)  Br (1s, 43%) :

CCDC 2169032

(1:2.5) | :

Unsuccessfull alkynes:

S S
oanozl — || Meo,C—=—co,me Et0,C—==—CO,Et
® (u) v v

@Reaction conditions are as follows: (i) 1 (0.25 mmol), alkynes (b—s) (0.375 mmol), Pd(OAc)2 (0.025 mmol), 1,10-phenanthroline

(0.025 mmol), PTSA-H20 (0.50 mmol) and 1,2-DCE (2 mL) at 120 °C in a pressure tube under N2 atmosphere for 12 h. PRatio
determined by *H NMR analysis.

Scheme 111.3.2.2. Substrate scope for alkynes.?®
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[11.4. Mechanistic Investigations:

111.4.1. Control Experiments:
Next, to illuminate a plausible reaction mechanism, a few control experiments were
performed. When B-ketodinitrile (1) was reacted in the absence of alkyne (@), it produced 2-amino-

5-phenylfuran-3-carbonitrile (1’) in 90% vyield after 6 h (Scheme 111.4.1.1).

NH,

Pd(OAc), (10 mol %)
O CN fo)
1,10-phen (10 mol %) \ CN
N\
Ej)k/k CN PTSA.H,0 (2.0 equiv)
DCE, 120°C, N,, 6 h
(1) 2 (1", 90%)

pressure tube

Scheme 111.4.1.1. Reaction in the absence of alkyne.

A similar product (1") was obtained in 82% yield when the reaction was carried out even in
the absence of Pd(OAc)2 and ligand (Scheme 111.4.1.2). This confirms the involvement of PTSA in

the construction of the furan ring.
NH,

o CN o
PTSA.H,0 (2.0 equiv) )\
S
e DCE, 120°C, N, 6 h -3
) pressure tube (1', 82%)

Scheme 111.4.1.2. Reaction in the absence of alkyne and Pd(IlI).

To confirm the intermediacy of 2-amino-5-phenylfuran-3-carbonitrile (1), its reaction with
diphenylacetylene (a) under the standard condition afforded the furopyridine (1a) in 82% yield after
6 h (Scheme 111.4.1.3).

Ph

NH, Ph Pd(OAc), (10 mol %) ;“ N
0 Ncn l 1,10-phenanthroline (10 mol %) O\ __ Ph
+
X PTSA.H,0 (2.0 equiv) X NH,
Ph DCE, 120°C, Ny, 6 h
(17 (a) pressure tube (1a, 82%)

Scheme 111.4.1.3. Reaction with intermediate (1’).

To ascertain whether the second annulation step is Pd-catalyzed or a Lewis acid-mediated
process, an experiment with the intermediate (1%) and diphenylacetylene (a) without Pd(OAc)2 was
performed (Scheme 111.4.1.4). The reaction was unproductive giving no trace of the product (1a),

confirming the necessity of Pd(OAc). for the second annulation step.
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NH, Ph A
[\ PTSA.H,0 (2.0 equiv) o __)—Ph
=~ CN + l | ~

DCE, 120°C, N, 6 h NH,
Ph pressure tube
(1" (a) (1a, 00%)

Scheme 111.4.1.4. Reaction with intermediate in the absence of Pd(lI).

Thus, amines and nitrile are the two possible sites for this N—H/C annulation, which is
unprecedented. To establish the exact involvement of two proximal amines and nitrile the Pd(I1)-
catalyzed alkyne insertion between 2-aminobenzonitrile (15) and diphenylacetylene (a) was
carried out. To our delight, an annulated product 2,3-diphenylquinolin-4-amine (15a) was obtained
in 85% yield (Scheme 111.4.1.5).

NH, Ph Pd(OAc), (10 mol %) N Ph
(:[ - 1,10-phen (10 mol %) g
CN PTSA.H,0 (2.0 equiv) Ph
Ph DCE, 120°C, N,, 6 h NH,
(15) (a) pressure tube (15a, 85%)

Scheme 111.4.1.5. Reaction with 2-aminobenzonitrile.

111.4.2. Plausible Reaction Mechanism:

Based on control experiments and literature reports,’*° a tentative reaction mechanism is
demonstrated (Scheme 111.4.2.1). Initially, the B-ketodinitrile (1) undergoes an acid-catalyzed
enolization in the presence of PTSA-H-0 to afford an intermediate (1). The intermediate (1) then
undergoes another acid-catalyzed intramolecular cyclization to afford a five-membered cyclic
intermediate (1'). In the presence of 1,10-phenanthroline (L) a ligand-coordinated Pd(I1) complex
(A) is generated in situ, which undergoes a deprotonative coordination with the amino group of
intermediate (1") to form another intermediate (11), eliminating AcOH. Next, diphenylacytelelene
(a) is inserted intermolecularly into the N atom giving an alkynyl Pd(Il) species (I11). This
intermediate (I11) undergoes intramolecular insertion of the alkyne to another nitrile through a
carbopalladation, giving a six-membered pyridine ring (IV), and the Pd(ll) is coordinated with the
other nitrile N-atom. Protonolysis of (IV) with PTSA-H2O gives imine intermediate (V) and the
OTs-ligated Pd(Il) complex (B), which upon acetate ligand exchange regenerates the initial Pd(l)
complex (A). Finally, the aromatization of intermediate V produces the corresponding furopyridine
(1a).
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PTSA
O CN  prsa OH" CN / OH CN
Ph CN - Ph CN Ph CN
H TsO H (|)
(™) 150~
Pd(OAc), PTSA
“1,10-phen (L)

NH,

PTSA
ligand _— 0
exchange </ \; 2\ /> coordlnatlon/é_\cN
AcOH =N_),N Ph™ (1)

é lPd\
< — AcO OAc
% Y ) @) ACOH
£ Ph =N (ll) N
& | HN
AcO

S ol

"prsa HN=Pd(I)(OAc)L

HN™X, Ph
N\ (o]
e \\-Pd(I)(0Ac)L on /&CN

PR (V) \ P)h\<Ph 0)
: HN”™ = alkyne insertion
carbopalladation Pd(ll)(OAc)L o
0\ Ph—=——Ph ()
ph” =Nl

Scheme 111.4.2.1. Proposed reaction path.

[11.5. Post-Synthetic Applications:

To explore the synthetic utility and to expand the substrate scope, a few post-synthetic
modifications such as Ru(ll)-catalyzed C—H activation, oxidative alkyne annulation, and Pd(l1l)-
catalyzed cross-coupling reactions were successfully carried out. The 2-phenyl pyridine ring of (1a)
participates via a Ru(ll)-catalyzed annulation reaction with diphenylacetylene (a) and o-C-H
activation with n-propylmalimide (w) giving the corresponding functionalized product (1aa, 80%),

and (law, 72%) respectively (Scheme 111.5.1).17:8

Alkyne annulation:

Ph
Ph [RuCl,(p-cymene)], (5 mol %)
N, Ph :
| Cu(OAc),H,0 (2.2 equiv)
o=l sl _
_ NH, TfOH (1.5 equiv)
PK Ph DCE, 120 °C, 24 h
Ph NH,
(1a) (a) Pressure tube (1aa, 80%)

C-H activation:

n

o [RuCl,(p-cymene)], (5 mol %)
Cu(OAc),H,0 (1.0 equiv)
+ -"Pr
AgSbFg (20 mol %)
DCE, 120 °C, 12 h

Ph NH
Pressure tube (1aw, 72%) 2

Scheme 111.5.1. Ru(ll)-catalyzed oxidative annulation and o-C—H activation.
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Further, the p-Br substituted furopyridine (7a) undergoes a Pd(ll)-catalyzed Suzuki
coupling with phenylboronic acid (x), Sonogashira coupling with 4-ethynyltoluene (y), and Heck
coupling with p-tolylstyrene (z) giving cross-coupled products (7ax, 68%), (7ay, 75%), and (7az,
70%) respectively (Scheme 111.5.2).19:20

Suzuki-coupling:
Ph

NTN-Ph B(OH)2  pg(0Ac), (5 mol %)
0 \= K,CO; (3.0 equiv)
—/) "NH, *+
DMF, 120 °C, 24 h
(7a) (x)(3.0 equiv) Pressure tube

Br
Sonogashira-coupling:

N |
P PdCI,(PPh;), (5 mol %)
0" = Cul (10 mol %)
— NH, +
DBU (3.0 equiv)
Me DMF, 120 °C, 24 h
! Pressure tube
Br (7a) (y)(3.0 equiv)
i M
Heck-coupling: € "
Ph
Ph
'7 N\ Ph z
Q" = PdCI,(PPhs); (5 mol %) NH,
— NH, +
K,CO; (3.0 equiv)
Me DMF, 120 °C, 24 h
Pressure tube
Br (7a) (2)(3.0 equiv) (7az, 70%)

Me'

Scheme 111.5.2. Pd(I1)-catalyzed cross-coupling reactions.

111.6. Conclusion:

In summary, an elegant synthesis of furo[2,3-b]pyridine is established via Pd(Il)-catalyzed
N-H/C annulation between B-ketodinitriles and alkynes. In this protocol, both cyano groups of 3-
ketodinitriles actively participate in the simultaneous construction of furan and pyridine rings. The
control experiment reveals the formation of a 2-amino-3-cyano intermediate in the absence of
alkyne and therefore this protocol could be further employed for the synthesis of 2,3-substituted
quinoline-4-amine from 2-aminobenzonitriles. Terminal alkynes afforded one of the regioselective
isomers, whereas unsymmetrical internal alkyne provided either a single regioisomer or a mixture
of regioisomers depending on the nature of the substituents attached to the phenyl rings. Finally,
large-scale synthesis and a few post-synthetic functionalizations such as annulation, o-C—H

activation, and cross-coupling reactions were also demonstrated.
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I11.7. Experimental Section:

111.7.1. General Information:

All the reagents were commercial grade and purified according to the established
procedures. All the reagents were commercial grade and used without further purification unless
otherwise stated. All the reactions were carried out in an oven-dried pressure tube (20.3 cm x 19
mm, 21 mL). Preparation of the starting materials was carried out in an oven-dried 100 mL or 50
mL round bottom flask. Reactions were monitored by thin-layer chromatography (TLC) on 0.25
mm silica gel plates (60F2s4) and visualized under UV illumination at 254 nm. Organic extracts
were dried over anhydrous sodium sulfate (Na2SOs). Column chromatography was performed to
purify the crude product on silica gel 60—120 mesh using a mixture of hexane and ethyl acetate as
eluent. The isolated compounds were characterized by spectroscopic [*H, *C{*H} NMR, and IR]
techniques and HRMS analysis. NMR spectra were recorded in deuterochloroform (CDCls) or
deuterated dimethyl sulfoxide (DMSO-dg). *H, 3C{*H} were recorded in 500 (125) or 400 (100)
MHz spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent for
'H NMR, deuterochloroform for *3C NMR as an internal reference {Si(CH3)s: 0.00 ppm or CHCls:
7.260 ppm for *H NMR, 77.230 ppm for **C NMR or (CH3).SO: 2.50 ppm for *H NMR, 39.50 ppm
for 13C NMR}. ®F NMR was calibrated without any internal standard in CDCls in a 500 MHz
spectrometer. The chemical shifts are quoted in ¢ units, parts per million (ppm). *H NMR data is
represented as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet,
m = multiplet), integration and coupling constant(s) J in hertz (Hz). High-resolution mass spectra
(HRMS) were recorded on a mass spectrometer using electrospray ionization-time of flight (ESI-
TOF) reflection experiments. FT-IR spectra were recorded in KBr or neat and reported in the

frequency of absorption (cm™).

111.7.2. General Procedures:
111.7.2.1. General Procedure for the Synthesis of 2-(2-Oxo-2-arylylethyl)malononitriles
(1-14):
Compounds 1-14 were synthesized in slightly modified literature procedures.?
111.7.2.2. General Procedure for the Synthesis of Internal Alkynes (b—n):
The internal alkynes (b-n) were synthesized according to the modified literature

procedure.?
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111.7.2.3. General Procedure for the Synthesis of 2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine
(1a) from 2-(2-Oxo-2-phenylethyl)malononitriles (1) and Diphenylacetylene (a):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-(2-oxo-2-phenylethyl)malononitriles (1) (46 mg, 0.25 mmol), diphenylacetylene (a) (67
mg, 0.375 mmol), Pd(OAc)2 (5.6 mg, 0.025 mmol), 1,10-phenanthroline (4.5 mg, 0.025 mmol),
PTSA-H20 (95 mg, 0.50 mmol), and 1,2-DCE (2 mL). After that, the reaction mixture was purged
with N2 through a balloon and closed with the PTFE stopper. The reaction mixture was stirred at
120 °C in a preheated oil bath for 12 h. After completion of the reaction (monitored by TLC
analysis), the reaction mixture was admixed with ethyl acetate (25 mL) and the organic layer was
washed with saturated sodium bicarbonate solution (5 mL). The organic layer was dried over
anhydrous Na>SOa, and the solvent was evaporated under reduced pressure. The crude product so
obtained was purified over a column of silica gel using 10% ethyl acetate in hexane to give pure
2,5,6-triphenylfuro[2,3-b]pyridin-4-amine (1a) with 72% yield (65 mg). The identity and purity of
the product were confirmed by spectroscopic analysis.

111.7.3. Mechanistic Investigation:

111.7.3.1. Control Experiments:
111.7.3.1.1. In the Absence of Alkyne:

The experiment was carried out according to the general procedure 111.7.2.3 taking 2-(2-
oxo-2-phenylethyl)malononitriles (1) (46 mg, 0.25 mmol) without diphenylacetylene (a). The crude
product so obtained was purified over a column of silica gel using 15% ethyl acetate in hexane to
give pure 2-amino-5-phenylfuran-3-carbonitrile (1’) with 90% yield (41 mg). The identity and

purity of the product were confirmed by spectroscopic analysis.

111.7.3.1.2. In the Absence of Alkyne and Pd(OACc)a:

The experiment was carried out according to the general procedure 111.7.2.3 taking 2-(2-
0x0-2-phenylethyl)malononitriles (1) (46 mg, 0.25 mmol), and PTSA-H20 (95 mg, 0.50 mmol)
without without diphenylacetylene (a) and the Pd(OAc)2. The crude product so obtained was
purified over a column of silica gel using 15% ethyl acetate in hexane to give pure 2-amino-5-
phenylfuran-3-carbonitrile (1’) with 82% yield (37 mg). The identity and purity of the product were
confirmed by spectroscopic analysis.
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111.7.3.1.3. Reaction Between Intermediate (1") and Diphenylacetylene (a):

Q) The experiment was carried out according to the general procedure 111.7.2.3 taking 2-amino-
5-phenylfuran-3-carbonitrile (1') (46 mg, 0.25 mmol), and diphenylacetylene (a) (67 mg, 0.375
mmol) under standard reaction condition. The crude product so obtained was purified over a column
of silica gel using 10% ethyl acetate in hexane to give pure 2,5,6-triphenylfuro[2,3-b]pyridin-4-
amine (1a) with 82% vyield (74 mg). The identity and purity of the product were confirmed by
spectroscopic analysis.

(i)  To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-amino-5-phenylfuran-3-carbonitrile (1’) (46 mg, 0.25 mmol), diphenylacetylene (a) (67
mg, 0.375 mmol), PTSA-H20 (95 mg, 0.50 mmol), and 1,2-DCE (2 mL). After that, the reaction
mixture was purged with N2 through a balloon and closed with the PTFE stopper. The reaction
mixture was stirred at 120 °C in a preheated oil bath for 6 h. The reaction remains silent giving no

trace of the product (1a) and the starting material was recovered.

111.7.3.1.4. Reaction Between 2-Amino-benzonitrile (15) and Diphenylacetylene (a):

The experiment was carried out according to the general procedure 111.7.2.3 taking 2-amino-
benzonitrile (15) (29 mg, 0.25 mmol), and diphenylacetylene (a) (67 mg, 0.375 mmol) under
standard reaction conditions. The crude product so obtained was purified over a column of silica
gel using 30% ethyl acetate in hexane to give pure 2,5,6- 2,3-diphenylquinolin-4-amine (15a) with
85% vyield (63 mg). The identity and purity of the product were confirmed by spectroscopic analysis.

111.7.4. Post Synthetic Applications:

111.7.4.1. General procedure for the Synthesis of 12-Amino-2,5,6,11-
tetraphenylfuro[3',2':5,6]pyrido[2,1-a]isoquinolin-4-ium (1aa) from 2,5,6-
Triphenylfuro[2,3-b]pyridin-4-amine (1a) and Diphenylacetylene (a):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added triphenylfuro[2,3-b]pyridin-4-amine (1a) (72 mg, 0.20 mmol), diphenylacetylene (a) (43
mg, 0.24 mmol), [Ru(p-cymene)Cl.]2 (6.1 mg, 0.01 mmol), Cu(OAc)2-H20 (84 mg, 0.44 mmol),
TfOH (45 mg, 0.30 mmol) and 1,2-DCE (2 mL). The reaction mixture was stirred in an oil bath
preheated at 120 °C for 24 h. After completion of the reaction (monitored by TLC analysis), the
reaction mixture was admixed with ethyl acetate (25 mL) and the organic layer was washed with

saturated sodium bicarbonate solution (5 mL). The organic layer was dried over anhydrous sodium
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sulfate (Na2SOg4), and the solvent was evaporated under reduced pressure. The crude product so
obtained was purified over a column of silica gel using 5% methanol in dichloromethane to give
pure 12-amino-2,5,6,11-tetraphenylfuro[3',2":5,6]pyrido[2,1-a]isoquinolin-4-ium (1laa) in 80%

yield. The identity and purity of the product were confirmed by spectroscopic analysis.

111.7.4.2. General procedure for the Synthesis of (R)-3-(2-(4-Amino-2,5-diphenylfuro[2,3
b]pyridin-6-yl)phenyl)-1-propylpyrrolidine-2,5-dione (law) from 2,5,6-Triphenylfuro[2,3-
b]pyridin-4-amine (1a) and 1-Propyl-1H-pyrrole-2,5-dione (w):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added triphenylfuro[2,3-b]pyridin-4-amine (1a) (72 mg, 0.20 mmol), 1-propyl-1H-pyrrole-2,5-
dione (w) (56 mg, 0.40 mmol), [Ru(p-cymene)Cl:]2 (6.1 mg, 0.01 mmol), Cu(OAc).-H20 (38 mg,
0.20 mmol), AgSbFe (14 mg, 0.04 mmol), and 1,2-DCE (2 mL). The reaction mixture was stirred
in an oil bath preheated at 120 °C for 12 h. After completion of the reaction (monitored by TLC
analysis), the reaction mixture was admixed with ethyl acetate (25 mL) and the organic layer was
washed with water (10 mL). The organic layer was dried over anhydrous sodium sulfate (Na>SOa),
and the solvent was evaporated under reduced pressure. The crude product so obtained was purified
over a column of silica gel using 15% ethyl acetate in hexane to give pure (R)-3-(2-(4-amino-2,5-
diphenylfuro[2,3-b]pyridin-6-yl)phenyl)-1-propylpyrrolidine-2,5-dione (1aw) in 72% yield. The

identity and purity of the product were confirmed by spectroscopic analysis.

111.7.43. General procedure for the Synthesis of 2-([1,1'-Biphenyl]-4-yl)-5,6-
diphenylfuro[2,3-b]pyridin-4-amine (7ax) from 2-(4-Bromophenyl)-5,6-diphenylfuro[2,3-
b]pyridin-4-amine (7a) and Phenylboronic Acid (x):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-(4-bromophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7a) (88 mg, 0.20 mmol),
phenylboronic acid (x) (72 mg, 0.60 mmol), Pd(OAc). (2.2 mg, 0.01 mmol), K2COs (83 mg, 0.60
mmol), and DMF (2 mL). The reaction mixture was stirred in an oil bath preheated at 120 °C for
24 h. After completion of the reaction (monitored by TLC analysis), the reaction mixture was
admixed with ethyl acetate (25 mL) and the organic layer was washed with ice-cold water (5 mL).
The organic layer was dried over anhydrous sodium sulfate (Na>SOs), and the solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column of
silica gel using 10% ethyl acetate in hexane to give pure 2-([1,1-biphenyl]-4-yl)-5,6-
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diphenylfuro[2,3-b]pyridin-4-amine (7ax) in 68% yield. The identity and purity of the product were
confirmed by spectroscopic analysis.

I11.7.4.4.  General procedure for the Synthesis of 5,6-Diphenyl-2-(4-(p-
tolylethynyl)phenyl)furo[2,3-b]pyridin-4-amine  (7ay) from  2-(4-Bromophenyl)-5,6-
diphenylfuro[2,3-b]pyridin-4-amine (7a) and 4-Methylphenylacetylene (y):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-(4-bromophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7a) (88 mg, 0.20 mmol), 1-
ethynyl-4-methylbenzene (y) (70 mg, 0.60 mmol), PdCI>(PPhs)2 (7 mg, 0.01 mmol), Cul (3.8 mg,
0.02 mmol), DBU (91 mg, 0.60 mmol), and DMF (2 mL). The reaction mixture was stirred in an
oil bath preheated at 120 °C for 24 h. After completion of the reaction (monitored by TLC analysis),
the reaction mixture was admixed with ethyl acetate (25 mL) and the organic layer was washed
with ice-cooled water (5 mL). The organic layer was dried over anhydrous sodium sulfate (Na2S0Oa),
and the solvent was evaporated under reduced pressure. The crude product so obtained was purified
over a column of silica gel using 10% ethyl acetate in hexane to give pure 5,6-diphenyl-2-(4-(p-
tolylethynyl)phenyl)furo[2,3-b]pyridin-4-amine (7ay) in 75% yield. The identity and purity of the

product were confirmed by spectroscopic analysis.

111.7.4.5. General procedure for the Synthesis of (E)-2-(4-(4-Methylstyryl)phenyl)-5,6-
diphenylfuro[2,3-b]pyridin-4-amine (7az) from 2-(4-Bromophenyl)-5,6-diphenylfuro[2,3-
b]pyridin-4-amine (7a) and 4-methylstyrene (z):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-(4-bromophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7a) (88 mg, 0.20 mmol), 1-
methyl-4-vinylbenzene (z) (71 mg, 0.60 mmol), PdCI>(PPhz)2 (7 mg, 0.01 mmol), K.COz (83 mg,
0.60 mmol), and DMF (2 mL). The reaction mixture was stirred in an oil bath preheated at 120 °C
for 24 h. After completion of the reaction (monitored by TLC analysis), the reaction mixture was
admixed with ethyl acetate (25 mL) and the organic layer was washed with ice-cooled water (5
mL). The organic layer was dried over anhydrous sodium sulfate (Na2SO4), and the solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column of
silica gel using 10% ethyl acetate in hexane to give pure (E)-2-(4-(4-methylstyryl)phenyl)-5,6-
diphenylfuro[2,3-b]pyridin-4-amine (7az) in 70% yield. The identity and purity of the product

were confirmed by spectroscopic analysis.
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111.7.5. Crystallographic Information:
111.7.5.1. Crystallographic Information of 2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine (1a):
111.7.5.1.1 Sample Preparation:

The single crystal of compound 1a was prepared by the slow evaporation method for which
5 mg of the compound (1a) was dissolved in 1 mL of ethyl acetate in a clean and dry 10 mL glass
vial. Petroleum ether (1 mL) was added to this solution slowly with a dropper until faint turbidity
appeared on the top. The mouth of the glass vial was covered with a cap having a small hole and
kept for slow evaporation at room temperature. A single crystal of 1a was obtained as a transparent
white needle-like crystal after 2—3 days.
111.7.5.1.2. Crystallographic Description of 2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine (1a):

A suitable crystal was selected on a SuperNova, Single source at offset/far, HyPix3000
diffractometer. The crystal was kept at 293(2) K during data collection. Using Olex2?, the structure
was solved with the ShelXT? structure solution program using Intrinsic Phasing and refined with
the ShelX L3 refinement package using Least Squares minimization.

1.  Dolomanov, O.V., Bourhis, L.J., Gildea, R.J, Howard, J.A.K. & Puschmann, H. (2009), J.

Appl. Cryst. 42, 339-341.

2. Sheldrick, G.M. (2015). Acta Cryst. A71, 3-8.
3. Sheldrick, G.M. (2015). Acta Cryst. C71, 3-8.

C2sH18N20, crystal dimensions 0.06 x 0.03 x 0.02 mm, M; = 362.41, Monoclinic, space
group P 21/c, a=13.1258(12) A, b = 25.0415(18) A, ¢ =12.2078(12) A, a =90°, = 109.049(10)°,
y=90° V = 3792.8(6) A%, Z = 8, pcaica = 1.269 g/cm?®, 1 = 0.078 mm~2, F(000) = 1520.0, reflection
collected/unique = 19042/5752, refinement method = full-matrix least-squares on F?, final R indices
[1>2\s(1)]: R1 = 0.0690, wR2 = 0.1543, R indices (all data): R1 = 0.1491, wR, = 0.1925, goodness of
fit = 0.992. CCDC-2164129 for 2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine (1a) contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge from

The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

111.7.5.2. Crystallographic Information of 6-(4-Bromophenyl)-2-phenylfuro[2,3-b]pyridin-4-
amine (1s):
111.7.5.2.1. Sample Preparation:

The single crystal of compound 1s was prepared by the slow evaporation method for which

10 mg of the compound (1s) was dissolved in 1 mL of ethyl acetate in a clean and dry 10 mL glass
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vial. Petroleum ether (1 mL) was added to this solution slowly with a dropper until faint turbidity
appeared on the top. The mouth of the glass vial was covered with a cap having a small hole and
kept for slow evaporation at room temperature. A single crystal of 1s was obtained as a transparent
white needle-like crystal after 2 days.

111.7.5.2.2. Crystallographic Description of 6-(4-Bromophenyl)-2-phenylfuro[2,3-b]pyridin-
4-amine (1s):

Diffraction data were collected at 292 K with MoKa radiation (A = 0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with a graphite monochromator and
Apex CD camera. The SMART software was used for data collection and for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were
performed using SAINT!2 software and the space groups of these crystals were determined from
systematic absences by XPREP and further justified by the refinement results. The structures were
solved by direct methods and refined by full-matrix least-squares calculations using
SHELXTL-97° software. All the non-H atoms were refined in the anisotropic approximation
against F2 of all reflections.

1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta

Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, WI, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

C19H13BrN20, crystal dimensions 0.16 x 0.13 x 0.12 mm, M, = 365.22, Monoclinic, space
group P 21/c, a = 16.9710(4) A, b = 13.6260(3) A, ¢ = 6.9714(16) A, a =909, 5 = 101.020(7)°, y =
90°, V = 1582.4(6) A3, Z = 4, peaica = 1.533 glem?, x = 2.603 mm=*, F(000) = 736.0, reflection
collected/unique = 44185/2784, refinement method = full-matrix least-squares on F?, final R indices
[1>2\s(1)]: R1 = 0.0431, wR2 = 0.1167, R indices (all data): R1 =0.0587, wR2 = 0.1390, goodness of
fit = 1.008. CCDC-2169032 for 6-(4-Bromophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1s)
contains the supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.
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111.8. Spectral Data:
2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine (1a):

As a white solid (65 mg, 72% yield, mp 198—200 °C); Purification over a

0N O column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz):
O~ O 97.86 (d, 2H, J = 7.0 Hz), 7.42 (t, 2H, J = 7.5 Hz), 7.35-7.31 (m, 5H),
7.28 (d, 1H, J=7.0 Hz), 7.19 (d, 2H, J = 6.5 Hz), 7.15-7.14 (m, 3H), 6.95
(s, 1H), 4.50 (s, 2H); *C{*H} NMR (CDCls, 125 MHz): 6 162.1, 153.7, 153.4, 145.9, 140.8, 136.4,
131.5,130.3,130.2,129.2, 129.0, 128.8, 127.62, 127.60, 127.3, 124.9, 116.9, 106.7, 97.4; IR (KB,
cm1): 3458, 3392, 2956, 2922, 2852, 1622, 1457, 1167, 1072, 880, 782; HRMS (ESI/Q-TOF)
(m/z) calcd for CosH19N20 [M + H]" 363.1492; found 363.1493.

5,6-Diphenyl-2-(p-tolyl)furo[2,3-b]pyridin-4-amine (2a):
As a white solid (64 mg, 69% yield, mp 223-225 °C); Purification over
e O S /\" | O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
Iy O MHz): 6 7.73 (d, 2H, J = 8.0 Hz), 7.32-7.29 (m, 4H), 7.24-7.23 (m,
1H), 7.20 (d, 2H, J = 7.5 Hz), 7.16 (d, 2H, J = 7.0 Hz), 7.12—7.11 (m,
3H), 6.86 (s, 1H), 4.47 (s, 2H), 2.36 (s, 3H); C{*H} NMR (CDCls, 125 MHz): § 162.0, 153.7,
153.4, 145.7, 140.9, 138.9, 136.5, 131.5, 130.2, 129.7, 129.2, 127.6, 127.3, 124.9, 116.9, 106.8,
96.6, 21.6; IR (KBr, cm™): 3487, 3391, 2955, 2922, 2851, 1608, 1456, 1167, 1156, 1072, 822,
759; HRMS (ESI/Q-TOF) (m/z) calcd for C26H2:N20 [M + H]* 377.1648; found 377.1649.

2-(4-Methoxyphenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (3a):
As a white solid (63 mg, 65% yield, mp 238—-240 °C); Purification
oo Q 0 :” O over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,
I O 400 MHz): 6 7.82 (d, 2H, J = 8.8 Hz), 7.36-7.28 (m, 5H), 7.22—-7.19
(m, 2H), 7.15-7.14 (m, 3H), 6.98 (d, 2H, J = 9.2 Hz), 6.82 (s, 1H),
4.42 (s, 2H), 3.86 (s, 3H); C{*H} NMR (CDCls, 100 MHz): § 161.9, 160.2, 153.5, 153.0, 145.5,
140.9, 136.5, 131.5, 130.2, 129.2, 127.6, 127.3, 126.4, 123.1, 116.9, 114.5, 106.9, 95.6, 55.6; IR
(KBr, cm™1): 3472, 3341, 2959, 2923, 2852, 1622, 1454, 1177, 1040, 1007, 879, 781; HRMS
(ESI/Q-TOF) (m/z) calcd for CasHa1N202 [M + H]* 393.1598; found 393.1590.
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2-(4-1sopropylphenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (4a):
As a white solid (68 mg, 68% yield, mp 180—182 °C); Purification
Me, Q S /NI O over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,
me \NH2 O 500 MHz): § 7.82 (d, 2H, J = 8.5 Hz), 7.35-7.29 (m, 6H), 7.28 (t, 1H,
J=7.5Hz),7.20 (d, 2H, J = 7.5 Hz), 7.15-7.14 (m, 3H), 6.91 (s, 1H),
4.45 (s, 2H), 2.98-2.91 (m, 1H), 1.30 (s, 3H), 1.29 (s, 3H); 3C{*H} NMR (CDCls, 125 MHz): &
162.0, 153.7, 153.4, 149.9, 145.7, 140.9, 136.5, 131.5, 130.2, 129.2, 127.9, 127.6, 127.2, 125.0,
116.9, 106.9, 96.6, 34.2, 24.1; IR (KBr, cm™): 3466, 3391, 2956, 2923, 2853, 1624, 1433, 1167,
1055, 880, 836, 761; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH2sN20 [M + H]* 405.1961; found
405.1984.

2-(4-Fluorophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (5a):

O As a white solid (70 mg, 74% yield, mp 235-237 °C); Purification over

F Q S /\N | a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500

NH, O MHz): 6 7.84-7.81 (m, 2H), 7.35-7.28 (m, 5H), 7.19 (d, 2H, J = 7.0

Hz), 7.15-7.09 (m, 5H), 6.88 (s, 1H), 4.48 (s, 2H); 3C{*H} NMR

(CDCls, 125 MHz): 6 163.1 (d, J = 247.2 Hz), 153.7, 152.4, 145.9, 140.8, 136.3, 131.5, 130.1,

129.2, 127.7, 127.6, 127.4, 126.7 (d, J = 8.2 Hz), 126.65, 126.62, 117.0, 116.2 (d, J = 21.9 Hz),

106.7,97.1; 1F NMR (CDCls): 6 —112.1 (s); IR (KBr, cm™): 3460, 3365, 2954, 2921, 2853, 1626,

1459, 1156, 1031, 880, 837, 785; HRMS (ESI/Q-TOF) (m/z) calcd for CosH1sFN20 [M + H]*
381.1398; found 381.1405.

2-(4-Chlorophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (6a):

As a white solid (75 mg, 76% yield, mp 258-260 °C); Purification

0N O over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,

~ O ()| 500 MHD: 5 779 (6 24, 3 = 85 Ha), 740 (d. 2H, = 85 Ha),
e 7.36-7.33 (m, 2H), 7.31-7.28 (M, 3H), 7.19 (d, 2H, J = 7.0 Hz),

7.15-7.14 (m, 3H), 6.94 (s, 1H), 4.48 (s, 2H); *C{'"H} NMR (CDCls, 125 MHz): § 162.1, 153.9,

152.2, 145.9, 140.8, 136.3, 134.6, 1315, 130.2, 129.32, 129.26, 128.8, 127.7, 127.6, 127.4, 126.1,

117.0, 106.6, 97.9; IR (KBr, cm-1): 3461, 3384, 2960, 2022, 2851, 1620, 1489, 1116, 1012, 834,
780: HRMS (ESI/Q-TOF) (m/z) calcd for CasH1sCIN2O [M + H]* 397.1102; found 397.1135.
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2-(4-Bromophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7a):
As a white solid (85 mg, 78% yield, mp 255-257 °C); Purification
. O S /\N I O over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,
I O 500 MHz): 6 7.73 (d, 2H, J = 8.5 Hz), 7.56 (d, 2H, J = 8.5 Hz),
7.36-7.33 (M, 2H), 7.31-7.28 (m, 3H), 7.19 (d, 2H, J = 8.0 Hz),
7.15-7.14 (m, 3H), 6.96 (s, 1H), 4.48 (s, 2H); 3C{*H} NMR (CDCls, 125 MHz): ¢ 162.1, 154.0,
152.2, 146.0, 140.8, 136.3, 132.3, 131.5, 130.2, 129.3, 129.2, 127.7, 127.6, 127.4, 126.3, 122.8,
117.0, 106.6, 98.0; IR (KBr, cm1): 3455, 3388, 2956, 2922, 2851, 1620, 1433, 1072, 881, 731;
HRMS (ESI/Q-TOF) (m/z) calcd for CosH1sBrN2O [M + H]* 441.0597; found 441.0599.

2-(4-lodophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (8a):
As a white solid (86 mg, 71% yield, mp 225-227 °C); Purification over
| Q S /\" O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
o O MHz): 6 7.74 (d, 2H, J = 8.5 Hz), 7.56 (d, 2H, J = 8.5 Hz), 7.34-7.27
(m, 5H), 7.18 (d, 2H, J = 7.0 Hz), 7.14-7.13 (m, 3H), 6.96 (s, 1H),
4.51 (s, 2H); BC{*H} NMR (CDCls, 125 MHz): 6 162.1, 153.9, 152.2, 146.1, 140.7, 138.1, 136.2,
131.4, 130.1, 129.7, 129.2, 127.7, 127.6, 127.4, 126.4, 116.9, 106.6, 98.2, 94.3; IR (KBr, cm):
3462, 3386, 2955, 2922, 2852, 1624, 1457, 1155, 1003, 878, 781; HRMS (ESI/Q-TOF) (m/z) calcd
for CasH1gIN2O [M + H]* 489.0458; found 489.0472.

5,6-Diphenyl-2-(4-(trifluoromethyl)phenyl)furo[2,3-b]pyridin-4-amine (9a):

As a white solid (83 mg, 78% yield, mp 240-242 °C); Purification

0N O over a column of silica gel (10% EtOAc in hexane); *tH NMR (CDCls,

e O~ ® 500 MHz): 6 7.97 (d, 2H, J = 8.0 Hz), 7.69 (d, 2H, J = 8.0 Hz), 7.35

= (t, 2H, J = 7.2 Hz), 7.32-7.28 (m, 3H), 7.20 (d, 2H, J = 7.0 H2),

7.16-7.15 (m, 3H), 7.09 (s, 1H), 4.52 (s, 2H); ¥*C{*H} NMR (CDCls, 125 MHz): 6 162.3, 154.6,

151.6, 146.3, 140.7, 136.2, 133.5, 131.5, 130.2, 129.3, 127.8, 127.7, 127.5, 126.1 (q, J1 = 3.8 Hz,

J2=7.7Hz),124.9,117.1, 106.5, 99.5; 1°F NMR (CDCls): 6 -62.7 (5); IR (KBr, cm™1): 3461, 3396,

2956, 2922, 2851, 1619, 1458, 1166, 1068, 881, 782; HRMS (ESI/Q-TOF) (m/z) calcd for
C26H18F3N20 [M + H]" 431.1366; found 431.1388.
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2-(4-Nitrophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (10a):
As a yellow solid (81 mg, 80% yield, mp 261-263 °C); Purification
oN Q S :N | O over a column of silica gel (15% EtOAc in hexane); *H NMR (CDCls,
1 O 500 MHz): & 8.28 (d, 2H, J = 8.5 Hz), 7.97 (d, 2H, J = 8.5 Hz), 7.35
(t, 2H, J = 7.2 Hz), 7.32-7.28 (m, 3H), 7.20 (d, 2H, J = 7.0 Hz), 7.18
(s, 1H), 7.16-7.15 (m, 3H), 4.62 (s, 2H); *C{*H} NMR (CDCls, 125 MHz): 6 162.5, 155.2, 150.6,
147.4,146.6, 140.5, 136.1, 135.9, 131.4, 130.1, 129.4, 127.9, 127.73, 127.69, 125.1, 124.6, 117 .2,
106.5, 101.5; IR (KBr, cm1): 3434, 3300, 2956, 2922, 2851, 1629, 1458, 1159, 1045, 802, 759;
HRMS (ESI/Q-TOF) (m/z) calcd for CosH1sN3Os [M + H]* 408.1343; found 408.1346.

2-(Naphthalen-2-yl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (11a):

As a white solid (74 mg, 72% yield, mp 214-216 °C); Purification
over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,
500 MHz): & 8.41 (s, 1H), 7.90-7.85 (m, 3H), 7.82 (d, 1H, J = 8.0
Hz), 7.52—7.46 (m, 2H), 7.36—7.33 (m, 4H), 7.28 (t, 1H, J = 7.2 Hz),
7.21 (d, 2H, J = 7.0 Hz), 7.16-7.15 (m, 3H), 7.05 (s, 1H), 4.49 (s, 2H); *C{*H} NMR (CDCls,
125 MHz): ¢ 162.2, 153.7, 153.4, 145.9, 140.8, 136.4, 133.7, 133.5, 131.5, 130.2, 129.2, 128.71,
128.69, 127.9, 127.65, 127.61, 127.5, 127.4, 126.9, 126.7, 124.1, 122.5, 116.9, 106.8, 98.0; IR
(KBr, cm™): 3462, 3394, 2956, 2922, 2851, 1626, 1458, 1159, 1037, 880, 781; HRMS (ESI/Q-
TOF) (m/z) calcd for C29H21N20 [M + H]* 413.1648; found 413.1674.

2-(Benzol[d][1,3]dioxol-5-yl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (12a):

As awhite solid (62 mg, 61% yield, mp 253-255 °C); Purification over
a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.42 (d, 1H, J = 8.0 Hz), 7.36—7.28 (m, 6H), 7.20 (d, 2H, J =
7.0 Hz), 7.15-7.14 (m, 3H), 6.89 (d, 1H, J = 8.5 Hz), 6.79 (s, 1H), 6.02
(s, 2H), 4.42 (s, 2H); 3C{*H} NMR (CDCls, 125 MHz): § 161.9, 153.32, 153.29, 148.4, 148.3,
145.6, 140.8, 136.4, 131.5, 130.2, 129.2, 127.65, 127.63, 127.3, 124.6, 119.2, 117.0, 109.0, 106.8,
105.4, 101.6, 96.1; IR (KBr, cm™1): 3444, 3392, 2956, 2922, 2852, 1618, 1484, 1107, 1039, 874,
779; HRMS (ESI/Q-TOF) (m/z) calcd for C26H19N203 [M + H]* 407.1390; found 407.1390.
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5,6-Diphenyl-2-(thiophen-2-yl)furo[2,3-b]pyridin-4-amine (13a):

As a white solid (50 mg, 55% yield, mp 208-210 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
5751 (s, 1H), 7.35-7.28 (m, 6H), 7.19 (d, 2H, J = 6.4 Hz), 7.15-7.13 (m,
3H), 7.10-7.08 (m, 1H), 6.78 (s, 1H), 4.46 (s, 2H); 3C{*H} NMR (CDCls,
100 MHz): ¢ 161.7, 153.5, 148.8, 145.7, 140.7, 136.3, 133.2, 131.4, 130.2, 129.2, 128.2, 127.65,
127.60, 127.4, 125.9, 124.9, 117.0, 106.6, 97.2; IR (KBr, cm™): 3456, 3387, 2956, 2922, 2851,
1617, 1261, 1156, 1047, 850, 780; HRMS (ESI/Q-TOF) (m/z) calcd for CosH17N20S [M + H]*
369.1056; found 369.1059.

8,9-Diphenylnaphtho[2*,1':4,5]furo[2,3-b]pyridin-7-amine (14a):

As a white solid (58 mg, 60% yield, mp 221-223 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
08.50 (d, 1H, J = 8.0 Hz), 7.99 (d, 1H, J = 8.4 Hz), 7.83 (q, 2H, J1 = 8.4
Hz, J; = 12.4 Hz), 7.67 (t, 1H, J = 7.0 Hz), 7.58 (t, 1H, J = 7.0 Hz),
7.41-7.33 (m, 5H), 7.28-7.26 (m, 2H), 7.19-7.18 (m, 3H), 4.81 (s, 2H); 3C{*H} NMR (CDCls,
100 MHz): ¢ 163.2, 154.7, 149.5, 147.8, 140.6, 135.9, 132.4, 131.6, 130.3, 129.4, 128.5, 127.9,
127.7,127.6, 127.0, 126.3, 123.9, 121.4, 121.3, 118.4, 117.9, 117.8, 101.7; IR (KBr, cm1): 3435,
3360, 2956, 2921, 2851, 1621, 1458, 880, 728; HRMS (ESI/Q-TOF) (m/z) calcd for C27H19N20O
[M + H]* 387.1492; found 387.1514.

2-Phenyl-5,6-di-p-tolylfuro[2,3-b]pyridin-4-amine (1b):
As a white solid (77 mg, 79% yield, mp 210-212 °C); Purification over
0N O " a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
O G MHz): § 7.84 (d, 2H, J = 7.5 Hz), 7.40 (t, 2H, J = 7.8 Hz), 7.32 (t, 1H,
b, T we | J=7.2Hz),7.23(d, 2H, J = 8.0 Hz), 7.14 (d, 2H, J = 8.0 Hz), 7.07 (d,
2H, J = 8.0 Hz), 6.96 (d, 2H, J = 8.0 Hz), 6.91 (s, 1H), 4.48 (s, 2H), 2.35 (s, 3H), 2.26 (s, 3H);
13C{*H} NMR (CDCl3, 125 MHz): § 162.1, 153.5, 153.0, 146.1, 138.1, 137.1, 136.9, 133.4, 131.2,
130.3, 130.0, 129.9, 128.9, 128.6, 128.3, 124.8, 116.7, 106.5, 97.5, 21.4, 21.3; IR (KBr, cm™):
3465, 3388, 2956, 2921, 2852, 1624, 1451, 1166, 1019, 825, 784; HRMS (ESI/Q-TOF) (m/z) calcd
for C27H23N20 [M + H]" 391.1805; found 391.1818.
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2-Phenyl-5,6-di-m-tolylfuro[2,3-b]pyridin-4-amine (1c):

As a white solid (75 mg, 77% yield, mp 108—110 °C); Purification over
a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.87 (d, 2H, J = 7.0 Hz), 7.43 (t, 2H, J = 7.8 Hz), 7.34 (t, 1H,
J=75Hz),7.27 (s, 1H), 7.22 (t, 1H, J = 7.5 Hz), 7.08 (d, 1H, J = 7.5

Hz), 7.04-6.99 (m, 2H), 6.98-6.96 (M, 3H), 6.94 (s, 1H), 4.47 (s, 2H), 2.29 (s, 3H), 2.23 (s, 3H);
BC{'H} NMR (CDCls, 125 MHz): 6 162.0, 153.7, 153.2, 145.9, 140.7, 138.7, 137.1, 136.4, 131.9,
130.9, 130.4, 129.04, 129.00, 128.7, 128.5, 128.3, 128.0, 127.3, 127.2, 124.9, 117.1, 106.6, 97.4,
21.6, 21.5; IR (KBr, cm™): 3465, 3394, 2955, 2921, 2851, 1626, 1455, 1156, 1039, 831, 794,
HRMS (ESI/Q-TOF) (m/z) calcd for C27H23N20 [M + H]* 391.1805; found 391.1818.

5,6-Bis(4-methoxyphenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1d):

o-.N
O~

NH, O

-

As a white solid (86 mg, 82% yield, mp 178—180 °C); Purification
over a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls,
500 MHz): 6 7.85 (d, 2H, J = 7.0 Hz), 7.41 (t, 2H, J = 7.8 Hz), 7.32
(t, 1H,J = 7.2 Hz), 7.26 (d, 2H, J = 9.0 Hz), 7.09 (d, 2H, J = 8.5 Hz),

6.91 (s, 1H), 6.88 (d, 2H, J = 8.5 Hz), 6.69 (d, 2H, J = 9.0 Hz), 4.45 (s, 2H), 3.79 (s, 3H), 3.73 (s,
3H); ¥C{*H} NMR (CDCls, 125 MHz): ¢ 162.1, 159.0, 158.9, 153.4, 153.0, 146.2, 133.5, 132.5,
131.5, 130.4, 128.9, 128.63, 128.56, 124.8, 116.2, 114.8, 113.1, 106.4, 97.5, 55.4, 55.3; IR (KBr,
cm1): 3465, 3381, 2956, 2922, 2852, 1623, 1488, 1173, 1021, 880, 760; HRMS (ESI/Q-TOF)
(m/z) calcd for C27H23N203 [M + H]* 423.1703; found 423.1726.

5,6-Bis(4-(tert-butyl)phenyl)-2-phenylfuro[2,3-b]pyridin-4-amine(1e):

As a white solid (95 mg, 80% yield, mp 226—228 °C); Purification
over a column of silica gel (10% EtOAc in hexane); 'H NMR
(CDCls, 500 MHz): § 7.87 (d, 2H, J = 7.0 Hz), 7.43 (t, 2H, J = 7.8
Hz), 7.35-7.31 (m, 3H), 7.23 (d, 2H, J = 8.5 Hz), 7.13 (t, 4H, J = 9.2
Hz), 6.93 (s, 1H), 4.48 (s, 2H), 1.32 (s, 9H), 1.24 (s, 9H); BC{*H}

NMR (CDCls, 125 MHz): ¢ 162.1, 153.8, 153.1, 150.5, 150.1, 145.9, 137.9, 133.4, 131.1, 130.4,
129.8,128.9,128.6, 125.9, 124.9, 124.4, 116.8, 106.5, 97.5, 34.7, 34.6, 31.5, 31.4; IR (KBr, cm™1):
3469, 3392, 2956, 2923, 2853, 1619, 1458, 1169, 1020, 839, 787; HRMS (ESI/Q-TOF) (m/z) calcd
for CasHssN20 [M + H]* 475.2744; found 475.2766.
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5,6-Bis(4-fluorophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1f):
=1 Asawhite solid (72 mg, 73% yield, mp 238-240 °C); Purification over
O o N O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
T O F MHz): 6 7.86 (d, 2H, J = 7.5 Hz), 7.42 (t, 2H, J = 7.8 Hz), 7.34 (t, 1H, J
= 7.2 Hz), 7.26-7.23 (m, 2H), 7.15-7.12 (m, 2H), 7.04 (t, 2H, J = 8.5
Hz), 6.94 (s, 1H), 6.85 (t, 2H, J = 8.7 Hz), 4.46 (s, 2H); BC{*H} NMR (CDCls, 125 MHz): §
162.33 (d, J = 246.0 Hz), 162.27 (d, J = 245.0 Hz), 162.1, 153.6, 152.7, 146.0, 136.8, 136.7, 133.1
(d, J=8.0Hz), 132.1, 132.0, 131.8 (d, J = 8.0 Hz), 130.1, 129.1, 128.9, 124.9, 116.4 (d, J = 21.2
Hz), 115.7, 114.7 (d, J = 21.2 Hz), 106.8, 97.3; 9F NMR (CDCls): § —113.9 (s), -114.7 (s); IR
(KBr, cm1): 3460, 3370, 2955, 2921, 2851, 1622, 1485, 1158, 1098, 838, 784; HRMS (ESI/Q-
TOF) (m/z) calcd for CasH17F2N20O [M + H]* 399.1303; found 399.1300.

5,6-Bis(3-fluorophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (19):

As a white solid (70 mg, 71% yield, mp 168—170 °C); Purification over a

Q f :NI O : column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz):

NH, O 0 7.87 (d, 2H, J = 8.0 Hz), 7.44 (t, 2H, J = 7.5 Hz), 7.37-7.31 (m, 2H),

7.14-7.09 (m, 1H), 7.07-7.04 (m, 2H), 7.02—6.99 (m, 2H), 6.96 (s, 1H),

6.92 (d, 1H, J = 9.5 Hz), 6.88 (t, 1H, J = 9.0 Hz), 4.52 (s, 2H); 3C{*H} NMR (CDCls, 125 MHz):

§163.4 (d, J = 246.0 Hz), 162.4 (d, J = 243.5 Hz), 162.1, 153.8, 152.11, 152.09, 145.8, 142.8 (d,

J=7.6 Hz), 138.3 (d, J = 7.6 Hz), 130.9 (d, J = 8.3 Hz), 130.0, 129.2 (d, J = 8.1 Hz), 129.1, 129.0,

127.24, 127.22, 125.83, 125.81, 124.9, 118.3 (d, J = 20.8 Hz), 117.5 (d, J = 22.4 Hz), 115.70,

115.69, 115.1, 114.9, 114.6, 114.5, 107.1; F NMR (CDCls): § —111.6 (s), —114.0 (s); IR (KBr,

cm1): 3468, 3328, 2956, 2923, 2852, 1618, 1435, 1184, 1115, 1076, 877, 706; HRMS (ESI/Q-
TOF) (m/z) calcd for CasH17F2N20 [M + H]* 399.1303; found 399.1300.

5,6-Bis(4-chlorophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1h):
ci As awhite solid (75 mg, 70% yield, mp 245-247 °C); Purification over
O S :N , O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
T, O | MHz):57.87(d,2H,J=75Hz), 7.44 (t, 2H, ) = 7.8 Hz), 7.37-7.33
(m, 3H), 7.22 (d, 2H, J = 8.5 Hz), 7.16-7.12 (m, 4H), 6.95 (s, 1H),
4.46 (s, 2H); BC{"H} NMR (CDCls, 125 MHz): § 162.2, 153.8, 152.3,
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145.8, 139.0, 134.6, 133.9, 133.6, 132.8, 131.5, 130.1, 129.7, 129.1, 129.0, 128.0, 124.9, 115.6,
106.9, 97.3; IR (KBr, cm™?): 3442, 3368, 2955, 2920, 2852, 1628, 1450, 1167, 1089, 882, 757;
HRMS (ESI/Q-TOF) (m/z) calcd for C2sHi17CI2N2O [M + H]* 431.0712; found 431.0716.

5,6-Bis(3-chlorophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1i):

O As a white solid (73 mg, 68% yield, mp 114-116 °C); Purification over

O S :N| gl' a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500

NH, O MHz): 5 7.87 (d, 2H, J = 7.5 Hz), 7.44 (t, 2H, J = 7.5 Hz), 7.41 (s, 1H),

7.36 (t, 1H, J = 7.5 Hz), 7.29-7.28 (m, 2H), 7.24 (s, 1H), 7.17-7.15 (m,

1H), 7.08-7.05 (m, 3H), 6.96 (s, 1H), 4.50 (s, 2H); *C{*H} NMR (CDCls, 125 MHz): 6 162.1,

153.9, 151.9, 145.8, 142.2, 137.9, 135.2, 133.8, 131.3, 130.7, 130.2, 130.0, 129.8, 129.1, 129.0,

128.9, 128.3, 128.2, 127.8, 124.9, 115.6, 107.1, 97.3; IR (KBr, cm™): 3466, 3397, 2956, 2922,

2852, 1624, 1451, 1171, 1078, 882, 793; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH17CI2N20 [M
+ H]* 431.0712; found 431.0715.

5,6-Bis(4-bromophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1j):

er]  Asawhite solid (84 mg, 65% yield, mp 260—262 °C); Purification over

O f :N ] O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500

NH, O g MHz): 6 7.87 (d, 2H, J = 7.0 Hz), 7.50 (d, 2H, J = 8.5 Hz), 7.44 (t, 2H,

J=7.5Hz),7.36 (t, 1H, J = 7.2 Hz), 7.31 (d, 2H, J = 8.5 Hz), 7.17 (d,

2H, J = 8.5 Hz), 7.07 (d, 2H, J = 8.5 Hz), 6.95 (s, 1H), 4.45 (s, 2H); 3C{*H} NMR (CDCls, 125

MHz): ¢ 162.2, 153.8, 152.2, 145.8, 139.5, 135.1, 133.1, 132.7, 131.8, 131.0, 130.0, 129.1, 129.0,

124.9,122.2,122.0,115.6, 107.0, 97.3; IR (KBr, cm™): 3444, 3310, 2956, 2922, 2852, 1633, 1456,

1121, 1071, 880, 771; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH17Br2N2O [M + H]* 518.9702;
found 518.9736.

2-Phenyl-5,6-bis(4-(trifluoromethyl)phenyl)furo[2,3-b]pyridin-4-amine (1Kk):
or, As awhite solid (75 mg, 61% yield, mp 172—174 °C); Purification over
O o N | O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
\
\NH O MHz): 6 7.89 (d, 2H, J = 8.5 Hz), 7.64 (d, 2H, J = 8.0 Hz), 7.48-7.43
%l (m, 4H), 7.40-7.38 (m, 3H), 7.35 (d, 2H, J = 8.0 Hz), 6.99 (s, 1H),

4.48 (s, 2H); 3C{*H} NMR (CDCls, 125 MHz): 6 162.3, 154.2, 151.9,
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145.8, 143.9, 140.0, 131.9, 130.4, 129.9, 129.22, 129.20, 129.15, 126.4 (q, J: = 3.8 Hz, J, = 7.6
Hz), 125.0, 124.8 (q, J1 = 3.8 Hz, J, = 7.6 Hz), 115.7, 107.4, 97.2; °F NMR (CDCls): 6 —62.56 (s),
~62.63 (s); IR (KBr, cm™Y): 3472, 3399, 2956, 2922, 2851, 1619, 1457, 1166, 1069, 849, 785;
HRMS (ESI/Q-TOF) (m/z) caled for Co7H17FsN20 [M + H]* 499.1240; found 499.1241.

6-(4-Methoxyphenyl)-2-phenyl-5-(p-tolyl)furo[2,3-b]pyridin-4-amine (11):
ome| Asawhite solid (79 mg, 78% yield, mp 198-200 °C); Purification over
O S :” I O a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
19 O - MHz): 6 7.83 (d, 2H, J = 7.5 Hz), 7.39 (t, 2H, J = 7.8 Hz), 7.31 (t, 1H,
J=75Hz),7.26 (d, 2H, J = 8.5 Hz), 7.14 (d, 2H, J = 8.0 Hz), 7.06 (d,
2H, J = 8.0 Hz), 6.90 (s, 1H), 6.67 (d, 2H, J = 9.0 Hz), 4.47 (s, 2H), 3.72 (s, 3H), 2.33 (s, 3H);
BC{*H} NMR (CDCl3, 125 MHz): § 162.0, 158.9, 153.2, 152.9, 146.0, 137.1, 133.5, 133.4, 131.4,
131.2, 130.3, 130.0, 128.9, 128.6, 124.8, 116.5, 113.0, 106.4, 97.5, 55.3, 21.4; IR (KBr, cm™):
3443, 3392, 2957, 2923, 2853, 1620, 1451, 1167, 1036, 834, 759; HRMS (ESI/Q-TOF) (m/z) calcd

for C27H23N202 [M + H]* 407.1754; found 407.1759.

Mixture of 5-(4-fluorophenyl)-2-phenyl-6-(p-tolyl)furo[2,3-b]pyridin-4-amine (1m) and 6-(4-
fluorophenyl)-2-phenyl-5-(p-tolyl)furo[2,3-b]pyridin-4-amine (1m’):

e As a white solid (73 mg, 75% combined yield); Purification over a
Q 3 N | O column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
\NHZ O MHz): 6 7.86 (d, 3H, J = 7.5 Hz), 7.42 (t, 3.40H, J = 7.5 Hz), 7.34 (t,
| L76H,J =72 Hz), 7.31-7.28 (m, 1H), 7.18-7.15 (m, 5.72H),
0N O 7.06-7.02 (m, 3.46H), 6.97 (d, 2.40H, J = 8.0 Hz), 6.94 (s, 1.44H),
T O 6.84 (t,0.78H, J = 8.7 Hz), 4.49 (s, 0.66H), 4.44 (s, 2H), 2.36 (s, 1H),

Me 227 (s, 3H); BBC{*H} NMR (CDCls, 125 MHz): 6§ 162.24 (d, J =
44.9 Hz), 162.17, 162.0, 153.8, 153.32, 153.30, 152.5, 146.1, 145.9,
137.8, 137.5, 137.2, 137.04, 137.01, 133.2 (d, J = 7.8 Hz), 133.0, 132.42, 132.39, 131.9 (d, J=8.0
Hz), 131.2, 130.2, 130.10. 130.09, 130.0, 129.0, 128.8, 128.5, 124.9, 116.8, 116.3 (d, J = 21.2 Hz),
115.7,114.5 (d, J = 21.4 Hz), 106.7, 106.6, 97.41, 97.38, 21.4, 21.3; *®F NMR (CDCl3, 500 MHz):
5-114.36 (s), —115.06 (s); IR (KBr, cm™1): 3485, 3391, 2958, 2921, 2853, 1615, 1451, 1113, 1040,
880, 783; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH20FN20 [M + H]* 395.1554; found 395.1564.
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5-(4-Bromophenyl)-6-(4-methoxyphenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1n):

O ove|  Asawhite solid (82 mg, 70% yield, mp 158—160 °C); Purification over

O S M , a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400
N\

L | MH2):67.83(d,2H,0=7.2Hz),7.46 (d, 2H,J =84 Hz), 741 (t, 2H,

J=7.4Hz),7.32 (t 1H, J=7.2 Hz), 7.21 (d, 2H, J = 8.8 Hz), 7.05 (d,
2H, J = 8.4 Hz), 6.93 (s, 1H), 6.69 (d, 2H, J = 8.8 Hz), 4.48 (s, 2H), 3.74 (s, 3H); *°C{*H} NMR
(CDCls, 100 MHz): § 162.1, 159.0, 153.2, 153.1, 145.8, 135.6, 133.2, 132.9, 132.5, 131.4, 130.1,
129.0, 128.7, 124.8, 121.7, 115.2, 113.2, 106.5, 97.5, 55.3; IR (KBr, cm™1): 3466, 3382, 2956,
2923, 2852, 1621, 1451, 1167, 1072, 879, 785; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH20BrN202
[M + H]* 471.0703; found 471.0713.

5-Methyl-2,6-diphenylfuro[2,3-b]pyridin-4-amine (10):
As a white solid (39 mg, 52% yield, mp 192—194 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz):
T, Me 07.84(d,2H,J=75Hz),7.51 (t,2H, J=7.8 Hz), 7.44-7.41 (m, 3H), 7.33
(t, 1H,J=7.2 Hz), 7.29 (d, 2H, J = 7.5 Hz), 6.89 (s, 1H), 4.24 (s, 2H), 2.28
(s, 3H); *C{*H} NMR (CDCls, 125 MHz): § 161.9, 152.40, 152.35, 145.4, 136.6, 130.7, 130.4,
129.6, 129.0, 128.6, 128.1, 124.8, 117.5, 105.8, 97.3, 23.7; IR (KBr, cm=1): 3453, 3397, 2956,

2923, 2852, 1628, 1463, 1122, 1043, 880, 783; HRMS (ESI/Q-TOF) (m/z) calcd for C2oH17N20
[M + H]* 301.1335; found 301.1338.

6-Methyl-2,5-diphenylfuro[2,3-b]pyridin-4-amine (10):
ol No e As a white solid (16 mg, 21% yield, mp 203—-205 °C); Purification over a
O~ column of silica gel (10% EtOAG in hexane): 'H NMR (CDCls, 500 MHz):
NH2 O §7.85(d, 2H, J = 7.5 Hz), 7.53 (d, 2H, J = 7.0 Hz), 7.43 (g, 4H, J1 = 7.5
Hz, J, = 15.5 Hz), 7.38 (t, 1H, J = 7.2 Hz), 7.33 (t, 1H, J = 7.5 Hz), 6.92
(s, 1H), 4.50 (s, 2H), 2.19 (s, 3H); *C{*H} NMR (CDCls, 125 MHz): 6 161.3, 154.6, 153.1, 146.4,
141.4, 130.4, 129.7, 129.0, 128.7, 128.2, 127.8, 124.9, 109.4, 106.8, 96.9, 13.9; IR (KBr, cm™):
3463, 3365, 2955, 2923, 2853, 1632, 1457, 1119, 1071, 1041, 845, 756; HRMS (ESI/Q-TOF) (m/z)
calcd for C20H17N20 [M + H]* 301.1335; found 301.1330.
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5-Ethyl-2,6-diphenylfuro[2,3-b]pyridin-4-amine (1p):

As a white solid (41 mg, 53% yield, mp 199-201 °C); Purification over
a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.86 (d, 2H, J = 7.0 Hz), 7.50 (t, 2H, J = 7.8 Hz), 7.43 (t, 3H, J
= 7.5 Hz), 7.34-7.29 (m, 3H), 6.89 (s, 1H), 4.21 (s, 2H), 2.54 (q, 2H, J1
=7.5Hz, J,=15.0 Hz), 1.17 (t, 3H, J = 7.5 Hz); 3C{*H} NMR (CDCls, 125 MHz): § 162.3, 157.4,
152.4,145.5,136.4, 130.8, 130.4, 129.5, 128.9, 128.5, 128.0, 124.8, 117.1, 105.7, 97.3, 29.4, 14.2;
IR (KBr, cm™1): 3457, 3351, 2956, 2923, 2852, 1634, 1488, 1156, 1066, 813, 788; HRMS (ESI/Q-
TOF) (m/z) calcd for C2:H19N20 [M + H]* 315.1492; found 315.1491.

6-Ethyl-2,5-diphenylfuro[2,3-b]pyridin-4-amine (1p*):
As a white solid (16 mg, 20% yield, mp 215-217 °C); Purification over
O S g ; a column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500
NH, O MHz): 6 7.85 (d, 2H, J = 7.5 Hz), 7.49 (d, 2H, J = 7.0 Hz), 7.45-7.39 (m,
5H), 7.33 (t, 1H, J = 7.5 Hz), 6.93 (s, 1H), 4.54 (s, 2H), 2.59 (q, 2H, J1 =
7.5 Hz, J2 = 15.5 Hz), 1.16 (t, 3H, J = 7.5 Hz); *C{*H} NMR (CDCls, 125 MHz): 6 161.0, 154.9,
153.1, 145.8, 141.7,130.4, 129.1, 129.0, 128.7, 128.2, 127.8, 124.8, 115.8, 107.3, 96.9, 20.7, 13.6;
IR (KBr, cm™1): 3462, 3340, 2957, 2921, 2851, 1631, 1459, 1116, 1022, 880, 782; HRMS (ESI/Q-
TOF) (m/z) calcd for C2:H1gN20 [M + H]* 315.1492; found 315.1509.

2,6-Diphenylfuro[2,3-b]pyridin-4-amine (1q):
As a white solid (37 mg, 52% yield, mp 189-191 °C); Purification over a
column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
NH, 08.02 (d, 2H, J = 6.8 Hz), 7.88 (d, 2H, J = 7.2 Hz), 7.48-7.43 (m, 4H),
7.41-7.35 (m, 2H), 6.94 (s, 2H), 4.52 (s, 2H); *C{*H} NMR (CDCls, 125
MHz): ¢ 163.8, 153.9, 153.1, 147.9, 139.7, 130.2, 129.0, 128.83, 128.78, 127.2, 124.9, 107.3,

102.1, 97.2; IR (KBr, cm1): 3393, 3339, 2960, 2922, 2892, 1626, 1481, 1113, 818, 749; HRMS
(ESI/Q-TOF) (m/z) calcd for C1oH1sN20 [M + H]* 287.1179; found 287.1186.

2-Phenyl-6-(p-tolyl)furo[2,3-b]pyridin-4-amine (1r):

O Me As a white solid (40 mg, 54% yield, mp 209-211 °C); Purification

over a column of silica gel (15% EtOAc in hexane); *H NMR (CDCls,
NS

NH,
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500 MHz): 6 7.92 (d, 2H, J = 8.0 Hz), 7.87 (d, 2H, J = 7.5 Hz), 7.44 (t, 2H, J = 7.7 Hz), 7.34 (,
1H, J = 7.2 Hz), 7.27 (s, 1H), 7.25 (s, 1H), 6.91 (d, 2H, J = 8.0 Hz), 4.49 (s, 2H), 2.40 (s, 3H);
13C{'H} NMR (CDCls, 125 MHz): 6 163.9, 154.0, 152.9, 147.9, 138.8, 136.9, 130.3, 129.5, 129.0,
128.7,127.0, 124.9, 107.1, 101.7, 97.2, 21.5; IR (KBr, cm-1): 3391, 3337, 2957, 2926, 2852, 1623,
1475, 1116, 1026, 858, 759; HRMS (ESI/Q-TOF) (m/z) calcd for CaoH17N20 [M + H]* 301.1335;

found 301.1336.

6-(4-Bromophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1s):

NH,

A

As a white solid (39 mg, 43% yield, mp 236—238 °C); Purification over

Br
O 0N O a column of silica gel (15% EtOAc in hexane); *H NMR (DMSO-ds,

400 MHz): 6 7.93 (d, 2H, J = 8.08 Hz), 7.80 (d, 2H, J = 7.2 Hz), 7.66

(d, 2H, J = 8.8 Hz), 7.53-7.49 (m, 2H), 7.41-7.37 (m, 2H), 6.98 (s, 1H),

6.77 (s, 2H): *.C{*H} NMR (DMSO-ds, 100 MHz): § 163.3, 150.9, 150.5, 150.2, 138.5, 131.6,
129.8, 129.2, 128.4, 128.3, 123.9, 121.9, 106.1, 100.2, 99.6: IR (KBr, cm): 3381, 3327, 2955,
2923, 2852, 1628, 1407, 1113, 1026, 858, 759; HRMS (ESI/Q-TOF) (m/z) calcd for C1oH14BrN20
[M + H]* 365.0824; found 365.0829.

2-Amino-5-phenylfuran-3-carbonitrile (1'):

NH,

(o]

As a white solid (41 mg, 90% yield, mp 186—188 °C); Purification over a column
of silica gel (15% EtOAc in hexane); *H NMR (DMSO-ds, 400 MHz): 6 7.62 (s,
2H), 7.48 (d, 2H, J = 6.8 Hz), 7.36 (t, 2H, J = 7.8 Hz), 7.19 (t, 1H, J = 7.4 Hz),

6.98 (s, 1H); BC{*H} NMR (DMSO-ds, 100 MHz): § 164.0, 141.8, 129.4, 128.8, 126.6, 122.1,
116.1, 106.7, 66.2; IR (KBr, cm™Y): 3412, 3324, 2956, 2921, 2851, 2205, 1646, 1490, 1173, 1066,
880, 759; HRMS (ESI/Q-TOF) (m/z) calcd for C1aHeN20 [M + H]* 185.0709; found 185.0718.

2,3-Diphenylguinolin-4-amine (15a):

As a white solid (63 mg, 85% yield, mp 239-241 °C); Purification over a
column of silica gel (30% EtOAc in hexane); *H NMR (DMSO-ds, 500 MHz):
58.29 (d, 1H, J = 8.5 Hz), 7.86 (d, 1H, J = 8.0 Hz), 7.66 (t, 1H, J = 7.5 Hz),

5 Hz), 7.34 (t, 2H, J = 7.5 Hz), 7.28-7.23 (m, 3H), 7.18-7.14 (m, 5H), 6.05 (s,

2H); BC{*H} NMR (DMSO-ds, 125 MHz): 6 157.9, 148.6, 147.2, 141.7, 136.7, 131.2, 129.5,
129.2,129.0, 128.8, 127.14, 127.08, 126.9, 124.2, 122.6, 117.3, 114.4; IR (KBr, cm-Y): 3431, 3301,
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2956, 2922, 2852, 1615, 1493, 1113, 1073, 847, 760; HRMS (ESI/Q-TOF) (m/z) calcd for
C21H17N2 [M + H]* 297.1386; found 297.1391.

12-Amino-2,5,6,11-tetraphenylfuro[3’,2":5,6]pyrido[2,1-a]isoquinolin-4-ium (1aa):

As a yellow solid (86 mg, 80% yield, mp 386—388 °C); Purification over a
column of silica gel (2% MeOH in DCM); *H NMR (DMSO-ds, 400 MHz):
5 8.95 (s, 1H), 7.78 (s, 1H), 7.75-7.67 (m, 3H), 7.58 (d, 2H, J = 8.0 Hz),
7.53 (t, 1H, J = 7.6 Hz), 7.45-7.41 (m, 3H), 7.34-7.28 (m, 9H), 7.19-7.13
(m, 4H), 6.85 (d, 2H, J = 8.0 Hz); 3C{*H} NMR (DMSO-ds, 100 MHz): 6
152.7, 151.2, 148.8, 140.0, 135.1, 135.0, 134.5, 133.3, 132.3, 131.3, 131.0, 130.6, 130.5, 129.7,
129.6, 1295, 128.9, 128.7, 128.1, 127.9, 127.7, 127.2, 126.9, 126.0, 124.3, 123.9, 122.3, 119.1,
114.9, 109.7, 99.7; IR (KBr, cm1): 3452, 3315, 3198, 2956, 2921, 2851, 1649, 1461, 1156, 1030,
879, 762; HRMS (ESI/Q-TOF) (m/z) calcd for CagH2sN20 [M + H]* 540.2196; found 540.2195.

(R)-3-(2-(4-Amino-2,5-diphenylfuro[2,3-b]pyridin-6-yl)phenyl)-1-propylpyrrolidine-2,5-dione
(1aw):

As a white solid (72 mg, 72% yield, mp 254-256 °C); Purification over
a column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400
MHz): 6 7.86 (d, 2H, J = 7.2 Hz), 7.45 (t, 2H, J = 7.4 Hz), 7.38-7.28 (m,
4H), 7.23-7.19 (m, 2H), 7.16-7.12 (m, 1H), 7.01 (d, 1H, J = 7.2 Hz),
6.98 (s, 1H), 6.96-6.88 (m, 2H), 4.56 (s, 2H), 4.27—4.24 (m, 1H),
3.44-3.38 (M, 2H), 3.30—3.23 (m, 1H), 2.99-2.93 (m, 1H), 1.56-1.53 (m, 2H), 0.87 (t, 3H, J= 7.6
Hz); BC{*H} NMR (CDCls, 100 MHz): § 175.8, 177.1, 161.4, 153.5, 152.9, 146.2, 140.5, 137.2,
1354, 131.9, 131.6, 130.8, 130.1, 129.4, 129.1, 128.9, 128.8, 128.4, 127.6, 126.6, 124.9, 118.0,
106.9, 97.4, 44.4, 40.6, 39.2, 21.2, 11.5; IR (KBr, cm™1): 3442, 3396, 2956, 2922, 2852, 1697,
1629, 1456, 1114, 1072, 728; HRMS (ESI/Q-TOF) (m/z) calcd for CaHzsN3Os [M + H]*
502.2125; found 502.2127.

2-([1,1'-Biphenyl]-4-yl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7ax):

As a white solid (60 mg, 68% yield, mp 188—190 °C); Purification
over a column of silica gel (10% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): 6 7.94 (d, 2H, J = 8.4 Hz), 7.68—7.62 (m, 4H),
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7.46 (t, 2H, J = 7.4 Hz), 7.39-7.28 (m, 6H), 7.20 (d, 2H, J = 6.8 Hz), 7.16—7.14 (m, 3H), 6.99 (s,
1H), 4.49 (s, 2H); 3C{*H} NMR (CDCls, 100 MHz): 6 162.1, 153.6, 153.0, 145.9, 141.4, 140.8,
140.5, 136.3, 132.2, 131.5, 130.2, 129.2, 129.0, 127.7, 127.63, 127.61, 127.4, 127.1, 126.3, 125.3,
116.9, 106.8, 97.6; IR (KBr, cm™1): 3466, 3393, 2955, 2922, 2852, 1620, 1456, 1168, 1072, 842,
781; HRMS (ESI/Q-TOF) (m/z) calcd for Ca1H23N20 [M + H]" 439.1805; found 439.1812.

5,6-Diphenyl-2-(4-(p-tolylethynyl)phenyl)furo[2,3-b]pyridin-4-amine (7ay):

As a white solid (71 mg, 75% yield, mp 258-260 °C); Purification
over a column of silica gel (10% EtOAc in hexane); *H NMR
(CDCl3, 400 MHz): 6 7.81 (d, 2H, J =8.4 Hz), 7.56 (d, 2H, J=8.4
Hz), 7.44 (d, 2H, J = 8.0 Hz), 7.35-7.28 (m, 5H), 7.21-7.14 (m,
7H), 6.95 (s, 1H), 4.51 (s, 2H), 2.38 (s, 3H); *C{*H} NMR
(CDCl3, 100 MHz): 6 162.1, 153.8, 152.6, 145.9, 140.7, 138.8,
136.2, 132.1, 131.7, 131.4, 130.2, 129.6, 129.3, 129.2, 127.64,
127.61, 127.4, 124.6, 123.6, 120.2, 116.9, 106.7, 98.3, 91.4, 88.9, 21.7; IR (KBr, cm™): 3464,
3397, 2956, 2922, 2852, 2236, 1619, 1491, 1167, 880, 781; HRMS (ESI/Q-TOF) (m/z) calcd for
CasH2sN20 [M + H]" 477.1961; found 477.1961.

(E)-2-(4-(4-Methylstyryl)phenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (7az):
As a white solid (66 mg, 70% vyield, mp 269-271 °C);

Purification over a column of silica gel (10% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 5 7.86 (d, 2H, J = 8.4 Hz), 7.57 (d,
2H, J = 8.4 Hz), 7.43 (d, 2H, J = 8.4 Hz), 7.34-7.28 (m, 6H),
7.20 (d, 3H, J = 8.0 Hz), 7.17-7.13 (m, 5H), 6.97 (s, 1H), 4.49
(s, 2H), 2.37 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): § 162.1,
153.6, 153.2, 145.8, 140.8, 138.0, 137.9, 136.4, 134.6, 131.5,
130.2, 129.7, 129.4, 129.2, 129.1, 127.65, 127.63, 127.4, 127.0, 126.7, 125.1, 116.9, 106.8, 97.4,
21.5; IR (KBr, cm1): 3460, 3397, 2955, 2920, 2851, 1621, 1456, 1187, 1067, 881, 759; HRMS
(ESI/Q-TOF) (m/z) calcd for CasH27N20 [M + H]* 479.2118; found 479.2129.
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111.9. Representative NMR Spectra:

2,5,6-Triphenylfuro[2,3-b]pyridin-4-amine (1a): *H NMR (CDCls, 500 MHz)
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5,6-Diphenyl-2-(p-tolyl)furo[2,3-b]pyridin-4-amine (2a): *"H NMR (CDClI3, 500 MHz)
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5,6-Diphenyl-2-(p-tolyl)furo[2,3-b]pyridin-4-amine (2a): *3C{*H} NMR (CDCls, 125 MHz)
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2-(4-Chlorophenyl)-5,6-diphenylfuro[2,3-b]pyridin-4-amine (6a): *H NMR (CDCls;, 500

MH?z)
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8,9-Diphenylnaphtho[2',1':4,5]furo[2,3-b]pyridin-7-amine (14a): *H NMR (CDClIs, 400

MH?z)
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2-Phenyl-5,6-di-p-tolylfuro[2,3-b]pyridin-4-amine (1b): *H NMR (CDCls, 500 MHz)
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2-Phenyl-5,6-di-p-tolylfuro[2,3-b]pyridin-4-amine (1b): 3C{*H} NMR (CDCls, 125 MHz)
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5,6-Bis(4-chlorophenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1h): *H NMR (CDCls, 500
MH?z)
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125 MHz)
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6-(4-Methoxyphenyl)-2-phenyl-5-(p-tolyl)furo[2,3-b]pyridin-4-amine (11): *H NMR (CDCls,
500 MHz)
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5-(4-Bromophenyl)-6-(4-methoxyphenyl)-2-phenylfuro[2,3-b]pyridin-4-amine  (1n): *H

NMR (CDCl3, 400 MHz)
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5-(4-Bromophenyl)-6-(4-methoxyphenyl)-2-phenylfuro[2,3-b]pyridin-4-amine (1n): 13C{*H}
NMR (CDCls, 100 MHz)
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5-Methyl-2,6-diphenylfuro[2,3-b]pyridin-4-amine (10): *H NMR (CDCls, 500 MHz)
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5-Methyl-2,6-diphenylfuro[2,3-b]pyridin-4-amine (10): 3C{*H} NMR (CDCls, 125 MHz)
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6-Methyl-2,5-diphenylfuro[2,3-b]pyridin-4-amine (10"): *H NMR (CDCI3, 500 MHz)
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6-Methyl-2,5-diphenylfuro[2,3-b]pyridin-4-amine (10%): **C{*H} NMR (CDCls, 125 MHz)
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2,6-Diphenylfuro[2,3-b]pyridin-4-amine (1qg): *H NMR (CDClIs, 400 MHz)
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2-Amino-5-phenylfuran-3-carbonitrile (1'): *H NMR (DMSO-dg, 400 MHz)
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2,3-Diphenylquinolin-4-amine (15a): *H NMR (DMSO-ds, 400 MHz)
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— CHAPTER IV —

Cu(l)-Promoted Cascade Synthesis of Fused

Imidazo-Pyridine-Carbonitriles
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\,/easily accessible precursors / late stage functionalizations Aem = 502-533 nm
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The Journal of Organic Chemistry

ABSTRACT: A Cu(ll)-promoted synthesis of an aza-fused N-heterocycle having a benz-
imidazopyridine scaffold is developed via an addition-cyclization followed by an Ullmann-type
C—N coupling between o-iodoanilines and y-ketodinitriles. This protocol features a broad
substrate scope, giving products in the range of 32—84% yields. The compounds show excellent
photoluminescence properties having two absorption maxima in the region between 270-280
and 338-350 nm and emission maxima in the range of 502-533 nm. The HOMO-LUMO
energy gap of 3.49-3.57 eV was determined using Gaussian 09 program at the B3LYP/6-31G

(d, p) basis set level. We also demonstrated a few post-synthetic modifications.
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CHAPTER IV

Cu(ll)-Promoted Cascade Synthesis of Fused Imidazo-

Pyridine-Carbonitriles
IV.1. Introduction:

Constructing polyheterocyclic nitrogenous frameworks in a one-pot cascade process from
readily accessible precursors is an attractive and demanding research area.! Nitrogen
polyheterocycles are prevalent in several naturally occurring and synthetic compounds having
biological activities and material applications.? The aza-fused scaffold, benzo[4,5]imidazo[1,2-
a]pyridine possessing a cyano group at the 4-position is of interest in pharmaceuticals owing to its
anticancer, antimalarial, antifungal, antibacterial, antiviral properties (Figure 1V.1.1).2 In addition,
due to its n-extended features and remarkable photophysical properties, the aryl-fused (benz)-

imidazole framework has also found its use in the field of electronics and optical materials.*

F
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Figure 1V.1.1. Representative active benzo[4,5]imidazo[1,2-a] pyridines.

The prevalent existence of this class of compounds leads to the development of several
synthetic protocols. For example, In 2011, Wu et al. developed the synthesis of pyrido[1,2-
a]benzimidazole via copper-catalyzed inter and intramolecular C—N couplings between 2-
haloanilines and 2-halopyridines [Scheme 1V.1.1, (i)].° In 2015, the Das group reported a similar
Cu(ll)-catalyzed, inter and intramolecular C—N bond formation for the synthesis of benzimidazole-
fused heterocycles via a sequential Chan—Lam and Ullmann-type couplings [Scheme I1V.1.1, (ii)].°

The transition-metal-catalyzed synthesis of nitrogen-heterocycles via C—N cross-coupling

mainly involves Pd or Cu catalysts. However, the latter is preferred due to its low cost and high
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environmental acceptability.” Further o-iodoanilines have been used as valuable precursors in
transition-metal catalysis especially, copper-catalyzed couplings via the addition/cyclization
cascade process.® The nucleophilic amino group promotes the intermolecular addition with the
unsaturated electrophilic center, while the o-iodo group takes part in an intramolecular cyclization
via a metal-mediated C—C or C—heteroatom bond formation. In 2018, Liang groups reported an
efficient Cu(ll)-catalyzed heteroannulation reaction for the synthesis of benzo[4,5]imidazo[2,1-
aJisoquinoline derivatives captivating o-alkynylbenzonitriles and 2-iodoanilines [Scheme IV.1.1,
(iii)].° The efficiency of this protocol relay on the nitrogen of the aniline moiety, as it undergoes
both nucleophilic attacks on nitrile as well as on the alkyne in a cascade manner.

In addition, substrates bearing functionalized or activated cyano group has drawn substantial
attention owing to their well-recognized potential to transform into a variety of nitrogen-containing
heterocycles.’® Previously, our group also successfully harnessed the cyano moiety of y-
ketodinitriles via Ru(l1)- and Pd(I1)-catalyzed cascade [4 + 2] and [5 + 1] annulation strategies with
internal alkynes and arylboronic acids, respectively for accessing fused isoquinolines and
pyridines.!! Based on our interest in nitrile triggered process to access N-heterocycles and taking
cues from the copper-catalyzed cascade addition/cyclization of o-iodoaniline herein, we report a
Cu(I)-promoted strategy for the construction of benzo[4,5]imidazo[1,2-a] pyridine-4-carbonitriles
[Scheme 1V.1.1, (iv)].

Earlier Reports :
ref5

@ ! NH, Cul (2 mol %) N
SN 2 1,10-phenanthroline (4 mol %) \
- N
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X=1,Br xylene, 120 °C X
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R ref9 R
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Scheme 1V.1.1. Synthetic approaches to fused benzimidazoles.
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IV.2. Strategies for the Synthesis of Aza-Fused Pyrido[1,2-

a]benzimidazole:

Because of the significant pharmaceutical and photophysical properties of
benzo[4,5]imidazo[1,2-a]pyridine, several elegant methods have been developed for their
synthesis. In 2009, polysubstituted pyrido[1,2-a]benzimidazole derivatives are efficiently
synthesized via a one-pot, four-component reaction using pyridine or 3-picoline, chloroacetonitrile,
malononitrile, and aromatic aldehyde (Scheme I1V.2.1).1? The reaction was believed to proceed
through the formation of polysubstituted benzenes followed by subsequent substitution and
annulation reaction of pyridine.

I —R1

R |
© | CICHZCN N Q
¥

MeCN heat NC
R%2=H, CH,

Scheme 1V.2.1. Multicomponent synthesis of fused pyrido-benzimidazoles.

In 2010, Zhu et al. reported a Cu(ll)-catalyzed intramolecular aromatic C—H amination of
N-aryl-2-aminopyridines for the efficient synthesis of pyrido[1,2-a]benzimidazoles in moderate to
excellent yields under oxygen atmosphere co-catalyzed by Fe(NO3)s-9H20 (Scheme 1V.2.2).23 The
reaction is believed to proceed via a Cu(ll)-catalyzed electrophilic aromatic substitution pathway.

H Cu(OAc), (20 mol %)

N N
Fe(NO3);:9H,0 (10 mol % 2
R1—:/Y | g (NO:)s8H,0 ( " (\Nr 7\
N & PivOH (5.0 equiv) S
RZ

0,, DMF, 130 °C

Scheme 1V.2.2. Cu(ll)-catalyzed synthesis of pyrido-benzimidazoles.

In 2013, a Rh(lll)-catalyzed direct oxidative alkyne annulation without an extra directing
group for the synthesis of pyrido[1,2-a]benzimidazoles via vinylic C—H activation is reported by

the Peng group (Scheme 1V.2.3).14

N Rz [RhCP*Clyl, (5 mol %) QN
@E H—H Cu(OAc),H,0 (1.2 equiv) W __R?
N |
__H
R3>\(

N
Al | 110 °C, 12 h I
Rl r, toluene, 110 °C, R3 X R
R4 R*

Scheme 1V.2.3. Rh(Il)-catalyzed synthesis of pyrido-benzimidazoles.
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In 2014, Antonchick et al. reported a metal-free approach to access pyrido[1,2-
a]benzimidazoles via annulation reaction between substituted 2-aminopyridines and arenes under

mild reaction conditions (Scheme 1V.2.4).1
NH i
N 3 A PhI(OAc), (2.0 equiv) /\r/N
R1©/ + @RZ R'— 2
KN Z HFIP, 40 °C \,N~©‘(R

Scheme 1V.2.4. Metal-free synthesis of pyrido-benzimidazoles.

In 2018, Pan et al. described a transition-metal free synthesis of benzo[4,5]imidazo[1,2-
a]pyridines via reaction of ynones with 2-methyl benzimidazole (Scheme 1V.2.5).1® The reaction
involved a Michael addition, intramolecular cycloaddition, and dehydration through a cascade

manner to provide the desired product in moderate to good yield.

(: Z‘-N
KOH (1.0 equiv) \ R3

Q
O :
\ + R2
R X
N "X\t 1,4-dioxane, 100 °C A
H R

Scheme 1V.2.5. Transition-metal-free synthesis of pyrido-benzimidazoles.

RZ

In 2020, Aiwen Lei and co-workers established the synthesis of pyrido[1,2-
a]benzimidazoles via a Pd(I1)-catalyzed electro-oxidative intramolecular C—H amination of N-aryl-

2-aminopyridines reaction without an external oxidant or additive (Scheme 1V.2.6).1’

’ C(+)|Fe(): 1=2mA
N Pd(PPh;),(OAc), (5 mol %) N
X A 3)2/ 2 o Z 2
R‘—:/\r [ Age R‘—/\r
TN P> LiCIO, (2.0 equiv) N~ \
CH;CN:HCOOH = 1:1 —/'R?
N,, rt, 6.5 h

Scheme 1V.2.6. Electrochemical synthesis of pyrido-benzimidazoles.

Very recently in 2021, the Jinsong Peng group developed a stereoselective nucleophilic
addition of (benz)imidazoles to alkynyl bromides followed by a Pd(Il)-catalyzed intermolecular
C-H annulation with internal alkynes for the synthesis of fluorescence active
Benzo[4,5]imidazo[1,2-a]pyridines in good to high yields (Scheme 1V.2.7).%

(i) Cs,C03, 110 °C, 24 h QN
N - 2_— p3 \
R“————R 3
@E\> . R-=—pr @ R
N
H

N
PdCI,(CH5CN),, DPPE <

R! R?
K,CO,, DMA, 120 °C, 24 h

Scheme 1V.2.7. Pd(Il)-catalyzed synthesis of pyrido-benzimidazoles.

TH-2725_166122029 Page 190



Chapter IV

1V.3. Present Work:

IVV.3.1. Optimization of the Reaction Conditions:

The initial assays were carried out by taking 2-(3-oxo0-1,3-diphenylpropyl)malononitrile (1)
(0.25 mmol) and 2-iodoaniline (a) (0.50 mmol, 2 equiv) as the reacting partners in the presence of
Cu(OAC)2:H20 (10 mol %) as the catalyst, 2,2'-bipyridine (20 mol %) as ligand and p-
toluenesulfonic acid (PTSA-H20, 2 equiv) as an additive in 1,2-dichloroethane (DCE) (2 mL) at
120 °C in a pressure tube for 12 h. The reaction furnished a yellow fluorescent spot (viewed under
a 365 nm UV lamp) as observed by TLC, and the product (1a) was isolated in 15% yield (Table
IV.3.1, entry 1). Further, increasing the loading of Cu(OAc)2-H20 (50 mol %) produces (1a) an
improved yield of 58% (Table 1V.3.1, entries 2 and 3). From the spectroscopic analysis, the
structure of the isolated product was found to be 1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-
carbonitrile (1a) and was further confirmed by a single-crystal X-ray diffraction study of one of its
derivative (1h) (Figure 1V.3.1.1, CCDC-2103595).

Figure 1V.3.1.1. ORTEP diagram of (1h) with 40% ellipsoid probability (CCDC-2103595).

To find the optimal reaction conditions further screening process was initiated. Next, the
amount of PTSA-H>0 was varied and four equivalence proved to be beneficial, yielding the product
in 76% yield (Table 1V.3.1, entries 4 and 5). The excess use of ligand 2,2'-bipyridine (50 mol %)
was counterproductive, providing a trace amount of product (Table 1V.3.1, entry 6). Additionally,
switching the catalytic system to other copper salts did not improve the yield (Table 1V.3.1, entries
7-11). Control experiments revealed that the omission of either 2,2'-bipyridine or PTSA-H,0 failed
to give the desired product, thereby suggesting their crucial role in the present protocol (Table
IV.3.1, entries 12 and 13). Among the solvent screened, both non-polar (toluene) and polar solvents
(MeOH, acetonitrile, and DMSQ) were found to be inferior to that of DCE (Table 1V.3.1, entries
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14-17). The use of other copper-binding ligands such as L-proline (00%), PPh3 (00%), and XPhos
(00%) was unproductive while 1,10-phenanthroline (72%) gave a comparable yield (Table 1V.3.1,
entries 18—21). Other acid additives such as AcOH, CFsCOOH, and PhCO2H instead of PTSA-H20
were found completely ineffective (Table 1V.3.1, entries 22—24). Further, increasing the amount of
2-iodoaniline (a) to 3 equiv did not improve the yield (76%) (Table 1V.3.1, entry 25), while
decreasing the amount to 1 equiv had a detrimental effect (48%) (Table 1V.3.1, entry 26). When the
reaction was continued for 24 h, a marginal increase in the yield was observed (Table 1V.3.1, entry
27). The reaction at lower (80 °C) and higher (140 °C) temperatures failed to improve the product
yield (Table 1V.3.1, entries 28 and 29). The reaction was successful with 2-bromoanilne but the
yield was only 52% after 24 h (Table 1V.3.1, entry 30). After screening various reaction parameters,
the optimized condition for this transformation was found to be the use of (1) (0.25 mmol), (a) (0.50
mmol, 2 equiv), Cu(OAc)2-H20 (50 mol %), 2,2"-bipyridine (20 mol %), and PTSA-H-0 (4 equiv)
in DCE (2 mL) at 120 °C in a pressure tube for 12 h (Table 1V.3.1, entry 4).

Table 1V.3.1. Optimization of the reaction conditions.?-"

Ph@ NH, : catalyst.s,.ligands Ph. N 2N

- ©/ additives U

o solvents, 120 °C, 12 h Y

) () pressure tube (1a) pp

entry catalyst (mol %) ligand (mol %) additive (equiv) solvent | yield (%)°
1 Cu(OAC)2»H,0 (10) | 2,2"-bipyridyl (20) PTSA-H,0 (2) | 1,2-DCE 15
2 Cu(OAC)»H20 (20) | 2,2"-bipyridyl (20) PTSA-H,0 (2) | 1,2-DCE 31
3 Cu(OAC)»H20 (50) | 2,2-bipyridyl (20) PTSA-H,0 (2) | 1,2-DCE 58
4 Cu(OAC)H20 (50) | 2,2'-bipyridyl (20) | PTSA-H:0 (4) | 1,2-DCE 76
5 Cu(OAC)»H20 (50) | 2,2"-bipyridyl (20) PTSA-H,0 (5) | 1,2-DCE 78
6 Cu(OAC)2-H20 (50) 2,2"-bipyridyl (50) PTSA-H20 (4) 1,2-DCE trace
7 Cu(OAc): (50) 2,2"-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 72
8 Cu(S04)2:5H,0 (50) | 2,2'-bipyridyl (20) PTSA-H.0 (4) 1,2-DCE <15
9 Cu(OTf)2 (50) 2,2"-bipyridyl (20) PTSA-H.0 (4) 1,2-DCE nd
10 Cul (50) 2,2"-bipyridyl (20) PTSA-H.0 (4) 1,2-DCE 00
11 Cu,0 (50) 2.,2'-bipyridyl (20) PTSA-H.O (4) | 1,2-DCE 00
12 Cu(OAcC)2-H20 (50) PTSA-H,0 (4) 1,2-DCE trace
13 | Cu(OAc)H.0 (50) | 2.2-bipyridyl (20) 1,2-DCE 00
14 Cu(OAc)-H20 (50) 2,2"-bipyridyl (20) PTSA-H-0 (4) Toluene 00

TH-2725_166122029
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15 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) MeOH 00
16 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) CHsCN 00
17 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) DMSO 00
18 Cu(OAc)-H:0 (50) 1,10-phen (20) PTSA-H20 (4) 1,2-DCE 72
19 Cu(OAc)-H:0 (50) L-proline (20) PTSA-H20 (4) 1,2-DCE 00
20 Cu(OAc)-H:0 (50) PPhs (20) PTSA-H20 (4) 1,2-DCE 00
21 Cu(OAc)-H:0 (50) XPhos (20) PTSA-H20 (4) 1,2-DCE 00
22 Cu(OAc)-H20 (50) 2,2'-bipyridyl (20) AcOH (4) 1,2-DCE 00
23 Cu(OAc)-H20 (50) 2,2'-bipyridyl (20) CF3SOzH (4) 1,2-DCE 00
24 Cu(OAc)-H20 (50) 2,2'-bipyridyl (20) PhCO2H (4) 1,2-DCE 00
25 Cu(OAc)-H20 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 76°
26 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 484
27 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 73¢
28 Cu(OAc)-H20 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE tracef
29 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 629
30 Cu(OAc)-H:0 (50) 2,2'-bipyridyl (20) PTSA-H20 (4) 1,2-DCE 52"
@Reaction condition: 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) (0.25 mmol), 2-iodoaniline (a) (0.5 mmol),
catalyst (mol %), additives (equiv) at 120 °C in a sealed tube for 12 h. ®Yields of the isolated product. ¢3 equiv of
(a) was used. 91 equiv of (a) was used. ¢Yield after 24 h. fTemperature 80 °C. 9Temperature 140 °C. "Reaction
carried out using 2-bromoaniline for 24 h.

IVV.3.2. Substrates Scopes for the Synthesis of Fused Benz-Imidazopyridines:

TH-2725_166122029

With the best-optimized conditions in hand, the effect of R* and R? on y-keto-malononitriles
(1-21) was tested with 2-iodoaniline (a) (Scheme 1V.3.2.1). Substrates having an unsubstituted
aroyl ring (R* = H) and R? as electron-donating substituents viz. p-Me (2), p-OMe (3), and p-Ph (4)
reacted successfully with (a), yielding their corresponding benz-imidazopyridines (2a), (3a), and
(4a) in 75%, 80%, and 82% vyield respectively. Similarly, substrates with R? as electron-
withdrawing groups such as p-F (5), p-Cl (6), 0-Br (7), and m-NO: (8) provided their respective
products (ba, 79%), (6a, 72%), (7a, 61%), and (8a, 64%) (Scheme 1V.3.2.1). Therefore, nearly
identical yields were obtained regardless of the electronic effect suggesting the insignificant
influence of R? on the reaction. Next, the effect of R! was screened, and both electron-donating
groups p-Me (9), p-OMe (10) and electron-withdrawing groups p-F (11), p-Cl (12), p-Br (13), and
0-NO: (14) were compatible giving the corresponding benz-imidazopyridines (9a, 82%), (10a,
84%), (11a, 66%), (12a, 63%), (13a, 62%), and (14a, 41%) (Scheme 1V.3.2.1). The substrates
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containing R as EDG gave higher yields compared to the EWG which indicate EDGs in the aroyl

moiety (RY) show better reactivity. This might be due to the destabilization of the imine intermediate

in substrates having EWG.

%
R1—\ |

NH, Cu(OAc),-H,0 (50 mol %)
2,2'-bypyridyl (20 mol %)

PTSA-H,0 (4 equiv)
(a) 1,2-DCE (2 mL), 120 °C, 12 h

NN N
l Z I > l Z I Z
CN CN CN CN
Me OMe Ph F Cl
(1a,76%) (52%)” (00%)° (2a, 75%) (3a, 80%) (4a, 82%) (5a, 79%) (6a, 72%)
Me OMe F
¢ Q J Q J ;*\ ¢ :* O Q

s
D
5 10
0
Q'Q
g@
O O
Q @
D \

O
O
Q\
2 ()
Q\
Q\

(12a, 63%) (13a, 62%) (14a, 41%) (15a, 76%) (16a, 81%) OMe

&
9

&
F0

Q
0

& \_fz
&

(17a, 83%) G| (18a, 73%) OMe (19a, 70%) Br (20a, 78%) (21a, 55%)

@Reaction conditions: (i) 1-21 (0.25 mmol), 2-iodoaniline (a) (0.50 mmol), Cu(OAc)2-H20 (0.125 mmol), 2,2'-bipyridyl (0.050

mmol), PTSA-H20 (1 mmol) and 1,2-DCE (2 mL) at 120 °C in a pressure tube for 12 h. PReaction carried out using 2-bromoaniline

for 24 h. °Reaction carried out using 2-chloroaniline for 24 h.

Scheme 1V.3.2.1. Substrate scope for various j-ketodinitriles.®"¢
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This methodology was equally successful when the phenyl ring o to the malononitrile was
replaced with a naphthyl ring (15), and a 3,4-disubstituted phenyl ring (16) giving their respective
products (15a), and (16a) in 76% and 81% yields respectively (Scheme 1V.3.2.1). Next, both RY/R?
of y-keto-malononitriles were varied. The y-keto-malononitriles having p-Me/p-Cl (17) and p-Cl/p-
OMe (18) gave their expected products (17a, 83%), and (18a, 73%) in good yield respectively
(Scheme 1V.3.2.1). Similarly, y-keto-malononitriles bearing benzo[d][1,3]dioxole aroyl ring and R?
as p-Br (19) afforded the desired product (19a, 70%) in good yield respectively (Scheme 1V.3.2.1).
Furthermore, R as p-Me in combination with furan (20) and substrate with two furan rings (21)
gave their products (20a) and (21a) in 78% and 55% yields, respectively (Scheme 1V.3.2.1).

After successfully synthesizing a library of fused benz-imidazopyridines using several -
keto malononitriles (1-21), the scope of this methodology was then extended to substituted o-
iodoanilines (b—m) (Scheme 1V.3.2.2). o-lodoanilines possessing electron-donating groups such as
p-Me (b), 3,4-di-Me (c), p-'Pr (d), and p-Bu (e) positively responded to this protocol providing their
expected products (1b, 81%), (1c, 65%), (1d, 72%), and (1e, 76%) (Scheme 1V.3.2.2).

3
& eSS
Ph 20 cn NHz  cu(0AC),H,0 (50 mol %)
on - B 2,2'-bypyridyl (20 mol %)
L N ) PTSA-H,0 (4.0 equiv)
R®  1,2.DCE (2mL), 120°C, 12 h

ﬁa@
ﬁ@
ﬁ@

(1b, 81%) (59%)® (1c, 65%) (1d, 72%) (1e 76% (1f, 75% (19, 65%)
NO, COCH, CN

ﬁ ol
ﬁ sos
Q

(1h 64% (i, 54% (1, 41%) (1k 32%) (11, 40%) (1m, 35%)

@Reaction conditions: (i) 1 (0.25 mmol), 2-iodoanilines (b—m) (0.50 mmol), Cu(OAc)2-H20 (0.125 mmol), 2,2'-bipyridyl (0.050
mmol), PTSA-H20 (1 mmol) and 1,2-DCE (2 mL) at 120 °C in a pressure tube for 12 h. ®5 mmol scale.

Scheme 1V.3.2.2. Substrate scope for o-iodoanilines.®P
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o-lodoanilines possessing electron-withdrawing groups p-F (f), p-CI (g), 5-CI (h), p-Br (i),
5-CF3 (j), p-NOz2 (k), p-COCHzs (1), and p-CN (m) underwent efficient cyclization when reacted
with y-keto malononitrile (1) providing their expected products (1f, 75%), (1g, 65%), (1h, 64%),
(11, 54%), (1), 41%), (1k, 32%), (1l, 40%), and (1m, 35%) respectively (Scheme 1V.3.2.2). As can
be observed from the yields pattern, o-iodoanilines possessing electron-withdrawing groups (b—e)
gave lower yields compared to substrates having electron-donating (f—-m) substituents. This is
because, the amino group in substrates possessing electron-donating groups are better nucleophiles

during nucleophilic addition at the y-keto group of the dinitrile precursors.
IVV.4. Mechanistic Investigations:

IVV.4.1. Control Experiments:

Several control experiments were carried out to elucidate a plausible reaction mechanism
for this Cu(ll)-promoted transformation. To ascertain the role of Cu(ll), two independent reactions
were performed. In the first reaction, (9) and (a) were reacted without Cu(OAc)2-H20 and 2,2'-
bypyridine. The reaction failed to give the desired product (9a) instead, an imine intermediate (9a')
was obtained in 32% yield after 12 h (Scheme 1V.4.1.1).

Me
Me
o NH,

GN | . N_~2NH
PTSA-H,0 (4.0 equiv) |

CN +
1,2-DCE (2 mL), 120 °C, 12 h

e~
O pressure tube
® @ (9a', 32%) O

Scheme 1V.4.1.1. Reaction in the absence of catalyst and ligand.

While in the second reaction, both (9) and (a) were reacted in the presence of Cu(OAc)2-H-0
and 2,2'-bypyridine 20 mol % each. After 6 h, the formation of imine intermediate (9a’, 66%) and
the desired product (9a, 24%) was observed (Scheme 1V.4.1.2). These observations confirmed that
the Cu(ll) is assisting in the cyclic imine formation possibly via coordination with the cyano group

and it can help the oxidation/aromatization process during the formation of the intermediate (9a’).

Me
O 0 Me
cN NHz  cu(0Ac),"H,0 (20 mol %)
! 2,2'-bipyridine (20 mol %)
CN +
PTSA-H,0 (4.0 equiv)
O 1,2-DCE (2 mL), 120 °C, 6 h
pressure tube
9) (a) (9a', 24%)

Scheme 1V.4.1.2. Reaction in the presence of lower catalyst loading.
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To check the exact role of the ligand, a pre-formed (9a’) and Cu(OAc)2-H20 (30 mol %) in
the presence or absence of the ligand successfully produce the desired product (9a) almost in a
similar yield of 92% and 88% respectively (Scheme 1V.4.1.3). Thus, ruling out the involvement of
ligand in Cu(ll)-catalyzed intramolecular Ullmann-type cyclization. Also, the success of the

reaction with 30 mol % catalyst loading hinted at the involvement of two different forms of Cu(ll)

H

catalyst, one in ligated and the other in non-ligated form.

Me
O O Cu(OAc),H,0 (30 mol %)
Cu(OAc),"H,0 (30 mol %)

N N ZNH 5o -bipyridine (20 mol %)

Z~cN 1,2-DCE (2 mL), 120 °C, 6 h CN  1,2-DCE (2 mL), 120 °C, 6 h

pressure tube pressure tube
O (9a, 88%) O (9a") (9a, 92%)

Scheme 1V.4.1.3. Reaction with and without ligand.
To justify the role of the iodo group, a reaction was commenced between 1 and p-toluidine
(n). The reaction delivers the hydrolyzed N-arylated-2-pyridone (1n, 62%) as a major product
along with the minor formation of imine intermediate (1n’, 22%) (Scheme 1V.4.1.4). This result
recommends the presence of the iodo group in the ortho position for Cu(ll)-catalyzed Ullmann

cyclization.

Me Me

Ph 0 o NHz  cu(0Ac),-H,0 (50 mol %) : N
2,2"-bipyridine (20 mol %) ZNH
CN -+
Ph PTSA-H,0 (4.0 equiv)
Ml  1:2-DCE(2mL), 120°C, 12 h
(1) (n)

pressure tube

(1n 62%) (1n', 22%)
Scheme 1V.4.1.4. Reaction with p-toluidine.
From the series of control experiments, it was found:
Q) Only the cyclic imine intermediate (V) (Scheme 1V.4.2.1) was obtained in a lower yield
(32%) in the absence of Cu(OAc)2-H20 and 2,2"-bipyridine.
(i) Both catalyst and ligand help accelerate the formation of cyclic imine (V).
(iii) ~ The Ullmann coupling step proceeds with equal efficiency either in the presence or absence
of the ligand.
(iv)  Distinct involvement of ligated Cu(Il) and free Cu(ll) in the reaction process.

(v) Requirement of the ortho-iodo group for cyclization.

TH-2725_166122029 Page |197



Chapter IV

1VV.4.2. Plausible Reaction Mechanism:

Based on the control experiments, literature reports'® and intermediate detected by HRMS
analysis (Figure 1V.4.2.1), a plausible reaction mechanism is proposed (Scheme 1V.4.2.1). Initially,
the y-ketodinitrile (1) undergo an acid-catalyzed imine formation with 2-iodoaniline (a) to form an
intermediate (I). In the presence of 2,2'-bipyridine (L) and PTSA, the in situ generated ligand-bound
Cu(1l) complex (A) undergo coordination with one of the nitrile groups of intermediate (1) to form
intermediate (Il1). The intramolecular cyclization of (I1) produces a six-membered cyclic
intermediate (111) in which the Cu(ll) is coordinated with the nitrile N atom with the elimination of
PTSA. Protonolysis of (111) gives intermediate (1) and regenerates the Cu(ll) complex (A).

L |
/
\cu(lll)
°N
I _cN  AcoH
N
S N |
W P Ph HI
| of &% (VI
cullL 2 L OAc
N N, i)
l_cN Cul
N N
< The Ulimann I cn
Ph Ph cyclization N |
(Vi S
cu™(0Ac)(0Ts (1X) e
Cu(bpy), (B)
cuoAc) s
| ), SE
_Lcu™(0Ts) S
N Cu(OAc),-H,0 &
+

{__CN £
N 2,2"bpy (L) e
Ph” S Ph PTSA Cu®(OAc)L Q N
AcOH

(D) o, NN
' NH AcOH | -
WA N =\ /— PTSA Py E
g \_/" (1a)
Ph Ph N ¥
T V) cul®
9 AcO” oTs I
o )
< 2cu(0Ac) (A) ot
PTSA
2cu("(0Ac), B CN
o 4
| NH |ntram_olef:ular Ph () Ph (o] CN
| cyclization
CN
1

Ny
Ph 4N |#2---LCu™

PTSA ~oTs
" H CN

Ph ) PTSA

Scheme 1V.4.2.1. Proposed reaction path.
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In the presence of Cu(OAc)2-H20/bpy, the intermediate (1) aromatizes to a cyclic imine
(V) (detected by HRMS analysis, Figure 1V.4.2.1) which coordinates with complex (A) to give an
intermediate (V1) (detected by HRMS analysis, Figure 1V.4.2.1) via elimination of AcOH. The
Cu(ll) bound intermediate (V1) undergoes disproportionation in the presence of in situ generated
Cu(l)OAc to generate a Cu(l) coordinated species (V1) (detected by HRMS analysis, 1V.4.2.1). A
subsequent intramolecular oxidative addition with the iodoaryl generates a Cu(lll) intermediate
(V). Next, the exchange of acetate ligand produces an intermediate (1X) with the elimination of
HI. Finally, the reductive elimination gives the product (1a) with the formation of
[Cu(D)(OACc)(bpy)] complex which coordinates with PTSA to regenerate the active catalyst (A).

, Cu(l)(bpy)(OTs) 3 I y ,Cull(bpy)

CaqHq6IN; | CyqH3CulN;0;8 ! C34H3CulN;
[M + H]" = 474.0462 ! [M + H]" = 863.0483 ! [M+H]* = 692.0367
found 474.0478 i found 863.0480 | found 692.0367

Figure 1V.4.2.1. Intermediate detected from the HRMS analysis of the reaction aliquots.

IVV.5. Post-Synthetic Applications:

To further explore the synthetic utility, a few late-stage functionalizations were
successfully carried out. The nitrile moiety of 7-methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-
a]pyridine-4-carbonitrile (1b) was successfully converted to keto aryl group using a Pd(II)-

catalyzed addition of phenylboronic acid (0), giving 1bo in 72% yield (Scheme IV.5.1).2°

Me, Me

O_N Ho..on
W/ ok Pd(OAc), (10 mol %)
| . @ 2,2"-bipyridyl (20 mol %)
® S ® PTSAH,0 (10.0 equiv)
(3.0 equiv) Toluene (2 mL), 120 °C,24 h
(1b) (o) pressure tube (1bo, 72%)

Scheme 1V.5.1. Pd(ll)-catalyzed addition of phenylboronic acid.

Further a Pd(ll)-catalyzed Sonogashira coupling was performed between a bromo-
substituted benz-imidazopyridine, 7-bromo-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-
carbonitrile (1i), and 4-ethynyltoluene (p) to produce an alkyne functionalized benz-
imidazopyridine (1ip) in 52% yield (Scheme 1V.5.2).2
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PdCI,(PPhj3), (5 mol %)
Cul (10 mol %)

DBU (3.0 equiv)
DMF, 120 °C, 24 h

pressure tube (1ip, 52%)

Scheme 1V.5.2. Pd(ll)-catalyzed Sonogashira coupling.

IVV.6. Photophysical Properties:

Usually, t-conjugated nitrogen-containing flat, planner heterocycles display luminogenic??
behavior under UV light. Thus, the photophysical behavior of some of the synthesized compounds
was inspected. However, the introduction of electron-donating and electron-withdrawing groups
to the phenyl rings of the diarylbenzo[4,5]imidazo[1,2-a]pyridine skeleton has a slight influence
on their photophysical properties.

The UV-visible absorption spectra of 1a, 3a, 6a, 7a, 8a, 10a, 12a, 13a, 17a, 18a, 1b, 1d,
19, 1i, and 1m (Figure 1V.6.1) were recorded in dichloromethane having 1 x 10-°> M concentration.

These (benzo)imidazopyridines derivatives exhibit two absorption maxima, one in the region of

270-280 nm and the other 338—350 nm.
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Figure 1V.6.1. UV-vis spectra in CH.Cl; (concentrations: 1 x 10> M).

The photoluminescence spectra of 1a, 3a, 6a, 7a, 8a, 10a, 12a, 13a, 17a, 18a, 1b, 1d, 1g,
1i, and 1m (Figure 1V.6.2) were recorded in dichloromethane having 1 x 10~ M concentration
exciting at 380 nm. All these compounds emit green fluorescence with fluorescence emission
between 502-533 nm (Table 1V.6.1). Therefore, they could be developed as good organic
fluorophores having important applications in materials sciences such as probes, bio-imaging, and

optoelectronic devices.
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Figure 1V.6.2. Photoluminescence spectra in CH2Cl, (concentrations: 1 x 10~ M, excitation

wavelength 380 nm).

The effect of solvent polarity was also examined by measuring the fluorescence emissions
of compounds 1a, 3a, 6a, 10a, and 12a (Figure 1V.6.3) in hexane, toluene, DCM, ethyl acetate,
MeOH, acetonitrile, and DMSO. The emission wavelengths of the compounds with either electron-
donating groups (3a and 10a) or electron-withdrawing groups (6a and 12a) in both polar and non-

polar solvents were unaffected, suggesting a negligible solvent effect (Table 1V.6.2).
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Figure 1V.6.3. Photoluminescence spectra in different solvents (concentrations: 1 x 10~ M,

excitation wavelength 380 nm).
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Table 1V.6.1. Absorbance and emission maxima of the selected compounds.

Entry | Compound Aabs (NM) Aem (NM)
1 la 280, 341 521
2 3a 276, 342 520
3 6a 277, 342 525
4 7a 281, 344 514
5 8a 273, 352 532
6 10a 280, 341 520
7 12a 277, 343 528
8 13a 277, 343 527
9 17a 281, 343 525
10 18a 271, 353 526
11 1b 277, 352 524
12 1d 277, 352 525
13 19 279, 343 522
14 1i 278, 347 510
15 im 270, 338 502

Table 1V.6.2. Emission maxima of the selected compounds in different solvents.

Entry | Compound Aem (NM)
Hexane | Toluene | DCM | EtOAc | MeOH | CHCN | DMSO
1 la 511 520 521 522 522 526 532
2 3a 511 518 520 |520 520 522 527
3 6a 512 520 527 | 522 523 522 530
4 10a 511 520 520 | 520 518 523 525
5 12a 515 526 528 | 524 525 527 533

IV.7. Density Functional Theory (DFT) Calculations:

To determine more supplementary information concerning the properties of these

molecules at their molecular level, density functional theory (DFT) calculations were performed

using a suite of the Gaussian 09 program.? The highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) energy levels of the derivatives were calculated
using the B3LYP/6-31G (d, p) basis set level in the dichloromethane solvent modeled by the PCM

approach. The LUMOs of each compound are distributed over the entire molecule, while the

HOMOs were primarily distributed on the benzo[4,5]imidazo[1,2-a]pyridine skeleton excluding

the two aryl ring at the 1 and 3 position positions having an energy gap in the range of 3.46-3.57
eV (Figure IV.7.1, and IV.7.2).
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Enonmo =-5.78 eV

1d
Ernvo=-226eV Erpno=-226eV  E;n0=-2.39eV  Ejno=-2.39eV

AE=3.49 eV

AE=3.56 eV

EHOMO =-5.75eV EHOMO =-5.75eV EI'lOMO =-5.96 eV EHOMO =-595eV

Figure 1V.7.1. DFT optimized structure and Molecular Orbitals amplitude plots of HOMO and
LUMO of 1a, 3a, 6a, 10a, and 12a using density functional theory calculation at the B3LYP/6-
31G (d, p) basis set level in dichloromethane solvent modeled by the PCM approach.
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10a 12a
ELUMO =-2.36 eV

AE =347 eV AEi 344 eV

Enonmo=-5.70eV  Egomo=-3.82eV Enomo=-5.72eV Exorvo=-5.83 eV

Figure 1V.7.2. DFT optimized structure and Molecular Orbitals amplitude plots of HOMO and
LUMO of 3a, 6a, 10a, and 12a using density functional theory calculation at the B3LYP/6-31G
(d, p) basis set level in dichloromethane solvent modeled by the PCM approach.

1VV.8. Conclusion:

In conclusion, we have demonstrated an effective methodology for the synthesis of aza
fused benz-imidazopyridine-carbonitriles via Cu(ll)-promoted cascade C=C, C—N, and C=N bond
formations. This protocol is scalable and features readily available starting materials having broad
substrate scope. The prevalent existence of the core skeletons in medicinally pertinent compounds
makes it synthetically useful. Beyond the synthesis, few post-synthetic functionalizations with the
resulting molecules have been demonstrated. Further, these benz-imidazopyridines exhibit green
emission (Amax 502-533 nm) and HOMO-LUMO energy gap in the range of 3.44 to 3.57 eV making

them potential candidates for material science applications.
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IVV.9 Experimental Section:

IVV.9.1. General Information:

All the reagents were commercial grade and purified according to the established
procedures. All the reagents were commercial grade and used without further purification unless
otherwise stated. All the reactions were carried out in an oven-dried pressure tube (20.3 cm x 19
mm, 21 mL) under aerobic conditions. Reactions were monitored by thin-layer chromatography
(TLC) on 0.25 mm silica gel plates (60F2s4) and visualized under UV illumination at 254 nm.
Organic extracts were dried over anhydrous sodium sulfate (Na;SO4). Column chromatography was
performed to purify the crude product on silica gel 60—120 mesh using a mixture of hexane and
ethyl acetate as eluent. The isolated compounds were characterized by spectroscopic [*H, 3C{1H}
NMR, and IR] techniques and HRMS analysis. NMR spectra were recorded in deuterochloroform
(CDCls). *H, ¥C{1H} were recorded in 600 (150) or 500 (125), or 400 (100) MHz spectrometer
and were calibrated using tetramethylsilane or residual undeuterated solvent for 'H NMR,
deuterochloroform for 3C NMR as an internal reference {Si(CHs)4: 0.00 ppm or CHCls: 7.260 ppm
for 'H NMR, 77.230 ppm for 3C NMR}. °F NMR was calibrated without any internal standard in
CDCl3 in 400 MHz spectrometers. The chemical shifts are quoted in ¢ units, parts per million (ppm).
'H NMR data is represented as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, g = quartet, m = multiplet, br = broad, dd = doublet of doublet, tt = triplet of triplet),
integration and coupling constant(s) J in hertz (Hz). High-resolution mass spectra (HRMS) were
recorded on a mass spectrometer using electrospray ionization-time of flight (ESI-TOF) reflection
experiments. FT-IR spectra were recorded in KBr or neat and reported in the frequency of
absorption (cm™). All UV experiments were performed at a probe concentration of 10° M in 1 mL
quartz cuvettes of path length 1 cm at 25 °C in UV-Vis spectrometer. Photoluminescence was
carried out at a concentration of 10~° M in 1 mL quartz cuvettes at 25 °C in a spectrofluorometer in

an HPLC grade dichloromethane solution.

- —rt — P—
. A~ i e

iy
Pressure tube (20.3 cm x 19 mm, 21 mL) g

PTFE stopper
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I1VV.9.2. General Procedures:
IVV.9.2.1. General Procedure for the Synthesis of 2-(3-Oxo-1,3-diarylpropyl)malononitriles
(1-21):

Compounds 1-21 are synthesized by slight modifying of the literature procedure.?

1VV.9.2.2. General Procedure for the Synthesis of 2-lodoaniline Derivatives:
2-lodoaniline derivatives were synthesized by a slight modification of the literature

procedure.?®

1VV.9.2.3. General Procedure for the Synthesis of 1,3-Diarylbenzo[4,5]imidazo[1,2-a]pyridine-
4-carbonitriles (1a) from 2-(3-Oxo-1,3-diphenylpropyl)malononitriles (1) and 2-lodoaniline
(a):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) (68 mg, 0.25 mmol), 2-iodoaniline (a) (109
mg, 0.50 mmol), Cu(OAc)2-H20 (25 mg, 0.125 mmol), 2,2"-bipyridyl (7.8 mg, 0.05 mmol),
PTSA-H20 (190 mg, 1 mmol), and 1,2-DCE (2 mL). The reaction mixture was stirred at 120 °C
for 12 h. After completion of the reaction (monitored by TLC analysis), the reaction mixture was
admixed with ethyl acetate (25 mL) and the organic layer was washed with saturated sodium
bicarbonate solution (5 mL). The organic layer was dried over anhydrous Na;SOa, and the solvent
was evaporated under reduced pressure. The crude product so obtained was purified over a column
of silica gel using 10% EtOAc in hexane to give pure 1,3-diphenylbenzo[4,5]imidazo[1,2-
a]pyridine-4-carbonitriles (1a) in 76% yield (65 mg). The identity and purity of the product were

confirmed by spectroscopic analysis.

I1VV.9.3. Mechanistic Investigation:
1VV.9.3.1. Control Experiments:
1VV.9.3.1.1. In the Absence of Ligand:

The experiment was carried out according to the general procedure 1V.9.2.3 taking 2-(3-
0x0-1-phenyl-3-(p-tolyl)propyl)malononitrile (9) (72 mg, 0.25 mmol), and 2-iodoaniline (a) (109
mg, 0.50 mmol) without the ligand. The crude product so obtained was purified over a column of
silica gel using 30% ethyl acetate in hexane to give pure 2-imino-1-(2-iodophenyl)-4-phenyl-6-(p-
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tolyl)-1,2-dihydropyridine-3-carbonitrile (9a’) with 32% vyield. The identity and purity of the

product were confirmed by spectroscopic analysis.

I1VV.9.3.1.2. In the Presence of Lower Catalyst Loading:

The experiment was carried out according to the general procedure 1V.9.2.3 taking 2-(3-
0x0-1-phenyl-3-(p-tolyl)propyl)malononitrile (9) (72 mg, 0.25 mmol), 2-iodoaniline (a) (109 mg,
0.50 mmol), and lower catalyst loading of Cu(OAc)2-H20 (10 mg, 0.05 mmol). The crude product
so obtained was purified over a column of silica gel using 10% ethyl acetate in hexane to give pure
3-phenyl-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (9a) in 24% yield and using
30% ethyl acetate in hexane to give pure 2-imino-1-(2-iodophenyl)-4-phenyl-6-(p-tolyl)-1,2-
dihydropyridine-3-carbonitrile (9a') with 66% yield.

1VV.9.3.1.3. Ullmann-type Cyclization Reaction with Pre-formed Cyclic Imine (9a’):

Q) The experiment was carried out according to the general procedure 1V.9.2.3 taking 2-imino-
1-(2-iodophenyl)-4-phenyl-6-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (9a’) (121 mg, 0.25
mmol), Cu(OAc)2-H20 (14 mg, 0.075 mmol), 2,2"-bipyridyl (7.8 mg, 0.05 mmol), and 1,2-DCE (2
mL). The crude product so obtained was purified over a column of silica gel using 10% ethyl acetate
in hexane to give pure 3-phenyl-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (9a) in
92% yield.

(i) The experiment was carried out according to the general procedure 1V.9.2.3 taking 2-imino-
1-(2-iodophenyl)-4-phenyl-6-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (9a’) (121 mg, 0.25
mmol), Cu(OAc)2-H20 (14 mg, 0.075 mmol), and 1,2-DCE (2 mL). The crude product so obtained
was purified over a column of silica gel using 10% ethyl acetate in hexane to give pure 3-phenyl-

1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (9a) in 88% yield.

I1VV.9.3.1.4. Reaction in the Absence of o-lodo Group:

The experiment was carried out according to the procedure 1V.9.2.3 taking 2-(3-0xo0-1,3-
diphenylpropyl)malononitrile (1) (68 mg, 0.25 mmol), and p-toluidine (a) (54 mg, 0.50 mmol).
The crude product so obtained was purified over a column of silica gel using 2% ethyl acetate in
hexane to give pure 2-0x0-4,6-diphenyl-1-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (1n) in
62% yield and using 30% ethyl acetate in hexane to give pure 2-imino-4,6-diphenyl-1-(p-tolyl)-
1,2-dihydropyridine-3-carbonitrile (1n") with 22% yield.
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1VV.9.3.2. ESI-MS Studies for the Reaction Mixtures at Different Time Intervals:

Sample Name
User Name
Sample Type
ACQ Method

Sample Name
User Name
Ssample Type
ACQ Method

SAMPLE

Sample

ESI ALS 100-1000.m

x10 €

SAMPLE

sample

ESI ALS 100-1000.m

x10 ®
1.05

1

0.95

0.9

0.85

0.8

0.7

0.65

Position P2-F2 Instrument Name
Ini Vol 20 InjPosition

IRM Callbration Status  Success Data Fllename
Comment Acquired Time

+ESI Scan (scans: #16) Frag=175.0V AR-20M.d

I
QL
CN
|
S
W O |
C24HyIN; @i |NH
M = 473.0389 N CN
[M + HJ* = 474.0462 ’ ~
& (1v)
c24H18|N3
. M = 475.0545
£ M + H = 476.0618

463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479 480 481 482 483 484

Counts vs. Mass-to-Charge (m/z)

Figure 1V.9.3.2.1. HRMS spectrum after 20 min.

Position P2-F4 Instrument Name
Inj Vol 20 InjPosition
IRM Calibration Status Success Data Filename

Comment Acquired Time

+ESI Scan (scans: #16) Frag=175.0V AR-40M.d

863.0480

: .,I N/CU(II)(bpy)(OTS)

865.0484

C41H3CuIN;0;8
[M + H]* = 863.0483

Instrument 1

AR-20M.d
8/9/2021 4:34:45 PM (UTC+05:30)

Instrument 1

AR-40M.d
8/9/2021 4:45:44 PM (UTC 105:30)

856 858 860 862 864
Counts vs. Mass-to-Charge (m/z)

Figure 1V.9.3.2.2. HRMS spectrum after 40 min.
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Sample Name ~ SAMPLE Position
uuuuuuu Inj Vol
Sample Type Sample IRM Calibration Status  Success

ACQ Method ESI ALS 100-1000.m Comment

x10 5 |*ES| Scan (scans: #22) Frag=175.0V AR-40M.d

692.0367

5 @. |~ Cuiopy)
2

= C34H2;CulN;
] [M + H* = 692.0367

694.0349

693.0386

o
N
695.0375

| |
682 683 684 685 686 687 688 689 690 691 692 693 694 695 696 697 698
Counts vs. Mass-to-Charge (m/z)

Figure 1V.9.3.2.3. HRMS spectrum after 40 min.

I1VV.9.4. Post Synthetic Applications:
1V.9.4.1. General procedure for the Synthesis of (7-Methyl-1,3-
diphenylbenzo[4,5]imidazo[1,2-a]pyridin-4-yl)(phenyl)methanone (1bo) from 7-Methyl-1,3-
diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1b) and Phenylboronic Acid (0) :
To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 7-methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1b) (89 mg, 0.25
mmol), phenylboronic acid (0) (91 mg, 0.75 mmol), Pd(OAc). (5.6 mg, 0.025 mmol), 2,2’-
bipyridyl (7.8 mg, 0.05 mmol), PTSA-H20 (475 mg, 2.5 mmol), and toluene (2 mL). The reaction
mixture was stirred in an oil bath preheated at 120 °C for 24 h. After completion of the reaction
(monitored by TLC analysis), the reaction mixture was admixed with ethyl acetate (25 mL) and
the organic layer was washed with saturated sodium bicarbonate solution (5 mL). The organic layer
was dried over anhydrous sodium sulfate (Na2SOs), and the solvent was evaporated under reduced
pressure. The crude product so obtained was purified over a column of silica gel using 5% ethyl
acetate in hexane to give pure (7-methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridin-4-
yl)(phenyl)methanone (1bo) in 72% yield. The identity and purity of the product were confirmed

by spectroscopic analysis.
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1V.9.4.2. General Procedure  for the  Synthesis of  1,3-Diphenyl-7-(p-
tolylethynyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile  (lip) from 7-Bromo-1,3-
diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1i):

To an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added 7-bromo-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1i) (105 mg, 0.25
mmol), 1-ethynyl-4-methylbenzene (p) (87 mg, 0.75 mmol), PdCI>(PPhsz)2 (8.7 mg, 0.0125 mmol),
Cul (4.7 mg, 0.025 mmol), DBU (114 mg, 0.75 mmol), and DMF (2 mL). The reaction mixture
was stirred in an oil bath preheated at 120 °C for 24 h. After completion of the reaction (monitored
by TLC analysis), the reaction mixture was admixed with ethyl acetate (25 mL) and the organic
layer was washed with ice-cooled water (10 mL) and saturated sodium chloride solution (5 mL).
The organic layer was dried over anhydrous sodium sulfate (Na:SOs), and the solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column of
silica gel wusing 10% ethyl acetate in hexane to give pure 1,3-diphenyl-7-(p-
tolylethynyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (Lip) in 52% yield. The identity and

purity of the product were confirmed by spectroscopic analysis.

IVV.9.5. Crystallographic Information:
IVV.9.5.1. Sample Preparation:

The single crystal of compound 1h was prepared by the slow evaporation method for which
15 mg of the compound (1h) was dissolved in 1 mL of methanol in a clean and dry 10 mL glass
vial. DCM (1 mL) was added to this solution slowly with a dropper. The mouth of the glass vial
was covered with a cap having a small hole and kept for slow evaporation at room temperature. A

single crystal of 1h was obtained as a transparent yellow needle-like crystal after around 7 days.

IV.9.5.2. Crystallographic Information of 8-Chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-
a]pyridine-4-carbonitrile (1h):

Diffraction data were collected at 292 K with MoKa radiation (A = 0.71073 2\) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with a graphite monochromator and
Apex CD camera. The SMART software was used for data collection and for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were
performed using SAINT®2 software and the space groups of these crystals were determined from
systematic absences by XPREP and further justified by the refinement results. The structures were
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solved by direct methods and refined by full-matrix least-squares calculations using
SHELXTL-97° software. All the non-H atoms were refined in the anisotropic approximation
against F2 of all reflections.
1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta
Crystallogr. 1995, A51, 33-38.
2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

IVV.9.5.3. Crystallographic Description of 8-Chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-
a]pyridine-4-carbonitrile (1h):

C24H14CINs, crystal dimensions 0.25 x 0.22 x 0.16 mm, M, = 379.83, Triclinic, space group
P -1, a=8.0354(10) A, b =10.0301(12) A, ¢ = 12.1559(13) A, « = 88.390 (4)°, = 73.215 (4)°, y
= 84.907 (4)°, V = 934.27 (19) A3, Z = 2, peaica = 1.350 mg/m?, x = 0.219 mm, F(000) = 392.0,
reflection collected/unique = 4642/3675, refinement method = full-matrix least-squares on F?, final
R indices [I>2\s(1)]: R1 = 0.0562, wR> = 0.1372, R indices (all data): R1 = 0.0425, wR> = 0.1220,
goodness of fit = 0.726. CCDC-2103595 for 8-chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-
a]pyridine-4-carbonitrile (1h) contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.
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IVV.10. Spectral Data:
1,3-Diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1a):

As a yellow solid (65 mg, 76% yield, mp 224—226 °C); Purification over a column
O Q of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6 7.99 (d, 1H,
| J = 8.0 Hz), 7.78-7.77 (m, 2H), 7.70-7.62 (m, 5H), 7.55-7.51 (m, 3H), 7.44 (t,

1H, J = 7.5 Hz), 7.03 (t, 1H, J = 7.2 Hz), 6.86 (s, 1H), 6.62 (d, 1H, J = 8.5 Hz);

O B3C{'H} NMR (CDCls, 125 MHz): § 149.3, 148.1, 145.6, 144.9, 136.1, 133.2,
131.1,130.4,129.6, 129.4, 129.2, 128.9, 128.8, 126.4, 121.9, 120.6, 115.6, 114.8,
113.4, 98.0; IR (KBr, cm™): 3061, 2956, 2924, 2854, 2223, 1627, 1594, 1524, 1489, 1448, 1308,
1291, 758, 698; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C24H16N3 346.1339; found 346.1340.

1-Phenyl-3-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (2a):

Asa yellow solid (67 mg, 75% yield, mp 212—214 °C); Purification over a column
O :@:« of silica gel (10% EtOAc in hexane); *H NMR (CDCls; 500 MHz): 6 7.99 (d, 1H,
| J=8.0Hz), 7.69-7.61 (m, 7H), 7.44 (t, 1H, J = 7.8 Hz), 7.34 (d, 2H, J = 7.5 Hz),
7.02 (t, 1H, J = 7.8 Hz), 6.85 (s, 1H), 6.60 (d, 1H, J = 8.5 Hz), 2.43 (s, 3H);
O 3C{'H} NMR (CDCls, 125 MHz): 6 149.4, 148.2, 145.6, 144.8, 140.8, 133.3,
133.2,131.1, 129.9, 129.6, 129.4, 128.78, 128.77, 126.4, 121.8, 120.5, 115.8,
114.7, 113.4, 97.6, 21.6; IR (KBr, cm): 3054, 2995, 2923, 2849, 2226, 1625, 1598, 1520, 1490,
1446, 1418, 1305, 1264, 896, 826, 733, 703; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C2sH1sNs
360.1495; found 360.1489.

3-(4-Methoxyphenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (3a):

As a yellow solid (75 mg, 80% yield, mp 210-212 °C); Purification over a column
O Q of silica gel (15% EtOAc in hexane); *H NMR (CDCls 400 MHz): ¢ 7.95 (d, 1H,
| J=8.4Hz), 7.74 (d, 2H, J = 8.8 Hz), 7.69-7.61 (m, 5H), 7.40 (t, 1H, J = 7.8 Hz),
7.04-6.98 (m, 3H), 6.83 (s, 1H), 6.58 (d, 1H, J = 8.8 Hz), 3.85 (s, 3H); 3C{'H}

O NMR (CDCls, 100 MHz): 6 161.5, 148.9, 148.3, 145.5, 144.7, 133.2, 131.0, 130.4,
129.5,129.4,128.8, 128.2,126.2, 121.7, 120.3, 115.9, 114.7, 113.3, 96.9, 55.6; IR
(KBr, cm1): 3056, 2954, 2925, 2854, 2221, 1604, 1522, 1489, 1446, 1308, 1258, 1180, 1028, 832,
762, 740, 706; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C2sH1sN3O 376.1444; found 376.1448.
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3-([1,1'-Biphenyl]-4-yl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (4a):

As a yellow solid (86 mg, 82% yield, mp 248—250 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls 500 MHz): § 8.02 (d, 1H, J
= 8.5 Hz), 7.87 (d, 2H, J = 8.5 Hz), 7.76 (d, 2H, J = 8.5 Hz), 7.72-7.62 (m, 7H),
7.47 (t, 3H, J = 7.5 Hz), 7.39 (t, 1H, J = 7.2 Hz), 7.05 (t, 1H, J = 7.8 Hz), 6.91 (s,
1H), 6.63 (d, 1H, J = 8.5 Hz); BC{*H} NMR (CDCls, 125 MHz): § 148.9, 148.2,
145.7, 144.9, 143.4, 140.1, 134.9, 133.3, 131.2, 129.6, 129.5, 129.4, 129.2, 128.8,

128.2, 127.9, 127.4, 126.5, 121.9, 120.7, 115.7, 114.8, 113.3, 97.9; IR (KBr, cm™1): 3057, 2955,
2924, 2856, 2229, 1631, 1598, 1449, 1311, 1275, 1263, 765, 748, 704; HRMS (ESI/Q-TOF) m/z:
[M + H]" calcd for C3oH20N3 422.1652; found 422.1657.

3-(4-Fluorophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (5a):

As a yellow solid (71 mg, 79% yield, mp 244—-246 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.98 (d, 1H,
J=8.4 Hz), 7.79-7.75 (m, 2H), 7.72—7.61 (m, 5H), 7.45 (t, 1H, J = 7.6 Hz), 7.23
(t,2H, J = 8.6 Hz), 7.04 (t, 1H, J = 7.6 Hz), 6.83 (s, 1H), 6.61 (d, 1H, J = 8.4 Hz);
B3C{'H} NMR (CDCl3, 100 MHz): 6 164.1 (d, J = 250.2 Hz), 148.2, 147.9, 145.6,
145.1, 133.1, 132.2 (d, J = 3.3 Hz), 131.2, 130.9 (d, J = 8.6 Hz), 129.6, 129.4,

128.8, 126.5, 122.0, 120.6, 116.5 (d, J = 21.8 Hz), 115.5, 114.8, 113.2, 97.9; F NMR (CDCls): 6
~109.8 (s); IR (KBr, cm™): 3058, 2967, 2925, 2852, 2223, 1626, 1602, 1520, 1489, 1446, 1310,
1263, 1235, 1160, 836, 763, 736, 703; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C24H15FNs
364.1245; found 364.1252.

3-(4-Chlorophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (6a):

e~

)

Cl

CN

As a yellow solid (68 mg, 72% yield, mp 219-221 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls 500 MHz): 6 8.02 (d, 1H,
J=8.0Hz), 7.73-7.69 (m, 3H), 7.66 (t, 2H, J = 7.5 Hz), 7.63-7.61 (m, 2H), 7.52
(d, 2H, J=8.5Hz), 7.47 (t, 1H, J = 7.0 Hz), 7.06 (t, 1H, J = 7.5 Hz), 6.82 (s, 1H),
6.62 (d, 1H, J = 8.5 Hz); *C{*H} NMR (CDCls, 125 MHz): 6 147.98, 147.94,
145.7,145.2,136.9, 134.5, 133.2, 131.3,130.2, 129.7, 129.6, 129.4, 128.8, 126.6,
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122.1,120.8,115.4,114.8, 113.0, 98.2; IR (KBr, cm1): 3064, 2954, 2924, 2854, 2223, 1625, 1596,
1523, 1489, 1446, 1310, 1264, 1091, 1013, 830, 762, 736, 703; HRMS (ESI/Q-TOF) m/z: [M +
H]" calcd for C24H15CIN3 380.0949; found 380.0951.

3-(2-Bromophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (7a):

As a yellow solid (64 mg, 61% yield, mp 224-226 °C); Purification over a column
O Q of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.05 (d, 1H, J
I = 8.4 Hz), 7.75 (d, 1H, J = 8.0 Hz), 7.69-7.60 (m, 5H), 7.56-7.54 (m, 1H),
Br 7.51-7.47 (m, 2H), 7.39-7.35 (m, 1H), 7.07 (t, 1H, J = 7.8 Hz), 6.79 (s, 1H), 6.68
O (d, 1H, J = 8.4 Hz); BC{*H} NMR (CDCl3, 100 MHz): 6 149.1, 147.4, 145.6, 144.4,
137.2,133.7,133.1, 131.4, 131.2, 130.9, 129.6, 128.8, 128.0, 126.6, 122.12, 122.10, 120.8, 114.9,
114.6, 114.3, 100.8; IR (KBr, cm1): 3061, 2956, 2924, 2849, 2228, 1626, 1591, 1513, 1488, 1421,
1446, 1297, 1231, 1028, 961, 792, 756, 701; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for
C24H15BrN3 424.0444; found 424.0450.

3-(3-Nitrophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (8a):

As a yellow solid (62 mg, 64% yield, mp 231-233 °C); Purification over a column

O :an of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.54 (s, 1H),

l 8.36 (d, 1H,J=8.4Hz),8.18 (d, 1H,J=8.0 Hz), 7.98 (d, 1H, J =8.4 HZz), 7.78-7.66

O (m, 6H), 7.47 (t, 1H, J = 7.8 Hz), 7.07 (t, 1H, J = 7.8 HZz), 6.88 (s, 1H), 6.65 (d, 1H,

OaN J=8.4Hz); BC{*H} NMR (CDCls, 100 MHz): § 148.8, 147.4, 146.3, 145.8, 145.7,

137.7, 134.9, 132.8, 131.4, 130.5, 129.7, 129.4, 128.7, 126.8, 124.9, 123.8, 122.4, 120.7, 114.95,

114.91,112.6, 98.8; IR (KBr, cm1): 3058, 2954, 2923, 2860, 2224, 1626, 1595, 1531, 1490, 1446,

1349, 1310, 741, 693; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C24H15N4O> 391.1190; found
391.1198.

3-Phenyl-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (9a):

As a yellow solid (73 mg, 82% yield, mp 216-218 °C); Purification over a
Me O Y column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
N. 4
| o 8.00 (d, 1H, J = 8.4 Hz), 7.78-7.76 (m, 2H), 7.55-7.50 (m, 5H), 7.48-7.44

O (m, 3H), 7.06 (t, 1H, J = 7.8 Hz), 6.84 (s, 1H), 6.72 (d, 1H, J = 8.4 Hz), 2.55
(s, 3H): BC{*H} NMR (CDCls, 100 MHz): 5 149.4, 148.2, 145.6, 145.2,
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141.5, 136.1, 130.4, 130.3, 130.2, 129.4, 129.2, 128.8, 128.6, 126.4, 121.8, 120.5, 115.6, 114.9,
113.5, 97.8, 21.8; IR (KBr, cm™1): 3042, 2956, 2923, 2860, 2223, 1628, 1597, 1531, 1503, 1448,
1309, 758, 698; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C2sH1sN3 360.1495; found 360.1496.

1-(4-Methoxyphenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (10a):

As a yellow solid (78 mg, 84% vyield, mp 241-243 °C); Purification over a
Mee O T\ | column of silica gel (15% EtOAc in hexane); 'H NMR (CDCls, 500 MHz): 6
(| 7.98(d, 1H, J =85 Hz), 7.77-7.75 (m, 2H), 7.56-7.49 (m, 5H), 7.44 (t, 1H,
O J=72Hz), 7.14 (d, 2H, J = 8.5 Hz), 7.06 (t, 1H, J = 7.5 Hz), 6.82 (s, 1H),
6.78 (d, 1H, J = 8.5 Hz), 3.95 (5, 3H): 3C{*H} NMR (CDCls, 125 MHz): 6
161.8, 149.4, 148.3, 145.6, 145.0, 136.2, 130.3, 130.2, 129.5, 129.2, 128.8, 126.4, 125.4, 121.8,
120.5, 115.6, 114.9, 113.6, 97.6, 55.7; IR (KBr, cm1): 3058, 2962, 2927, 2843, 2222, 1625, 1608,
1501, 1447, 1308, 1253, 1178, 1029, 836, 759, 740, 698; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd

for C2sH18N3O 376.1444; found 376.1448.

1-(4-Fluorophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (11a):

column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6

.| 8.04(d, 1H,J =85 Hz), 7.79-7.77 (m, 2H), 7.65-7.62 (m, 2H), 7.57-7.53 (m,
O 3H), 7.49 (t, 1H, J = 7.5 Hz), 7.36 (t, 2H, J = 8.5 Hz), 7.09 (t, 1H, J = 7.8 Hz),
6.85 (s, 1H), 6.66 (d, 1H, J = 8.5 Hz); 3C{*H} NMR (CDCls, 125 MHz): 5 164.4
(d, J =250.8 Hz), 149.3, 148.1, 145.8, 143.8, 136.0, 131.0 (d, J = 8.6 Hz), 130.5, 129.40, 129.35,
128.9, 126.6, 122.1, 120.9, 116.9 (d, J = 21.9 Hz), 115.5, 114.5, 113.7, 98.5; °F NMR (CDCly): ¢
~108.0 (s); IR (KBr, cm~1): 3055, 2965, 2924, 2853, 2223, 1626, 1604, 1529, 1499, 1448, 1309,
1264, 1231, 1157, 1014, 758, 733, 698; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C24H1sFN3
364.1245; found 364.1249.

Q As a yellow solid (59 mg, 66% vyield, mp 216-218 °C); Purification over a
F
QU

| .

1-(4-Chlorophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (12a):

column of silica gel (10% EtOAc in hexane); *H NMR (CDCl3 500 MHz): 6
8.02 (d, 1H, J = 8.0 Hz), 7.78-7.76 (m, 2H), 7.66—7.64 (m, 2H), 7.60—7.59
O (m, 2H), 7.57—7.53 (m, 3H), 7.49 (t, 1H, J = 8.0 Hz), 7.11 (t, 1H, J = 8.0 Hz),

Q As a yellow solid (59 mg, 63% yield, mp 252—-254 °C); Purification over a
Cl
A

| .

N
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6.84 (s, 1H), 6.71 (d, 1H, J = 8.5 Hz); *C{*H} NMR (CDCls, 125 MHz): § 149.2, 148.1, 145.7,
143.6, 137.6, 136.0, 131.6, 130.5, 130.3, 130.0, 129.4, 129.3, 128.9, 126.6, 122.2, 120.9, 115.4,
114.6, 113.7, 98.5; IR (KBr, cm™2): 3053, 2962, 2932, 2857, 2226, 1626, 1601, 1522, 1484, 1448,
1309, 1090, 1016, 760, 740, 698; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for CasHisCIN3
380.0949; found 380.0955.

1-(4-Bromophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (13a):

As a yellow solid (65 mg, 62% yield, mp 239—-241 °C); Purification over a
o O I\ column of silica gel (10% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6

(| 801(d 1H,]1=8.4Hz),7.81(d, 2H,J=8.4 Hz),7.77-7.75 (m, 2H), 7.55-7.52

O (m, 5H), 7.48 (t, 1H, J = 7.6 Hz), 7.11 (t, 1H, J = 7.8 Hz), 6.84 (s, 1H), 6.72
(d, 1H, J = 8.4 Hz); ¥C{*H} NMR (CDCls, 100 MHz): 5 149.2, 148.0, 145.7,
143.6, 135.9, 132.9, 132.1, 130.5, 130.4, 129.33, 129.28, 128.9, 126.6, 125.8, 122.0, 120.8, 115.4,
114.6, 113.6, 98.5; IR (KBr, cm1): 3053, 2959, 2924, 2857, 2223, 1625, 1599, 1522, 1481, 1448,
1308, 1290, 1067, 1012, 829, 789, 759, 739, 697; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for

C24H15BrN3 424.0444; found 424.0447.

1-(2-Nitrophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (14a):

As a yellow solid (40 mg, 41% vyield, mp 250-252 °C); Purification over a
O 9‘ column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): §
Yo, [ 8.48 (d, 1H, J = 9.5 Hz), 8.06 (d, 1H, J = 8.5 Hz), 7.99-7.94 (m, 2H), 7.77-7.76
O (m, 2H), 7.73-7.71 (m, 1H), 7.56-7.52 (m, 3H), 7.48 (t, 1H, J = 7.8 Hz), 7.05
(t, 1H, J=8.2 Hz), 6.83 (s, 1H), 6.30 (d, 1H, J = 8.0 Hz); *C{*H} NMR (CDCls,
100 MHz): ¢ 149.2, 147.8, 147.6, 145.7, 140.7, 135.9, 135.1, 132.6, 132.2, 130.6, 129.34, 129.29,
128.9, 128.4, 126.7, 125.9, 122.7, 121.1, 115.3, 112.7, 112.2, 99.0; IR (KBr, cm-1): 3058, 2962,
2924, 2854, 2224, 1629, 1596, 1525, 1478, 1449, 1344, 1309, 1261, 853, 790, 752, 698; HRMS
(ESI/Q-TOF) m/z: [M + H]" calcd for C24H15N4O2 391.1190; found 391.1195.

3-(Naphthalen-1-yl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (15a):

Q As a yellow solid (75 mg, 76% yield, mp 248-250 °C); Purification over a
O N column of silica gel (10% EtOAc in hexane); H NMR (CDCls, 400 MHz): &
@ 8.08 (d, 1H, J = 8.4 Hz), 7.99 (d, 1H, J = 8.4 Hz), 7.95 (d, 1H, J = 8.4 Hz), 7.79

99
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(d, 1H, J = 8.0 Hz), 7.71~7.67 (m, 4H), 7.63-7.59 (m, 3H), 7.56-7.49 (m, 3H), 7.09 (t, 1H, J = 7.8
Hz), 6.89 (s, 1H), 6.71 (d, 1H, J = 8.4 Hz); 3C{*H} NMR (CDCls, 100 MHz): § 149.4, 147.9,
145.6, 144.3, 134.0, 133.9, 133.1, 131.2, 130.7, 130.6, 129.62, 129.59, 129.55, 129.0, 128.78,
128.75, 127.9, 127.3, 126.7, 126.6, 125.5, 124.9, 122.0, 120.8, 114.97, 114.89, 101.1; IR (KBr,
cmY): 3063, 2950, 2925, 2855, 2226, 1626, 1595, 1522, 1489, 1447, 1309, 1290, 1167, 804, 780,
739, 707; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for CosH1sN3 396.1495; found 396.1499.

3-(3,4-Dimethoxyphenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (16a):

As a yellow solid (82 mg, 81% yield, mp 227-229 °C); Purification over a column

O @: of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢ 8.00 (d, 1H,

| J = 8.0 Hz), 7.71-7.61 (m, 5H), 7.45 (t, 1H, J = 7.6 Hz), 7.38-7.37 (m, 2H),

O 7.05-7.00 (m, 2H), 6.87 (s, 1H), 6.58 (d, 1H, J = 8.4 Hz), 3.99 (s, 3H), 3.96 (s, 3H);

OMel 13C{IH} NMR (CDCls, 100 MHz): 6 151.2, 149.5, 149.1, 148.4, 145.7, 144.7,

133.4,131.1, 129.6, 129.5, 128.8, 128.5, 126.4, 122.2, 121.8, 120.6, 116.0, 114.7,

113.3, 112.0, 111.7, 97.2, 56.5, 56.3; IR (KBr, cm1): 3058, 2965, 2926, 2843, 2220, 1628, 1595,

1522, 1447, 1310, 1264, 1147, 1023, 733, 703; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for
C26H20N302 406.1550; found 406.1551.

OMe

3-(4-Chlorophenyl)-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (17a):

As a yellow solid (81 mg, 83% yield, mp 223—-225 °C); Purification over a

Me O Q column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): §

| "/ZN 7.94(d, 1H, J=8.0 Hz), 7.69 (d, 2H, J = 8.4 Hz), 7.53-7.49 (m, 3H), 7.46-7.40

(m, 4H), 7.04 (t, 1H, J = 7.6 Hz), 6.78 (s, 1H), 6.70 (d, 1H, J = 8.8 Hz), 2.55

O (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): § 147.89, 147.86, 145.53, 145.48,

< 141.6, 136.7, 134.5, 130.21, 130.16, 130.1, 129.5, 129.4, 128.6, 126.4, 121.9,

120.4, 115.4, 114.9, 113.0, 97.6, 21.8; IR (KBr, cm™1): 3053, 2962, 2923, 2852, 2223, 1626, 1598,

1528, 1502, 1447, 1311, 1291, 1091, 1013, 820, 763, 741; HRMS (ESI/Q-TOF) m/z: [M + H]*
calcd for C2sH17CIN3 394.1106; found 394.1108.
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1-(4-Chlorophenyl)-3-(4-methoxyphenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (18a):
As a yellow solid (75 mg, 73% yield, mp 223—-225 °C); Purification over a
cl O Q column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 400 MHz):
| N/NCN 57.94 (d, 1H, J = 8.4 Hz), 7.73 (d, 2H, J = 8.8 Hz), 7.65—7.59 (m, 4H), 7.43
(t, 1H, J = 7.8 Hz), 7.08-7.02 (m, 3H), 6.81 (s, 1H), 6.66 (d, 1H, J = 8.4 Hz),
O 3.87 (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): § 161.6, 148.8, 148.3, 145.6,
143.4,137.4,131.7, 130.4, 130.3, 129.9, 129.3, 128.1, 126.4, 121.9, 120.6,
115.8, 114.8, 114.5, 113.6, 97.3, 55.7; IR (KBr, cm™): 3061, 2954, 2926, 2221, 1602, 1521, 1485,
1447, 1307, 1261, 1180, 1090, 1016, 899, 734, 700; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for
C2sH17CIN3O 410.1055; found 410.1045.

OMe

1-(Benzo[d][1,3]dioxol-5-yl)-3-(4-bromophenyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile
(19a):

prs As a yellow solid (81 mg, 70% yield, mp 265267 °C); Purification over a
° O Q column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6

| 7.99 (d, 1H, J=8.0 Hz), 7.68-7.62 (m, 4H), 7.47 (t, 1H, J = 7.8 Hz), 7.14-7.10
(m, 2H), 7.05 (d, 2H, J = 9.5 Hz), 6.86 (d, 1H, J = 8.5 Hz), 6.78 (s, 1H), 6.19
O (s, 1H), 6.13 (s, 1H); *C{*H} NMR (CDCls, 125 MHz): 6 150.1, 148.7, 147.96,

147.90, 145.7, 144.9, 134.9, 132.5, 130.4, 129.4, 126.6, 126.5, 125.1, 123.0,

122.1, 120.7, 115.4, 114.9, 113.1, 109.4, 109.1, 102.2, 97.9; IR (KBr, cm1): 3075, 2959, 2924,
2857, 2226, 1628, 1600, 1526, 1504, 1482, 1446, 1311, 1246, 1220, 1074, 1037, 1010, 933, 817,
765, 740; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C2sH15sBrN3O2 468.0342; found 468.0346.

3-(Furan-2-yl)-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (20a):
As a yellow solid (68 mg, 78% yield, mp 215-217 °C); Purification over a
Ve Q column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢

N
IN/ 7.98 (d, 1H, J = 8.5 Hz), 7.69 (s, 1H), 7.65 (s, 1H), 7.49 (d, 2H, J = 8.5 Hz),
CN
A 7.46-7.41 (m, 3H), 7.19 (s, 1H), 7.03 (t, 1H, J = 7.5 Hz), 6.67-6.64 (M, 2H),

2.56 (5, 3H); 3C{*H} NMR (CDCls, 125 MHz): § 148.7, 148.3, 145.8, 145 4,
145.2, 1415, 136.2, 130.5, 130.2, 129.8, 128.7, 126.7, 126.3, 121.8, 120.5, 116.1, 115.1, 114.8,
113.5, 108.9, 92.2, 21.8; IR (KBr, cm-1): 3042, 2959, 2924, 2857, 2223, 1625, 1599, 1531, 1505,
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1479, 1447, 1311, 1260, 1027,799, 759; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C23H1sN3O
350.1288; found 350.1290.

1,3-Di(furan-2-yl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (21a):

As a yellow solid (44 mg, 55% yield, mp 184—186 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 7.99 (d, 1H,
J=8.0 Hz), 7.78 (s, 1H), 7.69 (s, 1H), 7.66 (s, 1H), 7.48 (t, 1H, J = 7.8 Hz), 7.41
(s, 1H), 7.19 (t, 1H, J = 7.8 Hz), 7.00 (s, 1H), 6.81 (d, 1H, J = 8.4 Hz), 6.77—6.76
(m, 1H), 6.66—6.65 (M, 1H); *C{*H} NMR (CDCls, 100 MHz): 5 148.3, 147.9,
145.6, 145.5, 1454, 144.8, 135.5, 133.8, 129.5, 126.5, 122.5, 120.5, 115.8, 115.2, 114.0, 113.8,
113.6, 112.5, 110.2, 93.4; IR (KBr, cm™): 3125, 2954, 2857, 2924, 2226, 1629, 1586, 1518, 1479,
1446, 1311, 1017, 886, 845, 752; HRMS (ESI/Q-TOF) m/z: [M + H]* caled for CaoH12N30;
326.0924; found 326.0925.

7-Methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1b):
As a yellow solid (72 mg, 81% yield, mp 230—232 °C); Purification over a column
Q of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6 7.78-7.76
O NN | (m, 3H), 7.71-7.68 (m, 1H), 7.66—7.59 (m, 4H), 7.55-7.51 (m, 3H), 6.87 (d, 1H,
Nl J =85 Hz), 6.84 (s, 1H), 6.49 (d, 1H, J = 8.5 Hz), 2.48 (s, 3H); *C{'H} NMR
O (CDCl3, 125 MHz): ¢ 149.0, 148.3, 146.1, 144.7, 136.7, 136.3, 133.4, 131.1,
130.3, 129.6, 129.2, 128.9, 128.8, 127.6, 123.7, 120.2, 115.6, 114.2, 113.2, 97.9,
21.9; IR (KBr, cm™1): 3056, 2956, 2923, 2852, 2223, 1611, 1597, 1522, 1489, 1446, 1296, 1238,
1153, 792, 768, 752, 699; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for C2sH1sN3 360.1495; found
360.1499.

6,7-Dimethyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1c):

Me As a yellow solid (60 mg, 65% yield, mp 232—234 °C); Purification over a column

Q’M" of silica gel (10% EtOAc in hexane); *H NMR (CDClsz, 500 MHz): 6 7.78-7.76

O " " (m, 3H), 7.72-7.68 (m, 1H), 7.66—7.59 (m, 4H), 7.55-7.50 (m, 3H), 6.82 (s, 1H),

6.35 (s, 1H), 2.38 (s, 3H), 2.15 (s, 3H); C{*H} NMR (CDCls, 125 MHz): ¢
O 148.5, 147.7, 144,57, 14455, 136.4, 136.1, 133.6, 131.3, 130.9, 130.2, 129.4,
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129.2, 128.90, 128.86, 127.9, 120.4, 115.7, 114.7, 112.9, 97.9, 20.9, 20.7; IR (KBr, cm™1): 3061,
2965, 2923, 2852, 2229, 1611, 1598, 1523, 1461, 1488, 1306, 1278, 853, 766, 751, 700; HRMS
(ESI/Q-TOF) m/z: [M + H]" calcd for CosH20N3 374.1652; found 374.1657.

7-1sopropyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1d):

Me As a yellow solid (70 mg, 72% yield, mp 203-205 °C); Purification over a
Me
d column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
@ N 7.88 (s, 1H), 7.78 (d, 2H, J = 8.0 Hz), 7.71-7.68 (m, 1H), 7.64 (t, 2H, J = 7.5
P - Hz), 7.61-7.59 (m, 2H), 7.55-7.49 (m, 3H), 6.96 (d, 1H, J = 8.5 Hz), 6.85 (s,
O 1H), 6.53 (d, 1H, J = 8.5 Hz), 3.07-3.02 (m, 1H), 1.29 (s, 3H), 1.28 (s, 3H);

13C{*H} NMR (CDCls, 125 MHz): 5 148.9, 148.3, 147.9, 146.1, 144.7, 136.2,
133.3,131.1, 130.3, 129.5, 129.2, 128.9, 128.8, 127.7, 121.5, 117.5, 115.6, 114.4, 113.1, 97.9, 34.5,
24.4; IR (KBr, cm1): 3064, 2959, 2923, 2871, 2223, 1611, 1596, 1524, 1489, 1434, 1296, 803,
768, 752, 699; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for Co7H22N3 388.1808; found 388.1809.

7-Butyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1e):

As a yellow solid (74 mg, 76% yield, mp 163-165 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
7.79 (s, 1H), 7.78=7.76 (m, 2H), 7.70-7.68 (m, 1H), 7.64 (t, 2H, J = 7.5 Hz),
7.61-7.59 (m, 2H), 7.54-7.49 (m, 3H), 6.88 (d, 1H, J = 8.7 Hz), 6.84 (s, 1H),
6.51 (d, 1H, J = 9.0 Hz), 2.72 (t, 2H, J = 7.5 Hz), 1.64-1.59 (m, 2H), 1.35-1.29
(m, 2H), 0.89 (t, 3H, J = 7.5 Hz); *C{*H} NMR (CDCl3, 150 MHz): ¢ 148.9,
148.2, 145.9, 144.6, 141.7, 136.1, 133.2, 131.0, 130.3, 129.5, 129.2, 128.8, 128.7, 127.5, 123.1,
119.4, 115.7, 114.3, 113.1, 97.6, 35.9, 33.8, 22.3, 14.1; IR (KBr, cm™): 3053, 2955, 2928, 2857,
2223, 1611, 1596, 1489, 1523, 1434, 1296, 1237, 1153, 1121, 851, 767, 752, 699; HRMS (ESI/Q-
TOF) m/z: [M + H]" calcd for C2gH24N3 402.1965; found 402.1968.

Me

7-Fluoro-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1f):

¢ | Asayellow solid (68 mg, 75% yield, mp 212—214 °C); Purification over a column

Q of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 7.78-7.75 (m,

O -~ N | 2H), 7.72-7.62 (m, 5H), 7.59-7.52 (m, 4H), 6.89 (s, 1H), 6.77 (t, 1H, J = 9.2 Hz),
Nl 6.55-6.51 (m, 1H); 3C{*H} NMR (CDCls, 100 MHz): § 161.4 (d, J = 242.5 Hz),

Z

J
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149.6, 149.4, 146.7, 146.6, 144.7, 135.9, 132.9, 131.3, 130.5, 129.8, 129.3, 128.9, 128.7, 126.1,
115.6 (d, J = 10.3 Hz), 115.4, 113.7, 110.7 (d, J = 26.2 Hz), 105.7 (d, J = 23.8 Hz), 97.8; °F NMR
(CDCls): 6 —113.8 (s); IR (KBr, cm™): 3056, 2965, 2925, 2854, 2224, 1608, 1595, 1523, 1488,
1436, 1264, 1239, 1148, 1113, 971, 796, 767, 734, 700; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd
for C24H1sFN3 364.1245; found 364.1251.

7-Chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1g):

a As a yellow solid (62 mg, 65% yield, mp 220—222 °C); Purification over a column

Q of silica gel (10% EtOAc in hexane); *H NMR (CDCl3 400 MHz): 6 7.91 (s, 1H),

O NN | 7.78-7.75 (m, 2H), 7.72-7.61 (m, 5H), 7.54-7.52 (m, 3H), 6.98 (d, 1H, J = 9.2

Nl Hz), 6.90 (s, 1H), 6.49 (d, 1H, J = 9.2 Hz); *C{*H} NMR (CDCls, 100 MHz): &

O 149.9,149.1, 146.4, 144.8, 135.9, 132.9, 132.3, 131.4, 130.6, 129.8, 129.3, 128.9,

128.7,128.0,122.5, 120.0, 115.5, 115.3, 113.9, 98.1; IR (KBr, cm™1): 3061, 2954,

2929, 2852, 2229, 1629, 1522, 1489, 1458, 1301, 1169, 1093, 943, 813, 769, 752, 699; HRMS
(ESI/Q-TOF) m/z: [M + H]" calcd for C24H1sCIN3 380.0949; found 380.0952.

8-Chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1h):

al As a yellow solid (61 mg, 64% yield, mp 234—236 °C); Purification over a column
Q of silica gel (10% EtOAc in hexane); 'H NMR (CDCls, 500 MHz): § 7.92 (d, 1H,
O N | J=8.5Hz), 7.79-7.77 (m, 2H), 7.73 (d, 1H, J = 7.5 Hz), 7.68 (t, 2H, J = 7.5 Hz),
7.61-7.59 (m, 2H), 7.56-7.53 (m, 3H), 7.43 (d, 1H, J = 8.8 Hz), 6.89 (s, 1H), ),
O 6.56 (s, 1H); BC{"H} NMR (CDCls, 125 MHz): 6 149.8, 148.7, 144.8, 144.2,
135.9, 132.7, 131.5, 130.6, 129.81, 129.75, 129.4, 128.9, 128.7, 127.4, 127.3, 121.4, 115.3, 114.8,
113.9, 98.4; IR (KBr, cm™1): 2959, 2923, 2929, 2852, 2229, 1628, 1592, 1526, 1460, 1275, 1260,
765, 751, 702; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for C24H1sCINs 380.0949; found
380.0922.

7-Bromo-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1i):

51 Asayellow solid (58 mg, 54% yield, mp 222—-224 °C); Purification over a column

Q of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.06 (s, 1H),

O NN | 7.78-7.75 (m, 2H), 7.72-7.62 (m, 5H), 7.53-7.52 (m, 3H), 7.10 (d, 1H, J = 8.8
#~en|  Hz), 6.90 (s, 1H), 6.44 (d, 1H, J = 8.8 Hz); *.C{*H} NMR (CDCls, 125 MHz): &

J
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149.9, 148.9, 146.7, 144.8, 135.8, 132.8, 131.4, 130.6, 129.8, 129.3, 128.9, 128.7, 128.3, 125.0,
123.1,119.9, 115.8, 115.3, 113.9, 98.0; IR (KBr, cm™): 3058, 2962, 2924, 2852, 2224, 1628, 1591,
1511, 1488, 1426, 1295, 1231, 1051, 889, 792, 768, 722, 698; HRMS (ESI/Q-TOF) m/z: [M + H]"
calcd for C24H1sBrN3s 424.0444; found 424.0444.

1,3-Diphenyl-8-(trifluoromethyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1j):

As a yellow solid (42 mg, 41% yield, mp 259-261 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls 600 MHz): ¢ 8.01 (d, 1H,
J=8.4Hz), 7.79-7.77 (m, 2H), 7.75 (d, 1H, J = 7.2 Hz), 7.70 (t, 2H, J = 7.8 HZ),
7.67-7.64 (m, 3H), 7.55-7.54 (m, 3H), 6.99 (s, 1H), 6.82 (s, 1H); *C{*H} NMR
(CDCls, 150 MHz): ¢ 150.7, 149.9, 147.4, 145.1, 135.6, 132.3, 131.6, 130.8,
129.9, 129.4, 128.9, 128.64, 128.59, 125.2, 123.6 (d, J = 32.4 Hz), 123.4, 123.2

(0, J1 = 3.48, J, = 6.4 Hz), 120.9, 115.2, 114.2, 112.6 (q, J1 = 4.9 Hz, J, = 9.4 Hz), 98.1; °F NMR
(CDCl3): 6 -61.0 (s); IR (KBr, cm™): 3061, 2959, 2925, 2852, 2217, 1611, 1523, 1489, 1445, 1325,
1300, 1263, 1165, 1114, 1054, 1230, 1078, 830, 755, 735, 700; HRMS (ESI/Q-TOF) m/z: [M +
H]* calcd for CasHisFsNs 414.1213; found 414.1218.
7-Nitro-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1k):

As a yellow solid (31 mg, 32% yield, mp 233—-235 °C); Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls 500 MHz): ¢ 8.87 (s, 1H),
7.93 (d, 1H, J = 9.0 Hz), 7.81-7.79 (m, 2H), 7.76 (d, 1H, J = 7.5 Hz), 7.70 (t, 2H,
J=7.5Hz), 7.63-7.61 (m, 2H), 7.59-7.57 (m, 3H), 7.00 (s, 1H), 6.68 (d, 1H, J =
9.5 Hz); 3C{*H} NMR (CDCls, 125 MHz): 6 151.1, 150.6, 146.3, 145.2, 145.0,
135.6, 133.0, 132.4, 131.8, 131.0, 130.0, 129.5, 128.9, 128.7, 116.79, 116.77,

115.1, 114.94, 114.90, 98.8; IR (KBr, cm™): 3056, 2967, 2924, 2854, 2226, 1633, 1595, 1525,
1438, 1345, 1300, 1264, 897, 734, 702; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for C24H15N4O>
391.1190; found 391.1194.
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7-Acetyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1I):

As a yellow solid (38 mg, 40% yield, mp 221-223 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls 600 MHz): §
O NN 8.59 (s, 1H), 7.79-7.78 (m, 2H), 7.73 (t, 1H, J = 7.5 Hz), 7.71-7.66 (m, 3H),

- 7.63-7.62 (m, 2H), 7.57—7.54 (m, 3H), 6.94 (s, 1H), 6.65 (d, 1H, J = 9.0 Hz),

O 2.67 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): § 197.8, 150.2, 149.4, 145.4,

145.0, 135.9, 135.4, 132.8, 132.3, 131.5, 130.8, 129.8, 129.4, 128.9, 128.8,

122.0,121.4,115.2,114.9, 114.3, 98.5, 26.9; IR (KBr, cm1): 3061, 2959, 2924, 2852, 2223, 1681,
1628, 1524, 1488, 1429, 1358, 1300, 1208, 768, 752, 700; HRMS (ESI/Q-TOF) m/z: [M + H]*
calcd for C26H18N3O 388.1444; found 388.1450.

COCH,

1,3-Diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4,7-dicarbonitrile (1m):

cn | Asayellow solid (32 mg, 35% yield, mp 238—240 °C); Purification over a column

Q of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 600 MHz): § 8.29 (s, 1H),

O NN | 7.78-7.77 (m, 2H), 7.74 (t, 1H, J = 7.2 Hz), 7.68 (t, 2H, J = 7.5 Hz), 7.59 (d, 2H,

CNl J =7.8 Hz), 7.56-7.55 (m, 3H), 7.25 (s, 1H), 6.97 (s, 1H), 6.65 (d, 1H, J = 8.4

O Hz); ¥C{*H} NMR (CDCls, 150 MHz): 6 150.9, 149.8, 145.02, 145.01, 135.5,

132.4,131.9, 131.7, 130.9, 129.9, 129.5, 128.9, 128.7, 125.5, 124.5, 119.1, 115.9,

115.0, 114.8, 109.8, 98.6; IR (KBr, cm™): 3058, 2954, 2926, 2852, 2229, 1631, 1600, 1526, 1487,

1429, 1298, 804, 773, 757, 700; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for CasH1sN4 371.1291;
found 371.1291.

2-Imino-1-(2-iodophenyl)-4-phenyl-6-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (9a’):

As a brown solid (38 mg, 32% yield, mp 108-110 °C); Purification over a

Me O i | column of silica gel (30% EtOAc in hexane); IH NMR (CDCl3, 600 MHz):
(| 4779 1H,J =78 Hz), 7.70-7.68 (m, 2H), 7.49-7.48 (m, 3H), 7.35 (,

O 1H,J=7.5Hz), 7.26 (d, 1H, J = 6.0 Hz), 7.15 (d, 2H, J = 8.4 Hz), 6.99-6.97

(m, 3H), 6.01 (s, 1H), 4.74 (br s, 1H), 2.23 (s, 3H); *C{*H} NMR (CDCls,
150 MHz): 6 156.7, 156.2, 153.0, 141.2, 140.4, 139.8, 136.2, 131.3, 131.2, 130.6, 130.4, 129.5,
128.9, 128.73, 128.68, 128.0, 116.8, 107.2, 100.0, 99.6, 21.4; IR (KBr, cm™): 3315, 3055, 2959,
2923, 2857, 2212, 1660, 1609, 1582, 1560, 1505, 1526, 1466, 1441, 1374, 1234, 1165, 1066, 1020,
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815, 765, 731, 699; HRMS (ESI/Q-TOF) m/z: [M + H]*calcd for CzsH19INs 488.0618; found
488.06109.

2-0x0-4,6-diphenyl-1-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (1n):

™ As a white solid (56 mg, 62% yield, mp 196198 °C); Purification over a column
of silica gel (5% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6 8.07 (d, 2H, J
O N_o | =7.5Hz),7.68-7.63 (m, 4H), 7.56-7.53 (m, 3H), 7.50—7.46 (m, 2H), 7.31 (s, 1H),
l/ en| 7.23(d, 3H,J=8.0 Hz), 2.39 (s, 3H); *C{*H} NMR (CDCls, 125 MHz): § 159.1,
O 156.9, 155.6, 138.2, 137.3, 136.6, 133.4, 130.4, 130.0, 129.6, 129.2, 128.9, 128.4,
127.6,121.1, 117.3, 111.4, 89.9, 21.1; IR (KBr, cm™1): 3061, 2954, 2919, 2854,
2217, 1607, 1576, 1549, 1513, 1492, 1444, 1365, 1257, 815, 756, 700, 687; HRMS (ESI/Q-TOF)
m/z: [M + H]" calcd for C2sH19N20 363.1492; found 363.1493.

2-Imino-4,6-diphenyl-1-(p-tolyl)-1,2-dihydropyridine-3-carbonitrile (In"):

e As a brown solid (19 mg, 22% yield, mp 220—222 °C); Purification over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6 7.69-7.67
O NNH | (M, 2H), 7.50-7.49 (m, 3H), 7.22—7.16 (m, 3H), 7.14-7.10 (m, 4H), 7.01 (d, 2H,
l/ cN| J=8.0Hz),6.02 (s, 1H), 4.54 (br s, 1H), 2.28 (s, 3H); *C{*H} NMR (CDCls, 125

O MHz): ¢ 156.3, 153.4, 139.3, 136.4, 135.2, 135.1, 130.6, 129.3, 129.1, 129.0,
128.8,128.2,128.1,124.6,124.1, 119.3, 116.7, 107.3, 21.3; IR (KBr, cm1): 3315,

3058, 2955, 2923, 2854, 2216, 1622, 1562, 1523, 1509, 1489, 1376, 1264, 1165, 1078, 1018, 825,
764, 747, 699; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for CasH20N3 362.1652; found 362.1661.

Phenyl(3-phenyl-1-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridin-4-yl)methanone (1bo):

Me As a yellow solid (78 mg, 72% yield, mp 201-203 °C); Purification over a
Q column of silica gel (5% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢
N 7.78 (d, 2H, J = 8.5 Hz), 7.59-7.54 (m, 6H), 7.38-7.33 (m, 3H), 7.22 (t, 2H, J
¢ T = 7.8 Hz), 7.18-7.13 (m, 3H), 6.75-6.72 (m, 2H), 6.44 (d, 1H, J = 9.0 Hz),
2.34 (s, 3H); BC{'H} NMR (CDCls, 125 MHz): 6 194.9, 147.8, 146.2, 141.5,
140.0, 137.8, 136.9, 135.5, 134.1, 133.6, 130.4, 130.0, 129.3, 129.0, 128.9, 128.7, 128.6, 128.5,
127.0, 125.2, 122.8, 119.9, 113.99, 113.93, 21.8; IR (KBr, cm1): 3061, 2956, 2923, 2857, 1673,

J
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1596, 1526, 1510, 1485, 1448, 1303, 1256, 756, 700; HRMS (ESI/Q-TOF) m/z: [M + H]" calcd for
C31H23N20 439.1805; found 439.1805.

1,3-Diphenyl-7-(p-tolylethynyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1ip):

Me

As a yellow solid (60 mg, 52% yield, mp 248—-250 °C); Purification over a
column of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
8.13 (s, 1H), 7.79-7.77 (m, 2H), 7.69-7.62 (m, 5H), 7.56—7.52 (m, 3H), 7.43
(d, 2H, J = 8.0 Hz), 7.18-7.13 (m, 3H), 6.88 (s, 1H), 6.56 (d, 1H, J = 9.0 Hz),
2.37 (s, 3H); BC{*H} NMR (CDCls, 125 MHz): § 149.6, 148.9, 145.6, 144.8,
136.8, 136.1, 133.1, 131.8, 131.6, 131.3, 130.5, 129.7, 129.33, 129.31, 128.9,
128.8, 125.5, 123.6, 121.8, 120.3, 118.0, 115.5, 114.7, 113.8, 98.2, 90.4, 89.0,
21.7; IR (KBr, cm1): 3067, 3036, 2989, 2923, 2857, 2226, 1631, 1595, 1522,

1488, 1292, 1264, 816, 767, 732, 700; HRMS (ESI/Q-TOF) m/z: [M + H]* calcd for Ca3zH22Ns
460.1808; found 460.1801.
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1,3-Diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1a): *H NMR (CDCls, 500

IVV.11. Representative NMR Spectra:
MH?z)
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1-Phenyl-3-(p-tolyl)benzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (2a): *H NMR (CDCls,

500 MHz)
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3-(4-Chlorophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (6a): 'H NMR
(CDCls, 500 MHz)
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3-(4-Chlorophenyl)-1-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (6a): *C{*H}
NMR (CDCls, 125 MHz)
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1-(4-Chlorophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile  (12a): H
NMR (CDClz, 500 MHz)
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1-(4-Chlorophenyl)-3-phenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (12a): 13C{*H}
NMR (CDCls, 125 MHz)
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'H NMR

(1b):

7-Methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile

(CDCl3, 500 MHz)
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7-Methyl-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile (1b): *C{*H} NMR
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7-Chloro-1,3-diphenylbenzo[4,5]imidazo[1,2-a]pyridine-4-carbonitrile
(CDCls, 400 MHz)

(1g): H NMR
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— CHAPTERYV ——

Visible-Light-Accelerated Pd-Catalyzed Cascade
Addition/Cyclization of Arylboronic Acids to » and £
Ketodinitriles for the Construction of 3-Cyanopyridines

and 3-Cyanopyrrole Analogues
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ABSTRACT: The one-pot synthetic strategies for 2,4,6-triarylnicotinonitriles and 2,5-diaryl-
1H-pyrrole-3-carbonitriles have been accomplished via a Pd-catalyzed coupling of arylboronic
acids with y-ketomalononitriles and B-ketomalononitriles respectively under mild reaction
conditions. The cascade reactions proceed in 1,2-dichloroethane solvent under visible-light
irradiation, and the active catalyst is generated in situ in the presence of catalytic amounts of
Pd(OAc). and 2,2"-bipyridine. The active Pd-catalyst undergoes photoexcitation by the virtue
of MLCT, and subsequent redox trans-metalation occurs with arylboronic acid, thus obviating

the necessity of any exogenous photosensitizer.
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Chapter V

CHAPTER V

Visible-Light-Accelerated Pd-Catalyzed Cascade
Addition/Cyclization of Arylboronic Acids to y- and
B-Ketodinitriles for the Construction of 3-
Cyanopyridines and 3-Cyanopyrrole Analogues

V.1. Introduction:

Heteroaromatics are an essential class of molecules in the realm of organic chemistry,
among which the nitrogen-heterocycles comprised of pyridine and pyrrole frameworks have
garnered the attention of chemists for several years. The widespread attention stems from the fact
that substituted pyridine scaffolds constitute an essential structural feature in several natural
products and other multipurpose molecules which find their applications in different fields of
science ranging from biology to medicine to advanced materials.! Besides, pyridine-based
structures also find utility in several other fields such as asymmetric catalysis,? supramolecular
chemistry,® and cancer therapy.* Likewise, the pyrrole moiety has been identified in the structural
frameworks of a wide array of natural products, unnatural products, and drug molecules.® The
importance of pyrrole-based compounds can be substantiated by their diverse applications in the
field of materials chemistry pertaining to the development of batteries, solar cells, and the
exploration of diverse optoelectronic applications.® Interestingly, pyrrole and pyridine nuclei occur
ubiquitously in a plethora of structurally diverse FDA-approved pharmaceutical drugs (Figure
V.1.1 and Figure V.1.2).7

OH OH o
COOH OH
Ph—NH \ )/
Atorvastain (Lipitor) Ketorolac Tolmetin
Antl -hyperlipidemic (NSAIDs) (NSAIDs)
Me
Me /Ph
Me HN
E ~/~Me
7~ Yo N"
HN Et
H (o) Me Me. N
Sunitinib N Pyrvinium
(Treatment of Gastrointestinal Stromal Tumors) Me (pinworm infestation)

Figure V.1.1. A few drugs bearing pyrrole nucleus.
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Some renowned drugs bearing the pyridine moiety include nexium (esomeprazole) and
aciphex (rabeprazole) for the treatment of acid reflux and duodenal ulcers,’®® avandia
(rosiglitazone A) and Actos (pioglitazone B) as antidiabetic drugs,’® amrinone D (inocor) and
etoricoxib E (arcoxia) for treating patients with acute heart failure and arthritis.”®" Moreover, some
potent anticancer drugs such as gleevec,’ sorafenib (nexovar),” crizotinib (xalkori),”" nilotnib,”
and the anti-HIV drug altrazanavir (reyataz)’ also contain the pyridine moiety. Similarly, a few
renowned drugs bearing the pyrrole moiety are atrovastatin, the best-selling cholesterol-lowering
drug which functions by inhibiting the HMG-CoA reductase enzyme,® ketorolac and tolmetin are
nonsteroidal anti-inflammatory drugs (NSAIDs) used for treating acute pain and inflammation, &
sunitinib is a multi-targeted tyrosine kinase inhibitor possessing antitumor and antiangiogenic

activities, and pyrvinium is used for treating pinworm infestation. 8¢
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Figure V.1.2. A few drugs bearing pyridine nucleus.

In the last couple of decades, visible-light-mediated organic syntheses have gained
immense popularity in the wake of several advantages associated with this regime. Several organic,
as well as transition metal-based photocatalysts, have been developed to harness the energy of
abundant visible-light and transform it into chemical energy, thereby enabling the generation of
carbon-centered radicals under mild catalytic conditions, and hence tap the novel reactivity of these

intermediates.® Unprecedented Pd-catalyzed transformations have been achieved under visible-
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light irradiation, although an exogenous photo-catalyst may or may not be required.® In the case
of the latter, the Pd-catalyst plays a dual role!'? in several elegant reactions, for instance, the
Cspa—Csp2 Heck coupling reaction,*'*¢ carbonylative cross-coupling reactions,'9 and others, "
The successful underpinnings of these strategies can be attributed to the fact that irradiation of
Pd(0) catalyst induces a facile single electron transfer (SET) oxidative addition of unactivated alkyl
halide, and the subsequent photoexcitation of Pd(Il)-alkyl complex restrains the undesired f-
hydride elimination process, which otherwise plagues the traditional reactions.*t

Recently, our group developed a cascade [4 + 2] Ru(ll)-catalyzed annulation strategy for
accessing fused isoquinolines, wherein, we noticed that one of the cyano groups, associated with
malononitrile moiety, was selectively hydrolyzed.*? We envisioned that the five-carbon core of the
v-ketomalononitrile may act as a harbinger of pyridine nucleus if cross-coupled with a suitable
partner via a cascade [5 + 1] annulation strategy. A thorough literature survey revealed that recently
several protocols have been developed for the synthesis of 5- and 6-membered nitrogen
heterocycles. These studies are an extension of the catalytic carbopalladation/carbonickelation of
eclectic nitrile substrates with suitable coupling partners such as arylboronic acids and
arylhydrazines to obtain ketones and imines,® followed by intramolecular cyclization to afford
diverse N-heterocycles.'* Few of these recent works are highlighted in Scheme V.1.1. For instance,
in 2017 Wu’s group for the first time utilized the nitrile N atom via Pd-catalyzed nucleophilic
addition of arylboronic acids with functionalized nitriles followed by an intramolecular cyclization
to access biologically active isoquinolines and isoquinolones [Scheme V.1.1, (i)].}43 Chen et al.
reported a Ni(ll)-catalyzed cascade coupling of arylboronic acids to ketonitriles into substituted
pyrroles and pyridines [Scheme V.1.1, (ii)].1** A commonality that can be discerned from the
mechanisms is that the initial step engages arylboronic acids in a traditional two-electron trans-
metalation with electron-deficient Pd(l1)-catalysts. The high activation energy barrier associated
with this step predisposes the necessity of elevated temperatures.®® Recently, Xu et al. discovered
a Mn(ll1)-triggered radical pathway involving the cyclization of 3-isocyano-[1,1'-biphenyl]-2-
carbonitriles with arylboronic acids to access pyrrolopyridine derivatives [Scheme V.1.1, (iii)].%6
Keeping in mind the natural propensity of Pd-catalyzed reactions to follow a facile SET
mechanistic pathway under visible-light irradiation, and arylboronic acids as readily available
radical progenitors,” we envisaged the synthesis of 2,4,6-triaryl-3-cyanopyridines and 2,5-diaryl-

3-cyanopyrrole derivatives [Scheme V.1.1, (iv)].
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(i) Cascade reaction of arylboronic acids: l

HO\B/ ref 14a
Pd(acac),, bpy ~ N
o + I
CcN TsOH-H,0 O O
O 80°C,24h

(ii) Synthesis of pyridines and pyrroles:
ref 14e R = COOEt R=H

N
o Ar2B(OH), J\/j\
Nl(dppe)Clz ZnCl, Et0OC, @
b3V,
R THF, 100 °C 24h Ar! ﬂ

n=1or2

(iii) Radical addition of arylboronic acids:

HO( O ref16

_ Mn(OAc);2H,0
CN -+

(iv) Our photochemical cascade approach:

ArB(OH),
Pd(OAc), (10 mol %)
CN 2,2'-bipyridyl (20 mol %)
cN PTSA-H,0 (2.0 equiv)

1,2-DCE (2 mL), rt, 24 h

2 x 10 W White LEDs

Scheme V.1.1. Strategies for the synthesis of fused and isolated N-heterocycles from substrates

containing functionalized or activated cyano groups.

We  embarked on  our  experimentation by  selecting  2-(3-oxo0-1,3-
diphenylpropyl)malononitrile (1) (0.25 mmol) and phenylboronic acid (a) (1 equiv) as the
rudimentary substrates; Pd(OAC)2 (5 mol %) as the precatalyst, 2,2'-bipyridine (10 mol %) as the
ligand, and PTSA-H20 (1 equiv) as the additive. Toluene (2 mL) was employed as the solvent, and
the reaction mixture was irradiated by 20 W (2 x 10 W) white LEDs at room temperature. The
progress of the reaction was monitored via thin-layer chromatography, which indicated the
formation of some new species in the mixture, in the form of a new fluorescent blue spot in a 365
nm UV chamber. The new compound was isolated, and characterized by standard spectroscopic
techniques (IR, *H NMR, *C NMR, and HRMS). Delightfully, the analysis confirmed that the
isolated compound was 2,4,6-triphenylnicotinonitrile (1a), and the yield was estimated to be 33%.
Subsequently, single-crystal X-ray diffraction studies were performed on one of the derivatives
(1), which further validated the structure of the product (Figure V.1.3, CCDC-1999314). It is
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imperative to mention that the formation of 2,4,6-triphenylnicotinonitrile (1a) is associated with

the genesis of a new C-C, C-N, C=N, and two C=C bonds.

Figure V.1.3. ORTEP diagram of (1f) with 40% ellipsoid probability (CCDC-1999314).

In our strategy, the starting materials y-ketomalononitriles and -ketomalononitriles were
readily prepared via the addition of malononitrile to various chalcones and a-
bromoacetophenones.'® Further, most arylboronic acids are commercially available. This
developed photocatalytic reaction proceeds at room temperature without the usage of the
exogenous photosensitizer. The constructed pyridine and pyrrole moiety having an inbuilt nitrile
functionality can be further manipulated for various applications. Therefore, our protocol bypasses
the toxic chemical maneuvers and harsh reaction conditions generally associated with the
introduction of nitrile functionality into aromatic rings, consequently endowing synthetic benefits

in the form of functional group transformations and derivatizations.

V.2. Strategies for the Synthesis of Pyridines:

On account of several multifaceted applications of substituted pyridines, synthetic chemists
have long endeavored the discovery of various pathways to achieve these important structural
motifs. Several classical methods for the synthesis of pyridine are based upon the condensation of
ammonia or ammonia sources with a host of different carbonyl compounds (Scheme V.2.1).1° Few
of these are the [5 + 1] condensation of 1,5-diketones with ammonia,'® the [2 + 2 + 1 + 1] Hantzsch

pyridine synthesis,** and the Krohnke synthesis.**

3
o ] R® 0O
o o R
R1JJ\¢\R3 . ll\/lL NH,OAc | N R
R4 RS P
R? RSN RS

Scheme V.2.1. Multi-component synthesis of pyridines.

TH-2725_166122029 Page | 243



Chapter V

Later on, several transition metal-mediated annulation protocols were explored which have
been highlighted by Gulevich et al. in their review article.?® Few of these cascade catalytic
strategies involve oxidative Michael condensation of oximes with o,B-unsaturated carbonyl

compounds (Scheme V.2.2).200-¢

R1

o ACO\N R,NH-HX RS R2
Cul (20 mol %) X
HJI\/\R1 4 | "
R3J\/R I Z

R? DMSO, 60 °C, 16 h 3"~y

Scheme V.2.2. Synthesis of multi-substituted pyridines via iminium catalysis.

The transition metal-assisted coupling/condensation of diverse substrates to form the
azatriene intermediates,?®*" which eventually follow the 6m-electrocyclization route affording
pyridines (Scheme V.2.3).2°" These methods possess several advantages over the conventional
condensation-based strategies, as highly substituted unsymmetrical pyridines can be prepared from
eclectic starting materials with high regioselectivity. Nevertheless, many of these protocols suffer
from disadvantages such as the requirement of elevated temperatures and employing expensive
metal catalysts.

1
o RsSiw (i) TBAF (10 mol %) R

NH R? R?
R3 A R 4 5& 3AMS, rt,18 h | A
R .. P

R2 (i) DDQ, rt, 1 h R5 SN R3

R4

Scheme V.2.3. Synthesis of pyridines via 6z-electrocyclization.

The past couple of decades have witnessed a surge in the thermal and transition metal-
assisted [4 + 2] hetero Diels-Alder reaction involving 1-azadienes and alkynes (Scheme V.2.4),%

though inverse electron demand Diels-Alder strategies have also been explored.

2
R? R3 R

RL’H\\,OR
N

R4

Transition-metal R! N

[4 + 2] cycloaddition ZNR3
R4

Scheme V.2.4. Synthesis of pyridines via [4 + 2] cycloaddition.

Earlier, researchers utilized the transition metals to catalyze the [2 +2 + 2] cycloadditions
of alkynes and nitriles (Scheme V.2.5),222-4 however, later on, they discovered that the annulation

can also be achieved under metal-free condtions.?%
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R® R* 2
2 R
N R? R? ", R2 1
il Transition-metal 2SN R Z N
I (L G N
1 [2 + 2 + 2] cycloaddition 27X 1 R R’
R R?2 R2 5 ) R R
R R Rz R3

R! = aryl, heteroaryl, alkyl R? = aryl, heteroaryl
Scheme V.2.5. Synthesis of pyridines via [2 + 2 + 2] cycloaddition.
In the recent past, a Pd(I1)-catalyzed cascades reaction of nitrile precursors with arylboronic
acids is tremendously progressing to afford pyridine scaffold. In this regard, Chen, Hu, and Li group
represented the construction of 2,6-disubstituted pyridines via a Pd(ll)-catalyzed C-C, C-N

cascade coupling using 3-ketonitriles and arylboronic acids (Scheme V.2.6).

1
RU_ |
B(OH
o CN Oz by dba), (5 mol %) NS
U bR 2,2"-bpy (10 mol %) )
|
R11 Z CF;COOH (0.15 mL) \—:R2
R’ =Me, Aryl CH5OH (2 mL), 90 °C, 12 h, air

Scheme V.2.6. Pd(ll)-catalyzed cascade synthesis of pyridines.

Similarly, many other strategies follow greener protocols by employing other readily

available catalytic systems in place of metal-based catalysts or requiring solvent-free conditions.?*
Researchers have also managed to reap additional benefits by incorporating photoredox catalysis

into multi-component strategies for the synthesis of pyridines (Scheme V.2.7).%
Ar?

2 Eosin Y
Me NH2 BF Et,0, MeOH, rt S
+
0O,, green LED Ar' N/ Ar!

Scheme V.2.7. Synthesis of pyridines via photoredox catalysis.

Substituted pyridines synthesis has also been achieved under high stereo- and

regioselectivity via direct C—H functionalization of the pyridine nucleus (Scheme V.2.8).25

A

|
N

lN-activation

| X Nucleophilic | S Transition-metal | A
+ N
N R

addition N/ C-H functionalization

N Nu
|
X X

X
Scheme V.2.8. Functionalization of N-activated pyridines.
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V.3. Strategies for the Synthesis of Pyrroles:

Advancements in synthetic strategies for achieving pyrrole motifs follow similar trends akin
to the case of pyridines. Primeval strategies for the synthesis of pyrroles represent condensation-
based protocols such as the Knorr, Paal-Knorr, and Hantzsch reactions that gained immense
popularity.?” Subsequently, the late 20" century marked an escalation in the transition metal-
catalyzed cyclizations, annulations, and multicomponent tandem coupling reactions.?®

In 2009, the synthesis of 3,5-disubstituted pyrroles is reported from the reaction between
o,B-unsaturated carbonyl compounds and aminoacetonitrile in a one-pot reaction sequence under

microwave irradiation (Scheme V.3.1).28

R2
o) CN (i)TiCly, Et;N

N\ _pt
+ -
R1JI\/\R2 R3J\NH2 (il) ‘BUOK, DMF, 100 °C, MW N

R3

Scheme V.3.1. Synthesis of multi-substituted pyrrole.

In 2010, a cationic N-heterocyclic carbene-Au(l) complex catalyzed formation of tetra-
substituted pyrroles is reported from N-propargyl 3-enaminone derivatives via the cyclization of a-
allenyl B-enaminone intermediates (Scheme V.3.2).2¢

o)

4 4 4
0o R [(IPr)Au(MeCN)]BF, S R 8
o R' R
\ | | (5 mol %) R! Co KOH I A\
R | | N N
R? r;l R3
Ts

DCM, rt RZ>NH R3 MeOH-THF R? \
| Ts
Ts

Scheme V.3.2. Au(l)-catalyzed synthesis of pyrroles.

In 2013, the Ackermann group reported a Ru(ll)-catalyzed synthesis of pyrroles through
C-H/N-H oxidative alkyne annulation strategy using electron-rich enamines accomplished
aerobically with air as the ideal oxidant (Scheme V.3.3).28

R H R4 [RuCly(p-cymene)]; (5 mol %) s R4
I . | l Cu(OAc),-H,0 (30 mol %) Rr\g_ s
R? N’H t-AmOH, 100 °C, 22 h 5 I N R
R R® ambient air R \

R1

Scheme V.3.3. Ru(ll)-catalyzed pyrrole synthesis by C—H/N—-H alkyne annulation.

In 2014, Guan et al. established an efficient Pd(Il)-catalyzed alkenyl C—H activation and
oxidative alkyne annulation of enamides for the synthesis of substituted N-acetylpyrroles with a

wide range of functional groups tolerance (Scheme V.3.4).%
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Pd(OAc), (5 mol %) R2

H 2
| R xantphos (10 mol %) A\
| | R®
Ar N

& s CuOAc), (1.0 equiv) Ar N)=
RIYo R £-AmOH, 120 °C Ri O

Scheme V.3.4. Pd(Il)-catalyzed synthesis of multi-substituted pyrrole.

In 2017, Adhikari et al. reported a Pd(ll)-catalyzed addition of arylboronic acids to
substituted aliphatic nitriles in an aqueous acetic acid medium to achieve 3-carbethoxy-nitrile 2-

aryl pyrroles with excellent functional group tolerance (Scheme V.3.5).%

EWG
B(OH), 4

EWGOEt Pd(fJAc)z (5 mol %) TN

s 2,2 -bpy (5 mol %) X N

NC oEt = R R N

H,O / AcOH (1:1)
80°C,1-3 h

EWG = CN, CO,Et

Scheme V.3.5. Pd(ll)-catalyzed synthesis of pyrroles from aliphatic nitriles.

In 2020, Chen and Li et al. developed an effective Ni(ll)-catalyzed C—C and C—N cascade
coupling of ketonitriles with arylboronic acids to access 3-carboxylate-2,5-diaryl-pyrroles and 2,6-
diarylpyridines (Scheme V.3.6).2% This transformation is highly versatile, atom-economical having

broad substrate scope and excellent functional group tolerance.

B(OH
I\\ R N (OH); Ni(dppe)Cl, (10 mol %

>z Z. Rz:—\ ZnCl, (1.0 equiv) HN
o W ¥ THF (1.5 mL), 100 °C

n=1or2 24 h, air
R = H or COOEt

Scheme V.3.6. Ni(Il)-catalyzed synthesis of substituted pyrroles and pyridines.

In 2022, our group reported the synthesis of the-functionalized pyrroles using pB-
ketodinitriles and thiophenols in the presence of eosin Y as the photocatalyst under green light
irradiation (Scheme V.3.7).2%

» s—Ar?
O CN

Eosin Y (3 mol %) CN
SH i X
@ CN | K,CO; (1.0 equiv) @
+
Ar?2  DMSO, N, rt, 8-10 h

2 x 10 W green LEDs

Scheme V.3.7. Photochemical synthesis of thio-functionalized pyrroles.
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V.4. Present Work:
V.4.1. Optimization of the Reaction Conditions:

After successfully characterizing the desired product, a further screening process was
carried out to find the optimal reaction condition, for which 2-(3-oxo0-1,3-
diphenylpropyl)malononitrile (1) (0.25 mmol) was chosen as the model substrate and
phenylboronic acid (a) (1 equiv) as the coupling partner. Firstly, different solvents were screened
by replacing toluene (33%) with p-xylene (35%), m-xylene (32%), cyclohexane (00%), 1,2-DCE
(42%), MeOH (00%), CH3CN (00%), DMF (00%) DMSO (00%), and H20 (00%) (Table V.4.1,
entries 1-10). In conclusion, 1,2-DCE (42%), was found to be the most effective out of the lot
(Table V.4.1, entry 5). Next, the catalyst and ligands were screened by selecting alternatives to
Pd(OAC), and 2,2'-bipyridine. Although the replacement of Pd(OAc). with Pd(TFA): resulted in
a relatively lower yield (38%; Table V.4.1, entry 11), no product was isolated when the former
was replaced with PdCl2as the catalyst (Table V.4.1, entry 12). Moreover, the reaction completely
failed in the absence of either Pd(OAc)2, 2,2'-bipyridine, or PTSA:-H>O (Table V.4.1, entries
13-15). On the contrary, the yield of the isolated product was enhanced to 56% when the loadings
of Pd(OACc)2, 2,2"-bipyridine, and PTSA-H20 were increased from that of the model reaction
(Table V.4.1, entry 16). Further increasing the amount of PTSA-H20 (from 2 to 5 equiv) did not
significantly improve the isolated yield of the product (58%; Table V.4.1, entries 16 and 17). After
identifying Pd(OACc)2 (10 mol %) and 1,2-DCE as the suitable catalyst and solvent, respectively,
few ligands such as 1,10-phenanthroline (52%), L-proline (00%), PPhs (trace), XPhos (00%), 1,1'-
bis-2-naphthol (00%) were also screened in lieu of 2,2'-bipyridine (Table V.4.1, entries 18-22).
Although the use of 1,10-phenanthroline as a ligand was able to produce the desired product in an
appreciable yield (Table V.4.1, entry 18), nevertheless it was unable to dethrone 2,2'-bipyridine
as the favorable ligand, due to the higher yield of product in case of latter. Further, experiments
were carried out by replacing the additive, PTSA-H>0 with other acids such as acetic acid and
trifluoroacetic acid which produced (1a) lower yields (25% and 23%, respectively) (Table V.4.1,
entries 23—24). In contrast, the replacement of PTSA with benzoic acid or sulfuric acid turned out
to be futile as almost no significant amount of the product was obtained (Table V.4.1, entries
25-26). Further fine-tuning of the reaction was achieved by increasing the amount of

phenylboronic acid progressively from 1 to 5 equivalents. Adding 2 and 3 equivalents of
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phenylboronic acid resulted in escalated yields of (1a) to 66% and 72%, respectively. Whereas,
no further improvement was observed when 5 equivalents of the same were used (Table V.4.1,
entries 27—29). The reaction carried out in the presence of 2 x 5 W green LEDs light (42%) and 2
X 5 W blue LEDs light (51%) was also quite favorable to the product formation (Table V.4.1,
entries 30 and 31). The overall yield (42%) was decreased when the reaction stops after 12 h
(Table V.4.1, entry 32). The reaction carried out in absence of LEDs is detrimental to product
formation and only 22% of the desired product was obtained (Table V.4.1, entry 33). When the
reaction was performed at a higher temperature (80 °C) in the absence of light the yield did not
improve significantly. Further, the thermal reaction gave several other side products causing
difficulties during the separation. As a measure, the temperature in the vicinity of the reaction was
near to the room temperature (27—-30 °C) as it was performed in a well-ventilated room below a
fan. Here, the white LEDs are accelerating the reaction by reducing Pd(l1) to an active exited state
Pd(0) in the presence of bipyridine ligand and enhancing the subsequent formation of aryl
palladium species (I) via redox trans-metalation. On the other hand in the absence of LEDs, there
might be competitive trans-metalation with Pd(I1) species there by giving only 22% yield of the
product at room temperature. After screening of various reaction parameters, the optimized
standard conditions for this transformation were established to be the use of 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) (0.25 mmol), phenylboronic acid (a) (3 equiv), Pd(OAc) (10
mol %), 2,2'-bipyridine (20 mol %) and PTSA-H20 (2 equiv) in 1,2-DCE (2 mL) as the solvent
under irradiation by 20 W (2 x 10 W) white LEDs at room temperature (Table V.4.1, entry 28).

Table V.4.1. Optimization of the reaction conditions.?™"

®

NC. _CN HO.,.OH  catalyst, Ligand CN
9 . Additive, Solvent N: |
O O © 2x 10 W White LEDs O O
) (a) L24h (12)
entry | catalyst (mol %) ligand (mol %) additive (equiv) solvent yield (%0)°
1 Pd(OAC): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) Toluene 33
2 Pd(OAC): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) p-xylene 35
3 Pd(OAc): (10) 2,2'-bipyridyl (10) PTSA-H20 (1) m-xylene 32
4 Pd(OAC): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) cyclohexane 00
5 Pd(OACc): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) 1,2-DCE 42
6 Pd(OACc): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) MeOH 00
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7 Pd(OAc)2 (5) 2,2'-bipyridyl (10) PTSA-H20 (1) CHiCN 00
8 Pd(OAc): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) DMF 00
9 Pd(OAc): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) DMSO 00
10 Pd(OAc): (5) 2,2'-bipyridyl (10) PTSA-H20 (1) H20 00
11 PA(TFA)2 (5) 2,2'-bipyridyl (10) PTSA-H20 (1) 1,2-DCE 38
12 PdCl2 (5) 2,2'-bipyridyl (10) PTSA-H20 (1) 1,2-DCE 00
13 --- 2,2'-bipyridyl (10) PTSA-H20 (1) 1,2-DCE 00
14 Pd(OAC): (5) - PTSA-H20 (1) 1,2-DCE 00
15 Pd(OAC): (5) 2,2'-bipyridyl (10) 1,2-DCE 00
16 Pd(OAC): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 56
17 Pd(OAc) (10) 2,2'-bipyridyl (20) PTSA-H20 (5) 1,2-DCE 58
18 Pd(OAc) (10) 1,10-phen (20) PTSA-H20 (2) 1,2-DCE 52
19 Pd(OAc) (10) L-proline (20) PTSA-H20 (2) 1,2-DCE 00
20 Pd(OAc) (10) PPhs (20) PTSA-H20 (2) 1,2-DCE trace
21 Pd(OAc) (10) XPhos (20) PTSA-H20 (2) 1,2-DCE 00
22 Pd(OAc)2 (10) 1,1'-bi-2-naphthol (20) PTSA-H20 (2) 1,2-DCE 00
23 Pd(OAc) (10) 2,2'-bipyridyl (20) AcOH (2) 1,2-DCE 25
24 Pd(OAc) (10) 2,2'-bipyridyl (20) CFsCOOH (2) 1,2-DCE 23
25 Pd(OAC): (10) 2,2"-bipyridyl (20) PhCOzH 1,2-DCE trace
26 Pd(OAc): (10) 2,2'-bipyridyl (20) H2S04 1,2-DCE 00
27 Pd(OAc): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 66°
28 Pd(OACc)2 (10) 2,2'-bipyridyl (20) PTSA-Hz20 (2) 1,2-DCE 72¢
29 Pd(OAc) (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 73°
30 Pd(OAc): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 42f
31 Pd(OAc): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 518
32 Pd(OAc): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 42h
33 Pd(OAc): (10) 2,2'-bipyridyl (20) PTSA-H20 (2) 1,2-DCE 22!
@Reaction condition: 2-(3-0xo-1,3-diphenylpropyl)malononitrile (1) (0.25 mmol), phenylboronic acid (a) (0.75 mmol), catalyst
(mol %), ligand ( mol %.), additive (equiv) at rt under 2 X 10 W white LEDs for 24 h. ®Yields of the isolated product. ©2equiv
of (a) was used. 93 equiv of (a) was used. ¢5 equiv of (a) was used. Reaction performed using 10 W green LEDs light. 9Reaction
performed using 10 W blue LEDs light. "Yield after 12 h. Tin the absence of LEDs.
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V.4.2. Substrates Scopes for the Synthesis of Pyridine-3-Carbonitriles:

With the optimized reaction conditions in hand, this photoreaction was subjected to further
studies for the elucidation of substrate scope. Firstly, various y-ketomalononitriles bearing electron-
donating (EDGs) and electron-withdrawing groups (EWGs) were taken alongside phenylboronic
acid (a) in a series of different reactions to generate the corresponding triaryl substituted
cyanopyridines (Scheme V.4.2.1). The unsubstituted y-ketomalononitrile (1) coupled with
phenylboronic acid (a), to yield 3-cyano-2,4,6-triphenylpyridine in (1a) in 72% yield. Next, a series
of y-ketomalononitriles containing unsubstituted benzoyl ring alongside electron-rich phenyl ring
bearing EDGs such as p-Me (2), p-OMe (3), p-OBu (4), p-SMe (5), p-NMe: (6), and p-Ph (7) were
chosen to couple with the phenylboronic acid (a). The corresponding products (2a, 74%), (3a,
72%), (4a, 73%), (5a, 61%), (6a, 68%), and (7a, 70%) were obtained in good yields (Scheme
V.4.2.1). Moreover, when the phenyl ring contains EWGs such as p-F (8), p-Cl (9), 0-Br (10), and
m-NO- (11), the corresponding products (8a, 70%), (9a, 68%), (10a, 65%), and (11a, 45%) were
obtained in moderate to good yields (Scheme V.4.2.1). Next, the effect of substitution on benzoyl
ring was studied by choosing suitable y-ketomalononitrile substrates bearing an unsubstituted
phenyl ring, and subjecting them to the optimized reaction condition. Both the scenarios wherein
the benzoyl ring possessed EDGs such as p-Me (12) and p-OMe (13), and EWGs such as p-F (14),
p-Cl (15), p-Br (16), p-NO2 (17), and 0-NO- (18), resulted in the desired products (12a, 72%), (13a,
71%), (14a, 69%), (15a, 66%), (16a, 64%), (17a, 45%), and (18a, 42%) respectively (Scheme
V.4.2.1). It is interesting to note that akin to the previous set of experiments, the presence of an
electron-deficient benzoyl ring abated the product formation. y-Ketomalononitriles bearing the
naphthyl moiety, (19) and (20), when chosen as substrates for the developed protocol, responded
well to afford the respective (19a) and (20a) with 72% and 70% vyields respectively (Scheme
V.4.2.1). The protocol was also tested with y-ketomalononitrile substrates bearing both substituted
benzoyl/phenyl moieties simultaneously with groups such as EDG p-Me/EWG p-Cl (21), EWG p-
CI/EDG p-OMe (22), EWG p-CI/EDG p-OH (23), and EWG p-NO2/EDG p-OMe (24). All of these
substrates coupled well with phenylboronic acid (a) to yield the substituted cyanopyridines (21a,
69%), (22a, 75%), (23a, 41%), and (24a, 46%), respectively (Scheme V.4.2.1). Further, substrates
containing some di-substituted phenyl rings such as 2,6-dichlorophenyl (25), and the 3,4-dimethoxy
phenyl (26), reacted efficiently to give the products (25a, 64%) and (26a, 68%), respectively, in
good vyields (Scheme V.4.2.1).
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Pd(OAc), (10 mol %)
2,2'-bipyridyl (20 mol %)
PTSA-H,0 (2.0 equiv)
2 x 10 W White LEDs
1,2-DCE (2 mL), rt,24 h

(1a, 72%) (60 %)® (2a, 74%) Me (3a,72%) OMe  (4a,73%) OBu (53, 61%) SMe

B g

(7a, 70%) Ph (8a,70%) F (9a, 68%) ClI (10a, 65%) (11a, 45%) (12a, 72%)

MeO.

(13a, 71%)

s

(203, 70%)  (21a, 69%) ¢ (223, 75%) ome (233, 41%) OH (24a, 46%) OMe

WEEEEY

(25a, 64%) (26a, 68%) OMe (27a, 63%) Br (28a, 61%) ¢ (29a, 65%) (30a, 68%)

@Reaction conditions: (i) 1-30 (0.25 mmol), phenylboronic acid (a) (0.75 mmol), Pd(OAc)2 (0.025 mmol), 2,2'-bipyridyl (0.05
mmol), PTSA-H20 (0.5 mmol), and 1,2-DCE (2 mL) at rt for 24 h under 2 x 10 W white LEDs. Yield reported for 1 gm scale.

Scheme V.4.2.1. Substrate scope for various j-ketodinitriles.2?
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The Michael adduct bearing 3,4-methylene dioxo benzoyl ring and p-bromophenyl ring
(27) reacted under standard conditions to afford the desired pyridine (27a, 63%). Besides, the
cyclic y-keto substrate (28) underwent an efficient transformation to the product (28a) in 61% yield
(Scheme V.4.2.1). Furthermore, Michael adducts bearing hetero aryl rings such as, furan (29) or
thiophene (30), were also compatible with the protocol and afforded the products (29a, 65%) and
(30a, 68%), respectively, in good yields (Scheme V.4.2.1). To determine the efficiency of this
photoinduced process and also to expand the scope of this method, 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) (1.37 gm, 5 mmol), and phenylboronic acid (a) were reacted on
a gram scale which provided 2,4,6-triphenyl-substituted nicotinonitrile (1a) in 60% yield (Scheme
V.4.2.1).

After successfully employing diverse y-ketomalononitriles (1-30) to the developed strategy,
the scope was further enhanced by reacting various arylboronic acids with 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) under standard conditions (Scheme V.4.2.2). The reaction was
successful with 2-napthylboronic acid (b), which had produced 2-(naphthalen-2-yl)-4,6-
diphenylnicotinonitrile (1b) in 66% yield. Arylboronic acids possessing electron-donating groups
such as p-Me (c), o-Me (d), p-Et (e), p-'Bu (f), p-OMe (g), and 3-Me-4-OMe (h) also responded
positively towards the protocol, and afforded the desired cyanopyridines (1c, 73%), (1d, 43%), (1e,
75%), (1f, 77%), (19, 79%), and (1h, 68%), respectively, in good yields. Arylboronic acids
possessing electron-withdrawing groups such as p-F (i), p-Cl (j), m-Cl (k), p-Br (1), and p-CF3 (m),
also underwent efficient addition/cyclization with the y-ketomalononitrile (1) to afford the desired
cyanopyridines (1i, 62%), (1j, 55%), (1k, 51%), (11, 52%), and (1m, 35%), respectively, albeit the
yields were moderate to good in these cases. Unfortunately, the developed protocol turned out to
be unsuccessful in the case of a few boronic acids such as p-CHO-phenylboronic acid (n),
cyclohexylboronic acid (0), 2-thienylboronic acid (p), and allylboronic acid (q). We speculate that
the electron-withdrawing substituents present in arylboronic acids may potentially impede the
trans-metalation and the carbopalladation/migration of the aryl group to the electrophilic carbon
center of the nitrile moiety. Perhaps, this might be the reason for the lower yields with electron-
withdrawing substituents. For an electron-deficient aryl moiety, p-CHO-phenylboronic acid (n), the
carbopalladation does not occur efficiently due to the poor migrating ability of such aryl moieties
to electrophilic centres. The failure of boronic acids having a sp*-C—B bond viz. cyclohexylboronic

acid (o) and allylboronic acid (q) hints toward a putative two electron carbanion based-mechanism,
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wherein B-hydride elimination reaction may be occurring.*'® For thiophene-based boronic acid, the
adjacent S atom may be depleting the electronic charge, built up at the C2-position by accepting
electrons into its vacant d-orbitals, leading to an inefficient carbopalladation. Moreover, a strongly
coordinating sulfur atom in the thiophene ring is known to poison Pd(I1) catalysts.

Pd(OAc), (10 mol %) 3 A
HO.__OH  2,2'-bipyridyl (20 mol %) L
NC CN PTSA-H,0 (2.0 equiv)
o X - Z~_CN
i 2 x 10 W White LEDs N |
Ph Ph ¢ .
/\R3 1,2-DCE (2mL), rt, 24h | AN Ph
(b—q) (1b-1q)
f ! :Ph Ph’ % Ph Phj % Ph Ph” % :Ph Ph” % :Ph Ph” % :
(1b, 66%) (1c, 73% (1d, 43%) (1e, 75%) (1, 77%) (19, 79%)
OMe
: % :Ph Ph” % :Ph Ph” /Ek :Ph Ph: % :Ph Ph” % :Ph Ph” % :
(1h, 68%) (1i, 62%) (1j, 55%) (1k, 51%) (11, 52%) (1m, 35%)
unsuccessful substrates
CHO
(1n 00%) (10 00%) (1p 00%) (1q 00%)

@Reaction conditions: (i) 2-(3-oxo-1,3-diphenylpropyl)malononitrile (1) (0.25 mmol), arylboronic acids (b—qg) (0.75 mmol),
Pd(OAC)2 (0.025 mmol), 2,2'-bipyridyl (0.05 mmol), PTSA-H20 (0.5 mmol), and 1,2-DCE (2 mL) at rt for 24 h under 2 x 10 W
white LEDs.

Scheme V.4.2.2. Substrate scope for arylboronic acids.?

V.4.3. Substrates Scopes for the Synthesis of Pyrrole-3-Carbonitriles:

The synthetic utility of this photoreaction was further extended by investigating the
addition/cyclization of phenylboronic acids to a few [-ketomalononitriles under the optimized
reaction conditions to yield the substituted pyrroles (Scheme V.4.3.1). To our delight, the reaction
of  phenylboronic acid (a) with unsubstituted [(-ketomalononitrile, 2-(2-oxo-2-

phenylethyl)malononitrile (31) produced the five-membered N-heterocycle, 2,5-diphenyl-1H-
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pyrrole-3-carbonitrile (31a) in 73% yield under the standard conditions. The formation of the
pyrrole skeleton was confirmed by the *H NMR, ¥C NMR, and HRMS analysis. Later, B-
ketomalononitriles bearing EDGs such as p-Me (32) and p-OMe (33), and EWGs such as, p-Cl
(34), p-Br (35), and p-NO:> (36) were selected alongside the phenylboronic acid (a) to participate
in our reaction strategy. Fortunately, the desired 2,5-diaryl-3-cyanopyrrols (32a, 76%), (33a, 78%),
(34a, 71%), (35a, 67%), and (36a, 55%) were obtained in good to moderate yields. A bicyclic
substrate, 2-(1-0x0-1,2,3,4-tetrahydronaphthalen-2-yl)malononitrile (37) and a f-ketomalononitrile
containing thiophene moiety (38), also coupled successfully with phenylboronic acid (a), and
subsequently cyclized to afford the corresponding pyrrole derivatives (37a, 71%) and (38a, 69%)
in good yields.

Pd(OAc), (10 mol %)
2,2'-bipyridyl (20 mol %)

PTSA-H,0 (2.0 equiv)
—R3 2 x 10 W White LEDs
N 1,2-DCE (2 mL), rt, 24 h

(31-38) (a, b, d-g, i, 1)

(31a, 73%) (65%)® (32a, 76%) (33a, 78%)

(363 55%) (37a, 71%) (38a, 69%) (31b, 74%) (31d, 54%)
‘Bu

HN HN HN HN HN
CN CN CN CN

(31e, 78%) (31f, 75%) (31g 80%) (31| 60%) (31] 55%) (31I 52%)

@Reaction conditions: (i) 31-38 (0.25 mmol), arylboronic acids (a, b, d—-g, i, j, ) (0.75 mmol), Pd(OAc)2 (0.025 mmol), 2,2'-bipyridyl
(0.05 mmol),PTSA-H20 (0.5 mmol), and 1,2-DCE (2 mL) at rt for 24 h. under 2 x 10 W white LEDs. . *Yield reported for mmol

scale.

Scheme V.4.3.1. Substrate scope for 2,5-diaryl-substituted-3-cyano pyrroles.2?
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Naphthalen-2-ylboronic acid (b) reacted with 2-(2-0xo-2-phenylethyl)malononitrile (31) to
yield 2-(B-naphthyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31b) in 74% yield. Additionally, a host
of phenylboronic acids possessing EDGs such as 0-Me (d), p-Et (e), p-'Bu (f), and p-OMe (g), and
EWGs such as, p-F (i), p-Cl (j), and p-Br (I) were reacted with 2-(2-ox0-2-
phenylethyl)malononitrile (31) under standard conditions to afford the corresponding pyrroles
(31d, 54%), (31le, 78%), (31f, 75%), (31g, 80%), (31i, 60%), (31j, 55%), and (31l, 52%) in

moderate to good yields.
V.5. Mechanistic Investigations:

V.5.1. Intermolecular Competition Experiments:

Intermolecular competition reactions were performed to study the electronic influence of
the substituents present on the aroyl/aryl moieties of y-ketomalononitriles and arylboronic acids. In
an equimolar mixture of substrates (13) and (14), composed of aroyl groups possessing an EDG, p-
OMe, and an EWG, p-F, respectively, were reacted with phenylboronic acid (a) (Scheme V.5.1.1).
The yields of the corresponding products (13a, 25%) and (14a, 23%) were similar, which indicates

that substrates possessing EDGs and EWGs in the aroyl moiety (R?) show similar reactivity.

MeO F PhB(OH), I F
O o O 0 (a, 0.25 mmol) O N Ph
CN CN Pd(OAc), (10 mol %) | ©
cN CN __ 2,2-bipyridyl (20 mol %) Z NN
PTSA-H,0 (2.0 equiv)
O O 2 x 10 W White LEDs O
1,2-DCE (2 mL), rt, 24 h

(13,0.50 mmol) (14, 0.50 mmol) (13a, 25%) (14a, 23%)

Scheme V.5.1.1. Competition experiments between aroyl substituted y-ketodinitriles.

Next, two y-ketomalononitrile substrates wherein the aryl moiety contains either an EDG
p-OMe (3), or an EWG p-Cl (9) were chosen to react with the phenylboronic acid (a) under
standard conditions (Scheme V.5.1.2). It was again observed that the electronic nature of the
substituent R? present on the phenyl moiety had minimal effect on the outcome of the reaction, as

evident from the almost equal yields of products (3a, 21%) and (9a, 20%), respectively.

PhB(OH),
O o O 0 (a, 0.25 mmol) O
CN CN o
Pd(OAc), (10 mol %)
CN . CN 2,2'-bipyridyl (20 mol %)
PTSA-H,0 (2.0 equiv)
O O 2 x 10 W White LEDs
1,2-DCE (2 mL), rt, 24 h

OMe (3, 0.50 mmol) ©! (9, 0.50 mmol) (3a, 21%) OMe (9a, 20%) Cl

Scheme V.5.1.2. Competition experiments between phenyl substituted j~ketodinitriles.
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Finally, the effect of the electronic nature of substituents (R%) present on the phenyl ring of
the boronic acids was investigated (Scheme V.5.1.3). An equimolar mixture of electron-rich p-
methoxyphenylboronic acid (g), and a relatively electron-deficient p-fluorophenylboronic acid (i)
was reacted with (1) to afford the respective cyanopyridines (1g, 29%) and (1i, 20%). This suggests

that the presence of an EDG on the phenyl ring of arylboronic acid renders higher compatibility.

HO. _OH
HO. ’ Pd(OAc), (10 mol %)
0
2,2'-bipyridyl (20 mol %) NT NZ
PTSA-H,0 (2.0 equiv)
2 x 10 W White LEDs
1,2-DCE (2 mL), rt, 24 h

(g9, 0.50 mmol) (i, 0.50 mmol) (1, 0.25 mmol) (1g 29 %) (1i, 20%

Scheme V.5.1.3. Competition experiments between arylboronic acids.

V.5.2. Control Experiments:

To understand the mechanistic underpinnings of the photoreaction, few control experiments
were performed. Our initial experiment was performed under normal laboratory conditions at room
temperature. It was observed that the reaction proceeded slowly, and only 22% yield of the desired
product was obtained after 24 h (Scheme V.5.2.1).

O Pd(OAc), (10 mol %)
2,2-bipyridyl (20 mol %)
@ PTSA-H,O (2.0 equiv)
1,2-DCE (2 mL), rt, 24 h
(1) (a) (1a, 22%)

Scheme V.5.2.1. Reaction in absence of LEDs..

In the next experiment, the reaction flask was wrapped carefully with an aluminium foil,
and the reaction was carried out in completely dark conditions. This time, even less than 16% of
the product was isolated (Scheme V.5.2.2). Hence, it can be concluded that light does accelerate
the desired reaction.

O Pd(OAc), (10 mol %)

2,2'-bipyridyl (20 mol %)
@ PTSA-H,0 (2.0 equiv)
1,2-DCE (2 mL), rt, 24 h
(1) (a) (1a, 16%)

Scheme V.5.2.2. Reaction in dark condition.
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Later, a radical scavenger 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPQ) was added to the
reaction mixture in varying guantities. Although the use of 2 equiv TEMPO resulted in poor yield
(<20%), when 4 equiv TEMPO was added to the reaction mixture, no desired product was obtained
(Scheme V.5.2.3). These results indicate that a radical pathway may be operative. However, no
TEMPO adducts were detected while performing the HRMS analysis of the reaction mixture.
Moreover, the alkylboronic acids such as cyclohexylboronic acid (0) and allylboronic acid (q) did
not yield the desired products (10) and (1q) when subjected to standard conditions (Scheme
V.4.2.2).1° Surprisingly, these observations refute the existence of a radical pathway. According
to the literature reports, there is a possibility that TEMPO may oxidize Pd(0) to Pd(ll), thereby

inhibiting the reaction in the forward direction.?®

J

[radical trapping experimentj

Pd(OAc), (10 mol %) O N O

o
CN HO. ;OH K
2,2'-bipyridyl (20 mol %) |
CN + ZNeN
PTSA-H,0 (2.0 equiv)
2 x 10 W White LEDs
(1) (a) 1,2-DCE (2 mL), rt, 24 h

TEMPO (4 equiv): (1a, 00%)
TEMPO (2 equiv): (1a, <20%)

Scheme V.5.2.3. Reaction in presence of TEMPO.

V.5.3. Plausible Reaction Mechanism:

Based on these facts, the likelihood of a conventional SET mechanism involving organic
radicals due to visible light irradiation is not obvious in our case, and a plausible reaction
mechanism is outlined in Scheme V.5.3.1. Initially, Pd(OAc). combines with 2,2'-bipyridyl ligand
(L) to form a complex Pd(11)(bpy)(OAC). (detected by HRMS analysis of reaction mixture). The
protocol requires 3 equivalents of arylboronic acid with respect to the reacting substrate. The
requirement of excess boronic acid can be rationalized by the in situ generations of Pd(0) by the
reduction of Pd(11)(bpy)(OACc)2, which is also accelerated under visible irradiation.*® Another 2,2'-
bipyridine ligand (L) combines with the in situ generated Pd(0) species, which subsequently
undergoes photoexcitation via MLCT to form an excited palladium complex, [L2Pd(0)*] (detected
by HRMS analysis of reaction mixture). Although the next step, that is, transmetalation is not fully
understood, we speculate that a redox reaction may be occurring, wherein the excited palladium
complex, [L2Pd(0)*] reduces the phenylboronic acid (a).3! Concomitantly, transfer of aryl group

(of boronic acid), and elimination of 2,2'-bipyridine ligand (L) occur to give the intermediate (I)
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(detected by HRMS analysis of reaction mixture). The redox step may involve the M—Z o-
interaction between the palladium centre and the boron centre of boronic acid.*?> The Pd(I1) centre
of intermediate (1) then coordinates with the y-ketomalononitrile substrate (1) to give the
intermediate (Il1) (detected by HRMS analysis of reaction mixture). Next, intramolecular
carbopalladation of nitrile occurs via the insertion of the phenyl group to the nitrile moiety followed
by insertion of an acetate anion to the palladium centre which results in the corresponding ketimine
complex (I11) (detected by HRMS analysis of reaction mixture). Later, PTSA-H2O protonates this
intermediate to release 2-(imino(phenyl)methyl)-5-0x0-3,5-diphenylpentanenitrile (1V), and
coordination of PTSA to the Pd(Il) centre forms the intermediate (VIII) (detected by HRMS
analysis of reaction mixture). The initial Pd(Il) species is regenerated via the intermediacy of (1X)
(detected by HRMS analysis of reaction mixture) and continues the catalytic cycle. Finally,
PTSA-HO triggers the intramolecular cyclization of 1V, which is followed by dehydration to form
the intermediate V11 (detected by HRMS analysis of reaction mixture). Finally, aromatization of

intermediate V11 affords the desired product, 3-cyano-2,4,6-triphenylpyridine (1a).

Pd(Il)(OAc),

‘2 ,2'-bypyridine (L)
_ PTSA — 2 PhB(OH), (a), L
/ N
(,,y S I/ 2H,0 ,2 B(OH);,
C‘)\ hv 2 HOAc, Ph-Ph
Ac 0 O’S AcO OAc
;0 [LoPd(0)]
oot (1X) PhB(OH), (a)
i hy AcOH
PTSA PTSA ligand exchange b HB(OH),
Ph AcOH 9 9 redox transmetalation U +OAc™

|</-\ }4 Ph
E Hf\/(CN ﬁCN _ _ LPd(Il)Ph
Fo HO 0
OH P y)
p/ N "Ph NZ \ N\(u))\l 7/
Sy s;@ﬂe
AcO O—
E ph Q) vy o N (||)/N CN
o H,0 Ph (1)
I
oﬁ
CN PTSA
P N
vy ~=___ |pn”" N"pn h)KI: ‘/4\/0 0

m carbopalladation
(1a) a Imigration

Scheme V.5.3.1. Proposed mechanistic pathway.
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V.6. Conclusion:

In summary, we have devised an elegant strategy for the synthesis of 2,4,6-
triarylnicotinonitriles and 2,5-diaryl-1H-pyrrole-3-carbonitriles at ambient temperature via a Pd-
catalyzed reaction of arylboronic acid with y- and -ketodinitriles under visible-light irradiation.
The present one-pot synthetic protocol obviates the necessity of an external photosensitizer and
provides convenient access to the desired products in moderate to good yields under mild reaction
conditions. The desired products possess nitrile moiety which can be later functionalized to generate

useful molecules for diverse applications.

V.7. Experimental Section:

V.7.1. General Information:

All the reagents were commercial grade and purified according to the established
procedures. All the reactions were carried out in oven-dried glassware under a degassed
atmosphere. The highest commercial quality reagents were purchased and were used without further
purification unless otherwise stated. Reactions were monitored by thin-layer chromatography
(TLC) on 0.25 mm silica gel plates (60F2s4) visualized under UV illumination at 254 nm. Organic
extracts were dried over anhydrous sodium sulfate (Na2SO4). Solvents were removed using a rotary
evaporator under reduced pressure. Column chromatography was performed to purify the crude
product on silica gel 60—120 mesh using a mixture of hexane and ethyl acetate as eluent. All the
isolated compounds were characterized by *H, **C{*H} NMR and HRMS and IR spectroscopic
techniques. NMR spectra for all the samples were recorded in deuterochloroform (CDCIs) or
deuterated dimethyl sulfoxide (DMSO-dg). *H, 3C{*H} were recorded in 600 (150) or 400 (100)
MHz spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent for
'H NMR, deuterochloroform for *3C NMR as an internal reference {Si(CH3)s: 0.00 ppm or CHCls:
7.260 ppm for *H NMR, 77.230 ppm for **C NMR or (CH3)2S0: 2.50 ppm for *H NMR, 39.50 ppm
for 3C NMR}. ®F NMR was calibrated using hexafluorobenzene as an internal standard. The
chemical shifts are quoted in ¢ units, parts per million (ppm). *H NMR data is represented as
follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet,
br = broad, dd = doublet of doublet, tt = triplet of triplet), integration and coupling constant(s) J in
hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a mass spectrometer using

electrospray ionization-time of flight (ESI-TOF) reflection experiments. FT-IR spectra were
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recorded in KBr or neat and reported in the frequency of absorption (cm=1). Philips 2 x 10 W white
LED bulb was used as the light source for this light-promoted reaction and no filter was used.
Borosilicate round bottom glass was used as the reaction vessel. The distance from the light source
to the irradiation vessel was ~6—8 cm. Regular fan was used to ventilate the area to maintain the

room temperature (27-30 °C).

V.7.2. General Procedures:
V.7.2.1. General Procedure for the Synthesis of 2-(3-Oxo-1,3-diarylpropyl)malononitriles
(1-30):

All the y-ketodinitriles (1-30) were synthesized according to the literature procedure.!

V.7.2.2. General Procedure for the Synthesis of 2-(2-Oxo-2-arylylethyl)malononitriles
(31-38):
Compounds (31-38) were synthesized by a slight modification of the literature

procedures, <

V.7.2.3. General Procedure for the Synthesis of 2,4,6-Triarylnicotinonitriles (1a) from 2-(3-
Oxo-1,3-diarylpropyl)malononitriles (1) and Phenylboronic acid (a):

To an oven-dried 10 mL round bottom flask was added 2-(3-oxo-1,3-
diphenylpropyl)malononitrile (1) (68 mg, 0.25 mmol), phenylboronic acid (a) (90.6 mg, 0.75
mmol), Pd(OAc)2 (5.6 mg, 0.025 mmol), 2,2"-bipyridyl (7.8 mg, 0.05 mmol), PTSA-H20 (95 mg,
0.5 mmol), and 1,2-DCE (2 mL). The reaction mixture was stirred at room temperature for 24 h,
maintaining an approximate distance of ~6—-8 cm from two 10 W white LED bulbs (Flux 46
mw/cm?). After completion of the reaction (monitored by TLC analysis), the reaction mixture was
admixed with ethyl acetate (25 mL) and the organic layer was washed with saturated sodium
bicarbonate solution (5 mL). The organic layer was dried over anhydrous Na>SOa, and the solvent
was evaporated under reduced pressure. The crude product so obtained was purified over a column
of silica gel using 2% ethyl acetate in hexane to give pure 2,4,6-triphenylnicotinonitrile (1a) in

72% vyield. The identity and purity of the product were confirmed by spectroscopic analysis.
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V.7.2.4. General Procedure for the Synthesis of 2,5-Diaryl-1H-pyrrole-3-carbonitriles (31a)
from 2-(2-Oxo-2-arylethyl)malononitriles (31) and Phenylboronic acid (a):

The experiment was carried out according to the general procedure V.7.2.3 taking 2-(2-
oxo-2-phenylethyl)malononitrile (31) (46 mg, 0.25 mmol), and phenylboronic acid (a) (90.6 mg,
0.75 mmol) under standard reaction condition. The crude product so obtained was purified over a
column of silica gel using 5% ethyl acetate in hexane to give pure 2,5-diphenyl-1H-pyrrole-3-
carbonitriles (31a) in a 73% yield. The identity and purity of the product were confirmed by

spectroscopic analysis.

V.7.3. Mechanistic Investigation:
V.7.3.1. ESI-MS Studies for the Reaction Mixtures at Different Time Intervals:

5
N

Pd
AcO/ \OAc

C14H14N,0,Pd
[M + H]+ = 381.0061
Z M =380.00

C46Hq3N,Pd
[M + H]* = 340.0186
M = 339.0114

‘J; H b J“ILLIL l‘LLLLLL

““““

40

Figure V.7.3.1.1. HRMS spectrum after 20 min.
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Sample Name SAMPLE 17 Position P2-87 Instrument Name Instrument 1
User Name Inj Vol 20 InjPosition
Sample Type sample IRM Calibration Status  Success Data Filename AR-74-PBA-30M.d
ACQ Method ESI ALS 100-1000.m Comment Acquired Time 8/5/2019 4:14:29 PM (UTC+05:30)
x10 5 |*ES! Scan (scans: #14) Frag=175.0V AR-74-PBA-30M.d
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Sample Name SAMPLE 17 Position P2-B7 Instrument Name Instrument 1
User Name Inj Vol 20 InjPosition
Sample Type Sample IRM Calibration Status  Success Data Filename AR-74-PBA-30M.d
ACQ Method ESI ALS 100-1000.m Comment Acquired Time 8/5/2019 4:14:29 PM (UTC+05:30)
x10 5 +ESI| Scan (scans: #25) Frag=175.0V AR-74-PBA-30M.d
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Figure V.7.3.1.3. HRMS spectrum after 30 min.
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Sample Name SAMPLE 17 Position p2-87 Instrument Name Instrument 1
User Name Inj Vol 20 InjPosition

Sample Type sample IRM Calibration Status  Success Data Filename AR-74-PBA-30M.d

ACQ Method ESI ALS 100-1000.m Comment Acquired Time 8/5/2019 4:14:29 PM (UTC+05:30)

x10 5 |+ESI Scan (scans: #26) Frag=175.0V AR-74-PBA-30M.d
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Figure V.7.3.1.4. HRMS spectrum after 30 min.

Sample Name SAMPLE 21 Position P2-B11 Instrument Name Instrument 1
User Name nj Vol 20 InjPosition

sample Type sample IRM Calibration Status  Success Data Filename AR-74-PBA-40M.d

ACQ Method ESI ALS 100-1000.m Comment Acquired Time 8/5/2019 4:22:12 PM (UTC+05:30)

x10 4 |+ESI Scan (scans: #27) Frag=175.0V AR-74-PBA-40M.d
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Figure V.7.3.1.5. HRMS spectrum after 40 min.
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V.7.3.2. Intermolecular Competition Experiments:

V.7.3.2.1. Intermolecular Competitive Experiment Between 2-(3-(4-Methoxyphenyl)-3-oxo-
1-phenylpropyl)malononitrile (13) and 2-(3-(4-Fluorophenyl)-3-oxo-1-
phenylpropyl)malononitrile (14):

The experiment was carried out according to the general procedure V.7.2.3 taking 2-(3-(4-
methoxyphenyl)-3-oxo-1-phenylpropyl)malononitrile (13) (152 mg, 0.5 mmol), 2-(3-(4-
fluorophenyl)-3-oxo-1-phenylpropyl)malononitrile (14) (146 mg, 0.5 mmol), and phenylboronic
acid (a) under the standard reaction condition. The crude product so obtained was purified over a
column of silica gel using increasing 2% ethyl acetate in hexane to give pure 6-(4-methoxyphenyl)-
2,4-diphenylnicotinonitrile  (13a) (45 mg, 25% vyield) and 6-(4-fluorophenyl)-2,4-
diphenylnicotinonitrile (14a) (40 mg, 23% yield).

V.7.3.2.2. Intermolecular Competitive Experiment Between 2-(1-(4-Methoxyphenyl)-3-oxo-3-
phenylpropyl)malononitrile 3) and 2-(1-(4-Chlorophenyl)-3-oxo-3-
phenylpropyl)malononitrile (9):

The experiment was carried out according to the general procedure V.7.2.3 taking 2-(1-(4-
methoxyphenyl)-3-oxo0-3-phenylpropyl)malononitrile  (3) (152 mg, 0.5 mmol), 2-(1-(4-
chlorophenyl)-3-oxo-3-phenylpropyl)malononitrile (9) (154 mg, 0.5 mmol), and phenylboronic
acid (a) under the standard reaction condition. The crude product so obtained was purified over a
column of silica gel using 2% ethyl acetate in hexane to give pure 4-(4-methoxyphenyl)-2,6-
diphenylnicotinonitrile (3a) (38 mg, 21% yield) and 4-(4-chlorophenyl)-2,6-diphenylnicotinonitrile
(9a) (36 mg, 20% vyield).

V.7.3.2.3. Intermolecular Competitive Experiment Between (4-Methoxyphenyl)boronic acid
(9) and (4-Fluorophenyl)boronic acid (i):

The experiment was carried out according to the general procedure V.7.2.3 taking 2-(3-
oxo-1,3-diphenylpropyl)malononitrile (1) (68.5 mg, 0.25 mmol), (4-methoxyphenyl)boronic acid
(9) (75.5 mg, 0.5 mmol), and (4-fluorophenyl)boronic acid (i) (69.5 mg, 0.5 mmol) under standard
reaction condition. The crude product so obtained was purified over a column of silica gel using
2% ethyl acetate in hexane to give pure 2-(4-methoxyphenyl)-4,6-diphenylnicotinonitrile (1g) (26
mg, 29% vyield) and 2-(4-fluorophenyl)-4,6-diphenylnicotinonitrile (1i) (17 mg, 20% yield).
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V.7.3.3. Control Experiments:
V.7.3.3.1. In the Absence of LEDs:

The experiment was carried out according to the general procedure V.7.2.3 in the absence
of white LEDs. The crude product so obtained was purified over a column of silica gel using 2%
ethyl acetate in hexane to give pure 2,4,6-triphenylnicotinonitriles (1a) (18 mg, 22% vyield). The

identity and purity of the product were confirmed by spectroscopic analysis.

V.7.3.3.2. Dark Reaction:

The experiment was carried out according to the general procedure V.7.2.3 in absence of
white LEDs and the round bottom flask was covered with an aluminum foil so that light cannot
interact with the reaction mixture. The crude product so obtained was purified over a column of
silica gel using 2% ethyl acetate in hexane to give pure 2,4,6-triphenylnicotinonitriles (1a) (13 mg,

16% yield). The identity and purity of the product were confirmed by spectroscopic analysis.

V.7.3.3.3. Radical Trapping Experiment:

Q) The experiment was carried out according to the general procedure V.7.2.3 in presence of
TEMPO (156 mg, 1 mmol). The reaction mixture was then stirred at room temperature for 24 h.
The completion of the reaction was monitored by TLC analysis of the reaction mixture. But the
reaction did not afford 2,4,6-triphenylnicotinonitriles (1a) rather an uncharacterized product was

obtained.

(i) The experiment was carried out according to the general procedure V.7.2.3. taking TEMPO
(78 mg, 0.5 mmol). The crude product so obtained was purified over a column of silica gel using2%
ethyl acetate in hexane to give pure 2,4,6-triphenylnicotinonitriles (1a) (15 mg, 18% yield). The

identity and purity of the product were confirmed by spectroscopic analysis.

V.7.4. Crystallographic Information:
V.7.4.1. Sample Preparation:

The single crystal of compound 1f was prepared by the slow evaporation method for which
5 mg of the compound (1f) was dissolved in 1 mL of ethyl acetate in a clean and dry 10 mL glass
vial. Petroleum ether (2 mL) was added to this solution slowly with a dropper until faint turbidity

appeared on the top. The mouth of the glass vial was covered with a cap having a small hole and
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kept for slow evaporation at room temperature. A single crystal of 1f was obtained as a transparent
white needle-like crystal after 5 days.
V.7.4.2. Crystallographic Information of 2-(4-(tert-Butyl)phenyl)-4,6-diphenylnicotinonitrile
(af):

Diffraction data were collected at 292 K with MoKa radiation (A = 0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with a graphite monochromator and
Apex CD camera. The SMART software was used for data collection and for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were
performed using SAINT™? software and the space groups of these crystals were determined from
systematic absences by XPREP and further justified by the refinement results. The structures were
solved by direct methods and refined by full-matrix least-squares calculations using
SHELXTL-97° software. All the non-H atoms were refined in the anisotropic approximation
against F? of all reflections.
1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta

Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3.  G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.
V.7.4.3. Crystallographic Description of 2-(4-(tert-Butyl)phenyl)-4,6-diphenylnicotinonitrile
(2f):

C28H24N2, crystal dimensions 0.25 x 0.22 x 0.16 mm, M, = 338.49, Monoclinic, space group
P 21/n,a=12.1240(11) A, b= 21.9840(2) A, c = 16.7347(15) A, « = 90°, = 96.781(10)°, y = 90°,
V = 4429.2(7) A%, Z = 4, peaied = 1.165 mg/m®, x = 0.068 mm=t, F(000) = 1648.0, reflection
collected/unique = 7777/2307, refinement method = full-matrix least-squares on F?, final R indices
[1>2\s(1)]: R1 = 0.2487, wR2 = 0.2415, R indices (all data): R1 =0.0772, wR2 = 0.1521, goodness of
fit = 0.941. CCDC-1999314 for 2-(4-(tert-butyl)phenyl)-4,6-diphenylnicotinonitrile (1f) contains
the supplementary crystallographic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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V.8. Spectral Data:
2,4,6-Triphenylnicotinonitrile (1a):

Al v L

|
2N

J

As a white solid (60 mg, 72% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.19 (d, 2H, J = 7.6 Hz),
8.06 (d, 2H, J = 7.8 Hz), 7.83 (s, 1H), 7.70 (d, 2H, J = 7.6 Hz), 7.60-7.55 (m,
6H), 7.53-7.48 (m, 3H); *C{*H} NMR (CDCls, 100 MHz): § 162.6, 159.3,
155.6, 138.2, 137.7, 136.9, 130.7, 130.2, 130.1, 129.6, 129.17, 129.16, 128.9,

128.7, 127.8, 118.8, 117.9, 104.5; IR (KBr, cm™): 2924, 2858, 2215, 1727, 1571, 1530, 1488,
1372, 1276, 1171, 1073, 1025, 873, 748, 688, 616, 568, 485; HRMS (ESI/Q-TOF) (m/z) calcd for
C24H17N2 [M + H]* 333.1386; found 333.1391.

2,6-Diphenyl-4-(p-tolyl)nicotinonitrile (2a):

As a white solid (64 mg, 74% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.19 (d, 2H, J = 7.8 Hz),
8.07 (d, 2H, J = 7.8 Hz), 7.82 (s, 1H), 7.62—7.52 (m, 8H), 7.39 (d, 2H, J = 8.0
Hz), 2.48 (s, 3H); 3C{*H} NMR (CDCl3, 100 MHz): § 162.5, 159.2, 155.6,
140.3, 138.2, 137.8, 134.0, 130.6, 130.2, 129.9, 129.6, 129.1, 128.8, 128.6,
127.7,118.7, 118.1, 104.4, 21.6; IR (KBr, cm™): 2925, 2862, 2214, 1578, 1511,

1377,1290, 1247, 1170, 1072, 1024, 971, 875, 828, 762, 693, 609, 572, 520; HRMS (ESI/Q-TOF)
(m/z) calcd for CosH1gN2 [M + H]* 347.1543; found 347.1558.

4-(4-Methoxyphenyl)-2,6-diphenylnicotinonitrile (3a):

)

OMe

As a white solid (65 mg, 72% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6 8.18 (d, 2H, J = 7.8
Hz), 8.05 (d, 2H, J = 6.6 Hz), 7.80 (s, 1H), 7.67 (d, 2H, J = 8.4 Hz), 7.59-7.49
(m, 6H), 7.09 (d, 2H, J = 8.8 Hz), 3.90 (s, 3H); *C{*H} NMR (CDCls, 100
MHz): 6 162.7, 161.2, 159.2, 155.2, 138.3, 137.8, 130.6, 130.4, 130.2, 129.2,
129.1, 128.6,127.7,118.6, 118.3, 114.6, 114.3, 104.3, 55.6; IR (KBr, cm):

2924, 2861, 2218, 1669, 1582, 1514, 1459, 1373, 1253, 1175, 1027, 819, 758, 690, 563; HRMS
(ESI/Q-TOF) (m/z) calcd for CosH1sN20 [M + H]* 363.1492; found 363.1497.
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4-(4-Butoxyphenyl)-2,6-diphenylnicotinonitrile (4a):

A

N
S

A

OBu

J

CN

As a white solid (73 mg, 73% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls 400 MHz): § 8.18 (d, 2H, J = 7.8
Hz), 8.05 (d, 2H, J = 7.6 Hz), 7.80 (s, 1H), 7.66 (d, 2H, J = 8.8 Hz), 7.59-7.49
(m, 6H), 7.08 (d, 2H, J = 8.4 Hz), 4.06 (t, 2H, J = 6.4 Hz), 1.87-1.80 (m, 2H),
1.59-1.50 (m, 2H), 1.02 (t, 3H, J = 7.4 Hz); BC{*H} NMR (CDCls, 100
MHz): 162.7, 160.8, 159.2, 155.3, 138.3, 137.9, 130.6, 130.3, 130.2, 129.6,

129.1,128.9, 128.6, 127.7, 118.5, 118.3, 115.1, 104.2, 68.1, 31.4, 19.4, 14.0; IR (KBr, cm~1): 2919,
2857, 2213, 1660, 1574, 1529, 1455, 1373, 1237, 1179, 1074, 1024, 880, 816, 754, 684, 588, 546,
494; HRMS (ESI/Q-TOF) (m/z) calcd for CosHasN20 [M + H]* 405.1961; found 405.1976.

4-(4-(Methylthio)phenyl)-2,6-diphenylnicotinonitrile (5a):

As a white solid (57 mg, 61% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6 8.18 (d, 2H, J = 7.4
Hz), 8.04 (d, 2H, J = 7.6 Hz), 7.80 (s, 1H), 7.63 (d, 2H, J = 8.4 Hz), 7.58-7.50
(m, 6H), 7.42 (d, 2H, J = 8.4 Hz), 2.56 (s, 3H); *C{*H} NMR (CDClI3, 100
MHz): 6 162.7, 159.4, 154.9, 141.9, 138.2, 137.8, 133.2, 130.7, 130.3, 129.6,
129.23,129.17, 128.7,127.8, 126.4, 118.5, 118.0, 104.3, 15.4; IR (KBr, cm™):

2923, 2855, 2217, 1674, 1571, 1372, 1264, 1188, 1028, 812, 758, 690, 577, 497; HRMS (ESI/Q-
TOF) (m/z) calcd for C2sH19N2S [M + H]* 379.1263; found 379.1265.

4-(4-(Dimethylamino)phenyl)-2,6-diphenylnicotinonitrile (6a):

U,

P~

)

NMe,

CN

As a white solid (63 mg, 68% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6 8.17 (d, 2H, J = 7.2
Hz), 8.03 (d, 2H, J = 7.4 Hz), 7.80 (s, 1H), 7.66 (d, 2H, J = 8.8 Hz), 7.58-7.48
(m, 6H), 6.85 (d, 2H, J = 8.8 Hz), 3.07 (s, 6H); *C{*H} NMR (CDCls, 100
MHz): 6 162.9, 158.9, 155.6, 151.6, 138.6, 138.2, 130.4, 130.1, 130.0, 129.6,
129.1, 128.6, 127.7, 123.9, 118.8, 118.2, 103.8, 40.4; IR (KBr, cm™1): 2922,

2854, 2216, 1677, 1615, 1573, 1453, 1369, 1523, 1200, 1026, 815, 757, 692; HRMS (ESI/Q-TOF)
(m/z) calcd for CosH22N3 [M + H]* 376.1808; found 376.1820.
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4-([1,1'-Biphenyl]-4-yl)-2,6-diphenylnicotinonitrile (7a):

As a white solid (71 mg, 70% yield); Purification over a column of silica gel
(2% EtOAcC in hexane); *H NMR (CDCls, 400 MHz): § 8.20 (d, 2H, J = 7.8 Hz),
8.06 (d, 2H, J = 7.8 Hz), 7.88 (s, 1H), 7.79 (s, 4H), 7.68 (d, 2H, J = 7.2 Hz),
7.58-7.48 (m, 8H), 7.41 (t, 1H, J = 7.2 Hz); *C{*H} NMR (CDCl3, 100 MHz):
0 162.7, 159.4, 155.2, 143.0, 140.3, 138.2, 137.8, 135.8, 130.8, 130.3, 129.6,
129.4,129.20, 129.16, 128.7, 128.1, 127.9, 127.8, 127.4, 118.8, 118.1, 104.4,;

IR (KBr, cm™): 2923, 2857, 2215, 1573, 1527, 1456, 1372, 1266, 1074, 1024, 838, 754, 689, 575;
HRMS (ESI/Q-TOF) (m/z) calcd for C3oH21N2 [M + H]* 409.1699; found 409.1698.

4-(4-Fluorophenyl)-2,6-diphenylnicotinonitrile (8a):

As a white solid (61 mg, 70% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.11-8.09 (m, 2H),
797-7.95 (m, 2H), 7.71 (s, 1H), 7.62-7.59 (m, 2H), 7.49-7.43 (m, 6H),
7.21-7.17 (m, 2H); 3C{*H} NMR (CDCls, 100 MHz): ¢ 163.9 (d, J = 249.1
Hz), 162.7, 159.5, 154.6, 138.1, 137.6, 133.0 (d, J = 3.4 Hz), 130.9, 130.8 (d,
J=3.7Hz), 130.4,129.6, 129.2, 128.7, 127.8, 118.7,117.8,116.4 (d,J = 21.8

Hz), 104.5; *F NMR (CDClIs + hexafluorobenzene): 6 —113.8 (s); IR (KBr, cm1): 2923, 2855,
2212, 1644, 1576, 1504, 1454, 1377, 1226, 1164, 1097, 1022, 876, 836, 751, 688, 548; HRMS
(ESI/Q-TOF) (m/z) calcd for Co4H1sFN2 [M + H]* 351.1292; found 351.1304.

4-(4-Chlorophenyl)-2,6-diphenylnicotinonitrile (9a):

As a white solid (62 mg, 68% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 5 8.19-8.16 (m, 2H),
8.05-8.03 (m, 2H), 7.79 (s, 1H), 7.63 (d, 2H, J = 8.8 Hz), 7.56-7.51 (m, 8H);
13C{*H} NMR (CDCls, 100 MHz): § 162.7, 159.6, 154.4, 138.0, 137.6, 136.6,
135.4, 130.9, 130.4, 130.2, 129.6, 129.5, 129.2, 128.8, 127.8, 118.6, 117.8,
104.3; IR (KBr, cm1): 2923, 2858, 2216, 1677, 1573, 1529, 1485, 1370, 1263,

1172, 1089, 1015, 822, 752, 688, 492; HRMS (ESI/Q-TOF) (m/z) calcd for CasH1sCIN2 [M + H]*
367.0997; found 367.0999.
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4-(2-Bromophenyl)-2,6-diphenylnicotinonitrile (10a):

UV
l\
/CN

O

As a white solid (66 mg, 65% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.20 (d, 2H, J = 7.2
Hz), 8.10 (d, 2H, J = 7.6 Hz), 7.79 (s, 2H), 7.59-7.48 (m, 7H), 7.45-7.44 (m,
1H), 7.41-7.37 (m, 1H); BC{*H} NMR (CDCls, 100 MHz): 6 161.7, 159.2,
154.9, 137.98, 137.92, 137.6, 133.6, 131.2, 130.8, 130.6, 130.4, 129.5, 129.2,

128.8, 127.9, 127.8, 122.3, 119.4, 117.0, 105.9; IR (KBr, cm™): 2923, 2855, 2219, 1572, 1532,

1470, 1404, 1262,

1078, 1374, 1024, 887, 755, 693; HRMS (ESI/Q-TOF) (m/z) calcd for

Co4H16BrN2 [M + H]* 411.0491; found 411.0474.

4-(3-Nitrophenyl)-2,6-diphenylnicotinonitrile (11a):

As a white solid (42 mg, 45% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.53 (s, 1H), 8.43-8.41
(m, 1H), 8.21-8.19 (m, 2H), 8.08-8.04 (m, 3H), 7.84 (s, 1H), 7.78 (t, 1H, J =
8.0 Hz), 7.58-7.53 (m, 6H); 3C{*H} NMR (CDCls, 100 MHz): § 162.8, 159.9,
153.0, 148.8, 138.5, 137.8, 137.3, 134.9, 131.2, 130.6, 130.4, 129.6, 129.3,

128.8, 127.8, 124.8, 124.0, 118.5, 104.3; IR (KBr, cm™): 2924, 2857, 2218, 1713, 1576, 1528,
1460, 1350, 1263, 1178, 1082, 1031, 882, 805, 693, 521; HRMS (ESI/Q-TOF) (m/z) calcd for
C24H16N302 [M + H]* 378.1237; found 378.1248.

2,4-Diphenyl-6-(p-tolyl)nicotinonitriletrile (12a):

Me
Ve
|\
/CN

J

As a white solid (62 mg, 72% vyield); Purification over a column of silica
gel (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.11-8.06 (m,
4H), 7.80 (s, 1H), 7.71-7.68 (m, 2H), 7.60-7.53 (m, 6H), 7.33 (d, 2H, J =
8.4 Hz), 2.44 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): § 162.5, 159.3,

155.4,141.1, 138.3, 137.1, 134.9, 130.2, 129.99, 129.87, 129.6, 129.1,

128.8, 128.6, 127.6, 118.4, 117.9, 104.1, 21.6; IR (KBr, cm™1): 2923, 2856, 2215, 1575, 1532,
1494, 1451, 1404, 1373, 1261, 1157, 1079, 1026, 881, 818, 766, 701, 620, 530; HRMS (ESI/Q-
TOF) (m/z) calcd for CasH1gN2 [M + H]* 347.1543; found 347.1560.
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6-(4-Methoxyphenyl)-2,4-diphenylnicotinonitrile (13a):

oo As a white solid (64 mg, 71% yield); Purification over a column of silica

O NS O gel (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.16 (d, 2H,

Ao J=8.8Hz),8.04 (d, 2H, J = 7.6 Hz), 7.75 (s, 1H), 7.68 (d, 2H, J = 7.6

O Hz), 7.58-7.53 (m, 6H), 7.02 (d, 2H, J = 8.8 Hz), 3.89 (s, 3H); BC{ H}

NMR (CDClz, 100 MHz): ¢ 162.5, 161.9, 158.9, 155.4, 138.4, 137.2,

130.3, 130.2, 130.0, 129.6, 129.3, 129.2, 128.9, 128.7, 118.1, 117.9, 114.6, 103.6, 55.6; IR (KBr,

cm™1): 2923, 2856, 2211, 1575, 522, 1457, 1372, 1251, 1167, 1025, 879, 829, 761, 696, 542;
HRMS (ESI/Q-TOF) (m/z) calcd for C2sH19N20 [M + H]* 363.1492; found 363.1500.

6-(4-Fluorophenyl)-2,4-diphenylnicotinonitrile (14a):

= As a white solid (60 mg, 69% yield); Purification over a column of silica gel

O I Ns O (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.22-8.18 (m, 2H),

7 on 8.06-8.04 (m, 2H), 7.77 (s, 1H), 7.70-7.68 (m, 2H), 7.59-7.55 (m, 6H),

O 7.20 (t, 2H, J = 8.6 Hz); *C{*H} NMR (CDCls, 100 MHz): § 164.6 (d, J =

249.7 Hz), 162.6, 158.2, 155.7, 138.1, 136.9, 133.9 (d, J = 3.0 Hz), 130.3,

130.1,129.8 (d, J=8.6 Hz), 129.5, 129.2, 128.8, 128.7,118.4, 117.8, 116.2 (d, J = 21.7 Hz), 104.5;

F NMR (CDCls + hexafluorobenzene): § —113.8 (s); IR (KBr, cm1): 2923, 2862, 2216, 1683,

1574, 1525, 1370, 1227, 1151, 1091, 1024, 830, 752, 690, 618, 527; HRMS (ESI/Q-TOF) (m/z)
calcd for CasHisFN2 [M + H]* 351.1292; found 351.1298.

6-(4-Chlorophenyl)-2,4-diphenylnicotinonitrile (15a):

o As a white solid (60 mg, 66% vyield); Purification over a column of silica

O Ny O gel (2% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6 8.14 (d, 2H, J =

Pron 8.8 Hz), 8.04-8.02 (m, 2H), 7.79 (s, 1H), 7.69-7.67 (m, 2H), 7.59-7.55

O (m, 6H), 7.49 (d, 2H, J = 8.4 Hz); C{*H} NMR (CDCls, 100 MHz): ¢

162.7, 158.4, 155.8, 138.0, 137.0, 136.8, 136.1, 130.4, 130.2, 129.5, 129.4,

129.2,129.0, 128.85, 128.75, 118.6, 117.8, 104.8; IR (KBr, cm1): 2923, 2862, 2217, 1652, 1573,

1528, 1489, 1369, 1260, 1172, 1091, 1018, 824, 753, 690, 492; HRMS (ESI/Q-TOF) (m/z) calcd
for C24H16CIN2 [M + H]* 367.0997; found 367.0998.

S
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6-(4-Bromophenyl)-2,4-diphenylnicotinonitrile (16a):

As a white solid (65 mg, 64% yield); Purification over a column of silica

Br
O I Na O gel (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.07-8.02 (m,
7 e 4H), 7.79 (s, 1H), 7.69-7.63 (m, 4H), 7.59-7.55 (m, 6H); *C{*H} NMR
O (CDCls, 100 MHz): 6 162.7, 158.1, 155.9, 138.0, 136.8, 136.6, 132.4,

130.4, 130.2, 129.5, 129.24, 129.22, 128.8, 128.7, 125.5, 118.5, 117.7, 104.9; IR (KBr, cm™Y):
2922, 2862, 2218, 1681, 1573, 1528, 1486, 1367, 1272, 1169, 1071, 1004, 821, 753, 689, 622, 487;
HRMS (ESI/Q-TOF) (m/z) calcd for CasH16BrN2 [M + H]* 411.0491; found 411.0499.

6-(4-Nitrophenyl)-2,4-diphenylnicotinonitrile (17a):

oN As a white solid (42 mg, 45% yield); Purification over a column of silica
O IN\ O gel (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.36 (s, 4H),
7 oN 8.05-8.03 (m, 2H), 7.89 (s, 1H), 7.71-7.68 (m, 2H), 7.59-7.57 (m, 6H);
O 13C{H} NMR (CDCls, 100 MHz): 6 162.9, 156.7, 156.4, 149.2, 143.5,
137.7, 136.5, 130.6, 130.5, 129.6, 129.4, 128.9, 128.6, 124.4, 119.6, 117.4, 106.1; IR (KBr, cm™):
2923, 2862, 2220, 1607, 1453, 1406, 1272, 1094, 1039, 807, 692; HRMS (ESI/Q-TOF) (m/z) calcd
for C24H16N302 [M + H]* 378.1237; found 378.1245.

6-(2-Nitrophenyl)-2,4-diphenylnicotinonitrile (18a):

J

As a white solid (39 mg, 42% yield); Purification over a column of silica gel
I O (2% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6 7.96 (d, 1H, J =7.8
. Hz), 7.93 (d, 2H, J = 7.5 Hz), 7.72-7.68 (m, 4H), 7.62-7.59 (m, 2H),
O 7.57-7.55 (m, 3H), 7.54-7.51 (m, 3H); 3C{*H} NMR (CDCls, 150 MHz): §
162.4, 157.8, 155.9, 149.5, 137.4, 136.2, 134.0, 132.8, 131.2, 130.5, 130.44, 130.35, 129.5, 129.2,
128.9, 128.7, 124.9, 121.1, 117.4, 105.5; IR (KBr, cm™1): 2922, 2856, 2216, 1694, 1567, 1522,
1453, 1340, 1235, 1159, 1076, 1028, 901, 850, 751, 695, 616, 483; HRMS (ESI/Q-TOF) (m/z)
calcd for C24H16N302 [M + H]* 378.1237; found 378.1254.

N
X
S

CN

4-(Naphthalen-1-yl)-2,6-diphenylnicotinonitrile (19a):
g
| S
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O As a white solid (68 mg, 72% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.21-8.19 (m, 2H),
8.12 (d, 2H, J =8.0 Hz), 8.03 (d, 1H, J =8.0 Hz), 7.99 (d, 1H, J = 8.0 Hz),

CN
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7.89 (s, 1H), 7.68 (d, 1H, J = 8.4 Hz), 7.64 (d, 1H, J = 8.0 Hz), 7.61-7.56 (m, 5H), 7.54—7.51 (m,
4H); BC{*H} NMR (CDCls, 100 MHz): § 162.1, 158.9, 155.1, 138.0, 137.6, 134.6, 133.9, 130.9,
130.8, 130.4, 130.2, 129.6, 129.2, 128.9, 128.8, 127.8, 127.44, 127.35, 126.7, 125.5, 125.0, 120.3,
117.3,106.6; IR (KBr, cm™1): 2921, 2853, 2215, 1732, 1656, 1569, 1528, 1446, 1374, 1262, 1073,
1025, 906, 771, 692, 616, 533; HRMS (ESI/Q-TOF) (m/z) calcd for C2gH1aN2 [M + H]* 383.1543;
found 383.1548.

4-(Naphthalen-1-yl)-6-(naphthalen-2-yl)-2-phenylnicotinonitrile (20a):

As a white solid (75 mg, 70% yield); Purification over a column of silica gel

OO N O (2% EtOAcC in hexane); *H NMR (CDCls, 400 MHz): 6 8.69 (s, 1H), 8.33 (d,
| N 1H, J = 8.8 Hz), 8.16 (d, 2H, J = 7.8 Hz), 8.05-7.94 (m, 6H), 7.89 (d, 1H, J
OO = 7.8 Hz), 7.72 (d, 1H, J = 8.0 Hz), 7.68-7.52 (m, 8H); 3C{*H} NMR

(CDCls, 100 MHz): ¢ 162.1, 158.8, 155.0, 138.1, 134.9, 134.7, 134.6, 133.9,
133.5, 130.4, 130.2, 129.6, 129.2, 128.9, 128.8, 127.89, 127.92, 127.6, 127.4,127.3, 126.8, 126.7,
125.4, 125.0, 124.6, 120.4, 117.3, 106.6; IR (KBr, cm-1): 2921, 2850, 2218, 1679, 1564, 1529,
1385, 1336, 1233, 1168, 1026, 862, 763, 696, 628; HRMS (ESI/Q-TOF) (m/z) calcd for Cs2H21N2
[M + H]* 433.1699; found 433.1730.

4-(4-Chlorophenyl)-2-phenyl-6-(p-tolyl)nicotinonitrile (21a):

e As a white solid (65 mg, 69% vyield); Purification over a column of silica
O Na O gel (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): § 8.08 (d, 2H, J
7 “en = 8.0 Hz), 8.04-8.02 (m, 2H), 7.75 (s, 1H), 7.62 (d, 2H, J = 8.4 Hz),
O 7.57-7.53 (m, 5H), 7.32 (d, 2H, J = 8.0 Hz), 2.44 (s, 3H); *C{*H} NMR
¢l (CDClg3, 100 MHz): 0 162.6, 159.5, 154.2, 141.3, 138.1, 136.5, 135.5,

134.8, 130.3, 130.2, 129.9, 129.6, 129.5, 128.7, 127.7, 118.2, 117.9, 103.9, 21.6; IR (KBr, cm):
2923, 2860, 2212, 1658, 1575, 1531, 1486, 1455, 1370, 1266, 1174, 1089, 1016, 815, 753, 688,
628, 540, 495; HRMS (ESI/Q-TOF) (m/z) caled for CasHisCIN, [M + H]* 381.1153; found
381.1170.
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6-(4-Chlorophenyl)-4-(4-methoxyphenyl)-2-phenylnicotinonitrile (22a):

al As a white solid (74 mg, 75% yield); Purification over a column of silica gel
O I Ny O (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.05 (d, 2H, J = 8.8
7 en Hz), 7.96—7.93 (m, 2H), 7.68 (s, 1H), 7.58 (d, 2H, J = 8.8 Hz), 7.49-7.47
O (m, 3H), 7.40 (d, 2H, J = 8.4 Hz), 7.01 (d, 2H, J = 8.8 Hz), 3.82 (s, 3H);

Ol 1B3C{*H} NMR (CDCls, 100 MHz): 6 162.7, 161.3, 157.9, 155.4, 138.1,
136.9, 136.2, 130.4, 130.3, 129.5, 129.3, 128.9, 128.7, 128.5, 118.3, 118.1, 114.7, 104.5, 55.6; IR
(KBr, cm™): 2923, 2856, 2216, 1727, 1574, 1514, 1459, 1373, 1177, 1259, 1089, 1025, 820, 689,
568, 514; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH1sCIN2O [M + H]* 397.1102; found 397.1106.

6-(4-Chlorophenyl)-4-(4-hydroxyphenyl)-2-phenylnicotinonitrile (23a):

5 As a white solid (39 mg, 41% yield); Purification over a column of silica gel
O N O (5% EtOAc in hexane); *H NMR (DMSO-ds + CDCls, 400 MHz): ¢ 10.07

N
I

ASen | (s, 1H), 8.30 (d, 2H, J = 8.4 Hz), 8.07 (s, 1H), 7.96-7.94 (m, 2H), 7.67 (d,
5 oH, J = 8.4 Hz), 7.57—7.54 (m, 5H), 6.96 (d, 2H, J = 8.8 Hz); “C{*H} NMR
on (DMSO-ds + CDCls, 100 MHz): 5 161.7, 159.3, 156.8, 154.9, 137.9, 135.8,

135.5, 130.6, 129.9, 129.3, 129.2, 128.9, 128.3, 126.7, 118.3, 117.9, 115.6, 103.9; IR (KBr, cm1):
3415, 2955, 2922, 2853, 2215, 1667, 1594, 1565, 1491, 1462, 1387, 1308, 1262, 1219, 1090, 1017,
807, 702; HRMS (ESI/Q-TOF) (m/z) calcd for C24H16CIN2O [M + H]* 383.0946; found 383.0949.

4-(4-Methoxyphenyl)-6-(4-nitrophenyl)-2-phenylnicotinonitrile (24a):

O,N
Ol

As a white solid (46 mg, 46% vyield); Purification over a column of silica
< O gel (2% EtOAc in hexane); 'H NMR (CDCls, 400 MHz): 6 8.35 (s, 4H),

Z N 8.03-8.01 (m, 2H), 7.86 (s, 1H), 7.67 (d, 2H, J = 8.8 Hz), 7.58-7.56 (m,
Q 3H), 7.10 (d, 2H, J = 8.8 Hz), 3.91 (s, 3H); *C{*H} NMR (CDCls, 100

OMe MHz): ¢ 163.1, 161.6, 156.6, 155.9, 149.4, 149.2, 143.6, 137.8, 130.6,

130.4, 129.6, 128.8, 128.6, 124.3, 119.4, 117.8, 114.8, 105.8, 55.7; IR

(KBr, cm1): 2923, 2854, 2218, 1727, 1602, 1568, 1513, 1352, 1296, 1260, 1180, 1111, 1023, 825,
757, 691, 568, 511; HRMS (ESI/Q-TOF) (m/z) calcd for CosH1sN303 [M + H]* 408.1343; found
408.1347.
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4-(2,6-Dichlorophenyl)-6-(4-fluorophenyl)-2-phenylnicotinonitrile (25a):

As a white solid (66 mg, 64% yield); Purification over a column of silica gel
(2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.24-8.20 (m, 2H),
8.13-8.10 (m, 2H), 7.69 (s, 1H), 7.59-7.57 (m, 3H), 7.54—-7.52 (m, 2H),
7.43-7.39 (m, 1H), 7.22 (t, 2H, J = 8.8 Hz); C{*H} NMR (CDCls, 100
MHz): 6 164.7 (d, J = 250.1 Hz), 161.8, 158.6, 151.4, 137.6, 134.8, 134.3, 133.6 (d, J = 3.1 Hz),
131.4, 130.5, 129.9 (d, J = 8.6 Hz), 129.4, 128.8 (d, J = 8.3 Hz), 118.9, 116.4, 116.2 (d, J = 21.6
Hz), 106.1; **F NMR (CDClIs + hexafluorobenzene): 6 —112.9 (s); IR (KBr, cm™): 2922, 2855,
2217, 1660, 1589, 1535, 1406, 1369, 1230, 1151, 1094, 1013, 840, 778, 689, 512; HRMS (ESI/Q-
TOF) (m/z) calcd for C24H14CI2FN2 [M + H]* 419.0513; found 419.0514.

4-(3,4-Dimethoxyphenyl)-2,6-diphenylnicotinonitrile (26a):

O O As a white solid (66 mg, 68% yield); Purification over a column of silica gel

|N\ (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.21 (d, 2H, J = 7.8
Hz), 8.06 (d, 2H, J = 7.4 Hz), 7.85 (s, 1H), 7.59-7.54 (m, 6H), 7.33-7.26 (m,
O OMe 2H), 7.07 (d, 1H, J=8.4 Hz), 4.02 (s, 3H), 3.99 (s, 3H); *C{*H} NMR (CDCls,
100 MHz): 6 162.7, 159.2, 155.3, 150.8, 149.3, 138.3, 137.8, 130.6, 130.2,
129.6, 129.4, 129.2, 128.7, 127.7, 121.9, 118.6, 118.3, 112.0, 111.6, 104.3, 56.4, 56.2; IR (KBr,
cm1): 2927, 2840, 2213, 1665, 1571, 1515, 1452, 1376, 1321, 1256, 1180, 1140, 1077, 1020, 920,
858, 803, 756, 691, 594; HRMS (ESI/Q-TOF) (m/z) calcd for Co6H21N202 [M + H]* 393.1598;
found 393.1598.

6-(Benzo[d][1,3]dioxol-5-yl)-4-(4-bromophenyl)-2-phenylnicotinonitrile (27a):

/—0 As a white solid (71 mg, 63% yield); Purification over a column of silica gel

1w S| (% EtoAc in hexane); *H NMR (CDCls, 400 MHz): & 8.02-8.00 (m, 2H),
Aen | 7.72=7.69 (m, 4H), 7.66 (s, 1H), 7.56-7.53 (m, 5H), 6.93 (d, 1H, J = 8.0 Hz),
O 6.05 (s, 2H); 3C{*H} NMR (CDCls, 100 MHz): § 162.5, 158.8, 154.2, 150.2,

Br 148.8, 138.0, 135.9, 132.4, 131.9, 130.42, 130.37, 129.5, 128.7, 124.8, 1224,
117.84, 117.75, 108.8, 107.9, 103.6, 101.9; IR (KBr, cm): 2923, 2859, 2214, 1650, 1591, 1484,
1446, 1319, 1255, 1106, 1039, 935, 810, 690, 488; HRMS (ESI/Q-TOF) (m/z) calcd for
C2sH16BrN202 [M + H]* 455.0390; found 455.0417.
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4-(4-Chlorophenyl)-2-phenyl-5,6-dihydrobenzo[h]quinoline-3-carbonitrile (28a):

As a white solid (59 mg, 61% yield); Purification over a column of silica gel
(2% EtOAc in hexane); 'H NMR (CDCls, 400 MHz): 6 8.51-8.49 (m, 1H),
8.03 (d, 2H, J = 7.8 Hz), 7.57-7.51 (m, 5H), 7.42—7.38 (m, 2H), 7.33 (d, 2H,
J = 8.4 Hz), 7.26 (s, 1H), 2.91-2.87 (m, 2H), 2.79-2.76 (m, 2H); *C{ H}
NMR (CDClz, 100 MHz): ¢ 159.6, 155.4, 152.3, 138.9, 138.1, 135.7, 134.2,
133.7, 131.1, 130.3, 130.1, 129.5, 129.4, 128.7, 128.4, 128.0, 127.6, 126.9, 117.7, 105.9, 27.7,
25.5; IR (KBr, cm™1): 2924, 2854, 2221, 1598, 1544, 1489, 1391, 1240, 1177, 1086, 1018, 836,
757, 699, 589, 485; HRMS (ESI/Q-TOF) (m/z) calcd for C26H1sCIN2 [M + H]* 393.1153; found
393.1139.

4,6-Di(furan-2-yl)-2-phenylnicotinonitrile (29a):

As a white solid (50 mg, 65% yield); Purification over a column of silica gel
(2% EtOAC in hexane); *H NMR (CDCls, 400 MHz): § 8.14 (s, 1H), 7.93-7.91
(m, 2H), 7.71 (d, 1H, J = 3.6 Hz), 7.68 (s, 1H), 7.63 (s, 1H), 7.54-7.53 (m,
3H), 7.31 (d, 1H, J = 3.6 Hz), 6.66—6.64 (m, 1H), 6.60—6.59 (m, 1H); 3C{*H}
NMR (CDCls, 100 MHz): ¢ 163.5, 152.9, 151.2, 148.4, 145.13, 145.07, 141.9, 138.0, 130.3, 129.5,
128.6, 118.6, 114.7, 113.1, 112.9, 112.6, 111.7, 98.5; IR (KBr, cm-1): 2923, 2853, 2214, 1639,
1510, 1465, 1372, 1261, 1028, 812, 756, 705; HRMS (ESI/Q-TOF) (m/z) calcd for C20H13N20>
[M + H]* 313.0972; found 313.0991.

2-Phenyl-4,6-di(thiophen-2-yl)nicotinonitrile (30a):

As a white solid (58 mg, 68% yield); Purification over a column of silica gel
s Na (2% EtOAC in hexane); *H NMR (CDCls, 400 MHz): 6 8.02-7.99 (m, 2H), 7.92
¢ (d, 1H, J = 4.0 Hz), 7.78 (d, 1H, J = 3.6 Hz), 7.74 (s, 1H), 7.58-7.52 (m, 5H),

= 7.24 (t, 1H, J = 4.4 Hz), 7.16 (t, 1H, J = 4.4 Hz); *C{*H} NMR (CDCls, 100

MHz): 6 163.3, 154.6, 146.9, 143.4, 137.69, 137.66, 130.6, 130.4, 129.9, 129.6, 129.3, 128.9,
128.65, 128.60, 127.4, 118.4, 115.9, 101.9; IR (KBr, cm™1): 2921, 2852, 2215, 1639, 1591, 1552,
1513, 1495, 1462, 1377, 1289, 1266, 1111, 1069, 1012, 885, 798, 748, 723, 699; HRMS (ESI/Q-
TOF) (m/z) calcd for C20H13N2S2 [M + H]™ 345.0515; found 345.0522.
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2-(Naphthalen-2-yl)-4,6-diphenylnicotinonitrile (1b):
As a white solid (63 mg, 66% yield); Purification over a column of silica gel
OO (2% EtOAc in hexane); 'H NMR (CDCls, 400 MHz): 6 8.59 (s, 1H),
CN 8.24-8.22 (m, 2H), 8.19-8.16 (m, 1H), 8.05-8.02 (m, 2H), 7.95-7.93 (m,
O N O 1H), 7.86 (s, 1H), 7.75-7.72 (m, 2H), 7.59-7.53 (m, 8H); ¥*C{*H} NMR
(CDCl3, 100 MHz): 6 162.5, 159.4, 155.7, 137.7, 136.9, 135.5, 134.1, 133.1,
130.7, 130.1, 129.7, 129.2, 129.1, 128.9, 128.5, 127.9, 127.8, 127.4, 126.7, 126.6, 118.8, 118.0,
104.7; IR (KBr, cm™1): 2924, 2851, 2216, 1657, 1572, 1500, 1468, 1401, 1371, 1322, 1262, 1226,
1153, 1091, 1023, 873, 827, 761, 728, 701; HRMS (ESI/Q-TOF) (m/z) calcd for CsH1oN2 [M +

H]" 383.1543; found 383.1548.

4,6-Diphenyl-2-(p-tolyl)nicotinonitrile (1c):

Me As a white solid (63 mg, 73% yield); Purification over a column of silica gel
O (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.19 (d, 2H, J= 7.6
cN Hz), 7.97 (d, 2H, J = 8.0 Hz), 7.80 (s, 1H), 7.69 (d, 2H, J = 7.8 Hz), 7.58—7.51
O S O (m, 6H), 7.37 (d, 2H, J = 8.0 Hz), 2.46 (s, 3H); *C{*H} NMR (CDCls, 100
MHz): 6 162.6, 159.2, 155.6, 140.5, 137.8, 137.1, 135.4, 130.6, 130.0, 129.5,
129.4, 129.2, 129.1, 128.9, 127.7, 118.6, 118.1, 104.3, 21.6; IR (KBr, cm=1): 2922, 2856, 2213,
1570, 1527, 1449, 1375, 1231, 1176, 1084, 1024, 874, 820, 755, 691, 490; HRMS (ESI/Q-TOF)
(m/z) calcd for CasH1gN2 [M + H]* 347.1543; found 347.1545.

4,6-Diphenyl-2-(o-tolyl)nicotinonitrile (1d):

O As a white solid (37 mg, 43% yield); Purification over a column of silica gel
(2% EtOAc in hexane); 'H NMR (CDCls, 400 MHz): § 8.16-8.14 (m, 2H),

N 7.86 (s, 1H), 7.72 (d, 2H, J = 7.8 Hz), 7.59-7.55 (m, 3H), 7.52—7.49 (m, 4H),
O O 7.44-7.34 (m, 3H), 2.41 (s, 3H); 3C{*H} NMR (CDCls, 100 MHz): 6 164.5,
159.2, 154.6, 138.2, 137.8, 136.8, 136.4, 130.9, 130.7, 130.2, 129.73, 129.70, 129.24, 129.16,
128.8, 127.8, 126.1, 118.8, 117.1, 106.6, 20.1; IR (KBr, cm™1): 2922, 2856, 2215, 1570, 1529,
1488, 1455, 1372, 1260, 1166, 1072, 1029, 875, 747, 690, 620, 576, 453; HRMS (ESI/Q-TOF)
(m/z) calcd for CosH19N2 [M + H]* 347.1543; found 347.1528.
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2-(4-Ethylphenyl)-4,6-diphenylnicotinonitrile (1e):

Et As a white solid (67 mg, 75% vyield); Purification over a column of silica gel
O (2% EtOAc in hexane); 'H NMR (CDCls, 400 MHz): 6 8.19 (d, 2H, J = 7.8
oN Hz), 8.00 (d, 2H, J = 8.0 Hz), 7.80 (s, 1H), 7.70 (d, 2H, J = 7.6 Hz), 7.59-7.51
O N O (m, 6H), 7.40 (d, 2H, J =8.0 Hz), 2.77 (q, 2H, J1 = 7.6 Hz, J, = 15.2 Hz), 1.32
(t, 3H, J = 7.6 Hz); *C{*H} NMR (CDCls, 100 MHz): § 162.6, 159.2, 155.6,
146.7, 137.8, 137.1, 135.6, 130.6, 130.0, 129.6, 129.14, 129.12, 128.9, 128.2, 127.7, 118.5, 118.1,
104.3, 29.0, 15.6; IR (KBr, cm™): 2923, 2864, 2214, 1572, 1529, 1448, 1374, 1261, 1184, 1075,
1024, 874, 832, 754, 693, 564, 488; HRMS (ESI/Q-TOF) (m/z) calcd for CasH21N2 [M + H]*
361.1699; found 361.1712.

2-(4-(tert-Butyl)phenyl)-4,6-diphenylnicotinonitrile (1f):

By As a white solid (74 mg, 77% yield); Purification over a column of silica gel
O (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.19 (d, 2H, J = 7.6
cN Hz), 8.03 (d, 2H, J = 8.4 Hz), 7.81 (s, 1H), 7.69 (d, 2H, J = 7.8 Hz), 7.60-7.56
O S O (m, 5H), 7.53-7.51 (m, 3H), 1.41 (s, 9H); 3C{*H} NMR (CDCls, 100 MHz):
0162.4, 159.2, 155.6, 153.6, 137.8, 137.1, 135.4, 130.6, 130.0, 129.3, 129.2,
129.1, 128.9, 127.7, 125.7, 118.6, 118.1, 104.2, 35.1, 31.5; IR (KBr, cm=1): 2924, 2857, 2222,
1576, 1531, 1456, 1379, 1262, 1102, 1024, 804, 766, 696, 555; HRMS (ESI/Q-TOF) (m/z) calcd
for CagHzsN2 [M + H]* 389.2012; found 389.2041.

2-(4-Methoxyphenyl)-4,6-diphenylnicotinonitrile (19):

oMe As a white solid (71 mg, 79% vyield); Purification over a column of silica gel
O (2% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6 8.18 (d, 2H, J = 7.8 Hz),
cn | 8.06(d, 2H, J = 8.4 Hz), 7.77 (s, 1H), 7.68 (d, 2H, J = 7.2 Hz), 7.58-7.51 (m,
O N O 6H), 7.08 (d, 2H, J = 8.4 Hz), 3.90 (s, 3H); *C{*H} NMR (CDCls, 150 MHz):
0162.0, 161.4, 159.2, 155.7, 137.8, 137.1, 131.2, 130.7, 130.6, 130.0, 129.2,
128.9,127.7,118.3,114.1, 103.8, 55.6; IR (KBr, cm™1): 2922, 2860, 2214, 1665, 1581, 1512, 1455,
1374, 1253, 1175, 1017, 819, 758, 691, 562; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH19N20O [M
+ H]* 363.1492; found 363.1514.
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2-(4-Methoxy-3-methylphenyl)-4,6-diphenylnicotinonitrile (1h):

As a white solid (64 mg, 68% yield); Purification over a column of silica gel
He O (2% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6 8.18 (d, 2H, J = 7.2
oN Hz), 7.92 (d, 1H, J = 8.4 Hz), 7.86 (s, 1H), 7.76 (s, 1H), 7.68 (d, 2H, J = 7.7
O X O Hz), 7.57-7.51 (m, 6H), 6.98 (d, 1H, J = 8.4 Hz), 3.92 (s, 3H), 2.34 (s, 3H);
1B3C{H} NMR (CDCls, 150 MHz): 6 162.4, 159.6, 159.2, 155.6, 137.9, 137.2,
131.9, 130.6, 130.2, 130.0, 129.1, 128.9, 128.6, 127.8, 127.1, 118.4, 118.2, 109.7, 103.9, 55.7,
16.6; IR (KBr, cm™): 2923, 2856, 2213, 1574, 1532, 1496, 1453, 1373, 1247, 1173, 1131, 1027,
879, 811, 759, 690, 578; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH21N20 [M + H]" 377.1648;
found 377.1655.

2-(4-Fluorophenyl)-4,6-diphenylnicotinonitrile (1i):

F As a white solid (54 mg, 62% vyield); Purification over a column of silica gel
O (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.22-8.19 (m, 2H),
g 8.12-8.08 (m, 2H), 7.86 (s, 1H), 7.73-7.71 (m, 2H), 7.63-7.55 (m, 6H),
O S O 7.30-7.28 (m, 2H); BC{*H} NMR (CDCls, 100 MHz): 5 164.2 (d, J = 249.0
Hz), 161.4, 159.4, 155.7, 137.6, 136.9, 134.3 (d, J = 3.2 Hz), 131.7 (d, J = 8.6
Hz), 130.8, 130.2, 129.2, 128.8, 127.7, 118.9, 117.9, 115.8 (d, J = 21.7 Hz), 104.4; °F NMR
(CDCls + hexafluorobenzene): 6 —113.8 (s); IR (KBr, cm1): 2923, 2858, 2214, 1662, 1594, 1543,
1480, 1369, 1261, 1153, 1078, 1017, 879, 811, 748, 686, 587; HRMS (ESI/Q-TOF) (m/z) calcd
for C24H1sFN2 [M + H]* 351.1292; found 351.1292.

2-(4-Chlorophenyl)-4,6-diphenylnicotinonitrile (1j):

cl As a white solid (50 mg, 55% yield); Purification over a column of silica gel
O (2% EtOAc in hexane); 'H NMR (CDCl3, 400 MHz): 6 8.18-8.16 (m, 2H),
cN 8.01 (d, 2H, J = 8.4 Hz), 7.84 (s, 1H), 7.69-7.67 (m, 2H), 7.58-7.52 (m, 8H);
O X O BBC{!H} NMR (CDCls, 100 MHz): 6 161.3, 159.5, 155.8, 137.6, 136.8,
136.62, 136.59, 135.4, 130.95, 130.87, 130.2, 129.2, 129.0, 128.9, 127.8,
119.0, 117.8, 104.4; IR (KBr, cm™): 2923, 2856, 2216, 1578, 1529, 1454, 1381, 1262, 1091, 1028,
804, 757, 693; HRMS (ESI/Q-TOF) (m/z) calcd for CasHisCIN2 [M + H]* 367.0997; found
367.1006.
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2-(3-Chlorophenyl)-4,6-diphenylnicotinonitrile (1k):

al As a white solid (46 mg, 51% yield); Purification over a column of silica gel
O (2% EtOAcC in hexane); *H NMR (CDCls, 400 MHz): 6 8.17 (d, 2H, J = 7.6 Hz),
g 8.02 (s, 1H), 7.94 (d, 1H, J = 6.8 Hz), 7.85 (s, 1H), 7.69-7.68 (m, 2H),

O O 7.58-7.57 (m, 3H), 7.54-7.49 (m, 5H); C{*H} NMR (CDCls, 100 MHz): &

161.1, 159.5, 155.7, 139.9, 137.5, 136.8, 134.8, 130.9, 130.3, 130.2, 129.9,

129.8, 129.2, 128.9, 127.8, 127.6, 119.3, 117.6, 104.6; IR (KBr, cm™1): 2923, 2857, 2214, 1662,

1571, 1529, 1457, 1375, 1262, 1168, 1083, 1030, 876, 801, 755, 688, 579; HRMS (ESI/Q-TOF)

(m/z) caled for C24H16CIN2 [M + H]" 367.0997; found 367.1003.

2-(4-Bromophenyl)-4,6-diphenylnicotinonitrile (1):

Br As a white solid (53 mg, 52% yield); Purification over a column of silica gel

O (2% EtOAc in hexane); *H NMR (CDCls 400 MHz): 6 8.17 (d, 2H, J = 7.2

oN Hz), 7.94 (d, 2H, J = 8.4 Hz), 7.84 (s, 1H), 7.71-7.67 (m, 4H), 7.58-7.56 (m,

O S O 3H), 7.53-7.51 (m, 3H); 3C{*H} NMR (CDCls, 100 MHz): § 161.4, 159.5,
155.8, 137.5, 137.0, 136.8, 131.9, 131.2, 130.9, 130.2, 129.2, 128.8, 127.8,

125.0,119.1, 117.8, 104.4; IR (KBr, cm1): 2923, 2855, 2214, 1732, 1571, 1530, 1485, 1459, 1378,

1266, 1174, 1073, 1016, 825, 755, 692, 491; HRMS (ESI/Q-TOF) (m/z) calcd for C24H16BrN2 [M

+ H]" 411.0491; found 411.0497.

4,6-Diphenyl-2-(4-(trifluoromethyl)phenyl)nicotinonitrile (1m):

cF, As a white solid (35 mg, 35% vyield); Purification over a column of silica gel

0 (2% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6 8.19-8.15 (m, 4H),

oN 7.89 (s, 1H), 7.83 (d, 2H, J = 8.0 Hz), 7.71-7.68 (m, 2H), 7.59—7.57 (m, 3H),

O S O 7.55-7.52 (m, 3H); *C{*H} NMR (CDCls, 100 MHz): § 161.1, 159.6, 155.8,

137.4,136.7, 130.9, 130.3, 130.0, 129.29, 129.27, 128.8, 128.4, 128.2, 128.0,

127.8, 1257 (9, J1 = 3.8 Hz, J; = 7.4 Hz), 119.5, 117.8, 104.8; F NMR (CDCl; +

hexafluorobenzene): 6 —65.9 (s); IR (KBr, cm1): 2923, 2855, 2216, 1675, 1571, 1534, 1492, 1450,

1392, 1262, 1165, 1109, 1068, 1021, 807, 761, 692, 597, 495; HRMS (ESI/Q-TOF) (m/z) calcd
for CasHi6F3N2 [M + H]* 401.1260; found 401.1266.
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2,5-Diphenyl-1H-pyrrole-3-carbonitrile (31a):

As a white solid (44 mg, 73% yield); Purification over a column of silica gel (5%
EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): 6 12.20 (s, 1H), 7.85 (d, 2H,
J=7.8Hz),7.81(d,2H,J=7.8Hz), 7.55 (t, 2H, J = 7.8 Hz), 7.45-7.42 (m, 3H),
7.30 (t, 1H, J = 7.2 Hz), 7.07 (s, 1H); *C{*H} NMR (DMSO-ds, 150 MHz): &
139.6, 133.8, 130.7, 129.7, 128.9, 128.8, 128.6, 127.3, 126.5, 124.8, 117.6, 110.2, 90.2; IR (KBr,
cm™1): 3224, 3034, 2756, 2219, 1597, 1465, 1296, 1184, 1071, 1027, 908, 808, 760, 688, 595, 535,
490; HRMS (ESI/Q-TOF) (m/z) calcd for C17H1sN2 [M + H]* 245.1073; found 245.1077.

2-Phenyl-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (32a):

As a white solid (49 mg, 76% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): ¢ 12.14 (s, 1H), 7.83
(d, 2H, J = 7.8 Hz), 7.69 (d, 2H, J = 8.4 Hz), 7.54 (t, 2H, J = 7.8 Hz), 7.43 (t,
1H,J=7.5Hz), 7.24 (d, 2H, J = 7.8 Hz), 7.00 (s, 1H), 2.31 (s, 3H); *C{*H}
NMR (DMSO-ds, 150 MHz): ¢ 139.4, 136.8, 134.0, 129.8, 129.4, 129.0, 128.6, 128.0, 126.5,
124.8,117.8, 109.6, 90.1, 20.8; IR (KBr, cm): 3258, 2905, 2864, 2218, 1601, 1455, 1263, 1075,
1036, 803, 755, 692, 430; HRMS (ESI/Q-TOF) (m/z) calcd for CigHisN2 [M + H]" 259.1230;
found 259.1241.

5-(4-Methoxyphenyl)-2-phenyl-1H-pyrrole-3-carbonitrile (33a):

As a white solid (53 mg, 78% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-dg, 400 MHz): 6 12.07 (s, 1H),
7.83 (d, 2H, J = 7.6 Hz), 7.73 (d, 2H, J = 8.8 Hz), 7.53 (t, 2H, J = 7.8 H2),
MeO 7.42 (t, 1H, J = 7.4 Hz), 7.00 (d, 2H, J = 8.8 Hz), 6.92 (s, 1H), 3.78 (s, 3H);
BC{'H} NMR (DMSO-ds, 100 MHz): ¢ 158.7, 139.0, 133.9, 129.8, 128.9, 128.4, 126.4, 126.3,
123.5,117.8,114.2,108.9, 89.9, 55.2; IR (KBr, cm™1): 3221, 2922, 2835, 2219, 1606, 1527, 1461,
1295, 1266, 1156, 1126, 1043, 939, 830, 805, 761, 692, 573, 515; HRMS (ESI/Q-TOF) (m/z) calcd
for C1gH15N20 [M + H]" 275.1179; found 275.1187.

5-(4-Chlorophenyl)-2-phenyl-1H-pyrrole-3-carbonitrile (34a):

As a white solid (49 mg, 71% yield); Purification over a column of silica gel
(5% EtOAC in hexane); *H NMR (DMSO-dgs, 400 MHz): 6 12.24 (s, 1H),

Cl
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7.84-7.81 (M, 4H), 7.54 (t, 2H, J = 7.6 Hz), 7.48 (d, 2H, J = 8.4 Hz), 7.44 (t, 1H, J = 7.4 Hz), 7.09
(s, 1H); *C{*H} NMR (DMSO-ds, 100 MHz): 5 140.0, 132.6, 131.8, 129.7, 129.6, 129.0, 128.84,
128.78, 126.6, 126.5, 117.6, 110.8, 90.4; IR (KBr, cm-Y): 3226, 2928, 2853, 2221, 1599, 1473,
1299, 1263, 1171, 1092, 1024, 832, 805, 762, 687, 603, 495; HRMS (ESI/Q-TOF) (m/z) calcd for
C17H12CIN2 [M + H]* 279.0684; found 279.0697.

5-(4-Bromophenyl)-2-phenyl-1H-pyrrole-3-carbonitrile (35a):

As a white solid (54 mg, 67% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-dgs, 400 MHz): 6 12.24 (s, 1H),
7.83 (d, 2H, J=7.2 Hz), 7.76 (d, 2H, J = 8.8 Hz), 7.61 (d, 2H, J = 8.8 Hz),
7.54 (t,2H, ) =7.6 Hz), 7.44 (t, 1H, J = 7.4 Hz), 7.10 (s, 1H); BC{*H} NMR
(DMSO-dg, 100 MHz): 6 140.0, 132.6, 131.7, 129.9, 129.6, 128.9, 128.8, 126.7, 126.6, 120.3,
117.5, 110.8, 90.4; IR (KBr, cm™): 3225, 2921, 2856, 2223, 1600, 1471, 1384, 1303, 1264, 1174,
1076, 1022, 807, 751, 692, 491; HRMS (ESI/Q-TOF) (m/z) calcd for Ci7H12BrN2 [M + H]*
323.0178; found 323.0181.

5-(4-Nitrophenyl)-2-phenyl-1H-pyrrole-3-carbonitrile (36a):

As a white solid (40 mg, 55% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-ds, 400 MHz): 6 12.51 (s, 1H),
8.28 (d, 2H, J = 9.2 Hz), 8.07 (d, 2H, J = 8.8 Hz), 7.85 (d, 2H, J = 7.2 Hz),
7.57 (t,2H,J=7.6 Hz), 7.48 (t, 1H, J = 7.4 Hz), 7.41 (s, 1H); C{*H} NMR
(DMSO-dg, 100 MHz): ¢ 145.7, 141.5, 136.9, 131.5, 129.2, 129.0, 126.8, 125.1, 124.3, 117.1,
113.81, 113.78, 91.2; IR (KBr, cm1): 3224, 2926, 2746, 2219, 1595, 1464, 1298, 1183, 1072,
1027, 908, 805, 763, 687, 595, 535, 494; HRMS (ESI/Q-TOF) (m/z) calcd for C17H12N302 [M +
H]* 290.0924; found 290.0947.

2-Phenyl-4,5-dihydro-1H-benzo[g]indole-3-carbonitrile (37a):

As a white solid (48 mg, 71% yield); Purification over a column of silica gel (5%
EtOAc in hexane); *H NMR (DMSO-dg, 400 MHz): 6 12.26 (s, 1H), 7.85 (d, 2H,
J=72Hz),7.75(d, 1H,J=7.6 Hz), 7.54 (t, 2H,J=7.8 Hz), 7.42 (t, 1H, J=7.4
Hz), 7.28-7.23 (m, 2H), 7.12 (t, 1H, J= 7.4 Hz), 2.93 (t, 2H, J = 7.6 Hz), 2.74 (t,
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2H, J = 7.6 Hz); *C{*H} NMR (DMSO-ds, 100 MHz): § 138.5, 134.4, 129.9, 129.3, 129.0, 128.4,
128.3, 127.7, 127.4, 126.7, 126.4, 126.0, 123.3, 120.6, 117.0, 88.7, 28.5, 19.9; IR (KBr, cm):
3228, 3033, 2765, 2221, 1599, 1455, 1286, 1187, 1080, 1026, 918, 801, 765, 678, 585, 532, 498;
HRMS (ESI/Q-TOF) (m/z) calcd for C1gHisN [M + H]* 271.1230; found 271.1238.

2-Phenyl-5-(thiophen-2-yl)-1H-pyrrole-3-carbonitrile (38a):

As a white solid (43 mg, 69% yield); Purification over a column of silica gel (5%
EtOAc in hexane); *H NMR (DMSO-ds, 400 MHz): 6 12.36 (s, 1H), 7.83 (d, 2H,
J=7.6 Hz), 7.56-7.49 (m, 4H), 7.44 (t, 1H, J = 7.4 Hz), 7.12 (t, 1H, J = 4.4 Hz),
7.12 (t, 1H, J = 7.4 Hz), 6.84 (s, 1H); 3C{*H} NMR (DMSO-ds, 100 MHz): §
139.3, 133.4, 129.5, 129.0, 128.7, 128.4, 127.9, 126.5, 125.0, 123.9, 117.4, 110.1, 90.0; IR (KBr,
cm1): 3225, 2998, 2753, 2219, 1598, 1455, 1297, 1186, 1101, 1028, 918, 828, 762, 686, 594, 537,
490; HRMS (ESI/Q-TOF) (m/z) calcd for C1sH11N2S [M + H]* 251.0637; found 251.0642.

2-(Naphthalen-2-yl)-5-phenyl-1H-pyrrole-3-carbonitrile (31b):

As a white solid (54 mg, 74% yield); Purification over a column of silica gel
(5% EtOAC in hexane); *H NMR (DMSO-ds, 600 MHz): § 12.37 (s, 1H), 8.39
(s, 1H), 8.08 (d, 1H, J=9.0 Hz), 7.98 (t, 3H, J = 8.4 Hz), 7.85 (d, 2H, J = 7.2
Hz), 7.61-7.56 (m, 2H), 7.45 (t, 2H, J=7.8 Hz), 7.31 (t, 1H, J = 7.5 Hz), 7.13
(s, 1H); *C{*H} NMR (DMSO-ds, 150 MHz): ¢ 139.5, 134.1, 132.8, 132.6,
130.8, 128.9, 128.6, 128.2, 127.8, 127.4, 127.2, 127.0, 126.9, 125.5, 124.9, 124.3, 117.8, 110.5,
90.7; IR (KBr, cm1): 3225, 2924, 2855, 2224, 1582, 1459, 1377, 1263, 1178, 1100, 1026, 808,
753, 694; HRMS (ESI/Q-TOF) (m/z) calcd for Co1HisN2 [M + H]* 295.1230; found 295.1234.

5-Phenyl-2-(o-tolyl)-1H-pyrrole-3-carbonitrile (31d):

As a white solid (35 mg, 54% yield); Purification over a column of silica gel (5%
EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): § 12.25 (s, 1H), 7.75 (d, 2H,
J=7.8 Hz), 7.42-7.39 (m, 5H), 7.35-7.34 (m, 1H), 7.27 (t, 1H, J = 7.2 Hz), 7.07
(s, 1H), 2.34 (s, 1H); 3C{*H} NMR (DMSO-ds, 150 MHz): & 140.3, 136.8,
132.9, 130.9, 130.6, 130.5, 129.8, 129.3, 127.1, 125.9, 124.3, 117.2, 108.6, 92.3, 19.8; IR (KB,
cm™1): 3259, 2924, 2862, 2218, 1601, 1456, 1265, 1175, 1036, 806, 756, 692, 446; HRMS (ESI/Q-
TOF) (m/z) calcd for C1gH1sN2 [M + H]*™ 259.1230; found 259.1234.
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2-(4-Ethylphenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31e):

As a white solid (53 mg, 78% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): ¢ 12.14 (s, 1H), 7.80
(d, 2H, J = 7.8 Hz), 7.76 (d, 2H, J = 8.4 Hz), 7.42 (t, 2H, J = 7.5 Hz), 7.38 (d,
2H,J =8.4Hz), 7.29 (t, 1H, J = 7.5 Hz), 7.05 (s, 1H), 2.66 (q, 2H, J1 = 7.8 Hz,
Jo =7.8 Hz), 1.21 (t, 3H, J = 7.8 Hz); *C{*H} NMR (DMSO-ds, 150 MHz): 6
144.6, 139.9, 133.5, 130.8, 128.8, 128.4, 127.3, 127.2, 126.6, 124.8, 117.8, 110.1, 89.8, 28.0, 15.6;
IR (KBr, cm1): 3227, 2960, 2923, 2866, 2223, 1602, 1500, 1459, 1301, 1183, 1122, 1001, 833,
805, 759, 690, 512; HRMS (ESI/Q-TOF) (m/z) calcd for C1gH17N2 [M + H]™ 273.1386; found
273.1387.

2-(4-(tert-Butyl)phenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31f):

As a white solid (56 mg, 75% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-dg, 600 MHz): 6 12.14 (s, 1H), 7.80
(d, 2H, J = 7.8 Hz), 7.77 (d, 2H, J = 8.4 Hz), 7.56 (d, 2H, J = 8.4 Hz), 7.43 (t,
2H,J = 7.5 Hz), 7.29 (t, 1H, J = 7.5 Hz), 7.05 (s, 1H), 1.32 (s, 9H); C{'H}
NMR (DMSO-ds, 150 MHz): 6 151.3, 139.9, 133.5, 130.8, 128.8, 127.2, 126.9,
126.4,125.7,124.7, 117.8, 110.0, 89.8, 34.5, 31.0; IR (KBr, cm1): 3247, 2924, 2860, 2219, 1602,
1537, 1383, 1264, 1457, 1183, 1104, 1022, 834, 807, 755, 690, 526; HRMS (ESI/Q-TOF) (m/z)
calcd for Co1H21N2 [M + H]* 301.1699; found 301.1697.

2-(4-Methoxyphenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31g):

As a white solid (55 mg, 80% vyield); Purification over a column of silica gel
(5% EtOAC in hexane); *H NMR (DMSO-ds, 400 MHz): 6 12.05 (s, 1H), 7.80
(d,4H,J=7.6 Hz), 7.42 (t, 2H, J = 7.6 HZz), 7.28 (t, 1H, J = 7.4 Hz), 7.11 (d,
2H, J = 8.8 Hz), 7.01 (s, 1H), 3.83 (s, 3H); *C{*H} NMR (DMSO-ds, 100
MHz): 6 159.5, 139.9, 133.1, 130.8, 128.7, 128.0, 127.1, 124.6, 122.3, 117.9,

114.4, 109.8, 89.2, 55.3; IR (KBr, cm™1): 3217, 2921, 2839, 2223, 1606, 1528, 1463, 1291, 1246,
1176, 1116, 1033, 937, 830, 806, 760, 690, 574, 516; HRMS (ESI/Q-TOF) (m/z) calcd for
Ci1gH1sN20 [M + H]* 275.1179; found 275.1179.
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2-(4-Fluorophenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31i):

As a white solid (39 mg, 60% yield); Purification over a column of silica gel
(5% EtOAc in hexane); 'H NMR (DMSO-ds, 400 MHz): ¢ 12.19 (s, 1H),
7.89-7.86 (m, 2H), 7.80 (d, 2H, J = 7.8 Hz), 7.45-7.38 (m, 4H), 7.30 (t, 1H, J
= 7.4 Hz), 7.05 (s, 1H); BC{*H} NMR (DMSO-ds, 100 MHz): 6 162.1 (d, J =
245.0 Hz), 138.6, 133.7, 130.7, 128.8, 128.77, 128.74, 127.3,126.2 (d, J = 3.2
Hz), 124.8, 117.5, 115.9 (d, J = 21.8 Hz), 90.2; IR (KBr, cm™): 3228, 2923, 2855, 2220, 1603,
1529, 1494, 1458, 1247, 1182, 1100, 1024, 835, 807, 756, 689, 511; HRMS (ESI/Q-TOF) (m/z)
calcd for C17H12FN2 [M + H]* 263.0979; found 263.0974.

2-(4-Chlorophenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31j):

As a white solid (38 mg, 55% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz): 6 12.26 (s, 1H), 7.86
(d, 2H, J =8.4 Hz), 7.80 (d, 2H, J = 7.8 Hz), 7.63 (d, 2H, J = 8.4 Hz), 7.44 (t,
2H,J=7.5Hz), 7.31 (t, 1H, J = 7.5 Hz), 7.09 (s, 1H); *C{*H} NMR (DMSO-
ds, 150 MHz): 6 138.2, 134.2, 133.2, 130.6, 129.1, 128.8, 128.5, 128.2, 127.5,
124.9, 117.5,110.4, 90.6; IR (KBr, cm™1): 3226, 2923, 2854, 2223, 1597, 1463, 1299, 1268, 1181,
1092, 1014, 830, 809, 760, 689, 604, 495; HRMS (ESI/Q-TOF) (m/z) calcd for C17H12CIN2 [M +
H]* 279.0684; found 279.0692.

2-(4-Bromophenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (311):

As a white solid (42 mg, 52% yield); Purification over a column of silica gel
(5% EtOAc in hexane); *H NMR (DMSO-dg, 600 MHz): § 12.26 (s, 1H), 7.80
(d, 4H, J = 8.4 Hz), 7.76 (d, 2H, J = 9.0 Hz), 7.44 (t, 2H, J = 7.8 Hz), 7.31 (t,
1H, J = 7.5 Hz), 7.09 (s, 1H); ®C{*H} NMR (DMSO-ds, 150 MHz): 6 138.2,
134.2,131.9, 130.6, 128.8, 128.4, 127.5, 124.93, 124.87, 121.8, 117.5, 110.5,
90.6; IR (KBr, cm1): 3227, 2923, 2855, 2223, 1600, 1461, 1387, 1301, 1262, 1184, 1074, 1022,
807, 761, 690, 492; HRMS (ESI/Q-TOF) (m/z) calcd for C17H12BrN2 [M + H]* 323.0178; found
323.0171.
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V.9. Representative NMR Spectra

2,4,6-Triphenylnicotinonitrile (1a): *H NMR (CDCls, 400 MHz)
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2,4,6-Triphenylnicotinonitrile (1a): **C{*H} NMR (CDClIs, 100 MHz)
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2,6-Diphenyl-4-(p-tolyl)nicotinonitrile (2a): *H NMR (CDCls, 400 MHz)
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2,6-Diphenyl-4-(p-tolyl)nicotinonitrile (2a): **C{*H} NMR (CDCls, 100 MHz)
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4-(4-Chlorophenyl)-2,6-diphenylnicotinonitrile (9a): *H NMR (CDCls, 400 MHz)
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4-(4-Chlorophenyl)-2,6-diphenylnicotinonitrile (9a): **C{*H} NMR (CDCls, 100 MHz)
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2,4-Diphenyl-6-(p-tolyl)nicotinonitriletrile (12a): *H NMR (CDCls, 400 MHz)
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2,4-Diphenyl-6-(p-tolyl)nicotinonitriletrile (12a): **C{*H} NMR (CDClIs, 100 MHz)

265’ Le—

€16'9L
omN.RW
8V5'LL

(43540

18621~
BERLT
0v9'8ZL
£58'8Z1
GLL'6z)
£95'6Z1
118621
6666211
191084

SG¥'GG1L—
G92'651—
29ov' 29l —

£v9'L2L
0v9'8CL
mmw.wmv/
mrﬁmw—‘/
€9G°6C1\
118621~

666'6Z}
1917081

£E6'VEL—

6L0°LE1—

Y0Ee'8€L—

680° LVl —

128
|
l

130
|
T
120

132
ﬂ}
|
T
130

[

T
140

138 136 134
f1 (ppm)

140

142

20

T T
100 90
f1 (ppm)

T
110

T T T T T
190 180 170 160 150

T
200

Page |291

TH-2725_166122029



Chapter V

6-(4-Chlorophenyl)-2,4-diphenylnicotinonitrile (15a): *H NMR (CDCls, 400 MHz)
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6-(4-Chlorophenyl)-2,4-diphenylnicotinonitrile (15a): 3C{*H} NMR (CDCls, 100 MHz)
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4,6-Diphenyl-2-(p-tolyl)nicotinonitrile (1c): *H NMR (CDCls, 400 MHz)
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4,6-Diphenyl-2-(p-tolyl)nicotinonitrile (1c): *3C{*H} NMR (CDClIs, 100 MHz)
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2-(4-Chlorophenyl)-4,6-diphenylnicotinonitrile (1j): *H NMR (CDCls, 400 MHz)
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2-(4-Chlorophenyl)-4,6-diphenylnicotinonitrile (1j): *3C{*H} NMR (CDCls, 100 MHz)
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2,5-Diphenyl-1H-pyrrole-3-carbonitrile (31a): *H NMR (DMSO-ds, 600 MHz)
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2-Phenyl-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (32a): *H NMR (DMSO-ds, 600 MHz)
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2-Phenyl-5-(p-tolyl)-1H-pyrrole-3-carbonitrile (32a): *C{*H} NMR (DMSO-ds, 150 MHz)
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5-(4-Chlorophenyl)-2-phenyl-1H-pyrrole-3-carbonitrile (34a): ‘H NMR (DMSO-ds, 400
MH?z)
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2-(4-Methoxyphenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31g): *H NMR (DMSO-ds, 400
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2-(4-Methoxyphenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31g): *C{*H} NMR (DMSO-ds,
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2-(4-Chlorophenyl)-5-phenyl-1H-pyrrole-3-carbonitrile (31j): ‘H NMR (DMSO-ds, 600

MH?z)
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