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PREFACE

One of the most challenging goals in synthetic organic chemistry is to develop
mild and efficient conditions for the synthesis and functionalization of biologically
important molecules using simple precursors. The pentafulvene system is a very
attractive structural unit, not only as a model for theoretical studies but also as a
valuable building block to access polycyclic cyclopentanoids through a diverse array
of cyclization. A wide range of molecular skeletons have been synthesized through
short and easy chemical manipulations of pentafulvenes and its derivatives. The
investigations along this line forms the focal theme of this thesis entitled “Lewis
acid/palladium catalyzed synthetic transformations of pentafulvenes and its

derivatives: Facile synthesis of indole appended carbocycles and heterocycles.”

The thesis is divided into four chapters. Relevant references are given at the end
of each chapter. The first chapter of the thesis gives a brief introductory discussion on
the synthetic aspects of pentafulvenes. The definition of the present research problem

is also incorporated in this chapter.

Pentafulvene, the first coloured hydrocarbon synthesized in the turn of the last
century, is known to be the better-known isomer of benzene. In contrast to the diverse
cycloaddition reactions of pentafulvene, less attention has been paid to the addition of
nucleophiles or electrophiles to these molecules. The second chapter of the thesis
outlines our efforts towards the regioselective nucleophilic addition of indole to the
endocyclic ring of pentafulvene by trapping the in situ formed fulvenium ion by the
catalytic application of a Lewis acid. The developed protocol introduces

pentafulvenes as alkene moieties for the regioselective hydroheteroarylation reaction.

The third chapter of the thesis frameworks the Lewis acid catalyzed ring-opening
of pentafulvene derived bicyclic olefins with N-alkyl as well as free (NH) indoles

toward the efficient synthesis of mono and bis-indolyl functionalized

Xiii



alkylidenecyclopentenes. The developed method leads to the C-3 functionalization of
indoles with alkylidenecyclopentenes, along with the formation of bis-indole
derivatives. Furthermore, catalytic conditions were tuned for the synthesis of bis-

indolyl analogues of alkylidenecyclopentenes.

Catalytic domino transformations allow a rapid increase in molecular complexity
from readily available starting materials. The advantage of these transformations is
the formation of several bonds and the creation of two or more contiguous stereogenic
centers in one pot, without the need for isolation of the intermediate. The fourth
chapter of the thesis describes the Pd/Lewis acid catalyzed stepwise and domino
synthetic transformation of pentafulvene derived diazabicyclic olefins towards novel
spiropentacyclic motifs with indoline and pyrazolidine fused to the cyclopentene core.
The strategy was achieved by a Lewis acid catalyzed ring opening of fulvene derived
azabicyclic olefin using o-iodoaniline followed by the Pd catalysed intramolecular
Heck cyclization. The efficiency of this domino reaction was proved by performing
the reaction in the presence of a Lewis acid and Pd catalyst using a solvent mixture of
acetonitrile and toluene. It may be mentioned that each chapter of the thesis is
presented as an independent unit and therefore the structural formulae, schemes and

figures are numbered chapter wise.

A summary of the work is given towards the end of the thesis.

Xiv



CHAPTER 1

Synthetic Aspects of Pentafulvenes

[

1.1. Introduction

The concept of conjugation, which describes delocalization of electrons across a
molecule, has been well established and intriguing as a fundamental aspect of organic
chemistry. After the isolation of benzene® in 1825, the term ‘aromaticity’ has come
out as a manifestation of cyclic delocalization of m-electrons and resonance.” The
concept of resonance energy and of aromaticity has proven invaluable in explaining
and predicting the structure, stability, and reactivity for the ground states of
conjugated molecules. The conjugation between z-bonded molecular fragments is,
without doubt, the most thoroughly explored and well understood conjugation type. In
addition to the regular linear (or through) conjugation, cross-conjugated molecules are
well known in literature along with some rare cases of omniconjugated molecules
(Figure 1.1).*°

B B D
AN B HHI M
A C
Linear Cross Omni

Figure 1.1 Conjugation in organic molecules

Among these conjugated molecules, cross conjugated systems have received
considerable attention because of its inherent aromatic behaviour, moreover the non-

functionalized carbon-carbon multiple bond systems are recognized as latent
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functional groups. Fulvenes, cyclic cross-conjugated molecules with odd number of
carbon atoms in the ring belong to the category of non-functionalized carbon-carbon
double bonds. At the turn of the last century, in connection with the question
regarding the ‘nature and origin of aromatic character of non-benzenoid systems’,
fulvenes were emphasized for its aromatic behaviour. Depending on their dipole
moments and reactivity patterns, fulvenes would occupy an intermediate position

between the open chain olefinic and aromatic compounds.

Based on their ring skeleton, fulvenes are classified as triafulvene, pentafulvene
and heptafulvene (Figure 1.2). Among various fulvenes, pentafulvenes enjoy a
coveted status owing to its unique reactivity pattern and the versatility of the reaction

products.

S R R__R
R__R | |
A

Triafulvene Pentafulvene Heptafulvene

Figure 1.2 Types of fulvenes
1.2. Structural features of pentafulvene

Pentafulvene, the first synthetic cross conjugated hydrocarbon isolated, has been
considered as the better known isomer of benzene.® Unlike benzene, pentafulvene is
not a thermodynamically and kinetically stable system. As per the theoretical
evaluation, pentafulvenes are dipolar hydrocarbons since they involve zwitterionic
resonance structures with a positively charged exocyclic carbon atom and a negatively

charged aromatic cyclopentadienyl ring.” The nature of bonding in pentafulvenes has
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been described qualitatively as a mesomeric superposition of the covalent structure A
and the polar structure B as depicted in Figure 1.3.

R_R R.ER
| | ]
") ©
4 3
(A) (B)
Pentafulvene R; =Ry =H, Alkyl, Aryl

Figure 1.3 The covalent structure and the polar structure of fulvene
1.3. Aromaticity of pentafulvenes

Due to chemical instability of pentafulvenes, they have been considered for a long
time as non-aromatic. Later on, it was established that the electronic nature of
substituents at the exocyclic position markedly influences the aromatic character of
pentafulvenes.® Generally electron donating substituents at exocyclic carbon atom
shift the electron density towards the ring thereby increasing the aromaticity of
pentafulvene (Figure 1.4). For example, the N,N-dimethyl aminofulvene is more
aromatic than 6,6-dialkyl or diarylfulvenes and shows remarkable differences in their

reactivity.
R__EWG R__R H_ _EDG
| | |

EDG - Electron Donating Group
EWG - Electron Withdrawing Group

Figure 1.4 Order of aromaticity of pentafulvenes
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1.4. Synthesis of fulvene

The synthesis of fulvene was first reported by Thiele in 1900, based on the
condensation of aldehydes and ketones with cyclopentadiene in presence of metal

alkoxides (Scheme 1.1).°

o
@ . Na in EtOH
70-80%

1 2 3

Scheme 1.1

In 1983, Stone and Little introduced a more versatile method for the synthesis of

pentafulvenes using pyrrolidine as base (Scheme 1.2).%°

96%

o
@ Pyrrolidine
* MeOH, 25 min
1 4

Scheme 1.2

The pyrrolidine mediated pentafulvene synthesis was unsuccessful with bulky
ketones such as diaryl ketones. In order to address this problem, Oda and co-workers
developed a typical procedure towards 6,6-disubstituted pentafulvenes using N,N-
dialkylamides, instead of ketones, with organolithium compounds and
cyclopentadiene.™ In 2004, Ottoson reported an improved route to fulvenes in which
a ketone is reacted with crystalline sodium or potassium cyclopentadienide in

refluxing THF (Scheme 1.3).%
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Ph_ _Ph
o)
Na* b THF, reflux
* Ph” “Ph 30 min, 74%

6 7 8

Scheme 1.3

In 2011, Erden and co-workers established an efficient procedure for the
preparation of a broad range of fulvenes using catalytic pyrrolidine in MeOH/H,0,
which not only give high yields but also minimize product loss during extractive
work-up and avoid the use of excess cyclopentadiene whose dimer presents
challenging separation problems from the desired fulvenes.'®* This condition is very
promising in the synthesis of even low molecular-weight fulvenes such as 6-methyl

and 6-ethylfulvene in high yields.
1.5. Fulvenes as the precursor of cyclopentanoids

The chemistry of cyclopentenes, cyclopentanones and cyclopentenones has
developed rapidly in the last fifty years. One of the major reasons for this has been the
search for synthetic routes to the prostaglandins,® prostacyclins,”® and

181" macrolide antibiotic brefeldin-A® and its derivatives (fig. 1.5). To

thromboxanes,
date, several methods are available for 5-membered carbocycle synthesis, including
the Pauson-Khand raction'®® [2+2+1] annulation, metal-catalyzed [3+2]

annulation®:%2

[4+1] annulation strategy involving the reaction of (trialkylsilyl)
vinylketenes with carbenoid reagents,?® the Nazarov cyclization,**** Ring Closing

Metathesis (RCM),?® free radical cyclization,* etc.
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COOH

Prostacyclin Prostaglandin, PFG,,, Brefeldin-A

Figure 1.5 Biologically important molecules with cyclopentane core

Cyclopentadiene is an economical and readily available cyclopentane unit;
however, the use of substituted cyclopentadienes in natural product synthesis has
frequently been complicated by the facile 1,5-sigmatropic rearrangements of these
species. A solution to this problem is to block the rearrangement with suitable
chemical entities, which may serve as a source of latent functionality.”®
Cyclopentadiene with an exocyclic double bond, generally known as fulvene, plays a
great role in this scenario. The pentafulvene system represents a very attractive
structural unit, not only as a model for theoretical studies but also as a valuable
building block to access polycyclic cyclopentanoids through a diverse array of
cyclizations.?® In 1981, Sakai and Kobori effectively utilized this fascinating system
as starting material for the total synthesis of prostaglandin.®® Fulvenes were also used
as key components in the total synthesis of many natural products including (+) and (-
)-nigellamines,®* guanacastepenes,® p-vetinones,® streptazones,** capnellene,®

abacavir, hinesol, hirsutine, etc. (Figurel.6).*
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Hirsutene

o
%/CHO
Viburtinal B-Vetivone Agarospirol

N oH
o H N
| ﬁ 7 /
HO NYN / 7 —=<H

N NH, /o

Streptazone C Carbovir Hinesol

Figure 1.6 Polycyclic compounds with cyclopentanoid core
1.6. Reactivity of pentafulvenes

Pentafulvenes display a wide range of reactivity with nucleophiles, electrophiles
and various cycloaddition partners.”*” Some of the fulvene derivatives thus obtained
strongly resemble the isomeric benzene derivatives and proved to be valuable starting

material for the synthesis of both known and novel non-benzenoid compounds.
1.6.1. Reactions of pentafulvene with electrophiles

Fulvenes are susceptible to electrophilic substitution reactions as in other non-
benzenoid molecule such as azulenes. 6,6- Diphenylfulvene can be formylated with
ease and in high vyield on treatment with Vilsmeier's complex 10. The stable red
fulvenaldehyde 11 formed undergo protonation at carbonyl oxygen to give the

conjugated acid 11a (Scheme 1.4).
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Ph Ph

Ph Ph ® Ph Ph S) l

| NCHy), | o | OH CHO
+ «’: Cl B ——
< X, @ o
OPOCI, -HPO,Cl, N(CH;),Cl »
8 9 10 ¢
Ph_s_Ph
11a

Scheme 1.4

Herbert Mayr found that benzhydryl chloride  underwent electrophilic
substitution reactions with fulvene while they were studying the nucleophilicity of
some selected fulvenes and azulenes.®® The reaction of fulvene 12 and benzhydryl
chloride 13 in CH,Cl, at —80 °C afforded the monosubstitution product 14 in 44%
yields (Scheme 1.5).

OMe OMe
Me,N Me,N
. e O
| N CH,CI, |
o'Q T O
OMe OMe
12 13 14 (44%)
Scheme 1.5

In 2013, a new reactivity pattern of pentafulvenes was disclosed by Szymoniak’s
research group. They found that allyltitanocene complexes can be generated by
reacting pentafulvenes with DIBAL-H and Cp,TiCl,. The coupling of #° -
allyltitanocenes 16 with aldehydes affords homoallylic alcohols 17 in a highly regio-

and stereoselective manner (Scheme 1.6).%%4°
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K. R R. R R. R
H

| Cp.TiCl, l PhCHO | g OH
DIBAL-H jk -50 °C Ph
THF, rt TiCp

15 16 2 17

R=Ph, R R =(CH,);, R R =adamantyl

Scheme 1.6
1.6.2. Reaction of pentafulvene with nucleophiles

The terminal exocyclic carbon of pentafulvene is electrophilic and can be
attacked directly by a suitable nucleophile.*" *? In addition, the C-H bonds in the a-
position to C-6 carbon of fulvene feature an enhanced C-H acidity and can be

removed by a suitable base (Scheme 1.7).

R
' R R
R Rl R. R Rl
addition . hydrolysis
— - _—
R G ) 6 g g
| RLi
Rl

L >
deprotonation @--Li

Scheme 1.7
1.6.2.1. Hydridolithiation of pentafulvene

The nucleophilic addition of a hydride to the exocyclic double bond of fulvene
12, using super hydride (LiBEt;H) as the hydride transfer reagent,*® resulted in
substituted lithium cyclopentadienide intermediate 18 through hydrolithiation. The
intermediate on transmetallation with TiCl, in THF under reflux condition furnished

non-bridged substituted titanocene dichloride 19 in good yields (Scheme 1.8).*
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Me,N

Me,N Me,N
O H O H D
| _ Et,0 H TiCl, <]
+ LIBEt3H —2—> — ] NMe,
, THF TiCl,
Li 75°C, 16 h -

12 18 19

Scheme 1.8
1.6.2.2. Carbolithiation of pentafulvene

The reaction of aryl or heteroaryl lithium species 21 with 6-(N,N-dimethylamino)
pentafulvene 20 led to carbolithiation of pentafulvene. The reaction is versatile
towards the synthesis of a wide variety of highly cytotoxic titanocenedichlorides 23
(Scheme 1.9).”

Me N
2 Me,N Ox
Q/LI THF TiCl, Me,N
-78 °C i THF/20h NMe,

reflux
21

Scheme 1.9
1.6.3. Miscellaneous reactions of pentafulvene
1.6.3.1. Reaction with azirine

In presence of a Lewis acid, 2H-azirine 24 react with fulvenes through a formal
regioselective [6+3] cycloaddition providing an alternative synthesis of [2]pyrindine
derivatives 25. However, under ultrasound conditions the reaction afforded alkylated
fulvene azirines 26 through an unexpected rearrangement of the initial Diels-Alder

cycloadduct as shown in Scheme 1.10.%
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Y(OTf)3
[6+3]
CO,CH;
Me. Me NC
&
+ pe——
Cl M
3 24 ultrasound
A

rt

Scheme 1.10

1.6.3.2. Reaction with triazolinediones

Research from our laboratory have revealed that the reaction of pentafulvenes
with N-substituted-1,2,4-triazoline-3,5-diones 27 leading to the formation of five- and
seven-membered azapolycycles.”” The electronic and frontier molecular orbital
features of pentafulvene and triazolinedione suggests that the latter molecule can add
to the former one via a [4 + 2] cycloaddition at electron rich 3,4 positions of the

pentafulvene or by a nucleophilic reaction at the electron deficient exocyclic carbon

atom (Scheme 1.11).

Ph-

O
| NJ< EtOAc, 0 °C, rt
+ 11 N—-Ph >
NW< N2, 2h
o (28:29 =1:1.2)
8 27

Scheme 1.11

N N

z

(o]
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The proposed zwitterionic mechanism of the reaction (Scheme 1.11) was
explained by trapping of the reactive intermediates with methanol. The cycloaddition
between fulvene and 27 in a dichloromethane—methanol mixture (1:5) at -40 °C
afforded a separable mixture of methanol trapped products 30 (46%) and 31 (21%)
respectively (Scheme 1.12).

Ph. Ph O Ph. _Ph O
Ph P 7 Ph >\\ _Ph

| nA MeOH- CH,Cl, | N | N

+ I N-Ph > N + MeO,, N /&
N\< -40°C, Ny, rt, 2 h N NN

H © H
o OMe
8 27 30 (46%) 31 (21%)
Scheme 1.12

1.6.4. Metallation reactions of pentafulvene
1.6.4.1. Formation of metallocenes

Erker and co-workers found that 6-N,N-dialkylaminofulvenes undergo lithiation
with alkyllithium reagents. Transmetallation of such species with Group 4 metal
halides yields the corresponding substituted metallocene complexes 33 (Scheme
1.13).42 Thus, the reaction of 32 with TiCl; or ZrCl, led to the formation of the

metallocene dichloride complexes 33a and 33b respectively.

@XMCH?)Z
CH3 \"//y
MmcCl, qHs

CH3 > CH3C o

Li+ N(CH3), Hsc“'% 33a (M = Ti)

H3C),N 33b (M = Zr)
32 ( 3 )2

Scheme 1.13
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1.6.4.2. Reductive coupling of fulvenes with calcium

The reductive coupling of phenylfulvene 34 with activated calcium in THF gives
nearly quantitative yield of a mixture of cis- and trans-diphenylethanediyl-bridged
ansa-calcocenes.”® The more soluble cis-isomer 35 can be removed by

recrystallization, yielding the C2-symmetric trans-isomer 35 (Scheme 1.14).

Ph 2
Ca(THF),
Ph

34 trans- 35 (70%) cis= 35 (30%)
Scheme 1.14
1.6.4.3. Pentafulvenes with Fischer-carbene complexes

In 2001, Barluenga and co-workers introduced carbene complexes in the
metallation chemistry of pentafulvenes.*”® They have showed the [6+3] cycloaddition
reaction of alkenylalkoxycarbene complex 36 with dimethylfulvene affording indane

and its derivatives in a regioselective manner. (Scheme 1.15).>°

Cr(CO); Me
oMe | _MeCN_ 1N HCI, CH,Cl,
| “80°Cc

Ph

36 3 37 38 (74%)

Scheme 1.15

Later, the same research group extended the carbene-chemistry to the endo-

selective cyclopropanation of pentafulvene. The [2+1] cycloaddition of the Fischer
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carbene 39 and penafulvene 40 afforded the cyclopropanated product 41 in good to
excellent yields (Scheme 1.16).

R2 R3 R' _R?
oM
OMe | MeCN, 80 °C | ©
©oc)cr=  * I R3
R1
39 40 41 (65-90%)

R' = Ph, 4MeO-C4C,, nBu, R? = 'Bu, 'Pr, Ph, OAc, R3®=H, Me
Scheme 1.16
1.6.5. Cycloaddition reactions of pentafulvenes

Cycloaddition reactions have emerged as the most powerful carbon-carbon and
carbon-heteroatom bond forming processes in organic synthesis. The cycloaddition
chemistry of pentafulvenes has invoked considerable interest in organic synthesis and
this was credited to the diverse cycloaddition profiles involved in them and the
versatility of the reaction products. Fulvene works flexibly as a 2z, 4z or 6z candidate
and have been identified as the well-known construction unit of many fused ring
systems through intra- and inter-molecular cycloaddition reactions. The periselectivity
of these reactions can be controlled by the substituents on the fulvene and other

substrate.
1.6.5.1. Pentafulvene as 2z components

Pentafulvenes behave as 2z components with electron-deficient dienes. Imafuku
and co-workers reported the synthesis of substituted tropolone derivatives through a
[2+2] cycloaddition between 2-alkyl-6,6-dimethyl fulvene 42 and dichloroketene 43.%
The hydrolysis of the cycloadduct 44 followed by the treatment with hydrazoic acid
afforded 5-alkyl-3-acetyl tropolone 46 (Scheme 1.17).
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Me

42 4 (50-58%) 45 (60-82%) 46 (45%)

i) NaOH, AcOH, H,O ii) NaN,/Conc. H,SO,, CHCl,, 0-50 °C, 3 h
Scheme 1.17

The investigations from our laboratory have revealed that pentafulvene acts as an
efficient 2z component in the [4+2] addition with 1,2-benzoquinones. The reaction of
6,6-diphenyl fulvene 40 with the substituted o-quinone 47 afforded
bicyclo[2.2.2]octen-7,8-dione adduct 48 in excellent yields (Scheme 1.18).

Toluene
110 °C

40 47

Scheme 1.18

In contrast to this, Hong and co-workers demonstrated a highly regio- and
stereoselective inverse electron demand Diels-Alder cycloaddition of pentafulvenes
with azadienes as an example for the [4+2] cycloaddition. The methodology provides

an efficient route to the synthesis of tetrahydro[1]-pyrindine system 50 (Scheme
1.19).>®
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R'. R? R®

& . % CH,Cl,, 25°C _
N” [4+2]
R4

40 49

Scheme 1.19

Moreover, the highly conjugated tropothione 51, which is valence isoelectronic
with tropone, reacts with fulvenes in a concerted fashion to afforded [8 + 2]

cycloadducts 52 with endo selectivity (Scheme 1.20).>*

Ph Ph s
Benzene
+
[8+2] H H
8 51

Scheme 1.20
1.6.5.2. Pentafulvene as 4z components

As an exceptional behaviour of a cross conjugated triene, pentafulvenes undergo
smooth Diels-Alder reaction with dienophiles such as maleimide,> p-quinone and
dialkylazodicarboxylates affording the corresponding bicyclic adducts in good
yields.”® A typical Diels-Alder cycloaddition of pentafulvene 3 with quinone 53 is

presented in Scheme 1.21.

Me
Me

Me_ _Me (0] \
0
+ Benzene
[E— /
Reflux
3 53 54

Scheme 1.21
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In 1968, Alford et al. synthesized 2,3-diazabicyclo[2.2.1]hept-5-ene 56a by the
Diels-Alder cycloaddition of pentafulvene 8 with diethyl azodicarboxylate 55a
(Scheme 1.22).”’

Ph
Ph
Ph_ _Ph
EtO,C
2 \” Cyclohexane

+ N _— N\
“CO,Et r,24h 71\ TCO,Et

~N
8 55a 56a COEt

Scheme 1.22

Little and co-workers utilized the azabicyclic adduct derived from pentafulvene
57, towards the total synthesis of rudmollin 61 analogues, which displays in vivo
activity against P-388 lymphoid leukemia. The key step in the synthesis involves the
conversion of the modified cycloadduct 58 in to the tricycle 59, through an atom

transfer cyclization (Scheme 1.23).%

MeO,C MeO,C
2 o HO CcO,Me
HO OMe HO OMe H/,,’_
Toluene o
> —
- Reflux OMe
"N
N
57 58

Rudmollin 61

Scheme 1.23

In 2012, Biju et al. reported a high-yielding, versatile and practical Diels-Alder

reaction of pentafulvenes with arynes under mild reaction conditions. The arynes,
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generated by the fluoride induced 1,2-elimination of 2-(trimethylsilyl)aryl triflates 63,
underwent cycloaddition with 6-substituted and 6,6-disubstituted pentafulvenes

resulting in the formation of benzonorbornadienes 64 and 65 respectively ( Scheme
1.24).

H. R R_ R -
R | l R
\ \
™S
; 61 ]@ 62 7
- 81 .
CsF TfO CsF
64 63 65

R = C¢Hs, 4-OMe-C¢H,, 4-CI-CgH,, Me, Et

Scheme 1.24

Recently, Hong and co-workers described an elegant intramolecular Diels-Alder
(IMDA) cycloaddition of simple acyclic fulvenes towards a variety of polycyclic ring
skeletons such as kigelinol, neoamphilactane and kempane.®® The synthesis of

kigelinol skeleton 68 is depicted in Scheme 1.25 as an example of IMDA.

0]
§ Mey
Me
Et;N, DMF, reflux

- H H

(0]
L i Kigelinol skeleton

66 67 68 (74%)

Scheme 1.25

1.6.5.3. Pentafulvene as 6z components

Pentafulvenes can provide all the three = bonded electrons to a concerted reaction
and can act as a 6z component with electron-rich dienes. Pioneering work in this area

was revealed by Houk and co-workers with the report of an efficient procedure for
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azulene synthesis via the [6+4] cycloaddition of pentafulvenes and electron rich
amino butadienes.®* The cycloaddition reaction of 6-phenyl fulvene 34 with 1-
diethylamino butadiene 69, followed by the loss of diethylamine afforded the
hydrazulene derivative 70, which on treatment with chloranil produced the phenyl

substituted azulene 71 (Scheme 1.26).

Ph_H
% /\/\NEtz OQ Chloranil *
71 (65%)
Scheme 1.26

1.6.6. Pentafulvenes in dipolar cycloaddition reactions

In contrast to the plethora of methods available for the syntheses of carbocycles
and heterocycles, the 1,3-dipolar addition offers a remarkably wide range of utility in
the synthesis of five-membered heterocycles.”®* Muthuswami and co-workers
demonstrated that five-membered cyclic carbonyl ylides, generated from rhodium(ll)
catalyzed reaction of diazo carbonyl compounds, undergo 1,3 dipolar cycloadditions
across fulvene bonds in a chemo specific manner to afforded novel polycyclic ring
systems 73 and 74 (Scheme 1.27).%%

OCHNz ha(OAc)4
CH3
DCM rt

Scheme 1.27

Hong and co-workers disclosed a noteworthy example of the 1,3-dipolar addition

to fulvene. In 2003, they reported the [6+3] cycloaddition reaction of azomethine
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ylides generated from glycine-N-benzylidene ethyl ester 75 with a series of
pentafulvenes leading to biologically relevant [2]-pyrindine systems 76 (Scheme
1.28).%

R' R2 Rl R?
| //COZEt CO,Et
N Ag,0, Et;N
v 192t BT NH
Ph H
Ph
40 75 76 (92%)
Scheme 1.28

The first catalytic enantioselective [6+3] cycloaddition of azomethine ylides with
fulvenes was reported in 2012.%° The reaction provided piperidine derivatives in 80%
yield with ee of 92% for the major compound 79 and diastereomeric ratio 87:13
(Scheme 1.29).

o
)\‘ [CU(CH3CN)4]BF4
(o) .
N O Et;N, dioxane ,
AN rt " "wH
+ ‘ > o
StBu NN
U &L I
~ “PPh, >
Br lfe
@ -
77 78 & ligand 79 80
Scheme 1.29

Intrigued by the advances in the pericyclic reactions of pentafulvenes, our
research group have unravelled a simple and efficient [6+3] cycloaddition reaction of
pentafulvenes with 3-oxidopyrylium betaines 81 and the approach offered a useful
methodology for the construction of 5-8 fused cyclooctanoids 83 (Scheme 1.30).%
The similar chemistry was productively extended to a number of pentafulvenes with

various alkyl, aryl and cycloalkyl substituents.
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2 2
R R2 R‘ R R1,,,,R
o ,
. |7 ‘ _CHely [1,5-H shift] ‘@
S0 R, 50°c 6h
©)
R; O
40 81
Scheme 1.30

1.7. Synthetic utility of fulvene derived bicyclic olefins: Advances from our

laboratory

As mentioned earlier in Scheme 1.23, like in the total synthesis of rudmollin 48
from the Diels —Alder cycloadducts derived from fulvenes and corresponding
dienophile,® the synthetic potential of diazabicyclic olefins derived from
pentafulvenes can also be utilized for the diverse synthesis of cyclopentanoids. The
reaction protocols developed by our research group for the desymmetrization of the
pentafulvene derived azabicyclic olefins (Figure 1.7) are discussed in the following

section.

Exocyclic double bond as a latent Functional group

Allylic Fragmentation
Electrophilic Addition

Ring opening leads to

N
/ AN ——> highly substituted
N COE alkylidene cyclopentene
AN

C-C Bond Cleavage COE
N-N Bond Cleavage

Figure 1.7 The reactivity and reaction protocols for the desymmetrization of

pentafulvene derived azabicyclic olefins
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The unique bicyclic olefinic structure of the Diels-Alder cycloadduct, derived
from fulvenes and dialkylazodicarboxylates, exhibits versatile reactivity than other
alkenes due to the ring strain in the molecule. The extra strain energy present in
norbornene derivatives may be attributed to increased angle strain in the o~
framework. Recent developments with strained alkenes showcase their unique ability
to control chemoselectivity, regioselectivity, and asymmetry, while also promoting
otherwise difficult complexity-building transformations.®” The synthetic potential of
bicyclic adducts are also due to (1) the ring fragmentations of adduct via nitrogen—
nitrogen bond reduction, carbon—carbon oxidative cleavage or ring-opening
metathesis or allylic carbon-nitrogen cleavage; and (2) skeletal rearrangements
involving carbocationic intermediates.®®®® We have effectively utilized the intrinsic
strain of the bicyclic adduct for its synthetic transformation which is briefly discussed

in the following section.
1.7.1. Ring opening reactions of fulvene derived diazabicycic olefins
1.7.1.1. Reaction with soft nucleophiles

The ring opening of azabicyclic olefins by trapping the allylic reactive species
generated from diazabicyclic olefins using soft nucleophiles in the presence of a
palladium catalyst was first reported by Micouin and co-workers in 2003.”° After a
while, we extended the protocol towards the ring opening of pentafulvene derived
bicyclic hydrazines to access alkylidenecyclopentenes.”” The desymmetrization of
fulvene derived azabicyclic olefin 56a with 4-methoxyphenol 84 towards the
synthesis of cis-3,5-disubstituted alkylidenecyclopentene 85 is outlined in the Scheme
1.31.
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Ph

Ph OH Ph _Ph oo
[Pd(PPhs), (5 mol%) HN-CO2Et

dppf (10 mol%) R o N
7 N_ * K,CO; (1.0 equv.) CO,Et
N_ CO.Et OCH. THF (4mL),60°C,16h
CO,Et 3 H,CO
56a 84 85

Scheme 1.31
1.7.1.2. Reactions with organometallic reagents

The desymmetrization of azabicyclic olefins toward 3,4-disubstituted
alkylidenecyclopentenes can also be achieved by the use of organometallic reagents.
The first report on the ring opening of bicyclic olefins towards 3,4-disubstituted
cyclopentene by the application of organostannanes as nucleophiles came from our
group in 2005.” A similar protocol was used for the synthesis of allyl substituted

alkylidenecyclopentene from fulvene derived azabicyclic olefins (Scheme 1.32)."

Ph
Ph

{ Pdy(dba);.CHCI3 (5 mol%) Ph._Ph | _coEt

SnB PPh; (20 mol%) N
n u \Y N
/ N'N\COZEt + I s Sc(OTf); (2 mol%) CO,Et
“CO,Et Toluene, 60 °C, 10 h
56a 86 87 (80%) N
Scheme 1.32

1.7.1.3. Reaction with organoboronic acid

In 2006, we unravelled a novel reactivity of organoboronic acids with bi- and
tricyclic hydrazines by utilizing modified Suzuki reaction condition.’*" The reaction
of fulvene derived azabicyclic alkenes with organoboronic acids afforded the trans-

3,4-disubstituted alkylidenecyclopentenes in excellent yields (Scheme 1.33). The
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catalytic amount of Lewis acid such as scandium triflate or iodine played an important

role in assisting this reaction.

Ph " Ph_ _Ph
B(OH), PdCl, (10 mol %) HN/COZEt
dppe (20 mol%), I, (5 mol%) «N
N ¥ : - *CO,Et
7L\ CO,Et K,CO, (2.4 equiv.) 2
"CO,Et THF/H,0, (1:1), 60 °C, 24 h -
56a 88 89 (81%)
Scheme 1.33

1.7.1.4. Reaction with aryl iodides

Recently, we have successfully utilized the Heck protocol in ring opening
reactions of fulvene derived diazabicyclic olefin. The palladium catalyzed
stereoselective ring opening of diazabicyclic olefins 56 with various aryl iodides
produced the corresponding disubstituted alkylidenecyclopentenes in good to

excellent yields (Scheme 1.34).”

_CO,E
HN
\ r2ll PdCl,, Et;N CO.E
< - > .
LN CE T N CH4CN,rt, 16 h "o/ N
E
R\~ ~R?
56 90 91
E = CO,Et, CO,')Pr, R'=0H, NH,, NO,
CO,'Bu, Bn R2 = H, NO,

Scheme 1.34
1.7.1.5. Ring Opening via C-H activation

Very recently, we have developed a Rh catalysed stereoselective C-N bond

cleavage of pentafulvene derived diazabicyclic olefins via C-H bond activation of
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phenylazoles.”” The Rh catalysed coupling of fulvene derived azabicycic olefin 56a
and phenylazole 92 afforded the corresponding alkylidene cyclopentenyl derivative
93 in 40% vyield (Scheme 1.35).

)_\
\ N. _NH
[RhCI,Cp*]5 (2.5 mol%)
N + >
A Cu(OAc),.H,0 (1.5 equiv.
: N CO.Et ((:H C:: 8(2) °c(: 12: )
CO,Et E ’
56a 92

Scheme 1.35
1.8. Conclusion and present work

The non-functionalized carbon-carbon multiple bond systems are recognized as
latent functional groups; however they are generally unreactive towards carbon
nucleophiles due to their electron rich z-orbitals. Fulvenes and its derivatives come
under this category and its intrinsic reaction profile intrigued chemists for more than a
century. From the above discussions, it is clear that a wide range of molecular
skeletons have been synthesized through short and easy chemical manipulations of
pentafulvenes and its bicyclic adducts. In line with this, the thesis is mainly focused
on the methodology development towards the synthetic transformations of
pentafulvenes and its derivatives to highly substituted alkylidenecyclopentenes and

complex azapolyheterocycles.

Though the cycloaddition and the metallocene chemistry of pentafulvenes are
well established, the cyclopentenyl ring functionalization of this fascinating molecule
was ambiguous till the report came from Jan Szymoniak’s research group, describing
the titanium mediated electrophilic addition of an aldehyde to the endocyclic double

bond of fulvene leading to alkylidenecyclopentene appended allylic alcohol.*® In light
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of these results and our continuing interest in fulvene chemistry we were prompted to
develop a methodology towards the endo-selective nucleophilic addition of
pentafulvene. As a diverse approach we have developed a Lewis acid catalyzed
regioselective nucleophilic addition of indole to the C-3 carbon of the endocyclic ring

of pentafulvene and the details are presented in the second chapter of the thesis.

The addition of heterodienophiles to fulvenes was reported as early in 1968.>" But
the literature reports are scanty for the synthetic transformation of the heterobicyclic
adduct so formed. Efforts from our laboratory have partially filled this gap by
developing transition metal catalyzed ring opening of fulvene derived azabicyclic
olefins to highly substituted alkylidenecyclopentenes. As part of our research interest
in developing methodology towards biologically important cyclopentanoids from
easily available starting materials, we decided to explore the application of Lewis
acids in the ring opening strategy of fulvene derived diazabicyclic hydrazines towards
substituted alkylidenecyclopentenes. The details of these investigations describing the
Lewis acid catalyzed C-3 alkylidenecyclopentenylation of indoles to access the

functionalized indoles and bisindoles are discussed in the third chapter.

The thesis is concluded with our efforts towards the one-pot synthesis of novel
spiropentacyclic motifs with indoline and pyrazolidine fused to the cyclopentene core
from fulvene derived azabicyclic olefins by the combined application of transition
metal and Lewis acid catalysis. The advantage of these transformations is the
formation of several bonds and the creation of two or more contiguous stereogenic
centers in one pot, without the need for isolation of the intermediates. The stepwise
synthesis of this complex heterocycle is also described in the final chapter of the

thesis.
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CHAPTER 2

Lewis Acid Catalysed Regioselective Hydroheteroarylation

of Pentafulvenes

r ]

2.1. Introduction

An organic molecule consists of a carbon skeleton and some functional
groups. The rest of the molecular framework is covered with hydrogen atoms
which are usually inert and are generally regarded as unreactive parts of the
molecule. Normally, synthetic transformations are carried out with the aid of
functional groups. If a synthetic method that allows the direct use of normally
“unreactive” C-H bonds were to become available, an entirely new area of research
would be opened.! Hydroarylation, the addition of aryl C-H bonds to alkenes has
been a rapidly developing field of such necessities.? Two major approaches have been
developed to accomplish hydroarylations; nondirected C-H activation and directed C-
H activation by a pendant functional group or embedded heteroatom. Non-directed C-
H activation processes have the benefit of not requiring a functional handle on the
starting material; however, the regioselectivity of the functionalization is a major
challenge in this area.® A vast array of transition metal complexes, including Au,*®
Pd,®" Rh? Pt® Ru'® Ir' Ni* etc. have been effectively utilized in the
hydro(hetero)arylation of unactivated olefins. But the recent advances have shown
that even Lewis acidic condition [Bi(OTf); AICl; or FeCl;]*™ can lead to
hydroheteroarylation of unactivated as well as activated olefins. The hydroarylation or
hydroindolization of unsaturated species such as allenes,'® vinyl ethers,*” alkynes,™

9 5

alkynoles,l styrenes,1 internal alkenes,® etc. have been well documented in the

literature. In this context, we introduce pentafulvenes, an interesting class of cross
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conjugated trienes, as alkene moities for the regioselective Lewis acid catalyzed
hydroheteroarylation reaction. Before going into the details, a brief introduction about

the hydroarylation reactions is presented in the following section.

2.2. Hydroarylation reactions

2.2.1. Hydroarylation of activated alkynes

In the year 2000, Fujiwara and co-workers reported an efficient metalation of
aromatic C-H bonds at room temperature by the aid of an in situ generated highly
electrophilic Pd(Il) cationic species in trifluoroacetic acid (TFA). Subsequent addition
of the cationic species, [Pd(CO,CF3)]" to C-C multiple bonds afforded the

hydroarylated product in regio- and stereoselective manner (Scheme 2.1).°

Me Me H
CO,Et
Me H I Pd(OAc),in TFA  Me L
+ -
Me Me DCM Me MeCozEt
Me H Me
1 2 3
Scheme 2.1

2.2.2. Intramolecular hydroarylation of internal alkenes

In 2004, Sames identified RuClz/AgOTf as an intramolecular hydroarylation
catalyst for arene-ene substrates.'® A variety of annulated arene, heterocycles and
carbocycles are accessible using this method including chromane, tetralin, terpenoid,
dihydrocoumarin, tetrahydroquinoline, indolocyclohexane and cyclopentane systems
(Scheme 2.2).
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R R
| RuCl, (1-5 mol%)
N AgOTf (2-10 mol%) A
GF— > GFL
Z>x DCE, rt, -80 °C = X
4 5
X=C,NR, O

Scheme 2.2
2.2.3. Lewis acid catalyzed hydroarylation of styrenes

After the establishing Bi(OTf); catalyzed benzylation'*of arenes and heteroarenes,
Rueping and coworkers employed the same Lewis acid for the hydroarylation of

styrenes (Scheme 2.3).

R? R?
. XN N
R1_: N + ©\ BI(OTf)3 (05 mol%)‘ R1:_ | 2 OMe
= OMe Cyclohexane = =
6 7 100 °C 8
Scheme 2.3

Later on, Matthias Beller introduced FeCl; as a catalyst for the direct addition of
aromatic olefins to arenes towards the synthesis of highly substituted 1,1-

diarylalkanes and 1-aryl-1-heteroarylalkanes (Scheme 2.4).%°

R1 R R1
R R? 2
D . \/\@ FeCl; (10 mol%) R
R3 80°C,4h RS
9 10 1

R = H, Me, Ph; R =H, Me, Br; R = H, Me, Br, Cl; R®=H, Br, Cl, CF;, F

Scheme 2.4
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2.3. Hydroindolization for the functionalization of indole

The substituted indole nucleus is a structural component of a vast number of
biologically active natural and unnatural compounds. The synthesis and
functionalization of indoles has been the object of research for over 100 years. Even
though a number of well-established classical methods are available for indole
functionalization, the addition of C-C multiple bonds onto indolyl C-H bond stands as
an exceptional protocol for the atom economic regio- and stereoselective

functionalization of indoles.
2.3.1. Hydroindolization of styrenes

Che et al. demonstrated an intermolecular hydroarylation of aryl and aliphatic
alkenes with indoles using a combination of [(PR3)AuUCI]/AgOTTf as catalyst under
thermal and microwave assisted conditions.* Under microwave irradiation, coupling
of unactivated aliphatic alkenes with indoles gave the corresponding adducts in
excellent yield. Selective hydroarylation of terminal C-C double bond of conjugated

dienes with indoles also afforded the products in good yields (Scheme 2.5).

Me
©j\> " / [(PR3)AUCI] (2 mol%)
+ e >
N\ ::: AgOTf (2 mol%) N | Me
Me Toluene, 85 °C, 1.25 h Me/
12b 13 14 (95%)
Me
N
\ X [(PR3)AuCI] (2 mol%) \ O OMe
N Meo AgOTf (2 mol%) \
Me OMe Toluene, 70 °C, 16 h N OMe
Me
12b 15 16 (81%)

Scheme 2.5
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2.3.2. Hydroindolization of allene
In 2011, the same research group has developed an enantioselective
intermolecular hydroarylation of racemic allenes with indole using a 1:2 mixture of a

chiral binuclear Au(l) phosphine complex and AgOTf as catalyst (Scheme 2.6).'®

(AuCl),(L)
5 mol% AgOTf
Toluene, 25°C

16 h
L = (R)- (+)-binap

12b 17 Me

Scheme 2.6
2.3.3. Hydroindolization of alkynes

Hiyama demonstrated a divergent nickel catalysis on Ar-H versus Ar-CN
activation and extended the catalysis to hydroheteroarylation of alkynes under mild
conditions.’*?" The reaction of 3-cyano-1-methoxycarbonylindole 19a with 4-octyne
20 in the presence of Ni/PMe; catalyst in toluene at 100 °C gave the arylcyanation
product 21 in 68% yield after 18 hours along with a minor amount (6%) of 22. With
3-cyano-1-methylindole 19b, the corresponding hydroarylation product 21 became
dominant even under the same condition and the catalysis was found to be effective
even at 35 °C by using PCyps as a ligand to afford 22 in 95% yield (Scheme 2.7).

Pr Pr
CN _
CN CN
A\ Ni/PL Pr
N Pr———FPr . D + N /
h Toluene N\ N Pr
R \
19a, R = CO,Me R
19b, R = Me 20 21 22

Scheme 2.7
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2.3.4. Hydroindolization of alkynols

Patel and co-workers used Cu(OTf), as catalyst for the tandem
hydroalkoxylation-hydroarylation reaction of alkynes tethered with hydroxyl group.*®
The method was shown to be applicable to a broad range of indoles, containing
electron-withdrawing and electron-donating substituents, and alkynol substrates

bearing sterically demanding substituents in the tether (Scheme 2.8).

= R? %
Z N 5 mol% Cu(OTf), F A\ Q
R + R1_| \ = < R
N~
OH

~ xZ N Toluene, 60 °C X< |
\ N
Me Me
23 24 (X=C, N) 25
Scheme 2.8

2.3.5. Intramolecular hydroindolyzation

Widenhoefer adopted a platinum-catalyzed intramolecular alkylation of indoles
with unactivated olefins for the synthesis of fused polycyclic indole scaffolds
including the carbazoles, carbolines and heterocyclic compounds with potent

biological activity (Scheme 2.9).°

\ Me Me
[PtCI,(CH,=CH,)],
(2.5 mol%) O O
\ dioxane = \ *
N N
Me

N 90 °C, 12 h, |
Me 87% conversion Me
26 27 (5:1) 28
Scheme 2.9

Later, the same group has reported a chiral version of platinum catalysed
intramolecular hydroheteroarylation reaction for the ring annulation of 1-methyl-2-(4-

pentenyl)indoles by applying chiral phosphine ligand (Scheme 2.10).%
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Me

| “
\ [(S)-4]PtCl, (10 mol %) | 2
CO,Me  AgOTF (10 mol %) COMe : MeO, PAr,
\ CO,Me - \ CO,Me | O
N
|

Methanol N . |
|

60 °C, 20 h
29 30 (93%, ee = 88%)  Ar= §Q°Me

Scheme 2.10
2.3.6. Gold(l)- catalyzed indole synthesis by double hydroarylation

Fujii and Onho described an interesting indole synthesis by a gold(l)-catalyzed
intermolecular formal [4+2] reaction between 1,3-diynes and pyrroles.® This reaction
involves the hydroarylation of 1,3-diynes with pyrroles followed by an intramolecular

hydroarylation to give the 4,7-disubstituted indoles (Scheme 2.11).

R
Ro— — / \ BrettPhosAu(MeCN)SbFG A\
o DCE, 80 °C N
H H
R
31 32 33
Scheme 2.11

2.4. Statement of problem

Pentafulvenes give rise to a vast array of reaction pathways depending on the

substitution patterns and reaction conditions.'® The cycloaddition profile of

23-26

fulvenes 1s now well established and new, especially transition-metal mediated

transformations are emergmg.zHO

Nucleophilic reactions of these non-benzenoid
dipolar hydrocarbons have been mainly exploited in metallocene chemistry, i.e. the

exocyclic carbon of fulvenes is partially positively charged and readily reacts with
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numerous nucleophiles leading to a cyclopentadienyl precursor for metal
complexation. However, nucleophilic attack on the endocyclic ring system of fulvenes
is rare. The homopolymerisation of fulvenes under acid catalysis reported by
Neuenschwander could be considered as such an example.’’ Low-temperature NMR
studies by Olah showed that reaction of super acids with fulvenes lead to fulvenium
ions, which should make the endocyclic ring a good target for nucleophilic addition
(Fig. 2.1).%

R_ R (a) (b)

R
| ] Lewis or Bronsted ’ ;
5 acid FSO;H/SO,CIF __H
E R = alky| -78 °C @ H

n
Previous work by Neuenschwander (a) and Olah (b)

Figure 2.1 Reactivity of fulvene under acidic conditions

In this chapter we disclose our preliminary results on the Lewis acid catalyzed
regioselective nucleophilic addition of indoles and pyrrole to the endocyclic ring of

pentafulvenes.
2.5. Results and discussion

As an initial attempt, we carried out the reaction between diphenyl fulvene 34a
and indole 12b by employing 2 mol% Sc(OTf); as Lewis acid in acetonitrile at room
temperature for 2 hours. To our delight, the indole substitution occurs exclusively at
the C-3 carbon of cyclopentadienyl ring system of fulvene instead of the conventional
exocyclic C-6 nucleophilic attack and the reaction furnished the product 35ab in 91%
yield (Scheme 2.12).
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Ph
Ph_ _Ph —
‘ Ph
Sc(OTf); (2 mol%)
+ N » \
N\ CHCN, rt, 2 h N
34a 12b / 35ab (91%)

Scheme 2.12

The structure of the compound 35ab was established by various spectroscopic
analyses. In the 'H NMR spectrum (Figure 2.2), the two olefinic protons were
observed individually as doublet of doublets in the region of & 6.51 ppm (dd, J; = 5.5
Hz, J, = 25 Hz) and 6 6.29 ppm (dd, J; = 5.5 Hz, J, = 2.5 Hz) respectively. A
multiplet at 5 4.37-4.35 ppm represents the proton attached to the carbon (C-3) which
Is bonded to indole. The two diastereotopic protons in the cyclopentenyl ring (C-4)
resonated individually as doublet of doublets at 6 3.24 ppm (dd, J; = 17 Hz, J,=7.5
Hz) and & 3.07 ppm (dd, J; = 16.5 Hz, J, = 3.5 Hz) respectively. **C NMR spectrum
of 35ab (Figure 2.3) positioned the two olefinic carbon signals at 5 142.9 and 141.7
ppm respectively. The C-3 and C-4 carbons resonated at 6 42.0 and 40.1 ppm
respectively. The characteristic N-CH3 carbon (C-5) was discernible at 5 32.6 ppm.

All other signals were in good agreement with the proposed structure.
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Figure 2.2. *H NMR spectrum of 35ab
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Figure 2.3. **C NMR spectrum of 35ab
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The high resolution mass spectral analysis of 35ab showed the molecular ion
peak at m/z = 370.15695 (M+Na). The structure and stereochemistry of the product
was unambiguously established by single crystal X-ray analysis of the compound
35ac (Figure 2.4).

Figure 2.4. ORTEP plot of compound of 35ac

Encouraged by this unusual regioselective 1,2 addition of indole to fulvene, we
screened various reaction parameters to find out the best condition for
hydroheteroarylation. From the detailed optimization study (Table 2.1), 2 mol% of
Cu(OTf), in 2 mL acetonitrile at room temperature for 2 hours was found to be the
best catalytic condition for the reaction, affording 99% yield for the product 35ab. It
was found that in the absence of Lewis acid, the starting materials 34a and 12b were
fully recovered (Table 2.1, Entry 14).
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Table 2.1. Optimization for a suitable catalyst system

Ph
Ph Ph /
e Oy
N solvent \
\ N
|
Entry Lewis acid Solvent Yield %
1 Sc(OTf)3 CH5;CN 91
2 Cu(OTf), CH;CN 99
3 Yb(OTf); CH4CN i
4 Zn(OTHf), CH3CN 22
5 Sn(OTf), CH5CN 93
6 Fe(OTf)5 CH5CN -
7 AgOTf CH3CN -
8 BF53-OEt, CH3CN 28
9 AICl5 CH5CN 18
10 Cu(OTf), Toluene 45
11 Cu(OTf), DCE 25
12 Cu(OTf), THF -
13 Cu(OTf), DMF -
14 - CH3CN -

Reaction Conditions: fulvene (1.0 equiv.), indole (1.0 equiv.),
Lewis acid (2 mol%), solvent (2 mL), rt, 2 h.

With the optimized reaction conditions in hand, we investigated the viability of the
reaction with substituted indoles (Table 2.2). Indole and N-methyl indole showed
remarkable reactivity towards fulvene affording products in excellent yields. The
hydroxyl group at the C-5 position of indole 12g decreased the efficiency of the
reaction (Table 2.2, Entry 7), whereas 5- amino indole 12h (Table 2.2, Entry 8) did

not furnish the desired product.
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Table 2.2. Exploration of the scope of hydrarylation reaction using differently

substituted indoles

Entry Fulvene Indole Product Yield (%)
Ph_ _Ph / Ph
| o @ g
\
1 N 98
H N
H
34a 12a 35aa
Ph__Ph Ph
| O
Ph
z o &, o9
N \
\ N
34a 12b /" 35ab
Ph
Ph_ _Ph ’
| &, &
3 m \ 99
N N
H H
34a 12¢c 35ac
Ph_ _Ph Ph
\ ©\/\>~Ph ‘ Ph 99
4 N
\ \
N
34a 12d /" 35ad
Ph_ _Ph O,N Ph
| o O
o & i
5
N \ 75
H N
H
34a 12e 35ae
Ph__Ph R Ph
| ; =
: T Oy
N \
H N
34a 12f H  35af
Ph_ _Ph HO Ph
| o O
7 Ty Qy e
N \
H N
34a 12g H 35ag
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Table 2.2 continues...

H

Entry Fulvene Indole Product Yield (%)
Ph_ _Ph H,N Ph
| i O
: oo & S
N \
H N
H
34a 12h 35ah
Ph_ _Ph Ph
g SRS A:
N \ 98
H N
) H
34a 12i 35ai
Ph_ _Ph Ph
10 | ‘
JO N O "
N \
H N
34a 12j H 355
MePh PhMe PhMe
1 l
N
H
12a

34b

35ba

Reaction conditions: fulvene (1.0 equiv.), indole (1.0 equiv.), catalyst (2 mol%),
solvent (2 mL), at rt for 2 h.

We were pleased to observe the formation of a new product 35aaa along with

35aa by doubling the equivalents of fulvene 34a. The compound 35aaa was isolated

in 35% and was identified as a product of double alkylidenecyclopentenylation of

indole at its C-2 and C-3 position. The formation of 35aaa was further checked by

conducting a reaction between 3- alkylidenecyclopentenylated indole 35aa and 1.0

equivalent of fulvene 34a (Scheme 2.13), which revealed the nucleophilicity of the C-

2 position of indole for hydroarylation reactions in succession.
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Cu(OTf); (2 mol%) 34a
34a + 12a > >
CH;CN,rt, 2 h N Cu(OTf),
N CH,CN, rt,12 h
H 35aa 35aaa (35%)

excess fulvene (34a), Cu(OTf), (2 mol%), rt, 12 h

Scheme 2.13

The spectral analysis IR, NMR and HRMS were employed to establish the
structures of the product 35aaa. In the *H NMR spectrum (Figure 2.5) of the product
35aaa, the two olefinic protons attached to the carbon atoms C-2 and C-2’ were
discernable as multiplets at chemical shift range of 6 6.62-6.61 and 6.55-6.54 ppm
respectively. The olefinic protons at C-1 and C-1 observed as distinct multiplets in
the region 6 6.25-6.21 ppm and 6.17-6.13 ppm. Two muliplets in the range of 6 4.48-
4.47 and 5 4.41-4.40 ppm denote the protons which are attached to C-3 and C-3°
carbon atoms. The diastereotopic methylene protons in the cyclopentenyl rings (C-4
and C-4’) resonated as multiplets in the range of ¢ 3.13-3.08 and o 2.96-2.77 ppm

respectively.



48

T T T
10 9 8 A

O[O (=(o ol 0| F

0| R N| Q| MY v | R R O R

oo« |~ |olco|e
e

2 1 0 -1 ppm

Figure 2.5. "H NMR spectrum of compound 35aaa

In the **C NMR spectrum (Figure 2.6), the carbons C-3, C-3" were visible at &

41.9 and 41.5 ppm. The two methylene carbons C-4 and C-4’ were observed at 6 40.1

and 39.6 ppm. All other signals in NMR spectra agreed with the proposed structure.

Further evidence for the structure was obtained from HRMS analysis which showed

the molecular ion peak at m/z 600.26609.
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Figure 2.6. *C NMR spectrum of compound 35aaa

It is worthy to note that the reaction of fulvene with electron donating group at the
exocyclic position, for example, N,N-dimethyl amino fulvene 34h did not afford the
product (Scheme 2.14).

(Me),N._H
| \ Cu(OTf), (2 mol%)
+ >
N CH,CN, rt,2 h
\

34h 12a 35ha (0%)

Scheme 2.14
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To check the further scope and uniqueness of the reaction we extended the
developed strategy to unsymmetrical fulvenes. With a mono-substitution at the
exocyclic double bond, unsymmetrical fulvenes are expected to be facile towards
nucleophilic addition at the more exposed C-6 position. But the reaction is selective
toward endo-selective addition affording the C-3 hydroarylated product 35ca with a
minor amount of the other regioisomer 35°ca (with indole substituted on the same

side as the 6-aryl substitutent) in minor amount (Scheme 2.15).

p-Me-CgH, H
/ H / C6H4-p-Me
p-Me-CgH, __H C O
| Sc(OTf); (2 mol%)
+ \ : +
N'  CHi N, rt,2h N D
NH NH
34c 12a 35ca 35'ca

Scheme 2.15

In the 'H NMR spectrum of the product 35ca (Figure 2.7), the olefinic protons at
C-2 and C-1 were observed as doublet of doublets at nearby values 6 6.44 ppm (dd, J;
=5 Hz, J, =2 Hz) and & 6.25 ppm (dd, J; = 5 Hz, J, = 2.5 Hz) respectively. The
proton attached to the exocyclic carbon atom (C-5) resonated as a singlet at 6 6.41
ppm. The multiplet at & 4.46-4.45 ppm corresponds to the proton attached to the
carbon (C-3), which is bonded to indole. The two diastereotopic protons at C-4 were
found to resonate individually as a multiplet in the range of & 3.44-3.40 ppm and a

doublet at 56 2.93 ppm (d, J= 17 Hz).
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Figure 2.8. *C NMR spectrum of 35ca
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To explore the scope and generality of the above reaction, different varieties of
fulvenes were used and the products were obtained in good yields. The results
obtained with different fulvenes derived from various aldehydes and substituted

indoles are summarized in table 2.3.

Table 2.3. Scope of hydrarylation reaction using aldehyde derived fulvenes and

substituted indoles.

N\
N H
H 3cc 3da 3ea 3ec
10:1° (68%) 10:1° (65%) 10:1° (36%) 10:1° (32%)

3fa (44%) 3ha (0%)

@ Reaction Conditions: fulvene (1.0 equiv.), indole (1.0 equiv.), Cu(OTf), (2 mol%),
CH3CN (2 mL), rt, 2h.
blsomeric ratio represents the ratio of the two isomers 3 (major) and 3' (minor)
formed during the reaction and was determined from "H NMR.

Subsequently we sought to extend the developed protocol to fulvenes with alkyl
substituents at its exocyclic (C-6) position. Interestingly the reaction between
adamantanone derived fulvene 34g and 2-phenyl indole 12c afforded two products,

the expected product 35gc and product 36gc, containing two fulvene fragments
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(Scheme 2.16). The generality of the reaction was checked with substituted indoles as

shown in Table 4.

. mph Cu(OTf),
N CH5CN O

[
H rt, 2h

349 12¢c

Scheme 2.16

Spectral data provided sufficient information for the structural characterization of
product 35gc. In the IR spectrum, the signal at 3369 cm™ was diagnostic of the NH
absorption. In the '"H NMR spectrum (Figure 2.8), the two olefinic protons were
observed as doublet of doublet at 6.56 ppm (dd, J, = 5.5 Hz, J, =2 Hz, 1H) and 6.00
ppm (dd, J; = 5 Hz, J, = 2 Hz, 1H) respectively. A multiplet observed at 6 4.45-4.43
ppm represents the proton attached to the carbon, which is bonded with the C-3
carbon of indole. The two CH, protons present in the cyclopentenyl ring resonated
individually as a multiplet at 2.97-2.94 and as a doublet of doublet at 2.77 (dd, J;, =
16.5 Hz, J, = 4 Hz, 1H). **C NMR spectrum of 35gc (Figure 2.9) positioned the two
olefinic peaks at 6 138.2 ppm and & 128.7 ppm, while the signal due to carbon, which
is bonded with the C-3 carbon of indole resonated at 6 41.0 ppm. All other signals
were in good agreement with the proposed structure. A well-defined molecular ion
peak at m/z 414.21928 (M+Na) provided another convincing evidence for the

structure.
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Figure 2.10. *C NMR spectrum of compound 35gc
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The characterization of the product 36gc was accomplished by usual
spectroscopic analysis. The IR spectrum displayed absorption at 3356 cm™
corresponding to the NH functionality. In the *H NMR spectrum (Figure 2.10), the
signal due to the NH proton was discernible as a broad singlet at & 7.90 ppm. The four
olefinic protons attached to the carbons C-1, C-7, C-2 and C-6 resonated at 6 6.52 (dd,
J1=5 Hz, J,= 1.5 Hz) ppm, & 6.35 (d, J= 4.5 Hz, 1H) ppm, & 5.86 (dd, J; = 5.5 Hz, J,
= 2.5Hz, 1H) ppm and & 5.73 (dd, J; = 5.5 Hz, J, = 2 Hz, 1H) ppm respectively. A
broad singlet at 6 4.03 was attributed to the C-3 carbon atom which is bonded with
indole moiety. **C NMR spectrum (Figure 2.11) displayed signals at & 140.5, 138.1,
137.2 and 136.9 ppm for C-2, C-6, C-7 and C-1 carbons respectively. The C-4 carbon
resonated at chemical shift values of & 50.6 while the C-5 and C-3 carbons were
visible at 6 49.8 and 43.5ppm. The molecular ion peak at m/z 626.37584, observed in

the mass spectrum provided backing information for the proposed structure.
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Figure 2.11. *H NMR spectrum of compound 36gc
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Figure 2.12. **C NMR spectrum of compound 36gc

The 2D NMR spectra, *H-'H COSY of the compound 36gc shown below was

found to be in well agreement with the assigned structure (figure 2.12).
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Figure 2.13. *H-'H COSY spectrum of compound 36gc



Lewis Acid Catalysed Regioselective Hydroheteroarylation... 57

The unprecedented formation of product 36gc prompted us to optimise the
selectivity of the reaction by varying the fulvene/indole ratio and the reaction
temperature (Table 2.4). It was found that the best yield of 35gc was obtained with a
small excess of indole at 0°C and a shorter reaction time (entry 9). On the other hand,
the optimum yield of 36gc was isolated with a two-fold excess of fulvene at 0°C
(entry 6). Furthermore, increase of fulvene/indole ratio at room temperature allowed
the isolation of higher analogues of 35gc containing three or four fulvene moieties,

37gc and 38gc, respectively (entry 3).

Table 2.4. Termination of Lewis acid catalysed polymerization of fulvene with indole

| . mph Cu(OTf), n'y 359cn=1
N CH4CN, T, t N~ >ph  36gen=2

H H 37gcn=3

349 12¢ 38gcn=4

Isolated yield (%)

1 1.0 1.0 25 2 (20%) (32%) - -
2 15 1.0 25 2 (24%) (37%) (12%) (trace)
3 2.0 1.0 25 2 (28%) (36%) (14%) (8%)
4 1.0 1.0 0 0.75 (39%) (17%) (trace) -
5 1.5 1.0 0 0.75 (22%) (46%) (trace) -
6 2.0 1.0 0 0.75 (20%) (58%) (trace) -
7° 1.0 1.3 0 0.75 (54%)  (15%) - -
8P 1.0 2.0 0 0.75 (50%) (20%) - -
gb 1.0 1.3 0 0.25 (62%) (12%) - -

8Reaction conditions: Cu(OTf), (2 mol%), CH3CN (2 mL).
bReaction is assisted with amount minor of impurites

The previously reported self-polymerisation of fulvene in acidic condition

endorses the polymerisation of the dipolar structures of alkyl substituted fulvenes and
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its competence with substitution reactions.** In our case, the self-polymerisation is
stopped by indole at different stages depending on the amount of fulvene. This is in
contrast to the results obtained in Scheme 2 with diarylfulvene, where two fulvenes
were introduced consecutively. This was further shown by the attempted reaction of
isolated product 35gc with fulvene 12g in the presence of Lewis acid, from which

only polymerised fulvene and intact 35gc was recovered.

The comparison of *H NMR spectra of all the four products is represented in
the Figure 2.13.
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Figure 2.14. Comparison of the 'H NMR of the compounds 35-38 gc
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With the optimised conditions in hand, we have checked the generality of the

reaction with differently substituted indoles (Table 2.5).

Table 2.5. Lewis acid catalysed 1,2-addition of indole to 6-adamantyl substituted

fulvene

mRz Cu(OTf), (2 mol%)
: N CH;CN (2 mL)

R 0°C
349 12
Yield (%)
Entry Indole Product 3 Product 4
1 2a(R'=H, R?=H) 35ga (59%)2 36ga (15%)2
35ga (17%)° 36ga (57%)°
2 2d (R'=Me, R?=Ph) 35gd (57%)? 36gd (14%)2
35gd (23%)° 36gd (50%)°

@ Reaction conditions: fulvene (1.0 equiv.), indole (1.3 equiv.), Cu(OTf), (2 mol%), 15 min.
b Reaction conditions: fulvene (2.0 equiv.), indole (1.0 equiv.), 45 min.

The scope of the reaction was also extended to pyrrole for the synthesis of
alkylidene-cyclopentenyl-2,3-dihydro-1H-pyrroles 35ak and 35bk (Scheme 2.17).

R-Ph Ph-R | A\
¥ . // \§ Cu(OTf), (2 mol%l N X _Ph-R
N
H CH3CN, rt, 2 h R-Ph
34a; R =4-H 12k 35ak; R = 4-H (40%)
34b; R = 4-Me 35bk; R = 4-Me(36%)

Scheme 2.17
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2.6. Mechanistic pathway

A plausible mechanism for the trapping of Lewis acid generated intermediate A
by indole leading to the hydroheteroarylation of pentafulvene is illustrated in Scheme
2.18. Electron deficient fulvenes (aromatic substituents at the exocyclic double bond)
selectively underwent 1,2-hydroheteroarylation with indole and pyrrole under Lewis
acidic condition. Whereas, electron rich fulvene get sufficient time to furnish its
cationic dimeric species B (and higher oligomeric species) which leads to 36 along
with minor amount of higher oligomers, in addition to the expected 1,2-

hydroheteroarylation product 35.

cationic
polymerization R
\ , ref 32-36
R__R R_ R
|
R
34 A A\
E = electrophile L . ,
LA = Lewis acid A )
R =aryl, R' = aryl R
R=aryl, R'= H N1
' R
R._R'= adamantyl
12 35 36
R =aryl, R = aryl R._R'= adamantyl R._R'=adamantyl
R=aryl, R"=H

R._R'=adamantyl
Scheme 2.18 Proposed mechanistic pathway for trapping fulvenium ion by indole.
2.7.Conclusion

In conclusion, we have developed an operationally simple and new strategy
towards the regioselective endocyclic ring functionalization of pentafulvene with
indoles. The method has provided the C-3 alkylidenecyclopentenylated indole and is

the first example for the Lewis acid catalysed endo-selective 1, 2-addition of a
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nucleophile to fulvenes. Moreover, we were able to terminate the acid catalysed
cationic polymerization of fulvene by trapping the fulvenium ion using indole. This
operationally simple reaction protocol does not require dry solvents and easily occur

at ambient temperature without inert atmosphere.
2.8. Experimental Section

General methods: All reactions were conducted in oven-dried glasswares. All
chemicals were of the best grade commercially available and are used without further
purification. All the solvents were purified according to standard procedure; dry
solvents were obtained according to the literature methods and stored over molecular
sieves. All reactions were monitored by TLC (Silica gel 60 F254, 0.25 mm, Merck),
visualization was effected with UV and/or by staining with Enholm yellow solution.
Gravity column chromatography was performed using 100-200 mesh silica gel or

neutral aluminium oxide and mixtures of hexane-ethyl acetate were used for elution.

Melting point was determined on a Buchi Melting Point apparatus and is
uncorrected. Proton nuclear magnetic resonance spectra (*H NMR) were recorded on
a Bruker Avance DPX 300 and Bruker AMX 500 Spectrophotometer (CDCI; as
solvent). Chemical shifts for '"H NMR spectra are reported as & in units of parts per
million (ppm) downfield from SiMe, (& 0.0) and relative to the signal of chloroform-d
(0 7.25 ppm, singlet). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (double doublet); ddd (doublet of double doublet); m (multiplet).
Coupling constants are reported as J value in Hz. Carbon nuclear magnetic resonance
spectra (*C NMR) are reported as & in units of parts per million (ppm) downfield
from SiMey (6 0.0) and relative to the signal of chloroform-d (& 77.03, triplet). Mass
spectra were recorded under ESI/HRMS at 60000 resolution using Thermoscientific
Exactive Mass Spectrometer. IR spectra were recorded on Bruker Alpha-T FTIR

Spectrometer.
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General Procedure for the Lewis acid-catalysed hydroarylation of pentafulvenes

A mixture of pentafulvene (1.0 equiv.), indole (1.0 equiv.) and Cu(OTf), (2
mol %) were weighed in a reaction tube, CH;CN (2 mL) was added and allowed to
stir at room temperature for 2 hours. The solvent was evaporated in vacuo and the
residue on silica gel (100-200 mesh) column chromatography with mixtures of

hexane-ethyl acetate yielded the products.

Procedure for the Lewis acid-catalysed hydroarylation of alkyl substituted

pentafulvenes

A mixture of pentafulvene and indole were weighed in a reaction tube, CH3;CN
(2 mL) was added and cooled to 0 °C. To the stirred solution 2 mol% of Cu(OTf), was
added and left at 0 °C until the completion of the reaction. The solvent was evaporated
in vacuo and the residue on silica gel (100-200 mesh) column chromatography with
mixtures of hexane-ethyl acetate yielded the products. The products obtained were

further purified by HPLC technique.
3-(4-(diphenylmethylene)cyclopent-2-enyl)-1H-indole (35aa)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12a (15 mg, 0.13
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35aa (44 mg, 98%) as colourless foam.

Rt = 0.45 (hexane/ethyl acetate = 4:1).
IR (Neat) v 3369, 3053, 2918, 1703, 1595,
1489, 1452, 1339, 1223, 742, 701 cm™.
'H NMR (500 MHz, CDCl3, TMS): & 7.91 (brs,
1H), 7.68 (d, J = 8 Hz, 1H), 7.39-7.36 (m, 4H),
7.31-7.20 (m, 7H), 7.16-7.13(m, 2H), 6.98 (s, 1H),




Lewis Acid Catalysed Regioselective Hydroheteroarylation... 63

6.60-6.58 (m, 1H), 6.38-6.37 (m, 1H), 4.43 (brs,
1H), 3.31 (dd, J; = 16.5 Hz, J, = 7.5 Hz, 1H), 2.95
(dd, J, = 17 Hz, J,= 4 Hz, 1H).

3C NMR (125 MHz, CDCl;, TMS): 145.0, 142.9,
141.7, 136.7, 133.4, 132.1, 130.2, 129.5, 128.0,
126.6, 126.5, 126.4 122.1, 120.5, 119.8, 119.4,
119.3,111.2, 111.1, 42.1, 39.8.

HRMS (ESI): Calcd for CygH, NNa: 370.15717;
Found: 370.15695.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-1-methyl-1H-indole (35ab)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12b (17 mg, 0.13
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35ab (46 mg, 99%) as colourless foam.

R¢ : 0.50 (hexane/ethyl acetate = 4:1).

IR (Neat) v 3064, 2902, 2848, 1959, 1878,
1583, 1477, 1361, 1336, 1250, 758, 711 cm™.

'H NMR (500 MHz, CDCl;, TMS): 6 7.58 (d, J =
7.5 Hz, 1H), 7.32-7.28 (m, 3H), 7.25-7.22 (m, 3H),
7.20-7.18 (m, 5H), 7.15-7.12 (m, 1H), 7.07-7.04
(m, 1H), 6.81 (s, 1H), 6.51 (dd, J; = 5.5 Hz, J, =
2.5 Hz, 1H), 6.29 (dd, J;, = 5.5 Hz, J, = 2.5 Hz,
1H), 4.37-4.35 (m, 1H), 3.73 (s, 3H), 3.24 (dd, J; =
17.5 Hz, J, = 7.5 Hz, 1H), 2.87 (dd, J; = 17 Hz, J,
=4 Hz, 1H).
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C NMR (125 MHz, CDCl;, TMS): & 144.9,
142.9, 141.7, 137.4, 133.3, 132.1, 130.2, 130.1,
129.5, 128.0, 127.9, 127.0, 126.4, 126.3, 125.2,
121.7,119.4, 118.8, 118.3, 109.2, 42.0, 40.1, 32.6.
HRMS (ESI): Calcd for CpyH,3NNa: 384.17282;
Found: 384.17228.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-2-phenyl-1H-indole (35ac)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12c (25 mg, 0.13

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35ac (54 mg, 99%) as white solid.

R¢: 0.53 (hexane/ethyl acetate = 4:1).

Mp : 152-154 °C,

IR (Neat) vpa: 3864, 3053, 2919, 1599, 1489,
1449, 1308, 742, 699 cm™,

'H NMR (500 MHz, CDCl;, TMS): 6 7.72 (d, J =
8 Hz, 1H), 7.50-7.47 (m, 2H), 7.43-7.42 (m, 2H),
7.37-7.31 (m, 4H), 7.24-7.22 (m, 8H), 7.19-7.13
(m, 2H), 7.08-7.06 (m, 1H), 6.57 (t, J = 2.5 Hz,
1H), 6.27 (d, J = 5 Hz, 1H), 4.53 (brs, 1H), 3.22
(dd, J, = 17 Hz, J,= 4.5 Hz, 1H), 3.14 (dd, J, = 17
Hz, J,= 7.5 Hz, 1H).

C NMR (125 MHz, CDCl;, TMS): & 145.1,
143.0, 142.9, 142.8, 136.3, 134.5, 133.2, 133.0,
132.2, 130.2, 129.5, 128.8, 128.6, 127.9, 127.8,
126.3,120.5, 119.6, 114.8, 110.9, 42.2, 39.8.
HRMS (ESI): Calcd for CsHpsNNa: 446.18847;
Found: 446.11809.
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3-(4-(diphenylmethylene)cyclopent-2-enyl)-1-methyl-2-phenyl-1H-indole (35ad)
Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12d (27 mg, 0.13

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35ad (56 mg, 99%) as colourless foam.

Rt : 0.63 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3053, 2919, 1599, 1489, 1449,

1308, 1264, 742, 701 cm™,

'H NMR (500 MHz, CDCl,, TMS): & 7.72 (d, J =

8 Hz, 1H), 7.50-7.47 (m, 2H), 7.44-7.42 (m, 3H),

7.39-7.32 (m, 3H), 7.27-7.23 (m, 8H), 7.18-7.16

(m, 1H), 7.15-7.12 (m, 1H), 6.54 (dd, J; = 7.5 Hz,

J, = 2 Hz, 1H), 6.25 (dd, J; = 7.5 Hz, J, = 2 Hz,

1H), 4.26 (brs, 1H), 3.61 (s, 3H), 3.20 (dd, J; = 17

Hz, J,=4.5 Hz, 1H), 3.07 (dd, J, = 17 Hz, J,=7.5

Hz, 1H).

BC NMR (125 MHz, CDCl;, TMS): & 145.3,

143.1, 143.0, 142.9, 137.6, 137.5, 133.0, 131.9,

131.8, 130.9, 130.2, 129.5, 128.4, 128.1, 127.9,

126.5, 126.4, 126.3, 121.8, 120.1, 119.3, 114.9,

109.4, 42.5, 40.1, 30.8.

HRMS (ESI): Calcd for CgsHpyNNa: 460.20412;

Found: 460.20388.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-5-nitro-1H-indole (35ae)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12e (21 mg, 0.13
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35ae (38 mg, 75%) as pale yellow coloured foam.
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Rt : 0.23 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3367, 3053, 2922, 1621, 1596,
1516, 1468, 1365, 1330, 1094, 897, 741, 701 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 8.63 (brs,
1H), 8.62-8.13 (m, 1H), 8.12-8.11 (m, 1H), 7.34-
7.31 (m, 2H), 7.29-7.19 (m, 6H), 7.14-7.11 (m,
2H), 7.10-7.08 (m, 2H), 6.61-6.59 (m, 1H), 6.30-
6.28 (m, 1H), 4.42-4.40 (m, 1H), 3.38 (dd, J; = 17
Hz, J,=8.5 Hz, 1H), 2.80 (dd, J; = 16.5 Hz, J,=3
Hz, 1H).

C NMR (125 MHz, CDCl;, TMS): & 144.1,
142.7, 141.6, 140.2, 139.7, 134.2, 133.2, 130.2,
129.4, 128.1, 126.7, 126.6, 126.0, 123.5, 122.6,
117.9,116.9, 111.2, 41.7, 39.6.

HRMS (ESI): Calcd for CyHyN,O,Na:
415.14225; Found: 415.14170.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-5-fluoro-1H-indole (35af)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12f (18 mg, 0.13

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35af (48 mg, 100%) as colourless foam.

Rt : 0.38 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3661, 3054, 2923, 1705, 1587,
1484, 1453, 1170, 1107, 798, 758, 702 cm™.

'H NMR (500 MHz, CDClz, TMS): & 7.92 (brs,
1H), 7.37-7.34 (m, 2H), 7.30-7.24 (m, 9H), 7.20-
7.18 (m, 1H), 7.03 (s, 1H), 6.97-6.94 (m, 1H),
6.57-6.56 (m,1H), 6.31-6.30 (m, 1H), 4.35-4.34
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(m, 1H), 3.28 (dd, J, = 17 Hz, J,= 8 Hz, 1H), 2.86
(dd, J; = 17 Hz, J,= 4 Hz, 1H).

C NMR (125 MHz, CDCl;, TMS): & 158.5,
1447, 142.8, 141.1, 133.6,133.2, 133.0, 1324,
130.2, 129.4, 129.1, 128.3, 128.0, 126.8, 126.5,
126.4, 122.3, 119.9, 111.8, 111.7, 110.6, 110.4,
104.4, 104.2, 42.0, 39.6.

HRMS (ESI): Calcd for CysH,0FNNa: 388.14775;
Found: 388.14736.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-1H-indol-5-ol (35ag)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 129 (18 mg, 0.13
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35ag (20 mg, 42%) as pale yellow viscous liquid.

R¢: 0.13 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3509, 3333, 3051, 2902, 2767,
2351, 1591, 1491, 1443, 1348, 793, 706,631 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 7.76(brs,
1H), 7.33-7.24 (m, 2H), 7.23-7.18 (m, 7H), 7.16-
7.13 (m, 2H), 6.98 (d, J = 7 Hz, 1H), 6.93 (d, J =
2.5 Hz, 1H), 6.73 (dd, J, = 8.5 Hz, J, = 2.5Hz, 1H),
6.52 (dd, J; = 5.5 Hz, J,= 2.5 Hz, 1H), 6.29 (dd, J;
= 5.5Hz, J, = 2.5Hz, 1H) 4.48 (brs, 1H), 4.31-4.28
(m, 1H), 3.21 (dd, J; = 17 Hz, J, = 7.5 Hz, 1H),
2.86 (dd, J; = 16.5 Hz, J,= 4 Hz, 1H).

C NMR (125 MHz, CDCl;, TMS): & 149.2,
144.8, 142.8, 141.4, 133.5, 132.1, 132.0, 130.2,
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129.4, 129.0, 128.2, 127.9, 126.3, 126.5, 127.3,
121.5, 119.2, 111.9, 111.7, 103.9, 42.1, 39.7.

HRMS (ESI): Calcd for C,sH,;NONa: 386.15208;
Found: 386.15179.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-7-methyl-1H-indole (35ai)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12i (17 mg, 0.13

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35ai (32 mg, 67%) as pale yellow coloured foam.

R¢: 0.35 (hexane/ethyl acetate = 4:1).

IR (Neat) v 3420, 3052, 2921, 2851, 2683,
1590, 1491, 1436, 1339, 1109, 746, 701 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.83 (brs,
1H), 7.49 (d, J = 7.5 Hz, 1H), 7.36-7.35 (m, 2H),
7.33-7.19 (m, 7H), 7.17-7.16 (m, 1H), 7.06-6.99
(m, 3H), 6.57-6.56 (m, 1H), 6.35(dd, J, = 5.5 Hz,
J,= 2 Hz, 1H), 4.41-4.40 (m, 1H), 3.28 (dd, J; =
17 Hz, J, = 8 Hz, 1H), 2.92 (dd, J; = 17 Hz, J, =
4 Hz, 1H), 2.50 (s, 3H).

C NMR (125 MHz, CDCl;, TMS): & 144.9,
142.9, 141.6, 136.2, 133.4, 132.1, 130.2, 129.5,
128.2, 127.9, 126.5, 126.3, 126.1, 122.7, 120.4,
120.2, 120.0, 119.6, 117.2, 42.2, 39.9, 16.6.
HRMS (ESI): Caled for C,;HysNNa:
384.17282; Found: 384.17251.

3-(4-(diphenylmethylene)cyclopent-2-enyl)-6-methyl-1H-indole (35aj)

Following general procedure for the Lewis acid catalyzed hydroarylation of
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pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12j (17 mg, 0.13
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35aj (29 mg, 62%) as pale yellow coloured foam.
R¢: 0.35 (hexane/ethyl acetate = 4:1)
IR (Neat) vma: 3410, 3048, 2918, 1703, 1684,
1590, 1489, 1446, 1341, 758, 700 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 7.79 (brs,
1H), 7.51 (d, J = 8 Hz, 1H), 7.36-7.33 (m, 3H),
7.28-7.22 (m, 6H), 7.18-7.14 (m, 3H), 6.95-6.90
(m, 2H), 6.56-6.55 (m, 1H), 4.38-4.37 (m, 1H),
3.27 (dd, J; = 16.5 Hz, J, = 7.5 Hz, 1H), 2.91 (dd,
J1=17 Hz, J,= 4 Hz, 1H), 2.48 (s, 3H).
C NMR (125 MHz, CDCl;, TMS): & 150.0,
142.9, 141.7, 137.2, 133.4, 132.0, 131.8, 130.2,
129.5, 128.2, 127.9, 126.4, 126.3, 124.5, 121.1,
119.6, 119.1, 111.1, 42.2, 39.8, 21.7.
HRMS (ESI): Calcd for C,;HsNNa: 384.17282;
Found: 384.17248.
3-(4-(di-p-tolylmethylene)cyclopent-2-en-1-yl)-1H-indole ( 35ba)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34b (30 mg, 0.12 mmol), indole 12a (14 mg, 0.12
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35ba (36 mg, 78%) as pale yellow coloured foam.

R¢: 0.53 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3390, 3048, 2920, 1704, 1684,

1590, 1489, 1329, 752, 699 cm™,



70

Chapter 2

'H NMR (500 MHz, CDCls, TMS): & 7.73 (brs,
1H), 7.59 (d, J = 8 Hz, 1H), 7.26 (d, J = 7.5 Hz,
1H), 7.16-7.00 (m, 9H), 6.87 (d, J = 2.5 Hz, 1H),
6.52(dd, J, = 5.5 Hz, J, = 2 Hz, 1H), 6.26-6.25 (m,
1H), 4.36-4.33 (m, 1H), 3.23 (dd, J; = 17 Hz, J,= 8
Hz, 1H), 2.86 (dd, J, = 17 Hz, J, = 4 Hz, 1H), 2.35
(s, 3H), 2.28 (s, 3H).

C NMR (125 MHz, CDCl;, TMS): & 144.2,
140.9, 140.3, 140.2, 136.7, 136.0, 135.8, 133.7,
132.0, 130.2, 129.4, 129.0, 128.7, 126.7, 122.1,
120.3, 120.0, 119.5, 119.4, 111.2, 42.1, 40.0, 21.3,
21.2.

HRMS (ESI): Calcd for C,gH,3sNNa: 398.18847;
Found: 398.18796.

2-(4-(diphenylmethylene)cyclopent-2-enyl)-1H-pyrrole (35ak)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), pyrrole 12k (8 mg, 0.13

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the product 35ak (16 mg, 40%) as colourless viscous liquid.

/ \

Iz

Ph

Ph

R¢: 0.13 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3388, 3054, 2922, 1683, 1596,
1490, 1441, 761, 701 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.94
(brs,1H), 7.33-7.26 (m, 2H), 7.25-7.20 (m, 3H),
7.18-7.17 (m, 5H), 6.68 (d, J = 1.5 Hz, 1H), 6.51-
6.50 (m, 1H), 6.19-6.18 (m, 2H), 6.14-6.12 (m,
1H), 5.95 (brs, 1H), 4.18-4.17 (m, 1H), 3.15 (dd, J;
=17 Hz, J, = 8 Hz, 1H), 2.75 (dd, J, = 16.5 Hz, J,
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= 3.5 Hz, 1H).

C NMR (125 MHz, CDCl;, TMS): & 143238,

142.6, 139.5, 134.8, 134.2, 132.8, 130.1, 129.4,

128.0, 126.6, 126.5, 116.8, 108.4, 104.6, 43.6,

39.8.

HRMS (ESI): Calcd for CyHigNNa: 320.14152;

Found: 320.14111.
2-(4-(di-p-tolylmethylene)cyclopent-2-en-1-yl)-1H-pyrrole (35bk)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34b (30 mg, 0.09 mmol), pyrrole 12k (8 mg, 0.09
mmol) and Cu(OTf), (1 mg, 0.002 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the product 35ak (13 mg, 36%) as colourless viscous liquid.

R¢: 0.13 (hexane/ethyl acetate = 4:1).

IR (Neat) v 3369, 3046, 2922, 1680, 1587,

1490, 1440, 700 cm™,

'H NMR (500 MHz, CDCl;, TMS): & 7.60

(brs,1H), 7.09-7.04 (m, 10H), 6.47-6.46 (m, 1H),

6.11 (d, J; = 5.5 Hz, J, = 2.5 Hz, 1H), 5.78-5.77
PhMe (m, 1H), 4.10-4.07 (m, 1H), 3.11 (dd, J; = 17 Hz,

B i |
WPW‘G 3, = 8 Hz, 1H), 2.74-2.69 (m, 1H), 2.35 (s, 3H),
H 2.31 (s, 3H).

BC NMR (125 MHz, CDCl;, TMS): & 143.0,
139.9, 139.0, 138.9, 138.0, 136.7, 136.1, 135.9,
135.8, 135.6, 133.7, 132.0, 130.2, 129.9, 129.4,
129.1, 129.104.6, 43.8, 40.0, 21.2.

HRMS (ESI): Calcd for C,sHsNNa: 348.17282;
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Found: 348.17249.

3-(4-benzylidenecyclopent-2-enyl)-2-phenyl-1H-indole (35cc)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34c (30 mg, 0.19 mmol), indole 12c¢ (38 mg, 0.19
mmol) and Cu(OTf), (2 mg, 0.004 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the products 35cc and 35°cc as colourless viscous foam (46 mg,
68%) with an isomeric ratio of 10:1.

R¢: 0.58 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3379, 3054, 3025, 2931, 1705,
1602, 1488, 1451, 1308, 1157, 1025, 743, 698 cm
1.

'H NMR (500 MHz, CDCl;, TMS): & 8.02 (brs,
1H), 7.66-7.60 (m, 3H), 7.56-7.53 (m, 2H), 7.48-
7.44 (m, 3H), 7.42-7.40 (m, 1H), 7.38-7.35 (m,
2H), 7.28-7.20 (m, 1H), 7.11-7.08 (m, 1H), 6.60 (s,
1H), 6.57-6.56 (m, 2H), 6.31-6.30 (m, 1H), 4.69-
4.68 (m, 1H), 3.45 (dd, J; = 17 Hz, J,= 7 Hz, 1H),
3.32-3.28 (d, J = 15 Hz, 1H).

BC NMR (125 MHz, CDCl;, TMS): & 148.8,
141.5, 138.6, 136.3, 134.6, 133.0, 128.9, 128.6,
128.4, 128.1, 128.0, 127.7, 126.0, 122.3, 120.6,
120.4, 119.7, 114.6, 111.0, 43.2, 38.0.

HRMS (ESI): Calcd for CysHpN: 347.16740;
Found: 347.16724.
3-(4-(4-methylbenzylidene)cyclopent-2-enyl)-1H-indole (35da)

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34d (30 mg, 0.18 mmol), indole 12a (38 mg, 0.18
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mmol) and Cu(OTf), (2 mg, 0.004 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the products 35da and 35°da as colourless viscous foam (33 mg,
65%) with an isomeric ratio of 10:1.

R¢: 0.43 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3381, 3047, 2930, 1670, 1600,
1568, 1451, 1300, 1100, 870, 742, 690 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.88 (brs,
1H), 7.64 (d, J = 8 Hz, 1H), 7.35 (d, J = 8 Hz, 1H),
7.30-7.28 (m, 2H), 7.23-7.20 (m, 1H), 7.13-7.11
(m, 3H), 6.98 (s, 1H), 6.49-6.46 (m, 2H), 6.30-6.29
(m, 1H), 4.50-4.49 (m, 1H), 3.45 (dd, J; = 17.5 Hz,
J, =3 Hz, 1H), 3.00-2.96 (m,1H), 2.36 (s, 3H).

C NMR (125 MHz, CDCl;, TMS): & 147.4,
139.8, 136.7, 136.5, 135.7, 135.5, 129.1, 129.0,
128.0, 126.6, 122.2, 120.5, 120.3, 119.8, 119.4,
111.1, 43.0, 38.1, 21.2.

HRMS (ESI): Calcd for CyHigN: 285.15175;
Found: 285.15137.

3-(4-(4-methoxybenzylidene)cyclopent-2-enyl)-1H-indole (35ea)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34e (30 mg, 0.16 mmol), indole 12a (38 mg, 0.16
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the products 35ea and 35’ea as colourless viscous foam (18 mg,
36%) with an isomeric ratio of 10:1.

R¢: 0.38 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3379, 3049, 2925, 1704, 1595,
1504, 1459, 1339, 1247, 1223, 1176, 1030, 742,
700 cm™,
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'H NMR (500 MHz, CDCl;, TMS): & 7.93 (brss,
1H), 7.67 (d, J = 8 Hz, 1H), 7.39-7.34 (m, 3H),
7.28-7.22 (m, 1H), 7.16-7.13 (m, 1H), 6.99-6.94
(m, 1H), 6.89 (d, J = 8.5 Hz, 2 H), 6.50-6.46 (m,
2H), 6.29-6.28 (m, 1H), 4.51-4.50 (m, 1H), 3.83 (s,
3H), 3.46 (dd, J; = 17 Hz, J,= 7 Hz, 1H), 2.99-2.96
(m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 157.8,
146.3, 139.3, 136.7, 136.5, 131.5, 129.2, 129.1,
126.5, 122.1, 120.5, 120.0, 119.8, 119.4, 113.9,
111.2, 55.3, 43.0, 38.0.

HRMS (ESI): Calcd for CyHigNO: 301.14666;
Found: 301.14642.
3-(4-(4-methoxybenzylidene)cyclopent-2-enyl)-2-phenyl-1H-indole (35ec)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34e (30 mg, 0.16 mmol), indole 12c (38 mg, 0.16
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the products 35ec and 35’ec as colourless viscous foam (20 mg,
32%) with an isomeric ratio of 10:1.

R¢: 0.43 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3385, 3040, 2932, 1673, 1602,
1573, 1452, 1302, 1174, 1104, 870, 742, 688 cm™.
'H NMR (500 MHz, CDCl3, TMS): & 8.03 (s, 1H),
7.61-7.52 (m, 3H), 7.50-7.49 (m, 2H), 7.43-7.41
(m, 1H), 7.40-7.35 (m, 3H), 7.20-7.17 (m, 1H),
7.06-7.03 (m, 1H), 6.93-6.85 (m, 2H), 6.51-6.49
(m, 2H), 6.22- 6.21 (m, 1H), 4.64-4.63 (m, 1H),
3.82 (s, 3H), 3.38 (dd, J; = 17.5 Hz, J, = 8 Hz, 1H),
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3.24-3.21 (m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 157.8,
146.5, 140.2, 136.3, 134.4, 133.1, 131.5, 129.3,
128.8, 128.7, 127.9, 127.6, 122.3, 120.5, 120.1,
119.6, 114.8, 113.8, 110.9, 55.1, 43.1, 37.9.
HRMS (ESI): Calcd for CyHx3NO: 377.17796;
Found: 377.17754.

2-((4-(1H-indol-3-yl)cyclopent-2-enylidene)methyl)phenol (35fa)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34f (30 mg, 0.18 mmol), indole 12a (38 mg, 0.18
mmol) and Cu(OTf), (2 mg, 0.004 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the products 35fa (22 mg, 44%) as pale yellow viscous liquid.

R¢: 0.15 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3412, 3380, 3053, 2926, 1695,
1600, 1454, 1235, 1096, 1015, 742, 699 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.96 (brs,
1H), 7.63 (d, J = 8 Hz, 1H), 7.38-7.34 (m, 2H),
7.28-7.20 (m, 1H), 7.14-7.08 (m, 2H), 6.98 (s, 1H),
6.89-6.83 (m, 2H), 6.58 (s, 1H), 6.54-6.53 (m, 1H),
6.39-6.37 (m, 1H), 5.14 (brs, 1H), 4.45-4.43 (m,
1H), 3.35-3.29 (m, 1H), 2.87-2.83 (m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 152.8,
150.7, 141.4, 136.7, 135.6, 128.5, 127.7, 126.5,
125.3, 122.2, 120.5, 119.5, 1194, 119.3, 115.3,
112.9,111.2,42.5, 37.5.
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HRMS (ESI): Calcd for C,;H;;NONa: 310.12078;
Found: 310.12039.

Compound 35ga

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12a (18 mg, 0.15
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the mixture of products 35ga and 36ga. The product 35ga (colourless
viscous liquid, 10 mg, 21%) was separated from 36ga and purified by HPLC.
R¢: 0.48 (hexane/ethyl acetate = 4:1).
IR (Neat) vma: 3389, 3066, 2931, 2857, 1668,
1620, 1582, 1520, 1455, 1304, 933, 744 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 7.87 (brs,
1H), 7.60 (d, J = 8 Hz, 1H), 7.32 (d, J = 8 Hz, 1H),
7.16 (t, J = 7.5 Hz, 1H), 7.06 (t, J = 7.5 Hz, 1H),
6.94 (s, 1H), 6.54-6.53 (m, 1H), 6.08-6.06 (m, 1H),
4.30-4.28 (m, 1H), 3.06 (dd, J; = 16 Hz, J, = 9 Hz,
1H), 2.94 (brs, 1H), 2.58 (brs, 1H), 2.53 (dd, J; =
16 Hz, J, = 4 Hz, 1H), 1.96-1.95 (m, 2H), 1.91-
1.89 (m, 2H), 1.86-1.82 (m, 6H), 1.74-1.72 (m,
2H).
C NMR (125 MHz, CDCl;, TMS): & 138.0,
137.1, 136.7, 131.9, 130.1, 126.6, 121.9, 121.0,
120.0, 119.5, 119.1, 111.0, 41.0, 39.4, 39.2, 38.8,
38.7, 37.3, 35.3, 35.0, 34.6, 28.4, 28.3.
HRMS (ESI): Calcd for CyHysNNa: 338.18847;
Found: 338.18795.

Compound 35gc

Following general procedure for the Lewis acid catalyzed hydroarylation of
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pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12c¢ (29 mg, 0.15

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the mixture of products 35gc and 36gc. The product 35gc (colourless

viscous liquid, 10 mg, 21%) was separated from 36ga and purified by HPLC.

Compound 35gd

R¢: 0.54 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3369, 3060, 2940, 2855, 1670,
1620, 1581, 1520, 1458, 1301, 1291, 1238, 941,
741 cm™,

'H NMR (500 MHz, CDCl;, TMS): & 7.93 (brs,
1H), 7.61 (d, J = 8 Hz, 1H), 7.54-7.52 (m, 2H),
7.47-7.44 (m, 2H), 7.38-7.32 (m, 2H), 7.16-7.13
(m, 1H), 7.02(t, J = 7.5 Hz, 1H), 6.56 (dd, J; = 5.5
Hz, J, = 2 Hz, 1H), 6.00 (dd, J, =5 Hz, J, = 2 Hz,
1H), 4.45-4.43 (m, 1H), 3.00-2.94 (m, 2H), 2.77
(dd, J; = 16.5 Hz, J, = 4 Hz, 1H), 2.60 (brs, 1H),
2.01-1.96 (m, 3H),1.93-1.89 (m, 2H), 1.86-1.80
(m, 7H).

C NMR(125MHz,CDClz, TMS): § 138.2, 138.0,
136.3, 133.9, 133.3, 132.4, 130.0, 128.7, 128.6,
127.9, 127.7, 122.1, 120.8, 119.4, 116.2, 110.7,
41.0, 39.8, 39.3, 39.1, 38.8, 37.4, 35.2, 35.1, 34.7,
28.5, 28.4.

HRMS (ESI): Calcd for CyHygNNa: 414.21977;
Found: 414.21928.

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12d (31 mg, 0.15

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
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for 2 hours gave the mixture of products 35gd and 36gd. The product 35gd
(colourless viscous liquid, 13 mg, 22%) was separated from 36gd and purified by
HPLC.

R¢: 00.54 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 2981, 2915, 2833, 1671, 1621,
1586, 1542, 1380, 1042, 957, 931, 743 cm™.

'H NMR (500 MHz, CDCl3, TMS): 6 7.62 (d, J =
7.5 Hz, 1H), 7.51-7.47 (m, 2H), 7.45-7.40 (m,
3H), 7.33-7.31 (m, 1H), 7.22 (t, J = 7.5 Hz, 1H),
7.07-7.04 (m, 1H), 6.51 (dd, J; = 5.5 Hz, J, = 2.5
Hz, 1H), 5.95 (dd, J; = 5.5 Hz, J, = 2.5 Hz, 1H),
4.15-4.13 (m, 1H), 3.60 (s, 3H), 2.99 (brs, 1H),
2.89 (dd, J; = 16.5 Hz, J, =9 Hz, 1H), 2.72 (dd, J;
= 16.5 Hz, J, = 4.5 Hz, 1H), 2.59 (brs, 1H), 2.02-
1.81 (m, 12H).

C NMR (125 MHz, CDCl;, TMS): & 138.4,
137.8, 137.5, 137.0, 132.5, 132.1, 130.9, 129.6,
128.3, 127.9, 121.6, 120.4, 119.0, 116.3, 109.2,
41.3, 39.7, 39.0, 38.8, 37.4, 35.3, 35.1, 34.7, 30.8,
30.7, 28.5 ppm.

HRMS (ESI): Calcd for CsgH3N: 405.24565;
Found: 405.24513.

Compound 36ga

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12a (18 mg, 0.15
mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the mixture of products 35ga and 36ga. The product 36ga (colourless
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viscous liquid, 23 mg, 29%) was separated from 35ga and purified by HPLC.

Compound 36gc

R¢: 00.48 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3356, 3069, 2933, 2857, 1671,
1619, 1582, 1455, 933, 742, 688 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.84 (brs,
1H), 7.57(d, J = 8 Hz, 1H), 7.30 (d, J = 8 Hz, 1H),
7.13 (t, J = 7.5 Hz, 1H), 7.03-6.99 (m, 1H), 6.87
(d, J =2 Hz,1H), 6.48 (t, J = 4 Hz, 2H), 5.80 (dd,
J1=9.5 Hz, J,= 4.5 Hz, 1H), 3.73 (brs, 1H), 3.15-
3.14 (m, 1H), 3.07-3.01 (m, 2H), 2.92 (brs, 1H),
2.73 (brs, 1H), 2.58-2.53 (m, 2H), 2.37-2.33 (m,
1H), 2.00-1.77 (m, 24H).

C NMR (125 MHz, CDCl;, TMS): & 139.6,
136.7, 136.5, 136.0, 135.9, 132.3, 131.5, 129.3,
126.4, 121.8, 120.9, 120.3, 119.8, 119.0, 110.9,
51.5, 48.6, 42.6, 39.6, 39.5, 39.4, 39.3, 39.1, 38.7,
37.3,37.2,35.0,34.9, 34.6, 34.5, 31.1, 28.5, 28.4.
HRMS (ESI): Calcd for CsgHssN: 513.33955;
Found: 513.33916.

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12c¢ (29 mg, 0.15

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the mixture of products 35gc and 36gc. The product 36gc (colourless

viscous liquid, 29 mg, 32%) was separated from 35gc and purified by HPLC.

R¢: 0. 0.54 (hexane/ethyl acetate = 4:1).
IR (Neat) v 3048, 2909, 2852, 1589, 1472,
1379, 744, 690 cm™.
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Compound 36gd

'H NMR (500 MHz, CDCl;, TMS): & 7.90 (brs,
1H), 7.64 (d, J = 8 Hz, 1H), 7.51 (d, J = 7.5 Hz,
2H), 7.41-7.38 (m, 2H), 7.31-7.25 (m, 2H),
7.14-7.11 (m, 1H), 6.98 (t, J = 7.5 Hz, 1H), 6.52
(dd, J; =5 Hz, J,= 1.5 Hz, 1H), 6.35 (d, J= 4.5
Hz, 1H), 5.86 (dd, J; = 5.5 Hz, J, = 2.5 Hz, 1H),
5.73 (dd, J, = 5.5 Hz, J, = 2 Hz, 1H), 4.03 (brs,
1H), 3.29 (brs, 1H), 3.10 (brs, 1H), 3.06 (brs,
1H), 2.77 (brs, 1H), 2.72 (brs, 1H), 2.47-2.36
(m, 1H), 2.20 (brs, 1H), 2.07 (brs, 1H), 2.02-
1.92 (m, 5H), 1.89-1.83 (m, 10H), 1.86-1.80 (m,
4H),1.77-1.67 (m, 2H), 1.65-1.62 (m, 1H),
1.53-1.51 (m, 1H), 1.50-1.46 (m, 1H), 0.96-1.13
(m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 140.5,
138.1, 137.2, 136.9, 136.3, 134.2, 34.0, 132.6,
132.4, 130.3, 129.6, 129.1, 128.8, 128.2, 122.9,
121.8, 120.1, 117.4, 1115, 50.6, 49.8, 47.1,
43.5, 40.4, 40.3, 40.1, 39.9, 39.8, 39.2, 38.9,
38.1, 35.7, 35.5, 35.4, 35.1, 315, 30.5, 29.3,
29.2,29.1, 29.0.

HRMS (ESI): Calcd for CuH,7N: 589.37085;
Found: 589.37055.

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12d (31 mg, 0.15

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the mixture of products 35gd and 36gd. The product 36gd
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(colourless viscous liquid, 24 mg, 30%) was separated from 35gd and purified by

HPLC.

Compound 37gc

R¢: 0.62 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3058, 2978, 2908, 1580, 1467,
1445, 1249, 1022, 745 cm™,

'H NMR (500 MHz, CDCl3, TMS): 6 7.67-7.65
(m, 1H), 7.45-7.42 (m, 2H), 7.38-7.31 (m, 4H),
7.26-7.19 (m, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.44
(d, J = 5.5 Hz, 1H), 6.30 (d, J = 5 Hz, 1H), 5.77
(dd, J;= 5.5 Hz, J,= 2.5 Hz, 1H), 5.68 (d, J = 2.5
Hz, 1H),3.78 (brs, 1H), 3.60-3.56 (m, 3H), 3.23
(brs, 1H), 3.10-3.03 (m, 2H), 2.76 (brs, 2H), 2.48-
2.42 (m, 1H), 2.37 (m, 1H), 2.19(m, 1H), 2.08-
1.52 (m, 24H).

C NMR (125 MHz, CDCl;, TMS): & 139.3,
137.4, 136.7, 136.1, 135.7, 132.1, 131.5, 129.1,
128.3, 127.5, 127.3, 126.6, 121.6, 120.6, 118.9,
116.5, 115.6, 109.2, 49.7, 49.4, 43.2, 39.5, 39.2,
38.7, 38.5, 37.4, 34.9, 34.3, 30.9, 30.8, 28.4.
HRMS (ESI): Calcd for CusHaN: 603.38650;
Found: 603.38596.

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12c¢ (31 mg, 0.10

mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature

for 2 hours gave the mixture of products 35gc, 36gc and 37gc. The product 37gc

(colourless viscous liquid, 10 mg, 12%) was separated and purified by HPLC.
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Compound 38gc

R¢: 0.62 (hexane/ethyl acetate = 4:1).

IR (Neat) v 3378, 3058, 2978, 2908, 1580,
1467, 1445, 1022, 745 cm™,

'H NMR (500 MHz, CDCl5, TMS):  7.89 (brs,
1H), 7.74 (d, J = 8 Hz, 1H), 7.54-7.53 (m, 2H),
7.41-7.38 (m, 2H), 7.32-7.25 (m, 2H), 7.14-7.13
(m, 1H), 7.01-7.00 (m, 1H), 6.45-6.44 (m, 1H),
6.37-6.36 (m, 1H), 6.29-6.28 (m, 1H), 5.91-5.89
(m, 1H), 5.56-5.52 (m, 2H), 3.90 (brs, 1H),
3.27-3.26 (m,1H), 3.03 (brs, 1H) 2.79 (brs, 1H),
2.74 (brs, 1H), 2.67 (brs, 2H), 2.48-2.45 (m,
3H), 2.33 (brs, 1H), 2.06 (brs, 1H), 2.01-1.95
(m, 8H), 1.90-1.77 (m, 18H), 1.75-1.69 (m, 5H),
1.68-1.63 (m, 2H), 1.61 (brs, 1H), 1.40-1.25 (m,
2H), 0.52-0.46 (m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 139.4,
137.9, 137.8, 136.5, 136.2, 136.1, 136.0, 135.9,
134.2, 133.5, 133.4, 132.4, 131.3, 131.2, 128.9,
128.1, 127.3, 122.0, 121.4, 119.2, 116.5, 110.7,
51.3, 50.7, 48.8, 45.4, 42.9, 39.8, 39.7, 39.6,
39.5, 39.4, 39.2, 39.1, 39.0, 38.7, 38.6, 38.5,
38.0, 37.4, 37.2, 35.1, 35.0, 34.9, 34.6, 34.4,
34.1.

HRMS (ESI): Calcd for CsgHgsN: 787.51170;
Found: 787.51126.

Following general procedure for the Lewis acid catalyzed hydroarylation of

pentafulvene. The pentafulvene 34g (30 mg, 0.15 mmol), indole 12c¢ (31 mg, 0.10
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mmol) and Cu(OTf), (1 mg, 0.003 mmol), in 2 mL acetonitrile at room temperature
for 2 hours gave the mixture of products 35gc, 36gc, 37gc and 38gc. The product
38gc (colourless viscous liquid, 6 mg, 8%) was separated and purified by HPLC.

R¢: 0.48 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3212, 3028, 1673, 1584, 1452,
1300, 1248, 1181, 1104, 874, 742, 691 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.89 (brs,
1H), 7.67 (d, J = 8.5 Hz, 1H), 7.43-7.42 (m, 2H),
7.34-7.23 (m, 4H), 7.08-7.07 (m, 1H), 6.93-6.92
(m, 1H), 6.40 (brs, 1H), 6.21-6.16 (m, 3H), 5.85 {t,
J =25 Hz, 1H), 5.46-5.31 (m, 3H), 3.91 (brs, 1H),
2.99-2.41 (m,15H), 1.84-1.18 (m, 46H), 0.81-0.88
(m, 3H).

C NMR (125 MHz, CDCl;, TMS): & 136.1,
136.0, 132.4, 130.9, 128.8, 128.7, 127.6, 122.0,
121.4, 119.0, 110.5, 48.6, 46.7, 45.5, 39.9, 39.6,
39.5, 39.2, 39.1, 38.9, 38.8, 38.7, 38.5, 37.5, 37.4,
35.1, 35.0, 34.8, 34.6, 34.4, 34.3, 31.9, 31.1, 29.7,
28.6, 28.5, 28.2, 28.1.

HRMS (ESI): Calcd for C74HgsNNa: 1008.64232;
Found: 1008.64163.

2,3-bis(4-(diphenylmethylene)cyclopent-2-enyl)-1H-indole (35aaa)

Following general procedure for the Lewis acid catalyzed hydroarylation of
pentafulvene. The pentafulvene 34a (30 mg, 0.13 mmol), indole 12a (30 mg, 0.26
mmol) and Cu(OT¥), (2 mg, 0.006 mmol), in 2 mL acetonitrile at room temperature
for 12 hours gave the product 35aaa (34 mg, 45%) as pale yellow coloured foam. (or)

A mixture of compound 35aa (1.0 eqiuv.), fulvene 34a (1.0 equiv.) and Cu(OTf), (2
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mol %) were weighed in a reaction tube, CH;CN (2 mL) was added and allowed to
stir at room temperature for 12 hours. The solvent was evaporated in vacuo and the
residue on silica gel (100-200 mesh) column chromatography yielded the product
35aaa (26 mg, 35%) as pale yellow coloured foam.

R¢: 0.58 (hexane/ethyl acetate = 4:1).

IR (Neat) vma: 3294, 2857, 2366, 2335, 1647,
1590, 1369, 942, 887, 702 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.69 (brs,
1H), 7.54 (d, J = 7.5 Hz 1H), 7.33-7.29 (m, 4H),
7.26-7.15 (m, 17H), 7.12-7.00 (m, 2H), 6.62-6.61
(m, 1H), 6.55-6.54 (m, 1H), 6.25-6.21 (m, 1H),
6.17-6.13 (m, 1H), 4.48-4.47 (m, 1H), 4.41-4.40
(m, 1H), 3.13-3.08 (m, 2H), 2.96-2.92 (m, 1H),
2.81-2.77 (m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 145.1,
143.2, 142.5, 142.4, 138.7, 138.6, 136.4, 135.5,
135.4, 133.9, 133.3, 133.2, 132.2, 130.2, 130.1,
129.4, 129.3, 128.1, 128.0, 127.9, 127.7, 126.8,
126.7, 126.5, 126.3, 121.5, 119.4, 119.3, 119.2,
113.3, 110.5, 41.9, 41.5, 40.2, 39.6.

HRMS (ESI): Calcd for CyHssNa: 600.26672;
Found: 600.26609.
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CHAPTER 3

Lewis acid catalyzed C-3 alkylidenecyclopentenylation of
indoles by using fulvene derived azabicyclic olefins: An

easy access to functionalized indoles and bis-indoles

3.1. Introduction

The substituted indole nucleus is a structural component of a vast number of
biologically active natural and unnatural compounds.® A careful inspection of a
notable array of indole containing compounds evidences the tryptamine backbone as a
common recognizable motif in the whole molecular structure.? Tryptamine derivatives
such as Serotonin, Melatonin etc. are used as drugs for treating SHT receptor related
disorders.** Similar to triptamine derivatives, bis-indole analogues such as Violacein,’
Staurosporine® and Rebeccamycin’ have also received much attention due to its
diverse biological activities (Figure 1). In line with the search for such novel indole
scaffolds, we have developed a Lewis acid catalyzed synthetic strategy towards
alkylidenecyclopentene functionalized indoles and bis-indoles using fulvene derived
azabicyclic olefins and is described in the present chapter. Before going into the
details, a brief introduction of indole functionalization is presented in the following

section.
3.2. Functionalization of indoles

Owing to the great prevalence of indole nucleus, enormous research efforts have
been devoted towards the synthesis and functionalization of this privileged

heterocycle. Indole serves as an ambient nucleophile; the selective targeting of C-H
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bonds in the presence of a reactive N-H functionality represents a challenging goal in
indole functionalization. The selective alkylation at C-2 or C-3 position will be
complementary to the known N-alkylation methodology and holds significant
synthetic potential. The derivatization of indoles are most efficiently achieved by
Friedel-Crafts reaction or by using 2- or 3-haloindoles to couple with alkenes,
alkynes, organostannanes, organozincs and aryl boronic acids etc.® Various synthetic
methodologies involving Lewis acids, Brensted acids, organocatalysts or transition

metal catalysts have been developed for the selective C-3 functionalization of indoles.

HO NH2
A\
N
H
Serotonin Sumatriptan Violacein
H
H
N
N o lo)
O (L0
Cl H cl
O |-OH
NHMe HO 03:'
R = H, Lycogarubin C Staurosporine Rebeccamycin

R = OH, Lycogarubin B

Figure 3.1 Bioactive compounds with indole or bisindole scaffolds
3.2.1. Alkylation of indoles

The addition of aromatic C-H bonds to alkenes leading to the formation of a new

C-C bond is of considerable interest and remains as a long-term challenge for
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chemists. Such a reaction would provide a simple and attractive method for the
formation of aryl substituted compounds from easily available starting materials. The
acid promoted addition of indoles to electron deficient alkenes comes under this
category. The following section describes the alkylation of indoles with various

alkylating agents.
3.2.2. Conjugate addition of indoles

The acid catalysed addition of indole to «,f-unsaturated ketones,® S,
unsaturated-o-ketoesters,** acyl phosphonates,”® alkylidene malonates,” o-
hydroxyenones,™* 2-acyl imidazoles," nitroalkenes'® and other acyl heterocycle
compounds are also well known in literature. In 1957, Szmuszkovicz described the
conjugate addition of indole to methyl vinyl ketone (MVK). The reaction afforded
75% of the addition product 3 (Scheme 3.1)."’

@ + A]/ Acetic acid W
H O  Acetic anhydride N o
H

1 2 3 (75%)

Scheme 3.1

Jorgenson et al. reported the first catalytic highly enantioselective Friedel-Crafts
alkylation reaction of indoles with g, ~unsaturated-a-ketoesters using chiral

bisoxazoline copper (11) complexes (Scheme 3.2).*
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o
N\ Catalyst (2 mol%)
Ej\/,\,> + PhMCOZMe -

H Et,0, 64 h

-78 °C to -30 °C
1 4 5 (77%, ee = 99.5%)

TR

M = Cu(OTf),
Catalyst

Scheme 3.2

In 2010, King and co-workers explored the Lewis acid catalyzed Michael addition
of indole to cyclopent-2-enone for the preparation of 3-cis-(3-aminocyclopentenyl)

indoles, which serve as potent inhibitors of hSERT (Scheme 3.3).*

(o]

é i '
-l (O™
R3
Z N Yb(OTf), R N NaBH(OAc), —/ \
H T
N
6 8 9 (100%)
R' = Halogen, 5-CN

Scheme 3.3

Very recently, Yanlong Gu and co-workers synthesized C-3 cycloalkylated
indoles through its reductive alkylation with cyclic ketone using a sulfonyl-

functionalized Bransted acid ionic liquid as a catalyst (Scheme 3.4).'®



Lewis acid catalyzed C-3 alkylidenecyclopentenylation of indoles...... 93

Solvent free, 100 °C, 1 h HN
10 12 (85%)

' e

Michael reaction

@\’\> . CF,S0;
N >
H
1
|

Iz

1

Scheme 3.4

Jing and co-workers developed a thiourea based organocatalyst for the
stereoselective Michael addition reaction of oxazolones to vinylogous imine
intermediates generated in situ from arylsulfonyl indoles.”® The reaction of
arylsulfonyl indole 12 and oxazolone 13 in presence of cinchona alkaloid derived
thiourea catalysts afforded the corresponding product 14 with 63% yield and 97% ee
(Scheme 3.5).

Ph
SO, Tol Ph
N .0 NN Cat. _
u OH K3;PO,, Toluene
30°C,2h
12 13

Scheme 3.5
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3.2.3. Alkenylation of indoles by palladium catalysis

The natural reactivity of indole suggested that palladation and Heck coupling
would take place preferentially at the C-3 position of indole. But in 2005, Gaunt et al.
have unraveled a new switchable solvent-controlled regioselective palladium
catalyzed indole alkenylation on both C-2 and C-3 position of indole by C-H

functionalization (Scheme 3.6).%°

X A R2 X
N Pd(OAc), (0.2 equiv.), N R2

R! tBuOOBz (0.9 equiv.) R
15 1,4- Dioxane/AcOH (3:1, 0.4 M) 16
70 °C, 18 h

R3 R4

4 —_—
N Pd(OAc), (0.1 equiv.)

Cu(OAc), (1.8 equiv.)
DMF/DMSO (9:1, 0.4M) 17
70°C,18 h

Scheme 3.6
3.2.4. Arylation of indoles with diaryl-iodine (I11) reagents

In 2008, the same group developed a Cu(ll)-catalyzed C-H bond arylation
strategy that enables direct and site-selective indole functionalization with phenyl
group.?* They proposed that Cu(l) catalyst undergo oxidation with diaryl-iodine(l11)
reagents to form a highly electrophilic aryl-Cu(lll) intermediate which would enable

the mild arylation process (Scheme 3.7).
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Ph
Cu(OTf @,\g
@l\> ¢ [Pha-phx — 2Oz
N dtbpy, CH,Cl, N
R R
18 19 20
Scheme 3.7

3.2.5. Cyanation of indoles with K4[Fe(CN)g]

The first regio-selective cyanation of indoles through a Pd-catalyzed direct C-H
bond functionalization was reported in 2010.* The reaction uses safe and nontoxic
K4[Fe(CN)¢] as cyanating agent and selectively introduces a cyano group into the 3-

position of indoles with high efficiency (Scheme 3.8).

H CN
R Pd(OAc), (10 mol%) R?
N_R2 + K,Fe(CN)g 2 ? . N\_R2
N Cu(OAc), (3 equiv.) N
R DMSO, O,, 130 °C, 5 h R
21 22 23
Scheme 3.8

3.2.6. Reductive imination of indoles with isocyanides

In 2007, Chatani developed an imine synthesis by a Lewis acid promoted
insertion of isocyanides into C-H bonds of electron-rich aromatic compounds
(Scheme 3.9).%

H
NR
AICI; (1 equiv.
©\/\> + R-N=C: 3 (1 equiv) | N\
N Toluene N
\ rt,15 h \
1b 24 25

Scheme 3.9
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3.2.7. Chloroamination of indoles with chlorosulfonamides

As a complementary methodology of Buchwald- Hartwig coupling, Yuan Liu
reported a palladium/copper catalyzed intermolecular direct C-H amination and
chloroamination of indoles using chlorosulfonamides as the nitrogen source (Scheme
3.9).

cl
Pd(OAc), (2.5 mol%) XN R?
CuCl(10mol%) _ RI NN
Ag,CO; (2 equiv.) = N Ts
LiCl (2 equiv.) R'

N AN A Ts. _Cl Dioxane, rt 28 o
L + N S— Chloroamination
N\ Rz R2

R? Pd(OAc), (5 mol%) RC TN\
26 Cu(acac), (10 mol%) = N Ts

bpy (10 mol%) R!
Na,CO;3 (2 equiv.) 27
Dioxane, rt

C-2 amination

Scheme 3.10
3.2.8. Towards triptans: Reaction of indole with nitroalkenes

The literature reports are scanty for the direct and selective installation of an
aminoalkyl moiety on indole ring, toward the synthesis of triptans (triptamine
derivatives). Alternatively, it is possible to use the reactants bearing nitrogen atoms
(nitroalkanes or nitroalkenes) for the nitoralkylation of indoles. A subsequent
reduction of the nitro group after the addition reaction ensures an efficient entry to
tryptans (Scheme 3.11).2
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H
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/
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A R37NO, o
H
32 33

Scheme 3.11
3.2.8.1. Uncatalyzed Friedel-Crafts reaction

Ching-Fa Yao established a mild, green and easy procedure for conjugative
addition of indole to A-nitrostyrenes in aqueous medium at elevated temperature
without any catalyst. Here, the simple heating of reaction mixture is often enough to
provide the successful reaction of indoles with electron-withdrawing nitroalkenes
(Scheme 3.12).

rt NO;
R1/\/N02
Cy S o
ﬂ 100 °C, 4-15 h N
H
1 37

Scheme 3.12
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3.2.8.2. Brgnsted acid catalyzed Friedel-Crafts reaction

Nitro alcohol 39 reacts with 5-(benzyloxy)-1H-indole 38 in a solvent mixture of
toluene-acetic acid (9:1) at reflux condition affording the nitroester 40, which can be

reduced to the tryptophan derivative 41 (Scheme 3.13).?

BnO CO,Et
MeO

BnO
\_p2 Toluene - AcOH (9:1 NO
mR * CO,Et ( )= ! R2 2
H HO Reflux

38 39 NO. 17 h 40

BnO OMe

41 (83%)
Scheme 3.13

3.2.8.3. Lewis acid catalyzed Friedel-Crafts reactions

Interaction of nitroalkenes with Lewis acids is the most exploited way of
activation in their reaction with indoles. Protonation of the nitro group at oxygen
provides a notable enhancement of the electrophilic character of nitroalkenes.?® This
allows an effective Friedel-Craft reaction to occur even using weak acids as proton
source. Unsymmetrical bisindolyl derivatives 45 can be readily obtained by reaction

of indoles with 3-indolylnitroalkene 43 in the presence of silica gel (Scheme 3.14).%’
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g N = silica gel
R1!— _ R + \ 49»
N N rt, 10-14 h
H H
42 43 44 1. HCOONH,, 10% Pd/C

MeOH,reflux, 6 h
2. Ac,0/Py, rt,12 h

Scheme 3.14

Similarly, the treatment of indole 6 with trans-/-nitrostyrene 29 in the presence
of CeCl5.7H,0 and Nal supported on SiO, gives a heterogeneous mixture that affords

the corresponding 2-indolyl-1-nitroalkane 46 in good yield (Scheme 3.15).%

R2 NO,
R3
N R? CeCl,.7TH,0
R‘@ * \Q(Noz = R N
Z N Nal, SiO, Z >N
H R3 H
6 29 46

Scheme 3.15
3.2.8.4. Organocatalyzed Friedel-Crafts reactions

Organocatalyzed reactions involving nitro derivatives are mainly based on
hydrogen bonding interactions established between the nitro oxygen and acidic
hydrogen atoms linked to the catalyst. Thioureas are generally more effective than
other organocatalysts in the reaction of indoles with nitroalkenes because of the

superior acidity of the N-H bonds in this sulfur containing compounds. In 2005, Ricci
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and co-workers have achieved thiourea based organo catalysis for the enantioselective
Friedel-Crafts alkylation of indoles with nitroalkenes. The reaction provided optically
active 2-indolyl-1-nitro derivatives 48 in fairly good yields and enantioselectivities
(Scheme 3.16).%°

Ph,
NO,
@ + o\ NO; 2mol% cat. . N\
N N
24 47 Yield = 78%
ee = 85%

Scheme 3.16
3.2.8.5. Base promoted conjugate addition of indoles to nitroalkenes

The majority of the processes involving reaction of indoles with nitroalkenes are
based on the Friedel-Crafts reaction which is generally carried out under neutral or
acidic conditions. However, the enhanced acidity of the indole N-H bond, which
closely resembles that of an alcohol, can be suitably exploited in order to generate the
corresponding indolyl anion upon reaction with basic reagents. More recently, basic
alumina has been used as indole activator and solid support for the conjugate addition

to nitroalkenes under solvent free conditions (Scheme 3.17).%

2
Rmm - RNo Basic Al,0;
Z N 60 °C, 2-6 h

Scheme 3.17
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3.3. Statement of the problem

One of the ultimate goals and challenges in synthetic organic chemistry is to
develop novel and efficient strategies for the creation of suitably functionalized
molecules. It is evident from the literature that the Lewis acid catalyzed selective
functionalization of indoles has great potential to achieve biologically and
pharmaceutically relevant targets. In this context, we wish to demonstrate a Lewis
acid catalyzed C-3 alkylidenecyclopentenylation of indoles towards the synthesis of
functionalized indoles and bisindoles using pentafulvene derived bicyclic hydrazines.
The results of the detailed investigation of trapping the Lewis acid generated allylic
carbocation derived from pentafulvene derived azabicyclic olefins and its subsequent
transformation to bisindole analogues (Schme 3.18) are presented in the following

sections.

Scheme 3.18
3.4. Results and discussion

The azabicyclic olefins required for our investigations were prepared following

the literature procedures.®* For example, the 2,3-diazabicyclo[2.2.1]hept-5-ene 53 was
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synthesized by the Diels-Alder cycloaddition of pentafulvene 51 with dialkyl

azodicarboxylate 52 (Scheme 3.19).

RO,C_
I Cyclohexane
N

. t 24 h
coR
51 52

R = Et, iPr, 'Bu, Bn

Scheme 3.19

N
N CO;R
53 “co,R

We initiated our investigation by the treatment of pentafulvene derived
diazabicyclic olefin 53a (1.2 equiv.) with N-methyl indole 1b (1 equiv.) in the
presence of Sc(OTf); (2 mol%) in toluene at room temperature. After 4 hour, the

reaction afforded desired trans-3,4 disubstituted alkylidenecyclopentene derivative

54ab in 44% yield (Scheme 3.20).

\ @ Sc(OTf)3
N Toluene

’ N: CO,Et 4h,rt
CO,Et
53a 1b
Scheme 3.20

=

\ H
| CO,Et
Y Coyet 2
N

\
54ab (44%)

The structure of 54ab was established by IR, NMR and Mass Spectrometry. In

the IR spectrum, the signal at 1710 cm™ was diagnostic of the carbethoxy group,

whereas the NH absorption was discernible at 3323 cm™.
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Figure 3.2. *H NMR spectrum of compound 54ab
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In the '"H NMR spectrum (Figure 3.2), the two ring olefinic protons were
observed as a doublet at & 6.53 ppm and a broad singlet at & 6.04 ppm respectively. A
broad peak at 6 6.23 ppm represents the NH proton presented in the hydrazinyl
moiety. The multiplet in the region & 5.31-5.09 ppm was assigned as the proton on the
carbon (C-4) which is attached to the hydrazine moiety. The proton on the carbon (C-
3) carrying the indole moiety appeared as a multiplet in the region & 4.49-4.39 ppm.
The methylene protons (C-8 and C-8') of carbethoxy group appeared in the range &
4.24-4.18 ppm as multiplet. The singlet resonating at 6 3.72 ppm was indicative of
protons on N-CHa.
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Figure 3.3. **C NMR spectrum of compound 54ab

3C NMR spectrum of 54ab (Figure 3.3) positioned the two carbonyl peaks at &
156.4 ppm and & 155.1 ppm, while the signal due to methylene carbons of the
carboethoxy groups appeared at & 62.3 and 61.8 ppm. The C-4 and C-3 carbons were
observed at & 65.5 and 47.5 ppm respectively. The signal at 6 32.5 ppm was
characteristic of the N-CH; carbon. The signals due to methyl carbons of carbethoxy
group appeared at 6 14.5. All other signals were in good agreement with the proposed

structure.

The high resolution mass spectral analysis of 54ab showed the molecular ion
peak at m/z = 474.23764 (M+ Na). The structure and stereochemistry of the product
was unambiguously established by single crystal X-ray analysis of a similar

compound 54eb (Figure 3.4).
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Figure 3.4. ORTEP plot of compound 54eb

In order to develop a suitable catalytic system for this transformation, we
undertook an optimization study using different Lewis acids and solvents, the details
are given in Table 2.1. Interestingly, when we carried out the reaction in acetonitrile
the reaction afforded a new product 55ab along with the expected product 54ab
(Scheme 3.21).

\ . ©f\§ Sc(OTf),
Z N ‘co,Et N CHiCN
\ \' 4n,rt
CO,Et .
53a 1b 54ab (75%) 55ab (14%)
Scheme 3.21

Among the various Lewis acids used, Sn(OTf), and Fe(OTf); provided the
product 54ab in comparable yields. During optimization studies, we perceived that
the change in equivalents of starting materials 53a or 1b played a crucial role in
outcome of the reaction. Use of 2 equivalents of N-methyl indole resulted in the
formation of bisindole product 55ab (58% yield) in excess over S4ab (31% yield)
(Entry 16). Under optimal conditions (2 mol% Sc(OTf); in CH;CN), reaction could be

tuned towards the formation of alkylidenecyclopentenyl derivative of indole 54ab or
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bisindole 55ab by simply altering the equivalents of starting materials 53a or 1b.

Table 3.1 Optimization for a suitable catalyst system?

V
H
N\ LeW|s acid : C o ECtOZEt
N ~solvent 2 .
N C02Et 4 h,rt

_ b4 /i I

COzEt
Entry Lewis acid Solvent = —mmmmmemmmoie——eoe-
1 Sc(OTf)5 toluene 44 _
2 Sc(OTf); DMF 38 -
3 Sc(OTf), THF 30 _
4 Sc(OTf)3 DCE 65 5
5 Sc(OTf); DCM 58 trace
[ 6 Sc(OTf), CH4CN 75 14 ]
7 Yb(OTf), CH4CN 37 _
8 Zn(OTf), CH3CN trace -
9 La(OTf), CH,CN 35 -
10 Cu(OTf), CH3;CN 46 _
11 Sn(OTf), CH5CN 70 8
12 Fe(OTf), CH,CN 62 6
13 AgOTf CH3;CN trace -
14 AICI; CH3CN 53 trace
15 BF;OEt, CH5CN 36 _
[ 16° Sc(OTf)s CH;CN 31 58 ]

8 Reaction Conditons: alkene (1.2 equiv.), N-Methylindole (1equiv.), catalyst (2 mol%),
solvent (2 mL), at rt for 4 h.
b Reaction in presence of 1.0 eqiv. of alkene and 2 eqjiv. of N-methylindole

The structure of 55ab was assigned based on spectral analysis. In the *H NMR

spectrum (Figure 3.5), the two ring olefinic protons were observed as doublet of
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doublets at & 6.71 (dd, J; = 5.5 Hz, J, = 1 Hz, 1H) and 5.97 ppm (dd, J; = 5.5 Hz, J, =
2.5 Hz, 1H) respectively. The proton on carbon C-4, near to the exocyclic double
bond was observed as a broad singlet at & 4.26 ppm. The proton on the C-3 carbon
appeared as a broad singlet at 56 4.11 ppm. The two sharp singlets at 6 3.77 and 3.74

ppm were indicative of two N-CHj; protons.

o ¢ CNRD MDD N
o ™ ‘ DN AN M N O
- TMHOONNNAVVOWII < T T

~SWe=""

AT

Figure 3.5. *H NMR spectrum of compound 55ab

3C NMR spectrum of 55ab (Figure 3.6) shows two olefinic peaks at & 136.1 and
129.0 ppm represents the carbons C-1 and C-2. The signal discernible at & 52.3
characterizes C-4 carbon and the peak at 6 45.8 ppm was responsible for C-3 carbon
atom. The signal due to the two N-CH; groups appeared at & 32.6 ppm. All other

signals were in good agreement with the proposed structure.
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Figure 3.6. '"H NMR spectrum of compound 55ab

The structure was further supported by the mass spectral analysis which showed a
molecular ion peak at m/z = 429.23102 (M+Na). The structure and stereochemistry of
the product was unambiguously established by single crystal X-ray analysis (Figure

3.7) of the analogues compound 55ha (Table 2.3, Entry 7).

Figure 3.7. ORTEP plot of compound 55ha
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Under the optimized catalytic conditions for the preparation of
alkylidenecyclopentenenyl derivative of indole (Table 2.2, Entry 6) and bisindole
(Table 2.2, Entry 16), we examined the scope of different olefins and indoles (Table
2.2). Diazabicyclic alkenes 53a-d easily underwent ring opening with 1/H-indole 1a
and gave the corresponding indole derivatives 54aa-da and bisindole 55aa in good to
moderate yields (Entries 1-4). To demonstrate the generality of the reaction, several
C-1, C-2 and C-5 substituted indoles 1b-f was subjected to C-3
alkylidenecyclopentenylation. Reaction was found to be compatible to a variety of
indoles having substituents such as -F, -OH, -NO, etc. and yielded the C-3

functionalized indoles and bisindoles (Table 2.2, Entries 5-9).

Table 3.2 Substrate scope of indoles with various 6,6-pentamethylene

fulvene derived diazabicyclic olefins.

Bicyclic Product Product Yield (%)
Entry olefin Indole T
54 55 54 55
\ 73 16
1 N
N N—CO,Et
7 /\ N \ 272 642
N\ CO,Et H N NHCO,Et
CO,Et H
53a 1a 54aa
\ 72 16
2 1a 55aa
a
7N 142 722
N CO,'Pr
i
53b CO,'Pr
42 14
3 \
1a N—CO,'Bu 55aa .
\ 27 a
7N NHCO,'Bu 28
N CO,Et H

53c 54ca
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Table 3.2 continues...
Bicyclic Product Product Yield (%)
Entry olefin Indole T T
54 55 54 55
39 12
4 \ 1a 55aa 172 332
/
N\/ ‘CO,Et
CO,Et
53d 54da
\ 75 14
s /N\ 31a 582
N CO,Et
CO,Et
53a
\ 78 1
N H—ph “N-CO,Et
6 7N “co,Et N N 32 54
| CO, H ph NHCO,Et
CO,Et N
H
53a 1c 54ac
\ F 14
F
N
7 N N—CO,Et
4 / N \ 522
N CO,Et N NHCO,Et
CO,Et ph
53a 1d
54ad
12
ON ON / 48°
8 53a \©E\> N-CO,Et
\
N N NHCO,Et
H
1e
54ae
HO HO 8
> *N-CO,E
9 53a NH N\/ 2Et 392
N CO,Et
H
1f 54af

Reaction Conditons: alkene (1.2 equiv.), indole (1equiv.), catalyst (2 mol%), solvent (2 mL), at rt. for 4 h
2 Reaction in presence of 1equiv. of alkene and 2 equiv. of indole
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Next, we turned our attention to explore the scope of C-3 functionalization of
indoles with diazabicyclic olefins derived from different pentafulvenes (Table 2.3).
Alkylidenecyclopetenylation of indoles proceeds efficiently through the ring opening
of diazabicyclic alkenes 53e-h to provide the desired indole and bisindole derivatives.
For example, the reaction of diphenylfulvene derived bicyclic olefin 53h with indole

la leads to the formation of alkylidenecyclopetenylated indole and bisindole

derivatives in adequate yield and is tunable towards each product.

Table 3.3 Substrate scope of various pentafulvene derived diazabicyclic

olefins for the C-3 functionalization of indole

Yield (%)

Product Product

Entry Bicyclic Indole T TEEEEE

olefin 54 55

, Iy

N CO,Et N
\ H N
CO,Et N

“N-CO,Et
\
NHCO,Et

-
E\j 1
z

53e 1a 54ea

“N-CO,Pr
\ .
NHCO,/Pr

2

N CO,Et
CO,Et

N
E\: |
=z
—Z
=

53e 1b 54eb

70

“N-CO,Et 25°

\
NHCO,Et

w
=z

N CO,Et
CO,Et

53f

D
/ N\ N
H

1a

54fa

66

“N-CO,Et

\ a
NHCO,Et 30

N

N\ CO,Et
CO,Et
53g 1a 54ga

S
N
—
=z
Iz
—
Iz

18

64°

15

567

532

24

582
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Table 3.3 continues...

Entry Bicyclic Indole Product Prodyct Y !?!E’_QA_’) 77777

olefin 54 55 54 55

o
N
—

N N\ Ph
N CO,Et N 132 740
CO,Et
53g 1c
\ 70 16
\
5 N @/N> 322 55
7 /
N ‘co,Et |
CO,Et
469 1b 54gb 55gb
Ph
Ph \Ph
% / Ph 62 28
N ‘N-CO,Et
7 7 7\ N \
N ‘co,Et | N NHCO,Et ga 842
CO,Et H
53h 1a 54ha
Ph
ph_ Ph
\ Ph 68 24
8 7N @ °N-CO,Et
/ N\
N CO,Et N NHCO,Et 10 81°
CO,Et l ’r
53h 1b 54hb

Reaction Conditons: alkene (1.2 equiv.), indole (1equiv.), catalyst (2 mol%), solvent (2 mL), at rt for 4 h
2Reaction in presence of 1equiv. of alkene and 2 equiv. of indole

To confirm the Lewis acid catalyzed generation of an intermediate from 54ha by
the elimination of hydrazine moiety 56, we have carried out a reaction with 1 equiv.
of 3,4-disubstituted alkylidenecyclopentene S4ha and 1.2 equiv. of indole 1a (Scheme
3.22). As expected, bisindole product S5ha was obtained in 62% yield, supporting the
role of 3,4-disubstituted alkylidenecyclopentene as an intermediate in the course of

reaction.
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Ph
Ve
N-co,Et CO,Et
HN

N ©f\> Sc(OTf), _
:  CO.Et . — = : 4
~ N /
S H CH,CN N EtO,C
NH NH

54ha 1a 55ha (62%) 56

Scheme 3.22
3.5. Mechanistic pathway

Based on these results we propose a plausible mechanism as shown in Scheme
3.23. The catalytic cycle is initiated by coordination of the Lewis acid with the
carbonyl oxygen of one of the carbamate groups of diazabicyclic olefin 53a and
subsequent cleavage of C—N bond leads to the generation of a transient allylic cation
species A. Regioselective nucleophilic attack of indole from the opposite side with
respect to hydrazine moiety of intermediate A delivers trans-3,4-disubstituted
alkylidenecyclopentene 54. In the next step, the Lewis acid coordinates with the
carbonyl group of hydrazine moiety, followed by the elimination of hydrazine group
through C-N bond cleavage resulting in the formation of intermediate D. Attack of the
second molecule of indole to intermediate D furnishes the bisindole product 55.
Furthermore, ESI-MS studies provided strong supporting evidence for the formation

of intermediates C and D in the proposed mechanism of catalytic cycle.
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Scheme 3.23 Proposed mechanism of the reaction
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3.6. Conclusion

In summary, we have developed a Lewis acid catalyzed C-3 alkylidene-
cyclopentenylation of indoles through the ring opening of pentafulvene derived
diazabicyclic olefins. The developed method provides an efficient synthetic route to
furnish  pharmaceutically valuable indole and bisindole derivatives of
alkylidenecyclopentenes from easily accessible starting materials. While multiple
steps are involved in conventional synthetic strategies, this protocol offers a one-pot
access to cyclopentene-bisindole hybrids. Moreover, the present strategy is

compatible with both N-alkyl and free (NH) indoles.
3.7. Experimental Section

General methods: All reactions were conducted in oven-dried glasswares. All
chemicals were of the best grade commercially available and are used without further
purification. All the solvents were purified according to standard procedure; dry
solvents were obtained according to the literature methods and stored over molecular
sieves. All reactions were monitored by TLC (Silica gel 60 F254, 0.25 mm, Merck),
visualization was effected with UV and/or by staining with Enholm yellow solution.
Gravity column chromatography was performed using 100-200 mesh silica gel or

neutral aluminium oxide and mixtures of hexane-ethyl acetate were used for elution.

Melting point was determined on a Buchi Melting Point apparatus and is
uncorrected. Proton nuclear magnetic resonance spectra (*H NMR) were recorded on
a Bruker Avance DPX 300 and Bruker AMX 500 spectrophotometer (CDCl; as
solvent). Chemical shifts for "H NMR spectra are reported as & in units of parts per
million (ppm) downfield from SiMe, (6 0.0) and relative to the signal of chloroform-d
(6 7.25 ppm, singlet). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (double doublet); ddd (doublet of double doublet); m (multiplet).

Coupling constants are reported as J value in Hz. Carbon nuclear magnetic resonance
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spectra (*C NMR) are reported as & in units of parts per million (ppm) downfield
from SiMe, (6 0.0) and relative to the signal of chloroform-d (6 77.03, triplet). Mass
spectra were recorded under ESI/HRMS at 60000 resolution using Thermoscientific
Exactive Mass Spectrometer. IR spectra were recorded on Bruker Alpha-T FTIR

Spectrometer.

General Procedure for the Lewis acid catalyzed reaction of pentafulvene derived
bicyclic hydrazines towards the synthesis of 54.

A mixture of pentafulvene derived bicyclic hydrazine (1.2 eqiuv.), indole (1.0
equiv.) and Sc(OTf); (2 mol %) were weighed in a Schlenk tube and degassed for 10
minutes. Dry CH;CN (2 mL) was added and the reaction mixture was purged with
argon and allowed to stir at room temperature for 4 hours. The solvent was evaporated
in vacuo and the residue on silica gel (100-200 mesh) column chromatography
yielded trans-3,4-disubstituted alkylidenecyclopentene (54) along with minor amount
trans-3,4-disubstituted bisindolyl product (55).

General Procedure for the Lewis acid catalyzed reaction of pentafulvene derived
bicyclic hydrazines towards the synthesis of 55.

A mixture of pentafulvene derived bicyclic hydrazine (1.0 eqiuv.), indole (2.0
equiv.) and Sc(OTf); (2 mol %) were weighed in a Schlenk tube and degassed for 10
minutes. Dry CH;CN (2 mL) was added and the reaction mixture was purged with
argon and allowed to stir at room temperature for 4 hours. The solvent was evaporated
in vacuo and the residue on silica gel (100-200 mesh) column chromatography
yielded trans-3,4-disubstituted bisindolyl product (55) along with minor amount
trans-3,4-disubstituted alkylidenecyclopentene (54).

Compound 54aa

Following general procedure for the Lewis acid catalyzed reaction of
pentafulvene derived bicyclic hydrazines towards the synthesis of compound 54. The
pentafulvene derived bicyclic hydrazine 53a (110 mg, 0.34 mmol), indole 1a (34 mg,
0.28 mmol) and Sc(OTf); (3 mg, 0.005 mmol), in 2 mL acetonitrile at room
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temperature under argon atmosphere for 4 hours gave the product 54aa (91 mg, 73%)

as pale yellow solid along with minor amount trans-3,4-disubstituted bisindolyl

product 55aa (17 mg, 16%).

R¢: 0.31 (hexane/ethyl acetate = 3:1).

Mp :122-124°C

IR (Neat) vma: 3334, 3054, 2976, 2920, 2853,

1709, 1586, 1458, 1410, 1330, 1220, 1120, 1052,

920, 745 cm™,

'H NMR (500 MHz, CDCl;, TMS): & 8.10 (brs,

1H), 7.68 (brs, 1H), 7.29-7.23 (m, 1H), 7.16- 7.13

(m, 1H), 7.06-7.03 (m, 1H), 6.84 (s, 1H), 6.53(d, J

= 6 Hz, 1H), 6.26 (brs, 1H), 6.04 (brs, 1H), 5.34-

N-CO,Et 512 (M, 1H), 450-4.40( m, 1H), 4.24-4.17 (m,

NHCOQEt 4H), 2.39- 2.33 (m, 2H), 2.08- 2.07 (m, 2H), 1.66-

1.53 (m, 6H), 1.30-1.29 (m, 5H), 1.02 (brs, 1H).
C NMR (125 MHz, CDCl;, TMS): & 156.6,
155.1, 136.7, 136.2, 134.0, 129.7, 126.6, 121.9,
120.0, 119.2, 118.1, 110.0, 65.4, 64.1, 62.4, 61.9,
47.4,32.0, 31.0, 28.4, 28.1, 26.6, 14.5, 14.2.
HRMS (ESI): Calcd for CysH3N3O4Na:
460.22123; Found: 460.22171.

Compound 54ba

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53b (80 mg, 0.23 mmol), indole 1a (22 mg, 0.19 mmol) and Sc(OTf); (3
mg, 0.004 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ba (64 mg, 72%) as pale yellow viscous liquid along
with minor amount trans-3,4-disubstituted bisindolyl product 55ba (12 mg, 16%).
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Rt : 0.33 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3331, 3068, 2981, 2932, 2857,
1688, 1621, 1583, 1514, 1462, 1380, 1304, 1238,
1108, 1042, 957, 931, 743 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 8.16 (brs,
1H), 7.75-7.71 (m, 1H), 7.31-7.23 (m, 1H), 7.18-
7.05 (m, 2H), 6.88 (brs, 1H), 6.56-6.27 (m, 2H),
/ 6.07 (brs, 1H), 5.34-5.14 (m, 1H), 5.00-4.95 (m,
QN/CoziF.’r 2H), 4.53-4.43 (m, 1H), 2.36 (brs, 2H), 2.09-1.81
N NHCOZPTr 1y oH), 1.61-1.51 (m, 6H), 1.44-1.22 (m, 12H).
C NMR (125 MHz, CDCl;, TMS): & 156.5,
154.7, 136.8, 133.8, 129.8, 129.0, 128.2, 126.7,
125.3, 121.7, 119.1, 110.9, 69.9, 69.5, 63.9, 47.2,
31.6, 30.8, 29.7, 28.3, 26.9, 22.7, 22.4, 22.1.
HRMS (ESI): Caled for CyH3sN3;0O,4Na:

488.25253; Found: 488.25286.

Compound 54ca
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53c (100 mg, 0.27 mmol), indole 1a (26 mg, 0.22 mmol) and Sc(OTf); (3
mg, 0.01 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere for
4 hours gave the product 54ca (46 mg, 42%) as pale yellow viscous liquid along with
minor amount trans-3,4-disubstituted bisindolyl product 55¢a (12 mg, 14%).
Rt : 0.40 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3375, 3078, 2992, 2943, 2836,
1690, 1610, 1583, 1565, 1468, 1462, 1400, 1316,
1238, 1152, 1123, 969, 938, 746 cm™.
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Compound 54da

N-CO,Bu
\
NHCO,'Bu

'H NMR (500 MHz, CDCl;, TMS): 6 8.00 (d, J =
11 Hz,1H), 7.99-7.79 (m, 1H), 7.32-7.28 (m, 1H),
7.20-7.06 (m, 2H), 6.87 (s, 1H), 6.55 (d, J = 5.5
Hz, 1H), 6.15-6.00 (m, 2H), 5.30-5.08 (m, 1H),
4.54-4.44 (m, 1H), 2.37 (brs, 2H), 2.12 (brs, 2H),
1.63-1.53 (m, 24H).

C NMR (125 MHz, CDCl;, TMS): & 155.7,
154.0, 136.7, 136.5, 126.7, 122.1, 121.8, 119.2,
118.2, 111.1, 110.9, 110.7, 81.3, 80.7, 65.5, 44.3,
32.0,31.1, 28.3, 28.2, 28.0, 26.6.

HRMS (ESI): Calcd for CyH3gN3O4Na:
516.28383; Found: 516.28414.

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53d (95 mg, 0.21 mmol), indole 1a (21 mg, 0.18 mmol) and Sc(OTf); (3

mg, 0.01 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere for

4 hours gave the product 54da (39 mg, 39%) as yellow viscous liquid along with

minor amount trans-3,4-disubstituted bisindolyl product 55da (8 mg, 12%).

‘N-CO,Bn
\
NHCO,Bn

Rt : 0.31 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3358, 3059, 3027, 2920, 2858,
1702, 1580, 1489, 1449, 1400, 1311, 1281, 1050,
1000, 743 cm™.

'H NMR (500 MHz, CDClz;, TMS): & 8.28 (brs,
1H), 7.66 (brs, 1H), 7.39-6.90 (m, 13H), 6.75 (brs,
2H), 6.46 (s, 1H), 5.98-5.86 (m, 1H), 5.36 -5.05
(m, 5H), 4.52-4.29 (m, 1H), 2.36-2.32 (m, 2H),
2.02-1.94 (m, 2H), 1.56-1.26 (m, 6H).
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C NMR (125 MHz, CDCl;, TMS): & 156.4,
154.8, 136.7, 135.8, 133.4, 128.6, 128.5, 128.3,
128.2, 127.9, 126.6, 122.0, 121.2, 119.9, 1194,
1175, 110.9, 68.1, 67.6, 47.5, 32.0, 31.0, 28.3,
28.0, 26.5.
HRMS (ESI): Caled for CgzsH3sN3O4Na:
584.25253; Found: 584.25288.
Compound 54ab
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (110 mg, 0.34 mmol), indole 1b (38 mg, 0.29 mmol) and Sc(OTf); (3
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ab (97 mg, 75%) as pale yellow solid along with
minor amount trans-3,4-disubstituted bisindolyl product S5ab (16mg, 14%).
Rt : 0.33 (hexane/ethyl acetate = 3:1).
Mp : 120-122 °C,
IR (Neat) vma: 3323, 3055, 2981, 2932, 2855,
1710, 1619, 1583, 1513, 1458, 1415, 1339, 1302,
1227, 1096, 1061, 920, 743 cm™.
'H NMR (500 MHz, CDClz, TMS): & 7.68 (brs,
1H), 7.25-7.23 (m, 2H), 7.05 (t, J = 7 Hz,1H),
‘//N/COZEt 6.73 (s, 1H), 6.53(d, J = 5.5 Hz, 1H), 6.23 (brs,
NHCO,Et 1H), 6.04 (s, 1H), 5.31-5.09 (m, 1H), 4.49-4.39 (m,
l 1H), 4.24-4.18 (m, 4H), 3.72 (s, 3H), 2.38-2.34 (m,
2H), 2.07-2.03 (m, 2H), 1.61-1.53 (m, 6H), 1.31-
1.26 (m, 5H), 1.05-1.04 (brs, 1H).
C NMR (125 MHz, CDCl;, TMS): & 156.4,
155.1, 137.4, 133.7, 129.6, 127.0, 125.7, 121.5,
120.1, 118.7, 109.1, 108.8, 65.5, 62.3, 61.8, 47.5,
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32.5,31.9, 28.3, 28.0, 26.5, 14.5.

HRMS (ESI): Calcd for CyH33N3O4Na:
474.23688; Found: 474.23764.
Compound 54ac
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (110 mg, 0.34 mmol), indole 1c (55 mg, 0.29 mmol) and Sc(OTf);
(3mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ac (115 mg, 78%) as yellow viscous liquid along with
minor amount trans-3,4-disubstituted bisindolyl product 55ac (17 mg, 11%).
Rt : 0.36 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3324, 2980, 2930, 2854, 1701,
1519, 1472, 1420, 1382, 1332, 1261, 1233, 1097,
1060 cm™,
'H NMR (500 MHz, CDCl;, TMS): & 8.16 (brs,
1H), 7.60-7.25 (m, 6H), 7.19-7.03 (m, 2H), 7.03
(d, J =7 Hz, 1H), 6.55 (brs, 1H), 6.20-6.03 (m,
/ 1H), 5.91 (brs, 1H), 5.59-5.45 (m, 1H), 4.68-4.53
’N/COzEt (m, 1H), 4.16-4.12 (m, 4H), 2.58 (brs, 1H), 2.39-
N~ P NHCOEL 5 15 (m, 3H), 1.75-1.59 (m,6H), 1.20-0.88 (m,
6H).
“C NMR (125 MHz, CDCl;, TMS): & 156.2,
155.4, 137.7, 136.3, 134.7, 132.8, 129.0, 128.6,
128.2, 127.6, 125.3, 121.9, 120.3, 119.4, 110.9,
62.4, 61.7, 60.3, 48.3, 34.6, 32.1, 26.9, 26.7, 21.5,
14.5,14.2.
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HRMS (ESI): Calcd for CgzH3sN3;O4Na:
536.25253; Found: 536.25289.

Compound 54ad

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (110 mg, 0.34 mmol), indole 1d (39 mg, 0.29 mmol) and Sc(OTf);
(3mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ad (80 mg, 61%) as colourless viscous liquid along
with minor amount trans-3,4-disubstituted bisindolyl product 55ad (17 mg, 14%).
R¢: 0.26 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3363, 3277, 3054, 2984, 2931,
2854, 1711, 1582, 1500, 1149, 1411, 1330, 1120,
1050, 1010, 919, 744 cm™,
'H NMR (500 MHz, CDCl;, TMS): & 8.26 (s, 1H),
7.34 (brs, 1H), 7.27-7.22 (m, 1H), 6.96-6.92 (brs,
1H), 6.65-6.56 (m, 2H), 6.40-6.31 (m, 1H), 6.02
(d, J = 3.5 Hz, 1H), 5.32-5.11 (m, 1H), 4.46-4.18
(m, 5H), 2.41- 2.33 (m, 2H), 2.07-2.05 (m, 2H),
1.62-1.45 (m, 6H), 1.35-1.07 (m, 6H).
C NMR (125 MHz, CDCl;, TMS): & 158.5,
156.8, 155.3, 136.9, 133.3, 130.0, 126.9, 123.1,
118.1, 111.5, 110.3, 104.9, 65.4, 62.6, 62.3, 47.5,
32.0, 31.1, 28.3, 28.0, 26.5, 14.4.
HRMS (ESI): Calcd for CysH3oFN3O4Na:
478.21180; Found: 478.21223.

Compound 54ae
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (110 mg, 0.34 mmol), indole 1e (46 mg, 0.29 mmol) and Sc(OTf); (3

mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere



Lewis acid catalyzed C-3 alkylidenecyclopentenylation of indoles...... 123

for 4 hours gave the product 54ae (81 mg, 59%) as pale yellow solid along with minor
amount trans-3,4-disubstituted bisindolyl product 55ae (16 mg, 12%).
R¢: 0.22 (hexane/ethyl acetate = 3:1).
Mp : 132-134 °C,
IR (Neat) vima: 3365, 3071, 2960, 2852, 1712,
1623, 1582, 1469, 1410, 1380, 1318, 1245,
1173, 1115, 1058, 743 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 9.22 (brs,
1H), 8.56(s, 1H), 7.92 (brs, 1H), 7.17-7.13 (m,
1H), 6.92-6.82 (m, 1H), 6.61 (d, 1H, J = 4.5
/ Hz), 6.34 (brs, 1H), 5.98 (brs, 1H), 5.39-5.17
/'N(CozEt (m, 1H), 4.49-4.23 (m, 5H), 2.56-2.06 (m, 4H),
NHCOEL 1 76-1.22 (m, 12H).
3C NMR (125 MHz, CDCl;, TMS): & 156.3,
155.6, 141.3, 139.8, 137.7, 130.1, 129.0, 128.2,
125.5, 125.3, 124.2, 117.6, 117.2, 111.0, 64.3,
62.9, 62.2, 47.5, 32.1, 31.3, 28.2, 26.6, 21.5,
145, 14.2.
HRMS (ESI): Calcd for CysH3oN,OgNa:
505.20630; Found: 505.20668.

Compound 54af
Following the general experimental procedure, the pentafulvene derived bicyclic

hydrazine 53a (110 mg, 0.34 mmol), indole 1f (38 mg, 0.29 mmol) and Sc(OTf); (3
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54af (70 mg, 56%) as pale yellow viscous liquid along
with minor amount frans-3,4-disubstituted bisindolyl product 55af (10 mg, 8%).

R¢: 0.17 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3380, 3280, 3054, 2976, 2928,
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Compound 54ea

N-CO,Et
\
NHCO,Et

2853, 1709, 1586, 1499, 1149, 1410, 1330, 1220,
1120, 1052, 1011, 920, 745 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.89 (brs,
1H), 7.23-7.15 (m, 2H), 6.79-6.77 (m, 1H), 6.56-
6.28 (m, 2H), 6.05 (brs, 1H), 5.32-5.09 (m,1H),
4.45-4.11 (m, 5H), 2.37-2.33 (m, 2H), 2.07-2.06
(m, 2H), 1.60-1.38 (m, 6H), 1.29-1.13 (m, 5H),
0.99 (brs, 1H).

C NMR (125 MHz, CDCl;, TMS): & 155.2,
154.5, 147.5, 135.8, 135.0, 134.3, 127.2, 126.8,
125.3, 111.9, 111.8, 108.5, 104.5, 64.9, 62.8, 62.2,
41.9,32.0, 28.2, 26.5, 19.4, 19.2, 14.5.

HRMS (ESI): Caled for CyHsN3OsNa:
476.21614; Found: 476.21658.

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53e (90 mg, 0.32 mmol), indole 1a (31 mg, 0.27 mmol) and Sc(OTf);

(3mg, 0.006 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere

for 4 hours gave the product 54ea (73 mg, 69%) as colourless viscous liquid along

with minor amount trans-3,4-disubstituted bisindolyl product 55ea (16 mg, 18%).

N-CO,Et
\
NHCO,Et

R¢: 0.29 (hexane/ethyl acetate = 3:1)

IR (Neat) vma: 3317, 3056, 2982, 2931, 1719,
1620, 1582, 1512, 1415, 1382, 1229, 1096, 1062,
744 cm™,

'H NMR (500 MHz, CDCl3, TMS): 6 8.30 (s, 1H),
7.71 (brs, 1H), 7.34-7.27 (m, 1H), 7.19-7.08 (m,
2H), 6.86-6.78 (m, 2H), 6.52 (d, 1H, J = 5 Hz),
6.05 (s, 1H), 5.35-5.14 (m, 1H), 4.53-4.18 (m, 5H),
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1.89 (s, 3H), 1.67 (brs, 3H), 1.29-1.26 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.9,
155.8, 136.8, 136.6, 135.5, 129.0, 126.7, 125.3,
121.7, 119.9, 119.1, 119.0, 117.9, 111.3, 66.0,
62.6, 62.2, 47.6, 21.5, 14.4.
HRMS (ESI): Caled for CxH,7N3;O4Na:
420.18993; Found: 420.18866.
Compound 54eb
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53e (90 mg, 0.32 mmol), indole 1b (35 mg, 0.27 mmol) and Sc(OTf); (3
mg, 0.005 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54eb (72 mg, 65%) as colourless solid along with minor
amount frans-3,4-disubstituted bisindolyl product 55eb (15 mg, 15%).
R¢: 0.33 (hexane/ethyl acetate = 3:1).
Mp : 124-126 °C
IR (Neat) vma: 3385, 3055, 2981, 2924, 1707,
1611, 1474, 1413, 1379, 1321, 1265, 1219, 1163,
1122, 1061, 1021, 933, 739 cm™.
'H NMR (500 MHz, CDCl3, TMS): 8 7.73 (s, 1H),
3 7.29-7.23 (m, 2H), 7.10 (t, J = 7 Hz, 1H), 6.77
N"COEL s 1H), 653 (d, J = 5 Hz, 1H), 6.39 (brs, 1H),
N NHCO,Et
| 6.07 (s, 1H), 5.36-5.14 (m, 1H), 4.53-4.20 (m, 5H),
3.73 (s, 3H), 1.90 (s, 3H), 1.69 (s, 3H), 1.31-1.05
(m, 6H).
C NMR (125 MHz, CDCl;, TMS): & 156.7,
155.6, 137.5, 136.7, 135.6, 130.5, 128.3, 127.1,
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125.9, 121.6, 120.1, 118.8, 116.7, 109.0, 66.2,
62.5,61.9, 47.5, 32.6, 21.5, 13.8.

HRMS (ESI): Calcd for Cy3HygN3zO4Na:
434.20588; Found: 434.20615.
Compound 54fa
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53f (95 mg, 0.28 mmol), indole 1a (24 mg, 0.28 mmol) and Sc(OTf); (3
mg, 0.005 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54fa (75 mg, 70%) as colourless viscous liquid along
with minor amount trans-3,4-disubstituted bisindolyl product 54fa (8 mg, 9%).
R¢: 0.31 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3348, 3056, 2924, 2853, 1708,
1617, 1458, 1414, 1380, 1226, 1177, 1121, 1061,
741 cm™,
'H NMR (500 MHz, CDCl;, TMS): & 8.09 (brs,
1H), 7.66 (brs, 1H), 7.28 (brs, 1H), 7.16-7.04 (m
2H), 6.84 (brs, 1H), 6.51 (d, J = 5.5 Hz, 1H), 6.25-
6.21 (m, 1H), 6.04 (brs, 1H), 5.33-5.11 (m, 1H),
'//l\{/CozEt 4.50-4.18 (m, 5H), 2.50-2.41 (m, 2H), 2.20-2.16
NHCOEL (s, 2H), 1.71-1.03 (m, 14H).
C NMR (125 MHz, CDCl;, TMS): & 156.3,
155.5, 136.8, 129.0, 128.2, 126.6, 125.3, 121.7,
119.0, 119.0, 111.1, 62.4, 61.9, 47.6, 32.7, 32.3,
29.1, 28.2, 27.6, 14.5, 14.2.
HRMS (ESI): Calcd for CygH33N3O4Na:
474.23688; Found: 474.23714.




Lewis acid catalyzed C-3 alkylidenecyclopentenylation of indoles...... 127

Compound 54ga
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (100 mg, 0.27 mmol), indole 1a (26 mg, 0.22 mmol) and Sc(OTf); (3
mg, 0.005 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ga (72 mg, 66%) as colourless viscous liquid along
with minor amount trans-3,4-disubstituted bisindolyl product 54ga (23 mg, 24%).
R¢: 0.33 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3323, 3057, 2920, 2848, 1713,
1620, 1475, 1413, 1381, 1305, 1294, 1216, 1116,
1085, 1065, 1025, 742 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 8.21 (brs,
1H), 7.70 (brs, 1H), 7.32-7.25 (m, 2H), 7.20-7.05
(m, 3H), 6.86 (brs, 1H), 6.56 (d, J = 5.5 Hz, 1H),
6.29 (brs, 1H), 6.05 (brs, 1H), 5.39-5.16 (m, 1H),
453-441 (m, 1H), 4.30-4.13 (m, 4H), 3.06
"N/COZEt (brs,1H), 2.59 (brs,1H), 2.08-1.64 (m, 12H), 1.35-
NHCO,Et  1.08 (m, 6H).
C NMR (125 MHz, CDCl;, TMS): & 156.7,
155.2, 144.4, 136.5, 130.2, 129.0, 128.3, 126.6,
125.3, 121.4, 121.1, 119.9, 119.0, 117.1, 111.1,
63.8, 62.5, 62.0, 47.6, 39.9, 39.5, 39.1, 37.0, 35.1,
34.4,28.1, 28.0, 21.5, 14.6.
HRMS (ESI): Calcd for CygH35N30,: 512.25253;
Found: 515.25290.

Compound 54gb
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (100 mg, 0.27 mmol), indole 1b (29 mg, 0.22 mmol) and Sc(OTf); (3

mg, 0.005 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
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for 4 hours gave the product 54gb (79 mg, 70%) as pale yellow viscous liquid along
with minor amount frans-3,4-disubstituted bisindolyl product 55gb (16 mg, 16%).
R¢: 0.36 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3315, 3054, 2910, 2852, 1711,
1612, 1472, 1413, 1379, 1305, 1221, 1124, 1061,
1019, 740 cm™,
'H NMR (500 MHz, CDCl;, TMS): & 7.71 (brs,
1H), 7.7-7.21 (m, 2H), 7.07 (t, J = 7 Hz, 1H), 6.80
(brs, 1H), 6.55 (d, J =5.5 Hz, 1H), 6.25 (brs, 1H),
6.05 (s, 1H), 5.35-5.12 (m, 1H), 4.53-4.28 (m, 1H),
“N-CO,Et  4.23-4.13 (m, 4H), 3.75 (s, 3H), 3.05 (s, 1H), 2.58
\
NHCO,Et (brs, 1H), 2.02-1.63 (m, 12H), 1.37-1.09 (m, 6H).
\ BC NMR (125 MHz, CDCl;, TMS): & 156.6,
154.9, 137.4, 130.2, 127.1, 125.8, 121.5, 120.2,
118.7, 108.9, 62.3, 61.9, 47.2, 39.6, 37.0, 35.1,
34.7,32.6, 28.1, 26.9, 25.3, 22.9, 20.8, 14.9.
HRMS (ESI): Calcd for CsoHs7N3O4Na:
526.26818; Found: 526.26862.

Compound 54gc
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (100 mg, 0.27 mmol), indole 1c (43 mg, 0.22 mmol) and Sc(OTf); (3
mg, 0.005 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54gc (83 mg, 66%) as pale yellow viscous liquid along
with minor amount trans-3,4-disubstituted bisindolyl product 55ge (18 mg, 44%).
R¢: 0.38 (hexane/ethyl acetate = 3:1).
IR (Neat) vna: 3378, 3058, 2978, 2908, 2848,
1756, 1704, 1467, 1445, 1409, 1379, 1364, 1338,
1308, 1277, 1248, 1218, 1172, 1157, 1097, 1062,
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“N-CO,Et
\
pr, NHCO,E

Compound 54ha

1022 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.58- 7.44
(m, 6H), 7.33-7.19 (m, 3H), 7.04 (brs, 1H), 6.50-
6.42 (m, 1H), 6.12-5.81 (m, 2H), 5.45 (brs, 1H),
4.25-4.15 (m, 4H), 3.58 (s, 3H), 3.06 (brs, 1H),
2.65-2.61 (m, 1H), 2.03-1.85 (m, 10H), 1.59-1.25
(m, 2H), 1.01-0.87 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.4,
155.3, 137.4, 131.3, 130.6, 128.1, 128.0, 121.5,
120.2, 119.0, 113.5, 109.3, 65.9, 62.3, 61.7, 47.8,
39.5,39.4 37.0, 35.1, 34.6, 30.8, 28.2, 28.1, 14.7.
HRMS (ESI): Caled for CgzHsN3O4sNa:
602.29948; Found: 602.29977.

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53h (90 mg, 0.22 mmol), indole 1a (22 mg, 0.19 mmol) and Sc(OTf); (2

mg, 0.004 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere

for 4 hours gave the product 54ha (60 mg, 62%) as pale yellow solid along with

minor amount trans-3,4-disubstituted bisindolyl product S5ha (24 mg, 28%).

R¢: 0.24 (hexane/ethyl acetate = 3:1).

Mp : 182-184 °C

IR (Neat) vma: 3362, 3051, 2968, 2911, 2852,
1736, 1710, 1552, 1514, 1467, 1454, 1411, 1384,
1364, 1308, 1287, 1243, 1231, 1168, 1157, 1069,
1063, 1022, 742 cm™,

'H NMR (500 MHz, CDCl;, TMS): & 7.85-7.79
(m, 1H), 7.42-7.03 (m, 12H), 6.90-6.59 (m, 3H),
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6.32-6.22 (brs, 1H), 6.04-5.91 (m, 2H), 5.08 (brs,
1H), 4.23-4.13 (m, 4H), 3.92-3.73 (m, 1H), 1.35-
1.01 (m, 6H).
C NMR (125 MHz, CDCl;, TMS): & 156.0,
154.7, 1425, 142.4, 141.3, 140.8, 137.4, 130.0,
129.9, 128.6, 128.2, 127.7, 127.4, 126.8, 121.6,
120.2, 119.1, 116.9, 115.5, 110.2, 65.6, 62.0, 61.8,
47.9, 14.8.
HRMS (ESI): Caled for CgzHs3N3O4Na:
544.22123; Found: 544.22151.
Compound 54hb
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53h (90 mg, 0.22 mmol), indole 1b (24 mg, 0.19 mmol) and Sc(OTf); (2
mg, 0.004 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 54ha (68 mg, 68%) as yellow viscous liquid along with
minor amount trans-3,4-disubstituted bisindolyl product S4hb (22 mg, 24%).
R¢: 0.29 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3340, 3068, 2981, 2932, 2857,
Ph 1688, 1621, 1602, 1583, 1555, 1514, 1462, 1380,
/ ~Ph 1315, 1238, 1108, 1042, 931, 743 cm™.

N o HNMR (500 MHz, CDCls, TMS): & 7.79 (brs.
/N’ ~ 2
Lozt 1H), 7.34-7.19 (m, 14H), 7.09-6.97 (m, 2H), 6.61-

6.55 (m, 1H), 6.32 (brs, 1H), 5.82-5.56 (m, 2H),
\ 4.70-4.65 (m, 1H), 4.25-4.15 (m, 4H), 3.76 (brs,
3H), 1.32- 1.29 (m, 4H), 1.03 (brs, 1H), 0.69 (brs,
1H).
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C NMR (125 MHz, CDCl;, TMS): & 156.9,
154.9, 142.6, 142.3, 141.3, 140.7, 137.4, 130.0,
129.9, 1285, 128.1, 127.4, 127.3, 127.1, 126.6,
121.4, 120.2, 118.8, 116.0, 115.3, 108.9, 65.5,
62.0, 61.8, 47.6, 32.6, 14.5,13.8.
HRMS (ESI): Caled for CgzH3sN3;O4Na:
558.23688; Found: 558.23721.
Compound 55aa
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (55 mg, 0.17 mmol), indole 1a (40 mg, 0.34 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55aa (42 mg, 64%) as pale yellow coloured solid along
with minor amount the product 54aa (20 mg, 27%).
R¢: 0.43 (hexane/ethyl acetate = 3:1).
Mp : 152-154 °C
IR (Neat) v 3405, 2922, 2851, 2362, 2349,
1590, 1459, 1421, 1364, 1120, 1033 cm™.
'H NMR (500 MHz, CDCl3, TMS): & 7.93 (s, 1H),
7.85 (s, 1H), 7.61-7.57 (m, 2H), 7.38-7.34 (m, 2H),
7.22-7.17 (m, 2H), 7.09-6.94 (m, 4H), 6.78 (d, J =
5.5 Hz, 1H), 6.04 (dd, J; = 5.5 Hz, J, = 2.5 Hz,
1H), 4.32 (brs, 1H), 4.19 (brs, 1H), 2.46 (t, J = 6
Hz, 2H), 2.04-1.97 (m, 2H), 1.67-1.29 (m, 6H).
3C NMR(125 MHz,CDCl3, TMS): §139.1, 136.9,
135.9, 133.0, 129.9, 129.1, 128.3, 126.7, 126.6 ,
125.4, 121.9, 121.8, 121.0, 120.9, 120.2, 120.1,
119.6, 118.9, 111.2, 111.0, 52.3, 45.8, 32.1, 31.8,
28.6, 27.7, 26.9.
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HRMS (ESI): Calcd for Cy;H,6N,Na: 401.19937;
Found: 401.19968.
Compound 55ab
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (55 mg, 0.17 mmol), indole 1b (45 mg, 0.34 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55ab (41 mg, 58%) as pale yellow viscous liquid along
with minor amount the product 54ab (24 mg, 31%).
R¢: 0.48 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 2935, 2855, 2358, 2353, 1680,
1595, 1449, 1431, 1358, 1156, 1120, 1033 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 7.56-7.52
(m, 2H), 7.28-7.16 (m, 4H), 7.14-6.99 (m, 2H),
6.83 (s, 1H), 6.75 (s, 1H), 6.71 (dd, J; = 5.5 Hz, J,
= 1 Hz, 1H), 5.97 (dd, J; = 5.5 Hz, J, = 2.5Hz,
1H), 4.26 (s, 1H), 4.11 (s, 1H), 3.77 (s, 3H), 3.74
(s, 3H), 2.45-2.41 (m, 2H), 2.02-2.00 (m, 1H),
1.94-1.92 (m, 1H), 1.63-1.45 (m, 4H), 1.34-1.31
(m, 1H), 1.18-1.17 (m, 1H).
C NMR (125 MHz, CDCl;, TMS): & 139.2,
137.5, 137.4, 136.1, 132.8, 129.6, 129.0, 128.2,
127.1, 126.9, 125.6, 125.3, 121.5, 121.3, 1204,
120.3, 120.2, 118.8, 118.6, 118.3, 109.1, 108.9,
52.3,45.7, 32.6, 32.5, 32.0, 31.9, 28.6, 27.7, 26.9.
HRMS (ESI): Calcd for CyHsgN,Na: 429.23067;
Found: 429.23102.
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Compound 55ac

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (55 mg, 0.17 mmol), indole 1c (66 mg, 0.34 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55aa (49 mg, 54%) as pale yellow solid along with
minor amount the product 54aa (28 mg, 32%).
R¢: 0.52 (hexane/ethyl acetate = 3:1).
Mp : 160-164°C
IR (Neat) vma: 3342, 3075, 2953, 2912, 2857,
1695, 1611, 1514, 1462, 1380, 1238, 1100, 1030,
931, 740 cm™,
'H NMR (500 MHz, CDCl;, TMS): & 7.98 (s, 1H),
7.88 (s, 1H), 7.68 (d, J = 8Hz, 1H), 7.59 (d, J =8
Hz, 1H), 7.42-7.37 (m, 4H), 7.28-6.80 (m, 13H),
6.14 (m, 1H), 4.76 (brs, 1H), 4.71 (brs, 1H), 2.51-
2.49 (m, 1H), 2.38-2.18(m, 1H), 1.83-1.07 (m,
8H).
C NMR (125 MHz, CDCl;, TMS): & 138.4,
136.5, 136.4, 136.3, 135.1, 134.5, 133.4, 132.6,
132.5, 130.5, 128.4, 128.3, 128.2, 127.9, 127.8,
127.4, 127.3, 122.3, 122.2, 121.3, 120.9, 119.6,
119.2, 117.3, 114.7, 110.5, 110.3, 50.6, 44.8, 32.5,
30.8, 28.6, 27.1, 26.8.
HRMS (ESI): Calcd for CsgH3sNoNa: 553.26197;
Found: 553.26233.

Compound 55ad
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (55 mg, 0.17 mmol), indole 1d (46 mg, 0.34 mmol) and Sc(OTf); (2
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mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55ad (37 mg, 52%) as pale yellow viscous liquid along
with minor amount the product 54ad (19 mg, 24%).

R¢: 0.40 (hexane/ethyl acetate = 3:1).

IR (Neat) vpax: 3356, 3052, 2978, 2939, 2849,
1689, 1619, 1583, 1514, 1462, 1415, 1402, 1380,
1304, 1238, 1111, 1047, 942, 740 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 8.03 (s,
1H), 7.94 (s, 1H), 7.31-7.20 (m, 4H), 7.07 (s,
1H), 7.00-6.77 (m, 4H), 6.00 (t, 1H, J = 3 Hz),
4.22 (s, 1H), 4.09 (s, 1H), 2.46- 2.42 (m, 2H),
2.06-2.04 (m, 1H), 1.96- 1.94 (m, 1H), 1.67- 1.44
(m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 158.5,
156.7, 138.5, 135.3, 133.8, 133.5, 130.3, 126.9,
122.9, 122.7, 121.9, 120.3, 111.7, 111.6, 110.5,
110.3, 110.2, 105.2, 105.0, 45.6, 32.0, 31.8, 28.5,
27.6, 26.8.

HRMS (ESI): Calcd for CyH,y,FNoNa:
437.18052; Found: 437.18088.

Compound 55ae
Following the general experimental procedure, the pentafulvene derived bicyclic

hydrazine 53a (55 mg, 0.17 mmol), indole 1le (56 mg, 0.34 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55ae (39 mg, 48%) as orange red viscous liquid along
with minor amount the product 54ae (22 mg, 26%).

R¢: 0.40 (hexane/ethyl acetate = 3:1).

IR (Neat) vax: 3326, 3056, 2955, 2932, 2850,
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1675, 1629, 1583, 1457, 1385, 1300, 1238,
1100, 1040, 931, 7445 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 8.91 (s,
1H), 8.74 (s, 1H), 8.53-8.52 (m, 2H), 8.12-8.09
(m, 2H), 7.45-7.41 (m, 2H), 7.26 (d, J =
10.5Hz, 1H), 7.14 (s, 1H), 6.86 (d, J = 5.5Hz,
1H), 5.99 (d, J = 4.5Hz, 1H), 4.33 (s, 1H), 4.22
(brs, 1H), 2.61-2.58 (m, 1H), 2.44-2.42 (m,
1H), 2.07-2.04 (m, 1H), 1.93-1.90 (m, 1H),
1.89-1.37 (m, 6H).

3C NMR (125 MHz, CDCl;, TMS): & 141.4,
141.2, 140.1, 140.0, 137.6, 135.1, 134.6, 130.9,
125.9, 125.7, 124.1, 124.0, 123.8, 122.2, 117.7,
117.6, 117.5, 112.9, 111.3, 52.3, 45.7, 32.1,
32.0,28.2,27.7, 26.7.

HRMS (ESI): Calcd for C,;HyN,O4Na:
491.16952; Found: 491.16993.

Compound 55af
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53a (55 mg, 0.17 mmol), indole 1f (40 mg, 0.34 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55af (28 mg, 39%) as pale yellow viscous liquid along
with minor amount the product 54af (21 mg, 28%).
R¢: 0.19 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3339, 3061, 2990, 2940, 2842,
1680, 1623, 1580, 1514, 1380, 1302, 1240, 1110,
1042, 931, 740 cm™.
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'H NMR (500 MHz, CDCl;, TMS): & 7.87 (brs,
1H), 7.78 (brs, 1H), 7.27-7.22 (m, 2H), 7.03-6.98
(m, 3H), 6.92 (d J = 2Hz, 1H), 6.81-6.74 (m
3H) ,6.01-6.00 (dd, J, = 6 Hz, J, = 3 Hz, 1H),
4.82 (d, J = 6.5Hz, 2H), 4.16 (s, 1H), 4.07(s, 1H),
2.45-2.39 (m, 2H), 1.99-1.94 (m, 2H),1.50-1.44
(m 3H), 1.33-0.87 (m 5H).

C NMR (125 MHz, CDCl;, TMS): & 149.1,
148.9, 138.8, 135.6, 133.1, 132.1, 130.0, 127.3,
122.2, 121.3, 119.8, 111.8, 111.7, 111.6, 111.6,
104.8, 104.7, 51.7, 45.8, 32.0, 31.8, 28.6, 27.6,
26.8.

HRMS (ESI): Calcd for C,;HyN,O,Na:
433.18920; Found: 433.18954.

Compound 55ea

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53e (45 mg, 0.16 mmol), indole 1a (38 mg, 0.32 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55ea (35 mg, 64%) as colourless viscous liquid along
with minor amount the product 54ea (15 mg, 24%).
R¢: 0.45 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3315, 2920, 2857, 2377, 1648,
1590, 1520, 1468, 1367, 1160, 1119, 1037 cm™.
'H NMR (500 MHz, CDCl3, TMS): § 7.99 (s, 1H),
7.92 (s, 1H), 7.60-7.56 (m, 2H), 7.40- 7.37 (m,
2H), 7.23-7.18 (m, 3H), 7.09-7.05 (m, 3H), 7.00 (s,
1H), 6.94 (s, 1H), 6.74 (dd, 1H, J;, =55 Hz, J, =2
Hz), 6.05 (dd, 1H, J; = 5.5 Hz, J, = 2.5 Hz), 4.28
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(s, 1H), 4.22 (s, 1H), 1.93 (s, 3H), 1.61 (s, 3H).

C NMR (125 MHz, CDCl;, TMS): & 141.9,
137.1, 136.9, 135.8, 1304, 127.3, 126.8,
125.8,125.7, 124.4, 121.5, 121.3, 120.5, 120.3,
120.0, 118.4, 118.2, 117.9, 110.8, 110.7, 52.4,
46.4,21.3
HRMS (ESI): Calcd for C,4H»,N,Na: 361.16807;
Found: 361.16848
Compound 55eb
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53e (45 mg, 0.16 mmol), indole 1a (42 mg, 0.32 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55eb (33 mg, 56%) as pale yellow solid along with
minor amount the product 54eb (18 mg, 27%).
R¢: 0.50 (hexane/ethyl acetate = 3:1).
Mp : 162-164 °C
IR (Neat) vma: 2925, 2852, 2371, 1649, 1586,
1523, 1465, 1364, 1254, 1167, 1122, 1042 cm™.
'H NMR (500 MHz, CDCl;, TMS): 6 7.66-7.61
(m, 2H), 7.38-7.31 (m, 2H), 7.29- 7.27 (m, 2H),
7.14-7.09 (m, 2H), 6.90 (s, 1H), 6.83 (s, 1H), 6.78
(dd, 1H, J; = 5.5 Hz, J, = 2 Hz,) 6.09 (dd, H, J; =
5.5 Hz, J, = 2.5 Hz), 4.32 (s, 1H), 4.25 (s, 1H),
3.81 (s, 3H), 3.79 (s, 3H), 1.99 (s, 3H), 1.60 (s,
3H).
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C NMR (125 MHz, CDCl;, TMS): & 142.2,
137.6, 137.5, 135.9, 130.5, 127.1, 127.0, 125.9,
125.7, 124.4, 1215, 121.3, 120.3, 120.2, 119.9,
118.8, 118.7, 118.4, 109.2, 109.1, 52.6, 46.6, 31.7,
21.4.
HRMS (ESI): Calcd for CysH,gN,Na: 389.19937;
Found: 389.199609.
Compound 55fa
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53f (50 mg, 0.15 mmol), indole 1a (35 mg, 0.30 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55fa (31 mg, 53%) as colourless viscous liquid along
with minor amount the product 54fa (17 mg, 25%).
R¢: 0.43 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3408, 3056, 2923, 2853, 1703,
1619, 1583, 1517, 1485, 1455, 1338, 1227, 1095,
1012, 741 cm™,
'H NMR (500 MHz, CDCl3, TMS): 8 7.97 (s, 1H),
7.89 (s, 1H),7.59-7.57 (d, J= 8Hz, 2H), 7.37-7.34
(m, 2H), 7.21-7.16 (m, 2H), 7.07-7.05 (m, 2H),
6.98-6.93 (m, 2H), 6.76 (dd, J; = 5.5 Hz, J, =25
Hz, 1H), 6.04 (dd, J; = 5.5 Hz, J, = 3 Hz, 1H), 4.27
(s, 1H), 4.18 (brs, 1H), 2.57-2.51 (m, 2H), 2.25-
2.19 (m, 1H), 2.07-2.06 (m, 1H), 1.72-1.29 (m,
8H).
C NMR (125 MHz, CDCl;, TMS): & 142.1,
136.9, 136.7, 135.9, 134.3, 130.4, 129.0, 128.2,
126.7, 126.6, 121.9, 121.5,120.8, 120.7,120.2,
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120.1, 119.2,119.0, 111.0, 110.9, 52.5, 46.1, 32.8,
32.5,29.8, 28.8, 27.2, 26.9.

HRMS (ESI): Calcd for C,gHygNyNa: 415.21502;
Found: 415.21538.
Compound 55ga
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (50 mg, 0.13 mmol), indole 1a (31 mg, 0.27 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55ga (34 mg, 58%) as colourless viscous liquid along

with minor amount the product 54ga (20 mg, 30%).

R¢: 0.43 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3289, 3066, 2931, 2857, 1668,
1620, 1582, 1520, 1455, 1304, 1238, 933, 744 cm’
1

'H NMR (500 MHz, CDCl3, TMS): 6 7.88 (s, 1H),
7.79 (s, 1H), 7.62 (d, J = 8 Hz, 1H), 7.55 (d, J = 8
Hz, 1H), 7.54-7.21 (m, 2H), 7.19-7.13 (m, 2H),
7.05- 6.93 (m, 4H), 6.72-6.71 (m, 1H), 5.94 (dd, J;
= 5.5 Hz, J, = 3 Hz, 1H), 4.30 (s, 1H), 4.11 (brs,
1H), 3.12 (brs, 1H), 2.49 (brs, 1H), 2.04-1.68 (m,
9H), 1.53-1.43 (m, 2H), 0.88-0.84 (m, 1H).

C NMR (125 MHz, CDCl;, TMS): & 140.8,
137.8, 137.0, 136.9, 1354, 135.2, 129.5, 129.1,
128.3, 126.8, 126.5, 125.4, 122.0, 121.8, 120.9,
120.4, 119.2, 118.9, 111.2, 111.1, 52.4, 45.2, 39.8,
394, 38.2,37.3,35.1, 34.8, 28.4, 21.6.
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HRMS (ESI): Calcd for C3;HzgN,Na: 453.23067;
Found: 453.23101.

Compound 55gb

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (50 mg, 0.13 mmol), indole 1b (35 mg, 0.27 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55gb (34 mg, 55%) as colourless viscous liquid along
with minor amount the product 54gb (22 mg, 32%).
R¢: 0.48 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3090, 2950, 2932, 2857, 1688,
1621, 1583, 1514, 1462, 1380, 1304, 1238, 1108,
1042, 957, 931, 743 cm™.
'H NMR (500 MHz, CDCl,, TMS): 6 7.65 (d, J =
8 Hz, 1H), 7.58 (d, J = 8 Hz, 1H), 7.33-7.20 (m,
6H), 7.08-7.02 (m, 2H), 6.89 (s, 1H), 6.83 (s, 1H),
6.73 (d, J; = 5.5 Hz, J, = 2.5 Hz, 1H), 5.95 (t, J =
2.5 Hz, 1H), 4.32 (s, 1H), 4.13 (s, 1H), 3.81 (s,
3H), 3.77 (s, 3H), 3.17 (s, 1H), 2.53 (s, 1H), 2.01-
1.58 (m, 12H).
BC NMR (125 MHz, CDCl;, TMS): & 140.6,
137.6, 135.6, 135.2, 129.2, 127.2, 127.0, 125.6,
125.5, 121.5, 120.5, 120.3, 118.8, 118.8, 118.6,
109.1, 108.9, 52.5, 45.2, 39.8, 39.3, 38.2, 37.3,
35.0, 34.4, 32.6, 32.5, 28.4, 28.3.
HRMS (ESI): Calcd for Ca3HaN,Na: 481.26197;
Found: 481.26141
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Compound 55gc

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53g (50 mg, 0.13 mmol), indole 1c (52 mg, 0.27 mmol) and Sc(OTf); (2
mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
for 4 hours gave the product 55gc (58 mg, 74%) as colourless viscous liquid along
with minor amount the product 54gc (10 mg, 13%).
R¢: 0.55 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 2981, 2915, 2833, 1671, 1621,
1586, 1542, 1380, 1300, 1238, 1042, 957, 931, 743
cm™
'H NMR (500 MHz, CDCl;, TMS): & 7.62-7.47
(m, 6H), 7.38-6.96 (m, 12H), 6.66 (dd, J; = 5.5 Hz,
J,=2.5Hz, 1H), 6.04 (dd, J, = 5.5 Hz, J, = 2.5 Hz,
1H), 4.41 (brs, 1H), 4.22 (brs, 1H), 3.61 (s, 3H),
3.57 (s, 3H), 2.98 (brs, 1H), 2.32 (brs, 1H), 1.83-
1.50 (m, 12H).
C NMR (125 MHz, CDCl;, TMS): & 140.2,
137.9, 137.4, 136.2, 135.8, 134.6, 133.9, 133.4,
131.3, 130.5, 129.7, 128.7, 128.2, 127.7, 127.5,
126.6, 125.3, 122.3, 121.4, 120.3, 119.5, 119.1,
119.0, 117.5, 115.2, 108.9, 108.7, 51.0, 45.3, 39.3,
38.9, 37.8, 37.4, 34.9, 33.1, 30.9, 28.1.
HRMS (ESI): Calcd for CssH4oN,Na: 633.32457;
Found: 633.32486.

Compound 55ha
Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53h (45 mg, 0.11 mmol), indole 1a (26 mg, 0.22 mmol) and Sc(OTf); (2

mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere
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for 4 hours gave the product 55ha (43 mg, 84%) as pale yellow solid along with

minor amount the product 54ha (5 mg, 8%).

Compound 55hb

R¢: 0.43 (hexane/ethyl acetate = 3:1).

Mp : 154-156 °C.

IR (Neat) vma: 3294, 2857, 2366, 2335, 1647,
1590, 1369, 1120, 1037, 702 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.90 (s, 1H),
7.67-7.51 (m, 3H), 7.37-7.06 (m, 9H), 6.98-6.78
(m, 9H), 6.40 (d, J = 4 Hz, 1H), 6.24 (brs, 1H),
4.51-4.49 (m, 2H).

C NMR (125 MHz, CDCl;, TMS): & 148.1,
143.2, 142.6, 140.4, 136.8, 136.5, 135.0, 133.1,
129.8, 129.3, 127.9, 127.4, 126.7, 126.5, 126.2,
125.9, 122.0, 121.5, 120.8, 120.1, 119.8, 119.5,
119.3,119.0, 118.9, 111.1, 110.9, 57.7, 48.5.
HRMS (ESI): Calcd for CasHysN,Na: 485.19937;
Found: 485.19969.

Following the general experimental procedure, the pentafulvene derived bicyclic
hydrazine 53h (45 mg, 0.11 mmol), indole 1a (29 mg, 0.22 mmol) and Sc(OTf); (2

mg, 0.003 mmol), in 2 mL acetonitrile at room temperature under argon atmosphere

for 4 hours gave the product 55hb (44 mg, 81%) as yellow solid along with minor
amount the product 54hb (6 mg, 10%).

R¢: 0.48 (hexane/ethyl acetate = 3:1).

Mp : 160-162 °C.

IR (Neat) vma: 3053, 2927, 1709, 1688, 1613,
1513, 1469, 1427, 1372, 1328, 1242, 1156, 1130,
1013, 740 cm™,
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'H NMR (500 MHz, CDCl;, TMS):  7.78-7.76
(m,2H), 7.72-7.30 (m, 9H), 7.20-6.99 (m, 6H),
6.87 (brs, 3H), 6.52 (t, J = 3 Hz, 1H), 6.09 (dd, J, =
4 Hz, J, = 2.5 Hz, 1H), 4.66 (brs, 1H), 4.57-4.54
(m, 1H), 3.81 (s, 3H), 3.58 (s, 3H).

C NMR (125 MHz, CDCl;, TMS): & 148.38,
143.3, 143.0, 140.8, 137.6, 137.3, 134.9, 132.9,
129.9, 129.3,129.2, 128.4, 128.0, 127.4, 127.2,
127.2, 126.8, 126.5, 125.8, 125.7, 121.7, 121.1,
120.3, 120.0, 118.9, 118.4, 118.1, 117.6, 109.3,
109.1, 51.8, 48.9, 32.6, 32.2.

MS (ESI): Calcd for CsgHzgNoNa: 513.23067;
Found: 513.23098.
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CHAPTER 4

Palladium/Lewis acid mediated domino reaction of
pentafulvene derived diazabicyclic olefins: Efficient access
to spiropentacyclic motif with an indoline and pyrazolidine

fused to cyclopentene

r ]

4.1. Introduction

The construction of carbon-carbon bonds with concomitant formation of multi
stereogenic carbon centers have acquired much attention in the current organic
synthesis.! The ability to perform multiple reactions on a single substrate in a complex
chemical environment is a grand challenge in many different aspects of chemistry and
materials science. In this scenario, catalytic domino transformation offers a wide
range of possibilities for the efficient construction of highly complex molecules in a
single procedural step.?® Furthermore, the increase in efficiency favours the economic
and ecological feasibility of this type of process towards the synthesis of complex
polyheterocycles. Among the self-evident domino reactions, skeletal rearrangements
of simple precursors are powerful processes for generating molecular diversity with

atom economy.*”

A polyheterocyclic system with rigid conformation via restriction of three
dimensional relationships of multiple functional groups often renders specific and
promising pharmacological properties.®” Owing to their structural rigidity,
cyclopentane-annulated heterocycles are important cores of biologically active

molecules. Among these cores, nitrogen heterocycles such as indole,® indoline” and
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10,11

pyrazolidine motifs are very common. Some of the important molecules with

fused indole/indoline framework are shown in figure 4.1.

H

N b A
N “"OH
H H Z
H
Diazepinoindolines Shearinine A Polyveoline

Figure 4.1

A number of stereoselective transformations were performed on meso bicyclic
hydrazines, most of them being reported in the last decade by the research groups of
Kaufmann,*? Micouin,*® Pineschi,***" Lautens,*?° and Miller® describing the access
of cyclopentanoids and cyclopentannulated ring systems. Our laboratory has
contributed significantly in this area towards the synthesis of pharmaceutically
important cyclopentanoids.??> The present chapter discloses a facile methodology for
the stepwise and one pot strategy for the synthetic transformation of pentafulvene
derived diazabicyclic olefins to spiropentacyclic motifs with indoline and
pyrazolidine fused to the cyclopentene core. Before going to the details a brief
discussion on the palladium catalyzed annulation reaction of 2-iodophenols and 2-

iodoanilines is outlined below.
4.2. Transition metal catalyzed annulation reactions of o-substituted aryl halides
4.2.1. Annulation with alkynes

Annulation in organic chemistry is a chemical reaction in which a new ring is
constructed on another molecule (often another ring). In 1991, the research group of
Larock reported a conceptually simple approach to indoles involving the palladium

catalyzed heteroannulation of internal alkynes using o-iodoanilines (Scheme 4.1).%
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Pd(OAc), CH,
NHAc LiCl, PPh,
+ H3;C-C=C-Ph > N_ph
| Na,CO,, DMF N
100 °C Ac
1 2 3 (75%)
Scheme 4.1

They have also demonstrated the synthesis of substituted coumarins in reasonable
yields through the simultaneous insertion of both alkynes and carbon monoxide under

the suitable reaction conditions (Scheme 4.2).%*

OH (o} o
cat. Pd(0)
+ CO + RCECR ——— P
| R
4 5 6 7 R
Scheme 4.2

4.2.2. Annulation with 1,3-dienes

1,3-dienes readily undergo heteroannulation with appropriately functionalized
aryl iodides and a suitable Pd catalyst (Scheme 2.1). The ortho- functionalized aryl
halides afforded the corresponding heterocycle derivatives on reaction with 1,3-dienes
(Scheme 4.3).

XH P 5 mol% Pd(OAc), X
+ ZFnc H, g \
I Base n-C4Hg
8 9

10

(X = CH,0, NTs, CH,NTs)

Scheme 4.3
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4.2.3. Annulation with allenes

Since organopalladium compounds add to 1,2-dienes to produce zallylpalladium
compounds, allenes readily undergo annulation with a wide variety of functionalized
aryl halides. Variety of acyclic and cyclic allenes have been successfully annulated by
functionalized aryl iodides as depicted in Scheme 4.4.%°

NHT Pd(OAc),, PPh;
©i S Ag,;PO,
+
I DMF, 100 °C
1 11

24h 12 (83%)

Scheme 4.4
4.2.4. Annulation with vinyl cyclopropanes and vinyl cyclobutanes

The pioneering work of Larock in the area of annulations also include unsaturated
cyclopropanes and cyclobutanes with different o-functionalized aryl halides.?”?® They
have shown that aryl iodide substituted in the ortho position by OH, NH,, NHTSs,
CH,0OH and CH(CO,Et) groups reacts with vinyl cyclopropanes and cyclobutanes in
presence of palladium catalyst and appropriate base to afford heterocycles and
carbocycles in good yields (Scheme 4.5).

: NHTs

*\> _Pd(O) _ @\)/\/
14

%:' Pd (0) @O]L\\/
16

Scheme 4.5
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4.3. Annulation reactions of norbornene and its derivatives

Catellani and coworkers used the palladium catalysis in the heteroannulation of
strained olefin such as norbornene.®*® They trapped the aryl norbornylpalladium
complexes derived from norbornene, palladium catalyst and aryl halides, towards the
synthesis of fused dihydro-furans or -pyrroles (Scheme 4.6).

XH
Pd(OAc), K,CO; X
+ 7 -
I Bu,NBr
DMF, 80-100 °C

1aor4 17 18 (30-89%)
1a, X =NH

4,X=0

Scheme 4.6

Very recently Jiang et al. developed an efficient Pd-catalyzed oxidative
cyclization reaction for the synthesis of functionalized indolines by direct C-H

activation of acetanilide (Scheme 4.7).%

o
NHAc Pd(OAc), (10 mol%) Y
@[ Ab Cu(OAc), (1equiv.), N
+ 7 >
H NaOAc (1 equiv.), DMSO @b
19 17 1 atm O,, 120 °C, 10 h 20

Scheme 4.7
4.4. Annulation reactions of diazanorbornenes
4.4.1. Annulation with diethyl(2-iodophenyl)malonate

In 2011, we have developed a one pot strategy for the synthesis of highly
functionalized indanones 23 through the palladium-catalyzed annulation of 2-

iodobenzonitrile 22 with various bicyclic olefins 21. The methodology provides an



152 Chapter 4

easy access to indanones which constitute the core structures of many biologically
active compounds, synthetic intermediates for pharmaceuticals and ligands for olefin
polymerization catalysts (Scheme 4.8).%

o
cn  Pda(dba);.CHCly
7 " MNecor PPh,, Et;N
N\ 2 + > /N\
CO,R | CH3;CN/H,0 (9:1) N "CO,R

A
21 29 80°C, 24 h 23 COR

Scheme 4.8
4.4.2. Annulation with 2-formylphenylboronic acid

The protocol of ring annulation was then extended to the carbonylative
cyclization of bicyclic hydrazines 21 with 2-formylphenylboronic acid 24 under
microwave irradiation. The reaction afforded 3,4-disubstituted cyclopentenes 26 as a

minor product along with indanols 25 (Scheme 4.9).%

CO,R
N\
OH NHCO,R
AE\N cHo Pd,(OAc)
C 2 “,
71 “COR + ©i : - + "
N__ ~-2 dppe, CH,CN N
COR B(OH), MW, 3 min. N 'COR OHC
’ CO,R
21 24 25 26
Scheme 4.9

4.4.3. Annulation with 2-cyanophenylboronic acid

We have also demonstrated an alternative and efficient method for the synthesis
of highly functionalized indanone 23 using 2-cyanophenylboronic acid 27 under
rhodium catalysis (Scheme 4.10).*
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o
i, N o,
/ N/ \COZR + ©i ’ 52 3 > N
N H / N\
CO,R B(OH), Dioxane/H,0 N CO,R

80°C,24 h h
21 27 23 COR

Scheme 4.10
4.4.4. Oxidative coupling of salicylaldehydes with diazabicyclic olefins

An efficient one pot strategy has been developed for the synthesis of cyclopentene
fused chromanone derivatives 29 through the direct oxidative coupling of

salicylaldehydes 28 with bicyclic olefins (Scheme 4.11).%

R y Ry H ROC
ﬁn ° [RhCI,Cp], ° NH
71\ COR N
"CO,R R, CHO  Cu(OAc),.H,0 R, COR
21 28 CH;CN, 80°C 0 5
Scheme 4.11

4.4.5. Carboannulation with arylboronic esters

Lautens and Mancuso reported a rhodium-catalyzed tandem carbocyclization of
arylboronic esters bearing a pendant Michael-acceptor alkene 30 and azabicyclic
olefin 21c to produce highly functionalized indanes 31. The reaction gives access to
highly functionalized polycyclic systems with the generation of three asymmetric

centers in a single step and fully diastereoselective manner (Scheme 4.12).*

_CO,Me

BPi
ﬁ" n [Rh(cod)Cl], H
/ N Boc 4 ‘Bu-amphos _
. = NBoc
Boc l SDS, Na,CO, N
21¢ 30 CO,Me Toluene-H,0 (1:1) 31 (76%) Boc
rt, 16 h

Scheme 4.12
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4.4.6. Carboannulation with 2-iodostyrenes

Functionalized indanes were synthesized efficiently by the palladium catalyzed
carboannulation of o-iodostyrenes with diazabicyclic olefins. Variety of functional
groups such as esters, ketone and nitrile as substituents on the iodostyrenes well
tolerated the reaction, which explains the synthetic potential of the product for further
transformations (Scheme 4.13).%°

ROZC CO.R'
2
/ ~CO,R
21 COzR +
N/ “CO,R N CO2

“CO,R 34 COR

Pd catalyst 33

X COR h
N
I \(
35 o

COZR
Base
0,
32 Solvent, 85 °C /N
N

R

36

Scheme 4.13
4.5. Domino ring annulation of diazanorbornenes

Domino transformations, as multi-step one-pot processes, are effective tools in
organic synthesis, allowing the formation of several new bonds in a simple and
elegant one-pot synthetic operation, thereby providing access to various types of
molecular entities. Recently, we have reported a very promising palladium catalyzed
ring opening of diazabicyclic alkenes 56 with subsequent ring closure to give

cyclopentene annulated benzofuran and indole derivatives (Scheme 4.14).%
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H
" ﬁ X
N
@ v [ Ncor [PdGiyiCh, O ‘
' "CO,R Bu,NCI, K,CO, Ho
1o0r4 21 [bmlm]PFG ROZC/ \NHCOZR
1a, X = NH 39
4,X=0
XH
Pd(OAc), @ @ [Pd(allyl)Cl],
K;CO3, PPh; ROZC’N‘NHco g BUANCI, K;CO;
CH,CN 2% [bmim]PFg
38
Scheme 4.14

A palladium-NHC catalyzed cyclopentannulation of diazabicyclic alkenes with
ortho-functionalized aryl halides was also reported by Gilberston et al. (Scheme
4.15).%

v [Pr Pr
x_H ! M\ :
oy, a SO as 0l
0, \ 1
“CO,Et + @E 10 mol% Pd-NHC _ | or \EPr i
“CO,Et K,CO;, DMF H N | Pd :
21a 1al 41 8 80°C, 12-48 h EtO,C” "NHCO,Et ! W/ cCl ;
1a, X = NH 39 |PA-NHC _Ph ;
4, X=0,
8, X =NCOMe, NCOPh, NCOBn
Scheme 4.15

In 2013, we extended the scope of the reaction with cyclopropane appended
spirotricyclic olefins 40a with 2-iodophenol 4 towards the formation of a tetracyclic

framework 41 with multiple stereocenters (Scheme 4.16).%
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X
OH
+ },N\ [Pd(allyhCll, -““CH3
N COEt - H

| \COZEt BU4NC|, K2C03
4 40a CH5;CN, 80 °C, 16 h 41

Scheme 4.16

After a while, we carried out a palladium catalysed reaction of fulvene derived
azabicyclic olefins and o-iodophenol envisaging a domino reaction leading to a
polycyclic framework with multiple stereocentres. But the reaction ended up with the
formation of a highly functionalized dihydrobenzofuran fused azabicycles instead of

the expected complex polyheteocycle (Scheme 4.17).%

R1 . R1

‘R1 R1
\ PdCl, (10 mol%) \
N OH  Bu,NCI (1equiv.) N
’ N\ + - /7 \
ZL_N CO,R ©i K,CO5 (1 equiv.) o N CO;R
CO.R ' DMF, rt, 16 h CO,R
42 4 43
Scheme 4.17

4.6. Statement of the Problem

Encouraged by these results we extended the palladium catalysis towards the
synthesis of indoline derivatives using 2-iodoaniline, but the reaction failed to afford
the product. Considering the wide applicability of nitrogen heterocycles in various
aspects of life we tried alternate methods to achieve the reaction. Eventually we have
accomplished our target with a Lewis acid catalysed ring opening of 42 followed by
an intramolecular Heck reaction towards the construction of complex

polyheterocyclic molecules (Scheme 4.18).
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R
NH Lewis acid catalysed
2 " N N-N Bond Cleavage
| /1 Do T -
“CO,R
1a 42
Scheme 4.18

EO,C.
2 N,NHC102E
N, I R

©E e

. Pd
\J
EO,C

N N-NHCoO,E

R1
“TN ,
Pd R1..~

\l
Complex polyheterocycles

The results of the Lewis acid/Pd catalyzed step-wise and one pot synthesis of the

spiropentacyclic motif with an indoline and pyrazolidine fused to cyclopentene are

presented in the following sections.

4.7. Results and discussion

Our experiments started with the reaction of 42d and 2-iodoaniline l1a using

Sc(OTf); as the Lewis acid in acetonitrile at room temperature, trans-3,4-

Disubstituted alkylidene cyclopentene 43da was formed exclusively in 45% vyield

(Scheme 19).

\ [
N . Sc(OTf);
/—N_'CO,Et NH,  CHiCN
CO,Et 2 rt,12h
42d 1a

Scheme 4.19

""’rﬂ—cozEt

i
NHCO,Et

43da (45%)
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The structure of the compound 43da was established by various spectroscopic
studies. In the IR spectrum, the signals at 3387, 3284 cm™ were diagnostic of the NH
absorption whereas the carbethoxy groups were discernible at 1709 cm™. In the *H
NMR spectrum (Figure 4.2), the two ring olefinic protons were observed as a doublet
at 6 6.65 ppm (d, J = 5 Hz) and a broad singlet at 6 5.95 ppm respectively. A broad
peak in the range of & 6.21-6.17 ppm represents the NH proton of the hydrazine
moiety. The multiplet in the range & 5.10-4.92 ppm was assigned as the proton
attached to the C-3 carbon atom. The proton at C-4 carbon atom resonated as a
multiplet in the range of & 4.92-4.68 ppm. The two CH, protons from the carbethoxy
group along with the NH proton (exchangeable with deuterium) of aniline resonated

in the range of 6 4.23-4.08 ppm as multiplet.

| 16,16'

Figure 4.2. *H NMR spectrum of compound 43da
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The *C NMR spectrum (Figure 4.3) of 43da showed peaks at & 156.4 and 155.2
ppm which correspond to the carbonyl carbons. The two olefinic protons were found
to resonate at & 134.2 and 132.3 ppm respectively. The aromatic carbon (C-12)
attached to iodine resonated at & 85.5 ppm. The peaks at 6 64.7 and 63.4 ppm were
assigned to the C-4 and C-3 respectively. The methylene carbons of the ester groups
resonated at & 62.8 and 62.1 ppm. The methylene carbons of the ester groups
resonated at & 62.7 and 62.2 ppm. The methyl carbons of the carbethoxy group
showed sharp peak at 6 14.6 ppm.

_.-I'.'_, LM A0 ¥
R 17,17

12

Figure 4.3. **C NMR spectrum of compound 43da

Further evidence for the structure was obtained from high resolution mass

spectral analysis of 43da which showed the molecular ion peak at m/z = 562.1148
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(Cy3H30IN3O4Na). Finally the structure and stereochemistry of the compound 43da

was unambiguously confirmed by single crystal X-ray analysis (Figure 4.4).

ol

Figure 4.4. Single Crystal X-ray of 43da

Detailed optimization studies were carried out to find the best conditions for this
transformation. Screening of various Lewis acids revealed that Sc(OTf); is the best
catalyst for this transformation. From an extensive screening of reaction parameters,
the best yield was obtained with 3 equiv. of bicyclic olefin and 1 equiv. of 2-
iodoaniline in the presence of 2 mol% Sc(OTf); in toluene at room temperature (Table

4.1). Under the optimized conditions, 43da was obtained in 93% vyield.
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Table 4.1. Optimization for a suitable catalyst system

\ LeW|s acid | ,
LN, COZEt @E " Solvent NH GO
“co,Et NHCO,Et
Entry Lewis acid Solvent Yield (%)
1 Sc(OTf); CH3CN 45
2 Sc(OTf); DMF 29
3 Sc(OTf)3 THF 48
4 Sc(OTf)3 Toluene 93
5 Yb(OTf); Toluene 85
6 Zn(OTf), Toluene 80
7 La(OTf);3 Toluene 83
8 Cu(OTf), Toluene 27
9 AICI3 Toluene 49

Reaction Conditions: alkene (3 equiv), o-iodoaniline(1 equiv), catalyst (2 mol%),
solvent (2 mL), at rt

The diazabicyclic olefins derived from different pentafulvenes gave substituted
alkylidenecyclopentenes in good to excellent yields (Table 4.2). To investigate the
reactivity of substituted 2-iodoanilines, we carried out the reaction of 2-iodoanilines
bearing -NO, and -CF3 substituents. Both -NO, and -CF; substituted 2-iodoanilines

afforded alkylidenecyclopentenes in moderate to good yields.
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Table 4.2 Substrate Scope for Lewis acid catalyzed desymmetrization

Entry Bicyclic olefin 2-lodoaniline Product
I
i - O o-
1 =
71_N co,Et NH, N-co,Et
\COZEt EtOZCHN
42a 1a 43aa (90%)
{ O,N I
O,N [ \©i —
2 AR 2 N}
N_COEt N-co,Et
*CO,Et NH, EtO,CHN 2
42a 1b 43ab (73%)
F,C I
\ F1C | \©E —
3 74 /N\ \@ |':l| :
N CO,Et N.
'CO,Et NH, EtO,CHN ~ COEt
42a 1c 43ac (67%)
|
\ . o
N z
4 Neo.i o Ren
L —N_CO,'Pr NH, iPro,CHN" COZ'Pr
CO,/Pr
42b 1a 43ba (84%)
\ F3C I \@ ,©§<
5 N CO,Pr NH, . ’N\CO ipr
‘co,iPr iPrO,CHN 2
42b 1c 43bc (66%)
I
\ . L D=
6 N CO,Bn N-
'cO,Bn NH, BnO,CHN" ~COzBn
42c 1a 43ca (72%)
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Table 4.2 continues...

Entry Bicyclic olefin 2-lodoaniline Product
F,C I
| e o
N CO,Bn NH N.
'CO,Bn 2 BnO,CHN" COBn
42c 1c 43cc (68%)
I
\ : (IN =
N, N~C0,Et
71\ “co,Et NH, EtO,CHN 2
CO,Et 1a 43da (93%)
O,N I \©i =
o 8¢ A
N NH, -N~CO,Et
AR EtO,CHN 2
“CO,Et
42d 2 1b 43db (78%)
|
QL0
\ X i
10 N
N NH, i N-co,pr
/N "CO,Pr 'PrO,CHN 2
420 CO2Pr 1a 43ea (84%)
I
! L D=
\ @[ N7
NH, N-
11 717N, EtO,CHN"  CO:2Et
CO,Et
4of CO2E 1a 43fa (78%)
O,N |
oM~ T -
12 \@E N
42f N-
NHZ EtOZCHN’ COZEt
1b 43fb (62%)
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Table 4.2 continues...

Entry Bicyclic olefin 2-lodoaniline Product
NH,
EtOchN N-co.et
N 'CO,Et
42f COZEt 1c 43fc (72%)
i L, L =D
NHZ 'PrOZCHN N- C02 Pr
N COz'Pr
42g CO,Pr 1a 43ga (80%)
ey LD
15 42g \@
NH
2 'PrOZCHN N-co,Pr
1b 43gb (64%)
16 \@E 4
NH, N-
N 'co,Bn BnOZCHN ~CO,Bn
'CO,Bn
1c 43hc (64%)
|
. L O
N NH; EtO,CHN’ N- ~CO,Et
N "CO,Et 2
'CO,Et
1a 43ia (67%)
' 99 A=
1 X A
NH, HN’ ~CO,Et
COzEt Etozc
C02Et
42j 1a 43ja (68%)

Reaction conditions: alkene (3 equiv.), o-iodoaniline (1equiv.), Sc(OTf); (2 mol%),

Toluene (2 mL), 2 h at rt.
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To explore the synthetic utility of the alkylidenecyclopentenes, the intramolecular
Heck cyclization of 43da was conducted in the presence of Pd(OAc), (5 mol%), PPh;
and Cs,CO; in acetonitrile at 80 °C. Gratifyingly, the indoline-pyrazolidine fused
cyclopentene 44da was obtained in 72% yield (Scheme 4.20).

Pd(OAc),
Cs,CO;, PPh;

N —CO,Et CH;CN
NHCOzEt 80°C,12h
43da 44da (72%)

Scheme 4.20 Syntheis of derivatized indoline by intramolecular Heck cyclization

The structure of 44da was established by IR, *H, **C and mass spectrometry. The
IR spectrum showed characteristic NH absorption at 3375 cm™ whereas the
carbethoxy groups show a sharp signal at 1698 cm™. The *H NMR spectrum showed
the aromatic protons as two multiplets at 6 7.71-7.04 (m, 2H) and 6.74-6.68 (m, 2H).
The olefin proton was observed as broad singlet at & 6.06 ppm. The proton attached to
the C-3 carbon atom resonated as broad singlet at 6 4.66 ppm. The proton on the ring
junction carbon (C-4) resonated as a multiplet in the range of & 4.53-4.52 ppm. The
proton attached to the neighboring carbon (C-5) shows a broad singlet at 6 4.37 ppm.
The multiplet in the region & 4.27- 4.13 ppm was assigned to the -CH,- protons of two
carbethoxy groups. The methyl protons of the carboethoxy groups resonated as
multiplets at 6 1.29-1.20 ppm along with the methylene protons of cyclohexyl ring.
The *H NMR spectrum of the compound 44da is shown in Figure 4.5.
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Figure 4.5 'H NMR spectrum of compound 44da

The *C NMR spectrum (Figure 4.6) of 44da showed peaks at & 155.6 and 155.0
ppm which correspond to the carbonyl carbons. The signals of the olefinic carbons
could be found along with the aromatic carbons in the region ¢ 148.8-109.2 ppm. The
peak at 6 74.9 ppm was assigned to the C-10 carbon atom. The signal of ring junction
carbon (C-4) was observed at 6 71.6 ppm. The signal at 6 64.3 was attributed to the
carbon C-4 which is attached to the nitrogen atom of the indoline ring. The methylene
carbons of the ester groups resonated at 6 61.3 and 61.1 ppm. The carbon atom (C-5)
bonded to the aromatic ring displayed its signal at 6 56.0 ppm. The methyl carbons of
the carboethoxy group showed sharp peaks at & 13.6 and 13.4 ppm. The assigned
structure of 44da was well supported by mass spectra, showing the molecular ion
peak at m/z 434.20336 (C,3H,9N30O4Na).
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Figure 4.6 *C NMR spectrum of compound 44da

Finally the structure and stereochemistry of the compound was unambiguously

confirmed by single crystal X-ray analysis of the compound 44fa (Figure 4.7).

Figure 4.7. Single Crystal X-ray of 44fa
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The intramolecular Heck cyclization of various alkylidenecyclopentenes was next
examined, and the tandem palladium catalyzed cyclization smoothly afforded the

corresponding indoline-pyrazolidine fused cyclopentenes in moderate to good yields

(Table 4.3).

Table 4.3. Substrate Scope for Intramolecular Heck Cyclization

COan
H !

44ca (65%) 44ka (74%)

44aa (54%)

CO,Et
H !

CO,Et

CO,Pr
H _
N, \-CO,Pr

44da (72%) 44ea (63%)

44gb (42%)

Reaction Conditions: 1 (3 equiv.), o-iodoaniline (1 equiv.), Pd(OAc), (5 mol%), PPh; (10
mol%), Cs,CO; (1.5 equiv.) CH;CN (2 mL), 12 h at 80 °C

Finally, in order to evaluate the one pot efficiency of this method, a tandem

reaction was performed in the presence of a Lewis acid and palladium catalyst

(Scheme 4.21).
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Scheme 4.21

Interestingly, indoline-pyrazolidine fused cyclopentene was obtained in moderate
to good yield. The reaction was found to be general with various pentafulvene derived
bicyclic hydrazines. Detailed optimization studies were carried out to find the best
conditions for the one-pot reaction (Table 4.4). The use of 5 mol% [Pd(allyl)Cl],, 2
mol% Sc(OTf);, 10 mol% PPh; and 1.5 equiv. Cs,CO; in 2:0.5 mixture of
acetonitrile-toluene for 12 hours at 80 °C resulted in the exclusive formation of

spiropentacyclic molecule.
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Table 4.4. Optimization for the one pot synthesis of indoline-pyrazolidine fused

cyclopentene

Entry Lewis acid  Pd Catalyst Ligand Base Solvent Temperature Yield %
(°C) 3 4
1 Sc(OTf)s Pd(OAc), PPhg KoCO3  CH5CN 80 10 21
2 Sc(OTf), Pd(OAc), PPh; Cs,CO3  CH4CN 80 20 28
3 Sc(OTf)3 Pd(OAc), PPh3 KOAc CH3CN 60 trace amount
4 Sc(0Tf); Pd(OAC), PPh; Ets;N  CH3CN 60 15 trace
5 Sc(OTf); PdCl, PPhy Cs2CO3  CH3CN 60 25 trace
6 Sc(OTf), [Pd(allyl)Cl], PPh Cs;C03  CH3CN 60 - 28
/ Sc(OTf); Pd(OAc), PPhg Cs,CO3  CH3CN 80 trace 42
8 Sc(OTf)z PdCl, PPhg Cs,CO;4 CH4CN 80 trace amount
9 Sc(OTf), Pd(PPhs), PPhs Cs,CO3  CH5CN 80 trace amount
10 Sc(OTf); [Pd(ally)Cl], PPh; Cs,CO3  CHyCN 80 - 51
11 Sc(OTf)s Pd(dba);CHCl;  PPh, Cs2C03  CH,CN 80 - 12
12 Sc(OTf)s [Pd(ally)Cl], PPhs Cs2CO3  CHSCN 80 - 55
13 Sc(OTf); [Pd(allyl)CI], PPhs Cs,CO4 %:gg,'fe * 80 - 58
1£ Sc(OTf), [Pd(allyl)Cl], PPhs Cs,COs _?HsCN + 70 -
oluene
15 Sc(OTf)s [Pd@ally)Cll,  dppe Cs,CO; CHsCN + 70 _ 18
Toluene

8 CH;CN:Toluene(2:0.5)

Reaction Conditions: alkene (3 equiv.), o-iodoaniline (1 equiv.), catalyst (5 mol%), base(1.5 equiv.),
ligand (10 mol%), Lewis acid (2 mol%), solvent (2.5 mL) 12 hours at 80 °C

To explore the scope and generality of the one-pot reaction, the above reaction

was repeated using differently substituted bicyclic hydrazine and o-iodoanilines. The
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reaction was found to be general with various pentafulvene derived bicyclic
hydrazines (Table 4.5).

Table 4.5. One-pot synthesis of indoline derivative

44aa, E = CO,Et, R'= H, 54% 44fa, E = CO,Et, R'=H, 72%

44ba, E = CO,Pr, R' = H, 74% 44ga, E = CO,Pr,R'=H, 75%

44ac, E = CO,Et, R'= CF3,40%  69fb, E = CO,Et, R' = NO,, 46%
69gb, E = CO,'Pr, R' = NO,, 72%

H H
H I
N I;l H N =

P4

44da (58%) 44ia (40%)

Reaction conditons: alkene (3 equiv.), o-iodoaniline (1 equiv.), Pd[(allyl)Cl], (5 mol%),
Sc(OTf)3 (2 mol%), PPh3 (10 mol%), Cs,CO5 (1.5 equiv.), CH3CN (2 mL),
toluene (0.5 mL), 12 h at 80 °C

4.8. Mechanistic pathway

A plausible mechanism for the formation of indoline-pyrazolidine fused
cyclopentene is illustrated in Scheme 4.22. The first step of the catalytic cycle is the
oxidative addition of Pd(0) to the aryl iodide, which lead to the formation of A.
Coordination of species A to the double bond followed by the generation of z-
allylpalladium complex affords the key intermediate C. Finally the base assisted

intramolecular nucleophilic attack furnished the desired product.
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EO,C
NI N-NHCo,E

Scheme 4.22 Proposed catalytic cycle underlying the mechanism of tandem

cyclization
4.9. Conclusion

In summary, we have developed a Lewis acid/ Pd mediated strategy for the
synthesis of a new spiropentacyclic motif having indoline and pyrazolidine fused to
the cyclopentene core. The reaction involves multiple bond formations. It also shows
that the proper positioning of “palladium active” functional groups in the
diazabicyclic olefins helps in passing the palladium baton from initial
organopalladium addition to the strained olefin, ultimately delivering complex

polycycles in a one pot transformation.
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4.10. Experimental section
General methods

All chemicals were of the best grade commercially available and are used without
further purification. All solvents were purified according to standard procedure; dry
solvents were obtained according to the literature methods and stored over molecular
sieves. Analytical thin layer chromatography was performed on glass plates coated
with silica gel containing calcium sulfate binder. Gravity column chromatography
was performed using 60-120 or 100-200 mesh silica gel and mixtures of hexane-ethyl

acetate were used for elution.

Melting points were determined on a Buchi melting point apparatus and are
uncorrected. Proton nuclear magnetic resonance spectra (*H NMR) were recorded on
a Bruker Avance DPX 300 and Bruker AMX 500 spectrophotometer (CDCl; as
solvent). Chemical shifts for '"H NMR spectra are reported as & in units of parts per
million (ppm) downfield from SiMe, (& 0.0) and relative to the signal of chloroform-d
(6 7.25, singlet). Multiplicities were given as: s (singlet); d (doublet); t (triplet); q
(quartet); dd (double doublet); m (multiplet). Coupling constants are reported as J
value in Hz. Carbon nuclear magnetic resonance spectra (*C NMR) are reported as &
in units of parts per million (ppm) downfield from SiMe, (6 0.0) and relative to the
signal of chloroform-d (6 77.03, triplet). Mass spectra were recorded under EI/HRMS
at 60,000 resolution using Thermo Scientific Exactive Mass Spectrometer. IR spectra

were recorded on Bruker FTIR spectrometer.

General procedure for the lewis acid catalyzed reaction of pentafulvene derived

bicyclic hydrazines with o-iodoaniline

A mixture of pentafulvene derived bicyclic hydrazine (3.0 eqiuv.), o-iodoaniline

(2.0 equiv.) and Sc(OTf); (2 mol %) were weighed in a schlenk tube and degassed for
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10 minutes. Dry toluene (2 mL) was added and the reaction mixture was purged with
argon and allowed to stir at room temperature for 2 hours. The solvent was evaporated
in vacuo and the residue on silica gel (100-200 mesh) column chromatography

yielded trans-3,4-disubstituted alkylidenecyclopentene.
General procedure for the intramolecular Heck reaction

A mixture of trans-3,4-disubstituted alkylidenecyclopentene. (1.0 eqiuv.),
Pd(OACc), (5 mol%), PPh; (10 mol%) and Cs,CO; (1.5 equiv.) were weighed in a
schlenk tube and degassed for 10 minutes. Dry acetonitrile (2 mL) was added and the
reaction mixture was purged with argon and allowed to stir at 80 °C for 12 hours. The
solvent was evaporated in vacuo and the residue on silica gel (100-200 mesh) column

chromatography yielded indoline-pyrazolidine fused cyclopentene.

General procedure for the one pot synthesis of indoline-pyrazolidine fused

cyclopentene

A mixture of pentafulvene derived bicyclic hydrazine (3.0 egiuv.), o-iodoaniline
(1.0 equiv.), [Pd(ally)CI], (5 mol%), PPh; (10 mol%) and Sc(OTf); (2 mol%) and
Cs,COs (1.5 equiv.) were weighed in a schlenk tube and degassed for 10 minutes. Dry
acetonitrile (2 mL) and toluene (0.5 mL) were added and the reaction mixture was
purged with argon and allowed to stir at 80 °C for 12 hours. The solvent was
evaporated in vacuo and the residue on silica gel (100-200 mesh) column

chromatography yielded indoline-pyrazolidine fused cyclopentene.

Compound 43aa

Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42a (130 mg, 0.46 mmol), o-iodoaniline 1a (34 mg, 0.15 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43aa (69 mg, 90%) as as colourless viscous
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liquid.

I cokt
N
NHCO,Et

I NH

v

Compound 43ab

R¢: 0.31 (hexane/ethyl acetate = 3:1).

IR (Neat) v 3383, 3280, 3054, 2976, 2928,
2853, 1709, 1586, 1499, 1149, 1410, 1330, 1220,
1120, 1052, 1011, 920, 745 cm™.

'H NMR (500 MHz, CDCl3, TMS): 7.61 (s, 1H),
7.20 (s, 1H), 6.99-6.80 (brs, 1H), 6.59 (d, J = 3.5
Hz, 1H), 6.42 (t, J = 7.5 Hz, 1H), 6.30-6.16 (m,
1H), 5.94 (s, 1H), 5.07-4.80 (m, 2H), 4.22-4.05
(m, 5H), 1.87 (s, 3H), 1.68 (s, 3H), 1.28-1.11 (m,
6H).

¥C NMR (125 MHz, CDCl;, TMS): 156.8,
155.2, 146.0, 138.8, 135.5, 134.2, 131.9, 129.4,
118.9, 112.8, 85.5, 65.3, 63.8, 62.8, 62.0, 21.4,
20.6, 14.5.

MS (ESI): Calcd for CyHysIN3;O4Na:
522.08657; Found: 522.08608 (CyoHsIN30,Na).

Following general experimental procedure, the pentafulvene derived bicyclic

hydrazine 42a (130 mg, 0.46 mmol), o-iodoaniline 1b (41 mg, 0.15 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43ab (61 mg, 73%) as pale yellow viscous

liquid.

R¢: 0.43 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3369, 3258, 2921, 1731, 1560,
1418, 1375, 1280, 1213, 1112, 1054, 1002, 751

cm™.
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'H NMR (500 MHz, CDCl;, TMS): & 8.56 (d, J =

I co,Et
N, 10 Hz, 1H), 8.17 (d, J = 9 Hz, 1H), 7.05 (m, 1H),
NHCO,E
N 6.67 (d, J = 5 Hz, 1H), 6.27-6.19 (m, 1H), 5.92
@ (s, 1H), 5.01- 4.79 (m, 2H), 4.27-4.09 (m, 5H),
ON 1.89 (s, 3H), 1.69 (s, 3H), 1.29 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.6,
154.7, 151.0, 138.6, 135.1, 134.8, 130.4, 126.2,
125.9, 112.2, 110.4, 82.4, 65.6, 64.1, 63.3, 62.2,
21.5,20.9, 14.6, 14.1.
MS (ESI): Calcd for CyoH,5IN,OgNa: 567.07165;
Found: 567.07123 (C,oH,51N,OgNa).
Compound 43ac
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42a (130 mg, 0.46 mmol), o-iodoaniline 1c (44 mg, 0.15 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43ac (59 mg, 67%) as colourless viscous
liquid;
R¢: 0.40 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3379, 3280, 2988, 2920, 2868,
1714, 1580, 1478, 1450, 1368, 1301, 1224, 1129,

| cost 931, 749 cm™.
Moo 'H NMR (500 MHz, CDCl,, TMS): & 7.85 (d, J
N = 13 Hz, 1H), 7.48 (s, 1H), 7.12-7.02 (m, 1H),
@ 6.63 (s, 1H), 6.19- 6.14 (m, 1H), 5.93 (s, 1H),

FsC
’ 5.05 (d, J = 15.5 Hz, 1H), 4.87 (s, 1H), 4.40 (d,

J=11.5 Hz, 1H), 4.41-4.10 (m, 4H), 1.19 (s, 3H),
1.68 (s, 3H), 1.27 (m, 6H).
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C NMR (125 MHz, CDCl;, TMS): 156.4,
155.1, 148.5, 135.8, 135.2, 134.8, 131.0, 126.9,
126.7, 120.5, 111.6, 83.7, 63.9, 63.3, 62.9, 62.2,
21.4,20.5, 14.5.
MS (ESI): Calcd for CyHyFs IN3O4Na:
590.07395; Found: 590.07257 (Cy1HxsF5
IN3O4Na)
Compound 43ba
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42b (120 mg, 0.39 mmol), o-iodoaniline 1a (29 mg, 0.13 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43ba (57 mg, 84%) as colourless viscous
liquid.
R¢: 0.45 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3375, 3280, 2979, 2934, 2850,
1730, 1580, 1490, 1446, 1403, 1314, 1280, 1220,
1120, 1060, 1000, 931, 741 cm™.
'H NMR (500 MHz, CDCl3, TMS): § 7.61 (d, J =
/ CO,Pr 8 Hz, 1H), 7.23-7.19 (m, 1H), 7.02 (brs, 1H), 6.59
"N HCo,Pr (d, J =55 Hz, 1H), 6.65-6.41 (m, 1H), 6.16-6.05
I NH (m, 1H), 5.94 (s, 1H), 5.05-4.89 (m, 4H), 4.05 (s,
@ 1H), 1.87 (s, 3H), 1.68 (s, 3H), 1.28-1.09 (m,
12H).
C NMR (125 MHz, CDCl;, TMS): § 156.1,
154.8, 146.1, 138.9, 135.6, 131.8, 129.7, 127.2,
125.3, 118.8, 112.9, 85.4, 70.8, 70.0, 65.1, 63.6,
26.9, 25.3, 22.1, 21.9, 21.5, 20.7.
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Compound 43bc

MS (ESI): Calcd for C,,H30IN3O4Na: 550.11787;
Found: 550.11633 (C,,H30IN3;O4Na).

Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42b (120 mg, 0.39 mmol), o-iodoaniline 1c (37 mg, 0.13 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43bc (51 mg, 66%) as colourless viscous

liquid.

Il cojer
.\\N
NHCO,'Pr

I NH

F3C

Compound 42ca

R¢: 0.43 (hexane/ethyl acetate = 3:1).

IR (Neat) vmax: 3295, 2940, 2850, 1713, 1580,
1481, 1411, 1281, 1220, 1123, 1061, 1001, 920,
741 cm™,

'H NMR (500 MHz, CDCl5, TMS): 6 7.84 (d, J =
11 Hz, 1H), 7.48 (d, J = 8 Hz, 1H), 7.16-7.06 (m,
1H), 6.63 (s, 1H), 6.14-6.06 (m, 1H), 5.92 (s, 1H),
5.05-4.87 (m, 4H), 4.43-4.38 (m, 1H), 1.88 (s,
3H), 1.68 (s, 3H), 1.32-1.03 (m, 12H).

C NMR (125 MHz, CDCl;, TMS): & 156.8,
154.7, 148.4, 136.1, 135.9, 130.7, 128.9, 126.9,
125.2, 120.2, 113.4, 111.6, 83.7, 70.2, 65.4, 63.7,
63.1, 26.9, 25.2, 22.6, 21.9, 21.4, 20.7.

MS (ESI): Calcd for Cy3HygF3IN3O4Na:
618.10525; Found: 618.10495
(Cp3HzoF3IN3O,4Na).

Following general experimental procedure, the pentafulvene derived bicyclic

hydrazine 42c¢ (120 mg, 0.31 mmol), o-iodoaniline 1la (22 mg, 0.10 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
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atmosphere for 2 hours gave the product 43ca (46 mg, 72%) as colourless viscous

liquid.

/ /COan
N
NHCO,Bn

| NH

v

Compound 43cc

R¢: 0.48 (hexane/ethyl acetate = 3:1).

IR (Neat) v 3386, 3287, 3063, 3032, 2926,
2852, 1716, 1586, 1489, 1450, 1402, 1313, 1283,
1128, 1077, 1050, 1004, 894, 743, 698 cm™.

'H NMR (500 MHz, CDCly, TMS): § 7.60 (d, J =
6.5 Hz, 1H), 7.52-7.04 (m, 12H), 6.79 (s, 1H),
6.55-6.32 (m, 3H), 5.92-5.86 (m, 1H), 5.29-4.85
(m, 5H), 4.05 (brs, 1H), 1.81 (s, 3H), 1.58 (m,
3H).

C NMR (125 MHz, CDCl;, TMS): & 156.6,
155.2, 145.9, 145.3, 138.9, 137.4, 135.7, 135.4,
134.2, 131.7, 129.7, 128.6, 128.4, 128.2, 128.1,
119.0, 112.7, 85.5, 68.2, 67.7, 65.8, 63.5, 21.8,
21.4.

MS (ESI): Calcd for CgHglN3O, M
623.12810; Found: (M+1) 624.13416.

Following general experimental procedure, the pentafulvene derived bicyclic

hydrazine 42c (125 mg, 0.31 mmol), o-iodoaniline 1c (30 mg, 0.10 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43cc (49 mg, 68%) as colourless viscous

liquid.

R¢: 0.51 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3084, 2385, 3060, 3038, 2932,
2850, 1718, 1586, 1494, 1451, 1402, 1284, 1403,
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|

COBn

N

| NH

&

F3C

'NHCO,Bn

Compound 43da

1311, 1280, 1210, 1124, 1051, 1010, 916, 741,
690 cm™,

'H NMR (500 MHz, CDCl;, TMS): & 7.81 (s,
1H), 7.32-7.10 (m, 12H), 6.58 (d, J = 6 Hz, 1H),
6.36 (s, 1H), 5.87 (d, J = 12 Hz, 1H), 5.18-4.92
(m, 6H), 4.38 (brs, 1H), 1.29 (s, 3H), 1.63 (s, 3H).
C NMR (125 MHz, CDCl;, TMS): & 156.9,
155.2, 148.3, 135.8, 135.1, 128.6, 128.5, 128.1,
127.1, 120.2, 111.5, 83.8, 68.4, 67.8, 64.1, 63.2,
21.5, 20.6.

MS (ESI): Calcd for CsHyg F3IN3O4Na:
714.10325:  Found:  714.10339  (CaiHy
F3IN;O4Na).

Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42d (130 mg, 0.41 mmol), o-iodoaniline 1a (30 mg, 0.14 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43da (68 mg, 93%) as pale yellow coloured

solid.

J

I N

;

COE
N

H

'NHCO,Et

R¢: 0.46 (hexane/ethyl acetate = 3:1).

Mp : 132-134°C

IR (Neat) vnax: 3387, 3284, 3063, 2980, 2928,
2853, 1709, 1586, 1499, 1449, 1410, 1381, 1313,
1281, 1228, 1171, 1123, 1061, 1007, 928, 741cm’
1

'H NMR (500 MHz, CDClz;, TMS): & 7.64 (s,
1H), 7.22 (s, 1H), 7.00-6.84 (m, 1H), 6.65 (d, J =
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Compound 43db
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42d (130 mg, 0.41 mmol), o-iodoaniline 1b (34 mg, 0.28 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

5 Hz, 1H), 6.44 (t, J = 7 Hz, 1H), 6.21-6.17 (m,
1H), 5.95 (s, 1H), 5.10-4.92 (m, 2H), 4.23-4.08
(m, 5H), 2.33 (t, J = 5.5 Hz, 2H), 2.07 (s, 2H),
1.66-1.44 (m, 6H), 1.29-1.12 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.4,
155.2, 146.1, 138.8, 134.2, 132.3, 132.1, 129.5,
119.5, 112.9, 112.3, 85.5, 64.7, 63.4, 62.8, 62.1,
31.8,31.4,28.2,27.9, 26.4, 14.5.

MS (ESI): Calcd for Cy3H30IN3O4Na: 562.11787;
Found: 562.11481 (C,3H30IN3O4Na).

atmosphere for 2 hours gave the product 43db (62 mg, 78%) as yellow viscous liquid.

O,N

J

CO,Et

N

NH

‘NHCO,Et

R¢: 0.53 (hexane/ethyl acetate = 3:1).

IR (Neat) v 3464, 3365, 3071, 2920, 2852,
1705, 1623, 1582, 1469, 1410, 1380, 1318, 1173,
1115, 1058, 743 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 8.58 ( m,
1H), 8.17 (m, 1H), 7.07-7.01 (m, 1H), 6.74-6.69
(m, 1H), 6.24-6.19 (m, 1H), 5.93 (s, 1H), 5.10-
4.83 (m, 3H), 4.26-4.12 (m, 4H), 2.39-2.34 (m,
2H), 2.07-2.05 (m, 2H), 1.59 (brs, 6H), 1.30-1.16
(m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.8,
154.8, 150.9, 138.5, 135.2, 131.7, 130.5, 126.3,
125.7, 112.3, 110.4, 82.5, 64.9, 63.5, 62.9, 62.4,
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31.9, 30.9, 29.7, 28.3, 26.3, 14.6, 14.1.

MS (ESI): Calcd for C,3Hy9IN4OgNa: 607.10295;
Found: 607.10139 (C,3H»9IN4O¢Na).
Compound 43ea
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42e (120 mg, 0.34 mmol), o-iodoaniline 1la (25 mg, 0.11 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43ea (55 mg, 84%) as colourless viscous
liquid.
R¢: 0.48 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3387, 3285, 2979, 2927, 2853,
1721, 1706, 1587, 1497, 1451, 1384, 1316, 1282,
1107, 1037, 1005, 743 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 7.61 (d, J
= 7.5 Hz, 1H), 7.23-7.16 (m, 1H), 7.31-6.84 (m,
1H), 6.64 (d, J = 5.5 Hz, 1H), 6.42 (t, J = 7.5 Hz,
1H), 6.11-6.03 (m, 1H), 5.95 (s,1H), 5.07-4.82
NHCOPr (11 AH). 4.07 (brs, 1H), 2.34 (brs, 2H), 2.09 (s,

I NH

@ 2H), 1.57 (brs, 6H), 1.28-1.17 (m, 12H).
C NMR (125 MHz, CDCl;, TMS): & 155.9,

154.5, 146.0, 138.7, 133.7, 132.8, 129.7, 129.4,
118.8, 118.3, 110.3, 85.4, 70.7, 69.9, 63.8, 57.9,
32.1,31.9,28.2,27.8,26.4,22.7,22.2,22.1, 21.9.
MS (ESI): Calcd for Cy5H34IN3O4Na: 590.14917:
Found: 590.14721 (C,5H341N3;0O4Na).

| coger
N
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Compound 43fa
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42f (130 mg, 0.35 mmol), o-iodoaniline 1la (26 mg, 0.12 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43fa (54 mg, 78%) as colourless viscous
liquid.
R¢: 0.48 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3389, 3293, 3062, 2912, 2849,
1750, 1712, 1586, 1498, 1449, 1406, 1316, 1281,
1220, 1116, 1061, 929, 802, 743 cm™.
'H NMR (300 MHz, CDCl;, TMS): & 7.62
(s,1H), 7.24-7.21 (m, 1H), 6.99 (d, J = 14 Hz,
1H), 6.64 (d, J = 5 Hz, 1H), 6.43 (t, J =5 Hz, 1H),
6.15 (m, 1H), 5.94 (s, 1H), 5.08-4.83 (m, 2H),
L go= 4.23- 4.09 (m, 5H), 2.98 (s, 1H), 2.55 (d, J =
e NHCOAEL 16.5Hz, 1H), 1.98-1.74 (m, 12H), 1.29-1.14 (m,
@ 6H).
C NMR (75 MHz, CDCl;, TMS): & 156.2,
154.6, 147.2, 146.1, 138.8, 133.4, 131.9, 1295,
128.5, 118.9, 112.9, 85.5, 64.2, 63.2, 62.6, 62.1,
40.3, 39.6, 38.9, 38.8, 36.9, 35.1, 34.5, 28.0, 27.9,
14.6, 14.5.
MS (ESI): Calcd for C,7H34IN3O4Na: 614.14917:
Found: 614.14694 (C»;H2341N30O4Na).
Compound 43fb
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42f (130 mg, 0.35 mmol), o-iodoaniline 1b (31 mg, 0.12 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
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atmosphere for 2 hours gave the product 43fb (46 mg, 62%) as colourless viscous
liquid.
R¢: 0.51 (hexane/ethyl acetate = 3:1).
IR (Neat) v 3382, 2955, 2919, 2851, 1736,
1654, 1584, 1499, 1463, 1379, 1324, 1183, 1116,
1054, 853 cm™,
'H NMR (300 MHz, CDCl;, TMS): & 8.54 (s,

1H), 8.16 (d, J =14 Hz, 1H),7.03-7.00 (m, 1H),
@ o 6.72 (d, J =9 Hz, 1H), 6.14 (s, 1H), 5.90 (s, 1H),
N o 5.07-4.82 (m, 2H), 4.23-4.14 (m, 5H), 2.98 (s,
I NH 1H), 2.51 (s, 1H), 2.03-1.84 (m, 12H), 1.31-1.14
@ (m, 6H).
ON C NMR (75 MHz, CDCl;, TMS): & 154.6,
150.9, 138.7, 134.7, 130.1, 128.9, 128.2, 126.2,
110.6, 82.5, 63.1, 62.9, 62.3, 40.4, 39.7, 38.9,
36.8, 35.2, 34.6, 31.6, 28.0, 26.9, 22.7, 14.7, 14.5.
MS (ESI): Calcd for C,;H33IN,OgNa: 659.13425:
Found: 659.13192 (C,7H33IN4O¢Na).
Compound 43fc
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42f (130 mg, 0.35 mmol), o-iodoaniline 1c (34 mg, 0.12 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43fc (55 mg, 72%) as colourless viscous
liquid.
R¢: 0.51 (hexane/ethyl acetate = 3:1).
IR (Neat) viax: 3380, 3280, 2981, 2924, 2853,
1718, 1601, 1583, 1490, 1450, 1412, 1228, 1120,
1062, 1004, 928, 740 cm™,
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'H NMR (500 MHz, CDCl,, TMS): § 7.87 (d, J =
7 o 14.5 Hz, 1H), 7.49 (d, J = 9 Hz, 1H), 7.11-7.00
N (m, 1H), 6.68 (s, 1H), 6.13 (d, J = 5 Hz, 1H), 5.92
NHCO,Et
I \H (s, 1H), 5.07-5.00 (m, 1H), 4.86 (s, 1H), 4.44-
@ 4.38 (M, 1H), 4.24-4.14 (m, 4H), 2.98 (s, 1H),
FsC

2.53 (d, J = 17.5 Hz, 1H), 1.99-1.76 (m, 12H),
1.33-1.12 (m, 6H).

3C NMR (125 MHz, CDCl;, TMS): & 156.4,
154.8, 148.4, 135.8, 134.0, 131.1, 128.2, 127.0,
126.8, 120.5, 111.6, 83.7, 63.1, 62.8, 62.7, 62.2,
40.2, 39.7, 38.9, 36.8, 35.1, 34.6, 29.7, 29.4, 28.0,
27.8,14.6, 14.5.

MS (ESI): Calcd for Cy,gHsz F3IN3O4Na:
682.13655;  Found:  682.13652  (CygHss
F5IN3O4Na).

Compound 43ga
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 429 (110 mg, 0.40 mmol), o-iodoaniline 1a (20 mg, 0.09 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43ga (46 mg, 80%) as colourless viscous
liquid.
R¢: 0.46 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3297, 3032, 2920, 2856, 1736,
1601, 1498, 1453, 1400, 1314, 1280, 1214, 1124,
1046, 1014, 848, 749, 697, 648 cm™.
'H NMR (500 MHz, CDCl3, TMS): 6 7.62 (s,
1H), 7.22 (brs, 1H), 7.11 (brs, 1H), 6.74-6.64 (m,



186 Chapter 4

1H), 6.43 (t, J = 11.5 Hz, 1H), 6.07-5.94 (m, 2H),
/ 5.06-4.88 (m, 4H), 4.07 (s, 1H), 2.97 (s, 1H), 2.57

COZPr

N o (s, 1H), 1.98-1.83 (m, 1H), 1.25-1.16 (m, 12H).
I NH C NMR (125 MHz, CDCl;, TMS): & 156.1,
@ 154.5, 146.2, 138.9, 133.9, 131.8, 129.7, 128.7,
118.9, 114.7, 112.5, 85.4, 70.4, 69.8, 63.9, 63.1,
40.3, 39.7, 38.8, 36.9, 35.1, 34.5, 28.0, 27.9, 22.1,
21.9.
MS (ESI): Calcd for CygH3gIN3OgNa: 642.18047;
Found: 642.18722 (CoH35IN3ONa).
Compound 43gb
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42g (110 mg, 0.40 mmol), o-iodoaniline 1b (24 mg, 0.09 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43gb (39 mg, 64%) as yellow viscous liquid.

R¢: 0.54 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3389, 3285, 3059, 2990, 2926,

2850, 1718, 1583, 1492, 1443, 1410, 1380, 1281,
| 1227, 1170, 1120, 1059, 1014, 928, 741, 689 cm’
| .‘\N?ozpr. L
NHCO,'Pr
I NH 'H NMR (500 MHz, CDCl;, TMS): & 8.53 (s,
@ 1H), 8.16 (d, J = 15 Hz, 1H), 7.15-7.04 (m, 1H),

6.72 (d, J = 9 Hz, 1H), 6.09-6.04 (m, 1H), 5.89 (s,
1H), 5.06-4.83 (m, 5H), 2.97 (s, 1H), 2.61 (s,
1H), 1.98-1.42 (m, 12H), 1.30-1.11 (m, 12H).
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Compound 43hc

C NMR (125 MHz, CDCl;, TMS): & 156.4,
154.1, 150.9, 148.1, 138.7, 134.8, 128.9, 128.2,
126.2, 110.7, 82.4, 70.4, 70.1, 63.0, 40.4, 39.7,
38.8, 36.8, 35.2, 34.6, 29.3, 28.0, 27.8, 26.9, 22.1,
21.9.

MS (ESI): Calcd for CygH37IN4OgNa: 687.16555:
Found: 687.16336 (CpgHa7IN,OgNa).

Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42h (120 mg, 0.24 mmol), o-iodoaniline 1c (23 mg, 0.08 mmol) and

Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43hc (40 mg, 64%) as yellow viscous liquid.

F3

/ CO,Bn

N

Red
Z
T

‘NHCO,Bn

R¢: 0.46 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3378, 3281, 3059, 3027, 2920,
2858, 1719, 1580, 1489, 1449, 1400, 1311, 1281,
1050, 1000, 743cm™,

'H NMR (500 MHz, CDCl;, TMS): & 7.83(s,
1H), 7.35-7.29 (m, 11H), 6.96-6.94 (m, 1H),
6.65-6.63 (m, 1H), 6.28-6.24 (m, 1H), 5.83 (brs,
1H), 5.29-4.99 (m, 6H), 4.40-4.37 (m, 1H), 2.93
(brs, 1H), 2.49 (s, 1H), 2.30 (brs, 1H), 1.97-1.66
(m, 11H).

BC NMR (125 MHz, CDCl;, TMS): & 156.2,
154.4, 148.4, 135.8, 135.4, 134.1, 128.6, 128.5,
128.2, 111.5, 83.7, 68.4, 67.9, 62.9, 62.8, 40.3,
40.1, 39.5, 38.7, 36.7, 35.1, 34.6, 34.1, 31.9, 29.7,
27.7.
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MS (ESI): Calcd for CgagHs; F3IN3O4Na:
806.16785:  Found:  806.16628  (CasgHsy
F3IN3O,Na).
Compound 43ia
Following general experimental procedure, the pentafulvene derived bicyclic
hydrazine 42i (135 mg, 0.40 mmol), o-iodoaniline 1c¢ (30 mg, 0.13 mmol) and
Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon
atmosphere for 2 hours gave the product 43ia (50 mg, 67%) as colourless viscous
liquid.
R¢: 0.40 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3384, 3295, 3062, 2979, 2928,
2855, 1745, 1710, 1586, 1500, 1409, 1228, 1061,
1008, 743 cm™.
'H NMR (500 MHz, CDClz, TMS): & 7 .65 (s,
1H), 7.24 (brs, 1H), 7.07 (s, 1H), 6.65 (d, J = 10
Hz, 1H), 6.48 (d, J = 11 Hz, 1H), 6.25 (brs, 1H),
o 5.98 (s, 1H), 5.11-4.69 (m, 2H), 4.25-4.11 (m,
NHCOEL 5H), 2.49 (s, 2H), 2.23 (s, 2H), 1.85-1.14 (m,
@ 14H).
C NMR (125 MHz, CDCl;, TMS): & 1564,
155.1, 146.0, 140.4, 138.7, 135.0, 134.1, 131.9,
129.4, 118.8, 112.3, 85.4, 64.9, 63.3, 62.7, 62.0,
32.5,32.3,29.7,29.1, 27.8, 27.4, 26.8, 14.4.
MS (ESI): Calcd for Co4H3,IN3O4Na: 576.13352;
Found: 576.13131 (C,4H3,IN;O4Na).

Compound 43ja
Following general experimental procedure, the pentafulvene derived bicyclic

hydrazine 42j (140 mg, 0.46 mmol), o-iodoaniline 51a (33 mg, 0.15 mmol) and
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Sc(OTf); (2 mg, 0.003 mmol), in 2 mL toluene at room temperature under argon

atmosphere for 2 hours gave the product 43ja (54 mg, 68%) as colourless viscous

liquid.

| CO,Et
o N\
NHCO,Et

| NH

,

Compound 44aa

R¢: 0.37 (hexane/ethyl acetate = 3:1).

IR (Neat) vma: 3388, 3289, 2978, 2955, 2926,
2869, 1714, 1587, 1499, 1453, 1385, 1315, 1280,
1231, 1180, 1107, 1037, 956, 743 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.60 (s,
1H), 7.20 (brs, 1H), 7.08 (brs, 1H), 6.43 (d, J = 10
Hz, 2H), 6.18 (brs, 1H), 5.93 (s, 1H), 5.05 (m,
2H), 4.17 (m, 5H), 2.43 (s, 2H), 2.15-2.06 (m,
2H), 1.75-1.57 (m, 4H), 1.30-1.10 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 156.7,
155.6, 146.1, 140.7, 138.8, 134.9, 131.8, 129.5,
118.9, 112.9, 85.4, 66.2, 64.9, 63.3, 62.7, 31.9,
31.6, 30.5, 26.7, 26.4, 14.5.

MS (ESI): Calcd for C,,H,g IN3O4Na: 548.10222;
Found: 548.09994 (C,,H»s IN3O4Na).

Following the general procedure of the intramolecular Heck Reaction, the trans-

3,4-disubstituted alkylidene cyclopentene 43aa (40 mg, 0.08 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPh; (2 mg, 0.008 mmol) and Cs,CO; (39 mg, 0.12 mmol) in

acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product

44aa (16 mg, 54%) as colourless viscous liquid.

R¢: 0.31 (hexane/ethyl acetate = 3:1).

IR (Neat) v 3388, 3263, 2969, 2919, 2848,
1708, 1605, 1558, 1490, 1410, 1389, 1313, 1289,
1218, 1120, 1071, 938, 731 cm™,
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H CO,Et 'H NMR (500 MHz, CDCl;, TMS): § 7.07-7.00
COZEt (m, 2H), 6.74-6.67 (m, 2H), 5.91 (t, J = 3 Hz,
H 1H), 4.69 (s, 1H), 4.55 (s, 1H), 4.54 (brs, 1H),
4.27-4.11 (m, 5H), 1.71 (s, 3H), 1.32-1.24 (m,
9H).
C NMR (125 MHz, CDCl;, TMS): & 155.6,
154.8, 148.9, 139.8, 127.5, 126.9, 125.9, 123.2,
118.0, 109.2, 64.4, 61.4, 61.0, 56.1, 21.4, 20.9,
14.5,14.1.
MS (ESI): Calcd for CyHxN3O, M
371.18451; Found, (M+1): 372.19001.
Compound 44ca
Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43ca (40 mg, 0.06 mmol), Pd(OAc), (1 mg,
0.003 mmol), PPh; (2 mg, 0.006 mmol) and Cs,CO;3; (31 mg, 0.10 mmol) in
acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product
44ca (24 mg, 65%) as colourless viscous liquid.
R¢: 0.54 (hexane/ethyl acetate = 3:1).
IR (Neat) vma: 3390, 3288, 3060, 3038, 297,
2849, 1717, 1594, 1498, 1454, 1404, 1318, 1279,
CO,Bn 1218, 1131, 1056, 1011, 916, 748, 670 cm™.
COZB” 'H NMR (500 MHz, CDCls, TMS): & 7.34-7.25
H (m, 12H), 7.02-6.97 (m, 2H), 6.69 (t, J = 7 Hz,
1H), 5.85 (s,1H), 5.17-5.09 (m, 4H), 4.69 (brs,
1H), 4.49 (brs, 1H), 4.40 (brs,1H), 1.79-1.552 (m,
3H), 1.25-1.20 (m, 3H).



Palladium/Lewis acid mediated domino reaction... 191

C NMR (125 MHz, CDCl;, TMS): & 157.7,
156.1, 149.8, 136.0, 128.6, 128.5, 128.1, 127.9,
127.7, 127.3, 126.9, 124.3, 119.0, 70.1, 68.2,
57.2,39.4, 23.3, 23.2.

MS (ESI): Calcd for CaoHyN3;O,Na: 518.20558;
Found: 518.20322 (C39H29N3O4Na).

Compound 44da

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43da (50 mg, 0.09 mmol), Pd(OAc), (1 mg,
0.005 mmol), PPh; (2 mg, 0.01 mmol) and Cs,CO;3; (45 mg, 0.14 mmol) in acetonitrile
(2 mL) at 80 °C under argon atmosphere for 12 hours gave the product 44da (27 mg,
72%) as colourless viscous liquid.
R¢: 0.34 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3375, 3051, 2933, 2861, 1698,
1605, 1459, 1407, 1377, 1334, 1287, 1171, 1131,
1098, 1032, 897, 870, 750 cm™.
'H NMR (500 MHz, CDCl3, TMS): & 7.71-7.04
(m, 2H), 6.74-6.68 (m, 2H), 6.06 (s, 1H), 4.66 (s,
1H), 454 (d, J = 6.5 Hz, 1H), 4.37 (brs, 1H),
4.23-4.13 (m, 5H), 2.46 (t, J = 10 Hz, 1H), 2.36
(s, 1H), 1.97 (d, J = 10.5 Hz, 2H), 1.63-1.20 (m,
12H).
C NMR (125 MHz, CDCl;, TMS): & 155.6,
154.9, 148.8, 139.9, 128.4, 127.5, 126.1, 125.9,
123.3, 122.7, 118.0, 109.2, 64.3, 61.3, 56.0, 32.1,
30.4, 28.7, 24.5, 22.9, 22.0, 13.6, 13.4.
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Compound 44ea

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43ea (50 mg, 0.09 mmol), Pd(OAc), (1 mg,
0.005 mmol), PPh; (2 mg, 0.01 mmol) and Cs,COj3 (43 mg, 0.13 mmol) in acetonitrile
(2 mL) at 80 °C under argon atmosphere for 12 hours gave the product 44ea (27 mg,

MS (ES') Calcd for Cy3H9N3O4Na: 434.20558;
Found: 434.20336 (Cx3H29N3O4Na).

72%) as colourless viscous liquid.

Compound 44fa

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43fa (50 mg, 0.08 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPh; (2 mg, 0.008 mmol) and Cs,CO; (42 mg, 0.13 mmol) in

R¢: 0.43 (hexane/ethyl acetate = 3:1).

IR (Neat) via: 3377, 3051, 2928, 2856, 2670,
1708, 1694, 1606, 1462, 1379, 1232, 1107,
1022, 916, 748 cm™.

'H NMR (500 MHz, CDCl;, TMS): & 7.08-
7.03 ('m, 2H), 6.75-6.68 (m, 2H), 6.03 (s, 1H),
4.99-4.86 (m, 2H), 6.46 (s, 1H), 4.50 (s, 1H),
4.36 (s, 1H), 2.43 (m, 1H), 2.17 (brs, 1H), 1.99-
1.91 (m, 2H), 1.60-1.25 (m, 18H).

C NMR (125 MHz, CDCl;, TMS): § 156.1,
154.7, 145.9, 138.7, 133.6, 132.8, 129.6, 129.3,
118.8, 118.2, 110.2, 69.9, 63.2, 57.8, 32.0, 31.8,
28.2,27.8, 26.4, 22.6, 22.1.

MS (El): Calcd for CysHisN3Os M
439.24711;  Found, (M+1);  440.25259
(C25H34N30,).
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acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product

44fa (28 mg, 72%) as pale yellow solid.

Compound 44fb

R¢: 0.31 (hexane/ethyl acetate = 3:1).

Mp :136-139 °C.

IR (Neat) vma: 3368, 3268, 2990, 2931, 2860,
1718, 1588, 1410, 1282, 1228, 1124, 1056, 1016,
746, 694 cm™.

'H NMR (500 MHz, CDCl3, TMS): & 7.05 (m,
2H), 6.73-6.66 (m, 2H), 6.11 (s, 1H), 4.64 (brs,
1H), 4.48 (brs, 1H), 4.37-4.35 (m, 1H), 4.23-4.12
(m, 5H), 2.80 (s, 1H), 2.55-2.51 (m, 1H), 2.21-
2.12 (m, 2H), 1.90-1.54 (m, 6H), 1.59-1.54 (m,
4H), 1.29-1.22 (m, 6H).

C NMR (125 MHz, CDCl;, TMS): & 157.9,
157.1, 154.5, 149.5, 127.9, 124.2, 123.8, 119.3,
119.0, 110.2, 109.9, 71.4, 62.1, 57.0, 37.2, 35.7,
35.4, 34.6, 32.5, 32.2, 32.0, 27.1, 27.0, 14.7,
14.5.

MS (ESI): Caled for CyHpN;O, M™:
463.24711;  Found,  (M+1):  464.25262
(C27H34N304).

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43fb (50 mg, 0.08 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPh; (2 mg, 0.008 mmol) and Cs,CO; (38 mg, 0.12 mmol) in

acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product

44fb (18 mg, 46%) as colourless viscous liquid.
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Compound 44ga

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43ga (50 mg, 0.08 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPh; (2 mg, 0.008 mmol) and Cs,CO3; (40 mg, 0.12 mmol) in

acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product

R 0.37 (hexane/ethyl acetate = 3:1).

IR (Neat) v 3381, 980, 2938, 2861, 1738,
1712, 1594, 1499, 1451, 1410, 1284, 1230,
1126, 1062, 1007, 746, 698 cm™.

'H NMR (500 MHz, CDCl;, TMS): 6 8.03
(d, J = 14.5 Hz, 1H), 7.95 (s, 1H), 6.57 (d, J
= 145 Hz, 1H), 6.09 (s, 1H), 5.33 (s, 1H),
4.62-456 (m, 2H), 4.23-4.12 (m, 5H), 2.76
(s, 1H), 2.50-2.03 (m, 4H), 1.91-1.42 (m, 9H),
1.29-1.24 (m, 6H).

3C NMR (125 MHz, CDCl3, TMS): & 155.9,
154.3, 147.2, 138.8, 133.4, 131.9, 1295,
128.5, 118.9, 112.9, 75.6, 64.3, 63.3, 62.4,
56.1, 40.1, 39.5, 38.9, 38.8, 36.8, 35.0, 34.5,
28.1,27.9, 14.6, 14.4.

MS (ESI): Calcd for CyHsN,Os M
508.23218; Found (M+1): 509.23765
(Ca7H33N4Og).

44ga (27 mg, 69%) as colourless viscous liquid.

R¢: 0.36 (hexane/ethyl acetate = 3:1).

IR (Neat) viax: 3380, 3051, 2978, 2920, 2856,
2666, 1704, 1683, 1606, 1460, 1277, 1106, 956,
912, 746 cm™.
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o Eogpr | 'H NMR (500 MHz, CDClz, TMS): & 7.06-7.02
—YTN-COPT (m 2H), 6.72-6.65 (m, 2H), 6.10 (d, J = 5.5Hz,
1H), 5.02-4.87 (m, 2H), 4.62-4.06 (m, 4H), 2.83
(brs, 1H), 2.61-2.51 (m, 1H), 2.35-2.11 (m, 2H),
1.89-1.37 (m, 10H), 1.25-1.21 (m, 12H).
C NMR (125 MHz, CDCl;, TMS): & 157.4,
156.8, 149.8, 129.0, 128.2, 127.9, 125.3, 124.2,
118.9, 110.1, 75.6, 71.4, 69.5, 56.9, 37.2, 35.8,
35.4,34.6, 32.6, 32.3, 32.0, 27.2, 22.2, 22.1.
MS (ESI): Calcd for CyH3;;N3O4 M
491.27841;  Found  (M+1):  492.28394
(C29H3sN30,).

Compound 44gb

Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43gb (50 mg, 0.08 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPh; (2 mg, 0.008 mmol) and Cs,CO; (37 mg, 0.11 mmol) in
acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product
449gb (17 mg, 42%) as colourless viscous liquid.
R¢: 0.40 (hexane/ethyl acetate = 3:1).
IR (Neat) vnax: 3293, 2922, 2852, 1716, 1587,
1499, 1456, 1381, 1316, 1282, 1178, 11009,
1038, 743 cm™.
'H NMR (500 MHz, CDCl;, TMS): & 8.05 (d, J
= 9 Hz, 1H), 7.95 (s, 1H), 6.57 (d, J = 8.5 Hz,
1H), 6.10 (s, 1H), 5.01-4.89 (m, 2H), 4.62 (s,
1H), 4.57-4.52 (m, 3H), 2.80 (s, 1H), 2.53 (d, J
= 13.5 Hz, 1H), 2.21-2.11 (m, 2H), 1.92-1.53
(m, 10H), 1.31-1.24 (m, 12H).
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C NMR (125 MHz, CDCl;, TMS): & 155.6,
155.1, 153.3, 148.9, 138.1, 126.2, 124.7, 121.2,
119.3, 105.7, 69.8, 68.2, 68.1, 54.5, 35.4, 34.0,
33.6, 32.5, 30.9, 30.7, 30.3, 27.7, 25.4, 25.2,
20.5, 20.4.
MS (ESI): Calcd for CygH3sN4Os, (M):
536.26348; Found  (M+1):  537.26905
(C29H37N4Og).
Compound 44ia
Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43ia (50 mg, 0.09 mmol), Pd(OAc), (1 mg,
0.004 mmol), PPhs (2 mg, 0.008 mmol) and Cs,CO3 (43 mg, 0.13 mmol) in
acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product
44ia (24 mg, 63%) as colourless viscous liquid.
IR (Neat) vmax: 3376, 2983, 2924, 2857, 2359,
1706, 1597, 1468, 1410, 1379, 1307, 1230, 1172,
1132, 1061, 939, 868 cm ™.
'H NMR (500 MHz, CDCl,, TMS): § 7.07-7.02
(m, 2H), 6.74-6.67 (m, 2H), 5.95 (t, J = 3 Hz,
1H), 4.64 (s, 1H), 4.52 (s, 1H), 4.39-4.38 (m,
1H), 4.22-4.17 (m, 5H), 2.52-2.46 (m, 2H), 2.19-
2.16 (m, 2H), 1.59 (m, 8H), 1.29-1.26 (m, 6H).
C NMR (125 MHz, CDCl;, TMS): & 155.5,
155.2, 145.2, 135.5, 128.0, 127.9, 124.4, 122.7,
119.1, 110.6, 62.4, 62.0, 61.9, 56.8, 34.6, 32.3,
29.8,29.1, 24.5, 14.5.
MS (ESI): Calcd for CyH3NsNaO, M™
448.22123; Found: 448.22079 (C,3H29N3O4Na).
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Compound 44ka
Following the general procedure of the intramolecular Heck Reaction, the trans-
3,4-disubstituted alkylidene cyclopentene 43ka (40 mg, 0.06 mmol), Pd(OAc), (1 mg,
0.003 mmol), PPh; (2 mg, 0.006 mmol) and Cs,CO; (30 mg, 0.09 mmol) in
acetonitrile (2 mL) at 80 °C under argon atmosphere for 12 hours gave the product
44ka (24 mg, 74%) as colourless viscous liquid.
R¢: 0.31 (hexane/ethyl acetate = 3:1).
IR (Neat) vmax: 3377, 3058, 2918, 2851, 1729,
1604, 1461, 1403, 1118, 1050, 740, 699 cm™.
'H NMR (500 MHz, CDCl;, TMS): § 7.36-7.31
(m, 12H), 7.00 (t, J = 12.5 Hz, 1H), 6.69 (t, J = 12
. EOan Hz, 1H), 5.89 (s, 1H), 5.20-5.12 (m, 4H), 4.69 (s,
=\ N -coBn  2H), 4.46 (brs, 1H), 4.35 (brs, 1H), 2.71 (brs, 1H),
2.48 (brs, 1H), 1.97-1.54 (m, 6H).
" C NMR (125 MHz, CDCl;, TMS): & 154.9,
152.1, 149.8, 136.0, 128.6, 128.5, 128.1, 127.9,
127.7, 127.3, 126.9, 124.3, 119.0, 76.1, 67.8,
65.2, 56.9, 46.2, 31.9, 29.3, 27.4, 23.9.
MS (ESI): Calcd for C3,H3; N3O, M™: 521.23146;
Found (M+1): 522.23688 (C3,H3,N30,).
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SUMMARY

The thesis entitled “Lewis acid/palladium catalyzed synthetic transformations
of pentafulvenes and its derivatives: Facile synthesis of indole appended
carbocycles and heterocycles” embodies the results of the investigations carried out
in the area of Lewis acid and/or transition metal catalysis toward indole/bis-indole/o-

iodoaniline appended alkylidenecyclopentenes and complex azapolyheterocycles.

The introductory chapter of the thesis gives an overview of the intriguing
reactivity parameters and the synthetic applications of pentafulvenes and its
derivatives (Figure 1). A definition of the present work is also incorporated in the

chapter.

(in presence of Lewis acid) (conventional approach)
R R R R
i O ™.
: Nu
/"\\ 4—
LA---tk- // ,—\‘+
= E

CO.E
LA = Lewis acid N=N

R =R'=H, alkyl, aryl EOzC

E= Et, 'Pr, 'Bu,Bn

Exocyclic double bond as a latent Functional group

Electrophilic Addition
C-C Bond Cleavage 02E
N-N Bond Cleavage

Ring opening leads to
hlghly substituted

OzE alkylidenecyclopentenes and
complex polyheterocycles

Figure 1

The second chapter describes the Lewis acid-catalysed regioselective nucleophilic
addition of indoles and pyrrole to the endocyclic ring of pentafulvenes. Here we

utilized the cross conjugated triene, pentafulvene as an unsaturated alkene for the
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Lewis acid catalyzed hydroheteroarylation reaction. The method has provided the C-3
alkylidenecyclopentenylated indole and is the first example for the acid catalyzed

endo-selective 1,2-addition of nucleophile to fulvenes (Scheme 1).

=

‘ Ph
R_ R RS
Excess Fulvene | \,_pzCu(OTA; (2 mol%) O -
Cu(OTf), (2 mol%) + N CHCN.m,2h

CH4CN, rt, 2 h R

R2

R'=H,Me R2=H, Ph n=1234 R'=H, Me R2=H, Ph R3=H, NO,, F, OH

Scheme 1

Encouraged by these unusual results, we extended the scope of the Lewis acid
catalyzed transformation of pentafulvene derived azabicyclic olefins. The Lewis acid
catalysis led to the ring opening of bicyclic olefins and provided an efficient synthetic
route to furnish pharmaceutically valuable indole and bis-indole derivatives of
alkylidenecyclopentenes. The results of the detailed investigation of trapping the
Lewis acid generated allylic carbocation derived from pentafulvene derived
azabicyclic olefins by indole and its subsequent transformation to bis-indole

analogues (Schme 2) are described in the second chapter.
é \‘R R R‘ R R’ @
\ 5/ HN-CO,E | N
| LA L~/ ok ( — H
N CO.E e i =~
CO,E H N EO,C. ol @:‘q
(Excess) H ’NH O H H

E = CO,Et, CO,Pr, LA = Lewis acid COE —
CO,'Bu CO,Bn

_________________________

Scheme 2
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In conjunction with our interest in the chemistry of pentafulvenes and transition
metal catalyzed synthetic transformations of heterobicyclic olefins, we have explored
the Lewis acid/Pd mediated transformation of pentafulvene derived bicyclic
hydrazines, which led to the formation of a new spiropentacyclic framework having
cyclopentene fused to indoline and pyrazolidine. The reaction proceeded through
Lewis acid catalyzed C-N bond cleavage followed by Pd catalyzed C-C and C-N bond
formations in a domino fashion. The results of the Lewis acid/Pd catalyzed step-wise
and one pot synthesis of so formed complex polyheterocycles with multiple

stereocenters (Scheme 3) are embodied in the fourth chapter of the thesis.

CO,Et

N § N‘N/COZEt
- one pot
R R Pd (0), Lewis acid H R,
NH2 t-
O —
N ' EtOZCHN CO Et
N_ CO,Et ! Pd(0)

"CO,Et stepW|se \Q’<
LeW|s acid

Scheme 3

T
T

In conclusion, we have introduced pentafulvenes as non-symmetrical alkenes for
the regioselective Lewis acid-catalysed hydroheteroarylation reaction. The Lewis acid
catalysis of pentafulvene and it derivatives provide proficient routes toward the
synthesis of alkylidenecyclopentenyl functionalized indole and bis-indole units that
are valuable motifs for drug design. It is remarkable that, we have developed a Lewis
acid/ palladium mediated strategy for the synthesis of complex polyheterocyclic
molecules. In short, the thesis describes of the methodologies towards the synthesis of

N-heterocycle appended alkylidenecyclopentenes with biological importance.
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