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1. Introduction

The thesis title is “Iron and Nickel-Catalyzed Functionalization of Heteroarenes and
Hydrogenation of Ketones”. The thesis is divided into six different chapters. Chapter-1 deals
with the detailed literature survey on employing 3d transition metal catalysts in the
functionalization of heteroarenes and transfer hydrogenation of ketones. In particular, advances
made with the late 3d transition metals such as iron, cobalt, nickel, and copper catalysts in
selective C—H bond functionalization of heteroarenes are discussed. In addition, various
methods for the functionalization of isatins and the implication of different pincer catalysts
based on 3d metals for the transfer hydrogenation of ketones are described. Chapter-2 deals
with the Ni(Il)-catalyzed intramolecular C~H/C-H oxidative coupling in indoles via chelation
assistance for the synthesis of biologically relevant indolones. Detailed mechanistic studies
have been performed, and a plausible catalytic cycle is proposed. Chapter-3 describes the
nickel-catalyzed regioselective C—H alkylation of heteroarenes using alkene as a coupling
partner. Chapter-4 presents the iron-catalyzed synthesis of 3-substituted 3-amino oxindoles
with the construction of stereogenic quaternary center at the C3 position. A detail mechanistic
investigation has performed to elucidate the reaction mechanism. Chapter-5 contains the
synthesis of NNN-based pincer nickel complexes for the transfer hydrogenation of ketones
using isopropanol as a hydrogen source. Chapter-6 presents overall summary of the thesis

work, followed by the future direction related to the field.

2. Statement of the Problem
Heteroarenes are the privileged structural motif in many biologically active compounds
and natural products. Therefore, significant advances have been made in the selective

functionalization of heteroarenes employing noble metal catalysts i.e. 4d/5d transition metal
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catalysts. These rare metals are high in cost and are naturally limited, affecting their usage in
| the sustainable synthesis of functionalized heteroarenes. Owing to the sustainability and cost
advantage, the 3d transition metal catalyst has been substantially explored for the selective
functionalization of heteroarenes. However, the harsh reaction conditions and relatively low
stability of involved metal-organic intermediates, make the catalyst system more challenging
to control, thus leading to undesired side reactions. Thus, there is an enormous demand to
develop efficient protocols for heteroarene functionalization using 3d transition metal catalysts.
Furthermore, various phosphine-based chiral ligands along with 3d metals have been employed
for enantioselective hydrogenation of ketones to get the chiral alcohols. However, the synthesis
of sensitive phosphine ligands needs special inert atmosphere techniques and handling of
synthesized phosphine ligands is difficult. Thus, there is a need to develop suitable phosphine-

free chiral complexes for the synthesis of chiral alcohols.

3. Objectives

As discussed in the above section, the functionalization of heteroarene is restricted to the
use of precious noble metals or limited to harsh reaction*conditions and the use of sensitive
reagents. Though there are many challenges associated with 3d metals as catalysts, the use of
a suitable ligand during the catalysis can control the metal reactivity and selectivity. Thus, our
objective is to look into the problem related to these precedented approaches and attempt to
resolve those by developing suitable catalytic systems to achieve mild reaction conditions by

employing the earth-abundant 3d transition metals.

4. Methodology and Result
Chapter 2. Ni(II)-Catalyzed C-H/C-H Oxidative Coupling: Facile Synthesis of Indeno-
Indolone and 3,4-Dihydro-Indolone Derivatives

The indole represents a privileged structural motif in many biologically active
compounds and natural products. In particular, polycyclic derivatives of indole, possessing
five- and six-membered rings, are of great significance due to their enormous pharmacological
activities. Precedented approaches are limited to the use of noble metal catalysts. Thus, in this
chapter, nickel(Il)-catalyzed intramolecular C(sp?)~H/C(sp’)-H and C(sp?)—-H/C(sp?)-H
oxidative couplings in indoles are demonstrated via chelation assistance (Scheme 1).! This

reaction provided a direct approach for synthesizing diversely functionalized, pharmaceutically
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relevant hydrocyclopentaindolones, hydrocarbazoles, and indenoindolones with the tolerance
of sensitive functionalities by employing an air-stable nickel complex, (bpy)Ni(OAc),. The
oxidative coupling in diverse indoles suggested the intramolecular C(sp>)—H/C(sp’)-H
coupling exclusively proceeded through a six-membered nickelacycle providing five-
membered ring products, whereas the C(sp?)~H/C(sp*)—H coupling followed a six-membered

or a seven-membered nickelacycle affording five- or six-membered cyclized products.

R’l
0] R?
R3
D—n
N
2-py cat. 1 (5.0 mol%)
LiO'Bu (3.0 equiv)
R Ag,CO5 (1.0 equiv) }
Q R2 R® chlorobenzene (1.0 mL)
/ 150 °C, 24 h

both five- & six-membered rings
30 examples; up to 93% yield

Scheme 1. Nickel-catalyzed intramolecular C(sp?)~H/C(sp’)-H and C(sp?)—-H/C(sp*)-H
oxidative coupling.

Initial mechanistic studies highlighted the coupling reaction proceeds via a single-
electron transfer (SET) pathway. An extensive mechanistic investigations including the
controlled study, kinetic analysis, deuterium labeling experiments, and DFT calculations
supported a Ni(I)/Ni(Ill) pathway for the oxidative coupling comprising the rate-limiting
reductive elimination process. Furthermore, the intramolecular oxidative coupling was
demonstrated with a gram-scale reaction, and the 2-pyridinyl directing group was smoothly

removed to establish the synthetic utility of the protocol.

Chapter 3. Regioselective C—H Alkylation of Heteroarenes with Alkenes Using Nickel as
a Catalyst
Alkylated heteroarenes are privileged structural motifs with diverse applications in the

pharmaceutical and perfumery industries. The alkyl group in biologically relevant heteroarenes

P/ Caﬁ% W
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enhances the lipophilic character of the designed molecules. Various alkylating reagents have
been employed for the C—H bond alkylation of heteroarenes.? Particularly, alkylation using
alkene as a coupling partner is a straightforward and atom-economical process that proceeds
through hydroarylation protocol. Precedented approaches are restricted to the alkylation of
highly activated heteroarenes with aromatic arenes using a nickel catalyst. In this chapter,
solvent-free regioselective C—H alkylation of heteroarenes with alkenes in the presence of
nickel catalyst is discussed (Scheme 2). The coupling of diverse aromatic alkenes with
heteroarenes including indole, imidazole, and benzimidazole derivatives provided moderate to
excellent yields of alkylated products. This nickel-catalyzed reaction exclusively provided the

Markovnikov selective alkylated products.

A X Ni(cod), (3.0 mol%) =
TS PCys (6.0 mol%) e WA
R=; I —H y3 (6.0 mol% o L I A\

SN + A ~ tt N>—<CH
neat, 100 °C, 24 h = 3

7N =N

N° Branch-selective N™

alkylation . e

X=CHorN 32 examples

up to 98% yield

Scheme 2. Nickel-catalyzed regioselective C—H alkylation of heteroarenes.

Chapter 4. Iron-Catalyzed Synthesis of 3-substituted 3-Amino Oxindoles: An Efficient
Route to the Construction of Quaternary Stereocenter

An oxindole skeleton bearing a stereogenic quaternary center at C-3 position, such as 3-
substituted-3-amino oxindole, has been considered as privileged scaffold in a variety of
biologically active natural products and pharmaceutically important compounds. Thus, the
direct synthesis of 3-substituted 3-amino oxindole, particularly oxindoles containing amide
functionality at C-3 position is not precendented yet. This chapter describes the straightforward
synthesis of 3-substituted-3-amino-2-oxindoles with the generation of a stereogenic quaternary
center in the presence of highly abundance and inexpensive iron(11I) catalyst (Scheme 3). The
coupling of N-methoxy benzamides with isatin derivatives provided the various biologically
relevant 3-substituted-3-amino oxindoles in the presence of a simple iron(Ill) salt. This

protocol is readily applicable for the construction of tetrasubstituted carbon centers using

&
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diversely substituted N-methoxy benzamides and isatins to afford desired products in moderate
to good yields. This reaction tolerates diverse functionalities such as halides, alkenyl, ether,

heteroaryls, and gave moderate to good yield of the desired products.

RZ 7\
o \ p—

4 2 FeCls (10.0 mol%) R NH © Y
7 H2CO. e ) il TR

| o + N XN LiO'Bu (2.0 equiv) 2O

/\ N H | ! o o T
% a
R3

\ toluene (1.0 mL) |
R’ o A
R 110 °C, 24 h 1/ N
R R2
43 examples

up to 88% yield

Scheme 3. Iron-catalyzed synthesis of 3-substituted 3-amino oxindoles.

An extensive mechanistic investigation revealed that the reaction proceeds via the
formation of isatin ketimine and N-(hydroxymethyl)benzamide intermediates. Controlled
experiments including deuterium labeling studies suggested an N-methoxy group of benzamide
is a source of methylene group in products. The scalability of this protocol was demonstrated
with a gram-scale reaction and further functionalization of 3-substituted 3-amino oxindole was

carried out. This reaction proceeds via a single-electron transfer (SET) pathway.

Chapter 5. Synthesis of Oxazoline Based Pincer Nickel Complexes: Implication towards
Transfer Hydrogenation of Ketones

This chapter describes the synthesis and characterization of a series of NNN-based chiral
and achiral pincer nickel complexes and their application toward the transfer hydrogenation of
the ketones using isopropanol as a hydrogen source.’ Both the achiral [(**©*NNN®?)-H and
chiral [(R)-(*"O*NNN'?)-H ligands were synthesized in good yields. Treatment of these
ligands with (DME)NiCl afforded the amido-pincer nickel complexes, (RZ-OXNNNE?)NiCl and
[(R)-(R-O“"NNNF2)NiCl] under mild conditions. All the ligand precursors and nickel complexes
were thoroughly characterized by the NMR spectroscopy, HRMS, or elemental analysis. The
single-crystal X-ray diffraction study elucidated the molecular structure of complexes
(ONNNE2NICL, (R)-(""HZONNNF2)NICI and (R)-(PHONNNF?)NICL. The synthesized
nickel complexes were employed for the transfer hydrogenation of ketones using isopropanol
as a hydrogen source (Scheme 4). The range of functional groups such as —F, —Cl, —-Br,-OMe

were tolerated under the reaction condition and provide respective products in high yield.
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Highly bulky ketones, heteroarene-substituted ketones, and aliphatic ketones remained

unreactive under the optimized reaction condition. Despite many attempts, we could not

achieve enantioselective hydrogenation of ketones, which needs further investigation.

(a) Synthesis of chiral NNN-oxazolinyl ligands and nickel complexes.

0
NH, )H EtzN
O \N Cl CH2Cl2
Br 0°C-rt, 20h
R’ .
R2 (1.2 equiv)
R'=R2=H, Me
R'=H; R?=Ph
R'=H; R?=CH,Ph
R'=H; RZ='Pr
R'=H; R?=CH,Pr
0
'\\1 ~ (DME)NICly
0~ “N—Ni—NEt; EtsN (1.2 equiv)
\ 70°C, 3 h
Cl

(b) Nickel-catalyzed transfer hydrogenation of ketones.

o 1] (5.0 mol%) S
"“R?  KOH (2.0 equiv) N R2
R = Rk
= PrOH (1.0 mL) y
100°C, 12 h

(3.0 equiv)

+ Et,NH l acetone

Scheme 4. Oxazoline-based nickel complexes for the transfer hydrogenation of ketones.
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Introduction

Heteroarenes are the privileged structural motifs that have been paid significant
attention due to their existence in many biologically active compounds and natural products.
Among the various class of heteroarenes, indole and isatin represent important core moiety,
exists in diverse biologically active molecules and natural products, including functional
materials.}® Considering the importance of indole and it’s derivatives, catalytic
functionalization of indoles and isatins is crucial for both the academic as well as industrial
research. The traditional cross-coupling has found extensive applications in academia and
across industries, however, the protocol still needs prefunctionalized organometallic substrates,
that involve multi-steps synthesis and lead to the formation of stoichiometric metallic-waste.*

The transition-metal-catalyzed C—H bond functionalization of indoles and related
heteroarenes has appeared as a powerful and sustainable surrogate to the traditional coupling
reactions because such a process overcomes the prefunctionalization step and avoids the
formation of organometallic wastes.>’ Therefore, various effective protocols were flourished
for the synthesis of functionalized heteroarenes employing noble metal catalysts based on Pd,
Rh, and Ru catalysts.>*® However, the use of precious metal catalysts for such transformations
is restricted because of their high cost and low abundance. Recently, the 3d transition metals
have captivated remarkable attention in the functionalization of heteroarenes due to their low
toxicity and cost-effective nature. The 3d transition metal catalysts have been less scrutinized
as compared to 4d and 5d metal catalysts for such transformations. This is an account of the
less reactivity of many first-row transition metal catalysts and the involvement of less stable
organometallic intermediates. However, in certain cases, the low stability of metal-carbon
intermediate in the case of 3d metal compared to their 4d analog provided exceptional
reactivity.!* Notably, the high reactivity of the involved intermediate makes the catalytic
system more difficult to control, consequently, it leads to unsolicited side reactions. Thus, the
use of suitable ligands along with 3d metal precursors can control the selectivity as well as
undesired reactivities.

In addition to the C—H functionalization, the hydrogenation of ketones to alcohols is an
important chemical transformation in organic synthesis and pharmaceutical industries.'? Chiral
alcohols are important synthetic intermediates in medicinal chemistry, and fine chemicals.t3*°
In past few year, noble metal catalysts have been extensively employed for enantioselective
hydrogenation of ketones to get the chiral alcohols.'®? However, the 3d transition metal
catalysts were rarely studied for this transformations. In this chapter, the comprehensive
literature reports of the 3d transition metal-catalyzed functionalization of heteroarenes and

hydrogenation of ketones were summarized. Particularly, the first-row metal-catalyzed
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oxidative coupling of heteroarenes alkylation of indoles, functionalization of isatins, and

hydrogenation of ketones are discussed.

1.1 C-H/C-H OXIDATIVE COUPLING

The C-H bond activation of heteroarenes catalyzed by transition metal catalysts is a
powerful and attractive method. Functionalized heteroarenes are the key motif of organic
compounds with diverse applications in medicinal chemistry and material sciences.
Traditionally, transition metal catalysts have been employed for C-H functionalization of
heteroarenes using pre-functionalized substrates.?52° Alternately, C—H bond functionalization
strategy significantly reduces the number of steps and minimizes the formation of
organometallic waste as a byproduct, however, this method requires one of the
prefunctionalized or preactivated substrate as a coupling partner.23%-3” More recently, transition
metal-catalyzed C—H/C—H oxidative coupling has been established as an important tool for
building complex molecules from simple precursors,®“2 as it does not necessitate the

preactivation/prefunctionalization of substrates (Scheme 1.1).

\/'_::\
\ ~»—H  [TM], oxidant
\\___/
Cross Dehydrogenative Coupling (CDC) l
H W Rene
. v X TV
Yy —— - -
R1.— | _ 1_0 N -
R'— |
oL —_— L J . .
~ Ite Traditional Coupling
Reaction
Direct C-H Functionalization T
Rz\/'_::\\
6 =X [TM]

N4

Scheme 1.1. Comparison between traditional coupling, C—H bond functionalization, and

CDC reactions.

Remarkable progress have been achieved for the oxidative coupling of heteroarenes employing

noble metal catalysts.1®4% Owing to the sustainability and cost advantage,®’-% the 3d-metal
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catalyst for C(sp?)—H/C(sp?)—H coupling has been substantially explored.*?%74 However, the
coupling of a more strenuous C(sp*)—H bond continues to remain challenging.”® This section
describes various oxidative coupling reactions employing 3d transition metal catalysts.

1.1.1 TIron-Catalyzed C—-H/C-H Oxidative Coupling

Iron is an inexpensive, highly abundant, and relatively less toxic transition metal that
has been used for various chemical transformations.”””” The notable achievement has been
gained in the iron-catalyzed C—H bond functionalization of heteroarenes.’*®} However, the
oxidative coupling using iron as a catalyst is extremely limited. Nakamura described the
oxidative coupling of thiophene with benzamide derivatives using bidentate chelation
assistance catalyzed by an iron catalyst (Scheme 1.2).%* Other heteroarenes, including
benzofuran, pyrazole, and furans were smoothly reacted with various benzamide derivatives
provided high yields of desired products. Mechanistic studies reveal the reaction follows

sequential two-fold C—H activation on the iron(III) species.

Fe(acac)s/dppen
0 (20-50 mol%) Q O
R! i HN
~ \ Zn(CHQS|Meg)2MgCI2 R1 3
AN ; N -_R
/]|\/)>>H v N s @2sseaiv) )
R? =N yooeF Me3SiCH,MgCI (1-2.5 equiv) X N
DCP (2.0-5.0 equiv)
X=8,0,N THF, 70 °C, 18 h 35 examples
up to 99% vyield
Selected examples:
Q 0 Q
HN H o o NH
-0 C &
S Me  MesSi O o) O
Me
83% 76% 53% 77%

Scheme 1.2. [ron-catalyzed coupling of heteroarenes with benzamides.

A dihydropyrrolo[2,1-a]isoquinoline is considered as an important structural framework due to
its existence in pharmaceutically important compounds and bioactive natural products. Thus,
the functionalization of their derivatives is most desirable. Cui has presented an iron-catalyzed
protocol for The coupling of dihydropyrrolo[2,1-a]isoquinoline with phenols was
demonstrated by Cui using an iron catalyst (Scheme 1.3).>> A range of functionalized

dihydropyrrolo[2,1-a]isoquinolines were synthesized using FeClo/DTBP catalytic system at
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room temperature. The reaction involves the radical cation of heteroarene as the key

intermediate. In 2016, Xia group reported the dimerization of indoles employing an iron

t.86

catalyst and DDQ as an oxidant.®® This protocol is also applicable to the synthesis of

moschamine-related alkaloids.

MeO
N Y OH MeO HO
FeCl, (20.0 mol% —
MeO ') H . Z =3 2 ( o) oo N /\_OH
1 N\~"oy DTBP (3.0equiv) \ N\ RS
R R HFIP, rt ;
R R2
(1.0 equiv) (3.0 equiv) 15 examples

up to 98% yield

Scheme 1.3. Fe(II)-catalyzed oxidative coupling of heteroarene with phenols.

1.1.2 Cobalt-Catalyzed C—H/C-H Oxidative Coupling

Being one of the biologically relevant and less expensive transition metal, cobalt has
been substantially explored in C—H functionalization reaction.®”*® Cobalt catalysts have been
employed for the C—H bond functionalization of hetero(arenes) under relatively mild reaction
conditions via a chelation assistance strategy.**”' However, the cross-oxidative coupling of
heteroarenes remains challenging due to the competitive homocoupling vs heterocoupling
reactions. In 2016, You group described the bidentate chelation-assisted coupling of 1,3-azoles
with various heteroarenes (Scheme 1.4).”! The reaction tolerated the various synthetic
important functionalities under the reaction conditions using Ag2COs3 as a renewable oxidant.
Preliminary mechanistic studies reveal the reaction follows the SET pathway.

Li group reported the coupling of N-(2-pyridyl)indole with free NH indoles using
cobalt catalyst through monodentate chelation-assistance (Scheme 1.5).°* A range of diversely
substituted indoles were participated in this cross-coupling to give good yields and excellent
selectivities with the tolerance of sensitive functionalities. The use of free NH indoles was
crucial for this reaction, and N-substituted indoles were unreactive under this protocol. A KIE
study highlighted the C—H bond cleavage of the C-3 position of free indole plays a crucial role
in this reaction and involved in the rate-limiting step. This reaction proceeds through
Co(I)/Co(III) pathway and involves the migration of the cobalt-carbon bond from C-3 position
to C-2 position of free indoles (Figure 1.1).
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o Co(OAc)y 4H,0
O (6.0 mol%) @ N \
NP )
RS Ag,CO3 (1.5 equiv A H
S N~ ~c*? PivOH (1.0 equiv) l\/)\“
toluene N &)
X =NMe, S, O 120 °C, 6 h, N, ST

50 examples
up to 98% vyield

Selected examples:

o o Me o 0

S Q 0) Q N Q S Q

0] 0 0 0
| / | /

Cl
90% 80% 74% 89%
Scheme 1.4. Co-catalyzed cross-oxidative coupling of heteroarenes.
~ ) Cp*Co(CO)Il, (2.5 mol%)
o WH R AgSbFg (10.0 mol%) R H R2
© - N H / | \/\ PivOH (200 mol%) e \ N \/\
1 + > > . | \ | _
R /N ” Ag,0 (2.0 equiv) St \!
\ NaOAc (1.0 equiv) R N
= DCE, 110 °C, 12 h 7\
26 examples

up to 88% yield

H H H
N F N
M N \
N \ N \
R N Me
N N N
7\ 7\ 7\
R=F; 81%

85% 75%

R = COOMe; 50%

Scheme 1.5. Co-catalyzed cross-coupling of distinct indoles.
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N
O ;
N
Cp*Co'l(CO)X @
HN Ag(l) P 2 =
X = PivO, OAc, |
7 N-2-PY HX
Cp*Co'(CO)
- GRS
N CO\
) N/ Cp*
— \
N/ =
|
N \
mcg@ @ H
N
H Cp* H
N\
C3to C2 N / HX
migration /w
HN—/ N

Figure 1.1. Possible catalytic cycle for cross-coupling of indoles.

1.1.3 Nickel-Catalyzed C—H/C-H Oxidative Coupling

Nickel is an earth-abundant metal that has been utilized for the direct C—H
functionalization reactions.’>% Significant progress has been achieved for the coupling of
arenes or heteroarenes with organometallic reagents or (hetero)aryl(pseudo)halides to
synthesize (hetero)biaryl compounds.®®*® However, the CDC reaction is attractive as it does
not need the preactivated/prefunctionalized substrates. Cai demonstrated nickel-catalyzed
C(sp®)—H coupling of 1,4-dioxane with C-2 and C-3-positions of indoles using DTBP as the
oxidant.X® Interestingly, the use of nickel precursor decides the selectivity in this reaction. The
reaction using Ni(acac)2 provided the C-3 coupled product whereas NiF2 provided the C-2
coupled products. Punji group found that a Ni(ll) precatalyst can effectively catalyze the
coupling of indoles with C(sp®)—H bond of toluene derivatives (Scheme 1.6).1°* A range of
indoles could be coupled with diverse toluenes using of 2-iodobutane as a mild oxidant.
Notably, an excess of C(sp®)—H containing partner is used in these reactions to favor the
intermolecular coupling entropically. Detailed mechanistic studies highlighted the reaction
proceeds through the SET process (Figure 1.2).
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INi] (5.0 mol%)
LiIHMDS (20.0 mol%)

A,
_|_
\ 7/
zZ

H + H—-CH, \ 2 ) -
R 2-iodobutane (1.5 equiv)
7 N LiOtBu (2.0 equiv)
\ (30 equiv) 150 °C, 24 h
S
O 25 examples
| ! up to 83% yield
i 0 |
OAc
E [Ni] ,:

Scheme 1.6. Ni(II)-catalyzed coupling of indole with diverse toluenes.

o o mH + LiO'Bu
Hﬁ N

N I = LiN(SiMe3) AN o
EpN— N —— "o Py
II Ety;N— i —N~
OAc  LiN(SiMe3), | LiN(SiMe3),
[Ni] N(SiMe3), HO'Bu

CoHs o
i @E}_<CH EtzN\)J\N
A \ 8 |
HJ\T | 2-py “ISN—Ni—Nx
EtN—\ N~ !
| NS

Et,N

P
H3C™ "CaoHs
CoHs™ “CH4 3

Figure 1.2. Plausible catalytic cycle for Ni-catalyzed oxidative coupling.
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Similarly, the nickel-catalyzed oxidative coupling of p-azolyl propanoic acid derivatives with
benzothiazoles demonstrated by You and co-workers.'%2 The coupling of benzothiazole
derivative was occurred with p-azolyl propanoic acid derivatives at 160 °C using Ag2COs as
an oxidant. Further, Wang et. al reported both the C(sp?)—H/C(sp®)—H and C(sp?)—H/C(sp?)—H
oxidative coupling of heteroarenes with amide derivatives under nickel catalysis (Scheme
1.7).193 Both aliphatic as well as aromatic amides underwent oxidative coupling with a range
of heteroarenes in the presence Ni(OTf)2 and KH2PO4 as an additive. DFT study suggested the
use of KH2POa4 is important in this reaction and the anion exchange occurs between nickel

precursor and KH2PO4 to generate the active nickel species.

Q o Ni(OTf), (20.0 mol%) S\N o
R X HN Ag,COj3 (3.0 equiv) R y g
E \>—H . /"\T/\\R3 TBAB (3.0 equiv) g E \ \/ ?
R2 X H \\_____//> KH,PO,4 (2.0 equiv) RZ X v

MesCOOH (4.0 equiv)
X=CH, O, S,N DMSO, 160 °C, 24 h 34 examples

up to 86% yield

Selected examples: (Q = 8-quinolinyl)

Q-NH Q-NH
o) o)
]\ / o\ S
B
S r SR
79% 79% 71%

Scheme 1.7. Ni(I)-catalyzed oxidative coupling of benzamides with heteroarenes.

Nickel-catalyzed heteroarylation of heteroarenes with azoles was demonstrated by You
using bidentate directing group (Scheme 1.8).”? The reaction was compatible with diverse
synthetically important functionalities and shows broad substrate scopes. The recycling of
silver salt was demonstrated to reduce the cost and minimizes the formation of waste in the
reaction. The kinetic experiments suggest the breaking of the C—H bond of (hetero)aromatic
carboxamide is the rate-limiting step in this catalysis. A possible reaction mechanism is
proposed involving an active Ni(IIl) species (Figure 1.3). In 2019, Ni(0)-mediated C—H/C—H
coupling of bulky phosphino-pyridine derivatives has been presented by Anderson group.'®

The reaction operates via transfer of hydrogen to one of the 1,5-COD ligand of Ni(COD)2
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catalyst. The formation of cyclooctene suggested that 1,5-COD acts as an oxidant for the double

C—H bond activation in this reaction.

0 Ni(OAc),* 4H,0 0
O (15.0 mol%)
X -2, ; N
@ u . H—<\ I[ : Ag,CO3 (2.0 equiv) g @ N L |
AL e PivOH (1.0 equiv) l X
R

PPh3 (30.0 mol%) N_/ "?/R
X =NMe. S. O toluene, 120 °C, 12 h N »
.S, .

30 examples
up to 88% vyield

Scheme 1.8. Nickel(II)-catalyzed oxidative coupling of heteroarenes.

Ni(OAc),

S
Ag>CO3
O Ag,CO; Ag(0) l @N% "
/
Ni(lIHX
(X = OAc or OPiv)
Ni(1)X

/>—N| (11X,

;'\'2
S Q
\ |(I)<—N\ |

o\

N/S

Z

HX

Figure 1.3. Proposed mechanism for oxidative coupling using nickel catalyst.
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Recently, Punniyamurthy group reported the dehydrogenative coupling of aryl amides with
azoles catalyzed by nickel(Il) salts (Scheme 1.9).!% The reaction developed the wide substrate
scope with the compatibility of various important functionalities. The reaction is also
applicable for the late-stage functionalization of commercially available drug candidates such

as caffeine, pentoxifylline and doxofylline.

0 NiCl, (10.0 mol%)
X 7%= P(oTol)3 (20.0 mol%)
= N N 3
- | H + H—<\ j[ Ny : >
/\ H N7 o N~ ~c& ) Ag-,0 (1.0 equiv)
R \ R Ad-COOH (1.0 equiv)
X=8,0 1,4-dioxane, 120 °C
12 h

30 examples
up to 79% yield

Scheme 1.9. Oxidative coupling of aryl amides using nickel catalyst.

1.1.4 Copper-Catalyzed C—H/C-H Oxidative Coupling

Copper catalyst has been extensively employed for the the oxidative coupling of arenes
and heteroarenes. Haung described the coupling of N,N-dimethylanilines with free NH indoles
using a copper catalyst to synthesize the various alkylated indoles.” The indoles containing
halides, nitro, and ester were well tolerated using 5 mol% of CuBr and 1.5 equiv of TBHP at
40 °C under neat conditions (Scheme 1.10).

CHs
CHs N
R1\ AR CuBr (5.0 mol%) R / /RZ
// ~~ / - H // N\
XN X 40 °C, neat, 3 h XN
H H
7 examples

up to 78% yield

Scheme 1.10. Oxidative coupling of anilines with indoles using copper catalyst.

Wen and Zhang demonstrated the dehydrogenative coupling of N-pyrimidylindoles
with alkylarenes under copper catalysis in presence of DTBP as a mild oxidant (Scheme 1.11).7
The substrates bearing synthetically important functionalities including halides, cyano and

ester group were well tolerated with this catalytic system. The indole containing substituents
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at C-3 position were also reacted smoothly to provide desired products in quantitative yields.
The use of benzaldehyde in this protocol significantly enhances the product yields but the role
of benzaldehyde was unclear. The kinetic experiments suggested that the benzylic C—H bond
cleavage might be participate in the rate-limiting step. Preliminary mechanistic experiments
suggested the reaction involves the formation of benzylic radical during the catalytic process
(Figure 1.4). In addition, the coupling of the C(sp*)—H bond of propanoic acid derivatives with

azoles using a copper catalyst is demonstrated by You group.'%

R2
N Cu(OAc), (10.0 mol%)
11 A\ H 2
R %H + \/\@Rf‘ DTBP (2.0 equiv)
; >

X PhCHO (1.0 equiv)

N
N\/\) 120 °C, 20 h

38 examples
up to 97% vyield

Scheme 1.11. Cu-catalyzed benzylation of indoles.

OAC
CU”
O Bu
‘BuO—OBu! mH
N
2-pym
Cu(0AQ) *O'Bu
u C)p —> cu' OAc)
( >‘/H3C/\Ph HOBUt
H,C~ Ph

Ph OAC
N
I~ @fh/:u'n
2-pym N\)\\B\I N <©\/r\>>_
2

= 2-\pym

Figure 1.4. Plausible catalytic cycle for Cu-catalyzed benzylation of indoles.
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Hetero-biaryl compounds are found in biologically active compounds and medicinal
chemistry. Significant advancement was made in copper-catalyzed (hetero)arylation of
heteroarenes. However, the main challenge in Cu-catalyzed oxidative coupling is the selectivity in
terms of homo-coupling vs cross-coupling. Miura and Balm group independently reported the
Cu-mediated oxidative coupling of arenes with azoles and 1,3,4-oxadiazoles, respectively.'?”
10 Shi developed the oxidative coupling of benzamides with thiophenes in the presence
Cu(OAc) and silver nitrate at 120 °C (Scheme 1.12).!!'! The excess of thiophenes is required to
achieve the hetero-coupled product in quantitative amounts. The scalability of this reaction was

shown by demonstrating the gram-scale synthesis of cross-coupled products.. The reaction

follows the Cu(II)/Cu(III) pathway to get the desired products (Figure 1.5).

O CuOAc (20.0 mol%) 0
2 Li,CO3 (3.0 equiv) oy \
TN N X ] AR Zn(OAc), (1.2 equiv)  R'-+— N |
T |
R H | . P >
I N * H _ s
7 7 S AgNOj; (4.0 equiv) | N
DMF, 120 °C, 24 h S

27 examples
up to 90% yield

Selected examples:

0 o) o) Cl
o) _PIP _PIP _PIP —
N N N
H H H S o
° ° Me ° Me MeOC ° M PIP
\ / e \ / e \ / e ”/

52% 50% 67% 81%

Scheme 1.12. Oxidative coupling of benzamides with thiophenes using copper catalyst.

In significant developement, Daugulis disclosed the cross-dehydrogenative of arenes
with heteroarenes under Cul/phenanthroline catalytic system using iodine as an oxidant
(Scheme 1.13)."2 The reaction does not need the use of directing group and demonstrate the
broad scope with tolerability of sensitive functional groups. The substrates including electron-
deficient as well as electron-rich arenes, and five- or six-membered heteroarenes successfully

participated in this coupling reaction under standard conditions.
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o}
N N Ag(l I\
SR @”ﬁ

— % Cuxgk
S/ cu(l)
Me >/
HX
o)

(0]

N

H

H

(0]

N |\

7s Clu”—N/

Figure 1.5. Proposed catalytic cycle for cross-oxidative coupling using copper catalyst.

Cul/phenanthroline

R\
(10.0 mol%)
l, (1.2-2.6 equiv)
0 H + H >

Pyridine (0-1.0 equiv)

R\

N K3PO,4/LiOtBu
dioxane or 1,2-DCB 39 examples
100 °C-130 °C up to 85% yield

Scheme 1.13. Copper-catalyzed coupling of heteroarenes.

The direct oxidative coupling of two heteroarenes is a difficult task due to the formation
of homocoupled and cross-coupled products in the reaction. The formation of homocoupled
product is more feasible than cross-coupled product. In that viewpoint, Mori and Bao
independantly synthesized diverse biazoles using 10-20 mol% of Cu(II)-catalysts using air as
an oxidant.!'>»!"* Further, Fujita and Yamaguchi disclosed the homocoupling of azoles under
CuCl/2-pyridonate catalytic system using air as a green oxidant (Scheme 1.14).!'> The reaction
provided various biazoles using only 1.0 mol% of Cu(I) catalyst and the use of 2-pyridonate
ligand facilitates the homocoupling reactions. Similarly, Cao group described the Cu(l)-
catalyzed homocoupling of imidazo[1,2-a]pyridines using oxygen as a sole oxidant (Scheme
1.15).!16 The reaction proceeded smoothly with diversely substituted imidazo[1,2-a]pyridines

and provided good yields of homocoupled products with excellent regioselectivity. This
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protocol tolerated the halide substituents on the pyridine rings. Next, the copper-catalyzed

homocoupling of azine N-oxides was demonstrated to get diverse hetero-coupled products.'!’

, R CuCl (1.0 mol%) , R , | N. ONa
ROX Ligand (2.0 mol%) RIX N R™ S
H > — i
| N/ p-xylene, 140 °C | N/ XI | Me Z
R® 20 h, air R g R
X=N,O,S ! Ligand

19 examples
up to 98% yield

Scheme 1.14. Cu(I)-catalyzed homocoupling of azoles.

R2
R’ 1 </ X
Cul (5.0 mol% R 48
N)\KH ul (5.0 mol%) N—
\ bpy (10.0 mol%), O, NN SN
N '
DMSO, 120 °C, 8 h \
& 120°0,
R2

27N R1

2X / 20 examples
up to 84% yield

Scheme 1.15. Cu(I)-catalyzed homocoupling of imidazo[1,2-a]pyridines.

Biindoles are present in many bioactive compounds and alkaloids. Thus, the
homocoupling of indoles was disclosed to synthesize biindole derivatives under copper-
mediated catalysis.!'® Both the electron-doner and electron-accepter substituients on indoles
were efficiently participated in this catalysis using silver nitrate as an oxidant. In 2014, Miura
developed an effective protocol for the synthesis of biindoles using 50 mol% of Cu(OAc):2
catalyst using 2-pyrimidinyl as a directing group (Scheme 1.16).

i Condition A Condition B E 17 I

! . - examples

i Cu(OAc), (1.0 equiv)  Cu(OAc), (0.5 equiv) 0 P

' - . . up to 86% yield
' Ag,NO; (1.2 equiv) AcOH (1.0 equiv) ;

| 1

Scheme 1.16. Cu-catalyzed/mediated homocoupling of indoles.
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Significant effort has been given to achieve the hetero-coupling of two heteroarenes.
The use of electronically distinct heteroarenes, directing group strategy or using one of the
coupling partner is in excess providing the solution for the challenging cross-coupling over the
homocoupling reactions. In an early reports, Wang group developed the Cu-mediated hetero-
coupling of azoles.!'” A range of azoles were cross-coupled in the absence of any additive under
standard conditions. Further, Lan and You reported the Cu(Il)-catalyzed cross-coupling of
distinct azoles in the presence of silver salt at 140 °C under air atmosphere (Scheme 1.17).!%
A series of azoles such as oxazoles, thiazoles, oxadiazoles, and imidazoles were efficiently
coupled to afford the coupled products in quantitative yields. The synthetically important
functionalities such as halides, aldehyde, ester, vinyl, and nitro were compatible with this

catalytic system.

1 Cu(OACc), (20.0 mol%)
S X Y idine (1.0 equiv <
AN pyridine ( quiv) f I I
N H + H > I . =\ |
) ’IN/>_ _<\NIR Ag,CO; (1.5 equiv) ¢

xylene

X=0,8 Y = O, NMe, N-vinyl 140 °C, 24 h, O, 25 examples
up to 78% yield

Scheme 1.17. Cross-coupling of two azoles using copper catalyst.

In parallel to the development of cross-coupling of heteroarenes, cross-coupling of
various azoles was demonstrated by Li and co-workers under dual catalysis.!*! The coupling
of diversely substituted azoles was carried out using of Co(NO3)26H20 and Cu(OAc)2Hz20 in
1:1 ratio and air as a green oxidant. Further, Miura, Hirano and co-workers extended this
coupling protocols by the Cu-mediated cross-coupling of azine N-oxides with oxazoles.!?? In
2019, Ding, Peng group described the coupling of quinazoline-3-oxides with indoles in the
presence of copper catalyst under air atmosphere (Scheme 1.18).'?* The reaction showed the
broad substrate scopes under mild conditions to synthesize the diverse 4-(indole-3-
yl)quinazolines in moderate to good yields. Notably, free NH indoles were also efficiently
coupled with quinazoline-3-oxides affording coupled products in moderate yields. The
controlled experiment suggested the key role of oxygen in this reaction, only a trace amount of
coupled product was observed under inert conditions. The probable catalytic cycle was also

proposed to understand the reaction mechanism (Figure 1.6).
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R3
i + O ) R* 0 R /N
e e 2/t©/ CuCl, (10.0 mol/o)= )
A O N MeOH NGO
N" "R? / 60 °C, 16 h, air R1 )N\
RS SN OR2

27 examples
up to 93% yield

Scheme 1.18. Cross-coupling of quinazoline-3-oxides with indoles using copper catalyst.

H
Me 2
O N N/)\Rz
p 0, + HCl CuCh,
HCl
+ 0O

O SN CuCl
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~
N)\RZ

cu(lncl
~n°
Me /)\ 2
N N” R
P H
Cl—Cu(lll) @E\g
+ 0 N
\N/ ,Me Me
N
B
2 HCI
N~ R @
Cu(ll)
+ 0
\N/
CucCl
cucl ~
uCly N)\Rz

Figure 1.6. Proposed cycle for Cu-catalyzed oxidative coupling.

In addition, Miura and Hirano employed the copper catalyst for the coupling of 2-
pyrimidinyl indoles with 1,3-azoles under relatively harsh reaction conditions (Scheme 1.19).7
In particular, the reaction was performed using stoichiometric amount of copper catalyst under
inert atmosphere where as the catalytic amount of copper could catalyze this coupling reaction
under air atmosphere. This protocol is suitable for both the electron-rich as well as an electron-
poor substrate to afford the bihetroaryl compounds in quantitative yields. The reaction
mechanism is proposed to proceed through reversible C—H bond activation of both the

substrates followed by irreversible reductive elimination promoted by oxygen (Figure 1.7). In
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line with these reports, Miura has also disclosed the Cu-mediated coupling of 2-pyridones with

various azoles at 150 °C.'%*

1 R2 2
S R®  Cu(OAc), (20.0 mol% R A R®
NS oS cutsm@omaty o (N
SN v H— I[ . cOH (4.0 equiv) 8 | | B
7 L - SN YT
Y < o-xylene
/N 150 °C, 4-6 h, air N
L N
= Y =NMe, O, S \§)
32 examples
up to 94% yield
Selected examples:
N Cl
N N02 | \ 7 | N
= o —~0
N (@] \ N [e)
\ 2-pym
2-pym Me 2—\pym
50% 63% 60%

Scheme 1.19. Cross-coupling of indoles with azoles using copper catalyst.

N
L0 o
N ) Nj@

2-pym H—~
0

L, Cu(OAc),
\
N

L = AcOH, O,, solve
AcOH
Ln N N
L4100 "
,}\ ) Ln(AcO)Cu—< == 0
, 0
N

-~

AcOH, O,

AcOH 5
Y

@\> " @[O/H”N]@
N N 0o
2-pym

Figure 1.7. Possible mechanism for Cu-catalyzed coupling of indoles with 1,3-azoles.
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1.2 C-H BOND ALKYLATION OF HETEROARENES

Alkylated (hetero)arenes are the privileged structural motifs with vast applications in
pharmaceutical and perfumery industries as well as in functional materials. They possess intrinsic
lipophilic character due to the presence of alkyl chain; thus, provide desired characteristic
features for the drugs and agrochemicals. Classical alkylation strategy is mostly based on

125126 or radical alkylation,'”” both of which suffer from several

Friedel-Crafts reaction
drawbacks, including reaction inefficiency, low selectivity and limited substrate scope. The
transition-metal-catalyzed cross-coupling of organometallic substrates with alkyl electrophile
has been developed as an important alternative protocol for the alkylation.'?*!? Various
precious metal catalysts as well as inexpensive 3d metal catalysts have been efficiently
demonstrated for this process, and could address many limitations associated with earlier
approaches. Though, this traditional cross-coupling has found extensive applications in
academia and across industries, the protocol still needs prefunctionalized organometallic
substrates, thus, involves multi-steps synthesis and lead to formation of stoichiometric
metallic-waste. In last few years, transition-metal-catalyzed C—H bond alkylation has turned
up as a powerful and sustainable alternative to traditional alkylation.>*!3%-13¢ Notably, compared
to the installation of aryl, alkenyl or alkynyl functionalities, the C—H bond alkylation is more
challenging due to the various reasons. However, recent advancement in this area led to the
development of a number of environment-friendly and efficient processes for direct
introduction of alkyl groups onto the organic scaffolds with the assistance of transition metal
catalysts.!37-138

A variety of alkylating reagents are used for the C—H alkylation of (hetero)arenes. The
alkylating source includes alkyl halides, alkenes, alkyl organometallic reagents, azo-alkyls,
carboxylic acid derivatives, alkanes and alcohols (Scheme 1.20).!* Particularly, the alkyl
halides and alkenes are most commonly employed for alkylation, whereas the azo-alkyls are
gaining recent attention. Indoles are crucial structural features in various natural products,
drugs and biologically active compounds, which motivate researchers to develop selective and
efficient protocols for indole functionalization, particularly through C—H bond activation
catalyzed by transition-metal catalysts.'**!*> While numerous methods were developed for the

144-148 and alkenylation'*>!'> of indoles, the C—H alkylation with alkenes and

selective arylation,
unactivated alkyl halides having f-hydrogen atom is given particular attention though it is
associated with several challenges and difficulties. Particularly, the C-2 and C-3 selective C—H

alkylation of indoles is explored both via non-directed and directed strategies. A numerous
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alkylating reagents have been used for the C—H bond alkylation indoles including alcohols,'*!

80,152

diazo compounds, and Togni’s reagent.'*® In this section, the alkylation of indoles using

alkyl halides and alkenes as a coupling partners is discussed.

(Het)Ar=R

A (Het)Ar
_>/7R
0
R-MR's x/\[rOR
0

VAL
XNR
H H
(Het)Ar—H » (Het)Ar
pe
R H
M
R @N‘f\’R
)<R2 XO /
R3 s
1 Het)Ar
- NHTs ' x T
et)Ar
R2 (Het)Ar—<R (Het)Ar—éR2
R3

Scheme 1.20. Different Alkylating Agents Used in C—H bond Alkylation.

1.2.1 C-H Bond Alkylation Using Alkyl Halides

The direct alkylation of C—H bond with alkyl halides provides a straightforward, clean
and targeted product. Moreover, alkyl halides are prevalent chemical building blocks that are
widely commercially available and easily synthesized from simple and abundant starting
compounds. However, the use of unactivated alkyl halides containing p-hydrogens in
transition-metal-catalyzed C—C bond-forming reactions posed a significant challenge mainly
due to the difficulty in oxidative addition of electron-rich sp*-hybridized alkyl halides onto the
low-valent transition metals and the tendency of alkyl-metal intermediates to rapid f-hydride
elimination rather than the desired C—C reductively eliminated alkylation (Figure 1.8).!3+136
Overcoming these challenges, there has been a substantial progress in the field of selective

coupling of alkyl halides with C—H bond of arenes and heteroarenes to achieve alkylation.
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p-hydride
elimination

slow oxidative

addition
Ar—M

n
[TM] transmetalation

X—M

n+2
R
R [TM]
Ar/§< | /?<H
H H reductive  Ar
elimination

Figure 1.8. General mechanism for TM-catalyzed cross-coupling of unactivated alkyl halides.

1.2.1.1 Manganese-Catalyzed C—H Alkylation

Manganese is the third most earth abundant transition metal and overall the twelfth
most earth-abundant element. Additionally, manganese exhibits the wide range of oxidation
state ranging from +I11 to +VII and it has the ability to form complex with a coordination
number up to seven. Manganese catalyst has been extensively employed for the C—H bond
functionalization of (hetero)arenes.'3

Punji and co-workers disclosed the regioselective alkylation of indoles with alkyl
iodides using a MnBr2/bpy catalyst system at mild reaction conditions (Scheme 1.21).%" This
protocol established that the use of an inorganic base LIHMDS could facilitates the alkylation,
without employing Grignard reagent, a commonly used base in Mn-catalysis. Notably, the
installation of 2-pyridinyl substituent at the N-atom of indole is essential. Thus, the alkyl
iodides having long alkyl chain, alkenyl, alkynyl were efficiently coupled with diverse indole
derivatives to give the corresponding alkylated products. The alkylation proceeds via reversible
C—H metalation pathway following a single-electron transfer (SET) process and involving

alkyl radical intermediate (Figure 1.9).

Ph.D. Thesis: Shidheshwar B. Ankade 21



Introduction

R
X | A\ H MnBr, (5.0 mol%) Walkyl
NN N + _alkyl bpy (5.0 mol%) X N
JN X LiHMDS (1.5 equw) N
\ ‘Bu-benzene 7 \
= X=Cl, | 90 °C, 12h S

19 examples
up to 91% yield

Me Ph
A\ [\ N CeH13 //
N '
2-\py Me 2N\ N
-py N
79% 69% 2py  76%

Scheme 1.21. Mn-catalyzed C—H alkylation of indoles with alkyl halides.

e /- Q

2-py (7e-oxidation)

L|N(S|Me3)£/
bpy + MnB X /é_Q
P+ B2 L (bpy)MnX, \/ON

LiN(SiMe3), (bpy)Mn’
[X =1 or N(SiMes),] I/ NN
[ ] | /
(reductive alky!
ellm/nat/on)
©\/>—alkyl x alkyl
\, 74
(bpy)Mn
N
2-py

Figure 1.9. Proposed mechanism for Mn-catalyzed C—H alkylation of indoles with alkyl
halides.

1.2.1.2 Iron-Catalyzed C-H Alkylation
Iron is an inexpensive, highly abundant and relatively less toxic transition metal. The
remarkable progress have been achieved in the iron-catalyzed C—H functionalizations.'-16!

Recently, Punji has disclosed a methodology for regioselective C-7 alkylation of indolines with
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primary and secondary alkyl chlorides using a cheap iron catalyst (Scheme 1.22).!%? Thus,
Fe(OTf)2/xantphos system efficiently coupled a diverse range of unactivated alkyl chlorides at
the C-7 position of 2-pyridinyl indolines in the presence of LIHMDS base. The alkyl chlorides
containing different alkyl chain, tert-butyl, phenoxy, thiophenyl, heteroaryl, alkenyl and silyl
moieties tolerated well under the optimized reaction conditions and delivered the desired
alkylated products in excellent yields. The C-7 alkylated indolines can be easily converted to
corresponding C-7 alkylated indoles and the easily removal of directing group obtained

synthetically useful free-NH indoles.

1 Fe(OTf), (5.0 mol%)
R Xantphos (5.0 mol%
; :N * C'_< L'HI\F;IDS (2 0 '0) g N
\ R2 i (2.0 equiv) 2y
H R’

2-py ‘Bu-Benzene R2
140 °C, 12h

32 examples
up to 89% yield

Scheme 1.22. Fe-catalyzed C—H alkylation of indoline with alkyl chlorides.

Pl
C _Fe(OTf),
P
lLlN(SlMe3) f\{
2

H -py
+
Fe X LiN(SiMes),
X = NS|Me3)2/OTf/CI]
LiX + HX
TQ] Qj
P
“Fel N P N
P7 LN P~
cl N= N=
\ 7 \

v v
I}
©)
py)
0
o \
——
Z/
I
Ao

__________________________

Figure 1.10. Proposed cycle for Fe-catalyzed C—H alkylation of indoline with alkyl chlorides.
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Detailed experimental study, kinetic analysis and computational studies supported a SET
pathway involving Fe(I)/Fe(IIl) protocol. The reaction begins with one-electron reduction of
(Xantphos)Fe(IT) complex to active Fe(I) in the presence of LIHMDS. Then coordination of
indoline substrate to Fe(I) followed by the rate-limiting C—H metalation led to the formation of
Fe(I) species. Abstraction of a halogen atom from the electrophile alkyl chloride via a single-
electron process generates alkyl radical and Fe(Il) species. Reattachment of alkyl radical
followed by reductive elimination gave an alkylated product and regenerates the active catalyst

in the presence of LIHMDS (Figure 1.10).

1.2.1.3 Cobalt-Catalyzed C-H Alkylation
In last few years, cobalt complexes have been extensively used as catalyst in the C—H

130163 In an interesting contribution, Ackermann

functionalization of heteroarenes.
demonstrated the coupling of unactivated and challenging primary alkyl chlorides with indoles
using Co(acac)2/IPrHCI catalyst system (Scheme 1.23).°! This protocol showed the alkylation
of both 2-pyridinyl and 2-pyrimidinyl N-substituted indoles selectively at C-2 position in the
presence of excess of CyMgCl. Though, it has shown limited scope, the coupling of alkyl

chlorides at mild conditions is notable.

R2 R2
R! R!
X N Co(acac), (10.0 mol%) \/ alkyl
| H "y IPrHCI (20.0 mol%) N
NN oo A o NN
)\N CyMgClI (2.0 equiv) )\N
0o
X\/\) DMPU, 23 °C, 16 h X\/\)
L pr Pro
(X'=CH, N) I [\® i 9 examples
5 NN : up to 97% yield
i iPr iPr i
! c© prHc |
Selected examples:
Me

\
2-py 2-py
97% 67% 81%

Scheme 1.23. C—H alkylation of indoles with alkyl chlorides using caobalt catalyst.
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1.2.1.4 Nickel-Catalyzed C-H Alkylation

Nickel is an environmentaly benign metal with low cost. In last past decades, nickel
complexes have been utilized for the C-H functionalization indoles and other heteroarenes.!®*
At early stage, Ackermann has described two examples of regioselective C-2 alkylation of
indoles with challenging secondary alkyl bromides using a (DME)NiCl2/BDMAE system
through bidentate chelation assistance (Scheme 1.24).!9 In this protocol, the installation of

quinolinyl-carboxamide group at C-3 position of indole is required.

Q Q
o
Q N/H r\iH
R1 [(DME)NICI5] (10.0 mol%) R
N\ 4 o+ Br < BDMAE (40.0 mol%) AN
N R2 LiO'Bu (2.0 equiv) N R2
Me toluene, 160 °C, 20 h Me
Q = 8-quinolinyl 2 examples

up to 87% yield

Scheme 1.24. Nickel-catalyzed C—H alkylation of indoles using bidentante chelation-

assistance.

In a remarkable development, Punji and co-workers described the alkylation of indole with
alkyl halides through monodentate chelation catalyzed by nickel catalyst (Scheme 1.25).'% The
well-defined nickel catalyst could able to couple diverse alkyl iodides with indoles using
catalytic amount of LiIHMDS. The catalytic reaction proceeds through the transformation of
catalyst to the active amido complex (Figure 1.11). The coordination of indole to Ni followed
by C—H nickelation generates nickel(II) indermediate, which triggers the formation of alkyl
radical followed by radical rebound to generate Ni(IV) species. At the end, reductive

elimination gives the alkylated product and regenerates the active catalyst by the reaction with

LiHMDS.
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[Ni] (5.0 mol%)

R2 2
LiIHMDS (20.0 mol%) R e
N iOf i alky
R1 AN H ikl LiO'Bu (2.0 equiv) . N XX
! P + X alky . R
N Kl (2.0 equiv) Z~N

A\
N toluene (0.15 mL)
7
\ X=Cl, Br, | 150 °C, 16-20 h 7
o]
46 examples
N | N up to 93% yield

_____________________

Scheme 1.25. Nickel-catalyzed C—H alkylation of indoles using monodentate chelation-
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Figure 1.11. Proposed catalytic cycle for Ni-catalyzed C—H alkylation of indole with alkyl
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Later, the punji group also demonstrated the coupling of challenging alkyl chlorides with
indoles using a simple (thf)2NiBr2/bpy system (Scheme 1.26).5 Notably, the use of LIHMDS
as a base was crucial for the reaction to achieve alkylation with both primary and secondary
alkyl chlorides at 60 °C. As expected, due to use of strong base, the tolerability of sensitive
functional groups was very poor. Detailed mechanistic study suggested a Ni(I)/Ni(Ill) pathway
for this reaction involving two-step one-electron oxidative addition of alkyl chlorides (Figure
1.12). Also, the formation of paramagnetic species is confirmed by resulted g value (2.2) from

EPR analysis.

R2
(thf)oNiBr, (5.0 mol%)
R1—|\ N\ H ik bpy (5.0 mol%) . 1;\
T + CI alkyl ) _ R
N LIHMDS (2.0 equiv) =

J N toluene, 60 °C, 5-24 h

alkyl

//
e

43 examples
up to 96% yield

Scheme 1.26. Nickel-catalyzed C—H alkylation of indoles using alkyl chlorides under mild

reaction conditions

(thf)oNiBry + bpy LiN(SiMe3)s

LIN (SiMes), /FQ
N7 (bpy)Nl(I N
N@

[X = Cl or Br, N(SiMe3),]

N
bpy)N|II| / /[Q
K '[\l (b NI” N

2-py PYINI\
R 2e oxidation NZ |
(minor path) e
o [4)
\ N /\/R
(bpy)Ni! Cl
N7 1e~oxidation
S | (major path)
H,CL__R

Figure 1.12. Proposed catalytic cycle for Ni-catalyzed C—H alkylation.

Ph.D. Thesis: Shidheshwar B. Ankade 27



Introduction

1.2.2 C-H Bond Alkylation Using Alkenes

Regioselective alkylation of (hetero)arene through C—H functionalization strategy
provided an alternative method for the traditional coupling reaction. The use of alkenes for the
alkylation is extensively studied that proceed via hydroarylation protocol.*®” Though a range
of cheap alkenes can be used as coupling partners for the alkylation via hydro-
functionalization, the linear versus branched selectivity poses a major hurdle. Transition metal
catalysts have been substantially employed for alkylation of heteroarenes with alkenes. In this
section, we have summarized the reports for alkylation of heteroarenes with alkenes using 3d

transition metal catalysts.

1.2.2.1 Iron-Catalyzed C—H Alkylation

Iron is an earth-abundant metal with low cost and less toxicity. In an early efforts,
Yoshikai developed an imine-directed alkylation of indoles with vinylarenes with iron/NHC
catalytic system (Scheme 1.27).!%® The installation of the directing group imine at C-3 position
of indole is required to achieve the regioselective C—H Alkylation. The use of Grignard reagent
is essential to reduce Fe(III) salt to a low valent iron species, which could be an active catalyst
in this catalytic process. This protocol synthesized various C-3 formyl 1,1-diarylethane using

diverse styrene derivatives as coupling partners under iron catalysis.

A Fe(acac); (10.0 mol%) CHO 5
R1—:\ N H N [ r SIXyl.HCI (10.0 mol%) ~ H* » @\/\g_('R
> — > R
Z N , R3 CyMgCl (1.0 equiv) ZN  wr
R TMEDA (2.0 equiv) R2
__FLO.607C.6h 14 examples
. [ \® . up to 91% yield
! QN _N !
1 \/ 1
i Me Me :
: c1© sixylLHCI |

________________________

Selected examples:
CHO CHO

M Me
IO L
N N

58% 83% o

Scheme 1.27. Iron-catalyzed C—H alkylation of indoles with alkenes.

Ph.D. Thesis: Shidheshwar B. Ankade 28



Introduction

Notably, the use of allyl benzene as a alkylating partner provided 1,1-diarylpropane via olefin
isomerization-hydroarylation pathway. In 2017, Ackermann group demonstrated the
enantioselective alkylation of indoles with styrene derivatives employing iron catalyst (Scheme
1.28).1%° A range of styrenes were smoothly reacted with C3 imine directed indoles under iron
catalysis with high enantioselectivity. The substituients on NHC ligand play a key role in
controlling the enantiselectivity in this catalysis. The use of TMEDA and CyMgCl is essential

for this tranformation without which significantly decreased product yield or reaction was not

occurred.
_NPMP
Fe(acac)s (10.0 mol%) CHO "
X - + ©
R D Ny, = Ligand (20.0mol%) _  H R @f\%_(
N Ar CyMgCl (1.1 equiv) Z>N  Ar
R2 TMEDA (2.0 equiv) R2

THF, 45°C, 16 h 36 examples

:’ ph  Ph E up to 98% yield
! ~ Me 1
rAd, S z :
gensael
i Me BrS  Ad |
| Ligand l

Scheme 1.28. The enantioselective alkylation of indoles with styrenes using iron catalyst.

1.2.2.2 Cobalt-Catalyzed C-H Alkylation

Cobalt catalysts have been extensively employed for the alkylation of
heteroarenes.!”"!”! Generally, low-valent cobalt species is an active catalyst in C—H alkylation
reactions. In an initial conribution, Yoshikai disclosed the regioselective alkylation of N-
pyrimidinyl indoles with vinylsilanes using cobalt/bathocuproine catalytic system (Scheme
1.29).!72 A series of indoles were coupled with vinylsilanes under mild conditions. This
protocol was not suitable for other alkenes such as norbornene and 1-octene, those afforded
alkylated product in very low yields under the standard conditions. The reaction is limited to

the use of vinylsilanes as a coupling partners and provided selectively linear alkylated products.
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R :
X | Ny CoBr, (10.0 mol%) X | A SIMe3EPh Bh
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NN+ T sive b L NN VWA
N ®  CyMgCl (60.0 mol%) \ RN B
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13 examples

up to 71% yield

Scheme 1.29. Cobalt-catalyzed alkylation of indoles with vinylsilanes.

The regioselective alkylation of indoles with malemides was described by Prabhu group.!”
This protocol used easily removalable pyrimidinyl as a directing group and furnishes various
3-arylated succinimide derivatives in good to excellent yields. Further, Li has developed the
indole C—H hydroarylation of various conjugated alkenes in the presence [Cp*Co(CO)I2] as a
catalyst and AgSbFs as an additive.!” The hydroarylation of acrolein, glyoxylates and enones
afforded desired products in moderate to good yields under mild conditions.

Furthermore, Ackermann was developed an elegant protocol for regioselective
alkylation of indoles in the presence of Co(Ill) catalyst through monodentate chelation
(Scheme 1.30).!7° In this approach, the selectivity for the hydroarylation was controlled by the
use of additive. The use of sterically crowded 1-AdCO:H in this reaction resulted in branch-
selective alkylated product, whereas the linear-selective alkylation was achieved in the absence

of 1-AdCO:H.

[Cp*Co(CO)l,] (10.0 mol%) N R2

AgSbF (20.0 mol%) R T N

DCE, 120°C,12h \

R NN H 2-py 20 examples
M mple
T N . I - up to 82% yield
J N [Cp*Co(CO)l,] (10.0 mol%)
\

AgSbFg (20.0 mol%) o %Me

— > o
1-AdCO,H Z N R?
DCE, 120 °C, 12 h 2-py 16 examples

up to 89% yield

Scheme 1.30. Linear and branch-selective alkylation of indoles with alkenes.

Enantioselective alkylation of indoles with styrenes in the presence of cobalt catalyst and chiral
phosphoramidite was demonstrated by Yoshikai.!”® A series of indoles and styrene derivatives

provided desired 1,1-diarylethanes in moderate to good yields and good enantioseletivities

Ph.D. Thesis: Shidheshwar B. Ankade 30



Introduction

(Scheme 1.31). Deuterium labelling experiments suggested that the enantioselectivity was

controlled by the insertion of styrene and reductive elimination steps.

—=NPMP
Co(acac); (10.0 mol%) CHO M
N i + e
R:_/ Nn o, = Ligand (200 mol%) _  H R@j%—(
N Ar Me;SiCH,MgCI % Ar
Boc (70.0 mol%) Boc
_______T_|__|_F’_ rt12 h_ _____________ 15 examples
‘O Me up to 88% yield
s e
g
| Me |
\ Ligand :

Scheme 1.31. Enantioselective alkylation of indoles with alkenes using cobalt catalyst.

Later, Ackermann extended the cobalt-catalyzed enantioselective alkylation in the presence of
chiral carboxylic acid (Scheme 1.32).!”” The reaction does not need the use of Grignard reagent
and proceeds with mild conditions. This protocol tolerated the various sensitive functional
groups such as chloro, bromo, iodo, hydroxyl and ester substituients. A range of allyl benzenes
were smoothly reacted with diverse indoles under optimized conditions. In addition, A chiral
carboxylic acid chiral carboxylic acid enatioselective alkylation of indoles with maleimide was
demonstrated using cobalt catalyst.!”® In 2021, Hong and Shi disclosed the enantioselective
alkylation of indoles and pyrroles with unactivated terminal alkenes in the presence of cobalt
catalyst.

[Cp*Co(CO)I,] (10.0 mol% oyph

) Ve |
X : X e
R_:/ Non S Ligand (20.0 mol%) R% L P, N0
N AgSbFg (20 mol%) N Ar . ): >—<
! Ph

5-Mepy Amberlyst 15, DCE 5-Mepy N OH :
s0°C 27 examples I Ph o
up to 73% yield Ligand
igan

Scheme 1.32. Enantioselective alkylation of indoles with allyl benzenes using cobalt catalyst.

1.2.2.3 Nickel-Catalyzed C—H Alkylation
In 2010, nickel-catalyzed regioselective C—H alkylation of heteroarenes with

vinylarenes was demonstrated by Nakao and Hiyama via hydroheteroaryaltion strategy
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(Scheme 1.33)!7 Various alkenes such as styrenes, allylbenzene, cyclic alkene and internal
alkenes were participated in this reaction and provided selectively branch-alkylated products.
The reaction of unactivated aliphatic alkenes dominatly afforded the linear-alkylated products.
The electron-poor substituents such as acetyl, ester or cyano group at C-3 position is essential
to achieve the C—H alkylation. Thus, this protocol is limited to the highly deficient indoles. In
addition to indoles, the oxazole, benzoxazole, imidazole, benzthioazole, and benzofuran were

reacted nicely with styrene to produce desired 1,1-diarylethane in moderate to good yields.

R' 1
Ni(cod), (5 .0 mol%) R

X 0 Ar
R2-0 A\ H PN IMes (5.0 mol%) g N e\
L + Z CAr R
N hexane Z~N Me

(0] \
Me 130 °C, 2-32 h Me

R'=-COOMe, -CN, -COMe P LLE TR EEEEE TP R PR e . 14 examples
. Me Me ! up to 100% yield
! [\ !
Wayvs oW
| Me Me Me ei
:l IMes E

Scheme 1.33. Ni-catalyzed alkylation of indoles with alkenes.

N Ni(cod), (5.0-10.0 mol%) 9

R T Ny _~_2  NHC (5.0-10.0 mol%) X R

> + 7R —— > R4 N
N neat, 100 °C ~N

Me \

_______________________ Me

32 examples

Pr R :
;*( | up to 98% yield
NN !

_______________________

Scheme 1.34. Ni-catalyzed linear-selective alkylation of indoles with unactivated alkenes.

Following this report, Nakao and Hartwig disclosed the regioselective alkylation of indoles and
other heteroarenes with unactivated alkenes under nickel/NHC system (Scheme 1.34).1% The
reaction exclusively provided the linear alkylated products with unactivated alkenes. This

protocol is compatible with various important functional groups such as carbonyl, amides,
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sulfonamides, silyl ethers, esters, boronate esters, acetals, and free amines. The alkenes such

as styrenes, stilbenes and vinyl siloxanes were unreactive under this catalytic system.

1.2.2.4 Copper-Catalyzed C-H Alkylation

Wan group reported the enantioselective alkylation of free NH indoles with arylidene
malonates using a copper catalyst (Scheme 1.35).!8! Various arylidene malonates and indoles
were participated under this reaction conditions affording alkylated products in good yields
with high enantiomeric excess. Notably, the reaction of N-methyl indole provided only 64% ee

under the optimized contions, indicating the crucial role of free NH of indoles in

enantioselectivity.
re  COMEt
H .
CO.Et CLI.(OTf)Z (5.0 mol%) CO,Et
N N\ 2 Ligand (5.5 mol%) X
R1—,/ H o, = t - R T Ny
N CO,Et BuOH, 0 °C Z N
H R? 2 H
(TTTTTTTTTTITTTTTTTTTTmmm e 20 examples
; Ph, :Ph | up to 99% yield
5 NH  HN |
' Bniee Bn:
; NHTs TsHN 5
: Ligand !

_______________________________

Scheme 1.35. Copper-catalyzed Fridel-Craft enantioselective alkylation of indoles.

1.3 SYNTHESIS OF STEROGENIC 3,3-DISUBSTITUTED 3-AMINO OXINDOLE

Isatin and it’s derivatives are an important heterocyclic compounds exhibiting wide
range of pharmaceutical applications. Thus, the significant attention has been given for their
functionalizations. The high reactivity of the C-3 carbonyl group provided the easy
transformation of isatin into various C-3 substituted 2-oxindoles. An oxindole-bearing
tetrasubstituted stereogenic quarternary center present in various biologically active
compounds and naturally occurring alkaloids.!82187 Several protocols have been established
for the synthesis of diverse 3,3-substituted oxindoles (Scheme 1.36).1%8 The nucleophilic
addition or spiro cyclization at the C-3 carbonyl of isatins allow the straightforward synthesis
of diverse 3,3-disubstituted oxindoles generating quaternary stereocenters. In particular,

stereogenic 3,3-disubstituted-3-amino-2-oxindoles have been considered as a privileged
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structural motif in a variety of biologically active compounds such as cholecystokinin-B
receptor antagonists AG-041R,*° anti-malarial agent NITD609,'*® or spirohydantoin DP2
receptor antagonist'®!. Indeed, due to the presence of two nitrogen atoms in spirohydantoin
which increased the stability of the CRTH2 (DP2) receptor in human plasma and showed good
potency and high bioavailability of DP2 receptor antagonists.®* Thus, the development of their
synthetic methods is highly desirable.

Considering the importance of chiral 3-amino oxindoles in pharmaceuticals, significant
attention has been devoted for their synthesis using organocatalysts or chiral transition metal
catalysts.1921% Generally, for the synthesis of stereogenic 3-amino oxindoles, the nucleophilic
addition of different nucleophiles to the isatins or isatin derived ketimines is the most efficient
and straightforward synthetic approach.'®"-2® These nucleophilic addition reaction includes,
Mannich reaction, Morita-Baylis-Hillman reaction, Henry reaction, aza-Fridel-Craft reaction
and Strecker reaction. On the other hand, direct functionalization of oxindoles or 3-substituted
oxindoles also provides access for the synthesis of stereogenic 3-substituted 3-amino
oxindoles.?19-223

R
(o
N
PG
R' = alkyl, allyl, Bn, CH,CN

- CH,CO,R

X

R Nu/E R Le
[Cat.] .
N\ Nu N N
PG PG PG
X =0, N-PG
’ PG = protecting grou
organocatalyst or TM catalyst P g group LG =Br, Cl
Nu = (hetero)aryl, alkyl, R' = alkyl or aryl
allyl or alkynyl Michael addition
Nu
R
)
N

\ R' = alkyl or aryl
PG y y

Scheme 1.36. Synthetic strategies for the synthesis of 3,3’-disubstituted oxindoles.
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In last few year’s, organocatalyst has been extensively employed for the synthesis of chiral 3-
substituted oxindoles constructing quaternary stereocenters. Recent development was focus on
the use of transition metal catalyst for their synthesis. In this background, 3d metal catalyst
based on nickel and copper metal along with suitable chiral ligands were studied for the

synthesis of various C-3 amino oxindoles.

1.3.1 Nickel-Catalyzed Synthesis of 3-Substituted Amino Oxindoles

Arai group described the synthesis of chiral 3-amino oxindoles catalyzed by nickel
catalyst (Scheme 1.37).>* The addition of nitromethane to the isatin-derived ketimines
provided the 3-amino oxindoles with the generation of stereogenic quaternary center at C-3
position. The sensitive functionalities such as -F, -Cl, -Br, acetyl and allyl groups were tolerated

under this catalytic system and produced desired oxindoles with high yields and high

enantiselectivities.
NBoc NiCl, (5.0 mol%)
N PyBidine (5.5 mol%
R2- O + RSCH,NO, Y ( I
Z~N DIPEA (1.0 equiv)
iQ1 excess toluene, 30 °C
CTTTITTTTTTTT T T T T T TITTTT , 14 examples
. Ph Ph up to 99% yield
, '<\NH HN ,
| Ph N WL /Phi
I N | Xy I
1 - A 1
: Bn _— Bn :
i PyBidine E

Scheme 1.37. Nickel-catalyzed synthesis of C-3 aminated oxindoles.

1.3.2 Copper-Catalyzed Synthesis of 3-Substituted Amino Oxindoles

An enantioselective aza-Henery reaction with isatin-derived ketimines was
demonstrated by Blay and Pedro using Cu(Il)-Box catalyst system (Scheme 1.38).2%° The
reaction does not required the protection of NH group of isatin generating stereogenic
quaternary centers with high yields and enantiomeric excess. The substrates containing
methoxy, nitro, and halides were participated in this reaction providing excellent
enantioselectivities. Similarly, Kureshy extended aza-Henery reaction using chiral Cu(Il)

macrocyclic salen complex to synthesize C-3 amino oxindoles at room temperatures.>*>
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NO,
NBoc Cu(BF,); (10.0 mol%) BocHN
O , BOX (10.0 mol%) AN R R
R T O + R CH2N02 - > R1—| (@)
Z N 'Pr,NH (13.0 mol%) N
H excess THE, it H

21 examples

0 o ! up to 99% yield
o

l
Scheme 1.38. Copper-catalyzed synthesis of chiral 3,3’-disubstituted oxindoles.

The enantioselective decarboxylative Mannich-type addition of p-keto acids to the isatin-
derived ketimines was presented by Morimoto and Ohshima.?? The reaction of various S-keto
acids with diverse free NH isatin ketimines was occurred in the presence of Cu(OTf)2 and
bis(oxazoline) ligand at -40 °C (Scheme 1.39). This protocol was applicable for the synthesis
of (+)-AG-041R, a gastrin/CCK-B receptor antagonist. The reaction of acetophenone or its
trimethylsilyl enol ether with isatin ketimines was not occurred indicating the importance of

acid moiety in this reaction.

NH o o Cu(OTf), (10.0 mol%)

X BOX (11.0 mol%
R!—— O + HO)J\)J\RZ ( °) :
= CH,Cl, (0.25 M)

-40°C, 48 h

Iz

e
i

20 examples
up to 99% yield

23

Scheme 1.39. Copper-catalyzed synthesis of C-3 aminated oxindoles.

14 HYDROGENATION OF KETONES

The hydrogenation of ketones is an important chemical transformation in organic
synthesis, and applied in chemical industry for producing fragrance, flavors and fine chemical
intermediates. The traditional approach for the reduction of ketones uses stoichiometric
amounts of metal hydride reagents. However, these approaches generate stoichiometric amount
of harmful waste products.??’ Compared to a traditional approach, catalytic hydrogenation

protocol represents an enviromental friendly and atom economic alternative. In early stage,

Ph.D. Thesis: Shidheshwar B. Ankade 36



Introduction

many heterogeneous catalysts have been employed for the hydrogenation of ketones to
corresponding alcohols. Unfortunately, these catalysts require harsh reaction conditions that
led to the formation of undesired side products. Thus, significant progress has been achieved
in developement of homogeneous catalysts for hydrogenation of ketones that can perform the
reaction at mild conditions. In general, hydrogenation reactions are of two types (i)
hydrogenation using molecular hydrogen and (ii) transfer hydrogenation. The hydrogen using
molecular hydrogen is required a requisite experimental setupand and flamable pressurized
hydeogen gas. Hence, transfer hadrogenation is emerged as convenient and effective alternative
approach as it need simply hydrogen source such as alcohols, avoiding pressurized
hydrogen.??822% A remarkable progress has been achieved in transfer hydrogenation ketones
employing precious metal catalysts such as ruthenium,®°2% rhodium,?®?? osmium,?® and
iridium 202425

Recently, significant attention has been given to the hydrogenation of ketones to
achieve chiral alcohols, particularly employing the earth-abundant 3d transition metal
catalysts.?®* Among 3d metals, manganese, iron and cobalt complexes are substantially
explored in the hydrogenation of ketones.?*? However, nickel complexes for such reactions are
elusive. Various chiral ligands were developed for the enantioselective transfer hydrogenation
of ketones to get chiral alcohols (Figure 1.13). These chiral ligands were employed in transfer
hydrogenation of ketones along with manganese, iron, cobalt and nickel metal precursors.
However, the development of phosphine free catalytic system for the synthesis of chiral

alcohols is highly desirable.

; .‘: H‘ ; ‘: J_i
NH HN N N
P P R PR
' ! : A
Ph, Ph, ph —Ph q m
PPh PhR
R ©L /@
= >—\ NH HN
Ph =N N=
Ph\[NH HNj/Ph <_ _>

PAr', Ar',P
OH HO o o
Ph Ph
Ph Ph S
NH HN—
MeHN NHMe
OH HO

Scheme 1.13. Representative chiral ligands for transfer hydrogenation of ketones.
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1.4.1 Iron-Catalyzed Hydrogenation of Ketones

Zuo and co-workers developed a chiral iron catalyst for the enantioselective transfer
hydrogenation of ketones to synthesize the chiral alcohols using isopropanol as a hydrogen
source (Scheme 1.40).2% The substrates bearing synthetically important functional groups such
as chloro, bromo, cyano, and -CFs3 were tolerated under this catalytic system. A range of
ketones were efficiently hydrogenated to provide desired chiral alcohols with good

enantioselectivities.

____________________________

[Fe] (0.0023 mol%)
KO'Bu (0.192 mol%)

2 ) >
R R PrOH, 25 °C

OH

R1 * R2

20 examples
up to 99% yield

&
@_
o)
P
3

Scheme 1.40. Iron-catalyzed enantioselective transfer hydrogenation of ketones.

1.4.2 Manganese-Catalyzed Hydrogenation of Ketones

The enantioselective transfer hydrogenation of ketones to get chiral alcohols was
demonstrated by Sortais and Bastin under manganese catalysis (Scheme 1.41).2** The
combination of Mn(CO)sBr with bidentate chiral amino-phosphine ligand provided diverse
chiral alcohols using isopropanol as a hydrogen source. Various aromatic ketones were
efficiently reduced under the reaction conditions and the enantioselectivities for the alcohol
product was obtained up to 99%. This protocol was also compatible with heteroaryl ketone and

dialkyl ketone providing desired alcohols in good yields but with low enantioselectivities.

______________________________

I
N
z
(@)
I
@

0 Mn(CO)gBr (0.50 mol%) OH
Ligand (0.5 mol%) )\ ' P !
R1 R2 L R1 * R2 ! !

KO'Bu (1.0 mol%) 5 ‘
'PrOH, 30 °C 20 examples

up to 99% yield

______________________________

Scheme 1.41. Manganese-catalyzed asymmetric transfer hydrogenation of ketones.
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Introduction

Objectives of the Present Study
In last few years, significant efforts were devoted for the C—H bond functionalization

of heteroarenes as well as hydrogenation of ketones using base metal catalysts. Particularly, 3d
transition metal catalysts have been employed for the oxidative coupling, C—H alkylation,
functionalization of isatins, and hydrogenation reactions. However, the harsh reaction
conditions, use of activated substrates, use of bidentate directing groups, or use of strong
oxidant, is required in most of the presented methods. Hence, the objective of the present work
was to develop an environmentally benign and efficient protocols for the C—H functionalization
of unactivated heteroarenes via monodentate chelation using base metals like iron and nickel.
In particular, C—H functionalization of indole and related heteroarenes are significant as they
are considered as privileged structural motif in many biologically active compounds and
natural products. Additionally, the design of a novel chiral nickel complexes for the synthesis
of chiral alcohols via hydrogenation reactions, was another objective of the present work.

The results obtained from the present study is discussed in Chapters 2-5. In Chapter 2,
nickel(ll)-catalyzed intramolecular C(sp?)—H/C(sp®)-H and C(sp?)—H/C(sp?)—H oxidative
couplings in indoles via chelation assistance is described. This study represents the first
example of intramolecular C(sp?)—H/C(sp®)—H oxidative coupling using base metal catalyst.
This reaction provided a direct approach for synthesizing diversely functionalized,
pharmaceutically relevant hydrocyclopentaindolones, hydrocarbazoles, and indenoindolones
with the tolerance of sensitive functionalities by employing an air-stable nickel complex,
(bpy)Ni(OAC)2. Further, an extensive mechanistic investigation was carried out including the
controlled study, kinetic analysis, deuterium labeling experiments, and DFT calculations
supported a Ni(Il)/Ni(l1l) pathway for the oxidative coupling comprising the rate-limiting
reductive elimination process. Furthermore, the intramolecular oxidative coupling was
demonstrated with a gram-scale reaction, and the 2-pyridinyl directing group was smoothly
removed to establish the synthetic utility of the protocol.

The solvent-free nickel-catalyzed protocol for the regioselective alkylation of indoles
and related heteroarenes with alkenes via hydroarylation strategy is described in Chapter 3.
The coupling of diverse aromatic alkenes with heteroarenes including indole, imidazole, and
benzimidazole derivatives provided moderate to excellent yields of alkylated products. This
nickel-catalyzed reaction exclusively provided the Markovnikov selective alkylated products.
This method is applicable to the alkylation of both electron-rich as well as electron-poor indoles
to get the branch-selective alkylated products. Preliminary mechanistic studies suggested the

alkylation reaction proceeds through single-electron transfer (SET) pathway.
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Further, the functionalization of isatin employing highly abundant and inexpensive iron
catalyst is discussed in Chapter 4. We serendipitously discovered a new reaction via a novel
strategy for the synthesis of 3,3-disubstituted 3-amino oxindoles which generate stereogenic
quaternary centers. The coupling of various N-methoxy benzamide with isatin derivatives
provided the diverse biologically relevant 3-substituted-3-amino oxindoles with the tolerance
of synthetically important functional groups. The advantages of this method are (i) the use of
accessible N-methoxy benzamides and isatins (ii) the generation of stereogenic quaternary
centers (iii) the cleavage of N-O bond and the incorporation of the methylene group (iv) the
use of an earth-abundant iron catalyst, (v) excellent scope with the tolerance of sensitive and
synthetic useful functionalities. In addition, a detailed mechanistic investigations revealed that
the reaction proceeds via the formation of isatin ketimine and N-(hydroxymethyl)benzamide
intermediates. Controlled experiments including deuterium labeling studies suggested an N-
methoxy group of benzamide is a source of methylene group in products. The scalability of
this protocol was demonstrated with a gram-scale reaction and further functionalization of 3-
substituted 3-amino oxindole was carried out. This reaction proceeds via a single-electron
transfer (SET) pathway.

Chapter 5 describes the synthesis and characterization of a series of novel NNN-based
chiral and achiral pincer nickel complexes and their application toward the transfer
hydrogenation of the ketones using isopropanol as a hydrogen source. All the ligand precursors
and nickel complexes were thoroughly characterized by the NMR spectroscopy, HRMS, or
elemental analysis. A range of ketones were hydrogenated providing desired alcohols
employing synthesized nickel complexes. Despite many attempts, we could not achieve our

major objective which was enantioselective hydrogenation of ketones to get the chiral alcohols.
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Ni(II)-Catalyzed C—H/C—-H Oxidative Coupling:
Facile Synthesis of Indeno-Indolone and 3,4-

Dihydro-Indolone Derivatives
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This chapter has been adapted from the publication “Ni(ll)-Catalyzed Intramolecular
C—H/C—H Oxidative Coupling: An Efficient Route to Functionalized Cycloindolones and
Indenoindolones” Ankade, S. B.; Samal, P. P.; Soni, V.; Gonnade, R. G.; Krishnamurty, S.;
and Punji, B. ACS Catal. 2021, 11, 12384—12393.
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2.1 INTRODUCTION

The indole represents a privileged structural motif, embedded in diverse biologically
active molecules and natural products, including functional materials.®® Particularly,
polycyclic derivatives of indole, possessing five- and six-membered rings, are of great
significance due to their enormous pharmacological activities like anticancer,”*° anti-
Alzheimer’s disease,!! antihypertensive,!? anti-inflammatory*®* and anti-migraine,*°
inhibitors of protein kinase CK2,%® and their direct use in the development of potential
therapeutic agents (Figure 2.1).17-22 Therefore, significant effort has been devoted in developing
efficient protocols for the site-selective functionalization of indoles.?*?® Most synthetic
methods leading to polycyclic indoles rely on sequential multi-step processes,?®° limiting the
creation of substitution diversity in the final product and/or needed harsh conditions. Recent
progress in C—H functionalization led to the synthesis of various chiral and achiral five- and
six-membered-ring products via hydrofunctionalization®*! or direct intramolecular
couplings.*>*> Notably, many of these protocols utilize high loading of expensive noble metal
catalysts like palladium, rhodium, iridium and/or acidic reaction conditions.

More recently, oxidative coupling has been established as a powerful tool for building
complex molecules from simple precursors, 5! as it does not necessitate the
prefunctionalization of substrates. Owing to the sustainability and cost advantage,>?% the 3d-
metal catalyst for C(sp?)—H/C(sp?)—H oxidative coupling has been substantially explored.>6"-
3 However, activating and coupling a more strenuous C(sp®)—H bond remains challenging.’*"
In relevant to this work, nickel catalysts have been successfully applied to the
C(sp?)—H/C(sp*)—H oxidative couplings in amides.’®’” In fact, Chatani reported an oxidative
coupling involving C(sp®)—H bond in toluene derivatives with benzamides in the Ni(ll)-
catalyzed reaction.” Similarly, Cai demonstrated the C(sp®)—H coupling of 1,4-dioxane with
C-2 and C-3-positions of indoles (Scheme 2.1.a).”° Our group found that a Ni(ll) precatalyst
can effectively catalyze the C(sp?)—H/C(sp®)—H oxidative coupling of indoles with toluene
using 2-iodobutane as a mild oxidant (Scheme 2.1.b).2° Notably, an excess of C(sp®)—H
containing partner is used in these reactions to favor the intermolecular coupling entropically;
a privilege cannot be exercised in the intramolecular couplings. Therefore, the
C(sp?)—H/C(sp*)—H intramolecular coupling to achieve biologically significant polycyclic
indoles remains an open challenge. Despite substantial development in the synthesis of diverse
polycyclic indole skeleton,3*! a method for constructing 5- and 6-membered-ring products,
cyclopentaindolones and hydrocarbazolones, is not precedented. In this Chapter, we discuss

and introduce a unified approach to synthesize biologically relevant polycyclic indoles through
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the intramolecular C(sp?)—H/C(sp®)—H and C(sp?)—H/C(sp?)—H oxidative couplings, under a
sustainable and environmentally benign Ni(ll)-catalysis.

/OR F
N N, _CO,H
’\ge/z \ OMe N
o)
I o-s=0 (T}
H OMe Me Cl
MK-0524

Antitumor agent

N\\/COOH

Ramatroban Yuehchukene

Figure 2.1. Selected bioactive polycyclic indoles.

a) Intermolecular C(sp®)—H coupling of 1,4-dioxane

O
0 . S
1_' A \ + H L 1_' A \\ O
R H — R s
B2 B2
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b) Intermolecular C(sp®)-H coupling of toluene derivatives

TN = [Ni]
R Ho o+ H-CHa X\ ¢ —
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\
2-py

oxidant
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Scheme 2.1. Ni(ll)-Catalyzed Oxidative C(sp?)—H/C(sp®)—H Couplings.
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2.2 RESULTS AND DISCUSSION
2.2.1 Optimization of Reaction Conditions for C(sp?)-H/C(sp®)-H Oxidative Coupling
We commenced the investigation of the reaction parameters for the synthesis of 3,4-
dihydrocyclopenta[b]indolone derivative via intramolecular C(sp?)-H/C(sp*)-H oxidative
coupling in 2,2-dimethyl-1-(1-(pyridin-2-yl)-/ H-indol-3-yl)propan-1-one (2b) using nickel
catalyst (Table 2.1). Initial attempts were made to screen various nickel precursors as catalysts
in the presence of LiO'Bu and oxidant Ag2COs in chlorobenzene (entries 1-4). Among various
Ni(II) catalysts, the Ni(OAc)2 was more efficient, affording cyclized product 2 in 59% yield.
Notably, the Ni(0) precursor, Ni(cod):2 as a catalyst, provided 41% of the desired cyclized
compound. The ancillary phosphine-based ligands, such as PPhs, dppf or xantphos, were less
effective, whereas the presence of nitrogen-based ligands enhanced the product yield (entries
5-9) and afforded 2 in 85% with Ni(OAc)2/bpy system. The use of sterically congested ligand
neocuproine in this nickel catalysis system led to a diminishing yield of 2 (entry 10). The silver
oxidants, such as AgOAc or Ag2O were less productive, whereas Ag(OTf) was incompetent in
the reaction (entries 11-13). Moreover, the employment of other metal oxidants MnOz,
Cu(OAc)2, Cu20 or organic oxidants 'BuOOH, '‘BuOO'Bu, and benzoyl peroxide were less
effective or not suitable for the reaction (entries 14-19). Thus, Ag2CO3 was chosen as a suitable
oxidant for the intramolecular coupling reaction. Notably, the use a catalytic amount of Ag2CO3
(10 mol%) in the reaction afforded only 15% of product 2. The use of inorganic bases like
Cs2C03, KO'Bu, and NaO'Bu was ineffective for the coupling, while the presence of LIHMDS
{LiN(SiMes3)2} afforded a moderate yield of 2 (entries 20-23). Moreover, the employment of
3.0 equiv of the base, i.e. LiO'Bu, was essential to achieve quantitative yield. The screening of
various solvents indicated the smooth progress of the reaction in chlorobenzene. Intriguingly,
the reaction requires an elevated temperature of 150 °C for 24 h to achieve quantitative
conversion, and performing a reaction at a lower temperature resulted in a low product yield.
As the in-situ generated catalyst system of Ni(OAc)2 and bpy provided good conversion, we

have synthesized and characterized the nickel complex (bpy)Ni(OAc)2 (1).
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Table 2.1 Optimization of reaction conditions.

CHj

o) SH, [Ni] (5.0 mol%) Q  CH;
H ligand (5.0 mol%) CH3
Ny oxidant (1.0 eq.uiv) _ S
N base (3.0 equiv) N

2-by chIoro1b5eOn§(e:r,1e2 fﬁo mL) 2-py

(2b) (2)
Entry [Ni] Ligand Base Oxidant 2 (%)
1 (DME)NiCl, - LiOBu Ag:COs 20
2 Ni(OAc):2 - LiO'Bu Ag2COs 62 (59)
3 Ni(OTH, - LiOBu Ag2COs 24
4 Ni(cod)2 - LiO'Bu Ag2COs 46 (41)
5 Ni(OAc)  PPhs LiO'Bu Ag2C0s 1
6 Ni(OAc)2 dppf LiO'Bu AgCOs3 37
7 Ni(OAc): xantphos LiO'Bu AgCOs3 35
8 Ni(OAC):2 phen LiO'Bu Ag2COs 53 (50)
9 Ni(OAc)2 bpy LiO'Bu Ag2COs 87 (85)
10 Ni(OAc)2 neocuproine LiO'Bu AgCOs 5
11 Ni(OAc):  bpy LiO'Bu AgOAc 65 (64)
12 Ni(OAc):  bpy LiO'Bu Ag:0 28
13 Ni(OAc)  bpy LiO'Bu Ag(OT) NR
14 Ni(OAc):2 bpy LiO'Bu MnO2 NR
15 Ni(OAc)2 bpy LiO'Bu Cu(OAc):2 55
16 Ni(OAc):  bpy LiO'Bu Cuz0 10
17 Ni(OAc)  bpy LiO'Bu ‘BUOOH NR
18 Ni(OAck  bpy LiO'Bu ‘BUOO'BU NR
19 Ni(OAc)2 bpy LiO'Bu (PhCOO0): NR
20 Ni(OAc)  bpy LiHMDS AgC0s 73

Ph.D. Thesis: Shidheshwar B. Ankade 56



Chapter-2

21 Ni(OAck  bpy NaO'Bu Ag:COs NR
22 Ni(OAc)  bpy KO'Bu Ag:CO; NR
23 Ni(OAc)  bpy Cs2C0s Ag2C03 NR
24 cat.1 - LiO'Bu A2:C0; 91 (89)
25 -- bpy LiO'Bu Ag2COs NR
26 cat. 1 -- - AgCO3 NR
27 cat. 1 -- LiO'Bu -- NR

Reaction conditions: 2b (0.056 g, 0.20 mmol), [Ni] (5.0 mol%), ligand (5.0 mol%; 10 mol% for PPh3),
LiO'Bu (0.048 g, 0.60 mmol), oxidant (0.20 mmol, 1.0 equiv), solvent (1.0 mL). Cat 1 = (bpy)Ni(OAc),
used in 5.0 mol %. *GC yield, isolated yield is in parenthesis. 2-py = 2-Pyridinyl, dppf = 1,1’-
Bis(diphenylphosphino)ferrocene, xantphos = (9,9-Dimethyl-9H-xanthene-4,5-
diyhbis(diphenylphosphane), phen = 1,10-Phenanthroline, bpy = 2,2’-Bipyridine. NR = No Reaction.

Thus, the reaction of Ni(OAc)2 with 1.0 equiv of bpy in EtOH at room temperature
produced (bpy)Ni(OAc)2 (1) in 75% yield as a light green solid (Scheme 2.2).8! The complex
1 is NMR inactive and hence, was characterized by elemental analysis. An X-ray diffraction
study established the molecular structure of the complex. Notably, the crystal structure of 1
shows two coordinated H20 molecules in an octahedral fashion. We assume that the ubiquitous
H20 molecule might have been incorporated into the structure during the crystallization
process.

Notably, the use of well-defined complex, (bpy)Ni(OAc)2 (1), as a catalyst provided an
improved yield of 2 (89%) under the optimized conditions in chlorobenzene (Table 2.1, entry
24). Lowering the catalyst loading led to a decrease in the yield of 2. A nickel catalyst, a base
and an oxidant are essential for the reaction, without which no cyclized product was observed
(entries 25-27). After an exhaustive screening of all the reaction components and parameters,
the intramolecular oxidative cyclization was found to occur efficiently using (bpy)Ni(OAc)2

(1; 5 mol %) in the presence of LiO'Bu and Ag>COs3 in chlorobenzene at 150 °C.

Ph.D. Thesis: Shidheshwar B. Ankade 57



Chapter-2

-2 QI."
N N B o . &
| | & oA j | A
N EtOH Z N / = '___lk'\ /e‘ ’
+ Ni(OAc), ——» Ni_ i G
N N rt7 h N N/ OAc - ,’ T :" \'“
| | [ ere
Y é
(1): 75%

CCDC: 2096020

Scheme 2.2. Synthesis of (bpy)Ni(OAc)2 (1) and X-ray structure of 1.(H20)z.

2.2.2. Effect of N-Substituents on C—H/C-H Oxidative Cyclization

The effect of the nitrogen substituents of 3-pivaloyl-indole on the oxidative coupling was
investigated employing various N-protected 3-pivaloyl-indole (Scheme 2.3). The
intramolecular coupling in N-2-pyridinyl-3-pivaloyl-indole (2b) afforded product 2 in 8§9%
yield. Similarly, the substrate N-2-pyrimidinyl-3-pivaloyl-indole (3b) and N-2-pyrazinyl-3-
pivaloyl-indole (4b) reacted efficiently to produce desired products 3 and 4 in 65% and 20%
yields, respectively. Intriguingly, a —CO'Bu group as N-substituent as a directing group did not
afford the cyclized product, highlighting that strong o-donor nitrogen coordination is essential
for this intramolecular oxidative coupling. As expected, the N-methyl-3-pivaloyl-indole did
not produce the oxidative cyclized product. All these observations indicate that a sigma N-

donor substituent at the N-atom of 3-pivaloyl-indole is essential.
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CHj
CH,4 Q  CH,3
H cat. 1 (5.0 mol%) CHs
LiO'Bu (3.0 equiv
N Ag>,CO3 (1.0 equiv) N
bG chlorobenzene (1.0 mL) \
150 °C, 24 h DG
Q CH3 0 CH3 Q CH3
CH3 CH3 CH3
A\ N\ A\
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— ) N=
(2): 89% (3): 65% (4): 20%
CH3 Q CH3
CHj CHj3
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\
O)/\‘Bu CHs
(5): NR (6): NR

NR = No Reaction

Scheme 2.3. Role of directing groups on C—H/C—H oxidative cyclization.

2.2.3. Substrate Scope for C-H/C-H Intramolecular Oxidative Cyclization

The scope and limitation of the present protocol were investigated for the synthesis of
diversely substituted 3,4-dihydro-indolones. Both the electron-donating and electron-
withdrawing substituents were well tolerated to deliver the desired products 7-12 (Scheme 2.4).
Indoles with synthetically useful functionalities like -Cl, -Br, -CN provided moderate to good
yields. The tolerability of such moieties provides scope for further derivatization to complex
organic compounds. The low yield in compound 12 is attributed to the partial decomposition
of starting compound or the product under the reaction condition. Unfortunately, the 3-
pivaloyl-indole bearing a -NO2 group at the C-6 position did not afford the desired cyclized
product under the reaction conditions.

Next, the focus was devoted to the C(sp®)—H activation of substituents at C-3 acyl in
indoles. The cyclization was highly selective towards the primary C(sp*)-H activation than the
secondary C(sp®)-H bond in the acyclic alkyl-substituted acyl-moiety in indoles providing
dihydro-indolones 13 and 14 in 89% and 87% yields, respectively. Interestingly, a deuterated
substrate afforded the desired product 14-[Dz] in 83% yield. The cyclohexyl-methyl-substituted
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acyl-indole provided two possible products 15 and 16 upon primary C(sp*)-H and secondary
C(sp*)-H bonds activation. We assume that the suitable conformation of the cyclohexyl ring
provided access to both the primary and secondary C(sp®)-H bonds for nickelation. Notably,
the cyclopropyl-methyl-substituted substrate afforded the cyclized product 17 by C(sp?)—
H/C(sp®)-H oxidative coupling, and a substantial amount of self-coupled compound 18 was
obtained. Surprisingly, the cyclohexyl-acyl-indole led to only intermolecular C(sp?)-H/C(sp?)—
H self-coupling and provided compound 19 in 41% yield. The sterically demanding substrate
adamantan-1-yl(1-(pyridin-2-yl)-/ H-indol-3-yl)methanone is low reactive under the optimized
reaction condition and produced 20 in 28% yield. The compounds 2, 15 and 18 were
characterized by an X-ray diffraction study to gain additional structural information.
Interestingly, all the C(sp?)-H/C(sp)-H intramolecular coupling led to the formation of only a
five-membered ring, even though a C(sp®)-H bond for the possible formation of a six-
membered ring was available. This indicates the importance of tertiary substitution which
originates from the “Thorpe-Ingold effect”.3?3% Therefore, the employment of substrate
containing —CO'Pr or -COEt moieties in place of —CO'Bu did not participate in the cyclization.
Similarly, the indole derivative with -CH2'Bu substituent at the C-3 position was not reactive
highlighting the necessity of carbonyl motif in the linkage. Moreover, indole with -COCH2'Bu
substituent at the C-3 was unreactive probably due to the unfavorable formation of a seven-
membered nickelacycle via C(sp?)-H/C(sp®)-H activation. These findings suggest that the
oxidative coupling is solely dependent on the tertiary substitution and the C(sp?)-H/C(sp*)-H
coupling is highly selective for the formation of five-membered ring products.

The intramolecular coupling was extended to the C(sp?)—H/C(sp?)—H oxidative
cyclization to synthesize indenoindolone derivatives (Scheme 2.5). Thus, the C-3 benzoylated
indole efficiently participated in the reaction to achieve 2-pyridinyl-indenoindolone 21 in an
86% yield. Similarly, a C-3, 2-methyl-benzoylated indole afforded compound 22 in 91% yield
by C(sp?)—H/C(sp?)—H oxidative cyclization. Notably, a probable six-membered cyclic
product, via C(sp®)—H (CH3) activation, was not observed in this reaction. Interestingly, the
2,6-dimethylbenzoylated indole did not afford the intramolecular cyclization product; instead,
an intermolecular self-coupled product 23 was observed in 37% yield. This finding suggests
that an intramolecular C(sp?)—H/C(sp®)—H coupling to generate a six-membered cycle via a
seven-membered nickelacycle is not feasible. The intramolecular oxidative coupling in meta-
substituted aroylindoles proceeded with excellent site selectivity at the less sterically hindered
position to deliver compounds 24-26 in good yields. The methyl and methoxy substituents at
the para position of 3-aroylindole afforded the desired products 27 and 28 in 81% and 86%
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yields, respectively. Notably, the substrate 3-naphthoyl-(N-2-pyridinyl)-indole underwent
intramolecular oxidative coupling selectively at sterically less hindered position and delivered
product 29 in 30% yield. Unfortunately, a heteroarene-derived substrate, 3-furanyl-(N-2-
pyridinyl)-indole as well as 3-thiotolyl-(N-2-pyridinyl)-indole could not undergo cyclization.
To understand the selectivity in the formation of five/six-membered cyclic core versus
the activation of C(sp?)—H or C(sp*)—H bond, we have employed 2-methyl-2-phenyl-1-(1-
(pyridin-2-yl)-1H-indol-3-yl)propan-1-one for the reaction. Notably, this substrate produced a
mixture of five-membered cyclic product, 30 and six-membered cyclic compound 31 by the
C(sp?)—H/C(sp*)—H and C(sp?)—H/C(sp?)—H bonds activation, respectively. Similarly, the 2-
methyl-2-phenyl-substituted substrate 32b delivered both the possible products, 32 and 33 in
64% yield. As expected, the compound 2,2-diphenyl-1-(1-(pyridin-2-yl)-1H-indol-3-
yl)propan-1-one (34b) under the reaction conditions undergo intramolecular cyclization to
afford 34 and 35 in 16% and 15% yields, respectively. All these reactions outcome established
that the C(sp?)—H/C(sp*)—H intramolecular oxidative cyclization exclusively proceed via a six-
membered nickelacycle to afford a five-membered cyclized product, whereas the
C(sp?)—H/C(sp*)—H intramolecular oxidative cyclization can occur both via the six-membered
and seven-membered nickelacycle to deliver five-membered and six-membered cyclized
products, respectively. In general, the intermediacy of a favorable six-membered nickelacycle
is well-known in the coupling reactions, whereas a seven-membered nickelacycle is

exceedingly rare.
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Scheme 2.4. Scope for intramolecular C(sp?)—H/C(sp*)-H oxidative cyclization.

(Reactions were conducted on a 0.2 mmol scale. 2Yield from 1.0 g scale reaction. *Products 15 and 16
were obtained from the same starting compound via C(sp?)~H/-CHs(sp®)-H and C(sp?)-H/-CHa(sp®)-
H oxidative coupling, respectively. “Products 17 and 18 were obtained from the same starting compound
via C(sp?)-H/-CHs(sp®)—H and homocoupling. “Substrate 19b provided only self-coupled product 19.)
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Notably, a probable six-membered cyclic product, via C(sp*)—H (CH3) activation, was
not observed in this reaction. Interestingly, the 2,6-dimethylbenzoylated indole did not afford
the intramolecular cyclization product; instead, an intermolecular self-coupled product 23 was
observed in 37% yield. This finding suggests that an intramolecular C(sp?)—H/C(sp*)—H
coupling to generate a six-membered cycle via a seven-membered nickelacycle is not feasible.
The intramolecular oxidative coupling in meta-substituted aroylindoles proceeded with
excellent site selectivity at the less sterically hindered position to deliver compounds 24-26 in
good yields. The methyl and methoxy substituents at the para position of 3-aroylindole
afforded the desired products 27 and 28 in 81% and 86% yields, respectively. Notably, the
substrate 3-naphthoyl-(N-2-pyridinyl)-indole underwent intramolecular oxidative coupling
selectively at sterically less hindered position and delivered product 29 in 30% yield.
Unfortunately, a heteroarene-derived substrate, 3-furanyl-(N-2-pyridinyl)-indole as well as 3-
thiotolyl-(N-2-pyridinyl)-indole could not undergo cyclization.

To understand the selectivity in the formation of five/six-membered cyclic core versus
the activation of C(sp?)—H or C(sp*)—H bond, we have employed 2-methyl-2-phenyl-1-(1-
(pyridin-2-yl)-1H-indol-3-yl)propan-1-one for the reaction. Notably, this substrate produced a
mixture of five-membered cyclic product, 30 and six-membered cyclic compound 31 by the
C(sp?)—H/C(sp®)—H and C(sp?)—H/C(sp?)—H bonds activation, respectively. Similarly, the 2-
methyl-2-phenyl-substituted substrate 32b delivered both the possible products, 32 and 33 in
64% yield. As expected, the compound 2,2-diphenyl-1-(1-(pyridin-2-yl)-1H-indol-3-
yl)propan-1-one (34b) under the reaction conditions undergo intramolecular cyclization to
afford 34 and 35 in 16% and 15% yields, respectively. All these reactions outcome established
that the C(sp?)—H/C(sp*)—H intramolecular oxidative cyclization exclusively proceed via a six-
membered nickelacycle to afford a five-membered cyclized product, whereas the
C(sp?)—H/C(sp?)—H intramolecular oxidative cyclization can occur both via the six-membered
and seven-membered nickelacycle to deliver five-membered and six-membered cyclized
products, respectively. In general, the intermediacy of a favorable six-membered nickelacycle
is well-known in the coupling reactions, whereas a seven-membered nickelacycle is

exceedingly rare.
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Scheme 2.5. Scope for intramolecular C(sp*)—~H/C(sp*)-H oxidative cyclization (Reactions
were conducted on a 0.2 mmol scale. “Substrate 23b gave only oxidative self-coupled product 23.
’Products 30 and 31 as well as 32 and 33 were obtained as a mixture via C(sp?)~H/C(sp*)-H and C(sp?)—
H/C(sp*)-H oxidative couplings, and verified by '"H NMR analysis upon isolation. ¢ Employing 10.0
mol% of cat. 1.)
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2.2.4 Gram-Scale Synthesis and Synthesis of Free-NH 3,4-Dihydro-Indolones

Given the importance of cyclopent[b]indol-1-one derivatives in pharmaceutically
important compounds. A gram-scale reaction of compound 2b (1.0 g, 3.6 mmol) was performed
and provided cyclized product 2 in 85% yield under standard conditions, suggesting the
possible advantage of the scalability of this protocol. Furthermore, considering the synthetic
importance of functionalized free NH cyclopent[b]indol-1-one, we have demonstrated
removing the 2-pyridinyl group from the cyclized compound. Thus, the cyclized indoles 2 and
8 were treated with MeOTT followed by NaOH (2.0 M) reaction, leading to the formation of
cyclized free NH indoles 36 and 37, respectively (Scheme 2.6).

O  CH,4
. . Q  CH,
R CH, i) MeOTf (3.0 equiv)
Q CH,Cly, 0 °C-rt., 24 h R < CHs
N ii) 2.0 M NaOH (aq) N
o]
@ MeOH, 60 °C, 12 h 1’
R=H(@2) R =H (36): 60%
R = OCHj; (8) R = OCHj (37): 62%

Scheme 2.6. Removal of directing group.

2.2.5 Mechanistic Aspects
2.2.5.1 External Additive Experiments and Radical Clock Experiment

The controlled intramolecular cyclization reactions have been performed to understand
the participation of an active catalyst and the reaction pathway. The presence of radical marker
TEMPO or galvinoxyl substantially suppressed the standard catalytic reaction (Scheme 2.7).
However, the reaction was completely quenched in the presence of radical inhibitor BHT
(butylated hydroxytoluene). These findings tentatively suggest the involvement of an odd-
electron species, either a carbon-centric radical or an odd-electron nickel species. Notably, a
radical clock experiment wusing (1-methylcyclopropyl)(1-(pyridin-2-yl)-1H-indol-3-
yl)methanone (17b) exclusively produced specific cyclized product 17 in 42%, and the
probable —CH:* radical-mediated ring-opening-cyclized compound 38 was not observed
(Scheme 2.8). This finding ruled out the participation of a carbon-centric radical species.
However, as the radical capture experiments suppressed the catalytic reaction, we assumed the

involvement of an odd-electron nickel species.
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chlorobenzene (1.0 mL)
2b: (0.20 mmol) 150 °C, 24 h (2)
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TEMPO 25
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Scheme 2.7. External additive experiments.

o) o)

i (0] CHy,
cat. 1 (5.0 mol%) : i
\\ CHjs LiO'Bu (3.0 equiv) A ; N ;
N Ag,CO3 (1.0 equiv) N i N :
2-py chlorobenzene (1.0 mL) 2-py I \ I
° ' 2-py :
150 °C, 24 h L A
(17b) (17): 42% (38)

(not observed)

Scheme 2.8. Radical-clock experiment.

2.2.5.2 Electronic Effect Study

To demonstrate the electronic effect of substrates on the cyclization reaction, the kinetic
analysis of electronically distinct substrates (8b and 9b) was performed. Thus, the data indicate
that intramolecular cyclization is faster for an electronically-rich substrate than an
electronically-deficient substrate (Figure 2.2). This data tentatively supports an electrophilic
type of C(2)-H nickelation.®*

CHj3

° CHy (bpy)Ni(OAC), (5.0 mol%) CHC3
R CHs Lio'Bu (3.0 equiv) R Hs
D Ag,CO3 (1.0 equiv) N
N\ chlorobenzene (1.0 mL) N\
2-py 150 °C 2-py
R = OCHg; (8b) R = OCHj; (8)
R=F; (9b) R=F; 9)

rate(8) = 1.48 x 10 M min""’
rate(9) = 0.735 x 10°° M min""
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Figure 2.2. Time-dependent formation of 8 and 9.

2.2.5.3 H/D Scrambling Experiment

The deuterium scrambling experiment was carried out to understand the nature of
cleavage of C(2)—H in indoles. Therefore, the reaction of 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-
indol-3-yl-2-d)propan-1-one (2b-[2-D]; 0.028 g, 0.10 mmol), 2,2-dimethyl-1-(5-methyl-1-
(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (7b; 0.029 g, 0.10 mmol), (bpy)Ni(OAc)2 (0.0034
g, 0.01 mmol, 5.0 mol %), Ag2COs (0.056 g, 0.20 mmol, 1.0 equiv) and LiO'Bu (0.048 g, 0.60
mmol, 3 equiv) was performed at 150 °C for 3 h. At ambient temperature, the reaction mixture
was quenched with distilled H20 (10.0 mL) and the crude product was extracted with EtOAc
(15 mL x 3). The combined organic extract was dried over NazSO4 and the volatiles were
evaporated in vacuo. The remaining residue was purified by column chromatography on silica
gel to recover 2b-[2-D] (0.022 g, 79%), 7b (0.021 g, 70%), and products 2 (15%), 7 (24%)
were observed by Gas Chromatograph analysis. The *H NMR analysis of the recovered 2b-[2-
D] shows a significant D/H exchange at C(2)-D position and 7b shows 15% incorporation of
deuterium at the C(2)-H position (Scheme 2.9).
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0 CH, Q  CH,

CHa ° CHs
CH, CHs
S >99%D CHs N
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H/D
N N N
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(bpy)Ni(OAc), (5.0 mol%) 2-py 44% D Ld
0.10 mmol LiO'Bu (3. i
( ) i0'Bu (3.0 equiv) > 79% (recovered) 15% GC conv
+ Ag,CO3 (1.0 equiv)
CH chlorobenzene (1.0 mL) CHj
0 CH, 150 °C, 3 h ° CHs QA CHs
HyC CH, HaC { CH, HaC CHs
A\ H H/D + N
N NN N
2-py 2-py  15%D 2-py
(0.10 mmol) 70% (recovered) 24% GC conv

Scheme 2.9. Deuterium scrambling experiment.

2.2.5.4 Kinetic Isotope Effect (KIE) Study

The kinetic isotope effect (KIE) study was performed to know whether the involvement
of the C(sp?)-H or C(sp®)-H bond cleavage is in the rate-determining step. Thus, the kinetic
analysis of the substrate 2b-[2-H] and 2b-[2-D] showed a KIE value of 1.2 (Figure 2.3). This
low KIE value indicates the C(sp?)-H bond breaking might not be in the rate-determining step.
Interestingly, the independent reaction rate determination of the substrates 14b-[H3] and 14b-
[Ds] provided a KIE value of 1.9 (Figure 2.4). As this value is not high enough, we assume that
the methyl C(sp®)-H activation/nickelation might not be involved in the rate-limiting step.®
Notably, the methyl C(sp*)-H nickelation is ~ 5 times slower than the C(2)(sp?)-H nickelation
highlighting the importance of [CH3]-C(sp®)-H bond activation.

CH3 CH3
0 CHs = CHs Q  CH,
CH3 CH3 cat1 (5.0 mol %) CH3

Ny N p LiO'Bu (3.0 equiv) N

N or N Ag,CO3 (1.0 equiv) N

\ 2 chlorobenzene \
2Py 2y 150 °C 2-py
(2b-[2-H]) (2b-[2-D)) kn'kp = 1.1 )

rate(2b-[2-H]) = 1.57 x 10~ Mmin™"
rate(2b-[2-D]) = 1.39 x 103 Mmin™
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Figure 2.3. Time-dependent formation of 2 using substrates 2b-[2-H] and 2b-[2-D].
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Figure 2.4. Time-dependent formation of 14-[Hz] or 14-[D2].
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2.2.5.5 DFT Based Calculations

Density Functional Theory-based studies were carried out using PBE functional to obtain
additional mechanistic insights into the Ni-catalyzed intramolecular C(sp?)—H/C(sp*)—H
oxidative coupling. Initially, we aim to understand the nickel catalyst's electronic state involved
in the process. For all the species, studies have been performed for the low spin state i.e. Ni(II)
(singlet) and Ni(I) (doublet). Notably, the C(2)—-H activation of indole substrate 2b with the
Ni(II) species is more favorable (AG = -25.3 kcal/mol) than with the Ni(I) complex (AG = -
10.47 kcal/mol) (Figure 2.5). Moreover, an examination of the formation of Ni(I) species from
various Ni complexes shows that the process is less feasible (Figure 2.6). Further, the employed
oxidative catalytic conditions would support an oxidative pathway,%® rather than a reductive
approach involving a low-valent active Ni-species in the presence of an oxidant. Therefore, we
considered Ni(Il) species as the active catalyst for further calculations and determined the

spontaneity of the reaction pathway.

(a) B
N O CH, .
| CHs X o
N_ () OAc
7N . \, CHs Lio'Bu = AN | N .
\ > Ni + LIOAc + HO'B
sy oA N AG = -25.3 keal/mol AN oAe v
| N | "N oA N] D
C
= 74 \ _— =
(2b) (A)

N
I/

Bu
AN
|\N CHs LiO'B > [ ;
_N_ 0 i0'Bu N N
SNi—OAc + Ny CHs NiZ~ N + LiOAG + HO'Bu
N N
N
AY)

(2b) (

Figure 2.5. Gibbs free energies for the C—H activation at Ni(Il) and Ni(l) species.
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(a)
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i OAc Tok =
= i LioBu > Ni—OAc + LiOAc + 1/2 (‘BuO),
Sy % \OAC AG = 12.67 kcal/mol SN
Pz =
'‘Bu
CH,
CH3 O
N OAc
\
N AG:1.16 kealimol sy _~tg, *2HOBu
/ I
(Zb)

Comproportionation reaction: Possible pathway to Ni(l) from Ni(ll) and Ni(0):

X
E g\l H) OAc | _N_ O
Ni(0) + — 2 “Ni—OAc
OAc W
|/

Figure 2.6. Gibbs free energies for the formation of various Ni(l) species from Ni(Il) and Ni(0)
species.

/\

The possible reaction pathways for the C(sp?)—H/C(sp’)—H oxidative coupling
beginning with Ni(Il) species are shown in Figure 2.7. The reaction first initiates through
C(sp?)-H bond activation of 2b with Ni(II) catalyst to form the nickel intermediate A via the
transition state TS-1. A reasonable energy barrier (18.8 kcal/mol) for this process is consistent
with the experimental observation that supports a facile C(2)—H activation. Thereafter, the
oxidation of intermediate A with Ag>COs leads to the formation of B [i.e. Ni(II) to Ni(III)],
which is endergonic by 0.2 kcal/mol. Beginning with intermediate B, two possibilities for the

C(sp®)-H bond activation is hypothesized: (a) single-electron transfer (SET) process triggered
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by Ni(III) to generate methylene radical or (b) base-assisted nickelation of C(sp®)—H bond. The
single-electron transfer process through TS-2 in the presence of Ag>COs results in the
formation of radical intermediate C, for which the energy barrier is 35.51 kcal/mol. This species
could proceed through radical recombination resulting in Ni(IV) intermediate D, which is
exergonic by 4.24 kcal/mol. The reductive elimination via TS-3 leads to product 2 and the
regeneration of the catalyst following an energy barrier of 12.74 kcal/mol. The high overall
energy barrier (35.71 kcal/mol) observed for this SET pathway is aligned with the experimental

findings, wherein a carbon-based radical process was ruled out.

| \ T \\7:7\ s
ST W Ni”
I o A
4 TS-1 [N oac N7 N | oe )N \ oae {
N - N | OAc o
vosu + | N (2b) ] - ) 4 .
9

0.0

‘ X
OAc
/N\:\"”/
i
‘\N/ SoAc
=

LiOAc
Y 0.5 Ag,CO;

0.5 Ag,CO;
+LiOAC

Ag(0)
+0.5Li,CO,

LI O ‘ X
/N\:\“/OA
W W i*@ ?ﬁ@ ?ﬁﬂ
_N__m N 4 N\NI N\ _N (v) >
\N OAc /' OAC/ / OAc / N Yonc / " gAOAC /N>
(D)

Figure 2.7. Free energy profile for the Ni-catalyzed oxidative coupling. The free energy values

are given in kcal/mol.

The second possibility of C(sp*)-H bond activation via base assistance would result in
Ni(III) species E via TS-2' having an energy barrier of 29.23 kcal/mol. The C(sp*)-H bond
activation by this process is found to be more favorable than the SET pathway. The reductive
elimination via TS-3' would lead to product 2, following an energy barrier of 24.05 kcal/mol.
The Ni(I) species further undergo oxidation to form the active catalyst i.e. Ni(II) species. The
free energy accompanying this oxidation is -5.0 kcal/mol. Notably, the investigation of
probable oxidation of Ni(Ill) intermediate E to Ni(IV) D revealed that the process is not

favorable (AG = 35.77 kcal/mol). Thus, the reductive elimination is proposed to proceed via
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TS-3’ resulting in product 2. All the above studies indicate that the reaction coordinates
inculcating the singlet spin state of Ni(Il) is facile and prefers a base-assisted C(sp®)-H
activation pathway involving a Ni(IIl) species rather than a radical path i.e. [Ni(I) to Ni(IV)].
The overall energy barrier observed for the reductive elimination step (33.65 kcal/mol) is
higher than that of the C(sp®)-H bond nickelation (29.43 kcal/mol), which tentatively supports
a probable rate-limiting reductive elimination process. Considering the observed kinetic
isotope effect (KIE = 1.9) for the C(sp>)-H bond nickelation, we assume that the C(sp®)-H

activation could be one of the rate-influencing steps.

2.2.6 Probable Catalytic Cycle

Based on the experimental results, DFT calculations and literature precedents,®-78-:80-86-88
we have proposed a tentative catalytic pathway for the C(sp?)—H/C(sp*)—H oxidative coupling
(Figure 2.8). The indole 2b would coordinate to catalyst (bpy)Ni(OAc)2 (1), followed by a
reversible C(2)—H nickelation leading to the electron-rich species A. Deuterium scrambling
study supports this proposal. Intermediate A would undergo le oxidation to afford the
unsaturated Ni(III) species B.%° The intermediate B would trigger the base-assisted C(sp>)—H
bond activation to generate a nickelacycle E. Considering the outcome of the radical-clock
study, we have ruled out the formation of a radical intermediate from —CH3.3° The reductive
elimination of cyclized product 2 from intermediate E, a probable rate-limiting step, would

generate a Ni(I) complex that undergoes one-electron oxidation or comproportionation reaction

with B to regenerate the active catalyst.
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Figure 2.8. Plausible catalytic cycle.

2.3 CONCLUSION

In summary, we have developed an efficient protocol for the intramolecular
chemoselective C(sp?)—H/C(sp®)—H and C(sp?)—H/C(sp?)—H oxidative couplings in indoles
catalyzed by an air-stable and structurally characterized nickel complex, (bpy)Ni(OAc)2. This
reaction provided a direct and cost-effective approach for synthesizing diversely
functionalized, pharmaceutically relevant hydrocyclopentaindolones, hydrocarbazolones and
indenoindolones with the tolerance of sensitive functionalities. The intramolecular
C(sp?)—H/C(sp*)—H coupling exclusively proceeded through a six-membered nickelacycle
providing five-membered ring products, whereas the C(sp?)—H/C(sp?)—H coupling followed a
six-membered or a seven-membered nickelacycle affording five- or six-membered cyclized
products. An extensive mechanistic investigation by the controlled study, kinetic analysis,
deuterium labeling experiments, and DFT calculations supported a Ni(Il)/Ni(ll1) pathway for
the oxidative coupling comprising the rate-limiting reductive elimination process.
Furthermore, the intramolecular oxidative coupling was demonstrated with a gram-scale
reaction, and the 2-pyridinyl directing group was smoothly removed to establish the synthetic

utility of the protocol.
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2.4 EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box
or using standard Schlenk techniques in pre-dried glasswares. The catalytic reactions were
performed in flame-dried reaction vessels with a Teflon screw cap. Solvents were dried over
Na/benzophenone or CaH2 and distilled prior to use. Liquid reagents were flushed with argon
prior to use. The starting compounds 2a,%° 7a-11a,% 21a,% 22a,°! 27a,%! 28a,% 26a,% 29a,%
were synthesized according to the previously described procedures. The nickel complex
(bpy)Ni(OAC)2 (1) was synthesized by a modified literature procedure.®® All other chemicals
were obtained from commercial sources and were used without further purification. High-
resolution mass spectrometry (HRMS) mass spectra were recorded on a Thermo Scientific Q-
Exactive, Accela 1250 pump. NMR: (*H and *3C) spectra were recorded at 400 or 500 MHz
(*H), 100 or 125 MHz {*3C, DEPT (distortionless enhancement by polarization transfer)}, 377
MHz (*°F), respectively in CDCIs solutions, if not otherwise specified; chemical shifts (5) are
given in ppm. The H and *3C NMR spectra are referenced to residual solvent signals (CDCls:
0 H=7.26 ppm, o C =77.2 ppm).

GC Method. Gas Chromatography analyses were performed using a Shimadzu GC-2010
gas chromatograph equipped with a Shimadzu AOC-20s auto sampler and a Restek RTX-5
capillary column (30 m x 0.25 mm x 0.25 pm). The instrument was set to an injection volume
of 1 uL, an inlet split ratio of 10:1, and inlet and detector temperatures of 250 and 320 °C,
respectively. UHP-grade argon was used as carrier gas with a flow rate of 30 mL/min. The
temperature program used for all the analyses is as follows: 80 °C, 1 min; 30 °C/min to 200
°C, 2 min; 30 °C/min to 260 °C, 3 min; 30 °C/min to 300 °C, 15 min. Response factors for all
the necessary compounds with respect to standard n-hexadecane were calculated from the
average of three independent GC runs.

2.4.1 Procedure for Synthesis of (bpy)Ni(OAc)2 (1)

The complex 1 was synthesized by a modified literature procedure.®® In an oven-dried
Schlenk flask, a solution of bpy (0.50 g, 3.2 mmol) in EtOH (5 mL) was added to a solution of
Ni(OAc)2 (0.56 g, 3.2 mmol) in EtOH (5 mL) at room temperature. During the addition, the
colour changed from light-green to grey in colour. The reaction mixture was stirred at room
temperature for 2 h during which the solution became dark green. The reaction mixture was
filtered to remove trace insoluble material, and the filtrate was evaporated in vacuo. The

obtained residue was washed with THF and the solid was dried under vacuo to obtain an
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analytical pure compound of (bpy)Ni(OAc)2 (1). Yield: 0.794 g, 75%. Anal. Calcd for
C14H14N2NiO4*(H20): C, 47.91; H, 4.60; N, 7.98. Found: C, 47.29; H, 4.27; N, 8.69.

2.4.2 Synthesis and Characterization of Starting Compounds

Representative Procedure A (Synthesis of 3-Acylindoles). Synthesis of 3-Pivaloyl-
1H-indole-5-carbonitrile (12a): To the solution of 1H-indole-5-carbonitrile (1.76 g, 12.38
mmol) in HFIP (5.0 mL) in a round bottom flask, the pivaloyl chloride (0.50 g, 4.15 mmol)
was added. The resultant mixture was stirred at room temperature for 5 h. The volatiles were
evaporated under reduced pressure and the crude product was purified by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) to yield 12a (0.40 g, 43%) as a

brown solid.
0 CHs
CH;
NC CH,
N
H

3-Pivaloyl-1H-indole-5-carbonitrile (12a): *H-NMR (400 MHz, CDCls): 6 = 9.02 (br s,
1H, NH), 8.49-8.46 (m, 1H, Ar—H), 7.36-7.34 (m, 1H, Ar—H), 7.25-7.21 (m, 2H, Ar—H), 1.38
(s, 9H, CH3). BC{*H}-NMR (100 MHz, CDCls): 6 = 203.3 (CO), 135.6 (Cq, CN), 135.6 (Cy),
127.5 (2C, Cq), 123.7 (CH), 123.1 (CH), 122.7 (CH), 114.1 (Cg), 111.3 (CH), 44.3 (Cy), 29.1
(3C, CHs). HRMS (ESI): m/z Calcd for C14H14N20 + H* [M + H]" 227.1179; Found 227.1174.

H;C
O
CH;
CHj
N
H

1-(1H-1ndol-3-yl)-2,2-dimethylbutan-1-one (13a): The representative procedure A was
followed using 1H-indole (1.30 g, 11.10 mmol), 2,2-dimethylbutanoyl chloride (0.50 g, 3.71
mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded
13a (0.50 g, 63%) as a light-brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.69 (br s, 1H, NH),
8.42-8.40 (m, 1H, Ar-H), 7.74 (d, J = 3.1 Hz, 1H, Ar-H), 7.28-7.26 (m, 1H, Ar-H), 7.16-7.13
(m, 2H, Ar-H), 1.74 (q, J = 7.5 Hz, 2H, CH2), 1.24 (s, 6H, CH3), 0.72 (t, J = 7.3 Hz, 3H, CHa).
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BC{*H}-NMR (125 MHz, CDCls): 6 = 203.9 (CO), 135.8 (Cq), 131.0 (CH), 127.4 (Cq), 123.6
(CH), 122.8 (CH), 122.6 (CH), 114.6 (Cg), 111.7 (CH), 48.2 (Cq), 35.2 (CH2), 26.6 (2C, CHs3),
9.4 (CHs). HRMS (ESI): m/z Calcd for C14H17NO + H* [M + H]* 216.1383; Found 216.1380.

H3C
0 'C3Hz
CH,
\
N
H

2-Ethyl-1-(1H-indol-3-yl)-2-methylhexan-1-one (14a): The representative procedure A
was followed using 1H-indole (1.07 g, 9.13 mmol), 2-ethyl-2-methylhexanoyl chloride (0.54
g, 3.06 mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc: 3/1)
yielded 14a (0.48 g, 61%) as a light-brown solid. *H-NMR (500 MHz, CDCls): 6 = 8.99 (br s,
1H, NH), 8.53-8.51 (m, 1H, Ar—H), 7.92 (d, J = 3.0 Hz, 1H, Ar-H), 7.41-7.38 (m, 1H, Ar—H),
7.29-7.24 (m, 2H, Ar-H), 2.05-1.89 (m, 2H, CH2), 1.74-1.61 (m, 2H, CH2), 1.30 (s, 3H, CH3),
1.28-1.10 (m, 4H, CHy), 0.84-0.78 (m, 6H, CHz3). ®*C{*H}-NMR (125 MHz, CDCl3): § = 203.0
(CO), 135.5 (Cq), 129.6 (CH), 127.6 (Cy), 123.6 (CH), 123.2 (CH), 122.6 (CH), 115.6 (Cy),
111.3(CH), 52.0 (Cq), 41.1 (CH2), 34.0 (CH2), 26.7 (CH2), 23.6 (CH2), 22.3 (CH3), 14.0 (CH3),
9.0 (CHs). HRMS (ESI): m/z Calcd for C17H23NO + H* [M + H]* 258.1852; Found 258.1852.

OH3C

\

N
H

(1H-Indol-3-yl)(1-methylcyclohexyl)methanone (15a): The representative procedure A
was followed using 1H-indole (2.19 g, 18.69 mmol), 1-methylcyclohexane-1-carbonyl
chloride (1.00 g, 6.23 mmol). Purified by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 15a (0.90 g, 60%) as a white solid. *H-NMR (400 MHz, CDCl3): 6
=8.93 (brs, 1H, NH), 8.48-8.46 (m, 1H, Ar-H), 7.85 (d, J = 2.5 Hz, 1H, Ar—H), 7.36-7.33 (m,
1H, Ar-H), 7.24-7.21 (m, 2H, Ar-H), 2.55-2.22 (m, 2H, CH>), 1.55-1.43 (m, 8H, CH>), 1.36
(s, 3H, CHz3). ®*C{*H}-NMR (100 MHz, CDCls): § = 203.5 (CO), 135.5 (Cq), 129.9 (CH), 127.6
(Cqg), 123.6 (CH), 123.1 (CH), 122.6 (CH), 114.7 (Cg), 111.3 (CH), 48.4 (Cy), 37.3 (2C, CH2),
27.1 (CHs), 26.3 (CH2), 23.2 (2C, CH2). HRMS (ESI): m/z Calcd for C16H19NO + H* [M + H]*
242.1539; Found 242.1535.
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(1H-1Indol-3-yl)(1-methylcyclopropyl)methanone (17a): The representative procedure
A was followed using 1H-indole (2.19 g, 18.69 mmol), 1-methylcyclopropane-1-carbonyl
chloride (0.80 g, 6.75 mmol). Purified by column chromatography on silica gel (petroleum
ether/EtOAC: 1/1) yielded 17a (0.86 g, 64%) as a white solid. *H-NMR (400 MHz, CDCls): 6
=9.15 (br s, 1H, NH), 8.34-8.32 (m, 1H, Ar-H), 7.90 (d, J = 3.0 Hz, 1H, Ar—H), 7.37-7.35 (m,
1H, Ar-H), 7.25-7.22 (m, 2H, Ar-H), 1.53 (s, 3H, CHa), 1.24 (vq, J = 4.2 Hz, 2H, CH), 0.71
(vg, J = 4.0 Hz, 2H, CH). BC{*H}-NMR (100 MHz, CDCls): § = 198.5 (CO), 136.1 (Cy),
131.7 (CH), 126.4 (Cy), 123.7 (CH), 122.6 (CH), 122.5 (CH), 116.1 (Cq), 111.6 (CH), 26.6
(Cq), 23.3 (CHs3), 15.0 (2C, CH2). HRMS (ESI): m/z Calcd for C13H1sNO + H* [M + H]*
200.1075; Found 200.1075.

o)

\

N
H

Cyclohexyl(1H-indol-3-yl)methanone (19a): The representative procedure A was
followed using 1H-indole (2.40 g, 20.49 mmol), cyclohexanecarbonyl chloride (1.00 g, 6.82
mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded
19a (1.10 g, 71%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 9.17 (br s, 1H, NH), 8.38-
8.36 (m, 1H, Ar—H), 7.84 (d, J=3.0 Hz, 1H, Ar-H), 7.38-7.34 (m, 1H, Ar-H), 7.25-7.21 (m,
2H, Ar-H), 3.02 (tt, J = 8.3 Hz, 3.0 Hz, 1H, CH), 1.89-1.80 (m, 4H, CH>), 1.71-1.68 (m, 1H,
CH?2), 1.63-1.53 (m, 2H, CH2), 1.39-1.17 (m, 3H, CH2). ¥*C{*H}-NMR (100 MHz, CDCl3): §
=200.8 (CO), 136.7 (Cg), 131.4 (CH), 125.9 (Cy), 123.8 (CH), 122.8 (CH), 122.6 (CH), 117.0
(Cq), 111.7 (CH), 48.0 (CH), 30.1 (2C, CH2), 26.2 (3C, CH2). HRMS (ESI): m/z Calcd for
CisH17NO + H* [M + H]" 228.1388; Found 228.1396.
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(1H-Indol-3-yl)(1-methylcyclohexyl)methanone (23a): The representative procedure
A was followed using 1H-indole (1.25 g, 10.67 mmol) and 2,6-dimethylbenzoyl chloride (0.60
g, 3.56 mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/1)
yielded 23a (0.50 g, 56%) as a white solid. *H-NMR (400 MHz, CDCls): § = 8.51-8.49 (m, 1H,
Ar-H), 7.99-7.96 (m, 1H, Ar-H), 7.82-7.77 (m, 1H, Ar-H), 7.44 (d, J = 8.2 Hz, 1H, Ar-H),
7.33 (br s, 1H), 7.23-7.14 (m, 2H, Ar-H), 7.02 (d, J = 7.5 Hz, 2H, Ar-H), 2.19 (s, 6H, CHz).
BC{'H}-NMR (100 MHz, CDCls3): 6 = 195.4 (Cq, CO), 151.3 (Cq), 149.6 (CH), 139.0 (CH),
136.3 (Cg), 134.3 (Cy), 128.6 (CH), 127.8 (CH), 124.8 (Cq), 124.0 (CH), 122.2 (CH), 120.1
(2C, Cy), 116.2 (CH), 112.8 (CH), 19.6 (2C, CHs). HRMS (ESI): m/z Calcd for C17Hi1sNO +
H* [M + H]* 250.1226; Found 250.1224.

o} CH3
CHs
S O
N
H

1-(1H-Indol-3-yl)-2-methyl-2-phenylpropan-1-one  (30a): The representative
procedure A was followed using 1H-indole (0.96 g, 8.19 mmol) and 2-methyl-2-
phenylpropanoyl chloride (0.50 g, 2.74 mmol). Purified by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 30a (0.40 g, 55%) as a white solid. *H-NMR (500
MHz, CDCls): 6 =8.52 (d, J= 7.6 Hz, 1H, Ar-H), 8.32 (br s, 1H, NH), 7.39-7.24 (m, 8H, Ar—
H), 6.80 (d, J = 3.1 Hz, 1H, Ar-H), 1.66 (s, 6H, CHs). ®*C{*H}-NMR (125 MHz, CDCl3): § =
200.3 (C0O), 147.4 (Cq), 135.2 (Cy), 132.3 (CH), 128.8 (2C, CH), 127.2 (Cq), 126.7 (CH), 126.6
(CH), 125.9 (CH), 124.7 (Cq), 123.7 (CH), 123.0 (CH), 122.7 (CH), 111.1 (CH), 52.1 (Cq),
28.5 (2C, CHs). HRMS (ESI): m/z Calcd for Ci1sH17NO + H* [M + H]" 264.1383; Found
264.1386.

HsC
0

CH,

0 O
N
H

1-(1H-1Indol-3-yl)-2-methyl-2-phenylbutan-1-one (32a): The representative procedure
A was followed using 1H-indole (0.89 g, 7.60 mmol), 2-methyl-2-phenylbutanoyl chloride
(0.50 g, 2.54 mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc:
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1/1) yielded 32a (0.45 g, 64%) as a white solid. *H-NMR (500 MHz, CDCls): ¢ = 8.69 (br s,
1H, NH), 8.53 (d, J = 8.0 Hz, 1H, Ar-H), 7.37-7.25 (m, 8H, Ar-H), 6.83 (s, 1H, Ar—H), 2.29-
2.20 (m, 1H, CH2), 2.18-2.11 (m, 1H, CH), 1.62 (s, 3H, CHs), 0.81 (t, J = 7.2 Hz, 3H, CHs).
BC{H}-NMR (125 MHz, CDCIs): 6 = 200.6 (CO), 146.5 (Cg), 135.3 (Cg), 132.2 (CH), 128.7
(2C, CH), 127.1 (2C, CH), 126.7 (CH), 126.4 (Cg), 123.5 (CH), 122.8 (CH), 122.6 (CH), 115.0
(Cqg), 111.3 (CH), 55.6 (Cq), 32.5 (CH2), 24.8 (CHs3), 8.8 (CH3). HRMS (ESI): m/z Calcd for
C1sH1sNO + H* [M + H]* 278.1539; Found 278.1544.

O

° CHs
e O

1-(1H-1Indol-3-yl)-2,2-diphenylpropan-1-one (34a): The representative procedure A
was followed using 1H-indole (1.00 g, 8.54 mmol) and 2,2-diphenylpropanoyl chloride (0.70
g, 2.86 mmol). Purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/1)
yielded 34a (0.60 g, 64%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 8.68 (br s, 1H,
NH), 8.49 (d, J = 7.1 Hz, 1H, Ar-H), 7.30-7.19 (m, 13H, Ar-H), 6.68 (d, J = 3.2 Hz, 1H, Ar—
H), 2.11 (s, 3H, CHs). BC{*H}-NMR (100 MHz, CDCls): § = 198.4 (CO), 145.3 (Cq), 144.8
(Cy), 135.2 (Cy), 132.9 (CH), 129.0 (2C, CH), 128.6 (Cq,), 128.4 (Cq,), 128.3 (CH), 127.8 (CH),
127.4 (CH), 126.8 (CH), 123.7 (CH), 123.1 (CH), 122.8 (CH), 122.2 (CH), 119.2 (CH), 114.4
(CH), 111.2 (CH), 102.9 (CH), 61.2 (Cq), 29.5 (CHs). HRMS (ESI): m/z Calcd for C23H1sNO
+ H* [M + H]* 326.1545; Found 326.1548.

Representative Procedure B: Synthesis of (1-(Pyridin-2-yl)-3-acylindoles

Synthesis of 2,2-Dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (2b). To
the mixture of 1-(1H-indol-3-yl)-2,2-dimethylpropan-1-one (2a; 1.0 g, 4.97 mmol) and KOH
(0.69 g, 12.3 mmol) in DMSO (20 mL), the 2-bromopyridine (1.17 g, 7.41 mmol) was added.
The resultant reaction mixture was stirred at 135 °C for 30 h. The reaction mixture was cooled
to ambient temperature, quenched with cold water (15 mL), and extracted with ethyl acetate
(20 mL x 3). The combined organic extract was dried over Na2SOs and the volatiles were
evaporated under vacuo. The remaining residue was purified by column chromatography on
silica gel (petroleum ether/EtOAc: 5/1) yielded 2b (0.95 g, 69%) as a light-yellow solid.
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2,2-Dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (2b): *H-NMR (500
MHz, CDCls): 6 = 8.62 (d, J = 4.2 Hz, 1H, Ar-H), 8.59-8.57 (m, 1H, Ar—H), 8.49 (s, 1H, Ar—
H), 7.94-7.92 (m, 1H, Ar—H), 7.90-7.87 (m, 1H, Ar-H), 7.60 (d, J = 8.3 Hz, 1H, Ar-H), 7.37-
7.33 (m, 2H, Ar—H), 7.30-7.28 (m, 1H, Ar-H), 1.48 (s, 9H, CHs). *C{*H}-NMR (125 MHz,
CDCl3): 0 = 202.9 (CO), 151.2 (Cq), 149.6 (CH), 138.9 (CH), 134.8 (Cq), 131.8 (CH), 129.6
(Cq), 124.3 (CH), 123.7 (CH), 123.5 (CH), 121.9 (CH), 116.2 (CH), 115.4 (Cq), 111.8 (CH),
44.5 (Cq), 28.9 (3C, CH3). HRMS (ESI): m/z Calcd for C1sH1sN20 + H* [M + H]* 279.1492;
Found 279.1498.

o, FCHs
CHs
CH,
\
N
N

2,2-Dimethyl-1-(1-(pyrimidin-2-yl)-1H-indol-3-yl)propan-1-one (3b): The 1-(1H-
indol-3-yl)-2,2-dimethylpropan-1-one (2a; 0.80 g, 3.97 mmol) was added to a solution of NaH
(0.10 g, 4.17 mmol) in DMF at 0 °C and was stirred for 0.5 h. 2-Chloropyrimidine (0.54 g, 4.71
mmol) was added to the mixture at 0 °C and the resulting reaction mixture was stirred at 135
°C for 24 h. The reaction mixture was cooled to ambient temperature, quenched with cold water
(15 mL) and extracted with ethyl acetate (20 mL x 3). The combined organic extract was dried
over Na2SOs and the volatiles were evaporated in vacuo. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 3b (0.66 g, 59%) as a
brown solid. *H-NMR (500 MHz, CDCl3): § = 9.04 (s, 1H, Ar—H), 8.83-8.80 (m, 1H, Ar-H),
8.75 (d, J=5.3 Hz, 2H, Ar-H), 8.52-8.49 (m, 1H, Ar-H), 7.42-7.35 (m, 2H, Ar—H), 7.18-7.15
(m, 1H, Ar—H), 1.49 (s, 9H, CH3). BC{*H}-NMR (125 MHz, CDCls): § = 203.3 (CO), 158.4
(2C, CH), 157.5 (Cq), 135.2 (Cq), 131.1 (CH), 130.3 (Cq), 124.9 (CH), 124.1 (CH), 123.2 (CH),
117.6 (CH), 116.3 (Cq), 116.0 (CH), 44.7 (Cq), 28.9 (3C, CHs). HRMS (ESI): m/z Calcd for
C17H17N30 + H* [M + H]* 280.1444; Found 280.1443.
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2,2-Dimethyl-1-(1-(pyrazin-2-yl)-1H-indol-3-yl)propan-1-one (4b): The 1-(1H-indol-
3-yD)-2,2-dimethylpropan-1-one (2a; 0.50 g, 2.48 mmol) was added to a solution of NaH (0.065
g, 2.71 mmol) in DMF at 0 °C and was stirred for 0.5 h. To the resultant solution, 2-
iodopyrazine (0.61 g, 2.96 mmol) was added at 0 °C and was stirred at 135 °C for 24 h. The
reaction mixture was cooled to ambient temperature, quenched with cold water (15 mL) and
extracted with ethyl acetate (20 mL x 3). The combined organic extract was dried over Na2SOa4
and the volatiles were evaporated in vacuo. Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 5/1) yielded 4b (0.39 g, 56%) as a brown solid. *H-NMR (400
MHz, CDCls): § =9.02 (s, 1H, Ar—H), 8.56-8.52 (m, 3H, Ar-H), 8.45 (s, 1H, Ar-H), 8.01-7.99
(m, 1H, Ar-H), 7.39-7.34 (m, 2H, Ar-H), 1.47 (s, 9H, CHas). B®C{*H}-NMR (100 MHz,
CDCls): 6 = 202.7 (CO), 148.1 (Cg), 143.4 (CH), 142.0 (CH), 137.6 (CH), 134.6 (Cg), 130.5
(CH), 129.7 (Cq), 124.9 (CH), 124.0 (CH), 123.9 (CH), 116.7 (Cg), 111.9 (CH), 44.7 (Cqy), 28.8
(3C, CH3). HRMS (ESI): m/z Calcd for C17H170Ns + H* [M + H]" 280.1444; Found 280.1443.

o) CH3
CH;
H3C CH,4
N
7
\

2,2-Dimethyl-1-(5-methyl-1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (7b): The
representative procedure B was followed using 2,2-dimethyl-1-(5-methyl-1H-indol-3-
yl)propan-1-one (7a; 1.0 g, 4.64 mmol), 2-bromopyridine (1.10 g, 6.96 mmol) and KOH (0.65
g, 11.58 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAC:
5/1) yielded 7b (0.80 g, 59%) as a light-yellow solid. *H-NMR (500 MHz, CDCls): 6 = 8.62-
8.61 (m, 1H, Ar—H), 8.46 (s, 1H, Ar—H), 8.39 (s, 1H, Ar-H), 7.91-7.87 (m, 1H, Ar—H), 7.81
(d, J=8.3 Hz, 1H, Ar-H), 7.60 (d, J = 8.3 Hz, 1H, Ar-H), 7.30-7.26 (m, 1H, Ar—H), 7.17 (dd,
J=8.5, 1.5 Hz, 1H, Ar-H), 2.50 (s, 3H, CHa), 1.47 (s, 9H, CHs). BC{*H}-NMR (125 MHz,
CDCls): 6 = 203.1 (CO), 151.4 (Cq), 149.7 (CH), 138.8 (CH), 133.2 (Cg), 133.1 (Cg), 131.8
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(CH), 130.0 (Cq), 125.8 (CH), 123.5 (CH), 121.7 (CH), 116.0 (CH), 115.1 (Cq), 111.5 (CH),
44.6 (Cg), 29.0 (3C, CHa), 21.7 (CHs). HRMS (ESI): m/z Calcd for C1sHaoN20 + H* [M + H]*
293.1648; Found 293.1649.

CHs
CH;

H,CO CHs

)

N\
N
1-(5-Methoxy-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one (8b): The
representative procedure B was followed using 1-(5-methoxy-1H-indol-3-yl)-2,2-
dimethylpropan-1-one (8a; 1.0 g, 4.32 mmol), 2-bromopyridine (1.02 g, 6.46 mmol) and KOH
(0.60 g, 10.69 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 3/1) yielded 8b (1.0 g, 75%) as a yellow solid. *H-NMR (500 MHz, CDCls): 6 =
8.60 (d, J=3.0 Hz, 1H, Ar-H), 8.46 (s, 1H, Ar-H), 8.12 (d, J = 2.2 Hz, 1H, Ar-H), 7.90-7.85
(m, 2H, Ar-H), 7.57 (d, J = 8.3 Hz, 1H, Ar-H), 7.29-7.26 (m, 1H, Ar-H), 6.98 (dd, J = 9.1,
2.2 Hz, 1H, Ar-H), 3.93 (s, 3H, OCH3), 1.49 (s, 9H, CHs). BC{*H}-NMR (125 MHz, CDCls):
0 =203.1(CO), 156.8 (Cq), 151.3 (Cq), 149.6 (CH), 138.8 (CH), 132.0 (CH), 130.6 (Cg), 129.7
(Cq), 121.7 (CH), 115.7 (CH), 115.0 (Cg), 114.7 (CH), 112.9 (CH), 104.6 (CH), 55.8 (OCHs3),
44.5 (Cq), 29.0 (3C, CHz). HRMS (ESI): m/z Calcd for C19H20N202 + H* [M + H]* 309.1598;
Found 309.1595.

o} CH3
CHs
F CHs
N
7
\

1-(5-Fluoro-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one  (9b): The
representative  procedure B was followed using 1-(5-fluoro-1H-indol-3-yl)-2,2-
dimethylpropan-1-one (9a; 0.50 g, 2.28 mmol), 2-bromopyridine (0.54 g, 3.42 mmol) and KOH
(0.32 g, 5.70 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAcC: 5/1) yielded 9b (0.45 g, 67%) as a yellow solid. *H-NMR (400 MHz, CDCl3): 6
= 8.63-8.61 (m, 1H, Ar-H), 8.46 (s, 1H, Ar—H), 8.25 (dd, J = 9.9, 3.0 Hz, 1H, Ar—H), 7.94-
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7.89 (m, 2H, Ar=H), 7.56 (d, J = 8.3 Hz, 1H, Ar—H), 7.34-7.31 (m, 1H, Ar—H), 7.10-7.04 (m,
1H, Ar-H), 1.46 (s, 9H, CHs). ®*C{*H}-NMR (100 MHz, CDCls): 6 = 202.6 (CO), 160.0 (d,
e = 238.6 Hz, Cg), 151.2 (Cq), 149.7 (CH), 139.1 (CH), 132.8 (CH), 131.4 (Cq), 130.6 (d,
3Jcr = 10.5 Hz, Cq), 122.1 (CH), 115.9 (CH), 115.3 (d, “Je_r = 4.7 Hz, Cq), 113.0 (d, 3Jcr =
9.5 Hz, CH), 112.6 (d, 2Jcr = 25.8 Hz, CH), 109.1 (d, 2Jcr = 24.9 Hz, CH), 44.5 (C), 28.9
(3C, CHs). 1F-NMR (376 MHz, CDCls): & = —119.8 (s). HRMS (ESI): m/z Calcd for
C18H17FN20 + H* [M + H]* 297.1398; Found 297.1406.

o} CH3
CH3
cl o,
N
7\
\

1-(5-Chloro-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one (10b): The
representative  procedure B was followed wusing 1-(5-chloro-1H-indol-3-yl)-2,2-
dimethylpropan-1-one (10a; 0.40 g, 1.70 mmol), 2-bromopyridine (0.40 g, 2.53 mmol) and
KOH (0.24 g, 4.28 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAcC: 5/1) yielded 10b (0.39 g, 74%) as a white solid. *H-NMR (400 MHz, CDCl3): 6
= 8.56-8.55 (m, 1H, Ar—H), 8.52 (s, 1H, Ar-H), 8.38 (s, 1H, Ar—H), 7.87-7.81 (m, 2H, Ar—H),
7.48 (d, J = 8.1 Hz, 1H, Ar-H), 7.27-7.19 (m, 2H, Ar—H), 1.40 (s, 9H, CHs). *C{*H}-NMR
(100 MHz, CDCls): ¢ = 202.5 (CO), 151.0 (Cg), 149.6 (CH), 139.1 (CH), 133.2 (Cy), 132.4
(CH), 130.7 (Cq), 129.3 (Cq), 124.6 (CH), 123.2 (CH), 122.2 (CH), 115.9 (CH), 114.9 (Cy),
113.2 (CH), 44.5 (Cy), 28.8 (3C, CH3). HRMS (ESI): m/z Calcd for C1sH17ON2CI + H* [M +
H]* 313.1102; Found 313.1103.

o) CH3
CH3
Br CHs
\
N
7\
\

1-(5-Bromo-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one (11b): The
representative  procedure B was followed wusing 1-(5-bromo-1H-indol-3-yl)-2,2-

dimethylpropan-1-one (11a; 0.50 g, 1.78 mmol), 2-bromopyridine (0.42 g, 2.66 mmol) and
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KOH (0.25 g, 4.46 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAC: 5/1) yielded 11b (0.40 g, 63%) as a white solid. *H-NMR (400 MHz, CDCls): 6
=8.94 (m, 1H, Ar-H), 8.67-8.65 (m, 1H, Ar—H), 8.49 (s, 1H, Ar-H), 8.07-8.05 (m, 1H, Ar—
H), 7.99-7.95 (m, 1H, Ar—H), 7.59-7.56 (m, 2H, Ar—H), 7.41-7.38 (m, 1H, Ar-H), 1.47 (s, 9H,
CHz3). BC{*H}-NMR (100 MHz, CDCls): 6 = 202.4 (CO), 150.7 (Cq), 149.9 (CH), 139.3 (CH),
136.5 (Cq), 133.1 (CH), 129.2 (CH), 127.4 (CH), 122.8 (CH), 120.0 (Cg), 116.3 (CH), 115.5
(Cqy), 113.2 (CH), 107.0 (Cq), 44.7 (Cq), 28.7 (3C, CH3). HRMS (ESI): m/z Calcd for
Ci18H17BrN20 + H* [M + H]" 357.0597, 359.0852; Found 357.0605, 359.0859.

o) CH3
CHs
NC CH;
\
N
7
\

3-Pivaloyl-1-(pyridin-2-yl)-1H-indole-5-carbonitrile ~ (12b): The representative
procedure B was followed using 3-pivaloyl-1H-indole-5-carbonitrile (12a; 0.20 g, 0.88 mmol),
2-bromopyridine (0.20 g, 1.27 mmol) and KOH (0.12 g, 2.14 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 12b (0.13 g, 49%) as a
white solid. *H-NMR (400 MHz, CDCls): 6 = 8.94-8.93 (m, 1H, Ar-H), 8.69-8.68 (m, 1H, Ar—
H), 8.65-8.62 (m, 2H, Ar-H), 8.20 (dd, J = 8.9, 1.9 Hz, 1H, Ar—H), 8.00 (td, J = 7.9, 1.8 Hz,
1H, Ar-H), 7.61 (d, J = 8.0 Hz, 1H, Ar—H), 7.42-7.39 (m, 1H, Ar-H), 1.47 (s, 9H, CHs).
BC{IH}-NMR (100 MHz, CDCls): § = 202.2 (CO), 150.5 (Cq), 150.0 (CH), 145.0 (2C, Cy),
139.5 (CH), 135.3 (CH), 134.4 (Cq), 133.8 (Cq), 123.9 (CH), 122.9 (CH), 118.6 (CH), 116.1
(CH), 115.6 (Cq), 109.1 (CH), 44.7 (Cq), 28.7 (3C, CHs). HRMS (ESI): m/z Calcd for
C19H17N30 + H" [M + H]* 304.1444; Found 304.1441.

CH;

CHs
A

N

/N

— \

2,2-Dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)butan-1-one (13b): The

representative procedure B was followed using 1-(1H-indol-3-yl)-2,2-dimethylbutan-1-one
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(13a; 0.40 g, 1.86 mmol), 2-bromopyridine (0.43 g, 2.72 mmol) and KOH (0.26 g, 4.63 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 13b
(0.41 g, 75%) as a white solid. *H-NMR (500 MHz, CDClz): 6 = 8.61 (d, J = 4.5 Hz, 1H, Ar—
H), 8.59- 8.57 (m, 1H, Ar-H), 8.48 (s, 1H, Ar—H), 7.96-7.87 (m, 2H, Ar—H), 7.61 (d, J = 8.3
Hz, 1H, Ar-H), 7.37-7.33 (m, 2H, Ar-H), 7.31-7.28 (m, 1H, Ar—H), 1.96 (q, J = 7.6 Hz, 2H,
CH?2), 1.42 (s, 6H, CHa), 0.88 (t, J = 8.3 Hz, 3H, CHz3). 3C{*H}-NMR (125 MHz, CDCl3): 6 =
202.8 (CO), 151.3 (Cy), 149.6 (CH), 138.9 (CH), 134.8 (Cg), 131.3 (CH), 129.7 (Cqy), 124.3
(CH), 123.7 (CH), 123.5 (CH), 121.8 (CH), 116.2 (CH), 116.0 (Cg), 111.8 (CH), 48.5 (Cy),
35.0 (CH2), 26.4 (2C, CHs) 9.5 (CH3). HRMS (ESI): m/z Calcd for C19H20N20 + H" [M + H]*
293.1648; Found 293.1645.

H3C
0 'C3Hy

CH,
\

N
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2-Ethyl-2-methyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one (14b): The
representative procedure B was followed using 2-ethyl-1-(1H-indol-3-yl)-2-methylhexan-1-
one (14a; 0.40 g, 1.55 mmol), 2-bromopyridine (0.36 g, 2.28 mmol) and KOH (0.21 g, 3.74
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1)
yielded 14b (0.45 g, 87%) as a white solid. *H-NMR (400 MHz, CDCls): ¢ = 8.65-8.63 (m,
1H, Ar—H), 8.58-8.55 (m, 1H, Ar-H), 8.48 (s, |H, Ar-H), 7.97-7.93 (m, 1H, Ar—H), 7.92-7.89
(m, 1H, Ar-H), 7.63-7.60 (m, 1H, Ar—H), 7.36-7.34 (m, 2H, Ar-H), 7.33-7.29 (m, 1H, Ar-H),
2.12-1.98 (m, 2H, CH2), 1.80-1.65 (m, 2H, CH2), 1.35 (s, 3H, CHs), 1.32-1.15 (m, 4H, CH>),
0.88-0.81 (m, 6H, CHa). *C{*H}-NMR (100 MHz, CDCls): ¢ = 202.7 (CO), 151.5 (Cq), 149.7
(CH), 138.9 (CH), 134.8 (Cq), 130.8 (CH), 129.8 (Cy), 124.4 (CH), 123.8 (CH), 123.5 (CH),
121.8 (CH), 116.7 (Cq), 116.2 (CH), 111.9 (CH), 52.3 (Cqg), 40.8 (CH2), 33.9 (CH2), 26.8 (CH>),
23.6 (CH2), 22.2 (CHs3), 14.1 (CHs), 9.1 (CHs). HRMS (ESI): m/z Calcd for C22H26N20 + H*
[M + H]* 335.2123; Found 335.2132.
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(1-Methylcyclohexyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (15b): The
representative procedure B was followed using (1H-indol-3-y)(1-
methylcyclohexyl)methanone (15a; 0.50 g, 2.07 mmol), 2-bromopyridine (0.49 g, 3.10 mmol)
and KOH (0.29 g, 5.17 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 5/1) yielded 15b (0.43 g, 65%) as a white solid. *H-NMR (500 MHz, CDCl3): 6
= 8.64-8.62 (m, 1H, Ar-H), 8.56-8.54 (m, 1H, Ar—H), 8.46 (s, 1H, Ar-H), 7.95-7.88 (m, 2H,
Ar-H), 7.62 (d, J = 7.6 Hz, 1H, Ar-H), 7.36-7.33 (m, 2H, Ar-H), 7.31-7.28 (m, 1H, Ar-H),
2.34-2.30 (m, 2H, CH2), 1.62-1.39 (m, 11H, 4CHz and CHa). BC{*H}-NMR (125 MHz,
CDCls): 6 = 203.1 (CO), 151.4 (Cg), 149.6 (CH), 138.9 (CH), 134.8 (Cq), 131.1 (CH), 129.9
(Cq), 124.3 (CH), 123.7 (CH), 123.5 (CH), 121.8 (CH), 116.2 (CH), 115.9 (Cq), 111.8 (CH),
48.6 (Cg), 37.2 (2C, CHy), 27.0 (CHs), 26.3 (CH2), 23.2 (2C, CH2). HRMS (ESI): m/z Calcd
for C21H22N20 + H* [M + H]* 319.1805; Found 319.1806.

(1-Methylcyclopropyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (17b): The
representative procedure B was followed using (1H-indol-3-y)(1-
methylcyclopropyl)methanone (17a; 0.80 g, 4.02 mmol), 2-bromopyridine (0.94 g, 5.95 mmol)
and KOH (0.56 g, 9.98 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 5/1) yielded 17b (0.78 g, 70%) as a white solid. *H-NMR (500 MHz, CDCl3): 6
=8.62 (d, J=4.9 Hz, 1H, Ar-H), 8.47 (s, 1H, Ar-H), 8.43-8.41 (m, 1H, Ar-H), 7.99-7.97 (m,
1H, Ar-H), 7.92-7.89 (m, 1H, Ar-H), 7.60 (d, J = 8.0 Hz, 1H, Ar-H), 7.36-7.34 (m, 2H, Ar—
H), 7.32-7.29 (m, 1H, Ar-H), 1.64 (s, 3H, CHs), 1.33d, J = 4.2 Hz, 2H, CH2), 0.79 (d, J = 4.2
Hz, 2H, CH2). ®C{*H}-NMR (125 MHz, CDCls): § = 198.1 (CO), 151.4 (Cq), 149.6 (CH),
138.9 (CH), 135.4 (Cy), 132.6 (CH), 128.6 (Cq), 124.4 (CH), 123.5 (CH), 123.1 (CH), 121.9
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(CH), 117.3(Cq), 116.1 (CH), 112.2 (CH), 26.7 (Cq), 23.2 (CH3), 15.2 (2C, CH2). HRMS (ES]I):
m/z Calcd for C18H16N20 + H* [M + H]" 277.1341; Found 277.1346.

)

A
N

7
=

Cyclohexyl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (19b): The representative
procedure B was followed using cyclohexyl(1H-indol-3-yl)methanone (19a; 1.0 g, 4.40
mmol), 2-bromopyridine (1.04 g, 6.58 mmol) and KOH (0.61 g, 10.87 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 19b (1.12 g, 84%)
as a white solid. H-NMR (400 MHz, CDCls): 6 = 8.64-8.62 (m, 1H, Ar-H), 8.54-8.50 (m, 1H,
Ar-H), 8.42 (s, 1H, Ar-H), 7.96-7.88 (m, 2H, Ar-H), 7.63 (d, J = 8.2 Hz, 1H, Ar-H), 7.38-
7.29 (m, 3H, Ar-H), 3.19-2.11 (m, 1H, CH), 1.97-1.85 (m, 4H, CH2), 1.77-1.59 (m, 3H, CH>),
1.46-1.24 (m, 3H, CH2). BC{*H}-NMR (100 MHz, CDCls): 6 = 200.4 (CO), 151.2 (Cq), 149.6
(CH), 139.0 (CH), 135.9 (Cq), 132.5 (CH), 128.1 (Cqg), 124.5 (CH), 123.6 (CH), 123.3 (CH),
121.9 (CH), 118.1 (Cq), 116.2 (CH), 112.1 (CH), 48.0 (CH), 30.0 (2C, CH>), 26.1 (3C, CH>).
HRMS (ESI): m/z Calcd for C20H20N20 + H* [M + H]* 305.1648; Found 305.1648.

oy
—Z

Adamantan-1-yl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (20b): The representative
procedure B was followed using adamantan-1-yl(1H-indol-3-yl)methanone (20a; 0.50 g, 1.79
mmol), 2-bromopyridine (0.42 g, 2.66 mmol) and KOH (0.25g, 4.46 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 20b (0.41 g, 64%)
as a white solid. *H-NMR (500 MHz, CDCls): § = 8.65-8.63 (m, 1H, Ar-H), 8.57 (s, 1H, Ar—
H), 8.56-8.53 (m, 1H, Ar—H), 7.93-7.89 (m, 2H, Ar-H), 7.62 (d, J = 7.6 Hz, 1H, Ar-H), 7.36-
7.29 (m, 3H, Ar-H), 2.19-2.14 (m, 6H, CHz, 3H, CH), 1.83-1.82 (m, 6H, CH2). BC{*H}-NMR
(125 MHz, CDCls): ¢ = 202.9 (CO), 151.4 (Cy), 149.7 (CH), 138.9 (CH), 134.7 (Cq), 131.4
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(CH), 129.9 (Cq), 124.3 (CH), 123.8 (CH), 123.5 (CH), 121.9 (CH), 116.4 (CH), 115.6 (Cy),
111.7 (CH), 47.4 (Cq), 40.5 (3C, CH>), 37.0 (3C, CHz), 28.6 (3C, CH). HRMS (ESI): m/z Calcd
for C2aH2aN20 + H* [M + H]* 357.1961; Found 357.1971.

Phenyl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone  (21b): The  representative
procedure B was followed using (1H-indol-3-yl)(phenyl)methanone (21a; 0.40 g, 1.81 mmol),
2-bromopyridine (0.43 g, 2.72 mmol) and KOH (0.25 g, 4.46 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 21b (0.30 g, 56%) as a
light-yellow solid. *H-NMR (400 MHz, CDCls): § = 8.60-8.59 (m, 1H, Ar-H), 8.52-8.50 (m,
1H, Ar—H), 8.18 (s, 1H, Ar—H), 8.05-8.03 (m, 1H, Ar—H), 7.91-7.86 (m, 3H, Ar-H), 7.59-7.56
(m, 2H, Ar-H), 7.53-7.49 (m, 2H, Ar-H), 7.43-7.38 (m, 2H, Ar-H), 7.31-7.28 (m, 1H, Ar-H).
13C{*H}-NMR (100 MHz, CDCls): 6 = 191.6 (CO), 151.3 (Cq), 149.6 (CH), 140.5 (2C, Cy),
139.0 (CH), 135.9 (Cq), 135.2 (CH), 131.7 (CH), 129.0 (2C, CH), 128.6 (2C, CH), 124.8 (CH),
123.8 (CH), 123.1 (CH), 122.1 (CH), 118.3 (Cq), 116.1 (CH), 112.5 (CH). HRMS (ESI): m/z
Calcd for C20H14N20 + H* [M + H]* 299.1179; Found 299.1184.

(1-(Pyridin-2-yl)-1H-indol-3-yl)(o-tolyl)methanone  (22b): The representative
procedure B was followed using (1H-indol-3-yl)(2-tolyl)methanone (22a; 1.0 g, 4.25 mmol),
2-bromopyridine (1.00 g, 6.33 mmol) and KOH (0.59 g, 10.51 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 22b (1.10 g, 83%) as a
light-yellow solid. *H-NMR (400 MHz, CDCls): § = 8.56-8.52 (m, 2H, Ar-H), 8.04-8.02 (m,
1H, Ar-H), 7.94 (s, 1H, Ar-H), 7.86-7.82 (m, 1H, Ar-H), 7.52-7.48 (m, 2H, Ar-H), 7.41-7.35
(m, 3H, Ar-H), 7.30-7.25 (m, 3H, Ar-H), 2.44 (s, 3H, CHas). ®C{*H}-NMR (100 MHz,
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CDCl3): 6 = 193.6 (CO), 151.1 (Cq), 149.5 (CH), 140.6 (Cq), 138.9 (CH), 136.2 (Cq), 136.1
(Cq), 136.0 (CH), 131.0 (CH), 129.7 (CH), 127.9 (Cq), 127.8 (CH), 125.3 (CH), 124.8 (CH),
123.8 (CH), 123.0 (CH), 122.1 (CH), 119.7 (Cq), 116.1 (CH), 112.6 (CH), 19.8 (CHs). HRMS
(ESI): m/z Calcd for C2:H16N20 + H* [M + H]" 313.1335; Found 313.1331.

(2,6-Dimethylphenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (23Db): The
representative procedure B was followed using (2,6-dimethylphenyl)(1H-indol-3-
yl)methanone (23a; 0.40 g, 1.60 mmol), 2-bromopyridine (0.38 g, 2.41 mmol) and KOH (0.22
g, 3.92 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAC:
5/1) yielded 23b (0.35 g, 67%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 8.56 (d, J =
5.0 Hz, 1H, Ar—H), 8.05-8.03 (m, 1H, Ar—H), 7.88-7.84 (m, 2H, Ar-H), 7.51 (d, J = 8.2 Hz,
1H, Ar—H), 7.40 (s, 2H, Ar-H) 7.29-7.21 (m, 3H, Ar-H), 7.08 (d, J = 7.7 Hz, 2H, Ar—H), 2.26
(s, 6H, CHz3). ®*C{*H}-NMR (100 MHz, CDCl3): 6 = 195.4 (CO), 151.2 (Cy), 149.6 (CH), 141.4
(Cq), 139.0 (2C, CH), 136.3 (Cq), 134.3 (2C, Cy), 128.6 (CH), 127.7 (2C, CH), 127.4 (Cy),
124.8 (CH), 124.0 (CH), 122.2 (CH), 120.1 (Cqg), 116.2 (2C, CH), 112.8 (CH), 19.6 (2C, CHs3).
HRMS (ESI): m/z Calcd for C22H1sN20 + H* [M + H]* 327.1492; Found 327.1487.

(2-(Pyridin-2-yl)-1H-indol-3-yl)(m-tolyl)methanone  (24b): The representative
procedure B was followed using (1H-indol-3-yl)(m-tolyl)methanone (24a; 0.26 g, 1.11 mmol),
2-bromopyridine (0.27 g, 1.71 mmol) and KOH (0.16 g, 2.85 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 24b (0.22 g, 63%) as a
light-brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.61-8.60 (m, 1H, Ar-H), 8.51-8.49 (m,
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1H, Ar-H), 8.17 (s, 1H, Ar-H), 8.07-8.03 (m, 1H, Ar—H), 7.91-7.86 (m, 1H, Ar-H), 7.71-7.68
(m, 2H, Ar-H), 7.57 (d, J = 8.3 Hz, 1H, Ar—H), 7.41-7.38 (m, 4H, Ar-H), 7.31-7.28 (m, 1H,
Ar-H), 2.45 (s, 3H, CHz). BC{*H}-NMR (100 MHz, CDCls): 5 = 191.8 (CO), 151.4 (Cy), 149.6
(CH), 140.6 (Cq), 139.0 (CH), 138.4 (Cq), 135.9 (Cy), 135.1 (CH), 132.4 (CH), 129.5 (CH),
128.5 (Cg), 128.3 (CH), 126.2 (CH), 124.8 (CH), 123.8 (CH), 123.0 (CH), 122.0 (CH), 118.4
(Cq), 116.1 (CH), 112.5 (CH), 21.6 (CHs). HRMS (ESI): m/z Calcd for CaiH1sN20 + H* [M +
H]* 313.1335; Found 313.1334.

(3-Fluorophenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (25b): The
representative procedure B was followed using (3-fluorophenyl)(1H-indol-3-yl)methanone
(25a; 1.0 g, 4.18 mmol), 2-bromopyridine (0.99 g, 6.27 mmol) and KOH (0.58 g, 10.34 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 25b
(0.90 g, 68%) as a brown solid. *H-NMR (400 MHz, CDCls): § = 8.62-8.60 (m, 1H, Ar—H),
8.52-8.47 (m, 1H, Ar—H), 8.18 (s, 1H, Ar—H), 8.04-8.01 (m, 1H, Ar-H), 7.93-7.89 (m, 1H, Ar—
H), 7.70-7.67 (m, 1H, Ar-H), 7.61-7.57(m, 2H, Ar-H), 7.51-7.46 (m, 1H, Ar—H), 7.44-7.40
(m, 2H, Ar-H), 7.34-7.24 (m, 2H, Ar-H). BC{*H}-NMR (100 MHz, CDCl3): 6 = 189.9 (d, *Jc-
F=2.1Hz, CO), 162.8 (d, Ncr = 247.7 Hz, Cy), 151.2 (Cg), 149.7 (CH), 142.6 (d, *Jcr = 6.5
Hz, Cq), 139.0 (CH), 136.0 (Cg), 135.3 (CH), 130.2 (d, 3Jc-r = 7.2 Hz, CH), 128.4 (Cqg), 125.0
(CH), 124.7 (d, *Jcr = 2.9 Hz, CH), 124.0 (CH), 123.0 (CH), 122.2 (CH), 118.6 (d, ZJcr =
21.8 Hz, CH), 118.0 (Cg), 116.2 (CH), 115.8 (d, 2Jcr = 22.5 Hz, CH), 112.5 (CH). 1*F-NMR
(376 MHz, CDCl3): 6 = —112.0 (s). HRMS (ESI): m/z Calcd for C20H13N2FO + H* [M + H]*
317.1085; Found 317.1081.
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(3-Chlorophenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (26Db): The
representative procedure B was followed using (3-chlorophenyl)(1H-indol-3-yl)methanone
(264a; 0.60 g, 2.35 mmol), 2-bromopyridine (0.55 g, 3.48 mmol) and KOH (0.33 g, 5.88 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 26b
(0.51 g, 65%) as a light brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.63-8.61 (m, 1H, Ar—
H), 8.51-8.49 (m, 1H, Ar-H), 8.19 (s, 1H, Ar-H), 8.04-8.02 (m, 1H, Ar—H), 7.94-7.90 (m, 1H,
Ar-H), 7.69 (d, J = 7.6 Hz, 1H, Ar-H), 7.62-7.57 (m, 2H, Ar-H), 7.52-7.46 (m, 1H, Ar-H),
7.44-7.40 (m, 2H, Ar-H), 7.34-7.30 (m, 2H, Ar-H). 3C{*H}-NMR (100 MHz, CDCls): 6 =
189.9 (CO), 160.2 (Cy), 149.7 (CH), 142.7 (Cq), 138.0 (CH), 136.0 (Cq), 135.3 (CH), 130.2
(CH), 125.0 (2C, CH), 124.7 (2C, Cq), 124.0 (2C, CH), 123.1 (2C, CH), 122.2 (CH), 116.2
(CH), 116.0 (Cq), 112.5 (CH). HRMS (ESI): m/z Calcd for C20H13CIN20 + H* [M + H]*
333.0789; Found 333.0786.

(1-(Pyridin-2-yl)-1H-indol-3-yl)(p-tolyl)methanone ~ (27b): The representative
procedure B was followed using (1H-indol-3-yl)(p-tolyl)methanone (27a; 0.70 g, 2.98 mmaol),
2-bromopyridine (0.70 g, 4.43 mmol) and KOH (0.41 g, 7.31 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 27b (0.65 g, 70%) as a
light-brown solid. *H-NMR (400 MHz, CDCls): § = 8.56-8.55 (m, 1H, Ar-H), 8.47-8.42 (m,
1H, Ar—H), 8.14 (s, 1H, Ar-H), 8.03-7.99 (m, 1H, Ar—H), 7.86-7.81 (m, 1H, Ar-H), 7.78 (d, J
=17.9 Hz, 2H, Ar-H), 7.53 (d, J= 8.1 Hz, 1H, Ar-H), 7.38-7.33 (m, 2H, Ar-H), 7.28-7.22 (m,
3H, Ar-H), 2.41 (s, 3H, CHs). ®C{*H}-NMR (100 MHz, CDCls): ¢ = 191.3 (CO), 151.4 (Cg),
149.6 (CH), 142.2 (Cy), 138.9 (CH), 137.8 (Cy), 135.9 (Cq), 134.9 (CH), 129.2 (4C, CH), 128.6
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(Cq), 124.8 (CH), 123.7 (CH), 123.0 (CH), 121.9 (CH), 118.5 (Cq), 116.0 (CH), 112.5 (CH),
21.7 (CHs). HRMS (ESI): m/z Calcd for C21H16N20 + H* [M + H]" 313.1335; Found 313.1335.

(4-Methoxyphenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (28Db): The
representative procedure B was followed using (1H-indol-3-yl)(4-methoxyphenyl)methanone
(28a; 0.20 g, 0.796 mmol), 2-bromopyridine (0.19 g, 1.20 mmol) and KOH (0.11 g, 1.96
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1)
yielded 28b (0.15 g, 57%) as a light-yellow solid. *H-NMR (400 MHz, CDCls): 6 = 8.58-8.57
(m, 1H, Ar-H), 8.46-8.42 (m, 1H, Ar-H), 8.18 (s, 1H, Ar-H), 8.06-8.02 (m, 1H, Ar-H), 7.92
(d, J=8.3 Hz, 2H, Ar-H), 7.88-7.83 (m, 1H, Ar-H), 7.55 (d, J = 8.3 Hz, 1H, Ar-H), 7.40-7.36
(m, 2H, Ar-H), 7.28-7.25 (m, 1H, Ar—H), 6.99 (d, J = 8.3 Hz, 2H, Ar-H), 3.87 (s, 3H, OCHj).
13C{*H}-NMR (100 MHz, CDCls): 6 = 190.3 (CO), 162.6 (Cq), 151.3 (Cq), 149.5 (CH), 138.9
(CH), 135.8 (Cq), 134.3 (CH), 133.0 (Cq), 131.2 (2C, CH), 128.7 (Cq), 124.6 (CH), 123.5 (CH),
122.9 (CH), 121.9 (CH), 118.4 (Cg), 115.9 (CH), 113.8 (2C, CH), 112.5 (CH), 55.5 (OCHs).
HRMS (ESI): m/z Calcd for C21H16N202 + H* [M + H]* 329.1290; Found 329.1288.

Naphthalen-2-yl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (29b): The representative
procedure B was followed using (1H-indol-3-yl)(naphthalen-2-yl)methanone (29a; 0.88 g, 3.24
mmol), 2-bromopyridine (0.77 g, 4.87 mmol) and KOH (0.45 g, 8.02 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 29b (0.70 g, 62%)
as a brown solid. *H-NMR (500 MHz, CDClz): § = 8.60 (m, 1H, Ar-H), 8.53-8.51 (m, 1H, Ar—
H), 8.41 (s, IH, Ar-H), 8.24 (s, 1H, Ar-H), 8.10-8.07 (m, 1H, Ar-H), 8.02-7.97 (m, 3H, Ar—
H), 7.94-7.87 (m, 2H, Ar—H), 7.62-7.55 (m, 3H, Ar—H), 7.45-67.41 (m, 2H, Ar-H), 7.32-7.28
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(m, 1H, Ar-H). 3C{*H}-NMR (125 MHz, CDCls): 5 = 191.6 (CO), 151.4 (Cq), 149.6 (CH),
139.0 (CH), 137.9 (Cqg), 136.0 (Cq), 135.2 (CH), 135.0 (Cq), 132.7 (Cq), 129.8 (CH), 129.4
(CH), 128.6 (Cq), 128.5 (CH), 128.0 (CH), 127.9 (CH), 126.8 (CH), 125.7 (CH), 124.9 (CH),
123.9 (CH), 123.1 (CH), 122.1 (CH), 118.6 (Cg), 116.1 (CH), 112.6 (CH). HRMS (ESI): m/z
Calcd for C24H16N20 + H™ [M + H]" 349.1335; Found 349.1337.

o} CH3
CHs

Ly O
o

2-Methyl-2-phenyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one ~ (30b):  The
representative procedure B was followed using 1-(1H-indol-3-yl)-2-methyl-2-phenylpropan-1-
one (30a; 0.25 g, 0.95 mmol), 2-bromopyridine (0.22 g, 1.39 mmol) and KOH (0.13 g, 2.32
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1)
yielded 30b (0.20 g, 62%) as a colourless sticky liquid. *H-NMR (500 MHz, CDCls): 6 = 8.61
(d, J=8.0 Hz, 1H, Ar-H), 8.51 (s, 1H, Ar-H), 8.06 (d, J = 8.0 Hz, 1H, Ar-H), 7.75-7-72 (m,
1H, Ar-H), 7.46 (d, J = 7.6 Hz, 2H, Ar—H), 7.40-7.28 (m, 6H, Ar—H), 7.18 (t, J = 5.7 Hz, 1H,
Ar-H), 7.01 (d, J = 8.0 Hz, 1H, Ar-H), 1.74 (s, 6H, CHz). BC{*H}-NMR (125 MHz, CDCl3):
0=200.2 (CO), 151.4 (Cq), 149.1 (CH), 146.9 (Cq), 138.7 (CH), 134.9 (Cq), 133.4 (CH), 129.2
(Cq), 128.8 (2C, CH), 126.8 (CH), 126.5 (2C, CH), 124.3 (CH), 123.5 (CH), 123.1 (CH), 121.5
(CH), 115.7 (Cq), 115.4 (CH), 112.7 (CH), 52.2 (Cy), 28.2 (2C, CH3). HRMS (ESI): m/z Calcd
for C2sH20N20 + H* [M + H]" 341.1654; Found 341.1656.

H3C,

0
CHj;

s O

2-Methyl-2-phenyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)butan-1-one (32b): The
representative procedure B was followed using 1-(1H-indol-3-yl)-2-methyl-2-phenylbutan-1-
one (32a; 0.30 g, 1.08 mmol), 2-bromopyridine (0.25 g, 1.58 mmol) and KOH (0.15 g, 2.67
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mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1)
yielded 32b (0.25 g, 65%) as a colourless liquid. *H-NMR (400 MHz, CDCls): § = 8.60-8.58
(m, 1H, Ar—H), 8.51-8.50 (m, 1H, Ar-H), 8.05 (d, J = 7.6 Hz, 1H, Ar-H), 7.76-7.72 (m, 1H,
Ar-H), 7.44-7.28 (m, 7H, Ar-H), 7.20-7.16 (m, 2H, Ar-H), 7.01 (d, J = 8.3 Hz, 1H, Ar-H),
2.37-2.28 (m, 1H, CHy), 2.22-2.13 (m, 1H, CH2), 1.66 (s, 3H, CHzs), 0.84 (t, J = 7.6 Hz, 3H,
CHs). BC{*H}-NMR (100 MHz, CDCls): § = 200.2 (CO), 151.5 (Cq), 149.2 (CH), 146.1 (Cy),
138.7 (CH), 134.9 (Cqg), 133.0 (CH), 129.2 (Cqy), 128.7 (2C, CH), 127.1 (2C, CH), 126.8 (CH),
124.3 (CH), 123.5 (CH), 123.0 (CH), 121.5 (CH), 116.2 (Cq), 115.4 (CH), 112.7 (CH), 52.8
(Cy), 32.3 (CH2), 24.5 (CHs3), 8.80 (CH3). HRMS (ESI): m/z Calcd for C24H22N20+ H* [M +
H]" 355.1810; Found 355.1813.

0
CHs
Ay O
N
N
7 \
N
2,2-Diphenyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (34b): The

representative procedure B was followed using 1-(1H-indol-3-yl)-2,2-diphenylpropan-1-one
(34a; 0.50 g, 1.54 mmol), 2-bromopyridine (0.36 g, 2.28 mmol) and KOH (0.21 g, 3.74 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 34b
(0.40 g, 65%) as a brown solid. *H-NMR (500 MHz, CDCls): § = 8.64-8.62 (m, 1H, Ar-H),
8.53-8.52 (m, 1H, Ar-H), 8.11-8.09 (m, 1H, Ar—H), 7.77-7.73 (m, 1H, Ar—H), 7.42-7.28 (m,
12H, Ar-H), 7.22-7.19 (m, 1H, Ar-H), 7.13 (s, 1H, Ar—H), 6.98 (d, J = 8.3 Hz, 1H, Ar-H),
2.20 (s, 3H, CHs). BC{*H}-NMR (125 MHz, CDCl3): § = 198.5 (CO), 151.6 (Cg), 149.2 (CH),
145.1 (2C, Cy), 138.7 (CH), 134.9 (Cq), 133.9 (CH), 129.3 (Cq), 129.0 (4C, CH), 128.4 (4C,
CH), 126.9 (2C, CH), 124.5 (CH), 123.8 (CH), 123.3 (CH), 121.6 (CH), 117.3 (Cq), 115.5
(CH), 112.9 (CH), 61.4 (Cg), 29.4 (CHs3).
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CH,

CH;

o

2,2-Dimethyl-1-(6-nitro-1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one: The
representative procedure B was followed using 2,2-dimethyl-1-(6-nitro-1H-indol-3-yl)propan-
1-one (0.22 g, 0.89 mmol), 2-bromopyridine (0.21 g, 1.33 mmol) and KOH (0.12 g, 2.22
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 3/1)
yielded 2,2-dimethyl-1-(6-nitro-1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (0.15 g, 52%) as
a yellow solid. *H-NMR (400 MHz, CDCls): § = 8.93-8.92 (m, 1H, Ar-H), 8.69-8.67 (m, 1H,
Ar-H), 8.65 (s, 1H, Ar-H), 8.62 (s, 1H, Ar-H), 8.19 (dd, J = 8.8, 2.1 Hz, 1H, Ar—H), 8.00 (td,
J=179,1.8 Hz, IH, Ar-H), 7.61 (d, J = 8.2 Hz, 1H, Ar-H), 7.42-7.39 (m, 1H, Ar-H), 1.47 (s,
9H, CHa). *C{*H}-NMR (100 MHz, CDCls): 6 = 202.2 (CO), 150.5 (Cq), 150.0 (CH), 145.0
(Cq), 139.5 (CH), 135.3 (CH), 134.4 (Cy), 133.8 (Cg), 123.9 (CH), 122.9 (CH), 118.6 (CH),
116.1 (CH), 115.6 (Cq), 109.1 (CH), 44.7 (Cq), 28.7 (3C, CH?3).

0]

1-(1-(Pyridin-2-yl)-1H-indol-3-yl)propan-1-one: The representative procedure B was
followed using 1-(1H-indol-3-yl)propan-1-one (0.30 g, 1.73 mmol), 2-bromopyridine (0.40 g,
2.59 mmol) and KOH (0.24 g, 4.32 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 5/1) yielded 1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one
(0.31 g, 72%) as a light yellow solid. *H-NMR (400 MHz, CDCls): 6 = 8.54- 8.53 (m, 1H, Ar—
H), 8.48-8.45 (m, 1H, Ar-H), 8.33 (s, 1H, Ar—H), 7.94-7.92 (m, 1H, Ar—H), 7.82-7.78 (m, 1H,
Ar-H), 7.52-7.49 (m, 1H, Ar-H), 7.32-7.27 (m, 2H, Ar—H), 7.24-7.20 (m, 1H, Ar-H), 2.93 (q,
J=7.6 Hz, 2H, CH2), 1.24 (t, J = 7.6 Hz, 3H, CHs). 3C{*H}-NMR (100 MHz, CDCls): 6 =
197.1 (CO), 151.0 (Cg), 149.3 (CH), 138.8 (CH), 135.6 (Cq), 132.5 (CH), 127.6 (Cq), 124.3
(CH), 123.4 (CH), 122.8 (CH), 121.8 (CH), 118.7 (Cq), 115.8 (CH), 112.3 (CH), 32.9 (CH>),
8.8 (CHs).
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2-Methyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one: The representative
procedure B was followed using 1-(1H-indol-3-yl)-2-methylpropan-1-one (0.25 g, 1.33 mmol),
2-bromopyridine (0.31 g, 1.99 mmol) and KOH (0.19 g, 3.32 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 2-methyl-1-(1-(pyridin-2-
yD)-1H-indol-3-yl)propan-1-one (0.23 g, 65%) as a white solid. *H-NMR (400 MHz, CDCls):
5 =8.62-8.61 (m, 1H, Ar-H), 8.54-8.51 (m, 1H, Ar-H), 8.43 (s, 1H, Ar-H), 7.98-7.96 (m, 1H,
Ar-H), 7.91-7.86 (m, 1H, Ar-H), 7.61 (d, J = 7.6 Hz, 1H, Ar—H), 7.38-7.33 (m, 2H, Ar-H),
7.31-7.28 (m, 1H, Ar-H), 3.45 (sept, J = 6.8 Hz, 1H, CH), 1.29 (d, J = 6.8 Hz, 6H, CHs3).
BC{'H}-NMR (100 MHz, CDCls): 6 = 201.0 (CO), 151.2 (Cq), 149.6 (CH), 138.9 (CH), 135.9
(Cqg), 132.6 (CH), 128.1 (Cq), 124.5 (CH), 123.6 (CH), 123.2 (CH), 121.9 (CH), 117.9 (Cy),
116.0 (CH), 112.2 (CH), 37.4 (CH), 19.9 (2C, CHz).

0]
CH3
\H3C CH3
N
N
4 \

3,3-Dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)butan-1-one:  The  representative
procedure B was followed using 1-(1H-indol-3-yl)-3,3-dimethylbutan-1-one (0.40 g, 1.86
mmol), 2-bromopyridine (0.44 g, 2.79 mmol) and KOH (0.26 g, 4.65 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 3,3-dimethyl-1-(1-
(pyridin-2-yl)-1H-indol-3-yl)butan-1-one (0.38 g, 70%) as a white solid. *H-NMR (400 MHz,
CDCls): 6 =8.63-8.62 (m, 1H, Ar-H), 8.57-8.54 (m, 1H, Ar—H), 8.35 (s, 1H, Ar-H), 7.98-7.94
(m, 1H, Ar-H), 7.92-7.88 (m, 1H, Ar-H), 7.61 (d, J = 8.1 Hz, 1H, Ar-H), 7.38-7.33 (m, 2H,
Ar-H), 7.32-7.29 (m, 1H, Ar-H), 2.80 (s, 2H, CH2), 1.13 (s, 9H, CH3). BC{*H}-NMR (100
MHz, CDCls): 6 = 196.5 (CO), 151.3 (Cq), 149.6 (CH), 139.0 (CH), 135.8 (Cg), 133.2 (CH),
127.9 (Cq), 124.5 (CH), 123.6 (CH), 123.4 (CH), 121.9 (CH), 120.9 (Cq), 116.1 (CH), 112.2
(CH), 52.4 (CH2), 31.7 (Cq), 30.5 (3C, CHs).
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3-Neopentyl-1-(pyridin-2-yl)-1H-indole: The representative procedure B was followed
using 3-neopentyl-1H-indole (0.24 g, 1.28 mmol), 2-bromopyridine (0.30 g, 1.92 mmol) and
KOH (0.18 g, 3.20 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAC: 10/1) yielded 3-neopentyl-1-(pyridin-2-yl)-1H-indole (0.19 g, 56%) as a light
brown solid. *H-NMR (400 MHz, CDCls): § = 8.56-8.55 (m, 1H, Ar-H), 8.20 (d, J = 8.2 Hz,
1H, Ar-H), 7.83-7.78 (m, 1H, Ar—H), 7.61 (d, J = 7.7 Hz, 1H, Ar-H), 7.50-7.48 (m, 2H, Ar—
H), 7.29-7.27 (m, 1H, Ar-H), 7.22-7.18 (m, 1H, Ar-H), 7.17-7.12 (m, 1H, Ar-H), 2.68 (s, 2H,
CH?2), 1.01 (s, 9H, CH3). BC{*H}-NMR (100 MHz, CDCls): § = 152.8 (Cq), 149.1 (CH), 138.4
(CH), 135.2 (Cy), 131.9 (Cy), 124.9 (CH), 123.0 (CH), 120.9 (CH), 120.1 (CH), 119.7 (CH),
117.2 (Cy), 114.5 (CH), 113.0 (CH), 39.0 (CHz2), 32.3 (Cq), 29.9 (3C, CHa).

CH3

S

Crd
N

N
4 \

1-(Pyridin-2-yl)-3-(p-tolylthio)-1H-indole: The representative procedure B was
followed using 3-(p-tolylthio)-1H-indole (0.15 g, 0.62 mmol), 2-bromopyridine (0.15 g, 0.93
mmol) and KOH (0.09 g, 1.55 mmol). Purification by column chromatography on silica gel
(petroleum ether/EtOAC: 3/1) yielded 1-(pyridin-2-yl)-3-(p-tolylthio)-1H-indole (0.13 g, 66%)
as a white solid. *H-NMR (400 MHz, CDCls): § = 8.61-8.59 (m, 1H, Ar-H), 8.23 (d, J = 8.3
Hz, 1H, Ar-H), 7.99 (s, 1H, Ar-H), 7.88-7.84 (m, 1H, Ar-H), 7.62 (d, J = 7.8 Hz, 1H, Ar-H),
7.53 (d, J=8.2 Hz, 1H, Ar-H), 7.37-7.32 (m, 1H, Ar-H), 7.24-7.20 (m, 2H, Ar-H), 7.12 (d, J
= 8.1 Hz, 2H, Ar-H), 7.00 (d, J = 8.0 Hz, 2H, Ar-H), 2.26 (s, 3H, CH3). BC{*H}-NMR (100
MHz, CDCls): 6 = 152.0 (Cq), 149.3 (CH), 138.8 (CH), 136.0 (Cg), 135.2 (Cq), 134.6 (Cy),
131.7 (CH), 131.2 (Cq), 129.7 (2C, CH), 127.1 (2C, CH), 124.2 (CH), 122.2 (CH), 120.9 (CH),
120.2 (CH), 114.9 (CH), 113.5 (CH), 107.4 (Cg), 21.1 (CHs3).
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Furan-2-yl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone: The representative procedure
B was followed using furan-2-yl(1H-indol-3-yl)methanone (0.20 g, 0.94 mmol), 2-
bromopyridine (0.22 g, 1.41 mmol) and KOH (0.13 g, 2.35 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded furan-2-yl(1-(pyridin-2-
yD)-1H-indol-3-yl)methanone (0.16 g, 59%) as a brown solid. *H-NMR (500 MHz, CDCls): ¢
=8.75 (s, 1H, Ar—H), 8.59-8.57 (m, 1H, Ar-H), 8.52-8.50 (m, 1H, Ar—H), 7.97-7.95 (m, 1H,
Ar-H), 7.76-7.72 (m, 1H, Ar-H), 7.57 (s, 1H, Ar-H), 7.47 (d, J = 7.6 Hz, 1H, Ar-H), 7.35-
7.28 (m, 3H, Ar-H), 7.19-7.15 (m, 1H, Ar-H), 6.51-6.50 (m, 1H, Ar-H). BC{*H}-NMR (125
MHz, CDCls): 6 = 176.5 (CO), 154.0 (Cg), 150.9 (Cg), 149.2 (CH), 145.3 (CH), 138.7 (CH),
135.2 (Cq), 134.2 (CH), 128.5 (Cg), 124.5 (CH), 123.5 (CH), 122.8 (CH), 121.8 (CH), 116.9
(CH), 116.5 (Cq), 115.9 (CH), 112.4 (CH), 112.1 (CH).

2.4.3 Synthesis of Deuterated Compounds
Synthesis of 1-(1H-indol-3-yl-2-d)-2,2-dimethylpropan-1-one (2a-[2-D])

CHj
CH;
CHj
N—p
N

\

H
Procedure: To a solution of 1H-indole-2-d (1.17 g, 9.90 mmol) in HFIP (5 mL),

pivaloyl chloride (0.40 g, 3.32 mmol) was added and the reaction mixture was stirred at room

0

temperature for 5 h. The volatiles were evaporated in vacuo and purified by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) to yield 1-(1H-indol-3-yl-2-d)-2,2-
dimethylpropan-1-one (2a-[2-D]; 0.51 g, 76%) as a white solid. *H-NMR (400 MHz, CDCl3):
0 =9.02 (s, 1H, NH), 8.49-8.46 (m, 1H, Ar—H), 7.36-7.33 (m, 1H, Ar—H), 7.25-7.21 (m, 2H,
Ar-H), 1.38 (s, 9H, CHs). BC{*H}-NMR (100 MHz, CDCls): § = 203.3 (CO), 135.5 (Cq),
127.5 (Cy), 123.7 (CH), 123.1 (CH), 122.7 (CH), 114.1 (Cg), 111.4 (CH), 44.3 (Cq), 29.1 (3C,
CHs). HRMS (ESI): m/z Calcd for C13H14aDNO + H* [M + H]* 203.1289; Found 203.1286.
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Synthesis of 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl-2-d)propan-1-one-2-D (2b-[2-
D)

Q Cl—(|33H3
CHs
N—p
N

Cr

A mixture of 1-(1H-indol-3-yl-2-d)-2,2-dimethylpropan-1-one (2a-[2-D]; 0.50 g, 2.47
mmol), 2-bromopyridine (0.58 g, 3.67 mmol), Cul (0.047 g, 0.247 mmol, 10.0 mol %), N,N’-
dimethyl-ethylenediamine (0.043 g, 0.49 mmol, 20.0 mol %) and KsPOs (1.41 g, 6.64 mmol)
in toluene (15 mL) was stirred vigorously at 120 °C under an argon atmosphere for 30 h. At
ambient temperature, the reaction mixture was quenched with distilled H20 (10.0 mL) and the
crude product was extracted with EtOAc (15 mL x 3). The combined organic extract was dried
over Na2S0O4 and the volatiles were evaporated in vacuo. The remaining residue was purified
by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) to yield 2,2-dimethyl-
1-(1-(pyridin-2-yl)-1H-indol-3-yl-2-d)propan-1-one (2b-[2-D]; 0.45 g, 65%; > 99% D
incorporation) as a light yellow solid. *H-NMR (500 MHz, CDCls): 6 = 8.64-8.62 (m, 1H, Ar—
H), 8.59-8.56 (m, 1H, Ar—H), 7.95-7.89 (m, 2H, Ar-H), 7.62 (d, J = 8.3 Hz, 1H, Ar-H), 7.37-
7.29 (m, 3H, Ar-H), 1.48 (s, 9H, CHzs). *C{*H}-NMR (125 MHz, CDCls): § = 202.9 (CO),
151.3 (Cq), 149.7 (CH), 138.9 (CH), 134.8 (Cq), 129.7 (Cy), 124.4 (CH), 123.7 (CH), 123.6
(CH), 121.9 (CH), 116.2 (CH), 115.3 (Cg), 111.8 (CH), 44.6 (Cy), 29.0 (3C, CH3). HRMS
(ESI): m/z Calcd for C1sH17DN20 + H* [M + H]* 280.1560; Found 280.1567.

Synthesis of 2-Ethyl-1-(1H-indol-3-yl)-2-(methyl-ds)hexan-1-one (14a-[Ds]):
H,C

0 'C3Hy

{ CD;

N

H

The representative procedure A was followed, using 1H-indole (0.78 g, 6.66 mmol) and
2-ethyl-2-(methyl-ds)hexanoyl chloride (0.40 g, 2.23 mmol). Purification by column

chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 14a-[Ds] (0.33 g, 57%) as
a white solid. tH-NMR (400 MHz, CDCls): 6 = 9.83 (s, 1H, NH), 8.55-8.52 (m, 1H, Ar—H),

Ph.D. Thesis: Shidheshwar B. Ankade 100



Chapter-2

7.92-7.91 (m, 1H, Ar-H), 7.42-7.39 (m, 1H, Ar-H), 7.28-7.22 (m, 2H, Ar-H), 2.02-1.88 (m,
2H, CH2), 1.72-1.59 (m, 2H, CH2), 1.31-1.07 (m, 4H, CH2), 0.83-0.75 (m, 6H, CH3). 3C{*H}-
NMR (100 MHz, CDCls): ¢ = 203.8 (CO), 135.7 (Cq), 130.4 (CH), 127.4 (Cg), 123.5 (CH),
122.8 (CH), 122.5 (CH), 115.2 (Cq), 111.7 (CH), 51.8 (Cq), 41.1 (CHz), 34.0 (CH2), 26.7 (CH2),
23.5 (CH2), 14.0 (CHs), 9.0 (CHs). HRMS (ESI): m/z Calcd for C17H20DsNO + H* [M + H]*
261.2046; Found 261.2059.

H3C
0 'C3Hy
CDs
\
N
&
=

2-Ethyl-2-(methyl-ds)-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one ((14b-[D3])). The
representative procedure B was followed using 2-ethyl-1-(1H-indol-3-yl)-2-(methyl-ds)hexan-
1-one (14a-[Ds]; 0.3 g, 1.15 mmol), 2-bromopyridine (0.27 g, 1.71 mmol) and KOH (0.16 g,
2.85 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc:
5/1) yielded 14b-[D3] (0.28 g, 72%) as a white solid. H-NMR (400 MHz, CDCls): 6 = 8.65-
8.63 (m, 1H, Ar—H), 8.59-8.55 (m, 1H, Ar—H), 8.48 (s, |H, Ar—H), 7.97-7.89 (m, 2H, Ar—H),
7.61 (d, J=8.3 Hz, 1H, Ar-H), 7.36-7.34 (m, 2H, Ar-H), 7.32-7.29 (m, 1H, Ar—H), 2.13-1.98
(m, 2H, CH2), 1.80-1.65 (m, 2H, CH2), 1.35-1.13 (m, 4H, CH2), 0.88-0.81 (m, 6H, CHs).
BC{'H}-NMR (100 MHz, CDCls): 6 = 202.8 (CO), 151.4 (Cq), 149.7 (CH), 138.9 (CH), 134.8
(Cq), 130.8 (Cq), 129.7 (CH), 124.4 (CH), 123.8 (CH), 123.5 (CH), 121.8 (CH), 116.7 (Cy),
116.2 (CH), 111.8 (CH), 52.1 (Cq), 40.8 (CH2), 33.8 (CHz), 26.8 (CH2), 23.6 (CH2), 14.1 (CHs3),
9.1 (CHs). HRMS (ESI): m/z Calcd for C22H23DsN20 + H* [M + H]" 338.2312; Found
338.2324.

2.4.4 Procedure for Oxidative Cyclization and Characterization Data

Representative Procedure C. Synthesis of 2,2-dimethyl-4-(pyridin-2-yl)-3,4-
dihydrocyclopenta[b]indol-1(2H)-one (2): To a flame-dried screw-cap tube equipped with
magnetic stir bar were introduced 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-
one (2b; 0.056 g, 0.20 mmol), (bpy)Ni(OAc)2 (1; 0.0034 g, 0.01 mmol, 5.0 mol %), Ag2COs
(0.056 g, 0.20 mmol, 1.0 equiv) and LiO'Bu (0.048 g, 0.60 mmol, 3 equiv) inside the glove

box. To the above mixture in the tube was added chlorobenzene (1.0 mL). The resultant
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reaction mixture in the tube was immersed in a preheated oil bath at 150 °C and stirred for 24
h. At ambient temperature, the reaction mixture was quenched with distilled H20 (10.0 mL)
and the crude product was extracted with EtOAc (15 mL x 3). The combined organic extract
was dried over Na2SO4 and the volatiles were evaporated in vacuo. The remaining residue was
purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/1) to yield 2
(0.049 g, 89%) as a brown solid.

CH;
CH3

N
\

rCre

Characterization Data of 2. *H-NMR (500 MHz, CDCls3): 6 = 8.65-8.63 (m, 1H, Ar—
H), 8.00-7.98 (m, 1H, Ar-H), 7.93 (td, J = 7.6, 1.5 Hz, 1H, Ar-H), 7.79-7.77 (m, 1H, Ar-H),
7.57 (d, J=8.3 Hz, 1H, Ar-H), 7.36-7.30 (m, 3H, Ar-H), 3.18 (s, 2H, CHz), 1.34 (s, 6H, CH3).
3C{*H}-NMR (125 MHz, CDCls): § = 201.7 (CO), 164.4 (Cq), 150.6 (Cg), 149.8 (CH), 141.8
(Cq), 138.9 (CH), 124.3 (CH), 123.4 (CH), 122.7 (Cq), 122.3 (CH), 121.4 (CH), 120.1 (Cy),
117.5 (CH), 112.4 (CH), 51.4 (Cq), 39.7 (CH2), 25.8 (2C, CHs). HRMS (ESI): m/z Calcd for
CisH16N20 + H* [M + H]* 277.1335; Found 277.1344.

Q  CH,

CHs

A\
N
N

N

L

2,2-Dimethyl-4-(pyrimidin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (3): The
representative procedure C was followed, using 2,2-dimethyl-1-(1-(pyrimidin-2-yl)-1H-indol-
3-yl)propan-1-one (3b; 0.056 g, 0.20 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 3 (0.036 g, 65%) as a brown solid. *H-NMR (400
MHz, CDCls): 6 = 8.77-8.76 (m, 3H, Ar-H), 7.97-7.95 (m, 1H, Ar—H), 7.39-7.32 (m, 2H, Ar—
H), 7.19-7.17 (m, 1H, Ar-H), 3.48 (s, 2H, CHz), 1.35 (s, 6H, CHs). *C{*H}-NMR (100 MHz,
CDCls): 6 =202.6 (CO), 165.3 (Cq), 158.4 (2C, CH), 158.0 (Cy), 141.7 (Cq), 124.8 (CH), 124.0
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(CH), 123.3 (Cq), 122.0 (Cq), 120.8 (CH), 117.7 (CH), 117.0 (CH), 50.9 (Cq), 43.3 (CH2), 25.7
(2C, CHs). HRMS (ESI): m/z Calcd for C17H15N3O + H* [M + H]* 278.1288; Found 278.1285.

Q  CH,
{_Jens
N
N
.
N\

2,2-Dimethyl-4-(pyrazin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (4): The
representative procedure C was followed, using 2,2-dimethyl-1-(1-(pyrazin-2-yl)-1H-indol-3-
yl)propan-1-one (4b; 0.056 g, 0.20 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 4 (0.011 g, 20%) as a brown solid. *H-NMR (400
MHz, CDCls): 6 =9.00 (s, 1H, Ar—H), 8.62 (s, 2H, Ar-H), 8.02-8.00 (m, 1H, Ar-H), 7.87-7.85
(m, 1H, Ar-H), 7.37-7.35 (m, 2H, Ar-H), 3.22 (s, 2H, CH>), 1.36 (s, 6H, CH3). *C{*H}-NMR
(100 MHz, CDCls): ¢ = 201.6 (CO), 163.9 (Cy), 147.7 (Cq), 143.6 (CH), 1425 (CH), 1415
(Cq), 138.9 (CH), 124.9 (CH), 124.1 (CH), 123.0 (Cg), 121.7 (CH), 121.6 (Cq), 112.5 (CH),
51.6 (Cg), 40.0 (CH2), 25.8 (2C, CH3). HRMS (ESI): m/z Calcd for C17H15N3O + H" [M + H]*
278.1288; Found 278.1285.

0]

CH,
H3C CH
\ 3
N
a N

\

2,2,7-Trimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (7): The
representative procedure C was followed, using 2,2-dimethyl-1-(5-methyl-1-(pyridin-2-yl)-
1H-indol-3-yl)propan-1-one (7b; 0.059 g, 0.201  mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 7 (0.050 g, 86%) as a light-
yellow solid. *H-NMR (400 MHz, CDCls): 6 = 8.62-8.61 (m, 1H, Ar-H), 7.91 (td, J = 7.6, 1.5
Hz, 1H, Ar-H), 7.79 (s, 1H, Ar—H), 7.66 (d, J = 8.3 Hz, 1H, Ar—H), 7.55 (d, J = 7.6 Hz, 1H,
Ar-H), 7.33-7.30 (m, 1H, Ar-H), 7.12 (d, J = 8.3 Hz, 1H, Ar-H), 3.17 (s, 2H, CH2), 2.46 (s,
3H, CHs), 1.33 (s, 6H, CHa). *C{*H}-NMR (100 MHz, CDCls3): § = 201.7 (CO), 164.4 (Cy),
150.7 (Cq), 149.7 (CH), 140.0 (Cy), 138.8 (CH), 133.1 (Cq), 125.5 (CH), 122.9 (Cy), 122.1
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(CH), 121.3 (CH), 119.8 (Cq), 117.2 (CH), 112.1 (CH), 51.3 (Cy), 39.8 (CH2), 25.8 (2C, CHa),
21.4 (CH3). HRMS (ESI): m/z Calcd for C19H18N20 + H* [M + H]" 291.1492; Found 291.1489.

CHj

HaCO CH;

ooy
—2Z

7-Methoxy-2,2-dimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one

(8): The representative procedure was followed, using 1-(5-methoxy-1-(pyridin-2-yl)-1H-
indol-3-yl)-2,2-dimethylpropan-1-one (8b; 0.062 g, 0.201 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 8 (0.057 g, 93%) as a
yellow solid. 'H-NMR (400 MHz, CDCls): d = 8.63-8.58 (m, 1H, Ar-H), 7.90 (t, J = 7.6 Hz,
1H, Ar—H), 7.70 (d, J = 9.1 Hz, 1H, Ar-H), 7.52 (d, J = 8.3 Hz, 1H, Ar-H), 7.46-7.42 (m, 1H,
Ar-H), 7.32-7.29 (m, 1H, Ar—H), 6.90 (dd, J =9.2, 3.1 Hz, 1H, Ar-H), 3.86 (s, 3H, OCH3),
3.17 (s, 2H, CHy), 1.33 (s, 6H, CH3). *C{*H}-NMR (100 MHz, CDCls): 6 = 201.7 (CO), 164.2
(Cy), 156.6 (Cg), 150.7 (Cq), 149.7 (CH), 138.9 (CH), 136.3 (Cq), 123.6 (Cq), 122.1 (CH), 120.0
(Cg), 117.0 (CH), 113.7 (CH), 113.5 (CH), 103.3 (CH), 55.9 (OCHg), 51.3 (Cg), 39.9 (CH>),
25.8 (2C, CH3). HRMS (ESI): m/z Calcd for C19H18N202 + H* [M + H]" 307.1441; Found
307.1439.

Q  CcH,

F N CH,4
N
7-Fluoro-2,2-dimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one
(9): The representative procedure C was followed, using 1-(5-fluoro-1-(pyridin-2-yl)-1H-
indol-3-yl)-2,2-dimethylpropan-1-one (9b; 0.060 g, 0.202 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 9 (0.041 g, 69%) as a
brown solid. *H-NMR (500 MHz, CDClz): 6 = 8.63 (m, 1H, Ar-H), 7.96-7.92 (m, 1H, Ar-H),
7.75(dd, J=9.1, 4.5 Hz, 1H, Ar-H), 7.63 (dd, J=9.1, 3.0 Hz, 1H, Ar-H), 7.52 (d, J = 8.3 Hz,
1H, Ar—H), 7.37-7.34 (m, 1H, Ar—H), 7.01 (td, J = 9.1, 2.2 Hz, 1H, Ar—H), 3.17 (s, 2H, CH>),

Ph.D. Thesis: Shidheshwar B. Ankade 104



Chapter-2

1.33 (s, 6H, CH3). ®C{*H}-NMR (125 MHz, CDCls): § = 201.3 (CO), 165.1 (Cq), 159.7 (d,
e = 240.5 Hz, Cg), 150.4 (Cq), 149.8 (CH), 139.1 (CH), 138.1 (Cq), 123.4 (d, 3Jc-r = 10.5
Hz, Cq), 122.5 (CH), 119.8 (d, “Jc_r = 3.8 Hz, Cq), 117.1 (CH), 113.7 (d, 3Jc—r = 9.5 Hz, CH),
112.0 (d, 2Jc—r = 25.8 Hz, CH), 107.1 (d, 2Jc—r = 23.9 Hz, CH), 51.4 (Cq), 39.8 (CH2), 25.8 (2C,
CHs). **F-NMR (376 MHz, CDCls): 6 = —119.5 (s). HRMS (ESI): m/z Calcd for C1sH150N2F
+H* [M + H]* 295.1241; Found 295.1238.

CH,

Cl CHg,

ooy
—Z

7-Chloro-2,2-dimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one

(10): The representative procedure C was followed, using 1-(5-chloro-1-(pyridin-2-yl)-1H-
indol-3-yl)-2,2-dimethylpropan-1-one (10b; 0.063 g, 0.201 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 10 (0.038 g, 61%) as a
brown solid. *H-NMR (400 MHz, CDCls): ¢ = 8.59-8.57 (m, 1H, Ar-H), 7.91-7.87 (m, 2H,
Ar-H), 7.68 (d, J = 8.8 Hz, 1H, Ar-H), 7.75 (d, J = 7.7 Hz, 1H, Ar-H), 7.32-7.29 (m, 1H, Ar-
H), 7.20 (dd, J = 8.8, 2.1 Hz, 1H, Ar-H), 3.12 (s, 2H, CH>), 1.28 (s, 6H, CH3). ®C{'H}-NMR
(100 MHz, CDCls): 6 = 201.2 (CO), 164.9 (Cq), 150.3 (Cq), 149.9 (CH), 140.2 (Cy), 139.1
(CH), 129.2 (Cq), 124.5 (CH), 123.7 (Cy), 122.6 (CH), 121.0 (CH), 119.6 (Cq), 117.3 (CH),
113.8 (CH), 51.5 (Cqg), 39.8 (CH2), 25.8 (2C, CHz). HRMS (ESI): m/z Calcd for C1sH1sN2CIO
+H" [M + H]* 311.0946; Found 311.0943.

Q  CH,

Br S CH,4
N

N

&
7-Bromo-2,2-dimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one

(11): The representative procedure C was followed, using 1-(5-bromo-1-(pyridin-2-yl)-1H-

indol-3-yl)-2,2-dimethylpropan-1-one (11b; 0.072 g, 0.202 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 11 (0.040 g, 56%) as a
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light-brown solid. H-NMR (400 MHz, CDCls): 6 = 8.66-8.64 (m, 1H, Ar-H), 8.00-7.92 (m,
2H, Ar-H), 7.80-7.68 (m, 1H, Ar—H), 7.59-7.52 (m, 1H, Ar—H), 7.39-7.30 (m, 1H, Ar-H),
7.28-7.25 (m, 1H, Ar-H), 3.18 (s, 2H, CH>), 1.34 (s, 3H, CHs). BC{*H}-NMR (100 MHz,
CDCl3): 6 = 201.2 (CO), 164.8 (Cq), 150.3 (Cq), 149.9 (CH), 140.6 (Cq), 139.1 (CH), 129.3
(Cq), 127.2 (CH), 124.1 (Cq), 122.6 (CH), 119.5 (Cq), 117.3 (CH), 114.1 (CH), 112.5 (CH),
51.5 (Cq), 39.8 (CHy), 25.8 (2C, CH3). HRMS (ESI): m/z Calcd for C1s8HisON2Br + H" [M +
H]* 355.0441, 357.0426; Found 355.0431, 357.0416.

CHs,

NC CH,

aaten
—Z

2,2-Dimethyl-1-ox0-4-(pyridin-2-yl)-1,2,3,4-tetrahydrocyclopenta[b]indole-7-

carbonitrile (12): The representative procedure C was followed, using 3-pivaloyl-1-(pyridin-
2-yl)-1H-indole-5-carbonitrile (12b; 0.061 g, 0.201 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 12 (0.021 g, 35%) as a
brown solid. tH-NMR (400 MHz, CDCls): 6 = 8.67 (m, 1H, Ar-H), 8.28 (s, 1H, Ar-H), 8.02 -
7.97 (m, 1H, Ar-H), 7.90 (d, J = 8.5 Hz, 1H, Ar-H), 7.54 (d, J = 8.5 Hz, 2H, Ar-H), 7.44-7.41
(m, 1H, Ar-H), 3.19 (s, 2H, CH2), 1.35 (s, 6H, CH3). *C{*H}-NMR (100 MHz, CDCl3): ¢ =
201.0 (CO), 165.9 (Cg), 150.1 (CH), 149.8 (Cy), 143.6 (Cq), 139.3 (CH), 127.6 (CH), 125.9
(CH), 123.2 (CH), 122.5 (Cqg), 120.1 (Cy), 119.6 (Cq), 117.6 (CH), 113.8 (CH), 106.8 (Cg), 51.8
(Cq), 39.7 (CH2), 25.7 (2C, CHs). HRMS (ESI): m/z Calcd for Ci9H1s0N3 + H* [M + H]*
302.1288; Found 302.1284.

Q CHj
Qs
N

a N

\

2-Ethyl-2-methyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one  (13):
The representative procedure C was followed, using 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-
indol-3-yl)butan-1-one (13b; 0.059 g, 0.202 mmol). Purification by column chromatography
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on silica gel (petroleum ether/EtOAc: 1/1) yielded 13 (0.052 g, 89%) as a light brown solid.
'H-NMR (500 MHz, CDCls): § = 8.64 (dd, J = 4.5, 1.5 Hz, 1H, Ar—H), 8.00-8.97 (m, 1H, Ar—
H), 7.95-7.91 (m, 1H, Ar—H), 7.80-7.75 (m, 1H, Ar-H), 7.57 (d, J = 8.3 Hz, 1H, Ar-H), 7.36-
7.28 (m, 3H, Ar-H), 3.25 (d, J = 17.5 Hz, 1H, CH2), 3.01 (d, J = 17.5 Hz, 1H, CH2), 1.83-1.74
(m, 1H, CHz), 1.69-1.60 (m, 1H, CH2), 1.31 (s, 3H, CHs), 0.87 (t, J = 7.6 Hz, 3H, CHs3).
BC{*H}-NMR (125 MHz, CDCls): § = 201.6 (CO), 165.0 (Cg), 150.5 (Cq), 149.8 (CH), 141.7
(Cq), 138.9 (CH), 124.3 (CH), 123.3 (CH), 122.5 (2C, Cy), 122.3 (CH), 121.3 (CH), 117.4
(CH), 112.4 (CH), 55.4 (Cqg), 36.3 (CH2), 31.1 (CH>), 24.3 (CHs3), 9.2 (CH3). HRMS (ESI): m/z
Calcd for C19H18N20 + H+ [M+H]+ 291.1492; Found 291.1489.

H3;C
o

°C3Hy

N
4 \

2-Butyl-2-ethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (14): The
representative procedure C was followed, using 2-ethyl-2-methyl-1-(1-(pyridin-2-yl)-1H-
indol-3-yl)hexan-1-one (14b; 0.067 g, 0.20 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/1) yielded 14 (0.058 g, 87%) as a colorless liquid. *H-
NMR (500 MHz, CDCls): 6 = 8.67-8.66 (m, 1H, Ar-H), 8.01-7.99 (m, 1H, Ar—H), 7.96-7.93
(m, 1H, Ar—H), 7.81-7.79 (m, 1H, Ar-H), 7.60 (d, J = 8.0 Hz, 1H, Ar-H), 7.36-7.30 (m, 3H,
Ar-H), 3.13 (s, 2H, CH2), 1.83-1.58 (m, 4H, CH2), 1.32-1.18 (m, 4H, CH2), 0.84 (q, J = 7.2
Hz, 6H, CHs). BC{*H}-NMR (125 MHz, CDCls): 6 = 201.4 (CO), 165.4 (Cq), 150.7 (Cq),
149.8 (CH), 141.7 (Cq), 138.9 (CH), 124.3 (CH), 123.4 (CH), 122.9 (Cy), 122.4 (Cy), 122.3
(CH), 121.4 (CH), 117.4 (CH), 112.5 (CH), 59.1 (Cq), 37.5 (CH>), 33.6 (CH2), 30.6 (CH>), 26.7
(CH2), 23.5 (CH2), 14.1 (CHBs), 9.0 (CH3). HRMS (ESI): m/z Calcd for C22H2aN20 + H* [M +
H]* 333.1961; Found 333.1968.
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2-Butyl-2-ethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one-3,3-d>
(14-[D2]): The representative procedure C was followed, using 2-ethyl-2-(methyl-ds)-1-(1-
(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one (14b-[Ds]; 0.068 g, 0.201 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 14-[D2] (0.056 g,
83%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.67-8.65 (m, 1H, Ar-H), 8.01-
7.92 (m, 2H, Ar-H), 7.81-7.79 (m, 1H, Ar-H), 7.60 (d, J = 8.1 Hz, 1H, Ar-H), 7.37-7.30 (m,
3H, Ar-H), 1.84-1.58 (m, 4H, CH>), 1.31-1.18 (m, 4H, CH2), 0.87-0.82 (m, 6H, CH3). *C{*H}-
NMR (100 MHz, CDCls): § = 201.4 (CO), 165.4 (Cq), 150.7 (Cq), 149.9 (CH), 141.8 (Cq),
138.9 (CH), 124.3 (CH), 123.4 (CH), 123.0 (Cqy), 122.4 (Cg), 122.3 (CH), 121.5 (CH), 117.4
(CH), 112.5 (CH), 60.0 (Cq), 37.5 (CH2), 30.6 (CH>), 26.7 (CH2), 23.5 (CH2), 14.1 (CHs3), 9.0
(CHs). HRMS (ESI): m/z Calcd for C22H22D2N20 + H* [M + H]* 335.2087; Found 335.2086.

N
4 \

4'-(Pyridin-2-yl)-3',4'-dihydro-1"H-spiro[cyclohexane-1,2'-cyclopenta[b]indol]-1'-
one (15): The representative procedure C was followed, using (1-methylcyclohexyl)(1-
(pyridin-2-yl)-1H-indol-3-yl)methanone (15b; 0.064 g, 0.201 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 15 (0.028 g, 44%) and 16
(0.020 g, 31%) as white solids. 'H-NMR (500 MHz, CDCls): ¢ = 8.67-8.66 (m, 1H, Ar-H),
8.00-7.93 (m, 2H, Ar—H), 7.79-7.74 (m, 1H, Ar-H), 7.60 (d, J = 7.6 Hz, 1H, Ar—H), 7.38-7.35
(m, 1H, Ar-H), 7.33-7.29 (m, 2H, Ar—H), 3.16 (s, 2H, CH2), 1.88-1.72 (m, 6H, CH), 1.54 (d,
J=12.9 Hz, 2H, CHy), 1.43-1.37 (m, 2H, CH2). BC{*H}-NMR (125 MHz, CDCls): 6 = 201.6
(CO), 165.4 (Cq), 150.6 (Cq), 149.9 (CH), 141.8 (Cy), 138.9 (CH), 124.3 (CH), 123.4 (CH),
122.7 (Cq), 122.4 (CH), 121.5 (CH), 120.7 (Cg), 117.6 (CH), 112.4 (CH), 56.6 (Cy), 35.8 (CH>),
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33.7 (2C, CH2), 25.4 (CH2), 23.5 (2C, CHz). HRMS (ESI): m/z Calcd for C21H20N20 + H* [M
+ H]* 317.1648; Found 317.1643.

O CH;

N
N

N
4 \

10a-Methyl-5-(pyridin-2-yl)-1,3,4,4a,5,10a-hexahydroindeno[1,2-b]indol-10(2H)-
one (16): *H-NMR (400 MHz, CDCls): 6 = 8.68-8.66 (m, 1H, Ar—H), 8.02-7.94 (m, 2H, Ar—
H), 7.65-7.62 (m, 1H, Ar—H), 7.58 (d, J = 8.0 Hz, 1H, Ar-H), 7.40-7.37 (m, 1H, Ar-H), 7.34-
7.28 (m, 2H, Ar-H), 3.50 (t, J = 6.0 Hz, 1H, CH), 1.97-1.93 (m, 1H, CH2), 1.71-1.64 (m, 2H,
CH?2), 1.56-1.49 (m, 2H, CH2), 1.36-1.29 (m, 5H, CH2, CH3), 1.26-1.23 (m, 1H, CH2). *C{*H}-
NMR (100 MHz, CDCls): ¢ = 201.9 (CO), 168.3 (Cq), 150.5 (Cq), 150.0 (CH), 142.2 (Cy),
139.0 (CH), 138.0 (Cq), 124.3 (CH), 123.4 (CH), 122.8 (CH), 122.4 (Cq), 121.6 (CH), 118.6
(CH), 111.8 (CH), 54.9 (Cqy), 43.6 (CH), 30.4 (CH2), 25.7 (CH3), 24.4 (CH.), 18.7 (CH2), 18.4
(CH2). HRMS (ESI): m/z Calcd for C2:1H20N20 + H* [M + H]* 317.1648; Found 317.1646.

N
4 \

4-(Pyridin-2-yl)-3,4-dihydro-1H-spiro[cyclopenta[b]indole-2,1'-cyclopropan]-1-one
(17): The representative procedure C was followed, using (1-methylcyclopropyl)(1-(pyridin-
2-yl)-1H-indol-3-yl)methanone (17b; 0.055 g, 0.20 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 17 (0.023 g, 42%) as a
light-brown solid and 18 (0.010 g, 17%) as a brown solid. *H-NMR (400 MHz, CDCls): 6 =
8.64-8.62 (m, 1H, Ar-H), 8.03-8.00 (m, 1H, Ar-H), 7.95-7.91 (m, 1H, Ar-H), 7.81-7.79 (m,
1H, Ar-H), 7.62-7.59 (m, 1H, Ar—H), 7.35-7.31 (m, 3H, Ar—H), 3.42 (s, 2H, CH2), 1.42-1.40
(m, 2H, CH2), 1.06-1.03 (m, 2H, CH2). *C{*H}-NMR (100 MHz, CDCls): 6 = 197.0 (CO),
164.3 (Cq), 150.7 (Cq), 149.8 (CH), 141.1 (Cqy), 138.9 (CH), 124.3 (CH), 123.6 (Cq), 123.4
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(CH), 122.4 (Cy), 122.3 (CH), 121.3 (CH), 117.3 (CH), 112.3 (CH), 33.6 (CH2), 33.0 (Cy), 14.9
(2C, CHz). HRMS (ESI): m/z Calcd for C1sH14N20 + H* [M + HJ* 275.1179; Found 275.1189.

1-(3'-(1-Methylcyclopropane-1-carbonyl)-1,1'-di(pyridin-2-yl)-1H,1'H-[2,2"-

biindol]-3-yl)-2-(1-methylcyclopropyl)ethane-1,2-dione (18): *H-NMR (400 MHz, CDCl3): 6
= 8.29-8.28 (m, 2H, Ar-H), 7.92-7.90 (m, 2H, Ar-H), 7.61-7.59 (m, 2H, Ar-H), 7.50-7.45 (m,
2H, Ar—H), 7.32-7.21 (m, 6H, Ar—H), 7.12-7.09 (m, 2H, Ar—H), 1.69-1.62 (m, 2H, CH2), 1.44
(s, 6H, CHs), 1.33-1.28 (m, 2H, CH2), 0.94-0.90 (m, 2H, CH), 0.74-0.69 (m, 2H, CHz).
BC{'H}-NMR (100 MHz, CDCls): 6 = 200.8 (2C, C0O), 150.3 (2C, Cy), 148.4 (2C, CH), 138.5
(2C, CH), 136.5 (2C, Cy), 131.1 (2C, Cy), 125.5 (2C, Cq), 124.1 (2C, CH), 122.5 (2C, CH),
122.4 (2C, CH), 121.2 (2C, Cq), 121.1 (2C, CH), 120.8 (2C, CH), 112.8 (2C, CH), 27.6 (2C,
Cq), 20.5 (2C, CHa), 18.7 (2C, CH2), 15.1 (2C, CH2). HRMS (ESI): m/z Calcd for C3sH3oN4O2
+ H" [M + H]* 551.2447; Found 551.2440.

(1,1'-Di(pyridin-2-yl)-1H,1'H-[2,2'-biindole]-3,3"-diyl)bis(cyclohexylmethanone)
(19): The representative procedure C was followed, using cyclohexyl(1-(pyridin-2-yl)-1H-
indol-3-yl)methanone (19b; 0.061 g, 0.20 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/1) yielded 19 (0.025 g, 41%) as a light-yellow solid. H-
NMR (500 MHz, CDClz3): ¢ = 8.37-8.35 (m, 2H, Ar-H), 8.07-8.05 (m, 2H, Ar-H), 7.73-7.71
(m, 2H, Ar—H), 7.67-7.62 (m, 2H, Ar-H), 7.57-7.54 (m, 2H, Ar-H), 7.33-7.30 (m, 4H, Ar—H),
7.19-7.15 (m, 2H, Ar-H), 2.59-2.54 (m, 2H, CH), 1.72-1.51 (m, 11H, CH2), 1.40-1.31 (m, 2H,
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CH3), 1.09-0.88 (m, 7H, CH2). 3C{*H}-NMR (125 MHz, CDCls): & = 200.0 (2C, CO), 150.5
(2C, Cq), 148.9 (2C, CH), 138.2 (2C, CH), 137.2 (2C, Cq), 134.8 (2C, Cy), 126.2 (2C, Cy),
124.2 (2C, CH), 123.2 (CH), 123.1 (CH), 123.9 (2C, CH), 122.1 (2C, CH), 121.8 (2C, CH),
117.8 (2C, Cy), 112.1 (2C, CH), 49.1 (2C, CH), 29.9 (2C, CH2), 28.0 (2C, CH2), 26.3 (2C,
CH3), 26.1 (2C, CH), 25.9 (2C, CHz). HRMS (ESI): m/z Calcd for CaoHssNaO2 + H* [M + H]*
607.3073; Found 607.3076.

)

A\
N
5-(Pyridin-2-yl)-5,5b,6,7,8,9,10,11-octahydro-12H-6,10:8,11a-

dimethanocycloocta[4,5]cyclopenta[1,2-b]indol-12-one (20): The representative procedure C
was followed, using adamantan-1-yl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (20b; 0.072 g,
0.202 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc:
1/1) yielded 20 (0.020 g, 28%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 8.41 (s, 1H,
Ar-H), 7.67-7.62 (m, 2H, Ar-H), 7.56-7.52 (m, 1H, Ar—H), 7.36-7.33 (m, 1H, Ar—H), 7.28-
7.21 (m, 3H, Ar-H), 2.62 (s, 1H, CH), 2.04 (s, 1H, CH), 1.88-1.86 (m, 7H, CH2, CH), 1.60 (s,
5H, CHz, CH). BC{*H}-NMR (100 MHz, CDCls): § = 207.2 (CO), 150.0 (Cq), 148.7 (CH),
139.0 (CH), 136.2 (Cq), 128.9 (Cq), 126.9 (2C, Cqy), 124.4 (CH), 122.4 (CH), 122.3 (CH), 121.8
(CH), 120.8 (CH), 111.7 (CH), 47.7 (Cqg), 40.9 (CH), 37.5 (2C, CH), 36.6 (3C, CH2), 28.1 (3C,
CH). HRMS (ESI): m/z Calcd for C2sH22N20 + H* [M + H]" 355.1805; Found 355.1799.

0
L,
N
a
5-(Pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (21): The representative procedure C
was followed, using phenyl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (21b; 0.060 g, 0.201
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/1)
yielded 21 (0.051 g, 86%) as a light-brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.35-8.34
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(m, 1H, Ar-H), 7.62 (d, J = 6.8 Hz, 2H, Ar-H), 7.57-7.53 (m, 1H, Ar-H), 7.51-7.48 (m, 2H,
Ar-H), 7.35-7.29 (m, 2H, Ar-H), 7.22-7.08 (m, 4H, Ar-H). *C{*H}-NMR (100 MHz, CDCls):
0 =191.9 (CO), 150.3 (Cq), 149.0 (CH), 139.0 (Cy), 138.3 (CH), 136.7 (Cy), 133.4 (Cy), 132.1
(CH), 129.8 (2C, CH), 127.8 (CH), 127.0 (2C, Cq), 124.2 (CH), 122.7 (CH), 122.6 (CH), 121.6
(CH), 121.5 (CH), 119.7 (Cg), 111.9 (CH). HRMS (ESI): m/z Calcd for C20H120N2 + H* [M +
H]* 297.1022; Found 297.1017.

-2

1-Methyl-5-(Pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (22): The representative
procedure C was followed, using (1-(pyridin-2-yl)-1H-indol-3-yl)(o-tolyl)methanone (22b;
0.063 g, 0.202 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 22 (0.057 g, 91%) as a white solid. tH-NMR (500 MHz, CDCl3): ¢
= 8.44-8.42 (m, 1H, Ar—H), 7.75 (d, J = 8.3 Hz, 1H, Ar—H), 7.65 (td, J = 7.6 Hz, 1.5 Hz, 1H,
Ar-H), 7.59 (d, J = 8.3 Hz, 1H, Ar—H), 7.23-7.15 (m, 4H, Ar—H), 7.07-7.03 (m, 2H, Ar-H),
6.96-6.92 (m, 1H, Ar-H), 2.13 (s, 3H, CHas). ®*C{*H}-NMR (125 MHz, CDClz): 6 = 193.0
(CO), 150.5 (Cy), 148.9 (CH), 140.2 (Cq), 138.4 (CH), 137.1 (Cq), 136.5 (Cq), 134.8 (Cq), 130.8
(CH), 130.0 (CH), 128.8 (CH), 126.8 (2C, Cqg), 125.1 (CH), 124.1 (CH), 122.8 (CH), 121.6
(CH), 121.2 (CH), 119.3 (Cq), 112.1 (CH), 19.9 (CHs). HRMS (ESI): m/z Calcd for C21H14N20
+H" [M+ H]" 311.1179; Found 311.1176.

(1,1'-Di(pyridin-2-yl)-1H,1'H-[2,2"-biindole]-3,3"-diyl)bis((2,6-
dimethylphenyl)methanone) (23): The representative procedure C was followed, using (2,6-
dimethylphenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone (23b; 0.066 g, 0.202 mmol).
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Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 23
(0.024 g, 37%) as a brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.38-8.37 (m, 2H, Ar—H),
7.87 (d, J = 8.0 Hz, 2H, Ar-H), 7.62-7.56 (m, 4H, Ar—H), 7.16-7.10 (m, 6H, Ar—H), 6.93 (t, J
= 7.6 Hz, 4H, Ar-H), 6.88 (t, J = 7.6 Hz, 2H, Ar-H), 6.12 (d, J = 8.3 Hz, 2H, Ar—H), 1.95 (s,
6H, CHa), 1.58 (s, 6H, CHz). ®*C{*H}-NMR (100 MHz, CDCls): 6 = 193.4 (2C, CO), 150.7
(2C, Cg), 149.0 (2C, CH), 142.5 (2C, Cy), 138.1 (2C, CH), 137.6 (2C, Cq), 136.8 (2C, Cy),
134.1 (2C, Cq), 133.2 (2C, Cy), 128.5 (2C, CH), 128.0 (2C, CH), 127.5 (2C, CH), 126.2 (2C,
Cq), 124.0 (2C, CH), 123.1 (2C, CH), 122.9 (2C, CH), 121.4 (2C, CH), 119.9 (2C, CH), 117.4
(2C, Cy), 1125 (2C, CH), 18.9 (2C, CHgs), 18.7 (2C, CH3). HRMS (ESI): m/z Calcd for
Ca4H34N4O2 + H* [M + H]" 651.2760; Found 651.2756.

)
™
L,
N
/\

2-Methyl-5-(pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (24): The representative
procedure C was followed, using (1-(pyridin-2-yl)-1H-indol-3-yl)(m-tolyl)methanone (24b;
0.063 g, 0.202 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 24 (0.058 g, 93%) as a light brown solid. *tH-NMR (400 MHz,
CDCls): 6 = 8.35-8.34 (m, 1H, Ar-H), 7.58-7.53 (m, 1H, Ar—H), 7.51-7.46 (m, 3H, Ar-H),
7.41 (d, J = 7.8 Hz, 1H, Ar-H), 7.36-7.34 (m, 1H, Ar-H), 7.22-7.18 (m, 1H, Ar—H), 7.15-7.08
(m, 3H, Ar-H), 2.14 (s, 3H, CHz3). 3C{*H}-NMR (100 MHz, CDCls): § = 192.0 (CO), 150.3
(Cq), 149.0 (CH), 139.0 (Cq), 138.2 (CH), 137.3 (2C, Cy), 136.7 (Cq), 133.6 (Cy), 132.7 (CH),
130.3 (CH), 127.6 (CH), 127.1 (Cg), 126.7 (CH), 124.2 (CH), 122.6 (CH), 121.6 (CH), 121.5
(CH), 119.6 (Cq), 111.7 (CH), 21.1 (CHs). HRMS (ESI): m/z Calcd for C21H14N20 + H* [M +
H]* 311.1179; Found 311.1171.

<
(Y0P
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2-Fluoro-5-(pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (25): The representative
procedure C was followed, using (3-fluorophenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone
(25b; 0.064 g, 0.202 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 25 (0.039 g, 61%) as a brown solid. *H-NMR (400 MHz, CDCls): 6
= 8.29-8.28 (m, 1H, Ar-H), 7.52-7.48 (m, 1H, Ar-H), 7.43-7.32 (m, 3H, Ar-H), 7.24 (d, J =
9.1 Hz, 1H, Ar—H), 7.18-7.14 (m, 1H, Ar-H), 7.10-7.04 (m, 3H, Ar-H), 6.92-6.87 (m, 1H, Ar—
H). ¥ C{*H}-NMR (100 MHz, CDCls): 6 = 190.5 (CO), 162.1 (d, *Jc—r = 246.3 Hz, Cg), 150.1
(Cq), 149.1 (CH), 141.1 (d, *Jc—r = 6.7 Hz, Cq), 138.4 (CH), 136.7 (Cg), 133.7 (Cq), 129.4 (CH),
126.8 (2C, Cq), 125.3 (CH), 124.6 (CH), 123.0 (CH), 122.8 (CH), 121.5 (d, %Jcr = 6.7 Hz,
CH), 119.3 (Cq), 118.9 (d, 2Jc—r = 21.1 Hz, CH), 116.2 (d, 2Jc-r = 22.0 Hz, CH), 111.8 (CH).
YE-NMR (376 MHz, CDCls): = —113.2 (s). HRMS (ESI): m/z Calcd for C20H11N20F + H*
[M + H]* 315.0928; Found 315.0928.

] Cl
I
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2-Chloro-5-(pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (26): The representative
procedure C was followed, using (3-chlorophenyl)(1-(pyridin-2-yl)-1H-indol-3-yl)methanone
(26b; 0.067 g, 0.201 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAC: 1/1) yielded 26 (0.043 g, 65%) as a light-yellow liquid. *H-NMR (500 MHz,
CDCls): ¢ = 8.38-8.37 (m, 1H, Ar-H), 7.59-7.56 (m, 2H, Ar-H), 7.49-7.45 (m, 3H, Ar-H),
7.25-7.11 (m, 5H, Ar-H). B®C{*H}-NMR (125 MHz, CDCl3): § = 190.4 (CO), 150.1 (Cg), 149.2
(CH), 140.7 (Cq), 138.3 (CH), 136.7 (Cq), 133.9 (Cq), 133.7 (2C, Cq), 131.7 (CH), 129.5 (CH),
129.1 (CH), 127.5 (CH), 126.9 (Cq), 124.6 (CH), 123.0 (CH), 122.8 (CH), 121.5 (CH), 119.1
(Cq), 111.7 (CH). HRMS (ESI): m/z Calcd for C20H11N20CI + H* [M + H]* 331.0633; Found
331.0623.
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3-Methyl-5-(pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (27): The representative
procedure C was followed, using (1-(pyridin-2-yl)-1H-indol-3-yl)(p-tolyl)methanone (27b;
0.063 g, 0.202 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 27 (0.051 g, 81%) as a light-yellow solid. *H-NMR (500 MHz,
CDClg): 6 = 8.34-8.33 (m, 1H, Ar—H), 7.56-7.49 (m, 4H, Ar—H), 7.34 (d, J = 8.3 Hz, 1H, Ar—
H), 7.19 (t, J = 7.6 Hz, 1H, Ar-H), 7.14-7.07 (m, 2H, Ar-H), 6.98 (d, J = 7.6 Hz, 2H, Ar—H),
2.25 (s, 3H, CHs). BC{*H}-NMR (125 MHz, CDCls): § = 191.7 (CO), 150.4 (Cg), 148.9 (CH),
142.8 (2C, Cq), 138.3 (CH), 136.7 (Cg), 136.3 (Cg), 133.1 (Cq), 130.0 (CH), 128.5 (2C, CH),
127.0 (Cq), 124.1 (CH), 122.6 (CH), 122.4 (CH), 121.5 (CH), 121.4 (CH), 120.1 (Cq), 111.9
(CH), 21.7 (CHs). HRMS (ESI): m/z Calcd for C21H14N20 + H* [M + H]* 311.1179; Found
311.1171.

3-Methoxy-5-(pyridin-2-yl)indeno[1,2-b]indol-10(5H)-one (28): The representative
procedure C was followed, using (4-methoxyphenyl)(1-(pyridin-2-yl)-1H-indol-3-
yl)methanone (28b; 0.066 g, 0.201 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 28 (0.056 g, 86%) as a light-brown solid. *H-NMR
(400 MHz, CDClg): 6 = 8.33-8.32 (m, 1H, Ar-H), 7.67-7.63 (m, 2H, Ar-H), 7.55-7.46 (m, 2H,
Ar-H), 7.40 (d, J = 7.6 Hz, 1H, Ar-H), 7.22-7.18 (m, 1H, Ar-H), 7.13-7.09 (m, 2H, Ar-H),
6.65 (d, J = 9.1 Hz, 2H, Ar-H), 3.72 (s, 3H, OCH3). ®C{*H}-NMR (100 MHz, CDCls3): 6 =
190.6 (C0O), 163.0 (2C, Cq), 150.3 (Cq), 148.8 (CH), 138.3 (CH), 136.5 (Cq), 132.6 (Cq), 132.3
(2C, CH), 131.5 (Cq), 129.8 (Cy), 124.1 (CH), 122.5 (CH), 122.3 (CH), 121.5 (CH), 121.3
(CH), 120.3 (Cq), 113.0 (CH), 111.9 (CH), 55.4 (OCHs). HRMS (ESI): m/z Calcd for
C21H14N202 + H* [M + H]* 327.1128; Found 327.1126.
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5-(pyridin-2-yl)benzo[5,6]indeno[1,2-b]indol-12(5H)-one (29): The representative
procedure C was followed, using naphthalen-2-yl(1-(pyridin-2-yl)-1H-indol-3-yl)methanone
(29b; 0.070 g, 0.201 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 29 (0.021 g, 30%) as a dark-brown solid. *H-NMR (500 MHz,
CDCls): 6 = 8.37-8.35 (m, 1H, Ar—H), 8.15 (s, 1H, Ar—H), 7.73-7.66 (m, 2H, Ar—H), 7.62 (d,
J=8.3 Hz, 2H, Ar-H), 7.54-7.53 (m, 1H, Ar—H), 7.49-7.41 (m, 2H, Ar-H), 7.38-7.34 (m, 2H,
Ar-H), 7.16-7.08 (m, 2H, Ar-H), 7.02-6.98 (m, 1H, Ar—H). 3C{*H}-NMR (125 MHz, CDCls):
0 =191.9 (CO), 150.4 (Cg), 149.0 (CH), 138.4 (CH), 136.7 (Cq), 136.0 (Cq), 135.2 (Cq), 133.4
(Cqg), 132.1 (Cq), 132.1 (CH), 129.5 (CH), 127.9 (Cy), 127.7 (2C, CH), 127.0 (Cq), 126.2 (CH),
125.2 (CH), 124.2 (CH), 122.7 (CH), 122.6 (CH), 121.7 (CH), 121.3 (CH), 119.9 (Cy), 111.8
(CH). HRMS (ESI): m/z Calcd for C24H14N20 + H* [M + H]* 347.1179; Found 349.1174.

o} 0. CHs
CHs CH,
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2-Methyl-2-phenyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one  and
5,5-dimethyl-11-(pyridin-2-yl)-5,11-dihydro-6H-benzo[a]carbazol-6-one (30 and 31): The
representative procedure C was followed, using 2-methyl-2-phenyl-1-(1-(pyridin-2-yl)-1H-
indol-3-yl)propan-1-one (30b; 0.068 g, 0.20 mmol). Purification by column chromatography
on silica gel (petroleum ether/EtOAc: 1/1) yielded mixture of 30 and 31 (0.042 g, 62%) as
colorless liquid. *H-NMR (500 MHz, CDCls): ¢ = 8.83-8.81 (m, 1H, Ar-H), 8.64-8.62 (m, 1H,
Ar-H), 8.46 (d, J = 7.6 Hz, 1H, Ar-H), 8.06-8.02 (m, 2H, Ar—H), 7.95-7.91 (m, 1H, Ar-H),
7.82-7.80 (m, 1H, Ar-H), 7.61-7.57 (m, 3H, Ar-H), 7.52 (d, J = 8.3 Hz, 1H, Ar-H), 7.42-7.27
(m, 10 H, Ar—H), 7.21 (t, J = 7.6 Hz, 1H, Ar-H), 7.10 (d, J = 7.6 Hz, 1H, Ar-H), 6.97 (t, J =
7.6 Hz, 1H, Ar-H), 6.62 (d, J= 6.8 Hz, 1H, Ar-H), 3.68 (d, J = 18.3 Hz, 1H, CH), 3.50 (d, J
=18.3 Hz, 1H, CH2), 1.79 (s, 3H, CHz3), 1.63 (s, 6H, CH3). BC{*H}-NMR (125 MHz, CDCls):
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5=199.1 (CO), 198.6 (CO), 165.0 (Cq), 151.7 (Cq), 150.8 (CH), 150.5 (Cq), 149.9 (CH), 149.1
(Cq), 144.5 (Cq), 144.0 (Cq), 141.9 (Cy), 140.5 (Cy), 139.5 (CH), 139.0 (CH), 129.1 (CH), 128.7
(2C, CH), 127.7 (CH), 126.7 (CH), 126.2 (2C, CH), 126.0 (CH), 125.0 (Cy), 125.0 (CH), 124.7
(CH), 124.6 (CH), 124.3 (CH), 123.9 (CH), 123.6 (Cy), 123.6 (CH), 123.5 (CH), 122.7 (C),
122.4 (CH), 122.3 (CH), 121.6 (CH), 121.0 (Cg), 117.3 (CH), 112.5 (CH), 112.3 (Cy), 110.7
(CH), 58.7 (Cq), 48.4 (Cq), 42.3 (CH2), 28.6 (2C, CHs3), 24.4 (CHs). HRMS (ESI): m/z Calcd
for C23H1sN20 + H* [M + H]* 339.1492; Found 339.1498.

HsC
o) o)
CHj

N o O ’O
N and N
2-Methyl-2-phenyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one  and

5,5-dimethyl-11-(pyridin-2-yl)-5,11-dihydro-6H-benzo[a]carbazol-6-one (32 and 33): The

representative procedure C was followed, using 2-methyl-2-phenyl-1-(1-(pyridin-2-yl)-1H-
indol-3-yl)propan-1-one (32b; 0.071 g, 0.20 mmol). Purification by column chromatography

on silica gel (petroleum ether/EtOAc: 1/1) yielded mixture of 32 and 33 (0.045 g, 64%) as a

colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.84-8.82 (m, 1H, Ar-H), 8.66-8.65 (m, 1H,

Ar-H), 8.48 (d, J = 8.3 Hz, 1H, Ar-H), 8.06-8.01 (m, 2H, Ar—H), 7.97-7.92 (m, 1H, Ar—H),

7.81-7.79 (m, 1H, Ar-H), 7.62-7.59 (m, 2H, Ar-H), 7.53-50 (m, 2H, Ar-H), 7.48-7.46 (m, 2H,

Ar-H), 7.38-7.25 (m, 8H, Ar-H), 7.22-7.18 (m, 1H, Ar—H), 7.08 (d, J = 8.3 Hz, 1H, Ar-H),

7.00-6.95 (m, 1H, Ar-H), 6.63 (d, J=9.1 Hz, 1H, Ar-H), 3.65 (d, J = 18.3 Hz, 1H, CH2), 3.56

(d, J =18.3 Hz, 1H, CH), 2.51-2.42 (m, 1H, CH2), 2.25 (g, J = 7.6 Hz, 2H, CH2), 1.99-1.91

(m, 1H, CH2), 1.59 (s, 3H, CHs), 1.26 (t, J = 7.6 Hz, 3H, CH3), 0.94 (t, J = 7.6 Hz, 3H, CHj3).

13C{*H}-NMR (100 MHz, CDCl3): § =198.4 (2C, CO), 165.3 (2C, Cq), 151.8 (Cq), 150.8 (CH),

150.5 (Cg), 149.9 (CH), 147.6 (Cq), 144.4 (Cq), 143.7 (Cy), 141.8 (Cy), 140.5 (Cg), 139.5 (CH),

138.9 (CH), 129.1 (CH), 128.6 (2C, CH), 127.7 (CH), 126.6 (CH), 126.6 (2C, CH), 125.9 (CH),

125.1 (Cq), 124.9 (CH), 124.7 (CH), 124.5 (CH), 124.2 (CH), 123.9 (CH), 123.6 (CH), 123.5

(CH), 122.6 (Cq), 122.4 (2C, CH), 122.2 (Cq), 121.5 (CH), 117.4 (CH), 113.7 (Cq), 112.4 (CH),

110.7 (CH), 63.1 (Cqg), 53.1 (Cq), 38.0 (CH2), 36.0 (CH2), 30.5 (CH2), 28.5 (CHs), 9.7 (CHs3),

9.5 (CHs). HRMS (ESI): m/z Calcd for C2aH20N20 + H* [M + H]" 353.1648; Found 353.1656.
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2,2-Diphenyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (34): The
representative procedure C was followed, using 2,2-diphenyl-1-(1-(pyridin-2-yl)-1H-indol-3-
yl)propan-1-one (34b; 0.081 g, 0.201 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 34 (0.013 g, 16%) and 35 (0.012 g, 15%) as brown
solid. For 34: 'H-NMR (400 MHz, CDCls): 6 = 8.66-8.65 (m, 1H, Ar—H), 8.03-8.01 (m, 1H,
Ar-H), 7.95 (td, J= 7.6, 1.5 Hz, 1H, Ar-H), 7.81-7.79 (m, 1H, Ar-H), 7.63 (d, J = 7.6 Hz, 1H,
Ar-H), 7.38-7.28 (m, 11H, Ar-H), 7.26-7.21 (m, 2H, Ar-H), 4.11 (s, 2H, CH2). *C{*H}-NMR
(100 MHz, CDCls): 6 = 195.7 (CO), 164.6 (Cq), 150.4 (Cq), 150.0 (CH), 144.1 (Cy), 141.9 (2C,
Cq), 139.0 (CH), 128.5 (4C, CH), 128.3 (4C, CH), 126.9 (2C, CH), 124.7 (CH), 123.7 (CH),
122.9 (Cq), 122.5 (CH), 121.6 (CH), 121.1 (Cg), 117.4 (CH), 112.4 (CH), 68.2 (Cy), 42.3 (CH>).
HRMS (ESI): m/z Calcd for C2sH20N20 + H* [M + H]* 401.1648; Found 401.1645.

7

——

\

5-Methyl-5-phenyl-11-(pyridin-2-yl)-5,11-dihydro-6H-benzo[a]carbazol-6-one  (35):
'H-NMR (500 MHz, CDCls): § = 8.87-8.86 (m, 1H, Ar-H), 8.37 (d, J = 6.8 Hz, 1H, Ar—H),
8.10-8.05 (m, 1H, Ar—H), 7.65-7.61 (m, 1H, Ar—H), 7.57 (d, J = 7.6 Hz, 1H, Ar—H), 7.35-7.19
(m, 8H, Ar-H), 7.16-7.09 (m, 2H, Ar-H), 6.98 (t, J = 7.6 Hz, 1H, Ar-H), 6.67 (d, J = 9.1 Hz,
1H, Ar-H), 2.03 (s, 3H, CH3). ®*C{*H}-NMR (125 MHz, CDCls): § = 196.3 (CO), 151.7 (Cq),
150.9 (CH), 149.4 (Cy), 144.6 (Cq), 144.2 (Cq), 140.7 (Cq), 139.6 (2C, CH), 130.6 (CH), 129.0
(CH), 128.6 (2C, CH), 127.8 (2C, CH), 126.9 (CH), 126.2 (CH), 125.0 (CH), 125.0 (Cq), 124.8
(CH), 124.3 (Cq), 124.0 (CH), 123.6 (CH), 122.5 (CH), 112.3 (Cg), 110.7 (CH), 57.0 (Cg), 27.3
(CHs). HRMS (ESI): m/z Calcd for C2sH20N20 + H* [M + H]* 401.1648; Found 401.1645.
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2.4.5 2D NMR Spectrum Analysis of 24

In order to confirm the cyclization at less hindered carbon, we have performed 2D long-
range C, H correlation (HMBC) NMR analysis of representative compound 24. All the protons
and carbons were assigned by 1D and 2D NMR spectroscopy. The HMBC spectrum shows the
strong cross peak of CHs protons (2.14 ppm) with carbons a [139.0 ppm (Cq)], b [130.3 ppm
(CH)] and c [132.7 ppm (CH)] (Figure 2.8). The correlation of CHs protons with two CH
carbon (130.3 ppm; b and 132.7 ppm; c) strongly supports the cyclization at less hindered
carbon of (1-(pyridin-2-yl)-1H-indol-3-yl)(m-tolyl)methanone 24b (C-H activation para-
position to CHs, instead of ortho C—H). This 2D analysis confirms the regioselective

cyclization occurs at less hindered carbon.
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Figure 2.8. HMBC spectrum of 24 showing CH correlation.

2.4.6 Procedure for Removal of Directing Group

Synthesis of 36:
0
CH,4
N CH,4
N
H
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In an oven dried round bottom flask, 2,2-dimethyl-4-(pyridin-2-yl)-3,4-
dihydrocyclopenta[b]indol-1(2H)-one (2; 0.10 g, 0.362 mmol) was introduced and CH2Cl2 (20
mL) was added into it. Methyl trifluoromethanesulfonate, MeOTf (0.17 g, 1.04 mmol) was
added drop wise via a syringe to the reaction mixture at 0 °C and the resultant reaction mixture
was stirred at room temperature for 12 h. The volatiles were evaporated under vacuum and the
residue was redissolved in MeOH (15 mL). To the resultant mixture, NaOH (2 M aq, 5 mL)
solution was added and the reaction mixture was stirred at 60 °C for 12 h. At ambient
temperature, the volatiles were evaporated under reduced pressure, and the resulting residue
was extracted with EtOAc (30 mL x 2). The combined organic extract was washed with brine,
dried over Na2SO4 and the volatiles were evaporated under vacuo. The remaining residue was
purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/1) to yield 36
(0.043 g, 60%) as white solid. *H-NMR (400 MHz, CDCls): 6 = 10.14 (br s, 1H, NH), 7.94 (d,
J=17.6 Hz, 1H, Ar-H), 7.52 (d, J=7.6 Hz, 1H, Ar—H), 7.35-7.28 (m, 2H, Ar—H), 3.05 (s, 2H,
CH2), 1.42 (s, 6H, CH3). 3 C-NMR (100 MHz, CDCls): ¢ = 203.0 (CO), 164.6 (Cq), 142.7 (Cq),
123.8 (CH), 122.5 (CH), 122.0 (Cg) 120.9 (CH), 118.3 (Cy), 112.5 (CH), 52.0 (Cg), 38.0 (CH>),
26.0 (2C, CHs). HRMS (ESI): m/z Calcd for Ci3H1sNO + H* [M + H]" 200.1070; Found
200.1071.

Synthesis of 37:
0
CH,
H3;CO CH
3 \ 3
N
H

Procedure: The procedure similar to the synthesis of 36 was followed, using 7-methoxy-
2,2-dimethyl-4-(pyridin-2-yl)-3,4-dihydrocyclopenta[b]indol-1(2H)-one (8; 0.08 g, 0.261
mmol), methyl trifluoromethanesulfonate (MeOTf; 0.128 g, 0.78 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 37 (0.037 g, 62%)
as colorless solid. 'H-NMR (400 MHz, CDCls): § = 10.32 (br s, 1H, NH), 7.34-7.30 (m, 2H,
Ar-H), 8.85 (dd, J = 8.8, 2.6 Hz, 1H, Ar-H), 3.67 (s, 3H, OCHz3), 2.94 (s, 2H, CHz), 1.33 (s,
6H, CHz3). 3C-NMR (100 MHz, CDCls): 6 = 202.0 (CO), 164.8 (Cq), 156.0 (Cq), 137.3 (Cy),
122.6 (Cq), 118.0 (Cq), 113.4 (CH), 113.2 (CH), 103.2 (CH), 55.8 (Cq), 51.9 (OCHBa), 38.0
(CH2), 26.0 (2C, CHz3). HRMS (ESI): m/z Calcd for C14H1sNO2 + H* [M + H]* 230.1176; Found
230.1178.
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2.4.7 Mechanistic Experiments
2.4.7.1 External Addition Experiment and Radical Clock Experiment

Procedure for external addition experiments: To a flame-dried screw-cap tube equipped
with magnetic stir bar were introduced 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-
ylh)propan-1-one (2b; 0.056 g, 0.201 mmol), (bpy)Ni(OAc)2 (0.0034 g, 0.01 mmol, 5.0 mol %),
Ag2CO3z (0.056 g, 0.20 mmol, 1 equiv) and LiO'Bu (0.048 g, 0.60 mmol, 3 equiv) and TEMPO
(0.063 g, 0.40 mmol) [or galvinoxyl (0.169 g, 0.40 mmol) or BHT (0.089 g, 0.40 mmol] inside
the glove box. To the reaction mixture chlorobenzene (1.0 mL) was added and stirred at 150
°C in a pre-heated oil bath for 24 h. At ambient temperature, the reaction mixture was quenched
with distilled H20 (10.0 mL) and the crude product was extracted with EtOAc (15 mL x 3).
The combined organic extract was dried over NazSO4 and the volatiles were evaporated in
vacuo. The remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAcC: 1/1) yielded 2 in 13% and 25%, respectively, in the presence of galvinoxyl and
TEMPO. The formation of coupled product 2 was not observed in the presence of BHT.

Procedure for radical clock experiments: To a flame-dried screw-cap tube equipped
with magnetic stir bar were introduced (1-methylcyclopropyl)(1-(pyridin-2-yl)-1H-indol-3-
yl)methanone (17b; 0.055 g, 0.20 mmol), (bpy)Ni(OAc)2 (0.0033 g, 0.01 mmol, 5.0 mol %),
Ag2CO3z (0.055 g, 0.20 mmol, 1 equiv) and LiO'Bu (0.048 g, 0.60 mmol, 3 equiv) inside the
glove box. To the above mixture in the tube was added chlorobenzene (1.0 mL). The resultant
reaction mixture in the tube was immersed in a preheated oil bath at 150 °C and stirred for 24
h. At ambient temperature, the reaction mixture was quenched with distilled H20 (10.0 mL)
and the crude product was extracted with EtOAc (15 mL x 3). The combined organic extract
was dried over Na2SOa4 and the volatiles were evaporated in vacuo. The remaining residue was
purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/1) to yield 17
(0.023 g, 42%) as a light-brown solid and 18 (0.010 g, 17%) as a brown solid.

2.4.7.2 Representative Procedure for Electronic Effect Study

To a flame-dried screw-capped tube equipped with magnetic stir bar were charged 1-
(5-methoxy-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one (8b; 0.062 g, 0.201
mmol, 0.2 M) or 1-(5-fluoro-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-one (9b;
0.060 g, 0.202 mmol, 0.2 M), (bpy)Ni(OAc)2 (0.0034 g, 0.01 mmol), Ag=COs (0.056 g, 0.20
mmol), LiO'Bu (0.048 g, 0.60 mmol) and n-hexadecane (0.020 mL, 0.070 mmol, internal
standard), and chlorobenzene (1.0 mL). The reaction mixture was then stirred at 150 °C in a

pre-heated oil bath. At regular intervals (2, 4, 6, 8, 10 min), the reaction vessel was cooled to
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ambient temperature and an aliquot of sample was withdrawn to the GC vial. The sample was
diluted with ethyl acetate and subjected to GC analysis. The concentration of the product 8 (or
9) obtained in each sample was determined with respect to the internal standard n-hexadecane.
The final data was obtained by averaging the results of three independent experiments. The
initial rate obtained for the intramolecular coupling of 1-(5-methoxy-1-(pyridin-2-yl)-1H-
indol-3-yl)-2,2-dimethylpropan-1-one (8b) is 1.48 x 10* Mmin™, whereas the rate for the
intramolecular coupling of 1-(5-fluoro-1-(pyridin-2-yl)-1H-indol-3-yl)-2,2-dimethylpropan-1-
one (9b) is 0.735 x 10 Mmin™.

2.4.7.3 Kinetic Isotope Effect Study
Representative Procedure for Kinetic Isotope Effect (KIE) Study (For 2b-[2-H] and
2b-[2-D]): To a Teflon-screw capped tube equipped with magnetic stir bar was introduced 2,2-
dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)propan-1-one (2b-[2-H]; 0.056 g, 0.201 mmol,
0.20 M) {or 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl-2-d)propan-1-one (2b-[2-D];
0.056 g, 0.20 mmol, 0.20 M)}, (bpy)Ni(OAc)2 (0.0034 g, 0.01 mmol, 0.01 M), Ag2COs (0.056
g, 0.20 mmol, 0.20 M), LiO'Bu (0.048 g, 0.60 mmol, 0.60 M) and n-hexadecane (0.020 mL,
0.070 mmol, 0.070 M, internal standard), and chlorobenzene (1.0 mL) was added inside the
glove box. The reaction mixture was then stirred at 150 °C in a pre-heated oil bath. At regular
intervals (2, 4, 6, 8, 10, 15, 20, 25 min, etc.), the reaction vessel was cooled to ambient
temperature and an aliquot of sample was withdrawn to the GC vial. The sample was diluted
with ethyl acetate and subjected to GC analysis. The concentration of the product 2c obtained
in each sample was determined with respect to the internal standard n-hexadecane. The final
data was obtained by averaging the results of three independent experiments. The initial rate
obtained for the intramolecular coupling of 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-
yDpropan-1-one (2b-[2-H]) is 1.57 x 10 Mmin, whereas the rate for the intramolecular
coupling of 2,2-dimethyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl-2-d)propan-1-one (2b-[D]) is 1.39
x 10" Mmin™*. Therefore, the kn/ko = 1.57 x 10%/1.39 x 10°=1.1.
KIE Study for 14b and 14b-[D3]): Representative procedure of KIE study was followed
using 2-ethyl-2-methyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one (14b; 0.067 g, 0.20
mmol, 0.02 M) or 2-ethyl-2-(methyl-ds)-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one (14b-
[Ds]; 0.068 g, 0.20 mmol, 0.020 M). At regular intervals (5, 10, 15, 20, 30, 40, 60, 80 min,
etc.), the reaction vessel was cooled to ambient temperature and an aliquot of sample was
withdrawn to the GC vial. The sample was diluted with ethyl acetate and subjected to GC

analysis. The concentration of the product 14 or 14-[D2] obtained in each sample was
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determined with respect to the internal standard n-hexadecane. The final data was obtained by
averaging the results of three independent experiments. The initial rate obtained for the
intramolecular coupling of 2-ethyl-2-methyl-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one
(14b) is 3.0 x 10* Mmin, whereas the rate for the intramolecular coupling of 2-ethyl-2-
(methyl-ds)-1-(1-(pyridin-2-yl)-1H-indol-3-yl)hexan-1-one (14b-[D3]) is 1.62 x 10* Mmin™.
Therefore, the kn/ko = 3.0 X 10%4/1.62 x 104 =1.9.

2.4.7.4 DFT Energy Calculations

All calculations were performed using Density Functional Theory (DFT) based
methodology as implemented in the Gaussian 09 package.** All calculations are carried out
explicitly in the presence of ligand. The structures are optimized using PBE functional®® with
TZVP basis set for C, H, O and N atoms and LANL2DZ for Ni, Ag and Li. Vibrational
frequency calculations were performed to confirm that each optimized structure corresponds
to minima. Solvent effects were included in the calculations as implemented in IEFPCM
model® for chlorobenzene. The transition state was characterized by the presence of a single
imaginary frequency. The energies reported in the free energy profile are AG values

incorporated with zero-point energy corrections for the optimized minima at 298.15 K.

HHac ; H3C ?
| 5 I + 0.5Ag,CO | e I
-0 AgrL U3
/N\N('”I) N + LiOAc - /N\N(!V) N Ag(0) + 0.5 Li,CO
1 - | + g + ) in 3
\ N AG = 35.77 kcal/mol ~ N
\N/ OAc /N \N/l OAc 7\
| | OAc
/ — / —_—
(E) (D)

Figure 2.10. Gibbs free energy for the formation of intermediate D from the intermediate E.
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Figure 2.11. Transition States in the Ball and Stick Model. Hydrogen atoms are omitted for the
greater clarity except for C—H activation transition states. The color Scheme is as follows:
nickel, green; lithium, light purple; silver, sky blue; nitrogen, blue; oxygen, red; carbon, grey;

hydrogen, white.

Table 2.2. Absolute Gibbs free energies including zero-point energy correction in Hatrees of

all the species involved in the reaction.

Structures Total Gibbs free Energies
(Hatrees)

(bpy)Ni(I1)(OAC)2 (1) -1120.714890

Compound 2b -880.407023

LiO'Bu -240.323495
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LiOAc -235.896605
H'OBu -233.340001
1, (‘BuO)2 -232.796140
Ag(0) -145.733908
15 Ag2COs -277.570000
Y% Li2COs -139.351220
Y2 H2COs3 -132.410001
(bpy)Ni(0) -664.113221
2b-dimer -1759.555780
(bpy)Ni(2b)2 -2423.700870
(bpy)Ni(1)(OACc) -892.3254451
Compound A’ -1543.836051
Intermediate A -1772.249131
Intermediate B -2000.630281
Intermediate C -2000.019911
Intermediate D -2000.026671
Intermediate E -1771.702191
2 -879.428970
TS-1 -2241.415422
TS-2 -2278.143690
TS-2 -2240.907200
TS-3 -2000.006370
TS-3' -1771.663860
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2.4.8 X-ray Structure Analysis

X-ray intensity data measurements of compounds 1, 2, 15, 18 and 23 (Figures 2.12-2.16)
was carried out on a Bruker D8 VENTURE Kappa Duo PHOTON Il CPAD diffractometer
equipped with Incoatech multilayer mirrors optics. The intensity measurements were carried
out with Mo and Cu micro-focus sealed tube diffraction sources (MoKq= 0.71073 A, Cu K=
1.54178 A). The X-ray generator was operated at 50 kV and 1.4 mA and 50 kV and 1.1 mA
for Mo and Cu radiations, respectively. A preliminary set of cell constants and an orientation
matrix were calculated from three matrix sets of 36 frames and 40 frames for Mo and Cu

radiations, respectively. Data were collected with @ scan width of 0.5° at different settings of
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@ and 26 with a frame time of 10-20 sec depending on the diffraction power of the crystals
keeping the sample-to-detector distance fixed at 5.00 cm. The X-ray data collection was
monitored by APEX3 program (Bruker, 2016).%” All the data were corrected for Lorentzian,
polarization and absorption effects using SAINT and SADABS programs (Bruker, 2016).
Using the APEX3 (Bruker) program suite, the structure was solved with the ShelXS-97
(Sheldrick, 2008)% structure solution program, using direct methods. The model was refined
with a version of ShelXL-2018/3 (Sheldrick, 2015)% using Least Squares minimization. All
the hydrogen atoms were placed in a geometrically idealized position and constrained to ride
on its parent atoms. An ORTEP 1'% view of the compounds was drawn with 50% probability
displacement ellipsoids, and H atoms are shown as small spheres of arbitrary radii. Crystal data

for all the compounds is given in Table 2.3.
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Figure 2.12. ORTEP of compound 1 showing the atom-numbering scheme. The displacement
ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres with

arbitrary radii.
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Figure 2.13. ORTEP of compound 2 showing the atom-numbering scheme for both conformers
present in the asymmetric unit. The displacement ellipsoids are drawn at the 30% probability

level and H atoms are shown as small spheres with arbitrary radii.
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Figure 2.14. ORTEP of compound 15 showing the atom-numbering scheme for both
conformers present in the asymmetric unit. The displacement ellipsoids are drawn at the 50%
probability level and H atoms are shown as small spheres with arbitrary radii.
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Figure 2.15. ORTEP of compound 18 showing the atom-numbering scheme. The displacement
ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres with

arbitrary radii.

Figure 2.16. ORTEP of compound 23 showing the atom-numbering scheme. The displacement
ellipsoids are drawn at the 50% probability level and H atoms are shown as small spheres with

arbitrary radii.
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Table 2.3. Crystal data of 1, 2, 15, 18 and 23.
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Crystal Data 1 2 15 18 23

Formula C14H13N2Ni05 ClngsNzo 021H20N20 C36H30N402 C44H34N4Oz

Molecular 369.01 276.33 316.39 550.64 650.75

weight

Crystal Size, 0.33x0.22x | 0.26x0.23x | 0.15x0.12 x 0.32 x 0.27 x 0.32 x 0.21 x

mm 0.17 0.10 0.11 0.25 0.17

Temp. (K) 100(2) 301(2) 298(2) 100(2) 100(2)

Wavelength (A) | 1.54178 0.71073 0.71073 0.71073 0.71073

Crystal Syst. monoclinic triclinic monaoclinic monoclinic monoclinic

Space Group C2/c P-1 P2i/c P2i/c P2i/c

a(A) 15.2287(7) 10.1004(14) 10.5707(12) 16.7476(11) 15.6752(9)

b (A) 12.7164(5) 10.7210(13) 14.0848(15) 9.0897(5) 13.0378(8)

c(A) 8.0895(3) 13.770(2) 22.353(2) 18.6802(12) 17.6651(12)

a (°) 90 89.487(4) 90 90 90

B(°) 92.8820(10) 78.138(5) 94.915(4) 96.740(2) 110.456(2)

7(°) 90 80.183(4) 90 90 90

VIA3 1564.58(11) 1437.4(3) 3315.8(6) 2824.0(3) 3382.6(4)

Z 4 4 8 4 4

Deac/g cm™® 1.567 1.277 1.268 1.295 1.278

u/mm’? 2.097 0.080 0.079 0.082 0.079

F(000) 768 584 1344 1160 1368

Ab. Correct. multi-scan multi-scan multi-scan multi-scan multi-scan

Trmin/ Tmax 0.545/0.717 0.979/0.992 0.988/0.991 0.974/0.980 0.975/0.987

2 Gnax 150.0 56.0 56.0 60.0 60.0

Total reflns. 20123 83501 54791 87933 102423

Unique reflns. 1597 6934 7978 8236 9868

Obs. reflns. 1551 4194 5089 6352 7421

h, k, I (min, (-18, 18), (-13, 13), (-13, 13), (-23, 23), (-22, 22),

max) (-15, 15), (-14, 14), (-18, 18), (-12, 12), (-18, 18),
(-10, 10) (-18, 18) (-29, 29) (-26, 26) (-24, 24)

Rint / Rsig 0.0592/0.0216 | 0.0944/0.0457 | 0.0726/0.0441 0.0757/0.0369 0.0826/0.0410

No. of para. 114 384 433 381 455

R1 [1> 26(1)] 0.0317 0.0654 0.0558 0.0452 0.0458

WR2[1> 25(1)] 0.0838 0.1461 0.1221 0.1068 0.1024

R1 [all data] 0.0323 0.1164 0.0938 0.0652 0.0687

wR2 [all data] 0.0843 0.1759 0.1452 0.1212 0.1179

goodness-of-fit | 1.089 1.039 1.069 1.031 1.018

APmax, APmin +0.431, +0.242, +0.221, +0.413, +0.350,

(eA?) -0.452 -0.189 -0.189 -0.264 -0.248

CCDC No. 2096020 2096021 2096022 2096023 2096024
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2.4.9 'Hand *C NMR Spectra of Selected Cyclized Compounds
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3.1 INTRODUCTION

The indole is an important heterocyclic compound, which exists in various
pharmaceutically important molecules and bioactive natural products, including functional
materials.}”’ Particularly, alkylated indoles are the privileged structural motifs with diverse
applications in medicinal chemistry and perfumery industries as well as in functional materials.®
11 The alkyl group in biologically relevant indole derivatives enhances the lipophilicity of the
designed molecule that provides desired characteristic features for the drugs and
agrochemicals. Classical methods for the installation of alkyl groups to the indoles and other
heteroarenes are mostly based on Friedel-Crafts reaction?*® or radical alkylation.'* Notably,
these protocols suffer from several drawbacks, such as low selectivity, less efficiency, and
limited substrate scope. The transition-metal-catalyzed cross-coupling of organometallic
substrates with alkyl electrophile has been developed as an important alternative method for
alkylation.'>® Regioselective alkylation of indoles and related heteroarenes via C-H bond
activation has turned up as an alternative protocol for the traditional cross-coupling reaction as
this strategy avoids the use of sensitive organometallic alkyl reagents and minimizes the
generation of metallic waste.!’°

Various alkylating reagents have been used for the alkylation of heteroarenes, including
alkyl halides, alkenes, alkyl organometallic reagents, azo-alkyls, carboxylic acid derivatives,
alkanes and alcohols.?%26 However, the alkylation with alkene is a straightforward and atom-
economical process, which proceeds via hydroarylation strategy. Though a range of cheap
alkenes can be used as coupling partners for the alkylation via hydro-functionalization, the
linear versus branched selectivity poses a major hurdle. Significant progress was acquired by
employing precious metal catalysts for the regioselective alkylation of indoles with alkenes,
including iridium,?” ruthenium,? and rhodium?® metal catalysts. Considering the sustainability
and cost advantage, the 3d metal catalysts have been extensively utilized for the alkylation of
indoles with alkenes. The groups of Yoshikai,'®*° Prabhu,® Li,*? and Ackermann® developed
efficient protocols for the regioselective alkylation of indoles using iron and cobalt catalysts.

Given the advantages of Ni-catalysis in alkylation reaction, Nakao, Hartwig and co-
workers demonstrated the regioselective alkylation of indoles and other heteroarenes with
unactivated alkenes under nickel/N-heterocyclic carbene system (Scheme 3.1a).3* This
protocol is highly selective for the linear-selective alkylation with unactivated alkenes.
Unfortunately, the aryl-substituted alkenes were unreactive under this catalytic system. The
branch-selective alkylation of indoles was achieved by Nakao and Hiyama, wherein an

electron-withdrawing substituent such as acetyl, ester, or cyano group at the C-3 position of
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indoles is essential. (Scheme 3.1b).% Thus, this protocol is limited to the highly deficient
indoles and showed limited substrate scopes. We hypothesized that a directing group-assisted
strategy at the N-center of indoles might address these limitations and can make the process
more general for the synthesis of branch-selective C-2 alkylated indoles. By this strategy, the
blocking/protection of more reactive C(3)-H would not be necessary and the process can be
expanded to both electron-deficient and electron-rich indole compounds. With these objectives,
herein, we have developed an efficient protocol for the regioselective alkylation of indoles with
alkenes providing exclusively branch alkylated products under neat conditions. The use of an
easily removable directing group at the nitrogen of indoles in this reaction overcomes the
limitations associated with the presented nickel-catalyzed protocol for C—H alkylation of
indoles with alkenes

a) C—H alkylation with unactivated alkenes

X . 2
1 AN Ni R
R @f\f'* . R LI A
N\ Z N
CH,

neat, 100 °C
\
Linear-selective CHs
alkylation
b) C—H alkylation with aromatic alkenes
1
R R
R .
2.1 A\ [Ni] Ar
R O\/Ngf"' + P OAr >~ R2+\ N
CH hexane, 130 °C Z N CHj
3 \
1_ Branch-selective CHs
R"=-COOCH;, CN alkylation

~COCH;

Scheme 3.1. Ni(ll)-catalyzed C—H alkylation of indoles.

3.2 RESULTS AND DISCUSSION
3.2.1 Optimization of Reaction Conditions for C—-H Alkylation

We began our investigations for the C—H alkylation of indole by using 1-(pyrimidin-2-
yl)-1H-indole and styrene as model substrates. Initially, we screened various nickel(ll)
precursors such as NiClz, NiBrz2, Ni(OAc)2, and Ni(OTf)2 in hexane at 100 °C for 24 h (Table
3.1, entries 1-4). The reaction did not produce the alkylated product, however, the use of 5
mol% of Ni(cod)2 afforded 5% of the coupled product (entry 5). Several monodentate and
bidentate phosphine ligands were examined in the presence of 5 mol% of Ni(cod)2, among
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these only tri-cyclohexyl phosphine (PCys) provided 2-(1-phenylethyl)-1-(pyrimidin-2-yl)-
1H-indole (3aa) in 95% yield (entry 8). The use of nitrogen-based ligand with Ni(cod)2 was
found as less effective in producing alkylated product with low yield. Thus, Ni(cod)2 and PCys
were chosen as a suitable catalytic combination for the alkylation reaction. The screening of
different solvents such as toluene, tert-butylbenzene, mesitylene, 1,4-dioxane, THF, and 2-
MeTHF indicated the alkylation reaction smoothly occurred in toluene and hexane as a solvent.
Notably, the reaction provided a quantitative yield (96%) even at 3 mol% of catalyst loading
(entry 22). The reaction at a lower temperature resulted in a low yield of 3aa, indicating the
reaction requires 100 °C temperature to achieve an alkylated product in quantitative yield.
Interestingly, the alkylation also proceeded efficiently under neat conditions affording desired
product in 97% vyield (entry 23). The nickel precursor and PCys ligand are essential for this
hydroarylation reaction, without which an alkylated product was not observed. This nickel-
catalyzed alkylation reaction is exclusively provided the Markovnikov selective alkylated
products. After, an extensive optimization, the alkylation reaction was found to occur
efficiently in the presence of 3 mol% of Ni(cod)2, and 6 mol% of PCys at 100 °C under neat

conditions.

Table 3.1 Optimization of reaction conditions.

@ _ [Ni], Ligand O A
+ >
/\@ ) .

N H
N Solvent, Temp/Time
N N

) \

3

L

(1a) (2a) (3aa)
Entry  [Ni] Ligand Solvent Temp./Time 3aa (%)’
(5.0 mol%) (10.0 mol%) (1.0 mL) (OC /h)
1 NiCl, - hexane 100/24 NR
2 NiBr, ; hexane 100/24 NR
3 Ni(OAc), ; hexane 100/24 NR
4 Ni(OTf), ] hexane 100/24 NR
5 Ni(cod), - hexane 100/24 5
6 Ni(cod), PMe, hexane 100/24 trace
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7 Ni(cod), PPh, hexane 100/24 NR

8 Ni(cod), PCy, hexane 100/24 97(95)
9 Ni(cod), dppf (5) hexane 100/24 NR

10 Ni(cod), deype (5) hexane 100/24 trace

11 Ni(cod), xantphos (5) hexane 100/24 NR

12 Ni(cod), dppen (5) hexane 100/24 NR

13 Ni(cod), bpy (5) hexane 100/24 20

14 Ni(cod), ‘Bu-bpy (5) hexane 100/24 17

15 Ni(cod), PCy, toluene 100/24 96

16 Ni(cod), PCy, ‘BuBy 100/24 90

17 Ni(cod), PCy, mesitylene 100/24 90

18 Ni(cod), PCy, THF 100/24 65

19 Ni(cod), PCy, 2-MeTHF  100/24 60

20 Ni(cod), PCy, dioxane 100/24 86

21 Ni(cod), PCy, hexane 80/24 55

27" Ni(cod), PCy, hexane 100/24 98 (96)
23 Ni(cod), PCy, - 100/24 98 (97)
24 -- PCy, -- 100/16 NR

Reaction Conditions: Indole pyrimidine (1a, 0.058 g, 0.30 mmol), styrene (2a, 0.062 g, 0.60
mmol), solvent (1.0 mL). 2Isolated yield, PEmploying Ni(cod)2 (3.0 mol%), PCys (6.0 mol%).
NR. = No Reaction.

3.2.2. Effect of Directing Groups on C—H Alkylation

We have examined the effect of substituents at the N-center of indole on regioselective
C-H alkylation reactions employing different N-substituted indoles (Scheme 3.2). The
regioselective C—H alkylation of 1-(pyrimidin-2-yl)-/H-indole (1a) with styrene (2a) in
presence of 3 mol% of Ni(cod)2 and 6 mol% of PCys provided alkylated product 3aa in 97%
yield. Similarly, the substrates 1-(pyridin-2-yl)-/H-indole (1b) and 1-(pyrazin-2-yl)-/H-indole
(1c) reacted efficiently to afford alkylated products 3ba and 3ca in 90% and 85% yields,
respectively. Unfortunately, the indole bearing —CO'Bu and —COPh group as N-substituent did
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not provide the alkylated products, highlighting that strong o-donor nitrogen coordination is
required for this hydroarylation reaction. As expected, the 1-phenyl-/H-indole, 1-benzyl-/H-
indole, and 1-methyl-/H-indole did not afford the desired alkylated products. All these
observations indicate that the indole bearing a nitrogen donor substituent at the N-atom is

essential for the nickel-catalyzed C—H alkylation reaction.

Ni(cod), (3.0 mol%) Q
mH . /\@ PCys (6.0mol%) O \
N

neat, 100 °C, 24 h

= N
(3aa): 97% (3ba): 90% (3ca): 85%
N
30 CH3 )
H3C CHj
NR NR NR NR

Scheme 3.2. Role of directing group on C—H alkylation reactions.

3.2.3. Substrate Scope for C—H Alkylation

With the optimized reaction condition for the Markovnikov selective alkylation using
earth-abundant nickel catalyst, the scope and limitations of alkylation reaction with various
indoles were investigated (Scheme 3.3). Indoles bearing electron-donating as well as electron-
withdrawing substituents at the C-5 position were well tolerated to afford the alkylated products
3da-3ga in good to excellent yields. The C—O bond cleavage was not observed in substrates 1e
and 1f, although Ni(0) catalysts are known to cleave aryl alkyl ethers.*®*” Indoles bearing
halide substituents such as —Cl, and —Br did not produce the desired products, presumably due
to the oxidative addition of C—X bond to Ni(0), thus, deactivating the active catalyst. The indole

containing —F and —CO:Me substituents at the C-6 position were tolerated under the reaction
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condition providing 3ha and 3ia in moderate yields. The substrate 4-methoxy-1-(pyrimidin-2-
yl)-1H-indole also provided the alkylated product 3ja in 66% yield. The C-3 substituted indoles
efficiently participated in the reaction providing desired products 3ka-3ma in moderate to low
yields with exclusively Markovnikov selectivity. The possible coordinating groups, such as —
CN and —CO:2Me at the C-3 position of indole were also tolerated under the optimized reaction
conditions. The substrate 2,2-dimethyl-1-(1-(pyrimidin-2-yl)-/H-indol-3-yl)propan-1-one
provided the desired product 3na in a very low yield as analyzed by GCMS. The low yield in
compound 3na is attributed to the steric hindrance of starting compound or the coordinating
ability of the carbonyl group under the reaction condition. Unfortunately, the employment of

indole containing —CHO group at the C-3 position did not participated in the reaction.

Ni(cod), (3.0 mol%)
R1mH . 7 PCys (6.0mol%) _ gifi
¥ > =
N CH3

neat, 100 °C, 24 h

2-pym 2-pym : N\ CHa
2-pym 2-pym
(3aa): 96% (3da): 96% (3ea): 98% (3fa): 84%
. O
H3CO,C \
2 pym 2 pym 2-pym 2 pym
(3ga): 92% (3ha): 52%2 (3ia): 27%:2 (3ja): 87%
Bu
I
N\ CHj
2 pym 2 pym 2-pym
(3ka): 87% (3la): 85% (3ma): 38% (3na): 10%2

Scheme 3.3. Nickel-catalyzed branch-selective C—H alkylation of indoles. (*Yield was

determined by Gas Chromatography).
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Next, the scope of alkenes that proceeds via the hydroarylation pathway was
investigated with 1-(pyrimidin-2-yl)-/H-indole (1a) under standard conditions (Scheme 3.4).
Both the electron-rich and electron-poor vinylarenes have successfully participated in the
alkylation reactions. Aromatic terminal alkenes containing alkyl, alkoxy and phenyl
substituents at para-position provided alkylated products 3ab-3ag in moderate to excellent
yields. The reaction of vinylarenes bearing chloro and bromo substituents was unsuccessful
because of the competitive oxidative addition of C-halide bond. Aromatic alkenes bearing
pharmaceutically important groups such as —F and —CF3s were efficiently reacted with 1-

(pyrimidin-2-yl)-/H-indole afforded desired products 3ah-3ak in moderate yields.

J R
Ni(cod), (3.0 mol%) —
@E\\“' R AN PCys (6.0 mol%) \
N k neat, 100 °C, 24 h '}\ CHs
N R 7z
N )
\§) (2.0 equiv) —
(1a) (2) 3)
CHj OCHj, OtBu
g8 d
N CHs N CHs
2-pym 2-pym 2- pym 2 pym
(3ab): 96% (3ac): 95% (3ad): 95% (3ae): 96%
R
N CHs 2 2
R = OBn, (3af): 66% (3ah): 73% (3ai): 70% (3aj): 64%

R =Ph, (3ag): 70%

. O /
Ralle s ankes
N N

\ \
2 pym 2-pym -
CHs py 2-pym
2 pym

(3ak): 58% (3al): 45% (3am): 50% (3an): 43%

Scheme 3.4. Nickel-catalyzed hydroheteroarylation of alkenes.
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The meta-substituted styrenes were also efficiently participated in this reaction to deliver
alkylated products in quantitative yields. Particularly, an Ar—F bond was compatible with this
catalytic system, even though Ni(0) catalyst is known for the aromatic C—F bond activation.-
42 The employment of the substrate 2-vinylnaphthalene in this reaction provided a desired
product 3al in low yield. In addition to aromatic arenes, trimethyl(vinyl)silane was employed
in this protocol to produce the linear-selective alkylated product 3am in 91% yield. Similarly,
1,4-hexadiene was also efficiently reacted with 1a to deliver linear alkylated product 3an in
moderate yield. The reaction exclusively occurred at one terminal alkene, another terminal
alkene of 1,4-hexadiene was unreactive under the reaction conditions. Here, we assume that
the regioselectivity in the nickel catalyzed hydroarylation with aryl and aliphatic alkenes were

controlled by the charge transfer and Pauli repulsion, respectively.*

Ni(cod), (3.0 mol%)

-*s—N
N < 0,
! N XX PCy3 (6.0 mol%
3 I T | y3 ( 0
777N X neat, 100 °C, 16 h
N R
)
(4) or (5) (2)
N N N
\ [ N\ JI N\
N CH, \ e” N CH, [
2-pym 2-pym 2-pym N CHy
2-pym
(6aa): 89% (7aa): 53% (Tba): 28% R = OMe; (7ad):55%

R=F; (7ah): 46%

Scheme 3.5. Branch-selective C—H alkylation of azoles with vinylarenes.

The hydroarylation protocol was extended to the alkylation of azole derivatives with
vinylarenes for the synthesis of diverse 1,1-(hetero)aryl ethane (Scheme 3.5). The coupling of
1-(pyrimidin-2-yl)-/H-benzo[d]imidazole with styrene occurred in the presence of nickel
catalyst at 100 °C for 16 h under neat conditions, producing desired product 6aa in 89% yield.
Similarly, the reaction of 2-(/H-imidazol-1-yl)pyrimidine, and 2-(5-methyl-/H-imidazol-1-
yl)pyrimidine provided the alkylated products 7aa and 7ba in 53% and 28% yield, respectively.
Additionally, the coupling of vinylarenes with 2-(/H-imidazol-1-yl)pyrimidine was

demonstrated under this catalytic system. Vinylarenes containing both the electro-donating and
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electron-withdrawing groups were well tolerated under this hydroarylation protocol. Aromatic
arenes, 1-methoxy-4-vinylbenzene and 1-fluoro-4-vinylbenzene were efficiently coupled with

2-(1H-imidazol-1-yl)pyrimidine afforded the desired products 7ad and 7ah in moderate yields.

3.2.4 Large Scale Synthesis of 3aa

In view of excellent regioselectivity and significant importance of C-2 branch-selective
alkylated indoles, we have shown the practical applicability of alkylation reaction by a 3.0
mmol scale alkylation of indole 1a (0.6 g) with styrene afforded 0.637 g (71%) of product 3aa

under the optimal conditions suggesting the usefulness of scale-up process (Scheme 3.6).

Ni(cod), (3.0 mol%) Q
mH =~ PCys (6.0 mol%) O A
+ _—
N neat, 100 °C, 24 h N CHj

\
2-pym 2-}>ym

(0.6 g) (0.637g, 71%)

Scheme 3.6. Large scale synthesis of 3aa.

3.2.5 Removal of Directing Group and Functionalization

Considering the importance of functionalized free NH 1,1-heteroaryl-aryl ethane
derivatives in pharmaceutically important compounds. we have demonstrated the removal of
the 2-pyrimidinyl group from the alkylated compound. Thus, the alkylated product 2-(1-
phenylethyl)-1-(pyrimidin-2-yl)-/ H-indole (3aa) was treated with NaOEt at 100 °C for 1 h to
afford 2-(1-phenylethyl)-/H-indole in 89% yield (Scheme 3.6). Further, the compound 3aa
could be functionalized at C-7 position using rhodium catalyst to deliver methyl (E)-3-(2-(1-
phenylethyl)-1-(pyrimidin-2-yl)-/ H-indol-7-yl)acrylate in 74% yield (Scheme 3.7).

HiCOC X+

\__ /" [(Cp*RACI),] (5.0 mol%) N\ /™ NaOEt (4.0 equiv) N
N CHy Cu(OAc)H,0 (1.0 equiv) N  CH; DMS0,100°C,1h N CHs
(o] \
2-pym DMF, 80 °C, 24 h )/\N
\

H
P Hoy H
COOCH; <) 89%

(9; 74%) (3aa) (8; 89%)

Scheme 3.7. Derivatization of compound 3aa.
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3.2.6 Mechanistic Aspects
3.2.6.1 External Additive Experiments

The controlled alkylation reaction with alkene has been performed to understand the
reaction pathway and the participation of an active catalyst. The standard alkylation reaction
proceeded smoothly in the presence of radical inhibitor BHT (butylated hydroxytoluene),
whereas the reaction was completely quenched in the presence of radical scavengers such as
TEMPO or galvinoxyl (Scheme 3.8). These findings indicated the involvement of radical

species in this catalysis process.

Ni(cod), (3.0 mol%)
PCy; (6.0 mol%)
mH /\@ additive (2.0 equiv) O N\
+ .
N hexane (1.0 mL) N CHy
2-pym 100 °C, 24 h 2-pym
(1a: 0.30 mmol) (2a: 0.60 mmol) (3aa)
additive 3aa
- 97%
TEMPO -
Galvinoxyl
BHT 90%

Scheme 3.8. External additive experiments.

3.2.6.2 Deuterium Labeling Experiments

Controlled Experiment (Reaction of 1a-[2-D] with 2g) : The controlled experiment
was carried out to understand the reaction mechanism. The reaction of 1-(pyrimidin-2-yl)-1H-
indole-2-d (1a-[2-D]) with 4-vinyl-1,1'-biphenyl (2g) was performed under the standard
reaction conditions for 5 h (Scheme 3.9). The H NMR analysis of the recovered starting
compounds and alkylated product reveals that the significant H/D scrambling occurs between
compound l1a-[2D] and 2g prior to the formation of product 3ag. Thus, the decrease of
deuterium content at C-2 position of indole (1a-[2-D]) was observed. Moreover, a remarkable
deuterium incorporation was observed at a- and B-position of 4-vinyl-1,1'-biphenyl (29).
Notably, *H NMR analysis of product 3ag-[H/D] shows the deuterium incorporation occurs at
a-position. These results suggest that the C—H bond activation and alkene insertion step is

reversible and it follows only one alkene insertion pathway during the catalytic process.
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44% D
91% D A /
\ ' H/D
D N Ph
\
: .
-pym
; 0.219 mmol 25% D
Ni(cod), (3.0 mol%)
0.30 mmol d
( " ) PCY; (60 mol%) (recovered) 5 . O A '
+

hexane, 100 °C N CHs/CDs

/\@\ 5h H/D 2-pym
H/D g
Ph m ~ 15% D 24%

H/D

(0.60 mmol) Ph ~~ 5% D

0.377 mmol
(recovered)

Scheme 3.9. Controlled experiment.

Further, the compounds 1-(pyrimidin-2-yl)-/H-indole-2-d (1a-[2-D]; 0.15 mmol) and 5-
methoxy-1-(pyrimidin-2-yl)-/H-indole (1e; 0.15 mmol) were treated with styrene (2a; 0.6
mmol) under standard reaction condition at 100 °C for 5 h (Scheme 3.10). The 'H NMR
analysis of the recovered starting compound 1e shows 15% deuterium incorporation at C-2
position, whereas compound 1a-[2-D] shows 68% loss of deuterium content at C-2 position.
This experiment highlights that the C—H bond metalation is reversible and the presence of
Ni—H/Ni—D crossover in the catalytic process. Thus, we consider the hydroarylation reaction

proceeds through insertion of styrene into the Ni—H bond.

\ -
mD\ \ H/D\

2pym  91%D 2-pym 23% D

Ni(cod), (3.0 mol%
(1a-[2-D]; 0.15 mmol) (cod), ( ) 0.107 mmol

/\@ PCy3 (60 eqUiV) > (recovered) + 3aa: (16%)a
+
hexane, 100 °C, 5 h +
MeO \ MeO + 3ea (24%)°
H  (2a; 0.6 mmol) N—Hp
N N AN

o \

-pym 2-pym  15% D

(1e; 0.15 mmol) 0.106 mmol
(recovered)

Scheme 3.10. H/D scrambling experiments. (*GC yield)

Kinetic Isotope Effect (KIE) Study: To understand whether the indole C—H bond
cleavage is involved in the rate determining step, the kinetic isotope effect (KIE) study was
carried out using 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.30 mmol, 0.3 M) and [or 1-
(pyrimidin-2-yl)-1H-indole-2-d (1a-[2-D]; 0.059 g, 0.30 mmol, 0.3 M)]. The initial rate
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obtained for the alkylation of 1-(pyrimidin-2-yl)-1H-indole (1a) with styrene was 1.919 x 102
Mmin, whereas the rate for the alkylation of 1-(pyrimidin-2-yl)-1H-indole-2-d (1a-[D]) with
styrene was 1.733 x 102 Mmin‘* (Figure 3.1). Therefore, the ku/ko = 1.919 x 10%/1.733 x 1072
= 1.1. This indicates that the C—H bond nickelation is less likely involved in the rate-
determining step. These deuterium labeling experients highlight that the C—H bond cleavage
and alkene insertion steps are reversible. Thus, these result tentatively suggests the reductive
elimination would be the rate-limiting step.

Ni(cod), (3.0 mol%)

PCy; (6.0 mol% Ph
N hexane (1.0 mL) N CH,4

2-pym 100 °C 2-pym

1a or 1a-[2-D] ky = 1.919 x 102 Mmin™" 3aa or 3aa-[D]
kp = 1.733 x 102 Mmin™"

6 -
m  3aausing la
5 - ® 3aa-[D] using la-[2-D]
4 4
. y = 1.919x107°x-0.25892
Z R® = 0.9923
© 3]
o
™
©
O 5
= 2
8 y = 1.733x10 "x-0.22876
R?=0.9943
1 -
0 -
1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1
0 50 100 150 200 250 300
Time (min)

Figure 3.1. Time-dependent formation of 3aa [or 3aa-[D]] using 1a and 1a-[2-D].

3.3 CONCLUSION
In summary, we have developed an efficient protocol for the C—H alkylation of indoles

with alkenes using a nickel catalyst which proceeds via a hydroarylation strategy and provided
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exclusive branch-selective product. This protocol is applicable for both the electron-rich as
well as electron-poor indoles providing desired alkylated products in moderate to excellent
yields. The substrates bearing alkyl, alkoxy, fluoro, cyano, ester, and carbonyl groups were
well tolerated under the reaction conditions. In addition to indoles, other heteroarenes such as
imidazoles and benzimidazoles also successfully participated in this alkylation reaction. This
reaction provided a direct and efficient approach for synthesizing various functionalized 1,1-
diaryl ethanes under neat conditions. Furthermore, the removal of 2-pyrimidinyl directing was
demonstrated to show the synthetic utility of the protocol. Preliminary mechanistic studies
suggested that the alkylation reaction proceeds through a single-electron transfer (SET)
pathway. The deuterium labelling experiments tentatively supports the rate limiting reductive

elimination process.

3.4 EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box
or using standard Schlenk techniques in pre-dried glasswares. The catalytic reactions were
performed in flame-dried reaction vessels with a Teflon screw cap. Solvents were dried over
Na/benzophenone or CaH2 and distilled prior to use. Liquid reagents were flushed with argon
prior to use. All other chemicals were obtained from commercial sources and were used without
further purification. High resolution mass spectrometry (HRMS) mass spectra were recorded
on a Thermo Scientific Q-Exactive, Accela 1250 pump. NMR: (*H and 3C) spectra were
recorded at 400 or 500 MHz (H), 100 or 125 MHz {*3C, DEPT (distortionless enhancement
by polarization transfer)}, 377 MHz (*°F), respectively in CDCIs solutions, if not otherwise
specified; chemical shifts (6) are given in ppm. The H and **C NMR spectra are referenced to
residual solvent signals (CDCls: 6 H = 7.26 ppm, 6 C = 77.2 ppm).

GC Method. Gas Chromatography analyses were performed using a Shimadzu GC-2010
gas chromatograph equipped with a Shimadzu AOC-20s auto sampler and a Restek RTX-5
capillary column (30 m x 0.25 mm x 0.25 pm). The instrument was set to an injection volume
of 1 pL, an inlet split ratio of 10:1, and inlet and detector temperatures of 250 and 320 °C,
respectively. UHP-grade argon was used as carrier gas with a flow rate of 30 mL/min. The
temperature program used for all the analyses is as follows: 80 °C, 1 min; 30 °C/min to 200
°C, 2 min; 30 °C/min to 260 °C, 3 min; 30 °C/min to 300 °C, 15 min. Response factors for all
the necessary compounds with respect to standard n-hexadecane were calculated from the

average of three independent GC runs.
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3.4.1 Representative Procedure for C—H Alkylation and Characterization Data

Procedure for the Synthesis of 2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3aa):
To a flame-dried screw-cap tube equipped with magnetic stir bar were introduced 1-(pyrimidin-
2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol), styrene (2a; 0.063 g, 0.605 mmol), Ni(cod)2
(0.0025 g, 0.009 mmol, 3.0 mol%), and PCys (0.0050 g, 0.018 mmol, 6.0 mol%) inside the
glove box. The resultant reaction mixture in the tube was immersed in a preheated oil bath at
100 °C and stirred for 24 h under neat conditions. At ambient temperature, the reaction mixture
was diluted with ethyl acetate (5.0 mL). The volatiles were evaporated in vacuo and the
remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAC: 50/1) to yield 3aa (0.088 g, 97%) as a colorless solid.

Procedure for a 3.0 mmol scale synthesis of 3aa: To a flame-dried screw-cap tube
equipped with magnetic stir bar were introduced 1-(pyrimidin-2-yl)-1H-indole (1a; 0.60 g, 3.07
mmol), styrene (2a; 0.64 g, 6.14 mmol), Ni(cod)2 (0.025 g, 0.092 mmol, 3.0 mol%), and PCys
(0.050 g, 0.184 mmol, 6.0 mol%) inside the glove box. The resultant reaction mixture in the
tube was immersed in a preheated oil bath at 100 °C and stirred for 24 h under neat conditions.
At ambient temperature, the reaction mixture was diluted with ethyl acetate (5.0 mL). The
volatiles were evaporated in vacuo and the remaining residue was purified by column
chromatography on silica gel (petroleum ether/EtOAc: 50/1) to yield 3aa (0.637 g, 71%) as a

colorless solid.

@—<CH3
N Ph

Characterization Data of 3aa. *H-NMR (500 MHz, CDCls): 6 = 8.61 (d, J = 4.7 Hz,
2H, Ar-H), 8.03-8.00 (m, 1H, Ar-H), 7.61-7.58 (m, 1H, Ar-H), 7.23-7.16 (m, 2H, Ar-H),
7.08-7.05 (m, 2H, Ar—H), 7.01-6.95 (m, 4H, Ar—H), 6.68 (s, 1H, Ar—H), 5.26 (g, J = 7.1 Hz,
1H, CH), 1.66 (d, J = 7.2 Hz, 3H, CHs). *C{*H}-NMR (125 MHz, CDCls): § = 158.1 (1C, Cq;
2C, CH), 145.7 (Cq) 145.0 (Cq), 137.6 (Cq) 128.9 (Cq), 128.2 (2C, CH), 127.6 (2C, CH), 125.9
(CH), 123.0 (CH), 121.8 (CH), 120.2 (CH), 117.3 (CH), 113.2 (CH), 105.6 (CH), 38.6 (CH),
22.6 (CHs). HRMS (ESI): m/z Calcd for C20H17N3 + H* [M + H]* 300.1495; Found 300.1499.
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CH
T
N Ph

N
4 \

—

2-(1-Phenylethyl)-1-(pyridin-2-yl)-1H-indole (3ba): The representative procedure was
followed, using 1-(pyridin-2-yl)-1H-indole (1b; 0.059 g, 0.303 mmol) and styrene (2a; 0.063
g, 0.605 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAC:
50/1) yielded 3ba (0.082 g, 90%) as a light yellow liquid. *H-NMR (400 MHz, CDCls): 6 =
8.61 (d, J = 4.7 Hz, 1H, Ar-H), 7.70 (d, J = 7.6 Hz, 1H, Ar—H), 7.60 (td, J = 7.7, 1.9 Hz, 1H,
Ar-H), 7.23-7.14 (m, 4H, Ar-H), 7.10-7.04 (m, 3H, Ar-H), 6.98 (d, J = 8.0 Hz, 1H, Ar-H),
6.89-6.87 (m, 2H, Ar-H), 6.74 (s, 1H, Ar-H), 4.69 (q, J = 7.0 Hz, 1H, CH), 1.71 (d, J = 7.2
Hz, 3H, CHs). *C{*H}-NMR (100 MHz, CDCls): 6 = 151.4 (Cq), 149.4 (CH) 145.1 (2C, Cy),
138.1 (CH) 137.9 (Cq), 128.3 (Cq), 128.1 (2C, CH), 127.4 (2C, CH), 126.0 (CH), 122.2 (CH),
122.1 (CH), 122.0 (CH), 120.6 (CH), 120.4 (CH), 109.9 (CH), 101.9 (CH), 37.8 (CH), 22.0
(CHs). HRMS (ESI): m/z Calcd for C21H1sN2+H* [M + H]* 299.1546; Found 299.1543.

2-(1-Phenylethyl)-1-(pyrazin-2-yl)-1H-indole (3ca): The representative procedure was
followed, using 1-(pyrazin-2-yl)-1H-indole (1c; 0.059 g, 0.302 mmol) and styrene (2a; 0.063
g, 0.605 mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAC:
50/1) yielded 3ca (0.076 g, 85%) as a colorless solid. *H-NMR (500 MHz, CDCls): 6 = 8.48-
8.47 (m, 1H, Ar-H), 8.39 (d, J = 2.5 Hz, 1H, Ar-H), 8.30 (d, J = 1.4 Hz, 1H, Ar-H), 7.67-7.64
(m, 1H, Ar-H), 7.22 (s, 1H, Ar-H), 7.18-7.14 (m, 2H, Ar-H), 7.05-6.99 (m, 3H, Ar-H), 6.80-
6.78 (m, 2H, Ar-H), 6.75 (s, 1H, Ar-H), 4.56 (q, J = 7.0 Hz, 1H, CH), 1.66 (d, J = 7.1 Hz, 3H,
CHs). BC{*H}-NMR (125 MHz, CDCl3): ¢ = 148.3 (Cq), 144.9 (Cy), 144.7 (Cy), 143.5 (2C,
CH), 142.4 (CH), 137.9 (Cq), 128.5 (Cy), 128.4 (2C, CH), 127.2 (2C, CH), 126.4 (CH), 122.7
(CH), 121.3 (CH), 120.7 (CH), 109.6 (CH), 103.4 (CH), 37.9 (CH), 22.0 (CH3). HRMS (ESI):
m/z Calcd for C17H20N2 + H* [M+H]" 300.1495; Found 300.1499.
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5-Methyl-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3da): The representative

HsC CH
T
Ph
\

procedure was followed, using 5-methyl-1-(pyrimidin-2-yl)-1H-indole (1d; 0.063 g, 0.301
mmol) and styrene (2a; 0.063 g, 0.602 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 50/1) yielded 3da (0.090 g, 96%) as a colorless liquid. *H-NMR
(400 MHz, CDCls): 6 = 8.62 (d, J = 4.9 Hz, 2H, Ar—H), 8.01 (d, J = 8.5 Hz, 1H, Ar-H), 7.44
(s, IH, Ar-H), 7.14-7.02 (m, 6H, Ar-H), 6.95 (t, J = 4.8 Hz, 1H, Ar-H), 6.67 (s, 1H, Ar-H),
5.33(q, J=7.1Hz, 1H, CH), 2.50 (s, 3H, CH3), 1.71 (d, J = 7.1 Hz, 3H, CHs). BC{*H}-NMR
(100 MHz, CDCIs): 6 = 158.2 (Cq), 157.9 (2C, CH) 145.8 (Cy), 145.0 (Cg), 135.9 (Cq), 131.1
(Cqg), 129.2 (Cy), 128.2 (2C, CH), 127.6 (2C, CH), 125.9 (CH), 124.4 (CH), 120.1 (CH), 116.9
(CH), 113.2 (CH), 105.5 (CH), 38.7 (CH), 22.7 (CHzs), 21.5 (CH3). HRMS (ESI): m/z Calcd
for C21H19Ns+H+ [M+H]+ 314.1652; Found 314.1654.

cho\©\/\>_<cn43
p_—

5-Methoxy-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3ea): The representative
procedure was followed, using 5-methoxy-1-(pyrimidin-2-yl)-1H-indole (1e; 0.068 g, 0.302
mmol) and styrene (2a; 0.063 g, 0.605 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAC: 30/1) yielded 3ea (0.097 g, 98%) as a brown solid. *H-NMR (500
MHz, CDCls): 6 = 8.60 (d, J = 4.9 Hz, 2H, Ar-H), 8.05 (d, J = 9.0 Hz, 1H, Ar-H), 7.14-7.10
(m, 3H, Ar—H), 7.05-7.03 (m, 3H, Ar—H), 6.94 (t, J = 4.7 Hz, 1H, Ar-H), 6.91-6.88 (m, 1H,
Ar-H), 6.65 (s, 1H, Ar-H), 5.34 (q, J = 7.1 Hz, 1H, CH), 3.89 (s, 3H, OCHs), 1.69 (d, J=7.1
Hz, 3H, CHs). BC{*H}-NMR (125 MHz, CDCls): 6 = 158.1 (Cq), 157.9 (2C, CH) 155.5 (Cq),
145.8 (Cq), 145.7 (Cq), 132.5 (Cq), 129.7 (Cq), 128.2 (2C, CH), 127.6 (2C, CH), 125.9 (CH),
116.9 (CH), 114.5 (CH), 112.0 (CH), 105.7 (CH), 102.6 (CH), 55.9 (OCHs3), 38.8 (CH), 22.7
(CH3). HRMS (ESI): m/z Calcd for C21H1sNsO+H+ [M+H]+ 330.1601; Found 330.1605.
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5-(Benzyloxy)-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3fa): The
representative procedure was followed, using 5-(benzyloxy)-1-(pyrimidin-2-yl)-1H-indole (1f;
0.091 g, 0.302 mmol) and styrene (2a; 0.063 g, 0.604 mmol). Purification by column

BnO CH
T
Ph
\

chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3fa (0.102 g, 84%) as a
light brown solid. *H-NMR (400 MHz, CDCls): § = 8.61 (d, J = 4.9 Hz, 2H, Ar-H), 8.04 (d, J
=9.0 Hz, 1H, Ar-H), 7.50 (d, J = 7.1 Hz, 2H, Ar-H), 7.43-7.39 (m, 2H, Ar—H), 7.36-7.32 (m,
1H, Ar-H), 7.17-7.16 (m, 1H, Ar-H), 7.13-7.09 (m, 2H, Ar-H), 7.05-7.02 (m, 3H, Ar-H),
6.97-6.94 (m, 2H, Ar-H), 6.62 (s, 1H, Ar-H), 5.33 (9, J = 7.1 Hz, 1H, CH), 5.16 (s, 2H, CH>),
1.67 (d, J=7.1 Hz, 3H, CH3), 1.20 (s, 9H, CH3). *C{*H}-NMR (100 MHz, CDCl3): § = 158.1
(Cq), 158.0 (2C, CH), 154.7 (Cy), 145.8 (2C, Cq) 137.8 (Cq), 132.7 (Cy), 129.7 (Cq), 128.7 (2C,
CH), 128.2 (2C, CH), 127.9 (CH), 127.7 (2C, CH), 127.6 (2C, CH), 125.9 (CH), 116.9 (CH),
114.5 (CH), 112.8 (CH), 105.8 (CH), 104.2 (CH), 70.9 (CH.), 38.8 (CH), 22.7 (CHz). HRMS
(ESI): m/z Calcd for C27H23N3O + H* [M+H]" 406.1919; Found 406.1923.

Fm<CH3
N Ph

5-Fluoro-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3ga): The representative
procedure was followed, using 5-fluoro-1-(pyrimidin-2-yl)-1H-indole (1g; 0.064 g, 0.300
mmol) and styrene (2a; 0.062 g, 0.600 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 50/1) yielded 3ga (0.088 g, 82%) as a colorless liquid. *H-NMR
(400 MHz, CDCls): 0 = 8.62 (d, J = 4.9 Hz, 2H, Ar-H), 8.07-8.04 (m, 1H, Ar-H), 7.32-7.29
(m, 1H, Ar-H), 7.16-7.12 (m, 2H, Ar-H), 7.08-7.02 (m, 3H, Ar—H), 7.00-6.96 (m, 2H, Ar-H),
6.69 (s, 1H, Ar—H), 5.34 (q, J = 7.1 Hz, 1H, CH), 1.71 (d, J = 7.1 Hz, 3H, CHs). *C{'H}-NMR
(100 MHz, CDCls): § = 158.9 (d, YJc_r = 236.5 Hz, Cg), 158.1 (2C, CH), 157.9 (Cg), 146.8 (Cy),
145.4 (Cq), 133.9 (Cy), 129.6 (d, 3Jc_F = 10.7 Hz, Cq), 128.2 (2C, CH), 127.5 (2C, CH), 126.0
(CH), 117.4 (CH), 114.3 (d, 3Jc_r = 9.1 Hz, CH), 110.6 (d, 2Jc_r = 24.4 Hz, CH), 105.4 (d,
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“Jc-F=2.3Hz, CH), 105.3 (d, 2Jc_r = 17.5 Hz, CH), 38.7 (CH), 22.5 (CH3), 21.5 (CH3). HRMS
(ESI): m/z Calcd for C20H16FNs+H+ [M+H]+ 318.1401; Found 318.1406.

OMe
N Ph

4-Methoxy-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole  (3ja): The representative
procedure was followed, using 4-methoxy-1-(pyrimidin-2-yl)-1H-indole (1j; 0.068 g, 0.302
mmol) and styrene (2a; 0.063 g, 0.605 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 30/1) yielded 3ja (0.066 g, 66%) as a brown solid. *H-NMR (400
MHz, CDCls): 6 = 8.65 (d, J = 4.9 Hz, 2H, Ar-H), 8.05 (d, J = 8.6 Hz, 1H, Ar—H), 7.64-7.62
(m, 1H, Ar-H), 7.25-7.21 (m, 2H, Ar-H), 6.99 (t, J = 4.7 Hz, 1H, Ar-H), 6.92 (d, J = 8.6 Hz,
2H, Ar-H), 6.69 (s, 1H, Ar-H), 6.65 (d, J = 8.6 Hz, 2H, Ar-H), 5.25 (q, J = 7.1 Hz, 1H, CH),
3.69 (s, 3H, OCHs), 1.67 (d, J = 7.1 Hz, 3H, CHa3). ®C{*H}-NMR (100 MHz, CDCl3): 6 =
158.1 (2C, CH), 158.0 (Cq), 157.7 (Cq), 145.4 (Cq), 137.8 (Cq), 137.6 (Cq), 128.9 (Cq), 128.5
(2C, CH), 122.9 (CH), 121.7 (CH), 120.2 (CH), 117.3 (CH), 113.6 (2C, CH), 113.1 (CH), 105.3
(CH), 55.2 (OCHBas), 37.7 (CH), 22.7 (CH3). HRMS (ESI): m/z Calcd for C21H19N3O+H+
[M+H]+ 330.1601; Found 330.1590.

CHs
®—<CH3
N Ph

3-Methyl-2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3ka): The representative
procedure was followed, using 3-methyl-1-(pyrimidin-2-yl)-1H-indole (1k; 0.063 g, 0.301
mmol) and styrene (2a; 0.063 g, 0.602 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 50/1) yielded 3ka (0.082 g, 87%) as a light brown solid. *H-NMR
(500 MHz, CDCls): 0 = 8.72 (d, J = 4.5 Hz, 2H, Ar-H), 8.01-8.00 (m, 1H, Ar-H), 7.50-7.49
(d, J=7.3 Hz, 1H, Ar-H), 7.27-7.24 (m, 2H, Ar-H), 7.22-7.18 (m, 4H, Ar—H), 7.12-7.10 (m,
1H, Ar-H), 7.08 (t, J = 4.9 Hz, 1H, Ar-H), 5.16 (q, J = 7.3 Hz, 1H, CH), 2.06 (s, 3H, CHa),
1.82 (d, J = 7.3 Hz, 3H, CHz). BC{*H}-NMR (125 MHz, CDCls): § = 158.4 (1C, Cq; 2C, CH),
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144.6 (Cq) 140.3 (Cq), 136.2 (Cq) 130.9 (Cq), 128.1 (2C, CH), 127.4 (2C, CH), 125.7 (CH),
123.0 (CH), 121.5 (CH), 118.0 (CH), 117.3 (CH), 113.2 (Cy), 112.9 (CH), 35.9 (CH), 19.0
(CH3), 9.5 (CHs). HRMS (ESI): m/z Calcd for C21H19N3 + H* [M+H]" 314.1652; Found
314.1621.

CN
®_<CH3
N Ph

2-(1-Phenylethyl)-1-(pyrimidin-2-yl)-1H-indole-3-carbonitrile (3la): The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole-3-
carbonitrile (1I; 0.067 g, 0.304 mmol) and styrene (2a; 0.063 g, 0.605 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 30/1) yielded 3la (0.092 g,
94%) as a brown solid. 'H-NMR (400 MHz, CDCls): 6 = 8.77 (d, J = 4.9 Hz, 2H, Ar-H), 7.76-
7.71 (m, 2H, Ar-H), 7.33-7.23 (m, 3H, Ar-H), 7.16-7.13 (m, 2H, Ar-H), 7.10-7.05 (m, 3H,
Ar-H),5.24 (9, J=7.3 Hz, 1H, CH), 1.99 (d, J = 7.3 Hz, 3H, CH3). 3C{*H}-NMR (100 MHz,
CDCls): 6 = 158.9 (2C, CH), 156.9 (Cg), 152.1 (Cq, CN), 142.8 (Cq), 135.9 (Cq) 128.5 (2C,
CH), 128.1 (Cq), 127.5 (2C, CH), 126.7 (CH), 124.9 (CH), 123.5 (CH), 119.5 (CH), 119.1
(CH), 116.0 (Cg), 113.1 (CH), 89.4 (Cq), 38.2 (CH), 20.7 (CH3). HRMS (ESI): m/z Calcd for
C21H16Ns + H* [M+H]* 325.1448; Found 325.1452.

CHj
/
0]
CHg

O

A\
N P

Methyl 2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole-3-carboxylate (3ma): The

h

representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole-3-
carboxylate (1m; 0.076 g, 0.300 mmol) and styrene (2a; 0.062 g, 0.600 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 30/1) yielded 3ma (0.041 g,
38%) as a colorless sticky solid. *H-NMR (400 MHz, CDCls): 6 =8.51 (d, J = 4.9 Hz, 2H, Ar—
H), 8.12 (d, J = 8.0 Hz, 1H, Ar—H), 7.23-7.16 (m, 2H, Ar—H), 7.14-7.09 (m, 1H, Ar-H), 7.00
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(t, J = 4.8 Hz, 1H, Ar-H), 6.96-6.91 (m, 4H, Ar-H), 6.89-6.86 (m, 1H, Ar—H), 5.60 (q, J = 7.1
Hz, 1H, CH), 3.85 (s, 3H, OCHa), 1.91 (d, J = 7.2 Hz, 3H, CHz3). *C{*H}-NMR (100 MHz,
CDCls): ¢ = 166.2 (CO), 158.6 (2C, CH), 157.5 (Cq), 152.2 (Cq) 142.2 (Cq), 136.8 (Cq) 127.8
(2C, CH), 127.4 (2C, CH), 126.7 (Cq), 125.6 (CH), 123.6 (CH), 122.9 (CH), 121.8 (CH), 119.5
(CH), 111.4 (CH), 107.6 (Cq), 51.2 (OCHs), 36.1 (CH), 17.9 (CH3). HRMS (ESI): m/z Calcd
for C22H19N30O2 + H* [M+H]" 358.1556; Found 358.1559.

CHj

CH;

O \

N
1-(Pyrimidin-2-yl)-2-(1-(p-tolyl)ethyl)-1H-indole (3ab): The representative procedure
was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol) and 1-
methyl-4-vinylbenzene (2b; 0.071 g, 0.601 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 30/1) yielded 3ab (0.090 g, 96%) as a colorless liquid. *H-
NMR (400 MHz, CDCls): 6 =8.53 (d, J = 4.7 Hz, 2H, Ar-H), 7.92-7.88 (m, 1H, Ar-H), 7.51-
7.47 (m, 1H, Ar-H), 7.12-7.07 (m, 2H, Ar-H), 7.02 (d, J = 8.4 Hz, 2H, Ar-H), 6.84 (t, J = 4.9
Hz, 1H, Ar-H), 6.80 (d, J = 8.0 Hz, 2H, Ar-H), 6.54 (s, 1H, Ar-H), 5.13 (g, J = 7.1 Hz, 1H,
CH), 2.11 (s, 3H, CHs), 1.56 (d, J = 7.1 Hz, 3H, CHz3). 3C{*H}-NMR (100 MHz, CDCl3): 6 =
158.2 (Cq), 158.2 (2C, CH), 148.5 (Cy), 145.6 (Cy), 142.2 (Cq), 137.7 (Cq) 128.9 (Cy), 127.4
(2C, CH), 125.1 (2C, CH), 122.9 (CH), 121.6 (CH), 120.2 (CH), 117.2 (CH), 113.1 (CH), 105.6
(CH), 37.8 (CH), 25.2 (CH3), 22.4 (CH3). HRMS (ESI): m/z Calcd for C21H19N3 + H* [M+H]*
314.1652; Found 314.1655.

‘Bu

CH;

LI
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2-(1-(4-(Tert-butyl)phenyl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3ac): The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059
g, 0.302 mmol) and 1-(tert-butyl)-4-vinylbenzene (2c; 0.097 g, 0.605 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 70/1) yielded 3ac (0.102 g,
95%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.51 (d, J = 4.7 Hz, 2H, Ar-H),
7.90-7.87 (m, 1H, Ar-H), 7.51-7.49 (m, 1H, Ar-H), 7.13-7.07 (m, 2H, Ar-H), 7.00 (d, J = 8.2
Hz, 2H, Ar-H), 6.85 (t, J = 4.8 Hz, 1H, Ar—H), 6.81 (d, J = 8.2 Hz, 2H, Ar—H), 6.56 (s, 1H,
Ar-H),5.11 (q,J=7.1Hz, 1H, CH), 1.57 (d, J = 7.1 Hz, 3H, CH3), 1.11 (s, 9H, CH3). B*C{*H}-
NMR (100 MHz, CDCls): 6 = 158.2 (Cq), 158.1 (2C, CH), 148.6 (Cq), 145.6 (Cy), 142.4 (Cy),
137.5 (Cq) 128.9 (Cq), 127.3 (2C, CH), 125.0 (2C, CH), 122.9 (CH), 121.7 (CH), 120.2 (CH),
117.2 (CH), 112.9 (CH), 105.3 (CH), 37.9 (CH), 34.3 (Cg), 31.4 (3C, CHs), 22.4 (CH3). HRMS
(ESI): m/z Calcd for C2aH2sNs + H* [M+H]* 356.2127; Found 356.2129.

OCH,

CH,

O \

N
2-(1-(4-Methoxyphenyl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3ad): The representative
procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol)
and 1-methoxy-4-vinylbenzene (2d; 0.072 g, 0.609 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ad (0.094 g, 95%) as a
brown solid. *H-NMR (500 MHz, CDCls): 6 = 8.57 (d, J = 4.7 Hz, 2H, Ar-H), 8.00 (d, J = 8.3
Hz, 1H, Ar-H), 7.59-7.57 (m, 1H, Ar-H), 7.21-7.15 (m, 2H, Ar—H), 6.92-6.86 (m, 3H, Ar-H),
6.64 (s, 1H, Ar—H), 6.60 (d, J = 8.5 Hz, 2H, Ar—H), 5.21 (g, J = 7.1 Hz, 1H, CH), 3.63 (s, 3H,
OCHs), 1.62 (d, J = 7.1 Hz, 3H, CH3). BC{*H}-NMR (125 MHz, CDCls): § = 158.1 (2C, CH),
157.7 (Cy), 145.4 (Cq) 137.7 (2C, Cy), 137.6 (Cq) 128.9 (Cy), 128.5 (2C, CH), 122.9 (CH),
121.7 (CH), 120.2 (CH), 117.3 (CH), 113.4 (2C, CH), 113.1 (CH), 105.3 (CH), 55.2 (OCHs3),
37.6 (CH), 22.7 (CHs). HRMS (ESI): m/z Calcd for C2:H19N3O + H* [M+H]* 330.1601; Found
330.1604.
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2-(1-(4-(Tert-butoxy)phenyl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3ae): The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059
g, 0.302 mmol) and 1-(tert-butoxy)-4-vinylbenzene (2e; 0.107 g, 0.607 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 30/1) yielded 3ae (0.110 g,
98%) as a colorless sticky solid. *H-NMR (400 MHz, CDCls): 6 = 8.56 (d, J = 4.7 Hz, 2H, Ar—
H), 7.95 (d, J = 7.0 Hz, 1H, Ar-H), 7.60-7.58 (m, 1H, Ar-H), 7.21-7.17 (m, 2H, Ar-H), 6.91
(vt, J = 4.7 Hz, 1H, Ar-H), 6.81 (d, J = 8.3 Hz, 2H, Ar-H), 6.67-6.65 (m, 3H, Ar—H), 5.18 (q,
J=7.1Hz, 1H, CH), 1.65 (d, J = 7.1 Hz, 3H, CHs), 1.20 (s, 9H, CHs). 3C{*H}-NMR (100
MHz, CDClzs): ¢ = 158.1 (Cq), 158.0 (2C, CH), 153.2 (Cqy), 145.2 (Cq) 140.6 (Cq), 137.5 (Cy),
128.9 (Cq), 127.9 (2C, CH), 123.9 (2C, CH), 122.9 (CH), 121.7 (CH), 120.2 (CH), 117.2 (CH),
112.9 (CH), 105.2 (CH), 78.2 (Cg), 37.9 (CH), 28.9 (3C, CHs3), 22.6 (CH3). HRMS (ESI): m/z
Calcd for C24H2sN30 + H* [M+H]* 372.2070; Found 372.2034.

OCH,Ph

2-(1-(4-(Benzyloxy)phenyl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3af): The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059
g, 0.302 mmol) and 1-(benzyloxy)-4-vinylbenzene (2f; 0.127 g, 0.604 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 30/1) yielded 3af (0.080 g,
66%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.56 (d, J = 4.7 Hz, 2H, Ar—H),
8.01-7.99 (m, 1H, Ar-H), 7.59-7.57 (m, 1H, Ar-H), 7.32-7.31 (m, 3H, Ar-H), 7.30-7.24 (m,
2H, Ar-H), 7.21-7.15 (m, 2H, Ar-H), 6.91-6.85 (m, 3H, Ar—-H), 6.69-6.64 (m, 3H, Ar—H), 5.20
(q,J=7.1Hz, 1H, CH), 4.88 (s, 2H, CH2), 1.62 (d, J = 7.1 Hz, 3H, CH3). ®C{*H}-NMR (100
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MHz, CDCls): 6 = 158.1 (1C, Cq; 2C, CH), 156.9 (Cq), 145.3 (Cq) 138.1 (2C, Cy), 137.3 (CJ),
128.9 (Cq), 128.6 (2C, CH), 128.5 (2C, CH), 127.9 (CH), 127.6 (2C, CH), 122.9 (CH), 121.7
(CH), 120.2 (CH), 117.3 (CH), 114.6 (2C, CH), 113.1 (CH), 105.3 (CH), 69.9 (CH>), 37.7
(CH), 22.7 (CH3). HRMS (ESI): m/z Calcd for C27H2sNsO + H* [M+H]* 406.1919; Found
406.1923.

Ph

CHs

LI
N
J

N

L

2-(1-([1,1'-Biphenyl]-4-yhethyl)-1-(pyrimidin-2-yl)-1H-indole (3ag): The representative
procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol)
and 4-vinyl-1,1'-biphenyl (2g; 0.109 g, 0.604 mmol). Purification by column chromatography
on silica gel (petroleum ether/EtOAc: 30/1) yielded 3ag (0.080 g, 70%) as a light yellow solid.
IH-NMR (400 MHz, CDCls): § = 8.51 (d, J = 4.9 Hz, 2H, Ar-H), 8.03-8.00 (m, 1H, Ar-H),
7.60-7.57 (m, 1H, Ar-H), 7.22-7.15 (m, 3H, Ar-H), 7.06-7.03 (m, 4H, Ar-H), 6.99-6.95 (m,
4H, Ar-H), 6.84 (t, J = 4.9 Hz, 1H, Ar-H), 6.67 (s, 1H, Ar-H), 5.25(q, J = 7.1 Hz, 1H, CH),
1.65 (d, J = 7.1 Hz, 3H, CHs). BC{*H}-NMR (100 MHz, CDCls): 6 = 158.0 (1C, Cq; 2C, CH),
145.6 (Cq), 144.9 (2C, Cq), 137.5 (Cq), 128.9 (2C, Cq), 128.1 (4C, CH), 127.5 (3C, CH), 125.9
(CH), 122.9 (CH), 122.9 (CH), 121.7 (CH), 120.2 (CH), 117.2 (CH), 113.2 (CH), 105.5 (CH),

38.5 (CH), 22.6 (CHs).

F

CHs

L
N
J

N

L
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2-(1-(4-Fluorophenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3ah): The representative
procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol)
and 1-fluoro-4-vinylbenzene (2h; 0.074 g, 0.605 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 3ah (0.070 g, 73%) as a
colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.52 (d, J = 4.7 Hz, 2H, Ar-H), 7.94 (d, J =
8.0 Hz, 1H, Ar-H), 7.52-7.50 (m, 1H, Ar—H), 7.15-7.09 (m, 2H, Ar—H), 6.88 (t, J = 4.7 Hz,
1H, Ar-H), 6.85-6.82 (m, 2H, Ar—H), 6.66 (vt, J = 8.6 Hz, 2H, Ar-H), 6.59 (s, 1H, Ar-H), 5.17
(q,J=7.1Hz, 1H, CH), 1.55 (d, J = 7.1 Hz, 3H, CHs). B®C{*H}-NMR (100 MHz, CDCls): §
=161.1 (d, YJc_r = 247.9 Hz, Cqg), 158.1 (2C, CH), 158.0 (Cq), 144.7 (Cq), 141.1 (d, *Jc-r = 3.0
Hz, Cq), 137.6 (Cq), 128.9 (d, ®Jc_r = 7.6 Hz, 2C, CH), 128.8 (Cg), 123.1 (CH), 121.8 (CH),
120.3 (CH), 117.3 (CH), 114.9 (d, 2Jc_r = 21.3 Hz, 2C, CH), 113.3 (CH), 105.6 (CH), 37.9
(CH), 22.7 (CHs). HRMS (ESI): m/z Calcd for C2oH16FNs + H* [M+H]* 318.1401; Found
318.1407.

CF;

CH,

1-(Pyrimidin-2-yl)-2-(1-(4-(trifluoromethyl)phenyl)ethyl)-1H-indole  (3ai): The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059
g, 0.302 mmol) and 1-(trifluoromethyl)-4-vinylbenzene (2i; 0.104 g, 0.604 mmol). Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 3ai (0.078 g,
70%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.50 (d, J = 4.7 Hz, 2H, Ar-H),
8.00 (d, J = 7.3 Hz, 1H, Ar-H), 7.53-7.51 (m, 1H, Ar-H), 7.24 (d, J = 8.1 Hz, 2H, Ar-H), 7.17-
7.10 (m, 2H, Ar-H), 7.00 (d, J = 8.1 Hz, 2H, Ar-H), 6.87 (t, J = 4.7 Hz, 1H, Ar-H), 6.63 (s,
1H, Ar-H), 5.25 (q, J = 7.1 Hz, 1H, CH), 1.57 (d, J = 7.1 Hz, 3H, CH3). BC{*H}-NMR (100
MHz, CDCls): 6 = 158.1 (2C, CH), 158.0 (Cg), 150.0 (Cq), 143.8 (Cq), 137.6 (Cg), 128.9 (Cy),
128.2 (q, ?Jc—r = 32.8 Hz, Cy), 127.9 (2C, CH), 127.0 (q, YJcr = 272.3 Hz, Cy), 125.2 (9, 3Jc
= 3.8 Hz, 2C, CH), 123.3 (CH), 122.0 (CH), 120.3 (CH), 117.3 (CH), 113.6 (CH), 106.1 (CH),
38.7 (CH), 22.5 (CHs).
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2-(1-(3-Fluorophenyl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3aj): The representative
procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol)
and 1-fluoro-3-vinylbenzene (2j; 0.074 g, 0.605 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 3aj (0.061 g, 64%) as a
colorless liquid. *H-NMR (400 MHz, CDCls): § = 8.50 (d, J = 4.9 Hz, 2H, Ar-H), 7.98 (d, J =
8.0 Hz, 1H, Ar-H), 7.52-7.50 (m, 1H, Ar—H), 7.15-7.08 (m, 2H, Ar-H), 6.95-6.90 (m, 1H, Ar—
H), 6.85 (t, J = 4.8 Hz, 1H, Ar-H), 6.67-6.57 (m, 4H, Ar-H), 5.19 (q, J = 7.1 Hz, 1H, CH),
1.56 (d, J = 7.1 Hz, 3H, CHa). 3C{*H}-NMR (100 MHz, CDCls): § = 162.8 (d, }Jc_r = 245.7
Hz, Cqg), 158.1 (2C, CH), 158.0 (Cq), 148.5 (d, ®Jc_r = 6.8 Hz, Cq), 144.2 (Cy), 137.6 (Cq), 129.6
(d, ®Jc_r = 8.4 Hz, CH), 128.9 (Cq), 123.1 (CH), 123.0 (d, *Jc_r = 2.3 Hz, CH), 121.9 (CH),
120.3 (CH), 117.3 (CH), 114.5 (d, 2Jc-F = 21.4 Hz, CH), 113.4 (CH), 112.9 (d, 2Jc_r = 20.6 Hz,
CH), 105.8 (CH), 38.5 (d, “Jc_r = 1.5 Hz, CH), 22.7 (CHs). HRMS (ESI): m/z Calcd for
C20H16FN3 + H* [M+H]* 318.1401; Found 318.1407.

(_)ror
g8
N CHs

1-(Pyrimidin-2-yl)-2-(1-(3-(trifluoromethyl)phenyl)ethyl)-1H-indole ~ (3ak):  The
representative procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059
g, 0.302 mmol) and 1-(trifluoromethyl)-3-vinylbenzene (2k; 0.104 g, 0.604 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded
3ak (0.064 g, 58%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 8.51 (d, J = 4.9 Hz,
2H, Ar-H), 7.97 (d, J = 8.1 Hz, 1H, Ar-H), 7.53-7.51 (m, 1H, Ar-H), 7.22-7.04 (m, 6H, Ar—
H), 6.88 (t, J = 4.9 Hz, 1H, Ar-H), 6.63 (s, 1H, Ar-H), 5.23 (9, J = 7.1 Hz, 1H, CH), 1.60 (d,
J = 7.1 Hz, 3H, CHs). BC{*H}-NMR (100 MHz, CDCls): 6 = 158.1 (2C, CH), 158.0 (Cq),
146.8 (Cq), 143.9 (Cq), 137.6 (Cg), 130.7 (CH), 130.2 (q, 2Jc-r = 32.0 Hz, Cq), 128.8 (CH),
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128.9 (Cy), 127.0 (g, Nc r = 272.4 Hz, Cq), 124.9 (g, 3Jc r = 3.8 Hz, CH), 123.3 (CH), 122.9
(0, 3Jc r = 3.8 Hz, CH), 121.9 (CH), 120.4 (CH), 117.4 (CH), 113.5 (CH), 105.9 (CH), 38.7
(CH), 22.5 (CHs3).

2-(1-(Naphthalen-2-yl)ethyl)-1-(pyrimidin-2-yl)-1H-indole (3al): The representative
procedure was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol)
and 2-vinylnaphthalene (2I; 0.0.093 g, 0.603 mmol). Purification by column chromatography
on silica gel (petroleum ether/EtOAc: 50/1) yielded 3al (0.047 g, 45%) as a colorless liquid.
'H-NMR (400 MHz, CDCls): 6 = 8.49 (d, J = 4.4 Hz, 2H, Ar-H), 7.98 (d, J = 7.2 Hz, 1H, Ar—
H), 7.61-7.51 (m, 4H, Ar-H), 7.30 (s, 1H, Ar-H), 7.27-7.25 (m, 2H, Ar-H), 7.15-7.13 (m, 3H,
Ar-H), 6.83-6.81 (m, 1H, Ar-H), 6.65 (s, 1H, Ar-H), 5.37 (g, J = 6.6 Hz, 1H, CH), 1.64 (d, J
= 6.6 Hz, 3H, CHa). *C{*H}-NMR (100 MHz, CDCls): 6 = 158.2 (Cg), 158.0 (2C, CH), 144.9
(Cq) 143.3 (Cq), 137.7 (Cq) 133.5 (Cq), 132.1 (Cy), 129.1 (Cq), 127.9 (CH), 127.8 (CH), 127.6
(CH), 126.6 (CH), 125.8 (CH), 125.6 (CH), 125.3 (CH), 123.1 (CH), 121.9 (CH), 120.3 (CH),
117.2 (CH), 113.5 (CH), 105.9 (CH), 38.8 (CH), 22.6 (CHs). HRMS (ESI): m/z Calcd for
C24H19N3 + H* [M+H]* 350.1657; Found 350.1659.

N
1-(Pyrimidin-2-yl)-2-(2-(trimethylsilyl)ethyl)-1H-indole (3am): The representative procedure
was followed, using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol) and
trimethyl(vinyl)silane (2m; 0.061 g, 0.608 mmol). Purification by column chromatography on

silica gel (petroleum ether/EtOAc: 70/1) yielded 3am (0.045 g, 45%) as a colorless liquid. *H-

NMR (400 MHz, CDCla): & 8.82 (d, J = 4.9 Hz, 2H, Ar-H), 8.25 (d, J = 7.8 Hz, 1H, Ar-H),
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7.56-7.52 (M, 1H, Ar-H), 7.23-7.10 (m, 3H, Ar-H), 6.52 (s, 1H, Ar-H), 3.22-3.18 (m, 2H,
CHz), 0.87-0.82 (m, 2H, CH2), 0.02 (s, 9H, CHs). *C{*H}-NMR (100 MHz, CDClz):  158.3
(Cq), 158.1 (2C, CH), 145.0 (Cq), 137.1 (Cg), 129.4 (Cy), 122.3 (CH), 121.7 (CH), 119.6 (CH),
117.0 (CH), 113.7 (CH), 105.1 (CH), 23.8 (CHz), 16.5 (CH2), —1.9 (3C, CHs). HRMS (ESI):

m/z Calcd for C21HisN2+H+ [M+H]+ 296.1583; Found 296.1585.

N
N

2-(Hex-5-en-1-yl)-1-(pyrimidin-2-yl)-1H-indole: The representative procedure was followed,
using methyl 1-(pyrimidin-2-yl)-1H-indole (1a; 0.059 g, 0.302 mmol) and hexa-1,5-diene (2n;
0.050 g, 0.608 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 70/1) yielded 3am (0.036g, 43%) as a colorless liquid. *H-NMR (400 MHz,
CDCl3): § 8.80-8.77 (m, 2H, Ar—H), 8.02-7.98 (m, 1H, Ar—H), 7.57-7.53 (m, 1H, Ar—H), 7.24-
7.12 (m, 3H, Ar-H), 6.52 (s, 1H, Ar-H), 5.43-5.32 (m, 1H, CH2), 5.27-5.13 (m, 1H, CHa),
4.60-4.26 (m, 1H, CH), 1.95-1.73 (m, 2H, CH>), 1.68-1.46 (m, 2H, CH2), 1.41-1.25 (m, 2H,

CHy), 1.02-0.70 (m, 2H, CH).

CH
L
r}\ Ph
7N
)
2-(1-Phenylethyl)-1-(pyrimidin-2-yl)-1H-benzo[d]imidazole (6aa): The representative
procedure was followed, using 1-(pyrimidin-2-yl)-1H-benzo[d]imidazole (4a; 0.059 g, 0.300

mmol) and styrene (2a; 0.062 g, 0.600 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 30/1) yielded 6aa (0.080 g, 89%) as a brown solid. *H-NMR (400
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MHz, CDCls): 6 = 8.64 (d, J = 4.9 Hz, 2H, Ar—H), 8.03-8.01 (m, 1H, Ar—H), 7.89-7.87 (m, 1H,
Ar-H), 7.35-7.27 (m, 2H, Ar—H), 7.10-7.00 (m, 6H, Ar-H), 5.41 (g, J = 7.1 Hz, 1H, CH), 1.87
(d, J = 7.1 Hz, 3H, CHa). *C{*H}-NMR (100 MHz, CDCl3): 6 = 158.3 (2C, CH), 157.8 (Cq),
156.7 (Cy), 143.9 (Cq), 142.6 (Cq), 134.5 (Cy), 128.3 (2C, CH), 127.6 (2C, CH), 126.3 (CH),
123.8 (CH), 123.4 (CH), 119.7 (CH), 118.4 (CH), 113.7 (CH), 39.9 (CH), 22.2 (CH3). HRMS
(ESI): m/z Calcd for CioH16Na + H* [M+H]* 301.1448; Found 301.1416.

[N\>_<CH3
N Ph

2-(2-(1-Phenylethyl)-1H-imidazol-1-yl)pyrimidine (7aa): The representative procedure was
followed, using 2-(1H-imidazol-1-yl)pyrimidine (5a; 0.044 g, 0.301 mmol) and styrene (2a;
0.062 g, 0.602 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 20/1) yielded 7aa (0.040 g, 53%) as a colorless sticky solid. tH-NMR (500 MHz,
CDCls): 6 =8.57 (d, J=4.9 Hz, 2H, Ar-H), 7.85 (s, 1H, Ar-H), 7.20-7.15 (m, 4H, Ar—H), 7.10
(s, 1H, Ar—H), 7.09-7.03 (m, 2H, Ar-H), 5.37 (q, J = 7.1 Hz, 1H, CH), 1.75 (d, J = 7.1 Hz, 3H,
CHz). BC{*H}-NMR (125 MHz, CDCls): ¢ = 158.3 (2C, CH), 156.0 (Cq), 152.2 (Cq), 144.9
(Cy), 128.2 (2C, CH), 127.8 (2C, CH), 127.7 (CH), 126.1 (CH), 119.2 (CH), 118.2 (CH), 39.7
(CH), 22.3 (CH3). HRMS (ESI): m/z Calcd for CisH1sNs + H* [M+H]" 251.1297; Found
251.1295.

N CH
JIN\>_<Ph 3

HsC N@

2-(5-Methyl-2-(1-phenylethyl)-1H-imidazol-1-yl)pyrimidine (7ba): The representative
procedure was followed, using 2-(5-methyl-1H-imidazol-1-yl)pyrimidine (5b; 0.049 g, 0.305
mmol) and styrene (2a; 0.062 g, 0.602 mmol). Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 20/1) yielded 7ba (0.022 g, 28%) as a colorless liquid. *H-NMR
(500 MHz, CDCls): 6 = 8.56 (d, J = 4.7 Hz, 2H, Ar-H), 7.55 (s, 1H, Ar-H), 7.21-7.15 (m, 4H,
Ar-H), 7.09-7.05 (m, 1H, Ar-H), 7.02 (t, J = 4.7 Hz, 1H, Ar-H), 5.35 (q, J = 7.2 Hz, 1H, CH),
2.31 (s, 3H, CHs), 1.74 (d, J = 7.2 Hz, 3H, CH3). BC{*H}-NMR (125 MHz, CDCl3): § = 158.2
(2C, CH), 155.9 (Cq), 151.6 (Cg), 145.2 (Cq), 136.8 (Cq), 128.2 (2C, CH), 127.8 (2C, CH),
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126.0 (CH), 118.0 (CH), 115.4 (CH), 39.7 (CH), 22.5 (CHs), 13.9 (CHz3). HRMS (ESI): m/z
Calcd for CisHisNa + H* [M+H]* 265.1448; Found 265.14.49

2-(2-(1-(4-Methoxyphenyl)ethyl)-1H-imidazol-1-yl)pyrimidine (7ad): The representative
procedure was followed, using 2-(1H-imidazol-1-yl)pyrimidine (5a; 0.044 g, 0.301 mmol) and
1-methoxy-4-vinylbenzene (2d; 0.081 g, 0.603 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 7ad (0.047 g, 55%) as a
light brown liquid. *H-NMR (500 MHz, CDCls): § = 8.61 (d, J = 4.9 Hz, 2H, Ar-H), 7.84 (s,
1H, Ar-H), 7.13-7.07 (m, 4H, Ar-H), 6.72 (d, J = 8.6 Hz, 2H, Ar-H), 5.33 (q, J = 7.2 Hz, 1H,
CH), 3.70 (OCH?3), 1.72 (d, J = 7.2 Hz, 3H, CH3). BC{*H}-NMR (125 MHz, CDCls): 6 = 158.3
(2C, CH), 157.9 (Cy), 156.1 (Cy), 152.6 (Cq), 137.1 (Cq), 128.8 (2C, CH), 127.8 (CH), 119.2
(CH), 118.4 (CH), 113.7 (2C, CH), 55.3 (OCHs), 38.9 (CH), 22.5 (CH3). HRMS (ESI): m/z
Calcd for C16H1eN4 + H* [M+H]" 281.1397; Found 281.1409.

F

B

N
[ N

N CHs
2-(2-(1-(4-Fluorophenyl)ethyl)-1H-imidazol-1-yl)pyrimidine (7ah): The representative
procedure was followed, using 2-(1H-imidazol-1-yl)pyrimidine (5a; 0.044 g, 0.301 mmol) and
1-fluoro-4-vinylbenzene (2h; 0.074 g, 0.605 mmol). Purification by column chromatography
on silica gel (petroleum ether/EtOAc: 20/1) yielded 7ah (0.037 g, 46%) as a colorless liquid.
'H-NMR (400 MHz, CDCls): 6 = 8.50 (d, J = 4.0 Hz, 2H, Ar-H), 7.77 (s, 1H, Ar-H), 7.09-
7.06 (m, 2H, Ar-H), 7.01-6.97 (m, 2H, Ar-H), 6.77 (vt, J = 7.9 Hz, 2H, Ar-H), 5.27 (q, J =
7.0 Hz, 1H, CH), 1.64 (d, J = 7.0 Hz, 3H, CH3). ¥C{*H}-NMR (100 MHz, CDCls): 6 = 161.2
(d, YJc_r = 244.1 Hz, Cq), 158.3 (2C, CH), 155.9 (Cq), 151.9 (Cy), 140.6 (d, *Jc_F = 3.8 Hz, Cy),
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129.2 (d, 3Jc_r = 7.6 Hz, 2C, CH), 127.7 (CH), 119.2 (CH), 118.4 (CH), 114.9 (d, 2Jc_r = 20.6
Hz, 2C, CH), 38.9 (CH), 22.4 (CHs). °F-NMR (376 MHz, CDCla): § = —112.6 (s). HRMS
(ESI): m/z Calcd for CisH1aFNa + H* [M+H]* 269.1197; Found 269.1189.

3.4.2 Procedure for Removal of Directing Group

m<CH3
N Ph

H

Removal of DG from Indole. Synthesis of 2-(1-phenylethyl)-1H-indole (8): In an
oven dried round bottom flask, 2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3aa; 0.100 g,
0.334 mmol) and NaOEt (0.091 g, 1.337 mmol) was introduced and DMSO (5.0 mL) was
added under argon atmosphere. The resultant mixture was stirred at 110 °C for 1 h. At ambient
temperature, the reaction was quenched with H20 (10 mL), and the crude product was extracted
with EtOAc (10 mL x 3). The combined organic extract was washed with brine, dried over
Na2SO4 and the volatiles were evaporated in vacuo. The remaining residue was purified by
column chromatography on silica gel (petroleum ether/EtOAc: 10/1) to vyield 2-(1-
phenylethyl)-1H-indole (8; 0.067 g, 89%) as a light brown liquid. *H-NMR (500 MHz, CDCls):
§=7.46 (brs, 1H, NH), 7.19-7.18 (m, 3H, Ar—H), 7.14-7.11 (m, 3H, Ar-H), 7.02-6.97 (m, 3H,
Ar-H), 6.30 (s, 1H, Ar-H), 4.06 (g, J = 7.0 Hz, 1H, CH), 1.58 (d, J = 7.0 Hz, 3H, CHs3). °C-
NMR (125 MHz, CDCls): 6 = 144.8 (Cq), 143.2 (Cy), 136.3 (Cq), 128.9 (2C, CH), 128.6 (Cy),
127.7 (2C, CH), 126.9 (CH), 121.5 (CH), 120.2 (CH), 119.8 (CH), 110.6 (CH), 99.7 (CH), 39.3
(CH), 21.4 (CHs). HRMS (ESI): m/z Calcd for CisHisN + H* [M+H]* 222.1283; Found
222.1286.

3.4.3 Procedure for Synthesis of methyl (E)-3-(2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-

indol-7-yl)acrylate (9)
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Representative Procedure for Synthesis of 9. To an oven-dried Schlenck tube equipped
with magnetic stir bar were introduced 2-(1-phenylethyl)-1-(pyrimidin-2-yl)-1H-indole (3aa;
0.060 g, 0.20 mmol), methyl acrylate (0.026 g, 0.30 mmol), [(Cp*RhCl2)2] (0.0092 g, 0.015
mmol, 5.0 mol%), Cu(OAc)2H20 (0.040 g, 0.30 mmol) and dissolved in DMF (1.0 mL). The
resultant reaction mixture was stirred at 80 °C for 24 h. At ambient temperature, the reaction
mixture was diluted with H20 (5.0 mL). and the crude product was extracted with EtOAc (10
mL x 3). The combined organic extract was washed with brine, dried over Na2SO4 and the
volatiles were evaporated in vacuo. The remaining residue was purified by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) to yield 9 (0.057 g, 74%) as a
light orange liquid. *H-NMR (400 MHz, CDCls): 6 = 8.59 (d, J = 4.7 Hz, 2H, Ar-H), 7.69 (d,
J=17.7Hz, 1H, Ar-H), 7.35 (d, J = 7.4 Hz, 1H, Ar-H), 7.18 (vt, J = 7.7 Hz, 1H, Ar-H), 7.12
(t, J=4.9 Hz, 1H, Ar—H), 7.04-6.96 (m, 4H, Ar-H), 6.83-6.81 (m, 2H, Ar-H), 6.73 (d, J=1.0
Hz, 1H, Ar-H), 6.15 (d, J = 15.6 Hz, 1H, CH), 4.66 (q, J = 7.1 Hz, 1H, CH), 3.63 (s, 3H,
OCHs), 1.67 (d, J = 7.1 Hz, 3H, CHa). BC{*H}-NMR (100 MHz, CDCls): § = 167.3 (CO),
158.7 (Cy), 158.6 (2C, CH), 145.8 (Cq) 144.3 (Cy), 142.6 (Cq), 135.7 (Cq) 129.8 (Cq), 128.2
(2C, CH), 127.3 (2C, CH), 126.0 (CH), 122.6 (CH), 122.4 (CH), 121.3 (CH), 119.7 (CH), 119.3
(CH), 117.1 (CH), 103.1 (CH), 51.4 (OCHs), 37.9 (CH), 22.3 (CHs3).

3.4.4 Mechanistic Experiments
3.4.4.1 External Additive Experiments

Procedure for TEMPO/galvinoxyl/BHT added experiment: To a flame dried screw-
capped tube equipped with magnetic stir bar was introduced 1-(pyrimidin-2-yl)-1H-indole (1a;
0.059 g, 0.302 mmol), styrene (2a; 0.063 g, 0.605 mmol), Ni(cod)2 (0.0025 g, 0.009 mmol),
PCys (0.0050 g, 0.018 mmol) and TEMPO (0.094 g, 0.601 mmol) [or galvinoxyl (0.253 g, 0.60
mmol) or BHT (0.132 g, 0.6 mmol]. To the reaction mixture hexane (1.0 mL) was added and
stirred at 100 °C in a pre-heated oil bath for 24 h. At ambient temperature, the reaction mixture
was quenched with distilled H20 (10 mL) and n-hexadecane (0.025 mL, 0.088 mmol; internal
standard) was added. An aliquot of the sample was subjected to the GC analysis. The formation
of coupled product (3aa) was not observed in the presence of TEMPO or galvinoxyl, whereas

90% of coupled product 3aa was formed in the presence of BHT.
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3.4.4.2 Deuterium Labeling Experiments

Representative Procedure for Reaction of 1a-[2-D] and 2g. To a flame-dried screw-cap
tube equipped with magnetic stir bar were introduced 1-(pyrimidin-2-yl)-1H-indole-2-d (1a-
[2-d]; 0.059 g, 0.30 mmol), 4-vinyl-1,1'-biphenyl (2g; 0.108 g, 0.60 mmol), Ni(cod)2 (0.0025
g, 0.009 mmol, 3.0 mol%), PCys (0.0050 g, 0.018 mmol, 6.0 mol%) and hexane (1.0 mL) was
added inside the glove box. The resultant reaction mixture in the tube was immersed in a
preheated oil bath at 100 °C and stirred for 5 h. At ambient temperature, the reaction mixture
was diluted with ethyl acetate (5.0 mL). The volatiles were evaporated in vacuo and the
remaining crude product mixture was purified by column chromatography on silica gel
(petroleum ether/EtOAcC: 50/1 — 20/1). *H NMR analysis of recovered starting compounds and
alkylated product shows significant H/D scrambling.

Procedure for H/D Scrambling Experiment (one pot reaction of la-[2-D] and Ie). TO
a flame dried screw-capped tube equipped with magnetic stir bar was introduced 1-(pyrimidin-
2-yl)-1H-indole-2-d (1a-[2-D]; 0.030 g, 0.15 mmol), 5-methoxy-1-(pyrimidin-2-yl)-1H-indole
(1e; 0.034 g, 0.15 mmol), styrene (2a; 0.063 g, 0.605 mmol), Ni(cod)2 (0.0025 g, 0.009 mmol),
PCys (0.0050 g, 0.018 mmol). To the reaction mixture hexane (1.0 mL) was added and stirred
at 100 °C in a pre-heated oil bath for 5 h. At ambient temperature, the reaction mixture was
quenched with distilled H20 (10 mL) and n-hexadecane (0.025 mL, 0.088 mmol; internal
standard) was added. The GC analysis of crude reaction mixture shows the coupled products
3aa and 3ae was formed in 16% and 24% yield, respectively. 'H NMR analysis of recovered

starting compounds shows extensive H/D scrambling between compound 1a-[2-D] and 1e.

Representative Procedure for Kinetic Isotope Effect (KIE) Study. To a seven different
teflon-screw capped tube equipped with magnetic stir bar were introduced 1-(pyrimidin-2-yl)-
1H-indole (1a; 0.059 g, 0.30 mmol, 0.3 M) {or 1-(pyrimidin-2-yl)-1H-indole-2-d (1a-[2-D];
0.059 g, 0.30 mmol, 0.3 M)}, styrene (2a; 0.063 g, 0.60 mmol, 0.6 M), Ni(cod)2 (0.0025 g,
0.009 mmol, 0.009 M), PCys (0.0050 g, 0.018 mmol, 0.018 M) and n-hexadecane (0.020 mL,
0.070 mmol, 0.070 M, internal standard), and hexane was added inside the glove box. The
reaction mixture was then stirred at 100 °C in a pre-heated oil bath. At regular intervals (20,
40, 60, 90, 120, 180, 300 min, etc.), the reaction vessel was cooled to ambient temperature and
an aliquot of sample was withdrawn to the GC vial. The sample was diluted with ethyl acetate
and subjected to GC analysis. The concentration of the product 3aa obtained in each sample

was determined with respect to the internal standard n-hexadecane. The final data was obtained
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by averaging the results of three independent experiments (Table 3.2). The data of the
concentration of the product vs time (min) plot for the early reaction time was drawn (Figure
3.1). The initial rate obtained for the alkylation of 1-(pyrimidin-2-yl)-1H-indole (1a) was 1.919
x 102 Mmin‘!, whereas the rate for the alkylation of 1-(pyrimidin-2-yl)-1H-indole-2-d (1a-[D])
was 1.733 x 102 Mmin. Therefore, the kn/kp = 1.919 x 102%/1.733 x 102=1.1.

Table 3.2. Concentration of Product 3aa using 1a and la-[2-D].

Time (min) Conc. of 3aa using 1a [M]  Conc. of 3aa using la-[2-D] [M]
20 0.207 0.199
40 0.508 0.447
60 0.779 0.724
90 1.457 1.252
120 1.890 1.807
180 3.483 3.118
300 5.408 4.890
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3.4.5 'H and 3C NMR Spectra of Alkylated Compounds

NO OHODODONDNDPOONO©O DN~ ™~ 0
©O CQUNHA0ONO N O© NNNN © ©
B0 ONNNNNNGOGGO G LW6LW LW i

|
%
é

© o o
~ © ©

o
o

3aa
| (500 MHz, CDClj)

©
~

©
w

Normalized Intensity
o
(63}
whoen bbb bbb b b bbb bl bbb b b b,

11

~ A=
91.993.961.00 1.00 3.07
{1 | ] 5]

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

o o =

© © =}
158.12
22.64

o
3

°
o

(125 MHz, CDCls)

Normalized Intensity

I
~

o
(62}
AT RTTRI CYER1 FRTT1 [AUT] FRUTIARTRE ARTTA ATATA ATRTY FAATAAYRTI RARTTI AYRTY AATR RTTNM FATTARTTRY FRTT1 PRTHL FRUTA IT)

o
w

o
()

o
=

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

Ph.D. Thesis: Shidheshwar B. Ankade 176



Chapter-3

89'T

68'€— -

J

7N
)
3da

(500 MHz, CDCl3)

— —=—

0.94
| 1y | u

] - u

1.84 0.942.842.820.970.941.00
u

o
—

*
o

@
[=}

™~
(=}

@ ol <
[} o o

Ausuaju| pazijewoN

@
[=}

N
[=}

bl
[=}

o

10

Chemical Shift (ppm)

69°¢¢—
8/'86—

06'SS5—

0920T—
TL°S0T—
€0°CTTI~
0SVTT—
6911
€6'GCT
it
on.mﬁ%
Ly'CeT
TL'SYT
LL°SYT

877'GST~

86°L5T -
I

60'8ST

I

O
z= 3
4 N\rb ”

(125 MHz, CDCly)

HsCO

LR ERER LR Loy O n L L a s ane aa E R e e Ll Lha L sy L
< 0 @ ~ © 0 ~ ] N 1_
- =) (=) o o o =) (=) (=) (=)

Ausuaju| paziewoN

140 120 100 80 60 40 20
Chemical Shift (ppm)

160

180

177

Ph.D. Thesis: Shidheshwar B. Ankade



Chapter-3

MNOL NSTTNOULMOINOD ~NODOMAN N -
VOO0 MAHd000]O O © mmmom N~ o~
OO MMM O OO nwwuw —
S SRR i 2 S (i P
1.0
0'9_; Q
0.8 F
E A\
0.7 N CHs
2 N
§ 063 N\\)
= -
I
%05—2 | 3fa
E |
E 3 | (400 MHz, CDCl,)
S 044 I
0.35
0.2
E ' !
0.1
E LA “
0 L“‘J» e
1.92 0.970.992.003.121.861.00  1.00 3.04
U U U U U u [ U
10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
SN OOMNMNO oA SOANONNOTOO OO
HOOMNMNMNMNM O LHLNNDOMMMOANNL S M (2] <
SONNOL O DON~NON~NT I OO LWLW LW «© L0
oSS O ANNNN-ATATAAAAO OO oo} N
Lo B B B B B B B B B B B B B B B B B ] [32] N
NI SIS i
1.03 |
E I
E F
0.83 O
3 A\
207 N CHg
5 4 N
£ .7 N™
_DO.G—:
@ E =
S
£ 053 3fa
CHE (100 MHz, CDCl3)
0.4 Lo ! '
0.3
E |
E I
0.2 | |
3 ! '
0.13 [ !
:---|----|----||--||----|----|----||--|||--||---|||--||----|----|----||||||rnnr|nnrr|nrrn|rrnn|
180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

Ph.D. Thesis: Shidheshwar B. Ankade 178



Chapter-3

86'T
00¢c— -

)

CN
A\
N
SN
)
—
3ka
(400 MHz, CDCl,)

2.96
u

o
—

*
o

@
[=}

™~
(=}

ot
(=}

ol
[=}

<
o

Ausuaju| pazijewoN

@
[=}

N
[=}

bl
[=}

o

10

Chemical Shift (ppm)

89°0¢—

LE'68—

CN
N
N
2N
)
—
3ka
(100 MHz, CDCly)

<
—

et
o

@©
o

™~
o

Ausuaju| paziewoN

et
(=}

1
(=}

~
o

@
[=}

N
[=}

b
o

160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

180

179

Ph.D. Thesis: Shidheshwar B. Ankade



Chapter-3

9T
€9'T

€9'€— -

OCH;

(500 MHz, CDCl5)

3.09
u

o
—

*
o

@
[=}

™~
(=}

@ ol <
[} o o

Ausuaju| pazijewoN

@
[=}

N
[=}

bl
[=}

o

10

Chemical Shift (ppm)

99'¢¢c—

v9'LE—

81'GG—

62°G0T
S.m:/
B.m:%
62 LTT

@H.oﬁ#
2LTeT~
68221
8v'82T—
26821
1S €T

€L L€T

6E'SVT—

mo.hm._”./.

L0'85T—= —

A\
N
2N
)
3ad
(125 MHz, CDClj)

<
—

et
o

@
o

~ © 0
o o o
Ausuaju| paziewoN

<
=)

®
o

N
(=}

bl
(=}

140 120 100 80 60 40 20
Chemical Shift (ppm)

160

180

180

Ph.D. Thesis: Shidheshwar B. Ankade



Chapter-3

vS'T

99T+ -

[ARS}
€G'8

o W

3.05
u

A\
N
2N
)
3ah
(400 MHz, CDCl,)

y

[

U

u

u

—
.952.061.021.941.960.93 1.00
U u

—

1.86 0.980

N
u

o
—

*
o

@
[=}

™~
(=}

@ ol <
[} o o

Ausuaju| pazijewoN

@
[=}

N
[=}

bl
[=}

o

10

Chemical Shift (ppm)

cLee—

v6'LE—

29'S0T
mm.m:/
98V TT
LO'STT
Ve LTT
mN.oﬁM
68 TZT~
erezt
68'82T
£6'82T
09°2ET~.
Ov'TYT
SV TYT
2vv1d

S0'8ST
€1°85T

26'66T—
Se29T/

AL

CHj

3ah
(100 MHz, CDCl5)

<
—

et
o

@©
o

™~ © 0
o o o
Ausuaju| paziewoN

~
o

@
[=}

N
[=}

b
o

160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

180

181

Ph.D. Thesis: Shidheshwar B. Ankade



Chapter-3

Normalized Intensity

Normalized Intensity

LT ANAN MHAOO0OO0O OO < N O 0 ©
©COOo®W MMMAA9099 IN¥IM © @
000N MNP~ ToNTolTolTo) Al
iy e e N N N M [y [
1.0 |
0.9
0.8 N
o
0.74
_E N CH3
0.6 N)\’\\l
)
0.5
3 6aa
0_4_5 (400 MHz, CDCl3)
0.35 {—
0.2 |
E I
E 1
0.13
3 J A ,
0 2o !
1.89 0.980.972.045.93 1.00 3.02
u S I oy | ] M|
L e R T L I B L w2 2 B e e e EEEE maE s L
9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)
I OCOASTTOMNMMMOO
MO~ OO MOMOSNNS N~ [{e} (e}
ONOG ONTONG®HMD O M «Q —
O <I<TONNNNNAAA (2] N
e B e B B B e B B B B B B B | o N
= S| 5\ =
1.03 I
E |
0.95
3 N
0.8 N
E N CHj;
0.7
; N
E N
0.6 \J
E I
E | 6aa
0.5 by
E (100 MHz, CDCls) !
E |
0.4
E I
0.35
E | I
0.2 |
3 I
0.15
E |
:|-||||--|||--||||---|nrnn|---||----|----||---||||||---||----|||--|||--||||||nrnn|rnrn|nrnr|nnrn|
180 160 140 120 100 80 60 40 20 0

Chemical Shift (ppm)

Ph.D. Thesis: Shidheshwar B. Ankade

182



Chapter-3

o N~ NOOMN~NLO N~ O 0O < O <
O ONAdTG—d9 909 ITMHom N~
© © [ S e e S N [ToNToNToNTel —
= — -~
1.0 |
0.9
0.8
3 N
3 [ D
0.7—E N CH3
P )\
5 7
c 3
0.6 7N
g 73 N N
o E —
& 054
TErs 3 7aa
S 043 | | (500 MHz, CDCly)
0.35 !
E i
0.2
0.1 "
o ] - )
1.88  0.933.910.96 1.96 1.00 2.98
[ U u 1 ou [ u
10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
© OO N~ O~ O©N O
NO-H O NNMNN~NONM N [T9]
SN § 2 BNNG oS N @
nwunuwn < NN NN A ()] N
E e B B | Rl B B B B | ™ N
I | N
1.03 |
0.9 !
3 N
3 N
0.8 [
3 | N CHj3
2074 )/\N
2 E N\\)
[3} =
E E =
— 0.6—E
4 7aa
ER (125 MHz, CDClg)
S 3 !
P4 3 | | |
0.4
0.3 |
0.2 |
0.1—; [
| J ok . .

180 160 140 120 100 80 60 40 20 0
Chemical Shift (ppm)

3.5 REFERENCES

Ph.D. Thesis: Shidheshwar B. Ankade 183



Chapter-3

1)
)
(3)
(4)

()
(6)
(")

(8)

9)
(10)
(11)

(12)

(13)
(14)

(15)
(16)
(17)
(18)
(19)
(20)
(21)

(22)

(23)

Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. Rev. 2003, 103, 893-930.
Balbisi, E. A. Int. J. Clin. Pract. 2004, 58, 695-705.

Chen, F.-E.; Huang, J. Chem. Rev. 2005, 105, 4671-4706.
Kochanowska-Karamyan, A. J.; Hamann, M. T. Chem. Rev. 2010, 110, 4489-
4497,

Sharma, V.; Kumar, P.; Pathak, D. J. Heterocycl. Chem. 2010, 47, 491-502.
Sanford, M. CNS Drugs 2012, 26, 791-811.

Melander, R. J.; Minvielle, M. J.; Melander, C. Tetrahedron 2014, 70, 6363-
6372.

Sheehan, J. C.; Chacko, E.; Lo, Y. S.; Ponzi, D. R.; Sato, E. J. Org. Chem. 1978,
43, 4856-4859.

Cornelis, A.; Laszlo, P. Synthesis 1985, 1985, 909-918.

Hashimoto, C.; Husson, H.-P. Tetrahedron Lett. 1988, 29, 4563-4566.
Dolusic, E.; Larrieu, P.; Blanc, S.; Sapunaric, F.; Norberg, B.; Moineaux, L.;
Colette, D.; Stroobant, V.; Pilotte, L.; Colau, D.; Ferain, T.; Fraser, G.; Galeni,
M.; Frére, J.-M.; Masereel, B.; Van den Eynde, B.; Wouters, J.; Frédérick, R.
Bioorg. Med. Chem. 2011, 19, 1550-1561.

Bandini, M.; Melloni, A.; Umani-Ronchi, A. Angew. Chem. Int. Ed. 2004, 43,
550-556.

Cacchi, S.; Fabrizi, G. Chem. Rev. 2005, 105, 2873-2920.

Minisci Francesco, E. V., and Francesca Fontana Heterocycles 1989, 28, 489-
519.

Netherton, M. R.; Fu, G. C. Adv. Synth. Catal. 2004, 346, 1525-1532.

Ding, Z.; Yoshikai, N. Beilstein J. Org. Chem. 2012, 8, 1536-1542.

Satoh, T.; Miura, M. Chem. Lett. 2007, 36, 200-205.

Seregin, 1. V.; Gevorgyan, V. Chem. Soc. Rev. 2007, 36, 1173-1193.

Hirano, K.; Miura, M. Synlett 2011, 2011, 294-307.

Pan, S.; Shibata, T. ACS Catal. 2013, 3, 704-712.

Ankade, S. B.; Shabade, A. B.; Soni, V.; Punji, B. ACS Catal. 2021, 11, 3268-
3292.

Jagtap, R. A.; Samal, P. P.; Vinod, C. P.; Krishnamurty, S.; Punji, B. ACS Catal.
2020, 10, 7312-7321.

Jagtap, R. A.; Verma, S. K.; Punji, B. Org. Lett. 2020, 22, 4643-4647.

Ph.D. Thesis: Shidheshwar B. Ankade 184



Chapter-3

(24)

(25)

(26)

(27)
(28)

(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)

(40)

(41)
(42)

(43)

Pandey, D. K.; Ankade, S. B.; Ali, A.; Vinod, C. P.; Punji, B. Chem. Sci. 2019,
10, 9493-9500.

Punji, B.; Song, W.; Shevchenko, G. A.; Ackermann, L. Chem. Eur. J. 2013,
19, 10605-10610.

Soni, V.; Jagtap, R. A.; Gonnade, R. G.; Punji, B. ACS Catal. 2016, 6, 5666-
5672.

Pan, S.; Ryu, N.; Shibata, T. J. Am. Chem. Soc. 2012, 134, 17474-17477.
Schinkel, M.; Marek, I.; Ackermann, L. Angew. Chem. Int. Ed. 2013, 52, 3977-
3980.

Lu, P.; Feng, C.; Loh, T.-P. Org. Lett. 2015, 17, 3210-3213.

Wong, M. Y.; Yamakawa, T.; Yoshikai, N. Org. Lett. 2015, 17, 442-445.
Muniraj, N.; Prabhu, K. R. ACS Omega 2017, 2, 4470-4479.

Li, J.; Zhang, Z.; Ma, W.; Tang, M.; Wang, D.; Zou, L.-H. Adv. Synth. Catal.
2017, 359, 1717-1724.

Zell, D.; Bursch, M.; Muller, V.; Grimme, S.; Ackermann, L. Angew. Chem.
Int. Ed. 2017, 56, 10378-10382.

Schramm, Y.; Takeuchi, M.; Semba, K.; Nakao, Y.; Hartwig, J. F. J. Am. Chem.
Soc. 2015, 137, 12215-12218.

Nakao, Y.; Kashihara, N.; Kanyiva, K. S.; Hiyama, T. Angew. Chem. Int. Ed.
2010, 49, 4451-4454,

Cornella, J.; Zarate, C.; Martin, R. Chem. Soc. Rev. 2014, 43, 8081-8097.
Tobisu, M.; Chatani, N. Acc. Chem. Res. 2015, 48, 1717-1726.

Schaub, T.; Backes, M.; Radius, U. J. Am. Chem. Soc. 2006, 128, 15964-15965.
Ho, Y. A.; Leiendecker, M.; Liu, X.; Wang, C.; Alandini, N.; Rueping, M. Org.
Lett. 2018, 20, 5644-5647.

Yang, X.; Sun, H.; Zhang, S.; Li, X. J. Organometallic Chem. 2013, 723, 36-
42,

Ma, R.; Hu, H.; Li, X.; Mao, G.; Song, Y.; Xin, S. Catalysts 2022, 12, 1665.
Yang, J.; Fan, L.; Chen, C.; Wang, M.; Sun, B.; Wang, S.; Zhong, H.; Zhou, Y.
Org. Biomole. Chem. 2023, 21, 494-498.

Gao, H.; Hu, L.; Hu, Y.; Lv, X.; Wu, Y.-B.; Lu, G. Chem. Commun. 2022, 58,
8650-8653.

Ph.D. Thesis: Shidheshwar B. Ankade 185



Chapter-4

Iron-Catalyzed Synthesis of 3,3-disubstituted 3-
Amino Oxindoles: An Efficient Route to the

Construction of Quaternary Stereocenter
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4.1 INTRODUCTION

An oxindole-bearing tetrasubstituted stereogenic quarternary center is present in
various biologically active compounds and naturally occurring alkaloids.*® More particularly,
the stereogenic 3,3-disubstituted-3-amino-2-oxindoles are considered as privileged structural
motifs and found in a variety of biologically active compounds, such as cholecystokinin-B
receptor antagonists AG-041R,” anti-malarial agent NITD609,® or spirohydantoin DP2
receptor antagonist® (Scheme 4.1). Indeed, due to the presence of two nitrogen atoms in
spirohydantoin, the stability of the CRTH2 (DP2) receptor enhances in human plasma, and
showed good potency and high bioavailability of DP2 receptor antagonists.® Therefore, the
development of novel strategy for their sustainable and step-economical synthesis is highly
desirable.

Owing to the importance of chiral 3-amino oxindoles in pharmaceuticals, significant
attention has been devoted for their synthesis using organocatalysts or chiral transition metal
catalysts.%1* Generally, for the synthesis of stereogenic 3-amino oxindoles, the nucleophilic
addition of different nucleophiles to the isatins or isatin derived ketimines is the most efficient
and straightforward synthetic approach.’>3¢ These nucleophilic addition reaction includes,
Mannich reaction, Morita-Baylis-Hillman reaction, Henry reaction, aza-Fridel-Craft reaction
and Strecker reaction. On the other hand, direct functionalization of oxindoles or 3-substituted
oxindoles also provides access for the synthesis of stereogenic 3-substituted 3-amino oxindoles
(Chapter 1, Scheme 1.36).3** Although, these methodologies provide the synthesis of
stereogenic 3-amino oxindoles, they require multi-step process involving the addition of
sensitive nucleophiles to isatin-derived ketimines. Thus, there is a need to develop an efficient,
straightforward and sustainable method for the construction of stereogenic quaternary centers
by replacing sensitive nucleophiles. Given our efforts towards the development of base metal-
catalyzed, environmentally benign protocols, we serendipitously discovered a new reaction via
novel strategy for the synthesis of 3,3-disubstituted 3-amino oxindoles in the presence of an
iron catalyst. The reaction of isatins with N-methoxy benzamides in the presence of abundant
FeCls catalyst led to unexpected reaction and skeletal reorganization to construction the
quaternary stereocenter The product 3aa having C-3 stereogenic carbon center with four
different functionalities, C—Ar, C-C(O)R, C—NH-R and C-CH2-NHR, has triggered our
interest. To the best of our knowledge, the N-O bond cleavage in the presence of iron, followed
by MeOH dehydrogenation, and methylene incorporation into the isatin to produce 3-amino

oxindole has not been precedented. The advantages of this method are (i) the use of accessible
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N-methoxy benzamides and isatins (ii) the generation of stereogenic quaternary centers (iii) the
cleavage of N—O bond and the incorporation of the methylene group (iv) the use of an earth-
abundant iron catalyst, (v) excellent scope with the tolerance of sensitive and synthetic useful
functionalities, and (vi) detailed mechanistic investigation.

e} (@)

O
HN 4/< HN /<
0] @)
N N

EtO EtO
OEt OEt

AG-041R AG-041R3)
(cholecystokinin-B receptor antagonist)

Me Me
Me

Cl

\
NITD609 CH,COOH
(anti-malarial agent) DP2 receptor antagonist

Scheme 4.1. Biologically active 3-amino-2-oxindoles

4.2 RESULTS AND DISCUSSION
4.2.1 Optimization of Reaction Conditions for Synthesis of 3,3-Disubstituted 3-Amino
Oxindoles
During our initial investigation towards the reactivity of isatin (la) with N-
methoxybenzamide (2a) under iron catalysis, we found that the reaction was efficiently
proceeded in toluene at 120 °C, and 3aa was obtained in 74% yield (Table 4.1, entry 1).
Screening of various Fe(Il) and Fe(l1l) salts as catalysts in the presence of LiO'Bu provided a
good yield of 3aa (Table 4.1, entries 1-5). Notably, the use of FeCls salt as a catalyst for the
reaction in toluene at 120 °C afforded 84% yield of 3aa (entry 5). The molecular structure of
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3aa was established by a single-crystal X-ray diffraction. The use of FeCls catalyst along with
various ancillary phosphine-based or nitrogen-based ligands such as dppf, xantphos, dppbz,
bpy, phen or neocuproine led to slight decreases in the yield of 3aa, which could be due to the
restriction in approach of isatin to FeCls catalyst in presence of other ligands (entries 6-12). The
reaction was examined with various mild and strong inorganic bases (LiOAc, NaOAc, KOAc,
CsOAc, Li2CO3, Na2COs3, K2COs3, Cs2CO3, NaO'Bu and KO'Bu), wherein only LiO'Bu and
Cs2C0s3 bases were found to be effective (Table 4.2). The reaction proceeded smoothly in many
other solvents like 1,4-dioxane, tert-butyl benzene, mesitylene, and chlorobenzene, whereas the
reaction in CH3CN gave a poor yield of 3aa (Table 4.2). Notably, the reaction could deliver
3aa in quantitative yield of 85% even at 110 °C for 24 h (entry 13). Further decrease in the
reaction temperature or lowering the catalyst loading (< 10 mol%) resulted in a slightly low
yield. A reaction using a 99.99% pure FeCls catalyst also provided the product 3aa in
quantitative yield (entry 14), indicating the trace impurity in FeCls was not responsible for the
reaction. We attempted the reaction in the presence of catalytic or stoichiometric amounts of
Lewis acids, such as BFs.Et20, BCls, and AlCls in the absence of FeCls (entry 15), wherein the
reaction failed to deliver the product 3aa. This indicates that the use of FeCls catalyst is crucial,
and is less likely acts as a simple Lewis acid in the reaction. Moreover, the attempted reaction
using other transition metal catalysts, such as MnClz, NiClz, Ni(OTf)2, CoClz, CuClz, and PdClI2
failed to provide 3aa, whereas the [(p-cymene)RuCl:]. as catalyst afforded 3aa in 56% yield
(entries 16-21). These findings highlight the unified role of iron in the present reaction. The use
of an iron catalyst and LiO'Bu was essential for this reaction, without which the formation of
3aa was not observed. Thus, after a careful screening of all reaction parameters, we found that
the reaction of 1a with 2a (2.5 equiv) employing 10 mol% of FeClz in the presence of LiO'Bu
(2.0 equiv) at 110 °C produced 3aa in 85% yield.
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Table 4.1 Optimization of reaction conditions.

o)
Ph/Z<NH o
o o / yph
[TM] (10.0 mol%) H>C NH
o, HsCO<, ligand (10.0 mol%)
N H LiO'Bu (2.0 equiv) N o
CHj toluene (1.0 mL) I\\/Ie
(1a) (2a) T CCyth) (3aa)
Entry [TM] Ligand T (°C)/ 3aa (%)?
t(h)
1 FeCl2 - 120/24 74%
2 FeBr -- 120/24 70%
3 Fe(OTf)2 -- 120/24 76%
4 Fe(acac)s -- 120/24 78%
5 FeCls - 120/24 84%
6 FeCls dppf 120/24 64%
7 FeCls xantphos 120/24 69%
8 FeCls dppbz 120/24 67%
9 FeCls bpy 120/24 70%
10 FeCls 'Bu-bpy 120/24 65%
11 FeCls phen 120/24 63%
12 FeCls neocuproine  120/24 58%
13 FeCls -- 110/24 85%
14° FeCls -- 110/24 83%
15¢ LA -- 110/24 NR
16 MnCl2 -- 110/24 NR
17 [Ni] -- 110/24 NR
18 CoCl2 - 110/24 NR
19 CuCl2 -- 110/24 NR
20 PdCl2 -- 110/24 trace
21 [(p-cym)RuClz]2 - 110/24 56%
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Reaction Conditions: 1a (0.032 g, 0.20 mmol), 2a (0.076 g, 0.503 mmol), [Fe] (0.02 mmol), base (0.40
mmol), solvent (1.0 mL). ?Isolated yield. "A 99.99% pure FeCl; was used. Employing 10 mol% of
Lewis acids.
Table 4.2 Screening of different bases and solvents.

@)

e

0]
0 o ?'H yph
FeClz (10.0 mol%) HC NH
o) H3CO\N base (2.0 equiv)
N + H > o}
) solvent (1.0 mL) N

110 °C, 24 h Me
(1a) (2a) (3aa)

Entry Base Solvent 3aa (%)

1 LiO'Bu toluene 85%

2 NaO'Bu toluene trace

3 KO'Bu toluene trace

4 LiOAc toluene NR

5 NaOAc toluene NR

6 KOAC toluene NR

7 CsOAc toluene NR

8 Li2CO3 toluene trace

9 Na2COs3 toluene NR

10 K2COs3 toluene NR

11 Cs2C0O3 toluene 75%

12 LiO'Bu tert-butyl 72%

benzene

13 LiO'Bu mesitylene 77%

14 LiO'Bu 1,4-dioxane 79%

15 LiO'Bu chlorobenzene 78%

16 LiO'Bu CHsCN 20%
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Reaction Conditions: 1a (0.032 g, 0.20 mmol), 2a (0.076 g, 0.503 mmol), FeCls (0.02 mmol), base
(0.40 mmol), solvent (1.0 mL). ?Isolated yield.

4.2.2 Substrate Scope for Synthesis of 3,3-Substituted 3-Amino-2-Oxindoles
4.2.2.1 Substrate Scope with Benzamides

The scope and limitation for the synthesis of diverse 3,3-substituted 3-amino-2-oxindole
derivatives is explored under the optimized reaction conditions using an earth-abundant iron
catalyst. Initially, the reaction of various benzamides with 1-methylindoline-2,3-dione was
carried out in toluene at 110 °C for 24 h (Scheme 4.2). A range of functional groups at different
positions of N-methoxybenzamide were well tolerated under the optimized reaction conditions.
The N-methoxybenzamides bearing alkyl and alkoxy substituents at the para position provided
moderate to good yield of desired products (3ab-3ad). The N-methoxybenzamides containing
sensitive functional groups such as —F, —Cl, and —Br, —I, and —CN at the C-4 position smoothly
reacted to afford 3ae-3ai in quantitative yields. The compatibility of such functionalities is
important for the post-functionalization and diversification of 3,3-substituted 3-amino-2-
oxindole derivatives. The reaction of meta-substituted N-methoxybenzamides also delivered
the desired 3-amino-2-oxindoles in moderate to good yields (3aj-3am). The tri-methoxy-
substituted N-methoxybenzamide and N-methoxy-1-naphthamide produced 3an and 3ao in
50% and 63% vyields, respectively. Importantly, heteroaryl amides such as N-
methoxythiophene-2-carboxamide and N-methoxybenzothiophene-2-carboxamide were
participated under the optimal reaction conditions to provide 3ap and 3aq in moderate yields.
Unfortunately, the aliphatic amide, N-methoxy-2-phenylacetamide failed to give desired
product under the reaction conditions. Moreover, the N-ethoxybenzamide and N-
benzyloxybenzamide failed to participate in the reaction. It is noted that N-O bond cleavage

was observed in the case of N-ethoxybenzamide and N-(benzyloxy)benzamide substrates.

4.2.2.2 Substrate Scope with Isatins

The protocol was extended to the scope of isatin derivatives. The C-5 substituted isatins
bearing electronically distinct functionalities reacted smoothly with N-methoxybenzamide and
provided the products 3ba-3fa in moderate to good yields (Scheme 4.3). Isatins containing N-
alkyl substituents with different chain lengths were efficiently reacted with N-
methoxybenzamide to deliver the products 3ga-3la in good yields. An N-isobutyl isatin upon
reaction with N-methoxybenzamide delivered the desired compound 3ma in 79% yield. The

Ph.D. Thesis: Shidheshwar B. Ankade 192



Chapter-4

isatins with diverse functional groups such as alkenyl, methyl ether, alkyl-phenyl, and phenyl

ether were compatible with the optimal reaction conditions to produce 3na-3qa in good yields.

O
R AN
S~ —
o 0 { NH O )
FeCl; (10.0 mol%) = ! \ T~
H3CO. At , H,C R

o . N 2 R LiO'Bu (2.0 equiv) -~ NH
N\ H A toluene (1.0 mL) o
CHs 110 °C, 24 h N

CHj3
(1a) ) @)

CH3 CH3 N\
E = |\H/|; (3(?{;) ?g://f’ R=F; (3ae): 68% CH,
= Me; (dab): (] - Cl .
: R = CI; (3af): 62% 3ai): 57%
R ="Bu; (3ac): 73% R = Br; (3ag): 64% (3ai): °
R = OMe; (3ad): 60% R =1; (3ah): 53%

H3CO OCH3
: ;0
NH HsCO NH O OCH,4
v 1)
H;CO
o
CH3 N
\

R = Me: (3aj): 67% CHs
R=F; (3ak): 60% (3an): 50% (3a0): 63%
R=Cl; (3al):  56%

R =CFj3; (3am): 49%

\
\CH3 CH3 N
CHs,
(3ap): 53% (3aq): 55% 0%

Scheme 4.2. Scope with diverse N-methoxybenzamide substrates. (Reaction Conditions: 1a (0.032
g, 0.20 mmol), 2 (0.076 g, 0.503 mmol), FeCl; (0.02 mmol), LiO'Bu (0.40 mmol), toluene (1.0 mL))

The biologically relevant compounds such as eugenol and polycyclic cholesterol-derived
isatin could participate in the reaction to afford 3ra and 3sa in 58% and 60% yields,
respectively. Notably, the heteroarene such as indole-containing isatin was also tolerated under
the reaction conditions to afford the product 3ta in 54% yield. Additionally, the isatins bearing
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secondary acyclic and cyclic alkyl functionalities at the N-position underwent efficient
coupling with N-methoxybenzamide to give the 3-amino-2-oxindoles 3ua-3za in good yields.

The tolerability of —F, —Cl, and —Br functionality is crucial for the synthetic perspective.

N H.CO FeCl3 (10.0 mol%)
RI-— o SN LiO'Bu (2.0 equw
Z~N + H
L, toluene (1.0 mL)
R 110 °o 24h
(1; 0.20 mmol) (2a; 0.50 mmol)
o] o 0

CHy "L | \\(CHs
CH
R = CHa; (3ba): 88% s R = "C,Hs; (3ia): 81% CHs
R = OCHs; (3ca): 46% R =H: (3ga):83% R = "CyH; (3ja); 78%
R = F; (3da): 79% R =F; (3ha): 79% R ="CsHy; (3ka): 80% (3ma): 79%

R=Cl; (3ea):  76%
R=Br (3fa):  74%

O O
®//<!\‘H o@ ®//<!\‘H O@ NH O@ @ANH OY@
H,C H,C H,C H,C

R = "C;H,s; (3la): 76%

(3na): 73% (30a): 67% (3pa): 68% 0

O O

(3ra): 58% V4 (3sa): 60% (3ta): 54%

O

NH NH
@f% CL> 0
/\\c:H3 N R N
H4C @
=H; (3ua): 80% @ @

R=H

R = CHj3; (3va): 78%

R=F; (3wa). 74% R=H; (3Aa): 82% :
R=Cl: (3xa).  71% (322): 71% R = CHy; (3Ba): 58% (3C2): 59%
R =Br; (3ya): 70%
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Scheme 4.3. Substrate scope with isatin substrates. (Reaction Conditions: 1 (0.032 g, 0.20 mmol), 2a
(0.076 g, 0.503 mmol), FeClz (0.02 mmol), LiO'Bu (0.40 mmol), toluene (1.0 mL))
Additionally, the N-benzyl and N-phenyl substituted isatins were effectively reacted with N-

methoxybenzamide to afford products 3Aa, 3Ba, and 3Ca in 82%, 58%, and 59% vyields,
respectively. A synthetically important and sensitive functional group, —-COOMe, remains

unaffected under the reaction condition (3Ba).

4.2.3 Gram Scale Synthesis and Derivatization of 3,3-Disubstituted 3-Amino Oxindoles
In order to demonstrate the synthetic and practical importance of stereogenic 3,3-
disubstituted 3-amino oxindoles, we have performed a 3.1 mmol scale reaction, wherein 63%
yield of 3aa was obtained under the optimized condition. Considering the usefulness of free
NH stereogenic 3,3-disubstituted 3-amino oxindole, the N-Me group in 3aa was smoothly

converted to NH resulting in compound 4 with 59% yield (Scheme 4.4).

0 0
®J<NH O@ i) benzoylperoxide (2.0 equiv) ®J<NH o}
CH,Cl,, 80 °C, 20 h
NH > NH
o ii) NaOH (3.6 equiv), MeOH N
N ft, 20 h N
CHy iii) NHs (aq.), MeOH, t, 20 h \
H
(3aa) (4): 59%

Scheme 4.4. Removal of N-Me group of 3aa.

The 3,3-disubstituted-3-amino-2-oxindoles bearing a stereogenic quaternary center
present in a variety of biologically active compounds with enormous pharmaceutical
properties. Given the importance of this structural motif, one of the carbonyl functionality in
compound 3aa was selectively reduced. Thus, the reaction of 3aa with BH3s.SMe> in THF at
room temperature afforded 62% yield of partially reduced product N-(3-
((benzylamino)methyl)-1-methyl-2-oxoindolin-3-yl)benzamide (5 (Scheme 4.5).
Unfortunately, we failed to reduce all the carbonyl motifs in compound 3aa.

Furthermore, we attempted the deprotection of the amide functionality of compound
3aa in three steps (Scheme 4.6). Initially, the free NH in compound 3aa was protected using
di-tert-butyl dicarbonate (Boc anhydride) and DMAP in acetonitrile at room temperature to

deliver compound 6 in 78% yield. The compound 6 was subjected to base-mediated hydrolysis
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using LiIOH.H20 and H20:2 in a mixture of THF:H20 at room temperature to yield compound

7 in 77% yield. Next, compound 7 was treated with trifluoroacetic acid (TFA) in
dichloromethane at 0 °C to afford compound 8 in 62% yield.

o O )

O
NH 0@ NH Q
NH BH3;.SMe, (1.2 equiv) NH
;=O o ;=O
N\ THF (5.0 mL), rt, 5h N
CHj,

\
CHj
(3aa) (5): 62%
Scheme 4.5. Selective partial reduction of 3aa.
o 0
/Boc
NH O N O
(Boc),0 (5.0 equiv)
NH DMAP (20.0 mol%) NH
O CH4CN (5.0 mL), rt o
N 5h N
CH, CH,
(3aa) (6): 78%
LiOH.H,0 (2.0 equiv)
H,0, (5.0 equiv)
THF:H,0 (4:1, 5.0 mL)
rt,5h
Y
Me><Me o
NH, O Me J(
@ O "N 0@
NH
o - TFA20mL) NH
N DCM (4.0 mL) (0]
\ o N
CH, 0°,1h \
CHs
(8): 62% T): 77%

Scheme 4.6. Synthesis of N-(3-(aminomethyl)-1-methyl-2-oxoindolin-3-yl)benzamide.

4.2.4 Mechanistic Aspects
4.2.4.1 External Additive Experiments

To understand the reaction mechanism, detailed mechanistic studies have been carried

out for the synthesis of 3-substituted 3-amino oxindoles in the presence of a FeCls catalyst. The
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reaction was completely quenched in the presence of 2 equiv of radical scavengers, TEMPO,
and galvinoxyl highlighting the involvement of radical species in this catalytic system (Scheme
4.7). When, both the starting compounds 1a and 2a were recovered in quantitative amounts.
Notably, the reaction was performed using 0.5 equiv of TEMPO, the product 3aa obtained in
low yield (48%). These results ruled out the participation of odd-electron iron species and also
tentatively suggest the involvement of carbon-centric organic radical species. However, we did

not observe any TEMPO-bound alkyl species in the attempted controlled experiments.

0O

0

o, ° \HJ\Q LiO'Bu (2.0 equiv) . 2L NH
N\ toluene (1.0 mL) @fg:o
CHs 110 °C, 24 h N

additive (2.0 equiv) CH;

TEMPO
Galvinoxyl --

Scheme 4.7. External additive experiments.

4.2.4.2 Deuterium Labeling and Controlled Experiments

To gain insight into the reaction mechanism, initially we investigated the origin and
mode of methylene (-CHz-) incorporation in the product 3aa. The reaction of 1-methylindoline-
2,3-dione (la) with N-(methoxy-ds)benzamide (2a-[Dz]) under the standard catalytic
conditions delivered 3aa-[D>] in 67% yield with 100% incorporation of deuterium at methylene
carbon (Scheme 4.8a). This suggests that the N-methoxy group present in substrate 2a is the
sole source of methylene present in 3aa. Moreover, the independent reaction of la with
benzamide (2.5 equiv) in the presence of CHsOH or HCHO (2.5 equiv) and CDsOD (2.5 equiv)
under the catalytic conditions produced 3aa and 3aa-[D2], respectively (Schemes 4.8b and
4.8c). These findings highlighted the probable dissociation of methoxy (—OMe) group from N-
methoxybenzamide as CHsOH, followed by the dehydrogenation to HCHO, prior to the
methylene insertion into 3aa. A reaction of 1-methylindoline-2,3-dione (1a) with N-
methoxybenzamide (2a) in the presence of CDs3OD (2.5 equiv) under optimal conditions
provided the product 3aa-[H/D] with 32% deuterium incorporation at methylene (Scheme

4.9a). Similarly, the reaction of 1a with N-(methoxy-ds)benzamide (2a-[Dz]) in the presence
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of CH3OH (2.5 equiv) afforded 3aa-[H/D] with a 48% deuterium incorporation at methylene
center (Scheme 4.9b). These findings suggest that the methoxy (-OCH3) dissociation from 2a
and methylene (CH2) transfer to product 3aa, involving Fe-catalyst and isatin 1a, does not

occur via an intramolecular process; however, it proceeds via an intermolecular pathway.

(a) Reaction of 1a with 2a-[D]

2 o)
FeCls (10.0 mol%) NH o)
o . DBCO\NJ\Q LiO'Bu (2.0 equiv)
\ >

toluene (1.0 mL) 100% D /
CHj 110 °C, 24 h

H3
3aa-[D,]: 67%

(b) Reaction of 1a with benzamide in presence of CH;OH (or HCHO)
0 o CH30H or
HCHO (2.5 equiv) NH O
—0 + H,N FeCl3 (10.0 mol%) !
N ’ ot vy 20 NH
\ LiO'Bu (2.0 equiv)
CHs toluene (1.0 mL) o
. N

(1a) (2.5 equiv) 110 °C, 24 h |

(3aa): 57% (using MeOH)
49% (using HCHO)

(c) Reaction of 1a with benzamide in presence of CD;0D

CD3;0D (2.5 equiv) 100% D \
O 4+ HoN FeCl; (10.0 mol%) @
N LiO'Bu (2.0 equiv)

CHs toluene (1.0 mL)

(o]
(1a) (2.5 equiv) 10°C, 24 h CH3

3aa-[D,]: 47%

Scheme 4.8. Controlled experiments for the origin of methylene (-CH2-) group.

A series of experiments were aimed to investigate the cleavage of N—-O bond of N-
methoxybenzamide. The N-methoxybenzamide (2a) in the absence of isatin 1a under standard
reaction conditions did not produce benzamide. However, the same reaction in the presence of
catalytic amount 1a led to the generation of benzamide, albeit in 8% yield. This indicates that
the presence of isatin 1a might act as a ligand to form the isatin-chelate FeCls complex, which

facilitate the cleavage of N-O bond in N-methoxybenzamide to generate benzamide. This
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finding is also supported by the low observed yield of 3aa in the presence of other external

ligands under the standard condition (Table 4.1, entries 6-12).

(a) Reaction of 1a with 2a in presence of CD;0D

0O
0 9 CD50D (25 equiv) 2% P~y NHg
H3CO\N FeCl; (10.0 mol%)
0 + N > ,DH NH
N\ LiO'Bu (2.0 equiv) 32% D
CHj, toluene (1.0 mL) 0
(1a) (2a) 110 °C, 24 h N
CHj;

(3aa-[H/D]): 74%

(b) Reaction of 1a with 2a-[D] in presence of CH;0H
O

o o) .
CH3OH (2.5 equiv) 480 p
Qj&o ' D3CO\NJ\© FeCly (10.0 mol%) ~up NHo
H y
N LiO'Bu (2.0 equiv) L,HD NE‘@
CH, toluene (1.0 mL) 48% D o
(1a) (2a-[D3]) 110 °C, 24 h \
\
CHs

(3aa-[H/D]): 68%

(c) Independent reaction of benzamide with 1a and HCHO (in absence of CH3;0H)

Q CH3
o N J\© + HCHO HN (1a: 1.0 equiv) g ©\//L
LiO'Bu FeClz (10.0 mol%) N

(1.0 equiv) I_tiOItBu (2.10(;9quliv) CHs
(10): 65% ° ;Jfgié '24”;] ) (9): 0%

Scheme 4.9. (a & b) Deuterium labeling experiments for the mode of methylene (-CH2-) group.

(c) Controlled experiments for the formation of possible intermediates.

Next, we examined the possible formation of different intermediates originating from
benzamide, isatin, and CHsOH/HCHO. As the benzamide and CH3OH/HCHO involve in the
reaction along with isatin 1a for the formation of product 3aa, we proposed two tentative
intermediates 9 and 10 from the reaction of benzamide with 1a and benzamide with HCHO,
respectively (Scheme 4.9c). We hypothesized that the isatin 1a might directly react with

benzamide to form an imine intermediate 9 (Scheme 4.9c). However, the reaction of 1a with
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benzamide in the presence of catalytic FeCls and LiO'Bu, failed to deliver the expected
compound 9, indicating an alternate route for the formation of probable intermediate 9. The
Formation of 10 was observed upon the reaction of benzamide with HCHO in presence LiO'Bu
in 65% yield.

To validate the involvement of intermediates 9 and 10, they were independently
synthesized and characterized by NMR spectroscopy (see section 4.5.6.4). The reaction of
compound 9 with compound 10 in the presence of 10 mol% of FeClz and LiO'Bu at 110 °C
afforded the desired product N-((3-benzamido-1-methyl-2-oxoindolin-3-yl)methyl)benzamide
(3aa) in 46% yield along with the N,N'-(1,1'-dimethyl-2,2'-dioxo-[3,3'-biindoline]-3,3'-
diyl)dibenzamide (11) in 16% (Scheme 4.10a). Further, to understand the reactivity of
intermediate 9, an attempted reaction of compound 9 with benzamide in the presence of
CH3OH or HCHO (2.5 equiv) under the Fe-catalytic conditions did not produce the desired
product 3aa. However, the formation of self-coupled dimer 11 was obtained in 37% (using
CHsOH) or 34% (using HCHO) yield (Scheme 4.10b). This indicate that the reaction of
benzamide with HCHO to form intermediate 10 could be slower than the self-coupling reaction
of 9 to form 11. The molecular structure of 11 was also confirmed by X-ray structural analysis.
The formation of dimer 11 could support an involvement of carbon-centric organic radical
species in the catalytic reaction, which was further verified by external additive experiments
(TEMPO and galvinoxyl) wherein the reaction was completely quenched.

Notably, the reaction of 9 and 10 also occurred even in the absence of FeCls catalyst to
provide the product 3aa in 39% yield and compound 11 in 20% yield. However, in the standard
catalytic reaction, the formation of dimeric compound 11 was rarely observed. In addition, the
standard reaction was performed for an early time to check the formation of possible
intermediates, wherein compound 12 (a probable precursor for intermediate 9) and product 3aa
was isolated in 48% and 44% vyield, respectively (Scheme 4.11). It should be noted that the
intermediate 9 does not form directly from benzamide and isatin 1a, whereas intermediate 10
obtained directly from benzamide and HCHO. Therefore, we assume that intermediate 9 might
follow an intramolecular path involving isatin and benzamide, whereas the intermediate 10
formed via intermolecular reaction of benzamide with the released HCHO. We proposed two

different routes for the formation of 9 and 10 before their recombination to form 3aa.
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(a) Reaction of probable intermediates 9 and 10

Me FeCls (10.0 mol%)
9) LiO'Bu (2.0 equiv) +

+ toluene, 110 °C @\/{o
24 h o

(b) Reaction of intermediate 10 with benzamide in presence of CH;0OH or HCHO

O 0}

Ph—¢ Y—ph

. N
0 B N
N MeOH or HCHO 3 CHs

I\\/Ie FeClz (10.0 mol%) (11): 37% (using MeOH)
> + 34% (using HCHO)
LiO'Bu (2.0 equiv)

+ toluene (1.0 mL) 0
110 °C, 24 h 0

\
Me (3aa)

not observed

Scheme 4.10. Controlled experiments of probable intermediates.

P 0 FeCls (10.0 mol%) HO Nm /NH 2
@E«Fo + HsCO LIO'Bu (2.0 equiv) _ @f;o . H,C NE\Q
N H toluene, 110 °C - N @f;
Me 8h N

Me

(1a) (2a) (12): 48% (3aa): 44%

Scheme 4.11. Synthesis of intermediate 12 from an early reaction of 1a with 2a.
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4.2.4.3 DFT Based Calculations

We have performed Density Functional Theory (DFT) based calculations to understand
the probable formation and reactivity of catalytic intermediates and the overall reaction
pathway. To start with, the active catalyst FeCls involved in the reaction exists in three different
spin states namely, doublet, quartet, and sextet. Investigation of absolute electronic energies of
these spin state indicates doublet having the maximum stability. So, further calculations are
done considering the doublet state of FeCls. The reaction initiates with the coordination of
FeCls to isatin 1a in a bidentate fashion to form complex A which is exergonic by 25.3
kcal/mol. Complex A formed reacts with N-methoxybenzamide (2a) in the presence of LiO'Bu
resulted in the formation of intermediate B through TS-1 or the benzamide attacks the
electrophilic C-3 carbon center in complex A leading to species E via TS-4. The energy barrier
obtained for B is 20.4 kcal/mol and E is 16.8 kcal/mol respectively. Further, both complex B
and E forms complex C through TS-2 (exergonic by 32.7 kcal/mol) and F through TS-5
(exergonic by 34.3 kcal/mol) along with CH3OH or HCHO as side products, respectively.
Complex C generates complex D and similarly, complex F generates G and both steps are
energetically favorable. Upon protonation, complex D leads to benzamide and regenerates the
catalytic active complex A through TS-3. The energy barrier for this step is 23.1 kcal/mol. The
benzamide formed reacts with HCHO in the presence of base to form intermediate 10 which is
endergonic by 2.8 kcal/mol. Parallelly, complex G after protonation followed by dissociation
reaction with 1a leads to intermediate 12 via TS-6. The energy barrier for this process is 28.0
kcal/mol. Intermediate 12 undergoes dehydration resulting in imine intermediate 9 which is
exergonic by 38.7 kcal/mol. The intermediate 10 forms radical intermediate J through 1. The
generation of radical intermediate J is endergonic by 6.8 kcal/mol. Additionally, imine
intermediate 9 leads to the formation of radical H which is endergonic by 5.7 kcal/mol (Figure
4.1). Finally, the reaction between the two radical intermediates, H and J leads to the final
product 3aa which is exergonic by 30.7 kcal/mol (Figure 4.2). On the other hand, the
mechanism can proceed in the presence of “O'Bu anion. The energetics for that is shown in
figure 4.5 for comparison to that of ClI" anion. The energies suggest that the reaction is more

feasible in the presence of CI.
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Figure 4.1. Free energy profile for the Fe-catalysed synthesis of 3,3-disubstituted 3-amino
oxindole for Cl anion. The free energy values are given in kcal/mol.

Figure 4.2. Free energy profile for the reaction of two radical species to synthesize 3aa. The

free energy values are given in kcal/mol.
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4.2.5 Probable Catalytic Cycle

On the basis of preliminary mechanistic investigation, we have proposed tentative catalytic
cycles for the formation of intermediate 9, 10 and the final product 3,3-disubstituted 3-amino
oxindole, 3aa (Figure 4.3). Initially, the isatin 1a coordinates to FeCls in a bidentate fashion to
form complex A. A controlled study indicated the importance of isatin coordination with iron
before it involves in further reaction. The reaction of complex A with N-methoxybenzamide
(2a) in the presence of LiO'Bu resulted in the formation of intermediate B. The complex B
would deliver the complex C and CH3sOH (or HCHO) via N—O bond cleavage. Though, we do
not have strong evidence to support the probable path for N—O bond cleavage in complex B;
the involvement of a nitrene intermediate resulting from species B cannot be ruled out. The
complex C will lead to the formation of intermediate D in the presence of ‘BuOH. Upon
protonation, the complex D will deliver benzamide and regenerate the catalytic active complex
A. The benzamide would react with formed HCHO in the presence of base to form intermediate
10. The formation intermediate 9 is proposed to follow a different path. Thus, the benzamide
attacks the electrophilic C-3 carbon center in complex A leading to species E. The reaction of
complex E in the presence of base would deliver complex F and HCHO. The complex G after
protonation followed by dissociation reaction with 1a will deliver intermediate 12. Complex
12 upon dehydration reaction will lead to imine intermediate 9. Both intermediate 9 and 12
were identified and characterized by various techniques. The reaction of intermediates 9 and
10 in the presence of base will lead to final product 3aa, which is proposed to occur via radical

intermediates H and J.
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Figure 4.3. Plausible catalytic cycle.
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43 CONCLUSION

In summary, we have serendipitiously discovered a new reaction for the straightforward
synthesis of 3,3-disubstituted-3-amino-2-oxindoles with the generation of a stereogenic
quaternary center in the presence of a highly abundant and inexpensive iron(l1l) catalyst. The
coupling of N-methoxy benzamides with isatin derivatives provided the various biologically
relevant 3-substituted-3-amino oxindoles in the presence of a simple iron(lll) salt. This
protocol is readily applicable for the construction of tetrasubstituted carbon centers using
diversely substituted N-methoxy benzamides and isatins to deliver desired products in
moderate to good vyields. Detalied mechanistic studies revealed that the reaction proceeds
through the formation of isatin ketimine and N-(hydroxymethyl)benzamide intermediates.
Controlled experiments including deuterium labeling studies suggested an N-methoxy group
of benzamide is a source of methylene group in the products. Further functionalization was
shown to synthesize  N-((3-benzamido-2-oxoindolin-3-yl)methyl)benzamide,  N-(3-
((benzylamino)methyl)-1-methyl-2-oxoindolin-3-yl)benzamide, and N-(3-(aminomethyl)-1-
methyl-2-oxoindolin-3-yl)benzamide. The scalability of this protocol was demonstrated with a
gram-scale reaction. Preliminary mechanistic studies suggested the amination reaction

proceeds through a single-electron transfer (SET) pathway.

4.4 EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box
or using standard Schlenk techniques in pre-dried glasswares. The catalytic reactions were
performed in oven-dried reaction vessels with a Teflon screw cap. Solvents were dried over
Na/benzophenone or CaH2 and distilled prior to use. Liquid reagents were flushed with argon
prior to use. All other chemicals were obtained from commercial sources and were used without
further purification. High-resolution mass spectrometry (HRMS) mass spectra were recorded
on a Thermo Scientific Q-Exactive, Accela 1250 pump. NMR: (*H and **C{*H}) spectra were
recorded at 400 or 500 MHz (*H), 100 or 125 MHz {**C{'H}, DEPT (distortionless
enhancement by polarization transfer)}, 377 MHz (*°F), respectively in CDClIs solutions, if not
otherwise specified; chemical shifts (9) are given in ppm. The *H and *C{*H} NMR spectra
are referenced to residual solvent signals (CDCls: 6 H = 7.26 ppm, 6 C = 77.2 ppm). The
abbreviations used in NMR data are as follows: s = singlet, br s = broad singlet, d = doublet, t
= triplet, dd = double doublet, vt = virtual triplet, dt = double triplet, td = triple doublet, tt =
triple triplet.
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4.4.1 Synthesis and Characterization of Starting Compounds

4.4.1.1 Synthesis and Characterization of 1-((((3S,8S,9S,10R,13R,14S,17R)-10,13-
Dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)oxy)methyl)indoline-2,3-dione

o]

0]
N

z (o]
: cl K,CO3 (2.0 equiv) B /\Mﬁ
'. o/\/\/ * @N&O DMF, rt, 12 h : e . o
" : Sk
H

Representative Procedure for Synthesis of 1g: In an oven-dried round bottom flask
indoline-2,3-dione (0.5 g, 3.40 mmol) was dissolved in DMF (30 mL) and K2COs (0.94 g, 6.80
mmol) was added at room temperature. The resulting reaction mixture was stirred for 20 min
and (3R,8R,9R,10S,13S,14R,17S)-3-(4-chlorobutoxy)-10,13-dimethyl-17-((S)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthrene (3.50 g, 13.60 mmol) was added and the resultant reaction mixture
was stirred at room temperature for 12 h. The reaction was quenched with water (15 mL) and
extracted with ethyl acetate (20 mL x 3). The combined organic extract was dried over NazSO4
and the volatiles were evaporated in vacuo. The remaining residue was purified by column
chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 1q (1.20 g, 60%) as an
orange solid. *H-NMR (400 MHz, CDCls): § =7.59-7.55 (m, 2H, Ar-H), 7.09 (t, J = 7.6 Hz,
1H, Ar-H), 6.93(d,J = 7.7 Hz, 1H, Ar-H), 5.32-5.31 (m, 1H, CH), 3.75 (t, J = 7.2 Hz, 2H),
3.50 (t, J = 6.1 Hz, 2H), 3.11 (septet, 1H, CH), 2.34-2.30 (m, 1H, CH), 2.19-2.12 (m, 1H,
CH), 2.03-1.93 (m, 2H, CH), 1.88-1.76 (m, 5H), 1.68-1.60 (m, 2H, CH2), 1.59-1.23 (m,
11H), 1.18-1.00 (m, 7H), 0.98 (s, 3H, CHs), 0.90 (d, J = 6.4 Hz, 3H, CHs), 0.865 (d,J =
6.6 Hz, 6H, CHa), 0.66 (s, 3H, CH3). BC{*H}-NMR (100 MHz, CDCls3): 6 = 183.8 (Cy),
158.3 (Cq), 151.2 (Cq), 141.0 (Cg), 138.4 (CH), 125.6 (CH), 123.7 (CH), 121.8 (CH),
117.7 (Cq), 110.4 (CH), 79.3 (CH), 67.2 (2C, CH), 56.9 (CH), 56.3 (CH), 50.3 (CH), 42.5
(Cy), 40.2 (CH2), 39.9 (CH2), 39.7 (CH2), 39.3 (CHy), 37.4 (CH2), 37.0 (CH2), 36.3 (Cq), 35.9
(CH2), 32.1 (CH2), 32.0 (CH), 28.6 (CH2), 28.4 (CH2), 28.2 (CH2), 27.5(CH.), 24.4 (CH>),
23.9 (CHy), 22.9 (CHs), 22.7 (CHs3), 21.2 (CHz2), 19.5 (CHs3), 18.9 (CHz), 12.0 (CHs).
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4.4.1.2 Synthesis and Characterization of N-(Methoxy-ds)Benzamide (2a-[D3])

I) K2CO3 (1 .0 eqUIV)

0 MeOH:H,O (1:1) 0
N/OH rt, 10 min _ ”/OCDa
H ii) Na,COj (1.0 equiv)
rt-50 °C

iii) CD3l (1.0 equiv)
100 °C, 5 h

Representative Procedure for Synthesis of (2a-[Dz]): To a solution of N-
hydroxybenzamide (0.50 g, 3.65 mmol) in MeOH:H20 (1:1, 15 mL), K2COs (0.51 g, 3.69
mmol) was added and the reaction mixture was stirred at room temperature for 10 min. Further,
Na2COs (0.39 g, 3.68 mmol) was added and the reaction mixture was heated at 50 °C. The
iodomethane-ds (0.53 g, 3.64 mmol) was added to the resultant reaction mixture and stirred at
100 °C for 5 h. At ambient temperature, the solvent was concentrated and then acidified with
2M HCI to pH 3. The crude product was extracted with dichloromethane (15 mL x 3). The
combined organic extract was dried over Na2SO4 and the volatiles were evaporated in vacuo.
The remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAC: 3/1) to yield N-(methoxy-ds)benzamide (2a-[Ds]) (0.38 g, 68%) as a white solid.
!H-NMR (400 MHz, CDClz): § =10.30 (s, 1H, NH), 7.75 (d, J = 7.3 Hz, 2H, Ar-H), 7.46-7.43
(m, 1H, Ar-H), 7.34 (t, J = 7.3 Hz, 2H, Ar-H). ?H-NMR (400 MHz, CHCl3): 6 = 3.58 (s, 3D,
OCD3). BC{*H}-NMR (100 MHz, CDCl3): 6 = 166.5 (CO), 132.0 (CH), 131.9 (Cq), 128.6 (2C,
CH), 127.3 (2C, CH), 63.4 (sept, J = 21.3 Hz, 1C, CDs). HRMS (ESI): m/z Calcd for
CsH7D3NO2 + H" [M + H]" 155.0894; Found 155.0893.

4.4.2 Representative Procedure for Synthesis of 3,3-Disubstituted 3-Amino Oxindole

and Characterization Data

Representative Procedure. N-((3-benzamido-1-methyl-2-oxoindolin-3-
yl)methyl)benzamide (3aa): To an oven-dried screw-cap tube equipped with a magnetic stir
bar was added 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20 mmol), N-methoxybenzamide
(2a; 0.076 g, 0.503 mmol), FeCls (0.0032 g, 0.02 mmol, 10.0 mol%) and LiO'Bu (0.032 g, 0.40
mmol) inside the glove box. To the above reaction mixture in the tube was added toluene (1.0
mL). The resultant reaction mixture in the tube was immersed in a preheated oil bath at 110 °C

and stirred for 24 h. At ambient temperature, the reaction mixture was quenched with distilled
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H20 (10.0 mL) and the crude product was extracted with EtOAc (15 mL x 3). The combined
organic extract was dried over Na:SOs and the volatiles were evaporated in vacuo. The
remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAC: 1/2) to yield 3aa (0.068 g, 85%) as a light brown solid.

Procedure for a 3.0 mmol Scale Synthesis: To an oven-dried Schlenk flask equipped
with a magnetic stir bar was added 1-methylindoline-2,3-dione (1a; 0.50 g, 3.103 mmol), N-
methoxybenzamide (2a; 1.172 g, 7.753 mmol), FeCls (0.0503 g, 0.310 mmol, 10.0 mol%) and
LiO'Bu (0.496 g, 6.195 mmol) inside the glove box. To the above reaction mixture in the tube
was added toluene (12.0 mL). The resultant reaction mixture was heated at 110 °C for 24 h. At
ambient temperature, the reaction mixture was quenched with distilled H20 (15.0 mL) and the
crude product was extracted with EtOAc (30 mL x 3). The combined organic extract was dried
over Na2S0O4 and the volatiles were evaporated in vacuo. The remaining residue was purified
by column chromatography on silica gel (petroleum ether/EtOAc: 1/2) to yield 3aa (0.782 g,
63%) as a light brown solid.

Characterization Data of 3aa. *H-NMR (500 MHz, CDCls): § = 9.25 (br s, 1H, NH),
7.86 (d, J = 7.1 Hz, 2H, Ar-H), 7.79 (d, J = 7.1 Hz, 2H, Ar-H), 7.68 (br s, 1H, NH), 7.50-7.47
(m, 1H, Ar-H), 7.42 (t, J = 7.7 Hz, 3H, Ar-H), 7.38-7.32 (m, 1H, Ar-H), 7.28-7.20 (m, 3H,
Ar-H), 7.04 (t, J = 7.3 Hz, 1H, Ar-H), 6.90 (d, J = 7.7 Hz, 1H, Ar-H), 4.23 (dd, J = 14.5, 7.8
Hz, 1H, CH2), 3.41 (dd, J = 14.5, 5.0 Hz, 1H, CH>), 3.25 (s, 3H, CH3). B®C{*H}-NMR (125
MHz, CDCl3): ¢ = 175.4 (CO), 170.9 (CO), 166.3 (CO), 143.3 (Cy), 132.9 (Cq), 132.5 (Cy),
132.3 (CH), 132.0 (CH), 129.6 (CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.3 (Cy), 127.7 (2C,
CH), 127.5 (2C, CH), 123.2 (CH), 122.8 (CH), 108.7 (CH), 63.4 (Cq), 45.7 (CH2), 26.7 (CHs).
HRMS (ESI): m/z Calcd for C2sH21N303 + H* [M + H]* 400.1656; Found 400.1652.
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4-Methyl-N-(1-methyl-3-((4-methylbenzamido)methyl)-2-oxoindolin-3-yl)benzamide (3ab):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and N-methoxy-4-methylbenzamide (2b; 0.082 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3ab (0.064 g, 75%)
as a brown solid. *H-NMR (500 MHz, CDClz): 6 = 9.12 (br s, 1H, NH), 7.77 (d, J = 8.2 Hz,
2H, Ar-H), 7.68 (d, J=7.7 Hz, 2H, Ar-H), 7.48 (br s, 1H, NH),7.36-7.32 (m, 1H, Ar-H), 7.29
(d, J = 7.2 Hz, 1H, Ar-H),7.22 (d, J = 8.0 Hz, 2H, Ar-H), 7.08-7.01 (m, 3H, Ar-H), 6.90 (J =
7.7 Hz, 1H, Ar-H), 4.23 (dd, J = 14.5, 7.9 Hz, 1H, CH>), 3.43 (dd, J = 14.5, 5.0 Hz, 1H, CH>),
3.29 (s, 3H, CHs), 2.38 (s, 3H, CHa), 2.31 (s, 3H, CH3). BC{*H}-NMR (125 MHz, CDCl3): §
= 175.5 (C0O), 170.8 (CO), 166.3 (CO), 143.4 (Cq), 142.8 (Cy), 142.4 (Cy), 130.2 (Cy), 129.8
(Cq), 129.6 (CH), 129.4 (2C, CH), 129.3 (2C, CH), 128.5 (Cq), 127.8 (2C, CH), 127.5 (2C,
CH), 123.2 (CH), 122.8 (CH), 108.6 (CH), 63.4 (Cqg), 45.6 (CH-), 26.7 (CH3), 21.6 (CHs3), 21.5
(CH3). HRMS (ESI): m/z Calcd for C26H25N303 + H [M + H]* 428.1969; Found 428.1966.

4-Butyl-N-((3-(4-butylbenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3ac): The
representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20
mmol) and 4-butyl-N-methoxybenzamide (2c; 0.103 g, 0.50 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3ac (0.075 g, 73%) as a
brown solid. H-NMR (400 MHz, CDCl3): 6 = 9.22 (br s, 1H, NH), 7.81 (d, J = 7.6 Hz, 2H,
Ar-H), 7.71-7.66 (m, 1H, NH; 2H, Ar-H), 7.34 (t, J = 7.7 Hz, 1H, Ar-H), 7.29 (d, J = 7.2 Hz,
1H, Ar-H), 7.23 (d, J = 7.6 Hz, 2H, Ar-H), 7.05 (t, J = 7.5 Hz, 1H, Ar-H), 6.98 (d J = 7.6 Hz,
2H, Ar-H), 6.91 (d J = 7.7 Hz, 1H, Ar-H), 4.25 (dd, J = 14.3, 7.6 Hz, 1H, CH>), 3.40 (dd, J =
14.3, 4.3 Hz, 1H, CH2), 3.27 (s, 3H, CHs), 2.63 (t, J = 7.6 Hz, 2H, CH2), 2.53 (t, J = 7.6 Hz,
2H, CH2), 1.61-1.50 (m, 4H, CH?2), 1.37-1.30 (m, 4H, CHz), 0.95-0.90 (m, 6H, CH3). *C{*H}-
NMR (100 MHz, CDCls): ¢ = 175.6 (CO), 170.8 (CO), 166.3 (CO), 147.5 (Cq), 147.4 (Cy),
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143.3 (Cg), 130.1 (Cg), 130.0 (2C, Cq), 129.6 (CH), 128.7 (3C, CH), 128.6 (CH), 127.8 (2C,
CH), 127.5 (2C, CH), 123.2 (CH), 122.8 (CH), 108.6 (CH), 63.5 (Cq), 45.8 (CH2), 35.7 (2C,
CH?), 33.5 (2C, CHz), 26.7 (CH3), 22.5 (2C, CH2), 14.1 (2C, CH3). HRMS (ESI): m/z Calcd
for CazHa7N3Os + H* [M + H]* 512.2916; Found 512.2914.

4-Methoxy-N-((3-(4-methoxybenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide
(3ad): The representative procedure C was followed, using 1-methylindoline-2,3-dione (1a;
0.032 g, 0.20 mmol) and N,4-dimethoxybenzamide (2d; 0.090 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/3) yielded 3ad (0.055 g, 60%)
as a brown solid. *H-NMR (500 MHz, CDClz): 6 = 9.14 (br s, 1H, NH), 7.84 (d, J = 8.7 Hz,
2H, Ar-H), 7.79 (d, J = 8.7 Hz, 2H, Ar-H), 7.36-7.29 (m, 1H, NH; 2H, Ar—H), 7.06 (t,J=7.5
Hz, 1H, Ar-H), 6.91 (t, J = 8.0 Hz, 3H, Ar-H), 7.78 (d, J = 8.7 Hz, 2H, Ar—H), 4.23-4.17 (m,
1H, CH2), 3.83 (s, 3H, OCHg3), 3.79 (s, 3H, OCHs3), 3.45 (dd, J = 14.6, 4.9 Hz, 1H, CH>), 3.30
(s, 3H, CHa). BC{*H}-NMR (125 MHz, CDCls3): § = 175.5 (CO), 170.4 (CO), 165.9 (CO),
162.8 (Cq), 162.5 (Cq), 143.3 (Cq), 129.6 (2C, CH), 129.4 (2C, CH), 128.5 (Cy), 125.3 (Cy),
125.1 (Cq), 123.1 (CH), 122.8 (CH), 113.9 (2C, CH), 113.8 (2C, CH), 108.7 (2C, CH), 63.4
(Cqy), 55.6 (OCHs), 55.5 (OCHs), 45.6 (CH2), 26.7 (CHs). HRMS (ESI): m/z Calcd for
C26H2sN30s + HY [M + H]" 460.1867; Found 460.1867.

4-Fluoro-N-((3-(4-fluorobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3ae):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 4-fluoro-N-methoxybenzamide (2e; 0.084 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ae (0.059 g, 68%)
as a brown solid. *H-NMR (500 MHz, CDCls): § = 9.35 (br s, 1H, NH), 7.92-7.88 (m, 3H, Ar—
H), 7.81-7.78 (m, 2H, Ar—H), 7.38-7.34 (m, 1H, Ar-H), 7.30 (d, J = 7.3 Hz, 1H, Ar—H), 7.14-
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7.06 (m, 1H, NH; 2H, Ar-H), 6.93 (d, J = 7.7 Hz, 1H, Ar-H), 6.79 (t, J = 8.5 Hz, 2H, Ar-H),
4.34 (dd, J = 14.6, 7.7 Hz, 1H, CH>), 3.32 (dd, J = 14.6, 5.1 Hz, 1H, CH2), 3.25 (s, 3H, CHs).
3C{!H}-NMR (125 MHz, CDCl3): 6 = 175.5 (CO), 169.9 (CO), 165.3 (d, Xc r = 252.5 Hz,
Cq), 165.2 (d, LJc_r = 253.3 Hz, Cq), 165.1 (CO), 143.2 (Cy), 130.1 (d, 3Jc_r = 16.7 Hz, 2C,
CH), 130.0 (d, ®Jc_r = 16.7 Hz, 2C, CH), 129.8 (CH), 128.9 (d, “Jc_r = 3.0 Hz, Cq), 128.7 (d,
4Jc_F = 3.0 Hz, Cq), 128.2 (Cq), 123.4 (CH), 122.7 (CH), 115.8 (d, 2Jc r = 21.3 Hz, 2C, CH),
115.7 (d, 2Jc_r = 22.1 Hz, 2C, CH), 108.8 (CH), 63.6 (Cq), 45.9 (CH2), 26.7 (CH3). 1*F-NMR
(376 MHz, CDCl3): & = —106.9 (s), —107.3 (s). HRMS (ESI): m/z Calcd for C2aH1sF2NsOs +
H* [M + H]* 436.1467; Found 436.1464.

4-Chloro-N-((3-(4-chlorobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3af):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 4-chloro-N-methoxybenzamide (2f; 0.093 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3af (0.058 g, 62%)
as a brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.41 (br s, 1H, NH), 8.04 (br s, 1H, NH),
7.85 (d, J = 8.5 Hz, 2H, Ar-H), 7.67 (d, J = 8.6 Hz, 2H, Ar—H), 7.45 (d, J = 8.5 Hz, 2H, Ar-
H), 7.38 (t, J = 7.3 Hz, 1H, Ar-H), 7.32 (d, J = 7.0 Hz, 1H, Ar-H), 7.11 (t, J = 7.5 Hz, 1H, Ar—
H), 6.98-6.93 (m, 3H, Ar-H), 4.38 (dd, J = 14.6, 7.7 Hz, 1H, CHz), 3.31-3.26 (m, 1H, CHz;
3H, CH3). BC{*H}-NMR (125 MHz, CDCl3): § = 175.5 (CO), 170.0 (CO), 165.2 (CO), 143.1
(Cy), 138.7 (Cg), 138.6 (Cq), 130.8 (Cq), 130.7 (Cq), 129.9 (CH), 129.2 (2C, CH), 129.1 (2C,
CH), 128.9 (2C, CH), 128.8 (2C, CH), 128.1 (Cq), 123.5 (CH), 122.8 (CH), 108.8 (CH), 63.7
(Cq), 45.9 (CH2), 26.7 (CHs). HRMS (ESI): m/z Calcd for C24H19CI2N3Os + H* [M + H]*
468.0884; Found 468.0882.
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4-Bromo-N-((3-(4-bromobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3ag):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 4-bromo-N-methoxybenzamide (2g; 0.115 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ag (0.071 g, 64%)
as a brown solid. H-NMR (400 MHz, CDCls): § = 9.49 (br s, 1H, NH), 8.20 (br s, 1H, NH),
7.79 (d, J = 7.1 Hz, 2H, Ar-H), 7.63 (d, J = 7.2 Hz, 2H, Ar—H), 7.56 (d, J = 7.2 Hz, 2H, Ar-
H), 7.40-7.33 (m, 2H, Ar—H), 7.12 (t, J = 7.3 Hz, 1H, Ar-H), 7.02 (d, J = 7.5 Hz, 2H, Ar-H),
6.94 (d, J=7.7 Hz, 1H, Ar-H), 4.41 (dd, J = 14.4, 7.2 Hz, 1H, CH>), 3.28-3.24 (m, 1H, CHz;
3H, CHz3). BC{*H}-NMR (100 MHz, CDCls): § = 175.7 (CO), 170.0 (CO), 165.3 (CO), 142.9
(Cyg), 132.3 (2C, CH), 131.7 (2C, CH), 131.2 (Cq), 131.0 (Cq), 129.9 (CH), 129.3 (2C, CH),
129.0 (2C, CH), 128.1 (Cq), 127.4 (Cq), 127.2 (Cq), 123.6 (CH), 122.8 (CH), 108.8 (CH), 63.8
(Cy), 46.1 (CH2), 26.7 (CH3). HRMS (ESI): m/z Calcd for C2sH19BraNsOs + H* [M + H]*
557.9851; Found 557.9852.

4-1odo-N-((3-(4-iodobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3ah): The
representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20
mmol) and 4-iodo-N-methoxybenzamide (3h; 0.138 g, 0.50 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ah (0.069 g, 53%) as a
brown solid. *H-NMR (400 MHz, CDCls): § = 9.57 (br s, 1H, NH), 8.38 (br s, 1H, NH), 7.86
(d, J=7.9 Hz, 2H, Ar-H), 7.66 (d, J = 7.7 Hz, 2H, Ar-H), 7.40-7.34 (m, 4H, Ar-H), 7.19-7.10
(m, 3H, Ar-H), 6.95 (d, J=7.7 Hz, 1H, Ar-H), 4.44 (dd, J = 14.3, 7.2 Hz, 1H, CHz), 3.23-3.31
(m, 1H, CHz; 3H, CH3). 3C{*H}-NMR (100 MHz, CDCls): § = 175.6 (CO), 170.2 (CO), 165.5
(CO), 142.9 (Cq), 138.3 (2C, CH), 137.7 (2C, CH), 131.7 (Cqy), 131.5 (Cq), 129.9 (CH), 129.2
(2C, CH), 128.9 (2C, CH), 128.1 (Cy), 123.7 (CH), 122.8 (CH), 108.8 (CH), 100.1 (Cg), 99.9
(Cq), 63.9 (Cy), 46.1 (CH2), 26.7 (CH3). HRMS (ESI): m/z Calcd for C2sH19l2N3Os + H" [M +
H]* 651.9606; Found 651.9604.
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4-Cyano-N-((3-(4-cyanobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide  (3ai):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 4-cyano-N-methoxybenzamide (3i; 0.088 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ai (0.051 g, 57%)
as a brown solid. *H-NMR (500 MHz, CDCl3): 6 = 9.13 (br s, 1H, NH), 7.89-7.86 (m, 4H, Ar—
H), 7.66 (d, J = 7.7 Hz, 2H, Ar-H), 7.58 (d, J = 7.6 Hz, 2H, Ar-H), 7.46 (br s, 1H, NH), 7.32
(t, J=7.7 Hz, 1H, Ar-H), 7.22-7.19 (m, 1H, Ar-H), 7.03 (vt, J = 7.4 Hz, 1H, Ar-H), 6.89 (d,
J=7.7Hz, 1H, Ar-H), 4.26 (dd, J = 14.6, 8.1 Hz, 1H, CH2), 3.34-3.30 (m, 1H, CH>),3.23 (s,
3H, CHs). BC{*H}-NMR (125 MHz, CDCls): § = 174.7 (CO), 169.4 (CO), 164.4 (CO), 143.3
(Cy), 136.7 (CN), 136.2 (CN), 132.7 (2C, CH), 132.6 (2C, CH), 130.2 (CH), 128.3 (2C, CH),
128.2 (2C, CH), 127.4 (Cq), 123.5 (CH), 122.7 (CH), 118.1 (Cq), 117.8 (Cq), 116.2 (Cq), 115.8
(Cy), 109.1 (CH), 63.5 (Cq), 45.7 (CH2), 26.9 (CH3). HRMS (ESI): m/z Calcd for C2s6H19N503
+H* [M + H]* 450.1561; Found 450.1553.

3-Methyl-N-(1-methyl-3-((3-methylbenzamido)methyl)-2-oxoindolin-3-yl)benzamide (3aj):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and N-methoxy-3-methylbenzamide (2j; 0.082 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3aj (0.057 g, 67%)
as a brown solid. *H-NMR (500 MHz, CDCls): § =9.00 (br s, 1H, NH), 7.67-7.65 (m, 3H, Ar—
H), 7.64 (br s, 1H, NH), 7.36-7.31 (m, 1H, Ar-H), 7.30-7.23 (m, 6H, Ar-H), 7.05 (t, J = 7.6
Hz, 1H, Ar—H), 6.90 (d, J = 7.7 Hz, 1H, Ar-H), 4.22 (dd, J = 14.6, 8.2 Hz, 1H, CH>), 3.45 (dd,
J =145, 49 Hz, 1H, CHz), 3.30 (s, 3H, CHa), 2.36 (s, 6H, CH3). *C{*H}-NMR (125 MHz,
CDCls): 6 = 175.3 (CO), 171.0 (CO), 166.5 (CO), 143.5 (Cq), 138.8 (Cy), 138.4 (Cy), 133.2
(CH), 133.1 (Cy), 132.7 (CH), 132.5 (Cq), 129.7 (CH), 128.8 (CH), 128.6 (CH), 128.5 (CH),
128.3 (Cq), 128.2 (CH), 124.6 (CH), 124.5 (CH), 123.1 (CH), 122.8 (CH), 108.7 (CH), 63.2
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(Cq), 45.4 (CH2), 26.8 (CH3), 21.5 (CH3), 21.4 (CHs). HRMS (ESI): m/z Calcd for CasH2sN303
+ H* [M + H]* 428.1969; Found 428.1967.

3-Fluoro-N-((3-(3-fluorobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3ak):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 3-fluoro-N-methoxybenzamide (2k; 0.084 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ak (0.052 g, 60%)
as a brown solid. 'H-NMR (400 MHz, CDCls): 6 = 9.25 (br s, 1H, NH), 7.22 (br s, 1H, NH),
7.65 (d, J=7.7 Hz, 1H, Ar-H), 7.59-7.51 (m, 3H, Ar—H), 7.45-7.34 (m, 2H, Ar-H), 7.29 (d, J
=7.2 Hz, 1H, Ar-H), 7.22-7.18 (m, 1H, Ar-H), 7.14-7.06 (m, 3H, Ar-H), 6.93 (d, J = 7.7 Hz,
1H, Ar—H), 4.30 (dd, J = 14.6, 7.8 Hz, 1H, CH>), 3.36 (dd, J = 14.6, 5.0 Hz, 1H, CH2), 3.26 (s,
3H, CHa). *C{*H}-NMR (100 MHz, CDCls): § = 175.2 (CO), 169.7 (d, *Jc-r = 2.3 Hz, CO),
165.1 (d, Jcr = 2.3 Hz, CO), 162.9 (d, YJc £ = 247.2 Hz, Cq), 162.8 (d, YJcr = 248.7 Hz, Cy),
143.2 (Cq), 135.0 (d, 3Jc—r = 6.9 Hz, Cy), 134.8 (d, 3Jc_r = 7.6 Hz, Cq), 130.4 (d, 3Jcr = 7.6 Hz,
2C, CH), 129.9 (CH), 127.9 (Cq), 123.4 (CH), 123.1 (d, *Jc-r = 2.3 Hz, CH), 122.8 (d, *Jcr =
3.0 Hz, CH), 122.7 (CH), 119.5 (d, 2Jc_r = 21.4 Hz, CH), 119.1 (d, 2Jc_r = 21.4 Hz, CH), 115.1
(d, 2cr = 23.6 Hz, CH), 115.0 (d, 2Jc—r = 22.8 Hz, CH), 108.8 (CH), 63.5 (Cg), 45.8 (CH2),
26.8 (CH3). F-NMR (376 MHz, CDCls): 6 =—111.3 (s), —111.8 (s). HRMS (ESI): m/z Calcd
for CasH19F2N3Os + H™ [M + H]* 436.1467; Found 436.1454.

Cry

3-Chloro-N-((3-(3-chlorobenzamido)-1-methyl-2-oxoindolin-3-yl)methyl)benzamide (3al):
The representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol) and 3-chloro-N-methoxybenzamide (2I; 0.093 g, 0.50 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3al (0.053 g, 57%)
as a brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.33 (br s, 1H, NH), 7.87-7.82 (m, 1H, NH;
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2H, Ar-H), 7.74 (d, J = 7.7 Hz, 1H, Ar—H), 7.70 (d, J = 7.8 Hz, 1H, Ar—H), 7.48 (d, J = 8.0
Hz, 1H, Ar-H), 7.41-7.35 (m, 3H, Ar-H), 7.30 (d, J = 7.2 Hz, 1H, Ar-H), 7.09 (t, J = 7.3 Hz,
2H, Ar-H), 6.93 (d, J = 7.7 Hz, 1H, Ar-H), 4.34 (dd, J = 14.6, 7.7 Hz, 1H, CH2), 3.34 (dd, J =
14.6, 5.0 Hz, 1H, CHz), 3.25 (CHs). *C{*H}-NMR (125 MHz, CDCls): ¢ = 175.2 (CO), 169.6
(CO), 165.1 (CO), 143.2 (Cq), 135.1 (Cg), 134.9 (Cy), 134.3 (Cq), 134.2 (Cq), 130.0 (CH), 129.9
(2C, CH), 128.3 (CH), 128.1 (2C, CH), 127.9 (Cy), 125.6 (2C, CH), 125.4 (CH), 123.5 (CH),
122.8 (CH), 108.8 (CH), 63.5 (Cg), 45.7 (CH2), 26.8 (CHs). HRMS (ESI): m/z Calcd for
CaaH19C1:N3Oz + H* [M + H]* 469.1288; Found 469.1285.

N-(1-Methyl-2-0x0-3-((3-(trifluoromethyl)benzamido)methyl)indolin-3-yl)-3-
(trifluoromethyl)benzamide (3am): The representative procedure was followed, using 1-
methylindoline-2,3-dione  (la; 0.032 g, 020 mmol) and N-methoxy-3-
(trifluoromethyl)benzamide (2m; 0.109 g, 0.50 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3am (0.052 g, 49%) as a
light brown solid. *H-NMR (400 MHz, DMSO-ds): 6 = 9.68 (br s, 1H, NH), 9.18 (br s, 1H,
NH), 8.18 (s, 1H, Ar—H), 8.12 (d, J = 7.8 Hz, 1H, Ar-H), 8.06 (s, 2H, Ar—H), 7.97-7.92 (m,
2H, Ar-H), 7.79-7.72 (m, 2H, Ar—H), 7.30-7.27 (m, 2H, Ar-H), 7.03 (d, J = 7.8 Hz, 1H, Ar—
H), 6.96 (t, J="7.5 Hz, 1H, Ar-H), 3.99 (dd, J = 13.8, 6.7 Hz, 1H, CH2), 3.67 (dd, J = 13.8, 5.8
Hz, 1H, CH2), 3.21 (s, 3H, CH3). *C{*H}-NMR (100 MHz, DMSO-ds): § = 174.0 (CO), 167.3
(CO), 163.8 (CO), 143.7 (Cq), 134.7 (Cy), 133.8 (Cy), 131.5 (2C, CH), 130.1 (CH), 129.9 (CH),
129.4 (g, 2Jc-F = 32.0 Hz, Cq), 129.2 (g, 2Jcr = 32.0 Hz, Cy), 128.9 (CH), 128.5 (q, *Jc F = 3.0
Hz, CH), 128.3 (q, *Jc—r = 3.0 Hz, CH), 128.3 (Cq), 124.2 (q, *Jc-r= 3.8 Hz, CH), 123.7 (q 3Jc-
r= 3.8 Hz, CH), 123.9 (q, Nc-r = 272.2 Hz, 2C, CFs), 123.0 (CH), 122.1 (CH), 108.2 (CH),
62.9 (Cq), 44.7 (CH2), 26.5 (CH3). °F-NMR (376 MHz, DMSO-ds): & = —56.5 (s), —56.6 (s).
HRMS (ESI): m/z Calcd for C2sH19FsN3O3 + H* [M + H]" 536.1403; Found 536.1404.
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3,4,5-Trimethoxy-N-(1-methyl-2-oxo0-3-((3,4,5-trimethoxybenzamido)methyl)indolin-3-
yl)benzamide (3an): The representative procedure was followed, using 1-methylindoline-2,3-
dione (1a; 0.032 g, 0.20 mmol) and N,3,4,5-tetramethoxybenzamide (2n; 0.120 g, 0.50 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/4) yielded 3an
(0.058 g, 50%) as a brown solid. *H-NMR (400 MHz, CDCls): 6 = 9.17 (br s, 1H, NH), 7.35
(t, J=7.7Hz, 1H, Ar-H), 7.31 (d, J= 7.2 Hz, 1H, Ar—H), 7.20 (br s, 1H, NH), 7.15 (s, 2H, Ar—
H), 7.11 (s, 2H, Ar-H), 7.09-7.04 (m, 1H, Ar-H), 6.92 (d, J = 7.7 Hz, 1H, Ar—H), 4.19 (dd, J
=145, 8.0 Hz, 1H, CH), 3.88 (s, 9H, OCHs), 3.86 (s, 3H, OCHs), 3.85 (s, 6H, OCHs), 3.47
(dd, J = 14.5, 5.0 Hz, 1H, CH>), 3.30 (s, 3H, CHa3). *C{*H}-NMR (100 MHz, CDCl3): 6§ =
175.1 (CO), 170.8 (CO), 165.7 (C0O), 153.4 (2C, Cy), 153.1 (2C, Cy), 143.5 (Cq), 141.9 (Cy),
141.2 (Cg), 129.8 (CH), 128.3 (Cg), 128.1 (Cq), 127.7 (Cq), 123.2 (CH), 122.8 (CH), 108.7
(CH), 104.9 (2C, CH), 104.8 (2C, CH), 63.5 (Cq), 61.1 (2C, OCHs3), 56.4 (2C, OCHs3), 56.3
(2C, OCHs3), 45.7 (CH2), 26.9 (CH3). HRMS (ESI): m/z Calcd for C3oH33sN3Og + H* [M + H]*
580.2290; Found 580.2283.

S
O NH 0
NH

N\ (@)

Me
N-((3-(1-Naphthamido)-1-methyl-2-oxoindolin-3-yl)methyl)-1-naphthamide  (3ao0): The
representative procedure was followed, using 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20
mmol) and N-methoxy-1-naphthamide (20; 0.100 g, 0.50 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ao (0.063 g, 63%) as a
brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.50 (br s, 1H, NH), 8.24 (t, J = 9.8 Hz, 2H, Ar—
H), 7.93 (d, J = 8.1 Hz, 1H, Ar—H), 7.87 (d, J = 9.3 Hz, 2H, Ar-H), 7.80 (d, J = 8.0 Hz, 1H,
Ar-H), 7.76 (d, J = 7.0 Hz, 1H, Ar-H), 7.71 (d, J = 7.0 Hz, 1H, Ar-H),7.50-7.33 (m, 1H, NH;
7H, Ar-H), 7.12-7.06 (m, 2H, Ar-H), 6.95 (d, J = 7.7 Hz, 1H, Ar—H), 4.43 (dd, J = 14.3, 8.6
Hz, 1H, CH2), 3.39 (dd, J = 14.5, 3.6 Hz, 1H, CH>), 3.34 (s, 3H, CH3). ®C{*H}-NMR (100

MHz, CDCls): 6 = 175.2 (CO), 172.4 (CO), 169.1 (CO), 143.7 (Cy), 133.9 (Cq), 133.8 (Cy),
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132.9 (Cq), 132.7 (Cq), 131.7 (2C, CH), 131.1 (CH), 130.5 (Cq), 130.2 (Cq), 129.7 (CH), 128.5
(CH), 128.3 (CH), 128.2 (Cy), 127.5 (CH), 127.3 (CH), 126.7 (CH), 126.3 (CH), 125.8 (CH),
125.7 (CH), 125.6 (CH), 125.3 (CH), 124.9 (CH), 123.2 (CH), 122.7 (CH), 108.9 (CH), 63.0
(Cq), 45.0 (CH2), 26.9 (CH3). HRMS (ESI): m/z Calcd for Ca2HzsN303 + H* [M + H]* 500.1969;
Found 500.1916.

N-(1-Methyl-2-ox0-3-((thiophene-2-carboxamido)methyl)indolin-3-yl)thiophene-2-
carboxamide (3ap): The representative procedure was followed, using 1-methylindoline-2,3-
dione (1a; 0.032 g, 0.20 mmol) and N-methoxythiophene-2-carboxamide (2p; 0.079 g, 0.503
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/2)
yielded 3ap (0.044 g, 53%) as an orange solid. *H-NMR (500 MHz, DMSO-ds): = 9.47 (br
s, 1H, NH), 8.99 (br s, 1H, NH), 7.83-7.80 (m, 2H, Ar-H), 7.78-7.77 (m, 1H, Ar-H), 7.74-7.73
(m, 1H, Ar-H), 7.29 (t, J = 7.6 Hz, 1H, Ar-H), 7.23-7.16 (m, 3H, Ar-H), 7.03 (t, J = 7.9 Hz,
1H, Ar-H), 6.98 (vt, J = 7.4 Hz, 1H, Ar—H), 3.84 (dd, J = 14.0, 6.1 Hz, 1H, CH>), 3.52 (dd, J
=14.0, 6.1 Hz, 1H, CHy), 3.18 (s, 3H, CH3). *C{*H}-NMR (125 MHz, DMSO-ds): § = 173.9
(CO), 163.5 (CO), 159.9 (CO), 143.5 (Cy), 138.4 (Cg), 138.2 (Cy), 131.8 (CH), 131.7 (CH),
129.2 (CH), 128.8 (CH), 128.7 (CH), 128.3 (Cy), 128.2 (2C, CH), 128.8 (CH), 122.1 (CH),
108.3 (CH), 63.7 (Cq), 45.7 (CH2), 26.4 (CH3). HRMS (ESI): m/z Calcd for C20H17N303S2 +
H* [M + H]* 412.0784; Found 412.0778.

Me
N-((3-(benzo[b]thiophene-2-carboxamido)-1-methyl-2-oxoindolin-3-
yl)methyl)benzo[b]thiophene-2-carboxamide (3aqg): The representative procedure was
followed, using 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20 mmol) and N-
methoxybenzo[b]thiophene-2-carboxamide (2q; 0.104 g, 0.502 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3aqg (0.056 g, 55%) as a
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dark brown solid. *H-NMR (400 MHz, CDCls): 6 = 9.68 (br s, 1H, NH), 8.34 (br s, 1H, NH),
8.02 (s, 1H, Ar-H), 8.01-7.99 (m, 1H, Ar-H), 7.87-7.85 (m, 1H, Ar—H), 7.70 (s, 1H, Ar—H),
7.48-7.43 (m, 2H, Ar-H), 7.39-7.35 (m, 3H, Ar—H), 7.20-7.15 (m, 2H, Ar-H), 7.10 (vt, J = 7.4
Hz, 1H, Ar-H), 6.92-6.85 (m, 2H, Ar—H), 4.45 (dd, J = 14.6, 7.5 Hz, 1H, CH2), 3.37 (dd, J =
14.6, 5.1 Hz, 1H, CH2), 3.21 (s, 3H, CHs). *C{*H}-NMR (100 MHz, CDCls): § = 175.3 (CO),
166.2 (CO), 162.0 (CO), 142.9 (Cy), 141.7 (Cg), 141.5 (Cq), 139.5 (Cy), 139.1 (Cy), 137.9 (Cy),
136.8 (Cq), 129.9 (CH), 128.0 (Cg), 126.9 (CH), 126.6 (CH), 126.5 (CH), 126.4 (CH), 125.7
(CH), 125.4 (CH), 125.0 (CH), 124.7 (CH), 123.6 (CH), 122.9 (2C, CH), 122.4 (CH), 108.8
(CH), 63.7 (Cq), 46.2 (CH2), 26.7 (CHs3).

N-((3-Benzamido-1,5-dimethyl-2-oxoindolin-3-yl)methyl)benzamide (3ba): The
representative procedure was followed, using 1,5-dimethylindoline-2,3-dione (1b; 0.035 g,
0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ba (0.073 g, 88%) as a
brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.07 (br s, 1H, NH), 7.88 (d, J = 7.2 Hz, 2H,
Ar-H), 7.83 (d, J = 7.3 Hz, 2H, Ar-H), 7.51-7.48 (m, 1H, NH; 1H, Ar-H), 7.46-7.40 (m, 3H,
Ar-H), 7.30 (t, J = 7.7 Hz, 2H, Ar-H), 7.14 (d, J = 7.8 Hz, 1H, Ar-H), 7.11 (s, 1H, Ar-H),
6.81 (d, J = 7.8 Hz, 1H, Ar-H), 4.29 (dd, J = 14.6, 8.1 Hz, 1H, CH), 3.38 (dd, J = 14.5, 4.8
Hz, 1H, CH2), 3.27 (s, 3H, CHs), 2.30 (s, 3H, CHa3). BC{*H}-NMR (125 MHz, CDCl3): 6 =
175.3 (CO), 170.9 (CO), 166.3 (CO), 141.0 (Cy), 133.2 (Cq), 132.8 (Cy), 132.6 (Cy), 132.3
(CH), 132.0 (CH), 129.9 (CH), 128.8 (2C, CH), 128.7 (2C, CH), 128.3 (Cy), 127.7 (2C, CH),
127.5(2C, CH), 123.6 (CH), 108.5 (CH), 63.4 (Cy), 45.6 (CH?2), 26.8 (CH3), 21.3 (CH3). HRMS
(ESI): m/z Calcd for C2sH23NsOs + H* [M + H]* 414.1812; Found 414.1810.
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N-((3-Benzamido-5-methoxy-1-methyl-2-oxoindolin-3-yl)methyl)benzamide  (3ca): The
representative procedure was followed, using 5-methoxy-1-methylindoline-2,3-dione (1c;
0.038 g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/3) yielded 3ca (0.040 g, 47%)
as a brown solid. *H-NMR (500 MHz, CDClz): 6 = 9.18 (br s, 1H, NH), 7.88 (d, J = 7.6 Hz,
2H, Ar-H), 7.80 (d, J = 7.7 Hz, 2H, Ar-H), 7.66 (br s, 1H, NH), 7.48 (d, J = 7.0 Hz, 1H, Ar—
H), 7.44-7.40 (m, 3H, Ar—H), 7.25-7.21 (m 2H, Ar—H), 6.90 (s, 1H, Ar-H), 6.87-6.81 (m, 2H,
Ar-H), 4.26 (dd, J = 14.5, 7.8 Hz, 1H, CH2), 3.73 (s, 3H, OCHg), 3.39 (dd, J = 14.5, 4.5 Hz,
1H, CHz), 3.25 (s, 3H, CHa). ¥C{*H}-NMR (125 MHz, CDCls): 6 = 175.1 (CO), 170.9 (CO),
166.3 (CO), 156.5 (Cg), 136.7 (Cq), 133.0 (Cq), 132.5 (Cq), 132.3 (CH), 132.0 (CH), 129.6 (Cy),
128.7 (2C, CH), 128.6 (2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 113.9 (CH), 110.2 (CH),
109.1 (CH), 63.7 (Cg), 55.9 (OCHs), 45.7 (CH2), 26.8 (CH3). HRMS (ESI): m/z Calcd for
C2s5H23N304 + H* [M + H]" 430.1761; Found 430.1764.

N-((3-Benzamido-5-fluoro-1-methyl-2-oxoindolin-3-yl)methyl)benzamide ~ (3da):  The
representative procedure was followed, using 5-fluoro-1-methylindoline-2,3-dione (1d; 0.036
g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3da (0.066 g, 79%) as a
brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.38 (br s, 1H, NH), 7.87 (d, J = 8.1 Hz, 2H,
Ar-H), 7.84-7.77 (m, 3H, Ar-H), 7.49 (d, J = 7.1 Hz, 1H, Ar—H), 7.44-7.37 (m, 1H, NH; 2H,
Ar-H), 7.24-7.20 (m, 2H, Ar—H), 7.03-6.98 (m, 2H, Ar—H), 6.81-6.78 (m, 1H, Ar—H), 4.15-
(dd, J = 14.3, 7.5 Hz, 1H, CH>), 3.40 (dd, J = 14.5, 4.7 Hz, 1H, CH), 3.20 (s, 3H, CHs3).
B3C{*H}-NMR (125 MHz, CDCl3): § = 175.2 (CO), 170.9 (CO), 165.5 (CO), 159.5 (d, Wcr =
241.8 Hz, Cg), 139.2 (Cg), 132.8 (Cg), 132.4 (Cg), 132.3 (CH), 132.2 (CH), 129.9 (d, 3Jcr =
7.6 Hz, Cy), 128.7 (2C, CH), 128.6 (2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 115.7 (d, 2Jc_r
=23.6 Hz, CH), 111.1 (d, 2Jc_r = 25.2 Hz, CH), 109.2 (d, 3Jcr = 7.6 Hz, CH), 63.6 (Cq), 45.6
(CHz2), 26.8 (CHs). °F-NMR (376 MHz, CDCls3): § = —119.4 (s). HRMS (ESI): m/z Calcd for
C24H20FN3O3 + Na* [M + Na]* 440.1381; Found 440.1376.
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Me

N-((3-Benzamido-5-chloro-1-methyl-2-oxoindolin-3-yl)methyl)benzamide ~ (3ea):  The
representative procedure was followed, using 5-chloro-1-methylindoline-2,3-dione (1e; 0.039
g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ea (0.066 g, 76%) as a
brown solid. *H-NMR (400 MHz, CDCls): § = 9.17 (br s, 1H, NH), 7.86-7.83 (m, 4H, Ar-H),
7.51-7.48 (m, 1H, NH; 1H, Ar-H), 7.44-7.35 (m, 4H, Ar-H), 7.33-7.30 (m, 2H, Ar-H), 7.25-
7.24 (m, 1H, Ar-H), 6.84 (d, J = 8.2 Hz, 1H, Ar-H), 4.18 (dd, J = 14.6, 8.0 Hz, 1H, CH>), 3.46
(dd, J = 14.6, 5.0 Hz, 1H, CH2), 3.28 (s, 3H, CH3). 3C{*H}-NMR (100 MHz, CDCls3): 6 =
174.9 (CO), 171.0 (CO), 165.5 (CO), 141.9 (Cqy), 132.9 (Cq), 132.5 (CH), 132.2 (Cy), 132.1
(CH), 129.9 (Cy), 129.6 (CH), 128.9 (2C, CH), 128.7 (2C, CH), 128.6 (Cy), 127.7 (2C, CH),
127.5 (2C, CH), 123.3 (CH), 109.7 (CH), 63.4 (Cqg), 45.4 (CHz), 26.9 (CHs). HRMS (ESI): m/z
Calcd for C24H20CIN3O3 + Na™ [M + Na]* 456.1085; Found 456.1083.

N-((3-Benzamido-5-bromo-1-methyl-2-oxoindolin-3-yl)methyl)benzamide ~ (3fa):  The
representative procedure was followed, using 5-bromo-1-methylindoline-2,3-dione (1f; 0.048
g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3fa (0.071 g, 74%) as a
brown solid. *H-NMR (500 MHz, CDCls): § = 9.05 (br s, 1H, NH), 7.85-7.80 (m, 4H, Ar-H),
7.51-7.46 (m, 2H, Ar-H), 7.43-7.35 (m, 1H, NH; 3H, Ar-H), 7.30-7.28 (m, 2H, Ar-H), 7.06
(vt, J = 7.4 Hz, 1H, Ar-H), 6.92 (d, J = 7.6 Hz, 1H, Ar-H), 4.22 (dd, J = 14.2, 8.5 Hz, 1H,
CH?2), 3.48 (d, J = 14.5 Hz, 1H, CH2), 3.31 (s, 3H, CH3). ¥*C{*H}-NMR (125 MHz, CDCl3): 6
= 174.8 (CO), 171.0 (CO), 166.5 (CO), 142.3 (Cy), 132.8 (Cy), 132.4 (2C, CH), 132.2 (CH),
132.1(Cq), 130.3 (Cq), 128.8 (2C, CH), 128.7 (2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 126.0
(CH), 115.8 (Cq), 110.1 (CH), 63.4 (Cq), 45.5 (CH2), 26.8 (CH3). HRMS (ESI): m/z Calcd for
C24H20BrNsOs + H* [M + H]* 478.0761, 480.0746; Found 478.0764, 480.0744.
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N-((3-Benzamido-1-ethyl-2-oxoindolin-3-yl)methyl)benzamide (3ga): The representative
procedure was followed, using 1-ethylindoline-2,3-dione (1g; 0.035 g, 0.20 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3ga (0.069 g, 83%) as a brown solid. *H-NMR
(400 MHz, CDCls): 6 = 9.15 (br s, 1H, NH), 7.86 (d, J = 7.2 Hz, 2H, Ar-H), 7.80 (d, J = 7.5
Hz, 2H, Ar-H), 7.64 (br s, 1H, NH), 7.49-7.24 (m, 8H, Ar-H), 7.02 (vt, J = 7.3 Hz, 1H, Ar—
H), 6.92 (d, J = 7.7 Hz, 1H, Ar-H), 4.21 (dd, J = 14.4, 7.7 Hz, 1H, CH), 3.85-3.75 (m, 2H,
CH2), 3.41 (dd, J = 14.4, 4.4 Hz, 1H, CH2), 1.32 (t, J = 6.9 Hz, 3H, CHa3). ®*C{*H}-NMR (100
MHz, CDCl3): ¢ = 174.9 (CO), 170.9 (CO), 166.3 (CO), 142.4 (Cy), 133.1 (Cq), 132.7 (Cy),
132.2 (CH), 131.9 (CH), 129.5 (CH), 128.7 (2C, CH), 128.6 (2C, CH), 127.7 (2C, CH), 127.5
(2C, CH), 127.3 (Cy), 122.9 (2C, CH), 108.8 (CH), 63.3 (Cq), 45.7 (CH2), 35.2 (CH), 12.5
(CH3). HRMS (ESI): m/z Calcd for C2sH23N303 + H™ [M + H]" 414.1812; Found 414.1813.

CHj3

N-((3-Benzamido-1-ethyl-5-fluoro-2-oxoindolin-3-yl)methyl)benzamide (3ha): The
representative procedure was followed, using 1-ethyl-5-fluoroindoline-2,3-dione (1h; 0.039 g,
0.202 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ha (0.069 g, 80%) as a
brown solid. *H-NMR (400 MHz, CDCls): 6 = 9.23 (br s, 1H, NH), 7.87-7.81 (m, 4H, Ar-H),
7.66 (br s, 1H, NH), 7.51-7.39 (m, 4H, Ar-H), 7.31-7.27 (m, 2H, Ar-H), 7.03-6.98 (m, 2H,
Ar-H), 6.84-6.81 (m, 1H, Ar-H), 4.14 (dd, J=14.5,7.7 Hz, 1H, CHz), 3.83-3.71 (m, 2H, CH>),
3.44 (dd, J = 14.5, 4.9 Hz, 1H, CH2), 1.30 (t, J = 7.1 Hz, 3H, CHa). ®*C{*H}-NMR (100 MHz,
CDCls): 6 = 174.8 (C0O), 170.9 (CO), 165.5 (CO), 159.4 (d, 1Jc—r = 241.8 Hz, Cy), 138.3 (Cy),
132.9 (Cq), 132.4 (Cy), 132.3 (CH), 132.1 (CH), 130.2 (d, *Jc_r = 7.6 Hz, Cg), 128.8 (2C, CH),
128.7 (2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 115.7 (d, ZJc-r = 23.6 Hz, CH), 111.2 (d,
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2Jcr = 25.2 Hz, CH), 109.4 (d, 3Jcr = 7.6 Hz, CH), 63.5 (Cq), 45.6 (CH2), 35.4 (CH2), 12.4
(CH3). °F-NMR (376 MHz, CDCl3): 5 =—119.9 (s). HRMS (ESI): m/z Calcd for C2sH23FN303
+Na" [M + Na]* 432.1718; Found 432.1723.

Et

N-((3-Benzamido-2-oxo-1-propylindolin-3-yl)methyl)benzamide (3ia): The representative
procedure was followed, using 1-propylindoline-2,3-dione (1i; 0.038 g, 0.20 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3ia (0.069 g, 81%) as a brown solid. *H-NMR
(500 MHz, CDCls): 6 =9.02 (br s, 1H, NH), 7.85 (d, J = 8.0 Hz, 4H, Ar-H), 7.49-7.45 (m, 1H,
NH; 2H, Ar-H), 7.48-7.28 (m, 6H, Ar—H), 7.02 (t, J = 7.5 Hz, 1H, Ar—H), 6.92 (d, J = 7.8 Hz,
1H, Ar-H), 4.19 (dd, J = 14.5, 8.0 Hz, 1H, CH2), 3.73 (t, J = 7.2 Hz, 2H, CH>), 3.43 (dd, J =
14.5, 4.7 Hz, 1H, CHy), 1.84-1.74 (m, 2H, CHz), 1.00 (t, J = 7.3 Hz, 3H, CH3). 3*C{*H}-NMR
(125 MHz, CDCl3): 6 = 175.2 (CO), 170.9 (CO), 166.3 (CO), 142.9 (Cq), 133.3 (Cy), 132.7
(Cy), 132.4 (CH), 131.9 (CH), 129.5 (CH), 128.8 (2C, CH), 128.6 (2C, CH), 128.4 (Cq), 127.7
(2C, CH), 127.5 (2C, CH), 122.9 (CH), 122.8 (CH), 109.0 (CH), 63.2 (Cq), 45.7 (CH2), 42.2
(CH2), 20.9 (CH2), 11.6 (CHs). HRMS (ESI): m/z Calcd for C2sH2sN3Os + H* [M + H]*
428.1974; Found 428.1976.

L"03H7

N-((3-Benzamido-1-butyl-2-oxoindolin-3-yl)methyl)benzamide (3ja): The representative
procedure was followed, using 1-butylindoline-2,3-dione (1j; 0.041 g, 0.202 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/1) yielded 3ja (0.069 g, 78%) as a brown solid. *H-NMR
(400 MHz, CDClg): 6 = 9.12 (br s, 1H, NH), 7.87-7.82 (m, 4H, Ar-H), 7.60 (br s, 1H, NH),
7.49-7.38 (m, 4H, Ar-H), 7.31 (vt, J = 7.7 Hz, 3H, Ar—H), 7.25 (d, J = 8.2 Hz, 1H, Ar—H), 7.00
(t, J=7.3 Hz, IH, Ar-H), 6.91 (d,J=7.7 Hz, 1H, Ar-H), 4.17 (dd, J = 14.5, 7.8 Hz, 1H, CH>),
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3.72 (t, J = 7.3 Hz, 2H, CH>), 3.40 (dd, J = 14.5, 4.8 Hz, 1H, CH2), 1.76-1.67 (m, 2H, CH>),
1.46-1.36 (m, 2H, CH2), 0.93 (t, J = 7.3 Hz, 3H, CH3). *C{*H}-NMR (100 MHz, CDCl3): 6 =
175.1 (CO), 170.8 (CO), 166.2 (CO), 142.8 (Cq), 133.2 (Cq), 132.7 (Cqg), 132.3 (CH), 131.9
(CH), 129.5 (CH), 128.8 (2C, CH), 128.6 (2C, CH), 128.4 (Cg), 127.7 (2C, CH), 127.5 (2C,
CH), 122.9 (CH), 122.8 (CH), 108.9 (CH), 63.1 (Cq), 45.7 (CH2), 40.3 (CH2), 29.4 (CH>), 20.4
(CH2), 13.9 (CH3). HRMS (ESI): m/z Calcd for C27H27N3O3 + H* [M + H]* 442.2125; Found
442.2125.

"CsHyy

N-((3-Benzamido-1-hexyl-2-oxoindolin-3-yl)methyl)benzamide (3ka): The representative
procedure was followed, using 1-hexylindoline-2,3-dione (1k; 0.047 g, 0.203 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3ka (0.076 g, 80%) as a light brown solid. *H-
NMR (400 MHz, CDCls): 6 = 9.02 (br s, 1H, NH), 7.85 (vt, J = 6.3 Hz, 4H, Ar—H), 7.48-7.45
(m, 1H, NH; 2H, Ar-H), 7.42-7.28 (m, 6HAr—H), 7.02 (vt, J = 7.4 Hz, 1H, Ar-H), 6.91 (d, J =
7.7 Hz, 1H, Ar-H), 4.19 (dd, J = 14.5, 8.0 Hz, 1H, CH), 3.78-3.70 (m, 2H, CH>), 3.42 (dd, J
=14.5,4.7 Hz, 1H, CH), 1.79-1.72 (m, 2H, CH), 1.42-1.24 (m, 6H, CH), 0.90-0.86 (m, 3H,
CHs). BC{*H}-NMR (100 MHz, CDCls): § = 175.1 (CO), 170.9 (CO), 166.2 (CO), 142.9 (Cy),
133.3 (Cy), 132.7 (Cy), 132.3 (CH), 131.9 (CH), 129.5 (CH), 128.8 (2C, CH), 128.6 (2C, CH),
128.4 (Cq), 127.7 (2C, CH), 127.5 (2C, CH), 122.9 (CH), 122.8 (CH), 108.9 (CH), 63.1 (Cq),
45.6 (CH2), 40.6 (CH2), 31.6 (CH2), 27.3 (CHy), 26.8 (CH), 22.8 (CH2), 14.2 (CHs). HRMS
(ESI): m/z Calcd for C29H31N3Os + H™ [M + H]* 470.2438; Found 470.2440.

.
"C7H1s

N-((3-Benzamido-1-octyl-2-oxoindolin-3-yl)methyl)benzamide (3la): The representative
procedure was followed, using 1-octylindoline-2,3-dione (1l; 0.052 g, 0.201 mmol) and N-

methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
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silica gel (petroleum ether/EtOAc: 1/2) yielded 3la (0.076 g, 76%) as a light brown solid. H-
NMR (400 MHz, CDCls): § = 9.16 (br s, 1H, NH), 7.87 (d, J = 7.7 Hz, 2H, Ar-H), 7.82 (d, J
= 7.8 Hz, 2H, Ar-H), 7.65 (br s, 1H, NH), 7.49-7.39 (m, 4H, Ar—H), 7.33-7.25 (m, 4H, Ar-H),
7.01 (t, J=7.5Hz, 1H, Ar-H), 6.90 (d, J= 7.7 Hz, 1H, Ar-H), 4.19 (dd, J = 14.5, 7.7 Hz, 1H,
CH2), 3.70 (t, J = 7.3 Hz, 2H, CH2), 3.38 (dd, J = 14.3, 4.5 Hz, 1H, CH>), 1.79-1.68 (m, 2H,
CH>), 1.40-1.26 (m, 10H, CH2), 0.87 (t, J = 6.5 Hz, 3H, CHz3). *C{*H}-NMR (100 MHz,
CDCl3): 6 = 175.1 (CO), 170.9 (CO), 166.2 (CO), 142.7 (Cy), 133.1 (Cq), 132.6 (Cy), 132.3
(CH), 131.9 (CH), 129.5 (CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.4 (Cy), 127.7 (2C, CH),
127.5 (2C, CH), 122.9 (2C, CH), 108.9 (CH), 63.2 (Cg), 45.7 (CH2), 40.6 (CH2), 31.9 (CH>),
29.4 (CH2), 29.3 (CHy), 27.3 (CH2), 27.1 (CH2), 22.8 (CH2), 14.3 (CH3). HRMS (ESI): m/z
Calcd for Cs1HssN3Os + H* [M + H]* 498.2751; Found 498.2744.

NH
o}

N Me

e
N-((3-Benzamido-1-isobutyl-2-oxoindolin-3-yl)methyl)benzamide (3ma): The representative
procedure was followed, using 1-isobutylindoline-2,3-dione (1m; 0.041 g, 0.201 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/1) yielded 3ma (0.070 g, 79%) as a brown solid. *H-NMR
(400 MHz, CDCls): 6 =8.92 (br s, 1H, NH), 7.76 (d, J= 7.6 Hz, 4H, Ar-H), 7.41-7.35 (m, 1H,
NH; 2H, Ar-H), 7.32-7.28 (m, 4H, Ar-H), 7.21 (t, J = 7.7 Hz, 1H, Ar-H), 7.15 (d, J = 7.3 Hz,
1H, Ar-H), 6.91 (t, J = 7.5 Hz, 1H, Ar-H), 6.82 (d, J = 7.8 Hz, 1H, Ar-H), 4.06 (dd, J = 14.5,
8.0 Hz, 1H, CH2), 3.54-3.48 (m, 1H, CH>), 3.45-3.40 (m, 1H, CH>), 3.32 (dd, J = 14.5, 4.6 Hz,
1H, CH), 2.15-2.08 (m, 1H, CH), 0.94 (d, J = 6.6 Hz, 3H, CHs), 0.88 (d, J = 6.6 Hz, 3H, CHs3).
13C{*H}-NMR (100 MHz, CDCls): § = 175.3 (CO), 170.7 (CO), 166.2 (CO), 143.2 (Cg), 133.3
(Cy), 132.8 (Cy), 132.3 (CH), 131.9 (CH), 129.4 (CH), 128.8 (2C, CH), 128.6 (2C, CH), 128.3
(Cy), 127.7 (2C, CH), 127.5 (2C, CH), 122.8 (2C, CH), 109.1 (CH), 63.0 (Cy), 48.1 (CH), 45.8
(CH2), 27.4 (CH), 20.5 (2C, CH3). HRMS (ESI): m/z Calcd for C27H27N3Os + H* [M + H]*
442.2125; Found 442.2127.
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N-(1-Allyl-3-(benzamidomethyl)-2-oxoindolin-3-yl)benzamide (3na): The representative
procedure was followed, using 1-allylindoline-2,3-dione (1n; 0.038 g, 0.202 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3na (0.063 g, 73%) as a brown solid. *H-NMR
(400 MHz, CDCls): 6 = 9.21 (br s, 1H, NH), 7.86 (d, J = 7.1 Hz, 2H, Ar—H), 7.81 (d, J = 7.2
Hz, 2H, Ar-H), 7.60 (br s, 1H, NH), 7.49-7.45 (m, 1H, Ar-H), 7.43-7.38 (m, 3H, Ar-H), 7.30-
7.25 (m, 4H, Ar-H), 7.01 (t, J = 7.5 Hz, 1H, Ar-H), 6.88 (d, J=7.7 Hz, 1H, Ar-H), 5.92-5.82
(m, 1H, CH), 5.39 (d, J = 17.2 Hz, 1H, CH>), 5.22 (d, J = 10.4 Hz, 1H, CH>), 4.37 (d, J = 5.0
Hz, 2H, CHz), 4.19 (dd, J = 14.5, 7.7 Hz, 1H, CH2), 3.42 (dd, J = 14.5, 5.0 Hz, 1H, CHo).
BC{*H}-NMR (100 MHz, CDCls): 6 = 175.1 (CO), 170.9 (CO), 166.3 (CO), 142.4 (Cq), 132.9
(Cy), 132.6 (Cq), 132.2 (CH), 131.9 (CH), 131.2 (CH), 129.4 (CH), 128.6 (2C, CH), 128.5 (2C,
CH), 128.3 (Cy), 127.7 (2C, CH), 127.5 (2C, CH), 123.1 (CH), 122.7 (CH), 117.9 (CH2), 109.6
(CH), 63.3 (Cq), 45.7 (CH), 42.8 (CH2). HRMS (ESI): m/z Calcd for C2sH23N303* [M]*
425.1734; Found 425.1721.

O

NH
o}

N\\/OMe
N-((3-Benzamido-1-(2-methoxyethyl)-2-oxoindolin-3-yl)methyl)benzamide  (30a):  The
representative procedure was followed, using 1-(2-methoxyethyl)indoline-2,3-dione (10; 0.041
g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3oa (0.059 g, 67%) as a
brown solid. *H-NMR (500 MHz, CDCls): 6 =9.11 (br s, 1H, NH), 7.84 (t, J = 7.2 Hz, 4H, Ar—
H), 7.48-7.39 (m, 1H, NH; 4H, Ar—H), 7.38-7.28 (m, 3H, Ar-H), 7.24 (d, J = 7.5 Hz, 1H, Ar—
H), 7.02 (d, J= 7.2 Hz, 2H, Ar-H), 4.16-4.03 (m, 2H, CH2), 3.88-3.82 (m, 1H, CH>), 3.72-3.61
(m, 2H, CH2), 3.49 (dd, J = 14.5, 4.8 Hz, 1H, CH2), 3.34 (s, 3H, OCHa). BC{*H}-NMR (125
MHz, CDCls): ¢ = 175.4 (CO), 170.9 (CO), 166.3 (CO), 142.9 (Cy), 133.2 (Cq), 132.6 (Cy),
132.3 (CH), 131.9 (CH), 129.5 (CH), 128.8 (2C, CH), 128.6 (2C, CH), 128.2 (Cy), 127.7 (2C,
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CH), 127.5 (2C, CH), 122.9 (CH), 122.8 (CH), 109.4 (CH), 69.6 (CHz), 63.2 (Cq), 59.1 (OCH3),
45.6 (CH2), 40.3 (CH2). HRMS (ESI): m/z Calcd for C26H2sN3O4 + H* [M + H]* 444.1918;
Found 444.1916.

N-((3-benzamido-2-oxo-1-(3-phenylpropyl)indolin-3-yl)methyl)benzamide ~ (3pa):  The
representative procedure was followed, using 1-(3-phenylpropyl)indoline-2,3-dione (1p; 0.053
g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3pa (0.068 g, 68%) as a
brown solid. *H-NMR (400 MHz, CDCls3): 6 = 9.04 (br s, 1H, NH), 7.86 (d, J = 7.2 Hz, 2H,
Ar-H), 7.81 (d, J = 7.5 Hz, 2H, Ar-H), 7.49-7.38 (m, 1H, NH; 4H, Ar-H), 7.32-7.23 (m, 6H,
Ar-H), 7.20-7.15 (m, 3H, Ar-H), 7.03 (t, J = 7.5 Hz, 1H, Ar-H), 6.80 (d, J = 7.8 Hz, 1H, Ar—
H), 4.16 (dd, J = 14.5, 8.0 Hz, 1H, CH), 3.83-3.69 (m, 2H, CH2), 3.32 (dd, J = 14.5, 4.8 Hz,
1H, CH2), 2.82-2.68 (m, 2H, CH2), 2.15-2.03 (m, 2H, CH2). BC{*H}-NMR (100 MHz, CDCl3):
0 =175.2 (C0O), 170.9 (CO), 166.2 (CO), 142.7 (Cy), 141.3 (Cy), 133.1 (Cy), 132.7 (Cy), 132.3
(CH), 131.9 (CH), 129.5 (CH), 128.7 (2C, CH), 128.6 (4C, CH), 128.5 (2C, CH), 128.5 (Cq),
127.7 (2C, CH), 127.5 (2C, CH), 126.2 (CH), 122.9 (2C, CH), 108.8 (CH), 63.2 (Cq), 45.6
(CH2), 40.1 (CHz2), 33.3 (CHy), 28.7 (CH2). HRMS (ESI): m/z Calcd for C32H29N303 + H* [M
+ H]* 504.2282; Found 504.2282.

o,
CrF

HO@
NH
o
N
X
N-(1-(4-([1,1'-Biphenyl]-2-yloxy)butyl)-3-(benzamidomethyl)-2-oxoindolin-3-yl)benzamide
(3ga): The representative procedure was followed, using 1-(4-([1,1'-biphenyl]-2-

yloxy)butyl)indoline-2,3-dione (1qg; 0.072 g, 0.201 mmol) and N-methoxybenzamide (2a;

0.076 g, 0.503 mmol). Purification by column chromatography on silica gel (petroleum

Ph.D. Thesis: Shidheshwar B. Ankade 227



Chapter-4

ether/EtOAc: 1/2) yielded 3ga (0.066 g, 55%) as a light orange solid. *H-NMR (500 MHz,
CDCls): 6 = 9.04 (br s, 1H, NH), 7.85 (t, J = 7.6 Hz, 4H, Ar—H), 7.52 (d, J = 7.0 Hz, 2H, Ar—
H), 7.50 (q, J = 7.6 Hz, 2H, Ar-H), 7.42-7.32 (m, 1H, NH; 7H, Ar-H), 7.30-7.27 (m, 4H, Ar—
H), 7.03 (g, J = 7.0 Hz, 2H, Ar—H), 6.96 (d, J = 8.2 Hz, 1H, Ar-H), 6.80 (d, J = 7.9 Hz, 1H,
Ar-H), 4.09 (dd, J = 14.6, 7.9 Hz, 1H, CH2), 4.06-3.97 (m, 2H, CH>), 3.79-3.72 (m, 2H, CH2),
3.40 (dd, J = 14.6, 4.8 Hz, 1H, CH2), 1.91-1.82 (m, 4H, CH.). ¥C{*H}-NMR (125 MHz,
CDCls): 6 = 175.1 (CO), 170.9 (CO), 166.2 (CO), 155.9 (Cy), 142.7 (Cy), 138.8 (Cy), 133.3
(Cy), 132.7 (Cq), 132.4 (CH), 131.9 (CH), 131.0 (CH), 129.7 (2C, CH), 129.6 (CH), 128.9 (2C,
CH), 128.8 (CH), 128.6 (2C, CH), 128.4 (2C, Cy), 127.9 (3C, CH), 127.7 (2C, CH), 127.4 (2C,
CH), 126.7 (CH), 122.9 (CH), 121.1 (CH), 112.7 (CH), 108.9 (CH), 67.8 (CH2), 63.2 (Cy), 45.6
(CH2), 40.1 (CH2), 26.7 (CHz), 24.2 (CH2). HRMS (ESI): m/z Calcd for C3sH33Nz3O4 + H* [M
+ H]* 596.2549; Found 596.2551.

s

: %,
°

N-((3-Benzamido-1-(4-(((3R,8R,9R,10S,13S,14R,17S)-10,13-dimethyl-17-((S)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl)oxy)butyl)-2-oxoindolin-3-yl)methyl)benzamide (3ra): The
representative procedure was followed, using 1-(4-(((3R,8R,9R,10S,13S,14R,17S)-10,13-
dimethyl-17-((S)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-
1H-cyclopenta[a]phenanthren-3-yl)oxy)butyl)indoline-2,3-dione (1r; 0.115 g, 0.20 mmol) and
N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3ra (0.099 g, 60%) as a orange solid. *H-NMR
(400 MHz, CDCls): 6 =9.09 (br s, 1H, NH), 7.79-7.74 (m, 4H, Ar-H), 7.54 (br s, 1H, NH),
7.41-7.36 (m, 2H, Ar-H), 7.33 (d, J = 7.6 Hz, 2H, Ar—H), 7.24-7.20 (m, 3H, Ar-H), 7.17 (d, J
=8.2 Hz, 1H, Ar-H), 6.93 (t, J = 7.5 Hz, 1H, Ar-H), 6.86 (d, J = 7.8 Hz, 1H, Ar—H), 5.26 (s,
1H, CH), 4.09 (dd, J = 14.5, 7.8 Hz, 1H, CH2), 3.70-3.66 (m, 2H, CH), 3.44-3.36 (m, 2H,
CH.), 3.32 (dd, J = 14.5, 4.8 Hz, 1H, CH>), 3.08-3.01 (m, 1H, CH>), 2.28-2.25 (m, 1H, CH>),
2.13-2.06 (m, 1H, CH), 1.96-1.71 (m, 7H), 1.60-1.17 (m, 17H), 1.11-0.97 (m, 6H), 0.91 (s, 3H,
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CHs), 0.84 (d, J = 6.5 Hz, 3H, CH3), 0.79 (d, J = 1.7 Hz, 3H, CHs), 0.78 (d, J = 1.7 Hz, 3H,
CH?3) 0.60 (s, 3H, CH3). *C{*H}-NMR (100 MHz, CDCls): § = 175.1 (CO), 170.8 (CO), 166.2
(CO), 142.7 (Cq), 141.0 (Cq), 133.1 (Cq), 132.6 (Cq), 132.3 (CH), 131.9 (CH), 129.5 (CH),
128.7 (2C, CH), 128.6 (2C, CH), 128.4 (Cq), 127.7 (2C, CH), 127.5 (2C, CH), 122.9 (CH),
121.7 (CH), 109.0 (CH), 79.1 (CH), 67.4 (CHz), 63.2 (Cq), 56.9 (CH), 56.3 (CH), 50.3 (CH),
45.7 (CH2), 42.4 (Cq), 40.3 (CH2), 39.9 (CH2), 39.6 (CH2), 39.3 (CH2), 37.4 (Cq), 37.0 (CH2),
36.3 (CH2), 35.9 (CH), 32.1 (CH>), 32.0 (CHs3), 28.6 (CH?2), 28.4 (CH2), 28.1 (CH), 27.5 (CHz),
24.4 (CH2), 24.2 (CH2), 23.9 (CH2), 22.9 (CHs), 22.7 (2C, CH), 21.2 (CHz2), 19.5 (CH3), 18.9
(CHs), 11.9 (CHs). HRMS (ESI): m/z Calcd for Cs4H71N304 + K* [M + K]* 864.5181; Found
864.5181.

H3CO

~

N-(1-(4-(4-Allyl-2-methoxyphenoxy)butyl)-3-(benzamidomethyl)-2-oxoindolin-3-
yl)benzamide (3sa): The representative procedure was followed, using 1-(4-(4-allyl-2-
methoxyphenoxy)butyl)indoline-2,3-dione (1s; 0.073 g, 0.20 mmol) and N-methoxybenzamide
(2a; 0.076 g, 0.503 mmol). Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/2) yielded 3sa (0.070 g, 58%) as a light orange sticky liquid. *H-NMR (400
MHz, CDCls): 6 = 9.02 (br s, 1H, NH), 7.85-7.83 (m, 4H, Ar—H), 7.51-7.44 (m, 1H, NH; 1H,
Ar-H), 7.41-7.35 (m, 4H, Ar-H), 7.32-7.25 (m, 3H, Ar-H), 7.02 (t, J = 7.5 Hz, 1H, Ar-H),
6.96 (d, J = 7.7 Hz, 1H, Ar-H), 6.80 (d, = 8.1 Hz, 1H, Ar-H), 6.70-6.68 (m, 2H, Ar—H), 6.00-
5.90 (m, 1H, CH), 5.09-5.04 (m, 2H, CH2), 4.16 (dd, J = 14.5, 8.0 Hz, 1H, CH2), 4.09-4.00 (m,
2H, CH2), 3.89-3.84 (m, 2H, CH2), 3.81 (s, 3H, OCHgs), 3.44 (dd, J = 14.5, 4.9 Hz, 1H,
CH2),3.31 (d, J = 6.6 Hz, 2H, CH2), 1.96-1.95 (m, 4H, CH2). BC{*H}-NMR (100 MHz,
CDCls): 6 = 175.2 (CO), 170.9 (CO), 166.2 (CO), 149.5 (Cy), 146.8 (Cy), 142.7 (Cy), 137.8
(CH), 133.2 (Cq), 133.1 (Cq), 132.7 (Cq), 132.3 (CH), 131.9 (CH), 129.5 (CH), 128.8 (2C, CH),
128.6 (2C, CH), 128.4 (Cy), 127.7 (2C, CH), 127.5 (2C, CH), 127.3 (CH), 122.9 (CH), 120.7
(CH), 115.8 (CH), 113.7 (CH), 112.6 (CH), 109.0 (CH), 68.7 (CH2), 63.2 (Cq), 56.0 (OCH3),
45.7 (CH2), 40.1 (CH2), 39.9 (CH2), 26.7 (CH2), 24.1 (CH2). HRMS (ESI): m/z Calcd for
Cs7H37N30Os + H [M + H]" 604.2806; Found 604.2833.
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N-(1-(4-(1H-Indol-1-yl)butyl)-3-(benzamidomethyl)-2-oxoindolin-3-yl)benzamide (3ta):
The representative procedure was followed, using 1-(4-(1H-indol-1-yl)butyl)indoline-2,3-
dione (1t; 0.064 g, 0.201 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3ta
(0.060 g, 54%) as a brown solid. *H-NMR (400 MHz, CDCls): 6 = 9.06 (br s, 1H, NH), 7.86-
7.81 (m, 4H, Ar-H), 7.60 (d, J = 7.9 Hz, 1H, Ar-H), 7.51-7.45 (m, 2H, Ar-H), 7.41-7.33 (m,
1H, NH; 4H, Ar—H), 7.29-7.23 (m, 3H, Ar-H), 7.17-7.05 (m, 3H, Ar—H), 7.00 (t, J = 7.4 Hz,
1H, Ar-H), 6.77 (d, J = 7.7 Hz, 1H, Ar-H), 6.48-6.45 (m, 1H, Ar-H), 4.22-4.11 (m, 2H, CH2),
4.06 (dd, J = 14.4, 7.9 Hz, 1H, CH2), 3.84-3.77 (m, 1H, CH2), 3.70-3.62 (m, 1H, CH>), 3.38
(dd, J = 14.4, 4.6 Hz, 1H, CH2), 2.06-1.92 (m, 2H, CH2), 1.84-1.67 (m, 2H, CHz). BC{*H}-
NMR (100 MHz, CDCls): ¢ = 175.2 (CO), 170.9 (CO), 166.2 (CO), 142.5 (Cq), 136.1 (Cy),
133.2 (Cq), 132.6 (Cq), 132.4 (CH), 131.9 (CH), 129.6 (CH), 128.9 (2C, CH), 128.8 (Cy), 128.7
(CH), 128.6 (2C, CH), 128.3 (Cy), 128.0 (CH), 127.7 (2C, CH), 127.5 (2C, CH), 122.9 (CH),
121.5 (CH), 121.1 (CH), 119.3 (CH), 109.6 (CH), 108.7 (CH), 101.2 (CH), 63.2 (Cq), 45.9
(CH2), 45.6 (CH2), 39.8 (CH2), 27.8 (CH2), 24.8 (CH2). HRMS (ESI): m/z Calcd for
Cs5H32N403z + H [M + H]" 557.2547; Found 557.2548.

N
Me

Me
N-((3-Benzamido-1-isopropyl-2-oxoindolin-3-yl)methyl)benzamide (3ua): The
representative procedure was followed, using 1-isopropylindoline-2,3-dione (1u; 0.038 g, 0.20
mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3ua (0.068 g, 80%) as a
brown solid. *H-NMR (400 MHz, CDCls): § = 8.93 (br s, 1H, NH), 7.86-7.82 (m, 4H, Ar—H),

7.51-7.36 (m, 1H, NH, 5H, Ar-H), 7.30-7.24 (m, 3H, Ar—H), 7.07 (t, J = 7.8 Hz, 1H, Ar-H),
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6.99 (t, J = 7.3 Hz, 1H, Ar—H), 4.72-4.65 (m, 1H, CH), 4.13 (dd, J = 14.3, 8.1 Hz, 1H, CH>),
3.43 (dd, J = 14.6, 4.6 Hz, 1H, CH2), 1.56 (d, J = 6.8 Hz, 3H, CH3), 1.52 (d, J = 7.0 Hz, 3H,
CHs). BC{'*H}-NMR (100 MHz, CDCls): 6 = 174.9 (CO), 170.9 (CO), 162.3 (CO), 142.2 (Cq),
133.7 (Cq), 132.8 (Cq), 132.4 (CH), 131.8 (CH), 129.3 (CH), 128.9 (2C, CH), 128.7 (Cq), 128.6
(2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 123.1 (CH), 122.5 (CH), 110.5 (CH), 62.8 (Ca),
45.5 (CHz), 44.4 (CH), 19.7 (CHa), 19.3 (CHs). HRMS (ESI): m/z Calcd for C26HzsN303 + H*
[M + H]* 428.1969; Found 428.1969.

N
Mé Me

N-((3-Benzamido-1-isopropyl-5-methyl-2-oxoindolin-3-yl)methyl)benzamide  (3va): The
representative procedure was followed, using 1-isopropyl-5-methylindoline-2,3-dione (1u;
0.041 g, 0.201 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3va (0.069 g, 78%)
as a brown solid. *H-NMR (400 MHz, CDCls): 6 = 8.97 (br s, 1H, NH), 7.87 (d, J = 8.0 Hz,
4H, Ar-H), 7.58-7.52 (m, 1H, Ar-H), 7.49-7.44 (m, 2H, Ar—H), 7.41 (br s, 1H, NH), 7.40-7.35
(m, 3H, Ar—H), 7.10-7.08 (m, 2H, Ar-H), 6.99-6.97 (m, 1H, Ar-H), 4.73-4.63 (m, 1H, CH),
4.26 (dd, J = 14.3, 8.1 Hz, 1H, CH2), 3.34 (dd, J = 14.5, 4.6 Hz, 1H, CH>), 2.27 (s, 3H, CH3),
1.55(d,J=7.0 Hz, 3H, CHa), 1.51 (d, J = 7.0 Hz, 3H, CHz3). BC{*H}-NMR (100 MHz, CDCl3):
0 =175.0 (CO), 170.9 (CO), 166.3 (CO), 139.5 (Cy), 133.3 (Cq), 132.8 (Cq), 132.2 (Cq), 131.8
(CH), 129.6 (CH), 128.8 (2C, CH), 128.7 (Cg), 128.6 (2C, CH), 127.7 (2C, CH), 127.5 (2C,
CH), 130.2 (CH), 123.9 (CH), 110.3 (CH), 62.8 (Cg), 45.5 (CH2), 44.4 (CH), 21.1 (CHs), 19.7
(CHs), 19.3 (CH3). HRMS (ESI): m/z Calcd for C27H27N3O3 + H* [M + H]* 442.2125; Found
442.21217.

N
Me
Me
N-((3-Benzamido-5-fluoro-1-isopropyl-2-oxoindolin-3-yl)methyl)benzamide  (3wa): The

representative procedure was followed, using 5-fluoro-1-isopropylindoline-2,3-dione (1w;
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0.042 g, 0.203 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3wa (0.067 g,
74%) as a brown solid. *H-NMR (400 MHz, CDCls): § = 8.97 (br s, 1H, NH), 7.87-7.81 (m,
4H, Ar-H), 7.55-7.51 (m, 1H, Ar-H), 7.50-7.38 (m, 5H, Ar-H), 7.21 (br s, 1H, NH), 7.03-6.94
(m, 3H, Ar-H), 4.68 (septet, J = 7.0 Hz, 1H, CH), 4.10 (dd, J = 14.5, 8.0 Hz, 1H, CH>), 3.49
(dd, J =145, 4.9 Hz, 1H, CH2), 1.56 (d, J = 7.0 Hz, 3H, CH3), 1.53 (d, J = 7.0 Hz, 3H, CHj3).
13C{*H}-NMR (100 MHz, CDCls): § = 174.8 (CO), 171.0 (CO), 166.5 (CO), 159.1 (d, Wcr =
241.8 Hz, Cq), 138.0 (d, “Jc_r = 2.29 Hz, Cq), 132.8 (d, *Jc_r = 70.2 Hz, Cq), 132.5 (CH), 132.0
(CH), 130.6 (Cg), 130.5 (Cq), 128.9 (2C, CH), 128.7 (2C, CH), 127.7 (2C, CH), 127.5 (2C,
CH), 115.5 (d, ZJc-r = 23.6 Hz, CH), 111.2 (d, 2Jc-r = 32.8 Hz, CH), 111.1 (CH), 63.0 (Cy),
45.4 (CHy), 44.6 (CH), 19.7 (CHa), 19.3 (CH3). F-NMR (376 MHz, CDCl3): § = —120.6 (s).
HRMS (ESI): m/z Calcd for C26H24FN3Os + H* [M + H]* 446.1874; Found 446.1873.

Cl NH

N
L Me

N-((3-Benzamido-5-chloro-1-isopropyl-2-oxoindolin-3-yl)methyl)benzamide  (3xa): The
representative procedure was followed, using 5-chloro-1-isopropylindoline-2,3-dione (1x;
0.045 g, 0.201 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3xa (0.066 g, 71%)
as a brown solid. *H-NMR (500 MHz, CDCls): 6 = 8.92 (br s, 1H, NH), 7.88 (d, J = 7.2 Hz,
2H, Ar-H), 7.83 (d, J = 7.2 Hz, 2H, Ar-H), 7.57-7.54 (m, 1H, Ar-H), 7.49-7.45 (m, 1H, NH;
2H, Ar-H), 7.42-7.38 (m, 2H, Ar-H), 7.29-7.28 (m, 2H, Ar-H), 7.07-7.01 (m, 2H, Ar-H), 4.69
(septet, J = 7.0 Hz, 1H, CH), 4.11 (dd, J = 14.6, 8.2 Hz, 1H, CH2), 3.50 (dd, J = 14.6, 4.9 Hz,
1H, CHz), 1.57 (d, J = 7.0 Hz, 3H, CHs), 1.54 (d, J = 7.0 Hz, 3H, CHs). BC{"H}-NMR (125
MHz, CDCl3): ¢ = 174.6 (CO), 171.0 (CO), 166.5 (CO), 140.6 (Cg), 133.1 (Cq), 132.5 (Cy),
132.4 (CH), 132.0 (CH), 130.5 (Cq), 129.2 (CH), 128.9 (2C, CH), 128.6 (2C, CH), 128.0 (Cq),
127.7 (2C, CH), 127.5 (2C, CH), 123.7 (CH), 111.4 (CH), 62.9 (Cy), 45.4 (CH>), 44.6 (CH),
19.7 (CHs), 19.2 (CHs). HRMS (ESI): m/z Calcd for C26H24CIN3O3 + H" [M + H]* 462.1579;
Found 462.1579.
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N
Me Me

N-((3-Benzamido-5-bromo-1-isopropyl-2-oxoindolin-3-yl)methyl)benzamide  (3ya): The
representative procedure was followed, using 5-bromo-1-isopropylindoline-2,3-dione (1y;
0.054 g, 0.201 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 3ya (0.071 g, 70%)
as a brown solid. H-NMR (400 MHz, CDCl3): 6 = 9.03 (br s, 1H, NH), 7.87-7.83 (m, 4H, Ar—
H), 7.53-7.45 (m, 1H, NH; 1H, Ar-H), 7.42-7.36 (m, 6H, Ar-H), 7.28-7.27 (m, 1H, Ar-H),
6.95 (d, J = 8.4 Hz, 1H, Ar—H), 4.65 (septet, J = 7.0 Hz, 1H, CH), 4.11 (dd, J = 14.5, 8.0 Hz,
1H, CH), 3.46-3.43 (m, 1H, CH2), 1.54 (d, J = 6.9 Hz, 3H, CHs), 1.50 (d, J = 7.0 Hz, 3H,
CHs). BC{*H}-NMR (100 MHz, CDClz): § = 174.5 (CO), 171.0 (CO), 166.4 (CO), 141.2 (Cy),
133.2 (Cq), 132.5 (CH), 132.4 (Cq,), 132.1 (CH), 132.0 (CH), 130.9 (Cg), 128.9 (2C, CH), 128.7
(2C, CH), 127.7 (2C, CH), 127.5 (2C, CH), 126.3 (CH), 115.3 (Cy), 111.9 (CH), 62.8 (Cq),
45.4 (CHz), 44.6 (CH), 19.6 (CHs), 19.2 (CH3). HRMS (ESI): m/z Calcd for C26H24BrNsOs +
H* [M + H]* 506.1074, 508.1073; Found 506.1077, 508.1075.

N-((3-Benzamido-1-cyclopentyl-2-oxoindolin-3-yl)methyl)benzamide (3za): The
representative procedure was followed, using 1-cyclopentylindoline-2,3-dione (1z; 0.043 g,
0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded 3za (0.064 g, 71%) as a
brown solid. *H-NMR (500 MHz, CDCls): 6 = 9.02 (br s, 1H, NH), 7.75-7.69 (m, 4H, Ar—H),
7.52 (br's, 1H, NH), 7.36-7.28 (m, 4H, Ar-H), 7.20-7.11 (m, 4H, Ar-H), 7.86 (d, J = 8.1 Hz,
2H, Ar-H), 4.63 (septet, J = 8.4 Hz, 1H, CH), 4.05-3.98 (m, 1H, CHz), 3.25-3.21 (m, 1H, CH2),
2.09-1.98 (m, 2H, CHz2), 1.79 (s, 4H, CH2), 1.54 (s, 2H, CH2). BC{*H}-NMR (125 MHz,
CDCls): 6 = 175.3 (CO), 170.9 (CO), 166.3 (CO), 142.1 (Cy), 133.2 (Cy), 132.7 (Cy), 132.2
(CH), 131.8 (CH), 129.2 (CH), 128.7 (2C, CH), 128.6 (1C, Cq; 2C, CH), 127.7 (2C, CH), 127.5
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(2C, CH), 122.9 (CH), 122.6 (CH), 110.1 (CH), 62.9 (Cq), 53.0 (CH), 45.6 (CH2), 28.1 (CH2),
27.6 (CH2), 25.4 (2C, CHz). HRMS (ESI): m/z Calcd for C2sH27NsOs + H* [M + H]* 454.2125;
Found 454.2147.

N-((3-Benzamido-1-benzyl-2-oxoindolin-3-yl)methyl)benzamide (3Aa): The representative
procedure was followed, using 1-benzylindoline-2,3-dione (1A; 0.048 g, 0.202 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 1/2) yielded 3Aa (0.079 g, 82%) as an orange solid. *H-
NMR (500 MHz, CDCls): 6 =9.09 (br s, 1H, NH), 7.90-7.87 (m, 3H, Ar-H), 7.56-7.50 (m, 1H,
Ar-H), 7.48-7.40 (m, 7H, NH, Ar-H), 7.36 (t, J = 7.5 Hz, 2H, Ar-H), 7.27 (d, J = 7.3 Hz, 2H,
Ar-H), 7.22-7.18 (m, 3H, Ar-H), 7.01 (t, J = 7.5 Hz, 1H, Ar-H), 6.74 (d, J = 7.8 Hz, 1H, Ar—
H), 5.09-4.98 (m, 2H, CH2), 4.16 (dd, J = 14.6, 8.0 Hz, 1H, CH2), 3.63 (dd, J = 14.6, 5.1 Hz,
1H, CH2). BC{*H}-NMR (125 MHz, CDCls): 6 = 175.2 (CO), 171.1 (CO), 166.3 (CO), 142.5
(Cy), 135.8 (Cy), 133.3 (Cy), 132.6 (CH), 131.9 (CH), 129.5 (CH), 129.0 (2C, CH), 128.9 (2C,
CH), 128.8 (Cq), 128.6 (2C, CH), 128.1 (Cy), 127.8 (CH), 127.7 (2C, CH), 127.5 (2C, CH),
127.3 (2C, CH), 123.1 (CH), 122.9 (CH), 109.9 (CH), 63.4 (Cq), 45.7 (CH2), 44.3 (CH>).
HRMS (ESI): m/z Calcd for CaoH2sNsOz + H* [M + H]" 476.1969; Found 476.1969.

Methyl 3-((3-benzamido-3-(benzamidomethyl)-2-oxoindolin-1-yl)methyl)benzoate (3Ba):
The representative procedure was followed, using methyl 3-((2,3-dioxoindolin-1-
yl)methyl)benzoate (1B; 0.059 g, 0.20 mmol) and N-methoxybenzamide (2a; 0.076 g, 0.503
mmol). Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/2)
yielded 3Ba (0.062 g, 58%) as an orange solid. *H-NMR (500 MHz, CDCls): 6 = 9.17 (br s,
1H, NH), 8.06 (br s, 1H, NH), 7.94 (d, J=7.7 Hz, 1H, Ar-H), 7.89-7.88 (m, 4H, Ar-H), 7.71

Ph.D. Thesis: Shidheshwar B. Ankade 234



Chapter-4

(d, J = 7.6 Hz, 1H, Ar-H), 7.53-7.50 (m, 1H, Ar—H), 7.48-7.39 (m, 6H, Ar-H), 7.27 (vt, J =
6.8 Hz, 2H, Ar-H), 7.19 (t, J = 7.7 Hz, 1H, Ar-H), 7.00 (t, J = 6.9 Hz, 1H, Ar-H), 6.69 (d, J =
7.5 Hz, 1H, Ar-H), 5.05 (5, 2H, CH2), 4.16 (dd, J = 14.5, 7.9 Hz, 1H, CH2), 3.91 (s, 3H, OCH3),
3.64-3.60 (M, 1H, CHz). B*C{*H}-NMR (125 MHz, CDCls): 6 = 175.2 (CO), 171.1 (CO), 167.1
(CO), 166.3 (CO), 142.2 (Cq), 136.4 (Cq), 133.2 (Cq), 132.6 (Cq), 132.5 (CH), 132.0 (CH),
131.9 (CH), 130.7 (Cy), 129.5 (CH), 129.4 (CH), 128.2 (CH), 128.9 (2C, CH), 128.6 (2C, CH),
128.4 (CH), 128.2 (Cy), 127.7 (2C, CH), 127.5 (2C, CH), 123.3 (CH), 122.9 (CH), 109.7 (CH),
63.5 (Cg), 52.4 (OCHs), 45.6 (CH>), 43.9 (CH2). HRMS (ESI): m/z Calcd for Ca2H27NsOs + H*
[M + H]* 534.2023; Found 534.2020.

N-((3-Benzamido-2-oxo-1-phenylindolin-3-yl)methyl)benzamide (3Ca): The representative
procedure was followed, using 1-phenylindoline-2,3-dione (1C; 0.045 g, 0.201 mmol) and N-
methoxybenzamide (2a; 0.076 g, 0.503 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAcC: 1/2) yielded 3Ca (0.055 g, 59%) as an orange sticky liquid.
'H-NMR (400 MHz, CDCls): 6 =9.27 (br s, 1H, NH), 7.89 (d, J = 7.9 Hz, 2H, Ar-H), 7.81 (d,
J=7.8Hz, 2H, Ar-H), 7.67 (br s, 1H, NH), 7.55-7.51 (m, Ar-H), 7.48 (d, J=7.1 Hz, 1H, Ar—
H), 7.44-7.34 (m, 7H, Ar-H), 7.30-7.28 (m, 1H, Ar-H), 7.21 (t, J = 7.5 Hz, 2H, Ar-H), 7.09
(t, J=7.5Hz, 1H, Ar-H), 6.88 (d, J = 7.9 Hz, 1H, Ar-H), 4.38 (dd, J = 14.5, 7.9 Hz, 1H, CH>),
3.26 (dd, J = 14.4, 4.1 Hz, 1H, CHz2). BC{*H}-NMR (100 MHz, CDCls): 6 = 175.0 (CO), 171.0
(CO), 166.6 (CO), 143.6 (Cq), 134.7 (Cg), 132.9 (Cq), 132.6 (Cy), 132.2 (CH), 132.0 (CH),
129.8 (2C, CH), 129.6 (CH), 128.7 (4C, CH), 128.5 (CH), 128.0 (Cy), 127.7 (2C, CH), 127.5
(2C, CH), 127.0 (2C, CH), 123.6 (CH), 123.1 (CH), 109.9 (CH), 63.4 (Cq), 45.1 (CH2). HRMS
(ESI): m/z Calcd for C29H23N303 + H™ [M + H]* 462.1812; Found 462.1807.

4.4.3 Procedure for Removal of N-Me Group

To an oven-dried screw-cap tube, N-((3-benzamido-1-methyl-2-oxoindolin-3-
yl)methyl)benzamide (3aa; 0.100 g, 0.25 mmol) and benzoyl peroxide (0.121 g, 0.50 mmol)
were introduced and dissolved in dry CH2Cl2 (5.0 mL). The resultant reaction mixture was

stirred at 80 °C for 20 h. At ambient temperature, the solvent was evaporated in vacuo and
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remaining residue was dissolved in MeOH (5 mL). The NaOH (0.036 g, 0.90 mmol) was added
to the reaction mixture and stirred at room temperature for 20 h. The reaction mixture was
quenched with saturated aqueous NH4Cl (6.0 mL) and the crude product was extracted with
dichloromethane (10 mL x 3). The combined organic extract was dried over Na2SO4 and the
volatiles were evaporated in vacuo. The remaining residue was redissolved in methanolic
ammonia solution (6 mL, 7M) and the reaction mixture was stirred at room temperature for 20
h. The solvent was evaporated and the residue was extracted with EtOAc (10 mL x 3). The
combined organic extract was dried over Na2SO4 and the volatiles were evaporated in vacuo.
The crude product purified by column chromatography on silica gel (petroleum ether/EtOAc:
1/2) to yield 4 (0.057 g, 59%) as a brown solid. *H-NMR (400 MHz, DMSO-ds): § = 10.54 (br
s, 1H, NH), 9.54 (br s, 1H, NH), 9.01 (br s, 1H, NH), 7.88 (d, J = 7.9 Hz, 2H, Ar-H), 7.83 (d,
J=7.9 Hz, 2H, Ar-H), 7.59-7.56 (m, 2H, Ar-H), 7.53-7.49 (m, 4H, Ar-H), 7.20 (t, J = 7.7 Hz,
1H, Ar-H), 7.14 (d, J = 7.4 Hz, 1H, Ar-H), 6.91-6.87 (m, 2H, Ar-H), 3.78 (dd, J = 14.0, 5.7
Hz, 1H, CH2), 3.58 (dd, J = 14.1, 6.5 Hz, 1H, CH2). *C{*H}-NMR (100 MHz, DMSO-ds): ¢
=176.7 (CO), 171.1 (CO), 166.4 (CO), 140.7 (Cy), 133.3 (Cy), 132.5 (1C, Cq; 1C, CH), 132.0
(CH), 129.6 (CH), 128.9 (2C, CH), 128.7 (2C, CH), 128.5 (Cy), 127.7 (2C, CH), 127.5 (2C,
CH), 123.1 (CH), 122.9 (CH), 110.7 (CH), 63.8 (Cg), 45.5 (CH2). HRMS (ESI): m/z Calcd for
C23H19N303z + H* [M + H]" 386.1499; Found 386.1493.

4.4.4 Procedure for Partial Reduction of 3aa

To a solution of N-((3-benzamido-1-methyl-2-oxoindolin-3-yl)methyl)benzamide
(3aa; 0.080 g, 0.20 mmol) in THF (5.0 mL) was added BHs.SMe2 (0.24 mL, 1.0 M, 1.2 equiv).
The resultant reaction mixture was stirred at room temperature for 5 h. The reaction was
quenched with MeOH and solvent was evaporated in vacuo. The crude product was extracted
with EtOAc (10 mL x 3). The combined organic extract was dried over Na:SO4 and the
volatiles were evaporated in vacuo and purified by column chromatography on silica gel
(petroleum ether/EtOAcC: 3/1) to yield 5 (0.048 g, 62%) as an orange solid. *tH-NMR (400 MHz,
CDCls): § =8.05 (brs, 1H, NH), 7.79 (d, J = 7.3 Hz, 2H, Ar-H), 7.49 (d, J = 7.1 Hz, 1H, Ar—
H), 7.43-7.38 (m, 1H, NH; 2H, Ar-H), 7.36-7.28 (m, 6H, Ar-H), 7.17 (d, J = 7.3 Hz, 1H, Ar—
H), 7.01 (t, J="7.5 Hz, 1H, Ar-H), 6.89 (d, J = 7.7 Hz, 1H, Ar—H), 3.86 (s, 2H, CH2), 3.29 (s,
3H, CHs3), 2.98-2.90 (m, 2H, CH2). *C{*H}-NMR (100 MHz, CDCls): 6 = 176.3 (CO), 165.5
(CO), 143.8 (Cy), 139.6 (Cq), 133.3 (Cq), 131.9 (CH), 129.3 (CH), 128.8 (2C, CH), 128.7 (Cq),
128.6 (2C, CH), 128.3 (2C, CH), 127.6 (CH), 127.5 (2C, CH), 122.8 (CH), 122.3 (CH), 108.6
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(CH), 60.8 (Cq), 54.0 (CH2), 53.8 (CH2), 26.7 (CHs). HRMS (ESI): m/z Calcd for CaaH23N30z
+ H* [M + H]* 386.1863; Found 386.1861.

4.45 Procedure for Synthesis of N-(3-(aminomethyl)-1-methyl-2-oxoindolin-3-
yhbenzamide

Procedure for synthesis of compound 6: To a solution of N-((3-benzamido-1-methyl-
2-oxoindolin-3-yl)methyl)benzamide (3aa; 0.100 g, 0.25 mmol) and DMAP (0.006 g, 0.05
mmol) in acetonitrile (5 mL), (Boc)20 (0.272 g, 1.25 mmol) was added and the reaction mixture
was stirred at room temperature for 5 h. The volatiles were evaporated in vacuo. The crude
product purified by column chromatography on silica gel (petroleum ether/EtOAc: 3/1) to yield
6 (0.097 g, 78%) as a light brown solid. *H-NMR (500 MHz, CDCl3): 6 = 9.59 (br s, 1H, NH),
7.96 (d,J="7.1 Hz, 2H, Ar-H), 7.67 (d, J = 7.3 Hz, 2H, Ar-H), 7.52-7.49 (m, 2H, Ar—H), 7.46-
7.40 (m, 4H, Ar-H), 7.34-7.29 (m, 1H, Ar-H), 7.22 (d, J = 7.2 Hz, 1H, Ar-H), 7.02-6.98 (m,
1H, Ar-H), 6.91 (d, J = 7.7 Hz, 1H, Ar-H), 4.28 (s, 2H, CH2), 3.28 (s, 3H, CHa), 1.10 (s, 9H,
CHz). BC{*H}-NMR (125 MHz, CDCls3): 6 = 174.4 (2C, CO), 165.8 (CO), 143.8 (2C, Cy),
137.1 (CO), 132.9 (Cy), 131.8 (CH), 131.6 (CH), 129.4 (CH), 128.5 (3C, CH), 128.3 (Cq),
128.2 (2C, CH), 128.1 (CH), 127.6 (2C, CH), 122.6 (CH), 122.2 (CH), 108.6 (CH), 84.9 (Cq),
61.6 (Cq), 49.9 (CH2), 27.2 (3C, CHs), 26.7 (CH3). HRMS (ESI): m/z Calcd for C29H29N30s +
H* [M + H]" 500.2180; Found 500.2128.

Procedure for synthesis of compound 7: To a solution of tert-butyl ((3-benzamido-1-
methyl-2-oxoindolin-3-yl)methyl)(benzoyl)carbamate (6; 0.090 g, 0.18 mmol) and LiOH.H20
(0.015 g, 0.36 mmol) in mixture of THF:H20 (4:1, 5 mL), 30% H202 (0.028 mL, 0.90 mmol)
was added. The resultant reaction mixture was stirred at room temperature for 5 h. The reaction
mixture was acidified to pH 2 using 0.5 M HCI and the crude product was extracted with
CH2Cl2 (10 mL x 3). The combined organic extract was dried over Na2SO4 and the volatiles
were evaporated in vacuo. The crude product was purified by column chromatography on silica
gel (petroleum ether/EtOAc: 5/1) to yield 7 (0.055 g, 77%) as a white solid. *H-NMR (500
MHz, CDCls): 6 = 8.86 (br s, 1H, NH), 7.85 (d, J = 7.5 Hz, 2H, Ar-H), 7.48-7.44 (m, 1H, Ar—
H), 7.37 (t, J= 7.6 Hz, 2H, Ar-H), 7.31 (t,J = 7.7 Hz, 1H, Ar-H), 7.23 (d, J = 7.2 Hz, 1H, Ar—
H), 7.02 (t, J= 7.5 Hz, 1H, Ar-H), 6.89 (d, J = 7.7 Hz, 1H, Ar-H), 5.41 (br s, 1H, NH), 3.58
(dd, J =14.8, 8.0 Hz, 1H, CH2), 3.39 (dd, J = 14.8, 5.3 Hz, 1H, CH>), 3.29 (s, 3H, CH3), 1.51
(s, 9H, CHg3). BC{*H}-NMR (125 MHz, CDCls): 6 = 174.9 (CO), 166.1 (CO), 158.8 (CO),
143.5 (Cq), 132.6 (Cg), 131.9 (CH), 129.4 (CH), 128.5 (2C, CH), 128.3 (Cy), 127.5 (2C, CH),
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122.8 (CH), 122.7 (CH), 108.6 (CH), 81.2 (Cy), 63.2 (Cg), 46.1 (CH2), 28.4 (3C, CHs), 26.7
(CHs). HRMS (ESI): m/z Calcd for C22H2sN304 + H* [M + H]* 396.1923; Found 396.1925.

Procedure for synthesis of compound 8: In a 50 mL round bottom flask, tert-butyl ((3-
benzamido-1-methyl-2-oxoindolin-3-yl)methyl)carbamate (7; 0.050 g, 0.126 mmol) was added
and dissolved in CH2Cl2 (4 mL) at 0 °C. To the stirring reaction mixture, trifluoroacetic acid (2
mL) was added and stirred at 0 °C for 1 h. The crude product was extracted with EtOAc (10
mL x 3). The combined organic extract was dried over Na:SOs and the volatiles were
evaporated in vacuo. The crude product was purified by column chromatography on silica gel
(EtOAC) to yield 8 (0.022 g, 59%) as an oily liquid. *H-NMR (400 MHz, CDCls): 6 = 7.81 (d,
J=7.1Hz, 2H, Ar-H), 7.52-7.48 (m, 1H, Ar-H), 7.45-7.39 (m, 3H, Ar—H), 7.35-7.31 (m, 1H,
Ar-H), 7.28 (br s, 1H, NH), 7.08 (vt, J = 7.5 Hz, 1H, Ar—H), 6.87 (d, J = 7.7 Hz, 1H, Ar-H),
4.15 (dd, J = 13.7, 8.6 Hz, 1H, CH2), 3.30 (dd, J = 13.6, 2.7 Hz, 1H, CH>), 3.21 (s, 3H, CH3),
2.08 (br s, 2H, NH2),. BC{*H}-NMR (100 MHz, CDCls): 6 = 179.3 (CO), 167.8 (CO), 143.0
(Cq), 134.3 (Cq), 131.7 (CH), 130.1 (Cq), 129.8 (CH), 128.7 (2C, CH), 127.2 (2C, CH), 123.9
(CH), 123.5 (CH), 108.8 (CH), 59.9 (Cq), 46.2 (CH2), 26.1 (CH3). HRMS (ESI): m/z Calcd for
C17H17N3O2 + H [M + H]" 296.1394; Found 296.1392.

4.4.6 Mechanistic Experiments
4.4.6.1 External Addition Experiment

Procedure for TEMPO/galvinoxyl added experiment: To an oven-dried screw-cap
tube equipped with a magnetic stir bar was added 1-methylindoline-2,3-dione (1a; 0.032 g,
0.20 mmol), N-methoxybenzamide (2a; 0.076 g, 0.503 mmol), FeCls (0.0032 g, 0.02 mmol),
LiO'Bu (0.032 g, 0.40 mmol) and TEMPO (0.063 g, 0.403 mmol) [or galvinoxyl (0.169 g, 0.40
mmol) inside the glove box. Toluene (1.0 mL) was added to the reaction mixture. The resultant
reaction mixture was immersed in a preheated oil bath at 110 °C and stirred for 24 h. At ambient
temperature, the reaction mixture was quenched with distilled H20 (10.0 mL) and the crude
mixture was extracted with EtOAc (15 mL x 3). The combined organic extract was dried over
Na2SO4 and the volatiles were evaporated in vacuo. The *H NMR analysis of crude mixture
indicated the absence of expected compound 3aa. The starting compounds l1a and 2a were

present in quantitative amount.
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4.4.6.2 Deuterium Labeling Experiments

Synthesis of N-((3-Benzamido-1-methyl-2-oxoindolin-3-yl)methyl-d2)benzamide
(3aa-[D2]): The representative procedure was followed, using 1-methylindoline-2,3-dione (1a;
0.032 g, 0.20 mmol) and N-(methoxy-ds)benzamide (2b-[Ds]; 0.077 g, 0.50 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 1/2) yielded
3aa-[D-] (0.054 g, 67%) as a brown solid. *H-NMR (400 MHz, CDCls): § = 9.21 (br s, 1H,
NH), 7.87 (d, J = 7.2 Hz, 2H, Ar-H), 7.80 (d, J = 7.3 Hz, 2H, Ar—H), 7.58 (br s, 1H, NH), 7.47
(d, J=7.2 Hz, 1H, Ar-H), 7.43-7.40 (m, 3H, Ar-H), 7.34 (t, J="7.7 Hz, 1H, Ar-H), 7.27-7.23
(m, 3H, Ar-H), 7.05 (t, J = 7.3 Hz, 1H, Ar—H), 6.90 (d, J = 7.6 Hz, 1H, Ar—H), 3.27 (s, 3H,
CHs). BC{*H}-NMR (100 MHz, CDCls): § = 175.4 (CO), 170.9 (CO), 166.3 (CO), 143.4 (Cy),
133.1 (Cq), 132.5 (Cq), 132.3 (CH), 132.0 (CH), 129.7 (CH), 128.8 (2C, CH), 128.7 (2C, CH),
128.3 (Cq), 127.7 (2C, CH), 127.5 (2C, CH), 123.2 (CH), 122.8 (CH), 108.7 (CH), 63.3 (Cq),
26.7 (CH3). 2H-NMR (400 MHz, CHCls3): 6 = 4.19 (s, 1D, CD), 3.45 (s, 1D, CD). HRMS
(ESI): m/z Calcd for C24H19D2N3O3 + H* [M + H]™ 402.1781; Found 402.1775.

Procedure for deuterium labeling experiment: To an oven-dried screw-cap tube
equipped with a magnetic stir bar was added 1-methylindoline-2,3-dione (1a; 0.032 g, 0.20
mmol), N-methoxybenzamide (2a; 0.076 g, 0.503 mmol) [or N-(methoxy-ds)benzamide (2a-
[Ds]; 0.077 g, 0.50 mmol)], FeCls (0.0032 g, 0.02 mmol, 10.0 mol%), LiO'Bu (0.032 g, 0.40
mmol) and CH3OH (0.016 g, 0.50 mmol) [or CDsOD (0.018 g, 0.50 mmol)] inside the glove
box. Toluene (1.0 mL) was added to the reaction mixture. The resultant reaction mixture was
stirred at 110 °C for 24 h. At ambient temperature, the reaction mixture was quenched with
distilled H20 (10.0 mL) and the crude mixture was extracted with EtOAc (15 mL x 3). The
combined organic extract was dried over Na2SOa4 and the volatiles were evaporated in vacuo.
The remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAc: 1/2) to yield deuterated 3aa-[H/D] in (0.059 g) 74% and (0.054 g) 68%,
respectively using in CD3sOD and CHsOH.

4.4.6.3 Procedure for Controlled Experiments

To an oven-dried screw-cap tube equipped with a magnetic stir bar was introduced 1-
methylindoline-2,3-dione (1a; 0.032 g, 0.20 mmol), benzamide (0.060 g, 0.50 mmol), FeCls
(0.0032 g, 0.02 mmol, 10.0 mol%), LiO'Bu (0.032 g, 0.40 mmol) and CH3OH (0.016 g, 0.50
mmol) [or CDsOD (0.018 g, 0.50 mmol) or HCHO (0.015 g, 0.50 mmol)]. Toluene (1.0 mL)

was added to the reaction mixture. The resultant reaction mixture was heated at 110 °C for 24
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h. At ambient temperature, the reaction mixture was quenched with distilled H20 (10.0 mL)
and the crude mixture was extracted with EtOAc (15 mL x 3). The combined organic extract
was dried over Na2SOa4 and the volatiles were evaporated in vacuo. The crude product was
purified by column chromatography on silica gel (petroleum ether/EtOAc: 1/2) to yield 3aa,
or 3aa-[Dz], or 3aa in 57%, 47% and 49%, respectively

4.4.6.4 Synthesis and Characterization of Intermediates

Procedure for synthesis of N-(1-methyl-2-oxoindolin-3-ylidene)benzamide (9): To an
oven-dried Schlenk flask, 1-methylindoline-2,3-dione (1.00 g, 6.20 mmol) and benzamide
(0.90 g, 7.43 mmol) were added and dissolved in dichloromethane (15 mL). The Ti(O'Pr)4(1.76
g, 6.19 mmol) was added to the stirring solution at room temperature. The resultant mixture
was stirred at room temperature for 12 h. The volatiles were evaporated under reduced pressure
and the crude product was purified by column chromatography on silica gel (petroleum
ether/EtOAcC: 5/1) to yield 9 (0.86 g, 52%) as an orange solid. *H-NMR (400 MHz, CDCl3): 6
=7.76 (d, J = 7.3 Hz, 2H, Ar-H), 7.53-7.46 (m, 2H, Ar—H), 7.38 (t, J = 7.7 Hz, 2H, Ar-H),
7.08 (t, J = 7.5 Hz, 1H, Ar—H), 6.98 (s, 1H, Ar—H), 6.89 (d, J = 7.7 Hz, 1H, Ar—H), 3.30 (s,
3H, CHs). B¥C{*H}-NMR (100 MHz, CDCl3): § = 172.8 (CO), 165.7 (CO), 144.6 (Cq), 133.3
(Cy), 132.1 (CH), 130.9 (CH), 128.6 (2C, CH), 127.4 (2C, CH), 126.0 (Cq), 124.9 (CH), 123.2
(CH), 108.7 (CH), 85.3 (Cq), 26.7 (CH3s). HRMS (ESI): m/z Calcd for C16H12N202 + H* [M +
H]" 265.0972; Found 265.0971.

Procedure for synthesis of N-(3-hydroxy-1-methyl-2-oxoindolin-3-yl)benzamide
(11): To an oven-dried screw-cap tube equipped with a magnetic stir bar was added 1-
methylindoline-2,3-dione (1a; 0.032 g, 0.20 mmol), N-methoxybenzamide (2a; 0.076 g, 0.503
mmol), FeCls (0.0032 g, 0.02 mmol, 10.0 mol%) and LiO'Bu (0.032 g, 0.40 mmol) inside the
glove box. To the above reaction mixture in the tube was added toluene (1.0 mL). The resultant
reaction mixture in the tube was immersed in a preheated oil bath at 110 °C and stirred for 8 h.
At ambient temperature, the reaction mixture was quenched with distilled H20 (10.0 mL) and
the crude product was extracted with EtOAc (15 mL x 3). The combined organic extract was
dried over Na2SO4 and the volatiles were evaporated in vacuo. The remaining residue was
purified by column chromatography on silica gel to yield intermediate 11 (0.027 g, 48%) and
3aa (0.035 g, 44%) as a white solid and light brown solid respectively. *H-NMR (400 MHz,
DMSO-ds): 6 = 9.25 (br s, 1H, NH), 7.76 (d, J = 7.1 Hz, 2H, Ar—H), 7.63-7.59 (m, 1H, Ar-H),
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7.55-7.52 (m, 2H, Ar—H), 7.15-7.11 (m, 1H, Ar-H), 6.92 (d, J = 6.6 Hz, 1H, Ar-H), 6.88-6.84
(m, 1H, Ar—H), 6.80 (d, J = 7.7 Hz, 1H, Ar-H), 3.25 (s, 3H, CH3). *C{*H}-NMR (125 MHz,
DMSO-ds): § = 173.1 (CO), 164.9 (CO), 143.6 (Cq), 132.4 (Cqg), 132.3 (CH), 129.9 (CH), 128.9
(2C, CH), 126.9 (2C, CH), 123.9 (Cg), 122.5 (CH), 121.4 (CH), 108.5 (CH), 61.7 (Cq), 26.3
(CHs). HRMS (ESI): m/z Calcd for C1sH1sN203 + Na* [M - 2H]* 303.0740; Found 303.0755.

Procedure for synthesis of N,N'-(1,1'-dimethyl-2,2'-dioxo-[3,3'-biindoline]-3,3'-
diyl)dibenzamide (12): To an oven-dried screw-cap tube equipped with a magnetic stir bar was
added N-(1-methyl-2-oxoindolin-3-ylidene)benzamide (1a; 0.080 g, 0.302 mmol), benzamide
(0.037 g, 0.305 mmol), FeCls (0.0049 g, 0.03 mmol, 10.0 mol%), LiO'Bu (0.049 g, 0.612
mmol) and MeOH (12 pL, 0.312 mmol) [or HCHO (0.010 g, 0.333 mmol)] inside the glove
box. Toluene (1.5 mL) was added to the above reaction mixture. The resultant reaction mixture
was stirred at 110 °C for 24 h. At ambient temperature, the reaction mixture was quenched with
distilled H20 (10.0 mL) and the crude product was extracted with EtOAc (15 mL x 3). The
combined organic extract was dried over Na2SO4 and the volatiles were evaporated in vacuo.
The 'H NMR analysis of crude mixture indicated the absence of expected compound 3aa. The
crude mixture was purified by column chromatography on silica gel to yield brown coloured
compound 12 (0.030 g, 37%) or (0.027 g, 34%), respectively. *H-NMR (400 MHz, CDCls): 6
=9.33 (brs, 2H, NH), 7.90 (d, J = 7.7 Hz, 4H, Ar-H), 7.52-7.49 (m, 2H, Ar—H), 7.44-7.40 (m,
4H, Ar-H), 7.10 (d, J = 7.6 Hz, 2H, Ar-H), 7.01 (d, J = 7.3 Hz, 2H, Ar-H), 6.84 (t, J = 7.6 Hz,
2H, Ar-H), 6.58 (d, J = 7.8 Hz, 2H, Ar—H), 3.34 (s, 6H, CHs). BC{'*H}-NMR (125 MHz,
CDCls): 6 =174.1 (2C, CO), 166.2 (2C, CO), 143.9 (2C, Cq), 132.6 (2C, Cy), 132.3 (2C, CH),
130.3 (2C, CH), 128.8 (4C, CH), 127.6 (4C, CH), 124.3 (2C, Cq), 122.8 (2C, CH), 122.1 (2C,
CH), 108.4 (2C, CH), 62.4 (2C, Cqy), 26.6 (2C, CH3). HRMS (ESI): m/z Calcd for C32H26N4O4
+H*"[M + H]" 531.2027; Found 531.1971. The molecular structure of 12 was further confirmed

by X-ray structural analysis.

4.4.6.5 Procedure for Synthesis of 3aa from the Intermediates 9 and 10

To an oven-dried screw-cap tube equipped with a magnetic stir bar was introduced N-(1-
methyl-2-oxoindolin-3-ylidene)benzamide (9; 0.053 g, 0.20 mmol), N-
(hydroxymethyl)benzamide (10; 0.031 g, 0.205 mmol), FeCls (0.0032 g, 0.02 mmol, 10.0
mol%), LiO'Bu (0.032 g, 0.40 mmol). Toluene (1.0 mL) was added to the reaction mixture.
The resultant reaction mixture was stirred at 110 °C for 24 h. At ambient temperature, the

reaction mixture was quenched with distilled H20 (10.0 mL) and the crude mixture was
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extracted with EtOAc (15 mL x 3). The combined organic extract was dried over Na2SOs and
the volatiles were evaporated in vacuo. The crude product was purified by column
chromatography on silica gel (petroleum ether/EtOAc: 1/2) to afford 3aa and 12 in (0.037 g)
46% and (0.009 g) 16% yield, respectively.

4.4.6.6 DFT Energy Calculations

All molecular structures were generated and optimized using Density Functional
Theory (DFT) based methodology as implemented in the Gaussian 09 package.! All
calculations were carried out explicitly in presence of ligand. The structures were optimized
using B3LYP level of theory with a def2-SVP using def2-TZVP basis set for C, H, O, Cl and
N atoms and LANL2DZ for Fe and Li. Additionally, Grimme’s DFT empirical dispersion
correction with the Becke-Jonson (D3BJ) damping function are also included. Optimized
minima for geometries and transition states (TSs) were verified by performing harmonic
vibrational analysis to confirm no and one imaginary frequency, respectively. Solvent effects
were included in the calculations as implemented in PCM model for toluene. The energies
reported in the free energy profile are AG values incorporated with zero-point energy

corrections for the optimized minima at 298.15 K.

Q -21.6 o
_OCHg,
N Y N /O\
©)‘\H LiO'Bu . ©)\N CHs
-'BuOH
2a 2g1
a

Figure 4.4. Free energy profile for formation enolate (2a’). The free energy values are given
in kcal/mol.
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FeCly + LiO'Bu
—

Figure 4.5. Free energy profile for the Fe-catalysed synthesis of 3,3-disubstituted 3-amino
oxindole for X= O'Bu. The free energy values are given in kcal/mol.

4.4.7 X-ray Structure Analysis

X-ray intensity data measurements of compounds 3aa, 3ma, and 11 (Figures 4.6-4.8)
was carried out on a Bruker D8 VENTURE Kappa Duo PHOTON Il CPAD diffractometer
equipped with Incoatech multilayer mirrors optics. The intensity measurements were carried
out with Mo and Cu micro-focus sealed tube diffraction sources (MoKq= 0.71073 A, Cu K=
1.54178 A). The X-ray generator was operated at 50 kV and 1.4 mA and 50 kV and 1.1 mA
for Mo and Cu radiations, respectively. A preliminary set of cell constants and an orientation
matrix were calculated from three matrix sets of 36 frames and 40 frames for Mo and Cu
radiations, respectively. Data were collected with @ scan width of 0.5° at different settings of
@ and 26 with a frame time of 10-20 sec depending on the diffraction power of the crystals
keeping the sample-to-detector distance fixed at 5.00 cm. The X-ray data collection was
monitored by APEX3 program (Bruker, 2016).#? All the data were corrected for Lorentzian,
polarization and absorption effects using SAINT and SADABS programs (Bruker, 2016).
Using the APEX3 (Bruker) program suite, the structure was solved with the ShelXS-97
(Sheldrick, 2008)* structure solution program, using direct methods. The model was refined
with a version of ShelXL-2018/3 (Sheldrick, 2015)* using Least Squares minimization. All

the hydrogen atoms were placed in a geometrically idealized position and constrained to ride
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on its parent atoms. An ORTEP 111*° view of the compounds was drawn with 50% probability

displacement ellipsoids, and H atoms are shown as small spheres of arbitrary radii.
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Figure 4.6. ORTEP of compound 3aa showing the atom-numbering scheme. The displacement
ellipsoids are drawn at the 30% probability level and H atoms are shown as small spheres with

arbitrary radii.
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Figure 4.7. ORTEP of compound 3ma showing the atom-numbering scheme. The
displacement ellipsoids are drawn at the 30% probability level and H atoms are shown as small

spheres with arbitrary radii.
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Figure 4.8. ORTEP of compound 11 showing the atom-numbering scheme. The displacement
ellipsoids are drawn at the 30% probability level and H atoms are shown as small spheres with

arbitrary radii.
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4.4.8 MALDI-TOF Spectra of Intermediates
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4.4.9 'H and *C NMR Spectra of Aminated Compounds
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Oxazoline Based Pincer Nickel Complexes:
Implication towards Transfer Hydrogenation of

Ketones
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51 INTRODUCTION

Tridentate pincer-ligated transition metal complexes are extensively used as catalysts in
various organic transformations due to their high thermal stability and unique chemical
reactivity.}* In particular, several pincer complexes containing group 10 transition metals, like
Pd and Pt, have largely been studied in the area of organometallic chemistry and catalysis.>”
Contrastingly, the pincer nickel complexes have given recent attention in view of their
economic viability, sustainability, and environmental benign.®'? The nickel complexes based
on PCP,*-20 POCOP,?-3* NCN,*4! PCN,*2-# PNP,*9-%6 CNC,5-%° and CCC8%%! ligand systems
are considerably developed and exploited in the catalytic traditional coupling reactions,
hydrosilylation, hydroboration, C—H functionalization and many other reactions. Many of these
nickel catalysts are associated with high activity and excellent scope for the desired
transformations. In their interesting contribution, Sun and Khalimon independently
demonstrated the synthesis of CNN- and POCN-ligated nickel complexes, respectively, for the
transfer hydrogenation of ketones.263

The phosphine-free, nitrogen-ligated NNN-pincer nickel complexes would be
more economical and can be handled smoothly without any special inert atmosphere
techniques. Moreover, the strong o-donor nitrogen atoms on the ligand would make the
nickel complex electron-rich. This can lead to the stabilization of nickel complexes in a
high oxidation state and would facilitate oxidative addition, an important elementary
step in the various catalytic reaction. Previously, a variety of NNN-nickel complexes
were developed and used in diverse catalytic applications. Hu has developed NNN-
nickamine and is extensively employed in traditional C—-C couplings and C-H
functionalization reactions (Figure 5.1).5472 Recently, our group demonstrated the
synthesis and catalytic activity of many robust NNN pincer nickel complexes (Figure
5.1).”%"" All these NNN-ligated complexes were exceptional in the desired organic
transformations. Therefore, further development on the NNN-Ni pincer system,
particularly the chiral analog, is essential to understand their potential in chiral
transformations. In that context, in this chapter we demonstrate the synthesis and
characterization of a series of achiral and chiral oxazolinyl-based NNN-pincer nickel
complexes. These complexes are utilized for the transfer hydrogenation of ketones to

alcohols using isopropanol as a sacrificial hydrogen source.
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Figure 5.1. Representative amido-(NNN)NIi pincer systems.

5.2 RESULTS AND DISCUSSION

5.2.1 Synthesis and Characterization of (R-°*NNNE?)—H Ligands and Nickel Complexes
Recently our group synthesized 2-diethylamino-N-(quinolinyl)acetamide ligand,

Et2N-CH2C(O)N(H)CoHsN, (E®NNN8&-H) by introducing 8-aminoquinoline into the
pincer system. The developed (quinolinyl)amido pincer nickel complex containing this
ligand, (®NNN&Q)NICI, was found as an efficient catalyst for the regioselective C—H
bond alkylation, benzylation, and arylation of indoles.”">7% Similarly, the developed
palladium complexes, (E2NNN&QPdX (X = CI, OAc), were efficient and robust
catalysts for the arylation of diverse azoles.”® Encouraged by these developments, we
were eager to develop a chiral catalyst of a similar system. To synthesize the oxazolinyl
analog, initially, we prepared 2-amino-oxazolinyl compounds, la-1f, using different
achiral and chiral amino acid derivatives.”®8! The treatment of (oxazolinyl)anilines, 1a
and 1b with 2-bromoacetyl chloride in the presence of triethylamine afforded the
bromo-(oxazolinyl)acetamides, 2a and 2b,% respectively, in good yields (Scheme 5.1).
Similarly, the chiral derivatives 2c-2f were synthesized from the corresponding
(oxazolinyl)anilines, 1c-1f, in moderate to good yields (Scheme 5.2). Notably, the
isopropyl and isobutyl derivatives, 2e and 2f, resulted in moderate yields, which could
be accounted for partial decomposition. All the bromo-derivatives, 2a-2f, were easily
purified by column chromatography and thoroughly characterized by *H and **C NMR
spectroscopy as well as by the HRMS analysis. Though the methylene (—OCH2-)
protons of oxazolinyl-moiety in 2a shows a single set of the peak, the same protons in

the compounds 2c-2f displayed two sets of the peak due to the neighboring chiral center.
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Scheme 5.1. Synthesis of achiral NNN-oxazolinyl ligands and nickel complexes.

The reaction of compounds 2a-2f with an excess of diethylamine in acetone
under reflux conditions afforded the corresponding ligands, (R “°*NNNE®?)-H (3a-3f), in
guantitative yields (Schemes 5.1 and 5.2). These ligands were purified by column
chromatography and obtained either as a liquid or a solid. Systematic characterization
by 'H and *C NMR spectroscopy and by the HRMS analysis confirmed the ligands'
molecular architecture. As expected, the methylene protons (—-OCHz2) on oxazolinyl-
moiety of 3c-3f, close to the chiral center, displayed separate sets of signals.

The nickelation reaction of ligand (®*°*NNNE?)-H (3a and 3b) with
(DME)NICI2 in the presence of triethylamine in THF under reflux condition gave
(®*NNNE?)NICI (4a) and (Me2OXNNNE2?)NICI (4b), respectively, in very good vyields

(Scheme 5.1). Both complexes were obtained as a dark purple crystalline solid.
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Scheme 5.2. Synthesis of chiral NNN-oxazolinyl ligands and nickel complexes.

The *H NMR analysis of complexes 4a and 4b indicated the formation of an
amido-nickel covalent bond, as the signal corresponding to —NH proton on the ligand
backbone was disappeared. Moreover, the methylene protons on the —NEt2 group
showed two sets of multiplet against a single set in corresponding ligands 3a and 3b.
This finding highlighted the coordination of the —NEtz arm to the nickel center. Among
two multiplets for the methylene protons, one appeared in the up-field region and the
other in the down-field region compared to that observed in free-ligand. Notably, the *H
NMR signals of the protons on oxazolinyl-moiety are observed in the down-field region
compared to the free-ligand, which suggests the coordination of oxazolinyl-backbone to
the nickel center. Both complexes 4a and 4b were further characterized by *C NMR
and elemental analysis. The molecular structure of complex 4a was elucidated by a

single-crystal X-ray diffraction study (Figure 5.2).
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The chiral pincer nickel complexes, [(R)-(R **NNNE?)NiCIl; R" = Ph (4c); R =
CH2Ph (4d); R" ='Pr (4e); R’ = CH2'Pr (4f)], were synthesized in good to excellent yields
by the reaction of (R"°*NNNFE?)—H (3c-3f) with (DME)NICI2 in the presence of
triethylamine (Scheme 5.2). A careful analysis of *H NMR signals of the complexes 4c-
4f suggested the coordination of -NEt2 and oxazolinyl-arm to the nickel center in each
complex. Moreover, the disappearance of the signal corresponding to the —-NH proton
highlighted the covalent coordination of the central N-atom. The *C NMR and
elemental analysis further validated the molecular architecture of these complexes. The
molecular structures of complexes 4d and 4f were determined by the single-crystal X-
ray diffraction study (Figure 5.3 and 5.4).
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Figure 5.2. ORTEP of compound (°*NNNE®?)NiCI (4a). Displacement ellipsoids are
drawn at the 50% probability level.
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Figure 5.3. ORTEP of compound (P"“H2-OXNNNE®2)NiCI (4d). Displacement ellipsoids

are drawn at the 50% probability level.

Figure 5.4. ORTEP of compound (P"°H2-0*NNNE?)NiCI (4f). Displacement ellipsoids
are drawn at the 50% probability level. One of the terminal C-atom (C19) of the
isopropyl group showed thermal disorder over two positions. Only one position of the
C19 atom (C19A) is shown for clarity.
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Table 5.1 Selected bond length [A] and angles [deg] for 4a, 4d and 4f.
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4a 4d 4f

Ni(1)-N(1) 1.8780(10) 1.8904(12) 1.8887(12)
Ni(1)-N(2) 1.8806(10) 1.8826(12) 1.8860(12)
Ni(1)-N(3) 1.9514(10) 1.9611(12) 1.9569(13)
Ni(1)-CI(1) 2.2025(4) 2.1896(4) 2.1952(4)
N(1)-Ni(1)-N(2)  91.05(4) 91.69(5) 92.04(5)
N(2)-Ni(1)-N(3)  85.93(4) 85.96(5) 85.95(5)
N(1)-Ni(1)-N(3)  167.95(4) 172.85(6) 173.47(6)
N(1)-Ni(1)-CI(1) 92.46(3) 91.73(4) 91.43(4)
N(3)-Ni(1)-CI(1) 93.28(3) 91.55(4) 91.60(4)
N(2)-Ni(1)-CI(1) 165.90(3) 171.32(4) 169.78(4)

The ORTEP diagrams of complexes 4a, 4d and 4f are shown in Figure 5.2, 5.3,
and 5.4, respectively. Selected bond lengths and bond angles are given in Table 5.1. In
all three complexes, the oxazolinyl-amine ligands furnished tridentate coordination to
the nickel through oxazolinyl-N1, amido-N2, and amine-N3, and the fourth side is
occupied by anionic ligand, —Cl. A distorted square-planar coordination geometry is
observed around the nickel in all three complexes. Various bond lengths among these
three complexes are comparable to each other. The Ni(1)-N(1) bond lengths are in the
range of 1.879(0)-1.891(6) A, which are slightly shorter than the Ni—N bond length
(1.9107(10) A) in a similar complex, (F®°NNN&Q)NiCI.”® However, the Ni(1)-N(2) and
Ni(1)-N(3) bond lengths, 1.8806(10)-1.8860(12) A and 1.9514(10)-1.9611(12) A,
respectively, are comparable with the corresponding bond lengths in (F2NNN&)NiCI.”
Notably, the N(1)—Ni(1)-N(3) bong angle (167.95(4)°) in complex 4a is significantly
smaller than that in chiral complexes, 4d and 4f (172.85(6)° and 173.47(6)°). Similarly,
the N(2)-Ni(1)-CI(1) bong angle (165.90(3)°) in complex 4a is smaller than that
observed in the chiral complexes, 4d and 4f (171.32(4)° and 169.78(4)°). This finding
indicates that the geometry around nickel in complex 4a is highly distorted compared to
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that in complexes 4d and 4f. Notably, the bond angles around the nickel complexes 4d

and 4f are comparable with that observed in complex (F2NNN&Q)NiCI.”

5.2.2 Transfer Hydrogenation of Ketones

The hydrogenation of ketones to achieve chiral alcohols has given significant recent
attention, particularly employing the earth-abundant and inexpensive 3d transition metal
catalysts.2®3 Among 3d metals, cobalt and iron complexes are substantially explored in the
hydrogenation of ketones. However, the nickel complexes for such reactions are elusive.
Mostly, the nickel precursors in combination with an expensive bisphosphine ligand are
explored for the hydrogenation of alkene derivatives.?48 After synthesizing and characterizing
the phosphine-free achiral and chiral pincer nickel complexes, we intended to employ them for
the asymmetric hydrogenation of prochiral ketones. At the outset, we chose acetophenone (5a)
for the transfer hydrogenation in the presence of 'PrOH as a hydrogen source using a nickel
catalyst, a condition reported for ruthenium catalysis (Table 5.2).8%%! The reaction was
performed with 0.3 mmol of acetophenone, 5 mol% of nickel catalyst 4a and varied amount of
KOH in isopropanol. As can be seen from the initial results in Table 5.2 (entries 1-4) that
complex 4a gave the best result with 2.0 equiv of KOH. The employment of an excess of KOH
led to an undesired side product (entry 2), whereas with a lower amount of KOH, the reaction
remained incomplete. In addition to KOH, the NaOH base was also competent. The reaction
proceeded smoothly at 100 °C, whereas incomplete conversion was observed at low reaction
temperature (entries 3 and 6). Notably, the use of nickel complex 4b provided only 35% of
hydrogenated product 6a, whereas other nickel complexes 4c-4f produced a very good yield
(entries 7-11). Unfortunately, we did not observe enantiomeric excess (ee) for the alcohol
product (6a) using chiral catalysts, 4c-4f. We assume that the lack of stereocontrol is due to the
low steric crowding around the nickel complexes, which could be partially because of the
involvement of the six-membered nickelacycle with the oxazolinyl ring. The employment of
(DME)NICI2 as a catalyst gave only 33% of hydrogenated product 6a (entry 12). Notably, the
reaction in the absence of KOH failed to provide the hydrogenation, whereas the use of EtOH
as a hydrogenation source was ineffective (entries 13, 14).
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Table 5.2 Optimization of reaction conditions for transfer hydrogenation of ketones.

0O OH

cat. [Ni] (5.0 mol%)
(>)L Me _ base . ©)\ Me
'PrOH (1.0 mL)
T(°C), t(h)
(5a; 0.3 mmol) (6a)
Entry Cat. [Ni] Base (equiv) T (°C)/ t (h) 6a(%)?
1 4a KOH (0.2) 100/12 20
2 4a KOH (6) 100/12 60
3 4a KOH (2) 100/12 98 (90)
4 4a KOH (1) 100/12 68
5 4a NaOH (1) 100/12 70
6 4a KOH (2) 80/12 62
7 4b KOH (2) 100/12 35
8 4c KOH (2) 100/12 80
9 4d KOH (2) 100/12 83
10 4e KOH (2) 100/12 85
11 4f KOH (2) 100/ 12 92
12 (DME)NICl2  KOH (2) 100/12 33
13 4a -- 100/12 0
14 4a° KOH (2) 100/ 12 trace

Reaction conditions: Compound 5a (0.036 g, 0.3 mmol), base (0.6 mmol), 'PrOH (1.0 mL), [Ni] (0.015

mmol). *GC yield, isolated yield is in parenthesis. "EtOH as a solvent.

5.2.3 Substrate Scope for the Transfer Hydrogenation of Ketones

We have investigated the scope and limitations of this hydrogenation protocol (Scheme
5.3). Thus, the acetophenone having -Me, -OMe, alkyl, -F, and -Cl substituents reacted
smoothly and provided the corresponding hydrogenated products (6a-6f) in good yields. The
ortho-substituted compound 5g afforded the hydrogenated product 6g in low yield (50%),
which could account for the steric influence. A propiophenone derivative can be smoothly
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hydrogenated under optimized conditions (6h). Similarly, the challenging benzophenone was
easily hydrogenated to diphenylmethanol, 6i, in 73% yield. A naphthalenyl ethanone

compound was also tolerated under the reaction conditions.

o OH
cat. 4a (5.0 mol%)
R“—! X R2 KpH (2.0 equiv) . R1—:\ R2
= 'PrOH (1.0 mL) =
100 °C, 12 h
(3) (6)
OH OH OH OH
Me Me Me Me
Me
Me MeO
6a: 90% 6b: 89% 6c: 91% Me 6d: 85%
OH
OH oH OH
/©)\Me Me d\Me Me
F Cl Me
6e: 83% 6f: 80% 6g: 50% 6h: 92%
DA
6i: 73% 6j: 75%

Scheme 5.3. Scope and limitation of transfer hydrogenation catalyzed by 4a.

Unfortunately, highly bulky ketones (2-butanone), heteroarene-substituted ketones (3-
methylbutan-2-one), and aliphatic ketones (cyclohexanone) were unreactive under the reaction
conditions. Though our objective of achieving asymmetric hydrogenation was unsuccessful,
we could demonstrate the simple phosphine-free nickel complexes for the transfer

hydrogenation of various ketone derivatives. Notably, the CNN- and POCN-ligated pincer
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nickel complexes were previously reported for the transfer hydrogenation of ketones showing

similar activity as 4a; however, relatively strong bases (NaO'Bu, KO'Bu) were employed.523

5.2.4 Probable Catalytic Cycle

62,63 we have

On the basis of previous literature on the transfer hydrogenation of ketones,
proposed a plausible catalytic cycle (Figure 5.5). The reaction of complex 4a with isopropanol
in the presence of a base produced alkoxide complex A. The S-hydride elimination would result
in Ni-hydride complex B. The coordination of substrate ketones followed by insertion resulted
in complex D. The intermediate D gave the desired alcohol product 6 upon reaction with iso-

propanol, and completed the catalytic cycle.

N
0~ SN—Ni—NEt;

Cl KOH/PrOH
(4a)

OH N

o o)
: \
N [
0 SN—Ni—NEt, QN —'\f' NEL
RO H (B)
R? 0
(D) 0
N
A
1 2
0 \N——l;i—NEtz RUR
4 OH (5)
R1AR2 (c)

Figure 5.5. Proposed catalytic cycle.
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53 CONCLUSIONS
In summary, we have described the synthesis of a series of new NNN-ligands

containing oxazolinyl-backbone and their pincer nickel complexes. Both the achiral
[(R**°XNNNE2)-H (3a,b) and chiral [(R)-(R*"°*NNNE2?)-H (3c-f) ligands were
synthesized in good yields. These ligands were used to develop pincer nickel complexes,
(RZOXNNNE?)NICI (4a,b) and [(R)-(R"°*NNNE?)NICI] (4c-f) under mild conditions.
All the ligand precursors and nickel complexes were thoroughly characterized by NMR
spectroscopy, HRMS, or elemental analysis. The single-crystal X-ray diffraction study
elucidated the molecular structures of complexes (®*NNNE?)NICI (4a), (R)-(°"cH?
OXNNNE?)NICI (4d) and (R)-(P"CH2O*NNNE2?)NICI (4f). The nickel complex 4a
efficiently catalyzes the transfer hydrogenation of ketones using isopropanol as a
hydrogen source. Despite many attempts, we could not achieve enantioselective

hydrogenation of ketones, and which need further investigation.

5.4 EXPERIMENTAL SECTION

All manipulations were conducted under an argon atmosphere either in a glove box or
using standard Schlenk techniques in pre-dried glasswares. The catalytic reactions were
performed in flame-dried reaction vessels with a Teflon screw cap. Solvents were dried over
Na/benzophenone or CaH2 or Mg-cake (‘PrOH) and distilled before use. Liquid reagents were
flushed with argon before use. The 2-(oxazol-2-yl)aniline derivatives (la—1f)"*% and
compounds 2b® and 3b8 were synthesized according to the previously described procedures.
All other chemicals were obtained from commercial sources and were used without further
purification. Yields refer to isolated compounds, estimated to be >95% pure as determined by
'H-NMR spectroscopy. HRMS spectra were recorded using a Thermo Scientific Q-Exactive,
Accela 1250 pump. NMR (*H and C) spectra were recorded at 400 or 500 MHz (*H) and 100
or 125 MHz (**C) [DEPT (distortionless enhancement by polarization transfer)] using Bruker
AV 400 and AV 500 spectrometers, respectively, in CDCls solutions, if not then specified;
chemical shifts (8) are given in ppm. The *H and *C NMR spectra are referenced to residual
solvent signals (CDCls: 6 H =7.26 ppm, 6 C = 77.2 ppm).
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5.4.1 Procedure for Synthesis of Ligand Precursor

Representative procedure A: Synthesis of 2-Bromo-N-(2-(4,5-dihydrooxazol-
2-yl)phenyl)acetamide (2a). To a solution of 2-(4,5-dihydrooxazol-2-yl)aniline (1a; 1.0
g, 6.165 mmol) in dichloromethane (20 mL), EtsN (0.75 g, 7.41 mmol) was added and
the reaction mixture was stirred at room temperature for 20 min. 2-Bromoacetyl chloride
(1.16 g, 7.37 mmol) was added dropwise at 0 °C and the resultant mixture was continued
stirring for 20 h at room temperature. At ambient temperature, the reaction mixture was
quenched with water (15 mL) and extracted with CH2Cl2 (15 mL x 3). The combined
organic phase was washed with H20 (15 mL x 3) and dried over Na2SQas. After filtration
and evaporation of the solvents in vacuo, the crude product was purified by column
chromatography on silica gel (petroleum ether /EtOACc: 3/1) to yield 2a (1.30 g, 74%)
as a white solid. *H-NMR (400 MHz, CDCls): 6 = 11.76 (br s, 1H, NH), 8.57 (d, J = 8.3
Hz, 1H, Ar-H), 7.56-7.49 (m, 2H, Ar-H), 7.15 (t, J = 7.4 Hz, 1H, Ar-H), 4.17 (s, 2H,
CH?2), 3.90-3.79 (m, 2H, CH), 3.76-3.58 (m, 2H, CH2). BC{*H}-NMR (100 MHz,
CDCls): 6 = 168.9 (Cq, CO), 165.3 (Cq), 138.6 (Cq), 133.0 (CH), 126.9 (CH), 124.0
(CH), 121.7 (CH), 120.9 (Cq), 43.9 (CH2), 43.3 (CH2), 41.7 (CH2). HRMS (ESI): m/z
Calcd for CiiH11N202Br + H* [M + H]* 283.0083, 285.0062; Found 283.0077,
285.1216.

Synthesis of 2-Bromo-N-(2-(4-phenyl-4,5-dihydrooxazol-2-
yl)phenyl)acetamide (2c). The representative procedure A was followed using 2-(4-
phenyl-4,5-dihydrooxazol-2-yl)aniline (1c; 1.5 g, 6.295 mmol), EtsN (0.7 g, 6.918
mmol), 2-bromoacetyl chloride (1.09 g, 6.925 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 2c (1.41 g, 62%) as
a light-yellow solid. *H-NMR (500 MHz, CDCls): 6§ = 12.96 (br s, 1H, NH), 8.77 (d, J
=8.3 Hz, 1H, Ar—H), 7.96-7.94 (m, 1H, Ar—H), 7.55-7.50 (m, 1H, Ar—H), 7.40-7.30 (m,
5H, Ar-H), 7.18 (t, J= 7.6 Hz, 1H, Ar—H), 5.53 (t, J = 8.3 Hz, 1H, CH), 4.80-4.76 (m,
1H, CH2), 4.25 (t, J = 8.3 Hz, 1H, CH), 4.12 (s, 2H, CH2). 3C{*H}-NMR (125 MHz,
CDCl3s): 6 = 165.9 (Cq, CO), 164.4 (Cq), 141.7 (Cy), 139.3 (Cq), 132.9 (CH), 129.5 (CH),
128.9 (2C, CH), 127.9 (CH), 126.6 (2C, CH), 123.4 (CH), 120.1 (CH), 113.9 (Cy), 73.5
(CH2), 70.0 (CH), 43.6 (CH2). HRMS (ESI): m/z Calcd for C17H1sN202Br + H* [M +
H]" 359.0395, 361.0375; Found 359.0398, 361.0396.
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Synthesis of N-(2-(4-Benzyl-4,5-dihydrooxazol-2-yl)phenyl)-2-
bromoacetamide (2d). The representative procedure A was followed using 2-(4-benzyl-
4,5-dihydrooxazol-2-yl)aniline (1d; 0.4 g, 1.585 mmol), EtsN (0.18 g, 1.778 mmol), 2-
bromoacetyl chloride (0.27 g, 1.715 mmol). Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 3/1) yielded 2d (0.42 g, 71%) as a light yellow solid.
!H-NMR (400 MHz, CDClz): 6§ = 12.47 (br s, 1H, NH), 9.38 (d, J = 8.3 Hz, 1H, Ar-H),
8.31 (t, J =8.3 Hz, 1H, Ar—H), 8.25 (d, J= 7.6 Hz, 1H, Ar—H), 8.17-8.14 (m, 2H, Ar—
H), 8.11-8.07 (m, 3H, Ar—H), 7.97-7.94 (m, 1H, Ar—H), 5.53-5.48 (m, 1H, CH), 4.98
(m, 2H, CH2), 4.60-4.57 (m, 1H, CH2), 4.46-4.42 (m, 1H, CH2), 3.90-3.82 (m, 2H, CHy2).
BC{*H}-NMR (100 MHz, CDCls): § = 168.2 (Cq, CO), 165.3 (Cq), 138.6 (Cq), 136.6
(Cq), 133.0(CH), 129.4 (2C, CH), 129.0 (2C, CH), 127.3 (CH), 126.7 (CH), 124.0 (CH),
121.8 (CH), 121.2 (Cq), 51.0 (CH), 46.7 (CH2), 43.3 (CH2), 37.6 (CH2). HRMS (ESI):
m/z Calcd for Ci1sH17N202Br + H* [M + H]" 373.0555, 375.0531; Found 373.0546,
375.0533.

Synthesis of 2-Bromo-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-
yhphenyl)acetamide (2e). The representative procedure A was followed using 2-(4-
isopropyl-4,5-dihydrooxazol-2-yl)aniline (1e; 1.0 g, 4.895 mmol), EtsN (0.545 g, 5.385
mmol), 2-bromoacetyl chloride (0.847 g, 5.385 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 2e (0.82 g, 52%) as
a light-yellow liquid. *H-NMR (400 MHz, CDCls): 6 = 12.90 (br s, 1H, NH), 8.72 (d, J
= 8.4 Hz, 1H, Ar-H), 7.87-7.84 (m, 1H, Ar—H), 7.49-7.45 (m, 1H, Ar-H), 7.12 (t, J =
7.4 Hz, 1H, Ar—H), 4.40-4.36 (m, 1H, CH>), 4.23-4.17 (m, 3H, CH, CH?2), 4.09-4.05 (m,
1H, CH2), 1.89-1.81 (m, 1H, CH), 1.02 (d, J = 6.8 Hz, 3H, CH?3), 0.96 (d, J = 6.7 Hz,
3H, CHz). BC{*H}-NMR (100 MHz, CDCl3): 6§ = 165.7 (Cq, CO), 163.1 (Cq), 139.1
(Cy), 132.5 (CH), 129.3 (CH), 123.2 (CH), 120.0 (CH), 114.2 (Cq), 72.8 (CH), 69.3
(CH2), 43.6 (CH2), 33.0 (CH), 18.9 (CHs), 18.6 ( CHs). HRMS (ESI): m/z Calcd for
C14H17N202Br + H* [M + H]" 325.0552, 327.0531; Found 325.0573, 327.0548.

Synthesis of 2-Bromo-N-(2-(4-isobutyl-4,5-dihydrooxazol-2-
yDphenyl)acetamide (2f). The representative procedure A was followed using 2-(4-
isobutyl-4,5-dihydrooxazol-2-yl)aniline (1f; 1.0 g, 4.581 mmol), EtsN (0.51 g, 5.04

Ph.D. Thesis: Shidheshwar B. Ankade 272



Chapter-5

mmol), 2-bromoacetyl chloride (0.79 g, 5.02 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 2f (0.89 g, 57%) as
a white solid. *H-NMR (500 MHz, CDCls): 6 = 12.89 (br s, 1H, NH), 8.72 (d, J = 8.3
Hz, 1H, Ar-H), 7.85 (d, J = 7.6 Hz, 1H, Ar—H), 7.46 (t, J = 8.3 Hz, 1H, Ar-H), 7.12 (t,
J=7.2 Hz, 1H, Ar-H), 4.48-4.42 (m, 2H, CH2), 4.18 (s, 2H, CH2), 3.97-3.91 (m, 1H,
CH), 1.95-1.87 (m, 1H, CH2), 1.71-1.65 (m, 1H, CH2), 1.42-1.37 (m, 1H, CH), 1.00-
0.96 (m, 6H, CH3). BC{*H}-NMR (125 MHz, CDCls): 6 = 165.7 (Cq, CO), 163.0 (Cq),
139.1 (Cq), 132.4 (CH), 129.2 (CH), 123.2 (CH), 120.0 (CH), 114.2 (Cq), 72.0 (CH>),
65.0 (CH), 45.7 (CH2), 43.6 (CHy), 25.5 (CHs), 23.1 (CH3s), 22.4 (CH). HRMS (ESI):
m/z Calcd for CisH1aN202Br + H* [M + H]" 339.0708, 341.0688; Found 339.0729,
341.0697.

5.4.2 Synthesis of (RO*NNNE®?)-H ligands

Representative procedure B: Synthesis of 2-(diethylamino)-N-(2-(4,5-
dihydrooxazol-2-yl)phenyl)acetamide, (°*NNNE%?)—H (3a). To a solution of 2-bromo-
N-(2-(4,5-dihydrooxazol-2-yl)phenyl)acetamide (2a; 0.85 g, 3.0 mmol) in acetone (20
mL), diethyl amine (0.66 g, 9.0 mmol) was added at room temperature. The resultant
mixture was heated at 70 °C for 24 h. At ambient temperature, acetone was evaporated
in vacuo, quenched with water (15 mL) and extracted with dichloromethane (15 mL x
3). The combined organic phase was washed with H20 (15 mL x 3) and dried over
Na2SOa4. After filtration and evaporation of the solvents in vacuo, the crude product was
purified by column chromatography on silica gel (petroleum ether /EtOAc: 3/1) to yield
3a (0.72 g, 87%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 11.51 (br s, 1H,
NH), 8.55 (d, J = 8.3 Hz, 1H, Ar—H), 7.48-7.43 (m, 2H, Ar-H), 7.07 (t, J = 7.5 Hz, 1H,
Ar-H), 3.79-3.70 (m, 4H, CH?2), 3.16 (s, 2H, CH2), 2.66 (q, J = 7.0 Hz, 4H, CH>), 1.09
(t, J=7.0 Hz, 6H, CH3). ®*C{*H}-NMR (100 MHz, CDCls): 6 = 172.1 (Cq, CO), 168.7
(Cy), 138.1 (Cq), 132.3 (CH), 127.0 (CH), 123.2 (CH), 122.8 (Cq), 121.9 (CH), 58.6
(CH2), 48.8 (2C, CH), 43.8 (CH2), 41.7 (CH), 12.3 (2C, CH3s). HRMS (ESI): m/z Calcd
for C1sH21N3O2 + H* [M + H]* 276.1712; Found 276.1706.

Synthesis of (Me2-O*NNNE®?)—H (3b).82 The representative procedure B was

followed using 2-chloro-N-(2-(4,4-dimethyl-4,5-dihydrooxazol-2-yl)phenyl)acetamide
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(2b; 0.5 g, 1.61 mmol), diethyl amine (0.353 g, 4.83 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 3b (0.40 g, 82%) as
a light orange solid. *H-NMR (500 MHz, CDCls): 6 = 12.63 (br s, 1H, NH), 8.89 (d, J
= 8.3 Hz, 1H, Ar-H), 7.84 (d, J = 8.3 Hz, 1H, Ar—H), 7.43 (t, J = 6.8 Hz, 1H, Ar—H),
7.06 (t, J=6.8 Hz, 1H, Ar—H), 4.03 (s, 2H, CH2), 3.22 (s, 2H, CH2), 2.67 (q, J = 7.6 Hz,
4H, CH2), 1.39 (s, 6H, CHz3), 1.08 (t, J = 7.6 Hz, 6H, CH3). 3 C{*H}-NMR (125 MHz,
CDCls): 6 = 172.6 (Cq, CO), 160.7 (Cq), 139.3 (Cq), 131.9 (CH), 128.9 (CH), 122.0
(CH), 119.7 (CH), 114.0 (Cq), 76.5 (CHy2), 68.0 (Cq), 58.0 (CH?2), 49.0 (2C, CH), 28.3
(2C, CHg), 11.8 (2C, CHs). HRMS (ESI): m/z Calcd for Ci7H2sN302 + H* [M + H]*
304.2030; Found 304.2022.

Synthesis of (R)-(P"°*NNNE®?)—H (3c). The representative procedure B was
followed using (R)-2-bromo-N-(2-(4-phenyl-4,5-dihydrooxazol-2-yl)phenyl)acetamide
(2c; 0.88 g, 2.45 mmol), diethyl amine (0.54 g, 7.38 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 3c (0.84 g, 98%) as
a light brown liquid. *H-NMR (500 MHz, CDCl3): § = 12.81 (br s, 1H, NH), 8.91 (d, J
=9.1 Hz, 1H, Ar-H), 7.96-7.94 (m, 1H, Ar-H), 7.51-7.47 (m, 1H, Ar-H), 7.36-7.29 (m,
5H, Ar-H), 7.11 (t, J = 6.8 Hz, 1H, Ar—H), 5.47-5.43 (m, 1H, CH2), 4.77-4.72 (m, 1H,
CH2), 4.22 (t, J = 9.1 Hz, 1H, CH), 3.14 (s, 2H, CH2), 2.35 (q, J = 7.6 Hz, 4H, CH>),
0.83 (t, J = 6.8 Hz, 6H, CH3). ®C{*H}-NMR (125 MHz, CDCls): § = 173.1 (Cq, CO),
163.8 (Cq), 142.3 (Cq), 140.0 (Cq), 132.7 (CH), 129.6 (CH), 128.7 (2C, CH), 127.8 (CH),
127.0 (2C, CH), 122.4 (CH), 120.2 (CH), 113.8 (Cq), 73.5 (CH2), 70.8 (CH), 58.5 (CHy>),
48.6 (2C, CH2), 11.7 (2C, CH3s). HRMS (ESI): m/z Calcd for C21H2sN302 + H* [M +
H]* 352.2033; Found 352.2020.

Synthesis of (R)-(P"®H2-0*NNNE&®?)—H (3d). The representative procedure B was
followed using (R)-N-(2-(4-benzyl-4,5-dihydrooxazol-2-yl)phenyl)-2-bromoacetamide
(2d; 0.40 g, 1.07 mmol), diethyl amine (0.24 g, 3.28 mmol). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 3/1) yielded 3d (0.35 g, 90%) as
a light brown liquid. *H-NMR (500 MHz, CDCl3): § = 12.71 (br s, 1H, NH), 8.90 (d, J
= 8.3 Hz, 1H, Ar—H), 7.87 (d, J = 8.0 Hz, 1H, Ar—H), 7.50 (t, J = 8.3 Hz, 1H, Ar—H),
7.36 (t, J=7.2 Hz, 2H, Ar-H), 7.30-7.27 (m, 3H, Ar-H), 7.11 (t, J = 7.2 Hz, 1H, Ar—
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H), 4.75-4.69 (m, 1H, CH), 4.31 (t, J = 8.3 Hz, 1H, CH>), 4.12 (t, J = 7.6 Hz, 1H, CH2),
3.34-3.28 (m, 3H, CH2), 2.82-2.77 (m, 1H, CH>), 2.71 (q, J = 7.2 Hz, 4H, CH>), 1.15 (t,
J = 7.2 Hz, 6H, CH3). 3C{*H}-NMR (125 MHz, CDCls): ¢ = 172.7 (Cq, CO), 163.2
(Cq), 139.7 (Cq), 137.8 (Cq), 132.4 (CH), 129.4 (CH), 129.2 (2C, CH), 128.8 (2C, CH),
126.8 (CH), 122.4 (CH), 120.2 (CH), 114.0 (Cq), 70.5 (CHz), 68.3 (CH), 58.9 (CH2),
48.7 (2C, CH2), 41.9 (CHa), 12.1 (2C, CHs). HRMS (ESI): m/z Calcd for C22H27N3O2 +
H* [M + H]* 366.2182; Found 366.2092.

Synthesis of (R)-(P"°*NNNE®?)—H (3e). The representative procedure B was
followed using (R)-2-bromo-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-
yDphenyl)acetamide (2e; 0.48 g, 1.48 mmol), diethyl amine (0.33 g, 4.51 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 3/1)
yielded 3e (0.30 g, 64%) as a colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 12.49
(br s, 1H, NH), 8.86-8.83 (m, 1H, Ar—H), 7.83 (dd, J = 7.9, 1.5 Hz, 1H, Ar-H), 7.44-
7.40 (m, 1H, Ar—H), 7.04 (t, J = 7.3 Hz, 1H, Ar—H), 4.32- 4.28 (m, 1H, CH>), 4.21-4.15
(m, 1H, CH), 4.05 (t, J = 7.8 Hz, 1H, CH>), 3.27-3.18 (m, 2H, CH3), 2.63 (g, J = 7.0 Hz,
4H, CH2), 1.91-1.82 (m, 1H, CH), 1.06-1.01 (m, 9H, CH3s), 0.91 (d, J = 6.7 Hz, 3H,
CHz). BC{*H}-NMR (100 MHz, CDClIs): § = 172.4 (Cq, CO), 162.4 (Cg), 139.5 (Cq),
132.1 (CH), 129.3 (CH), 122.3 (CH), 120.2 (CH), 114.1 (Cg), 73.0 (CH>), 68.4 (CH),
58.6 (CH>), 48.8 (2C, CH2), 32.7 (CH), 19.0 (CHs), 17.9 (CHs3), 11.8 (2C, CH3). HRMS
(ESI): m/z Calcd for C1sH27N302 + H* [M + H]* 318.2182; Found 318.2194.

Synthesis of (R)-("P"*H2OXNNNE?)—H (3f). The representative procedure B was
followed using (R)-2-bromo-N-(2-(4-isobutyl-4,5-dihydrooxazol-2-
yl)phenyl)acetamide (2f; 1.04 g, 3.07 mmol), diethyl amine (0.68 g, 9.29 mmol).
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 3/1)
yielded 3f (0.92 g, 91%) as a white solid. *H-NMR (500 MHz, CDCls): § = 12.55 (br s,
1H, NH), 8.85 (d, J = 8.6 Hz, 1H, Ar—H), 7.84 (dd, J = 7.6, 1.2 Hz, 1H, Ar—H), 7.43 (t,
J=17.3 Hz, 1H, Ar-H), 7.06 (t, J = 7.3 Hz, 1H, Ar-H), 4.44-4.36 (m, 2H, CH>), 3.94-
3.91 (m, 1H, CH), 3.27-3.19 (m, 2H, CH>), 2.63 (g, J = 7.1 Hz, 4H, CH>), 1.88-1.80 (m,
1H, CH2), 1.76-1.70 (m, 1H, CH2), 1.43-1.37 (m, 1H, CH), 1.07 (t, J = 7.0 Hz, 6H, CH3),
0.99-0.96 (m, 6H, CH3). ¥C{*H}-NMR (125 MHz, CDClI3): 6 = 172.6 (Cq, CO), 162.4
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(Cq), 139.5 (Cq), 132.2 (CH), 129.3 (CH), 122.4 (CH), 120.2 (CH), 114.3 (Cq), 71.7
(CH2), 65.6 (CH), 58.8 (CH2), 48.9 (2C, CH?), 45.9 (CH>), 25.4 (CH), 23.0 (CH3), 22.8
(CHa), 12.1 (2C, CHs). HRMS (ESI): m/z Calcd for CigH2sN3O2 + H* [M + H]*
332.2338; Found 332.2352.

5.4.3 Synthesis of nickel complexes (R-O*NNNE2)NiCI
Representative procedure C: Synthesis of (°*NNNE2?)NICI (4a). The nickel

complexes of the oxazoline-based ligands were synthesized following the precedented
literature developed by our group.'® In a standard procedure, to the mixture of 2-
(diethylamino)-N-(2-(4,5-dihydrooxazol-2-yl)phenyl)acetamide (3a; 0.88 g, 3.195
mmol) and (DME)NIiCl2(0.70 g, 3.19 mmol) in THF (10 mL), EtsN (0.39 g, 3.85 mmol)
was added and the resultant mixture was refluxed for 3 h. At ambient temperature, the
reaction mixture was filtered and concentrated under vacuum. To the concentrated
solution, n-hexane was added to precipitate the product, which was then cannula filtered
and dried under vacuum to obtain nickel complex 4a (0.92 g, 78%) as da ark purple
solid. *H-NMR (400 MHz, CDCls): § = 8.29 (d, J = 9.3 Hz, 1H, Ar-H), 7.56 (dd, J =
7.8, 1.5 Hz, 1H, Ar—H), 7.36-7.32 (m, 1H, Ar-H), 6.96-6.92 (m, 1H, Ar—H), 4.39 (t, J
=9.7 Hz, 2H, CH2), 3.95 (t, J = 9.7 Hz, 2H, CH>), 3.24 (s, 2H, CH2), 2.92-2.83 (m, 2H,
CH2), 2.16 (t, J = 7.1 Hz, 6H, CH3), 2.05-1.96 (m, 2H, CH>). 3C{*H}-NMR (100 MHz,
CDCls): 6 = 177.6 (Cq, CO), 163.1 (Cq), 145.0 (Cq), 132.7 (CH), 128.3 (CH), 125.1
(CH), 121.7 (CH), 114.5 (Cq), 67.9 (CHz2), 60.8 (CH2), 55.6 (2C, CH2), 53.7 (CH2), 12.9
(2C, CHs). Anal. Calcd. for C1sH20CIN3O2Ni: C, 48.89; H, 5.47; N, 11.40. Found: C,
49.15; H, 5.20; N, 11.43.

Synthesis of (Me2°XNNNE®2)NICI (4b). The representative procedure C was
followed using 2-(diethylamino)-N-(2-(4,4-dimethyl-4,5-dihydrooxazol-2-
yl)phenyl)acetamide (3b; 0.20 g, 0.659 mmol), (DME)NICI2 (0.145 g, 0.659 mmol) and
EtsN (0.08 g, 0.80 mmol) to yield 4b (0.195 g, 75%) as a dark purple solid. tH-NMR
(400 MHz, CDCls): § = 8.20 (s, 1H, Ar-H), 7.63-7.51 (m, 2H, Ar-H), 6.91 (s, 1H, Ar—
H), 4.10 (s, 6H, CH3), 2.68-2.31 (m, 8H, CH2), 1.83 (s, 6H, CH3). ®*C{*H}-NMR (100
MHz, CDCl3s): 0 = 179.0 (Cq, CO), 165.9 (Cq), 144.1 (Cq), 133.0 (CH), 127.1 (CH),
122.0 (2C, CH), 118.8 (Cq), 83.8 (CH2), 74.6 (Cq), 57.3 (CH2), 52.5 (2C, CH>), 28.2
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(2C, CHs), 14.6 (2C, CHs). Anal. Calcd. for Ci7H24CIN3O2Ni: C, 51.49; H, 6.10; N,
10.60. Found: C, 51.68; H, 5.93; N, 9.98.

Synthesis of (R)-("m°*NNNE®?)NICI (4c). The representative procedure C was
followed using (R)-2-(diethylamino)-N-(2-(4-phenyl-4,5-dihydrooxazol-2-
yDphenyl)acetamide (3c; 0.20 g, 0.569 mmol), (DME)NICl2 (0.125 g, 0.569 mmol) and
EtaN (0.068 g, 0.672 mmol) to yield 4c¢ (0.189 g, 75%) as a dark purple solid. tH-NMR
(500 MHz, CDCls): 6 = 8.35 (s, 1H, Ar—H), 7.61-7.37 (m, 7H, Ar—H), 6.98 (s, 1H, Ar—
H), 5.35 (br s, 1H, CH2), 4.63 (br s, 1H, CH2), 4.33 (1H, CH), 3.62-3.59 (m, 1H, CH>),
2.82 (s, 1H, CH2), 2.47 (s, 2H, CH2), 1.95-1.44 (m, 8H, CHz, CH3). 3C{*H}-NMR (125
MHz, CDCI3): 6 =177.8 (Cq, CO), 162.6 (Cq), 145.6 (Cq), 142.0 (Cq), 133.1 (CH), 129.3
(2C, CH), 128.8 (2C, CH), 128.0 (2C, CH), 125.0 (CH), 121.7 (CH), 114.3 (Cq), 75.1
(CH2), 67.1 (CH), 60.1 (CH2), 57.1 (CH2), 54.3 (CH2), 12.5 (CH3s), 11.6 (CHs). Anal.
Calcd. for C21H24CIN3O2Ni: C, 56.73; H, 5.44; N, 9.45. Found: C, 57.02; H, 5.69; N,
9.36.

Synthesis of (R)-(P"°""°XNNNE2)NiCl (4d). The representative procedure C
was followed using (R)-N-(2-(4-benzyl-4,5-dihydrooxazol-2-yl)phenyl)-2-
(diethylamino)acetamide (3d; 0.11 g, 0.30 mmol), (DME)NICl2 (0.066 g, 0.30 mmol)
and EtaN (0.037 g, 0.365 mmol) to yield 4d (0.135 g, 98%) as a dark purple solid. *H-
NMR (400 MHz, CDCls): ¢ = 8.31 (s, 1H, Ar-H), 7.53-7.26 (m, 7H, Ar-H), 6.93 (s,
1H, Ar—H), 4.59-4.12 (m, 4H, CH2), 3.88-3.74 (m, 1H, CH), 3.06-2.70 (m, 4H, CH2),
2.33 (s, 4H, CH2,CHs3), 1.89 (s, 4H, CH2,CHz3). *C{*H}-NMR (100 MHz, CDCl3): § =
177.4 (Cq, CO), 162.4 (Cq), 145.3 (Cq), 136.7 (Cq), 133.0 (CH), 129.6 (2C, CH), 129.0
(2C, CH), 128.7 (CH), 127.2 (CH), 124.9 (CH), 121.6 (CH), 114.2 (Cq), 71.1 (CHy),
64.9 (CH), 60.5 (CHy2), 56.8 (CH2), 54.0 (CH2), 42.3 (CH2), 12.7 (2C, CHs). Anal. Calcd.
for C22H26CIN3O2Ni: C, 57.62; H, 5.71; N, 9.16. Found: C, 57.98; H, 5.73; N, 9.36.

Synthesis of (R)-(P"°*NNNE2?)NICI (4e). The representative procedure C was
followed using (R)-2-(diethylamino)-N-(2-(4-isopropyl-4,5-dihydrooxazol-2-
yDphenyl)acetamide (3e; 0.11 g, 0.346 mmol), (DME)NICl2 (0.076 g, 0.346 mmol) and
EtaN (0.042 g, 0.415 mmol) to yield 4e (0.093 g, 66%) as a dark purple solid. *H-NMR
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(400 MHz, CDCla): 6 = 8.34 (s, 1H, Ar—H), 7.55-7.34 (m, 2H, Ar—H), 6.93 (s, 1H, Ar—
H), 4.23-3.85 (m, 4H, CH2), 3.32-2.64 (m, 5H, CH, CH>), 2.30-1.85 (m, 7H, CH, CH3),
1.40-1.05 (m, 6H, CHa). 3C{*H}-NMR (100 MHz, CDCls): § = 177.2 (Cq, CO), 161.6
(Cq), 145.2 (Cq), 132.8 (CH), 128.7 (CH), 124.5 (CH), 121.5 (CH), 114.3 (Cy), 68.1
(CH2), 67.7 (CH), 60.4 (CH2), 56.6 (CH2), 53.8 (CH2), 31.2 (CH), 19.0 (CHs), 14.7
(CHa), 12.6 (CH3), 12.3 (CH3). Anal. Calcd. for C1sH26CIN3O2Ni: C, 52.66; H, 6.38; N,
10.23. Found: C, 52.21; H, 6.08; N, 9.91.

Synthesis of (R)-(P"C"2-OXNNNE®2)NiCI (4f). The representative procedure C was
followed using (R)-2-(diethylamino)-N-(2-(4-isobutyl-4,5-dihydrooxazol-2-
yl)phenyl)acetamide (3f; 0.090 g, 0.272 mmol), (DME)NICl2 (0.060 g, 0.272 mmol) and
EtaN (0.031 g, 0.306 mmol) to yield 4f (0.096 g, 83%) as a dark purple solid. *H-NMR
(500 MHz, CDCls): 0 =8.31 (d, J = 8.6 Hz, 1H, Ar-H), 7.55 (d, J=7.9 Hz, 1H, Ar—
H), 7.33 (t, J = 7.3 Hz, 1H, Ar-H), 6.93 (t, J = 7.6 Hz, 1H, Ar-H), 4.33-4.28 (m, 2H,
CH2), 4.21-4.14 (m, 1H, CH), 3.89-3.86 (m, 1H, CH2), 2.97-2.93 (m, 1H, CH2), 2.90-
2.84 (m, 2H, CH2), 2.68-2.65 (m, 1H, CH), 2.33 (t, J = 7.0 Hz, 3H, CHy), 2.27-2.20 (m,
1H, CH2), 1.83 (t, J = 7.3 Hz, 3H, CHs3), 1.79-1.74 (m, 3H, CH3), 1.10 (d, J = 6.1 Hz,
3H, CH3), 1.02 (d, J = 6.7 Hz, 3H, CHa). 3C{*H}-NMR (125 MHz, CDCl3): § = 177.2
(Cq, CO), 161.7 (Cq), 145.2 (Cy), 132.8 (CH), 128.7 (CH), 124.8 (CH), 121.6 (CH),
114.6 (Cq), 72.2 (CH2), 62.7 (CH), 60.5 (CH2), 56.8 (CH2), 53.9 (CH2), 45.9 (CH>), 25.8
(CH), 24.1 (CHs), 22.0 (CHs), 12.7 (CHs), 12.6 (CHs). Anal. Calcd. for
C19H28CIN3O2Ni: C, 53.75; H, 6.65; N, 9.90. Found: C, 53.96; H, 6.50; N, 9.89.

5.4.4 Representative procedure for transfer hydrogenation of ketones

Synthesis of 1-phenylethan-1-ol (6a). To a flame-dried screw-cap tube equipped
with magnetic stir bar were introduced acetophenone (0.036 g, 0.30 mmol), catalyst 4a
(0.0055 g, 0.015 mmol, 5.0 mol %) and KOH (0.034 g, 0.60 mmol) inside the glove
box. To the above mixture in the tube was added isopropanol (1.5 mL). The resultant
reaction mixture in the tube was immersed in a preheated oil bath at 100 °C and stirred
for 12 h. At ambient temperature, the reaction mixture was diluted with EtOAc (5.0 mL)
and the volatiles were evaporated in vacuo. The remaining residue was purified by

column chromatography on silica gel (petroleum ether/EtOAc: 5/1) to yield 6a (0.033
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g, 90%) as a colourless liquid. *H-NMR (400 MHz, CDCla3): § = 7.37-7.32 (m, 4H, Ar—
H), 7.28-7.24 (m, 1H, Ar-H), 4.88 (q, J = 6.8 Hz, 1H, CH), 2.09 (br s, 1H, OH), 1.46
(d, J = 6.8 Hz, 3H, CH3). BC{*H}-NMR (100 MHz, CDCl3): § = 145.9 (Cq), 128.6 (CH),
127.5 (CH), 125.5 (3C, CH), 70.5 (CH), 25.2 (CH3).

5.4.5 X-ray Structure Analysis

X-ray intensity data measurement of compounds 4a, 4d and 4f was carried out on a
Bruker D8 VENTURE Kappa Duo PHOTON Il CPAD diffractometer equipped with Incoatech
multilayer mirrors optics. The intensity measurements were carried out with Mo micro-focus
sealed tube diffraction source (MoKa= 0.71073 A) at 100(2) K temperature. The X-ray
generator was operated at 50 kV and 1.4 mA. A preliminary set of cell constants and an
orientation matrix were calculated from three matrix sets of 36 frames (each matrix run consists
of 12 frames). Data were collected with o scan width of 0.5° at different settings of ¢ and 20
with a frame time of 10-20 sec depending on the diffraction power of the crystals keeping the
sample-to-detector distance fixed at 5.00 cm. The X-ray data collection was monitored by
APEX3 program (Bruker, 2016).%? All the data were corrected for Lorentzian, polarization and
absorption effects using SAINT and SADABS programs (Bruker, 2016). Using the APEX3
(Bruker) program suite, the structure was solved with the ShelXS-97 (Sheldrick, 2008)%
structure solution program, using direct methods. The model was refined with a version of
ShelXL-2018/3 (Sheldrick, 2015)% using Least Squares minimization. All the hydrogen atoms
were placed in a geometrically idealized position and constrained to ride on its parent atoms.
An ORTEP 11I1% view of the compounds was drawn with 50% probability displacement
ellipsoids, and H atoms are shown as small spheres of arbitrary radii. Crystal data for the
structures have been deposited in the Cambridge Crystallographic Data Center with numbers
(compound numbers) CCDC-2074093 (4a), CCDC-2074094 (4d) and CCDC-2074095 (4f).
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Crystal Data

4a

4d

4f

Formula C15H20CIN3NiO2 C22H26CIN3NIO2 C19H28CIN3NIO2

Molecular 368.50 458.62 424.60

weight

Crystal Size, mm | 0.158 x 0.138 x 0.041 | 0.21 x 0.15 x 0.03 | 0.20 x 0.17 x 0.05

Temp. (K) 100(2) 100(2) 100(2)

Wavelength (A) | 0.71073 0.71073 0.71073

Crystal Syst. orthorhombic orthorhombic orthorhombic

Space Group Pbca P212121 P212121

a(A) 16.793(3) 9.9695(4) 9.7315(3)

b (A) 9.9261(18) 10.0137(3) 0.8437(3)

c(A) 19.198(4) 21.4431(7) 21.1840(7)

VIA3 3200.2(10) 2140.70(13) 2029.30(11)

Z 8 4 4

Dcaic/g cm 1.530 1.423 1.390

w/mm? 1.389 1.054 1.105

F(000) 1536 960 896

Ab. Correct. multi-scan multi-scan multi-scan

Tmin/ Tmax 0.819/0.945 0.809/0.969 0.809/0.947

2 Gax 60 69.26 62

Total reflns. 41734 44424 36549

Unique reflns. 4658 8381 6183

Obs. reflns. 4192 7601 6036

h, k, I (min, max) | (-23, 23), (-14, 15), (-13, 13),
(-12, 13), (-15, 15), (-14, 14),
(-25, 27) (-34, 33) (-30, 30)

Rint / Rsig 0.0329/0.0165 0.0362/0.0349 0.0240/0.0249

No. of para. 201 264 245

R1 [I> 26(1)] 0.0231 0.0264 0.0187

WR2[1> 26(1)] 0.0552 0.0557 0.0481

R1 [all data] 0.0272 0.0338 0.0193

WR2 [all data] 0.0575 0.0585 0.0483

goodness-of-fit | 1.028 1.036 1.030

Apmax, Apmin +0.456, +0.254, +0.305,

(eA3) -0.461 -0.369 -0.295

CCDC No. 2074093 2074094 2074095
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5.4.6 'Hand *C NMR Spectra of Nickel Complexes
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5.4.7 *H and 3C NMR Spectra of 6a.
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6.1 SUMMARY

The Thesis described our efforts to the development of novel methodologies for 3d metal-
catalyzed functionalization of heteroarenes and hydrogenation of ketones. We could
successfully demonstrate the intramolecular C(sp?)—H/C-(sp®>)~H oxidative coupling to
synthesize cycloindolones, hydrocarbazolones, and indenoindolones for the first time using a
nickel catalyst. Similarly, nickel-catalyzed alkylation of indoles and Fe-catalyzed synthesis of
3-substituted 3-amino oxindoles were elaborately discussed. Moreover, pincer-ligated nickel
complexes were developed and employed in the transfer hydrogenation reaction. Additionally,
detailed mechanistic studies were performed for all the protocols to understand the reaction
pathways, which could help in the future development of efficient and novel catalytic systems.

In Chapter 1, we have summarized recent developments in the field of base metal-
catalyzed functionalization of heteroarenes and hydrogenation reactions. This chapter mainly
highlights the Mn, Fe, Co, Ni, and Cu-catalyzed recent developments in C-H functionalization
of heteroarenes. Chapter-2 describes an efficient method for nickel-catalyzed intramolecular
C(sp?)—H/C(sp®)—H and C(sp?)—H/C(sp?)—H oxidative coupling in indoles via monodentate
chelation assistance. This reaction provided a direct approach for the synthesis of diversely
functionalized, biologically relevant indolones in high yields and good chemoselectivity.An
extensive mechanistic investigation by various controlled experiments, kinetic analysis,
deuterium labeling experiments, and DFT calculations revealed a facile indole’s C(2)—H
nickelation and a rate-limiting reductive elimination process. This intramolecular oxidative
cyclization operates via a probable Ni(I1)/Ni(1l1) pathway involving a single-electron transfer
(SET) process.

In chapter-3, a straightforward nickel-catalyzed protocol for the regioselective C(2)-H
bond alkylation of indoles and other heteroarenes with a wide range of alkenes is discussed.
The current protocol showed the coupling of diverse aromatic alkenes with heteroarenes
including indole, imidazole, and benzimidazole derivatives and provided moderate to excellent
yields of alkylated products. This nickel-catalyzed reaction exclusively provided the
Markovnikov selective alkylated products. Preliminary mechanistic studies suggested a single-
electron transfer (SET) pathway for the reaction.

To extend our studies for the development of novel methods for the functionalization
of heteroarenes, Chapter-4 highlights an efficient method for the straightforward synthesis of
3,3-disubstituted-3-amino-2-oxindoles with the generation of a stereogenic quaternary center

in the presence of inexpensive iron(lll) catalyst. The reaction conceded the coupling of
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diversely substituted N-methoxy benzamides with isatin derivatives and provided various
biologically relevant 3-substituted-3-amino oxindoles in presence of a simple iron(l11) salt. An
extensive mechanistic investigation by experiments and theoretical calculations revealed the
reaction proceeds via the formation of isatin ketimine and N-(hydroxymethyl)benzamide
intermediates. The scalability of this protocol was demonstrated with a gram-scale reaction.
The amination reaction proceeds through a single-electron transfer (SET) process.

Further, we describe the synthesis of new NNN-oxazolinyl-pincer nickel complexes
and their application in the transfer hydrogenation of ketones. A range of achiral and chiral
NNN-oxazolinyl based ligands and their nickel complexes were synthesized in moderate to
good vyields. All the synthesized ligand precursors and nickel complexes were thoroughly
characterized by NMR spectroscopy, HRMS, and elemental analysis. The single-crystal X-ray
diffraction study elucidated the molecular structures of some nickel complexes. The well-
defined nickel complexes efficiently catalyzed the transfer hydrogenation of ketones using

isopropanol as a hydrogen source.

6.2 OUTLOOK

In the last few decades, significant progress has been achieved to functionalize various
heteroarenes employing base metal catalysts. However, many protocols required extreme
conditions, such as high temperature, use of a strong base, and the usage of the stoichiometric
amount of metal oxidants. Thus, the development of environment-friendly and sustainable
methods is essential. Furthermore, the base metal-catalyzed asymmetric functionalization of
heteroarenes remains as a challenge in organic synthesis. Hence, there is a need to develop an
efficient protocol for the enantioselective C—H alkylation as well as the synthesis of chiral 3-
amino oxindoles using base metal catalysts. A design of suitable chiral oxazoline-based amino
phosphine ligands or chiral carbene ligands could help in asymmetric transformations. Our
studies show that base metal is able to synthesize 3-amino oxindoles, thus, the development of
efficient protocols for the synthesis of spirocyclic oxindoles using base metal catalyst would
be highly desirable. Moreover, an enantioselective hydrogenation of ketones using chiral nickel
complexes is rarely studied. Therefore, the design of a suitable chiral nickel catalyst to achieve
chiral synthesis is highly desirable. A rigid NNP- or PNP-pincer ligand system along with
nickel precursor could reduce prochiral ketones to achieve chiral alcohols. The outlook of the
thesis would help to find a better catalytic system for milder and selective functionalization of

heteroarenes and enantioselective hydrogenation reactions.
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Chapter 1 deals with the detailed literature survey on recent development for the base
metal-catalyzed C—H functionalization of heteroarenes and hydrogenation of ketones. In
Chapter 2, the C(sp?)—H/C(sp*)—H and C(sp?)—H/C(sp?—H intramolecular oxidative couplings
in indoles for the synthesis of biologically relevant indolones employing an air-stable and
defined nickel catalyst, (bpy)Ni(OAc)2 have been described. An extensive mechanistic
investigation by the controlled study, kinetic analysis, deuterium labeling experiments, and
DFT calculations supported a Ni(I1)/Ni(l11) pathway for the oxidative coupling comprising the
rate-limiting reductive elimination process.

An efficient protocol for the C—H alkylation of indoles with alkenes using a nickel
catalyst via a hydroarylation strategy was achieved under solvent-free conditions (Chapter 3).
This method is applicable to both the electron-rich as well as electron-poor indoles providing
Markovnikov selective alkylated products. Preliminary mechanistic studies suggested that the
alkylation reaction proceeds through a single-electron transfer (SET) pathway.

Chapter 4 deals with the development of an efficient method for the synthesis of 3,3-
disubstituted-3-amino-2-oxindoles with the generation of a stereogenic quaternary center in the
presence of an iron(111) catalyst. The coupling of N-methoxy benzamides with isatin derivatives
provided various biologically relevant 3-substituted-3-amino oxindoles. Detailed mechanistic
studies revealed that the reaction proceeds via the formation of isatin ketimine and N-
(hydroxymethyl)benzamide intermediates, and the N-methoxy group of benzamide is the
source of methylene group in products.

Synthesis and characterization of new NNN-oxazolinyl-pincer nickel complexes and
their application for the transfer hydrogenation of ketones were described in Chapter 5. A series
of achiral and chiral NNN-ligands and pincer nickel complexes were synthesized in good
yields. All the ligand precursors and nickel complexes were characterized by NMR

spectroscopy, HRMS or elemental analysis.
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nickelacycle. An extensive mechanistic investigation by experiments
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nickelation and a rate-limiting reductive elimination process. This
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intramolecular oxidative cyclization operates via a probable Ni(Il)/
Ni(IlI) pathway involving single-electron oxidation of nickel without

the participation of a carbon-based radical.

KEYWORDS: C—H activation, cycloindolones, indenoindolones, indoles, mechanism, nickel, oxidative coupling

B INTRODUCTION

The indole represents a privileged structural motif, embedded
in diverse biologically active molecules and natural products,
including functional materials." In particular, polycyclic
derivatives of indole, possessing five- and six-membered
rings, are of great significance due to their enormous
pharmacological activities like anticancer,” anti-Alzheimer’s
disease,” antihypertensive,” anti-inflammatory” and antimi-
graine,6 inhibitors of protein kinase CK2,” and their direct use
in the development of potential therapeutic agents (Scheme
1a).® Therefore, significant effort has been devoted to
developing eflicient protocols for the site-selective functional-
ization of indoles.” Most synthetic methods leading to
polycyclic indoles rely on sequential multistep process,'
limiting the creation of substitution-diversity in the final
product and/or needed harsh conditions. Recent progress in
C—H functionalization led to the synthesis of various chiral
and achiral five- and six-membered-ring products via hydro-
functionalization'' or direct intramolecular couplings.'”
Notably, many of these protocols utilize high loading of
expensive noble metal catalysts like palladium, rhodium,
iridium, and/or acidic reaction conditions.

More recentlyy, C—H/C—H oxidative coupling has been
established as a powerful tool for building complex molecules
from simple precursors,13 as it does not necessitate the

© 2021 American Chemical Society

7 ACS Publications

prefunctionalization of substrates. Owing to the sustainability
and cost advantage,'* the 3d transition metal catalyst for
C(sp®)—H/C(sp>)—H oxidative coupling has been substan-
tially explored."*"'® However, the activation and coupling of a
more strenuous C(sp®)—H bond continues to remain
challenging.'® Relevant to this work, nickel catalysts have
been successfully applied to the C(sp*)—H/C(sp’)—H
oxidative couplings in amides.'” In fact, Chatani reported an
oxidative coupling involving a C(sp®)—H bond in toluene
derivatives with benzamides in the Ni(II)-catalyzed reaction.'®
Similarly, Cai demonstrated the C(sp®)—H coupling of 1,4-
dioxane with C2- and C3-positions of indoles (Scheme 1b)."”
Our group found that a Ni(II) precatalyst can effectively
catalyze the C(sp?)—H/C(sp*)—H oxidative coupling of
indoles with toluene using 2-iodobutane as a mild oxidant
(Scheme 1c).”” Notably, an excess of the C(sp’)—H
containing partner is used in these reactions to favor the
intermolecular coupling entropically; a privilege that cannot be
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We describe the synthesis of new NNN-oxazolinyl-pincer nickel complexes and their application in the
transfer hydrogenation of ketones. Achiral NNN-ligands, R’;-oxazolinyl-2-CgH4-NH-C(O)CH,NEL,
[(R2-O*NNNF?)—H; R" = H (3a), R = Me (3b)], and chiral ligands, (R)-R’-oxazolinyl-2-CgHa-NH-
C(O)CH,NEt, [(R)-(*"OXNNNE2)-H; R’ = Ph (3c), R’ = CH,Ph (3d), R’ = 'Pr (3e), R’ = CH,'Pr (3f)], were
efficiently synthesized. Treatment of these ligands with (DME)NICl, afforded the desired amido-pincer
nickel complexes, (F2"OXNNNF?)NICL [R’ = H (4a), R’ = Me (4b)] and (R "O*NNNE?)NICL [R’ = Ph (4c),
R’ = CH,Ph (4d), R’ = 'Pr (4e), R’ = CH,'Pr (4f)], in good yields. All the ligand precursors and nickel
complexes were thoroughly characterized by various analytical techniques. The molecular structures of
4a, 4d and 4f were established by X-ray crystallography. The developed nickel complexes were found to
be efficient catalysts for the transfer hydrogenation of ketones using 'PrOH as a viable hydrogen source.
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Introduction

Tridentate pincer-ligated transition metal complexes are
extensively used as catalysts in various organic transformations
due to their high thermal stability and unique chemical
reactivity." In particular, a number of pincer complexes containing
group 10 transition metals, like Pd and Pt, have largely been
studied in the area of organometallic chemistry and catalysis.
In contrast, recently, pincer nickel complexes have attracted much
attention in view of their economic viability, sustainability and
environmental benignity.> Nickel complexes based on PCP,*
POCOP,” NCN,® PCN,” PNP,® CNC,’ and CCC™ ligand systems
are considerably developed and exploited by traditional catalytic
coupling reactions, hydrosilylation, hydroboration, C-H functio-
nalization and many other reactions. Many of these nickel
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2074095 (4f). For ESI and crystallographic data in CIF or other electronic format
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i These authors contributed equally.
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Enantioselectivity in hydrogenation was not observed with the developed chiral catalysts.

catalysts are associated with high activity, and there is an excellent
scope for their desired transformations. In their interesting
contribution, Sun and Khalimon independently demonstrated
the synthesis of CNN- and POCN-ligated nickel complexes,
respectively, for the transfer hydrogenation of ketones."

Phosphine-free, nitrogen-ligated NNN-pincer nickel complexes
would be more economical and can be handled smoothly without
any special inert atmosphere techniques. Moreover, the strong
o-donor nitrogen atoms in the ligands would make the nickel
complexes electron-rich. This can lead to the stabilization of nickel
complexes under a high oxidation state and would facilitate
oxidative addition, an important elementary step in various cata-
Iytic reactions. Previously, a variety of NNN-nickel complexes were
developed and used in diverse catalytic applications. Hu developed
NNN-nickamine and extensively employed it in traditional C-C
couplings and C-H functionalization reactions (Fig. 1)."*> Recently,
our group demonstrated the synthesis and catalytic activity of
many robust NNN-pincer nickel complexes (Fig. 1)."* All these
NNN-ligated complexes were exceptional in the desired organic
transformations. Therefore, further development of NNN-Ni-
pincer systems, particularly the chiral analog, is essential to under-
stand their potential in chiral transformations. In this context,
herein, we report the synthesis and characterization of a series
of achiral and chiral oxazolinyl-based NNN-pincer nickel
complexes. These complexes are used for the transfer hydro-
genation of ketones to alcohols using isopropanol as a sacrificial
hydrogen source.

New J. Chem., 2021, 45, 11927-11936 | 11927
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ABSTRACT: Alkylation represents an important organic trans-
formation in molecular science to develop privileged alkylated
arenes and heteroarenes. Especially, the direct C—H bond
alkylation using unactivated alkyl halides is a straightforward and
attractive approach from both the step-economy and chemo-
selectivity perspectives. Substantial progress has been made in the
direct alkylation using primary, secondary, and tertiary alkyl halides
along with the methylation and fluoroalkylation. This Review
broadly summarizes the transition-metal-catalyzed alkylations of
C—H bonds on various arenes and heteroarenes with unactivated
alkyl halides until October 2020. On the basis of the substrates
utilized for alkylation, the Review is divided into two major
sections: alkylation of arenes and alkylation of heteroarenes.
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1. INTRODUCTION

Alkyl arenes and heteroarenes are the privileged structural
motifs with vast applications in pharmaceutical and perfumery
industries as well as in functional materials. They possess
intrinsic lipophilic character because of the presence of an alkyl
chain; thus, they provide the desired characteristic features for
the drugs and agrochemicals. The classical alkylation strategy is
mostly based on Friedel—Crafts reaction’ or radical alkylation,”
both of which suffer from several drawbacks, including reaction
inefficiency, low selectivity, and limited substrate scope. The
development of transition-metal-catalyzed cross-coupling of
organometallic substrates with an alkyl electrophile has been
envisaged as an alternative protocol for alkylation.” Various
precious metal catalysts and inexpensive 3d metal catalysts are
efficiently demonstrated for this process and could address the
limitations associated with earlier approaches. Though this
traditional cross-coupling has found extensive applications in
academia and across industries, the protocol still needs
prefunctionalized organometallic substrates. Thus, it involves
multistep synthesis leading to the formation of stoichiometric
metallic-waste. In recent years, transition-metal-catalyzed
direct C—H bond alkylation has emerged as a robust and
beneficial alternative to traditional alkylation.4 Notably,
compared with the installation of aryl, alkenyl, or alkynyl
functionalities, the direct C—H bond alkylation is more
challenging for various reasons. However, recent advancement
in this area led to the development of several environmentally
friendly and efficient processes for the direct introduction of an
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alkyl group onto the organic scaffolds with the assistance of
transition metal catalysts.’

A variety of alkylating reagents have been employed for the
C—H bond alkylation of (hetero)arenes. The alkylating source
includes alkyl halides, alkenes, alkyl organometallic reagents,
azo-alkyls, carboxylic acid derivatives, alkanes, and alcohols
(Scheme 1).° Particularly, the alkyl halides and alkenes are
most commonly employed for alkylation, whereas the azo-
alkyls are gaining recent attention. The use of alkenes for the
alkylation, which proceeds via a hydroarylation protocol, has
been extensively studied and recently summarized in reviews.”
Though a range of cheap alkenes can be used as coupling
partners for the alkylation via hydro-functionalization, the
linear versus branched selectivity poses a significant hurdle. On
the other hand, direct alkylation of the C—H bond with
unactivated alkyl halides provides a specific and targeted
product, though it produces halide waste. Moreover, alkyl
halides are prevalent chemical building blocks, and they are
widely commercially available and easily synthesized from
abundant starting compounds. However, the use of unactivated
alkyl halides containing pf-hydrogens in transition-metal-
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A mild and efficient nickel-catalyzed method for the coupling of unactivated primary and secondary alkyl
chlorides with the C—H bond of indoles and pyrroles is described which demonstrates a high level of
chemo and regioselectivity. The reaction tolerates numerous functionalities, such as halide, alkenyl,

alkynyl, ether, thioether, furanyl, pyrrolyl, indolyl and carbazolyl groups including acyclic and cyclic alkyls
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a single-electron transfer (SET) process with Ni()-species being the active catalyst. Overall, the alkylation

DO 10.1039/c95c01446b follows a Ni()/Ni(m) pathway involving the rate-influencing two-step single-electron oxidative addition of

rsc.li/chemical-science alkyl chlorides.

Introduction

Functionalized heterocycles are core structures that are found in
many natural products, vital drug candidates, and other
compounds with significant biological activity.* Therefore, direct
and regioselective C-H functionalization of heteroarenes,?
including that of privileged indoles,* by transition-metal catalysis
has attracted considerable attention. Particularly, the regiose-
lective alkylation of indoles to synthesize alkylated indoles is an
important yet challenging reaction.* The biggest hurdles in the
development of an alkylation protocol using unactivated alkyl
halides, especially those with B-hydrogen atoms, are the reluc-
tance of these electrophiles to undergo oxidative addition, and
their tendency to encounter competitive side reactions (B-
hydrogen elimination and hydrodehalogenation).

Although the C-3 alkylation of indoles can be achieved by
catalytic Friedel-Crafts alkylation, allylic alkylation, and
conjugate addition,’® the regioselective direct C(2)-H alkylation
of indoles with alkyl halides is extremely limited.® For example,
Bach has demonstrated the C-2 alkylation of indoles with alkyl
bromides via a norbornene-mediated Catellani-type reaction,”
using a high loading of the precious Pd-catalyst. In contrast,
nickel-catalyzed alkylation of indoles using alkyl iodides was
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demonstrated by us,® wherein a high reaction temperature (150
°C) is essential for successful reaction.

Surprisingly, to date, the selective alkylation of indoles and
other related arenes has primarily been achieved by employing
reactive alkyl iodides or bromides.” However, the attempt to use
high-demand and inexpensive alkyl chlorides has been less
successful.’ Therefore, a generalized protocol for the direct C-2
alkylation of privileged indoles and related heteroarenes using
readily available, inexpensive and challenging alkyl chlorides
under mild conditions is highly desirable. Herein, we report the
first general method for the coupling of unactivated alkyl chlo-
rides with the C-H bond of indoles and pyrroles using a natu-
rally abundant and inexpensive Ni(u)-catalyst at 60 °C. Notable
aspects of this work include (i) mild and efficient C-H alkylation
of indoles and pyrroles, (ii) ample scope with challenging alkyl
chlorides with a high degree of tolerance in functionality, (iii)
exceptional chemo and regioselectivity for C-halide activation,
and (iv) mechanistic insights by detailed experimental study.

Results and discussion

In general, most of the previous nickel-catalyzed C-H func-
tionalizations employ high reaction temperatures (130-160 °C)
to achieve the desired coupling products," which significantly
limit the methodologies. To make the Ni-catalyzed C-H func-
tionalization more general and practical, the major challenge is
to perform the reaction under mild conditions employing
a wide variety of inexpensive and high-demand unactivated
chloro-electrophiles. To achieve this target for alkylation, we
screened the coupling of alkyl chlorides with indoles in the
presence of lithium bis(trimethylsilyl)Jamide (LiHMDS) at 60 °C.
An optimization study was initiated for the coupling of 1-
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