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@%re face
a;t;ation has flourished the synthetic

-Catalyzed transformation of inert C—H

During the past several decades, the field of C-H fu
organic chemistry. An extensive investigation
bond to C-C and C-X (X = heteroatgms)\Ro unlocks the golden opportunities in the
synthesis of small molecules. Comp red@sical cross-coupling reactions, the exploitation of
C-H bond as one of the coupli ner would be greener and advantageous in terms of reduced
waste generation, operatiof(al &ynplicity, avoidance of preparation of starting materials and
shorten synthetic ro a consequence, transition metal-catalyzed C~H bond strategy has
been adopteg Wowerful working tool for the synthesis of various small molecules at
present. lents of this thesis have been divided into five main chapters based on the

results carried out during the complete course of research period. The chapter I is

ductory chapter of this thesis which presents a brief overview of transition metal-

ex
l
@aéalyzed C-H bond functionalization processes: advantages, challenges, solutions and

applications of them. The remaining four chapters describe the experimental works emphasizing
on palladium or copper catalyzed C-C, C-N and C-O bond forming reactions via either
empoying cross dehydrogenative coupling (CDC) or substrate directed C-H bond
functionalization strategies. Chapter II describes a CuO nano catalyzed, unique CDC protocol for
the synthesis of carboxylic acid anhydrides via double sp2 C-H activation of arylaldehydes using
TBHP as the oxidant. Chapter 111 demonstrates a Pd(1I)-catalyzed unprecedented protocol for the
ketone synthesis using terminal aryl alkenes and alkynes as new aroyl surrogates via a substrate
directed sp2 C-H functionalization. Chapter IV illustrates the use of benzylic ethers as the
alternative source of arylcarboxy surrogates for ester synthesis via a copper-catalyzed substrate
directed sp2 C-H functionalization of 2-phenylpyridine derivatives. Chapter V describes a
palladium-catalyzed elegant protocol for the synthesis of 2-aryl-2H-benzotriazoles from
azoarenes using TMSN3 as the nitrogen source and TBHP as the oxidant through substrate

directed C—H functionalization strategies.
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experimental results carried out during the ¢ of research period. The chapter I is
the introductory chapter of this thesis @ents a brief overview of transition metals
catalyzed C-H bond functionalizatio tdlesses: advantages, challenges, solutions and
applications of them. The remaixing (four chapters describe the experimental works emphasizing
on palladium or copper cffal —C, C-N and C-O bond forming reactions via either
empoying Cross denative coupling (CDC) or substrate directed C-H bond
functionalizat ategies. Chapter II describes a CuO nano catalyzed, unique CDC protocol for
the synth '@boxylic acid anhydrides via double sp> C—H activation of arylaldehydes using

xidant. Chapter III demonstrates a Pd(1I)-catalyzed unprecedented protocol for the

ynthesis using terminal aryl alkenes and alkynes as new aroyl surrogates via a substrate
rected sp2 C-H functionalization. Chapter IV illustrates the use of benzylic ethers as the
alternative source of arylcarboxy surrogates for ester synthesis via a copper-catalyzed substrate
directed sp® C-H functionalization of 2-phenylpyridine derivatives. Chapter V describes a
palladium-catalyzed elegant protocol for the synthesis of 2-aryl-2H-benzotriazoles from
azoarenes using TMSNj3 as the nitrogen source and TBHP as the oxidant through substrate
directed C—H functionalization strategies. Except Chapter 1, all other chapters consist of seven
sections which include introduction, reported strategies, present work, experimental section,

references and notes, spectral data and selected spectra.

Chapter I: Introduction: A Brief Overview of Transition Metal-
Catalyzed C—H Functionalization

This chapter presents a brief overview of the revolutionary aspect of C—H functionalizations,
their advantages compare to traditional cross coupling reaction, challenges and solutions,
different types of implemented strategies for methodologies and a myriad of applications in
synthetic organic chemistry.

Metal-catalyzed organic synthesis has revolutionized the way to design retro-synthetic

strategies for the synthesis of unachievable new compounds to the synthetic chemists. Among

iii
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Synopsis

those strategies, carbon-carbon and carbon heteroatom bond forming reactions via cross
coupling, widely used in both academic and industrial worlds have emerged as the most reliable
one. The traditional approach for the cross-coupling reactions involves transformation of a pre-
existing functional group with another one to obtain the desired chemical function. The classical
cross coupling reactions typically involve either the coupling reaction of an organometallic
reagent with an aryl halide or another organometallic reagent for the synthesis targeted bi-aryl
compound (1) as shown in Scheme 1, left side. Alternatively, the compound (1) can be obtained
by metal mediated homo coupling reaction of two aryl halides/pseudohalides (Scheme 1, left
side). The use of such pre-functionalized substrates provided the new and versatile synthetic
tools to the synthetic chemists achieving the selective preparation of novel molecules. Thus,
those strategies unleashed a fast and relevant progress over the past decades. The well known
cross coupling reactions include Suzuki, Sonogashira, Stille, Kumada, Himaya or Negishi and
others has been prevalent for many decades and allowed the use of pre-functionalized precursors
over non-functionalized one. However, the use of those expensive and pre-elaborated molecules
in those methods requires paying extra ‘price’ to achieve such degree of selectivity. In particular,
the obligation to use activated pre-functionalized coupling partner is wasteful since it needs

installation and subsequent disposal of waste agents. Furthermore, preparation and isolation of

those expensive and pre-elaborated independent coupling partners added extra steps towards@

formation of desired chemical bonds. Thus, those problems associated with pre-ipgtalla
processes caused a major concern to the synthetic chemists in terms of atom- and
environmental point of view. Due to those unavoidable reasons, Over ades the
modern research has been directed in a quest to develop new pro
% sustainable way. In
1filf the mentioned demands

halized precursors.

ng to achieve
identical final molecules with the same selectivity, but in a greeng

this aspect, probably the best and most possible sustainable

is the direct functionalization of C—H bonds utilizing no

v
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TRADITIONAL CROSS COUPLING C-H FUNCTI ATION
REACTION S

(me n WP

~

g &
O

R-H + X

R-H + H@
Y,

= Halide/pseudohalide, M, M' =Metal

S m(@ fferent approximations of the cross coupling reactions

The s are ubiquitous in organic molecules, from small molecule backbone to the

mo ed natural products with comparable dissociation energies and regarded as the non-
al group. Due to small difference in electro negativities between carbon and hydrogen,
e C-H bonds are regarded as being non-polar. In structural formula of molecules, the hydrogen
bonds are often omitted for clarity which indicated the ubiquitous nature and lack of reactivity
‘inertness’ of it towards the chemical reaction. So, it is easy to envisage that the selective and
direct functionalization of C—H bonds would bring a faster and more atom-economical synthetic
approach (Scheme 1, right side). The use of C—H bonds as a reactive coupling partner similar to
C-X bonds (X = metal/halide/pseudohalide) would provide a powerful and straightforward
strategies for the formation of complex organic structures. Furthermore, use of C—H bonds as
one of the functional groups in coupling reaction would be profitable in terms of operational
simplicity, avoidance of pre-installation of starting materials, reduced waste generation and

shorten the synthetic route.

C-H Functionalization

) — Q_ng

AN /= Vg2

Traditional Cross Coupling

O — e

ANNFE — T TFR?

Scheme 2. Different adopted strategies for C—H functionalization
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The revolutionary aspect of this concept is gradually renovating organic chemistry and brings
a renaissance with newer disconnection approaches giving opportunity to access desired
molecules with original structures in a more simple, efficient, cost effective and ecological
manner. As a consequence, the last decade has seen an unprecedented growth of interest to
develop synthetic methods utilizing C—H bonds activation strategies in coupling chemistry. The
one of the best way is the metal-catalyzed C—H bonds functionalization to achieve C-C, C—N,
C-O and C-X bonds as shown in scheme 2. Most of the metal mediated selective C—H
functionalization strategies rely on two elegant approaches including (a) Ligand directed C —-H
functionalization (b) cross dehydrogenative coupling. In this aspect, our group has been engaged
last few years to develop methodologies to achieve the desired C—C and C—X bonds (X = heterto

atom/halide) via above mentioned protocols and produced a myriad of organic compounds.

Chapter II: Nano CuO Catalyzed Cross Dehydrogenative Coupling
(CDC) of Aldehydes to Anhydrides

This chapter demonstrates the elegant synthesis of carboxylic acid anhydrides directly from

arylaldehydes using CuO nanoparticles as the catalyst and rert-butyl hydropeoxide (TBHP) a

Q

g and

the oxidant via Cross Dehydrogenative Coupling (CDC).

The essence of transition metal-catalyzed C—H bond functionalizations is ar

ongoing theme in organic chemistry. Directing group-assisted C—H bond funcysfali

cross dehydrogenative coupling (CDC) reactions are preferred in this field kgcadgy oPtheir atom-

and step-economy. To date, although several CDC methodologies be

formation of C-C bonds, less effort has been directed tow&
n

Carboxylic acid anhydrides, an important organic co u
preparation of amides and esters and they have foyud

and drugs. The literatures demonstrated a n c
anhydrides including dehydration of carbo

reported for the
bond-forming reactions.
are generally used in the
icgions in the synthesis of peptides
of “methodologies for the synthesis of

ic acYds in the presence of dehydrating reagents,
classical substitution reaction between

catalyzed carbonylation of g al

acid C-0 bond with a catalyst or a 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)

catalyzed direct 0 dehyde and palladium catalyzed direct conversion of aryl iodides
% vi
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alides/anhydrides with carboxylates, palladium-

with metal carboxylate, functionalization of carboxylic
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into the corresponding anhydrides under CO atmosphere. Althougk\(r 1al metal-catalyzed

aldehydic C—H functionalizations are known, double alde -V functionalization using

hy¥ri

nano CuO resulting in the formation of carboxylic acid is unprecedented. Herein, we

lecular double aldehydic sp: C-H
and TBHP.

(o] o)
(Cu0 nano @Ji‘o)\@
—_—
° X X
DCE, 120 °C % 2.
ynthesis of anhydrides from aldehydes via CDC process

1e 3.
D$ zation, various reaction parameters such as catalyst, oxidant, solvent, time and

developed a protocol in which both inter- an

functionalization, leading to anhydrides usingQanoYyu

re were screened to attain the best possible yield. After a series of several reactions, a

tem
@@hmion of aldehyde (1.0 equiv.), CuO nano (5 mol%) and portionwise addition of TBHP in

ecane (2 equiv.) at 120 °C in DCE was chosen as the optimized conditions for the self coupling
of aldehydes. The present conditions of this unique oxidative coupling reaction were applied to a
range of other aldehydes. Aromatic aldehydes bearing electron-rich substituents, irrespective of
their position(s) in aromatic ring, underwent the CDC reaction smoothly to afford the
corresponding symmetrical carboxylic acid anhydrides in modest to good yields. One setback of
this interesting transformation is that whereas aromatic aldehydes possessing weakly electron-
withdrawing groups gave negligible amounts of product, substrates possessing strongly electron-

withdrawing groups completely failed to give their desired anhydrides.

Based on the results of the controlled experiments and trapped intermediates, the mechanism

presented in Scheme 4 has been suggested for this transformation.
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are generally used in the

preparation of amides and esters and they have fo lons in the synthesis of peptides

and drugs. The literatures demonstrated a n methodologies for the synthesis of

anhydrides including dehydration of carbo 11 s in the presence of dehydrating reagents,

classical substitution reaction bet alides/anhydrides with carboxylates, palladium-

catalyzed Carbonylatlon of a1 with metal carboxylate, functionalization of carboxylic

acid C~O bond with a catalyst or a 2,2.6,6-tetramethylpiperidine-1-oxyl (TEMPO)

catalyzed direct oxidat dehyde and palladium catalyzed direct conversion of aryl iodides
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into the corresponding anhydrides under CO atmosphere. AlthougK\uz nal metal-catalyzed

aldehydic C-H functionalizations are known, double alde functionalization using

nano CuO resulting in the formation of carboxylic acid AAhyB¥I¥ is unprecedented. Herein, we

developed a protocol in which both inter- an lecular double aldehydic sp” C—H

functionalization, leading to anhydrides usingQanoYyuO and TBHP.

(=)
By-OypH @
oY
; rg’,, (CuO n: nar)o O)L )J\O
DCE, 120 °C
R

ynthems of anhydrides from aldehydes via CDC process

rin zation, various reaction parameters such as catalyst, oxidant, solvent, time and

tem ire were screened to attain the best possible yield. After a series of several reactions, a
sbirfation of aldehyde (1.0 equiv.), CuO nano (5 mol%) and portionwise addition of TBHP in
ecqne (2 equiv.) at 120 °C in DCE was chosen as the optimized conditions for the self coupling
of aldehydes. The present conditions of this unique oxidative coupling reaction were applied to a
range of other aldehydes. Aromatic aldehydes bearing electron-rich substituents, irrespective of
their position(s) in aromatic ring, underwent the CDC reaction smoothly to afford the
corresponding symmetrical carboxylic acid anhydrides in modest to good yields. One setback of
this interesting transformation is that whereas aromatic aldehydes possessing weakly electron-
withdrawing groups gave negligible amounts of product, substrates possessing strongly electron-

withdrawing groups completely failed to give their desired anhydrides.

Based on the results of the controlled experiments and trapped intermediates, the mechanism

presented in Scheme 4 has been suggested for this transformation.
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Cu(ll) + 'BuOOH Cu(lll)(OH) + tBuO functionalizations processes based on two ingenious approaches 7%ing—gmup assisted
Cu(lll)(OH) + 'BuOCH cu(ll) + tBLOO C-H functionalization or cross-dehydrogenative coupling (CRC)H
H,O Aryl alkenes are susceptible to undergo Wacker t 0 n to give phenylacetaldehyde
o O (Scheme 5, path-I(a)) while diarylethenes are re orm 1,2-diketones (Scheme 35, path-

D N

Scheme 4. Plausible reaction mechanism for anhydride formation

In conclusion, a convenient method has been developed for the synthesis of carboxylic acid
anhydrides from aromatic aldehydes. This method follows a unique double sp”

functionalization of aldehydes in the presence of nano CuO catalyst and oxidant TB

HP
Chapter II1: Pd(II)-Catalyzed O-Aroylation of Dir @enes
using Terminal Aryl Alkenes and Alkynes: Synth% f hletones

np

This chapter demonstrates a substrate-directed Pd-catalyz edented o-aroylation

strategy using new aroyl surrogates viz. terminal aryl alker nd Mkynes in the presence of
TBHP.

The development of efficient and newer stga r the construction of carbon-carbon

(C-C) bonds is of immense interest to gynth hemists. An extensive investigation on
transition metals catalyzed C—H bond a@ strategies have greatly revolutionalized the C—C
bond i ; p i %2

nd forming processes. The déiect —H bonds to generate C—C bonds is highly desirable

since it - : , ; ;
has the potential e synthetic schemes by shortening the number of synthetic

steps and thus mainta\

S

TH-1457_10612218

er atom economy of the processes. In particular, most C—H bond
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I(b)) using Pd and Ru catalysts respective

reported to introduce a vinyl moiety at

group have demonstrated

terminal aryl alkenes

i
@ path-1I1.
(C)
* Me
‘8u0  'BuOH o . 0\§ betwegn
...._0 Me

Me ris

ct probability, we thought to implement Pd catalyst during the reaction
benzothiazole, a directed substrate and terminal aryl alkenes. Now the query
ether this catalytic condition provides o-vinylation as reported with catalysts like Ru,

Pd or o-benzoxylation as has been demonstrated with Cu catalyst or all together a

&@@jfferemial reactivity leading to a new product may be observed.
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Scheme 5. Catalyst-controlled selectivity of alkenes oxidation.
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s€parate study, terminal aryl alkenes are
\@r Site of ligand directed substrates using various

metal catalysts such as Rh, Ru and!tven as shown in Scheme 5, path-II. Very recently our
I)-=utalyzed o-benzoxylation of 2-phenylpyridine using both

as arylcarboxy (ArCOO-) surrogates as shown m Scheme 5,
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Cu(ll) + ‘BuOOH Cu(lll)(OH) + 'BuO
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o O e
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Scheme 4. Plausible reaction mechanism for anhydride formation

In conclusion, a convenient method has been developed for the synthesis of carboxylic acid
anhydrides from aromatic aldehydes. This method follows a unique double sp”

functionalization of aldehydes in the presence of nano CuO catalyst and oxidant TBHP.

Chapter III: Pd(II)-Catalyzed O-Aroylation of Dire tenes
using Terminal Aryl Alkenes and Alkynes: Synth&f etones
npr

This chapter demonstrates a substrate-directed Pd-catalyz d%(
nd

strategy using new aroyl surrogates viz. terminal aryl alke

dented o-aroylation

ynes in the presence of

TBHP.

The development of efficient and newer slrat I the construction of carbon-carbon
(C-C) bonds is of immense interest to ynth remists. An extensive investigation on
transition metals catalyzed C—H bond a strategies have greatly revolutionalized the C—C
bond forming processes. The dj ect —H bonds to generate C—C bonds is highly desirable

since
it has the potenlm] ¢ synthetic schemes by shortening the number of synthetic

steps and thus maintaig\
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[ .%\ing—group assisted

n to give phenylacetaldehyde

(Scheme 5, path-I(a)) while diarylethenes are re rm 1,2-diketones (Scheme 5, path-

I(b)) using Pd and Ru catalysts respectivel s€parate study, terminal aryl alkenes are
reported to introduce a vinyl moiety at t@o Site of ligand directed substrates using various
metal catalysts such as Rh, Ru %en as shown in Scheme 5, path-II. Very recently our
group have demonstrated I)-Wxtalyzed o-benzoxylation of 2-phenylpyridine using both
terminal aryl alkenes as arylcarboxy (ArCOO-) surrogates as shown in Scheme 35,
path-II1.

To chec Mt probability, we thought to implement Pd catalyst during the reaction
betwe @ enzothiazole, a directed substrate and terminal aryl alkenes. Now the query

ether this catalytic condition provides o-vinylation as reported with catalysts like Ru,

(: and Pd or o-benzoxylation as has been demonstrated with Cu catalyst or all together a

ifferential reactivity leading to a new product may be observed.
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Scheme 5. Catalyst-controlled selectivity of alkenes oxidation.
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With the above possibilities in mind, an initial trial reaction was performed with 2-
phenylbenzothiazole and styrene in the presence of catalyst Pd(OAc), and oxidant TBHP in
chlorobenzene at 120 °C. Surprisingly, the reaction gave a o-aroylated product i. ¢ a ketone

product ((2-(benzo[d]thiazol-2-yl)phenyl)(phenyl)methanone) as illustrated in Scheme 6.

H H

):(ar-

H Ar

Pd(OAc), DG

@:D.G tBuOOH % Ar
: me |

DG = N\ \'_\/ N N A
: s> Q N e v v

Scheme 6. O-aroylation of directed arenes using alkenes and alkynes Q
as the aroyl (ArCO-) surrogates @
Various reaction parameters such as catalyst, solvent and oxidant were screet Altain the
best possible yield of the desired ketone. Finally, a mixture of 2-phenylbenz e {1 equiv.)
chlorobenzene

and styrene (2.5 equiv.), Pd(OAc), (10 mol%) and TBHP in decane (5 :
at 120 °C was chosen as the best optimized reaction conditions, %Jr

then implemented on 2-phenylbenzothiazole and its deri

nt methodology was
h a variety of terminal
alkenes. Terminal aryl alkenes possessing both eleg(r ating and electron-withdrawing
substituents coupled efficiently with the directing s give their corresponding ketones in
modest to good yield. Aryl alkenes having eled\n Withdrawing substituents provided higher

yield of desired ketones than those bea® ctron donating substituents. In addition, directing

substrates bearing electron donatin ents furnished better yield compared to those having
e

electron withdrawing substituef present optimized conditions were equally applicable to a

set of other directed s w'z. 2-phenyl pyridine, 2,3-diphenylquinoxaline, benzoquinoline,
% i
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2-aroyloxypyridine and acetophenone O-methyl ketoxime and pr 'd%r corresponding o-

aroylated i.¢ ketone products.

Likewise aryl alkenes, aryl alkynes viz. phenyl acél %so found to serve as the aroyl
(ArCO-) surrogates under the optimized conditio rovided a poor yield of expected ketone
because of unavoidable homo-coupling p @ phenyl acetelene. Ultimately, a modified
condition with a high catalytic loadjng l%) along with the use of increased amount of

TBHP (10 equiv.) was chosen fi further reaction. In a similar way, 2-phenylbenzothiazole,

2-phenyl pyridine, benzoqt@ -aroyloxypyridines were also subjected to this modified

reaction conditions ang &d poor to modest yields of their corresponding ketone products.

Based o viamed from controlled experiments and taking cues from the related

literatures ble mechanism has been proposed as shown in scheme 7.

Pd(ll)

0 Pd(ll
H —

(") @)

o <o s

H OH H
Hm [0] N A *\H
H™ on (B) (€)© (D)
é\l
L

0

N)Ldll

OO
% “ :.;:f;*.':::
| \_
Pd'X, g PI}/N g
reductive e | 1k
~ (G) | Pn ~o

_N g Pd(Ill) or Pd(IV) (G

intermediate
YR »

(7a)

1
+

Scheme 7. Plausible mechanism for o-aroylation.
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With the above possibilities in mind, an initial trial reaction was performed with 2-
phenylbenzothiazole and styrene in the presence of catalyst Pd(OAc), and oxidant TBHP in
chlorobenzene at 120 °C. Surprisingly, the reaction gave a o-aroylated product i. ¢ a ketone

product ((2-(benzo[d]thiazol-2-yl)phenyl)(phenyl)methanone) as illustrated in Scheme 6.
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Scheme 6. O-aroylation of directed arenes using alkenes and alkynes Q
as the aroyl (ArCO-) surrogates @
Various reaction parameters such as catalyst, solvent and oxidant were screet in the
e (1 equiv.)

best possible yield of the desired ketone. Finally, a mixture of 2-phenylbenz
chlorobenzene

and styrene (2.5 equiv.), Pd(OAc), (10 mol%) and TBHP in decane (
at 120 °C wag chosen as the best optimized reaction conditions, % nt methodology was

then implementeq on 2-phenylbenzothiazole and its deri
alkenes,

h a variety of terminal

Terminal aryl alkenes possessing both ele{r ating and electron-withdrawing

modest to good yield. Aryl alkenes having elec

substituents coupled efficiently with the directings {o give their corresponding ketones in
%—. ithdrawing substituents provided higher

yield of desired ketones than those bea ctron donating substituents. In addition, directing

substrates bearing electron donatini% ents furnished better yield compared to those having
pre

electron withdrawing sybst;

n sent optimized conditions were equally applicable to a

set of other directed viz. 2-phenyl pyridine, 2,3-diphenylquinoxaline, benzoquinoline,
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2-aroyloxypyridine and acetophenone O-methyl ketoxime and pr 'd%x‘ corresponding o-

aroylated i.¢ ketone products.

Likewise aryl alkenes, aryl alkynes viz. phenyl acgglée %so found to serve as the aroyl
(ArCO-) surrogates under the optimized conditio rovided a poor yield of expected ketone
because of unavoidable homo-coupling g @ phenyl acetelene. Ultimately, a modified
condition with a high catalytic loadjng @l%) along with the use of increased amount of

TBHP (10 equiv.) was chosen fi further reaction. In a similar way, 2-phenylbenzothiazole,

-aroyloxypyridines were also subjected to this modified

poor to modest yields of their corresponding ketone products.

Based o tained from controlled experiments and taking cues from the related

literatures) le mechanism has been proposed as shown in scheme 7.
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In conclusion, we have developed a new, efficient Pd-catalyzed directing group-assisted

aroylation of arenes using terminal alkenes and alkynes as the new aroyl surrogate giving ketone
products. This strategy have been implemented to a wide range of ligand directed substrates and
afforded modest to good yields with a good tolerance of functional groups. Differential

selectivities of Cu and Pd have been demonstrated; while Cu/TBHP combination installs an o-

aryloxy (ArCOO-) the use of Pd/TBHP incorporate an o-aroyl (ArCO-) group using both @
alkenes and alkynes. ‘

Chapter IV: Benzylic Ethers as Arylcarboxy Surrogates in

Substrate Directed ortho C—H Functionalization Catalyzed by

COpper: Synthesis of Esters To test izyl ether serves as an aroyl (ArCO-) equivalent or as an arylcarboxy
SLIEe’e

(ArCQQ- during Cu-catalyzed substrate-directed C—H functionalization, 2-phenyl

[Cu] Me
'‘BuOOH

Se . Metal dependent reactivities of dibenzyl ethers

This chapter portrays an ortho-benzoxylation of 2-arylpyridines using benzylic ethers as the

nd dibenzylic ether were reacted in presence of TBHP in decane in DCE solvent. The

alt i ~) via sp> C— ivation. - .
emative arylearboxy sources (ArCOO-) via sp” C~H bond activation @ ion ended up giving an ester, 2-(pyridin-2-yl)phenyl benzoate (i.¢ an ester product) as
1

Recently considerable efforts have been devoted for the ortho selective direct
functionalization of unreactive C—H bonds for the construction of C—C and C-X (X = &
heteroatom) bonds using transition metals such as Pd, Cu, Ru, Rh and Ir. Among ortho C-C anc@

C-X bond making processes, the C—O bond forming processes are difficult to promote due

own in scheme 9. This result illustrates that dibenzyl ether serves as a carboxy (ArCOO-)
source in the presence of Cu catalyst. This Cu-catalyzed reaction showed differential reactivity to
that of Palladium (II) and even with Copper (I/Il) where benzyl ether acted only as an aroyl

(ArCO-) group (scheme 8).
binding of electronegative oxygen atom with transition metals thereby making it igactiv

further reactions. Direct functionalization of C—H bonds has become the so ctive il
; ; - x N
approach in recent organic synthesis as it obviates prefunctionalization of NybstRtes. On the H H Cu(OAc), (20 mol %) _
+ N t iv) o Ar

other hand, benzylj . S - sl that can be Ar o  Sar 'BuOOH (6.0 equiv) .

. ylic ethers are commonly used as protecting g s tha SO BT rL | Y
easily cleaved under suitable oxidizing or reducing conditions. h@%ﬁlso erved as the dormant o
synthetic equivalents of aldehydes, carboxylic acids or depénding upon the reaction

Scheme 9. o-benzoxylation of 2-arylpyridines using

conditions. Benzyl ether served as aroyl (ArCO-) equi benzylic ethers as (ArCOO-) source

h under Palladium (II) or Copper

(V1) catalyzed reactiong utilizing TBHP as the @xi illustrated in scheme 8. But under Cu _ , _
% To attain a suitable reaction condition for the synthesis of ester various reaction parameters

catalyzed reaction conditions, it resulted in Q-aroy\gion and not C-aroylation.

viz. catalyst, solvent and oxidant were varied in a quest to achieve the best possible yield of ester.

Finally, the optimized reaction condition utilized for further reaction was the use of 2-
% phenylpyridine (0.5 mmol), dibenzyl ethers (0.75 mmol), Cu(OAc), (20 mol%), TBHP (aq. 70%)

;@ (6 equiv.) in chlorobenzene (0.5 mL) at 120 °C. The scope of this strategy was implemented to

the reaction between 2-phenylpyridine, substituted 2-phenylpyridines and various substituted

X1l Xiii
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In conclusion, we have developed a new, efficient Pd-catalyzed directing group-assisted

aroylation of arenes using terminal alkenes and alkynes as the new aroyl surrogate giving ketone
products. This strategy have been implemented to a wide range of ligand directed substrates and
afforded modest to good yields with a good tolerance of functional groups. Differential
selectivities of Cu and Pd have been demonstrated; while Cu/TBHP combination installs an o-
aryloxy (ArCOO-) the use of Pd/TBHP incorporate an o-aroyl (ArCO-) group using both
alkenes and alkynes.

Chapter IV: Benzylic Ethers as Arylcarboxy Surrogates in
Substrate Directed ortho C—H Functionalization Catalyzed by
Copper: Synthesis of Esters

\L [Cu] Me
@ 'BuOOH
Se @: etal dependent reactivities of dibenzyl ethers

To test zyl ether serves as an aroyl (ArCO-) equivalent or as an arylcarboxy

(ArCQOLQz) during Cu-catalyzed substrate-directed C—H functionalization, 2-phenyl

This cl -tho- i -arylpyridi ing benzylic ethers as the ; :
s chapter portrays an ortho-benzoxylation of 2-arylpyridines using benzylic ethers as e\d dibenzylic ether were reacted in presence of TBHP in decane in DCE solvent. The

alternati -3 vigent O ivation. .. Ly :
ative arylcarboxy sources (ArCOO-) via sp” C—H bond activation fedNion ended up giving an ester, 2-(pyridin-2-yl)phenyl benzoate (i.¢ an ester product) as
R ] : i irect )
ecently considerable efforts have been devoted for the ortho  selective dir fown in scheme 9. This result illustrates that dibenzyl ether serves as a carboxy (ArCOO-)
functionalizati ; i & 3 — X = . ; 5 : ;.
onalization of unreactive C-H bonds for the construction of C-C and C-X ( source in the presence of Cu catalyst. This Cu-catalyzed reaction showed differential reactivity to

heteroatom) bonds using transition metals such as Pd, Cu, Ru, Rh and Ir. Among ortho C-C aﬂ(@ that of Palladium (1) and even with Copper (I/1I) where benzyl ether acted only as an aroyl

C-X bond making processes, the C—O bond forming processes are difficult to promote due t (ArCO-) group (scheme 8).

binding of electronegative oxygen atom with transition metals thereby making it ipgctiv
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further reactions. Direct functionalization of C—H bonds has become the & - |
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approach in recent organic synthesis as it obviates prefunctionalization of sttes. On the H)(H Cu(OAc), (20 mol %)
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» benzylic ethers are commonly used as protecting groupsZKr ols that can PhCI, 120 °C R | 1‘/

casily cleaved under suitable oxidizing or reducing conditions. Iihag\also8erved as the dormant
iti . Scheme 9. o-benzoxylation of 2-arylpyridines using
conditions. Benzyl ether served as aroyl (ArCO-) equi h under Palladium (II) or Copper benzylic ethiers as (ArCOO—) source

(I/I) catalyzed reactions utilizing TBHP as the i[lustrated in scheme 8. But under Cu

i
- Y . . To attain a suitable reaction condition for the synthesis of ester various reaction parameters
catalyzed reaction conditions, it resulted in —ar&ou and not C-aroylation.

synthetic equivalents of aldehydes, carboxylic acids or ge dep¥nding upon the reaction

viz, catalyst, solvent and oxidant were varied in a quest to achieve the best possible yield of ester.
Finally, the optimized reaction condition utilized for further reaction was the use of 2-
% phenylpyridine (0.5 mmol), dibenzyl ethers (0.75 mmol), Cu(OAc)> (20 mol%), TBHP (aq. 70%)

;@ (6 equiv.) in chlorobenzene (0.5 mL) at 120 °C. The scope of this strategy was implemented to

the reaction between 2-phenylpyridine, substituted 2-phenylpyridines and various substituted
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dibenzyl ethers. Dibenzyl ethers having electron neutral —H and electron donating groups as well
as electron withdrawing substituents were all found to serve as ArCOO- sources and gave good
to moderate yields of corresponding ester products. It was observed that the presence of electron
donating substituents in the aryl ring of substituted 2-phenylpyridines and as well as in dibenzyl
cthers irrespective of their position of attachments provided better yields of esters than those

possessing electron-withdrawing substituents.
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Scheme ]:ﬁ@le mechanism for o-benzoxylation of 2-phenylpyridine
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Based on results/observation of controlled experiments perforn ing cues from the

related literatures, a plausible reaction mechanism has been postu d®*shown in Scheme 10.

In Conclusion, an efficient Cu'-catalyzed pg or the o-benzoxylation of 2-

surrogates. The reaction shows a broad su

functional groups using inexpensive coppr lyst. A mechanistic investigation reveals that the

reaction is going via radical padsadls. In addition, this reaction demonstrates the differential

reactivity of Cu catalyst to Il@d catalyst.

Chapter ladium-Catalyzed Synthesis of 2-Aryl-2H
Benzotgi s from Azoarenes and TMSN;

hapter focuses on the palladium (II) catalyzed synyhesis of 2-aryl-2H-benzotriazoles

1 avobenzenes using TMSN; as the nitrogen source and TBHP as the oxidant via

@' termolecular azidation (C—N bond formation) through ortho S])J C-H functionalization of

azobenzenes and sequential intramolecular cyclization (N-N bond formation)
2-Aryl-2H-benzotriazoles, are important nitrogen containing heterocylcles which are found
extensively in pharmaceuticals and structural component in many UV stabilizers and organic
electronic materials. Compounds having 2-aryl-2H-benzotriazole scaffold as privileged skeleton
include a seratonine/dopamine receptor ligand, Tinuvin-P (an ultraviolate light absorber), human
growth hormone upregulator and monomer of PCDTPBt (an electron acceptor in solar cell) etc.
Existences of three isomeric benzotriazoles based on N’, N and N? substitutions make the
selective synthetic strategies challenging. Because of the thermodynamic stability of N' isomer,
compared to its N -isomer more synthetic methods have been reported for the former. Several
mathodologies are documented in the literature for the synthesis of 2-aryl-2H-benzotriazoles
include: (i) thermal decomposition of 2-azidoazoarenes, (i) reduction of 2-[2-nitrophenylazo]
derivatives by thiourea and Zn/NH4Cl, (iii) oxidative coupling of ortho substituted azoaniline by
metal catalysts such as Sml, Zn or Cu, (iv) metal-catalyzed arylation of unsubstituted
benzotriazoles leading to the formation of a regioisomeric mixture of N'-and N°-benzotriazoles
(iv) cross coupling of 2-haloaryltriazenes and NaNs (v) Rh-catalyzed ortho C-H activation of

azobenzenes utilizing N-sulphonyl azide (TsNs) as the aminating source. Although this latest
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dibenzyl ethers. Dibenzyl ethers having electron neutral —=H and electron donating groups as well
as electron withdrawing substituents were all found to serve as ArCOO- sources and gave good
to moderate yields of corresponding ester products. It was observed that the presence of electron
donating substituents in the aryl ring of substituted 2-phenylpyridines and as well as in dibenzyl
ethers irrespective of their position of attachments provided better yields of esters than those

possessing electron-withdrawing substituents.
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Scheme 1 ¢ mechanism for o-benzoxylation of 2-phenylpyridine
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Based on results/observation of controlled experiments perfom %mﬂ cues from the
related literatures. a plausible reaction mechanism has been p su@ shown in Scheme 10.

In Conclusion, an efficient Cu'-catalyzed pr ;jﬂ or the o-benzoxylation of 2-
phenylpyridine derivatives has been demonstrate 18%enzyl ethers as the new arylcarboxy
surrogates. The reaction shows a broad s @ope and good tolerance toward the various
functional groups using inexpensive cop}®1yqt A mechanistic investigation reveals that the

reaction is going via radical pat s. In addition, this reaction demonstrates the differential

reactivity of Cu catalyst to thft d catalyst.

adium-Catalyzed Synthesis of 2-Aryl-2H
rom Azoarenes and TMSN;

Chapter
Benzot

hapter focuses on the palladium (II) catalyzed synyhesis of 2-aryl-2H-benzotriazoles

1 a’obenzenes using TMSN; as the nitrogen source and TBHP as the oxidant via

@el'llloleculal' azidation (C=N bond formation) through ortho sp~ C-H functionalization of

azobenzenes and sequential intramolecular cyclization (N—N bond formation)
2-Aryl-2H-benzotriazoles, are important nitrogen containing heterocylcles which are found
extensively in pharmaceuticals and structural component in many UV stabilizers and organic
electronic materials. Compounds having 2-aryl- 2H-benzotriazole scaffold as privileged skeleton
include a seratonine/dopamine receptor ligand, Tinuvin-P (an ultraviolate light absorber), human
growth hormone upregulator and monomer of PCDTPBt (an electron acceptor in solar cell) etc.
Existences of three isomeric benzotriazoles based on N', N’ and N’ substitutions make the
selective synthetic strategies challenging. Because of the thermodynamic stability of N/ 1Isomer,
compared to its N -isomer more synthetic methods have been reported for the former. Several
mathodologies are documented in the literature for the synthesis of 2-aryl-2H-benzotriazoles
include: (i) thermal decomposition of 2-azidoazoarenes, (ii) reduction of 2-[2-nitrophenylazo]
derivatives by thiourea and Zn/NH4Cl, (iii) oxidative coupling of ortho substituted azoaniline by
metal catalysts such as Sml, Zn or Cu, (iv) metal-catalyzed arylation of unsubstituted
benzotriazoles leading to the formation of a regioisomeric mixture of N'-and N’-benzotriazoles
(iv) cross coupling of 2-haloaryltriazenes and NaNs (v) Rh-catalyzed ortho C—H activation of

azobenzenes utilizing N-sulphonyl azide (TsN;) as the aminating source. Although this latest

XV



Synopsis

protocol as in Scheme 11, path a described by Lee group via ortho C—H activation of
azobenzenes is elegant one, the use of an expensive combinations of catalyst [Cp*RhCl:]>, co-
catalyst AgNTf, and oxidant PhI(OAc), make this method economically unviable. Thus, the
development of an efficient, cost effective and atom-economic protocol is very much in need.

Herein we developed a palladium catalyzed methodology for the synthesis of 2-aryl-2H-
benzotriazoles from azoarenes through ortho sp? C—H functionalization using TMSN3 and TBHP

as in Scheme 11, path b.

Lee's work

o9 i) Rh/Ag
DCE, 110 °C

s
N~
i) PhI{OAc),
M 40 °C
N N
N N
N H
TMSN, Pd/TBHP
DMSO, 100 °C

Ar (balloon)

Scheme 11. Metal-catalyzed synthesis of 2-aryl-2H-benzotriazoles via 0-C-H acrimt

Various reaction parameters such as catalyst, oxidant, additives, solve& maperature

i\

z .

were screened to obtain the optimal conditions for this reaction in a qu&y{ t\attain the best
possible yield. Finally it was found that the use of azobenzene (0.544u MSN; (2 equiv.),
TBHP-decane (2 equiv.) in DMSO (1.0 mL) at 100 °C under ak®jn aWyosphere was used to be
the best suitable conditions for the subsequent transform . The optimized conditions were
then applied to a range of substituted azoarenes to a r corresponding 2H-benzotriazoles.

as well as electron-withdrawing substitugpts in

This protocol is found to be compatible with g Clional groups having electron donating
%1 atic ring of azoarenes. In general, azoarenes

bearing electron-donating substituen ed better yields of their products compared to those

bearing electron-withdrawing 3 ts. The higher yields obtained for electron-donating

azoarenes could be attribyte use of their better chelating ability with electrophilic Pd (11)

% XVl

catalyst.
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Some controlled reactions were performed to deduce the plaul ion mechanism for
this transformation. Based on these results/observations of th xefiments and taking cues

from the recent literature precedent, a plausible mech: is% been proposed as shown in

Scheme 12.
TMSN,
k‘BuOOH

'‘BuOH + TMSOH

N N3
.
Pdl\‘ Oxidative
&y e addition
cyclopalladation

N

/
~Pd"—0Ac
®) g,
[0]
tBuOOH
N " AcOH
""'Pc'i/"'—OAc
©) J™X  x-0%BuorOAc
A &
:N
(2a)

Scheme 12. Plausible mechanism for ortho aminative heterocyclyzation of azobenzenes

In summary, we have developed an efficient and regioselective protocol for the synthesis of
2-aryl-2H-benzotriazoles via Pd(Il)-catalyzed ortho sp” C-H activation of azoarenes using
TMSN; as the nitrogen source and TBHP as the oxidant. The ligand directed intermolecular
azidation (C—N bond formation) through ortho sp” C-H functionalization of azobenzenes and
sequential intramolecular cyclization (N-N bond formation) leads to the formation of 2-aryl-2H-
benzotriazoles. For unsymmetrical azoarenes the heterocyclization is preferred at the aromatic
ring rich in electron compared to electron neutral (-H) or electron-deficient aromatic rings. A

wide range of substrate makes this method a suitable alternative to the existing alternative.
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protocol as in Scheme 11, path a described by Lee group via ortho C—H activation of Some controlled reactions were performed to deduce the plausg ion mechanism for

azobenzenes is elegant one, the use of an expensive combinations of catalyst [Cp*RhCl>]>, co- this transformation. Based on these results/observations of the ments and taking cues
catalyst AgNTf; and oxidant PhI(OAc), make this method economically unviable. Thus, the from the recent literature precedent, a plausible mechaf{st\l\, Za® been proposed as shown in
development of an efficient, cost effective and atom-economic protocol is very much in need. Scheme 12.

Herein we developed a palladium catalyzed methodology for the synthesis of 2-aryl-2H-

benzotriazoles from azoarenes through ortho sp” C—H functionalization using TMSN3 and TBHP @ TMSN;

J(tsuoon

.. 'BuOH + TMSOH

as in Scheme 11, path b.

N N;
. - /
Lee o Work PdIJOAc Oxidative
q\ ,P i) Rh/Ag (A) . addition
N’/S\Q DCE, 110 °C cyclopalladation
ii) PhI(OAc),
Me 40 °C N
N . —_ r\,_
N N = Pc.i'“—OAc
~—
\H % N (B) N3
Pd/TBHP
TMSN O
3 DMSO, 100 °C [ ]‘B oon
Ar (balloon) . u
N AcOH

i/
/
b PdV—0Ac

'/-" © N, X  X=0'BuorOAc
Scheme 11. Metal-catalyzed synthesis of 2-aryl-2H-benzotriazoles via 0-C-H actiyati ~ N=R=N
: , . . (1aa)
Various reaction parameters such as catalyst, oxidant, additives, solvent ; nperature A =N
N
were screened to obtain the optimal conditions for this reaction in a queq to\ytain the best -N; SN
(2a)

possible yield. Finally it was found that the use of azobenzene (0.5 2NN, JMSN; (2 equiv.),
TBHP- fiit 4 9 - —_— :
decane (2 equiv.) in DMSO (1.0 mL) at 100 °C under grdq atRpsphere was used to be Scheme 12. Plausible mechanism for ortho aminative heterocyclyzation of azobenzenes
the best suitable conditions for the subsequent transforma Theoptimized conditions were . ‘
In summary, we have developed an efficient and regioselective protocol for the synthesis of

then applied to a range of substituted azoarenes to af; corresponding 2H-benzotriazoles. ,
This protocol is found to be compatible with sev . Hnal groups having electron donating 2-aryl-2H-benzotriazoles via Pd(1l)-catalyzed ortho sp~ C—H activation of azoarenes using
1

TMSNj3 as the nitrogen source and TBHP as the oxidant. The ligand directed intermolecular

as well as electron—withdrawing substituepts in tic ring of azoarenes. In general, azoarenes

7 ~ . . .
bearing electron-donating substituent ed better yields of their products compared to those azidation (C—N bond formation) through ortho sp C—H functionalization of azobenzenes and

bearing electron-withdrawing sul s. The higher yields obtained for electron-donating sequential intramolecular cyclization (N-N bond formation) leads to the formation of 2-aryl-2H-

azoarenes could be attributed\Decphise of their better chelating ability with electrophilic Pd (I1) benzotriazoles. For unsymmetrical azoarenes the heterocyclization is preferred at the aromatic
catalyst. ?© ring rich in electron compared to electron neutral (-H) or electron-deficient aromatic rings. A
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wide range of substrate makes this method a suitable alternative to the existing alternative.
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%mpter I

I. A Brief Overview of Transition M t%talyzed C-H Bond

Functionalization j

1.1. Introduction

Metal-catalyzed organic s has revolutionized the way to design retro-synthetic
strategies for the synthesis n@hievable new compounds to the synthetic chemists. Among
those strategies, carbo and carbon-heteroatom bond forming reactions via cross
coupling, widel u oth academic and industrial worlds have emerged as the most reliable
one.! Und . stich selective transformations will find widespread application across the
chemj including in the synthesis of pharmaceuticals, natural products, agrochemicals,

nd feedstock commodity chemicals.” The use of pre-functionalized substrates® in
thep®methods provided the new and versatile synthetic tools to the synthetic chemists achieving
the selective preparation of novel molecules. Thus, those strategies unleashed a fast and relevant
progress over the past decades. The well known cross coupling reactions include Suzuki,
Sonogashira, Stille, Kumada, Himaya or Negishi and others has been prevalent for many decades
and allowed the use of pre-functionalized precursors over non-functionalized one. Recently, in
2010, the importance of these strategies has been acknowledged with the award of the Nobel
Prize in Chemistry to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki. However, the use of
those expensive and pre-functionalized or pre-elaborated molecules in those methods requires
paying extra ‘price’ to achieve such degree of selectivity. In particular, the obligation to use
activated pre-functionalized coupling partner is wasteful since it needs installation and
subsequent disposal of waste agents. Furthermore, preparation and isolation of these expensive
and pre-elaborated independent coupling partners added extra steps towards the formation of
desired chemical bonds. Thus, those problems associated with pre-installation processes caused a
major concern to the synthetic chemists in terms of atom-economic and environmental point of
view. Due to these unavoidable reasons, over the last decades, the modern research has been
directed in a quest to develop new processes aiming to achieve identical final molecules with the

same selectivity, but in a greener and more sustainable way. In this aspect, probably the best and



Chapter 1 C-H Functionalization

most possible sustainable way to fulfill the mentioned demands is the direct functionalization of
C—H bond utilizing non-functionalized precursors.4

The C—H bonds are ubiquitous in organic molecules, from small molecule backbone to the
more elaborated natural products with comparable dissociation energies and regarded as the non-
functional group. Due to small difference in electro negativities between carbon and hydrogen,
the C—H bonds are regarded as being non-polar. In structural formula of molecules, the hydrogen
bonds are often omitted for clarity which indicates the ubiquitous nature and lack of reactivity

i.e. ‘inertness’ of it towards the chemical reaction. So, it is easy to envisage that the selective and
direct functionalization of C—H bond would bring a faster and more atom-economical synthetic
approach. The use of C—H bond as a reactive coupling partner similar to C—M (M = metal) or

C—X bond (X = halide/pseudohalide) would provide a powerful and straightforward strategies

for the formation of complex organic structures. According to G. B. Shul'pin and A.E. Shilov. s

. o ‘the activation’
reported in Chemical Reviews, 1997 “When we refer t on’ of a molecule, we mean

; ne action.. .. i
that the reactivity of this molecule increases due to son It is reasonable o propose

that to activate a s-bond such as a C—H bond is to increase the reactivity of this bond toyw

. i ides a novel disconnectj ;
Synthetic routes to compleX molecules since 1t prov - | Cction in retro-symh etic
the functional eroups j )
analysis, Furthermore. use of C—H bond as one of groups in coupling resi;
: | simplicity, avoidance of pre-installatmn &

jona
would be profitable in terms of operatl
;on and shorten t

. e
he synthetic route. r

materials, reduced waste generat

Cross Coupling and C—H Func @atio
I.2. Difference of Traditlonal ho reactions involvasIrNef . !
for the cross coupling \ PERUD ol -
The traditional approach or in the desired m functi re.
{o obtain clion as iy g
bt ) . ther one v ) Che,
existing functional group with an ' ling part arymainly introd Ne
.2.1. Those functional groups formation’
. transio
organic molecules by means of multi-st€P s YRR olve either the Coupl;
_ 1 Mgy
3 leﬂctlo ; . g 8]
The classical cross coupling otheMrganomeltallic reagent for ‘ £ an

H I S T x B i
yl halld' I‘IA. )HS/!I

hetne 1.2.2. 1 e, Affey,

uc .
ed Intg the

organometallic reagent with an ar

targeted bi-aryl compound (1) 35&

@Q
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& \ A2
(1) can be obtained by metal mediated homo coupling reaction of twe\ar es/pseudohalides

(Scheme 1.2.2, left side).
N

A
Functionalization
O

AN ———— NN Eg2

Traditional Cross Coupling

©—FG1 @-p@

Y} [¢ C A 5 . ’ L 1

Scheme I.

The requiremen{AR{ those expensive and pre-elaborated functionalized substrates added extra

O

steps In syntye e. Moreover, many cross coupling reactions ended up with the generation

of a st ric amount of waste materials. While the same bi-aryl compound (1) may be
utilizing unactivated C—H bond as one of the coupling partners (Scheme 1.2.2, right
@ s a substitute of reactive C—X and C—M bonds, the most precise one-step direct coupling

ard a
) ) ‘he an incredible alteration in the b . @f two carbon-hvdrogen (C—H) bonds to form one C—C bond without disturbing the molecular
reagent”.” This insight is expected 10 bring Ueprints of future ydragen § ) g

environment brings a significant appeal for chemical synthesis. Although this process is
unfavorable from a thermodynamic point of view due to the high bond strength of an aryl C—H
bond. The homocoupling reaction of two benzene rings to give corresponding biphenyl

compound and hydrogen is thermodynamically disfavored by 13.8 kJ/mol.°

C—H FUNCTIONALIZATION
STRATEGY

-\
R-M + H@

TRADITIONAL CROSS COUPLING
REACTION

”@mxm N

@—x + X-R [TM] T T

X = Halide/pseudohalide, M, M' =Metal

Scheme 1.2.2. Different approximations of the cross coupling reactions (Traditional vs. Modern)

5
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From the above comparison study between traditional cross coupling and C-H
functionalization strategy, it can be conclude that the C—H functionalization should be very
advantageous because of the following reasons:

v" The C—H bonds are ubiquitous in organic species, from natural feedstock to the more
elaborated natural products

v" No need of pre-functionalization of the starting materials, usually prepared in tedious multi-
step process.

v’ Step, time and atom economical

v" Cost effective and energy saving

v" Considerable reduction in waste generation

I.3. Challenges in C—H Functionalization

In spite of all the advantages, the use of C—H bond as the coupling partner has few

drawbacks due to its “own special properties”. These reasons can be documented as-

ot

* Inherent low reactivity: The reason of this chemical “inertness” arises from the constituent
atoms in which all being held together by strong and localized C—C and C—H bonds. The strength

of typical C—H bonds represents a first and very significant challenge in this area. Most of th

. . 2 < g0
cases involved C—H bonds are either sp” or sp’ hybridized whose pK, values are in the rar
I

7c,8 : . : -
30-35."* Moreover, cleavage of those bonds involves energies of dissociatiopgAbhout

as well
as their “paraffin” nature (as they possess neither low lying HOMOs n ig\ lyMg LUMOs),
make C—H bonds completely inert to chemical reactions. The BDE a e P&7 values of various
C—H bonds are given in Table I. 3.1. X
Chemical bonds Nature BDE (WO}% pK, (water)
H;C-H Methyl C-H 48
CQH;',—H Ethyl C-H 50
CH,=CH-H Vinylic C-H % 11 44
HC=C-H Acetylenic C— 135 25
C¢Hs—H Phenylic 113 43
CH>=CHCH,-H Allyli 89 43
CHs-CH-H  B&y! 90 41

N
Table 1.3.1. Bo @ iation energy and pK, values of various C—H bonds
% 6
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>
+* Regioselctivity: The own ubiquity of the C—H bonds can be a p ob%%s veral C—H bonds

are amenable to activation at the same time.” Therefore, dest

functionalize a single C—H bond keeping all others C H
molecule remains a second critical challenge in tl@

L)
N

trategy that selectively

ped as intact within a complex

Pr example, the indol derivative as

shown in Figure 1.3.1 contains two different@ H bonds (H, and Hy) in its fused five-

membered ring. A site selective stl‘ategy@
degree of selectivity.

O

tivation of one of them leads to the higher

Figure 1.3.1. Indole molecules with multiple numbers
of different types of C—H bonds

2 Chemoselectivity: The inability to stop functionalization process at required oxidation state
to obtain the desired functionalized product represents third major challenge in this area.’® This
problem arises due to the formation of more reactive functionalized product than the starting
material. In such cases, the functionalized product may prone to undergo further oxidation
(Scheme 1.3.1). This fact leads to the formation of undesirable product or mixture of products
and hence diverges from the actual goal. Though the over-oxidation of starting precursor or

desired products is often highly thermodynamically unfavourable.

C-H
@—H Functionalization @—FG‘ over-oxidizad
—_— product
| starting materiall desired

product

Scheme I.3.1. Chemoselectivity problem arises in C=H bond functionalization process
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%+ Stereoselectivity: The functionalization of C-H bond of a molecule in a highly
diastereoselective and/or enantioselective way for the construction of new stereogenic centre

creates a fourth challenge in this field.”

<* Homo-coupling reaction of active partners: A minor issue arises due to the self-coupling
reaction of the reactive coupling partners present in a metal-catalyzed C—H functionalization
strategy. As a result, the desired product obtained in a lower yield because of such homo-
coupling reaction which make the coupling partners unavailable for desired transformation

(Scheme 1.3.2).

& &’&’d’

desired product undesired snde-products

Scheme 1.3.2. Homo-coupling issues in C=H bond functionalization process

In spite of those challenges, a C—H functionalization strategy also suffers from a minor issue &

which arises due to the preservation of the certain existing functional moieties in startin

precursors. However, the fundamental challenges in C—H functionalization that need
addressed are: (i) increase of reactivity of inert C~H bonds; (ii) the requirement tp&oxtrol Site

selectivity in molecules that contain diverse C—H bond amenable to fun n; (iii)

[.4. Solution to the Challenges in C—H F unctiona&%

e [.4.1. Solution to inherent low reactivity of C—H

chemoselectivity and (iv) stereoselectivity.

first challenge i.e. “inertness”

of C—H bonds due to their high bond dissociatio been addressed and settled by he

use of transition metals catalyst A mulntude% ies demonstrates that metals catalyst can

react with C—H bonds and help to lo activation energy for bond dissociation. The high

bond dissociation energy of C-H ost probably is compensated by metal-organic bond

interactions.

% 3
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Depending on the different types of interactions, the transqyo1 l-catalyzed C-H

functionalization can be classified into two different categories: 1 sphere mechanism or

coordination chemisty and (B) Inner sphere mechanism or Qygtgpietallic chemistry.7

(A) Outer sphere mechanism/coordination chen

The ‘outer-sphere’ mechanism for C—} ctionalization ,follows the mimic strategy
of biological oxidation reactions catalyzed\by ghzymes such as cytochrome P450 and methane
monooxygenase (MMO). This m ism proceeds via formation of a metal complex with high
oxidation state which possess{figgactivated ligand X. This X is typically a metal oxo-, imido-

P, this complex then interacts with a C—H bond through ligand

1.4.1.1 nain characteristic feature of such type of mechanism is that the C—H bond of
su es not involve in direct interaction with the transition metal center, instead reacts
wi coordinated ligand. As can be seen from the Scheme 1.4.1.1, these transformations

produce radical and/or cationic character at carbon, and therefore particularly show high

selectivity for weaker C—H bonds such as Cg,’—H bonds.

= H
[M] = Metal catalyst direct M]=X_
[M] '

insertion
X L»[MFX
el

X = Oxo, imido H-atom abstraction [M]-).( + %
or carbene (Radical path) H I

|
[ Functionalization | —(|3 =X=H

Scheme 1.4.1.1. C—H functionalization through outer sphere mechanism

(B) Inner-sphere mechanism/organometallic chemistry

The ‘inner-sphere’ C—H bond functionalization mechanism follows two discrete steps: (i) the
first step involve cleavage of a C—H bond to form a transition metal alkyl/aryl species i.e.
organometallic species and (ii) in the next step, this in situ generated organometallic species can
be converted to a new functional groups by reaction with either an external reagent or an organyl
ligand attached to the metal center (Scheme 1.4.1.2). The main characteristic feature of this

mechanism is the construction of a distinct organometallic intermediate. The hiech bond

9
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dissociation energy of C—H bond is most probably compensated by the formation of
organometallic intermediate i.e. formation of C—M bond and more often this species is far more
reactive than their initial counterpart. The structural and electronic parameters of this active
intermediate further dictate the regio- and stereoselectivity of functionalization. More often these
transformations showed strong influence to activate the less sterically hindered C—H bonds of a
molecule, thus maintaining a high selectivity. Apart from these factors, the ligand environment at
the metal center and the concerned mechanism involved in the C—H bond cleavage step also help

to control selectivity in these systems.

l X = required functional group
| X

[M] L’ —(}-‘-—M % —(:3—)(

organaometallic
species

Scheme 1.4.1.2. C-H functionalization through inner sphere mechanism

A

Depending on the nature of C—H bonds, transition metal catalyst, ligand sphere (L) at the
metal center, solvent and additives, the inner sphere mechanism can be sub-classified in
catagories,” including (a) oxidative addition, (b) sigma bond metathesis, (©) electC
activation, (d) metalloradical activation and (e) 1,2-addition. Among these, first #fcs are quite

common while remaining two is rare in C—H functionalization strategy. MY lassified

mechanisms involve a “true” activation of C—H bond due to the c imity and direct

anometallic species in a
13 e . . '
form of “true” ¢ C—M bond. In this activation process& ond directly penetrates the

coordination region of the metal centre as a c-organyl %

(a) Oxidative addition

interaction of the metal ion and the C—H bond, resulting in a disc;

In organometallic chemistry, the ‘o idat%a dition is the addition of a X-Y bond to a

metal centre. This addition is usy ylitated by the higher electron dense metal centre

ttached t i - Syore o
attached to the ¢ donar ligand s 3P. oxidative addition is typical for late transition metal

complexes generally foynd id\Me ight side of the periodic table such as Re, Fe, Ru, Os, Rh, Ir

and Pt. In thi ; i
IS m > electron rich and the low valent metal complexes can easily

Q ’
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C WF%@OH(H:’:GHOH
V\ \d

coordinate to a ¢ C—H bond by donating its electron density to th&\va * orbital (Scheme
1.4.1.3, complex A). Such interactions thus weaken the o C— b(@ ead to the formation of
new ¢ C—M bond (i.e¢ formation of an organometallic spec s’)%aving the original C—H bond

onding electron of metal are being

(Scheme 1.4.1.3, complex B). Since the two previ

used for the formation of new bond, the oxidatiQq stale ol metal centre formally increased by two

units. This process is comparable to the fo@l ot Grignard reagents from alkyl halide and Mg
d

v< complex A complex B
@m:e 1.4.1.3. C—H functionalization through oxidative addition

( i ond metathesis

ch reversible reaction is typical for “carly” transition metal complexes with d" electronic
configuration. Transition metal complexes which fail to attain oxidative addition due to lack of
accessible (n + 2) oxidation state are suitable for such reactions. These metals are most
commonly found in group 3 of the periodic table such as scandium, lanthanides and actinides,
but some typical examples involving metals of groups 4 and 5 are also being reported. This
activation mechanism allows the formation of an organometallic species as intermeadiate having
a o C—M bond. This reaction occurs via a concerted ¢ C—H bond cleavage and involves a four-

membered transition state as shown in Scheme 1.4.1.4.

R'— =l
H R'_IH R' _____ H
LM—R‘——Q=LM—R L | —— L,M—R"
g 5 L,M---R "
4-membered
transition state

Scheme 1.4.1.4. C-H functionalization through c-bond metathesis

11



Chapter I C-H Functionalization

(c) Electrophilic activation

Late transition-metal in higher oxidation state such as Pd"*, Pt'* and/or Pt"*, Hg * and i
complexes can take part in such reaction. Electrophilic activation of an aromatic nucleus can
occur through an Electrophilic Aromatic Substitution reaction which proceeds in two stages. In
the first stage, the addition of the electrophilic species to the arene leads to the formation of a
Wheland intermediate (an arenium intermediate) while in the next step there is a loss of proton.
Alteratively, the same activation can occur through deprotonation of a C—H sigma complex,

similar to sigma bond metathesis when the base is halide but not when the base is “OAc, as it

then occurs through a six membered transition state.

[L.M™2X, + R—H —= [L,M™2(R)(X)] + H-X

[L,M™2(R)(X)] —— [L,M"] + R=X

[L,M™2]X, + R—H—> [L,M"] + R=X+ H-X

Scheme 1.4.1.5. C—H functionalization through electrophilic addition

(d) Metalloradical activation

This mechanism is typical for the activation of ¢ C—H bond of saturated hydrocar

(alkane) only. Transition metal complexes existing in monomer—dimer equilibrium in a
ed

can reversibly break alkane C—H bond and form two separate halves of metal compl#Res a

to the twq fragments of C—H bond. As shown in Scheme 1.4.1.6, the Clea\?ﬁ%‘ tal-metal
bond during the reaction leads to the formation of one c-organyl complex anR\pn®metal hydride.
Methane is the most reactive hydrocarbon for this class of re n. ally rhodium and

ruthenium complexes are utilized for such activation reacti%

S°

R

2 LM ]l=—L,M>—M,L" 4@ L,MEtlR + L MR—H
N\

Scheme 1.4.1.6. C H.f:n@mion through metalloradical activation

N
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(e) 1,2-Addition
1,2-Addition reactions involve the addition of a ¢ C—H boix¥f0 W etal-nonmetal double

bond. In a typical example, addition of a ¢ C—H bond acr ~X double bonds leads to the

formation of a true c-organyl complex via a fou d transition state (Scheme 1.4.1.7).

Usually early and middle transition metals meR theyg criteria, though the scope of the reaction

and its potential application for alkane C—
d

nctionalization remains unclear.

R_'H y _H :l:

L,M=X =X

v 4-membered
@ transition state
="

Scheme 1.4.1.7. C—H functionalization through 1,2-addition

=~

> .2. Solution to regioselectivity in C—H functionalization: This problem arises due to the
presence of a multiple and unique C—H bonds in a molecule. A number of approaches have been
developed by synthetic chemists to address this problem including (a) the use of “innate”
functionality of a molecule and (b) the use of covalently or fleetingly bound coordinating
(chelating) ligands within a substrate as directing groups, (c) the use of substrates possessing
comparatively weaker or activated C—H bonds such as 3° or benzylic/allylic systems, (d)
carrying out intramolecular functionalization via thermodynamically favourable five- or six-
membered transition states, (e) utilization of supramolecular chemistry to dictate a specific C—H
bond close to the catalyst active site and (f) the use of the different transition metal catalysts or

ligands to control the differential selectivity. Among those approaches mentioned above, first

two are the most important and popular in this field, which are elaborated below:

v 1.4.2a. “Innate” functionality of a molecule: In principle, every molecule possesses a
natural reactivity based on its steric and electronic biases, which dictates the C-H
functionalization to a specific position in the absence of other directing forces. The
functionalizations of various heterocycles and substituted arenes in a selective way due to the
different distribution of electron density in molecular cores are the archetype exﬁmple of this

“innate” property.’ The specific positions of regioselective C—H functionalization by the attack

13



Chapter 1 C-H Functionalization

of nucleophiles (Nu) or electrohiles (E) of some representative molecules are shown in Figure

1.4.2.1, indicated by arrow sign. For instances, C-2 position of pyrrole and C-3 position of indole

are the susceptible sites.

COOH
%G00 i
N .czE O‘\f’ ©\

thiophene pyrrole mdole pyridine aniline  benzoic acid

Figure 1.4.2.1. Regioselective C—H functionalization via “innate” functionality

v" 1.4.2b. Influence of the directing groups: The selective functionalization of C-3 position of
pyrrole or C-2 position of indole (as shown in Figure 1.4.2.1) have to be “directed” or “guided”
by some external forces, because these positions of those molecules are not accessible due to
above mentioned inherent property i.c “innate” reactivity. This “directed” approach must be
considered as a complementary task to that of natural positions, since in this way all targeted
positions of a given molecule could be functionalized. A number of strategies have been
developed to achieve a directed functionalization utilizing different functional groups with actiy
donar atoms such as N, O, P, S, Se and Si etc. These donar atoms are capable enoy&

. . \
coordinate even weakly'" with the metal centre. Such interaction assists the substrate jo p e

nto the coordination sphere of metals and leads to the formation of a coordina

substrate that is functionalized serves as one of the organyl ligand. In this ~ onxe tfie substrate

1s coordinate to the metal centre, instead of whole molecule, only f \stigdt positions of the
substrate fall in the close vicinity of the metal and hence onl)@ C-H bonds would be
ve

a
ctivated. The resulting cyclometallated complex,'' usuall six-membered ring, serves

as versatile intermediate to afford functionalize
heter - J

croatoms) bonds. As these functional grou e metal to bind at the specific position
“d%” groups” (DG) and whole strategy is known

—_p : : Ty
irecting group-assisted C—H functionalization .

t bearing new C-X (X = C or

of the substrate, they are properly called

as “coordination-directed metallatio

This strategy drastically restricts

products obtained with ;

er of C—H bonds could be functionalized and the final

i2 ree of selectivity. This protocol is compatible well with a

variety of transiti i - : : - :
y of transitionqq ith a combination of different oxidants or even under oxidant free

Q .
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N

ization are Pd, Ru,

condition. However, most widely used transition metals for directed

Rh and Cu; though the other transition metals such as Mn, Fe, C , Ir, Pt, Ag and Au are
also frequently used. Some typical direcling groups 1 employed for the directed

functionalization are as shown in Figure 1.4.2

@m '*\@@cr e

< 0N Clrs o

a ©* OO O

Figure 1.4.2.2. Sclected functional moieties used as potential directing groups

<+ Advantages, limitations and corresponding solutions of utilizing directing groups:

Advantages:

v" Dictate the transition metal to bind at the specific position of the substrate to be

functionalized

v Higher degree of regioselectivity achieved in functionalized product

Limitations:
e In most of the cases, the functionalizations are restricted to ortho position with respect to
directing groups. For instance, an unlimited number of functional moieties which are shown in

Figure 1.4.2.2, typically utilized as the ortho directing groups in the presence of transition metals

catalyst.

e In most cases, an external oxidant is generally required to regenerate the catalyst

e Some typical good directing groups such as pyridines or other chelating cores need additional
synthetic steps for their pre-installation as well as their removal, once the selective C—H bond

functionalizations were done. It is easy to envisage that these chelating cores are no longer

15



Chapter I C-H Functionalization

necessary after the functionalizations. However, in many cases these efficient cores cannot be
removed easily and continued to remain as the integral part of the substrates. Moreover, they are

resistance to undergo further functionalization.

Solution to above limitations:
v Over the past three decades, a number of elegant principles and tactics have been established

for achieving ortho selective C-H functionalization. But when the targeted C—H bond maintains

Chapter 1

CJ &\iona!ization
v

N

itation of external

responsible for the oxidation of metals centre and thus circumventQae
oxidants in those C—H functionalization processes. In literature, \y@ic N-O bonds'* in keto

oxime, N-alkoxybenzamide and pyridine-N-oxide have n

oxidants which are shown in Figure 1.4.2.4.

oyed to function as internal

Ar

(o] Me

“ N
©)4

a specific distant from existing functional groups brings a significant challenge to the synthetic
chemists. In logical sense, the functionalizations of such C-H bonds will lead to a distinct
structural diversity. The formation of a thermodynamically favourable five- or six membered
cyclometalled complex permits competent ortho C-H functionalization reactions. However,
development of remote C-H functionalization reactions suffers from the difficulty in attaining a
cyclometalled complex larger than six-membered rings. Yet, a number of especially designed
(template-based) functional moieties which permit meta C-H functionalization reactions are

developed in recent years as shown in Figure 14.2.3.12

Ij “ i‘Bu N Ha &0
= 'Bu W F

g

4

n, some multi-functional directing groups have been
execute additional role along with their directing/guiding

. Those directing groups contain a covalent bond which is

Q 16
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LA

H N-OR N _OR \
— H | |
"OR H H ) l?l H
m . 0o
N

.2.4. Potential directing groups with internal oxidants

‘traceless™ functional groups as potential directing moieties in C-H

ation processes fulfils another multi-tasking character of directing groups. In this

ith other external reagents, once the desired orientation/functionalizations were achieved. For

X i . g " 15¢ . 5
instance, a cutting-edge advance have been achieved by utilizing silanols, 7 ketooxime ether,'™"

15d.e

2-pyridylsulf0nyl,]5° carboxylates, and aminated boron compounds|S " as traceless directing

groups in this field as shown in Figure 1.4.2.5.

§OZPy (o} H
N
OH
H H H H H

Figure 1.4.2.5. Example of some traceless directing groups

v/ Apart from those, some multi-tasking functional groups are also designed which have
capabilities of guided/directed C-H functionalizations as well as the insertion abilities into the
final molecules at the end of the reactions. Thus, such protocols represent the most excellent

example of atom economy as nothing or almost nothing fragment is lost during the reactions.'®
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» 1.4.3. Solution to chemoselectivity in C—H functionalization: A number of strategies have
been developed to overcome the problems associated with chemoselectivity,?“ including: (1)
running the reactions for shorter time, (ii) using large excesses of substrate with respect to

oxidant, (iii) preferences for intra- molecular functionalization rather than intermolecular, (iv)

kinetically blocking the over-oxidation by pre-installing a deactivating functional groups and (V) |
catalyst selection and design. Ligand ].)irec.ted -C—H ‘ .
Functionalization ‘ of | Dehydrog?natlve
» L4.4. Solution to stereoselectivity in C—H functionalization: This problem has been least e Both |V Coupling R
explored till date. Though the use of substrates possessing pre-installed stereocenters or chiral @ 9 N> -
auxiliaries (substrate-based approach) as well as the use of chiral transition metal complexes — @ < ---—-/-c—u b
(catalyst-based approach) has been developed recently to address this issue.” Apart from those, a y V '1 el .....\.c_ir:]
stereospecific oxidative functionalization of C—H bonds at existing stereo-centers leads to the w.m] /

NS>

formation of new chiral molecules and provides an additional attractive approach in this field. DG E 20

I.5. An Array of C—H Functionalization @

h several enzymes suc
Thoug Y h as cytochrome P450 and methane monooxygenase have been X=—Rc organometallic/
halide/pseudo-halide

performing C—H functionalization for the several billion years, laboratory bench-work for

functionalization started as early as th i 2
y ¢ end of nineteenth century. Early 1990°s can be d Scheme 1.5.1. Various adopted strategies for C—H functionalization
as the ‘golden era’ of C=H functionalization because from that time onwards an u

has been started in metal-catalyzed direct C—H function o — 1.5.1. Directing group-assisted C—H functionalization: Directing group-assisted metallation'’

A number of metal salts and complexes were found to activate @ ‘~H bonds and

leading to the formation of a myriad of new organic compounds
may be regarded as the major advances in synthetic organic

is one of the powerful tools for C—H functionalization which removes the regioselectivity

t this field problems by drastically reducing the number of amenable C—H bonds present in a molecule. The

vement in

the first decades of 21° revolutionary aspect of this concept is gradually renovating organic chemistry and brings a

ols*boosted this field day by day renaissance with newer disconnection approaches giving opportunity to access desired
p ;

molecules. As a consequence, the last decade has seen an unprecedented growth of interest to

century. The discovery of the new and efficient catalyti

Based on strategies utilized for the C—y function it can be classified into two major

develop synthetic methods utilizing C—H bonds activation strategies in coupling chemistry. This

nctionalization/coordination metallation

categories including (i) directing group-assisted
X&] is one of the best ways to activate C—H bonds by metal catalyst for the construction of C—C,

and (i1) cross-dehydrogenative coupling(CD addition, the combined protocol of these two

aforementioned approaches also utils \Wiany cases. C-N, C-0 and C-X (X = halogen/boron/silicon/phosphorous) bonds.

o
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Chapter 1 C-H Functionalization

I.5.1.1. Representative example of C—C bond forming reactions

Construction of carbon-carbon (C-C) bonds provides the most essential linkage in the
organic precursors. Thus, transition metal-catalyzed formation of C—C bonds via ligand directed
C-H activation has become the most striking area in this field. Typically such reactions were

performed to afford ortho-arylated, alkylated, alkenylated, alkynylated, carbonylated, cyanated

and trifluoro methylated products. Reactions pertinent to each of these categories are exemplified

below:

v Arylation of sp* C—H bond of directing substrates

A number of robust directed substrates have been ortho arylated successfully with a proper
source of aryl moieties in the presence of different oxidants. In 2005, Sanford group developed a
regioselective Pd(II)-catalyzed protocol for the sp® C—-H arylation of 2-phenylpyridines using

stoichiometric amount of hypervalent iodine-(11I) reagent [PhoI]BF, as aryl source as well as the

oxidants'®*® as shown in Scheme 1.5.1.1.1.
| ~
(© o
Pd AC)Z (5 mol %)
+ rocs
H [thllBF4 ACOH, 100 °c TR O @Q
Scheme [

.5.1.1.1. Pd-catalyzed arylation of 2-phenylpyridine using SINKE
: 18 ; .

While Wu'™ and Daugulis'™ group independently utilized aryl ig@des\y Pd(Il)-catalyzed

lati .

arylation of the same directed substrate. A similar ortho arylatign®s

has also b RNegy utilizing aryl iodide
as also be ) - ‘ ,
©n successfully applied to other directing substratgbuc benzamides,'®* anili des,“ﬂ

carbox lic e 19 '
ylic acids, benzyl amines,'” i and oxime ether'% Other

benzoxazoles, !
reagents such gg ; 19
ar c : : b . . . 20d
yl chlorides, arylboronic aci atic acyl peromde:s,20C organo tin,

and ic si :
aromatic silly] ethers*f 41¢0 sErvelase f@ D)

v' Alkylation of sp’ C—H bond of d

ryl sources for sp> C—H arylation.

g substrates
As early as 1984, Tremont gr

_ osed a Pd(Il)-catalyzed efficient protocol for the orho
alkylation of acetanilide

iliest ull AWM iodides.*™ In 2006, Yu Group developed a palladium-
e = 2 ; -
yon for 2-phenylpyridine with methy]boroxine.‘Ib The combination of

Q 2
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Pd(OAc),, Cu(OAc)> and benzoquinone provided a promising solutg n% alkylation of spj
C—H bonds as in Scheme 1.5.1.1.2.

® % ®

Chapter 1

N M N
7 *~p-C-5-Me AOAY); (10 mol %) Z
! e
H + O‘B” l WAC)Z (‘.l .0 equiv) Me
! Q (1.0 equiv), 100 °C
ﬂMe
Scheme 1.5.1.1.2. Pd-gffalygedMikylation of 2-phenyipyridine with methylboroxine

Apart from those alkyl organotin,>'® alkylboronic acids,”'® alkyl iodides or

. 2le - . 2f & .
bromomides™'© W‘)ﬂpemmde"” were used successfully as active alkylating precursors for
the alkylati 1cling substrates.

v A

Jdation of sp* C—H bond of directing substrates

Q augulish and co-workers described a Pd(Il)-catalyzed interesting protocol for ortho

enylation of N-acylated or N-pivaloylated anilines using 3-bromo acrylates as the alkene/vinyl

&@ sources (Scheme 1.5.1.1.3).”* In another work, alkenyl ethers and esters were also used as

efficient vinyl source in Ru-catalyzed ortho C—H functionalization of 2—ph@nylpyridinf:s.m1

H '?
N M
N__Me PdCl, (5 mol %) )l
T + Br\%\ >
o COMe  AgOTf, DMF o
H 90 °C |
CO,Me
Scheme 1.5.1.1.3. Pd-catalyzed alkenylation of amides with 3-bromo acrvlates

v Alkynylation of sp> C—H bond of directing substrates

Palladium-catalyzed sp2 C—H alkynylation of directed substrates are limited, only a handful
of reports have been documented in literature. In a work, Chatani group demonstrated a Pd(Il)-
catalyzed ortho-alkynylation of anilide using pre-activated silyl-protected (TIPS) bromoalkynes
as the coupling partners (Scheme 1.5.1.1.4).7* Almost similar protocols have been developed for
the ortho alkynylation of amides containing 8-aminoquinolines as auxiliary:3h and 2-

phenylpyridines using Pd and Ru catalyst respectively.BC
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e e
@N\H/Me + Br———TIPS Pd(:\)l:;:—:-zf(:(oéng| %) N\[OrMe

i i thluen,e, 72'0 °c3: x —
Scheme 1.5.1.1.4. Pd-catalyzed alkynylation of amides with TIPS-bromoalkynes

v/ Carbonylation of sp> C—H bond of directing substrates
In 2004, Orito group developed a Pd(OAc), catalyzed intriguing protocol for the
carbonylation of N-alkyl-o-arylalkylamines under CO atmosphere affording the corresponding

benzolactum under mild conditions (Scheme 1.5.1.1.5).*

Ph
@\/ﬁ L+ co Pd(OAc), (5 mol %), @N—)
¥ Cu(OAc), (0.5 equiv)
120°C e
(11 : 1)
Scheme 1.5.1.1.5. Ortho carbonylation of benzylated amine with carbonmonoxide

Ortho carboxylation of the other directed substrates using CO as carbonyl sources also have
been achieved by several groups leading to the formation of ortho-amides,**® acids™ or ester
Jerivatives, In a recent work, diethyl azodicarboxylate (DEAD) has been utilized as the ¢

source in lieu of obnoxious and toxic CO for ethoxycarbonylation of 2-phenylpyrigies, dNrrdes
and oxime erthers using Pd(OAc)./oxone catalytic system.”* &

. .2 .
~ Cyanation of sp” C—H bond of directing substrates

Chang group recently demonstrated that a combination o &methylfonnmmde and

ammonia under Pd/Cu catalytic condition can serve as “cy. & ) unit for the cyanation of

ortho C-H of 2-phenylpyridine derivatives in an oxyge re as in Scheme 1.5.1.1.6.7* A

variety of other cyanating reagents such as co e ), potassium ferric;./anide"c
benZYl mm]e, acetomtnle,m AIBN,>f

i cﬂlyl-benzenesulfonamide (NCTS)>!

cataiyzed directed cyanation reacli%

25¢,h

fer isonirile and N-cyano-N-phenyl-p-

Iso been employed successfully in various metal-
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&@Q

Scheme 1.5.1.1.6. Pd—cata:’_@@yrznmion of 2-phenylpyridine
v Trifluoromethylation of sp C—fl bondof directing substrates
uo

The introduction of

methyl group into an organic scaffold vie C-H
functionalization is a h area in recent time. In 2010, Yu and co-workers first disclosed
an intriguing pl ortho trifluoromethylation of N-directed substrates including 2-
phenylpyridi admes imidazoles or thiazoles using highly reactive sulfonium salts in

presen ¢)> as the catalyst (Scheme 1.5.1.1.7). L

~
Pd(OAc), (10 mol %) || N
. O Cu(OAc), (1.0 equiv) &
H + @ =

s\ %F CF,COOH (10 equiv) CF;
4 o
CF, DCE, 110 °C
Scheme 1.5.1.1.7. Ortho trifluoromethylation of 2-phenylpyridine with sulfonium salt

Later on, the ortho trifluoromethylation of different directed substrates viz benzamides, "

26d

. 26¢ - : ; : 53
benzylamines™ and anilides™ were performed in a slight modified conditions by same group

and others. Hypervalent iodine reagents were also successfully utilized for oriho- -

trifuloromethylation of benzo[/] quinoline compounds by Sanford group.%‘

v/ Arylation of sp3 C—H bond of directing substrates

In a report Daugulish group showed that a combination of Pd(OAc), and AgOAc efficiently
activate the sp’ C—H bonds of N-directed substrates utilizing aryl iodides as the aryl precursor.
This strategy demonstrates a highly regioselective f-arylation of 8-aminoquinolines and y-

arylation of picolinamides derivatives (Scheme L5.1.1.8)7
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X NS .
L . & | Pd(OAc), (5mol%) || & . T‘Eﬁ”ﬂ‘f’, mol %)
N AgOAc (1.1 equiv) N ¥ RS G g. c (1. eq-uw)
Me. NH T 150 °C = HN LiCI (1.0 eqm: \>
Toluene, 11
H Br solvent free Me H x
TIPS
Scheme 1.5.1.1.8. Pd-catalyzed sp” C—H arylation of picolinamide Scheme 1.5.1.1.10. Pd-catalyzed s{§° lkynylation via Pd(11)/Pd(IV) system

In their independent ks, Y ili iodi b ic acids z ling _ \
P Works, Xu group nulized atyl iediass orboron acids. a5 the Soupins While in 2013, Yu group @zl!o;ned a ligand mediated protocol for the [-sp” C-H

- alkynylation of amide deri\@ by coupling it with alkynyl iodides or bromides via a
derivatives™ ¢ i i i i
in presence of Pd catalyst and suitable oxidants and ligands. Pd(0)/Pd(1I) catalytic s )

v" Alkylation of sp’ C—H bond of directing substrates

partner for the B-sp> C—H arylation of o-directed substrates viz. carboxylic acid®’® and its amide

The first Pd-catalyzed B-sp’ C—H alkylation of amide derivatives (o-Methyl hydroxamic

acids) using alkyl boronic acid as the coupling partner and air as the terminal oxidant was

developed by Yu group in 2008 (Scheme 1.5.1.1.9).2%

Zveloped a Pd(lIl)-catalyzed sp’ C-H carbonylation at the f-position of N-arylamides using CO

H t @
Bu
Me ﬁ Pa(OAg); (10 mok %) & as the carbonyl surrogate. Amide directed cleavage of sp° C-H bonds, insertion of CO and
"OMe + tByB(OH),

s Ag,0, K,CO, Me 4 .
g o BQ, 80 °C, N, atm > Me “OMe Q intramolecular C=N bond formation gave the corresponding succinamide derivatives (Scheme
2,2,5,5-tetramethylTHF 9 @ 15.1.1.11)3%
.
Scheme 1.5.1.1.9. Pd-catalyzed sp® C—H alkylation of amides using boy 15 F CF, Pd(OAc), (5 mol %) - O K
o AgOAc (2.0 equiv) 9
Most 1 3 : Me + CO > Me N CF,
recently a Pd-catalyzed sp” C—H alkylation of amide derivatives u 1g nlkyl halides as - N F TEMPO, KH,PO4
the coupli 4 = H F n-hexane, 130 °C O F E
pling partners were also demonstrated by Yu?® and Dauguli ups—e H
v Alk i 3 —
ynylation of sp” C~H bond of directing substrat Scheme 1.5.1.1.11. Pd-catalyzed sp’ C—H carbonylation of amide
Chatani group first disclosed an intriguing prot he’sp’ C—H alkynylation of amide
derivatives bearj ; . 1.5.1.2. Representative example of C—N bond forming reactions
rng 8-aminoquinoline as auxilja sillyl protected bromo-alkynes as the .
coupli p o The carbon-nitrogen (C— onds are the ubiquitous and primary linkage in most of the
PHNg partner via PA(IT)/PA(IV) catalytjc sys\OR N 2011 (Scheme 1.5.1.1.10).2% 4 prmaGy lidkag

organic compounds. The frequent encounter of nitrogen-bearing compounds as functional

% materials, natural products and important pharmaceutical agents motivated synthetic chemists in

developing selective and efficient protocols for the facile construction of C—N bonds. Transition

? @ metal-catalyzed directed C—N bond formation is one of the powerful tools to achieve this goal.

Reactions involving C—N bonds formation can be classified in four categories depending on the
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TH-1457_10612218




Chapter I C-H Functionalization

nature of the final products such as amination, amidation, azidation and nitration. Reactions

pertinent to each of these categories are exemplified below:

v" Amination of sp2 C—H bond of directed substrates

In 2011, Yu group achieved a sp> C—H amination of N-aryl benzamides using o-benzoyl

hydroxylamines as aminating source with either Pd(II) or Pd(0) catalysts (Scheme 1.5.1.2.1).>"

31b

Apart from this, aryl azides™ "~ and benzyl azides®'® have been utilized as the aminating surrogates

in transition metal-catalyzed ortho amination reactions using almost similar conditions.

F
77" Pd(0AC), (10 mol %) of CFs
AgOAc (1.0 equiv) . i ¢
CsF (2.0 equiv) H P
DCE, 130 °C N
Lo
Scheme I.5.1.2.1. Pd-catalyzed sp" C=H amination of benzamide

v Amidation of sp2 C—-H bond of directed substrates

For the first time Zhang group decoded an amide directed, palladium-cataly, &

intermolecular protocol for the installation of an ortho C—N bond with the non—nilre@ d

Me
& o
S—N=§
1] 1
(o] (o}
Scheme 1.5.1.2.2. Pd-catalyzed .s‘p“’ C- %)011 of amides with NFS]

A number of other amidating reagents such osy10xycarbamates " and organic az;des

have been utilized as the effective co

Same purpose. %
% i 26
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é\\)

¢ 1 Mtively rare and only two

v'  Azidation of sp2 C—H bond of directed substrates
Transition metal-catalyzed direct azidation of sp C-H bonds

precedents are available in literature. Jiao group dev novel and efficient copper-

catalyzed azidation of anilines via C—H activation i h€ primary amine acts as a directing

group. A combination of CuBr, tr 1methy15111 SN3) and oxidant TBHP successfully

installs an azide moiety at the ortho sne anilines (Scheme 1.5.1.2.3).%** Li group first

demonstrated a Rh-catalyzed orfh(i!am 1 of various N-directed substrates including 2-

phenylpyridines, pyrimidine@y

iye . 33b
oles utilizing NaNj3 as the coupling partner.

0,
1 CuBr (10 mol %) NH,
TBHP (2.0 equw)
+ TMSN;
CH;CN, 30 °C, Ar N
3
Scheme I.5.1.2.3. Cu-catalyzed sp° C—H azidation of aniline

itration of sp C—H bond of directed substrates
Lm and Bi group decoded first time a novel copper mediated protocol for the installation of a

nitro-group at the ortho position of directed substrate 2-phenyl pyridines using AgNO; as the

source of ‘NO,” group. In this reaction, O is used as the terminal oxidant (Scheme 1.5.1 .2.4).34

® e
~N ° ~-N
+ AgNO, Cu(OAc), (50 mol /u)_;
1,2,3-TCP NO,
0., 130 °C
Scheme 1.5.1.2.4. Cu-catalyzed spg C—-H nitration of 2-phenylpyridine

1.5.1.3. Representative example of C—O bond forming reactions

Like C—C and C-N bonds, C-O bond is also one of the primary linkages in chemical
compounds. Oxygenated compounds found their applications extensively in natural products,
pharmaceuticals, polymers and agrochemical industries. Owing to prevalence of C—O bonds. a
number of strategies have been developed. Among them, transition metal-catalyzed directed

C-0 bond forming reactions via cleavage of sp2 or Sp3 C-H bonds represent a potential approach
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to serve the purpose. Though a number of reports are available on substrate directed ortho C—C
and C-N bonds making processes, relatively less attention has been paid to the C—O bond
forming reactions. Because of the strong affinity of electronegative oxygen atom towards
transition metals makes it inactive for further transformation. Based on the literature documented
strategies, the ligand directed ortho C—O bonds forming reactions can be classified in following

categories and representative examples pertinent to each category are given below:

v Acetoxylation of sp> C—H bond of directed substrates

In 2004, Sanford and co-workers first reported a Pd(II)-catalyzed efficient and highly regio-
and chemoselective protocol for the ligand directed oxidative C—0O bond forming reaction using
stoichiometric amount of PhI(OAc), as the oxidant. A variety of N-directed substrates including
benzo[/]quinoline, 2-phenylpyridines, azobenzenes, pyrazoles, imines, oxime ethers and

pyrrolidinones used as the excellent directing groups and provided their corresponding ortho

acetoxylated products in good yields (Scheme 1.5.1.3.1).%°

Pd(OAC), (2 ot %)
v Phi(OAC), (2.0 equi\T)'
CH,CN, 75 °¢ Q
Scheme 1.5.1.3.1. Pd-catalyzed sp” C'-[] dcetoxylation of benzofh] ¢, @
v" Benzoxylation of sp” C—H bond of directed substrates E
4 enzoxylation of 2-

Sanford group disclosed the first example of Pd(]I)-catalyz&
gro

phenylpyridines using hypervalent iodine as the source of Pl& p (Scheme 1.5.1.3.2).¢

(o)

(0]

Scheme I.5. I.3%%;zed Sp" C-H benzoxylation of 2-phenylpyridine
% é 28
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Jiao group demonstrated a highly selective direct orgo hydroxylation of 2-

v' Hydroxylation of sp> C—H bonds of directed substrates

phenylpyridines using a combination of PdCl, N molecular oxygen. In this

transformation, Oxygen is employed as reagents e oxidant (Scheme 1.5.1.3.3).>™ Yu

group also reported ortho hydroxylation of sar trate using Cu(OAc); as the catalyst as well

as oxygen source of the newly install bond.”’™ Other directing substrates such as

C [

. 37 : . 37
potassium benzoates,” " aromatic ke nes’ ™ esters and amides’

were successfully hydrolyzed

utilizing suitable metals catal d o¥idants.

| ~
_N PdCl, (5 mol %) _N

CCDV y _NHPI(10 mol %)_ o
,\; § O,

Toluene, 100 °C

@« 935 Scheme 1.5.1.3.3. Pd-catalyzed sp’ C—H hydroxylation of 2-phenylpyridine

v/ Alkoxylation of sp2 C—H bond of directed substrates
A Cu(ll)-catalyzed regiospecific ortho alkoxylation of aromatic carboxylates with
trimethylborate was developed by Gooflen group. The concomitant decarboxylation after

installation of an ortho alkoxy moiety provided access to the aromatic ethers from widely

available carboxylic acids (Scheme 1.5.1.3.4).3R

COOK s
@[ +  B(OMe) CuBr (25 mol %) .
H * Ag,CO; (1.0 equiv)

0,, DMF, 140 °C -

Scheme 1.5.1.3.4. Cu-catalyzed sp” C—-H alkoxylation of carboxylate

v' Acetoxylation of sp’ C—H bond of directed substrates

Sanford group disclosed an efficient Pd(I)-catalyzed ligand directed unactivated sp® C—H
acetoxylation reaction using PhI(OAc), as the suitable oxidant. Oxime ethers and pyridine
derivatives were effectively acetoxylated in moderate to good yields involving a Pd(II)/Pd(1V)

catalytic system (Scheme 1.5.1.3 5).%
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MeO. MeO_
N . H  Ppd(OAc), (5§ mol %) N ., OAc
Phl(OAc), (1.1 equiv)
: AcOH, Ac,0 -
H 100 °C H
Scheme 1.5.1.3.5. Pd-catalyzed sp® C—H acetoxylation of oxime cther

I.5.1.4. Representative example of C—S bond forming reactions

Sulphur compounds have long been recognized as the essential components of life as it is an
important unit of many amino acids, hormones, proteins and enzymes. They are widely used in
pharmaceuticals, agrochemical, material and biological sciences. Despite of their potent utilities,
only a handful of report using transition metal-catalyzed ligand directed C—S bond forming
processes are available in literature. This is due to easy and competing oxidation of sulphur

compounds under oxidative conditions, distracting from the actual goal. Reactions pertinent 0

each category are exemplified below:

v Sulfonylation of sp” C—H bond of directed substrates

In 2009, Dong group reported the fizet <nample of N-directed Pd(Il)-catalyzed direct orthg
C-S bond forssin 4f the expense of sp” C—H bond, utilizing arylsulfonyl chlor'%
romerkanly flexible coupling partner, The reactions of arylsulfonyl chlorides 2'

phenylpyridi
pynidines, pyrazoles, keto-oxime ethers, catalyzed by Pd(CH;;CN)a swd their

corresp
Ponding oph aryl-sulphonated products (Scheme 1.5.1.4.1).%

e
_N 0._0 PdCI, (CH;CN), (10 moI
\S/ K,CO; (2.0 eqm% §
4 A° MS, 12
”e 1,4-di
Me
Scheme 1.5.1.4.1. Pd-catalyzed sp” dfonylation of 2-phenylpyridine

v" Sulfenylation of sp” C—H bo ed substrates

A co
Pper-catalyzed direen thi\WAGON of aryl C—=H bonds of auxiliary assisted benzamid€

derivative
S W
as deSC“ wulis group, employing disulfides as effective coupling partners

(Scheme 1.5.1.4.2 4
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N

Me Me
Scheme 1.5.1.4.2. Cu-cataly @i sulfenylation of benzamide

v" Trifluoromethylthiolation of

H bond of directed substrates
Shen group demonstrat intrmolecular highly selective Pd(II)-catalyzed efficient

protocol for the trlﬂuo n {folation of sp” C—H bond of benzo[/k]quinoline utilizing an

electrophilic UIHUW = 110 substituted succinamide reagent as the active coupling partner.
0

The reacti 1@
benzo l@

mpatible with a variey of substituted 2-phenylpyridines and

; ; 42
derivatives containing various functional groups (Scheme 1.5.1.4.3).

(o}
@ N Pd(CH3CN)4(OTH), (10 mol %)_
AcOH, 110 °C
o
Scheme 1.5.1.4.3. Pd-catalyzed sp C—H trifluoromethylthiolation of benzo[h]quinoline

v Sulfonylation of sp3 C—-H bond of directed substrates

Shi and co-workers demonstrated a Pd(I1)-catalyzed intriguing protocol for the sulfonylation
of unactivated sp3 C—H bonds of amides containing 8-aminoquinoline as an auxiliary, employing
sodium arylsulfinates as the potential sulfonylating agent. This reaction showed good functional

group tolerance and provided a broad range of aryl alkyl sulfones (Scheme 1.5.1.4.4).*

== o Pd(OAc), (10 mol %) __
T an ol g S MesCOOH (20 mol %) &, NH  NthPh
o TR o + NaO \©\ Ag,CO; (2.0 equiv) ™ 9
{ == & N 48
W ] Me  DCM, 90 °C g s=o
Me
Scheme 1.5.1.4.4. Pd-catalyzed sp3 C-H sulfonylation of amide

31



Chapter I C-H Functionalization

1.5.1.5. Representative example of C—B, C—P, C—Si and C—Se bond forming reactions
Transition metal-catalyzed ligand directed ortho C-B, C-P, C-Si and C—Se bond forming

reactions are restricted, but not rare in literature. Reactions pertinent to each of these categories

are exemplified below:

v Borylation of sp> C—H bond of directed substrates

The first Pd-catalyzed ortho C—H borylation of amide derivatives was reported by Yu group
employing diboron reagents (B.Pin;) as coupling partners. The use of electron deficient
dibenzylideneacetone (dba) ligand, weak base TsONa and a strong oxidant K>S-0¢ were found

crucial for affording good yield of the corresponding ortho boraylated products (Scheme
I b T )

F
Z o F CF
o 3 Me Me PA(DAEY,; (18 ol %) O 3
PR o T, T LA 11
! \ [*) é: + Me_ O'B-—-B‘o Me Kzszoa, TSFN-a———h- ﬁ E
SN Me Me CH,CN, 80 og 0 F
OJT'ME
A Ne
Me Me
Sch@mel'ﬂs - P -/,-’C_
| D31 Pd-catalyzed sp” C—H borylation of e

\%

v" Phosphorylation of sp> C—H bond of directed substrates
The construction of ortho C—P bonds via Pd-catalyzed C—H functionalig®y

substrates demonstrated by Murakami group using o-hydroxyalkylph

homtes as the efficient
coupl

INg partners. A variety of N-directed substrates includin nyIpyridines, quinolines,

2P
isoquinolines, benzo[ h]quinolines and pyrimidines were ph %ted to afford corresponding
N-P bi-dentated compounds which are potentially val

N>

t inZWedicinal chemistry and catalysis
(Scheme 1.5.1.5.2) 4

N\
Rt

TH-1457_10612218
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T P

~
| N o
HO_ __P-0"Bu
5 Me>r 6"Bu
Me
Scheme 1.5.1.5.2. Pd-catalyzed wsphorylation of 2-phenylpyridine

v' Silylation of sp” C—H bond

%cted substrates
Kanai group developed@-c talyzed regioselective ortho silylation of benzamides

containing §-aminoqui he auxiliary ligands with hexamethyldisilane as the silicon

source. In this trax@@, silver salts and calcium sulphate are used as the optimal oxidant
and additive r ¥ (Scheme 1.5.1.5.3).*

Pd(OAc, (10 mol %)

Me Me .
NH H A | :
+ Me-Si—si-Me -292€0;5(2.0equiv)
(o) Me’ Me CaS0, (2.0 equiv)
& 1,4-dioxane, 130 °C
Scheme 1.5.1.5.3. Pd-catalyzed sp’ C—H silylation of benzamide

v" Selenation of sp2 C—H bond of directed substrates

A direct selenation of inert C—H bonds of directed substrates viz. benzamides, benzylamines
2-arylpyridines and benzo[/1]quinolines was achieved by Nishihara group utilizing diselenides as
the coupling partners with Pd(II) catalyst. The reaction showed a good compatible with a variety

of functional groups and provided their corresponding ortho selenated products in good yields
(Scheme 15154

PdCI,(CH;CN), (5 mol %)
DMSO, 80 °C

Scheme 1.5.1.5.4. Pd-catalyzed Sp" C—H selenation of benzamide
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I.5.1.6. Representative example of C-X (X = Halogen) bond formins reactions
=]

Halogenated organic compounds are indispensably important scaffolds inn

harmaceuti ici : 2 55
phe ical and medicinal chemistry. Transition metal-catalyzed constructi f carbon
10n OI car -
halogen bonds (C- ia li . .
& (C-X) via ligand directed C-H functionalizations have emerged as a powerful
a]

tools to synthesis such aryl halides in the last decade. Reactiong

. . pertinent (o ese
categories are exemplified below: sach of ‘th

v" Todination, Bromination and Chlorinati ;
orination of sp° C—H bond of di
Irected substrates

nghly efficient Pd(II)-cata]yzed intriguing
to carboxylic acigd derivatives

48a Lat
ater on, Sanford ang co-workers
protocol for the selective jodination, bromination and chlorination of

In 2001, Kodama group first demonstrated an |

protocol for the installation of an ortho iodo moitety

iodosuccinamide as the source of jodine employing N-

applied same
sp” C~H bonds of various

halosucci i
; 48b,c ) Inamides as the co
oxidants. Both N-directed substrates (Pyridines

directed substrates using corresponding N-

upling reagents and

> 1soquinolines, g s

: » 1soxazolines ap ime

ethers) as well as O-directed substrates (amides) were successfyl] d oxim
STu Yy

. . halogenated and prov
their corresponding products in good vields (Seheme 1.5, 1.6.1) d provided

l X
~N X | k.
f!l Pd(oA =N
Me H + O 0O 0)2 (5 mol % )
v cHaCN' 100 Oc Me X
X=1,Br, Cl @
Scheme 1.5.1.6.1. Pd-catalyzed sp’ C &

~H halogenation of Z-phenylp&@

v" Fluorination of sp2 C-H bond of directed substrates

Yu group demonestrated an example of Pd(Il)-catalyzed ¢ e H _
i ﬂllOl‘ll]atiOn Of

triflamide-protected benzylamines as the directing subst

trimethylpyridinium triflate as the F* source, Pd(OT£0-NG

use of N~ﬂuoro-2 4.6-

the catalyst and NMP a5 the

orina to afford synthetically useful yields.

promoter are decisive for the competent ortho

(Scheme 1.5.1.6.2).%

TH-1457_10612218

atural products,
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L

Me Me
NHTf o Pd(OTf),.2H,0 (10 m A NHTF
" O @\ NMP (0.5 e NS
OTf \1e DCE
Scheme 1.5.1.6.2. Pd-catalyzed sp"7 C—Hy(luoXndtion of protected amine

v" lodination, Bromination and Chlorina ion@3 C—H bond of directed substrates

Sahoo group first demonstrated d(I)-catalyzed, S-Methyl-S-2-pyridyl-sulfoximine

(MPyS) assisted bromination and ch{frigigyion at B—Sp3 C—H bonds employing corresponding N-

thers. The unprecedented halogenations (Br/Cl) at B-sp’

C—H bonds of acid dprovided an easy access of highly functionalized quaternary
carbon centers (Sch ! .673).5

halophthalimides as the coupli

o

€ Pd(OA 10 1 % i 2 'Me
P (OAc), ( me °) _ Me N-S
_ AcOH (2.5 equiv) Me —
/ o DCE, 60 °C X N w
X=Br,Cl
Scheme 1.5.1.6.3. Pd-catalyzed Sp3 C—H halogenations (Br/Cl) of sulfoximine

© v" Fluorination of sp3 C—H bond of directed substrates
A Pd(II)-catalyzed construction of C—F bonds via cleavage of sp3 C—H bonds of 8-
methylquinoline using highly effective electrophilic reagent, N-fluoro-2,4,6-trimethylpyridinium

tetrafluoborate as the ' source was first described by Sanford group. The reaction might entail a

Pd(11)/Pd(I1V) catalytic system (Scheme 1.5.1.6.4).”"

© Me
| N 4 Blleé N\ me Pd(OAc), (10 mol %) | A
N e CeHg, 110°C, MW | =
Me
- F
Scheme 1.5.1.6.4. Pd-catalyzed sp’ C—H fluorination of 8-methylquinoline
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1.5.2 Cross Dehydrogenative Coupling (CDC): The cross dehydrogenative coupling reaction
can be defined as one type of cross-coupling reaction between two or more C—H bonds
(formation of C—C bond) or C—H and X—H bonds (formation of C—X bond; X = helematom).52
Despite being termed cross dehydrogenative coupling (CDC), hydrogen gas is not usually
evolved as the byproduct of these transformations. Typically construction of a bond with the loss
of Hy is thermodynamically unfavorable and thus demands an external driving force, namely, a
suitable sacrificial oxidant. These oxidants act as hydrogen acceptor in the form of oxygen,
peroxides viz. hydrogen peroxide, tert-butyl hydrogen peroxide (TBHP), di-tert-butyl peroxide
(DTBP), M-halosuccinamides and K1S,05 etc and most of the cases the H>O is recognized as the
byproduct for these transformations. Oxidative formations of different bonds through this
protocol have been accomplished using various catalysts. Reactions pertinent to C—C and C-X
A=W, Oand §) involving CDC strategies are exemplified below:
Advantages:

v" Useof
non- ; : . .
on-prefunctionalized starting material, hence step economic and greener approach

v" Free fro -
m stoichiometric amounts of halogenated or organometallic by-products

v :
amtains a high atom economy and the simplest strategy so far

v
Except use of sacrificial oxidant, free from use of other driving forces such as dnec
substrates

v' Achievement of a high degree of C—H functionalization

Limitationg % &ﬁ
v

Due to lack of directing force, fuctionalization can happen at bonds, Ieadmg to
regloselecnwty problems

v ; . - . .
Multiple functionalization at the different carbon centr@o chemoselectivities issues

I.5.2.1 Representative example of C—C bond for @ﬁons

v" Cy—H and Cy,—H Coupling
Lei group first demonstrated a

ient Ni/Cu-cocatalyzed, ligand TMEDA promoted

protocol for the synthesis of a v unsymmetrical conjugated dyenes in excellent yields

from two different termin % via Cg;—Cyp coupling (Scheme 1.5.2.1.1).%
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NiCl;.6H,0 (5 mol %)
—=—H + H——= \/ SNl (5 o) %) ) \/
< > oy TMEDA (20 m OH
Air or
Scheme 1.5.2.1.1. Ni/Cu-cocatalyzed C S,@ ycoupling of two terminal alkynes

v Cy—H and Cgp—H Coupling

An efficient Cu-catalyzed or profhoted protocol for the intermolecular direct coupling of sp

C—H of terminal alkynes au@— of heterocycles viz. oxadiazoles and oxazoles under O;
\ 0

atmosphere leading to ’ n of Cqy—Csp2 bond was reported by Miura group. A range of
terminal alkynes & cles underwent smoothly to afford their correspondmﬂ products in

moderate tQ e s under the reaction conditions (Scheme 1.5.2.1. 2)

CuCl; (1.0 equiv) N—N
/ L N Na,CO; (2.0 equiv) / N\
H H——== 2 2 = —
o s <:> DMAc, 120 °C o ==
0, (1 atm)

Scheme 1.5.2.1.2. Cu-catalyzed direct alkynylation via Cg,—Cy,> coupling

v Cyp—H and C,p3—H Coupling
In 2004, Li group first disclosed a simple and effective catalytic method for the synthesis of
propargylamine derivatives by using a combination of CuBr/TBHP system. This protocol

demonstrates a direct intermolecular coupling of sp3 C-H bond adjacent to nitrogen atom and sp

C—H bond of terminal alkynes (Scheme 1.5.2.1 .3).55

Ph
% CuBr (5 mol %)
H + H—::—@—OME —=
TBHP (1.0-1.2 equiv)
100 °C
Scheme I1.5.2.1.3. Cu-catalyzed direct alkynylation via Cg,—Cyy,; coupling
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v' Cgpr—H and Cgp—H Coupling

You group achieved a Pd(Il)-catalyzed highly regioselective homocoupling of indolizines
using Cu(OAc) as oxidant and K,COj as base through double C—H activation. A wide range of
indolizine substrates with different substituents underwent smooth coupling to afford

corresponding bi-indolizines in good to excellent yields (Scheme 1.5.2.1.4).%¢

Pd(OAc), (5 mol %)

7 | Cu(OAc), (1.5 equiv)
/ N + N \ - B
i H H ok K2CO; (2.0 equiv)
DMF, 60 °C
Scheme 1.5.2.1.4. Pd-catalyzed oxidative homocoupling via double Csp2—H activation

v Csp2—H and C,3—H Coupling

In 2013, Pan group developed an efficient and widely applicable Cu-catalyzed reaction of
(benzo)thiazoles with cyclic ethers under mild conditions. The combination of Cu/K-S-Oy
system promotes the direct coupling ofa sp2 C-H bond of azole derivatives and sp C-H b of
inactive ethers (tetrahudrofuran or dioxane) leading to the formation corresponding desired

products in good yields (Scheme 1.5.2.1.5).%

N Cu(OTf), (10 mol %) N\ @ %
@S%H + H (o) KgSzOs (2.0 eQUiV) e %@

60 °C, N,

Scheme 1.5.2.1.5. Cu-catalyzed Cg2—Cspz Coupling of beng zoly)and THE

v Cyp3—H and Cyp3—H Coupling
Li group developed FeCl-catalyzed highly e &lkylatlon of active methylene

compounds with simple cyclic alkanes using D Ieu‘ butylperoxide) as the feriii

oxidant. In this reaction one C—C bond 1s

bonds (Scheme 1.5.2.1.6).

N\
S

at’the expense of two sp’ hybridized C-H

TH-1457_10612218
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& -

FeCl2 4H,0 (20 mol XY
DTBP (2.0 »
100

Scheme 1.5.2.1.6. Fe-catalyzed Cspg@ ing of f-ketoester and cyclohexane
1.5.2.2. Representative example 0% 0
v Cspz—H and Nq,ﬂ—H (amin /./ yplthg

amines was g¢ u ¥y Reddy groups (Scheme 1.5.2.2.1). 3% This reaction was found suitable to

rming reactions

a variet amides as well as primary and secondary amines.

H (@] Me
N

r.t

@ H” }_Q CuBr;, (5 mol %) _ME*NJJ*N
& Me Me TBHP (1.5 equiv)  Me o

Scheme 1.5.2.2.1. Cu-catalyzed coupling of Cspo—H of amide and Ng,3—H of amine
v Cypr—~Hand N;p3—H (amide) Coupling
As shown in above Scheme 1.5.2.2.1, not only s;p3 N-H bonds of primary amines, but also the
amidic sp> N—H bonds has been activated using combination of CuBt/NBS involving a CDC
strategy as demonstrated by Fu group. In this reaction, sp> C—H bonds of aromatic aldehydes
couples with sp3 N-H bonds of amides as shown in Scheme 1.5.2.2.2. This reaction tolerates a

wide range of functional groups with respect to both amides and aldehydes, providing their

corresponding products in good to excellent yields.f’ﬂ

i o CuBr; (5 mol %) /lL
Ho+ A, NBS(Sequiv) | N Me
H C CHCNICCL,90°C
O5N 2
Scheme 1.5.2.2.2. Cu-catalyzed coupling of Csp2—H of aldehyde and Ny,;—H of amide
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v Cy3—H and N,;3—H (amine) Coupling
In 2010, Wang group developed a Cu(Il)-catalyzed, I, and TBHP mediated efficient protocol

for the synthesis of poly substituted oxazoles from benzylamines and B-diketo derivatives via
CDC protocol. In this reaction, free sp° N—H bond of benzyl amines efficiently coupled with sp3
C-H of P-diketo esters and a concurrent tandem cyclization led to the formation of

polysubstitued oxazoles (Scheme I.5.2.2.3).6'

Cu(OAc),.H,0 (10 mol %)
TBHP (2.0 equiv)
I; (1.2 equiv)
DMF, rt

OEt
o
H + H=NH
0 ) @
Me *@
Scheme 1.5.2.2.3. Cu-catalyzed coupling of Cyp3—H of B-diketo ester and Nyp3—=H of amine

v" Cyp3~H and Nyp3—H (amide) Coupling
Fu group demonstrated an efficient protocol where sp®> N—H bond of amide was utilized as

the coupling partner for the amidation of benzylic sp C-H bond under mild conditions. The

inexpensive and readily available catalyst-oxidant (FeCl,/NBS) combination efﬁmently

promoted amidation of the unactivated C—H bonds and provided their corresponding pr od
moderate to good yields (Scheme 1.5.2.2.4).%

St e qg%%

Scheme 1.5.2.2.4. Fe-catalyzed coupling of benzy, %H and Ny,3—H of amide

FeCl, (10 mol %)
NBS (1.1 equw)
EtOAc, 50 °C

v" Cqp3—H and N,p;—H (imine) Coupling

Bolm and co-workers reported a: ed intriguing protocol for the direct

coupling of Ng,,~H bond of sulfoxigines s3~H bond of diarylmethanes through hetero-

cross-dehydrogenative coupling This intermolecular C-N bond formation strategy

showed a good function lerance and provided N-alkylated sulfoximines with o-
branched subsmuent afe to good yields (Scheme 1.5.2.2.5).f13
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Scheme 1.5.2.2.5. Fe-catalyzed CO@@HZ}WU Csp3—H and Ngy>—H of imine

Ob forming reactions

1.5.2.3. Representative example of

upling
I)-catalyzed, hydroperoxide (H>0>) mediated highly efficient

v Cyp2—-H and Og,3—H (aleoffo

Darcel group repo €
{hesyS—of esters via oxidative couling beween Cg,—H of aldehydes and

prolocol for th c

\p;—H of. q \ } under mild conditions.®* Both aliphatic and aromatic aldehydes are

com 1 this reaction. The operational simplicity, environmental acceptability and use of
TVE catalyst are main attribute of this protocol (Scheme 1.5.2.3.1).

@ o _o
@ \Me
H
. No_me _Fe(CI04); XH,0 (10mol %)
H,0, (4.0 equiv) -
0 °C-r.t

Scheme 1.5.2.3.1. Fe-catalyzed direct coupling of Cpo—H and Ogp3—H of alcohol

v Cyp3—H and Og;3—H Coupling
Recently our group demonstrated a highly selective Cu(II)-catalyzed CDC strategy for the

synthesis of esters from simple solvents employing TBHP as the terminal oxidant as well as the

oxygen source.” The in situ generated benzoxy radical, obtained by the cleavage of three

Cyp3—H bonds of alkylbenzenes, efficiently coupled with the a-Cgpz—H of cyclic ether and led to

the formation of new C—0 bond (Scheme 1.5.2.3.2).

e

Scheme 1.5.2.3.2. Cu-catalyzed direct coupling of Csp3—H of and Oy,;—H bond

%o o/\I
Cu(OAc), (20 mol %) _ OJ\/O
'‘BuOOH (1.2 equiv)

80 °C

41



Chapter I C-H Functionalization

1.5.2.4. Representative example of C—S bond forming reactions

v Cg2—H (aryl) and S,p3—H (thiol) Coupling

Gao and co-workers reported a Lewis acid catalyzed, Cu(Il) mediated direct thiolation
between Csp—H bond of azole derivative and sp® hybridized free S—H bond of aliphatic or
aromatic thiol under base free condition.®® This protocol showed a good tolerance towards broad

range of substrates and functional groups (Scheme 1.5.2.4.1).

N-N g B
/ AgCO,CF; (20 mol % W
B Y. 060, 3 ( %) oo s
R u(OAc), (2.0 equiv)
DMF, 120 °C
Scheme 1.5.2.4.1. Ag-catalyzed thiolation of sp° C—H of azoles and free S—H bond

v Cyp3—H (alkyl) and Ssp3—H (thiol) Coupling
Recently our group developed a Cu(lI)-catalyzed, TBHP mediated efficient CDC protocol for the
direct coupling of thiols and alkylbenzenes for the synthesis of thioesters.®” The in sity generated

aromatic aldehydes, obtained at the expense of two Cy;;—H bonds of alkylbenzenes, efficiently

coupled with the sp® S—H bond of thiol and led to the formation of thioesters (Scheme 1.5.2.4.2, Q

H
H l
H H\S Cu(OAc), .2H,0 (20 mol %)
'BuOOH (4.0 equiv)
95 °C ;E
Scheme 1.5.2.4.2. Cu-catalyzed thiolation of sp’ C=H of alkyl @mf Sree S—H bond

I.5.3. Combination strategy: Directing group-assisted%ﬁydrogenative Coupling:
t numbers of unique protons in a

The regio- and chemoselectivity issues due NN (€
molecule are main barrier in cross dehydrogerRiie upling reaction (CDC). Introduction of a

directing group in CDC coupling reactjon O\greonies such problems and brings higher degree of

selectivity for the construction 0{% C=Xbond (X = heteroatom). Thus, the combination

strategy represents a most p ultechnique in C—H functionalization. Reactions pertinent to

this category for the f; 1 bf C—C and C-X (X =N, O and S) are exemplified below:
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N

1.5.3.1. Representative example of C—C bond forming reactions

v' Cgp2—H (aryl) and Cy;—H (alkynyl) Coupling

Recently Yu group achieved Cu(Il)-promoted an(\in\e#thg protocol for the orrho

8

alkynylation of amide derivatives using oxazoline ting group with terminal alkynes.’

A wide variety of directed arenes/heteroarenes nial alkynes having different substituents

are compatible under the reaction condil@ provided corresponding ortho alkynylated
products in moderate to good yields (SghemeT5.3.1.1).

a© :

o
Cu(OAc), (1.0 equiv)
N NaOAc (1.0 equiv N o
H p H——=——Ph (oq_)= H N’\)
H DMSO, 60 °C, air

@ ;:SCIIE.'HB 1.5.3.1.1. C—C bond formation by Cy,>—H and Cg,—H coupling

@@spl—ﬂ (aryl) and C,,—H (aryl) Coupling
& In 2007, Sanford group first reported a Pd(Il)-catalyzed oxidative cross coupling between

two sp2 C—H bonds of aryl moieties where benzo[/]quinolines act as the directing substrates and

simple arenes are used as the coupling partner (Scheme 1.5.3.1 .2).69
- o
Pd(OAc), (10 mol %) | N
O Ag,CO; (2.0 equiv) . O
BQ (0.5 equiv) O
O DMSO, 130 °C

Scheme 1.5.3.1.2. C—C bond formation by Csp2—H (aryl) and Cy,2—H (aryl) coupling

v Cgp2—H (aryl) and Csp2—H (alkenyl) Coupling
de Vries and de Leeuwen group reported an electrophilic Pd complex catalyzed highly

selective and mild oxidative coupling between anilide derivatives and acrylates through ortho
C-H bond activation. The reaction occurs even at room temperature using a cheap oxidant

benzoquinone in high yields up to 91% (Scheme 1.5.3.1.3).”
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(0]
o,
| Me |=o|[(?’c:;t\(c;)21 (2 m?l) %o) | Me
.1 equiv

H + CO,"Bu —=

* HTN\—C0: p-TSOH (1.0 equiv) B
AcOH, Toluene |
CO,"Bu
Scheme 1.5.3.1.3. C—C bond formation by Cy,:—H (aryl) and Cy,>—H (alkenyl) coupling

v Cyp—H (aryl) and C,p3—H (alkyl) Coupling
In 2008, Li group first disclosed a ligand directed Ru-catalyzed and DTBP mediated novel
C-C bond forming strategy utilizing 2-phenylpyridine derivatives as the directing ligand and

unactivated cycloalkane as the coupling partner (Scheme 1.5.3.1.4)."!

. =
N | N
+ H [Ru(p-cymene)Cl,], (5 mol %)
Mo H '‘BuOO'Bu (4.0 equiv) ~ Me
135 °C
Scheme 1.5.3.1.4. C—C bond formation by Cy,,—H (aryl) and Csps—H (alkyl) coupling

v" Cyp3—H (alkyl) and C,p,—H (alkenyl) Coupling

In 2004, Yu group first developed a methodology for the B- sp C—H olefination of an’%
ouphn

directed substrate in the presence of palladium catalyst using acrylate as the efficjgf
partner. The in situ generated olifinated amide products further underwe d

addition to furnish corresponding five membered lactum derivatives (Sch@ 5).72

Pd(OAc), (10 mol %) i . g %&

Cu(OAc); (1.1 equiv) o E
AgOAc (1.1 equiv)____ Me 1,4-addition F
(o} N F
Me
O,Bn I)ﬁco B
1% 2 = Me 2=h

LiCl (2.0 equiv) Me
Csp3=H (alkyl) and C.,y—H (alkenyl) cop pling

%

Scheme 1.5.3.1.5, C—C bond formd

@“\%

COan DMF, 120 °C

44

TH-1457_10612218

jugate

C —hﬁx}ﬁ}x(ctf onalization

@Q

Ac)>-catalyzed, O>-mediated

Chapter 1

1.5.3.2. Representative example of C—N bond forming reactions

v' Cp2—H (aryl) and N,,3—-H (amine) Coupling

Nicholas and co-workers reported a simple and effici

ortho amination of 2-phenylpyridine derivatives electron-deficient anilines as the

coupling partner (Scheme 1.5.3.2.1 ).73

B @ =
N [

Cu(OAc), (20 mol %)&
DMSO/Anisole
0, (1 atm), 160 °C

Schem ]N bond formation by Cp2—H (aryl) and Ny,;—H (amine) coupling

and Ng,3—H (amide) Coupling

hen group achieved an intermolecular dehydrogenative amidation of arenes assisted

D
@@elating groups such as 2-pyridyl or 1-pyrazolyl utilizing amides as the coupling partners in
& 1

the presence of CuBr as a catalyst and air as the terminal oxidant (Scheme 1_5.3.2.2)_74

| X = (o] S
,N LA X
e COMe
CuBr (10 mol %) N
Benzene/Xylene
air, 140 °C
Scheme 1.5.3.2.2. C-N bond formation by Csp>—H (aryl) and Nsp3—H (amide) coupling

v Cyp3—H (alkyl) and Ny,;3—H (amide) Coupling

Daugulis group developed Pd(Il)-catalyzed an intriguing protocol for the construction of
pyrrolidine, indoline and isoindoline derivatives via intramolecular sp® C—H/N—H coupling. This
palladium-catalyzed method employed a picolinamide directing group and PhI(OAc)> as oxidant

in toluene at 80—120 °C (Scheme 1.5.3.2.3).7
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(o} (o)

NH Pd(OAc), (5 mol %) N
PhI(OAc), (2.0 equiv) QME

o
H Me Toluene, 80-120 °C Me
Me

Scheme 1.5.3.2.3. C=N bond formation by Csp3—H (alkyl) and N,;—H (amide) coupling
1.5.3.3. Representative example of C—O bond forming reactions

v" Cgo—H (aryl) and O,p3—H (alcohol) Coupling
Sun and co-workers demonstrated an efficient and highly regioselective protocol for the
ortho alkoxylation of aromatic azo compounds employing both primary and secondary alcohols

as the coupling partners and PhI(OAc), as the oxidant vig Pd(II)/Pd(IV) catalytic system
(Scheme 1.5.3.3.1).7°

N-N
Pd(OAc), (10 mol %)

ey Me PhI(OAc), (2.0 equiv)
80°C

Scheme I.5.3.3.1. C—O bond formation by C,2—H (aryl) and Og,3—H ( G:’coho@@
v" Csp3—H (aryl) and O,y3—H (alcohol) Coupling

g protocol for the

Chen group reported Pd(OAc),-catalyzed, PhI(OAc)>-mediated a
‘&dmﬂ C=H bonds at y or

synthesis of alkyl ethers by the functionalization of unactivated m
oh

d positions of picolinamide-protected amines with a range C (Scheme 1.5.3.3.2).77
Me Me
= mol %) T
X H o]
] N 4 \ )2 (2.5 equiv) - ~N H
= N Xylene = N

0 éo,Me Ar, 110 °C

0O co,Me

Scheme 1.5.3.3.2, (@%ﬂ mation by Cg,3—H (alkyl) and Oy,;—H (alcohol) coupling
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1.5.3.4. Representative example of C—S bond forming reactions @

v' Cgp2—H (aryl) and S,,3—H (thiol) Coupling
Most recently, Nishihara group achieved a ligand medpte and Cu co-catalyzed direct
ortho sulfenylation of 2-phenylpyridines using thi

Pd(I)/Pd(1V) catalytic system (Scheme I.5. 3 4.1

e~
| N
~
[PdClz(NCPh)z] (10 mol %)
P(2,4,6-Me3C¢Hy)s (20 mol %) Me S
CuCl, (10 mol %) \©

DMSO, 140 °C

fficient coupling partner through
8

Schem I C=S bond formation by Cy,o—H (aryl) and Sg,;—H (thiol) coupling

unctionalization Logic in Total Synthesis: A New Tool

ssence of C—H functionalization strategy is not only limited to synthesize small molecules,
rather it spread its branches towards the synthesis of complex natural products.”” Translating the
methodological developments to its use in the assembly of complex natural products now
becomes an important challenge to the synthetic chemists. The continued advancement and
relevance of “‘economy’’ in the design and execution of such complex natural products synthesis
has arguably boosted up the area of C—H functionalization beyond curiosity. Herein one example
is shown in scheme 1.6.1.

Very recenly (2013), Yu and Baran group reoprted a concise total synthesis of (+)-
Hongoquercin A, an important sesquiterpenoid antibiotic of fungal origin.soa The use of two
successive C—H disconnections strategy to build C—C and C-O bonds in a controlled, site-
specific fashion is a unique maneuver in synthesis planning of (+)-Hongoquercin A from (+)-
chromazonarol.gob A Pd(Il)-catalyzed, ligand-accelerated, benzoic-acid directed intermolecular
ortho C—H alkylation method had been adopted for the construction of new C(aryl)-C(alkyl)
bond. In the next step, ortho C-H hydroxylation protocol had been employed for the

construction of ortho C—0O bond (Scheme 1.6.1).
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C-H Z2n

(1)

(a) TF,0

(b) CO (1 atm) -
Pd(OAc),

|(+)-sclareolide | |(+)-chromazonarol|

-

"C-H alkynation '

MeBF;K
Pd(OAc), (10 mol %)
Boc-Phe-OH (20 mol % )
Ag,CO;, Li,CO;,

BQ (5 mol %)
tBuOH, 90 °C

(3)

(4)

Pd(OAc), (10 mol %)
KOAc, DMA, 115 °C
0. (10 atm)

[ C-H hydroxylation. ﬁ

’(+)-Hongoquercin A |

Scheme IL.6.1. Total synthesis of (+)-Hongoquercin A

@&@

(6)

N
A
% ®)

(9)

(10)
(11)

N\
S
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I1. Abstract: An clegant synthesis of carboxylic acid anhvdrides has been developed directly
from arvlaldehydes using CuQO nanoparticles as the catalyst and teri-butyl hvdropeoxide (TBHP)
as the oxidant. During anhvdride formation the reaction proceed through a double sp~ C—-H

functionalization of aldehydes to generate two consecutive C—0 bonds.
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I1. Nano CuQO-Catalyzed Cross Dehydro % Coupling (CDC) of
Aldehydes to Anhydrides 2

I1.1. Introduction

The essence of transition @%&alwcd C-H bond functionalization is an important

ongoing theme in organic Directing group-assisted C—H bond functionalization® and
cross dehydrogenativg co (CDC)3 reactions are preferred in this field because of their atom
%@, although several CDC methodologies have been reported for the

and step—econo@
. 32,4 . . .
formation % ds,”™" less effort has been directed toward C—O bond forming reactions.

ERY of various transition metal-catalyzed C—H functionalization methodologies for the

tion of C—O bonds have been emerged as relevant topic recently in this regard.’

ano CuQ is one of the most extensively employed materials used in catalysis because of its

: @high thermal resistance, surface effect, superior quantum size, high reactivity and peculiar

physical and chemical properties compared with ordinary CuO. Besides working at low catalyst
loading, the particles are recoverable because of their insolubility in most solvents, which
thereby facilitates recycling. To date, CuO nanoparticles have been used for cross coupling
reactions in the construction of C-N, C-0O, C-S and N-N bonds.® Only in one instance,
synthesized CuO nanospindle has been utilized for the arylation of azole derivatives via sp° C-H

functionalization employing aryl iodides as the coupling partner.7

Recently our group developed a Cu(OAc):-2H;O-catalyzed highly efficient intriguing
protocol for the synthesis of benzylic esters by the CDC reaction of aldehydes and alkylbenzenes
in presence of fert-butyl hydroperoxide (TBHP) as oxidant as well as source of oxygen (path a,
Scheme 11.1.1).> In this CDC reaction, the in situ generated benzyl alcohol, obtained by the sp*
C-H oxidation of toluene (alkylbenzene), efficiently coupled with aldehydic sp2 C-H bond and

led to the formation of benzyl benzoate.
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Previous work

H + H Cu(OAc); .2H;0 (20 mol %) (o)
tBuOOH (2.0 equiv)

120 °C

Present work

S %% 2 HH
H E H CuO nano - 0 + O
‘BuOOH
3

exclusive

Scheme I1.1.1. Divergent reactivity of ordinary copper salt and CuO nano catalyst

Thus, it would be interesting to see whether copper oxide nano catalyst could activate the sp*
C-H bond of unactivated alkylbezenes for the synthesis of same (benzylic ester). With this
curiosity in mind, when reaction performed with benzaldehyde using CuO nano as catalyst in
toluene in the presence of TBHP, benzoic anhydride was obtained as the exclusive producy
instead of expected benzyl benzoate (path b, Scheme 11.1.1). Thus, copper oxide (Cu0) nanc

catalyst exhibits a divergent reactivity to that of ordinary copper salts Cu(OAc)2-:2H,0.

Meme
Me O
\0)< Me

Me>l/ i /I<Me

- M 5
CuBr/L =
n-Hexane, 90 °C :
Me. o _-H o &
Me>[/ o @*
Me -~
TBAI @ 5 o e

H,0, 90 °C

e

Scheme I1.1.2. Differential reactivity of camb%n Wdehydic sp” C=H functionalization

Differential reactivities of catglyst\ichtling organocatalyst were observed during aldehydi
i? @ c
€0

sp” C—H functionalization in<Pxes f different peroxide. Wei group recently demonstrated a

Cu(l)-catalyzed, ligan oxidative esterification (C~O bond formation) of

aldehydeg
%i 2 60
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Me QME Me” Q
Me ©/u\o Me [p= .
Me

D

with di-tert-butyl peroxide (DTBP) which provided corresponding rext- sters as shown in

path a, Scheme 11.1.2.° Wan and co-workers reported an orga ic procedure for the

synthesis of ters-butyl-perester directly from aldehyde ai ia sp> C—H oxidation of
aldehyde using tetra-butylammonium iodide (TBAI) as lyst (path b, Scheme 11.1.2).° It

may be noteworthy to mention here that though vANO™W transition metals catalyst have been

employed for the aldehydic C-H functione@ the use of copper oxide (CuO) nano as
catalyst for such reactions are rarely bejt repo¥ed in literature.

I11.2. Reported Strate e Synthesis of Carboxylic acid Anhydrides

Carboxylic acid gnh are used in the preparation of a range of carboxylic acid

Ila,b

derivatives such 0 and esters and they have found applications in the synthesis of

peptides a X Such applications of anhydride scaffolds have often driven the synthetic
chel’l% he development of new protocols to meet their demand. Literature enumerates a
of

imb protocols for their synthesis which can be categorized into five main classes: (i)

@ ration of carboxylic acid derivatives; (ii) classical nucleophilic reactions; (iii) cross
& Coupling reactions; (iv) carbonylation reaction and (v) cross dehydrogenative coupling (CDC).

(i) Dehydration of carboxylic acid derivatives
The traditional methodologies for the synthesis of anhydrides rely on dehydration of

% . . . " 122 .
carboxylic acids in the presence of various dehydrating reagents such as phosgene, — thionyl and

) 12b,c,d 12 3 gy g 2g X . 121
sulfonyl chlorides, ™ phosphoranes, - I carbodiimides,'*¢ sulfated zirconia, ="

. el

1socyanates]‘
P 12i o %

pyl‘ldﬂZlil-3(2H)-OIl€S ' and 1,3,5-triazines'? (Scheme 11.2.1). However, the use of

stoichiometric amount of those reagents, longer reaction time, use of toxic and corrosive reagents

and harsh reaction condition are the major setbacks of these methodologies.

[ Dehydrating agents)

phosgene thionyl chloride
0
sulfonyl chloride phosphoranes
= OH | R (0] ‘ =
2 I/ g TN g Y P > isocyanates carbodiimides
1 1 R!
w H,0 R sulfated Zirconia pyridazin-3(2H)-ones

1,3,5-triazines

Scheme I1.2.1. Synthesis of anhydrides through dehyvdration of carboxylic acids
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(ii) Classical nucleophilic reaction
In another traditional way, anhydrides can be prepared by reacting acylating agents such as
acyl halides and another anhydrides (as reactant) with carboxylates salt via simple nucleophilic

substitution reactions (Scheme 11.2.2).13

(o] O (o] (@]
R1@Hkom + X/U\@Rz R‘l@)‘ko/ﬂ@Rz
= = SN - =

M = Metal X = -Cl, -OCOAr
Scheme I1.2.2. Synthesis of anhydrides via nucleophilic substitution

(iii) Cross coupling reaction

Stephenson group reported a new class of cross coupling approach for the formation op
symmetrical anhydrides via photochemical activation of C—O bond of carboxylic acids.'# The z;,
situ generated Vilsmeier—Haack reagent, obtained by the reaction of photoredox catalys
Ru(bpy);Cl> and CBry in DMF successfully converted various aryl and alkyl carboxylic

acidg
into their corresponding anhydrides in excellent yields at room temperature (Scheme 11_2_3)

o Ru(bpy);Cl, (1 mol %) e 9
RS OH CBr,4 (1.0 equiv) e o | e
2 [/ P Z.6-utidine (2.0 equiv) U w Az @
R1 DMF, r.t R' R’

Blue LED

Scheme I1.2.3. Synthesis of anhydrides via photocatalytic cro.@ﬁ, reaction

(iv) Carbonylation reaction

In 1989, for the first time Alper group reported hon@% Pd(11)-catalyzed an efﬁcient
protocol for the synthesis of symmetrical anhydrides a
metal (Na, K and Ca) carboxylates and aryl hali %

in Scheme 11.2.4."* Furthermore, Xiao an%

improved palladium-catalyzed protocd\ for Ythe direct conversion of aryl

rdonylated cross coupling reaction op
1 a CO atmosphere (2.7 atm) as shown

orkers demonstrated a modified and highly,

iodides intq

corresponding anhydrides throu m\ytmospheric carbonylation process (Scheme 11.2.4)."" |
L, . 1]

this modified carbony]atim% ion, CO and H>O have been employed as the sources op

carbonyl moieties at ic’oxygen respectively in resultant anhydrides.
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\ \ A\
Alper's Method ;;
o (o] !0
i - OM o ==
110 ‘ _R‘l
R % . + co + i /

M =Na, K, Ca

Xiao's Method |

Pd(OAc), (1

R! + cCO

Sch :w —oynthesis of anhydrides through carbonylation process

(v) Cross de ative coupling (CDC) reaction

ThRxe\} y one instance where a metal free CDC protocol has been employed for the
@ sisVof anhydrides documented in literature. In 2012, Szpilman and co-workers

onstrated an organocatalyst TEMPO mediated direct aldehydic sp° C—H oxidation of

@aldehydes to mixed anhydrides utilizing pivalic acid as efficient coupling partner (Scheme

A

11.2.5).'° The in situ formed mixed anhydrides can be converted to esters, secondary, tertiary or

Weinreb amides in high yields under mild conditions.

0 TEMPO (5 mol %) o

o s o i o
/[k + H=0 J\F Me pyridine (2.0 equw)_= )J\ Me
CQH19 H Me tBuOCI (1.1 eql.liv) CQH-‘Q (0] Me

Me rt Me

Scheme I1.2.5. Synthesis of anhydrides through CDC reaction

I1.3. Present Work

In continuation to the above mentioned strategies for the synthesis of carboxylic acid
anhydrides, herein a CuO nano-catalyzed protocol for the synthesis of the same via a CDC
reaction was reported. An initial investigation was started with benzaldehyde (1a) (1 mmol) as
the protypical substrate with nano CuO (5 mol %) and TBHP in decane (5-6 M, 1 equiv) in
toluene at 120 °C. Interestingly, the reaction of the aforementioned combinations resulted in the
formation of benzoic anhydride (2a) in 23% isolated yield (Table 11.3.1, entry 1). This unique
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and unprecedented formation of benzoic anhydride raises query about the source of 2™ benzoyl

moiety (PhCO-) in it and hence some preliminary investigations were performed.

Preliminary investigation: It was envisioned that benzoic anhydride (2a) might originate from
benzylic oxidation of the resultant benzyl benzoate, generated by the nano CuO-catalyzed CDC
coupling reaction of benzaldehyde (1a) and toluene as shown in path a, Scheme 11.3.1 like our
previous work™ (path a, Scheme I1.1.1). The possibility of such double oxidations of
alkylbenzene (toluene) seemed quite possible due to high reactivity of nano CuO catalyst.
However, when a pre-synthesized benzyl benzoate was treated under the same reaction
conditions, formation of benzoic anhydride (2a) was not observed at all (path b, Scheme 1.3 ).
This experiment thus ruled out the involvement of the solvent (toluene) in benzoic anhydride

(2a) as benzoyl (PhCO-) surrogate.

< benzylic oxdidation?

o O HH
t o
(1a) BuOOH, 120 (o o

n situ
path a

CuO nano

'BuOOH, 120 °C
CuO nano
: lL )Q© ‘BuOOH 120 °C : JL )\© @
(2a)
pre-synthesized

Scheme I1.3.1. A control experiment to check solvent (mh&@vemem

Alternatively, benzoic anhydride (2a) might originate via th upling of benza] dehyde

(1a) and benzoic acid generated in situ under the oxidati ns (path ¢, Scheme 11.3.2).

However, when an equimolar mixture of benzaldeh a)“and p-methylbenzoic ac; d .
id wer

reacted, symmetrical anhydride (2a) was obtai 1sively, with no trace of unsymmetrical

anhydride (2ab) as shown in path d, Scheme 2¥This result ruled out the possibility of CDC
coupling of acid and aldehyde.

N\
&

TH-1457_10612218
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\ \ A\
CuO nano i X
@)’k tBuOOH @)L O/‘\@
-'-1‘2:?,2:9 (in situ) (1a) ‘ (2a)
@ *
SR @@* Jo. o,
(1a) (2a) (2ab)
120 °C
exclusive not obtained
Scheme I1. @)i experiment to verify aldehyde-acid CDC coupling
To conﬁ couplmg partner(s) an equimolar mixture of two different aldehydes, p-
methylber e (1b) and p-methoxybenzaldehyde (1g) were treated under the reaction
condQy nalysis of the reaction mixture revealed the formation of two symmetrical

dr es 2b (24%) and 2g (15%) and an unsymmetrical anhydride 2bg (18%) (Scheme I1.3.3).
m these experiments it is evident that the coupling partners are aldehyde itself and the
symmet: ical anhydrides (2b) and (2g) are obtained by the self coupling of respective aldehydes

(1b) and (1g), whereas the unsymmetrical anhydride (2bg) is formed by cross- coupling of two

Fenach

(2b), 24%
+
o
o o) it

CuO nano - N
/@A\H + H)ﬁ '‘BuOOH _< s Sike
°C
Me (1b) (1g) OMe Toluene, 120 Me (2bg), 18%
+

2
Q*O*O
o
MeO o=

(29), 15%
.

different aldehydes.

Scheme I1.3.3. A control experiment to verify aldehyde-aldehyde CDC coupling
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Optimization of reaction condition: Encouraged by this unique protocol of anhydride formation
from aldehyde by self coupling, further optimizations were performed by varying the reaction
parameters. Instead of nano catalyst, the use of conventional Cu salts such as Cu(OAc),, CuBr»,
CuCl and Cu(OTf), in toluene failed to give the expected anhydride (2a); instead, formation of
benzyl benzoate was observed (Table 11.3.1, entries 2—5). The formation of benzyl benzoate is
consistent with our recent results.’® These results suggest the differential reactivity of nang CuO
compared with that of other Cu salts. To ascertain the special attribute of nano CuO (> 50 nm) apy
identical reaction was performed with ordinary CuO and it was found that the later behave More
like typical Cu-salts giving > 10% yield of the anhydride (2a) (Table I1.3.1, entry 6). Thig
experiment demonstrates the peculiar chemical properties of nano CuO compared with Ol‘dinary
copper oxide. Proceeding further towards optimization, for the conversion of benzaldehyde (1a)
into benzoic anhydride (2a), solvent 1,2-dichloroethane (DCE) gave the best yielg (31%)
DMSO (3%), CHiCN (169
chlorobenzene (22%) (Table IL1.3.1, entries 7—11). The product yield improved subst

compared with other solvents such as DMF (2%), ) ang

antially
(52%) when the quantity of TBHP was increased to two fold (Table 11.3.1, entry 12), Extendm;a

the reaction time was not beneficial because the anhydride generated decomposed wit, tin
e

which may be due to the presence of excess TBHP. Sequential addition of TBHP in four &

lots in a time interval of 30 minutes obviates the problem and the yield improved up to 6 %
5 h (Table I1.3.1, entry 13). The use of an equivalent quantity of aqueous TBHPp i @
decane solution of TBHP (5-6 M) was not so satisfactory and the yield dropp

11.3.1, entry 14). A range of other oxidants such as di-fert-butyl peroxi &[‘ ]

5 HzO:,

Il were found to be

m<

Joading to 2.5 mol % or a reduction in the reaction tempe

0-21).

0 °C had adverse effects on

product yields. Furthermore, the reaction failed to pro e absence of either nano CuO or

TBHP, giving no traces of benzoic anhydnde (2 the essential requirement for both

reagents in this transformation (Table I1.3.1, el The question then arises wheher the

central oxygen in anhydride origii om the TBHP or from atmospheric oxygen. Tq

investigate the later possibility, tion was performed in an argon atmosphere. Identica]

c§§lditions confirmed that atmospheric oxygen is not the source

rather, it must originates from TBHP. Thus, a combination og

yield of the product undezth

of oxygen in the ar

\
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NV
P in decane (2

O | S
Vr the self coupling of

aldehyde (1a, 1 equiv), CuO nano (5 mol %) and portionwise addjti

equiv) at 120 °C in DCE was chosen as the optimized con

@\%
] (:@Q @x(ja@

aldehydes.

Table 11.3.1. Screening of reaclion condition

13) S Iven
Entry ] atalvs(( gx{\% l Oxidant (equiv) Solvent I Yield (%)

1 A .\ TBHP (1) Toluene 23

2 c)q (5) TBHP (1) Toluene 0°

3 =4 Br, (5) TBHP (1) Toluene 0"

4 CuCl (5) TBHP (1) Toluene b’

5 Cu(OTf), (5) TBHP (1) Toluene 0"
CuO (5) TBHP (1) Toluene <10

CuO nano (5) TBHP (1) DCE 31

CuO nano (5) TBHP (1) DMF 2

CuO nano (5) TBHP (1) DMSO 3

CuO nano (5) TBHP (1) CH;CN 16

1 1 CuO nano (5) TBHP (1) PhCl 22
12 CuO nano (5) TBHP (2) DCE 52
13 CuO nano (5) TBHP (2) DCE 61°¢
14 CuO nano (5) TBHP (2) (aq) DCE 45
15 CuO nano (5) DTBP (2) DCE 0¢
16 CuO nano (5) H>05 (2) DCE 0
17 CuO nano (5) m-CPBA (2) DCE 0
18 CuO nano (5) K»S-05 (2) DCE 0
19 CuO nano (5) Oxone (2) DCE 07
20 CuO nano (5) - DCE 0
21 - TBHP (2) DCE 0°

“Isolated yield after 4.5 h. “Benzyl benzoate was observed (32—45%). “TBHP (2 equiv) was added in 4 portions at
30 minutes intervals. “Recover of starting material. ‘Converted to benzoic acid.

Substrate scope for anhydride synthesis: To extend the substrates scope of this unique
oxidative coupling reaction, the present conditions were applied to a range of other aldehydes.
As summarized in Scheme 11.3.4, aromatic aldehydes bearing electron-rich substituents,
irrespective of their position(s) in aromatic ring, underwent the CDC reaction smoothly to afford
the corresponding symmetrical carboxylic acid anhydrides in modest to good yields. Aromatic
aldehydes containing weakly activating substituents such as p-methyl (1b) coupled efficiently

under the reaction conditions, providing (2b) in 58% yield (Scheme 11.3.4). Similarly, other
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isomeric aldehydes including o-methyl (1¢) and m-methyl (1d) reacted efficiently to furnish their
corresponding anhydrides (2¢) and (2d), respectively in 63% and 65% yields (Scheme 11.3.4).

2,5-Dimethyl benzaldehyde (1e), when reacted under the identical conditions, gave a good yield
(68%) of corresponding anhydride (2e). The CDC coupling reaction of p-zert-butyl benzaldehyde
(1f) afforded 62% yield of symmetric anhydride (2f). However, for p—methoxybenzaldehyde
(1g), although the reaction proceeded rapidly, giving the corresponding anhydride (2g), ¢, o
product decomposed giving only 51% isolated yield. Likewise, when other aromatic aldehydeS
bearing one or more methoxy substituents in the aryl ring such as o-methoxy (1h), -methox y,

(1i), 2,5-dimethoxy (1j), and 3,4-dimethoxy (1K) underwent oxidative homocoupling, Modest
yields (41-55%) of the respective anhydrides (2h), (2i), (2j) and (2k) were obtained (Scheme
11.3.4). Other aromatic aldehyde bearing an activating substituent such as p-butoxy benzaldehyde
(11) provided 51% yield of (21). Although the CDC reactions were found faster for aromatjc
aldehydes bearing methoxy substituents, the final isolated yields were lower due to concurrent
decomposition of resultant anhydrides to carboxylic acids. The present protocol was found (o bis

equally effective for polycyclic aromatic aldehydes such as l-napthyldehyde (1m) and o_

65% yields, respectively. Intramolecular CDC of an aromatic 1,2- d1calbaldehyde

phthaldehyde (10)] led to the formation of phthalic anhydride (20) in 32% yield. Ope g

this interesting transformation is that whereas aromatic aldehydes possessing weak

withdrawing groups gave negligible amounts of product, substrates possessin@ly elect
ron-
d

withdrawing groups completely failed to give their desired

bromobenzaldehyde (1p) was subjected to the reaction, a trace of preduc\2p¥79,

When p-

) was detected

by GC and IR, as shown in Scheme 11.3.4. Other aldehydes po n eactivating substituent
S

such as p-Cl (1q) and p-NO> (1r) failed to yield any t&y ¢ desired anhydrides (2q) and
I

(2r) respectively. Aliphatic aldehydes such as a de, cyclohexylcarba]dehyde and
glutaraldehyde failed to undergo intermolecular aix\in olecular CDC reaction.

AN
N\a&
&
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Scheme I1.3.4. Substrate scope for nano CuO-catalyzed synthesis a%es from aldehydes
through CDC*”

(0]
CuO Nano (5 mgl °
X |
RJOJ:H1 | 'Buocn-i (zo R 5.
a-1r

e %@ :m SIS

(61%, 45h (58%, 6.0 h) (63%, 5.0 h)
Me o ?
‘ S /k|/\‘
(2e) t F (2f) T~
Bu Bu
e (68%, 4.0 h)pme (62%, 4.5 h)

OMeO O OMe

(o] 0
*@ \©/“\ /U\‘@/OMe
0
(2h) (2i

O O
©/U\ MeO o
i)
(51%, 3.5 h) (55%, 3.5 h) (54%, 3.0 h)

napthyldehyde (1n) which produced their corresponding anhydrides (2m) and (2n) in 639, - g

OMeO O OMe o o o O
(; (2j) (2k) (21 P
(39%, 3.0 h) i MeO @i aon > Pwe Bod (51%,4.0n) OB
! 0 0
Q ¢ )
\0/ \0/ O
(2n) & (20)
(2m) 0 0
©3%. 5.0h) (65%, 5.0 h) O (32%, 7.0 h)
H i
/‘ /\ e
J ”1 Q* J\Q Ve Ol
Br~ ~  (2p) Br (2q) ‘ 0, N “ (2n) .
(7%, 3.0 h) (00%, 12 h) (oo%‘ 15 h)

“Reaction conditions: aroylaldehyde (1 mmol), CuO (5 mol %) and TBHP in decane (2 equiv, 400 xL) at 120 °C.
"Yield of the isolated pure product.
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Mechanistic studies: To deduce a possible mechanistic path, a reaction was performed in the
presence of one equivalent of radical inhibitor 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO).
Isolation of TEMPO-ester (2a'") along with complete inhibition of anhydride product formation

(2a) suggests the formation of an acyl radical in reaction medium and radical nature of the

reaction mechanism (Scheme 11.3.5).

Me
CuO Nano (5 mol %) O sty
Me Me o
©/U\H + Me "N"“Me _ 'BuOOH (2.0 equiv) + @A _ mdte
(1a) & DCE, 120 °C (2a) (2a’)
(00%) (57%) ,

Scheme I1.3.5. Reaction performed in presence of radical inhibitor TEMPO

Furthermore, during the reaction of 2,4,6-trimethyl benzaldehyde (1s), formation of only s¢_
butyl 2,4,6-trimethylbenzoate (2s") (57%) was observed, rather than the expected anhydride (2s)
as shown in Scheme 11.3.6(i). Formation of a tert-butoxy radical could take place by radicg)
coupling of the corresponding acyl radical intermediate (1s’) obtained by the reaction of

aldehyde (1s) and TBHP with fert-butoxy radical.” Thus, one half of the anhydride originaleq

from the intermediate acyl radical. In this reaction, no trace of corresponding anhydride (2s) \@

observed. which ruled out the possible formation of (2s") by the nucleophilic attack \
butanol on the corresponding anhydride (2s) generated in situ, suggesting it origingtes @

h
coupling of acyl radical (1s") and tert-butoxy radical as shown in Scheme I1.3.6(j;

Me o Me O O Me @ -
(i) x LH CuO Nano (5 mol %) /dLO o Me
» 'BuOOH (2.0 equiv) ﬁo Me
Me Me DCE, 120°c ~ Me Mgﬁ Me Me Me
%25)
)

(18] (2s")
CuO Nano (57%)

'‘BuOOH

Me Me ) Me
/ﬁj)o e %k'“e
N ‘0 Me

(ii) tBuOOH

Me” 7 “Me ) \Me
(1s’) (2s")
(in situ) %
Scl @6. Reaction with 2,4,6-trimethyl benzaldehyde (Is)
% 70

TH-1457_10612218

Chapter I1 K %Irhydﬁd@
Vv \ Vv

The product (2s') is a dead end product and does not react furtl i Yh the presence of

another aldehyde to give any mixed anhydride. From Scheme [ 3.t iVevident that carboxylic

acid is not the other coupling partner but the other half n\ys 1 equivalent radical species

obtained in the medium.

Based on the results of the controlled expegiNentg) from the isolation of trapped intermediate

17a,b

(2s"), and from recent reports, the mech\qni¥n) presented in Scheme 11.3.7 has been suggested.

Initially, reaction of Cu" and rert- wydroperoxide (TBHP) generates a rert-butoxy radical and

Cu species in the medium

equivalent of TBHP ai @
forms rert-butyl ndfo-CuS

SFeroxidase species (A), similar to the nano-Au peroxidase species

u" species is reduced to Cu" by the action of a second

proposed b al."™ Homolytic cleavage of intermediate (A) generates a reactive metal

oxide ra@ on the surface of the nanoparticles. The acyl radical formed in sizu by the action
@ 1d aldehyde produces CuO-acylate species (C). Further, homolytic cleavage of (C)

f.
(ggi\ﬁ cyloxy radical (D), which couples with an acyl radical to produce carboxylic anhydride
&@ th concurrent regeneration of CuO nano catalyst for next catalytic cycle.

Cu(ll) + 'BuOOH Cu(lll)(OH) + 'BuO

f— tBUOO
Cu(ll)(OH) + 'BuOOH Cu(ll) +
H,0

ii Me

0 o
Meo

. Me
o i C O.nano
| u
Pl 0P R
\_/ (D) Me

o
0 @® o \\<Me
)j\ (A) Me
@ © R
(©)
. 6\§Me
'‘Bu0 'BuOH g .
0O - Me
R)J\H _¥L. R). .(B) Me

Scheme I1.3.7. Plausible reaction mechanism for anhydride formation
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The nano CuO catalyst was recovered from reaction mixture after one cycle by centrifugation
which was washed successively with ethyl acetate, water and acetone and dried. As evident from
the powder XRD of nano CuO before and after one cycle, the composition of the catalyst
remains unchanged (Figure 11.3.1). However, a substantial drop in the isolated yield (61% to
45%) was observed when the catalyst was recycled, which is due to agglomeration leading to

inheterogenity in the particle size, as evident from the TEM image of CuO nanoparticles before

and after 1¥ cycle (Figure 11.3.2).

a a g = b
g c
e
~
3 =
o -
=z p
5 -
s&|8 8 g5
= - b ]
L& g gc|8 z - %t
- > a8 z s || - 8§ 2 =
; bt A Eh gn A :hgh U SiE
T T T T T T
30 40 50 60 70 39 40 50 60 70
20 (degree) 20 (degree)

Figure I1.3.1, Yowder X-ray diffraction pattern of nano CuO: (a) fresh (b) after 1% cycle

Figure I1.3.2. TEM images of

Q1 nano CuO and (b) nano CuO after 1™ cycle

In conclusion, a convenient met been developed for the synthesis of carboxylic acid
anhydrides from aromatic_addeNNe® i

n modest to good yields. This method follows a unique

2 ;
double sp~ C-H functi n of aldehydes in the presence of nano CuO catalyst. This is the
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first example where CuO nano catalyst has been utilized for the sx\th carboxylic acid
anhydrides via CDC coupling reaction of aromatic aldehydgs. rewver, this protocol also

shows a differential reactivity to that of organocatalytic s{jte AI/TBHP) during sp° C—H

functionalization of aldehydes. While the pres ol (nano CuO/TBHP) furnished
carboxylic acid anhydrides as the exclusiv@ct, the organocatalytic system yielded
corresponding tert-butyl-perester as the ffaghyroduct. TBHP serves as oxidant as well as
anhydric oxygen donar in this reactifjn. InSt€ad of its uniqueness, this protocol suffered from
major drawbacks as it faile iveNrorresponding anhydrides from aliphatic aldehydes and
aromatic aldehydes ¢ ectron-withdrawing substituents. This limitation of this
methodology has t dd@ near future.

OY

11.4. ental Section

General information:

Organic extracts were dried over anhydrous sodium sulfate. Solvents were removed in a rotary

11.4)
&@QAH the reagents were commercial grade and purified according to the established procedures.

evaporator under reduced pressure. Silica gel (60-120 mesh size) was used for the column
chromatography. Reactions were monitored by TLC on silica gel 60 F254 (0.25 mm). NMR
spectra were recorded in CDCl; with tetramethylsilane as the internal standard for "H NMR (400
MHz and 600 MHz) and CDCl; solvent as the internal standard for '*C NMR (100 MHz and 150
MHz). Elemental analysis was performed with a Perkin Elmer 2400 elemental analyzer. IR
spectra were recorded in KBr or neat on a Nicolet Impact 410 spectrophotometer. Commercially

available CuO nano (<50 nm) were purchased from Sigma-Aldrich.

I1.4.2. General procedure for the synthesis of benzoic anhydride (2a) from benzaldehyde
(1a) utilizing CuO oxide nano catalyst and TBHP:

To a solution of benzaldehyde (1a, 106 mg, 1 mmol) in DCE (3 mL) was added CuO nano
catalyst (5 mol %, 4 mg) and 100 L (0.5 mmol) of TBHP in decane (5-6 M) and the resultant
mixture was placed in a preheated oil bath (120 °C). Second, third and fourth portions of TBHP
(3 x 100 uLl) were added at time intervals of 30 minutes. The progress of the reaction was

monitored by TLC. After 5 h, the total conversion of the starting material and the appearance of
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a new spot were observed by TLC. The crude product obtain by evaporation of DCE, was
extracted with ethyl acetate (2 x 20 mL) and 10% saturated NaHCOj solution. The organic layer
was then dried over anhydrous sodium sulfate and concentrated in vacuo. The crude product was
purified over a column on silica gel (hexane/ethyl acetate = 9:1) to give benzoic anhydride (2a)

in 61% yield (69 mg).

I1.4.3. Mechanistic investigation in presence of radical inhibitor TEMPO:
An oven-dried 25 mL round bottle flask was charged with benzaldehyde (1a, 106 mg, |

mmol) in DCE (3 mL) was added CuO nano catalyst (5 mol %, 4 mg), TEMPO (15¢ mg |

as placed
in a preheated oil bath (120 °C). Second, third and fourth portions of TBHP (3 x 100 “L) were

mmol) and 100 xL (0.5 mmol) of TBHP in decane (5-6 M) and the resultant mixture w

added at time intervals of 30 minutes. The progress of the reaction was monitored by TLC The
reaction after 5 h afforded the TEMPO-ester (2a') in 63% (164 mg) yield along with, complete
inhibition of anhydride formation (2a). This reaction supports the formation of acyl radical in the

reaction medium and the radical nature of the mechanism.
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I1.6. Spectral data

Benzoic anhydride (2a):

00

Liquid; "H NMR (CDCls, 600 MHz): 8 (ppm) 7.53 (t, 4H, J
= 7.8 Hz), 7.67 (t, 2H, J = 7.8 Hz), 8.16 (d, 4H, J = 7.8 Hz):
13C NMR (CDCl3, 150 MHz): § (ppm) 129.0, 130.7, 134.7.
162.5; IR (KBr): 3064, 2925, 1789, 1727, 1694, 159q
1451, 1316, 1278, 1173, 1039, 1017, 996, 800, 778 703

-1
cm

elemental analysis caled. (%) for CI4H|(O
103

(226.227): C 74.33, H 4.46; found C 74.45, 4 4.42.

4-Methylbenzoic anhydride (2b):

White solid; M.p. 83-86 °C; "H NMR (CDCl,, g0y MHz):
Zz

& (ppm) 2.44 (s, 6H), 7.30 (d, 4H, J = 8.4 Hz). 8 03 d. 4.
J = 7.8 Hz); °C NMR (CDCl,

» 150 MHz2): § (Ppm) 219,
126.4, 129.7, 130.8, 1457, 162.7. 1R (KBr): 2954

1774, 1713, 1609, 1223, 1209, 1172, 1930, 1003,

cm ; elemental analysis calcd. (%

C 75.57, H 5.55; found C 75.67, H 5.57

Liquid; '"H NMR (CDCYy, U@): o (ppm) 2.7] H)

7.30-7.34 ( oo

o ,:130414) 7&( =72 Hz), 8.06 (d. 211, J

Moyl L3, 150 MHz): § (ppm) 22.2,

e 24,1338, 142.7, 163.1; IR (KBr):
2 £ 1784, 1723, 1602,

255 % 1574, 1487, 1458,
6, ¢ =l
%, 977 em™; elemental analysis caled. (%)

%%ifu 1,405 (254, 28)C 75.57, H 5.55; found C 75.65. H
§ § 78
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2-Methylbenzoic anhydride (2¢):

Me O (@] Me
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8
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Liquid; '"H NMR (CDClg ): & (ppm) 2.44 (s, 6H),
7.41 (t, 2H, J =78 Ne)\'Z487d, 2H, J = 7.8 Hz), 7.94-7.96

CDCl;, 100 MHz): & (ppm) 21.4,

3-Methylbenzoic anhydride (2d):

@] o]
M
e\©)Lo)©/Me

2903, 6, 1723, 1607, 1589, 1486, 1456, 1381, 1251,
1154, 1031, 997, 892, 793 cm™
(%) for CgH405 (254.28): C 75.57, H 5.55; found C

©® 75.67, H 5.52.
2,5-Dim tanhydride (2e):
&\

Liquid; 'H NMR (CDCls, 600 MHz): 6 (ppm) 2.37 (s, 6H),
2.65 (s, 6H), 7.22 (d, 2H, J= 7.2 Hz), 7.32 (d, 2H, J = 7.2
Hz), 7.84 (s, 2H); *C NMR (CDCl3, 100 MHz): & (ppm)
209, 21.7, 127.7, 1320, 1323, 134.6, 135.9, 139.6, 163 4,
IR (KBr): 2927, 2861, 1782, 1723, 1614, 1571, 1499, 1449,
1382, 1303, 1242, 1163, 1137, 1004, 977, 819, 770 cm™';
elemental analysis caled. (%) for CigH303 (282.333): C
76.57, H 6.43; found C 76.70, H 6.49.

' elemental analysis calcd.

4-(rert-butyl)Benzoic anhydride (21):

Colourless liquid; '"H NMR (CDClsy, 600 MHz): § (ppm)
1.36 (s, 18H), 7.53 (d, 4H, J = 8.4 Hz), 8.08 (d, 4H, J = 8.4
Hz); *C NMR (CDCls, 100 MHz): & (ppm) 31.2, 35.4,
126.0, 126.3, 130.7, 158.6, 162.7; IR (KBr): 2963, 2871,
1789, 1731, 1607, 1574, 1463, 1410, 1366, 1224, 1178,
1107, 1045, 852, 764 cm™
for CyaHa605 (338.439): C 78.07, H 7.74; found C 78.15, H
7.77

! elemental analysis caled. (%)
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4-Methoxybenzoic anhydride (2g):

O O

MeO OMe

2-Methoxybenzoic anhydride (2h):

OMe O O OMe
—3 | (o] RS

3-Methoxybenoic anhydride (2i):

7

78
% >1194, 1153, 1022, 991, 896, 749 cm ';

Liquid; 'H NMR (CDCl;, 6

Hz), 7.645-7.652
NMR (CD@,
123.1,

White solid; M.p. 95.5-97.5 °C (reported 94-96 °C)'*: 'H
NMR (CDCls, 400 MHz): & (ppm) 3.89 (s, 6H), 6.98 (d,
4H, J = 8.8 Hz), 8.09 (d, 4H, J = 9.2 Hz); *C NMR
(CDCls, 100 MHz): & (ppm) 55.8, 114.3, 121.4, 1330,
162.5, 164.7; IR (KBr): 2946, 1790, 1712, 1634, 1608.
1510, 1465, 1331, 1264, 1221, 1159, 1041, 1014, 1001,
838, 760 cm™'; elemental analysis caled. (%) for CmHH();
(286.2788): C 67.13, H 4.93; found C 67.25, H 4.9

Liquid; '"H NMR (CDCls, 400 MHz): & (ppm) 3.83 (s, 6H)
6.96-7.03 (m, 4H), 7.54 (t, 2H, J = 6.8 Hz), 7.99 (d, 2H, J

.13
= 8 Hz); C NMR (CDCI3, 100 MHZ): ) (P])m) 56.1

112.3, 120.5, 133.3, 135.4, 160.3, 162.1: IR (KBr): 2925

2841, 1782, 1731, 1600, 1579, 1489, 1465

1256, 1200, 1165, 1117, 1020, 755 cm™

4.93; found C 67.23, H 4.93.

& (ppm) 3.86 (s, 6H),

=M Hz), 7.24 (t, 2H, J = 8.4
), 7.74 (d, 2H, J = 7.8 Hz); ' 'C

HZ
21(dd, 2H, J, =24

Hz): & (ppm) 55.6, 115.1. 121.3,
30.25, 160.1, 162.4; IR (KBr): 2940, 2837,
, 1600, 1585, 1487, 1465, 1453, 1431, 1289,

0.08)

elementﬂl

analysis caled. (%) for C¢H 405 (286.2788): C 67.13. H

\»

TH-1457_10612218

4.93; found C 67.27, H 4.95.
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2,5-Dimethoxybenzoic anhydride (2j):

OMe O O OMe

OMe OMe

3,4- i‘@ybenzoic anhydride (2k):

\%

v
A o o
jEOJQ/LOJ\@OMB
MeO OMe

<&

4-Butoxybenzoic anhydride (21):

(@] @]
BuO OBu

o

/ % Anhydride
V\ 2

8%“(*;: '"H NMR (CDCls, 400
H

), 6.95 (d, 2H, J = 8.8 Hz), 7.13

Yellowish solid; M.p.
MHz): & (ppm) 3

(dd, 2H, J; & >=9.2 Hz), 7.55 (d, 2H, J= 3.6 Hz);
L @h, 100 MHz): & (ppm) 56.1, 56.7, 113.9,
117@.6, 121.9, 153.3, 154.7, 162.1; IR (KBr): 2933,
1784, 1731, 1581, 1500, 1464, 1418, 1281, 1232, 1180,
1164, 1021, 815 em™'; elemental analysis calcd. (%) for

C1sH507 (346.3306): C 62.42, H 5.24; found C 62.50, H
5.21.

Yellowish solid; M.p. 122-124 °C (reported'® 124—125
°C); '"H NMR (CDCls, 600 MHz): & (ppm) 3.95 (s, 6H),
3.97 (s, 6H), 6.94 (d, 2H, J = 8.4 Hz), 7.62 (s, 2H), 7.78
(dd, 2H, J; = 1.8 Hz, J; = 8.4 Hz); °C NMR (CDCls, 100
MHz): § (ppm) 56.19, 56.25, 110.6, 112.7, 121.4, 125.2,
149.2, 154.5, 162.6; IR (KBr): 2925, 2852, 1762, 1711,
1676, 1518, 1467, 1419, 1351, 1270, 1238, 1198, 1162,
1134, 1065, 1019, 911, 868 em”': elemental analysis calcd.

(%) for CsH 307 (346.3306): C 62.42, H 5.24; found C
62.65, H 5.23.

'H NMR (CDCls, 400 MHz): & (ppm) 0.97 (t, 6H, J = 7.6
Hz), 1.46-1.52 (m, 4H), 1.76—-1.82 (m, 4H), 4.03 (t, 4H, J
= 6.8 Hz), 6.94 (d, 4H, J = 9.2 Hz), 8.06 (d, 4H, J = 9.2
Hz); '>*C NMR (CDCls, 100 MHz): § (ppm) 13.9, 19.3,
31.2, 682, 114.7, 121.1, 132.9, 162.5, 164.3; IR (KBr):
3073, 2959, 2872, 1756, 1719, 1605, 1576, 1509, 1467,
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1-Naphthoic anhydride (2m):

BSOS YE
SAA®

2-Naphthoic anhydride (2n):

&

TH-1457_10612218

1422, 1317, 1264, 1223, 1162, 1052, 964, 836 cm™';

2

elemental analysis calcd. (%) for C22H2,Os (370.4378): C

71.33,H 7.07; found C 71.45, H 7.11.

Yellow solid; M.p. 140—-142 °C (reported 142—144 oCy! b,
'H NMR (CDCl3, 400 MHz): 8 (ppm) 7.56 (1, 2H, J = g
Hz), 7.61 (t, 2H, J = 7.6 Hz), 7.72 (1, 2H, J = 7.6 Hz)_ 7 o4
(d,2H, /=84 Hz),8.15 (d, 2H, /= 8.0 Hz). 8.44 (d_ 5}y
= 6.8 Hz), 9.16 (d, 2H, / = 8.8 Hz); "C NMR (CDCl,. 100
MHz): & (ppm) 124.6, 125.0, 125.8, 126.9, 129.0, 1-32.0,
1323, 134.1, 1357, 163.1; IR (KBr): 3052, 2922
1708, 1592, 1568, 1510, 1441, 1348, 1262, 1224,
1145, 1058, 961, 771 cm™: element

1770,
1170,

al analysis caled. (%)
for C2,H,404 (326.328): C 80.97, H 4.32; found C 81.08
435,

Off-white solid; M.p. 115-117 °C: 'y N CDCl3, 600
3,

MHz): 8 (ppm) 7.59 (t, 2H, J = 7.8 H %H J=1738

Hz), 7.92 (d, 2H, J = 8.4 Hz), 747 ( 9 11, 8.0

2H J =9 Hyz), 8.00
(d, 2H, J = 7.8 Hz), 8.17 ( HX7 =12 Hz. J, = 10.2

H .13
]22)’ %70 (o S @(CDCL@, 150 MHz): § (ppm)
>0, 1263, 15294, [, 129.1, 129.5, 1299, 132.7,

133,
3.0, 136.5, IR (KBr): 3056, 2924, 2853, 1786,
596, 1504, 1460, 1355, 1263, 1216, 1179,

=

1723, %’
@03 7, 1032, 949, 863 cm™'; elemental analysis calcd.
%\S 80.05, H 4.30,

for C2,Hy405 (326.328): C 80.97, H 4.32: found C
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pr
0\ N
Isobenzofuran-1,3-dione (20): %

(réported 130-132 °C)"; 'H

5 White Solid; M.p. 13 4

NMR (CDCl; SEKd; (1-2 drop), 400 MHz): § (ppm)
O 7.79-7.8 J788-7.91 (m, 2H); *C NMR (CDCl; +
O D 2 drop), 100 MHz): § (ppm) 125.6, 131.1,

IR ILA62.7; IR (KBr): 2932, 2013, 1852, 1791, 1762,
% 1691, 1469, 1403, 1358, 1258, 1108, 1070, 906, 738 cm™';

@ elemental analysis caled. (%) for CgHsO3 (148.1154): C

64.87, H 2.72; found C 64.96, H 2.70.

4-Me 4-metllylbenzoic anhydride (2bg):

Liquid; "H NMR (CDCl3, 400 MHz): & (ppm) 2.43 (s, 3H),
3.88 (s, 3H), 6.96 (d, 2H, J=9.2 Hz), 7.29 (d, 2H, J= 8.4
Hz), 8.02 (d, 2H, J = 8.4 Hz), 8.08 (d. 2H, J = 8.8 Hz); IR
(KBr): 2924, 2851, 1780, 1718, 1606, 1629, 1510, 1460,
1263, 1222, 1162, 1037, 1013, 997, 841 cm™'; elemental
analysis calcd. (%) for Cy3H N, (194.2315): C 71.10, H
5.22; found C 71.19, H 5.25.

Tert-butyl 2,4,6-trimethylbenzoate (2s'):

Me O M
e
@] Me
Me Me

Liquid; "H NMR (CDClz, 400 MHz): & (ppm) 1.59 (s, 9H),
2.27 (s, 3H), 2.31 (s, 6H), 6.84 (s, 2H); °C NMR (CDCl;,
150 MHz): & (ppm) 19.7, 21.3, 28.5, 81.6, 128.5, 132.8,
134.6, 138.8, 169.7; IR (KBr): 2977, 2926, 1721, 1612,
1471, 1456, 1367, 1282, 1258, 1162, 1089, 858, 843 cm™;
elemental analysis caled. (%) for Ci4H200 (220.3066): C
76.33, H9.15; found C 76.45, H 9.18.
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2,2,6,6-Tetramethylpiperidin-1-yl benzoate (2a’):

N
&

TH-1457_10612218

Reddish solid; M.p. 83-85 °C; 'H NMR (CDCl;, 400
MHz): & (ppm) 1.17 (s, 6H), 1.32 (s, 6H), 1.49-1.52 (m,
1H), 1.62-1.65 (m, 2H), 1.72-1.86 (m, 3H), 7.51 (1, 2H, J
=7.6 Hz), 7.62 (t, 1H,J = 7.2 Hz), 8.13 (d, 2H, J = 8.0 Hz);
*C NMR (CDCL;, 100 MHz): 8 (ppm) 15.9, 19.7, 37.9,
59.2, 1273, 128.4, 128.5, 131.6, 165.2; IR (KBr): 3069,

2077, 2925, 1744, 1597, 1448, 1380, 1363, 125
1132, 1082, 1064, 992, 905 cm™

1236,
!
; elemental analysis caled.

(%) for Ci¢H23NO; (261.3584): C 73.53, H 8.87, N 5.36-

found C 73.66, H 8.90, N 5.31.

Ny

N>

A

o

<&
@Q
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I1.7. Selected Spectra

Benzoic anhydride (2a): 'H NMR (600 MHz, CDCl3)
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1-Naphthoic anhydride (2m): 'H NMR (400 MHz, CDCl3)
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Pd(II)-Catalyzed o-Aroylati ecting Arenes using Terminal
Aryl Alkenes % es: Synthesis of Ketones

é Pd(OAc), DG
@ rlli ©\r
@ BuOOH % Ar
PhCI, 120 °C

&@ DG — ©::\> \Pﬁ@ M T ; ___-“\Me

II1. Abstract: A4 substrate-directed Pd-catalysed o-aroylation strategy has been demonstrated
&% using new arovl surrogates viz. terminal aryl alkenes and alkynes in the presence of TBHP. By a
% subtle change in catalyst from Cu to Pd, a differential selectivity is observed. While terminal arvl
alkenes/alkyvnes in the presence of Cu/TBHP is reported to act as o-arvloxy (ArCOO-) source,

% the use of Pd/TBHP installs an aroyl (ArCO-) group at ortho position with respect to the

directing arenes. This strategy have been implemented to a wide range of ligand directed

substrates and afforded modest to good yields.

TH-1457_10612218
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I11. PddI)-Catalyzed o-Aroylation of ting Arenes using

Terminal Aryl Alkenes and Alkynes; esis of Ketones

IT1.1. Introduction @

The development of efﬁcienj!and ncwer strategies for the construction of carbon-carbon
(C-C) bonds is of imme@te t to synthetic chemists. Formation of complex molecular
architectures startin@ #ple molecules have been earlier achieved via various classical

approaches 1ikx1?u% ilic additions, substitutions, Friedel-Craft type reactions, pericyclic
reactions @\ transition metal-catalyzed cross coupling approaches. Of late extensive
! 01

1 transition metal-catalyzed C—H bond activation strategies have greatly
nized the C—C bond forming processes, as C—C bond formation is considered as the
ley grail” of organic chemistry. The direct use of C—H bonds to generate C—C bonds is
highly desirable since it has the potential to streamline synthetic schemes by shortening the
number of synthetic steps and thus maintaining better atom economy of the processes. In
particular, most C—H bond functionalizations processes rely on two elegant approaches viz.

directing group-assisted C—H functionalization” or cross dehydrogenative coupling (CDC).}

H H
s« H
PdBQ |
H,0/'BuOH ©)l\§
H -H 85°C
H
A *
R 0
|
R = Aryl/Alkyl Ru/BuOOH *L
TBAI, r.t 0

Scheme II1.1.1. Differential oxidation of alkene derivatives under different metal catalysts

Aryl alkenes are susceptible to undergo Wacker type oxidation to give phenylacetaldehyde
(Scheme II1.1.1, path a) using a combination of palladium (II) as the catalyst and p-

. . . 4 .
benzoquinone as the oxidant as reported by Grubbs group.” In an independent work, Wan group
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demonstrated that a combination of oxidant TBHP and catalyst Ru, oxidized diarylethenes to

1,2—diketon€s5 as shown in Scheme II1.1.1, path b).

In a separate study, terminal aryl alkenes are reported to introduce a vinyl moiety at the ortho
site of ligand directed substrates including imines, ketones, anilides, benzamides, carboxylic
acids, benzyl amines, N-pyridine oxides and indole derivatives using various transition metal

catalysts such as Rh, Ru and even Pd as in Scheme III.1 2.

DG H
1 Ar
H Ar M
+ H)"‘\\.I/* 7 [ ] _ S *
H =Ru, Rh or Pd

DG = Directing group

Scheme IT1.1.2. Ortho vinylation of directing substrates under- different metal catq lysis

Very recently our group have demonstrated a Cu(Il)-catalyzed highly efficien protocol for

ortho benzoxylation of 2-phenylpyridine using terminal aryl alkenes as arylearboxy (ArCOO-)

ath a.” In
this reaction, terminal alkenes are converted to arylearboxy surrogates by (he action of TB

and Cu catalyst and subsequently installed a arylcarboxy ( Ar(j()o_) moiety at the -

) 10 pasN)
of 2-phenylpyridines. The reaction proceeded through sequential C—() poyg form t'“
, ati e
expense of four sp” hydrogen atom and loss of one carbon atop as CO

&teroatom bond

2 the synthesis of 2-
%at € path while Pd followed
urifig directed o-functionalization

st is reported to give op-aroylated

surrogates utilizing TBHP as oxidant as well as oxygen source as in Scheme 111.1.3 p

Catalyst-controlled selectivity during directed or non-directed C—C

formation is not unprecedented in literature. In one of our recent rep@tt
aminobenzothiazoles from 2-halothioureas, Cu preferred de n

®

C-H activation path.” Differential reactivity is also obg
of 2-phenylpyridine with alkylbenzenes; while

(ArCO-) product,” Cu catalyst installs an ATz Xy (ArCOO-) group at the ortho site.'”

Taking cues from these literature reporgs on cAlyst-controlled selectivities and from our recent
success on transition metal-catgly o C-H functionalizations,*” implementation of Pd
catalyst during the reactiondhetW¥f2-phenylbenzothiazole (as directing substrate) and terminal

aryl alkene such as g ‘ thought. Now the query arises whether this catalytic condition
provides o-vinylatio \ ¢ported with catalysts like Ru, Rh and Pd or o-benzoxylation as has

% 92
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ﬁading to a new

-benzoxylated product

been demonstrated with Cu catalyst or all together a differential rea
product may be observed. Instead of formation of o-vinylated pr
(ester formation), the reaction ended up with the exclusiye n of o-benzoylated product

i.e. a ketone (Scheme I11.1.3, path b). In this reac \nUhe presence of PA/TBHP system

styrene served as the synthetic equivalept oyl (PhCO-) group and subsequent

functionalization of ortho C-H of 2—ph@ 1azole led to the formation of new C—C bond.
This result is contrary to the previgls st e directed o-vinylation using Pd catalyst, of course

revi
a different combinations 0@1 are used.™

@\/Q
N

H

Ar
H O—{ &
- =t
Cu(OAc), \ 7
'‘BuOOH, 120 °C
H Ar
ONesoiPy
vl
s

[Pd]
'‘BuOOH, 120 °C

Scheme I11.1.3. Differential reactivity of Cu and Pd catalyst during olefinic oxidation

I11.2. Available Strategies for Ketone Synthesis through ortho-Aroylation
Ketones, chemically known as alkanone, constitute a broad family of ‘carbonyl’ chemistry.
They are extensively used in pharmaceutical, natural products, agrochemicals and material
chemislry.ll Traditionally they are synthesized by oxidation of secondary alocohols utilizing
stoichiometric amount of various oxidizing agents such as CrO;, K>CrO7, PCC (pyridinum
chlorochromate) and PDC (pyridinum dichromate) etc.'” Modified Fridel Craft acylation method,
involving the use of stoichiometric amount of Lewis acid is a powerful tool in this field to access
corresponding ketones.'® The metal-catalyzed (lithium, magnesium or aluminium) reduction of
various carboxylic acid derivatives such as nitriles, Weinreb amides, anhydrides and acid
chlorides is also one of the reliable approach for their synthesis.'"* Though those above

mentioned strategies good enough to meet their demand, use of strong nucleophiles, strong basic
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or acidic conditions, use of stoichiometric amount of reagents, harsh reaction conditions, low
functional group tolerance and untunable regioselectivity most often bring difficulties to those
existing methodologies. To overcome such associated problems in ketone synthesis, recently a
number of alternative protocols have been postulated in literature. Among them, transition
metals- catalyzed aroylation/acylation of aromatic compounds through C—H functionalization is
considered as one of the most promising approach to access ketones. A number of directed
substrates as shown in Scheme 1I1.2.1, possessing N or O even S as the chelating atoms have
been successfully ortho acylated employing various aroyl surrogates. These well-developed

strategies can be categorized based on the source of utilized aroyl surrogates as depicted below:

i\
/N

O p—
\0 NS = D !
RI\ OH R-IL [ R | N RT H
J e v P N~z = 7

Carboxylic acid

2-Arylpyridine

2-Aryloxypyridine N-arylpyrazole

N SNOR N R i N :
.| 1 =
SO NS T P N
H T N * ==X

X =N, O
2-Aryl-azole

Benzo[h]quinoline

Ketoxime ether Anilide

H
" T
H = '
2,3-diarylquinoxaline H

Azoxyarene

Be i
nzamide 3,5-diarylis

Az
oarene .m N-benzyltrlflam:de
R— N
Benzofuran Indole N-nit

e

O'arvloxyacetamlde Benzylthio ether

Scheme I11.2.], C ommonly inve; '{fga%f;

N
&

cted substy ales for ortho aroylation
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(i) Carbon monoxide (CO) as aroyl surrogate through carbonyl

There is only one instance where carbon monoxide (CO) gm the aroyl surrogate for

the metal-catalyzed ligand directed C—H functionalizat{yn ss. In 2013, Beller and co-

workers first demonstrated a ruthenium-catalyzed bonylation protocol for the synthesis

of ketones via C—H activation of 2-phenylpyline\gpnd Tts derivatives, pyrazoles and pyrimidines

under CO atmosphere as in Scheme IL2(L.'¢

= l Beller's Work l
(N I {RuCl,(Cod)},] (5 mol %)
+ KOAC (0.2 equiv)
o NaOAc (2.0 equiv)
H,0, 120 °C

cheme I11.2.2. Ortho aroylation thorough Carbonylation process

@ oxylic acids and its derivatives as aroyl (ArCO-) surrogate

In 2013, Fu group reported a Pd(II)-catalyzed highly efficient and novel protocol for the

& o} tho acylation of 2-arylpyridine derivatives employing carboxylic acids as the active aroyl

(ArCO-) surrogates.'®™ In their independent work, Kakiuchi and GooPen group employed acyl

6b

chlorides'® and carboxylic acid anhydrides”’“ (as shown in Scheme 111.2.3), as the efficient

coupling partners for the ortho acylation of 2-arylpyridines and carboxylic acids respectively

under different metal catalysis.

Goosen's Work

HO__O HO__O o
o o
s Ho ArJ*’\O L [{Rl:((:od)cnz] (1.5 mol %) _ % Ar
P (2.0 equiv), NMP

Mesityline, 145 °C
Scheme I11.2.3. Ortho aroylation of carboxylic acid using carboxylic acid anhydrides

(iii) Aldehyde as aroyl surrogate through CDC reaction

Aldehydes are being regarded as the potent functional moieties to install an aroyl/acyl group
at the ortho site of various N-directed or O-directed substrates. In 2009, Cheng group reported
the first example of Pd-catalyzed ortho acylation of 2-arylpyridines and related compounds.' ™ A
number of other directing substrates viz.

2-aryloxypyridines, N-phenyl pyrazoles,

benzo[/1]quinoline, ketoxime ethers, anilides, benzamides, azoxyarenes, azoarenes, N-
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benzyltriflamides, benzofuran, indoles (at C2 or C3 acylation), 2-arylbenzothiazoles, 2-

arylbenzoxazoles, 3,5-diarylisoxazoles and 2,3-diarylquinoxazolines derivatives have been
subjected for ortho acylation employing aldehydes as the aroyl (ArCO-) surrogates. """ palladium
salts and TBHP are most often used as catalyst and terminal oxidant respectively in these above

mentioned strategies. Though Rh-catalyzed protocols for the ortho acylation of benzamides,' '

17d

ketoxime ether' ¥ and C2 acylation of indole'’® derivatives are also known in literature. This

elegant strategy can be categorized as the directing group-assisted cross dehydrogenative

coupling reaction. One representative example of this category using anilide as the directing

substrate is shown in Scheme I11.2.4.

H wswon]

H Me - Pd(OAc), (5 mol %) * n "
hit: H)-*I\Ar '‘BUOOH (2.0 equiv) S
o * TFA (1.0 equiv) o

Toluene, 40 °C

Scheme I11.2.4. Ortho aroylation using aldehyde as an arovl surrogate

(iv) Alcohol as aroyl surrogate through CDC reaction

Primary alcohol, especially benzyl alcohol derivative, can be oxidized into the correspondil

aldehyde under oxidative conditions and this in situ generated aldehyde can serve as

active
(ArCO-) source in metal-catalyzed acylation strategies. Due to this property of alcoholse

of them as the efficient aroyl (ArCO-) surrogates has also been explored in lit i and co-

workers first demonstrated a Pd-catalyzed TBHP mediated

regioselective ortho acylation of 2'p11611y1pyridines utilizing ben

strategies S been |
gies have been implemented for the competent ortho acyl
such ag anilides,

intrigui otd€ol for the

18 v e
.7 Almost similar

zy
}on oN\pther directing substrates
Zo

2-arylbenzothiazoles, 3 benzo[/]quinoline, N-

" 2-arylber
enzyltr iflamides, 2-aryloxypyridines, ketoxime ethe

benzyl alcohols under Pd/TBHP catalytic syste
using benzo[/]quinoline as the directing subst%i

3

renes and azoarenes employing
presentative example of this category

hown in Scheme 111.2.5.

N
N
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V‘\ \vg
I‘/\‘ Zhang's work
7 _N H)(H Pd(OAc), (10 mok¥
L TBuOOH (9 ’
H + HO Ar k¢4
'///A\|’ Ph ef{lyx Ar
S

Scheme I11.2.5. Ortho aroylati @.'rzyl alcohol as an aroyl surrogate
(v) Benzylic system (benzyl a lim@
surrogates through reaxfion

In 2013, Wu groa Pd(I1)-catalyzed efficient protocol for the ortho aroylation of
()
N\"—~

2-phenylpyridings ut / benzyl amines as the aroyl sources (Scheme I11.2.6, path ) Very

nzyl bromides and benzylic ethers) as aroyl

des and chlorides have been utilized as the active aroyl sources for the

recently, b
ortho ar of the same substrates in a Pd-catalyzed reaction as demonstrated by our group
19b-c

Ip respectively (Scheme 111.2.6, path b).

/N

H H
& 2 HzN)*(Ar

PdCl, (10 mol %) Wu's work
'‘BuOOH (3.5 equiv) Path a
PhCI, reflux
H \L Pd(ll) cat. (5 mol %) H
'‘BuOOH
Ay x
& | auxiliary oxidant 7 N
=& _N o .
solvent, temp
+ l > ¢ i N
Pd(OAc), (5 mol %) * SAr
Ry *BuOOCH (6.0 equiv) H H
Ar>*<o/A”R AcOH (3.0 equiv) . 48
DCE, 80 °C
T Patel's and Wu's work X =Br, CI
Kim's work path b

path ¢

Scheme II1.2.6. Ortho aroylation using benzylic species as aroyl surrogates

Apart from these reports, in 2014, Kim group has also shown that benzylic ethers can act as
the synthetic equivalent of aroyl moieties (ArCO-) in Pd-catalyzed reaction to achieve ortho

acylated products of corresponding directed sunstrates such as 2-arylpyridines, ketoxime ethers,
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pyrazoles, 2-aryloxypyridines and benzo[/]quinoline derivatives. In these strategies, TBHP is
employed as the terminal oxidant as well as oxygen source of acyl moieties (Scheme I11.2.6, path

C).]()d

(vi) Alkylarenes as aroyl surrogate through CDC reaction

Our group decoded the first example of Pd(Il)-catalyzed ortho acylation of directed
substrates including 2-arylpyridines, 2-aryloxypyridines and ketoxime ethers utilizing
alkylarenes as the efficient aroyl (ArCO-) equivalent in the presence of TBHP as oxidant as well
as source of oxygen of aroyl moiety (Scheme 111.2.7).”* Later on, arylarenes have also been
utilized as the aroyl source to access the corresponding ortho acylated products of various

directing substrates such as anilides, azoarenes, N-nitrosoaniline, 2-arylbenzothiazoles and 2-

arylbenzoxazoles employing almost similar reaction conditions.'”

OMe OMe

1 U
Me N | Patel's Work| ~ Me. _N o
H H
2 Pd(OAc), (10 mol %) '
-+ —
H>*<Ar 'BuOOCH (2.0 equiv) 0

120 °C

Scheme II1.2.7. Ortho aroylation using alkylarenes as aroyl surrogates

(vii) a-Oxoacid as aroyl surrogate through decarboxylative CDC reaction @
apgn stra of

The use of a- i : . -
a-oxoacids as the aroyl sources in transition metal-catalyzed acyl

directed arenes f; . )
s follows the decarbox ylative cross dehydogenative coupling W he in sitil

generated g A ;

cyl radical, obtained by the loss of one molecule of CO,afrot\a-®xoacids in the
rese : o . g 2?

presence of transition metals catalyst and suitable oxldants/additive&c

r

direc
ted arenes. Ge group first demonstrated a novel approgeh tNe ortho acylation of 2-
Sy

y couples with the
ar 1 idi ilizi . .
Ylpyridines utilizing a-oxoacids under Pd/Ag cataly L on, the same group
re nr
ported similar ortho acylation protocol for th st oF comespniding ketones !
acetanilide<20b . | | ' .
anilides and carboxylic acids. 2% Thi T lative CDC strategy have also been
successf . ‘ ' .
ssfully applied for the ortho acylfNon oX»ther directing substrates including ketoxime

thioethers and indole deri

. 17b ; :
acylation) etc.” " One representative example in this

ethers, o-a Ly . : )
» 0-aryl carbamates, indolin s, s, 2-aryl-azole derivatives, isoxazoles, benzylated
veNve

catego. : g .
gory employing o-@b ates as the directing substrate is shown in Scheme 111.2.8.

R
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R
@ Pd(OAc), (3 mol %)
& DG = -azo moiety r Wang's work | 'BuOOH (3.0 equiv)
R o]

v v

NMe, _m NMe
O‘/L o o
L H o Pd(OAc), (5 mol %)
/Y + HO - (NH,),S,04 (1.5 equjv) * Ar + .@1
U_‘ 3 L TfOH (20 mol%)
T O Dc@

Scheme I11.2.8. Ortho aroyggoRNesi)g a-oxoacids as aroyl surrogates

(viii) Other aroyl (ArCO-) sourcgs
In 2012, a-diketones w %ssfully implemented as the aroyl equivalents in Pd/TBHP
mediated acylation of 2 \@iiues derivatives by Wang group.”'® Very recently Liu and co-
workers had shown O andelic acids can serve as the efficient aroyl sources under almost
similar cond the ortho aroylation of same substrates.”'® Additionally, in 2015, o-
@\rere also explored as aroyl sources and applied in the acylation of azoarenes by

hydroxy

o | -
a -workers.”'®

THF, 100 °C

)J\,Ar
Ar %

*)—0
e N=
f DG = -pyridine
*Ar Pd(OAc), \_7
‘BuOOH
HO Pd(OAc), (5 mol %) /
. A 2
Ranu's work \[ﬁ‘\ . {BuOOH (5.0 equiv)
o 120 °C
Liu's work

Scheme II1.2.9. Ortho aroylation using o-diketones, mandelic acids and a-hydroxy ketones as
aroyl surrogates

2 L ~ THESIS
R mad'?ZﬁT'"a-‘“ Bezbaroa Central Library
nstitute of Technolog, Guwahati
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I11.3. Present Work

In continuation to the above mentioned protocols for ketone synthesis via C—H

functionalization of directed substrates, herein the development of a novel and versatile Pd(11)-
catalyzed protocol for synthesis of same utilizing terminal alkenes/alkynes as the aroyl (ArCO-)

surrogates was reported. The reaction proceeds through sequential C—O and C—C bonds
formation along with the loss of one carbon atom as CO from the parent alkenes/alkynes and

subsequently installs an aroyl (ArCO-) source at the ortho site of various directed substrates.

Optimization of reaction conditions: An initial trial reaction was performed with 2-

phenylbenzothiazole (1) (1 equiv) and styrene (a) (2.5 equiv) in the presence of catalyst
Pd(OAc)z (5 mol %) and TBHP in decane (5—6 M) (2 equiv) in chlorobenzene at 120 °C. The

reaction gave an o-aroylated product (2-(benzo[d]thiazo]-2-y])phcnyl)(pheny] ymethanone (1a) in

a mere yield of 25%. The use of terwinal aryl alkenes as aroyl surrogate using Pd-catalyst

substrate directed processes is not reported ti 2 ;
P 38 d till date. Encouraged by this unprecedented result, a

set of reactions were performed by varying reaction parameters to achieve the best possible yield

of o-aroylated product (1a). Among the various Pd catalysts screened, Pd(OAc), (Table 111.3.1

) over other catalysts such as PdCl, (17%), PA(TFA

shown in Table II1.3.1, entries 1-4. An increase in the

entry 1) was found to be superior (25%
(9%), PdCl>(PPhsz) (12%) as

loading from 5 to 10 mol % < 11s
oading o, the product yield improved from 25% to 429 (Table LJ1.3\ ry

when the oxidant quantity (TBHP in decane) was increased
yield improved upto 57%

5). Interestingly,
o fold, the

weld (63%) was
3.1, entry 7). The

t
use of an excess (beyond 5 equiv) of TBHP has no substantial t& the product yield. The
nature of oxidant and their medium of storage have profo &\

instance, when an aqueous TBHP was used in lieu of a

(Table I11.3.1, entry 6). A further Improvement i

observed when the reaction was performed with 5 equiv. of oxidan

on the product yield. For
€ YBHP the yield dropped to 29%
uct (Table I11.3.1, entries 8—9). The

whereas aqueous H,0, failed to produce the ex

reaction failed to afford any desired product ei%i

. the absence of catalyst or the oxidant. In a
quest to improve the yield further v.

olvents viz. THF, DMF, DMSO, 1,4-dioxane and

DCE
were screened (Table I11.3, ], 10—14) but all were found inferior to chlorobenzene. A
decrease in reaction

temper, V%f m 120 °C to 100 °C had an adverse effect on the product
yield (53%). Finally

@ re of 2-phenylbenzothiazole (1) (1 equiv) and styrene (a) (2.9

% 100

TH-1457_10612218

1 U Pd(OAc) (5) TBHP (2) PhCl 25

2 v PdCl (5) TBHP (2) PhCl 17

@ Pd(TFA) (5) TBHP (2) PhCl 9
PdCl»(PPhs)s (5) TBHP (2) PhCl 12

5 Pd(OAc), (10) TBHP (2) PhCl 42

% 6 Pd(OAc): (10) TBHP (4) PhCl 57
% 7 Pd(OAc); (10) TBHP (5) PhCl 63
@ > 8 Pd(OAc): (10) TBHP (5)° PhCl 29
9 Pd(OAC): (10) HzO: (5) PhCl 00

10 Pd(OAc), (10) TBHP (5) THF <9

11 Pd(OAc), (10) TBHP (5) Dioxane 43

12 Pd(OAc), (10) TBHP (5) DMF 27

13 Pd(OAc), (10) TBHP (5) DMSO 33

14 Pd(OAc), (10) TBHP (5) DCE 52
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(24

N
equiv), Pd(OAc)> (10 mol %) and TBHP in decane (5 equiv) in O%Ile at 120 °C was

chosen as the best optimized reaction conditions (Table [11.3.1, € S\,

Table I11.3.1. Screening of reaction conditions®

\ H i @o[Fdd] t NO_ *
= — xidan N
@Q_@ g5 Hl %% Solvent, 120 °C @s O
(1) m (@) (1a)

Entry ﬂ%alyst (mol %) | Oxidant (equiv) I Solvent | Yield (%)

"Reaction conditions: 2-phenylbenzothiazole (1), (1 equiv, 0.5 mmol), styrene (a) (2.5 equiv, 1.25 mmol) and
BHP in decane (5—6 M) (5 equiv, 500 uL) in chlorobenzene (1.0 mL), 12 h. “Isolated yield. “aq. TBHP.

Substrate scope for orthe aroylation with terminal alkenes: After establishing the optimized
conditions, the present methodology was then implemented on 2-phenylbenzothiazole (1) with a
variety of terminal alkenes. Terminal aryl alkenes possessing both electron-donating and
electron-withdrawing substituents coupled efficiently with the directing substrate (1). Terminal
aryl alkenes having weekly activating substituent p-Me (b) efficiently reacted with (1) giving
61% yield of (1b) while strongly activating substituent p-OMe (¢) provided lower yield (48%) of
the corresponding product (1¢) as shown in Scheme 1I1.3.1. Alkene having weekly electron-
withdrawing substituent p-Cl (d) showed smooth conversion with 2-phenylbenzothiazole (1)

providing 70% yield of (1d).
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b

Scheme II1.3.1. Scope of ortho arovlation of 2-arylbezthiazoles with terminal alkenes®

H
NS | _Pd(OAc), (10 mol %)_
H X 'BuOOH (5.0 equiv)
RZ

H
O
s \Y | Y/
R"i

PhCl, 120 °C
(1-6) (a-e) (1-6)(a-e)
Me OMe
O—(% O— % O—(%
N N N
N N N
(1a) (1b) (1c)

(63%, 12 h) (61%, 13 h)

- -

(48%, 15 h)

" O—(* 0
| N N
CLoty  Cry<ow Ot
1d
- 02 1)0 " (2a) (2d)
, (65%, 11 h) (69%, 9 h)

(68%, 9 h) (72%, 6 h)
Br
O—(*
N
I )-ome
S

(4e)

(68%, 9 h) ; (49%, 15 h)
“Reaction conditions: 2-arylbenzothia 0), (0.5 mmol), alkenes (a—e) (1.25 mmol) and TBHP in decane (5-6

M) (500 gL) in chlorohenzenem )°C, 5—15 h. "Yields of isolated product.
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A%
Further, this selective o-aroylation protocol was ex n% substituted 2-
phenylbenzothiazole containing both electron-donating and elec drawing substituents. 2-
ti% 2-phenyl ring such as p-Me
(Pa) and (2d) in 65% and 69% yields
respectively. Similarly, p-'Bu (3) efﬁciently@ Wh styrene (a) providing 68% yield of (3a)
as shown in Scheme II1.3.1. Styrene g¢fhtpmgtlectro-neutral —H (a), p-Cl (d) and p-Br (e)
ssessing a strongly electron-donating substituent p-

when treated with directing substfjte (
OMe under the optimized itIONY, all provided corresponding o-aroylated products (4a), (4d)
and (4e) in good yie

Aryl substituted benzothiazoles with mild activating su

(2) when treated with styrene (a) and p-Cl styren

e I11.3.1). Substrate (5) possessing p-OBu group when treated
with styrene (a ield (73%) of corresponding product (5a) was obtained. Next, 2-
phenylbenz XQ/’ﬁavmu a weekly deactivating substituent such as p-Cl1 (6) when treated with
styreneg ( del ate yield (49%) of (6a) was obtained.

successfully achieving o-aroylation of benzothiazoles (Scheme I11.3.1) using terminal
nes as aroyl surrogates the protocol was then extended to other substrate directed arenes. At
first, commonly investigated N-directed arene, 2-phenylpyridine (7) when reacted with styrene
(a) under the identical conditions, a good yield (79%) of (7a) was obtained after 15 h. As
demonstrated in Scheme 111.3.2, styrenes bearing both activated substituents such as p-Me (b), p-
OMe (c) and deactivated substituents p-C1 (d), p-Br (e) and m-NO, (f) when treated with 2-
phenylpyridine (7), all provided modest to good yields of their corresponding o-aroylated
products (7b—7f) respectively. Similarly, p-methyl-2-phenylpyridine (8) also reacted with styrene
(a) and substituted styrenes such as p-Cl (d), p-Br (e), m-NO: (f) and even 2-napthylstyrene (g)
providing their desired o-aroylated products (8a), (8d), (8e), (8f) and (8g) as shown.in Scheme
[11.3.2. Use of styrenes (a) and (d) as o-aroyl equivalents have been demonstrated through
successful aroylation of benzo[/i]quinoline (9) giving products (9a) and (9d) respectively as

shown in Scheme I11.3.2.
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Scheme I11.3.2. Scope of ortho aroylation of 2-phenylpyridines and benzo[h]quinoline with
a.b

terminal alkenes

Pd(OAc), (10 mol %) i
'‘BuOOH (5.0 equiv)
PhCI, 120 °C

Chapter 11 Ketone

Me (7¢) OMe

(7d)
(71%, 15 h)
I S

NO

O
e O (7)
e Me (8a) Me (8d)
(73%, 15 h) (51%, 24 h) (80%, 15 h) (85%, 9 h)

Me (8e) Me (8f) 8g)

(9a) \
(84916 h)

(88%, 12 h)

“Reaction conditions: directing arenes ( " mifiol), alkenes (a—g) (1.25 mmol) and TBHP in decane (5—6 M)

(500 pL) in chlorobenzene (1.0 mL\12( 4 h. "Yields of isolated product.

«@&

%\)
N
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A%

This strategy was found to be successful with angthe cting arene 2,3-
diphenylquinoxaline containing p-Me substituent (10) at its 2,3 &S providing their desired
o-aroylated products (10a) and (10d) respectively. when 1

th styrene (a) and its p-Cl

derivative (d) as shown in Scheme I11.3.3. Inter réhes possessing removable directing

groups such as 2-aroyloxypyridine (11-1Q) etophenone o-methyl oxime (13) were
successfully o-aroylated under the pre@ zed conditions. 2-Aroyloxypyridine containing
electron neutral —H (11) and elefjron ating p-OMe (12) substituents reacted with styrene
derivatives (a), (¢) and (d) ﬂ their corresponding o-aroylated products (11a), (12a), (12¢-
d) respectively (Sch

. Similarly, acetophenone o-methyl ketoxime (13) when reacted

with styrene (1 @ nt yield of the o-aroylated product (13a) as in Scheme 111.3.3.
Schem ope of ortho aroylation of different directed arenes with terminal alkenes™”

DG v DG o
i Hm Pd(OAc), (10 mol %) I«
©/ + H S8 'BuOOH (5.0 equiv) i * |

R? PhCl, 120 °C g2
(10-13) (a, c-d) (10-13)(a, c-d)
ci
* = * .
o= Vit o0~ V 0 _0
N N * 0 * o
' — r
MeO
(10a) Me (10d) Me (11a) (12a)

(48%, 24 h) (49%, 22 h) (67%, 10 h) (72%, 11 h)

MeO

5 %
= Z
(13a)
(61%, 24 h) (78%, 9 h) (51%, 17h)

“Reaction conditions: directing arenes (10—13), (0.5 mmol), alkenes (a, c—d) (1.25 mmol) and TBHP in decane (5-6
M) (500 uL) in chlorobenzene (1.0 mL), 120 °C, 10-24 h. "Yields of isolated product.
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Alkynylation of sp2 and sp3 C—H bonds using terminal alkynes by metal-catalyzed cross

. . . . 23-24
coupling reactions are well investigated.

Specially, phenylacetylenes are used as o-
alkenylated partner in the chelation assisted C—H activation process.”** Besides terminal alkenes,
terminal alkynes are found to be the efficient source of carboxy group under CwW/ TBHP system.’
So in next approach, to see if phenyl acetylene can act as a benzoxy source (PhCOO-) or it will

be a source of aroyl group (PhCO-) similar to styrene as discussed above was thought.

Scheme I11.3.4. Scope of ortho aroylation of different directed arenes with terminal alkynes®?

DG fo
% Pd(OAc), (20 mol %)
- /Q TBuOOH (10 equiv) * 1\
—/"R2 PS
PhCI, 120 °C R?
(@-d") (1-12)(a-d)

(1a) (1b) (4a)
(35%, 15 h) @

Me (8a)
(24%, 20 h)

oo
N =
(9a)
(11a) (12a)
o,
(34%, 22.h) (22%, 19 h) (25%, 16 h)
“Reaction conditions: directing S 12), (0.5 mmol), alkynes (a'=d') (1.25 mmol) and TBHP in decane (5-6

M) (500 uL.) in chlorohenzeq .0 npl), 120 °C, 15=28 h. "Yields of isolated product.

S
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V\ \%

Thus when (1) and phenyl acetylene (a') were reacted under th¢ i | conditions to that

of styrene (a). surprisingly o-aroylated product (1a) was agair but in a poor yield of

25%. Hence, further optimization reactions were perforin an improved yield. Even by
increasing the catalyst quantity 20 mol % and equiv), the yield did not improve
ondition was chosen and was applied for

beyond 32%. Thus high catalytic loading (@
all aryl acetylenes towards substrate@ -aroylation. Subsequently substrate 2-phenyl

benzothiazole (1) when treated wth p> henyl acetylene (b'") under the modified optimized
conditions, gave (1b) in N, Other directed arenes such as 4-OMe substituted 2-phenyl

i
Y
benzothiazole (4).®@l'idme derivatives (7) and (8), benzo[/]quinoline (9), 2-

aroyloxypyridines ( (12) when treated with various terminal alkynes (a') and (d"), yielded

their corr Aroylated products in the range of 21-35% yields as shown in Scheme

111.3,4. provided much lower yields than alkenes because of possible homo-coupling

nake the aroyl sources unavailable for further o-aroylation.

A%
echanistic studies: Several control reactions were carried out to illustrate a plausible

peroxide oxidant TBHP may form styrene oxide (A) or I-phenyl-12-ethane diol (B) by

&@ mechanistic path for this unprecedented Pd-catalyzed o-aroylation. Styrene in the presence of

hydrolysis of styrene oxide (A) in the reaction medium. To ascertain which one of this (A or B)
intermediate is involved, both were reacted separately with 2-phenylpyridine (7) under otherwise
identical conditions. In the former case (Scheme I11.3.5, exp. I) no desired product was obtained
whereas the later (Scheme 111.3.5, exp. II) provided 61% yield of the desired product (7a)

suggesting (B) as one of the possible active intermediates in the reaction.

Pd(OAc), N—
tBuOOH

H on
>0
H™ on 61%

(B)

Scheme I11.3.5. Control reactions with styrene oxide (4) and or 1-phenyl-1,2-ethane diol (B)
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0\ \
Analysis of the crude reaction mixture between styrene, TBHP and Pd after one hour - %

divulged the presence of phenylglyoxal (C), benzaldehdye (D) and benzoic acid (E) in the Pd(ll) H A o
medium. Therefore (C), (D) and (E) are other possible intermediates (in addition to (B)) which 'RUSOH H\|A<© hydrolysis oxidation I* g
may lead to o-aroylation of (7), an observation consistent with our recent result.”* To confirm H &

epoxydatlon "
the other possible active intermediates, 2-phenylpyridine (7) was treated separately with (C), (D) ) ?

&

and (E) under identical conditions. While reaction with (C) (Scheme 111.3.6, exp. 111) and (D) S

(Scheme 111.3.6, exp. IV) provided product (7a) in 81% and 87% yields respectively, benzoic
acid (E) (Scheme 111.3.6, exp. V) failed to give any trace of (7a).

1,2-addition
Pd(ll)

}\@1
0}
'‘BuOOH | _Ooxidation _
(E)
o 81% |exp.lll Schemedll. bntative path for formation of various oxidized species from styrene
H
Ph™ %

Ph . i ; ;
0 1 < [ -
H (C)O )k *)>—0 Fugl @ Yo deduce the nature of the reaction, a standard reaction was carried out in the
:_ Pd(OAc), Ph™*TH) (D) - N— RR f a radical quencher TEMPO (2.5 equiv) keeping other reaction parameters intact.
I o ~ - - - -
@) Y BuOOCH 87% .@ (Ta)\ Y ion of TEMPO-ester (Y) (47%) along with substantial drop in product yield (9%) of (7a)
uggests the radical nature of the reaction (Scheme I11.3.8). In fact all the active intermediates
OH : T
@ (B), (C) and (D) are capable of generating aroyl radical under the reaction conditions toward o-
exp.V
aroylation
Scheme I11.3.6. Control reactions with phenylglyoxal (C), benzaldehyde (D) and benzoi %
(E)

”"Q“e
Me

Me
o Me
A possible pathway for {} i - I
il (B o b y for the formation of phenylglyoxal (C), benzaldehy benzoic \l/l\© Pd(OAc), {10 mol %) * 0" " M
As sl yrene has been recently demonstrated by us”** which i ls WI cheme I11.3.7. '‘BuOOH (5.0 equiv) + Me
s shown o
in Scheme I11.3,5, €xp. I, styrene oxide (A) failed to gwe a), there by ruling Phich 12070 )
out the ‘HVOIvcment of it in this reaction. 7%

é Scheme I11.3.8. Control reaction in presence of radical inhibitor TEMPO

%%
&

TH-1457_10612218
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H Pd(l) .0 H
* o] o’ Pd(ll)
Hm 'BUOOH _ %@ [0] 'BUOOH
H H 2 N
(a) ( Bn) (a')
. Yom 0 <ol v
5 [0] ©)*\er A @')*\H
H™ on (B) (€)O (D)
N4
x>
X ’3’/
| o)
d" 2l
v G0 T
N — (F)
| ] oxidative
H cyclopalladation addition
- q +
@) path Il X

0 >
IV N
Pd''X, »\ - e
reductive Pd =
elimination V% o
X Ph

-N o Pd(Ill) or Pd(IV) (G")
O O intermediate Q
*
O

Based on results obtained from controlled experiments and re

l =" a plausible
mechanism has been proposed for (his transformation as s}

heme 111.3.9. In path-I,
d1 te (B') by the action of
P across the C=C double bond of

styrene possibly form a foyur. membered dioxetane

725
Pd/TBHP.” A 1,2. -type addition of ¢ O—O bon

styrene lead 1o the formation of such 4- me
intermediate (B’) may give 1-phenyla],2-¢
phenylglyoxal ( C) under the oxidati
may undergo oxidation to g 161(
obtained from phen

) (Scheme I11.3.9, path II). Formation of intermediate (B'")

rmeadiate (B'). The ring opening of the

echol (B), which readily oxidized to give

on condition. Alternatively, cyclic intermediate (B')

ier cyclic intermediate (B'’) which may also be directly

from (a’) has beer by Jiao et al. in their pioneer work during the synthesis of -
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2\

D

ketoamides from terminal alkynes.™ The ring fragmentation of i te%&
Intermediate (C) in presence of T Ads to
benzyldehyde (D) with the extrusion of CO. Further, b% de (D) in presence of TBHP
leads to the formation of benzoyl radical (D'). In , Yyclopalladation of the directing arene

). In the next step, the oxidative addition of

'"), may provide

phenylglyoxal (C). the formation of

(7) leads to the formation of Pd-substrate com
in sitn generated benzoyl radical (D), strate complex (F) leads to the formation of a

iate (G). During the course of this reaction, the

Pd(IV)*® or a dimeric Pd(IIl)g
formations of the cationic ‘Tﬂ:&intenmdime (G") has been detected by the ESI/MS analysis of

reaction aliquot. Fii ictive elimination of the Pd from (G) leads to C~C bond formation

to afford o- a:oyla duct (7a) along with the regeneration of the Pd (II) catalyst for the next

cycle
@on a new and efficient Pd-catalyzed directing group-assisted aroylation of arenes
terminal alkenes and alkynes as the new aroyl surrogate has been developed. Though the
iterature enumerates a number of aroyl surrogates for the synthesis of such ketones, use of
tennmal alkenes and alkynes as the aroyl surrogate is unique and unprecedented in literature.
Mostly terminal alkenes and alkynes used as o-vinylated/o-alkenylated partner in transition
metal-catalyzed directed C—H functionalization process. This process involves a sequential
formation of C—0O and C—C bond/(s) at the expense of four sp2 C-H and one carbon atom as CO
when terminal alkenes used as the aroyl surrogate. In case of terminal alkynes, this protocol
installs an acyl group at the proximal site of directed substrates via extrution of one molecule of
CO and two hydrogen atoms (one sp> C—H bond of directed arene and one sp C—H bond of
terminal alkyne). Based on the detection of reaction intermediates and taking cues from the
literature a radical mechanism has been proposed. This strategy has been implemented to a wide
range of ligand directed substrates and afforded modest to good yields. This protocol showed a
Differential selectivities of Cu and Pd have been

good tolerance of functional groups.

demonstrated: while Cu/TBHP combination installs an o-aryloxy (ArCOO-), the use of

Pd/TBHP incorporate an o-aroyl (ArCO-) group using both alkenes and alkynes.
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I11.4. Experimental Section

111.4.1. General information:

All the reagents were commercial grade and purified according to the established procedures.
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 60 F254 (0.25 mm). NMR
spectra were recorded in CDCl; with tetramethylsilane as the internal standard for 'H NMR (400
MHz and 600 MHz) and CDCls solvent as the internal standard for '*C NMR (100 MHz and 150
MHz). Mass spectra were recorded using WATERS MS system, Q-TOF premier and data
analyzed using Mass Lynx 4.1.Elemental analysis was performed with a Perkin Elmer 2400

elemental analyzer. IR spectra were recorded in KBr or neat on a Nicolet Impact 410

spectrophotometer.

I11.4.2A. General

procedure for  the

synthesis  of  (2-(benzo|d|thiazol-2-
yl)phenyl)(phenyl)methanone (1a) from 2-phenylbenzo|d|thiazole (1) and styrene (a):

An oven-dried flask was charged with 2-phenylbenzo[d]thiazole (1), (0.5 mmol, 0.105 g),
styrene (a) (1.25 mmol, 0.13 g), Pd(OAc), (10 mol %, 0.011 g), TBHP in decane (5-6 M) (500

#L) in chlorobenzene (1 mL). The flask was fitted to a condenser and the resultant reactid

mixture was stirred in a preheated oil bath at 120 °C for 12 h. After stipulated time, the@Castion
mixture was cooled down to room temperature and diluted with ethyl acet n

ate ( | hiS

diluted reaction mixture passed through a Celite bed and subsequently wash additional (2

x 10 mL) ethyl acetate. The combined organic layer then washed with 0%,

of NaHCO; (2 x 5 mL) followed by water (2 x 5 ml), ’]‘hs. <‘ga1
1

. saturated solution

layer was dried over

and evaporated under reduced pressu eNrude product was furthey
purified by silica gel column chromatography usin ylacetate = 19:1) as eluent tg

yield pure [2-(benzo[d]lhiazol-Z—yl)phenyl](pheny% none (la, 0.198 g, 63%) as a gummy,

material.
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i%phenyl)methanone

), (0.125 mmol, 0.128g), 2-
%, 0.022 g), TBHP in decane (5—-6

111.4.2B. General procedure for the synthesis of phenyl(2-(py
(7a) from 2-phenylpyridine (7) and phenylacetylene (a’):

An oven-dried flask was charged with phenyl acfty

phenylpyridine (7). (0.5 mmol, 0.078 g), Pd(O

M) (1.0 mL) in chlorobenzene (1 mL). TIg fla

s fitted to a condenser and the resultant
reaction mixture was stirred in a prehe@ zth at 120 °C for 25 h. After stipulated time, the
reaction mixture was cooled dowyf to r temperature and diluted with ethyl acetate (1 x 10

turdyassed through a Celite bed and subsequently washed with
1 of

saturated soluti

mlL.). This diluted reactior
additional (2 x 10 n etate. The combined organic layer then washed with 10% aq.
03 (2 x 5 mL) followed by water (2 x 5 mL). The organic layer was

Na->SOy and evaporated under reduced pressure. The crude product was

dried over @
furth, y silica gel column chromatography using Heane/ethylacetate = 9:1) as eluent

@ ure phenyl(2-(pyridin-2-yl)phenyl)methanone (7a, 0.083¢, 32%) as brown solid.
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I11.6. Spectral data

(2-(Benzo|d]thiazol-2-yl)phenyl)(phenyl)methanone (1

«@@@

L\ v

%,600 MHz): 8 (ppm) 7.28-7.31
(m, 734739 (m, 2H), 7.54 (d, 1H, J = 7.2 Hz),
7.@5 (m, 2H), 7.76 (d, 2H, J= 7.8 Hz), 7.78 (d, 2H, J
= 8.4 Hz), 7.94 (d, 1H, J = 7.8 Hz); '*C NMR (CDCls, 150
MHz): § (ppm) 121.6, 123.6, 125.5, 126.3, 128.4, 129.0,
129.4, 129.8, 1304, 130.5, 132.2, 132.8, 135.4, 137.9,
139.9, 153.5, 165.5, 197.7; IR (KBr): 3060, 2922, 2848,
2554, 1686, 1668, 1596, 1581, 1451, 1426, 1315, 1283,

1258, 1176, 1054, 1026, 969, 923, 761 cm™'; HRMS (ESI):

caled. for CyH4,NOS®™ (M + H') 316.0791; found
316.0793.

(2-(Benzo|d]thiazol-2-yl)phenyl)(p-tolyl)methanone (1b):

;
=0 |

Gummy; 'H NMR (CDCl;, 400 MHz): § (ppm) 2.29 (s,
3H), 7.10 (d, 2H, J = 8.0 Hz), 7.29 (t, 1H, J = 7.5 Hz), 7.36
(t, 1H, J = 7.6 Hz), 7.49 (d, 1H, J = 7.6 Hz), 7.56—7.63 (m,
2H), 7.67 (d, 2H, J = 8.0 Hz), 7.78 (d, 1H, J = 8.4 Hz), 7.81
(d, 1H, J = 8.2 Hz), 7.94 (d, 1H, J = 7.4 Hz); '°C NMR
(CDCls, 100 MHz): & (ppm) 21.8, 121.6, 123.7, 125.4,
126.3, 128.9, 129.2, 129.7, 129.9, 130.2, 130.4, 132.2,
135.4, 135.6, 140.2, 143.8, 153.7, 165.6, 197.5; IR (KBr):
2967, 2850, 2772, 1638, 1510, 1479, 1458, 1432, 1313,
1224, 1071, 964, 766 cm™'; HRMS (ESI) caled for
C5 H;NOS* (M + H") 330.0947, found 330.0943.
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(2-(Benzo|d|thiazol-2-yl)phenyl)(4-methoxyphenyl)methanone (1c):

Gummy; '"H NMR (CDCls, 400 MHz): & (ppm) 3.76 (s,

O 3H), 6.78 (d, 2H, J = 8.0 Hz), 7.26-7.31 (m, 1H), 7.36 (1.

IH, J = 7.6 Hz), 7.48 (d, 1H, J = 7.6 Hz), 7.55-7.62 (m.
2H), 7.76 (1, 3H, J= 8.4 Hz), 7.83 (d, 1H, J = 8.0 Hz), 7. 95
O (d, 1H, J = 7.2 Hz); °C NMR (CDCls, 150 MHz): § (ppm)

55.5; 113.8, 121.6, 123.7, 1254, 126.3, 128.7, 1299, 130.1,
130.3, 130.9, 131.9, 132.1, 135.7, 140.2, 153.7, 163.5.
165.6, 196.4; IR (KBr): 3063, 2931, 2838, 1660, ]600:
1510, 1456, 1433, 1314, 1256, 1175, 1150, 1029, 966. 929
843, 762, 729 cm™'; HRMS (ESI): caled. for C3|H|f,NO~S"
(M + H") 346.0896; found 346.0900.

(2-(Benzo|[d]thiazol-2-yl)phenyl)(4-chlorophenyl)methanone (1d):

o White solid; M.p. 134-136 °C; 'H NMR (CDCl,. 400

7.35-7.39 (m, 1H), 7.51 (d, 1H, J = 6.8 Hy), 7.59—7.64@

O 2H), 7.66-7.70 (m, 2H), 7.75-7.77 (m, 1H), 7.79
1H), 7.93 (d, 1H, J = 6.8 Hz); 3¢ NM

MHz): & (ppm) 121.6, 123.6, 125.7, 126%, N8.Y 12;2)0
129.8, 130.5, 130.7, 132.1, 135 @]39_1‘ 139_4:
153.6, 165.2, 196.5; IR (KR ﬁ, 2957, 2923, 2845,
1670, 1585, 1571, 148% 2(7;%400, 1305, 1289, 1263,
1241, 1185, 115 %969, 936, 924, 845, 753 cm™';
HRMS (BRI . for CyH;;CINOS™ (M + H)

350.0401; fo 50.0410.
%é 118

TH-1457_10612218

Q MHz): & (ppm) 7.24-7.27 (m, 2H), 7.29-7.34 (m lH)Q

<&

o — =T

Chapter 111

(2-(Benzo|d|thiazol-2-yl)-5-methylphenyl)(phenyl)methanone )%

O

2-(Benzo|d|thiazol-2-yl)-5-methylphenyl)(4-chlorophenyl)methanone (2d):

Cl
O=
N
)
8

X % Ketone
A\ \ Vv

Gummy; '"H NMR 400 MHz): & (ppm) 2.46 (s,
3H), 7.24-7. %33—7.38 (m, 3H), 7.41 (d, 1H, J
= 8.0 HANRN7.76 (m, 4H), 7.82 (d, 1H, J = 8.0 Hz); "°C

@13. 100 MHz): & (ppm) 21.5, 121.4, 123.3,
@ 126.2, 128.3, 129.3, 129.4, 129.7, 130.9, 132.7,
133.7, 135.2, 137.9, 139.7, 141.0, 153.5, 165.6, 197.9; IR
(KBr): 3052, 3022, 2928, 2855, 1668, 1597, 1563, 1511,
1479, 1452, 1432, 1401, 1315, 1289, 1258, 1208, 1179,
1116, 1075, 975, 854, 826, 789, 757 cem™': elemental
analysis caled. (%) for C2H;sNOS (329.4143): C 76.57, H
4.59, N 4.25; found C 76.65, H 4.65, N 4.20.

Yellow solid; M.p. 162—-164 °C; '"H NMR (CDCls, 600
MHz): & (ppm) 2.46 (s, 3H), 7.27 (d, 2H, J = 7.8 Hz),
7.30-7.35 (m, 2H), 7.37 (t, 1H, J= 3.6 Hz), 7.41 (d, 1H, J
= 7.8 Hz), 7.69 (d, 2H, J = 9.6 Hz), 7.73 (d, 1H, J = 7.8
Hz), 7.77 (d, 1H, J= 7.8 Hz), 7.81 (d, 1H, J= 7.8 Hz); Be
NMR (CDCls, 150 MHz): & (ppm) 21.6, 121.6, 123.4,
125.5, 126.3, 128.7, 129.1, 129.4, 129.7, 130.6, 131.2,
135.2. 136.6, 139.0, 139.3, 141.3, 153.6, 165.3, 196.7; IR
(KBr): 3056, 2958, 2924, 1661, 1637, 1606, 1585, 1572,
1482, 1426, 1398, 1311, 1287, 1259, 1182, 1151, 1091,
1010, 924, 826, 758 cm'; HRMS (ESI): caled. for
CsH,5sCINOS' (M +H") 364.0557; found 364.0561.
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(2-(Benzo|d|thiazol-2-yl)-5-(zert-butyl)phenyl)(phenyl)methanone (3a):

Gummy; 'H NMR (CDCls. 400 MHz): & (ppm) 1.38 (s,
9H), 7.24-7.31 (m, 4H), 7.33-7.38 (m, 2H), 7.53 (s, 1H),
7.63 (d, 1H, J = 8.4 Hz), 7.74-7.78 (m, 3H), 7.86 (d. 1H, J
= 12.0 Hz); °C NMR (CDCls, 100 MHz): & (ppm) 31.3,
35.3,121.5,123.4,125.3, 125.9, 126.2, 127.4, 128.3, 129.4,
129.6, 132.7, 135.3, 138.1, 139.5, 153.7, 154.2, 165.5,
198.3; IR (KBr): 3068, 3028, 2967, 1670, 1596, 1560,
1515, 1485, 1449, 1431, 1395, 1368, 1314, 1255, 1162,
1105, 1023, 972, 902, 857, 805, 759 cm~
analysis calcd. (%) for C24H, NOS (371.4938): C 77.59, H
5.70, N 3.77; found C 77.67, H 5.76, N 3.71.

' elemental

(;‘Z—(Benzo[d]thiazoI-Z-yl)-S-mlathoxypheny])(phen}},])nmthamme (4a):

TH-1457_10612218

762, 729, 709 cr
(M +H") 346.

N\
&

Brown solid: M.p. 147-149 °C; 'H NMR (CDCls, 600
MHz): § (ppm) 3.89 (s, 3H), 7.02 (d, 1H, J = 2.4 Hz), 7.12

(dd, 1H, J; = 2.4 Hz, J: = 9.0 Hz), 7.23-7.26 (m, Q
7.27-7.33 (m, 3H), 7.36—7.38 (m, 1H), 7.73 (t, 2 \)

Hz),7.77 (d, 2H, J = 6.6 Hz), 7.86 (d, 1H, J =

<&
NMR (CDCl;, 150 MHz): & (ppm) 5 116.1,
1214, 1233, 124.7, 125.1, 126.2 @794 1313,
132.9, 135.2, 137.8, 141.5, 153 165.2, 197.4; IR
(KBr): 3052, 2926, 2848, g%)g, 1485, 1465, 1448,

(ESI): caled. for C21Hi6NO2S'
;Yound 346.0901 .
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(2-(Benzo|d|thiazol-2-yI)

OMe

K % Ketone
Vv \ A\ d

-S—methoxyphenyl)(4—chlor0phenyl)§n§%%4d):

°C; 'H NMR (CDCls, 400
MHz): & (ppm 3H) 6.97 (d, 1H, J = 2.8 Hz), 7.12
(dd, 1H, Hz, J> = 8.4 Hz), 7.25-7.29 (m, 3H), 7.34

@ 4 Hz), 7.71 (d, 3H, J = 8.4 Hz), 7.76 (d, 1H, J

z) 7.86 (d, 1H, J = 8.8 Hz); '°C NMR (CDCl;, 10

MHz): § (ppm) 55.9, 114.1, 116.2, 121.5, 1232, 124.6,
125.3. 126.3, 128.8, 130.6, 131.4, 135.1, 136.4, 139.2,
140.9, 153.7, 161.5, 165.0, 196.2; IR (KBr): 3094, 2926,
2852, 1672, 1603, 1585, 1568, 1482, 1436, 1408, 1294,
1266, 1176, 1089, 1038, 970, 950, 828, 816, 754 cm™';
HRMS (ESI): caled. for CyH;sCINO,S (M + H)
380.0507; found 380.0512.

Yellow solid; M.p

@ (2-(Benzo|d] thiazol-l—yl)—S-methoxypllen_vl)(4—bromophenyl)methanone' (4de):

Yellow solid; M.p. 132-134 °C; 'H NMR (CDCls, 600
MHz): & (ppm) 3.89 (s, 3H), 6.99 (d, 1H, /= 2.4 Hz), 7.11
(dd, 1H, J, = 2.4 Hz, J> = 8.4 Hz), 7.27 (t, 1H, J = 7.2 Hz),
7.33 (t, 1H, J = 8.4 Hz), 742 (d, 2H, J = 8.4 Hz), 7.63 (d,
2H, J= 8.4 Hz), 7.69 (d, IH, J= 7.8 Hz), 7.76 (d, 1H, J =
8.4 Hz), 7.85 (d, 1H, J = 9.0 Hz); *C NMR (CDCls, 150
MHz): & (ppm) 55.9, 114.0, 1162, 121.5, 1232, 124.5,
1253, 1263, 1279, 130.7, 131.3; 131.7, 1351, 13648,
140.9, 153.6, 161.4, 164.9, 196.3; IR (KBr): 3082, 2925,
2852. 1671, 1602, 1585, 1567, 1483, 1435, 1402, 1290,
1228, 1106, 1068, 969, 830, 758 em™'; HRMS (ESI): caled.
for CoyH;sBrNO2S™ (M +H') 425.9982; found 425.9985.
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(2-(Benzo|d]thiazol-2-yl)-5-butoxyphenyl)(phenyl)methanone (5a):

White solid; M.p. 131-133 °C; 'H NMR (CDCls, 400
MHz): 8 (ppm) 0.98 (1, 3H, J= 7.6 Hz), 1.48—1.53 (m, 2H),
1.77—1.82 (m, 2H), 4.05 (t, 2H, J = 6.4 Hz), 7.01 (s, 1H),
7.11 (d, 1H, J = 8.6 Hz), 7.23-7.34 (m, 4H), 7.38 (1, 1H, J
=7.2Hz),7.73 (1, 2H,J = 7.2 Hz), 7.78 (d, 2H, J = 7.6 Hz).
7.85 (d, 1H, J = 8.8 Hz); >C NMR (CDCls. 100 MHz): &
(ppm) 13.9, 19.3, 31.3, 68.4, 114.6, 116.4, 121.4, 123.2.
124.4, 1250, 126.1, 128.4, 129.4, 131.3, 132.8, 135.2.
137.8, 141.4, 153.7, 160.9, 165.3, 197.5; IR (KBr): 3058,
2961, 2928, 2870, 1674, 1607, 1568, 1511, 1485, 1437,
1410, 1294, 1227, 1111, 1076, 1043, 972, 953, 856, 823.
810, 762 cm™'; elemental analysis caled. (%) for
C24H2iNO,S (387.4932): C 74.39, H 546, N 3.61; found C
74.48, H 5.51, N 3.52.

(2-(Benzo[d|thiazol-2-yl)-5-chlorophenyl)(phenyl)methanone (6a):

White solid; M.p. 132-134 °C. 'H NMR (CDC%
MH2): 5 (pPm) 7.26~7.36 (m, 4H), 7.38— &5 (m, 2H)
131 (5, 1H), 7.60 (d, 1H, J= 8.4 j15 7% (m, 3H)

787 (4, 1H, J =84 Hz); 'ic DY)ls. 100 MHz): 8
(ppm) 121.6, 123.6, 1257

ANZ6ONR\ 128.5, 129.0, 129.4,
130.4, 130.7, 130.9, Mﬁ 4, 136.9, 137.4, 141.3,
1558, 104, ]96-%( r): 3065, 3022, 2925, 2848,
1672, 1595, $ , 1509, 1474, 1452, 1433, 1378,
1203, 1

1313, 129 185, 1158, 1129, 1100, 1021, 1005,
96 Zy 8

. 817, 782, 755 ecm™': elemental analysis

O (70) for CoH1>CINOS (349.8329): C 68.67. H 3.46,
.00; found C 68.75, H 3.52, N 3.90.

% 4
&
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K % Ketone
L\

<&

N
Phenvl(2-(pyridin-2-yl)phenyl)methanone (7a): %

@@%
@\/
©

Brown solid; M.p. @3 “C; 'H NMR (CDCls, 600
MHz): & (ppnidQ: %]H, 1H), 7.25 (t, 1H, J = 7.2 Hz),
7.35-7.3 7.47 (d, 1H, J = 8.4 Hz), 7.50-7.56 (m,
4 \S8-7.61 (m, 1H), 7.68 (d, 2H, J = 7.8 Hz), 7.76 (d,
@ 7.8 Hz), 8.36-8.37 (m, 1H); °C NMR (CDCl;, 100
MHz): & (ppm) 122.1, 122.9, 128.2, 128.7, 129.0, 129.3,
129.7, 130.4, 132.5, 136.5, 138.1, 139.6, 139.8, 149.2,
156.9, 198.4; IR (KBr): 3061, 2926, 2854, 1666, 1587,
1469, 1452, 1438, 1426, 1283, 1247, 1151, 935, 755, 700
em™; HRMS (ESI): caled. for C;gHNO™ (M + H)
260.1070; found 260.1072.

-(Pyridin-2-yl)phenyl)(p-tolyl)methanone (7b):

Liquid; '"H NMR (CDCls, 600 MHz): & (ppm) 2.30 (s, 3H),
7.02-7.04 (m, 1H), 7.07 (d, 2H, J= 7.8 Hz), 7.46 (d, 1H, J
= 7.8 Hz), 7.49-7.52 (m, 2H), 7.54-7.61 (m, 4H), 7.76 (d,
1H, J=17.8 Hz), 8.41-8.42 (m, 1H); 3C NMR (CDCls, 100
MHz): & (ppm) 21.8, 122.1, 123.2, 128.6, 128.9, 129.1,
129.2, 129.3, 129.9, 130.2, 130.3, 1354, 136.5, 1434,
149.2, 157.1, 198.1; IR (KBr): 3055, 2926, 1666, 1606,
1469, 1442, 1438, 1426, 1281, 1265, 1151, 935, 742 em™;
HRMS (ESI): caled. for CjoH;sNO"™ (M + H') 274.1226;
found 274.1229 . ‘
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(4-Methoxyphenyl)(2-(pyridin-2-yl)phenyl)methanone (7c¢):

(4—Chloropheny])(Z-(pyl‘idin-2—yl)pheﬂ}’l)methaﬂone (7d):

¥

TH-1457_10612218

Liquid; '"H NMR (CDCls, 600 MHz): & (ppm) 3.79 (s, 3H),
6.76 (d, 2H, J = 9.0 Hz), 7.03-7.05 (m, 1H). 7.46 (d, 1H, J
= 7.8 Hz), 7.50 (d, 2H, J = 4.2 Hz), 7.54-7.59 (m, 2H),
7.68 (d, 2H, J = 8.4 Hz), 7.76 (d, 1H, J = 7.8 Hz),
8.41-8.42 (m, 1H); °C NMR (CDCls, 100 MHz): & (ppm)
55.5,113.5,122.1, 123.2, 128.6, 129.0, 129.2, 130.1, 130.9,
132.2, 136.4, 139.7, 139.9, 149.4, 157.3, 163.2, 197.2; IR
(KBr): 3061, 2930, 2855, 1658, 1598, 1509, 1468, 1439,
1426, 1304, 1285, 1256, 1176, 1148, 1024, 930, 844, 753
cm™'; HRMS (ESI): caled. for CoH;(NO. (M + H')
290.1176; found 290.1180.

Brown solid; M.p. 84-86 °C; 'H NMR (CDCls, 600 MHz):
8 (ppm) 6.99-7.01 (m, 1H), 7.21 (d, 2H, J = 8.4 Hz),
7.49-7.51 (m, 3H), 7.55-7.59 (m, 2H). 7.60 (d, 2H.J =
Hz), 7.75 (d, 1H, J = 7.8 Hz), 8.31-8.32 (m, 1H);,

(CDCl;, 150 MHz): & (ppm) 122.2, 122.@@ 28.7,
128.8, 129.1, 130.5, 130.8, 136.5, 1Q6.0N 128.6, 139.1,

139.5, 149.0, 156.5, 197.1; IR ( : . 2856, 1603,
1587, 1487, 1468, 1437, 140 1% %65, 1013, 928, 796,
753, 742 cm™; HRMS% led.. for CgH sCING ™ (M

H') 294.0680; found§ 5.
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(4-Bromophenyl)(2-(pvridin-2-yl)phenyl)methanone (7e): %

VK\ % Ketone

Yellowish solid; 96 °C; 'H NMR (CDCls, 600
MHz): & (p 01-7.03 (m, 1H), 7.39 (d, 2H, J = 84

Hz), 7008 (m, 5H), 7.57-7.61 (m, 2H), 7.76 (d, 1H, J
, 8.32-8.33 (m, 1H); *C NMR (CDCls, 150
): & (ppm) 122.3, 122.5, 127.4, 128.76, 128.82, 129.1,
130.5, 130.9, 131.5, 136.6, 137.0, 139.2, 139.6, 149.1,
156.5, 197.3; IR (KBr): 3049, 2926, 2856, 1664, 1584,
1482, 1468, 1437, 1397, 1302, 1282, 1264, 1176, 1151,
1068, 1010, 927, 795, 741 cm™'; HRMS (ESI): caled. for
CisH;3BINO™ (M + H') 338.0175; found 338.0183.

itrophenyl)(2-(pyridin-2-yl)phenyl)methanone (7f):

Liquid; '"H NMR (CDCls;, 600 MHz): & (ppm) 6.97-6.99
(m, 1H), 7.44 (t, 1H, J = 7.8 Hz), 7.55-7.56 (m, 2H),
7.60—7.61 (m, 1H), 7.63-7.66 (m, 2H), 7.79 (d, 1H, J = 7.8
Hz), 7.99 (d, 1H, J = 7.8 Hz), 8.19 (d, 1H, J = 7.8 Hz), 8.23
(d, 1H, J = 4.8 Hz), 8.43 (s, 1H); °C NMR (CDCls, 150
MHz): § (ppm) 1222, 122.4, 123.8, 126.4, 128.6, 129.2,
129.4, 131.0, 134.6, 136.9, 138.4, 139.5, 140.0, 148.1,
148.8, 156.0, 195.7; IR (KBr): 3082, 2926, 2856, 1674,
1612, 1586, 1530, 1470, 1440, 1348, 1298, 1281, 1252,
1087, 972, 754, 708 cm™'; HRMS (ESI): caled. for
CsH3N,05 (M + H') 305.0921; found 305.0924.
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(5-Methyl-2-(pyridin-2-yl)phenyl)(phenyl)methanone (8a):

Brown solid; M.p. 132-134 °C; 'H NMR (CDCl;, 60

@)

MHz): & (ppm) 2.44 (s, 3H), 6.94—6.96 (m. 1H). 7.24 (t.

2H, J = 7.8 Hz), 7.33-7.36 (m, 2H), 7.39 (d, 1H, J = 7.

8

Hz), 745 (d, 1H, J = 7.8 Hz), 7.49-7.52 (m. 1H),
7.65—7.68 (m, 3H), 8.31-8.32 (m, 1H); '*C NMR (CDCls,
150 MHz): 8 (ppm) 21.3, 121.8, 122.6, 128.1, 128.7, 129.6,
129.8, 131.0, 132.4, 136.3, 136.9, 138.2, 138.8, 139.6,
149.1, 156.9, 198.6; IR (KBr): 2923, 2854, 1668, 1588.
1469, 1428, 1317, 1300, 1286, 1248, 1210, 837. 790, 750,

702 Cm_!; HRMS (ESI) caled. for C]l)l‘l](,NO' (M + H)

274.1226; found 274.1233.

(4-Chlorophenyl)(5-methyl-2-(pyridin-2-yl)phenyl)methanone (8d):

@@

TH-1457_10612218

Brown solid; M.p. 95-97 °C; 'H NMR (CDCls, 600 MHz):
5 (ppm) 2.43 (s, 3H), 6.96-6.98 (m, 1H), 7.20 (d. 2H, J
8.4 Hz), 7.31 (s, 1H), 7.39 (d, 1H, J = 8.4 Hz), 7.48 (d,
J="77.8 Hz), 7.52-7.55 (m, TH), 7.60 {d, 2H,

7.65 (d, IH, J = 7.8 Hz), 8.28-8.29 (m,

<f

(CDCl3, 150 MHz): & (ppm) 21.2, 121. 2, 1284,
128.5, 129.6, 130.7, 131.1, 136& 136.7, 138.5.
IR

138.9, 139.1, 148.9, 156.4, 1
2856, 1664, 1587, 1470 1307, 1287, 1250,
1211, 1089, 1013,
HRMS (ESI)
found 30 08

, 835, 823, 788, 762 cm';
CIUHHCINO (M + H') 308.0837;

%\%
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/ Ketone

(4-Bromophenyl)(5-methyl-2-(pyridin-2-yl)phenyl)methanoge (%

Yellow solid; M.peR0 H NMR (CDCls, 600 MHz):
S (ppm) 244 5%6.98—7.00 (m, TH), 7.31 (s, 1H),
7.37  IH), 749 (d, 1H, J= 7.2 Hz), 7.53.(d, 2H, .J
—@), 7.55-7.58 (m, 1H), 7.66 (d, 1H, J = 7.8 Hz),
@o-s.m (m, 1H): °C NMR (CDCls, 150 MHz): § (ppm)
21.4,1220,122.3,127.3, 128.6,129.7, 130.9, 131.2, 131 5,
136.6, 136.8, 137.2, 139.1, 139.2, 149.1, 156.5, 197.6: IR
(KBr): 3057, 2921, 2852, 1666, 1585, 1470, 1431, 1396
1304, 1285, 1250, 1208, 1172, 1067, 1008, 967, 845, 787:

759 cm™'; HRMS (ESD): caled. For C1oHisBINO™ (M + 197
352.0332; found 352.0322.

Liquid; "H NMR (CDCl3, 600 MHz): § (ppm) 2 47 (s, 3H),
6.94-6.97 (m, 1H), 7.36 (s, 1H). 7.44-7.46 (p, 2m),
7.56-7.59 (m, 2H), 7.70 (d, 1H, J=7.8 Hz), 8 01 (q, 1H, 7
= 7.2 Hz), 8.18 (4, 1H,J =78 H2), 821 (4, 119, _ A%
Hz), 8.41-8.42 (m, 1H); "C NMR (CDCl;, 15 MHz). §
(ppm) 21.4, 1219, 1222, 123.8,126.3, 128 4 139 3. 1209,
1317, 1346, 1367, 1369, 1384, 1306 149 lag 5.
148.8, 155.9, 195.9; IR (KBr): 3082, 293¢ 2856, 1673
1611, 1588, 1531, 1468, 1430, 1349, 1303 1250, 1209‘
1086, 990, 830, 789, 774, 733 em”: HRMS (g, caloq
for CyoH;sN203" (M + H") 319.1077; foung 319 1074, cd,
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(5-Methyl-2-(pyridin-2-yl)phenyl)(naphthalen-2-yl)methanone (8g):

Gummy; 'H NMR (CDCls;, 600 MHz): & (ppm) 2.13 (s,
3H), 6.88-6.90 (m, 1H), 7.39 (s, 1H), 7.43 (d, 2H.J = 7.8
Hz), 7.46-7.53 (m, 3H), 7.71-7.79 (m, 4H), 7.90-7.93 (m,
1H), 8.07 (s, 1H), 8.28-8.29 (m, 1H): '*C NMR (CDCl;,
150 MHz): & (ppm) 21.4, 121.8, 122.5, 125.2, 126.6, 127.8,
128.3, 128.5, 128.9, 129.7, 129.9, 131.1. 131.6, 132.5,
135.4, 135.7, 136.4, 137.1, 138.9, 139.8, 149.1, 156.9,
198.7; IR (KBr): 3054, 2923, 2852, 1662, 1625, 1587,
1466, 1428, 1351, 1289, 1232, 1187, 1111, 827, 778, 763

cm™; HRMS (ESI): caled. for CasHgsNO' (M + H)

324.1383; found 324.1388. :§§

Benzolh]quinolin-lO-yl(phenyl)methanone (9a):

_ n

I
N
i

N

TH-1457_10612218

Yellowish solid; M.p. 132-134 °C; 'H NMR (CDCls, 600 &@

MHz): & (ppm) 7.28-7.32 (m, 3H), 7.40 (t, 1H,J = 7.8 Hz),
763 (d, 1H, J = 72 Hz), 7.72 (d, 1H, J = 8.4 H@
7.72=1.79 (m, 3H), 7.88 (d, 1H, J = 8.4 Hz), 8.04 H;

2 1
= 8.4 Hz), 8.07-8.08 (m, 1H), 849—8.50@@”(‘
2

NMR (CDCls, 150 MHz): & (ppm) 124.8) 3. 126.6,

127.1, 127.87, 127.94, 128.2, 128& 1293, 131.9,
133.9, 135.4, 139.1, 139_4,@ 2 198.7; IR (KBr):
7

\N7
3059, 2928, 2854, 16721578\ 1510, 1448, 1421, 1314,

1273, 1212, 1175, 8 %759, 731, 705 cm '; HRMS
(ESI): calcd. % oFTINO" (M + H') 284.1070; found r

-

284.1076
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Benzo|/i]quinolin-10-yl(4-chlorophenyl)methanone (9d): %
1

<
a©

Yellowish solid; M.p_1 59°C; 'H NMR (CDCls, 600
MHz): 6 (ppm) , 2H, J=8.4 Hz ), 7.30-7.32 (m,
1H), 7. = 7.2 Hz), 7.66 (d, 2H, J = 8.4 Hz),

0Nd. 1H, J = 8.4 Hz), 8.07 (d, 1H, J = 7.8 Hz),

8.468-8.473 (m, 1H); "C NMR (CDCl;, 150 MHz): &
(ppm) 121.9, 126.3, 126.5, 127.2, 127.9, 128.5, 129.2,
1294, 130.1, 133.9, 135.5, 137.9, 138.0, 138.5, 144.6,
1472, 197.4; IR (KBr): 3059, 2928, 2854, 1668, 1587,
1510, 1483, 1422, 1395, 1302, 1267, 1207, 1169, 1088,
1002, 894, 835, 765, 748 cm_'; HRMS (ESI): caled. for
CooH3CINO™ (M + H') 318.068; found 318.064.

(5-Methyl-2-(3-(p-tolyl)quinoxalin-2-yl)phenyl)(phenyl)methanone (10a):

o7 Me
N O
I
L
O
Me

Gummy; '"H NMR (CDCls, 400 MHz): & (ppm) 2.27 (s,
3H), 2.39 (s, 3H), 6.93 (d, 2H, J = 8.0 Hz), 7.22 (s, 1H),
7.25-7.29 (m, 4H), 7.38-7.44 (m, 4H), 7.55(d, 1H,J=17.6
Hz), 7.64-7.71 (m, 2H), 7.98 (d, 1H, J = 7.2 Hz), 8.07 (d,
1H, J = 8.4 Hz); ’C NMR (CDCl3, 100 MHz): & (ppm)
21.1, 21.3, 127.8, 128.9, 129.1, 129.2, 129.5, 129.7, 130.0,
130.3, 130.6, 131.5, 131.9, 132.4, 135.7, 137.1, 137.9,
138.2, 138.7, 138.8, 140.9, 141.3, 153.5, 153.7, 196.5; IR
(KBr): 3036, 2924, 2858, 1716, 1660, 1587, 1449, 1400,
1343, 1316, 1271, 1211, 1177, 1121, 1050, 979, 824, 762,
704 em™'; HRMS (ESI): caled. for Co9HpsNoO'™ (M + H')
415.1805: found 415.1811.
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Ketone

(4-Chlorophenyl)(5-methyl-2-(3-(p-tolyl)quinoxalin-2-yl)phenyl)methanone (10d):

Cl

Gummy; '"H NMR (CDCls, 400 MHz): & (ppm) 2.29 (s,

3H), 241 (s, 3H), 6.95 (d, 2H, J = 7.6 Hz), 7.18 (s, 1H),
798 (t, 3H, J= 8.8 Hz), 7.31-7.33 {m, 2H},. 7.35 {3, 1H),
742 (d, 1H, J = 7.6 Hz), 7.59 (d, 1H, J = 8.0 Hz),
7.68—7.73 (m, 2H), 7.98-8.00 (m, 1H), 8.09-8.11 (m, 1H):
3C NMR (CDCls, 150 MHz): & (ppm) 21.4, 21.5. 127.6,
128.2, 129.0, 129.1, 129.2, 129.4, 129.7, 129.9, 130.4,
131.5, 131.8, 132.3, 1355, 1358, 1383, 1335, 138.9,
141.1, 141.4, 153.5, 153.6, 195.4; IR (KBr): 2985, 2923,
2856, 1660, 1606, 1588, 1456, 1400, 1343, 1285. 1267,
1180, 1121, 1089, 1048, 1014, 997, 824, 761 cm™'; HRMS
(ESI): caled. for C29H2CIN,O' (M + H') 449.1415; found
449.1415.

Phenyl(2-(pyridin-2-yloxy)phenyl)methanone (11a):

/O

TH-1457_10612218

J = 8.0 Hz), 6.84-6.87 (m, 1H), 7.26 (d, 1H, J

7.32(t, 3H, J = 8.0 Hz), 7.44-7.51 (m, 2H H, J
=7.2 Hz), 7.75 (d, 2H, J =172 Hz), 7.99— 9, 1H); !
NMR (CDCL;, 100 MHz): § (p%@l]&(), 122.9,
124.8, 128.2, 129.87, 129.9 % 32.4, 132.9, 137.7,
139.5, 147.1, 151.8, & IR (KBr): 3063, 2924,
2854, 1666, 1596, 466, 1448, 1427, 1290, 1265,

1206, 1145 6, 989, 931, 885, 760, 700 cm™';
ICd fOT C[hI_II«-INO'? (M + H ) 776 ]Olg

Liquid; '"H NMR (CDCl3, 400 MHz): & (ppm) 6.59 (d, @Q

fou 027.
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(5-Methoxy-2-(pyridin-2-yvloxy)phenyl)(phenyl)methanone ( a%

@;éetho\v 2-(pyridin-2-y

@Q

Liquid; '"H NMR 40 MHz): & (ppm) 3.83 (s, 3H),
6.51 (d. 1H %6.82—6.85 (m, 1H), 7.07-7.12 (m,
' J = 8.8 Hz), 7.31 (t, 2H, J = 7.6 Hz),

7.4 (m, 2H), 7.74 (d, 2H, J = 8.4 Hz), 7.99-8.01 (m,
@ 3C NMR (CDCls, 100 MHz): 8 (ppm) 55.9, 111.3,
114.6, 118.3, 118.4, 124.3, 128.2, 129.9, 132.9, 133.1,
137.6. 139.3, 145.0, 147.1, 156.5, 163.5, 195.2; IR (KBr):
3059, 2929, 2854, 1667, 1595, 1492, 1428, 1286, 1268,

1201, 1142, 1036, 878, 779, 701 cm™'; HRMS (ESI): calcd.
for CoH,,NO; (M +H") 306.1125; found 306.1125.

loxy)phenyl)(4-methoxyphenyl)methanone (12¢):

Liquid; 'H NMR (CDCls, 400 MHz): 8 (ppm) 3.81 (s, 3H),
3.82 (s, 3H), 6.59 (d, 1H, J = 8.8 Hz), 6.81 (d, 2H, J = 9.2
Hz), 6.94 (d, 1H, J = 88 Hz), 7.01-7.02 (m, 1H),
7.06-7.09 (m, 1H), 7.18 (d, 1H, J = 8.8 Hz), 7.49 (¢, 1H, J
= 8.6 Hz), 7.76 (d, 2H, J = 8.8 Hz), 8.02-8.04 (m, 1H); "*C
NMR (CDCls, 100 MHz): & (ppm) 55.6, 55.9, 113.3, 113.5,
114.4, 117.7, 1184, 124.1, 1303, 132.5, 133.6, 139.4,
144.7, 1472, 156.5, 163.6, 163.7, 193.8; IR (KBr): 3061,
2934, 2838, 1659, 1598, 1572, 1510, 1492, 1465, 1427,
1258, 1201, 1169, 1031, 847, 775 cm™'; HRMS (ESI):
caled. for CoHsNO;" (M +H') 336.1230; found 306.1235,
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(4-Chlorophenyl)(5-methoxy-2-(pyridin-2-yloxy)phenyl)methanone (12d):

Cl
o
O I x
N__~

MeO

Liquid, 'H NMR (CDCls, 400 MHz): 6 (ppm) 3.83 (s, 3H),

6.54 (d, 1H, J = 8.4 Hz), 6.85-6.88 (m, 1H), 7.05 (d, 1H, J
= 3.2 Hz), 7.09-7.12 (m, 1H), 7.18 (d, 1H, J = 8.8 Hz),
7.28 (d, 2H, J = 8.0 Hz), 7.48-7.52 (m, 1H), 7.68 (d, 2H, J
= 8.4 Hz), 7.99-8.01 (m, 1H); '*C NMR (CDCls, 100
MHz): 8 (ppm) 55.9, 111.2, 114.5, 114.9, 118.5, 124.3,
128.5, 131.3, 132.7, 1359, 139.4, 139.5, 144.9, 147.1,
156.6, 163.3, 194.1; IR (KBr): 3063, 2931, 2838, 1669,
1592, 1488, 1465, 1428, 1268, 1233, 1201, 1142, 1090,
1036, 1014, 966, 882, 849, 775 cm™'; HRMS (ESI): caled.
for Ci1oH1sCINOs" (M + H") 340.0735: found 340.0741.

(E)-(2-(1-(Methoxyimino)ethyl)phenyl)(phenyl)methanone (13a):

Yellow solid; M.p. 100-102 °C; 'H NMR (CDCls, 400

MHz): & (ppm) 2.01 (s, 3H), 3.65 (s, 3H), 7.38 (1. 2H, J =
7.6 Hz), 7.44-7.47 (m, 2H), 7.48-7.53 (m, 3H), 76

2H, J = 7.6 Hz); >C NMR (CDCl;, 100 MHz
14.6, 61.8, 127.9, 128.4, 128.8, 129.2, 129, @327
136.6, 138.4, 139.1, 154.2, 197.g. Qg;i@ 60, 2979,

2934, 2927, 1666, 1597, 1448, 1285, 1249,
IRMS (ESI): caled.

1046, 927, 896, 762, 701, %
176; found 254.1184.

for C16HjsNO;' (M+H.

%\‘%
N

TH-1457_10612218
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(2-(Benzo[d]thiazol-z-_\'l)phcnyI)(phenyl)methanone% NMR (CDCls, 600 MHz)
@ "
O=

(LS
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II1.7. Selected Spectra

NK-BTA-simple-1H
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2-(Benzo|d|thiazol-2-yl)phenyl)(phenyl)methanone (1a): BC NMR (CDCl3, 150 MHz)

NK-BTA-Simple-13C

—157.71
[
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Phenyl(2-(pyridin-2-yl)phenyl)methanone (7a): '"H NMR (CDCl3, 600 MHz)
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lcarboxy Surrogates in Substrate Directed

e Functionalization Catalyzed by Copper:
Synthesis of Esters

=
x
Ve Cu(OAc), (20 mol %) _
+ Arxo/\m- '‘BuOOH (6.0 equiv) 2 O\r Ar
PhCl, 120 °C R | l

IV. Abstract: A copper catalyvzed ortho-benzoxylation of 2-aryipyridines has been accomplished
using benzvilic cthers as the alternative arvicarboxy sources (ArCOO-) via \]3 C-H bond
activation. The use of Pd/TBHP catalytic system is reported to install an o-aroyl (ArCO-) moiety
at the 2-arvipyridine while the Cu/TBHP combinations fixes a benzoxy (ArCOO-) group at the

ortho site. The reaction shows a broad substrates scope and good tolerance toward the various

Junctional groups using inexpensive copper catalyst. A mechanistic investigation reveals that the

reaction is going via radical pathhways.
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%hapter 1AY

IV. Benzylic Ethers as Arylcarb rogates in Substrate
Directed ortho C—-H Functio on Catalyzed by Copper:

Synthesis of Esters @
IV.1. Introduction %

Recently con orts have been devoted for the ortho selective direct
functionalization @eacuve C-H bonds for the construction of C-C and C-X (X =

heteroato ing transition metals such as Pd, Cu, Ru, Rh and Ir.! Among ortho C—C and
C-Xb @mg processes, the C—O bond forming processes are difficult to promote due to the
electronegative oxygen atom with transition metals thereby making it inactive for

rtiYer reactions.? Direct functionalization of C—H bond has become the most attractive approach

@@ in recent organic synthesis as it obviates prefunctionalization of substrates. In this context, our

group has made ample contributions in the development of several unconventional coupling
partners. Alkylbenzenes,? terminal alkenes/alkynes4 and benzyl amines>® have been employed as
the synthetic equivalents of ArCH,0—,>* ArCO—,*** and ArCOO—>%*"®* in directed and non-
directed C—H functionalizations. In continuation to these developments, developing alternative

synthetic precursors of arylcarboxy group (ArCOQ-) was taken into consideration.

Benzylic ethers are commonly used as protecting groups for alcohols that can be easily
cleaved under suitable oxidizing or reducing conditions.® It has also served as the dormant
synthetic equivalents of aldehydes, carboxylic acids or esters depending upon the reaction
conditions.” Benzyl ether served as aroyl (ArCO-) equivalent both under palladium (an*
(Scheme 1V.1.1, path a) or copper (I/I)*® (Scheme IV.1.1, path b) catalyzed reactions utilizing
TBHP as the oxidant. But under Cu-catalyzed reaction conditjon, it resulted in O-aroylation and
not C-aroylation.®® To test whether benzyl ether serves as an aroyl (ArCO-) equivalent or as an
arylcarboxy (ArCOO-) source during Cu-catalyzed substrate-directed C—H functionalization, 2-
phenylpyridine and dibenzylic ether were reacted using a combination of Cu(OAc)2 and TBHP.
To our delight, the reaction ended up giving 2-(pyridin-2-yl)phenyl benzoate, an ester as shown
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in Scheme IV.1.1, path c. This result illustrates that dibenzyl ether serves as a carboxy

strong acid/base or peroxide respectively are the elegant tool their demands. Most

. . s : ; ‘oxidative’ i { ined a tremendous
(ArCOO-) source in the presence of Cu catalyst. This Cu-catalyzed reaction showed differential recently, a number of ‘oxidative’ approaches for esterifi iave gain

reactivity to that of palladium (I1)* and even with copper (I/I)*® where benzyl ether acted only

as an aroyl (ArCO-) group.

. . 17

attention and serving as alternative protocols to the e tional methods. " Among them,
transition metal-catalyzed substrate directed erification through ortho C—H bond
activation occupies the central area in this eld\\ ugh directed substrates such as acetanilide,

benzamide and ketoxime ether have @1 tigated recently for ortho benzoxylation, but 2-

s
H
= N
o W H H
@—b Phxo/\
N\ / [Cu]
'BuOOH

wrected substrates for such esters synthesis. Existing

phenylpyridine is the mostly_e1 ploy
methods for ortho benz@m f various directing substrates can be broadly classified into
Ph

following categor@
below: v
(i) H @nt iodonium benzoate salts as arylcarboxy (ArCOO-) source

05. Sanford and co-workers developed a regioselective Pd(Il)-catalyzed ortho

1 the source of arylcarboxy surrogates (ArCOO-) as depicted

[ Present work I

D Sxylation of 2-phenylpyridines employing hypervalent iodonium benzoate salts which
@ > erved as the source of arylcarboxy as well as the oxidant. This protocol successfully installed a
benzoxy (PhC 00-) moiety at the ortho site of 2-phenylpyridines thrm\:gh sp2 C—}—]
functionalization vida Pd(11)/Pd(IV) catalytic system (Scheme IV.2.1, path a)."™ Later on, in

‘Previous work l

Scheme IV.1.1. Metal dependent reactivities of dibenzyl ethers

Pertinent to this report, catalyst dependent selectivity is not uncommon in literature. [p our

y . . ; ed a similar palladium-catalyzed, Phl(OAc)> mediated protocol for
carlier works, during the synthesis of 2-aminobenzothiazoles from 2-halothioureas, Catalyst C 2011, Shi group develop

followed C—X (X =-halogen) bond breaking path while Pd”—preferred the C—H activationp ath@
Further, divergent reactivity was observed using alkyl benzenes 3b

erminal alkene e dc

and benzyl ines.'” Tl
ley amines ey all serve as aroyl (AFCO—-) surrogates for substrate-Qec ortho-
aroylation when the catalyst useq yq Pd”, while the use of Oy

boxy (A catalyst P& N
carbox 00=) gtonune - . _
Y (ArCOO0 ) groups at the ortho site of directing arenes,*®>!! Pd(OAc), \_7 LSanford's work
e PhI(OCOAr),
- H
IV.2. Available Strategies for Ester Synthesis th @r{ o-Benzoxylation ©/
OMe
re omnipresent structural unit ip
many

The esters functionality, especially the benzoate r % Me.
natural products and pl logicall i ol 3 12-13 ‘ DG =
I and pharmacologically getive Xompounds of medicinal interest. The

OMe
/Il\l \5
Ar (o]
- Y Y3
traditiona] Strategies for the synthesis of o o e

Pd(OAc), (10 mol %)
Phl(OAc), (1.5 equiv)

hesis of corresponding ester derivatives of ketoxime ethers, a removable directing substrate,
synt 1€S1S

. in situ generated benzoate iodonium salts as shown in Scheme 1V.2.1, path b.'™
usmg 11 ¢

Ar

o=
=)

talling ary)

1
N. _Me

ivatives rely on the base mediated classica]
nu s . .
cleophilic reaction of preactivated car

cid derivatives, namely acyl halides, anhydrides
and another

activated esters cpnt)  with alcohols.'”™ The Fischer esterification,"?

P . ) Scheme 1V.2.1. Ortho benzoxylation using hypervale
ansesterification pr & -Villi idation,'® i i 2 -
process a1 yer-Villiger oxidation, ® which generally involve the use of

% 140
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nt iodonium salt qs A rCOO- source
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(ii) Aryl carboxylic acid as arylcarboxy (ArCOO-) source
The direct use of carboxylic acids as the ArCOO- sources in metal-catalyzed ortho
benzoxylation process is limited due to rapid formation of metal-carboxylic acid complex
through direct coupling of involved species. Such complexation process thereby makes the metal
catalyst inactive for further progress of the reaction. Though few reports are available in
literature in which carboxylic acids itself are being used as the ArCOO- surrogate. Cheng ¢z al.
utilized aromatic carboxylic acids as the direct sources of ArCOO- group in a rhodium-catalyzed
synthesis of ortho esters of 2-phenylpyridines.'” Later, Zhong and co-workers achieved a Pd-
catalyzed, Cu/Ag co-catayzed oxidative o-benzoxylation of same substrates employing aromatic
carboxylic acids as the efficient coupling partner.*’ Other directing substrates such as
acetanilides”® and benzamides?® were successfully employed for competent ortheo
benzoxylation using aryl carboxylic acids in a ruthenium-catalyzed reaction as demonstrated by
Jeganmohan e al. Very recently, our group demonstrated a Pd(Il)-catalyzed highly efficient
intriguing protocol for the synthesis of corresponding esters of various directing substrates
including 2-phenylbenzothiazoles and 2-phenylpyridines etc using carboxylic acids. In this

TOt i i : g : " 4 A -]
protocol, ceric ammonjum nitrate (CAN) is employed as the efficient terminal oxidant.”

DG Ney R
1 v - e 1O

g [Rh}, [Pd) » =
A0, ap N Ar | o
Etj, + W Yy _orRh) oj( DG =
S s’ [.i\ - N

N4
Scheme 1V.2.2. Orth benzoxylation using carboxylic acid @O— source

(iif) Aryl carboxylic acid derivatives as arylcarboxy (ArC ) sQurce
%mtion could be overcome by

Th . .
€ problems associated in transition metal-catalyze
emplovyir : :
ploying a surrogate of the carboxylic acid in lrk%o TBoRylic acids. The use of a carboxylic

acid surrog L. o
gales can minimize the comprtitive mplex formation by producing the

corresponding : : ; .
p g carboxylic acid in the reac lum i a slow and step-wise manner. Cheng ¢¢

al. demonstrate i '
d that various carb cid derivatives such as carboxylic acid salts,**

anhydrides®* i o W
ydndes™ and acid ch] § Id be employed as the efficient surrogates of ArCOO-

roups for t ;
groups for the ortho be 0 on of 2-phenylpyridines in the presence of copper catalyst as

% 142
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swn that aryl carboxy

shown in Scheme 1V.2.3, path a. Apart from these reports, Yu gr
f corresponding esters of

peroxides can act as an effective benzoxy surrogates for the s
-
ath b).>™

2-phenylpyridines in the presence of Pd catalyst (Schenge 1

5 QA C&e

a st
N— X = -ONa,
4 (o]
% oy-ooan .

+ o N\ /
o = Ar Pd" catalyst

@o benzoxylation using carboxylic acid derivatives as ArCOO— source

Scheme IK2.3.
(iv) ArQung Jidehyde as arylcarboxy (ArCOO-) source

developed a Cu(Il)-catalyzed, TBHP mediated protocol for ortho

nd co-workers

iY Scheme 1V.2.4.

.

a o Huang's work o
N=— ).l\ Cu(OAc), (10 mol %) N=—
N\ #/ t H AT “TBLOOH (2.0 equiv) \ /
PhCI, 135 °C

Scheme IV.2.4. Ortho benzoxylation using aldehyde as ArCOO- source

™) Benzyl alcohol as arylcarboxy (ArCOO-) source

Benyl alcohols can be easily oxidized to corresponding aldehydes under oxidative reaction
conditions. These in situ generated aldehydes can serve as the effective coupling partners for
metal—catalyzed reactions. Very recently Bhanage er al. utilized benzyl alcohols for the ortho

penzoxylation of 2-phenylpyridines in a copper-catalyzed reaction (Scheme 1V.2.5).°°

: Ar
H LBhanage's Worﬂ °:’<
)

. H H
\_/ & s X A CUl@0mol%) =
‘BUOOH (4.0 equiv) \ /

PhCI, 120 °C

Scheme 1V.2.5. Ortho benzoxylation using alcohol as ArCOO— source
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(vi) Benzyl amine as arylcarboxy (ArCOO-) source

Benzyl amines have been found as an efficient arylcarboxy (ArCOO-) surrogates in substrate
directed copper-catalyzed, TBHP mediated reaction as demonstrated by Bhanage groupi" and our
group™ at the same time. The in situ generated benzoxy radicals, obtained by the action of TBHP

on benzyl amines, coupled with 2-phenylpyridines at the ortho site to produce corresponding

esters in moderate to good yield as illustrated in Scheme 1V.2.6.

Patel's & Bhanage's work " :Ar

H H' H o
N= X Cu(OAc), N=
\ / t HN" AT g S6n N\ /

PhCI, 120 °C

Scheme IV.2.6. Ortho benzoxylation using alcohol as ArCOO— source

(vii) Alkyl benzene as arylcarboxy (ArCOO-) source

Alkyl benzenes were utilized as the efficient aryl carboxy surrogates (ArCOO-) for the orthe
benzoxylation of 2-phenylpyridines in a Cu(Il)-catalyzed reaction as reported by Huang ¢7 al. In

this domino oxidation reaction, TBHP is utilized as the oxidant as well as oxygen source o

£
ArCOO- moiety as in Scheme IV.2.7.!! %

" O
O—
H s H H lﬂ:ang's worﬂ —<o &
Q—-@ + HXN Cu(OAc), (10 mol %) N=
'BuOOCH (4.0 equiv)
neat, 135 °C

4
Scheme IV.2.7. Ortho benzoxylation using alkyl beﬁge%rc 00— source

(viii) T i
) Terminal aryl alkenes and alkynes as arylcarbo

T ()_) source

Most recently, our group demonstrated a Cug)-\\@atyYed, TBHP mediated novel protocol
for the synthesis of ortho ester of 2-pheny %
alkynes as the effj

riding Merivatives utilizing terminal alkenes and

cient benzoxy source. tion proceeds though a sequential formation of

via cleavage of C—C bond as in Scheme [v.2.8.%

S

TH-1457_10612218
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Patel's work \S e
/IQrH \ 0:<
Ar
H (o]
Cu(OA 1 %) N—
t Nequiv) \
20 °C

Scheme IV.2.8. Orthg bi]zza\j’ ation using terminal alkene and alkyne as ArCOO - source

IV.3. Present
In the It © ve mentioned protocols, herein a copper-catalyzed synthesis of ortho ester

phenylpyridines via C—H functionalization using benzyl ethers as alternative

deriva
_gf ArCOO—- source is illustrated. This reaction proceeds through a sequential
na

‘ tion and cleavage of C—0 bonds via loss of four s.p3 C—H bonds from both halves of benzyl
l & € <
C ther and installs a benzoxy moiety at the proximal site of 2-phenylpyridine.
ether é

Optimization of reaction conditions: As has been mentioned earlier, initially a reaction was
carried out between 2-phenylpyridine (1) and dibenzyl ether (a) in the presence of Cul (10 mol
o) as the catalyst, TBHP in decane (5—6 M) (3 iEClUIV) as the oxidant in 1,2-dichloroethane
(DCE) solvent (Table 1V.3.1, entry 1). The reaction ended up giving 2-(pyridin-2-yl)phenyl
benzoate (1a), an ester, in 23% yield along with the recovery of both the starting materials (1)
and (a)- Encouraged by the finding of benzyl ethers serving as the alternative surrogate of
ArCOO—, series of reactions were carried out by varying catalysts, oxidants and solvents to
arrive at the best possible yield. At first, the efficacies of various copper salts were screened
Keeping all other parameters constant. Among the catalysts tested (Table IV.3.1, entries 2-9)

such as CuCl (17%), CuBr (18%), Cu(OTf), (18%), CuCl, (11%), CuBr; (9%

), CuO (11%) and
CuS04-5H-0 (8%) in DCE solvent, Cu(OAc), (26%

) (Table IV.3.1, entry 4) was found to be the
yield of the desired product (1a) marginally improved (37%) when the ——
Cu(OAc): was increased to 20 mol % (Table

Cu(OAc) (upto 30 mol %) did not improv

jdeal. The

V.31, entry 10). Furthermore, the use of excess

e the yield (41%) significantly (Table IV.3.1, entry

11). Polar aprotic solvents such as DMSO, DMF and CH3;CN were found to be less effective for

this iransformation as illustrated in Table 1V.3.1, entries 12—14. The use of chlorobenzene as the
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butyl peroxide (DTBP), m-chloroperbenzoic zcid (m-CPBA: and K>S,Og were also

solvent provided better yield (41%) with lesser side products (Table IV.3.1. entry 15) than DCE
(Table IV.3.1, entry 10). tested during the screening of the reaction. As shown {n ’3.1, entries 18—22, all these

oxidants are found to be ineffective for this trans otably, either in the absence of

Table IV.3.1. Screening of the reaction conditions®”
eSired product (1a). The yield of product

copper salt or TBHP, the reaction failed to
ure was decreased from 120 °C to 100 °C.

| (1a) dropped to 47% when the reacti

=

. N

Finally, the optimized reaction C@l 7fas, the use of 2-phenylpyridine (1) (0.5 mmol),

dibenzyl ethers (a) (0.75 mﬂml), OAc)> (20 mol %), TBHP (aq. 70%) (6 equiv) in
2

7
SN H H Cu source

H + X A Oxidant o Ph
Ph™ 70" PR solvent, 120 °C a1l

) (a) (1a)©
chlorobenzene (0.5 m
Entry | Catalyst (mol %) | Oxidant (equiv) | Solvent | Yield (%) .
1 Cul (10) TBHP (3) DCE 23 With the a fhized conditions in hand, the scope of this strategy was then
2 CuClI (10 TBHP (3 DCE 17 ; 2 di ' i i
3 CuBrE]O; TBHP E?}; DCE 18 implementd\to i ‘teaction between 2-phenylpyridine (1) and various substituted dibenzyl
4 Cu(OAc)2 (10) TBHP (3) DCE 26 eth e Yesults are summarized in Scheme IV.3.1. Dibenzyl ethers having electron neutral
5 Cu(0TH-(10) TBHP (3) DCE 18 s 2o o 1 o-Me (b), m-Me (¢), p-Me (d) and p-OM
6 CuCl; (10) TBHP (3) DCE 1 =d electron-donating groups such as (plan-Me (G grietlend, pOe (o) as
7 CuBr (10) TBHP (3) DCE o) as electron-withdrawing p-Br (f) and p-Cl (g) substituents were all found to serve as
g CUSS??I&I,?)) (10) }ﬂggg 8; ggg 18] @ A;(‘OO-—.sourCCS and gave good to moderate yields of corresponding products of (1a—1g). The
10 Cu(OAc), (20) TBHP (3) DCE 37 ' resence of electron-donating substituents in the aryl ring of dibenzyl ethers irrespective of their
11 Cu(OAc); (30) TBHP (3) DCE 41 P : ields than tl : i :
12 Cu(OAc); (20) TBHP (3) DMSO 6 position of attachments (b—e) provided better yields than those possessing electron-withdrawing
13 Cu(OAc), (20) TBHP (3) DMF 5 suents (f and g) as shown in Scheme IV.3.1. The efficacy of this coupling reaction was
14 Cu(OAc); (20) TBHP (3) CH-CN 13 substl : > 2-pl Ipyridi 1 2 idi i
15 Cu(OAc), (20) TBHP (3) i’I3C 1 41 <O further executed with substituted 2-phenylpyridines such as 2-p-tolylpyridine (2). Reaction of (2)
E 1 .
:g 8’:;8};33 gg; ;\q{ﬂ‘gﬁP (3) PhCl with various substituted dibenzyl ethers (a—g) were then carried out and all provided good to
2 s i . 3 s o : . .
18 Cu(OAc); (20) 0, (16))(6) Ly 0 noderate yields of their respective products (2a-2g) as shown in Scheme IV 3.1. Similarly, 2-m-
é 3 Cu(OAc), (20) DTBP (6) PhCI 0 tolylpyfi dine (3) when treated with dibenzyl ether (a) under the reaction conditions gave a good
Cu(OAc), (20 e 0 . . .
= CU(OAC;: §20; }?70221?;\(6(;)) Pl]Cl 80 yield of the desired product (3a). Further 2-(4-methoxyphenyl)pyridine (4), another activated
592, Cu(OAc), (20) K>S:05 (6) %] 00 substrate when treated with dibenzyl ethers possessing electron neutral —H (a) and electron-
24 Cu(OA-c)», &3 Aq. TBHP (6) P]hC} 88 withdrawing p-Cl (g) under the present reaction conditions, provided (4a) and (4g) in 75% and
2 = 1 ) b o 1 ] s 0
'Reacli0n2(:5011dili0ns 2-ph Cu](oﬁc)z (20) AQ-TBHPA@& PhCl 47° 54% yields respectively as shown in Scheme IV.3.1. Dibenzyl ether (a) also served as ArCOO-
: : - <-phenylpyridine (1), (0.5 1), dib 1 Cl (0.5 mL), 22 h. ; ith other 2- idi s ats :
Isolated yield. “Reaction carried out at 100 °C. el EH%X@ (0.75 mmol), PhCI ( mL) 1 surrogate “I; 1 ;)) 1erd Phemipyidine deraives RS eleCtroanithdraWing substituents
-Br and p-Cl 1vi -
) D N such as p ( 2 (6), giving o benzoxylated products (5a) and (6a) respectively in
1€ use of 70% aqueous solution of TB ieu of decane TBHP was found to be better moderate yields.

. Iv.3.1, entry 16. A further improvement in the
yield (upto 58%) of (1a) was ob 1 the aq. TBHP quantity was increased to two fold (6
equiv) (Table 1V.3.1, entry ad of using TBHP, other oxidants such as H-O-, di-rers-
% 146 147
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(47%) for this transformation as shown it
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a.b

Scheme IV.3.1. Substrate scope for ortho benzoxylation using dibenzyl ethers™

~ 7
H H Rt
¢ Cu(OAc), (20 mol %)
H + Ar 0~ “Ar 'BUOOCH (6.0 equiv) = O\r e
I PhCI, 120 °C R—_ |
(1-6) (@-9) "y

R = -H, p-Me, m-Me, p-OMe, p-Br, p-Cl (1a-1g, 2a-2g, 3a, 4a, 49, 5a, 6a)

>

AR

R

= \
1 =N N Me I N ME
o
0 (1a) (1b) (1c) (1d)
(58%, 22 h) (62%, 21 h) (63% 21 h) (65% 20 h)
S S R
I _N OMe | _N Br I _N Cl
°\|/©/ O\I/@ °\|/©/
| | l
O (1e) o (1f) O (1g) (2a)
(71%, 17 h) (39%, 25 h) (37%, 27 h) (61 %,20 h)

) ar =
=N Me ~N me _N OMe
5
|
o (2b) (2¢c) (Zd) e
(64%, 21 h) Me

Me (64"/ 20 h) Me (67°/ 19 h) 72°
Br ,N
(o /E ]
! O
I
0 (2 (29) E; O (4a)
Me (41%, 23 h) (35% 26 h)

%‘Qh) OMe  (75%.15h)
B |
/N

I N
~N Cl
0Y©r N
| |
O (4g) (5a) O (6a)
OMe  (54%,20h) (29%, 27 h) ol (26%, 30 h)

“Reaction condition: 2-arylpyridi %, dibenzyl ether (0.75 mmol) and aq. TBHP (70%) (6 equiv) at 120
°C in chlorobenzene (0.5 mL). 'Q&{ of olated product.

N\
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A\ \
However, directed arenes bearing activated substituentsQuc -Me (2), m-Me (3) and p-
OMe (4) gave better yields compare to those possesging ttoxl-withdrawing substituents such

as p-Br (5) and p-Cl1 (6) (Scheme IV.3.1). This is{be T the better electrophilic metallation

of Cu(ll) catalyst with activated 2-aryl rin Ifyridine. To check whether both the halves

of a dibenzyl ether acted as the arylc
was treated with 2-phenylpyridin ¢r the present reaction conditions, the unsymmetrical
e mixture of (1e) and (1g) in a ratio of 1.5:1 as shown in

dibenzyl ether (eg) provided
Scheme 1V.3.2. This 1]t tonfirms that both the halves served as aryl carboxy source but the

activated aryl a better o-benzoxy source compare to its deactivated counterpart
[e [4

(Scheme]@
H
i §© . NGO
—N =N
Q S:§ ) \_/ g p

Cu(OAc), (20 mol %)
4 (1eauiV)  —g (5OH (6.0 equiv)

PhCI, 120 °C

(1.5 equw) 43% (1.5:1) 29%

Scheme IV.3.2. Reaction ])c’fjfor'med with 2-phenylpyridine (1) and unsymmetrical ether (eg)

A set of control reactions were performed to gather the evidences to support the postulated

action mechanism for this transformation. Analysis of the crude reaction products of dibenzyl
re

ther (2) under the optimized conditions in the absence of directing substrate (1) revealed the
15

presence of benzyl alcohol (A), benzaldehyde (B), benzoic acid (C) and benzylbenzoate (D) as

getected by HRMS, which is consistent with previous observations.®® Thus, to find out the

possible active intermediates, at first reactions of benzyl alcohol (A) and benzaldehyde (B) with

(1) were carried out separately under otherwise identical conditions. Interestingly benzyl alcohol

(A) and benzaldehyde (B) when reacted with (1), provided the corr esponding product (1a) in

61% and 65% yields respectively (Scheme IV .3. 3, path a and path b). These results strongly

bupport their intermediacy duri ing this transformation.
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Cu(OAc), Ph

"><“ 'BuC:OH 0:<
N— (A) i
N\ / -
1) o Cu(OAc),
)j\ 'BUOOH

H Ph 65%
(B)

Scheme IV.3.3. Control reactions performed with benzyl alcohol (A) and benzaldehvde (B)

Later on, reactions of other two remaining indentified species (by HRMS) viz. benzoic acid
(€) and benzylbenzoate (D) with (1) were again carried out separately under otherwise identical
conditions. In these reactions, benzoic acid (C) and benzylbenzoate (D) yielded only 7% and
10% of (1a) respectively, suggesting those species may not be the active coupling partners
(Scheme 1V.3.4, path ¢ and path d). The use of benzoic acid in lieu of dibenzyl ether provided
only a trace of o-benzoxylated product supporting the presence of active benzoxy radical and not

the benzoate anion in the medium. Thus, the possibility of oxidation of the ligand chelated Cu!

. 1l : . . ) ) . _ '
species to Cu species via disproportionation reaction=" is less feasible as compared to its

oxidation via active benzoxy radical.

o Cu(OAc), Ph @

'BuOOH o:<
H H\O/U\Ph 7% 3
N—
\ 7/ >
) o Cu(OAc), / A \
‘BuOOH
. "AO/U\P" 10%
(D)
Scheme IV.3.4. Control reactions performed with benzoj(lcid\CPand benzylbenzoate (D)

a reaction was conducted in the

Furthermore, to support the radical nature of the.c
%ﬂi g other reaction parameters constant.

ng with the formation of TEMPO-ester (X)

confirms the radical nature of the regcti

N

TH-1457_10612218
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Chapter IV

M
- | e M
o Ph /N
H + .
o+ ©/k M
t (1a) © (X)
13% 41%
Scheme I 1434&!!0:111'0] reaction performed with radical inhibitor TEMPO
4a5 ;
Results obtai ofOkontrolled experiments and from our recent reports " a plausible
csu é

tion mechar s been postulated as shown in Scheme IV.3.6. Presumably, TBHP in the
reacliiorn C <

¢ catalyst produces species (a') via an initial SET mechanism. The intermediate
<

presen . - _
undergo proton abstraction of ot—sp3 C—H bond to give an oxonium species (a’").
(=)
path involving a-—sp3 C—H proton abstraction followed by a SET

weoYer, alternative

25 £ B
. . a’’) cannot be ruled out.™ A nucleophilic attack of water
i form oxonium species (
mechanism to

: species leads to the formation of an unstable hemi-acetal species
on oxonium

(benzyloxy)(phenyl)methanol (a

mixture of benzyl alcohol (A) a1
her oxidized to the corresponding benzaldehyde (B). Due to the presence of an excess of
is further

''1). This hemi-acetal species easily cleaved to give an equimolar

1d benzaldehyde (B). Thus formed benzyl alcohol (A) generated

HP. the in situ generated (B') obtained by the proton abstraction of benzaldehyde (B), forms a
TBHF, . )
ter species (E). Homolytic cleavage of this perester (E) forms carboxy radical (C'). Further
ereste . :
i . Jative addition of this carboxy radical (C’) with cyclometallated Cu complex (F) lead to the
oxi

11

ation of an unstable Cu intermediate (G). Finally, a reductive elimination of (G) installs a

form

penzoxXy _
cidized to Cu'" for subsequent catalytic cycle as shown in Scheme IV 3.6,
o

. 3 1 v
moiety at the ortho site of (1) forming Cu' species. The generated Cu' catalyst is
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cum___>cul) H H

H H
©Xo/j© 'BUOOH ©)(-0/\©
(@) @)
'‘BuO + H,0

@if@ e (S0

o._-O._
‘BuOOH | '‘BuGC + .BuooH O'Bu

(A) (B) 'Bu0’ + H,0 ™ tBuon (E)
‘BuOOH 'BuOH + H,0 'BuO
OAc
= cl" 40
N U, .
X N— @)\o
H
chelated
M AcOH Somplex Oxidative
addition
Cu(OAc),
[0] reductive
elimination

Scheme IV.3.6. Plausible mechanism for o-benzoxylag,

%ﬁnylpyﬁ(ime (1)

In case of unsymmetrical dibenzyl ether (eg) prowde e major product. This is due to

tl . ;
he formation of a more stable oxonium specie th o—sp® C—H proton abstraction from

a
ctivated ring side (eg’). The in sim mi-acetal intermediate (eg'’’) cleaved to

e .
quimolar mixture of4~methox_yben nd 4-chlorobenzyl alcohol as shown in Scheme

IV.3.7. The in situ generated 4 @ nzaldehyde then undergo preferential coupling with 2-
phenylpyridine (1), whll )

Wfed 4-chlorobenzyl alcohol needed an extra oxidizing step to

TH-1457_10612218
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N

get corresponding aldehyde. This favoured coupling of electron

ion was performed with 0.5 mmol (1 equiv) of

(eg) has been ascertained even wh

roducts (1e) and (1g) (1.45:1) obtained were almost

unsymmetrical ether (eg). The |fatio
identical (1.50:1) using @nll (1.5 equiv) of (eg) supporting our presumption.

@ Cu(u)CCU(I) H H
/\@ tBuOOH /@R(oA@\
o+
Cl MeO (eg’) ci

'‘BuOOH

'‘BuO’ + H,0

Cl OMe

heme IV.3 7. Formation of arvl carboxy (ArCOO-) surrogate from unsymmetrical ether (eg)
Schem ede /e : 3

In conclusion, an efficient Cu'-catalyzed protocol for the o-benzoxylation of 2-arylpyridine

Jerivatives has been demonstrated utilizing benzyl ethers as the new arylcarboxy surrogates. The
erl

tion shows a broad substrates scope and good tolerance toward the various functional groups
reac

sing inexpensive copper catalyst. A mechanistic investigation reveals that the reaction is aoting
u B t=

,ja radical pathways. In addition, this reaction demonstrates the differential reactivity of Cu
1

at of Pd catalyst. It is true that benzyl alcohols

catalyst to th and benzaldehydes also serve as the

»-benzoxy source, however aldehydes on storage easily oxidizes to their corresponding acids

gimilarly, alcohols are also prone to oxidative conditions. The use of dibenzylether is

advantageous because they are not only stable to areal oxidation but also releases two
cquivalents of aroylcarboxy group per molecule. The reaction proceeds through sequential

formation of C-O bonds involving overall cleavages of five C—H bonds (four benzylic sp’

C—H's and one sp™ arene C—-H) and one C-0O bond to selectively install an arylcarboxy moiety at

the ortho site of 2-arylpyridine derivatives.
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IV.4. Experimental Section

IV 4. 1. General information:

All the reagents were commercial grade and purified according to the established procedures.
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 60 F254 (0.25 mm). NMR
spectra were recorded in CDCl; with tetramethylsilane as the internal standard for '"H NMR (400
MHz and 600 MHz) and CDCl; solvent as the internal standard for '°C NMR (100 MHz and 150
MHz). Mass spectra were recorded using WATERS MS system, Q-TOF premier and data
analyzed using Mass Lynx 4.1. IR spectra were recorded in KBr or neat on a Nicolet Impact 410

spectrophotometer.

IV.4. 2. General procedure for the synthesis of 2-(Pyridin-2-yl)phenyl benzoate (1a) from 2.
pPhenylpyridine (1) and benzyl ether (a):

A oven-dried round bottle flask was charged with 2-phenylpyridine (1), (0.5 mmol, 0.078 g),

- benzyl ether (a) (0.75 mmol, 0.149 g), Cu(OAc); (20 mol %, 0.018 g), 70% aqueous solution

In a preheated oil bath at 120 °C for 22 h and the progress of the reaction was monitored by TLC.

Th i i
¢ reaction mixture was cooled down to room temperature, residual solvent evaporated r
red . .

toed pressure and diluted with ethyl acetate (1 x 10 mL). This diluted reaction e

TBHP (6 equiv, 430 #L) in chlorobenzene (0.5 mL). This resultant reaction mixture was stirred :Q

passed through a Celite bed and subsequently washed with ethyl acetate (2
combined organic layer was then washed with 10% aq. saturated solution of 148
followed by water (2 x 5 mL). The organic layer was dried ov

Cvaporated under reduced pressure. The crude product was ﬁlnh%' by silica gel column

ri
chromatography using (heane/ethylacetate = 9:1) as the eluwkt give pure compound (2-
(pyridin-2-yl)phenyl benzoate) (1a, 0.08 g, 58%) as a bn% oil material.

P
N

TH-1457_10612218

10 L) The
x 5 mL)

rous Na>SO4 and

a<@
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IV.6. Spectral data

2-(Pyridin-2-yl)phenyl benzoate (1a):

Brown oil; 'H NMR (CDCl;, 400 MHz): § (ppm)

gi 7.14-7.17 (m, 1H), 7.31 (d, 1H, J = 8.4 Hz), 7.38—7.44 (m,
o Y© 2H), 7.46-7.51 (m, 2H), 7.55-7.65 (m, 3H), 7.77-7.79 (m,

5 1H), 8.09 (d, 2H, J = 7.6 Hz), 8.59—8.60 (m, 1H); '*C NMR

(CDCl3, 150 MHz): & (ppm) 122.3, 123.5, 123.9, 126.6,
128.7, 129.7, 129.9, 130.4, 131.1, 133.5, 133.6, 136.4,
148.5, 149.8, 155.8, 165.4; IR (KBr): 3062, 2924, 2854,
1737, 1585, 1564, 1493, 1463, 1451, 1426, 1262, 1195,

1177, 1116, 1080, 1062, 1023, 754, 707 cm™'; HRMS
(ESI): caled. for CjsH;4NO,' (M + H') 276.1019; found

276.1019. ¢@
2-(Pyridin-2—yl)phenyl 2-methylbenzoate (1b): \

A
Yellow oil; '"H NMR (CDCl3, 400 MHz): 6 (ppm) 2.53 f@@
3H), 7.16-7.19 (m, 1H), 7.24-7.29 (m, 3H), 7.30-7,85 (

2H), 7.47-7.51 (m, 1H), 7.55 (d, 1H, Jég@z),

7.63-7.67 (m, 1H), 7.76 (dd, 1H, J, = 1@\4 7.6 Hz),

7.99-8.01 (m, 1H), 8.61-8.62 (m, v@ R (CDCl;,

100 MHz):  (ppm) 21.8, 122,32 IO\, 123.9, 125.9, 126.5,

128.8, 129.9, 131.1, | &.9, 132.7, 133.7, 136.4,

141.4, 148.5, 149.7, 65.9; IR (KBr): 3064, 2926,

, 1492, 1462, 1425, 1289, 1246,

2853, 1738, &
1190, 1135, 1036} 1022, 793, 752, 736, 707 cm™'; HRMS
> for C19H|(NO,' (M + H') 290.1176; found

N
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2-(Pyridin-2-yl)phenyl 3-methylbenzoate (1c): ? %
S

Yellow oil; 'H NM 15, 500 MHz): & (ppm) 2.39 (s,

3H), 7.16@ ), 7.30 (d, 1H, J = 7.8 Hz), 7.34 (4,
1H, J = ,71.38-7.41 (m, 2H), 7.46-7.49 (m, 1H),
) J=17.8 Hz), 7.61-7.63 (m, 1H), 7.78 (dd, 1H,
/8 Hz, J> = 7.8 Hz), 7.88 (d, 1H, J = 7.8 Hz), 7.90 (s,
1H), 8.60-8.61 (m, 1H); '>)C NMR (CDCls, 150 MHz): &
(ppm) 21.4, 122.3, 123.5, 123.9, 126.5, 127.5, 128.6, 129.6,
129.9, 130.9, 131.1, 133.5, 134.4, 136.3, 138.5, 148.5,
149.8, 155.8, 165.5; IR (KBr): 3062, 2923, 2856, 1731,
1608, 1565, 1587, 1493, 1463, 1426, 1275, 1184, 1115,
1064, 1025, 990, 903, 793, 739 cm™'; HRMS (ESI): calcd.
for C1oH1sNO>" (M + H") 290.1176; found 290.1180.

2-(Pyridin-2-yl)phenyl 4-methylbenzoate (1d):

S
| _N Me
o
I
(o)

Yellow oil; '"H NMR (CDCls, 400 MHz): & (ppm) 2.43 (s,
3H), 7.14-7.18 (m, 1H), 7.26 (d, 2H, J = 8.0 Hz),
7.29-7.31 (m, 1H), 7.38-7.42 (m, 1H), 7.46-7.50 (m, 1H),
7.54-7.57 (m, 1H), 7.59~7.64 (m, 1H), 7.78 (44, 1H, J, =
2.0 Hz, J; = 8.0 Hz), 7.97 (4, 2H, J = 8.0 Hz), 8.59-8.62
(m, 1H); '’C NMR (CDCl,, 150 MHz): 3 (ppm) 21.9,
122.3, 123.6, 1239, 126.5, 1269, 129.4, 129.8, 130.4,

131.1, 133.6, 136.3, 144.5, 148.6, 149.8, 155.8, 165.4; IR
(KBr): 3063, 2923, 2853, 1738, 1610, 1585, 1571, 1442,
1425, 1263, 1223, 1177, 1066, 1018, 836, 746, 767 cm™';
HRMS (ESI): caled. for CioH ) 16NO,"

M + H") 290.1176;
found 290.1173.
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2-(Pyridin-2-yl)phenyl 4-methoxybenzoate (1e):

g

~N OMe
Ojﬁ
I

O

Brownish gummy; "H NMR (CDCls, 400 MHz): o6 (ppm)
3.87 (s, 3H), 6.93 (d, 2H, J = 8.8 Hz), 7.14-7.17 (m. 1H),
729 (d, 1H, J = 8.4 Hz), 7.37-7.41 (m. 1H), 7.45-7.49 (m,
1H), 7.55 (d, 1H, J = 8.0 Hz), 7.59-7.64 (m, 1H),
7.77-7.79 (m, 1H), 8.04 (d, 2H, J = 8.8 Hz). 8.61-8.62 (m,
1H); °C NMR (CDCls, 150 MHz): & (ppm) 55.7, 113.9,
121.9, 122.3, 123.6, 123.9, 126.4, 129.8, 131.1, 132.5,
133.5, 136.3, 148.6, 149.8, 155.8, 163.9, 165.0; IR (KBr):
3063, 3010, 2933, 2842, 1730, 1606, 1582, 1510, 1462,
1424, 1317, 1255, 1195, 1166, 1114, 1068, 1024, 847, 752
em™; HRMS (ESI): caled. for CioH,oNOy (M + H')
306.1125; found 306.1134.

2-(Pyridin-2-yl)phenyl 4-bromobenzoate (1f):

T

6]

N Br |
o S|
|

Pale yellow gummy; '"H NMR (CDCls, 400 MHz): 8 (ppm)
7.15-7.18 (m, 1H), 7.29 (d, 1H, J = 8.0 Hz), 7.41 (t, 1H. J@

= 7.6 Hz), 748 (d, 1H, J = 8.0 Hz), 7.52 (d, 1H, J 4
Hz), 7.60 (d, 2H, J = 8.4 Hz), 7.62-7.66 (m, 1 @
IH, J=6.8 Hz), 7.93 (d, 2H, J = 8.8 Hz)§§7 (m,
IH); °C NMR (CDCl, 150 MHz): SpxmNEZ2.4, 123.5,
1238, 126.8, 128.7, 128.9, 13gN\N1.® 131.9, 132.1,
133.5, 136.5, 148.3, 149.8 164.7; IR (KBr): 3062,
2924, 2852, 1738, 160 1484, 1463, 1426, 1397,

71, 1010, 846, 792, 749 em™;

1261, 1193, 117% 3
HRMS (ESRx caled\Jor CsH3;BrNO," (M + H') 354.0124:
found 3

N
S

TH-1457_10612218
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2-(Pyridin-2-yl)phenyl 4-chlorobenzoate (1g):

=
ks

X % Ester
N

Iy

Colourless gummy; : (CDCls, 600 MHz): & (ppm)
(d, 1H, J = 8.4 Hz), 7.39-7.44 (m,

1H), 7.52 (d, 1H, J = 7.8 Hz),
7227 , 1H), 7.76 (dd, 1H, J, = 1.2 Hz, J, = 7.2 Hz),
8@ 2H, J = 8.4 Hz), 8.56-8.57 (m, 1H): '*C NMR
(CDCls, 150 MHz): & (ppm) 122.4, 123.5, 123.8, 126.8,
128.2, 129.1, 129.9, 131.1, 131.8, 133.5, 136.4, 1402,
148.3, 149.8, 155.8, 164.6; IR (KBr): 3065, 2924, 2853,
1739, 1592, 1492, 1463, 1426, 1401, 1261, 1194, 1172,
1116, 1091, 1071, 1014, 848, 750 cm™'; HRMS (ESI):
caled. for C;sH;3CINO2 (M + H') 310.0629: found
310.0631.

5-Methyl-2-(pyridin-2-yl)phenyl benzoate (2a):

Ll

Reddish gummy; 'H NMR (CDCls, 600 MHz): & (ppm)
2.4 (s, 3H), 7.12-7.13 (m, 2H), 7.21 (d, 1H, J = 7.8 Hz),
7.45 (t,2H,J = 7.8 Hz), 7.54 (d, 1H, J = 7.2 Hz), 7.58-7 61
(m, 2H), 7.69 (d, 1H, J = 7.8 Hz), 8.09 (d, 2H, J = 7 § Hz),
8.57-8.58 (m, 1H); °C NMR (CDCl, 150 MHz): § (ppm)
21.4,122.1,123.7,123.9, 127.5,128.7, 129.8, 130.3. 130.6,
130.8, 133.6, 136.3, 140.4, 148.3, 1497, 155.8, 165.5; IR
(KBr): 3061, 2924, 2854, 1732, 1666, 1621, 1587, 1467
1451, 1432, 1257, 1177, 1152, 1081, 1063, 1025, 826, 734:
750, 707 em™; HRMS (ESI): caled. for CioH1NO," (M +
H") 290.1176: found 290.1178.

161



Chapter IV

Ester

5-Methyl-2-(pyridin-2-yl)phenyl 2-methylbenzoate (2b):

X

Me

l N Me
0
|

Yellowish gummy; 'H NMR (CDCl;, 400 MHz): & (ppm)
2.44 (s, 3H), 2.54 (s, 3H), 7.09 (s, 1H), 7.13=7.17 (m, 1H),
7.20 (d, 1H, J = 7.6 Hz), 7.23-7.27 (m, 2H), 7.41-7.45 (m,
1H), 7.53 (d, 1H, J = 8.0 Hz), 7.61 (dd, 1H, J; = 2.0 Hz, J,
= 8.0 Hz), 7.65 (d, 1H, J = 8.4 Hz), 7.99-8.02 (m., 1H),
8.59-8.60 (m, 1H); '>)C NMR (CDCls, 100 MHz): & (ppm)
21.4,21.8,122.1,123.8, 124.0, 125.9, 127.4, 128.9, 130.78,
130.80, 131.3, 131.9, 132.6, 136.3, 140.4, 141.3, 148.3,
149.7, 150.1, 166.0; IR (KBr): 3058, 2925, 2853, 1738,
1621, 1587, 1574, 1465, 1431, 1288, 1245, 1151, 1136,
1045, 782, 736 cm™'; HRMS (ESI): caled. for CaoH;xNO-'
(M +H") 304.1332; found 304.1332.

S-Methyl-2-(pyridin-2-yl)phenyl 3-methylbenzoate (2¢):

|

| N

Me

Me

TH-1457_10612218

(ppm) 21.4, 21.8, 122.1, 123.8,

1738, 1621, 1587,
1136, 10 78

CyH)3

Yellowish oil; '"H NMR (CDCl,, 600 MHz): 8§ (ppm) 2.40

(s, 3H), 2.44 (s, 3H), 7.11 (s, 1H), 7.12=7.14 (m, 1H), 7.2 @%

(d, IH, J=7.2 Hz), 7.34 (t, 1H, J = 7.8 Hz), 7.40 (d,_}H,
=78 Hz), 7.54 (d, 1H, J = 7.8 Hz), 7.58—7.64&n ,
7.68 (d, IH, J = 7.8 Hz), 7.88 (d, 1H,J=7.8 &.90 G,
1H), 8.58-8.59 (m, 1H); '*C NMR Cl MHz): &
1299, 127.4, 128.9,
6,1136.3, 140.4, 141.3,
(KBr): 3058, 2925, 2853,
1465, 1431, 1288, 1245, 1151,

6 cm™'; HRMS (ESI): caled. for
+ H") 304.1332; found 304.1328.

130.78, 130.80, 131.3, 13
148.3, 149.7, 150.1, 1

N
&

&

Chapter 1V

X x Ester
\"d Vv

5-Methyl-2-(pyridin-2-yl)phenyl 4-methylbenzoate (2d): %
‘ R

Brownish gummy (CDCl3, 400 MHz): & (ppm)
2.42 (s, 3H)}RNR. 3H), 7.11-7.14 (m, 2H), 7.20 (d, 1H,

J = 8 24-7.26 (m, 2H), 7.52-7.54 (m, 1H),
. (m, 1H), 7.68 (d, 1H, J = 8.4 Hz), 7.97 (d, 2H, J

4 Hz), 8.58-8.59 (m, 1H); '’C NMR (CDCl;, 100

o

S-Methyl-2

MHz): & (ppm) 21.4, 21.9, 122.0, 123.8, 123.9, 127.0,
127.4, 129.4, 130.4, 130.6, 130.8, 136.2, 140.3, 144.4,
148.4, 149.7, 155.8, 165.5; IR (KBr): 3052, 2922, 2852,
1735, 1611, 1586, 1465, 1431, 1258, 1171, 1151, 1130,
1070, 1019, 835, 781, 746, 687 cm™'; HRMS (ESI): calcd.
for C2oHisNO2* (M + H') 304.1332; found 304.1337.

-(pyridin-2-yl)phenyl 4-methoxybenzoate (2e):

A
l _N OMe |
o
Ii
(o)
Me 1

Brownish gummy; 'H NMR (CDCl;, 400 MHz): § (ppm)
2.43 (s, 3H), 3.87 (s, 3H), 693 (d, 2H, J = 838 Hy),
7.10-7.11 (m, 1H), 7.13 (d, 1H, J = 6.0 Hz), 7.19 (4, 1H, J
= 7.6 Hz), 7.53 (d, 1H, J = 7.6 H2), 7.57~7.61 (m, 1H),
7.68 (d, 1H, J = 8.4 Hz), 8.04 (d, 2H, J = g g Hz),

8.58-8.59 (m, 1H); °C NMR (CDCl;, 100 MHz): § (ppm)
21.4,55.7, 113.9, 122.0, 122.1, 123.8, 124.0, 127.3, 130.6,
130.8, 1325, 1362, 1403, 1484, 1497, 155.8, 163.9

165.2; IR (KBr): 3059, 2924, 2853, 1731, 1606, 1586,
1511, 1464, 1432, 1254, 1167, 1130, 1071, 1027, 846, 782,
763, 692 cm™; HRMS (ESI): caled. for C20H1sNO;* (M +
H") 320.1281; found 320.1289.
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5-Methyl-2-(pyridin-2-yl)phenyl 4-bromobenzoate (2f):

Light yellow thik gummy; 'H NMR (CDCls, 600 MHz): &
(ppm) 2.44 (s, 3H), 7.10 (s, 1H), 7.13=7.15 (m. 1H). 7.21
(d, 1H, J= 8.4 Hz), 7.49 (d, 1H, J = 7.8 Hz), 7.59-7.63 (mm,
3H), 7.65 (d, 1H, J = 8.4 Hz), 7.94 (d. 2H, J = 8.8 Hz),
8.54-8.55 (m, 1H); '°C NMR (CDCls. 150 MHz): & (ppm)
21.4, 1222, 123.7, 123.9, 127.6, 128.75, 128.84, 130.5,
130.8, 131.9, 132.1, 136.4, 140.5, 148.2, 149.7, 155.8,
164.9; IR (KBr): 3061, 2924, 2853, 1738, 1621, 1589,
1511, 1484, 1466, 1432, 1397, 1258, 1173, 1152, 1131,
1072, 1011, 784, 748 cm™'; HRMS (ESI): caled. for
CigHisBrNO," (M + H') 368.0281; found 368.0281.

5-Methyl-2-(pyridin-2-yl)phenyl 4-chlorobenzoate (2g):

TH-1457_10612218

Brownish gummy; '"H NMR (CDCl,, 600 MHz): & (ppm)
244 (s, 3H), 7.1 (s, 1H), 7.12—7. 14 (m, 1H), 7.21 (d. 1H,
/=78Hz),7.43 (d, 2H, J = 8.4 Hz), 7.50 (d. 1H. J = 7.8

H2), 7.59-7.62 (m, 1H), 7.65 (d, 1H, J = 7.8 Hz), 8,9 (d,
2H,J=17.8 Hz), 8.54-8 55 (m, 1H); "*C NMR (%ﬁ
MHz): 8 (ppm) 21.4, 1222, 123.6, 123@ 128.3,
129.1, 130.5, 130.8, 131.7, 136.4. oﬁ 148.2,
149.7, 155.8, 164.7; IR (KB S\\%?B 3, 2853, 1738,
1621, 1590, 1487, 1466 & 1258, 1172, 1152

1131, 1090, 1072, 105 %54, 750 cm™'; HRMS (ESD):

caled. for CjqHs >~ (M + H') 324.0786; found
324.0786.

N
&

<f

y
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4-Methyl-2-(pyridin-2-vl)phenyl benzoate (3a): %

Light yellow gu . MR (CDCls;, 600 MHz): &

| /\N (ppm) 2.44 %7.16 (m, 1H), 7.18 (d, 1H, J = 8.4
0\|/© Hz), 7. m, 1H), 7.45 (t, 2H, J = 7.8 Hz), 7.55 (d,

Ol .2 Hz), 7.58-7.62 (m, 3H), 8.08 (d, 2H, J = 7.8

(ppm) 21.1, 122.3, 123.2, 123.9, 128.6, 129.8, 129.9, 130.4,
130.6, 131.5, 133.0, 133.6, 136.3, 146.3, 149.8, 155.8,
@ 165.5: IR (KBr): 3061, 2923, 2852, 1731, 1586, 1566,

v 1499, 1462, 1452, 1436, 1428, 1314, 1264, 1195, 1177,
é@ 1131, 1080, 1062, 1024, 991, 871, 799, 773, 747, 707 cm":

Me ] @8.60—8.61 (m, 1H); 3C NMR (CDCls, 150 MHz2): &

HRMS (ESI): caled. for C19H;sNO>" (M + H") 290.1176:
found 290.1182.

@ 5-Methoxy-2-(pyridin-2-yl)phenyl benzoate (4a):

Brown gummy; 'H NMR (CDCls, 400 MHz): & (ppm) 3.87

| ?N (s. 3H), 6.83-6.84 (m, 1H), 6.96 (dd, 1H, J, = 2.4 Hz, J, =
°‘|/© 8.8 Hz), 7.09-7.13 (m, 1H), 7.46 (1, 2H, J = 8.0 Hz), 7.5
oI . -
OMe

(d, TH, J=8.0 Hz), 7.57-7.62 (m, 2H), 7.74 (d, 1H, J = 8 4
Hz), 8.10 (d, 2H, J = 7.2 Hz), 8.56-8.57 (m, 1H); 1*

C NMR
(CDCls, 100 MHz): § (ppm) 55.8, 108.9, 112.8, 1219

1236, 1259, 128.7, 129.7, 1304, 131, 133.7, 136.4

149.4, 149.7, 155.6, 160.9, 164.4; IR (KBr): 3050, 2925
2852, 1737, 1617, 1587, 1510, 1465, |

1433, 1314, 1260,

\ 1189, 1154, 1124, 1061, 1079, 1023, 881, 784, 706 cm™'-

HRMS (ESI): caled. for CioH | eNO;

(M + H) 306.1125:
found 306.1130.
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5-Methoxy-2-(pyridin-2-yl)phenyl 4-chlorobenzoate (4g):

=
| N Cl
oj/©/
|
@]
OMe

Brown gummy; 'H NMR (CDCls. 600 MHz): & (ppm) 3.87
(s, 3H), 6.83-6.84 (m, 1H), 6.96 (dd. 1H. ./, = 1.8 Hz, J> =
8.4 Hz), 7.10-7.12 (m, 1H), 7.44 (d, 2H. J = 8.4 Hz), 7.48
(d, 1H, J= 7.8 Hz), 7.58-7.61 (m, 1H), 7.71 (d. 1H, /= 8.4
Hz), 8.03 (d, 2H, J = 8.4 Hz), 8.52—-8.53 (m, 1H): ''C NMR
(CDCl;, 100 MHz): § (ppm) 55.8, 108.9. 112.9. 121.9,
123.4, 125.9, 128.2, 129.1, 131.7, 136.4, 140.2. 140.8.
149.3, 149.7, 155.6, 160.9, 164.5; IR (KBr): 3049, 2925,
2851, 1739, 1617, 1593, 1509, 1465, 1433, 1400, 1283,
1259, 1190, 1154, 1124, 1090, 1014, 846, 783. 749 cm—[;
HRMS (ESI): caled. for CjoH;sCINOs™ (M + H') 340.0735:
found 340.0745.

5-Bromo-2-(pyridin-2-yl)phenyl benzoate (5a):

A
A /l
(o) .
I
0]
Br

>

TH-1457_10612218

Light brown gummy; '"H NMR (CDCls, 400 MHz): & (ppm)
7-14-7.17 (m, 1H), 7.43-7.48 (m, 3H), 7.51-7.53 (m, ZH)@

7.57-7.63 (m, 2H), 7.66 (d, 1H, J = 8.8 Hz), 8.03-8,98 (m,
2H), 8.56-8.57 (m, 1H): *C NMR (CDCls, 1@@%5
(ppm) 122.6, 122.9, 123.8, 126.9, 128.8 IRQ.2V129.8,
130.4, 1322, 1326, 1339, 1365 9, 154.8,

164.9; IR (KBr): 3051, 2924 1, 1640, 1590,
1463, 1252, 1195, 1055, 8 &706 cm™'; HRMS (ESD):
caled. for C|3H|3Br
354.0128.

%\%

+ H') 354.0124; found

Chaprer 117

Ester
Vv

@\/
S\
@@

P
5-Chloro-2-(pvridin-2-yl)phenyl benzoate (6a): %

"M NMR (CDCl;, 600 MHz): &
H) 7.348-7.352 (m, 1H), 7.38 (dd,
> J; =9.0 Hz), 7.47 (1, 2H, J = 7.8 Hz), 7.54

= 7.8 Hz), 7.59-7.64 (m, 2H), 7.75 (d, 1H, J = 8.4
, 8.07 (d, 2H, J = 9 Hz), 8.58-8.59 (m, 1H); '*C NMR

Light yellowwh

(ppm) 716!

(CDCl;, 150 MHz): & (ppm) 122.6, 123.8, 124.0, 126.9,
128.8, 129.2, 1304, 131.9, 132.1, 133.91, 135.1, 136.5,
148.9, 149.9, 154.8, 164.9; IR (KBr): 3065, 2924, 2852,
1742, 1601, 1585, 1491, 1462, 1433, 1395, 1275, 1195,
1126, 1086, 1058, 1023, 892, 783, 747, 706 cm™'; HRMS
(ESI): calcd. for CsH5CINO,' (M + H) 310.0629; found
310.063.
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5-Methoxy-2-(pyridin-2-yl)phenyl benzoate (4a): '"H NMR (

IV.7. Selected Spectra

2-(Pyridin-2-yl)phenyl benzoate (1a): '"H NMR (CDCls, 400 MHz)

e | e i 2-(pyridin-2-yDphenyl benzoate (4a): '*C NMR (CDCls, 100 MHz)

@@ 5-Methoxy-
2-(Pyridin-2-yl)phenyl benzoate (1a): *C NMR (CDCl;, 150 MHz) «
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Synthesis of 2-Aryl-2H-Benzotriazoles
om Azoarenes and TMSN;

Electron poor ring

Pd(OAc); (20 mol %)
TBHP (2.0 equiv)
TMSN; (2.0 equiv)
DMSO, 100 °C
Ar (balloon)

O

Preferred C—H
bond clevage |

v Abstract: Substrate directed ortho C—H amination of azoarenes using TMSN; as the sour
- < 3 B i 'cl()

» ; 5 @ iy AT ~ .
()f'nin'ogen leading to the synthesis of 2 arvl-2H-benzotriazol

Jelp @ cular o-azidation (C-=N
an intramolecular N=N bond formation viq wticle

es ]I(I.S' h(’(ﬂ? aCCU"IPH.\'ht’d 11‘”11 I]j'(l

/" Pd/TBHP combinations. An intermole bond fe
d Jormation) follow
, k ved
by ophilic atrack of one of the qzo nitrogen onto
i . ; - {
, o-azide nitrogen leads to evelizati i 7 i
e o azide o cvelization with the expulsion of N,
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Chapter V P wenzotriazole

A
pter V

V. Palladium-Catalyzed Synthesis of 2- Benzotriazoles from

Azoarenes and TMSN;

V.1. Introduction @Z@

Direct C—H bond functionalizhtion nsition metal catalysts has opened a plethora of
methods in the construﬂi@ C-N and C-heteroatom bonds.'™ Strategies involving inert
C—H bond activatio@ ant and significant due to their step and atom economy which
circumvent preQ{uctint ation of starting materials. In particular, directed C—H bond amination
strategies e&ﬁed a great attention recently.”’ A range of preactivated aminating reagents
\g\* oxylates,88 N-fluorobenzenesulfonimide (NFSI),*® N-tosylates,* N-halides,?

‘ hydroxylaminesse and highly active nitrene precursors, especially azides derivatives®™"

been explored as the potential aminating reagents under different metal catalysis.
ve

Organic azides are important building blocks in synthetic chemistry and have found wide
plications in medicinal chemistry, material science, polymer and biological science.’
ap

Generally azide moiety is introduced into organic molecules via Sandmeyer reaction,'®® Cu-
en >

yzed coupling of aryl halides/boronic acids with azides (NaN; or TMSN3),'°‘"d coupling

catal 10e 1
. 0f-h
een organometallics and TiIN3 and metal free or metal mediated C-H

betw s .
functionalization.'o"’ As a nitrene precursor, ortho azido group can participate in intramolecular
cyclization after releasing a molecule of N». Taking advantage of this, a number of metal-

catalyzed protocols have been developed for the synthesis of nitrogen containing heterocycles
Preﬁmctionalized 2-azido substrates or the in situ generated ortho azido moiety introduced via

cross coupling reactions or C-H functionalization often undergo intramolecula

. r cyclizatio
jeading to various heterocycles. '’ y s

tic i :
Aromatic azoarenes constitute an Important class of conjugated molecules because they

exhibit a diverse array of spectral properties. They find applications as industrial dyes, food

Additives, photochemical molecular switches, host-guest recognition, liquid crystal assemblies

.ymedical image analysis, molecular motor desi i i
piome g y design, materials and protein probes.'> From a

Syrﬁhetic point of view, in 1971, azoarenes as the directing group were first introduced by Fahey
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for the o-halogenation via a C—H activation strategy.”> However. its synthetic utility was
dormant until very recently when a series of transition metal-catalyzed reactions involving

azoarenes as the directing substrates were exploited. Examples include Pd-catalyzed ortho-

F 4 . . 15,16a
aroylation,’ o-nitration,

l6d

. 16b . -
o-alkoxylation,'”™  o-halogenation,'* Rh-catalyzed alkyne

C

annulations, allylation, e

o-acylation and its transformation to indazoles'®" and o-

162h In addition, Re and Rh-catalyzed syntheses of nitrogenous heterocycles using
&

amination.
aldehyde,'” a-diazo esters' ' and diazotized Meldrum’s acid' ™ have been reported.
With azo as the directing group, depending upon the nature of azides (as the source of

nitrogen) either a six or a five member heterocycle is formed using Rh catalyst. In 2013, Ellman
group showed that the use of aryl azide (ArN3) as coupling partner for sp” C—H functionalization
of azoarenes provided phenazines as the sole product (Scheme V.1.1, path a).'"® While in 2014
Lee and co-workers demonstrated that use of tosyl azide employing the same directed SUbStrate;
(azoarenes) led to the exclusive formation of 2H-benzotriazole deriv

atives as shown in Scheme
V.1.1, path I

Rh/Ag/AcOH Ny
& ~N
N
N
~
H
o 9
W ‘Sro ' % \
WA 1% i Ruiag
/ N, \\” DCE,110°C _ =
" P ii) Phl(OAc), ~N
E 40 °C
Scheme V.1.1. Differential reactivitics of azide derivatives with azobenzene&- latalysis

Pcnainmg these works, Jiao group showed that when 2-pheppyrXiNies, a N-directed

substrate, was treated with inorganic azide NaN3 as the coupli nod under a Pd-catalyzed

condition gave fused heterocycle pyrido[1,2—h]indazoles cheme V.1.2.'1d Although

an elegant transformation of azoarenes to 2/-benzof oKy has been described by the lee
group, the use of expensive combinations c

yst [Cp*RhCla]s, co-catalyst AgNTf> and
oxidant PhI(OAc), makes this method e

m3lly unviable (Scheme V.1.1, path b).'” Thus,
the development of an efficient, co%ff tive and atom-economic protocol is very much in
t

need. With our continuing :is

TH-1457_10612218

lish newer strategies for the synthesis of heterocycles
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>

1d,18 . Ao
% our 1nvestigation

through C—H activation,” and taking cues from the recent rgpo

started. The main objective was to check whether other co y available metal catalyst

and cheaper oxidant could be a replacement for the syptl 2H-benzotriazoles following o-

C—H activation of azoarenes. With this curiosit ,phen a reaction was carried out using

Pd/TBHP combination and TMSNj3 as the

azobenzene as the starting material in the gres
nitrogen source, the reaction gave 2-p

195,

enzotriazoles as the exclusive product (Scheme

Jiao's work

Pd(OAc), (15 mol %)
+ NaN, Ce(S0y); (2.0 equiv)
H FeCl, (20 mol %)
@ DMSO, 100 °C, O,

N
Pd/TBHP = .

DMSO, 100°C
Ar (balloon)

I}
z

Scheme y.1.2. Synthesis of nirogenious heterocycles from directed substrates employing azides
. 4 3 A zZides

v.2. Available Strategies for Synthesis of 2-Aryl-2 H-Benzotriazole

Benzotriazole is a fused heterocyclic compound having three vicinal nitrogen atoms in its

R ember ring. This ring can exist in two tautomeric forms viz. N' (M) or 1H isomer and N

g H-isomer due to the presence of one labile proton as shown in Figure V.2.1
& - BN

7 H
6 N‘1 6 1 :‘ 7 1
" N2 = @: 2 6 _N 2
4 H % 3

Nl-or1Hi
H isomer N3- or 3H isomer NZ2- or 2H isomer

Figure V.2, ffer ]
2 2.1. Different tautomeric structures of benzotriazole

! 3. - ; _
The N' and N” isomers are identical due to their structural similarity. The N' (1H) isomer is

‘ inantly present in equilibrium wi 2 (VN i ) .
predomi Yy P 1 with N° (2H) isomer at room temperature due to its
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thermodynamical stability. The greater aromaticity of benzoid structure in NV "' (141) isomer is the
source of its stability compared to the quinoid-like structure in N° (2/) isomer.
2-Aryl-2H-benzotriazoles are important heterocycles which are found extensively in
pharmaceuticals and are structural components of many UV stabilizers and organic electronic
materials.”’ Compounds having 2-aryl-2H-benzotriazole scaffold as primary skeleton include a
seratonine/dopamine receptor ligand (I), human PPAR-« activator (II), Tinuvin-P (III) an
ultraviolet light absorber, PCDTPBt (IV) an electron acceptor in organic solar cell, an ultraviolet
light stabilizer (V) and an antiviral agent (VI) against ssRNA positive viruses are shown in

Figure V.2.2.

Me
=N ——COOH
(—’N) OMe \N,N (o) Me

N N
ot
N

Human PPAR o activator (Il)

Seratonine/dopamine CBH”\EC”HZ‘
receptor ligand (I) ”
F F
HO
=N, @ N
L Y
N
Me
Tinuvin-P
UV lihgt absorber (II) &
PCDTPBt

electron acceptor in organic solar (1

UV light stabilizer (V)

Figure V.2.2. Important comp ving 2-aryl-2H-benzotriazole cores
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)

Stitutions makes the

; ; . ; 7 3
Existence of two isomeric benzotriazoles based on N' (N°)

selective synthetic strategies challenging. Because of the tl mic stability of N or 14

rl synthetic methods have been

. ‘ 7) y )
isomer compared to its N~ or 2/ isomer as stated

reported for the former.™

A multitude application of 2-aryl-2H-be1 les along with their frequently encountered

structural units in biologically active and in material chemistry (as shown in Figure
V.2.2), have resulted the develgpme various protocols for their synthesis. The literature

ir synthesis can be categorized as follows:

documented methodologie

(i) Thermal deco ortho azidoazoarenes

hods for direct synthesis of 2-aryl-2H-benzotriazoles via thermal

The Tradigona ;
d ompo »ho azidoazoarenes were developed by Zincke™®® and Hall>>* groups many
ec f

town in Scheme V.2.1. The main problem associated with this protocol is the

ye a . :
d% Ity”in synthesizing o-aminoazobenzenes, from which the o-azidoazobenzenes could be

repared.
R
= /I R
B, N:N S thermal = ——N-N 4
| decomposition S =N N/
R/ = N, R

Scheme V.2.1. Tl hermal decomposition of ortho azidoazoarenes

@) Reduction of ortho nitroazoarenes

ii o :

Tanimoto group demonstrated that an in situ reduction of ortho substituted nitroazoarenes
sing thiourea led to the facile synthesis of 2H-benzotriazoles in 1986 2 Later on, in 2014, Sun
u - ) N

d that a combination of Zn ; 15 s : :
coup showe of Zn and NH,C1V s quite effective for the competent

reduction of ortho nitro moiety of nitroazoarenes for the synthesis of same molecule as in

gcheme V.2.2.

\ Reducing NN = /R o
AANo,  mgems L LN Beducinaa
R 4 R/ X N \thiourea

; " : ;
Scheme V.2.2. Reduction of ortho nitroazoarenes
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(iii)Aromatic nucleophilic substitution (SNAr) reaction
In a patented work, Bore group demonstrated that an aromatic nucleophilic displacement of
nitro group of corresponding ortho substituted azoarenes with sodium azide (NaN;) and a

subsequent thermal decomposition led to the formation of 2H-benzotriazoles™ (Scheme V.2.3 ).

R

\
5

Ney I NaN, = /N.N =Y
[ DMSO, heat SN N/
R

Scheme V.2.3. SNAr reaction of ortho nitroazoarenes with sodium azide

(iv) Oxidative cyclization of ortho azoanilines

An oxidative cyclization of ortho substituted azoanilines to 2H-benzotriazoles is typically

. ) , R _
mediated by various metal catalysts such as Sml,>** Zn>® o Cu2% as shown in Scheme V.2 4

R
= A3
N
= ‘N = < N R
|// oxidizing = N2 N —¥s
R NH, agent Y,
R

Scheme V.2.4. Metal-catalyzed oxidative coupling of ortho azoan ilis
: z es

(v) Cross coupling reaction of benzotriazoles

arylating agents such as aryl iodides/bromijdes led (o he f .
- ; the formation of 2H-bdoo

hough those methodologies are quite

Metal-catalyzed cross coupling arylation of unsubstj
ry stutted benzotri i
‘Olriazoles with i
NzoTes

derivatives (Scheme V.2.5) T
ive))for their

synthesis, but most oft .
hd » 51 Oﬁ(?l) they dre associated with the formation of a re%—is eric mixture of

s 2
N'- and N-benzotriazoles, &
R2
@jn‘u H + x@ == ) @fN‘ o
e N+ N—Q
/\ ’/ i > =N
R N “R2 N RO ) lz/
R

S . . . ;
cheme V. 2,5, Mem!-cam[fz rd8s coupling reaction of unsubstituted benzotriazoles
%i § 178
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(vi)Cross coupling reaction of ort/ho haloaryltriazenes
Chen and Qiu group described a copper(l)-catalyzed,@ mediated highly efficient
o = -1, -Br) and sodium azide in

cascade cross coupling reaction between 2-haloaryltrigaz

water which gave corresponding 2-alkyl- and 2 nzotriazoles in moderate to excellent

: . 28
yields as shown in Scheme V.2.6.

(\0 dYhen & Qiu's work
N. N Cul (10 mol %)

N
NaN. __TMEDA (20 mol %) _ @f Rt Tk
* 7 CTAB (20 mol %) ¢ A

H,0, 130 °C

ctivation of azoarenes

: 3 g -
ore is only one instance where sp~ C—H bond of azoarenes has been activated utilizing
1

tal catalyst for the synthesis of 2-aryl-2H-benzotriazoles derivatives. In 2014, Lee group
netal calé

d Joped a Rh-catalyzed, PhI(OAC), mediated highly regioselective synthetic methodology for
eve <

nthesis of 2-aryl-2H-benzotriazoles from non-prefunctionalized azoarenes employing
the sY

fonyl azides as the efficient coupling partner as shown in Scheme V.2.7."”
onyl ¢

sul
Lee's Work
R? T :
= & (i) [cp*RhCI;] (4 mol %)

a | B AgNTf, (16 mol %)
x-S NJ/S DCE, 110 °C = ’N'u =
by 4 My e (MPHIOA), Z0equiv) e~y \ Y
R : " 40°C R R2

Scheme V.2.7. Rh-catalyzed ortho Sp3 C-H activation of azoarenes

v.3. Present Work

The disadvantages associated with the above mentioned strategies include synthesis of

preﬁ,mcnonahzed strating materials such as orho azido, nitro and anino azoarenes, use of
b

expensi\fe catalyst/co-catalyst and untunable regioselectivity restrict their synthetic utility
Herein @ straightforward and versatile Pd(1l)-catalyzed, TBHP mediated protocol for the
synthesis of 2-aryl-2H-benzotriazoles through sp” C-H functionalization of non-functionalized
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azoarenes employing organic azides TMSN; as the effective nitrogen source is illustrated. This

reaction proceeded through consequitive formation of intermolecular C—N and intramolecular

N—N bonds via the cleavage of ortho C—H bond of azoarenes.

Optimization of reaction condition: Initially, a trial experiment was performed by treating
azobenzene (1a) (0.5 mmol) with NaN3 (1.0 mmol), in the presence of PA(OAc)-> (10 mol %) and
oxidant Ce(SO4)> (1.0 mmol) in DMSO at 100 °C by taking cues from the previous report.''! No
product formation was observed even after 72 h, only starting material (1a) was recovered at the
end of the reaction. The use of TMSN3 in lieu of NaNj also failed to produce any positive result.
Disappointingly, other common oxidants used mostly in metal-catalyzed C—H functionalizations
such as CAN, DDQ, Cu(OAc), Ag:0, K28,05, Oxone and O, were completely unproductive
(Table V.3.1, entry 3). Interestingly, keeping all other parameters constant the use of TBHP as
oxidant (1 equiv) provided 2-phenyl-2H-benzotriazole (2a) in 42%, yvield (Table V.3.1. entry 4).
Encouraged by this preliminary success a series of reactions were performed by varying other
reaction parameters to obtain the best possible yield of (2a). At first, the catalytic efficacy of
various Pd-catalysts [Pd(OAc), (42%), PdCL (28%), PdBr, (33%), Pd(CH3CN)>Cl- (21%)] wete
tested among which Pd(TFA), (49%) was found to be better as shown in Table V.3.1, entries
4—8. Although PA(TFA); gave superior yield, on a couple of occasions the reaction fl

ask

exploded even at room temperature which prom id i
" prompted us to avoid its use, and therefore switched to

the next best catalyst Pd(OAc),. The possible explosion may be due to in sir
n sitiy generatj f
N

highly explosive HN3. The azide radical obtained by the reaction of TMSN d TBH%%

) ) 3 dan

converted to HN3 by the in situ generated trifluoroacetic acid from PA(TFA) \
G e} SS1

| was increased to two fi (€
yield of the expected product Improved up to 62% (Table V.3.1, entry®)\No fitther significant

improvement in the yield (65%) was observed even when the c%: ading was increased up
X

) using
the explosion. When the catalyst Pd(OAc), loadi

2 loading

ol %, the

to three fold (30 mol %). Other solvents such as THF (<5% e (<5%), PhCl1 (41%) and
DMF (48%) (Table V.3.1, entries 11-14) tested un 15

found to be inferior to DMSO. The oxidant TRKP (in\xcane) was superior to other peroxide

aqueous H->O, (00%) (Table V.3.1, entries

e identical conditions were all

oxidants such as 70% aqueous TBHP (42%)

it in the product yield (70%) was observed when

15-16) in terms of yields. A further j pr
the oxidant (decane-TBHP) a@% Creased from 1 to 2 equiv (Table V.3.1, entry 17).
@ 180
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Table V.3.1. Screening of reaction conditions”

/\v
»

catalyst, Oxida

&

2 Nitrogen solXc "—"fr\'-.\
“SH =N
(1a) S (2a)
A\N
Entry Catalyst N\ Oxidant Solvent | Additive Yield
(mol %) a  (Ryul (equiv) (%)"
] Pd(OAc)- (10) NaN3(2)  Ce(SO4)> (1) DMSO 4 00
2 Pd(OAc) ( MSN3 (2) Ce(SO4)> (1) DMSO £ 00
3 Pd(OAg @ TMSN; (2) V.04 (1) DMSO - 00
4 Pd(O % TMSN3 (2) TBHP (1) DMSO — 42
5 PACNUY TMSN; (2)  TBHP (1) DMSO 2 28
& (10) TMSN; (2)  TBHP (1) DMSO 2 33
7 )2(:12 (10) TMSNs(2)  TBHP (1) DMSO £ 21
Cd(TFA): (10) TMSN; (2) TBHP(1)  DMSO 3] 49
Pd(OAc): (20) TMSN; (2)  TBHP (1) DMSO & 62
% Pd(OAC) (30) TMSNs (2) TBHP (1) DMSO s 65
Ot Pd(OAc): (20) TMSN;(2)  TBHP (1) THF =5 L%
12 Pd(OAc):2 (20) TMSN3 (2) TBHP (1) Dioxane i ot
13 Pd(OAc): (20) TMSN; (2)  TBHP (1) PhCl ot 41
1 PA(OAC): (20) TMSN; (2)  TBHP (1) DMF M 43
s Pd(OAC)2 (20) TMSN3 (2) Aq.TBHP (1) DMSO - 42
i6 Pd(OAc): (20) TMSN; (2) Aq.H20:(1) DMSO _ 5
17 Pd(OAc): (20) TMSN;3 (2) TBHP (2) DMSO al 70
18 Pd(OAc) (20) TMSN; (3)  TBHP (2) DMSO 2l i
19 Pd(OAc): (20) TMSN; (2) TBHP (3) DMSO _ -
40 PA(OAC); (20) TMSN: (2)  TBHP(2) DMSO - 3
21 Pd(OAc):2 (20) TMSN; (2) TBHP (2) DMSO Phl(o}c\c) v 01
22 Pd(OAc): (20) TMSN;3 (2) TBHP (2) DMSO FeClLe 2 63
53 Pd(OAc)2 (20) TMSN; (2) TBHP (2) DMSO  Cu(0 2 61
24 Pd(OAc: (20)  TMSN;(2) TBHP(2) DMSO (OAc), 65
22 Pd(OAc): (20) ;R/}Iggz 22) TBHP (2) DMSO - 78
2 i 3(2) TBHP (2)  DMSO B 65¢
27 Pd(OAc); (20) TMSN; (2) ) DMSO - 0

palloon.

jeld. V.0 = CAN (1 e‘quiv), DDQ (1 equiv),
cquiv) and Oxone (1 equiv) used under air. 70,

181

0
> 0.5 mmol), in solvent (1.0 mL) at 100 °C —fol. 241 09
<4 h.

Cu(OAc), (1 equiv), A ;
= 2 glo (1 cquiv
balloon. 20 mol % under air, /R ATV), Ka8,0, (1

“Reaction was carried out for 36 |y a1 80 °C

€action wj

Isolateq

tl-l a 1'g0 n

e
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No further significant enhancement in the yield was observed either by increasing the amount
of aminating source i.e TMSN; (3 equiv) (71%) or oxidant TBHP (3 equiv) (73%) (Table V.3.1,

entries 18-19). Taking cues from previous reports, ' ¢

the effects of additives such as O,
PhI(OAc),, FeCl, and Cu(OAc), were also examined along with decane-TBHP as illustrated in
Table V.3.1, entries 20-23. Unfortunately, none of the additives had any positive effects on the
product yield. Interestingly, when this reaction was carried out in an argon atmosphere, the yield
of the product improved up to (78%) as shown in Table V.3.1, entry 24. By performing the
reaction at lower temperature (80 °C) led to a sluggish (36 h) reaction giving a lower yield (65%)
of the product (Table 1, entry 25). It is not surprising that the reaction did not proceed in the
absence of either Pd(OAc), or TBHP suggesting the essential requirements of both (Table V.3.1,
entries 26-27). Optimally, the desired product (2a) was obtained in a best possible yield of 78%
when the reaction was carried out using azobenzene (1a) (0.5 mmol), TMSNj; (2 equiv) and
decane-TBHP (2 equiv) in DMSO (1.0 mL) at 100 °C under an atmosphere of argon. It may be
mentioned here that both catalyst Pd(OAc), and oxidant TBHP are not only commercially

available but are also cheaper compared to catalyst [Cp*RhCly)s, co-catalyst AgNTf> and oxidant
PhI(OAc)g combinations.

After establishing the optimized parameters, this protocol was subsequently applied to a Q
range of substituted azoarenes to afford their corresponding 2H-benzotriazoles. This protoc

fi

ound to be compatible with several functional groups such as electron- donatmg, [-Mz

1 -

(1b-1f), —Et (1g and 1h), —'Pr (1i) and -Bu (1j)], methoxy (-OMe) (1k), mo ctron-
t

Wi hdrawing halogens [ F(11), -Cl (1m-10) and -Br (1p)] and strongl

(=CF3) (1r) substituents in aromatic ring of azoarenes. All the

—w1thdrawmo

es in Scheme V.3.1

la—- )
(1a~1r) are symmetrically substituted azoarenes. Azoare&] ing weakly activating
substi

Stituents  such  as p-Me (1b), m-Me (l¢) and ) underwent o-aminative-

heterocyclization smoothly

giving their correspondq

good yields as shown in Scheme V.3.1. Symme

as 3.4-dimethyl (le) and 2,4-dimet nder the optimized reaction conditions furnished
their corresponding 2H—benzotri% e) and (2f) respectively, in 87% and 65% yields

(Scheme V.3.1). %

substituted di-methylated azoarenes such
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Scheme V.3.1. Substrate scope for symmetrical azoarenes

\ )
R \ ‘
(1a-1r)
R = —H, —-Me, -Et, —/Pr, lloon)
—Bu, —OMe, —F, —Cl, —Br, -01=f3
Me

-~ \o N Me N
o T I
N . N (2b) N (2c)

(84%, 22 h) (80%, 22 h)

- Me Me Me

e N N

v T L
(2d) Me N 2e) Me™ N o1

(58%, 28 h)

(87%, 20 h) (65%, 25 h)

(29) (2h) (2i)
(79%, 20 h) (64%, 27 h) (82%, 19 h)

AL O Lo O

(2j) (2k) (2n
(76%, 24 h) (72%, 28 h) (63%, 32 h)

OO OO &:Jb

(2m) (2m) (20)

(57%, 33 h) (52%, 35 h) (35%, 42 h)
-N ~-N =N,
OO LI D
B N N i ~N
d (2p) . (29) (2r)
(41%, 34 h) (00%, 40 h) (8%, 50 h)

“Reaction condition: symmetrical azobenzene (0.5 mmol), TMSN; (2 equiv) and TBHP-decane (2 equiv) in
DMSO (1.0 mL) at 100 °C for 19-50 h. “Isolated yields of pure product.
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P \>enzon‘iazole

Azoarenes possessing other weakly activating substituents such as 4-ethyl (1g) and 2-ethyl substituents in one of the aromatic rings while the other ring cont %ron—withdrawing
(1h) reacted under identical conditions to give (2g) and (2h) respectively, in 79% and 64% substituents such as 0-COPh, 0-NO> and p-CO-Me. %
yields. Similarly, the reaction of 4-isopropyl (1i) and 4-butyl (1j) substituted symmetrical S V.8, Bapsclang fumnsmnatialazanre :_3
azoarenes under standard conditions afforded 82% and 76% yields of their corresponding
products (2i and 2j) respectively. A moderate yield (72%) of (2k) was obtained when both the o i
aryl rings are electron rich due to the presence of methoxy (-OMe) (1K) substituent as in Scheme @ ’/N-Nj\i)

V.3.1. However, the azoarenes possessing weakly deactivating substituents, irrespective of their P@RBHP QN.(za.s)

positions in the aryl ring such as p-F (11), p-Cl (1m), m-CI (1n) and o-CI (10), provided their ) DM;:%":; —a + Oy _Ph
respective 2H-benzotriazoles (21-20) in moderate to poor yields (in the range of 63—35%). Other At (halloan) .N%
weakly electron-withdrawing substituents such as p-bromo (1p) under the standard conditions (64‘;.;,: :?1 h) N.“,

gave only 41% vyield of (2p), while p-iodo (1q) failed to react which is mainly bécause of the (2as)

electronic effect of substituents and partly due to their insolubility in DMSO. Similarly, strongly @ Pd(o_;:;z;mHP N-
electron—withdrawmg substituents such as p-CF; (1r) furnished only low yield (8%) of (2r) even @ N=N A DMSO, 10::) °c N-ND

after 50 h which is mainly because of the electronic effect of —CF; substituent. As can be seen in @ 2 ?:::all::')) (2a)

Scheme V.31, barring one exception (1K) azoarenes bearing electron-donating substituents @ (1at) " ”N'N OCO -
(Ib-1j) provided better yields of their products (2b-2j) compared to those bearing electron- &@ -t PA(OAC),/TBHP -‘:N-(za'u) 2
Withdrawmg substituents (11-1r). The higher yields obtained for electron-donating azoarenes \N:N DM;:.S‘::O"E; "

could be attributed to their better chelating ability with electrophilic Pd (1I) catalyst. T, . H Ar (balloon) N:N:jij\
electronic-effect is dominated by the steric factor when the substituents are present at theis r_m@ (1au) CO;Me (57;0,: 218 h) (:au') -

to
their parg and me

fa analogues as shown in Scheme V.3.1. All the meta subs zoarenes Mel) MQOCEN'N—{: >—co M
(1e), . .. . =N P
). (1e) and (In) gave single regioisomeric products (2¢), (2¢) and (% ely. In these QH %
stit

positions (14, 1f, 1h and lo) giving lower yields of products (2d, 2f, 2h and 2(&
te

. 1 Pd(OAc),/TBHP o
ases : . . : . u

e less sterically hindered o-C-H (i.e. para to the met nts) is exclusively ‘ (iv) N=N LL.._... ( l
functionalizeq DMSO, 100 °C Na

. H Ar (balloon) Meo—@-N_ :@\
. N CO,Me
After the : : . . 1ku) CO,Me g . (2kur)
Successful synthesis of a series of 2/j<benRtae#bles from symmetrical azoarenes (Thu) “52 (68%, 26 h)
(Scheme V.3.1), unsymmetrical azoarenes w tNgn 1nto consideration.* A query arises “Reaction condition: unsymmetrical azoarene (0.5 mmol), TMSN; (2 equiv) and TBHP-decane (2 equiv) in DMSO
whether this ; . , (1 mL) at 100 °C for 26-40h. "Isolated yields of product(s).
protocol will be applicable fOX\the re¥ioselective o-aminative-heterocyclization or

trends from Scheme V31 i Substrate (1as) has an electron-withdrawing 0-COPh group in one of the aromatic rings and

would it prov; : . .
Provide a mixture of congtitutNal I¥omeric products? Keeping the substrate reactivity
in§("some azoarenes were especially designed for this. These

an electron neutral (—H) substituent in the other ring, but when subjected to the present reaction

dESi M ) %\
gned azoarenes ier electron-neutral (-H) or electron-donating (-OMe) L . o i ' '
g conditions, an inseparable constitutional isomeric mixture of 2H-benzotriazoles (2a’s) and (2as")

184 185
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were obtained in the ratio of 4 : 3 (as judged from '"H NMR) in 64% yield as illustrated in
Scheme V.3.2(i). (£)-1-(2-Nitrophenyl)-2-phenyldiazene (1at), another unsymmetrical azoarene,
under the present reaction conditions gave a product (2a) [Scheme V.3.2(ii)] having no intact
nitro group. This unexpected formation of product (2a) from unsymmetrical azoarene (lat) can
be explained by the intermolecular nucleophilic attack (SNAr) of the in situ generated o-azido
group on to the carbon attached to the nitro group. The product (2a) was obtained in a mere yield
of 14% and the rest was unreacted starting material. Nevertheless this reaction supports the
intermediacy of o-azido species. The failure to obtain a nitrophenyl-substituted benzotriazole
from (1at) is possibly due to the presence of a strong deactivating ortho —NO, substituent which
reduces the chelating ability of the “azo moiety” toward electrophilic Pd (II). Another
unsymmetrical substrate (1au) containing p-CO,Me substituent in one aromatic ring and electron
neutral (—=H) in the other ring, furnished a mixture of inseparable constitutional isomeric products
(2au) and (2au’) in the ratio of 2 : 1 in 57% yield as shown in Scheme V.3.2(iii). Similarly,
substrate (1ku) having p-CO,Me group in one ring and p-OMe group in the other ring underwent
o-aminative-heterocyclization giving inseparable products (2k"u and 2ku’) in the ratio of 3.5 : 1
[Scheme V.3.2(iv)]. From the above reactions [Scheme V.3.2(i), (iii) and (iv)] it is evident that

the o-aminati e § S . .
¢-aminative-heterocyclization is preferred at the aromatic rings possessing electron-donating

P-CO-Me and 0-COPh.

substituent (-=OMe) followed by electron neutral (~H), and the electron-withdrawing substituex@

Some control reactions were performed to deduce the plausible reaction lﬂ&(:h@] 1is
transformation. When this reaction was carried out in the presence of a radica inNbito? TEMPO
(2,2,6,6-tetramethylpiperidinooxy) keeping other reaction paramete&q > no product
formation (2a) was observed as shown in Scheme V.3.3. Thu&g@ete suppression of the

product formation of (2a) indicates a radical pathway for thisgzmrocesy,

Pd(OAc), (

N TMSNA0 duiv
" TBHP (20xqtiv)

-
Ny TBNPO (Z.b’equiv)_* ~N
(1a) 0, 100°C (2a)
Ar (balloon) (00%, 27 h)

Scheme V.3.3. r@%om performed in presence of radical inhibitor TEMPO
%§ 5\’ 186
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-

@ (86%, 10 h)
AN N
(ii) N DMSO, 100°C .
@, )
&@ (83%, 10 h)
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D

Furthermore, formation of product (2a) from unsymmetrical azpar ea¥ing o-nitro group

(1at) [Scheme V.3.2(ii)] can be explained if there is formati -azido species which is

possibly the intermediate in these reactions. When a pre ized ortho azido azobenzene

oimation of corresponding product 2-

ield as in Scheme V.3.4(i). This further

(1aa) was treated under the present reaction conditi

phenyl-2H-benzotriazole (2a) was obtained in
supports the intermediacy of ortho azid r these reactions. The thermal decomposition
of (1aa) at 100 “C to (2a) in 83% ield@sts the non-involvement of Pd-catalyst and oxidant
(TBHP) in the final step [Scl %.4(ii)].
@ N Pd(OAc), (20 mol %) 0
(i) . TBHP (2.0 equiv) _ N

-
N, DMSO, 100 °C =N
(1aa) Ar (balloon) (2a)

~ Ar (balloon) N'N
® (1aa) (2a)

o\

Scheme V.3.4. Control reactions performed

Based on these experimental results and taking cues from the recent literature precedent,'
62930 3 plausible mechanism has been proposed as shown in Scheme V.3.5. Presumably, an
initial cyclopalladation between “azo moiety” of azobenzene and Pd(Il) catalyst leads to the
formation of intermediate complex (A). The in situ generated azide radical,”’ obtained by the
reaction of TMSN3 and TBHP, then reacts with Pd-complex (A), which is oxidized to give a
PA(111)*° intermediate (B) (Scheme V.3.5). A further oxidation of intermediate (B) by TBHP
leads to the formation of a PA(IV)*" intermediate (C). Thus TBHP is playing the dual role of an
oxidant as well as a radical generator. Apart from this, the ‘BuO moiety generated from TBHP
may act as one of the ligand for Pd"V as in intermediate (C). A reductive elimination of
intermediate (C) leads to the formation of an ortho azido azobenzene (laa) and regenerating
palladium (1) catalyst for the next cycle. In the final stage, attack of one of the azo nitrogen
onto the o-azide nitrogen of the in situ generated ortho azido substrate (1aa) leads to cyclization

giving (2a), with the expulsion of a molecule of No.
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TMSN,
‘BuOOH
N
N e . 'BuOH + TMSOH
_H N N3
\Pé“ Oxidati
A) OAc e
1a) AcOH (A) = addition
( cyclopalladation
Pd(OAc), '
AcOH ’,\
~Pd"—OAc
Pd"(OAc)X 3
O]
'‘BuOOH
N AcOH
~ '/w
N PdY—OAc
N €) I .
{ & N X = 0'Bu or OAc
\Ntﬁﬂl
(1aa)
A =N,
N
-N, <

Scheme V.3.5. Plausible mechanism for ortho-aminative heterocyclyzation

In summary, an efficient and regioselective protocol for the synthesis& 2H-
benzotriazoles vig Pd(II)-catalyzed ortho sp”j C-H activation of symmet '@are es using
i

TMSN; as the nitrogen source and TBHP as the oxidant has been devel
mtermolecular azidation (C—N bond formation) through orth .])%H functionalization of
azobenzenes followed by intramolecular cyclization (%bo

construction of 2-aryl-2H-benzotriazoles. For unsymme

gand directed

formation) leads to the
oarenes the heterocyclization is

preferred at the aromatic ring rich in electron % d to electron neutral (-H) or electron-

defici LS . . .
cient aromatic rings. A wide range of Nbstrate§ scope with tolerance of various functional

groups makes this method a suita Iypative to the existing methods for the synthesis of 2-
aryl~2H—benzolriazoles. Use%n -prefunctionalized strating materials, inexpensive metal

catalyst, cheaper oxidam actability with a wide range of substrates is the main attribute
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of this present strategy. Instead of its potentiality, the untul%e oselectivity for

unsymmetriacal azoarenes yielding constitutional isomeric mix¢yr 1|} remains as challenging

task for this task which needs to be addressed in near fu e%

V.4, Experimental Section >

V.4. 1. General information:

All the compounds were gonpnercial grade and were used without further purification.

Organic extracts were dﬁ@ adydrous sodium sulfate. Solvents were removed in a rotary

evaporator under re Sure. Silica gel (60—120 mesh size) was used for the column
chromatograph e 4Gs were monitored by TLC on silica gel 60 F254 (0.25 mm). NMR

R
spectra v in CDCl; with tetramethylsilane as the internal standard for proton NMR

(60 for *C NMR (150 MHz). HRMS spectra were recorded using ESI mode (Q-TOF

ss Analyzer). IR spectra were recorded in KBr or neat.

Azobenzene (1a, 91 mg, 0.5 mmol), Pd(OAc), (22 mg, 20 mol %), TMSN; (115 mg, 1
mmol), TBHP in decane (5-6 M) (200 xL, 1 mmol) and DMSO (1 mL) were sequentially added
to a 25 mL oven dried round-bottle flask containing a magnetic needle. Through a steady flow of

argon gas the flask was sealed with a rubber septum. To maintain a positive pressure of argon,

&@QVA 2. General Procedure for the Synthesis of 2-Phenyl-2H-benzo[d][1,2,3]triazole (2a):

the flask was fitted with an argon balloon and the resultant reaction mixture was stirred in a

preheated oil bath at 100 °C. The progress of the reaction was monitored by TLC. After the

completion of the reaction as indicated by TLC, the reaction mixture was cooled to room

temperature and diluted with ethyl acetate (10 mL). Then the reaction mixture was filtered

through a small bed of Celite and washed with an additional amount of ethyl acetate (20 mL).

This combined organic layer of Ct]lyl acetate (30 IIIL) then washed with water (2 X5 Il‘)L). The

aqueous layer was separated using a separating funnel and the organic layer was dried over

anhydrous Na,SOy and the solvent was removed under reduced pressure. The crude product was
: . . = 05.5:0.5) to give 2-

purified over a column of silica gel and eluted with (hexane/ethyl acetate tog

phenyl-2H-benzo[d][1,2,3riazole (2a) in 78%.yield (76 mg) as yellowish solid
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*V.4. 3. A general note for compounds designation:

A typical symmetrical azoarene (starting material) is designated as (1a) while its product is
referred as (2a). The numerical number (1) stands for starting material while (2) is for product
and (a) for a particular substituent. For unsymmetrical azoarenes, both a numbering and two
letters have been used. For instance, in (1as) the number (1) is for the starting material while the
double letter (as) indicates the presence of two different aryl rings. The alphabet (a) signifies
simple phenyl ring while (s) signifies an aryl ring having 0-COPh substituent. The numbering
(2a's) suggests that the ortho-aminative heterocyclization is taking place at the phenyl ring,
while (2as') indicates the ortho-aminative heterocyclization is at the aryl ring having 0-COPh

substituent. Similar nomenclature is followed for other symmetrical and unsymmetrical
azoarenes and their products.
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V.6. Spectral data

2-Phenyl-2H-benzo[d][1,2,3]triazole (2a):

5-Methyl-2-(p-tolyl)-2H-benzo|d][1,2,3]triazole (2b):

/Nt
Me N /

%\S

¥

TH-1457_10612218

Yellowish solid; M.p. 98100 °C (Reported'® 101-103 °C);
'H NMR (CDCls, 600 MHz): & (ppm) 7.42—7.44 (m, 2H),
7.45 (t, 1H, J = 7.8 Hz), 7.56 (1, 2H, J = 8.4 Hz), 7.93-7.95 !
(m, 2H), 8.36 (d, 2H, J = 7.8 Hz); '>*C NMR (CDCl;, 150
MHz): § (ppm) 118.5, 120.8, 127.3, 129.1, 129.6, 140.5, ’
145.2; IR (KBr): 3063, 2924, 2854, 1643, 1594, 1564, ;
1488, 1460, 1445, 1412, 1339, 1318, 1288, 1221, 1070, |
1020, 963, 917, 809, 760 cm™'; HRMS (ESI): calcd. for
Ci2HoN;™ (M + H") 196.0869; found 196.0871.

Yellowish solid; M.p. 113-115 °C (Reported'’ 121-124

°C); 'H NMR (CDCls, 600 MHz): § (ppm) 2.43 (s, 3H),

2.51 (s, 3H), 7.23-7.26 (m, 1H), 7.33 (d, 2H, J = 8.4 H Q
7.66 (s, 1H), 7.80 (d, 1H, J = 9 Hz), 8.20 (d, 2H,_p= 8@
Hz); °C NMR (CDCl;, 150 MHz): § (pp \ 4,
116.7, 117.8, 120.5, 130.1, 137.3, 138.4AN\I3Np, 143.8,
145.6; IR (KBr): 3059, 2922, 2%&@1562, 1508,
1449, 1351, 1311, 1275, 1 (%; 1166, 1115, 1104,
1040, 973, 841, 764 HRMS (ESI): calcd. for

C1aHsN3" (M + H¥ T)B2; found 224.1179.

S
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5-Methyl-2-(m-tolyl)-2 H-benzo|d][1,2,3]triazole (2¢):

A

Yellowish solid; M.p. 77—
? NMR (CDCl;, 40
3H), 7.24-

, 7.42 (t, 1H, J = 8.0 Hz), 7.66 (s,

©
@/@

Me
Me N
T
N

1H), 7.

(d\YH)J = 8.8 Hz), 8.12 (d, 1H, J = 8.4 Hz), 8.16

(S@ NMR (CDCls, 150 MHz): 8 (ppm) 21.6, 22.4,
%116. ~117.8, 117.9, 121.2, 129.4, 129.7, 130.3, 137.5,

139.7, 140.6, 143.9, 145.7; IR (KBr): 3027, 2922, 2852,
1625, 1613, 1590, 1562, 1554, 1491, 1466, 1422, 1352,
1299, 1275, 1222, 1156, 1144, 1090, 1011, 972, 901, 879,
798, 780 cm™'; HRMS (ESI): caled. for CisHiNs" (M +
H*) 224.1182; found 224.1185.

%Methyl—2-(o-tolyl)-2H-benzo[d] [1,2,3]triazole (2d):

N

- .

N

g

Me

O

e —— T T

Red liquid; 'H NMR (CDCls, 400 MHz): & (ppm) 2.41 (s,
3H), 2.73 (s, 3H), 7.19 (d, 1H, J = 6.8 Hz), 7.33-7.43 (m,
4H), 7.69 (d, 1H, J = 7.2 Hz), 7.79 (d, 1H, J = 8.4 Hz); Bc
NMR (CDCls, 150 MHz): 8 (ppm) 174, 18.9, 115.8, 126.0,
126.3, 126.8, 127.3, 129.3, 129.7, 131.8, 133.7, 140.6,
144.9, 145.5; IR (KBr): 3058, 2924, 2852, 1608, 1583,
1512, 1497, 1463, 1433, 1382, 1337, 1289, 1281, 1264,
1156, 1131, 1095, 1038, 969, 874, 792, 753, 711 em™;
HRMS (ESI): caled. for CiaHiaN:" (M + HY) 224.1182;
found 224.1187.
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2-(3,4-Dimethylphenyl)-5,6-dimethyl-2H-benzo|d][1,2,3]triazole (2¢):

Me N
T
Me N

Me

Yellow solid; M.p. 193-195 °C; 'H NMR (CDCls, 600
MHz): § (ppm) 2.33 (s, 3H), 2.38 (s, 3H), 2.41 (s, 6H),
7.26-7.28 (m, 1H), 7.64 (s, 2H), 8.01 (d, 1H, J = 5.4 Hz),
8.09 (s, 1H); '*C NMR (CDCls, 150 MHz): & (ppm) 19.7,
20.1, 21.2, 116.8, 117.9, 121.5, 130.6, 137.5, 137.7, 138.1,
138.6, 144.5; IR (KBr): 3034, 2921, 2852, 1610, 1552,
1499, 1447, 1416, 1376, 1358, 1280, 1219, 1167, 1125,
1081, 1026, 1003, 971, 901, 880, 818, 720 cm™'; HRMS

(ESI): caled. for Cj¢HigN3* (M + H') 252.1495; found
252.1497.

2-(2,4-Dimethylphenyl)-4,6-dimethyl-2H-benzo[d][1,2,3]triazole (2f):

Me

- NQ
S~ 0N
Me N

Me

Do

Red Solid; M.p. 49-51 °C; 'H NMR (CDCls, 600 MHz): &
(ppm) 2.35 (s, 3H), 2.41 (s, 3H), 2.48 (s, 3H), 2.68 (s, 3H),
7.02 (s, 1H), 7.15 (d, 1H, J = 7.8 Hz), 7.18 (s, 1H), 7.52 (s,
1H), 7.55 (d, 1H, J = 8.4 Hz); '’*C NMR (CDCls, 150

5-Ethyl-2-(4-ethylphenyl)-2 H-benzo|[d][1,2,3]triazole (2g):

m
;/ \2
z, .z

<O”

<&

Et

/
zb
i}

3H, J=7.2 Hz), {\3}
7.2 Hz), 2
J;) =

¥Y, J = 7.8 Hz), 2.74 (q, 2H, J =
= 7.8 Hz), 7.28 (dd, 1H, J; = 1.2 Hz,
(d, 2H, J = 8.4 Hz), 7.68 (s, 1H), 7.83 (d,
@ 0 Hz), 823 (d, 2H, J = 8.4 Hz); '°C NMR
(&€, 150 MHz): § (ppm) 15.5, 15.6, 28.7, 29.6, 115.3,
118.0, 120.6, 128.9, 129.3, 138.6, 143.7, 144.0, 1454,
145.7; IR (KBr): 2964, 2925, 2853, 1629, 1561, 1512,
1455, 1376, 1310, 1284, 1266, 1241, 1218, 1175, 1113,
1052, 975, 965, 863, 838 cm™'; HRMS (ESI): calcd. for
CieHisN3' (M + H") 252.1495; found 252.1498.

4-Ethyl-2-(2-ethylphenyl)-2H-benzo[d][1,2,3]triazole (2h):

Pale Yellow liquid; '"H NMR (CDCl;, 400 MHz): 8 (ppm)
1.11 (t, 3H, J = 7.6 Hz), 1.42 (t, 3H, J = 7.6 Hz), 2.71 (q,
2H, J =172 Hz), 3.12 (q, 2H, J = 7.6 Hz), 7.20 (d, 1H, J =

MHz): & (ppm) 17.3, 18.8, 21.3, 22.3, 113.9, 126.0, 127. %
128.5, 128.9, 132.3, 133.2, 137.2, 138.3, 139 @1,
&S, 79,

145.3; IR (KBr): 2947, 2921, 2854,
1237,

169
1510, 1498, 1447, 1380, 1335, 128 @12 8,
1158, 1141, 1041, 972, 876, 83 &\

7.2 Hz), 7.36 (t, 2H, J = 8.0 Hz), 7.41-7.47 (m, 2H), 7.63
(d, 1H, J = 8.4 Hz), 7.77 (4, 1H, J = 8.8 Hz); "C NMR
(CDCl3, 150 MHz): § (ppm) 14.3, 15.1, 25.2, 115.9, 124.1,
126.6, 126.8, 127.3, 130.0, 130.3, 1354, 139.8, 140.2,
144.8, 145.1; IR (KBr): 3056, 2968, 2933, 2874, 1607,
1583, 1494, 1457, 1372, 1345, 1286, 1264, 1221, 1157,
1134, 1054, 971, 948, 872, 805, 754 cm™'; HRMS (ESI):
caled. for Ci6HsN;* (M + H') 252.1495; found 252.1491.

~7; HRMS (ESI):
95; found 252.1492.

caled. for CieHigNs" (M + g@
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5-Isopropyl-2-(4- isopropylphenyl)-2H-benzo|d][1,2,3]triazole (2i):

/No
Jo
ipr N

o

Light red Solid; M.p. 58-60 °C; '"H NMR (CDCls, 600
MHz): & (ppm) 1.30 (s, 3H), 1.31 (s, 3H), 1.34 (s, 3H), 1.35
(s, 3H), 2.96-3.02 (m, 1H), 3.03-3.09 (m, 1H), 7.33 (d,
1H, J= 8.4 Hz), 7.40 (d, 2H, J = 8.4 Hz), 7.73 (s, 1H), 7.85
(d, 1H, J = 9.0 Hz), 8.25 (d, 2H, J = 8.4 Hz); '’*C NMR
(CDCl3, 150 MHz): & (ppm) 23.9, 24.1, 34.0, 34.7, 113.8,
118.1, 120.6, 127.5, 128.1, 138.6, 144.1, 145.6, 148.3,
149.9; IR (KBr): 2956, 2925, 2866, 1562, 1513, 1463,
1453, 1430, 1383, 1362, 1354, 1307, 1276, 1253, 1216,
1146, 1106, 1052, 1032, 969, 947, 864, 840, 818, 731 cm™;

HRMS (ESI): caled. for Ci3H2sN3™ (M + H') 280.1808;
found 280.1812.

S-Butyl-2-(4- butylphenyl)-2H-benzo|d][1,2,3]triazole (2j):

TH-1457_10612218

B
&

Reddish liquid; '"H NMR (CDCl;, 400 MHz): & (ppm)
0.93-0.97 (m, 6H), 1.32~1.44 (m, 4H), 1.61-1.72 (m, 4

¢

<&

2.69 (t, 2H, J= 8.0 Hz), 2.76 (t, 2H, J = 8.0 Hz), 7.25-7) :
(m, 1H), 7.34 (d, 2H, J = 8.4 Hz), 7.66 (s, 1 @1 H,

100 MHz): & (ppm) 14.14, 14.16, 2, 33.4, 33.7,
35.5, 36.3, 116.1, 117.9, 120,5{129.5\\J 29.6, 138.6, 142.3,
144.0, 144.1, 145.6; IR r): 8955, 2932, 2857, 1629,
1608, 1561, 1512 427, 1378, 1352, 1277, 1257,
1234, 1141, ; 1017, 970, 953, 930, 836, 808
cm™'; HR’%( I): caled. for CyHxN; (M + H')
. found 308.2125.

H)
J = 8.8 Hz), 8.21 (d, 2H, J = 8.4 Hz); " & DCls,
. %‘29

198

Chapter V

N <\Benzotrz’azole

5-Methoxy-2-(4- methoxyphenyl)-2H-benzo[d][1,2,3]triazole (2k):

/N.
/<I\ 'N
MeO N

OOMe !

O

<O

5-Fluoro-2-(4- fluorophenyl)-2H-benzo[d][1,2,3]triazole (21):

g (Reported'® 147-150

Hz): § (ppm) 3.89 (s, 3H),
2¥1, J=9.6 Hz), 7.09 (dd, 1H, J, = 2.4
7.12-7.13 (m, 1H), 7.78 (d, 1H, J = 9.2
d, 2H, J = 9.2 Hz); *C NMR (CDCls, 150
© 8 (ppm) 55.7, 55.8,94.9, 114.7, 119.1, 121.7, 122.1,
134.3, 1412, 146.0, 159.3, 159.9; IR (KBr): 3002, 2972,
2924, 2840, 1630, 1610, 1566, 1453, 1439, 1405, 1359,
1289, 1256, 1225, 1207, 1190, 1169, 1133, 1108, 1087,
1025, 970, 852, 837, 827 cm™'; HRMS (ESI): calcd. for
C14H1aN302" (M + H') 256.1081; found 256.1080.

Yellowish solid; M.p. 1
°C); '"H NMR (CBC

Brownish solid; M.p. 169-171 °C; 'H NMR (CDCl;, 600
MHz): & (ppm) 7.26-7.29 (m, 3H), 7.55 (d, 1H, J, = 2.4
Hz, J; = 9.0 Hz), 7.94-7.96 (m, 1H), 8.34-8.36 (m, 2H);
13C NMR (CDCls, 150 MHz): & (ppm) 116.6 (d, J = 24
Hz), 119.1 (d, J = 28.5 Hz), 120.3 (d, J = 10.5 Hz), 122.6
(d, J =9 Hz), 136.7, 1425, 145.2 (d, J = 15 Hz), 161.1,
162.7, 163.1 (d, J = 249 Hz); "°F NMR (CDCls, 564.7
MHz): § —-112.4, -111.9; IR (KBr): 2958, 2923, 2853,
1663, 1614, 1603, 1568, 1509, 1429, 1409, 1353, 1303,
1279, 1222, 1158, 1121, 1096, 1085, 972, 956, 832, 803
cm™'; HRMS (ESI): caled. for C;;HgF>N;' M + H)
232.0681; found 232.0682.
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5-Chloro-2-(4- chlorophenyl)-2H-benzo|d][1,2,3]triazole (2m):

White solid; M.p. 177-179 °C (Reported'® 185-187 °C); 'H

NMR (CDCls, 600 MHz): § (ppm) 7.38 (dd, 1H, J;, = 1.8

. Hz,J;=9.0Hz),7.53 (d, 2H, J = 9.0 Hz), 7.86 (d, 1H, J =
9.0 Hz), 7.91 (s, 1H), 8.28 (d, 2H, J = 9.0 Hz); >)C NMR
(CDCl3, 150 MHz): & (ppm) 117.6, 119.8, 122.0, 129.3,
129.9, 133.5, 135.4, 138.8, 143.9, 145.6; IR (KBr): 3062,
2922, 2851, 1617, 1589, 1557, 1491, 1482, 1415, 1397,
1319, 1304, 1267, 1244, 1218, 1171, 1139, 1112, 1092,
965, 938, 861, 828, 754 cm™'; HRMS (ESI): calcd. for
Ci2HgCLN3" (M + H') 264.0090; found 264.0092.

5-Chloro-2-(3- chlorophenyl)-2H-benzo[d][1,2,3]triazole (2n):

White solid; M.p. 157-159 °C; 'H NMR (CDCls, 600
MHz): 8 (ppm) 7.38 (dd, 1H, J; = 1.2 Hz, J» = 9.0 Hz),
7.45 (d, 1H, J= 7.8 Hz), 7.49 (t, 1H, J = 7.8 Hz), 7.87 (d,

1H, J=9.0 Hz), 7.92 (s, 1H), 8.24 (d, 1H, J = 7.8 Hz), 8.3
(s, 1H); °C NMR (CDCl;, 150 MHz): & (ppm) 117

118.8, 119.9, 121.1, 129.4, 129.5, 130.8, 1 @-6,
2M1594,

141.1, 143.8, 145.6; IR (KBr): 2955, 2 )
1586, 1556, 1483, 1453, 1437, 1280 1243, 1218,
1109, 1071, 1049, 962, 938, &z, 783, 762 cm™;
HRMS (ESI): caled. for 8&; (M + H') 264.0090;
found 264.0092.

&

Cl

Cl N
Ty
N

S
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RS
Colourless gummy; 'H ’\\" OCl3, 600 MHz): & (ppm)
7.41 (t, 1H, J =17 % ~7.54 (m, 3H), 7.64 (d, 1H, J
= 8.4 Hz) ,J=26.6Hz), 791 (d, 1H, J = 8.4

RYCDCI;, 150 MHz): 6 (ppm) 117.5, 118.8,

- Hz);
3.IMNI269, 127.7, 127.8, 128.6, 131.2, 131.4, 138.7,

1436, 145.8; IR (KBr): 2958, 2924, 2852, 1735, 1582,
@ 1555, 1485, 1448, 1346, 1293, 1261, 1203, 1144, 1113,

@ 1050, 1032, 979, 962, 870, 793, 704 cm™'; HRMS (ESI):

v caled. for CppHsCLN3® (M + H') 264.0090; found

mo-2-(4- bromophenyl)-2H-benzo|d][1,2,3]triazole 2p):

Brown solid; M.p. 160-162 °C; '"H NMR (CDCl,, 600

MHz): § (ppm) 7.50 (dd, 1H, J; = 1.2 Hz, J; = 9.0 Hgz),

| 7.68 (d, 2H, J = 8.4 Hz), 7.80 (d, IH, /= 9.0 Hz), 8.10 (s,
1H), 8.22 (d, 2H, J = 9.0 Hz); °C NMR (CDCl;, 150
MHz): § (ppm) 119.9, 120.9, 1214, 122.2, 1234, 131 6,
132.8, 139.2, 143.9, 146.1; IR (KBr): 2953, 2852, 1614,
1554, 1487, 1477, 1411, 1348, 1318, 1302, 1264, 1240,
1215, 1141, 1095, 1070, 1032, 1008, 964, 927, 824, 800
em™'; HRMS (ESD: caled. for Ci2HsBoNs™ (M + HY)

4-Chloro-2-(2- chlorophenyl)-2H-benzo[d][1,2,3]triazole (20):

264.0095.

351.9079; found 351.9083.
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5-(Trifluoromethyl)-2-(4-(trifluoromethyl)phenyl)-2H-benzo|d][1,2,3] triazole (2r):

Gummy; 'H NMR (CDCls, 600 MHz): & (ppm) 7.63 (d,
1H, J = 8.4 Hz), 7.86 (d, 2H, J = 9.0 Hz), 8.07 (d, 1H, J =
9.0 Hz), 8.30 (s, 1H), 8.53 (d, 2H, J = 8.4 Hz); '*C NMR
(CDCls, 150 MHz): & (ppm) 117.6 (t, J = 4.5 Hz), 120.2,
121.3, 123.3, 124.0, 125.9, 127.1 (t, J = 4.5 Hz), 130.1 (q, J
= 33 Hz), 131.8 (q, J = 33 Hz), 142.5, 144.3, 146.2; '°F
NMR (CDCl;, 564.7 MHz): & —63.5, —63.3; IR (KBr):
2956, 2924, 2853, 1639, 1614, 1569, 1510, 1471, 1429,
1360, 1321, 1265, 1244, 1168, 1134, 1107, 1065, 1045,
967, 945, 886, 847 cm™'; HRMS (ESI): calcd. for
C14HgN3F¢" (M + H") 332.0617; found 332.0620.

Phenyl (2-Phenyl-2H-benzo|d]|1,2,3]triazol-4-yl)methanone + (2-(2H-

Benzo[d][1,2,3]triazol-2-yl)phenyl)(phenyl)methanone (2a's + 2as’):

Ph
(0}
’N'
o
N
+ O Ph
.N\
O
N

N
&

TH-1457_10612218

Yellowish solid; '"H NMR (CDCls, 600 MHz): & (ppm) Q

7.18 (t, 2H, J = 7.8 Hz), 7.26~7.27 (m, 3H), 7.37 (t, 1H, J@
3.6 Hz), 7.43-7.52 (m, 5H), 7.61-7.67 (m, 6H), 7.69-7.7

(m, 2H), 7.75 (d, 1H, J = 7.2 Hz), 7.92 (d, 2H &~ ),
8.16 (d, 1H, J = 8.4 Hz), 8.20 (d, 1H, J = 7" &Hgssz (d,
2H, J = 7.8 Hz); ’C NMR (CD%@&: & (ppm)
118.4, 121.0, 122.7, 123., %1 4, 1273, 128.2,
128.4, 128.7, 128.9, 1 9.5, 130.0, 130.2, 130.5,
131.3, 132.8, 133 ) 137.2, 137.9, 138.5, 140.2,
143.2, 145. 1%&4.3, 195.2; IR (KBr): 3038, 2923,
2852, 4668, \0$4,” 1596, 1578, 1566, 1489, 1462, 1448,
14 , 1347, 1331, 1321, 1308, 1288, 1233, 1218,

156, 1061, 998, 962, 937, 849, 773 cm™'; HRMS
SI): caled. for C9H|sN;O' (M + H') 300.1131; found

300.1130.
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Methyl 2-Phenyl-2H-benzo[d][1,2,3]triazole-S-carboxylate ethyl 4-(2H-
Benzo|d]|1,2,3]triazol-2-yl)benzoate (2a‘u + 2au’):

Light red solid; 'H 15, 600 MHz): & (ppm) 3.95
44 (dd, 2H, J; = 3.0 Hz, J» = 6.6

N
N | 4 , 1H), 7.57 (t, 2H, J = 7.8 Hz), 7.93 (dd,
+

Hz), 7 8—§

y : 2@ z,J> = 6.6 Hz), 7.96 (d, 1H, J = 9.0 Hz), 8.06

| i

| @‘N: S %( N/ = 9.0 Hz), 8.23 (d, 2H, J = 8.4 Hz), 8.37 (d, 2H, J
N

Co%gﬁ = 7.8 Hz), 8.4 (d, 2H, J = 8.4 Hz), 8.72 (s, 1H); °C NMR
> |

— : \_) (CDCl, 150 MHz): & (ppm) 52.6, 52.7, 118.5, 118.7,

120.5, 121.0, 122.3, 122.8, 123.3, 127.3, 127.9, 129.2,

v 129.7, 129.8, 130.5, 130.8, 131.2, 140.3, 143.5, 144.6,
@ 145.5, 146.9, 166.4, 166.9; IR (KBr): 2949, 2916, 2842,
1718, 1605, 1560, 1504, 1441, 1422, 1345, 1381, 1279,

©® 1219, 1194, 1150, 1136, 1011, 962, 855, 831, 807, 767, 747

cm™; HRMS (ESI): caled. for CjaHi2N3O2" (M + H')

&@ 254.0924; found 254.0923.

Methyl 2-(4-Methoxyphenyl)-2H-benzo[d][1,2,3]triazole-5-carboxylate + Methyl 4-(5-
Methoxy-2H-benzo|d][1,2,3]triazol-2-yl)benzoate (2k'u + 2ku’):

N Yellowish solid; '"H NMR (CDCl;, 600 MHz): 8 (ppm)
/E:E :N_Q_cozm 3.89 (s, 3H), 3.91 (s, 3H), 3.96 (s, 3H), 3.98 (s, 3H), 7.06
MeO N (d, 2H, J = 9.0 Hz), 7.09-7.12 (m, 2H), 7.78 (d, 1H, /= 9.6
+ Hz), 8.01-8.04 (m, 2H), 8.20 (d, 2H, J = 9.0 Hz), 8.29 (d,
Na 2H, J = 9.0 Hz), 8.37 (d, 2H, J = 9.0 Hz), 8.69 (s, 1H); "°C
MEOON'ND\ NMR (CDCls, 150 MHz): § (ppm) 52.5, 55.8, 94.7, 114.5,
coMe | 1147, 1182, 1194, 1199, 1220, 1224, 1225, 1236,
125.4, 127.0, 129.9, 130.8, 131.2, 1419, 143.5, 146.6,
159.9, 160.8, 166.4, 166.9; IR (KBr): 2954, 2924, 2852,
1715, 1630, 1606, 1563, 1509, 1455, 1439, 1299, 1282,
1251, 1228, 1184, 1171, 1143, 1129, 1108, 1082, 1022,
967, 950, 855, 828, 802, 766 cm™'; HRMS (ES): caled. for
C15sH14N305" (M + HY) 284.1030; found 284.1030.
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V.7. Selected Spectra

2-Phenyl-2H-benzo|[d][1,2,3]triazole (1a): 'H NMR (CDCls, 600 MHz)
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2-Phenyl-2H-benzo|d][1,2,3]triazole (1a): 3¢ NMR (CDCl3, 150 MHz)
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5-Methoxy-2-(4- methoxyphenyl)-2H-benzo|d]|1,2,3]triazole (1k)

MHz)

D

2
:@R (CDCl;, 400

5-Methoxy-2-(4- methoxyphenyl)-2H-benzo|d][1,2,3]triazole (1k):
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