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ABSTRACT

Nitrogen-containing heterocyclic compounds show a wide range of biological activities, so their syntheses
have always been an attractive area in organic chemistry. The thesis entitled “Development of Synthetic
Methods for Selected Indole-Based Heterocyclic Compounds from Indole, Isatin and Indoline-2-thione”
deals with the synthesis of some selected indole derivatives and indole-fused heterocycles by employing
Lewis acid such as metal triflates and utilizing transition metal catalyzed C—H functionalizations. The thesis is

divided into four chapters.

The first chapter of the thesis describes the synthesis of bisindolyl compounds using metal triflate as a
catalyst. This chapter is divided into two parts. Part A described the reaction of different substituted indoles
with acetone using Bi(OTf); as a catalyst. An efficient protocol was developed for the synthesis of
spirobicyclopenta[b]indoles, 1-methylindolyl-cyclopenta[b]indoles and bis(1-methylindolyl)propanes through
the reaction of indole with acetone in the presence of Bi(OTf)s in dichloromethane. The reaction conditions
were benign, required shorter reaction time and furnished good yields. The structure of 1-methylindolyl-
cyclopenta[b]indole 119a was unambiguously confirmed by X-ray crystallographic data. In part B, we have
studied the polymerization of indole using Sc(OTf); as a Lewis acid catalyst in dichloromethane and found
that the product indole-3,3'-trimer or indole-dimer formation was dependent on the substituent present on the

indole ring. A plausible mechanism has been proposed based on the product distribution.

The second chapter of the thesis describes the classical and advanced methods for synthesis of oxindole
derivatives based on the type of bond formation and use of starting materials. Here, we significantly expand
the scope of the Wolff-Kishner reduction method for the synthesis of substituted 2-oxindoles. We have
developed one-pot tandem reduction of oxo and N-ene/-yne functional group of substituted isatins into N-
alkyl-2-oxindoles in excellent yields using hydrazine hydrate (25% in H>O). A gram-scale reaction has been

performed to demonstrate the potency of optimized procedure for the scale-up processes.

The third chapter of the thesis deals with the synthesis of benzo-thiazino[3,2-a]indoles, 5,7-dihydro-
isothiochromeno[3,4-b]indoles and dihydro-thiopyrano[2,3-b]indoles via transition metal catalyzed
intramolecular cross-coupling and hydroarylation reactions. The chapter is divided into two parts. In part A,
firstly we prepared required precursors, substituted 2-(2-bromobenzylthio)indoles by the reaction of
substituted indoline-2-thiones with 2-bromobenzyl alcohols in the presence of BFs.etherate in chloroform.
Further, copper-catalyzed intramolecular Ullmann type C-N coupling of 2-(2-bromobenzylthio)-1H-indoles
and palladium-catalysed intramolecular direct arylation reaction of 2-(2-bromobenzylthio)-1-methyl-1H
indoles afforded benzo-thiazino[3,2-a]indoles and 5,7-dihydro-isothiochromeno[ 3,4-b]indoles, respectively. In
part B, we used unsaturated aliphatic alcohols in place of 2-bromobenzyl alcohols and prepared substituted 2-
(2-alkenylthio)indoles in BFj.etherate which further on treatment with AuCl; furnished the
dihydrothiopyrano[2,3-b]indoles via rearrangement of the ene-yne side chain of 2-(2-alkenylthio)-indoles
followed by intramolecular hydroarylation at the C-3 position of the indole core. The structure of the product

143k was unambiguously confirmed by an X-ray crystallographic data.

Finally, overall thesis work is summarized in chapter four. The future scope of the research work has also

been highlighted in this chapter.
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Chapter 1

1.1 Introduction

Heterocyclic compounds are those cyclic molecules where one or more of the ring carbons are
replaced by nitrogen, oxygen, sulfur etc. Heterocycles containing nitrogen atoms such as
quinolines, isoquinolines, indoles etc. show a range of biological activities, so their syntheses have
always been an attractive area in organic chemistry. In particular indole and its derivatives, have
occupied a unique place in the chemistry of nitrogen-containing heterocyclic compounds because
of their varied biodynamic properties.!!! The significance of indole can be documented both by
ever increasing number of publications (more than 80,000 publications in the 20" century)
targeting indole chemistry!?! and with its presence in pharmaceuticals, fragrances, agrochemicals,

13-4 Some of the known

pigments, material science, organic electronics and natural products.
naturally occurring indole derivatives includes, Reserpine one of the first drug for the treatment of
diseases of the central nervous system (CNS) such as anxiety and mental disorders, which was
isolated from the dried root of Rauwolfia serpentina (Indian snakeroot).!> ¢! Vincristine is a mitotic
inhibitor which inhibits mitosis or cell division and used in cancer chemotherapy.”-® This can be
isolated and extracted from the Madagascar periwinkle (Catharanthus roseus). Another example
is an essential amino acid Tryptophan, which is necessary for normal growth in infants and for
nitrogen balance in adults. This amino acid can not be synthesized by the organisms but must be
obtained from the daily diet. Additionally, tryptophan can be used as a biochemical precursor for
the synthesis of Serotonin (chemically called as 5-hydroxytryptamine) which act as an
antidepressant drug. It can be converted to Melatonin (chemically known as N-acetyl-5-
methoxytryptamine) which act as a medication for insomnia. The indole-3-acetic acid is one of the
naturally occurring basic auxin (a phytohormone) synthesized by plants (Figure 1.1). To date, over
ten thousand biologically active indole derivatives have been identified”®! and from those, over 200
are currently marked as drugs or undergoing clinical trials.'”) Moreover, a number of vital
synthetic drugs including sumatriptan, tadalafil, rizatriptan and fluvastatin contain indole motif

(Figure 1.2). The prominence of indole and its extensive applications justifies it being addressed

as “The Lord of the Rings” of heteroaromatic compounds.!!]
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NH, HO
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Tryptophan Serotonin
COOH (@)
HO N
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N
N MeO
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MeOZC OMe
Indole-3-acetic acid Melatonin

Reserpine

Figure 1.1: Selected examples of naturally occurring indole derivatives
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Figure 1.2: Clinically used indole derivatives
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Chapter 1

The attention in the chemistry of indole (1) began in the mid of the 19" century with extensive
research on the natural blue dye indigo (4), imported to Europe mainly from India. Indigo (4)
(species of Indigofera) is an example of simple bisindole, which was converted into isatin (3) on
oxidation!'”) and further on reduction!!’® afforded oxindole (2). In 1866, Adolf Von Baeyer
discovered the conversion of oxindole (2) into indole (1) by a pyrolytic technique using zinc

dust!'* (Scheme 1.1).

‘jlg_g,/\‘ _Oxidation Qf& _Reduction m

Isatin (3) Oxindole (2)
Indigo (4)

\ Pyrolysis

D
N
H

Indole (1)

Scheme 1.1: First synthetic method of indole (1)

Indole (1) (or 1H-benzo[b]pyrrole or 1-benzazole or 1-azaindene or ketole) is a planer bicyclic
heteroaromatic molecule in which benzene ring is fused with 2 and 3 positions of pyrrole ring also
known as 2, 3-benzopyrrole. It is a colorless crystalline solid and melts at 52 °C, soluble in most
organic solvents such as alcohol, benzene and ether. It can be recrystallized from water. It has a
musty odor which is very persistent and its derivatives have plenty of applications in the
formulation of fragrances. The numbering of the atoms of 1H-benzo[b]pyrrole (1) starts at the

nitrogen and 2- and 3-positions are also referred to as the a and B-positions, respectively (Figure

1.3)

5 @ ,a Chemical formula: CgH;N
6 N, Molecular weight:117.1510 g
7

M g (7a)

Figure 1.3 : Structure and numbering of atoms of indole [1H-benzo[b]pyrrole] (1)
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The isomer 1A of 1H-benzo[b]pyrrole (1) in which the nitrogen atom takes part in the double
bond is termed as 3H-benzo[b]pyrrole (1A) (also known as 3-pseudoindole or indolenin or 3H-
indole). Here, 1 H-benzo[b]pyrrole (1) is more stable than the isomeric benzo[c] pyrroles 1B and
1C, which are also called 2H-isoindole and 1H-isoindole, respectively. There are some other
oxygenated derivatives of 1H-indole that include indole-2,3-dione or isatin (3), oxindole (2),

indoxyl (5) and dioxindole (6) (Figure 1.4).

C> Uy Cow (o
Indole isomers : H N
(1) (1B) (1C)

(1A)
1H-indole 3H-indole 2H-isoindole 1H-isoindole
o O OH
Oxygenated indole Q‘i m w Q—L
derivatives N O N~ O N N~ O
H H H H
(3) (2) (5) (6)
Isatin Oxindole Indoxyl Dioxindole

Figure 1.4: Indole isomers and some other oxygenated indole derivatives

1.2 Preparation and reactivity of indoles

There are numerous synthetic methods available for the preparation of indole and its derivatives,
some of them are summarized in table 1.1 and are broadly classified in three categories.

a) Through terminal C-C bond formation: The first practical synthesis of substituted indole 10
was proposed by Fischer and Jourdan based on the [3,3]-sigmatropic rearrangement of an
arylhydrazone 9 under acidic condition (Table 1.1, entry 1).!'5] The Bischler-M&hlau reported that
a-bromoketones 12 with an excess of aniline 11 undergo electrophilic aromatic substitution and
dehydration when treated with acid, to produce substituted indoles 10 (Table 1.1, entry 2).['®) Later,
Madelung disclosed that ortho-alkyl anilides 14 undergo intramolecular cyclization in the presence
of amide bases at a higher temperature to afford indole derivatives 10 (Table 1.1, entry 3).['"!
Gassman developed a one-pot synthesis of 3-thioindoles 16 via [2,3]-sigmatropic rearrangement
of sulfonium intermediate formed by the reaction of alkyl anilines 11 with a-sulfidoketones 15 in

the presence of an oxidant NaOCIl. Further reduction of 16 with Raney-Ni yielded indole
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derivatives 17 (Table 1.1, entry 4).!% I In organometallic approach, Bartoli discovered the
synthesis of 7-substituted indole derivatives 21 by successive reduction of ortho-substituted
nitrobenzenes 18 with excess vinyl Grignard reagent 19 followed by an acid workup. The
intermediate alkoxy aniline 20 undergoes a [3,3]-sigmatropic rearrangement and consequent
condensation to afford the product 21 (Table 1.1, entry 5).[2%-21]

b) Through terminal C-N bond formation: Reissert demonstrated synthesis of indole (1) by the
condensation of o-nitrotoluene (18) with ethyl oxalate (22) under basic condition (KOEt), with the
formation of ethyl o-nitrophenyl pyruvate (23) as intermediate followed by subsequent reductive
cyclization and decarboxylation (Table 1.1, entry 6).[> 23] Nenitzescu reported a unique approach
for the preparation of 5-hydroxyindole derivatives 26 by coupling benzoquinone (24) with -
aminocrotonic esters (25) (Table 1.1, entry 7).2* In analogy to the Reissert synthesis, Leimgruber
and Batcho developed a two-step reaction that produces indole (1) by the condensation of o-
nitrotoluene (18) with N, N-dimethylformamide dimethyl acetal (DMF-DMA) (27) followed by the
reductive cyclization of trans-B-dimethylamino-2-nitrostyrene (28) (Table 1.1, entry 8).1%°

¢) Transition metal catalyzed indole synthesis: Castro and co-workers reported a detailed study
of the copper-mediated synthesis of substituted indoles 17 by the coupling between o-iodoaniline
(29) and cuprous mono-substituted acetylides (30) (Table 1.1, entry 9).1?6) In 1976, Hegedus et al.
described an intramolecular cyclization of o-allylaniline 31 assisted by PdCl, (generated in situ by
PdClL(MeCN),)/NEt3), in the presence of benzoquinone (24) to afford 2-methylindole (32) (Table
1.1, entry 10).27- 281 Fiirstner and co-workers revealed low-valent Ti-mediated intramolecular
reductive cyclization of oxo-amides 33 to furnish 2,3-disubstituted indoles 10 (Table 1.1, entry
11).12%31 This methodology is not only used for the preparation of simple indoles but also includes
highly strained examples such as 2,3-di-fert-butyl-1-methyl-indole (34). In 1991, Larock disclosed
an alternative method for the synthesis of 2,3-substitutedindoles 10 via one pot intermolecular
palladium-catalyzed hetero annulation of o-iodoanilines (29) and internal alkynes 35 (Table 1.1,
entry 12).32 33 Later, Ackermann has extended Larock’s general strategy to one pot,
multicomponent synthesis of indoles 17 from ortho-chloroiodobenzene (36), alkynyl cuprates 30,
and alkylamines 37 (Table 1.1, entry 13).24 In the case of an unsymmetrical alkyne, the C-2
position of indole is occupied with the bulkiest substituent. Similarly, Willis and co-workers
constructed 1,2,3-trisubstituted indoles 10 by double coupling of styrene derivatives 38 with a

single alkyl amine 37 (Table 1.1, entry 14).1*5] These seminal studies encouraged various syntheses
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of indoles, which have used stoichiometric and progressively catalytic amounts of various metals

such as ruthenium, rhodium, platinum, iron or gold and improved protocols involving copper or
palladium.

Table 1.1: Classical methods for the synthesis of indoles

(Entry) Name .
reactions!™!! Reactions
Indole synthesis employing terminal C-C bond formation
R 3 3
NHNH 0 R R? R R
H*, [3,3] N
. 2 —— || 2
(1) Fischer- * &R ®\ N - NH; mR
Jourdan!!>! R™ o h |
R' 7 R R
9 10
O
R! R’
(2) Bischler- R2 12 oo \_g2
Mohlaul'®! R2 HCI washing N
R
13 10
3
R R R3
; 0] base N\ )
R o R
(3) Madelung!' N)LR2 200 - 400 °C '
|
' R
14 10
R1
@\ _R R! 1
N NaOCl SMe R
assman' > + 5 ,
o - H,0 l?l R '\ll R
R R
MeS
15
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(5) Bartolil?%2!]

]
MgBr ﬁ/ [3,3] N\ R
N/ —_— N
NO, . o N
18 R MgBr R
20 21

Indole synthesis employing terminal C-N bond formation

0
EtO 0
R %OEt
Oi o 22 OEt  Zn, AcOH @
o)
KOEt -H,0, -CO N
(6) Reissert?> 23] s NO NO, 2 2 T
23
R = Me
o)
H. _CO,R? HO CO,R?
I 1,4-addition {
H,N” “R? -H,0 N R'
(7) Nenitzescu>*! o »s N
24 26

(8) Leimgruber-
Batchol?*!

(9) Castro?¢!

Cu
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(10) Hegedus!?”- 28!

Pd(MeCN),Cl,
benzoquinone (24)

EtsN
3 32 R
0 R RS
a1 2931] R1dR3 TiCly/ KCg mRz
11) Flirstnert"
N—R E N
N
0~ "R2? (
33
R R3

(12) Larock[3233!

R
I
o,
I?IH
29 R

35

Pd(OAc),, KOAC
LiCI, DMF, 100 °C

30
Cu — R? R!
| R-NH, 37 m 2
[34] 1 R
(13) Ackermann R @CI Pd(NHC)OAc, N
36 105 °C 17 R
3
R! 1 i
R2 Pd,(dba)s, dpephos R
X toluene, 100 °C N2
oTf + H:N-R g R
Br NaOtBu (if R = Alkyl) N
38 37 orCs,CO;5 (ifR=Ar) 10 R
(14) WillisB dpephos:
o

PPh; 39 PPh,
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Reactivity of indoles

Indole has 10 & electrons, two from the lone pair of nitrogen and eight from the four carbon-carbon
double bonds (C=C) and is thus a m-excessive heterocycle.'¥ Due to the delocalization of nitrogen
lone pair around the indole ring, it is considered a resonance hybrid of the following cannonical

forms (Figure 1.5).

©
-
D — Clgp — (e
N N N
H H H

Figure 1.5: Cannonical structures of 1H-indole

Its resonance energy is 47-49 kcal/mol. It is a very weak base with pK, value -3.63.1*%! Because of
the m-excessive property, indole shows enhanced reactivity compared to benzene, in electrophilic
aromatic substitution.*”) Molecular orbital calculations show that the C-3 site of indole has the
highest electron density and it is the most reactive position on indole for the electrophilic aromatic
substitution which is 10'® times more reactive than benzene positions (Figure 1.6, Eq. (1)). The
C-2 position is the second most reactive site of indole toward electrophiles and it can occur only
if the pyrrole core is electronically isolated: i.e. on 4,7-dihydroderivatives (Figure 1.6, Eq. (2a)).
However, electrophilic substitution at C-2 of a C-3 unsubstituted indole is possible by using N-
protected indole, followed by directed metallation at C-2 and subsequent introduction of the
electrophile. The most commonly used N-protecting groups are benzenesulfonyl, p-
toluenesulfonyl (Tosyl), #-butoxycarbonyl (Boc) etc. Katritzky and co-workers developed a
practical, one-pot protocol for the preparation of 2-substituted indoles even in the absence of C-3
substituent.l*8) After the introduction of an electrophile, the temporary protecting group was

removed during acidic workup (Figure 1.6, Eq. (2b)).

B H E
Q== O O
) W R
-H* M

N

H
oxidation 2
S Oy == O =
-H N N
H H
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@ 1. n-Buli mu 1.E" N2 . (2b)

N 2.CO 2. H* N
H - CO;
3. t-Buli |_io)§ O :
B A\ EB
Q_§ — o — @ 3)
N N B 1N
H E

Figure 1.6: Electrophilic attacks on C-3 [Eq. (1)], C-2 followed by oxidation [Eq. (2a)], C-2
followed by directed metallation [Eq. (2b)] and deprotonated N-1 [Eq. (3)]

The N-H bond in the indole skeleton is weakly acidic hence N-substitution reactions such as
alkylations, acylations and transition metal catalyzed arylations can occur only when N-H proton
of indole was removed to generate charged nucleophile under strongly basic conditions (Figure
1.6, Eq. (3)). When N-1, C-2, and C-3 positions are occupied by a substituent other than hydrogen,
then electrophilic substitution of the carbocyclic ring can take place and to achieve this, benzene
ring functionalization is generally obtained by de novo ring syntheses.**) Moreover, in the case of
3-substituted indole, electrophilic substitution at C-2 position can take place in two different ways,
either the first attack at the C-3 position and subsequent 1, 2-migration to the C-2 position or via

direct attack at the C-2 position (Figure 1.7).

R R E R
E* 1,2-migration

N N N

H H H

R R R
> = X, &E
. —_—
N Direct attack NOH O -HT N
H

H at C-2 position

Figure 1.7: Two pathways for electrophile to attack on C-3 substituted indole
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1.3 Metal triflates

In this section the discussion is focused on recent progress in metal triflates based catalytic systems
for indole synthesis and its functionalization. In the past few decades, metal triflates catalyzed
organic transformations has received growing interest due to their unique reactivity, selectivities
and mild reaction conditions. Unlike the traditional Lewis acid catalyst (such as AICl3, BF3, TiCla,
SnCls etc.), metal triflates are stable and can work as Lewis acid in aqueous media. They can be
used in catalytic amounts rather than stoichiometric and can be recovered, reused without loss of
activity. [40-41]

Metal triflates consist of a metal cation (M™) and triflate anion (known as
trifluoromethanesulfonate CF3SO;"). The triflate group is often represented by -OTf, as opposed
to -Tf (triflyl known as trifluoromethanesulfonyl CF3SO;"). They are readily obtained by heating
the corresponding metal chlorides or oxides in an aqueous trifluoromethanesulfonic acid (TfOH)
(also known as triflic acid CF3SO3H) solution. Alternatively, they can be obtained from reaction

of metal chlorides with silver triflate as shown below!**44]

MCl, + nHOTf — M(OTf), + nHCl

MCl, + nAgOTt — M(OTf), + nAgCl |

Due to the presence of strong electron withdrawing nature of the triflate group (-OTf), metal
triflates can act as strong Lewis acid compared to the metal halides and therefore, they show strong
oxophilic character (a strong affinity towards oxygen-containing functional groups). Metal triflates
retain their superior catalytic activity even in the presence of multiple Lewis bases containing
nitrogen, oxygen, sulfur and phosphorous atoms, and therefore, these Lewis acids have found
application in carbon-hetero and carbon-carbon bond formation reactions, oxidation-reduction
reactions, rearrangements as well as protection-deprotection reactions.!*’! Because of their low
toxicity, easy handling, moderate cost and ease of availability, moisture, and air stability,
possibility of recycling/reuse, high chemo-, regio- and stereoselectivities in organic
transformations make these reagents environmentally friendly promoter in modern organic

synthesis.
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1.3.1 Metal triflate catalyzed synthesis of substituted indoles

Liu group reported Zn(OTf), catalyzed synthesis of indole derivatives 41 by the reaction of
propargyl alcohols (40) (as a two-carbon building unit) with aniline (11) in toluene at 100 °C via
a-amino ketone intermediate 42. This catalytic process produces only one regioisomeric product
41 over the other one 41’ (Scheme 1.2).[4¢I This was observed due to the rate of formation of indole
41 is faster in cyclization of ketone 42 relative to that of its regioisomer 42" ( ki > ki’ ). The
Zn(OTY), catalyzed isomerization between species 42’ and 42 occurs through 1,2-nitrogen shift

followed by epoxide-ketone rearrangement.

NH
OH 0
R = RO 10 mol %, Zn(OTf), \ R2
+ ERZ toluene, 100 °C
1 40
R o

1 R2 = iPr, 'Bu, Ph, 2-naphthyl 41

R,R" R®=H Yield: 71-93%

OH

NH
n R2 _2n(OTh, Zn(OTh, (ki > ky')
= R0 R'=H

4
R 40 0
R2
Zn(OTH),

42' NHPh
- Zn(OTf),
o) Zn(0Th2 1 4§ . __NHPh epoxide-ketone
N /N| rearrangement
Me , Zn(0Th, PhHN\YO PhN—--R2 R2 42
— = "N = T

NHPh Me R H Me Zn(OTf)
Zn(OTH), 2

42 (aziridine
intermediate)

1,2-nitrogen shift

Scheme 1.2: Zn(OTY): catalyzed synthesis of indole derivatives 41

Nishizawa and co-workers developed Hg(OTY), catalyzed highly efficient cycloisomerization of
2-ethynylaniline derivatives 48 to afford N-substituted indole derivatives 17 in excellent yield

under mild reaction conditions (Scheme 1.3).*”! In the case of unprotected nitrogen of 2-
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ethynylaniline (R = H) and its N-acetyl derivatives (R = Ac), the desired products were not detected

at all.
R2
P
7 5 mol %, Hg(OT), mRz
R1 NHR CH2C|2, rt R1 N\R
43 17
R R? Yield
H, Ac H 0%
802C6H4N02-O H 78%
SOzCGH4N02-p H 89%
80206H4CH3-p H 93%)
S0O,CgH4CH3-p C4Hg, CH(CH3),, 88-97%
CH(CHg3)3, Ph, CgH,OMe-p
TfOH
(TfO);Hg  R2 Hg(OTf) Hg(OTf)
= @f&w Ly
R NHR R’ R Hg(OTR R
43 A 17

Scheme 1.3: Hg(OTf) catalyzed cycloisomerization of 43

Matthias Beller and co-workers demonstrated one-pot domino synthesis of various substituted
indoles 55 from the reaction of arylhydrazines 7 and terminal alkynes 44 in the presence of
Zn(OTf), (Scheme 1.4).*8] In this method, Zn(OTf), promoted both the intermolecular
hydroamination of arylhydrazines 7 with terminal alkynes 44 to form corresponding
arylhydrazones 45 and subsequently [3,3]-sigmatropic cyclization to furnish the corresponding
indole derivatives 46. When internal alkynes such as 1-phenyl-propyne and diphenylacetylene

were used, trace amounts of respective indoles were obtained under the optimized conditions.
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2
H2N\N,R R R
Zn(OTf
—_ R1 \ Me
l l THF, 100 °C N
\
1 R
7 R 44 46
Yield : 53-97%
R =H, Me

R' = H, 4-Me, 2-Me, 4-CH(CH3),,
4-t-Bu, 4-OMe, 4-Br, 4-Cl
= -(CH,)4 CH3, Ph, cyclopentyl, OMe

Scheme 1.4: Zn(OTf); catalyzed reaction of arylhydrazines 7 with terminal alkynes 44

Doyle group described the synthesis of functionalized indoles 51 via Zn(OTf), catalyzed
intramolecular cyclization of methyl phenyldiazoacetates with an ortho-imino group of 50,
prepared from methyl 2-(2-aminophenyl)acetate 47 according to Scheme 1.5.1*°! The mechanism
of the cyclization involves activation of the imine by Zn(OTf), for nucleophilic attack by
phenyldiazoacetates to form a diazonium ion intermediate C, subsequently expulsion of N> and

dissociation of the Zn(OTf), furnishes the product S1.

RCHO
©\/\COOM 18 COOMe  pNBsSA, DBU
NH, MeOH, rt N“>R  CHiCN,0°Ctort
47 49

R = aryl or vinyl

COOMe
N R DCM, rt N~ R
H
50 51
R = Ph, t-Bu, 4-OMePh, 4-CIPh, Yield: 60-80%
2,4-OMePh, 2-NO,Ph
N N o
N® N®
{ 2 coome COOMe
@ R -
Nf\R NﬁO\R @[\I] R N R
Zn(0T), @Zn(OTf)z Zn(OTf), Zn(OTf), H
A B c 51

Scheme 1.5: Synthesis of indole derivatives 51 via Zn(OTf), catalyzed cyclization of 50
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Oh and co-workers disclosed an unusual highly efficient approach for the construction of 2,3-
disubstituted indoles 54 by AgOTfT catalyzed condensation of N-arylformimidates 52 with active
methylene compound (dimethyl malonate) 53 followed by a tandem Ag-induced

cycloisomerization and unprecedented 1,3-alkenyl shift (Scheme 1.6).5°%

|rOEt <COZMe i /Cone
N COZMe COzMe
AgOTf, toluene > R
R 80 °C N
52 R 54
R = Ph, cyclohexyl, (CH;),OTBS, Yield: 53-83%

(CHy)3CHs, C(CHg3)3, 4-OMePh
(CH5),OCOPh, naphthyl

lTI MeO O
|(0Et MeO._{ 0 H
N MeO,C
Ag* S
9 N
X
52 R c W
,/ R
Ag*
COZMe
H N 1,3-alkenyl = CO,Me
R YR shift " .
/ _ Ag+ /
-~ _CO,Me A —_ _CO,Me
54 2 g 2 (Ag
CO,Me E CO,Me 5

Scheme 1.6: AgOTf catalyzed synthesis of 2,3-disubstituted indole

Bolm et al. reported Fe(OTf), catalyzed synthesis of a variety of indole derivatives 56 from
corresponding arylazidoacrylate 55 via intramolecular C-H amination reaction (Scheme 1.7).55"
In the absence of the catalyst, no product was observed. However, both triflic acid and copper (I/II)

triflate were also unable to convert 55 into the product 56. Therefore, Fe(OTf), was chosen as

highly suitable catalyst for this transformation.
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o]

0
X" >R 10 mol %, Fe(OTf), 1_©f\>_/<

R - R
N3 THF, 80 °C ” R

55
56

= H, 6-OMe, 4-OMe, 6-Me, 6-t-Bu, Yield: 35-99%

6-CF3, 6-F, 6-Cl, 6-Ph, 5,6-OMe
R = OMe, OCH(CH3),

Scheme 1.7: Fe(OTf); catalyzed synthesis of indole derivatives 56

Liang and co-workers introduced synthesis of indole derivatives 58 by Sc(OTf)s catalyzed
intramolecular Friedel-Crafts alkenylation of 5-(arylamino)pent-3-yn-2-ones 57 in 1,2-

dichloroethane (DCE) at 85 °C (Scheme 1.8).5?!

R

N

R1
~©/ 10 mol % Sc(OTf; _ p
DCE, 85 °C
0
R2
R = Me, Bn, Ph 58
R' = H, 3-Cl, 4-Cl, 4-Me, 2-Me, 4-OMe, Yield: 30-81%

= 4-C|C6H4, Ph,
Scheme 1.8: Sc(OTY); catalyzed Friedel-Crafts reaction for the synthesis of 58

Cook and Muldoon group discovered the synthesis of indole derivatives 60 by the intramolecular
oxidative cyclization of amino alcohols 59 using Cu(OTf)/TEMPO/O; catalytic system, which
primarily executed the oxidation of an alcohol to an aldehyde to cyclize the product (Scheme
1.92).%% The Cu(OTf)/TEMPO/O; catalytic system selectively oxidized the primary alcohol of
61, without affecting secondary alcoholic group into the product 62 (Scheme 1.9b).

OH Cu(OTf),, 2,2"-BiPy,
.y R14©\/\/ TEMPO, DBU, NMI . R14©\/\>
NH 3A MS, MeCN, 60 °C N

\
59 R Flask open to air 60 R

R'=H, 4-OMe, 4-Cl, 6-F Yield: 49-90%
R=H
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OH .
Cu(OTf),, 2,2-BiPy, @
b) TEMPO, DBU, NMI N
NH . ; OH
K(OH 3A MS, MeCN, 60 °C o2 \\(
61

Flask open to air Et

Et
Yield: 58%

Scheme 1.9: Cu(OTf)2/TEMPO catalyzed synthesis of indole derivatives 60 and 62

Recently, Reddy and co-workers reported Cu(OTf), catalyzed synthesis of 2,3-disubstituted
indoles 65 via the coupling of o-diazoketones 64 with 2-aminoaryl ketones 63 in 1,2-

dichloroethane at reflux conditions (Scheme 1.10).1>%

(@] R2
O R
R1‘{:61\R2 )K?NZ 10 mol %, CU(OTf)2 . R1%
R
DCE, reflux N (6]
NHz g4 H
63 65

R = CH(CHys),, Ph, 3,4,5-OMePh,

3-MePh
R'=3,4-OMe, 3-Cl,
R2 = Me, Ph
€]
_Lu(l) Cu(ln
o 0 o_ R2Q RO Re
R2 R R
1 R Q > R1
w@ﬁ w R RM R% N
NH 2 NH2 H o Hzo

Scheme 1.10: Cu(OTf), catalyzed synthesis of indole derivatives 65 from a-diazoketones 64
with 2-aminoaryl ketones 63

1.3.2 Metal triflate catalyzed functionalization of indoles

Perumal group first time reported In(OTf); catalyzed synthesis of acetylation of indole using
excess acetic anhydride (66) as an acetylating agent at room temperature. In this methodology,
excess reagent and NH-protection were required to obtain 3-acylated indoles 67 in good yields

(Scheme 1.11).5%
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o)
R R! s
N 66 " \
17 R (excess) 67 R
R = H, SO,Ph, Tosyl Yield: 52-92%

R'=H, R?=H, Me
Scheme 1.11: In(OTY); catalyzed synthesis of 3-acetylindoles 67

To overcome the problem of the use of excess reagent and NH-protection of indole recently,
Hansen and co-workers developed a green method for the regioselective Friedel-Crafts acylation
of indoles 60 at C-3 with several acid anhydrides 68 using 1 mol % Y(OTf)3 in ionic liquid
[Bmim]BFs under microwave irradiation (Scheme 1.12).°°) Another advantage of this

methodology is the reusability of catalyst for up to four times without significant loss of activity.

0 2
R
1 mol % Y(OTf)3
[Bmim]BF

R1©f\> * (RECO),0 T ;

N _ MW, 80 °C N

\ 1 equiv \

R R

60 68 69
R' = H, 5-Me, 5-OMe, 5-Br Yield: 65-92%

5-Cl, 5-F, 4-Br, R=H
R? = CH3, C,Hs, C3Hy, t-C4Hg, CgHs

Scheme 1.12: Y(OTf);3 catalyzed regioselective synthesis of 3-acylatedindoles 69

Yadav and co-workers reported Friedel-Crafts alkylation of indoles 60 with propargyl alcohols 40
using 10 mol % Sc(OTH); as catalyst (Scheme 1.13).°7) The reaction failed with simple propargylic
and homopropargylic alcohols under similar reaction conditions. In addition, 1-cyclohexylhept-2-
yn-1-ol did not afford the desired product. Therefore, this method was effective only with
propargyl alcohols 40.
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3

R2R —R’
OH ,

R1©\/\> R? 10 mol %, Se(OTh; _ . N

N R XX , DCE.80°C N

60 R 40 R R

70

R'=H, 5-Br, 5-NO,, 5-CO,Me, 7-Et Yield: 83-93%

R? = Ph, -(HC=CHPh), R=R3®=H
R* = -(CH,)3CHg, Ph

Scheme 1.13: Sc(OTY); catalyzed alkylation of indoles 60 with propargylic alcohols 40

In an extension of Yadav’s work, Bezuidenhoudt groupdemonstrated Al(OTf)3 catalyzed synthesis
of C3-propargylated indoles 70 in excellent yields using both 3° and 2° propargylic alcohols 40 in
acetonitrile solvent at reflux condition (Scheme 1.14).5% In this methodology, the aromatic or
aliphatic substituent at both the terminal (R®) and propargylic positions (R? and R*) furnished the

desired products 70 in good to moderate yields.

4 3
R1mRz ROR 5 mol %, AIOTfs o N\ g2
N HO)\ CH3CN, reflux
R
17

5 N
40 R R
S 70
R= H, Me R =H.Me, EL c:CsHs Yield: 54-94%
R'=H 5-Cl 5-0Me  R*=Ph, 4-CIPh, 4-OMePh,
R2=H, Me Me, c-C3Hs
R5 = Ph, Bu

Scheme 1.14: Al(OTf); catalyzed Friedel-Crafts alkylation of indoles 17 with propargylic
alcohols 40

Zhan and co-workers developed an efficient cascade Friedel-Crafts reaction/N-C bond formation
protocol for the chemoselective synthesis of N-fused indole derivatives 72, 73 and 74 via AgOTf
catalyzed the reaction of 3-substituted 1H-indoles 71 with propargylic alcohols (40) (Scheme
1.152).°%) This is the first report, where the single metallic AgOTf catalyzed the nucleophilic
addition of 1 H-indole-NH to alkyne-C and allene-C without the presence of any base and ligand.
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3
OH R R4 R! R2
Me R* HO
S 40 %
\ R X, 40 RS s
R N R
N Ph = o A
(A 5 mol % AgOTf 1 <& 1
R® toluene, 80 °C R R2
Yield: 46-61% 5 mol % AgOTf  Yield: 48-85%
R5 = TMS, n-Bu 1 \ toluene, 80 °C
R3=H, Re=Ph - R, N
3= Ra= s R% = Me H
R4R 71
HO” X
40 \ R5
= 43
5 mol % AgOTf R'R
CH3NO,, 80 °C HO™ X
40 Sps oo
R®  Yield: 65-96%

Yield: 32-35%

R'=H, Me, OMe, ClI,

R? = Me, Et, Ph, CH,COOEt

R3 = Ph, 5-OMePh, 5-BrPh, 5-CIPh, 5-MeO,CPh,
5-MePh, 1-naphthyl, 2-thienyl

R* = Ph, Me,

R% = Ph, TMS, n-Bu,

R3 = R* = Me,- (CH,)s-
R® = Ph

Scheme 1.15a: AgOTf catalyzed synthesis of N-fused indole derivatives 72, 73 and 74

The formation of N-fused indole derivatives depended on the substituent and the type of propargyl
alcohols (2° or 3°) used for the reaction. When aryl-substituted secondary propargyl alcohols (R?
= Aryl, R* = H) were used, the reaction proceeded very well to offered an easy access to N-fused
skeleton 72 whereas Trimethylsilyl (TMS) and an alkyl group substituted propargyl alcohols 40
gives N-fused skeleton 74 under the similar reaction conditions. However, when triaryl-substituted
tertiary propargyl alcohols (R3= R* = R’ = Aryl) were used, the reaction proceeded very well to
affords N-fused skeleton 73 in good yield. In the case of dialkyl-substituted tertiary propargyl
alcohols, the desired products were not obtained but the use of nitromethane in place of toluene as
the solvent afforded N-fused skeleton 75 in low yields. The proposed mechanism for the formation
of N-fused indole derivatives 72, 73 and 74 included two routes-a) C2-propargylation/N-C
cyclization (5-endo-dig), and b) C2-allenation/N-C cyclization (5-endo-trig) (Scheme 1.15b).
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R1
R2 NN NH
th path b
path a F-C reaction
e R3 R3
|:O [Ag] - R5 — @/ -~ R5—@>:-:<
R —r — \ 4
R4 —R° A R* B R
R3 = aryl
R3, R* = aryl, alkyl
/ R*=H y y

R2

5-endo-dig ‘ D

R'=H, R?=Me R?®
RS = aryl R3 = Ph, R® = alkyl, 5-endo-trig
TMS 1 R?
R? R
A\ RS

R’ Me
R® R! N |
N A\ Ph 3
_ N 73 R\
72 5 — R
R 74
R5

Scheme 1.15b: Proposed mechanism for the formation of indole derivatives 72, 73 and 74

Wang et al. revealed Yb(OTY); catalyzed dehydrative [3+3]-annulation of propargylic alcohols 40

and 2-indolyl methanols 76 or 2-indolyl sulfonamides 77 for the construction of carbazoles in

moderate to good yields. The reaction was presumed to proceed through a cascade process

consisting of Friedel-Crafts-type allenylation, 1,5-hydride shift, 6m-electrocyclization and

Wagner-Meerwein rearrangement (Scheme 1.16).1")
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O
R1©\/\>—/ :
N

\ 76
R

R3 R*
10mol % Yb(OTfs g
HO)\— 1,2-DCE, reflux, O O R

40 R2 N

R1©\/\>\/NHTS Yield: 30-86%
N
\

77

7

R =H, Me R

R' = H, 5-OMe, 4-Cl, 5-Cl, 6-ClI

R3 = Ph, 4-MePh, 4-OMePh, 3-CIPh, 4-CIPh
R* = Ph, 4-MePh, 4-OMePh, 4-CIPh

R? R
R2 RZ ' C/A/ 5
l® H Friedel-Crafts R
|| Yb(OTf)3 (l_l, n R1%H reaction - N HH
R3-—OH I N OH N oH
R3 R3 R3 R R B
76
A
0 [1,5]-H Shift
R R® |
electrocyclic
reaction 2 \ R?
NS R
r OH
C

Scheme 1.16: Yb(OTf); catalyzed reaction of 2-indolylmethanols 76 or 2-indolylsulfonamides
77 with propargylic alcohols 40

Page 22



Chapter 1

Venkateswarlu and co-workers reported Bi(OTf)3 catalyzed synthesis of 3-substituted indoles 80
in high yields via Friedel-Crafts Michael type addition of indoles 17 to a,B-unsaturated ketones 79
in acetonitrile at room temperature (Scheme 1.17 Eq. (1)).1!! Later, Yadav group replaced the use
of acetonitrile by ionic liquid [Bmim]|BF4 as a recyclable solvent and developed Cu(OTf).-
[Bmim]BF4 recyclable catalytic system for the synthesis of 3-substituted indoles 80 (Scheme 1.17
Eq. (2)).1°?! Afterward, Bezuidenhoudt et al. revealed the microwave assisted Al(OTf); catalyzed
synthesis of 80 using PEG-200 as recyclable solvent at 80 °C in 10-120 min (Scheme 1.17 Eq.

(31

. 3 R*
Bi(OTf)s, CHCN, it (1) R

0
. 0
» mRz ,RSH Cu(OTN,, IbmimlBFs it @) \ \_ge
+
N - N

3 . Al(OTf); PEG-200, (3) 3

17 79 80 °C, MW 80
Yield: 82-97%
R =H, Me R3 = H, Me, Ph, 5-CIPh,
R'=H, 7-Et, 5-OMe, 5-OMePh,C,4H3S, C4H;0
5-Cl, 5-NO, R* = Me, Ph, 5-CIPh, 5-OMePh,
R? = H, Me, Ph R3 = R* = <(CHy)3-, -(CH,),-,

Scheme 1.17: Metal triflate [M(OTf),] catalyzed conjugate addition of indoles 17 to a,f3-
unsaturated ketones 79

Roelfes group discovered Sc(OTf)s/sodium dodecyl sulfate (SDS) catalytic system for the
preparation of 3-substituted indoles 82 and 84 through vinylogous Friedel-Crafts alkylation of
indoles 17 with alkylidene/benzylidene malonates 81 and a,-unsaturated o’-hydroxy ketones 83,
respectively in water at room temperature (Scheme 1.18).[%*! The conjugate addition reactions of
indoles 17 were facilitated through the formation of chelate between two carbonyl groups of

81/carbonyl and the o'-hydroxy oxygen atom of 83 and Sc(OTf); Lewis acid catalyst.
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(@) (@] _R4
R‘to)ﬁ)koﬁ“ .99
| R 0 R’
rs~ 81 ; 82
- . Yield: 63-92%
R? \R

R A\ R2 ——{ 10 mol % Sc(OTf);
N SDS, water, rt
R

17

R =H, Me O

R'=H, 5-OMe, 5-Br HO pZ
R2 = H, Me
R3 = Me, Et, 83 RS

R* = Me, iPr, Ph
R5 =H, NO,, OMe

R Yield: 38-91%

Scheme 1.18: Sc(OTf)3/SDS catalyzed vinylogous Friedel-Crafts alkylation reaction of indoles
17 in water

Ma group reported the formation of bis(indolyl) ketones 86 using Sc(OTf)3 catalyzed reaction of
substituted indoles 17 with 2-methylene-3-oxobutyl acetate 85 (analogous to a,-enones) in
dichloromethane at room temperature. In this method, synthesis of bis(indolyl)ketone 86 was
achieved through Sn2'substitution of acetoxy group in 85 with substituted indoles 17 as shown in
Scheme 1.19.1%) A similar mechanism was also observed in the case of B-hydroxyketones 87 when
it was treated with substituted indoles 17, to afford C3-alkylated indole derivatives 88 in the
presence of Al(OTf)s as catalyst and acetonitrile as solvent at reflux condition. In this
methodology, Bezuidenhoudt group obtained 3-substituted indole derivatives 88 instead of
bis(indolyl) ketones 86, but only in case of B-hydroxyketones 87 (where R? = H), the bis(indolyl)
ketone 86 (Where R = R! = H) was obtained as the major product along with the desired product
86. However, when the excess indole was used in this reaction only bis(indolyl) ketone 86 (Where

R = R! = H) was obtained (Scheme 1.19).[6%!
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o} o}
OH O OAc O >N-R
N Yo "y O
85
Y Mg — R1‘©\/\>’R2 O \ Y
N Al(OTf); N Sc(OTf)s, N
gg R CH;CN, 70 °C 17 R CH2Cly, rt R 86
RZ=H 1. R4.Q80
Yield: 70-94% R = H, Me, Bn, n-Bu Yield: 61-88%
R2 = H, Me, Ph
R' = H, 5-OMe, 5-Me, 5-Br, 5-Bn
R3 = Ph, 4-OMePh, 4-NO,Ph, Bn, Me
Sc(OT, CoAc 0
/ \ @ (0]
OAc O AcQ D RT _H R’
Sc(OTf
C( )3 t ) R2 \ R2
CH20|2, rt > N+ - AcOH N
\ \ B
R
N R N\ | Sc(OTf),,
17 R N CH2C|2, rt

67 R R2=H

Scheme 1.19: Metal triflate catalyzed reaction of 81 with substrate 103 and 105

Shi and co-workers disclosed Zr(OTf)4 catalyzed the synthesis of #ris(indolyl) alkanes 89 by the
reaction of an excess of indoles 60 (5 equiv.) with a,B-unsaturated ketones 79 (1 equiv.) in the
mixed polar solvent EtOH/H>O (2/1) at room temperature in 1-3 days. The proposed mechanism
for the synthesis of 89 is shown in Scheme 1.20/%”! and it was supported by the formation of 91

from the reaction of 90 and indole 1 under the same conditions.
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\

\ N
R
79

0
R14©\/\> o 5 mol % Zr(OTf,,
N EtOH/H,0, rt
60 R®

R=H,Me, R'=H
R?=R%= -(CHy)3-, -(CHy),-
R2=H, Me, R3=H, Me, Ph

89
Yield:4-99%

H
N

H
N
é\(@ N @ 5 mol % Zr(OTf), ‘
EtOH/H,0, rt
\ N 2Y, = NH
NH H
1

-H,0

(TI0)Zr-- N

Scheme 1.20: Zr(OTf)4 catalyzed synthesis of #ris(indolyl) alkanes 89 with proposed mechanism
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Xie and co-workers demonstrated Cu(OTf), catalyzed synthesis of sulfonyl-containing
bis(indolyl)alkanes 93 in good yield by double Michael addition of substituted indoles 17 with
acetylenic sulfones 92 in dichloromethane at room temperature. However, in the case of 2-
methylindole only mono-adduct 94 was obtained in 52% yield under standard reaction conditions
and no desired bis(indolyl)alkane was observed, which supported the formation of the indolyl
alkene B as an intermediate of the reaction (Scheme 1.21).1*) Remarkably, 2-phenyl and N-tosyl
indole are inert under the same reaction conditions due to the large steric effect of phenyl and

strong electron-withdrawing effect of tosyl groups respectively.

H
Ph 1 R
802T0| R \
N\ Cu(OTf), ) H Cu(OTf),
Me CH5Cl». rt N R CH,Cl,, rt
r )
N 2 17 R Tolo,s o7 N
R=R'=H Re=H
94 R?=Me, R®=Ph %
520, : R =H, Et, Bn
(o)
R'=H, 5-Br, 5-OMe
R3 = Ph, n-CsHy4

R
H \— N
17 ¢ 2 _
R R3 p R2 R Me 94
SO Tol
GuL, A 2

R3—==—50,Tol
R? = H

93

R3—
92

SOQTO'

Scheme 1.21: Cu(OTY) catalyzed synthesis of sulfonyl-containing bis(indolyl)alkanes 93

Kitamura group reported Fe(OTf); catalyzed regioselective synthesis of bis(indol-3-yl)alkanoic
acid derivatives 117 and 119 by the reaction between indole derivatives 47 and alkynoic acid
derivatives 116 in acetic acid at 40 °C. Here, it was noticed that the reaction of 3-methylindole

with propynoic acid did not afford any product and starting materials were recovered. Therefore,
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this hydroarylation reaction shows a high regioselectivity at C3-position of indole (Scheme

1.22).[6]

FeCly/3AgOTf g1 R®
_ AcOH, 40 °C \_g? l | FeCly/3AgOTf
No reaction 7 N ) AcOH, 40 °C
R®=Me, R"=H ! COR™ o1 _mi_y
R=R2=Ri=H 10 R g5 T
(1:1 equiv.)
Note: FeCl; + 3 AgOTf
AcOH, 40 °C
Fe(OTf); CO,R*
— continue for
\ longer times
R=R?=R3=H, Me R2
R*=H, Me, Et, R' =H N
R
97

Yield: 65-82%

Yield: 65-99%

Scheme 1.22: Fe(OTY); catalyzed regioselective synthesis of bis(indol-3-yl)alkanoic acid
derivatives 96

Ma et al. revealed Sc(OTf); catalyzed highly stereoselective synthesis of B-indolyl-a,-unsaturated
(E)-enones 99 by the reaction of substituted indoles 60 with terminal carbon-carbon double bond
of 1,2-allenic ketones 98, which was subsequently treated with same or different indoles to produce

simple or mixed B,B-indolyl ketones 100 in moderate yields (Scheme 1.23).1°!

3 1
(@) R2 R R R3
R1 o — \
R2 R N R-N
| 5 mol % Sc(OTf); N\ R =

N H CH4CN, rt N 5 mol % Sc(OTf)s o
R \ CH4CN, rt 100
60 98 99 R R?

R =H, Me Yield: 73-82% Yield: 51-78%

R' = R3 = 2-Me, 7-Me, 5-OMe, 5-Br, 5-BnO
R2 = Bn, n-C4H9, n-C6H13, n-C7H15, n-C8H17

Scheme 1.23: Sc(OTY); catalyzed stepwise double addition of indoles 60 with 1,2-allenic ketone
98 to synthesize B3,-indolyl ketones 100
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Yadav and co-workers introduced Bi(OTf)3 catalyzed synthesis of 3,3-diindolyl oxindoles 101 by
the condensation of isatin (3) with substituted indoles 17 (Scheme 1.24).[7!! This methodology also
worked well in case of Boc-protected 2-methylindole to affords the corresponding Boc-protected

bis(indolyl)oxindole without cleavage of the Boc group.

2 mol %
R1 % _Bi(OTf; _
CH3CN rt

R =H, Boc Yield: 82-95%
R' = H, 5-Br, 5-OMe, 7-Et

R2 = H, Me, CO,Et

101

Scheme 1.24: Bi(OTf); catalyzed synthesis of 3,3-diindolyl oxindoles 101

Dasbasi group reported In(OTf); catalyzed synthesis of bis(indolyl)methane phosphonates 103
from N-methylindole 60 and acyl phosphonates 102 in THF (tetrahydrofuran) as solvent at 50 °C.
In this methodology, both aliphatic and aromatic phosphonates coupled with N-methylindole 60
to furnish the corresponding bis(indolyl)methane phosphonates 103. However, in the case of

unsubstituted indole 1, a trace amount (<9%) of the bis(indolyl)methane phosphonate was

observed (Scheme 1.25).[7%]

A OMe
R2 pL
OMe
LD+ g omanmom, ooy TS
| —_
Z N R* "P~oMe THE, rtto reflux | K)\NJ lNJ\/
60 " © R '
102 103 °
R? = Ph, 3-CIPh, 4-CIPh, 3-FPh, 4-FPh, Yield: 68-81%

4-MePh, 2-FPh, Me, Et
R'=H, R=Me

Scheme 1.25: In(OTf); catalyzed synthesis of bis(indolyl)methane phosphonates 102

Wang and co-workers demonstrated Dy(OTf)3 catalyzed synthesis of bis(indolyl)methanes (BIMs)
105 by the reaction substituted indoles 10 and aldehydes (R* = H) or ketones (R* = Me) 104 in
aqueous solution (EtOH/H,0:3/1) at room temperature (Scheme 1.26 Eq. (1)).”}! In the case of
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C3-substituted indoles, the corresponding C2-substituted bis(indolyl)methanes 106 were obtained
in chloroform solvent. Later, Ji group developed In(OTf)3-[Omim]PFs recyclable catalytic system
for the synthesis of bis(indolyl)methanes (BIMs) 105 in short reaction time with high yields
(Scheme 1.26 Eq. (2)).[* Baltork and co-workers reported ultrasound assisted Bi(OTf)3 catalyzed
synthesis of bis(indolyl)methanes (BIMs) 105 in acetonitrile as solvent at room temperature
(Scheme 1.26 Eq. (3)).I] Recently, Beltra group disclosed the synthesis of bis(indolyl)methanes
(BIMs) 105 from corresponding aldehydes and indoles by using 1-3 mol % AgOTf as the catalytic
system. Both aliphatic and aromatic aldehydes 104 underwent smooth reaction with substituted

indoles 10 to afford the corresponding bis(indolyl)methanes 105 in good yields (Scheme 1.26 Eq.
().

Dy(OTf)3, EtOH/H,0, rt (1)

R3 R1 R1
In(OTf)3, [omim][PFgT, rt (2)
SR PO
N R* "R® Bi(OTf)3, CH3CN, ), rt (3) N-R
10 R 104 / RN =
AgOTf (1 or 3 mol%) (4) R2 RY RS R2
R=H,Me; R'=H,5-Cl, 5-OMe CHClj, rt
R2=H, Me; R*=Me, Ph, 4-CIPh, 105 R%=H
4-OMePh, 4-MePh, 4-NO,Ph, 4-BrPh, Yield: 41-99%

-(CHy),- (n=3-6), naphthyl, PhCH,CH-,
R®=H,Me R3®=H, Me

R3 R5 ,
(0] R
R*%W + R /
N R* "R
R N R?
10 "
: B
M3+
110
R1 R1

105

Scheme 1.26: Metal triflate [M(OTf),] catalyzed synthesis of bis(indolyl)methanes (BIMs)
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1.4 Introduction

The indole scaffold is an important structural motif due to its significant biological activities as
discussed in the introduction section Figures 1.1 and 1.2. The bis(indolyl)methanes (BIMs),
bis(indolyl)propanes (BIPs) and cyclopenta[b]indoles (CPIs) constitute an important classes of
indole derivatives derived from acetone and indoles.!”’"”! Various methods have been reported for
the synthesis of BIMs and BIPs.!%%%4 They are antineoplastic agents!®>-*"1 and are also used for the
synthesis of various dyes.”% *!l Yuehchukene, a bisindole alkaloid structural analogous to CPIs,
possesses strong anti-implantation activity in rats as well as in mice.[’”l Although the reaction of
simple indole with acetone has been reported, there are limited reports for the synthesis of different
BIPs and CPIs by using various substituted indoles and ketone.[”*®®) Spiro-heterocyclic
compounds containing one carbon atom common to two rings are structurally attractive because
of their distinct biological properties.”” *®) Among various spiro-heterocyclic systems, spiro-
indoles have attracted great attention because of their varied biological activities,* %!
spiro[cyclohexane-1,3'-[3H]indole] and spiro[cyclopentane-1,3"-[3H]indole] are used as
analgesics, fungicides, and antidepressants, spiro [pyrrolidine-3,3"-oxindole] alkaloids e.g. (-)
horsfiline exhibits local anaesthetic activity; 2',3',5",6" tetrahydrospiro[indoline- 3,4'-pyran]-2-one
are used as anti-inflammatory agents and spiro[3H-indole-3,3'-pyrazolin]-2-one is used as

antiphlogistics and blood platelet aggregators.

— 0]
Spiro[cyclohexane 1,3'-[3H]indole]
(Antidepressant activity) 2',3',56',6'-tetrahydrospiro[indoline-3,4'-pyran]-2-one
Me (Anti-inflammatory activity)
N
A
O
N
H
(-) Horsfiline

(Local anaesthetic activity)

Figure 1.8: Biologically active spiro-indole based compounds.
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It has always been a challenge for the organic chemist to synthesize spiro-heterocyclic compounds
as it involves the generation of quaternary carbon center and fusion of two rings. The general
approaches for the synthesis of spiro-heterocyclic compounds involve alkylation methods,
transition metal-based processes, rearrangement-based approaches, ring closure of geminally
substituted compounds, radical cyclizations, cleavage of bridged ring systems, or cycloaddition

reactions.[10% 103]

1.4.1 Acid-catalyzed condensation of indole with carbonyl compounds

The condensation reaction of indole with carbonyl compounds in the presence of both mineral and
Lewis acids has proved to be complex in nature due to the formation of the wide variety of
products, albeit numerer of the originally proposed structures have later been shown to be
incorrect. For instance, in 1913 Scholtz et al.l'! reported that the condensation of indole with
acetone in the presence of ethanolic hydrochloric acid gave the structure (107). Later, in 1961
Noland et al.'% %] reinvestigated this reaction and reported the revised structure as tetrahydro-
carbazole (110). Noland also isolated two 2:2 and three 2:3 condensation products of indole and
acetone in ethanolic hydrochloric acid conditions. Noland’s group performed a few additional
experiments to arrive at the correct structures of these isolated compounds and reported the
confirmed (Figure 1.9), while still some of the isolated compounds are unknown or are in

ambiguity.

Figure 1.9: Condensation products of indole and acetone
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The formation of products from the reaction of indoles and ketones depends on the acidic strength
and on position of the substituent in indole. Reaction of substituted indoles 17 with ketone 104 in

refluxing acetic acid gave the corresponding bisindoles 105 in moderate to good yield.

R2

R'l R1 R3 R4 /R
0

N—R2 )L Glacial AcOH _
N R3 “R*
\ reflux
R 104 N

17 |

R 105 R

R=R?=H, CH,4
R' = H, 5-Me, 5-OBn
R3 = CHj3, Ph, R* = CH,4

Yield: 19-84%

Scheme 1.27: Glacial AcOH catalyzed synthesis of bisindoles 105

In comparison to indole and 1-methylindole, condensation of 5-methylindole and 5-
benzyloxyindole with acetone 104 (R*> = CHs, R* = CH3) in refluxing glacial acetic acid gave
corresponding bisindole in 84% and 65% yield, respectively (Scheme 1.27). However, in the case
of 2-methylindole 78% yield was observed and 1,2-dimethylindole did not afford the desired
product. Similarly, condensation of indole, 1-methylindole and 2-methylindole with acetophenone
(R = Ph, R* = CH;) furnished the corresponding bisindole in 45%, 29% and 64% yield
respectively (Scheme 1.27). Subsequently, Noland group executed condensation of indole (1) and
5-methylindole with acetone (104) in refluxing maleic acid solution to give cyclized product
indolo[2,3-b]carbazole 108 in 54% and 64% yield, respectively (Scheme 1.28). Maleic acid
provides required acidity for cyclizative condensation compared to glacial acetic acid which stops
the reaction at bisindolyl stage. condensation of 5-benzyloxyindole and 2-methylindole with
acetone (104) under maleic acid conditions did not afford the desired cyclized product 108
(Scheme 1.28).

R1
Maleic acid in

N\ R2 )Oj\ acetone
N

\ reflux
R 104

17

R=H, R?=H, CHs
R'=H, 5-Me, 5-0Bn

Scheme 1.28: Maleic acid-catalyzed synthesis of indolo[2,3-b]carbazole 108
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The condensation of substituted indole 17 and ketone 104 in strongly acidic media such as
ethanolic hydrochloric acid gave single or mixture of products depending on the position of the
substituent of indoles 17. Condensation of indole (1) and acetone (104) in the presence of ethanolic
hydrochloric acid afforded five products, one of which was tetrahydro-carbazole 110a in 11%
yield, whereas in the case of 2-methylindole the corresponding tetrahydro-carbazole 110b was
obtained in 82% yield (Scheme 1.29a). When 1-methylindole was treated with acetone (104) the
corresponding bisindolyl product 105 was obtained in 56% yield (higher than the previous 19%
yield obtained in glacial AcOH) along with 13% yield of corresponding indolo[2,3-b]carbazole
108. In the case of 1,2-dimethylindole, the corresponding bisindolyl product 105 was obtained in
59% yield (which was not achieved in AcOH). Similarly, condensation of indole (1) with
acetophenone 104 (R* = Ph, R* = CH3) in ethanolic hydrochloric acid gave corresponding cyclic
dimer indolo[3,2-b]carbazole 109 in 22% yield along with the polymer 111 which could result
from alkylation by carbonium ion A at the 2-position of its possible precursors, either the
vinylogous carbinolamine C or the dehydration product, 3-(1-phenylvinyl)indole B. The cyclic
dimer 109 was, also isolated in 22% yield by the reaction of ethanolic hydrochloric acid on 3-(1-
phenylvinyl)indole B (Scheme 1.29b). Since it is presumed that carbonium ion A is also an
intermediate for the formation of bisindolyl compounds 10S. Condensation of 1-methylindole with
acetophenone 104 (R? = Ph, R* = CH3) in ethanolic hydrochloric acid afforded only corresponding
bisindolyl compound 105 in 98% yield (Scheme 1.29a).
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R1
o) Conc HCI
mRZ Jl_ | _95% EtOH
N R® "R? rt
17 R 104
Conc HCI
95% EtOH | "t

Yield: 22-98%

R=R2=H, CH;, R*=CHj,
R"=H, R®=CHj, Ph

110 R* Rr
Yield: 11-82%

R=R'=H, R*=CH,
R?=H, CH;, R® = CH,

Scheme 1.29a: Ethanolic hydrochloric acid catalyzed condensation of substituted indole 17 and

ketone 104
Ph Ph
Me OH CH,
A\
N
H
C H* B
-H*
Ph Me
"
N
N
H
A
Me

111

Scheme 1.29b: Formation of polymer 111 and dimer 109 via carbonium ion A
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Later, Noland group performed the reaction of 2-methylindole with mesityl oxide 112 (R3 = R4 =
CH3) in ethanolic hydrochloric acid condition and obtained compound 110c¢ in 67% yield. The
same compound was also obtained in 82% yield from the reaction of 2-methylindole with acetone
(Scheme 1.29a), which was confirmed by both chemical and spectroscopic data. The product 110¢
can be formed through intermediate 113a which is isolable and isolated in 70% yield. This isolated
intermediate 113a was treated with 2-methylindole under same reaction conditions, it afforded
compound 110c¢ with increased 91% yield. However, the condensation of indole, 1-methylindole
and 1,2-dimethylindole with mesityl oxide 112 (R3 = R4 = CH3) in ethanolic hydrochloric acid
solution, furnished the corresponding products 113b, 113¢ and 113d respectively in very poor
yield (Scheme 1.30).

R® O
R4J\/LLMe
\ 112
Conc HCI

\ 2
R Conc HCI l,\l
95% EtOH rt R 95% EtOH, rt
113 R 17 R'=H
13a 70% R=H, R2Z=CH3 R®=R*=CH3|R=H, R2=CHs;, R3=R*=H,  30% 110a
13b 6% R=H, R?=H, R®=R*=CH;|R=CHs R2=CH;, R¥=R%=H, 52% 110b

113c 28% R=CH; R?=H, R®=R*=CH;|R=H, R2=CHs;, R3=R*=CHj;, 67% 110c
113d 5% R=CH; R?=CH3; R¥®=R*=CH3;| R=H, R2=CHs;, R3=H, R*=Ph, 31% 110d

Scheme 1.30: Condensation reaction of substituted indoles 17 with ketone 112 in presence of
ethanolic hydrochloric acid

Similarly, condensation of 2-methylindole with methyl vinyl ketone 112 (R® = R* = H) and
benzylideneacetone 112 (R? = H, R* = Ph) in ethanolic hydrochloric acid afforded corresponding
products 110a and 110d in 30% and 31% yield, respectively. Subsequently, reaction of 1,2-
dimethylindole with methyl vinyl ketone 112 (R*> = R* = H) under same reaction conditions gave
110b in 52% yield. The main advantage of this methodology is to synthesize few more derivatives

of the compound 110.

Page 36



Chapter 1

In 1980, Banerji et al. assigned the structure of two dimer products 114 and 115 from three isolated
products, which were synthesized by the condensation of indole with acetone via boron trifluoride
etherate catalyzed reaction in dichloromethane (Scheme 1.31).1*3 %61 The structures of compound
114 (dimer I) and 115 (dimer II) were confirmed by NMR and mass spectral data. In addition, the

structure of 114 (dimer I) was unambiguously confirmed by X-ray crystallographic data.

+
o)
N\ BF,.OEt,, dry DCM
©j>+)K I 7 NH
N O°Ctort
1 H 104

Excess Dimer | Dimer II
Yield: 7% Yield: 6%
A
_Acetone | |
N, BFsELO NG
N N N
1 A c 75
A (‘OH m

Dimer Il .
Dimer |

Scheme 1.31: Boron trifluoride etherate catalyzed condensation of indole and acetone with
proposed mechanism

In 1981, further studies on this reaction by Banerji group, reported two new dimeric products 116

(dimer IIT) and the dimer fourth CosHasN>O» (M* 388.2122) which was highly unstable in hot

chloroform and underwent an unusual cyclization (autoxidation) to product 117 C2sH26N>O2 (M”
386.1999) (Scheme 1.32).[4-%]
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0] 114 (Dimer |) 115 (Dimer Il)
©\/\> (| BFaOEL2 dyDOM,  vielg:7% +  Yield: 6%
N 0
H 104

Ctort Dimer IV
1 Yield: 10%
Excess
it hot
Chloroform 116 (Dimer I11)
Yield: 60%

Yield: 80%

Scheme 1.32: Synthesis of dimer 116 and product 117 in the presence of BF3.OEt,

In 1989, Bergman group demonstrated trifluoroacetic acid (TFA) catalyzed synthesis of dimer 118
as the minor product and cyclopenta[b]indoles (CPIs) 119 as the major product by the
condensation of substituted indole 17 with acetone in refluxing condition, while at room

temperature it afforded only bis(indolyl)propanes (BIPs) 105 in good yield (Scheme 1.33a and
1.33b).%

R1
wRi CF5COOH
N reflux
17 R 104 RZ2=H
rt | CF3COOH
118 119
1 R
R 118 19
R=H, R'=H 12% 70%
R=H, R'=7-Me 25% 72%
R=H, R'=5-Br 10% 77%

105
75% R=H,R'=7-MeR%2=H
85% R=H,R'=5Br R2=H

Scheme 1.33a: TFA catalyzed synthesis of dimer 118, cyclopenta[b]indoles 119 at reflux and
bis(indolyl)propanes 105 at room temperature.
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Bergman proposed a mechanism for the synthesis of compounds 119, 105 and also for 110 (R =
R? = H, R? = CHs) as shown in Scheme 1.33b.

R
\ _Acetone, H H*
DT \
N

N B

N
\
R

Scheme 1.33b: Proposed mechanism for the synthesis of bis(indolyl)propanes (BIPs) 105,
cyclopenta[b]indoles (CPIs) 119 and tetrahydro-carbazole 110

In 1972, Roder!!?7- 1% reported AICI; catalyzed synthesis of 1:2 condensation product pyrrolo[1,2-
alindole 121 and 2:3 condensation product diindolo-diaza-bicyclo-nonane derivative 122 from 3-
methylindole (120) and acetone in 40% and 20% yield, respectively (Scheme 1.34).[17- 108]
Afterward, David Black group revealed the synthesis of 4,6-dimethoxy-3-methyl(indolyl)-
pyrrolo[1,2-a]indole derivatives 124 (a-e) by condensation of 4,6-dimethoxy-3-methylindole with
ketone 104 in methanolic hydrochloric acid (Scheme 1.35).1°]
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2 mol
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-2H,0 N
120 H /&
Me
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Me
\\  Me
B E‘) CH AICl, N o
® ® o
HC © N
N Me \
Me \ Me
L Me g c _

AICI,

Me

121
Yield: 40%

Me
Me
A\

N

/§104

AICI3
-H,0

N

\
Me
Me

122

Yield: 20%

Scheme 1.34: AICl;-catalyzed condensation of 3-methylindole (120) with acetone

OMe R1
HCI R? Yield%
\ + lOL MeOH Me 92
eO N~ R2 “R3 R'=R3=CH,4 Ph 75
|
123 R 104 R=H 4-MePh 63
; Hol 4-EtPh 57
R=CH; R'=H v 4-OMePh 73
R%=CH,
OMe R2 R3
MeO
() e
MeO \ (119) R?2 Yield%
DA\ a Me 84
Me N, b Ph 76
119 Me

Scheme 1.35: Methanolic hydrochloric acid catalyzed condensation of 4,6-dimethoxyindole
derivatives 123 and ketone 104

Cyclopenta[b]indoles (CPIs) 119 (a-b) were obtained under same reaction conditions from 4,6-

dimethoxy-1-methylindole and ketones 104. The structure of compound 124b was confirmed by

Page 40



Chapter 1

X-ray crystallographic data. The formation of ring-fused indoles 124 could be envisaged by

intermediate alkenylindole B as shown in Scheme 1.36.

OMe Me
OMe R1 R2
7 MHc(:)IH >
e ® 3
» 2 ’Np3 . > MeO N N R* Me
MeO N R® 'R®  R3=CH, A H OMe
: 104
R o~
123 R S
R'=CH3 R=H
B OMe

Scheme 1.36: Proposed mechanism for the synthesis of 124

In 1996, Noland group assigned the structure of unknown compound as 125 which was isolated
previously from acid catalyzed condensation of indole with acetone. Noland revealed the proposed
mechanism for the formation of compound 125 as shown in Scheme 1.37"'% and structure was
confirmed by X-ray crystal data analysis. Later, in 1999 Nolandperformed conc. HCI catalyzed
reaction of 1-benzylindole (126) with acetone in the presence of N-phenylmaleimide (127).
Compound 128 was obtained as major compound (10%) along with spiro compound 118 as minor
compound (3%) at reflux condition (Scheme 1.38),[!' whereas 105 was obtained as major
product in 85% yield and dimer spiro compound 118 as the minor product in 1% yield when
reaction was performed in absence of 127 under similar conditions (Scheme 1.38). The structure

of spiro compound 118 was confirmed by X-ray crystallographic data.

Page 41



Chapter 1

o

Scheme 1.37: Synthesis of 125 by condensation of indole with acetone in ethanolic hydrochloric
acid

In 2008, Banerji ef al. reported novel spiro heterocyclic compound 129 in 20% yield, procured

from the reaction of indole with acetone in the presence of BF3.OEt, under a nitrogen atmosphere.

The proposed mechanism for the synthesis of compound 129 involves Plancher rearrangement and

ene reaction as shown in Scheme 1.39.[1%3]
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/ \

0

JN /U\ 104 A

Ph 105 \Ph D N — ~  Yield: 10%
Yield: 85% H P OI\A\O +

126
Yield: 1%
118
Yield: 3%

Scheme 1.38: Conc. HCI catalyzed condensation of 1-benzylindole and acetone with and
without N-phenylmaleimide

OH
)?\ 104 H OH
N —— = 5 b { Acetone
N BF3Et,0 N -2H,0 2
H H N

N
Indolyl Carbinol Plancher
Rearrangement
N\ /
N P N Ene Reaction
N e ~ XS
3 N H
N
H F E
Plancher
Rearrangement
_—

Scheme 1.39: BF;Et,O catalyzed condensation of indole with acetone
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Recently, Nagarkar group demonstrated phosphated zirconia (P-Zr) or bismuth nitrate
pentahydrate (BNPH) catalyzed synthesis of bis(indolyl)propanes (BIPs) 105 by the condensation
of substituted indoles 17 with acetone at 45 °C. 3-Methylindole didn’t afford any product under
normal conditions but when a combined catalytic system of phosphated zirconia (P-Zr) and
bismuth nitrate pentahydrate (BNPH) was used, cyclopenta[b]indole 119 was obtained in 87%

yield from indole and tetrahydrocarbazole 110 was obtained in 90% yield from 2-methylindole
(Scheme 1.40).t!11]

R‘l

P-Zr or R P-Zr and
~ BIi(NO3)3.5H,0 N_R2 4 )CJ’\ Bi(NO3)3.5H,0
45 °C N\ 45 °C
17 R 104 m
Excess R=H,R"=H
45 °C P-Zr and
Yield: 84-92% R = H, R? = CH; | Bi(NO3)3.5H,0
1= -
R =H, Me; R" = H, 5-Cl, 5-Br R'=R=H
R2=H, Me Yield: 87%
M
R'=H 110 "°
Yield: 90%
Scheme 1.40: Phosphated zirconia (P-Zr)/Bi(NO3)3.5H,0 catalyzed condensation of indole with
acetone

Most of the reported studies are based on the reaction of simple indole with acetone and the
catalysts used are corrosive, toxic, cause handling problems on a larger scale and their separation
from the reaction mixture is difficult. Thus, investigation of the reaction of substituted indoles with
acetone using a simple, safe and environmentally friendly catalyst is still desirable. In continuation
of our interest in the application of metal triflates as greener catalysts in organic synthesis, herein

we report the investigation of Bi(OTf); catalyzed condensation of indoles with acetone under

different reaction conditions.
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1.5 Results and discussion

Initially, we investigated the reaction of indole (1.0 mmol) and acetone (1.5 mL) in the presence
of' 5 mol % Bi(OT*); at room temperature. The color of the reaction mixture changed immediately
after the addition of the catalyst (without catalyst, there was no change in the reaction mixture)
and the reaction was completed within 5 min as indicated by TLC. The product was isolated and
purified by column chromatography and characterized by the 'H and '*C NMR spectral data.
Appearance of singlet at 6 7.76 and ¢ 1.90 (2 x CH3) along with multiplet for ten aromatic protons
in the region § 7.41-6.84 in the "H NMR spectrum revealed presence of the NH group and in the
13C NMR spectrum, two peaks appeared as ¢ 30.0 and 34.95 for aliphatic carbons along with peaks
for aromatic carbons. A peak at m/z 275.1543 was observed in the HRMS corresponding to the
molecular formula CioHjoN>" [M+H]" ion. These spectral data were in agreement with
bis(indolyl)propane i.e. 3-(2-(1H-indol-3-yl)propan-2-yl)-1H-indole (105a) (R! and R?> = H)
(Scheme 1.41). Next, we continued the reaction of indole and acetone under identical conditions
for a longer time, the progress of the reaction was monitored by TLC. A new nonpolar spot was
formed along with 105a with increasing reaction time. The reaction was continued for 24 h and
this new compound was isolated by column chromatography and characterized by the 'H and '*C

NMR spectral data.

R1

10 mol % o 5 mol % R
Bi(OTf), \ + I _ BiOTHs Q
40 °C N rt, 5- 15 min.
R

|
560min. 90 R 104 it

10 mol % | 40 °C, _ 105
Yield: 72-78% Bi(OTf)3 | 1-24 h Yield: 62-72%
R; = H, 5-CHj, 5-OCH3 R4 = H, 5-ClI, 5-F, 5-Br, 5-OCHj4
R, = CH3, H R, = CHs, H

118

Yield: 30-80%

R1 = H, 5-CH3, 5-OCH3, 5-OBn,
5-Br, 5-Cl, 5-F
R2 =H

Scheme 1.41: Bi(OTf); catalyzed condensation of indole with acetone
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Figure 1.10: 'H and '3C NMR spectra of 3,3’-(propane-2,2-diyl)bis(1H-indole) (105a) in CDCl3
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In the 'H NMR of 118a, presence of a singlet at § 7.56 (1H), two doublets at § 2.76 (2H) and ¢
2.60 (2H), two singlets at 6 1.57 (6H) and ¢ 1.49 (6H) along with eight aromatic protons in the
region 0 7.45-7.05 indicated presence of NH, two CHz and two 2 x CH3 groups. Peaks for five
aliphatic carbons appeared along with aromatic carbons in the '*C NMR and molecular ion peak
at m/z 354.2224 (M") was observed, that corresponds to the molecular formula C,sH26N». Based
on these spectral data, the structure of the compound was established as 1,1,1',1'-tetramethyl

2,2'.4,4'- tetrahydro-1H,1'H-3,3'-spirobi[cyclopenta[ b]indole] (118a).

= A O 10 mol %, Bi(OTf),
OuAROES G -
. N N 40°C,24 h

H H

105a

118a

Scheme 1.42 : Reaction of 105a with acetone in presence of Bi(OTf);

The reaction of indole with acetone furnished bis(indolyl)propane (105a) in 74% yield after 5 min
and on prolonging the reaction 118a was isolated in 20% yield. It was clear that initially 105a is
formed by condensation of indole and acetone, which further reacts with acetone to gave 118a
(Scheme 1.42). To confirm this, we reacted isolated 105a with acetone under similar condition
and found that 105a gave 118a in 68% yield after 24 h. Therefore, it was assumed that 105a is
probably intermediate in the synthesis of 118a.
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Figure 1.11: 'H and '3C NMR spectra of 1,1,1',1'-tetramethyl-1,1',4,4'-tetrahydro-2H,2'H-3,3'-
spirobi[cyclopenta[b]indole] (118a) in CDCl3
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After obtaining 118a by increasing the reaction time for condensation of indole with acetone using
Bi(OTY); as a catalyst, we next optimized the reaction condition for improving the yield of 118a
by varying amount of acetone, reaction time, catalyst, and catalyst loading. The results are
summarized in Table 1.2.

Table 1.2: Optimization of reaction conditions for synthesis of 118a at 40 °C.

Sr. No Catalyst Moles (%) Solvent (mL) Time (h) Yield® (%)
1 Bi(OTf); 5 1.5 24 20
2 Bi(OTf); 10 1.5 24 56
3 Bi(OTf); 5 3 24 64
4 Bi(OT*)3 10 3 24 68
5 Bi(OTf); 10 3 2 15
6 Bi(OTf); 10 3 6 35
7 Bi(OTf); 10 4 24 64
8 Bi(OTf); 15 3 24 65
9 Bi(OTf); 20 3 24 58
10 Sc(OTf); 10 3 24 32
11 In(OTf)3 10 3 24 57
12 AgOTf 10 3 24 66
13 IL-SO;H 10 3 24 58
14 Cu(OTf), 10 3 24 NR®
15 p-TSA 10 3 24 Trace
16 Yb(OTH); 10 3 24 NA®
17 TFA 10 3 24 Trace
18 InBr3 10 3 24 Trace
19 HOTf 10 3 24 —

“Isolated yield. ® No product formed. ¢Reaction was sluggish with a mixture of several compounds.

As indicated in Table 1.2, the yield of 118a increased from 20% to 68% with increasing catalyst
loading to 10 mol % and volume of acetone to 3 mL (Table 1.2, entry 4). Further increase in
catalysts loading and amount of acetone did not improve the yield of 118a. We also screened other
catalysts viz. Sc(OTf)3, Yb(OTHf)s, In(OTf)3, Cu(OTH)2, InBr3, AgOTTf, IL-SO3H, p-TSA, and TFA.
Although Sc(OTY)3, In(OTf)3, AgOTf and IL-SOsH gave good yield of 118a but Bi(OTf); was
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found to give the highest yield (68%) under similar conditions. With optimized conditions in hand,
we explored the generality of the reaction using substituted indoles. A series of
spirobi[cyclopenta[b]indole] was prepared and results are shown in Table 1.3. Indole substituted
with the electron-donating group afforded comparably better yield than indoles substituted with
the electron-withdrawing group. It is noteworthy to mention that 5-nitroindole did not react with
acetone under these conditions.

Table 1.3 : Synthesis of spirobi[cyclopenta[b]indoles] (118a-118g)

Entry R? Product Time (h) Yield® (%)
! 24 68
1 H O O 118a
N 1 65°
H
N
H5;C
2 CHs ’ O O 118b 1 80
N CH;
H
N
H;CO
3 OCH; O O 118¢ 8 75
N OCH;

H
N
BnO
4 0Bn O O 118d 8 71
N OBn
H
N
Cl
5 cl O O 118e 24 52
N Cl
H
N
F
6 F O O 118f 24 61
N F

H
N
B
7 Br r O O 118g 4 30°
” Br

“Isolated yield. ® At reflux condition.
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When N-methylindole was reacted with acetone instead of the expected 3,3'-spiro-
bi[cyclopenta[b]indole] derivative, N-methylindolyl-cyclopenta[b]indole i.e. 1,2,3,4-tetrahydro-
1,1,3,4-tetramethyl-3-(1-methyl-1H-indol-3-yl)cyclopenta[b]indole (119a) was obtained. The
structure of 119a was confirmed by '"H NMR, *C NMR, and mass spectrometry data. In the 'H
NMR spectra, five singlets appeared at 6 1.48, 1.53, 1.88, 3.30, and 3.74 each for three protons,
two doublets at 6 2.43 and 2.89 each for one proton and a multiplet in the region ¢ 6.84—7.62 for
nine protons. These data were in agreement with the reported NMR for 119a by Bergman et al.l*!
In the '*C NMR, peaks for eight carbons appeared in the aliphatic region along with aromatic
carbons. HRMS showed a peak at m/z 343.2173 that corresponds to the molecular formula
C24H27N," for [M+H]" ion.

< o onN Lo 0 M 0
~ M oK LI @ N,
(s} Mm NN NN — =
I RN I

N
119a \

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
f1 (ppm)

Figure 1.12a: 'H NMR spectra of 1,1,3,4-tetramethyl-3-(1-methyl-1H-indol-3-yl)-1,2,3,4-
tetrahydrocyclopenta[b]indole (119a) in CDCl;
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Figure 1.12b: '3C NMR spectra of 1,1,3,4-tetramethyl-3-(1-methyl-1H-indol-3-yl)-1,2,3,4-
tetrahydrocyclopenta[b]indole (119a) in CDCl;

Finally, the structure of 119a was unambiguously confirmed by single crystal X-ray
crystallographic analysis (Fig. 1.10). The structure and spectral data of 119a were in agreement
with the earlier reported product of the reaction between N-methylindole with acetone (Table

1.4).%

Fig 1.13: A perspective view of 119a showing 50% thermal ellipsoids and heteroatom (/) labels
in blue color (CCDC 957557). Hydrogen atoms are omitted for clarity.
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Table 1.4: Crystallographic parameters for 119a

Formula C24H26N> Z 4
Formula wt 342.47 Pealed (Mg M) 1.164
Crystal size, colour, 0.26 mm x 0.24 mm x 1
shape 0.21 mm, colourless, Absorp. coeff. (mm™) 0.07
block
Space group Orthorhombic, Pra2; Temp, K 293
a, A 12.8233 (9) Total no. data 8890
b, A 16.9231 (15) No. unique data 3447
c, A 9.0073 (6) Obs. data® 2125
a, ° 90 R,*% 0.076
b, ° 90 wR2,“% 0.200
y, °© 90 No. of parameters 240
v, A3 1954.7 (3) Max/min peaks, e A~ 0.22/-0.40

“Observation criterion : I > 2a(I). °[F>> 26(F)]. ¢ w = 1/[c*(F,’) + (0.0874P)* Where P = (F,>+ 2F2)/3.

A further variation of the substituent on N-methylindole was studied and it was found that N-
methylindoles with electron donating groups gave corresponding N-methylindolyl-
cyclopenta[b]indole derivatives (119), whereas N-methylindoles with electron withdrawing
substituted gave  bis(N-methylindolyl)propane  (105) instead of N-methylindolyl-
cyclopenta[b]indoles (119). Results for the synthesis of cyclopenta[b]indole derivatives are given
in Table 1.5. It is noteworthy to mention that the reaction of N-methylindoles substituted with an
electron donating group at 5-position could not be stopped at bis(indolyl)propane even by using 5
mol % of Bi(OTf); and 1.5 mL acetone. They gave a remarkably good yield of the corresponding
cyclopenta[b]indoles (Table 1.5, entries 1-3).
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Table 1.5: Synthesis of 3-indolyl-1,1,3-trimethyl-cyclopenta[b]indoles (119a-119d)

Entry R' R? Product Time (min)  Yield® (%)
1 H CH; O \ O 119a 60 74
N \
|
N
\
Me Me
2 CH; CH O \ O 119b 6 78
N \
|
N
\
H3CO OCH3
3 OCH; CH; O § ) O 119¢ 8 76
N \
|
N
\
HsCO OCH,
4 OCH; H O \ O 119d 6 72
N \
H NH

solated yield.

It is worth to mention that not only N-methylindoles but 5-methoxyindole also resulted in the
formation of 3-indolyl-1,1,3-trimethyl-cyclopenta[b]indoles derivative (119d) on reaction with
acetone in the presence of 5 mol % of Bi(OTf); in 6 minutes of reaction time. This indicates that
the product distribution depends on the electronic effect of indole ring and does not depend on the
catalyst loading and amount of acetone used. Very recently, Alcaide et al. have synthesized
dihydrocyclopenta[b]indolone through proton-catalyzed carbocyclization of allenone.!!?]

After synthesizing spirobi[cyclopenta[b]indole] derivatives and cyclopenta[b]indoles, we turned
our attention towards synthesis of bis(indolyl)propanes (105). The results for the synthesis of
bis(indolyl)propanes are shown in Table 1.6.
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Table 1.6: Synthesis of bis(indolyl)propanes (BIPs) (105a-105g)

Entry R' R’ Product Time (min)  Yield® (%)
1 H H Q , \ O 105a 5 65
HN NH
cl cl
2 Cl H Q O 105b 10 69
| |
HN NH
Br Br
3 Br H Q O 105¢ 10 66
| |
HN NH
R F
4 F CH; Q O 105d 5 62
| \
N N
/ \
cl cl
5 Cl CH; O O 105¢ 5 72
| \
N N
/ \
Br Br
6 Br CH; Q O 105f 5 64
| \
N N
/ \
H3CO OCHj,4
7  OCH; H Q O 105g 5 48
| |

HN NH

solated yield.
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Indoles with both electron donating and electron withdrawing groups in the indole ring as well as
N-methyl substituted indoles reacted smoothly under these conditions to give corresponding
bis(indolyl)-propanes in good (48—72%) yield. The reaction time is very short, and the catalyst can
be recovered and reused. The mechanism of the reaction is believed to be similar to that reported
by Bergman group!®! with initial formation of indolyl carbinol which may generate vinyl indole
as intermediate. Consequent reaction of this with acetone and indole results in the formation of
bis(indolyl)propane, 3-indolylcyclopenta[b]indoles (119) and 3,3'-spirobi[cyclopenta[b]indole]
(118).

1.6 Conclusions

The products of the reaction between indole derivatives and acetone in the presence of Bi(OTf)3
as a catalyst depends on the reaction conditions and the substituent on the indole ring. By
appropriately adjusting the reaction condition and taking suitable indole derivatives we could
synthesize 3,3'-spirobi[cyclopenta[b]indole], 3-indolylcyclopenta[b]indoles and
bis(indolyl)propanes. The reaction conditions for the synthesis of spiro-indoles are benign and
require less time with improved yield as compared to previously reported methods using protic

acids.

1.7 Experimental

General information

Indole and metal triflates were purchased from Sigma-Aldrich, India and acetone were purchased
from Merck, India. All other reagents were purchased from commercial sources and used as
received. Melting points were determined by the open capillary tube method using a melting point
apparatus (EZ-Melt) and are uncorrected. The 'H and '*C NMR spectra were recorded on a Bruker
(300 MHz & 400 MHz) and Varian 500 MHz NMR spectrometer. High-resolution mass spectra
(HRMS) were recorded on a quadrupole time-of-flight (qTOF) mass spectrometer. X-ray
crystallographic data were collected on a CCD diffractometer. Thin layer chromatography (TLC)
was performed on pre-coated alumina sheets and detected under UV light. Silica gel (100-200

mesh) was used for column chromatography.
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Representative procedure for the synthesis of 5-chloro-1-methyl-1H-indole (105¢): A mixture
of 5-chloro-1-methyl-1H-indole (0.166 g, 1.0 mmol), acetone (1.5 mL) and Bi(OT*); (0.066 g, 0.1
mmol) in a round bottom flask of 10 mL was stirred for 5 minutes at room temperature. The
progress of the reaction was monitored using TLC (hexane—ethyl acetate 1 : 9 v/Av). After
completion of the reaction, the reaction mixture was diluted with water (5 mL) and extracted with
dichloromethane (2 x 10 mL). The combined organic phases were dried over anhydrous Na>SO4
and evaporated under vacuum. The residue was purified by column chromatography on silica gel

(100-200 mesh) to afford the pure product 105e ( 0.268 g) as a white solid in 72% yield.

3-(2-(1H-Indol-3-yl)propan-2-yl)-5-methyl-1H-indole (105a)
Yield 65%; white solid; mp 158-160 °C; '"H NMR (500 MHz,
CDCl3) 6 7.76 (s, 2H), 7.41 (d, J= 8.0 Hz, 2H), 7.27 (d, J= 8.1 Hz,
N \ ! N 2H), 7.09-7.03 (m, 2H), 6.98 (d, J = 2.4 Hz, 2H), 6.90-6.84 (m,
- - 2H), 1.90 (s, 6H); '3*C NMR (125 MHz, CDCl;) 6 137.1, 126.3,
125.5, 121.4, 121.3, 120.5, 118.7, 111.1, 34.9, 30.0; ESI-MS m/z calcd for Ci9H19N>" 275.1543,
found 275.1566 [M+H]".
3,3'-(Propane-2,2-diyl)bis(5-chloro-1H-indole) (105b)
. Yield 69%; white solid; mp 146-148 °C; 'H NMR (500 MHz,
¢ “ CDCl) 0 7.97 (s, 1H), 7.26 (s, 1H), 7.22 (d, J= 8.6 Hz, 2H), 7.13
Q \ / O (s, 2H), 7.02 (d, J= 8.5 Hz, 2H), 1.85 (s, 6H); '*C NMR (125 MHz,
” ” CDCl) o0 135.4, 127.2, 124.8, 124.3, 121.9, 121.7, 120.3, 112.1,
34.5,29.8; ESI-MS m/z calcd for C19H;6ClN2Na* 365.0583, found

365.0565 [M+Na]".
3,3'-(Propane-2,2-diyl)bis(5-bromo-1H-indole) (105c¢)
\ Yield 66%; colorless solid; mp 157-159 °C; '"H NMR (500 MHz,

(dd, J = 8.6, 1.5 Hz, 2H), 7.09 (d, J = 2.4 Hz, 2H), 1.85 (s, 6H);
13C NMR (125 MHz, CDCL) 6 135.7, 127.9, 124.7, 124.4, 123.3,
121.6, 112.6, 112.1, 34.6, 29.8; ESI-MS m/z caled for
C1oH17BraNy" 430.9753, found 430.9772 [M+H]" and 432.9741 [M+H+2]*

Br Br
Q O CDCh) 0 7.96 (s, 1H), 7.44 (s, 1H), 7.18 (d, /= 8.6 Hz, 2H), 7.15
Wl
N N
H H
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3,3’-(Propane-2,2-diyl)bis(5-fluoro-1-methyl-1H-indole) (105d)
Yield 62%; colorless solid; mp 168-169 °C; 'H NMR (500

" —
MHz, CDClL) 6 7.12 (dd, J= 8.9, 4.4 Hz, 2H), 6.98 (s, 2H), 6.92
Q \ | O (dd, J=10.4, 2.5 Hz, 2H), 6.83 (td, J = 9.0, 2.5 Hz, 2H), 3.74

N N

/ \

(s, 6H), 1.81 (s, 6H); 3C NMR (125 MHz, CDCL) 6 157.7 (d, J
=233.1 Hz) 1344, 126.7, 126.8 (d, J=10.08 Hz), 123.5 (d, /=
5.04 Hz), 109.6 (d, J = 10.08 Hz), 109.4 (d, J = 26.46 Hz) 105.9 (d, J = 23.94 Hz), 34.4, 32.1,
30.0; ESI- MS m/z calcd for C21H20F2NoNa' 361.1487, found 361.1503 [M+Na]".
3,3’-(Propane-2,2-diyl)bis(5-chloro-1-methyl-1H-indole) (105¢)

Yield 72%; colourless solid; mp 198-200 °C; 'H NMR (500

Cl Cl
MHz, CDCL) 6 7.30-7.29 (m, 2H), 7.15 (d, J = 8.7 Hz, 2H),
O @ O 7.05 (dd, J = 8.7, 2.0 Hz, 2H), 6.93 (s, 2H), 3.73 (s, 6H), 1.83
N N
/ \

(s, 6H); *C NMR (125 MHz, CDCl;) 6 136.2, 127.4, 126.6,
123.9, 123.3, 121.3, 120.4, 110.2, 34.5, 32.9, 30.1; ESI-MS
m/z calcd for C21H21CLN2" 371.1076, found 371.1065 [M+H]".
3,3'-(Propane-2,2-diyl)bis(5-bromo-1-methyl-1H-indole) (105f)

Yield 64%; colorless solid; mp 220-222 °C; '"H NMR (500

Br Br
MHz, CDCl3) ¢ 7.45 (d, J= 1.5 Hz, 2H), 7.18 (dd, J=8.7, 1.8
Q \ | O Hz, 2H), 7.13 (d, J = 8.6 Hz, 2H), 6.93 (s, 2H), 3.74 (s, 6H),
N N
/ \

1.83 (s, 6H); '3C NMR (125 MHz, CDCl;) ¢ 140.3, 131.1,
130.4, 127.7,127.2, 127.1, 115.4, 114.6, 38.4, 36.6, 33.1; ESI-
MS m/z caled for CpH2iBraN2" 459.0066, found 459.0058 [M+H]', 461.0046 [M+H+2]",
463.0038 [M+H+4]".
3,3'-(Propane-2,2-diyl)bis(5-methoxy-1H-indole) (105g)

. Yield 48%; liquid; 'H NMR (300 MHz, CDCl3) ¢ 7.79 (s,
H5;CO OCHj3

2H), 7.18 (d, J= 8.8 Hz, 2H), 7.04 (d, J=2.4 Hz, 2H), 6.84

Q N O (d, J=2.2 Hz, 2H), 6.74 (dd, J = 8.8, 2.4 Hz, 2H), 3.64 (s,
N N
H H

\\

e

6H), 1.88 (s, 6H); '3C NMR (75 MHz, CDCl;) ¢ 152.1,
132.4,126.8, 124.1, 121.4, 111.5, 111.0, 103.8, 55.8, 34.7,
29.6; ESI-MS m/z calcd for C21H23N20," 335.1754, found 335.1768 [M+H]".
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Representative procedure for the synthesis of 1,1,3,4-tetra-methyl-3-(1-methyl-1H-indol-3-
yD)-1,2,3,4-tetra-hydro-cyclopenta-|b]indole (119a)

A mixture of I-methylindole (0.132 g, 1.0 mmol), acetone (3 mL) and Bi(OTf)3 (0.066 g, 0.1
mmol) in a round bottom flask of 10 mL was stirred at 40 °C for 60 min. The progress of the
reaction was monitored by TLC (hexane—ethyl acetate 1 : 19 v/v). After completion of the reaction,
the reaction mixture was diluted with water (5 mL) and extracted with dichloromethane (2 x 10
mL). The combined organic phases were dried over anhydrous Na;SO4 and evaporated under
vacuum. The residue was purified by column chromatography on silica gel (100-200 mesh) to

afford the pure product 119a as a white solid in 74% yield.

1,1,3,4-Tetramethyl-3-(1-methyl-1H-indol-3-yl)-1,2,3,4-tetrahydrocyclopenta[b]indole
(119a)

Yield 74%; colorless solid; mp 178-179 °C; 'H NMR (500 MHz,
CDCh) 6 7.62 (d,J=7.4 Hz, 1H), 7.27 (s, 1H), 7.23-7.20 (m, 1H),
7.16 (d, J= 7.2 Hz, 1H), 7.14-7.12 (m, 1H), 7.10 (d, J=10.3 Hz,
1H), 7.07 (s, 1H), 6.87 (t, J = 7.5 Hz, 1H), 6.84 (s, 1H), 3.74 (s,
3H), 3.30 (s, 3H), 2.89 (d, /= 13.0 Hz, 1H), 2.43 (d, /= 13.0 Hz,
1H), 1.88 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H); *C NMR (125 MHz, CDCl;) 6 148.1, 141.5, 137.8,
126.1, 125.3, 124.9, 123.1, 122.2, 121.5, 120.5, 119.1, 118.9, 118.7, 118.4, 109.6, 109.1, 64.1,
42.2,38.5,32.7,30.9,30.4,29.6, 28.1; ESI-MS m/z calcd for C24H»7N>" 343.2169, found 343.2173
[M+H]".

3-(1,5-Dimethyl-1H-indol-3-yl)-1,1,3,4,7-pentamethyl-1,2,3,4-tetrahydro-cyclopenta-
[b]indole (119b)

~ Yield 78%; liquid; '"H NMR (500 MHz, CDCls) & 7.39 (s,
1H), 7.13 (dd, J= 16.9, 8.1 Hz, 2H), 7.07 (s, 1H), 6.98 (t, J
= 8.9 Hz, 2H), 6.68 (s, 1H), 3.67 (s, 3H), 3.36 (s, 3H), 2.90
(d, J=12.8 Hz, 1H), 2.48 (s, 3H), 2.42 (d, /= 12.8 Hz, 1H),
2.30 (s, 3H), 1.86 (s, 3H), 1.51 (s, 3H), 1.42 (s, 3H); 1°C
NMR (125 MHz, CDCls) o 148.2, 140.1, 136.3, 127.8,
127.8,126.3,125.5, 124.4,123.0, 122.5, 121.7, 121.4, 120.3, 118.3, 109.2, 108.9, 63.5, 42.4, 38.5,
32.7,30.9,30.4,29.9,28.2,21.6, 21.5; ESI-MS m/z caled for C26H31N2" 371.2534, found 371.2561
[M+H]".
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7-Methoxy-3-(5-methoxy-1-methyl-1H-indol-3-yl)-1,1,3,4-tetramethyl-1,2,3,4
tetrahydrocyclopenta[b]indole (119c¢)
Yield 76%; colorless solid; mp 144-146 °C; 'H NMR (300

MHz, CDCL;) & 7.16-7.04 (m, 3H), 6.84-6.75 (m, 3H),
6.29 (d, J = 2.2 Hz, 1H), 3.88 (s, 3H), 3.71 (s, 3H), 3.35
(s, 3H), 3.24 (s, 3H), 2.84 (d, J = 13.0 Hz, 1H), 2.44 (d, J
= 13.0 Hz, 1H), 1.87 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H);
13C NMR (75 MHz, CDCLs) & 153.6, 153.3, 148.8, 136.1,
133.0, 126.4, 125.6, 124.6, 123.1, 121.7, 111.7, 109.9, 109.8, 109.3, 101.8, 101.3, 64.2, 56.2, 55.3,
41.9, 38.4, 32.8, 31.1, 30.1, 29.6, 27.9; ESI-MS m/z caled for CasH34N:02" 420.3965, found
420.3946 [M+NH,]".

7-Methoxy-3-(5-methoxy-1H-indol-3-yl)-1,1,3-trimethyl-1,2,3,4-tetrahydro-cyclopenta-
[blindole (119d)

Yield 72%; pale-yellow solid; mp 186-188 °C; 'H NMR
(300 MHz, CDCl3) 6 7.79 (s, 1H), 7.47 (s, 1H), 7.17 (d, J =
8.8 Hz, 1H), 7.07 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 2.4 Hz,
1H), 6.75 (ddd, J = 8.3, 2.4 Hz, 2H), 6.48 (d, J = 2.3 Hz,
1H), 3.86 (s, 3H), 3.43 (s, 3H), 2.87 (d, J = 13.0 Hz, 1H),
2.47 (d, J = 13.0 Hz, 1H), 1.82 (s, 3H), 1.54 (s, 3H), 1.48
(s, 3H); 3C NMR (75 MHz, CDCl) 6 153.8, 153.5, 148.5, 136.1, 132.0, 126.1, 124.1, 123.5,
121.3,112.3,112.1, 111.8, 109.8, 101.9, 101.3, 65.4, 62.8, 56.1, 55.4, 42.0, 38.1, 30.8, 29.9, 28.3;
ESI-MS m/z caled for C24H27N202" 375.2067, found 375.2075 [M+H]".

Representative procedure for the synthesis of 1,1,1’,1'-tetra-methyl-2,2',4,4'-tetra-hydro-
1H,1'H-3,3'-spiro-bi[cyclopenta-[b]indole] (118a)

A mixture of indole (0.118 g, 1.0 mmol), acetone (3 mL), and Bi(OTf)3 (0.066 g, 0.1 mmol) in a
round bottom flask of 10 mL was stirred at 40 °C for 24 h. The progress of the reaction was
monitored by TLC (hexane—ethyl acetate, 15 : 85 v/A). After completion of the reaction, the
reaction mixture was diluted with water (5 mL) and extracted with dichloromethane (2 x 10 mL).
The combined organic phases were dried over anhydrous Na>xSO4 and evaporated under vacuum.
The residue was purified by column chromatography on silica gel (100-200 mesh) to afford pure
product 118a as a white solid in 65% yield.
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1,1,1',1'-Tetramethyl-2,2',4,4'-tetrahydro-1H,1'H-3,3'-spirobi [cyclopenta[b]indole] (118a)
Yield 65%; white solid; mp 246-248 °C (Lit.!''*' mp 248 °C);
"H NMR (400 MHz, CDCl5) 6 7.56 (dd, J = 5.9, 3.1 Hz, 2H),
7.45 (s, 2H), 7.19-7.15 (m, 2H), 7.11-7.05 (m, 4H), 2.76 (d, J
=13.1 Hz, 2H), 2.60 (d, /= 13.1 Hz, 2H), 1.57 (s, 6H), 1.49 (s,
6H); 3*C NMR (100 MHz, CDCL) 6 144.4, 141.1,127.7, 123.5,
121.3,119.7, 118.6, 111.9, 62.2, 49.3, 39.3, 30.4, 30.4; ESI-MS m/z calcd for C2sH27N>" 355.2224,
found 355.2239 [M+H]".

1,1,1',1',7,7'-Hexamethyl-2,2',4,4'-tetrahydro-1H,1'H-3,3'-spirobi[cyclopenta|bh]indole]
(118b)

Y Yield 80%; white solid; mp 160-162 °C; '"H NMR
(500 MHz, CDCls) 6 7.42 (s, 2H), 7.34 (s, 2H), 7.09
(d,J=8.2 Hz, 2H), 6.92 (d, J = 8.3 Hz, 2H), 2.74 (d,
J=13.1Hz, 2H), 2.57 (d, J= 13.1, 2H), 2.44 (s, 6H),
1.56 (s, 6H), 1.47 (s, 6H); >C NMR (125 MHz,
CDCh) 0 144.6, 139.3, 128.9, 127.2, 123.7, 122.6, 118.3, 111.5, 62.1, 49.3, 39.2, 30.4, 30.3, 21.5;
ESI-MS m/z calcd for C27H31N>" 383.2505, found 383.2482 [M+H]".

7,7'-Dimethoxy-1,1,1’,1'-tetramethyl-2,2',4,4'-tetrahydro-1H,1’'H-3,3'-spiro-
bi[cyclopenta[b]indole] (118¢)

Yield 75%; white solid; mp 238-240 °C; '"H NMR
(500 MHz, CDCl3) 0 7.48 (s, 2H), 7.12 (d, J=8.8
Hz, 2H), 7.01 (d, /= 2.4 Hz, 2H), 6.77 (dd, J= 8.8,
2.5Hz, 2H), 3.86 (s, 6H), 2.75 (d, J=13.1 Hz, 2H),
2.59 (d, J = 13.1 Hz, 2H), 1.56 (s, 6H), 1.49 (s,
6H); °C NMR (125 MHz, CDCl;) 6 154.0, 145.4, 136.2, 127.4, 123.8, 112.3, 110.5, 101.3, 62.1,
56.1, 49.3, 39.1, 30.2, 30.2; ESI-MS m/z caled for Ca7H31N202" 415.2407, found 415.2380
[M+H]".
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7,7'-Bis(benzyloxy)-1,1,1',1'-tetramethyl-2,2',4,4'-tetrahydro-1H,1' H-3,3'-spiro-
bi[cyclopenta[b]indole] (118d)

Yield 71%; colorless solid; mp 156-158 °C; 'H
NMR (500 MHz, CDCls) 6 7.49-7.45 (t, 5H), 7.38
(t, J=17.4 Hz, 5H), 7.32 (d, J = 7.3 Hz, 2H), 7.11
(d, J=8.8 Hz, 4H), 6.84 (dd, /= 8.7, 2.4 Hz, 2H),
5.10 (s, 4H), 2.73 (d, J = 13.1 Hz, 2H), 2.57 (d, J
= 13.1 Hz, 2H), 1.53 (s, 6H), 1.46 (s, 6H); *C NMR (125 MHz, CDCl;) § 153.2, 145.5, 137.7,
136.4, 128.5, 127.8, 127.6, 127.5, 123.8, 112.3, 111.2, 103.1, 71.2, 62.1, 49.3, 39.1, 30.2, 30.2;
ESI-MS m/z caled for C30H41N302" 583.2971, found 583.3003 [M+NH3]".

7,7'-Dichloro-1,1,1',1'-tetramethyl-2,2',4,4'-tetrahydro-1H,1'H-3,3'-spiro-
bi[cyclopenta[b]indole] (118e)

N Yield 52%; colorless solid; mp 280-282 °C; 'H NMR
(500 MHz, CDCls) ¢ 7.62 (s, 2H), 7.50 (d, J = 1.7 Hz,
2H), 7.14 (d, J= 8.6 Hz, 2H), 7.06 (dd, J = 8.6, 2.0 Hz,
2H),2.75(d,J=13.1 Hz, 2H), 2.61 (d, /= 13.1 Hz, 2H),
1.54 (s, 6H), 1.47 (s, 6H); *C NMR (125 MHz, CDCl5)
0 145.5,139.4, 127.6, 125.3, 124.3, 121.5, 118.0, 112.7, 61.1, 49.3, 39.2, 30.2, 30.2; ESI-MS m/z
caled for CosH24CLN>"™ 422.1344, found 422.1317 [M]".

7,7'-Difluoro-1,1,1',1'-tetramethyl-2,2',4,4'-tetrahydro-1H,1'H-3,3'-
spirobi[cyclopenta[b]indole] (118f)

Yield 61%; colorless solid; mp 226-228 °C; 'H NMR
(500 MHz, CDCl3) 6 7.57 (s, 2H), 7.18 (d, J = 9.2 Hz,
2H), 7.13 (dd, J = 8.6, 4.2 Hz, 2H), 6.85 (t, J = 8.2 Hz,
2H),2.76 (d,J=13.1 Hz, 2H), 2.60 (d, /= 13.1 Hz, 2H),
1.54 (s, 6H), 1.47 (s, 6H); 3C NMR (125 MHz, CDCl;)
0 158.7 (d, J=235.62 Hz), 146.1, 137.5, 127.1 (d, J=3.78 Hz), 123.6 (d, /= 10.08 Hz), 112.2 (d,
J=10.08 Hz), 109.4 (d, J=26.48 Hz), 103.7 (d, J=23.94 Hz), 62.0, 49.3, 39.2, 30.2, 30.1; ESI-
MS m/z caled for CasHa7FaN3™ 407.1965, found 407.1968 [M+NH;3]".
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7,7'-Dibromo-1,1,1',1'-tetramethyl-2,2',4,4'-tetrahydro-1H,1'H-3,3'-spiro-
bi[cyclopenta[b]indole] (118g)

. Yield 30%; colorless solid; mp 216-218 °C; 'H NMR
(500 MHz, CDCl) 6 7.66 (s, 2H), 7.61 (s, 2H), 7.19 (d,
J=28.5 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 2.75 (d, J =
13.1 Hz, 2H), 2.60 (d, J = 13.1 Hz, 2H), 1.54 (s, 6H),
1.47 (s, 6H); 3C NMR (125 MHz, CDCl3) ¢ 145.3,
139.7, 127.6,125.0, 124.1, 121.1, 113.1, 112.1, 61.1, 49.2, 39.2, 30.3, 30.2; ESI-MS m/z calcd for
Ca5H24BraN2 510.0306, found 510.0332 [M]" and 512.0317 [M+2]".
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1.8 Introduction

Indole is the most ubiquitous heterocycle which is frequently found in natural products,

(114-117] Several naturally

pharmaceuticals, agrochemicals and other synthetic organic compounds.
isolated and synthetically prepared bis(indolyl) compounds!' '] (Figure 1.14) have been found to
exhibit various biological activities including antimicrobial, antibiotic, antitumor, anticancer,
antiviral, and antiproliferative. 1,1-Bis(indolyl)methanes have been found to inhibit colon cancer
cell and tumor growth.[''- 1201 Dye to their diverse biological properties, structural modification of

indole nucleus has attracted great attention of synthetic organic chemist in recent years.

1
NH
o /
oy U
N
H
1,1,3-tris(3-indolyl)butane Streptindole
N2 NH
/ NH HSC /
oy O, o ©
Br
N N
Br H H
2,2-bis(6'-bromo-3 -indolyl)-ethylamine Vibrindole A

Figure 1.14: Selected compounds containing bis(indolyl)methane scaffold

1.8.1 Acid-catalyzed polymerization of indoles

It is well documented that indole itself easily polymerizes to polyindole (dimer or trimer) under
various acidic experimental conditions.['?!) Early studies on dimerization and trimerization of
indoles pointed out that the nature of the polymer formation is affected by the substituent on indole,

acid concentration, nature of the solvent, temperature as well as by the nature of the acid.
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In 1913, Keller'??l characterized first indole trimer structure, which was further studied by
Schmitz-Dumont and co-workers, who proposed structure 130.!'2%! This structure failed to explain
many of the reactions, for example, formation of monoacyl but not diacyl derivatives under normal
conditions; formation of a tetra-acetyl derivative and further hydrolysis by dilute alkali to
monoacetyl tri-indole; decomposition occurred instead of formation of tri-N-nitroso derivative in
presence of nitrous acid (HNO>). Later in 1954 Smith** proposed a structure 132 for indole trimer,
accounting all the reactions of this compound so far observed. Further support for this structure is
the formation of Schiff base by the condensation of indole trimer 132 with one mol. of
benzaldehyde, which indicated the presence of the primary aromatic amino group in the indole

trimer 132.

131 133

Figure 1.15: Proposed structures for the indole dimer and trimer

The mechanistic pathway for the formation of indole 3,3’-trimer 132 is shown in Scheme 1.43.
The first step involved protonation of indole at the C-3 position to give cation A, which further
reacted with another molecule of indole to give indole dimer 133 as intermediate. In the second
step, the basic nitrogen () of intermediate 133 is protonated to give cation B which is sufficiently
electrophilic to be attacked by the C-3 position of another indole molecule to give the 3.3’-trimer

132.
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Scheme 1.43: Proposed mechanism for the synthesis of indole dimer 133 and indole trimer 132

Thesing and Mayer reported acid-catalyzed synthesis of bis(indolyl)methane (135) and
methylaniline (11) by the reaction of N-indol-3-ylmethyl-N-methyl-aniline (134) with an excess
of indole (1) in acetic acid at room temperature (Scheme 1.44).'2 This result provided an analogy

for the final step in the mechanism proposed for the trimerization of indole.

1

HN R1
S
e e v &4 I ()
®
/Nt) \ NH -H 1 Il? HN NH
Me H

1
R'=H, R=CH;3 35
134

Scheme 1.44: AcOH catalyzed synthesis of bis(indolyl)methane (135) from 134 and indole (1)

The indole dimer structure 131 proposed by Schmitz-Dumont, Hamann and Geller had no
specified possible mechanism but the correct structure of indole dimer 133 was confirmed by

SmithP®! through systematic degradation of indole dimer 133 and 131 as shown in Scheme
1.45.111
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~ NaBH,
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M w
N NH -
H
131

Scheme 1.45: Systematic structure correlation of indole dimer 133 and 131

The degradation of indole dimer 131 proposed by Schmitz-DuMont et al. lead to the formation of
formaldehyde and ketone 139, whereas 133 proposed by Smith gave 3-formylindole (136) and o-
dimethylaminobenzaldehyde (137) in 82% yield. Further, o-dimethylaminobenzaldehyde (137),
was reduced to 2-dimethylaminobenzyl alcohol (138) by NaBHa4.

In 1977, Ishii and co-workers reported new indole-2,3’-trimer 140 which is different from the
known 3,3’-trimer 132 by the self-addition of indole in the presence of p-toluenesulfonic acid (p-

TSA) in benzene at reflux condition (Scheme 1.46).[12°]

H,N
©U p-TSA, benzene 2
H reflux O
1

N
140 H
Yield: 39%

Scheme 1.46: p-TSA catalyzed synthesis of indole 2,3’-trimer 140
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The analytical data specified that the two indole trimers 140 and 132 should be assigned to two of
three possible isomers 132, 140, 141 (Figure 1.13). The known 3,3’-trimer 132 and its
monoacetate 142 have different melting points than the new 2,3’-trimer 140 and its monoacetate
143 as mentioned in the Figure 1.13. In addition, when both trimers 143 and 142 were treated for
Vilsmeier reaction using DMF and POCI;, the former 143 gave the monoformyl derivative 144 in
81% yield because of the unsubstituted C-3 position of indole nucleus while the latter 142 did not
afford any product. In the NMR spectrum (DMSO-dj), the presence of singlet for aldehydic proton
(1H) at 0 10.04 and absence of singlet for C-3 proton (1H) at 0 6.19 supported for the formation
of 144.

R M.P. R_R! M.P. 141
132 H 173-177°C 140 H H  105-107 °C
142 Ac  209-212°C 143 Ac H  168-171°C

144 Ac CHO 252-255°C
Figure 1.16: Three possible isomers of indole trimers 132, 140 and 141

In 1960, Noland and Kuryla confirmed the indole trimers 132 and 140 by an independent synthesis.
The AcOH-catalyzed condensation reaction of an excess of indole with o-nitrophenylacetaldehyde
gave o-nitro-bisindolyl product 146, which was converted to indole trimer 132 by the nitro group
reduction using hydrogenation over Raney nickel catalyst. The similar treatment of the same
reactants in the presence of anhydrous ZnCl, gave a mixture of 146 and an isomeric nitro derivative
147 in 13% and 32% yields, respectively. Further, catalytic reduction of the nitro group of pure
147 by Raney-Ni provided 140 (Scheme 1.47).11?7]
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132
Yield: 77%

ZnClz | | gole 146
AcOH O O
\
NH
\ NH HoN
O,N H,/ Ra-Ni
146 + —
) 72
N
N 140 H
147
Yield: 32%

Scheme 1.47: Two-step synthesis of indole trimer 132 and 140 using condensation followed by
hydrogenation reaction

In 1986, Bocchireported that the reaction of 3-bromoindole and indole in the presence of excess
of trifluoroacetic acid (TFA) in dry dichloromethane (DCM) at room temperature for 1 h gave
mixture of indole dimer 133 and trimers 149-151, 132 and 140 (Scheme 1.48).['2"]

(ig

151 (10%)

Scheme 1.48a: TFA-catalyzed synthesis of indole dimers and trimers
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Scheme 1.48b: Proposed mechanism for the synthesis of 149, 150 and 151

Th proposed mechanism for the synthesis of 149, 150 and 151 involves the attack of
bromoindolinium cation A on the indole substrate to give an intermediate which rearomatizes with
the loss of a proton and of hydrogen bromide (HBr), as shown in the Scheme 1.48b. It is previously
reported that the indole dimer 133 and trimers 132, 140 formed from the reaction of protonated

indole on indole itself.
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Ishii groupextended their work and reported the Plancher rearrangement reaction participation for
the conversion of indole 3,3’-trimer 132 to 2,3 -trimer 140. For this, the reaction of 3,3’-trimer
132 under a more strongly acidic condition such as p-toluenesulfonic acid in benzene gave 2,3’-
trimer 140 and indole (1) along with recovered 3,3 -trimer 132 in 23.1%, 19.5% and 3.3% yields,
respectively (Scheme 1.49).1'*! Similarly, the treatment of pure 146 with anhydrous zinc chloride
in acetic acid gave 2,3’-diindolylmethane 147 with trace amount of 146, without formation of
indole (1) itself. This evidence strongly support the formation of 2,3’-trimer 140 from the 3,3’-

trimer 132 via Plancher rearrangement (Scheme 1.49).

H
H C) N
HN
N o SO
\ HoN
H,N n
p-TSA, benzene Q /)
reflux, 8 h 7/ O
74 N
N H
N H
13y H (23.1%) @ (3.3%)
140 N 132
H
(19.5%)
1
O-N \ NH
2
ZnCl,, ACOH 146
e () 0
N
H
(32.67%)
147

Scheme 1.49: Synthesis of 140 and 147 via Plancher rearrangement from 132 and 146
respectively

Several other acidic conditions on the 3,3’-trimer 132 were studied and the results are tabulated in
table 1.7. The desired product 2,3’-trimer 140 was not formed in the presence of ZnCl>-AcOH at

room temperature, this may be due to poor solubility of 132 in AcOH at room temperature.
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Table 1.7: Yields of rearranged products from 3,3’-trimer 132 under various acidic conditions

Sr.No. Conditions Yield (%)
3,3’-trimer | Indole Dimer 2,3’-trimer
(132) (1) (133) (140)
1 p-TSA, Benzene, reflux, 8 h 3.3 19.5 - 23.1
2 BF3.Et0, rt, 5 days 9.6 5.0 26.9 33.9
3 ZnCl-AcOH, 105 °C, 4 h 15.3 4.6 6.1 30.7
4 ZnClh-AcOH, rt, 21 h 92.9 - - -

Subsequently, Ishii and co-workers executed the treatment of 2,3’-trimer 140 with p-TSA in
Dowtherm A which gave the indol-3-ylquinoline 153, indol-2-ylquinoline 154, tetramer 155 and
starting material 140 in 34.3%. 0.30%, 0.04% and 11.0% yields, respectively. On treating 2,3’-
trimer 140 with zinc chloride in acetic acid at room temperature for 32 h indol-3-ylquinoline 153

was obtained in 39.4% yield as sole product (Scheme 1.50a).!'3%!

HaN — p-TSA + (11.0%)
O Dowtherm A 140
4 O (34.3%)
N 153
140
ZnCl,-AcOH (0.04%)
r, 32 h 155

(0.30%
154

(39.4%)
153

Scheme 1.50a: Intramolecular recyclization of 2,3’-trimer 140 under p-TSA, Dowtherm A and
ZnChL-AcOH conditions
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Rearrangement of 2,3’-trimer 140 to the products 153 and 154 invovles Plancher rearrangement

reaction as shown in Scheme 1.50b.

Plancher
rearrangement

Intramolecular

recyclization

Scheme 1.50b: Mechanism for the synthesis of 153 and 154 from 140

Indole (1) treated with p-TSA in Dowtherm A, indol-3-ylquinoline 153, indol-2-ylquinoline 154,
dihydro-dimer 156 and tetramer 155 were obtained in 22.2%, 0.57%, 1.1% and 6.0% yields,
respectively (Scheme 1.51a). It is believed that the tetramer 155 is produced by dimerization of
dimer 133 via electrocyclic cyclization of 157 followed by oxidation as shown in Scheme 1.51b.

However, when 2,3’-trimer 140 was treated under same reaction conditions it afforded 155 in a

very low yield (0.04%) (Scheme 1.50a).
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N\ p-TSA
_—
N  Dowtherm A
H
1

(1.1%)
156
Scheme 1.51a: p-TSA catalyzed polymerization of indole (1)

1) electrocyclic
cyclization

2) oxidation

HoN
155

Scheme 1.51b: Mechanism for the synthesis of 155
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This might be due to the formation of a small amount of indole from the cation E under acidic
conditions through the pathway shown in Scheme 1.50b.
Chakrabarty and co-workers reported 98% formic acid catalyzed formation of indole dimer 133

and trimer 132 in 32% and 30% yields, respectively (Scheme 1.52).1131]

\\ _ 98% HCOOH _ ! N
N rt N NNH
H

H
(1) (32%)
133

Scheme 1.52: Formic acid-catalyzed synthesis of 132 and 133

Jaisankar group demonstrated InCls-catalyzed synthesis of indole dimers 133 and trimers 132 in
dichloromethane (Scheme 1.53).!'3?! Here, indole (1) undergo self-addition to afford 3,3’-trimer
132 and unexpected 3-acetylindole in 46% and 40% yields, respectively. In case of 5-
methoxyindole and N-substituted indole derivatives, indole dimers 133 and trimers 132 were
formed in fairly good yield as shown in Scheme 1.53. The reaction of 3-substituted indole under

same reaction conditions did not produce any product and starting material recovered.

R2 R2 O
InCls, DCM O .
28 °C N NN,

A\
N
1 1

R’ RZ 133 132

H Ts 61 0
H Me 51 34
OMe H 0 74
OMe Ts 71 0
OMe Me 53 0

Scheme 1.53: InCl; catalyzed synthesis of indole dimer 133 and trimer 132
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Lewis acid catalyzed reactions are of great interest in organic synthesis!'** 134! but most of these
conventional Lewis acids promoted reactions require a stoichiometric amount of catalysts and
anhydrous conditions.['**] As mentioned in introduction, rare earth metal triflates have been found
as the unique green Lewis acid.[**) They have been employed for several carbon-carbon and
carbon-heteroatom bond formation reactions!'3’14% in excellent yields. They are water tolerant,
less toxic, non-corrosive and reusable without much loss in activity. In continuation of our interest
in the catalytic application of metal triflates, we have studied the polymerization of indole (1) in

presence of catalytic amount of scandium triflate Sc(OTH)s.
1.9 Results and discussion

Initially, we started the reaction of 1 mmol of indole with 10 mol % of scandium triflate Sc(OTf)3
in 5 mL of dichloromethane (DCM). Progress of the reaction was monitored by thin layer
chromatography, after 24 h a new spot appeared along with starting material which was purified
by column chromatography. The NMR analysis of the product was consistent with 3,3'-trimer
132a (systematic name: 2-(2,2-di(1H-indol-3-yl)ethyl)aniline) and not with 2,3'-trimer 140
(systematic name: 2-(2-(1H-indol-2-yl)-2-(1H-indol-3-yl)ethyl)aniline), as "H NMR of 3,3'-trimer
132a showed a triplet at 6 4.85 and a doublet at 6 3.35 for one proton and two protons, respectively
having same coupling constant J = 7.5 Hz and singlet at 6 4.67 for two protons of primary aromatic
amine (—NH>). In aromatic region, in addition to peaks in the range of ¢ 6.33-7.52 for 14 protons,
broad singlet was observed at ¢ 10.68 for two protons of - NH of indole, whereas absence of singlet
peak at 6 6.22 for C-3 proton of indole and two separate broad singlet peaks at & 10.84 and ¢ 10.88
for two unsymmetrical -NH proton of indole of 2,3'-trimer 140 differs the structure from 3,3'-
trimer 132a.012% 1281291 Qimilarly, in the '*C NMR of 3,3'-trimer 132a two peaks appeared at ¢
36.3 and 6 32.9 while other fourteen aromatic carbons appeared in the range of 0 111.7 — 146.7
which is again are consistent with 3,3"-trimer structure. Based on 'H and '*C NMR data it was
concluded that the structure of the product is 3,3’-trimer 132a (Figure 1.14). The isolated yield of
the product was 60% (Scheme 1.54).
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\NH
@ 10 mol %, Sc(OTf)s HN
N 40 °C, DCM O Y O
H 24 h \
(1) 140 1
(fg;/;) (Not formed)

Scheme 1.54: Sc(OTY); catalyzed synthesis of 3,3'-trimer 132a
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Figure 1.17a: '"H NMR spectra of 2-(2,2-di(1H-indol-3-yl)ethyl)aniline) (132a) in DMSO-ds
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Figure 1.17b: 1*C NMR spectra of 2-(2,2-di(1H-indol-3-yl)ethyl)aniline) (132a) in DMSO-d;

Bisai et al.'"*! has also observed formation of 3,3'-trimer 132a in 55% yield by treating indole
with 10 mol % In(OTf); during his work on Friedel-Crafts alkylations of 3-hydroxy-3-
methyloxindole with indole.

To increase the yield of the product we further screened different solvents as shown in Table 1.8
using Sc(OTH1); (10 mol %) as catalyst. It was found that best yields were obtained in DCM (60%)
and dichloroethane (48%) whereas other solvents such as acetonitrile, 1,4-dioxane and ethanol
afforded very low yields. It is worth to mention that in some of these solvents the formation of
intermediate product 3-(indolin-2-yl)-1H-indole 133a was obtained in less than 5% yield and the
starting material was recovered. Thus, we selected DCM as the solvent of choice for further study.
Next, we studied the effect of different metal triflates as catalysts in DCM and results are shown
in Table 1.8. Among different triflates screened such as Sc(OTf)3, Bi(OTf)s, AgOTE, Ce(OTHf)s,
Yb(OT*)3, Cu(OTf)2, Y(OTH)3, In(OTf)3, Eu(OTf); and La(OTf)s, Sc(OTf); gave the best yield

(60%). In absence of catalysts, no conversion was observed.
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Table 1.8: Effect of solvents and catalyst M(OTf), on synthesis of 3,3'-trimer 132a

HoN
M(OTf),, Solvent

oY

40°C, 24 h H
H 133a
(1)
132a
Entry Catalyst (10 mol %) Solvent Yield (%)°

132a 133a
1 Sc(OTf)3 Dichloromethane 60 0
2 Sc(OTH)3 Dichloroethane 48 0
3 Sc(OTf)3 Chloroform 27 0
4 Sc(OTf)3 Toluene 19 <5¢
5 Sc(OTf)3 Acetonitrile 10 <5¢
6 Sc(OTf)3 1,4-Dioxane <5¢ 0
7 Sc(OTf)3 Ethanol <5¢ 0
8 Bi(OTH); Dichloromethane 32 0
9 AgOTf Dichloromethane 18 <5¢
10 Ce(OTH)3 Dichloromethane 12 <5¢
11 Yb(OTH)s Dichloromethane <5¢ 0
12 Cu(OTf) Dichloromethane -d -d
13 Y(OTf)3 Dichloromethane <5°¢ 0
14 In(OTH)3 Dichloromethane 55 0
15 Eu(OTf)3 Dichloromethane 16 <5¢
16 La(OTf)3 Dichloromethane 14 <5¢

#Reaction condition: Indole (1 mmol), M(OTf), (10 mol%), Solvent (5 ml) at 40 °C for 24 h;
"Isolated Yield; “Based on TLC, product was not isolated; 9complex TLC

After performing solvent and catalyst study, we standardized catalyst loading, reaction time and

temperature. As shown in Table 1.9, the yield of 132a increased from 49% to 66% on increasing

catalyst loading from 5 mol % to 15 mol % (Entry 1-3, Table 1.9). Further increase in catalyst

loading did not improve the yield but resulted in sluggish reaction with a mixture of products 132a

and 133a. Increasing reaction time from 24 h to 72 h did not result in an increase in yield (Entry

6, Table 1.9). Also increasing reaction temperature from 40 °C to 80 °C resulted in the

disappearance of 132a.
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Table 1.9: Effect of catalyst loading and temperature on synthesis of 3,3'-trimer 132a

Catalyst loading

Entry (mol %) Temp ( °C) Time (h) Yield (%)*
132a 133a
1 5 40 24 49 0
2 10 40 24 60 0
3 15 40 24 66 0
4 20 40 24 65° <5¢
5 15 25 24 52 0
6 15 40 72 64 <5¢
7 100 40 24 d d

Tsolated yield; *At 80 °C no formation of 132a was observed; ‘Based on TLC, product was not isolated;

dcomplex TLC

Finally, to examine the scope of the protocol we synthesized different 3,3'-trimers 132a-132i by

reacting substituted indoles in the presence of 15 mol % Sc(OTH); as catalyst in dichloromethane.

The results are shown in Table 1.10. It was observed that C-5 and C-6 substituted indole (R' = H)

with electron withdrawing group 60b-60f afforded a lower yield of 132b-132f as compared to that

with electron donating group of 60h-60i (Table 1.10). Whereas, indole with strong electron

withdrawing cyano group of 60g was unable to produce the corresponding product. In the case of

4-methylindole (60j), 3-(indolin-2-yl)indole 133j was obtained in 50% yield (Table 1.10). The

structure of compound 133j was confirmed by 'H and '*C NMR data as shown in figure 1.15.
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Table 1.10: Sc(OTf); catalyzed synthesis of 3,3'-trimer [or 3,3'-(0-aminophenethylidene)di-
indole] 132 and 3-(indolin-2-yl)indole 133

R2
@f% 15 mol % Sc(OTf;
N DCM, 40 °C
R 24 h
60
Indole 60 yield (%)*

Entry R? R? 132 133
a H H 66 0
b H 5-Cl 54 0
C H 5-Br 52 0
d H 5-F 51 0
e H 6-Cl 52 0
f H 6-COOCH:;3 45 0
g H 5-CN 0 0
h H 5-OCHs 76 0
i H 5-CHs 74 0
j H 4-CHs 0 50
k CHs H 54 0
| CHs 5-Br 50 0
m CHs 5-CH;3; 0 56
n CHs 5-OCHs; 0 58

solated yield

Next, we turned our attention towards the N-methylindole and it’s derivatives. We found that 60k
and 601 on treatment with Sc(OTf); under the optimized reaction conditions gave the desired
products 132k and 1321 in 54% and 50% yields, respectively along with starting material (Table
1.10). Surprisingly, 5-methyl-N-methylindole (60m) and 5-methoxy-N-methylindole (60n)
afforded corresponding dimer 133m and 133n instead of the trimer, in 56% and 58% yields,
respectively. It was also observed that azaindole and 3-substituted indoles did not undergo this

type of reaction.
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Consistent with the previous reports,!*!* 12! we speculated that the actual mechanism for the
formation of dimer 133 and trimer 132 in the presence of Lewis acid such as metal triflates, might
be electrophilic substitution in nature. The substituent effect of substrate 60 and the product
formation is in consistence with the proposed mechanism (Scheme 1.55). When electron
withdrawing groups present on the indole ring it reduces the nucleophilicity and results into the
lower yields of products compared to electron donating groups. Initially, Sc(OTf)3 co-ordinates to
the C-3 carbon of indole 60 to generate indolinium cation A this could reacts with second molecule
of indole to afford indole dimer 133, which has been isolated in case of 60j, 60m and 60n whereas
in other cases it further gets converted into the intermediate D that acts as a Michael acceptor to

react with third molecule of indole 60 to furnish the final indole-3,3'-trimer product 132.

A\ Sc(0ThH;

—_—
N

60 R

Scheme 1.55: Proposed mechanism for the synthesis of dimer 133 and trimer 132
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1.10 Conclusions

In conclusion, we have studied scandium triflate catalyzed polymerization of indole and found that
the product formation is dependent on the substituent present on the indole ring. In case of indole
with electron withdrawing or donating groups 60(a-i) afforded the corresponding indole-3,3'-
trimer 132(a-i) in fairly good yield except 4-methylindole which gaves indole dimer 133j whereas
N-methylindole and its 5-bromo derivative with electron withdrawing group afforded indole-3,3-
trimer 132k and 1321 respectively, but in case of electron donating groups 60(m-n) furnished
indole dimer 133(m-n). We have synthesized few new dimer and trimer compounds such as 132b
- 132f, 132i, 133j, 1321 and 133m, while other compounds analytical data are matched with the

corresponding synthesized compounds.

1.11 Experimental

General information

Indole and metal triflates were purchased from Sigma-Aldrich, India melting points were
determined by the open capillary tube method using a melting point apparatus (EZ-Melt) and are
uncorrected. IR Spectra were recorded on an FT-IR spectrometer and the values are expressed in
cm™!. The 'H and "*C NMR spectra were recorded on a Bruker (300 MHz & 400 MHz) NMR
spectrometer. Thin layer chromatography (TLC) was performed on pre-coated alumina sheets and

detected under UV light. Silica gel (100-200 mesh) was used for column chromatography.

General procedure for the synthesis of substituted 3,3’-(0-aminophenethylidene)di-indole
132 and 3-(indolin-2-yl)indole 133 : A mixture of substituted indole 60 (1.0 mmol),
dichloromethane (5 mL) and Sc(OTf); 15 mol % in a round bottom flask of 10 mL was stirred for
24 h at reflux. The progress of the reaction was monitored using TLC (ethyl acetate-hexane 6 : 4
v/v). After completion of the reaction, the reaction mixture was diluted with water (5 mL) and
extracted with dichloromethane (2 x 10 mL). The combined organic phases were dried over
anhydrous Na>SOs4 and evaporated under vacuum. The residue was purified by column

chromatography on silica gel (100—200 mesh) to afford the pure product 132 or 133.
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2-(2,2-Di(1H-indol-3-yl)ethyl)aniline (132a)

Yield 62%; brown solid; mp 169—170 °C; FT-IR vmax (KBr):
3433, 3333, 3209, 3055, 2932, 1620, 1450, 1250, 802, 748 cm™;
"H NMR (300 MHz, DMSO-ds) 6 10.68 (s, 2H), 7.52 (d, J= 7.9
Hz, 2H), 7.30 - 7.22 (m, 4H), 6.97 (t, J="7.1 Hz, 2H), 6.90 — 6.73
(m, 4H), 6.56 (d, J = 6.9 Hz, 1H), 6.33 (t, /= 6.8 Hz, 1H), 4.85
(t, J = 7.5 Hz, 1H), 4.67 (s, 2H), 3.35 (d, J = 6.4 Hz, 2H); 1°C
NMR (75 MHz, DMSO-ds) 6 146.7, 136.9, 129.6, 127.1, 126.5, 125.1, 122.7,120.9, 119.5, 119.1,
118.3,116.6, 115.1, 111.7, 36.3, 32.9.

2-(2,2-Bis(5-chloro-1H-indol-3-yl)ethyl)-4-chloroaniline (132b)

f Yield 54%; brown solid; mp 104—106 °C; FT-IR vmax
(KBr): 3441, 2932, 1458, 1273, 1095, 802, 741 cm™; 'H
NMR (400 MHz, DMSO-ds) 0 11.00 (s, 2H), 7.48 (dd, J
=17.9, 1.9 Hz, 2H), 7.31 (d, J= 8.6 Hz, 2H), 6.98 (dd, J
=8.6, 1.9 Hz, 2H), 6.90 (d, /=2.3 Hz, 1H), 6.82 (dd, J =
8.5, 2.4 Hz, 1H), 6.59 (d, J = 8.5 Hz, 1H), 5.05 (s, 2H),
4.87 (t,J=7.6 Hz, 1H), 3.31 (d, J= 7.6 Hz, 2H); '3C NMR (100 MHz, DMSO-ds) 6 145.9, 135.3,
129.2,128.1, 126.5, 126.3, 124.7, 123.1, 121.1, 119.6, 118.7, 118.4, 116.3, 113.3, 35.7, 32.1;
2-(2,2-Bis(5-bromo-1H-indol-3-yl)ethyl)-4-bromoaniline (132c)

Yield 52%; brown solid; mp 194—196 °C; FT-IR vmax
(KBr): 3441, 2924, 1497, 1242, 1080, 795, 733 cm’!; 'H
NMR (400 MHz, DMSO-ds) 6 11.02 (s, 2H), 7.64 (d, J =
1.2 Hz, 2H), 7.44 (d, J=2.0 Hz, 2H), 7.26 (d, J= 8.6 Hz,
1H), 7.09 (dd, J = 8.6, 1.7 Hz, 1H), 7.02 (d, J = 2.0 Hz,
1H), 6.93 (dd, J = 8.5, 2.1 Hz, 1H), 6.54 (d, J = 8.5 Hz,
1H), 5.07 (s, 1H), 4.86 (t, J=7.6 Hz, 1H), 3.29 (d, J = 7.6 Hz, 2H); *C NMR (100 MHz, DMSO-
ds) 0 146.3, 135.5, 131.1, 129.1, 128.8, 127.0, 124.6, 123.6, 121.7, 118.3, 116.9, 113.8, 111.2,
107.2, 35.8, 32.1.
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2-(2,2-Bis(5-fluoro-1H-indol-3-yl)ethyl)-4-fluoroaniline (132d)

Yield 51%; brown solid; mp 164—166 °C; FT-IR vmax
(KBr): 3464, 3256, 2924, 1628, 1489, 1265, 1026, 856, 741
cm’!; "TH NMR (400 MHz, DMSO-ds) 6 10.86 (s, 2H), 7.45
(d, J=1.8 Hz, 2H), 7.26 (dd, J = 8.7, 4.5 Hz, 3H), 7.22 (d,
J=2.1Hz, 1H), 6.82 (td, J = 9.2, 2.3 Hz, 2H), 6.69 (dd, J
=10.3,2.6 Hz, 1H), 6.62 (td, J=8.5, 2.8 Hz, 1H), 6.56 (dd,
J=8.5,5.4Hz, 1H), 4.81 (t,J=7.6 Hz, 1H), 4.72 (s, 2H), 3.32 (d, J= 7.7 Hz, 2H); *C NMR (100
MHz, DMSO-ds) 0 156.7 (d, J=230.2 Hz), 153.6, 143.2, 133.5, 127.1 (d, J=9.7 Hz), 126.5 (d, J
= 6.5 Hz), 124.9, 118.8 (d, J = 4.6 Hz), 115.9, 115.6 (d, J=9.1 Hz), 112.8 (s), 112.5 (d, J=9.8
Hz), 109.1 (d, /=26.0 Hz), 104.1 (d, J=23.1 Hz), 35.7, 32.3.
2-(2,2-Bis(6-chloro-1H-indol-3-yl)ethyl)-5-chloroaniline (132e¢)

Yield 52%; brown solid; mp 232—234 °C; FT-IR vmax
(KBr): 3441, 3387, 3063, 2924, 1620, 1450, 1095, 849,
802 cm™!; "TH NMR (400 MHz, DMSO-ds) 6 10.91 (s, 2H),
7.44 (d, J=8.4 Hz, 2H), 7.32 (s, 4H), 6.85 (d, /= 8.1 Hz,
2H), 6.73 (d, J = 8.0 Hz, 1H), 6.61 (s, 1H), 6.29 (d, J =
7.2 Hz, 1H), 5.14 (s, 2H), 4.80 (t, J = 7.3 Hz, 1H), 3.31
(d, J = 7.3 Hz, 2H); *C NMR (100 MHz, DMSO-d;) 6 148.5, 137.2, 131.2, 130.9, 125.9, 125.8,
123.9,123.3,120.8, 118.9, 118.7, 115.6, 114.0, 111.3, 35.6, 32.4.

Dimethyl 3,3'-(2-(2-amino-4-(methoxycarbonyl)phenyl)ethane-1,1-diyl)bis(1H-indole-6-
carboxylate) (132f)

Yield 45%; brown solid; mp 213214 °C; FT-IR
vmax (KBr): 3364, 3286, 2924, 1697, 1620, 1435,
1296, 1250, 825, 771 cm™'; '"H NMR (400 MHz,
DMSO-ds) 0 11.22 (s, 1H), 7.96 (s, 1H), 7.57 (d,
MeO,C H ” CO,Me | J=17.7 Hz, 2H), 7.47 (d, J = 8.5 Hz, 1H), 7.23
(s, 1H), 6.89 (q, J = 7.8 Hz, 1H), 5.18 (s, 1H),
4.98 (t,J=17.6 Hz, 1H), 3.81 (s, 3H), 3.74 (s, 2H), 3.43 (d, J = 7.6 Hz, 2H); '3C NMR (100 MHz,
DMSO-ds) 6 167.7, 167.1, 147.2, 136.4, 130.5, 130.1, 129.9, 128.1, 127.2, 122.1, 119.3, 119.2,
119.1,117.1, 115.5, 113.8, 55.4, 52.2, 36.4, 32.1.

H,N CO,Me
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2-(2,2-Bis(5-methoxy-1H-indol-3-yl)ethyl)-4-methoxyaniline (132h)

Yield 76%; brown solid; mp 117—119 °C; FT-IR viax
(KBr): 3450, 3418, 3050, 2924, 1620, 1428, 795, 741
cm’'; 'THNMR (400 MHz, DMSO-ds) 6 10.57 (s, 2H),
7.25 (d, J = 2.3 Hz, 2H), 7.19 (s, 1H), 7.16 (s, 1H),
7.02 (d, J = 2.4 Hz, 2H), 6.66 (d, J = 2.4 Hz, 1H),
6.64 (d,/=2.4Hz, 1H), 6.52 (t,J= 5.3 Hz, 2H), 6.42
(dd, J=8.5,2.9 Hz, 1H), 4.75 (t, J="7.5 Hz, 1H), 4.38 (s, 2H), 3.67 (s, 6H), 3.42 (s, 3H), 3.32 (d,
J=17.5Hz, 2H); *C NMR (100 MHz, DMSO-ds) § 152.9, 151.2, 140.4, 132.1, 127.5, 127.0, 123.5,
118.9,116.1, 115.1,112.2, 111.9, 110.8, 101.8, 55.7, 55.3, 36.5, 32.9.
2-(2,2-Bis(5-methyl-1H-indol-3-yl)ethyl)-4-methylaniline (132i)

Yield 74%; brown solid; mp 178—179 °C; FT-IR Vmax
(KBr): 3464, 3418, 3055, 2924, 1628, 1420, 795, 741
cm’'; 'TH NMR (400 MHz, DMSO-ds) 6 10.57 (s, 1H),
7.30 (s, 1H), 7.17 (d, J="7.0 Hz, 2H), 6.82 (d, J=7.8
Hz, 1H), 6.62 (d, J="7.5 Hz, 1H), 6.48 (d, J= 7.6 Hz,
1H), 4.78 (t, J=6.2 Hz, 1H), 4.46 (s, 1H), 3.26 (d, J =
6.7 Hz, 1H), 2.30 (s, 3H), 2.00 (s, 2H); *C NMR (100 MHz, DMSO-ds) 6 144.1, 135.3, 130.2,
127.4,126.9, 126.5, 125.5, 124.8, 122.8, 122.6, 119.1, 118.7, 115.4, 111.4, 36.5, 33.3, 21.8, 20.8.
4-Methyl-3-(4-methylindolin-2-yl)-1H-indole (133j)

( Y Yield 50%; colorless solid; mp 124—125 °C; FT-IR vmax (KBr):
3402, 3256, 3047, 2924, 1420, 1265, 1026, 741 cm™; '"H NMR (400
MHz, DMSO-ds) 0 10.86 (s, 1H), 7.18 (s, 2H), 6.95 (t, /= 7.5 Hz,
1H), 6.84 (t, J=7.6 Hz, 1H), 6.75 (d, J=6.9 Hz, 1H), 6.38 (dd, J =
13.7,7.6 Hz, 2H), 5.88 (s, 1H), 5.38 (t, /=7.8 Hz, 1H), 3.35 - 3.27
(m, 1H), 2.85 (dd, J=15.4, 6.8 Hz, 1H), 2.66 (s, 3H), 2.11 (s, 3H); '*C NMR (100 MHz, DMSO-
ds) 0 152.2, 137.5, 133.6, 129.8, 127.6, 126.6, 125.0, 122.3, 121.5, 120.6, 120.2, 118.5, 109.9,
105.1, 56.2, 38.6, 21.1, 19.0.
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2-(2,2-Bis(1-methyl-1H-indol-3-yl)ethyl)- V-methylaniline (132k)

Yield 54%; colorless solid; mp 135—137 °C; FT-IR vimax (KBr): 3433,
3055, 2924, 1605, 1512, 1474, 1065, 820, 741 cm™'; "H NMR (400
MHz, DMSO-ds) 0 7.53 (d, J=7.9 Hz, 2H), 7.32 (d, /= 8.2 Hz, 2H),
7.22 (s, 2H), 7.07 (t, J=7.5 Hz, 2H), 6.92 (dt, J=17.9, 5.4 Hz, 4H),
6.44 (d, J=8.0Hz, 1H), 6.36 (t, /= 7.3 Hz, 1H), 4.95 — 4.89 (m, 1H),
4.87 (d, J=7.4 Hz, 1H), 3.69 (s, 6H), 3.34 (d, J = 7.4 Hz, 2H), 2.63
(d, J=4.6 Hz, 3H); *C NMR (100 MHz, DMSO-ds) 6 147.1, 137.2,
128.9, 127.4, 127.09, 126.1, 125.1, 121.2, 119.6, 118.5, 118.5, 115.9, 109.9, 109.3, 36.4, 32.7,
32.2,30.8.

2-(2,2-Bis(5-bromo-1-methyl-1H-indol-3-yl)ethyl)-4-bromo-/N-methylaniline (132I)

Yield 50%; white solid; mp 220—221 °C; FT-IR vmax (KBr): 3441,
2924, 1504, 1474, 1288, 1049, 795, 733 cm™'; '"H NMR (400 MHz,
DMSO-ds) 6 7.63 (d, J = 1.8 Hz, 2H), 7.34 (s, 1H), 7.32 (s, 1H),
7.29 (s,2H), 7.19(d,J=1.9 Hz, 1H), 7.17 (d, J=1.9 Hz, 1H), 7.06
(dd, J=8.6, 2.4 Hz, 1H), 6.95 (d, J= 2.4 Hz, 1H), 6.36 (d, J = 8.7
Hz, 1H), 5.25 (d, /= 4.9 Hz, 1H), 4.87 (t, J= 7.6 Hz, 1H), 3.71 (s,
6H), 3.23 (d, J= 7.6 Hz, 2H), 2.64 (d, J = 4.8 Hz, 3H); *C NMR (100 MHz, DMSO-ds) 6 147.2,
135.9, 131.5, 129.5, 129.0, 128.8, 127.2, 123.8, 121.8, 117.8, 112.1, 111.5, 111.2, 106.9, 36.3,
33.0,31.2, 30.7.

3-(1,5-Dimethylindolin-2-yl)-1,5-dimethyl-1H-indole (133m)

Yield 56%; white solid; mp 142—144 °C; FT-IR vmax (KBr): 3047,
2908, 2854, 1612, 1489, 1327, 1265, 795 cm’'; '"H NMR (400
MHz, DMSO-ds) 6 7.31 (d, J=12.6 Hz, 3H), 6.98 (d, J= 8.1 Hz,
1H), 6.88 (d, J=9.5 Hz, 2H), 6.46 (d, /= 7.6 Hz, 1H), 4.48 —4.37
(m, 1H), 3.74 (s, 3H), 3.36 (s, 3H), 3.18 (dd, J=15.3, 8.6 Hz, 1H),
3.10 — 2.93 (m, 1H), 2.33 (s, 3H), 2.22 (s, 3H); '*C NMR (100 MHz, DMSO-ds) 6 151.6, 136.2,
129.5,128.7,127.8,127.4, 126.1, 126.6, 125.2,123.3, 119.6, 113.5, 110.1, 107.6, 65.2, 37.4, 34.9,
32.8,21.7, 21.0.
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5-Methoxy-3-(5-methoxy-1-methylindolin-2-yl)-1-methyl-1H-indole (133n)

Yield 58%; white solid; mp 104—105 °C; FT-IR vmax (KBr):
2947, 2831, 1620, 1490, 1242, 1026, 802 cm™; '"H NMR (400
MHz, DMSO-ds) 6 7.31 (d, J=9.9 Hz, 1H), 6.97 (d, J=2.2
Hz, 1H), 6.83 — 6.74 (m, 1H), 6.66 (dd, J = 8.3, 2.0 Hz, 1H),
6.48 (d, J = 8.4 Hz, 1H), 4.48 — 4.38 (m, 1H), 3.73 (s, 1H),
3.68 (s, 1H), 3.67 (s, 1H), 3.37 (s, 1H), 3.23 (dd, J=15.5, 8.4
Hz, 1H), 2.98 (dd, J=15.1, 11.2 Hz, 1H); *C NMR (100 MHz, DMSO-ds) J 153.5, 152.9, 148.0,
132.9,130.8, 129.0, 127.2, 113.8, 112.2, 111.7, 111.5, 111.0, 107.1, 102.0, 65.3, 55.9, 55.8, 37.5,
35.3,32.9.
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2.1 Introduction

Oxindole (indolin-2-one) occupy a vital position in the indole series between indole (1) and
isatin (3) due to their biological properties.!!) The oxindole ring is a core structural motif
found in plentiful natural products and pharmaceutically active compounds.>1%! Substituted
and unsubstituted oxindoles also serve as crucial synthetic precursors for the synthesis of
highly desirable indole-based heterocycles and alkaloids.'!!5] Moreover, 5-chloro-oxindole
is an pharmaceutical intermediate in the synthesis of Tenidap (Systematic name: 1-
carbamoyl-5-chloro-3-[hydroxy(2-thienyl)methylene]indol-2-(3H)-one) an anti-inflammatory
drug. Structure of some selected natural and pharmaceutical compounds containing oxindole

core is shown in Figure 2.1

74
. @
)Qo
NEt2 HCI
Tenidap Amedalin SM-130686
(Anti-inflammatory) (Anti-depressant) Growth hormone
Yj\m g ;':N Me

indolidan

(Cardiotonic agent) anti-bacterial agent

Figure 2.1: Selected examples of natural and pharmaceutically active compounds possessing
oxindole core
Oxindole is crystallized from water as colorless needles of melting point 126-127 °C. It is
soluble in hot water, alcohol, benzene, ether and acetic acid and it is more soluble in alkaline
solutions than in water. Albeit the structure of the oxindole is usually regarded as the lactam
of 2-aminophenylacetic acid, the two enol tautomers (2A and 2B) also represent possible
structures.It is found that the absorption spectra of oxindole is quite similar to those of N-
methyloxindole (5) and 1,3,3-trimethyloxindole (6), indicating that the lactum structure is

probably the correct structure for oxindole (2).
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5 4 3 Me Me
2 A\

7 Me Me

) ) (5) (6)

2 (2A) (2B

2.2 Synthesis of Oxindole

Over the last few decades, a plethora of synthetic methods including classical and advanced
methods have been developed for the preparation of oxindole ring system.!'®! The synthetic
methods for the synthesis of oxindole can be broadly divided into five categories based on the

substrate and the type of bond formation. A brief overview of these methods is given below.

2.2.1 Synthesis from isatins
First synthesis of oxindole was reported by Baeyer in 1866 via the reduction of isatin (3).
Isatin (3) was reduced to dioxindole (3-hydroxyoxindole) (4) using sodium amalgam in

(20-22] Qubsequent

alkaline medium!'”> ' or zinc and acetic acid!'”! or sodium hydrosulfite.
reduction of isolable dioxindole (4) with tin and hydrochloric acid or sodium amalgam in acid
solution gave oxindole (2) (Scheme 2.1). N-Alkylisatins also behaved similar to

unsubstituted isatins in these reduction reactions.?*!

o Na-Hg or OH Sn/HCl or
Zn/AcOH Na-Hg/HCI
O ——/—— " ) = o
or N328204 N
N N
H H H
(3) (4) (2)
Isatin Dioxindole Oxindole

Scheme 2.1: synthesis of oxindole (2) via reduction of isatin (3)

Muchowski reported one step synthesis of oxindole by the palladium-catalyzed
hydrogenation of isatin drivatives (7) in glacial acetic acid with perchloric acid at 60 °C in 16

h (Scheme 2.2).024

O Pd/C, H,
R o Glacial acetic acid R14m0
N 2 equiv HCIQ,4, 60 °C N
7 h 8 R
R'=H, R=H, CHg Yield: 63-73%

Scheme 2.2: One-pot synthesis of oxindole (8)
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Soriano established Wolff-Kishner reduction procedure for the synthesis of oxindole by using

hydrazine hydrate in the presence of strong base (NaOEt) at reflux condition 3-4 h (Scheme
2.3).1°

0 ’;‘_NHz
55% NHoNH,.H,0 NaOEt o
0 © TEoH

N Anhyd. MeOH N N
H H

H

3 9 2
Yield: 95% Yield: 73%

Scheme 2.3: Wolff-Kishner reduction of isatin (3)

Crestini group developed direct one-pot reduction of substituted isatins 7 to corresponding

oxindoles 8 in the presence of 98% hydrazine hydrate only (without base) in good yield at
reflux condition (Scheme 2.4a and 2.4b).[2®]

0]
98% NH,;NH,.H,O X
R1 N o o NF NA2M0 | pifl N
Z~N reflux Z N
; R
7 " 8
o ano
R = H, CHy, Bn, Ph Yield: 76-92%

R'=H, 5-OCHj4
Scheme 2.4a: Wolff-Kishner type reduction of isatin (7) in the absence of a base.

It is proposed that the reation proceeds through formation of hydrazone A followed by

intramolecular reaction to give B which on tautomerizing gives oxindole (Scheme 2.4b)

y ) _
1 1 ’ ;N\
m NH,NH,.H,0 m H NH,NH,.H,0 Ojg:%
—
N O N O N
R R i R
7 A J—Nz
N
RIS o R T M—on
g R R

Scheme 2.4b: Proposed mechanism for the reduction of isatin (7) without base.
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2.2.2 Synthesis from indoles

Marfatet al. described the oxidation of substitutedindoles to the corresponding 3,3-dibromo-
oxindoles via pyridinium bromide perbromide (PBPB) as the oxidant followed by
hydrogenation over 10% Pd/C in ethanol or zinc in acetic acid to afford corresponding
oxindoles in quantitative yields (Scheme 2.5).*”! It was found that the reaction works well
with indole having an electron withdrawing group at the C-5 position, compared to electron

donating group.

R1
B
/\\ ! Br N
C5H5N.HBT.BI'2 ) AN H2/Pd'C or 11
N Rl o, HPaCor gt 0
N +-BuOH = N Zn/AcOH = N
X 25 °C iy R
10 1 8

e o
R=H; R' = H, 5-Cl, 5-F, 5-NO,, Yield: 38-88%
5-CgH4(4-CI)CO,, 5-CN,

Scheme 2.5: Synthesis of oxindole 8 from indole 10 via PBPB followed by hydrogenation

Sheldon and co-workers reported heme enzyme chloroperoxidase (CPO) catalyzed
thesynthesis of oxindole via oxidation of indole in the presence of hydrogen peroxide (H20>)
(Scheme 2.6a).%%! All oxygen (>97%) in oxindole is derived from H>O, which was
confirmed by the reaction with labeled H»'*0,. This indicates that the reaction is two electron
oxygen transfer reaction proceeding via a concerted mechanism or via two fast consecutive
one-electron transfer reactions (Scheme 2.6b).

Later, Zhai group improved the catalytic activities of enzyme CPO by the additive
thioglycolic acid which showed a positive effect on oxidation activity increased 24% at a

concentration of 0.5 pM.1>*]

\ CPO= H202 - (jj/\:o
N t-BUOH N
H 0.1 M acetate buffer H

1 pH 4 2

conversion: 96%

Scheme 2.6: (a) Chloroperoxidase (CPO) catalyzed oxidation of indole (1)
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3
_ . ®
N+ 9 N | _FeVo H T
Fe' Nl T D
N —All
1 H H ” O~felV . ” O~Fe
A B \
Note: -H*
_.l_
CEO H202 m % +H* \
m o o) ~
Fe l HZO H N OH _Fe”l N O‘Fe'“
CPO _ o H H
| V =1, 2 2B D
Fe
I
(0]

Scheme 2.6: (b) Putative mechanism for synthesis of oxindole (2) from indole (1)

Hollmann et al. reported that visible-light driven in sifu generated H>O» is superior oxidant
over the stoichiometric addition of H>O» to promote CPO-catalyzed oxidation of indole to
oxindole.*®) The H>O, generation rate can be easily controlled via the photocatalyst flavin

mononucleotide (FMN) concentration (Scheme 2.7).

@ CPO, FMN/Av/O, mo
N N

H H
1 2

Conversion = 96%

Scheme 2.7: Light-driven CPO-catalyzed oxidation of indole (1) to oxindole (2)

Vazquez and Payack disclosed synthesis of N-Boc protected oxindoles 13 from
corresponding N-protected indoles 12 through 2-(indolyl)borate intermediate which further
gets oxidized to the desired product 13(Scheme 2.8).5!!

R‘l \ R'I
/
% 1) (iPrO)3B, LDA, THF @\/\/Z
— - o}
N 2) NaOH, NaHCOj3, Oxone, =
Boc THF, H,0, Acetone, Boc

NaHSO
12 3 13

R
R = H, 5-Me, 5-Br, 4-Cl, 7-Me Yield: 62-89%

Scheme 2.8: Synthesis of 1-Boc-oxindoles 13
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2.2.3 Synthesis of C-N bond formation

Kametani group prepared substituted N-methyl oxindoles 15 by the reaction of N-methyl-4-
alkoxy-2-bromo-5-methoxy-phenylacetamides 14 with sodium hydride (NaH) and cuprous
bromide (CuBr) in dimethylformamide (Scheme 2.9).5?!

MeO
D\/\f NaH CuBr mo R = CH,Ph 72%
DMF rt RO N R = Me 63%
Me

Scheme 2.9: Synthesis of substituted N-methyl oxindoles 15 in presence of CuBr

In 1989, Kikugawa demonstrated the two-step synthesis of N-methoxy-2-oxindoles 18
through bond construction between the nitrogen (N) and aryl carbon atom of N-methoxy-2-
phenylacetamides 16. In the first step, N-chloro-N-methoxy-2-phenylacetamides 17 were
synthesized by chlorination of N-methoxy-2-phenylacetamides 16 with tert-butyl
hypochlorite in CH>Cl, and further intramolecular cyclization of 17 with silver salt (Ag2CO3)
in the presence of trifluoroacetic acid (TFA) furnished N-methoxy-2-oxindoles 18 in good

yield via N-methoxy-N-acylnitrenium ions intermediate (Scheme 2.10).3%]

R! o RY
_tBuOCI _ D/\’& AgzCOs3 mo
R? HN\R CHZCIZ TFA R2 N
R
16 18

R = OMe, R' = H, OMe Yield: 64-89%
R? = OMe, Me, CI, Br, NO,
NHCOMe

Scheme 2.10: Synthesis of substituted N-methoxy-2-oxindoles 18 from the analogous of N-
methoxyphenylacetamides16
Cherest and Lusinchi reported 2 equiv of FeCls and 1 equiv of AcOH catalyzed synthesis of
oxindoles 18 from N-acetyloxyamides 16 in dichloromethane in good yield (Scheme 2.11).
The enol form of an amidic group of 16 makes iron complexation, which imparts an amidic
proton to protonate acetyloxy group to make it good leaving group. Therefore, this
methodology does not require prior halogenation as shown in Scheme 2.11, but the presence

of a hydrogen on the amide nitrogen is essential.**]
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1

R’ o) R -
@/Y FeCl, R mo H O
, NH  CHxClp AOH o N (“N) < ,C—CHy

R \ \
16 * s R "o
: Yield: 72-909 O—[Fe]
R = OCOCH,, R' = H, OMe ield: 72-90%
RZ = H, OMe Transition State 19

Scheme 2.11: FeCls-catalyzed synthesis of 18

In 2008 Bolm and co-workers disclosed the synthesis of oxindole (2) via 10 mol % FeCls;
catalyzed intramolecular N-arylation of primary amide namely 2-(2-iodophenyl)acetamide 20
in presence of 20 mol % of N,N'-dimethylethylenediamine (DMEDA) as ligand and 2.0 equiv
of K3POs as base in toluene at 135 °C (Scheme 2.12).5% In the case of 2-(2-bromophenyl)-

acetamide corresponding cyclization product was not observed.

NH, FeCls, DMEDA mo
| O K3PQy,, toluene H
2

135°C
20
Yield: 72%

Scheme 2.12: Synthesis of oxindole (2) via FeCls catalyzed N-arylation of primary amide 20

Recently, Hsieh group developed Cu.O catalyzed synthesis of oxindoles 22 in good to
excellent yields via intramolecular N-arylation of primary or secondary amides (Scheme
2.13). N-acetyl-2-(2-bromophenyl)-acetamide 21 (R = COCH3) was treated under same
reaction conditions the cyclization accompanied unexpected deprotection of acetyl group,

which furnished unprotected oxindole in good yield.!*¢]

3 2
AR 1 moi% cu,0 R} R NH,
BT o
5O 3 equiv NaO'Bu N NH,
01 £BUOH, 100 °C R
22

R =H, Me, Bn, Ts, COCHj3
R' = 2-Cl, 3-CI, 3-OMe, Yield: 70-99%
R2 = H, Me, Et, OCH(CH3),
R3 = H, Me, Et, OCH(CH3),

Scheme 2.13: Synthesis of oxindole (22) via copper catalyzed N-arylation of 21
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2.2.4 Synthesis via N-C-2 bond formation
Baeyer revealed the first synthesis of oxindole (2) from an acyclic precursor 2-nitrophenyl
acetic acid (23) which was reduced to 2-aminophenyl acetic acid and cyclized by tin in

hydrochloric acid (Scheme 2.14).1*7]

(;CCOOH Sn/HCI ©\//\:O
NO, ”
2

23

Scheme 2.14: Synthesis of oxindole 2 via reductive cyclization of 23

Ting group reported the synthesis of N-phenyloxindole 26 by the reaction of o-chlorophenyl
acetic acid 24 with 4-chloroaniline 25 via copper assisted nucleophilic substitution followed

by intramolecular amidation in the presence K»COs at 180 °C(Scheme 2.15).1%]

©\ACOOH K,COs, KI o
cl

. N
Cu, Cu,0O 26
180 °C
24 Cl
25
Cl
Yield: 7%

Scheme 2.15:Copper-catalyzed synthesis of N-phenyloxindole 26

In 1973, Gassman and co-workers presented a new method for the synthesis of oxindoles 8,
which includes the conversion of aniline 27 into an aza-sulfonium salt 29 in the presence of
ethyl methylthioacetate 28 and elemental chlorine at low temperature followed by base-
induced ylide formation to give 30. The ylide 30 underwent a Sommelet-Hauser type
rearrangement to an 2-aminophenyl acetic ester 31, which on cyclization afforded 3-
(methylthio)indolin-2-one 32. The 3-methylthio group was removed by reductive
desulfurization using Raney-nickel or tin in hydrochloric acid (Sn/HCI) (Scheme 2.16).1°43]
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1
Me . R CO,Et
R1@ 8/2;002Et R1© Me Et3N ©§"\_< 2
" N/s CO.Et — > =N

| Cl,, CH,CI, | _ + Me
27 R .78 °C R Cl 30 R
29 [2,3]
R = H; R' = H, 4-OMe, 2-Me J

4-NO,, 3,5-(OMe),

SMe
R1—/| o . Raney-Ni_ R :\ CO,Et
™ N or Sn/HCI = R
N
H
8 32 31
Yield: 12-67%

Scheme 2.16: Synthesis of oxindoles 8 from anilines 27 via Sommelet-Hauser type
rearrangements
Brunner reported the synthesis of oxindole derivatives 34 from N-acylphenylhydrazines 33 in
the presence of calcium hydride (CaHz) at 230 °C. This method afforded the oxindole
derivatives 34 in moderate yield (41-44%). Like Gassman’s oxindole synthesis, the Brunner
reaction also involves a rearrangement and cyclization route. Later in 1996, Wolff improved
thus method by using butyl lithium (BuLi) in place of CaHx(Scheme 2.17).[**! This modified

Brunner reaction has been utilized in the synthesis of natural products, norbornenyl,

camphor-containing oxindole moieties etc.[***"]
RZ

R' O \ R

A .

RZ_: % % / b + NH;3

N1 210°C — o
' \
) R
33 34

R=R'=H Yield: 64-48%

R' = CH,, Ph

Scheme 2.17: Synthesis of oxindoles 34 via modified Brunner reaction

Fujita and co-workers reported preparation of oxindoles 42 in moderate to high yields via
Cp*Rh complex catalyzed oxidative cyclization of substituted 2-aminophenethyl alcohols 41

in the presence of base K,COjs in acetone under reflux conditions (Scheme 2.18a).[4%!
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R R'
OH
t. [Cp*RhCl,],/K>,CO
Rzm cat. [Cp* 2]2/K2CO3 Rzmo
N acetone, reflux N\
H R
35 34
R =H, Me; R' = H, Me Yield: 46-80%

R?=H, Cl
Scheme 2.18: Cp*Rh complex catalyzed synthesis of oxindole (34) via oxidative cyclization
of amino alcohols 35
Gandeepan and co-workers demonstrated the synthesis of oxindoles 8 by 10 mol % Pd(OAc)
catalyzed ortho-C-H functionalization of anilides 36 with ethyl-2-iodoacetate 37 using 1
equiv of AgOAc as an additive and TFA as a solvent (Scheme 2.192).*"] This reaction
tolerated both the electron-donating group (EDG) and electron withdrawing group (EWG)

substituted anilides and furnish the oxindoles 8 in good yields.

0 10 mol % Pd(OAc),
R J T 17> co,et 1equivAgOAC | R“‘mo
N N
R

37 TFA, 120 °C

\

R
36 8
R=H; Yield: 53-90%
R'=H, 4-Ph, 4-Cl, 4-F, 4-Me, 3-Cl
4-OMe, 2-Me, 2-OMe, 3-Me,

Scheme 2.19:Synthesis of oxindole (8) via Pd-catalyzed ortho-C-H functionalization and
cyclization of 36

2.2.5 Synthesis via (C-3)-(Aryl) bond formation

Daisley and co-workers®® 3! disclosed the synthesis of substituted oxindoles 8 from anilines
27via Friedel-Crafts (F-C) alkylation of substituted 2-chloro-N-phenylacetamides 39, which
was synthesized by the reaction of anilines 27 and 2-chloroacetyl chloride 38 (Scheme 2.20).

(0]
Cl
Ha N
R 38 R )J\/CI AICI5 R 0
NHR dry benzene N A N

| \

27 pyridine, rt R R
R =H, Me, 39 8
R' = 5-OH, 6-OH, Yield: 30-87%

Scheme 2.20: Synthesis of oxindoles 8 from anilines 27 via F-C alkylation of 38
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Yonemitsu developed a photochemical synthesis of oxindoles 8 from 2-chloro-N-methyl-
acetanilide derivatives 39 (R = Me) however, in the case of 2-chloro-acetanilide derivatives
39 (R = H) no photocyclization was observed, instead of that only side-chain substitution
products 40, 41 and 42 were formed. This observation was rationalized by the fact that N-
unsubstituted acetanilides exist in the trams form while N-substituted acetanilides exist
predominantly in the cis form, which reacts intramolecularly to give oxindoles (Scheme

2.21).552

R' R’ R!
woton_ (1§ i i
LO-Et +
H,O-EtOH OH OEt +
R=H N)J\/ N)K/ N)J\
H H H
» R 40 41 42
o 2-OMe  47% 3% 10%
Acl 3-OMe  37% 2% 1%
L s 4-OMe  37% 9% 1%
R’ 8
hv R1©\//¥o H 15%
R = Me N 5.0Me  55%
R 6-OMe  66%
8 4-OMe 6%
7-OMe  20%

Scheme 2.21:Synthesis of oxindole (8) via photochemical reaction.

Tamura et al. reported a convenient synthesis of oxindoles 8 via two synthetic routes,
Plummerer and Friedel-Crafts alkylation reactions using the common substrate o-
(methylthio)acetanilides 44 which were synthesized by the reaction of anilines 27 with 2-
(methylthio)acetyl chloride (43) in the presence of triethylamine. Plummerer reaction
involved oxidation of o-(methylthio)acetanilides 44 in the presence of m-CPBA to give
sulfoxide 46, which was converted to the intermediate 47 upon treatment with p-TsOH and
subsequent electrophilic attack on the aromatic ring gave the 3-(methylthio)indolin-2-one 32.
Reductive desulfurization of 32 afforded oxindoles 8 (Scheme 2.22). Other route involved
SnCly catalyzed Friedel-Crafts cyclization of 2-chloro-2-(methylthio)acetanilides 485,
obtained by the chlorination of o-(methylthio)-acetanilides 44 in the presence of N-
chlorosuccinimide (NCS) furnished the 3-(methylthio)indolin-2-one 32 which on successive
reduction with Raney-Ni or Zn-AcOH gave oxindoles 8 (Scheme 2.22). Later, in 1986

53]

Tamura group?®) introduced the Plummerer type reaction for the synthesis of 3-
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(methylthio)indolin-2-one 32, obtained directly from sulfide 44 by treatment with phenyl
iodosylbis(trifluoroacetate) (PIFA) which generated 47 in situ and further reductive

desulfurization gave oxindoles 8 (Scheme 2.22).05% >3]

R1

R = H, Me, Ph, 2,6-di-CI-C¢H,
R'=H
NHR

27
0]

~

Et3N Cl 43 Me

1 0]
Cl__SMe R g\M
L mCPBA @\ /E e
N“o
44 R 46 R

45
PIFA

R Pummerer
S\Me reaction
L L
X =p-TsO~ R
= OCOCF, J

Zn-AcOH
snCl, m
Friedel-Craft Raney Ni

alkylation

Yield: 92-98%

Scheme 2.22: Synthesis of oxindoles 8 from N-alkylanilines

In 1985, Wolfe and co-workers developed a new method for the preparation of oxindoles 8.
Upon treatment of 2'-chloroacetanilides 48 with 3 equiv of the base (depending on substituent
R either LDA in THF or KNH:> in NH3) followed by irradiation with near-UV light, resulting
anions reacted to give substituted oxindoles 8 in good yields. Likewise, photoinduced

cyclization of a,B-unsaturated acetanilides 49 also furnished 3-alkylideneoxindoles 50 in

good to excellent yields (Scheme 2.23).[2-56]
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R1
H 0,
{i | e (o S
KNHZ/NH3
N Me LDA 81
R Bn KNH, 57
48 8
R'=H, X =Cl
R1 R1
X R2
@ K\Rz 1) KNH/NH; Q—Q
l}] (@) 2) hv N 0
R X = Cl &
49 50
R =Me, R" = Me Yield: 65-92%
R2 = H, Me

Scheme 2.23: Synthesis of oxindoles (8) and 3-alkylidene oxindoles (50) via base assisted
photoinduced cyclization
Jones and co-workers demonstrated the synthesis of 3-substituted N-methyl-2-oxindoles 51 in
high yields by the treatment of N-methyl-2-bromoacryloylanilides 49 (X = Br) with tri-n-
butylstannane (BusSnH) and a catalytic amount of azobisisobutyronitrile (AIBN) in toluene
under reflux condition (Scheme 2.24a).°7°°! In the case of N-unsubstituted-2-
bromoacryloylanilide, no cyclization product was obtained. Afterwards in 1988, Jordon!*"
treated N-methyl-2-iodoacryloylanilides 49 (X = I) under similar reaction conditions and
obtained 3-substituted N-methyl-2-oxindoles 51 along with uncyclized product in case of N-
unsubstituted-2-iodoacryloylanilide. The 2-iodopropynamide 52 gave exclusive exo-cyclic
product 54 via intermediate aryl radical 53 which attacks onto the a-position of the
unsaturated system giving a mixture of E- and Z-isomers of 54 in 47% yield (Z-isomer: 32%

and E-isomer: 5%) (Scheme 2.24b).
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R1 R2
X Y R2 BU3an,
cat. AIBN _ o
l}l 0 toluene, reflux N
\
R R
49 51
R =Me, X=Br, | Yield: 23-98%
R"=R?=H, Me
R! R! R'
X . > exo- ~R2
@ f\Rz Bu;sSn @Ff\Rz cyclization
N~ ~O V N~ ~O N™ ~O
R BuzSnX R R
49 BusSnH
endo-
cyclization Bu,ySn’ R
R! R2 R?
l}l O
l}l @) R
R 51

Scheme 2.24a: Synthesis of oxindoles (51) via intramolecular radical cyclization of 49 by

BuzSnH and AIBN
B Ph | Ph
/L BusSnH, q /
__cat. AIBN _ —r NG 0]
@ toluene ©\ N
reflux '}J O l\\/le
- - 54
52 53 Yield: 47%

Scheme 2.24b: Intramolecular exo-radical cyclization of 52

Ban!®! and Heck%?! independently reported organopalladium complex catalyzed synthesis of
3-alkylidene-oxindoles 50 through intramolecular exo-trig cyclization of N-acryloyl-2'-bromo
anilines 49, which can be further converted into 3-substituted-2-oxindoles 51 in the presence

of NaBH4 in EtOH (Scheme 2.25).
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R1
X A R2 Pd(OAc),, PPh3 or
P(o-tol)3, Et3N NaBH4/EtOH
l}l O 100 °C
R
49 50 51
R=H, Bn, X=Br Yield: 21-73%

R'=H, Ph, R? = H, Me, CO,Me

Scheme 2.25: Synthesis of oxindoles 51 via Palladium-catalyzed intramolecular cyclization
of 49 followed by NaBH4 reduction
Ban group later described the synthesis of oxindole derivatives 50 and 51 via organonickel
complex catalyzed intramolecular exo-trig cyclization of N-alkenyl-2'-chloroanilides 49 in
toluene or N,N-Dimethylformamide (DMF) depending on the substituent R! of 49 (Scheme
2.27).163: 641 Rodriguez group also explored the synthesis of oxindole derivatives 50 and 51 in
high yields from substrates having electron withdrawing groups on the alkene using organo-

nickel complex followed by the hydrolysis.[!

NaBH,/EtOH
R’ | R? l R’
X NI(PPh3)4 = 2
@ /E\Rz toluene or DMF R? . R
or
N~ ~0 O
N° "0 NiPPhs),, toluene ! N
49 R NH,CI aq. R
50 51
R =H, Me, CH,CH,CN, Bn, Yield: 20-26% Yield: 35-98%

R'=H, X=Cl
R? = H, Ph, CN, CO,Me, CONMe,

Scheme 2.26: Organonickel complex catalyzed synthesis of oxindole derivatives

Hartwig and co-workers disclosed the synthesis of oxindoles 22 in high yield with complete
regioselectivity via 5 mol % Pd(OAc). catalyzed a-arylation of N-(2-halophenyl)amides 55
(Scheme 2.27).1: 671 It was observed that the rate of oxidative addition of N-(2-
bromophenyl)amide to Pd(0) is faster than that of N-(2-chlorophenyl)amide.
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X o 5 mol % Pd(OAc),,

R14©i R? 5mol % PCy;,

I}IJK( 1.5 equiv NaO'Bu N
R R® 1,4-dioxane, 50 °C R

55 22

R =Me, Bn,R" = H, X = Br, Cl Yield: 62-99%
R? = H, Me, R® = H, Me, Cy, Ph

NaBr + HO'Bu NaOBu

Scheme 2.27:Synthesis of oxindoles 22 via Palladium-catalyzed a-arylation of N-(2-

halophenyl)amides 55 with proposed mechanism

Buchwald group developed a regioselective synthesis of substituted oxindoles 8 from a-

chloroacetanilides 39 through Pd(OAc): catalyzed C-H functionalization in the presence of 2-

(di-tert-butylphosphino)biphenyl 56 as a ligand and triethylamine (Et3N) as a base in toluene

(Scheme 2.28).1%! Substituted oxindoles 8 were obtained in high yields with high level of

functional group tolerance without pre-functionalization of substrate 39.

o 1-3 mol% Pd(OAc), O
RL@\ 2-6 mol% 77 1 m PRy
Cl > R I (0] 2
NJJ\/ . P N

| 1.5 equiv NEt3 | 56
R toluene, 80 °C 8 R
39 - 00000

R = Me, Et, Ph, Bn Yield: 76-99%
R' = 3-Me, 4-Cl, 3-CF3, 4-NO,

Scheme 2.28: Synthesis of oxindoles 8 via palladium-catalyzed C-H functionalization of a-

chloroacetanilide 39
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The classical approach to access substituted oxindoles is based on the one-step derivatization
of isatins under Wolff-Kishner reduction!*> 26 ®I conditions involving hydrazine hydrate
(Scheme 2.3 and 2.4). This strategy is still widely used and is quite appealing to synthetic
chemists because several substituted isatins are commercially available and are relatively
inexpensive. Moreover, the reductive transformation of isatins to oxindoles is generally a

high-yielding process.

2.3 Hydrazine hydrate (NH:2NH:.H:0) as reducing reagent

Hydrazine hydrate is commercially available. It is a colorless fuming liquid (mp -52 °C, bp
120-121 °C, d = 1.027 g/mL) with a faint ammonia-like odor and is soluble in water and
alcohol. The synthetic utilities of hydrazine hydrate (NH>NH>.H>O) have been
comprehensively investigated.[’”) Among various reducing agents, hydrazine hydrate stands
out a very powerful reducing agent which reduces many functional groups such as carbonyl

compounds, alkenes, alkynes and nitro groups under mild reaction conditions.

2.3.1 Reduction of unsaturated compounds

Rao et al. has shown that hydrazine hydrate can be effectively used as a reducing agent for
the reduction of carbon-carbon double bond. They have obtained stearic acid from oleic acid

in excellent yield (93%) using hydrazine hydrate in ethanol (Scheme 2.29).07!!

(0] (@]
\A/ZWJ\ 100% NHZNH,-H,0 \/M\/H\)J\
OH >
5 5 EtOH, 60 °C 5 5 OH
oleic acid stearic acid
Yield: 93%

Scheme 2.29: Reduction of oleic acid into stearic acid by hydrazine hydrate

It is believed that hydrazine (N:H4) undergoes oxidation (dehydrogenation) to produce
diimide (N:H>) in situ which acts as a transfer-hydrogenation agent in the reduction process

(Scheme 2.30)."%
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(disproportionation)
NzHs + Ny

] R'" R?
S 1 R1
M H = R H-_ H

12 0 R® R* 3 N R®
NoH,4 2, I _— 'Tlu E—— R F I N > R2
-H,0 _N N. R2-JL_ __N 2 H
H H g4 H R*
j1/2 0,
N, + H,O

(over-oxidation)

Scheme 2.30: Proposed mechansim for the reduction of olefin by NoH4.H>0 and O>

Following are the examples where oxidants such as H>O», NalOas, K3[(FeCN)s], Se, benzene
seleninic acid, hypervalent iodine and even molecular oxygen (O2) have been used to
catalyzed the selective reduction of unsaturated carbon—carbon bonds by using hydrazine.
The oxidation of hydrazine to diimide by using molecular oxygen typically requires a catalyst
(e.g., copper, iron and guanidine salts and various flavin derivatives) to promote the reaction.
E. J. Corey group demonstrated the reduction of unsaturated compounds such as fumaric acid
(57), maleic acid (59) into succinic acid (58) and trans-stilbene (60) and diphenylacetylene
(62) into 1,2-diphenylethane using hydrazine in presence oxidising agent H>O» and trace

amount of copper ion (Scheme 2.31).[7%!

O 0
HON NH,NH, — ho NH,NH
OH —22 » Ph 2NH,
S H,0,, Cu OH P~ o s "k
57 O 58 60 2 61
Yield: 76% Yield: 80%
OH
0
o) 0,, Cu 62 Oz, Cu 61
(0] 58 .
OH Yield: 88%
Yield: 82%
59

Scheme 2.31: Reduction of unsaturated compounds using NH>NH>, H>02/O; and copper ion

Schlessinger et al. revealed the reduction of unsaturated double bond of thiophene derivatives
63 into its dihydro-analogue 64 without concomitant formation of either sulphone or
sulphoxide by diimide in situ generated by the oxidation of hydrazine hydrate in the presence

of sodium metaperiodate (NalO4) and copper sulfate (Scheme 2.32).174
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SMe NH2NH2H20 SMe
— Na|O4, CUSO4 IS —
S— = glacial AcOH in ] =
CO,Et
63
Yield: 84%

Scheme 2.32: Reduction of conjugated double bond using NH2NHo in presence of
NalO4/CuSOs4

Mori group disclosed the reduction of conjugated alkene and alkyne bond using large excess
of hydrazine in presence of H,O, as oxidising agent. They obtained 66 in 71 and 74% from
65 and 68, respectively. A small amount of completely reduced alcohol 67 (10-17%) was also

X
N OH

68

obtained under these conditions (Scheme 2.33).7"!

85% NHy;NH,.H,O
35% H50, in EtOH
rt

85% NH,NH,.H,0 )\/v
\ OH S OoH T OH

35% H,0, in EtOH
65 ]’ 66 67

Yield: 71-74% Yield: 10-17%

Scheme 2.33: Reduction of conjugated alkene and alkynes using NH>NH>.H>Oand H2O> in
EtOH as reducing agent
Back et al. introduced benzeneseleninic acid and its anhydride as an oxidizing agent for the
oxidation of hydrazine hydrate to produce diimide in situ which converts cinnamic acid (69)
into hydro-cinnamic acid (70) in pyridine and azobenzene (71) to N,N’-diphenylhydrazine
(72) in DMF (Scheme 2.34). U6
©/\/002H NH,NH,.H,0 ©/\/002H
6o Py PhSeOH 70

)

Yield: 90%
NH,NH,.H,0 H H
Ph—N=N—Ph Ph—N—N—Ph
e 9
4 Ph—Se—0O-Se—Ph 2
DME Yield: 98%

Scheme 2.34: Reduction of cinnamic acid (69) and azobenzene (71) via benzeneseleninic
acid and its anhydride oxidation of hydrazine hydrate respectively
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Moriarty group reported reduction of unsaturated compounds 73 (a-e) and 62 into 74 (a-e)
and 62f in good yields through the iodobenzene diacetate PhI(OAc), oxidation of hydrazine
hydrate in dichloromethane at room temperature (Scheme 2.35).I" It revealed that sulfur of
73a was not oxidized into sulfone or sulfoxide in the reaction, whereas diphenylacetylene 62

was reduced stereospecifically to the cis-1,2-diphenylethene 62f rather than over-reduction

product 1,2-diphenylethane.

SN \ Yield(%)

Sv
73a ©/74a 5
Oioko O/A/_/L\O 83
73b
/ - \

EtO,C_ COEt \_ NH,NH,H,0  EtOC

73c f 74c
Phi(OAc),, DCM
Ph X COEt O pr O g6
. 74d
H,C=C—CN ~CN 97
H 74e
73e —
-
Ph—=—Ph P ¢is Ph 80

62 / 62f

Scheme 2.35: Reduction of conjugated alkenes by PhI(OAc)> oxidation of hydrazine hydrate

Wilt and co-workers reported the reduction of 2-chlorobenzonorbornadiene 75 into 2-chloro-
benzonorbornene 76 in 22% yield by the use of diimide, generated from hydrazine in the

presence of oxygen (air) and cuprous chloride (CuCl) at room temperature (Scheme 2.36).17%!

O b N2H4, CuCl
0,, EtOH
75 Cl rt 76 CI

Scheme 2.36: Reduction of 2-chlorobenzonorbornadiene 75 into 2-chlorobenzonorbornene
76 by hydrazine-oxygen in CuCl
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Chang and co-workers reported the reduction of the olefinic double bond of 77 by hydrazine

hydrate-oxygen-copper ion system under reflux condition to get 58,12a-cholajervane 78 in
61% yield (Scheme 2.37).”°!

85% NH,NH,.H,0

02, CUSO4
EtOH, reflux

Yield: 61%

Scheme 2.37:Reduction of alkene using hydrazine hydrate-oxygen-copper ion system

Christl described the reduction of benzvalene (79) using diimide generated in situ from
potassium ferricyanide Ks[Fe(CN)s] oxidation of hydrazine hydrate in the presence of

ethanolamine and 2-methoxyethanol (80) to give furnish tricyclo[3.1.0.0>¢Jhexane (81) in
70% yield (Scheme 2.38).[3!

NH,NH,.H,0
Loy 5
79 80

Ks[Fe(CN)g] Yield: 70%

Scheme 2.38: Reduction of benzvalene (79) by hydrazine hydrate with oxidizing agent
K;3[Fe(CN)s]
Sonoda and co-workers reported the synthesis of ethylbenzene (83) via reduction of styrene

(82) using selenium catalyzed generation of diimide from hydrazine and oxygen in EtOH at

room temperature (Scheme 2.39).1%!]

Anhyd. NH,NH,
Z

0,, Se, EtOH
82 rt 83

Yield: 80%

Scheme 2.39: Selenium catalyzed hydrogenation of styrene (82)with hydrazine
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Paquette group demonstrated the reduction of isoprenyl side chain and deprotection of acyl
group of 84 via copper-catalyzed sodium metaperiodate oxidation of hydrazine in absence of

oxygen at room temperature (Scheme 2.40).[%%]

\/ v
MeO / MeO =
NH2NH2, Na|O4

O CuSO,, CH5OH
H,0, rt
OAc OH
84 85
Yield: 90%

Scheme 2.40: Reduction of isoprenyl side chain and deprotection of acyl group of 84 by Cu-
catalyzed sodium periodate oxidation of hydrazine

Catalyst-free oxidation of hydrazine with molecular oxygen is rather inefficient as it requires

an excess amount of hydrazine and proceeds at a sluggish rate. The reactive diimide

intermediate is also prone to disproportionation (reformation to hydrazine) and over oxidation

under these conditions. In recent times, specialized reactors have been developed to perform

the catalyst-free selective reduction of terminal olefins by using hydrazine hydrate and

molecular oxygen at high temperature and pressure in continuous-flow mode.**!

Kappe and co-workers demonstrated the catalyst-free method for in situ generation of diimide
from hydrazine hydrate-molecular oxygen system in continuous-flow mode, which was
applied to the selective reduction of various olefins to the corresponding alkanes in excellent
yields (58-99%) and high selectivity (Scheme 2.41).3%! Interestingly, several functional

groups were well tolerated and the reaction times were very less.
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Yield%
OV/ \ OM
e
O2N 86a O,N 87a
O\
O\
AN 91

86b
87b
o
CbzHN /©/\ 87
86¢c CbzHN
OTBDMS 8c
_ K 4-5eqU|V N2H4.H20 _ OTBDMS
/ n-PrOH, O,, 100 °C
Continuous Flow 92
86d
87d
NN H
2 ~X
\ff h HZN\H/N\/\ 97
O gee N
87e
SV/
S
oy ~
73a
74a
X CO,Et

CO,Et
73d / ©/\74/d

Scheme 2.41: Reduction of olefin by NoH4.H>O and O; using continuous flow method

2.3.2 Reduction of oxygen functional groups

The deoxygenation of aldehydes and ketones to methyl or methylene derivatives respectively
viaheating the corresponding hydrazone (or semicarbazone) derivative in the presence of
analkaline catalyst in a sealed tube at 160-200 °C. The reaction is known as Wolff-Kishner
reduction.® Huang-Minlon®> 8¢) ysed high boiling solvent like ethylene glycol or diethylene
glycol (DEG) to avoid sealed tube techniques and made this a practical reaction at
atmospheric pressure. Numerous modified procedures of Wolff-Kishner reduction have been
reported. The improvement has focused on driving hydrazone formation to completion by
removal of water and by the use of high concentrations of hydrazine.

Fieser reported the reduction of 5-keto-8-methylnonanoic acid 88 into isodecanoic acid 89 by
using 85% hydrazine hydrate along with metallic sodium in diethylene glycol (DEG) under
reflux conditions for 48h (Scheme 2.42).
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@) O Q
85% NH2NH2H20 \(\/\/\)J\OH
88 OH Na in DEG, reflux 89

Yield: 92%

Scheme 2.42: Reduction of 112 into 113 using hydrazine hydrate in the presence of sodium
in DEG
Huang-Minlon introduced sodium or potassium hydroxide in place of metallic sodium for the
reduction of B-(p-Phenoxybenzoyl)-propionic acid (90) into 4-(p-phenoxyphenyl)butanoic
acid (91) via 85% hydrazine hydrate in triethylene glycol at reflux condition (Scheme
2.43).1%] This methodology reduces the time and is applicable for the large-scale production

with excellent yields.

@] o o
85% NH,NH,.H,0 ©/ \©\/\)Ok
OH  KOH, triethylene glycol OH

(o) reflux
90 91

Yield: 95%

Scheme 2.43: Base-catalysed reduction of 90 into 91 using hydrazine hydrate at reflux

Huang-Minlongroup observed that nitro group also gets reduced during the reduction of a
carbonyl group using 85% hydrazine hydrate in the presence of KOH in ethylene glycol. The
meta and para-nitrobenzaldehyde (92) were reduced to the corresponding meta and para-
toluidine (93) in 66% and 71% yield, respectively. In the case of para-nitrobenzaldehyde,
para-toluidine was obtained in 41% yield in the absence of KOH base (Scheme 2.44). [87]

CHO Me
85%
NH,;NH,.H,O
KOH, diethylene glycol
ON NH,
92 93

p-NH>  71% (In presence of base)
p-NH,  41% (In absence of base)
m-NH, 66%

Scheme 2.44: Reduction of meta and para-nitrobenzaldehyde using 85% NH>NH2.H>O with
and without KOH
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Grundon et al. demonstrated the reduction of benzophenone (94) to diphenylmethane (95)
along with benzophenone azine (96) in 50% and 30% yield respectively via anhydrous
hydrazine in presence of potassium z-butoxide in toluene at reflux condition for 12 h (Scheme
2.45).8% In the case of benzophenone hydrazone, the product 95 was obtained in 85% yield
in 4 h under same reaction conditions. Use of DMSO as solvent furnished diphenylmethane

(95) in lower yield after a longer reaction time.

Anhydrous NH,NH Ph N. =
'BuOK, toluene
Ph
94 reflux 95 96
Yield: 55% Yield: 30%

Scheme 2.45: Reduction of benzophenone (94) through anhydrous hydrazine

The highly basic condition of Wolff-Kishner reduction reaction is unsuitable for base-
sensitive substrates such as esters and lactones which are normally hydrolyzed to the
corresponding acids and alcohols and requires reesterification. Similarly, amides and lactam
moieties are susceptible to attack. For instance, in 1976 Takeda group disclosed the Wolft-
Kishner reduction of 97(a-b) with hydrazine hydrate and potassium hydroxide in ethylene
glycol to give 98(a-b) in low yields due to the concomitant hydrolysis of the lactam (Scheme
2.46).1%

0] @)
R NH R NH
NHzNH,.H0 - Hydrolyzed
KOH, ethylene glycol Product
@) fl
97 reflux 98
R Yield

98a H 52%
98b OMe 36%

Scheme 2.46: Wolff-Kishner reduction of base-sensitive substrate 97

There are certain instances in which carbonyl groups have been reduced to the hydrocarbons
by excess hydrazine hydrate without the use of strong bases such as alkoxide or hydroxide.

In 1937, Borsche and co-workers demonstrated the reduction of 2,3-benzo-1-azafluorenone
(99) into 2,3-benzo-1-azafluorene (100) by heating hydrazine hydrate in a sealed tube at 180
°C for 16 h (Scheme 2.47).
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N
NH,NH,H,O0 O \
sealed tube, 180 °C = O
100
Yield: 80%

Scheme 2.47: Reduction of 2,3-benzo-1-azafluorenone (99) by hydrazine hydrate

In the same year, Vollmann et al. reported the reduction of pyrene-3-aldehyde (101) into 3-
methylpyrene (102) in 91% yield by heating hydrazine hydrate at 200 °C in an iron autoclave
for 8 h (Scheme 2.48).0°!)

/O Me
OO NH,NH,.H,0 R OO
O‘ iron autoclave, 200 °C O‘
101

102
Yield: 91%

Scheme 2.48 :Reduction of pyrene-3-aldehyde (101) by hydrazine hydrate in an iron
autoclave
Later, in 1955 Harris group described the reduction of fluorenone (103) by the Wolff-Kishner
method without an alkaline catalyst in ethylene glycol in sealed tube and obtained fluorene

(104) in 97% yield at reflux (Scheme 2.49).1°%

O
. 90 % NH,NH,.H,0 O.D
O D Ethylene glycol
103 reflux 104

Yield: 97%

Scheme 2.49: Reduction of fluorenone (103) into fluorene (104) using hydrazine hydrate

To the best of our knowledge, since the first application of the Wolff—Kishner reaction in the
synthesis of oxindoles from isatins, there is only one report of a Wolff—Kishner reduction on
an N-ene-/yne-substituted isatin. Recently while describing the synthesis of the hodgkinsine
and hodgkinsine B alkaloids, Willis ef al. reported the synthesis of N-allyloxindole (106)
from N-allylisatin (105a) in only 20% yield by using hydrazine hydrate (Scheme 2.50).°!
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O

NH,NH,.H,0 @\//\:o
o
N reflux ;}

106
Yield: 20%

105a

Scheme 2.50:Synthesis of N-allyl oxindole (106) by hydrazine hydrate

The reasons behind such a poor yield were not discussed in the paper. On the basis of our
results, we suspect the loss in yield could be caused by the reduction of the allyl group under
these conditions. It is quite possible that other researchers may have faced a similar challenge
while attempting to prepare N-alkenyl/alkynyloxindoles from the corresponding isatins and
the undesired results were never reported. In this chapter, we report the tandem reduction of
oxo- and N ene-/yne-substituted isatins to oxindole derivatives, which offers novel insight
into the scope of the Wolff—Kishner procedure. The reaction is performed under catalyst-free
refluxing conditions in the presence of hydrazine hydrate (25% in H20O). We believe these
counter-intuitive results will be of significant importance to the synthetic and medicinal

chemistry community.
2.4 Results and discussion

Inspired by previous reports of the Wolff—Kishner procedure for the preparation of oxindoles
from isatins, we initially subjected N-allylisatin (105a) to an excess amount of hydrazine
hydrate at reflux temperature (115 °C). Clean conversion of the reactant to the product was
evidenced by TLC analysis. The NMR spectroscopic data of the isolated product revealed
that along with the C3-oxo group of isatin the allyl group was also reduced efficiently to
deliver 1-propyl-2-oxindole (107a) (Scheme 2.51).2¢!

O
25% NH2NH2H20 (@)
(0] > N
N 115 °C, reflux <)

107a

105a

Scheme 2.51: Synthesis of 1-propyl-2-oxindole (107a) using 25% NH>NH>.H,O
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If the temperature of the reaction was lowered to 80 °C, the reaction did not go to completion.
A significant amount of the starting material remained unreacted in the reaction mixture even
after 48 h of heating. Subsequently, we settled with the reflux temperature and decided to
investigate in detail the reduction of N-(2-alkenyl)/propargylisatins possessing differently
substituted unsaturated carbon—carbon bonds by using hydrazine hydrate. Several substituted
isatins were obtained from commercial sources and were converted into N-(2-
alkenyl)/propargyl derivatives 105(a—n) in quantitative yields by using reagents such as allyl
bromide, prenyl bromide, cinnamyl bromide and propargyl bromide following a published
procedure.” These substitutions are important as such and are also aptly suited for further
chemical manipulations. The tandem reduction of the C-3 ketone and the olefinic group
proceeded quite smoothly for isatins bearing monosubstituted and disubstituted unsaturations.
The yields of the isolated products in all cases were found to be high except for nitro-
substituted isatin 105j (Table 2.1). Interestingly, the nitro group along with the oxo and olefin
functionalities also underwent reduction to afford 5-amino-1-(3-phenylpropyl)indolin-2-one
(107j) in 57% yield. Although the reduction of nitroarenes by using hydrazine hydrate has
been previously reported, the use of an iron source appears to be a necessary condition to
catalyze the reduction process.”> *®) Furthermore and quite surprisingly, selective reduction
of the C-3 oxo group was observed for N-prenyl-isatin (105k, a trisubstituted carbon—carbon
unsaturation; Table 2.1, entry 11) to produce 1-prenyl-2-oxindole (107k). Even after 24 h of

refluxing, the olefin group of 105k was not reduced under these reaction conditions.
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Figure 2.2: '"H and '*C NMR spectra of 1-allyl-5-methylindoline-2,3-dione (105b) in CDCls
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Figure 2.3: '"H and '>C NMR spectra of 5-methyl-1-propylindolin-2-one (107b) in CDCls

Page 126



Chapter Il

The yield (20%) for the synthesis of related compound N-allyloxindole by Willis et al. was
reported to be in two steps starting from isatin (N-allylation followed by hydrazine-mediated
reduction of the C-3 oxo group). Among the two steps, the N-allylation of isatin presumably
proceeds in near-quantitative yield and we suspect the bulk of the loss in the yield might
occur in the reduction step, as our results show that the allyl group is prone to reduction under

these conditions (Table 2.1, entry 1).

Table 2.1. Tandem reduction of oxo- and ene-/yne-substituted isatins by using hydrazine
hydrate. [
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(] Reaction conditions: Isatin (30 mg), NHoNH,-H,0 (25%, 2 mL), reflux. ™ Yield if isolated product.

Next, isatins 105(l-n) possessing an alkyne group were exposed to similar conditions.
Remarkably, these propargyl substituted isatins also underwent a tandem reduction to
produce 1-propyl-2-oxindoles 107(a-c) quite efficiently (Table 2.1, entries 12-14).
Encouraged by these results, we subsequently attempted to scale up the reaction from
milligram scale to gram quantities. We were quite happy to find that the reaction could be
scaled up without any difficulty. When 1g of N-allylisatin (105a) was heated at reflux in 30
mL of hydrazine hydrate (25%) for 4 h, 0.81 g of 1-propyl-2-oxindole (107a, 87%) was
obtained. We further proceeded to investigate the reduction of compounds having a
substitution make up of oxo— and carbon—carbon unsaturations, analogous to the isatins
described below by using hydrazine hydrate (Scheme 2.52). Interestingly, such compounds
that is 2-methoxy-6-(prop-2-ynyloxy)benzaldehyde (108), underwent condensation with
hydrazine to produce aldazine 109 under the reaction conditions. Notably, the alkyne
functionality of the propargyl group of 108 was not reduced under these conditions, but the
entire group was lost during the process (Scheme 2.52). The spectroscopic data of 109 was

found to be in agreement with the literature report (Figure 2.4).
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Scheme 2.52.The reaction of hydrazine hydrate with 2-methoxy-6-
(prop-2-ynyloxy)benzaldehyde (108)
It appears from our results that the tandem reduction of the oxo and ene/yne functionalities by
using hydrazine is unique to N-(2-alkenyl)/propargylisatins, for which the reduction of the C-
3 oxo group involves the well-known Wolff-Kishner mechanism and the reduction of the
olefinic group is facilitated by the in situ formation of a diimide (created by the aerobic
oxidation of hydrazine hydrate), which is consistent with the previously reported mechanism.

Currently, we are actively evaluating the full scope of this mechanism.
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Figure 2.4a:'H NMR spectra of 6,6'-((1E,1'E)-hydrazine-1,2-diylidene-
bis(methanylylidene))-bis(2-methoxyphenol) (109) in CDCl3
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Figure 2.4b:'*C NMR spectra of 6,6'-((1E,1'E)-hydrazine-1,2-diylidene-
bis(methanylylidene))-bis(2-methoxyphenol) (109) in CDCl3

2.5 Conclusions

In conclusion, the reduction of N-(2-alkenyl)/propargylisatins by using hydrazine hydrate
(25% in H>O) led to N-alkyloxindoles. This is an unprecedented example of a tandem
reduction of two functionalities (i.e., anoxo group and alkene/alkyne) present in isatin under
catalyst-free conditionsat ambient pressure. The reaction offers clean conversion of the
reactants into products in excellent yields, which can be easily scaled up to gram quantities.
As an added advantage, the N-(2-alkenyl)/propargylisatins can potentially be further
chemically manipulated (e.g., chain elongation by using the alkyne functionality) to prepare
diversely substituted oxindoles. The observed counterintuitive double reduction provides
further insight into the full scope of the Wolff—Kishner procedure to prepare substituted 2-

oxindoles.
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2.6 Experimental

All reagents and solvents were used as supplied by commercial sources without further
purification. Commercially available hydrazine hydrate (reagent grade, 50-60%) was diluted
to half its concentration using distilled water. Melting points were measured using an MEL-
TEMP 1II apparatus and are uncorrected. Precoated fluorescent silica gel TLC plates were
used to monitor the progress of the reactions. The 'H and '*C NMR spectra were obtained by
a 300 MHz FT-NMR spectrometer. Chemical shifts of the "H NMR spectra are reported in
parts per million (ppm) downfield from tetramethylsilane. IR spectra were recorded FT-IR
Spectrometer and values are expressed in cm™. The ESI-MS spectra were obtained at the
Department of Chemistry, Dalhousie University, by Mr. Xiao Feng.

General procedure for the synthesis of substituted oxindoles by using hydrazine
hydrate: N-(2-Alkenyl)/propargylisatin 105 (0.03 g) was mixed with hydrazine hydrate
(25%, 2 mL) and heated at 115 °C (see Table 2.1 for the reaction time). Upon completion of
thereaction (as evidenced by TLC), the excess amount of hydrazine hydrate was evaporated
under reduced pressure and the residue was subjected to flash column chromatography (silica

gel; hexanes/ethyl acetate, 96:04) to give 1-alkyl-2-oxindole 107.

1-Propylindolin-2-one (107a).

Yellow solid; mp 64-66 °C; FT-IR Vmax (neat): 2968, 2926, 2878, 2865,
1689, 1612, 1462, 1353, 743 cm™;'H NMR (300 MHz, CDCls) & 7.34—

@O 7.20 (m, 2H), 7.03 (t, J= 7.5 Hz, 1H), 6.84 (d, J= 7.7 Hz, 1H), 3.69 (t,
( J=7.4 Hz, 2H), 3.53 (s, 2H), 1.80-1.64 (m, 2H), 0.98 (t,J= 7.4 Hz,
3H); 3C NMR (75 MHz, CDCL) & 175.1, 144.7, 127.8, 124.7,

124.4, 122.1, 108.4,41.6, 35.8, 20.8, 11.4.

5-Methyl-1-propylindolin-2-one (107b)

White solid; mp 102-104 °C; FT-IR vmax (neat): 2960, 2920, 2869,
Memo 1704, 1494, 1343, 1202, 821, 743, 675 cm™;'H NMR (300 MHz,
N CDCL) § 7.13-7.00 (m, 2H), 6.73 (d, J = 8.0 Hz, 1H), 3.66 (t, J = 7.3

( Hz, 2H), 3.50 (s, 2H), 2.34 (s, 3H), 1.78-1.62 (m, 2H), 0.97 (t, J = 7.4

Hz, 3H); '*C NMR (75 MHz, CDCL) § 175.0, 142.3, 131.6, 127.9,

125.34, 124.7, 108.1, 41.6, 35.8, 21.0, 20.8, 11.4;ESI-MS m/z calcd for CiiHi2NNaO
[M+Na]": 212.1051; found [M+Na]*: 212.1046.
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5-Chloro-1-propylindolin-2-one (107¢)

(

White solid; mp 115-116 °C; FT-IR vmax (neat): 2966, 2925, 2878,
1695, 1609, 1486, 1342, 820, 744, 648 cm™';'H NMR (300 MHz,
CDCl) ¢ 7.32-7.18 (m, 2H), 6.75 (d, J = 8.6 Hz, 1H), 3.66 (t, J= 7.2
Hz, 2H), 3.52 (s, 2H), 1.75-1.63 (m, 2H), 0.97 (t, J= 7.3 Hz, 3H); *C
NMR (75 MHz, CDCl3) ¢ 174.4, 143.3, 127.7, 127.4, 126.3, 124.9,

109.1,41.7, 35.6, 20.7, 11.4.

5-Bromo-1-propylindolin-2-one (107d)

(

Yellow solid; mp 96-98 °C; FT-IR vmax (neat): 2964, 2932, 2875,
1693, 1604, 1483, 1340, 820, 746, 667 cm™; 'H NMR (300 MHz,
CDCl) 0 7.46-7.33 (m, 2H), 6.71 (d, J= 8.1 Hz, 1H), 3.66 (t, J=17.3
Hz, 2H), 3.53 (s, 2H), 1.78-1.63 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H);
3C NMR (75 MHz, CDCls) § 174.3, 143.8, 130.6, 127.6, 126.7,

114.7,109.7, 41.7, 35.6, 20.7, 11.7.

5-Fluoro-1-propylindolin-2-one (107e).

(

White solid; mp 110-112 °C; FT-IR vimax (neat): 2970, 2946, 2927,
2880, 1691, 1605, 1490, 1452, 1345, 855, 811, 767, 748, 674 cm™;'H
NMR (300 MHz, CDCls) 6 7.06-6.90 (m, 2H), 6.74 (dd, J = 8.3, 4.1
Hz, 1H), 3.67 (t, J = 7.3 Hz, 2H), 3.53 (s, 2H), 1.78-1.61 (m, 2H),
0.97 (t, J = 7.4 Hz, 3H); 3C NMR (75 MHz, CDCL) 6 174.6, 159.0

(d, "Je.r= 240 Hz) 140.6, 140.5, 126.2 (d, *Je.r=9 Hz), 114.0 (d, °Jc./= 24 Hz), 112.6 (d, *Jc
F = 25 Hz), 108.6 (d, *Jcr = 8 Hz), 41.7, 36.0, 20.7, 11.4;ESI-MS m/z calcd for
C11H12FNNaO [M+Na]": 216.0801; found [M+Na]*: 216.0795.
1-(3-Phenylpropyl)indolin-2-one (107f).

Brown liquid; FT-IR vmax (neat): 2925, 2859, 1704, 1612, 1488,
1465, 1352, 1152, 745, 697 cm™;'H NMR (300 MHz, CDCl3) 6 7.35—
7.16 (m, 7H), 7.03 (t, J = 7.4 Hz, 1H), 6.74 (d, J = 7.9 Hz, 1H), 3.76
(t, J = 7.3 Hz, 2H), 3.52 (s, 2H), 2.72 (t, J = 7.7 Hz, 2H), 2.12-1.93
(m, 2H); *C NMR (75 MHz, CDCL) 6 175.1, 144.5, 141.1, 128.4,

128.3, 127.8, 126.1, 124.7, 124.5, 122.2, 108.3, 39.6, 35.8, 33.2, 28.8;ESI-MS m/z calcd
forC17H17NNaO [M+Na]*: 274.1208; found [M+Na]": 274.1202.
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5-Methyl-1-(3-phenylpropyl)indolin-2-one (107g).

Yellow oil; FT-IR vimay (neat): 2920, 2860, 1701, 1598, 1492, 1452,
1349,1171, 803, 745, 698 cm';'H NMR (300 MHz, CDCL) 6 7.33—
7.17 (m, 5H), 7.06 (d, J = 11.0 Hz, 2H), 6.63 (d, J = 7.8 Hz, 1H),
3.75 (t, J = 7.2 Hz,2H), 3.49 (s, 2H), 2.72 (t, J = 7.7 Hz, 2H), 2.34
(s, 3H), 2.10-1.93 (m, 2H); 3C NMR (75MHz, CDCls) ¢ 175.1,

142.1, 141.1, 131.7, 128.4, 128.3, 127.9, 126.1, 125.4, 124.7, 108.0,39.6, 35.8, 33.2, 28.8,
21.1;ESI-MS nv/z calcd forCisHigNNaO [M+Na]": 288.1364; found[M+Na]": 288.1359.
5-Chloro-1-(3-phenylpropyl)indolin-2-one (107h).

Yellow oil; FT-IR vmax (neat): 2925, 2858,1703, 1611, 1551, 1482,
1346, 1156, 804, 746, 698 cm'; 'H NMR (300 MHz, CDCls) &
7.35-7.17 (m, 7H), 6.62 (d, J = 8.8 Hz, 1H), 3.74 (t, 2H), 3.50 (s,
2H), 2.71 (t, J= 7.6 Hz,2H), 2.09-1.92 (m, 2H); '3C NMR (75 MHz,
CDChL) o0 174.4, 143.0, 140.9, 128.5, 128.3,127.7, 127.5, 126.3,
126.1, 124.9, 109.1, 39.7, 35.6, 33.1, 28.6;ESI-MS m/z calcd

forC17H;6CINNaO [M+Na]": 308.0818; found [M+Na]": 308.0813.

5-Fluoro-1-(3-phenylpropyl)indolin-2-one (107i).

Yellow oil; FT-IR vinax (neat): 2927, 2860, 1703, 1608, 1487, 1452,
1347, 1159, 805, 747, 698, 676 cm’;'H NMR (300 MHz, CDCL3) &
7.35-7.15 (m, SH), 7.05-6.88 (m, 2H), 6.67-6.57 (m, 1H), 3.74 (t, J
= 7.3 Hz, 2H), 3.51 (s, 2H), 2.72 (t, J = 7.6 Hz, 2H), 2.10-1.93 (m,
2H); 3C NMR (75 MHz, CDCL) & 174.6, 159.0 (d, "Je.r= 240 Hz)

140.9, 140.5, 128.5, 128.3, 126.2 (d, *Jcr= 8 Hz), 126.1, 113.9 (d, °Jc.r= 24 Hz), 112.6 (d,
’Jer= 24 Hz), 108.6 (d, *Jcr = 8 Hz), 39.7, 36.0, 33.1, 28.6;ESI-MS mv/z calcd for
C17H16FNNaO [M+Na]": 292.1114; found [M+Na]": 292.1108.
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5-Amino-1-(3-phenylpropyl)indolin-2-one (107j).

HoN Brown liquid; FT-IR vmax (neat): 3344, 3225, 2924, 2857, 1677,
mo 1595, 1491, 1357, 1200,806, 746, 698 cm™;'H NMR (300 MHz,
N CDCl) o0 7.34-7.14 (m, 5H), 6.76 (s, 1H), 6.68 (d, J = 8.0 Hz, 1H),
’ 6.55 (d, J= 8.2 Hz, 1H), 3.71 (t, J = 7.0 Hz, 2H), 3.46 (s, 2H), 2.70
@ (t, J=7.6 Hz, 2H), 2.10-1.90 (m, 2H); 1*C NMR (75 MHz,CDCls) 6
174.5, 141.1, 139.8, 137.6, 128.4, 128.3, 126.1, 126.1, 114.8, 113.6, 108.8, 39.7,36.1, 33.2,
28.8;ESI-MS m/z caled for Ci7HisN2NaO [M+Na]": 289.1303; found[M+Na]": 289.1311.
1-(3-Methylbut-2-enyl)indolin-2-one (107Kk).

Brown liquid; FTTIRvmax (neat): 3055, 2915, 1703, 1612, 1465, 1350,
mo 746 cm™;'"H NMR (300 MHz, CDCl;) ¢ 7.31-7.20 (m, 2H), 7.03 (t, J =
\ 7.5 Hz, 1H), 6.80 (d, J = 7.9 Hz, 1H), 5.19 (t, J= 6.2 Hz, 1H),4.33 (d, J
\ = 6.5 Hz, 2H), 3.54 (s, 2H), 1.84 (s, 3H), 1.73 (s, 3H); *C NMR (75
MHz, CDCl;) § 174.6, 144.6, 136.6, 127.7, 124.6, 124.3, 122.1, 118.4,
108.7, 38.0, 35.9, 25.6, 18.7;ESI-MS m/z calcd forCi3Hi;sNNaO [M+Na]*: 224.1051; found
[M+Na]*: 224.1046.
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Chapter III

3.1 INTRODUCTION

The reactions catalyzed by transition metals constitute a large part of the tools used in organic
synthesis. The presence of empty energetically accessible d-orbitals make complexes of
transition metals favorite aides in the never-ending quest for ways to build new molecules.
Transition metals have unique ability to activate various organic compounds and through this
activation they can catalyze various cross-coupling reactions such as Kumada,'!! Negishi,*

Buchwald-Hartwig, 4!

Heck,!  Suzuki-Miyaura,!® °1 Stille,'>!?) Ullmann coupling and
condensation,!'3! Hiyama,!'* Sonogashira,['> etc. which are very powerful methods for the
creation of carbon-carbon (C-C) and carbon-hetero (C-Y) bonds, where Y = N, O, S, P, Si, B

(Figure 3.1). These reactions have been successfully applied in the pharmaceutical,
[16]

agrochemical and fine chemical industries.

Ar—Y—Ar J\
Ar—Y-Ar , Ar

Ar—Y—Ar

Ar—Y-Ar

uuewn Buey| -1ebulieg
Vdg\fj‘d

X = Halogen
Y =NH, O

N .
Transition Metal

Catalyzed Reactions

Ar'-Ar

Buchwald- Hartwig

Ar—R

Ar-R

Z-2

Ar” R

Figure 3.1: Transition metal catalyzed reactions for the construction of C-C and C-Y bond
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Chapter III of the thesis is focused on the synthesis of novel indole-annulated heterocyclic
compounds using transition metals (Pd, Cu and Au) catalyzed reactions. A brief overview of
recent development in the transition metal catalyzed synthesis and C-H and N-H
functionalization of indole based heterocycles.

3.1.1 Palladium-catalyzed coupling reactions of indole derivatives

Palladium catalyzed arylation of heteroaromatics with aryl halides, is the most developed type of
C—H functionalization of heterocyclic compounds. This chemistry has been rapidly growing and
new types of direct intra- and inter-molecular reactions as well as cascade transformations of
heterocycles, such as C-H arylation, heteroarylation have been developed. Palladium complexes
are among the most frequently used catalysts for the functionalization of heteroaromatic
compounds.

Ohta and co-workers reported first direct C-2 and C-3 arylation of N-alkylated indoles 1 with 2-
chloro-3,6-dialkylpyrazines (2) in the presence of 5 mol % Pd(PPhs)s and 1.2 equiv of potassium
acetate (KOAc) in N, N-dimethylacetamide (DMA) under reflux condition (Scheme 3.1).['”) They
found that 1-tosylindole furnished C-3 arylated products 4 in moderate to good yields. Whereas
I-alkyl and benzylindoles under the same conditions afforded C-2 arylated products 3.

R2
'\?//\\N R1
R’ = N\gz _ 5 mol % Pd(PPhs), % +C|\/[N\]/R 5 mol % PAPPh), 43

AN KOAc (1.2 equiv) N R2 N/ KOAc (1.2 equiv)
N DMA, reflux R DMA reflux
\

4 R R=Ts, R'=H 1 2 R = Me, Bn oo It

arylation
C-3 anylation R2 = Alky! R2 = Alkyl, R" = H Y

Yield : 18-70%
Yield : 40-68%

Scheme 3.1: Selective C-2 and C-3 arylation of indoles 1 with chloropyrazines 2

Ronald Grigg reported an intramolecular arylation of iodo-1-aroylindoles 5 in the presence of 10
mol % Pd(OAc)2, 20 mol % PPhs, 2 equiv K»COs and tetraethylammonium chloride affording
good yields of tetracyclic products 6 (Scheme 3.2).['%2% Lower yield was obtained when indole

5 was substituted at C-3 position as compared to unsubstituted derivative.
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R R

N\ 10 mol % Pd(OAc),

N X 20 mol % PPhs, O N O
K,CO3 (2 equiv), Et4NCI, N

o CH4CN, reflux 0

6
5 X=1
R=H, 80%
R = Me, 63%

Scheme 3.2: Pd-catalyzed intramolecular arylation of iodo-1-aroylindoles 5

Kozikowski described a methodology towards the synthesis of polycyclic indoles 8 and 10
featuring intramolecular cyclization of indoles 7 and 9 respectively (Scheme 3.3).2!! It was
demonstrated that intramolecular C—H arylation proceeded readily in the presence of Pd(PPhs)4

and KOAc in dimethylacetamide (DMA) affording polycyclic products 8 and 10 in very good

R R
Pd(PPhs),, KOA
N X DMA, 130-160 °C V2N
( X =Br n
7 " 8

yields.

Y=CH,n=1-3 Yield : 72-81%
R= H, -CH2CON(nPr)2
R'=H
o2 QY
O A Pd(PPh3),, KOAc l’
N 0 DMA, 130 °C /N
Me Me (0]
9 10
Yield: 95%

Scheme 3.3: Synthesis of polycyclic indoles 8 and 10

Later, Merour developed a palladium catalyzed method for the intramolecular annulation of 7,
leading to polycyclic indole- and pyrrolo[2,3-b]pyridine containing structures 8 (Scheme 3.4).1%
Annulated products 8 were obtained in moderate to high yields and sensitive functional groups

such as aldehyde, cyano and halogens were very well tolerated under these conditions.
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R
N

T

7
Y=CH,N, n=1-2
R = CHO, CN
R'=H, 5-OMe, 5-Br

4

R
Pd(PPh,),, KOAC R SN
DMF, 110 °C vy N
X =Br n

8
Yield: 34-90%

Scheme 3.4: Intramolecular cyclization of 7 with sensitive functional group

Fagnou group reported an intramolecular arylation of heteroarenes indole 7 and 12 using

catalytic system Pd(OAc) (1 mol %), PCy;.HBF4 (2 mol %) and 2 equiv. of KoCO3; in DMA

affording indole-fused polycyclic ring systems 8, 11 and 13 in good to high yields (Scheme

3.5).123.24]
N Pd(OAc),
\ Me  pCy;.HBF,
K,CO3
DMA, 130 °C

I 11

Yield: 82%

EtO,C CO,Et

! Cl
: Q
N
H
12

7 Yield: 91%

EtO,C CO,Et

Pd(OAc),, PCy;.HBF,

K,COj3, DMA, 130 °C O 'Q
N
H

13
Yield: 80%

Scheme 3.5: Pd-catalyzed intramolecular direct arylation of indoles 7 and 12

Shun Ji group demonstrated the synthesis of fused tetracyclic bisindole alkaloid analogs 15 via

palladium catalyzed intramolecular direct C-H arylation of symmetrical and unsymmetrical 3,3'-

bis(1H-indol-3-yl)methanes derivatives 14 (Scheme 3.6).! Bis(indolyl)methanes having

different functional groups gave corresponding tetracyclic compounds in good to excellent yield.
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5 mol % Pd(OAc),

10 mol % PPhj R1 '
2 equiv. CsOAc O
N R2

DMA, 110 °C

Yield : 71-96%

R =H, Me, Ph

R'=H, 5-CHj, 6-CHj, 7-CHj3, 5-NO,
5-OMe, 4-CO,Me, 4-CN

R? = H, 4-CH,, 4-F

Scheme 3.6: Pd-catalyzed intramolecular indole C-2 arylation of bisindole derivatives 14.

Lautens and co-workers reported the annulation of N-bromoalkylindoles 16 and aryl iodides 17
in the presence of catalytic amounts of Pd(OAc),, tri-2-furylphosphine, Cs»CO3 and a
stoichiometric amount of norbornene to generate six- and seven-membered ring annulated
indoles 18 (Scheme 3.7). This method involved Catellani norbornene-mediated Pd-catalyzed
tandem ortho-alkylation/C—H functionalization between an aryl iodide and N-
bromoalkylindoles.®! Optimized conditions were applied to a number of substituted indoles and
aryl iodides with electron-donating and electron-withdrawing groups, where both were shown to

be well tolerated and produced consistently good to excellent yields of corresponding annulated

mdoles.

5 1

R | R i 10 mol % Pd(OAc), RS R" R2
@\/\> 20 mol % tri-2-furylphosphine @ A\ O

R3
N 5 H R3 Cs,CO5 (2 equiv), CHACN, N
n=12 \K\/fn R% norbornene (2 equiv), 90 °C n R*
16 17 18

R’ = Me, NMeTs, R? =H, CO,Me, NO, Yield : 54-93%

R3=R*=H, NMeTs
R5 = H, 5-OMe, 5-CO,Me, 6-Cl

Scheme 3.7a: Synthesis of annulated indoles 18 via Pd-catalyzed tandem alkylation/direct
arylation reaction

Page 146



Chapter III

Carbopalladation

R! of Norbornene
[ R2 ﬁ
2
7 R
2
, H R® o R! R®
R R R 17 R R*\
Pd°L, ————— > 4
L R® Oxidative | o R R
L-Pd addition 275 i H
/ o R* I H Rd"L,

C52C03

1
Cs,CO5 RS R R? Palladacycle
A\ formation
3 Csl + CsHCO
N R 3
C

sBr + CsHCO3

4
n=1,2 n R R2
R’ R®
R3
4
L,Pd R
| I
Bi R Pd'-L
N L
1 RS
N 1 R
L3 R ULy
N
R® R3 L Br
[ 3 16
Norbornene | o4 B _Pdv R Wn
. 2 r 4
Extrusion ‘B (%L R
Oxidative Addition

Reductive Elimination

R5~@N/) from Palladacycle éj pi to Palladacycle

Scheme 3.7b: Proposed reaction mechanism for the synthesis of annulated indoles 18
3.1.2 Copper-catalyzed coupling reactions of indole derivatives

Despite wide applicability and high efficiency of Pd-based catalytic systems, the high cost of the
catalyst stimulates the development of cheaper alternatives. The resurgence of interest in
Ullmann-type reactions and application of copper catalysts for carbon—carbon and carbon—
heteroatom bond formation as well as other reactions are clearly observed in recent years. Many
research groups have been involved in the development of more efficient copper/ligand
combinations to widen the scope of such reactions in terms of substrate tolerance, copper
loading, milder reaction conditions, enhanced chemoselectivity and enantioselectivity.?’! The
progress has been so spectacular that, in numerous cases, the use of copper systems is now a

serious rival for the alternative palladium-catalyzed procedures. The range of nucleophiles
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suitable for Ullmann-type arylations has become wider with time and nowadays N-, O-, S-, P-
and C-aryl bonds formation are easily accessible through these processes. Such bonds can be
found in many bioactive organic compounds?® ?°! as well as in materials chemistry.*% 3! The
following are the examples of Ullmann-type reactions namely those Cu-catalysed N-arylations of
indole derivatives in which aryl halides are involved. Buchwald and co-workers demonstrated
the known copper chelating high efficiency of 1,2-diamine ligand L1 for the coupling of
substituted aryl bromides and iodides 19 with a variety of indoles 1. The desired N-arylindoles
20 were obtained in yields up to 99% under the usual conditions (Scheme 3.8, Eq. (1)).*?! Ma
and co-workers showed that amino acid L-proline bidentate ligand L2 was particularly effective
and led to the successful coupling of numerous aryl bromides and iodides 19 with various
indoles 1, often at a mild temperature (Scheme 3.8, Eq. (2)).3! Chandrasekhar achieved
efficiently Buchwald N-arylation of indole in PEG-400 as solvent medium in the presence of
Cul/ligand L3 system under mild reaction conditions (Scheme 3.8, Eq. (3)).** Nageswar and
co-workers discovered the Cu-catalysed C-N cross coupling of aryl bromides or iodides 19 with
substituted indoles 1 by using 1,2-diaminocyclohexane L4 as ligand and water as an

environmentally benign, safe, and nontoxic reaction medium (Scheme 3.8, Eq. (4)).1*"!

L1 (20%), K4PO,4 (2 equiv.), toluene, 110 °C (1)

L2 (20%), K,COj3 (2 equiv.) for Ar-l, DMSO, 90 °C  (2)

» @ cul (5% Cs,CO; (2 equiv.) for Ar-Br
N

)%
;1 R \ L3 (10%), K,COj (2 equiv.), PEG-400, 80 °C 3)

12
L4 (10%), K,COg3 (2 equiv.), H,0, air, 80 -100 °C (4) R S |

=
@ Cul (10%), K,CO3 (2.1 equiv.), PEG-200, 100 °C, N,  (5) |

R2 R?
19 [ Ligand Free Synthesis] 20
2 —
R®=EDG or EWG Cu(OAC),.H,0 (1%), Cs,CO;3 (2 equiv.), DMF, 110 °C  (6)

R'=H, Me, OMe, F
X =Br, |

MeHN  NHMe H OH HN  NH,

Scheme 3.8: Selected examples of the copper-catalyzed C-N bond formation between substituted
indole 1 and various aryl bromide or iodides 19.
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Lately, several “ligand-free” systems have emerged for the N-arylation of indole catalyzed by
copper compounds. Jun Luo group reported the synthesis of N-arylindole 20 in good to excellent
yield using coupling of aryl bromides or iodides 19 and substituted indole 1 under “ligand-free”
conditions with 10 mol % of Cul in the presence of K»CO3 as a base in PEG-200 media (Scheme
3.8, Eq. (5)).5% A similar ligand-free system was reported by Lang and co-workers but relatively
low catalyst amount of Cu(OAc)2.H20 (1 mol %) was used to catalyze N-arylation of indole with
aryl iodides in the presence of 2 equiv. Cs2CO3 as a base in DMF (Scheme 3.8, Eq. (6)).57!

Liu and co-workers developed an efficient synthesis of tetracyclic products, 5,6-
dihydroindolo[1,2-a]quinoxalines 24 via copper catalyzed intramolecular C-N coupling reaction
under microwave irradiation (Scheme 3.9).5% Good to excellent yields of 24 were obtained
using a catalytic system of Cul/L-proline/K>CO3; in DMSO under microwave irradiation in 45
minutes. The required cyclization precursors, aryl substituted (1H-indol-2-yl)methanamines 23
were easily prepared by reductive amination of 1H-indole-2-carbaldehydes 21 with 2-

haloanilines 22 in good yields.

R1
H
I
\ 0,
21 R N NH 10 mol % Cul N NH

1) CF3COOH, DCM, reflux H 20 mol % L-proline
* 2) NaBH,, MeOH X K,COs DMSO
90 °C ”

X
H,N

Yield : 83-97%
22

R'=H, 5-F, 5-Br, 5-NO,, 5-Me, 5-OMe
R? = H, 5-Cl, 5-F, 4-Cl, 4-Me, 4-CF,
X=1,Br

Scheme 3.9: Synthesis of 5, 6-dihydroindolo[1,2-a]quinoxalines 24 by Cul catalyzed
intramolecular N-arylation

Liu group constructed a library of indole based heterocyclic compounds by a sequence of Ugi
four-component reactions incorporating the indole motif and copper catalyzed C-N coupling
(Scheme 3.10a).°! The Ugi products 28 were synthesized by condensation of 1H-indole-2-
carbaldehydes 21, 2-iodobenzoic acids 25, amines 26 and isocyanides 27. The linear precursors

28 contain five potential nucleophilic sites, i.e. indole C-3, indole N-1, the a-C of the secondary

Page 149



Chapter III

amide, the oxygen and NH of the secondary amide. When substrates 28 were subjected to copper

catalysis, N-1 arylation products 29 were preferentially formed.

a)
R H |/?4
N R’ o R Oy~ NH
\ A\ Cul, L-proline, A N’RS
R
R3_NH2 21 Me_()H» H N_R3 K2003, DMSO, N
26 + 0 rt o) MW, 80 °C o
R=H R?
OH [
4_+: ~ 2
RY*-N=C R
27 R2 25 28
29
R!'=H, 5-OMe, 5-CI RZ?=H, 5-Cl, 5-Me Yield: 87-95%
R3 = Ph, n-propyl R* = cyclohexyl, n-butyl

Scheme 3.10a: Post functionalization of Ugi four-component product via C-N coupling for the
synthesis of indole-fused compounds 29

Further, the diversity was expanded by incorporating the directing iodide group to the amine
input of the Ugi reaction (Scheme 3.10b). The acyclic, peptide-like a-acylaminoamides 31 were
obtained by Ugi condensations of 1H-indole-2-carbaldehydes 21, carboxylic acids 30, 2-
iodoanilines 22 and isocyanides 27 which were then converted to indole fused compounds 32 via

copper catalyzed C-N coupling reaction.

Rq

’ HN
1
Cul, L-proline
N ’ ’ N o)
N O _ MeOH H @ K,CO4, DMSO, N
R 21
R,—NEC™ + [ MW, 90 °C
31 R3
32 R
R2

Yield: 89-96%

=H, 5-OMe, 5-CI  R?= Ph, 3-OMe-Ph, 4-NO,-Ph
R3 =H, 5-Cl R* = cyclohexyl, n-butyl,

Scheme 3.10b: Construction of indole-fused compounds 32 via Ugi four-component reactions
followed by Cu catalyzed C-N coupling
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Sanmartin et al. disclosed a direct approach for the synthesis of isoindolo[2,1-a]indole 8 and
indolo[1,2-a]indole 35 via copper-catalyzed intramolecular direct C- and N-arylations (Scheme
3.11).*% The required precursors 7 was easily prepared by alkylation of indole (1) with 2-
halobenzylbromide (33) in presence of KOH in DMSO while 34 was obtained by migration of
the 2-bromobenzyl group from the nitrogen to the C2 position of the indole upon heating of 7 in
the presence of polyphosphoric acid (PPA).

R ©\/\Br 10 mol % [Cu], R!
\ x 33 R1~® « 2 equiv. K,COs3, G N\
- N

N KOH, DMSO, rt PEG- 400, 180 °C N O
1 h n X =1 n=1 n

n=1 8
_pl—
R=R'=H 7 Isoindolo[2,1-a]indole
PPA Yield: 88%
X =Br
160 °C

R O N\ 10mol % Cul,  R! N
N n 10 mol % CHDA, O n=1
H Br

N. 2
2 equiv. K3PO4,
34 toluene, 105 °C 35

Yield: 58%
CHDA: trans-1,2-diaminocyclohexane

indolo[1,2-a]indole
Yield: 88%

Scheme 3.11: Synthesis of isoindolo[2,1-a]indole 8 and indolo[1,2-a]indole 35 via copper
catalyzed C-N coupling

3.1.3 Gold-catalyzed reactions for the synthesis of indole derivatives

Gold catalysis is considered as one of the most important breakthroughs in organic synthesis for
the synthesis of common core structures of various natural products, synthetic intermediates and
pharmaceuticals during the last decade.[*!**) Hashmi and coworkers developed first gold-
catalyzed methodology for C-C bond formation using gold catalyst.**! Generally, Au(I) and
Au(IlII) act as soft Lewis acids and they preferentially coordinate with soft Lewis bases, such a
property allows it to activate unsaturated functionalities such as alkynes, alkenes and allenes to
become susceptible to be attacked by various nucleophiles, such as alcohols/water,*6-"]
nitrogen,®! 32! carbon nucleophiles,**8! carboxylic acids,®! ketones!*> 621 and thiols!®*! to

create C-C and C-X bonds under extremely mild conditions.
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In addition, gold catalysts are exceptionally alkynophilic and not oxophilic as most Lewis acids.
Thus, oxygen, water and alcohols are often well-tolerated, in sharp contrast to most air- and
moisture-sensitive Lewis acid or transition metal-catalyzed transformations in gold catalyzed
reactions. Gold (I)-catalyzed nucleophilic addition reactions proceed through outer-sphere and
inner-sphere mechanisms as illustrated in Figure 3.2.[°1 Mechanistically, gold catalysis is
generally expressed through the m-activation of the electrophilic partner with a consequent anti-
attack of the aromatic compounds (outer-sphere type pathway). However, the possibility of
forming discrete aryl gold intermediates (usually referred as auration reaction of arenes) makes
the syn addition process (inner-sphere type pathway) a feasible alternative (Figure 3.2). In the
realm of the gold co-ordination to unsaturated hydrocarbons, gold arene interactions are weaker

than those of Au-[Alkyne/alkene/allene].

" Outer-sphere "
(A’
€ R! A . R" H
R1 — R2 . [ U] H .
© LL_] -H pH R2  -[AU PH R?

" Inner-sphere "

©/—\v Q\[ Aul Ph>:<[Au] N Ph>:<H

(A" ——— I
-H [R1\i =2 R R2 -[Au] R' R?

Figure 3.2: Outer (A4nti) and inner (syn) sphere mechanism in gold-catalyzed arene
functionalization

Ohno and co-workers reported gold catalyzed PhsPAuCl/AgOTf (5-20 mol %) cascade reaction
strategy for the synthesis of indole-annulated[a]carbazole scaffold 40 via intramolecular 5-endo-
dig hydroamination followed by 6-endo-dig hydroarylation of aniline substituted diethynylarenes
39. The aniline substituted diethynylarenes were obtained by iterative Sonogashira reactions of
1,2-dihalobenzenes 36 with substituted acetylenes 37 and ethynylanilines 38 (the order

depending on the substrate) without producing undesirable indoles (Scheme 3.12).[6%!
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The substrates 39 having electron-deficient aryl groups such as p-ClC¢Hs and p-F;CCeHs as the
R! substituents with 5 mol % catalyst gave 40 in good yields 84% and 81%, respectively.

iterative coupling R!
X

1) R™=== [PdCI,(PPh,),], R!
X1 37 Cul, Et3N or O 5-20 mol % R2
j@ piperidine i = Ph;PAUCIAGOTF O
X2 /
6 2 RZ Z [PdCI(PPhs),], O CHLCN, N %0

Cul, Et3N or NH, 80°C . .

X'=X2=8Br, | NH, piperidine 39 Yield :19-87%

38
R' = n-Pr, t-Bu, Ph, p-MeCgH,,

p-OMeC6H4, p-F3CC6H4, p-C|C6H4,
R2=H, CO,Me, CF3, Me

2
N
O N Q 5-endo-dig
H hydroamination
B
6-endo-dig
hydroarylation
H+

Scheme 3.12: Complete synthetic route with proposed mechanism for the synthesis of indole-
annulated|[a]carbazoles 40

In contrast, substrates 40 with electron-rich aryl groups such as p-MeC¢Hs and p-MeOCeH4
resulted in low yields 42% and 29%, respectively. The yield were slightly improved by
increasing the catalyst loading. Several substituents on alkyne terminus were well tolerated for
the cascade cyclization, compound with tert-butyl group on alkyne terminus gave low yield

(19%) of the product presumably due to the steric repulsion of the tert-butyl group and the gold

Page 153



Chapter III

complex on the second cyclization as well as the formation of a sterically congested product.
Compound 39 with either electron-withdrawing group (-CF3) or electron-releasing group (-Me)
on the aminoaryl ring (R?) afforded desired carbazoles 40 in good yields by using 20 mol %
catalyst.

Van der Eycken and coworkers elaborated gold(I)-catalyzed diversity-oriented sequential post-
Ugi intramolecular hydroarylation approach for the synthesis of pyridoindoles 44 and
azepinoindoles 45 by (Scheme 3.13a).1°] The Ugi four-component reaction involved the reaction
of 2-formylindoles (21), propargylamines (41), phenylacetic acids (42) and isocyanides (27) in
methanol at 50 °C. The Ugi adducts 43 were subjected to intramolecular hydroarylation reaction
in the presence of AuCl (2 mol %) as catalyst in chloroform at room temperature. In the case of
terminal alkynes of substrates 43, the products 44 were obtained via 6-exo-dig cyclization
whereas phenyl substituted alkynes of substrates 43 afforded 45 in a very good yield via 7-endo-
dig cyclization reaction (Scheme 3.13b).

AuCl 2 mol %) R

CHClg
R1 H R2 —
% ;
1 R—— 2 3
MeOH N =R2=R3 =
" _so0°c N\ 5 R4 = t-Bu 93%
COOH 2 N NH —
R*-NC H o ge
27 43
R R'=H R2 = Ph AuClI (2 mol %)
’ O
R3=H, OMe, R*=tBu, cyclohexyl CHClg, t, R
42 R? = Ph

Yield: 60-87%

Scheme 3.13a: Gold (I) catalyzed post-Ugi intramolecular hydroarylation reaction of 43 for the
synthesis of indole-annulated compounds 44 and 45
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H
43 oo\ R3 N
. 1,3-proton
Au() R2=p [ " Nmi, N shift 4
R'=H 6-exo-dig N 0 - H* H e}
TN A o NH R
Rt C

A |
R2 :_u R3 R4
_—\
NN
O R

\ | I
o R on Ph.
R2 = Ph N RS — R®
7-endo-dig N\\(\Q \ N "
) — 45
?\l Na -H* H NHO
H O R B o é4 D

Scheme 3.13b: Proposed mechanism for the synthesis of pyridoindoles 44 and azepinoindoles 45

In another report, Eycken group synthesized azepinones by gold catalyzed hydroarylation of Ugi
four-component product 47. The Ugi-adduct 47 was obtained by the reaction of 2-formylindole
(21) with an amine (26), alkynoic acid (46) and isonitriles (27) in methanol at 50 °C. The Ugi-
adducts 47 were treated with 5 mol % Au(PPh3)OTf in chloroform, only 7-membered ring
formation was observed via 7-endo-dig attack of the aromatic ring on the activated alkyne
resulting in the formation of azepinoindoles 48 (Scheme 3.14).1°7] The desired azepinones 48
were obtained in excellent yield even though a bulky substituent like a phenyl group was present

on the alkyne of substrates 47.

R R*—NH, O R? o
2 —
/\\ \ 26 R1\R — zN " R1\ =
COOH  MeOH X ~R" 5 mol % Au(PPh;)OTf X N~R4
B CHO e0 | N\ o Au(PPhj) , \ R
N Il 50 °C <N Ny CHCl3, 50°C N
21 R s ! 3 ! N
R3—NC L2 R O R R O s
27
46 47 48
R=H, Me, R"=H R2 = Et, Ph, Me, 4-OMe-Ph Yield: 79-92%

R*= cyclopropyl, 4-OMe-Bn, n-Bu R3 = t-Bu, cyclohexyl

Scheme 3.14: Synthesis of azepinoindoles 48 via post-Ugi Au(I)-catalyzed intramolecular
hydroarylation

Kundu and co-workers reported the one-pot synthesis of carbazoles 50 involving the reaction of
2-alkynylindoles 49 with aryl acetylenes 37 in the presence of 15 mol % AuCIPPhs/AgSbFs in

toluene at 110 °C. This strategy comprises tandem gold-catalyzed reactions leading to two C-C
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bonds forming via sequential hydroarylation of the alkyne and 6-endo-dig carbocyclization

a
|| R

reactions (Scheme 3.15).[6%]

R1
\ + o
-~ 15 mol % AuCIPPh;/AgSbFg O
N S 2 > 2
H R Toluene, 110 °C R
N
49 R3 H
R'=H, 5-Cl 37
R2 = Ph, 4-Me-Ph, 4-tBu-Ph Yield : 50-78%

n-Bu, cyclohexenyl
RS = H, 4-tBu, 4-Me, 4-OMe, 4-F, 4-CN

SbF
AuCIPPh, AgSbFe

6-endo- dlg
carbocyclisation B

Scheme 3.15: Gold-catalyzed one pot synthesis of NH-carbazoles 50.

Aryl alkynes (37) bearing both electron withdrawing and electron donating groups were found to
be suitable substrates for the cyclization and gave the corresponding products in moderate to
excellent yields. Replacing phenylacetylenes 37 with aliphatic terminal alkynes failed to give
desired products. Similarly, indoles 49 with R? as aryl substituent gave corresponding carbazoles
in good yields whereas with R? as aliphatic substituents (n-butyl and cyclohexenyl) gave
corresponding carbazoles in moderate yield. On the other hand substituent on indole ring R' had

no effect on the yield of the corresponding carbazoles 50.
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Balci and co-workers demonstrated AuCls gold(IIl) catalyzed reaction of wvarious N-
propargylated indole oximes 51 to give pyrazine N-oxides (52) and rearranged oximes 53
(Scheme 3.16).1°) The substrates 51 with terminal alkynes underwent 6-exo-dig cyclization
reaction giving rise to pyrazine N-oxides 52. However, in the case of substituted alkynes, the
reaction proceeded in a completely different way forming an intermediate D with a seven-
membered ring, which transfered the oxime functionality intramolecularly from one carbon to
another via 7-endo-dig cyclization process and resulted in the formation of 53. This type of
rearrangement is unprecedented in the literature and represents a new rearrangement, the
oxime—oxime rearrangement.

R! OH
J\;\I“
%® AuCly %N AuCls m/(
N © CHCl, N N R

N-o ot R CHClI,, rt

\:< , ~OH
R?=H 2
52 CHj . . 51\ R“=H L<

Pyrazine-oxide 2
. R Oxime-transformation 53
R'=H, Me formation X

RZ = Me, Ph, 4-OMe-Ph

,”WOH WOH a-attack A\ "O~H
A\ : NE.0H (
_ AWl _ R%zH N N A\
N T aion b - \,,-OH
R'=H N 7—endo -dig % 2 N K NS
\\ cyclization C R _
[Au] D R2
b-attack [Au] [Au]
2o +
\ R%=H 6-exo-dig -[Au]
N cyclization H* transfer
lo .
OH -H
B o Qj\/ > M
B H* transfer N (&N’O

®
-

[Au] - N~OH <= Nk/k H
A k(NNOH E K/Q , E j R?
) R
53 ©
H* transfer
@\\ double bond \
Shlft
N \®
\§<N\O@
H 52

Scheme 3.16: Gold-catalyzed synthesis of pyrazine oxides 52 and oxime 53

Very recently, Balci group extended their work and reported gold-catalyzed as well as NaH-
supported cyclizations to provide a versatile approach to the synthesis of new heterocycles such

as pyrazolodiazepinoindoles (56), pyrazolopyrazinoindoles (X = N, 57 and 55) and pyrrolo-
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pyrazinoindole (X = CH, 57). AuCl; catalyzed intramolecular cyclization of 54 (X = N, R?> = H)
having a terminal alkyne afforded the 6-exo-dig cyclization product 55 at room temperature.!’"!
However, the exclusive formation of 7-endo-dig cyclization product 56 was observed with
internal alkynes. In case of 54 (X = CH) either 6-exo-dig or 7-endo-dig cyclization products were
not observed. On the other hand, cyclization with NaH resulted in the formation of 6-exo-dig
cyclization products 57 regardless of the substitution of the alkyne functionality. As there was no
trace of 7-endo-dig cyclization products observed, it’s believed that the cascade process relies on
the interception of allene intermediates followed by an H-shift.

With our interest in the synthesis of novel indole-annulated sulfur heterocycles using transition
metal catalyzed C-H functionalizations. In this chapter, we have taken up to develop novel
synthetic methods for the synthesis of benzothiazino[3,2-a]indoles, dihydroisothiochromeno[3,4-
blindoles and dihydrothiopyrano[2,3-b]indoles employing copper, palladium and gold transition

metals catalysis.

A\ 1 N\__/ / Ph
7 R A\ / AuCI3/CH5CN, N N—N
N HN-X NaH/DMF N < 24h \:<
\\J i, X =N, CH HN- X=N R2=H cH, 55
A \ 54 \\ 6-exo-dig cyclized product
R ) 87%
R' = Ph,
AUCI3/CH,CN R? = CHs, Ph, 4-Me-Ph, 4-F-Ph
\__ R 4 24 h 4-OMe-Ph, 3-NO,-Ph
N N,§< X=N,R%=H
E«’ , R’
N7
10 examples N N’N
Yeld : 78-93% \\/k
= 2
R' = Ph, 56 R
R? = H, Ph, 4-Me-Ph, 4-F-Ph 7-endo-dig cyclized product
4-OMe-Ph, 3-NO,-Ph 6 examples

Yield : 78-89%

Scheme 3.17: Gold-catalyzed and NaH supported intramolecular cyclization of 54
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3.2 Introduction

The indole ring system is a prominent and privileged structural subunit present in many
biologically active natural and synthetic molecules.[’!”7#! Polyheterocyclic derivatives of indole
have received significant attention in recent years due to their high biological and medicinal
importance. More specifically, indole-annulated heterocycles containing one or two sulfur atoms
are found in several cruciferous phytoalexins, e.g. cyclobrassinin and spirobrassinin.[”>778]
Furthermore, these types of sulfur-containing heterocycles have been found to exhibit numerous
biological activities such as HIF-1 inhibition,!”! selective estrogen receptor modulators®” LTB4

production inhibition!®!]

etc. In particular, tetrahydrothiopyrano[2,3-b]indole and tetrahydrothio-
pyrano|[3,2-b]indole derivatives are known to possess analgesic, psychoanaleptic and nootropic
activity.®% 831 Although several synthetic methods have been developed for the assembly of
indole-annulated polyheterocyclic compound containing nitrogen and oxygen atoms, there are
relatively few examples known in the literature for the synthesis of indole-annulated sulfur
heterocycles. For example, Moghaddam group reported an efficient ZnO-catalyzed synthesis of
novel indole-annulated thiopyrano-chromene derivatives (60) via domino Knoevenagel-hetero-
Diels-Alder reaction of indoline-2-thiones (58) and o-propargylated salicylaldehydes (59) in
acetonitrile (Scheme 3.18).34 The o-propargylated salicylaldehydes (59) were prepared from the
reaction of salicylaldehydes and propargyl bromide in the presence of anhydrous potassium

carbonate in dry DMF at room temperature. The major advantage of this reaction is the simple

work up during which the products can be isolated without chromatography in good to excellent

yields.
R1
%S
R
R = Ph, Et, Me, 61 Yield: 85-95%

R'=H R?=H,
R%=H, Br, NO,

Scheme 3.18: ZnO-catalyzed synthesis of indole-annulated thiopyrano-chromene derivatives 60
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K.C. Majumdar group'®! also reported an efficient one-step synthesis of indole-annulated
[6,6]fused-thiopyranobenzopyran derivatives (62) in excellent yields via domino Knoevenagel-
hetero-Diels-Alder reaction of unactivated terminal acetylene in the absence of Lewis acid
(Scheme 3.19). When indoline-2-thione (58) and o-propargylated salicylaldehydes (59) was
treated in aqueous media at reflux condition, afforded either product 63 or 64 due to the
substituent effect of ortho-position (-R?) with respect to the aldehyde group. The fact that
substituent in ortho-position (-R?) led to unconjugated products 63 clearly indicates peri-
hindrance, which is substantially diminished in case of a sp-hybridized angular carbon while the
substrates without a substituent in ortho-position (-R?) yielded conjugated products 64 involving

a 1,3-prototropic shift of the intermediates 63.

R! o \/
S +
m R3/©1H/H
R

RZ O
58 59
R = Me R3 =H, CI, Br, Me, -C(CH3);
R'=H R? = H, Me
1
R o FZ
s + H,O [4+2]
H — = R — > 62 + 63
N R3 cycloaddition
R R2 O
58 59

61 R

Scheme 3.19: Synthesis of indole-annulated [6,6]fused-thiopyranobenzopyran derivatives via
domino-Knoevengel-hetero-Diels-Alder reaction of 58 and 59 in aqueous media.
In another report, Majumdar group achieved synthesis of cis-[6,6]-fused thiopyranobenzopyran
derivatives (65) by the reaction of indoline-2-thione (58) with o-allyl salicylaldehydes (64) in the
presence of triethylamine (1 equiv.) in acetic acid at reflux condition (Scheme 3.20).15%) The
stereochemistry of the product 65 was confirmed by single crystal XRD data. The authors were
unable to isolate the intermediate heterodiene A. cis-Stereochemistry of the product 65 is

believed due to endo attack during cycloaddition as shown in Scheme 3.20.
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(0] .
N R3 H AcOH, reflux

\

R RZ O
58 64 R 65
3 _
R = Me R®=H, Cl, Br, Me, OCHj,3 Yield: 85-96%
R'=H R2=H, Me
R1
NP
N R3 H
\ AcOH, reflux
R R2 O
58 64

Scheme 3.20: Synthesis of cis-[6,6]-fused thiopyranobenzopyran derivatives from 58 and 65

Majumder and co-workers synthesized some novel polycyclic thiopyrano[2,3-b]indole
derivatives via Knoevengel condensation of 2-thioprenyl indolo-3-carbaldehyde (66) with N,N-
dimethyl barbituric acid (67) followed by intramolecular hetero-Diels-Alder reaction in the
presence of EDDA in CH3;CN (Scheme 3.21).7 8] They have also prepared tetrahydro-
isoxazolo[3'4":4,5]thiopyrano[2,3-b]indole (72) by reacting 2-thioprenylindolo-3-carbaldehyde
(66a) with N-methylhydroxyamine hydrochloride (70a) and N-cyclohexylhydroxylamine
hydrochloride (70b) in presence of NaOH using ethanol as solvent under refluxing conditions
(Scheme 3.21). Two isomers 72 (cis) and 72’ (trans) tetrahydroisoxazolo[3'4":4,5]thiopyrano-
[2,3-b]indole were obtained in 75% and 12% yields, respectively through intramolecular 1,3-
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dipolar cycloaddition reaction of nitrone intermediate 71. In the case of phenylhydroxylamine,

the nitrone 71 was formed but has not given the cyclised product.

_ _ (o}
S B )
CHO
B EDDA SN 7 B 67 N_g
Hetero-Diels-Alder Q CH3CN, reflux th 66
N ° R?=H 2
H R* = H, 66a
— - R? = Me 66b
68

3
R°NHOH.HCI | \a0H
70

(R®=Me, CgH4q, Ph)

R?=H,R%=CH,
Yield: 75%

R?=H, R%=CH,
Yield: 12%

Scheme 3.21: Synthesis of some novel polycyclic thiopyrano[2,3-b]indole derivatives

The electron withdrawing nature of the aromatic group might have prevented the cyclization
while the electron donating nature of the methyl and the cyclohexyl groups might have
facilitated the cyclization process to afford thiopyrano[2,3-b]indole derivatives 72.

Synthesis of thiopyrano[2,3-b]indole-3-carbonitrile and spiro[indoline-3,4'-thiopyrano[2,3-
blindole] derivatives have been achieved via one-pot multicomponent reaction (Scheme 3.22).1%%
%01 Reaction of various indoline-2-thione (58), aromatic aldehyde (73), malononitrile (74) in
water at 100 °C gave excellent yield (91-98%) of 75 without any additional reagent or catalyst
(Scheme 3.22).1%°1 When aromatic aldehyde was replaced by isatin (3) and reaction was
performed in ethanol corresponding spiro[indoline-3,4'-thiopyrano[2,3-b]indole] derivatives (76)
were obtained in excellent yields (89-99%). The formation of thiopyrano[2,3-b]indole-3-
carbonitrile product 75 may be rationalized by the initial formation of Knoevengel product H
followed by Michael addition of indoline-2-thione (58) with H to give intermediate I (not

isolable) which on further intramolecular cyclization afforded the product 75.
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The involvement of an intermediate cyanoolefin H in this green reaction was also verified by

carrying out the separate reaction of intermediate H with indoline-2-thione (58) which gives

desired product 75.

3
R" R2 R cN

3
N or O CN 110 °C

R? <CN Knoevenagel
+
R2=O CN Condensation
73 74
R? CN
R’ =
X R3 \
|\ A\ SH H \N
Z N _ "
i? Michael Addition
R? “
™
| S
Z N
58 R

>:& (white solid, isolated)
RS N
N

3
R" R2 RN
N
— [/ \ NH,
NS
R
75

Scheme 3.22: Synthesis of thiopyrano[2,3-b]indole-3-carbonitrile (75) and spiro[indoline-3,4'-

thiopyrano[2,3-b]indole] (76) derivatives

In addition to indoline-2-thione, K. C. Majumdar group reported the regioselective synthesis of

indole-annulated sulfur heterocycles such as tetrahydro-thiopyrano[2,3-b]indole (96) and

benzo[c]thiopyrano[2,3-b]indole (85) via radical cyclization reactions.”!!

The exclusive synthesis of 4-thiophenyl-2,3,4,9-tetrahydrothiopyrano[2,3-b]indole derivatives

(79) has been achieved from the indole-2-yl-prop-2-ynyl sulfides (77), under thiophenol (78)

mediated alkenyl radical cyclization conditions using AIBN as radical initiator (Scheme 3.23).

To avoid the synthesis of thio-Claisen rearrangement product 80, the all indole-2-yl-prop-2-ynyl
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sulfides (77) were purified at room temperature. However, under the similar reaction conditions

thio-Claisen rearrangement product 80 did not give 79 even after 5 h.

Il PhS
PhSH (78)
Qf) A [3,3] ms AIBN, t-butanol
S thio-Claisen reflux \ s
77

N N
' rearrangement R1 4
go R R' 79
R'=H Yield: 76-82%

Scheme 3.23 : Synthesis of 4-thiophenyl-2,3,4,9-tetrahydrothiopyrano[2,3-b]indole and 3-
thiophenylmethyl-2,3,8-trihydrothieno[2,3-b]indoles derivatives

The regioselective synthesis of benzo[c]thiopyrano[2,3-b]indole  derivatives (85)
was gained through BusSnH mediated aryl radical cyclization of  2-[(2-
bromobenzyl)sulfonyl]indoles (83) in 56-61% yields. The required precursor 2-[(2-
bromobenzyl)sulfonyl]indoles (83) were synthesized in two steps in 70-90% yields. Initially, the
reaction of indoline-2-thiones (58) with 2-bromobenzyl bromides (81) in dichloromethane and
1% aq. NaOH solution in the presence of benzyltriethylammonium chloride (BTEAC) at room
temperature yielded 2-[(2-bromobenzyl)sulfanyl]indoles (82) which on further oxidation with m-
CPBA (2.5 equiv.) in dichloromethane at 40 °C afforded 85 (Scheme 3.24a).°?) Cyclization of
82 to corresponding isothio-chromeno|3,4-b]indoles was unsuccessful. The reaction of 82 in the
presence of BusSnH (1.1 equiv.), AIBN (0.5 equiv.) at 80 °C for 1 h gave 1-methyl-3-(2-
methylphenyl)-2-indolinethione (84) instead of cyclized product.

The formation of products 84 and 85 may be explained by the generation of an aryl radical A.
The aryl radical A may undergo 6-endo-trig cyclization at the double bond of the pyrrole ring of
the indole moiety to produce intermediate radical B. Oxidative elimination of hydrogen from B
may afford 85 when X = SO, , In the case of X = S, the intermediate B may lead to the f-

scission to give product 84 via radical intermediate C (Scheme 3.24b).
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R1
\\ R2 R1
| S Br 1% _1%aq. NaOH NaOH m-CPBA, DCM
_ . \ o
N Br

N
\
R

BTEAC DCM 40 °C | AN -
R 81 Pz N ||
\
58 L
R = Me, Et R2 = H. OMe AIBN
R'=H (0.5 equiv.) | BUsS"H ABN | BusSnH
dry toluene (1.1 equiv.) (2.5 equiv.) | (1.2 equiv.)
80 °C N atm. dry toluene | N, atm.
reflux
R2
R1
FN
_ CH3
N S
)
R =Me 719
re=n (1% Yield: 56-61%

Scheme 3.24a: Synthesis of benzo|c]thiopyrano[2,3-b]indole and 1-methyl-3-(2-methylphenyl)-
2-indolinethione

R2
R1
Rl AN R : 6-endo trig /\\ X=50, _
YK — 5
_— | X
N Z~N
R X_S, SOZ \

X =8 | B-scission

R? R
| s == |
Z N
R

84 D Cc

Scheme 3.24b: Proposed radical mechanism for the synthesis of 84 and 85

Recently, Wang group constructed optically active thiopyrano[2,3-b]indole-3-carbonitrile
derivatives (88) in 87-98% yields with excellent enantioselectivities via a formal thio[3 + 3]-

cyclization reaction between indoline-2-thiones (58) and 2-benzylidenemalononitrile (86). The
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reaction was catalyzed by (1R, 2R)-1,2 diphenylethane-1,2-diamine (DPEN)-derived chiral

thiourea-tertiary amine catalyst 87 (Scheme 3.25).1°%

R1 R2 F3C
\\ N CN 87
| S 4 m
Z N CN Mesitylene, 4 A° MS, -10 °C
58 86
R = H. Me. Et R2 = 2-Cl, 2-F, 2-OCHgj Yield : 87-98%
Ph A||y| Bn 3-Me, 3-BI’, 3-N02, 4-Cl
R'=H 4-Br, 4-CHgj, 4-OCHj4

Scheme 3.25: Synthesis of optically active thiopyrano[2,3-b]indole-3-carbonitrile derivatives via
organocatalytic [3+3]-cascade reaction.

In recent years, our group has reported an efficient Lewis acid—catalyzed chemoselective S-

benzylation process leading to indole-based sulfides.”* !

R2

R2
R R! OH R
4
|\\ A S>L R R* o1 l\\ ®/;9 SN
N _ S P s
\ 20 mol % Y(OTf)3 N BF3 Etherate,CHCl3 N

92 R Dioxane, 4 A MS 58 R rt to reflux rR 90
100 °C .
Yield: 76-93% R =H, Me Yield: 62-90%
R'=H

Scheme 3.26: Lewis acid catalyzed chemoselective S-benzylation of indoline-2-thiones

We have developed Lewis acid BFs-etherate catalyzed chemoselective S-benzylation of indoline-
2-thiones (58) using benzyl alcohols (89) under mild conditions (Scheme 3.26). Benzyl alcohols
possessing electron-donating groups reacted quite rapidly at room temperature with indoline-2-
thiones (58) while unsubstituted benzyl alcohol reacted slowly and required additional heating
and the electron-withdrawing —NO> group bearing alcohol did not afford any product. It is
worthwhile to mention that under these reaction conditions ortho and para-hydroxylated benzyl
alcohols also reacted efficiently with indoline-2-thione without requiring any additional

protection/deprotection steps.
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Later, we implement Y(OTf); as an efficient, inexpensive, and environmentally benign catalyst
over previously reported BF3-etherate for the chemoselective S-benzylation of indoline-2-thiones
(58) using a variety of benzyl alcohols (91) (Scheme 3.26). The reaction condition required low
catalyst loading (20 mol %) compared to BFs-etherate (2 equiv.) in the previous report. In
addition, we employed a variety of 2-bromo benzyl alcohols (93) with varying degree of
substitutions (primary, secondary and tertiary) at benzylic position reacted quite effectively with
indolin-2-thiones  (58) under optimized reaction conditions to obtain  2-((2-
bromobenzyl)thio)indoles (94) (Scheme 3.27). Mechanistically, in all the cases the exclusive
formation of S-benzylated products supports the involvement of resonance stabilized benzylic

carbocation as the reaction intermediate.

Br
O
BF3.0Et; (2 eq.
CHCl3, reflux N
R
94
R=H.CH; Bn; R2=H, CHj Yield: 62-85%

R'=H, 5-Cl, 5-Br, 5-F, 5-OCHj, 5-CH3

Scheme 3.27: BF; etherate catalyzed synthesis of 2-((2-bromobenzyl)thio)indoles (94)

Lately, transition metal catalyzed cross-coupling reactions have given significant impetus to
produce polyheterocyclic compounds from simple precursors.®1% Considering the importance
of indole-annulated sulfur heterocycles for their potential bioactivities and to continue our
interest in developing innovative synthetic methodologies for novel polyheterocyclic molecular
structures.!'*11%8 We envisaged 2-((2-bromobenzyl)thio)indoles (94) as key intermediates to
synthesize indole-fused thiazines and dihydroisothiochromenes. In this part of chapter III, we
have developed a novel method for the synthesis of 5H-benzo[4,5][1,3]thiazino[3,2-a]indoles
(95) and dihydroisothiochromeno[3,4-b]indoles (96) via intramolecular C-N coupling and direct

arylation reactions (Scheme 3.28).
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10 mol % Cu(OAc),.H,0 R! A\
2 equiv. Cs,CO5 \ S

v

R? X R=H | 1 equiv. DMEDA
>_© PEG-400, 120 'C, 12 h 95
L) x=6r |
N

Yield: 66-80%

R2

\
R

94
5 mol % Pd(PPh
Yield: 62-85% R=CH,| > Mo % PdPEPha)

10 mol % PPh;

Y

2 equiv. Cs,CO;3
DMF, 120 °C, 12 h '

Yield: 70-82%

Scheme 3.28 : Synthesis of benzo[4,5][1,3]thiazino[3,2-a]indoles (95) and isothio-
chromeno[3,4-b]indoles (96) derivatives

3.3 Results and discussion

As depicted in Scheme 3.27, the required precursors, substituted 2-((2-bromobenzyl)thio)indoles
(94aa-ib), for the present study were prepared by the reaction of differently substituted indoline-
2-thiones (58a-k) with (2-bromophenyl)methanol (93a) or 1-(2-bromophenyl)ethanol (93b)
following a methodology previously reported by our group (Scheme 3.26).°*! During the current
study, we noted that the yields for S-benzylation reaction were unaffected by the type of thiones
used but were profoundly affected by the degree of substitution at the benzylic position of benzyl
alcohols (Table 3.1). For example, the reaction of secondary benzyl alcohol (93b) required lesser
time for completion and gave better yield of corresponding 2-((2- bromobenzyl)thio)indoles
(Table 3.1, entries 7-10 & 16-18) as compared to primary benzyl alcohols. These results are in
agreement with the previously proposed mechanism, which is believed to involve resonance
stabilized benzylic carbocation as the reaction intermediate. The structures of all 2-((2-
bromobenzyl)thio)indoles were confirmed by 'H NMR, '3C NMR and mass data. Representative
'"H NMR and '*C NMR of 94aa is shown in Figure 3.3.
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Figure 3.3: 'H and '3C NMR spectra of 2-((2-Bromobenzyl)thio)-1/-indole (94aa) in CDCl;
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Table 3.1: S-Benzylation of indoline-2-thiones (58a-k) using benzyl alcohol (93a-b).?

Br
R? R2
BF; etherate (2 eq.)
1 3
Rms - Ho)j© R Mg
N Br CHClj, reflux N
R R

3-12 h
58a-k 93a-b 94aa-ib
Entry R R! R? Product T(‘l':)‘e Yield (%)"

1 H H H ms‘ Q 94aa 12 74
N
H
Cl
2 H 5-Cl H ms 94ba 12 66
N

Br
3 H sBr H ms’ Q 94ca 12 68
N
H
F
4 H 5-F H ms 94da 12 64
N
H;C
5 H 5CHs H ms 94ea 12 70
N

H,CO

6 H 5-OCH;3 H S 94fa 12 72

HsC
7 H H  CH ms: Q 94ab 3 84
N
H
HsC
Cl
8 H 5-Cl CH; ms: Q 94bb 3 78
N
H
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Cry
19 PhCH» H H N Br 941a 12 76

"Reaction conditions: 58 (1.0 mmol), 93 (1.1 mmol), BF;-etherate (2.0 mmol), chloroform (10.0 mL),
reflux. “Isolated yield.

After having all the desired substituted 2-((2-bromobenzyl)thio)-1H-indoles and 2-((1-(2-
bromophenyl)ethyl)thio)-1H-indoles in our hand, we attempted the transition metal-catalyzed
Ullmann type C-N coupling reaction to produce the indole-fused sulfur-containing cyclized
products. Initially, 2-((2-bromobenzyl)thio)-1H-indole (94aa) was chosen as a model reactant to
study the intramolecular C-N coupling reaction. The reaction of 94aa using Cul (10 mol %),
Cs2COs3 (2 equiv) and ligand L-proline (1 equiv) in DMSO afforded the C-N coupled product,
SH-benzo[4,5][1,3]thiazino[3,2-a]indole (95aa) in 24% yield (Table 3.2, entry 1). The structure
of 95aa was ascertained by its NMR and mass spectral data. Encouraged by the success of the
desired cyclization, we proceeded to further screen various copper-based catalysts, ligand, and
solvents to improve the yield of the product 95aa. The examination of ligands such as 1,10-
phenanthroline, 8-hydroxyquinoline and N,N'-dimethylethylenediamine (DMEDA) suggested
that DMEDA is a most suitable ligand for the present methodology, which afforded 95aa in 47%
yield (Table 3.2, entry 4). Next, we screened different solvents viz. toluene, DMF, DMSO and
ethylene glycol for the model reaction using Cul as a catalyst. The highest yield of 60% for 95aa
was obtained with ethylene glycol (Table 3.2, entry 7). Screening of various potential copper
catalysts such as Cul, CuBr, CuCl, CuO, Cu(OTf)2, CuS04.5H>0, CuCl, and Cu(OAc)..H,O for
the model reaction in ethylene glycol revealed that Cu(OAc)..H>O was the most efficient catalyst
to result in 95aa in 74% yield (Table 3.2, entry 14). Finally, changing the solvent from ethylene
glycol to PEG-400 led to further improvement in the yield (80%) of 95aa (Table 3.2, entry 15). It
is worthwhile to mention that the use of ligand appears to be essential for this reaction, as in the

absence of ligand only trace amount of 95aa was obtained (Table 3.2, entry 16).
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Table 3.2: Optimization of reaction condition for C-N coupling of 94aa to produce 95aa.?

S.No. R Catalyst Ligand Solvent Yield (%)"
1 H Cul L-Proline DMSO 24
2 H Cul 1,10-Phen® DMF 27
3 H Cul 8-HQ* DMF 36
4 H Cul DMEDA DMF 47
5 H Cul DMEDA DMSO 54
6 H Cul DMEDA Toluene 56
7 H Cul DMEDA Ethylene glycol 60
8 H CuBr DMEDA Ethylene glycol 67
9 H CuCl DMEDA Ethylene glycol 47
10 H CuO DMEDA Ethylene glycol 40
11 H Cu(OTf), DMEDA Ethylene glycol 54
12 H CuS04.5H,0 DMEDA Ethylene glycol 64
13 H CuCl..2H,O DMEDA Ethylene glycol 67
14 H Cu(OAc),.H,O DMEDA Ethylene glycol 74
15 H Cu(OAc)..H;O DMEDA PEG-400 80°"
16 H Cu(OAc),.H,O - PEG-400 Trace

*Reaction conditions: 94aa (0.25 mmol), Cu-catalyst (0.025 mmol), Cs,CO; (0.5 mmol), Ligand (0.25
mmol), solvent (2.0 mL); °Isolated yield; °1,10-Phen=1,10-Phenanthroline, ‘8-HQ = 8 Hydroxyquinoline,
*Optimized reaction conditions, 'The yield of 95aa was 73 and 81% by using catalyst loading of 5 and 15
mol %.

With the optimal reaction conditions in hand, we next examined the substrate scope for the
synthesis of various indole-fused benzothiazines. As shown in Figure 3.5, differently substituted
2-((2-bromobenzyl)thio)-1H-indoles  (94aa-fa) and 2-((1-(2-bromophenyl)-ethyl)thio)-1H-
indoles (94ab-eb) resulted in corresponding indole fused benzothiazines (95aa-eb) in good to
excellent yield (66-80%). Our results indicate that substituents such as methyl, methoxy, chloro,
bromo etc. on the indole nucleus were tolerated well in the reaction under investigation. The
ability to incorporate halogen substituents makes the method attractive for synthetic chemists, as
these substituents can be utilized for further synthetic manipulations. The structure of all the
compounds was ascertained by IR, NMR, and HRMS data. Representative '"H NMR and *C
NMR of 95aa are shown in Figure 3.4.
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Figure 3.4: 'H and '3C NMR spectra of 5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95aa) in
CDCl;
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BT %y

95aa, 80% 95ba, 75% 95ca, 74% 95da, 76% 95ea, 75%
H,CO A\ Cl Br H,C
N\ S A N\ A\
S N S S S
NE i 3 i CHs NE i—CHs N >>—CH3 N >>—C|-|
95fa, 78% 95ab, 74% 95bb, 67% 95ch, 66% 95eb, 69%

Figure 3.5: Synthesis of SH-benzo[4,5][1,3]thiazino[3,2-a]indoles (95) using copper catalysed
intramolecular C-N coupling.

Next, we turned our attention to synthesize 5,7- dihydroisothiochromeno[3,4-b]indole (96aa), a
C-C coupled product from 94aa using palladium catalysis. The reaction of 94aa in the presence
of Pd(PCys3)2Clz (5 mol %), PCys (10 mol %) and Cs2COs (2 equiv) in N,N-dimethylformamide
(DMF) under nitrogen atmosphere after 12 h at 120 °C resulted 95aa in 30% yield instead of
required 96aa (Scheme 3.28). Attempts to further change the palladium source, bases and
ligands were also futile in yielding the desired C-C coupled product, the instead formation of
95aa or a complex TLC was observed. To circumvent the issue of C-N coupling we resorted to
using N-methylated substrate 94ga. Gratifyingly, the reaction of 94ga in the presence of
Pd(PPh3)4 (5 mol %), PPhs (10 mol %) and Cs2COs (2 equiv) in DMF under N, atmosphere
resulted in the formation of desired C-C coupled product, 5,7-dihydroisothiochromeno[3,4-
blindole (96ga). As summarized in Table 3.3, a quick screening of the potential catalysts, bases,
and solvents led to the optimal conditions to yield 96ga in 82% (Table 3.3, entry 6). Structure of
96ga was accertained by NMR and mass analysis. NMR of 94ga and 96ga are shown in Figure
3.6 and Figure 3.7, respectively.
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Table 3.3: Optimization of reaction condition for C-C coupling to give 96ga.

Entry Catalyst Base Ligand Solvent Yield (%)"
1 Cu(OAc)2.H:0 Cs2COs DMEDA PEG-400 NR
2 Pd(PPhs)4 K>CO;s PPhs 1,4-Dioxane 15
3 Pd(OAc), CsOAc PPhs DMA Traces
4 Pd(PPhs)4 Cs2CO;3 PPhs DMA 46
5 Pd(PPhs)4 Cs2CO;3 PPh; DMSO 70
6 Pd(PPhs)4 Cs2CO; PPh; DMF 82

#Reaction conditions: 94ga (0.5 mmol), catalyst (0.025 mmol), base (1.0 mmol), Ligand (0.05
mmol), solvent (2.0 mL); PIsolated yield.

Br
/_@ Pd(PCys),Cl,, Cs,CO3 \
N
ms PCys, DMF, N, atm.,
N 120-150 °C, 12 h

96aa
95aa (30-54%) not formed

Scheme 3.28: Intramolecular cyclization of 94aa

Next, as outlined in Figure 3.8, the synthetic worth of C-C coupling method was demonstrated
by varying the substrates for the reaction. In all the cases, reactions underwent a smooth
conversion to afford the corresponding 5,7-dihydroisothiochromeno[3,4-b]indoles 96ga-la in
good to excellent (70-82%) yields (Figure 3.8). Intramolecular cyclization of N-benzylated
indole derivative 94la gave corresponding of isothiochromeno[3,4-b]indole derivative 96la in

76% yield which can be deprotected to give corresponding unprotected derivative.
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\
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Qig

CH3
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96gb, 78% 96hb, 76% 96ib, 72% 96la, 76%

Figure 3.8: Synthesis of 5,7-dihydroisothiochromeno[3,4-b]indoles (96).

Based on the structure of the products obtained and previous literature reports on Ullmann type
C-N Coupling!'3 19 1191 and direct arylation reactions,!'!'"''¥l a plausible mechanism of the
reaction is presented in Scheme 3.28. It is believed that C-N coupling reaction proceeds via
initial formation of complex L. when Cu(OAc), and DMEDA were heated in the presence of a
base. Complex L appears to be highly reactive species toward the oxidative addition of 94aa to

form complex M.

It is noteworthy that similar four coordinated Cu(IIl) intermediate has been proposed by other
groups.? 35 115, 1161 Replacement of Br in M with an internal nucleophile (NH) may lead to the
formation of intermediate N which on reductive elimination affords 95aa. On the other side, the
neutral pathway of the direct arylation may begin with the oxidative addition of 94ga to form the
complex O. Dissociation of a phosphine ligand followed by coordination of the pendant
unsaturated group (C2-C3 double bond) of 94ga provides complex P, and migratory insertion of
this double bond into the carbon palladium bond establishes the key C-C bond. After insertion,
B-hydride elimination provides C-C coupled product 96ga and palladium(0) to complete the
catalytic cycle.
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Cu(OAc), + DMEDA ws
N
‘ CsHCO3, CsBr S Cs,CO3
96ga CHj 4
HPdLZBr -2 PPh,
Cs,CO S\ 95aa

p Hydride 2 0)Pd(PPhS), =N NT

elimination \CG Reductive
H elimination

o 0
Br = — -~
R= CH3 R=H N\|||/N
‘ PszBr \ Oxidat Cu\N
C-C Coupling Oxidative NS o G-N Coupling _
Migratory addition R__
insertion R=H, 94aa
R = CH3, 94ga
\ IL
Pd" Br—Rd" -
Cu,
Br
A\ H
C"'3 . ms N CsHCO3, CsBr

(P) CH; (0)

Scheme 3.28: A plausible mechanism for the synthesis of 95 and 96.

Finally, to further demonstrate the practicality and efficiency of the developed methodology, a
gram-scale reaction was performed. As shown in Scheme 3.29, 95aa could be readily

synthesized in 0.942 g from 58a (1.0 g) in a gram-scale synthesis.

Cu(OACc),.H,0, (10 mol%) N_g
ms + @(\OH BF; etherate (2 eq.) CsyCO3 (2 equiv.) N
” B CHCl3, reflux, 12 h

r DMEDA (1 equiv.)
Br PEG-400, 120 °C,12h

>

58a (1.0 .
(1.09) 93a (1.38g) 94aa (76%. 1.61g) 95aa (78%, 0.912g)

Scheme 3.29: Gram-scale synthesis of 95aa.

3.4 Conclusions

In conclusion, we have demonstrated a highly efficient and straightforward approach for the
synthesis of S5H-benzo[4,5][1,3]thiazino[3,2-a]indole and 5,7-dihydroisothiochromeno[3,4-
blindole derivatives via copper-catalysed intramolecular Ullmann type C-N coupling of 2-(2-
bromobenzylthio)-1H-indoles and palladium-catalysed direct arylation reaction of 2-(2-
bromobenzylthio)-1-methyl-1H indoles, respectively. The substrates for this transformation have

been synthesized from indoline-2-thiones and 2-bromobenzyl alcohols. The developed protocol
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offers a valuable method for the synthesis of these potential bioactive scaffolds and would find

wide applications in organic synthesis and medicinal chemistry.

3.5 Experimental

Melting points were determined in open capillary tubes on an automated melting point apparatus
and are uncorrected. Reactions were monitored by using thin layer chromatography (TLC) on 0.2
mm silica gel F254 plates. The chemical structures of final products were determined by their
NMR spectra ('H and '3C NMR) using 400 MHz spectrometer. '*C NMR spectra are fully
decoupled. High-resolution mass spectra (HRMS) were carried out using a quadrupole time-of-
flight (qTOF) mass spectrometer. All other chemicals were obtained from the commercial

suppliers and used without further purification.

General procedure for the synthesis of 2-(2-bromobenzylthio)-1H-indoles (94): BF;-ctherate
(2.0 mmol) was added dropwise to a stirred solution of appropriate indolin-2-thione (1.0 mmol)
and 2-bromobenzyl alcohol (1.1 mmol) in chloroform (10.0 mL) at the ice-cold condition. Then,
the reaction mixture was kept at reflux condition (for reaction time see Table 1). After the
reaction was a complete excess of chloroform was evaporated by rotary evaporator. The residue
was subjected to column chromatography (1% EtOAc in hexane) to obtain pure 2-(2-
bromobenzylthio)-1H-indoles (94aa-la).

2-((2-Bromobenzyl)thio)-1H-indole (94aa): Yellow solid (74%, 236 mg); mp 83-85 °C; 'H
NMR (400 MHz, CDCl3) 6 7.93 (s, 1H), 7.63 — 7.55 (m, 2H), 7.31
ms —7.28 (m, 1H), 7.22 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.17 — 7.10

Br (m, 3H), 7.04 — 6.99 (m, 1H), 6.63 (s, 1H), 4.14 (s, 2H); 3*C NMR
(100 MHz, CDCI3) 6 137.5, 137.2, 133.1, 130.9, 129.0, 128.5,
127.5, 127.4, 124.4, 122.9, 120.5, 120.1, 110.7, 110.4, 42.4; FT-IR vmax (neat): 3373, 1567, 1439,

1226, 1089, 1043, 734, 657; ESI-TOF m/z Calcd for CisH;3BrNS* 317.9947, found 317.9940 [M
+H]" and 319.9897 [M + H + 2]".

Iz _

Page 181



Chapter III

2-((2-Bromobenzyl)thio)-5-chloro-1H-indole (94ba): Pale yellow liquid (66%, 233 mg);'H
NMR (400 MHz, CDCl3) 6 7.85 (s, 1H), 7.49 — 7.45 (m, 1H),
Cl 7.40 (dt, J = 1.6, 0.7 Hz, 1H), 7.05 — 6.99 (m, 4H), 6.89 —
S Br 6.84 (m, 1H), 6.41 (s, 1H), 4.01 (s, 2H); '*C NMR (100 MHz,
CDClL) ¢ 137.2, 135.4, 133.1, 130.8, 129.5, 129.3, 129.2,
127.5,125.8, 124.4, 123.2, 119.8, 111.7, 109.7, 42.2; FT-IR vmax (neat): 3382, 2924, 1565, 1319,
1221, 1065, 1025, 767, 735; ESI-TOF m/z Calcd for CisH2BrCINS™ 351.9557, found 351.9563
[M + H]" and 353.9527 [M + H + 2]".
5-Bromo-2-((2-bromobenzyl)thio)-1H-indole (94ca): Greenish liquid (68%, 270 mg); 'H
NMR (400 MHz, CDCls) 6 7.97 (s, 1H), 7.70 — 7.68 (m, 1H),
Br \_g 7.60 (dd, J = 5.4, 3.8 Hz, 1H), 7.29 (dd, J = 6.0, 2.6 Hz, 1H),
” Br 7.14 (ddd, J=4.8, 2.5, 1.1 Hz, 3H), 7.01 — 6.97 (m, 1H), 6.53
(s, 1H), 4.13 (s, 2H); '3*C NMR (100 MHz, CDCl;) & 137.2,
135.6, 133.1, 130.8, 130.1, 129.2, 127.5, 125.7, 124.4, 122.8, 113.3, 112.1, 109.5, 42.2; FT-IR
vmax (neat): 3383, 3049, 1565, 1316, 1221, 1090, 766, 733; FD-TOF m/z Calcd for CisH11BraNS™
394.8979, found 394.8967 [M]", 396.8946 [M + 2]" and 398.8923 [M + 4]".
2-((2-Bromobenzyl)thio)-5-fluoro-1H-indole (94da): Liquid (64%, 215 mg); 'H NMR (300
MHz, CDCl3) 6 7.94 (s, 1H), 7.60 (dd, J = 6.8, 2.3 Hz, 1H),
F 7.17 (ddd, J=9.7, 7.1, 2.0 Hz, 4H), 7.04 — 6.90 (m, 2H), 6.56
S Br (s, 1H), 4.14 (s, 2H); *C NMR (75 MHz, CDCl;) & 135.4 (d,
Jc.r = 274.6 Hz), 133.1, 130.8, 129.5, 129.1, 128.8 (d, Jc.r =
9.9 Hz), 127.5, 124.4, 111.5, 111.3, 111.2 (d, Jcr= 3.4 Hz), 110.1, 105.1 (d, Jcr = 23.4 Hz).,
42.3; FT-IR vmax (neat): 3388, 2928, 2855, 1568, 1466, 1433, 1140, 1025, 756, 738; FD-TOF m/z
Calcd for CisHiBrENS™ 334.9780, found 334.9782 [M]" and 336.9761 [M + 2]".
2-((2-Bromobenzyl)thio)-5-methyl-1H-indole (94ea): Greenish liquid (70%, 233 mg); '"H NMR
(400 MHz, CDCls) 6 7.85 (s, 1H), 7.63 — 7.59 (m, 1H), 7.36
/—Q (d, J=0.8 Hz, 1H), 7.18 (d,J=8.3 Hz, 1H), 7.16 — 7.13 (m,
S Br 2H), 7.05 (dd, J = 8.3, 1.3 Hz, 1H), 7.01 — 6.98 (m, 1H),
6.55 (s, 1H), 4.12 (s, 2H), 2.46 (s, 3H); '3C NMR (100
MHz, CDCl3) & 137.6, 135.5, 133.1, 130.8, 129.3, 129.0, 128.8, 127.4, 127.4, 124.6, 124.4,
120.0, 110.3, 110.0, 42.5, 21.5; FT-IR vmax (neat): 3378, 2916, 2852, 1565, 1465, 1435, 1025,

Iz _

Iz __

H;C

Iz /g
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761, 723; ESI-TOF m/z Caled for Ci¢HisBrNS'™ 332.0103, found 332.0111 [M + H]" and
334.0075 [M +H +2]".
2-((2-Bromobenzyl)thio)-5-methoxy-1H-indole (94fa): Liquid (72%, 251 mg); '"H NMR (300
MHz, CDCl3) § 7.86 (s, 1H), 7.59 (dd, J = 5.2, 2.3 Hz, 1H),
H3CO \_« 7.21 — 7.10 (m, 3H), 7.00 (d, J = 7.5 Hz, 2H), 6.90 — 6.84
N Br (m, 1H), 6.54 (s, 1H), 4.11 (s, 2H), 3.86 (s, 3H); °C NMR
(75 MHz, CDCl) & 154.2, 137.5, 133.1, 132.3, 130.8,
129.0, 128.9, 127.9, 127.4, 124.4, 113.4, 111.4, 110.1, 101.7, 55.8, 42.5; FT-IR Vinax (neat): 3393,
3322, 1566, 1507, 1154, 1023, 753, 727; ESI-TOF m/z Caled for CisHisBrNOS* 348.0052,
found 348.0063 [M + H]* and 350.0029 [M + H + 2]".
2-((1-(2-Bromophenyl)ethyl)thio)-1H-indole (94ab): Greenish liquid (84%, 279 mg);'"H NMR
(400 MHz, CDCls) & 7.91 (s, 1H), 7.65 — 7.59 (m, 2H), 7.36 (dd,
H3C>_© J=17.8,1.8 Hz, 1H), 7.30 (dt, J = 4.1, 1.9 Hz, 2H), 7.25 (ddd, J =
S By 8.2, 6.9, 1.2 Hz, 1H), 7.18 — 7.12 (m, 2H), 6.69 (s, 1H), 4.79 (q, J
= 7.0 Hz, 1H), 1.69 (d, J = 7.0 Hz, 3H); 3C NMR (100 MHz,
CDCl) § 141.8, 137.3, 133.0, 128.8, 128.4, 128.0, 127.7, 94.3, 124.3, 122.9, 120.5, 120.1, 111.5,
110.7, 47.5, 21.4; FT-IR vmax (neat): 3396, 3052, 2966, 1565, 1468, 1436, 1020, 796, 747; ESI-
TOF m/z Caled for Ci6HisBrNS™ 332.0103, found 332.0117 [M + H]" and 334.0086 [M + H +
21
2-((1-(2-Bromophenyl)ethyl)thio)-5-chloro-1H-indole (94bb): Greenish liquid (78%, 286 mg);
'H NMR (400 MHz, CDCl3) § 7.93 (s, 1H), 7.60 — 7.54 (m,
cl H3C>_© 2H), 7.34 (dd, J= 7.8, 1.8 Hz, 1H), 7.28 (td, J= 7.6, 1.1 Hz,
S 5 1H), 7.18 (d, J = 1.3 Hz, 2H), 7.16 — 7.12 (m, 1H), 6.57 (s,
1H), 4.80 (q, J = 7.0 Hz, 1H), 1.67 (d, J = 7.0 Hz, 3H); 13C
NMR (100 MHz, CDCl;) & 141.5, 135.5, 133.0, 129.3, 128.9, 128.1, 127.9, 127.8, 125.7, 124.3,
123.2, 119.8, 111.7, 110.8, 47.5, 21.4; FT-IR vmax (neat): 3417, 3057, 2968, 1565, 1434, 1092,
1021, 755, 724; FD-TOF m/z Calcd for CisHi3sBrCINS' 364.9641, found 364.9631 [M]" and
366.9610 [M +2]".

Iz __

Iz _
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5-Bromo-2-((1-(2-bromophenyl)ethyl)thio)-1H-indole (94cb): Greenish liquid (80%, 329 mg);
"H NMR (400 MHz, CDCl3) & 7.92 (s, 1H), 7.70 (d, J = 1.8
8 HsC Hz, 1H), 7.57 (dd, J = 8.0, 1.1 Hz, 1H), 7.35 — 7.25 (m, 3H),
I\T S>_BQ 7.17 = 7.10 (m, 2H), 6.55 (s, 1H), 4.78 (q, J = 7.0 Hz, 1H),
H 1.66 (d, J = 7.0 Hz, 3H); *C NMR (100 MHz, CDCl) &
141.5, 135.7, 133.0, 130.0, 128.9, 127.9, 127.9, 127.7, 125.7, 124.3, 122.9, 113.3, 112.1, 110.6,
47.5, 21.3; FT-IR vmax (neat): 3413, 3058, 2966, 1563, 1468, 1436, 1185, 1020, 753, 723; FD-
TOF m/z Caled for Ci6H13BraNS™ 408.9135, found 408.9135 [M], 410.9112 [M + 21", 412.9095
[M + 47",
2-((1-(2-Bromophenyl)ethyl)thio)-5-methyl-1H-indole (94eb): Greenish liquid (76%, 263
mg); 'H NMR (400 MHz, CDCL) & 7.84 (s, 1H), 7.59 (dd, J
HyC H3C>_© = 8.0, 1.2 Hz, 1H), 7.39 (d, J = 0.7 Hz, 1H), 7.33 (dd, J =
S o 7.8, 1.8 Hz, 1H), 7.30 — 7.25 (m, 1H), 7.19 (d, J = 8.3 Hz,
1H), 7.14 (ddd, J = 7.9, 7.2, 1.9 Hz, 1H), 7.06 (dd, J = 8.3,
1.3 Hz, 1H), 6.58 (s, 1H), 4.75 (g, J = 7.0 Hz, 1H), 2.47 (s, 3H), 1.66 (d, J = 7.0 Hz, 3H); 13C
NMR (100 MHz, CDCl3) ¢ 141.8, 135.6, 133.0, 129.3, 128.7, 128.6, 127.9, 127.7, 94.0, 124.6,
124.3, 120.0, 111.1, 110.4, 47.5, 21.5, 21.3; FT-IR vmax (neat): 3392, 3053, 2960, 1587, 1468,
1436, 1020, 754, 724; FD-TOF m/z Calcd for Ci7HsBrNS™ 345.0187, found 345.0173 [M]" and
347.0151 [M + 27",
2-((2-Bromobenzyl)thio)-1-methyl-1H-indole (94ga): White solid (72%, 239 mg); mp 72-74 °C
(1it.l'2*) mp 76-78 °C); '"H NMR (400 MHz, CDCls) § 7.61 — 7.56

ms/_O (m, 2H), 7.26 — 7.24 (m, 2H), 7.15 — 7.07 (m, 3H), 6.88 (dd, J =
N\ Br
CHj

Iz _

7.2, 2.1 Hz, 1H), 6.71 (s, 1H), 4.07 (s, 2H), 3.54 (s, 3H); 1°C
NMR (100 MHz, CDCl) & 138.3, 137.1, 133.0, 130.7, 130.1,
129.0, 127.3, 124.5, 122.5, 120.5, 119.7, 110.3, 109.7, 42.9, 29.5; FT-IR Vimay (neat): 3048, 1566,
1312, 1230, 1024, 745, 724; ESI-TOF m/z Calcd for C16H;sBrNS* 332.0103, found 332.0103 [M
+H]", 334.0063 [M + H + 2]*.
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2-((2-Bromobenzyl)thio)-5-chloro-1-methyl-1H-indole (94ha): Yellow liquid (64%, 235 mg);
"H NMR (400 MHz, CDCl3) § 7.60 — 7.56 (m, 1H), 7.54 (d, J
Clms/_Q = 1.9 Hz, 1H), 7.21 — 7.05 (m, 4H), 6.88 — 6.83 (m, 1H), 6.62
N Br (s, 1H), 4.07 (s, 2H), 3.49 (s, 3H); *C NMR (100 MHz,
CH, CDCl) 6 136.8, 136.6, 133.0, 131.8, 130.7, 129.0, 128.2,
127.4, 125.5, 124.5, 122.7, 119.8, 110.7, 109.5, 42.7, 29.7; FT-IR vmax (neat): 3057, 1566, 1320,
1227, 1053, 1024, 757, 726; ESI-TOF m/z Calcd for CisH14BrCINS' 365.9713, found 365.9721
[M + H]" and 367.9682 [M + H + 2]".
5-Bromo-2-((2-bromobenzyl)thio)-1-methyl-1H-indole (94ia): Yellow liquid (65%, 267 mg);
"H NMR (400 MHz, CDCl3) § 7.70 (d, J = 1.6 Hz, 1H), 7.58
Br (dd, J=17.7, 1.5 Hz, 1H), 7.32 (dd, J= 8.7, 1.9 Hz, 1H), 7.13
ms/:’@ —7.07 (m, 3H), 6.85 (dd, J = 7.3, 1.9 Hz, 1H), 6.62 (s, 1H),
CHs 4.07 (s, 2H), 3.49 (s, 3H); '*C NMR (100 MHz, CDCl;) &
136.8, 136.8, 133.0, 131.6, 130.7, 129.1, 128.8, 127.4, 125.2,
124.4, 122.9, 113.0, 111.1, 109.4, 42.7, 29.7; FT-IR vmax (neat): 3054, 1566, 1319, 1044, 1024,
787, 737; FD-TOF m/z Calced for CisHi3BraNS™ 408.9135, found 408.9124 [M]", 410.9104 [M +
2]" and 412.9083 [M + 4]".
2-((2-Bromobenzyl)thio)-5-fluoro-1-methyl-1H-indole (94ja): Pale yellow liquid (62%, 217
mg); '"H NMR (300 MHz, CDCl3) § 7.58 (d, J = 7.3 Hz, 1H),
F\I::jia>_sf_*§::> 7.23 (d, J=9.4 Hz, 1H), 7.18 — 7.07 (m, 3H), 7.01 (t, J=9.1
N Br Hz, 1H), 6.87 (d, J = 7.0 Hz, 1H), 6.66 (s, 1H), 4.07 (s, 2H),
CHs 3.50 (s, 3H); 3C NMR (75 MHz, CDCl3) & 135.9 (d, Jc.r =
147.9 Hz), 133.0, 132.6, 131.8, 130.7, 129.1, 127.4, 127.2, 124.5, 111.2, 110.8, 110.4 (d, Jc.r =
9.6 Hz), 109.9 (d, Jc.r = 4.8 Hz), 105.1 (d, Jcr = 23.3 Hz), 42.8, 29.7; FT-IR vmax (neat): 3051,
3011, 2927, 1454, 1414, 1183, 1023, 750, 722; ESI-TOF m/z Calcd for C16Hi14sBrFNS' 350.0009,
found 349.9997 [M + H]" and 351.9974 [M + H + 2]".

Page 185



Chapter III

2-((2-Bromobenzyl)thio)-5-methoxy-1-methyl-1H-indole (94ka): White solid (70%, 254 mg);

mp 102-103 °C;'H NMR (300 MHz, CDCl3) 8 7.59 (d, J =

HSCOmS/—Q 7.0 Hz, 1H), 7.16 — 7.03 (m, 4H), 6.95 — 6.90 (m, 1H), 6.88

N Br —6.83 (m, 1H), 6.64 (s, 1H), 4.05 (s, 2H), 3.87 (s, 3H), 3.47

CHy (s, 3H); *C NMR (75 MHz, CDCls) § 154.1, 137.1, 133.7,

133.0, 130.7, 130.1, 129.0, 127.5, 127.3, 124.4, 113.1,

110.5, 109.8, 101.6, 55.8, 43.1, 29.6; FT-IR vmax (neat): 3048, 2999, 2927, 1566, 1458, 1439,

1150, 1023, 756, 723; ESI-TOF m/z Calcd for Ci7H17BrNOS™ 362.0209, found 362.0199 [M +

H]" and 364.0172 [M + H + 2]*.

2-((1-(2-Bromophenyl)ethyl)thio)-1-methyl-1H-indole (94gb): Pale yellow liquid (85%, 295

mg); 'H NMR (400 MHz, CDCL) & 7.61 (dt, J = 7.9, 0.9 Hz, 1H),

H3C>_© 7.57 (dd, J= 7.9, 1.0 Hz, 1H), 7.27 — 7.23 (m, 2H), 7.22 — 7.17 (m,

ms 2H), 7.16 — 7.10 (m, 2H), 6.74 (s, 1H), 4.68 (q, J = 7.0 Hz, 1H),

CHs 3.55 (s, 3H), 1.66 (d, J = 7.0 Hz, 3H); '3C NMR (100 MHz, CDCl)

o 141.5, 138.5, 132.9, 132.4, 128.6, 127.8, 127.6, 127.1, 124.2,

122.5, 120.5, 119.7, 111.8, 109.8, 47.1, 29.6, 21.0; FT-IR vmax (neat): 3055, 2962, 2924, 15809,

1458, 1319, 1026, 748, 663; ESI-TOF m/z Calcd for Ci7H17BrNS™ 346.0260, found 346.0261 [M
+ H]" and 348.0236 [M + H + 2]".

2-((1-(2-Bromophenyl)ethyl)thio)-5-chloro-1-methyl-1H-indole (94hb): White solid (80%,

. 305 mg); mp100-102 °C;'H NMR (400 MHz, CDCls) & 7.54

cl H3C>_© (dt, J=5.5, 1.1 Hz, 2H), 7.21 (dd, J = 8.0, 1.3 Hz, 1H), 7.19 —

ms o 7.17 (m, 2H), 7.16 — 7.13 (m, 1H), 7.10 (ddd, J = 7.9, 7.0, 2.1

CHs Hz, 1H), 6.62 (s, 1H), 4.69 (q, J = 7.0 Hz, 1H), 3.51 (s, 3H),

" 1.66 (d, J = 7.0 Hz, 3H); ®C NMR (100 MHz, CDCl) 5

141.3, 136.8, 132.9, 130.1, 128.7, 127.9, 127.8, 127.6, 125.4, 124.2, 122.8, 119.8, 111.0, 110.7,

47.1, 29.7, 21.0; FT-IR vmax (neat): 3071, 2961, 1563, 1451, 1437, 1052, 1019, 760, 725; ESI-

TOF m/z Caled for C17H6BrCINS™ 379.9870, found 379.9878 [M + H]" and 381.9833 [M + H +
20

Page 186



Chapter III

5-Bromo-2-((1-(2-bromophenyl)ethyl)thio)-1-methyl-1H-indole (94ib): Gummy mass (78%,

338 mg);'H NMR (400 MHz, CDCl3) § 7.71 (d, J = 1.6 Hz,

Br\©\/\§i3:>_@ 1H), 7.54 (dd, J=17.9, 1.2 Hz, 1H), 7.31 (dd, J= 8.7, 1.9 Hz,

N Br 1H), 7.15 — 7.09 (m, 4H), 6.62 (s, 1H), 4.68 (q, J = 7.0 Hz,

CHj 1H), 3.49 (s, 3H), 1.65 (d, J = 7.0 Hz, 3H); '*C NMR (100

MHz, CDClL) 6 141.2, 137.0, 132.9, 129.8, 128.7, 128.6,

127.7,127.6, 125.3, 124.2, 122.9, 113.0, 111.2, 110.9, 47.1, 29.7, 21.0; FT-IR Vmax (neat): 3071,

2961, 1563, 1451, 1437, 1052, 1019, 760, 725; FD-TOF m/z Calcd for Ci7HisBraNS™ 422.9292,
found 422.9304 [M]", 424.9280 [M + 2]" and 426.9257 [M + 4]".

1-Benzyl-2-((2-bromobenzyl)thio)-1H-indole (941a): White solid (76%, 292 mg); mp 106-108

°C; 1H NMR (400 MHz, CDCI3) & 7.67 — 7.57 (m, 2H), 7.32 —

msﬁ@ 7.27 (m, 3H), 7.25 — 7.23 (m, 2H), 7.19 — 7.09 (m, 3H), 7.08 (d, J =
N

o 7.3 Hz, 2H), 6.95 — 6.88 (m, 1H), 6.77 (s, 1H), 5.39 (s, 2H), 3.97 (s,

2H); 13C NMR (100 MHz, CDCI3) § 138.0, 136.8, 133.0, 130.9,
130.2, 129.0, 128.7, 128.5, 128.3, 127.6, 127.3, 126.4, 124.5,
122.7, 120.6, 120.0, 110.9, 110.4, 46.7, 42.7; FT-IR vmax (neat): 3024, 2924, 1497, 1250, 1196,
1018, 725, 648 cm-1. ESI-TOF m/z Caled for C22H19BrNS+ 408.0416, found 408.0422 [M +
HI".

General procedure for the synthesis of SH benzo| 4,5][1,3]thiazino[3,2-a]lindoles (95): A
clean oven dried 10 mL RB flask was charged with appropriate 2-(2-bromobenzylthio)-1H-
indoles (3) (0.25 mmol), Cu(OAc)..H20 (0.025 mmol), Cs2CO3 (0.5 mmol), DMEDA (0.25
mmol) and PEG-400 (2.0 mL). The reaction mixture was stirred at 120 °C for 12 h. After
completion of the reaction, the reaction mass was allowed to cool to ambient temperature, diluted
with water (10.0 mL) and extracted with EtOAc (2 x 10 mL). The combined organic layers were
dried over anhydrous Na>SO4 and evaporated to dryness. The crude material was purified by

column chromatography to obtain 5SH-benzo[ 4,5][1,3]thiazino[3,2-a]indoles (95aa-eb).
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SH-Benzo[4,5][1,3]thiazino[3,2-a]indole (95aa): Pale yellow liquid (80%, 48 mg); 'H NMR

Ch-
N

(400 MHz, CDCLs) § 7.91 (dd, J = 10.9, 3.9 Hz, 2H), 7.61 — 7.57 (m, 1H),
7.47 (td, J= 8.0, 1.6 Hz, 1H), 7.41 — 7.36 (m, 1H), 7.27 — 7.24 (m, 1H),
7.23 (dd, J=2.2, 1.5 Hz, 1H), 7.20 (dd, J= 7.1, 1.1 Hz, 1H), 6.62 (s, 1H),
3.89 (s, 2H); '3C NMR (100 MHz, CDCl;) § 136.5, 135.2, 131.3, 129.5,
128.5, 128.1, 127.9, 124.3, 122.1, 121.6, 120.2, 119.6, 111.5, 103.3, 31.2;

FT-IR vmax (neat): 3047, 2962, 1497, 1450, 1103, 779, 741; ESI-TOF m/z Calcd for CisHi2NS”*
238.0685, found 238.0692 [M + H]".
9-Chloro-5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95ba): Pale yellow liquid (75%, 51 mg);

Cl
ms
N

"H NMR (400 MHz, CDCl3) § 7.82 (d, J = 7.6 Hz, 1H), 7.79 (d, J =
8.8 Hz, 1H), 7.55 (d, J = 2.0 Hz, 1H), 7.47 (td, J = 8.0, 1.5 Hz, 1H),
7.41 —7.38 (m, 1H), 7.24 (td, J=17.5, 1.0 Hz, 1H), 7.19 (dd, J = 8.8,
2.1 Hz, 1H), 6.56 (s, 1H), 3.89 (s, 2H); '*C NMR (100 MHz, CDCl;) §
136.1, 133.6, 133.1, 130.6, 129.1, 129.0, 128.6, 128.0, 127.0, 124.7,

122.1, 119.5, 112.4, 102.6, 31.0; FT-IR vmax (neat): 2916, 2854, 1497, 1443, 1203, 1072, 756;
FD-TOF m/z Calcd for CisHjoCINS™ 271.0222, found 271.0214 [M]" and 273.0184 [M + 2]".
9-Bromo-5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95ca): Yellow liquid (74%, 59 mg); 'H

Br
Ty
N

NMR (400 MHz, CDCL) & 7.81 (d, J = 8.1 Hz, 1H), 7.74 (d, J = 8.8
Hz, 1H), 7.71 (d, J= 1.8 Hz, 1H), 7.46 (t, J= 7.8 Hz, 1H), 7.38 (d, J =
7.3 Hz, 1H), 7.32 (dd, J = 8.8, 1.9 Hz, 1H), 7.24 (t, J = 7.5 Hz, 1H),
6.55 (s, 1H), 3.88 (s, 2H); 13C NMR (100 MHz, CDCL) & 136.1, 133.9,
133.0, 131.2, 128.6, 128.0, 128.0, 124.7, 124.7, 122.6, 119.5, 114.7,

112.8, 102.5, 31.0; ESI-TOF m/z Caled for CisH;iBrNS™ 315.9790, found 315.9786 [M + H]"
and 317.9774 [M + H + 2]".
9-Fluoro-5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95da): Pale yellow liquid (76%, 49 mg); 'H

E
ms
N

NMR (300 MHz, CDCl;) & 7.84 (d, J = 8.6 Hz, 1H), 7.81 — 7.75 (m,
1H), 7.46 (t, J = 7.7 Hz, 1H), 7.38 (d, J = 7.5 Hz, 1H), 7.26 — 7.19 (m,
2H), 7.01 — 6.91 (m, 1H), 6.56 (s, 1H), 3.88 (s, 2H); 3C NMR (75
MHz, CDCl3) § 158.7 (d, Je.r = 237.1 Hz), 136.3, 133.3, 131.7, 130.2,
130.1, 128.6, 127.9 (d, Je.r = 7.5 Hz), 124.6, 119.3, 112.1 (d, Jer = 9.5

Hz), 109.8 (d, Jer = 25.8 Hz), 105.2 (d, Jer = 23.8 Hz), 103.0 (d, Jos= 4.3 Hz), 31.0; FT-IR
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Vmax (neat): 3067, 3046, 2954, 1587, 1490, 1452, 1150, 1099, 755, 730; HRMS (FD-TOF) (m/z)
Caled for CisH1oFNS™ 255.0518, found 255.0510 [M]".
9-Methyl-5SH-benzo[4,5][1,3] thiazino[3,2-a]indole (95ea): Yellow liquid (75%, 47 mg); 'H
HoC Y NMR (400 MHz, CDCI3) 6 7.89 (d, J = 8.1 Hz, 1H), 7.78 (d, /= 8.4
ms Hz, 1H), 7.62 — 7.56 (m, 1H), 7.46 (td, J = 8.0, 1.5 Hz, 1H), 7.40 —
N 7.35 (m, 2H), 7.21 (dd, J=7.5, 1.0 Hz, 1H), 7.07 (dd, J = 8.5, 1.3 Hz,
1H), 6.54 (s, 1H), 3.87 (s, 2H), 2.48 (s, 3H); *C NMR (100 MHz,
CDCl) 6 136.6, 133.5, 132.5, 130.9, 129.7, 129.1, 128.5, 127.8,
124.1, 123.4, 119.9, 119.4, 111.2, 102.8, 31.2, 21.3; FT-IR vmax (neat): 2924, 2854, 1489, 1458,
1350, 755; ESI-TOF m/z Calcd for C1¢H14NS™ 252.0841, found 252.0845 [M + H]".
9-Methoxy-5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95fa): Liquid (78%, 52 mg); 'H NMR
(300 MHz, CDCl3) 6 7.85 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 9.0 Hz,
chOm 1H), 7.45 (t, J=17.7 Hz, 1H), 7.36 (d, J= 7.5 Hz, 1H), 7.19 (t, J="7.5
N > Hz, 1H), 7.05 (s, 1H), 6.92 — 6.83 (m, 1H), 6.53 (s, 1H), 3.89 (s, 3H),
3.87 (s, 2H); *C NMR (75 MHz, CDCls) & 155.2, 136.5, 133.7,
131.7, 130.2, 128.5, 127.8, 127.6, 124.1, 119.2, 112.3, 111.3, 102.9,

102.2, 55.8, 31.1; FT-IR vmax (neat): 2992, 2923, 1586, 1490, 1430, 1161, 754, 729; ESI-TOF
m/z Calcd for C1sH1aNOS™ 268.0791, found 268.0800 [M + H]".

5-Methyl-5SH-benzo[4,5][1,3]thiazino[3,2-a]indole (95ab): Pale yellow liquid (74%, 47 mg);
'"H NMR (400 MHz, CDCL) & 8.02 (dd, J = 7.4, 2.5 Hz, 1H), 7.73 —
©\/\>\S 7.68 (m, 1H), 7.54 — 7.48 (m, 1H), 7.41 (dd, J = 7.6, 1.5 Hz, 1H),

N CHs | 733 (dtd, J=14.0, 7.4, 1.3 Hz, 3H), 6.76 (s, 1H), 4.14 (q, /= 7.0 Hz,
1H), 1.63 (d, J = 7.1 Hz, 3H); '3*C NMR (101 MHz, CDCl3) § 135.7,
135.1, 132.9, 129.9, 129.6, 128.3, 94.2, 124.6, 122.1, 121.6, 120.2,
119.9, 111.6, 104.5, 39.4, 20.3; FT-IR vmax (neat): 3055, 2970, 2924, 1497, 1450, 1111, 741;
ESI-TOF m/z Calcd for Ci6Hi4NS™ 252.0841, found 252.0840 [M + H]".
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9-Chloro-5-methyl-5H-benzo[4,5][1,3]thiazino[3,2-a]indole (95bb): Liquid (67%, 48 mg); 'H
NMR (400 MHz, CDCl) 6 7.85 (d, J= 8.1 Hz, 1H), 7.82 (d, J =

Cl
ms 8.8 Hz, 1H), 7.56 (d, J = 2.0 Hz, 1H), 7.50 — 7.44 (m, 1H), 7.38
N CH, | (dd, J=7.6, 1.3 Hz, 1H), 7.29 — 7.25 (m, 1H), 7.19 (dd, J = 8.8,

3

2.1 Hz, 1H), 6.60 (s, 1H), 4.11 (q, /= 7.1 Hz, 1H), 1.57 (d, J =
7.1 Hz, 3H); 3C NMR (101 MHz, CDCls) § 135.2, 133.4, 132.7,
130.6, 128.3, 127.3, 127.0, 94.2, 124.9, 122.0, 119.7, 119.4, 112.3, 103.7, 39.3, 20.2; FT-IR Vmax
(neat): 2970, 2924, 1489, 1443, 1203, 1072, 756; ESI-TOF m/z Calcd for CisHi3CINS®
286.0452, found 286.0461 [M + H]+, 288.0453 [M + H + 2]".
9-Bromo-5-methyl-SH-benzo[4,5][1,3]thiazino[3,2-a]indole (95cb): Gummy mass (66%, 55
mg); 'H NMR (400 MHz, CDCl3) & 7.84 (d, J = 8.1 Hz, 1H),
Br\©j\>\5 7.78 (d, J = 8.8 Hz, 1H), 7.73 (d, J = 1.9 Hz, 1H), 7.49 — 7.43
N CH, (m, 1H), 7.38 (d, J = 7.4 Hz, 1H), 7.33 (dd, J = 8.8, 1.9 Hz,
1H), 7.27 (t, J= 7.5 Hz, 1H), 6.60 (s, 1H), 4.11 (q, J = 7.0 Hz,
1H), 1.57 (d, J = 7.1 Hz, 3H); '3C NMR (101 MHz, CDCl) §
135.2, 133.7, 132.8, 131.6, 131.2, 128.3, 94.1, 124.9, 124.6, 122.5, 119.8, 114.6, 112.7, 103.6,
39.3, 20.2; FT-IR vmax (neat): 3041, 2963, 1507, 1437, 1352, 1183, 1056, 751; ESI-TOF m/z
Calcd for Ci16Hi3BrNS™ 329.9947, found 329.9953 [M + H]" and 331.9935 [M + H + 2]".
5,9-Dimethyl-5H-benzo|[4,5][1,3]thiazino[3,2-a]indole (95eb): Yellow liquid (69%, 46 mg);'H
NMR (400 MHz, CDCl3) 8 7.93 (dd, J = 8.1, 0.9 Hz, 1H), 7.82
HsCm (d, J= 8.4 Hz, 1H), 7.49 — 7.43 (m, 1H), 7.42 — 7.40 (m, 1H),
N ° CH 7.37 (dd, J = 7.6, 1.5 Hz, 1H), 7.24 (td, J = 7.5, 1.1 Hz, 1H),

3

7.09 (dd, J= 8.5, 1.3 Hz, 1H), 6.60 (s, 1H), 4.10 (g, J= 7.0 Hz,
1H), 2.50 (s, 3H), 1.57 (d, J= 7.1 Hz, 3H); 3C NMR (101 MHz,
CDCL) § 135.7, 133.3, 132.6, 130.8, 129.8, 129.6, 128.2, 94.0, 124.3, 123.4, 119.9, 119.7, 111.2,
104.0, 39.3, 21.4, 20.3; FT-IR vmax (neat): 3024, 2970, 2924, 1497, 1458, 1165, 756, 637; ESI-
TOF m/z Caled for C17H16NS* 266.0998, found 266.1003 [M + H]".
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General procedure for the synthesis of 5,7-dihydroisothiochromeno|3,4-b]indoles (96)

Under an N atmosphere, a mixture of appropriate 2-(2-bromobenzylthio)-1H-indoles (3) (0.25
mmol), PPh; (0.1 mmol), Cs2CO3 (2.0 mmol), Pd(PPh3)s (0.05 mmol) and DMF (2.0 mL) were
charged to a clean oven dried 10 mL RB flask and stirred at 120 °C for 12 h. On completion, the
reaction mass was cooled to room temperature and then diluted with water (10.0 mL) and
extracted with EtOAc (2 x 10 mL). The combined organic layers were dried over anhydrous
NaxSO4 and evaporated under reduced pressure, the residue was purified by column

chromatography to give 5,7-dihydroisothiochromeno(3,4-b]indoles (96ga-96ib).

7-Methyl-5,7-dihydroisothiochromeno|3,4-b]indole (96ga): Pale yellow liquid (82%, 52 mg);
"H NMR (400 MHz, CDCl3) § 8.14 — 8.08 (m, 1H), 8.00 (d, J = 7.7 Hz,
1H), 7.49 (td, J = 7.6, 1.2 Hz, 1H), 7.41 — 7.32 (m, 4H), 7.26 (td, J = 7.4,
1.0 Hz, 1H), 4.11 (s, 2H), 3.78 (s, 3H); *C NMR (100 MHz, CDCIl;) §
138.1, 135.1, 133.5, 128.2, 127.8, 127.3, 125.3, 125.1, 123.6, 121.4, 120.7,
118.8, 111.4, 109.1, 34.1, 30.7; FT-IR vmax (neat): 3030, 2968, 1596, 1534,
1498, 1454, 1136, 1074, 746; FD-TOF m/z Calcd for CisHi13NS™ 251.0769, found 251.0759
[M]".

10-Chloro-7-methyl-5,7-dihydroisothiochromeno[3,4-b]lindole (96ha): Pale yellow liquid
(78%, 56 mg) ; 'H NMR (400 MHz, CDCl3) § 7.96 (s, 1H), 7.81 (dd, J =
7.7, 0.8 Hz, 1H), 7.42 (td, /= 7.6, 1.4 Hz, 1H), 7.31 (dd, J= 7.5, 0.7 Hz,
1H), 7.24 — 7.17 (m, 3H), 4.05 (s, 2H), 3.71 (s, 3H); 3*C NMR (100
MHz, CDCl3) & 136.5, 136.4, 132.8, 128.3, 127.7, 127.4, 94.4, 94.1,
| 125.4, 123.4, 121.3, 118.2, 111.0, 109.9, 34.0, 30.8; FT-IR vmax (neat):
3056, 1594, 1286, 1154, 1072, 734; FD-TOF m/z Calcd for CisHi2CINS™ 285.0379, found
285.0371 [M]" and 287.0343 [M + 2]".
10-Bromo-7-methyl-5,7-dihydroisothiochromeno|3,4-b]indole (96ia): Yellow liquid (76%, 63
mg); 'H NMR (400 MHz, CDCl3) § 8.11 (d, J= 1.8 Hz, 1H), 7.81 (dd, J
=17.7,0.8 Hz, 1H), 7.41 (ddd, J= 5.4, 4.6, 1.4 Hz, 1H), 7.34 — 7.30 (m,
2H), 7.23 — 7.18 (m, 2H), 4.06 (s, 2H), 3.74 (s, 3H); 3C NMR (100
MHz, CDCl) 6 136.7, 136.4, 132.8, 128.3, 127.7, 127.3, 125.4, 123.9,
123.5, 121.1, 118.7, 114.1, 110.3, 109.0, 34.0, 30.8; FT-IR vmax (neat):
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3053, 1596, 1294, 1141, 1077, 736; FD-TOF m/z Calcd for CisH2BrNS™ 328.9874, found
328.9864 [M]" and 330.9844 [M + 2]".
10-Fluoro-7-methyl-5,7-dihydroisothiochromeno[3,4-b]indole (96ja): Liquid (70%, 47 mg);
"H NMR (300 MHz, CDCl3) & 7.78 (d, J = 7.7 Hz, 1H), 7.64 (d, J =
10.0 Hz, 1H), 7.41 (t, J= 6.5 Hz, 1H), 7.31 (d, J=7.5 Hz, 1H), 7.26 —
7.15 (m, 2H), 6.98 (ddd, J = 9.0, 5.7, 2.4 Hz, 1H), 4.05 (s, 2H), 3.73
(s, 3H); C NMR (75 MHz, CDCL) § 135.6 (d, Jcr= 153.0 Hz),
133.0, 128.2, 127.8, 127.6, 127.3, 125.2, 123.2, 111.2 (d, Jcr = 4.2
Hz), 109.5, 109.4, 109.3, 108.9, 104.09 (d, Jc.r = 24.7 Hz), 34.0, 30.9; FT-IR vmax (neat): 3057,
3026, 2921, 1506, 1468, 1420, 194, 757; FD-TOF m/z Calcd for Ci¢Hi2FNS™ 269.0674, found
269.0673 [M]".

10-Methoxy-7-methyl-5,7-dihydroisothiochromeno[3,4-b]indole (96ka): Off white solid
(73%, 51 mg); mp 98-100 °C; 'H NMR (400 MHz, CDCls) § 7.88
(d, J=7.1 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.43 (td, J = 7.6, 1.3
Hz, 1H), 7.32 (d, J= 6.8 Hz, 1H), 7.24 (d, J= 8.9 Hz, 1H), 7.19 (dd,
J=17.4,12 Hz, 1H), 6.93 (dd, J = 8.8, 2.4 Hz, 1H), 4.07 (s, 2H),
3.97 (s, 3H), 3.73 (s, 3H); 3C NMR (100 MHz, CDCl) § 155.0,
135.4, 133.5, 133.4, 128.1, 127.8, 127.3, 125.6, 124.9, 123.1, 111.0, 110.4, 109.6, 101.7, 56.1,
34.1, 30.8; FT-IR vmax (neat):3051, 2951, 1596, 1567, 1417, 1270, 1228, 715; ESI-TOF m/z
Calcd for C17H16NOS™ 282.0947, found 282.0938 [M + H]".
5,7-Dimethyl-5,7-dihydroisothiochromeno[3,4-b]indole (96gb): White solid (78%, 52 mg);
mp 114-116 °C; '"H NMR (400 MHz, CDCl;) § 8.11 — 8.06 (m, 1H),
8.01 (d, J=7.7 Hz, 1H), 7.44 (td, J= 7.6, 1.5 Hz, 1H), 7.39 (dt, J =
7.2, 3.2 Hz, 1H), 7.34 — 7.30 (m, 2H), 7.30 — 7.28 (m, 1H), 7.28 —
7.23 (m, 1H), 4.28 (q, J = 7.0 Hz, 1H), 3.79 (s, 3H), 1.64 (d, J="7.0
Hz, 3H); *C NMR (100 MHz, CDCls) & 138.2, 133.1, 132.9, 132.1,
127.8, 125.9, 125.2, 124.0, 121.1, 120.5, 118.8, 110.1, 109.0, 42.2, 30.6, 21.6; FT-IR vmax (neat):
3045, 2961, 1508, 1465, 1420, 1080, 727; ESI-TOF m/z Caled for C17Hi16NS™ 266.0998, found
266.1001 [M +H]".
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10-Chloro-5,7-dimethyl-5,7-dihydroisothiochromeno[3,4-b]indole (96hb): Yellow solid
(76%, 57 mg); mp 94-128 °C; '"H NMR (400 MHz, CDCl5) § 8.00
(d, J=1.8 Hz, 1H), 7.88 (dd, /= 7.7, 0.8 Hz, 1H), 7.42 (td, J=7.5,
1.5 Hz, 1H), 7.30 (dd, J = 7.6, 1.4 Hz, 1H), 7.26 — 7.22 (m, 2H),
7.20 (dd, J = 8.6, 1.9 Hz, 1H), 4.26 (q, J = 7.0 Hz, 1H), 3.74 (s,
3H), 1.61 (d, J = 7.0 Hz, 3H); *C NMR (100 MHz, CDCl) §
136.6, 134.5, 133.0, 131.5, 127.9, 94.3, 94.0, 125.9, 125.6, 123.9, 121.1, 118.2, 109.8, 109.7,
42.2,30.7, 21.6; FT-IR vmax (neat): 2958, 2915, 1505, 1464, 1296, 1067, 785, 758; ESI-TOF m/z
Calcd for C17H;sCINS™ 300.0608, found 300.0595 [M + H]".
10-Bromo-5,7-dimethyl-5,7-dihydroisothiochromeno[3,4-b]indole (96ib): Yellow liquid
(72%, 62 mg); 'H NMR (400 MHz, CDCls) § 8.13 (d, J = 1.8 Hz,
1H), 7.87 (dd, J= 7.7, 0.9 Hz, 1H), 7.41 (td, J=17.5, 1.5 Hz, 1H),
7.34 —7.29 (m, 2H), 7.23 (ddd, J=11.3, 6.2, 2.5 Hz, 2H), 4.26 (q,
J=17.0 Hz, 1H), 3.75 (s, 3H), 1.59 (d, J = 7.0 Hz, 3H); '*C NMR
(100 MHz, CDClL) 6 136.8, 134.4, 133.1, 132.4, 127.9, 94.7,
125.9, 125.6, 123.9, 123.7, 121.2, 113.9, 110.3, 109.6, 42.2, 30.7, 21.6; FT-IR Vmax (neat): 3043,
2954, 1508, 1466, 1294, 1068, 776, 754; FD-TOF m/z Calcd for Ci7H14BrNS™ 343.0030, found
343.0039 [M]" and 345.0020 [M + 2]".

7-Benzyl-5,7-dihydroisothiochromeno[3,4-b]indole (96la): White solid (74%, 148 mg); mp
96-97 °C; 1H NMR (400 MHz, CDCI3) ¢ 8.08 (d, J = 5.8 Hz, 1H), 7.97
(d, J=5.8 Hz, 1H), 7.44 — 7.21 (m, 11H), 5.42 (s, 2H), 4.09 (s, 2H); 13C
NMR (100 MHz, CDCI3) é 137.6, 137.0, 134.7, 133.3, 128.8, 128.2,
127.9, 127.6, 127.3,94.7, 125.5, 125.2, 123.7, 121.5, 120.8, 118.8, 111.9,
109.6, 47.9, 34.2; FT-IR vmax (neat): 3055, 2916, 1597, 1512, 1450,
1188, 741, 694 cm-1; FD-TOF m/z Calcd for C22H18NS" 328.1154 [M +

H] ", found 328.1146.
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3.6 Introduction

Transition-metal-catalyzed hydroarylation reactions have received considerable attention in
recent years as an atom-economical approach for the functionalization of arenes, as well as for
the creation of complex molecular architectures.[''” 8] This ever-developing area has
witnessed a remarkable growth in gold-catalyzed methodologies involving the addition of a
wide variety of nucleophiles (C/N/O) to internal or terminal alkynes in an
intra/intermolecular fashion.[®* 1191221 Not surprisingly, this strategy has also emerged as a highly

useful tool for the synthesis of novel heterocycles.!'?*]

3.6.1 Gold-catalyzed inter/intramolecular hydroarylation reactions of alkynes

3.6.1.1 Intermolecular hydroarylation reactions

Since Hashmi’s first report in 2000 gold-catalyzed hydroarylation has been explored with
various substrates by several research groups. Because of the strong Lewis acidity of gold(Ill), it
is difficult to determine the reaction mechanism that involves a direct auration of arene form an
aryl-gold(IIT) species versus a gold m-activation of alkyne followed by Friedel-Crafts type
reaction. 3]

Reetz and Sommer reported a gold(Il)-catalyzed hydroarylation reaction of normal alkynes and
electron deficient alkynes with mesitylene. Hydroarylation of phenylacetylene with electron rich
arene such as mesitylene is catalyzed by AuCls activated by silver salt e.g. AgSbFs in
nitromethane to give 1-mesityl-1-phenylethene (98) in 86% yield (Scheme 3.30a).['>*]
Nitromethane was chosen as a solvent because it dissolves AuClz and most silver salts. On the

other hand, the hydroarylation of electron deficient alkynes such as ethyl propiolate is effectively

catalyzed by Ph;AuCl activated with BF3.OEt: to give 100 in 90% yield (Scheme 3.30b).
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1.5 mol % AuCl, Ph
3 mol % AgSbFg
a) =R CHNO, 50°C
R'=Ph ¥ 98
97 37 Yield: 86%
1 mol % PhsPAuCI
5 mol % BF5.0Et, XN
b + =—CO,Et
) CH3NO,, 50 °C CO,Et
99 100
o7 Yield: 90%
[Au]™
! + [Au]™
[Au* + =—-R ———» CH=C-R
(Regioselectivity)
H
CO,Et
CH3NO o
AuCl; + AGOTF —— === AusAgyCls | 5 100

[AU]"™ = (4AuCl;*5AuCI+11AgCl)
(n=18&1)

Scheme 3.30: Gold-catalyzed hydroarylation of 37 and 99 with mesitylene

The reaction is believed to proceed via generation of catalytically active species [Au]™
possessing both n = (I) and (III) oxidation state, generated from the reaction of AuCl; and silver
salt. Thus active species coordinates to the alkyne followed by nucleophilic attack of the arene
from the opposite side leads to the formation of a vinyl gold intermediate A or B depending on
the substituent R of the alkyne. Further, H" protonation of intermediate A and B
stereospecifically affords product 98 and 100 respectively (Scheme 3.30). The regioselectivity is

determined by the electronic factors.
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AuCls-catalyzed hydroarylation of electron-deficient alkynes can be also conducted under
solvent-free conditions. The AuCls (5 mol %) and AgOTf (15 mol %) couple afforded product in
good to excellent yield, with significant regioselectivity, under mild reaction conditions.
Pentamethylbenzene reacted with ethyl propiolate at room temperature to afford the

hydroarylation product in 99% yield (Scheme 3.31).1!%]

y Me 5 mol % AuCls y Me
e e
15 mol % AgOTf X
+ =-CO,Et e 1
Me Me o rt, solvent free Me Me”O2
Me Me
101 102

Scheme 3.31: AuCl3/AgOTf catalyzed coupling of pentamethylbenzene and ethyl propiolate

3.6.1.2 Intramolecular hydroarylation reactions

Echavarren and co-workers reported the gold-catalysed annulation of 6 to 8 membered rings on
indoles, via intramolecular endo or exo dig cyclization (Scheme 3.32a and Scheme 3.32b).['2¢-
128] Intramolecular hydroarylation of N-propargyl-N-tosyl anilines proceeds in the presence of
cationic Au' catalyst formed in situ from [Au(PPhs)Me] and HBF4, which presumably formed
[Au(PPh3)]BFs in toluene at reflux to afford 6-endo-dig cyclization product, N-tosyl-1,2-
dihydroquinolines in good yields (Scheme 3.32a). Satisfactory results are also obtained with
catalysts formed from the combination of [Au(PPh3)CI] (3 mol %) with AgBF4 or AgSbFs (3

mol %) in dichloromethane as a solvent.

R Ts R' Ts
R2 N 3 mol % [Au(PPhs)Me] R2 N
6 mol % HBF,
R3 | | toluene, 23 °C R3 7
R4 R*
R'=R*=0Me, R2=R%=H 71%
R'=R*=H, RZ = R3 = OMe 71%
R'=H, RZ=R3=R*=0OMe 92%

Scheme 3.32a: Synthesis of 1,2-dihydroquinolines catalyzed by the cationic gold catalyst.

Page 196



Chapter III

The selective formation of 7- or 8-membered ring compounds, from the same substrate, is
achieved through regiochemical control exhibited by the oxidation state of the gold center. The
treatment of tryptophan derivative 105 with 5 mol % AuClz Au(IIl) catalyst at room temperature
furnished indoloazocine 106 in 75% yield via an interesting 8-endo-dig cyclization. When Au(I)
triphenylphosphine complex 107 was used as a catalyst a 7-exo-dig cyclization product

azepino[4,5-b]indole 108 was obtained in 82% yield (Scheme 3.32b).

MeOzC
CO,Me CO,Me N/DNBS
\-DNBS 107 \-DNBS
5 mol % \ \ 5 mol %, AUC|3 \ 7
N\ CH20|2, rt N % CH2C|2, rt N
H H
105
H ® 106
108
. tBu, .tBu DNBS : 2 4-dinitrobenzenesulfonyl Yield: 75%
Yield: 82% P\Au—MeCN S)
107

Scheme 3.32b: Au(I) and Au(Ill) catalyzed intramolecular hydroarylation of 105

Echavarren and co-workers extended the scope of intramolecular hydroarylation and synthesized
indoloazocine 110 by the 8-endo-dig cyclization of substrate 109 using 5 mol % AuCl; as a
catalyst in CH>Cl» at room temperature in 55% isolated yield (Scheme 3.33). [!%]

04\/\
N\\ 0

N
5 mol % AuCl
\ 3, \
N DCM, rt N =
H H
109 110
Yield: 55%

Scheme 3.33: Regioselective synthesis of azacino[5,4-b]indole derivative 110 via AuCls
catalyzed cyclization of 109
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Padwa and coworkers reported that indole-substituted N-propargylamides 111 undergoes
gold(Ill)-catalyzed cyclization to give oxazoles 112 via 5-exo-dig cyclization. However, they
failed to obtain the 8-exo-dig cyclization product from indole derivative 111 (Scheme 3.34a).!!3%
131]

In contrast, Van der Eycken and coworkers reported that on treatment with a cationic gold (I)
catalyst, which was generated from AuCIl(PPhs) and AgOTf, tryptamine-derived propionamides
113 underwent 8-endo-dig cyclization to selectively afford indole-fused azocinones 114 in high

yields (Scheme 3.34b).[130- 131]

H
N _N
\ O 7 5 mol %, AuCl; N O\%
a
) N // CHyCly, rt N Me
\
Me 111 Me 112
Yield: 63%
0
N 5mol % AuCI(PPhj)
b) \) me \ 5 mol % AgOTf
N CHCl,
13 R
114
R =Me,rt, 7 h, 92%
R ="Pr, rt, 16 h, 91%

R=Ph,50°C,2h, 95%

Scheme 3.34: Gold-catalyzed synthesis of 112 and 114

Hashmi and co-workers reported reactions of alkyne-substituted indole-3-carboxamides 116 in
the presence of 5 mol % SPhosAuNTf; in toluene at 80 °C without an inert atmosphere. The
reaction proceeded via 7-endo-dig cyclization involving 3,2-acyl migration independent of the
substituents on the aryl terminal group, affording azepino[3,4-b]indol-1-ones 117 in good to

excellent yield (Scheme 3.35). [13%]
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o N',\"e Ar H L au NTE
5mol %, 115 - PCy,
N | | toluene, air ) N.
N 80 °C N Me 115
\ [
Me Ar Me (@]
116 17 SPhosAuNTf,
. (SPhos = 2-dicyclohexylphosphino-
— . Q8o
Ar = phenyl, p-MeCgH,, p-OMeCgHj, Yield: 61-98% 2',6’-dimethoxybiphenyl)

p-O,NCgHy4, 1-naphthyl, 2-thienyl

Scheme 3.35a: SPhosAuNTf, gold(I) catalyzed synthesis of 117 from 116

@\é 7 endo-dig cyclization
Y & e 1

\ Ar

[Au" \

N /

+7
. N
H [Au] \

Ar
[Au]
@? 3,2-acyl migration

Scheme 3.35b: Tentative mechanism for the synthesis of 117

[Au]

Ar

—

Dalla and Othman reported one pot gold-catalyzed coupling of N-propargylacetoxylactam (118)
with N-methylindole (1) via o-amidoalkylation/intramolecular hydroarylation sequence.
However, the product selectivity of this method was not high (Scheme 3.36).['*3) Initially, it is
Friedel-Crafts alkylation of N-Methylindole (1) with an N-acyliminium ion derived from N,O-
acetal 118 resulted intermediate 119 which then underwent intramolecular hydroarylation in the
presence of 5 mol % (PhsP)AuNTf: to give the 6-exo-dig cyclization product 120 in 46% yield,
along with the 7-endo-dig cyclization product 121 in 24% yield. In contrast, the use of 2-
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methylthiophene (122) instead of N-methylindole (1) selectively furnished the 7-endo-dig
cyclization product 124 in 63% yield, along with the 6-exo-dig cyclization product 123 in trace

amount.
N
1 R
OAc
2 mol % AuNTf,
/
@N\// CH,Cly, t
5+ 5 mol %
R'=H, R=CH DCM,
o M8 3 reflux | (PhsP)AUNTY,

@\ 1) 2 mol % AuNTf,, rt

S 2) 5+ 5 mol % (PhzP)AuNTf,
122 DCE, 50 °C
Me +
-
S
—
J’_
N 6-exo 7-endo
120 121
(0] Yield: 46% Yield: 24%
6-exo 7-end
123 ~endo
124
H . 0,
Yield: 2% Yield: 63%

Scheme 3.36: Gold catalyzed a-amidoalkylation/hydroarylation of 118 with various nucleophiles

Van der Eycken and co-workers extended the gold-catalyzed intramolecular hydroarylation to
the diversity-oriented synthesis of indoloazocines involving substrate preparation using the four-
component Ugi reaction. For example, the Ugi coupling of tryptamine (125), p-anisaldehyde
(73), tert-butylisonitrile (126) and 2-butynoic acid (46) was carried out in MeOH at room
temperature, successfully producing 127 in 82% vyield (Scheme 3.37a).13*! Subsequent
cyclization of 127 was carried out in the presence of cationic gold(I) catalyst [Au(PPh3)]OTT, in
chloroform at room temperature for 8 h, affording the desired indoloazocinone 128 in 85% yield
via 8-endo-dig cyclization of 127 (Scheme 3.37b). When cyclohexanecarboxyaldehyde and
propiolic acid were used instead of p-anisaldehyde and 2-butynoic acid respectively, substrate

129 was obtained in 92% yield. Consequently, 129 with a terminal alkyne moiety was subjected

Page 200



Chapter III

to the same reaction conditions, affording 7-exo-dig cyclization product 130 in 56% yield

(Scheme 3.37a).

MeO
OMe NH><
NH, N COOH
A\ N
MeOH O
N || g AN o
H rt /
N 7/
Me
12 CHO 126 Yield: 82%
46 Me '
127
MeO
X< .
5 mol o
mol % [Au(PPh3)]OTF N o
CHC|3, rt
// Pz
|v| Yield: 85%
e H Me
127
128
@EC\ 5 mol % [Au(PPha)]OTF NH%
CHCls, rt
N f
92% Yield: 56%

Scheme 3.37: Synthesis of 128 and 130 via gold(I1I) catalyzed hydroarylation.

In a similar manner, Ugi four-component reaction of 2-formyl-N-methylpyrrole (131), p-
methoxybenzylamine (132), #-butylisonitrile (126) and 2-butynoic acid (46) in methanol at 50 °C
furnished the corresponding Ugi-adduct 133 in 83% yield which was further used for the
intramolecular hydroarylation reaction. The substrate 133 was treated with 5 mol %
[Au(PPh3)]OTf in chloroform at 50 °C for 3 h, affording pyrrolopyridinone 134 in 93% yield as

a result of selective 5-exo-dig cyclization (Scheme 3.38).11%]
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Me S
- o COOH y SN\ O
QCHO + PMBNH, + 4\ sl —meon LN News
\ 50 °C
Me 454 132 Me Me
126 (0] NH
46 4\
PMB = p-methoxybenzyl
e 133
% o Me \ 0 Yield: 83%
4
N \ NPMB 5 mol % [Au(PPh3)]OTf _ / \ NPMB
\d CHCls, 50 °C N
07 “NH ' NK
Me g 7<
134
133 Yield: 93%

Scheme 3.38: Gold(I) catalyzed post-Ugi intramolecular hydroarylation reaction of 133

The various one-pot sequential processes consisting of indole alkylations and subsequent
carbocyclizations via intramolecular hydroarylation have been explored. Liu and co-workers
described the domino approach for the synthesis of dihydrocyclohepta[b]indoles 136 through the
reaction of (Z)-enynols 135 with 1.5 equiv. indoles 1 at room temperature in THF using 5 mol %
(PhsP)AuCl and 5 mol % AgSbFs as catalysts via Friedel-Crafts/hydroarylation reactions.
Interestingly, when terminal alkyne (R® = H) was used 1- methyl-2,4-diphenyl-9H-carbazole 137

was obtained in 76% yield. 3¢

— R3 — R2 R3
R3 5% PhsPAUCI O
— 5% AgSbF P
I Sa kW RS,
74 HG N THF, rt — O R2 N Ré
R4 R R-N Z FI{
135 1 | 136
2 _p3-_p4- . _ \\
R“=R°=R"=Ph; R = 5-Cl, 5-Br, 4-OMe, — A R! — Yield : 51-95%
R? = R* = p-OMeCgH,, 6-OMe, 5-1, 5-NO,
R2 = p-C|C6H4, n-CgH7 R1 =H Ph
R3=R*=n-C4Hy O Ph
O N CH3
|
R 137
When R'=R?=Ph
R3=H

Scheme 3.39: Gold-catalyzed one-pot synthesis of dihydrocyclohepta[b]indoles 136

Page 202



Chapter III

Liu group extended their work and developed a one-pot synthesis of indole polycyclic systems
140 via 5 mol % NaAuCls.2H>0O gold-catalyzed tandem annulation reaction of 1,2-bis(alkynyl)-
2-en-1-ones 138 with 2.0 equiv. indoles 1 in dichloroethane at room temperature. The process is
recognized through a cascade carbonyl-yne cyclization/Friedel-Crafts/indole-yne cyclization

sequence catalyzed by the single-pot catalyst of gold (Scheme 3.40).!13¢!

2 R3
R
N\ 5 5 mol % o)
R4_ =R R1—® NaAuCl,.2H,0
- N DCE, rt
O 138 \
1 R N
R?2=R3=R*=Ph; R = 5-Br, 5-OMe, 5-OBn R 140
R® = R* = p-OMePh;n-Bu; 6-Me, 4-COOMe
H . 0,
p-C|C6H4 , R4 = p-CF3CBH4 R'I =H Yield : 41-92%
R2
R? [Au] Indole/_\hr
Y me . ge— ]
R*— M ¢}
o)

Scheme 3.40: Synthesis of 140 through cascade reaction

Being structural constituents of several natural products, agrochemicals, pharmaceuticals, and
organic materials, heterocycles with diverse substitution patterns are highly sought-after
chemical entities. In particular, chemicals possessing an indole core are an extremely desirable
subclass of heterocycles due to a wide range of biological activities associated with them.['37) A
survey of the literature suggests the chemistry of S-containing heterocycles, thiopyran, and
fused-thiopyrans has not been explored to the same extent as that of their pyran analogs. Recent
reports have associated substituted thiopyran and fused-thiopyran scaffolds to anti-
inflamatory, antibacterial, anti hyperplasia, antipsychotic, analgesic, estrogen receptor
modulator, and anticancer activities.””) Certain thiopyran-fused indoles and their
pharmaceutically acceptable salts have been shown to possess psychoanaleptic and nootropic

effects.[8?]
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COOH NHMe
Me
S Cl COOH ©
N~
) \ S \(;fsj:CF @
N N 3 s
H H Cl
Antibacterial Analgesic anti-inflamatory antipsychotic

Figure 3.9: Some bioactive fused-thiopyran and thiopyran-fused indole derivatives

Considering the importance of functionalized indoles, developing an efficient synthetic process
remains an area of interest. In a continuation of our efforts toward developing synthetic strategies
to access diversely substituted indoles!!9%19% 1381401 e explored the application of 2-(2-
alkenylthio)indoles to the construction of indole-fused S-containing ring structures. We have
recently reported an efficient process for chemoselective S-benzylation of indoline-2-thiones
using benzyl alcohols in the presence of a catalytic amount of Lewis acids, leading to
biologically relevant indole-based sulfides® % (Scheme 3.25). Mechanistically, the
methodology supports the involvement of a resonance-stabilized benzylic carbocation in the S-
benzylation process. On the basis of these results, we envisaged that unsaturated aliphatic
alcohol capable of producing resonance-stabilized carbocations may also undergo S-alkylation
similar to the S-benzylation process to produce 2-(2-alken/ynylthio)indoles. Furthermore, an
intramolecular hydroarylation carbocyclization with the 3-position of the indole core may lead to
an indole-fused S-containing ring system. Herein, we wish to report an efficient two-step
methodology for the synthesis of indole-fused dihydrothiopyrans starting from indoline-2-

thiones via sequential rearrangements.

3.7 Results and discussion

To the best of our knowledge, the use of unsaturated aliphatic alcohols in the synthesis of S-
alkenylated sulfides has not yet been reported. Hence, our initial investigation focused on the S-
alkylation of indoline-2-thiones with the aid of unsaturated aliphatic alcohols. Inspired by our S-
benzylation work, we first employed rare earth metal triflates as a potential catalyst for the S-

alkylation of indoline-2-thione (58a) with 2-methylbut-3-en-2-o0l (141a).
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Even after multiple attempts, the desired S-(2-alkenyl)indole could not be obtained under these
conditions. Gratifyingly, the use of excess BF3-etherate in the reaction facilitated the formation
of desired indole sulfide 142aa in good yield. Interestingly, a rearrangement in the allyl side
chain was observed in the isolated product (Scheme 3.42). It appears that the thermodynamically

more stable, highly substituted alkene is the favored product under these conditions.

HO / BF 5 etherate (2 equiv) / R
DCM, rt, 1-24 h A -~ AuCls, toluene
+ > R’ S > R
Rearrangement N 80 °C, 4-12 h N
\ \
142 R 143 R

Scheme 3.41: Synthesis of indole-fused dihydrothiopyrans starting from indoline-2-thiones via
sequential rearrangements

) O
@E\FS N j\ BF; etherate ms @E'}—S

CH,Cl,, 1t, 1h
H o
70% Not formed
58a 142aa
141a
/_/>7
@E\FS 4 | BF; etherate ms
N HO CH,Cl,, 1t, 1h N
H H  69%
58a 141d 142aa

Scheme 3.42: BF; etherate-mediated alkylation of indoline-2-thione (58a) using

2-methylbut-3-en-2-ol (141a) and prenyl alcohol (141d)
Encouraged by these results, we then proceeded to screen a range of substituted/unsubstituted
allylic or propargylic alcohols with varying degrees of substitution (1°/2°/3° alcohols) for the S-
alkylation reaction. As presented in table 3.4, only a select group of unsaturated alcohols,
primarily substituted allyl alcohols, yielded S-(2-alkenylated) products (142). No reaction was
observed in the cases of unsubstituted allyl/propargyl alcohols. Interestingly, the regioisomer of
141a, prenyl alcohol (141d), when reacted with thione 58a, also resulted in 2-(3-methylbut-2-
enylthio)-indole (142aa) in 69% yield (Scheme 3.42).
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Figure 3.10: 'Hand '*C NMR spectra of 5-Chloro-1-methyl-2-(3-methylpent-2-en-4-ynylthio)-
1H-indole (142fg) in CDCl3
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These results were further corroborated using isomeric alcohols 141e and 141f, both of which
resulted in sulfide 142ae in ~50% yield. Furthermore, irrespective of the degree of substitution of
the reactant alcohol, we observed a consistent trend of rearrangement in the reactions of all of the
substituted allyl alcohols, including 3-methylpent-1-en-4-yn-3-ol (141g) and 1-ethynylcyclohex-
2-enol (141h)!'*!) under these conditions, in the synthesis of sulfides 142aa—ih (Table 3.4). The
sulfides obtained from alcohols 141g and 141h are of particular importance because they possess
a conjugated ene-yne unsaturated system, which can be synthetically manipulated for further

chemical transformations.
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Table 3.4: BF; Etherate-mediated alkylation of indoline-2-thiones using unsaturated aliphatic

alcohols”
Rfms 4 unsatured aliphatic __BFs etherate (2 q) 142aa-ih
N alcohols DCM, rt, 1-24 h

a)R=H,R'=H R
- 1=
b)R=H,R"=6-Cl gg

] unsatured aliphatic alcohols /\)\
¢)R=H,R"'=5-CH, _— =
d)R=H,R"=5Br )</ HO N o' Xy HO

HO 141b 141c 141d

e)R=CHs R'=H

f)R = CHy, R' = 6-Cl 14t Ph oH LM
g)R = CHz, R' = 5-Br HO >N ph Ho)\/ = 1m
h)R=CH; R'=5F 141e 141f | 141g

i)R=Ph,R'"=H

\ \
/_/>7 /_//7Ph />7 cl />7
oy o e oy

N
Me Me
142aa, 1h, 70% 142ae, 2h, 50% 142eg, 24h, 48% 142fg, 24h, 54%
N N o N N
Me Me H
142gg, 24h, 53% 142hg, 24, 56% 142bg, 24h, 53% 142cg, 2, 50%
Br- \ /
Cl Br
s i >>: i
C o D T
H l\NA N N
142dg, 2h, 52% © Me Me
142eh, 1h, 58% 142fh, 1h, 55% 142gh, 1h, 52%
/>7
@E\\fs \
N s
Ph N

Ph

142ig, 2h, 51% 142ih, 2h, 55%

“Reaction conditions: 58 (1.0 mmol), 141 (1.0 mmol), BF3 etherate (2.0 mmol) and dichloromethane (40
mL) at rt; yields are based on the amounts of starting materials utilized in the reaction and are
unoptimized.
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Table 3.5: Optimization of metal-catalyzed hydroarylation reaction®

\ \
/ N\
ms catalyst, solvent \_¢
N 12 h I\{
bH3 CHs
142eg 143a
Entry Catalyst (mol %) Solvent Temperature (°C) Yield (%)
1 AuCl (5) toluene 80 55
2 CuCl(5) toluene 80 b
3 FeCl; (5) toluene 80 b
4 PdCL (5) toluene 80 b
5 AuCls (5) toluene 80 62
6 NiCL (5) toluene 80 b
7 ZnCl (5) toluene 80 46
8 AuCls (5) toluene 110 45
9 AuCl; (5) acetonitrile 80 50
10 AuCls (5) DMF 80 55
11 AuCl; (5) DMSO 80 40
12 AuCls (5) 1,4-dioxane 80 26
13 AuClz (2) toluene 80 50
14 ZnCl toluene 80 32
15 AuCl3 PPhs (2) toluene 80 48
16 AuCHPPhs)AgOTE toluene 80 54
(5/5)
17 AuCl; (10) toluene 80 76

“Reaction conditions: 142eg (40 mg, 0.16 mmol), catalyst (2—10 mol %), solvent (2 mL), 80 °C, 12 h.
’No reaction

After acquiring all of the desired 2-(2-alkenylthio)indoles (142aa—ih), we attempted the metal-
catalyzed hydroarylation reaction to produce the indole-fused S-containing cyclized products.
Initially, 2-(3-methylpent-2-en-4-ynylthio)-N-methylindole 142eg was chosen as a model
reactant to study the intramolecular cyclization reaction with the prospect of producing annulated
products I and/or II as depicted in Scheme 3.43. As shown in table 3.5, the desired C—H
activated carbocyclization step was screened using a range of potential metal catalysts in toluene
at 80 °C. Initially, only reactions attempted with AuCl, AuClz, and ZnCl resulted in product
formation (Table 3.5, entries 1, 5 and 7).
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'"H and *C NMR analysis of the product (liquid) revealed that the possible structure of the
product may be dihydrothiopyrano[2,3-b]-N-methylindole.

"o/ o

o
\ S () oo
N
., 0 o
A B

Figure 3.12: Possible regioisomers of compound 143a.

The exact positions of the substituents were established using 1D NOESY experiments. The two
possible regioisomers of 143a are shown in Figure 3.12 (A and B). The perturbations of the
phenyl proton at position 5 (red dot) showed a strong NOE to the methyl and vinyl groups at
position 4 (blue dot). This evidence supported regioisomer A. In addition, negative evidence was
obtained by the perturbation of N-CH3 protons (black dot), which showed only an NOE response
to the phenyl proton at position 8 of the skeleton. Thus, on the basis of 1D NOESY experiments,
the structure of 143a was unambiguously assigned as 4,9-dimethyl-4-vinyl-4,9-

dihydrothiopyrano[2,3-b]indole (regioisomer A).

N\

/
Q_U Metal catalyst m Metal catalyst \
S )
\ i 7-exo-dig
8-endo-dig s
NS N N
CH;

\
CH; CH;
142eg

Scheme 3.43: Chemical structures of the expected annulation products from sulfide 142eg

Once the isolated product was fully characterized, the effect of a cocatalyst on the product yield
was studied. On the basis of literature reports,[®® 135 a combination of AuCl(PPhs) and AgOTf
was employed as a catalyst for our desired cyclization. However, this isolated yield of 1a was
found to be lower than that of AuCls alone (Table 3.5, entry 16). These results led us to select
AuCls as the catalyst of choice for the cyclization step and set out to optimize other reaction

parameters, such as temperature, solvent, and catalyst concentration. A loss in yield of 143a was
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observed when the reaction temperature was increased to 110 °C (Table 3.5, entry 8). Changing
the solvent of the reaction did not appear to have a significant impact on the product yields.

In general, reactions performed in toluene provided superior results among the tested solvents
(Table 3.5, entries 9—12). Catalyst loading had a profound impact on the reaction outcome. The
use of 2 mol % of AuCls resulted in 50% yield of cyclized product 143a, whereas the use of 10
mol % of AuCls provided 76% of 143a (Table 3.5, entries 5, 13 and 14). Overall, after a
thorough screening, we determined that 10 mol % of AuCls in toluene at 80 °C is the optimal

condition for the synthesis of 143a from 142eg.

Table 3.6: Synthesis of dihydrothiopyrano[2,3-b]indoles from 2-(2-alkenylthio)indoles®

7
-/ AuCls, toluene
A\
R14@E>7$ 80 °C, 4-12 h
N
R
142
N B A\
\ ¢ \ ¢
N
cl N H
143e, 66% 143f, 62%

AN
N\ g N\ S
N
N Ph
143j, 65% 143k, 69%

1439, 60% 143h, 67% 143i, 61%

“Reaction conditions: 142 (0.16 mmol), AuCl; (10 mol %), toluene (2 mL), 80 °C.

Next, the optimized conditions were used to study the scope of the C—H activation-mediated
carbocyclization reaction. As shown in table 3.6, differently substituted 2-(2-alkenylthio)-
indoles (142) were subjected to these conditions to obtain diverse indole-fused
dihydrothiopyrans (143). Among the various substrates studied, no specific substitution effects

were observed in the reaction outcome, and all dihydrothiopyran derivatives were prepared in
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good yields (54—76%). Owing to the nucleophilic nature of position 1 of the indole core in the
case of unsubstituted 2-(2-alkenylthio)indoles (e.g., 142bg), a competition between position 1
and 3 was anticipated in the cyclization process. In the past, gold-catalyzed reactions of indoles

5.142.143] Remarkably,

have been preferred using N-alkylated substrates to circumvent such issue
no interference of indole nitrogen was observed in the current investigation. The synthesis of N-
unsubstituted analogs of indole-fused dihydrothiopyrans (143e—f) was achieved directly without
requiring additional protection and deprotection steps, reflecting the regioselective nature of the
reaction. Furthermore, under the optimized reaction conditions, cyclization was only feasible
from substrates possessing a conjugated ene-yne side chain. Prenyl-substituted sulfide (2-(3-
methylbut-2-enylthio)- indole, 142aa) was found to be unreactive in these conditions. Overall,
the new synthesis of functionalized tricyclic indole derivatives appears to be quite general in
nature. Further, chemical manipulations at positions 1, 5, and 6 can be conveniently performed
using the strategically placed vital functional groups (nitrogen, methyl, bromine, and chlorine) at
these sites in compound 142. These transformations could easily lead to analogs of biologically
active carbazole alkaloids. In addition, the vinyl group of product 143 could also be exploited for

the creation of new C—C bonds.['*

o bond
migration

Scheme 3.44: Proposed mechanism for AuCls;-mediated formation of
dihydrothiopyrano[2,3-b]indoles
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The actual mechanism for the formation of product 143 might be complicated. A simplified
mechanism for the observed 6-endo-trig carbocyclization is outlined in Scheme 3.44. Typically,
gold-catalyzed intramolecular hydroarylation of alkynes begins with the nucleophilic attack at
the alkynic/allenic carbon activated with cationic gold. The apparent formation of an S-
containing six-membered ring in 143a—k suggested that, prior to the hydroarylation step,
rearrangement of the conjugated ene-yne manifold present on sulfur takes place, as depicted in
Scheme 3.44. In addition to 1D NOESY correlations, the creation of a spiro ring in products
143g—j provide further evidence in favor of the proposed rearrangement. We are currently
investigating in detail the different aspects of the rearrangement of a conjugated ene-yne side

chain under these conditions.

The structure of the indole-fused thiopyran product 143k was confirmed by using X-ray

crystallographic data as shown in Figure 3.13

( )

Figure 3.13: ORTEP plot of 143k (ellipsoids are drawn at 40%). The compound data of 143k
is available at CCDC No. 1057877.
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3.8 Conclusions

In conclusion, we have developed an efficient methodology for the formation of a
dihydrothiopyrano[2,3-b]indole skeleton starting from indoline-2-thione in two steps. First, a
regioselective BF3 etherate-catalyzed alkylation of indoline-2-thione using unsaturated alcohols
results in 2-(2-alkenylthio)indole. Subsequently, an Au(Ill)-mediated reaction of 2-(2-
alkenylthio)-indole allowed access to an indole-fused dihydrothiopyran framework via sequential
rearrangement of the ene-yne side chain and intramolecular hydroarylation at the C-3 position of

the indole core.
3.9 Experimental

General. All reagents and solvents were used as supplied by commercial sources without further
purification. Melting points were measured using an MEL-TEMP II apparatus and are
uncorrected. Precoated fluorescent silica gel TLC plates were used to monitor the progress of the
reactions. The 'H and '*C NMR spectra were obtained by a 300 MHz FT-NMR spectrometer.
Chemical shifts of the "H NMR spectra are reported in parts per million (ppm) downfield from
tetramethylsilane. IR spectra were recorded on an FT-IR spectrometer, and the values are
expressed in cm™'. HRMS spectra were obtained using a qTOF mass analyzer and ESI positive

1onization source.

General Procedure for the Synthesis of Compounds 142aa—142ih

BF; etherate (2.01 mmol) was added dropwise to a solution of appropriate indolin-2-thione (1.0
mmol) and alcohol (1.0 mmol) in dichloromethane (40 mL). The reaction mixture was stirred at
room temperature (see Table 3.6 for reaction times). Excess dichloromethane was evaporated
using rotavap after the reaction was complete. The residue was subjected to column

chromatography (2% ethyl acetate in hexanes) to obtain compounds 142aa—ih.
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2-(3-Methylbut-2-enylthio)-1H-indole (142aa)

Light yellow liquid (70%, 153 mg); '"H NMR (300 MHz, CDCL) §
/_/>7 8.09 (s, 1H), 7.57 (d, J = 7.7 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H), 7.20
S (t,J=7.5Hz, 1H), 7.11 (t, J=7.3 Hz, 1H), 6.65 (s, 1H), 5.36 (t, J =
7.4 Hz, 1H), 3.48 (d, /= 7.9 Hz, 2H), 1.74 (s, 3H), 1.47 (s, 3H); 13C
NMR (75 MHz, CDCl3) 6 137.1, 136.8, 128.9, 128.6, 122.5, 120.2,
120.0, 119.9, 110.5, 109.0, 35.1, 25.7, 17.5; FT-IR vmax (neat) 3396, 2965, 2912, 1439, 1337,
1226, 741 cm™'; HRMS m/z caled for C13HsNS 218.0998 [M + H]", found 218.0997.
2-(Cinnamylthio)-1H-indole (142ae)

Ir=z /i

Colorless oil (50%, 134 mg); '"H NMR (300 MHz, CDCl3) § 8.10 (s,
/_//7Ph 1H), 7.61 (d, J= 7.6 Hz, 1H), 7.37-7.11 (m, 8H), 6.74 (s, 1H), 6.35
S (s, 2H), 3.64 (s, 2H); '*C NMR (75 MHz, CDCls) § 137.1, 136.7,
133.1, 128.7, 128.6, 128.2, 127.8, 94.4, 125.6, 122.7, 120.4, 120.1,
110.7, 109.7, 39.9; FT-IR vmax (neat) 3393, 1487, 1435, 1337, 1228, 962, 736, 696 cm™'; HRMS
m/z calcd for Ci17H16NS 266.0998 [M + H]", found 266.0985.
(Z)-1-Methyl-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142eg)

Iz /i

\  Pale yellow liquid (48%, 116 mg); 'H NMR (300 MHz, CDCL) &
7.58 (d, J=17.4 Hz, 1H), 7.23 (d, /= 7.9 Hz, 1H), 7.13 (d, /= 6.4 Hz,
2H), 6.70 (s, 1H), 5.81 (t, J = 7.6 Hz, 1H), 3.83 (s, 3H), 3.61 (d, J =
7.7 Hz, 2H), 3.00 (s, 1H), 1.84 (s, 3H); '3*C NMR (75 MHz, CDCl;) §
138.4, 133.1, 130.2, 127.4, 122.23, 120.7, 120.3, 119.6, 109.51,
109.4, 81.8, 81.6, 36.4, 29.9, 22.8; FT-IR vmax (neat) 3276, 3049, 2921, 1706, 1610, 1457, 1323,
735 cm'; HRMS m/z caled for C1sHisNS 242.0998 [M + H]*, found 242.0986.

AN
/

z 5
=2z
@)

(Z)-5-Chloro-1-methyl-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142fg)

Colorless liquid (54%, 150 mg); 'H NMR (300 MHz, CDCl;) & 7.53

\ (s, 1H), 7.18 (s, 2H), 6.61 (s, 1H), 5.79 (t, J = 7.5 Hz, 1H), 3.79 (s,

Cl / 3H), 3.61 (d, J = 7.7 Hz, 2H), 2.97 (s, 1H), 1.83 (s, 3H); '*C NMR
ms (75 MHz, CDCls) & 136.7, 132.8, 132.0, 128.3, 125.3, 122.4, 121.0,
119.5, 110.4, 108.6, 81.8, 81.5, 36.1, 30.1, 22.8; FT-IR Vmax (neat)

=Z

e
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3286, 2920, 1452, 1320, 788 cm™'; HRMS m/z calcd for CisHi4CINS 276.0608 [M + H]*, found
276.0619.

(Z)-5-Bromo-1-methyl-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142gg)

\\ Liquid (53%, 171 mg); '"H NMR (300 MHz, CDCls) § 7.69 (s, 1H),
7.30 (d, J=8.5 Hz, 1H), 7.14 (d, J = 8.5 Hz, 1H), 6.61 (s, 1H), 5.79

/
Brms (t, J = 7.5 Hz, 1H), 3.78 (s, 3H), 3.62 (d, J = 7.7 Hz, 2H), 2.98 (s,
N 1H), 1.83 (s, 3H); 3C NMR (75 MHz, CDCL) 8 136.9, 132.8,

\\

131.9, 128.9, 124.9, 122.6, 121.0, 112.9, 110.9, 108.5, 81.8, 81.5,
36.1, 30.0, 22.8; FT-IR vmax (neat) 3283, 2919, 1714, 1606, 1455, 1318, 786 cm™'; HRMS m/z
caled for CisH14BrNS 320.0103 [M + H]", found 320.0101.
(Z)-5-Fluoro-1-methyl-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142hg)
\\ Yellow liquid (56%, 146 mg); 'H NMR (300 MHz, CDCl;) & 7.22
} (d, J=9.1 Hz, 2H), 6.99 (t, J = 8.8 Hz, 1H), 6.64 (s, 1H), 5.80 (t, J
=7.6 Hz, 1H), 3.81 (s, 3H), 3.62 (d, J= 7.6 Hz, 2H), 2.99 (s, 1H),
1.84 (s, 3H); '*C NMR (75 MHz, CDCl;) § 157.9 (d, Jcr = 234.5
Hz), 135.0, 132.9, 132.1, 127.5 (d, Jc—r= 10.2 Hz), 120.9, 110.6 (d,
Jc-r = 26.4 Hz), 110.06 (d, Jc-r = 9.6 Hz), 108.9 (d, Jc-r = 4.8 Hz), 104.9 (d, Jc-r = 23.3 Hz),
81.8, 81.5, 36.2, 30.1, 22.8; FT-IR vmax (neat) 3290, 2922, 1620, 1456, 1328, 844, 786 cm!;
HRMS m/z caled for CisHi4FNS 260.0904 [M + H]", found 260.0892.
(Z)-6-Chloro-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142bg)
\\ Colorless liquid (53%, 140 mg); 'H NMR (300 MHz, CDCl3) § 8.11
p (s, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.31 (s, 1H), 7.07 (d, J = 8.0 Hz,
1H), 6.60 (s, 1H), 5.83 (t, /= 7.7 Hz, 1H), 3.69 (d, J = 7.7 Hz, 2H),
3.07 (s, 1H), 1.85 (s, 3H); '*C NMR (75 MHz, CDCL) § 137.4,
133.6, 128.8, 128.4, 127.2, 121.0, 120.8, 120.7, 110.4, 109.1, 82.2, 81.6, 36.0, 22.84; FT-IR vmax
(neat) 3403, 3284, 2919, 1608, 1435, 1333, 807 cm'; HRMS m/z caled for Ci4sHi2CINS
262.0452 [M + H]", found 262.0448.

S

_n
z g
=2 7

Cl

Iz /i
(7))
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(Z)-5-Methyl-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142cg)
\ Pale yellow liquid (50%, 122 mg); '"H NMR (300 MHz, CDCL) §
8.06 (s, 1H), 7.37 (s, 1H), 7.22 (d, J= 8.1 Hz, 1H), 7.04 (d, J=8.0
/ Hz, 1H), 6.58 (s, 1H), 5.85 (t, /= 7.5 Hz, 1H), 3.69 (d, J = 7.6 Hz,
2H), 3.10 (s, 1H), 2.46 (s, 3H), 1.87 (s, 3H); *C NMR (75 MHz,
CDCl) 6 135.6, 133.9, 129.3, 128.9, 127.8, 124.2, 120.4, 119.8,
110.2, 108.7, 82.2, 81.8, 36.2, 22.8, 21.5; FT-IR vmax (neat) 3392, 3281, 2918, 1442, 1325, 793
cm '; HRMS m/z caled for C1sHisNS 242.0998 [M + H]*, found 242.0991
(Z)-5-Bromo-2-(3-methylpent-2-en-4-ynylthio)-1H-indole (142dg)
\\ Pale yellow liquid (52%, 160 mg); '"H NMR (300 MHz, CDCls) §
8.19 (s, 1H), 7.68 (s, 1H), 7.22 (dd, J = 25.5, 8.0 Hz, 2H), 6.56 (s,
Brms / 1H), 5.83 (t, J=7.3 Hz, 1H), 3.70 (d, J=7.7 Hz, 2H), 3.07 (s, 1H),
1.85 (s, 3H); '*C NMR (75 MHz, CDCL) & 135.7, 133.5, 130.3,
129.7, 125.3, 122.6, 120.8, 113.2, 111.9, 108.1, 82.3, 81.6, 35.9,
22.8; FT-IR vmax (neat) 3193, 2964, 1435, 1021, 793 cm™'. HRMS m/z calcd for C14H;3BrNS
305.9952 [M + H] ", found 305.9947.
2-((3-Ethynylcyclohex-2-en-1-yl)thio)-1-methyl-1H-indole (142¢h).
( \\ \ Yellow liquid (58%, 145 mg); '"H NMR (400 MHz, CDCls) §
7.64—7.60 (m, 1H), 7.34 (dd, J = 8.2, 0.8 Hz, 1H), 7.28 (ddd, J = 8.2,
6.9, 1.2 Hz, 1H), 7.15 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H), 6.80 (d, J = 0.8
ms Hz, 1H), 3.86 (s, 3H), 3.71-3.64 (m, 1H), 2.94 (s, 1H), 2.22-2.14 (m,
Ir\\l/le 3H), 1.97-1.90 (m, 1H), 1.89-1.84 (m, 1H), 1.83—1.76 (m, 1H),
lk.70—1.63 (m, 1H); *C NMR (100 MHz, CDCl) & 138.4, 134.6, 129.9, 127.3, 123.0, 122.5,
120.5, 119.8, 110.4, 109.7, 84.49, 76.8, 46.4, 29.9, 29.0, 27.6, 19.2; HRMS m/z calcd for
C17H 18NS 268.1160 [M + H]", found 268.1154.
(Z)-2-(3-Methylpent-2-en-4-ynylthio)-1-phenyl-1H-indole (142ig)
( Y Pale yellow liquid (51%, 156 mg); 'H NMR (300 MHz, CDCl)
\\ 07.58=7.43 (m, 5H), 7.17 (s, 4H), 6.81 (s, 1H), 5.68 (t, J = 7.6 Hz,
/ 1H), 3.48 (d, J = 7.7 Hz, 2H), 3.04 (s, 1H), 1.82 (s, 3H); *C NMR
(75 MHz, CDCl3) ¢ 139.2, 137.4, 133.3, 131.6, 129.1, 128.5, 128.0,

Iz /g
w

Iz _

?ZE/;
o
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127.7, 122.5, 120.4, 120.3, 120.0, 110.3, 109.1, 82.1, 81.7, 35.6, 22.8; FT-IR Vmax (neat) 3278,
3046, 2920, 1496, 741, 695 cm'; HRMS m/z caled for C20HisNS 304.1160 [M + H]", found
304.1154.
2-(3-Ethynylcyclohex-2-enylthio)-1-phenyl-1H-indole (142fh)
\ Pale yellow liquid (55%, 167 mg); '"H NMR (300 MHz, CDCl;) &
7.60— 7.41 (m, 6H), 7.17 (d, J = 6.0 Hz, 3H), 6.89 (s, 1H), 5.94 (d,
cl J = 3.8 Hz, 1H), 3.46 (s, 1H), 2.88 (s, 1H), 1.79-1.43 (m, 6H); 1*C
ms NMR (75 MHz, CDCl3) & 139.2, 137.3, 134.4, 130.7, 129.1, 128.6,
: 127.9, 127.5, 122.8, 120.5, 120.2, 111.0, 110.6, 84.4, 77.2, 45.6,
28.9, 27.4, 18.9; FT-IR vmax (neat) 3291, 3011, 2942, 1472, 772 cm'; HRMS m/z calcd for
C22H20NS 330.1316 [M + H]", found 330.1311.
5-Bromo-2-((3-ethynylcyclohex-2-en-1-yl)thio)-1-methyl-1H-indole (142gh)
\ Colorless oil (55%, 189 mg); 'H NMR (400 MHz, CDCl) &
7.73—7.71 (m, 1H), 7.34 (dd, J = 8.7, 1.9 Hz, 1H), 7.19 (d, J = 8.7
Br Hz, 1H), 6.70 (d, J = 0.8 Hz, 1H), 3.82 (s, 3H), 3.71-3.67 (m, 1H),
\©f>73 2.93 (s, 1H), 2.21-2.16 (m, 3H), 1.93—1.84 (m, 2H), 1.81-1.73 (m,
s 1H), 1.72-1.63 (m, 1H); *C NMR (100 MHz, CDCL) & 136.9,
134.3, 131.6, 128.8, 125.2, 123.3, 122.8, 113.1, 111.1, 109.3, 84.3, 76.9, 46.3, 30.1, 28.9, 27.6,
19.1; HRMS m/z caled for C17H17BrNS 346.0256 [M + H]", found 346.0260.
5-Chloro-2-(3-ethynylcyclohex-2-enylthio)-1-methyl-1H-indole (142ih)
Colorless liquid (55%, 182 mg); 'H NMR (300 MHz, CDCl3) & 7.56 (s,

=Z

Z -

<

A\ 1H), 7.21 (s, 2H), 6.70 (s, 1H), 6.20 (s, 1H), 3.82 (s, 3H), 2.92 (s, 1H),

2.18 (s, 2H), 1.99-1.56 (m, SH); '*C NMR (75 MHz, CDCL) & 136.7,

ms 134.3, 131.7, 128.1, 125.6, 123.3, 122.7, 119.7, 110.7, 109.5, 84.3, 77.2,
N 46.3, 30.2, 29.0, 27.7, 19.2; FT-IR vinax (neat) 3287, 2931, 1451, 1220,

790 cm™'; HRMS m/z caled for Ci7H;7CINS 302.0765 [M + H]", found
302.0755.
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General Procedure for the Synthesis of Compounds 143a—143k

AuCl; (10 mol %, 0.016 mmol) was added to a solution of the appropriate indole sulfide (0.16

mmol) in toluene. The reaction mixture was stirred at 80 °C for 4—12 h. After the reaction was

complete, excess toluene was evaporated using rotavap. The residue was subjected to column

chromatography (2% ethyl acetate in hexanes) to obtain compounds 143a—k.

4,9-Dimethyl-4-vinyl-4,9-dihydrothiopyrano(2,3-b]indole (143a)

CHj

Light yellow liquid (76%, 30.5 mg); '"H NMR (300 MHz, CDCls) & 7.70
(d,J=7.7Hz, 1H), 7.33 (d, J= 7.8 Hz, 1H), 7.26 (t, /= 7.4 Hz 1H), 7.18
(t, J=7.1 Hz, 1H), 6.38 (dd, /= 16.8, 10.7 Hz, 1H), 6.19 (d, J = 9.9 Hz,
1H), 5.71 (d, J = 9.9 Hz, 1H), 5.28-5.18 (m, 2H), 3.71 (s, 3H), 1.82 (s,
3H); '*C NMR (75 MHz, CDCl3) § 144.8, 137.6, 129.8, 94.1, 124.9,

120.7, 119.5, 119.1, 112.3, 110.8, 109.3, 108.3, 41.2, 29.9, 27.7; FT-IR vmax (neat) 2962, 2923,
1613, 1462, 1405, 1326, 992, 914, 735 cm™!; HRMS m/z caled for C1sHisNS 242.0998 [M + HJ",
found 242.0987.
6-Chloro-4,9-dimethyl-4-vinyl-4,9-dihydrothiopyrano[2,3-b]- indole (143b)

Cl

Colorless liquid (70%, 31.5 mg); 'H NMR (300 MHz, CDCl3) & 7.50 (s,
1H), 7.11 (dd, J = 20.8, 8.6 Hz, 2H), 6.20 (dd, J = 17.0, 10.2 Hz, 1H),
6.09 (d, J=10.1 Hz, 1H), 5.60 (d, J = 9.8 Hz, 1H), 5.12 (t, J/ = 12.4 Hz,
2H), 3.62 (s, 3H), 1.65 (s, 3H), '*C NMR (75 MHz, CDCl3) § 144.3,
136.0, 129.8, 127.1, 94.8, 124.8, 120.8, 118.8, 112.7, 110.5, 109.2, 108.9,

41.0, 30.1, 27.2; FT-IR vmax (neat) 2924, 1615, 1463, 1423, 1362, 1330, 995, 914, 710 cm™*;
HRMS m/z caled for CisHi4CINS 276.0608 [M + H]", found 276.0614.
6-Bromo-4,9-dimethyl-4-vinyl-4,9-dihydrothiopyrano[2,3-b]- indole (143c)

Br

\\

\

Pale yellow liquid (67%, 35 mg); 'H NMR (300 MHz, CDCl3) § 7.65 (s,
1H), 7.21 (d, J = 8.7 Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H), 6.20 (dd, J =
17.3, 10.5 Hz, 1H), 6.09 (d, /= 10.1 Hz, 1H), 5.60 (d, /= 10.1 Hz, 1H),
5.12 (t, J=13.0 Hz, 2H), 3.62 (s, 3H), 1.65 (s, 3H); 3*C NMR (75 MHz,
CDCl) 6 144.3, 136.3, 129.8, 127.7, 94.7, 123.4, 121.8, 112.8, 112.3,

110.5, 109.6, 108.9, 41.0, 30.1, 27.2; FT-IR vmax (neat) 2961, 2922, 1613, 1461, 1422, 1363,
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1329, 992, 922, 713 cm!; HRMS m/z caled for CisHisBrNS 320.0103 [M + H]", found
320.0103.

6-Fluoro-4,9-dimethyl-4-vinyl-4,9-dihydrothiopyrano[2,3-b]- indole (143d)

Pale yellow liquid (68%, 28.6 mg); 'H NMR (300 MHz, CDCl3) § 7.21

( R

) (d,J=10.1 Hz, 1H), 7.17-7.10 (m, 1H), 6.87 (t, J = 9.0 Hz, 1H), 6.20

F \ : (dd, J = 17.0, 10.5 Hz, 1H), 6.10 (d, J = 9.8 Hz, 1H), 5.61 (d, J = 9.9

N Hz, 1H), 5.17-5.06 (m, 2H), 3.63 (s, 3H), 1.65 (s, 3H); °C NMR (75

. CHs MHz, CDCI3) & 157.3 (d, Jor = 234.2 Hz), 144.3, 134.2, 129.7, 94.9,

94.3 (d, Jc-r=10.2 Hz), 112.5, 110.6, 109.2, 108.8 (d, Jc-r= 3.2 Hz), 108.6 (d, Jc-r= 13.0 Hz),
104.6 (d, Jc—r = 24.4 Hz); FT-IR vmax (neat) 2967, 2919, 1619, 1573, 1473, 1425, 1334, 989, 918,
712 cm™'; HRMS m/z caled for C1sHisFNS 260.0904 [M + H]*, found 260.0916.
7-Chloro-4-methyl-4-vinyl-4,9-dihydrothiopyrano(2,3-b]indole (143e)

Pale yellow liquid (66%, 27.8 mg); 'H NMR (300 MHz, CDCl;) & 7.85

A\
\ (s, 1H), 7.43 (d, J = 8.5 Hz, 1H), 7.25 (s, 1H), 7.01 (d, J = 8.4 Hz, 1H),
\ | 619 (dd,J=174,10.4 Hz, 1H), 6.07 (d, J = 9.9 Hz, 1H), 5.59 (d, J =
o N 9.9 Hz, 1H), 5.11 (t, J = 12.3 Hz, 2H), 1.66 (s, 3H); 13C NMR (75

MHz, CDCL) 6 144.2, 136.7, 129.5, 129.4, 127.2, 124.9, 123.0, 120.2,
112.7, 110.9, 110.9, 110.2, 40.7, 27.0; FT-IR vmax (neat) 2965, 2925, 1737, 1697, 1608, 1446,
1406, 1367, 1320, 991, 918, 719 cm™'; HRMS m/z calcd for C14H12CINS 262.0452 [M + H]",
found 262.0441.

6-Bromo-4-methyl-4-vinyl-4,9-dihydrothiopyrano[2,3-b]indole (143f).

Yellow liquid (62%, 30.4 mg); 'H NMR (300 MHz, CDCls) & 7.95 (s,

( Y

) 1H), 7.64 (s, 1H), 7.16 (dd, J = 17.1, 8.8 Hz, 2H), 6.19 (dd, J = 16.9,
Br N ; 10.7 Hz, 1H), 6.06 (d, J = 9.8 Hz, 1H), 5.59 (d, J= 10.3 Hz, 1H), 5.13
N (t, J=13.8 Hz, 2H), 1.65 (s, 3H); 13C NMR (75 MHz, CDCI3) & 144.0,
\ i 135.0, 129.5, 128.1, 124.0, 123.8, 121.9, 113.0, 112.9, 111.56 110.8,

110.5, 40.6, 27.0; FT-IR vmax (neat) 3193, 2964, 1435, 1042, 793 cm '; HRMS m/z calcd for
C14H13BrNS 305.9952 [M + H]*, found 305.9947.
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9'-Methyl-9'H-spiro[cyclohex|2]ene-1,4'-thiopyrano[2,3-b]- indole] (143g)

Y Pale yellow liquid (60%, 24.5 mg); '"H NMR (300 MHz, CDCl;) § 7.65
(d, J=17.2 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 7.16 (t, J = 6.8 Hz, 1H),
7.07 (d, J = 6.9 Hz, 1H), 6.11 (d, J = 9.7 Hz, 1H), 5.99-5.84 (m, 3H),
3.66 (s, 1H), 2.37-2.16 (m, 3H), 2.06-1.69 (m, 3H); '*C NMR (75
L MHz, CDCl3) 6 137.7, 134.1, 129.7, 94.3, 125.9, 125.3, 120.6, 119.3,
118.9, 110.8, 110.3, 108.2, 38.7, 36.8, 29.9, 24.7, 18.6; FT-IR vmax (neat) 3005, 2926, 1606,
1463, 1424, 1325, 727 cm!'; HRMS m/z caled for C17H17NS 268.1154 [M + H]", found
268.1161.

6’-Chloro-9'-methyl-9'H-spiro[cyclohex[2]ene-1,4"-thiopyrano- [2,3-b]indole] (143h)
Colorless liquid (67%, 32.4 mg); 'H NMR (300 MHz, CDCl3) § 7.55 (s,
6 1H), 7.18—=7.01 (m, 2H), 6.08 (d, J = 8.6 Hz, 1H), 5.97-5.78 (m, 3H),

A\
cl O \_d | 361 (s, 3H),2.32-2.07 (m, 3H), 2.02-1.67 (m, 3H); °C NMR (75 MHz,
N
CH;

CDCl) o 136.1, 133.6, 129.8, 127.2, 94.5, 124.7, 120.7, 118.6, 110.6,

110.1, 109.1, 38.5, 36.7, 30.1, 24.6, 18.5; FT-IR vmax (neat) 3018, 2930,

2850, 1609, 1462, 1421, 1329, 730 cm™!; HRMS m/z caled for C17H16CINS 302.0765 [M + HJ",

found 302.0766.

6'-Bromo-9’-methyl-9'H-spiro[cyclohex[2]ene-1,4"-thiopyrano- [2,3-b]indole] (143i)

Pale yellow liquid (61%, 34.2 mg); 'H NMR (300 MHz, CDCl3) § 7.71 (s,
0 1H), 7.20 (d, J = 8.6 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H), 6.09 (d, J =9.9

Br O N\ ; Hz, 1H), 5.87 (dd, J = 26.0, 10.4 Hz, 3H), 3.62 (s, 3H), 2.29-2.06 (m,

(’\“ng 3H), 2.01-1.67 (m, 3H); *C NMR (75 MHz, CDCl3) § 136.4, 133.59,

129.9, 127.89 127.1, 94.5, 123.3, 121.7, 112.4, 110.63, 110.0, 109.5, 38.5,

36.8, 30.1, 24.6, 18.5; FT-IR vmax (neat) 3022, 2929, 1462, 1237, 786 cm™'; HRMS m/z calcd for

C17H17BrNS 346.0265 [M + H]", found 346.0260.

9'-Phenyl-9'H-spiro[cyclohex|2]ene-1,4'-thiopyrano[2,3-b]indole] (143j)

Pale yellow liquid (65%, 34.5 mg); 'H NMR (300 MHz, CDCl;) §

‘ 7.74-7.65 (m, 1H), 7.60~7.51 (m, 2H), 7.47 (d, J= 7.2 Hz, 3H), 7.25-7.16

S : (m, 1H), 7.09 (dd, J = 6.0, 3.2 Hz, 2H), 6.05 (d, J= 9.9 Hz, 1H), 5.97-5.87

O N (m, 3H), 2.44-2.18 (m, 3H), 2.10-1.76 (m, 3H); '3C NMR (75 MHz,
Ph
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CDCl) 6 138.1, 136.7, 134.0, 129.5, 129.1, 128.0, 127.3, 94.7, 94.1, 125.5, 121.2, 119.7, 119.4,
111.9, 111.5, 109.4, 38.7, 36.6, 24.7, 18.6; FT-IR vmax (neat) 3044, 2926, 1497, 1447, 736, 695
cm'; HRMS m/z caled for C22H20NS 330.1316 [M + H]", found 330.1311.
4-Methyl-9-phenyl-4-vinyl-4,9-dihydrothiopyrano[2,3-b]indole (143k)

( N \ Pale yellow liquid (69%, 34.5 mg); 'H NMR (300 MHz, CDCls) § 7.64 (dd,
J=6.0,3.2 Hz, 1H), 7.54 (d, J = 6.8 Hz, 2H), 7.50—7.44 (m, 3H), 7.19 (dt,

A\ ; J=1.3,3.7 Hz, 1H), 7.13-7.06 (m, 2H), 6.34 (dd, J = 17.3, 10.4 Hz, 1H),

N 6.07 (d, J=10.0 Hz, 1H), 5.61 (d, J=10.0 Hz, 1H), 5.19 (dd, J = 13.9, 6.3

\ o Hz, 2H), 1.77 (s, 3H); *C NMR (75 MHz, CDCl3) § 144.7, 138.1, 136.7,

129.5, 129.2, 128.1, 127.4, 94.5, 125.2, 121.3, 119.8, 119.6, 112.4, 111.5, 110.8, 109.5, 41.2,
27.1; FT-IR Vmax (neat) 3045, 2962, 2922, 1594, 1497, 1447, 737, 696 cm™'; HRMS m/z calcd for
C20HsNS 304.1160 [M + H]", found 304.1154.

R

¢ X-ray crystallographic data of compound 143Kk is as follows

A. Crystal Data

Empirical Formula CooHisNS

Formula Weight 304.43

Crystal Color, Habit faint-yellow, blobs

Crystal Dimensions 0.31mm % 0.27mm x 0.24 mm
Crystal System orthorhombic

Lattice Type Primitive

Indexing Images 180 oscillations @ 4.0 seconds
Detector Position 127.40 mm

Pixel Size 0.100 mm

Page 223



Chapter III

Lattice Parameters

Space Group
Z value

Decatc

Fooo

f(MoK )

Diffractometer

Radiation

Data Images

] Oscillation Range
Exposure Rate
Detector Position
Pixel Size

2\max

No. of Reflections Measured

Corrections

a = 8.8800(16) A
b=10.855(3) A
c=16.771(3) A
V = 1616.6(6) A3

P212:21 (#19)
4

1.251 g/em®
644.00

1.961 cm’

B. Intensity Measurements

Rigaku RAXIS-UNKNOWN

MoK { (L =0.71075 A)
graphite monochromated

36 exposures
20.0 - 200.0°
360.0 sec./°
127.40 mm
0.100 mm

53.7°

Total: 3458
Unique: 3455 (Rint = 0.000)
Friedel pairs: 1471

Lorentz-polarization
Absorption
(trans. factors: 0.381 - 0.954)
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C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights
parameters

2\max cutoff

Anomalous Dispersion

No. Observations (I>3.00 [ (1))
No. Variables
Reflection/Parameter Ratio
Residuals: R! (I>3.00 [ (1))
Residuals: wR? (I>3.00 [ (1))
Goodness of Fit Indicator

Flack Parameter (Friedel pairs = 1471)
Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

Direct Methods (SHELX97)
Full-matrix least-squares on F?
©w (Fo? - Fc?)?

Chebychev polynomial with 3

21914.0000,30640.1000,9474.9600,
53.7°

All non-hydrogen atoms
495

94

5.27

0.0764

0.0822

1.168

0.121

0.000

0.28 ¢/A°

-0.30 /A3
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4.1 General conclusions

In the field of modern synthetic chemistry developing atom-economical synthetic strategies has
become a foremost priority of synthetic chemists. The synthesis of indole derivatives continues
to be a topic of research interest for well over a century. In this context, the importance of indole
and indole core containing heterocycles such as isatin, oxindole and indoline-2-thione are
described in the introduction section of each chapter of this thesis. Further, new synthetic
methodologies have been developed to explore the chemistry of indole and it’s derivatives where
traditional Lewis acids (such as InCls, AlICl3, BF3, SnCls etc.) are replaced by metal triflates and
the transition metal-catalysts are used for the construction of potent diverse heterocyclic motifs
by employing C-C and C-heteroatom bond formation via cross-coupling reactions with high
efficiencies, high functional group tolerance and excellent regioselectivities.

The current thesis entitled “Development of Synthetic Methods for Selected Indole-Based
Heterocyclic Compounds from Indole, Isatin and Indoline-2-thione” deals with the syntheses
of some selected heterocycles such as bisindolyl scaffolds, oxindoles and indole annulated sulfur
heterocycles by using metal triflates and transition metal catalysts. The thesis is divided into

three chapters.

4.2 Specific conclusions

The first chapter of the thesis described the brief history of indole along with the importance of
metal triflates in the synthesis of indole derivatives including some advanced examples. This
chapter is mainly focused on the synthesis of bis(indolyl) compounds using metal triflate
catalyzed reactions. The chapter is divided into two parts. In part-A, an efficient one-pot
condensation reaction of indole and acetone was investigated using Bi(OTf)s as a catalyst. The
reaction furnished good to excellent yields of spirobi[cyclopenta[b]indoles (118), N-
methylindolyl-cyclopenta[b]indoles (119) and bis(N-methylindolyl)propanes (105) as shown in
Scheme 4.1. The product formation of the reaction was found to be dependent on the reaction

conditions and electronic effect of the indole ring.
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R1 R1

10 mol % 5 mol % R,
Bi(OTf); (:\\7’\> . )?\ Bi(OTf)3 Q () O
40 °C . 60 l\ll rt, 5-15 min. ',‘l N
5-60 min. R 104 R I\?
e R 10 mol % | 40 °C, 105
4 examples Bi(OTf)3(1-24h 7 examples
Yield: 72-78% Yield: 62-72%
R = CHj, H R=CHj;, H

R, = H, 5-Cl, 5-F, 5-Br, 5-OCH,
R1 = H, 5-CH3, 5-OCH3

118 R=H
7 examples  R1=H, 5-CHg, 5-OCHj, 5-OBn,
Yield: 30-80% 5-Br, 5-Cl, 5-F

Scheme 4.1: Bi(OTf); catalyzed condensation of indole with acetone

A series of spirobi[cyclopenta[b]indoles were prepared from the corresponding indoles in the
presence of 10 mol % Bi(OTf); and 3 mL volume of acetone at 40 °C under reflux condition
however, in case of N-Methylindole with electron donating groups gave corresponding N-
methylindolyl-cyclopenta[b]indole  derivatives, whereas N-Methylindole with electron
withdrawing groups it afforded bis(N-methylindolyl)-propanes. The mechanism of the reaction is
believed to be similar to that reported by Bergman group. The present reaction conditions for the
synthesis of spirobi[cyclopenta[b]indoles are benign and takes lesser time to complete the
reaction with improved yield compared to previously reported conditions using protic acids.

In part-B, we have studied Sc(OTf)s catalyzed polymerization of indole and found that the
product distribution is dependent on the substituent present on the indole ring. Indole with
electron withdrawing or donating groups at the C-5 or C-6 position gave corresponding 3,3'-(o-
aminophenethylidene)di-indole 132 (indole-3,3'-trimer), except 4-methylindole which afforded
corresponding indolylindoline 133 (indole-dimer). In the case of N-methylindole with electron
withdrawing groups at the C-5 position indole-3,3'-trimer 132 was obtained whereas N-
methylindole with electron donating group at C-5 position afforded indole-dimer 133 in fairly
good yield. We have synthesized three new dimer and six new trimer compounds using Sc(OTf)3
as a catalyst as shown in Scheme 4.2. Structure of all the compounds have been confirmed by

NMR ('H and !*C) and mass analysis.
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R2
m 15 mol % Sc(OTf);
N DCM, 40 °C

| 1 \R1
F R
60 R1 24 h 133
3 examples
R'=H, CH, Yield: 50-58%
R? = H, 5-Cl, 5-Br, 5-F, 6-Cl, 10 examples
G-COZMG, 5-OCH3, 5-CH3, 4-CH3 Yield: 45-76%

Scheme 4.2: Sc(OTf); catalyzed synthesis of substituted 3,3'-(0-aminophenethylidene)di-indole
132 and 3-(indolin-2-yl)indole 133
The second chapter of the thesis commences with the classification of different synthetic
approaches for the synthesis of oxindole derivatives based on the use of starting materials and
type of bond formation. The classical approach for the synthesis of substituted oxindoles
involves one step Wolff-Kishner reduction of isatin in the presence of hydrazine hydrate.
Hydrazine hydrate is a very powerful reducing agent, which reduces many functional groups
such as alkenes, alkynes, carbonyl and nitro groups under mild reaction conditions. On these
points here, for the first-time, we developed one-pot tandem reduction of oxo and N-ene/-yne
substituted isatins using hydrazine hydrate (25% in H>O) at reflux condition (Scheme 4.3).
Fourteen different substrates were taken to generalize the reaction. The reaction conditions
tolerated various functionalities such as methyl, chloro, fluoro and bromo. Structures of the

synthesized compounds have been confirmed by NMR and mass analysis.

O
R2 R2
o _NHaNHaH;0 (25%) mo
N 115 °C, reflux N
R R’
105 107
R'= allyl, cinnamyl, prenyl, propargyl \1(1 ;).(asrgp;;/
R2 = H, CHa, Cl, Br, F, NO, eI 9£-C50

Scheme 4.3: Tandem reduction of 0xo- and ene-/yne-substituted isatins by NH2NH2.H>O
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A gram-scale reaction has been performed to demonstrate the potency of optimized procedure
for the scale-up processes. This reaction offers clean conversion of the N-(2-
alkenyl)/propargylisatins to N-alkyl-2-oxindoles in excellent yields (52-89%). This methodology
substantially expands the scope of the Wolff-Kishner reduction procedure to prepare substituted
2-oxindoles.

The third chapter of the thesis begins with the significance of transition metal catalyzed C—H
bond functionalization reactions for the synthesis of diverse indole annulated heterocyclic
molecules. In this chapter, benzo-thiazino[3,2-a]indoles, 5,7-dihydro-isothiochromenol3,4-
blindoles and dihydro-thiopyrano[2,3-b]indoles have been synthesized using transition metal
catalyzed intramolecular cross-coupling and hydroarylation reactions. The chapter is divided into
two parts. In part-A, copper-catalyzed intramolecular Ullmann type C-N coupling of 2-(2-
bromobenzylthio)-1H-indoles and palladium-catalysed direct C-H arylation reaction of 2-(2-
bromobenzylthio)-1-methyl-1H indoles were successfully applied for the construction of benzo-

thiazino[3,2-a]indoles (95) and isothiochromeno[3,4-b]indoles (96), respectively (Scheme 4.4).

N
Cu(OAC),.H,0, Cs,CO5 R?
> 95
RLmS DMEDA, PEG-400,
N X R=H 120 °C, 12 h
\ R2 '
58 R 10 examples
. BF3.0Et, (2 eq.) R1ms X =Br | Yield: 66-80%
N

R2 CHCl3, reflux

3-12 h R %4
" R=CHz | Pd(PPh3),, Cs,CO 1
Yield: 62-85% 3)4: Cs,C0g R
X PPhs, DMF, N, N \ R2
% 120°C, 12 h N S
R=H.CHs, Bn; RZ?=H,CHs 96  CH,
R" = H, 5-Cl, 5-Br, 5-F, 5-OCHj, 5-CHj 9 examples

Yield: 70-82%

Scheme 4.4: Synthesis of benzo-thiazino[3,2-a]indoles (95) and isothio-chromeno
[3,4-b]indoles (96) derivatives
The required substrates 2-(2-bromobenzylthio)-1H-indoles and 2-(2-bromobenzylthio)-1-methyl-
1H indoles were prepared by the reaction of substituted indoline-2-thiones and 2-bromobenzyl
alcohols in presence of BFs.etherate in chloroform. The reaction mechanism for the coupling

product was expected to proceeds via oxidative addition and reductive elimination reaction
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pathway. An array of benzo-thiazino[3,2-a]indoles and 5,7-dihydro-isothiochromenol3,4-
blindoles have been prepared in good to excellent yields (66-82%). All the synthesized
compounds have been confirmed with "H NMR, '*C NMR and mass analysis. The optimized
method efficiently tolerated reactive functionalities such as methyl, methoxy, bromo, fluoro and
chloro. The practicality and efficiency of the developed method was validated by gram-scale
synthesis of SH-Benzo[4,5][1,3]thiazino[3,2-a]indole (95aa)

In part-B, we have demonstrated regioselective Au(Ill)-catalyzed synthesis of
dihydrothiopyrano[2,3-b]indoles via rearrangement of the ene-yne side chain of 2-(2-
alkenylthio)-indoles followed by intramolecular hydroarylation at the C-3 position of the indole
core (Scheme 4.5).

AY
y // BF; etherate (2 equiv) 4 )
R HO DCM, rt, 1-24 h \_ /7 AuCly, toluene
R1 S > R
N S + l ! rearrangement N 80 °C,4-12 h
; R
58 141 142 143
R = H. CH« Ph 14 examples 11 examples
e ield: 48-709 Yield: 60-76%
R' = H, 5-CI, 5-Br, 5-F, 6-Cl, 5-CH, Yield: 48-70% ' b

Scheme 4.5: Synthesis of indole-fused dihydrothiopyrans 143 starting from indoline-2-thiones
58 and unsaturated aliphatic alcohols 141
The required precursor 2-(2-alkenylthio)-indoles were synthesized by the reaction of indoline-2-
thione with unsaturated aliphatic alcohols in presence of excess of BFs.etherate in
dichloromethane. The two possible regioisomers A and B of compound 143a are shown in
Figure 4.1. On the basis of 1D NOESY experiments, the correct structure of 143a was assigned
as regioisomer A. In addition, dihydrothiopyrano[2,3-b]indole was unambiguously confirmed by

an X-ray crystallographic data of 143k (CCDC No. 1057877)
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Figure 4.1: Two possible regioisomers of compound 143a

The reaction shows high generality, functional group tolerance and no specific substituent
effects. All dihydrothiopyrano[2,3-b]indoles were prepared in good yields (60-76%).
Remarkably, N-unsubstituted dihydrothiopyrano[2,3-b]indoles were achieved directly without
any protection and deprotection steps, which reflecting the regioselective nature of the reaction.

All the compounds were analyzed by '"H NMR, *C NMR and mass data.

4.3 Future scope of the research work

In recent years, the major concern in organic synthesis is to access the potent heterocyclic
organic structures involving fewer synthetic steps from simple and readily available precursors.
In this direction, the use of Lewis acids such as metal triflates and transition metal catalyzed
C—H activation, C—C and C—heteroatom bond formation is undoubtedly a valuable tool for the
construction of these heterocyclic compounds. As many natural products in addition to
pharmacologically active molecules contains fused heterocyclic compounds as their central
frameworks, synthesis of these molecules by means of aforementioned hybrid methodologies is
an attractive alternative to traditional linear syntheses approaches.

The indole-fused sulfur containing heterocyclic structures have been synthesized while utilizing
transition metal catalyzed C—H functionalizations. As the synthesized molecules are the hybrid
structures of two potent bioactive molecules such as indole-fused benzothiazine, indole-fused
isothiochromene compounds, we can expect to perceive a good bioactivity compared to the

parent drug molecules in the developed procedures (Figure 4.2)
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Benzothiazine

N™ ™s
I
© . Indole-fused benzothiazine
Antimicrobial Antifungal synthesized compound
b) Isothiochromene

|
98 { |
O/N\ N D \\
Vi P X \\\\\\\ N :I‘::S,_,l’/
S CH H,CO S Indolé‘\_:c}_}-’r
3

1
3Thiopyranoindole

Indole-fused isothiochromene

Antiproliferative Estrogen analogue )
synthesized compound

Figure 4.2: Some biologically important compounds containing a) benzothiazine b)
isothiochromene motifs

The developed strategies in the thesis can be employed for the synthesis of a diverse range of
bioactive heterocyclic molecules for biological screenings. The synthetic methodologies and
novel indole-fused heterocyclic compounds provided in the thesis will be a fine and adoptable

example for the systematic construction of fused heterocycles for biological activities and for

material chemistry.
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