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Synopsis

Synopsis

The thesis entitled “Synthesis of Annulated Heterocycles via a Ruthenium-Catalyzed C-H

Bond Activation” comprises of four chapters.

The research area in my doctoral study is targeted on the development of new synthetic methods
for the synthesis of different class of annulated heterocyclic compounds via ruthenium-catalyzed
chelation assisted C-H bond activation. Transition metal-catalyzed chelation-assisted oxidative
cyclization of substituted aromatics or alkenes with carbon—carbon m-components is a powerful
method to synthesize heterocyclic molecules in a highly regioselective manner. This type of
reaction is highly atom economical and an environmentally friendly. In the oxidative cyclization
reaction, rhodium complexes are widely used as catalysts. However, the most of rhodium-
catalyzed cyclization reaction is not completely regioselective. Particularly, a mixture of
regioselective products was observed in case of the reaction of substituted aromatics with
unsymmetrical carbon—carbon m-components. Our recent observation clearly reveals that this
type of oxidative cyclization reaction can be done in a highly regioselective manner by using a
less-expensive ruthenium catalyst. We have developed a highly regioselective method to
synthesize annulated heterocycles via a ruthenium-catalyzed oxidative cyclization of substituted

aromatics or alkenes with alkynes under an air atmosphere in one pot.

Chapter 1 of this thesis discusses the importance, classification and general synthetic methods
for heterocyclic compounds. Various synthetic methods for synthesizing annulated heterocyclic
compounds including metal-catalyzed coupling reactions and C-H bond activation methods were
discussed. A brief introduction of chelation-assisted C-H bond activation via oxidative addition

pathway as well as deprotonation pathway was also discussed in this chapter.

Chapter 2 of this thesis describes an efficient method for the synthesis of indenols,

benzofulvenes, isocoumarins and a-pyrones via a ruthenium-catalyzed oxidative cyclization of

substituted aromatics with alkynes. It contains two sub-divisions as follows:

Section 2A: Synthesis of Indenols and Benzofulvenes: A highly regioselective ruthenium-

catalyzed cyclization of substituted aromatic ketones with alkynes through C-H bond activation
is described. This reaction proceeds via a chelation-assisted deprotonation metalation pathway.
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Synopsis

This methodology offers a simple and mild method for the synthesis of indenols and
benzofulvenes in a highly regioselective manner. The cyclization reaction of aromatic ketones
with unsymmetrical alkynes is highly regioselective and provided exclusively a single
regioisomeric indenols derivatives. The amount of silver salt used determined the nature of the
product. A 2 mol % of the ruthenium catalyst and 8 mol % of the silver salt favored the
formation of indenols derivatives and 20 mol % of the silver salt in the presence of same amount

of ruthenium catalyst afforded benzofulvenes in a highly regioselective manner (eq. 1).
Me R Me
[{RuCly(p-cymene)},] [{RuCl,(p-cymene)},]
PO TBE L ® onma Lm0 [y
AngFG (20 mol %) AngF6 (8 mol %) ; OH
Cu( R

OAc)z'HZOD(ZS mol %) Cu(OAC),'H,0 (25 mol %)
DCE, 120°C, 10 h DCE, 120 °C, 10 h

Section 2B: Synthesis of Isocoumarins and a-Pyrones: Isocoumarins are an important class of
naturally occurring lactones that show various biological activities such as antifungal, antitumor,
antiallergic, antimicrobial, anti-inflammatory, antidiabetic, phytotoxic, and anticancer activities.
We have disclosed a highly regioselective method to synthesize substituted isocoumarins and a-
pyrones via a ruthenium-catalyzed oxidative cyclization. Treatment of aromatic acids with
unsymmetrical alkynes in the presence of [{RuCl,(p-cymene)}.] (2 mol %) and Cu(OAc),.H,0O
(20 mol %) without using AgSbFs in 1,2-dichloroethane at 100 °C for 12 h gave a mixture of
alkyne regioisomeric isocoumarin derivatives. In addition, 1:2 decarboxylative cyclization of
acid with alkyne to give a mixture of naphthalene derivative was observed. Surprisingly, when
the same reaction was carried out in the presence of a catalytic amount of AgSbFg (10 mol %)
under the same reaction conditions, exclusively isocoumarin derivative was observed without the

naphthalene derivatives in a highly regioselective manner.

0 O
©)J\OH 0
=
[{RuCly(p-cymene)},] (2 mol %) Ph
AgSbFg (10 mol %
o + Ph—=—Me 950%s ( i Me
Cu(OAc),.H,0 (20 mol %) 0
ﬁOH DCE, 100 °C, 12 h o

= Ph

Me

In the reaction, AgSbFg played an important role to control the regioselectivity of the reaction
and also completely suppressed the formation of decarboxylative naphthalene derivatives.This
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Synopsis

reaction is suitable for all types of substituted aromatic and hetero aromatic acids to synthesis
isocoumarin derivatives. The scope of cyclization reaction was further examined with
alkenylacids. The cyclization reaction worked efficiently and provided the expected a-pyrone
derivatives in good to excellent yields (eq. 2).

Chapter 3 demonstrates the synthesis of substituted isoquinolines, 1-haloisoquinolines, 1-
alkoxyisoquinolines and isoquinolones via a ruthenium-catalyzed oxidative cyclization of

aromatics with alkynes.

Section 3A: Synthesis of Isoquinolines and 1-Haloisoquinolines: Isoquinoline derivatives are
an important class of heterocyclic compounds. This core is present in various biologically active
molecules and natural products. Several reports are available in the literature to synthesize
isoquinoline derivatives via C-H bond activation; however the control of regioselectivity in the
cyclization of ketoximes with unsymmetrical alkynes is still a challenging task. Till now, there is
no report discussing the complete regioselective synthesis of isoquinolines by cyclization of
ketoximes with unsymmetrical alkynes. We have described a highly regioselective cyclization of
aromatic and heteroaromatic ketoximes with substituted alkynes in the presence of catalytic
amount of [{RuCly(p-cymene)},] and NaOAc to afford highly substituted isoquinoline
derivatives in good to excellent yields. The present catalytic reaction was compatible with
various sensitive functional groups substituted unsymmetrical internal alkynes. In all cases, the
corresponding isoquinoline derivatives were observed in a highly regioselective manner. It is
important to note that terminal alkynes were also compatible for the present reaction. The
proposed mechanism of the cyclization reaction was strongly supported by isolation of a key

five-membered ruthenacycle intermediate (eq. 3).

R1

R? r \vé\“i‘
S -OR [{RUCl,(p-cymene)},] (2.5 mol %) J"\”
_ NaOAc (25 mol %) SN ’ y
+ Ph—=——Me (3)
A ph

R = H, Mo MeOH, 100 °C, 16 h
R' = Ph, Alkyl Me
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Section 3B: Synthesis of 1-Haloisoquinolines, 1-Alkoxyisoquinolines and Isoquinolones: In
this section, we have showed for the first time an imidoyl halide (X-C = N-OMe; X = Cl or Br)
moiety as a directing group for the cyclization of O-methylbenzohydroximoyl halides with
substituted alkynes in the presence of a catalytic amount of [{RuCl,(p-cymene)},] and CsOAc.
In the reaction, various highly substituted 1-haloisoquinoline and 1-alkoxyisoquinoline
derivatives are prepared in good to excellent yields in a highly regioselective manner. It is
important to point out that the halide groups in the observed 1-haloisoquinoline derivatives can
be used for further functionalization (eq. 4).

R! 1
~ _.OMe [{RuCly(p-cymene)},] (3 mol %) R
[ :] N CsOAG(25 mol %) N
+ Ph——=——Me (4)
CF3CH,0H, 100 °C, 16 h Zpn
R'=Cl, Br Me
R? = Cl, Br, CF3CH,0

Section 3C: Intramolecular Selective Halogenation of Benzonitriles: In this section, we have
described an unprecedented ruthenium-catalyzed intramolecular halogenation at the meta and
ortho carbon position of O-methylbenzohydroximoyl halides. The reaction provides an efficient
route to meta halo substituted aromatic nitriles in good to excellent yields in a highly
regioselective manner. In this reaction, for the first time we have described the halogenation at
the meta C-H bond of substituted aromatics and also halogenation of aromatics via
intramolecular fashion. It is noteworthy to say that the present halogenation reaction is conducted
under the base and oxidant free conditions. Further, substituted nitriles were converted into
substituted tetrazole derivatives in the presence of NaN3 and I, (eg. 5). It is also important to
point out that substituted aromatic nitriles are key structural units in various natural products and
also key intermediates for synthesising various pharmaceutically active molecules, agricultural

molecules, dyes and organic materials.

X
N-N
Sn-OMe  [{RuCly(p-cymene)},] (3 mol %) I N
CsOAc (25 mol o/o) @/CN NaN3 / |2 @/LH
. ] ——— 1 ¢ (5)
_ Ligand N DMF, 150 °C X
X = Cl, Br ISO-PFOH, 100 C, 16 h X X
ortho (or) meta
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Chapter 4 describes an efficient route to synthesize of tricyclic heterocyclic compounds such
as fluorenones, phenanthridine, carbazole and dibenzothiazines via a ruthenium-catalyzed ortho-
arylation fallowed by intramolecular cyclization of substituted aromatics with phenylboronic

acids.

Section 4A: Synthesis of Fluorenones; We have described a highly regioselective mono ortho-
arylation of N-alkyl benzamides with substituted aromatic boronic acids in the presence of
[{RuCly(p-cymene)}.], AgSbFs, and Ag.O. Biaryl structural unit is present in various natural
products, drug and agrochemical molecules, and also key intermediates in various material
syntheses. Metal-catalyzed ortho-arylation of heteroatom directed aromatics with aromatic
electrophiles has been extensively studied in the literature. However, in the reaction of aromatic
substrate with aromatic electrophiles, a mixture of mono- and di-arylated compounds were
observed. The di-arylated compounds cannot be suppressed in the reaction, but, they can be
suppressed by arylation using aromatic organometallic reagents. An ortho-alkenylation of N-
alkyl benzamides with substituted alkenylboronic acids was also shown. To show the synthetic
utility of ortho-arylated N-alkylbenzamides, the ortho-arylated N-alkyl benzamides were
successfully converted into fluorenones in the presence of TFAA and HCI (eg. 6). Fluorenone is
an important structural scaffold present in various natural products and biologically active

molecules.

e}

TFAA, 100 °C, 2h O. o
HCI, 100 °C, 2h Q

[{RUCl(p-cymene)},]

o)
N,R2 (3.0 mol %)
.
H AgSbFg (12 mol %)

Ag,0 (1.5 equiv)
THF, 110 °C, 16 h

Section 4B: Synthesis of Carbazoles and Phenanthridines; ortho-Arylated N-substituted
anilines are key synthetic intermediates for various organic transformations and also for
synthesizing heterocyclic moieties. We have described a less coordinating oxygen atom directed
ortho-arylation of acetanilides with aromatic boronic acids in the presence of a Ru(ll) catalyst.
The catalytic reaction was compatible with various functional groups such as electron-rich,
electron-deficient and halogen substituted aromatic anilides and aromatic boronic acids. In the
reaction, no diarylated products or N-arylated acetanilides were observed. Later, ortho-arylated

anilides were converted phenanthridine derivatives via intramolecular cyclization of ortho-
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arylated acetanilides in the presence of Ph3sPO and Tf,0. In the meantime, ortho-arylated anilides
were converted into highly useful carbazole derivatives in presence of palladium and copper
catalysts (eq. 7). It is important to note that the phenanthridine and carbazole scaffolds are
present in natural products and biologically active molecules.

;
+
Ru (7)
it
COR'
N R NH O
Q Pd(OAc), PhsPO and Tf,0
or 0to RT
Cu(OTf),

Section 4C: Synthesis of Dibenzothiazines: Sulfoximine is a pivotal structural motif which is
present in various biologically active molecules, pharmaceuticals and agrochemicals. The
sulfoximine derivatives are also successfully used as chiral auxiliaries and ligands in asymmetric
synthesis of various chiral organic molecules. In all previous reports, sulfoximine containing
bicyclic benzothiazine derivatives were synthesized efficiently. We have disclosed the synthesis
of tricyclic dibenzothiazines by a ruthenium-catalyzed ortho-arylation of phenyl sulfoximines
with aromatic boronic acids followed by a palladium-catalyzed intramolecular cyclization in two
consecutive steps. The present reaction was compatible with various sensitive and useful
functional group substituted phenyl sulfoximines and aromatic boronic acids. An
enantioselective version of ortho-arylation of phenyl sulfoximines with phenylboronic acids
followed by cyclization, and this transformation leads to chiral dibenzothiazines with an

excellent ee ratio of 99% (eq. 8).

Pd(OAc),

PhI(OAc),
Tolune, 120 °C, 10 h
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Synthetic Methods for Heterocyclic Compounds and their Importance
1.0 Introduction:

Heterocyclic molecules are highly essential for life process. Literature survey clearly revealed
that scientifically the history of heterocyclic chemistry has been started in the period of 18"
century and afterwards gained tremendous attention in organic chemistry.® In fact, two thirds of
organic compounds that known in the literature are heterocyclic molecules. Heterocyclic
compounds usually contain at least one hetero atom such as sulfur, oxygen, nitrogen, selenium,
etc within the skeleton of organic molecules.? In addition, a ring with only carbon and hydrogen
atoms is named as carbocyclic compounds and a ring with only heteroatoms without carbon atom
is called homocyclic compound. The incorporation of oxygen, nitrogen, sulfur or other
heteroatoms into the organic structural moiety in place of a carbon atom gives a wide variety of

heterocyclic molecules (Fig. 1.0).3

N\
O C C O

Carbocycles Heterocycles - X. Y .Z are usually O. N or

Fig. 1.0 Heterocyclic structures

Heterocyclic compounds are generally classified into two types such as aliphatic and aromatic
heterocycles. The aliphatic heterocycles are the cyclic analogues of amines, ethers, thio ethers
and amides. These compounds usually contain of small (3- to 4-cyclic systems) and common (5
to 7 cyclic systems) ring systems.*®® The aromatic heterocyclic compounds almost behaves like
benzene derivatives in terms of properties and reactivity. Mostly, these analogs also obey with

the general rule proposed by Huckel.*®

The heterocyclic compounds normally have a stable ring
which are not simply cleaved by other sources. Generally, stable heterocyclic compounds having
one heteroatom within the ring. The heterocyclic molecules having two or more heteroatoms are
more likely as highly reactive species as compared with one hetero atom containing hetero

aromatic molecules.

NH NH,
> > )ﬁ iy

Oy ey A oz\u
Adenlne Guanlne Uracil Thyamme Cytosine
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Fig. 1.1 Purines & Pyrimidines

Heterocycle skeletons are enormously found in natural products and biologically active
molecules and also the basic subunit of biological molecules such as DNA and RNA. DNA and
Nucleotides are the building blocks of generating genes and pyrimidine and purine ring

structures are present these biological molecules (Fig. 1.1).°

Heme (a large heterocyclic porphyrin ring) is an essential core unit of chlorophyll and

hemoglobin which acts as a carrier of oxygen in plants and animals, respectively (Fig 1.2).%

Me

HOOC Hemoglobin COOH

Fig. 1.2 Macromolecules

Heterocycles are present in a wide variety of drugs, most vitamins, many natural products,
biomolecules and biologically active molecules including antitumor, anti-inflammatory,
antibiotic, antimalarial, antidepressant, anti-HIV, antibacterial, antimicrobial, antiviral,
antifungal, antidiabetic, fungicidal, herbicidal and insecticidal agents. Also, it has been generally
found as an essential structural unit in synthetic pharmaceuticals and agrochemicals. Thus, the
development of highly efficient and easily applicable method to synthesize heterocyclic

molecules is always highly important in organic synthesis.

1.1 Nitrogen Heterocycles and Importance:

The nitrogen atom containing heterocycles whether it is natural or synthetic one is always highly
important in organic chemistry due to their exciting biological properties. Many synthetic
nitrogen heterocycles such as indole, carbazole, pyridine, quinoline, isoquinoline,
phenanthridines, quinolone, isoquinolone and phenanthridones (Fig. 1.3) shows various
biological activities such antibacterial, antiviral, antifungal, antioxidants, anti- inflammatory,

analgesics, anticancer, anticonvulsants sedatives, hypnotics agents, etc. In addition, several
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pesticides and insecticides having this type of core subunits. Certain nitrogen heterocycles are
used as anti AIDS agents and has been found to be a potent inhibitor of HIV reverse
transcription.®

& O Qoo

Pyrolidine  Pyrrole Indole Carbazole Piperidine Quinoline

0 o) i
H
NH
~ D e B )
_N _N _— _— _ ‘

Phenathridine

Pyridine

Isoquinoline Pyridinone  Quinolone  Isoquinolone

Phenathridone

Fig. 1.3 Nitrogen heterocycles

The pyridine ring is one of the most important units of heterocycles in drug discovery. This core
unit is present in more number of marketed drugs including the blockbuster drugs such as
esomeprazole (Nexium) and loratadine (Claritin). In addition, quinoline containing heterocyclic
compounds is used for the treatment of malaria. Structural alteration of quinoline moiety led to
the powerful and inexpensive 4-aminoquinoline drug, chloroquine (CQ), and other related drugs
(Fig. 1.4). In addition, nitrogen contains natural products such as isoquinoline, phenthridine,
phenathridone and carbazole ring containing papavarine, sanguinarine, oxyavicine and
tubingensin-A are useful for the treatment of smooth muscle relaxation, antibacterial, anti-

inflammatory, antiviral and anticancer, respectively (Fig. 1.4).%°°

_ HN
\_/ Et
. “Et
; JU m
C02Et

Antibacterial

Anti-inflammatory

Loratadine (Claritin) Crlzot|n|b (Xalkon) Quinine Chloroquinine

Treatment of allergies Treatment of lung cancer Antimalarial Antimalarial

MeO O/‘O 0

¥
N N,Me o) N,Me
MeO <
OMe ‘ O> 0 ‘
® :
Papaverine OMe I e . . H
Smooth muscle relaxation Sanguinarine Oxyavicine Tubingensin A

Antiviral and Anticancer

IISER Pune

Fig. 1.4 Nitrogen containing natural products
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1.2 Oxygen Heterocycles and Importance:

Oxygen atom containing heterocycles such as furan, a-pyrone and its benzo-fused oxygen
heterocycles are found as a key structural unit in various natural products, pharmaceuticals and
biologically active molecules (Fig. 1.5). Particularly, oxygen atom containing heterocycles such
as furan, benzofuran, coumarin, isocoumarin and dibenzoisocoumarins are of great synthetic

importance in various fields.”*®

Furan Benzofuran  Dibenzofuran Pyrone  Coumarin Isocoumarin

Dibenzocromone

Fig. 1.5 Oxygen heterocycles

These molecules have great medicinal importance for curing various diseases such as anti HIV
(coriandrine), antifungal (3-Methyl-6-methoxy-8-hydroxy-3,4-dihydro-isocoumarin), antitumor
(cytogenin), phytotoxic (glomellin), antidiabetic (arnotin), anti-inflammatory (erythrocentaurin),
antimicrobial (phylloducinol), antiallergic (thunberginol B), and anticancer activities (Fig. 1.6).
A five as well as six membered containing lactones are also found in numerous natural products

and biologically active molecules.”*?

1) OH O OH O OH O
\ _\_OH
e MeO CHy  MeO MeO 7 C4H,

Coriandrine: Anti-HIV 3-Methyl-6-methoxy
-8-hydroxy-3,4-
dihydro-isocoumarin
Antifungal

Cytogenin - Antitumor Glomellin - Phytotoxic
OMe O

OH
0
M
"Ly
o)
PO
o CHO

Phylloducinol OMe Thunberginol B
Antimicrobial OH Antiallergic OH

HO

Arnottin-I: Antibiotic  Erythrocentaurin
Anti-inflammatory

Fig. 1.6 Naturally occurring isocoumarin derivatives

1.3 Synthetic Methods for Heterocyclic Compounds

Synthetic chemistry is the science of constructing complex molecules from the simply available
starting materials. It is probable to divide it into two great landscapes: the total synthesis, where
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the synthetic chemists study how step by step it is possible to build a structure usually with
biologically importance, and the methodologies which introduce new reactions. Our interest is
focusing on the development of new methodologies for the construction of heterocyclic and
carbocyclic molecules via a metal-catalyzed C-X (coupling reactions) and C-H bond (C-H bond

activation).
1.3.1 Coupling Reactions Method:

The transition-metal catalyzed cross-coupling cyclization of halo substituted organic molecules
into carbon-carbon m-components is of great interest in organic synthesis. For this type of
reaction, various metal complexes such as palladium, nickel, cobalt, rhodium etc. are widely
used. Among them, a palladium-catalyzed intermolecular annulation of alkynes is most effective
for the synthesis of a variety of heterocycles.®* The reaction usually takes place starting from an
organic halide bearing a neighboring heteroatom, which is oxidative palladated of R-X bond to
provide R-Pd-X |, After subsequent ciscarbopalladation of the alkyne leading to 11, the internal
nucleophile may affect intramolecular displacement of the palladium towards heterocycle,

probably by prior formation of a palladacycle 111 and reductive elimination (Fig. 1.7).

o © Pd(0) - s
[S% + R1 — R2 | |
X coupling reaction A Y
R']

X =Cl,Br, |
|- [Pd(0)]

\Pd(O)
r’ G 1= 2 r’ G Il G
‘ j(\ | PaX — 1 Il pd
~"pdx — —

' m R R

1 R2
1} R

Fig. 1.7 Mechanism of coupling reaction

Among the established methodologies, the inter-molecular palladium-catalyzed reaction of
ortho-iodoaromatic derivatives with internal alkynes (Larock’s intermolecular cyclization
reaction) has proven as a powerful procedure for the preparation of mono and bi cyclic
heterocyclic molecules in a highly regioselective manner.!® By applying this methodology,
various heterocyclic molecules including indoles, 1,2-dihydroisoquinolines, benzofurans,
benzopyrans, isoquinolines and isocoumarins were prepared in a highly regioselective manner.®

Although this type of coupling reactions are very powerful method to synthesize heterocyclic
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compounds, but a pre-activated coupling partner such as organic halides (C-X or C-Y) and
organometallic reagents (R-M-X) are usually required as a starting material. A pre-activated
species such as X or Y is wasted at end of the reaction. If a similar type of reaction is carried out
directly by the C-H bond of the aromatic moiety instead of an organic halides C-X or
organometallic reagents C-M, it would be highly useful in organic chemistry as well as
heterocyclic chemistry. Because, this method would be a highly atom- and step economical as

well as an environmentally friendly process.’

L :
+ RI-——R?
X coupling reaction = R2
R1
G [M] G
+ R——R — _
H C-H bond activation R2
R1

Fig. 1.8 Synthesis of heterocyclic compounds

1.3.2 C-H Bond Activation Method

C-H bond activation method is one of the most attractive alternative methods for the synthesis of
heterocyclic compounds from the easily available starting materials. Several methods are
available in the literature to activate the C-H bond of aromatics in the presence of metal
catalysts.'® But, activating the C-H bond selectively in a controlled and regioselective manner is
a big challenge. For example, Fujiwara-Moritani reaction gave a mixture of regio isomeric
products in the presence of a palladium complex. The reaction of substituted aromatics with
substituted olefins provided mixture of ortho-, meta-, para- alkenyled products in presence of a
palladium complex (eq. 1.1).°* However, this type of regioselective C-H bond activation can
be achieved by a chelation-assisted metalation pathway.

R R
H X
v g2 Pd | SR g
H

o/m/p

1.3.3 Chelation-Assisted C-H Bond Activation:

Metal-catalyzed chelation-assisted C-H bond activation is a highly regioselective method for

activating the C-H bond of organic molecules in a highly selective manner. Generally, a
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heteroatom such as a nitrogen or an oxygen containing chelating group is required on the
aromatic moiety to activate the C-H bond in a highly regioselective manner. The heteroatom of
the directing group chelates with a metal complex via either ¢ or « bond and allows bringing the
ortho C-H bond of aromatics in close proximity to the active metal complex. During this time,
the C-H bond activation takes place very selectively at the ortho position of directing group
providing a five membered metallacycle intermediate. Later on, the carbon-carbon n-components
undergoes coordinative insertion into M-C bond provides 7-membered cyclic intermediate

followed by reductive elimination providing functionalization compound (Fig. 1.9).**

L G
+ R-—=——R?
H Chelation assisted N R2

C-H bond activation 1
R

M]

@(\G @[\/G RI-——R?2 GM ]

: __R—=—"R B

g M -
Y=HL ' g R

Fig. 1.9 Chelation assisted C-H bond activation

Recently, heterocyclic compounds are efficiently prepared by a metal-catalyzed chelation-
assisted cyclization at the C-H bond of substituted aromatics with carbon-carbon ©-components
without having any pre-functionalized starting material on the aromatic moiety. In particular,
nitrogen-based functional groups such as 2-pyridinyl, amide, anilide, azo and oxime substituted
aromatics easily reacts with metal complexes form well-defined cyclometalated metal complexes
efficiently. Nitrogen-containing functional groups provide azo-cyclic heterocyclic compounds
from highly reactive nitrogen cyclometalated intermediates. Aromatic compounds with oxygen-
containing functional groups including ketones, aldehydes, carboxylic acids and alcohols are
commonly available organic molecules which provide oxo-cyclic heterocyclic compounds.
However, oxygen-containing functional groups chelating capacity is very weak with a metal
complex as compared with nitrogen atom containing chelating groups. Generally, oxygen-
containing functional groups is called as week directing groups and nitrogen containing directing
groups is called as strong chelating groups. By employing this methodology, a variety of
carbocyclic and polycyclic heterocyclic compounds were prepared (Fig. 1.10).*?
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Formation of carbocycles:

XH Me
P R e

X=N,0

||
/J
2

Formation of azacycles:

R1
R
N’ M] N R
+ R—R?
= R2

Formation of oxacycles:

+ R1 — R2
_ R2

Fig. 1.10 Synthesis of heterocyclic compounds

Chelation-assisted C-H bond activation generally classified into two types based on the
formation of a five membered metallacycle intermediate; a) oxidative addition pathway and b)
deprotonation pathway. (a) In the oxidative addition pathway, the heteroatom of the directing
group chelate with a metal complex and followed by the oxidative addition of metal in to the
ortho C-H bond of aromatics provide a five membered hydrometallacycle (R-M-H) intermediate.
(b) In the deprotonation pathway, the heteroatom of the directing group chelate with a metal
complex and metal contain base deprotonates the otho C-H bond provide a five membered
metallacycle intermediate without having a metal hydride intermediate. It is important to note
that in the deprotonation pathway; generally a carbonate or acetate base is required to
deprotonate the ortho C-H bond of organic moiety. In the oxidative addition pathway, a metal
species undergoes an oxidative addition with an ortho C-H bond of aromatic moiety and
providing a hydrometallacycle intermediate. Generally, M(0) or M(I) metal complexes are
widely used as a catalysts in oxidative addition pathway and M(I1)(OR), or M(I11)(OR), catalysts

are most favor catalysts for deprotonation pathway (Fig. 1.11).*

deprotonation pathway
M = Pd(ll), Ru(ll), Rh(lll)

R
M = Ru(0), Rh(l), Co, Ni, Mn X
- . ?
R oxidative addition pathway M
“H
R
@ —
M
N
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Fig. 1.11 Chelation-assisted ortho C-H bond activation pathways

(a) Oxidative Addition Pathway:

Chelation-assisted ortho C-H bond activation via an oxidative addition pathway provides
mechanistically a five-membered metallacycle hydride intermediate. These metallacycle hydride
intermediates were further converted into various useful organic molecules via coupling
reactions with organic halides or organometallic reagents and addition reaction with carbon-

carbon multiple bonds such as alkynes or alkenes (Fig. 1.12).*

o | X M: Pd, Ru or Rh o X o =X
& > IL | = _— ! | N
. H N g M

M—h
X=0,N 1

S

Ar-l or Ar-B(OH), /ILX

1

S

N Ar 2

o | X R—R' 0 X
G L
M\H h = R'

R 3

L\

R"

Fig. 1.12 p-Functionalized-a,-unsaturated ketones in oxidative addition pathway

In 1993, for the first time, Murai’s group reported a ruthenium-catalyzed chelation-assisted ortho
alkylation of aromatic ketones with alkenes via C-H bond activation. In the reaction, aromatic
ketones reacted with alkenes in the presence of [RuH2(CO)(PPhs)s], giving ortho alkylated
aromatic ketones in a highly regioselective manner (eq. 1.2).*** This reaction proceeds via a

chelation-assisted oxidative addition pathway.

Me Me
@o + AR [RuH,(CO) (PPhg)s] @@O\ (1.2)
R

Later, the same group described an ortho alkenylation of aromatic ketones with alkynes in the

presence of a ruthenium catalyst (eq. 1.3).1*® The ortho alkenylation reaction proceeds via a

chelation-assisted oxidative addition of the ortho C-H bond of the aromatic ketone with a
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ruthenium catalyst providing a five-membered hydrometallacycle intermediate Il. Later, an
alkyne undergoes coordinative insertion into a ruthenium-hydride bond of intermediate 11
provides 7-membered cyclic intermediate 111 followed by reductive elimination of intermediate
I11, providing a ortho alkenylaromatic ketone derivatives and regenerates an active Ru(0)
catalyst for the next catalytic cycle. However, this type of hydroarylation reaction is not
completely regio- and stereoselective. Mostly, a mixture of regio- and stereoisomeric substituted
alkenes was observed. For example, the aromatic ketone reacted with the unsymmetrical alkyne,
1-phenyl-1-propyne, in the presence of a ruthenium catalyst, yielding a mixture of cis and trans

stereoisomeric trisubstituted alkenes (Fig. 1.13).*

Me Me
0 RuH,(CO) (PPh 9]
©j§ oh e [RUHA(CO) (PPh), .
H —
Ph  Me

Me Me Me
©AO ©f§o Ph————NMe @O
: S s
Ru Ru_ rRu M
—
noH I 7/4,\/.9
Ph

I
Fig. 1.13 ortho-Alkenylation of aromatic ketones in oxidative addition pathway

In 1994, Murai and coworkers described a ruthenium-catalyzed B-alkylation of o,f-unsaturated
ketones with triethoxyvinylsilanes. The B-alkylation reaction of 1-acetylcyclohexenes with

triethoxyvinylsilanes providing the corresponding pB-alkyl-o,-unsaturated ketone coupling
15a

products (eg. 1.3).

0} (0]

RuH,(CO)(PPh
O)‘\ R uH,(CO)(PPh3); g Cﬁl:\ (1.3)
R R

R= SiOEt3, Ph

Later, the same group has reported ortho-arylation of aromatic ketones with phenylboronic acid

pinacol esters in presence of a ruthenium catalyst (eq. 1.4).*°
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BPin 0

(0]
CO
@)J\ . © RuH,(CO)(PPh3)3 _ O (1.4)

Subsequently, Trost and coworkers showed that methyl 1-cyclohexenecarboxylates reacted

efficiently with alkenes as well as silylalkynes in the presence of a ruthenium catalyst giving the

desired products in good to excellent yields (eq. 1.5).*

(0] 0 (0]

| 07 RuHy(CO)(PPhy)s O)ko/ RuH,(CO)(PPhg); Cﬁio\/ (1.5)
Z>TMS Me3Si — C4H9 =\ R

CqHg

In this regard, metal-catalyzed chelation-assisted ortho alkenylation of substituted aromatics with
alkenes is well explored in the literature. Recently, cyclization of substituted aromatics with
alkynes has gained much attention to synthesize valuable heterocyclic compounds. Ellman and
coworkers reported an intramolecular cyclization reaction of aromatic imines having internal
alkene meta to the imine. The cyclization reaction of the aromatic ketimines in the presence of
RhCI(PPh;); catalyst afforded annulation products in a highly regioselective manner. This
intramolecular reaction can provide linear as well as branched coupling products depending on

the alkene substituent (eq. 1.6).'%

BnN R
1R Rs R~ 0 R,
v 1) Rh(PPhs),Cl R3
| or as)
X n 2) 1N HCI (aq) X n
X=CH,,0,NR
n=0,1

In 2003, Jun’s group for the first time reported the synthesis of isoquinoline derivatives via
transition metal-catalyzed chelation-assisted oxidative addition pathway. In the reaction,
aromatic ketimines added with alkynes followed by intramolecular electrocyclization provided
isoquinoline derivatives in the presence of a rhodium catalyst. However, the synthetic utility of
this reaction is limited due to the formation of two different types of isoquinoline derivatives in

one pot and higher temperature (> 170 °C) is required for the electrocyclization (eq. 1.7).'®
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o (PP

N N
+ Ph Z pn

toluene,170 °C
Ph——=——~Ph Ph Ph

53 : 47

In 2006, Ellman and coworkers described a rhodium-catalyzed synthesis of substituted pyridines
from o,B-unsaturated imines and alkynes that proceeds through dihydropyridine intermediate.
This method is quite difficult to compare with other available methods as well as pyridine

synthesis takes three-step (eq. 1.8).1

Bn

N
| [ RhCl(coe),) Z N Pd/C X
* Rl-=——R? 2, - Y e
| FcPCy, X R2 toluene : TFE g2
1 atm H,

R1 R']

Later, Cheng’s group reported a new method for the synthesis of highly substituted pyridines and

isoquinolines from a,B-unsaturated ketoximes or aromatic ketoximes and alkynes.

Me Me
~ X, .OH PO
N . _ [RhCI(PPhy)s] S
Ph—=—Ph R
- ~ Ph
Ph
\ -Hzo’

Me

Me
A OH - ~ ~ _OH Electro PR -OH
¢ SN Ph—=——Ph " ° \N/OH o N’ cyclization_ | 7N
N Ph=—pn_ — ] —oyclization,_ H
S N N N H L NP
-~ Ru ~~"" "Ru S~ Z “Ph e
y _— Ph
Ph Ph

Ph

Ph

Fig. 1.14 Oxidative addition pathway for cyclization

The present reaction proceeds via a rhodium-catalyzed chelation-assisted ortho C-H activation in
oxidative addition pathway. The formation of product can be viewed as -alkenylation of alkenyl
oximes or ortho alkenylation of aromatic ketoximes to provide a 1l-azatriene intermediate,
followed by a [4+2] 6n-cycloaddition of Diels-Alder and dehydration (Fig. 1.14).2% After that,
this type of reactions has been widely explored to synthesize various heterocyclic molecules in

the presence of various metal complexes.
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(b) Deprotonation Pathway:

In the deprotonation pathway, the heteroatom of the directing group chelates with a metal
catalyst have base which deprotonates the otho C-H bond provides a five membered metallacycle
intermediate (1) without forming a metal hydride intermediate. The corresponding five
membered metallacycle intermediate was further converted into valuable organic molecules such
as alkenylation (2), cyclization (3) and arylation (4) in presence of olefins, aryl halides or

phenyboronic acids and alkynes, correspondingly (Fig 1.15).

f/jfLX M: Pd, Ru or Rh f j\)\
L
N H Deprotonation pathway M-OR " ron ]

M\OR
X=0,N
R"
— PO
- g
0 | X R———R r | X 3
S} L Pz R
M—0oR
1 R
Ar-l or Ar-B(OH), o | X
L 4
Ar

Fig. 1.15 Functionalization in deprotonation pathway

By employing this method, a variety of highly useful carbocyclic and heterocyclic compounds
such as isoquinolones, pyridines, isoquinolines, benzofulvenes, naphthalenes, indoles, indenols,
pyrroles, quinolines, pyridones, phthalimidines, phthalide and isocoumarines have been
synthesized efficiently in one pot. Initially, rhodium complexes are widely used for this type of
reactions. A rhodium-catalyzed chelation assisted ortho functionalization of aromatics via
deprotonation pathway has been fairly studied by several research groups including Bergman,

Glorious, Cheng, Chiba, Muira and Fagnou.*’

In 2007, Miura and Satoh reported the first [RhCp*Cl,],-catalyzed olefination followed by oxa-
michael cyclization in the coupling of benzoic acids with acrylates. The same group has reported
the synthesis of isocoumarin derivatives from the cyclization reaction of benzoic acids with

alkynes in the presence of a rhodium complex (eq. 1.9).1%%°
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o) 0
OH [RhCp*Cl,],
@ + ZCooR P
COOR
o * (1.9)

©)\OH C Re— g [RhCp*Clyl, o)

— R

R

Fagnou’s group has reported chelation assisted cyclization of N-tert-butylbenzaldimines with

internal alkynes in presence of [Cp*Rh(MeCN)s][SbFs], catalyst leading to isoquinoline

18d

derivatives via deprotonation pathway (Fig. 1.16).” After that, this type of cyclization reaction

has been explored by several groups.

-

_t-B
! [Cp"Rh(MeCN)3][SbFgl, N

* n-Pr—=——n-Pr _
n-

Cu(OAc), n-Pr

NS
N
t-Bu
\N/t-Bu N ,t-Bu =N’
: Pr—=—=—n-Pr N -
Rh N —_— Rh-L
! - AcOH Rh _
OTV//O L n-Pr
n-Pr
Fig. 1.16 Deprotonation pathway for cyclization

Regioselective issue: In the oxidative cyclization reaction, rhodium complexes are widely used
as catalysts. However, most of a rhodium-catalyzed cyclization reaction is not completely
regioselective. Particularly, a mixture of regioselective products was observed in case of the

reaction of substituted aromatics with unsymmetrical carbon—carbon n-components.

Recently, a less-expensive ruthenium catalysts has gained much attention in this type of

cyclization reactions, due to its remarkable reactivity and selectivity.®

Owing to the
extraordinary reactivity and selectivity, [{RuCl,(p-cymene)},] complex has been efficiently used
as a catalyst for various C-H bond functionalization reactions. Ruthenium(I1)-catalyzed arylation
of 2-pyridyl, oxazoline, azole and oxime substituted aromatics with aromatic electrophiles has
been elaborately studied by Dixneuf and Ackermann research group’s.20 The biaryl structural

unit is present in various natural products, drug and agrochemical molecules and also key
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intermediates in various material synthesis (Fig. 1.17). However, in all these reported reactions
the reaction of symmetrical aromatics with aromatic electrophiles, a mixture of mono- and di-
arylated compounds were observed. The diarylated compounds cannot be suppressed in the

reaction, but, it can be suppressed by doing arylation using aromatic organometallic reagents.?

B [ B

N N N

7 X [{RUCly(p-cymene)},] 7 7
* © Ph * Ph Ph (3)

X=Cl, Br minor major

Fig. 1.17 ortho-Arylation of 2-phenylpyridine

In 2011, Ackermann’s group reported a ruthenium-catalyzed oxidative cyclization of N-alkyl
benzamides with alkynes providing isoquinolone derivatives. This reaction proceeds via
chelation-assisted deprotonation pathway. In the reaction, copper (I1) acetate was used as a base

to deprotonate the ortho C-H bond of aromatic amides (eq. 1.10).*

o 0
N R N
H & rR— g [{RuCly(p-cymene)},] P (1.10)
Cu(OAc),.H,0 R’
R

A In a ruthenium-catalyzed cyclization reaction, a better coordinating strong chelating

group was used for the C-H bond activation. Till that time, there was no report discussing
on the C-H bond activation by using weak oxygen containing cheating groups in the
presence of a less expensive ruthenium catalyst. Thus, we have focused our research
towards activating C-H bond of organic molecules by using weak oxygen containing
chelating groups. In my thesis, | would like to discuss our recent accomplishments of a
ruthenium-catalyzed oxidative annulation of aromatic compounds with alkynes through
weakly chelation-assisted C—H activation. By employing this methodology, we have
prepared a variety of heterocyclic molecules in a highly regioselective manner in good to

excellent yields in one pot from easily available starting materials.
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Chapter -2

Section 2A: Ruthenium-Catalyzed Regioselective Cyclization of Aromatic

Ketones with Alkynes: An Efficient Route to Indenols and Benzofulvenes

2A.1 Introduction

Transition metal-catalyzed oxidative cyclization reaction is one of the most efficient methods for
the synthesis of carbocyclic and heterocyclic compounds in one pot. In the literature, several
methods are available for the synthesis of cyclic compounds in the presence of metal catalysts.*
Of these methods, Gevorgyan’s and Yamamoto’s groups independently reported the cyclization
reaction of o-haloaromatic carbonyls with alkynes in presence of palladium catalyst.2® This
method provides powerful synthetic route for the synthesis of cyclic indenole derivatives.
Subsequently, Cheng’s group reported nickel- and cobalt-catalyzed cyclization of o-iodophenyl

ketones with alkynes leading to indenole derivatives (eq. 2A.1).%°"

. 2
@o ¢ Rl— e Pd, Co, Ni *‘ R 2A1)
X =Cl, Br, | Pd, Gevorgyan and Yamamoto - 1999

Co, Ni, Cheng - 2002 & 2004

Later on, Murakami’s and Lam’s groups described the cyclization of 0-acylphenylboronic acids
with alkynes by using a rhodium complex as a catalyst providing cyclic indenole derivatives (eq.
2A.2).3

R

R1
@o . Rl— R? [Rh(OH)(cod)l, R2 (2A2)
B(OH), - B(OH), g/ OH

Murakami - 2005 and Lam - 2010

Generally, in all these carbocyclization reactions, a pre-activated coupling partner such as aryl
halides or organometallic reagents are usually required as a starting material to construct
carbocyclic and heterocyclic compounds. Instead of pre-activated species, if the cyclization
could be carried out by direct C-H bond activation, it would be even very useful in organic
synthesis, since it is highly atom-economical as well as environmentally friendly process.*® In
this regard, metal-catalyzed chelation-assisted oxidative cyclization of the ortho aromatic or
alkenyl C-H bond with carbon-carbon n-components has gained considerable attention to
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synthesize cyclic compounds in the past five years. In this cyclization reaction, mostly rhodium

complexes have been widely used as catalysts by several research groups.’

In 2010, Cramer’s group reported a rhodium(I)-catalyzed cyclization of aromatic ketimines with
allenes giving cyclic 1-methyl-3-methylene-2,3-dihydro-1H-inden-1-amine derivatives in an

enantioselective version (eq. 2A.3).%

R

NH R’ Rh(cod)(OH)},] / L
@ v = HRN{Cod) (O "R (2A3)

"NH
R 2

Later, the same group described an enantioselective rhodium(l)-catalyzed [3+2] cyclization of
aromatic ketimines with alkynes providing 1-methyl-2,3-diphenyl-1H-inden-1-amine derivatives
in good to excellent yields (eq. 2A.4).%°

R

R1
NH - [{Rh(cod)(OH)},] / L 2 (2A4
+ R—=—=—R? ‘ R2 (2A.4)
NH,

R

Recently, Glorious’s group showed a rhodium-catalyzed oxidative cyclization of aromatic
ketones with alkynes leading to a mixture of cyclic indenol and benzofulvene derivatives. In the
reaction, if R? is i-Pr or electron-withdrawing group, fulvene derivatives were not observed and

exclusively indenol derivatives were observed (eq. 2A.5).%

R? R R

O‘ g2 _ RhCpClaly] @0+ Rl=— R2 [{RhCp*Cly},] R2 (2A.5)
\ </ OH

R

Subsequently, Cheng’s group reported the synthesis of substituted indenols from aryl ketones
and alkynes by using a rhodium catalyst (eq. 2A.6).%

R R!
@o+ Ri_— g2 [{RhCp*Cly},] R2 (2A.6)
R OH

It is very important to note that the most of the rhodium-catalyzed cyclization reaction provides a

mixture of regioisomeric products particularly in the case of unsymmetrical alkynes. In addition,
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rhodium complexes are highly expensive and not easy to afford. Recently, less-expensive
ruthenium catalysts have gained much attention in this type of cyclization reactions, due to their
remarkable reactivity and selectivity.”*° In 1995, Murai’s group reported the reaction of aromatic
ketones with alkynes in the presence of RuH»(CO)(PPhs); catalyst.*** However, in the reaction,
only ortho alkenylated aromatic ketones were observed with a mixture of stereoisomeric
products (eq. 2A.7). A similar type of carbonyl directed C-H bond alkenylation reactions with

alkynes have also been studied by other research groups.™*

R R

RuH,(CO)(PPh
Ej/go+ RI-=R? HH2(CONPPha)s O (2a7)
Z R1

R2

In 1999, Woodgate’s group reported the first example of a ruthenium-catalyzed ketone-assisted
cyclization reaction of aromatic ketones with alkynes providing a mixture of cyclic indenol
derivatives. In the reaction mixture, products 3a and 3b were observed in 38% and 12% yields,

respectively, in the reaction of 1-phenyl-2-trimethylsilylethyne with acetophenone (eq. 2A.8).™*

R Ph Ph

o} RuH,(CO)(PPh3)3 (2A.8)
+ Ph—==—SiMe; ‘ +
OH OSiMey
1 2 R R
3a, 38% 3b, 12%

Recently, Shibata and his coworkers reported the synthesis of benzofulvene derivatives in which
indenols were obtained as minor products in a different mechanastic pathway. The recation
proceeds via a iridium-catalyzed hydroarylation of ortho C-H bond of aryl ketones with alkynes
followed by cyclization and dehydration (eq. 2A.9).2° It is significant that benzofulvene
derivatives find the versatile applications in materials science, organometallics and medicinal

chemistry.*?

R R1 R1
@O + Rl— g2 Ir catalyst R2 N R2 (2A.9)
OH
1 2 R
3a, 4% 3a, 87%

Herein, we report a highly regioselective synthesis of cyclic indenol as well as benzofulvene
derivatives separately by a [{RuCl,(p-cymene)}.]-catalyzed cyclization reaction of aromatic
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ketones with alkynes. In this section, | would like to discuss about the highly regioselective
cyclization of aromatic ketones with alkynes in the presence of catalytic amount of less
expensive ruthenium catalyst [{RuCl,(p-cymene)}.], AgSbFs and Cu(OAc),.H,0. This method
offers a general method to synthesis of indenols and benzofulvenes in a highly regioselective

manner with good to excellent yields (eg. 2A.10).

R R R’
O‘ R? [{RuCly(p-cymene)},] @O R R [{RuCly(p-cymene)},] R2 (2A.10)
excess AgSbFg AgSbFg R OH

2A.2 Results and Discussion

The oxidative cyclization of 4-bromoacetophenone (1a) with diphenylacetylene (2a) in the
presence of [{RuCl,(p-cymene)}.] (2 mol %), AgSbFs (8 mol %), and Cu(OAc),-H,0 (25 mol
%), in 1,2-dichloroethane (DCE) at 120 °C for 10 h to give cyclic indenol derivative 3a in 89%
isolated yield (Table 1). Interestingly, only a catalytic amount of oxidant Cu(OAc),-H20 (25 mol
%) was required, whereas in most rhodium-catalyzed reactions stoichiometric amounts of
oxidant were used.”® Control experiments revealed that no reaction occurred at all in the absence
of [{RuCl,(p-cymene)},], AgSbFs, or Cu(OAc),-H20. Note that substituted indenol derivatives
are known to show important biological properties such as analgesic, insecticidal, and

myorelaxation activity.*?

2A.2.1 Optimization Studies

Me Ph
[{RuCly(p-cymene)},] (2 mol %) Br
o, Ph——ph Additive (8 mol %) O‘ Ph
Br Cu(OACc),.H,0 (25 mol %) Me OH
1a 2a Solvent, 120 °C, 10 h

3a

Table 2A.1 Cyclization reaction of 4-bromoacetophenone (1a) with diphenylacetylene (2a).?

Entry Additive (8 mol %) Solvent Yield % (3a)°
1 AgSbFg Tolune 55
2 AgSbFg THF 25
3 AgSbFg tert-amy! alcohol 15
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4 AgSbFg DCE 96
5 AgSbFg DMF nr
6 AgSbFg CH3CN nr
7 AgSbFg CH3;COOH nr
8 AgOTf DCE 40
9 AgBF,4 DCE 21
10 AgOAcC DCE nr
11 AgO,CCF; DCE nr
12 Ag,0O DCE nr

4All reactions were carried out using l1a (100 mg), alkyne (2a) (1.2 equiv), [{RuCly(p-cymene)},] (0.02 equiv),
Additive (0.08equiv) and Cu(OAc),.H,0 (0.25 equiv) in solvent (3.0 mL) at 120 °C for 10 h. °GC yield

To optimize the present ruthenium-catalyzed cyclization reaction, the reaction of 1a with 2a in
the presence of [{RuCl,(p-cymene)},] (2 mol %) was examined with various solvents, additives
(8 mol %) and oxidants (25 mol %). The reaction was first tested with various solvents. Of the
solvents tested, 1,2-dichloromethane (DCE) was most effective, affording 3a in 96% vyield
(Table 2A.1, entry 4). The yield of 3a was determined based on the *H NMR integration method
using mesitylene as an internal standard. Toluene was also effective providing 3a in 55% yield
(entry 1). Other solvents such as THF and tert-amyl alcohol were less effective giving 3a in 25%
and 15% vyields, respectively (entry 2 and 3). The other solvents such as DMF, CH3CN and
CH3;COOH were totally ineffective for the reaction (entry 5-7). Next, the effect of silver salt (8
mol %) was examined. A variety of silver salts such as AgSbFs, AgOTf, AgBF4;, AgOAcC,
AgO,CCF3; and Ag,O were tested. Among them, AgSbFgs was very effective for the reaction,
giving 3a in 96% vyield (entry 4). AgOTf and AgBF, were less effective giving 3a in 40% and
21% vyields, respectively. Remaining silver salts AgOAc, AgO,CCF; and Ag,O were totally
ineffective for the reaction (entry 10-12).

2A.2.2 Synthesis of Indenols

This ruthenium-catalyzed cyclization reaction was successfully extended to different substituted

aromatic ketones 1b-h and substituted alkynes 2b-e (Table 2A.2). The reaction of acetophenone
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(1b) with diphenylacetylene (2a) under the optimized reaction conditions, i.e., [{RuCl,(p-
cymene)},] (2 mol %), AgSbFs (8 mol %) and Cu(OAc),.H,0 (25 mol %) in the presence of 1,2-
dichloroethane, afforded product 3b in 83% vyield (Table 2A.2, entry 1). Similarly,
isobutyroacetophenone (1c) and benzophenone (1d) reacted with la giving the corresponding
cyclization product 3c and 3d in 76% and 73% Yyields, respectively (entry 2 and 3),. Under
similar reaction conditions, 4-iodoacetophenone (1e) and 4-methoxyacetophenone (1f) worked
well with 1a to afford indenols 3e and 3f in 88% and 85% yields, respectively (entry 4 and 5),.
The reaction of 1-napthophenone (1g) with 2a provided 3g, with the C-H bond activation takes
place at adjacent carbon to acetyl group of 1g, exclusively in 82% vyield (entry 6),. The present
catalytic reaction was also tested with heteroaromatic ketones. Treatment of indole-3-
acetophenone (1h) with 2a gave 3h in 69% vyield (entry 7). It is significant that, the present
catalytic reaction tolerated a variety of sensitive functional groups such as I, Br, OMe, and NH

on the aromatic and heteraromatic rings of 1.

Table 2A.2 Cyclization reaction of substituted aromatic ketones 1b—h with diphenylacetylene (2a).*

Entry Aromatic ketone (1) Compound (3) Yeild"

Ph
O‘ A 83%

Me
o
1b
Me_ Me Ph
2 ©/\\[o O‘ Ph 76%
OH
1c Me
3c
Ph
(6]
1d
Me
@O
| 1e

Me
P
O‘ Ph 73%

|
() 88%
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Ph
MeO
s LT CCy
MeO 1f OH
6 % o () 82%
Me

0] Me OH Ph
7 @&é ® 9 69%
7 h v Ph

4All reactions were carried out with substituted aromatic ketones 1 (1.00 mmol), diphenylacetylene (2a)
(1.20 mmol), [{RuCly(p-cymene)},] (2 mol %), AgShFs (8 mol %), Cu(OACc),-H,0 (25 mol %), and 1,2-
dichloroethane (3.0 mL) at 120 °C for 10 h. "Isolated yields.

Next, we examined the reaction of various substituted unsymmetrical alkynes 2b-e with
substituted aromatic ketones 1 (Scheme 2A.1). In all these reactions, complete regioselective
cyclic indenole derivatives were observed. Thus, 1-phenyl-1-propyne (2b) and 1-phenyl-1-
butyne (2c) underwent cyclization reaction with 4-iodoacetophenone (1e) or acetophenone (1b)
giving products 3i and 3j in 83% and 79% vyields, respectively, in a highly regioselective manner
(Scheme 2A.1). In the reaction, phenyl group of alkynes placed the next carbon C-2 to alcohol
group and alkyl group in C-3 carbon of indenols 3i and 3j. The regiochemistry was completely
established by NOESY experiments (see the Experimental Section). Similarly, in the reaction of
1-phenyl-2-(trimethylsilyl)acetylene (2d) with 1c provided silylated indenol derivative 3k in
76% yield in a high regioselective manner in which Ph group was attached to C-2 and silyl group
to C-3 of an indenol moiety 3k (Scheme 2A.1). It is significant that most of the metal-catalyzed
chelation-assisted cyclization of ortho aromatic C-H bond with 2d provides only desilylated
compounds.” 3 The catalytic reaction was also tested with substituted unsymmetrical enyne 2e.
Substituted enyne 2e reacted with 1c to give a single regioisomeric product 3l in 71% yield in
which Ph group present in the C-2 carbon of 3l. In the cyclization reaction, the alkyne carbon
bearing a less electron-donating substituent (Ph) is connected to the keto group of 1 and the
alkyne carbon with a more electron-donating substituent (Me, Et and SiMe3) is attached to the
ortho carbon of aryl ketone moiety (Scheme 2A.1). The present regiochemistry is exactly
matching with the regiochemistry observed from the cyclization reaction of ortho halophenyl

ketones with unsymmetrical alkynes in the presence of cobalt and nickel catalysts.?**
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[{RuCly(p-cymene)},]

Me (2 mol %) Ve
/@AO + Me—=——Ph AgSbFg (8 mol %) [ N
| CU(OAC)Q.Hzo (25 mol 0/o) O‘

OH
DCE, 120 °C, 10 h
83y M€
Me Et
o) Et—=——Ph Same conditions O‘ o
+
OH
79% Me
Mo SiMes
©/\\[O +  MesSi—==—Ph Same conditions O‘ Ph
Me OH
76% Me

©/\\[O . < > — ph Same conditions O‘ Ph

Scheme 2A.1 Scope of the unsymmetrical alkynes 2b-e

2A.2.3 Synthesis of Indenes

The amount of silver salt plays an important role in the product formation. When the silver salt
amount exceeded more than 8 mol % in the presence of 2 mol % of [{RuCl,(p-cymene)},], a
different type of dehydration product, benzofulvene derivative started to appear in the reaction.
Thus, treatment of Acetophenone (1a) with diphenylacetylene (2a) in the presence of [{RuCla(p-
cymene)},] (2 mol %), AgSbFg (20 mol %) and Cu(OAc)..H,0 (25 mol %) in 1,2-dichloroethane
at 120 °C for 10 h afforded benzofulvene derivative 4a in 89% isolated yield (Table 2A.3, entry
1) In the presence of excess amount of silver salt (20 mol %), various substituted acetophenones
such as 4-bromoacetophenone (1b), 4-iodoacetophenone (1e), 4-methoxyacetophenone (1f), 4-
methylacetophenone (1i) and 4-fluoroacetophenone (1j) efficiently reacted with 2a to provide
benzofulvene derivatives 4b-f in 86-92% excellent vyields (entry 1-6). Similarly, 1-
napthophenone (1g) afforded 4g with the C-H bond activation took place at adjacent carbon of
acetyl group, exclusively in 80% vyield (entry 7). Likewise, propiophenone (1k) and 2-
phenylacetophenone (11) also efficiently reacted with 2a to give benzofulvene derivatives 4h and
4i in 85% and 82% yields with E/Z ratios 85:15 and 98:2, respectively (entry 8 and 9).
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Table 2A.3 Cyclization reaction of substituted aromatic ketones (1) with diphenylacetylene (2a).?

Entry Aromatic ketone (1) Compound (4) Yeild"
Me Ph
(6] Ph
1 @f 89%
4a
Me Ph
Br.
Br 1b 4b
Me Ph
|
3 @/to P“ 91%
! 4c
Me Ph
MeO
4 )@A ° O Ph 86%
MeO 1 ad
Me Ph
Me
5 o Cro o7
Me 4e
Me Ph
F
. j
af
L .
7 (J° (- 80%

=N
«Q
Y
«Q

m
-

85% (85:15)

oo
=
o]
. :O
=
- )
=
T
=

Me
CH,Ph Ph
9 ©/1,g° O Ph 829 (98:2)
4\ Ph

2All reactions were carried out with substituted aromatic ketones 1 (1.00 mmol), diphenylacetylene (2a)
(1.20 mmol), [{RuCly(p-cymene)},] (2 mol %), AgSbFs (20 mol %), Cu(OAc),-H,0 (25 mol %), and
1,2-dichloroethane (3.0 mL) at 120 °C for 10 h. "Isolated yields.

[ISER Pune Page 28



Chapter -2

It is important to note that no dehydration product was observed in the reaction of
isobutylacetophenone (1c) with diphenylacetylene (2a), even in the presence of excess amount
(20 mol %) of silver salt (Scheme 2A.2). Interestingly, benzophenone (1e) reacted with
unsymmetrical alkyne, 1-pheny-1-propyne (2b), to give 4a in 87% vyield (Scheme 2A.2). In the
reaction, one of the hydrogen of methyl group of C-3 carbon of an indenol moiety (intermediate)

involved in the intramolecular dehydration with OH group.

Me Me

[{RuCl,(p-cymene)},] (2 mol %) Ph
O 4 ph—=pn AgSbFs (20 mol %) O‘ Ph
Cu(OACc),.H50 (25 mol %) OH
DCE, 120 °C, 10 h Me e 3¢, 74%
Ph Ph
©/§O + Ph—=—=—Me same conditions Ph
H H
H 4a, 87%
& Ag* (cat.)
Ph —— » Q Ph
- Hzo
Ph
¥ HO 4a  Ph
Ag*

Scheme 2A.2 Substituted aromatic ketones with alkynes.

Based on the above observations and the known metal-catalyzed C-H bond activation reactions,*
103 conceivable reaction mechanism is proposed in Scheme 2A.3. The first step formation of
ruthenium cationic complex in presence of Cu(OAc),.H,O and AgSbFs from [{RuCl,(p-
cymene)},] complex. Next, the coordination of the carbonyl oxygen of 1 to the active ruthenium
cationic species followed by ortho metalation provided intermediate 5. Coordinative insertion of
alkyne 2 into the Ru-carbon bond of intermediate 5 afforded intermediate 6. Further
intramolecular insertion of the C=0 group into the Ru-alkenyl bond of 6 afforded a five-
membered ruthenium alkoxide intermediate 7. Protonation of the intermediate 7 by Cu(OAc),
provided the final product 3 and regenerated the active ruthenium species for the next catalytic
cycle. The exact role of copper source in catalytic reaction Cu(OAc),.H,O provides the OAc
source to the active ruthenium species in order to accelerate the ortho-metalation and also
replace the ruthenium species in intermediate 7 via transmetalation for the first catalytic cycle.
On the next catalytic cycle onwards, protonation of the intermediate 7 by AcOH provides the
final product 3 and regenerates the active ruthenium species for the next catalytic cycle (Scheme
2A.3).
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2A.2.4 Mechanism

RS {RuCla(L)}2]
‘ Ph CU(OAC)2 Hzo
AgSbFg
4
-2 AgCl
L = p-cymene
- AcOH
Ph u(OAc), or AcOH

Me3

=

oy
N _
Ve 7 ORUL[SbFg] Ve
Me
=0
+RuL ©\)+R\
_— ; u\L

Ph
Ph AgSbFg (20 mol %) Ph oA
DCE, 120 °C, 10 h
Me 3b 4a, 89%

In the reaction, the amount of silver salt (AgSbFs) added, decided the product formation. The
role of silver salt was likely to remove chloride ligand to form ruthenium cationic complex from
[{RuCly(p-cymene)}.]. In the reaction, 2 mol % of [{RuCl,(p-cymene)}.] was used. In fact, 8
mol % of AgSbF¢ salt was good enough to remove all four chloride ligand. When the amount of
silver salt increased up to 20 mol %, a dehydration product benzofulvene was observed. The
product formation can be explained by the coordination of alcohol group of indenol 3 to the
excess silver salt followed by subsequent dehydration. The proposed silver-catalyzed
dehydration pathway was strongly supported by the results of the following reaction (eq. 2A.11).
Treatment of indenol 3b (1.0 mmol) with AgSbFs (20 mol %) in the presence of DCE at 120 °C
for 10 h gave product 4a in 89% vyield.
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2A.3 Conclusions

In conclusion, we have developed a highly regioselective ruthenium-catalyzed cyclization of
substituted aromatic ketones with alkynes via week chelation-assisted C-H bond activation. This
methodology offered a simple and mild method for the synthesis of indenols and benzofulvenes
in a highly regioselective manner. In the reaction, the amount of silver salt used, decided the
product formation. 8 mol % of silver salt favored indenols and 20 mol % of silver salts provided

benzofulvenes in the presence of 2 mol % of ruthenium catalyst.
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2A.5 Experimental Section

2A.5.1 General Procedure for the Cyclization Reaction of Aromatic Ketones 1 with Alkynes
2

A 15 mL pressure tube containing [{RuCl,(p-cymene)},] (2 mol %), AgSbFg (8 mol %) and
Cu(OAC)2.H,0 (25 mol %) was evacuated and purged with nitrogen gas three times. Freshly
distilled 1,2-dichloroethane (3.0 mL), aromatic ketones (1.00 mmol) and alkynes (1.20 mmol)
were sequentially added to the system and the reaction mixture was stirred at 120 °C for 10 h.
The mixture was filtered through a short Celite and silica gel pad and washed with
dichloromethane several times. The filtrate was concentrated and the residue was purified on a
silica gel column using hexanes-ethyl acetate as eluent to afford the cyclization product 3.
Products 4a-i were synthesized according to this procedure, but 20 mol % of AgSbFs were

required.

2A.5.2 Spectral Data of Compounds 3a-u

5-Bromo-1-methyl-2,3-diphenyl-1H-inden-1-ol (3a): Yellow solid; m.p. 127-129 °C, eluent
(10% ethyl acetate in hexanes). IR (ATR) v (cm™): 3396, 2923, 1589, 1453,

Ph
BrPh 1264, 1082. 'H NMR (CDCl3, 400 MHz): 6 = 7.41 — 7.38 (m, 4 H), 7.34 —
(0]
Me

H |7.30 (m, 4 H), 7.28 — 7.21 (m, 5 H), 2.02 (bs, 1 H), 1.55 (s, 3 H) ppm. *C
NMR (CDCls, 100 MHz): & = 148.3, 148.2, 144.3, 137.8, 134.3, 134.0, 129.5,
129.3, 129.2, 128.8, 128.2, 127.9, 127.7, 124.0, 123.3, 122.6, 83.0, 24.0 ppm. GC-MS (70 ev,
C.L) (M+H): m/z: 377 (M+H), 201, 199, 119, 92. HRMS (EI): calc. for CH1;0Br 376.0463,
measured 376.0468.

1-Methyl-2,3-diphenyl-1H-inden-1-ol (3b): Pale yellow solid; m.p. 123-125 °C, eluent (10%
ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3369, 2924, 1596, 1451, 1269. *H NMR (CDCls,
400 MHz): 6 =7.52 (d,J=8.0 Hz, 1 H), 7.44 - 7.41 (d, J = 8.0 Hz, 2 H), 7.34 - 7.29 (m, 5 H),
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7.26 - 7.24 (m, 2 H), 7.23 - 7.20 (m, 4 H), 2.01 (bs, 1 H), 1.59 (s, 3 H) ppm. ©*C

Ph NMR (CDCl3, 100 MHz): 6 = 149.6, 147.0, 142.3, 138.8, 134.8, 129.5, 129.3,

v’ OH [128.9, 128.6, 127.9, 127.4, 127.2, 127.2, 126.7, 122.0, 120.9, 83.4, 24.0 ppm.

GC-MS (70 ev, C.1.) (M+H): m/z: 298 (M+H), 252, 123. HRMS (ESI): calc. For
[(C22H1s0)Na] (M+Na) 321.1255, measured 321.1263.

1-I1sopropyl-2,3-diphenyl-1H-inden-1-ol (3c): Pale yellow solid; m.p. 151-153 °C, eluent (10%
ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3439, 2925, 1596, 1456, 1026. *H NMR (CDCls,
400 MHz): 6 =7.51 (d, J=8.0 Hz, 1 H), 7.43 (d, J =8.0 Hz, 1 H), 7.34 — 7.29
(m, 3H), 7.28 — 7.23 (m, 4 H), 7.22 — 7.18 (m, 5 H), 2.21 — 2.16 (m, 1 H), 2.14
(bs, 1 H), 1.21 (d, J = 8.0 Hz, 3 H), 0.57 (d, J = 8.0 Hz, 3 H) ppm. *C NMR
(CDCl3, 100 MHz): 6 = 146.6, 146.4, 143.9, 140.4, 135.4, 134.8, 129.6, 129.4,
128.5, 128.4, 128.0, 127.5, 127.3, 126.1, 123.6, 120.7, 89.2, 34.0, 16.9, 16.8 ppm. GC-MS (70
ev, C.I.) (M+H): m/z: 327 (M+H), 315, 298, 221. HRMS (ESI): calc. for [(C,4H22,0)Na] (M+Na)
349.1568, measured 349.1568.

1,2,3-Triphenyl-1H-inden-1-ol (3d): Colorless solid; m.p. 206-208 °C, eluent (10% ethyl
o, |acetate in hexanes). IR (ATR) ¥ (cm™): 3438, 2922, 1591, 1449, 1125. *H NMR
Ph (CDCl3, 400 MHz): 8 =7.66 (d, J=8.0 Hz, 2 H), 7.53 (t, J = 8.0 Hz, 2 H), 7.49 —
p’ O™ |7.45 (m, 3 H), 7.36 - 7.31 (m, 6 H), 7.27 - 7.23 (m, 3 H), 7.15 - 7.12 (m, 3 H),
2.91 (bs, 1 H) ppm. *C NMR (CDCls, 100 MHz): & = 151.2, 147.7, 142.9, 141.9, 140.8, 135.1,
133.9, 129.8, 129.2, 128.7, 128.5, 128.4, 127.8, 127.3, 127.1, 125.3, 123.1, 121.2, 87.2 ppm.
GC-MS (70 ev, C.1.) [(C27H20)H] (M+H) 361: m/z: 361 (M+H), 294, 176, 142, 134. HRMS
(ESI): calc. for [(C27H200)Na] (M+Na) 383.1412, measured 383.1412.

5-lodo-1-methyl-2,3-diphenyl-1H-inden-1-ol (3e): Pale yellow solid; m.p. 151-153 °C, eluent

o (10% ethyl acetate in hexanes). IR (ATR) v (cm™): 3367, 2923, 1589, 1449,

'Ph 1085. *H NMR (CDCls, 400 MHz): & = 7.51 (d, J = 8.0 Hz, 1 H), 7.43 (s, 1 H),

me’ O [7.31(dd, J=8.0, 4.0 Hz, 2 H), 7.26 — 7.22 (m, 3 H), 7.19 — 7.16 (m, 2 H), 7.15 —

7.12 (m, 4 H), 1.57 (s, 3 H) ppm. **C NMR (CDCl;, 100 MHz): & = 149.1, 148.0, 144.5, 137.9,

135.5, 134.3, 134.1, 129.8, 129.5, 129.2, 128.9, 128.2, 127.9, 127.7, 123.8, 94.2, 83.2, 24.0 ppm.
HRMS (EI): calc. for C;H17,01 424.0324, measured 424.0331.
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5-Methoxy-1-methyl-2,3-diphenyl-1H-inden-1-ol (3f): Pale yellow solid; m.p. 142-144 °C,

eluent (15% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3356, 2924, 1591,

Meoph 1474, 1030. *H NMR (CDCl3, 400 MHz): 6 = 7.39 — 7.36 (m, 3 H), 7.27 —

o TOH |7.24 (m, 5 H), 7.14 - 7.13 (m, 3 H), 6.72 (s, 1 H), 6.70 (d, J = 8.0 Hz, 1 H),

3.71 (s, 3 H), 2.04 (bs, 1 H), 1.50 (s, 3 H) ppm. *C NMR (CDCls, 100

MHz): 6 = 160.5, 148.3, 143.9, 141.8, 138.4, 134.9, 134.7, 129.5, 129.4, 128.7, 128.1, 127.7,

127.4, 122.6, 111.1, 107.6, 82.9, 55.7, 24.2 ppm. HRMS (EI): calc. for Cy3H200, 328.1463,
measured 328.1460.

1-Methyl-2,3-diphenyl-1H-cyclopenta[a]naphthalen-1-ol (3g): Red semisolid; eluent (10%
ethyl acetate in hexanes). IR (ATR) # (cm™): 3417, 2922, 1589, 1127. *H NMR

O‘ o |(CDCls, 400 MHz): 3 =8.29 (d, J = 8.0 Hz, 1 H), 7.77 (d, J = 8.0 Hz, 1 H), 7.67
O ve’ ©OH |(d,J=8.0Hz, 1 H), 7.43 - 7.37 (m, 3 H), 7.35 - 7.31 (m, 3 H), 7.26 — 7.20 (m,
5 H), 7.14 — 7.07 (m, 2 H), 2.21 (bs, 1 H), 1.65 (s, 3 H) ppm. **C NMR (CDCls,
100 MHz): & = 148.5, 143.2, 139.2, 138.6, 135.1, 134.8, 133.1, 129.7, 129.5, 129.2, 129.1, 128.7,
128.6, 128.1, 127.7, 127.4, 126.6, 125.0, 124.0, 119.6, 85.1, 25.1 ppm. GC-MS (70 ev, C.1.)
[(CasH200)H] (M+H): m/z: 349 (M+H), 346, 338, 328, 128. HRMS (EI): calc. for CysHz00
348.1514, measured 348.1509.

1-Methyl-2,3-diphenyl-1,4-dihydrocyclopenta[b]indol-1-ol (3h): Red semisolid; eluent (35%
ethyl acetate in hexanes). IR (ATR) v (cm™): 3372 (bs), 2923, 1611, 1430,

OH
Me Ph 11025. 'H NMR (CDCls, 400 MHz): & = 8.51 (dd, J = 8.0, 4.0 Hz, 2 H), 7.37 —
O ™" |7.28(m, 6H),7.16 - 7.11 (m, 3 H), 7.05 - 6.99 (m, 3 H), 1.26 (s, 3 H) ppm. B¢
H NMR (CDCls, 100 MHz): § = 142.0, 140.3, 135.6, 135.5, 133.1, 132.6, 129.8,

129.7, 117.0, 129.2, 129.1, 129.0, 128.7, 126.5, 123.9, 123.3, 122.9, 111.3, 90.3, 14.3 ppm.
HRMS (ESI): calc. for [(C24H19NO)H] (M+H) 338.1545, measured 338.1530.

5-lodo-1,3-dimethyl-2-phenyl-1H-inden-1-ol (3i): Orange oil; eluent (10% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3345, 2923, 1447, 1081. *H NMR (CDCls, 400
Me

|Ph MHz): 6 =7.58 (d, J =8.0,4.0 Hz, 1 H) 7.56 (s, 1 H), 7.52 — 7.50 (m, 2 H), 7.43
OH |- 7.40 (m, 2 H), 7.35 (t, J = 8.0 Hz, 1 H), 7.18 (d, J = 8.0 Hz, 1 H), 2.05 (s, 3

Me
H), 1.92 (bs, 1 H), 1.45 (s, 3 H) ppm. *C NMR (CDCls, 100 MHz): & = 148.9,
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147.8, 145.8, 135.3, 134.9, 133.6, 129.2, 128.8, 128.5, 127.8, 123.4, 94.2, 83.0, 23.8, 11.7 ppm.
HRMS (ESI): calc. for [(C17H1510)H] (M+H) 363.0246, measured 363.0242.

3-Ethyl-1-methyl-2-phenyl-1H-inden-1-ol (3j): Orange semisolid; eluent (10% ethyl acetate in

hexanes). IR (ATR) ¥ (cm™): 3349, 2969, 1597, 1457, 1363, 1088. 'H NMR

O‘ on |(CDCls, 400 MHz): & = 7.45 — 7.42 (m, 2 H), 7.41 — 7.36 (m, 3 H), 7.33 — 7.28

we’ OH |(m, 2 H), 7.26 —7.18 (m, 2 H), 2.46 (g, J = 8.0 Hz, 2 H), 1.88 (bs, 1 H), 1.44 (s, 3

H), 1.17 (t, J = 8.0 Hz, 3 H) ppm. 3C NMR (CDCls, 100 MHz): & = 149.6, 146.5, 142.3, 140.1,

135.4, 129.1, 128.5, 128.3, 127.5, 126.3, 121.8, 119.9, 83.1, 23.8, 19.3, 13.6 ppm. HRMS (EI):
calc. for C1gH180 250.1358, measured 250.1363.

1-I1sopropyl-2-phenyl-3-(trimethylsilyl)-1H-inden-1-ol (3k): Orange oil; eluent (4% ethyl
acetate in hexanes). IR (ATR) v (cm™): 3402, 1580, 1128. *H NMR (CDCls, 400
MHz): & = 7.45 (d, J = 8.0 Hz, 1 H), 7.38 — 7.31 (m, 4 H), 7.29 — 7.24 (m, 3 H),
7.15 (d, J = 8.0 Hz, 1 H), 2.00 — 1.97 (m, 1 H), 1.95 (bs, 1 H), 1.15 (d, J = 8.0
Hz, 3 H), 0.56 (d, J = 8.0 Hz, 3 H), 0.02 (s, 9 H) ppm. *C NMR (CDCls, 100
MHz): & = 146.8, 146.1, 139.8, 137.6, 129.5, 128.5, 128.3, 128.0, 127.8, 125.1, 123.5, 122.6,
89.7,33.2,17.1, 16.4, 0.3 ppm. HRMS (EI): calc. for C,1H260Si 322.1753, measured 322.1758.

3-(Cyclohex-1-en-1-yl)-1-isopropyl-2-phenyl-1H-inden-1-ol (3l): Orange oil; eluent (10%
ethyl acetate in hexanes). IR (ATR) v (cm™): 3422, 2930, 1591, 1456, 1370,
O 1267, 1035. 'H NMR (CDCls, 400 MHz): & = 7.65 (d, J = 8.0 Hz, 1 H), 7.39 —
O‘ Ph [7.31 (m, 4 H), 7.29 — 7.23 (m, 3 H), 7.10 (t, J = 8.0 Hz, 1 H), 5.77 (t, J = 4.0 Hz,
Me o ol H), 2.31 — 2.25 (m, 1 H), 2.18 — 2.11 (m, 2 H), 2.09 — 2.01 (m, 1 H), 1.91 —
1.85(m, 2 H), 1.79 - 1.61 (m, 3 H), 1.13 (d, J = 8.0 Hz, 3 H), 0.51 (d, J = 8.0 Hz,
3 H) ppm. *C NMR (CDCls, 100 MHz): & = 146.7, 143.7, 136.2, 135.9, 132.3, 129.1, 128.8,
128.2, 127.9, 127.2, 125.7, 123.4, 120.5, 88.9, 34.1, 28.0, 25.5, 22.9, 22.2, 16.9, 16.7 ppm.
HRMS (El): calc. for C4H260 330.1984, measured 330.1983.

1-Methylene-2,3-diphenyl-1H-indene (4a): Pale yellow oil; eluent (only hexanes). *H NMR
(CDCls3, 400 MHz): 6=7.71(d,J=8.0 Hz, 1 H), 7.34 (t, J = 8.0 Hz, 1 H), 7.30 —

Ph
Ph 7.25 (m, 10 H), 7.20 — 7.18 (m, 2 H), 6.25 (s, 1 H), 5.72 (s, 1 H) ppm. **C NMR

(CDCl3, 100 MHz): 6 = 147.7, 142.8, 140.9, 137.5, 136.3, 134.7, 134.6, 130.8,
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129.4, 128.6, 128.3, 128.1, 127.5, 127.0, 125.8, 120.2, 119.9, 114.2 ppm. GC-MS (70 ev, C.1.):
calc. for [(Ca2H16)H] (M+H) 281, measured 281 (M+H), 265, 220.

5-Bromo-1-methylene-2,3-diphenyl-1H-indene (4b): Pale yellow semisolid; eluent (only

o |hexanes). ‘H NMR (CDCls, 400 MHz): & = 7.56 (d, J = 8.0 Hz, 1 H), 7.46 (s,

Brph 1 H), 7.40 (dd, J = 8.0, 4.0 Hz, 1 H), 7.35 — 7.29 (m, 4 H), 7.28 — 7.25 (m, 4

H), 7.19 — 7.17 (m, 2 H), 6.25 (s, 1 H), 5.77 (s, 1 H) ppm.**C NMR (CDCl,

100 MHz): 6 = 146.8, 144.7, 141.1, 138.7, 135.0, 134.2, 133.9, 130.7, 129.4, 128.5, 128.4, 128.2,

127.8, 127.3, 123.3, 122.4, 121.2, 115.4 ppm. GC-MS (70 ev, C.1.): calc. for [(Cz2H15Br)H]
(M+H) 359, measured 359 (M+H), 338, 294, 272, 196.

5-lodo-1-methylene-2,3-diphenyl-1H-indene (4c): Pale yellow solid; eluent (only hexanes).

o |m.p. 172-175 °C, *H NMR (CDCls, 400 MHz): & = 7.67 (s, 1 H), 7.62 (dd, J =

'Ph 8.0, 4.0 Hz, 1 H), 7.45 (d, J = 8.0 Hz, 1 H), 7.35— 7.30 (m, 4 H), 7.29 — 7.25 (m,

4 H), 7.20 — 7.18 (m, 2 H), 6.28 (s, 1 H), 5.78 (s, 1 H) ppm. **C NMR (CDCls,

100 MHz): 6 = 147.0, 144.9, 138.6, 135.8, 134.6, 134.3, 134.1, 130.9, 129.8, 129.6, 129.2, 128.7,

128.3, 127.9, 127.5, 121.7, 115.6, 94.1 ppm. GC-MS (70 ev, C.1.): calc. for [(CxH1s1)H] (M+H)
407, measured 407 (M+H), 330, 266, 225, 108.

5-Methoxy-1-methylene-2,3-diphenyl-1H-indene (4d): Orange semisolid; eluent (1% ethyl

o acetate in hexanes). '"H NMR (CDCl;, 400 MHz): § = 7.65 (d, J = 8.0 Hz, 1

Meoph H), 7.34 — 7.28 (m, 8 H), 7.25 — 7.22 (m, 2 H), 6.96 (s, 1 H), 6.83 (dd, J = 8.0,

4.0 Hz, 1 H), 6.15 (s, 1 H), 5.66 (s, 1 H), 3.84 (s, 3 H) ppm. *C NMR

(CDCl3, 100 MHz): 6 = 160.6, 147.2, 144.5, 141.5, 138.9, 134.8, 134.6, 130.8, 129.6, 129.1,

128.4,128.1, 127.6, 127.1, 120.9, 112.9, 110.8, 106.6, 55.7 ppm. GC-MS (70 ev, C.1.): calc. for
[(CasH1s0)H] (M+H) 311, measured 311 (M+H), 179, 167, 119.

5-Methyl-1-methylene-2,3-diphenyl-1H-indene (4e): Pale yellow oil; eluent (only hexanes). *H
NMR (CDClI3, 400 MHz): 6 =7.62 (d, J=8.0 Hz, 1 H), 7.35 - 7.31 (m, 4 H),

Ph
Me O‘ L [7.30-7.27 (m, 4 H),7.22-7.20 (m, 2 H), 7.17 (s, 1 H), 7.10 (d, = 40 Hz, 1
H), 6.21 (s, 1 H), 5.70 (s, 1 H), 2.40 (s, 3 H) ppm. *C NMR (CDCls, 100

MHz): 6 = 147.7, 143.2, 142.0, 138.5, 137.9, 134.9, 133.9, 130.9, 129.7,
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128.5, 128.2, 127.6, 127.1, 126.5, 121.1, 119.9, 113.6, 22.0 ppm. GC-MS (70 ev, C.1.): calc. for
[(CasHi1g)H] (M+H) 295, measured 295 (M+H), 181, 152, 129.

5-Fluoro-1-methylene-2,3-diphenyl-1H-indene (4f): Pale yellow oil; eluent (only hexanes). *H
~—|NMR (CDCls, 400 MHz): § =7.52 (dd, J = 8.0, 4.0 Hz, 1 H), 7.22 - 7.15 (m, 8
th H), 7.10 — 7.07 (m, 2 H), 6.95 (dd, J = 8.0, 4.0 Hz, 1 H), 6.86 — 6.81 (m, 1 H),
6.08 (s, 1 H), 5.61 (s, 1 H) ppm. *C NMR (CDCls;, 100 MHz): & = 164.9 and
162.4 (C-F coupling), 146.7, 144.9 and 144.8 (C-F coupling), 141.0, 139.2, 134.4, 134.1, 132.0,
130.8, 129.4, 128.5, 128.2, 127.8, 127.3, 121.0 and 120.9 (C-F coupling), 114.6, 112.3 and 112.1
(C-F coupling), 107.8 and 107.6 (C-F coupling) ppm. GC-MS (70 ev, C.l.): calc. for
[(C22H1sF)H] (M+H) 299, measured 299 (M+H), 279, 221. HRMS (ESI): calc. for [(C2H1sF)H]
(M+H) 299.1236, measured 299.1232.

1-Methylene-2,3-diphenyl-1H-cyclopenta[a]naphthalene (4g): Red semisolid; eluent (only in

o |hexanes). *H NMR (CDCls, 400 MHz): & = 8.52 (d, J = 8.0 Hz, 1 H), 7.86 (dd,

O‘ ph |J = 8.0, 4.0 Hz, 1 H), 7.79 (d, J = 8.0 Hz, 1 H), 7.58 — 7.52 (m, 2 H), 7.44 —

O 7.33 (m, 8 H), 7.30 — 7.23 (m, 3 H), 7.12 (s, 1 H), 6.88 (s, 1 H) ppm. *C NMR

(CDCl3, 100 MHz): 6 = 148.1, 139.6, 138.9, 138.1, 134.5, 134.2, 132.6, 129.1,

128.9, 129.1, 128.7, 128.1, 128.2, 127.8, 127.2, 127.0, 126.1, 124.0, 123.6, 119.6, 110.9 ppm.

GC-MS (70 ev, C.1): calc. for [(CsHig)H] (M+H) 331, measured 331 (M+H), 281, 268, 209,
191. HRMS (ESI): calc. for [(CysH1g)H] (M+H) 331.1487, measured 331.1487.

(E)- and (Z)- mixtures of 1-Ethylidene-2,3-diphenyl-1H-indene (4h) (E:Z ratio; 85:15): Pale

yellow oil; eluent (only hexanes). *H NMR (CDCl;, 400 MHz): 6 = 7.89 (d, J =

h o 8.0 Hz, 1 H) (major isomer), 7.65 (d, J = 8.0 Hz, 1 H) (minor isomer), 7.42 (t, J =

\ 8.0 Hz, 1 H), 7.33 - 7.22 (m, 10 H), 7.19 - 7.16 (m, 2 H), 6.90 (q, J=8.0 Hz, 1

v H) (minor isomer), 6.37 (q, J = 8.0 Hz, 1 H) (major isomer), 2.40 (d, J = 8.0 Hz,

3 H) (major isomer), 1.68 (d, J = 8.0 Hz, 1 H) (minor isomer) ppm. *C NMR (CDCl;, 100

MHz): 6 = 143.6, 141.7, 139.5, 138.7, 137.8, 135.4, 135.3, 135.0, 132.9, 131.2, 130.4, 129.7,

129.5, 128.2, 128.1, 127.9, 127.3, 127.1, 127.0, 126.9, 125.4, 125.3, 123.9, 120.3, 120.0, 118.4,

15.9, 15.6 ppm. GC-MS (70 ev, C.1.): calc. for [(CasHig)H] (M+H) 295, measured 295 (M+H),
278, 217, 145.
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(E)-1-Benzylidene-2,3-diphenyl-1H-indene (4i): Pale yellow semisolid; eluent (only hexanes).

o |"H NMR (CDCls, 400 MHz): § = 7.60 — 7.56 (m, 3 H), 7.45 (t, J = 8.0 Hz, 2 H),

Ph 7.39 (t,J = 8.0 Hz, 2 H), 7.35 - 7.26 (m, 11 H), 7.20 (s, 1 H), 7.05 (t, J = 8.0 Hz,

Ypy |1 H) ppm. °C NMR (CDCls, 100 MHz): & = 144.0, 141.7, 140.7, 139.9, 137.3,

135.3, 134.9, 134.8, 134.7, 131.5, 130.4, 129.9, 129.8, 129.6, 128.7, 128.4,

128.3, 128.2, 127.5, 127.2, 125.5, 123.5, 120.3 ppm. GC-MS (70 ev, C.1.): calc. for [(CzsHz0)H]
(M+H) 357, measured 357 (M+H), 325, 295, 217, 167.

2A.5.3 Regioselective Studies: NOESY Experiments

NOESY Experiments Spectra of Compound 3i

There is a NOE correlation between Ha (3 2.05, s) and Hb (&

Ha
| Hb  Me Hc 7.56, s). In meantime, there is also a NOE correlation between
O‘ Ha (5 2.05, s) and Hc (5 7.51, d). However, there is no
ve O correlation between Hb (6 7.56, s) and Hc (& 7.51, d). These
Ha § = 2.05: Hb = 7.56: H = 7.51 results clearly revealed that the regiochemistry of compound
3i is correct.
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2A.5.4 Spectral Copies of Selected Compounds

'H and *C NMR Spectra of Compound 3b
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'H and **C NMR Spectra of Compound 3c
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'H and **C NMR Spectra of Compound 4a
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1H and 13C NMR Spectra of Compound 4d
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'H and *C NMR Spectra of Compound 4h
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Section 2B: Regioselective  Synthesis of Isocoumarins by a
Ruthenium-Catalyzed Aerobic Oxidative Cyclization of Aromatic acids with

Alkynes

2B.1 Introduction

Isocoumarins are an important class of naturally occurring lactones that show various biological
activities such as antifungal, antitumor, antiallergic, antimicrobial, anti-inflammatory,
antidiabetic, phytotoxic, and anticancer activities. These lactones are also found in numerous
natural products and biologically active molecules.? Due to their interesting biological
properties, a great attention has been focused on the synthesis of isocoumarin derivatives. The
transition-metal-catalyzed cyclization of o-haloaromatic acids (or) esters with m-components
have been recognized as an efficient method to synthesize isocoumarin derivatives (eq. 2B.1).% In
1989, Heck’s group described the direct synthesis of 3,4-diphenylisocoumarin derivatives via a
palladium-mediated coupling of methyl 2-iodobenzoate with diphenylacetylene in 56% vyield (eq.
2B.1).%

O O

oM Pd(OAc O
d Tren=—en o (28.1)
| Heck -1989 Zph

Ph

Later, Larock’s developed a palladium-catalyzed cyclization of ortho halogen or triflate
substituted aromatic esters with alkynes. This method provides an efficient route to synthesize
isocoumarins derivatives in good to excellent yields. In the reaction, ortho-iodobenzoate gave the
higher vyields in a shorter reaction time compared with ortho-bromobenzoate. However,
unsymmetrical alkynes provided a mixture of regioisomers isocoumarins derivatives (eq.
2B.2).%0¢

o o}
d\oMe + R-=—R, Pd(OAc), (0] (2B.2)
X Lorock -1999 SR

X=Br, |, OTf R?
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Subsequently, Abarbri’s group reported consecutive coupling followed by intramolecular
cyclization of o-iodobenzoic acids with allenyl stannenes in the presence of a palladium catalyst

providing 3-substituted isocoumarins derivatives (eq. 2B.3).*"

0 0
OH Pd(OAc), Cﬂ\/?\/
1 N 2B.3
@fj\ + R C™ “SnBus Abarbri - 2005 A _rt 83

Very recently, Guo’s group reported a copper-catalyzed cyclization reaction of o-halobenzoic

acids with alkynes providing 3,4-disubstituted isocoumarins in good to excellent yields (eq.
2B.4).%® However, in all these reactions, a pre-activated coupling partner such as organic halides

or organometallic reagents are used as a starting material to construct isocoumarin derivatives.’

0 o)

OH Cucl o)
©\)\ + R'—R? ; = (2B.4)
X - R1

X =Cl, Br, | R?

In this regard, transition metal-catalyzed chelation-assisted oxidative annulation of the ortho
aromatic or alkenyl C-H bond with carbon-carbon m-components reactions are one of the most
efficient method to construct heterocyclic compounds.*®> This reaction is highly atom-
economical and environmentally friendly. By using this method, a variety of highly useful
carbocyclic and heterocyclic compounds have been synthesized efficiently.®” In this oxidative
cyclization reaction, mostly rhodium and palladium complexes have been widely used as
catalysts. Recently, less-expensive ruthenium catalysts have gained much attention in this type of
cyclization reactions, due to their remarkable reactivity and selectivity. Recently, Miura’s group
reported a rhodium-catalyzed oxidative cyclization of aromatic acids with alkynes in the
presence of rhodium catalyst.>® However, in the reaction of aromatic acids with unsymmetrical
alkynes, a mixture of regioisomeric products (ca. 6:1 to 8:1 ratios) were observed. In addition to
that, a 1:2 decarboxylative cyclization of aromatic acids with alkynes to give naphthalene

derivatives (eq. 2B.5).2

o) o} 0]

Ph and Me
(j)k OH [RhCpCl, 0 o, @@ (28.5)
+
N o e Ph and Me

Ph—=——Me Me Ph
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Herein, we report a highly regioselective oxidative cyclization of aromatic acids with alkynes in
the presence of catalytic amount of [{RuCly(p-cymene)}.], AgSbFs and Cu(OAc),.H.O
providing highly substituted isocoumarin derivatives in good to excellent yields. Interestingly, in
the present ruthenium- and silver-catalyzed reaction, exclusively a single regioisomeric product

was observed with unsymmetrical alkynes and no naphthalene product was observed.
2B.2 Results and Discussion

The treatment of 4-bromobenzoic acid (1a) with 1-phenyl-1-propyne (2a) in the presence of
[{RuCly(p-cymene)}-] (2 mol %) and Cu(OAc),.H,0 (20 mol %) in 1,2-dichloroethane at 100 °C
for 12 h gave a mixture of regioisomeric isocoumarin derivatives 3a and 3a’ in 65% and 12%
isolated yields, respectively. In addition, 1:2 decarboxylative cyclization of 1a with 2a to give a
mixture of naphthalene derivative 4 was observed in combined 19% yield. Surprisingly, when
the same reaction was carried out in the presence of a catalytic amount of AgSbFg (10 mol %)
under the same reaction conditions, exclusively isocoumarin derivative 3a was observed in 90%

isolated yield without the naphthalene derivatives 4 in a highly regioselective manner (eq. 2B.6).

i o Q Ph and Me
[(RuCI,(p-cymene)},]
OH (2 mol %) o . o . /(:@
Br + Cu(OAC),.H,0 (20 mol %)  Br Z “ph Br “ “Me Br Ph and Me

Ph—=—— Me  [-BUOH,100°C,12h 65% Me 129, P 19% (mixtures)

[{RuCly(p-cymene)},] (2 mol %)
H AgSbFg (10 mol % o
Br Cu(OACc),.H,0 (20 mol %) Br Ph

t-BuOH, 100 °C, 12 h 90% Me

The catalytic reaction was also nicely undergoing cyclization with 1a and 2a under an air
atmosphere, providing 3a in 89% isolated yield. The catalytic reaction is highly regioselective in
which the alkyne carbon bearing Ph group is attached to the COOH group of 1a and the alkyne
carbon bearing Me group is connected to the ortho carbon of aromatic acid. In the reaction,
AgSbFg played an important role to control the regioselectivity and completely suppressed the

decarboxylative naphthalene derivatives 4.
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2B.2.1 Optimization Studies

i [{RuCly(p-cymene)},] (2 mol %) i
/©)J\OH  Ph— e Additive /@i
Br Cu(OAc),.H,0 (20 mol %) Br Ph
Solvent, 100 °C, 12 h Me
Table 2B.1 Cyclization reaction of 4-bromo benzoic acid (1) with 1-phenyl-1-propyne (2a).?*
Entry Additives Solvents Yield"

1 AgSbFg THF 23
2 AgSbFg Toluene 10
3 AgSbFs tert-Amy! alcohol 65
4 AgSDbFs t-BuOH 87
5 AgSbFg DCE 90
6 AgSbFg DMF nr
7 AgSbhFg CH3CN nr
8 AgSbFg CH3;COOH nr
9 AgBF, DCE 43
10 AgQOTf DCE 25
11 AgO,CCF; DCE nr
12 AgOAcC DCE nr
13 Ag,0 DCE nr

All reactions were carried out with4-bromo benzoic acid 1 (1.00 mmol), diphenylacetylene (2a) (1.20
mmol), [{RuCl,(p-cymene)},] (2 mol %), AgSbFg (10 mol %), Cu(OAc),-H,O (20 mol %), and 1,2-
Dichloroethane (3.0 mL) at 100 °C for 10 h. "Isolated yields.

For optimizing the present ruthenium-catalyzed cyclization reaction, the reaction of 1a with 2ain
the presence of [{RuCly(p-cymene)}.] (2 mol %) was examined with different type of solvents,
additives (8 mol %) and oxidants (25 mol %). The reaction was first tested with various solvents.
Of the solvents tested, 1,2-dichloroethane (DCE) and t-BuOH were most effective, affording 3a
in 90% and 87% yield (Table 2B.1, entry 4 and 5). The yield of 3a was determined based on the
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'H NMR integration method using mesitylene as an internal standard. tert-amyl alcohol was also
effective providing 3a in 65% yield (entry 3). Other solvents such as THF and Toluene were less
effective giving 3a in 23% and 10% yields, respectively (entry 1 and 2). The other solvents such
as DMF, DME, CH3CN and CH3COOH were totally ineffective for the reaction (entry 6-8).
Next, the effect of silver salt was examined. A variety of silver salts such as AgSbFs, AgBF,,
AgOTf, AgO,CCF3;, AgOAc and Ag,O were tested. Among them, AgSbFs was very effective for
the reaction, giving 3a in 90% yield (entry 5). AgBF,and AgOTTf were less effective giving 3a in
43% and 25% yields, respectively (entry 9 and 10). Remaining silver salts AgO,CCF3;, AgOAc
and Ag.O were totally ineffective for the reaction (entry 11-13). The catalytic reaction provided
almost equal yield in the presence of catalytic amount of Cu(OAc),.H,O (20 mol %, 90% vyield)
as well as stoichiometric amount of Cu(OAc),.H,0 (2.20 equiv, 88% yield). But, the reaction did
not proceed in the absence of Cu(OAc),.H,0. t-BuOH was also a highly effective solvent for the

reaction, giving 3a in 87% isolated yield.
2B.2.2 Synthesis of Isocoumarins

The oxidative cyclization reaction was successfully extended with various substituted acids 1b-i
and unsymmetrical alkynes 2a-b under the best optimized conditions. 4-Chlorobenzoic acid (1b),
4-iodobenzoic acid (1c), 4-acetylbenzoic acid (1d), 4-methoxybenzoic acid (1e), and benzoic
acid (1f) reacted with 1-phenyl-1-propyne (2a) to give the corresponding isocoumarin
derivatives 3b-3f in excellent yields with very high regioselectivity (Table 2B.2, entry 1-5). The
catalytic reaction tolerates a variety of sensitive functional groups such as COMe and iodo on the
aromatic ring of acids. It is noteworthy to say that both acid and keto groups act as excellent
directing groups for the oxidative cyclization reaction. Interestingly, in the present reaction, the
COOH group chelates better with ruthenium than the keto group (product 3d). An unsymmetrical
alkyne, 1-phenyl-1-butyne (2b), also regioselectively reacted with 1a to afford 3g in 87% yield
(entry 6). The catalytic reaction was also compatible with heteroaromatic and alkenyl acids.
Indole-2-carboxylic acid (1g), 2-thiophenecarboxylic acid (1h) and 2-methylacrylic acid (1i)
reacted efficiently with 2a to afford the expected cyclization products 3h-3j in good to excellent
yields (entry 7-9). Meanwhile, the catalytic reaction was also tested with 1-phenyl-2-
(trimethylsilyl)acetylene, tributyl(phenylethynyl) tin and various terminal alkynes. However, in

these reactions, no expected cyclization products were observed.
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Table 2B.2 Cyclization reaction of substituted aromatic acids 1b-j with substituted alkynes (2a-b).

Entry Aromatic acid (1) Compound (3) Yeild™

o} o
o |
0,
1 cl 1b cl Z ph 86%
3b
o}
/©)‘\OH
|
1c

Q 92%

O
OH
3 o
MeOC
1d

81%
O
4 J@A or 93%
MeO
1e
(0]
5 @AOH 85%
1f
(0]
6 )@)LO” 87%
Br
1a
7 N o 56%
19 H
MH Me Ph
8 S 1h 0 | \ O 80%
S 3i ©
(0]
Me
9 T\A_OH 78%

®All reactions were carried out with substituted aromatic acid 1 (1.00 mmol), substituted alkyne (2a-b)
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(1.20 mmol), [{RuCly(p-cymene)},] (2 mol %), AgShFs (10 mol %), Cu(OAc),-H,O (20 mol %), and
1,2-dichloroethane (3.0 mL) at 100 °C for 10 h. "Isolated yields.

Next, we have examined the scope of symmetrical alkynes in the cyclization reaction with
substituted acids 1 (Table 2B.3). 4-Chlorobenzoic acid (1b), 4-acetylbenzoic acid (1d) and 4-
methoxybenzoic acid (1e) underwent cyclization reaction with diphenylacetylene (2c) to give
substituted isocoumarin derivatives 3k-3m in good yields (entry 1-3). In these reactions, no
decarboxylative naphthalene products 4 were observed. Heteroaromatic and alkenyl acids also
worked well for the reaction. Thus, 2-thiophenecarboxylic acid (1h) and acrylic acid (1j) reacted
with diphenylacetylene (2c) to give the corresponding cyclic compounds 3n and 30 in 70% and
85% vyields, respectively (entry 4 and 5). The less reactive 3-hexyne (2d) and 2-butyne (2e) also
efficiently participated in the reaction. Thus, 4-chlorobenzoic acid (1b) reacted with 3-hexyne
(2d) to afford an isocoumarin derivative 3p in 87% vyield (Table 2, entry 6). The present
methodology can be further extended to 1-napthoic acid (1Kk). Thus, 1-napthoic acid (1K) reacted
with diphenylacetylene (2c) to afford 3q in a moderate 54% vyield (Table 2, entry 7). But, 1-
napthoic acid (1K) reacted with 2-butyne (2e) to give an isocoumarin derivatives 3r in an
excellent 88% yield (entry 8). This result clearly indicated that the less reactive aliphatic alkynes
2d-e reacted with acids 1 better than diphenylacetylene (2c).

Table 2B.3 Cyclization of substituted aromatic acids 1 with symmetrical alkynes (2).?

Entry Aromatic acid (1) Compound (3) Yeild"
(0] (0]
/©)L0H 0
1 S o A 71%
3k ph
(0] (0]
2 )@*O” 0 66%
MeOC MeOC Z “ph
1d 3l pp
(0] (0]
3 J@AOH 0 72%
MeO MeO 7 >Ph
1e 3m Pph
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MH Ph Ph
4 ¢ o EQ) 70%
S 3nO
0 0
5 ﬁo” B 85%
1j Z ph
Ph 30
0 o)
6 J@ALOH Q 87%
cl " Cl 7 gt
3p Et
Q 0 O«__Oo _Ph
|
7 OH Ph 54%
1K
3q
O (o] (0] (e} Me
|
8 OH Me 88%
1K
3r

4All reactions were carried out with substituted aromatic acid 1 (1.00 mmol), symmetrical alkynes (2)
(1.20 mmol), [{RuCly(p-cymene)},] (2 mol %), AgShFs (10 mol %), Cu(OAc),-H,0 (20 mol %), and
1,2-dichloroethane (3.0 mL) at 100 °C for 10 h. "Isolated yields.

2B.2.3 Regioselective Studies

Subsequently, we studied the regioselectivity of unsymmetrical aromatic acids 11 and 1m with
alkynes 2 (Scheme 2B.1). The reaction of piperonylic acid (11) with 2-butyne (2e) proceeded
smoothly to give the corresponding isocoumarin derivative 3s in 93% yield with high
regioselectivity. In the substrate 11, there are two ortho aromatic C-H bonds for cyclization. Very
selectively, oxidative cyclization takes place at the sterically hindered C-H bond of 1l. The exact
reason for the high regioselectivity is unclear in the reaction. We think that in the reaction, in
addition to COOH directing group, O group of dioxole moiety of 1l also assists C-H bond
activation.'? But, the same substrate 1l reacts with an unsymmetrical alkyne, 1-phenyl-1-propyne
(2a), to give a mixture of isocoumarin derivatives 3t and 3t’ in 87% and 4% yields, respectively
(Scheme 2B.1). This reaction clearly indicated that formation of major product 3t was a
sterically controlled process as in the case of 3s. In contrast, 3,4-dimethoxybenzoic acid (1m)
reacted with 2a to provide a mixture of products 3u in 88% vyield and 3u’ in 2% yield,
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respectively. In the substrate 1m also, there are two ortho aromatic C-H bonds for cyclization.
But, oxidative cyclization takes place at the less hindered C-H bond of 1m moiety
predominately. In these reactions, alkyne regiochemistry was highly selective and remained the
same as in the case of 3a-j (Table 2B.1), but the aromatic C-H bond regioselectivity was found

to change based on the alkyne reactant.

exclusive

O
\ [{RuCl,(p-cymene)},] (2 mol %) Z70
0 OH AgSbFg (10 mol %)
{ + Me—=——Me <
o " Cu(OACc);.H,0 (20 mol %)

2e DCE, 1 12 h
CE. 100°C, 3s, 93%
major
P9 5
° <
OH +
< D)\ + Ph—=——Me same conditions < / o
(0]
N 2a 3t, 87% 49 M
minor
nilnoro o
MeO
MeO OH same conditions (0]
+ Ph—=——Me _ +
MeO \ ) MeO Ph
major Me
1m 2a 3u, 88% 3u', 2%

Scheme 2B.1 Regioselective studies

2B.2.4 Mechanism

A possible mechanism of the present oxidative cyclization reaction is shown in Scheme 2B.2.
The catalytic reaction is likely initiated by the removal of chloride ligand by Ag® in [{RuCl,(p-
cymene)},] complex. Coordination of the carboxylate oxygen of 1 to the ruthenium species
followed by ortho metalation affords a five-membered metallacycle intermediate 5 (for detailed
mechanism see experimental section). Regioselective coordinative insertion of an alkyne 2 into
the Ru-carbon bond of metallacycle 5 provides intermediate 6. Subsequent reductive elimination
of intermediate 6 in the presence of Cu(OAc), gives the final product 3 and regenerates the
active ruthenium species for the next catalytic cycle. In the reaction, only catalytic amount of
Cu(OAc), was used to regenerate the active ruthenium species. It is assumed that the remaining
active copper salt can be regenerated under oxygen from the reduced copper source. In our
reaction, no decarboxylative product 4 was observed. This is probably because of the possibility

that the cationic nature of the ruthenium species increases the relative rate of ortho metalation
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than that of decarboxylation. The silver salt also played an important role to control the
selectivity of the reaction. The exact reason for the high selectivity was unclear in the reaction.
The exact role of copper source is Cu(OAc), offers an OAc™ source to the active ruthenium

species in order to accelerate ortho-metalation.

{RuCly(L)}a]
(0]
Cu(OAc), H,0 o
AgSbFg
H 1 Q
v
— [RuLS,] [SbFg] 5 ©\)€0
L = p-cymene; S = OAc Ru*
- AcOH 5 L
O
(0]
A/_\ o 2
@kph Ph—=—R
R® 5 Ne /‘ 2
AcOH

L = p-cymene

Scheme 2B.2 Proposed mechanism

2B.3 Conclusions

In conclusion, we have developed the oxidative cyclization of substituted acids with
alkynes in the presence of catalytic amounts of ruthenium, silver and copper catalysts to provide
isocoumarin derivatives in a highly regioselective manner in good to excellent yields. In the
reaction, AgSbFs played an important role to control the regioselectivity of the reaction and also

completely suppressed the formation of decarboxylative naphthalene derivatives.
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2B.5 Experimental Section

2B.5.1 General Procedure for the Oxidative Cyclization of Aromatic acids with Alkynes

Catalyzed by Ruthenium Complex

A 25-mL round bottom flask or a 15-mL pressure tube containing [{RuCl,(p-cymene)},] (0.002
mmol, 2 mol %), AgSbFs (0.010 mmol, 10 mol %) and Cu(OAc),.H,0 (0.020mmol, 20 mol %)
was evacuated and purged with nitrogen gas three times (Silver salt is moisture sensitive. Thus,

the reaction mixture was purged with nitrogen gas). To the flask or tube were then added
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aromatic acids (1) (1.00 mmol), alkynes 2 (1.20 mmol) and 1,2-dichloroethane or t-BuOH (3.0
mL) via syringes and allowed the reaction mixture to stir at room temperature for 5 min. Then,
the reaction mixture was allowed to stir at 100 °C for 12 h under open air (for a 15-mL pressure
tube, a screw cap was used to cover the tube). After cooling to ambient temperature, the reaction
mixture was diluted with CH,Cl,, filtered through Celite and silica gel, and the filtrate was
concentrated. The crude residue was purified through a silica gel column using hexanes and ethyl
acetate as eluent to give pure 3. The reaction worked equally in the both reaction setups. For low
boiling reactants (for example, alkynes 2d-e and acids 1i-j), a 15-mL pressure tube setup is

recommended in order to get more yields.

1.5 mmol of 2-methylacrylic acid (1i) was used for the reaction with an alkyne 2a (1.0 mmol).

Yield was calculated based on 2a.

Similarly, 2.0 mmol of acrylic acid 1j was used for the reaction with an alkyne 2¢ (1.0 mmol).

2B.5.2 Mechanistic Investigation

The observed results for the mechanistic investigations of the present reaction were shown

below.

a) To isolate a key five-membered metallacycle intermediate 5, the reaction of 4-bromobenzoic
acid (1.0 equiv), [{RuCly(p-cymene)}.] (1.0 equiv), AgSbFg (4.0 equiv) and Cu(OAc),.H,0 (2.0
equiv) in 1,2-dichloroethane at 100 °C for 12 h was carried out. In the reaction, the expected
five-membered metallacycle intermediate 5 cannot be isolated. However, a different type of
intermediate A was isolated in the reaction mixture (complex A is highly stable at room
temperature as well as under open atmosphere). The structure of intermediate A was determined

by a single crystal X-ray diffraction (eq. 2B.7).
In order to get the key intermediate 5, the ratio of 4-bromobenzoic acid has been changed as:

i) 4-bromobenzoic acid (1.0 equiv), [{RuCl,(p-cymene)}.] (1.0 equiv), AgSbFs (4.0 equiv) and
Cu(OAC)2.H,0 (2.0 equiv) in 1,2-dichloroethane at 100 °C for 12 h.
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il) 4-bromobenzoic acid (2.0 equiv), [{RuCl,(p-cymene)}.] (1.0 equiv), AgSbFg (4.0 equiv) and
Cu(OAC),.H,0 (2.0 equiv) in 1,2-dichloroethane at 100 °C for 12 h.

iii) 4-bromobenzoic acid (10.0 equiv), [{RuCl,(p-cymene)},] (1.0 equiv), AgSbFs (4.0 equiv)
and Cu(OAc),.H,0 (2.0 equiv) in 1,2-dichloroethane at 100 °C for 12 h.

COOH
Cl cl AgSbFg (4.0 equiv)
\Ru/ \Ru\ + complex A
o cl Cu(OAC),.H,0 (2.0 equiv)
Br DCE, 100 °C, 12 h
1.0 equiv 1.0 or 2.0 or 10.0 equiv
Br
(2B.7)
SbFg
o)
o]
‘ T AgSbFg (2.0 equiv) o
cl =
Ru” Ry Cu(OAc),.H,0 (2.0 equiv) Br Ph
\CI/ DCE, 100 °C, 12 h Me
Ph—=—=—Me 2a
1.2 equiv 3a, 95%

complex A

In all these conditions, only intermediate A was observed. Again, the structure of intermediate A
was determined by a single crystal X-ray diffraction. The expected key intermediate 5 was not
observed in these reactions. Complex A was also isolated without Cu(OAc),.H,O under similar

reaction conditions.

b) Next, the observed complex A was further treated with 1-phenyl-1-propyne (2a) (1.2 equiv),
AgSbFs (2.0 equiv) and Cu(OAc),H2.0 (2.0 equiv) in 1,2-dichloroethane at 100 °C for 12 h.
Again, the expected key intermediate 5 cannot be isolated. But, the cyclization product 3a was
observed exclusively in 95% vyield. The reaction of complex A with 1-phenyl-1-propyne (2a)
(1.2 equiv) was also tried without AgSbFg under similar reaction conditions. In the reaction also,

the expected cyclization product 3a was observed in 92% yield.

We have tried many times to isolate intermediate 5. Unfortunately, we were not able to isolate it.

Meanwhile, we have also tried to record NMR spectrum of intermediate 5. Due to the high
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reactivity and less stable of complex 5, we were not able to record NMR spectrum of

intermediate 5.

Based on these observations, we concluded that a five-membered metallacycle intermediate 5
was formed during the reaction in the presence of alkyne 2 and further undergo cyclization
reaction rapidly with alkyne to give the cyclization product 3. It seems that intermediate 5 is
highly reactive species and difficult to isolate under our reaction conditions. But, the reaction of
1-phenyl-1-propyne (2a) with complex A clearly revealed that the complex A is one of the

intermediate of the present reaction.
2B.5.3 Procedure for the Preparation of Ruthenium Complex A

A 15-mL pressure tube containing [{RuCl(p-cymene)},] (0.100 mg, 1.0 equiv), AgSbFs (4.0
equiv) and Cu(OAc),.H,0 (2.0 equiv) and 4-bromobenzoic acid (1.0 or 2.0 or 4.0 equiv) was
evacuated and purged with nitrogen gas three times. Then, 1,2-dichloroethane (4.0 mL) was
added via syringe to the tube and allowed the reaction mixture to stir at 100 °C for 12 h. After
cooling to ambient temperature, the mixture was filtered through a short Celite pad and the Celite
pad was washed with MeOH several times and the filtrate was concentrated by vacuum.
Recrystallization from EtOAc/MeOH (9:1) gave single crystals suitable for X-ray analysis.

@5

SbFg

complex A

Table 2B.4 Crystal data and structure refinement for intermediate (complex-A).

Identification code Complex-A
Identification code Cy7H3:BrCloFsO5RULSh
Formula weight 977.23
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Temperature
Wavelength
Crystal system
space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 28.34
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

2B.5.4 Spectral Data of Compounds 3a-u

200(2) K

0.71073 A

Orthorhombic

Pnma

a=12.7425(16) A a=90°.
b=237113)A B=90°
c=10.2862(13) A Y =90°
3107.8(7) A®

4, 2.089 Mg/m®

3.341 mm™

1888

0.3x0.2x 0.2 mm?®

1.72 to 28.34°.

-16<=h<=17, -31<=k<=31, -13<=I<=13
28307 / 3962 [R(int) = 0.0704]
99.9 %

Full-matrix least-squares on F2
3962/0/199

0.571

R; = 0.0373, wR; = 0.0994

R1 =0.0701, wR; = 0.1446
0.694 and -1.532 e.A™

6-Bromo-4-methyl-3-phenyl-1H-isochromen-1-one (3a): Colorless solid; mp 130-132 °C;
o eluent (5% ethyl acetate in hexanes); 90% yield (0.282 gm). IR (ATR) v (cm’

m 1): 3020, 2915, 1710, 1593, 1476 and 1214. *H NMR (CDCls;, 400 MHz): &
=
Br 1 Ph18.20 (d, J= 8.0 Hz, 1 H), 7.77 (s, 1 H), 7.64 (dd, J= 8.0, 4.0 Hz, 1 H), 7.56 —

7.53 (m, 2 H), 7.47 — 7.42 (s, 3 H), 2.27 (s, 3 H). *C NMR (CDCls, 100 MHz):

IISER Pune
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8 161.9, 152.5, 140.5, 132.9, 131.5, 131.3, 130.6, 129.8, 129.6, 128.5, 126.5, 119.6, 108.4, 13.7.
HRMS (ESI): calc. for [(C16H1102Br)H] (M+H) 315.0020, measured 315.0034.

6-Chloro-4-methyl-3-phenyl-1H-isochromen-1-one (3b): Colorless solid; mp 119-121 °C;

o eluent (5% ethyl acetate in hexanes); 86% yield (0.232 gm). IR (ATR) v (cm’

m 1): 3033, 2925, 1699, 1610, 1593, 1174 and 1096. *H NMR (CDCls, 400

cl 7 PhIMHZ): § 8.23 (d, J= 8.0 Hz, 1 H), 7.54 — 7.50 (m, 3 H), 7.44 — 7.38 (m, 4 H),

2.22 (s, 3 H). ®C NMR (CDCl;, 100 MHz): & 161.8, 152.6, 141.8, 140.4,

132.9, 131.5, 129.7, 129.6, 128.5, 123.4, 119.2, 108.5, 13.7. HRMS (ESI): calc. for
[(C16H1:0,C)H] (M+H) 271.0525, measured 271.0532.

Me

6-lodo-4-methyl-3-phenyl-1H-isochromen-1-one (3c): Colorless solid; mp 163-165 °C; eluent
(5% ethyl acetate in hexanes); 92% vyield (0.332 gm). IR (ATR) ¥ (cm™): 3013,
2922, 1720, 1602, 1586, 1475, 1214 and 1096. *"H NMR (CDCls, 400 MHz): &
8.03 (d, J= 8.0 Hz, 1 H), 7.99 (s, 1 H), 7.87 (dd, J= 8.0, 4.0 Hz, 1 H), 7.57 — 7.54
(m, 2 H), 7.47 — 7.43 (s, 3 H), 2.26 (s, 3 H). *C NMR (CDCl3, 100 MHz): &
162.2, 152.4, 140.2, 137.2, 133.0, 132.8, 131.1, 129.7, 129.6, 128.4, 120.1, 103.6, 95.6, 13.7.
HRMS (ESI): calc. for [(C16H110,1)H] (M+H) 362.9882, measured 362.9867.

6-Acetyl-4-methyl-3-phenyl-1H-isochromen-1-one (3d): Colorless solid; mp 131-133 °C;
eluent (8% ethyl acetate in hexanes); 81% vyield (0.225 gm). IR (ATR) ¥ (cm™): 2925, 1740,
o 1695, 1605, 1593 and 1174. *H NMR (CDCls, 400 MHz): & 7.75 (dd, J= 8.0,

m 4.0 Hz, 1 H), 7.62 (d, J= 4.0 Hz, 1 H), 7.51 — 7.49 (m, 2 H), 7.41 — 7.37 (m,

MeOC “; Ph|3 H), 7.23 (dd, J= 8.0, 4.0 Hz, 1 H), 2.52 (s, 3 H), 2.25 (s, 3 H). *C NMR
(CDCls3, 100 MHz): 6 204.6, 161.1, 151.9, 145.9, 139.6, 134.9, 132.9, 129.7,

129.6, 128.4, 124.8, 124.3, 116.9, 109.8, 31.3, 13.8. HRMS (ESI): calc. for [(C1gH1403)H]
(M+H) 279.1021, measured 279.1018.

6-Methoxy-4-methyl-3-phenyl-1H-isochromen-1-one (3e): Colorless solid; mp 127-129 °C;
o eluent (8% ethyl acetate in hexanes); 93% vyield (0.247 gm). IR (ATR) v (cm’
m 1): 3003, 2932, 1708, 1602, 1488, 1362, 1230 and 1139. *"H NMR (CDCls,
MeO 7P 400 MHz): § 8.23 (d, J='8.0 Hz, 1 H), 7.52 — 7.49 (m, 2 H), 7.40 — 7.36 (m, 3
H), 7.01 (dd, J= 8.0, 4.0 Hz, 1 H), 6.92(s, 1 H), 3.88 (s, 3 H), 2.20 (s, 3 H).

Me
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BC NMR (CDCl3, 100 MHz): & 164.9, 162.4, 152.9, 141.2, 133.4, 132.2, 129.6, 129.4, 128.3,
115.4, 114.0, 109.6, 106.7, 55.8, 13.8. HRMS (ESI): calc. for [(C17H1403)H] (M+H) 267.1021,
measured 267.1018.

4-Methyl-3-phenyl-1H-isochromen-1-one (3f): Colorless Semi solid; eluent (5% ethyl acetate

o in hexanes); 75% yield (0.117 gm). IR (ATR) v (cm™): 2922, 1690, 1634, 1605,

@Qtok 1486 and 1317. *H NMR (CDCl;, 400 MHz): & 8.36 (d, J= 8.0 Hz, 1 H), 7.78 (t,

M/e Ph|J=8.0 Hz, 1 H), 7.62 (d, J= 8.0 Hz, 1 H), 7.59 — 7.52 (m, 2 H), 7.53 (t, J= 8.0 Hz,

1 H), 7.48 — 7.41 (m, 3 H), 2.20 (s, 3 H). *C NMR (CDCl;, 100 MHz): & 162.7,

151.3, 138.4, 134.9, 133.3, 129.8, 129.6, 129.4, 128.5, 128.0, 123.5, 120.9, 109.3, 13.7. HRMS
(ESI): calc. for [(C16H1202)H] (M+H) 237.0915, measured 237.0924.

6-Bromo-4-ethyl-3-phenyl-1H-isochromen-1-one (3g): Colorless solid; mp 129-131 °C; eluent
o (5% ethyl acetate in hexanes); 87% yield (0.285 gm). IR (ATR) ¥ (cm™):
o 2987, 1710, 1593, 1476, 1214. 'H NMR (CDCls, 400 MHz): & 8.16 (d, J= 12.0
Bfm% Hz, 1 H), 7.72 (s, 1 H), 7.58 (d, J= 8.0 Hz, 1 H), 7.49 — 7.47 (m, 2 H), 7.41 —
7.39 (s, 3 H), 2.62 (q, J= 8.0 Hz, 2 H), 1.21 (t, J= 8.0 Hz, 3 H). ®C NMR
(CDCl3, 100 MHz): 6 161.9, 152.7, 139.4, 133.1, 131.7, 131.3, 130.5, 129.8, 128.9, 128.5, 126.5,
120.1, 114.5, 20.2, 14.7. HRMS (ESI): calc. for [(C17H130,Br)Na] (M+Na) 350.9996, measured
350.9981.

4-Methyl-3-phenylpyrano[4,3-b]indol-1(5H)-one (3h): Colorless solid; mp 279-281 °C; eluent
(30% ethyl acetate in hexanes); 56% vyield (0.154 gm). IR (ATR) v (cm™):
3359, 2947, 1690, 1567, 1477, 1360 and 1078. *H NMR (CDCl3, 400 MHz): &
7.66 (d, J= 8.0 Hz, 1 H), 7.46 — 7.36 (m, 5 H), 7.28 (dd, J= 8.0, 4.0 Hz, 2 H),
7.13 (t, J= 8.0 Hz, 1 H), 2.26 (s, 3 H). *C NMR (CDCls, 100 MHz): & 158.1,
152.5, 145.6, 135.8, 132.3, 128.9, 128.6, 127.8, 127.5, 127.4, 126.0, 123.7, 121.5, 120.7, 119.5,
13.9. HRMS (ESI): calc. for [(C1gH13NO2)H] (M+H) 276.1024, measured 276.1037.

4-Methyl-5-phenyl-7H-thieno[2,3-c]pyran-7-one (3i): Colorless solid; mp 93-95 °C; eluent
(8% ethyl acetate in hexanes); 80% vyield (0.193 gm). IR (ATR) ‘7(cm'1): 2988,
1685, 1522, 1427, 1281, 1043. *H NMR (CDClj3, 400 MHz): 6 7.78 (d, J=4.0 Hz, 1
H), 7.51 — 7.48 (m, 2 H), 7.38 — 7.33 (m, 3 H), 7.20 (d, J= 4.0 Hz, 1 H), 2.29 (s, 3
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H). *C NMR (CDCls, 100 MHz): & 158.8, 153.3, 150.0, 135.0, 132.6, 129.3, 128.4, 128.2,
123.8, 123.0, 109.0, 14.6. HRMS (ESI): calc. for [(C14H100,S)H] (M+H) 243.0479, measured
243.0489.

3,5-Dimethyl-6-phenyl-2H-pyran-2-one (3j): Colorless oil; eluent (5% ethyl acetate in
hexanes); 78% yield (0.156 gm). IR (ATR) ¥ (cm™): 2987, 1685, 1577, 1425,
1320 and 1178. *H NMR (CDCls, 400 MHz): & 7.50 — 7.48 (m, 2 H), 7.38 — 7.33
(m, 3 H), 7.04 (s, 1 H), 2.07 (s, 6 H). **C NMR (CDCls, 100 MHz): & 163.7,
155.0, 144.9, 132.7, 129.5, 128.7, 128.4, 123.9, 111.5, 16.8, 16.5. HRMS (ESI): calc. for
[(C13H120,)H] (M+H) 201.0915, measured 201.0918.

6-Chloro-3,4-diphenyl-1H-isochromen-1-one (3k): Colorless solid; mp 168-170 °C; eluent
o (5% ethyl acetate in hexanes); 71% vyield (0.228 gm). IR (ATR) ¥ (cm™):
m 2937, 1701, 1573 and 1134. *H NMR (CDCls, 400 MHz): & 8.26 (d, J= 8.0 Hz,
cl 7 Pn g H), 7.40 (d, J= 8.0, 4.0 Hz, 1 H), 7.37 — 7.35 (m, 3 H), 7.25 (s, 1 H), 7.23 (d,
J=8.0 Hz, 1 H), 7.18 = 7.16 (m, 2 H), 7.14 — 7.12 (m, 2 H), 7.10 (t, J= 8.0 Hz,
1 H), 7.08 (d, J=4.0 Hz, 1 H). B3C NMR (CDCls, 100 MHz): 6 161.6, 152.3, 141.7, 140.5, 133.7,
132.6, 131.3, 131.2, 129.4, 129.3, 129.2, 128.7, 128.6, 128.0, 125.0, 118.8, 116.2. HRMS (ESI):
calc. for [(C21H130,CI)H] (M+H) 333.0682, measured 333.0682.

Ph

6-Acetyl-3,4-diphenyl-1H-isochromen-1-one (31): Colorless solid; mp 175-177 °C; eluent (8%
ethyl acetate in hexanes); 66% vyield (0.224 gm). IR (ATR) v (cm™): 2940,
o |1735, 1688, 1609 and 1154. *H NMR (CDCls, 400 MHz): & 7.58 (dd, J=
Meocmph 8.0, 4.0 Hz, 1 H), 7.37 — 7.35 (m, 2 H), 7.26 — 7.21 (m, 3 H), 7.19 — 7.16 (m,
- 4 H), 7.15 - 7.10 (m, 3 H), 2.58 (s, 3 H). *C NMR (CDCls;, 100 MHz): &

204.6, 160.9, 145.7, 134.8, 132.5, 131.3, 129.4, 129.3, 129.2, 129.1, 129.0, 128.6, 128.4, 128.3,

128.0, 126.3, 125.0, 116.8, 31.4. HRMS (ESI): calc. for [(Cx3H103)H] (M+H) 341.1177,
measured 341.1180.

6-Methoxy-3,4-diphenyl-1H-isochromen-1-one (3m): Colorless solid; mp 170-173 °C; eluent
5 (8% ethyl acetate in hexanes); 72% yield (0.236 gm). IR (ATR) ¥ (cm™):
m 2022, 2850, 1715, 1599, 1487, 1364, 1230 and 1072. *H NMR (CDCls, 400

MeO 7 Ph MHz): 5 8.27 (d, J= 8.0 Hz, 1 H), 7.35 - 7.31 (m, 3 H), 7.25 (dd, J= 8.0, 4.0
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Hz, 2 H), 7.19 — 7.15 (m, 3 H), 7.14 — 7.09 (m, 2 H), 7.00 (dd, J= 8.0, 4.0 Hz, 1 H), 6.50 (d, J=
4.0 Hz, 1 H), 3.69 (s, 3 H). *C NMR (CDCls;, 100 MHz): & 164.7, 162.1, 151.6, 141.3, 133.1,
132.0, 131.3, 129.3, 129.2, 129.1, 129.0, 128.2, 127.9, 116.9, 115.7, 113.8, 108.6, 55.6. HRMS
(ESI): calc. for [(C22H1603)H] (M+H) 329.1177, measured 329.1180.

4,5-Diphenyl-7H-thieno[2,3-c]pyran-7-one (3n): Colorless solid; mp 165-167 °C; eluent (8%
ethyl acetate in hexanes); 70% vyield (0.212 gm). IR (ATR) v (cm™): 2922, 2850,
1707, 1576, 1424, 1405 and 1076. *H NMR (CDCls, 400 MHz): 6 7.69 (d, J= 4.0

o |Hz, 1 H), 7.33 — 7.30 (m, 3 H), 7.29 (t, J= 8.0 Hz, 1 H), 7.27 (d, J= 4.0 Hz, 1 H),
7.21-7.19 (m, 2 H), 7.17 (t, J= 8.0 Hz, 1 H), 7.15 - 7.11 (m, 2 H), 6.88 (d, J= 4.0 Hz, 1 H). **C
NMR (CDCls, 100 MHz): 6 158.3, 153.5, 149.6, 136.4, 134.9, 132.4, 130.4, 129.4, 129.3, 129.2,
128.3, 128.1, 125.3, 122.9, 115.9. HRMS (ESI): calc. for [(C1eH120,S)H] (M+H) 305.0636,
measured 305.0648.

5,6-Diphenyl-2H-pyran-2-one (30): Colorless solid; mp 83-85 °C; eluent (5% ethyl acetate in
hexanes); 85% vyield (0.210 gm). IR (ATR) v (cm™): 2966, 1692, 1579, 1415 and
1167. *H NMR (CDCls, 400 MHz): & 7.40 (d, J= 12.0 Hz, 1 H), 7.30 — 7.28 (m, 2 H),
7 Pn (7,27 — 7.23 (M, 4 H), 7.19 — 7.15 (m, 2 H), 7.10 (dd, J= 8.0, 4.0 Hz, 2 H), 6.31 (d, J=
- 8.0 Hz, 1 H). *C NMR (CDCl;, 100 MHz): & 162.3, 154.5, 147.9, 136.3, 132.2,
130.1, 129.3, 129.2, 129.1, 128.3, 128.0, 117.8, 114.1. HRMS (ESI): calc. for [(C17H1202)H]
(M+H) 249.0915, measured 249.0927.

6-Chloro-3,4-diethyl-1H-isochromen-1-one (3p): Colorless solid; mp 82-84 °C; eluent (5%

ethyl acetate in hexanes); 87% yield (0.205 gm). IR (ATR) ¥ (cm™): 2973, 1705, 1563, 1433 and

1147. *H NMR (CDCl3, 400 MHz): § 8.16 (d, J= 8.0 Hz, 1 H), 7.42 (s, 1 H), 7.32 (dd, J= 8.0, 4.0

S Hz, 1 H), 2.57 — 2.51 (m, 4 H), 1.21 (d, J= 8.0 Hz, 3 H), 1.12 (d, J= 8.0 Hz, 3

m H). 3C NMR (CDCl3, 100 MHz): 5 162.2, 156.5, 141.6, 139.4, 131.7, 127.6,

ci ©EC(122.4, 1125, 24.3, 19.4, 14.3, 12.5. HRMS (ESI): calc. for [(C1sH1s0,Cl)H]
(M+H) 237.0682, measured 237.0690.

Et

3,4-Diphenyl-1H-benzo[h]isochromen-1-one (3q): Colorless solid; mp 182-184 °C; eluent (5%
ethyl acetate in hexanes); 54% vyield (0.187 gm). IR (ATR) v (cm™): 2989,
1709, 1592, 1453, 1290, 1108. *H NMR (CDCls;, 400 MHz): & 9.85 (d, J= 8.0
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Hz, 1 H), 8.00 (d, J= 8.0 Hz, 1 H), 7.88 (d, J= 8.0 Hz, 1 H), 7.79 (d, J= 8.0 Hz, 1 H), 7.63 (d, J=
8.0 Hz, 1 H), 7.45 — 7.42 (m, 3 H), 7.37 (d, J= 8.0 Hz, 2 H), 7.30 — 7.28 (m, 2 H), 7.26 — 7.18 (m,
4 H). 3¢ NMR (CDCls, 100 MHz): 6 161.3, 152.6, 141.1, 135.8, 134.7, 132.8, 132.7, 131.5,
131.4,129.3, 129.2, 129.1, 129.0, 128.5, 128.2, 127.8, 127.1, 122.8, 117.3, 114.0. HRMS (ESI):
calc. for [(CzsH1602)H] (M+H) 349.1228, measured 349.1236.

3,4-Dimethyl-1H-benzo[h]isochromen-1-one (3r): Colorless solid; mp 127-129 °C; eluent (5%

ethyl acetate in hexanes); 88% vyield (0.197 gm). IR (ATR) v (cm™): 2924,

° \O | : 1697, 1592, 1508 and 1297. *H NMR (CDCls, 400 MHz): & 9.76 (d, J= 8.0 Hz,

O‘ 1 H), 8.11 (d, J= 8.0 Hz, 1 H), 7.88 (t, J= 8.0 Hz, 1 H), 7.73 (d, J= 8.0 Hz, 1 H),

7.58 — 7.51 (m, 2 H), 2.37 (s, 3 H), 2.33 (s, 3 H). *C NMR (CDCls, 100 MHz):

6 162.3,152.2, 141.1, 134.7, 134.0, 132.2, 131.9, 131.7, 129.4, 128.8, 128.5, 126.4, 120.3, 17.7,
13.0. HRMS (ESI): calc. for [(C15H1202)H] (M+H) 225.0916, measured 225.0923.

8,9-Dimethyl-6H-[1,3]dioxolo[4,5-f]isochromen-6-one (3s): Colorless solid; mp 88-90 °C;

eluent (10% ethyl acetate in hexanes); 93% yield (0.202 gm). IR (ATR) ¥ (cm™):

Mes o 13020, 1709, 1626, 1450, 1288, 1214 and 1051. *H NMR (CDCl3, 400 MHz): 6

<° 07.87 (d, J= 8.0 Hz, 1 H), 6.87 (d, J= 8.0 Hz, 1 H), 6.03 (s, 2 H), 2.19 (s, 3 H),

° 2.17 (s, 3 H). *C NMR (CDCl3, 100 MHz): & 162.2, 152.7, 149.9, 141.9, 126.1,

122.9, 115.4, 108.8, 105.8, 101.9, 17.0, 14.0. HRMS (ESI): calc. for [(C12H1004)H] (M+H)
219.0657, measured 219.0668.

9-Methyl-8-phenyl-6H-[1,3]dioxolo[4,5-f]lisochromen-6-one (3t): Colorless solid; mp 170-174
o °C; eluent (10% ethyl acetate in hexanes); 87% yield (0.243 gm). IR (ATR) v
<Oj©¢?\ (Cm'l): 2964, 2917, 2855, 1714, 1620, 1577, 1497, 1455, 1361 and 1267. *H
° M/e Ph INMR (CDCl3, 400 MHz): § 7.94 (d, J= 8.0 Hz, 1 H), 7.51 — 7.48 (m, 2 H), 7.39
— 7.35 (m, 3 H), 6.95 (d, J= 12.0 Hz, 1 H), 6.07 (s, 2 H), 2.31 (s, 3 H). *°C
NMR (CDCl;, 100 MHz): & 161.9, 152.9, 150.7, 142.9, 133.1, 129.6, 129.4,

en |128.3, 126.2, 123.1, 115.0, 109.5, 107.4, 102.1, 15.7. HRMS (ESI): calc. for
=70 |[(C17H1204)H] (M+H) 281.0813, measured 281.0821. 8-Methyl-7-phenyl-5H-
<O °|[1,3]dioxolo[4,5-g]isochromen-5-one (3t’): Colorless solid; eluent (10% ethyl
> acetate in hexanes); 4% yield (0.112 gm). *H NMR (CDCls, 400 MHz): & 7.65 (s,

Me
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1 H), 7.51 - 7.49 (m, 2 H), 7.39 — 7.36 (m, 3 H), 6.95 (s, 1 H), 6.07 (s, 2 H), 2.20 (s, 3 H).

6,7-Dimethoxy-4-methyl-3-phenyl-1H-isochromen-1-one (3u): Colorless solid; mp 177-179
o °C; eluent (10% ethyl acetate in hexanes); 88% vyield (0.264 gm). IR (ATR) v

MeO o |(em™): 2938, 2868, 1706, 1607, 1508, 1464, 1391, 1266 and 1228. *H NMR
MeOmPh (CDCl3, 400 MHz): & 7.73 (s, 1 H), 7.55 (dd, J= 8.0, 4.0 Hz, 2 H), 7.46 — 7.40
(m, 3 H), 6.94 (s, 1 H), 4.02 (s, 3 H), 3.99 (s, 3 H), 2.29 (s, 3 H). *C NMR

(CDCl3, 100 MHz): 6 162.9, 155.1, 149.5, 134.6, 133.5, 129.6, 129.2, 128.3, 115.0, 114.1, 109.8,
, 1108.9, 104.3, 56.4, 56.3, 13.9. HRMS (ESI): calc. for [(C1sH1604)H] (M+H)

Ph

Me N0 [297.1126, measured 297.1128. 5,6-Dimethoxy-4-methyl-3-phenyl-1H-
MeO

Me

o |isochromen-1-one (3u’): Colorless solid; eluent (10% ethyl acetate in
hexanes); 2% vyield (0.059 gm). *H NMR (CDCls, 400 MHz): § 8.18 (d, J= 8.0
Hz, 1 H), 7.55 (dd, J= 8.0, 4.0 Hz, 2 H), 7.45 — 7.41 (m, 3 H), 7.12 (d, J= 8.0
Hz, 1 H), 3.99 (s, 3 H), 3.85 (s, 3 H), 2.43 (s, 3 H).

MeO
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2B.5.3 Regioselective Studies: NOESY Experiments

NOESY Experiments Spectra of Compound 3g

r " There is a NOE correlation between Ha (6 2.62, s) and Hb (6 7.72, s).
In meantime, there is also a NOE correlation between Ha (6 2.62, s)
and Hc (6 7.48, d). However, there is no correlation between Hb (&

7.72, s) and Hc (& 7.48, d). These results clearly revealed that the
regiochemistry of compound 3g is correct.
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'H and *C NMR Spectra of Compound 3b

—2.22

o -
© =}

(=]
=)

Cl Ph
Me

o
~

39

8.24
8.22
7.54

_,"7 53

7.38
719

Normalized Intensity
! ¢ ¢ ¢ o e ¢ <
(4]
YN FSTPY PATT IYTY0 FRYRY TRTTY ITTYY ARTI PYTTUTRTTI FYVYVINTYI FRTY FUTTY POPRY PIYYE ISTTY APY TPLITPTY AVNI

IL_'
-

w-
N
o4

5
Chemical Shift (ppm)

09 0]

08 (0]

07 Cl Ph
Me

06

05

12842 —129.55

0.4

Normalized Intensity

—123.42
13.67

03

129.74
108.45

02

131.51
—119.21

e

~141.75

—161.79
—152.56
-/

0.1

T T T T T T T T T T T T T T e T e e e e e
180 160 140 120 100
Chemical Shift (ppm)

[ISER Pune Page 70



Chapter -2

'H and *C NMR Spectra of Compound 3e
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'H and *C NMR Spectra of Compound 3g
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'H and *C NMR Spectra of Compound 3j
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'H and *C NMR Spectra of Compound 3n
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'H and *C NMR Spectra of Compound 3p
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Chapter -3

Section 3A: Ruthenium-Catalyzed Highly Regioselective Cyclization of
Ketoximes with Alkynes by C-H Bond Activation: A Practical Route to

Synthesize Substituted Isoquinolines

3A.1 Introduction

Isoquinoline derivatives are an important class of heterocyclic compounds. This core is present
in various biologically active molecules and natural products.® In the literature, several methods
are available to synthesize isoquinoline derivatives.? Palladium- or nickel-catalyzed cyclization
of o-halobenzimines with carbon-carbon n-components is one of the promising methods to
synthesize isoquinoline derivatives.®> Lorock’s goup reported a palladium-catalyzed cyclization
of tert-butylimine of o-iodobenzaldehydes with substituted alkynes providing disubstituted

isoquinoline derivatives in good to excellent yields (eq. 3A.1).%¢

X, - -Bu X
N N
Pd(OAc), 3A1
©il\ + R——R? SR ( )

R2

Later, Cheng’s group described a less expensive nickel-catalyzed cyclization of tert-butylamines
of 2-iodobenzaldehydes with substituted alkynes giving isoquinoline derivatives (eq. 3A.2).%¢"
However, in these reactions, a preactivated halogen group such as | or Br was used to activate
ortho-carbon of the aromatic imines. However, if the cyclization reaction could be carried out by
direct C-H bond activation, it would be highly useful in heterocyclic chemistry, because it is

highly atom-economical as well as environmentally friendly process.**

\N/ t-Bu XN
©\/\ A e [NiBry(dppe)] P (3A.2)
X * R1

X =1, Br R?

Recently, metal-catalyzed chelation-assisted oxidative annulation of the ortho aromatic or
alkenyl C-H bond with carbon-carbon m-components has potential application to synthesize
heterocyclic compounds. In this cyclization reaction, mostly rhodium complexes have been used
as catalysts by several research groups. Rhodium(l)-catalyzed chelation-assisted C-H bond
activation of aromatic and alkene imines or oximes followed by alkenylation with alkynes and

subsequent intramolecular electrocyclization providing isoquinolines and pyridines have been
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reported by several research groups.*® In these reactions, the ortho aromatic or alkene C-H bond
was activated by imine or oxime directing groups instead of using a preactivated halogen group.
This C-H bond activation reaction proceeds via oxidative addition pathway. Later, Fagnou et al.
reported a rhodium(lll)-catalyzed oxidative cyclization of benzaldimines with alkynes via

chelation-assisted deprotonation metalation pathway (eq. 3A.3).%%

N .
N~ FBY [CP*Rh(MeCN)3][SbFel; SN
+ — = R1

R2

Later, Miura et al. described a rhodium-catalyzed oxidative cyclization of aromatic imines such
as benzylideneanilines and benzophenone imine with alkynes providing indenone imine and

isoquinoline derivatives, respectively (eq. 3A.4).%°

Ph Ph
N
@NH — ge [RNCp7Clely L A
R'——R Z
+ R1
R2

Subsequently, Cheng’s group established a nice method to synthesize isoquinolinium salts from
aromatic aldehydes, amines and alkynes in the presence of rhodium(lll) catalysts by C-H bond
activation (eq. 3A.5).

H

L
BF,
O NHR [RCp*Clal, N ea
+ P
1_— R2 R

R'——R AgBF,4
R2

Chiba’s group reported a Rh(IIT)-catalyzed cyclization of aryl ketone O-acyloximes with alkynes

to construct isoquinoline derivatives by C-H bond activation (eq. 3A.6).%%"

Nl/OAC Me
Me [RhCp*Clyl, N
+ RI-——R2 A _, (BAB)
R
R2

Very recently, Rovis et al. and Li et al. demonstrated a rhodium-catalyzed cyclization of
aromatic ketoximes with alkynes by C-H bond activation.®® Although several reports have been
known to synthesize isoquinolines by C-H bond activation in the literature, the control of
regioselectivity in the cyclization of ketoximes with unsymmetrical alkynes is still a challenging
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task. In all reported reactions, a mixture of regioisomeric products was observed with
unsymmetrical alkynes (except 1-phenyl-1-propyne). In all these reactions, only a highly

expensive rhodium complex was used as catalysts (eq. 3A.7).°

|
©)\Me [RhCp*Cl,], SN N A7)
Ph—=—R :
" Z >ph Z > R
R

3A.2 Results and Discussion

Recently, a less-expensive ruthenium catalyst has been widely used in the cyclization reaction
due to remarkable regioselectivity and low cost of the metal.”® To the best of our knowledge,
there is no report discussing the complete regioselective synthesis of isoquinolines by cyclization
of ketoximes with unsymmetrical alkynes. Herein, we wish to report a highly regioselective
cyclization of aromatic and heteroaromatic ketoximes with substituted alkynes in the presence of
catalytic amount of [{RuCl,(p-cymene)},] and NaOAc to afford highly substituted isoquinoline
derivatives in good to excellent yields. The present catalytic reaction was compatible with
various sensitive functional groups substituted unsymmetrical internal as well as terminal
alkynes. In all cases, the corresponding isoquinoline derivatives were observed in a highly
regioselective manner. It is important to note that terminal alkynes were also compatible for the
present reaction. The proposed mechanism of the cyclization reaction was strongly supported by
isolation of a key five-membered ruthenacycle intermediate. Experimental evidence was also

provided to support the proposed mechanism.

3A.2.1 Optimization Studies

Me
IN [(RuCly(p-cymene)}z] SN
/@2\\,\,/0*‘ o (2.5 mol %) P
* Ph———Me Br Ph
Base, Solvent,
Br 1a 2a 100 °C, 16 h 3a Me
Table 3A.1 Cyclization reaction of 4-bromo oxime (1) with 1-phenyl-1-propyne (2a).2
Entry Base Solvents Yield®
1 KOAc MeOH 75
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2 CsOAc MeOH 65
3 LiOAC MeOH 35
4 NaOAc MeOH 81
5 AgOAc MeOH 43
6 Cu(OAc), MeOH 10
7 -- MeOH 25
8 NaOAc CH3;CN 43
9 NaOAc DMF 25
10 NaOAc THF Nr
11 NaOAc Tolune Nr
12 NaOAc DMSO Nr
13 NaOAc DCE Nr

All reactions were carried out with substituted 4-bromo oxime (1) (1.00 mmol), 1-phenyl-1-propyne (2a) (1.20
mmol), [{RuCl,(p-cymene)},] (2.5 mol %), base (25 mol %), and MeOH (3.0 mL) at 100 °C for 16 h. "Isolated
yields.

When 4-bromoacetophenone oxime (1a) was treated with unsymmetrical alkyne, 1-phenyl-1-
propyne (2a), in the presence of [{RuCl,(p-cymene)},] (2.5 mol %) and NaOAc (25 mol %) in
MeOH at 100 °C for 16 h, an isoquinoline derivative 3a was observed in 81% isolated yield
Table 3A.1, entry 4). The catalytic reaction afforded almost equal 79% yield in the presence of
stoichiometric amount of NaOAc (1.20 equiv). Interestingly, the catalytic reaction also
proceeded nicely under open atmosphere to give product 3a in 80% isolated yield under similar
reaction conditions. The catalytic reaction seems to be moisture insensitive. The catalytic
reaction was also tested in the absence of NaOAc. In the reaction, product 3a was observed only
in 25% yield (entry 7). The catalytic reaction was also tested with other acetates such as KOAc,
CsOAc, LiOAc, NaOAc,AgOAc and Cu(OACc),. In these reactions, product 3a was observed
only in 75%, 65%, 35%, 81%, 43% and 10% yields, respectively (entry 1-6). The catalytic
reaction was also tested with other solvents such as CH;CN, DMF, THF, toluene, DMSO and
DCE. Among them CH3;CN, DMF solvents are less effective 3a was 43% and 25 yields were
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observed (entry 8 and 9). Other solvents were not effective for the catalytic reaction (entry 10-

13).

3A.2.2 Synthesis of Isoquinolines

Table 3A.2 Cyclization reaction of substituted aromatic oximes 1a—i with 1-phenyl-1-propyne (2a).?

. ; —
Entry Aromatic oxime (1) Compound (3) Yeild
Me Me
_R!
0,
! Br Br = Ph 81%
1a:R' = OH s
1=
1b: R" = OMe 30 R < OH 0%
3a:R'= OMe
Me Me
X,-OH
N~ N
2 ﬁ P 82%
I I Ph
1d 3b Mo
Me Me
~ _R!
N~ N
cl ol o 0
Rl =
R 3c: R = OH Me 73%
& = OMe 3c:R' = OMe
Me Me
~ _R'
N~ N
‘ o . 78%
MeO MeO Ph
1f: R1 = OH 3d: R1 = OH Me 69%
1f: R' = OMe 3d' R' = OMe
Et Et
X, -OH
N~ N
° 8 ) 780%
19 Ph
3e Me
Me._Me Me._ _Me
X, .OH
6 ©;[N SN 84%
1h / Ph
3f Me
Ph Ph
X, ,.OH
N N
7 P 2%
1i = Ph
39 Me

®All reactions were carried out with substituted aromatic oximes 1 (1.00 mmol), 1-phenyl-1-propyne
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(2a) (1.20 mmol), [{RuCl,(p-cymene)},] (2.5 mol %), NaOAc (25 mol %), and MeOH (3.0 mL) at 100
°C for 16 h. "Isolated yields.

A variety of aromatic ketoximes 1 was compatible for the present cyclization reaction (Table
3A.2). When 4-bromoacetophenone oxime (1a) was treated with unsymmetrical alkyne, 1-
phenyl-1-propyne (2a), in the presence of [{RuCl,(p-cymene)},] (2.5 mol %) and NaOAc (25
mol %) in MeOH at 100 °C for 16 h, an isoquinoline derivative 3a was observed in 81% isolated
yield in a highly regioselective manner. The cyclization of o-methyl 4-bromoacetophenone
oxime (1b) and o-acetyl 4-bromoacetophenone oxime (1c) with 2a under similar reaction
conditions was also examined. In case of o-methyl oxime 1b, the corresponding cyclization
product 3a was observed in 70% yield (entry 1), whereas no cyclization product 3a was observed
in case of o-acetyl oxime 1c with 1-phenyl-1-propyne (2a). The cyclization of 4-
iodoacetophenone oxime 1d, 4-chloroacetophenone oxime le and 4-methoxyacetophenone
oxime 1f with 1-phenyl-1-propyne (2a) gave isoquinoline derivatives 3b-d in excellent yields
with very high regioselectivity (entry 2-4). The effect of changing the methyl group in
acetophenone oxime to some other groups such as ethyl, isopropyl and phenyl was also
investigated. Thus, propiophenone oxime 1g, isobutyrophenone oxime 1h and benzophenone
oxime 1i efficiently underwent cyclization with 2a to provide isoquinoline derivatives 3e-g in
78%, 84% and 82% vyields, respectively (entry 5-7). The cyclization reaction of various
substituted o-methyl oximes with 2a was also tested. Thus, the reaction of o-methyl 4-
chloroacetophenone oxime and o-methyl 4-methoxyacetophenone oxime with 2a produced
corresponding cyclization products 3c and 3d in 73% and 69% yields, respectively (entry 3 and
4). It is important to note that cyclization of substituted o-methyl oximes with alkynes affording

isoquinoline derivatives is unprecedented in the literature.

3A.2.3 Regioselective Studies

Next, the regioselectivity of unsymmetrical aromatic ketoximes 1j-1 with an unsymmetrical
alkyne, 1-phenyl-1-propyne (2a), was examined. Thus, 3,4-dimethoxyacetophenone oxime 1j
reacted with 2a regioselectively to afford 3h in 81% vyield. In the substrate 1j, there are two ortho
aromatic C-H bonds for cyclization. Regioselectively, the cyclization takes place at the less
hindered C-H bond of 1j moiety exclusively. In contrast, 3,4-methylenedioxy acetophenone
oxime 1k reacted with 2a to produce a reverse regioselective product 3i exclusively in 79%
yield. In 1k also, there are two ortho aromatic C-H bonds for cyclization. But, oxidative
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cyclization takes place at the sterically hindered C-H bond of 1k moiety predominately. As like

1j, 2-acetonaphthone oxime 1l also underwent cyclization regioselectively with 2a at the less
substituted C-H bond of 1l to give 3j in excellent 92% yield (Scheme 3A.1).

[{RuClz(p-cymene)},]

(2.5 mol %)

NaOAc (25 mol %)
MeOH, 100 °C, 16 h

same conditions

1j 2a
Me
0 \N .OH
{ v+ Ph——=
o} 1k 2a

same conditions

X, -OH
N
OO v oPhT=

1 2a

Scheme 3A.1 Regioselective studies

3A.2.4 Scope of the Substituted and Unsymmetrical Alkynes

Me
MeO SN
_—
MeO Ph
3h,81% Me
Ph
Me 2SN
|
NS
<O Me
0 3i, 79%
Me

3,92%  Me

Table 3A.3 Cyclization reaction of substituted aromatic oximes 1a—i with alkynes (2a).?

Entry  Aromatic oxime (1) Compound (3) Yeild"
Me Me
~ 1
0
1 Br Br Z ph 2%
1a: R' = OH Et
1b: R" = OMe 3k R' = OH 63%
3k: R' = OMe
Me Me
NS R1
N =N
2 P 74%
Br ; Br Ph
1a:. R1 iOH n-Bu 65%
1b: R' = OMe 3l R1 = OH
31: R' = OMe
Me Me
S -OH SN
3 55%
! 7 “Ph
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Ph Ph
X, OH
N~ SN
4 @ 65%
1 Z “ph
3n CO,Me
Me Me
X, OH
N SN
5 @ ) 63%
[ [ CO,Et
1d Me 54%
30:R'= OH
30:R' = OMe
Me Me
X, OH
N SN
6 ﬁ ) 7%
Br 1a Br Ph
3p
OH
Et Et
X, OH
N~ SN
7 @ ) 81%
1g Ph
3q
OH
Me Me
X, OH
N’ SN
8 P 80%
Br 1a Br Ph
3 pn
Ph Ph
X, OH
N SN
9 @ ) 76%
1 nPr
3s npr

All reactions were carried out with substituted aromatic oximes 1 (1.00 mmol), alkynes (2a) (1.20
mmol), [{RuCl,(p-cymene)},] (2.5 mol %), NaOAc (25 mol %), and MeOH (3.0 mL) at 100 °C for 16
h. ®Isolated yields.

For further understanding the regioselectivity of the present reaction, cyclization of ketoximes 1
with various unsymmetrical alkynes was examined under similar reaction conditions (Table
3A.3). Unsymmetrical alkynes, 1-phenyl-1-butyne (2b), 1-phenyl-1-hexyne (2c) and 1-phenyl-4-
penten-1-yne (2d) reacted with 4-bromoacetophenone oxime la or 4-iodoacetophenone oxime
1d regioselectively to afford 3k-m in 72%, 74% and 55% vyields, respectively (entry 1-3).
Surprisingly, bulky benzophenone oxime 1i reacted efficiently with methyl phenylpropiolate (2e)
to provide the corresponding isoquinoline derivative 3n in 65% yield (entry 4). Ethyl 2-
butynoate (2f) also reacted efficiently with 4-iodoacetophenone oxime 1d to afford isoquinoline

derivative 30 in 63% yield in a highly regioselective manner. Interestingly (entry 5), 3-phenyl-2-
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propyn-1-ol (2g) also efficiently participated in the cyclization reaction with 4-
bromoacetophenone oxime l1a and propiophenone oxime 1g to give the corresponding
isoquinoline derivatives 3p and 3q in 77% and 81% vyields, respectively (entry 6 and 7), in a
highly regioselective manner. Also, o-methyl 4-bromoacetophenone oxime 1b and o-methyl 4-
iodoacetophenone oxime underwent cyclization reaction with 1-phenyl-1-butyne (2b), 1-phenyl-
1-hexyne (2c) and ethyl 2-butynoate (2f) to provide the corresponding isoquinoline derivatives
3k, 3l and 30 in 63%, 65% and 54% yields, respectively (entry 1,2 and 5). The catalytic reaction
was also tested with symmetrical alkynes. Thus, diphenyl acetylene (2h) and 3-hexyne (2i)
underwent cyclization with 4-bromoacetophenone oxime 1a or benzophenone oxime 1i to afford

isoquinoline derivatives 3r and 3s in 80% and 76% vyields, respectively (entry 8 and 9).

[{RuCly(p-cymene)},]
©)\\N/OH (2.5 mol %) O N
+
. NaOAc (25 mol %) = O
MeOH, 1 16 h
€0 oo °C, 16 3. 71%

~N
Me same conditions
%

2
é%

1i 2

©)\\N/OH . same conditions @C\/'\/\
i —OH

1i 2|
3v, 73%

=
w
<
~
Q
R
<

Scheme 3A.2 Studies of the terminal alkynes

Terminal alkynes were also compatible for the present cyclization reaction (Scheme 3A.2). Thus,
phenylacetylene (2j) reacted efficiently with 1i to give isoquinoline derivative 3t in 71% vyield in
a highly regioselective manner. Similarly, 4-methyl phenylacetylene (2k) and pent-4-yn-1-ol (2I)
also efficiently participated in the cyclization reaction with 1i to afford the corresponding
isoquinoline derivatives 3u and 3v in 70% and 73% vyields, respectively, in a highly
regioselective manner. In the reaction, highly substituted carbon of terminal alkyne was
connected to the nitrogen atom of oxime 1i and terminal carbon of alkyne was attached to the
ortho carbon of oxime 1i (Scheme 3A.2).
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1
Me /NB Me N
[{RuCl,(p-cymene)},] / Ph
N o (2.5 mol %) N\
+ Ph———Me N Me
N ol 2 NaOAc (25 mol %) \
b Im:R =OH %3 \MeoH, 100 °C, 16 h H
1m: R'= OMe 3w:R' = OH, 78%

3w: R' = OMe, 70%

Me Ph
- N
E\>_</N OH . Ph— same conditions EQ
1 e
S Me 1 2a S Me

3X, 76%

Scheme 3A.3 Studies of the hetero aromatic oximes

The catalytic reaction was also tested with heteroaromatic oximes 1m and 1n. Treatment of 3-
acetylindole oxime 1m with 2a under the optimized reaction conditions gave isoquinoline
derivative 3w in 78% vyield, in a highly regioselective manner. The o-methyl 3-acetylindole
oxime also underwent cyclization reaction with 2a to provide 3w in 70% vyield. 2-
Acetylthiophene oxime 1n reacted with 2a regioselectively to afford the corresponding

cyclization product 3x in 76% yield (Scheme 3A.3).

3A.2.5 Mechanism

8 a reasonable mechanism is

Based on the known metal-catalyzed C-H bond activation,*
proposed to account for the present cyclization reaction in Scheme 3A.4. The dissociation of
dimeric form of ruthenium complex to monomer followed by ligand exchange with NaOAc
gives a ruthenium acetate species 4 to initiate the catalytic reaction. Coordination of the nitrogen
atom of oxime 1 to the ruthenium acetate species 4 followed by acetate accelerated ortho-
metalation affords a five-membered metalacycle intermediate 5. Coordinative regioselective
insertion of alkyne 2 into the Ru—carbon bond of intermediate 5 provides a seven-membered
intermediate 6. Subsequent C-N bond formation and N-O bond cleavage of intermediate 6 in the
presence of MeOH or AcOH affords product 3 and regenerates the active ruthenium species 4 for
the next catalytic cycle. The exact reason for high regioselectivity is not very clear in the
reaction. The phenyl group of alkyne 2 might coordinates intramolecularly with ruthenium metal
in intermediate 6 and stabilizes it. This may be the reason for the high regioselectivity (Scheme

3A4).

[ISER Pune Page 85



Chapter -3

{RuClx(L)}2]

NaOA OH
NS
p Crv
NaCl
H Me
S N’OH

— [RuL(OAc)(S)] & ©\)\
L = p-cymene, } RU

S = OAc, OMe - AcOH or MeOH | OAc
Me 5
@@ h
_
s P A Ph—=——Me
R MeOH or AcOH /. 2a
-~ |

L = p-cymene

Scheme 3A.4 Proposed mechanism

The proposed mechanism in scheme 4 is strongly supported by the isolation of key ruthenacycle
intermediate 5a (eg. 3A. 8). When o-methyl 4-bromoacetophenone oxime (1b) was treated with
stoichiometric amount of [{RuCl,(p-cymene)},] and NaOAc in MeOH at 100 °C for 16 h, a five-
membered ruthenacycle intermediate 5a was observed in 69% vyield (eq. 8). The structure of
complex 5a was determined by single crystal X-ray diffraction. Subsequently, when intermediate
5a was treated with alkyne 2a in the presence of MeOH at 100 °C for 10 h, an isoquinoline
derivative 3a was obtained in 95% yield. In the present cyclization reaction of oximes 1 with
alkynes 2, only catalytic amount of NaOAc (25 mol %) was used. However, a stoichiometric
amount of NaOAc (1.2 equiv) is crucial for the acetate mediated ortho-metalation.® It is likely
that during the C-N bond formation of intermediate 6, MeOH protonates OH group of
intermediate 6 and regenerates the active ruthenium methoxide catalyst 4 for next catalytic cycle
(assuming that due to the intramolecular coordination of the nitrogen to ruthenium in
intermediate 6, the OH group at the nitrogen side in intermediate 6 could be basic character).
This assumption is strongly supported by the following experimental evidence. Treatment of
benzophenone oxime (1i) with 1-phenyl-1-propyne (2a) in the presence of catalytic amount of
complex 5a (10 mol %) in MeOH at 100 °C for 16 h gave isoquinoline derivatives 3g in 79%

and 3a in 9% vyields (Scheme 3A.1). In the cyclization reaction, NaOAc was not used. This result
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clearly reveals that in the cyclization reaction, NaOAc provides the OAc™ source to the ruthenium
species to initiate the ortho-metalation of the first catalytic cycle. In the subsequent catalytic
cycles, MeOH protonates the OH of intermediate 6 and regenerates the active ruthenium

methoxide 4 for the next ortho-metalation.

Me Me
/@(g\N—OMe >N
RU. + Ph—=—Me MeOH
” ¢ 100 °C, 16 h Br 7 e
2a ’ Me
5a 3a, 95% (3A.8)
Ph Ph Me
complex 5a
SO o (10 mol %) SN SN
+ Ph—=—Me + _
MeOH, 100 °C, 16 h ZSp, Br Ph
1i 2a Me Me
39, 79% 3a, 9%

Based on these studies, the cyclization reaction of some of the substituted oximes 1 with alkynes
2 was examined in the absence of NaOAc and only in the presence of [{RuCly(p-cymene)}.] (2.5
mol %) in MeOH at 100 °C for 16 h. The observed results showed that in some reactions such as
propiophenone oxime 1g and isobutyrophenone oxime 1h with 1-phenyl-1-propyne (2a) gave
corresponding isoquinoline derivatives 3e and 3f in excellent 79% and 82% isolated yields,
respectively, even in the absence of NaOAc (Table 2, entry 4 and 5). But, in other oximes such
as benzophenone oxime 1i and 2-acetonaphthone oxime 11 with 2a, isoquinoline derivatives 3g
and 3i were observed only in 25% and 62% yields, respectively (Scheme 3A.1). In remaining
reactions such as benzophenone oxime 1i with methyl phenylpropiolate (2e) or phenylacetylene
(2), cyclization compounds 3n and 3t were observed only in very less 25% and 10% vyields,
respectively. In the reaction of benzophenone oxime 1i with 3-hexyne (2i), no cyclization
compound 3s was observed (Scheme 3A.2). Based on these observations, we conclude that OAc
anion is an efficient base to initiate the catalytic reaction when compared to CI" anion which is

present in the ruthenium catalyst.

3A.3 Conclusions
In conclusion, we have demonstrated a ruthenium-catalyzed regioselective cyclization of

substituted aromatic and heteroaromatic ketoximes with internal as well as terminal alkynes in
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the presence of catalytic amount of NaOAc to afford isoquinoline derivatives in good to

excellent yields.
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3A.5 Experimental Section

3A.5.1 General Procedure for the Cyclization of Oximes with Alkynes Catalyzed by

Ruthenium Complex

A 15-mL pressure tube containing [{RuCl,(p-cymene)}.] (0.0025 mmol, 2.5 mol %) and NaOAc
(0.025mmol, 25 mol %) was evacuated and purged with nitrogen gas three times (This reaction
IS moisture insensitive. The reaction can also be done without nitrogen purge). To the tube were
then added oximes (1) (1.00 mmol), alkynes 2 (1.20 mmol) and MeOH (3.0 mL) via syringes.
Then, the reaction mixture was allowed to stir at 100 °C for 16 h (a screw cap was used to cover
the tube). After cooling to ambient temperature, the reaction mixture was diluted with CH,ClI,,
filtered through Celite and silica gel, and the filtrate was concentrated. The crude residue was

purified through a silica gel column using hexanes and ethyl acetate as eluent to give pure 3.
3A.5.2 Procedure for the Preparation of Ruthenium Complex 5a

A 15-mL pressure tube containing [{RuCl,(p-cymene)},] (0.100 mg, 1.0 equiv), NaOAc (1.2

equiv) and oxime (1.0 equiv) was evacuated and purged with nitrogen gas three times. Then,
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MeOH (3.0 mL) was added via syringe to the tube and allowed the reaction mixture to stir at 100
°C for 16 h. After cooling to ambient temperature, the mixture was filtered through a short Celite
pad and the Celite pad was washed with MeOH several times and the filtrate was concentrated
by vacuum. Recrystallization from EtOAc/MeOH (9:1) gave single crystals suitable for X-ray

analysis.

Table 3A.4 Crystal data and structure refinement for complex 5a

Identification code Complex 5a

Empirical formula Ci9H3 Br CINORu

Formula weight 497.81

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group p?(1)/c

Unit cell dimensions a=11.9632(13) A a=90°.

b=9.4235(10) A B =97.487(3)°.
c=17.273(2) A Y =90°.

Volume 1930.7(4) A®
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YA 4

Density (calculated) 1.713 Mg/m®
Absorption coefficien 3.025 mm™

F(000) 992

Crystal size 0.20 x 0.16 x 0.08 mm®

Theta range for data collection ~ 1.72 to 25.00°.

Index ranges -12<=h<=14, -11<=k<=11, -12<=I<=20
Reflections collected 14591
Independent reflections 3401 [R(int) = 0.0682]

Completeness to theta = 25.00 99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission 0.785 and 0.565
Refinement method

Full-matrix least-squares on F

Data / restraints / parameters 3401/36/222
Goodness-of-fit on F? 1.453

Final R indices [I>2sigma(l)] R; =0.0611, wR, =0.1239
R indices (all data) R; =0.0912, wR, = 0.1336

Largest diff. peak and hole 2.512 and -1.038 e.A
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3A.5.3 Spectral Data of Compounds 3a-u

6-Bromo-1,4-dimethyl-3-phenylisoquinoline (3a): Colorless semisolid; eluent (5% ethyl

. acetate in hexanes). IR (ATR) v (cm™): 2920, 1620, 1483, 1244, 1185. 'H
v INMR (CDCls, 400 MHz): & 8.19 (s, 1 H), 8.01 (d, J= 8.0 Hz, 1 H), 7.67 (d, J=

Brmph 8.0 Hz, 1 H), 7.54 (d, J= 8.0 Hz, 2 H), 7.45 (t, J= 8.0 Hz, 2 H), 7.38 (t, J= 8.0
e Hz, 1 H), 2.95 (s, 3 H), 2.54 (s, 3 H). 3C NMR (CDCls;, 100 MHz): & 156.0,

151.8, 141.1, 137.8, 129.9, 129.8, 128.3, 127.9, 127.8, 126.8, 125.1, 124.7, 121.5, 22.5, 15.6.
HRMS (ESI): calc. for [(C17H14BrN)H] (M+H) 312.0382, measured 312.0384.

6-lodo-1,4-dimethyl-3-phenylisoquinoline (3b): Colorless semisolid; eluent

Vo (5% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 2950, 1632, 1455, 1228,

SN |1146. *H NMR (CDCls, 400 MHz): & 8.42 (s, 1 H), 7.84 — 7.82 (m, 2 H), 7.51

! “; Ph | (d, J= 8.0 Hz, 2 H), 7.45 (t, J= 8.0 Hz, 2 H), 7.37 (t, J= 8.0 Hz, 1 H), 2.94 (s, 3
H), 2.53 (s, 3 H). °C NMR (CDCl;, 100 MHz): & 156.2, 151.5, 140.9, 138.0,

135.2, 133.6, 129.9, 128.3, 127.9, 127.6, 124.9, 121.4, 97.9, 22.3, 15.5. HRMS (ESI): calc. for

[(C17H14IN)H] (M+H) 360.0249, measured 360.0242.

6-Chloro-1,4-dimethyl-3-phenylisoquinoline (3c): Colorless liquid; eluent (7% ethyl acetate in
ve  |hexanes). 'H NMR (CDCls, 400 MHz): § 8.04 (d, J= 8.0 Hz, 1 H), 7.98 (s, 1
SN |H), 7.58 —7.53 (m, 2 H), 7.51 — 7.43 (m, 3 H), 7.39 (t, J= 8.0 Hz, 1 H), 2.94 (s,
c M/e Ph 13 H), 2.53 (s, 3 H). *C NMR (CDCls, 100 MHz): & 155.9, 151.8, 141.2, 137.5,
136.3, 129.9, 128.3, 127.9, 127.8, 127.2, 124.5, 123.5, 121.6, 22.6, 15.6. HRMS (ESI): calc. for

[(C17H1CIN)H] (M+H) 268.0888, measured 268.0897.

6-Methoxy-1,4-dimethyl-3-phenylisoquinoline (3d): Colorless semisolid; eluent (10% ethyl
. acetate in hexanes). 'H NMR (CDCls, 400 MHz): & 8.06 (d, J= 8.0 Hz, 1 H),
Sy |7.54 (d, J= 8.0 Hz, 2 H), 7.45 (t, J= 8.0 Hz, 2 H), 7.36 (t, J= 8.0 Hz, 1 H),
Meomph 7.23-7.20 (m, 2 H), 3.97 (s, 3 H), 2.92 (s, 3 H), 2.52 (5, 3 H). *C NMR
= (CDCl3, 100 MHz): 6 160.7, 155.3, 151.4, 141.8, 138.4, 129.9, 128.2, 128.1,

127.5,121.9, 121.5, 118.5, 102.3, 55.5, 22.5, 15.8. HRMS (ESI): calc. for [(C1sH17NO)H]
(M+H) 264.1388, measured 264.1393.
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1-Ethyl-4-methyl-3-phenylisoquinoline (3e): Colorless liquid; eluent (5% ethyl acetate in
hexanes). *H NMR (CDCls, 400 MHz): & 8.20 (d, J= 8.0 Hz, 1 H), 8.06 (d, J=

E\t 8.0 Hz, 1 H), 7.73 (t, J= 8.0 Hz, 1 H), 7.61 — 7.57 (m, 3 H), 7.46 (t, J= 8.0 Hz, 2
@H), 7.38 (t, J= 8.0 Hz, 1 H), 3.36 (g, J= 8.0 Hz, 2 H), 2.60 (s, 3 H), 1.44 (t, J=8.0
Me  JHz, 3 H). ¥C NMR (CDCls, 100 MHz): & 160.8, 136.8, 130.1, 129.9, 128.7,

128.2, 127.5, 126.3, 125.9, 125.4, 124.4, 122.2, 28.7, 15.6, 14.4. HRMS (ESI): calc. for
[(C1gH17N)H] (M+H) 248.1434, measured 248.1434.

1-I1sopropyl-4-methyl-3-phenylisoquinoline (3f): Colorless liquid; eluent (3% ethyl acetate in
hexanes). *H NMR (CDCls, 400 MHz): & 8.28 (d, J= 8.0 Hz, 1 H), 8.08 (d, J= 8.0

MeMe |Hz, 1 H), 7.71 (d, J= 8.0 Hz, 3 H), 7.60 (t, J= 8.0 Hz, 1 H), 7.50 (t, J= 8.0 Hz, 2
SN H), 7.41 (t, J= 8.0 Hz, 1 H), 4.00 — 3.94 (m, 1 H), 2.67 (s, 3 H), 1.49 (s, 3 H),
—
1 ""11.48 (s, 3 H). 3C NMR (CDCls, 100 MHz): & 163.4, 150.2, 142.0, 136.9, 130.5,

1295, 127.9, 127.4, 126.1, 125.2, 124.9, 124.5, 121.5, 31.24, 22.4, 15.9. HRMS (ESI): calc. for
[(C1oH1sN)H] (M+H) 262.1590, measured 262.1591.

4-Methyl-1,3-diphenylisoquinoline (3g): Colorless liquid; eluent (5% ethyl acetate in hexanes).
'H NMR (CDCl3, 400 MHz): & 8.11 (dd, J= 8.0, 4.0 Hz, 2 H), 7.77 - 7.70 (m, 3

Fj’ H), 7.63 (d, J= 8.0 Hz, 2 H), 7.55 — 7.70 (m, 2 H), 7.49 — 7.44 (m, 4 H), 7.37 (¢,
©<;Nkph J= 8.0 Hz, 1 H), 2.69 (s, 3 H). *C NMR (CDCl;, 100 MHz): & 158.3, 151.1,
Me 141.6, 139.9, 137.2, 130.3, 130.2, 130.1, 128.4, 128.3, 128.2, 128.1, 127.6, 126.5,

1255, 124.0, 123.3, 15.9. HRMS (ESI): calc. for [(Co2Hi7N)H] (M+H) 296.1434, measured
296.1436.

6,7-Dimethoxy-1,4-dimethyl-3-phenylisoquinoline (3h): Colorless semisolid; eluent (15%
v |ethyl acetate in hexanes). "H NMR (CDCls, 400 MHz): § 7.53 (d, J= 8.0 Hz,
Meom 2 H), 7.44 (t, J= 8.0 Hz, 2 H), 7.37 (t, J=8.0 Hz, 1 H), 7.31 (s, 1 H), 7.21 (s, 1
MeO M/ Ph1H), 4.06 (s, 3 H), 4.05 (s, 3 H), 2.96 (s, 3 H), 2.52 (s, 3 H). **C NMR (CDCl;,
100 MHz): 6 153.2, 152.9, 149.6, 132.3, 131.1, 130.1, 128.2, 127.7, 122.0,

121.9, 115.0, 104.5, 102.8, 56.2, 56.1, 21.8, 15.8. HRMS (ESI): calc. for [(C19H190,N)H] (M+H)
294.1489, measured 294.1491.
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6,9-Dimethyl-8-phenyl-[1,3]dioxolo[4,5-f]isoquinoline (3i): Colorless semisolid; eluent (15%
ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz): & 7.74 (d, J= 8.0 Hz, 1
H), 7.52 (d, J= 8.0 Hz, 2 H), 7.44 (t, J= 8.0 Hz, 2 H), 7.36 (t, J= 8.0 Hz, 1 H),
7.24 (d, J= 8.0 Hz, 1 H), 6.16 (s, 2 H), 2.91 (s, 3 H), 2.64 (s, 3 H). *C NMR
(CDCls, 100 MHz): & 155.7, 151.2, 147.4, 142.3, 140.9, 129.9, 128.2, 127.6,
123.7, 121.3, 120.1, 110.8, 101.5, 23.0, 17.8. HRMS (ESI): calc. for [(C1sH150,N)H] (M+H)
278.1176, measured 278.1181.

1,4-Dimethyl-3-phenylbenzo[g]isoquinoline (3j): Colorless semisolid; eluent (5% ethyl acetate
" in hexanes). '"H NMR (CDCls, 400 MHz): & 8.71 (s, 1 H), 8.51 (s, 1 H), 8.05
OO SN (d, J=8.0 Hz, 1 H), 8.03 (d, J=8.0 Hz, 1 H), 7.63 (d, J= 8.0 Hz, 2 H), 7.59 —

7 >ph [7.52 (m, 2 H), 7.49 (t, J= 8.0 Hz, 2 H), 7.40 (t, J= 8.0 Hz, 1 H), 3.11 (s, 3 H),
Me

2.70 (s, 3 H). *C NMR (CDCl;, 100 MHz): § 157.7, 148.0, 141.5, 134.1,
133.3, 131.5, 130.2, 128.9, 128.3, 128.2, 127.5, 127.4, 126.1, 124.9, 122.9, 121.6, 23.0, 15.8.
HRMS (ESI): calc. for [(C2:H17N)H] (M+H) 284.1434, measured 284.1438.

6-Bromo-4-ethyl-1-methyl-3-phenylisoquinoline (3k): Colorless semisolid; eluent (5% ethyl
™ acetate in hexanes). '"H NMR (CDCls, 400 MHz): & 8.20 (s, 1 H), 8.01 (d, J=

Sy |8.0 Hz, 1 H), 7.65 (dd, J= 8.0, 4.0 Hz, 1 H), 7.49 — 7.46 (m, 3 H), 7.45 — 7.38
Brm% (m, 2 H), 2.93 (s, 3 H), 2.92 (q, J= 8.0 Hz, 2 H), 1.23 (t, J= 8.0 Hz, 3 H). **C
= NMR (CDCl;, 100 MHz): 6 156.0, 136.7, 129.8, 129.2, 128.4, 128.2, 127.9,

127.8, 126.7, 125.2, 125.1, 115.0, 22.5, 21.7, 15.8. HRMS (ESI): calc. for [(CisH1sBrN)H]
(M+H) 326.0538, measured 326.0545.

6-Bromo-4-butyl-1-methyl-3-phenylisoquinoline (31): Colorless semisolid; eluent (5% ethyl
. acetate in hexanes). *H NMR (CDCls, 400 MHz): & 8.16 (s, 1 H), 8.02 (d, J=
SN |8.0 Hz, 1 H), 7.66 (dd, J= 8.0, 4.0 Hz, 1 H), 7.47 — 7.42 (m, 4 H), 7.40 — 7.38
Brmph (m, 1 H), 2.96 (s, 3 H), 2.89 (t, J= 8.0 Hz, 2 H), 1.60 — 1.53 (m, 2 H), 1.33 —
107 (m, 2 H), 0.82 (t, J= 8.0 Hz, 3 H). *C NMR (CDCls, 100 MHz):  155.9,

137.0, 132.0, 129.9, 129.4, 128.3, 128.2, 127.9, 127.6, 127.1, 126.9, 125.2, 115.0, 33.4, 28.2,
22.9, 22.3, 13.8. HRMS (ESI): calc. for [(C2oH20BrN)H] (M+H) 354.0851, measured 354.0862.
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4-Allyl-6-iodo-1-methyl-3-phenylisoquinoline (3m): Colorless semisolid; eluent (5% ethyl

acetate in hexanes). *H NMR (CDCls, 400 MHz): & 8.38 (s, 1 H), 7.89 — 7.84

Sy (m, 2 H (two H merged and showed like singlet), 7.56 (d, J = 8.0 Hz, 2 H), 7.45

| e |- 7.39 (M, 3 H), 6.13 - 6.04 (m, 1 H), 5.15 (dd, J= 8.0, 4.0 Hz, 1 H), 4.84 (dd, J

| |=16.0,4.0 Hz, 1 H), 3.67 (d, J= 4.0 Hz, 2 H), 2.98 (s, 3 H). 3C NMR (CDCls,

100 MHz): 6 155.2, 150.9, 147.9, 146.3, 138.4, 137.6, 137.7, 136.6, 136.1,

124.3, 129.4, 128.4, 128.3, 127.8, 117.2, 32.9, 12.0. HRMS (ESI): calc. for [(C19H1IN)H]
(M+H) 386.0400, measured 386.0408.

Me

Methyl 1,3-diphenylisoquinoline-4-carboxylate (3n): Colorless liquid; eluent (7% ethyl acetate
in hexanes). IR (ATR) ¥ (cm™): 2959, 1726, 1591, 1449, 1280, 1126 and 1071.
'H NMR (CDCls, 400 MHz): § 8.15 (d, J= 8.0 Hz, 1 H), 8.05 (d, J= 8.0 Hz, 1
H), 7.79 — 7.73 (m, 4 H), 7.58 — 7.50 (m, 3 H), 7.48 — 7.38 (m, 4 H), 7.31 (m, 1
H), 3.78 (s, 3 H). *C NMR (CDCls, 100 MHz): & 169.7, 161.9, 149.9, 140.3,
139.3, 134.6, 131.3, 130.3, 129.1, 128.9, 128.7, 128.5, 128.4, 128.1, 127.5, 125.0, 124.5, 122.3,
52.7. HRMS (ESI): calc. for [(C2sH170,N)H] (M+H) 340.1332, measured 340.1329.

Ethyl 6-iodo-1,3-dimethylisoquinoline-4-carboxylate (30): Colorless liquid; eluent (7% ethyl
acetate in hexanes). IR (ATR) v (cm™): 2978, 1715, 1422, 1272 and 1065.

“’f 'H NMR (CDCls, 400 MHz): & 7.73 (s, 1 H), 7.68 (d, J = 8.0 Hz, 1 H), 7.31
/@l\tcoza (d, J=8.0 Hz, 1 H), 4.32-4.29 (m, 2 H), 3.18 (s, 3 H), 2.44 (s, 3 H), 1.38 (t, J
Me = 8.0 Hz, 3 H). °C NMR (CDCls, 100 MHz): & 165.0, 150.3, 149.3, 144.9,

137.2, 134.8, 130.7, 124.4, 93.3, 63.1, 20.6, 14.4, 13.0. HRMS (ESI): calc. for [(C14H1402IN)H]
(M+H) 356.0142, measured 356.0149.

(6-Bromo-1-methyl-3-phenylisoquinolin-4-yl)methanol (3p): Colorless semisolid; eluent
Mo (20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3422, 2252, 1656 and
SN [1018. *H NMR (d-DMSO, 400 MHz): & 8.46 (s, 1 H), 8.15 (d, J = 8.0 Hz, 1
Br 7 e H), 7.77 (dd, J = 8.0, 4.0 Hz, 1 H), 7.66 (d, J = 8.0 Hz, 2 H), 7.48 — 7.41 (m, 3

H), 5.43 (t, J = 4.0 Hz, 1 H), 4.72 (d, J = 4.0 Hz, 2 H), 2.86 (s, 3 H). *C NMR
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(d-DMSO, 100 MHz): & 158.3, 151.9, 140.5, 137.6, 130.4, 130.3, 128.9, 128.5, 128.4, 127.9,
125.0, 124.9, 124.7, 58.0, 22.9. HRMS (ESI): calc. for [(C17H14OBrN)H] (M+H) 328.0332,
measured 328.0335.

(1-Ethyl-3-phenylisoquinolin-4-yl)methanol (3q): Colorless liquid; eluent (5% ethyl acetate in

- hexanes). IR (ATR) ¥ (cm™): 3428, 2960, 2932, 1599, 1458, 1287 and 1122. 'H

SN |NMR (CDClg, 400 MHz): & 8.28 (d, J = 8.0 Hz, 1 H), 8.22 (d, J = 8.0 Hz, 1 H),

© Ph|7.76 (t, J = 8.0 Hz, 1 H), 7.66 (d, J = 8.0 Hz, 2 H), 7.61 (t, J = 8.0 Hz, 1 H), 7.45

OF_J(t, J=8.0 Hz, 2 H), 7.40 (t, J = 8.0 Hz, 1 H), 4.99 (s, 2 H), 3.37 (q, J = 8.0 Hz, 2

H), 1.43 (t, J = 8.0 Hz, 3 H). °C NMR (CDCls, 100 MHz): § 163.4, 159.0, 137.8, 136.3, 130.7,

129.9, 128.3, 128.1, 126.8, 125.9, 125.8, 124.7, 124.2, 59.5, 28.8, 14.2. HRMS (ESI): calc. for
[(C1sH170ON)H] (M+H) 264.1383, measured 264.1395.

6-Bromo-1-methyl-3,4-diphenylisoquinoline (3r): Colorless solid; mp 191-193 °C; eluent (3%
ethyl acetate in hexanes). *"H NMR (CDCls, 400 MHz): § 8.04 (d, J =8.0 Hz, 1

M\eN H), 7.81 (s, 1 H), 7.65 (dd, J = 8.0 Hz, 1 H), 7.36 — 7.33 (m, 5 H), 7.20 — 7.17
Br/©<;kph (m, 5 H), 3.05 (s, 3 H). ¥C NMR (CDCls, 100 MHz): 6 157.8, 150.6, 140.6,
137.5, 136.9, 131.6, 131.4, 130.3, 130.2, 128.6, 128.5, 128.4, 127.8, 127.6,

127.4, 125.3, 124.7, 22.8. HRMS (ESI): calc. for [(Ca2H1sBrN)H] (M+H) 374.0538, measured
374.0542.

3,4-Diethyl-1-phenylisoquinoline (3s): Colorless liquid; eluent (3% ethyl acetate in hexanes).

- 'H NMR (CDCls, 400 MHz): & 8.03 (t, J = 8.0 Hz, 2 H), 7.68 — 7.64 (m, 2 H),

SN |7.51(t, 3 =8.0 Hz, 2 H), 7.47 — 7.40 (m, 3 H), 3.16 — 3.04 (m, 4 H), 1.38 (t, J =

@knpr 8.0 Hz, 3 H), 1.35 (t, J = 8.0 Hz, 3 H). *C NMR (CDCls;, 100 MHz): & 158.4,

153.2, 140.1, 135.9, 130.1, 129.9, 129.7, 128.4, 128.3, 128.2, 125.5, 125.4, 123.2,

28.6, 21.0, 15.3, 15.0. HRMS (ESI): calc. for [(CigH19N)H] (M+H) 262.1590, measured
262.1593.

nPr

1,3-Diphenylisoquinoline (3t): Colorless liquid; eluent (3% ethyl acetate in hexanes). *H NMR
Ph (CDCl3, 400 MHz): 6 8.20 (d, J =8.0 Hz, 2 H), 8.12 (d, J = 8.0 Hz, 1 H), 8.07 (s,

@int 1 H), 7.93 (d, J = 8.0 Hz, 1 H), 7.80 (dd, J = 8.0 Hz, 2 H), 7.69 (t, J = 8.0 Hz, 1
" PhH), 7.56 — 7.47 (m, 6 H), 7.40 (t, J = 8.0 Hz, 1 H). *C NMR (CDCls, 100 MHz):
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§ 160.5, 150.2, 139.9, 139.7, 137.9, 130.3, 130.2, 128.8, 128.7, 128.6, 128.4, 127.7, 127.6, 127.2,
127.0, 125.9, 115.8. HRMS (ESI): calc. for [(CaHisN)H] (M+H) 282.1277, measured 282.1279.

1-Phenyl-3-(p-tolyl)isoquinoline (3u): Colorless liquid; eluent (3% ethyl acetate in hexanes).
- 'H NMR (CDCl3, 400 MHz): & 8.11 — 8.09 (m, 3 H), 8.03 (s, 1 H), 7.90 (d,
SN J=8.0Hz,1H),7.79 (dd, J=8.0 Hz, 2 H), 7.66 (t, J = 8.0 Hz, 1 H), 7.57 —
O 7 7.46 (m, 4 H), 7.29 (d, J = 8.0 Hz, 2 H), 2.40 (s, 3 H). **C NMR (CDCl;,
Me J100 MHz): 6 160.3, 150.2, 149.7, 137.9, 135.0, 130.4, 130.2, 129.5, 128.7,
128.4, 127.7, 127.5, 127.1, 126.9, 125.7, 115.4, 114.8, 21.4. HRMS (ESI): calc. for
[(Ca2H17N)H] (M+H) 296.1434, measured 296.1433.

2-(1-Phenylisoquinolin-3-yl)ethanol (3v): Colorless liquid; eluent (20%

Bh ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3394, 2925, 1590, 1444, 1388,

(:C'\ll\/\ 1347 and 1047. *H NMR (CDCls, 400 MHz): & 8.05 (d, J = 8.0 Hz, 1 H), 7.79

- OH(d, J = 8.0 Hz, 1 H), 7.69 — 7.63 (m, 3 H), 7.53 — 7.44 (m, 5 H), 4.07 (t, J =

8.0 Hz, 2 H), 3.18 (d, J = 8.0 Hz, 2 H). *C NMR (CDCl;, 100 MHz): & 160.0, 152.9, 139.2,

137.7, 130.0, 128.9, 128.6, 128.5, 127.7, 126.9, 126.8, 125.3, 118.5, 62.6, 38.8. HRMS (ESI):
calc. for [(C17H1s0N)H] (M+H) 250.1226, measured 250.1217.

1,4-Dimethyl-3-phenyl-5H-pyrido[4,3-b]indole (3w): Colorless semisolid; eluent (20% ethyl
acetate in hexanes). IR (ATR) v (cm™): 3372, 2961, 1592, 1456, 1288 and
\’N/ ph |1127. *H NMR (CDCls, 400 MHz):  8.80 (bs, 1 H), 8.13 (d, J = 8.0 Hz, 1 H),
N Me |7.76(d,J=8.0 Hz, 2 H), 7.50 (t, J = 8.0 Hz, 1 H), 7.45 - 7.40 (m, 3 H), 7.36 —
7.31 (m, 2 H), 3.05 (s, 3 H), 2.45 (s, 3 H). *C NMR (CDCls, 100 MHz): &
152.9, 150.4, 144.8, 140.7, 139.7, 129.8, 128.2, 127.6, 126.0, 123.0, 122.5, 120.9, 116.7, 111.0,

110.6, 23.5, 13.9. HRMS (ESI): calc. for [(C19H16N2)H] (M+H) 273.1381, measured 273.1395.

Me

4,7-Dimethyl-5-phenylthieno[2,3-c]pyridine (3x): Colorless semisolid; eluent (5% ethyl
acetate in hexanes). *"H NMR (CDCls, 400 MHz):  7.68 (d, J = 8.0 Hz, 1 H), 7.53

149.7, 146.1, 140.8, 134.1, 131.1, 129.8, 128.3, 127.6, 122.9, 122.3, 23.5, 16.7. HRMS (ESI):
calc. for [(C1sH13SN)H] (M+H) 240.0841, measured 240.0850.
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3A.5.4 Regioselective Studies: NOESY Experiments

Copy of NOESY Experiment of Compound 3b

He

Ha 8 = 2.53; Hb = 8.42; Hc = 7.52
Hd & =7.84; He = 2.94

There is a NOE correlation between Ha (6 2.53, s) and Hb (& 8.42, s). In meantime, there is also

a NOE correlation between Ha (6 2.53, s) and Hc (6 7.52, d). However, there is no correlation

between Hb (6 8.42, s) and Hc (6 7.52, d). These results clearly revealed that the regiochemistry

of compound 3b is correct.
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Copy of NOESY Experiment of Compound 3i

Hc

Ha & = 2.64; Hb = 7.52; Hc = 2.91

Hd 8 = 7.74; He = 7.24; Hf = 6.16
There is a NOE correlation between Ha (5 2.64, s) and Hb (6 7.52, d). In meantime, there is also
a NOE correlation between Hc (6 2.91, s) and Hd (6 7.74, d). However, there is no correlation
between Hb (6 7.52, d) and Hf (5 6.16, d). These results clearly revealed that the regiochemistry

of compound 3i is correct.

'.' =
8.5 : N

(e}
o
|
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Copy of NOESY Experiment of Compound 3k

Ha & = 2.92; Hb = 8.20; Hc = 7.49

Hd 5 = 1.23; He = 2.93; Hf = 8.01; Hg = 7.65
There is a NOE correlation between Ha (6 2.92, ) and Hb (5 8.20, s). In meantime, there is also
a NOE correlation between Ha (6 2.92, q) and Hc (5 7.49, m). There is also a NOE correlation
between Hd (& 1.23, t) with Hb (& 8.20, s) as well as with Hc (6 7.49, m). However, there is no a
NOE correlation between Hb (5 8.20, s) and Hc (6 7.49, m). These results clearly revealed that

the regiochemistry of compound 3Kk is correct.
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Copy of NOESY Experiment of Compound 3m

Ha 6 = 3.67; Hb: 8.38; Hc = 7.56
Hd 6 = 2.98; He: 7.87

There is a NOE correlation between Ha (6 3.67, d) and Hb (5 8.38, s). In meantime, there is also
a NOE correlation between Ha (6 3.67, s) and Hc (& 7.56, d). However, there is no correlation
between Hb (6 8.38, s) and Hc (5 7.56, d). These results clearly revealed that the regiochemistry

of compound 3m is correct.
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Copy of NOESY Experiment of Compound 3p

He
Me

Hd

Ha & = 4.72; Hb: 8.46; Hc = 7.66
Hd & = 8.15; He: 2.86
There is a NOE correlation between Ha (6 4.72, d) and Hb (5 8.46, s). In meantime, there is also
a NOE correlation between Ha (6 4.72, d) and Hc (5 7.66, d). However, there is no a NOE
correlation between Hb (5 8.46, s) and Hc (6 7.66, d). These results clearly revealed that the

regiochemistry of compound 3p is correct.
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Copy of NOESY Experiment of Compound 3u

Ha & = 8.03; Hb: 7.90; Hc = 8.11; Hd = 7.29
He & = 8.11; Hf: 7.79; Hg = 7.55 (m)
Hh & = 7.66; Hi: 7.50 (m)
There is a NOE correlation between Ha (6 8.03, s) and Hb (6 7.90, d). In meantime, there is also
a NOE correlation between Ha (6 8.03, s) with Hc (6 8.11, d (merged with one more doublet and
showed as multiplet)). However, there is no a NOE correlation between Hb (6 7.90, d) and Hc (8

8.11, d). These results clearly revealed that the regiochemistry of compound 3u is correct.

Hc proton is assigned based on Hd proton (7.29, d). Hd proton is assigned based on Me group
protons of 3u. He (6 8.11, d (merged with one more doublet and showed as multiplet)) proton is

assigned based on Hf protons (7.79, d). These protons are assigned by NOESY experiments.
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Copy of NOESY Experiment of Compound 3v

lllilHe

Hd
I
Hf
& OH
Hb Ha Hc

Ha & = 7.49; Hb: 8.05; Hc = 3.18
Hd & = 7.79; He = 7.67 (m); Hf = 7.67 (m)
There is a NOE correlation between Ha (8 7.49, singlet is merged with multiplet; but can view in
expansion NMR) and Hb (5 8.05, d). In meantime, there is also a NOE correlation between Ha (5
7.49, s) and Hc (6 3.18, d). However, there is no a NOE correlation between Hb (6 8.05, d) and

Hc (6 3.18, d). These results clearly revealed that the regiochemistry of compound 3v is correct.

Y : parts per Million : 1H

X : parts per Million : 1H

[ISER Pune Page 104



Chapter -3

Copy of NOESY Experiment of Compound 3x

Hf
Hb
Ha Me
Her\ /N
Hd ~g Me
He

Ha 6 =2.54; Hb = 7.53; Hc = 7.44

Hd 6 =7.68; He = 2.81; Hf = 7.46
There is a NOE correlation between Ha (6 2.54, s) and Hb (6 7.53, d). In meantime, there is also
a NOE correlation between Ha (6 2.54, s) with Hc (6 7.44, d). However, there is no a NOE
correlation between Hb (& 7.53, d) and Hc (5 7.44, d). These results clearly revealed that the
regiochemistry of compound 3x is correct. Hc (merged with triplet and showed as multiplet)
proton is assigned based on Ha proton (2.54, s). Hd (7.68, d) proton is assigned based on Hc

proton. These protons are assigned by NOESY experiments.
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3A.5.5 Spectral Copies of Selected Compounds

'H and *C NMR Spectra of Compound 3a
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'H and *C NMR Spectra of Compound 3d
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'H and *C NMR Spectra of Compound 3n
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'H and *C NMR Spectra of Compound 3p (The NMR was measured in d-DMSO).
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'H and *C NMR Spectra of Compound 3u
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'H and **C NMR Spectra of Compound 3v
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Section 3B: A Regioselective Synthesis of 1-Haloisoquinolines via
Ruthenium-Catalyzed Cyclization of O-Methylbenzohydroximoyl halides with
Alkynes

3B.1 Introduction

The transition-metal catalyzed chelation-assisted cyclization of aromatic and alkene imines or
oximes with alkynes is one of the powerful methods to synthesis isoquinoline and pyridine
derivatives.! This reaction is highly atom-economical and environmentally friendly when
compared with other methods such as organic halides or organometallic functionalization. It is
important to note that isoquinoline is a highly useful heterocyclic compound which is present in
various natural products and biologically active molecules.? Initially, Rh(I) complex has been
efficiently used as a catalyst for this type of reaction.** This catalytic reaction proceeds via
chelation-assisted oxidative addition of ortho C-H bond of aromatic imines or oximes with
rhodium(l) complex followed by hydroarylation with alkynes and subsequent intramolecular
electrocyclization, providing the corresponding isoquinoline derivatives. Later, Rh(Il) complex
has been used as a catalyst for this type of cyclization reaction. This reaction proceeds via
chelation-assisted acetate accelerated deprotonation at the ortho C-H bond of aromatic imines or
oximes with rhodium(111) complex followed by cyclization with alkynes (eq. 3B.1).°

R? R’

« R
N [RhCp*Cl,] N as
, R2=— RS 212 _ R2( 1)

R3
R = Alkyl (or) OAc

Recently, Li’s group reported the synthesis of N-substituted 1-aminoisoquinolines via a Rh(Ill)-
catalyzed oxidative cyclization of N-alkyl benzamidines with alkynes. This reaction possess via
ortho C-H activation of the C-aryl ring of benzamidine ring. The coupling of N-aryl
benzamidines gave cyclic isoquonilines in moderate to good yield, and N-'Bu and N-Cy

benzamidines provided even greater efficiency and selectivity (eq. 3B.2).°

.R
HN’R HN
NH . SN
[RhCp*Cly]2 3B.2
@ . R1 — RZ _ R1 ( )
R2
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In these reactions, the control of regioselectivity is a key problem. In most of the cases,
unsymmetrical alkynes lead to mixture of regioisomeric products. This kind of regioselective
problem was solved by conducting a similar type of cyclization reaction using a less expensive
ruthenium(11) complex as a catalyst via deprotonation pathway.” In meantime, in the reported
rhodium- and ruthenium-catalyzed reactions, mostly ketoximes, aldehyde imines and amidines

have been used as a directing group to activate ortho C-H bond of aromatics.*”’

In 2012, we have described the synthesis of highly regio selective synthesis of isoquinoline
derivatives by less expensive ruthenium-catalyzed oxidative cyclization of aromatic ketoximes
with alkynes (eq. 3B.3).°

R R
~ OMe
N [{RuCl,(p-cymene =N
L s >(p-cy )l (3B.3)
+ R——R = R
R2

3B.2 Results and Discussion

Till now, there is no report available in the literature discussing imidoyl halide moiety (X-C=N-
OMe; X = Cl or Br) as a directing group to activate ortho C-H bond of aromatics. Herein, we
wish to statement for the first time an imidoyl halide moiety as a directing group for the
cyclization of O-methylbenzohydroximoyl halides with substituted alkynes in the presence of
catalytic amount of [{RuCl,(p-cymene)},] and CsOAc. In the reaction, various highly substituted
1-haloisoquinoline and 1-alkoxyisoquinoline derivatives are prepared in good to excellent yields
in a highly regioselective manner. It is important to point out that halide group in the observed 1-

haloisoquinoline derivatives can be used for further functionalization.

3B.2.1 Optimization Studies

Cl OCH,CF3
[{RuCly(p-cymene)},]
Sy -OMe o (3 mol %) SN
+ Ph—=——Me
Base, Solvent, = Ph
1a 2a 100 °C, 16 h 3a Me

Table 3B.1 Cyclization reaction of imidoyl halide (1) with 1-phenyl-1-propyne (2a).*

Entry Base Solvents Yield(%)®

1 NaOAc MeOH nr

[ISER Pune Page 113



Chapter -3

2 NaOAc iSo-PrOH nr
3 NaOAc tert-BuOH nr
4 NaOAc tert-amy! alcohol nr
3) NaOAc CF;CH,0OH 76
6 NaOAc Tolune nr
7 NaOAc DMSO nr
8 NaOAc DCE nr
9 KOAc CF3;CH,0OH 50
10 LiOAc CF;CH,0OH 60
11 CsOAc CF;CH,0OH 78
12 Cu(OAC), CF3;CH,0OH 10
13 -- CF3CH,OH nr

All reactions were carried out with substituted imidoyl halide (1a) (1.00 mmol), 1-phenyl-1-propyne (2a) (1.20
mmol), [{RuCl,(p-cymene)},] (3 mol %), base (25 mol %), and solvent (3.0 mL) at 100 °C for 16 h. "Isolated yields.

Initially, the ruthenium-catalyzed cyclization of la and 2a was conducted in the presence of
catalytic amount of NaOAc (25 mol %) in MeOH at 100 °C for 16 h. usually, alcoholic solvent
and acetate base is suitable for this type of cyclization reaction. Thus, the catalytic reaction was
tested with various alcoholic solvents such as MeOH, iso-PrOH, tert-BuOH, tert-amyl alcohol,
Tolune, DMSO and DCE in the presence of NaOAc (Table 3B.1, entry 1-4 and 6-8). However,
no cyclization product 3a was observed in the reaction. Finally, the catalytic reaction was carried
out in the presence of CF;CH,OH. Surprisingly, in the reaction, product 3a was observed in 76%
NMR vyield (entry 5). The vyield of product 3a was determined by the *"H NMR integration
method using mesitylene as an internal standard. In order to increase the yield of 3a, the catalytic
reaction was carried out in the presence of various acetate bases such as KOAc, LiOAc, CsOAc
and Cu(OAc),. As like NaOAc, CsOAc base was also equally effective, yielding product 3a in
78% NMR vyield. The remaining bases were less effective, giving 3a in 50%, 60% and 10%
NMR vyields, respectively (entry 9-12).
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3B.2.2 Synthesis of 1-Haloisoquinolines

Treatment of 4-methyl substituted N-methoxy benzimidoyl chloride 1a with unsymmetrical
alkyne, 1-phenyl-1-propyne (2a), in the presence of [{RuCly(p-cymene)},] (3.0 mol %) and
CsOAc (25 mol %) in CF3CH,OH (TFE) at 100 °C for 16 h gave substituted 1-chloro
isoquinoline derivative 3a in 77% isolated yield (Scheme 3B.1). The cyclization reaction is
highly regioselective, so that, Ph group attached carbon of alkyne is connected to the nitrogen
atom of imidoyl moiety of la and Me substituted carbon of alkyne is attached to the ortho
carbon of 1a (for detailed studies, see in experimental section). In meantime, instead of imidoyl
chloride moiety, the catalytic reaction was extended with imidoyl bromide moiety. Thus, 4-
methyl benzohydroximoyl bromide 1b reacted with 2a yielding substituted 1-bromoisoquinoline
3b in 82% isolated yield in a highly regioselective manner. Under the optimized reaction
conditions, the cyclization reaction of 4-tert-butyl substituted N-methoxy benzimidoyl chloride
1c with 2a was carried out. In the reaction, the corresponding 1-chloro isoquinoline derivative 3c
was observed in 76% isolated yield. Symmetrical alkyne, diphenylacetylene 2b, efficiently

reacted with 1c to give 1-chloro isoquinoline derivative 3d in 85% yield (Scheme 3B.1).

of
Ny -OMe [{RuCly(p- cymene )l
+ Ph—=———Me (3 mol %)
Me 1a CsOAc (25 mol %)

CF3CH,0H, 100 °C, 16 h 3a 77% Me
Br
\N/OMe same conditions
+ Ph——Me
Me
1o 2a 82% Me
Cl
\N/ONIe same conditions
* Ph———Me
Te 2a 3c, 76%
Cl
\N -OMe same conditions
+ Ph—=——Ph
Ph
1c 2b 3d, 85%

Scheme 3B.1 Synthesis of substituted 1-haloisoquinolines.
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3B.2.3 Synthesis of 1-Alkoxyisoquinolines

Table 3B.2 Cyclization reaction of substituted imidoyl halide 1d—h with 1-phenyl-1-propyne (2a).?

Entry Imidoyl halide (1) Compound (3) Yeild"
¢l 0" CF,
\N/OMe SN
1 78%
1d 7 “ph
3e Me
¢l 07 CF,
\N/OMe N
2 N 79%
! Te | 7 Ph
3f Me
¢l 07 >CF,
\N/OMe s
3 N 76%
Br 1f Br Z “Ph
39 Me
cl 07 CFy4
\N/OMe N
4 N 74%
cl 1g cl 7 “ph
3h  Me
¢l 0" >CF,
\N/OMe .
5 N 71%
F Th F 7 >ph
3i Me

4All reactions were carried out with substituted imidoyl halide 1 (1.00 mmol), 1-phenyl-1-propyne (2a)
(1.20 mmol), [{RuCl,(p-cymene)},] (3.0 mol %), CsOAc (25 mol %), and TFE (3.0 mL) at 100 °C for
16 h. "Isolated yields.

The present reaction was further examined with various substituted O-methylbenzohydroximoyl
chlorides 1d-h (Table 3B.2). The cyclization of N-methoxybenzimidoyl chloride (1d) with 1-
phenyl-1-propyne (2a) under the optimized reaction conditions gave the corresponding
cyclization compound 3e in 78% yield (entry 1). But, during the cyclization, solvent CF3;CH,OH
was also involved in the reaction and added at the Cl connected carbon of imidoyl moiety. It is
important to note that fluorinated heterocyclic compounds show several biological activites.®
Further, 4-iodo 1e, 4-bromo 1f, 4-chloro 1g and 4-fluoro 1h benzohydroximoyl chlorides also

reacted nicely with 2a yielding the corresponding isoquinoline derivatives 3f-i in 79%, 76%,
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74% and 71% vyields, respectively (entry 2-5). The structure of 3h was confirmed by a single

crystal X-ray diffraction (see in experimental section).

Table 3B.3 Cyclization reaction of substituted imidoyl halide 1a—i with alkynes (2a).?

Entry Aromatic oxime (1) Compound (3) Yeild"
¢l 07 CF,
/@)\\N/OMe SN
1 cl 1g ol Ao 7%
3 Et
¢l 07 CF,
\N/OMe N
2 @ N 79%
ci 19 cl 7 >Ph
3k p-Bu
Cl 0" CF,
\N/OMe A
3 ﬁ N 61%
cl 1g cl Z >ph
3l P
Cl
\N/OMe
4 67%
|

(e} 19

4All reactions were carried out with substituted imidoyl halide 1 (1.00 mmol), alkynes (2a) (1.20 mmol),
[{RuCl,(p-cymene)},] (3.0 mol %), NaOAc (25 mol %), and TFE (3.0 mL) at 100 °C for 16 h. "Isolated
yields.

In meantime, the catalytic reaction was tested with electron-withdrawing group substituted 4-
nitro benzohydroximoyl chloride. However, in the reaction, no cyclization product was observed.
Subsequently, the scope of the cyclization reaction was tested with various unsymmetrical
alkynes 2c-f (Table 3B.3). Thus, 1-pheny-1-butyne (2c), 1-phenyl-1-hexyne (2d), substituted
enyne 2e and methoxy group substituted alkyne 2f reacted efficiently with 1g providing
isoquinoline derivatives 3j-m in 77%, 79% and 61% and 67% vyields, respectively (entry 1-4), in
a highly regioselective manner. In the substituted enyne 2e, selectively the alkyne part was

involved in the reaction.

Further, diphenylacetylene (2b) reacted with 1f and 1g affording isoquinoline derivatives 3n and

30 in 81% and 78% vyields, respectively. Interestingly, 1,4-dimethoxybut-2-yne (2g) reacted with
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1g in the presence of AgSbFg giving 1-methoxy isoquinoline derivative 3p in 55% yield (Scheme
3B.2). The catalytic reaction did not proceed in the absence of AgSbFe. It is important to point
out that unlike former reactions; TFE did not add at Cl substituted carbon of imidoyl moiety
rather OMe moiety was added. The exact reason for the addition of OMe moiety instead of TFE

at the Cl substituted carbon of imidoyl moiety is unclear to us (Scheme 3B.2).

PR

0~ “CF,
[{RuCl,(p-cymene)},] N
OMe 9
Ph—=——Ph (3 mol %) P
CsOAc (25 mol %) Br Ph
2 CF3CH,OH, 100 °C, 16 h 3n 81% Ph
0" CF,
SN
OMe . same conditions Z
Ph—==—Ph —_— cl Ph
2h 30,78% "
OMe
[{RuCly(p-cymene)},]
y-OMe = (3 mol %) oN
/T ome  AgSbFs (20 mol %) . Z\_-OMe
2g CsOAc (25 mol %) 3p, 55%
CF3CH,OH, 100 °C, 16 h MeO

Scheme 3B.2 Scope of the symmetrical alkynes

In fact, the cyclization reaction of various meta and ortho substituted I, Cl and F substituted N-
methoxybenzimidoyl halides with diphenylacetylene (2b) was tested. However, in these
reactions, no expected cyclization product 3 was observed; instead a different type of
nucleophilic addition of solvent TFE at the CI group substituted carbon of imidoyl moiety was
observed. For example, in the reaction of meta iodo 1i or chloro 1j substituted N-
methoxybenzimidoyl halides with diphenylacetylene (2b), only TFE addition products 8a-b were
observed instead of cyclization products. Whereas, no cyclization as well as TFE addition
products were observed in the reaction of ortho Me 1k or Cl 1l or F 1m substituted N-
methoxybenzimidoyl halides with diphenylacetylene (2b) (Scheme 3B.3). Based on these
reactions, we have concluded that in the meta substituted N-methoxybenzimidoyl halide
substrates 1i-j, nucleophilic addition of solvent TFE at the CI substituted carbon of imidoyl
moiety takes place before the cyclization reaction. At this stage, further cyclization reaction was
stopped completely. Thus, the cyclization product was not observed. Whereas, in the para

substituted N-methoxybenzimidoyl halide substrates la-i, nucleophilic addition of the solvent
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TFE at the CI substituted carbon of imidoyl moiety takes place after the cyclization reaction.
Thus, the expected cyclization product was observed 3 without any problem. In the meantime,
ortho substituted N-methoxybenzimidoyl halides were not suitable substrates for the reaction
(Scheme 3B.3).

T [{RuCly( ol K
uCly(p-cymene)},
| _.OM | _.OM
Sy-OMe o (3 mol %) Sy-OMe
+ Ph———Ph
1i 2b CsOAc (25 mol %) 8a, 45%
CF3;CH,0H, 100 °C, 16 h
ol 0" CF,
Cl X ,.OMe . Cl X, -OMe
N _ same conditions N
+ Ph———Ph .
1j 2b 8b, 49%
R'" cClI
\N/OMe same conditions
+ Ph———R2 ——> No reaction
1k-m 2a-b Starting materials
R'=Me, | F R2 = Ph, Me recovered

Scheme 3B.3 Studies of the substituted imidoyl halides

In addition, nature of the substituent present on the aromatic ring of 1 also plays an important
role especially for the nucleophilic addition of TFE. Electron-donating alkyl substituents do not
encourage the TFE addition at the Cl substituted carbon of imidoyl moiety. But, electron-
withdrawing substituents such as I, Br, Cl and F favor the TFE addition at the CI substituted

carbon of imidoyl moiety.

3B.2.4 Synthesis of Isoquinolones and 1-Haloisoquinolines

The trifluoroethoxy substituted isoquinoline derivatives 3f, 3g, and 30 are easily converted into
isoquinolone derivatives 4a-c in excellent 89%, 91% and 87% vyields, respectively (Table 3B.4,
entry 1-3), in the presence of HBr/AcOH hydrolysis. Further, isoquinolone derivatives 4a-c were
converted into 1-chloroisoquinoline derivatives 5a-c in excellent 90%, 89% and 93% vyields,
respectively (entry 1-3), by HBr hydrolysis followed by chlorination with POCI3. Similarly, 1-
alkoxyisoquinoline derivatives 4b and 4c were converted into 1-bromoisogunoline derivatives 4h
and 5d and 5e in 91% and 94% vyields, respectively, by HBr hydrolysis followed by bromination
with PBrs3 (Table 4, entry 4 and 5). Whereas, in the substrate 3m, OMe moiety was hydrolysed

instead of trifluoroethoxy moiety, yielding isoquinoline derivative 4d in 81% vyield.
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S

0~ “CFs o Br/Cl
| TSN 30 % HBr/AcOH NH PBr; or POClgy SN
N R 50°C, 2 h R g2 130 °C,6 h ZSR2
1e-g R? Isoquinolones 4a-c R? 1-Haloisoquinolines 5a-e R2
Table 3B.4 Synthesis of isoquinolones (4) and 1-haloisoquinolines (5).2
. . b
Entry Isoquinoline (3) Compound (4) Compound (5)
07 CFy 0 Ci
_H
NN N ~N
=
1 | Zph [ Zph [ Ph
3f Me 4a, 89% Me 5a, 90% Me
0" >CF, 0 Cl
H
N N~ NN
2 | = =
Br Z>Spn Br Ph Br Ph
39 Me 4b, 91% Me 5b, 89% Me
07 CF, @ ol
H
N N~ SN
3 \ = =
cl Z>Spn Cl Ph Cl Ph
30 ph 4c, 87% pp 5¢, 93% Ph
0" CF, o Br
H
S N~ NN
4 \ = =
Br Zph Br Ph Br Ph
39 Me 4b, 91% Me 5d, 91% Me
07 CF, 0 Br
H
N N~ NN
5 \ = =
cl = pn Cl Ph Cl Ph
30 ph 4c. 87% ph 5e, 94% Ph

4All reactions were carried out with substituted 1-alkoxyisoquinolines 3 (150 mg ) with 30% HBr/AcOH
(3.0 mmol) at 50 °C for 2 h. and all reactions were carried out with substituted isoquinolones 4 (100 mg
) with POClI; or PBr; (3.0 mmol) at 130 °C for 6 h. "Isolated yields.

HBr/AcOH
50°C,2h
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3B.2.5 Mechanism

{RuCl>(L)}2]

cl
CsOAc X, .OMe
CsCl N ¢
R2 K:I B N/OMe
—  [RulL(X) J
PN 5 R2 R
0" CF3 X = Cl, OAc, OCH,CF3 6 L
ST L = p-cymene - XH
2 =
R 3 R3 O k /.
CF3CH,0H or XH _@
+ R —
MeOH 2

Cl
Sy-OMe only CF3CH,OH Sy-OMe
or cl
Cl 19 [{RuCly(p-cymene)},]
CsOAc and CF4CH,OH Not observed
100 °C, 16 h

Scheme 4B.4 Proposed mechanism

A possible reaction mechanism for the cyclization of 1 with 2 is proposed in Scheme 3B.4. The
catalytic reaction is likely initiated by the dissociation of dimeric form of ruthenium complex to
monomer followed by ligand exchange with CsOAc providing a ruthenium acetate species 5.
Coordination of the nitrogen atom of imidoyl moiety 1 to the ruthenium species 5 followed by
acetate accelerated ortho-metalation provides intermediate 6. Coordinative regioselective
insertion of alkyne 2 into the Ru-carbon bond of ruthenacycle 6 gives an intermediate 7.
Subsequent C-N bond formation followed by nucleophilic addition of CF3CH,OH (TFE) at ClI
connected carbon of imidoyl moiety and N-OMe bond cleavage of intermediate 7 in the presence
of TFE yields product 3 and regenerates the active ruthenium catalyst 5. In the reaction, only 25
mol % of CsOAc base was used for the ortho C-H bond activation. In the reaction, acetate base
initiates the catalytic reaction. Subsequently, alcoholic solvent acts as a base for the
deprotonation of ortho C-H of aromatic.®® Solvent TFE acts as a base as well as proton donor in
the reaction. TFE protonates OMe group of intermediate 7 providing product 3 and regenerates
Ru-OCH,CF;. To know exactly when TFE is added at Cl connected carbon of imidoyl moiety 1,
the following reactions were carried out. The reaction of TFE with 1g was tested in the presence

of ruthenium catalyst and CsOAc and also carried out without ruthenium catalyst and CsOAc in
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the absence of alkyne 2a (Scheme 3B.4). In these reactions, no TFE addition product was
observed. This result clearly revealed that TFE was added to the imidoyl moiety after insertion of
alkyne into metalacycle intermediate 7. In the reaction of 1a-c with 2a-b (Scheme 3B.1), no TFE

addition was observed at the halogen substituted carbon of imidoyl moiety.
3B.3 Conclusions

In conclusion, we have shown a highly regioselective ruthenium-catalyzed cyclization of
substituted N-methoxy benzimidoyl halide with alkynes in the presence of base to provide 1-halo

and 1-alkoxyisoquinolines in good to excellent yields.
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3B.5 Experimental Section

3B.5.1 General Procedure for the Preparation of Starting Materials 1*

_OMe N-OMe
N| |
X
N NCS or NBS R X
o~ DMF, rt, 48 h =
X = Cl, Br

The appropriate O-alkyl benzaldehyde oxime (20 mmol, 1.0 equiv) and DMF (50 mL) was
charged in a 250 mL round-bottom flask fitted with a septum. Then, N-chlorosuccinimide (NCS,
20 mmol, 1.0 equiv) or N-bromosuccinimide (NBS, 20 mmol, 1.0 equiv) was slowly added to the
reaction mixture. After the addition was complete, the reaction mixture was stirred at room
temperature for 48 h. Then, the reaction mixture was poured into ice water (70 mL) and the
resulting mixture was extracted three times with dichloromethane. The combined organic layers
were dried over MgSOQ,, filtered and the filtrate was concentrated under reduced pressure. The
crude residue was purified through a silica gel column using hexanes and ethyl acetate as eluent

to give pure 1.

Ref. 1: Lijser, H. J. P.; Burke, C. R.; Rosenberg, J.; Hunter, J. J. Org. Chem. 2009, 74, 1679.

3B.5.2 General Procedure for the Cyclization of O-Methylbenzohydroximoyl halides with
Alkynes Catalyzed by Ruthenium Complex

A 15-mL pressure tube equipped with a magnetic stirrer and septum containing [{RuCl(p-
cymene)},] (0.03 mmol, 3 mol %) and CsOAc (25 mol %) was evacuated and purged with
nitrogen gas three times. To the tube were then added O-methylbenzohydroximoyl halides 1
(2.00 mmol), alkynes 2 (1.20 mmol) and CF3CH,OH (2.0 mL) via syringes and again the tube
was evacuated and purged with nitrogen gas three times. Then, in the pressure tube, septum was
taken out and covered with a screw cap immediately under nitrogen atmosphere and the reaction
mixture was allowed to stir at 100 °C for 16 h. After cooling to ambient temperature, the reaction
mixture was diluted with CH,Cl,, filtered through Celite and silica gel, and the filtrate was
concentrated. The crude residue was purified through a silica gel column using hexanes and ethyl

acetate as eluent to give pure 3.
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3B.5.3 General Procedure for the HBr Hydrolysis?

A mixture of O-alkyl isoquinoline 3f (0.30 mmol, 70 mg) and 48% HBr in AcOH (2.0 mL) n a
sealed tube was heated at 50 “C for 2 h. The reaction mixture was cooled to room temperature
and poured into a mixture of ice and saturated ag. NaHCO3 solution. The reaction mixture was
extracted with EtOAc. The extract was washed with brine, dried (MgSQ,), filtered and the
filtrate was concentrated under reduced pressure to yield the corresponding pure isoquinolone
derivative 4a (purification is not necessary). A similar procedure was used for the preparation of
compounds 4b-d. For the chlorination and bromination reactions, the corresponding compounds

were used directly without further purification.

Ref. 2: Li, J.; Chen, L.; Chin, E.; Lui, A. S.; Zecic, H. Tetrahedron Lett. 2010, 51, 6422.

3B.5.4 General Procedure for the Chlorination or Bromination reaction®

In a 50 mL round-bottom flask fitted with a condenser, a suspension of isoquinolone (100 mg) in
phosphorus oxychloride (POCIs) or phosphorus tribromide (PBr3) (2.0 mL) was heated at 100 °C
for 2 h (100 °C for chlorination and 130 °C for bromination). The reaction was monitored on
TLC. After completion the reaction (approx. 2.0 h for chlorination and approx. 6.0 h for
bromination), the reaction mixture was cooled to ambient temperature, and poured in ice and
added saturated NaHCOg, extracted with ethyl acetate. The organic layer was washed with water
and brine, dried over Na,SO,4. The solution was concentrated under reduced pressure to provide
crude 1-halo isoquinolines 4e-i. The crude residue was purified through a silica gel column using
hexanes and ethyl acetate as eluent to give pure 4e-i.

Ref. 3: Tobe, M.; Isobe, Y.; Tomizawa, H.; Nagasaki, T.; Takahashi, H.; Fukazawa, T.; Hayashi,
H. Bioorg. Med. Chem. 2003, 11, 383.
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3B.5.5 X-Ray Analysis

6-Chloro-4-methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3h)

Cl Ph

Table 3B.4 Crystal data and structure refinement for (3h)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

3h

CisHisCIFsN O

351.74

200(2) K

0.71073 A

‘Monoclinic’

‘P121/nl’

a=11.5379(13) A a=90°.

b =7.0208(8) A B=94.958(3)°.
c=19.335(2) A y = 90°.
1560.4(3) A3

4

1.497 Mg/m3

0.282 mm-1

720

0.14 x 0.12 x 0.06 mm3

1.98 to 28.36°.

-15<=h<=15, -9<=k<=8, -25<=I<=25
27160

3907 [R(int) = 0.0437]
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Completeness to theta = 28.36° 99.9 %

Max. and min. transmission 0.9833 and 0.9616

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3907 /0/219

Goodness-of-fit on F2 1.030

Final R indices [I>2sigma(l)] R1=0.0361, wR, = 0.0901

R indices (all data) R1 =0.0544, wR, = 0.1004
Extinction coefficient 0.0009(5)

Largest diff. peak and hole 0.345 and -0.287 e.A-3

3B.5.6 Regioselective Studies: NOESY Experiments

Copy of NOESY Experiment of Compound 3f

PN PN

(0] CF; (0] CF3
Hd SN Hd SN
! Zph | e
Hb e HC Hb pn  Ha
Ha 6 =2.52; Hb =8.36; Hc =7.48 - 7.42
Hd 6 = 8.01 No signal
Observed Not observed

There is a NOE correlation between Ha (5 2.52, s) and Hb (6 8.36, s). In meantime, there is also
correlation between Ha (6 2.52, s) and Hc (5 7.48 - 7.42, m). However, there is no correlation

between Hb (6 8.36, s) and Hc (&6 7.48 - 7.42, m). These results clearly revealed that the

regiochemistry of compound 3f is correct.

1

— &5
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Copy of NOESY experiment of compound 3j

OCH,CF3 OCH,CF3
B [N
= = Me
Cl Ph Cl
Hc Hb Hc Ha

H
Me P
Ha & = 2.93; Hb = 7.54 - 7.43; Hc = 7.97 No signal

Observed Not observed

There is a NOE correlation between Ha (5 2.93, q) and Hc (6 7.97, s). In meantime, there is also
correlation between Ha (52.93, q) and Hb (5 7.54 - 7.43, m). If the other regioisomer is formed,
there should not be correlation between Ha (6 2.93, q) and Hc (& 7.97, s). However, there is
correlation between Ha (6 2.93, ) and Hc ((6 7.97, s). Thus, these results clearly revealed that

the regiochemistry of compound 3j is correct.
T

S S I W [} A
| 240912-09-SYPC-30 [
J 2
= B 3.0
F3.5
4.0
k4.5
— ’ 5.0
' E
5.5 g
OoC HQCFg 6.0
| ~ N 6.5
F - 70
| . cl Ph
fj * _ﬂ‘ Et 75
- i - 8.0
‘;J‘ - P

3B.5.7 Spectral Data of all Compounds

1-Chloro-4,6-dimethyl-3-phenylisoquinoline (3a): Brown semisolid; eluent (3% ethyl acetate
ol in hexanes) IR (ATR) ¥ (cm™): 2922, 1722, 1621, 1482, 1308, 1242 and

m 1091. *H NMR (CDCls, 400 MHz): & 8.25(d, J = 8.0 Hz, 1 H), 7.57 (d, J = 8.0
Me M/ PhIHz, 2 H), 7.47 — 7.42 (m, 3 H), 7.40 (s, 1 H), 7.35 (d, J = 8.0 Hz, 1 H), 2.52 (s,

e
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3 H), 2.28 (s, 3 H). *C NMR (CDCls, 100 MHz): § 162.6, 151.2, 145.8, 138.9, 133.4, 129.7,
129.5, 129.3, 128.2, 123.5, 118.4, 109.1, 22.3, 13.6. HRMS (ESI): calc. for [(C17H14CIN)H]
(M+H) 268.0893, measured 268.0897.

1-Bromo-4,6-dimethyl-3-phenylisoquinoline (3b): Brown semisolid; eluent (3% ethyl acetate
- in hexanes) IR (ATR) ¥ (cm™): 2911, 1591, 1417, 1121 and 1038. ‘*H NMR
m (CDCls, 400 MHz): 8 8.24 (d, J = 8.0 Hz, 1 H), 7.56 (dd, J = 8.0, 4.0 Hz, 2 H),

Me “; Ph|7.46 — 7.40 (m, 4 H), 7.34 (d, J = 8.0 Hz, 1 H), 2.51 (s, 3 H), 2.28 (s, 3 H). **C
NMR (CDClIs, 100 MHz): 6 162.7, 151.3, 145.9, 138.9, 133.5, 129.8, 129.6,

129.3, 128.3, 123.6, 118.5, 109.1, 22.4, 13.7. HRMS (ESI): calc. for [(C17H1sBrN)H] (M+H)
312.0388, measured 312.0385.

6-(tert-Butyl)-1-chloro-4-methyl-3-phenylisoquinoline (3c): Yellow liquid; eluent (3% ethyl
o acetate in hexanes). IR (ATR) v (cm™): 2961, 1728, 1601, 1482, 1308, 1247,

SN 1100 and 1037. *H NMR (CDCls, 400 MHz): § 8.29 (d, J = 8.0 Hz, 1 H), 7.60
X@ph —7.58 (m, 3 H), 7.56 (d, J = 4.0 Hz, 1 H), 7.47 — 7.41 (m, 3 H), 2.32 (s, 3 H),
1.40 (s, 9 H). *C NMR (CDCls, 100 MHz): & 162.6, 158.7, 151.2, 138.7,

1335, 129.6, 129.5, 129.3, 128.3, 125.9, 119.6, 118.4, 109.4, 35.7, 31.2, 13.6. HRMS (ESI):
calc. for [(CagH20CINYH] (M+H) 310.1363, measured 310.1366.

6-(tert-Butyl)-1-chloro-3,4-diphenylisoquinoline (3d): Colorless solid; eluent (3% ethyl acetate
o in hexanes). m.p. 152-154 °C, *H NMR (CDCls, 400 MHz): $8.32 (d, J = 8.0

SN |Hz, 1 H), 7.57 (dd, J = 4.0, 4.0 Hz, 1 H) 7.42 — 7.38 (m, 3 H), 7.31 (d, J = 8.0
X@kph Hz, 2 H), 7.26 — 7.23 (m, 2 H), 7.21 — 7.15 (m, 4 H), 1.22 (s, 9 H). **C NMR
i (CDCl3, 100 MHz): ¢ 162.3, 158.6, 150.9, 138.7, 134.4, 133.1, 131.3, 129.4,

129.3, 129.0, 128.8, 128.1, 127.9, 126.0, 121.7, 118.0, 117.3, 35.5, 30.9. HRMS (ESI): calc. for
[(CasH22CIN)H] (M+H) 372.1519, measured 372.1516.

4-Methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3e): Colorless solid; eluent (1%
ethyl acetate in hexanes). m.p. 135-137 °C, IR (ATR) ¥ (cm™): 2923, 2855,
1729, 1624, 1580, 1454, 1350, 1272, 1107 and 1034. *H NMR (CDCls, 400
MHz): 6 8.33 (d,J=8.0Hz, 1 H), 7.98 (d, J=8.0 Hz, 1 H), 7.77 (t, J=8.0 Hz, 1
H), 7.60 (t, J=8.0 Hz, 1 H), 7.59 (d, J = 8.0 Hz, 2 H), 7.48 (t, J = 8.0 Hz, 2),
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7.42 —7.38 (m, 1 H), 4.96 (g, J = 8.0 Hz, 2 H), 2.57 (s, 3 H). *C NMR (CDCls;, 100 MHz): &
156.1, 147.2, 140.8, 138.8, 130.9, 130.0, 128.0, 127.7, 126.5, 125.4 (due to F — Coupling), 124.2,
123.7, 122.6 (due to F — Coupling), 119.2, 118.0, 62.1 (q, J = 36.0 Hz), 15.2. HRMS (ESI): calc.
for [(C1gH14FsNO)H] (M+H) 318.1106, measured 318.11009.

6-lodo-4-methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3f): Colorless solid; eluent

(1% ethyl acetate in hexanes) m.p. 181-183 °C, IR (ATR) v (cm™): 1605,

SN 1415, 1268, 1168, 1109 and 1054. *H NMR (CDCls, 400 MHz): 6 8.36 (s, 1

[ Z>pn [H), 8.01(d,J=8.0Hz,1H),7.85(d, J=8.0Hz, 1 H), 7.55(d, J =8.0 Hz, 2

Me H), 7.48 (t, J = 8.0 Hz, 2 H), 7.42 (t, J = 8.0 Hz, 1 H) 4.94 (q, J = 8.0 Hz, 2 H)

2.52 (s, 3 H). **C NMR (CDCls, 100 MHz): & 156.1, 148.4, 140.4, 140.3, 135.3, 133.0, 129.9,

128.1, 127.9, 125.6, 125.3 and 122.5 (due to F — coupling), 118.0, 116.7, 98.9, 62.1 (d, J = 37.0
Hz), 15.2. HRMS (ESI): calc. for [(C1gH13F3INO)H] (M+H) 444.0072, measured 444.0076.

07 CF,4

6-Bromo-4-methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline  (3g): Colorless solid;
eluent (1% ethyl acetate in hexanes). m.p. 195-197 °C, IR (ATR) v (cm™):
SN - 1584, 1414, 1264, 1169, 1109 and 1034. '"H NMR (CDCls, 400 MHz): 6 8.17
Brmph (d, J=8.0 Hz, 1 H), 8.13 (s, 1 H), 7.66 (dd, J = 8.0, 4.0 Hz, 1 H), 7.56 (dd, J =
8.0, 4.0 Hz, 2 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.42 (t, J = 8.0 Hz, 1 H), 4.94 (g, J
= 8.0 Hz, 2 H), 2.52 (s, 3 H). *C NMR (CDCls, 100 MHz): § 156.0, 148.6, 140.4, 140.2, 129.9,
128.1,127.9, 126.4, 126.2, 126.0, 125.3 and 122.5 (due to F — coupling), 118.4, 116.4, 62.0 (q, J
= 36), 15.2. HRMS (ESI): calc. for [(C1gH13BrFsNO)H] (M+H) 396.0211, measured 396.0214.

O/\

6-Chloro-4-methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline  (3h): Colorless solid;
o cF, eluent (1% ethyl acetate in hexanes). m.p. 201-203 °C, IR (ATR) v (cm™):
SN 1585, 1414, 1263, 1166, 1107 and 1035. 'H NMR (CDCls, 400 MHz): & 8.24
CI/©<:/LPh (d,J=8.0Hz,1H),793(s,1H),758(d,J=8.0,Hz, 2H),753-7.47 (m, 3
H) 7.42 (t, J = 8.0, Hz, 1 H), 4.95 (q, J = 8.0, Hz, 2 H), 2.53 (s, 3 H). *°C
NMR (CDCl3, 100 MHz): 6 155.9, 148.6, 140.4, 139.9, 137.5, 129.9, 128.1, 127.9, 127.3, 126.0,
125.3 (due to F — coupling), 123.1, 122.5 (due to F — coupling), 118.5, 116.2, 62.2 (q, J = 35.0
Hz), 15.2. HRMS (ESI): calc. for [(C1sH13CIFsNO)H] (M+H) 352.0716, measured 352.0713.

Me
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6-Fluoro-4-methyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3i): Colorless solid; eluent
o CF, (1% ethyl acetate in hexanes) m.p. 220-223 °C, IR (ATR) v (cm™): 1568, 1417,
m 1260, 1150, 1109 and 1035. *H NMR (CDCls, 400 MHz): & 8.34 (dd, J = 8.0,
F " “Ph 4.0 Hz, 1 H), 7.59 — 7.54 (m, 3 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.43 (d, J = 8.0 Hz,
1 H), 7.33 (t, J = 8.0 Hz, 1 H), 4.95 (g, J = 8.0 Hz, 2 H), 2.51 (s, 3 H). **C
NMR (CDCl3, 100 MHz): 6 165.4, 162.9, 155.9, 148.5, 141.0 (d, J = 9.0 Hz), 140.5, 129.9,
128.1 (d, J = 18.0 Hz), 127.4 (d, J = 10.0 Hz), 125.3 and 122.5 (due to F — coupling), 118.9 (d, J
= 5.0 Hz), 116.4 (d, J = 24.0 Hz), 114.9, 108.3 (d, J = 22.0 Hz), 62.1 (q, J = 36.0 Hz), 15.3.
HRMS (ESI): calc. for [(C1gH13F4sNO)H] (M+H) 336.1012, measured 336.1017.

Me

6-Chloro-4-ethyl-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3j): Colorless solid; eluent
o cF, (1% ethyl acetate in hexanes) m.p. 185-187 °C, IR (ATR) ¥ (cm™): 2970,
N 1612, 1579, 1416, 1269, 1167, 1109 and 1054. *H NMR (CDCls, 400 MHz): &
Clm% 8.27 (d, J = 8.0 Hz, 1 H), 7.97 (s, 1 H), 7.54 — 7.43 (m, 6 H), 4.93 (q, J = 8.0
Hz, 2 H), 2.93 (g, J = 8.0 Hz, 2 H), 1.28 (t, J = 8.0 Hz, 3 H). *C NMR
(CDCl3, 100 MHz): & 155.9, 148.8, 140.8, 138.9, 137.5, 129.2, 128.2, 127.9, 127.3, 126.2, 125.3
(due to F — coupling), 125.0, 123.1, 122.5 (F — coupling), 116.7, 62.2 (q, J = 35.0 Hz), 21.4,
15.7. HRMS (ESI): calc. for [(C1oH1sCIFsNO)H] (M+H) 366.0873, measured 366.0878.

Et

4-Butyl-6-chloro-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3k): Colorless solid; eluent
— (1% ethyl acetate in hexanes) m.p. 174-176 °C, IR (ATR) ¥ (cm™): 2951,

07 >CF,
Ny 2868, 1614, 1510, 1467, 1371, 1254, 1162 and 1037. *H NMR (CDCls, 400
ol 7 >ph [MH2): § 8.25 (dd, J = 8.0, 4.0 Hz, 1 H), 7.92 (s 1 H), 7.52 — 7.40 (m, 6 H),

n-Bu

4.90 (g, J = 8.0 Hz, 2 H), 2.87 (t, J = 8.0 Hz, 2 H), 1.63 — 1.55 (m, 2 H), 1.37 —
1.28 (m, 2 H), 0.85 (t, J = 8.0 Hz, 3 H). *C NMR (CDCls, 100 MHz): & 155.8, 149.0, 140.8,
139.1, 137.4, 129.3, 128.1, 127.8, 127.2, 126.2, 125.3 (due to F — coupling), 123.8, 123.1, 122.5
(due to F — coupling), 116.6, 62.2 (q, J = 36.0 Hz), 33.3, 27.9, 22.8, 13.8. HRMS (ESI): calc. for
[(C21H19CIF3NO)H] (M+H) 394.1186, measured 394.1189.

4-Allyl-6-chloro-3-phenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (31): Yellow liquid; eluent
(1% ethyl acetate in hexanes) IR (ATR) v (cm™): 1614, 1580, 1490, 1414,
1376, 1271, 1166 and 1030. *H NMR (CDCl;, 400 MHz): & 8.27 (d, J = 8.0
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Hz, 1 H), 7.90 (s, 1 H), 7.61 (dd, J = 8.0, 4.0 Hz, 2 H), 7.52 (dd, J = 8.0, 4.0 Hz, 1 H), 7.48 —
7.42 (m, 2 H), 7.29 (t, J = 8.0 Hz, 1 H), 6.19 — 6.10 (m, 1 H) 5.20 (dd, J = 8.0, 4.0 Hz, 1 H), 4.96
(9, J = 8.0 Hz, 2 H), 4.90 (dd, J = 8.0, 4.0 Hz, 1 H), 3.67 (g, J = 8.0 Hz, 2 H). *C NMR (CDCls,
100 MHz): 6 156.4, 149.8, 140.2, 139.5, 137.6, 136.9, 131.5, 129.2, 128.2, 128.1, 127.4, 126.0,
125.3 (due to F — coupling), 123.8, 122.5 (due to F — coupling), 120.0, 117.1, 116.5, 62.2 (9, J =
36.0 Hz), 32.8. HRMS (ESI): calc. for [(CyoH1sCIFsNO)H] (M+H) 378.0873, measured
378.0874.

4-Butyl-6-chloro-3-(4-methoxyphenyl)-1-(2,2,2-trifluoroethoxy)isoquinoline (3m): Yellow

semi solid; eluent (3% ethyl acetate in hexanes) IR (ATR) ¥ (cm™):
2957, 2863, 1610, 1515, 1462, 1375, 1259, 1169 and 1034. 'H NMR
(CDCl3, 400 MHz): 6 8.24 (d,J=8.0 Hz, 1 H), 7.91 (s, 1 H), 7.49 (d, J
OMe J=8.0 Hz, 1 H), 7.45 (d, J = 8.0 Hz, 2 H), 7.00 (d, J = 8.0 Hz, 2 H), 4.91
(9, J=8.0Hz, 2 H) 3.88 (s, 3H),2.90 (t, J=8.0 Hz, 2 H), 1.64 — 1.57 (m, 2 H), 1.40 — 1.31 (m,
2 H), 0.88 (t, J = 8.0 Hz, 3 H). *C NMR (CDCls, 100 MHz): & 159.3, 155.7, 148.7, 139.2, 137.3,
133.4 133.3, 130.6, 127.0, 126.2, 125.3 (due to F — coupling), 123.6, 123.1, 122.5 (due to F —
coupling), 116.5, 113.5, 62.1 (q, J = 37.0 Hz), 55.4, 33.3, 28.0, 22.9, 13.8. HRMS (ESI): calc. for
[(C22H21CIF3NOZ)H] (M+H) 424.1291, measured 424.1296.

6-Bromo-3,4-diphenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (3n): Yellow solid; eluent (1%
0 CF, ethyl acetate in hexanes) IR (ATR) v (cm™): 2926, 1581, 1454, 1361, 1272,

SN |1132 and 1045. *H NMR (CDCls, 400 MHz): & 8.21(d, J = 8.0 Hz, 1 H), 7.72
BJ@Q%% (s, 1 H), 7.66 (dd, J = 8.0, 4.0 Hz, 1 H), 7.38 — 7.32 (m, 5 H), 7.20 — 7.18 (m, 5
H), 5.04 (g, J = 8.0 Hz, 2 H). *C NMR (CDCls, 100 MHz): & 157.1, 147.8,

140.1, 139.8, 136.6, 131.4, 130.3, 130.2, 128.7, 128.4, 128.0, 127.7, 127.6, 126.4, 125.9, 125.6,

125.3 and 122.5 (due to F — coupling), 116.3, 62.4 (q, J = 36.0 Hz). HRMS (ESI): calc. for
[(C23H1sBrFsNO)H] (M+H) 458.0367, measured 458.0367.

6-Chloro-3,4-diphenyl-1-(2,2,2-trifluoroethoxy)isoquinoline (30): Yellow solid; eluent (1%
———ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 2922, 1584, 1458, 1419, 1364,
O” CF

. *11270, 1122 and 1040. 'H NMR (CDCls, 400 MHz): & 8.29 (d, J = 8.0 Hz, 1
ol Aon [H), 7.54 (s, 1 H), 7.51 (dd, J = 8.0, 4.0 Hz, 1 H), 7.38 — 7.32 (m, 5 H), 7.20 —

Ph
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7.18 (m, 5 H), 5.04 (g, J = 8.0 Hz, 2 H). *C NMR (CDCls, 100 MHz): § 157.0, 147.8, 139.9,
139.8, 137.7, 136.7, 131.4, 130.4, 130.2, 128.7, 128.4, 127.7, 127.3, 125.9, 125.8 (due to F —
coupling), 125.6, 125.2 (due to F — coupling), 124.8, 116.0, 62.3 (g, J = 37 Hz). HRMS (ESI):
calc. for [(Ca3H1sCIFsNO)H] (M+H) 414.0873, measured 414.0871.

6-Chloro-1-methoxy-3,4-bis(methoxymethyl)isoquinoline (3p): Pale yellow semisolid; eluent
(20% ethyl acetate in hexanes) *H NMR (CDCls, 400 MHz): § 7.51 (d, J =

OMe

N 8.0 Hz, 1 H), 7.40 (s, 1 H), 7.16 (dd, J = 8.0, 4.0 Hz, 1 H), 4.55 (s, 2 H),
c 7M1 454 (5,2 H), 4.11 (5, 3 H), 3.37 (5, 6 H). 3C NMR (CDCl3, 100 MH2): &
MeO 153.1, 145.9, 142.6, 135.0, 132.7, 129.2, 126.9, 121.6, 121.0, 67.1, 66.0,

63.8, 58.5, 58.3. HRMS (ESI): calc. for [(C14H16CINO3)H] (M+H) 282.0897, measured
282.0903.

6-lodo-4-methyl-3-phenylisoquinolin-1(2H)-one (4a): Colorless solid; eluent (25% ethyl
acetate in hexanes). m.p. 221-223 °C, IR (ATR) ¥ (cm™): 3390, 2933, 1569,

mﬁ 1443, 1254, 1042. *H NMR (CDCls, 400 MHz): & 9.08 (bs, 1H), 8.10 (d, J = 4.0
! 7 Ph |Hz, 1 H), 8.09 (s, 1H), 7.80 (dd, J = 4.0, 4.0 Hz, 1 H), 7.50 — 7.46 (m, 3 H) 7.45

Me

—7.41 (m, 2 H), 2.20 (s, 3 H). *C NMR (DMSO-ds, 100 MHz): § 161.7, 140.3,
139.5, 135.2, 135.0, 132.8, 130.1, 129.3, 129.2, 128.7, 125.0, 106.7, 102.0, 13.9. HRMS (ESI):
calc. for [(C1H12INO)H] (M+H) 362.0042, measured 362.0040.

6-Bromo-4-methyl-3-phenylisoquinolin-1(2H)-one (4b): Colorless solid; eluent (25% ethyl
acetate in hexanes). m.p. 228-230 °C, IR (ATR) v (cm™): 3394, 2922, 1585,
1457, 1268, 1081. *H NMR (CDCls, 400 MHz): & 9.14 (bs, 1H), 8.25 (d, J = 8.0
Hz, 1 H), 7.87 (s, 1H), 7.59 (d, J = 8.0 Hz, 1 H) 7.51 — 7.42 (m, 5 H), 2.21 (s, 3
H). *C NMR (DMSO-dg, 100 MHz): & 181.4, 140.5, 139.8, 134.9, 130.1, 129.7,
129.5, 129.4, 128.8, 127.5, 126.7, 124.7, 106.9, 13.9. HRMS (ESI): calc. for [(C1sH12BrNO)H]
(M+H) 314.0181, measured 314.0183.

6-Chloro-3,4-diphenylisoquinolin-1(2H)-one (4c): Colorless solid; eluent (25% ethyl acetate in
hexanes). *H NMR (CDCls, 400 MHz): & 9.77 (bs, 1H), 8.36 (d, J = 8.0 Hz, 1

@ﬁ’* H), 7.41 (dd, J = 4.0, 4.0 Hz, 1 H) 7.32 — 7.29 (m, 4 H), 7.27 — 7.20 (m, 5 H),
c 7 Ph|7.15 — 7.13 (m, 2 H). C NMR (CDCls, 100 MHz): § 162.4, 154.9, 140.1,

Ph
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139.5, 138.7, 135.0, 134.6, 131.7, 129.3, 128.9, 128.7, 128.4, 127.7, 127.2, 125.1, 123.4, 116.5.
HRMS (ESI): calc. for [(C2;H14CINO)H] (M+H) 332.0842, measured 332.0840.

4-(4-Butyl-6-chloro-1-(2,2,2-trifluoroethoxy)isoquinolin-3-yl)phenol (4d): Colorless solid;
eluent (15% ethyl acetate in hexanes). m.p. 246-248 °C, IR (ATR) v (cm’
1): 3385, 2936, 1591, 1462, 1255, 1075. *H NMR (CDCls, 400 MHz): &
8.24 (d,J=8.0Hz, 1 H), 7.90 (s, 1H), 7.49 (d, J=8.0 Hz, 1 H) 7.39 (d, J
=8.0 Hz, 2 H), 6.92 (d, J = 8.0 Hz, 2 H), 5.13 (bs, 1H), 4.90 (q, J = 8.0
Hz, 2 H), 2.88 (d, J = 8.0 Hz, 2 H), 1.59 (qt, J = 8.0 Hz, 2 H), 1.35 (m, 2 H), 0.88 (t, J = 8.0 Hz,
3 H). ¥C NMR (CDCls, 100 MHz): & 155.7, 155.3, 148.6, 139.2, 137.4, 133.5, 130.8, 127.1,
126.2, 123.6, 123.1, 122.5, 116.5, 115.0, 62.9 - 62.2 (q), 33.3, 28.0, 22.9, 13.8. HRMS (ESI):
calc. for [(Cy2H19CIF3NO2)H] (M+H) 410.1135, measured 410.1133.

1-Chloro-6-iodo-4-methyl-3-phenylisoquinoline (4e): Pale yellow oil; eluent (5% ethyl acetate
in hexanes). *H NMR (CDCls, 400 MHz): § 8.44 (s, 1 H), 8.06 (d, J = 8.0 Hz, 1 H), 7.94 (d, J =
o 8.0 Hz, 1 H), 7.54 (d, J = 8.0 Hz, 2 H), 7.46 (t, J = 8.0 Hz, 2 H), 7.40 (t, J = 8.0
Sy |Hz, 1 H), 2,57 (s, 3 H). *C NMR (CDCl;, 100 MHz): & 151.9, 148.9, 139.7,
'/©<;Lph 139.6, 136.6, 133.6, 129.9, 128.3, 128.2, 124.4, 123.2, 99.3, 15.6. HRMS (ESI):

Me
calc. for [(C16H11CIIN)H] (M+H) 379.9703, measured 379.9711.

1,6-Dichloro-4-methyl-3-phenylisoquinoline (4f): Pale yellow oil; eluent (5% ethyl acetate in
o hexanes). *H NMR (CDCls, 400 MHz): & 8.30 (d, J = 8.0 Hz, 1 H), 8.01 (s, 1
Sy |H), 7.60 (dd, J = 8.0 Hz, 1 H), 7.55 (d, J = 8.0 Hz, 2 H), 7.46 (t, J = 8.0 Hz, 2
umph H), 7.41 (t, J = 8.0 Hz, 1 H), 2.58 (s, 3 H). *C NMR (CDCls, 100 MHz): &
= 152.0, 148.8, 139.5, 139.3, 137.9, 129.9, 128.8, 128.7, 128.3, 128.2, 123.9,

123.6, 123.5, 15.6. HRMS (ESI): calc. for [(CiH1:CI,N)H] (M+H) 288.0347, measured
288.0353.

1,6-Dichloro-3,4-diphenylisoquinoline (4g): Pale yellow oil; eluent (5% ethyl acetate in
o hexanes). *H NMR (CDCls, 400 MHz): & 8.35 (d, J = 8.0 Hz, 1 H), 7.62 (s, 1

m H), 7.59 (dd, J = 8.0, 4.0 Hz, 1 H), 7.39 — 7.37 (m, 3 H), 7.34 — 7.32 (m, 2 H),
cl 7 ph {7.21 — 7.18 (m, 5 H). *°C NMR (CDCls, 100 MHz): & 150.9, 150.4, 139.1,

Ph
139.0, 138.0, 135.9, 131.1, 130.3, 130.1, 129.0, 128.8, 128.3, 128.1, 127.9,
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125.3, 123.9. HRMS (ESI): calc. for [(C21H13CI:N)H] (M+H) 350.0503, measured 350.0510.
1,6-Dibromo-4-methyl-3-phenylisoquinoline (4h): Pale yellow oil; eluent (5% ethyl acetate in
- hexanes). *H NMR (CDCls, 400 MHz): & 8.20 — 8.16 (m, 2 H), 7.73 (t, J = 8.0
m Hz, 1 H), 7.54 (d, J = 8.0 Hz, 2 H), 7.46 (t, J = 8.0 Hz, 2 H), 7.40 (t, J = 8.0 Hz,
Br M: Ph|1 H), 2.56 (s, 3 H). *C NMR (CDCl3, 100 MHz): & 152.6, 142.3, 139.4, 139.1,
131.5, 131.0, 129.9, 128.3, 126.9, 126.6, 126.1, 123.8, 14.6. HRMS (ESI): calc.
for [(C16H11BroN)H] (M+H) 375.9336, measured 375.9335.

1-Bromo-6-chloro-3,4-diphenylisoquinoline (4i): Pale yellow oil; eluent (5% ethyl acetate in
~hexanes). *H NMR (CDCls, 400 MHz): 5 8.18 (dd, J = 8.0, 4.0 Hz, 1 H), 7.47 -
SN |7.45 (m, 2 H), 7.25 — 7.23 (m, 3 H), 7.20 — 7.18 (m, 2 H), 7.10 — 7.03 (m, 5 H).
mm Ph|3C NMR (CDCls5, 100 MHz): & 151.2, 143.8, 138.8, 138.6, 137.9, 135.7, 130.9,
. 130.5, 130.2, 129.1, 128.7, 128.0, 127.7, 125.9, 125.2. HRMS (ESI): calc. for
[(C21H13BrCIN)H] (M+H) 393.9998, measured 394.0007.

(2)-2,2,2-Trifluoroethyl 3-iodo-N-methoxybenzimidate (8a): Pale Yellow semi solid; eluent
( o 1(1% ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz): & 8.16 (s, 1 H),
S 7.76 (d, 3 = 8.0, Hz, 1 H), 7.74 (d, J = 8.0, Hz, 1 H), 7.12 (t, J = 8.0, Hz, 1 H),
@N/OMe 4.73 (g, J = 8.0, Hz, 2 H), 3.96 (s, 3 H). **C NMR (CDCl;, 100 MHz): & 150.4,
o J139.4, 135.4,132.1, 130.1, 125.7, 124.5 — 121.7 (F coupling), 94.1, 69.0 — 67.9
(g, due to fluorine coupling), 63.0. HRMS (ESI): calc. for [(C1oHgF3INO,)H] (M+H) 359.9708,

measured 359.9703.

(2)-2,2,2-Trifluoroethyl 3-chloro-N-methoxybenzimidate (8b): Pale Yellow semi solid;
r \eluent (1% ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz): § 7.79 (s, 1
H), 7.67 (d, J = 8.0, Hz, 1 H), 7.39 (d, J = 8.0, Hz, 1 H), 7.32 (t, J = 8.0, Hz, 1
QA\N/OMG H), 4.74 (g, J = 8.0, Hz, 2 H), 3.96 (s, 3 H). *C NMR (CDCls, 100 MHz): §

150.7, 134.6, 131.9, 130.5, 129.7, 126.6, 124.6, 124.5 — 121.7 (F coupling),
"69.0 — 67.9 (g, due to fluorine coupling), 63.0. HRMS (ESI): calc. for
[(C10HsCIF3NO,)H] (M+H) 268.0352, measured 268.0350.
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3B.5.7 Spectral Copies of Selected Compounds

'H and *C NMR Spectra of Compound 3a
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'H and *C NMR Spectra of Compound 3e
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'H and *C NMR Spectra of Compound 4a
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'H and *C NMR Spectra of Compound 4e
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Section 3C: Ruthenium-Catalyzed Intramolecular Selective Halogenation of
O-Methylbenzohydroximoyl halides: A New Route to Halogenated Aromatic

nitriles

3C.1 Introduction

Aromatic halides are synthetically useful compounds that have been widely used as precursors in
various organic transformations and for synthesizing various organometallic reagents,
heterocyclic compounds, natural products, biologically active molecules and organic materials.’
Traditionally, substituted aromatic halides are prepared by aromatic electrophilic substitution of
electron-rich aromatics.” However, many of these reactions generally provide mixtures of
regioisomeric ortho and para substituted aromatic halides. Alternatively, ortho-halo substituted
aromatics are efficiently prepared by chelation-assisted metal-base mediated C-H bond activation
of substituted aromatics followed by halogen quenching.®> Recently, metal-catalyzed directing
group assisted transformation of ortho aromatic C-H bonds to C-X bonds by utilizing NXS
sources (X = CI, Br and I) or XOAc or CuX, have been reported.* By using these methods,
various ortho-bromo and iodo substituted aromatic compounds are conveniently prepared.
However, still chlorobenzenes synthesis is a challenging task. In all reported reactions,

halogenation of aromatics proceeded via intermolecular fashion.’

The ortho C-H bond activation of aromatics has been fairly studied in the literature.*> But, the
meta selective C-H bond activation of aromatics is much limited in the literature.® In this context,
metal-catalyzed meta selective arylation and alkenylation of substituted aromatics have been
reported by the groups of Gaunt, Yu and Sanford.%¢ In addition, Ru(Il)-catalyzed meta selective

sulfonation of 2-phenylpyridines has been demonstrated by Frost and co-workers in 2011.%
3C.2 Results and Discussion

To date, no report is available in the literature for halogenation at the meta C-H bond of
substituted aromatics. In the meantime, there is also no example available in the literature for
halogenation of aromatics via intramolecular fashion. With this in mind, and also our continuous
interest in the Ru(Il)-catalyzed C-H activation reactions,”® prompted us to explore the possibility
of doing halogenation at the meta C-H bond of substituted aromatics via intramolecular fashion.

Herein, we wish to account for the first time an unprecedented ruthenium-catalyzed
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intramolecular  halogenation at the meta and ortho carbon position of O-
methylbenzohydroximoyl halides. It is noteworthy to say that the present halogenation reaction
is conducted under the base and oxidant free conditions. It is also important to point out that
substituted aromatic nitriles are key structural units in various natural products and also key

intermediates for synthesising various pharmaceutically active molecules, agricultural molecules,

dyes and organic materials.**°
ci N
/@)\\N/OMG [{RuCly(p-cymene)},] (3 mol %) /©/ (3C.1)
HO diphenylacetylene (30 mol %) HO
1a iso-PrOH, 100 °C, 16 h 2a Cl

The halogenation of 4-hydroxy-N-methoxybenzimidoyl chloride (1a) in the presence of
[{RuCl,(p-cymene)}-] (3 mol %) and ligand diphenylacetylene (30 mol %) in iso-PrOH at 100
°C for 16 h gave 3-chloro-4-hydroxybenzonitrile (2a) in 83% isolated yield (eq. 3C.1). In the
reaction, chlorination takes place very selectively at the meta carbon position of la and the

imidoyl moiety of 1a is converted into the nitrile moiety.

3C.2.1 Optimization Studies

Cl CN
\N _OMe [{RuCly(p-cymene)},] (3 mol %)
ligand HO
HO 1a solvent, 100 °C, 16 h 2a Cl
Table 3C.1 Ruthenium catalyzed selective halogenation of benzonitriles.*
Entry Ligand Solvent Yield % (2a)°

1 No ligand MeOH nr
2 PPh3 (20 mol %) MeOH nr
3 dppe (10 mol %) MeOH nr
4 L: (30 mol %) MeOH 72
5 styrene (30 mol %) MeOH nr
6 L, (50 mol %) MeOH 71
7 norbornadiene (50 mol %) MeOH nr
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8 cyclooctadiene (50 mol %) MeOH nr
9 norbornene (50 mol %) MeOH nr
10 L1 (30 mol %) MeOH nr
11 L1 (30 mol %) iso-PrOH 93
12 L1 (30 mol %) tert-BuOH 55
13 L1 (30 mol %) DMF 60
14 L1 (30 mol %) THF nr
15 L; (30 mol %) CHsCN nr
16 L1 (30 mol %) toluene nr
17 L1 (30 mol %) DCE nr
18 L1 (30 mol %) CH;COOH nr
19 L1 (30 mol %) 1,4-dioxane nr

4All reactions were carried out using 1a (1.0 mmol), ligand and [{RuCly(p-cymene)},] (3 mol %), L, -
diphenylacetylene, L, = methyl acrylate, in solvent (3.0 mL) at 100 °C for 16 h. "Yields were determined by the 'H
NMR integration method, using mesitylene as an internal standard.

In the beginning of the project, the intramolecular chlorination of la was examined in the
presence of [{RuCl,(p-cymene)},] (3 mol %) in MeOH at 100 °C for 16 h. However, in the
reaction, no chlorination product 2a was observed (Table 3C.1, entry 1). Then, the catalytic
reaction was tested in the presence of phosphine ligands PPhs and dppe and carbon-carbon n-
component ligands such as diphenylacetylene, styrene, methyl acrylate, norbornene,
norbornadiene and cyclooctadiene (entry 2-9). The corresponding chlorination product 2a was
observed in the presence of ligand, diphenylacetylene, in 72% vyield (entry 4). The yield of
product 2a was determined by the *H NMR integration methods using mesitylene as an internal
standard. Methyl acrylate (50 mol %) also worked equally, giving 2a in 71% vyield (entry 6).
Other ligands were totally inactive for the reaction. Usually, less coordinating carbon-carbon -
component moieties are suitable ligands for C-H bond activation reaction. Importantly,
diphenylacetylene or methyl acrylate was not involved in the reaction. In the crude reaction
mixture, diphenylacetylene or methyl acrylate was found. This was isolated and confirmed by
NMR spectroscopy. The reaction was tested without ruthenium catalyst and just only in the
presence of ligand. In the reaction, no 2a was observed. This result clearly revealed that both
ruthenium and ligand such as diphenylacetylene or methyl acrylate are crucial for the reaction. In
order to increase the yield of 2a, the catalytic reaction was tested with various solvents such as
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iS0-PrOH, tert-BuOH, DMF, THF, CH3CN, toluene, 1,2-dichloroethane, acetic acid and 1,4-
dioxane (entries 11-19). Among them, iso-PrOH was the best solvent, providing 2a in excellent
93% vyield (entry 11). tert-BuOH and DMF were also partially active solvent, giving 2a in 55%
and 60% yields, respectively (entries 12 and 13). The remaining solvents were totally ineffective

for the reaction.

3C.2.2 meta-Chlorination of Benzonitriles

Table 3C.2 Scope of the selective meta-chlorination reaction®

Entry  Imidoyl halide (1b-h) Compound (2b-h) Yeild"

Cl CN
X .OM
y 2b-f
R’ 1b-f Cl b

1 1b: R' = OMe 2b: R! = OMe 85%
2 1c: R' = OEt 2¢: R = OEt 90%
3 1d: R = O-nPr 2d: R! = O-nPr 92%
4 1e: R = NMe, 2e: R! = NMe, 84%
5 1f: R = NHMe 2f: R = NHMe 91%°

Cl MeO CN

MeO \N/OMe
6 HO 29 85%
HO 19 cl
Cl HO CN
HO \N/OMe :©/
4 " HO 2h 87%

HO

& All reactions were carried out using 1b-h (1.0 mmol), diphenylacetylene (30 mol %) and [{RuCl(p-
cymene)},] (3 mol %) in iso-PrOH (3.0 mL) at 100 °C for 16 h. ° Isolated yield. ¢ The reaction was
conducted in the presence of methyl acrylate (50 mol %).

Under similar reaction conditions, the catalytic reaction was examined with various substituted
O-methylbenzohydroximoyl chlorides 1b-h (Table 3C.2). Thus, 4-methoxy 1b, 4-ethoxy 1c, 4-n-
propoxy 1d substituted N-methoxybenzimidoyl chlorides underwent chlorination selectively at
the meta carbon position yielding the corresponding meta-chlorobenzonitriles 2b-d in excellent
85%, 90% and 92% vyields, respectively (entries 1-3). The structure of 2c was confirmed by

single crystal X-ray diffraction (see in experimantal section). 4-Dimethylamino le and 4-
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methylamino 1f substituted N-methoxybenzimidoyl chlorides also proceeded smoothly under
similar reaction conditions affording the corresponding meta-chlorobenzonitriles 2e and 2f in
excellent 84% and 91% vyields, respectively (entries 4 and 5). In these reactions also, chlorination
takes place at the meta carbon position of 1e and 1f exclusively. Interestingly, 4-hydroxy-3-
methoxy 1g and 3,4-dihydroxy 1h substituted N-methoxybenzimidoyl chlorides provided
substituted meta-chlorobenzonitriles 2g and 2h in 85% and 87% yields, respectively, also in

which chlorination takes place at the meta carbon position of 1g and 1h (entries 6 and 7).

3C.2.3 ortho-Chlorination of Benzonitriles

Table 3C.3 Scope of the selective ortho-chlorination reaction®

Entry  Imidoyl halide (1i-m) Compound (2i-m) Yeild"

Cl MeO CN .
1 Meo\©)\\N/0Me \©: 93
. of
1i 2i
o MeO CN
MeO X,-OMe :@:
N
2 :@2\ MeO cl 61
MeO 1i 2
Cl MeO CN
MeO _OM
3 ¢ SNOMe \Q: 89°
cl
1k 2k Lo
OMe
Cl
NS
N
11

0 CN
NG & A G, 85
o 2]
cl CN
R N ey
e
2m

Cl
I ~. .OMe MeO,C ~. _OM
6 \©)\N €02 NOe 42°
1n n

All reactions were carried out using 1i-n (1.0 mmol), diphenylacetylene (30 mol %) and [{RuCly(p-
cymene)},] (3 mol %) in iso-PrOH (3.0 mL) at 100 °C for 16 h. "Isolated yield. “The reaction was
conducted in the presence of methyl acrylate (50 mol %).

q
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Next, the scope of the regioselectivity of the chlorination of substituted unsymmetrical N-
methoxybenzimidoyl chlorides 1li-n was examined under the optimized reaction conditions
(Table 3). Initially, the reaction was tested with 3-methoxy substituted N-methoxybenzimidoyl
chloride 1i. In contrast to the previous reactions (Table 3C.2), surprisingly, in the reaction,
chlorination takes place selectively at the less hindered ortho carbon position of 1i providing 2-
chloro-5-methoxybenzonitrile (2i) in 93% vyield (Table 3C.3, entry 1). As like 1i, 3,4-dimethoxy
1j and 3,5-dimethoxy 1k substituted N-methoxybenzimidoyl chlorides underwent chlorination at
the less hindered ortho carbon position of 1j and 1k affording the corresponding substituted
ortho-chlorobenzonitriles 2j and 2k in 81% and 89% vyields, respectively (entries 2 and 3).
Similarly, 1,3-dioxale group substituted N-methoxybenzimidoyl chloride 11 yielded ortho-chloro
piperonylonitrile 21 in 85% yield (entry 4). The structure of 2l was confirmed by single crystal
X-ray diffraction (see experimantal section). Further, N-methoxy-1-naphthimidoyl chloride 1m
provided 2-chloro-1-naphthonitrile 2m in 81% yield (entry 5). Next, the reaction was tested with
3-iodo substituted N-methoxybenzimidoyl chloride 1n. In the reaction, the C-I bond of 1n
underwent a Heck-type alkenylation with methyl acrylate ligand giving an alkene derivative 2n
in 42% yield (entry 6).

3C.2.4 Selective Bromination of Benzonitriles

Table 3C.4 Scope of the selective bromination reaction.?

Entry Imidoyl halide (3) Compound (4) Yeild"
Br CN
©)\\N/0Me R1©
R 3a-e Br 4a-e
1 3a: R' = OH 4a: R' = OH 93%
2 3b: R' = OMe 4b: R = OMe 96%
3 3c: R' = OFt 4¢c: R' = OFt 96%
4 3d: R' = O-nPr 4d: R' = O-nPr 97%
5 3e: R' = NMe, 4e: R' = NMe, 84%
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MeO
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Br
MeO X, . .OMe
7 N 94°¢
39 4g
Br
M60:©)\\
N
MeO 3h

o O
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MeO CN
oYY
MeO Br 83
Br <o CN
N T
9 <j©)\N © 4i Br 8
o 3i !

4All reactions were carried out using 3a-i (1.0 mmol), diphenylacetylene (30 mol %) and [{RuCI2(p-
cymene)}2] (3 mol %) in iso-PrOH (3.0 mL) at 100 °C for 16 h. "Isolated yield. °The reaction was
conducted in the presence of methyl acrylate (50 mol %).

The current method can also be successfully extended to prepare various meta and ortho bromo
substituted benzonitriles 4a-i (Table 3C.4). The bromination at the meta carbon position of 4-
hydroxy substituted N-methoxybenzimidoyl bromide 3a proceeded smoothly under the
optimized reaction conditions affording 3-bromo-4-hydroxybenzonitrile 4a in 93% vyield in a
highly regioselective manner (entry 1). Similar to 3a, 4-methoxy 3b, 4-ethoxy 3c, and 4-n-
propoxy 3d substituted N-methoxybenzimidoyl bromides gave the corresponding meta-bromo
substituted benzonitriles 4b-d in 96%, 96% and 97% vyields, respectively (entries 2-4), in a
highly regioselective manner. Similarly, 4-dimetylamino substituted N-methoxybenzimidoyl
bromide 3e provided the corresponding meta-bromo substituted benzonitrile 4e in 84% yield
(entry 5). Likewise, in the reaction of 4-hydroxy-3-methoxy substituted N-methoxybenzimidoyl
bromide 3f, bromination took place regioselectively at the meta carbon position yielding 4f in
88% yield (entry 6). The structure of 4f was confirmed by single crystal X-ray diffraction (see
experimantal section). In contrast to 3a-f, 3-methoxy, 3,4-dimethoxy and 1,3-dioxale substituted
N-methoxybenzimidoyl bromides 3g-i provided ortho-bromo substituted benzonitriles 4g-i in

94%, 83% and 85% yields, respectively, in a highly regioselective manner (entries 7-9).

3C.2.5 Synthesis of Tetrazoles from Benzonitriles
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To demonstrate the synthetic utility of CN group in organic synthesis, the [3+2] cycloaddition of
aromatic nitriles with NaN; was carried out (Scheme 1)). The cycloaddition of aromatic nitrile 2e
with NaN3 (1.5 equiv) in the presence of catalytic amount of I, (20 mol %) in DMF at 120 °C for
24 h yielded the corresponding substituted tetrazole 5a in 66% yield. Similarly, aromatic nitriles
2f and 4i also underwent cycloaddition with NaN3 under similar reaction conditions giving

tetrazoles 5b and 5c in 67% and 61% vyields, respectively (Scheme 3C.1).

N-N
cl CN . cl I[N
D/ NaNj; (1.5 equiv) N
\
I, (20 mol %) H
Me,N . Me,N
2 DMF, 120 °C, 24 h 5a, 66%
N-N,
cl CN cl LN
D/ same conditions N
Me- - H
e N Me N
H 2f H 5b,67%
N-N,
R
o) CN 0 N,N
< same conditions < \
H
(0] Br o) Br
4i 5¢, 61%

Scheme 3C.1 Synthesis of tetrazoles

At present, the exact mechanism for the halogenation of 1 or 3 is not very clear to us. Possibly,
the imidoyl moiety of 1 or 3 is converted into cyano group® followed by halogen transfer via
electrophilic substitution at the aromatic carbon of 1 or 3 in the presence of ruthenium catalyst.
The exact role of co-catalyst diphenylacetylene or methyl acrylate is unclear to us. It might be
possible that this ligand coordinates with ruthenium metal and decreases the electron-density on
the metal via n-back bonding. In fact the halogenation reaction was tested with various para and
meta I, Br, Cl, F, CF3 and NO; substituted N-methoxybenzimidoyl halides. However, in these
reactions, no halogenation product was observed. This is probably due to electron-withdrawing
nature of these substituents. In the meantime, no halogenation product was observed in the
reaction of 4-methyl or 4-tert-butyl substituted N-methoxybenzimidoyl halides. These results
clearly revealed that in the present halogenation reaction, electron mesomeric donating groups
such as OH, OR, NHR and NR, are highly important compared to the electron inductive

donating groups such as alkyls. In all reactions, halogenation takes place selectively at the ortho
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and meta carbon of aromatics 1 and 3. This is most likely due to the ortho and para directing

nature of OH, OR, NHR and NR; groups in the electrophilic aromatic substitution reaction.

3C.2.6 Cross-Over Experiments

To see whether the halogenation reaction proceeds via inter or intramolecular manner, the
following competitive reactions were done. The reaction of 1j was conducted with 3i under the
optimized reaction conditions. In the reaction if cross products, 4h and 2l are observed in
addition to the expected 2j and 4i, the reaction should be an intermolecular. However, in the
reaction, as expected only compound 2j and 4i were observed exclusively in 80% and 83%
yields, respectively, and no cross products were observed. Similarly, in the reaction of 1e with
3b, only compound 2e and 4b were observed exclusively in 81% and 91% yields, respectively,
and no cross products 4e and 2b were observed. These results very clearly revealed that the

present halogenation reaction proceeds via intramolecular fashion (Scheme 3C.2).

CN
MeO \N/OMe 0 N _OMe Ru cat MeO CN+ <o
1i * < 3i alkyne o
MeO i o) 100 °C, 16 h MeO cl ) Br
2j, 80% 4i, 83%
Cl Br oN
CN
/@)\\N/OMe /©)\\N/OM6 Ru cat X
+ alkyne
Me,N Te MeO 3b 100 °C, 16 h MezN MeO
Cl Br
2e, 81% 4b, 91%

Scheme 3C.2 Cross-over experimants

3C.3 Conclusions

In conclusion, we have described a ruthenium-catalyzed intramolecular halogenation of O-
methylbenzohydroximoyl halides. The catalytic reaction is highly regioselective, yielding

substituted halo aromatic nitriles under base and oxidant free conditions.
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3C.5 Experimental Section

3C.5.1 General Procedure for the Preparation of Starting Materials 1 and 3

_.OMe
o N
(0] H,NOMe'HCI " I
N Cl KoCO4 X N,O € PClsor PBrs R+\ X
i R N — 5 > P
RT_ EtOAc and H,0 (2:1) L Benzene
0°Ctort, 8h 0°Ctort, 2h X = Cl, Br

O-Methylhydroxylamine hydrochloride (2.0 g, 24.0 mmol, 1.2 equiv) and K,COs (5.98 g, 48.0
mmol, 2 equiv) were dissolved in 120 mL of mixture of ethyl acetate and water (2:1) in a round-
bottomed flask. The solution was cooled to 0 °C in an ice bath. The corresponding benzoyl
chloride (20.0 mmol, 1.0 equiv) was added via syringe and the reaction mixture was stirred at
room temperature for 8 h. Then, the aqueous layer in the reaction mixture was separated out and
organic layer was washed with water and then brine. After drying over MgSQO,, solvents were
evaporated under reduced pressure. The crude reaction mixture was transferred into a round-
bottom flask with a stir bar, and dry benzene (60 mL) was added. The solution was cooled to 5
°C and PCls (6.25 g, 30.0 mmol, 1.5 equiv) or PBrs (6.50 g, 30.0 mmol, 1.5 equiv) was added.
The reaction mixture was stirred at 5 °C for 2 h and then allowed to warm at room temperature
for 30 min. The resulting mixture was extracted three times with hexane. The combined organic

layers were dried over MgSOy,, filtered and the filtrate was concentrated under reduced pressure.
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The crude residue was purified through a silica gel column using hexanes and ethyl acetate as

eluent to give pure 1 or 3.
Ref: 1. Y. Lian, R. G. Bergman and J. A. Ellman, Chem. Sci. 2012, 3, 3088.

3C.5.2 General Procedure for Intramolecular Halogenation of O-Methylbenzohydroximoyl
Halides Catalyzed by Ruthenium Complex

A 15-mL pressure tube equipped with a magnetic stirrer and septum containing [{RuCl(p-
cymene)}-] (0.03 mmol, 3 mol %) and diphenylacetylene (30 mol %) or methyl acrylate (50 mol
%) was evacuated and purged with nitrogen gas three times. To the tube were then added O-
methylbenzohydroximoyl halides 1 or 3 (1.00 mmol) and iso-propanol (3.0 mL) via syringes and
again the tube was evacuated and purged with nitrogen gas three times. Then, in the pressure
tube, septum was taken out and covered with a screw cap immediately under nitrogen
atmosphere and the reaction mixture was allowed to stir at 100 °C for 16 h. After cooling to
ambient temperature, the reaction mixture was diluted with CH,ClI,, filtered through Celite and
silica gel, and the filtrate was concentrated. The crude residue was purified through a silica gel

column using hexanes and ethyl acetate as eluent to give pure 2 and 4.
3C.5.3 General Procedure for the Preparation of Substituted Tetrazoles

A 50-mL two-neck round bottom flask equipped with a magnetic stirrer, septum and condenser
containing I, (20 mol %), NaN3 (1.5 mmol) and aromatic nitriles 2 (1.0 mmol). To the round
bottom flask was then added solvent DMF (3.0 mL) via syringe. Then, the reaction mixture was
allowed to stir at 120 °C for 24 h. After cooling to ambient temperature, the reaction mixture was
extracted three times with DCM. The combined organic layers were dried over MgSO,, filtered
and the filtrate was concentrated under reduced pressure. The crude residue was purified through

a silica gel column using hexanes and ethyl acetate as eluent to give pure 5.

3C.5.4 X-Ray Analysis

3-Chloro-4-ethoxybenzonitrile (2¢)
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Table 3C.3 Crystal data and structure refinement for (2c)

Identification code 2C

Empirical formula CoHs CINO

Formula weight 181.61

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system ‘Monoclinic’

Space group ‘Clel”

Unit cell dimensions a=8511(5) A o = 90°.

b =17.062(10) A B =123.831(10)°.

c=7.200(4) A Y =90°.
Volume 868.6(9) A
Z 4
Density (calculated) 1.389 Mg/m®
Absorption coefficient 0.386 mm™
F(000) 376
Crystal size 0.16 x 0.12 x 0.08 mm3
Theta range for data collection 2.39 to 28.29°.
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Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

-11<=h<=11, -18<=k<=22, -9<=I<=9
2102

1251 [R(int) = 0.0411]

84.0 %

0.9698 and 0.9408
Full-matrix least-squares on F2
1251/2/110
1.001
R; =0.0571, wR, = 0.1374
R; =0.0838, wR, = 0.1513
0.02(17)

0.571 and -0.268 e. A

6-Chlorobenzo[d][1,3]dioxole-5-carbonitrile (21)

Table 3C.4 Crystal data and structure refinement for 21

Identification code 2
Empirical formula C8H4CINO2
Formula weight 181.57
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Temperature 150(2) K

Wavelength 71.073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=1233.7(3) pm o =90°.

b=380.23(10) pm P = 99.168(4)°.

c=1560.3(4) pm Y =90°.

Volume 0.7226(3) nm®

Z 4

Density (calculated) 1.669 Mg/m®

Absorption coefficient 0.474 mm™*

F(000) 368

Crystal size 0.490 x 0.320 x 0.160 mm®
Theta range for data collection 1.96 to 28.41°.

Index ranges -15<=h<=16, -4<=k<=5, -20<=1<=20
Reflections collected 7021

Independent reflections 1788 [R(int) = 0.0263]
Completeness to theta = 28.41° 98.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.927 and 0.834

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1788/0/110

Goodness-of-fit on F2 1.075
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Final R indices [I>2sigma(l)] R1 =0.0262, wR, =0.0719
R indices (all data) R; =0.0275, wR, = 0.0729
Extinction coefficient 0.006(3)

Largest diff. peak and hole 0.352 and -0.227 e. A

3-Bromo-4-hydroxy-5-methoxybenzonitrile (4f)

MeO

Table 3C.5 Crystal data and structure refinement for (4f)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

Unit cell dimensions

4f

Ci6 H12 Bra N2 O4
456.10

200(2) K

0.71073 A
‘Triclinic’

Pp-1°

a = 7.2030(10) A

o= 85.645(3)°.
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Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.53°
Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

b=95004(12) A  p=89.563(3)°.
c=12.9717(16) A Y =70.248(3)°.
832.88(19) A®
2
1.819 Mg/m®
4.889 mm™*
448
0.16 x 0.13 x 0.11 mm?®
1.57 to 28.53°.
-9<=h<=6, -12<=k<=12, -17<=I<=17
13496
4127 [R(int) = 0.0244]
97.4 %
0.6153 and 0.5084
Full-matrix least-squares on F2
4127101/ 225
1.043
R; = 0.0255, WR; = 0.0592
R; = 0.0325, wR; = 0.0613

1.059 and -0.417 e. A

IISER Pune

Page 156



Chapter -3

3C.5.5 Regioselective Studies: NOESY Studies
Copy of NOESY Experiment of Compound 2j

He Meoji'jiCN MeO CN
Hd MeO Cl MeO ; No signal
Ha
Cl
Ha 6 =6.89; Hb = 7.01; Hc = 3.90

Hd 5 = 3.85

Observed Not observed

There is a NOE correlation between Ha (6 6.89, s) and Hd (& 3.85, s). In meantime, there is also
a correlation between Hb (5 7.01, s) and Hc (8 3.90, s). These results clearly revealed that the

regiochemistry of compound 2j is correct.

o AR ) I ‘\_
é 151012-18-RK-44 3.5
a 7] H4.0
|
k4.5
Fs.0
o b4
4 T
o rss &
s % b=}
MeO CN —#
® i
1 = e 6.5
1} Q 4
|
| a s ¥
| 3
— A MeO Cl
(:*Jw - *‘f“ - 38 7.0
Iy )
b o
[
' - - - - L75
75 7.0 6.5 6.0 5.0 45 40

55
f2 (ppm)
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Copy of NOESY experiment of compound 4c

Hc
Hb CN J@[CN
/Hgo Ha /\Q/ Br
Br No signal

Ha 6 =7.79; Hb = 6.89; Hc = 7.54 Not observed

Hd 8 =4.14
Observed

There is a NOE correlation between Hb (6 6.89, d) and Hd (6 4.14, q). In meantime, there is also
a very weak NOE correlation between Hc (6 7.54, dd) and Hd (6 4.14, d). However, there is no
correlation between Ha (6 7.79, s) and Hd (6 4.14, q). These results clearly revealed that the

regiochemistry of compound 4c is correct.

| | “J

= |300812-12-SYPC-42-2.jdf

e e & =

CN

EtO

e
*_.
|
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Copy of NOESY Experiment of Compound 4d

He
Hb CN CN
Hd H
"0 a \/\Q/ Br
Br No signal

Had=7.77; Hb = 6.88; Hc = 7.52 Not observed

Hd & =4.01
Observed

There is a NOE correlation between Hb (6 6.88, d) and Hd (6 4.01, ). In meantime, there is also
a very weak NOE correlation between Hc (6 7.52, dd) and Hd (6 4.01, d). However, there is no
correlation between Ha (6 7.77, s) and Hd (6 4.01, g). These results clearly revealed that the

regiochemistry of compound 4d is correct.

L 1

;300811 08-SYPC_43 NOESY-5.jdr
] P (
CN
a: =]
PrO
Br
&
s o q 8 —
|
o & (=] j—
& o P
s &
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Copy of NOESY Experiment of Compound 4g
CN CN

Ha/©/8r Ha Hc
MeO Hd MeO Hd
Ho ~ He HU .
No signal
Ha 6 =7.12; Hb = 3.80; Hc = 6.98

Hd §=7.52 Not observed

Observed
There is a NOE correlation between Ha (6 7.12, s) and Hb (& 3.80, s). In meantime, there is also
a correlation between Hc (6 6.98, dd) and Hb (5 3.80, s). These results clearly revealed that the
regiochemistry of compound 4g is correct. If there is a no correlation between Hc (5 6.98, dd)

and Hb (6 3.80, s), then the other regiochemistry is possible. But, there is a signal.

N ) W W BURN
261212-12-5¥P-51 |
_i_gl - ¢l 7
— ; B
. h4.0
| Fe.5
|
. Br s
\
|
\
1 C N 55
| E
&
=
H6.0
Fss
g _.;‘,@” 7.0
= A
o
= -k # 7.5

e
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3C.5.6 Spectral Data of all Compounds
3-Chloro-4-hydroxybenzonitrile (2a): Colorless solid; m.p. 155-157 °C, eluent (10% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3419, 2234, 1593, 1411, 1305, 1123 and
QC 1044. *H NMR (CDCls, 400 MHz): § 7.63 (s, 1 H), 7.46 (dd, J = 8.0, 4.0, Hz, 1 H),
& 7.06 (d, J = 8.0 Hz, 1 H). °C NMR (CDCls, 100 MHz): & 155.8, 133.3, 132.7,
121.0, 117.9, 117.3, 104.7. HRMS (ESI): calc. for [(C;H4CINO)H] (M+H) 154.0060, measured
154.0063.

3-Chloro-4-methoxybenzonitrile (2b): Colorless solid; m.p. 182-184 °C, eluent (5% ethyl

acetate in hexanes). IR (ATR) ¥ (cm™): 2923, 2228, 1595, 1500, 1270, 1192 and

QC 1064. 'H NMR (CDCls, 400 MHz): 5 7.62 (s, 1 H), 7.53 (dd, J = 8.0, 4.0 Hz, 1

ol H), 6.96 (d, J = 8.0 Hz, 1 H), 3.94 (s, 3 H). *C NMR (CDCls, 100 MHz): &

158.6, 133.6, 132.5, 123.6, 117.9, 112.2, 104.7, 56.5. HRMS (ESI): calc. for [(CgHsCINO)H]
(M+H) 168.0217 measured 168.0217.

3-Chloro-4-ethoxybenzonitrile (2c): Colorless solid; m.p. 133-135 °C, eluent (5% ethyl acetate

—|in hexanes). IR (ATR) 7 (cm™): 2229, 1591, 1477, 1298, 1262, 1167, 1125 and

Q 1033. *H NMR (CDCls, 400 MHz): & 7.61 (s, 1 H), 7.50 (dd, J = 8.0, 4.0 Hz, 1 H),

] 6.93 (d, J = 8.0 Hz, 1 H), 4.14 (g, J = 8.0 Hz, 2 H), 1.48 (t, J = 8.0 Hz, 3 H). **C

100 MHz): 6 158.1, 133.6, 132.4, 123.7, 118.1, 112.9, 104.4, 65.2, 14.5. HRMS
(ESI): calc. for [(CgHgCINO)H] (M+H) 182.0373, measured 182.0371.

P
<
o
o)
O
Q
&

3-Chloro-4-propoxybenzonitrile (2d): Brown liquid; eluent (5% ethyl acetate in hexanes). IR

(ATR) v (cm™): 2968, 2228, 1690, 1594, 1463, 1394, 1270 and 1061. '*H NMR

(CDCI3, 400 MHz): 6 7.62 (s, 1 H), 7.50 (dd, J = 8.0, 4.0 Hz, 1 H), 6.92 (d, J = 8.0

" Hz, 1 H), 4.02 (t, J = 4.0 Hz, 2 H), 1.89 — 1.84 (m, 2 H), 1.06 (t, J = 8.0 Hz, 3 H).

3¢ NMR (CDCl3, 100 MHz): 6 158.3, 133.6, 132.4, 123.8, 118.1, 113.0, 104.3, 70.9, 22.3, 10.4.
HRMS (ESI): calc. for [(C10H10CINO)H] (M+H) 196.0529, measured 196.0526.

3-Chloro-4-(dimethylamino)benzonitrile (2e): Brown liquid; eluent (5% ethyl acetate in
hexanes). IR (ATR) v (cm™): 2968, 2228, 1690, 1594, 1463, 1270, 1195 and

QC 1061. 'H NMR (CDCls, 400 MHZ):  7.54 (s, 1 H), 7.42 (dd, J = 8.0, 4.0 Hz 1

e c H), 6.96 (d, J = 8.0 Hz 1 H), 2.89 (s, 6 H). *C NMR (CDCl3, 100 MHz): & 154.1,

=
2Z)
=]
=
-
=
=
[=-]
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134.4, 131.5, 126.4, 119.4, 118.4, 104.4, 42.9. HRMS (ESI): calc. for [(CoHsCIN2)H] (M+H)
181.0533 measured 181.0532.

3-Chloro-4-(methylamino)benzonitrile (2f): Colorless solid; m.p. 201-203 °C, eluent (20%
ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3325, 2361, 1517, 1235 and 1037.
QCN 'H NMR (CDCls, 400 MHz): & 7.46 (s, 1 H), 7.40 (d, J = 8.0 Hz, 1 H), 6.58 (d,

Cl J = 8.0 Hz, 1 H), 4.91 (bs, 1 H), 2.93 (s, 3H). *C NMR (CDCls, 100 MHz): &
148.9, 132.5, 132.3, 119.3, 118.5, 109.9, 98.7, 30.0. HRMS (ESI): calc. for [(CsH;CIN2)H]
(M+H) 167.0376, measured 167.0371.

Me..
e N
H

3-Chloro-4-hydroxy-5-methoxybenzonitrile (2g): Colorless solid; m.p. 182-184 °C, eluent

(10% ethyl acetate in hexanes). IR (ATR) v (cm™): 3427, 2215, 1588, 1500,

" 1415, 1363, 1293, 1124 and 1044. '"H NMR (CDCls, 400 MHz): § 7.29 (s, 1 H),

cl 7.00 (s, 1 H), 3.93 (s, 3 H). **C NMR (CDCls, 100 MHz): § 147.5, 146.5, 126.9,

120.4, 118.1, 112.4, 103.6, 56.8. HRMS (ESI): calc. for [(CsHsCINO,)H] (M+H) 184.0165,
measured 184.0164.

MeO C

HO

3-Chloro-4,5-dihydroxybenzonitrile (2h): Colorless solid; eluent (20% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™); 3433, 2234, 1593, 1411, 1305, 1123 and 1044. *H
NMR (DMSO-ds, 400 MHz): § 7.43 (s, 1 H), 7.03 (s, 1 H). *C NMR (DMSO-d,

cl 100 MHz): 6 148.8, 146.9, 127.9, 118.7, 117.6, 110.2, 102.4. HRMS (ESI): calc.
for [(C7H4CINO2)H] (M+H) 170.0009, measured 170.0005.

HO N

H

&l

2-Chloro-5-methoxybenzonitrile (2i): Colorless solid; eluent (5% ethyl acetate in hexanes). IR
(ATR) ¥ (cm™): 2365, 1599, 1265, and 1121. *H NMR (CDCls, 400 MHz): & 7.36
CN |(d, J=8.0 Hz, 1 H), 7.12 (s, 1 H), 7.05 (dd, J = 8.0, 4.0 Hz, 1 H), 3.81 (s, 3H). **C
NMR (CDCl3, 100 MHz): 6 158.1, 130.9, 120.7, 118.2, 116.0, 115.8, 113.7, 55.9.
HRMS (ESI): calc. for [(CsHsCINO)H] (M+H) 168.0216, measured 168.0212.

W
<
)

2-Chloro-4,5-dimethoxybenzonitrile (2j): Colorless solid; m.p. 193-195 °C, eluent (7% ethyl
Moo | |acetate in hexanes). IR (ATR) ¥ (cm™): 2229, 1595, 1459, 1382, 1274, 1220,
Meo]@[m 1121 and 1042. *H NMR (CDCls, 400 MHz): & 7.01 (s, 1 H), 6.89 (s, 1 H), 3.90

(s, 3 H), 3.85 (s, 3 H). **C NMR (CDCls, 100 MHz): & 153.3, 148.0, 130.2,
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116.5, 114.6, 112.6, 104.2, 56.5, 56.4. HRMS (ESI): calc. for [(CgHgCINO,)H] (M+H)
198.0322, measured 198.0319.

2-Chloro-3,5-dimethoxybenzonitrile (2k): Colorless solid; eluent (7% ethyl acetate in
hexanes). IR (ATR) # (cm™): 2230, 1589, 1387, 1225 and 1123. 'H NMR
w(wcb, 400 MHz): § 6.71 (s, 1 H), 6.67 (s, 1 H), 3.88 (s, 3 H), 3.81 (s, 3 H). °C
OMe ’ NMR (CDCls, 100 MHz): 6 159.2, 156.4, 117.8, 116.1, 114.2, 108.3, 104.6,

56.5, 56.0. HRMS (ESI): calc. for [(CoHsCINO,)H] (M+H) 198.0322, measured 198.0320.

6-Chlorobenzo[d][1,3]dioxole-5-carbonitrile (21): Yellow solid; eluent (7% ethyl acetate in
5 _,hexanes). IR (ATR) v (cm™): 2235, 1590, 1472, 1414, 1261, 1121 and 1036. *H
<O]©[CI NMR (CDCls;, 400 MHz): & 6.99 (s, 1 H), 6.90 (s, 1 H), 6.08 (s, 2 H). *C NMR
(CDCl3, 100 MHz): 6 152.3, 146.9, 131.8, 116.2, 111.9, 110.6, 105.3, 103.2.

HRMS (ESI): calc. for [(CsH4CINO,)H] (M+H) 182.0009, measured 182.0009.

2-Chloro-1-naphthonitrile (2m): Colorless solid; m.p. 208-210 °C, eluent (5% ethyl acetate in
on |hexanes). IR (ATR) ¥ (cm™): 2355, 1597, 1479, 1135 and 1051. 'H NMR
(CDCIg, 400 MHz): 5 8.33 (d, J = 8.0 Hz, 1 H), 8.23 (d, J = 8.0 Hz, 1 H), 7.80 (d,
J=8.0Hz 1 H), 7.77 — 7.69 (m, 2 H), 7.60 (d, J = 8.0 Hz, 1 H). *C NMR

(CDCl3, 100 MHz): 56 138.0, 133.3, 132.2, 130.6, 129.5, 128.7, 125.7, 125.6, 125.3, 117.3, 109.4.
HRMS (ESI): calc. for [(C1;HsCIN)H] (M+H) 188.0267, measured 188.0265.

&

(E)-Methyl  3-(3-((Z2)-chloro(methoxyimino)methyl)phenyl)acrylate (2n): Pale yellow
5 semisolid; eluent (15% ethyl acetate in hexanes). *H NMR (CDCls, 200 MHz):
Sy-OMe |5 8.01 (s, 1 H), 7.86 (d, J = 8.0 Hz, 1 H), 7.72 (d, J = 16.0 Hz, 1 H), 7.56 (d, J =
8.0 Hz, 1 H), 7.43 (d, J = 8.0 Hz, 1 H), 6.51 (d, J = 16.0 Hz, 1 H), 4.13 (s, 3 H),
3.82 (s, 3 H). *C NMR (CDCls, 50 MHz): 6 167.2, 143.9, 136.5, 134.8, 133.5,
129.8, 129.1, 128.7, 126.6, 119.0, 63.4, 51.8. HRMS (ESI): calc. for
[(C12H12,CINO3)H] (M+H) 254.0584, measured 254.0579.

X

CO2Me

3-Bromo-4-hydroxybenzonitrile (4a): Brown solid; eluent (10% ethyl acetate in hexanes). IR
on |[(ATR) ¥ (cm™): 3431, 2237, 1600, 1507, 1410, 1303, 1222 and 1046. 'H NMR
(CDCls3, 400 MHz): 6 7.77 (s, 1 H), 7.48 (dd, J = 8.0, 4.0 Hz, 1 H), 7.04 (d, J = 8.0
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Hz, 1 H). ®*C NMR (CDCl;, 100 MHz): & 156.7, 136.3, 133.3, 117.7, 116.9, 110.6, 105.0.
HRMS (ESI): calc. for [(C;H4BrNO)H] (M+H) 197.9555, measured 197.9559.

3-Bromo-4-methoxybenzonitrile (4b): Colorless solid; eluent (5% ethyl acetate in hexanes). IR

(ATR) ¥ (cm™): 2235, 1589, 1488, 1294, 1190, 1121 and 1046. *H NMR (CDCl;

QCN 400 MHZ):  7.79 (s, 1 H), 7.58 (dd, J = 8.0, 4.0 Hz, 1 H), 6.90 (d, J = 8.0 Hz, 1

e Br H), 3.94 (s, 3 H). *C NMR (CDCls, 100 MHz): & 159.1, 136.7, 133.2, 117.8,

112.3, 111.9, 105.2, 56.6. HRMS (ESI): calc. for [(CgHsBrNO)H] (M+H) 211.9711, measured
211.9713.

3-Bromo-4-ethoxybenzonitrile (4c): Colorless solid; eluent (5% ethyl acetate in hexanes). IR
(ATR) v (cm™): 2224, 1594, 1471, 1295, 1266, 1161, 1120 and 1036. ‘H NMR
(CDCl3, 400 MHz): & 7.79 (s, 1 H), 7.54 (dd, J = 8.0, 4.0 Hz, 1 H), 6.89 (d, J =

Br 8.0 Hz, 1 H), 4.14 (d, J = 8.0 Hz, 2 H), 1.48 (t, J = 8.0 Hz, 3 H). *C NMR
(CDCl3, 100 MHz): & 159.0, 136.7, 133.1, 117.9, 112.7, 112.6, 104.9, 65.3, 14.5. HRMS (ESI):
calc. for [(CoHgBrNO)H] (M+H) 225.9868, measured 225.9863.

N

EtO

5

3-Bromo-4-propoxybenzonitrile (4d): Brown liquid; eluent (5% ethyl acetate in hexanes). IR
(ATR) 7 (cm™): 2971, 2227, 1593, 1491, 1267, 1191 and 1051. *H NMR
(CDCls, 400 MHz): & 7.77 (s, 1 H), 7.52 (dd, J = 8.0, 4.0 Hz, 1 H), 6.88 (d, J =

Br 8.0 Hz, 1 H), 4.01 (t, J = 8.0 Hz, 2 H), 1.88 — 1.83 (m, 2 H), 1.05 (t, J = 8.0 Hz,
3 H). °C NMR (CDCls, 100 MHz): § 159.1, 136.6, 133.1, 117.9, 112.7, 112.6, 104.8, 71.0, 22.3,
10.5. HRMS (ESI): calc. for [(C19H10BrNO)H] (M+H) 240.0024, measured 240.0020.

C

Pro

5

3-Bromo-4-(dimethylamino)benzonitrile (4e): Brown liquid; eluent (5% ethyl acetate in

hexanes). IR (ATR) v (cm™): 2223, 1593, 1445, 1339, 1133 and 1045. *H NMR

QCN (CDCls, 400 MHz): 8 7.75 (s, 1 H), 7.48 (dd, J = 8.0, 4.0 Hz, 1 H), 6.98 (d, J =

el 8.0 Hz, 1 H), 2.88 (s, 6 H). 3C NMR (CDCls, 100 MHz): § 155.7, 137.7, 132.1,

119.8, 118.2, 116.5, 105.3, 43.4. HRMS (ESI): calc. for [(CoHoBrNo)H] (M+H) 225.0027,
measured 225.0028.

3-Bromo-4-hydroxy-5-methoxybenzonitrile (4f): Colorless solid; eluent (10% ethyl acetate in
hexanes). IR (ATR) v (cm™): 3454, 2223, 1587, 1492, 1285, 1175, 1126 and

Page 164



Chapter -3

1040. *H NMR (CDCls, 400 MHz): & 7.42 (s, 1 H), 7.03 (s, 1 H), 3.92 (s, 3 H). *C NMR
(CDCls, 100 MHz): & 147.6, 147.2, 129.7, 117.9, 112.9, 108.6, 104.2, 56.8. HRMS (ESI): calc.
for [(CgHgBrNO,)H] (M+H) 227.9660, measured 227.9664.

2-Bromo-5-methoxybenzonitrile(4g): Colorless solid; eluent (5% ethyl acetate in hexanes). IR

. (ATR) ¥ (cm™): 2237, 1587, 1425, 1141 and 1045. *H NMR (CDCls, 400 MHz): &

CN|7.52 (d, J = 8.0 Hz, 1 H), 7.12 (s, 1 H), 6.98 (dd, J = 8.0, 4.0 Hz, 1 H), 3.80 (s, 3H).

©/ BC NMR (CDCl3, 100 MHz): 6 158.7, 134.0, 120.9, 118.9, 117.1, 116.2, 115.6, 55.9.
HRMS (ESI): calc. for [(CsHsBrNO)H] (M+H) 211.9711, measured 211.9710.

OMe

2-Bromo-4,5-dimethoxybenzonitrile (4h): Colorless solid; eluent (7% ethyl acetate in
hexanes). IR (ATR) # (cm™): 2925, 2227, 1980, 1590, 1419, 1349, 12367, 1122
wand 1036. *H NMR (CDCls, 400 MHz): & 7.04 (s, 1 H), 7.02 (s, 1 H), 3.90 (s, 3
e > H), 3.86 (s, 3 H). *C NMR (CDCls, 100 MHz): & 153.2, 148.5, 117.7, 117.6,

115.5, 115.3, 106.9, 56.5, 56.4. HRMS (ESI): calc. for [(CoHgBrNO,)H] (M+H) 241.9817,
measured 241.9812.

6-Bromobenzo[d][1,3]dioxole-5-carbonitrile (4i): Yellow solid; eluent (7% ethyl acetate in
5 oy |hexanes). IR (ATR) # (cm™): 2360, 1591, 1470, 1259, 1119 and 1031. 'H NMR
m(wug, 400 MHz): § 7.05 (s, 1 H), 6.99 (s, 1 H), 6.08 (s, 2 H). *C NMR (CDCls,
100 MHz): 6 152.3, 147.5, 119.0, 117.4, 113.4, 112.6, 107.9, 103.1. HRMS (ESI):

calc. for [(CgH4BrNO,)H] (M+H) 225.9504, measured 225.9500.

2-Chloro-N,N-dimethyl-4-(1H-tetrazol-5-yl)aniline (5a):* Yellow solid; m.p. 225-227 °C,

eluent (20% ethyl acetate in hexanes). ‘"H NMR (CDCls, 500 MHz): & 7.56 (s,

"NE‘N 1 H), 7.49 (dd, J = 10.0, 5.0 Hz, 1 H), 6.67 (d, J = 10.0 Hz, 1 H), 4.98 (bs, 1

MeZNJQD/k " H), 3.02 (s, 3 H), 3.01 (s, 3 H). 3C NMR (CDCl3, 100 MHz): & 148.1, 132.5,

132.3,119.3, 118.5, 109.9, 98.7, 30.0. HRMS (ESI): calc. for [(CeH1CINs)H]
(M+H) 224.0703, measured 224.0710.

2-Chloro-N-methyl-4-(1H-tetrazol-5-yl)aniline (5b):* Pale yellow solid; m.p. 199-201 °C,
n-N, |eluent (45% ethyl acetate in hexanes). 'H NMR (CDCls, 200 MHz): § 7.52

| N
Q*g’ (s, 1H),7.32 (t, J = 8.0 Hz, 1 H), 6.72 (d, J = 8.0 Hz, 1 H), 4.62 (bs, 2 H),
MeHN
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2.94 (d, J = 16.0 Hz, 3 H). **C NMR (CDCls, 100 MHz): & 147.1, 133.2, 131.9, 118.9, 118.4,
115.1, 100.7, 36.7. HRMS (ESI): calc. for [(CgHsCINs)H] (M+H) 210.0546, measured
210.0556.

5-(6-Bromobenzo[d][1,3]dioxol-5-yl)-1H-tetrazole (5c): Colorless solid; eluent (25% ethyl
acetate in hexanes). 'H NMR (CDCls, 400 MHz): § 7.25 (s, 1 H), 7.23 (s, 1 H),

N-N,

o j@(lN,N 6.36 (bs, 1H), 5.23 (s, 2 H). **C NMR (CDCls, 100 MHz): & 150.9, 143.0,
H

<o s 1204, 120.1, 119.1, 117.2, 106.7, 81.0. HRMS (ESI): calc. for

[(CsHsBrN.Oz)H] (M+H) 268.9674, measured 268.9670

3C.5.7 Spectral Copies of Selected Compounds
'H and **C NMR Spectra of Compound 2b
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'H and *C NMR Spectra of Compound 2f
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'H and *C NMR Spectra of Compound 2j
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Section 4A: Regioselective ortho-Arylation and Alkenylation of N-Alkyl
Benzamides with Boronic acids via Ruthenium-Catalyzed C-H Bond

Activation: An Easy Route to Fluorenones Synthesis

4A.1 Introduction

The transition-metal-catalyzed heteroatom-directed ortho-arylation of substituted aromatics with
aryl electrophiles or organometallic reagents by C-H bond activation is one of the most efficient
and environmentally friendly methods to synthesize biaryl derivatives with minimum waste.*?
The biaryl structural unit is present in various natural products, drug and agrochemical molecules
and also key intermediates in various material syntheses.® Palladium,- rhodium- or
ruthenium-catalyzed ortho-arylations of heteroatom group substituted aromatics with aryl
electrophiles such as aryl halides and aryl pseudohalides have been extensively studied by the
groups of Miura, Daugulis, Yu, Cheng, Kakiuchi, Dixneuf, Ackermann and others.*> An
alternative strategy such as ortho-arylation by using aryl organometallic reagents has not been
well explored in the literature. Organoborons, organosilanes and organostannanes are commonly
used transmetallating agents in this type of reaction. Among them, organoboron reagents display
multifarious advantages including availability, air and moisture stability, low toxicity and easy

removal of boron-derived by-products unlike other organometallic reagents.®

In 2000, Miura‘s group reported a palladium-catalyzed direct ortho-arylation of benzanilides
with aryl triflates or bromides. In the reaction, only the corresponding di arylated compounds

were observed (eq. 4A.1)."

I (@] [: ]
(o) [ ] X
N
H base O

X = OTf, Br

Dauguli’s group described a palladium-catalyzed ortho-arylation of N-alkyl benzamides with
aryl iodides. This reaction is one of the most useful methods for ortho-arylation of N-alkyl
benzamides. But, in the reaction symmetrical aromatic benzamides provided ortho-diarylated

compound predominantly (eq. 4A.2).™
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o [
N/iPr Pd(OAC)z, Ag
H * TFA, 120 °C

Later, Yu’s group showed a palladium-catalyzed direct arylation of substituted aromatics amides

with organoboron reagents. In this reaction excess amount of reagents were used such as
Pd(OACc); (10 mol %) as the catalyst, Ag.COs3 (1.5 equiv) as the terminal oxidant, and NaHCO;
(3.0 equiv) as the base in t-AmylOH (tert-amyl alcohol). In addition to that 1,4-benzoquinone
(BQ), (0.5 equiv) DMSO (0.5 equiv) and 5 equiv of H,O to the reaction improves reaction yields

(eq. 4A.3)."
o N,Ar
H’ Ar ) i Pd(OAc),, Ag O H (4A.3)

Subsequently, Cheng’s group demonstrated rhodium-catalyzed cyclization of N-

methoxybenzamides with aryl boronic acids under mild conditions. The catalytic reaction
proceeds with high regioselectivity and affords various substituted phenanthridinones concluded
C-C and C-N bond formation. But, in this reaction excess amount of Ag,O (4.0 equiv) was used

for the cyclization reaction (eq. 4A.4).™

o) B(OH),

©)\N/0Me © [RhCp*Cl,l, , Ag
H +

In most of the reported C-H bond activation reactions, the palladium complex has been used as a

catalyst. In contrast, ruthenium catalyst was found suitable only for C-H bond activation of
aromatic ketones with aryl boronates. In 2003, Kakiuchi’s group reported a

ruthenium(0)-catalyzed direct arylation of aromatic ketones with aryl boronates (eq. 4A.5).8%°

(0]
o} BPin

: Jig © [RuH»(CO)(PPh3)s] O (4A.5)
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Owing to the extraordinary reactivity and selectivity, [{RuCl,(p-cymene)},] complex has been
efficiently used as a catalyst for various C-H bond functionalization reactions. Ru(ll)-catalyzed
arylation of 2-pyridyl, oxazoline, azole, amide and oxime substituted aromatics with aromatic
electrophiles has been elaborately studied in the literature. Dixneuf and Ackerman group’s
described ruthenium(I1)-catalyzed ortho-arylation of 2-phenylpyridines or aromatic imines with
organic electrophiles. This reaction is compitable for aromatic or hetero aromatic arylbromides

as a coupling partner (eq. 4A.6).°

B S N
~ N Br | — N | — N
© [{(RuCl,(p-cymene)};] ‘ O O
| Saghavats

minor major

Metal-catalyzed ortho-arylation of hetero atom directed aromatics with aromatic electrophiles
has been extensively studied in the literature. However, in the reaction of symmetrical substrates
with aromatic electrophiles, a mixture of mono- and di-arylated compounds were observed.”®
The diarylated compounds cannot be suppressed in the reaction, but, it can be suppressed by
doing arylation using aromatic organometallic reagents. Aromatic boranes, aromatic stannenes
and aromatic silanes are commonly used arylating agents in the coupling reaction. Among them,
organoborane reagents display multifarious advantages and the observed boron-derived
byproducts are not harmful unlike other organometallic reagents. In addition, in most of the
reported reactions, organoboronates have been widely used as a coupling partner.® The
corresponding organoboronic acid was not a suitable coupling partner for the reaction, mainly
with ruthenium-catalyzed reactions. Therefore, hydroxy groups of boronic acid were masked and
the masked reagent was used. Due to the vast availability and easy preparation of boronic acids,
if a new arylation reaction is developed by organoboronic acid, it would be very useful in
organic synthesis. However, the major challenge in this reaction is to suppress other competitive
reactions such as homo coupling of boronic acids, addition of boronic acid to the directing

groups and decomposition of directing groups by in situ generated proton of boronic acid.
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4A.2 Results and Discussion

Recently, [{RuCl,(p-cymene)},] complex has been widely used as a catalyst in various C-H
bond activation reactions due to remarkable reactivity, compatibility and low cost of the
complex.***2 In this section, we wish to account a highly regioselective ortho-arylation of N-
alkyl benzamides with substituted aromaticboronic acids in the presence of [{RuCly(p-
cymene)},], AgSbFs and Ag,O. An ortho-alkenylation of N-alkyl benzamides with substituted
alkenylboronic acids was also shown. Later, the ortho arylated N-alkyl benzamides were

successfully converted into fluorenones in the presence of (CF3CO),0 and HCI.

4A.2.1 Optimization Studies

o BOH)2  [{RuCl,(p-cymene)},] i Me
N-Me ) (3.0 mol %) O ”
Me0/©)\H @ AgSbFs (12mol %) MeO O
1a 2a Oxidant (1.5 equiv) 3a
Solvant, 110 °C, 16 h
Table 4A.1 ortho-Arylation of 4-methoxy N-methyl benzamide (1) with phenylboronic acid (2a).?
Entry Oxidant Solvent Yield"
1 Cu(OAc), THF nr
2 AgOTf THF 40
3 AgBF,4 THF 21
4 AgOAcC THF nr
5 AgO,CCF; THF nr
6 Ag,0 THF 87
7 AgCl THF nr
8 AgBr THF nr
9 Ag,CO3 THF 50
10 AgCIO, THF nr
11 AgF THF nr
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12 Ag,0 1,4-dioxane 45
13 Ag,0 DCE nr
14 Ag,0 DMF 27
15 Ag,0 CH3CN nr
16 Ag,O CH3COOH nr
17 Ag,0 MeOH nr
18 Ag,0 tert-BuOH 15
19 Ag,0 DMSO nr
20 Ag,0 toluene nr

®All reactions were carried out with 4-methoxy N-methyl benzamide (1) (1.00 mmol), phenylboronic
acid (2a) (1.50 mmol), [{RuCl,(p-cymene)},] (3 mol %), oxidant (1.5 equiv), AgSbFg (12 mol %) and
solvant (3.0 mL) at 110 °C for 16 h. "Isolated yields.

The reaction optimization was carried out with 4-methoxy N-methylbenzamide (1a) (1.0 mmol)
and phenylboronic acid (2a) (1.50 mmol) in the presence of [{RuCl,(p-cymene)},] (3 mol %)
and AgSbFs (12 mol %) in THF at 110 °C for 16 h. The reaction was first tested with various
terminal oxidants such as Cu(OAc),, AgOTf, AgBF,;, AgOAc, AgO,CCF;, Ag,0, AgCl, AgBr,
Ag,CO3 AgCIO,4 and AgF (Table 4A.1, entry 1-11). Among them, Ag,O was very effective for
the reaction, giving 3a in 87% yield (entry 6). The yield of 3a was determined based on *H NMR
integration method using mesitylene as an internal standard. Ag,COs, AgOTf and AgBF,; were
less effective giving 3a in 50%, 40% and 21% yields respectively (entry 2-3 and 9),. Remaining
silver salts AgOAc, AgO,CCF; Cu(OAc),, AgCl, AgBr, AgCIO, and AgF were totally
ineffective for the reaction. Next, the reaction was tested with various solvents such as 1,4-
dioxane, DCE, DMF, CH3;CN, CH3COOH, THF, MeOH, tert-BuOH, DMSO and toluene (entry
12-20). Of the solvents tested, THF was most effective, affording 3a in 87% yield (entry 6). 1,4-
Dioxane was also effective for the reaction, providing 3a in 45% yield (entry 12). Other solvents
such as DMF and tert-BuOH were less effective for the reaction, providing 3a in 27% and 15%
yields, respectively (entry 14 and 18). Remaining solvents such as DCE, CH3CN, CH3;COOH,
MeOH and DMSO were totally ineffective for the reaction. Next, the reaction was tested with
different amounts of Ag,O (0.5 equiv, 1.0 equiv, 1.5 equiv and 2.0 equiv). The coupling reaction
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showed a better yield of 87% in 1.0 equiv of Ag,O. In the remaining reactions, product 3a was
observed only in 75-55% yields. Further, the reaction was tested without AgSbF¢ and only in the
presence of [{RuCl,(p-cymene)},] and Ag.O. However, in this reaction, coupling product 3a
was not observed. The catalytic reaction was also tested with stoichiometric amount of AgSbFg
(1.0 equiv) without Ag,O under similar reaction conditions. In this reaction as well, no coupling
product 3a was observed. These results clearly revealed that both AgSbFs (12 mol %) and Ag,O
(1.0 equiv) were crucial for the reaction. The optimization studies revealed that AgSbFg (12 mol
%) was the best additive, Ag,O (1.0 equiv) was the best terminal oxidant and THF was the best
solvent at 110 °C for 16 h for the present catalytic reaction. Under the optimized reaction

conditions, la reacted with 2a providing coupling product 3a in 81% isolated yield (Table 4A.1).
4A.2.2 ortho-Arylation of N-Alkyl Benzamides

Table 4A.2 ortho-Arylation of substituted N-alkyl benzamides 1a—j with phenylboronic acids (2a-b).*

Entry  N-alkyl benzamide (1) Compound (3) Yeild®
o] o)
/@)\N,Me O H,Me
H
1 MeO 1a MeO O 81%
3a
o) o)
_Me .Me
2 J@A i ¢ 7%
Me Me
1b 3b
o) o]
.Me _Me
3 J@AH i 79%
[ [
1c 3c O
o] o)
_Me _Me
4 ﬁ N y 76%
Br Br O
1d 3d
o) o)
N Me N’ Me
5 H H 73%
O,N 1e O,N - O

[ISER Pune Page 174



Chapter -4

(e} (0]
.Me .Me
N N
6 /©)LH ¢ 64%
NC 1f NC
3f
(6] (6]
_Me .Me
O ve
1g
3g
(@] (6]
_Et _Et
N N
8 Q)LH O 76%
Me 1h Me
3h
(6] (6]
N}Bu N,‘Bu
9 N O N 74%
MeO MeO
3i
OH
\ M S Ne
10 JyMe CT N 75%

4All reactions were carried out with substituted N-alkyl benzamides 1 (1.00 mmol), phenylboronic acids
(2) (2.20 mmol), [{RuCl,(p-cymene)},] (3.0 mol %), AgSbFs (12 mol %), Ag,O (1.0 equiv), and THF
(3.0 mL) at 110 °C for 16 h. "Isolated yields.

Under the optimized reaction conditions, various substituted N-methyl benzamides la-j reacted
efficiently with phenylboronic acid 2a to give the corresponding ortho-arylated compounds 3a-j
in good to excellent yields (Table 4A.2). Thus, 4-methoxy N-methylbenzamide 1a and 4-methyl
N-methylbenzamide 1b afforded the corresponding ortho-arylated product 3a and 3b in 81% and
77% vyields (entry 1 and 2). Halogen group substituted benzamides such as 4-iodo N-
methylbenzamide 1c and 4-bromo N-methylbenzamide 1d provided coupling products 3c and 3d
in 79% and 76% vyields, respectively (entry 3 and 4). Interestingly, electron-withdrawing group
substituted benzamides such as 4-nitro N-methylbenzamide 1le and 4-cyano N-methylbenzamide
1f also efficiently participated in the reaction giving the corresponding ortho-arylated products
3e and 3f in 73% and 64% yields, respectively (entry 5 and 6). Bulky N-methyl-1-naphthamide
1g also successfully involved in the reaction providing coupling product 3g in 77% vyield (entry
7). The effect of changing substituents on the N-group of the benzamides to Et and tert-Bu were

also tested. Thus, 4-methyl N-ethylbenzamide 1h reacted with phenylboronic acid 2a to give
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coupling product 3h in 76% yield (entry 8). Similarly, 4-methoxy N-tert-butylbenzamide 1i
reacted with 4-hydroxyphenylboronic acid 2b to give the corresponding ortho-arylated product
3i in 74% vyield (entry 9). A sensitive free hydroxy group on the benzene ring of boronic acid 2b
was not affected in the reaction. The catalytic reaction was also tested with heteroaromatic group
substituted amide. Thus, N-methylthiophene-2-carboxamide 1j underwent coupling with 2a to
afford 3j in 75% yield. The coupling reaction was also tested with various N-phenyl substituted

benzamides. However, no coupling product was observed in the reaction.
i 2Oz (ruC(p-cymene)y.]
AgSbFg (12 mol %)
Ag,0 (1.0 equiv)
THF, 110 °C, 16 h

B(OH),

:@)\ @ same conditions
)
same conditions

Scheme 4A.1 Regioselective studies

We next examined the scope of the regioselectivity of the present reaction. Thus, the coupling
reaction was tested with various unsymmetrical benzamides 1k-m (Scheme 4A.1). N-Methyl-2-
naphthamide 1k underwent arylation reaction with phenylboronic acid 2a affording coupling
product 3k in 80% vyield in a highly regioselective manner. In this reaction, there are two ortho
C-H bonds for arylation. Regioselectively, arylation takes place at sterically less hindered C-H
bond of 1k. Similarly, 3,4-dimethoxy N-methylbenzamide 1l also regioselectively reacted with
2a at the sterically less hindered C-H bond of 11 moiety exclusively providing coupling product
3l in 87% vyield. In contrast, 1,3-dioxol group substituted benzamide 1m reacted with 2a giving
coupling product 3m in 77% vyield in a reverse regiochemistry. In this reaction, arylation takes

place selectively at the sterically hindered C-H bond of 1m moiety (Scheme 4A.1).

Table 4A.3 ortho-Arylation of substituted N-alkyl benzamides 1 with phenylboronic acids (2c-f).?

Entry N-Alkyl benzamide (1) Compound (3) Yeild"
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1 7%
2 76%
3 65%
4 7%
5 78%
6 75%

®All reactions were carried out with substituted N-alkyl benzamides 1 (1.00 mmol), substituted
phenylboronic acids (2) (1.20 mmol), [{RuCl,(p-cymene)},] (3.0 mol %), AgSbFs (12 mol %), Ag,O
(1.0 equiv), and THF (3.0 mL) at 110 °C for 16 h. "Isolated yields.

The scope of the present ortho-arylation reaction was further examined with various substituted
aromatic and heteroaromatic boronic acids (Table 4A.3). Thus, electron-withdrawing group
substituted boronic acids such as 4-bromophenylboronic acid 2c, 4-fluorophenylboronic acid 2d
and 4-acetylphenylboronic acid 2e reacted efficiently with 1a or 4-methyl N-methylbenzamide
1b providing coupling products 3n-p in 77%, 76% and 65% yields, respectively (entry 1-3). 4-
Methoxyphenylbornoic acid 2f coupled nicely with bulky N-methyl-1-naphthamide 1g yielding
biaryl derivative 3q in 77% yield (entry 4). Similarly, bulkier 1-naphthoboronic acid 2g also
efficiently coupled with 1a to give the corresponding biaryl derivative 3r in 78% yield (entry 5).
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Heteroaromatic boronic acid was also compatible for the reaction. Thus, 3-thienylboronic acid
2h efficiently participated in the coupling reaction with 1la affording substituted 3-
phenylthiophene derivative 3s in 75% yield (entry 6).

4A.2.3 ortho-Alkenylation of Benzamides

[{RuClx(p-cymene)},]

(0]
/©)J\N,Me (HO)zB\/\©\ (3.0 mol %)
H +
AgSbFg (12 mol %)
MeO 1a 2i Cl

Ag,0 (1.0 equiv)
THF, 110 °C, 16 h

o (HO),B Me
.Me " N
N . same conditions H
H MeO
MeO
1a 2j 3u, 78% O

Scheme 4A.2 ortho-Alkenylation of benzamides

Subsequently, the present coupling reaction was tested with alkenylboronic acids 2i and 2j
(Scheme 4A.2). Thus, 4-chlorostyrylboronic acid 2i underwent coupling with 1a to give the
corresponding alkene derivative 3t in 81% vyield in a highly E-stereoselective manner.
Surprisingly, highly sterically hindered 1-phenylvinylboronic acid 2j also efficiently reacted with
la to yield an alkene derivative 3u in 78% vyield. It is noteworthy to say that various functional
groups such as I, Br, CI, F, CN, NO,, OMe, S, COMe and OH on the amides or boronic acids
were compatible for the present reaction.

4A.2.4 Synthesis of Fluorenones

To demonstrate the synthetic utility of ortho-arylated N-alkylbenzamides 3 in organic synthesis,
we carried out intramolecular cyclization of ortho-arylated N-alkylbenzamides in the presence of
trifluoroacetic anhydride and HCI (Scheme 4A.3). The intramolecular cyclization of 3h
proceeded smoothly in the presence of (CF3;CO),0 in 100 °C for 2 h followed by HCI hydrolysis
in 100 °C for another 2 h yielding fluorenone derivative 4a in 89% vyield. Whereas, 3b
underwent intramolecular cyclization under similar reaction conditions, giving 4a only in 70%
yield. Similarly, ortho arylated N-ethyl benzamides of 3e, 3] and 3k also nicely converted into

substituted fluorenone derivatives 4b-d in excellent 85%, 82% and 86% vyields, respectively
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(Scheme 4A.3). Fluorenone is an important structural scaffold present in various natural products

and biologically active molecules.®"
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Scheme 4A.3. Synthesis of fluorenones

4A.2.5 Mechanism

On the basis of known metal-catalyzed C-H activation possible reaction mechanism is proposed
to account for the present ortho-arylation reaction (Scheme 4A.4). The first step involves
removal of chloride ligand from ruthenium complex by AgSbFg providing cationic ruthenium
complex. Coordination of the carbonyl oxygen of benzamide 1 to the cationic ruthenium species
followed by ortho-metalation gives ruthenacycle intermediate 5.°> Transmetallation of boronic
acid 2 into intermediate 5 in the presence of Ag,O provides intermediate 6. Subsequent reductive
elimination of intermediate 6 in the presence of Ag,O affords product 3 and regenerates the
active ruthenium species for the next catalytic cycle. While the exact role of Ag,0O is not clear,
we think Ag,O might play dual role in the reaction. It acts as a base to accelerate transmetallation
of boronic acid 2 into intermediate 5. In addition, Ag” ion acts as a terminal oxidant to oxidize
Ru(0) to Ru(ll).
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Scheme 4A.4 Reaction mechanism

4A.3 Conclusions

In conclusion, we have described a ruthenium-catalyzed highly regioselective ortho-arylation of
substituted N-alkylbenzamides with substituted aromatic and heteroaromatic boronic acids in the
presence of AgSbFs and Ag,O. Later, the observed coupling products were further converted

into fluorenones in the presence of trifluoroacetic anhydride and HCI.
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4A.5 Experimental Section

4A.5.1 General Procedure for the Coupling of N-Alkyl Benzamides 1 with Boronic acids 2
Catalyzed by Ruthenium Complex

A 15-mL pressure tube equipped with a magnetic stirrer and septum containing [{RuCl(p-
cymene)},] (0.03 mmol, 3 mol %), AgSbFe (0.12 mmol, 12 mol %), boronic acid 2 (1.5 mmol,
1.5 equiv) and Ag,O (1.0 mmol, 1.0 equiv) was evacuated and purged with nitrogen gas three
times. To the tube were then added benzamide (1) (1.00 mmol) and THF (3.0 mL) via syringes.
Then, in the pressure tube, septum was taken out and covered with a screw cap immediately and

the reaction mixture was allowed to stir at 110 °C for 16 h. After cooling to ambient temperature,
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the reaction mixture was diluted with CH,CI,, filtered through Celite and silica gel, and the
filtrate was concentrated. The crude residue was purified through a silica gel column using

hexanes and ethyl acetate as eluent to give pure 3.

4A.5.2 General Procedure for the Preparation of Fluorenones

Note: For fluorenones synthesis, crude product 3 was taken directly without column purification.
In the reaction, pure as well as crude product 3 worked equally.

Crude product 3 (1.00 mmol scale reaction) and (CF3CO),0 (1.5 mL) were taken in a 25-mL
two-neck round bottom flask equipped with a magnetic stirrer, septum and condenser with water
circulation. The reaction mixture was allowed to stir at 100 °C for 2 h. Then, the reaction mixture
was refluxed in the presence of conc. HCI (1.5 mL) at 100 °C for additional 2 h. After the
reaction, the reaction mixture was allowed to cool to room temperature and the reaction mixture
was extracted with ethyl acetate, washed with water and brine. The extract was dried with
anhydrous Na,SO,. The solvent was removed under reduced pressure and the crude residue was

purified through a silica gel column using hexanes and ethyl acetate as eluent to give pure 4.

4A.5.3 Spectral Data of Compounds 3a-u and 4a-d

5-Methoxy-N-methyl-[1,1"-biphenyl]-2-carbaxamide (3a): Colorless solid; m.p.: 126 - 132 °C,
eluent (30% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3297, 2925, 1735, 1640,
O<_NH 1556, 1407, 1291, 1132 and 1030. *H NMR (CDCls, 400 MHz): & 7.68 (d, J = 8.0
O O Hz, 1 H), 7.42 - 7.36 (m, 5 H), 6.90 (d, J = 4.0 Hz, 1 H), 6.82 (s, 1 H), 5.17 (bs, 1

H), 3.83 (s, 3 H), 2.63 (s, 3 H). °C NMR (CDCls, 100 MHz): § 170.0, 160.8,
141.4, 140.2, 131.2, 128.7, 128.0, 127.7, 115.5, 113.3, 55.7, 27.0. HRMS (ESI):
calc. for [(C1sH1sNO2)H] (M+H) 242.1181 measured 242.1173.

5-Methyl-N-methyl-[1,1 -biphenyl]-2-carboxamide (3b):Colorless solid; mp.: 118 — 123 °C,
eluent (25% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3290, 2925, 1721,
O<_NH 1643, 1408, 1310 and 1159. *H NMR (CDCls, 400 MHz): § 7.57 (d, J =8.0 Hz, 1
O O H), 7.38 - 7.33 (m, 5 H), 7.18 (d, J = 8.0, Hz, 1 H), 7.14 (s, 1 H), 5.22 (bs, 1 H),

2.62 (d, J = 4.0 Hz, 3 H), 2.38 (s, 3 H). °C NMR (CDCls, 100 MHz): § 170.3,
T 140.4, 140.3, 139.4, 132.8, 130.9, 129.0, 128.7, 128.6, 128.3, 127.7, 26.7, 21.4.
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HRMS (ESI): calc. for [(C15H1sNO)H] (M+H) 226.1232, measured 226.1240.

5-lodo-N-methyl-[1,1 -biphenyl]-2-carboxamide (3c): Colorless solid; mp.: 161-165 °C,

” eluent (25% ethyl acetate in hexanes). IR (ATR) v (cm™): 3307, 2926, 1722, 1638,

O NH O 1568, 1442, 1313 and 1165. *H NMR (CDCls, 400 MHz): & 7.73 -7.70 (m, 2 H),

O 7.42 — 7.33 (m, 6 H), 5.25 (bs, 1 H), 2.62 (d, J = 4.0 Hz 3 H). *C NMR (CDCl;,

! 100 MHz): 6 169.4, 141.2, 138.9, 138.6, 136.6, 135.0, 130.5, 128.8, 128.5, 128.3,
96.5, 26.7. HRMS (ESI): calc. for [(C14H12INO)H] (M+H) 338.0042 measured 338.0035.

5-Bromo-N-methyl-[1,1 biphenyl]-2-carboxamide (3d): Colorless solid; mp.: 146 — 152 °C,
eluent (25% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3300, 2927, 1722,
O<_NH 1642, 1579, 1465, 1309, 1159 and 1083. *H NMR (CDCl;, 400 MHz): & 7.55 —
O O 7.50 (m, 3 H), 7.43 — 7.35 (m, 5 H), 5.22 (bs, 1 H), 2.64 (d, J = 4.0 Hz, 3 H). *C
NMR (CDCl;, 100 MHz): & 169.3, 141.3, 138.7, 134.4, 133.0, 130.7, 130.6,
128.8, 128.5, 128.4, 124.3, 26.84. HRMS (ESI): calc. for [(C14H1,BrNO)H]
(M+H) 290.0181, measured 290.0187.

N-Methyl-5-nitro-[1,1 -biphenyl]-2-carboxamide (3e): Colorless solid; mp.: 145 — 148 °C,
eluent (30% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3284, 2926, 1650, 1527,
o '\K/JI: 1408, 1350, 1160 and 1031. *H NMR (CDCls, 400 MHz): & 8.23 (s, 1 H), 8.20
O O (dd, J = 4.0, 4.0 Hz, 1 H), 7.80 (d, J = 8.0 Hz, 1 H), 7.45 — 7.41 (m, 5 H), 5.33 (bs,
o, J=1H), 269 (d, J = 4.0 Hz 3 H). *C NMR (CDCls, 100 MHz): & 168.4, 148.6,
141.3, 141.0, 137.9, 130.2, 129.1, 129.0, 128.5, 125.1, 122.4, 26.8. HRMS (ESI):

calc. for [(C14H12N203)H] (M+H) 257.0926, measured 257.0934.

5-Cyano-N-methyl-[1,1 -biphenyl]-2-carboxamide (3f): Colorless semisolid; eluent (25%

Me ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3415, 2923, 2241, 1633, 1404, 1263

© NH and 1027. *H NMR (CDCl3, 400 MHz): & 7.75 (d, J = 8.0, 1 H), 7.67 — 7.65 (m, 2

O H), 7.44 — 7.41 (m, 3 H), 7.38 — 7.36 (m, 2 H), 5.28 (bs, 1 H), 2.67 (d, J = 8.0 Hz,

CN 3 H). °C NMR (CDCl;, 100 MHz): & 168.5, 140.5, 139.7, 137.8, 133.8, 131.0,

129.7, 129.0, 128.9, 128.5, 118.0, 114.0, 26.8. HRMS (ESI): calc. for [(CisH12N,O)H] (M+H)
237.1028, measured 237.1035.
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N-Methyl-2-phenyl-1-napthamide (3g): Colorless solid; mp.: 170 — 180 °C, eluent (20% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3277, 2925, 1743, 1629, 1539, 1400,

oo A 1260, 1155 and 1080. 'H NMR (CDCls, 400 MHz): 5 8.06 (dd, J = 8.0, 4.0 Hz,

1 H), 7.91 (d, J = 8.0 Hz, 1 H), 7.85 (d, J = 8.0 Hz, 1 H), 7.56 — 7.49 (m, 5 H),
7.43 (t, J = 8.0 Hz, 2 H), 7.37 (d, J = 8.0 Hz, 1 H) 5.43 (bs, 1 H), 2.75 (d, J =

4.0 Hz, 3 H). *C NMR (CDCls, 100 MHz): & 170.3, 140.4, 136.4, 133.5, 132.5, 130.4, 129.5,

128.8, 128.6, 128.0, 127.7, 127.48, 127.41, 126.4, 125.7, 26.8. HRMS (ESI): calc. for
[(C1sH1sNO)H] (M+H) 262.1232, measured 262.1236.

N-Ethyl-5-methyl-[1,1 -biphenyl]-2-carboxamide (3h): Colorless semisolid; eluent (25% ethyl

- acetate in hexanes). IR (ATR) ¥ (cm™): 3300, 2927, 1725, 1646, 1533, 1451,

O NH 1380, 1129 and 1074. *H NMR (CDCls, 400 MHz): & 7.60 (d, J = 8.0 Hz, 1 H),

O O 7.39 - 7.34 (m, 5 H), 7.19 (d, J = 8.0 Hz, 1 H), 7.14 (s, 1 H), 5.10 (bs, 1 H), 3.15

(g, J =8.0 Hz, 2 H), 2.38 (s, 3 H) 0.76 (t, J = 16.0 Hz, 3 H). *C NMR (CDCls, 100

MHz): 6 169.2, 140.5, 140.2, 139.5, 133.0, 130.8, 129.1, 128.8, 128.6, 128.3,

127.7, 34.6, 21.3, 14.1. HRMS (ESI): calc. for [(CiH17NO)H] (M+H) 240.1388, measured
240.1394.

Me

N-(tert-butyl)-4"-Hydroxy-5-methoxy-[1,1 -biphenyl]-2-carboxamide (3i): Colorless

- .semisolid; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3423,
vie e 2923, 1626, 1394, 1270, 1374 and 1091. 'H NMR (d-DMSO, 400 MHz): &

° NH 944 (bs, 1 H), 7.26 (d, J = 8.0 Hz, 1 H), 7.18 (d, J = 8.0 Hz, 2 H), 7.14 (s, 1
O H), 6.83 (dd, J = 8.0, 4.0 Hz, 1 H), 6.76 (d, J = 8.0 Hz, 1 H), 6.72 (d, J = 8.0

| ome |Hz, 2 H), 3.75 (s, 3 H), 1.92 (s, 9 H). **C NMR (d-DMSO, 100 MHz): § 169.0,

159.9, 157.4, 141.3, 131.4, 131.0, 130.1, 129.9, 115.3, 115.0, 112.1, 55.7, 50.8, 28.7. HRMS
(ESI): calc. for [(C1sH2NO3)H] (M+H) 300.1600, measured 300.1607.

N-Methyl-3-phenyl-2-naphthamide (3j): Colorless solid; mp.: 170 — 180 °C, eluent (20% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3277, 2925, 1743, 1629, 1539, 1400,

vMe (1260, 1155 and 1080. *H NMR (CDCls, 400 MHz): & 8.18 (s, 1 H), 7.87 (d, J
OO O =8.0 Hz, 1 H), 7.83 (d, J = 8.0 Hz, 1 H), 7.80 (s, 1 H), 7.55 — 7.35 (m, 7 H),
5.41 (bs, 1 H), 2.70 (d, J = 4.0 Hz, 3 H). 3C NMR (CDCls, 100 MHz): &
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170.1, 140.3, 136.7, 133.8, 132.0, 129.4, 129.2, 128.8, 128.6, 128.4, 127.8, 127.7, 127.6, 126.8,
26.8. HRMS (ESI): calc. for [(C1gH1sNO)H] (M+H) 262.1232, measured 262.1236.

4,5-Dimethoxy-N-methyl-[1,1 -biphenyl]-2-carboxamide (3k): Colorless solid; mp.: 132 — 140

e °C, eluent (35% ethyl acetate in hexanes). IR (ATR) v (cm™): 3376, 2926,

° NH 1735, 1642, 1518, 1455, 1349, 1269, 1176 and 1020. *H NMR (CDCls, 400

O MHz): 8 7.40 — 7.34 (m, 5 H), 7.29 (s, 1 H), 6.77 (s, 1 H), 5.14 (bs, 1 H), 3.92

e e (s, 3H), 3.88 (s, 3 H), 2.61 (d, J = 8.0 Hz, 3 H). *C NMR (CDCl;, 100 MHz):

) JS 169.7, 150.2, 148.3, 140.2, 132.7, 128.8, 128.7, 127.7, 127.4, 112.8, 112.0,

56.15, 56.12, 26.8. HRMS (ESI): calc. for [(CisH17NO3)H] (M+H) 272.1287, measured
272.1281.

-

J

N-Methyl-4-phenylbenzo[d][1,3]dioxole-5-carboxamide (31): Colorless solid; mp.: 136 — 140
°C, eluent (35% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3393, 2919, 1733,
1646, 1543, 1306, 1248 and 1049. 'H NMR (CDCls, 400 MHz): & 7.40 — 7.34 (m,
5 H), 7.25 (d, J = 8.0 Hz, 1 H), 6.79 (d, J = 8.0 Hz, 1 H), 5.95 (s, 2 H), 5.25 (bs, 1
H), 2.61 (d, J = 4.0 Hz, 3 H). 3C NMR (CDCls, 100 MHz): § 169.2, 148.8, 145.4,
133.8, 129.8, 129.3, 128.6, 128.3, 123.6, 121.5, 107.6, 101.5, 26.7. HRMS (ESI): calc. for
[(C1sH13NO3)H] (M+H) 256.0974, measured 256.0981.

N-Methyl-3-phenylthiophene-2-carboxamide (3m): Colorless solid; mp.: 100 -106 °C, eluent

(20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3430, 2968, 1641, 1540, 1452,

1290, 1166 and 1078. *H NMR (CDCls, 400 MHz): § 7.43 — 7.39 (m, 6 H), 6.97

/s\ Ve |(d, 3= 8.0, Hz, 1 H), 5.57 (bs, 1 H), 2.71 (d, J = 4.0 Hz, 3 H). ©*C NMR (CDCl,,

s 100 MHz): ¢ 163.0, 141.7, 135.5, 134.7, 130.7, 129.1, 129.0, 128.6, 128.5, 26.6.
HRMS (ESI): calc. for [(C12H1:NOS)H] (M+H) 218.0640, measured 218.0634.

4" -Bromo-5-methoxy-N-[1,1"-biphenyl]-2-carboxamide (3n): Colorless solid; mp.: 152 — 157
°C, eluent (30% ethyl acetate in hexanes). IR (ATR) v (cm™): 3295, 2924,
0 '\I{II: Br1 1630, 1542, 1289, 1170, 1160 and 1068. *H NMR (CDCls, 400 MHz): & 7.59
O O (d,J=8.0 Hz, 1 H), 7.51 (d, J = 8.0 Hz, 2 H), 7.23 (d, J = 8.0 Hz, 2 H), 6.90 (d,
J=8.0Hz, 1 H), 6.77 (s, 1 H), 5.27 (bs, 1 H), 3.82 (s, 3 H), 2.68 (d, J = 4.0 Hz,

OMe

A —
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3 H). °C NMR (CDCls, 100 MHz): & 169.7, 160.7, 140.1, 139.2, 131.7, 130.7, 130.2, 128.1,
122.2, 115.5, 113.1, 55.5, 26.6. HRMS (ESI): calc. for [(CisH1BrNO2)H] (M+H) 320.0286,
measured 320.0290.

4" -Fluro-5-methoxy-N-methyl-[1,1"-biphenyl]-2-carboxamide (30): Colorless solid; m.p.: 140

Ve — 142 °C, eluent (30% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3256,

° "“H F12925, 1640, 1553, 1499, 1293, 1166 and 1028. *H NMR (CDCls, 400 MHz): &

O 7.61 (d, J = 8.0 Hz, 1 H), 7.33 and F coupling(t, J = 8.0 Hz, 2 H), 7.08 and F

OMe coupling (t, J =8.0 Hz, 2 H), 6.88 (d, J =8.0 Hz, 1 H), 6.79 (s, 1 H), 5.23 (bs, 1

H), 3.82 (s, 3 H), 2.66 (d, J = 8.0 Hz, 3 H). *C NMR (CDCls, 100 MHz):  169.8, 163.8, 161.3,

160.7, 140.2, 136.3 and 130.2 (F coupling), 130.7, 130.3 and 130.2 (F coupling), 115.7, 115.6

and 115.5 (F coupling), 112.9, 55.5, 26.7. HRMS (ESI): calc. for [(C15H14FNO2)H] (M+H)
260.1087, measured 260.1089.

4'-Acetyl-N,5-dimethyl-[1,1'-biphenyl]-2-carboxamide (3p): Colorless semisolid; eluent (35%

" ethyl acetate in hexanes). IR (ATR) v (cm™): 3309, 2924 1673, 1548, 1362,

Oy NH come|1268 and 1081. *H NMR (CDCls, 400 MHz): & 7.93 (d, J = 8.0 Hz, 2 H), 7.41

O O (d, J = 8.0, Hz, 1 H), 7.39 (d, J = 8.0 Hz, 2 H), 7.18 (d, J = 8.0 Hz, 1 H), 7.15

(s, 1 H), 5.80 (bs, 1 H), 2.66 (d, J = 4.0 Hz, 3 H), 2.59 (s, 3 H), 2.38(s, 3 H).

“13C NMR (CDCls, 100 MHz): § 197.9, 170.9, 145.0, 140.9, 138.6, 136.1,

132.1, 129.8, 128.8, 128.7, 1285, 126.6, 27.0, 26.7, 21.4. HRMS (ESI): calc. for
[(C17H17NO2)H] (M+H) 268.1338, measured 268.1344.

-

J

Me

L

2-(4-Methoxyphenyl)-N-methyl-1-napthamide (3q): Colorless solid; mp.: 185 — 189 °C, eluent
(25% ethyl acetate in hexanes). IR (ATR) v (cm™): 3288, 2975, 1627,

OMe 1534, 1240, 1169 and 1038. *H NMR (CDCls, 400 MHz): & 8.03 (d, J =
OO 8.0 Hz, 1 H), 7.86 (d, J = 8.0 Hz, 1 H), 7.83 (d, J = 8.0 Hz, 1 H), 7.52 —

7.49 (m, 2 H), 7.47 — 7.45 (m, 3 H), 6.94 (d, J = 8.0 Hz, 2 H), 5.49 (bs, 1
H), 3.83 (s, 3 H), 2.76 (d, J = 4.0 Hz, 3 H). 3C NMR (CDCls, 100 MHz): § 170.5, 159.2, 136.0,

133.1, 132.7, 132.3, 130.5, 129.9, 129.4, 127.9, 127.5, 127.3, 126.2, 125.6, 114.0, 55.3, 26.8.
HRMS (ESI): calc. for [(C19H17NO2)H] (M+H) 292.1338, measured 292.1342.
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4-Methoxy-N-methyl-2-(naphthalen-1-yl)benzamide (3r): Colorless solid; mp.: 178 -183 °C,
eluent (20% ethyl acetate in hexanes). IR (ATR) v (cm™): 3302, 2929, 1646,
0 NH 1544, 1485, 1293, 1226, 1171 and 1037. *H NMR (CDCls, 400 MHz): & 7.93 (d,
O O J=8.0,1H),7.88(d,J=8.0,2H),7.60(d, J=8.0,Hz, 1 H), 7.53 - 7.46 (m, 2
H), 7.43 — 7.39 (m, 2 H), 7.02 (dd, J = 8.0, 4.0 Hz, 1 H), 6.83 (d, J = 8.0 Hz, 1
H), 5.11 (bs, 1 H), 3.81 (s, 3 H), 2.28 (d, J = 4.0 Hz, 3 H). **C NMR (CDCls,
100 MHz): & 168.6, 160.8, 139.5, 138.3, 133.5, 131.7, 131.4, 128.6, 128.4, 126.9, 126.7, 126.6,
126.4, 125.5, 125.4, 116.5, 113.6, 55.5, 20.5. HRMS (ESI): calc. for [(C1gH17NO,)H] (M+H)
292.1338, measured 292.1344.

4-Methoxy-N-methyl-2-(thiophen-3-yl)benzamide (3s): Colorless solid; mp.: 118 — 123 °C,

Me eluent (20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3292, 2925, 1732, 1640,

© “"”l i 1560, 1483, 1282 and 1173. *H NMR (CDCls, 400 MHz): § 7.62 (d, J = 8.0 Hz, 1

H), 7.36 — 7.32 (m, 2 H), 7.12 (dd, J = 8.0, 4.0 Hz, 1 H), 6.87 (d, J = 8.0 Hz, 1 H)

OMe 6.86 (s, 1 H), 5.34 (bs, 1 H), 3.82 (s, 3 H), 2.71 (d, J = 4.0 Hz, 3 H). **C NMR

(CDCl3, 100 MHz): 6 169.9, 160.7, 140.7, 135.7, 130.7, 128.3, 128.1, 126.1, 123.0, 115.2, 113.0,
55.5, 26.8. HRMS (ESI): calc. for [(C13H1sSNO2)H] (M+H) 248.0745, measured 248.0749.

(E)-2-(4-Chlorostyryl)-4-methoxy-N-methylbenzamide (3t): Colorless semisolid; eluent (25%
r Clﬂethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3288, 2924, 1624, 1535, 1485,
o ‘ 1394, 1213, 1161 and 1090. *H NMR (CDCls, 400 MHz): & 7.49 (d, J = 16.0
Hz, 1 H), 7.41 (d, J = 8.0 Hz, 3 H), 7.29 (d, J = 8.0 Hz, 2 H), 7.12 (s, 1 H),
O 6.93 (d, J = 16.0 Hz, 1 H), 6.79 (d, J = 8.0 Hz, 1 H), 5.86 (bs, 1 H), 3.84 (s, 3
“H), 2.96 (d, J = 4.0 Hz 3 H). *C NMR (CDCls, 100 MHz): & 169.9, 160.9,
137.4, 135.6, 133.6, 130.0, 129.4, 128.9, 128.2, 128.0, 126.9, 113.1, 111.4, 55.4, 25.9. HRMS
(ESI): calc. for [(C17H16CINO,)H] (M+H) 302.0948, measured 302.0951.

4-Methoxy-N-methyl-2-(1-phenylvinyl)benzamide (3u): Colorless solid; mp.: 150 — 155 °C,
™ eluent (25% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3299, 2923, 1735,

O NH.,, 1616, 1527, 1393, 1271, 1158 and 1030. *H NMR (CDCls, 400 MHz): § 7.47 (d,
O O J=8.0Hz, 3H),7.37(d, J=8.0Hz, 1 H), 7.32 (t, J=8.0 Hz, 2 H), 7.25 (d, J =
8.0 Hz, 1 H), 7.10 (s, 1 H), 6.96 (d, J = 16.0 Hz, 1 H), 6.74 (d, J = 8.0 Hz, 1 H),
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6.01 (bs, 1 H), 3.81 (s, 3 H), 2.92 (s, 3 H). *C NMR (CDCls;, 100 MHz): § 170.0, 160.8, 137.6,
137.0, 131.4, 129.5, 128.7, 128.3, 128.0, 126.9, 126.3, 113.0, 111.3, 55.4, 26.9. HRMS (ESI):
calc. for [(C17H17NO2)H] (M+H) 268.1338, measured 268.1342.

3-Methyl-9H-fluoren-9-one (4a): Yellow viscous liquid; eluent (5% ethyl acetate in hexanes).
'H NMR (CDCl3, 400 MHz): § 7.61 (d, J = 8.0 Hz, 1 H), 7.52 (d, J = 8.0 Hz, 1

[ H), 7.45 —7.41 (m, 2 H), 7.28 (s, 1 H), 7.27 — 7.23 (m, 1 H), 7.06 (d, J = 8.0 Hz,
Me 1 H), 2.39 (s, 3 H). °C NMR (CDCls5, 100 MHz): & 193.7, 145.9, 144.8, 144.3,
134.7, 1345, 131.9, 129.6, 129.0, 124.3, 124.2, 121.3, 120.1, 22.2. HRMS
(ESI): calc. for [(C14H100)H] (M+H) 195.0810, measured 195.0811.

3-Nitro-9H-fluoren-9-one (4b): Yellow solid; m.p. 211 — 215 °C, eluent (10% ethyl acetate in
S hexanes). *H NMR (CDCls, 400 MHz): § 8.32 (s, 1 H), 8.17 (d, J = 8.0 Hz, 1
O’ H), 7.78 (d, J = 4.0 Hz, 1 H), 7.72 (d, J = 8.0 Hz, 1 H), 7.64 (d, J = 8.0 Hz, 1
OzN H), 7.59 (t, J = 8.0 Hz, 1 H) 7.40 (t, J = 8.0 Hz, 1 H). *C NMR (CDCls, 100
MHz): 6 191.7, 152.5, 145.8, 142.5, 138.4, 135.8, 134.2, 130.6, 125.1, 124.87,

124.81, 121.3, 115.4. HRMS (ESI): calc. for [(CisH/NOs)H] (M+H) 226.0504, measured
226.0507.

11H-Benzo[b]fluoren-11-one (4c): Yellow solid; m.p. 141 — 143 °C, eluent (5% ethyl acetate in
hexanes). 'H NMR (CDCls, 400 MHz): § 8.17 (s, 1 H), 8.88 (d, J = 8.0 Hz, 1

7 IH),7.87 (s, 1 H),7.82 (d, J= 8.0 Hz, 1 H), 7.75 (d, J = 8.0 Hz, 1 H), 7.71 (d, J
OO’Q =8.0Hz, 1 H) 7.58 = 7.52 (m, 2 H), 7.46 (t, J = 8.0 Hz, 1 H), 7.34 (t, J = 8.0
Hz, 1 H). ¥C NMR (CDCl3, 100 MHz): & 193.2, 144.9, 138.5, 136.9, 136.2,

135.1, 133.7, 132.8, 130.9, 129.3, 129.1, 128.9, 127.0, 125.8, 124.5, 121.1, 119.2. HRMS (ESI):
calc. for [(C17H100O)H] (M+H) 231.0810, measured 231.0815.

2,3-Dimethoxy-9H-fluoren-9-one (4d): Yellow semi solid; eluent (10% ethyl acetate in
hexanes). *H NMR (CDCls, 400 MHz): & 7.52 (d, J = 8.0 Hz, 1 H), 7.37 (t, J
Meo =8.0 Hz, 1 H), 7.32 (d, J = 8.0 Hz, 1 H), 7.16 (t, J = 8.0 Hz, 1 H), 7.15 (5, 1
MeO Q H), 6.96 (s, 1 H) 3.98 (s, 3 H) 3.90 (s, 3 H). *C NMR (CDCls, 100 MHz): &
193.3, 154.6, 149.7, 144.0, 139.5, 134.8, 134.3, 128.2, 126.9, 123.8, 119.1, 107.1, 103.4, 56.4,
56.3. HRMS (ESI): calc. for [(C15H1203)H] (M+H) 241.0865, measured 241.0864
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4A.5.4 Spectral Copies of Selected Compounds

'H and *C NMR Spectra of Compound 3a
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'H and *C NMR Spectra of Compound 3k
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'H and *C NMR Spectra of Compound 3m
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'H and *C NMR Spectra of Compound 3s
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'H and *C NMR Spectra of Compound 3t
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'H and *C NMR Spectra of Compound 4a
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'H and *C NMR Spectra of Compound 4d
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Section 4B: Ruthenium-Catalyzed ortho-Arylation of Acetanilides with

Aromatic Boronic acids: An Easy Route to Phenanthridines and Carbazoles

4B.1 Introduction

ortho-Arylation of heteroatom substituted aromatics with aromatic electrophiles or
organometallic reagents catalyzed by metal complexes via chelation-assisted C-H bond
activation is one of the efficient method to synthesize biaryl derivatives.! Various chelating
groups such as ketone, oxime, amide, acetamino (NH-COR), 2-pyridyl, cyano, ester, carboxylic
acid and amine are efficiently used for the arylation reaction. Among them, acetamino (NH-
COR) directed ortho-arylation of aromatics has gained much attention in organic synthesis.?>
Since, the derived ortho-arylated N-substituted anilines are key synthetic intermediates for
various organic transformations and synthesizing heterocyclic moieties. Metal-catalyzed ortho-
arylation of acetamino directed aromatics with aromatic electrophiles has been extensively
studied in the literature.? However, in the reaction of symmetrical acetanilides with aromatic
electrophiles, a mixture of mono- and di-arylated acetanilides were observed. The diarylated
compounds cannot be suppressed in the reaction, but, it can be suppressed by doing arylation
using aromatic organometallic reagents.”® Aromatic boranes, aromatic stannenes and aromatic
silanes are commonly used arylating agents in the coupling reaction. Among them, organoborane
reagents display multifarious advantages and the observed boron-derived byproducts are not

harmful unlike other organometallic reagents.’

In 2007, Shi’s group demonstrated ortho-arylation of acetanilides with aromatic boronic acids in
the presence of palladium complex. In the reaction, N-substituted anilides (Ph-NRCOR) showed
good reactivity and selectivity. But, N-H free anilides (Ph-NHCOR) showed poor reactivity and

selectivity with the formation of N-arylated anilide as a major by-product (eq. 4B.1).*?

R
N Me N Me
P A A
T+ Ph—B(OH), d(OAC), Ag, Cu @[ lr (4B.1)
0 Tolune, 120°C Ph

Subsequently, the same group has reported ortho-arylation of N-H free anilides (Ph-NHCOR)

with trialkoxy phenylsilanes in the presence of palladium complex. However, an excess amount
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of oxidants such as AgF (2.0 equiv) and Cu(OTf), (2.0 equiv) were used and the availability of

trialkoxy phenylsilanes is also limited (eq. 4B.2).%*

NHAc NHAc

. Pd(OAc),, Ag, Cu 452
" Ph=Si(OMe)s Dioxane, 110°C 82

Recently, Lipshutz’s group reported ortho-arylation of aryl ureas (Ph-NH-CONR;) with
phenylboronic acids in the presence of a cationic palladium complex. However, in the reaction of
symmetrical aryl ureas with aromatic boronic acids, a minor amount of di-arylated compounds

were observed (eq. 4B.3).*

H H

N._ _NMe N__NM
D Pd(CH5CN),.2BF, N €2
o + Ph—B(OH), (4B.3)
EtOAc, RT ph°

Owing to the extraordinary reactivity and selectivity, [{RuCl,(p-cymene)}.] complex has been

efficiently used as a catalyst for various C-H bond functionalization reactions. Ru(ll)-catalyzed
arylation of 2-pyridyl, oxazoline, azole, amide and oxime substituted aromatics with aromatic
electrophiles has been elaborately studied in the literature.®> Very recently, we have reported a

ruthenium-catalyzed ortho-arylation of benzamides with boronic acids (eq. 4B.4).%

O (0]

NHMe [{RuCly(p-cymene)};] NHMe
+ Ph—B(OH), (4B.4)
THF, 110 °C Ph

In the reported ruthenium-catalyzed arylation reactions, directing groups having a better

coordinating nitrogen atom such as 2-pyridyl, oxime, oxazoline, azole and amide are explored.
But, directing groups having a less coordinating oxygen atom are not explored. Herein, we wish
to statement a less coordination oxygen atom directed ortho-arylation of acetanilides with

aromatic boronic acids in the presence of Ru(ll) catalyst.

4B.2 Results and Discussion

The highly regioselective ortho-arylation of acetanilides with aromatic boronic acids in the
presence of a Ru(ll) complex (3 mol%), AgSbFg (12 mol%), Cu(OTf), (20 mol%) and Ag.0 (1.0
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equiv) is described. The catalytic reaction was compatible with various functional groups such as
electron-rich, electron-deficient and halogen substituted aromatic anilides and aromatic boronic
acids. In the reaction, no diarylated products or N-arylated acetanilides were observed. Further,
ortho-arylated anilides were converted into useful heteroaromatics such as phenanthridine and

carbazole derivatives by using PhsPO and Tf,O or palladium catalyst.”

H
E M [{RuCly(p-cymene)},] (3 mol %) l{l Me
e
AgSbFg (12 mol %) hig
T+ Ph—B(OH (48.5)
©/ o) (OH)2 Ag,0 (1.0 equiv), prC
1a 2a Cu(OTf), (20 mol %), 3a, 75%

THF, 110 °C, 20 h

Treatment of acetanilide (1a) with phenylboronic acid (2a) in the presence of [{RuCl(p-
cymene)}.] (3 mol %) AgSbFs (12 mol %), Ag.O (1.0 mmol) and Cu(OTf), (20 mol %) in
tetrahydrofuran (THF) at 110 °C for 20 h gave ortho-arylated anilide 3a in 75% isolated yield

(eqg. 4B.5). The catalytic reaction is highly selective, only mono-arylation product was observed.

4B.2.1 Optimization Studies

0] 0]

Me™ NH BOH)2  [{RuCly(p-cymene)},] (3 mol %) ~ Me™ NH O
Additive(12 mol %)
’ Oxidant (1.0 equiv), O

Co-catalyst (20 mol %), 3a
Solvent, 110 °C, 20 h

1a 2a

Table 4B.1 Ruthenium-catalyzed ortho-arylation of acetanilide (1a) with phenylboronic acid (2a).?

Entry Solvent Oxidant Additive co-catalyst  Yield"
1 THF Ag,0 AgSbFg - 71
2 MeOH Ag,0O AgShFg -- nr
3 AcOH Ag,0O AgSbFg -- nr
4 Toluene Ag,O AgSbFg -- nr
5 DCE Ag,O AgSbFg -- nr
6 DME Ag,0O AgSbFg -- nr
7 DMF Ag.0 AgSbFg - 20
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8 THF AgQOTf AgShFg -- 15
9 THF AgOAcC AgShFg -- 10
10 THF AgF AgSbFg -- 5

11 THF K2S,0g AgSbFg -- nr
12 THF (NH4)2S,04 AgShFg -- nr
13 THF Oxone AgShFg -- nr
14 THF Cu(OAc). AgSbFg - nr
15 THF Ag,0O AgBF, -- 60
16 THF Ag,0O AgQOTf -- 55
17 THF Ag.0O KPFs -- nr
18 THF Ag.0 AgSbFs Cu(OTf), 82°
19 THF Ag.0 AgSbFs Cu(OTf), 83
20 THF Ag,O -- Cu(OTf), 68

Al reactions were carried out with acetanilide (1a) (1.00 mmol), phenylboronic acid (2a) (1.50 mmol),
[{RuCly(p-cymene)},] (3 mol %), oxidant (1.2 equiv), additive (12 mol %), co-catalyst (20 mol %) and
solvant (3.0 mL) at 110 °C for 16 h. "Isolated yields. ‘Cu(OTf), (1.0 equiv)

To optimize the arylation reaction, various additives, solvents and oxidants were examined in the
reaction of 1a with 2a in the presence of [{RuCl,(p-cymene)},] (3 mol %) at 110 °C for 20 h.
First, the catalytic reaction was tested with various solvents such as THF, MeOH, AcOH,
Tolune, DCE, DME, and DMF in the presence of catalyst, AgSbFs (12 mol %) and Ag.O (1.0
equiv) (Table 1). Among them, THF solvent was the best, providing coupling product 3a in 71%
GC vyield (Table 4B.1, entry 1). DMF is less effective, providing couplind product 3a in 20%
yield (entry 7). The remaining solvents were totally ineffective (entry 2-6). Next, the catalytic
reaction was tested with various oxidants such as Ag,O, AgOTf, AgOAc, AgF, K;S,0s,
(NH4)2S,03, Oxone and Cu(OAc), (entry 8-14). Among them, Ag,O was very effective, giving
3ain 71% GC yield (entry 1). AgOTf, AgOAc and AgF were less effective, giving 3a in 15, 10,

and 5% GC vyields, respectively (entry 8-10). Remaining oxidants were totally ineffective (entry
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11-14). The catalytic reaction was studied with variety of additives such as AgSbFs, AgBF,,
AgOTf and KPFs were also tested (entry 15-17). Among them, AgSbFs was very effective,
giving 3a in 71% GC yield (entry 1). AgBF, and AgOTf were moderately effective, giving 3a in
60% and 55% GC yields, respectively (entry 15 and 16). But, KPFg was totally ineffective (entry
17). Further, the reaction was tested with 1.0 equiv and 20 mol % of Cu(OTf),. In the reaction,
3a was observed 82 and 83% GC vyields, respectively (entry 18 and 19). It is believed that
Cu(OTf), increases the rate of C-H bond activation and stabilizes the active catalyst. The
catalytic reaction was also tested without AgSbFg, only with Ag,O (1.0 equiv) and Cu(OTf); (20
mol %). In the reaction, 3a was observed in 68% GC yield (entry 20).

4B.2.2 ortho-Arylation of Acetanilides

Table 4B.2 ortho-Arylation of substituted acetanilides 1b—n with phenylboronic acid (2a).*

Entry Acetanilide (1b-n) Compound (3b-n) Yeild"
NHAc
R11b-i
1 1b: R* = OMe 3b: R' = OMe 71%
2 1c: R' = Me 3c: R'= Me 73%
3 1d: R* =Br 3d: R'=Br 75%
4 le: R*=Cl 3e: R'=ClI 76%
5 1f:R'=F 3f:R'=F 73%
6 1g:R'=CN 3g:R'=CN 68%
7 1h: R' = NO, 3h: R* = NO; 65%
8 1i: R' = CO,Me 3i: R’ = CO,Me 70%
NHAC NHAc
9 O 72%
Br 1j Br i
NHAc NHAc
10 OO 76%
1K 3k
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(0] (6]
HNJ\RZ HNJ\RZ
O g
11-n 3l-n
11 1l: R = Et 3l: R = Et 59
12 1m: R? = tert-Bu 3m: R? = tert-Bu 5
13 1n: R? = CF; 3n: R? = CF, 0

®All reactions were carried out with substituted acetanilides 1 (1.00 mmol), phenylboronic acids (2)
(1.20 mmol), [{RuCly(p-cymene)},] (3.0 mol %), AgSbFg (12 mol %), Ag,O (1.0 equiv), and THF (3.0
mL) at 110 °C for 16 h. "Isolated yields.

To explore the scope of the arylation reaction, various substituted aromatic acetanilides 1b-n
were examined (Table 4B.2). Thus, electron-donating and halo groups such as 4-methoxy, 4-
methyl, 4-bromo, 4-chloro and 4-fluoro substituted acetanilides 1b-f reacted efficiently with
phenylboronic acid (2a) providing ortho-arylated acetanilides 3b-f in excellent to moderate 71%,
73%, 75%, 76% and 73% yields, respectively (entries 1-5). Interestingly, a less reactive electron-
withdrawing groups such as 4-cyano, 4-nitro and 4-methylester substituted acetanilides 1g-i also
efficiently participated in the coupling reaction, giving arylated products 3g-i in 68%, 65% and
70% vyields, respectively (entries 6-8). It seems the catalytic reaction is insensitive to the
electronic effect of acetanilides. Next, the reaction was tested with unsymmetrical acetanilides
such as 3-bromoacetanilide (1j) and 2-napthylacetanilide (1k) with 2a. In the reaction, coupling
products 3j and 3k were observed in 72% and 76% yields, respectively (entries 9 and 10). In the
reaction, there are two ortho C-H bonds for arylation. Regioselectively, arylation takes place at a
sterically less hindered side. Meanwhile, the effect of changing substituent on the N-group of
anilides such as Et, tert-Bu and CF; instead of methyl was studied (entries 11-13). Ethyl 11 and
tert-Bu 1m substituted anilides reacted with 2a giving products 3l and 3m in 59% and 5% vyields,

respectively. CF3 substituted anilide 1n was not effective for the reaction.

Table 4B.3 ortho-Arylation of substituted acetanilides 1 with substituted phenylboronic acids (2).*

Entry Acetanilide (1) Compound (30-x) Yeild"
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NHA H
¢ NHAC CHO
10 © O ‘ 62%
1b 3x
OCH;

4All reactions were carried out with substituted acetanilides 1 (1.00 mmol), substituted phenylboronic
acids (2) (1.20 mmol), [{RuCl,(p-cymene)},] (3.0 mol %), AgSbFs (12 mol %), Ag,O (1.0 equiv), and
THF (3.0 mL) at 110 °C for 16 h. "Isolated yields.

The present arylation reaction was successfully extended with substituted aromatic boronic acids
2b-1 (Table 4B.3). Halogen groups such as 4-chloro, 4-bromo and 4-iodo substituted
phenylboronic acids 2b-d underwent coupling with 1e giving coupling products 3o0-g in 71%,
73%, 75% vyields, respectively (entry 1-3). Nicely, sterically hindered 2-napthylboronic acid (2e),
3,4-dimethoxyphenylboronic acid (2f) and 3,4-(methylenedioxy)phenylboronic acid (2g) yielded
products 3r-t in excellent 74%, 78%, 72% vyields, respectively (entry 4-6). 3-
Bromophenylboronic acid (2h) was also nicely participated in the reaction, yielding product 3u
in 71% vyields (entry 7). Further, the coupling of 4-vinylphenylboronic acid (2i) with 1d was
tested. However, in the reaction, a Heck-type alkenylation product 3v in 73% vyield with the
cleavage of boronic acid was observed. Interestingly (enrty 8), electron-deficient 4-
acetylphenylboronic acid (2j) and 4-formylphenylboronic acid (2k) also reacted efficiently with
4-methoxyacetanilide (1b) affording coupling products 3w and 3x in 69% and 62% yields,
respectively (enrty 9 and 10). It is important to note that a very sensitive functional groups such
as I, Br, Cl, OR, COMe and CHO substituted phenylboronic acids were compatible for the

reaction.

B(OH), [{RuCl,(p-cymene)},] (3 mol %)

(\>\ AgSbFg (12 mol %)
S NHAC + Ag,0 (1.0 equiv), ]\
1o ) Cu(OTf), (20 mol %), s~ "NHAc
a THF, 110 °C, 20 h 3y, 77%
OMe
B(OH),
(\>\NHAC . same conditions
S
10 21 / \
OMe S NHAc
3z, 75%

Scheme 4B.1 Studies of the hetero aromatic anilides
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The catalytic reaction was also tested with acetamino substituted heteroaromatic (Scheme 4B.1).
Thus, thiophen-2-acetamine 1q underwent coupling with 2a or 4-methoxyphenylboronic acid
(21) yielding arylation products 3y and 3z in excellent 77% and 75% yields, respectively
(Scheme 4B.1).

4B.2.3 Synthesis of Phananthridines and Carbazoles
Os_Me
o NH PhsPO (3.0 equiv), Ny Me
| Tf,0 (1.5 equiv)
U =

R CH,Cl,, R’ O
R2 0°C toRT, 2h 4a-h R2

3a-c,e, g,j, k. y

Table 4B.4 Synthesis of phenanthridines (4).2

Entry Compound (3) Compound (4a-h) Yeild"
NHAc O Ny Me
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NHAC Br. O N\ Me

; s
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S N\ Me
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7\ 4h
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NHAc

w
) O

®All reactions were carried out with substituted ortho-arylated acetanilides 3 (1.00 mmol)
triphenylphosphine oxide (3.0 equiv), Tf,O (1.5 equiv) and Dichloromethane (3.0 mL) at 0 °C to RT for
2 h. "Isolated yields.

(0] Me o
Y YMe
NH Pd(OAc),
O Cu(OAc),, under O, O N
or Q
3a Cu(OTf),, PhI(OAC), 50 819
s o
(0] Me 0
Y YMe
NH
O same conditions O N
Br
3d O B Q
5b, 72%
(0] Me 0
Y YMe
NH
O same conditions O N
F
3f O F O
5¢c, 68%
(@) Me o
Y yMe
NH
O same conditions O N
MeOZC
3i O MeO,C Q
5d, 90%

Scheme 4B.2 Synthesis of carbazoles

To show the synthetic utility of ortho-arylated acetanilides 3 in synthetic organic chemistry, we
have tried intramolecular cyclization of ortho-arylated acetanilides 3 in the presence of PhsPO
and Tf,O (Table 4B.4)."* The intramolecular cyclization of 3a, 3b, 3c and 3e proceeded
smoothly in the presence of PhsPO and Tf,O in CH,CI, at 0 °C to r.t for 2 h, yielding
phenanthridine derivatives 4a-d in 94%, 96%, 93% and 92% vyields, respectively (entry 1-4).
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Similarly, 3g, 3j and 3k underwent intramolecular cyclization under similar reaction conditions,
giving 4e-g in 89%, 97% and 91% vyields, respectively (entry 5-7). Nicely, ortho arylated
thiophen-2-acetamine 3y was also nicely participated in the reaction, giving product 4h in
excellent 89% yield (enty 8).

Meanwhile, ortho-arylated acetanilides 3a, 3d, 3f and 3i were converted into carbazole
derivatives 5a-d in 81%, 72%, 68% and 90% vyields, respectively (Scheme 4B.2), in the presence
Pd(OACc); (5 mol %) and Cu(OAc); (1.0 equiv) under O, or Cu(OTf), (5 mol %) and PhI(OAc),
(1.5 equiv).”™® It is important to note that phenanthridine and carbazole scaffolds present in

natural products and biologically active molecules.’®®

4B.2.4 Mechanism

On the basis of known metal-catalyzed C-H bond activation reactins, a plausible reaction
mechanism is proposed in Scheme 4B.3. The first step likely involves the removal of CI ligand
from Ru catalyst by AgSbFg providing a cationic ruthenium complex 6. Coordination of the
carbonyl oxygen of acetanilide 1 to the cationic ruthenium complex followed by ortho-
metalation gives a ruthenacycle intermediate 7. Transmetallation of phenylboronic acid (2a) into
intermediate 7 in the presence of base AgO™ provides intermediate 8. Reductive elimination of
intermediate 8 in the presence of Cu(OTf), and Ag" affords product 3 and regenerates the active
ruthenium species. In the reaction, Ag,O acts as a oxidant to oxidize the catalyst from Ru(0) to
Ru(ll) and base to cleave boronic acid moiety of 2. It is believed that Cu(OTf), plays an

important role to regenerate the active catalyst in the presence of oxidant Ag*.

{RuCla(L)}

AgSbFg
AgCl

1
R

o
/

— RUQT,LISbF, @[ E
n=1or2 Ry 7 Ru. L
L = p-cymene - TfOH
v Ph—B(OH),
AN
LY i
7 >ph Cu(OTf); + Ag” N e Ag,0
'3 N
| o
/- = \
R4 BU'L 8

Scheme 4B.3 Proposed mechanism
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4B.3 Conclusions

In conclusion, we have described The highly regioselective ortho-arylation of acetanilides with
aromatic boronic acids in the presence of Ru(ll) complex (3 mol %) AgSbFs (12 mol %),
Cu(OTf), (20 mol %) and Ag.O (1.0 eq) is described. Later, ortho-arylated acetanilides were
converted into phenanthridine and carbazole derivatives by using PhsPO and Tf,O or palladium
or Cu(OTf), catalyst.
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4B.5 Experimental Section

4B.5.1 General Procedure for the Coupling of Acetanilides 1 with Aromaticboronic acids 2

Catalyzed by Ruthenium Complex

A 15-mL pressure tube equipped with a magnetic stirrer and septum containing acetanilide (1)
(100 mg, if it is solid), [{RuCl,(p-cymene)},] (0.03 equiv), Ag.O (1.0 equiv), Cu(OTf), (0.20
equiv) and aromaticboronic acid 2 (1.5 equiv) was evacuated and purged with nitrogen gas three
times. To the tube was added AgSbFgs (0.12 mmol inside the glove box. Then, dry THF (3.0 mL)
was added in the tube via syringe (If the acetanilide (1) is liquid, 100 mg of acetanilide (1) was

dissolved in the dry THF (3.0 mL) and added to the tube via syringe). Then, the pressure tube
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was covered with a screw cap and the reaction mixture was allowed to stir at 110 °C for 20 h.
After cooling to ambient temperature, the reaction mixture was diluted with CH,ClI,, filtered
through Celite and silica gel, and the filtrate was concentrated. The crude residue was purified

through a silica gel column using hexanes and ethyl acetate as eluent to give pure 3.

Note: The reaction is moisture sensitive. Dry THF should be used in order to get good

conversation.
4B.5.2 General Procedure for the Preparation of Phenanthridines

Note: For Phenanthridines synthesis, crude product 3 was taken directly without column

purification. In the reaction, pure as well as crude product 3 worked equally.

To a solution of PhzPO (3.0 equiv) in dry CH,CI; (5.0 mL), was added Tf,0 (1.5 equiv) under
the nitrogen atmosphere at 0 °C. After 15 min, the above crude arylated anilides 3 (1.00 mmol)
was dissolved in CH,Cl, (2.0 mL) and added to the solution via syringe. The reaction was then
warmed to r.t. and stirred until the complete completion (approx. 3 h). After completion, the
reaction mixture was quenched by addition of sat. ag. NaHCO3. The mixture was extracted with
CH.Cl; (3 x 15 mL). The combined extracts were washed with brine, dried anhydrous Na,SO,
and concentrated it under the reduced pressure. The crude product was purified by column
chromatography on silica gel using a mixture of hexanes and EtOAc as eluent to afford

phenanthridine derivatives 4.

4B.5.3 Spectral Data of Compounds 3a-z, 4a-h and 5a-d
N-([1,1'-biphenyl]-2-yl)acetamide (3a): Colorless solid; m.p. 184-186 °C, Rf value: 0.3 in 30%
5 ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). ‘H NMR
N O (CDCls, 400 MHz): 8 8.26 (d, J = 8.0 Hz, 1 H), 7.49 (t, J = 8.0 Hz, 2 H), 7.44 —
7.35 (M, 4 H), 7.25 (d, J = 8.0, Hz, 1 H), 7.18 (t, J = 8.0, Hz, 1 H), 7.14 (bs, 1
H), 2.02 (s, 3 H). °C NMR (CDCls;, 100 MHz):5 168.2, 138.1, 134.6, 132.1,

130.0, 129.2, 129.1, 128.4, 127.9, 124.3, 121.6, 24.6. HRMS (ESI): calc. for [(C14H13NO)H]
(M+H) 212.1075, measured 212.1073.

N-(5-Methoxy-[1,1'-biphenyl]-2-yl)acetamide (3b): Colorless solid; m.p. 164-166 °C, Rf
value: 0.33 in 50% ethyl acetate in hexanes; eluent (50% ethyl acetate in hexanes). *"H NMR

[ISER Pune Page 210



Chapter -4

5 (CDCls, 400 MHz): & 8.00 (d, J = 8.0 Hz, 1 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.42
Me)J\NH ‘ (d,J=8.0Hz, 1 H), 7.37 (d, J = 8.0, Hz, 2 H), 6.98 (bs, 1 H), 6.91 (dd, J = 8.0,

O 4.0, Hz, 1 H), 6.81 (s, 1 H), 3.81 (s, 3 H), 2.00 (s, 3 H). *C NMR (CDCl5, 100
MHZz):6 168.4, 156.4, 138.2, 134.7, 129.0, 128.9, 127.9, 127.6, 124.3, 115.4,
113.4, 55.5, 24.2. HRMS (ESI): calc. for [(CisHisNO2)H] (M+H) 242.1181,
measured 242.1184.

OMe

N-(5-Methyl-[1,1'-biphenyl]-2-yl)acetamide (3c): Colorless solid; m.p. 230-232 °C, Rf value:

5 0.33 in 30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H

e N O NMR (CDCls, 400 MHz): & 8.09 (d, J = 8.0 Hz, 1 H), 7.48 (t, J = 8.0 Hz, 2 H),

O 7.42 (d, J = 8.0 Hz, 1 H), 7.37 (d, J = 8.0, Hz, 2 H), 7.18 (d, J = 8.0, Hz, 1 H),

. 7.07 (s, 2 H), 2.36 (s, 3 H), 2.02 (s, 3 H). *C NMR (CDCl;, 100 MHz):8

168.3, 138.3, 134.1, 132.5, 132.0, 130.6, 129.1, 128.9, 128.9, 127.8, 122.0, 24.4, 20.8. HRMS
(ESI): calc. for [(C1sH1sNO)H] (M+H) 226.1232, measured 226.1235.

N-(5-Bromo-[1,1'-biphenyl]-2-yl)acetamide (3d): Colorless solid; m.p. 155-157 °C, Rf value:
5 0.34 in 30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H
. NMR (CDCls, 400 MHz): & 8.16 (d, J = 8.0 Hz, 1 H).7.48 — 7.40 (m, 4 H), 7.34

O O —7.30 (m, 3 H), 7.08 (bs, 1 H), 1.97 (s, 3 H). *C NMR (CDCls, 100 MHz): &
168.2, 136.6, 133.8, 132.6, 131.2, 129.2, 129.0, 128.5, 122.9, 116.9, 24.6.
HRMS (ESI): calc. for [(Ci4sH12BrNO)H] (M+H) 290.0181, measured

Br

290.0182.

N-(5-Chloro-[1,1'-biphenyl]-2-yl)acetamide (3e): Colorless solid; m.p. 191-193 °C, Rf value:
- ,0.33 in 30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H
Me)OLNH O NMR (CDCls, 400 MHz): & 8.25 (d, J = 8.0 Hz, 1 H), 7.53 — 7.45 (m, 3 H),

O 7.37 — 7.32 (M, 3 H), 7.24 (s, 1 H), 7.11 (bs, 1 H), 2.02 (s, 3 H). *C NMR
(CDCl3, 100 MHz): 6 168.2, 136.8, 133.6, 133.3, 129.8, 129.3, 129.0, 128.5,
128.2, 127.6, 122.7, 24.6. HRMS (ESI): calc. for [(C1aH12CINO)H] (M+H)
246.0686, measured 246.0681.

Cl

N-(5-Fluoro-[1,1'-biphenyl]-2-y)acetamide (3f): Colorless solid; m.p. 225-227 °C, Rf value:
0.29 in 30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H NMR (CDCls,
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5 1400 MHz): 8 8.14 (s, 1 H), 7.52 — 7.42 (m, 3 H), 7.36 (d, J = 8.0 Hz, 2 H), 7.06

Me)LNH O (t, J = 8.0 Hz, 2 H), 7.36 (dd, J = 8.0, 4.0 Hz, 1 H), 2.02 (s, 3 H). °C NMR

O (CDCl3, 100 MHz): 6 160.4, 158.0, 137.1, 130.7, 129.1, 129.0, 128.3, 124.1,

L 124.0 (due to F-coupling), 116.7 and 116.5 (due to F-coupling), 114.9 and 114.7

(due to F-coupling), 24.4. HRMS (ESI): calc. for [(C14H1,FNO)H] (M+H)
230.0981, measured 230.0980.

N-(5-Cyano-[1,1'-biphenyl]-2-yl)acetamide (3g): Colorless solid; Rf value: 0.25 in 30% ethyl
o acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H NMR (CDCls, 400
Mo NH O MHz): 8 8.57 (d, J = 8.0 Hz 1 H), 7.65 (d, J = 8.0 Hz 1 H), 7.57 — 7.50 (m, 4 H),
O 8.35 (d, J = 8.0 Hz 3 H), 2.06 (s, 3 H). *C NMR (CDCl3, 100 MHz): § 168.4,
138.9, 135.6, 133.7, 132.5, 131.9, 129.6, 129.0, 128.9, 120.7, 118.7, 107.0, 24.7.
HRMS (ESI): calc. for [(C15H12N,O)H] (M+H) 237.1028, measured 237.1025.

CN

N-(5-Nitro-[1,1'-biphenyl]-2-yl)acetamide (3h): Colorless solid; Rf value: 0.3 in 30% ethyl
M o Jacetate in hexanes; eluent (30% ethyl acetate in hexanes). *"H NMR (CDCls,
Me)LNH O 400 MHz): 6 8.65 (d, J=8.0 Hz 1 H). 8.24 (dd, J = 8.0, 4.0 Hz, 1 H), 8.14 (s, 1

O H), 7.59 — 7.52 (m, 3 H), 7.46 (bs, 1 H), 7.40 (d, J = 8.0 Hz, 2 H), 2.08. (s, 3 H),
BC NMR (CDCl3, 100 MHz): & 168.4, 148.6, 141.3, 141.0, 137.9, 130.2,
129.1, 129.0, 1285, 125.1, 1224, 26.8. HRMS (ESI): calc. for
[(C14H12N,05)H] (M+H) 257.0926, measured 257.0924.

NO,

Methyl 6-acetamido-[1,1'-biphenyl]-3-carboxylate. (3i): Colorless solid; Rf value: 0.2 in 30%

5 ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H NMR

Me)LNH (CDCl3, 400 MHz): 5 8.49 (d, J =8.0 Hz 1 H), 8.03 (dd, J = 8.0, 4.0 Hz 1 H),

O O 7.92 (s, 1 H), 7.54 (t, J =8.0 Hz, 2 H), 7.46 (t, J = 8.0 Hz 1 H), 8.49 (dd, J = 8.0,

Lo e 4.0 Hz, 2 H), 7.36 (bs, 1 H), 3.90 (s, 3 H), 2.05 (s, 3 H). ®*C NMR (CDClI3, 100

MHz): & 168.3, 166.5, 138.9, 137.0, 131.5, 131.1, 130.0, 129.6, 129.2, 128.5,

135.3, 120.0, 52.0, 24.8. HRMS (ESI): calc. for [(C1H1sNO3)H] (M+H) 270.1130, measured
270.1133.

N-(4-Bromo-[1,1'-biphenyl]-2-yl)acetamide (3j): Colorless solid; Rf value: 0.33 in 30% ethyl
acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz): & 8.53
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5 (s, 1 H), 7.50 (t, J = 8.0 Hz, 2 H), 7.44 (t, J = 8.0 Hz, 1 H), 7.34 (d, J = 8.0 Hz,

N 2 H), 7.30 (d, J = 8.0, Hz, 1 H), 7.17 (s, 1 H), 7.10 (d, J = 8.0, Hz, 1 H), 2.02

(s, 3 H). *C NMR (CDCls, 100 MHz):8 168.2, 137.0, 135.8, 131.1, 130.6,

Br 129.2, 129.0, 128.3, 127.2, 124.0, 122.0, 24.6. HRMS (ESI): calc. for
[(C14H12BrNO)H] (M+H) 290.0181, measured 290.0182.

N-(3-Phenylnaphthalen-2-yl)acetamide (3k): Colorless solid; Rf value: 0.34 in 25% ethyl

e acetate in hexanes; eluent (25% ethyl acetate in hexanes). *H NMR (CDCls,

uy 400 MHz): 5 8.84 (s, 1 H), 7.88 (d, J =8.0 Hz, 1 H), 7.78 (d, J = 8.0 Hz, 1 H),

7.72 (s, 1 H), 7.56 — 7.41 (m, 7 H), 7.30 (bs, 1 H), 2.07 (s, 3 H). *C NMR

O (CDCls, 100 MHz): 6 168.3, 137.9, 133.6, 132.5, 132.0, 130.2, 129.4, 129.1,

128.2, 127.7, 127.4, 126.5, 125.4, 118.0, 24.8. HRMS (ESI): calc. for [(C1gH1sNO)H] (M+H)
262.1232, measured 262.1230.

N-([1,1'-biphenyl]-2-yl)propionamide (3I): Colorless solid; Rf value: 0.3 in 30% ethyl acetate

in hexanes; eluent (30% ethyl acetate in hexanes). 'H NMR (CDCls, 400 MHz): &

nH o [8.32(d, J =8.0 Hz, 1 H), 7.50 (t, J = 8.0, 4.0 Hz, 2 H), 7.43 (d, J = 8.0 Hz, 1 H),

7.39-7.35 (m, 3 H), 7.25 (d, J = 8.0 Hz, 1 H), 7.20-7.16 (m, 2 H), 2.24 (g, J = 8.0

Hz, 2 H), 1.12 (t, J = 8.0 Hz, 3 H) *C NMR (CDCl;, 100 MHz): § 171.8, 138.1,

134.7, 132.0, 129.9, 129.2, 129.0, 128.4, 127.9, 124.1, 121.4, 30.8, 9.5. HRMS (ESI): calc. for
[(C15HsNO)H] (M+H) 226.1232, measured 226.1233.

O Et

N-(4',5-Dichloro-[1,1'-biphenyl]-2-yl)acetamide (30): Colorless solid; Rf value: 0.33 in 30%
5 ethyl acetate in hexanes; (30% ethyl acetate in hexanes). *H NMR (CDCls,
N O CI 1400 MHz): § 8.19 (d, J = 8.0 Hz, 1 H), 7.48 (d, J = 8.0 Hz, 2 H), 7.34 (d, J =

O 8.0 Hz, 1 H), 7.30 (d, J = 8.0 Hz, 2 H), 7.21 (s, 1 H), 6.98 (bs, 1 H), 2.01 (s,
3 H). *C NMR (CDCl;, 100 MHz): & 168.3, 135.3, 134.7, 133.2, 132.7,
"130.4, 129.7, 129.5, 128.6, 123.4, 245 HRMS (ESI): calc. for
[(C14H11CI,NO)H] (M+H) 280.0296, measured 280.0293.

-

J

Cl

L

N-(4'-Bromo-5-chloro-[1,1'-biphenyl]-2-yl)acetamide (3p): Colorless solid; Rf value: 0.34 in
30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). 'H NMR (CDCls, 400
MHz): 6 8.14 (d, J =8.0 Hz, 1 H), 7.62 (d, J = 8.0 Hz, 2 H), 7.33 (dd, J = 8.0, 4.0 Hz, 1 H), 7.23

[ISER Pune Page 213



Chapter -4

(d, J = 8.0 Hz, 2 H), 7.20 (s, 1 H), 7.03 (bs, 1 H), 2.03 (s, 3 H). *C NMR
(CDCls, 100 MHz): & 168.3, 135.7, 133.1, 132.8, 132.4, 130.6, 129.6,
128.6, 123.5, 122.8, 24.4. HRMS (ESI): calc. for [(CisH1:CIBrNO)H]
(M+H) 323.9791, measured 323.9794.

N-(5-Chloro-4'-iodo-[1,1'-biphenyl]-2-yl)acetamide (3q): Colorless solid; Rf value: 0.35 in

-

Me

L

(e}

NH

W,

J

30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). ‘H
NMR (CDCls, 400 MHz): § 8.15 (d, J = 8.0 Hz, 1 H), 7.83 (d, J = 8.0 Hz, 2
H), 7.33 (dd, J = 8.0, 4.0 Hz, 1 H), 7.20 (s, 1 H), 7.10 (d, J = 8.0 Hz, 2 H),
7.01 (bs, 1 H), 2.04 (s, 3 H). *C NMR (CDCls, 100 MHz): & 168.3, 138.6,

"136.3, 133.1, 132.8, 130.8, 129.6, 129.5, 128.6, 123.5, 94.5, 24.5. HRMS

(ESI): calc. for [(C14H11CIINO)H] (M+H) 371.9652, measured 371.9651.

N-(4-Chloro-2-(naphthalen-2-yl)phenyl)acetamide (3r): Colorless solid; Rf value: 0.39 in

~

Me

o

NH

Cl

130% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H
NMR (CDCls, 400 MHz): & 8.27 (d, J = 8.0 Hz, 1 H), 7.98 (d, J = 8.0 Hz,
1 H),7.94 —7.88 (m, 2 H), 7.84 (s, 1 H), 7.60 — 7.57 (m, 2 H),7.45 (d, J =
8.0, Hz, 1 H), 7.36 (d, J = 8.0 Hz, 1 H), 7.34 (s, 1 H), 7.18 (bs, 1 H), 1.98

“(s, 3 H). ¥C NMR (CDCls, 100 MHz): & 168.3, 134.2, 133.6, 133.5,

133.4,132.1, 129.9, 129.3, 129.0, 128.34, 128.32, 128.0, 127.8, 126.9, 126.8, 126.5, 122.9, 24.5.
HRMS (ESI): calc. for [(C1gH14CINO)H] (M+H) 296.0842, measured 296.0842.

N-(5-Chloro-3',4'-dimethoxy-[1,1'-biphenyl]-2-yl)acetamide.(3s): Colorless solid; Rf value:

-

L

Me

J

l OMe
OMe

J

o
- I

0.35 in 50% ethyl acetate in hexanes; eluent (50% ethyl acetate in
hexanes). *H NMR (CDCls, 400 MHz): & 8.34 (d, J = 8.0 Hz, 1 H), 7.39
(d, J=8.0 Hz, 1 H), 7.21 (s, 2 H), 6.97 (d, J = 8.0 Hz, 1 H), 6.89 (d, J =
8.0 Hz, 1 H), 6.83 (s, 1 H), 3.94 (s, 3 H), 3.89 (s, 3 H), 2.03 (s, 3 H). **C
NMR (CDCl;, 100 MHz): & 173.2, 168.1, 149.4, 149.0, 133.5, 129.7,

129.1, 129.0, 127.9, 122.5, 121.2, 112.0, 111.5, 55.97, 55.91, 24.6. HRMS (ESI): calc. for
[(C16H1sCINO3)H] (M+H) 306.0897, measured 306.0894.
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N-(2-(Benzo[d][1,3]dioxol-5-yl)-4-chlorophenyl)acetamide (3t): Colorless solid; Rf value:

( O 7
e i O 0 hexanes). ‘H NMR (CDCls, 400 MHz): & 8.18 (d, J = 8.0 Hz, 1 H), 7.26
O o |(dd,J=8.0,4.0 Hz, 1 H), 7.16 (s, 2 H), 6.88 (d, J = 8.0 Hz, 1 H), 6.77 (s, 1
Cl

0.37 in 50% ethyl acetate in hexanes; eluent (50% ethyl acetate in

H), 6.76 (d, J = 8.0 Hz, 1 H), 6.01 (s, 2 H), 2.01 (s, 3 H). *C NMR

(CDCls, 100 MHz): & 168.2, 148.3, 147.7, 133.4, 130.3, 129.8, 129.1,

128.0, 122.7, 122.5, 120.9, 109.4, 108.9, 101.4, 24.5. HRMS (ESI): calc. for [(C15H12,CINO3)H]
(M+H) 290.0584, measured 290.0583.

N-(3'-Bromo-5-chloro-[1,1'-biphenyl]-2-yl)acetamide (3u): Colorless solid; Rf value: 0.34 in

o)
Me” “NH O
(J
Cl

~
J

30% ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H
NMR (CDCls, 400 MHz): § 8.15 (d, J = 8.0 Hz, 1 H), 7.58 (d, J = 8.0 Hz, 1
H), 7.52 (s, 1 H), 7.39 — 7.28 (m, 3 H), 7.22 (s, 1 H), 7.05 (bs, 1 H), 2.04 (s,
3 H). °C NMR (CDCls;, 100 MHz): & 168.3, 138.9, 133.1, 132.5, 132.1,
131.5, 130.6, 129.6, 128.7, 127.5, 123.6, 123.3, 24.4. HRMS (ESI): calc.

for [(C14H11BrCINO)H] (M+H) 323.9791, measured 323.9790.

(E)-N-(4-bromo-2-styrylphenyl)acetamide (3v): Colorless solid; Rf value: 0.35 in 30% ethyl

(0]

NH
X

Br

p
Me
.

N
J

acetate in hexanes; eluent (30% ethyl acetate in hexanes). *H NMR (CDCls,
400 MHz): § 7.67 (d, J = 8.0 Hz, 1 H), 7.64 (s, 1 H), 7.49 (d, J = 8.0 Hz, 2
H), 7.41 — 7.31 (m, 5 H), 7.33 (dd, J = 16.0, 8.0 Hz, 2 H), 2.19 (s, 3 H). °C
NMR (CDClz, 100 MHz): 6 168.7, 136.4, 133.6, 132.2, 130.9, 129.4,
128.8, 128.5, 126.8, 125.8, 121.9, 118.7, 24.2. HRMS (ESI): calc. for

[(C1sH14BrNO)YH] (M+H) 316.0337, measured 316.0338.

N-(4'-acetyl-5-methoxy-[1,1'-biphenyl]-2-yl)acetamide(3w): Colorless solid; Rf value: 0.29 in

]

p
Me
.

OMe

50% ethyl acetate in hexanes; eluent (50% ethyl acetate in hexanes). *H

Hz, 1 H), 7.48 (d, J = 8.0 Hz, 2 H), 6.95 (dd, J = 8.0, 4.0 Hz, 1 H), 6.94

COMe NMR (CDCls, 400 MHz): & 8.04 (d, J = 8.0 Hz, 2 H), 7.88 (d, J = 8.0,
(bs, 1 H), 6.81 (s, 1 H), 3.82 (s, 3 H), 2.65 (s, 3 H), 2.02 (s, 3 H). °C
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NMR (DMSO-dg, 100 MHz): 6 197.7, 168.9, 157.4, 143.9, 137.7, 135.5, 129.5, 128.9, 128.2,
127.7, 114.8, 113.9, 55.4, 26.8, 22.8. HRMS (ESI): calc. for [(C17H17NO3)H] (M+H) 284.1287,
measured 284.1287.

N-(4'-formyl-5-methoxy-[1,1'-biphenyl]-2-yl)acetamide (3x): Colorless semisolid; Rf value:

-

J

5 0.28 in 50% ethyl acetate in hexanes; eluent (50% ethyl acetate in hexanes).
Ve N O CHOIlH NMR (DMSO-dg, 400 MHz): & 10.05 (s, 1 H), 9.30 (s, 1 H), 7.96 (d, J

O = 8.0 Hz, 2 H), 7.61 (d, J = 8.0, Hz, 2 H), 7.29 (d, J = 8.0 Hz, 1 H), 6.98
e |(dd, J = 8.0, 4.0 Hz, 1 H), 6.93 (s, 1 H), 3.79 (s, 3 H), 1.84 (s, 3 H). B¢
NMR (DMSO-dg, 100 MHz): & 192.9, 168.9, 157.4, 145.4, 137.6, 134.9, 129.5, 129.4, 127.8,
120.6, 114.8, 114.2, 55.4, 22.8. HRMS (ESI): calc. for [(C1sH1sNO3s)H] (M+H) 270.1130,
measured 270.1132.

N-(3-Phenylthiophen-2-yl)acetamide (3y): Colorless solid; Rf value: 0.32 in 25% ethyl acetate

5 in hexanes; eluent (25% ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz):

N §7.96 (bs, 1 H), 7.49 (t, J = 8.0, Hz, 2 H), 7.41 (d, J = 8.0 Hz, 2 H), 7.38 (t, J =

§/© 8.0, Hz, 1 H), 6.96 — 6.92 (m, 2 H), 2.16 (s, 3 H). *C NMR (CDCl3, 100 MHz):
8 166.5, 135.2, 133.4, 129.4, 128.3, 127.4, 126.0, 125.7, 117.8, 23.3. HRMS
(ESI): calc. for [(C12H1:NOS)H] (M+H) 218.0640, measured 218.0634.

S

N-(3-(4-methoxyphenyl)thiophen-2-yl)acetamide (3z): Colorless solid; Rf value: 0.35 in 30%

S ethyl acetate in hexanes; eluent (30% ethyl acetate in hexanes). ‘H NMR

- oMe|(CDCl3, 400 MHz): § 7.85 (bs, 1 H), 7.73 (d, J = 8.0, Hz, 2 H), 7.02 (d, J =

é/(j 8.0, Hz, 2 H), 6.94 (d, J = 8.0, Hz, 1 H), 6.89 (d, J = 8.0, Hz, 1 H), 3.87 (s,
= 3 H), 2.16 (s, 3 H). **C NMR (CDCls, 100 MHz): & 166.5, 158.9, 132.9,
129.5, 127.5, 125.8, 125.8, 117.6, 114.8, 55.4, 23.4. HRMS (ESI): calc. for [(C13H13NO2S)H]
(M+H) 248.0745, measured 248.0744.

S

6-Methylphenanthridine (4a): Colorless solid; m.p. 185-187 °C, Rf value: 0.4 in 10% ethyl
e acetate in hexanes; eluent (10% ethyl acetate in hexanes). *H NMR (CDCls, 400

O ) MHZz): 6): 8.62 (d, J=8.0Hz, 1 H), 8.54 (d, J =8.0 Hz, 1 H), 8.22 (d, J = 8.0 Hz,
1H),8.13(d, J=8.0 Hz, 1 H), 7.85 (t, J = 8.0 Hz, 1 H), 7.74 — 7.68 (m, 2 H), 7.63
(t, J = 8.0 Hz, 1 H), 3.06 (s, 3 H). *C NMR (CDCls, 100 MHz): & 158.9, 143.4,

[ISER Pune Page 216



Chapter -4

132.5, 130.6, 129.1, 128.7, 127.3, 126.6, 126.4, 125.8, 123.7, 122.3, 121.9, 23.2. HRMS (ESI):
calc. for [(C14H11N)H] (M+H) 194.0970, measured 194.0972.

2-Methoxy-6-methylphenanthridine (4b): Colorless solid; m.p. 205-207 °C, Rf value: 0.36 in
e 15% ethyl acetate in hexanes; eluent (15% ethyl acetate in hexanes). *H NMR
O T |(cDCls, 400 MHz2): & 8.56 (d, J = 8.0 Hz, 1 H), 8.22 (d, J = 8.0 Hz, 1 H),
Meo 8.11 (d, J=8.0 Hz, 1 H), 7.87 (s, 1 H), 7.85 (t, J= 8.0 Hz, 1 H), 7.71 (t, J =
8.0 Hz, 1 H), 7.35 (dd, J = 8.0, 4.0 Hz, 1 H), 4.02 (s, 3 H), 3.06 (s, 3 H). **C
NMR (CDCl;, 100 MHz): & 158.1, 156.2, 137.9, 132.2, 130.6, 130.1, 127.6, 126.7, 125.8,
124.8, 122.4, 118.5, 103.1, 55.6, 22.6. HRMS (ESI): calc. for [(C1sH13NO)H] (M+H) 224.1075,
measured 224.1081.

2,6-Dimethylphenanthridine (4c): Colorless solid; Rf value: 0.4 in 10% ethyl acetate in
e hexanes; eluent (10% ethyl acetate in hexanes). 'H NMR (CDCl;, 400

O T |MHz): 58.60(d, J =8.0 Hz, 1 H), 8.30 (5, 1 H), 8.19 (d, J = 8.0 Hz, 1 H),
Me 8.00 (d, J = 8.0 Hz, 1 H), 7.81 (t, J = 8.0 Hz, 1 H), 7.67 (t, J = 8.0 Hz, 1 H),
7.53 (dd, J = 8.0, 4.0 Hz, 1 H), 3.03 (s, 3 H), 2.61 (s, 3 H). *C NMR
(CDCl3, 100 MHz): ¢ 157.7, 141.8, 136.0, 132.25, 130.24, 130.2, 128.9, 127.0, 126.4, 125.7,

1235, 122.2, 121.5, 23.2, 21.8. HRMS (ESI): calc. for [(CisHisN)H] (M+H) 208.1126,
measured 208.1128.

2-Chloro-6-methylphenanthridine(4d): Colorless solid; Rf value: 0.39 in 10% ethyl acetate in
e hexanes; eluent (10% ethyl acetate in hexanes). *H NMR (CDCls, 400
O ) MHz): 5 8.53 (d, J = 8.0 Hz, 1 H), 8.47 (s, 1 H), 8.23 (d, J = 8.0 Hz, 1 H),
CI 8.04 (d, J = 8.0 Hz, 1 H), 7.87 (t, J = 8.0 Hz, 1 H), 7.74 (t, J = 8.0 Hz, 1 H),
7.64 (dd, J = 8.0, 4.0, Hz, 1 H), 3.04 (s, 3 H). **C NMR (CDCls, 100 MHz):

§159.2, 141.8, 132.2, 131.5, 130.8, 130.6, 129.1, 128.0, 126.6, 125.9, 124.8, 122.3, 121.6, 23.23.
HRMS (ESI): calc. for [(C1aH10CIN)H] (M+H) 228.0580, measured 228.0584.

6-methylphenanthridine-2-carbonitrile (4e): Colorless solid; Rf value: 0.34 in 10% ethyl

N me |acetate in hexanes; eluent (10% ethyl acetate in hexanes). 'H NMR (CDCls,
NG O 400 MHz): 6 8.87 (s, 1 H), 8.59 (d, J = 8.0 Hz, 1 H), 8.29 (d, J = 8.0 Hz, 1 H),
O 8.16 (d, J = 8.0 Hz, 1 H), 7.94 (t, J = 8.0 Hz, 1 H), 7.90 (dd, J = 8.0, 4.0 Hz, 1

[ISER Pune Page 217



Chapter -4

H), 7.81 (t, J = 8.0 Hz, 1 H), 3.09 (s, 3 H). *C NMR (CDCls, 100 MHz):8 162.5, 145.4, 131.5,
131.4, 130.6, 130.3, 128.7, 127.7, 126.9, 126.2, 123.9, 122.3, 119.2, 109.7, 23.6. HRMS (ESI):
calc. for [(CisH10N2)H] (M+H) 219.0922, measured 219.0923.

3-Bromo-6-methylphenanthridine (4f): Colorless solid; Rf value: 0.4 in 10% ethyl acetate in
hexanes; eluent (10% ethyl acetate in hexanes). *H NMR (CDCls, 400 MHz):
o O "S5 8557 (d, 3= 8.0 Hz, 1 H), 8.37 (dd, J = 8.0, 4.0 Hz, 1 H), 8.29 (s, 1 H), 8.23

O (d, J =8.0 Hz, 1 H), 7.87 (t, J = 8.0 Hz, 1 H), 7.76 - 7.69 (m, 2 H), 3.05 (s, 3
H). BC NMR (CDCl3, 100 MH2z):5 160.3, 144.3, 132.2, 131.6, 131.0, 129.6,
127.8, 126.7, 125.8, 123.4, 122.6, 122.3, 122.2, 23.2. HRMS (ESI): calc. for [(C14H10BrN)H]
(M+H) 272.0075, measured 272.0078.

5-Methylbenzo[b]phenanthridine (4g): Colorless solid; Rf value: 0.42 in 10% ethyl acetate in
hexanes; eluent (10% ethyl acetate in hexanes). *"H NMR (CDCl3, 400 MHz):
OO "M 158.99 (s, 1 H), 8.75 (d, J = 8.0 Hz, 1 H), 8.58 (s, 1 H), 8.18 (d, J = 8.0 Hz, 1

‘ H), 8.11 — 8.08 (m, 2 H), 7.86 (t, J = 8.0 Hz, 1 H), 7.70 (t, J = 8.0 Hz, 1 H),
7.58 — 7.56 (m, 2 H), 3.04 (s, 3 H) *C NMR (CDCls, 100 MHz):8 159.7,
141.2, 133.3, 132.5, 131.5, 130.7, 128.2, 128.1, 127.7, 127.0, 126.7, 126.0, 125.9, 123.0, 122.5,
121.0, 23.7. HRMS (ESI): calc. for [(C1gH1sN)H] (M+H) 244.1126, measured 244.1125.

5-Methylthieno[2,3-c]isoquinoline (4h): Colorless solid; m.p. 145-147 °C, Rf value: 0.43 in

10% ethyl acetate in hexanes; eluent (10% ethyl acetate in hexanes). 'H NMR
N Me

% (CDCls, 400 MHz): & 8.27 (d, J = 8.0 Hz, 1 H), 8.23 (d, J = 8.0 Hz, 1 H), 7.82 -

7.78 (m, 2 H), 7.64 (t, J = 8.0 Hz, 1 H), 7.54 (d, J = 8.0 Hz, 1 H), 3.05 (s, 3 H). **C
NMR (CDCls, 100 MHz):8 156.1, 131.9, 130.3, 126.6, 126.0, 124.7, 124.4, 123.3, 119.7, 22.8.
HRMS (ESI): calc. for [(C12HoNS)H] (M+H) 200.0534, measured 200.0530.

1-(9H-Carbazol-9-yl)ethanone (5a):* Colorless solid; m.p. 184-186 °C, Rf value: 0.43 in 5%

ethyl acetate in hexanes; eluent (5% ethyl acetate in hexanes). *H NMR (CDCls,

400 MHz): § 8.22 (d, J = 8.0 Hz, 2 H), 8.00 (d, J = 8.0 Hz, 2 H), 7.49 (t, J = 8.0

Me’go Hz, 2 H), 7.40 (t, J = 8.0 Hz, 2 H), 2.89 (s, 3 H). **C NMR (CDCls, 100 MHz):8

170.1, 138.6, 127.3, 126.4, 123.7, 119.8, 116.2, 27.7. HRMS (ESI): calc. for
[(C14H1:NO)H] (M+H) 210.0919, measured 210.0920.
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Methyl 9-acetyl-9H-carbazole-3-carboxylate (5b):? Colorless solid; Rf value: 0.4 in 5% ethyl

-

J

acetate in hexanes; eluent (5% ethyl acetate in hexanes). *H NMR (CDCls,

400 MHz): 5 8.65 (s, 1 H), 8.28 (d, J = 8.0 Hz, 1 H), 8.15 (d, J = 8.0 Hz, 2 H),

' O 8.04 (d, J = 4.0 Hz, 1 H), 7.52 (t, J = 8.0 Hz, 1 H), 7.43 (t, J = 8.0 Hz, 1 H),

Me/&o 4.00 (s, 3 H) 2.09 (s, 3 H). *C NMR (CDCls, 100 MHz):5 170.1, 116.9,

141.3, 138.9, 128.7, 127.9, 126.2, 125.8, 125.4, 124.0, 121.6, 120.2, 116.0,

115.9, 52.2, 27.7. HRMS (ESI): calc. for [(Ci1sH13NO3)H] (M+H) 268.0974, measured
268.0973.

M802

1-(3-Bromo-9H-carbazol-9-yl)ethanone (5¢c):* Colorless solid; Rf value: 0.44 in 5% ethyl
. acetate in hexanes; eluent (5% ethyl acetate in hexanes). *H NMR (CDCls, 400
O MHz): & 8.15 (d, J = 8.0 Hz, 1 H), 8.08 (d, J = 8.0 Hz, 1 H), 8.04 (s, 1 H), 7.91

‘N ‘ (t, 3 =8.0 Hz, 1 H), 7.54 (d, J = 8.0 Hz, 1 H), 7.50 (t, J = 8.0 Hz, 1 H), 7.39 (t, J
5 = 8.0 Hz, 1 H), 2.85 (s, 3 H). *C NMR (CDCl;, 100 MHz):5 170.0, 138.6,

137.4, 130.1, 128.0, 125.2, 123.6, 122.6, 122.4, 120.0, 117.8, 116.8, 115.7, 27.8. HRMS (ESI):
calc. for [(C14H10BrNO)H] (M+H) 288.0024, measured 288.0021.

Me

1-(3-Fluoro-9H-carbazol-9-yl)ethanone (5d):*> Colorless solid; Rf value: 0.41 in 5% ethyl
- acetate in hexanes; eluent (5% ethyl acetate in hexanes). *H NMR (CDCls, 400
MHz): 8 8.31 (m, 1 H), 8.11 (d, J =8.0 Hz, 1 H), 7.96 (d, J = 8.0 Hz, 1 H), 7.64

N O (dd, J=8.0,4.0Hz, 1 H),7.52 (t, J=8.0Hz, 1 H), 7.41 (t, J=8.0 Hz, 1 H), 7.21
Me™No (t, J =8.0 Hz, 1 H), 2.89 (s, 3 H). HRMS (ESI): calc. for [(C14H10FNO)H]
(M+H) 228.0825, measured 228.0823.
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4B.5.4. Spectral Copies of Selected Compounds

'H, 3C and DEPT NMR Spectra of Compound 3b
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'H, 3C and DEPT NMR Spectra of Compound 3y
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'H, 3C and DEPT NMR Spectra of Compound 4a
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'H and **C NMR Spectra of Compound 4g

P0'€—

Me

700
T00'T
5007
200
R00'T

Fe60
5001
200'T

4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

4.5

5.0
f1 (ppm)

5.5

6.0

9.5 9.0 8.5 8.0 7.5 7.0 6.5

10.0

00°4L

89'€C—

Me

€012
85°2C1
T0°€2T A
06'STT o
$0°92T
147927
$0°LTT
§9'£TT ]
11821
ST'821 4
89°0€T
€5°TET

SbZETH
geeet!

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

200

Page 223

IISER Pune



Chapter -4

'H and **C NMR Spectra of Compound 5a
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Section 4C: Ruthenium- and Palladium-Catalyzed Consecutive Coupling and
Cyclization of Aromatic Sulfoximines with Phenylboronic acids: An Efficient

Route to Dibenzothiazines

4C.1 Introduction

The sulfoximine is a pivotal structural motif which presents in various biologically active
molecules, pharmaceuticals and agrochemicals (eq. 4C.1)."! The sulfoximine derivatives are also
successfully used as chiral auxiliaries and ligands in asymmetric synthesis of various chiral
organic molecules.? Several methods are available in the literature to synthesize linear
sulfoximine derivatives.® But, the synthesis of cyclic sulfoximines is limited in the literature.*
Recently, the synthesis of cyclic sulfoximines has gained much attention in organic synthesis
despite their usefulness as scaffolds in drug development and acts as chiral ligands in
enantioselective reactions.” Meanwhile, the sulfoximine derivatives are also served as key

synthetic intermediates in various organic transformations.

o NR N N
1 1 I 2 R'I
R-S-R N =N
R1S\R2 Il N™ /9N
0 /R

Sulfoxide  Sulfoximine 2 1-Benzothaizine 1,2-Benzothaizine  Dibenzothaizine

Harmata’s group reported the synthesis of bicyclic sulfoximine derivatives such as 1,2-
benzothiazine and 2,1-benzothiazine by a palladium-catalyzed cyclization of 2-bromo
benzaldehydes with sulfoximines (eq. 4C.2).%

Ph,
CHO BN

9 Me B 0 11
- r Pd(OAc),
Ph/S\NH . \© N (4C.2)

Later, the same group described AICIls;-mediated cyclization of sulfonimidoyl chlorides with
6c-d

alkynes to synthesis benzothiazine derivatives (eq. 4C.3).

IIDh
Nzifo Nog20
A|C|3 \Ph
@ Rpr— Lt e

R1
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In 2005, Harmata’s group stated that the electrophilic cyclization of 2-bromophenyl substituted
sulfoximines with terminal alkynes in the presence of palladium and copper catalysts (eq.
4C.4).°%¢

(0]
9/Me II_Me Me_ ;;

Ss Ss S
©: NH & =\ PdCIZ(PPhS)S N + \\N (404)
R %
Br R \
R

Very recently, Bolm’s group reported the synthesis of bicyclic 1,2-benzothiazine derivatives via

a rhodium-catalyzed oxidative cyclizationof phenyl sulfoximines with alkynes via chelation-

assisted C-H bond activation reaction (eq. 4C.5). "

(e}

ﬁ/Me g/Me

SNH Rl—=— g2 [Cp*Rh(MeCN);][BF ]2 >N (4c.5)
= R2
R1

Subsequently, the same group described sulfoximine directed ortho alkenylation of phenyl
sulfoximines with heterobicyclic alkenes in the presence of a rhodium catalyst followed
dehydration occurred in presence of methyl sulfonic acid in chloroform to provide the
corresponding ortho-naphthylated products. Later, ortho-naphthylated products were converted
in to aryl-fused thiazines derivatives in presence of palladium catalyst (eq. 4C.6).”¢ In all these

reports, sulfoximine containing bicyclic benzothiazine derivatives were synthesized efficiently.®”

9 Me Q,Me

©/S°NH Rh “NH
_—
N

Herein, we wish to account the synthesis of tricyclic dibenzothiazines by a ruthenium-catalyzed

MeSO3H

CHCl3
reflux, 2 h

ortho arylation of phenyl sulfoximines with aromatic boronic acids followed by intramolecular
cyclization in the presence of palladium catalyst in the consecutive two steps (eq. 4C.7). N-
Arylation of sulfoximines with aryl halides or pseudo halides reported by several research groups
in presence of palladium, iron, rhodium and copper catalysts.® In contrast, ruthenium catalyzed
reaction of aromatic sulfoximines with phenylboronic acids. In the reaction ortho-arylation of

sulfoximines darivatives was observed in good to excellent yield. Recently, less expensive
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ruthenium catalyst gained much attention in this type of ortho arylation of aromatics with organo

halides or organomattalic reagents.’**

Reported work: N-arylation

(IS)I/Me
SNH Pd or Fe or Cu
* X = Cl, Br, I, OTf,

0SiMes, B(OH),, I*(OTf),
3

Present work: ortho arylation

Q Me B(OH),

SSNH
SaN
N

4C.2 Results and Discussion

A ruthenium-catalyzed ortho arylation of aromatic sulfoximines with aromatic boronic acids
followed by intramolecular cyclization in the presence of palladium catalyst, providing
dibenzothiazine derivatives in two consecutive steps is described. The present reaction was
compatible with various sensitive and useful functional group substituted phenyl sulfoximines
and aromatic boronic acids. An enantioselective version of ortho arylation of phenyl
sulfoximines with phenylboronic acids followed by cyclization, and this transformation leads to

chiral dibenzothiazines in excellent 99% ee ratio was also disclosed.
4C.2.1 Optimization Studies

Initially, the ortho arylation of phenyl sulfoximine (1a) with phenylboronic acid (2a) (1.5 equiv)
in the presence of [{RuCl,(p-cymene)},] (5 mol %), AgSbFs (20 mol %) and Cu(OAc), H,0 (1.5
equiv) in THF at 100 °C for 16 h was examined (Scheme 1). In the reaction, N-arylated phenyl
sulfoximine 3a in 35% yield, mono ortho arylated phenyl sulfoximine 4a in 5% yield and bis
ortho arylated phenyl sulfoximine 5a in 15% yield were observed, respectively (Scheme 4C.1). It
is known that the free N-H group of 1a is acidic in nature and smoothly undergoes N-arylation
with aromatic electrophiles or organometallic reagents providing N-arylated sulfoximines 3 in
the presence of metal catalysts (eq. 4C.7).*" To success the ortho arylation reaction, the
suppression of product 3 is highly important. Next, the reaction was examined with other oxidant

and acetate sources such as AgOAc, NaOAc, K,CO3, CsOAc and Ag,O. Among them, silver
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salts such AgOAc and Ag,O were active for the reaction and no N-arylated product 3a was

observed. In AgOAc, product 4a in 5% and 5a in 12% vyields were observed, respectively. In

Ag-0, product 4a in 8% and 5a in 40% yields were observed, respectively. Other acetate sources

were not active for the reaction. Next, the coupling reaction was examined with an excess

amount of phenylboronic acid 2a (3.0 equiv). In the reaction also, a mixture of products 4a and

5a were observed in 3% and 45% yields, respectively. To increase the yield of 5a, the coupling

reaction was done in the presence of 10 mol % of catalyst and 40 mol % of AgSbFe.

Interestingly, in the reaction, only bis ortho arylated product 5a was observed in 68% isolated

yield and no mono arylated product 4a was observed.

0
§;Z'z [{RuCly(p-cymene)}] ('s?:\ Meo, ?S?/\ Me N ?S.’: Me
©/ + Ph—B(OH), (5 mol %) N + @[ NH + NH
AgSbFg (20 mol %) Ph Ph
1a 2a THF, 100 °C, 16 h 3a 4a 5a
1.0 equiv 1.5 equiv Cu(OAc)2H,O (1.5 equiv) 35% 5% 15%
AgOAc (1.5 equiv) 0% 5% 12%
Ag,0 (1.5 equiv) 0% 8% 40%
3.0 equiv Ag,0 (1.5equiv) 0% 3% 45%
o) B(OH),
&-Me [{RuCly(p-cymene)},]
©/ *NH (10 mol %)
AgSbFg (40 mol %)
1a 2a Ag,0 (1.5 equiv) 5a, 68%
THF, 100 °C, 16 h
1.0 equiv 3.0 equiv
Scheme 4C.1 Optimization studies
Table 4C.1 otho-Arylation of phenyl sulfoximine (1a) with phenylboronic acid (2a).?
Entry Solvent Additive 3a (%) 4a (%) 5a (%)"
1 THF AgBF, 0 5 55
2 THF AgOTf 0 8 40
3 THF KPFg 0 0 0
4 THF AgSbFg 0 0 68
5 THF -- 43 8 0
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6 MeOH AgSbFs 24 0 12
7 1,4-Dioxane AgSbFg 33 6 42
8 DMF AgShFg 24 5) 7
9 Toluene AgShFg 10 5 0

All reactions were carried out with substituted phenyl sulfoximine (1) (1.00 mmol), phenylboronic acid (2a)
(3.0 mmol), [{RuCl,(p-cymene)},] (10 mol %), oxidant (1.5 equiv), additive (40 mol %) and solvent (3.0 mL)
at 100 °C for 16 h. "Isolated yields.

Further, the coupling reaction was examined with other additives such as AgOTf, AgBF, and
KPFs apart from AgSbFs. AgBF, and AgOTf was partially active, providing product 5a in 55%
and 40% vyields, respectively (Table 4C.1, entry 1 and 2). KPFg was not active for the reaction
(entry 3). Next, the reaction was tested with solvents such as MeOH, 1,4-dioxane, DMF and
toluene apart from THF (entry 6-9). However, in all these solvents, a mixture of 3a, 4a and 5a
were observed in moderate yields (entry 6-9). THF solvent was effective solvent for the reaction
giving 68% vyield (entry 4). The optimization studies clearly revealed that [{RuCl,(p-cymene)}.]
(20 mol %), AgSbFgs (40 mol %) and Ag,O (1.5 equiv) in THF at 100 °C for 16 h is the best
conditions for the reaction. It is important to note that the C-H bond activation of both ortho
carbons of phenyl sulfoximines were very facile and cannot be controlled. Due to the facile bis

arylation, an excess amount of catalyst is required.
4C.2.2 ortho-Arylation of Phenyl Sulfoximines

Table 4C.2 ortho-Arylation of substituted phenylboronic acids 2b-j with phenyl sulfoximine (1a).*

Entry Boronic acid (2b-j) Compound (5b-n) Yields”

B(OH),

2b-g
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1 2b: R = Ph 5ab: R! = Ph 72%
2 2¢: R = OMe 5ac: R! = OMe 66%
3 2d: Rl =1 5ad: R =1 65%
4 2e: R'=Br 5ae: R' = Br 62%
5 2f: R' =ClI 5af: R = ClI 64%
6 29:R'=F 5ag: R'=F 60%
B(OH),
7 19%
Br
2h
8 OD/B(OH)z 61%
<O 2i
64%

9 B(OH),

4All reactions were carried out with phenyl sulfoximine 1 (1.00 mmol), phenylboronic acids (2) (3.0
mmol), [{RuCl,(p-cymene)},] (10 mol %), AgSbFs (12 mol %), Ag,O (1.5 equiv), and THF (3.0 mL) at
110 °C for 16 h. "Isolated yields.

In addition to phenylboronic acid (2a), a wide range of aromatic boronic acids 2b-j also readily
participates in the reaction with la. Table 4C.2 summarizes the results of these reactions.
Treatment of 4-phenyl substituted phenylboronic acid (2b) with 1a provided ortho bis arylated
product 5ab in 72% vyield (entry 1). Electron rich 4-methoxyphenyl boronic acid (2c) reacts
smoothly with 1la, yielding the corresponding product 5ac in 66% yield (entry 2). Aromatic
boronic acids having halogen groups I, Br, Cl and F 2d-g also undergo ortho arylation reaction
with la efficiently, giving products 5ad-ag in 65%, 62%, 64% and 60% vyields, respectively
(entries 3-6). However, 3-bromo phenylboronic acid (2h) yielded product 5ah only in 19% yield
(entry 7). Benzo[d][1,3]dioxol-5-ylboronic acid (2i) and 2-naphthylboronic acid (2j) also
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efficiently participated in the reaction, affording coupling products 5ai and 5aj in 61% and 64%

yields, respectively (entries 8 and 9).

Table 4C.3 ortho-Arylation of substituted phenyl sulfoximines 1 with phenylboronic acid (2a).

Entry Phenyl sulfoximine (1) Compound (5) Yeild"
(0]
1 Q 65%
Me 1b
(IS?iMe
2 Q N 63%
Br 1c
(0]
3 oy 54%
O2N 1d
('s)':Me
4 Q NH 60%
Cl 1e
O
5 f\j 63%
F 1f
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2 Et

71%
19

All reactions were carried out with phenyl sulfoximine 1 (1.00 mmol), phenylboronic acids (2) (3.0
mmol), [{RuCl,(p-cymene)},] (10 mol %), AgSbFs (12 mol %), Ag,O (1.5 equiv), and THF (3.0 mL) at
110 °C for 16 h. Isolated yields. °GC yield.

The arylation reaction was examined with substituted aromatic sulfoximines 1b-g (Table 4C.3).
Electron-rich, halogen and electron-deficient group substituted sulfoximines were compatible for
the reaction. Methyl, Br and NO, substituted sulfoximines 1b-d reacted with 2a, yielding
products 5ba-da in 65%, 63% and 54% yields, respectively (entry 1-3). Similarly, Cl and F
substituted aromatic sulfoximines le-f reacted with 2c, providing products 5ec-fc in 60% and
63% vyields, respectively (entry 4 and 5). Likewise, (ethylsulfonimidoyl)benzene (1g) yielded
5ga in 71% vyield (entry 6).

Me O

Me O BOH: [RuCly(p-cymene),]

g;m (10 mol %)
+ AgSDbFg (40 mol %)
Ag,0 (1.5 equiv)

1
1h 2a: E1 =H THF, 100°C, 16 h  5ha: R'=H, 70%
2¢-R' = Br 5he: R' = Br, 62%

minor

o 9 ®
11_Me
Me g:\Me Me IS (6]
NH 2a same conditions O NH Me
- e
1i major O

5ia, 62% 5ia', 7%
Scheme 4C.2 Mono arylation of aromatic sulfoximines 1h-i

Apart from the bis arylation, mono arylation of phenyl sulfoximines was also disclosed (Scheme
4C.2). Treatment of 2-methyl phenylsulfoximine (1h) with 2a or 2f gave mono arylated
sulfoximine derivatives 5ha and 5he in 70% and 62% yields, respectively. However, 3-methyl
phenylsulfoximine (1i) afforded regioisomeric mono arylated products 5ia and Sia’ in 62% and

7% yields, respectively (Scheme 4C.2).
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4C.2.3 Synthesis of Dibenzothiazines

Table 4C.4. Synthesis of dibenzothiazines (6).2

Chapter -4

Entry Compound (5) Compound (6) Yeild"
i
e
1 6a: R'=H 76%
2 5ab: R! = Ph 6b: R = Ph 85%
3 5ac: R = OMe 6c: R = OMe 65%
4 5ad: R' =1 6d: R =1 77%
5 5ae: R = Br 6e: R' = Br 85%
6 5af: R = ClI 6f: Rl =ClI 79%
7 5ag: R'=F 6g: R'=F 81%
8 5ba: R? = Me 80%
9 5ca: R? = Br 84%
10 5da: R? = NO, 79%
11 83%
Me gsl),\Me Me (I?/Me
12 O NH O N 41%
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®All reactions were carried out with compound 5 (100 mg), Pd(OAc), (10 mol %) and Phl(OAc), (2.0
equiv) in toluene (3.0 mL) at 120 °C for 10 h. "Isolated yields.

Next, we have tried to couple the N-H bond of sulfoximine with one of the C-H bond of phenyl
groups of compound 5 via chelation-assisted remote C-H activation in order to prepare tricyclic
dibenzothiazine derivatives. Pd(OAc), catalyst along with an oxidant is the suitable conditions
for this type of cyclization.’* The intramolecular cyclization of compound 5aa proceeded
smoothly in the presence of Pd(OAc), (10 mol %) and Phl(OAc), (2.0 equiv) in toluene at 120
°C for 10 h giving a tricyclic dibenzothiazine derivative 6a in 76% vyield (Table 4C.4, entry 1).
The cyclization reaction also proceeded in the presence of Phl1(OAc), without palladium catalyst.
However, product 6a was observed in a less amount of 25% yield. Under similar reaction
conditions, products 5ab, 5ac, 5ad, 5ae, 5af and 5ag also efficiently participated in the reaction,
providing cyclization products 6b-g in good to excellent yields (entries 2-7). Similarly, products
5ba, 5ca, 5da, 5ga and 5ha afforded dibenzothiazines 6h-l in 80%, 84%, 79%, 83% and 41%
yields, respectively (entries 8-12). The structure of compound 6f was further confirmed by a

single crystal X-ray analysis.

4C.2.4 Synthesis of Chiral Dibenzothiazines

Pd cat
! 7aa:R" = H, 65% 990/R1 8a:R'=H, 74%, >99% ee
2t R1 . 733'- R’ - [ ’6350/0’ >99°/o " 8b: R = I, 73%, >99% ee
2f:R"'=ClI ad: 1 =1 6, >99% ee 8c: R' = Cl. 75%, >99% ee
2g:R'=F 7af: R' = C, 60%, >99% ee

. 8d: R' = F, 79%, >99% ee
7ag: R' = F, 62%, >99% ee

1
9‘Me R
©\"S°NH © Ru cat Pd cat
+ - _—
B(OH),
7b 1 <
2a:R'=H 1 8e: R = o o
2b. R' = Ph 7ba: R' = H, 67%, >99% ee e: R =H,72%, >99% ee
‘R'= o 8f. R' = Ph, 82%, >99% ee
2 R = Br 7bb: R' = Ph, 65%, >99% ee

.R1 = 0 0
7be: R' = Br, 61%, >99% ee 89: R = Br, 83%, >99% ee
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Scheme 4C.3 Synthesis of chiral dibenzothiazines

This result prompted us to explore the possibility of synthesis of chiral tricyclic dibenzothiazines
by using chiral phenyl sulfoximines 7a-b (Scheme 4C.3). Treatment of chiral (R)-(-)-S-methyl-S-
phenylsulfoximine (7a) with substituted phenyl boronic acids 2a, 2d, 2f and 2g in the presence
of [{RuCly(p-cymene)}.], AgSbFs and Ag.O in THF at 100 °C for 16 h gave chiral ortho
arylated phenyl sulfoximines 7aa-ag in 65%, 63%, 60% and 62% yields, respectively (Scheme
3). Interestingly, the enantiomeric excess (ee) of products 7aa-ag were not dropped and in all
cases >99% ee ratios were observed. Later, compounds 7aa-ag were cyclized into chiral
dibenzothiazines 8a-d in excellent 74%, 73%, 75% and 79% yields, respectively, in the presence
of palladium catalyst. In all these reactions, >99% ee ratios were observed. Further, (S)-(-)- S-
methyl-S-phenylsulfoximine (7b) underwent ortho arylation with aromatic boronic acids 2a, 2b
and 2e in the presence of ruthenium catalyst, providing chiral ortho arylated phenyl sulfoximines
7ba-be in 67%, 65% and 61% vyields, respectively, with >99% ee ratios. Further, 7ba-be were
converted into chiral dibenzothiazines 8e-g in the presence of Pd(OAc), in 72%, 82% and 83%
yields, respectively (Scheme 4C.3).

4C.2.5. Mechanism

[{RuCly(L)},]
AgSbFg
0
AgCl g-Me
O
RuJL[SbF L X
> Pd(OAc), | U]Q[ o J RL\L
Phi(OAC) L= p- -H 10
i cymene Ph—B OH
Pd(0) Me “~ '/“ ( )2
0
\Ag* 1Me AgzO

Os :N S3
6 ) Pd( ||) 1
o
Ru
T
13 S

Scheme 4C.4 Proposed mechanism

A possible reaction mechanism is proposed to account for the present reaction in Scheme 4C.4.

Two different catalytic reactions were involved in the reaction. In the first catalytic cycle,
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AgSbFg likely removes all CI" ligands from the ruthenium complex providing a cationic
ruthenium complex 9. Coordination of the nitrogen atom of sulfoximine 1 into catalyst 9
followed by ortho-metalation provides a ruthenacycle intermediate 10. Transmetallation of
phenyl boronic acid 2 into intermediate 10 in the presence of Ag,O affords intermediate 11.
Subsequent reductive elimination of intermediate 11 in the presence of Ag" source provides
product 5 and regenerates the active ruthenium species 9 for the next catalytic cycle. Another
ortho arylation is also taken place in a similar fashion. In the second catalytic cycle, compound 5
reacts with Pd(OAc), giving palladacycle 12. Reductive elimination of intermediate 12 in the
presence of Phl(OAc), provides cyclic product 6 and regenerates the active Pd(OAc), catalyst
for the next catalytic cycle. The exact role of Ag,O is not clear to us, it could be possible that the
AgO" anion acts as a base to accelerate the transmetallation of boronic acid 2 into intermediate
12 and the Ag" ion acts as an oxidant to oxidize Ru(0) to Ru(ll).

4C.3 Conclusions

In conclusion, we have developed a two-step synthesis of dibenzothiazines via a
ruthenium-catalyzed ortho arylation of phenyl sulfoximines with phenyl boronic acids followed
by intramolecular cyclization in the presence of Pd(OAc),. Chiral dibenzothiazines were
prepared efficiently by using chiral phenyl sulfoximine in a similar protocol. A possible reaction

mechanism was proposed to account for the present arylation followed by cyclization reaction.
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4C.5 Experimental Section

4C.5.1 General Procedure for the Coupling of Sulfoximine 1 with Aromaticboronic acids 2
Catalyzed by Ruthenium Complex

A 15-mL pressure tube equipped with a magnetic stirrer and septum containing sulfoximine (1)
(100 mg, if it is solid), [{RuCl,(p-cymene)}.] (10 mol %), Ag,O (1.5 equiv) and boronic acid
(2a) (3.0 equiv) was evacuated and purged with nitrogen gas three times. Then, to the tube was
then added AgSbFs (40 mol %) inside the glove box (AgSbFs was moisture sensitive, thus, it was
added inside the glove box). Later, sulfoximine (1a) (100 mg, if it is liquid along with solvent via
syringes) and dry THF (3.0 mL) were added via syringes. Then, the pressure tube was covered
with a screw cap and the reaction mixture was allowed to stir at 100 °C for 16 h. After cooling to
ambient temperature, the reaction mixture was diluted with CH,Cl,, filtered through Celite and
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silica gel, and the filtrate was concentrated. The crude residue was purified through a silica gel
column using hexanes and ethyl acetate as eluent to give pure 5.

Note: Dry THF solvent is crucial for the reaction. If the solvent is not dry, the yield of product is
decreased. This reaction requires inert condition (N gas).

4C.5.2 General Procedure for the Synthesis of Dibenzothiazines Catalyzed by Palladium
Catalyst

A Schlenk tube (25 mL) equipped with a stir bar was loaded with ortho-aryl sulfoximine (5) (100
mg), Pd(OACc), (10 mol %) and PhI(OAc), (2.0 equiv). Then, dry toluene (2.0 mL) was added,
and the mixture was allowed to stir at 120 °C for 10 h. After cooling to room temperature, the
mixture was filtered through a short celite pad and washed with dichloromethane (3 x 20 mL).
The filtrate was concentrated, and the product was purified by column chromatography using
silica gel as stationary phase and a mixture of hexane and ethyl acetate as eluent to give pure 6.

4C.4.3 X-Ray Analysis

8-Chloro-4-(4-Chlorophenyl)-5-methyldibenzo[c,e][1,2]thiazine 5-oxide (6f).

Table 4C.5 Crystal data and structure refinement for (6f).

Identification code RK-855

Empirical formula C19H1I3CI2NOS
Formula weight 374.26
Temperature 298(2) K
Wavelength 0.71073 A
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Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Chapter -4

Triclinic

P-1
a=17.960(2) A
b=9.715(3) A
c=11.230(3) A
832.1(4) A3

2

a = 89.003(6)°.
B=75.173(7)°.

1.494 Mg/m3

0.521 mm-1
384

0.400 x 0.350 x 0.250 mm3

1.876 to 28.575°.

-10<=h<=8, -12<=k<=13, -13<=I<=15
14798

4149 [R(int) = 0.0426]

99.5 %

Semi-empirical from equivalents
0.878 and 0.812

Full-matrix least-squares on F2
4149/0/218

0.898

Ry = 0.0460, wR, = 0.1373
R;=0.0512, wR, = 0.1493

n/a

0.633 and -0.600 e.A-3

Y = 82.452(6)°.
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4C.5.4 HPLC Data of Selected Compounds
5-Methyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (6a)

HPLC analysis of 6a: Chiralpak IA 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 14.07 min
(S), tr =17.70 min (R).

mAU

Minutes

DAD: Signal E,
280 nm/Bw:10
nm Results

Retention Time Area Area % Height Height %
14.073 10116408 49.22 335880 55.26
17.700 10436761 50.78 271969 44.74

Totals

20553169 100.00 607849 100.00

2.81

T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
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(R)-(-)-5-Methyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (8a)

100 mg of 7aa was taken and 74.4 mg of product 8a was isolated (yield 74%).

HPLC analysis of 8a: Chiralpak IA 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 17.64 min
(R).

mAU

0.0

DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
17.647 5610162 100.00 149265 100.00
Totals
5610162 100.00 149265 100.00
11 Me
D@
R —
11.0 1(;.5 1(;.0 ‘;.5 ‘;.0 é;.S 8‘.0 7‘.5 7‘.0 6‘.5 Cef‘igmicalélh-r,ift(ppi‘;()) 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0
IISER Pune
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(S)-(+)-5-Methyl-4-phenyldibenzolc,e][1,2]thiazine 5-oxide (8e).

100 mg of 7ba was taken and 72.4 mg of product 8e was isolated (yield 72%).
HPLC analysis of 8e: Chiralpak 1A 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 14.04 min (S).

14,047

mAU

ooooo

DAD: Signal E,
280 nm/Bw:10

nm Results
Retention Time Area Area % Height Height %
14.047 14447782 100.00 477825 100.00
Totals
14447782 100.00 477825 100.00

2.81

3,001 (=

T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
Chemicalshift(ppm)
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4-([1,1'-Biphenyl]-4-yl)-5-methyl-8 phenyldibenzo|c,e][1,2]thiazine 5-oxide (6b).

HPLC analysis of 6b: Chiralpak 1A 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 24.31 min
(S), tr = 33.02 min (R).

mAU

DAD: Signal E,
280 nm/Bw:10

nm Results
Retention Time Area Area % Height Height %
24.313 31140080 49.79 584240 48.29
33.027 31402759 50.21 625676 51.71
Totals
62542839 100.00 1209916 100.00

T T T T T T T T T T
100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)
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(S)-(+)-4-([1,1'-Biphenyl]-4-yI)-5-methyl-8-phenyldibenzo[c,e][1,2]thiazine 5-oxide (8f).

100 mg of 7bb was taken and 81.6 mg of product 8f was isolated (yield 82%).
HPLC analysis of 8f: Chiralpak IA 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 24.31 min (S).

ynal E, 280 nm/Bw:10

00000

ooooo

00000

ooooo

00000

mAU

ooooo

00000

DAD: Signal E,
280 nm/Bw:10

nm Results
Retention Time Area Area % Height Height %
24.107 120311701 100.00 2286249 100.00
Totals

120311701 100.00 2286249 100.00

2.93

T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemicalshift(ppm)
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8-Bromo-4-(4-bromophenyl)-5-methyldibenzo][c,e][1,2]thiazine 5-oxide (6e).

HPLC analysis of 6e: Chiralpak IA 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 14.33 min (S),
tr = 21.02 min (R).

mAU

DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
14.333 12784527 49.62 542993 54.34
21.020 12981589 50.38 456238 45.66
Totals
25766116 100.00 999231 100.00

13.00

T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

[ISER Pune Page 246



Chapter -4

(S)-(+)-8-Bromo-4-(4-bromophenyl)-5-methyldibenzo|c,e][1,2]thiazine 5-oxide (8g).

100 mg of 7be was taken and 82.0 mg of product 8g was isolated (yield 83%). HPLC analysis of
8g: Chiralpak 1A 7:3 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 14.38 min (S).

00000 2500

ooooo

00000

14.380

0000000000

500

DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
14.380 51349286 100.00 2076540 100.00
Totals
51349286 100.00 2076540 100.00
[ ‘ //f
| . { J
EFLEES 5
16.5 1(;.0 ';.5 9‘.0 t;.S B‘.O 7‘.5 7‘.0 6‘45 'OChem?(':glshift(-r;)'gm) 4.0 3.5 3.0 2.5 2‘.0 1.5 1.0 0.5 0.0
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2'-(S-Methylsulfonimidoyl)-1,1':3",1""-terphenyl (5a).

HPLC analysis of 5a: Chiralpak 1A 6:4 n-Hexane : Ethyl acetate, 0.5 mL/min; tg = 21.27 min (S),
tr = 23.28 min (R).

mAU

P S S
DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
21.273 10002524 48.58 226528 51.63
23.287 10588614 51.42 212195 48.37
Totals
20591138 100.00 438723 100.00

2.56

2.05/
NEXE

T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 5 2.0 1.5 1.0 0.5 0.0
Chemicalshift(ppm)
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(R)-(-)-[1,1":3",1"*-Terphenyl]-2*-yl(imino)(methyl)sulfanone (7aa).

100 mg of 7a was taken and 128.7 mg of product 7aa was isolated (yield 65%). 3.0 equiv of
boronic acid (2a) was taken. HPLC analysis of 7aa: Chiralpak IA 6:4 n-Hexane : Ethyl acetate,
0.5 mL/min; tg = 23.26 min (R).

DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
23.267 14140439 100.00 287085 100.00
Totals
14140439 100.00 287085 100.00

(S)-(+)-[1,1":3",1""-Terphenyl]-2'-yl(imino)(methyl)sulfanone (7ba).

100 mg of 7b was taken and 133.0 mg of product 7ba was isolated (yield 67%). 3.0 equiv of
boronic acid (2a) was taken. HPLC analysis of 7ba: Chiralpak IA 6:4 n-Hexane : Ethyl acetate,
0.5 mL/min; tg = 21.26 min (S).
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DAD: Signal E,
280 nm/Bw:10
nm Results

Retention Time Area Area % Height Height %
21.267 16713945 100.00 362213 100.00

Totals

16713945 100.00 362213 100.00

(S)-(+)-(4,4"-Dibromo-[1,1':3",1""-terphenyl]-2*-yl)(imino)(methyl)sulfanone (7be).

100 mg of 7b was taken and 181.7 mg of product 7be was isolated (yield 61%). 3.0 equiv of
boronic acid (2c) was taken. HPLC analysis of 7be: Chiralpak 1A 6:4 n-Hexane : Ethyl acetate,
0.5 mL/min; tg = 23.30 min (S).

mAU

T—l
DAD: Signal E,
280 nm/Bw:10
nm Results
Retention Time Area Area % Height Height %
20.307 20584097 100.00 781762 100.00
Totals
20584097 100.00 781762 100.00
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4C.5.5 Spectral Data of all Compounds

2'-(S-Methylsulfonimidoyl)-1,1':3",1""-terphenyl (5aa): The representative general procedure
A was followed using la (100 mg) and phenylboronic acid (2a) (3.0 equiv).
Product 5aa was isolated in 135.0 mg and yield is 68%. Colorless solid; mp 130-
133 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3564, 3524,
3065, 2876, 2354, 2367, 1743, 1698, 1648, 1540, 1518, 1424, 1218, 1017. ‘H
NMR (CDCls, 400 MHz): 5 7.63 (bs, 4 H), 7.59 (t, J = 8.0, Hz, 2 H), 7.52 — 7.49
(m, 6 H), 7.40 (d, J = 8.0, Hz, 2 H), 2.56 (s, 3 H). *C NMR (CDCls, 100 MHz):8 141.9, 141.4,
140.2, 132.3, 130.6, 129.8, 129.1, 128.8, 46.3. Elemental Analysis: C (72.7%), H (6.0%), N
(4.2%), S (9.3%). HRMS (ESI): calc. for [(C19H17NOS)H] (M+H) 308.1109, measured
308.1106. MALDI-TOF-MS: calc. for [(C1oH17NOS)K] (M+K) 346.06, measured 346.02.

2""-(S-Methylsulfonimidoyl)-1,1':4",1"":3",1""":4"" 1""""-quinquephenyl (5ab): The

( representative general procedure A was followed using 1a (100 mg) and boronic

acid 2b (3.0 equiv). Product 5ab was isolated in 213 mg and vyield is
72%.Colorless solid; mp 213-216 °C; (35% ethyl acetate in hexanes). IR (ATR)
¥ (cm™): 3563, 3524, 3095, 2962, 2362, 2317, 1743, 1699, 1649, 1540, 1517,
1459, 1424, 1221, 1018. 'H NMR (CDCls, 400 MHz): & 7.76 (bm, 8 H), 7.69
- "(d,J=8.0Hz,4 H),7.58 (t, J=8.0Hz, 1 H), 7.50 (t, J=8.0 Hz, 4 H), 7.43 (s, 1
H), 7.42 — 7.38 (m, 3 H), 2.59 (s, 3 H). *C NMR (CDCl;, 100 MHz): & 143.5, 141.3, 140.7,
140.1, 139.5, 132.1, 130.2, 130.0, 128.9, 127.7, 127.3, 127.1, 46.7. Elemental Analysis: C
(83.5%), H (6.3%), N (3.4%), S (7.1%). HRMS (ESI): calc. for [(C3H2sNOS)H] (M+H)
460.1735, measured 460.1731. MALDI-TOF-MS: calc. for [(C3;H2sNOS)K] (M+K) 498.12,
measured 498.08.

4,4"-Dimethoxy-2'-(S-methylsulfonimidoyl)-1,1":3",1""-terphenyl (5ac): The representative

( general procedure A was followed using 1a (100 mg) and boronic acid 2c¢ (3.0
equiv). Product 5ac was isolated in 156 mg and yield is 66%. Colorless solid;
mp 120-123 °C; eluent (50% ethyl acetate in hexanes). IR (ATR) ¥ (cm™):
3562, 3525, 3000, 2936, 2360, 2317, 1743, 1699, 1648, 1540, 1513, 1457,
1248, 1029. *H NMR (CDCls, 400 MHz): 8 7.55 (t, J = 8.0 Hz 1 H), 7.54 (bs,
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4 H), 7.35 (d, J = 8.0 Hz, 2 H), 7.04 (d, J = 8.0 Hz, 4 H), 3.88 (s, 6 H), 2.60 (s, 3 H). °C NMR
(CDCl3, 100 MHz): ¢ 160.2, 141.2, 132.0, 131.1, 130.9, 129.4, 123.5, 114.4, 55.4, 46.0.
Elemental Analysis: C (70.2%), H (7.1%), N (3.6%), S (7.2%). HRMS (ESI): calc. for
[(C21H21NO3S)H] (M+H) 368.1320, measured 368.1314. MALDI-TOF-MS: calc. for
[(C21H21NO3S)K] (M+K) 406.08, measured 406.12.

4,4"-1odo-2'-(S-methylsulfonimidoyl)-1,1':3",1"*-terphenyl (5ad): The representative general
procedure A was followed using 1a (100 mg) and boronic acid 2d (3.0 equiv).
Product 5ad was isolated in 234 mg and yield is 65%. Colorless solid; mp
225-227 °C; eluent (35% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3565,
3523, 3054, 2927, 2367, 2314, 1741, 1693, 1646, 1540, 1515, 1484, 1424,
1264, 1217, 1004. *H NMR (CDCls;, 400 MHz): § 7.83 (d, J = 8.0 Hz, 4 H),
7.53 (t, J=8.0 Hz, 1 H), 7.34 (d, J = 8.0 Hz, 4 H), 7.31 (d, J = 8.0 Hz, 2 H),
2.55 (s, 3 H). *C NMR (CDCls, 100 MHz): § 142.8, 140.3, 140.0, 137.7, 132.2, 131.5, 130.3,
94.6, 46.9. Elemental Analysis: C (40.8%), H (2.5%), N (2.5%), S (5.8%). HRMS (ESI): calc.
for [(CioH15I,NOS)H] (M+H) 559.9042, measured 559.9059. MALDI-TOF-MS: calc. for
[(C19H151,NOS)K] (M+K) 597.86, measured 597.82.

4,4"-Bromo-2'-(S-methylsulfonimidoyl)-1,1":3",1""-terphenyl  (5ae): The representative

( ) general procedure A was followed using 1a (100 mg) and boronic acid 2e
(3.0 equiv). Product 5ae was isolated in 185 mg and yield is 62%. Colorless
solid; mp 145-148 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥
(cm™): 3564, 3525, 3056, 2925, 2367, 2315, 1741, 1700, 1648, 1540, 1518,
1418, 1220, 1009. *H NMR (CDCls, 400 MHz): & 7.63 (d, J = 8.0 Hz, 4 H),
7.54 (t,J = 8.0 Hz, 1 H), 7.48 (d, J = 8.0 Hz, 4 H), 7.32 (d, J = 8.0 Hz, 2 H),
2.55 (s, 3 H). *C NMR (CDCl3, 100 MHz): & 143.0, 140.2, 139.4, 132.3, 131.8, 131.3, 130.3,
122.9, 46.7. Elemental Analysis: C (47.2%), H (3.4%), N (3.1%), S (6.3%). HRMS (ESI): calc.
for [(Ci9H1sBr,NOS)H] (M+H) 463.9319, measured 463.9321. MALDI-TOF-MS: calc. for
[(C19H15Br,NOS)K] (M+K) 501.88, measured 501.85.
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4,4"-Dichloro-2'-(S-methylsulfonimidoyl)-1,1":3",1""-terphenyl  (5af): The representative

< +general procedure A was followed using 1a (100 mg) and boronic acid 2f (3.0
equiv). Product 5af was isolated in 154 mg and yield is 64%. Colorless solid;
mp 125-128 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™):
3565, 2962, 2962, 2367, 1723, 1647, 1493, 1452, 1279, 1125, 1077, 1013. *H
NMR (CDCls, 400 MHz): & 7.55 (d, J = 8.0 Hz, 4 H), 7.54 (t, J = 8.0 Hz, 1
) " H), 7.47 (d, J = 8.0 Hz, 4 H), 7.32 (d, J = 8.0 Hz, 2 H), 2.55 (s, 3 H). *C
NMR (CDCl;, 100 MHz): 6 143.1, 140.1, 138.9, 134.8, 132.4, 131.0, 130.3, 128.8, 46.8.
HRMS (ESI): calc. for [(C19H15sCI,NOS)H] (M+H) 376.0330, measured 376.0331. MALDI-
TOF-MS: calc. for [(C19H15CI,NOS)K] (M+K) 413.98, measured 413.94.

4,4"-Difluoro-2'-(S-methylsulfonimidoyl)-1,1":3',1"'-terphenyl (5ag): The representative

general procedure A was followed using 1a (100 mg) and boronic acid 2g (3.0
equiv). Product 5ag was isolated in 132 mg and yield is 60%. Colorless solid;
mp 150-153 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™):
3565, 3523, 3059, 2927, 2365, 1740, 1693, 1647, 1510, 1451, 1416, 1221,
1044. 'H NMR (CDCls, 400 MHz): & 7.59 (bs, 4 H), 7.53 (t, J = 8.0, Hz 1
H), 7.33 (d, J = 8.0 Hz, 2 H), 7.20 (t, J = 8.0 Hz, 4 H), 2.52 (s, 3 H). *C NMR
(CDCl3, 100 MHz): 5 164.1, 161.6 (F-coupling), 143.3, 140.1, 136.45 and 136.42 (F-coupling),
132.4, 131.5 and 131.4 (F-coupling), 130.1, 115.8 and 115.6 (F-coupling), 46.7. HRMS (ESI):
calc. for [(C19H15F2NOS)H] (M+H) 344.0921, measured 344.0927. MALDI-TOF-MS: calc. for
[(C19H15F,NOS)K] (M+K) 382.04, measured 382.01.

3,3""-Dibromo-2'-(S-methylsulfonimidoyl)-1,1':3",1""-terphenyl (5ah): The representative
general procedure A was followed using 1a (100 mg) and boronic acid 2h (3.0
equiv). Product 5ah was isolated in 56 mg and yield is 19%. Colorless solid; mp
146-149 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3563,
3525, 3060, 2922, 2361, 2317, 1741, 1699, 1648, 1553, 1518, 1456, 1218, 1042.
'H NMR (CDCls, 400 MHz): & 7.73 (bs, 1 H), 7.61 — 7.53 (m, 6 H), 7.38 — 7.33
(m, 4 H), 2.59 (s, 3 H). HRMS (ESI): calc. for [(CigH15Br,NOS)H] (M+H)
463.9319, measured 463.9321. MALDI-TOF-MS: calc. for [(C19H15Br,NOS)K] (M+K) 501.88,
measured 501.84
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5,5'-(2-(S-Methylsulfonimidoyl)-1,3-phenylene)bis(benzo[d][1,3]dioxole) (5ai): The

representative general procedure A was followed using 1a (100 mg) and

boronic acid 2i (3.0 equiv). Product 5ai was isolated in 155 mg and yield
IS 61%. Colorless solid; mp 165-168 °C; eluent (50% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3564, 3524, 3059, 2923, 2363, 2321, 1742,
1700, 1649, 1540, 1516, 1459, 1264, 1037. *H NMR (CDCl3, 400 MH2):
| | 8759 (t,J=80Hz 1H) 737 (d, J =80, 40 Hz, 2 H), 7.08 (bs, 4 H),
6.95 (d, J = 8.0 Hz, 2 H), 6.09 (s, 4 H), 2.68 (s, 3 H). **C NMR (CDCls;, 100 MHz): & 148.6,
148.2, 145.3, 141.4, 132.9, 132.3, 131.1, 129.4, 1235, 108.7, 101.7, 43.8. HRMS (ESI): calc.
for [(C21H17NOsS)H] (M+H) 396.0906, measured 396.0903. MALDI-TOF-MS: calc. for
[(C21H17NOsS)K] (M+K) 434.04, measured 434.06.

2,2'-(2-(S-Methylsulfonimidoyl)-1,3-phenylene)dinaphthalene  (5aj): The representative

general procedure A was followed using 1a (100 mg) and boronic acid 2j
(3.0 equiv). Product 5aj was isolated in 168 mg and yield is 64%. Colorless
solid; mp 85-88 °C; eluent (30% ethyl acetate in hexanes). IR (ATR) ¥ (cm’
1): 3563, 3527, 3060, 2925, 2358, 2321, 1742, 1699, 1648, 1540, 1516,
1459, 1216, 1043. 'H NMR (CDCl;, 400 MHz): & 8.13 (bs, 2 H), 8.01 —
) 7.91 (m, 6 H), 7.79 (bs, 2 H), 7.61 — 7.55 (m, 5 H), 7.47 (d, J = 8.0 Hz, 2 H),
2.48 (s, 3 H). *C NMR (CDCls, 100 MHz): § 143.6, 141.2, 138.1, 137.8, 132.9, 132.9, 132.5,
129.8, 128.98, 128.9, 128.3, 127.8, 127.6, 126.8, 46.7. Elemental Analysis: C (80.2%), H
(5.8%), N (3.2%), S (6.5%). HRMS (ESI): calc. for [(C2;H21NOS)H] (M+H) 408.1422,
measured 408.1419. MALDI-TOF-MS: calc. for [(C,;H2:NOS)K] (M+K) 446.09, measured
446.06.

5'-Methyl-2'-(S-methylsulfonimidoyl)-1,1":3",1"'-terphenyl (5ba): The representative general

y procedure A was followed using 1b (100 mg) and phenyl boronic acid (2a)
(3.0 equiv). Product 5ba was isolated in 135 mg and yield is 65%. Colorless
solid; mp 156-159 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥
(cm™): 3564, 3523, 3062, 2923, 2364, 1741, 1706, 1646, 1547, 1516, 1462,
. ) 1221, 1049. *H NMR (CDCls, 400 MHz): § 7.61 (bs, 4 H), 7.51 — 7.43 (m,
6 H), 7.16 (s, 2 H), 2.46 (s, 3 H), 2.43 (s, 3 H). *C NMR (CDCl3, 100 MHz): § 141.0, 140.7,
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140.3, 132.7, 129.7, 128.7, 128.5, 128.3, 46.6, 20.9. HRMS (ESI): calc. for [(C2H19NOS)H]
(M+H) 322.1266, measured 322.1269. MALDI-TOF-MS: calc. for [(CyH1sNOS)K] (M+K)
360.08, measured 360.05.

5'-Bromo-2'-(S-methylsulfonimidoyl)-1,1':3",1""-terphenyl (5ca): The representative general

r y procedure A was followed using 1c (100 mg) and phenyl boronic acid (2a)
(3.0 equiv). Product 5ca was isolated in 104 mg and yield is 63%. Colorless
solid; mp 162-165 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥
(cm'l): 3564, 3526, 3056, 2928, 2356, 2325, 1741, 1701, 1647, 1542, 1515,
’ 1455, 1218, 1045. '"H NMR (CDCl3, 400 MHz): 6 7.61 (bs, 4 H), 7.53 —
7.48 (m, 8 H), 2.45 (s, 3 H). **C NMR (CDCls, 100 MHz): § 142.8, 142.6, 139.3, 134.5, 129.7,
129.0, 128.8, 124.0, 46.5. HRMS (ESI): calc. for [(CisH1sBrNOS)H] (M+H) 386.0214,
measured 386.0218. MALDI-TOF-MS: calc. for [(C19H16BrNOS)K] (M+K) 423.97, measured
423.95.

2'-(S-Methylsulfonimidoyl)-5'-nitro-1,1":3",1""-terphenyl (5da): The representative general

~ procedure A was followed using 1d (100 mg) and phenyl boronic acid (2a)
(3.0 equiv). Product 5da was isolated in 95 mg and yield is 54%. Yellow
solid; mp 173-176 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥
(cm'l): 3565, 3525, 3065, 2924, 2356, 2320, 1744, 1697, 1647, 1543, 1515,
’ 1459, 1217, 1040. *H NMR (CDCls, 400 MHz): & 8.20 (s, 2 H), 7.66 (bs, 4
H), 7.58 — 7.55 (m, 6 H), 2.48 (s, 3 H). *C NMR (CDCls, 100 MHz): & 148.9, 146.9, 142.9,
138.7, 129.7, 129.6, 129.1, 126.2, 46.3. HRMS (ESI): calc. for [(C1oH1sN203S)H] (M+H)
353.0960, measured 353.0974. MALDI-TOF-MS: calc. for [(C19H16N203S)K] (M+K) 391.05,
measured 391.03.

5'-Chloro-4,4"-dimethoxy-2'-(S-methylsulfonimidoyl)-1,1":3",1""-terphenyl (5ec): The

( ) representative general procedure A was followed using 1e (100 mg) and
boronic acid 2c (3.0 equiv). Product 5ec was isolated in 127 mg and
yield is 60%. Colorless solid; 153-156 °C; eluent (50% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3565, 3523, 3055, 2938, 2364, 1741,
1706, 1646, 1548, 1512, 1462, 1217, 1030. *H NMR (CDCls, 400
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MHz): 8 7.54 (bs, 4 H), 7.31 (s, 2 H), 7.03 (d, J = 8.0 Hz, 4 H), 3.88 (s, 6 H), 2.48 (s, 3 H). *C
NMR (CDCls, 100 MHz):8 160.2, 142.5, 142.3, 135.5, 131.6, 131.3, 130.9, 114.3, 55.4, 46.5.
HRMS (ESI): calc. for [(Ca1H20CINO3sS)H] (M+H) 402.0931, measured 402.0930. MALDI-
TOF-MS: calc. for [(C21H20CINO3S)K] (M+K) 440.04, measured 440.01.

5'-Fluoro-4,4"-dimethoxy-2'-(S-methylsulfonimidoyl)-1,1':3",1"'-terphenyl (5fc): The

. . representative general procedure A was followed using 1f (100 mg) and
boronic acid 2c¢ (3.0 equiv). Product 5fc was isolated in 140 mg and yield
IS 63%. Colorless solid; 133-136 °C; eluent (50% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3564, 3525, 3062, 2939, 2360, 2321, 1743,
1699, 1648, 1540, 1513, 1460, 1215, 1078. 'H NMR (CDCls, 400
| OMe ] MHz): 5 7.55 (bd, J = 8.0 Hz, 4 H), 7.04 (d, J = 8.0 Hz, 4 H), 7.03 (d, J =
8.0 Hz, 2 H), 7.88 (s, 6 H), 2.51 (s, 3 H). *C NMR (CDCls, 100 MHz):5 163.0, 160.5 and 160.3
(C-F coupling), 144.0, 143.9 (C-F coupling), 139.6, 131.7, 130.8, 118.5 and 118.2 (C-F
coupling), 114.3, 55.4, 46.6. Elemental Analysis: C (66.3%), H (5.5%), N (3.2%), S (7.7%).
HRMS (ESI): calc. for [(C;1H20FNO3S)H] (M+H) 386.1226, measured 386.1227. MALDI-
TOF-MS: calc. for [(C21H20FNO3S)K] (M+K) 424.07, measured 424.02.

2'-(Ethylsulfonimidoyl)-1,1":3",1""-terphenyl (5ga): The representative general procedure A
was followed using 1g (100 mg) and phenyl boronic acid (2a) (3.0 equiv).
Product 5ga was isolated in 135 mg and vyield is 71%. Colorless solid; 152-155
°C; (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3565, 3523, 3057, 2925,
2362, 2322, 1740, 1693, 1646, 1546, 1516, 1452, 1208, 1052. *H NMR (CDCls,
400 MHz): 8 7.61 (bs, 4 H), 7.55 - 7.43 (m, 7 H), 7.34 (d, J = 8.0 Hz, 2 H), 2.55
—2.48(m, 1 H), 2.45-2.38 (m, 1 H), 0.93 (d, J = 8.0 Hz, 3 H). *C NMR (CDClIs, 100 MHz): &
141.9, 140.6, 132.3, 130.0, 129.7, 129.6, 128.4, 128.3, 50.5, 8.5. HRMS (ESI): calc. for
[(CoHgNOS)H] (M+H) 322.1266, measured 322.1269. MALDI-TOF-MS: calc. for
[(C2H1sNOS)K] (M+K) 360.08, measured 360.03.

3-Methyl-2-(S-methylsulfonimidoyl)-1,1'-biphenyl  (5ha): The representative general
procedure A was followed using 1h (100 mg) and phenyl boronic acid (2a) (3.0 equiv). Product
5ha was isolated in 133 mg and yield is 70%. Colorless solid; 91-94 °C; (50% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3565, 3524, 3056, 2932, 2363, 2323, 1741, 1706, 1646, 1546,
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1515, 1453, 1217, 1047. *H NMR (CDCls3, 400 MHz): & 7.42 — 7.38 (m, 5
H), 7.35 (d, J = 8.0 Hz, 2 H), 7.13 (d, J = 8.0 Hz, 1 H), 2.94 (s, 3 H), 2.87 (s,
3 H). ®*C NMR (CDCls, 100 MHz): & 141.8, 141.1, 138.2, 132.8, 131.0,
130.6, 129.1, 128.6, 128.2, 127.7, 46.7, 22.9. HRMS (ESI): calc. for
[(C14H1sNOS)H] (M+H) 246.0952, measured 246.0950. MALDI-TOF-MS: calc. for
[(C14H1sNOS)K] (M+K) 284.05, measured 284.02.

4'-Chloro-3-methyl-2-(S-methylsulfonimidoyl)-1,1'-biphenyl  (5he): The representative

general procedure A was followed using 1h (100 mg) and boronic acid 2e
(3.0 equiv). Product 5he was isolated in 138 mg and yield is 62%. Colorless
solid; 122-125 °C; (50% ethyl acetate in hexanes). IR (ATR) ¥ (cm™):
Br | 3567, 3523, 3054, 2931, 2363, 2323, 1743, 1709, 1649, 1548, 1517, 1455,
1219, 1046. *H NMR (CDCls, 400 MHz): & 7.54 (t, J = 8.0 Hz, 2 H), 7.43 (t, J = 8.0 Hz, 1 H),
7.36 (d,J=8.0Hz,1H),7.24 -7.19 (m, 2 H), 7.10 (d, J = 8.0 Hz, 1 H), 3.03 (s, 3 H), 2.86 (s, 3
H). *C NMR (CDCl;, 100 MHz): § 141.6, 139.1, 138.3, 134.0, 133.6, 131.9, 131.4, 130.2,
128.5, 128.2, 46.4, 22.9. HRMS (ESI): calc. for [(C14H14BrNOS)H] (M+H) 324.0058, measured
324.0061. MALDI-TOF-MS: calc. for [(C14H14BrNOS)K] (M+K) 361.96, measured 361.92.

4-Methyl-2-(S-methylsulfonimidoyl)-1,1'-biphenyl and 2-Methyl-6-(S -
methylsulfonimidoyl)-1,1'-biphenyl (7.3 : 2.7) (5ia and

Me ('S)'“hfﬁ O 5 5ia). The representative general procedure A was followed
O O Me O sMe | using 1i (100 mg) and phenyl boronic acid (2a) (3.0 equiv).

S
“NH
Product 5ia and 5ia’ were isolated.in 118 mg and 13 mg yield

IS 62% and vyield is 7%. Colorless semisolid; (45% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3563, 3524, 3016, 2922, 2360, 1742, 1699, 1647, 1541,
1517, 1475, 1256, 1018. *H NMR (CDCls, 400 MHz): § 8.07 (d, J = 8.0 Hz, 0.76 H), 7.59 (d, J
= 8.0 Hz, 0.76 H), 7.46 — 7.31 (m, 8 H), 7.46 — 7.31 (m, 1.14 H), 7.20 (d, J = 8.0 Hz, 0.38 H),
3.20 (s, 1.21 H), 2.72 (s, 3 H), 2.51 (s, 1.16 H), 2.44 (s, 3 H). *C NMR (CDCls, 100 MHz): &
144.8, 139.9, 139.7, 139.5, 136.7, 136.2, 133.6, 132.6, 132.1, 130.2, 130.2, 129.8, 129.5, 129.2,
129.1, 128.4, 128.0, 127.8, 123.8, 120.6, 43.6, 43.1, 21.4, 21.0. HRMS (ESI): calc. for
[(C14H1sNOS)H] (M+H) 246.0952, measured 246.0951. MALDI-TOF-MS: calc. for
[(C14H1sNOS)K] (M+K) 284.05, measured 284.02.
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5-Methyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (6a): The representative general
procedure B was followed using 5aa (100 mg). Product 6a was isolated in 76 mg
and yield is 76%. Colorless solid; 170-173 °C; eluent (20% ethyl acetate in
hexanes). IR (ATR) ¥ (cm™): 3058, 2926, 1706, 1647, 1578, 1456, 1313, 1269,
1204, 1010. *H NMR (CDCls, 400 MHz): & 8.24 (d, J = 8.0 Hz, 1 H), 8.07 (d, J
=8.0 Hz, 1 H), 7.88 (bs, 1 H), 7.76 (d, J = 8.0 Hz, 1 H), 7.55 — 7.51 (m, 3 H),
7.45(d, J=8.0Hz,2 H), 7.41 (d, J =8.0 Hz, 1 H), 7.29 (s, 1 H), 7.14 (t, J = 8.0 Hz, 1 H), 2.81
(s, 3 H). *C NMR (CDCls, 100 MHz): & 141.9, 139.0, 138.7, 134.3, 131.5, 131.2, 130.6, 129.4,
129.3, 129.0, 128.9, 128.5, 126.6, 124.6, 124.2, 124.1, 121.1, 118.7, 45.3. Elemental Analysis:
C (72.5%), H (5.1%), N (4.1%), S (9.2%). HRMS (ESI): calc. for [(C1gH1sNOS)H] (M+H)
306.0953, measured 306.0951. MALDI-TOF-MS: calc. for [(C1gH1sNOS)K] (M+K) 344.05,
measured 344.00.

4-([1,1'-Biphenyl]-4-yl)-5-methyl-8 phenyldibenzo[c,e][1,2]thiazine 5-oxide (6b): The
representative general procedure B was followed using 5ab (100 mg). Product
6b was isolated in 84 mg and yield is 85%. Colorless solid; 172-175 °C; (20%
ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3034, 2922, 1707, 1647, 1570,
1452, 1324, 1226, 1195, 1013. *H NMR (CDCls, 400 MHz): & 8.28 (d, J = 8.0
Hz, 1 H), 8.14 (d, J = 8.0 Hz, 1 H), 7.81 - 7.77 (m, 3 H), 7.73 - 7.70 (m, 5 H),
7.56 (s, 1 H), 7.53 — 7.45 (m, 6 H), 7.42 — 7.36 (m, 3 H), 2.93 (s, 3 H). °C
NMR (CDCl;, 100 MHz): 6 143.2, 142.3, 141.6, 140.4, 139.9, 138.5, 137.9, 134.2, 131.7,
130.6, 129.8, 128.9, 128.8, 127.9, 127.6, 127.5, 127.4, 127.1, 126.4, 124.7, 124.1, 122.7, 120.1,
117.7, 45.6. Elemental Analysis: C (80.3%), H (5.0%), N (3.4%), S (6.2%). HRMS (ESI): calc.
for [(C31H23NOS)H] (M+H) 458.1579, measured 458.1583. MALDI-TOF-MS: calc. for
[(C31H23NOS)K] (M+K) 496.11, measured 496.06.

8-Methoxy-4-(4-methoxyphenyl)-5-methyldibenzo[c,e][1,2]thiazine  5-oxide (6¢): The

representative general procedure B was followed using 5ac (100 mg).
Product 6¢ was isolated in 64 mg and vyield is 65%. Colorless solid; 273-
176 °C; eluent (40% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3002,
2927, 1741, 1707, 1646, 1578, 1453, 1338, 1251, 1220, 1029. 'H NMR
(CDCls, 400 MHz): 6 8.10 (d, J =8.0 Hz, 1 H), 7.95 (d, J = 8.0 Hz, 1 H),
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7.80 (bs, 1 H), 7.69 (t, J=8.0 Hz, 1 H), 7.34 (d, J = 8.0 Hz, 2 H), 7.05 (d, J = 8.0 Hz, 2 H), 6.77
(s, 1 H), 6.73 (d, J = 8.0 Hz 1 H), 3.90 (s, 3 H), 3.87 (s, 3 H), 2.84 (s, 3 H). *C NMR (CDCls,
100 MHz): 5 161.6, 159.9, 143.7, 138.7, 138.6, 134.5, 132.3, 131.6, 131.2, 129.7, 125.5, 125.2,
123.2, 114.8, 112.0, 110.2, 106.7, 55.6, 45.5. HRMS (ESI): calc. for [(Co:H1sNO3S)H] (M+H)
366.1164, measured 366.1162. MALDI-TOF-MS: calc. for [(C21H19NO3S)K] (M+K) 404.07,
measured 404.02.

8-lodo-4-(4-iodophenyl)-5-methyldibenzo[c,e][1,2]thiazine 5-oxide (6d): The representative
general procedure B was followed using 5ad (100 mg). Product 6d was isolated
in 76 mg and yield is 77%. Colorless solid; 262-265 °C; eluent (20% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3057, 2920, 2375, 1741, 1706, 1647,
1579, 1451, 1312, 1264, 1193, 1017. *H NMR (CDCls;, 400 MHz): §8.19 (d, J
=8.0 Hz, 1 H), 7.88 (d, J = 8.0 Hz, 2 H), 7.78 — 7.74 (m, 2 H), 7.72 (s, 1 H),
7.66 (bs, 1 H), 7.43 (t, J = 8.0 Hz, 2 H), 7.20 (s, 1 H), 2.87 (s, 3 H). °C NMR
(CDCl3, 100 MHz): & 143.0, 138.3, 137.8, 134.0, 133.4, 132.9, 131.9, 131.1, 130.9, 130.1,
130.0, 126.1, 125.5, 125.4, 124.2, 118.0, 96.3, 95.2, 45.7. Elemental Analysis: C (42.3%), H
(2.1%), N (3.3%), S (6.1%). HRMS (ESI): calc. for [(CigH13l,NOS)H] (M+H) 557.8885,
measured 557.8879. MALDI-TOF-MS: calc. for [(C19H13I,NOS)K] (M+K) 595.84, measured
595.80.

8-Bromo-4-(4-bromophenyl)-5-methyldibenzol[c,e][1,2]thiazine 5-oxide (6e): The

- . representative general procedure B was followed using 5ae (100 mg). Product
6e was isolated in 84 mg and yield is 85%. Colorless solid; 239-242 °C; eluent
(20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3061, 2952, 2375, 1741,
1706, 1646, 1562, 1462, 1316, 1268, 1205, 1017. 'H NMR (CDCls, 400
MHz): § 8.18 (d, J = 8.0 Hz, 1 H), 7.88 (d, J = 8.0 Hz, 1 H), 7.78 — 7.76 (m, J
=8.0Hz, 2 H), 7.68 (d, J=8.0 Hz, 2 H), 7.44 (s, 1L H), 7.42 (d, J = 8.0 Hz, 1
H), 7.34 (bs, 1 H), 7.24 (d, J = 8.0 Hz, 1 H), 2.87 (s, 3 H). *C NMR (CDCl;, 100 MHz): &
143.2, 137.7, 137.6, 133.9, 132.9, 132.8, 132.1, 132.3, 131.9, 130.8, 127.2, 126.0, 125.5, 124.34,
124.3,124.2, 123.5, 117.4, 45.7. Elemental Analysis: C (48.5%), H (2.8%), N (3.1%), S (7.4%).
HRMS (ESI): calc. for [(C19H13Br,NOS)H] (M+H) 461.9163, measured 461.9160. MALDI-
TOF-MS: calc. for [(C19H13Bro,NOS)K] (M+K) 499.87, measured 499.82.

Br
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8-Chloro-4-(4-chlorophenyl)-5-methyldibenzo[c,e][1,2]thiazine 5-oxide (67): The
representative general procedure B was followed using 5af (100 mg). Product
6f was isolated in 78 mg and yield is 79%. Colorless solid; 252-255 °C; eluent
(20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™): 3062, 2949, 2375, 1742,
1699, 1649, 1541, 1457, 1315, 1272, 1206, 1021. 'H NMR (CDCls, 400
MHz): § 8.17 (d, J = 8.0 Hz, 1 H), 7.81 (bs, 1 H), 7.76 (t, J = 8.0 Hz, 2 H),
752 (d,J=8.0Hz,2 H), 7.41 (d, J=8.0 Hz, 2 H), 7.27 (s, 1 H), 7.08 (d, J =
8.0 Hz, 1 H), 2.86 (s, 3 H). **C NMR (CDClI;, 100 MHz): & 143.1, 137.7, 137.2, 136.1, 135.3,
133.9, 132.6, 131.9, 130.8, 130.6, 129.3, 128.8, 126.0, 125.3, 124.3, 124.2, 121.5, 117.0, 45.6.
Elemental Analysis: C (59.5%), H (3.5%), N (3.6%), S (8.6%). HRMS (ESI): calc. for
[(C1gH13CI,NOS)H] (M+H) 374.0173, measured 374.0168. MALDI-TOF-MS: calc. for
[(C19H13CINOS)K] (M+K) 411.97, measured 411.92.

8-Fluoro-4-(4-fluorophenyl)-5-methyldibenzol[c,e][1,2]thiazine 5-oxide (69): The
representative general procedure B was followed using 5ag (100 mg). Product
6g was isolated in 80 mg and yield is 81%. Colorless solid; 115-118 °C; eluent
(20% ethyl acetate in hexanes) IR (ATR) ¥ (cm™): 3070, 2370, 1743, 1699,
1648, 1513, 1458, 1338, 1223, 1161, 1020. *H NMR (CDCls, 400 MHz): &
8.15 (d, J = 8.0 Hz 1 H), 8.01 (dd, J = 8.0, 4.0 Hz 1 H), 7.84 (bs, 1 H), 7.75 (t,
J=80Hz1H),7.44(d, J=8.0Hz1H),7.40(d, J=8.0Hz1H),7.23(d,J=
8.0 Hz 2 H), 6.95 (d, J = 8.0 Hz 1 H), 6.85 (d, J = 8.0 Hz 1 H), 2.86 (s, 3 H). ®*C NMR (CDCls,
100 MHz): & 165.4, 164.3, 162.9, 161.8, 144.0 and 143.9 (C-F coupling), 137.9, 134.8 and 134.1
(C-F coupling), 133.1, 131.8, 131.1, 130.6, 126.0 and 125.9 (C-F coupling), 125.8, 124.0, 115.7,
115.1, 110.5 and 110.3 (C-F coupling), 109.3 and 109.0 (C-F coupling), 45.5. Elemental
Analysis: C (67.4%), H (45%), N (4.3%), S (10.6%). HRMS (ESI): calc. for
[(C1gH13F,NOS)H] (M+H) 342.0764, measured 342.0765. MALDI-TOF-MS: calc. for
[(C19H13F2NOS)K] (M+K) 380.03, measured 380.00.

2,5-Dimethyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (6h): The representative general
procedure B was followed using 5ba (100 mg) Product 6h was isolated in 79 mg and yield is
80%. Colorless solid; 185-188 °C; eluent (20% ethyl acetate in hexanes). IR (ATR) ¥ (cm™):
3061, 2926, 2372, 1742, 1700, 1649, 1542, 1460, 1317, 1277, 1161, 1057. *H NMR (CDCls,
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400 MHz): § 8.06 (d, J = 8.0 Hz 1 H), 8.03 (s, 1 H), 7.86 (bs, 1 H), 7.54 —
7.49 (m,3H),7.43-7.38(m,2H),7.28-7.25(m,2H),7.12(t,J=80Hz1
H), 2.79 (s, 3 H), 2.56 (s, 3 H). **C NMR (CDCl;, 100 MHz): § 142.1, 142.0,
139.1, 138.7, 134.4, 131.9, 131.6, 131.2, 130.4, 129.3, 128.7, 128.4, 128.1,
\ J 1245, 124.2, 124.1, 120.9, 118.7, 45.4, 21.8. HRMS (ESI): calc. for
[(CoH17NOS)H] (M+H) 320.1109, measured 320.1108. MALDI-TOF-MS: calc. for
[(C2H17NOS)K] (M+K) 358.06, measured 358.02.

2-Bromo-5-methyl-4-phenyldibenzolc,e][1,2]thiazine 5-oxide (6i): The representative general
procedure B was followed using 5ca (100 mg). Product 6i was isolated in 83
mg and yield is 84%. Colorless solid; 166-169 °C; eluent (20% ethyl acetate
in hexanes). IR (ATR) ¥ (cm™): 3060, 2926, 2373, 1742, 1700, 1648, 1555,
1459, 1316, 1268, 1208, 1008. *H NMR (CDCls, 400 MHz): & 8.36 (s, 1 H),
8.00 (d, J=8.0 Hz 1 H), 7.85 (bs, 1 H), 7.59 (s, 1 H), 7.54 — 7.53 (m, 3 H),
7.44 (t, J=8.0 Hz, 2 H), 7.27 (d, J = 8.0 Hz, 1 H), 7.14 (d, J = 8.0 Hz, 1 H), 2.78 (s, 3 H). *C
NMR (CDClI;, 100 MHz): & 142.2, 140.2, 137.7, 136.1, 133.1, 131.2, 131.1, 129.3, 129.1,
128.6, 126.9, 126.3, 125.3, 124.7, 124.3, 121.3, 117.7, 45.3. Elemental Analysis: C (58.6%), H
(4.3%), N (3.7%), S (8.0%). HRMS (ESI): calc. for [(C19H14BrNOS)H] (M+H) 384.0058,
measured 384.0060. MALDI-TOF-MS: calc. for [(C19H14BrNOS)K] (M+K) 421.96, measured
421.90.

5-Methyl-2-nitro-4-phenyldibenzolc,e][1,2]thiazine 5-oxide (6j): The representative general

procedure B was followed using 5da (100 mg). Product 6j was isolated in 78
mg and yield is 79%. Yellow color solid; 156-159 °C; eluent (20% ethyl
acetate in hexanes). IR (ATR) ¥ (cm™): 3068, 2925, 2315, 1742, 1700, 1648,
1529, 1459, 1317, 1269, 1211, 1014. *H NMR (CDCls, 400 MHz): & 9.07 (s,
{ J 1H),825(s, 1H),8.14(d, J=8.0 Hz 1 H), 7.87 (bs, 1 H), 7.59 (s, 3 H), 7.51
(d, J=8.0 Hz, 2 H), 7.32 (d, J = 8.0 Hz, 1 H), 7.23 (d, J = 8.0 Hz, 1 H), 2.83 (s, 3 H). *C NMR
(CDCl3, 100 MHz): & 1485, 142.1, 140.8, 137.2, 136.2, 131.97, 130.9, 130.0, 129.8, 129.5,
129.1, 128.9, 124.9, 1245, 124.0, 121.9, 119.2, 118.0, 45.1. HRMS (ESI): calc. for
[(C19H14N203S)H] (M+H) 351.0803, measured 351.0804. MALDI-TOF-MS: calc. for
[(C19H14N203S)K] (M+K) 389.03, measured 389.01.
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5-Ethyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (6k): The representative general procedure
B was followed using 5ga (100 mg). Product 6k was isolated in 82 mg and yield
Is 83%. Colorless solid; 183-186 °C; eluent (20% ethyl acetate in hexanes). IR
(ATR) ¥ (cm™): 3059, 2927, 2312, 1742, 1700, 1648, 1573, 1458, 1319, 1274,
1195, 1015. *H NMR (CDCls, 400 MHz): § 8.27 (d, J = 8.0 Hz, 1 H), 8.07 (d, J
=8.0 Hz, 1 H), 7.90 (bs, 1 H), 7.76 (t, J = 8.0 Hz, 1 H), 7.53 — 7.50 (m, 1 H), 7.45
—7.40 (m,3H),7.29 (d,J=8.0Hz 3 H), 7.12 (t, J=8.0 Hz, 1 H), 7.15 - 7.06 (m, 1 H), 7.49 —
7.40 (m, 1 H), 7.12 (t, J = 8.0 Hz, 3 H), *C NMR (CDCls, 100 MHz): § 142.6, 139.2, 138.8,
135.6, 131.7, 131.5, 130.7, 130.5, 128.8, 128.7, 128.2, 124.6, 124.1, 122.3, 120.7, 117.9, 49.7,
9.9. Elemental Analysis: C (73.0%), H (5.2%), N (4.0%), S (9.4%). HRMS (ESI): calc. for
[(CoH17NOS)H] (M+H) 320.1109, measured 320.1107. MALDI-TOF-MS: calc. for
[(CxH17NOS)K] (M+K) 358.06, measured 358.01.

4,5-Dimethyldibenzolc,e][1,2]thiazine 5-oxide (6l): The representative general procedure B
was followed using 5ha (100 mg). Product 61 was isolated in 40 mg and yield is
41%. Colorless solid; 174-177 °C; eluent (35% ethyl acetate in hexanes). IR
(ATR) ¥ (cm™): 3064, 2927, 2366, 1742, 1699, 1648, 1541, 1460, 1321, 1261,
1202, 1015. *H NMR (CDCls, 400 MHz): & 8.08 (d, J = 8.0 Hz, 1 H), 7.96 (dd, J
=8.0,4.0 Hz, 1 H), 7.63 (t, J = 8.0 Hz, 1 H), 7.37 (d, J = 8.0 Hz, 1 H), 7.37 (t, J = 8.0 Hz, 1 H),
7.23 (d, J = 8.0 Hz, 1 H), 7.06 (t, J = 8.0 Hz, 1 H), 3.51 (s, 3 H), 2.85 (s, 3 H). *C NMR
(CDCl3, 100 MHz): & 142.2, 135.5, 135.2, 132.6, 131.2, 130.5, 124.6, 124.2, 123.9, 121.9,
120.6, 117.5, 47.8, 21.0. HRMS (ESI): calc. for [(C1sH1sNOS)H] (M+H) 244.0796, measured
244.0799. MALDI-TOF-MS: calc. for [(C14H13NOS)K] (M+K) 282.03, measured 282.01.
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4C.5.6 Spectral Copies of Selected Compounds
2'-(S-Methylsulfonimidoyl)-1,1':3",1"'-terphenyl (5aa).
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3-Methyl-2-(S-methylsulfonimidoyl)-1,1'-biphenyl (5ha).
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5-Methyl-4-phenyldibenzo[c,e][1,2]thiazine 5-oxide (6a).
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4,5-Dimethyldibenzo|c,e][1,2]thiazine 5-oxide (61).
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