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ABSTRACT

The thesis is divided into five different chapters. Chapter-1 deals with the detailed
literature survey on the synthesis of palladacycle complexes, and their applications in traditional
cross-coupling as well as in direct C—H bond functionalization of arenes and heteroarenes.
Mechanistic aspect of the palladium-catalyzed coupling reaction is also reviewed. Similarly, this
chapter includes reports on the NNN-pincer nickel complexes, their application in traditional
cross coupling and C—H functionalization, and catalytic aspects. The C—H bond functionalization
of heteroarenes with simple nickel precursor is also discussed in this chapter.

Chapter-2 describes the syntheses of mono- and binuclear palladacycles via regioselective
C—H bond activation, and application in azoles arylation. Palladacycles containing C-anionic
four-electron donor (CE) or six-electron donor (ECE) ligand (E = donor group) have many
attractive structural features. Generally, the selective synthesis of CE- and ECE-palladacycle
requires the introduction of a site selective activating group (-SiMes) in the ligand backbone.
Thus, in this chapter, we focussed on the syntheses of new unsymmetrical “POCN” pincer-type
ligands, and their “PC”-chelated binuclear, [x",x“-PC-PdCl]; (CE-type) and “POCN”-
coordinated mononuclear, («*,x%,x"-POCN)PACI (ECE’-type) palladacycle complexes via the
regioselective C—H bond activation. More importantly, the steric and electronic influence of base
on the regioselective C—H palladation is demonstrated by extensive kinetics analysis. All the
palladacycles were well-characterized by various analytical techniques, including X-ray crystal
structure determination. The palladacycle complexes were screened and employed as catalysts
for direct C—H bond arylation of azoles with aryl iodides.

Chapter 3 describes the nickel-catalyzed chemo and regioselective C-2 alkylation of indoles
with unactivated primary and secondary alkyl chlorides. We have demonstrated a new
methodology, wherein a simple Ni-catalyst system (thf),NiBr,/bpy was efficiently employed for
the C-2 alkylation of indoles at mild condition using unactivated alkyl chlorides as coupling
partners. We have successfully demonstrated various substrate scopes for alkylation of indoles
using diverse unactivated alkyl chlorides. Different functional groups, like halides, alkenyl,
alkynyl, ether, thioether, furanyl, pyrrolyl, indolyl and carbazolyl including acyclic and cyclic
alkyls were well tolerated under optimized reaction condition. Mechanistic experiments like
kinetics, external additive experiment, radical probe experiment, deuterium labeling experiments
were performed to get more insight of the reaction mechanism. EPR and XPS studies were done

to analyze the reactive nickel intermediate. A comprehensive mechanistic study highlights that
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the alkylation proceeds through a single-electron transfer (SET) process with Ni(l)-species being
the active catalyst. Overall, the alkylation follows a Ni(l)/Ni(lll) pathway involving the rate-
influencing two-step single-electron oxidative addition of alkyl chloride.

Chapter 4 describes regioselective nickel-catalyzed C-2 arylation of indoles with unactivated
aryl chlorides. A simple nickel catalyst system Ni(OAc),/dppf was found to be suitable for the
arylation of indole and pyrrole derivatives with diverse aryl chlorides at relatively mild
conditions. Varieties of functional groups, such as —F, -OMe, —OCF3, ether, thioether, pyrrolyl,
indolyl and carbazolyl were tolerated under the reaction conditions. Detailed mechanistic study
for this arylation reaction has been performed, including external additive experiments,
deuterium labeling experiments and kinetic experiments to get insight of the reaction
mechanism. Mechanistic study highlights that the arylation proceeds through a single-electron
transfer (SET) process.

Chapter 5 discusses about the synthesis of hemilabile (*“NNN?%)-H ligand and pincer nickel
complexes. The synthesized complexes were characterized by different spectroscopic techniques
and the structures were confirmed with the help of X-ray diffraction technique. These complexes
were screened and employed for the C—H bond alkylation of indole. Selective substrates scope
has been demonstrated using this nickel catalyst. This chapter also deals with the one-pot
strategy for the dehydrogenative alkylation of indolines to achieve C-2 alkylated indoles via a

monodentate-chelate assistance strategy.
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Chapter 1

This chapter describes the general classification, synthesis, and applications of
palladacycle complexes. The main focus is on the palladacycle systems and their applications in
the field of catalysis and C—H bond functionalization. In addition, the fundamental properties and
synthetic routes of the palladacycle complexes are discussed. The utilization of palladacycle
complexes in various catalytic transformations and their mechanistic study is documented in
details. Similarly, nickel-catalyzed C-H functionalization such as alkylation, arylation,
alkenylation, alkynylation, and the mechanistic aspect of nickel-catalyzed reaction is discussed.

Historically, there are many events responsible for the development of metallacycle
chemistry. Kleiman and Dubeck in 1963 discovered the metallacycle by the reaction between
Cp2Ni and azobenzene resulting in a five-membered nickelacycle (Figure 1.1)." They have
proposed the resultant structure by considering 5-coordination of the N=N z-bond to the nickel
center. This cyclometallation chemistry was continued to other members of transition metals.
Between the year 1965 and 1968 analogous reactions were carried out by Cope, Siekman and
Friedrich with N,N-dimethylbenzylamines and azobenzene 1.1, using Li,PdCl,or PdCl; and they
have isolated the first well-characterized palladacycle complex 1.2 (Scheme 1.1).2°

| /NiCp

N

N

S

High thermal stability exhibited by these compounds, particularly in the solid state, is the

Figure 1.1 First metallacycle complex.

most important factor for the development of palladacycle complexes. In 1995, Herrmann et al.
introduced the tri-o-tolyl-phosphine palladacycle complex as catalyst precursor for the cross-
coupling reactions.* These palladacycle complexes were useful in activating more economic
substrate such as aryl chlorides than those applied so far (aryl iodides or aryl triflates).’
Palladacycle complexes enabled the industrial application of these cross-coupling reactions.
Since then, these complexes are being used as catalyst precursors or active intermediates to

complex molecular transformation and have been ubiquitous in the catalytic reaction.®’
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[ j [ :[ cl
Li,PdCl, Pd@
2

N EEEEE— N
\\N MeOH, rt \\N/
11 1.2

Scheme 1.1 Synthesis of first palladacycle complex.

The strong and stable chelation metal-carbon o-bond provides high air and thermal
stability to palladacycle complexes due to which it can perform various attractive catalytic
transformations.? Different steric and electronic properties around the palladium can be tuned by
changing the substituent around the donor-atoms. These properties of palladacycles make them
extraordinary catalysts for various important organic transformations, such as C—C and C—N
bond forming reactions, oxidations, and many other reactions.®'® The hemilabile character of
such systems could provide the suitable steric, electronic and coordination demands during the
different steps of a catalytic reaction.

1.1 Classification of Palladacycles

On the basis of donating ability of coordinated atoms, palladacycles can be divided into
two types: C-anionic four-electron donor (CE) and six-electron donor (ECE). The ECE type of
palladacycles can be further distinguished into two types: symmetrical (ECE type) and
unsymmetrical (ECE’ type) (Figure 1.2a-c). The CE type palladacycles (halogen or acetate
bridged dimer) mostly stay in two geometric isomers cisoid and transoid conformations (Figure
1.2d-e). The CE-type palladacycles, depending upon the nature of the X-type ligands can be

neutral (dimer,? bis-cyclopalladated,** or monomeric'?), cationic,"® or anionic™* (Figure 1.3).
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(a) N
/
Pdﬁ
/ N2
E

E= NR2, PRz, ASR2
OR, SR or SeR

(CE) Type

(d)

N \Pd/

C/d\/ ~e

Cisoid-palladacycle

(b)

OR, SR or SeR
(ECE) symmetrical Type

Figure 1.2 Classification of palladacycle.

CIH
Pdvﬁ“r

Ph

Dimer

Cl
/

Pd
/ “Cl
N

M62

Anionic

Figure 1.3 Examples of CE palladacycles.

(c)

E—Pd—E E—Pd—F'
X X
E = NR,, PR,, AsR, E= PR

\/\/

/

Transoid-palladacycle

M62
N P
P4 Pd '
/ / “Cl
N
Mez M62
bis-cyclopalladated monomeric
+
+ NCMe
NR4 Pd’ -
/  NCMe | BF4
N
M92
Cationic

E'= NR,, OR, SR

(ECE") Unsymmetrical Type

The ECE-type palladacycles can be of two types: symmetrical®®*® or unsymmetrical'®%

(Figure 1.4). The metalated ring size of palladacycles can vary from 3 to 11 members (Figure

1.5).2*2° Notably, the stable three and four-membered palladacycles are very limited, and

examples of isolated and well-characterized compounds are very rare.
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Cl
X
@) @) O @)
) I I I . /
ProP—Pd—FP'Pr, PhoP—Pd—NPr, MezN—Pld\E
Cl Cl c 2
Symmetrical Unsymmetrical Unsymmetrical

Figure 1.4 Examples of ECE palladacycle.

PPhs /NMe2 O O Ph o
P(lj/l Pd— PtBUQ ~ P
PPh, Cl l ~Y
Spd’ \ AT Pd—OAG P9
™ e N(CH5);COMe 2 O o O cl

Bn

Figure 1.5 Palladacycles having a different ring size.

1.2 Methods of Preparation of Palladacycles

Palladacycles can be synthesized by means of different chemical methods such as C-H
activation, oxidative addition, transmetalation, and nucleophilic addition to an unsaturated bond.
The stability of these palladacycles depends on the chelate ring size. Generally, the five- and six-
membered chelate rings are more stable as compared to other palladacycle due to the formation

of a stable Pd-C bond, assisted by two-electron donor group coordinated to the palladium.

1.2.1 C-H Bond Activation

Chelation assisted palladation also called ortho palladation of C-H bonds are the simplest
and direct method for the preparation of palladacycles.’® This method involves the C—H
activation process which requires simple metal precursor compared to the procedure based on
oxidative addition. For example, a common palladium precursor such as tetrachloropalladate salt
(Scheme 1.2a) or palladium acetate (Scheme 1.2b) can be used for the palladation reaction.* For
example, the N,N-dimethyl-1-phenylmethanamine (1.3) was treated with tetrachloropalladium in
the presence of Et3N to give palladacycle 1.4. Similarly, the 8-methylquinoline (1.5) was treated
with palladium acetate to get the complex 1.6. These palladium precursors are cost-effective and

easy to handle.
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. |
(a) y LipPdCly, NEts _ 5 d;%\
/=
NMe, M’\(le
13 2 1.4
éc
H s
(b) Pd(OAC), P N}k
N HOAG N 2
A XN
5 1.6

Scheme 1.2 Synthesis of CE-palladacycle via C—H activation method.

The C—H activation process generally depends on the ligand moieties attached to the Pd(Il)
metal precursor. It was demonstrated that efficient C—H functionalization can be achieved with
the ligand having weakly co-ordinating side arms using Pd(l1) salts, such as Pd(OCOCFs),***? or
Pd(BF4)2(CH3CN)4. %% In 1997, Milstein demonstrated the synthesis of (PCP)Pd-complex (1.8)

via the C—H activation of PCP pincer ligand 1.7 with Pd(TFA), salt (Scheme 1.3).*

THF

+ PATFA), — >
PryP PiPr, 80°C PrP—Pd—P"Pr
TFA
1.7 1.8

Scheme 1.3 Synthesis of (PCP)Pd-complex via C—H activation process.

1.2.2 Oxidative Addition

Oxidative addition method is very advantageous for the synthesis of palladacycles that
cannot be obtained by C—H bond activation method. One of the most crucial differences between
oxidative addition and C-H bond activation method is the need of metal precursors having
different oxidation state. In the case of oxidative addition strategy, the oxidative addition of C—X
bond on ligand is performed with Pd(0) species like Pd(PPhs), or Pd,(dba)s, but in the case of
C—H bond activation method the reaction is achieved with Pd(Il) precursors. Many palladacycles

are synthesized by adopting oxidative addition strategy. For example, complex 1.10 could be
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synthesized by reacting compound 1.9 with Pd(PPhs), palladium precursor (Scheme 1.4a).*’
Similarly, the complex 1.12 was obtained by reacting compound 1.11 with Pd,(dba)s; (Scheme

1.4b).*% In most of the reaction, Pd(dba),, Pda(dba); or Pd(PPhs), are used as palladium
Precursors.

I
O | Pd(PPhs), O /

benzene, 50 °C ' \PPhg

O NH, O NH,
1.9 1.10

(a)

OMe OMe
OMe OMe
b
®) Pds(dbals B
Br > Pd
MeOH / N’N
~ N 2
N N
R 1.11 R 1.12
R = Me,Bu, Ph

Scheme 1.4 Synthesis of (CN)-Pd complex by oxidative addition of C—X bond.

Oxidative addition is a feasible method for palladacycles containing less stable cyclic ring
such as three- and four-membered rings. Moreover, this method is convenient for the synthesis of
palladacycles containing reactive functionalities. For example, the complex 1.14 was derived
from the ligand 1.13 via oxidative addition method (Scheme 1.5).° Palladacycle 1.14 may
further undergo transformations leading to the synthesis of heterobimetallic systems. Generally,
the accessibility of the halogen-containing desired starting material is the major drawback of the
oxidative addition methodology, which was prepared by a multistep procedure.

Pd,(dba);.CHCI,

toluene, -80 °C o

Me,sN Br NMe, MezN—PId—NMe2
Cl
1.13 1.14

Scheme 1.5 Synthesis of functionality containing palladacycle via oxidative addition.
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1.2.3 Transmetalation

Transmetalation is a type of organometallic reaction that involves the transfer of ligands
from one metal to another. This is a more often-used methodology for the preparation of
palladacycles. Generally, organolithium or organomercurial reagents are used as a
transmetallating agent. For example, selective lithiation of the ligand 1.15 or by Li/halogen
exchange, the organolithium reagents 1.16 can be prepared with quantitative yield and
corresponding lithiated compound can be reacted with (COD)PdBr; to get the complex 1.17
(Scheme 1.6).**

"BuLi (COD)PdBr,
thf, rt _
Me,N Br NMe, Me,N Li  NMe, MezN—FI’d—NMez
Br
1.15 1.16 1.17

Scheme 1.6 Transmetallation with organo-lithium compound.

Some typical halogen dimer palladacycle 1.19 having labile SiMe; group located at the
metalated carbon can be achieved by transmetalation reactions using PdCl,(SMe), with bis-
cyclopalladated compounds 1.18 (Scheme 1.7).*> These types of transformations are not
accessible through other methods. Transmetalation approach can also be used for the synthesis of
bis-cyclopalladated complex. For example, the organolithium compound 1.20 with the halogen
dimer palladacycles 1.4 can easily produce the bis-cyclopalladated complex 1.21 containing N-

or O-donor group (Scheme 1.8).34

SiMe3 SiMe,
Mez c
Cl / !
PdCly(SMey)s 12 Pd;ﬁ( P Pd){ﬁK
toluene, reflux N/ 5 N/ 2
M62 M82 Mez
1.19 1.4

Scheme 1.7 Transmetalation by bis-cyclopalladated complex.
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Mez
N
Cl Et,O, 0 °C /
L+ 1/2 pd;{ﬁi 2= > Pd
/ X2 /
NMe, N N

Mez MeZ
1.20 1.4 1.21

Scheme 1.8 Bis-cyclopalladated compounds via transmetalation process.

1.2.4. Carbopalladation and Halopalladation of Unsaturated Carbon Bonds
Carbopalladation and halopalladation reaction involves the first step as coordination of the
olefin group to the metal centre. The C=C bond of the compound 1.22 co-ordinates to the
electrophilic Pd(Il) centre in a 7 fashion to generate compound 1.23. Attack of a nucleophile to
the unsaturated carbon of compound 1.23 gives the more stable palladacycle compound 1.24.
Five-membered palladacycles are preferred over six-membered rings (Scheme 1.9).*“ The
formation of the intermediate generated through the chelation of both donor groups as well as

C=C bond is crucial for the formation of the palladacycle.

Nu
~ cl
e
(PhCN),PdCl, /Pd
|N thf, rt o N 2
N I
NS
1.22 1.24

Nu = OMe, CH(CO,Me),

Scheme 1.9 Palladacycles via palladation of the unsaturated bond.

Terminal allyl and homo-allyl alkenes can also form palladacycles very frequently than the
internal alkenes.*”*® This type of chloropalladation reaction method is helpful for the preparation
of nonsymmetrical pincer palladacycles. For example, heterosubstituted acetylenes (1.25) reacted
with palladium precursor in the presence of methanol solvent to obtain the PCN-palladacycle
1.26 (Scheme 1.10).2%4

Ph.D. Thesis: Dilip Kumar Pandey 9



Chapter 1

)

Q “PR,
PR, Li,PdCl,
AN MeOH, rt ) Pd—cCl
Cl
NMe, NMe,
1.25 1.26

Scheme 1.10 ECE’ type palladacycles via chloropalladation of acetylenes.

1.3 Catalytic Applications of Palladacycle Complexes
1.3.1 Traditional Cross-Coupling Reactions

High thermal stability, unique reactivity and well-defined nature of the palladacycle
complexes make them useful catalysts for various practical applications. The possibility of
tuning the metal reactivity via rational donor group variation provides access to unique reactivity
through palladacycle. The literature reports show that the palladacycle complexes have been
used mostly for the traditional cross-coupling reactions, which includes the C-C bond forming
reaction.”®** Milstein and others reported the Heck reaction catalyzed by ECE type palladacycle
catalyst.®**" Later, ECE types of palladacycle complexes were explored for other cross-
coupling reactions, such as Suzuki-Miyaura reaction,”*® Sonogashira reaction,®*% Stille

coupling,**** Hiyama'® and Negishi coupling.****%

1.3.1.1 Palladacycle in Heck Cross-Coupling Reactions

Heck reaction is synthetically most important coupling reaction. Palladium-catalyzed Heck
cross-coupling reaction is basically C—C bond forming reaction between olefin and aryl halide or
vinyl halide, which occurs in the presence of a base. Heck coupling reaction provides an easy
access for the synthesis of various substituted alkenes and highly luminescent organic materials.
This reaction also offers a convenient method for the synthesis of olefinic intermediates for
pharmaceuticals, fine chemicals, and as building blocks of polymers.

The dimeric palladacycle complex [Pd(u-OAc)(P(OPh),(OCgsH,)]. reported by Harmann et
al. was employed to the various traditional cross coupling catalytic reactions like Heck coupling
reaction (Scheme 1.11).* The dimeric palladacycle 1.27 was found to be a good catalyst for the
reaction of aryl halides with styrene in DMAc using CH3COONa as the base at 135 °C.
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127 (0.0005 mmol) _ — 7: R
+ X N\ pa’ R
\ JNR'  CHzCOONa, DMAc \p o o
' Me
135°C, 12 h Ve s
X=Cl, Br TON = 200000 R.P'Pd R = o-tolyl
R =H, CHz, OCH, up to 99% yield R d
CHO, CN, etc. 1.27

Scheme 1.11 CE type palladacycle for Heck reaction.

The most challenging coupling partner for Heck reaction, such as aryl bromide and aryl
chloride can be coupled with olefin by using pincer palladium complex (Scheme 1.12). Jensen
and co-worker have reported coupling reaction of most challenging aryl chloride with olefin
employing five-membered phosphinito palladium complex 1.28 in good yields.”® Similarly
Milstein described the pincer palladium catalyzed Heck reaction of aryl iodide with methyl
acrylate with high turnover numbers.®! In addition to these reports, there are many examples on
pincer palladium catalyzed Heck reaction using various aryl halides and pseudo halides coupling

partners.

R 1.28 (g.6O7Am0| %) - _Ph O—F)’F)r2
o+ om 88Ny
1,4-dioxane Pd-ClI
o
120°C, 24 h 12 examples O—PiPr,1.28
R = OMe, Me, CHO up to 99% yield fa %

Scheme 1.12 Heck coupling reaction using palladium complex.

1.3.1.2 Palladacycle in Suzuki-Miyaura Coupling Reaction
The Suzuki-Miyaura coupling is one of the most important carbon-carbon bond forming
reactions. It involves the coupling of aryl boronic acid with aryl halide under basic condition.*’
An important difference between the Heck-coupling and Suzuki-coupling is the transmetalation
of the organoboronate species with a Pd(Il) species in the Suzuki coupling, without redox
reaction.'?’
Beller et al. synthesized the new palladacycle complex that could be used successfully for

the Suzuki reaction. The coupling of an aryl halide and phenyl boronic acid was achieved using
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palladacycle catalyst 1.29 in the presence of K,COj in 0-xylene (Scheme 1.13).*% This catalytic
system shows a high yield of product and TON up to 74000 was achieved using only 0.001 mol

% of the catalyst. Phospha-palladacycle acetate dimer complexes were shown better activity

compared to the traditional triphenyl phosphane palladium complexes [Pd(PR3),] for the Suzuki
reaction.

HaC

QCHS
R3 X B(OH)2 3 O PdP,RR
1.29 (0.001 mol %) R =
+ > Q0 9
R2 R Me—<{ }>Me
O O

K,CO3, o-Xylene

2 1 o
130°C, 12 h R R R
X=Cl, B R
e TON = 74000 oG
R'=ClL,H up to 74% yield : 1.29
R2=F, Cl, COCH,4 CHs
R3 =F,H R = o-tolyl

Scheme 1.13 CE-type palladacycle in Suzuki-Miyaura coupling reactions.

The PCP-palladium complex 1.30 was used for the cross-coupling reaction of aryl bromide
with boronic acid by Welch and co-workers (Scheme 1.14).%% In this, the efficient cross-coupling
of aryl boronic acid with aryl bromide was carried out by the pincer palladium complex, which
resulted in turnover numbers (TON) of 190000. The reaction tolerated various functional groups
like -COCHj3, —-NO,, ~OCHj.

Br B(OH), 1.30
(0.001 mol %) o o
> | |
+ K2CO3/ THF R1 thp—ﬁ’d—Pth
R 130 °C
TON = 190000 OCOCFs

R = COCHj, OMe up to 92% yield 1.30
NO,

Scheme 1.14 Suzuki coupling reaction using (POCOP)Pd complex.
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1.3.1.3 Hiyama Coupling Reaction

Hiyama coupling reaction is the cross-coupling reaction of the organosilane with an aryl
halide where fluoride ions are used as a promoter. Sanmartin and Dominguez have reported the
first example of Hiyama coupling reaction of the organosilane with aryl bromide using
unsymmetrical palladacycle complex 1.31 to produce the corresponding coupled product
(Scheme 1.15)."%° The coupling reaction was carried out in water, and the agq. NaOH played the
role of an activator. However, the status of the catalyst was not clear in this transformation.

Si(OMe)3 /@\
1.31 (2.0 mol %
1 NaOH/HZO R1 PhZP—llDd_N\
R 140 °C & s
R = OCHj;, COCHs, 4 examplgs :
NO, up to 82% yield

Scheme 1.15 Unsymmetrical palladacycle complex for Hiyama cross-coupling.

In 2006, Najera and co-worker reported the first fluoride-free Hiyama coupling using
oxime-palladacycle as a catalyst (Scheme 1.16).2%° The oxime-palladacycle 1.32 was shown to
be very efficient catalyst that afforded the coupled product with as high as 9900 TON. In another
example they have demonstrated the coupling of bromo/chloroaryl with vinylsiloxanes, where
TBAB (0.5-1.0 equiv) was used as an additive and the reaction required high loading 0.1-1.5
mol % of a palladium catalyst. They have shown that the isolated palladacycle catalyst was more
effective than simple palladium precursors, such as PdCl, and Pd(OAC),.

Si(OMe)3
R 1.32(0.001 mol %)
B »
' r@ NaOH/H,0 R
R =Ph, COM 100°C, 4h 15 examples
i OI\)Ie ° up to 99% yield |:/>
TON = upto 99000 1.32 cl )

Scheme 1.16 Hiyama cross-coupling reaction using palladacycle complex.
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1.3.1.4 Stille Coupling Reaction

Wendt group reported the cross-coupling reaction of the organotin reagent with a C(sp?)
aromatic halide using palladacycle catalyst. They have described that the PCP palladacycle
complex 1.33 catalyzes the coupling of aryl tin with aryl bromide (Scheme 1.17).* The process
was very efficient to produce the coupled product with low catalyst loading and resulted with
high TON’s. In 2003, Paintner and co-worker synthesized biphenyl analogs in excellent yield
using Herrmann-Beller palladacycle catalyst 1.29 via Stille coupling reaction (Scheme 1.18).'*°

This biphenyl precursor can be used to generate biphenomycin antibiotics.

SnMe3 X
1.33 (1 mol %) _ R
" toluene, 180 °C
Ph,P—Pd—PPh,
R 17 examples OcoCE
X =Br, Cl, | up to 95% vyield 1.33 3
R = OMe, Me TON = 690000
Scheme 1.17 Stille reaction using PCP pincer complex.
OBn H
OBn o) OBn H Nopoc
N. 1.29
OMe BOC >
+ LiCI, 90 °C, NMP
SnBu . o] O 73%
3

MeO
OBn

Scheme 1.18 Biphenyl analog precursors to biphenomycin antibiotics.

1.3.1.5 Negishi Coupling Reaction

In addition to all coupling reactions discussed, the Negishi coupling is also a synthetically
important coupling reaction. In 2013, Buchwald developed the CE-type palladacycle 1.34 for the
Negishi coupling reaction, which worked efficiently at ambient temperature and with low
catalyst loadings. Numerous heteroaryl coupling partners, which were previously unsuccessful
substrates, could be coupled successfully. In addition, they have successfully used the

polyfluoroaryl zinc reagents for Negishi coupling (Scheme 1.19).**
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Me
X ZnCl 1.34
o,
OMe (0.025 mol %) O OMe
+ (Xphos 0.2 mol %) pd/\
- |
THF, 75°C, 12 h O OMe NH, -
an g
X =Cl, Br 134

40 examples
up to 98% yield

Scheme 1.19 Negishi coupling reaction using palladacycle complex.

Frech et al. developed an aliphatic phosphine based PCP-palladacycle complex 1.35 for the
Negishi reaction. In this reaction, the coupled products of activated and non-activated,
electronically diverse, sterically challenging and functionalized aryl bromides with diaryl zinc

106 After the completion of reaction, the catalysis was

were successfully obtained (Scheme 1.20).
continued by adding more of substrates and catalyst remained active and afforded the coupled
product without a decrease in catalytic activity. The authors have demonstrated that the

palladium nanoparticles were unlikely the active catalysts.

- 1.35 R
\ (0.01 mol %) X
Br—</:>/ . ZnR, > 7 )R
— NMP, 100 °C —
R' = Me, OMe, CN, NO,, R = Ph-4-Me, Ph-4- 66 examples 1.35 PCy,
NMe, COMe, COOMe etc. OMe, Ph-4-NMe, up to 96% yield

Scheme 1.20 Cross-coupling reaction aryl bromide with aryl zinc using pincer complex.

1.3.1.6 Sonogashira Coupling Reaction

Palladium-catalyzed coupling of alkynes with aryl halides in the presence of a copper
reagent is a powerful tool in organic synthesis.***** Sonogashira coupling has been applied
successfully to numerous important synthetic areas such as natural product and drug synthesis,
materials science and biologically important products. Sabounchei et al. in 2013 described the
Sonogashira cross-coupling reactions by exploiting moisture and air-stable, robust phosphine-

114
6.

ylide palladacycle complex 1.3 This methodology is very significant since it is additive- and

amine-free reaction. With this methodology various substituted aryl halides were coupled with
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phenylacetylene profitably under air, with very low catalyst loading and the corresponding cross-

coupled products were obtained in good to excellent yields (Scheme 1.21).

X I O pp,
@ . 1.36 (0.001 mol %) / _/ — HC/Pj
-, o / T
/\R K2003, DMF R \ \ Pth

4 h,130°C /Pd\'

) C” ci
X=Cl,Br, | 16 examples R 1.3
R = H, Me, NO, up to 84% yield

CHO, COMe

Scheme 1.21 Phospha palladacycle catalyzed homogeneous Sonogashira reaction.

Frech and co-workers have developed aminophosphine based palladacycle catalyst 1.37 for
the coupling of phenyl acetylene with aryl iodide to obtain aryl-alkyne coupled products
(Scheme 1.22).* This reaction provided excellent TON (2 x 10°) and a quantitative yield without
a copper co-catalyst. The coupling reaction shows negative mercury drop test. Ambiguity was
expressed regarding the status of the PCP-Palladium catalyst 1.37 in the reaction. Similarly, Gu
and Chen have demonstrated that carbene based palladacycle catalysts efficiently performs
Sonogashira cross-coupling reactions without the use of copper.

1.37
| AN b e g2 (0.005 mol %)} — S HN NH
X — K3PO,/ glycol <\ | /> N\p pd—p’
R’ 140 °C R Q
X =1 Br 39 examples O 1.37

TON =2 x 108

R'=H,Me, R?=Xylene,
OMe etc. napthelene etc.

Scheme 1.22 Aryl halide and terminal alkynes coupling using PCP palladacycle complex.

1.3.2 Palladacycle Complexes in C-H Functionalization

Among the recent methodological advancement, transition metal catalyzed C-H
functionalization has made shift from the classical methods of organic synthesis. The recent
advancements in organometallic chemistry have made it possible to achieve site-selective C-H

functionalization. Palladium has been used vigorously in C—H bond functionalization and has
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shown great reactivity in organic trnsformation.**>*3 In that context, the arylation of azoles have
attracted particular attention as they are fundamental unit of many naturally occurring
compounds as well as pharmaceutical products.**?*%°

In 2014, Punji and co-workers have developed POCN-ligated palladium complex 1.38 for

136 \sarious heteroarenes

the direct C—H bond arylation of azoles with aryl iodides (Scheme 1.23).
such as benzothiazole, substituted-benzoxazoles, and 5-aryl oxazoles were arylated successfully
with the diverse aryl iodides in the presence of Cul co-catalyst. The kinetic studies of isolated
intermediate and Hammett plot experiments gave the preliminary insight into the mechanism of
the reaction. The reaction followed a Pd(I1)-Pd(IV)-Pd(Il) catalytic pathway and showed that

complex itself works as catalyst and palladium nanoparticles are less likely the active catalyst.

1.38 (0 5 mol %
Ol - ) S T
\— Cs,CO3 (1.5 equw == ' (i) '
DMF, 120 °C, 16 h 'ProP—pg—NPr;

R =H, CH,, OCH3 25 examples cl;| 1.38
M
Cl, CN, NO,, CF3, efc. up to 97% yield

Scheme 1.23 Arylation of azole using palladacycle catalyst.

Recently, Wang and co-worker developed a new POCN-palladacycle catalyst 1.39 with
(phosphinito)aryl benzimidazole ligand. The complex was synthesized by one-pot
phosphorylation/palladation ~ reaction of a  (2-benzimidazolyl)-containing m-phenol
derivative. They could able to reduce the loading of palladium catalyst and co-catalyst (Cul) for

the catalytic transformation (Scheme 1.24).%%

1.39 (0.25 mol %)

©:N\>_H+| Cul (1.25 mol %) _ ©:N\ "Bu
S Cs,CO5 (1.5 equiv) S o) | N

. |
R DMF, 120 °C, 18 h R 'PrZP\Pd/N©
_ l
R = H, CH3, OCHj, 17 examples 139 C

CN, CI, NO,, CF5 up to 99% yield

Scheme 1.24 Arylation of azole using palladacycle catalyst.
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1.4 Mechanistic Aspect of Palladacycle-Catalyzed Cross-Coupling Reactions

The mechanistic pathway of the palladacycle catalyzed cross-coupling reaction is well
studied. Many palladacycle catalyzed reactions are assumed to proceed through nanoparticles,
though the actual role of the palladium complex is dubious. Many previous reports demonstrate
that the palladacycles are the active catalyst, directly involved in the catalysis. In cross-coupling
reactions, palladium undergoes redox process and proceeds via Pd(I1)/Pd(IV) pathway.>
67.741789138-140 | contrast, many studies demonstrated that the palladacycle complexes
decompose to Pd(0) under the harsh conditions and the catalytic activity is exhibited from the
palladium(0), such as Pd(0) nanoparticles or colloidal palladium.®¥®#92#-145 |n guch case, the
palladacycle complex act as a precatalyst, and releases the palladium(0) nanoparticles or
homogeneous palladium(0) that act as the catalyst. There are various methods known to detect

the formation of palladium(0) nanoparticles.®* 9% 93142144145

1.4.1 Mechanism of Heck Reaction:
1.4.1.1 Pd(0)/Pd(Il) Redox Process

Since the discovery of Heck reaction in 1971, it has become one of the standard methods of
organic synthesis. There are many examples on the traditional coupling reaction which is
catalyzed by the palladacycle complexes with high yield. Many reports suggest that the
palladacycle complexes decompose to form Pd(0) nanoparticles or clusters upon Pd—C bond
cleavage of the pincer palladium system. Hence, Pd(0) species don’t have a ligand backbone.
The nanoparticle catalyzed the cross-coupling reaction following the Pd(0)/Pd(Il) mechanistic
pathway. Jones and co-workers independently carried out several experimental studies for the
mechanistic pathway of the reaction.****3.1** They observed that palladium(0) nanoparticles
generated from the palladacycle complex in the reaction are the actual catalyst. For example,
Gladysz et al. have demonstrated that the cross-coupling of phenyl iodide and methyl acrylate
does not catalyze directly by fluorous pincer complex 1.40, but by the dispenses Pd(0)
nanoparticles (Scheme 1.25).%
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1.40 COOMe S(CH LR
{ _
Q' . 2 COOMe [Pd(0)-NPeat. Pd-OCOCF,
DMF/PrNEt,
100-125 °C 1.40 —S(CH)R

Scheme 1.25 Heck reaction using pincer palladium complex 1.40 as dispenser of Pd(0)

nanoparticles (R* represents polyfluorinated chain).

The schematic diagram of the classical catalytic cycle of Heck cross-coupling which is
initiated by the oxidative addition of organohalide to the palladium(0) catalyst, released from
palladacycle complex, is shown in Scheme 1.26. The first step is the oxidative addition of aryl
halide to Pd(0) to form Pd(Il) complex 1.41a. In the second step, the ligand dissociation and
olefin coordination gives intermediate 1.41b, which undergoes insertion of the olefin into Pd—Ar
bond to afford ;'—alkyl-Pd complex 1.41c. The g-hydride elimination from 1.41c generates the
coupled product 1.41d and hydrido palladium complex 1.41e. The complex 1.41e upon

deprotonation with base produces the Pd(0) catalyst.

I
Pld-X
E
[HB]Br l ArBr
Pd°L, Oxidative
adition
B
Ll%r
IT%r L-Pld—L 1.41a
1.41e L—Pld-L Ar
H
ZR
R Olefine
Ar / co-ordination
1.41d IB-.hydnc?e $r ; .
elimination L-Pd-L |r
L—Pld—“
H R Olefin Ar R
insertion
Ar \{ 1.41b
1.41c
L

Scheme 1.26 Pd(0) nanoparticle catalyzed Heck reaction.
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1.4.1.2 Pd(I1)/Pd(1V) Redox Process

Though some reports demonstrate the palladacycle catalyzed cross coupling proceed via
Pd(0)/Pd(Il) pathway, many others have suggested the mechanism via a Pd(I1)/Pd(IV) process.
For example, Jenson has reported Heck reaction catalyzed by ECE-type palladacycle complex, in
which reaction proceeds through Pd(I1)/Pd(IV) cycle (Scheme 1.27).%° This catalytic cycle starts
with the oxidative addition of a vinyl C—H bond of the alkene over palladium catalyst 1.42a to
generate Pd(IV) species 1.42b, followed by the reductive elimination of HCI to give 1.42c.
Species 1.42c undergoes oxidative addition with aryl halide to form species 1.42d, which

undergoes reductive elimination of product 1.42e and regenerate the pincer catalyst 1.42a.

O—P'Pr,
A
" pn Pd-Cl Zph
1.42¢ O_PiPr2
1.42a
, O—PPr,
O-P/P Ph
| Z_Ph |N
Va4 Pd\H
Pd{ cl|
c’l Ph o-pipr, 142b
O—-P'Pr,
1.42d
_||3iPr2
HCI
P|d/\/Ph c
ArCl O_Pipr2
1.42¢c

Scheme 1.27 Pd(Il) ECE-palladacycle catalyzed Heck reaction.

1.4.2 Mechanistic Pathway for Suzuki-Miyaura Cross-Coupling Reaction

Frech and co-workers reported Suzuki coupling reaction of aryl boronic acid with aryl
halides using PCP-palladacycle complex 1.35 (Scheme 1.28).1*® They have proposed a catalytic
cycle, wherein the first step is the formation of the complex 1.35a from the reaction of 1.35 with

phenylboronic acid and NaOH. The hydroxide ion activates the phenylboronic acid that
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promotes phenyl group transfer to the palladium center. Further, oxidative addition of aryl

bromide to 1.35a produced a neutral hexacoordinated pincer Pd(IV) species [Pd(Ar)(Br)(Ph)].
The hexacoordinated Pd(IV) species gives back Pd(I1) active catalyst upon reductive elimination
of the coupled product (Scheme 1.28; path A). Alternately, the direct biaryl product formation at

the Pd(Il) center through a four-centered transition state has been proposed (Scheme 1.28; path
B).

NaOH

- (NaCl + B(OH)3) PhB(OH),

100 °C
Na[PhB(OH)3]

Scheme 1.28 ECE-palladacycle catalyzed Suzuki reaction.

1.5 General Method for the Synthesis of Pincer Nickel Complexes
1.5.1 C-H Bond Activation Approach

In 1976, the first pincer complex was synthesized by Shaw and co-workers, which is the
best example that could be considered under the C—H activation approach (Scheme 1.29).**" The
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new diphosphine ligand was prepared in good yield by reacting di'butylphosphine with 1,3-

bis(dibromomethy1)benzene in the presence of sodium acetate base. The ®“PCP-ligand (1.43)
upon reaction with Ni(Il) chloride hexahydrate in ethanol under reflux conditions resulted in the
PCP-nickel complex [(®*“*PCP)NICI] 1.44 via C—H bond activation. This complex was purified

by sublimation under vacuum at very high temperature without any apparent decomposition.

NiCl,.6H,0O
Ethanol, reflux, 5 min o
Bu,P PBu, tBUzF’_'\l“_PtBuz
Cl
1.43 1.44

Scheme 1.29 Synthesis of PCP pincer nickel complex through C-H bond activation.

Zargarian group in 2011 synthesized the POCOP-ligand 1.45 and pincer nickel complexes
(Scheme 1.30).*® The POCOP ligand 1.45 was synthesized from resorcinol by treatment with
CIPPh; in the presence of EtsN. The POCOP ligand further on reaction with (CH3CN),NiBr;
resulted in the formation of pincer nickel complex 1.46. The complex 1.46 was treated with AgX

(X =CN, OTf, OAc, ONO,) to develop many derivatives of pincer nickel complexes.

/@\ CIPPh,, NEt; @\
HO OH > o) o 1.45

THF, rt . .
Ph,P PPh,

(CH3CN),NiBr,| toluene, rt
NEt,

0 o) AgX 0 0

-
-

| | | |
Ph2P—I\|li—PPh2 CH,Cl,, rt Ph2P—I\|li—PPh2 1.46

X Br
X =CN, OTf, OAc, ONO,

Scheme 1.30 Synthesis of bis-phosphinite POCOP-pincer nickel complexes.
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Punji group synthesized (F“POCCCOP)NiBr complex via C—H bond activation (Scheme
1.31).**° The P"POCCCOP-H ligand 1.47 was treated with (CHsCN),NiBr nickel precursor in
the presence of triethylamine to afford the pincer complex 1.48 via C(2)-H bond activation on
the ligand (1.47). The acetate and triflate derivatives of the nickel complex were synthesized by

the reaction of complex 1.48 with AgOAc and AgOTHT, respectively in quantitative yields.

(CH3CN),NiBr,
NEt, .

) _0 - toluene, reflux i
IPr2P PIPFZ 3h O\ /’\lll\ /O
IPI"2P Br P’Pr2
1.47 1.48

Scheme 1.31 Synthesis of bis-phosphinite POCOP-pincer nickel complexes.

1.5.2 Transmetalation Approach

Transmetalation reaction involves the transfer of ligands from one metal to another. This
methodology is useful for the synthesis of complexes whose synthesis is difficult via C—H
activation or oxidative addition approach. Organolithium reagents are used very frequently as a
transmetallating agent. Hu group synthesized NNN-pincer nickel complex by the transmetalation
approach.’®® The complex was synthesized in three steps starting from 2-bromo-N,N-
dimethylaniline and 2-amino-N,N-dimethylaniline. The first step involved the Pd(0)/dppf
catalyzed C—N coupling reaction. In the second step, the C—N coupled product 1.49a was treated
with n-BuLi to obtain a lithiated NNN-cluster type compound 1.49b. The final step involved the
nickelation of lithiated NNN-cluster with the (dme)NiCl, metal precursor via transmetalation to

give complex 1.49c (Scheme 1.32).
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©\ /© Pd,(dba)s (2 mol %)
dppf (4 mol %) .
NHp + Br NaOBu (1.2 equiv)

NMeZ NM62 Toluene ONMez
100 OC, 3d 1 493, 67%

n_BuL,lBenzene

Me Me Me Me
B (dme)NiCl, /LI ;

N  THF, 1, 12h N~ 50—

Me,N—Ni—NMe, @_N N

Cl MeMe MeMe

1.49¢c, 75%

1.49b, 71%

Scheme 1.32 Synthesis of NNN-pincer nickel complex via transmetalation approach.

1.6 Catalytic Applications of Nickel Complexes
1.6.1 Traditional Cross-Coupling Reactions
1.6.1.1 Suzuki-Miyaura Coupling Reaction

Morales-Morales group synthesized the POCOP-pincer nickel complex 1.50 and employed
in the cross-coupling of various para-substituted bromobenzenes with phenylboronic acid. This
reaction provided the biphenyl derivatives in good yields (Scheme 1.33)."*! Easy synthesis from
cheap and commercially available starting materials, and the use of considerably cheaper and
biocompatible Ni(ll) makes this system attractive for its potential application in organic
synthesis. Reaction tolerated important functional group like —Cl, -CHO, -COMe, -CN, -NOg, —
NH, very efficiently and provided excellent yield of product.

In 2017, Chen group synthesized NHC-based unsymmetrical NCN-pincer mononuclear
and dinuclear nickel(Il) complexes and demonstrated their catalytic application in the Suzuki-
Miyaura coupling reaction of various aryl halides, wherein the aryl chlorides were successfully

coupled in the presence of PPh; as an additive.™
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110°C, 15 h 0 0
R = Me, OMe, H, 9 examples Phgl‘l’_'\l“_Fl’th
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Cl

CN, NO,, NH,

Scheme 1.33 Suzuki-Miyaura coupling reaction by nickel.

1.6.1.2 Kumada Coupling Reaction

Wang and co-workers synthesized the PNO-pincer nickel complexes 1.51 and 1.52, which
showed application in the Kumada coupling reaction of (hetero)aryl/alkenyl chlorides with aryl
magnesium bromides (aryl Grignard reagents) (Scheme 1.34).">® The reactions were conducted
at room temperature and tolerated various functional groups on aryl chlorides in the presence of
LiCl or ZnCl, additives.

MgBr R Ph, Ph,
@ s C—R 1.51 or 1.52 (0.5 mol %) @ @P\\?/CI @P\Ni’u
1 THF or Et,0, 25 °C N,Ni or N/ \
R" R=arenes R’ )——\Pth P//O
hetero:?:nes 44 examples Ph" 1.51 1.52Ph Phy

up to 99% yield

Scheme 1.34 Nickel catalyzed Kumada coupling reaction.

1.6.1.3 Negishi Coupling Reaction

In 2012, Wang and co-workers reported the synthesis of PNN-pincer nickel complex 1.53
and employed in the Negishi coupling reaction of aryltrimethylammonium iodides with
(hetero)arylzinc chlorides (Scheme 1.35).2** This reaction displayed a broad substrate scope with
low catalyst loading. Further, reaction proved the potential of PNN-pincer nickel catalyst system

for the C—N bond activation of aryltrimethylammonium salts.
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®NMe; | ZnCl, 1
153 Q R Ph
* @ THE-NMP (1:1) H SN i\(
R’ R? 85°C, 12 h R2 tolyI~ N~ —PPh,
g \
owe,cr, =M v L B
COPh, COOE e, CFs

Scheme 1.35 Nickel catalyzed Negishi reaction.

1.6.1.4 Sonogashira Coupling Reaction

The nickamine catalyst 1.49c synthesized by Hu was successfully employed in
Sonogashira coupling reaction of nonactivated alkyl halides with terminal alkynes (Scheme
1.36). In 2015, Hu et al. synthesized a new NNN-pincer nickel complex 1.54 (Scheme 1.37).%°
To improve the catalytic activity of nickel catalyst, newly designed complex was synthesized in
a single step from 2-bromo-N,N-dimethylaniline and N,Ndimethylethylenediamine.**® One of the
two aryl linkers in previous catalyst 1.49c was replaced by an ethylene linker. The new pincer
complex 1.54 was expected to be more labile, which rendered the resulting complex more
reactive. Complex 1.54 was employed in the Sonogashira coupling reaction, i.e. direct coupling
of primary alkyl halides with terminal alkynes at room temperature. In this catalysis, broad

substrate scope and high functional group tolerance were observed.

1.49¢ (5.0 mol %), Cul

FG-R1_X + — - R1 — R2
Cs,CO3 (1.4 equiv) N
(FG = functional 100-140 °C N
groups (1.3 equiv) dioxane. 16 h 12 examples Me N——Ni—NMe,
X=Cl, Br,1) ’ up to 89% yield (_1.49¢c ClI

Scheme 1.36 Nickel catalyzed Sonogashira coupling reaction.

1.51 (3.5 mol %)
Cul (9 mol %)

_ ———— > Alkyl———R
Allyl =X R LiO'Bu (1.4 equiv) y
DMF, rt, 16 h
X=Br, | R = aryl/alkyl 13 examples
(1.4 equiv) up to 82% yield

Scheme 1.37 Hemilabile nickel complex in Sonogashira coupling reaction.
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1.6.2 Nickel-Catalyzed C—H Bond Activation and Functionalization

Direct C—H bond functionalization to construct C-C or C—heteroatom bond via transition
metal catalyzed reaction is a powerful and attractive tool."*"*® Since many decades, inert C-H
bond activation has been studied by using late and noble transition metal catalysts; however,
their broad application is limited because of their less abundance and more cost. Compared to the
4d and 5d transition metals, 3d transition metals are in high abundance, with low cost, and
unique reactivity. In addition, 3d metals are less explored in various catalytic applications.
Nickel has unique activity and versatile reactivity among the first-row transition metals. Sabatier
group in 1922 explained that “nickel can do all kind of work and maintain it’s activity for a long
time”. The development of organo-nickel chemistry led to the discovery of several catalytic
systems and many practical applications.****™ The nickel complexes have been used in many
catalytic organic transformations which contribute both in academic as well as in the industry.™
179

Kleinman and Dubeck group in 1964 reported the first nickel-mediated aromatic C—H bond
activation.! They observed that the heating of dicyclopentadienyl nickel with an excess of diazo-
benzene afforded purple blue organo-nickel species (Scheme 1.38). Later, there were several

publications appeared on the nickel-catalyzed C—H bond activation and functionalization.

_ QN 135°C, 4 h Q*N\
CpNi  + N@ oon _N

Scheme 1.38 Synthesis of organonickel species.

1.6.2.1 Alkylation of (Hetero)Arenes

Arenes and heteroarenes alkylated compounds are important backbone of many natural
products, biological compounds, and organic materials.®*#? In 2010, Hu group reported the
nickel-catalyzed C—H bond alkylation of aromatic heterocycles with unactivated alkyl halides
containing the S-hydrogen (Scheme 1.39).*®® Coupling of various substituted heterocycles with
diversely substituted alkyl halides was achieved using M*N,N-NiCl catalyst 1.49¢, Cul co-

catalyst and LiO'Bu base. This methodology tolerates various functional groups, such as
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methoxy and halides on oxazole and —OAr, -OCOAr, —SAr, —CO, —CN groups on alkyl halide

moiety, and shows excellent chemo and regioselectivity.

e E 1.49¢ (5.0 mol %), A E NMe,
g ]: SH +  xAlky Cus.omol%) | ]: S Alkyl |
/7 Z LiO'Bu (2.0 equiv), ST 2Z N-Ni—Cl
R 1,4-dioxane 140 °C R
E =N, CH X =1, Br, Cl 16 h 29 examples NMe,
Z=0,S up to 86% yield 1.49¢c

Scheme 1.39 Alkylation of aromatic heterocycle with an alkyl halide.

Punji and co-workers developed a quinolinyl-based NNN pincer nickel complex 1.55 for
the direct C—H bond alkylation of challenging benzothiazole derivatives under mild reaction
conditions. The coupling of azoles with alkyl halides was achieved using nickel pincer complex
at 100 °C without Cul co-catalyst (Scheme 1.40)."®* The catalyst was recycled and reused five-
times for the alkylation without affecting the catalytic activity. This catalysis showed broad

substrate scope for differently substituted azoles and alkyl halides.

1.55 (5.0 mol %)

RN ) : +~N
R_g_ \:]:N\>_H + XAlkyl LiOBu (20 equw) - R—E:L_ P \>_A|ky|
~FTE 1,4-dioxane, 100 °C e E N | =
16 h Me,N—Ni—N__~
_ 21 examples !
E=0,8  X=LBr up to 88% yield Cl 1.55

Scheme 1.40 Alkylation of azoles using ((NNN™®

)Ni-pincer complex.

Ackerman and co-workers developed a new methodology for ortho C-H alkylation of
aniline with alkyl bromide using nickel catalyst via monodentate chelation assistance (Scheme
1.41)."% Herein, the efficient cross-coupling of anilines bearing a monodentate N-pyrimidyl
substituent with alkyl bromide can be achieved using (dme)NiCl,/D'BEDA catalyst system.
Methodology provided a broad substrate scope for o-, m-, and p-substituted aniline. Reaction
also tolerated important functional groups, such as —-OMe, —CF3;, —F, —Cl, and —COOEt. This
protocol works for both primary alkyl bromides as well as for secondary alkyl bromides.
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H Alkyl-Br (DME)NICl, (5.0 mol %) N
N N t [¢) =~
S D'BEDA (10.0 mol %) ; ~
R’ | + or > R N~
N~ B LiO'Bu (2.0 equiv) alkyl
)\r 1,4 dioxane
R'= Me, OMe, CF3, Ph r2” "R3 100-120 °C, 24 h 55 examples
F, COOEt etc. up to 98% yield
R2 = Me, Et, "Pr, "Hex
R3 = Me, "Bu

Scheme 1.41 Aniline o-alkylation via monodentate chelation assistance.

Recently, Punji and co-workers described the first example of direct C-2 alkylation of
indole with alkyl halides through monodentate chelation assistance using (quinolinyl)amido-
nickel catalyst 1.56. In this methodology, the efficient coupling of indole with primary and
secondary alkyl halide was achieved (Scheme 1.42).%¢ Alkylation proceeded through C—H
activation and via an alkyl radical intermediate. The reaction represents a good example of Ni-

catalyzed monodentate-chelate-assisted C—H functionalization.

R R
Qj) 1.56 (5.0 mol %) m o
i (o)
N + XAlkyl LIHMDS (20.0 mol %) N Alkyl Q
PR LiO'Bu (2.0 equiv) PR N |
EZ N Kl (2.0 equiv) EZN Et;N—Ni—N__~

I I
v toluene (0.15 mL) v OAc 1.56

150 °C, 16-20 h

E: gHé:\lMe 46 examples
=r, ) y X = |, Br, C| o )
OMe etc. up to 93% vyield

Scheme 1.42 Chelation assisted C(2)—H alkylation of indoles.

Ge et al. showed the direct alkylation of unactivated C(sp>)—H bond of alkyl amides with
alkyl halides using nickel catalyst via bidentate chelation assistance (Scheme 1.43).*" This
method is highly selective for C—H bond alkylation of methyl group over the methylene C-H
bond of the aliphatic amide. Important functional groups like alkenyl, cyano, ester, and

trifluoromethyl were tolerated on aliphatic amides.
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. Ni(OAc), (10.0 mol %) .9
R2 NN L Ay dppbz (10.0 mol %) R2 NS
R H N Cs,CO5 (5.0 equiv) R IkHI N
H toluene alky
150°C, 24 h 26 examples
R" or R? = alkyl, aryl, cyano X=1, Br up to 91% vyield

Scheme 1.43 Alkylation of C(sp®)-H bond of the aliphatic amide.

1.6.2.2 Arylation of (Hetero)Arenes

The direct C—H bond activation is more significant than the activation of C—X (X = halide
or pseudohalide) bond. Especially the C—H bond arylation of heteroarenes is important because
the arylated products are the fundamental unit of many naturally occurring compounds and
pharmaceutical products. In 2009, the nickel-catalyzed C-H bond arylation of azoles with aryl
halide was reported independently by Itami*® and Miura.'® Itami group described the cross-
coupling of azole with aryl halides and aryl triflate using Ni(OAc)./bipy or Ni(OAc)./dppf
catalyst in the presence of LiO'Bu (Scheme 1.44).® A number of structurally diverse
heteroarenes, such as thiazoles, oxazoles, and benzimidazoles were efficiently coupled with

differently substituted aryl halides.

~ N Ni(OAc), (10.0 mol %) N
ri ]: \>—H + X@ bpy/dppf (10.0 mol %)= E ]: \>_®
eTE R LiO'Bu (1.5 equiv) ~cFE R

dioxane, 85 °C, 36 h

E=S,0,NR X = Cl, Br, |, OTf 27 examples
R = Me, Cl, CN etc up to 91% yield

Scheme 1.44 Arylation of azoles with aryl halide or triflate.

Similarly, Miura et al demonstrated the arylation reaction of various azoles with aryl
bromide (Scheme 1.45).'®° They have achieved the coupling of azoles with aryl bromide using
NiBr,-diglyme/Phen catalyst system and LiO'Bu. It was observed that the use of Zn powder
increases the reaction rate by reducing Ni(ll) to Ni(0) active species. The reaction worked well

with oxazoles and thiazoles.
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NiBry.diglyme (10 mol%) N
e N Phen (12 mol% AN
(e o n — o — 10
SN R LiO'Bu (4 equiv) TN/ R

Zn powder (0.5 equiv)

R=Me, OMe,  diglyme, 150 °C, 4 h 20 examples
Z=8,0 Cl, CN etc. 53-96% yield

Scheme 1.45 Nickel-catalyzed arylation of azoles with aryl bromide.

Various catalytic systems were reported for the coupling reaction of (hetero)arenes with
aryl halide using nickel as a catalyst, but the use of aryl halide is still a drawback.'®®*® The
coupling of arenes with phenol derivatives would be more beneficial since the phenol and their
derivatives are commercially available and less expensive. In 2012, Itami group demonstrated
the first nickel-catalyzed Ar—H/Ar—O coupling reaction (Scheme 1.46).*" In this study, they
have achieved the cross-coupling of variously substituted 1,3-azole and benzoxazole with phenol
derivatives using Ni(COD),/dcype as a catalyst in the presence of Cs,COs;. This protocol
provided efficient coupling of azoles with various phenol derivatives, such as pivalates, triflates,
tosylates, mesylates, carbamates, carbonates, and sulfamates, with the tolerance of functional
groups —OMe and —COOMe on azoles.

\ Ni(COD), (10.0 mol %) N N

RN o A7y,
(L5 o —mmemn (13- 0)
SFE Cs,CO3 (1.5 equiv) ~FTTE

dioxane, 120 °C, 12 h

‘7

22 examples

— t
E=0,S R =COBu, OTf up to 96% yield

Scheme 1.46 Ar—H/Ar-0 cross-coupling reaction.

Recently, Punji and co-workers developed an efficient solvent-free method for the
arylation of arenes and indoles using nickel catalyst 1.56 through the chelation assistance
(Scheme 1.47).%% In this case, efficient coupling of benzo[H]quinoline with aryl halide was
achieved using a quinolinyl based pincer nickel complex in neat condition. This methodology
also worked for the arylation of indole and phenyl pyridine derivatives. This method provided a

broad substrate scope for the arylation of arenes/heteroarenes with the tolerance of different
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functional groups. Methodology is highly selective for monoarylation for phenyl pyridine

derivatives.

%
N N 0
‘ 156 (5.0 mol %) Hk §
* XA T HAMDS (2.0 equiv) Ar N
O 120 °C, 30 min-2 h O EtzN—l\lll—N Pz
OAc 4 56

43 examples
X=1,Br up to 92% yield

Scheme 1.47 C(sp®)-H bond arylation of bezo[H]quinolone.

A wide variety of catalytic systems were developed for the C(sp?)-H bond arylation of
arenes and heteroarenes, but the C(sp®)-H bond arylation remained challenging. In 2014, Chatani
et al. developed the nickel-catalyzed arylation of unactivated C(sp®)—H bond in aliphatic amide
using bidentate chelation assistance (Scheme 1.48).%* The arylation of aliphatic amide
containing 8-aminoquinoline as directing group with various aryl iodide was achieved using
Ni(OTf), as a catalyst. This reaction is highly selective for the methyl group arylation, and the
methylene and benzene C—H bond remain unreacted.

0 Ni(OTf), (5.0 mol %) O
R! MesCOOH (10.0 mol % R!
N | X+ Ar—l ( . °)> ) N | N
R? Ho N Na,COj3 (2.0 equiv) R LN
H DMF, 160 °C, 24 h Ar

R', R? = aryl or alkyl 20 examples
up to 83% yield

Scheme 1.48 C(sp®)-H bond arylation of aliphatic amides.

1.6.2.3 Alkenylation of (Hetero)Arenes

In 2007, Hiyama reported the direct C—H bond coupling of pyridine-N-oxide across various
alkyne using nickel as a catalyst (Scheme 1.49).'** Reaction was chemoselective and occurred
particularly at the C-2 position of the pyridine-N-oxide through C—H bond activation under mild

reaction condition. The coupling of substituted pyridine-N-oxide to symmetrical alkynes affords
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good yield of the product. Also, the E-selectivity for the product can be obtained by using

unsymmetrical alkynes as the coupling partner.

RS (COD)Ni (10.0 mol %) i ff R t
N/ + RZ%RS PcyP3 (100 mol %) - +N/ pZ R3 + R3 AN +[Tj = R3
| —

+N toluene, 35 °C, 15 h O R2 RZ O R?

O

8 example
up to 81% yield

Scheme 1.49 Addition of pyridine-N-oxide to alkyne.

Hiyama and co-workers also reported C(2)-selective alkenylation of pyridine, which is
difficult to undergo C—H functionalization.®® They observed that the coupling of pyridine with
alkyne produced an excellent yield of coupled product using nickel and a Lewis acid catalyst
(LA) (Scheme 1.50).%° It was assumed that the pyridine is activated by the coordination of
pyridine nitrogen to a Lewis acid catalyst. The combination of nickel and Lewis acid catalyst
gave selective C(2)-H alkenylated product in good yield. This methodology provided a wide
range of alkenylated pyridines in chemo-, regio-, and stereoselective manner under the mild

reaction conditions.

~ Ni(COD), (3.0 mol %) “
R1_@ p R e PUPN(120mol %) Rif
N ZnMe, (6.0 mol%) N Z RS

toluene, 80 °C, 24 h R2

17 example
up to 91% yield

Scheme 1.50 Direct C(2)-H alkenylation of pyridine.

In 2013 Itami group demonstrated an unprecedented C-H/C-O alkenylations of
heteroarenes with a Ni/dcype catalyst system using enol derivatives and ¢, f-unsaturated esters
as alkenylating agents (Scheme 1.51)."*" This protocol provided a wide substrate scope for the

alkenylated product. The reaction tolerated both oxazoles and azoles efficiently.
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\ Ni(COD), (10.0 mol %) N
67 deype (20.0 mol %) f I N\

1" N—H + RO__~ > n >1

a ]: >— 7 ph KsPO, (2.0 equiv) L \ Ph
dioxane, 130 °C

12-36 h
X=0,S R =BuCO 16 examples

Me,NCO up to 91% yield

Scheme 1.51 C-H/C-O alkenylation of azoles.

Punji and co-worker recently reported the chelate assisted C-2 alkenylation of indole and
related heteroarenes with alkenyl bromides using well-defined nickel catalyst 1.57 under
relatively mild condition. The reaction was performed with (bpy)NiBr, catalyst and LiO'Bu base
(Scheme 1.52).'*® The reaction allowed the coupling of indole derivatives with various alkenyl
bromides, such as aromatic, heteroaromatics, a- and g-substituted as well as exo- and endo-

cyclic alkenyl compounds.

— H _ .
J N 7 N_ (T
S / ) [
R1/\ N\ H o, Br R 1.57 (5.0 mol %) _ R1/\ \ /™R3 . }\l /
PY = , LiO%Bu (2.0 equiv) By W
EZ N R dioxane EZ N AN
N 120 °C, 24 h () o
E=CH,N 29 examples
R! = Me, OMe, F, CI, Br b o 86% yield

Scheme 1.52 C(2)-H alkenylation of indole .

1.6.2.4 Alkynylation of (Hetero)Arenes

The alkynylated heteroarenes are the most fundamental and important composition of
many natural products, materials, and pharmaceutical compounds.***?® Various nickel catalysts
were developed for the direct C(sp®)-H arylation and alkenylation reactions; however, only a few
systems were reported for the C(sp?)—H alkynylation of arenes and heteroarenes using nickel
catalyst.2*2* Miura group reported the nickel-catalyzed direct coupling of azoles and alkynes
through double C—H bond activation, which is a highly challenging task due to the difficulties of

201 vsarious azoles were

catalyst control in activation of two different C—H bonds (Scheme 1.53).
coupled with alkynes in the presence of NiBr,.diglyme/d'bpy and LiO'Bu under O, atmosphere.

This method furnished a new approach for the direct coupling of azoles and alkynes without
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preactivation of the substrate under the O, atmosphere, which is beneficial from the economic

prospective.

NiBr,.diglyme (5.0 mol %)
=N dbpy (5.0 mol %) f I N\
fi > |
t ]: >H + H—=-R — , > i ) >—=mr
oL LiO'Bu (3.0 equiv), toluene X
100 °C, 1 h, O, (1 atm)

X=0,8 R = aryl,silyl 27 examples
alkyl up to 62% yield

Scheme 1.53 Direct cross-coupling of azoles with various alkynes.

The monodentate chelation assisted nickel catalyzed C—H alkynylation of NH-free aniline
was successfully demonstrated by Ackermann (Scheme 1.54).2® They have reported excellent
positional selectivity and high functional group tolerance for the alkynylation reaction with
excellent substrate scope. They could also be able to functionalize the C—H bond in presence of
purine nucleobase. The utility of the C—H alkynylation strategy was shown by a step-economical

synthesis of indole.

(DME)NICl, (2.5 mol %

! ) H N
N\(N\ - D'BEDA (5.0 mol %) A
R N|\) + Br———TIPS LiOBu (2.0 equiv) R N\)
1,4 dioxane %

90-100 °C, 16 h 27 examples TIPS
up to 75% vyield

Scheme 1.54 Nickel-catalyzed C—H alkynylation of anilines.

Punji group described the nickel catalyzed alkynylation of heteroarenes through
monodentate chelation assistance. The (thf),NiBr,/phen catalytic system was used for the
successful coupling of indoles with alkynyl bromide (Scheme 1.55).”® This methodology
tolerated a large number of functional group including halide, nitro, ether, and nitrile. Synthetic
applicability of the methodology was demonstrated by the removal of triisopropyl silyl group
and further functionalization to triazolyl, benzofuranyl, alkynyl arenes derivatives. The
mechanistic finding suggested that the C—H nickelation is kinetically relevant and proceeds via a
concerted pathway
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::\\ H _::\\
& \ (thf),NiBr, (3.0 mol %) & )
- ‘ hen (3.0 mol % -
N H + Br—=—=—sipr, phen ( o) NS
)\ LiO'Bu (2.0 equiv) )\ 3
E” N toluene (0.5 mL) E N

g 150°C, 12 h g

. N 46 examples
Me, OMe, F, CI up to 99% vyield

Scheme 1.55 Alkynylation of heteroarenes.

In 2015, Li described an efficient method for the ortho-C(sp®)-H bond alkynylation of
aromatic amides using nickel catalyst via the chelation-assistance of 8-aminoquinoline (Scheme
1.56).%%2 They found that NiCl.,/BDMAE catalyst system efficiently catalyzes the coupling of the
aromatic amide with alkynyl bromide in the presence of Na,COj3 base at 100 °C to get desired

couple products in good yields. Good reactivity was observed for a range of (hetero)aryl amides.

NiCl, (10.0 mol %)
X . BDMAE (40.0 mol % A
R N o + Br—=—S5iPr (400mol%) g N T
N~ Na,CO; (5.0 equiv) N~
H \\

toluene, 100 °C, 24 h )
SiIPr3

25 examples
up to 95% vyield

Scheme 1.56 Alkynylation of C(sp)—H bond of aryl amide.

1.7 Mechanistic Aspect of Nickel-Catalyzed C-C Bond Forming Reactions through C-H

Bond Activation

Generally, the organonickel species are highly reactive, and hence, they lead to the
discovery of new reaction pathways. The homolytic bond cleavage in Ni—C occurs faster than the
Pd—C and Pt-C,?*"? hence in group 10 metals the contribution of radical processes is favorable
in nickel species compared to the Pd and Pt metals. Because of the involvement of one-electron
process,'’ the nickel species showed easy access to the different oxidation states, such as Ni(0),
Ni(l), Ni(ll), Ni(ll1) and Ni(IV) during the catalytic transformation. These diverse oxidation

states discover new reactive pattern beyond the traditional framework of the noble metal. There
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are many reports on the C—C bond forming reaction using nickel as catalyst. In this section, the

mechanistic aspect of nickel-catalyzed C—H functionalization is briefly discussed.

1.7.1 Mechanistic Pathway for the Nickel-Catalyzed Alkylation Reaction
Ge group described the nickel-catalyzed alkylation of C(sp®)-H bond of the aliphatic

187 On the basis of the mechanistic

amide with alkyl halide via the bidentate chelation assistance.
study, they have proposed two different pathways for the catalysis: a) Ni(Il)/Ni(IV) or b)
Ni(ID/Ni(111) (Scheme 1.57). The first step involves the coordination of aliphatic amide 1.58a to
the Ni(ll) species, which undergoes ligand transfer process in the presence of Cs,CO3; to form
nickel species 1.58b. This species undergoes deprotonation in the presence of Cs,COj3 to form
nickelacylce intermediate 1.58c. The oxidative addition of alkyl halide to intermediate 1.58c
form the Ni(IV) species 1.58d, which upon reductive elimination affords species 1.58e. The
protonation of 1.58e produces the desired coupled product 1.58f and regenerates the Ni(ll) active
catalyst. Alternatively, the intermediate 1.58c could form Ni(lll) species 1.58g upon addition of
alkyl radical, which on reductive elimination forms Ni(l) species 1.58h. The species 1.58h on
protonation produces coupled product 1.58f and generate Ni(l) species 1.58i. From deuterium
scrambling and kinetic isotope effect experiments, they have observed that the rate determining
step is cyclometalation of amide 1.58a with nickel species. The standard catalytic reaction was
performed using Ni(COD), as a catalyst, wherein the low yield of the desired product indicated
the low probability of Ni(0) active species. Further, radical trapping experiment in the presence
of TEMPO resulted in a low vyield of the desired product, which indicated that the reaction

proceeds through Ni(11)/Ni(111) pathway.
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(0] 0]
1 1
R%J\N A "L AN
2 2
R ch, T N R H
1.58a 3 1.58f
CSHCO3 CSZCO3 + 1.58f R3_|
| B j 1.58i
> LnNi X2 C LnNle
N|”—N 1.58f
1.58a + Cs,CO; +
CSQCO3
1.58e CsHCO,
A +CsX CsHCO,
% N i)k
n__
CHj; N| N = N| —N
1.58b 1.58h
C82CO3
\
CsHCO3 :
o + CsX
o ﬁ L ﬁ
N 3
R ,{lilv_N e Nl'”—N
/ \I N n__
R3
1.58d 1.58c 1.58g

Scheme 1.57 Plausible catalytic cycle for alkylation of C(sp®)—H bond of the aliphatic amide.

1.7.2 Mechanism of Nickel-Catalyzed Arylation

The mechanistic aspects of the arylation of the aliphatic amide with aryl halide using
bidentate directing group was demonstrated by Chatani.*®® The deuterium labeling experiments
showed that the C-H bond breaking is a reversible process during the reaction. The product
distribution study was performed to understand the difference between Ni(0) and Ni(ll) catalyzed
the reaction. The experiment suggested that the catalysis involves Ni(ll) as an active species, and
not the Ni(0). On the basis of the experimental studies, they proposed the catalytic cycle
(Scheme 1.58). The catalytic cycle starts with the coordination of amide 1.59a to Ni-centre
followed by the ligand exchange in the presence of Na,COj3 to produce Ni-species 1.59b, which
undergoes reversible cyclometalation to give nickel species 1.59c via the concerted-metalation-

deprotonation pathway. The oxidative addition of iodobenzene to Ni(ll) species 1.59¢ forms a
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high valent Ni(IV) species 1.59d, which on reductive elimination afforded species 1.59. The

species 1.59e on protonation gives the desired arylated product 1.59f and regenerates the Ni(ll)
active species. The catalytic cycle proposed to follow a Ni(I1)/Ni(1V) pathway.

Phl 1.59a H X
Ni(O)—L> Ph-Ni—I >HJ\
N|
1.59a %
HX
159f N 1.59a

0
a)k'.“ | %'ﬂ |
Ni<—N i
Ph | X

Hl\lll‘_N\

X
1. 59e 1.59b

MeSCO,Na
Na,CO3

MeSCO,Na + NaX
\ NaHCO;
1.59d

1.59¢c

Scheme 1.58 Plausible mechanism for arylation of C(sp®)-H bond in aliphatic amide using
nickel catalyst.
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Objectives of the Present Study

Literature survey demonstrates that there exist an immense interest in the chemistry of

transition metal complexes and their applications in diverse catalysis and material chemistry.
Particularly, considering the broad applicability of the palladacycles, the efficient and
regioselective synthesis of the hemilabile ECE’-based palladacycles (both CE- and ECE’-type)
by C—H bond activation is indispensable. In general, the syntheses of the arene-based ECE
palladacycle, containing 1,3-donor group substituents are executed by the direct cyclopalladation
at the C-2 position of the arene ligands. However, in some of the pincer-type ligands, the
cyclopalladation of the C-4/C-6 position takes place to generate CE-type palladacycles. In order
to obtain the selective ECE- palladacycles, in such cases, the site selectivity of the palladation is
inverted by the introduction of an activating group (—SiMej3) at the C-2 position. The synthesis of
both the CE- and ECE/ECE’-palladacycles from a single ECE/ECE'-pincer-type ligand via the
selective C—H bond palladation has not been precedented. In that regards, one objective of this
thesis was to develop a suitable approach for the synthesis of CE and ECE type of palladacycle
from a single ECE type ligand (Chapter 2). Thus, unsymmetrical pincer-type POCN-H ligands
were synthesized and reactivity towards palladium was tuned to allow selective coordination of
arm to metal centre. The side arm coordination followed by the regioselective C-H bond
palladation to generate both types of palladacycles (CE and ECE’) without installation of an
activating group. In this chapter we have discussed the synthesis and mechanism of synthesis of
CE and ECE type palladacycle without the introduction of an activating group via the selective
C—H bond palladation. Application of the synthesized palladacycles was demonstrated for the
direct C—H bond arylation of azoles with aryl iodides.

Further, the literature study shows that the nickel catalyst systems are highly active, and
are efficient for the transformation of unreactive bonds. The nickel catalyst systems have been
used for many C-C bond forming reactions, such as alkylation, arylation, alkenylation, and
alkynylation using C-H activation strategy. In Chapter 3, the nickel-catalyzed coupling of
unactivated alkyl chlorides with C(2)-H of indoles under mild conditions was successfully
demonstrated. This method allowed the regioselective alkylation of indoles and pyrroles with
primary alkyl chlorides and secondary alkyl chlorides and bromides at 60 °C. Various
functionalities, such as halides, alkenyl, alkynyl, ether, thioether, furanyl, pyrrolyl, indolyl and
carbazolyl including acyclic and cyclic alkyls were well tolerated under the reaction conditions.
The chemoselectivity with regard to alkyl halides C(sp®)-I, C(sp®)-Br or C(sp*)—Cl bond
activation has been shown. The utility of this nickel-catalyzed protocol is established by the
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removal of trace directing group. A comprehensive mechanistic study has been demonstrated and

catalytic cycle has been proposed, which follows a Ni(I)/Ni(lll) pathway.

Similarly, Chapter 4 describes an effective and practical strategy for the chemoselective
coupling of unactivated aryl chlorides with indoles and pyrroles using simple Ni(OAc),/dppf
catalytic system. Optimization of reaction conditions for the arylation of indole, and the substrate
scope for indole and pyrrole arylation with aryl chlorides were discussed. Reaction compatibility
with a range of simple and functionalized aryl chlorides as well as electronically distinct indoles
has been shown. The reaction tolerated various functionalities, such as halides, ethers, thioether
and amines, as well as heterocycles indolyl, pyrrolyl, and carbazolyl. The chemo-selectivity with
regard to aryl halides has been demonstrated. Mechanistic investigations by various controlled
reactions, Kinetic studies, and deuterium labeling experiments have been performed. On the basis
of above experiments conducted and literature precedents, we have proposed the catalytic cycle
which follows the Ni(I1)/Ni(1V) pathway.

In the literature, we have found that hemilabile pincer ligand systems installed on the metal
increase its reactivity drastically. Considering the literature reports and with our hypothesis, we
have developed a series of quinolinyl based (?NNNF?)-pincer nickel(ll) complexes, which is
shown in Chapter 5. The (quinolinyl)amine pincer ligands RoNC,Ha(u-NH)CoHgN [CNNN-H;
NR, = NMe,, NEt,, pyrrolidinyl], and corresponding nickel complexes [(F’"NNN?)NiX; X = ClI,
Br], were synthesized in good yields. These complexes were well characterized by spectroscopy
technique, elemental analysis, and HRMS. Furthermore, the molecular structures of some of
these complexes were elucidated by X-ray crystallography. The synthesized pincer nickel
complexes showed excellent activity for the regioselective alkylation of indoles and moderate
activity for the dehydrogenative alkylation of indolines with alkyl halides. Synthesis and
characterization of the nickel complexes and their applications towards C—H bond alkylation is

discussed in this chapter.
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Chapter 2

2.1 INTRODUCTION

Palladacycles containing C-anionic four-electron donor (CE) or six-electron donor (ECE)
ligand (E = donor group) have many attractive structural features.'? The stable chelating
structure and strong metal-carbon o-bond provides them with high air and thermal stability,
whereas the appropriate tuning of the substituents on donor-atom furnishes distinct sterics and
electronics around the palladium; which make the palladacycles extraordinary catalysts for
various important organic transformations.®** Though, each of these palladacycles has its own
unique chemistry, the ECE-pincer (NCN,®?' PCP, %% SCS, %3 etc.) palladium system has
attracted considerable interest, as it benefits from the advantage of terdentate coordination and
hence, the well-protected palladium center. Recently, the unsymmetrical ECE’-pincer palladium
system having two different donor arms, typically one soft P-donor and one hard N- or O-donor,
such as PCN,*?” POCN,***? and PCO™ has given particular attention, as such system renders
complementary properties of both the hard/soft donor as well as that of the distinct electron-
donor/acceptor ability. In addition, the hemilabile palladacycles could provide suitable sterics,
electronics, and coordination demands needed on the different steps of a catalytic reaction, and
might produce the interesting structural motifs on stoichiometric reactions.

Considering the broad applicability of the palladacycles, the efficient and regioselective
synthesis of the hemilabile ECE'-based palladacycles (both CE- and ECE’-type) by C—H bond
activation is indispensable. In general, the syntheses of the arene-based ECE pincer-palladium
complexes, containing 1,3-donor group substituents, are executed by the direct cyclopalladation
at C-2 position of the arene ligands; which usually promoted by the coordination of the donor
groups on ligand prior to the intramolecular C(2)-H bond activation.***® However, in some of
the pincer-type ligands, the cyclopalladation of C-2 does not occur and instead the C-4/C-6
palladation takes place to generate CE-type palladacycles.***° In order to obtain the selective
ECE-pincer palladacycles, in such cases, the site selectivity of the palladation is inverted by the
introduction of an activating group (—SiMes) at C-2 position.”*®? Surprisingly, the synthesis of
both the CE- and ECE/ECE’-palladacycles from a single ECE/ECE' pincer-type ligand via the
selective C—H bond palladation has not been precedented in the literature. We assumed that in an
unsymmetrical pincer-type ligand POCN-H, as it contain two different donor groups with the

distinct donating ability, the reactivity of the ligand towards palladium could be tuned to allow
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only P- or both N- and P-coordination, which would be followed by the regioselective C—H bond
palladation to generate both type of palladacycles (CE- and ECE’-type), without being the
introduction of an activating group (-SiMes). With this in mind, in this chapter, we describe the
syntheses of two unsymmetrical POCN pincer-type ligands, and their regioselective C—H bond
palladation to accomplish both the “PC”-chelate binuclear [«”,x“-PC-PdCl], (CE-type) and
“POCN”-coordinated  mononuclear  («”,x%,K-POCN)PdCl  (ECE’-type) palladacycles.
Furthermore, the influence of base on the regioselective C—H bond activation is demonstrated,
and the mechanistic aspect of the same has been elucidated. All the palladacycles were screened
as a catalyst precursor for the direct C—H bond arylation of azoles with aryl iodides and some of

them were efficiently employed in the synthesis of a variety of 2-arylated azoles.

2.2 RESULTS AND DISCUSSION

2.2.1 Synthesis of Ligands. The ®?POCN"2-H [3-R,PO-CsH4-1-CH,N'Pr, (R = Ph, la; R =
Et,N, 1b)] pincer ligands were synthesized following the procedure similar to the synthesis of
analogous compounds.®® Hence, the treatment of 3-((diisopropylamino)methyl)phenol with NaH,
followed by the reaction with relevant chlorophosphine produced the hybrid ligands 1a and 1b in
good vields (Scheme 2.1). The **P{"H} NMR spectra of 1a and 1b showed single resonances at
109.7 and 131.8 ppm, respectively; which were comparable with the 3'P NMR data of the similar
compounds i.e. "POCOP-H" (& 114.0 ppm) and 4-Me-CgH,-OP(NEt,),>* (& 133.0 ppm). In
the 'H NMR spectra of both the compounds, the —CH, protons on —CH,N'Pr, group appeared
around 3.60 ppm as singlets. Further, the assigned molecular structures of the compounds 1a and
1b are consistent with the observed *H and *C NMR data. These compounds were used for the

metallation reactions without further purification.

(1) NaH, THF
0,
70°C.3h 4
HO

i (2) RoPCI, THF R,P N'Pr,
N'Pry 70°C, 12 h

R=Ph, (1a)

R = NEt,, (1b)

Scheme 2.1 Synthesis of POCN-H ligands.
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2.2.2 Synthesis of Palladacycle Complexes. Following previous protocol for the synthesis of
POCN pincer-palladium complexes,® the reactions of 1a and 1b with Pd(COD)CI, in the
presence of inorganic base K3;PO, in 1,4-dioxane produced the pincer-ligated complexes
{" &, i-2-(R,PO)-CsH3-6-(CH,N'Pr) }PdCI [(F*POCNP?)PACI; R = Ph (2a) and R = Et;N
(2b)] (Scheme 2.2). The *P{*H} NMR spectra of 2a and 2b displayed singlets at 150.0 and
142.3 ppm, respectively. In the *H NMR spectrum of 2a, the —CHs protons (12H) of isopropyl
groups appeared as two set of doublets in contrast to a single set of doublet observed for the
same (12H) in 1a, which could be due to the magnetic non-equivalency of —CHs protons,
generated upon the coordination of N-arm of the ligand to the palladium center. The two —CH
protons on the isopropyl groups appeared as an octet, which might be due to the partial
overlapping of the two septets for each —CH of the -N{CH(CHj3),}» group. Similarly, the —CH3
protons on isopropyl groups of the 2b resonate differently and appeared as two distinct doublets.
The appearance of two set of doublets for the —CHj3 protons on —N{CH(CHz3),}. groups in the
complexes 2a and 2b, in contrast to single set of doublet in the ligands 1a and 1b, could be
considered as an indication of the nitrogen-arm coordination to the palladium center. Further, the
peak of —CH, protons on the —CH,N'Pr, group of 2a and 2b deshielded (~ 0.4 ppm) compared to
the respective ligands, and appeared around 4.0 ppm as singlets. The POCN-pincer palladium
complexes 2a and 2b were further characterized by *C NMR, MALDI-TOF measurements and
elemental analyses. The proton and carbon peaks chemical shift in both the complexes were fully
assigned by the 2D NMR studies, after establishing the atom connectivity and spatial
relationship. The molecular structures of 2a and 2b were also established by the single crystal X-

ray diffraction studies.
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N'Pr,
R
Pz\ Pd(COD)Cl, Pd(COD)Cl,
Pd/CI\Pd/ 0 i o) I o)
- :
O N 1,4-dioxane _ | . 1d-dioxane ! i
N ’ R,P NiPr. R,P—pd—NIPr
P Cl 70°C,2h 2 2 70°C,2h 2 Pld 2
R cl
R=Ph, (4a) NiPr R=Ph, (1a) R=Ph, (2a)
R = NEt,, (4b) 2 R = NEt,, (1b) R = NEt,, (2b)
R='Pr, (4c) R="Pr, (1c) R=Pr, (2c)

Scheme 2.2 Synthesis of palladacycle complexes.

To our surprise, the reaction of 1a, 1b and 1c®® with Pd(COD)CI, in the presence of Et;N
as base in 1,4-dioxane produced the binuclear ortho-palladated complexes [{x",x"-2-(R,PO)-
CeH3-4-(CHoN'Pro)}(1~Cl)Pd], {(R = Ph (4a), Et;N (4b), 'Pr (4c)}, with the chloride as a
bridging ligand between the two palladium centers (Scheme 2.2). In the binuclear complexes (4a,
4b and 4c), each palladium center is coordinated by the P-atom, and the C-atom that is ortho to —
OPR; and para to —CH,N'Pr, group. Unlike the pincer-ligated complexes 2a, 2b, and 2c,*® the N-
arm of the ligand in binuclear complexes (4a, 4b and 4c) does not involved in the coordination to
palladium center. It should be noted that the triethylamine (EtsN) is commonly used as a base for
the synthesis of pincer-ligated palladium complexes; however, in the current ligand systems the
formation of non-pincer ortho-palladated binuclear complexes were observed in the presence of
EtsN, even though the ligands are of pincer-type. To our knowledge, this represents the first
example of a base-assisted site selective palladation to accomplish both the bidentate-
coordinated palladacycles (4a-4c) and terdentate-coordinated pincer palladium complexes (2a-
2¢) from the pincer-type ligands, though the site selective palladation has been known by the
introduction of an activating group (i.e. —~SiMe3).***>°>°® The 3P NMR spectrum of 4a displayed
two singlets at 152.9 and 152.2 ppm in 1.5 : 1 ratio. The two different peaks could be due to the
existence of cis and trans isomers for the complex 4a in solution.”” Though, the 3P NMR data of
4a is suggestive of two isomers, the "H NMR spectrum displayed a single set of peaks. The —CHj
protons on the —N'Pr, group showed only one broad singlet at 1.00 ppm, suggesting the N-arm of
the ligand is not involved in the coordination to Pd-center. Further, the peak at 3.55 ppm for the
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—CH, protons on ~CH,N'Pr, group is indicative of a non-coordinating N-arm. The MALDI-TOF
spectrum of 4a displayed the molecular ion peak at 1063.3624, which is consistence with the
existence of a binuclear complex. Similar to the complex 4a, the *'P NMR spectrum of binuclear
complex 4b displayed two singlets at 137.7 (76%) and 137.9 (24%) ppm for the two different
isomers. The *H NMR spectrum showed a single set of peaks and the splitting pattern of the
proton peaks resemble to that observed for a non-coordinating —CH,N'Pr, group. The 3P NMR
spectrum of the complex 4c showed two singlets at 200.0 and 199.0 ppm for the presumed two
isomers in 1.9:1 ratio. The *H NMR spectrum exhibited a single set of peaks with the distinctive
of non-coordinated —CH,N'Pr, and coordinated —OP'Pr, groups. The MALDI-TOF measurement
displayed the peaks at 1043.4058 (M+H)" and 927.3241 (M+H)" for the binuclear complexes 4b
and 4c, respectively.

To synthesize the derivative of a binuclear complex, the complex 4a was treated with
AgOAc which generated the acetate-bridged binuclear complex [{x’,«"-2-(Ph,PO)-CgH3-4-
(CHoN'Pro) }(1-OAC)Pd]; (5a) (Scheme 2.3). The *'P NMR spectrum of 5a displayed a singlet at
151.0 ppm, which is slightly shielded than that observed for the chloro-bridged complex 4a.
Unlike the complex 4a, the aceate-bridged binuclear complex 5a exists as a single isomer in
solution as indicated from the 3P NMR data. The *H NMR data of 5a resembled with that of the
4a, except that the —CHj protons of bridged-acetate show a singlet at 2.17 ppm. Further, the *C
NMR data and elemental analysis of 5a is in good agreement with the assigned structure. The

molecular structure of complex 5a was further confirmed by X-ray diffraction study.

NiPrz NiPrz
Me
Ph; Phs
cl P AgOAGc, THF o/)’\o P
AN/ o Cah S/ N o
J Pd\ /Pd rt., - o Pd\ /Pd
\P/ Cl \P/ 0:..-0
Ph, Ph,
Me
i .
(4a) N'Pry (5a) N'Pr,

Scheme 2.3 Synthesis of acetate-bridged binuclear palladium complex 5a.
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In a different note, the C—H bond palladation of the ligand "2POCN™"?-H was explored
with other palladium precursor like Pd(OAc),. Surprisingly, the reaction of ""’POCN™-H (1a)
with Pd(OACc), in the presence of K3PO, produced the ortho-palladated binuclear complex 5a,
rather than the expected mono-nuclear pincer complex (Scheme 2.4). Further, the same reaction
in the presence of EtsN or even in the absence of a base afforded the binuclear complex 5a.
These results indicated that the base has no influence on the regioselective palladation of the
ligand 1a while Pd(OAc), is used as a palladium source. This distinct reactivity of la with
Pd(OAc), than with the Pd(COD)CI, towards the regioselective palladation can be attributable to
the electrophilic character of Pd(OAc),. The high electrophilicity of Pd(OAc), could accelerate
the electrophilic attack of the Pd-center on arene ring of the POCN-H ligand after the P-arm
coordination, leading to complex 5a, rather than allowing both the P- and N-arm coordination

and Cipso—H bond palladation.

N'Pr,
Me
)\ Phy
Pd(OAc), PN /P\o
(o) with/without base 4 Pd Pd
|'1>h2P NP, 1,4-dioxane \P/ Noso”
70°C,2h Ph,
Me
N'Pr
(1a) (5a) 2

Scheme 2.4 Reactivity of 1a with Pd(OACc)..

2.2.3 Derivatives of Pincer Palladacycle. The treatment of (POCN)PdCI complexes 2a and 2b
with AgOAc in THF at room temperature resulted in the formation of complexes {«",x~, «"-2-
(RoPO)-CgH3-6-(CH,N'Pr,)}Pd(OAC) [R = Ph (3a) and R = Et,N (3b)] in good yields (Scheme
2.5). The 3P NMR spectra of the complexes 3a and 3b displayed single resonances at 143.8 and
142.3 ppm, respectively. In the *H NMR spectra, the —-OCOCH; protons appeared as singlets at
1.86 and 1.92 ppm for 3a and 3b, respectively. Other *H and **C NMR peaks for the complexes
3a and 3b as well as their splitting patterns are largely resembled with that observed in the
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respective spectra of the complexes 2a and 2b. Moreover, the MALDI-TOF and elemental
analyses of both the complexes are in accord with the assigned molecular structures. The
complexes 3a and 3b were further characterized by **C NMR, elemental analyses and single

crystal X-ray diffraction studies.

AgX, THF
Q _ rt,3h 0 _
Rzp\Pd—"NIPrz - RzP‘Pd—‘NIPrz
| |
Cl X
R=Ph, (2a) R=Ph, X=OC(O)Me, (3a)
R = NEt,, (2b) R = NEt,, X = OC(O)Me, (3b)

Scheme 2.5 Synthesis of POCN-pincer palladium derivatives.

2.2.4 Mechanistic Aspects of Regioselective Palladation. The reactions of the ligands 1a-1c
with Pd(COD)CI, in the presence of K3PO,4 produce the pincer complexes 2a-2c by the arene
C(2)-H bond activation of the 1,3-donor group substituted ligands la-1c, whereas the similar
reactions in the presence of triethylamine exclusively furnished the non-pincer ortho-palladated
binuclear complexes 4a-4c through the C(4)-H bond activation, leaving the N-arm non-
coordinated. In view of the synthetic aspect of the palladacycle complexes, this regioselective C—
H bond palladation is unique as a base could decide the outcome of the products formation, i.e.
mononuclear pincer complex or binuclear non-pincer complex. This distinct reactivity of the
hybrid ligands 1la-1c motivated us to investigate the mechanistic aspects of the regioselective
palladation reaction. We have chosen 1c as a model ligand to study it’s reactivity with
Pd(COD)CI, under controlled reaction conditions, and the progress of the reaction was monitored
by the 3P NMR analysis. Initially, the ligand 1c was treated with Pd(COD)CI, in 1,4-dioxane in
the absence of base at room temperature (Scheme 2.6). After 1 h, the P NMR spectrum of the
crude reaction mixture displayed two singlets at 198.2 and 141.6 ppm. The peak at 198.2 ppm
corresponds to the pincer-ligated complex 2c. The phosphorous peak at & 141.6 ppm was
tentatively assigned for the intermediate complex 6c, as the HRMS (ESI) measurement of the

crude reaction mixture showed a mass peak at m/z 522.0696 (m/z Calcd for [6¢+Na]” =
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522.0682). Several attempts to isolate the pure product of 6¢ were unsuccessful, as the reactions
were always resulted with the mixture of both 2c and 6c. However, upon addition of K3PO4 to
the reaction mixture, a clean conversion of the mixture to the compound 2c was occurred at
elevated temperature. This suggests that the chelate complex 6¢ is most likely an active
intermediate for the formation of pincer-complex 2c in the presence of K3PO,. Similar type of
chelate complex intermediate [« x°-(MeS-CH,),-CgH4-PdCl,] for the synthesis of symmetrical
pincer complex [«°, k%, k°-(MeS-CH,),-CgH3-PdCI] has previously been described.® Further, to
understand the effect of EtsN on the palladation reaction, the ligand 1c was treated with
Pd(COD)CI; in the presence of EtsN (1.2 equiv) in 1,4-dioxane at room temperature and the
progress of the reaction was monitored by 3P NMR analysis. After stirring the reaction mixture
for 1 h, the ligand peak at o 148.8 ppm completely disappeared and the formation of a new peak
at & 143.6 ppm was observed, with a minor formation of the complex 4c (o 200.6 ppm). The
peak at & 143.6 ppm was tentatively assigned to the intermediate palladium complex 7c
(Scheme 2.6), as the phosphorous ligands environment in 6¢ and 7c are almost similar and the
$'p NMR chemical shifts for both of them were around in the same region (& 141.6 and 143.6
ppm). Attempt to the isolation and characterization of the presumed intermediate 7c was
unsuccessful, as the probable hemilabile species 7c¢ was completely transformed into the
thermodynamically stable product 4c during the work-up process. Assuming that the hemilabile
nature of EtzsN ligand might play a role in the instability of 7c, the ligand 1c was treated with
Pd(COD)CI; in the presence of pyridine (1.2 equiv) in 1,4-dioxane. After the reaction mixture
was stirred at room temperature for 1 h, the 3P NMR measurement of the reaction mixture
displayed a peak at 144.9 ppm with the complete disappearance of the peak correspond to 1c.
The *P NMR peak at 144.9 ppm was assigned to the complex 8c. The compound 8¢ was isolated
and fully characterized by the major spectroscopic techniques. In the *H NMR spectrum of 8c,
the downfield shift (ca. 0.6 ppm) of the C(2)-H and C(6)-H protons on pyridine moiety suggests
the pyridine ligand coordination to the palladium center. Further, the HRMS (ESI) analysis of the
complex 8c confirmed the assigned molecular structure. Since the *'P NMR chemical shifts of
the three intermediate complexes (6¢, 7c and 8c) were around the same region, we assumed that
the assigned structures for these intermediates are appropriate. To our surprise, when the

complex 8c was heated in 1,4-dioxane at 70 °C for 5 h, the formation of pincer complex 2¢ was
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observed, instead of the expected ortho-palladacycle complex 4c. The formation of the pincer
complex 2c from the intermediate 8c can be attributable to the easy displacement of the less
bulky pyridine ligand by the —CH,N'Pr, ligand arm leading to the formation of an intermediate
species 6¢, which is followed by the C(2)-H bond palladation. However, in the case of
intermediate 7c, the steric hindrance between —CH,N'Pr, group and coordinated Et;N ligand
might keep the —CH,N'Pr, unit away from the palladium center and allow the C(4)-H bond

activation to produce the complex 4c.

K3PO,
Pd(COD)Cl, _ | o 70°C,1h o

rt, 1h Prp_NPr,| -baseHCI iPrzP\Pld——NiPrz
/7 N\ Cl
Cchc (2c)
(6c)
- Py.HCI
?/©\ B ]
'Pr,P N'Pr, o
(1¢c) NP o\ i
r2 'PrzP\Pd/N Pry
For 8c / \
L2 70°c,5h L C ¢ |
Pd(COD)Cl, (6¢c)
Base (L) _ (0] H4 N'Pr,
tih o )
'ProP L For 7c
Pd iPr
7N 70°C, 1h §
Cl Cl cl /P\
- EtzN.HCI PN o)
Pd Pd
L = Et3N; (7c) oL/ \CI/
L=Py; (8c) Pr,
(4c) N'Pr,

Scheme 2.6 Proposed pathway for the formation of “PC”- and “POCN”-palladacycles.
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Further to gain more insight into the influence of bases during the course of C—H bond
palladation reaction, the kinetics of the electrophilic palladation step in the formation of 2c and
4c from the 6¢ (or 8c) and 7c, respectively, were determined. All the kinetic experiments were
performed after being the in-situ generation of the intermediate species 6¢, 7c and 8c. Initially
the rates for the formation of products 2c and 4c were determined by employing one equiv of
bases K3POy, EtsN and pyridine. The reaction profile for the C—H bond palladation on 6c, 7c and
8c over a period of 45 min is shown in Figure 2.1. As displayed, the rate for the formation of 4c
from the 7¢ (1.14 x 10 Mmin™) is approximately four times faster than the formation of 2c from
the 8¢ (0.296 x 10 Mmin™). This indicates that the EtsN base was dissociated faster than the
pyridine from the respective species 7c¢ and 8c.

0.07 7 | —=— 4c (from 7c)

—@— 2c¢ (from 6c with 1 equiv of K3PO,)
—&— 2¢ (from 8c)

0.06

o

o

a
1

0.04
0.03
0.02 4

0.01 - /

0.00 T T T T T T T T T 1

Conc. of palladacycles [M]

Time [min]

Figure 2.1 Reaction profile for the C—H bond palladation of 6c, 7c and 8c at 70 °C.

Again, the kinetic of the C—H bond palladation was studied by determining the rates of
palladacycle formation with varying concentration of bases using the initial rate approximation.
Figure 2.2 shows the rate of the palladation reaction is almost same for the various concentration
of the K3PQOy, suggesting the reaction is zeroth-order in the concentration of K3PO,. Notably, the
rates of the C—H bond palladation reactions in 7c and 8c decreases with the increased
concentration of EtsN and pyridine (Figure 2.3 and Figure 2.4). These results suggest that the
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dissociation of the coordinated bases from the species 7c and 8c might suppressed with the high
concentration of bases (Et;N and pyridine).

Rate Order Determination for K3PO, (Table 2.1, Figure 2.2): To determine the order of
the palladation reaction on K3PQy,, the initial rates at different initial concentrations (1 equiv, 3
equiv, 10 equiv) of K3PO,4 were recorded. The final data was obtained by averaging the results of

two independent trials for each experiment.

Table 2.1 Rate of Arylation Reaction at Different Initial Concentrations of K;PO,

Experiment  Conc. of K3PO, [equiv] Initial rate [Mmin™] x 107
1 1.0 0.466
2 3.0 0.302
3 10.0 0.360

1.0 -
0.040
0.9 - (B)
0.038
0.8
0.036
= o o]
=, 0.034 - 5o
S x
< 0.032 X 06+
c £
S 0030 £ 05
o —_
‘E 0.028 4 % 0.4 - \.
8 —
g 0.026 4 = 1.0 equiv of K3POy s 0.3 »
) ) =
0.024 A e 3.0 equiv of K3POy = 0.2
A 10.0 equiv of K3PO,
00224 [ 374 014
0.020 T T T T T T 0.0 . . . ; :
5 10 15 20 25 30 0 2 4 6 s 10
Time [min] Equiv of K3POy4

Figure 2.2 (A) Time-dependent yields of the palladacycle 2c at different loading of K3PO,. (B)
The dependence of initial palladation reaction rates on the loading of K3PO,.

Rate Order Determination for EtzN (Table 2.2, Figure 2.3): To determine the order of the
palladation reaction on Et3N, the initial rates at different initial concentrations (0.074, 0.222,
0.444 and 0.742 [M]) of EtsN were recorded. The final data was obtained by averaging the
results of two independent trials for each experiment.
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Table 2.2 Rate of Arylation Reaction at Different Initial Concentrations of EtsN

Experiment Conc. of EtsN [M] Initial Rate [Mmin™] x 10°
1 0.074 1.14
2 0.222 1.69
3 0.444 0.80
4 0.742 0.702
0.0507 " 0.074[M (A) 07
0.045 o 0222 {M} .1 (B)
A 0444 [M]
0.040 v 0.742 [M] 3.2 1
E 0.035 8 28
5‘3’ 0.030 - ‘_; 244
g 0.025 - g 2.0
= s -
g 0.020 g 1.6
g oos] ° v v .TIS 1.2 .\.
© 5010 Y €08 .

<

o

~
1

0.005

o
S)

0.000 +——————7—

T T T
0.1 0.2 0.3 0.4 05 0.6 0.7
Conc. of EtgN [M]

o
=}

Time [min]

Figure 2.3 (A) Time-dependent yields of the palladacycle 5c at different concentration of Et;N.
(B) The dependence of initial palladation reaction rates on the concentration of Et3N.

Rate Order Determination for pyridine (Table 2.3, Figure 2.4): To determine the order of the
palladation reaction on pyridine, the initial rates at different initial concentrations (0.074, 0.222,
0.444 and 0.742 [M]) of pyridine were recorded. The final data was obtained by averaging the
results of two independent trials for each experiment.

0.8
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Table 2.3 Rate of Arylation Reaction at Different Initial Concentrations of pyridine

Experiment  Conc. of pyridine [M] Initial rate [Mmin™] x 10

1 0.074 0.296
2 0.222 0.280
3 0.444 0.135
4 0.742 0.134
0.016 0.60
= 0074 M] (A) 0s5]  (B)
0.014 e 0.222[M]
A 0444 V] 0-50 1
0.012 4 v 0.742[M] w 045
g o
:‘ 0,010 : 0.40
% . FI'— 0.35
é 0.008 - g 0.30 -
g ;‘ 0.25
§ 0.006 - T 020
S s
8 0.004 1 £ 0154 n .
~ 0.0
0.002
0.05
0.000 T T T T Y 0.00 T T T T T T T 1

0 10 20 30 40 50 00 01 02 03 04 05 06 07 08

Time [min] Conc. of pyridine [M]

Figure 2.4 (A) Time-dependent yields of the palladacycle 2c at different concentration of
pyridine. (B) The dependence of initial palladation reaction rates on the concentration of
pyridine.

On the basis of all the experimental findings, the pathway for the formation “POCN”-
pincer palladium and “PC”-chelate palladium complex can drawn as shown in scheme 2.6. Thus,
the formation of pincer complex 2c occurred via the chelate intermediate species 6¢ in the
presence of an inorganic base K3PO,4, whereas the binuclear complex 4c was formed via the
Lewis base-coordinated intermediate 7c. Notably, the Lewis base-coordinated intermediate
might leads to the formation of pincer complex (as seen in the case of 8c), provided the dangling
non-coordinated arm (~CH,N'Pr,) displaced the coordinated-base (L) and generates the chelate
species 6¢. Hence, we proposed that the primary requirement for the synthesis of a chloro-
bridged binuclear complex could be the use of a coordinating Lewis base (L); and secondly, the
substantial steric hindrance between the coordinated-base and the dangling arm (~CH,N'Pr.) to
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avoid the formation of intermediate 6¢c. We assume that the steric between the N-arm (-
CH,N'Pr,) and coordinated ligand (L) was very crucial to the specific palladacycle formation,
than the electronic factor (EtsN vs Py). This can be further outlined on the fact that the ligand 1c
reacted with Pd(COD)CI, and EtsN to produces the non-pincer complex 4c; whereas a slightly
less bulky ligand Ph,PO-CgH4-CH,;NEt, upon the reaction with PdCI, and Et3N, generated the
pincer-ligated palladium complex.

2.2.5 Molecular Structure of Palladium Complexes. The crystals of the complexes 2a, 2b, 3a,
3b and 5a, suitable for the X-ray diffraction study were obtained from the slow evaporation of
petroleum ether solution of the complexes at room temperature. The ORTEP diagrams are shown
in Figure 2.5-2.9 and the selected bond lengths and bond angles are given in the respective figure
captions. In the structures of 2a and 2b, the geometry around the palladium is distorted square
planar. The Pd-C bond lengths, 1.9514(16) and 1.960(2) A in 2a and 2b, respectively; are
comparable with the Pd—C bond length (1.957(2) A) in the similar complex (3-MeO-
PR2bOCNM®2)PdCL* The Pd—Cl bond length (2.3848(4) A) in 2a is slightly shorter than the
Pd—CI bond length (2.4082(6) A) observed in 2b, which might be due to the c-donor strength
exerted by the (E®M?POCN™?) moiety upon the palladium in 2b being stronger than that of the
("">POCN™2) moiety in complex 2a. The Pd—P bond length (2.1885(4) A) in 2a is comparable
with that of the complex (3-MeO-""?POCNM2)PdCI (Pd-P = 2.1858(6) A).** However, the Pd—P
bond length (2.1951(6) A) in 2b is significantly shorter than the Pd—P bond lengths (2.284(2),
2.277(2) A) in the symmetrical pincer complex (*M*POCOP)PdI.*" The Pd(1)-N(1) bond
length (2.2032(13) A) in 2a is slightly shorter than the Pd(1)-N(1) bond length (2.2204(17) A) in
(P2POCN™?)PdCI, whereas the Pd(1)-N(1) bond length (2.2361(16) A) in 2b is slightly longer
than that observed in complex ("?POCN™?)PdCI.* For the complexes 2a and 2b, the P—Pd-N
bond angles are 161.10(4) and 161.30(5)°, respectively; which are smaller than the corresponding
bond angle (P-Pd-N, 162.10(5)°) in the ("“POCN"?)PdCI complex.
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Figure 2.5 Thermal ellipsoid plot of (""™POCN"™?)PdCI (2a). All the hydrogen atoms are omitted
for clarity. Selected bond lengths (A): Pd(1)-C(1), 1.9514(16); Pd(1)-P(1), 2.1885(4);
Pd(1)-N(1), 2.2032(13); Pd(1)-CI(1), 2.3848(4). Selected bond angles (°): C(1)-Pd(1)-P(1),
80.52(5); C(1)-Pd(1)-N(1), 81.72(6); P(1)-Pd(1)-N(1), 161.10(4); C(1)-Pd(1)-CI(1), 176.08(5);
P(1)-Pd(1)-CI(1), 98.672(16); N(1)-Pd(1)-Cl(1), 99.48(4).

Figure 2.6 Thermal ellipsoid plot of (®N?POCN™?)PdCI (2b). All the hydrogen atoms are
omitted for clarity. Selected bond lengths (A): Pd(1)-C(1), 1.960(2); Pd(1)-P(1), 2.1951(6);
Pd(1)-N(1), 2.2361(16); Pd(1)-Cl(1), 2.4082(6). Selected bond angles (°): C(1)-Pd(1)-P(1),
80.26(6); C(1)-Pd(1)-N(1), 81.09(8); P(1)-Pd(1)-N(1), 161.30(5); C(1)-Pd(1)-CI(1), 176.84(6);
P(1)-Pd(1)-CI(1), 97.42(2); N(1)-Pd(1)-CI(1), 101.27(5).

Ph.D. Thesis: Dilip Kumar Pandey 67



Chapter 2

For the complexes 3a and 3b, the coordination geometry around the palladium is slightly
distorted from the expected square planar geometry. The acetate ligand in both the complexes
binds as 7*-coordinated fashion, and the Pd—O bond lengths (2.084(2) A in 3a, 2.1247(12) A in
3b) are similar to those found in other examples of palladium-acetate complexes, wherein the
acetate ligand is trans to aryl groups.”®*® The Pd—C bond lengths (1.952(3) and 1.9510(17) A) in
3a and 3b are comparable with the Pd—C bond lengths in their halide counterparts 2a and 2b,
which is in line with the similar trans influence of both chloride and acetate ligands. However,
the Pd—P bond lengths (2.2136(8) and 2.2140(5) A) in the 3a and 3b are slightly longer than the
corresponding Pd-P bond lengths in halide derivatives 2a and 2b. The P(1)-Pd(1)-O(2) bond
angles in 3a and 3b are 102.90(6)° and 102.48(4)°, whereas the N(1)-Pd(1)-O(2) bond angles are
93.34(9)° and 95.14(5)°. This indicates that the O(2) atom of OC(O)CHjs ligand is aligned more
towards N-arm than the P-arm, whereas the carbonyl oxygen O(3) is closer to the P-center than

the N-center in both the complexes 3a and 3b.

Figure 2.7 Thermal ellipsoid plot of (""POCN™?)PdOAc (3a). All the hydrogen atoms are
omitted for clarity. Selected bond lengths (A): Pd(1)-C(1), 1.952(3); Pd(1)-P(1), 2.2136(8);
Pd(1)-N(1), 2.207(2); Pd(1)-0O(2), 2.084(2); C(26)-0(2), 1.276(4); C(26)-0O(3), 1.243(4).
Selected bond angles (°: C(1)-Pd(1)-P(1), 81.21(8); C(1)-Pd(1)-N(1), 82.44(10);
P(1)-Pd(1)-N(1), 162.89(6); C(1)-Pd(1)-0O(2), 175.64(10); P(1)-Pd(1)-O(2), 102.90(6);
N(1)-Pd(1)-0(2), 93.34(9).
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Figure 2.8 Thermal ellipsoid plot of (*V2POCN™?)PdOAc (3b). All the hydrogen atoms are
omitted for clarity. Selected bond lengths (A): Pd(1)-C(1), 1.9510(17); Pd(1)-P(1), 2.2140(5);
Pd(1)-N(1), 2.2295(14); Pd(1)-O(2), 2.1247(12). Selected bond angles (°): C(1)-Pd(1)-P(1),
80.77(6); C(1)-Pd(1)-N(1), 81.97(7); P(1)-Pd(1)-N(1), 162.35(4); C(1)-Pd(1)-0O(2), 170.84(6);
P(1)-Pd(1)-0O(2), 102.48(4); N(1)-Pd(1)-0(2), 95.14(5).

In the binuclear palladium complex 5a, each palladium center is ligated with one P-center,
one C-center and the third and fourth coordination sites are occupied by the oxygen-atoms of two
bridged acetate ligands to form a C,-symmetry molecule. Both the palladium centers are slightly
distorted from the expected square planar geometry. The five-membered palladacycle rings
containing Pd-, P- and O-atoms are in transoid conformation.” The eight-membered ring
containing two palladium and two acetate ligands form a boat conformation, with both the
palladium occupying apical positions. The distance between the two palladium centers is 3.408
A, which is longer than the sum of their van der Waals’ radii (3.26 A), and hence not considered
as a bonding interaction. The Pd—C(1) bond length is 2.002(4) A, which is slightly longer than
the Pd—C bond length (1.952(3) A) in pincer complex 3a. The Pd—P(1) bond length (2.1730(12)
A) is significantly shorter than the Pd-P(1) bond length (2.216(1) A) found in a similar
palladacycle binuclear complex.’® The Pd-O(3) bond length (2.139(3) A) trans to the Pd—C is
slightly longer than the Pd—O(2) bond length (2.093(3) A) located in the cis position, which
could be due to the strong trans effect of the carbon compared to the phosphorus-atom ligand.
The P-Pd—C bond angle is 79.51(12)°, whereas the O(2)-Pd—O(3) bond angle is a perfect right
angle (90.06(11)°).

Ph.D. Thesis: Dilip Kumar Pandey 69



Chapter 2

Cl1o

Figure 2.9 Thermal ellipsoid plot of complex 5a. All the hydrogen atoms are  omitted for
clarity. Selected bond lengths (A): Pd(1)-C(1), 2.002(4); Pd(1)-P(1), 2.1730(12); Pd(1)-O(2),
2.093(3); Pd(1)-0(3), 2.139(3); C(26)-0(3), 1.249(5); C(26)-O(3A), 1.253(5). Selected bond
angles (°): C(1)-Pd(1)-P(1), 79.51(12); C(1)-Pd(1)-0(2), 92.23(15); P(1)-Pd(1)-O(2),
169.83(9); C(1)-Pd(1)-O(3), 171.83(14); P(1)-Pd(1)-O(3), 97.33(9); O(2)-Pd(1)-O(3),
90.06(11).

2.2.6 Catalytic Activity of Palladacycle for the Arylation of Azoles. All the complexes (2a-5a;
0.5 mol % for mononuclear complex, 0.25 mol % for binuclear complexes) were screened for the
C—H bond arylation of benzothiazole (9a, 0.3 mmol) with 4-iodotoluene (10a, 0.45 mmol),
employing Cul co-catalyst in the presence of K3PO,4 in DMF as solvent (Table 2.4, Entries 1-11).
Interestingly, the coupled product 2-(p-tolyl)benzothiazole (11aa) could be obtained in 93%
isolated yield, when the binuclear palladacycle 4c (0.25 mol %) was used as a catalyst in the
presence of Cul and K3PO, in DMF (Entry 6). Notably, the palladacycles containing
Pr2POCN™™-ligand backbone (2c and 4c) were shown superior activities than those having
P2pOCNP2-backbone (2a, 3a and 4a), whereas the palladacycles with EY2POCN™2-backbone
(2b, 3b and 4b) exhibited very poor catalytic performances (Entries 1-11). The use of Cs,CO3
base, which shown to be ideal base for the 2c-catalyzed arylation, was less efficient with the
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catalyst 4c. The arylation reaction in the polar solvents like DMSO and DMA also gave

moderate to good yields of coupled product (Entries 15-16).

Table 2.4 Screening of Catalysts and Reaction Parameters for Arylation of Azoles?
Pd-cat

N, Cul (1.0 mol %) ©:N\: <:> Ve
— + | >
s H Me Base (1.5 equiv) S

Solvent (1.0 mL)

9a 10a 120 °C, 16 h 11aa
Entry [Pd] Base Solvent 11aa (%)°
1 2a K3POy4 DMF 59
2 2b K3POy4 DMF 11
3 2¢ KsPO, DMF 90 (88)
4 da K3POq4 DMF 92
5 4b K3POy4 DMF 15
6 4c K3PO, DMF 95 (93) ¢
7 3a K3POq4 DMF 58
8 3b K3POq4 DMF 4
9 5a K3POy4 DMF 79
10 4c KOAc DMF 46
11 4c K>COs3 DMF 50
12 4c Cs,CO3 DMF 46
13 4c KsPO, DMSO 85 (84)°
14 4c K3POy4 DMA 63
15 4c K3POy4 NMP 5
16 4c K3POy Toluene 29

®Reaction conditions: Benzothiazole (0.041 g, 0.3 mmol), 4-iodotoluene (0.098 g, 0.45 mmol),
[Pd] (0.5 mol % per Pd), base (0.45 mmol), solvent (1.0 mL). °GC yields using para-xylene as

internal standard, “isolated yields.
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Having the optimized reaction conditions in hand, a number of substituted 5-aryl oxazoles
were subjected to the direct arylation with 4-iodotoluene (Table 2.5, Entries 2-6). Hence, by
employing 0.25 mol % of the catalyst 4c and 1.0 mol % of Cul, the azoles containing
electronically different aryl-substituents reacted efficiently with 4-iodotoluene to gave the
coupled products in good vyields. Functional groups like —CI, -CF; and —-OMe as well as
heteroarene substituent pyridine were tolerated on the azole substrates. Furthermore, the
versatility of the catalyst 4c in the arylation of azoles with the functionalized aryl iodide
electrophiles was tested. Thus, the benzothiazole was very efficiently coupled with the aryl
iodides bearing a variety of important functional groups, such as -OMe, —F, —Cl, —CF3 and -CN
(Table 2.5, Entries 7-11). The coupling of highly electron-deficient aryl iodides with
benzothiazole gave very low yields of coupled products (11ag, 11ah). The tolerability of —F, —Cl
and —CN functional groups in the coupled products (11ac, 11ad, 11af) is very important, as they
could be employed for further functionalization. The aryl iodides having ortho-substituents were
also employed for the arylation, giving the desired products in moderate to good yields (Entries
14-16). Further, the heteroarene electrophiles also reacted with benzothiazole to produce the
coupled products (11ap, 11aq) in moderate yields.

Though, the palladacycle catalyst 4c showed similar activity as the previously described
pincer palladium catalyst 2c for the arylation of azoles, the excellent performance of the catalyst
4c in the presence of less expensive base (K3PO4) makes this catalyst superior. The C—H bond
arylation of azoles were well precedented by in situ generated palladium catalysts employing
high loading of the precious metal.®% However, the well-defined palladacycle 4c catalyzes the

arylation of azoles only with 0.25 mol % of the catalyst loading.
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Table 2.5 Scope for the Arylation of Azoles Catalyzed by 4c?

N N R
©: )—H Cat 4c (0.25 mol %) @ \>_®
S R Cul (1.0 mol %) X
or ¥ I@ KsPO, (15 equiv) or .
JIN\>_H DMF (1.0 mL) JIN\>_®
5 120°C, 16 h G
11

9 10

Ar

entry azoles (9) product (11) yield (%)°

1 N (11aa)
\
Oy <0 o

N
A\ \ e
2 L) @/[(;—@-M (11ba) 64

MeO MeO
N N
3 | O\> /@io\%@l\ﬂe (11ca) 67
Cl Cl
N N
\ \ e
4 | O> @io@“ﬂ (11da) 75
FsC F4C
Y )
5 g 5 g 5 (11ea) 87
\ |
N
6 \> >—Q (11ee) 81
\
Pe @[ — )=
7 R =OMe (11ab) 96
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© o

11
12
13

14
15
16

17

18

19

20

21

22

cry

cry
Cry

R=F
R=Cl
R = CF3

R=CN
R= NOz
R = COOMe

seily

R=Me
R =0Me
R=ClI

o
e,
o

)
P
C—=Q

(11ac)
(11ad)
(11ae)

(11af)
(11ag)
(11ah)

(11ai)
(114a))
(11ak)
(11al)

(11am)

(11an)

(11a0)

(11ap)

(11aq)

76
79
90

86
26
37

91
72
79

40

75

65

97

54

68

®Reaction conditions: Azole (0.3 mmol), aryl iodide (0.45 mmol), KsPO4 (0.096 g. 0.45 mmol),
catalyst 4c (0.0007 g, 0.25 mol %), Cul (0.0006 g, 1.0 mol %), DMF (1.0 mL), 120 °C, 16 h.

®Yields of isolated compound
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2.3 CONCLUSION

In summary, two unsymmetrical POCN ligands, and a series of mononuclear pincer
palladium complexes and chloro-bridged binuclear palladacycles were synthesized via the
regioselective C—H bond activation of the POCN-H ligands. Hence, the palladation reactions of
the POCN-H ligands bearing isopropyl substituents on N-atom produced “PC”-palladacycles 4a-
4c in the presence of Et3;N, whereas the same ligands in the presence of K3PO4 or pyridine
afforded “POCN™-pincer palladium complexes; via the selective activation of the arene C(4)-H
and C(2)-H bond, respectively. All the palladacycles were fully characterized by multinuclear
NMR studies and the molecular structures of many complexes were established by X-ray crystal
structure determination. The influence of base on the regioselective C—H palladation to form
chloro-bridged binuclear palladacycle or pincer palladium complex has been investigated, which
suggests that the regioselectivity was dictated by the coordinating ability of the external base as
well as the sterics between the base and nitrogen-ligand arm, rather than the electronics. The
palladacycle 4c shows excellent catalytic activity for the arylation of azoles with aryl iodides
employing a relatively moderate and inexpensive base K3PO4 under the mild reaction
conditions. A number of 5-aryl azoles and benzothiazole were arylated with substituted aryl

iodides containing numerous functional groups (—F, —ClI, -CN, —CF; etc.).

24 EXPERIMENTAL SECTION

General Information. All manipulations were conducted under an argon atmosphere
either in a glove box or using standard Schlenk techniques in pre-dried glass wares. The catalytic
reactions were performed in flame-dried reaction vessels with rubber septa. Solvents were dried
over Na/benzophenone or CaH, and distilled prior to use. DMF was dried over CaH,, distilled
under vacuum and stored over 4 A molecular sieves. Liquid reagents were flushed with argon
prior to use. The POCN-H ligand 1c,>® 3-((diisopropylamino)methyl)phenol,®® and 5-aryl
azoles® were synthesized according to 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. TLC: TLC Silica
gel 60 Fus4. Detection under UV light at 254 nm. Chromatography: Separations were carried out

on Spectrochem silica gel (0.120-0.250 mm, 60-120 mesh, for organic compounds) and neutral
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alumina (for inorganic complexes). High resolution mass spectroscopy (HRMS) mass spectra
were recorded on a Thermo Scientific Q-Exactive, Accela 1250 pump and MALDI-TOF mass
spectra on AB SCIEX TOF/TOF™ 5800/4800 plus. M. p.: Biichi 540 capillary melting point
apparatus, values are uncorrected. NMR (*H and *3C) spectra were recorded at 400 or 500 (*H),
100 or 125 {*C, DEPT (distortionless enhancement by polarization transfer)}, 377 (**F) and 162
or 202 MHz (3*P{*H}), respectively on Bruker AV 400 and AV 500 spectrometers in CDCl;
solutions, if not otherwise specified; chemical shifts (8) are given in ppm. The *H and **C NMR
spectra are referenced to residual solvent signals (CDCl3: 6 H = 7.26 ppm, 6 C = 77.2 ppm) and
$pf1H} NMR chemical shifts are referenced to an external standard, HsPO,4 in D,O solvent (&
0.0 ppm), in a sealed capillary tube.

GC Method. Gas Chromatography analyses were performed using a Shimadzu GC-2010
gas chromatograph equipped with a Shimadzu AOC-20s autosampler and a Restek RTX-5
capillary column (30 m x 250 um). 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, 3 min.

Response factors for all the necessary compounds with respect to standard mesitylene were

calculated from the average of three independent GC runs.

2.4.1 Synthesis of "2POCN"2_H (R = Ph, 1a; R = Et;N, 1b). To the suspension of NaH (0.30
g, 12.50 mmol) in THF (10 mL) was added a solution of 3-(diisopropylamino)methyl phenol (2.0
g, 9.65 mmol) in THF (20 mL) and the resulting mixture was refluxed at 70 °C for 3 h. After the
reaction mixture was cooled to room temperature, a solution of chlorophosphine, R,PCI (2.13 g,
9.65 mmol for R = Ph; 2.03 g, 9.65 mmol for R = Et;N) in THF (20 mL) was added and resulting
reaction mixture was further refluxed at 70 °C for 12 h. The reaction mixture was cooled to
ambient temperature and volatiles were evaporated under reduced pressure. The compounds
were extracted with n-hexane (60 mL x 3) and the combined n-hexane solutions were evaporated

under vacuum to obtain oily products of *?POCN™"—H.
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PR2bOCNP?-H (1a): Yield = 3.20 g, 85%; *H-NMR (500 MHz, CDCls): & = 7.61-7.56
(m, 4H, Ar-H), 7.37-7.32 (m, 6H, Ar—H), 7.21 (s, 1H, Ar-H), 7.14 (dd, J = 7.9, 7.6 Hz, 1H,
Ar-H), 7.01 (d, J = 7.3 Hz, 1H, Ar—H), 6.95 (d, J = 6.7 Hz, IH, Ar-H), 3.58 (s, 2H, CH,), 2.95
(sept, J = 6.7 Hz, 2H, CH(CHs),, 0.96 (d, J = 6.4 Hz, 12H, CHs); **C-NMR (100 MHz, CDCls):
8 = 157.4 (d, Jp_c = 9.0 Hz, Cy), 145.4 (Cg), 141.1 (d, Jp_c = 18.2 Hz, 2C, C,), 130.7 (2C, CH),
130.5 (2C, CH), 129.6 (2C, CH), 129.0 (CH), 128.5 (d, Jp-c = 6.4 Hz, 4C, CH), 121.9 (CH),
118.1 (d, J = 10.9, CH), 116.6 (d, J = 10.0 Hz, CH), 48.8 (CHy), 47.9 (2C, CH(CHs),), 20.8 (4C,
CH(CHs),); **P{*H}NMR (202 MHz, CDCl5): & = 109.7 (s).

ELNZPOCNP?-H (1b): Yield = 3.10 g, 84%; 'H-NMR (500 MHz, CDCls): & = 7.14 (vt, J
= 7.7 Hz, 1H, Ar—-H), 7.07 (s, 1H, Ar—H), 6.97 (d, J = 7.3 Hz, 1H, Ar—H), 6.83 (d, J = 7.8 Hz,
1H, Ar—H), 3.60 (s, 2H, CHy), 3.22-3.10 (m, 4H, CH,CHs), 3.09-2.95 (m, 4H, CH,CHs. 2H,
CH(CHs),), 1.05 (t, J = 6.8 Hz, 12H, N(CH,CHs),), 1.01 (d, J = 6.6 Hz, 12H, CH(CHs),); *C-
NMR (100 MHz, CDCl3): & = 155.8 (d, Jp_c = 7.7 Hz, Cy), 144.9 (C,), 128.7 (CH), 121.3 (CH),
118.9 (d, Jp_c = 10.8 Hz, CH), 117.4 (d, Jp_c = 9.3 Hz, CH), 48.9 (CH,), 47.8 (2C, CH(CHs)y),
39.1 (d, Jp-c = 19.3 Hz, 4C, CH,CHj3), 20.9 (4C, CH(CHs)), 14.8 (d, Jp-c = 3.1 Hz, 4C,
CH2CHa); *'P{*H}NMR (202 MHz, CDCls): § = 131.8 (s).

2.4.2 Synthesis of (R?POCN™)PdCI (R = Ph, 2a; R = Et;N, 2b). A mixture of Pd(COD)CI,
(0.058 g, 0.203 mmol for compound 2a; 0.15 g, 0.525 mmol for compound 2b), appropriate
amount of (R*POCN™?)-H (0.079 g, 0.203 mmol of 1a; 0.20 g, 0.525 mmol of 1b) and K5PO,
(0.047 g, 0.223 mmol for compound 2a; 0.122 g, 0.577 mmol for compound 2b) was taken in a
schlenk flask and 1,4-dioxane (20 mL) was added into it. The reaction mixture was heated at 70
°C for 2 h under argon atmosphere. The yellow suspension formed was cooled to ambient
temperature, filtered through cannula and the volatile were evaporated under reduced pressure.
The crude product was purified by column chromatography using neutral alumina (petroleum
ether/EtOAcC : 10/1). The X-ray quality single crystals were obtained by the slow evaporation of

petroleum ether solution of the compounds at room temperature.

(P"POCNP?)PdCI (2a): Yield = 0.019 g, 18%; M. p. = 209 °C; *H-NMR (500 MHz,
CDCls): & = 8.03-7.99 (m, 4H, Ar-H), 7.52-7.44 (m, 6H, Ar—H), 6.98 (dd, J = 7.6, 7.3 Hz, 1H,
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Ar—H), 6.72 (d, J = 7.6 Hz, 1H, Ar—H), 6.68 (d, J = 7.3 Hz, 1H, Ar—H), 4.14 (s, 2H, CH,), 3.61
(apparent octet, J = 6.1 Hz, 2H, CH(CHj3),), 1.69 (d, J = 6.1 Hz, 6H, CH(CH3),), 1.23 (d, J=6.1
Hz, 6H, CH(CHs),); *C-NMR (100 MHz, CDCls): & = 162.1 (d, Jp.c = 10.0 Hz, Cy), 153.6 (Cy),
144.5 (Cg), 133.8 (d, Jp.c = 54.0 Hz, 2C, C,), 132.0 (4C, CH), 131.9 (2C, CH), 129.0 (d, Jp_c =
13.2 Hz, 4C, CH), 126.8 (CH), 115.4 (CH), 109.2 (d, Jp_c = 17.7 Hz, CH), 61.6 (CH,), 57.6 (2C,
CH(CHs),), 22.8 (2C, CH(CHa),), 19.7 (2C, CH(CHs),); **P{*H}NMR (202 MHz, CDCl5): & =
150.0 (s); MALDI-TOF: m/z calcd for Co5H20CINOPPA—CI* [M—CI]* 496.1022, found 496.1617;
elemental analysis calcd (%) for C,sH29CINOPPd: C 56.40, H 5.49, N 2.63; found: C 55.84, H
5.41, N 2.23.

(E2NZpOCNP?)PACI (2b): Yield = 0.079 g, 29%; M. p. = 105 °C; *H-NMR (500 MHz,
CDCls): 8 = 6.94 (dd, J = 7.9, 7.6 Hz, 1H, Ar-H), 6.63 (d, J = 7.3 Hz, 1H, Ar-H), 6.55 (d, J =
7.9 Hz, 1H, Ar-H), 4.01 (s, 2H, CH,), 3.52 (apparent octet, J = 6.4 Hz, 2H, CH(CHj3),), 3.36-
3.22 (m, 8H, CH,CHs), 1.62 (d, J = 6.4 Hz, 6H, CH(CHa),), 1.17-1.13 (m, 6H, CH(CHa),; 12H,
(CH2CHs),); *C-NMR (100 MHz, CDCls): & = 157.5 (d, Jp_c = 15.4 Hz, Cy), 153.6 (d, Jp_c =
2.3 Hz, Cy), 143.1 (d, Jp_c = 2.3 Hz, C,), 126.6 (CH), 115.0 (CH), 108.2 (d, Jp_c = 19.3, CH),
60.7 (d, Jp_c = 2.3 Hz, CH,), 57.0 (d, Jp_c = 3.1 Hz, 2C, CH(CHa),), 40.3 (d, Jp_c = 9.3 Hz, 4C,
CH,CHs), 22.6 (2C, CH(CHs)), 19.5 (2C, CH(CHs),), 14.4 (d, Jp_c = 2.3 Hz, 4C, CH,CHy);
SPpAIHINMR (202 MHz, CDCl): & = 1423 (s); MALDI-TOF: m/z caled for
C21H39CIN3OPPd-CI* [M—CI]" 486.1866, found 486.2410; elemental analysis calcd (%) for
C21H39CIN3OPPd: C 48.28, H 7.53, N 8.04; found: C 48.22, H 7.60, N 7.62.

2.4.3 Representative Procedure for Synthesis of (P*POCN™)Pd(OAc)

Synthesis of (""POCN™)Pd(OAc) (3a): To the mixture of 2,6-(Ph,PO)(CeHs)(CH,-
N'Pr,)PdClI, 2a (0.020 g, 0.038 mmol) and AgOAc (0.008 g, 0.046 mmol) was added THF (10
mL) and the reaction mixture was stirred at room temperature for 3 h. The solvent was
evaporated under reduced pressure and the compound was extracted with Et,0 (10 mL x 3).
Upon evaporation of diethyl ether, the compound 3a was obtained as a light yellow solid. The
compound 3a was recrystallized from petroleum ether solution by slow evaporation to obtain X-
ray quality single crystals. Yield = 0.013 g, 62%; M. p. = 182 °C; *H-NMR (400 MHz, CDCls): &
=7.90-7.84 (m, 4H, Ar—H), 7.49-7.40 (m, 6H, Ar-H), 6.92 (vt, J = 7.8 Hz, 1H, Ar-H), 6.61 (d, J
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=7.3 Hz, 1H, Ar—H), 6.57 (d, J = 8.1 Hz, 1H, Ar—H), 4.16 (s, 2H, CH>), 3.53 (apparent octet, J
= 6.1 Hz, 2H, CH(CHs3),), 1.86 (s, 3H, COCH3), 1.60 (d, J = 6.4 Hz, 6H, CH(CH3),), 1.28 (d, J =
6.6 Hz, 6H, CH(CHs),); **C-NMR (100 MHz, CDCls): & = 175.0 (CO), 162.3 (d, Jp-¢= 11.0 Hz,
Cy), 153.2 (Cq) 143.0 (Cy), 135.4 (d, Jpc = 58.6 Hz, 2C, Cy), 132.7 (d, Jp-c = 13.4 Hz, 4C, CH),
131.2 (d, Jp-c = 2.3 Hz, 2C, CH), 128.3 (d, Jp_c = 12.1 Hz, 4C, CH), 126.4 (CH), 114.5 (CH),
108.6 (d, Jp-c = 16.6 Hz), 61.4 (CH,), 57.3 (2C, CH(CHz3),), 31.1 (COCHj3), 22.2 (2C,
CH(CHa),), 19.5 (2C, CH(CHs),); *P{*H}NMR (202 MHz, CDCls): & = 143.8 (s); MALDI-
TOF: m/z calcd for Cy;H3NOsPPd—OAc" [M—-OAc]" 496.1022, found 496.1594; elemental
analysis calcd (%) for C,7H32NOsPPd: C 58.33, H 5.80, N 2.52; found: C 58.42, H 6.20, N 1.84.

Synthesis of (E?N?POCN™)Pd(OAC) (3b): The representative procedure was followed,
using 2b (0.058 g, 0.111 mmol) and AgOAc (0.022 g, 0.133 mmol). Yield = 0.040 g, 66%; M. p.
= 86 °C; 'H-NMR (500 MHz, CDCls): & = 6.93 (vt, J = 7.7, 1H, Ar-H), 6.59 (d, J = 7.5, 1H,
Ar-H), 6.53 (d, J = 7.7 Hz, 1H, Ar-H), 4.02 (s, 2H, CH,), 3.38 (apparent octet, J = 6.2 Hz, 2H,
CH(CHj3),), 3.32-3.21 (m, 8H, CH,CH3), 1.92 (s, 3H, COCHj3), 1.53 (d, J = 6.4 Hz, 6H,
CH(CHs),), 1.23 (d, J = 6.4 Hz, 6H, CH(CHs),), 1.13 (t, J = 7.0 Hz, 12H, CH,CHs); *C-NMR
(125 MHz, CDCly): & = 175.9 (CO), 157.7 (d, Jp-c = 14.3 Hz, C,), 153.6 (d, Jp-c = 1.9 Hz, Cy),
140.6 (C,), 126.3 (CH), 114.6 (CH), 108.0 (d, Jp-c = 19.1 Hz, CH), 60.4 (d, Jp-c = 2.9 Hz, CH)),
56.8 (d, Jp-c = 2.9 Hz, 2C, CH(CH3)y), 40.4 (d, Jp—c = 10.5 Hz, 4C, CH,CHj3), 24.7 (COCHj3),
21.9 (2C, CH(CHa),), 19.3 (2C, CH(CHs),), 14.4 (d, Jp_c = 2.9 Hz, 4C, CH,CHs); *'P{*H}NMR
(202 MHz, CDCl3): & = 142.3 (s); MALDI-TOF: m/z calcd for CasHsoN3OsPPd-OAC”
[M—OAc]" 486.1866, found 486.2420; elemental analysis calcd (%) for Cy3HiN3sOsPPd: C
50.60, H 7.75, N 7.70; found: C 52.37, H 8.35, N 6.80.

2.4.4 Procedure for Synthesis of [KP,Kc-4-iPerCH2-C6H3-Pd(u-C|)-(2-OPR2)]z (R = Ph, 4a;
R = Et;N, 4b; R = Pr, 4c). A mixture of Pd(COD)CI, (0.306 g, 1.07 mmol for 4a; 0.550 g, 1.93
mmol for 4b; 0.088 g, 0.308 mmol for 4c), (R*POCN™)-H (0.420 g, 1.07 mmol of 1a; 0.735 g,
1.93 mmol of 1b; 0.100 g, 0.309 mmol of 1c) and Et3N (0.18 mL, 1.28 mmol for 4a; 0.32 mL,
2.30 mmol for 4b; 0.05 mL, 0.370 mmol for 4c) was taken in a schlenk flask and 1,4-dioxane (30
mL) was added into it. The reaction mixture was heated at 70 °C for 2 h under argon atmosphere.

The yellow suspension formed was cooled to ambient temperature and the volatile were
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evaporated under reduced pressure. The compounds was purified by column chromatography on
neutral alumina (petroleum ether:EtOAc / 10:1) to yielded the desired complexes (4a, 4b, 4c) as
light yellow solid.

[x,k°-4-"Pr,NCH,-CgH3-Pd(pu-Cl)-(2-OPPh,)], (4a): Yield = 0.138 g, 24%; M. p. = 114-
116 °C; *H-NMR (500 MHz, CDCl5): & = 8.02-7.76 (m, 8H, Ar-H), 7.57-7.35 (m, 14H, Ar-H),
6.99 (br's, 2H, Ar—H), 6.83 (br s, 2H, Ar—H), 3.55 (s, 4H, CH), 3.00 (br s, 4H, CH(CHs)), 1.00
(br s, 24H, CH(CHs),); **C-NMR (100 MHz, CDCly): & = 164.3 (2C, C,), 143.3 (2C, C,), 135.8
(2C, CH), 132.8 (4C, C,), 132.5 (4C, CH), 132.3 (d, Jp-c = 13.6 Hz, 8C, CH), 132.1 (2C, C,),
129.0 (d, Jp_c = 10.9 Hz, 8C, CH), 122.0 (2C, CH), 111.4 (2C, CH), 48.7 (2 CH,), 47.9 (4C,
CH(CHa),), 20.9 (8C, CH(CH3),); *P{*H}NMR (202 MHz, CDCls): § = 152.9 (s, major, 57%),
152.2 (s, minor, 43%); MALDI-TOF: m/z calcd for CsoHsgCloN2OoPoPdy+H™ [M+H]
1063.1498, found 1063.3624; elemental analysis calcd (%) for CsoHsgCl,N20,P,Pd,: C 56.40, H
5.49, N 2.63; found: C 55.22, H 5.15, N 2.25.

[K,k°-4-"Pr,NCH,-CgHs-Pd(pu-Cl)-(2-OP(NEt,),)], (4b): Yield = 0.320 g, 32%; M. P. =
188-190 °C; *H-NMR (500 MHz, CDCl5): & = 7.47 (dd, J = 6.8, 6.5 Hz, 2H, Ar-H), 6.89-6.77
(m, 4H, Ar-H), 3.55 (s, 4H, CH,), 3.48-3.34 (m, 8H, CH,CHs), 3.29-3.17 (m, 8H, CH,CHs),
3.04-2.96 (m, 4H, CH(CHa),), 1.17 (t, J = 7.0 Hz, 24H, CH,CHs), 1.00 (d, J = 6.0, 24H,
CH(CHa),); *C-NMR (100 MHz, CDCls): & = 158.3 (d, Jp_c = 18.1 Hz, 2C, C), 142.4 (2C, Cy),
136.1 (2C, CH), 132.5 (2C, Cg), 121.5 (2C, CH), 110.7 (d, Jp-c = 20.9, 2C, CH), 48.7 (2 CH,),
47.8 (4C, CH(CHs),), 40.5 (d, Jp-c = 9.1 Hz, 8C, CH,CHjs), 20.9 (8C, CH(CHa),), 14.3 (8C,
CH,CHa); *'P{*H}NMR (202 MHz, CDCls): & = 137.7 (s, major, 76%), 137.9 (s, minor, 24%);
MALDI-TOF: m/z calcd for CsH7gCloNgO2P2Pdo+HT [M+H]™ 1043.3186, found 1043.4058;
elemental analysis calcd (%) for C42H7sCIoNgO2P,Pd,: C 48.28, H 7.53, N 8.04; found: C 47.62,
H 7.59, N 6.86.

[« &°-4-'Pr,NCH,-CsHs-Pd(p-Cl)-(2-OP'Pry)]; (4c): Yield: 0.102 g, 71%; M. p. = 153-
154 °C; *H-NMR (400 MHz, CDCl3): 8 = 7.60-7.36 (m, 2H, Ar-H), 6.90-9.74 (m, 4H, Ar-H),
3.54 (br s, 4H, CHy), 3.01 (br s, 4H, N{CH(CH3),},), 2.41 (br s, 4H, P{CH(CHa3),}), 1.44 (d, J =
12.7 Hz, 12H, PCH(CHs),), 1.31 (dd, J = 15.9, 6.9 Hz, 12H, PCH(CHs),), 1.01 (br s, 24H,
NCH(CHs),); *C-NMR (100 MHz, CDCls): & = 165.5 (d, Jp-c = 6.2 Hz, 2C, Cy), 142.8 (2C, Cy),
135.8 (2C, CH), 131.9 (2C, Cy), 121.6 (2C, CH), 110.5 (d, Jp_c = 16.2 Hz, 2C, CH), 48.7 (2C,
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CHy), 47.8 (4C, N{CH(CHs).}2), 29.5 (d, Jp—c¢ = 29.3 Hz, 4C, P{CH(CHs).},), 20.9 (4C,
PCH(CHs),), 17.8 (4C, PCH(CHj3)), 17.0 (8C, NCH(CHs),); *'P {*H}-NMR (202 MHz, CDCls):
d = 200.0 (s, major, 65%), 199.0 (s, minor, 35%); MALDI-TOF: m/z calcd for
C3sHesClN20,P,Pd+H [M+H]™ 927.2124, found 927.3241; elemental analysis calcd (%) for
CasHssCI2N20,P,Pd,: C 49.15, H 7.16, N 3.02; found: C 49.12, H 7.34, N 2.69.

Synthesis of [&,x°-4-'Pr,NCH,-CsHs-Pd(u-OAc)-(2-OPPh,)], (5a). To the mixture of
4a (0.040 g, 0.038 mmol) and AgOAc (0.014 g, 0.084 mmol) was added THF (10 mL) and the
reaction mixture was stirred at room temperature for 3 h. The solvent was evaporated under
reduced pressure and the compound was extracted with Et,O (10 mL x 3). Upon evaporation of
diethyl ether, the compound 5a was obtained as a light yellow solid. The compound 5a was
further recrystallized from petroleum ether solution to obtain X-ray quality crystals at room
temperature. Yield = 0.024 g, 57%; M. p. = 192 °C; *H-NMR (400 MHz, CDCl;): & = 7.89-7.70
(m, 6H, Ar—H), 7.51-7.04 (m, 16H, Ar—H), 6.84 (br s, 2H, Ar—H), 6.66 (d, J = 7.6 Hz, 2H,
Ar—H), 3.55 (s, 4H, CH,), 3.05 (sept, J = 6.4 Hz, 4H, CH(CHs),), 2.17 (s, 6H, COCH3), 1.04 (d,
J = 6.4 Hz, 24H, CH(CH3),); *C-NMR (100 MHz, CDCl): & = 181.4 (2C, C,), 164.5 (d, Jp—c =
14.6 Hz, 2C, Cy), 141.9 (2C, Cy), 134.7 (2C, CH), 132.6-131.2 (m, 20C), 128.6-128.3 (m, 6C),
121.8 (2C, CH), 111.0 (2C, CH), 48.7 (2C, CHy,), 47.6 (4C, CH(CHj3),), 25.4 (2C, COCHpg), 21.0
(8C, CH(CHs),); *'P{*H}NMR (202 MHz, CDCls): § = 151.0 (s); HRMS (ESI): m/z calcd for
Cs4HesN2OgPoPdy+H [M+H]" 1113.2539, found 1113.2501; elemental analysis calcd (%) for
Cs4HssN206P2Pd,: C 58.23, H 5.97, N 2.51; found: C 57.69, H 6.02, N 2.13.

Synthesis of {&-(3-'Pr,NCH,)-CsHas-(2-OP'Pr,)}(Py)PdCl, (8c). A mixture of
Pd(COD)CI, (0.044 g, 0.154 mmol), 1c (0.050 g, 0.155 mmol) and pyridine (0.015 mL, 0.185
mmol) was taken in a Schlenk flask and 1,4-dioxane (10 mL) was added into it. The reaction
mixture was stirred at room temperature for 1 h under argon atmosphere and the volatiles were
evaporated under reduced pressure to obtain light-yellow compound of 8c. Yield: 0.065 g, 73%;
'H-NMR (500 MHz, C¢Dg): & = 9.08 (br s, 2H, Py—H), 7.99 (s, 1H, Ar—H), 7.62 (d, J = 7.3 Hz,
1H, Ar-H), 7.15 (t, J = 7.9 Hz, 1H, Ar-H), 7.07 (d, J = 7.3 Hz, 1H, Ar-H), 6.67 (br s, 1H,
Py—H), 6.40 (br s, 2H, Py—H), 3.55 (s, 2H, CH,), 2.96 (sept, J = 6.7 Hz, 2H, NCH(CH3),), 2.86
(app octet, J = 7.6 Hz, 2H, PCH(CHs),), 1.48 (dd, J = 18.0, 7.3 Hz, 6H, PCH(CHj3),), 1.40 (dd, J
= 16.2, 7.0 Hz, 6H, PCH(CHs),), 0.95 (d, J = 6.7, 12H, NCH(CHs),); *C-NMR (125 MHz,
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CeDs): 8 = 155.5 (d, Jp_c = 8.6 Hz, Cy), 151.6 (CH), 145.7 (C,), 137.9 (CH), 129.4 (CH), 128.7
(2C, CH), 124.3 (CH), 123.7 (CH), 120.6 (d, Jp-c = 5.7 Hz, CH), 118.9 (d, Jp-c = 5.7 Hz, CH),
49.5 (CH,), 48.5 (2C, NCH(CHs),), 31.5 (d, Jp-c = 31.5 Hz, 2C, PCH(CHs),), 21.3 (4C,
NCH(CHs),), 19.2 (2C, PCH(CHa),), 18.0 (2C, PCH(CHs),): 3P {*H}-NMR (202 MHz, CgDs):
5 = 144.4 (s); HRMS (ESI): m/z calcd for CasH39CI,N,OPPd+H [M+H]" 579.1285, found
579.1282.

2.4.5 Representative Procedure for the Arylation of Azoles: Synthesis of 2-(p
tolyl)benzo[d]thiazole (11aa). To a flame-dried screw-capped Schlenk tube equipped with
magnetic stir bar was introduced Cul in CH3CN [0.0006 g, 0.003 mmol, 1.0 mol %, 0.1 mL from
the stock solution (0.036 g in CH3CN (6.0 mL))] and the solvent was evaporated to dryness
under vacuum. Then, 4-iodotoluene 10a (0.098 g, 0.45 mmol), K3PO,4 (0.096 g, 0.45 mmol) and
benzothiazole 9a (0.041 g, 0.30 mmol) were added under argon. The screw-capped Schlenk tube
with the mixture was then evacuated and refilled with argon. To the above mixture was added
Pd-catalyst 4c (0.00075 mmol, 0.25 mol % (0.5 mol % per Pd), 1.0 mL of 0.00075 M stock
solution in DMF) in DMF under argon. The resultant reaction mixture was then stirred at 120 °C
in a pre-heated oil bath for 16 h. At ambient temperature, H,O (10 mL) was added and the
reaction mixture was extracted with EtOAc (15 mL x 3). The combined organic layers were
dried over MgSO, and the solvent was evaporated in vacuo. The remaining residue was purified
by column chromatography on silica gel (petroleum ether/EtOAc 30/1— 20/1) to yield 1laa
(0.063 g, 93%) as an off-white solid.

All the isolated coupled products (1laa-1laq) were characterized by H and *C-NMR

techniques and well compared with the literature reports.

2.4.6 Kinetic Measurements for Palladation Reactions

Rate Order Determination: The rate order of palladation reaction for each base was
determined by the initial rate method. The data of the concentration of the product vs time (min)
plot was fitted linear with OriginPro 8. The slope of the linear fitting represents the reaction rate.
The order of the reaction was then determined by plotting the reaction rate vs the initial

concentration of base.
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Procedure for Rate Order Determination for KsPO4: To a 25 mL round-bottom flask
equipped with magnetic stir bar was introduced Pd(COD)CI, (0.106 g, 0.371 mmol) and 1c
(0.120 g, 0.371 mmol), and 1,4-dioxane (5.0 mL) was added inside the glove-box, which makes
0.0742 M concentration of the reaction mixture. The reaction mixture was then stirred at room
temperature for 1 h and 0.5 mL of the reaction mixture was drawn to a NMR tube. The 3P NMR
measurement of the reaction mixture indicated the formation of the species 7c. To the above
reaction mixture appropriate amount KsPO, was added and the reaction mixture was heated in an
oil bath at 70 °C. At regular intervals (5, 10, 15, 20 and 30 min), 0.5 mL of the reaction mixture
was drawn to the NMR tube and 3P NMR analyses were carried out for each sample. The
concentration of the product formed in each sample was determined from the integral percentage
of the product with respect to the starting compound 7c.

Procedure Rate Order Determination for EtsN: To a 25 mL round-bottom flask equipped
with magnetic stir bar was introduced Pd(COD)CI; (0.106 g, 0.371 mmol) and 1c (0.120 g, 0.371
mmol), and 1,4-dioxane (5.0 mL) was added inside the glove-box, which makes 0.0742 M
concentration of the reaction mixture. To the above reaction mixture appropriate amount EtsN
was added and stirred at room temperature for 1 h. About 0.5 mL of the reaction mixture was
drawn to a NMR tube, whose *'P NMR measurement indicated the formation of the species 8c.
The reaction mixture on the flask was then heated in an oil bath at 70 °C. At regular intervals (5,
10, 15, 20, 30 and 45 min), 0.5 mL of the reaction mixture was drawn to the NMR tube and *'P
NMR analyses were carried out for each sample. The concentration of the product (5c) formed in
each sample was determined from the integral percentage of the product with respect to the
starting compound 8c.

Procedure Rate Order Determination for Pyridine: To a 25 mL round-bottom flask
equipped with magnetic stir bar was introduced Pd(COD)CI, (0.106 g, 0.371 mmol) and 1c
(0.120 g, 0.371 mmol), and 1,4-dioxane (5.0 mL) was added inside the glove-box, which makes
0.0742 M concentration of the reaction mixture. To the above reaction mixture appropriate
amount pyridine was added and stirred at room temperature for 1 h. About 0.5 mL of the reaction
mixture was drawn to a NMR tube, whose 3P NMR measurement indicated the formation of the
species 9c. The reaction mixture on the flask was then heated in an oil bath at 70 °C. At regular
intervals (5, 10, 15, 20, 30 and 45 min), 0.5 mL of the reaction mixture was drawn to the NMR
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tube and *'P NMR analyses were carried out for each sample. The concentration of the product
(2c) formed in each sample was determined from the integral percentage of the product with
respect to the starting compound 9c.

2.4.7 X-ray Structure Determination. X-ray intensity data measurements of compounds 2a, 2b,
3a, 3b and 5a were carried out on a Bruker SMART APEX Il CCD diffractometer with graphite-
monochromatized (MoK,= 0.71073 A) radiation between 150(2) - 296 (2) K. The X-ray
generator was operated at 50 kV and 30 mA. A preliminary set of cell constants and an
orientation matrix were calculated from three sets of 12 frames (total 36 frames). Data were
collected with @ scan width of 0.5° at eight different settings of ¢ and 26 with a frame time of
10 sec keeping the sample-to-detector distance fixed at 5.00 cm for all the compounds. The X-
ray data collection was monitored by APEX2 program (Bruker, 2006).°° All the data were
corrected for Lorentzian, polarization and absorption effects using SAINT and SADABS
programs (Bruker, 2006). SHELX-97 was used for structure solution and full matrix least-
squares refinement on F2.% Hydrogen atoms were placed in geometrically idealized position and

constrained to ride on their parent atoms.
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Table 2.6 Crystal Data and Structure Refinement for Complexes 2a, 2b and 3a

2a 2b 3a
Empirical formula CasH29CINOPPd C21H39CIN3OPPd C27H3,NO3PPd
Formula weight 532.31 522.37 555.91
Temperature (K) 150(2) 296(2) 200(2)
Crystal system monoclinic monoclinic monoclinic
Space group P2i/c P2i/c P2i/c
alA 16.5228(14) 7.9316(3) 10.7002(3)
b/A 10.2622(9) 13.8355(5) 15.0417(4)
c/A 14.7716(13) 22.8534(8) 15.7925(4)
al® 90 90 90
p° 110.312(3) 98.291(2) 99.1280(10)
7° 90 90 90
V (A3) 2348.9(4) 2481.67(16) 2509.60(12)
z 4 4 4
Deale (Mg/m3) 1.505 1.398 1.471
e (mm-1) 0.989 0.936 0.832
F (000) 1088 1088 1144
Crystal size (mm) 0.65x058x0.52 0.67x0.22x0.16 0.41x0.37x0.22
6 (min, max) (°) 2.38't0 25.00 1.73 to0 25.00 1.88 to 25.00
R(int) 0.0227 0.0376 0.0265
Independent reflections 4137 4372 4410
Completeness to 6 99.9% 100.0 % 100.0 %
Max. and min. transmission  0.6274, 0.5658 0.8647, 0.5729 0.8382, 0.7267
Data / restraints / parameters 4137 /0/ 275 4372 /01261 4410/0/ 303
1.093 1.155 1.027

GOF (F2)
R1, wR2 (1>20(1))
R1, wR2 (all data)

0.0167, 0.0428
0.0170, 0.0430

0.0241, 0.0600
0.0256, 0.0613

0.0294, 0.0648
0.0317, 0.0660
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Table 2.7 Crystal Data and Structure Refinement for Complexes 3b and 5a

3b 5a
Empirical formula Ca3H42N303PPd Cs4Hp4N206P2Pd;
Formula weight 545.97 1111.81
Temperature (K) 200(2) 200(2)
Crystal system monoclinic monoclinic
Space group P2./c P2i/c
alA 11.5217(7) 11.1190(2)
b/A 12.4022(8) 11.0743(3)
c/A 18.4419(12) 21.2441(5)
al® 90 90
p° 101.270(2) 99.9410(10)
7° 90 90
V (A3) 2584.4(3) 2576.62(10)
z 4 2
peate, (Mg/m3) 1.403 1.433
e (mm-1) 0.807 0.810
F (000) 1144 1144
Crystal size (mm) 0.39x0.32x0.21 0.42x0.31x0.21
6 (min, max) (°) 1.80 to 25.00 1.84 t0 25.00
R(int) 0.0202 0.0289
Independent reflections 4553 4483
Completeness to 6 100.0 % 98.3%
Max. and min. transmission 0.8487, 0.7436 0.8483, 0.7272
Data / restraints / parameters 4553 /0/ 289 4483/0/ 303
GOF (F2) 1.160 1.000

R1, wR2 (1>24(1))
R1, wR2 (all data)

0.0204, 0.0541
0.0220, 0.0558

0.0452, 0.0744
0.0620, 0.0805

Ph.D. Thesis: Dilip Kumar Pandey

86



Chapter 2

25
(1)
(2)
(3)

(4)
()
(6)
(")
(8)
9)
(10)

(11)

(12)

(13)

(14)
(15)

(16)

17)

(18)

(19)
(20)

REFERENCES

Albrecht, M.; van Koten, G. Angew. Chem. Int. Ed. 2001, 40, 3750-3781.

Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2005, 105, 2527-2572.

Herrmann, W. A.; Béhm, V. P. W.; Reisinger, C.-P. J. Organomet. Chem. 1999, 576, 23-
41.

Dupont, J.; Pfeffer, M.; Spencer, J. Eur. J. Inorg. Chem. 2001, 1917-1927.

Bedford, R. B. Chem. Commun. 2003, 1787-1796.

van der Boom, M. E.; Milstein, D. Chem. Rev. 2003, 103, 1759-1792.

Singleton, J. T. Tetrahedron 2003, 59, 1837-1857.

Omae, I. Coord. Chem. Rev. 2004, 248, 995-1023.

Selander, N.; Szabo, K. J. Chem. Rev. 2011, 111, 2048-2076.

Herrmann, W. A.; Brossmer, C.; Ofele, K.; Reisinger, C.-P.; Priermeier, T.; Beller, M.;
Fischer, H. Angew. Chem. Int. Ed. Engl. 1995, 34, 1844-1848.

Beller, M.; Fischer, H.; Herrmann, W. A.; Ofele, K.; Brossmer, C. Angew. Chem. Int. Ed.
Engl. 1995, 34, 1848-1849.

Bedford, R. B.; Draper, S. M.; Noelle Scully, P.; Welch, S. L. New J. Chem. 2000, 24, 745-
747.

Rossin, A.; Bottari, G.; Lozano-Vila, A. M.; Paneque, M.; Peruzzini, M.; Rossi, A.;
Zanobini, F. Dalton Trans. 2013, 42, 3533-3541.

Bruneau, A.; Roche, M.; Alami, M.; Messaoudi, S. ACS Catal. 2015, 5, 1386-1396.
Lagunas, M.-C.; Gossage, R. A.; Spek, A. L.; van Koten, G. Organometallics 1998, 17,
731-741.

Jung, I. G.; Son, S. U.; Park, K. H.; Chung, K.-C.; Lee, J. W.; Chung, Y. K.
Organometallics 2003, 22, 4715-4720.

Canty, A. J.; Denney, M. C.; van Koten, G.; Skelton, B. W.; White, A. H. Organometallics
2004, 23, 5432-5439.

Takenaka, K.; Uozumi, Y. Org. Lett. 2004, 6, 1833-1835.

Takenaka, K.; Uozumi, Y. Adv. Synth. Catal. 2004, 346, 1693-1696.

Takenaka, K.; Minakawa, M.; Uozumi, Y. J. Am. Chem. Soc. 2005, 127, 12273-12281.

Ph.D. Thesis: Dilip Kumar Pandey 87



Chapter 2

(21)

(22)
(23)

(24)

(25)

(26)

(27)

(28)

(29)
(30)

(31)
(32)

(33)

(34)
(35)

(36)

(37)

(38)

Soro, B.; Stoccoro, S.; Minghetti, G.; Zucca, A.; Cinellu, M. A.; Manassero, M.; Gladiali,
S. Inorg. Chim. Acta 2006, 359, 1879-1888.

Moulton, C. J.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1976, 1020-1024.

Ohff, M.; Ohff, A.; van der Boom, M. E.; Milstein, D. J. Am. Chem. Soc. 1997, 119,
11687-11688.

Morales-Morales, D.; Grause, C.; Kasaoka, K.; Redon, R.; Cramer, R. E.; Jensen, C. M.
Inorg. Chim. Acta 2000, 300-302, 958-963.

Eberhard, M. R.; Wang, Z.; Jensen, C. M. Chem. Commun. 2002, 818-819.

Baber, R. A.; Bedford, R. B.; Betham, M.; Blake, M. E.; Coles, S. J.; Haddow, M. F.;
Hursthouse, M. B.; Orpen, A. G.; Pilarski, L. T.; Pringle, P. G.; Wingad, R. L. Chem.
Commun. 2006, 3880-3882.

Kimura, T.; Uozumi, Y. Organometallics 2006, 25, 4883-4887.

Naghipour, A.; Sabounchei, S. J.; Morales-Morales, D.; Canseco-Gonzalez, D.; Jensen, C.
M. Polyhedron 2007, 26, 1445-1448.

Kanbara, T.; Yamamoto, T. J. Organomet. Chem. 2003, 688, 15-19.

Lucena, N.; Casabo, J.; Escriche, L.; Sanchez-Castello , G.; Teixidor, F.; Kivekés, R.;
Sillanpaa, R. Polyhedron 1996, 15, 3009-3018.

Yu, K.; Sommer, W.; Weck, M.; Jones, C. W. J. Catal. 2004, 226, 101-110.

Akaiwa, M.; Kanbara, T.; Fukumoto, H.; Yamamoto, T. J. Organomet. Chem. 2005, 690,
4192-4196.

Cervantes, R.; Castillejos, S.; Loeb, S. J.; Ortiz-Frade, L.; Tiburcio, J.; Torrens, H. Eur. J.
Inorg. Chem. 2006, 1076-1083.

Bergbreiter, D. E.; Osburn, P. L.; Frels, J. D. Adv. Synth. Catal. 2005, 347, 172-184.
Ebeling, G.; Meneghetti, M. R.; Rominger, F.; Dupont, J. Organometallics 2002, 21, 3221-
3227.

Consorti, C. S.; Ebeling, G.; Flores, F. R.; Rominger, F.; Dupont, J. Adv. Synth. Catal.
2004, 346, 617-624.

Fleckhaus, A.; Mousa, A. H.; Lawal, N. S.; Kazemifar, N. K.; Wendt, O. F.
Organometallics 2015, 34, 1627-1634.

Gong, J.-F.; Zhang, Y.-H.; Song, M.-P.; Xu, C. Organometallics 2007, 26, 6487-6492.

Ph.D. Thesis: Dilip Kumar Pandey 88



Chapter 2

(39)

(40)
(41)

(42)
(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

Niu, J.-L.; Chen, Q.-T.; Hao, X.-Q.; Zhao, Q.-X.; Gong, J.-F.; Song, M.-P.
Organometallics 2010, 29, 2148-2156.

Yang, M.-J.; Liu, Y.-J.; Gong, J.-F.; Song, M.-P. Organometallics 2011, 30, 3793-3803.
Li, J.; Siegler, M.; Lutz, M.; Spek, A. L.; Klein Gebbink, R. J. M.; van Koten, G. Adv.
Synth. Catal. 2010, 352, 2474-2488.

Motoyama, Y.; Shimozono, K.; Nishiyama, H. Inorg. Chim. Acta 2006, 359, 1725-1730.
Fulmer, G. R.; Kaminsky, W.; Kemp, R. A.; Goldberg, K. I. Organometallics 2011, 30,
1627-1636.

Dani, P.; Karlen, T.; Gossage, R. A.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. J. Am.
Chem. Soc. 1997, 119, 11317-11318.

Newkome, G. R.; Puckett, W. E.; Gupta, V. K.; Kiefer, G. E. Chem. Rev. 1986, 86, 451-
489.

Vigalok, A.; Uzan, O.; Shimon, L. J. W.; Ben-David, Y.; Martin, J. M. L.; Milstein, D. J.
Am. Chem. Soc. 1998, 120, 12539-12544.

Gusev, D. G.; Madott, M.; Dolgushin, F. M.; Lyssenko, K. A.; Antipin, M. Y.
Organometallics 2000, 19, 1734-1739.

Adams, J. J.; Lau, A.; Arulsamy, N.; Roddick, D. M. Inorg. Chem. 2007, 46, 11328-11334.
Trofimenko, S. Inorg. Chem. 1973, 12, 1215-1221.

Steenwinkel, P.; Gossage, R. A.; Maunula, T.; Grove, D. M.; van Koten, G. Chem. Eur. J.
1998, 4, 763-768.

Steenwinkel, P.; James, S. L.; Grove, D. M.; Kooijman, H.; Spek, A. L.; van Koten, G.
Organometallics 1997, 16, 513-515.

Steenwinkel, P.; Gossage, R. A.; van Koten, G. Chem. Eur. J. 1998, 4, 759-762.

Khake, S. M.; Soni, V.; Gonnade, R. G.; Punji, B. Dalton Trans. 2014, 43, 16084-16096.
Nifantyev, E. E.; Rasadkina, E. N.; Slitikov, P. V.; Vasyanina, L. K. Phosphorus, Sulfur,
and Silicon and Rel. Elem. 2003, 178, 2465-2477.

Valk, J.-M.; van Belzen, R.; Boersma, J.; Spek, A. L.; van Koten, G. J. Chem. Soc., Dalton
Trans. 1994, 2293-2302.

Valk, J.-M.; Boersma, J.; van Koten, G. J. Organomet. Chem. 1994, 483, 213-216.

Ph.D. Thesis: Dilip Kumar Pandey 89



Chapter 2

(57)

(58)
(59)

(60)

(61)
(62)
(63)
(64)

(65)
(66)

Zanini, M. L.; Meneghetti, M. R.; Ebeling, G.; Livotto, P. R.; Rominger, F.; Dupont, J.
Inorg. Chim. Acta 2003, 350, 527-536.

Johansson, R.; Jarenmark, M.; Wendt, O. F. Organometallics 2005, 24, 4500-4502.

Canty, A. J.; Minchin, N. J.; Skelton, B. W.; White, A. H. J. Chem. Soc., Dalton Trans.
1987, 1477-1483.

Pivsa-Art, S.; Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Bull. Chem. Soc. Jpn.
1998, 71, 467-473.

Bellina, F.; Cauteruccio, S.; Rossi, R. Eur. J. Org. Chem. 2006, 2006, 1379-1382.
Ackermann, L.; Althammer, A.; Fenner, S. Angew. Chem. Int. Ed. 2009, 48, 201-204.
Shibahara, F.; Yamaguchi, E.; Murai, T. Chem. Commun. 2010, 46, 2471-2473.

van Leusen, A. M.; Hoogenboom, B. E.; Siderius, H. Tetrahedron Lett. 1972, 13, 2369-
2372.

APEX2, SAINT and SADABS. Bruker AXS Inc., Madison, Wisconsin, USA 2006.
Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

Ph.D. Thesis: Dilip Kumar Pandey 90



NMR Spectra of Ligands and Complexes
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NMR and Mass Spectra of Complexes
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2D NMR Spectra of 2b and 4b
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NMR and Mass Spectra of 8c
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Unactivated Alkyl Chlorides in Nickel-Catalyzed C(2)-H
Alkylation of Indoles: Scope and Mechanistic Aspects
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3.1 INTRODUCTION
Functionalized heterocycles are highly valuable compounds that occur in many natural

products, vital drug candidates, and exhibits significant biological activity.® Therefore, direct

7-15 16-20

and regioselective C—H functionalization”™ of heteroarenes, including that of privileged
indoles,”** by the transition-metal-catalyzed protocol has attracted considerable attention.
Particularly, selective alkylation of indoles is highly significant as the alkyl indoles are the

precursor for many medicinally important alkaloids,*>*®

and alkyl-functionality can significantly
alter the biological and physicochemical properties, such as metabolic stability and lipophilicity.
The biggest hurdles in the development of alkylation protocol using unactivated alkyl halides,
especially those with g-hydrogen atoms, are the reluctance of these electrophiles to undergo
oxidative addition and their tendency to competitive side reactions (S-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 are extremely limited.>**? For example, Bach has
demonstrated the C2-alkylation of indoles with alkyl bromides via a norbornene-mediated

Catellani-type reaction,***’

employing a precious Pd-catalyst in high loadings (>10 mol %). On
the contrary, we have reported an inexpensive nickel-catalyst for the C2-alkylation of indoles
with alkyl iodides,* wherein a high reaction temperature (150 °C) is essential for the successful
alkylation.

Surprisingly, to date, the selective alkylation of indoles (even arenes) has been achieved
primarily by employing reactive alkyl iodides or bromides. However, attempts to use more
challenging and inexpensive alkyl chloride coupling partners have been less successful, and only
a cobalt-catalyzed method has been reported employing an excess of a sensitive Grignard base,
CyMgCl, with limited scope.”® Therefore, a generalized direct C2-alkylation of indoles and
related heteroarenes using readily available and less expensive alkyl chlorides, and a user-
friendly base under mild conditions is highly desirable. In this chapter, we demonstrate the C—H
alkylation of indoles with alkyl chlorides using a nature-abundant and inexpensive Ni(ll)-catalyst
at mild reaction conditions, which delivered highly chemo- and regioselective alkyl indoles. The
detailed mechanistic investigation has been conducted, including stoichiometric and controlled

reactivity studies, kinetics analysis, deuterium labeling and electronic effect studies, EPR and
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XPS analysis. These studies suggested a single-electron transfer (SET) pathway for the nickel-
catalyzed alkylation that proceeds via a Ni(l)/Ni(lll) route involving the rate-influencing

oxidative addition of alkyl chloride.

3.2 RESULTS AND DISCUSSION

3.2.1 Optimization of Reaction Parameters. We have initiated optimization study for the
coupling of 1-(pyridin-2-yl)-1H-indole (1a) with 1-chlorooctane (2a) employing Ni(OAc),/1,10-
phenanthroline (phen) catalyst system, and a non-nucleophilic LIHMDS base in toluene (Table
3.1). Initial experiments were conducted to screen suitable reaction temperature and were found
that the coupled product 2-octyl-1-(pyridin-2-yl)-1H-indole (3aa) could be obtained in 17% vyield
at as low as 60 °C. The alkylation reaction employing other nickel precursors like
(CH3CN);NiBr;, Ni(OTf),, (dme),NiCl; or (thf),NiBr, along with phen gave improved yield, and
the product 3aa was obtained in 86% with the (thf);NiBr,/phen catalyst system (entries 1-5).
Among various nitrogen-donor ligands screened (entries 5-8), the 2,2’-bipyridine (bpy) ligand
was slightly superior to others. Remarkably, the reaction could be completed in 5 h affording the
alkylation product 3aa in 88% isolated yield (entry 9). Notably, under the optimized conditions,
the oxidative coupling of indole with toluene derivative was not detected, as was seen in our

.*® The alkylation reaction was less effective when performed at 40 °C or 50 °C.

previous protoco
As the (thf),NiBr./bpy catalyst system afforded a quantitative yield of 3aa, we have employed
the synthesized complexes (bpy)NiBr, and (bpy):sNiBr, as catalysts for the alkylation reaction.
Notably, the reaction was relatively slow while using the isolated complex and required 16-20 h
for complete conversion (entries 11-14). We assumed that the formation of an active catalyst
either from (bpy)NiBr, or (bpy)1sNiBr; is slow compared to the same from (thf),NiBr,/bpy in-

situ system.
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H
[Ni] (5.0 mol %)
ligand (5.0 mol %) \ MGty

—
’

N LiIHMDS
NN toluenc:a (1..0 mL) @\l
“ [ 60 °C, time _

(1a) (2a) (3aa)
entry [Ni] ligand t (h) 3aa (%)°
1 Ni(OAC). phen 24 17
2 (CH3CN);NiBr; phen 24 38
3 Ni(OTf), phen 24 82
4 (dme)NiCl, phen 24 72
5 (thf)2NiBr, phen 24 86
6 (thf)2NiBr; bpy 24 92
7 (thf),NiBr; d'Bu-bpy 24 87
8 (thf)2NiBr, neocuprine 24 90
9 (thf);NiBr; bpy 5 92 (88)°
10¢ (thf),NiBr, bpy 12 57
11 (bpy)NiBr; - 5 15
12 (bpy)NiBr; - 16 86
13 (bpy)sNi.NiBry - 5 52
14 (bpy)sNi.NiBry - 16 86

S
| /N>;+i/Br | /\NE:E)\,@ Br\Nzi?iBr
SN Ib e LaN
| =

®Reaction Conditions: 1a (0.039 g, 0.2 mmol), 2a (0.059 g, 0.4 mmol), [Ni] cat (0.01 mmol, 5
mol %), ligand (0.01 mmol, 5 mol %), LiHMDS (0.067 g, 0.4 mmol). *H NMR vyield using
CH,Br; as internal standard. Isolated yield. “Reaction performed at 50 °C.
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The indole l1la bearing 2-pyridinyl as directing group efficiently coupled with 1-
chlorooctane (2a) to afford 2-octyl indole (3aa) in 88% yield employing (thf),NiBr./bpy in the
presence of LiHMDS at 60 °C. Thus, the possibility of other substituents/directing groups at the
N-center of indole moiety was explored (Scheme 3.1). Notably, the free-NH indole was
decomposed under the standard catalytic conditions, whereas N-Me indole was unreactive.
Similarly, the indole bearing N-acetyl and N-Boc directing groups decomposes to intractable
materials. To our surprise, the indole bearing easily removable group such as 2-pyrimidinyl was
not effective under the catalytic conditions, whereas 2-pyrazinyl indole afforded 29% of desired
alkylation product. Further, to understand the electronic impact versus the coordinating ability of
N-pyridinyl group, 3-pyridinyl and 4-pyridinyl-substituted indoles were subjected to the
alkylation reaction, wherein alkylation was not observed. All these findings indicate that the N-
donor atom at the 2-position of the nitrogen-substituent is necessary for the alkylation of indoles

under the standard optimized conditions.

(thf)oNiBr, (5.0 mol %)
Hot e Tt LIHMDS (2.0 equiv) Cethi

N . )
toluene

1 =
_______ N eO°CSM T
S~ v D Oy

[Tl C6H13 N /IL N 6' 113

Me Meko '‘Bu0” O Z N

NR (dec.) (dec.) ) (88%)

%\/\ncﬁH’lS Q \B %\/\ CGH13 %\/\nCGHﬂ;

N

N
NJ v ~_N X |

(29%) (dec.) N"  NR

Scheme 3.1 Reactivity of N-substituted indoles.
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3.2.2 Substrate Scope for Alkylation. Upon achieving the 2-alkylation of indoles with alkyl
chloride using an inexpensive (thf),NiBr,/bpy catalyst in the presence of LIHMDS, we started to
explore the scope of the alkylation (Table 3.2). It was found that the reaction is compatible with a
variety of simple and functionalized alkyl chlorides as the coupling partners. Alkyl chlorides
with different chain lengths or branching were efficiently coupled, and the reaction proceeded
smoothly at 60 °C affording good to excellent yields of the desired products (entries 1-7). The 1-
bromo-4-chlorobutane and 1-iodo-4-chlorobutane electrophiles chemoselectively reacted with
indole 1a at 40 °C (or at 60 °C) and produced 2-(4-chlorobutyl)-1-(pyridin-2-yl)-1H-indole (3ah)
leaving —CI functionality untouched. Similarly, 1,6-dichlorohexane efficiently reacted on one
C(sp®)-Cl to give product 3ai in 80% yield (entry 9). Notably, in all these cases exclusive mono-
indolation products were obtained, and the bis-indolation of electrophile was not observed. The
coupling of C(sp®)-Br and C(sp®)-I sites in the presence of a C(sp®)—Cl bond as well as selective
one C(sp®)—Cl coupling (in case of 1,6-dichlorohexane) is highly significant, as the resulted
products can be used for further functionalization. The aryl-substituted alkyl chlorides also
smoothly coupled with indole (entries 10-13). Interestingly, the activation of C(sp®)-Cl was
highly selective in the presence of a C(sp®)-Cl bond (entry 13), and the coupling of C(sp?)-ClI
with indole C(2)-H was not observed. The reaction delivered an array of 2-alkylated indoles
with diverse functional groups, such as phenyl ether (entry 14), thioether (entries 15 and 16),
ketal (entry 17), silyl (entry 18), alkenyl (entry 19) and alkynyl (entry 20). Tolerability of such
functionalities has not been precedented, not even with the precious metal catalyzed alkylation.
The reaction was sensitive to the ester, —CN, —NO; functionalities and the electrophiles
containing such groups were decomposed under the reaction conditions (for details see
Supporting Information). Notably, the use of 6-chlorohex-1-ene as electrophile produced 2-
(cyclopentyl methyl)-1-(pyridin-2-yl)-1H-indole (3au) in 78% yield as the major product via a
radical cyclization, and only a trace (9%) of direct alkylation product, 2-(hex-5-en-1-yl)-1-
(pyridin-2-yl)-1H-indole was observed (entry 21). The alkyl chlorides containing heterocycles,
such as furan, pyrrole, indole, and carbazole efficiently reacted with indole and delivered the
desired alkylation products in moderate to good yields (entries 22-27). The observed low yield
during the alkylation of indole with 9-(2-chloroethyl)-9H-carbazole (2a”) arises due to the severe
proto-de-alkylation of coupling partner resulting in the formation of 9H-carbazole (entry 27).
Notably, in all cases, regioselective C(2)—H alkylation was realized, and neither C-3 alkylation
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nor C-2/C-3 double alkylation was observed, which is very crucial, as the C(3)—H can further be

functionalized by the electrophilic activation.

Table 3.2 Scope of the Ni-Catalyzed C-2 Alkylation of Indoles with Primary Alkyl
Chlorides®

H (thf),NiBr, (5.0 mol %) H H H
R bpy (5.0 mol %) o \
Q i\ H oK R

N + AT LIHMDS (2.0 equiv) N
2'F|3y toluene (1.0 mL) 2-p|)y
60 °C, 5-24 h
(1a) () 3)
entry alkyl halide (2) product (3) yield (%)°
R
o %
R
I
2-py

1 R= nCeH13 (2&) R= nC5H13 (36[6[) 88
2 R="C,Hs (2b) R="C,Hs (3ab) 94
3 R="C4Hy (2¢) R ="C4Hy (3ac) 90
4 R= nC3H17 (Zd) R= nC3H17 (3ad) 87
5 R= nC10H21 (Ze) R= nC1oH21 (38.8) 88
6 R= nC12H25 (Zf) R= nC12H25 (3af) 88

Cl Me

N %Me

7 Me Me 93

(29) ’T‘ Me Me

2Py (3ag)
Cl 84
w X WC'

8 (2h) X =Br N 2

2n) X=1 2Py (3an) O

PP
9 N 4 80
I
(2i) 2Py (3ai)°
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v o O )

. N
@ 2y (3aj)’
11 C' O \ g 75
N
2-py (3ak)®
(2K)
12 Cl 81
\/\©\ O \
OMe ’Tj O OMe
@) 2-py (3al)?
13 Cl 62
\/\@\ O \ O
c ) c
(2m) 2-py (3am)’
14 CI\/\/\O,Ph % Ph 73
(2n) N 30
2-py (3an)°
Cho~_S
15 \© N\ S@ 55
(20) 2-py (3a0)

Cl

\/\/S \ s
2-py 3ap)’
2p) (3ap)

Me
@) @)
17 C'M} W 42
Me N Me
|

(29) 2-py (3aq)d

Ph.D. Thesis: Dilip Kumar Pandey 121



Chapter 3

18
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25

Me

|
—Me
Clo_SiT

Me
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Clho~X
(29)
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(29)
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(2u)

ClN\LO/)

(2v)

CIW\N@

—

(2w)
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(2x)

Z-E)y
N

(2y)

2-py

(3ar)"
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(3at)"

(3au)"

(3av)’

(3aw)*

(3ax)*

55
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78
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(22) 2-py (3az)°

- CI\/\ %N O 40
2a’) O > O (3aa’)°
20

#Conditions: indole 1 (0.20 mmol), alkyl halide 2 (0.40 mmol), LIHMDS (0.067 g, 0.40 mmol),
(thf),NiBr, (0.0037 g, 0.01 mmol), bpy (0.0016 g, 0.01 mmol), toluene (1.0 mL). ®Yield of
isolated compound. °Similar results at 40 °C or 60 °C. Entries 1-7; reaction time is 5 h. 9Reaction
time 16 h. ®Reaction time 24 h. 'Reaction performed at 80 °C for 24 h

Further, the scope of various indole and pyrrole substrates was explored with alkyl
chlorides (Scheme 3.2). Indoles with electron-donating and electron-withdrawing substituents at
the C5 position smoothly participated in the alkylation to deliver the coupled products 3ba-3da
and 3by in moderate to good yields. Sensitive and important functional groups like nitro, cyano,
and bromo were not tolerated in the indole backbone. The sterically hindered C-3 substituted
indole (1e) could be alkylated with good activity. In addition to indoles, the pyrrole moiety was

alkylated at the C2 position to deliver selective mono-alkylation products 3ga and 3gm.
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R? (thf),NiBr; (5.0 mol %) R
3 bpy (5.0 mol %) Q_S\/\

R1 N LiIHMDS (2.0 equiv) R N
2-F|>y toluene (1.0 mL) 2-F|)y
(o]
S R @ . 6_ ‘?__C__‘f’_“_“?_“__________________32 ____________
R1
N 6113 61113
2-py 2-by 2y2
R1=Me, (3ba): 86% (3ea): 83%" (3fa): 29%
R1= OMe (3ca): 83%
R1 = (3da): 69%
O\f "CeH
s 0, O
2- py 2-py N

(3by): 66%

|
(3ga): 64% (3gm): 33% 2-py

Scheme 3.2 Scope of C-2 alkylation of substituted indoles and pyrroles. ®Yield by *H NMR. For
3ba-3fa reaction time is 5 h. For 3da, 3by, 3ga and 3gm reaction time is 16 h.

The optimized reaction condition was further explored to the coupling of secondary alkyl
bromides with 1-(pyridin-2-yl)-1H-indole (Scheme 3.3). Thus, the acyclic phenyl-substituted
secondary alkyl bromides were efficiently coupled at the C-2 position of indole to afford the
desired products (5aa, 5ab) in moderate to good yields. Similarly, the cyclic secondary alkyl
halides (4c-e) with different ring-size were reacted in moderate to good activity. The electrophile
2-bromobicyclo[2.2.1]heptane (4f) gave the alkylated product 5af in 35% yield. Especially, the
kinetically favored undesired S-elimination over the reductive elimination is responsible for the
lower yields of the coupling of many secondary alkyl halides. The coupling reaction has not

occurred with tertiary alkyl chlorides, such as tert-butyl chloride and 1-chloroadamantane.
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(thf)oNiBry (5.0 mol%)
R1 bpy (5.0 mol%)
) g -
QD\H + X_< LiIHMDS (2.0 equiv) N

| R? toluene (1.0 mL) | R2
2-py 60 oC, 16 h 2-py
(1) (4) (5)
\\___CHs \\ Ph \ \
) N L, )
Ph -
2-py 2-r|)y Ph 2-py 2-py
. n =1, (5ac): 75% (X = Br) : a
(5aal 42% (5ab): _ 4 (5ad) 650/2 = B (5af): 35%
(X =Br) 72% (X = Br) ’ 41% (X = Cl (X = Br)
57% (X = Cl) o ( )

n =5, (5ae): 52% (X = Br)
Scheme 3.3 Scope of C-2 alkylation of indoles with secondary alkyl halides. ®Yield by *H NMR.

It is noteworthy that when 1-bromo-4-chlorobutane (2h; 2.0 equiv) was used as a coupling
partner for the alkylation of indole, the alkylated product 3ah was exclusively obtained by
C(sp®)-Br bond activation leaving the C(sp®)—Cl bond untouched. Thus, we have performed
alkylation reaction employing 1-bromo-4-chlorobutane (2h) electrophile to synthesize
symmetrical and unsymmetrical bis(indolyl)butane derivatives in a single pot (Scheme 3.4). The
indole 1a (4.0 equiv) upon treatment with 1-bromo-4-chlorobutane (2h, 1.0 equiv) under the
standard alkylation conditions at 60 °C for 16 h afforded the symmetrical bis(indolyl)butane 3ay
in 66% yield. However, the unsymmetrical bis(indolyl)butane 3by was isolated in 65% yield by
the reaction of 1-bromo-4-chlorobutane (2h) with indoles 1a and 1b in a sequential manner in
one pot. The demonstrated protocol provides a unique approach for the synthesis of
bis(indolylalkyl derivatives, which can be extended for the development many other such

symmetrical and unsymmetrical scaffolds.
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for 3by
1a: 0.20 mmol
\ 2h: 0.26 mmol
,Tj H LiIHMDS (0.4 mmol) %Cl
> 2
2. "Conditions" N
py (1a) 2_F|)y
+ (3ah)
8 ol
2h
(2h) in situ
e
for 3ay LIHMDS (0.4 mmol)
1a: 0.8 mmol 60°C, 16 h \
2h: 0.2 mmol N~ H
LiHMDS (0.8 mmol) 2—;|)y
"Conditions" (0.4 mmol)

R =H; (3ay): 66%
2-py R = Me; (3by): 65%

Scheme 3.4 In-situ synthesis of bis(indolyl)butane. (thf);NiBr; (0.02 mmol), bpy (0.02 mmol),
toluene (2.0 mL), 60 °C, 16 h.

3.2.3 Removal of Directing Group. Considering the importance of functionalized free N-H
indoles, we have demonstrated the utility of our developed protocol with the removal of a 2-
pyridinyl group. Thus, the C-2 alkylated indoles 3aa, 3am, and 3ao were treated with MeOTf
followed by the reaction in NaOH (2.0 M) led to the formation of C-2 alkylated free N—H indoles
6aa, 6am, and 6ao, respectively (Scheme 3.5).°®*! The resulted indoles can be easily

functionalized at C(3)—H and/or N—H to synthesize diverse biologically active compounds.>>2
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iy MeOTf
\ = CH,Cl,, 0°C %
N R

ii) 2.0 M NaOH (aq)

A N MeOH, 60 °C Y

. |
R =nCSH13 (3aa) R = nC6H13 (Gaa), 87%
R = 4-Cl-CgH, (3am) R = 4-Cl-CgH, (6am); 74%
R =CH,SPh (3a0) R = CH,SPh (6ao); 64%

Scheme 3.5 Removal of 2-pyridinyl directing group.

3.2.4 MECHANISTIC STUDIES

3.2.4.1 NMR Tube Reaction. We sought to study the detailed reaction mechanism of the nickel-
catalyzed C-2 alkylation of indole considering the unique activity of (thf),NiBr,/bpy under mild
conditions. The *H NMR analysis of the mixture (thf),NiBr,, bpy and LIHMDS showed a single
broad peak at 10.69 ppm for the (bpy)Ni protons, which accounts for > 98 % w.r.t. internal
standard (Figure 3.1). The broad single peak indicates that the generated nickel species could be
the paramagnetic Ni(l) and/or tetrahedral Ni(ll) species (conclusive identification was
demonstrated by EPR and XPS). Upon addition of substrates 1a and 2a to the reaction mixture,
the peak corresponds to (bpy)Ni is completely disappeared, and signals for the product 3aa and
unreacted substrate 1a were appeared. These observations clearly indicate that the involved

nickel catalyst is paramagnetic in nature.>***
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Figure 3.1 *H NMR spectra of controlled alkylation reaction: (A) bpy in toluene-ds, (B) bpy +
(thf),NiBr, + LiHMDS in toluene-dg after heating 15 min at 60 °C, (C) bpy + (thf),NiBr, +
LiHMDS + indole 1a + 1-chlorooctane (2a) in toluene-ds after heating 15 min at 60 °C.

3.2.4.2 Probing Radical Pathway. The standard alkylation reaction was performed in the
presence of radical scavengers, TEMPO (2.0 equiv) or galvinoxyl (2.0 equiv), wherein the
reaction was completely inhibited (Scheme 3.6a). This suggests the involvement of a radical
intermediate during the alkylation process. Unfortunately, the coupling of presumed radical
species with TEMPO or galvinoxyl was not detected. The reaction of indole la with 6-
chlorohex-1-ene afforded 9% of direct coupled product 2-(hex-5-en-1-yl)-1-(pyridin-2-yl)-1H-
indole, whereas 78% of 2-(cyclopentylmethyl)-1-(pyridin-2-yl)-1H-indole (3au) was obtained
via the radical cyclization (Scheme 3.6b). This finding highlights that the major pathway of the
alkylation reaction involves an alkyl radical intermediate.
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a) External Additive Experiments:

Qj\ (thf),NiBr, (5.0 mol %)
CeH13 bpy (5.0 mol %)
\ H + C|/\/ > \ nCsH13

'T‘ LiHMDS (2.0 equiv) 'Tj
2-py additive 2-py
toluene (1.0 mL)
(1a) (2a) 60 0C,5h (3aa)
Additive 3aa
None 88%

TEMPO (2.0 eqiuv) -
Galvinoxyl (2.0 eqiuv) -

b) Radical Cyclization: w
\

(thf),NiBr5 (5.0 mol %) N

\ ol _ bpy (5.0 mol %) 2-py (3au): 78%
SN N >
N LiHMDS (2.0 equiv) .
2-r|>y toluene (1.0 mL) \ Y
60 0C, 5h
N
(1a) (2u) 2_‘|)y 9%

Scheme 3.6 External additive and radical clock experiments.

3.2.4.3 Deuterium Labeling Studies. The rate of nickel-catalyzed alkylation reaction was
determined to gain information about the catalytic process. In a standard rate measurement, the
indole 1a (0.039 g, 0.20 mmol, 0.2 M) was treated with 1-chlorooctane (0.0.059 g, 0.40 mmol,
0.4 M) in the presence of (thf),NiBr, (0.0037 g, 0.01 mmol, 0.01 M), bpy (0.0016 g, 0.01 mmol)
and LIHMDS (0.067 g, 0.40 mmol, 0.4 M) in toluene (Figure 3.2). The kinetic profile shows that
the alkylation was consistent with the formation 3aa in 6 % and 17 % after 30 and 60 min,
respectively (Figure 3.5). The initial rate of the alkylation was determined to be 7.3 x 10 M
min™. Notably, the rate of alkylation was unexpectedly slow (1.8 x 10* M min™) when defined
nickel complex (bpy)NiBr, was employed instead of (thf),NiBr,/bpy catalyst system, which
could be due to the slower formation of active Ni-catalyst from (bpy)NiBr, than the
(thf)2NiBr,/bpy system. This is also consistent with the finding that a longer reaction time is
required while using (bpy)NiBr, as a catalyst. To know the essence of indole C—H bond

activation in the alkylation reaction, and probable involvement of the same in the rate
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influencing step, the initial rates of the alkylation reaction using indoles la and [2-D]-1a were
determined. The kinetic isotope effect (KIE) value was found to be 1.12, which indicates that the

C—H bond activation is unlikely involved in the rate-limiting step (Figure 3.2). >

(thf)oNiBr, (5.0 mol %)
Zf Z \\ n bpy (5.0 mol %) o Q_)\/\
HD * Cl/\/CsH13 o ) "CgH13

N LiIHMDS (2.0 equiv) N
2-F|3y toluene, 60 °C 2-r|>y
1a or [2-D-1a 2a ky=7.3x10%M min" (3aa)
kp = 6.5 x 10% M min™"!
kH/kD =1.12
m using indole 1a
0.084 @ usingindole [2-D]-1a -
=) 0.06 4 y = 0.00073x - 0.00869
g RZ = 0.9875
[z}
g
©
S 0.04
g y = 0.00065x - 0.01241
¢ R2 = 0.9676
5
O 0.02-
0.00 f : : . T T )
0 20 40 60 80 100 120 140

time (min)

Figure 3.2 Time-dependent formation of product 3aa using indoles 1a and [2-D]-1a.

An alkylation reaction was performed using indole [2-D]-1a and 5-methoxy-1-(pyridine-2-
yl)-1H-indole (1c) in the same reaction vessel under standard catalytic conditions, and the
reaction was stopped at an early reaction time (60 min). The recovery and *H NMR analysis of
the starting precursors [2-D]-1a and 1c shows a substantial H/D exchange between the two
substrates at C(2)—H position (Scheme 3.7a), highlighting the reversibility of C—H nickelation
during the reaction. Further, the standard alkylation reaction (both in the presence or absence of
(thf),NiBr,/bpy) was heated at 60 °C for 1 h, and the reaction mixture was quenched with D,O

(Scheme 3.7b). The *H NMR analysis of the recovered starting compound does not show the
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incorporation of deuterium at C(2)-H or C(3)-H of indole 1a, which suggests that the indole

C—-H nickelation via a simple base-mediated deprotonation pathway is remote.

a) H/D Scrambling Experiment:

H
gy G
N H/D

>99% D
\ ¥
N D

2a 2_py o,
2-py (0.4 mmol) 0.079 mmol  * 333 (16%)
([2-D]-1a; 0.1 mmol) ' > (recovered) .
(thf),NiBr5 (5.0 mol %) . + 3ca (8%)
bpy (5.0 mol %)
MeO *
© LIHMDS (2.0 equiv) MeO
\ toluene, 60 °C, 60 min \
H -« 29%D
2-py 2-py
(1¢; 0.1 mmol) 0.074 mmol
(recovered)

b) H/D Scrambling:
i. LIHMDS (2.0 equiv)

0% D

H et toluene (1.0 mL) H/ ’
o .
\ . . o~ 8s 60 °C, 30 min - \ 0% D
N I ii. D,O (1.0 mL) H 4
2-F|>y r.t., 60 min 'Tl
2-py
(1a) (2a)

82 % (recovered)

Scheme 3.7 Deuterium labeling experiments.

3.2.4.4 Electronic Effect and Reactivity Study. Initial rates of the alkylation reaction for
electronically distinct indoles were determined to understand the electronic effects on the
reaction. As shown in Figure 3.3, the electron-donating substituent significantly favors the
alkylation reaction suggesting the C(2)—H acidity of the indole moiety is irrelevant, and supports
an electrophilic type of C—H nickelation.’®® The rates of the alkylation employing different
alkyl halides, 1-chlorooctane, 1-bromooctane, and 1-iodooctane, were measured to establish the

nature of the C—halide bond activation. Figure 3.4 shows the initial rate of alkylation employing
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1-iodooctane and 1-bromooctane was found to be 7.6 and 4.4 times faster than that with the 1-
chlorooctane. The greater efficiency of the cross-coupling reaction using 1-iodooctane over 1-
bromooctane and 1-chlorooctane suggests the crucial role of C-halide bond activation.
Considering the unlikeliness of C—H nickelation or reductive elimination as the rate influencing

Step,55‘58

we assume that the C(alkyl)—Cl bond activation could possibly the rate-limiting step
during the alkylation. This is also supported by the finding that the rate of reaction is faster with
an indole bearing electron-donating substituent, wherein an electron-rich indolyl ligated nickel

would favor the oxidative addition of C—CI.

R (thf),NiBr, (5.0 mol %) R

bpy (5.0 mol %)
\ * "CeH > ) n
H I e LIHMDS (2.0 equiv) CeH13

\

N N
) | toluene, 60 °C 5 |
_py 'py
K3pa = 5.99 x 10* M min™!
R =Me or F kif}"’ =0.81x 10* M min™ R =Me; (3ba)
(R=Me orF) a R=F; (3da)
0.08
i ® Product 3ba
0.07 4 B Product 3da
] [ ]
E 0.06
s 1 y = 0.000599x - 0.0071
® 0.054 R2 = 0.9907
g 4
© 0.04
[}
E! ]
© 0.03-
o
- ]
s 0.02 y = 0.0000814 x - 0.00071
C
G 1 R2 = 0.9847
© 0.01-
0.00 T T T T T T T T T T 1
0 20 40 60 80 100 120 140
time (min)

Figure 3.3 Time-dependent formation of products 3ba and 3da.
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(thf)oNiBrs (5.0 mol %)
bpy (5.0 mol %)
n
:D W H o+ x/\/C6H13 N\ gty

N LIHMDS (2.0 equiv)

I | o
2-py toluene, 60 °C 2-F|>y

X=Cl; k= 594 x10* M min™
X =Br; k=26.20 x 10 M min™’
X=1I; k=4520x10%M min™

(1a)

0.09 ~ . .
] ® using 1-iodooctane

0.08 ® using 1-bromooctane

A ysing 1-chlorooctane
0.07

0.06 ~
y = 0.00452x + 0.0085

0.05 - R2 = 0.9752

0.04 ~

0.03 - y =0.00262x + 0.0019

0.024 R2 = 0.9939

Conc. of product 3aa [M]

0.01 1 y = 0.000594 x - 0.00437

{¢ R2 = 0.9759
000 T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70
time (min)

Figure 3.4 Time-dependent formations of products 3aa using different n-octyl halides.

3.2.4.5 Reaction Profile using (thf),NiBr,/bpy: The kinetic analysis of the alkylation reaction
was performed to understand the rate of reaction as well as the reactivity of nickel catalyst. In a
standard Kkinetic experiment, a teflon-screw capped tube equipped with magnetic stir bar was
introduced (thf),NiBr,, bpy, LIHMDS, 1-chlorooctane and 1-(pyridin-2-yl)-1H-indole, then
toluene (required amount) was added to make the total volume 1.0 mL. To the reaction mixture
n-hexadecane was added as an internal standard. The reaction mixture was then stirred at 60 °C
in a pre-heated oil bath and at regular intervals (10, 20, 30, 40, 50, 60, 90, 120, 180, 240 and 300
min) the progress of the reaction was monitored by the GC analysis (Table 3.3). The data of the
concentration of the product vs time (min) plot was drawn with Origin Pro 8. For the reaction
rate, the data were fitted linear (excluding induction period) with Origin Pro 8 and the rate was
determined by initial rate method. The reaction profile of the nickel-catalyzed alkylation of
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indole with alkyl chloride over a period of 300 min has shown in Figure 3.5. The reaction profile

shows that the reaction doesn’

t need an induction period and alkylation product formed from the

beginning. This suggests that (thf),NiBr; is an active catalyst species.

Table 3.3 Concentration of Product 3aa at Different Time Intervals using (thf),NiBr,/bpy

Time (min) Conc. of 3aa [M]

10 0.003
20 0.007
30 0.012

40 0.017
50 0.025

60 0.033

90 0.057

120 0.082

180 0.118

240 0.134

300 0.141

0.16

0141 —m—3aa —

0.12

0.10

0.08

0.06

Conc. of product 3aa [M]

0.04 4

0.02 4

0.00

T T T T T T T T T T 1
50 100 150 200 250 300
time (min)

Figure 3.5 Time-dependent formation of 3aa using (thf),NiBr,/bpy system.
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To understand the kinetics as well as the reactivity of the alkylation reaction using isolated
catalyst, kinetic reaction was performed. In a standard kinetic experiment, a Teflon-screw capped
tube equipped with magnetic stir bar was introduced (bpy)NiBr,, LIHMDS, 1-chlorooctane and
1-(pyridin-2-yl)-1H-indole, then toluene (required amount) was added to make the total volume
1.0 mL. To the reaction mixture n-hexadecane (0.025 mL) was added as an internal standard.
The reaction mixture was then stirred at 60 °C in a pre-heated oil bath and at regular intervals
(30, 60, 90, 120, 150, 180, 210, 240, 300 and 360 min) the progress of the reaction was
monitored by the GC analysis (Table 3.4). The data of the concentration of the product vs time
(min) plot was drawn with Origin Pro 8. For the reaction rate, the data were fitted linear
(excluding induction period) with Origin Pro 8 and the rate was determined by initial rate
method. By comparing the rate of the reaction using isolated catalyst and in-situ catalyst, we
could observe that the rate of reaction is 4.1 times faster with the in-situ catalyst as compared to

isolated catalyst (Figure 3.6).

Table 3.4 Concentration of Product 3aa at Different Time Intervals using (thf);NiBr,/bpy
and (bpy)NiBr;

(thf),NiBr,/bpy (bpy)NiBr;
Time (min) Conc. of 3aa[M] Time (min)  Conc. of 3aa [M]

10 0.003 30 0.004
20 0.007 60 0.010
30 0.012 90 0.015
40 0.017 120 0.020
50 0.025 150 0.026
60 0.033 180 0.031
90 0.057 210 0.036
120 0.082 240 0.042

300 0.052

360 0.063
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0.10 ® (A)using (thf)2NiBr2/bpy
® (B) using (bpy)NiBry
0.08 "
0.06 4 y =0.000731x - 0.0087
R? = 0.9875

0.04 +

y = 0.000177x - 0.0010
R2 = 0.9995

Conc. of product 3aa [M]
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Figure 3.6 Time-dependent formation of 3aa using (A) (thf),NiBry/bpy system and (B)
(bpy)NiBr;, catalyst.

In an attempt to isolate possible catalytic intermediate, stoichiometric and controlled
experiments were conducted (Scheme 3.8). The stoichiometric reaction of (thf),NiBr,/bpy with
indole 1a in the presence of LIHMDS at 60 °C resulted in the formation of 1,1'-di(pyridin-2-yl)-
1H,1'H-2,2'-biindole (self-coupling of 1a) in 15%, and unreacted indole (57%) was recovered.
We were unable to isolate the possible intermediate (bpy)Ni(2-indolyl-2-pyridine); however, this
species was detected by the MALDI-TOF analysis of the reaction mixture. The oxidative self-
coupling of indole might occur via the Ni(ll)-mediated process in the presence of LiHMDS.
Notably, self-coupling of indole was not observed in the presence of electrophile 1-chloroalkane
during the standard alkylation conditions. Additionally, oxidative coupling of indole was
significant while increasing the catalyst loadings, which led to the reduced vyield of desired
alkylation product. These findings strongly suggest that Ni(ll)-species is unlikely the active
catalyst, as increase in loading of (thf),NiBr, diminishes the yield of alkylation. Considering the
detection of intermediate (bpy)Ni(I)(2-indolyl-2-pyridine) and EPR findings, we tentatively
assumed a Ni(l)-species as the active catalyst. Notably, the treatment of (thf),NiBr,/bpy with 1-
chlorooctane in the presence of LiIHMDS at 60 °C did not lead to any product, and the
electrophile 1-chlorooctane was recovered in 97%. These controlled stoichiometric reactions also
highlight that the Ni-species reacts with indole 1a prior to the alkyl chloride.
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e
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2By, (opy)Ni +
toluene, 60 °C @
(thf),NiBr X
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bpy
+
LiN(SiMes)s +1-chlorooctane X #CeHia
(2) (bpy)Ni<_ 2a
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X = Br or N(SiMes)s 97%

(recovered)
(not observed)

Scheme 3.8 Controlled stoichiometric reactions.

3.2.4.6 Electron Paramagnetic Resonance (EPR) Studies. To know the identity of radical
species, the EPR measurements were performed on a frozen (100 K) aliquot of the incomplete
alkylation reaction as well as for other controlled reaction mixture. Thus, the data collected from
the EPR experiment of the incomplete reaction between (thf),NiBr,, bpy and LiHMDS (60 °C,
30 min) exhibits a rhombic spectrum (g; > g» > gs). After simulating the data with the Easyspin
software, > the g-values (g = 2.385, g, = 2.137 and gs = 2.082) were obtained (Figure 3.7). The
g-factor (gay = 2.201) is suggestive of the unpaired spin resides in an orbital with significant
metal character (Ni'), as the g-values for free-radical nature of an unpaired electron and Ni-
centered radical are typically observed in the range of 2.002-2.004°*®* and 2.15-2.20, 5%
respectively. The observation of Ni(l)-species from the reaction mixture of (thf),NiBr, + bpy +
LiIHMDS suggests that the one-electron reduction of Ni(ll) to Ni(l) in the presence of LIHMDS
is feasible. Notably, the EPR measurements of other controlled experiments, such as i)
(thf),NiBr, + bpy + LIHMDS + indole 1a, ii) (thf);NiBr, + bpy + LIHMDS + 1-chlorooctane
(2a) and iii) (thf),NiBr, + bpy + LIHMDS + 1a + 2a (standard reaction) in toluene resulted with
the spectra that were too complicated to make any concrete judgments on the nature of the
radical species. Additionally, we were unable to trace the organic radical by EPR analysis though

the radical clock experiment strongly suggests the intermediacy of an alkyl radical.

Ph.D. Thesis: Dilip Kumar Pandey 137



Chapter 3

Exp
— Sim

,\AV

26|00 28|00 30|00 32|00 34|00 36|00 38|00
Magnetic Field [G]
Figure 3.7 EPR spectrum of the incomplete alkylation reaction. Rhombic symmetry with g
anisotropy values, gxx (2.385), gyy (2.137), 9,, (2.082). The g-values are derived from simulation
of the EPR spectrum.

3.2.4.7 X-ray Photoelectron Spectroscopy (XPS) Studies. We have extended our study to the
XPS analysis of controlled reactions to establish the oxidation state of involved Ni-species. The
XPS analyses of controlled reactions were performed to establish the oxidation state of involved
Ni-species, and compared them with the XPS spectrum of standard Ni(0), Ni(lI) and Ni(ll)
compounds. The Ni 2ps, XPS spectrum of complex (COD);Ni displays a peak at 852.6 eV
correspond to Ni(0)-species (Figure 3.8(B)).* Similarly, the  complex (PhsP)sNiCI® shows a
peak at 853.4 eV, which is assigned to Ni(l)-species (Figure 3.8(A)). The additional peak at
856.0 eV is due to the Ni(ll) species that might have formed upon oxidation of Ni(l) during the
experimental procedure. The complex (thf),NiBr, displays a sharp peak centered around 856.0
eV, which is assigned to Ni(ll)-species (Figure 3.9(A)). Notably, the XPS spectrum of the
reaction mixture between (thf),NiBr,, bpy and LiHMDS (10 equiv), upon heating at 60 °C for 30
min, is much broader with a larger FWHM indicating the multiple oxidation states (Figure
3.10(A)). We could fit two peaks in the main 2p3, photoelectron peak at 853.4 eV and 856.0 eV.
The peak corresponding to 856.0 eV is assigned to (bpy)Ni(ll)-species, whereas the peak at
853.4 eV has binding energy value greater than Ni(0) (852.6 eV).* As the binding energy
observed (853.4 eV) is higher than Ni(0) and lower than the same found for Ni(ll), we can assign

the peak at 853.4 eV as a Ni(l) intermediate. This peak is also matching with the peak observed
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for (PhsP)sNiCI(Ni"). The observation from this controlled experiment is consistent with the EPR
finding that an odd electron nickel species, i.e. Ni(l), is generated from the Ni(ll) complex in the
presence of LIHMDS. The XPS analysis of controlled reaction, (thf),NiBr, + bpy + LIHMDS +
indole 1a, shows three peaks at 853.4 eV, 854.8 eV and 856.0 eV (Figure 3.10(B)). The peaks at
853.4 eV and 856.0 eV are for Ni(l) and Ni(ll), respectively. However, the peak at 854.8 eV has
slightly lower binding energy than the peaks observed for (bpy)Ni(ll) or (thf),Ni(ll), thus could
be due to an electron-rich Ni(ll)-species, (bpy)Ni(11)X(2-indolyl-2-pyridine). The XPS analysis
of standard alkylation reaction, i.e. (thf);NiBr, + bpy + LIHMDS + indole la + 2a (Figure
3.10(C)) also exhibited three peaks at 853.4 eV [Ni(l)], 854.8 eV [Ni(ll)] and 856.0 eV [Ni(Il)].
Notably, the XPS analysis of the reaction without indole 1a, but in the presence of 2a [i.e.
(thf),NiBr, + bpy + LIHMDS + 1-chlorooctane (2a)], showed the presence of only Ni(ll)
species (856.0 eV), which is consistent with the findings of stoichiometric reaction (Figure
3.9(B)). All the XPS findings, along with the EPR and stoichiometry experiments, unanimously
support the Ni(l)-species as an active catalyst. This is also consistent with the radical manifold of
the alkylation, wherein a Ni(l) species is expected to trigger the two-step one-electron oxidative

addition of alkyl chloride in a facile manner.

Ni 2p3/2

Ni 2p1,2

satallite

satallite

()

Ni(11)

Intensity (a u)

Ni(1)

@

T T T T T T T T T T T T T T T
850 855 860 865 870 875 880 885
Binding Energy (eV)

Figure 3.8 X-ray photoelectron spectra: (A) for (PhsP)sNiCl [shows some Ni(ll) also], (B) for
Ni(COD)s.
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Figure 3.9 X-ray photoelectron spectra: (A) for (thf),NiBr,, (B) (thf).NiBr; + bpy + LIHMDS +
1-chlorooctane (2a).
a: Experimental

b: Peak fitting, assigned to Ni(l)
Ni 2p3, c: Peak fitting, assigned to Ni(ll)

a d: Peak fitting, assigned to Ni(Il)
¢ Ni 2p,,
Satellite Satellite
©
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Figure 3.10 X-ray photoelectron spectra: (A) (thf)NiBr, + bpy + LIHMDS, (B) (thf)NiBr;, + bpy
+ LIHMDS + 1a, (C) (thf)NiBr; + bpy + LIHMDS + 1a + 2a (standard reaction).
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3.2.4.8 Catalytic Cycle. On the basis of our mechanistic investigation and literature

precedents,®” "

we proposed a reaction mechanism for the Ni-catalyzed alkylation of indoles
with alkyl chlorides (Figure 3.11). The Ni(ll)-species is first reduced to an active Ni(l)-species in
the presence of LiN(SiMes), (proved by both EPR and XPS analysis). One-electron reduction of
Ni(11) by LiN(SiMes), could occur via the displacement of a eN(SiMes); radical.®*" The indole
la then reacts with the active low-valent Ni(l) (A) to deliver the intermediate species B. This
step is a reversible process as exemplified by the deuterium labeling study. The nickel complex B
would prompt the radical generation from alkyl chloride in the rate-limiting step, and undergo a
one-electron oxidation to produce the intermediate C. Radical clock experiment strongly
supports the single-electron transfer (SET) path and the intermediacy of an alkyl radical. We
believe that the reaction of nickel species A with alkyl chloride is unlikely to occur at the first
place because the resulted penta-coordinated (bpy)Ni(X)(Cl)alkyl would be non-reactive with (2-
py)-indole (1a) via a nitrogen-coordinative C—H activation protocol. Further, the reaction of
alkyl chloride would be preferred to a more electron-rich Ni-center in B than with the nickel
species A, which is also illustrated by the controlled stoichiometric reactions. The nitrogen (Na-
py)-decoordination and subsequent recombination of the alkyl radical could deliver the complex
D. As a minor path, alkyl chloride 2 can undergo 2e” oxidative addition to produce D. Upon
reductive elimination of the alkylated product 3 from complex D, the active catalyst A will be
generated. All the elementary steps are strongly supported by our experimental findings. The
presentation of an inclusive mechanism on the nickel-catalyzed C—H alkylation has rarely been
found in the literature, though many proposals are documented.”*”” Although our studies support
a mono-nuclear SET pathway for the reaction, the possibility of a bimetallic pathway for the

activation of alkyl chloride cannot be ruled out.
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Figure 3.11 Plausible mechanistic pathway for nickel-catalyzed alkylation of indoles.

3.3 CONCLUSION

In summary, we have developed a mild and efficient protocol for the chemo- and
regioselective coupling of unactivated alkyl chlorides with indoles and pyrroles. The use of an
inexpensive and air-stable bpy ligand along with a naturally-abundant nickel for the coupling of
challenging alkyl chlorides makes it a unified approach. This reaction is compatible with a wide
range of simple and functionalized primary alkyl chlorides and secondary alkyl bromides as well
as electronically distinct indoles. The chemoselectivity with regard to alkyl halides is especially
excellent with the selective C(sp®)—I, C(sp>)-Br or C(sp®)-Cl bond activation. Further, a
C(sp*)—ClI bond preferentially activated and coupled over the C(sp?)—CI bond. The utility of this
nickel-catalyzed protocol is demonstrated by the removal of trace directing group. A
comprehensive mechanistic study of the alkylation reaction by kinetics analysis, controlled and
labeling experiments allowed us to propose a reliable mechanistic cycle that follows a SET

process involving the rate influencing alkyl-CI bond activation. EPR and XPS analyses indicated
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the involvement of a Ni(l) active species, thus strongly supporting a Ni(1)/Ni(111) pathway for the
alkylation.

3.4 EXPERIMENTAL
3.4.1 Representative Procedure for Alkylation

Synthesis of 2-Octyl-1-(pyridin-2-yl)-1H-indole (3aa): To a flame-dried screw-cap tube
(5 mL) equipped with a magnetic stir bar were introduced 1-pyridin-2-yl-1H-indole (1a, 0.039 g,
0.20 mmol), 1-chlorooctane (2a, 0.059 g, 0.40 mmol), (thf),NiBr, (0.0037 g, 0.01 mmol, 5.0 mol
%), bpy (0.0016 g, 0.01 mmol) and LIHMDS (0.067 g, 0.40 mmol) inside the glove box. To the
above mixture in the tube was added toluene (1.0 mL), and the resultant reaction mixture was
stirred at 60 °C in a preheated oil bath for 5 h. At ambient temperature, the reaction mixture was
quenched with distilled H,O (10 mL) and neutralized with 2N HCI (0.5 mL). The crude product
was then extracted with EtOAc (20 mL x 3). The combined organic extract was dried over
Na,SO,, and the volatiles were evaporated in vacuo. The remaining residue was purified by
column chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) to yield 3aa (0.054 g,
88%) as a light yellow liquid. *H-NMR (500 MHz, CDCls): 5= 8.69 (d, J = 3.4 Hz, 1H, Ar—H),
7.94-7.83 (td, J = 7.8, 1.6 Hz, 1H, Ar-H), 7.65-7.56 (m, 1H, Ar-H), 7.44 (d, J = 8.0 Hz, 1H,
Ar-H), 7.39-7.29 (m, 2H, Ar—H), 7.20-7.08 (m, 2H, Ar-H), 6.48 (s, 1H, Ar—H), 2.87 (t, J = 7.6
Hz, 2H, CHy), 1.59 (quin, J = 7.4 Hz, 2H, CH,), 1.40-1.28 (m, 4H, CH,), 1.27-1.23 (m, 6H,
CHy), 0.90 (t, J = 7.1 Hz, 3H, CHs). ®C{*H}-NMR (125 MHz, CDCls): & = 151.8 (Cy), 149.8
(CH), 141.9 (Cy), 138.4 (CH), 137.4 (Cy), 128.8 (Cq), 122.1 (CH), 121.6 (CH), 121.3 (CH),
120.7 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 32.0 (CHy), 29.5 (2C, CH,), 29.3 (CH,), 28.7
(CHy), 27.6 (CH>), 22.8 (CHy), 14.3 (CH3). HRMS (ESI): m/z Calcd for CoiHaeNo+H™ [M+H]"
307.2169; Found 307.2160. The 'H and *3C spectra are consistent with those reported in the

literature.*®
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3.4.2 Characterization Data of Alkylated Compounds

n-CoH
-~
N

N
4 \

2-Butyl-1-(pyridin-2-yl)-1H-indole (3ab): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chlorobutane (2b; 0.037 g, 0.40 mmol), and the reaction
mixture was stirred for 5 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAC: 50/1) yielded 3ab (0.047 g, 94%) as a light yellow liquid. *H-NMR
(500 MHz, CDCls): § = 8.68 (dd, J = 4.6, 1.1 Hz, 1H, Ar—H), 7.89 (td, J = 7.7, 2.1 Hz, 1H,
Ar-H), 7.66-7.56 (m, 1H, Ar—H), 7.44 (d, J = 8.0 Hz, 1H, Ar—H), 7.38-7.28 (m, 2H, Ar—H),
7.21-7.07 (m, 2H, Ar-H), 6.47 (s, 1H, Ar-H), 2.86 (t, J = 7.6 Hz, 2H, CH,), 1.57 (quin, J = 7.6
Hz, 2H, CH,), 1.41-1.32 (m, 2H, CH,), 0.88 (t, J = 7.2 Hz, 3H, CH3). *C{*H}-NMR (125 MHz,
CDCly): 6=151.8 (C,), 149.8 (CH), 141.9 (C,), 138.4 (CH), 137.4 (C,), 128.8 (Cy), 122.2 (CH),
121.7 (CH), 121.3 (CH), 120.7 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 30.9 (CH,), 27.3
(CH,), 22.5 (CHy), 14.0 (CH3). HRMS (ESI): m/z Calcd for Ci7HigNo+H* [M+H]" 251.1543;
Found 251.1543. The *H and **C spectra are consistent with those reported in the literature.*®

n-C4H
"
N

N
4 \

—

2-Hexyl-1-(pyridin-2-yl)-1H-indole (3ac): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chlorohexane (2c; 0.048 g, 0.40 mmol), and the reaction
mixture was stirred for 5 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOACc: 50/1) yielded 3ac (0.050 g, 90%) as a light yellow liquid. *H-NMR
(500 MHz, CDCl3): 6 = 8.68 (dd, J = 4.8, 1.0 Hz, 1H, Ar-H), 7.88 (td, J = 7.7, 1.7 Hz, 1H,
Ar-H), 7.65-7.56 (m, 1H, Ar-H), 7.44 (d, J = 8.0 Hz, 1H, Ar-H), 7.39-7.28 (m, 2H, Ar—H),
7.21-7.09 (m, 2H, Ar-H), 6.48 (s, 1H, Ar-H), 2.86 (t, J = 7.6 Hz, 2H, CH,), 1.59 (quin, J = 7.6
Hz, 2H, CH,), 1.35-1.17 (m, 6H, CH,), 0.88 (t, J = 6.9 Hz, 3H, CH3). *C{*H}-NMR (125 MHz,
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CDCls): 6= 151.8 (Cy), 149.8 (CH), 141.9 (Cy), 138.4 (CH), 137.4 (Cy), 128.8 (Cy), 122.1 (CH),
121.7 (CH), 121.3 (CH), 120.7 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 31.7 (CH,), 29.1
(CH,), 28.7 (CH,), 27.6 (CH,), 22.7 (CHp), 14.2 (CHs). HRMS (ESI): m/z Calcd for
CioHzoNo+H* [M+H]* 279.1856; Found 279.1853. The H and *3C spectra are consistent with

those reported in the literature.*®

N

&

2-Decyl-1-(pyridin-2-yl)-1H-indole (3ad): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chlorodecane (2d; 0.071 g, 0.40 mmol), and the reaction
mixture was stirred for 5 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc: 50/1) yielded 3ad (0.058 g, 87%) as a light yellow liquid. *H-NMR
(400 MHz, CDCl3): 6= 8.68 (br's, 1H, Ar—H), 7.89 (t, J = 7.3 Hz, 1H, Ar—H), 7.64-7.54 (m, 1H,
Ar-H), 743 (d, J = 7.9 Hz, 1H, Ar-H), 7.33 (d, J = 4.9 Hz, 2H, Ar-H), 7.21-7.07 (m, 2H,
Ar-H), 6.46 (s, 1H, Ar-H), 2.85 (t, J = 7.6 Hz, 2H, CH,), 1.66-1.54 (m, 2H, CH,), 1.32-1.22 (m,
14H, CH,), 0.95-0.85 (m, 3H, CHs). *C{*H}-NMR (100 MHz, CDCly): § = 151.7 (C,), 149.8
(CH), 141.9 (Cy), 138.4 (CH), 137.4 (C,), 128.8 (Cy), 122.2 (CH), 121.6 (CH), 121.3 (CH),
120.7 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 32.0 (CHy), 29.7 (CHy), 29.6 (CHy), 29.5 (3C,
CHy), 28.7 (CH>), 27.6 (CH,), 22.8 (CH>), 14.3 (CH3). HRMS (ESI): m/z Calcd for Co3HaoNo+H"
[M+H]" 335.2482; Found 335.2479. The *H and **C spectra are consistent with those reported in
the literature.*®

N
\
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N
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2-Dodecyl-1-(pyridin-2-yl)-1H-indole (3ae): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chlorododecane (2e; 0.082 g, 0.40 mmol), and the

reaction mixture was stirred for 5 h. Purification by column chromatography on neutral alumina
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(petroleum ether/EtOACc: 50/1) yielded 3ae (0.064 g, 88%) as a light yellow liquid. *H-NMR
(500 MHz, CDCl3): 6= 8.72-8.64 (m, 1H, Ar-H), 7.88 (td, J = 7.8, 1.9 Hz, 1H, Ar-H), 7.63-7.56
(m, 1H, Ar-H), 7.44 (d, J = 8.0 Hz, 1H, Ar-H), 7.38-7.29 (m, 2H, Ar-H), 7.18-7.10 (m, 2H,
Ar-H), 6.48 (s, 1H, Ar-H), 2.86 (t, J = 7.4 Hz, 2H, CH,), 1.64-1.54 (m, 2H, CH,), 1.35-1.23 (m,
18H, CH,), 0.92 (td, J = 6.9, 1.5 Hz, 3H, CHs). *C{'*H}-NMR (125 MHz, CDCls): 5=151.8
(Cg), 149.8 (CH), 141.9 (C,), 138.4 (CH), 137.4 (C,), 128.8 (Cy), 122.1 (CH), 121.6 (CH), 121.3
(CH), 120.6 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 32.1 (CH,), 29.8 (2C, CH,), 29.6 (CHy),
29.5 (3C, CHy), 29.5 (CH,), 28.7 (CH,), 27.6 (CH,), 22.8 (CHy), 14.3 (CH3). HRMS (ESI): m/z
Calcd for CosHauNy+H™ [M+H]" 363.2795; Found 363.2791. The *H and '*C spectra are

consistent with those reported in the literature.*®

n-CqoHos
@w_
N
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2-Tetradecyl-1-(pyridin-2-yl)-1H-indole (3af): The representative procedure was followed,
using substrate 1a (0.039 g, 0.20 mmol) and 1-chlorotetradecane (2f; 0.093 g, 0.40 mmol), and
the reaction mixture was stirred for 5 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3af (0.069 g, 88%) as a light yellow liquid. *H-
NMR (500 MHz, CDCls): 6= 8.67 (d, J = 4.6 Hz, 1H, Ar-H), 7.92-7.86 (m, 1H, Ar-H), 7.61-
7.56 (m, 1H, Ar-H), 7.43 (d, J = 8.0 Hz, 1H, Ar—H), 7.32 (dd, J = 7.4, 4.4 Hz, 2H, Ar-H), 7.19-
7.06 (m, 2H, Ar-H), 6.45 (s, 1H, Ar-H), 2.84 (t, J = 7.6 Hz, 2H, CH,), 1.62-1.50 (m, 2H, CH,),
1.36-1.24 (m, 22H, CH,), 0.90 (t, J = 6.9 Hz, 3H, CH3). *C{*H}-NMR (125 MHz, CDCls): 5=
151.8 (Cy), 149.8 (CH), 142.0 (Cy), 138.4 (CH), 137.5 (Cy), 128.9 (Cy), 122.2 (CH), 121.7 (CH),
121.4 (CH), 120.7 (CH), 120.0 (CH), 110.2 (CH), 102.2 (CH), 32.1 (CH,), 29.8 (5C, CHy), 29.7
(CHy), 29.5 (3C, CHy), 28.8 (CH,), 27.6 (CH,), 22.9 (CH,), 14.3 (CH3). HRMS (ESI): m/z Calcd
for Co7HagNo+H' [M+H]* 391.3005; Found 391.2980. The *H and *3C spectra are consistent with
those reported in the literature.*®
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2-(3,3-Dimethylbutyl)-1-(pyridin-2-yl)-1H-indole (3ag): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), 1-chloro-3,3-dimethylbutane (2g; 0.048 g,
0.40 mmol) and the reaction mixture was stirred at 60 °C for 5 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3ag (0.052 g, 93%)
as a light yellow liquid. *H-NMR (400 MHz, CDCls): 5= 8.67 (dd, J = 4.6, 1.5 Hz, 1H, Ar—H),
7.89 (td, J = 7.6, 2.3 Hz, 1H, Ar-H), 7.57 (t, J = 4.6 Hz, 1H, Ar-H), 7.45 (d, J = 7.6 Hz, 1H,
Ar-H), 7.34-7.31 (m, 2H, Ar-H), 7.14-7.11 (m, 2H, Ar-H), 6.45 (s, 1H, Ar-H), 2.85-2.81 (m,
2H, CH,), 1.47-1.43 (m, 2H, CH,), 0.84 (s, 9H, CHj;). *C{*H}-NMR (100 MHz, CDCls): &=
151.6 (Cy), 149.7 (CH), 142.4 (Cy), 138.3 (CH), 137.3 (Cy), 128.7 (Cy), 122.1 (CH), 121.5 (CH),
121.2 (CH), 120.6 (CH), 119.9 (CH), 110.0 (CH), 102.0 (CH), 43.2 (CH), 30.4 (Cy), 29.2 (3C,
CH3), 22.9 (CH,). HRMS (ESI): m/z Calcd for CigHnNp+H' [M+H]" 279.1856; Found
279.1854.

Cl
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N
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2-(4-Chlorobutyl)-1-(pyridin-2-yl)-1H-indole (3ah): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-bromo-4-chlorobutane (2h; 0.068 g,
0.40 mmol) or 1-iodo-4-chlorobutane (2h’; 0.087 g, 0.40 mmol), and the reaction mixture was
stirred for 16 h. Purification by column chromatography on neutral alumina (petroleum
ether/EtOAc: 50/1) yielded 3ah {0.048 g, 84% (using 2h) and 0.046 g, 81% (using 2h’)} as a
light yellow liquid. *H-NMR (500 MHz, CDCl3): = 8.67 (dd, J = 4.8, 1.3 Hz, 1H, Ar—H), 7.90
(td, J=7.6, 1.9 Hz, 1H, Ar—H), 7.63-7.55 (m, 1H, Ar—H), 7.45 (d, J = 8.0 Hz, 1H, Ar-H), 7.37-
7.29 (m, 2H, Ar—H), 7.19-7.10 (m, 2H, Ar—H), 6.47 (s, 1H, Ar—H), 3.49 (t, J = 6.5 Hz, 2H, CH,),
2.90 (t, J = 7.4 Hz, 2H, CH,), 1.84-1.76 (m, 2H, CH,), 1.76-1.68 (m, 2H, CH,). *C{*H}-NMR
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(125 MHz, CDCls): &= 151.6 (C,), 149.8 (CH), 140.9 (Cy), 138.5 (CH), 137.4 (Cy), 128.7 (Cy),
122.3 (CH), 121.9 (CH), 121.3 (CH), 120.8 (CH), 120.1 (CH), 110.2 (CH), 102.6 (CH), 44.9
(CHy), 32.2 (CH,), 26.8 (CH5), 25.9 (CH.). HRMS (ESI): m/z Calcd for C17H17N,Cl+H* [M+H]*
285.1153; Found 285.1156.

Cl
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2-(6-Chlorohexyl)-1-(pyridin-2-yl)-1H-indole (3ai): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), 1,6-dichlorohexane (2i; 0.062 g, 0.40 mmol)
and the reaction mixture was stirred at 60 °C for 24 h. Purification by column chromatography
on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3ai (0.050 g, 80%) as a light yellow
liquid. *H-NMR (400 MHz, CDCls): 5= 8.67-8.66 (m, 1H, Ar-H), 7.89 (td, J = 7.6, 2.3 Hz, 1H,
Ar-H), 7.58-7.56 (m, 1H, Ar—H), 7.44-7.42 (m, 1H, Ar—H), 7.34-7.30 (m, 2H, Ar-H), 7.13-7.11
(m, 2H, Ar-H), 6.44 (s, 1H, Ar-H), 3.48 (t, J = 6.9 Hz, 2H, CH,), 2.85 (t, J = 7.6 Hz, 2H, CH,),
1.74-1.67 (m, 2H, CH,), 1.61-1.53 (m, 2H, CHy), 1.40-1.30 (m, 4H, CH,). *C{*H}-NMR (100
MHz, CDCls): 6= 151.6 (Cy), 149.7 (CH), 141.5 (Cy), 138.4 (CH), 137.3 (Cy), 128.7 (C), 122.1
(CH), 121.7 (CH), 121.2 (CH), 120.6 (CH), 119.9 (CH), 110.14 (CH), 102.2 (CH), 45.1 (CH,),
32.5 (CHy), 28.5 (CH,), 28.4 (CH,), 27.3 (CHy), 26.6 (CH,). HRMS (ESI): m/z Calcd for
C19H21CINy+H™ [M+H]"313.1466; Found 313.1464.

OZ/

2-(3-Phenylpropyl)-1-(pyridin-2-yl)-1H-indole (3aj): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and (3-chloropropyl)benzene (2j; 0.062 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
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chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3aj (0.060 g, 96%) as
a light yellow liquid. *H-NMR (500 MHz, CDCls): &6 = 8.71-8.61 (m, 1H, Ar-H), 7.86 (td, J =
7.8, 1.9 Hz, 1H, Ar-H), 7.65-7.57 (m, 1H, Ar-H), 7.42 (d, J = 8.0 Hz, 1H, Ar—H), 7.39-7.34 (m,
1H, Ar-H), 7.34-7.30 (m, 1H, Ar-H), 7.30-7.25 (m, 2H, Ar-H), 7.24-7.07 (m, 5H, Ar-H), 6.51
(s, 1H, Ar-H), 2.93 (t, J = 7.6 Hz, 2H, CH,), 2.66 (t, J = 7.6 Hz, 2H, CH,), 1.92 (quin, J = 7.6
Hz, 2H, CHy). ®C{"H}-NMR (125 MHz, CDCl3): §= 151.6 (Cy), 149.8 (CH), 142.1 (C,), 141.3
(Cy), 138.4 (CH), 137.4 (Cy), 128.8 (C,), 128.6 (2C, CH), 128.4 (2C, CH), 125.9 (CH), 122.1
(CH), 121.8 (CH), 121.2 (CH), 120.8 (CH), 120.1 (CH), 110.2 (CH), 102.5 (CH), 35.5 (CH,),
30.5 (CHy), 27.2 (CH). HRMS (ESI): m/z Calcd for CxHaoNo+H" [M+H]" 313.1699; Found

313.1696. The *H and *3C spectra are consistent with those reported in the literature.*®

O \ O

Y

2-(2-(Naphthalen-1-yl)ethyl)-1-(pyridin-2-yl)-1H-indole (3ak): The representative procedure
was followed using, substrate 1a (0.039 g, 0.20 mmol), 1-(2-chloroethyl)naphthalene (2k; 0.076
g, 0.40 mmol) and the reaction mixture was stirred for 24 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3ak (0.052 g, 75%)
as a pale yellow solid. *H-NMR (500 MHz, CDCls): 6= 8.65 (d, J = 3.8 Hz, 1H, Ar-H), 7.90 (d,
J=8.4 Hz, 1H, Ar-H), 7.87-7.83 (m, 1H, Ar-H), 7.83-7.77 (m, 1H, Ar—H), 7.71 (d, J = 8.0 Hz,
1H, Ar-H), 7.69-7.61 (m, 1H, Ar-H), 7.47 (m, 2H, Ar-H), 7.40-7.32 (m, 3H, Ar—H), 7.31-7.22
(m, 2H, Ar-H), 7.22-7.13 (m, 2H, Ar-H), 6.64 (s, 1H, Ar-H), 3.46-3.37 (m, 2H, CH,), 3.36-3.27
(m, 2H, CH,). ®C{*"H}-NMR (125 MHz, CDCls): 6= 151.5 (C,), 149.8 (CH), 141.2 (C,), 138.4
(CH), 137.7 (Cy), 137.4 (Cy), 134.0 (Cy), 131.9 (Cy), 128.9 (CH), 128.8 (Cy), 127.0 (CH), 126.3
(CH), 126.0 (CH), 125.7 (CH), 125.6 (CH), 123.8 (CH), 122.2 (CH), 122.0 (CH), 121.3 (CH),
120.9 (CH), 120.2 (CH), 110.2 (CH), 102.7 (CH), 33.2 (CHy), 29.0 (CH,). HRMS (ESI): m/z
Calcd for CosHoNo+H' [M+H]" 348.1699; Found 348.1696.

Ph.D. Thesis: Dilip Kumar Pandey 149



Chapter 3

CHs

Z! /5
O

N

N

\

2-(4-Methoxyphenethyl)-1-(pyridin-2-yl)-1H-indole (3al): The representative procedure was
followed using, substrate 1a (0.039 g, 0.20 mmol), 1-(2-chloroethyl)-4-methoxybenzene (2I;
0.068 g, 0.40 mmol) and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3al (0.053 g, 81%) as
a white solid. "H-NMR (400 MHz, CDCls): §=8.69 (d, J = 3.7 Hz, 1H, Ar-H), 7.88 (t, J = 7.3
Hz, 1H, Ar-H), 7.72-7.55 (m, 1H, Ar-H), 7.42 (d, J = 7.9 Hz, 1H, Ar-H), 7.40-7.28 (m, 2H,
Ar-H), 7.23-7.13 (m, 2H, Ar-H), 7.06 (d, J = 8.5 Hz, 2H, Ar-H), 6.82 (d, J = 7.9 Hz, 2H,
Ar-H), 6.53 (s, 1H, Ar-H), 3.79 (s, 3H, OCH3), 3.17 (t, J = 7.9 Hz, 2H, CH,), 2.97-2.83 (m, 2H,
CHy). *C{*H}-NMR (100 MHz, CDCls): & = 158.0 (C,), 151.6 (C,), 149.8 (CH), 141.0 (Cy),
138.4 (CH), 137.3 (Cy), 133.7 (Cy), 129.4 (2C, CH), 128.7 (Cy), 122.2 (CH), 121.9 (CH), 121.2
(CH), 120.8 (CH), 120.2 (CH), 113.9 (2C, CH), 110.2 (CH), 102.6 (CH), 55.3 (OCHj3), 34.5
(CHy), 30.0 (CH,). HRMS (ESI): m/z Calcd for CxHyoN,O+H™ [M+H]" 329.1648; Found
329.1645.
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2-(4-Chlorophenethyl)-1-(pyridin-2-yl)-1H-indole (3am): The representative procedure was
followed using, substrate 1la (0.039 g, 0.20 mmol), 1-chloro-4-(2-chloroethyl)benzene (2m;
0.070 g, 0.40 mmol) and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 30/1) yielded 3am (0.041 g, 62%)
as a pale yellow solid. 'H-NMR (400 MHz, CDCl3): 6= 8.69 (br s, 1H, Ar—H), 7.89 (br s, 1H,
Ar-H), 7.62 (br s, 1H, Ar—H), 7.51-7.30 (m, 3H, Ar-H), 7.30-7.12 (m, 4H, Ar—H), 7.03 (br s,
2H, Ar-H), 6.50 (br s, 1H, Ar-H), 3.19 (br s, 2H, CHy), 3.07-2.79 (m, 2H, CH,). *C{*H}-NMR
(100 MHz, CDCls): §= 151.3 (Cy), 149.6 (CH), 140.5 (Cy), 139.9 (C,), 138.7 (CH), 137.3 (Cy),
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131.8 (Cyg), 129.9 (2C, CH), 128.7 (Cy), 1285 (2C, CH), 122.2 (CH), 122.0 (CH), 121.2 (CH),
120.9 (CH), 120.2 (CH), 110.2 (CH), 102.9 (CH), 34.8 (CH,), 29.6 (CH,). HRMS (ESI): m/z
Calcd for Cp1Hi7CINy+H* [M+H]* 333.1153; Found 333.1151.
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2-(4-Phenoxybutyl)-1-(pyridin-2-yl)-1H-indole (3an): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and (4-chlorobutoxy)benzene (2n; 0.074 g,
0.40 mmol), and the reaction mixture was stirred for 24 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3an (0.050 g, 73%)
as a light yellow liquid. "H-NMR (400 MHz, CDCls): 6= 8.63 (d, J = 3.7 Hz, 1H, Ar—H), 7.99-
7.77 (m, 1H, Ar-H), 7.69-7.52 (m, 1H, Ar—H), 7.43 (d, J = 7.9 Hz, 1H, Ar-H), 7.38-7.20 (m, 4H,
Ar-H), 7.20-7.05 (m, 2H, Ar-H), 6.92 (t, J = 7.0 Hz, 1H, Ar-H), 6.84 (d, J = 7.9 Hz, 2H, Ar-H),
6.48 (s, 1H, Ar—H), 3.90 (t, J = 5.5 Hz, 2H, CH,), 2.94 (t, J = 7.0 Hz, 2H, CH,), 1.83-1.67 (m,
4H, CHy). *C{*H}-NMR (125 MHz, CDCls): 6= 159.1 (Cy), 151.7 (Cy), 149.8 (CH), 141.2 (Cy),
138.4 (CH) 137.4 (Cy), 129.5 (2C, CH), 128.7 (Cg), 122.2 (CH), 121.8 (CH), 121.2 (CH), 120.8
(CH), 120.7 (CH), 120.1 (CH), 114.6 (2C, CH), 110.2 (CH), 102.5 (CH), 67.5 (CH,), 29.0
(CHy), 27.3 (CHy), 25.3 (CH,). HRMS (ESI): m/z Calcd for Ca3HzN,O+H' [M+H]" 343.1805;
Found 343.1803.
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73
2-(3-(Phenylthio)propyl)-1-(pyridin-2-yl)-1H-indole (3ao0): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), (3-chloropropyl)(phenyl)sulfane (20; 0.075 g,
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0.40 mmol) and the reaction mixture was stirred at 80 °C for 24 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 10/1) yielded 3ao (0.038 g, 55%)
as a light yellow liquid. 'H-NMR (500 MHz, CDCl3): 6=8.67 (d, J = 3.4 Hz, 1H, Ar—H), 7.88
(td, J=7.6, 1.9 Hz, 1H, Ar-H), 7.62 (m, 1H, Ar-H), 7.45 (d, J = 8.0 Hz, 1H, Ar-H), 7.38-7.31
(m, 2H, Ar—H), 7.30-7.29 (m, 4H, Ar-H), 7.22-7.18 (m, 3H, Ar—H), 6.50 (s, 1H, Ar—H), 3.05 (t, J
= 7.6 Hz, 2H, CH,), 2.96 (t, J = 7.2 Hz, 2H, CH,), 1.99-1.93 (m, 2H, CH,). *C{*H}-NMR (125
MHz, CDCls): 6= 151.4 (Cy), 149.7 (CH), 140.2 (Cy), 138.3 (CH), 137.3 (Cy), 136.5 (C), 129.1
(2C, CH), 128.9 (2C, CH), 128.6 (Cy), 125.8 (CH), 122.1 (CH), 121.8 (CH), 121.0 (CH), 120.0
(CH), 121.0 (CH), 110.12 (CH), 102.7 (CH), 33.0 (CH,), 28.1 (CHy), 26.4 (CH,). HRMS (ESI):
m/z Calcd for CoHaoN,S+H' [M+H]" 345.1420; Found 345.1420.

1-(Pyridin-2-yl)-2-(3-(p-tolylthio)propyl)-1H-indole (3ap): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), (3-chloropropyl)(p-tolyl)sulfane (2p; 0.080 g,
0.40 mmol) and the reaction mixture was stirred at 80 °C for 24 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 10/1) yielded 3ap (0.044 g, 61%)
as a light yellow liquid. *"H-NMR (500 MHz, CDCls): 6= 8.66 (br s, 1H, Ar-H), 7.89 (t, J = 7.6
Hz, 1H, Ar-H), 7.60 (m, 1H, Ar-H), 7.44 (d, J = 7.6 Hz, 1H, Ar-H), 7.35-7.32 (m, 2H, Ar—H),
7.22 (m, 2H, Ar-H), 7.16 (m, 2H, Ar-H), 7.09 (d, J = 7.6 Hz, 2H, Ar-H), 6.46 (s, 1H, Ar—H),
3.03 (t, J=7.2 Hz, 2H, CHy), 2.90 (t, J = 7.2 Hz, 2H, CH,), 2.35 (s, 3H, CH3), 1.93-1.90 (m, 2H,
CHy). ®C{*H}-NMR (125 MHz, CDCls): 6= 151.4 (C,), 149.6 (CH), 140.2 (C,), 138.2 (CH),
137.3 (Cy), 136.0 (Cq), 132.5 (Cy), 130.0 (2C, CH), 129.6 (2C, CH), 128.5 (C,), 122.0 (CH),
121.7 (CH), 121.0 (CH), 120.6 (CH), 119.9 (CH), 110.0 (CH), 102.6 (CH), 33.8 (CH,), 28.2
(CHy), 26.4 (CHy), 21.0 (CHs). HRMS (ESI): m/z Calcd for C3H22N,S+H™ [M+H]" 359.1576;
Found 359.1575.
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2-(3-(2-Methyl-1,3-dioxolan-2-yl)propyl)-1-(pyridin-2-yl)-1H-indole (3aq): The

representative procedure was followed, using substrate 1la (0.039 g, 0.20 mmol) and 2-(4-
chlorobutyl)-2-methyl-1,3-dioxolane (2q; 0.066 g, 0.40 mmol), and the reaction mixture was
stirred for 16 h. Purification by column chromatography on neutral alumina (petroleum
ether/EtOAc: 50/1) yielded 3aq (0.027 g, 42%) as a light yellow liquid. *H-NMR (500 MHz,
CDClg): 6=8.72-8.54 (m, 1H, Ar-H), 7.89 (br s, 1H, Ar-H), 7.64-7.52 (m, 1H, Ar-H), 7.44 (d,
J=17.6 Hz, 1H, Ar-H), 7.38-7.28 (m, 2H, Ar-H), 7.17-7.03 (m, 2H, Ar-H), 6.48 (s, 1H, Ar—H),
4.01-3.77 (m, 4H, CH,), 2.86 (d, J = 6.9 Hz, 2H, CH,), 1.68 (br s, 4H, CH,), 1.27 (s, 3H, CHs).
BC{*H}-NMR (125 MHz, CDCls): § = 151.7 (C,), 149.8 (CH), 141.4 (C,), 138.4 (CH), 137.4
(Cy), 128.8 (Cy), 122.2 (CH), 121.7 (CH), 121.3 (CH), 120.7 (CH), 120.1 (CH), 110.2 (CH),
110.1 (Cy), 102.4 (CH), 64.8 (2C, CHy>), 38.8 (CH,), 27.7 (CH,), 24.0 (CH3), 23.1 (CH2). HRMS
(ESI): m/z Calcd for CyoH2,0,N.+Na* [M+Na]* 345.1573; Found 345.1567.

M\e Me

Z G
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1-(Pyridin-2-yl)-2-((trimethylsilyl)methyl)-1H-indole (3ar): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and (chloromethyl)trimethylsilane (2r; 0.049
g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3ar (0.031 g, 55%)
as a light yellow liquid. *H-NMR (400 MHz, CDCls): 5= 8.68 (dt, J = 5.0, 0.9 Hz, 1H, Ar—H),
7.88 (td, J = 7.8, 1.8 Hz, 1H, Ar-H), 7.54 (d, J = 7.8 Hz, 1H, Ar—H), 7.47-7.41 (m, 1H, Ar-H),
7.35-7.28 (m, 2H, Ar-H), 7.17-7.06 (m, 2H, Ar-H), 6.31 (s, 1H, Ar—H), 2.46 (s, 2H, CH,), —0.09
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(s, 9H, CHs). *C{*H}-NMR (100 MHz, CDCls): &= 151.85 (Cy), 149.6 (CH), 139.8 (Cy), 138.2
(CH), 137.2 (Cy), 129.3 (C,), 122.0 (CH), 121.7 (CH), 120.9 (CH), 120.8 (CH), 119.3 (CH),
110.1 (CH), 101.7 (CH), 17.5 (CH,), -1.3 (3C, CHs). HRMS (ESI): m/z Calcd for
C17H2oN,Si+H* [M+H]* 281.1469; Found 281.1471.

W

7\
2-(Pent-4-en-1-yl)-1-(pyridin-2-yl)-1H-indole (3as): The representative procedure was
followed using, substrate 1a (0.039 g, 0.20 mmol), 5-chloropent-1-ene (2s; 0.042 g, 0.40 mmol)
and the reaction mixture was stirred for 16 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3as (0.049 g, 93%) as a pale yellow solid. *H-
NMR (500 MHz, CDCls): 6= 8.68 (d, J = 4.6 Hz, 1H, Ar-H), 7.89 (t, J = 7.6 Hz, 1H, Ar-H),
7.66-7.55 (m, 1H, Ar—H), 7.45 (d, J = 7.6 Hz, 1H, Ar-H), 7.40-7.27 (m, 2H, Ar-H), 7.07-7.20
(m, 2H, Ar-H), 6.49 (s, 1H, Ar-H), 5.85-5.70 (m, 1H, CH), 4.89-5.06 (m, 2H, CH,), 2.89 (t, J =
7.6 Hz, 2H, CH,), 2.10 (quin, J = 6.9 Hz, 2H, CH,), 1.69 (quin, J = 7.5 Hz, 2H, CH,). *C{*H}-
NMR (125 MHz, CDCl3): 6= 151.6 (Cy), 149.8 (CH), 141.4 (C,), 138.5 (CH), 138.4 (CH), 137.4
(Cy), 128.7 (Cy), 122.2 (CH), 121.7 (CH), 121.2 (CH), 120.7 (CH), 120.0 (CH), 115.0 (CH),
110.2 (CH), 102.4 (CH), 33.4 (CH,), 27.9 (CH,), 27.0 (CH,). HRMS (ESI): m/z Calcd for
CigH1sNo+H* [M+H]* 263.1543; Found 263.1541. The *H and **C spectra are consistent with

those reported in the literature.®

Ph.D. Thesis: Dilip Kumar Pandey 154



Chapter 3

Ph

Vi

Iy

2-(5-Phenylpent-4-yn-1-yl)-1-(pyridin-2-yl)-1H-indole (3at): The representative procedure
was followed, using substrate 1a (0.039 g, 0.20 mmol) and (5-chloropent-1-yn-1-yl)benzene (2t;
0.071 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3at (0.036 g, 53%) as
a light yellow liquid. *"H-NMR (400 MHz, CDCls): 5=8.76-8.53 (m, 1H, Ar-H), 7.85 (td, J =
7.6, 1.8 Hz, 1H, Ar-H), 7.66-7.54 (m, 1H, Ar—H), 7.49-7.39 (m, 1H, Ar-H), 7.39-7.30 (m, 3H,
Ar-H), 7.30-7.21 (m, 4H, Ar-H), 7.20-7.06 (m, 2H, Ar-H), 6.51 (s, 1H, Ar—H), 3.04 (t, J = 7.6
Hz, 2H, CHy), 2.43 (t, J = 6.9 Hz, 2H, CH,), 1.97-1.75 (m, 2H, CH,). *C{*H}-NMR (100 MHz,
CDCls): 6= 151.6 (Cg), 149.9 (CH), 140.6 (Cy), 138.5 (CH), 137.4 (Cy), 131.7 (2C, CH), 128.7
(Cy), 128.3 (2C, CH), 127.7 (CH), 124.0 (Cy), 122.3 (CH), 121.9 (CH), 121.3 (CH), 120.8 (CH),
120.1 (CH), 110.3 (CH), 102.8 (CH), 89.8 (Cy), 81.3 (Cy), 29.9 (CHy), 28.0 (CH,), 26.7 (CH,).
HRMS (ESI): m/z Calcd for CosHooNo+H™ [M+H]" 337.1699; Found 337.1699.

N
N

&
2-(Cyclopentylmethyl)-1-(pyridin-2-yl)-1H-indole (3au): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), 6-chloro-1-hexene (2u; 0.047 g, 0.40 mmol)
and the reaction mixture was stirred for 16 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3au (0.043 g, 78%) as a light yellow liquid. *H-
NMR (400 MHz, CDCls): 6=8.87-8.57 (m, 1H, Ar-H), 7.89 (t, J = 7.3 Hz, 1H, Ar-H), 7.59 (d,
J=49 Hz, 1H, Ar-H), 7.43 (d, J=7.9 Hz, 1H, Ar-H), 7.39-7.28 (m, 2H, Ar-H), 7.23-7.07 (m,
2H, Ar-H), 6.48 (s, 1H, Ar-H), 2.86 (d, J = 6.7 Hz, 2H, CH,), 2.22-1.93 (m, 1H, CH), 1.73 (d, J
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= 6.7 Hz, 2H, CH,), 1.66-1.47 (m, 4H, CH), 1.25-1.00 (m, 2H, CH,). *C{*H}-NMR (125 MHz,
CDCly): 5= 151.8 (Cg), 149.8 (CH), 141.4 (Cy), 138.4 (CH), 137.4 (Cy), 128.8 (Cy), 122.2 (CH),
121.6 (CH), 121.4 (CH), 120.7 (CH), 120.0 (CH), 110.2 (CH), 102.9 (CH), 39.3 (CH), 33.8
(CH,), 32.8 (2C, CHy), 25.2 (2C, CH,). HRMS (ESI): m/z Calcd for CigHaoNp+H'™ [M+H]*
277.1699; Found 277.1700. The *H and **C spectra are consistent with those reported in the

literature.*®

A\

N
2-(3-(Furan-2-yl)propyl)-1-(pyridin-2-yl)-1H-indole (3av): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), 2-(3-chloropropyl)furan (2v; 0.058 g, 0.40
mmol) and the reaction mixture was stirred at 80 °C for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 5/1) yielded 3av (0.036 g, 60%) as
a light yellow liquid. *H-NMR (400 MHz, CDCl;): 6= 8.64 (dd, J = 5.3, 2.3 Hz, 1H, Ar-H),
7.90-7.86 (td, J = 7.6, 1.5 Hz, 1H, Ar-H), 7.58 (t, J = 4.6 Hz, 1H, Ar-H), 7.42 (d, J = 7.6 Hz,
1H, Ar-H), 7.34-7.30 (m, 2H, Ar-H), 7.27-2.25 (m, 1H, Ar-H), 7.16-7.11 (m, 2H, Ar-H), 6.49
(s, 1H, Ar-H), 6.26-6.25 (m, 1H, Ar-H), 5.93 (d, J = 3.0 Hz, 1H, Ar-H), 2.90 (t, J = 7.6 Hz, 2H,
CHy), 2.64 (t, J = 7.6 Hz, 2H, CH,), 1.91 (pent, J = 7.6 Hz, 2H, CH,). *C{*H}-NMR (100 MHz,
CDCly): 6= 155.7 (C,), 151.5 (Cy), 149.7 (CH), 140.9 (C,), 140.9 (CH), 138.4 (CH), 137.3 (Cy),
128.7 (Cy), 122.1 (CH), 121.7 (CH), 121.1 (CH), 120.7 (CH), 120.0 (CH), 110.2 (CH), 110.1
(CH), 105.0 (CH), 102.5 (CH), 27.5 (CHy), 27.1 (CHy), 26.9 (CH,). HRMS (ESI): m/z Calcd for
CaoH1sN,0+H™ [M+H]" 303.1492; Found 303.1490.
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2-(4-(1H-Pyrrol-1-yl)butyl)-1-(pyridin-2-yl)-1H-indole (3aw): The representative procedure
was followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-(4-chlorobutyl)-1H-pyrrole (2w;
0.063 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3aw (0.053 g, 84%)
as a light yellow liquid. *H-NMR (400 MHz, CDCls): 5= 8.66 (br s, 1H, Ar—H), 8.01-7.79 (m,
1H, Ar-H), 7.79-7.61 (m, 2H, Ar-H), 7.46-7.28 (m, 3H, Ar-H), 7.28-7.15 (m, 3H, Ar-H), 7.08
(br s, 1H, Ar—H), 6.53 (br s, 1H, Ar-H), 6.47 (br s, 1H, Ar-H), 4.23-3.99 (m, 2H, CH,), 3.14-
2.84 (m, 2H, CH,), 2.03-1.81 (m, 2H, CH,), 1.63 (d, J = 7.3 Hz, 2H, CH,). *C{*H}-NMR (100
MHz, CDCls): 6= 1515 (Cq), 149.7 (CH), 140.9 (C,), 138.5 (CH), 137.3 (Cy), 128.6 (Cy), 122.2
(CH), 121.8 (CH), 121.2 (CH), 120.8 (CH), 120.5 (2C, CH), 120.0 (CH), 110.2 (CH), 108.0 (2C,
CH), 102.5 (CH), 49.3 (CHy), 31.1 (CHy), 27.0 (CH), 25.8 (CH,). HRMS (ESI): m/z Calcd for
C21H21Ns+H™ [M+H]" 316.1808; Found 316.1806.

s
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2-(4-(1H-Indol-1-yl)butyl)-1-(pyridin-2-yl)-1H-indole (3ax): The representative procedure
was followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-(4-chlorobutyl)-1H-indole (2x;
0.083 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3ax (0.055 g, 75%)
as a light yellow liquid. *H-NMR (400 MHz, CDCls): 6= 8.65 (d, J = 3.7 Hz, 1H, Ar-H), 7.95-
7.78 (m, 1H, Ar-H), 7.70 (d, J = 7.3 Hz, 1H, Ar-H), 7.67-7.58 (m, 1H, Ar-H), 7.42-7.28 (m, 4H,
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Ar-H), 7.28-7.12 (m, 4H, Ar-H), 7.07 (d, J = 3.1 Hz, 1H, Ar-H), 6.52 (d, J = 2.4 Hz, 1H,
Ar-H), 6.46 (s, 1H, Ar-H), 4.11 (t, J = 7.0 Hz, 2H, Ar-H), 2.93 (t, J = 7.6 Hz, 2H, CH,), 2.02-
1.80 (m, 2H, CHy), 1.70-1.54 (m, 2H, CH,). *C{*H}-NMR (125 MHz, CDCls): 6= 151.4 (C),
149.7 (CH), 140.8 (C,), 138.4 (CH), 137.4 (Cy), 136.0 (C,), 128.7 (C,), 128.6 (C,), 127.9 (CH),
122.2 (CH), 121.9 (CH), 121.4 (CH), 121.1 (CH), 121.1 (CH), 120.8 (CH), 120.1 (CH), 119.3
(CH), 110.2 (CH), 109.5 (CH), 102.5 (CH), 101.0 (CH), 46.2 (CH,), 29.8 (CH,), 27.1 (CHy),
26.0 (CH,). HRMS (ESI): m/z Calcd for CasHasNa+H* [M+H]" 366.1965; Found 366.1967.

1,4-Bis(1-(pyridin-2-yl)-1H-indol-2-yl)butane (3ay): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 2-(4-chlorobutyl)-1-(pyridin-2-yl)-1H-
indole (2y, 0.114 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by
column chromatography on neutral alumina (petroleum ether/EtOAc: 10/1) yielded 3ay (0.058 g,
65%) as a light yellow solid. *H-NMR (500 MHz, CDCls): & = 8.56 (dd, J = 5.0, 0.8 Hz, 2H,
Ar-H), 7.75 (td, J = 7.7, 2.1 Hz, 2H, Ar—H), 7.59-7.50 (m, 2H, Ar-H) 7.34 (d, J = 8.0 Hz, 2H,
Ar-H), 7.31-7.27 (m, 2H, Ar-H), 7.27-7.21 (m, 2H, Ar-H), 7.16-7.08 (m, 4H, Ar-H), 6.34 (s,
2H, Ar-H), 2.81 (br s, 4H, CH,), 1.55-1.48 (m, 4H, CH,). *C{*H}-NMR (125 MHz, CDCly): §
= 151.6 (2C, Cy), 149.7 (2C, CH), 141.3 (2C, Cy), 138.4 (2C, CH), 137.4 (2C, Cy), 128.7 (2C,
Cy), 122.1 (2C, CH), 121.7 (2C, CH), 121.2 (2C, CH), 120.7 (2C, CH), 120.0 (2C, CH), 110.2
(2C, CH), 102.4 (2C, CH), 28.1 (2C, CHy), 27.3 (2C, CH). HRMS (ESI): m/z Calcd for
CaoH2sNa+H™ [M+H]" 443.2230; Found 443.2235.
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9-(4-(1-(Pyridin-2-yl)-1H-indol-2-yl)butyl)-9H-carbazole (3az): The representative procedure

was followed, using substrate 1a (0.039 g, 0.20 mmol) and 9-(4-chlorobutyl)-8a,9a-dihydro-9H-

carbazole (2z; 0.103 g, 0.40 mmol), and the reaction mixture was stirred for 24 h. Purification by
column chromatography on neutral alumina (petroleum ether/EtOAc: 10/1) yielded 3az (0.071 g,
85%) as a pale yellow liquid. "H-NMR (500 MHz, CDCl3): & = 8.71-8.49 (m, 1H, Ar—H), 8.19
(d, J=7.6 Hz, 2H, Ar-H), 7.76 (t, J = 7.4 Hz, 1H, Ar-H), 7.66 (d, J = 6.9 Hz, 1H, Ar—H), 7.52
(t, J = 7.4 Hz, 2H, Ar-H), 7.43-7.36 (m, 3H, Ar-H), 7.35-7.27 (m, 3H, Ar-H), 7.28- 7.16 (m,
3H, Ar-H), 6.46 (s, 1H, Ar-H), 4.30 (t, J = 6.7 Hz, 2H, CH,), 2.95 (t, J = 7.2 Hz, 2H, CH,),
2.03-1.87 (m, 2H, CHy), 1.73-1.57 (m, 2H, CH,). *C{*H}-NMR (125 MHz, CDCl,): 5 = 151.4
(Cy), 149.6 (CH), 140.8 (Cy), 140.5 (2C, Cy), 138.3 (CH), 137.3 (Cy), 128.6 (Cy), 125.7 (2C,
CH), 122.9 (2C, C), 122.1 (CH), 121.8 (CH), 120.9 (CH), 120.8 (CH), 120.4 (2C, CH), 120.1
(CH), 118.9 (2C, CH), 110.1 (CH), 108.8 (2C, CH), 102.5 (CH), 42.8 (CH,), 28.7 (CHy), 27.3
(CHy), 26.3 (CH,). HRMS (ESI): m/z Caled for CooHasNs+H™ [M+H]" 416.2121; Found
416.2121. The *H and 3C spectra are consistent with those reported in the literature.*®
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9-(4-(1-(Pyridin-2-yI)-1H-indol-2-yl)ethyl)-9H-carbazole (3aa’): The representative procedure

was followed, using substrate 1a (0.039 g, 0.20 mmol) and 9-(2-chloroethyl)-9H-carbazole (2a’;

0.092 g, 0.40 mmol), and the reaction mixture was stirred for 24 h. Purification by column

chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded 3aa’ (0.031 g, 40%)
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as a light yellow liquid. *H-NMR (500 MHz, CDCls): 6= 8.59 (d, J = 3.8 Hz, 1H, Ar-H), 8.06
(d, J = 7.6 Hz, 2H, Ar-H), 7.71 (s, 1H, Ar-H), 7.67-7.58 (m, 1H, Ar-H), 7.45-7.34 (m, 2H,
Ar-H), 7.31 (d, J = 7.2 Hz, 1H, Ar-H), 7.25-7.14 (m, 7H, Ar-H), 7.09 (d, J = 8.0 Hz, 1H,
Ar-H), 6.66 (s, 1H, Ar—H), 4.61 (t, J = 7.6 Hz, 2H, CH,), 3.46 (t, J = 7.4 Hz, 2H, CH,). *C{‘H}-
NMR (125 MHz, CDCl3): 6 = 151.1 (Cy), 149.6 (CH), 140.2 (2C, Cg), 138.5 (CH), 138.2 (Cy),
137.3 (Cy), 128.7 (Cy), 125.7 (2C, CH), 123.1 (2C, Cy), 122.3 (CH), 122.0 (CH), 121.1 (CH),
120.7 (CH), 120.4 (CH), 120.4 (2C, CH), 119.1 (2C, CH), 110.3 (CH), 108.6 (2C, CH), 103.9
(CH), 43.9 (CHy,), 27.0 (CH;). HRMS (ESI): m/z Calcd for Cy;H2N,+H* [M+H]" 388.1808;
Found 388.1810.
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2-Octyl-1-(5-methylpyridin-2-yl)-1H-indole  (3ba): The representative procedure was
followed, using substrate 1b (0.042 g, 0.20 mmol) and 1-chlorooctane (2a; 0.059 g, 0.40 mmol),
and the reaction mixture was stirred for 5 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3ba (0.055 g, 86%) as a light yellow liquid. *H-
NMR (400 MHz, CDCls3): 6= 8.69 (d, J = 4.2 Hz, 1H, Ar-H), 7.98-7.85 (m, 1H, Ar-H), 7.50-
7.38 (m, 2H, Ar-H), 7.33 (dd, J = 7.0, 5.2 Hz, 1H, Ar-H), 7.27 (d, J = 8.5 Hz, 1H, Ar-H), 6.99
(d, J=7.9 Hz, 1H, Ar-H), 6.41 (s, 1H, Ar—-H), 2.88 (t, J = 7.6 Hz, 2H, CH,), 2.49 (s, 3H, CH3),
1.67-1.53 (m, 2H, CH,), 1.44-1.20 (m, 10H, CHj), 0.92 (t, J = 6.7 Hz, 3H, CHs). *C{"H}-NMR
(100 MHz, CDCly): 5= 151.9 (Cq), 149.7 (CH), 142.0 (Cg) , 138.3 (CH), 135.7 (Cy), 129.9 (Cy),
129.1 (Cy), 123.1 (CH), 121.9 (CH), 121.1 (CH), 119.8 (CH), 109.9 (CH), 101.9 (CH), 32.0
(CHy), 29.5 (2C, CHy), 29.3 (CH,), 28.8 (CH,), 27.7 (CH,), 22.8 (CHy), 21.5 (CH3), 14.3 (CH3).
HRMS (ESI): m/z Calcd for CaoHagNo+H* [M+H]* 321.2325; Found 321.2323. The *H and **C
spectra are consistent with those reported in the literature.*®
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2-Octyl-1-(5-methoxypyridin-2-yl)-1H-indole (3ca): The representative procedure was
followed, using substrate 1c (0.045 g, 0.20 mmol) and 1-chlorooctane (2a; 0.059 g, 0.40 mmol),
and the reaction mixture was stirred for 5 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3ca (0.056 g, 83%) as a light yellow liquid. *H
NMR (400 MHz, CDCl3): 6=8.68 (d, J=3.7 Hz, 1H, Ar-H), 8.03-7.79 (m, 1H, Ar-H), 7.43 (d,
J=17.9 Hz, 1H, Ar-H), 7.38-7.21 (m, 2H, Ar-H), 7.09 (s, 1H, Ar-H), 6.90-6.73 (m, 1H, Ar—H),
6.41 (s, 1H, Ar-H), 3.88 (s, 3H, OCH3), 2.86 (t, J = 7.6 Hz, 2H, CH,), 1.70-1.50 (m, 2H, CH,),
1.41-1.19 (m, 10H, CH,), 0.90 (t, J = 6.7 Hz, 3H, CH3). “C{*H}-NMR (100 MHz, CDCls): 6=
154.9 (Cq), 151.9 (Cy), 149.7 (CH), 142.5 (Cg), 138.4 (CH), 132.5 (Cy), 129.3 (C,), 121.9 (CH),
121.0 (CH), 111.1 (CH), 111.0 (CH), 102.3 (CH), 102.1 (CH), 56.0 (OCHj3), 32.0 (CHy), 29.5
(2C, CHy), 29.3 (CHy), 28.8 (CH,), 27.7 (CH,), 22.8 (CH,), 14.2 (CH3). HRMS (ESI): m/z Calcd
for CaoHogN,O+H* [M+H]* 337.2274; Found 337.2270. The *H and *3C spectra are consistent
with those reported in the literature.*®

F n-CgH
W 6'113
N

7\
2-Octyl-1-(5-fluoropyridin-2-yl)-1H-indole (3da): The representative procedure was followed,
using substrate 1d (0.042 g, 0.20 mmol) and 1-chlorooctane (2a; 0.059 g, 0.40 mmol), and the
reaction mixture was stirred for 16 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc: 50/1) yielded 3da (0.045 g, 69%) as a light yellow liquid. *H-NMR
(400 MHz, CDCl3): &= 8.84-8.60 (m, 1H, Ar-H), 8.07-7.81 (m, 1H, Ar-H), 7.54-7.34 (m, 2H,
Ar-H), 7.33-7.14 (m, 2H, Ar-H), 7.00-6.78 (m, 1H, Ar-H), 6.43 (s, 1H, Ar-H), 3.05- 2.75 (m,
2H, CH,), 1.78-1.49 (m, 2H, CH,), 1.26 (br s, 10H, CH,), 1.06-0.81 (m, 3H, CHs). *C{‘H}-
NMR (100 MHz, CDCls): & = 158.6 (d, *Jcr = 235.0 Hz, C,), 151.6 (C,), 149.9 (CH), 143.6
(Cy), 138.5 (CH), 134.0 (Cy), 129.2 (d, *Jc_¢ = 10.0 Hz, C,), 122.4 (CH), 121.2 (CH), 110.9 (d,
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3Jc_r = 10.0 Hz, CH), 109.5 (d, *Jc_r = 25.4 Hz, CH), 105.1 (d, 2Jc_r = 24.0 Hz, CH), 102.1 (d,
“Jcr = 4.0 Hz, CH), 32.0 (CH,), 29.5 (2C, CHy,), 29.3 (CHy), 28.7 (CH,), 27.7 (CH,), 22.8
(CH,), 14.3 (CHs). ®*F-NMR (377 MHz, CDCls): 6 = —124.2 (s). HRMS (ESI): m/z Calcd for
Co1HosFNo+HY [M+H]" 325.2075; Found 325.2073. The *H and *3C spectra are consistent with

those reported in the literature.*®

CH,

n-CgH
N

N
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3-Methyl-2-octyl-1-(pyridin-2-yl)-1H-indole  (3ea): The representative procedure was
followed, using substrate 1e (0.042 g, 0.20 mmol) and 1-chlorooctane (2a; 0.059 g, 0.40 mmol),
and the reaction mixture was stirred for 5 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 3ea (0.053 g, 83%) as a light yellow liquid. *H
NMR (400 MHz, CDCls): 6= 8.67 (d, J = 3.7 Hz, 1H, Ar-H), 7.88 (t, J = 7.6 Hz, 1H, Ar-H),
7.58 (d, J = 7.9 Hz, 1H, Ar-H), 7.44 (d, J = 7.9 Hz, 1H, Ar-H), 7.35 (d, J = 7.3 Hz, 1H, Ar-H)
7.33-7.27 (m, 1H, Ar-H), 7.23-7.12 (m, 2H, Ar-H), 2.94 (t, J = 7.6 Hz, 2H, CH,), 2.36 (s, 3H,
CHs), 1.44-1.34 (m, 2H, CH,), 1.33-1.15 (m, 10H, CH,), 0.90 (t, J = 7.0 Hz, 3H, CHa3). *C{*H}-
NMR (125 MHz, CDCls): 6= 152.1 (Cg), 149.7 (CH), 138.3 (CH), 137.4 (C), 136.7 (C), 129.6
(Cy), 121.8 (CH), 121.8 (CH), 121.2 (CH), 120.2 (CH), 118.3 (CH), 110.0 (CH), 109.8 (C), 32.0
(CHy), 29.5 (CHy), 29.3 (2C, CHy), 29.2 (CH,), 24.8 (CHy), 22.8 (CHy), 14.2 (CHs), 9.0 (CHs3).
HRMS (ESI): m/z Calcd for CaoHagNo+H' [M+H]* 321.2325; Found 321.2323. The *H and **C

spectra are consistent with those reported in the literature.*
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5-Methyl-1-(pyridin-2-yl)-2-(4-(1-(pyridin-2-yl)-1H-indol-2-yl)butyl)-1H-indole (3by): The
representative procedure was followed, using 5-methyl-1-(pyridin-2-yl)-1H-indole (1b; 0.042 g,
0.20 mmol), 2-(4-chlorobutyl)-1-(pyridin-2-yl)-1H-indole (2y, 0.114 g, 0.40 mmol), and the
reaction mixture was stirred for 16 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc: 10/1) yielded 3by (0.060 g, 66%) as a light yellow solid. *H-NMR (500
MHz, CDCl3): 6 = 8.64-8.49 (m, 2H, Ar-H), 7.80-7.71 (m, 2H, Ar-H), 7.59-7.50 (m, 1H,
Ar-H), 7.37-7.27 (m, 4H, Ar-H), 7.25-7.16 (m, 3H, Ar-H), 7.16-7.08 (m, 2H, Ar—H), 6.94 (d, J
= 8.4 Hz, 1H, Ar-H), 6.34 (s, 1H, Ar-H), 6.27 (s, 1H, Ar—H), 2.80 (br s, 4H, CH,), 2.44 (s, 3H,
CHg), 1.48-1.56 (m, 4H, CHy). *C{'H}-NMR (125 MHz, CDCls): § = 151.8 (C,), 151.6 (Cy),
149.7 (CH), 149.6 (CH), 141.3 (2C, Cy), 138.3 (2C, CH), 137.4 (Cy), 135.7 (Cy), 129.9 (Cy),
129.0 (Cy), 128.7 (Cy), 123.1 (CH), 122.1 (CH), 121.9 (CH), 121.7 (CH), 121.3 (CH), 121.0
(CH), 120.7 (CH), 120.0 (CH), 119.8 (CH), 110.2 (CH), 109.9 (CH), 102.4 (CH), 102.1 (CH),
28.1 (2C, CHy), 27.4 (CHy), 27.3 (CH,), 21.6 (CH3). HRMS (ESI): m/z Calcd for C3;HagNs+H"
[M+H]" 457.2387; Found 457.2388.

n-CgH
N

2-Octyl-1-(pyrazin-2-yl)-1H-indole (3fa): The representative procedure was followed, using
substrate 1-(pyrazin-2-yl)-1H-indole (1f; 0.039 g, 0.20 mmol), 1-chlorooctane (2a; 0.059 g, 0.40
mmol) and the reaction mixture was stirred for 5 h. Purification by column chromatography on
neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3fa (0.018 g, 29%) as a brown liquid. *H-
NMR (400 MHz, CDCls): 6= 8.79 (s, 1H, Ar-H), 8.65-8.60 (m, 1H, Ar-H), 8.56 (d, J = 3.0 Hz,
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1H, Ar-H), 7.61-7.54 (m, 1H, Ar-H), 7.41-7.34 (m, 1H, Ar—H), 7.19-7.12 (m, 2H, Ar—H), 6.49
(s, 1H, Ar-H), 2.82 (t, J = 7.6 Hz, 2H, CH,), 1.57 (pent, J = 7.6 Hz, 2H, CH,), 1.29-1.22 (m,
10H, CHy), 0.86 (t, J = 6.9 Hz, 3H, CHs). *C{'"H}-NMR (100 MHz, CDCly): 5= 148.4 (C),
143.7 (CH), 142.6 (CH), 142.2 (CH), 141.7 (Cg), 137.1 (Cy), 129.0 (C,), 122.2 (CH), 121.4
(CH), 120.2 (CH), 109.9 (CH), 103.5 (CH), 31.8 (CH,), 29.7 (CH,), 29.3 (CH,), 29.2 (CH,),
28.7 (CHy), 27.5 (CH,), 22.7 (CH,), 14.1 (CHs). HRMS (ESI): m/z Calcd for CyoHosNs+H*
[M+H]* 308.2121; Found 308.2119.

@\/\ n-CeHi3

N

Z "N

<

2-(2-Octyl-1H-pyrrol-1-yl)pyridine (3ga): The representative procedure was followed, using
substrate 1g (0.029 g, 0.20 mmol) and 1-chlorooctane (2a; 0.059 g, 0.40 mmol), and the reaction
mixture was stirred for 16 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc: 50/1) yielded 3ga (0.033 g, 64%) as a light yellow liquid. *H-NMR
(500 MHz, CDCl3) 6=8.52 (d, J = 3.4 Hz, 1H, Ar-H), 7.78 (t, J = 6.9 Hz, 1H, Ar-H), 7.29 (d, J
= 8.0 Hz, 1H, Ar-H), 7.20 (dd, J = 6.9, 5.3 Hz, 1H, Ar—H), 7.01 (br s, 1H, Ar-H), 6.24 (t, J = 2.9
Hz, 1H, Ar-H), 6.09 (br s, 1H, Ar-H), 2.81 (t, J = 7.6 Hz, 2H, CH,), 1.62-1.49 (m, 2H, CH,),
1.30-1.22 (m, 10H, CH,), 0.87 (t, J = 6.9 Hz, 3H, CHs). *C{*H}-NMR (125 MHz, CDCls): 5=
153.2 (Cy), 149.0 (CH), 138.3 (CH), 134.6 (Cg), 121.2 (CH), 120.6 (CH), 117.8 (CH), 109.1
(CH), 108.8 (CH), 32.0 (CH,), 29.6 (CHy), 29.5 (CH,), 29.4 (2C, CH,), 27.7 (CHy), 22.8 (CH,),
14.3 (CH3). HRMS (ESI): m/z Calcd for Ci7H24No+H* [M+H]" 257.2012; Found 257.2012.

/ \

N Cl

Z N

“ |
2-(2-(4-Chlorophenethyl)-1H-pyrrol-1-yl)pyridine (3gm): The representative procedure was
followed, using substrate 1g (0.029 g, 0.20 mmol), 1-chloro-4-(2-chloroethyl)benzene (2m;
0.070 g, 0.40 mmol) and the reaction mixture was stirred for 24 h. Purification by column
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chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 3gm (0.019 g, 33%)
as a brown liquid. *"H-NMR (500 MHz, CDCl3): 5= 8.54 (d, J = 4.2 Hz, 1H, Ar—H), 7.79 (t, J =
7.4 Hz, 1H, Ar-H), 7.30-7.25 (m, 1H, Ar-H), 7.23-7.19 (m, 3H, Ar—H), 7.08-7.03 (m, 2H,
Ar-H), 7.01 (s, 1H, Ar-H), 6.26 (s, 1H, Ar-H), 6.13 (s, 1H, Ar—H), 3.17 (t, J = 7.9 Hz, 2H,
CHy), 2.86 (t, J = 7.4 Hz, 2H, CH,). ®C{*H}-NMR (125 MHz, CDCly): & = 152.9 (Cy), 148.7
(CH), 140.3 (C,), 138.3 (CH), 133.2 (Cy), 131.5 (Cy), 129.7 (2C, CH), 128.3 (2C, CH), 121.1
(CH), 120.5 (CH), 117.3 (CH), 109.4 (CH), 109.2 (CH), 35.4 (CH,), 29.6 (CH,). HRMS (ESI):
m/z Calcd for C17H;5sCIN;+H+ [M+H]+ 283.0997; Found 283.0996.

©\/\>_<Ph
N CHs
s

2-(1-Phenylethyl)-1-(pyridin-2-yl)-1H-indole (5aa): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol), (1-bromoethyl)benzene (4a; 0.074 g, 0.40
mmol) and the reaction mixture was stirred for 16 h. Purification by column chromatography on
neutral alumina (petroleum ether/EtOAc: 50/1) yielded 5aa (0.025 g, 42%) as a light yellow
liquid. 'H-NMR (400 MHz, CDCls): 5= 8.58 (br s, 1H, Ar—H), 8.17 (d, J = 7.9 Hz, 1H, Ar—H),
7.89-7.77 (m, 1H, Ar-H), 7.63 (s, 1H, Ar-H), 7.52 (d, J = 8.5 Hz, 1H), 7.44-7.23 (m, 6H, Ar-H),
7.22-7.03 (m, 3H, Ar-H), 4.41 (q, J = 7.3 Hz, 1H, CH), 1.77 (d, J = 7.3 Hz, 3H, CH5). *C{*H}-
NMR (100 MHz, CDCls): 6= 152.7 (Cy), 149.2 (CH) 146.4 (C,), 138.5 (CH) 135.9 (C,), 129.9
(Cy), 128.6 (2C, CH), 127.7 (2C, CH), 126.3 (CH), 124.2 (C,), 123.3 (CH), 123.1 (CH), 121.0
(CH), 120.2 (CH), 119.9 (CH), 114.6 (CH), 113.0 (CH), 37.1 (CH), 22.5 (CHs). HRMS (ESI):
m/z Calcd for CyHigNo+H* [M+H]" 299.1543; Found 299.1541. The *H and **C spectra are

consistent with those reported in the literature.
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2-Benzhydryl-1-(pyridin-2-yl)-1H-indole (5ab): The representative procedure was followed
using, substrate 1a (0.039 g, 0.20 mmol), (bromomethylene)dibenzene (4b; 0.099 g, 0.40 mmol)
and the reaction mixture was stirred for 16 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 5ab (0.052 g, 72%) as a pale yellow solid. *H-
NMR (500 MHz, CDCls): 6=8.65 (d, J = 3.8 Hz, 1H, Ar-H), 8.37 (d, J = 8.4 Hz, 1H, Ar-H),
7.91-7.79 (m, 1H, Ar-H), 7.53-7.34 (m, 14H, Ar-H), 7.23 (t, J = 6.9 Hz, 2H, Ar-H), 5.86 (s, 1H,
CH). ®C{'H}-NMR (125 MHz, CDCl3): § = 152.6 (C), 149.0 (CH), 1435 (2C, C,), 138.4
(CH), 136.0 (Cy), 129.80 (Cg), 129.2 (4C, CH), 128.6 (4C, CH), 126.6 (2C, CH), 125.7 (CH),
123.5 (CH), 122.8 (Cy), 121.2 (CH), 120.4 (CH), 119.9 (CH), 114.6 (CH), 113.3 (CH), 48.9
(CH). HRMS (ESI): m/z Calcd for CogHooNo+H* [M+H]* 361.1699; Found 361.1698. The *H
and 3C spectra are consistent with those reported in the literature.*®

o

N
4 \

2-Cyclopropyl-1-(pyridin-2-yl)-1H-indole (5ac): The representative procedure was followed,
using substrate 1a (0.039 g, 0.20 mmol) and bromocyclopropane (4c, 0.048 g, 0.40 mmol) and
the reaction mixture was stirred for 16 h. Column chromatography on neutral alumina (petroleum
ether/EtOAC: 50/1) afforded the 5ac (0.035 g, 75%). *H-NMR (500 MHz, CDCl5): 5=8.69 (d, J
= 5.0 Hz, 1H, Ar-H), 7.93-7.82 (m, 1H, Ar-H), 7.60-7.51 (m, 2H, Ar-H), 7.46 (dd, J = 6.3, 2.5
Hz, 1H, Ar-H), 7.32 (dd, J = 7.1, 5.1 Hz, 1H, Ar-H), 7.19-7.08 (m, 2H, Ar—H), 6.29 (s, 1H,
Ar-H), 2.03 (br s, 1H, CH), 0.95-0.86 (m, 2H, CH,), 0.71-0.83 (m, 2H, CH,). *C{*H}-NMR
(125 MHz, CDCls): 6= 151.9 (C,), 149.6 (CH), 143.4 (C,), 138.2 (CH), 137.5 (Cy), 128.6 (Cq),
121.9 (2C, CH), 121.2 (CH), 120.9 (CH), 120.0 (CH), 110.7 (CH), 100.0 (CH), 8.8 (CH), 8.4
(2C, CH,). HRMS (ESI): m/z Calcd for CygH14No+H™ [M+H]" 235.1230; Found 235.1232. The

'H and 13C spectra are consistent with those reported in the literature.*®
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2-Cyclohexyl-1-(pyridin-2-yl)-1H-indole (5ad): The representative procedure was followed,
using substrate 1a (0.039 g, 0.20 mmol) and bromocyclohexane (4d; 0.065 g, 0.40 mmol), and
the reaction mixture was stirred for 16 h. Purification by column chromatography on neutral
alumina (petroleum ether/EtOAc: 50/1) yielded 5ad (0.036 g, 65%) as a light yellow liquid. *H-
NMR (500 MHz, CDCls): & = 8.76-8.62 (m, 1H, Ar—H), 7.90 (td, J = 7.7, 1.7 Hz, 1H, Ar-H),
7.60 (dd, J = 5.9, 2.9 Hz, 1H, Ar-H), 7.45 (d, J = 7.6 Hz, 1H, Ar-H), 7.34 (dd, J = 7.1, 5.1 Hz,
1H, Ar-H), 7.32-7.23 (m, 1H, Ar-H), 7.18-7.07 (m, 2H, Ar-H), 6.46 (s, 1H, Ar—H), 3.07-2.96
(m, 1H, CH), 1.92 (d, J = 12.6 Hz, 2H, CH,), 1.75 (dd, J = 8.6, 3.6 Hz, 2H, CH,), 1.48-1.36 (m,
2H, CHy), 1.31-1.17 (m, 4H, CH,). *C{"H}-NMR (125 MHz, CDCls): § = 151.9 (C,), 149.8
(CH), 147.4 (C,), 138.5 (CH), 137.5 (Cy), 128.7 (Cg), 122.3 (CH), 121.7 (CH), 121.6 (CH),
120.6 (CH), 120.1 (CH), 110.1 (CH), 100.0 (CH), 35.8 (CH), 33.4 (2C, CHy), 26.6 (2C, CHy),
26.3 (CH,). HRMS (ESI): m/z Calcd for CigHaoNo+H" [M+H]" 277.1699; Found 277.1700. The

'H and 3C spectra are consistent with those reported in the literature.*®

C-O

&
2-Cycloheptyl-1-(pyridin-2-yl)-1H-indole (5ae): The representative procedure was followed,
using substrate 1a (0.039 g, 0.20 mmol), bromocycloheptane (4e; 0.071 g, 0.40 mmol) and the
reaction mixture was stirred for 16 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc: 50/1) yielded 5ae (0.030 g, 52%) as a light yellow liquid. *H-NMR
(400 MHz, CDCl3): 6= 8.69 (d, J = 3.7 Hz, 1H, Ar-H), 7.91 (t, J = 7.0 Hz, 1H, Ar-H), 7.63-
7.50 (m, 1H, Ar-H), 7.44 (d, J=7.9 Hz, 1H, Ar—H), 7.40-7.32 (m, 1H, Ar—H), 7.31-7.20 (m, 1H,
Ar-H), 7.19-7.04 (m, 2H, Ar-H), 6.47 (s, 1H, Ar-H), 3.33-3.09 (m, 1H, CH), 1.97 (dt, J = 6.9,
3.6 Hz, 2H, CHy), 1.80-1.65 (m, 4H, CH,), 1.57 (br s, 4H, CH,), 1.42-1.31 (m, 2H, CH,).
BC{*H}-NMR (100 MHz, CDCls): & = 151.9 (C,), 149.9 (CH), 148.5 (C,), 138.5 (CH) 137.5
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(Cy), 128.7 (Cg), 122.3 (CH), 121.9 (CH), 121.6 (CH), 120.6 (CH), 120.1 (CH), 110.1 (CH),
100.0 (CH), 37.0 (CH), 35.0 (2C, CH,), 28.4 (2C, CH,), 26.8 (2C, CH,). HRMS (ESI): m/z
Calcd for CoHpNy+H™ [M+H]" 291.1856; Found 291.1855. The *H and '*C spectra are
consistent with those reported in the literature.*®

Cr~h

&

2-((1R,2R,4S)-Bicyclo[2.2.1]heptan-2-yl)-1-(pyridin-2-yl)-1H-indole (5af): The representative
procedure was followed, using substrate 1a (0.039 g, 0.20 mmol), 2-bromobicyclo[2.2.1]heptane
(4f; 0.070 g, 0.40 mmol) and the reaction mixture was stirred for 16 h. Purification by column
chromatography on neutral alumina (petroleum ether/EtOAc: 50/1) yielded 5af (0.02 g, 35%) as
a pale yellow solid. *H-NMR (500 MHz, CDCl3): 6= 8.73-8.64 (m, 1H, Ar-H), 7.90 (td, J = 7.7,
1.7 Hz, 1H, Ar-H), 7.61-7.55 (m, 1H, Ar—H), 7.44 (d, J = 8.0 Hz, 1H, Ar—H), 7.34 (dd, J = 7.2,
5.3 Hz, 1H, Ar-H), 7.27-7.22 (m, 1H, Ar—H), 7.15-7.07 (m, 2H, Ar-H), 6.43 (s, 1H, Ar—H), 3.12
(dd, J = 8.4, 5.7 Hz, 1H, CH), 2.33 (br s, 1H, CH), 2.28 (br s, 1H, CH), 1.67-1.56 (m, 2H, CH,),
1.55-1.38 (m, 3H, CHy), 1.21-1.10 (m, 3H, CH,). *C{*H}-NMR (125 MHz, CDCls): § = 152.0
(Cy), 149.8 (CH), 146.9 (Cy), 138.4 (CH), 137.8 (Cy), 128.6 (Cy), 122.3 (CH), 121.9 (CH), 121.7
(CH), 120.6 (CH), 120.1 (CH), 110.1 (CH), 100.4 (CH), 42.3 (CH) 39.8 (CH) 38.3 (CH,) 36.8
(CH) 36.4 (CH>), 29.9 (CH>), 28.9 (CH,). HRMS (ESI): m/z Calcd for CyoHzNo+H" [M+H]"
289.1699; Found 289.1700.

3.4.3 Procedure for Removal of Directing Group

Representative Procedure: Synthesis of 2-Octyl-1H-indole (6aa): To an oven dried
Schlenk tube, 3aa (0.035 g, 0.11 mmol) was introduced and CH,Cl, (5.0 mL) was added into it.
Methyl trifluoromethanesulfonate, MeOTf (0.036 g, 0.22 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 16 h. The volatiles were removed under vacuum and the residue was redissolved
in MeOH (2.0 mL). To the resultant mixture, NaOH (2M aq, 2.0 mL) solution was added and the

Ph.D. Thesis: Dilip Kumar Pandey 168



Chapter 3

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 (15 mL x
3). The combined organic extract was washed with brine, dried over Na,SO,4 and the volatiles
were evaporated in vacuo. The remaining residue was purified by column chromatography on
neutral alumina (petroleum ether/EtOAc: 50/1) to yield 6aa (0.022 g, 87%) as a light yellow
liquid.

n-CgH
N

\

H
2-Octyl-1H-indole (6aa): *H-NMR (400 MHz, CDCls): 5= 7.85 (br s, 1H, NH), 7.53 (d, J = 7.3
Hz, 1H, Ar-H), 7.30 (d, J = 7.9 Hz, 1H, Ar-H), 7.08 (d, J = 7.9 Hz, 1H, Ar-H), 7.11 (d, J = 85
Hz, 1H, Ar-H), 6.24 (s, 1H, Ar—H), 2.75 (t, J = 7.6 Hz, 2H, CH,), 1.91-1.63 (m, 2H, CH),), 1.28
(br s, 10H, CH,), 0.89 (t, J = 6.4 Hz, 3H, CHs). *C{*H}-NMR (100 MHz, CDCls): & = 140.2
(Cy), 136.0 (Cy), 129.1 (C,), 121.1 (CH), 119.9 (CH), 119.7 (CH), 110.4 (CH), 99.6 (CH), 32.0
(CH,), 29.9 (CH,), 29.6 (CH,), 29.5 (CH,), 29.4 (CH,), 28.5 (CH,), 22.8 (CH,), 14.3 (CHs).
HRMS (ESI): m/z Calcd for CigHasN+H" [M+H]" 230.1903 Found 230.1905. The *H and **C

spectra are consistent with those reported in the literature.

2-(4-Chlorophenethyl)-1H-indole (6am): The representative procedure was followed, using
substrate 3am (0.035 g, 0.105 mmol) and methyl trifluoromethanesulfonate, MeOTf (0.069 g,
0.42 mmol). Purification by column chromatography on neutral alumina (petroleum
ether/EtOAc: 50/1) yielded 6am (0.020 g, 74%) as a light yellow solid. *H-NMR (400 MHz,
CDCl3): 6=17.95 (brs, 1H, NH), 7.72 (d, J = 7.9 Hz, 1H, Ar—H), 7.54-7.38 (m, 3H, Ar-H), 7.38-
7.22 (m, 4H, Ar-H), 6.44 (s, 1H, Ar—H), 3.20-2.93 (m, 4H, CH,). “C{*H}-NMR (100 MHz,
CDCls): 6 = 139.7 (Cy), 138.6 (Cy), 136.0 (Cy), 132.2 (C,), 130.0 (2C, CH), 128.8 (2C, CH),
128.7 (Cq), 121.4 (CH), 120.1 (CH), 119.9 (CH), 110.5 (CH), 100.2 (CH), 35.2 (CH,), 30.2
(CH,). HRMS (ESI): m/z Calcd for C16H1sNCI+H" [M+H]" 256.0888; Found 256.0891.
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2-(3-(Phenylthio)propyl)-1H-indole (6ao): The representative procedure was followed, using
substrate 3ao (0.04 g, 0.116 mmol) and methyl trifluoromethanesulfonate, MeOTf (0.076 g,
0.464 mmol). Purification by column chromatography on neutral alumina (petroleum
ether/EtOAC: 50/1) yielded 6ao (0.020 g, 64%) as a brown solid. *H-NMR (400 MHz, CDCl5): ¢
=7.88 (brs, 1H, NH), 7.55 (d, J = 7.9 Hz, 1H, Ar-H), 7.40-7.35 (m, 2H, Ar-H), 7.34-7.29 (m,
3H, Ar-H), 7.26-7.20 (m, 1H, Ar-H), 7.19-7.08 (m, 2H, Ar-H), 6.28 (s, 1H, Ar— H), 3.02 (t, J =
7.3 Hz, 2H, CHy), 2.95 (t, J = 7.3 Hz, 2H, CH,), 2.09 (app. pent, J = 7.3 Hz, 2H, CH,). *C{'H}-
NMR (100 MHz, CDCls): = 138.3 (Cy), 136.1 (Cg), 135.9 (Cy), 129.4 (2C, CH), 128.9 (2C,
CH), 128.8 (Cy), 126.1 (CH), 121.2 (CH), 119.8 (CH), 119.7 (CH), 110.3 (CH), 110.0 (CH), 32.9
(CHy), 28.5 (CH,), 26.8 (CH,). HRMS (ESI): m/z Calcd for Ci7Hy7NS+H" [M+H]" 268.1154;
Found 268.1155.

3.4.4 Procedure for NMR Tube Experiment

To a J-Young NMR tube, the ligand bpy (0.006 g, 0.04 mmol) was introduced, 4-MeO-C6H5-
Me (0.005 mL, 0.04 mmol, internal standard) and toluene-d® (0.5 mL) was added into it. The *H
NMR analysis shows the expected signals for the bpy compound. To the NMR tube, (thf),NiBr;
(0.015 g, 0.04 mmol) and LiIHMDS (0.027 g, 0.16 mmol) were added and the reaction mixture
was heated at 60 °C for 15 min. The *H NMR analysis shows a broad signal at 10.69 ppm for all
the bpy protons (coordinated to Ni) and a signal at 0.08 ppm for the unreacted LiHMDS. In
addition, de-coordinated THF protons are visible. This suggests the probable formation of a
paramagnetic bpy-coordinated nickel species during the reaction. To the same NMR tube, indole
la (0.008 g, 0.04 mmol) and 1-chlorooctane (2a; 0.006 g, 0.04 mmol) were added and the
reaction was further heated at 60 °C for 15 min in a preheated oil bath. The *H NMR analysis of
the reaction mixture shows the same broad signal at 10.69 ppm in addition to the peaks
correspond to the product 3aa. This strongly suggests the existence of a paramagnetic (bpy)Ni

species during the reaction.
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3.4.5 External Additive Experiments

Procedure: The representative procedure of the alkylation reaction was followed using
indole 1a (0.039 g, 0.20 mmol), 1-chlorooctane (0.059 g, 0.40 mmol), (thf),NiBr, (0.0037 g,
0.01 mmol, 5.0 mol %), bpy (0.0016 g, 0.01 mmol, 5.0 mol %), LIHMDS (0.067 g, 0.40 mmol),
TEMPO (0.062 g, 0.40 mmol) or galvinoxyl (0.169 g, 0.40 mmol) and the reaction mixture was
stirred for 5 h. The GC analysis of the crude reaction mixture does not show the formation of
product 3aa. In addition, the coupled product of TEMPO and galvinoxyl with n-octyl was not
detected in the GCMS.

3.4.6 Radical Clock Experiment

Procedure: The representative procedure of the alkylation reaction was followed, using
indole 1a (0.039 g, 0.20 mmol), 6-chloro-1-hexene (2u; 0.047 g, 0.40 mmol) and the reaction
mixture was stirred for 16 h. Purification by column chromatography on neutral alumina
(petroleum ether/EtOAc 50/1) yielded 3au (0.043 g, 78%) and direct coupled product 2-(hex-5-
en-1-yl)-1-(pyridin-2-yl)-1H-indole (0.005 g, 9% (GC yield)).

3.4.7 Procedure for One Pot Double Alkylation

Synthesis of 1,4-Bis(1-(pyridin-2-yl)-1H-indol-2-yl)butane (3ay): To a screw-cap tube
(5 mL) equipped with a magnetic stir bar were introduced 1-bromo-4-chlorobutane (2h, 0.035 g,
0.20 mmol), 1-pyridin-2-yl-1H-indole (1a, 0.156 g, 0.80 mmol), (thf),NiBr, (0.0073 g, 0.02
mmol), bpy (0.003 g, 0.02 mmol), LIHMDS (0.134 g, 0.80 mmol) inside the glove box. To the
above mixture in the tube was added toluene (2.0 mL), and the resultant reaction mixture was
stirred at 60 °C in a preheated oil bath for 16 h. At ambient temperature, the reaction mixture was
quenched with distilled H,O (10 mL) and then neutralized with 2N HCI (2.0 mL). The crude
product was then extracted with EtOAc (20 mL x 3). The combined organic extract was dried
over Na,SQO,, and the volatiles were evaporated in vacuo. The remaining residue was purified by
column chromatography on basic alumina (petroleum ether/EtOAc 10/1) to yield 3ay (0.058 g,
66%) as a light yellow solid.

Synthesis of 5-Methyl-1-(pyridin-2-yl)-2-(4-(1-(pyridin-2-yl)-1H-indol-2-yl)butyl)-1H-
indole (3by): To a screw-cap tube (5 mL) equipped with a magnetic stir bar were introduced 1-
pyridin-2-yl-1H-indole (1a, 0.039 g, 0.20 mmol), 1-bromo-4-chlorobutane (2h, 0.045 g, 0.26
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mmol), (thf)NiBr, (0.0073 g, 0.02 mmol), bpy (0.003 g, 0.02 mmol), LIHMDS (0.067 g, 0.40
mmol) inside the glove box. To the above mixture in the tube was added toluene (2.0 mL), and
the resultant reaction mixture was stirred at 60 °C in a preheated oil bath for 16 h. At ambient
temperature, the reaction tube was transferred to the glove box and 5-methyl-1-(pyridin-2-yl)-
1H-indole (1b, 0.083 g, 0.40 mmol) and LIHMDS (0.067 g, 0.40 mmol) were added into it. The
resultant reaction mixture was again stirred at 60 °C for 16 h. At ambient temperature, the
reaction mixture was quenched with distilled H,O (10 mL) and then neutralized with 2N HCI
(2.0 mL). The crude product was then extracted with EtOAc (20 mL x 3). The combined organic
extract was dried over Na,SO., and the volatiles were evaporated in vacuo. The remaining
residue was purified by column chromatography on basic alumina (petroleum ether/EtOAc 10/1)
to yield 3by (0.059 g, 65%) as a light yellow solid.

3.4.8 Procedure for Stoichiometric Reaction

Procedure (without addition of 1-chlorooctane). To a Teflon-screw capped tube
equipped with magnetic stir bar were introduced (thf),NiBr, (0.037 g, 0.10 mmol), bpy (0.016 g,
0.10 mmol), LIHMDS (0.033 g, 0.20 mmol), indole 1a (0.039 g, 0.20 mmol) and n-hexadecane
(0.025 mL, 0.085 mmol, internal standard), and toluene (1.0 mL) was added. The reaction
mixture was then stirred at 60 °C for 4 h in a pre-heated oil bath. At ambient temperature, the
reaction was quenched with H,O (5 mL) and an aliquot was subjected to GC analysis. The GC
spectrum shows the presence of dimer of indole (15%) and indole 1a (57%).

Procedure (without addition of indole). To a Teflon-screw capped tube equipped with
magnetic stir bar were introduced (thf),NiBr; (0.037 g, 0.10 mmol), bpy (0.016 g, 0.10 mmol),
LiHMDS (0.033 g, 0.20 mmol), 1-chlorooctane (0.030 g, 0.20 mmol) and n-hexadecane (0.025
mL, 0.085 mmol, internal standard), and toluene (1.0 mL). The reaction mixture was then stirred
at 60 °C for 4 in a pre-heated oil bath. At ambient temperature, the reaction was quenched with
H,0O (5 mL) and an aliquot was subjected to GC analysis. The GC spectrum shows the presence
of 1-chlorooctane (97%), and no other products (1-octene or n-octane) from this reaction were

observed.
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3.4.9 Kinetics Experiments
3.4.9.1 Reaction Profile for Indole Alkylation

Representative Procedure (Using in-situ generated catalyst): To a Teflon-screw capped
tube equipped with magnetic stir bar were introduced (thf),NiBr, (0.0037 g, 0.01 mmol, 0.01 M),
bpy (0.0016 g, 0.01 mmol), LIHMDS (0.067 g, 0.40 mmol), indole 1a (0.039 g, 0.20 mmol, 0.2
M), 1-chlorooctane (0.0.059 g, 0.40 mmol, 0.4 M) and n-hexadecane (0.025 mL, 0.085 mmol,
0.085 M, internal standard), and toluene (0.87 mL) was added to make the total volume to 1.0
mL. The reaction mixture was then stirred at 60 °C in a pre-heated oil bath. At regular intervals
(20, 20, 30, 40, 50, 60, 90, 120, 180, 240, 300 min) the reaction vessel was cooled to ambient
temperature and an aliquot of sample was withdrawn to the GC vial. The sample was diluted
with acetone 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 data of the
concentration of the product vs time (min) plot was drawn with Origin Pro 8. The data’s were

taken from the average of two independent experiments.

Procedure for Kinetic Experiment (Using isolated complex): Representative procedure
of kinetic experiment (Sec 12.1.1) was followed using (bpy)NiBr, (0.0037 g, 0.01 mmol, 0.01
M), LiIHMDS (0.067 g, 0.40 mmol), indole 1a (0.039 g, 0.20 mmol, 0.2 M) and 1-chlorooctane
(0.059 g, 0.40 mmol, 0.4 M) and n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M, internal
standard). An aliquot of sample was withdrawn to the GC vial at regular intervals (10, 20, 30, 40,
50, 60, 90, 120 min, etc.). The data of the concentration of the product vs time (min) plot was
drawn and fitted linear with Origin Pro 8, and the rate was determined by the initial rate method
(up to 360 minutes). The slope of the linear fitting represents the reaction rate. These data were

taken from the average of two independent experiments.

3.4.9.2 Kinetics for Electronic Effect Study

Procedure for Reaction Rates with Different Indole Derivatives: Representative
procedure of the kinetic experiment was followed using (thf),NiBr, (0.0037 g, 0.01 mmol, 0.01
M), bpy (0.0016 g, 0.01 mmol), LiHMDS (0.067 g, 0.40 mmol), substrate 5-methyl-1-(pyridin-2-
yl)-1H-indole (1b; 0.042 g, 0.20 mmol, 0.2 M) or 5-fluoro-1-(pyridin-2-yl)-1H-indole (1d; 0.042
g, 0.20 mmol, 0.2 M), 1-chlorooctane (0.0.059 g, 0.40 mmol, 0.4 M) and n-hexadecane (0.025
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mL, 0.085 mmol, 0.085 M, internal standard), and toluene (0.87 mL). The concentration of the
product 3ba (or 3da) obtained in each sample was determined with respect to the internal
standard n-hexadecane. The data were collected till 120 min. The data of the concentration of the
product vs time (min) plot was drawn and fitted linear with Origin Pro 8, and the rate was
determined by the initial rate method (up to 120 minutes). The slope of the linear fitting
represents the reaction rate. These data were taken from the average of three independent

experiments.

3.4.9.3 Procedure for the Reaction Rates with Different Octyl Halides: Representative
procedure of Kkinetic experiment (Sec 12.1.1) was followed using (thf),NiBr, (0.0037 g, 0.01
mmol, 0.01 M), bpy (0.0016 g, 0.01 mmol), LIHMDS (0.067 g, 0.40 mmol), substrate 1a (0.039
g, 0.20 mmol, 0.2 M) 1-bromooctane (0.077 g, 0.40 mmol, 0.4 M) or 1-iodooctane (0.096 g, 0.40
mmol, 0.4 M) and n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M, internal standard), and
toluene (0.87 mL). The concentration of the product 3aa obtained in each sample was
determined with respect to the internal standard n-hexadecane. The data were collected till 120
min. The data of the concentration of the product vs time (min) plot was drawn and fitted linear
with Origin Pro 8, and the rate was determined by the initial rate method (up to 120 minutes).
The slope of the linear fitting represents the reaction rate. These data were taken from the

average of three independent experiments.

3.4.10 Deuterium Labeling Experiments

3.4.10.1 Procedure for Kinetic Isotope Effect (KIE) Study: Representative procedure of
kinetic experiment (Sec 12.1.1) was followed using (thf),NiBr, (0.0037 g, 0.01 mmol, 0.01 M),
bpy (0.0016 g, 0.01 mmol), LIHMDS (0.067 g, 0.40 mmol), indole 1a (0.039 g, 0.20 mmol, 0.2
M) or [2-D]-1a (0.039 g, 0.20 mmol, 0.2 M), and 1-chlorooctane (0.0.059 g, 0.40 mmol, 0.4 M),
and n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M, internal standard), and toluene (0.87 mL).
The concentration of the product 3aa obtained in each sample was determined with respect to the
internal standard n-hexadecane. The data of the concentration of the product vs time (min) plot
was drawn and fitted linear with Origin Pro 8, and the rate was determined by initial rate method
(up to 120 minutes). The slope of the linear fitting represents the reaction rate.
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3.4.10.2 Procedure for H/D Scrambling Experiment (Intermolecular): To a screw-capped
tube equipped with magnetic stir bar were introduced 1-(pyridine-2-yl)-1H-indole-2-d ([2-D]-1a;
0.019 g, 0.10 mmol), 5-methoxy-1-(pyridine-2-yl)-1H-indole (1c; 0.022 g, 0.10 mmol), 1-
chlorooctane (2a; 0.059 g, 0.40 mmol), (thf),NiBr, (0.0037 g, 0.01 mmol, 0.01 M), bpy (0.0016
g, 0.01 mmol), LIHMDS (0.067 g, 0.40 mmol) inside the glove-box. To the above mixture
toluene (1.0 mL) was added and the resultant reaction mixture was stirred at 60 °C in a preheated
oil bath for 60 min. At ambient temperature, the reaction mixture was quenched with distilled
H,0 (10 mL). The crude product was then extracted with EtOAc (20 mL x 3). The combined
organic extract was dried over Na,SO, and the volatiles were evaporated in vacuo. The
remaining residue was subjected to column chromatography on neutral alumina (petroleum
ether/EtOAc: 20/1) to recover the starting compounds. The *H NMR analysis of the recovered
compound 1c shows 29% incorporation of deuterium at the C(2)-H, whereas compound [2-D]-

1a shows 35% loss of deuterium.

3.4.10.3 Procedure for Deuterium Incorporation Experiment (using D,O): To a screw-
capped tube equipped with magnetic stir bar were introduced 1-(pyridine-2-yl)-1H-indole (1a;
0.039 g, 0.20 mmol), 1-chlorooctane (0.059 g, 0.40 mmol), (thf),NiBr, (0.0037 g, 0.01 mmol,
0.01 M), bpy (0.0016 g, 0.01 mmol), LIHMDS (0.067 g, 0.40 mmol) inside the glove-box. To the
above mixture toluene (1.0 mL) was added and the resultant reaction mixture was stirred at 60
°C in a preheated oil bath for 30 min. At ambient temperature, D,O (1.0 mL) was added to the
reaction mixture under argon and was stirred for 1 h. Reaction mixture was quenched with
distilled H,O (10 mL). The crude product was then extracted with EtOAc (20 mL x 3). The
combined organic extract was dried over Na,SO, and the volatiles were evaporated in vacuo.
The *H NMR analysis of the recovered compound does not show incorporation of deuterium at
the C(2)-H of indole 1a. This experiment in the absence of nickel catalyst (thf),NiBr,/bpy also

shows the same result.

3.4.11 Procedure for EPR Study

Representative Procedure: To a flame-dried screw-cap tube equipped with magnetic stir
bar were introduced 1-(175yridine-2-yl)-1H-indole (1a; 0.019 g, 0.10 mmol), 1-chlorooctane
(2a; 0.030 g, 0.20 mmol), (thf),NiBr, (0.011 g, 0.03 mmol, 30.0 mol %), bpy (0.005 g, 0.03
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mmol, 30.0 mol %) and LiHMDS (0.033 g, 0.20 mmol) inside the glove box. To the above
mixture in the tube was added toluene (1.0 mL) and the resultant reaction mixture was immersed
in a preheated oil bath at 60 °C and stirred for 30 min. At ambient temperature, the reaction tube
was transferred to the glove box, and an aliquot of the reaction mixture was transferred to an
EPR tube and frozen at 100 K, which was then subjected to EPR measurement.

The representative procedure was followed to perform EPR experiments for other
controlled reactions:

0] (thf)2NiBr, + bpy + LIHMDS

(i)  (thf),NiBr, + bpy + LIHMDS + indole 1a

(iii)  (thf),NiBr, + bpy + LIHMDS + 1-chlorooctane (2a)

3.4.12 Procedure for XPS Analysis

Representative Procedure: To a flame-dried screw-cap tube equipped with magnetic stir
bar were introduced 1-(pyridin-2-yl)-1H-indole (1a; 0.019 g, 0.10 mmol), 1-chlorooctane (2a;
0.030 g, 0.20 mmol), (thf),NiBr, (0.009 g, 0.025 mmol), bpy (0.004 g, 0.025 mol) and LiIHMDS
(0.033 g, 0.2 mmol) inside the glove box. To the above mixture in tube was added toluene (0.5
mL). The resultant reaction mixture in the tube was immersed in a preheated oil bath at 60 °C
and stirred for 30 min. At ambient temperature, the reaction tube was transferred to the glove
box. The sample for XPS analysis was prepared inside the glove box. After sample preparation,
the sample was transferred to a vacuum transfer module which was subsequently evacuated in
the antechamber of the glove box. The samples were loaded onto the spectrometer using this
vacuum transfer module and subsequently pumped down by turbo molecular pumps connected to
the load lock chamber. This allowed efficient transfer of the samples without being exposed to
the atmosphere. The charge correction was done with C1s at 284.6 eV as standard. The peak
fitting of the individual core-levels were done using Avantage software with a Shirley type
background. The representative procedure was followed to perform XPS experiments for other

controlled reaction:
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3.4.13 MALDI-TOF Spectra of Ni-Intermediates
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4.1 INTRODUCTION

The ubiquitous feature of indole motif in bioactive natural and pharmaceutical products®®
makes it the fourth most prevalent hetero-aromatic compound, which is present in 24 current
marketed pharmaceuticals.” This instigates the continuing interest in the C—H functionalization
and late-stage modifications of biologically significant indoles.>*® To accomplish the purpose,
transition-metal catalyzed C—H functionalization appears to be a powerful tool. Although
traditional cross-coupling methods, namely Suzuki, Negishi, and Stille coupling reactions have
been widely utilized to build aryl-indolyl bonds at each position of indoles, the transition metal

catalyzed C—H arylation'®*

are considered to be an environmentally friendly and benign method
for the synthesis of diverse biaryl motifs. The indole scaffold has been widely used in both direct
and directed C—H functionalization.”>*"*° There are many reports for indole arylation using
different transition metals such as Rh,* Pd,*"* Ru,* However, current studies are being focused
on the C—H bond functionalization using naturally abundant and inexpensive 3d metals**® like
Co* and Cu.*>*? Furthermore, most of the indole arylation reactions were performed either using

%% or by oxidative coupling;>’

pseudo-halides and only few reports are known using aryl
halides.?>** Several distinct arylation reactions involving activated C—H bond containing
heterocycles have been reported using nickel as a catalyst.”®® Recently, our group and others
have demonstrated the arylation of indoles,®® but was limited with low yield and scope.
However, the use of unactivated aryl chlorides* in the arylation of indoles was not explored
using an inexpensive nickel catalyst.

To address the limitations on existing indole C-2 arylation methods and to promote
sustainable and environmentally benign protocols, in this chapter, we demonstrate the nickel-
catalyzed C—H arylation of indoles with unactivated aryl chlorides. Reaction was performed at
low temperature (80 °C) without the use of solvent. A detailed mechanistic investigation has
been performed, including controlled reactivity study, kinetic study, deuterium labeling and
electronic effect study. These studies established a single-electron transfer (SET) pathway for the
nickel-catalyzed indole arylation that involves the rate-influencing oxidative addition of aryl

chloride.
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4.2 RESULTS AND DISCUSSION

4.2.1 Optimization of Reaction Parameters. We have initiated the optimization for the
coupling of 1-(pyridin-2-yl)-1H-indole (1a) with 1-chloro-4-methylbenzene (2a) employing
Ni(OAc),/xantphos catalyst system, and a non-nucleophilic base LIHMDS in 1,4-dioxane (Table
4.1). Initial experiments were conducted to find the suitable temperature and it was found that
the couple product 1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3aa) could be obtained in 43% vyield
at 110 °C (entry 1). Arylation reaction employing other bidentate phosphine ligands like binap,
dpephos, dppe, and monodentate PPh3z gave improved yield, and the product 3aa was obtained in
89% isolated yield with Ni(OAc),/dppf catalyst system (Table 1, entries 2-7). Various nickel
precursors were screened like (thf),NiBr,, Ni(OTf),, (dme)NiCl,, but found to be less effective
than Ni(OAc), (entries 8-10). The reaction in other solvents such as toluene, p-xylene,
mesitylene was found to be less effective (entries 11-13). Surprisingly, arylation reaction worked
efficiently without the use of solvent at 80 °C, and afforded 3aa in 91% isolated yield (entry 14).
The reaction without dppf ligand gave 55% yield of the arylated product (entry 15), whereas the
reaction without Ni(OAc), did not give 3aa (entry 16). The isolated complex (dppf)NiCl, was
found to be less effective for the arylation reaction (entry 17-18). The reaction provided 75% of
product 3aa when performed with 5 mol % of catalyst loading (entry 19).
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Table 4.1. Optimization of Reaction Parameters®

[Ni] (10 mol %)
{ :7:‘/\ ligand (10 mol %)
\ + >
N~ H cl CH, LIHMDS

1,4 dioxane (1.0 mL)

2'F\’y temp, time
1a 2a
entry  [Ni] ligand temp. (°C)  time (h) yield (%)°
1 Ni(OAC); xantphos 110 24 43
2 Ni(OAC); binap 110 24 74
3 Ni(OAC); dpephos 110 24 77
4 Ni(OAC); dppe 110 24 74
5 Ni(OAc); dcype 110 24 67
6 Ni(OAC); PPh; 110 24 60
7 Ni(OAc), dppf 110 24 94(89)°
8 (thf)2NiBr, dppf 110 24 75
9 Ni(OTf), dppf 110 24 60
10 (dme)NiCl, dppf 110 24 55
11° Ni(OAC); dppf 110 24 65
12° Ni(OAc), dppf 110 24 68
13 Ni(OAC), dppf 110 24 66
149 Ni(OAC), dppf 80 16 96 (91)°
159 Ni(OAC); - 80 16 55
16° - dppf 80 16 -
17° (dppf)NICI, - 80 16 65
18°"  (dppfNiCl, - 80 16 73
19%"  Ni(OAc); dppf 80 16 75

®Reaction Conditions: Indole 1a (0.039 g, 0.20 mmol), 2a (0.051 g, 0.40 mmol), [Ni] cat (0.02
mmol, 10 mol %), ligand (0.02 mmol, 10 mol %), LiIHMDS (0.067 g, 0.40 mmol), solvent (1.0
mL). °NMR vyield using CH.Br; as internal standard. ®Isolated yield. %oluene as a solvent. ®p-
Xylene as a solvent. "Mesitylene as a solvent. %Without solvent. "AgOAc (10 mol %), 'Cat (5.0
mol %).
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Screening of N-substituent at indole: We successfully optimized the reaction condition
for the arylation of indole la containing 2-pyridinyl as directing group with 1-chloro-4-
methylbenzene (2a) to afford the product 1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3aa) in 91%
yield. Thus, the effectiveness of other substituents/directing group at N-center of the indole was
investigated (Scheme 4.1). The free-NH indole decomposed under the reaction conditions
whereas N-Me indole was non-reactive. Indole bearing N-acetyl and N-Boc directing groups
were decomposed. The directing groups, 2-pyrimidinyl and 2-pyrazinyl were not effective under
the catalytic reaction condition. Notably, the 3-pyridinyl and 4-pyridinyl-substituted indoles were
ineffective and arylation was observed. All these findings suggest that directing group 2-
pyridynyl, at the N-substituent of indole is essential for the effective arylation of indoles under

the reaction conditions.

CZ»B\ Ni(OAc), (10.0 mol %) O
o,
N\ - CI—QCH3 dppf (10.0 mol %) \
! LiIHMDS (2.0 equiv) N
R R1 CH3

80°C, 16 h
1 2
Oa [
v av ~C .
CH CH
Me 3 e /g CHy /& CHs p N 3
NR (dec.) (dec.) \' (91%)
[y [ {
A" O NG
%\N CHy N )\ CHa y CHs y CHs
N~ ! IN ~ |
(dec.) (dec ) NR N NR

Scheme 4.1 Screening of N-substituent at indole.

4.2.2 Substrate Scope for Arylation. After successfully optimizing the 2-arylation of indole
with unactivated aryl chloride using inexpensive Ni(OAc),/dppf catalyst system, we explored the
scope of the arylation (Scheme 4.2). It was observed that reaction was compatible with a variety
of simple and functionalized aryl chlorides as the coupling partners. The optimized reaction
tolerated various functional group on the electrophile, such as -Ph, -Me, -OMe, -CF3, -OPh. Aryl
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chlorides with different functionality at the para position of the phenyl ring were efficiently
coupled (3aa-3ah). Functionality at the ortho- and meta- position of the aryl chloride
electrophile ring was well tolerated (3ai-3ak). More bulkier 2-chloro-1,3-dimethylbenzene
reacted to give a couple product 3al in 82% yield. The reaction was chemoselective in terms of
aryl halide, with only C(sp?)-1 bond activated under the reaction condition when arylation was
carried out with 1-iodo-4-chlorobenzene. The aryl chloride having nitrogen-containing
heterocycle like N-pyrrolyl, N-indolyl, N-carbazolyl at para position reacted smoothly and
delivered the desired arylated product in moderate to good yields (3ao-3aq). The 5-chloro-1-
methyl-1H-indole was coupled with indole at C-2 position successfully to give the product 3ar in
61% vyield. Similarly 2-chlorobenzo[d]thiazole was coupled successfully with indole affording
58% of product 3as. The sulphur containing electrophile was coupled with indole to give a good
yield of 3at. The reaction was sensitive to the —CN, and —NO, functionalities and the substrates

were decomposed under reaction conditions.
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Ni(OAc), (10.0 mol %)
\ y . R dppf (10.0 mol %) \
| > R
* ‘@ LIHMDS (2.0 equiv) N O

2-py 80-110 °C, 16-24 h 2-py

w\ P w\

2-py 2-py
R=—CH3 (3aa).; 9114, 3ai: 88% R=CH; (3aj): 81% 3al: 82%
=H (3ab): 92% = OCHj (3ak): 42%
=Et (3ac): 92%
= OCHs (3ad): 88%
= OCF5 (3ae): 61% O \ O \
= OPh (3af): 90% N
= N(tolyl), (3ag): 86% 5 | Cl 2 |
=Ph (3ah):  95% s ]
3am: 95% 3an: 51% (X = 3ao0: 58%
oy O O
A~ \ S0
| N™
2-py N\
CHj
. 0,
3ap: 77% 3aq: 67% 3ar: 61%

\ S O \ O
N \ N ,Ph
2 ND 2:p S
-py

-py
3as: 58% 3at: 73%

Scheme 4.2 Scope of C-2 arylation of indoles with aryl chlorides. Yield of isolated products are

given.

The reaction of aryl chlorides with substituted indole was explored to get more
applicability of the methodology. The substituted indoles were tolerated well with the optimized
condition (Scheme 4.3). The 5-methyl and 5-methoxy indole were arylated with aryl chloride to
give good yield of products 3ba-3ca. When 5-fluoroindole was subjected to the arylation under

the optimized condition, the reaction needed an elevated temperature (110 °C) to give 3da in
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moderate yield. The 3-methyl-indole upon arylation with chlorotoluene gave the product 3ea in
67% vyield. Arylation of pyrrolpyridine under the reaction condition afforded a mixture of mono

(3fa) and di-arylated (3f’a) products in 26% and 37% yields, respectively.

Q_)\ Ni(OAc), (10.0 mol %) Q
dppf (10.0 mol %)
R! ) H * CI@CH3 PPf ( ) - \ O
CHs

LIHMDS (2.0 equiv)
2-py 80-110 °C, 16-24 h 2-py

| l |
2-py 2-py 2-py

(3ba): 82% (3ca): 79% (3da): 42%
CH,4
s B
) \
2_Ipy CH3 z_g)y H3 H3C 2. py CH3
(3ea): 67% (3fa): 26% (3f'a): 37%

Scheme 4.3 Scope of C-2 arylation of substituted indoles and pyrrole.

4.2.3 MECHANISTIC STUDIES
4.2.3.1 Kinetic Analysis of Arylation of indoles

Reaction profile. After successful optimization and wide substrate scope for indole
arylation, we were desirous to explore the detail mechanism of the nickel-catalyzed arylation
reaction. In that context we initiated the kinetic study with the reaction profile analysis and rate
order determination. The kinetic experiments were performed in flame-dried screw cap tubes
under an argon atmosphere. In the standard reaction, the tube was charged with Ni(OAc), (0.02
mmol, 0.02 M), dppf (0.02 mmol, 0.02 M), LIHMDS (0.067 g, 0.40 mmol, 0.40 M), 4-
chlorotoluene (0.051 mL, 0.40 mmol, 0.40 M), indole pyridine (0.039 g, 0.20 mmol, 0.20 M), n-
hexadecane (0.025 mL, 0.085 M, internal standard), and 1,4-dioxane (0.89 mL) was added to

make the total volume to 1.0 mL. The tube containing the reaction mixture was heated at 110 °C
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in a preheated oil bath and progress of the arylation reaction was monitored by gas

chromatography (GC) at regular intervals (Table 4.2). The reaction profile for the nickel-

catalyzed arylation of 1a up to 1440 min is shown in Figure 4.1. The formation of the arylation

product followed a linear line, and the induction period for the production of 3aa was not

observed.

Table 4.2 Concentration of Product 3aa at Different Time Intervals

Time (min)  Conc. of 3aa [M] Time (min) Conc. of 3aa [M]
15 0.0046 120 0.0454
30 0.0126 240 0.069
45 0.0186 480 0.0989
60 0.0249 720 0.117
75 0.0318 960 0.1321
90 0.0355 1200 0.1464
105 0.0389 1440 0.1594
0.18
:
0.16 [ ]
] —
= 0.14-_ . /
o 0.12- _/
© ]
g 0.10 ~ -/
=) ]
©
S 0.08 1 /
= 1 .
© 0.06
Sl /
u
3 o.o4-_ F
0024 &
i
0.00 |F T T T T T T T T T T T T T T 1
0 200 400 600 800 1000 1200 1400 160
time (min)

Figure 4.1 Time-dependent formation of 3aa.
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Rate Order Determination

The rate order of the arylation reaction with various reaction components was determined
by the initial rate method. The data of the concentration of the product vs time (min) plot was
fitted linear with Origin Pro 8. The slope of the linear fitting represents the reaction rate. The
order of the reaction was then determined by plotting log(rate) vs log(conc) for a particular
component.

Rate Order Determination on 1-(pyridin-2-yl)-1H-indole (Table 4.3 and Figure 4.2): To
determine the order of the arylation reaction on 1-(pyridin-2-yl)-1H-indole, initial rates at
different initial concentrations of 1-(pyridin-2-yl)-1H-indole were recorded. The final data was
obtained by averaging the results of three independent experiments for same initial
concentration. Concentration of the product obtained in each sample was determined with
respect to the internal standard n-hexadecane.

The rate order of the arylation reaction in each component was independently determined
using the initial rate approximation. The rate order of the arylation reaction with varying initial
concentrations of indole (1a) suggests that the reaction is fractional-order (slope 0.60, Figure
4.2B) in the concentration of indole, which indicates a complex reaction mechanism w.r.t.

indole.

Table 4.3. Rate of Arylation Reaction at Different Initial Concentrations of 1-(pyridin-2-

yl)-1H-indole
Experiment  Amount of Indole (g)  Initial Conc. of Initial Rate [Mmin+] x 10™
Indole [M]
1 0.019 0.1 2.687
2 0.039 0.2 3.767
3 0.078 0.4 6.268
4 0.116 0.6 7.960
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Figure 4.2 (A) Time-dependent formation of 3aa at different initial concentration of indole
pyridine. (B) Plot of log(rate) vs log(conc. indole pyridine).

Rate Order Determination on 4-Chlorotoluene (Table 4.4, Figure 4.3). To determine the
order of the arylation reaction on 4-chlorotoluene, the initial rates at different initial
concentrations of 4-chlorotoluene were recorded. The final data was obtained by averaging the
results of three independent experiments for same initial concentration. The rate of the arylation
reaction is almost similar when different initial concentrations of 4-chlorotoluene were used,

suggesting that the reaction is zero™-order in the concentration of 4-chlorotoluene.

Table 4.4 Rate of Arylation Reaction at Different Initial Concentrations of 4-Chlorotoluene

Experiment Amount of Initial Conc. of Initial Rate [Mmin+] x 10™
4-chlorotoluene (g)  4-chlorotoluene [M]
1 0.025 0.2 3.402
2 0.051 0.4 3.767
3 0.076 0.6 3.246
4 0.101 0.8 3.512
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Figure 4.3 (A) Time-dependent formation of 3aa at different initial concentration of 4-
chlorotoluene. (B) Plot of log(rate) vs log(conc. 4-chlorotoluene).

Rate Order Determination on Catalyst (Table 4.5, Figure 4.4). To determine the order of
the arylation reaction on catalyst, the initial rates at different initial concentrations of catalyst
were recorded. The final data was obtained by averaging the results of three independent
experiments for the same initial concentration. The reaction rate on various loadings of catalyst
was measured by the initial rate of the product formation (Figure 4.4A). The plot of log(rate) vs
log(conc. cat) provides a slope of 0.44 (Figure 4.4B), suggesting that the reaction is fractional
rate order in the loading of catalyst. Considering the involvement of the catalyst in multiple steps
in the catalysis, the observed rate order seems to be reasonable.

Table 4.5 Rate of Arylation Reaction at Different Initial Concentrations of Catalyst

Experiment ~ Amount of Catalyst Initial Conc. of Initial Rate [Mmin+] x 10
(9) Catalyst [M]
1 0.0017 0.01 3.005
2 0.0035 0.02 3.767
3 0.0053 0.03 4.625
4 0.0071 0.04 5.779
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Figure 4.4 (A) Time-dependent formation of 3aa at different initial concentration of catalyst.
(B) Plot of log(rate) vs log(conc. catalyst).

Rate Order Determination on LiIHMDS (Table 4.6, Figure 4.5). To determine the order of
the arylation reaction on LiIHMDS, the initial rates at different initial concentrations of LIHMDS
were recorded. The final data was obtained by averaging the results of three independent
experiments for same initial concentration. The rate order determination of the arylation reaction
to different initial concentrations of LIHMDS showed slope of 0.45 indicating the reaction is

fractional order w.r.t. concentration of LIHMDS (Figure 4.5B).

Table 4.6. Rate of Arylation Reaction at Different Initial Concentrations of LIHMDS

Experiment Amount of LIHMDS Initial Conc. of Initial Rate [Mmin+] x 10

() LiHMDS [M]
1 0.033 0.2 2.443
2 0.067 0.4 3.767
3 0.100 0.6 4.328
4 0.134 0.8 4.545

Ph. D. Thesis: Dilip Kumar Pandey 195



Chapter 4

0.06 -3.0
(®)

0.05
-3.2 4

n
-3.4 .
-3.6

y=0.4538 x - 3.276

0.04 4

0.03 4

log (rate)

0.02 4

Conc. of product 3aa (M)

0.01 4 -3.8

0.00 T T T T T T -4.0 T T T T T T T
0 20 40 60 80 100 120 -0.7 -0.6 -0.5 0.4 -0.3 0.2 -0.1

time (min) loa (conc. LIHMDS)

Figure 4.5 (A) Time-dependent formation of 3aa at different initial concentration of LIHMDS.
(B) Plot of log(rate) vs log(conc. LIHMDS).

4.2.3.2 Probing Radical Pathway. The standard arylation reaction was performed in the
presence of radical scavengers, TEMPO (2.0 equiv) or galvinoxyl (2.0 equiv) wherein the
complete inhibition of the reaction was observed (Scheme 4.4). This suggests the probable
involvement of a radical intermediate during the arylation process. Unfortunately, the radical

species coupled with TEMPO or galvinoxyl was not detected.

Ni(OAG), (10.0 mol %)
%\H . C'-@-CH3 dppf (10.0 mol %) O \

l?l LIHMDS (2.0 equiv) ’Tj O
2-Py additive 2-Py CHs,
80°C, 16 h
Additive Product
None 91%

TEMPO (2.0 equiv) -
Galvinoxyl (2.0 equiv) -

Scheme 4.4 External additive experiment.

4.2.3.3 Deuterium Labeling Studies.
To get the more insight of indole C—H bond activation in arylation reaction, and probable
involvement of the same in the rate limiting step, initial rates of the reaction using indole 1a and

[2-D]-1a were determined. The rate of the arylation reaction using 1a (3.767 x 10* Min™) was
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found slightly slower than the rate with [2-D]-1a (4.726 x 10™* Min™) (Figure 4.1). The kinetic
isotopic effect (KIE) value ky/kp = 0.80 was observed, which indicates that the C—H bond

activation is not involved in rate determining step.

Ni(OAc), (10.0 mol %)
\ dppf (10.0 mol %) \
H/D |—< >— >
| + C CHs LiIHMDS (2.0 equiv) '}l O CH
2-Py 1,4 dioxane, 110 °C 2-Py 3

1a or [2-D]-1a 2
[2-D] a ki = 3.767 X 104 Mmin™" 3aa

kp = 4.726 X 10 Mmin""

kH/kD =0.80

0.06

®  using la
e using [2-D]-1a
0.05
é 0.04
o y = 0.0004726 x - 0.000939
® 1 R?=0.9869
(&}
3 0.03- °
o
s
S 0.02 y = 0.000376 x + 0.0011
g R?=0.9858
O
0.01
]
0.00 T T T T T T T T T T T T
0 20 40 60 80 100 120
time (min)

Figure 4.6 Time-dependent formation of product 3aa using indoles 1a and [2-D]-1a.

The arylation reaction using indole [2-D]-1a and 5-methoxy-1-(pyridine-2-yl)-1H-indole
(1c) was performed in one pot using standard reaction conditions. After 60 min, the reaction was
quenched and both the substrates were recovered. The *H NMR analysis of the recovered
compound [2-D]-1a and 1c demonstrated a considerable H/D exchange at C(2)—H position
(Scheme 4.5a). This clearly evident the reversibility of C—H nickelation step during the reaction.
Further, the standard arylation reaction both in the presence and absence of Ni(OAc)./dppf
catalyst system was performed for 60 min, and the reaction mixture was quenched with D,O
(Scheme 4.5b). The starting compound was recovered via column chromatography and the *H

NMR analysis was performed. The *H NMR spectrum indicates no deuterium incorporation at
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C(2)-H or C(3)-H of indole 1a. This observation clearly suggests that the indole C—H

nickelation via a simple base-mediated deprotonation pathway is remote.

(@) H/D Scrambling Experiment:

(> 99% D) (> 73% D)
\ f/ \ f/ \
N (2a) N~ D
2 | 2 | * ITI CH
i - 3
oY CIOCH3 Py 2-py
[2-D]-1a 1a-[D] 3aa
(0.10 mmol) Ni(OAc); (10.0 mol %) (0.077 mmol) 10%2
dppf (10.0 mol %)
. . - +
MeO LiIHMDS (2.0 equiv) MeO . MeO
80 °C, 60 min (25% D) O
b, ). )
H
ITJ 'Tl + 2-F|)y CH3
2Py 2-py
1c 1c 3ca
(0.10 mmol) (0.067 mmol) trace?

2 GC Conversion

b) Deuterium Incorporation

i. Ni(OAc), (10.0 mol %) H=< 0%D
\ dppf (10.0 mol %)
y + C CHs : ——> \
N LiIHMDS (2.0 equiv) H< 0%D

N
| . ) |
2-Py 80 °C, 60 min 2-Py
ii. D,O (1.0 mL)
(1a) r.t. 60 min 86% (recovered)
(2a)

Scheme 4.5 Deuterium labeling experiments.

4.2.3.4 Effect of Indole Substitutions on Arylation (Electronic Effect): The rates of the
coupling of 5-methoxy-1-(pyridin-2-yl)-1H-indole (3b), 5-fluoro-1-(pyridin-2-yl)-1H-indole (3d)
with 4-chlorotoluene were determined in order to understand the electronic influence of the
substrates on arylation reaction (Scheme 4.6 Figure 4.7). The arylation reaction is faster with an

electronically deficient indole compared to the electronically rich counterpart. This suggests the
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possibility of generation of electronegative nickel species during the transition state of the
catalysis, and hence, transition state is stabilized by the electron-withdrawing substituent on the
indole.

MeO MeQO
Ni(OAc)2 (10.0 mol %)
\ CH; dppf (10.0 mol %) \
H+ >
N o LIHMDS (2.0 equiv) N O CH,
2-Py 1,4 dioxane (0.87 mL) 2-Py
3b 2a 110°C 3ca

Ksca = 4.451 X 10 Mmin™’!

Ni(OAC)2 (10.0 mol %)
m CH, dppf (10.0mol %) O )
N H Ot /©/ LIHMDS (2.0 equiv) N O
2-Py Cl 1,4 dioxane (0.87 mL) 2-Py CHs
110 °C
3d 2a 3da

K3ga = 8.269 X 10* Mmin™"

Scheme 4.6 Effect of indole substitutions on arylation.

B using 3da
0.104 @ using 3ca

0.08 4 y=0.0008269 x + 0.000436
| R?=9871

0.06

0.04 4

0.02

e
y = 0.0004451 x - 0.02007
R?=9871

Conc. of product 3ca and 3da [M]
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Figure 4.7 Time-dependent formation of products 3ca and 3da.
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4.2.3.5 Catalytic Cycle. With the support of our mechanistic observation and the previous
literature, we proposed a reaction mechanism for the Ni-catalyzed arylation of indoles with aryl
chlorides (Figure 4.7). Two reaction pathways are possible. Path I includes the reaction of Ni(ll)-
species (A) with the indole 1a to provide the intermediate species B. Deuterium labeling study
suggest the reversibility of the this step. The nickel complex B would generate the radical species
by reacting with aryl chloride by one-electron oxidation process in the rate-limiting step to
produce the intermediate C. The pyridine nitrogen decoordination and recombination of the aryl
radical generate the complex D. Reductive elimination from the complex D would result with
arylated product 3 and the active catalyst A. Alternately, in path 11, the aryl chloride would be
activated in a bimetallic oxidative fashion to give (2-py-indolyl)Ni"'CI(X) (C) and [Ni"'(4-
MeCgH4)] (E). Reductive elimination from E would produce (dppf)Ni(lI)(X) species (F) along
with arylated product 3. Disproportionation reaction between species F and C would regenerates

A and B which completes the catalytic cycle.

Ni(OAc), + dppf

X =0Ac, Clor . .
N(SiMes)s \ LiN(SiMe3);
B 4 +l
f@ Ehz (2-py-indolyl)NiCI(X)
X | /‘ ©/
Cl X |
NN (dpPONI—X
(dPPONi+1y opy \
| CD\p (F)
C H4-4 -Me (D) th (B)
- - (A) ,
Path | Path II
‘ (Path 1) 1a || LiN(SiMes)3 (Path 1)
(C)
(dppf)Nl\ N 1e oxidation N Ni (dppf)
of ! N@ (dppf)Nl \ @\l \C6H4-4—Me
) =/ | CIC4H,-4-Me I §
B CGH4-4-Me 2a (E) -

(2-py- |ndonI)N|CI(X)

(©)

Figure 4.8 Plausible mechanistic pathway for nickel-catalyzed arylation of indoles.

Ph. D. Thesis: Dilip Kumar Pandey

200



Chapter 4

4.3 CONCLUSION

In summary, we have developed a protocol for the coupling of unactivated aryl chlorides
with indoles and pyrroles. The use of an inexpensive and air-stable dppf ligand along with a
naturally abundant nickel for the coupling of challenging aryl chlorides makes it a desirable
approach. This reaction was compatible with a range of simple and functionalized aryl chlorides
as well as electronically distinct indoles. The reaction tolerated various functional groups, such
as halides, ethers, and amines, as well as heterocyclic pyrrolyl, indolyl and carbazolyl. Based on
the mechanistic experiments conducted by kinetics analysis, controlled and labeling experiments,
we proposed two probable mechanistic cycles that follows a single electron transfer (SET)

pathway involving the rate influencing aryl-Cl bond activation.

4.4 EXPERIMENTAL
4.4.1 General Experimental

All manipulations were conducted under an argon atmosphere either in a glove box or
using standard Schlenk techniques in pre-dried glass wares. The catalytic reactions were
performed in flame-dried reaction vessels with Teflon screw cap. Solvents were dried over
Na/benzophenone and distilled prier 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. The aryl chloride electrophiles 2f,% 2g,%” 20,% 2p,% 2q,” 2r,™ 2t,’* were prepared
following the literature procedure. High resolution mass spectroscopy (HRMS) mass spectra
were recorded on a Thermo Scientific Q-Exactive, Accela 1250 pump. NMR: (*H and **C)
spectra were recorded at 400 or 500 MHz (*H), 100 or 125 MHz {**C, DEPT (distortionless
enhancement by polarization transfer)}, 377 MHz (*°F), respectively in CDClI; solutions, if not
otherwise specified; chemical shifts () are given in ppm. The *H and *C NMR spectra are

referenced to residual solvent signals (CDCl3: 6 H = 7.26 ppm, 6 C = 77.2 ppm).

4.4.2 Representative Procedure for the Arylation

Synthesis of 1-(Pyridin-2-yl)-2-(p-tolyl)-H-indole (3aa): To a flame-dried screw-cap tube
(5 mL) equipped with a magnetic stir bar were introduced 1-pyridin-2-yl-1H-indole (1a, 0.039 g,
0.20 mmol), 1-chloro-4-methylbenzene (2a, 0.051 g, 0.40 mmol), Ni(OAc), (0.02 mmol, 10.0
mol %), dppf (0.02 mmol, 10.0 mol %) and LIHMDS (0.067 g, 0.40 mmol) inside the glove box.
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The resultant reaction mixture was stirred at 80 °C in a preheated oil bath for 16 h. At ambient
temperature, the reaction mixture was quenched with distilled H,O (10 mL) and then neutralized
with 2N HCI (0.5 mL). The crude product was then extracted with EtOAc (20 mL x 3). The
combined organic extract was dried over Na,SO4, and the volatiles were evaporated in vacuo.
The remaining residue was purified by column chromatography on silica gel (petroleum
ether/EtOAc: 20/1).

4.4.3 Characterization Data of Arylated Indole Derivatives

CH;

z:

N

N

\

1-(Pyridin-2-yl)-2-(p-tolyl)-H-indole (3aa): (0.052 g, 91%) as a light yellow solid. *H-NMR
(500 MHz, CDCl3): 6= 8.68 (dd, J = 5.0, 1.1 Hz, 1H, Ar—H), 7.76-7.67 (m, 2H, Ar-H), 7.65 (td,
J=17.8,1.9Hz, 1H, Ar—H), 7.29-7.16 (m, 5H, Ar—H), 7.12 (d, J = 8.0 Hz, 2H, Ar-H), 6.93 (d, J
= 8.0 Hz, 1H, Ar-H), 6.81 (s, 1H, Ar-H), 2.37 (s, 3H, CHa3). *C{*H}-NMR (125 MHz, CDCls):
5= 152.4 (Cy), 149.3 (CH), 140.3 (Cy), 138.6 (C,), 137.9 (CH), 137.5 (Cy), 130.0 (Cy), 129.2
(2C, CH), 129.0 (Cy), 128.8 (2C, CH), 123.0 (CH), 122.2 (CH), 121.7 (CH), 121.5 (CH), 120.6
(CH), 111.7 (CH), 105.3 (CH), 21.4 (CH3). HRMS (ESI): m/z Calcd for CooHysNo+H* [M+H]*
285.1386; Found 285.1384. The *H and *C spectra are consistent with those reported in the

literature.®®

(0
N

N
4 \

—

2-Phenyl-1-(pyridin-2-yl)-1H-indole (3ab): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and chlorobenzene (2b; 0.045 g, 0.40 mmol), and the reaction
mixture was stirred for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAC: 20/1) yielded 3ab (0.050 g, 92%) as a light yellow solid. *H-NMR (400 MHz,
CDCl3): 6=8.64 (d, J = 3.7 Hz, 1H, Ar-H), 7.77-7.64 (m, 2H, Ar-H), 7.60 (td, J = 7.6, 1.8 Hz,
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1H, Ar-H), 7.32-7.25 (m, 5H, Ar-H), 7.25-7.17 (m, 3H, Ar—H), 6.89 (d, J = 7.9 Hz, 1H, Ar-H),
6.82 (s, 1H, Ar—H). *C{*H}-NMR (100 MHz, CDCls): 6= 152.2 (C,), 149.3 (CH), 140.1 (Cy),
138.7 (Cy), 137.9 (CH), 132.8 (Cy), 128.9 (C,), 128.9 (2C, CH), 128.5 (2C, CH), 127.6 (CH),
123.2 (CH), 122.2 (CH), 121.8 (CH), 121.5 (CH), 120.7 (CH), 111.7 (CH), 105.8 (CH). HRMS
(ESI): m/z Calcd for CioH14No+H* [M+H]" 271.1230; Found 271.1229. The *H and *3C spectra
are consistent with those reported in the literature.”

CH
L0
N

N
4 \

2-(4-Ethylphenyl)-1-(pyridin-2-yl)-1H-indole (3ac): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-4-ethylbenzene (2c; 0.056 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ac (0.055 g, 92%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 6= 8.74-8.64 (m, 1H, Ar—H), 7.77-7.69 (m, 2H,
Ar-H), 7.65 (td, J = 7.8, 1.9 Hz, 1H, Ar-H), 7.30-7.21 (m, 5H, Ar-H), 7.19-7.11 (m, 2H, Ar-H),
6.95 (d, J = 8.4 Hz, 1H, Ar-H), 6.84 (s, 1H, Ar-H), 2.68 (q, J = 7.6 Hz, 2H, CHy), 1.28 (t, J =
7.6 Hz, 3H, CHa). *C{*H}-NMR (100 MHz, CDCls): 5 = 152.4 (C,), 149.3 (CH), 143.8 (C,),
140.3 (Cy), 138.6 (Cq), 137.9 (CH), 130.1 (Cy), 129.0 (C,), 128.8 (2C, CH), 128.0 (2C, CH),
123.0 (CH), 122.3 (CH), 121.7 (CH), 121.4 (CH), 120.6 (CH), 111.6 (CH), 105.4 (CH), 28.7
(CH,), 155 (CH3). HRMS (ESI): m/z Caled for CyHigNo+H* [M+H]" 299.1543; Found

299.1541. The *H and *3C spectra are consistent with those reported in the literature.®’

CH
=0
N

N
4 \

2-(4-Methoxyphenyl)-1-(pyridin-2-yl)-1H-indole (3ad): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-4-methoxybenzene (2d; 0.057 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ad (0.053 g, 88%) as a
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light yellow solid. *H-NMR (400 MHz, CDCls): &= 8.65 (d, J = 3.8 Hz, 1H, Ar—H), 7.76-7.55
(m, 3H, Ar-H), 7.30-7.12 (m, 5H, Ar-H), 6.89 (d, J = 7.6 Hz, 1H, Ar-H), 6.82 (d, J = 8.4 Hz,
2H, Ar-H), 6.74 (s, 1H, Ar—H), 3.79 (s, 3H, CH3). “C{*H}-NMR (100 MHz, CDCls): § = 159.2
(Co), 152.3 (Cy), 149.3 (CH), 140.0 (Cy), 138.5 (Cy), 137.9 (CH), 130.1 (2C, CH), 128.9 (Cy),
125.3 (Cy), 122.8 (CH), 122.2 (CH), 121.7 (CH), 121.4 (CH), 120.5 (CH), 114.0 (2C, CH), 111.6
(CH), 104.8 (CH), 55.4 (CH3). HRMS (ESI): m/z Calcd for CagHisN,O+H" [M+H]* 301.1335;
Found 301.1334. The *H and *3C spectra are consistent with those reported in the literature. ®

CF
<)o
N

&

1-(Pyridin-2-yl)-2-(4-(trifluoromethoxy)phenyl)-1H-indole ~ (3ae):  The representative
procedure was followed, using substrate la (0.039 g, 0.20 mmol) and 1-chloro-4-
(trifluoromethoxy)benzene (2e; 0.079 g, 0.40 mmol), and the reaction mixture was stirred for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded
3ae (0.043 g, 61%) as a light yellow liquid. *H-NMR (500 MHz, CDCls): 5= 8.67 (d, J = 3.8
Hz, 1H, Ar—H), 7.79-7.68 (m, 2H, Ar—H), 7.66 (d, J = 8.4 Hz, 1H, Ar—H), 7.33-7.23 (m, 5H, Ar—
H), 7.15 (d, J = 8.0 Hz, 2H, Ar-H), 6.99 (d, J = 8.0 Hz, 1H, Ar—H) 6.84 (s, 1H, Ar-H). C{*H}-
NMR (125 MHz, CDCls): 5= 151.9 (Cg), 149.6 (CH), 148.7 (Cy), 138.7 (d, *Jc ¢ = 11.6 Hz, Cy),
138.3 (CH), 131.6 (Cy), 130.1 (2C, CH), 128.9 (CH), 128.7 (C,), 128.5 (CH), 123.6 (CH), 123.2
(CH), 122.2 (d, *Jc £ = 2.3 Hz, CH), 121.7 (CH), 120.8 (C,), 121.0 (2C, CH), 111.6 (CH), 106.3
(CH). ®F-NMR (377 MHz, CDCl3): 5= -57.8 (5). HRMS (ESI): m/z Calcd for CyoH130N,Fa+H*
[M+H]" 355.1053; Found 355.1050.
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2-(4-Phenoxyphenyl)-1-(pyridin-2-yl)-1H-indole (3af): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-4-phenoxybenzene (2f; 0.082 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3af (0.065 g, 90%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 6= 8.68 (dd, J = 5.3, 1.5 Hz, 1H, Ar—H), 7.76-
7.64 (m, 3H, Ar-H), 7.43-7.34 (m, 2H, Ar-H), 7.30-7.21 (m, 5H, Ar-H), 7.19-7.12 (m, 1H, Ar—
H), 7.07 (d, J = 7.6 Hz, 2H, Ar—H), 7.01-6.91 (m, 3H, Ar—H), 6.82 (s, 1H, Ar-H). *C{*H}-NMR
(100 MHz, CDCl3): 8 = 157.1 (Cy), 156.8 (Cy), 152.2 (Cy), 149.4 (CH), 139.6 (C), 138.6 (Cy),
138.0 (CH), 130.3 (2C, CH), 130.0 (2C, CH), 128.9 (Cy), 127.7 (Cy), 123.8 (CH), 123.1 (CH),
122.2 (CH), 121.9 (CH), 121.5 (CH), 120.6 (CH), 119.5 (2C, CH), 118.5 (2C, CH), 111.6 (CH),
105.3 (CH). HRMS (ESI): m/z Calcd for CysH1gN,O+H™ [M+H]" 363.1492; Found 363.1492.

CH;

&
SR W
7N Q

= CH,
4-Methyl-N-(4-(1-(pyridin-2-yl)-1H-indol-2-yl)phenyl)-N-(p-tolyl)aniline (3ag): The
representative procedure was followed, using substrate 1a (0.039 g, 0.20 mmol) and 4-chloro-
N,N-di-p-tolylaniline (2g; 0.123 g, 0.40 mmol), and the reaction mixture was stirred for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 3ag
(0.080 g, 0.86%) as a light yellow solid. *H-NMR (400 MHz, CDCl;): &= 8.67-8.57 (m, 1H,
Ar-H), 7.72-7.57 (m, 3H, Ar-H), 7.25-7.12 (m, 3H, Ar-H), 7.09-7.02 (m, 6H, Ar-H), 7.01-6.94
(m, 5H, Ar-H), 6.87 (d, J = 8.4 Hz, 2H, Ar-H), 6.73 (s, 1H, Ar—H), 2.29 (s, 6H, CH3). *C{*H}-
NMR (125 MHz, CDCls): 6 = 152.4 (C,), 149.3 (CH), 147.7 (C,), 145.0 (2C, Cy), 140.3 (Cy),
138.6 (Cy), 137.9 (CH), 133.1 (2C, Cy), 130.1 (4C, CH), 129.5 (2C, CH), 129.0 (Cy), 125.0 (Cy),
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125.2 (4C, CH), 122.8 (CH), 122.3 (CH), 121.8 (CH), 121.4 (2C, CH), 121.3 (CH), 120.4 (CH),
111.5 (CH), 104.7 (CH), 21.0 (2C, CH3). HRMS (ESI): m/z Calcd for CasHaNg+H™ [M+H]*
466.2278; Found 466.2276.

2-([1,1'-Biphenyl]-4-yl)-1-(pyridin-2-yl)-1H-indole (3ah): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 4-chloro-1,1'-biphenyl (2h; 0.075 g, 0.40
mmol), and the reaction mixture was stirred for 16 h. Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 20/1) yielded 3ah (0.066 g, 95%) as a light yellow solid. *H-
NMR (500 MHz, CDCl3): 6= 8.76-8.61 (m, 1H, Ar-H), 7.78-7.69 (m, 2H, Ar-H), 7.67 (t, J =
7.2 Hz, 1H, Ar-H), 7.61 (d, J = 7.6 Hz, 2H, Ar—H), 7.55 (d, J = 8.0 Hz, 2H, Ar—H), 7.46 (t, J =
7.2 Hz, 2H, Ar-H), 7.38 (m, 3H, Ar—H), 7.30-7.20 (m, 3H, Ar—H), 7.00 (d, J = 8.0 Hz, 1H, Ar—
H), 6.90 (s, 1H, Ar-H). *C{"H}-NMR (125 MHz, CDCly): & = 152.3 (C,), 149.4 (CH), 140.5
(Cy), 140.2 (Cy), 139.8 (Cy), 138.8 (Cq), 138.0 (CH), 131.8 (Cy), 129.2 (2C, CH), 129.0 (2C,
CH), 128.9 (Cy), 127.6 (CH), 127.1 (2C, CH), 127.0 (2C, CH), 123.3 (CH), 122.3 (CH), 121.9
(CH), 121.6 (CH), 120.8 (CH), 111.7 (CH), 105.9 (CH). HRMS (ESI): m/z Calcd for
CasHigNo+H" [M+H]" 347.1543; Found 347.1541.

CHj
(L0
N
N
&

1-(Pyridin-2-yl)-2-(m-tolyl)-1H-indole (3ai): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-3-methylbenzene (2i; 0.051 g, 0.40 mmol), and
the reaction mixture was stirred for 16 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAC: 20/1) yielded 3ai (0.050 g, 88%) as a light yellow solid. *H-NMR (400
MHz, CDCls): 6 =8.65 (d, J = 4.6 Hz, 1H, Ar-H), 7.69 (t, J = 7.6 Hz, 2H, Ar—H), 7.62 (t, J = 7.6
Hz, 1H, Ar—H), 7.28-7.16 (m, 4H, Ar—H), 7.14 (d, J = 7.6 Hz, 1H, Ar-H), 7.11-7.05 (m, 1H, Ar—
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H), 7.01 (d, J = 7.6 Hz, 1H, Ar—H), 6.91 (d, J = 7.6 Hz, 1H, Ar—H), 6.81 (s, 1H, Ar—H) 2.30 (s,
CHs). ®*C{*H}-NMR (100 MHz, CDCly): & = 152.3 (C,), 149.3 (CH), 140.3 (Cg), 138.6 (Cy),
138.2 (Cy), 137.9 (CH), 132.7 (Cg), 129.6 (CH), 128.9 (C,), 128.4 (CH), 128.3 (CH), 126.0
(CH), 123.1 (CH), 122.2 (CH), 121.7 (CH), 121.5 (CH), 120.7 (CH), 111.6 (CH), 105.6 (CH),
21.6 (CHs). HRMS (ESI): m/z Calcd for CyHigNo+H™ [M+H]™ 285.1386; Found 285.1385. The
'H and 3C spectra are consistent with those reported in the literature.”’

H3C
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N

N
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1-(Pyridin-2-yl)-2-(o-tolyl)-1H-indole (3aj): The representative procedure was followed, using
substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-2-methylbenzene (2j; 0.051 g, 0.40 mmol), and
the reaction mixture was stirred for 16 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAC: 20/1) yielded 3aj (0.046 g, 81%) as a light yellow solid. *H-NMR (400
MHz, CDCls): &= 8.66-8.53 (m, 1H, Ar—H), 7.88 (d, J = 7.6 Hz, 1H, Ar-H), 7.74-7.65 (m, 1H,
Ar-H), 7.50 (td, J = 7.8, 1.9 Hz, 1H, Ar-H), 7.36-7.31 (m, 1H, Ar-H), 7.31-7.21 (m, 3H, Ar-H),
7.21-7.10 (m, 3H, Ar-H), 6.72 (d, J = 7.6 Hz, 1H, Ar-H), 6.69 (s, 1H, Ar-H), 2.08 (s, 3H, CHj3).
BC{*H}-NMR (125 MHz, CDCls): § = 152.0 (C,), 149.0 (CH), 139.1 (C,), 137.7 (CH), 137.6
(Cy), 137.3 (Cy), 132.9 (Cy), 131.2 (CH), 130.3 (CH), 128.8 (Cy), 128.4 (CH), 125.8 (CH), 123.0
(CH), 121.4 (CH), 121.2 (CH) 120.7 (CH), 120.5 (CH), 112.1 (CH), 106.3 (CH), 20.3 (CHy).
HRMS (ESI): m/z Calcd for CaoHigNo+H* [M+H]* 285.1386; Found 285.1385. The *H and **C

spectra are consistent with those reported in the literature.®

/CH3
(@)
N
/ N

2-(2-Methoxyphenyl)-1-(pyridin-2-yl)-1H-indole (3ak): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-2-methoxybenzene (2k; 0.057 g,
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0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ak (0.025 g, 42%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 6= 8.58 (dd, J = 4.6, 1.5 Hz, 1H, Ar—H), 7.81
(d, J =8.4 Hz, 1H, Ar-H), 7.67 (d, J = 6.9 Hz, 1H, Ar-H), 7.56 (td, J = 7.8, 1.9 Hz, 1H, Ar-H),
7.48 (dd, J = 7.6, 1.5 Hz, 1H, Ar—H), 7.32 (td, J = 7.6, 1.5 Hz, 1H, Ar—H), 7.27-7.11 (m, 3H, Ar—
H), 7.02 (t, J = 7.6 Hz, 1H, Ar-H), 6.90 (d, J = 7.6 Hz, 1H, Ar-H), 6.78-6.70 (m, 2H, Ar—H),
3.32 (s, 3H, CHz). *C{*H}-NMR (100 MHz, CDCl;): & = 156.5 (Cg), 152.9 (C,), 148.8 (CH),
137.5 (Cy), 137.4 (CH), 137.3 (Cy), 131.8 (CH), 129.9 (CH), 128.8 (Cg) 123.0 (CH), 122.5 (Cy),
121.1 (CH), 121.0 (CH), 121.0 (CH), 120.6 (CH), 119.8 (CH), 111.8 (CH), 110.9 (CH), 106.3
(CH), 54.9 (CHs). HRMS (ESI): m/z Calcd for CyoHigN,O+H* [M+H]" 301.1335; Found
301.1334. The *H and *3C spectra are consistent with those reported in the literature.>*

Me
N
2-py Mé
2-(3,5-Dimethylphenyl)-1-(pyridin-2-yl)-1H-indole (3al): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 2-chloro-1,3-dimethylbenzene (2I; 0.056
g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3al (0.049 g, 82%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 6 = 8.56-8.50 (m, 1H, Ar-H), 7.87 (d, J = 8.4
Hz, 1H, Ar—H), 7.72-7.67 (m, 1H, Ar—H), 7.49 (td, J = 7.8, 1.9 Hz, 1H, Ar-H), 7.34-7.20 (m,
2H, Ar-H), 7.20-7.13 (m, 1H, Ar-H), 7.10 (dd, J = 6.9, 5.3 Hz, 1H, Ar—H), 7.03 (d, J = 7.6 Hz,
2H, Ar-H), 6.71 (d, J = 7.6 Hz, 1H, Ar—H), 6.57 (s, 1H, Ar—H), 2.09 (s, 6H, CH3). “*C{*H}-
NMR (100 MHz, CDClg): 6 = 151.8 (Cg) 149.0 (CH), 138.6 (2c, Cy), 137.7 (CH), 137.6 (Cy),
136.8 (Cy), 132.7 (Cy), 129.0 (Cy), 128.6 (CH), 127.4 (2C, CH), 122.7 (CH), 121.3 (CH), 121.2
(CH), 120.5 (CH), 119.6 (CH), 112.4 (CH), 105.6 (CH), 20.8 (2C, CH3). HRMS (ESI): m/z
Calcd for CoyH1gNo+H [M+H] 299.1543; Found 299.1541.
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2-(Naphthalen-1-yl)-1-(pyridin-2-yl)-1H-indole (3am): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloronaphthalene (2m; 0.065 g, 0.40
mmol), and the reaction mixture was stirred for 16 h. Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 20/1) yielded 3am (0.061 g, 95%) as a light yellow solid. *H-
NMR (400 MHz, CDCl3): 6=8.50 (d, J = 3.8 Hz, 1H, Ar-H), 8.01 (d, J = 8.4 Hz, 1H, Ar—H),
7.87 (d, J = 8.4 Hz, 1H, Ar-H), 7.80 (d, J = 8.4 Hz, 2H, Ar-H), 7.72 (d, J = 6.9 Hz, 1H, Ar-H),
7.44-7.22 (m, 7H, Ar—H), 6.97 (dd, J = 6.9, 5.3 Hz, 1H, Ar-H), 6.85 (s, 1H, Ar—H), 6.62 (d, J =
8.4 Hz, 1H, Ar—H). *C{"H}-NMR (100 MHz, CDCls): § = 152.0 (C,), 148.9 (CH), 137.8 (Cy),
137.7 (Cy), 137.6 (CH), 133.6 (Cy), 132.3 (Cy), 130.7 (Cy), 129.1 (CH), 128.8 (Cy), 128.7 (CH),
128.3 (CH), 126.6 (CH), 126.1 (2C, CH), 125.2 (CH), 123.3 (CH), 121.6 (CH), 121.3 (CH),
120.8 (CH), 120.7 (CH), 112.1 (CH), 107.8 (CH). HRMS (ESI): m/z Calcd for Cp3HigNo+H"
[M+H]" 321.1386; Found 321.1385.

N

N
4 \

2-(4-Chlorophenyl)-1-(pyridin-2-yl)-1H-indole (3an): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-chloro-4-iodobenzene (2n; 0.095 g, 0.40
mmol), and the reaction mixture was stirred for 16 h. Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 20/1) yielded 3an (0.031 g, 51%) as a light yellow liquid. *H-
NMR (400 MHz, CDCls): 5= 8.68-8.52 (m, 1H, Ar-H), 7.70-7.57 (m, 3H, Ar-H), 7.31-7.13 (m,
7H, Ar-H), 6.92 (d, J = 7.6 Hz, 1H, Ar-H), 6.79 (s, 1H, Ar-H). *C{"H}-NMR (100 MHz,
CDClg): 6=151.9 (Cy), 149.5 (CH), 138.9 (Cy), 138.7 (Cy), 138.2 (CH), 133.6 (Cy), 131.3 (Cy),
130.0 (2C, CH), 128.7 (2C, CH), 128.4 (Cy), 123.5 (CH), 122.1 (CH), 122.0 (CH), 121.7 (CH),
120.8 (CH), 111.6 (CH), 106.1 (CH). HRMS (ESI): m/z Calcd for CigHisCIN+H* [M+H]*
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305.0840; Found 305.0841. The *H and **C spectra are consistent with those reported in the

literature.®®

OO~

2-(4-(1H-pyrrol-1-yl)phenyl)-1-(pyridin-2-yl)-1H-indole (3a0): The representative procedure
was followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-(4-chlorophenyl)-1H-pyrrole (20;
0.071 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 3ao (0.039 g, 58%) as a
brown solid. *H-NMR (400 MHz, CDCls): 6= 8.78-8.60 (m, 1H, Ar—H), 7.81-7.62 (m, 3H, Ar—
H), 7.42-7.31 (m, 4H, Ar-H), 7.31-7.22 (m, 3H, Ar-H), 7.12 (br s, 2H, Ar-H), 7.01 (d, J=7.9
Hz, 1H, Ar—H), 6.87 (s, 1H, Ar-H), 6.38 (br s, 2H, Ar—H). *C{*H}-NMR (100 MHz, CDCls): §
=152.2 (Cy), 149.5 (CH), 139.9 (Cy), 139.3 (Cy), 138.8 (Cy), 138.1 (CH), 130.1 (Cq), 130.0 (2C,
CH), 128.9 (Cy), 123.3 (CH), 122.2 (CH), 122.0 (CH), 121.6 (CH), 120.8 (CH), 120.2 (2C, CH),
119.2 (2C, CH), 111.6 (CH), 110.9 (2C, CH), 105.8 (CH). HRMS (ESI): m/z Calcd for
CasHiNs+H* [M+H]* 336.1495; Found 336.1492. The *H and *3C spectra are consistent with

those reported in the literature.®
OO
N
N
&

2-(4-(1H-Indol-1-y)phenyl)-1-(pyridin-2-yl)-1H-indole (3ap): The representative procedure
was followed, using substrate 1a (0.039 g, 0.20 mmol) and 1-(4-chlorophenyl)-1H-indole (2p;
0.091 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 3ap (0.059 g, 77%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 5 = 8.69 (d, J = 3.8 Hz, 1H, Ar—H), 7.81-7.66
(m, 4H, Ar-H), 7.60 (d, J = 7.6 Hz, 1H, Ar-H), 7.50-7.37 (m, 4H, Ar—H), 7.34 (d, J = 3.1 Hz,
1H, Ar-H), 7.32-7.13 (m, 5H, Ar-H), 7.06 (d, J = 8.4 Hz, 1H, Ar-H), 6.91 (s, 1H, Ar-H), 6.71
(d, J = 3.1 Hz, 1H, Ar-H). *C{*H}-NMR (100 MHz, CDCls): 5= 152.1 (C,), 149.5 (CH), 139.2
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(Cq), 139.0 (Cy), 138.8 (Cyg), 138.2 (CH), 135.7 (Cyg), 130.8 (Cg), 129.9 (2C, CH), 129.6 (Cy),
128.8 (Cy), 127.8 (CH), 124.0 (2C, CH), 123.4 (CH), 122.6 (CH), 122.2 (CH), 122.1 (CH), 121.7
(CH), 121.3 (CH), 120.8 (CH), 120.7 (CH), 111.6 (CH), 110.7 (CH), 106.0 (CH), 104.1 (CH).
HRMS (ESI): m/z Calcd for Co7HisNg+H* [M+H]* 386.1652; Found 386.1648.

~
>y g

9-(4-(1-(Pyridin-2-yl)-1H-indol-2-yl)phenyl)-9H-carbazole  (3aq): The  representative
procedure was followed, using substrate 1a (0.039 g, 0.20 mmol) and 9-(4-chlorophenyl)-9H-
carbazole (2g; 0.111 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 3aq (0.058 g, 67%)
as a light yellow solid. *H-NMR (500 MHz, CDCls): &= 8.76-8.65 (m, 1H, Ar-H), 8.16 (d, J =
7.6 Hz, 2H, Ar-H), 7.84-7.65 (m, 3H, Ar-H), 7.56-7.47 (m, 4H, Ar-H), 7.46-7.38 (m, 4H, Ar—
H), 7.37-7.20 (m, 5H, Ar-H), 7.11 (d, J = 8.0 Hz, 1H, Ar-H), 6.95 (s, 1H, Ar—H). *C{*H}-NMR
(125 MHz, CDCls): § = 152.1 (Cg), 149.6 (CH), 140.8 (2C, Cy), 139.3 (C,), 138.9 (Cy), 138.3
(CH), 137.0 (Cy), 131.8 (Cy), 130.1 (2C, CH), 128.9 (Cy), 126.9 (2C, CH), 126.1 (2C, CH), 123.7
(2C, Cy), 123.5 (CH), 122.3 (CH), 122.2 (CH), 121.7 (CH), 120.9 (CH), 120.5 (2C, CH), 120.3
(2C, CH), 111.6 (CH), 109.9 (2C, CH), 106.3 (CH). HRMS (ESI): m/z Calcd for C3;HyiN3s+H"
[M+H]" 436.1808; Found 436.1804. The *H and **C spectra are consistent with those reported in

the literature.®®

~
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1'-Methyl-1-(pyridin-2-yl)-1H,1'H-2,5'-biindole (3ar): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 5-chloro-1-methyl-1H-indole (2r; 0.066 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ar (0.040 g, 61%) as a
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light yellow solid. *H-NMR (400 MHz, CDCls): 5= 8.68 (dd, J = 5.3, 1.5 Hz, 1H, Ar—H), 7.80-
7.73 (M, 1H, Ar-H), 7.71-7.67 (m, 1H, Ar-H), 7.64 (d, J = 1.5 Hz, 1H, Ar-H), 7.52 (td, J = 7.8,
1.9 Hz, 1H, Ar-H), 7.25-7.16 (m, 4H, Ar—H), 7.11 (dd, J = 8.4, 1.5 Hz, 1H, Ar—H), 7.06 (d, J =
3.1 Hz, 1H, Ar-H), 6.84 (d, J = 8.4 Hz, 1H, Ar-H), 6.80 (s, 1H, Ar—H), 6.46 (d, J = 3.1 Hz, 1H,
Ar-H), 3.77 (s, 3H, CH3). *C{*H}-NMR (125 MHz, CDCls): 5= 152.6 (Cy), 149.1 (CH), 141.7
(Cg), 138.4 (Cy), 137.8 (CH), 136.3 (C,), 129.7 (CH), 129.1 (Cy), 128.5 (Cy), 124.1 (Cy), 123.1
(CH), 122.6 (CH), 122.3 (CH), 121.6 (CH), 121.5 (CH), 121.3 (CH), 120.3 (CH), 111.7 (CH),
109.2 (CH), 105.0 (CH), 101.5 (CH), 33.0 (CH3). HRMS (ESI): m/z Calcd for CpoHi7Ng+H*
[M+H]* 324.1495; Found 324.1494.

L~
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&

2-(1-(Pyridin-2-yl)-1H-indol-2-yl)benzo[d]thiazole (3as): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and 2-chlorobenzo[d]thiazole (2s; 0.068 g,
0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3as (0.038 g, 58%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 6= 8.64 (d, J = 3.8 Hz, 1H, Ar-H), 7.87-7.77
(m, 3H, Ar-H), 7.74 (d, J = 7.6 Hz, 1H, Ar-H), 7.46 (d, J = 8.4 Hz, 1H, Ar-H), 7.43-7.34 (m,
4H, Ar—H), 7.34-7.27 (m, 2H, Ar-H), 7.27-7.20 (m, 1H, Ar-H). ®*C{*H}-NMR (100 MHz,
CDCl3): 6= 159.2 (Cy), 153.7 (Cy), 151.4 (Cg), 149.5 (CH), 139.8 (Cy), 138.3 (CH), 135.2 (Cy),
132.7 (Cy), 127.9 (Cy), 126.3 (CH), 125.2 (CH), 125.1 (CH), 123.4 (CH), 123.0 (CH), 122.9

(CH), 121.9 (CH), 121.8 (CH), 121.4 (CH), 111.5 (CH), 109.9 (CH). HRMS (ESI): m/z Calcd for
CaoH13NsS+H' [M+H]" 328.0903; Found 328.0900.
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2-(4-(Phenylthio)phenyl)-1-(pyridin-2-yl)-1H-indole (3at): The representative procedure was
followed, using substrate 1a (0.039 g, 0.20 mmol) and (4-chlorophenyl)(phenyl)sulfane (2t;
0.088 g, 0.40 mmol), and the reaction mixture was stirred for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3at (0.055 g, 73%) as a
light yellow solid. *H-NMR (400 MHz, CDCls): 5= 8.65 (dd, J = 4.6, 1.5 Hz, 1H, Ar—H), 7.74-
7.66 (m, 3H, Ar—H), 7.44-7.38 (m, 2H, Ar-H), 7.37-7.29 (m, 3H, Ar-H), 7.25-7.22 (m, 3H, Ar—
H), 7.21 (s, 4H, Ar—H), 6.96 (d, J = 8.4 Hz, 1H, Ar-H), 6.83 (s, 1H, Ar—H). *C{*H}-NMR (100
MHz, CDCls): 6= 152.0 (Cq), 149.4 (CH), 139.3 (Cy), 138.7 (Cy), 138.1 (CH), 135.8 (Cy), 134.8
(Cy), 131.9 (2C, CH), 131.2 (Cy), 130.1 (2C, CH), 129.4 (2C, CH), 129.4 (2C, CH), 128.8 (Cy),
127.7 (CH), 123.3 (CH), 122.1 (CH), 121.9 (CH), 121.6 (CH), 120.8 (CH), 111.6 (CH), 105.9
(CH). HRMS (ESI): m/z Calcd for CsH1gN,S+H" [M+H]" 379.1263; Found 379.1261.

H3C
CryOen
N

&
5-Methyl-1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3ba): The representative procedure was
followed, using substrate 5-methyl-1-(pyridin-2-yl)-1H-indole (3b) (0.042 g, 0.20 mmol) and 1-
chloro-4-methylbenzene (2a; 0.051 g, 0.40 mmol), and the reaction mixture was stirred for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ba
(0.049 g, 82%) as a light yellow solid. *H-NMR (400 MHz, CDCls): 5= 8.62 (dd, J = 4.6, 1.5
Hz, 1H, Ar-H), 7.65-7.52 (m, 2H, Ar—H), 7.43 (s, 1H, Ar-H), 7.22-7.11 (m, 3H, Ar-H), 7.10-
6.98 (m, 3H, Ar-H), 6.86 (d, J = 8.4 Hz, 1H, Ar—H), 6.69 (s, 1H, Ar-H), 2.45 (s, 3H, CHs), 2.32
(3H, CHs). ®C{*H}-NMR (100 MHz, CDCls): § = 152.5 (Cy), 149.2 (CH), 140.2 (C,), 137.8
(CH), 137.3 (Cy), 137.0 (Cy), 130.7 (Cy), 130.1 (C,), 129.5 (Cy), 129.1 (2C, CH), 128.7 (2C,
CH), 1245 (CH), 122.1 (CH), 121.5 (CH), 120.3 (CH), 111.4 (CH), 105.1 (CH), 21.6 (CHs),
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. 3). . m/z Calca Tor Co1H1gNo+ + . , Foun . . e
21.4 (CHs). HRMS (ESI): m/z Calcd for CorHigNo+H* [M+H]* 299.1543; Found 299.1541. Th

'H and 3C spectra are consistent with those reported in the literature.®

5-Methoxy-1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3ca): The representative procedure was
followed, using substrate 5-methoxy-1-(pyridin-2-yl)-1H-indole (3c) (0.045 g, 0.20 mmol) and
1-chloro-4-methylbenzene (2a; 0.051 g, 0.40 mmol), and the reaction mixture was stirred for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded
3ca (0.050 g, 79%) as a light yellow solid. *H-NMR (500 MHz, CDCls): § = 8.66-8.59 (m, 1H,
Ar—H), 7.65-7.55 (m, 2H, Ar-H), 7.20 (dd, J = 7.1, 5.1 Hz, 1H, Ar-H), 7.18-7.14 (m, 2H, Ar—
H), 7.12 (d, J = 2.7 Hz, 1H, Ar-H), 7.08 (m, 2H, Ar-H), 6.90-6.81 (m, 2H, Ar-H), 6.70 (s, 1H,
Ar—H), 3.88 (s, 3H, OCHs), 2.33 (s, 3H, CHs). *C{*H}-NMR (125 MHz, CDCls): & = 155.4
(Cy), 152.5 (Cy), 149.2 (CH), 140.8 (Cy), 137.9 (CH), 137.5 (Cy), 133.9 (Cy), 130.0 (Cy), 129.5
(Cy), 129.2 (2C, CH), 128.8 (2C, CH), 122.0 (CH), 121.5 (CH), 112.8 (CH), 112.6 (CH), 105.3
(CH), 102.5 (CH). 56.0 (OCHj3), 21.4 (CH3). HRMS (ESI): m/z Calcd for CoiHigN,O+H"
[M+H]* 315.1492; Found 315.1490.

5-Fluoro-1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3da): The representative procedure was
followed, using substrate 5-fluoro-1-(pyridin-2-yl)-1H-indole (3d) (0.042 g, 0.20 mmol) and 1-
chloro-4-methylbenzene (2a; 0.051 g, 0.40 mmol), and the reaction mixture was stirred for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3da
(0.025 g, 41%) as a light yellow solid. *H-NMR (400 MHz, CDCls): § = 8.69-8.61 (m, 1H, Ar—
H), 7.66-7.58 (m, 2H, Ar-H), 7.32-7.27 (m, 1H, Ar-H), 7.26-7.21 (m, 1H, Ar-H), 7.18-7.13 (m,
2H, Ar-H), 7.13-7.05 (m, 2H, Ar-H), 6.95 (td, J = 9.2, 3.1 Hz, 1H, Ar-H), 6.85 (d, J = 7.6 Hz,
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1H, Ar—H), 6.72 (s, 1H, Ar-H), 2.34 (s, 3H, CH3). “C{*H}-NMR (100 MHz, CDCls): 5= 158.9
(Cy), 157.7 (Cy), 152.1 (Cy), 149.3 (CH), 141.7 (Cg), 138.0 (CH), 136.5 (d, "Jc = 279.9 Hz, Cy),
129.5 (d, ¥Jc r = 19.2 Hz, Cy), 129.3 (Cy), 129.2 (CH), 128.8 (CH), 128.7 (d, “Jc r = 35.5 Hz,
CH), 122.2 (CH), 121.9 (CH), 112.6 (d, “Jc.r = 9.6 Hz, CH), 111.5 (d, ®Jc_r = 25.9 Hz, CH),
105.6 (CH), 105.3 (CH), 105.1 (d, “Jcr = 3.8 Hz, CH), 21.4 (CH3). *F-NMR (377 MHz,
CDCl3): 6=-123.08 (s). HRMS (ESI): m/z Calcd for CooHisNoF+H' [M+H]* 303.1292.

3-Methyl-1-(pyridin-2-yl)-2-(p-tolyl)-1H-indole (3ea): The representative procedure was
followed, using substrate 3-methyl-1-(pyridin-2-yl)-1H-indole (3e) (0.042 g, 0.20 mmol) and 1-
chloro-4-methylbenzene (2a; 0.051 g, 0.40 mmol), and the reaction mixture was stirred for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3ea
(0.040 g, 67%) as a light yellow liquid. *H-NMR (400 MHz, CDCls): § = 8.62 (d, J = 3.7 Hz,
1H, Ar-H), 7.77 (d, J = .3 Hz, 1H, Ar-H), 7.66 (d, J = 6.7 Hz, 1H, Ar-H), 7.56 (t, J = 7.0 Hz,
1H, Ar—H), 7.39-7.23 (m, 3H, Ar-H), 7.20-7.11 (m, 4H, Ar-H), 6.78 (d, J = 7.9 Hz, 1H, Ar-H),
2.42 (s, 3H, CH3), 2.38 (s, 3H, CH3). *C{*H}-NMR (100 MHz, CDCls): § = 152.5 (C,), 149.0
(CH), 137.6 (CH), 137.4 (Cg), 137.2 (Cy), 135.9 (Cy), 130.3 (2C, CH), 129.9 (Cy), 129.6 (Cy),
129.1 (2C, CH), 123.2 (CH), 121.7 (CH), 121.0 (CH), 121.0 (CH), 118.9 (CH), 112.5 (C), 111.6
(CH), 21.4 (CHs), 9.7 (CHs). HRMS (ESI): m/z Calcd for CoiHigNo+H™ [M+H]" 299.1543;
Found 299.1541. The *H and **C spectra are consistent with those reported in the literature.®®

]\ I\
WCH3 + H3C N CH3
~Z N ~ "N
Q Q

2-(2-(p-Tolyl)-1H-pyrrol-1-y)pyridine (3fa): The representative procedure was followed,
using substrate 2-(1H-pyrrol-1-yDpyridine (3f) (0.029 g, 0.20 mmol) and 1-chloro-4-
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methylbenzene (2a; 0.051 g, 0.40 mmol), and the reaction mixture was stirred for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 3fa
(0.012 g, 26%) as a light yellow liquid. *H-NMR (400 MHz, CDCls): &= 8.57-8.42 (m, 1H, Ar—
H), 7.52 (td, J = 7.8, 1.9 Hz, 1H, Ar-H), 7.39-7.31 (m, 1H, Ar-H), 7.19-7.12 (m, 1H, Ar-H),
7.07 (m, 4H, Ar-H), 6.79 (d, J = 8.4 Hz, 1H, Ar-H), 6.44-6.33 (m, 2H, Ar-H), 2.33 (CHy).
BC{*H}-NMR (100 MHz, CDCls): & = 152.3 (C,), 149.0 (CH), 137.5 (CH), 136.5 (C,), 133.3
(Cy), 130.4 (Cy), 129.1 (2C, CH), 128.4 (2C, CH), 123.3 (CH), 121.3 (CH), 119.4 (CH), 112.2
(CH), 110.0 (CH), 21.3 (CHs). HRMS (ESI): m/z Calcd for CygH14No+H" [M+H]" 235.1230;
Found 235.1228.

2-(2,5-Di-p-tolyl-1H-pyrrol-1-yl)pyridine (3fa): (0.024 g, 37%) as a light yellow solid. ‘H-
NMR (400 MHz, CDClg): 6 = 8.67-8.57 (m, 1H, Ar-H), 7.76 (td, J = 7.8, 1.9 Hz, 1H, Ar-H),
7.38 (dd, J = 6.9, 5.3 Hz, 2H, Ar—H), 7.17 (m, 8H, Ar—H), 6.62 (s, 2H, Ar—H), 2.46 (s, 6H, CHs).
BC{*H}-NMR (100 MHz, CDCl3): § = 152.6 (C,), 149.1 (CH), 137.8 (CH), 136.1 (2C, C,),
136.0 (2C, Cy), 130.5 (Cy), 129.2 (Cy), 128.9 (4C, CH), 128.5 (4C, CH), 124.0 (CH), 122.7 (CH),
110.1 (2C, CH), 21.3 (2C, CHa3). HRMS (ESI): m/z Calcd for CosHaoNo+H* [M+H]" 325.1699;
Found 325.1695.

4.4.4 Procedure for External Additive Experiment: The representative procedure of arylation
was followed, using substrate 1a (0.039 g, 0.20 mmol), 4-chlorotoluene (0.051 g, 0.40 mmol),
Ni(OAc); (0.0035 g, 0.02 mmol, 10.0 mol %), dppf (0.011 g, 0.02 mmol, 10.0 mol %), LIHMDS
(0.067 g, 0.40 mmol), TEMPO (0.062 g, 0.40 mmol) or galvinoxyl (0.169 g, 0.40 mmol) and the
reaction mixture was stirred for 16 h. The GC analysis of the crude reaction mixture does not
show the formation of product 3aa. In addition, the coupled product of TEMPO and galvinoxyl
with aryl was not detected in the GCMS.

4.4.5 Procedure for Deuterium Labeling Experiments

Procedure for KIE Study: To the Teflon-screw capped tube equipped with magnetic stir
bar was introduced catalyst Ni(OAc), (0.0035 g, 0.02 mmol, 0.02 M), dppf (0.0011 g, 0.02
mmol, 10.0 mol %), LIHMDS (0.067 g, 0.40 mmol), substrate 1a (0.039 g, 0.20 mmol, 0.2 M) or
[2-D]-1a (0.039 g, 0.20 mmol, 0.2 M), and 4-chlorotoluene (0.0.051 g, 0.40 mmol, 0.4 M), to the
reaction mixture n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M) was added as an internal
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standard and 1,4 dioxane (0.87 mL) was added to make the total volume to 1.0 mL. The reaction
mixture was then stirred at 110 °C in a pre-heated oil bath. At regular intervals (15, 30, 45, 60,
75, 90, 105, 120 min) the reaction vessel was cooled to ambient temperature and an aliquot of
sample was withdrawn to the GC vial. The sample was diluted with acetone 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 data of the concentration of the product vs
time (min) plot was drawn and fitted linear with Origin Pro 8, and the rate was determined by
initial rate method (up to 120 minutes). The slope of the linear fitting represents the reaction rate.

Procedure for H/D Scrambling: To a Teflon-screw capped tube equipped with magnetic
stir bar were introduced 1-(pyridine-2-yl)-1H-indole-2-d ([2-D]-1a; 0.019 g, 0.10 mmol), 5-
methoxy-1- (pyridine-2-yl)-1H-indole (1c; 0.022 g, 0.10 mmol), 4-chlorotoluene (2a; 0.051 g,
0.40 mmol), cat Ni(OAc), (0.0035 g, 0.02 mmol, 10.0 mol %), dppf (0.0011 g, 0.02 mmol, 10.0
mol %), LIHMDS (0.067 g, 0.40 mmol) inside the glove-box. The resultant reaction mixture was
stirred at 80 °C in a preheated oil bath for 60 min. At ambient temperature, the reaction mixture
was quenched with distilled H,O (10 mL). The crude product was then extracted with EtOAc (20
mL x 3). The combined organic extract was dried over Na,SO, and the volatiles were evaporated
in vacuo. The remaining residue was subjected to column chromatography on silica gel
(petroleum ether/EtOAC: 20/1) to recover the starting compounds 1a and 1c. The *H NMR
analysis of the compound show 25% incorporation of deuterium at C(2)-H of 5-methoxy-1-
(pyridine-2-yl)-1H-indole 1c.

Procedure for Deuterium Incorporation Experiment: To a screw-capped tube equipped
with magnetic stir bar was introduced 1-(pyridine-2-yl)-1H-indole (1a; 0.039 g, 0.20 mmol), 4-
chlorotoluene (0.051 g, 0.40 mmol), Ni(OAc), (0.0035 g, 0.02 mmol, 10.0 mol %), dppf (0.011
g, 0.02 mmol, 10.0 mol %), LIHMDS (0.067 g, 0.40 mmol) inside the glove-box. The resultant
reaction mixture was stirred at 80 °C in a preheated oil bath for 60 min. At ambient temperature,
D,0O (1.0 mL) was added to the reaction mixture under argon and stirred for 1 h. Reaction
mixture was quenched with distilled H,O (10 mL). The crude product was then extracted with
EtOAc (20 mL x 3). The combined organic extract was dried over Na,SO, and the volatiles were
evaporated in vacuo. The *H NMR analysis of the compound 1a does not show incorporation of
deuterium at C(2)—H position.
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4.4.6 Kinetics Experiments

Representative Procedure for Kinetic Experiment: To the Teflon-screw capped tube
equipped with magnetic stir bar was introduced catalyst Ni(OAc), (0.0035 g, 0.02 mmol, 0.02
M), dppf (0.011 g, 0.02 mmol, 10.0 mol %), LiIHMDS (0.067 g, 0.40 mmol), substrate 1a (0.039
g, 0.20 mmol, 0.2 M) and 4-chlorotoluene (0.0.051 g, 0.40 mmol, 0.4 M), to the reaction mixture
n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M, internal standard) and toluene (0.87 mL) was
added to make the total volume to 1.0 mL. The reaction mixture was then stirred at 110 °C in a
pre-heated oil bath. At regular intervals (15, 30, 45, 60, 75, 90, 105, 120, 240, 480, 720, 960
1200, 1440 min) the reaction vessel was cooled to ambient temperature and an aliquot of sample
was withdrawn to the GC vial. The sample was diluted with acetone 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 data of the concentration of the product vs
time (min) plot was drawn with Origin Pro 8. The data’s were taken from the average of two

independent experiments.

Representative Procedure for Rate Order Determination

Rate Order Determination on 1-(pyridin-2-yl)-1H-indole: In standard experiment, a
Teflon-screw cap tube equipped with magnetic stir bar was introduced catalyst Ni(OAc), (0.02
mmol), dppf (0.02 mmol, 0.02 M), LIHMDS (0.067 g, 0.4 mmol), 4-chlorotoluene (0.051 mL,
0.40 mmol, 0.40 M), specific amount of 1a, n-hexadecane (0.025 mL, internal standard), and
1,4-dioxane (appropriate amount) was added to make the total volume to 1.0 mL. The reaction
mixture was then heated at 110 °C in a pre-heated oil bath. At regular intervals (15, 30, 45, 60,
75, 90, 105, 120 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 acetone 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.

Rate Order Determination on 4-chloro toluene: Representative procedure of rate order
determination was followed, employing 1-(pyridin-2-yl)-1H-indole (0.2 M), Ni(OAc), (0.02
mmol), dppf (0.02 M), LiIHMDS (0.4 M), and n-hexadecane (0.085 M) and specific amount of 4-
chlorotoluene in 1,4-dioxane. The data of the concentration of the 3aa vs time (min) plot was
fitted linear with Origin Pro 8. The order of the reaction was then determined by plotting the
log(rate) vs log(conc. 2a) for component 2a.
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Rate Order Determination on catalyst: Representative procedure of rate order
determination was followed, employing 1-(pyridin-2-yl)-1H-indole (0.20 M), 4-chlorotoluene
(0.40 M), LiIHMDS (0.40 M) and n-hexadecane (0.085 M) and specific amount of catalyst in 1,4-
dioxane. The data of the concentration of the 3aa vs time (min) plot was fitted linear with Origin
Pro 8. The order of the reaction was then determined by plotting the log(rate) vs log(conc. cat.)
for component catalyst.

Rate Order Determination on LiHMDS: Representative procedure of rate order
determination was followed, employing 1-(pyridin-2-yl)-1H-indole (0.2 M), 4-chlorotoluene
(0.40 M), Ni(OAc), (0.02 mmol), dppf (0.02 M), and n-hexadecane (0.085 M) and specific
amount of LIHMDS in 1,4-dioxane. The data of the concentration of the 3aa vs time (min) plot
was fitted linear with Origin Pro 8. The order of the reaction was then determined by plotting the
log(rate) vs log(conc. LIHMDS) for component LIHMDS.

Kinetic Experiments (Electronic Effect)

Representative Procedure: To the Teflon-screw capped tube equipped with magnetic stir
bar was introduced catalyst Ni(OAc), (0.0035 g, 0.02 mmol, 0.02 M), dppf (0.0011 g, 0.02
mmol, 10.0 mol %), LiIHMDS (0.067 g, 0.40 mmol), substrate 5-methoxy-1-(pyridin-2-yl)-1H-
indole (1c) (0.045 g, 0.20 mmol, 0.2 M) or 5-fluoro-1-(pyridin-2-yl)-1H-indole (1d) (0.042 g,
0.20 mmol, 0.2 M), and 4-chlorotoluene (0.0.051 g, 0.40 mmol, 0.4 M), to the reaction mixture
n-hexadecane (0.025 mL, 0.085 mmol, 0.085 M, internal standard) and 1,4 dioxane (0.87 mL)
was added to make the total volume 1.0 mL. The reaction mixture was then stirred at 110 °C in a
pre-heated oil bath. At regular intervals (15, 30, 45, 60, 75, 90, 105, 120 min) the reaction vessel
was cooled to ambient temperature and an aliquot of sample was withdrawn to the GC vial. The
sample was diluted with acetone and subjected to GC analysis. The concentration of the product
3ca (or 3da) obtained in each sample was determined with respect to the internal standard n-
hexadecane. The data of the concentration of the product vs time (min) plot was drawn and fitted
linear with Origin Pro 8, and the rate was determined by the initial rate method (up to 120
minutes). The slope of the linear fitting represents the reaction rate. The data’s were taken from

the average of three independent experiments.
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'H and 3C NMR Spectra of the Selected Compound
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Normalized Intensity
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Synthesis and Characterization of (*NNN"?)Ni Complexes,
and Application in C—H Bond Functionalization
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51 INTRODUCTION

Synthesis of pincer ligands and their transition metal complexes has given significant
attention because of their stability and diverse catalytic activity."?’ Many nickel pincer
complexes have been synthesized and demonstrated in various catalytic reactions such as

283 and C-H functionalization.®”* In general, the nickel pincer

traditional cross-coupling
complex catalyzed reactions resulted in high turnover numbers and broad substrates scope than
the similar reactions with a bidentate- or monodentate-ligated nickel catalyst. Recently, Hu
developed [{x" x" k"-(CsHsNMeo),(u-N)INICI],* (MENLN)NICI and [{x" &N, xN-CeHaN(Me)a(u-
N)(CH,).NMe,}NiCI]** (NNNM2)NiCI catalyst systems that were efficiently employed in the
Sonogashira cross-coupling reaction. The (M®N,N)NiCl catalyst worked efficiently for the
Sonogashira cross-coupling at 100 °C, whereas the hemilabile (NNN“?)NiCI catalyzed the same
reaction at room temperature. The hemilabile coordination property of complex (NNNY?)NiClI
facilitated the Sonogashira transformation very effectively under milder conditions. Recently our
group developed the (quinolinyl)amido—nickel catalyst, [{x"x" < -Et;NCH,C-(O)(u-
N)CsHsN}Ni(OAC)],* that regioselectively catalyzes the alkylation and arylation of indoles with
various alkyl and aryl halides, respectively through the monodentate-chelate assistance.
Unfortunately, employing this catalyst system the methodology required a very high reaction
temperature (150 °C), and needed KI in stoichiometric amount when Br- and Cl-alkyl
electrophiles are used. Considering the advantage of hemilabile pincer system, in this chapter we
have demonstrated the design and synthesis of hemilabile R,N(CH2)(NH)CoHgN (SNNNR?)
ligand and complexes, and their application for the alkylation of indoles. The synthesized
complexes were fully characterized by '*H and *C NMR. The molecular structures of the
complexes were established by X-ray structure determination. These complexes were screened
for alkylation of indoles. In addition, the catalysts were also explored for the dehydrogenative

alkylation of indolines to alkylated indoles.

5.2 RESULTS AND DISCUSSION
5.2.1 Synthesis and Characterization of (°NNN®?) Nickel Complexes

The tridentate (dialkylamino)-N-(quinolin-8-yl)ethane ligands (R,NCH>CH,(NH)CgHgN)
(NR2 = NMe,, NEt,, Pyr) were synthesized in excellent yield using reported procedure (Scheme

5.1). The reaction of 8-aminoquinoline with 2-chloro-N,N-dialkylethylamine hydrochloride
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under neat reaction condition provided the desired ligand (dimethylamino)-N-(quinolin-8-
yl)ethane (1a) and (diethylamino)-N-(quinolin-8-yl)ethane (1b) with 86% and 85% vyield,
respectively. Whereas the ligand (2-pyrrolidine)-N-(quinolin-8-yl)ethane (1c) was synthesized
from the reaction of 8-aminoquinoline with 1-(2-chloroethyl)pyrrolidine hydrochloride with 86%
yield. All the ligands synthesis was performed under neat reaction conditions at 140 °C for 24 h.
These compounds were readily purified by column chromatography as a yellow liquid. The *H
and *C NMR data of the ligands are consistent with the reported literature data for the same

compounds.

.HCI
| NH, Cl\/\NR neat - | AN H/\
_N 2 140°C, 24 h _N NR,

NR2 = NM62 (1a)
=NEt, (1b)
= Pyr (1c)

Scheme 5.1 Synthesis of (*“NNN~?)—H pincer ligand.

The metalation reaction of the ligand (®NNN™®?)-H (1a) with nickel precursor was
performed by the first lithiation of ligand in THF at room temperature, and then by metalation
using (dme)NiCl,, which produced the pincer complex (*NNN™#%)NiCI (2a) in good vyield
(Scheme 5.2). Similarly, the treatment of la with (thf),NiBr, at room temperature afforded
(PNNNM#A)NiBr (2b). Both the nickel complexes were characterized by NMR spectroscopy as
well as elemental analysis. In *H NMR spectra of complexes 2a and 2b, the disappearance of the
N—H signal corresponds to the ligand suggests a covalent bonding between the central nitrogen
atom and the nickel center. Further, the —NMe, protons in the complexes resonate in the range oy
2.76-2.45 ppm, which were significantly deshielded in comparison to those observed for the
same protons in ligand 1a (6 2.31 ppm). One of the CH; protons of the side arm of the ligand
(1a) is shifted and merged with the —N(CHs), proton in the complex, which indicates the co-
ordination of ‘N’ to the nickel in 2a. The C—H proton ortho to the quinolinyl nitrogen atom

resonates differently than that in the free ligand 1la. All these observations clearly suggest the
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tridentate pincer coordination of the ligand to the Ni center in the complexes. The molecular

structure of 2a was further established by single-crystal diffraction studies.

N e amenie, [N
_N NR, o 2 ZN—Ni—NR,
(thf),NiBry, 12 h X
NR, = NMe,, X =Cl (2a)
X =Br (2b)
=NEt,, X=Cl (3a)
X =Br (3b)

=Pyr, X=Cl (4a)

Scheme 5.2 Synthesis of (“NNN?4)NiX pincer complexes.

The pincer complexes (*NNNF?)NiCI (3a) and (]NNNF?)NiBr (3b) were synthesized in
excellent yields by the reaction of (°NNNF%)-H (1b) with (dme)NiCl, and (thf),NiBr,,
respectively, following the similar procedure. These pincer nickel complexes were obtained as
purple-violet solids. In the *H NMR spectra of complexes 3a and 3b, the —-CHj; protons of the
—NEt, group desheilded to oy 1.97-1.78 ppm as compared to the one in the shielded region (dy
1.03-1.19 ppm) in the ligand 1b. Very slight desheilding was observed in the —CH, protons of
the complexes as compared to the ligand. All these complexes were characterized by **C NMR
spectroscopy, HRMS, and elemental analysis techniques. The molecular structure of 3b was
determined by single-crystal diffraction studies. The pincer complex (*NNNP")NiCI (4a) was
synthesized in good yield by the reaction of (°NNN™")-H (1c) with (dme)NiCl, following the
similar procedure. The molecular structure of the same was confirmed by single-crystal

diffraction studies.

5.2.2 Molecular Structure of Nickel Complexes. The ORTEP diagrams of complexes 2a, 3b
and 4a are shown in Figures 5.1-5.3, respectively. Selected bond lengths and bond angles are
given in Table 5.1. For these three complexes, the geometry around the nickel is slightly
distorted from the expected square planar. The Ni—N1 bond lengths are in the range (1.960(3)-
1.955(3) A), which are comparable with the similar bond length in (NNNM®)NiCI (1.962(4)
A).* Similarly, the Ni-N2 bond lengths (1.831(2)-1.835(1) A) in complexes 2a and 3b are
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comparable to the Ni-N2 bond lengths (1.832(3) (A). The Ni—N3 bond lengths (1.916(2)-
1.925(1) A) are slightly shorter than the Ni—-NMe, bond length (1.995 A) in the complex
(NNNM®2)NiCl. However, the Ni—Cl bond length (2.202 (1) A) in complex 2a is comparable to
the bond length observed in the complex (NNNM®)NiICI (Ni—Cl = 2.210 A). The N1-Ni—N3
(167.6(1)°) bond angle in complex 2a is significantly shorter than the similar bond angle in the
complex (NNNM®2)NiCl (N1-Ni—N3 = 169.04(13)°, whereas N2—-Ni—CI bond angle in complex
2a (178.5(1)°) is comparable to the similar bond angle in (NNNY)NiCl (N1-Ni—Cl =
178.3(1)°).

C10

ch C12 o

Figure 5.1 Thermal ellipsoid plot of (°NN"*4)NiCI (2a). All hydrogens atoms are omitted for

clarity.

C3

Figure 5.2 Thermal ellipsoid plot of (°NN"E®)NiBr (3b). All hydrogens atoms are omitted for

clarity.
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The Ni—N1 bond length in complex 4a is 1.955(3) A, which is comparable with the similar
bond length in (Y2NNNP")NiCI (1.968(4) A). Similarly, the Ni-N2 bond length (1.829(3) A) in
complexes 4a is comparable to the Ni-N2 bond length (1.854(4) (A). The Ni—N3 bond length
(1.924(4) A) in 4a is shorter than the Ni—-NMe, bond length (1.963 A) of the complex
(M2NNNPMNICI. However, the Ni—Cl bond length (2.195(1) A) in complex 4a is also
comparable to the bond length observed in the complex (MNNN™")NICI (Ni-ClI = 2.213 A).
The N1-Ni—N3 (168.3(1)°) bond angles in complex 4a is slightly smaller than the similar bond
angles in the complex (NNNP")NiCI* (N1-Ni—N3 = 169.8(2)°), where as N2-Ni—Cl bond angle
in complex 4a is (179.1(1)°) is comparable to the similar (NNN™")NiCl (N1-Ni—Cl = 179.3(1)°).

Figure 5.3 Thermal ellipsoid plot of (*NNNP")NiCI (4a). All hydrogens atoms are omitted for
clarity.
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Table 5.1 Selected Bond Lengths (A) and Angles (deg) for 2a, 3b, and 4a

2a 3b 4a
Ni(1)-N(1) 1.960(3) 1.978(2) 1.955(3)
Ni(1)-N(2) 1.831(3) 1.835(1) 1.829(3)
Ni(1)—N(3) 1.916(3) 1.925(1) 1.924(4)
Ni(1)—CI(1) 2.202(1) 2.195(1)
Ni(1)-Br(1) 2.3505(3)
N(1)-Ni(1)-N(2) 84.6(1) 85.25(6) 85.5(1)
N(1)—Ni(1)-N(3) 167.6(1) 168.51(6) 168.3(1)
N(2)—Ni(1)-N(3) 84.2(1) 83.93(6) 83.9(1)
CI(1)—Ni(1)— N(2) 95.6(1) 95.4(1)
CI(1)-Ni(1)— N(2) 178.5(1) 179.1(1)
CI(1)-Ni(1)— N(3) 95.6(1) 95.3(1)
N(1)-Ni(1)-Br(1) 95.45(4)
N(2)-Ni(1)-Br(1) 177.53(5)
N(3)-Ni(1)-Br(1) 95.20(4)

5.2.3 Pincer Nickel Complexes in Alkylation of Indoles.

We initiated optimization studies for the cross-coupling of indole 5a with 1-iodooctane
(6a) employing the Ni catalyst 2a (Table 5.2). We started optimization using milder bases like
Na,CO3, K,CO3, Cs,CO3, KOACc, CsOAc and K3POy in toluene. All bases were either ineffective
or giving very less yield. The employment of a catalytic amount of LIHMDS (20 mol %) in
addition to the milder bases were also ineffective and showed very less conversion and poor
yield (entries 1-6). Reaction using LiO'Bu base and LIHMDS (20 mol %) provided good yield of
indole alkylated product 7aa. With the newly synthesized catalyst, use of 1.0 mL of toluene
resulted in the partial formation of the benzylated product (2-benzyl-1-(pyridin-2-yl)-1H-indole)
(12%) in addition to the desired compound 7aa (73%), whereas the reaction with 0.15 mL of
toluene gave 79% of the product 7aa (entry 7). The most effective solvent was toluene and the
alkylation in other solvents or in the absence of solvent was less efficient. The catalysis at 150 °C
for less time (12 h) afforded the moderate yield (entry 8) where as catalysis at a lower

temperature (100-130 °C) gave less yields (entries 9-10). Without the catalytic amount of
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LiHMDS the reaction provided a very poor result with only 30% yield of product 7aa (entry 11).
The Ni-catalyst was essential for achieving the alkylation of indole; without that no coupling
occurred (entry 12). All other nickel catalysts were also employed as catalysts that produced
moderate to good yield of product 7aa, however, slightly less efficient than catalyst 2a (entries
13-16).

Table 5.2 Optimization of Reaction Conditions?

C L -
H o, ~Cetis [Ni], LIHMDS, Base CeH13

N : N
2-‘5}/ Teiqogl)\,l?l'rilrtne 2-;|)y
5a 6a 7Taa

entry [Ni]Jcat. Base Temp °C) Time (h) GC Yield® (%)
1 2a Na,CO; 150 16 14

2 2a K,COs 150 16 4

3 2a Cs,CO3 150 16 4

4 2a KOAC 150 16 2

5 2a CsOAc 150 16 3

6 2a K3sPO4 150 16 17

7 2a LiO'Bu 150 16 83 (79)°
8 2a LiO'Bu 150 12 65

9 2a LiO'Bu 130 16 48

10 2a LiO'Bu 100 24 17

11° 2a LiO'Bu 150 16 30

12° - LiO'Bu 150 16 -

13 2b LiO'Bu 150 16 55

14 3a LiO'Bu 150 16 78

15 3b LiO'Bu 150 16 50

16 4a LiO'Bu 150 16 75

®Reaction conditions: 5a (0.2 mmol), 6a (0.4 mmol), and [Ni] cat. (5.0 mol %), LiOtBu (0.4
mmol), LIHMDS (20 mol %, 0.04 mmol). °Gc yield using n-hexadecane as internal standard,
“Isolated yield, °No LiHMDS, ®No catalyst.
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After rigorous optimization of indole alkylation using newly synthesized (°NNN“**)NiCl
complex, scope for the indole alkylation using different alkyl iodide was performed (Scheme
5.3). Alkyl halides having different chain length were subjected to optimized condition using
indole pyridine. NMR vyields were calculated for all the reaction and all the products were found
to be in good to excellent yield. Since the catalytic performance of the newly synthesized
(PNNNM#A)NICI catalyst was found similar to the our previously described catalyst hence we

have performed only few substrate scope for the indole alkylation.

% (UINNNMe2)_NiClI (5.0 mol %) %
A~ LiHMDS (20.0 mol %) R

T o o N
2-py LiO'Bu (0.4 equiv) 2-py
toluene, 150 °C,16 h
5a 6a 7aa
CgH n n
'Tl 6113 'T‘ C,H5 C4Hg
2Py 2-py 2-py
(7Taa) 79%" (7ab) 90% (7ac) 87%
Q_)\/\ "CgH1g Q_)\/\ "C1oH21 Ql/\ "C1oHa2s
) 2- 2- py
(7ad) 81% (Tae) 80% (7af) 78%

Scheme 5.3 Scope for alkylation of indole. indole 5a (0.20 mmol), alkyl iodide 6 (0.40 mmol),
cat. 2a (0.003 g, 0.01 mmol, 5 mol %), LiIHMDS (0.007 g, 0.04 mmol, 20 mol %), LiO'Bu
(0.032 g, 0.40 mmol). *H NMR Yields of the products are calculated using CH,Br, as internal
standard. °lsolated Yield.
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5.2.4 Dehydrogenative Alkylation of Indolines with Primary Halides.

Indolines and indoles are ubiquitous structural core found in organic dyes, numerous
biologically active natural products, drugs and pharmaceutical compounds. Catalytic
dehydrogenation of indoline reaction is a highly desired functionalization method for unreactive
C(sp®)-H bonds since the corresponding alkenes are valuable synthetic intermediates for a
variety of industrially important processes. Thus, there is a growing interest in the efficient and
selective functionalization of indolines, particularly by developing the strategies based on
transition-metal-catalyzed direct C—H bond activation. Herein, we have utilized the newly
synthesized °NNNR?-Ni complex for indoline C—H bond functionalization. Surprisingly, we
observed the dehydrogenative alkylation of indoline at C-2 position. Most likely, in this catalytic
transformation first indoline oxidizes to indole via 2-pyrimidinyl directed C—H bond activation
and then g-hydride elimination in the presence of nickel catalyst. Once indoline has converted to
indole, the C—H bond alkylation takes place at C-2 position of resulted indole by the nickel
catalyst. Interestingly both the transformation took place in one pot.

With some primitive observation we started optimization for the cross-coupling of 1-
(pyrimidin-2-yl)indoline with 1-iodooctane employing the nickel catalyst 2a, base LiO'Bu/
LiIHMDS and toluene (Table 5.3). Toluene was found to be partially coupled with indole
(benzylated product 2-benzyl-1-(pyridin-2-yl)-1H-indole) along with the indoline
dehydrogenative alkylated product 9aa. Further, we have performed the reaction in other
solvents like 1,4-dioxane, chlorobenzene, 'Butylbenzene, CFs-Ph. etc (entries 2-6). Among all
these solvents, ‘Butylbenzene was more effective (entry 4). Apart from LiO'Bu some other bases
were employed like NaO'Bu, Na,COs, K,COs, etc; but all other bases were found to be abortive
(entries 7-9). The catalytic reaction provided similar result even in 16 h (entry 10). Reaction with
an excess of catalyst (20 mol %) was ineffective and gave similar results (entry 11). Without
catalyst no product was observed (entry 12). The employment of (?NNNP")NICI catalyst also
gave similar result (44% of product) (entry 13). After rigorous optimization we could get the
product in 29% (25%) yield.
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Table 5.3 Optimization for Dehydrogenative Alkylation of Indoline®

Q—> QL\CBH13

N + /\/C6H13 ANNNMe2_NiCl, §ase> N
N)\\N solvent, temp., time N)\lN
‘\) 8a 6a v 9aa

entry solvent base temp (°C) time (h) 9aa (%)°

1 toluene LiO'Bu 150 24 48°

2 1,4-dioxane  LiO'Bu 150 24 -

3 Cl-Ph LiO'Bu 150 24 10

4 ‘BuBenzene LiO'Bu 150 24 45 (24)°
5 CFsPh LiO'Bu 150 24 41

6 DMSO LiO'Bu 150 24 -

7 ‘BuBenzene NaO'Bu 150 24 5

8 ‘BuBenzene Na,COz; 150 24 -

9 ‘BuBenzene K,CO3; 150 24 -

10  'BuBenzene LiO'Bu 150 16 48 (25)°

11°  'BuBenzene LiO'Bu 150 16 38

12" 'BuBenzene LiO'Bu 150 16 -

13 'BuBenzene LiO'Bu 150 16 44

?Reaction conditions: 8a (0.2 mmol), 6a (0.4 mmol), and [Ni] cat. (5.0 mol %), "Gc conv., “10%
toluene coupled product, YIsolated Yield, ®cat. (20 mol %), 'No catalyst, 9°NNNP'-NiCl as

catalyst.

To demonstrate the versatility of the catalytic reaction we have employed various 1-iodo
alkanes having different alkyl chain length in the catalytic transformation (Scheme 5.4). All the
yields were obtained by *H NMR analysis of the crude reaction mixture using CH-Br, as internal
standard. The 3-methyl indoline was also used for the catalytic transformation and resulted with
28% NMR yield.
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R R
(QNNNMG2)-NiCI (5.0 mol %) %
H /\/Alkyl LIHMDS (20.0 mol%) Alkyl

| LiO™Bu (0.4 equiv)

|
2-pym
Py ‘BuBenzene, 150 °C
- \ | \
CeH nC,H n
'Tl 6H13 N 2Hs C4Hg 'T‘ CgH1e
2-pym 2-pym 2-|:'>ym 2-pym
(9aa) 25% (9ab) 29% (9ac) 28% (9ad) 26%
b~ - Q-
'Tj C1oH21 N "CqoHaos 'Tl "CeH13
2-pym 2-;|)ym 2-pym
(9ae) 24% (9af) 22% (9ba) 28%

Scheme 5.4 Scope for dehydrogenative alkylation of indoline. indoline 8 (0.20 mmol), alkyl
iodide 6 (0.40 mmol), cat. 2a (0.003 g, 0.01 mmol, 5 mol %), LiIHMDS (0.007 g, 0.04 mmol, 20
mol %), LiO'Bu (0.032 g, 0.40 mmol). *H NMR Yields of the product are calculated using

CH,Br» as internal standard. bIsolated Yield.

53 CONCLUSION

In summary, the inexpensive and novel pincer nickel complexes (®NNN®?)NiX were
synthesized and fully characterized by various spectroscopic techniques. The molecular
structures were confirmed by the X-ray crystallography technique. These complexes were
screened and demonstrated for the C—H bond alkylation of important indoles with 1-iodoalkane
containing S-hydrogen atoms. Further, the complexes were employed for the dehydrogenative C-
2 alkylation of indoline using monodentate chelation assisted strategy. Newly synthesized
complexes have shown double C—H activation in one pot, firstly dehydrogenation of indoline to

indole and then C-2 alkyaltion. We have shown selected substrate scopes for the same.
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54 EXPERIMENTAL

General Experiment

All manipulations were conducted under an argon atmosphere either in a glove box
or using standard Schlenk techniques in pre-dried glass wares. The catalytic reactions
were performed in flame-dried reaction vessels with Teflon screw cap. Solvents were
dried over Na/benzophenone and distilled prier 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 spectroscopy (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 {**C, DEPT
(distortionless enhancement by polarization transfer)} respectively in CDClI; solutions, if
not otherwise specified; chemical shifts (J) are given in ppm. The 'H and *C NMR
spectra are referenced to residual solvent signals (CDClz: 6 H = 7.26 ppm, 6 C = 77.2
ppm). NMR vyields of the catalytic reactions were calculated by using CH,Br, as an

internal standard.
5.4.1 Procedure for Ligand Synthesis and Characterization Data

N N

| /N H NM62

Synthesis of (*NNN™®*%)-H (1a): To a Schlenk tube, 8-aminoquinoline (2.0 g, 13.88 mmol) and
2-chloro-N,N-dimethylethan-1-amine hydrochloride (2.4 g, 16.66 mmol), was added under an
argon atmosphere. The resulting solid mixture was heated at 140 °C for 24 h. After completion of
the reaction, water (20 x 3 mL) was used to take out the entire compound in water (heated in
water to get dissolved the compound). The water solution was cooled and the potassium
carbonate was aaded into it, and then compound was extracted with ethyl acetate (30 mL x 3).
The combined organic layer was washed with distilled water (30 mL x 3) and dried over
Na,SO,. The volatiles were evaporated under vacuum, and the crude mixture was purified by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) to obtain a yellow liquid.
Yield: 2.56 g, 86%. "H NMR (500 MHz, CDCls): 6 = 8.73 (dd, J = 4.0, 1.7 Hz, 1H, Ar-H), 8.01
(dd, J = 8.4, 1.5 Hz, 1H, Ar-H), 7.39 (t, J = 8.0 Hz, 1H, Ar-H), 7.31 (dd, J = 8.0, 4.2 Hz, 1H,
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Ar-H), 7.04 (d, J = 8.0 Hz, 1H, Ar-H), 6.67 (d, J = 7.2 Hz, 1H, Ar—H), 6.49 (br. s., 1H, NH),
3.36 (g, J = 6.1 Hz, 2H, Ar—H), 2.68 (t, J = 6.5 Hz, 2H), 2.31 (s, 6H, CH3). *C NMR (125 MHz,
CDCls): 6 = 146.8 (CH), 144.9 (C,), 138.3 (Cy), 135.8 (CH), 128.6 (C,), 127.7 (CH), 121.3
(CH), 113.7 (CH), 104.5 (CH), 58.1 (CH,), 45.5 (2C, CHs), 41.0 (CH.). HRMS (ESI): m/z calcd
for C1sHy7N3 +H* [M + H]* 216.1498, found 216.1495.

N N

Synthesis of (*NNNF*?)—H (1b): This compound was synthesized following a procedure similar
to the synthesis of 1la, employing 8-aminoquinoline (2.0 g, 13.88 mmol) and 2-chloro-N,N-
diethylethan-1-amine hydrochloride (2.8 g, 16.66 mmol), Yield: 2.85 g, 85%. 'H NMR (500
MHz, CDCly): 6 = 8.76 (m, 1H, Ar-H), 8.12-8.01 (m, 1H, Ar-H), 7.43-7.38 (m, 1H, Ar-H), 7.32
(s, 1H, Ar-H), 7.06 (d, J= 7.2 Hz, 1H, Ar-H), 6.72 (d, J= 5.7, 1H, Ar-H), 6.58 (br s, 1H, NH),
3.39 (br s, 2H, CH,), 2.85 (br s, 2H, CH,), 2.68-2.54 (m, 4H, CH,), 1.11 (br s, 6H, CHs). **C
NMR (125 MHz, CDCly): ¢ = 146.6 (CH), 145.0 (Cy), 138.3 (Cy), 135.6 (CH), 128.5 (C,), 127.7
(CH), 121.1 (CH), 113.5 (CH), 104.4 (CH), 51.6 (CH,), 46.9 (2C, CH,), 41.2 (CH,), 11.8 (2C,
CHs). HRMS (ESI): m/z calcd for CisH2Na+H™ [M + H]" 244.1814, found 244.1808.

Synthesis of (°NNNP")—H (1c): This compound was synthesized following a procedure similar
to the synthesis of 1a, employing 8-aminoquinoline (2.0 g, 13.88 mmol) and 1-(2-
chloroethyl)pyrrolidine hydrochloride (2.8 g, 16.66 mmol), Yield: 2.86 g, 86%. *H NMR (500
MHz, CDCl3): 6 = 8.69 (dd, J = 4.2, 1.5 Hz, 1H, Ar-H), 7.96 (dd, J = 8.0, 1.5 Hz, 1H, Ar-H),
7.36 (t, J = 7.8 Hz, 1H, Ar—H), 7.31-7.22 (m, 1H, Ar—H), 7.00 (d, J = 8.4 Hz, 1H, Ar-H) 6.66 (d,
J=7.6 Hz, 1H, Ar—H), 6.44 (s, 1H, NH), 3.40 (q, J = 6.5 Hz, 2H, CH,), 2.82 (t, J = 6.7 Hz, 2H,
CHy), 2.63-2.45 (m, 4H, CH,), 1.83-1.69 (m, 4H, CH,). *C NMR (125 MHz, CDCls): J = 146.6
(CH), 144.8 (C,), 138.2 (C,), 135.7 (CH), 128.6 (Cy), 127.7 (CH), 121.2 (CH), 113.6 (CH),
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104.4 (CH), 54.9 (CHy), 54.1 (2C, CH,), 42.3 (CH,), 23.4 (2C, CH3). HRMS (ESI): m/z calcd for
CisHioNa+H* [M+H]* 242.1656, found 242.1652.

5.4.2 Procedure for Synthesis of Complex and Characterization Data

7 N
|
~N—Ni—NMe,
Cl

Synthesis of (*NNNM®)NiCI (2a). The "BuLi (1.5 mL, 2.55 mmol) was slowly added to a THF
solution (10 mL) of ligand @NNNM®2_H (1a; 0.500 g, 2.32 mmol) at 0 °C. The reaction mixture
was stirred for 1 h at room temperature. This reaction mixture was added into a solution of
(dme)NICl, (0.510 g, 2.32 mmol) in THF (10 mL). The resulting solution was stirred overnight
and then evaporated in vacuum. The residue was extracted with toluene (10 X 3 mL), and then
was concentrated to 5 mL. Addition of pentane (20 mL) afforded a violet precipitate, which was
filtered, washed with additional pentane, and vacuum dried.. Filtrate part was kept for slow
evaporation which afforded violet crystals suitable for X-ray analysis. Yield: 0.490 g, 68%. Mp:
142-145 °C. *H NMR (500 MHz, CDCls): 6 = 8.26 (d, J= 5.0, 1H, Ar-H), 7.97 (d, J= 8.2, 1H,
Ar-H), 7.20-7.09 (m, 2H, Ar-H), 6.53 (d, J = 8.1, 1H, Ar-H), 6.19 (d, J = 7.8 Hz, 1H, Ar-H),
2.86 (t, J= 6.0, Hz, 2H, CH,), 2.64-2.58 (m, 2H, CHy; 6H, CHs). *C NMR (125 MHz, CDCl3): &
154.8 (C,), 148.8 (CH), 145.6 (Cg), 137.7 (CH), 129.6 (Cgy), 129.7 (CH), 121.0 (CH), 108.0
(CH), 104.4 (CH), 67.6 (CH,), 49.4 (2C, CHs), 44.5 (CH,). HRMS (ESI): m/z calcd for
C13H16CIN3Ni+H" [M+H]" 308.0461, found 308.0459. Anal. Calcd for C13H16CIN3Ni: C, 50.62;
H, 5.23; N, 13.62. Found: C, 50.23; H, 5.07; N, 12.90.

Bk
|
~N—Ni—NMe,
Br

Synthesis of (?NNNM*3)NiBr (2b). This compound was synthesized following a procedure
similar to the synthesis of 2a, employing ®NNNM®?_H (1a; 0.50 g, 2.32 mmol), "BuLi (1.5 mL,
2.55 mmol) and (thf)NiBr, (0.841 g, 2.32 mmol). Yield: 0.513 g, 63%. Mp: 170-174 °C. *H
NMR (500 MHz, CDCl3): 6 = 8.56 (d, J= 4.6, 1H, Ar-H), 7.95 (d, J= 8.0, 1H, Ar-H), 7.16 (t, J
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=8.2, 1H, Ar—H), 7.09 (dd, J= 8.0, J= 5.3, 1H, Ar—H), 6.55 (d, J= 8.0 Hz, 1H, Ar—H), 6.22 (d, J
= 7.6 Hz, 1H, Ar—H), 2.87 (t, J= 6.1, Hz, 2H, CH,), 2.72 (s, 6H, CH3), 2.62 (t, J= 5.7, Hz, 2H,
CH,). *C NMR (125 MHz, CDCl3): d 154.8 (C,), 151.1 (CH), 145.3 (C,), 137.6 (CH), 129.6
(CH), 121.2 (CH), 108.2 (CH), 104.2 (CH), 67.6 (CH,), 50.4 (2C, CHs), 44.6 (CH,). HRMS
(ESI): m/z calcd for Cy3HigN3BrNi+H" [M+H]" 351.9948, found 351.9954. Anal. Calcd for
Ci1sH1sN3BrNi: C, 44.25; H, 4.57; N, 11.91. Found: C, 43.78; H, 4.92; N, 10.38.

N
|
~N—Ni—NEt,
Cl

Synthesis of (°NNNF?)NiCI (3a). This compound was synthesized following a procedure
similar to the synthesis of 2a, employing “NNNE?-H (1b; 0.50 g, 2.05 mmol), "BuLi (1.4 mL,
2.25 mmol) and (dme)NiCl, (0.450 g, 2.05 mmol). Yield: 0.448 g, 65%. Mp: 168—170 °C. *H
NMR (500 MHz, CDCls): 6 = 8.28 (dd, J= 5.3, J = 1.1, 1H, Ar-H), 7.96 (dd, J=8.0, J= 1.1, 1H,
Ar—H), 7.16-7.10 (m, 2H, Ar—H), 6.52 (d, J = 8.0, 1H, Ar-H), 6.16 (d, J = 7.6 Hz, 1H, Ar-H),
3.25-3.18 (m, 2H, CHy), 2.86 (t, J= 6.1 Hz, 2H, CH,), 2.65 (t, J = 6.1 Hz, 2H, CH,), 2.63-2.57
(m, 2H, CH,), 1.84 (t, J = 7.2 Hz, 6H, CHs). *C NMR (125 MHz, CDCly): ¢ 154.8 (C,), 148.6
(CH), 145.6 (C,), 137.5 (CH), 129.4 (C,), 129.6 (CH), 121.0 (CH), 107.8 (CH), 104.4 (CH), 57.2
(CH,), 52.7 (2C, CH,), 455 (CH,), 11.6 (2C, CHs). HRMS (ESI): m/z calcd for
C15H2oN3CINi+H* [M+H]" 336.0766, found 336.0772. Anal. Calcd for C1sH20NsCINi: C, 53.54;
H, 5.99; N, 12.49. Found: C, 53.83; H, 6.03; N, 12.04.

Bk
|
~N—Ni—NEt,
Br

Synthesis of (°NNNF%)NiBr (3b). This compound was synthesized following a procedure
similar to the synthesis of 2a, employing °NNNE2-H (1b; 0.50 g, 2.05 mmol), nBuLi (1.4 mL,
2.25 mmol) and (thf)NiCl, (0.743 g, 2.05 mmol). Yield: 0.484 g, 62%. Mp: 178—180 °C. 'H
NMR (500 MHz, CDCls): 6 = 8.60 (d, J= 4.6, 1H, Ar-H), 7.96 (d, J= 8.0, 1H, Ar—H), 7.16 (t, J
= 7.6, 1H, Ar—H), 7.11-7.09 (m, 1H, Ar—H), 6.55 (d, J = 7.6 Hz, 1H, Ar—H), 6.20 (d, J= 7.2 Hz,
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1H, Ar-H), 3.39-3.33 (m, 2H, CH>), 2.88 (t, J= 5.7 Hz, 2H, CH,), 2.69-2.65 (m, 4H, CH,), 1.86
(t, J= 6.9 Hz, 6H, CHs). *C NMR (125 MHz, CDCls): § 155.0 (C,), 151.1 (CH), 145.6 (Cy),
137.5 (CH), 129.5 (Cy), 129.6 (CH), 121.2 (CH), 108.1 (CH), 104.3 (CH), 56.9 (CH>), 53.6 (2C,
CH,), 45.9 (CH,), 11.9 (2C, CHs). HRMS (ESI): m/z calcd for CisHyoNsBrNi+H™ [M+H]*
380.0256, found 380.0267. Anal. Calcd for C15H20N3BrNi: C, 47.29; H, 5.29; N, 11.03. Found:
C,47.10; H, 5.23; N, 10.86.

QU
Cl Q

Synthesis of (°NNNPMNICI (4a). This compound was synthesized following a procedure
similar to the synthesis of 2a, employing @NNP"—H (1c; 0.50 g, 2.07 mmol), nBuLi (1.4 mL,
2.28 mmol) and (dme)NiCl, (0.455 g, 2.05 mmol). Yield: 0.464, 67%. Mp: 160-164 °C. *H
NMR (500 MHz, CDCls): 6 = 8.29 (d, J= 4.5, 1H, Ar-H), 7.96 (d, J = 8.1, 1H, Ar-H), 7.22-7.03
(m, 2H, Ar-H), 6.51 (d, J = 8.0 Hz, 1H, Ar—H), 6.17 (d, J = 7.3 Hz, 1H, Ar—H ), 3.88-3.63 (m,
2H, CH,), 3.05-2.71 (m, 4H, CH,), 2.70-2.46 (m, 2H, CH,), 2.05-1.63 (m, 4H, CH3). *C NMR
(125 MHz, CDCls): 6 154.6 (Cy), 148.7 (CH), 145.7 (Cy), 137.6 (CH), 129.5 (Cy), 129.6 (CH),
121.0 (CH), 107.0 (CH), 104.3 (CH), 63.7 (CH,), 57.4 (2C, CH,), 46.3 (CH,), 21.5 (2C, CH,).
HRMS (ESI): m/z calcd for Cy5H1sCINsNi+H™ [M+H]" 334.0617, found 334.0615. Anal. Calcd
for C15sH15CINgNI: C, 53.87; H, 5.42; N, 12.56. Found: C, 54.38; H, 4.95; N, 10.38.

5.4.3 Representative Procedure for Alkylation

Alkylation of Indoles: Synthesis of 2-Octyl-1-(pyridin-2-yl)-1H-indole (7aa). In a flame-
dried screw-cap tube (5 mL) equipped with a magnetic stir bar were introduced 1-pyridin-2-yl-
1H-indole (5a; 0.039 g, 0.20 mmol), 1-iodooctane (6a; 0.096 g, 0.40 mmol), catalyst 2a (0.003 g,
0.01 mmol, 5.0 mol %), LiHMDS (0.010 g, 0.06 mmol, 20 mol %), and LiOtBu (0.038 g, 0.4
mmol) inside the glovebox. To the above mixture in the tube was added toluene (0.15 mL), and
the resultant reaction mixture was stirred at 150 °C in a preheated oil bath for 16 h. At ambient
temperature, the reaction mixture was quenched with distilled H,O (10 mL) and then neutralized
with 2 N HCI (0.5 mL). The crude product was then extracted with ethyl acetate (20 mL x 3).
The combined organic extract was dried over Na,SO,, and the volatiles were evaporated in
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vacuo. The remaining residue was purified by column chromatography on neutral alumina
(petroleum ether/EtOACc: 50/1/) to yield 7aa (0.048 g, 79%) as a light yellow liquid.

Alkylation of Indoline: Synthesis of 2-Octyl-1-(pyrimidin-2-yl)-1H-indole (9aa): The
representative procedure of alkylation of indoles was followed, using substrate 1-(pyridin-2-
yl)indoline (8a; 0.039 g, 0.20 mmol), 1-iodooctane (6a; 0.096 g, 0.40 mmol), catalyst 2a (0.003
g, 0.01 mmol, 5.0 mol %), LiIHMDS (0.010 g, 0.06 mmol, 20 mol %), and LiOtBu (0.038 g, 0.4
mmol). The resultant reaction mixture was stirred at 150 °C in a preheated oil bath for 16 h. At
ambient temperature, the reaction mixture was quenched with distilled H,O (10 mL). The crude
product was then extracted with ethyl acetate (20 mL x 3). The combined organic extract was
dried over Na,SO,, and the volatiles were evaporated in vacuo. The remaining residue was
purified by column chromatography on neutral alumina (petroleum ether/EtOAc: 50/1/) to
yielded 9aa (0.016 g, 25%) as a light yellow liquid.

5.4.4 X-ray Structure Determination. X-ray intensity data measurements of compounds 2a, 2b,
3a, 3b and 5a were carried out on a Bruker SMART APEX Il CCD diffractometer with graphite-
monochromatized (MoK,= 0.71073 A) radiation between 150(2) - 296 (2) K. The X-ray
generator was operated at 50 kV and 30 mA. A preliminary set of cell constants and an
orientation matrix were calculated from three sets of 12 frames (total 36 frames). Data were
collected with @ scan width of 0.5° at eight different settings of ¢ and 26 with a frame time of
10 sec keeping the sample-to-detector distance fixed at 5.00 cm for all the compounds. The X-
ray data collection was monitored by APEX2 program (Bruker, 2006).*® All the data were
corrected for Lorentzian, polarization and absorption effects using SAINT and SADABS
programs (Bruker, 2006). SHELX-97 was used for structure solution and full matrix least-
squares refinement on F2.*" Hydrogen atoms were placed in geometrically idealized position and

constrained to ride on their parent atoms.
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Crystal Data and Structure Refinement for Complexes 2a, 3b and 4a

2a 3b 4a
Empirical formula C13H16CIN3Ni Ci15H20N3BrNi C15H18CIN3Ni
Formula weight 308.43 380.94 333.47
Temperature, K 296(2) K 100(2) K 100(2) K
Cryst. Syst. Orthorhombic Orthorhombic monoclinic
Space group Pbca(6l) P 21212, (19) P 21/n (14)
a(A) 10. 6351(2) 7.3020(2) 12.0842(3)
b (A) 21.7017(5) 12.2147(3) 8.0478(2)
c(A) 23.1374(5) 17.0510(5) 14.9369
a(°) 90 90 90
B(°) 90 90 100.108(10)
7(°) 90 90 90
V (A% 5340.1(2) 1520.81 1430.08(6)
Z 14 16 2
1 cainglem3 1.413 1.459 1.554
e (mm-1) 1.437 1.4362 1.536
F (000) 2380 1232 696
Crystal size (mm) 0.23x0.17x0.15 0.31x0.21x0.17 0.29x0.30x0.25
6 (min, max) (°) 1.76, 24.998 2.914, 30.558 2.384, 24.996
R(int) 0.0341 0.0278 0.0432
Independent reflections 4711 4644 4983
Completeness to 6 100 % 99.9 % 99.7 %

Max. and min.
transmission
Data / restraints /
parameters

R1, WR; (I>20(1))

R1, WR> (a” data)

0.6082, 0.7461
471170/ 325

0.0455, 0.1362
0.0483, 0.1389

0.6401, 0.7461
464410/ 184

0.0153, 0.0353
0.0165, 0.0355

0.4358, 0.7471
498372 /361

0.0297, 0.0787
0.0301, 0.0795
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'H and *C NMR Spectra of the Complexes
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