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SvyNoPsIs

The contents of the thesis have been divided into four chapters with initial one as
introductory and the rest of the chapters are based on experimental results obtained during the
research period. The introductory chapter of the thesis is a summary of alkyl isocyanoacetate’s
reactivity and its usefulness in diverse (3 + n) annulation/cycloaddition reactions. Along with
this, a brief description of the directing group (DG) strategy for the functionalization of C—H
bond has also been added. A brief account of the formation of important heterocyclic scaffolds

following annulation/cycloaddition and DG-assisted C—H activation has been included.

Chapter 11 demonstrates a step-economical in situ cycloaddition lactonization strategy
for the synthesis of chromenopyrrole. The developed protocol exploits all the reactive centres
of alkyl isocyanoacetate while reacting with 2-hydroxy chalcone.

Chapter Il demonstrates a tandem cycloaddition and C—O coupling strategy for the
efficient construction of chromenopyrrole. This step economical Ag salt-catalyzed reaction

proceeded in mild reaction conditions with excellent functional group tolerance.

Chapter IV illustrates the utilization of phenyl isocyanate as a transient directing group
for o-olefination. Synthesized o-alkenylated anilines have been further transformed into

substituted aza-coumarins.

Each of these chapters comprises seven subsections which include an introduction,
previous work, present work, experimental section, references, spectral data, and a few

representative spectra.
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CHAPTER 1. A Brief Outline of Annulation/Cycloaddition Using Alkyl

Isocyanoacetate and General Description of Directing Group Strategy

The introductory chapter presents a brief description of annulation/cycloaddition and
directing group strategy. Initially, the chemistry of ethyl isocyanoacetate and its utilization in
(3 + n) annulation reactions has been described. The latter half elaborates on the directing group

strategy for the efficient construction of heterocycles via C—H activation.

Carbocycles with at least one heteroatom are known as heterocycles. N, O, and S are
some of the most common heteroatoms used to design these rings. Moreover, boron,
phosphorous, iron, magnesium, and selenium are a few other additional heteroatoms frequently
used in the construction of heterocycles. Heterocycles are widespread in natural products and
many medicinally active compounds. Most of the FDA-approved drugs contain at least one
heterocyclic ring. The presence of such a ring increases the bioactive nature of the compounds.
Hemoglobin, chlorophyll, vitamins, enzymes, DNA, and RNA are prime examples of bioactive
compounds having at least one heterocycle. Many heterocycles are also the building blocks of
protein and other important biomolecules that constitute our body. Apart from their usefulness
in drug design, heterocycles are gaining attention in agriculture, veterinary items, cosmetics
design, etc. The high chemical adaptability of heterocycles makes them suitable to respond to
diverse demands of biological activity. A wide section of pharmaceutical modifications has
been covered by heterocycles on the basis of their significant medicinal value. A range of
heterocyclic moieties with a condensed ring system are found to have a variety of physiological
activities. Owing to such biological relevance, over the years, scientists have kept themselves

engaged in the design and construction of heterocyclic scaffolds.

A widely popular tool for the construction of carbocyclic and heterocyclic scaffolds is
annulation. This interesting cyclization concept allows the formation of two bonds and one ring
in a single step. In the modern era of drug design and discovery, annulation proves to be an
efficient step economical pathway for the construction of prominent structural motifs. Alkyl
isocyanoacetate or a-isocyano ester has been serving as an annulating partner in diverse
annulation for the synthesis of functionalized pyrrole. Isocyanoacetates and their derivatives
are versatile and powerful building blocks in organic synthesis. They have found applications
in diverse fields of organic, inorganic, medicinal, and coorditional chemistry. The versatility

that lies in this molecule is due to the presence of three reactive centres viz., an isocyano unit,
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the acidic CH, and an electrophilic ester functionality (Scheme 1.1.a). The combination of these
three potential reactive centers in the molecule results in exceptional reactivity and broad
synthetic potential. Additionally, the chiral version of this reagent can also be obtained from
protected natural amino acids. In an ideal world, isocyanoacetates feature in many (3 + n)
cycloaddition reactions through the nucleophilicity of the active methylene and electrophilicity

of the isocyanide for the construction of the heterocycles (Scheme 1.1.b).

facile for hydrolysis, but

RARKN [ less explored
RS @C“;\ :0:/ P /
“~@ e, OBt — @9 @ ~—— ester group

Highly explored in cycloaddition
as three atom synthon

isocyanide unit

Active CH fragments
substitution leads to optical activity

(b) Usual reactivity of isocyanoacetate

ags N
CN__CO,Et (3 + n) cycloaddition Q

5 or 6-membered rings

CO,Et

Scheme 1.1. Reactive centers of ethyl isocyanoacetate.

Nenajdenko et al. described an efficient strategy for the synthesis of fluorinated pyrrole
utilizing the reactivity of ethyl isocyanoacetate. The protocol proceeded following Barton-Zard
pathway where S-nitrostyrene was functionalized to 4-fluoropyrrole via annulation with ethyl

isocyanoacetate (Scheme 1.2).

Ar F . Ar
DBU (1.5 equiv
\=(" +cN"co,et 22U (15 equiy) R
DCM, 0 °C
N

NO, Et0,C

F

H
Scheme 1.2. Barton-Zard reaction of S-nitrostyrene with isocyanoacetate.

Yang et al. disclosed a convenient silver-catalyzed cascade cyclization approach for the
synthesis of chromenopyrrolones. A nucleophilic conjugate addition of the ethyl
isocyanoacetate anion on the double bond of 3-iodochromanone and subsequent ring opening
of chromanone leads to the formation of pyrrole. The tethered pyrrole ring eventually leads to
chromenopyrrole via C—O bond formation (Scheme 1.3).
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1 K,CO3 (2 equiv
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X NMP, 130 °C H
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Scheme 1.3. Ag-catalyzed cascade reaction of ethyl isocyanoacetate.

The exploitation of the nucleophilicity of the a-carbon atom and the electrophilicity of
the divalent carbon atom of the isocyanide for the effective construction of C—C and C-N
bonds characterizes the reactivity of a-isocyano ester. However, in most of these cycloaddition
reactions, the ester group acts only as an activator and remains an unreactive spectator without
undergoing any participation in the bond-forming process. To explore the reactivity of this inert
ester group, Zhu group in 2007 synthesized strategically designed isocyanoacetate where o-
position is substituted by electron-rich nitrobenzene. This makes a-hydrogen more acidic and
subsequent anion is highly stabilized due to the strong electron-withdrawing nitro group in the
ring. Consequently, the anion becomes less acidic and rather more nucleophilic divalent carbon
of isocyanide initiated the reaction with a polar double bond such as imine. Such type of
reactivity tuning gives different heterocycles by trapping nitrilium intermediates through the

O-nucleophile of ester (Scheme 1.4).

CN_ _CO,Me R3

0
1 OMe
NHR'R? R\N)\« )
Toluene, rt \ N
+ B — R1
R3CHO
NO,

NO,
Scheme 1.4. Rare reactivity of isocyanoacetate: ester group as O-nucleophile.

Apart from annulation, C—H activation is another emerging methodology for the
smooth construction of heterocycles through C—H bond functionalization. The C—H bonds are
ubiquitously available in organic compounds. There are three types of C—H bonds in organic
molecules: alkynes C(sp)—H, alkene C(sp?)-H, and alkane C(sp%)—H bonds. The three types of
C-H bonds have different acidity and pKa values. These C—H bonds offer very limited
reactivity and are thus difficult to functionalize. The acidity or reactivity of these C—H bonds

is highly dependent on the surrounding environment of the molecule. The less acidic alkane
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C(sp)—H and alkene C(sp?)-H bonds are difficult to functionalize as compared to alkyne
C(sp)-H bonds. However, various techniques have been developed for the activation or
functionalization of these inert C—H bonds. The two best methodologies for the transformation
of these ubiquitous C—H bonds into C-C or C-heteroatoms are C—H activation and cross-
dehydrogenative coupling (CDC). These two methodologies have been gaining attention for
the synthesis of complex molecular scaffolds, natural products, pharmaceuticals and are being

used for the late-stage functionalization of diverse bioactive molecules.

The diverse coupling reactions such as Negishi, Stille, Suzuki—Miyaura, etc. present
multiple ways for constructing C—C bonds through the coupling of organic halides with an
organometallic intermediate or with a functional alkene as in the Heck reaction. However, with
the assistance of transition metal (TM) catalysts a direct C—H bond activation becomes possible
without any pre-activation of the substrate. Such regioselective functionalization of inert C—H
bonds can be achieved with the help of directing groups (DG) and transition metal catalysts
like Pd, Rh, Ru, etc. The catalysts interact with the directing group through some heteroatoms
and assist the C—H bond-breaking process. This type of C—H bond can be considered as a semi-
activated C—H bond i.e., although they are not inherently activated the reactivity can be
enhanced with aid from the neighbouring directing group. The directing groups are well-known
for their role in activating the selective C—H bonds from a bucket of C—H bonds. Through the
coordination with the metal via heteroatom of the directing group, it forms a metallacycle in
proximity to the targeted C—H bond. Various functional groups, such as amide, carboxylic acid,
amine, anilide, imine, ketone, hydroxyl, etc. have been employed as directing groups for C—H
functionalization. The traditional directing groups preferentially activate the proximal or ortho-
C-H bonds without any change in the chemistry of the directing groups. However, a directing
group can transform into another functionality within the reaction condition or after completion
of the desired transformations (Scheme 1.5). Further, progress has been achieved in the
direction of distal C—H bond activation. However, distal C—H functionalization requires more
strenuous conditions and advanced techniques. In the distal C—H bond activation, the directing

group coordinates to the furthest located C—H bond and functionalizes it.
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reductive
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C-H

functionality fivati
activation

insertion

FG

Scheme 1.5. Directing group (DG)-assisted C—H activation.

CHAPTER Il. Synthesis of Chromeno-pyrroles (Azacoumestans) from

Functionalized Enones and Alkyl Isocyanoacetates

This chapter demonstrates an elegant synthetic strategy for chromeno-pyrroles
(azacoumestans) via cycloaddition of 2-hydroxychalcone/cyclic enones and alkyl
isocyanoacetate, followed by lactonization. Herein, ethyl isocyanoacetate acts as a
C-NH-C-C=0 synthon contrary to its hitherto applications as a C-NH-C synthon.
Subsequently, pentacyclic fused pyrroles were also constructed from the o-iodo benzoyl

chromeno-pyrroles using Pd(11) catalyst.

Azacoumestans, specifically chromenopyrroles, are found in marine natural products

and synthetic compounds. Among them, lamellarins and ningalin B, are a class of marine

Vi
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alkaloids, having a pyrrole polyaromatic core differing in the substitution pattern and the
arrangement of rings (Figure 11.1). A few of them have shown various biological activities,
including multidrug-resistant cancer cell lines and anti-HIV-1 activity at non-cytotoxic
concentrations and have served as organic redox switches. Pharmacologists are engaged in the
chemical modifications of these natural products to get synthetic analogues which may result

in new innovative drugs conferred with potential antitumor, and anti-angiogenesis activities.

R1 1
RO. (0] RO OR HO
9ue o
o OH
R'0 7\ 0 HO
N \ &

RO = 9 HO

Ningalin B

R =H, R' = H, Lamellarin H
R =H, R' = Me, Lamellarin D

Lamellarins

Figure 11.1. Bioactive pyrrolo-coumarins.

Due to their potential biological activities and functional properties, synthetic routes
involving multi-step condensation, cyclization, and subsequent lactonization have been
developed. Some of the protocols adopt transition metal-catalyzed dehydrogenative coupling
or cyclization of pre-functionalized coumarins. A one-pot multi-component strategy uses 4-
chloro-3-nitrocoumarin (Scheme I1.1.a), while others adopted a metal-catalyzed cyclization of
functionalized coumarins with alkynes (Scheme I1.1.b). While numerous methods to construct
pyrrolo-fused coumarins have been developed, but direct access to this heterocyclic skeleton

in a single step remains elusive.

Alkyl isocyanoacetates are efficient 1,3-dipolar coupling partners towards a range of
annulation/cycloaddition reactions. In the presence of a base and Ag salt, they undergo
cycloaddition (non-concerted) with dipolarophiles providing diverse heterocycles (Scheme
I1.1.c). The Barton-Zard reaction is one such strategy for synthesizing substituted pyrrole from
alkyl isocyanoester and conjugated nitroalkene (Scheme 11.1.d). The requirement of nitro group
is essential in the starting alkenes, which is eventually eliminated. Herein, we report a
methodology, where the ethyl isocyanoacetate undergoes (3 + 2) cycloaddition with the alkene
part of the 2-hydroxychalcone, followed by an intramolecular lactonization to furnish

pyrrolocoumarin in a single step (Scheme Il.1.e).

vii
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Scheme I1.1. Different approaches for the synthesis of pyrrolo-coumarin.

Initially, we commenced our exploration by taking 2-hydroxychalcone (1) and ethyl
isocyanoacetate (a) in the presence of Cs2COgs (2 equiv), Ag2COs (3 equiv) in 1,4-dioxane (3
mL). To our delight, the reaction was completed within 12 h with the formation of chromeno-
pyrrole moiety (1a) in 71% yield. The product (1a) formation without the ethoxy group
suggests a (3 + 2) cycloaddition followed by lactonization. The use of methyl isocyanoacetate
(b) in lieu of ethyl isocyanoacetate (a) under an identical condition yielded the same product
(1a), thereby supporting the lactonization path. The XRD analysis of the product
unambiguously confirmed the structure to be 1-benzoylchromenol[3,4-b]pyrrol-4(3H)-one (1a)
(CCDC 2245374). Here, ethyl isocyanoacetate serves as a four-atom (C—-NH-C-C=0)
synthon, unlike its well-established three-atom (C-NH-C-) synthon. An extensive
optimization study revealed the optimization condition to be the use of 2-hydroxychalcone (1)
(1 equiv), ethyl isocyanoacetate (a) (1.2 equiv), Ag2COz3 (3 equiv), Cs2COs3 (2 equiv) in 1,4
dioxane (3 mL) at 80 °C.

viii
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After having a set optimized condition, the generality of this cycloaddition-
lactonization strategy was tested with diverse 2-hydroxychalcones prepared from substituted
acetophenone and salicylaldehyde. The reactions proceeded well with all kinds of 2-
hydroxychalcones having no significant effect from the electronic environment. The
methodology shows scalability when performed in a gram scale with a 57% yield of the desired
chromenopyrrole. A base free-reaction gives unlactonized intermediate D which indicates
rapid (3 + 2) cycloaddition as the initial step and subsequent lactonization in the presence of a
base. A similar kind of cycloaddition was tested with lactonized enones such as coumarin and
alkyl isocyanoacetate. The methodology vyielded pyrrolocoumarin with concomitant
cycloaddition and elimination of ester or ketone counterpart from enone via a path similar to

the Barton-Zard reaction.

Based on literature precedents, a plausible reaction mechanism is proposed as shown in
Scheme 11.2. Initially, treatment of AgOAc with ethyl isocyanoacetate (a) generates an active
1,3-dipolar intermediate (a") via elimination of AcOH. Next, the active 1,3-dipolar intermediate
(a") undergoes a (3 + 2) cycloaddition at the C=C bond of chalcone (1) to give a cycloadduct
intermediate (B). The intermediate B provides the pyrrole moiety (D) through tautomerization
followed by aromatization. The intermediate D undergoes intramolecular lactonization in the
presence of Cs,COz to provide the resultant pyrrolocoumarin (1a) (Scheme 11.2.a). A similar
mechanism is proposed for the Barton-Zard equivalent reaction of coumarin-3-
carboxylate/acetyl and ethyl isocyanoacetate (a). A rapid (3 + 2) cycloaddition between both
the coupling partners followed by tautomerization and double bond rearrangement/oxidation

leads to the chromenopyrrole (1a").

(a) Cascade (3 + 2) cycloaddition-lactonization

@)~ EtO,C
C AgOAc r-CAg ?
Et0,C._ Etozcvrj 6+2) oH
(a) AcOH /
/
oH (1) () ©
AcOH _
AcO [Ad]
EtOZC EtO.C_ N

H NH OH
/ 082003 | / tautomerlzatlon
Iactonlzatlon aromat|zat|on
o Ph

(1a) © ©
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(b) Barton-Zard equivalent reaction of coumarin-3-carboxylate/acetyl

R §_r po
o™ B LCAg o Y
MY (3+2)
(1':\_/ CO,Et (E) CO2Et
- (@) AcOH
R = CO,Et, COMe AcO [Ad]
o)
o) (Rf\
2" T \wH . 0TNF 0 N
=~ tautomerization / N
H
COZEt COzEt COZEt
(1a") G R-H
(G) (F) Base

Scheme 11.2. A plausible mechanism for (3 + 2) cycloaddition-lactonization.

In summary, we have developed an efficient cycloaddition and in situ lactonization
strategy for the synthesis of diverse chromenopyrrole in a step-economical way. This tandem
cycloaddition-lactonization strategy is the best example of employing ethyl isocyanoacetate as
a new type of four-atom synthon (C—NH—C—C=0) contrary to its application as a three-atom
synthon (C—NH-C). This methodology can be further extended to the synthesis of chromeno-
pyrrole-carboxylate from the cyclic enones via an equivalent Barton-Zard reaction. A few post-
synthetic modifications have also been carried out for the synthesis of pentacyclic fused

pyrrolo-coumarin.

CHAPTER III: Access to Chromenopyrrole via Tandem (3 + 2)
Cycloaddition and Intramolecular C—O Coupling

This chapter illustrates a mild and concise method for the synthesis of chromenopyrrole
from 2'-hydroxychalcone and alkyl isocyanoacetate. The reaction proceeds via an initial [3 +
2] cycloaddition on the C=C bond of 2'-hydroxychalcone and 1,3-dipole, generated in situ by
the reaction of ethyl isocyanoacetate and AgOAc. This is then followed by an intramolecular
C-0 bond formation with the —OH group and C5-H of the in situ generated pyrrole leading to

chromenopyrroles.

Pyrrole is a well-known structural motif, often found in natural products and
pharmacologically active molecules. Chromene, too, is a privileged core that occurs in many
natural and synthetic biological molecules. Individually, these rings bring different kinds of
bioactivity. However, the fused form of these two rings, pyrrolocoumarin/chromenopyrrole
interests chemists and pharmacists as an exciting and versatile building block because of their
excellent biological profile. For example, pyralomicins, a group of antibiotics isolated from the

X
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soil bacterium Nonomuraea spiralis IMC A-0156, contain a chromenopyrrole core. This core
is linked to a C7-cyclitol (pyralomicins I-1V) or glycosylated by glucose (pyralomicins V=VII)
(Figure 111.1). The pyralomicins are active against Gram-positive bacteria and their
antibacterial activity depends on the position and number of chlorine atoms attached within the
molecule and nature and methylation of glycone. The aglycon region of the molecule resembles
pyoluteorin, the marinopyrroles, TAN-876A, and TAN-876B. Considering the wide utility of

chromenopyrroles, it is essential to plan newer sustainable methodologies for their synthesis.

Pyrrole synthesis has achieved a greater height with classical methods such as Paal—-
Knorr pyrrole synthesis and Hantzsch pyrrole synthesis along with other transition metal-
catalyzed reactions. However, at present, the synthesis of chromenopyrrole has limited reports.
Most of them require synthesis of both pyrrole and chromenone via different approaches and
then their fusion at some stage through transition metal-catalyzed reactions. Thus,
the development of new synthetic strategies from readily accessible raw materials in step

economical way under mild reaction conditions finds attention.

R O OH R O OH
R? R?
c—{ | c— |
N~ >o N~>o
R® OH R

HO\/Q..-OH /S

R oM HO

R' RZ R® R*
P 4~ HO

pyralomicin1a H ClI Me Me RO

R'" R? R® R*
pyralomicin2a H CI Me Me
pyralomicin2b H Me ClI Me
pyralomicin2c H CI Me H

pyralomicin1b H Me CI Me
pyralomicinic H CI Me H
pyralomicin1d CI CI Me H

cl (o] OH o OH (o] OH

) Et Cl ~
~
Cl Cl
N I NN \_NH
i | HO HO
ci ci Et al ;

TAN-876A TAN-876B pyoluteorin

Figure 111.1. Bioactive pyrrole and chromenopyrrole core.

Most of the existing methods for the synthesis of chromenopyrrole involve
the construction of pyrrole moiety from a functionalized chromenone via transition metal-
catalyzed coupling reactions. Such coupling often demands the presence of halide groups in
the starting precursors for the efficient construction of pyrrolocoumarin. Recently, Yan et al.

demonstrated a Cu-catalyzed decarboxylative annulation of N-substituted glycines with 3-

Xi
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formylchromones. Requirement of pre-synthesized 3-formylchromones demands an additional
step for its synthesis (Scheme 111.1.a). Earlier, Hu et al. demonstrated a Cu-catalyzed synthesis
of imidazochromones by reacting 3-iodochromone and acetamidine hydrochloride in the
presence of a base. 3-lodochromone when treated with acetamidine hydrochloride in
the presence of a catalytic amount of copper and base resulted in the formation of
imidazochromone through a tandem C—H activation/C—O formation process (Scheme 111.1.b).
Recently, our group reported a one-pot tandem (3 + 2) cycloaddition-lactonization strategy
utilizing 2-hydroxychalcone and ethyl isocyanoacetate for the synthesis of fused 2-
chromenopyrroles. The rapid (3 + 2) cycloaddition and in situ lactonization of 2-hydroxy
chalcone with ethyl isocyanoacetate afforded a library of aza-coumestans (Scheme I11.1.c). The
presence of hydroxy functional group at the strategic position helps in the step-economical

construction of chromenopyrrole in a straightforward condition.

(a) Decarboxylative annulation leading to chromenopyrrole

o o 0
H
H N CO.H CuBr, DTBP A\
I L e toluene, reflux l N
O 0 \
Ph
(b) Tandem C-H functionalization and C-O coupling
o (0}
| NH H
Cul, K2003
T [ >
DMF, air, 120 °C
R™ "NH, o N
(o)
(c) [3 + 2] cycloaddition and in situ lactonization Ph
(0}
(o] OH =
CN” > CO,Et R
z AgOAc, Cs,CO, S
_ 9 wR2m Tl
1,4-dioxane, 80 °C
0~ ~0

(d) Our approach:
[3 + 2] cycloaddition and C-O coupling

OH O
“Co,R

Agsan
~ base

Scheme 111.1. Different approaches for the synthesis of pyrrolo-coumarin.

Inspired by this approach, we envisioned applying this strategy to an appropriately
designed substituted chalcone, where the hydroxy group is kept at a distal phenyl ring, thereby
avoiding the chances of lactonization. Hence, 2'-hydroxychalcone (1) derived from 2'-
hydroxyacetophenone and benzaldehyde was treated with ethyl isocyanoacetate (a) in the
presence of AgOAc and K>COs in CH3CN at 60 °C. Delightfully, after 12 h of reaction, two

xii
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new products were obtained which were isolated and characterized by spectroscopic techniques
(*H, *C{*H}, and IR). The one having higher Rr was obtained in 37% yield and was found to
be a formal (3 + 2) cycloadduct pyrrole. The other compound having lower Rf was isolated in
45% vyield, was characterized to be ethyl 4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-
2-carboxylate (1a). Here, unlike the previous approach, the furthest located hydroxy group
prefers C—O coupling with 2-H of the in situ generated pyrrole over lactonization. The exact
structure of the molecule was confirmed through diverse spectroscopic techniques. Then, we
screened various reaction parameters such as solvents, bases, and silver salts for optimum yield
of the protocol. The use of 2’-hydroxychalcone (1) (1 equiv), ethyl isocyanoacetate (a) (1.2
equiv), AgOACc (3 equiv), KoCOz (2 equiv) in ethanolic solvent (3 mL) at 80 °C was turning

out to be the optimum condition for this tandem cycloaddition and C—O coupling protocol.

With the optimized condition in our hand, we examine the competence of this protocol
with different 2'-hydroxychalcone. A library of chromenopyrroles were obtained with no
significant impact from the substituted functionality in the chalcone. A few control experiments
were performed to gain some insight into the mechanism. Guided by those observations and
from the literature reports, a possible Ag-promoted mechanism for this transformation has been
proposed as shown in Scheme I11.2. Initially, ethyl isocyanoacetate (a) generates a 1,3-dipolar
intermediate (a") in the presence of AgOAc with the elimination of AcOH. Next, this 1,3-dipole
(@") undergoes a (3 + 2) cycloaddition at the C=C double bond of chalcone (1) which results in
the generation of pyrrole intermediate 1a‘. Following this, a six-membered cyclic transition
state (A) arises because of the interaction between AgOAc and C5—H of pyrrole ring of 1a'
which also involves the participation of deprotonated phenolic group. Elimination of AcOH
followed by activation of the pyrrole ring via insertion of Ag at C5 resulted in the formation of
another intermediate B. Finally, C—O coupling at the electrophilic C5 site with the release of
Ag(0) gives the desired chromenopyrrole (1a) (Scheme 111.2). The formation of Ag mirror at
the surface of the reaction flask confirms the reduction of Ag(l) salt supporting the proposed

mechanism.
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Scheme 111.2. Plausible mechanism.

In summary, a synthetically new tandem cycloaddition cum C—O coupling strategy was
developed for the synthesis of pyrrolocoumarin. This elegant approach leads to the construction
of C=C and C-0O bonds in a step-economical manner under operationally simple conditions.
Mechanistic studies revealed that Ag salts are essential for the initial cycloaddition and

subsequent C—O coupling.

CHAPTER IV: Transformable Transient Directing Group Assisted C(sp*)—H
Activation: Synthesis and Late-Stage Functionalizations of o-

Alkenylanilines

This chapter describes the utilization of phenyl isocyanate as a transformable transient
directing group in a Ru(ll)-catalyzed o-olefination for the formation of alkenylanilines.
Alcoholic solvents, particularly, "AmOH serve the dual role of solvent-cum transient directing
mediator. The o-alkenylanilines are converted to azacoumarins and subsequently into C-4 aryl-
substituted azacoumarins using aryl iodides as coupling partners via Pd(ll) catalyzed C—H

functionalizations.

The formation of C-C, and C—X bonds via C—H bond activation continues to be an
important and stimulating thrust into academic and industrial research. In recent years,
outstanding progress has been achieved in 0-C—H alkenylation using activated alkenes.
Alkenes are essential feedstock in industrial processes, and their utilization for the synthesis of
a variety of important biological and materially relevant molecules has become immensely
important in organic synthesis. However, the direct introduction of olefinic C(sp?)—H bonds

into aryl rings is challenging and thus becomes a potential area of research for organic chemists.

Xiv
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Directing groups (DGs)-assisted C—H activation has overcome many such limitations and has

significantly improved the arsenal of synthetic chemistry for synthesizing exotic molecules.

DGs are usually o-coordinating functional groups that in combination with a transition
metal control the site selectivity and activate the relatively strong C—H bonds by coordinating
through the heteroatoms of DGs to the reactive metal catalysts. Transition metals like Pd, Rh,
Ru, Co, Mn, etc. are being used for the activation of inert C—H bonds found in different organic
moieties. The field of directed C—H bond activations has grown tremendously and many
chelating groups have been explored that can serve as auxiliaries. Though the directing group-
assisted C—H olefinations are well-established but the detachment of these groups after
completion of the desired C—H bond activation is a cumbersome process. Thus, the step

economical issue is an added disadvantage of DGs-assisted C—H activation.

Compared to traditional DG-assisted C—H bond activation, transient DG (TDG)
assisted C—H bond activation has become a new strategy for the challenges of prior installation
and removal of auxiliaries. TDGs are modified in situ with an external transient directing
mediator (TDM), used either in catalytic or stoichiometric amounts. TDMs are functional
moieties inherent to the compounds that transform a weakly coordinating functional group into
a better o-donor motif by tethering to the TDGs. Moreover, this TDM must be cleaved in situ
after the functionalization. For instance, derivatives of phenols, aldehydes, and ketones, viz.
imines, oximes, hydrazones, etc. are some examples of transient DGs that have been utilized
in the C—H bond functionalizations. However, new transient directing groups for the selective
C—-H functionalizations are still highly desirable as well as appreciable. o-Alkenylanilines are
important building blocks in many organic transformations and are prevalent in many bioactive
compounds. o-Alkenylanilines can be synthesized using DG-assisted 0-C—H alkenylations.
Activated olefins are widely introduced in the ortho position of anilines with the assistance of
some directing groups like —\NHCOMe, urea (Scheme 1V.1.a). In 2017, Satoh, and Miura group
reported a carbamate (Boc) directed olefination protocol using the Rh catalyst (Scheme 1V.1.b).
The weakly coordinating carbonyl oxygen of carbamate coordinates to the Rh metal in an
environmentally benign alcoholic solvent (‘BuOH). However, an additional step is required for
the cleavage of the Boc directing group. Recently, Li and co-workers developed a method that
enables the Rh(lll)-catalyzed C—H alkenylation of aryldiazenecarboxylates using acrylate
esters as the alkenylating partner with concomitant hydrogenation of the N=N bond in the
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resulting product (Scheme IV.1.c). Yi et al. in 2017, disclosed a regioselective
monoalkenylation of arenes with polar acrylates using urea moiety as a transformable directing
group (Scheme 1V.1.d). Searching for new and innovative TDG, we came across a relatively
unexplored phenyl isocyanate. To the best of our knowledge, in DG-assisted C—H activation
reactions, alkyl and phenyl isocyanates have been widely employed only as a reacting partner
due to their electrophilic nature. However, the use of phenyl isocyanate as a transient directing
group in the proximal C—H bond activation is unexplored. Thus, herein we report an efficient
synthesis of o-alkenylanilines via a regioselective 0-C—H olefination using phenyl isocyanate

as the transient directing group under Ru catalysis (Scheme I1V.1.e).

Previous works
(a) Transition metal catalyzed C-H activation

NH_ NH.
X X
+ /\R 4Q—>
H R

X = Ac, Ureas

(b) Carbamate directed C—-H activation

H H t
N_ _O'Bu N\H/O Bu
C[ \g/ + ZOR Q o]
H |
R

(c) Olefination of aryldiazenes

0
0 H
N.
ne AL N or
N~ “OR —Q—» H
@ * /\R Z
’ R

(d) Urea moiety as transformable DG MeO [o)
N \[r NMe, NH
A — @
C[ + 7 R _
R
Our work

(e) Phenyl isocyanate as transformable transient directing
group C,,O

N~ NH,
L e OO
H R

‘AmOH
Scheme IV.1. Metal-catalyzed DG-assisted C—H activation.

We commenced our investigation using p-tolyl isocyanate (2) and methyl acrylate (a)
as the coupling partner in the presence of [Ru(p-cymene)Clz]2 (5 mol %), AgSbFs (15 mol %),
Cu(OAC)2H20 (0.5 equiv), and tert-amyl alcohol (AmOH) (2 mL) in a sealed tube at 120 °C.

To our delight, a yellow fluorescent spot was observed which was isolated and identified by
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spectroscopic analysis (*H NMR, *C{*H} NMR, and IR) as an ortho-olefinated product of p-
tolylaniline (2a). The new product was obtained in a satisfactory yield of 78%. XRD analysis
of one of the substrates reconfirmed its structure to be p-tolyl (E)-3-(2-amino-5-
methylphenyl)acrylate (11).

An extensive screening of different solvents, bases, catalysts and oxidants sets the
optimized condition to be use of phenyl isocyanate (1) (1 equiv), methyl acrylate (a) (2 equiv),
[Ru(p-cymene)Cl,]2 (5 mol %), AgSbFs (15 mol %), Cu(OAc)2H20 (0.5 equiv), and ‘AmOH
(2 mL) ina 21 mL sealed tube at 120 °C for 24 h. After gaining the optimum yield from the
protocol, a series of acrylates and phenyl isocyanates were treated in the standard conditions
for efficient formation of diverse o-alkenyl aniline. A series of control experiments were
performed including intermolecular competition experiment, kinetic isotope effect, etc. Based
on the performed control experiments and literature precedent, a plausible mechanism for the
ortho alkenylation (1 with a) is illustrated in Scheme IV.2. Initially, the nucleophilic attack of
the solvent 'AmOH on the phenyl isocyanate forms a carbamate intermediate (P). The in situ-
generated carbamate coordinates to the ruthenium centre via the carbonyl oxygen. This
coordination triggers the activation of the proximal C(sp?)—H bond forming a six-membered
ruthenocycle intermediate (A). Intermediate A undergoes an olefin insertion to give
intermediate B with subsequent elimination of acetic acid. Later, a g-hydride elimination gives
the ortho-alkenylated carbamate (C). Finally, the acetic acid cleaves the ortho-alkenylated
carbamate (C) to afford the final product (1a) with the release of 2-methylbut-2-ene (E) and
carbon dioxide. The removal of carbamate depends on the stability of the carbocation formed
after its cleavage to produce a substituted alkene. In the case of a primary alcohol such as
methanol and ethanol, the reaction stops prior to the removal of carbamate, which is due to the

lower stability of the primary carbocation (Scheme 1V.2).
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Scheme 1V.2. Proposed mechanism for o-olefination.

In conclusion, we have developed a Ru-catalyzed o-olefination strategy taking phenyl
isocyanate as the transformable transient directing group. Solvent t-amyl alcohol, not only acts
as the solvent but is also used as a transient directing mediator (TDM) by forming carbamate.

The in situ transformation of the transient directing group (NCO to NH>) is a key feature of

this methodology.
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CHAPTER I

An Overview of Annulation/Cycloaddition and Directing
Group Strategies for Synthesis of Heterocycles

1.1. Introduction

Carbocycles with at least one heteroatom are known as heterocycles. N and O are the
most common heteroatoms found in these rings (Figure 1.1.1). Moreover, sulfur, boron,
phosphorous, iron, magnesium, selenium are other heteroatoms frequently used in the
construction of heterocycles. Out of over 50 million registered organic compounds, it is
estimated that more than half are heterocycles, and this number is still growing.'® Heterocycles
are widespread in natural products and many medicinally active compounds (Figure 1.1.2).
Most of the FDA-approved drugs contain at least one heterocyclic ring.'*¢ The nature of hetero
atoms and strain in the ring influence the properties of such rings. The presence of such a ring
increases the bioactive nature of the compounds. Haemoglobin, chlorophyll, vitamins,
enzymes, DNA, RNA, etc. are a few examples of bioactive heterocycles. Many heterocycles
are also the building blocks of protein and other important biomolecules that constitute our
body. Thus, heterocyclic structures are all-pervading and are an integral part of almost every
biologically and physiologically active organic molecule.’®® Apart from their usefulness in
drug design, heterocycles are drawing attention in agriculture, veterinary items, cosmetics
design, etc. The high chemical adaptability of heterocycles makes them suitable to respond
diverse demands in the biological field. A wide section of pharmaceutical modifications has
been covered by heterocycles owing to their significant medicinal value. A range of
heterocyclic moieties with a condensed ring system is found to have a variety of physiological
activities. N-heterocycles i.e., a carbocycle with at least one N atom, have found considerable
attention for their remarkable biological properties and their role as pharmacophores. Pyrrole,
one of the five-membered N-heterocycles constructs the core of the porphyrin rings which act
as a key moiety in haemoglobin, chlorophyll, and vitamin B12. Six-membered N-heterocyclic
scaffolds are ubiquitous in anti-malarial drugs, dyes, and high-performing materials.*’ Pyridine,

quinolines are core heterocycles found in antimalarial drugs such as chloroquine, quinine,
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mefloquine, etc.' Pyrimidine, purines are another class of six-membered N-heterocycles

having their presence in the nucleoside and nucleotides.'

Pyrrole Pyridine Qunoline Pyrimidine

@ 0.0 o_.0 _o_ .0
0 l Z Z

Furan Pyrone Coumarin  Lactone

Figure 1.1.1. Common five or six-membered N, O-containing rings.
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Figure 1.1.2. Bioactive N, O-containing heterocycles.
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Coumarins with O atoms in the ring are also known for their role in anti-HIV drug
calanolide A, anticoagulant drug warfarin, etc.!™ Pyrones are another class of six-membered
O-containing heterocycles, found to exhibit a wide range of pharmacological properties such
as antibiotic, antifungal, cytotoxic, neurotoxic activities. Other O-containing rings such as
lactone are also found in many natural products or drugs including anticancer,

neurotransmitters, antibiotics, etc (Figure 1.1.2).2

Due to their role in pharmaceuticals, agrochemicals, cosmetics, material chemistry, and
synthesis of natural products, their synthesis has garnered considerable attention and this area
is rapidly evolving. Over the last few decades, several pioneering strategies have emerged for
the synthesis of N, O-containing heterocycles such as pyrrole, pyridine, pyrimidines, indole,
imidazole, quinoline, azacoumarin, coumarin, flavone, etc. A popular tool for the construction
of carbocyclic and heterocyclic moieties is annulation. This interesting cyclization concept
allows the generation of a ring through two new bonds in a single step. In the modern era of
drug design and discovery, annulation proves to be an efficient step-economical pathway for
the construction of prominent structural motifs. Alkyl isocyanoacetate or a-isocyano ester has
been serving as a coupling partner in diverse annulation and cycloaddition reactions leading to
the synthesis of functionalized pyrrole.?2? Isocyanoacetate and its derivatives are versatile and
powerful building blocks in organic synthesis. They have found applications in the diverse
fields of organic, inorganic, medicinal, and coorditional chemistry.?c¢ The versatility this
molecule possesses is due to the presence of three reactive centers viz., an isocyano unit, the
acidic C—H, and an electrophilic ester functionality (Scheme 1.1.a). The combination of these
three potential reactive centers brings exceptional reactivity and broad synthetic potential to
the molecule. Additionally, the chiral version of this reagent can also be obtained from
protected natural amino acids. In organic synthesis, the isocyanoacetates feature in many (3 +
n) cycloaddition reactions through the nucleophilicity of the acidic C—H and electrophilicity of

the isocyanide for the synthesis of the five or six-membered heterocycles (Scheme 1.1.¢).2""

Another a-methylene isocyanide is p-toluenesulfonylmethyl isocyanide (TosMIC),
known for its odourless, solid-state stability and impressive structural features. Like alkyl
isocyanoacetate, it also has three functionalities except arylsulfonyl functionality. Sulfonyl
being a-to the active methylene and a good leaving group enhances the acidity of the a-carbon

(pKa=14). The reagent was first introduced into organic synthesis in 1972 by a Dutch
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researchers van Leusen and so known as van-Leusen reagent. All these crucial factors in a

single molecule collectively enrich its chemistry (Scheme 1.1.b)."

(a) Structure of alkyl isocyanoacetates with functionalities

facile for hydrolysis, but
less explored

o - isocyanide unit
O -o'/
. \~ 1 1
~ \\ ~ 1 1
N \aJL\

" TOEt — {CO,E{ — » ester group
—— > Active CH fragments
substitution leads to optical activity

‘.
‘.
4
‘@F
~ 4

Highly explored in cycloaddition
as three atom synthon

(b) Structure of TosMIC denoting diverse functionalities

- . e ; i . .
-C isocyanide functionality

Cd

®=

a-acidic proton

DT = sulfonyl functionality

(c) Usual reactivity of isocyanoacetate

(3 + n) cycloaddition N
CN.__CO,Et .

5 or 6-membered rings

CO,Et

Scheme 1.1. Reactive centers of isocyanoacetate.

1.2. Strategies for Construction of Heterocycles via (3 + 2) Cycloaddition of

Isocyanoacetates:
1.2.1. Synthesis of five-membered heterocycles from alkyl isocyanoacetate

The (3 + 2) cycloaddition between a 1,3-dipole and a dienophile is considered as one
of the established and frequently used methodologies for the construction of heterocyclic
scaffolds. The excellent regio-selectivity and the ease of handling of reagents make this
strategy suitable for the construction of five-membered heterocycles. These (3 + 2)
cycloaddition reactions deliver diverse N- or O-containing heterocycles viz., pyrrole, oxazole,
imidazole, pyrrolocoumarin, etc. Alkyl isocyanoacetate is an effective 1,3-dipole for (3 + 2)
cycloaddition with the simultaneous presence of an activated methylene and isocyanide moiety.
The classical heterocycle synthesis strategies such as Barton-Zard and van-Leusen pyrrole

6
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syntheses follow such (3 + 2) cycloaddition of isocyanoacetates with an alkene.*®"38 The formal
(3 + 2) cycloaddition of isocyanoacetate usually involves nucleophilic addition of the a-enolate
to an electron-deficient dienophile which is associated with an intramolecular cycloaddition of
the resulting anion to the empty orbital of the isocyanide. Additionally, alkyl isocyanoacetates
have been extensively used in diverse asymmetric syntheses through a chiral Lewis acid-,
organometallic-, or organo/metalo cooperatively catalyzed formal (3 + 2) cycloaddition with

various electrophiles viz. carbonyls, imine or with a carbon-carbon multiple bonds.*!

In 2012, Nenajdenko et al. described a synthetic strategy for the construction of
fluorinated pyrroles. The protocol proceeded following the Barton-Zard pathway where S-

nitrostyrene was functionalized to a 4-fluoropyrrole via annulation with ethyl isocyanoacetate
(Scheme 1.2.1).42

Ar E Ar F
DBU (1.5 equiv
\=< +CN/\C02Et ( :l ) M
NO, DCM,0°C  Et0,C—
H

Scheme 1.2.1. Barton-Zard strategy of S-nitrostyrene and isocyanoacetate.

Bi and Wang group developed a catalyst-selective synthesis of 1,3-and 1,5-disubstituted
1,2,4-triazoles via a (3 + 2) cycloaddition between aryl diazonium salt and isocyanoacetates
under two different catalytic conditions. The two catalysts viz. Ag2CO3 and Cu(OAc)2 used in
this strategy follow two different mechanisms at the same reaction temperature (0 °C) to deliver

both disubstituted triazoles regio-selectively (Scheme 1.2.2).4°

.Ar Ag,CO; (10 mol%)
DCE, 0 °C, Ar

Cu(OAc); (10 mol%) /N\N,Ar

LiOAc (2 equiv) N=
THF, 0 °C, Ar _<COZR

1,5-disubstituted

N
ROzc\(/ N
N=/

1,3-disubstituted

Scheme 1.2.2. Synthesis of 1,2,4-triazole via (3 + 2) cycloaddition of isocyanoacetate and

diazonium salt.

Liu et al. utilized the reactivity of the van-Leusen reagent (TosMIC) for a metal-free
synthesis of imidazoles through (3 + 2) cyclization with ketenimines. The mild conditions of

the reaction help to keep sulfonyl moiety intact in the final 1,4,5-trisubstituted imidazoles.
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Thus, the reaction proceeded in high atom economy under this 'BuONa catalytic condition

compared to classical van-Leusen imidazole synthesis (Scheme 1.2.3).4

—N
Ar N, COMe, 1.0 N ‘BUONa (30 mol%) /N/_ P
~ " TEtOAc,50°C AT Tos

Ph
Ph” ~CO,Me

Scheme 1.2.3. Synthesis of imidazoles via cyclization of TosMIC.

Isocyanoacetates have also been used in the asymmetric synthesis of heterocyclic
building blocks. He and Shao group developed a chiral Ag-complex-catalyzed enantioselective
formal (3 + 2) cycloaddition of aurone and a-benzyl isocyanoacetate to synthesize optically

enriched spiro-1-pyrrolidines (Scheme 1.2.4).4

precatalyst
o COzMe
precatalyst HN
(20 mol%) N
) g 2 Ag,0 (10 mol% | N
R THF, 0 °C Et _N

Scheme 1.2.4. (3 + 2) Cycloaddition of alkyl isocyanoacetates and aurones.

Blay and Pedro group synthesized a quaternary carbon center containing chiral
oxazolines via (3 + 2) cycloaddition of tert-butyl isocyanoacetate and unactivated ketone. This
high diastereo-and enantoselective cis-oxazoline synthesis was carried out utilizing a dual
catalytic system of bi-functional Brgnsted base squaramide and Lewis acid Ag20. The H-
bonding interaction of the squaramide catalyst activates the ketone and at the same time, Ag-

catalyst enhances the reactivity of the isocyanoacetate towards nucleophilic addition (Scheme
1.2.5).%
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organocatalyst
i + NC (5 mol%) O&N
R'R? \o0 gy Ag0 (25 mol%) R2,
tert-butyl ether R CO,'Bu

0°C
organocatalyst Me
H HN
N
Me

MeO o)
SOk

Scheme 1.2.5. Enantioselective synthesis of chiral oxazolines.

1.2.2. Synthesis of fused heterocycles from alkyl isocyanoacetate

In 2022, Pedro et al. carried out a dearomative (3 + 2) cycloaddition of c-aryl
isocyanoacetates and 2-nitrobenzofurans to synthesize chiral polycyclic compounds with full
diastereoselectivity and excellent enantioselectivity. This metal-free approach utilizes electron
deficient 2-nitobenzofuran as dipolorophile and a-aryl-a-isocyanoacetate as the corresponding
1,3-dipole for interrupted Barton-Zard reaction. The curepine-derived oraganocatalyst having
free phenolic OH group and basic amine acts synergistically and controls the stereochemistry
of this chiral heterocycle that has three consecutive stereogenic centers (Scheme 1.2.6).%

organocatalyst

RZ
eo.cAN
e0,C NC MeO,C R2
organocatalyst >

A o { '
R A NO, (3 mol%) R.L Ny /N
= (0] CHCI3 — K

(o}

Scheme 1.2.6. (3 + 2) Cycloaddition of 2-nitrobenzofuran and isocyanoacetate ester.

Samet group described an appealing strategy for the synthesis of pyrrolocoumarin core
utilizing 1,2-diaryl-1-nitroethenes and alkyl isocyanoacetates. The reaction proceeded via
initial Barton-Zard reaction of the nitrostilbene to deliver substituted pyrrole-2-carboxylate
which follows selective O-demethylation and final lactonization. The selective O-
demethylation of the ortho-methoxy group is chemo-selectively completed using 1 equiv. of
BBrz and lactonization is achieved on treatment with ethanolic NaOH to deliver
pyrrolocoumarin. Further, the Barton-Zard component of the reaction is extended for the
construction of natural product lamellarin Q (Scheme 1.2.7).%°

9
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R3
R3 RZ
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Ar RO, N 1
_~Yob N R
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O,N R 2~ N | OMe

OMe N~ TCOR
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R3 R2
R2 Ar
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Scheme 1.2.7. Synthesis of pyrrolo-coumarin core via Barton-Zard reaction.

Yang et al. disclosed a convenient silver-catalyzed cascade cyclization approach for the
synthesis of chromenopyrrolones. Initially, activated ethyl isocyanoacetate undergoes
conjugate nucleophilic addition to the double bond of 3-iodochromanone and subsequent ring
opening of chromanone leads to the formation of pyrrole. The tethered pyrrole ring eventually

forms chromenopyrrole via C-O etherification (Scheme 1.2.8).%

(o)

o)
I K,CO; (2 equiv)
|+ cN"coEt——=—= | D—co,Et
Ag,0 (20 mol%) X N
X NMP, 130 °C H

X=0,S
Scheme 1.2.8. Ag-catalyzed cascade reaction of ethyl isocyanoacetate.

Kim and Oh group accomplished asymmetric desymmetrization of cyclohexadienones
following van-Leusen pyrrole synthesis methodology utilizing a complex of Ag(l) salt and
chiral phosphino-carboamide ligand. The optimum condition for this chiral pyrrole synthesis
was found to be the use of 4-alkoxy cyclohexadienones and naphthylsulfonic methyl
isocyanide (NasMIC) in the presence of quinine-derived phosphino carboamide ligand.
Initially, deprotonated NasMIC undergoes (3 + 2) cycloaddition with alkene of
cyclohexadienone to form 3,4-dihydropyrrole which on subsequent isomerization and sulfinic
acid elimination delivers chiral pyrrole. The rigid naphthyl moiety of arylsulfonyl isocyanides
and 4-alkoxy substituent of cyclohexadienone is expected to influence the enantioselectivity of
the resulting pyrrole (Scheme 1.2.9).5

10
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organocatalyst

20 mol%
+ Ar0,5” NC (20 mol%) __NH

AgSbFg (10 mol%)
Ar = naphthyl  K,c0, (2 equiv) -
1 R2 23 2
R CHCI,CH,Cl,23°C R' R

Scheme 1.2.9. Ag-catalyzed asymmetric van-Leusen pyrrole synthesis.

Shaabani et al. disclosed a cyclization strategy for the synthesis of chromenopyrrole
from 3-acetyl coumarin. Under an alcoholic medium, the acetyl group of the starting precursors
gets eliminated and TosMIC-derived anion preferentially undergoes addition to the double
bond of cyclic enone to deliver the desired polyheterocycle. The reaction proceeds following a
van-Leusen type (3 + 2) cycloaddition between C=C of 3-acetyl coumarin and 1,3-dipole
derived from TosMIC (Scheme 1.2.10).°

o) NH
[
X K,CO3 (1 equiv)
+ ON TS —Foh
) o

Scheme 1.2.10. Synthesis of chromenopyrrole from 3-acetyl coumarin.
1.2.3. Reactivity of ester group of alkyl isocyanoacetate

The reactivity of alkyl isocyanoacetate is best known due to the nucleophilic character
of the acidic a-carbon and electrophilicity of the divalent carbon atom of isocyanide. Such
reactivity of a-isocyano ester has been exploited in various cycloaddition reactions for the
effective construction of C—C and C—N bonds. However, in most of these cycloadditions, the
ester group acts only as an activator and remains an unreactive spectator without undergoing
any participation in the bond-forming processes. To exploit this inertness of ester functionality,
Zhu group in 2007 synthesized strategically designed isocyanoacetate where a-position is
substituted with electron-rich nitrobenzene. This makes a-hydrogen more acidic and the

resultant anion is stabilized due to the strong electron-accepting nitro group in the phenyl ring.

11
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Consequently, the anion becomes less acidic and more nucleophilic divalent carbon of
isocyanide initiates the reaction with an electron-deficient double bond such as imine. Such
type of reactivity tuning gives different heterocycles by trapping the nitrilium intermediates
through O-nucleophile of ester (Scheme 1.2.11).%2

CN_ _CO,Me R3
RI_ )\(0 OMe
v NHR'R2 _CCHO N N
T ————
toluene, rt R’
NO,

NO,
Scheme 1.2.11. Rare reactivity of isocyanoacetate: ester group as O-nucleophile.

Dong and Xu group also explored all reactivity centers of an alkyl isocyanoacetate for
the diastereodivergent synthesis of chromeno[2,3-b]Jchromenes. They exploited the less
reactive ester functionality of alkyl isocyanoacetate and accomplished the synthesis of
complicated architectures with four adjacent stereocentres. All the three functionalities of
isocyanoacetate sequentially reacted with two o-quinone methides (0-QMs) in this

diastereoselectively switchable domino process (Scheme 1.2.12).6°

Tos Ph Ph
AgOAc (5 mol%) :

R X Ph A~ PPh;3 (5 mol%) W XN \_ y
. + Et0,C~ "NC —> R | R
— oll 2 DBU (3.2 equiv) ! “ —

CHCI,, rt 0p ©O

Scheme 1.2.12. Synthesis of chromeno[2,3-b]chromeno by exploring all reactivity of

isocyanoacetate.
1.3. Directing Group-Assisted C—H Activation

1.3.1. What is C—H activation:

The carbon-hydrogen (C—H) bonds are ubiquitous in all kinds of organic molecules.
The three types of C—H bonds present in organic molecules viz., C(sp)—H bonds in alkynes,
C(sp?)—H bonds in alkene, and C(sp®)—H bonds in alkane have different acidity and pKa values.
The C—H bonds offer very limited reactivity due to high bond dissociation energies and thus
difficult to functionalize. The acidity or reactivity of these C—H bonds is strongly dependent

on the surrounding environment of the molecule. The less acidic C(sp®)-H, C(sp?)—-H bonds
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are more difficult to functionalize compared to alkyne C(sp)-H bonds. However, various
techniques have emerged for the activation of these inert C—H bonds. The two best
methodologies for the conversion of these ubiquitous C—H bonds into C—C or C—heteroatom
bonds are C-H activation and cross-dehydrogenative coupling (CDC). These two
methodologies have been gaining attention for the synthesis of complex molecular scaffolds,
natural products, pharmaceuticals and are being used for the late-stage modifications of diverse

bioactive molecules.”®f

The C—H functionalization of organic molecules can be accomplished via a number of

pathways-

Q) a-C—H functionalization of carbonyl, amine, or ester through acid-base promoted or
radical pathways.

(i)  The undirected C—H functionalization of heterocycles with lack of selectivity.

(iii)  Directed C—H functionalization through functional groups selectively at « (ortho),

B, 1, oor even at more distal positions.

With the advent of innovations and technology, the synthesis of complex molecules is
no longer an intractable venture. However, these new approaches should carry the burden of
synthetic ideality and economy.®® The advance of C—H functionalization-the net conversion
of C—H bonds to different functionalities has widened the toolbox for organic chemists. A C—H
bond can be considered as dormant synthetic equivalents of different functional groups. This
novel innovation helps in the construction of diverse functionalized C—C/C—heteroatom bonds
in a step-economical way. In a simple word, the skeletal construction and modification via C—C
bond formation through C—H activation can offer the expeditious generation of complex
molecular entities by providing an alternative route to the traditional coupling reactions. For
example, coupling reactions such Negishi, Stille, Suzuki—Miyaura, etc. present multiple ways
for the formation of C—C bonds through the coupling of organic halides with an organometallic
intermediate or with an activated alkene as in Heck reaction. But these transition-metal-
catalyzed coupling reactions need a suitable coupling handle to be installed in the substrate
before C—C transformation.® Thus, C—H activation has emerged to overcome such difficulties
as substrates having inert C—H bonds can be coupled with a range of electrophiles or
nucleophiles. The activation of inert C—H bonds maximizes operational simplicity and reduces

the amount of chemical waste generated in traditional coupling reactions. In a nutshell, such
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strengths considerably broaden the range of potential coupling partners for given
transformations and provide larger flexibility to accomplish a desired synthetic target. Thus,

C—-H activation has the potential to impact and redefine how synthesis can be conceptualized.

Usually, with the assistance from a transition metal catalyst, a direct C—H bond
activation becomes possible without any pre-activation of the substrate. A transition metal can
cleave the strong C—H bonds to generate carbon-metal bonds, which can be intercepted by
various coupling partners to convert an inert C—H bond omnipresent in organic molecules to a

diversely functionalized C—C or C—X bonds (Figure 1.3.1).

O

H
oxidation, L M"L
C-H
M) activation
p-hydride

elimination

=/
R
RA(_Q olefin
ML \LM“—Q coordination
olefin ='\
insertion R

Figure 1.3.1. General mechanism for direct C—H olefination.

Initially, progress was achieved utilizing rare and noble second- or third-row transition
metals such as Pd, Rh, Ru, Ir.’28%¢ Apart from this, various metal complexes of earth-abundant
metals such as Ni, Co, Mn, Cu in their different oxidation states are found to have high catalytic
activity in various C—C bond forming reactions that proceeded through C—H activation
strategy.®" Such a larger pool of catalysts helps in the development of this methodology and

encourages a larger variety of possible transformations.
1.3.2. Directing groups (DGs)

However, to make C—H activation as an inclusive strategy selectivity is the key issue to
resolve. The ubiquity of C—H bonds in organic molecules raises challenges in the selective
modification of a desired C—H bond to a C—C or C—X bond. Thus, selective activation of a
target C—H bond in an organic compound must be achieved over all the other C—H bonds
available in the molecule. The selectivity issue, however, can be resolved to some extent by

14
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employing molecules having differently reactive C—H bonds. Such a strategy has already been
employed in the functionalization of C—H bonds of heterocycles, as the presence of heteroatom
in the ring brings disparity among C—H bonds. However, due to its symmetrical nature, such
discrepancy is generally less pronounced in the case of benzene derivatives, thus demanding
regioselectivity controlling elements to achieve selective C—H transformations in arenes
(Figure 1.3.2).7

(a) Non-directed C—H activation

@[ @ PR M
we— ) )

[complex mixtures of regioisomeric products]

(b) Directed C—H activation
DG

Ej @ eyl

(single regioiselective product )

Figure 1.3.2. Non-directed vs directed C—H functionalization.

Transition metal complexes that activate a C—H bond are necessarily of high energy
which makes it difficult to control chemo-, regio-, and stereoselectivity of the C—H cleavage
event. To tackle the challenges such as the inertness of C—H bonds and to control site
selectivity, a variety of creative innovations especially directing group and ligand design has
been made in this promising methodology (Figure 1.3.3).

® No DG ® DG Assistance
® Normal reactivity ® Enhanced reactivity
® Poor regioselectivity ® High regioselectivity
FG
Normal Reactivity DGs Assisted Reactivity
FG
|Ar FG X FG N
X R=H | Ar, R=pc A7
X R X DG
FG BN
|Ar | Ar
— Z
X FG

Figure 1.3.3. Advantages of directing groups.
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Directing groups (DGs) are Lewis basic functionality that is inherent to the substrates
and possess some o-donating heteroatoms. These functionalities contain non-bonding lone
pairs of electrons that facilitate the pre-coordination between metal and the substrate. The role
of the directing groups in these reactions is usually twofold. The DGs enhance the reactivity of
a transition metal-catalyzed C—H activation and also control the site selectivity of such
reactions. The coordination ability of a directing group brings the transition metal into close
proximity to the targeted C—H bonds.® The higher concentration of the metal in the proximity
of the functional group accelerates regioselectivity and reactivity and thus preferentially leads
to the functionalization of the ortho C—H bonds. Such type of C—H bonds can be considered as
semi-activated C—H bonds i.e., although they are not inherently activated but the reactivity can
be enhanced with aid from the neighbouring directing group. Directing groups coordinate with
the active metal catalyst through its heteroatom and form a metallacycle in the vicinity of the
targeted C—H bonds (Figure 1.3.4).1% Metallacycles are efficiently generated by the activation
of arenes with the aid of strongly coordinating N-atom or weakly coordinating O-atoms of the
directing group. This coordination enhances the pre-requisite substrate catalyst interactions to
activate a C—H bond. This chelation-driven C—H bond activation has become a more powerful

and popular strategy for 0-C—H functionalization.

[T™M]
lactivation of DG
DG the catalyst
o
FG

coordination of
the DG with TM

reductive
elimination

DG
D,G catalytic cycle @( W
™ H
F

C-H

functionality tivati
activation

insertion

FG

Figure 1.3.4. General mechanism of DG-assisted C—H activation.

There is a wide scope of coupling partners for C—C bond construction through C-H
activation which includes alkenylation, alkylation, alkynylation, arylation, allylation,
carbonylation, and other valuable organic transformations.'® Furthermore, these coupling
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partners may act as an electrophile, nucleophile or a free radical species in such C-H

functionalization and thus offer diverse and attractive synthetic routes.

1.3.2.1. Classification of directing group

The revolutionary work on directing groups was first realized in 1986 by Lewis and co-
workers. They regioselectivity achieved mono and di-ortho-alkylation of phenol with ethene
under ortho-metallated ruthenium phosphite complex.!** The knowledge about directing
groups greatly enhances the discovery of new methodology in the C—H bonds functionalization
by chelation-assisted C—H activation strategy. Diverse functional groups including pyridine,
amide, carboxylic acid, amine, anilide, imine, ketone, hydroxyl, etc. have been employed as
directing groups for catalytic C—H functionalization.® Additionally, C—H activation directed
by sulfur, phosphorous, silicon-containing functionality and z-chelation have also been
achieved. Over the years, the directing group-assisted C—H functionalization has been
intensively investigated and several intriguing C—C and C—X bond-forming processes have
been realized enriching the perception of 0-C(sp?)—H bond activation. The large pool of DGs
can be categorized either by their structure (eg., denticity, types of coordinating atoms and

moieties), or by their utilization strategy.
1.3.2.1.1. Directing groups based on the number of coordinating atoms

Based on the denticity i.e., the number of coordinating atoms, DGs can be divided into
monodentate and bidentate directing groups. These DGs are mostly heterocyclic and coordinate
through a basic N-atom and associate with the metal center (Figure 1.3.5). 2-Phenylpyridine
and its close structural relatives are one of the most widely utilized classes of monodentate
directing group. However, the inherent disadvantage associated with them is their inertness
towards cleavage and unless such DGs are a part of the targeted framework, they have limited
applications. Due to such inertness of these directing groups, they are often termed permanent
DGs.1?
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Monodentate Directing Groups

N Oy Oy O
2% g

Bidentate Directing Groups
(0] o (o] z
L A [ e
.-°">N .. N < °N N
H | H H 10
Na y 0
N
o

Figure 1.3.5. Classification of DGs based on the number of coordinating atoms.

Sames et al. reported a C(sp®)—H arylation strategy of pyrrolidines with a catalytic
amount of low valent transition metal catalyst with the assistance of a permanent directing
group. They took 2-(pyrrolidin-1-yl)pyridine derivative and treated with phenylboronic ester
as the arylating source in the presence of 10 mol% of trinuclear Ruz(CO)2 catalyst and a
ketone. The arylated product was isolated in moderate to good yield, although the catalyst
loading and reaction time was longer than that of corresponding pyrrolidine derived amidine
(Scheme 1.3.1.).1%°

Ph/Q\H 0\ 'BuCOMe (5 equiv) Ph/Q\Ar
+ B-Ar
N o Ru3(C0O),, (10 mol%) Z N
X | X !

150 °C, 24 h

Scheme 1.3.1. C(sp®)—H Arylation utilizing monodentate DG.

Although pyridine as a directing group is quite difficult to remove when connected to
the substrate through a C—C bond, the prevalence of pyridine ring in a vast number of bioactive
molecules partially compensates for this disadvantage, as the ring may be part of the targeted
molecule. Loh et al. achieved alkenylation of the C7 position of indolines with the assistance
of Rh(Il) catalyst and Cu(OAc).. The N-atom of the indoline is attached to a pyridine ring and

this acts as a non-removable directing group for this regioselective olefination (Scheme

1.3.2).11c
N X
H RhCp*Cl,], (4.5 mol%) ~——
N . AR [RhCp*Cly]; ( : o) N
Cu(OAc), (2.0 equiv)
DCE, 100 °C
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Scheme 1.3.2. Pyridine directed C—H olefination.

Niu and Song group extended this monodentate direction strategy for oxidative C2
arylation of indole under a readily available Co(ll) catalyst utilizing N-pyrimidine as
monodentate DG. This Grignard reagent-free arylation utilized aryl boronic acid as an arylating
source and Mn(OAc)24H,O as the oxidant in the highly C2 regioselective C-H
functionalization pathways. After the desired arylation, the pyrimidine auxiliary can be easily

cleaved under basic hydrolysis (Scheme 1.3.3).1%

AN

Y M

N_-.N N\fN
Co(OAc), (20 mol%) N

H . Ar
ArB(OH
@_/7/ + ArB(OH), Mn(OAc),4H,0 (2.0 equiv) @J/
HFIP, 60 °C, air

Scheme 1.3.3. Regioselective C—H arylation of indole.

The seminal work on the bidentate group-promoted C—H functionalization was
accomplished by Daugulis et al.!® The amide derived from 2-aminoquinoline acts as a
bidentate directing auxiliary for such transformation. Since then, the scientific community left
no stone unturned to design and use a large family of bidentate directing groups and thus widen
the C—H functionalization toolbox.!*®" Striking examples of the application of such bidentate
directing groups are also found in total syntheses of various target molecules. Baran and co-
workers designed their approach to synthesize pipercyclobutanamide-A through a direct

C(sp®)—H bond arylation using 8-aminoquinoline derived bidentate DG (Scheme 1.3.4.).11¢

o \@[ O7
N H Pd(OAc), (15 mol%) fo)
| _N H Ag,CO; (1 equiv) N
CO,Me PivOH (1 equiv) | H
t‘BUOH, 85°C cone

(o}

Scheme 1.3.4. C(sp®)—H arylation using bidentate DG.

In 2015, Li and Ge group developed amide-tethered oxazoline as a N, N-bidentate
directing group for direct o-acetoxylation. This DG activates the ortho-C—H bond by forming
a six-membered metallacycle with Pd(Il) through both N-atoms and simultaneously
coordinates with the aryl C—H bonds. Eventually, ortho acetoxylation with PIDA delivered the
desired product (Scheme 1.3.5).11"
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H 0 OAc O
Pd(TFA), (10 mol%)
N + PhI(OAc), N
H AcOH/Ac,0 (1:2) H
H N7 DCE, 130 °C OAc N7 0
_/ —/

Scheme 1.3.5. Pd(ll)-catalyzed ortho-acetoxylation via amide-oxazoline bidentate DG.

Another amide bidentate directing group derived from 2-aminopyridine-N-oxide has
been found to have remarkable features in C—H transformation reactions.**") Eco-friendly
transition metal catalysts such as Co and Ni efficiently catalyzed C—H bond of aromatic
molecules with the help of such N, O- bidentate DGs. Besides the efficient functionalization of
ortho C—H bonds, another key advantage of 2-aminopyridine-N-oxide bidentate DGs is their
easy removal after the desired transformations. Niu and Song group reported an inexpensive
Co(H20)24H-0 catalyzed C—H activation-annulation strategy directed by N,O-bidentate DG.
The alkynyl carboxylic acid undergoes decarboxylative addition to the C—H bond of the arene

to deliver isoquinolones with diverse amides (Scheme 1.3.6).1%

co2 o /® |
\® Co(OAc),"4H,0 (10 mol%) N7 SN
o Ag,0 (5 mol%) _ 6@
o) NaOPiv'H,0 (2.0 equiv) Ph

TFE, 80 °C
Scheme 1.3.6. Co(ll)-catalyzed C—H activation/annulation utilizing bidentate DG.

1.3.2.1.2. Directing groups based on their approaching action:

Directing groups further can be classified based on the approaching action or by their

utilization strategy. Based on this the DGs can be categorized as follows-

%+ Non-removable/permanent directing group
% Removable/modifiable directing group
+«¢ Transient directing Group

¢ Traceless directing Groups
Non-removable/permanent directing groups
Removal of the directing group is an alarming issue of C—H functionalization strategy,

as the DG might not be still useful after the desired transformation and its removable thus

becomes necessary. Several directing groups cannot be removed after the desired C—H
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functionalization. However, this is not an issue if the directing group is part of the targeted
molecule. So, the directing group that could not be easily removed is considered as non-
removable or permanent directing group.!?® N-heterocycles (azine) such as pyridine and
pyrimidine are often regarded as non-removable directing groups. Although the removal of
these DGs is tricky, especially with mono-heterocycles (i.e., pyridine), a number of strategies
have emerged over the years. Again, the omnipresence of pyridine in many bioactive molecules
partly compensates for this challenge, as cleavage of the DG might not be required at all. This
difficulty arises if heterocycles are linked to the precursors through a C—C bond, in which case
they are considered as permanent DG.1%¢ However, the electron-deficient nature of N-
heterocycles and the strong coordinating ability of the ring's N-atom reduce the ring's reactivity

towards further transformations. This limits the scope of this C—H functionalization strategy.

Yu group in 2011 developed C3-selective C—H alkenylation of pyridine with the
assistance of Pd catalyst and ligand 1,10-phenanthroline. The C3 selectivity with pyridine was
observed due to bidentate ligand 1,10-phenanthroline enabled trans effect which weakens the
coordination of the catalyst with ring N-atom. This bis-dentate ligand enhances the ligand
exchange and could form an intermediate Il albeit in small amounts where Pd is potentially
coordinated to the electron-deficient pyridine ring. It is anticipated that solvent, additive, or
ligands could significantly enhance the equilibrium resulting in the efficient construction of
pyridine C3—C bond with olefin (Scheme 1.3.7).1

H Pd(OAc), (10 mol%) S _R?
R1_|\ PN Ag,CO;3 (0.5 equiv) R1—'\
“\N/ * Z"R? 1, 10-phenonthroline KN/
(13 mol%)
DMF, 65 °C, air
e o
\_l OAc H R OAc
' N
Ne NP — h 4
=~ S~
Pd< C Pd__H \ H
N~ X NSy )
() o-donor () z-acceptor

Scheme 1.3.7. C—H olefination of pyridine.

Tobisu and Chatani group achieved a Ni-catalyzed C2—H arylation of pyridine using
diphenyl zinc as an aryl source. This methodology delivers straightforward access to a range

of arylated N-heteroarenes, which otherwise are poor substrates for direct catalytic arylation.
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This nucleophilic oxidative arylation under the catalytic system of [Ni(cod)2]/PCyz provides
an alternative C—H functionalization strategy over well-established direct arylations by SeAr
pathway (Scheme 1.3.8).1%¢

R1_!(j + gy Nicodal (mol%) (TN
\N/ H 2 PCy; (10 mol%) KN/ Ph
toluene, 80 °C, N,

Scheme 1.3.8. Pyridine directed C—H arylation.
Removable/modifiable directing groups

The directing groups can be termed as removable or modifiable if, after the desired C—H
functionalization of the substrate, it can be removed or modified by some easy additional steps
on the functionalized product. The DG removal must be achieved relatively easily (Figure
1.3.6).13 However, removal of the directing group can be completed in situ after the desired
C—-H functionalization, which in such cases is called a traceless directing group. The traceless
directing group is separately discussed in the following section. Different functional groups
have been utilized as removable/modifiable DG for C—H functionalization. For example, imine
has evolved as a modifiable directing group for carbonyl-containing compounds, as hydrolysis
allows the generation original carbonyl group. Similarly, modification of carboxylic acid or
sulfonic acid into corresponding amide or ester group can serve as modifiable DG. Subsequent

removal of these directing groups then delivers the original compound.t®

DG pg DG-removal or FG2
@ TM-catalyzed modification
H C-H functionalization FG! Additional step FG!

Figure 1.3.6. C—H activation using removable/modifiable DG.

Aryl carbamates are frequently used for 0-C—H functionalization due to their easy
derivatization from phenols, high stability, and readily removal after the desired
functionalization. Thus, functionalization of phenols can be achieved by transforming them
into carbamates. Li and Wang group achieved Ru-catalyzed ortho-C—H alkenylation via a
carbamate-directing group. The carbamate DG can be readily removed by hydrolysis with a

base, and thus recovers the phenol functionality (Scheme 1.3.9).1%¢

22
TH-3483_ 196122010



Chapter |

2 Co,R!
[Ru(p-cymene)Cl,]
0. _NMe, (5 mol%) O_ _NMe
A ° 2 OH
R-L b AgSbF, (20 mol%) _ ™ T NaOH (10 equiv)
A~y © Cu(OAc), (2 equiv) ¥z O —ion 80°C RT
THF, 100 °C | ’
COR! CO,R
;

Scheme 1.3.9. 0-C—H olefination via carbamate as a removable DG.

Shi group utilized the removable directing group nature of 2-picolinamide to
functionalize C(sp®)—H bonds of an imide via Pd catalysis. They synthesized imide as a
substrate for these primary and secondary C—H arylations by reacting 2-picolinamide with a
proper acyl chloride in the presence of a base. The N-atom of the imide linker serves as the
coordinating atom for promoting arylations with different aryl iodides. The removal ability of
the DG has been verified by easy hydrolysis of the product under mild reaction conditions and

in short reaction time (Scheme 1.3.10).1%

Arl
Pd(OTH), (10 mol%)
Ag;PO, (0.9 equiv) O  Ar LioH, H,0, U:
N tert-butylbenzene = NN THF/H,0  HO
H R 100 °C, air H g rt,2.5h
R'=H

Scheme 1.3.10. Removable DG-assisted C—H arylation.

A modifiable directing group is highly desirable in C—H functionalization. Such a
directing group could be converted into various transformations after the desired C-H
functionalization. Huang and co-workers selected 1,2,3-thiadiazoles to serve as a modifiable
DG. The less acidic C—H bonds of 5-H-1,2,3-thiadiazoles enable easy deprotonation of such
heterocycles and subsequently release nitrogen to generate thioketenes or alkynyl thiolate anion
intermediate. Such intermediates are further trapped by electrophiles or nucleophiles to deliver
different synthetically valuable compounds. To execute a modifiable DG 0-C—H alkynylation
approach, they treated 1,2,3-thiadiazoles with bromoalkyne in the presence of Ir-complex. Mild
base K>COz triggers the ring-opening of thiadiazoles which show the modifiability of the
directing group. Thus, in the presence of base K2COsz in DMF the alkynylated product delivers
thioamide. Similarly, under a combination of Ag(l) salt and acetylacetone, the functionalized

product undergoes annulation to give polysubstituted furan (Scheme 1.3.11).1%

23
TH-3483_ 196122010



Chapter |

TIPS——=—Br
F [CP*IrCl,], (2.5 mol%)

AgSbFg (20 mol%)
NaHCO; (0.5 equiv)
H MesCO,H (3 equiv)

TFE (0.1)M, 100 °C

Scheme 1.3.11. 1,2,3-Thiadiazoles as modifiable DG.

Gao and Yoshikai developed a Co(ll)-phenanthroline-catalyzed ortho-alkylation of
imines. Imine derived from acetophenone and p-methoxyaniline when treated with
vinyltrimethylsilane under an inexpensive catalytic system of cobalt and phenanthroline

delivers o-alkylated acetophenone after acidic hydrolysis (Scheme 1.3.12).%3f

CoBr; (5 mol%)

- o, H+ .
+ A siR'! ligand (5 mol%)
t-BuCH,MgBr
H (40 mol%)
THF, RT

SiR!
Scheme 1.3.12. Co(ll)-catalyzed modifiable DG-assisted C—H functionalization.
Transient directing groups

Despite having significant usefulness of removable DGs, this approach demands
additional steps for installation and cleavage of DGs, thus again a step-economical and
chemical waste issue. Instead, a reversible in situ preparation and removal of the DGs in a
transient way has the ability to reduce synthetic steps through the use of catalytic additives.
Thus, transient DGs have surfaced as a new progressive approach for C—H functionalization
with a high level of selectivity.'*® A directing group that could not effectively coordinate with
metal catalyst alone, however, can activate a C—H bond with the aid of a co-catalytic modifier
known as a transient directing modifier (TDM). The important criteria for the design of a
transient DG include:4

I.  The transient directing modifier should chemo-selectively form transient DG
ii.  The TDM should not interfere with the desired modification.
ilii.  The TDM must be stable throughout the process.

iv.  The formation of transient DG must be reversible.
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Mechanistically, the reaction between the substrate functional group and the suitable
catalyst (TDM) temporarily and reversibly installed a transient directing group on the substrate.
This transient DG coordinates selectively with the transition metal catalyst and thus behaves
as a monodentate or bidentate ligand. Such coordination generates corresponding five or six-
membered metallacycles, which react with the incoming coupling partner leading to species
11 which eventually regenerates the metal catalyst and forms intermediate 1V. Finally,
cleavage of the transient directing group delivers the anticipated C—H functionalized product

with the regeneration of the TDM (Figure 1.3.7).14

Cr
H
Organic &
©i catalyst DG
fe ti
T ‘ormation ©:
H
cleavage
}C —H activation

: [TM]
@( couplmg
[TM]

partner

FG

Figure 1.3.7. General mechanism for transient DG-assisted C—H functionalization.

The pioneering work on transient directing groups in a catalytic way was achieved by
Lewis and Smith in 1985.112 Lewis independently analyzed the ortho deuteration of phenols
catalyzed by Ru complex (TDM-1) through transesterification of the phenoxy group to
phosphites under deuterium atmosphere. 4 The catalytic KOPh was found to be very crucial
for rapid transesterification. The ortho selectivity of the protocol was believed to be due to the

formation o-metallated complex as the key intermediate (Scheme 1.3.13).
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OH (Ph;0),P—0 OH

TDM-1 (8.5 mol%)
H H KoPh (80 mol%) I/O D D
\©/ Dy, 25 °C, THF ©7Ru\ \©/
o / P(OPh;),
P

P(OPhj3);3
(Ph30),

TDM-1

©10\/P(0Ph3)2
Ru
\

/ \P(OPh3)3
(Phs0)sP p(oPhy),

Scheme 1.3.13. Pioneering 0-C—H deuteration by Lewis using transient DG.

In 2016, Yu group outlined an arylation approach of a library of carbonyl compounds
at inert g or »~C—H bond under catalytic conditions of palladium. Amino acids form imine
while reacting with aldehydes or ketones, thus acting as transient directing mediators. The
imine generated by such condensation serves as a bidentate transient DG and activates the inert
C(sp%)—H bond. Activated C—H bonds eventually coupled with aryl or heteroaryl iodides to

deliver arylated aldehydes or ketones through in situ modifications (Scheme 1.3.14).24¢
Pd(OAc), (10 mol%)

CHO Glycine (40 mol%) CHO
+ (Het)Ar-I ;
H AgTFA (1.5 equiv) Ar/Het

AcOH:H,0 (9:1)

Pd(OAc), (10 mol%)

o ' o)
H 0,
Me Me + Glycine (50 mol%) Mo Md
AgTFA (1.5 equiv)
H HFIP:AcOH (3:1)
CO,Me 110 °C

CO,Me
Scheme 1.3.14. C(sp®)—H arylation through imine transient DG.

Sorensen et al. carried out a Pd-catalyzed ortho-C—H hydroxylation of benzaldehyde
using 4-chloroanthranilic acid as a transient directing mediator. The functionalization starts
with the initial formation of imine between the substrate benzaldehyde and 4-chloro anthranilic
acid which is the resultant transient directing group and undergoes metal coordination.
Subsequent cyclopalladation of the imine generates a six-membered palladacycle which on
oxidative addition with by standing F* oxidant eventually delivers 0-C—H hydroxylated
product. It is assumed that p-toluenesulfonic acid acts an external hydroxyl nucleophile for the
Pd(IV) reductive elimination (Scheme 1.3.15).*f
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Pd(OAc), (10 mol%) Ph

©i°“° TDM-2 (50 mol%) C[CHO CI\@[NN

oxidant (1.5 equiv)

H  p-TsOH (2.0 equiv) OH CO,H
AcOH (0.1M), 90 °C TDG

\@ cl NH,
J e X
OTf COH

1-fluoro-2,4,6-trimethyl 4-Chloroanthranilic
-pyridnium triflate (oxidant) acid

Scheme 1.3.15. Transient DG-assisted 0-C—H hydroxylation of benzaldehyde.

Norbornene (NBE) as transient directing mediator

The concept of TDGs largely depends on the coordination of the active metal through
the heteroatom. However, recent progress has surfaced where strained alkenes especially
norbornene have been employed as transient directing mediators in Pd-catalyzed ortho-C—H
functionalization.**9" The procedure, also termed as “Catellani reaction” allows selective

functionalization of ipso or 0-C—H bond of aryl halides.

Y
| =
H H R R
A
-+ A N
\Q/ B Pd cat. | \
R! base, solvent R

. O
R L—'Pd—:fzco PdoL; b
\I Pd—I

;@/ 2N L \/@

r Y
\/P\ld R Z Lpg—
L 4
-L/ R R R K,CO;3
KI
<L i >
L’p,d\
R | R ~pa’
5\ oot
R-1 )/\R—I
d-L /@
L \ R I\}I
Kl N ~  Pd~
keco, /P\d L LR

Scheme 1.3.16. ortho-C—H functionalization by Catellini reaction.
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The combined action of aryl halide, norbornene, and Pd catalyst construct the
palladacycle through the 0-C—H activation of the aryl halide. The resulting complex serves as
a transient directing mediator and directs the alkyl halide or in some cases amine towards the
C(sp?)—Pd bond. In the end, due to large steric hindrance, the palladacycle gets dismantled with

the extrusion of norbornene along with C—C/C—X bond formation (Scheme 1.3.16).149

Li et al. reported a Pd/norbornene (NBE)-catalyzed regioselective silylation of NH-free
indoles. A diverse silylated indole were synthesized using hexamethyldisilane as a silylating

source following a Catellani-type regioselective C2—H silylation (Scheme 1.3.17).14

Pd(OAc), (10 mol%)

i X
R—'\ A\ 7 alPTis Cu(OAc), (3 ecliuw)‘ R—: A\ ™S
N> N KOH (2 equiv) Z~N
H CH;CN, 120 °C, air \
TMS —

Scheme 1.3.17. Pd/NBE-catalyzed regioselective C—H silylation.
Traceless directing groups

Traceless directing groups enabled functionalization of the C—H bond and simultaneous
cleavage of the DGs in a cascade fashion. Such directing groups are considered as ideal
directing groups as they do not persist in the target molecule but rather are removed during the
catalytic cycle (Figure 1.3.8). However, the line of differentiation between transient and
traceless directing groups is very thin. The former demands additional steps for installation
with some mediator while the later are inherent to the substrate to be functionalized. Moreover,
transient directing groups require specific functionality on the molecule for reversible
formation of functionality such as phosphinite, imine, or enamine to tether to the transition
metal. These groups act as a transient handle to which the mediators could tether themselves.*>*
¢ Since the introduction by Satoh and Miura in 2008, traceless directing group-assisted C—H
activation has evolved as an elegant approach over traditional methodology largely due to their
step-economy.'® Functional groups like carboxylic acids, imines, nitroso, N-oxides,
sulfoxonium, etc. are attractive functionality for directing C—H functionality in a traceless

Way_15c,e
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‘ (traditional-functionalization then cleavage) l

©:DG [TM] ©iDG removal ©\
H FG FG \ FG

‘ (in a single step)

Figure 1.3.8. Traceless directing group strategies.

Thus, a directing group should possess the following desirable features to achieve

effective traceless behaviour-

Q) Directing group should be stable enough during the reaction and reversibly
associated with the metal center.
(i) Post functionalization, the directing group must be eliminated in a single step.

(iii)  The desired compound should be free from the directing group.

Due to its abundance in organic molecules and versatility, while considering its further
modifications, aromatic carboxylic acid functionality is an effective candidate for C-H
functionalization. Moreover, the easy removal of carboxylate by extrusion of CO> makes it an
ideal functionality for traceless directing groups.’®" In 2019, Cai et al. developed a
decarboxylative ortho-halogenation strategy using traceless character of carboxylic acid for the
synthesis of m-nitrohalobenzenes. To execute this Pd-catalyzed o-C—H halogenation, they
treated readily available o-nitrobenzoic acid and sodium halide with multiple additives at high
temperatures. Mechanism investigation suggested a possible intermediacy of 2-halo-6-
nitrobenzoic acid derivative in this 0-C—H halogenation (Scheme 1.3.18).1%

Pd(OAc), (0.15 equiv)
Cu,0 (0.15 equiv)

0N M WL Bi(N03)3'5H20(2equiv)‘02N SN2
| 2 7 F K5PO, (0.5 equiv) | X
R X=Brl o, pMSO,170°C R

Scheme 1.3.18. Carboxylic acid as traceless DG for o-halogenation.

Dey and Volla reported a Co(ll)-catalyzed traceless bidentate directing group-directed
C—H functionalization/annulation strategy for the construction of 2-alkynylated isoquinolines
derivatives. 2-Aminopyridine acts a bidentate traceless directing group in this inexpensive and
earth-abundant Co-catalyzed C(sp?)—H activation of aryl/hetroaryl hydrazone and their

simultaneous annulation with 1,3-diynes. 2-Aminopyridine also serves as the internal oxidant
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and obviates the requirement of any external oxidant to carry out this oxidative annulation.
This [4 + 2] annulation strategy is further extended for the synthesis of biologically active 3,3'-

bisisoquinolines in one-pot or sequential manner (Scheme 1.3.19).2%"

Me R
~ Y Co(OAc);, (20 mol%)
L YN 7 KPFg (20 mol%) L SN
. id
N Y /4 PEG,,,, 100 °C, air L%
X
R
R R

Scheme 1.3.19. Traceless bidentate DG assisted C(sp2)—H activation.

In 2021, Lin et al. accomplished a Pd-catalyzed alkyl C—H borylation utilizing bromide
as an effective traceless directing group. The reaction proceeded with the initial oxidative
addition of aryl bromide to Pd(0) catalyst which forms an aryl Pd(I1) species. This intermediate
undergoes intramolecular C(sp®)—H activation and generates a five-membered metallacycle.
Subsequent proton transfers and transmetalation with Bopin, delivers alkyl boronates with

excellent site-selectivity (Scheme 1.3.20).%%

B,pin,
RZR'  Pd(OAc), (10 mol%) R? R’
Ph Ph
H L (15 mol%) \F,’/\“’)z/\ﬁ"
@ CsOAc (15 mol%) Bpin Ph Ph
mesitylene, 150 °C Ligand (L)

Scheme 1.3.20. Alkyl C—H borylation using bromide as traceless DG.

Niu and co-workers developed a Co(ll1)-catalyzed C—H activation/annulation strategy
for the construction of isoquinolines by a-imino-oxy traceless directing group. Both terminal,
as well as internal alkyne, effectively serve as annulating partners for this inexpensive and
readily available Co salt-catalyzed one-step process. The substrate a-imino-oxy acid serves as
a traceless oxidizing N, O-bidentate directing group, coordinating through both strong N- and

weak carboxyl O-atoms (Scheme 1.3.21).1%

Me Ph Co(acac); (20 mol%)

Me
- 1-AdOH (1 equiv) SN
@ + | | Dipivaloylmethane (50 mol%) =
H Ph
Ph

HFIP, air, 100 °C
Ph

Scheme 1.3.21. C—H activation/annulation using traceless N, O-bidentate DG.
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1.3.2.2. Challenges and potential of C—H activation

Despite all those advantages of directing groups, it has a few limitations as well. The
functionalization of benzene derivatives largely occurs only at proximal C—H bonds of the DG,
so restricts the range of the accessible products. Moreover, extra steps are necessary for the
installation of the DG in the substrate and for their manipulation after the desired C—H bond
transformations. A DG might not be always required after the desired C—H functionalization,
and its removal therefore is necessary. Several DGs are not easily removable and some of them
constitute part of the targeted molecule. Thus, a more appealing strategy for C-H
functionalization would be the one that avoids the use of DGs or DGs that are easily removed
either during the reaction or after completion of the desired functionalization. Therefore,
scientists have put their attention towards achieving reactivity as well as selectivity without the
control of the DGs. Such strategy involves “undirected” C—H activation i.e, activation of C-H
bonds of substrates that are devoid of any functionality capable of pre-coordinating the metal
catalyst and deciding the position of C—H activation. Such undirected C—H activation could
not get the benefit of the electronic and steric bias associated with all substituted arenes.*6?
Thus, for synthetic acceptance of the C—H activation strategy, a growing interest has been
observed where the use of the DG can be completely avoided. This allows direct C—H
functionalization of the simple arenes. Such strategy is called “Cross-Dehydrogenative

Coupling” (CDC) involving the activation of two rather inert C—H bonds. 7¢160

Unlike C(sp?)—H bond functionalization, there are fewer reports available for C(sp%)—H
bond activation because of the lower reactivity of these bonds. The activation of chemically
unreactive alkyl C(sp®)—H bonds is very challenging as such bonds have no pre-coordination
site. The low acidity of the C(sp%)—H bonds, and lack of empty low-energy or filled high-energy
orbitals that interact with the d-orbital electrons of the transition metal makes functionalization
of C(sp®)—H bonds difficult. However, lately, scientists have turned their attention towards the
functionalization of such sp®alkyl C—H bonds.*% The Majority of such processes involve the
utilization of proximal DG that enhances chemical reactivity and brings site-selectivity. The
activation of such bonds proceeded through the generation of a five- or six-membered
metallacycle intermediate. The resulting C—H functionalization may take place either at -

or 5~ positions to the coordinating heteroatoms.6¢f
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Although the transition metal-catalyzed o-C—H bond activation is thermodynamically
favourable via formation of a five, six, or seven-membered metallacycle intermediate, the
selective functionalization of the C—H bond that is distal to the directing group is an arduous
task.!’® Such metallacycles are not possible for distal C—H functionalization as it requires
generation of 11-12-membered rings which are not feasible due to angle strain. For distal C—H
bond activation, the DG coordinates to the furthest located C—H bond and functionalizes it.
Further, the activation of the distal alkyl C—H bonds is more strenuous due to unfavourable
thermodynamic conditions. However, in recent years enormous progress has been achieved
towards the regioselective functionalization of remote meta and para position of arenes*’*€ or
distal sp®-alkyl C—H bonds.*™

|.4. Cascade Reactions

Cascade reactions are also termed as ‘domino’, ‘tandem’, ‘sequential,” or ‘one-
pot’/’one-flask’ reactions in which multiple transformations are carried out one after another
in a single reaction vessel. The key feature in the cascade synthesis is that at least two
transformations must happen and each conversion step should be dependent on functionality
generated in the earlier step of the cascade event. The cascade approach avoids the requirement
of isolation of the reactive intermediates, thus reducing cost, waste, and time for organic
synthesis. Also, being a one-pot process, all the elementary reactions of the cascade event
proceed under a single reaction condition, avoiding interim work-up and purification steps.
Thus, traditional step-by-step synthesis can be replaced with upgraded or integrated synthesis
to speed up the synthetic process. Overall, an economical and easier way has evolved through

a cascade strategy to create complex molecular entities. 8

The reaction integration in cascade methodology can be achieved in the following

ways!8b

M By mixing all the components at once to perform the sequence of reactions.

(i) By time integration i.e., adding the reaction components in a single reactor at
intervals of time to complete the required transformations.

(ili)  Or by space integration i.e., performing the reactions in a continuous flow
method where elementary reactions are carried out in different reactors situated

at different locations in space of the continuous flow system.
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The undeniable benefits of the cascade processes have made it as an intellectual tool
for constructing step-economical synthesis of the targeted molecules.'® Over the years, a large
variety of cascade approaches have emerged for the synthesis of considerable structurally and
stereo-chemically complex molecules including total synthesis of natural products.*8 Here, we
have discussed a few of them that lead to the construction of heterocycles or carbocycles

through cascade cycloaddition or C—H activation strategy.

In 2021, Dash et al. established a cascade strategy involving initial (3 + 2)
cycloaddition, 1,2-acyl migration, and subsequent hydrolysis in a single step all within 2 hours
of reaction time. They executed this strategy utilizing ethyl azidoformate and alkyne as two
coupling partners. Under the presence of catalytic Cul and ligand prolinamide in agqueous
media, both coupling partners reacted regio-selectively to furnish N2-carboxyalkylated
triazoles rather than N*-carboxyalkylated triazoles. The substituted triazoles can be further
hydrolyzed in the presence of Cu salt and prolinamide catalyst in a cascade fashion if kept for
a longer duration. This leads to free 2H-1,2,3-triazoles through the removal of N?-carboxyalkyl

functional groups (Scheme 1.4.1).18"

R2—
0 organocatalyst (0}
R Jj\ (S mol%) =N, J\ _R' hydrolysis _N_
~0” >N; _ Cul (10 mol%) J:\N,N o ’ LN,NH
water, rt  R? R2
N’ ~N
N:N\ ,R1 m
N (0]
< N
R? H

organocatalyst
intermediate

Scheme 1.4.1. Cascade regioselective synthesis of 1,2,3-triazoles in water.

In 2015 Xu and Yi group developed a one-pot Rh(lll)-catalyzed cascade strategy for
construction of N-methoxyisoquinolinediones. The cascade methodology involves regio-
selectively carbenoid insertion C—H activation into N-methoxybenzamide with cyclic o-
diazotized Meldrum’s acid and subsequent cyclization to deliver N-methoxyisoquinolinediones
(Scheme 1.4.2).%8

i T [Cp*Rh(MeCN);][SbF] Q
M p eCLN)3 6l2
du,o e OWO (5 mol%) Qi'iOMe
+
o.__0 THF, 100 °C
H < o
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Scheme 1.4.2. One-pot synthesis of N-methoxyisoquinolinedione.

Extending the cascade strategy, Huang and Yang group in 2021 reported the synthesis
of 3-substituted phthalides from carboxylic acids and cyclopropanols through a cascade event
of C—H activation/ring opening and C—C cleavage/cyclization. The reaction proceeds with
initial C—H activation of aryl carboxylic acid by Rh(lll) catalyst and subsequent ring opening

and cyclization of cyclopropanols in a cascade way to deliver substituted phthalides (Scheme

1.4.3).18
Me O Ho R [CP*RhCL], (4mol%) e O
AgOAc (2 equiv)
OH . o
C52C03 (1 equiv)
H 4A MS (0.1 g)
MeCN, 80 °C &R

Scheme 1.4.3. Cascade C—H activation and C—C cleavage.

In 2023, Parasram group developed a photoinduced cascade arylation/cyclization
strategy for phenanthrene synthesis. This simple and mild photochemical setup involves initial
photo-induced homolysis of aryl iodide bond to form aryl radical. Then, radical recombination
to diphenylethylene gives stilbene intermediate which follows a Mallory-type cyclization in
the presence of in situ formed iodine and delivers phenanthrene. Thus, this cascade strategy
provides an efficient route to unsymmetrical phenanthrenes without using any transition metal

or Lewis acid catalyst (Scheme 1.4.4).18

I
* 390 nm O EH
Ph MTBE, 23 °C O

Scheme 1.4.4. Photo-induced cascade synthesis of phenanthrene.

1.5. Conclusion

In conclusion, cycloaddition/annulation and C—H activation are presented as two
remarkable strategies for synthesizing diverse heterocycles. The construction of heterocycles
through these two approaches can be extended to deliver important bioactive molecules or
effective natural products. The cascade version of these two methodologies offers step and

atom-economical ways to deliver N or O-heterocycles. The appropriate pick of the coupling
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partners and effective design of the starting materials can lead to the construction of efficient
heterocycles by saving time as well as money through a cascade way. Thus, throughout this
thesis, we report newer cascade (3 + 2) cycloaddition and C—H functionalization of some

previously unexplored starting precursors.
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Synthesis of Chromeno-pyrroles (Azacoumestans) from
Functionalized Enones and Alkyl Isocyanoacetates
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ABSTRACT: Elegant synthetic strategies for chromeno-pyrroles (azacoumestans) have been

devised via cycloaddition of 2-hydroxychalcone/cyclic enones and alkyl isocyanoacetate,

followed by lactonization. Herein, ethyl isocyanoacetate acts as a C-NH-C—-C=0 synthon

contrary to its hitherto applications as a C-NH-C synthon. Subsequently, pentacyclic fused

pyrroles were also constructed from the o-iodo benzoyl chromeno-pyrroles using Pd(11)

catalyst.
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CHAPTER II

Synthesis of Chromeno-pyrroles (Azacoumestans) from
Functionalized Enones and Alkyl Isocyanoacetates

11.1. Introduction

Azacoumestans, specifically chromenopyrroles, are found in marine natural products
and synthetic compounds.! Among them, lamellarins and ningalin B, are a class of marine
alkaloids, having a pyrrole polyaromatic core differing in the substitution pattern and the
arrangement of rings (Figure 11.1.1).2 Since the first discovery of lamellarin A-D by Faulkner
in 1985, more than 50 lamellarins have been isolated from diverse marine organisms such as
mollusks, sponges, and tunicates.?’ Most of those isolated lamellarins possess a fused
pentacyclic ring system as a common structural moiety and are called type | lamellarin. The
aromatic rings of the type I lamellarins are heavily substituted by hydroxy or methoxy groups.
A few lamellarins contain much simpler non-fused 3,4-diarylpyrrole-2-carboxylate scaffold
and are called type Il lamellarins. These pentacyclic lamellarins core are composed of
pyrrolocoumarin and isoquinoline segments which suggest that these lamellarins could be

synthesized from these heterocycles.

The ability of the nitrogen atoms of pyrrolocoumarin ring to form extra hydrogen bonds
helps in binding to the active site of biological targets. A few of them have shown various
potent biological activities, including anti-tumor, anti-HIV-1 activity at non-cytotoxic
concentrations, immunomodulatory activity, multidrug-resistant (MDR) reversal, analgesic
activity, and are important precursors for the antibiotic martinelline.®* Many lamellarins
displayed biological effects both on mammalian cells and viruses, including antiproliferative,
cytotoxicity, etc. This type of core structure is also present in novel drug candidates, such as a
series of LAM-D derivatives, which show promising activity such as topoisomerase |
inhibitor.29™3 Some pyrrolocoumarin rings are known for their susceptibility to oxidation upon

UV irradiation which makes them potential candidates for organic redox switches.®
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H (0] ( (o]
S OH
Ningalin A Ningalin B

OH

Figure 11.1.1. Bioactive pyrrolo-coumarins.

11.2. Strategies for the Construction of Azacoumestans

Due to their potential biological activities and functional properties, several synthetic
routes involving multi-step condensation, cyclization, and subsequent lactonization have been

developed.* The synthesis of pyrrolocoumarin can be divided into following two categories-

Q) Multi-step synthesis of functionalized pyrrole and subsequent lactonization.
(i) Transition metal-catalyzed coupling of functionalized coumarin.

Syntheses through the first category involve introduction of aryl moiety at position 3 of the
pyrrole ring and a carboxy group at position 2. Carboxy group eventually brings lactonization
with the help of a properly substituted hydroxy group of aryl ring at position 3.224"9 The second
approach involves the well-known pyrrole synthetic methodology such as Paal-Knorr, Hantch,
Barton-Zard reactions, and interaction of a-aminoester with ¢,f-unsaturated carbonyl

compounds, cyclization of properly substituted 3-aminocoumarin, etc.*¢"h

11.2.1. Synthesis of pyrrolocoumarin via multi-step synthesis of functionalized pyrrole
and subsequent lactonization.

Okano et al. described a methodology for the total synthesis of lamellarins via a one-
pot halogen dance/Neigshi coupling of lithiated dibromopyrrole derivative.®® The easily
available dibromo pyrrole having an ester moiety quickly underwent halogen dance at —78 °C.
Subsequent modification with transition metal smoothly delivers lamellarin derivatives
(Scheme 11.2.1).
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BnO

MeO

Lamellarin G, Q

Scheme 11.2.1. A bottom-up synthesis of lamellarin derivatives.

Ackermann et al. reported a sustainable Ru(ll) catalyzed oxidative alkyne annulation
for the step-economical synthesis of lamellarin alkaloids.®® This transition metal catalyzed
strategy proceeded with a couple of C—H/N—H activation of enamides which leads to the
generation of key pyrrole intermediate. Subsequent Suzuki-Miyaura-based coupling delivers
tetrasubstituted chromenopyrrole which on further modification leads to lamellarin H and D
(Scheme 11.2.2).

oPr
O OMe Prio OMe
H__H [RuCly(p-cymene)l, O H
I AgSbF,
Il w. Cu(OAc),H,0 I\
N~ >co,me Cu(OAc)yH, o.M
A 100 °C O N 2Me
Ac : H
O Pr'o
MeO MeO
OPr (i) NBS
MeO O'Pr BPin (i) cat. [Pd]
) OMe
Pr'o O MeO OMOM
O \ o) Pro’
| (iii) TSOHH,0
N o)
()
Prio
OMe

Scheme 11.2.2. Ru-catalyzed oxidative annulation for the synthesis of lamellarins.

Donohoe et al. explored the synthetic utility of OBO ester (oxabicyclo[2.2.2]octyl
orthoester) masked a-keto acid as a key intermediate in the synthesis of lamellatrin alkaloids.*
The one-pot strategy leads to the construction of a 1,4-dicarbonyl fragment from masked o-
keto ester which eventually undergoes condensation to pyrrole core. Subsequent deprotection

of phenol assists in the lactonization to give pyrrolocoumarin in good yield (Scheme 11.2.3).
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OMe OPr
; OMe MeO
Pr'o O OBO
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NH,OAc rt g
—_—

OBn O AcOH, 100 °C 0 (ii) K,CO3, EtOH MeO § o

90 °C }NH

O MeO O PriQ
MeO

Scheme 11.2.3. Synthesis of lamellarin derivatives from masked a-keto ester.

Samet group disclosed a methodology for the synthesis of pyrrolocoumarin utilizing
methylated pyrrole.>® Selective demethylation with 1 equiv. BBrs and subsequent base-
promoted cyclization deliver hexacyclic methylated lamellarin core. On the other hand, in the

presence of excess BBrs complete demethylated product could be achieved (Scheme 11.2.4).

MeO
MeO MeOQ MeO HO HO

OMe (i) BBr3 excess

S
CO.Et (ijon MO

MeO

Scheme 11.2.4. BBrz-catalyzed and base-induced cyclization.

11.2.2. Synthesis of pyrrolocoumarin via transition metal-catalyzed coupling of

functionalized coumarin.

Some of the protocols adopt transition metal-catalyzed dehydrogenative coupling or
cyclization of pre-functionalized coumarins.® Chen and Xu group disclosed a base-free atom-
economic Pd-catalyzed cross-dehydrogenative coupling (CDC) for the synthesis of indole-
fused polyheterocycle.” The strategy delivers a diverse array of targeted polyheteroycles from

differently substituted 4-aniline coumarin (Scheme 11.2.5).
be
HN
\H _Pd(OAc), (15 mol%)
AgOAc (2 equiv)
0”0  AcOH, 100 °C

Scheme 11.2.5. CDC strategy for synthesis of indole-fused polyheterocycle.
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Samanta et al. developed a weakly coordinated tert-amide-directed protocol for the
synthesis of azacoumestans. This Ru(ll)-catalyzed cyclization utilized corresponding
azaheterocycle derivatives and diazonaphthoquinones as coupling partners and delivers diverse
azacoumestans including bioactive natural compound isolamellarin A and B. The methodology
proceeded through the migratory insertion of quinoid carbene followed by Brgnsted-acid

mediated cyclization (Scheme 11.2.6).%
CN, (i) [Ru(p-cymene)Cl,] o

fo) N, (5 mol%) o
o AgNTf, (20 mol%)
\" Qél/ PivOH (1 equiv) O \ O
N t{AmOH, 90 °C N
Me (ii) AcOH, 130 °C Me Q

Scheme 11.2.6. Ru(ll)-catalyzed cyclization for synthesis of azacoumestans.

An efficient one-pot strategy for the construction of pyrrolocoumarin scaffolds was
reported by Weng and Yang group in 2019.%° The protocol proceeded through coupling of 4-
chloro-3-nitrocoumarin and 1-styrylpyrrolidine in the key step and reduction and cyclization
via nitro functionality in the subsequent step. The protocol was then successfully extended for

the synthesis of ningalin B in five linear steps with an overall yield of 41.5% (Scheme 11.2.7).

P
Cl 1

N NO, o (|) pyrrcflidine, DCM, rt < NH
+ Ph\)J\ (ii) HCI in CH3CN, rt
0" Yo H i) Fe (5 equiv), rt

o~ ~O

Scheme 11.2.7. One-pot strategy for synthesis of chromenopyrrole.

A similar kind of approach was designed by Xu and Chen for the synthesis of these
polycyclic hetero skeletons.®® The key strategy involves construction of a pyrrole ring through
Pd-catalyzed intramolecular hydroamination of corresponding acetylenic aminocoumarins.
Through this expeditious protocol polyheterocyclic lamellarin scaffold was synthesized in four
steps with 73% yield (Scheme 11.2.8).

Ph

I I Ph
NO 0 ~ NH

X 2 Pd(PPh3),Cl, (10 mol%)

o o DMF, reflux o o

Scheme 11.2.8. Pd-catalyzed intramolecular coupling for synthesis of pyrrolocoumarin.
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Saito and Mutoh et al. developed a Ru(ll)-catalyzed cycloisomerization of 3-amino-4-
alkynylcoumarin for the synthesis of chromenopyrrole.% The said protocol was extended for

formal total synthesis of marine natural products ningalin B, lamellarin H (Scheme 11.2.9).

Ph Ph
// CpRuCl(dppe) (5 mol%
| NaBAr,F3H,0 (6 mol%) | N\
o o o
NH, PhCI, 145 °C N
o (o}

Scheme 11.2.9. Synthesis of pyrrolocoumarin via Ru-catalyzed cycloisomerization.

Another methodology designed by Langer et al. demonstrated the step-economical
synthesis of pyrrolocoumarin subunit.” In this protocol, the key step is the formation of a
pyrrole ring via Pd-catalyzed one-pot sequential C—N coupling/intramolecular hydroamination

of 3-bromo-4-ethynylcoumarin (Scheme 11.2.10).

R1
It a
Pd(OAc), (10 mol%) B e
B'+ c2ny, _ SPhos (20 mol%) | K
2 Cs,CO0, (2.5 equiv)
oo DMF, 80 °C 0"~ ~o

Scheme 11.2.10. Synthesis of pyrrolocoumarin via Pd-catalyzed coupling.

Saahbani et al. disclosed a cyclization strategy for the synthesis of chromenopyrrole
from 3-acetyl coumarin.”® Under alcoholic conditions, the acetyl group of the starting
precursors gets eliminated and TosMIC (p-tosyl methyl isocyanide) preferentially adds to the

double bond of cyclic enone to deliver the desired polyheterocycle (Scheme 11.2.11).

(0] NH

/
K,CO; (1 equiv) 7

oo EtOH, rt oo

Scheme 11.2.11. Synthesis of chromenopyrrole from 3-acetyl coumarin.

Alkyl isocyanoacetates are efficient 1,3-dipolar coupling partners towards a range of
annulation/cycloaddition reactions.® The presence of three reactive centres viz., acidic CH unit,
isocyanide unit, and a neighbouring ester makes this molecule a versatile reagent for
construction of N-heterocycles. In the presence of a base and Ag salt, they undergo
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cycloaddition (non-concerted) with dipolarophiles providing diverse heterocycles (Scheme
11.2.12).2% In most of these reactions, alkyl isocyanoacetate delivers three atoms i.e., it serves
as a three-atom synthon towards cycloaddition reactions. Ester group remains inert throughout
such cycloaddition reactions or is used in the subsequent lactonization or hydrolyzed to another

functionality.

Earlier srategy (multistep strategy)

‘ """"""" - Free ester 1
0
‘R H I/COzR 'CO,R; o
I . m@ (3+2) NH-\ " _I;‘ further NH
H” >R C cycloaddition lactonization

R TR

(single step)

Scheme 11.2.12. Reactivity of alkyl isocyanoacetate.

The Barton-Zard reaction is one such strategy for synthesizing substituted pyrrole from
alkyl isocyanoester and conjugated nitroalkene (Scheme 11.2.13).° The requirement of nitro

group is essential in the starting alkenes, which is eventually eliminated.

i R? ? R
; H 3 base 1
R D . N R® Barton-Zard reaction R =\ Rr2
'?3"@ NO, HN-Z

Scheme 11.2.13. Barton-Zard reaction of alkyl isocyanoacetate.
11.3. Present Work

11.3.1. Our approach:

Herein, we report a methodology, where the alkyl isocyanoacetate undergoes (3 + 2)
cycloaddition with the alkene part of the 2-hydroxychalcone, followed by an intramolecular

lactonization to furnish pyrrolocoumarin in a single step (Scheme 11.3.1).
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(o)

H
OH Q base, Ag salt (0] N
/

X (3+2) cycloaddition |
O 1) O and in situ O
av

+ lactonization
CN” >CO,R (1a)
(@)
Scheme 11.3.1. Tandem cycloadditon and lactonization for pyrrolocoumarin

synthesis.

Initially, we commenced our exploration by taking 2-hydroxychalcone (1) and ethyl
isocyanoacetate (a) in the presence of Cs2COs (2 equiv), Ag2COz (3 equiv) in 1,4-dioxane (3
mL). To our delight, the reaction was completed within 12 h with the formation of
pyrrolocoumarin moiety (1a) in 71% yield. The product (1a) formation without the ethoxy
group suggests a (3 + 2) cycloaddition followed by lactonization. The use of methyl
isocyanoacetate (b) in lieu of ethyl isocyanoacetate (a) under an identical condition yielded the
same product (1a), thereby supporting the lactonization path. The XRD analysis of the product
unambiguously confirmed the structure to be 1-benzoylchromenol[3,4-b]pyrrol-4(3H)-one (1a)
(CCDC 2245374) (Figure 11.3.1). Here, ethyl isocyanoacetate serves as a four-atom
(C—NH-C-C=0) synthon, unlike its well-established three-atom (C—NH-C-) synthon.

Figure 11.3.1. ORTEP view of 1-benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a) with 30%
ellipsoid probability (CCDC 2245374).
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11.3.2. Optimization of the reaction conditions:

Table I1.1. Optimizations of the reaction conditions®®

OH o CN">CO,Et (a) H
O 0 v~ LI
solvent, temp °C
(1) p 1a)° Q

Sl Ag (or Cu) salt. | Base Solvent Temp | Yield
No. | (equiv) (equiv) (°C) ¢

1 Ag2COs (3) Cs2CO3 (2) | 1,4-dioxane | 80 71

2 AgOAc (3) Cs2C0s3 (2) | 1,4-dioxane | 80 75

3 AgOTT (3) Cs2CO3(2) | 1,4-dioxane | 80 60

4 AgBF4 (3) Cs2CO3 (2) | 1,4-dioxane | 80 43

5 AgSOs4 (3) Cs2C03 (2) | 1,4-dioxane | 80 41

6 AgOCOCFs3 (3) Cs2CO3 (2) | 1,4-dioxane | 80 Trace
7 Ag20 (3) Cs2C0O3 (2) | 1,4-dioxane | 80 68

8 AgCl (3) Cs2COs3 (2) | 1,4-dioxane | 80 30

9 AgNO:s (3) Cs2COs3 (2) | 1,4-dioxane | 80 Trace
10 AgOAc (3) K2oCOs3 (2) | 1,4-dioxane |80 48

11 AgOAc (3) 'BUOK (2) | 1,4-dioxane |80 35

12 AgOAc (3) K3PO4 (2) | 1,4-dioxane |80 32

13 AgOAc (3) DBU (2) 1,4-dioxane | 80 57

14 AgOAc (3) Cs2C03 (2) | ethanol 80 65

15 | AgOAc (3) Cs2C03 (2) | 1,2-DCE 80 30

16 | AgOAc (3) Cs2C03 (2) | CH3CN 80 35

17 AgOAc (3) Cs2CO3(2) | TFE 80 Trace
18 | AgOAc (3) Cs2C03 (2) | DMSO 80 50

19 Cul (3) Cs2COs3 (2) | 1,4-dioxane | 80 42
20 | Cu(OAC)2H20 (3) | Cs2CO3(2) | 1,4-dioxane | 80 48

21 AgOACc (2) Cs2CO3(2) | 1,4-dioxane | 80 45

22 AgOAc (2) Cs2CO3 (1) | 1,4-dioxane | 80 65
23 AgOACc(3) Cs2CO3(2) | 1,4-dioxane | 60 47

Reaction conditions: 2 (0.15 mmol), a (0.18 mmol, 1.2 equiv), Ag/Cu Salt. (3 equiv), base (2 equiv),
solvent (3 mL), 80 °C, 12 h. "Isolated yield of the product.

TH-3483_ 196122010
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After, having the confirmed structure, we moved towards the selecting optimum
condition for the proposed cascade cycloaddition lactonization approach. The optimization
studies were started by taking 2-hydroxychalcone (1) and ethyl isocyanoacetate (a) as the
model substrate for this one-pot reaction. Initially, we screened different silver salts for
effective cycloaddition. As the reaction was completely unproductive in the absence of
AQg.CO3, other Ag salts were also screened. Silver salts such as AgOAc, AgOTf, AgBF4,
AgS04, AgOCOCF3, Ag20, AgCI, and AgNOs were screened for optimum yield. Among these
Ag salts, the use of AgOAc was the most efficient in delivering the product (1a) in 75% vyield
(Table 11.1, entries 1-9). Other bases screened such as K,COs, 'BUOK, K3PO4, and DBU were
found to be inferior to Cs,COz (Table I1.1, entries 10—-13). Further, the solvent 1,4-dioxane was
ideal compared to other solvents scrutinized, viz. ethanol, 1,2-DCE, CHsCN, TFE (2,2,2-
trifluoro ethanol), and DMSO (Table 11.1, entries 14-18). Further, the use of Cul (42%) and
Cu(OAC)2-H20 (48%) turned out to be ineffective compared to AgGOAc (Table 1.1, entries 19
and 20). Lowering the amount of AgOAc (2 equiv) and base Cs2CO3 (1 equiv) decreases the
yield (Table 1.1, entries 21 and 22). Reducing the reaction temperature to 60 °C was found
detrimental to the product yield (Table 1l.1, entry 23). After extensive optimization, the best
condition for this cycloaddition-lactonization strategy was found to be use of 1 (1 equiv), a (1.2
equiv), AgOACc (3 equiv), Cs2CO3 (2 equiv) in 1,4-dioxane (3 mL) at 80 °C (Table 11.1, entry
2).

11.3.3. Substrate scopes of acetophenone and salicylaldehyde.2P<

With the set optimized conditions, the generality of this cycloaddition-lactonization
protocol was tested with various 2-hydroxychalcones (1-35). Initially, 2-hydroxychalcones
with substituents (RY) at the ketone part were varied (Scheme 11.3.2). 2-Hydroxychalcones
bearing electron-neutral (—H) (1) and electron-releasing substituents (p-Me (2), m-Me (3), p-
OMe (4), p-OEt (5), p-O'Pr (6) at the phenyl ring of ketone reacted well with ethyl
isocyanoacetate (@) resulting in their pyrrolocoumarins (la—6a) in 63-75% yields. The
scalability of the reaction has been tested in gram scale by reacting 1 with a which yielded the
product 1a in a slightly lower yield (57%). Halo-substituted 2-hydroxychalcones {p-F (7), p-
Cl (8), p-Br (9), p-1 (10), 0-Br (11), o-1 (12)} delivered the anticipated products (7a—12a) in
higher yields (63%—82%). Strongly electron-withdrawing —NO- substituted chalcones (13 and
14) successfully yielded the products (13a, 84%) and (14a, 80%).
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Scheme 11.3.2. Synthesis of pyrrolocoumarin via varying acetophenones.

OH o CN">C0,Et (a)
r X I AgOAc (3 equiv)
| v | A2 Cs,C05 (2 equiv)
R' 1,4-dioxane, 80 °C,12 h
(1-35)
Variation of Acetophenone
o
(0]
H
o N
| )
ad \
R
= | 0,
R= p-Me, (23, 73%) R= p-OMe (4a, 68%)
(1a, 75%) (57%)° R= m-Me, (3a, 70%) R= p-OEt (5a, 64%)

R = p-O'Pr (6a, 63%)

1 R= p-F (7a, 73%)
R= p-Cl (8a, 82%)
R= p-Br (9a, 78%)
R= p-l (10a, 76%)

R = 0-Br (11a, 63%)
R = o-l (12a, 71%)

R= p-NO, (13a, 84%)
R= 0-NO, (14a, 80%)

H H
N N
O / oY, O /
(16a, 5% (17a, 9%
H with TosMIC Tos
/
| /
X, BES}S
(19a, 64% ( ?
(2c 68%

Alkyichain contamlng pyrrolocoumarin

(o]
H H
o N N
L, (Sif\mj\ f[/i
(o)

: ! (20a, 37%) (21a, 42%) (22a, 40%)

Reaction conditions: 1-22 (0.25 mmol), a (1.2 equiv, 0.3 mmol), AgOAc (3 equiv, 0.75 mmol),
Cs2CO0s (2 equiv, 0.5 mmol), 1,4-dioxane (3 mL), 80 °C, 12 h. "Isolated yield of the product. °5 mmol
scale. “without AgOAC.

A di-substituted 2-hydroxychalcone (15) also provided the lactonized product (15a) in
61% vyield. Naphthyl (16), and heteroaryl (17-19) derived 2-hydroxychalcone were well
compatible and gave the pyrrolocoumarins 16a—19a in moderate yields (59—65%). However,

aliphatic 2-hydroxychalcones (20-22) delivered the requisite products (20a—22a) in lower
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yields (37-42%) (Scheme 11.3.2.). Further, the flexibility of the 1,3-dipolar coupling partner
was tested by varying ethyl part of the alkyl isocyanoacetate by tosyl group. This tosylmethyl
isocyanide (TosMIC) popularly known as Van Leusen reagent has gained considerable
attention among synthetic researchers owing to its stability and reactivity as well as its odorless
nature.'® However, employment of TosMIC (c) in our protocol resulted in the intermolecular
dimerization of itself (X). In contrast, an AgOAc-free reaction of TosMIC stops at pyrrole with
the elimination of the tosyl group (2c). Such reactivity of TosMIC viz., dimerization and
elimination might be due to the high reactivity of TosMIC in the presence of AGOAc and better-
leaving tendency of tosyl group respectively (Scheme 11.3.2).

Then, the substituents in the salicylaldehyde part (R?) of the 2-hydroxychalcone were
varied (Scheme 11.3.3).

Scheme 11.3.3. Synthesis of pyrrolocoumarin via varying salicylaldehyde.

OH (o]
\ CN">CO,Et (a)
N | A /\\\. AgOAc (3 equiv)
[ Z e a4 Cs,CO0; (2 equiv)
R? (23-35) R’ 1,4-dioxane, 80 °C, 12 h

Variation of Salicylaldehyde

/

(23, 67%) X= ClI (24a, 70%) € (27a, 59%)
X= Br (25a, 64%)
X—I(26a 61%)
H H H
N N N
O / O / /
O OEt o Me
. Br 30a 59°/ Br
R R=cl, (284, 62%) ( °) (31a, 54%)
R = Br (29a, 64%)
o)
H
o N
I, / Me
Me I (0] O |
(32a, 52%) (35a 39%)

R = o-l, R2= 4-Cl (33a, 61%) Br
R = o-l, R?= 4-Br (34a, 60%)

4Reaction conditions: 23-35 (0.25 mmol), a (1.2 equiv, 0.3 mmol), AgOAc (3 equiv, 0.75 mmol),
Cs2COs (2 equiv, 0.5 mmol), 1,4-dioxane (3 mL), 80 °C, 12 h. PIsolated yield of the product.
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Substrates possessing electron-releasing as well as electron-withdrawing groups in the
para position as in —Me (23), —CI (24), —Br (25), —I (26) successfully resulted in the products
23a—26a in 61-70% vyields. Various disubstituted 2-hydroxychalcones (27—-29) were treated
under standard conditions and corresponding pyrrolocoumarins (27a—29a) were obtained in
modest yield (59—64%). Next, the substitution at both rings of 2-hydroxychalcone (30—34) was
varied and the products (32a—34a) were isolated in 52—-61% yield. However, chalcone derived
from an aliphatic ketone (35) yielded pyrolocoumarin (35) albeit in a lower yield (39%)
(Scheme 11.3.3).

In an attempt to further exemplify the cycloaddition strategy, a reaction was conducted
between lactonized enone such as coumarin (1') and ethyl isocyanoacetate (a). This strategy
resulted in the pyrrolocoumarin (1a’, 87%) with concomitant cycloaddition and elimination of
ester or ketone counterpart from enone via a path similar to Barton-Zard reaction (Scheme
11.3.4).

Scheme 11.3.4. Synthesis of fused pyrrolocoumarins from coumarin-3-carboxylate/acetyl"

o] (o}
R
(o}
o __NH
AgOAc (3 equiv
& RO,CONGC ——o ) .
2( ) Cs,CO0; (2 equiv) R
a—-Cc -di o .
R = CO,Et, COCHj 1,4-dioxane, 80°C . _ CO,Et, CO,Me
(1'-4) (1a'-4a', 1b', 1¢c")
0 o] o)
o = (0} — (o] —
~_NH _NH _NH
CO,Et CO,Et CO,Et
Me Cl
(1a', 87%) (2a', 83%) (3a', 81%)

o with TosMIC

(o}
(o}
o T\ L S
< =~ (o] —
— NH
(

Br (4a', 80%) (10", 84%) 1c’, 91%)°¢

®Reaction conditions: 1'-4" (0.5 mmol), a—c (1.2 equiv, 0.6 mmol), AgOAc (3 equiv, 1.5 mmol), Cs,COs
(2 equiv, 1 mmol), 1,4-dioxane (3 mL), 80 °C, 12 h. "Isolated yield of the product. “Without AgOAc

The single crystal XRD-analysis confirmed the structure of this cycloadduct (CCDC
2251681) (Figure 11.3.2). Here, instead of the nitro group, the ester or ketone moiety is
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eliminated. After having the confirmed structure, a few other lactonized enones (1'—4") having
different electronic and steric effects were subjected to the same reaction conditions, all of
which led to the formation of pyrrolocoumarins (1a'-4a’) in good vyields (80-87%).
Interestingly, the same product was isolated in good yield when the reaction was performed
with 3-acetylcoumarin instead of carboxylate. Similarly, when a reaction was conducted
between 1 and methyl isocyanoacetate (b), the pyrrolocoumarin (1b') was obtained in 84%
yield. Further, treatment of 1* with TosMIC (c) in the absence of AgGOAc leads to the formation

of carboxylate-free pyrrolocoumarin (1c") in exclusive yield (91%) (Scheme 11.3.4).

Figure 11.3.2. ORTEP view of ethyl 4-oxo0-2,4-dihydrochromeno[3,4-c]pyrrole-1-
carboxylate (CCDC 2251681) (1a") with 30% ellipsoid probability.

11.3.4. Plausible reaction mechanism:

Based on literature precedents, a plausible reaction mechanism is proposed in Scheme
11.3.5.1312 Initially, treatment of AgOAc with ethyl isocyanoacetate (a) generates an active 1,3-
dipolar intermediate (a') via the elimination of AcOH.*® Next, the active 1,3-dipolar
intermediate (a") undergoes a (3 + 2) cycloaddition at the C=C bond of chalcone (1) to give a
cycloadduct intermediate (B).12 The intermediate B provides the pyrrole moiety (D) through
tautomerization followed by aromatization. The intermediate D undergoes intramolecular
lactonization in the presence of Cs>COz to provide the resultant pyrrolocoumarin (1a) (Scheme
[1.3.5.a). A similar mechanism is proposed for the Barton-Zard equivalent reaction of
coumarin-3-carboxylate/acetyl (1) and ethyl isocyanoacetate (a).!?% A rapid (3 + 2)
cycloaddition between both the coupling partners followed by tautomerization and double bond

rearrangement/oxidation leads to the pyrrolocoumarin (1a") (Scheme 11.3.5.b).
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(a) Cascade (3 + 2) cycloaddition-lactonization

(@) EtO,C

+.C_  AgOAc -CAg OH N
Et0,C N" —<— EtO,C N (3 +2) Ag
(a) AcOH v/—
P2 Ph Ph
oH (1) o ®°
AcOH -
FACO [Ad]
o
EtO,C
H 0|-|2 NH EE-,O,_fC N
(0] | p Cs,CO; l/ tautomerization M
lactonization aromatization
Ph o” Ph g7 Ph
(1a) © (D) ()

(b) Barton-Zard equivalent reaction of coumarin-3-carboxylate/acetyl

(o) . (o) R Ag
" > wfAg 0" A
! <N,) (3+2) N
(f:k/ CO,Et (E)COZEt
R = CO,Et, COMe @) N 8 )
0 0
(0] —
~ NH Eautomerizationo //N
CO,Et Co,Et (
(1a") ) R-H

Scheme 11.3.5. A plausible mechanism for (3 + 2) cycloaddition-lactonization.

11.3.5. Post-synthetic modifications:

To portray the robust synthetic utility of the present cycloaddition-lactonization

strategy, the isolated fused 2-iodo pyrrolocoumarins (12a and 34a) were subjected to Pd(I1)-

catalyzed cross-coupling reactions (Scheme 11.3.6.a). The reaction provided pentacyclic
pyrroles in good yields 12aa (87%) and 34aa (83%). On the other hand, a Sonogashira coupling

of di halo substituted pyrrolocoumarin 34a with phenylacetylene (c) produces dialkynyled

product (34ac) (Scheme 11.3.6.b).
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(a) Synthesis of fused pentacyclic pyrrole

Pd(OAc), (5 mol %) 2
Cu(OAc), H,0 (0.5 equiv) (o) NH
Cs,CO0; (2 equiv) N / y/
DMF, 120 °C /
sealed tube R//
(12aa, 87%) (34aa, 83%)

(b) Sonogashira Coupling
(o)

H h——==(c)
N PdCl,(PPh;), (5 mol %)
L 2 | Cul (10 mol %)

O DBU (10 mol %)
g O DMF, Ny, 120 °C
Br (34a) sealed tube, 24 h Il (34ac, 79%)

Ph

Scheme 11.3.6. Late-stage functionalizations.
11.3.6. Conclusions:

In conclusion, we have developed a step economical way for the synthesis of
pyrrolocoumarins from easily accessible precursors. This tandem cycloaddition-lactonization
strategy is the best example of employing ethyl isocyanoacetate as a new type of four-atom
synthon (C—-NH-C-C=0) contrary to its earlier application as a three-atom synthon
(C—NH-C). This methodology can be further extended to the synthesis of pyrrolocoumarin-
carboxylate from the cyclic enones via an equivalent Barton-Zard reaction. Moreover, Pd(1)
mediated cross-coupling reactions of the 2-halo substituted pyrrolocoumarins provide easy
access to fused pentacyclic pyrrole. Thus, this hitherto unexploited AgOAc-mediated cascade
cycloadditon-lactonization strategy is expected to find wide synthetic applications in

pharmaceutical industry.
11.4 Experimental Section
11.4.1. General information

All the reagents were commercial grade and used without further purification unless

otherwise stated. 2-Hydroxychalcones are prepared following the literature procedure from
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salicylaldehyde and acetophenone. All the reactions were carried out in a 10 mL oven-dried
round-bottom flask under aerobic conditions. Reactions were monitored by thin layer
chromatography (TLC) on a 0.25 mm silica gel plates (60F2s4) and visualized under UV
illumination at 254 nm. Organic extracts were dried over anhydrous sodium sulfate (Na2SOa).
Column chromatography was performed to purify the crude product on silica gel 60—120 mesh
using a mixture of hexane and ethyl acetate as eluent. The isolated compounds were
characterized by spectroscopic [*H, *C{*H} NMR, and IR] techniques and HRMS analysis.
NMR spectra were recorded in deuterochloroform (CDCls) and in some cases deuterated
dimethyl sulphoxide (CDsSOCDs). *H, *3C{*H} were recorded in 500 (125) or 400 (100) MHz
spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent for
'H NMR, deuterochloroform for *C{*H} NMR as an internal reference {Si(CHs)4: 0.00 ppm
or CHCls: 7.260 ppm for *H NMR, 77.230 ppm for **C{*H} NMR}. °F NMR was calibrated
without any internal standard in CDClsz. The chemical shifts are quoted in 6 units, parts per
million (ppm). *H NMR data is represented as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublet, dt = doublet of
triplet), integration and coupling constant(s) J in hertz (Hz). High-resolution mass spectra
(HRMS) were recorded on a mass spectrometer using electrospray ionization-time of flight
(ESI-TOF) reflection experiments. FT-IR spectra were recorded in neat and reported in the

frequency of absorption (cm).

11.4.2. Crystallographic information:

Sample preparation: The single crystals of compounds 1a and 1a' were prepared by the slow
evaporation method for which 10 mg of the compound (1a and 1a") was dissolved in 1 mL of
DCM in a clean and dry 10 mL glass vial. MeOH (0.5 mL) was added to this solution slowly
with a dropper. The mouth of the glass vial was covered with a cap having a small hole and
kept for slow evaporation at room temperature. Crystals of 1a and 1a' were obtained after

approximately 3—4 days as a transparent block-shaped crystal.

Data collection: Diffraction data were collected at 292 K with MoKa. radiation (4 = 0.71073
/3'\) using a Bruker Nonius SMART APEX CCD diffractometer equipped with graphite
monochromator and Apex CD camera. The SMART software was used for data collection and
indexing the reflections and determining the unit cell parameters. Data reduction and cell
refinement were performed using SAINT*#® software and the space groups of these crystals

were determined from systematic absences by XPREP and further justified by the refinement
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results. The structures were solved by direct methods and refined by full-matrix least-squares
calculations using SHELXTL-973 software. All the non-H atoms were refined in the

anisotropic approximation against F2 of all reflections.!3

Crystallographic description of 1-benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a):

C18H11NOs, colourless block shaped crystal; crystal dimensions 0.25 x 0.23 x 0.17 mm, M;
289.28, Triclinic, space group P(-1), a = 6.0521(8), b = 11.2758(16), ¢ = 11.6157(15) A, «
66.982(3)°, S = 82.613(3)°, y = 76.191(3)°, V = 707.93(17) A3, Z = 2, p = 1.357 glcm?®, u
0.094 mm™, F(000)= 300, reflection collected / unique = 2490 / 2192, refinement method =
full-matrix least-squares on F?, final R indices [1 > 2\s(I)]: R1 = 0.0462, wR2 = 0.1495, R indices
(all data): Ry = 0.0533, wR2> = 0.1663, goodness of fit = 1.127; CCDC = 2245374 for 1-
benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a) contains the supplementary crystallographic

data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic description of ethyl 4-o0xo0-2,4-dihydrochromeno[3,4-c]pyrrole-1-
carboxylate (1a’):

C14H11NOQg4, colourless block shaped crystal; crystal dimensions 0.29 x 0.25 x 0.14 mm, M; =
257.24, orthorhombic, space group P 21 21 21, a = 4.4163(2), b = 12.9777(6), c = 20.7587(9)
A, a=90° £ =90°%y=090°V =1189.75(9) A%, Z = 4, p = 1.436 g/cm?, x = 0.107 mm™,
F(000)= 536, reflection collected / unique = 2095 / 1309, refinement method = full-matrix
least-squares on F2, final R indices [1 > 2\s(I)]: R1 = 0.0589, wR2 = 0.1439, R indices (all data):
R: = 0.1280, wR2 = 0.2114, goodness of fit = 1.072; CCDC = 2251681 for ethyl 4-0xo0-2,4-
dihydrochromeno[3,4-c]pyrrole-1-carboxylate  (1a') contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

11.4.3. General procedures
11.4.3.1. General procedures for the synthesis of 2-hydroxychalcones (1):

2-Hydroxychalones were synthesized according to the available literature procedure. 44

11.4.3.2. General procedure for the synthesis of 1-benzoylchromeno[3,4-b]pyrrol-4(3H)-
one (1a):
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To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-3-(2-hydroxyphenyl)-1-phenylprop-2-en-1-one (1) (0.5 mmol, 112 mg), ethyl
isocyanoacetate (a) (1.2 equiv, 68 mg), AgOAc (3 equiv, 250 mg), Cs.CO3 (2 equiv, 325 mg)
and 1,4-dioxane (3 mL). The reaction mixture was allowed to stir at 80 °C for 12 h. After
completion of the reaction as confirmed by TLC monitoring, the mixture was filtered through
a thin bed of celite. The crude mixture was diluted by adding 20 mL ethyl acetate and washed
with water (1 x 10 mL) followed by brine solution (1 x 5 mL). The organic layer was dried
over anhydrous Na>SOs and concentrated under reduced pressure. The crude product thus
obtained was purified over a column of silica gel using hexane and ethyl acetate (3:1) to give

pure product 1a in 75% yield (108 mg).

11.4.3.3. General procedure for the synthesis of ethyl 2-oxo-2H-chromene-3-

carboxylate/acetyl (1'):

Alkyl 2-oxo-2H-chromene-3-carboxylate/acetyl was synthesized according to

modified literature reports.t4®f

11.4.3.4. General procedure for the synthesis of ethyl 4-oxo-2,4-dihydrochromeno[3,4-
c]pyrrole-1-carboxylate (1a'):

An oven-dried 10 mL round bottom flask equipped with magnetic bar was added ethyl
2-0x0-2H-chromene-3-carboxylate (1') (0.5 mmol, 109 mg), ethyl isocyanoacetate (a) (1.2
equiv, 0.6 mmol, 68 mg), AgOAc (3 equiv, 250 mg), Cs.CO3 (2 equiv, 325 mg) and 1,4-
dioxane (3 mL). The reaction mixture was stirred in a pre-heated oil bath at 80 °C for 12 h.
After completion of the reaction (monitored by TLC analysis), the crude mixture was filtered
through a thin bed of celite and then diluted with EtOAc (20 mL). The organic layer was
washed with water (2 x 10 mL), and brine solution (1 x 5 mL). The organic layer was dried
over anhydrous NaxSO4 and the solvent was concentrated under reduced pressure. The crude
product so obtained was purified over a column of silica gel using ethyl acetate in hexane (4:1)
to give pure ethyl 4-oxo-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (1a") 78% yield
(100 mg). The identity and purity of the product were confirmed by spectroscopic analysis.

11.4.3.5. General procedure for gram-scale synthesis:

To a 25 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-3-(2-hydroxyphenyl)-1-phenylprop-2-en-1-one  (1la) (5 mmol, 1.12 g), ethyl
isocyanoacetate (a) (1.2 equiv, 6 mmol, 678 mg), AgOAc (3 equiv, 15 mmol, 2.50 g), Cs.CO3
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(2 equiv, 10 mmol, 3.25 g) and 1,4-dioxane (20 mL). The reaction mixture was allowed to stir
at 80 °C for 12 h. After completion of the reaction as confirmed by TLC monitoring, the mixture
was filtered through a thin bed of celite. The crude mixture was diluted by adding 50 mL ethyl
acetate and washed with water (1 x 30 mL) followed by brine solution (1 x 10 mL). The organic
layer was dried over anhydrous Na>SO4 and concentrated under reduced pressure. The crude
product thus obtained was purified over a column of silica gel using hexane and ethyl acetate

:1) to give pure product 1a in 57% yie mg).
(3:1) to gi duct 1a in 57% vield (824 mg)

11.4.4. Post-synthetic transformations:

11.4.4.1. General procedure for the synthesis of 6H-chromeno[3,4-b]indeno[2,1-d]pyrrole-
6,12(7H)-dione (12aa) from 1-(2-iodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (12a):

An oven-dried 15 mL sealed tube equipped with a magnetic bar was charged with 1-(2-
iodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (12a) (0.15 mmol, 62 mg), Pd(OAc)2 (5 mol
%, 0.0075 mmol, 1.7 mg), Cu(OAc)2 H20 (0.5 equiv, 0.075 mmol, 15 mg), PPhs (10 mol %,
0.015 mmol, 4 mg), Cs2COs (2 equiv, 0.3 mmol, 98 mg), DMF (2 mL). The reaction mixture
was allowed to stir for 24 h at 120 °C. After completion of the reaction as confirmed by TLC
analysis, the mixture was filtered through a thin bed of celite. The filtrate was evaporated and
diluted with EtOAc (10 mL). The organic layer was washed with water (1 x 10 mL) followed
by brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na>SO4 and solvent
was concentrated under reduced pressure. The crude product so obtained was purified over a
column of silica gel using ethyl acetate in hexane (1:3) to give the product (12aa) in 87% yield
(37 mg).

11.4.4.2. General procedure for Sonogashira coupling of 34a:

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added 8-
bromo-1-(2-iodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (34a) (0.15 mmol, 74 mg),
phenylacetylene (c) (2.4 equiv, 0.36 mmol, 37 mg), PdCI>(PPhs)2 (5 mol %, 0.075 mmol, 5.3
mg,), Cul (10 mol %, 0.015 mmol, 2.9 mg,), DBU (2 equiv, 0.3 mmol, 46 mg) and dry DMF
(2 mL) under nitrogen atmosphere. The reaction mixture was stirred in a pre-heated oil bath at
120 °C for 24 h. After completion of the reaction (monitored by TLC analysis), the crude
mixture was diluted with EtOAc (15 mL). The organic layer was washed with water (1 x 10

mL), and brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na.SOs and
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solvent and concentrated under reduced pressure. The crude product so obtained was purified

over a column of silica gel using ethyl acetate in hexane (3:7) to give pure dialkynylated 8-
(phenylethynyl)-1-(2-(phenylethynyl)benzoyl)chromeno[3,4-b]pyrrol-4(3H)-one  (34ac) in
79% yield (58 mg). The identity and purity of the product were confirmed by spectroscopic

analysis.

11.5. Spectral Data

Spectral data of all compounds:

1-Benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a):

As off-white solid (108 mg, 75% yield); m.p. 226—228 °C;
purified over a column of silica gel (20% EtOAc in hexane);
!H NMR (CDCls, 500 MHz): 6 11.50 (s. 1H), 8.89 (d, 1H, J =
3.0 Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.74 (s, 1H), 7.62 (t, 1H, J
=7.5Hz),7.52 (t, 2H,J = 7.5 Hz), 7.46 (d, 2H, J = 8 Hz), 7.36
(dt, 1H, J1 = 6.0 Hz, J2 = 2.5 Hz); **C{*H} NMR (CDCl3, 125
MHz): ¢ 191.2, 156.6, 151.8, 139.8, 136.2, 132.7, 129.9,
129.7, 129.5, 128.7, 127.6, 125.0, 121.4, 119.5, 117.6, 117.4;
IR (neat, cm™): 3194, 2957, 2919, 1724, 1645, 1468, 1401,
1320, 1275; HRMS (ESI/Q-TOF) (m/z): calcd. for
C1gH12NO3, [M + H]": 290.0812, found: 290.0810.

1-(4-Methylbenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (2a):

TH-3483_ 196122010

As white solid (110 mg, 73% yield); m.p. 230-232 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 11.35 (s, 1H), 8.82 (d, 1H, J =
8.0 Hz), 7.81 (d, 2H, J = 8.4 Hz), 7.73 (s, 1H), 7.46 (d, 2H, J
= 4.8 Hz), 7.36-7.31 (m, 3H), 2.46 (s, 3H); *C{*H} NMR
(CDCl3+ DMSO-ds, 100 MHz): 6 191.0, 155.6, 151.7, 143.1,
137.0, 135.8, 129.6, 129.1, 128.7, 128.6, 127.1, 124.3, 120.6,
119.5, 117.6, 117.0, 21.6; IR (neat, cm™): 3195, 2963, 2921,
1721, 1651, 1463, 1398, 1271; HRMS (ESI/Q-TOF) (m/z):
calcd. for C19H14NO3, [M + H]": 304.0968, found: 304.0977.
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1-(3-Methylbenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (3a):

As white solid (106 mg, 70% yield); m.p. 231-235 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): 5 13.45 (s, 1H), 8.72 (dd, 1H,
Ji1 = 8.0 Hz, J, = 1.5 Hz), 7.81 (s, 1H), 7.65 (s, 1H), 7.63 (d,
1H, J = 7.5 Hz), 7.50-7.42 (m, 4H), 7.36-7.32 (m, 1H), 2.40
(s, 3H); BC{*H} NMR (DMSO-ds, 125 MHz): § 190.7, 154.2,
151.2, 139.3, 138.0, 136.7, 133.1, 129.6, 128.9, 128.4, 127.6,
126.6,126.3,124.1,119.8,118.9,117.1, 116.9, 20.9; IR (neat,
cm™): 3189, 2960, 2918, 1699, 1646, 1467, 1261; HRMS
(ESI/Q-TOF) (m/z): calcd. for Ci9gH1sNOsNa, [M + Na]™:
326.0788, found: 326.0790.

1-(4-Methoxybenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (4a):

TH-3483_ 196122010

As off-white solid (108 mg, 68% yield); m.p. 234-236 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (CDCls, 500 MHz): § 11.07 (s, 1H), 8.89 (d, 1H, J =
8.0 Hz), 7.92 (d, 2H, J = 9.0 Hz), 7.33 (d, 1H, J = 3.0 Hz),
7.46 (dd, 2H, J1 = 4.5 Hz, J2 = 1.0 Hz), 7.35-7.32 (m, 1H),
7.01 (d, 2H, J = 9.0 Hz) 3.92 (s, 3H); *C{*H} NMR (CDCls,
125 MHz): ¢ 189.9, 163.7, 156.4, 151.8, 137.7, 132.2, 132.1,
1295, 129.3, 127.2, 124.9, 121.4, 119.3, 117.6, 117.4, 114.1,
55.8; IR (neat, cm™): 3233, 2968, 2923, 1715, 1653, 1480,
1399, 1271; HRMS (ESI/Q-TOF) (m/z): calcd. for
C19H14NOs, [M + H]™: 320.0917, found: 320.0928.

64



Chapter Il

1-(4-Ethoxybenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (5a):

As white solid (106 mg, 64% vyield); m.p. 250-252 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR(CDCls, 400 MHz): § 10.87 (s, 1H), 8.67 (d, 1H,
H J=8.0Hz),7.91(d,2H,J=8.4Hz), 7.71 (d, 1H, J = 3.2
/ Hz), 7.46 (d, 2H, J = 4.0 Hz), 7.34-7.30 (m, 1H), 6.98 (d,
O S O oEt 2H,J =8.4 Hz), 4.14 (q, 2H, J = 7.2 Hz), 1.48 (t, 3H, J =
6.8 Hz); *C{*H} NMR (DMSO-ds, 100 MHz): 6 189.2,
162.2, 154.1, 151.1, 135.5, 131.8, 131.3, 128.7, 127.4,
126.1,124.1,119.6,118.6, 117.2,116.9, 114.2, 63.5, 14.5; IR
(neat, cm™): 3351, 2981, 2923, 1715, 1653, 1463, 1398, 1267;
HRMS (ESI/Q-TOF) (m/z): calcd. for C2oH16NOa4, [M + H]*:
334.1074, found: 334.1079.

1-(4-1sopropoxybenzoyl)chromenol[3,4-b]pyrrol-4(3H)-one (6a):

As off-white solid (109 mg, 63% yield); m.p. 235-237 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): 6 13.40 (s, 1H), 8.54 (d, 1H,
o J=8.0 Hz), 7.85 (d, 3H, J = 9.5 Hz), 7.48-7.46 (m, 2H),
N 7.33-7.30 (m, 1H), 7.06 (d, 2H, J = 8.5 Hz), 4.79-4.74
7 Me (m, 1H), 1.31 (d, 6H, J = 6.0 Hz); BC{'H} NMR
O o O )\Me (DMSO-ds, 100 MHz): ¢ 189.1, 161.2, 154.1, 151.1,
135.5, 131.9, 131.1, 128.7, 127.4, 126.0, 124.1, 119.6,
118.6, 117.2, 116.9, 115.1, 69.6, 21.7; IR (neat, cm™): 3321,
2971, 2928, 1719, 1649, 1470, 1397, 1260; HRMS (ESI/Q-
TOF) (m/z): calcd. for C21H1sNOs, [M + H]™: 348.1230,

found: 348.1230.
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1-(4-Fluorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (7a)

As yellow solid (112 mg, 73% yield); m.p. 239-241 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): 5 13.47 (s. 1H), 8.68 (d, 1H,
0 J = 8.0 Hz), 7.94-7.92 (m, 2H), 7.86 (s, 1H), 7.51-7.46 (m,
2H), 7.39-7.32 (m, 3H); BC{*H} NMR (DMSO-ds, 125
O MHz): 6 198.7, 165.9, 163.9, 154.6, 151.4, 137.1, 136.1 (d, J
0 O F|  =22Hz), 1325 (d, J = 7.5 Hz), 129.4, 128.0, 126.6, 124.6,
119.8, 119.2,117.3 (d, J = 5.9 Hz), 115.9 (d, J = 17.4 Hz); *F
NMR (DMSO-dg, 471 MHz): 6 —107.1; IR (neat, cm™): 3169,
2970, 2925, 1720, 1649, 1468, 1401, 1269; HRMS (ESI/Q-
TOF) (m/z): calcd. for C1sH11FNOs, [M + H]*: 308.0717,
found: 308.0715.

1-(4-Chlorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (8a)

As white solid (132 mg, 82% yield); m.p. 257-259 °C;

purified over a column of silica gel (20% EtOAc in hexane);

'H NMR (DMSO-ds, 500 MHz): 6 13.50 (s, 1H), 8.73 (d, 1H,
N J=8.0 Hz), 7.86 (t, 3H, J = 8.0 Hz), 7.62 (d, 2H, J = 7.5 H2),
% 7.52-7.46 (m, 2H), 7.35 (t, 1H, J = 7.5 Hz); 3C{*H} NMR
O o O cl (DMSO-ds, 125 MHz): ¢ 189.5, 154.3, 151.3, 138.1, 137.4,
137.2,131.2,129.2, 128.8, 127.8, 126.5, 124.3, 119.5, 119.2,
117.2, 117.1; IR (neat, cm™): 3213, 2998, 2932, 1709, 1655,
1585, 1468, 1398, 1268; HRMS (ESI/Q-TOF) (m/z): calcd.
for C1gH11CINO3, [M + H]*: 324.0422, found: 324.0421.
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1-(4-Bromobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (9a)

As white solid (143 mg, 78% vyield); m.p. 263-265 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): § 13.51 (s, 1H), 8.74 (d, 1H,
J = 8.0 Hz), 7.89 (s, 1H), 7.79-7.75 (m, 4H), 7.52-7.46 (m,
O 2H), 7.37-7.33 (m, 1H); ®C{*H} NMR (DMSO-ds, 125
° O Brl MHz): 6 189.7, 154.2, 151.3, 138.4, 137.2, 131.7, 131.3,
129.1, 127.8, 126.5, 126.4, 124.3, 119.5, 119.1, 117.1, 117.0;
IR (neat, cm™): 3198, 2973, 2921, 1719, 1658, 1465, 1397,
1265; HRMS (ESI/Q-TOF) (m/z): calcd. for C1gH11BrNOs,

[M + H]*: 367.9917, found: 367.9916.

1-(4-lodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (10a)

As white solid (158 mg, 76% vyield); m.p. 273-275 °C;
purified over a column of silica gel (20% EtOAc in hexane);
!H NMR (DMSO-dg, 500 MHz): 6 13.51 (s, 1H), 8.74 (d, 1H,
J=8.0Hz),7.95 (d, 2H, J = 8.0 Hz), 7.89 (s, 1H), 7.61 (d, 2H,
J = 8.0 Hz), 7.51-7.47 (m, 2H), 7.36 (t, 1H, J = 7.5 Hz);
O O B3C{'H} NMR (DMSO-ds, 125 MHz): § 190.0, 154.2, 151.2,
° ! 138.7, 137.5, 137.1, 131.1, 129.1, 127.7, 126.4, 124.4, 119.4,
119.1,117.1, 117.0, 100.6; IR (neat, cm™): 3223, 2974, 2923,

1714, 1651, 1473, 1396, 1271; HRMS (ESI/Q-TOF) (m/z):

calcd. for C1gH11INOg3, [M + H]": 415.9778, found: 415.9786.

1-(2-Bromobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (11a):

As brown solid (115 mg, 63% vyield); m.p. 259-261 °C;

purified over a column of silica gel (20% EtOAc in hexane);

o !H NMR (CDCls, 400 MHz): 6 13.63 (s, 1H), 9.26 (dd, 1H, J1
N = 8.0 Hz, J2= 1.6 Hz), 7.75 (d, 1H, J = 8.0 Hz), 7.57—7.45 (m,
4 B, 6H); *C{*H} NMR (DMSO-ds, 100 MHz): § 188.7, 153.1,
O o O 150.3, 140.9, 137.9, 131.9, 130.4, 128.3, 127.7, 126.7, 126.6,
126.2, 123.3, 119.4, 118.7, 117.4, 116.0, 115.9; IR (neat, cm’
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1): 3198, 2981, 2931, 1719, 1657, 1458, 1401, 1257; HRMS
(ESI/Q-TOF) (m/z): calcd. for CigH11BrNO3z, [M + H]™:
367.9917, found: 367.9899.

1-(2-lodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (12a):

As white solid (147 mg, 71% vyield); m.p. 271-273 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR CDCl3, 400 MHz): 6 11.49 (s, 1H), 9.41-9.38 (m,
1H), 7.95 (dd, 1H, J: = 8.0 Hz, J, = 1.2 Hz), 7.53 (dd, 1H, J:
= 6.8 Hz, J2 = 1.6 Hz), 7.49-7.48 (m, 3H), 7.47-7.46 (m, 1H),
7.42 (dd, 1H, J1 = 5.6 Hz, J2 = 2.0 Hz), 7.24-7.20 (m, 1H);
BC{'H} NMR (DMSO-ds, 100 MHz): ¢ 191.6, 154.2, 151.3,
145.8, 139.1, 139.0, 131.2, 129.3, 128.1, 127.9, 127.7, 127 .2,
124.4,120.1, 119.8, 117.1, 116.9, 93.1; IR (neat, cm™): 3200,
2973, 2921, 1701, 1650, 1580, 1464, 1399; HRMS (ESI/Q-
TOF) (m/z): calcd. for CigH11INOs, [M + H]": 415.9778,
found: 415.9754.

1-(4-Nitrobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (13a):

O ° No2
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As brown solid (140 mg, 84% vyield); m.p. 272-274 °C,
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (DMSO-dg, 400 MHz): § 13.63 (s, 1H), 8.91 (dd,
1H, J1 = 8.0 Hz, J> = 1.6 Hz), 8.37 (d, 2H, J = 8.8 Hz), 8.04
(d, 2H, J = 8.8 Hz), 7.91 (s, 1H), 7.55-7.48 (m, 2H),
7.41-7.37 (m, 1H); BC{*H} NMR (DMSO-ds, 100 MHz): &
189.1, 154.1, 151.2, 149.2, 144.9, 138.3, 130.3, 129.2, 127.8,
126.6, 124.2, 123.6, 119.5, 119.4, 117.0, 116.9; IR (neat, cm"
1: 3191, 2955, 2923, 1693, 1650, 1599, 1520, 1463, 1346;
HRMS (ESI/Q-TOF) (m/z): calcd. for C1gH11N20s, [M + H]™:
335.0662, found: 335.0668.
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1-(2-Nitrobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (14a):

As brown solid (136 mg, 80% vyield); m.p. 268-270 °C;

purified over a column of silica gel (25% EtOAc in hexane);

'H NMR (DMSO-ds, 500 MHz): 5 13.59 (s, 1H), 9.18 (dd, 1H,

0 Ji= 8.5 Hz, J; = 2.0 Hz), 8.25 (d, 1H, J = 8.0 Hz), 7.91 (dt,
1H,J1 =7.5Hz, J» = 1.0 Hz), 7.82 (dt, 1H, J1 = 7.5 Hz, J, =
O 1.5 Hz), 7.74-7.72 (m, 2H), 7.58— 7.54 (m, 1H), 7.51 (dd, 1H,
o O J1 = 7.0 Hz, J, = 1.5 Hz), 7.46-7.42 (m, 1H); C{*H} NMR
(DMSO-ds, 125 MHz): 6 187.8, 154.1, 151.3, 146.3, 138.3,
136.6, 134.5, 131.1, 129.3, 129.1, 127.6, 127.1, 124.8, 124.4,
120.4,119.6, 117.0, 116.9; IR (neat, cm™): 3180, 2960, 2921,
1699, 1647, 1591, 1515, 1461; HRMS (ESI/Q-TOF) (m/z):
calcd. for C1gH11N20s, [M + H]*: 335.0662, found: 335.0663.

1-(2-Ethoxy-4-fluorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (15a):

As off white solid (107 mg, 61% yield); m.p. 269-271 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): 6 13.49 (s, 1H), 9.20 (dd, 1H,
J1 = 8.0 Hz, J» = 1.6 Hz), 7.65 (s, 1H), 7.57-7.53 (m, 1H),
7.49 (dd, 1H, J; = 8.4 Hz, J; = 1.6 Hz), 7.45-7.41 (m, 1H),
H 7.33 (dt, 1H, J1 = 8.4 Hz, J, = 3.2 Hz), 7.27 (dd, 1H, J1 = 8.4
7 Hz, J2 = 3.2 Hz), 7.18 (dd, 1H, J1 = 9.2 Hz, J, = 4.4 Hz), 4.01
O 5 O i (q, 2H, J = 6.8 Hz), 1.06 (t, 3H, J = 6.8 Hz): 3C{IH} NMR
EtO (DMSO-ds, 100 MHz): 6 188.5, 157.0, 154.4 (d, J = 48.4 Hz),
151.8 (d, J = 1.9 Hz), 151.2, 138.7, 131.8 (d, J = 6.3 Hz),
129.2,127.3(d,J=7.7Hz),124.2,121.2,119.2,117.6, 117.4,
117.1, 116.9, 115.3, 115.0 (d, J = 7.8 Hz), 64.4, 14.3; 1°F
NMR (DMSO-ds, 376 MHz): 6 —123.3; IR (neat, cm™): 3221,
2998, 2931, 1721, 1642, 1465, 1395, 1261; HRMS (ESI/Q-
TOF) (m/z): calcd. for CaHisFNO4, [M + H]*: 352.0980,
found: 352.0997.
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1-(2-Naphthoyl)chromeno|[3,4-b]pyrrol-4(3H)-one (16a):

As brown solid (110 mg, 65% vyield); m.p. 283-285 °C;

purified over a column of silica gel (20% EtOAc in hexane);

'H NMR (DMSO-ds, 500 MHz): § 13.49 (s, 1H), 8.74 (d, 1H,

o) J = 8.5 Hz), 8.47 (s, 1H), 8.11 (dd, 2H, J; = 16 Hz, J, = 8.5
H Hz), 8.03 (d, 1H, J=8.5Hz), 7.95 (d, 2H, J = 9.0 Hz), 7.68 (t,
O ¢ 1H, J=8.0 Hz), 7.62 (t, 1H, J = 7.5 Hz), 7.52-7.47 (m, 2H),
o OO 7.37-7.33 (m, 1H); B¥C{*H} NMR (DMSO-ds, 125 MHz): ¢

190.6. 154.2, 151.2, 137.0, 136.5, 134.7, 132.0, 131.1, 129.5,

128.9, 128.4, 128.3, 127.7, 127.6, 126.9, 126.3, 125.1, 124.2,

119.8,118.9, 117.2, 116.9; IR (neat, cm™): 3400, 2923, 2850,

1725, 1643, 1467, 1400, 1264; HRMS (ESI/Q-TOF) (m/z):
calcd. for C22H14NOs3, [M + H]*: 340.0968, found: 340.0981.

1-(Benzo[d][1,3]dioxole-5-carbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (17a):

As brown solid (98 mg, 59% vyield); m.p. 267—269 °C; purified
over a column of silica gel (20% EtOAc in hexane); *H NMR
(DMSO-ds, 500 MHz): ¢ 13.39 (s, 1H), 8.53 (d, 1H, J =85
Hz), 7.85 (s, 1H), 7.48-7.43 (m, 3H), 7.38 (d, 1H, J = 1.5 Hz),
7.33-7.30 (m, 1H), 7.04 (d, 1H, J = 8.0 Hz), 6.16 (s, 2H);
B3C{'H} NMR (DMSO-ds, 125 MHz): § 188.9, 154.2, 151.2,
151.1, 147.7, 135.8, 133.4, 128.8, 127.4, 126.0, 124.1, 119.5,
118.7,117.1,116.9, 108.8, 107.9, 102.1; IR (neat, cm™): 3412,
2960, 2921, 1723, 1646, 1478, 1439, 1399, 1260; HRMS
(ESI/Q-TOF) (m/z): calcd. for Ci9H12NOs, [M + H]™
334.0710, found: 334.0715.

70
TH-3483_ 196122010



Chapter Il

1-(Furan-2-carbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (18a):

As brown solid (92 mg, 66% yield); m.p. 237-239 °C; purified
over a column of silica gel (20% EtOAc in hexane); *H NMR
(DMSO-ds, 500 MHz): § 13.51 (s, 1H), 8.70 (d, 1H, J = 7.5
Hz), 8.29 (s, 1H), 8.09 (s, 1H), 7.49-7.45 (m, 3H), 7.36-7.33
(m, 1H), 6.79-6.78 (m, 1H); *C{*H} NMR (DMSO-ds, 125
MHz): 6 176.4, 154.1, 152.5, 151.1, 148.0, 136.6, 128.9,
1275, 126.3, 124.2, 120.1, 118.7, 117.1, 116.9, 112.7; IR
(neat, cm™): 3405, 2957, 2921, 1724, 1634, 1466, 1400, 1278;
HRMS (ESI/Q-TOF) (m/z): calcd. for C16H10NOa4, [M + H]*:
280.0604, found: 280.0603.

1-(Thiophene-2-carbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (19a):

As yellow solid (94 mg, 64% vyield); m.p. 247-249 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): 6 13.49 (s, 1H), 8.53 (d, 1H,
J=8.5Hz),8.17 (s, 1H), 8.09 (d, 1H, J = 5.0 Hz), 7.87 (d, 1H,
J = 3.5 Hz), 7.51-7.45 (m, 2H), 7.35-7.32 (m, 1H), 7.29 (t,
1H, J = 4.5 Hz); C{'*H} NMR (DMSO-ds, 125 MHz): &
182.0, 154.1, 151.1, 144.7, 135.2, 135.1, 134.8, 128.9, 128.8,
127.1,125.9, 124.2, 119.1, 118.8, 117.0, 116.9; IR (neat, cm’
1): 3204, 2960, 2918, 1701, 1624, 1465, 1413, 1275; HRMS
(ESI/Q-TOF) (m/z): calcd. for CisH1oNOsS, [M + H]™
296.0376, found: 296.0381.

1-Acetylchromeno[3,4-b]pyrrol-4(3H)-one (20a):

Me
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As yellow solid (42 mg, 37% yield); m.p. 222-224 °C,
purified over a column of silica gel (15% EtOAc in hexane);
'H NMR (CDCls, 400MHz): § 10.84 (s, 1H), 9.32 (d, 1H, J =
8.0 Hz), 8.02 (d, 1H, J = 3.2 Hz), 7.51-7.46 (m, 2H),
7.44-7.38 (m, 1H), 2.64 (s, 3H); ®C{*H} NMR (CDCl; +
DMSO-ds, 100 MHz): ¢ 192.7, 155.3, 151.4, 135.1, 128.5,
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127.9,127.6,124.1,121.8,119.6, 117.5, 116.6, 28.6; IR (neat,
cm™): 3429, 3064, 3008, 1742, 1634, 1441, 1272; HRMS
(ESI/Q-TOF) (m/z): calcd. for Ci7H10NO3z, [M + H]™
228.0655, found: 228.0652.

1-(3-Methylbutanoyl)chromeno[3,4-b]pyrrol-4(3H)-one (21a):

Me

As brown solid (56 mg, 42% yield); m.p. 233-235 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR
(CDCls3, 400 MHz): 6 11.00 (s, 1H), 9.33 (dd, 1H, J1= 8.0 Hz,
J2 = 1.6 Hz), 8.02 (d, 1H, J = 3.2 Hz), 7.51-7.45 (m, 2H),
7.43-7.38 (m, 1H), 2.80 (d, 2H, J = 6.8 Hz), 2.41-2.31 (m,
1H), 1.04 (d, 6H, J = 6.8 Hz); *C{*H} NMR (CDCls, 125
MHz): ¢ 195.6, 156.4, 151.8, 134.1, 129.5, 129.0, 128.5,
125.1, 123.3, 119.7, 117.7, 117.3, 50.2, 25.9, 23.0; IR (neat,
cm™): 3251, 3011, 2925, 1725, 1667, 1461, 1398, 1273;
HRMS (ESI/Q-TOF) (m/z): calcd. for C16H1sNO3, [M + H]*:
270.1125, found: 270.1129.

1-(Cyclopropanecarbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (22a):

TH-3483_ 196122010

As white solid (50 mg, 40% yield); m.p. 241-243 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): 6 13.47 (s, 1H), 9.22 (dd, 1H, J: = 8.0 Hz,
J2 = 1.6 Hz), 8.68 (d, 1H, J = 3.2 Hz), 7.49-7.42 (m, 2H),
7.36-7.31 (m, 1H), 2.89-2.85 (m, 1H), 1.29-1.19 (m, 1H),
1.06-1.03 (m, 1H), 0.99-0.94 (m, 2H); BC{'H} NMR
(CDCls, 125 MHz): 6194.9, 154.3,151.2, 136.5, 128.9, 127.6,
126.5, 124.1, 122.0, 119.1, 117.3, 116.7, 18.5, 10.6; IR (neat,
cm™): 3202, 2956, 2920, 1701, 1658, 1466, 1401, 1262;
HRMS (ESI/Q-TOF) (m/z): calcd. for C1sH12NOs, [M + H]™:
254.0812, found: 254.0812.
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(4-(2-Hydroxyphenyl)-1H-pyrrol-3-yl)(p-tolyl)methanone (2c):

As a white solid (87 mg, 63% yield); m.p. 181-183 °C;
purified over a column of silica gel (15% EtOAc in
hexane);*H NMR (CDCls, 500 MHz): 6 9.36 (s, 1H), 9.24 (s,
1H), 7.73 (dd, 2H, J1 = 8.0 Hz, J2 = 1.5 Hz), 7.24-7.22 (m,
3H), 7.15 (dd, 1H, J1 = 7.5 Hz, J, = 1.5 Hz), 7.09 (d, 2H, J =
7.5Hz),6.91 (dt, 1H, J1 = 7.0 Hz, J> = 1.5 Hz), 6.72 (s, 1H),
2.41 (s, 3H); BC{*H} NMR (CDCls, 125 MHz): 6 194.4,
155.5,143.5,136.5,132.1, 130.5, 129.3, 129.1, 128.4, 124.9,
122.9,122.8,121.2,121.0, 119.5, 21.8; IR (neat, cm™): 3278,
2957, 2924, 1678, 1600, 1545, 1452, 1381, 1282; HRMS
(ESI/Q-TOF) (m/z): calcd. for CigHisNO2, [M + H]%:
278.1176, found: 278.1171.

4-Tosyl-1-(tosylmethyl)-1H-imidazole (2c"):

TH-3483_ 196122010

As yellow solid (68 mg, 77% vyield); m.p. 177-179 °C;
purified over a column of silica gel (80% EtOAc in hexane);
!H NMR (CDCls, 500 MHz): 6 7.86 (d, 2H, J = 8.0 Hz), 7.45
(d, 2H, J=8.0 Hz), 7.39 (s, 1H), 7.33 (d, 2H, J = 8.0 Hz), 7.29
(s, 1H), 7.23 (d, 2H, J = 8.0 Hz), 5.11 (s, 2H), 2.44 (s, 3H),
2.43 (s, 3H); *C{*H} NMR (125 MHz): § 147.0, 144.7, 143.3,
139.7, 137.6, 131.5, 130.7, 129.9, 128.8, 128.1, 124.0, 65.5,
21.9, 21.8; IR (neat, cm™): 3377, 2924, 1705, 1622, 1438,
1264, 1172; HRMS (ESI/Q-TOF) (m/z): calcd. for
C18H18N204S2Na, [M + H]*: 413.0600, found: 413.0601.
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1-Benzoyl-8-methylchromeno[3,4-b]pyrrol-4(3H)-one (23a):

As brown solid (101 mg, 67% vyield); m.p. 237-239 °C;
purified over a column of silica gel (15% EtOAc in hexane);
o 'H NMR (DMSO-de, 400 MHz): § 13.46 (s, 1H), 8.51 (s, 1H),
N 7.85(d, 2H, J = 8.4 Hz), 7.82 (s, 1H), 7.69 (t, 1H, J = 7.2 Hz),
% 7.57 (t,2H,J=7.6 Hz), 7.37 (d, 1H, J = 8.4 Hz), 7.31 (d, 1H,
O G D J = 8.8 Hz), 2.36 (s, 3H); ¥C{*H} NMR (DMSO-ds, 100
Me MHz): 0 190.6, 154.3, 149.3, 139.3, 136.8, 133.1, 132.5,
129.6, 129.3, 128.6, 127.6, 126.2, 119.7, 119.1, 116.8, 116.6,
20.7; IR (neat, cm™): 3193, 3973, 3937, 1710, 1660, 1458,
1398, 1271; HRMS (ESI/Q-TOF) (m/z): calcd. for

C19H14NOs3, [M + H]": 304.0968, found: 304.0953.

1-Benzoyl-8-chlorochromenol[3,4-b]pyrrol-4(3H)-one (24a):

As brown solid (113 mg, 70% vyield); m.p. 244-246 °C;
purified over a column of silica gel (20% EtOAc in hexane);
H NMR (DMSO-ds, 500 MHz): 6 13.63 (s, 1H), 8.88 (d, 1H,
J=25Hz), 7.87 (d, 1H, J = 3.0 Hz), 7.85 (dd, 2H, J: = 8.5
O Q Hz, J. = 1.5 Hz), 7.68-7.67 (m, 1H), 7.59-7.56 (m, 2H),
& © 7.54-7.51 (m, 2H); ®C{*H} NMR (DMSO-ds, 125 MHz): ¢
190.7, 153.8, 149.9, 139.2, 137.4, 132.5, 129.4, 128.7, 128.6,
128.1, 126.6, 125.7, 119.8, 119.4, 118.9, 118.7; IR (neat, cm"
1): 3325, 2973, 2927, 1722, 1661, 1471, 1399, 1269; HRMS
(ESI/Q-TOF) (m/z): calcd. for CigH1:CINO3z, [M + H]*:

324.0422, found: 324.0426.

1-Benzoyl-8-bromochromeno[3,4-b]pyrrol-4(3H)-one (25a):

As yellow solid (117 mg, 64% vyield); m.p. 251-253 °C;
purified over a column of silica gel (20% EtOAc in hexane);
IH NMR (DMSO-ds,, 500 MHz): § 13.75 (s, 1H), 8.85 (d, 1H,
J =25 Hz), 7.92 (s, 1H), 7.85-7.83 (m, 4H), 7.69 (t, 1H, J =

O Q 7.0 Hz), 7.58 (t, 2H, J = 7.5 Hz); 3C{*H} NMR (DMSO-ds,
(0]
Br 125 MHz): § 190.6, 152.8, 145.6, 139.1, 137.7, 137.1, 132.6,
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130.6, 129.4, 128.6, 128.3, 127.9, 126.2, 124.7, 121.6, 119.9;
IR (neat, cm™): 3220, 2983, 2951, 1702, 1653, 1458, 1397,
1259; HRMS (ESI/Q-TOF) (m/z): calcd. for C1sH11BrNOs,
[M + H]:367.9917, found: 367.9914.

1-Benzoyl-8-iodochromeno[3,4-b]pyrrol-4(3H)-one (26a):

As brown solid (126 mg, 61% vyield); m.p. 258-260 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): § 13.60 (s, 1H), 9.16 (d, 1H,
J=2.0 Hz), 7.85-7.83 (m, 3H), 7.78 (dd, 1H, J1 =8.4 Hz, J»
= 2.0 Hz), 7.01-7.66 (m, 1H), 7.57 (t, 2H, J = 7.6 Hz), 7.29
(d, 1H, J = 8.4 Hz); ®C{*H} NMR (DMSO-ds, 100 MHz): &
190.7, 153.7, 150.8, 139.2, 137.2, 137.1, 134.7, 132.5, 129.3,
128.6, 127.9, 126.3, 119.7, 119.5, 119.2, 88.3; IR (neat, cm™):
3295, 2981, 2923, 1717, 1659, 1468, 1396, 1271; HRMS
(ESI/Q-TOF) (m/z): calcd. for C1gH10INO3Na, [M + Na]™:
437.9598, found: 437.9638.

1-Benzoyl-7,8-dimethylchromenol[3,4-b]pyrrol-4(3H)-one (27a):

(o]
H
o N
I/
Me o) O
Me
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As brown solid (93 mg, 59% vyield); m.p. 239-241 °C; purified
over a column of silica gel (20% EtOAc in hexane); *H NMR
(DMSO-ds, 400 MHz): & 8.46 (s, 1H), 7.85-7.83 (m, 2H),
7.79 (s, 1H), 7.70-7.65 (m, 1H), 7.57 (t, 2H, J = 6.8 Hz), 7.28
(s, 1H), 2.31 (s, 3H), 2.26 (s, 3H); *C{*H} NMR (DMSO-ds,
100 MHz): 6 190.5, 154.4, 149.6, 139.4, 137.9, 136.7, 132.4,
132.2,129.3, 128.6, 127.9, 125.5, 119.4, 118.6, 117.3, 114.5,
19.4, 19.2; IR (neat, cm™): 3211, 2977, 2921, 1702, 1651,
1460, 1399, 1268; HRMS (ESI/Q-TOF) (m/z): calcd. for
C20H16NO3z, [M + H]*: 318.1125, found: 318.1131.
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1-Benzoyl-6,8-dichlorochromeno(3,4-b]pyrrol-4(3H)-one (28a):

As white solid (111 mg, 62% vyield); m.p. 281-283 °C;
purified over a column of silica gel (20% EtOAc in hexane);
IH NMR (DMSO-ds, 400 MHz): & 13.61 (s, 1H), 9.01 (d, 1H,
. J=2.4Hz),7.86-7.83 (m, 3H), 7.66-7.63 (m, 1H), 7.59—7.55
O O (m, 2H), 7.44-7.42 (d, 1H, J = 8.8 Hz); B¥C{'H} NMR
° (DMSO-de, 100 MHz): ¢ 190.6, 153.7, 150.2, 139.2, 137.3,
132.5,131.3,129.3,128.7, 128.6, 126.4, 119.7, 119.4, 119.14,
119.12, 116.1; IR (neat, cm™): 3401, 2978, 2927, 1719, 1657,
1458, 1391, 1259.

1-Benzoyl-6,8-dibromochromeno(3,4-b]pyrrol-4(3H)-one (29a):

As off-white solid (143 mg, 64% yield); m.p. 289-291 °C;
purified over a column of silica gel (20% EtOAc in hexane);
!H NMR (DMSO-dg, 500 MHz): 6 13.72 (s, 1H), 9.01 (d, 1H,
J=2.5Hz), 8.00 (d, 1H, J = 2.5 Hz), 7.90 (s, 1H), 7.84 (d,
2H,J = 7.5 Hz), 7.70-7.66 (m, 1H), 7.57 (t, 2H, J = 7.5 Hz);
5 BC{*H} NMR (DMSO-dg, 125 MHz): § 190.6, 152.8, 146.9,
O 139.1, 137.7, 133.7, 132.5, 129.3, 128.5, 128.2, 126.1,
0 O 120.2, 119.8, 119.5, 115.9, 110.9; IR (neat, cm™): 3201,
2960, 2920, 1739, 1647, 1592, 1464, 1261; HRMS (ESI/Q-
TOF) (m/z): calcd. for C1gH10BraNOs, [M + H]*: 445.9022,

found: 445.9013.

6,8-Dibromo-1-(4-ethoxybenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (30a):

As white solid (145 mg, 59% vyield); m.p. 279-281 °C;
purified over a column of silica gel (20% EtOAc in hexane);
H NMR (DMSO-ds, 400 MHz): 6 13.66 (s, 1H), 8.83 (d,

o H 1H, J = 2.4 Hz), 8.01 (d, 1H, J = 2.4 Hz), 7.94 (s, 1H),
o | N/ 7.84 (d, 2H, J =8.8 Hz), 7.07 (d, 2H, J = 8.8 Hz), 4.14
Br O (0, 2H, J = 6.8 Hz), 1.37 (t, 3H, J = 6.8 Hz); *C{*H}
o O oet | NMR (DMSO-ds, 100 MHz): ¢ 189.2, 162.3, 152.9,
Br
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146.9, 136.6, 133.5, 131.9, 131.2, 129.9, 125.9, 120.3, 119.9,
119.2, 115.9, 114.3, 110.0, 63.6, 14.5; IR (neat, cm™): 3185,
2971, 2930, 1700, 1653, 1458, 1401, 1261; HRMS (ESI/Q-
TOF) (m/z): calcd. for C20H14Br2NOs, [M + H]*: 489.9284,
found: 489.9251.

8-Bromo-1-(4-methylbenzoyl)chromenol[3,4-b]pyrrol-4(3H)-one (31a):

o)
H
o N
4
S oW
Br

As white solid (103 mg, 54% vyield); m.p. 281-283 °C;
purified over a column of silica gel (20% EtOAc in hexane);
H NMR (DMSO-ds, 400 MHz): 6 13.60 (s, 1H), 8.95 (d, 1H,
J=2.4Hz),8.87(d, 1H, J=2.8 Hz), 7.76 (d, 2H, J = 8.4 Hz),
7.65 (dd, 1H, J1 = 8.8 Hz, J, = 2.4 Hz), 7.45 (d, 1H, J = 8.8
Hz), 7.38 (d, 2H, J = 7.6 Hz), 2.42 (s, 3H); *C{'H} NMR
(DMSO-dg, 100 MH2z): ¢ 190.3, 153.7, 150.2, 142.9, 136.8,
136.4, 131.3, 129.6, 129.2, 128.6, 126.4, 119.8, 119.23,
119.19, 119.15, 116.1, 21.1; IR (neat, cm™): 3205, 2973,
2941, 1721, 1658, 1461, 1393, 1271; HRMS (ESI/Q-TOF)
(m/z): calcd. for C19H13BrNOs, [M + H]™: 382.0073, found:
382.0069.

1-(2-lodobenzoyl)-7-methylchromeno[3,4-b]pyrrol-4(3H)-one (32a):

TH-3483_ 196122010

As yellow solid (111 mg, 52% yield); m.p. 291-293 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (CDCls + DMSO-ds, 500 MHz): § 13.28 (s, 1H),
9.24 (d, 1H, J =8.0 Hz), 7.98 (d, 1H, J = 8.0 Hz), 7.55-7.52
(m, 1H), 7.46-7.44 (m, 1H), 7.36 (s, 1H), 7.29-7.27 (m, 3H),
2.54 (s, 3H); 3C{*H} NMR (CDCl; + DMSO-ds, 125 MHz):
0 190.7, 154.4, 151.1, 145.3, 138.9, 138.8, 137.6, 130.7,
128.2,127.2,127.1, 126.9, 124.7, 119.5, 119.0, 116.3, 114.1,
91.6, 20.6; IR (neat, cm™): 3250, 2981, 2950, 1710, 1649,
1458, 1397, 1263; HRMS (ESI/Q-TOF) (m/z): calcd. for
C19H13INO3, [M + H]™: 429.9935, found: 429.9940.
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8-Chloro-1-(2-iodobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (33a):

As brown solid (137 mg, 61% vyield); m.p. 295-297 °C;
purified over a column of silica gel (20% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): § 13.74 (s, 1H), 9.33 (d, 1H,
J=24Hz),7.98(d, 1H, J = 7.6 Hz), 7.60 (dd, 1H, J; = 6.4
Hz, Jo = 2.4 Hz), 7.57-7.52 (m, 2H), 7.49 (dd, 1H, J. = 6.0
Hz, J, = 1.6 Hz), 7.32-7.28 (m, 2H); *C{*H} NMR (DMSO-
ds, 125 MHz): ¢ 190.9, 153.7, 149.9, 145.5, 139.2, 139.1,
131.3, 128.9, 128.7, 128.1, 128.0, 126.6, 126.3, 120.1, 120.0,
118.9, 118.5, 92.9; IR (neat, cm™): 3301, 2971, 2928, 1720,
1653, 1460, 1401, 1273; HRMS (ESI/Q-TOF) (m/z): calcd.
for C1sH10CIINQO3z, [M + H]": 449.9388, found: 449.9394.

8-Bromo-1-(2-iodobenzoyl)chromeno|[3,4-b]pyrrol-4(3H)-one (34a):

As brown solid (148 mg, 60% vyield); m.p. 296-298 °C;
purified over a column of silica gel (20% EtOAc in hexane);
!H NMR (DMSO-dg, 500 MHz): 6 13.72 (s, 1H), 9.45 (d, 1H,
J=25Hz), 7.97 (d, 1H, J = 7.5 Hz), 7.69 (dd, 1H, J1 = 9.0
Hz, J2 = 2.5 Hz), 7.55-7.45 (m, 4H), 7.29 (t, 1H, J = 7.5 Hz);
BC{*H} NMR (DMSO-ds, 125 MHz): 6 192.3, 154.1, 150.8,
146.0, 139.7, 139.6, 132.2, 131.8, 129.7, 129.1, 128.6, 128.5,
127.0,120.5, 119.6, 119.5, 116.7, 93.5; IR (neat, cm™): 3295,
2983, 2927, 1699, 1647, 1468, 1395, 1261; HRMS (ESI/Q-
TOF) (m/z): calcd. for C1sH10BrINO3z, [M + H]": 493.8883,
found: 493.8874.
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8-Bromo-1-(3-methylbutanoyl)chromeno[3,4-b]pyrrol-4(3H)-one (35a):

As brown solid (68 mg, 39% vyield); m.p. 239-241 °C; purified

over a column of silica gel (20% EtOAc in hexane); *H NMR

0 (CDCls, 400 MHz): 6 10.97 (s, 1H), 9.58 (d, 1H, J = 2.4 Hz),
“ 8.03 (s, 1H), 7.58 (dd, 1H, J. = 8.8 Hz, J. = 2.8 Hz), 7.32 (d,
7 Me 1H,J=8.8 Hz), 2.79 (d, 2H, J = 7.2 Hz), 2.42-2.34 (m, 1H),
Me ! 1.04(d, 6H, 3= 6.0 Hz): BC{H} NMR (CDCls, 100 MHz): 6

Br 195.4, 155.6, 150.7, 133.7, 132.4, 131.1, 127.8, 123.5, 119.9,
119.4, 118.9, 117.9, 50.1, 25.9, 23.0; IR (neat, cm™): 3253,

3012, 2922, 1727, 1679, 1465, 1397, 1274; HRMS (ESI/Q-

TOF) (m/z): calcd. for C16H1sBrNO3, [M + H]™: 348.0230,

found: 348.0228.
Ethyl 4-oxo0-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (1a'):

As white solid (112 mg, 87% yield); m.p. 249-251 °C;
purified over a column of silica gel (15% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): 6 9.98 (s, 1H), 9.14 (dd, 1H, J;
o =8.0 Hz, J,= 1.6 Hz), 7.86 (d, 1H, J = 3.6 Hz), 7.46-7.42 (m,
1H), 7.36 (d, 1H, J = 8.0 Hz), 7.32 (t, 1H, J = 7.6 Hz), 2.49 (q,
2H, J = 7.2 Hz), 1.48 (t, 3H, J = 7.2 Hz); BC{"H} NMR
CO,Et (CDCls, 100 MHz): 6 163.7, 156.1, 151.8, 134.5, 129.3, 128.1,
126.5, 125.0, 119.1, 117.5, 117.4, 113.8, 60.9, 14.6; IR (neat,
cml): 3222, 2931, 2897, 1703, 1651, 1613, 1261; HRMS
(ESI/Q-TOF) (m/z): calcd. for Ci4H12NOs, [M + H]%:
258.0761, found: 258.0765.

/ \

NH

Ethyl 7-methyl-4-oxo0-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (2a"):

As yellow solid (112 mg, 83% vyield); m.p. 254-256 °C;
purified over a column of silica gel (15% EtOAc in hexane);
!H NMR (DMSO-ds, 400 MHz): 6 13.35 (s, 1H), 8.99 (d, 1H,
NH J = 8.4 Hz), 8.07 (d, 1H, J = 3.2 Hz), 7.26 (s, 1H), 7.19 (dd,
CO,Et 1H, J1 =8.4 Hz, J,= 1.6 Hz), 4.30 (q, 2H, J = 7.2 Hz), 2.40 (s,
3H), 1.33 (t, 3H, J = 7.2 Hz); *C{*H} NMR (DMSO-ds, 125
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MHz): ¢ 163.4, 154.1, 151.2, 139.0, 135.0, 127.5, 126.6,
125.2, 118.2, 116.9, 114.4, 111.1, 60.1, 20.8, 14.2; IR (neat,
cm™): 3377, 2924, 1705, 1622, 1438, 1264, 1172; HRMS
(ESI/Q-TOF) (m/z): calcd. for CisHuuNO4, [M + H]™
272.0917, found: 272.0937.

Ethyl 8-chloro-4-oxo0-2,4-dihydrochromenol3,4-c]pyrrole-1-carboxylate (3a")

NH

/ \

CO,Et

Cl

As yellow solid (118 mg, 81% yield); m.p. 262-264 °C;
purified over a column of silica gel (15% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): 6 13.52 (s, 1H), 9.18 (d, 1H,
J=2.4Hz),8.09 (s, 1H), 7.50 (dd, 1H, J1 = 8.8 Hz, J, = 2.4
Hz), 7.45 (d, 1H, J=8.8 Hz), 4.31(q, 2H, J = 7.2 Hz), 1.35 (t,
3H, J = 7.2 Hz); BC{*H} NMR (DMSO-ds, 125 MHz): ¢
163.3, 153.5, 149.7, 135.3, 128.4, 128.1, 125.99, 125.96,
118.9, 118.7, 118.4, 111.7, 60.3, 14.2; IR (neat, cm™): 3220,
3127, 2987, 2923, 1733, 1679, 1528, 1468, 1400, 1263;
HRMS (ESI/Q-TOF) (m/z): calcd. for C14H11CINOg4, [M +
H]*: 292.0371, found: 292.0374.

Ethyl 8-bromo-4-o0xo-2,4-dihydrochromenol3,4-c]pyrrole-1-carboxylate (4a"):

/ \

NH
CO,Et

Br

TH-3483_ 196122010

As white solid (134 mg, 80% vyield); m.p. 276-278 °C;
purified over a column of silica gel (15% EtOAc in hexane);
!H NMR (DMSO-dg, 400 MHz): 6 13.50 (s, 1H), 9.28 (d, 1H,
J =28 Hz), 8.06 (s, 1H), 7.59 (dd, 1H, J1 = 8.8 Hz, J,.= 2.4
Hz), 7.36 (d, 1H, J = 8.8 Hz), 4.30 (g, 2H, J = 7.2 Hz), 1.35 (¢,
3H, J = 7.2 Hz); ¥C{*H} NMR (DMS0-ds,125 MHz): ¢
163.2, 153.4, 150.1, 135.3, 131.1, 128.9, 125.8, 119.0, 118.9,
118.8, 116.1, 111.7, 60.3, 14.2; IR (neat, cm™): 3107, 2987,
2931, 1721, 1658, 1460, 1409, 1268; HRMS (ESI/Q-TOF)
(m/z): calcd. for Ci4H11BrNOs, [M + H]*: 335.9866,
found:335.9865.
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Methyl 4-oxo-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (1b*):

NH

CO,Me

As white solid (102 mg, 84% vyield); m.p. 239-241 °C;
purified over a column of silica gel (15% EtOAc in hexane);
'H NMR (CDCls + DMSO-ds, 400 MHz): § 12.79 (s, 1H),
9.17 (dd, 1H, J;= 8.0 Hz, J, = 6.4 Hz), 7.87 (d, 1H, J = 6.8
Hz), 7.37-7.25 (m, 3H), 3.83 (s, 3H); 3C{*H} NMR (CDCl;
+ DMSO-ds, 125 MHz): 6 164.3, 155.3, 151.5, 134.6, 128.5,
128.3,127.4,124.3,119.1,117.5,116.9, 112.0, 51.5; IR (neat,
cm™): 3310, 2981, 2927, 1721, 1659, 1530, 1458, 1398, 1271;
HRMS (ESI/Q-TOF) (m/z): calcd. for C13H10NOa4, [M + H]:
244.0604, found: 244.0610.

Chromeno|[3,4-c]pyrrol-4(2H)-one (1c"):

/ \

NH

As reddish solid (84 mg, 91% vyield); m.p. 200-202 °C;
purified over a column of silica gel (20% EtOAc in hexane);;
'H NMR (CDCls, 500 MHz): 6 9.70 (s, 1H), 7.73 (s, 1H), 7.68
(d, 1H, J = 7.5 Hz), 7.33-7.29 (m, 3H), 7.23-7.20 (m, 1H);
BBC{'H} NMR (CDCls, 125 MHz): § 160.1, 151.4, 127.9,
124.3, 123.1, 122.4, 121.7, 117.7, 117.2, 111.5, 109.8; IR
(neat, cm™): 3218, 2927, 2899, 1700, 1617, 1457, 1262;
HRMS (ESI/Q-TOF) (m/z): calcd. for C11HgNO, [M + H]*:
186.0550, found: 186.0550.

6H-Chromeno[3,4-b]indeno[2,1-d]pyrrole-6,12(7H)-dione (12aa):

o)
(o)

spes

TH-3483_ 196122010

As yellow solid (37 mg, 87% vyield); m.p. 288-291 °C;
purified over a column of silica gel (15% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): 5 13.72 (s, 1H), 8.14 (dd, 1H,
Ji1= 7.6 Hz, J» = 1.6 Hz), 7.49-7.43 (m, 3H), 7.40-7.37 (m,
3H), 7.32 (t, 1H, J = 7.2 Hz); ®C{*H} NMR (DMSO-ds, 125
MHz): ¢ 184.7, 157.2, 154.1, 151.5, 139.5, 133.8, 133.7,
130.3, 129.8, 126.5, 126.1, 124.7, 123.6, 121.5, 120.3, 117.4,
116.8, 116.3; IR (neat, cm™): 3391, 2967, 2931, 1721, 1650,
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1463, 1400, 1259; HRMS (ESI/Q-TOF) (m/z): calcd. for
C1sH10NO3, [M + H]*: 288.0655, found: 288.0661.

2-Bromo-6H-chromeno[3,4-bJindeno[2,1-d]pyrrole-6,12(7H)-dione (34aa):

As red solid (45 mg, 83% vyield); m.p. 297-299 °C; purified
over a column of silica gel (15% EtOAc in hexane); *H NMR
(DMSO-dg, 400 MHz): 6 13.72 (s, 1H), 8.15 (dd, 1H, J1 = 7.2
Hz, J» = 1.2 Hz), 7.49-7.44 (m, 2H), 7.40-7.37 (m, 3H), 7.33
(t, 1H, J = 7.2 Hz); BC{*H} NMR (DMSO-ds, 125 MHz): ¢
184.6, 157.1, 153.9, 151.4, 139.4, 133.8, 133.7, 130.2, 129.7,
126.4,126.1, 124.6, 123.5, 121.4, 120.2, 117.3, 116.7, 116.3;
IR (neat, cm™): 3397, 2922, 2850, 1728, 1649, 1491, 1404,
1273; HRMS (ESI/Q-TOF) (m/z): calcd. for C1sHoBrNO3, [M
+ H]": 365.9760, found: 365.9766.

8-(Phenylethynyl)-1-(2-(phenylethynyl)benzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (34ac):

OHPh
)y
S e
It
Ph
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As vyellow solid (58 mg, 79% yield); m.p. 269-271 °C;
purified over a column of silica gel (35% EtOAc in hexane);
'H NMR (DMSO-ds, 500 MHz): 6 13.66 (s, 1H), 9.31 (d, 1H,
J = 2.0 Hz), 7.73-7.69 (m, 3H), 7.67 (d, 1H, J = 7.5 Hz),
7.65-7.61 (m, 1H), 7.59-7.54 (m, 4H), 7.42 (t, 3H, J = 3.0
Hz), 7.28 (t, 1H, J = 7.0 Hz), 7.21 (t, 2H, J = 7.5 Hz), 7.09 (d,
2H, J = 8.0 Hz); BC{*H} NMR (DMSO-ds, 125 MHz): ¢
190.9, 153.7, 151.1, 143.1, 138.7, 132.5, 132.1, 131.4, 130.9,
130.5, 129.7, 128.9, 128.8, 128.7, 128.6, 128.5, 128.0, 126.6,
122.1, 121.7, 121.2, 120.2, 119.5, 118.3, 117.7, 117.5, 93.9,
89.1, 88.8, 87.5; IR (neat, cm™): 3395, 2957, 2922, 2258,
2128, 1725, 1672, 1460, HRMS (ESI/Q-TOF) (m/z): calcd.
for CasH2oNO3, [M + H]™: 490.1438, found: 490.1427.
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(E)-1-(4-Ethoxyphenyl)-3-(2-hydroxyphenyl)prop-2-en-1-one (5)#3:

OH o)

SAASW

'H NMR (CDCls, 400 MHz): & 8.24 (d, 1H, J = 15.6 Hz), 8.05
(d, 2H, J=8.8 Hz), 7.72 (d, 1H, J = 15.6 Hz), 7.58 (dd, 1H, J;
=8.0 Hz, J> = 1.6 Hz), 7.27-7.23 (m, 1H), 6.99-6.90 (m, 4H),
4.11(q, 2H, J = 7.2 Hz), 1.92 (s, 1H), 1.45 (t, 3H, J = 7.2 Hz).
The obtained 'H NMR spectra matched with the reported

procedure in ref. 14a.

(E)-3-(2-Hydroxyphenyl)-1-(4-isopropoxyphenyl)prop-2-en-1-one (6):

OH (o)

o,

As yellowish solid (440 mg, 78% vyield), m.p. 118-120 °C;
purified over a column of silica gel (10% EtOAc in hexane);
!H NMR (CDCls, 400 MHz): 6 8.19 (dd, 1H, J; = 16.0 Hz, J,
=3.6 Hz), 8.04 (d, 2H, J = 8.8 Hz), 7.70 (d, 1H, J = 15.6 Hz),
7.60 (dd, 1H, J1 = 7.6 Hz, J> = 1.6 Hz), 7.28-7.24 (m, 1H),
6.96-6.92 (m, 4H), 4.72-4.61 (m, 1H), 1.38 (d, 6H, J = 6.0
Hz); ®C{*H} NMR (125 MHz) 190.5, 162.3, 156.2, 140.5,
131.8, 131.3, 130.9, 129.3, 122.7, 122.6, 120.9, 116.9, 115.4,
70.4, 22.2; IR (neat, cm™): 3265, 2982, 2928, 1720, 1672,
1635, 1600, 1559, 1490, 1256.

(E)-1-(2-Ethoxy-4-fluorophenyl)-3-(2-hydroxyphenyl)prop-2-en-1-one (15):

OH 0]

SANeN

TH-3483_ 196122010

As yellowish solid (429 mg, 75% vyield); m.p. 127-129 °C;
purified over a column of silica gel (10% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): 6 8.04 (d, 1H, J = 16.0 Hz), 7.63
(d, 1H, J = 16.0 Hz), 7.52 (dd, 1H, J1 = 8.0 Hz, J, = 1.6 Hz),
7.37 (dd, 1H, J1 = 8.4 Hz, J, = 3.2 Hz), 7.27-7.23 (m, 1H),
7.17-7.12 (m, 2H), 6.94-6.90 (m, 3H), 4.09 (q, 2H, J = 6.4
Hz), 1.41 (t, 3H, J = 6.8 Hz); 3C{"H} NMR (CDCls, 125
MHz): ¢ 193.1, 158.0, 156.1 (d, Jc-r = 12.38 Hz), 154.1 (d,
Jer = 2.13 Hz), 140.2, 132.0, 130.5 (d, Jc-r = 11.25 Hz),
129.3, 127.1, 122.4, 120.9, 119.4 (d, Jc-r = 23.13 Hz), 117.0
(d, Jc-Fr=23.88 Hz), 116.9, 114.5 (d, Jc-r = 75 Hz), 65.4, 15.0;
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F NMR (CDCls, 470 MHz): 6 —-123.1; IR (neat, cm™): 3261,
2980, 2928, 1723, 1670, 1636, 1601, 1556, 1491, 1256.

(E)-4-(2-Hydroxyphenyl)but-3-en-2-one (20):

IH NMR (CDCls, 400 MHz): § 7.85 (d, 1H, J = 16.4 Hz), 7.48
@/\/ime (dd, 1H, J1= 7.6 Hz, J2 = 1.6 Hz), 7.29-7.24 (m, 1H), 7.07 (s,
1H), 7.02 (d, 1H, J = 16.4 Hz), 6.95-6.89 (m, 2H), 2.43 (s,
3H); 3C{*H} NMR (CDCls, 100 MHz): 6 201.0, 156.0, 140.6,
132.1, 129.8, 128.0, 121.8, 121.0, 116.7, 27.1. The obtained

'H NMR spectra matched with the reported procedure in ref.
14c.

(E)-1-Cyclopropyl-3-(2-hydroxyphenyl)prop-2-en-1-one (22):

As yellowish solid (267 mg, 71% yield) *H NMR (CDCls, 400

MHz): 6 8.05 (d, 1H, J = 16.4 Hz), 7.63 (s, 1H), 7.53 (dd, 1H,

o ~ 7 Ji1= 7.6 Hz, J2 = 1.6 Hz), 7.29 (d, 1H, J = 7.2 Hz), 7.16 (d,
M 1H, J = 16.4 Hz), 6.94 (d, 2H, J = 8.0 Hz), 2.39-2.35 (m, 1H),
1.26-1.22 (m, 2H), 1.06-1.01 (m, 2H); 3C{'H} NMR

(CDCls, 100 MHz): 6 202.7, 156.4, 139.2, 131.9, 129.5, 127.1,
122.1, 120.8, 116.9, 19.4, 11.8.

(E)-3-(3,5-Dibromo-2-hydroxyphenyl)-1-(4-ethoxyphenyl)prop-2-en-1-one (30):

As yellowish solid (622 mg, 73% vyield); m.p. 154-156 °C;

purified over a column of silica gel (10% EtOAc in

. OH « ° hexane); 'H NMR (CDCls, 400 MHz): 6 8.03 (d, 2H, J =

O O 8.8 Hz), 7.93 (d, 1H, J = 15.6 Hz), 7.65-7.63 (m, 2H),

OFt 762 (d, 1H, J = 2.4 Hz), 6.97 (d, 2H, J = 8.8 HZ), 6.14 (s,

1H), 4.12 (q, 2H, J = 6.8 Hz), 1.46 (t, 3H, J = 6.8 Hz);

BC{*H} NMR (CDCls, 125 MHz): § 188.7, 163.3, 150.8,

137.1, 136.4, 135.2, 131.5, 131.2, 130.9, 125.3, 114.6, 113.0,

112.4, 64.0, 14.9; IR (neat, cm™): 3340, 2979, 2931, 1647,
1602, 1560, 1450, 1308, 1261.

Br
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(E)-3-(2-Hydroxy-4-methylphenyl)-1-(2-iodophenyl)prop-2-en-1-one (32):

As yellowish solid (502 mg, 69% vyield); m.p. 148-150 °C;
purified over a column of silica gel (10% EtOAc in hexane);
A 'H NMR (CDCls, 400 MHz): 6 7.93 (dd, 1H, J1 = 8.0 Hz, J, =
O O 1.0 Hz), 7.64 (d, 1H, J = 16.0 Hz), 7.44-7.39 (m, 3H),
ne | 7.35-7.32 (m, 1H), 7.17-7.13 (m, 1H), 6.75-6.73 (m, 2H),
2.30 (s, 3H); BC{'*H} NMR (CDCls, 125 MHz): J 124.8,
144.9, 143.8, 140.8, 140.2, 131.3, 130.5, 128.7, 128.1, 128.0,
125.6, 122.1, 119.2, 117.5, 92.6, 21.8; IR (neat, cm™): 3282,
3057, 2920, 1693, 1595, 1454, 1419, 1304, 1245.
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I1.7. Representative Spectra

1-Benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a): *H NMR (CDCls, 500 MHz)
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1-Benzoylchromeno[3,4-b]pyrrol-4(3H)-one (1a): ¥*C {{H} NMR (CDCl3, 125 MHz)

—191.214
—156.583

/' 77.484
\.76.976

T T T T T T T T T T T

T T T T T . T T T T T T
210 200 190 180 170 160 150 140 130 120 110 . (100) 9% 8 70 60 50 40 30 20 10 0 -10
ppm

1-(4-Methylbenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (2a): *H NMR (CDCls, 500 MHz)
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1-(4-Methylbenzoyl)chromeno|[3,4-b]pyrrol-4(3H)-one (2a) ): 13*C {*H} NMR (CDCls +
DMSO-ds, 100 MHz)
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1-(3-Methylbenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (3a): *H NMR (DMSO-ds, 500

MHz)
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1-(3-Methylbenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (3a): *C{*H} NMR (DMSO-ds, 125

MHZz)
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1-(4-1sopropoxybenzoyl)chromenol[3,4-b]pyrrol-4(3H)-one (6a): 'H NMR (DMSO-ds, 500

MH2z)
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1-(4-1sopropoxybenzoyl)chromenol[3,4-b]pyrrol-4(3H)-one (6a): *C{*H} NMR (DMSO-ds,
500 MHz)
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1-(4-Nitrobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (13a): *H NMR (DMSO-ds, 400
MHz)
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1-(4-Nitrobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (13a): 13C{*H} NMR (DMSO-ds, 100

MHz)
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1-(2-ethoxy-4-fluorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (15a): *H NMR (DMSO-ds,
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1-(2-Ethoxy-4-fluorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one  (15a): C{*H} NMR
(DMSO-ds, 100 MHz)
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1-(2-Ethoxy-4-fluorobenzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (15a): **F NMR (DMSO-
ds, 376 MHz)
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1-(Thiophene-2-carbonyl)chromenol[3,4-b]pyrrol-4(3H)-one (19a): *H NMR (DMSO-ds,

500 MHz)
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1-(Thiophene-2-carbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (19a): *C{*H} NMR (DMSO-

ds, 125 MHz)
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1-(Cyclopropanecarbonyl)chromeno[3,4-b]pyrrol-4(3H)-one (22a): *H NMR (CDCls, 400
MHZz)
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1-(Cyclopropanecarbonyl)chromenol[3,4-b]pyrrol-4(3H)-one (22a): *C{*H} NMR (CDCls,
125 MHz)
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1-Benzoyl-8-iodochromenol[3,4-b]pyrrol-4(3H)-one (26a): *H NMR (DMSO-ds, 400 MH2z)
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Ethyl 4-ox0-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (1a‘): *H NMR (CDCls, 400

MHZz)
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Ethyl 4-oxo0-2,4-dihydrochromeno[3,4-c]pyrrole-1-carboxylate (1a'): BC{!H} NMR
(CDCls, 100 MHz)
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6H-Chromeno|[3,4-b]indeno[2,1-d]pyrrole-6,12(7H)-dione (12aa): *H NMR (DMSO-ds,
400 MHz)
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6H-Chromenol[3,4-bJindeno[2,1-d]pyrrole-6,12(7H)-dione (12aa): 3C{*H} NMR (DMSO-
ds, 125 MHz)
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8-(Phenylethynyl)-1-(2-(phenylethynyl)benzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (34ac):
'H NMR (DMSO-ds, 500 MHz)
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8-(Phenylethynyl)-1-(2-(phenylethynyl)benzoyl)chromeno[3,4-b]pyrrol-4(3H)-one (34ac):
IH NMR (DMSO-ds, 125 MHz)

© 50 snedons
2 ag SREPR=8
& a5 SAREARS
I Il e

0 Ph

ZT

T

T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

100
TH-3483_196122010



Chapter Il

101

TH-3483_196122010



CHAPTER IlI

Access to Chromenopyrrole via Tandem (3 + 2)
Cycloaddition and Intramolecular C—O Coupling

/ OH O
Ag salt
= —_—
+ CN/\COZR base

® cycloaddition/C—-0O coupling ® 35 examples, 53-78% yield
K @® step economy @ inexpensive precursors /

The Journal of Organic Chemistry

] J. Org. Chem. 2024, 89, 1331-1335.
pubs.acs.org/joc

ABSTRACT: A mild and concise method for the synthesis of chromenopyrrole from 2'-
hydroxychalcone is devised. The reaction proceeds via an initial (3 + 2) cycloaddition
on the C=C bond of 2'-hydroxychalcone and 1,3-dipole, generated in situ by the
reaction of ethyl isocyanoacetate and AgOAc. This is then followed by an
intramolecular C-O bond formation with the -OH group and C5-H of the in situ

generated pyrrole leading to chromenopyrroles.
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C HAPTER III

Access to Chromenopyrrole via Tandem (3 + 2)
Cycloaddition and Intramolecular C—O Coupling

I11.1. Introduction

Pyrrole is a well-known N-containing structural motif, often found in some of the
natural products and pharmacologically active molecules.®® Pyrrole ring is widespread in
many natural products such as lamellarin, ningalin, purpurone as well as in synthetic drugs
such as sunitinib, atorvastatin, URB447 among others.!®® Polysubstituted pyrroles are
valuable synthetic building blocks and chemistry has progressed far in the direction of
pyrrole synthesis.}) Chromene too is a privileged core that occurs in many natural and
synthetic biological molecules and potential starting precursor for the construction of bio-
active heterocycles.'4?*¢ Chromene core is also found in many anticancer (P1K-108),
antifungal, etc. drugs.? Both of these rings in the form of fused chromenopyrrole interest
chemists and pharmacists as an exciting and versatile building block because of their
excellent biological activities.’*® Chromenopyrrole or benzopyranopyrrole structure was
first reported as a heterocyclic core structure of TAN-876A isolated from a Streptomyces sp.
by a group from Takeda company. Subsequently, this unique core was found in
pyralomicins. Pyralomicins, a group of antibiotics isolated from the soil bacterium
Nonomuraea spiralis IMC A-0156, contain a chromenopyrrole core. This core is linked to a
C7-cyclitol (pyralomicins 1-1V) or glycosylated by glucose (pyralomicins V-VII)
(Figure.lll.1). The pyralomicins are active against Gram-positive bacteria and their
antibacterial activity depends on the position and number of chlorine atoms attached within
the molecule and nature and methylation of glycone.*" The aglycon region of the molecule
resembles pyoluteorin, the marinopyrroles, TAN-876A, and TAN-876B.*2¢ Moreover,
marine alkaloids such as lamellarins with a chromenopyrrole core display diverse biological
activities including potential treatments for CNS orders.! Considering the remarkable utility
of chromenopyrroles with unique structural characteristics, it is essential to plan newer
sustainable methodologies for their synthesis through mild reaction conditions and readily

available precursors.
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4
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¢ O OH
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Figure 111.1. Bioactive pyrrole and chromenopyrrole core.
I11.2. Strategies for Synthesis of Chromenopyrrole

Most of the existing methods for the synthesis of chromenopyrrole involve
constructing pyrrole moiety from a functionalized chromenone via transition metal-
catalyzed coupling reactions.® A few significant synthetic methodologies include 1,3-dipolar
cycloaddition, multi-component synthesis, transition metal-catalyzed annulation, etc. The
existing methods mostly start with 3-substituted chromones and subsequent annulation or

cyclization with some N-containing coupling partners.

Yan et al. demonstrated a Cu-catalyzed decarboxylative annulation of N-substituted
glycines with 3-formylchromones for the synthesis of functionalized chromenopyrroles.
This cascade protocol proceeded via initial decarboxylation of glycine which then underwent
annulation with an acyl group of 3-formylchromones (Scheme 111.2.1).%% The requirement of

pre-synthesized 3-formylchromone demands additional steps for its synthesis.

H H CuBr (15 mol%)
(:fj)\* P~ O R 25 equiv) L
(o) (2.5 equiv) N

(0]
toluene, reflux

\
Ph

Scheme 111.2.1. Synthesis of chromenopyrroles via decarboxylative annulation.
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The same group in the following year developed a multi-component cascade strategy
for the synthesis of functionalized chromenopyrrole by simply heating a mixture of 3-
formylchromone and proline derivative under Cu catalysis. This decarboxylative annulation
strategy provides an alternative route for the synthesis of these pyrrolidine derivatives
(Scheme.lll. 2.2).%°

H
H : CuBr (15 mol%)
| + COH ~ 0, (1.0 atm)
(o) =N

i H toluene, reflux

Scheme 111.2.2. Synthesis of chromenopyrrole via Cu-catalyzed decarboxylative

annulation.

Hu and his co-workers demonstrated a Cu-catalyzed methodology for the synthesis
of imidazochromones by reacting 3-iodochromone and acetamidine hydrochloride in the
presence of a base. The Cu-catalyzed aerobic C—H cyclo-etherification is found to be the
key step for this cyclization protocol. Substrate scope analysis reveals that acyl phenols with
electron-rich heterocycles efficiently participate in this C—H activation/C—O formation

process (Scheme 111.2.3).6°

o (o}

: NH K,CO; (3 equiv) N
2 3
I« RJ\NH Cul (10 mol%) | )R
(0] 2 (o) N

DMF, air, 120 °C

Scheme 111.2.3. Cu-catalyzed cascade synthesis of imidazochromone.

Gao and Wu group disclosed a dual a,-C(sp?)-H functionalization of o-
hydroxyphenyl enaminones to construct C2, C3-disubstituted chromenes which eventually
undergoes intramolecular cascade cyclization to deliver diverse chromenopyrroles.
Mechanistically, acetophenone oxidized to phenylglyoxal via iodination intermediate in the
presence of 1>--DMSO (Kornblum oxidation) which subsequently undergoes nucleophilic
attack by o-hydroxyphenyl enaminone. The resulting intermediate undergoes 1,4-addition

with aniline which eventually delivers the product. This one-pot strategy constructs four new
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bonds and two rings to form target compounds from readily accessible substrates (Scheme

111.2.4).89
NH,
CORQCREE EEtc el
oH DMSO (5 mL), 100 °C 0" ~N

Scheme 111.2.4. 1,/DMSO-mediated synthesis of chromenopyrroles.

Zhang and Yang group developed a facile and efficient methodology for the
synthesis of tricyclic fused pyrazoles via a one-pot sequential path. The condensation of
aldehyde and tosylhydrazine forms hydrazone which chemoselectively undergoes fusion
with 3-chlorochromones in a sequential way through ring-opening and ring-closing to

deliver chromeno[3,2-c]pyrazoles in moderate to excellent yields (Scheme 111.2.5).%¢

lo} (o}

H
Cl H : O N
R1—'\ | . Ts’N‘Né\RZ Cs,CO; (3 equw)‘ R1—: | N
= DMF, 110 °C =
(o) (0}
RZ

Scheme 111.2.5. Sequential synthesis of chromenopyrazoles.

Another efficient approach for the synthesis of chromenopyrrole was developed by
Yang group utilizing activated isocyanide. In the presence of an Ag catalyst, ethyl
isocyanoacetate undergoes nucleophilic addition to the double bond of the chromanone.
Subsequent ring-opening and intramolecular C—O bond formation lead to the construction

of functionalized chromeno[2,3-b]pyrrol-4(1H)-ones (Scheme 111.2.6).5°

o) o}
I
Ag-,0 (20 mol%
Il + cN"Scokt —% ( %) | D—co,Et
K,CO3 (3 equiv) N
o NMP, 130 °C S

Scheme 111.2.6. Ag-catalyzed cascade synthesis of chromenopyrrole.
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Shao et al. described a transition metal-free synthesis of 2,3,4-substituted pyrrole
from aurone analogues and methyl isocyanoacetate. This NaOH-catalyzed cyclization
proceeds under mild reaction conditions and at room temperature and delivers diverse
pyrrole in excellent yields (up to 99%). However, such pyrrole can be smoothly transformed
into corresponding chromenopyrrole under alkaline conditions at high temperature in the
presence of a catalytic amount of Cul. Gratifyingly, the reaction was also successful in a
one-pot fashion when treated with Cul at high temperatures resulting in the chromenopyrrole
in good yield (Scheme 111.2.7).%9

o
o cN"co,Me T Ph ph
Cflg_\ NaOH (1-2.5 equiv) B Cul (0.1 equiv) | D—co,Me

— > olVle -
o Ph MeOH, RT OH u K,CO3; (1.0 equiv) 0 ”

DMF, 120 °C

‘ standard conditions ‘
Cul (0.1 equiv), DMF, 120 °C

Scheme 111.2.7. Synthesis of chromenopyrrole from aurone and isocyanoacetate.

Considering the importance of chromenopyrrole core in various biological activities,
its synthesis has gained considerable attention in the recent past. However, simple reaction
conditions and easily accessible precursors always find their usefulness in constructing
heterocycles. Recently, we developed a one-pot tandem (3 + 2) cycloaddition-lactonization
strategy utilizing 2-hydroxychalcone and ethyl isocyanoacetate for the synthesis of fused 2-

chromenopyrroles (Scheme 111.2.8).”

Ph
(0]
o OH CN” > CO,Et =
NH
= AgOAc, Cs,CO, N
1,4-dioxane, 80 °C
(0]

Scheme 111.2.8. Synthesis of 2-chromenopyrrole via (3 + 2) cycloaddition.
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111.3. Present Work

111.3.1. Our approach

Inspired by these approaches, we envisioned applying such a strategy to an
appropriately designed substituted chalcone, where the hydroxy group is kept at a distal
phenyl ring, thereby avoiding the chances of lactonization. Hence to execute our approach,
2'-hydroxychalcone (1) derived from 2’-hydroxyacetophenone and benzaldehyde was
treated with ethyl isocyanoacetate (a) in the presence of AgOAc and K2COz in CH3CN at 60
°C (Scheme 111.3.1).

(3 + 2) cycloaddition and C-O coupling

“CO,R (a) OH N
Agsalt
CO,R | CO,R

(1a) (1a)
Scheme 111.3.1. Cascade cycloaddition and C-O coupling.

Delightfully, after 12 h of reaction, two new products were obtained which were
isolated and characterized by spectroscopic techniques (*H, *3C{‘H}, and IR). The one
having higher Rr was obtained in 37% yield and was found to be a formal (3 + 2) cycloadduct
pyrrole (1a'). The other compound having lower R¢ was isolated in 45% vyield, and was
characterized to be ethyl 4-oxo0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(1a). Here, unlike the previous approach,’ the furthest located hydroxy group prefers C-O
coupling with 2-H of the in situ generated pyrrole over lactonization. The exact structure of
the chromenopyrrole was re-confirmed by single crystal XRD analysis of one of the
derivatives (28a) (CCDC 2284347) (Figure 111.3.1).

Figure. 111.3.1. ORTEP view of ethyl 6-bromo-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-
b]pyrrole-2-carboxylate (28a) with 30% ellipsoid probability (CCDC 2284347).
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111.3.2. Optimization of the reaction conditions

To get a better yield of 1a and to reduce the amount of uncyclized pyrrole (1a’), we
started our optimization by taking hydroxy chalcone (1) and ethyl isocyanoacetate (a) as two
model reacting partners (Table I11.1). At first, different solvents such as 1,2-DCE, toluene,
DMF, DMSO, THF, acetone, 1,4-dioxane, MeOH, and EtOH were screened. Solvents like
1,2-DCE and toluene delivered the anticipated product (1a) along with a substantial amount
of uncyclized pyrrole (1a’) (Table 111.1, entries 1-3). However, the reaction was completely
unsuccessful in polar aprotic solvents such as DMF, DMSO, THF, acetone, and 1,4-dioxane
(Table 111.1, entries 4—6). In the polar protic solvent MeOH, the reaction led to almost equal
amounts of laand 1a’ (Table 111.1, entry 7). Interestingly, in EtOH, the yield of 1a improved
to 70% and reduced the yield of 1a’ to a mere 10% (Table Il1. 1, entry 8). Thus, EtOH turned
out to be the best among all the solvents screened, and hence, further optimizations were
carried out using EtOH. The salts of Ag and Cu are known to activate alkyl isocyanoacetates
by coordinating with the isocyanide group forming a 1,3-dipole. Therefore, different Ag and
Cu salts such as Ag.COs, Ag20, Cul, Cu(OAc)2H20, and CuBr. were screened. While
Ag2COs, Ag20, and Cul were found to be inferior to AgOAc, but Cu(OAc)2H20 and CuBr;
were completely ineffective (Table I11.1, entries 9-13). Then, we turned our attention to
examining the effect of various bases, such as Cs,COz, Na,COz, KOAc, and DABCO in
place of K2COs. However, none of the examined bases could improve the yield or selectivity
of 1a over 1a’ as compared to K.COs (Table 111.1, entries 14—17). Lowering the amount of
AgOAC to 2 equiv reduces the yield of 1a to 55% (Table I11.1, entry 18). Similarly, lowering
of the amount of base to 1 equiv decreases the yield of 1a to 40% (Table I11.1, entry 19).
Further, reducing the reaction time to 4 h leads to the formation of uncyclized pyrrole 1a’ as
the major product (1a/1a’ = 35/40, Table 111.1, entry 20). This suggested the intermediacy
of pyrrole 1a’ in this overall strategy. Increasing the reaction temperature to 80 °C improves
the product yield to 78% and reduces the formation of 1a’ to 5% (Table I11.1, entry 21).
However, an increase in temperature to 100 °C had no significant impact on the product
yield (Table I11.1, entry 22). Thus, after an extensive optimization, the best conditions for
this chromenopyrrole synthesis is the use of 1 (1 equiv) and a (1.2 equiv) in the presence of
AgOAC (3 equiv), KoCOs (2 equiv) in EtOH at 80 °C (Table I11.1, entry 21).
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Table I11.1. Optimization of reaction conditions®®

OH O P C:;;(.I‘,tOZEt(a) o_ N on H
©)‘\/\Ph — | )—CO.Et + | )—CoEt
temperature, time
Q) (1ay O PP (ta)o  Ph
Entry | Solvent Additive Base Temp. | Yield (%)°
(equiv) (equiv) (°C) (1a/1a’)

1 CHsCN AgOAc (3) K2.COz(2) | 60 45/37
2 1,2-DCE AgOAc (3) K2.COz(2) | 60 40/30
3 Toluene AgOAc (3) K2CO3(2) | 60 35/30
4 DMF, DMSO | AgOAc (3) K2.COz3(2) | 60 nd
5 THF, Acetone | AgOACc (3) K2CO3(2) | 60 nd
6 1,4-Dioxane AgOAc (3) K2CO3(2) | 60 nd
7 MeOH AgOAc (3) K2CO3(2) | 60 43/40
8 EtOH AgOAc (3) K2COz3(2) | 60 70/10
9 EtOH Ag2CO3(3) K2CO3(2) | 60 65/10
10 EtOH Ag20 (3) K2COz3(2) | 60 50/15
11 EtOH Cul (3) K2COz(2) | 60 65/10
12 EtOH Cu(OAC)2H20 (3) | K.CO3(2) | 60 nd
13 EtOH CuBr2 (3) K2COz3(2) | 60 nd
14 EtOH AgOAc (3) Cs2C03(2) | 60 55/15
15 EtOH AgOAc (3) Na2COs 60 50/20
16 | EtOH AgOAC (3) KOAc (2) | 60 30/40
17 EtOH AgOAc (3) DABCO |60 50/15
18 EtOH AgOAc (2) K2.COz3(2) | 60 55/15
19 EtOH AgOAc (3) K2COz3(1) |60 40/25
20 EtOH AgOAc (3) K2COz3(1) | 60 35/40°¢
21 EtOH AgOACc (3) K2CO3(2) | 80 78/05
22 EtOH AgOAc (3) K2COs3(2) | 100 80/04

Reaction conditions: 1 (0.25 mmol), a (0.30 mmol, 1.2 equiv), additive (equiv), base (equiv),
solvent (4 mL), 10 h. "Isolated yield. %in 4 h. nd = not detected

111.3.3. Substrate scope of chromenopyrrole

After successfully identifying the optimal conditions, a range of 2'-hydroxychalcones
(1-25) were subjected to the present protocol to synthesize a library of chromenopyrroles

(1a—25a) (Scheme 111.3.2).
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Scheme 111.3.2. Substrate scope for the synthesis of 4-chromenopyrrole®®

H
OH ~ AgOAc (3 equiv) OGN
X _Ar/het (a, b, c) K,CO; (2 equiv)
5 EtOH, 80 °C S Arhet
(1-25) 10-12h (1a-25a, 1b—2b)
H
O _N
| ,)—CO,Et
(o] 3 \
=X
R = CO,Et (1a, 78%, 59%°) R = CO,Et (23, 76%) N T - M-Me (33, 75%)
R = CO,Me (1b, 73%) R = CO,Me (2b, 72%) R' = p-Et (4a, 70%)

o H o
N
| )—COsEt |_)—CO.Et

0
// \ R! = o-F (8a, 69%)
R'"=< R! = 0-Cl (9a, 66%)

= m-OMe (6a, 78%) R'= 0-Br (10a, 67%)
= p-OBu (7a,77%) R'= m-Br (11a, 69%)
R' = p-F (12a, 73%)

With TosMIC

C@J\f T>

Tos
(1c, 00% (1c', 87%)

Reaction conditions: 1-25 (0.5 mmol), a—c (1.2 equiv, 0.6 mmol), AgOAc (3 equiv, 1.5 mmol),
K.COj3 (2 equiv, 1 mmol), EtOH (4 mL), 80 °C, 12 h. "Isolated yield of the product. ‘Gram-scale
synthesis
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Initially, electron-rich substituents (R) on the phenyl ring towards the alkene side
(derived from benzaldehyde) of 2'-hydroxychalcones such as p-Me (2), m-Me (3), p-Et (4),
p-Bu (5), m-OMe (6), p-OBu (7) were examined and all delivered their desired 4-
chromenopyrroles (2a—7a) in yields ranging from 62—78%. Further, the protocol resulted in
the production of chromenopyrrole from halogen-substituted precursors (8—12). Irrespective
of the position of halo substituents such as o-F (8), o-Cl (9), 0-Br (10), m-Br (11), and p-F
(12), all were well compatible and resulted in the chromenopyrrole scaffold 8a—12a in good
yields of 66—73%. Further, di-substituted chalcones such as 13, 14, and 15 smoothly
participated in this transformation and delivered the predicted chromenopyrrole 13a (67%),
14a (61%), and 15a (59%), respectively. A slightly lower yield in the case of 2,6-
disubstituted substrates 14a and 15a may be attributed to steric congestion. Di-methoxy
substituted chalcone (16) and mesityl-derived chalcone (17) delivered their respective fused
pyrrole 16a and 17a in 62% and 60% vyield, respectively. A strongly electron-withdrawing
—NO: substituted chalcone (18) furnished the product 18a in a slightly lower yield of 55%.
A p-methylthio group in 2'-hydroxychalcone (19) is also well tolerated under the reaction
conditions and provided 19a in 59% yield. 2'-Hydroxychalcones derived from polyaromatic
aldehydes such as 1-naphthyl (20), 9-anthracenyl (21), and biphenyl (22) were smoothly
converted to respective chromenopyrrole 20a (59%), 21a (53%) and 22a (55%). Under the
standard conditions, heteroaryl such as furyl (23a—24a) and thiophenyl (25a) containing
fused chromenopyrroles were synthesized from their corresponding chalcones 23, 24, and
25 in moderate yields (55-61%). Analogues to ethyl isocyanoacetate (a), methyl
isocyanoacetate (b) also underwent identical cycloaddition/C—O bond formation with 2'-
hydroxychalcones (1 and 2), delivering corresponding 4-chromenopyrrole methyl esters, 1b
and 2b in 73% and 72% yield. When an analogous p-tolylsulfonymethyl isocyanide
(TosMIC) (c) was reacted with 2'-hydroxychalcone (1) in place of alkyl isocyanoacetate, the
anticipated chromenopyrrole (1c) was not observed, rather, a dimer of TosMIC (1c') was
obtained in 87% yield. The scalability of the protocol was tested by reacting 1 (5 mmol, 1.12
g) with a, which yielded corresponding 1a in 59% vyield (Scheme 111.3.2).

We subsequently sought to survey the effect of substituents on the hydroxy-bearing
ring of chalcone for this transformation. Initially, 4-methyl hydroxychalcone (26) was
treated independently with ethyl (a) and methyl isocyanoacetate (b) and both led to their
corresponding product 26a (75%) and 26b (71%) in good yields. Mild electron-withdrawing
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halo substituted 2’-hydroxychalcones p-Cl (27), p-Br (28), 5-Cl (29) also reacted with ethyl
isocyanoacetate (a) and resulted in chromenopyrroles 27a, 28a and 29a in 68%, 64% and
55% yields. 2,4-Dimethyl substituted 2'-hydroxychalcone (30) successfully delivered the
corresponding chromenopyrrole (30a) in 59% vyield. 2,4-Dihalo substituted chalcones (31
and 32) reacted well in this protocol, delivering 31a and 32a in modest yields of 58% and
55% (Scheme 111.3.3).

Scheme 111.3.3. Substrate scope for the synthesis of 4-chromenopyrrole®®

2 . oH CN” > CO,R (a, b) o, H
3N N
N AgOAc (3 equiv) adlir >
R2—- ol ~ R2—- | )—CO.R
NN X K,CO; (2 equiv) Z
5 % EtOH, 80 °C o Ph
(26-32) 10-12 h (26a-32a, 26b)
O N O _N O N
|/ CO,Et |/ CO,Me |/ CO,Et
Me Me cl
(26a,75%) O  Ph (26b,71%) O  Ph (27a,68%) O  Ph
H H Me
O N O N o H
| ,)—CO,Et | ,)—COEt
CO,Et
Br I / 2
o Ph ¢l O Ph Me L
(28a, 64%) (29a, 55%) (30a, 59%) O
F Cl H
o H O _N
| )—Co.Et . | ,)—CO.Et
F |
Ph Ph
(31a, 58%)° (32a, 55%) ©

4Reaction conditions: 2632 (0.5 mmol), a-b (1.2 equiv, 0.6 mmol), AgOAc (3 equiv, 1.5 mmol),
K2COs (2 equiv, 1 mmol), EtOH (4 mL), 80 °C, 12 h. "Isolated yield of the product.

111.3.4. Mechanistic investigations:
Control experiments:

A few control experiments were performed to gain mechanistic insight into this
cycloaddition/C—O coupling strategy. Two independent reactions were carried out between
(1) and (a) to understand the role of silver salt and base. The one performed with only silver
salt (without the base) resulted in the (3 + 2) cycloadduct 1a' having a free —OH group as

the sole product (Scheme 111.3.4.1) while the other with only base (without Ag salt) gave no
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product (Scheme 111.3.4.2) This suggests the essential role of AgOAc in the initial

cycloaddition yielding pyrrole 1a’ as the intermediate.

AgOAc (3 equiv) OH
--------- 1
/~NH 1
OH A~ O F okt
CN CO,Et Ph 2
(1a’, 81%)
\ EtOH, 80 °C
o Ph o K,CO; (2 equiv)
equiv
(1) 2275l ed No Reaction @ =~~~ (2)

Scheme 111.3.4. Independent treatment of (1) with (a) in base and base-free condition.

Treatment of 1a' separately with either AQOAc or K2COs failed to provide the C-O
coupled product 1a (Scheme 111.3.5).

AgOAc (2 equiv)
——— > No Reaction------- (1)

OH

// “NH EtOH, 80 °C

— 8h
o K,CO3 (2 equiv)
(1a’) Ph COE L+ No Reaction ------- 2)

Scheme 111.3.5. Independent treatment of (1a') with base nad base-free conditions.

However, treatment of 1a' in the presence of both AgOAc and K>COs under the
standard condition, resulted in the chromenopyrrole (1a) (Scheme 111.3.6), suggesting the

cooperative role of silver salt and base in the final C—O coupling step.

H
OH AgOAc (2 equiv) O _N
K,CO5 (2 equiv) | ,)—CO,Et
7/ ~NH
/ EtOH, 80 °C, 8 h L
o CO,Et %

(1a, 85%)

Ph (1a’)
Scheme 111.3.6. Co-operative role of Ag salt and base in final C—O coupling.

111.3.5. Plausible reaction mechanism:

Guided by these observations and from the literature reports, a possible silver-
promoted mechanism for this transformation has been proposed as shown in Scheme
111.3.7.6¢78 Initially, ethyl isocyanoacetate (a) generates a 1,3-dipolar intermediate (a') in the

presence of AgOAc with the elimination of AcOH. Next, this 1,3-dipole (a') undergoes a (3
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+ 2) cycloaddition at the C=C double bond of chalcone (1) which results in the generation
of pyrrole intermediate 1a'.”#P Following this, a six-membered cyclic transition state (A)
arises because of the interaction between AgOAc and C5—-H of the pyrrole ring of 1a" which
also involves the participation of the deprotonated phenolic group.®® Elimination of AcOH
followed by activation of the pyrrole ring via insertion of Ag at C5 resulted in the formation
of another intermediate B.%Y Finally, C—O coupling at the electrophilic C5 site with release
of Ag(0) gives the desired chromenopyrrole (1a) (Scheme 111.3.7). The formation of Ag
mirror at the surface of the reaction flask confirms the reduction of Ag(l) salt supporting the

proposed mechanism (path a).

®,c’Ag H
R NZ OH N
r ©.c©  Agoac 3 (@) _ B+ | )R
SN 27 F
@ AcOH ph% (1a)0  Ph
AgOAc CH
K,CO,4 3
1 /0’\<0
o OK Ag AcOH Ag'
| 'j R fNH Q OK ° ';H
A 0 Z R //
(1lay§ pn 79 0 pp R
(B) (A) 0 pp

Scheme 111.3.7.1. Plausible mechanism (path a).

The reaction may also proceed via a path as shown in the Scheme 111.3.7.2. Here, the
dipole generated from the initial attack of silver acetate on ethyl isocyanoacetate (a) will
form a cyclic imine (A") which will release Ag(0) in subsequent steps to give intermediate
(B"). Through tautomerization, intermediate B* will form another intermediate 1a* which via

C—H oxidative etherification delivers the desired product (1a") (path b).
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Scheme 111.3.7.2. Plausible mechanism (path b).
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111.3.6. Conclusion

In summary, this tandem cycloaddition and C—O coupling is an elegant approach for
the synthesis of substituted 4-chromenopyrrole. The appropriately positioned hydroxy group
and alkene double bond of the chalcone offer two reactive sites for this reaction. Mechanistic
investigation infers that Ag salt has a crucial role in the activation of isocyanoacetate and in
the final cyclization step. This methodology leads to the construction of C=C and C—O bonds
in a step-economical manner under operationally simple reaction conditions. The developed
method is scalable and has wide functional group tolerance, providing good to moderate

yields of the product.
I11.4. Experimental Section:
111.4.1. General information:

All the reagents were commercial grade and used without further purification unless
otherwise stated. All the reactions were carried out in a 10 mL oven-dried round-bottom
flask under aerobic conditions. Reactions were monitored by thin layer chromatography
(TLC) on a 0.25 mm silica gel plates (60F2s4) and visualized under UV illumination at 254
nm. Organic extracts were dried over anhydrous sodium sulfate (Na:SOs). Column
chromatography was performed to purify the crude product on silica gel 60—120 mesh using
a mixture of hexane and ethyl acetate as eluent. The isolated compounds were characterized
by spectroscopic [*H, 3C{*H} NMR, and IR] techniques and HRMS analysis. NMR spectra
were recorded in deuterochloroform (CDCIs) and in some cases deuterated dimethyl
sulfoxide (CDsSOCDs). H, *C{*H} NMR was recorded in 500 (125) or 400 (100) MHz
spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent
for 'H NMR, deuterochloroform for *C{*H} NMR as an internal reference {Si(CHs)4: 0.00
ppm or CHCls: 7.260 ppm for 'H NMR, 77.230 ppm for *C{*H} NMR. °F NMR was
calibrated without any internal standard in CDCls. The chemical shifts are quoted in ¢ units,
parts per million (ppm). *H NMR data is represented as follows: Chemical shift, multiplicity
(s =singlet, d = doublet, t = triplet, g = quartet, m = multiplet, dd = doublet of doublet, dt =
doublet of triplet), integration and coupling constant(s) J in hertz (Hz). High-resolution mass
spectra (HRMS) were recorded on a mass spectrometer using electrospray ionization-time
of flight (ESI-TOF) reflection experiments. FT-IR spectra were recorded in neat and reported
in the frequency of absorption (cm™).
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111.4.2. Crystallographic information:

Sample preparation: The single crystal of compound 28a was prepared by the slow
evaporation method for which 10 mg of the compound (28a) was dissolved in 1 mL of DCM
in a clean and dry 10 mL glass vial. MeOH (0.5 mL) was added to this solution slowly with
a dropper. The mouth of the glass vial was covered with a cap having a small hole and kept
for slow evaporation at room temperature. Crystals of 28a were obtained after approximately

3—4 days as a transparent block-shaped crystal.

Data collection: Diffraction data were collected at 292 K with MoKa radiation (4 = 0.71073
A) using a Bruker Nonius SMART APEX CCD diffractometer equipped with graphite
monochromator and Apex CD camera. The SMART software was used for data collection
and indexing the reflections and determining the unit cell parameters. Data reduction and
cell refinement were performed using SAINT®® software and the space groups of these
crystals were determined from systematic absences by XPREP and further justified by the
refinement results. The structures were solved by direct methods and refined by full-matrix
least-squares calculations using SHELXTL-973 software. All the non-H atoms were refined

in the anisotropic approximation against F2 of all reflections.*®

Crystallographic description of ethyl 6-bromo-4-oxo-3-phenyl-1,4-
dihydrochromeno[2,3-b]pyrrole-2-carboxylate (28a):

C20H14BrNOg, colourless block shaped crystal; crystal dimensions 0.25 x 0.23 x 0.17 mm,
M = 412.24, monoclinic, space group P 1 21/c 1, Hall group —P 2ybc, a = 13.6571(10), b =
10.8213(8), ¢ = 11.9303(9)A, o = 90°, # =93.856 (2)°, y = 90°, V =1759.2(2) A%, Z=4,p =
1.557 g/em?, 1 = 2.362 mm™, F(000)= 831.731, reflection collected / unique = 3085 / 2217,
refinement method = full-matrix least-squares on F2, final R indices [1 > 2\s(1)]: R1 = 0.0426,
WR2 = 0.1133, R indices (all data): R1 = 0.0741, wR> = 0.1601, goodness of fit = 1.1807;
CCDC = 2284347 for ethyl 6-bromo-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-
2-carboxylate (28a) contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.
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111.4.3. General procedures:

111.4.3.1. General procedure for the synthesis of (E)-1-(2-hydroxyphenyl)-3-
phenylprop-2-en-1-one (1):

2'-Hydroxychalones are known and are synthesized according to the available
literature procedure.02¢
111.4.3.2. General procedure for the synthesis of ethyl 4-oxo-3-phenyl-1,4-
dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1a):

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (0.5 mmol, 112 mg), ethyl
isocyanoacetate (a) (1.2 equiv, 68 mg), AgOAc (3 equiv, 250 mg), K2CO3 (2 equiv, 138 mg)
and ethanol (4 mL). The reaction mixture was allowed to stir at 80 °C for 12 h in a pre-heated
oil bath. After completion of the reaction as confirmed by TLC monitoring, the mixture was
filtered through a thin bed of celite. After removing ethanol by rotary evaporator, the crude
mixture was diluted by adding 20 mL ethyl acetate and washed with water (1 x 10 mL)
followed by brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na>SO4
and concentrated under reduced pressure. The crude product thus obtained was purified over
a column of silica gel using hexane and ethyl acetate (3:1) to give pure product 1a in 78%
yield (130 mg).

111.4.3.3. General procedure for the synthesis of methyl 4-oxo-3-phenyl-1,4-
dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1b):

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (0.5 mmol, 112 mg), methyl
isocyanoacetate (b) (1.2 equiv, 60 mg), AgOAc (3 equiv, 250 mg), K2COs (2 equiv, 138 mg)
and ethanol (4 mL). The reaction mixture was allowed to stir at 80 °C for 12 h in a pre-heated
oil bath. After completion of the reaction as confirmed by TLC monitoring, the mixture was
filtered through a thin bed of celite. After removing the ethanol by a rotary evaporator, the
crude mixture was diluted by adding 20 mL ethyl acetate and washed with water (1 x 10 mL)
followed by brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na>SOa4
and concentrated under reduced pressure. The crude product thus obtained was purified over
a column of silica gel using hexane and ethyl acetate (3:1) to give the pure product 1b in
73% vyield (116 mg).
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111.4.3.4. Reaction between 2'-hydroxychalcone (1) and p-toluenesulfonylmethyl
isocyanide (TosMIC) (c):

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (0.5 mmol, 112 mg), TosMIC (c)
(1.2 equiv, 117 mg), AgOAc (3 equiv, 250 mg), K.COz (2 equiv, 138 mg) and ethanol (4
mL). The reaction mixture was allowed to stir at 80 °C for 12 h in a pre-heated oil bath. After
completion of the reaction as confirmed by TLC monitoring, the mixture was filtered
through a thin bed of celite. After removing the ethanol by a rotary evaporator, the crude
mixture was diluted by adding 20 mL ethyl acetate and washed with water (1 x 10 mL)
followed by brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na>SO4
and concentrated under reduced pressure. The crude product thus obtained was purified over
a column of silica gel using hexane and ethyl acetate (1:1) to pure product 1c' in 87% vyield
(85 mg).

111.4.4. Mechanistic investigations:

111.44.1. Base (K2COgs)-free reactions of 2-hydroxychalcone (1) and ethyl

isocyanoacetate (a):

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (0.25 mmol, 56 mg), ethyl
isocyanoacetate (a) (1.2 equiv, 34 mg), AgOAc (3 equiv, 125 mg), and ethanol (4 mL). The
reaction mixture was allowed to stir at 80 °C for 12 h in a pre-heated oil bath. After
completion of the reaction as confirmed by TLC monitoring, the mixture was filtered
through a thin bed of celite. After evaporating ethanol, the crude mixture was diluted by
adding 20 mL ethyl acetate and washed with water (1 x 10 mL) followed by brine solution
(1 x 5 mL). The organic layer was dried over anhydrous Na,SO4 and concentrated under
reduced pressure. The crude product thus obtained was purified over a column of silica gel

using hexane and ethyl acetate (3:1) to give pure product 1a’ in 81% yield (68 mg).
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Ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate (1a’)

l1a’ was obtained as gummy solid; purified over a column of

H

O OHl N, CO.Et silica gel (25% EtOAc in hexane); 'H NMR (CDCls, 400
/ 2

MHz): 6 11.83 (s, 1H), 9.89 (s, 1H), 7.57 (dd, 1H, J; = 8.0

° Q Hz, J, = 1.6 Hz), 7.37-7.29 (m, 1H), 7.27-7.17 (m, 6H),

6.86 (dd, 1H, J1 = 8.0 Hz, J2 = 1.2 Hz), 6.70-6.66 (m, 1H),
4.13 (q, 2H, J = 6.8 Hz), 1.07 (t, 3H, J = 7.2 Hz); *C{'H}
NMR (CDCls, 125 MHz): ¢ 195.7, 162.7, 161.3, 135.9, 133.2, 132.9, 132.2, 130.1, 127.6,
127.5,126.6,124.5,121.0,120.7,118.7,118.1, 61.1, 14.1; IR (neat, cm™): 3321, 3219, 2919,
1730, 1665, 1645, 1611, 1569, 1523, 1442, 1419, 1282; HRMS (ESI/Q-TOF) (m/z): calcd.
for CooH21N204, [M + NHa4]*: 353.1496, found: 353.1496 (Figure 111.4.4.1. and Figure

111.4.4.2).
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Figure 111.4.4.1. *H spectra of intermediate 1a' (CDCls, 125 MHz).
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Figure 111.4.4.2. 3C{*H} spectra of intermediate 1a' (CDCls, 400 MHz).

111.4.4.2. AgOAc-free reactions of 2'-hydroxychalcone (1) and ethyl isocyanoacetate
(a):

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (0.25 mmol, 56 mg), ethyl
isocyanoacetate (a) (1.2 equiv, 34 mg), K2COs (2 equiv, 69 mg), and ethanol (3 mL). The
reaction mixture was allowed to stir at 80 °C for 12 h in a pre-heated oil bath. However,
careful observation of the reaction mixture found that the starting materials remain as it is

even after 12 h.

111.4.4.3. Reaction of ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate
(1a") with AgOAc:

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate (1a') (0.15 mmol, 50 mg),
AgOAC (2 equiv, 50 mg), and ethanol (4 mL). The reaction mixture was allowed to stir at
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80 °C for 12 h in a pre-heated oil bath. However, careful observation of the reaction mixture

up to 12 h found that the starting materials remain as it is.

111.4.4.4. Reaction of ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate
(1a") with base K2COs:

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate (1a') (0.15 mmol, 50 mg),
K2COs (2 equiv, 42 mg), and ethanol (2 mL). The reaction mixture was allowed to stir at 80
°C for 12 h in a pre-heated oil bath. However, careful observation of the reaction mixture up

to 12 h found that the starting materials remain as it is.

111.4.4.5. Reaction of ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate

(1a") in the standard condition:

To a 10 mL oven-dried round bottom flask equipped with a magnetic bar was added
ethyl 4-(2-hydroxybenzoyl)-3-phenyl-1H-pyrrole-2-carboxylate (1a') (0.15 mmol, 50 mg),
K2COs (2 equiv, 42 mg), AgOAC (2 equiv, 50 mg), and ethanol (2 mL). The reaction mixture
was allowed to stir at 80 °C for 8 h in a pre-heated oil bath. TLC analysis confirms the
formation of the cyclized product 1a. Subsequently, the mixture was filtered through a thin
bed of celite. After evaporating the ethanol by a rotary evaporator, the crude mixture was
diluted by adding 10 mL ethyl acetate and washed with water (1 x 5 mL) followed by brine
solution (1 x 5 mL). The organic layer was dried over anhydrous Na>SO4 and concentrated
under reduced pressure. The crude product thus obtained was purified over a column of silica

gel using hexane and ethyl acetate (3:1) to give pure product 1a in 85% yield (42 mg).

111.4.5. General procedure for the scale-up procedure:

To a 50 mL oven-dried round bottom flask equipped with a magnetic bar was added
(E)-1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (1) (5 mmol, 1.12 g), ethyl
isocyanoacetate (a) (1.2 equiv, 6 mmol, 678 mg), AgOAc (3 equiv, 15 mmol, 2.5 g), K.CO3
(2 equiv, 10 mmol, 1.38 g) and ethanol (20 mL). The reaction mixture was allowed to stir at
80 °C for 12 h in a pre-heated oil bath. After completion of the reaction as confirmed by
TLC monitoring, the mixture was filtered through a thin bed of celite. Evaporating ethanol
by rotary evaporator, the crude mixture was diluted by adding 3 x 20 mL ethyl acetate and

washed with water (3 x 15 mL) followed by brine solution (3 x 10 mL). The organic layer
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was dried over anhydrous Na,SO4 and concentrated under reduced pressure. The crude

product thus obtained was purified over a column of silica gel using hexane and ethyl acetate

(3:1) to give pure product 1a in 59% yield (982 mg).

I11.5. Spectral Data

Spectral data of all compounds:

Ethyl 4-oxo0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1a):

As off-white solid (130 mg, 78% yield), mp 260-262 °C;
purified over a column of silica gel (25% EtOAc in hexane);
!H NMR (CDClIs, 400 MHz): 5 9.70 (s, 1H), 8.30 (d, 1H, J1
= 8.0 Hz, J> = 2.0 Hz), 7.68-7.63 (m, 1H), 7.58-7.56 (m,
2H), 7.44 (dd, 1H, J; = 8.4 Hz, J, = 0.8 Hz), 7.42—7.36 (m,
4H), 4.23 (g, 2H, J = 7.2 Hz), 1.17 (t, 3H, J = 7.2 Hz);
13C{H} NMR (CDCls, 100 MHz): § 173.8, 161.4, 154.2,
150.4, 133.4, 131.9, 130.9, 128.8, 128.1, 127.3, 127.2,
125.1, 123.8, 117.3, 114.6, 106.4, 61.3, 14.1; IR (neat, cm’
1: 3075, 2982, 1721, 1609, 1567, 1533, 1508, 1471, 1432,
1274, 1204; HRMS (ESI/Q-TOF) (m/z): calcd. for
Ca0H16NO4, [M + H]*: 334.1074, found: 334.1075.

Methyl 4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1b):

TH-3483_ 196122010

As off-white solid (116 mg, 73% yield), mp 264—-266 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.31 (s, 1H), 8.29 (d, 1H, J
=7.2Hz), 7.67 (t, 1H, J = 7.6 Hz), 7.58 (d, 2H, J = 6.8 Hz),
7.47 (d, 1H, J = 8.4 Hz), 7.43-7.39 (m, 4H), 3.76 (s, 3H);
BBC{'H} NMR (CDCls, 125 MHz): 6 173.7, 161.6, 154.2,
150.4, 133.5, 133.6, 130.9, 129.0, 128.3, 127.4, 127.3,
125.1, 123.8, 117.3, 114.1, 106.5, 52.1; IR (neat, cm™):
3051, 2924, 1716, 1635, 1611, 1567, 1537, 1520, 1463,
1431, 1271, 1205; HRMS (ESI/Q-TOF) (m/z): calcd. for
C19H14NOs, [M + H]*: 320.0917, found: 320.0917.
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Ethyl 4-oxo0-3-(p-tolyl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (2a):

As off-white solid (132 mg, 76% yield), mp 259-261 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.51 (s. 1H), 8.30 (dd, 1H,
J1=8Hz, J2=2.0Hz), 7.67-7.63 (m, 1H), 7.48 (d, 2H, J =
8.0 Hz), 7.44 (d, 1H, J = 8.4 Hz), 7.39 (t, 1H, J = 7.2 Hz),
7.21 (d, 2H, J = 8.0 Hz), 4.25 (q, 2H, J = 6.8 Hz), 2.39 (s,
3H), 1.21 (t, 3H, J = 7.2 Hz); BC{*H} NMR (CDCls, 125
MHz): ¢ 173.7, 161.3, 154.2, 150.5, 137.9, 133.4, 130.9,
129.1, 128.7, 128.1, 127.3, 125.0, 123.9, 117.3, 114.4,
106.5, 61.2, 21.6, 14.3; IR (neat, cm™): 3050, 2914, 1728,
1634, 1611, 1561, 1536, 1520, 1472, 1431, 1271; HRMS
(ESI/Q-TOF) (m/z): calcd. for CoiHigNOs, [M + H]™
348.1230, found: 348.1232.

Methyl 4-oxo-3-(p-tolyl)-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate (2b):

As off-white solid (120 mg, 72% vyield), mp 248-250 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 500 MHz): 6 9.62 (s, 1H), 8.30 (dd, 1H,
Ji1=8.0 Hz, J, = 2.0 Hz), 7.67-7.63 (m, 1H), 7.47 (d, 2H, J
=8.0 Hz), 7.44 (d, 1H, J =8.5 Hz), 7.41-7.38 (m, 1H), 7.21
(d, 2H, J = 7.5 Hz), 3.76 (s, 3H), 2.38 (s, 3H); *C{*H}
NMR (CDCls, 125 MHz): ¢ 173.8, 161.7, 154.1, 150.5,
138.0, 133.4, 130.8, 129.2, 128.6, 128.2, 127.2, 125.1,
123.8,117.3,114.0, 106.4,52.0, 21.6; IR (neat, cm™): 3229,
2919, 1730, 1665, 1645, 1569, 1523, 1442, 1419, 1282;
HRMS (ESI/Q-TOF) (m/z): calcd. for C2oH1sNOsNa, [M +
Na]*: 356.0893, found: 356.0895.
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Ethyl 4-0xo0-3-(m-tolyl)-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate (3a):

As off-white solid (130 mg, 75% vyield), mp 218-220 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 500 MHz): 6 10.37 (s, 1H), 8.32 (dd, 1H,
Ji1= 6.5 Hz, Jo = 2.0 Hz), 7.65-7.61 (m, 1H), 7.39 (s, 1H),
7.38-7.35 (m, 3H), 7.24 (d, 1H, J = 7.5 Hz), 7.11 (d, 1H, J
= 7.5 Hz), 4.20 (q, 2H, J = 7.5 Hz), 2.35 (s, 3H), 1.14 (t,
3H, J=5.6 Hz); ®*C{*H} NMR (CDCls, 125 MHz): 6 173.9,
161.6, 154.1, 150.7, 136.5, 133.3, 131.9, 131.5, 128.8,
128.7, 128.0, 127.2, 127.1, 124.9, 123.7, 117.3, 114.8,
106.4, 61.1, 21.6, 14.1; IR (neat, cm™): 3061, 2980, 1718,
1636, 1609, 1568, 1538, 1470, 1431, 1270, 1201; HRMS
(ESI/Q-TOF) (m/z): calcd. for Co1HigNOs4, [M + H]™:
348.1230, found: 348.1232.

Ethyl 3-(4-ethylphenyl)-4-oxo-1,4-dihydrochromenol[2,3-b]pyrrole-2-carboxylate (4a):

As off-white solid (126 mg, 70% vyield), mp 225-227 °C;
purified over a column of silica gel (25% EtOAc in hexane);
!H NMR (CDCls, 500 MHz): 6 9.99 (s, 1H), 8.31 (dd, 1H,
Ji =8.0 Hz, J> = 1.5 Hz), 7.66-7.62 (m, 1H), 7.51 (d, 2H, J
=7.5Hz),7.41(d, 1H,J=8.5Hz), 7.38 (d, 1H, J=7.5 Hz),
7.21 (d, 2H, J = 8.0 Hz), 4.23 (q, 2H, J = 7.0 Hz), 2.26 (q,
2H,J = 7.5 Hz), 1.25 (t, 3H, J = 7.5 Hz), 1.18 (t, 3H, J =
7.5 Hz); BC{*H} NMR (CDCl3, 125 MHz): 6 173.8, 161.4,
154.1, 150.6, 144.1, 133.3, 130.9, 129.1, 129.0, 127.2,
126.8, 125.0, 123.8, 117.3, 114.5, 106.4, 61.2, 28.9, 15.6,
14.2; IR (neat, cm™): 3048, 2924, 1715, 1631, 1610, 1564,
1537, 1519, 1470, 1433, 1271, 1202; HRMS (ESI/Q-TOF)
(m/z): calcd. for C22H20NO4, [M + H]™: 362.1387, found:
362.1388.
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Ethyl 3-(4-(tert-butyl)phenyl)-4-oxo-1,4-dihydrochromeno|2,3-b]pyrrole-2-carboxylate
(5a):

As off-white solid (121 mg, 62% yield), mp 243-245 °C;
purified over a column of silica gel (25% EtOAc in
hexane); *H NMR (CDCls, 400 MHz): § 9.86 (s, 1H), 8.30
(dd, 1H, J1 = 7.6 Hz, J, = 2.0 Hz), 7.66-7.62 (m, 1H), 7.54
(d, 2H, J = 8.4 Hz), 7.42 (d, 3H, J = 8.4 Hz), 7.39-7.37 (m,
1H), 4.24 (q, 2H, J = 7.2 Hz), 1.35 (s, 9H), 1.18 (t, 3H, J =
7.2 Hz); B®C{*H} NMR (CDCls, 125 MHz): 5 173.8, 161.5,
154.1, 150.9, 150.5, 133.3, 130.7, 129.1, 128.7, 127.2,
125.0, 124.2, 123.8, 117.3, 114.5, 106.4, 61.3, 34.8, 31.6,
14.1; IR (neat, cm™): 3207, 2959, 2866, 1651, 1609, 1562,
1530, 1458, 1429, 1280, 1200; HRMS (ESI/Q-TOF) (m/z):
calcd. for CosHxsNOsK, [M + K] 428.1259, found:
428.1278.

Ethyl 3-(3-methoxyphenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(6a):

As off-white solid (142 mg, 78% vyield), mp 237—-239 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 500 MHz): § 9.94 (s, 1H), 8.31 (dd, 1H,
J1=8.0 Hz, J, = 2.0 Hz), 7.66-7.63 (m, 1H), 7.42 (d, 1H, J
= 8.0 Hz), 7.41-7.37 (m, 1H), 7.29 (t, 1H, J = 8.0 Hz), 7.14
(d, 1H, J=7.5Hz), 7.12 (t, 1H, J = 1.5 Hz), 6.90-6.88 (m,
1H), 4.22 (q, 2H, J = 7.5 Hz), 3.81 (s, 3H), 1.16 (t, 3H, J =
7.0 Hz); 8C{*H} NMR (CDCls, 125 MHz): § 173.7, 161.4,
158.7, 154.2, 150.5, 133.4, 133.2, 128.4, 128.2, 127.2,
125.0,123.8,123.5,117.3,116.8, 114.8,113.6, 106.5, 61.3,
55.4, 14.1; IR (neat, cm™): 3202, 2926, 1709, 1659, 1589,
1539, 1445, 1432, 1261, 1172; HRMS (ESI/Q-TOF) (m/z):
calcd. for CyHisNOs, [M + H]": 364.1179, found:
364.1186.
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Ethyl 3-(4-butoxyphenyl)-4-oxo-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate (7a):

As off-white solid (157 mg, 77% vyield), mp 243-245 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.75 (s, 1H), 8.30 (dd, 1H,
J1=8.0 Hz, Jo = 1.6 Hz), 7.66-7.62 (m, 1H), 7.52 (d, 2H, J
=8.8Hz), 7.43-7.37 (m, 2H), 6.92 (d, 2H, J = 8.8 Hz), 4.25
(9, 2H, J = 7.2 Hz), 3.99 (t, 2H, J = 6.8 Hz), 1.81-1.74 (m,
2H), 1.56-1.45 (m, 2H), 1.21(t, 3H, J = 7.2 Hz), 0.98 (t, 3H,
J = 7.2 Hz); ¥C{*H} NMR (CDCls, 125 MHz): 6 173.9,
161.5, 159.3, 154.1, 150.5, 133.3, 132.4, 129.0, 127.2,
125.0, 123.8, 123.6, 117.3, 114.3, 113.3, 106.3, 67.8, 61.2,
31.6, 19.5, 14.3, 14.1; IR (neat, cm™): 3068, 2957, 2870,
1711, 1630, 1607, 1569, 1542, 1523, 1458, 1434, 1275,
1240; HRMS (ESI/Q-TOF) (m/z): calcd. for C24H23NOsK,
[M + K]*: 444.1208, found: 444.1226.

Ethyl 3-(2-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (8a):

As off-white solid (121 mg, 69% vyield), mp 249-251 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.92 (s, 1H), 8.30 (d, 1H, J
= 8.0 Hz), 7.66 (t, 1H, J = 8.0 Hz), 7.52-7.49 (m, 1H),
7.45(d, 1H, J = 8.4 Hz), 7.40 (t, 1H, J = 7.2 Hz), 7.34 (d,
1H,J=6.0 Hz), 7.18 (t, 1H, J = 7.6 Hz), 7.11 (t, 1H, J =
8.8 Hz), 4.22 (s, 2H), 1.14 (t, 3H, J = 7.2 Hz); ¥C{*H}
NMR (CDCls, 125 MHz): ¢ 173.8, 161.2, 154.3, 150.5,
133.5,132.8,130.1 (d, Jc-r=8.5Hz), 127.2,125.1, 123.7,
123.2 (d, J = 2.9 Hz), 120.7, 120.5 (d, J = 15.6 Hz), 117.4,
115.9, 115.2, 115.1, 106.8, 61.4, 14.0; **F NMR (CDCls,
470 MHz): 6 —113.6; IR (neat, cm™): 3190, 2957, 1712,
1630, 1607, 1568, 1541, 1458, 1433, 1276, 1240; HRMS
(ESI/Q-TOF) (m/z): calcd. for CxHisFNOs, [M + H]™:
352.0980, found: 352.0995.
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Ethyl 3-(2-chlorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (9a):

As off-white solid (121 mg, 66% yield), mp 212—214 °C;
purified over a column of silica gel (25% EtOAc in hexane);
!H NMR (CDCls, 400 MHz): 6 10.08 (s, 1H), 8.29 (dd,
1H, J1 = 8.0 Hz, J, = 1.6 Hz), 7.68-7.64 (m, 1H),
7.47-7.38 (m, 4H), 7.28-7.26 (m, 2H), 4.20-4.14 (m,
2H), 1.07 (t, 3H, J = 7.2 Hz); ®*C{*H} NMR (CDCls, 100
MHz): 6 173.7, 161.3, 154.4, 150.4, 134.2, 133.5, 132.3,
131.9, 129.3, 129.1, 127.2, 126.1, 125.1, 124.4, 123.7,
117.5,115.9, 107.1, 61.3, 13.9; IR (neat, cm™): 3063, 2981,
1708, 1632, 1567, 1519, 1457, 1432, 1278; HRMS (ESI/Q-
TOF) (m/z): calcd. for C20H15CINO4, [M + H]": 368.0684,
found: 368.0684.

Ethyl 3-(2-bromophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (10a):

As off-white solid (138 mg, 67% yield), mp 235-237 °C;
purified over a column of silica gel (25% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): 5 10.18 (s, 1H), 8.29 (dd, 1H,
J1 = 7.6 Hz, J = 1.6 Hz), 7.68-7.64 (m, 1H), 7.61 (dd,
1H, Ji1 = 8.0 Hz, J2 = 1.2 Hz), 7.46-7.44 (m, 1H),
7.42-7.38 (m, 2H), 7.34-7.30 (m, 1H), 7.21-7.16 (m,
1H), 4.22-4.13 (m, 2H), 1.05 (t, 3H, J = 7.2 Hz); 3C{'H}
NMR (CDClz, 100 MHz): ¢ 173.7, 161.3, 154.4, 150.4,
134.5, 133.5, 132.3, 131.7, 129.4, 127.2, 126.7, 126.2,
125.0, 124.4, 123.7, 117.5, 115.9, 106.9, 61.3, 13.9; IR
(neat, cm™): 3063, 2981, 1708, 1632, 1567, 1519, 1457,
1432, 1278, 1198; HRMS (ESI/Q-TOF) (m/z): calcd. for
C20H14BrNO4K, [M + K]*: 449.9738, found: 449.9743.
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Ethyl 3-(3-bromophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (11a):

As off-white solid (142 mg, 69% vyield), mp 228—230 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 10.19 (s, 1H), 8.34 (dd, 1H,
J1=8.0Hz,J,=20Hz),7.75(t, 1H,J=1.6 Hz), 7.71-7.67
(m, 1H), 7.57-7.55 (m, 1H), 7.50—7.41 (m, 3H), 7.30-7.28
(m, 1H), 4.26 (q, 2H, J = 7.2 Hz), 1.22 (t, 3H, J = 7.2 Hz);
3C{'H} NMR (CDCls, 100 MHz): ¢ 173.9, 161.3, 154.2,
150.6, 134.0, 133.9, 133.5, 130.9, 129.8, 128.8, 127.2,
126.5, 125.1, 123.6, 121.1, 117.4, 115.1, 106.2, 61.5, 14.1;
IR (neat, cm™): 3060, 2982, 1709, 1631, 1610, 1569, 1520,
1458, 1430, 1276, 1199; HRMS (ESI/Q-TOF) (m/z): calcd.
for CooH1sBrNO4, [M + H]*: 412.0179, found: 412.0180.

Ethyl 3-(4-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (12a):

As off-white solid (128 mg, 73% vyield), mp 191-193 °C;
purified over a column of silica gel (25% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): § 9.69 (s, 1H), 8.29 (dd, 1H,
J1=8.0 Hz, Jo = 2.0 Hz), 7.68-7.64 (m, 1H), 7.57—7.54 (m,
2H), 7.44 (dd, 1H, J, = 8.8 Hz, Jo = 1.2 Hz), 7.43-7.39 (m,
1H), 7.09 (t, 2H, J = 8.8 Hz), 4.25 (g, 2H, J = 7.2 Hz), 1.20
(t, 3H, J = 6.8 Hz); *C{*H} NMR (CDCls, 125 MHz): §
173.9, 162.9 (d, Jc-r = 245.25 Hz), 161.2, 154.2, 150.4,
133.5, 132.8 (d, Jc-r = 8.1 Hz), 127.7 (d, Jc— = 4.5 Hz),
127.2, 125.2, 123.7, 117.3, 114.6, 114.4, 114.2, 106.4,
61.4,14.2; °F NMR (CDCls, 470 MHz): 6 —114.2; IR (neat,
cm™): 3291, 2985, 1722, 1698, 1609, 1590, 1567, 1372,
1273; HRMS (ESI/Q-TOF) (m/z): calcd. for C2oH15FNOs4,
[M + H]": 352.0980, found: 352.0999.
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Ethyl-3-(2,4-difluorophenyl)-4-oxo-1,4-dihydrochromeno|[2,3-b]pyrrole-2-carboxylate
(13a):

As off-white solid (124 mg, 67% yield), mp 255-257 °C;
purified over a column of silica gel (25% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): 6 10.08 (s, 1H), 8.29 (dd, 1H,
J1 = 8.0 Hz, J> = 1.6 Hz), 7.68-7.64 (m, 1H), 7.53-7.48
(m, 1H), 7.45-7.39 (m, 2H), 6.95-6.85 (m, 2H), 4.28-4.21
(m, 2H), 1.17 (t, 3H, J = 7.2 Hz); 3C{*H} NMR (CDCls,
125 MHz): 6 173.8, 163.2 (dd, J1 = 247.87 Hz, J, = 11.87
Hz), 161.1, 160.7 (dd, Ji = 236.63 Hz, J2 = 12.25 Hz),
154.3, 150.5, 133.7-133.6 (m), 133.6, 127.1, 125.2, 123.6,
119.8, 117.4, 116.0, 110.6 (d, J = 3.63 Hz), 110.5 (d, J =
3.37 Hz), 106.8, 103.7 (d, J = 25.5 Hz), 61.5, 14.1; °F NMR
(CDCls, 376 MHz): 6 —108.8 (d, J--F = 8.1 Hz), —110.2 (d,
Jee = 7.8 Hz); IR (neat, cm™): 3227, 2921, 1721, 1650,
1607, 1567, 1531, 1460, 1425, 1263; HRMS (ESI/Q-TOF)
(m/z): calcd. for CaoH13FoNOsK, [M + K]*: 408.0444,
found: 408.0445.

Ethyl-3-(2,6-dichlorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(14a):
As off-white solid (123 mg, 61% yield), mp 260—262 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.78 (s, 1H), 8.28 (dd, 1H,
Ji1=8.0 Hz, Jo = 1.6 Hz), 7.69-7.65 (m, 1H), 7.49 (dd, 1H,
O ° | N cog J1=88Hz J2=12H2),7.43-7.41(m, 1H), 7.40-7.38 (m
% CIZ t 2H), 7.25-7.23 (m, 1H), 4.18 (q, 2H, J = 7.2 Hz), 1.06 (t,
%I Q 3H, J = 7.2 Hz); ¥C{*H} NMR (CDCls, 100 MHz): ¢

173.5, 160.9, 154.5, 150.4, 135.6, 133.5, 129.6, 127.6,
127.1, 125.2, 123.6, 121.3, 117.6, 116.1, 111.9, 106.9,
61.4, 13.9; IR (neat, cm™): 3196, 2921, 1656, 1612, 1559,
1531, 1446, 1432, 1418, 1283; HRMS (ESI/Q-TOF) (m/z):
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calcd. for CooH14CI2NOs4, [M + H]™: 402.0294, found:
402.0295.

Ethyl 3-(2-bromo-6-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-
carboxylate (15a):

As off-white solid (127 mg, 59% yield), mp 258-260 °C,
mp 271-273 °C; purified over a column of silica gel (25%
EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢ 9.93 (s,
1H), 8.29 (dd, 1H, J; = 8.0 Hz, J2 = 1.6 Hz), 7.70-7.65 (m,
1H), 7.57 (dd, 1H, J; = 8.8 Hz, J; = 5.2 Hz), 7.47 (dd, 1H,
J1=8.8Hz, J2= 1.2 Hz), 7.43-7.39 (m, 1H), 7.15 (dd, 1H,
J1 = 8.8 Hz, J» = 3.2 Hz), 6.98-6.93 (m, 1H), 4.22-4.16
(m, 2H), 1.09 (t, 3H, J = 6.8 Hz); C{*H} NMR (CDCls,
125 MHz):  173.5, 161.5 (d, Jo-r = 244.9 Hz), 161.0,
154.5, 150.2, 136.4 (d, Jc-F = 8.7 Hz), 133.6, 133.2 (d, Jc-F
= 8.2 Hz), 127.2, 125.2, 123.6, 119.0 (d, Jc-r = 23.2 Hz),
118.9 (d, Jc-F = 3.5 Hz), 117.5, 116.7, 116.5, 115.9, 106.8,
61.5, 14.0; ®°F NMR (CDCls, 470 MHz): 6-116.2; IR (neat,
cm?): 3293, 3192, 2984, 1722, 1698, 1649, 1590, 1516,
1456, 1379, 1276; HRMS (ESI/Q-TOF) (m/z): calcd. for
C20H13BrFNO:Na, [M + Na]*: 451.9904, found: 451.9916.

Ethyl 3-(3,5-dimethoxyphenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(16a):

As off-white solid (122 mg, 62% yield), mp 230-232 °C;
purified over a column of silica gel (25% EtOAc in hexane);
IH NMR (CDCls, 500 MHz): 5 10.11 (s, 1H), 8.26 (dd, 1H,
J1=8.0 Hz, Jo = 2.0 Hz), 7.61-7.57 (m, 1H), 7.37—7.33 (m,
2H), 6.96 (d, 1H, J = 2.5 Hz), 6.88-6.84 (m, 2H), 4.19-4.12
(m, 2H), 3.75 (s, 3H), 3.73 (s, 3H), 1.09 (t, 3H, J = 7.0 H2);
BC{'H} NMR (CDCls, 125 MHz): 6 173.5, 161.5, 154.2,
153.0, 152.0, 150.5, 133.1, 127.1, 124.8, 123.8, 123.7,
122.9,118.0, 117.3, 115.7, 114.2, 111.7, 107.1, 61.0, 56.5,
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55.9, 14.1; IR (neat, cm™): 3076, 2984, 1714, 1697, 1610,
1547, 1491, 1456, 1270; HRMS (ESI/Q-TOF) (m/z): calcd.
for C22H20NOs, [M + H]*: 394.1285, found: 394.1287.

Ethyl 3-mesityl-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (17a):

As off-white solid (112 mg, 60% yield), mp 238—240 °C;

purified over a column of silica gel (25% EtOAc in

(o) H hexane); *H NMR (CDCls, 400 MHz): 6 10.00 (s, 1H),

O | )—CO:Et 527 (dd, 1H, J: = 8.0 Hz, J» = 1.6 Hz), 7.68-7.63 (m, 1H),
I Me | 7.45(dd, 1H, J1=8.4 Hz, J, = 1.2 Hz), 7.41-7.37 (m, 1H),

Me Q 6.87 (s, 2H), 4.15 (q, 2H, = 7.2 Hz), 2.24 (s, 3H), 2.05 (s,

\ 6H), 1.04 (t, 3H, J = 7.2 Hz): °C{"H} NMR (CDCls, 100

MHz): ¢ 173.7, 161.5, 154.4, 150.9, 136.9, 136.1, 133.3,
129.6, 127.9, 127.2, 127.0, 125.0, 123.7, 117.4, 115.0,
106.9, 61.0, 21.4, 20.7, 14.0; IR (neat, cm™): 3228, 2916,
1720, 1650, 1556, 1531, 1461, 1426, 1262, 1205; HRMS
(ESI/Q-TOF) (m/z): calcd. for C23H22NO4, [M + H]*:
376.1543, found: 376.1549.

Ethyl 3-(3-nitrophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (18a):

As off-white solid (104 mg, 55% vyield), mp 265—-267 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): § 9.79 (s, 1H), 8.48 (s, 1H),
8.29 (dd, 1H, J1 = 8.0 Hz, J, = 1.6 Hz), 8.25 (dd, 1H, J1 =
8.4 Hz, J, = 2.4 Hz), 7.96 (d, 1H, J = 7.6 Hz), 7.72-7.67
(m, 1H), 7.58 (t, 1H, J = 8.0 Hz), 7.48 (d, 1H, J = 8.4 Hz),
7.43 (t, 1H, J = 7.6 Hz), 4.25 (q, 2H, J = 7.2 HZz), 1.16 (t,
3H, J=6.8 Hz); ®*C{*H} NMR (CDCls, 125 MHz): 6 173.8,
160.8, 154.2, 150.4, 147.5, 137.5, 133.8, 133.5, 128.2,
127.2, 126.5, 125.6, 125.4, 1235, 123.1, 117.5, 115.2,
106.2, 61.8, 14.1; IR (neat, cm™): 3228, 2920, 1730, 1666,
1610, 1569, 1524, 1443, 1420, 1283, 1210; HRMS (ESI/Q-
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TOF) (m/z): calcd. for C20H1sN20s, [M + H]": 379.0925,
found: 379.0927.

Ethyl 3-(4-(methylthio)phenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(19a):

As off-white solid (112 mg, 59% vyield), mp 255-257 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDClI3, 400 MHz): 6 10.08 (s, 1H), 8.31 (dd, 1H,
J1=8.0 Hz, J2 = 1.6 Hz), 7.66-7.62 (m, 1H), 7.52 (d, 2H, J
= 8.4 Hz), 7.42—-7.39 (m, 2H), 7.25 (d, 2H, J = 8.4 HZz), 4.23
(9, 2H, J = 7.2 Hz), 2.46 (s, 3H), 1.19 (t, 3H, J = 7.2 Hz);
BBC{'H} NMR (CDCls, 125 MHz): ¢ 173.9, 161.3, 154.1,
150.6, 138.5, 133.4, 131.5, 128.5, 128.3, 127.2, 125.2,
125.0,123.7,117.3,114.6, 106.3, 61.3, 15.8, 14.2; IR (neat,
cm™): 3204, 2984, 1649, 1611, 1556, 1528, 1459, 1424,
1280, 1209; HRMS (ESI/Q-TOF) (m/z): calcd. for
C21H1sNO4S, [M + H]*: 380.0951, found: 380.0959.

Ethyl 3-(naphthalen-1-yl)-4-0xo0-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(20a):

As off-white solid (113 mg, 59% vyield), mp 266—268 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): § 9.98 (s, 1H), 8.23 (dd, 1H,
J1=8.0Hz,J,=1.6 Hz),7.85(t,2H,J=7.6 Hz), 7.68-7.63
(m, 2H), 7.56 (dd, 1H, J1 = 6.8 Hz, J> = 1.6 Hz), 7.53-7.49
(m, 1H), 7.44 (d, 1H, J = 8.4 Hz), 7.42-7.36 (m, 2H),
7.34-7.30 (m, 1H), 3.95 (g, 2H, J = 7.2 Hz), 0.69 (t, 3H, J
= 7.2 Hz); BC{*H} NMR (CDCls, 125 MHz): 6 173.6,
161.4, 154.3, 150.6, 133.5, 133.4, 132.8, 130.8, 128.4,
128.3, 128.1, 127.3, 126.0, 125.9, 125.8, 125.6, 125.0,
123.8,117.4,116.4,107.8, 61.0, 13.5; IR (neat, cm™): 3043,
2917, 1716, 1634, 1607, 1566, 1532, 1457, 1431, 1274;
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HRMS (ESI/Q-TOF) (m/z): calcd. for C2sH1sNQO4, [M +
H]*: 384.1230, found: 384.1214.

Ethyl 3-(anthracen-9-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (21a):

As off-white solid (115 mg, 53% vyield), mp 266—268 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): 6 13.70 (s, 1H), 8.64 (s,
1H), 8.13 (d, 2H, J = 8.8 Hz), 7.89 (dd, 1H, J1 = 8.0 Hz, J»
=2.0 Hz), 7.82-7.78 (m, 1H), 7.73 (d, 1H, J = 8.4 Hz), 7.66
(d, 2H, J = 8.8 Hz), 7.49-7.46 (m, 2H), 7.45-7.41 (m, 1H),
7.35-7.31 (m, 2H), 3.69 (g, 2H, J = 7.2 Hz), 0.37 (t, 3H, J
= 7.2 Hz); BC{*H} NMR (DMSO-ds, 125 MHz): § 172.1,
160.0, 154.0, 151.3, 133.7, 130.9, 130.3, 129.1, 128.2,
126.3, 126.1, 125.7, 125.3, 125.0, 124.8, 122.8, 122.1,
117.8,117.3, 107.6, 59.6, 13.0; IR (neat, cm™): 3377, 2918,
1693, 1650, 1612, 1531, 1441, 1285, 1188; HRMS (ESI/Q-
TOF) (m/z): calcd. for C2sH2oNOa4, [M + H]*: 434.1387,
found: 434.1387.

Ethyl 3-([1,1'-biphenyl]-4-yl)-4-o0x0-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(22a):
As off-white solid (112 mg, 55% vyield), mp 220-222 °C;
purified over a column of silica gel (25% EtOAc in hexane);
O_N IH NMR (CDCls, 500 MHz): 5 12.09 (s, 1H), 8.33-8.27 (m,
O W 1H), 7.68-7.63 (m, 7H), 7.51-7.42 (m, 3H), 7.40-7.34 (m,
0 Q 2H), 4.26-4.21 (m, 2H), 1.21-1.15 (m, 3H); *C{*H} NMR

(CDCl3, 125 MHz): ¢ 173.7, 161.3, 154.0, 151.0, 141.1,
140.1, 133.0, 131.4, 131.7, 128.7, 127.5, 127.1, 127.0,

Q 126.7, 125.6, 124.5, 123.5, 117.2, 115.2, 105.9, 60.7, 14.0;
IR (neat, cm™): 3026, 2986, 1695, 1626, 1604, 1556, 1538,
1514, 1454, 1430, 1279; HRMS (ESI/Q-TOF) (m/z): calcd.
for C26H20NOs, [M + H]*: 410.1387, found: 410.1392.
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Ethyl 3-(furan-2-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (23a):

o_N
|/ CO,Et
(0] /O
—

As off-white solid (98 mg, 61% yield), mp 247-249 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): J 9.57 (s, 1H), 8.34 (dd, 1H,
J1=8.0 Hz, J2 = 1.6 Hz), 7.68-7.64 (m, 1H), 7.58 (d, 1H, J
= 2.0 Hz), 7.45-7.40 (m, 2H), 7.10 (d, 1H, J = 3.6 H2z),
6.56—6.55 (m, 1H), 4.35 (q, 2H, J = 7.2 Hz), 1.33 (t, 3H, J
= 7.2 Hz); BC{'*H} NMR (CDCls, 125 MHz): 6 173.3,
160.9, 154.0, 150.3, 145.1, 142.7, 135.5, 127.3, 125.2,
123.8, 117.3, 116.9, 115.0, 113.5, 111.4, 106.5, 61.6, 14.4;
IR (neat, cm™): 3179, 2976, 1681, 1651, 1607, 1560, 1529,
1454, 1416, 1278; HRMS (ESI/Q-TOF) (m/z): calcd. for
C18H14NOs, [M + H]": 324.0866, found: 324.0867.

Ethyl 3-(5-bromofuran-2-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(24a):

o_N
| ,)—CO,Et
(o) /0
—

Br

TH-3483_ 196122010

As off-white solid (115 mg, 55% vyield), mp 214-216 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.95 (s, 1H), 8.33 (dd, 1H,
J1=8.0 Hz, J, = 1.6 Hz), 7.68-7.64 (m, 1H), 7.43 (d, 2H, J
=8.0 Hz), 7.15 (d, 1H, J = 3.6 Hz), 6.46 (d, 1H, J = 3.6 Hz),
438 (q, 2H, J = 7.2 Hz), 1.38 (t, 3H, J = 7.2 Hz); BC{'H}
NMR (CDCl3, 125 MHz): ¢ 173.4, 161.2, 154.0, 150.4,
147.2, 135.6, 127.3, 125.2, 123.7, 121.9, 117.3, 116.1,
115.5,115.3,113.2, 105.5, 62.0, 14.4; IR (neat, cm™): 3187,
2973, 1649, 1610, 1563, 1525, 1454, 1415, 1279, 1206;
HRMS (ESI/Q-TOF) (m/z): calcd. for C1gH13BrNOs, [M +
H]*: 401.9972, found: 401.9972.
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Ethyl 4-oxo0-3-(thiophen-2-yl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (25a):

As off-white solid (97mg, 57% yield), mp 254-256 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.61 (s, 1H), 8.31 (d, 1H, J
=8.0 Hz), 7.66 (t, 1H, J = 7.6 Hz), 7.45-7.39 (m, 4H), 7.10
(t, 1H, J = 4.4 Hz), 4.30 (q, 2H, J = 7.2 Hz), 1.27 (t, 3H, J
= 7.2 Hz); BC{*H} NMR (CDCls, 125 MHz): 6 173.5,
160.9, 154.0, 150.3, 133.5, 130.7, 127.3, 127.0, 126.3,
125.2, 123.8, 120.9, 117.3, 1154, 106.7, 61.5, 14.3; IR
(neat, cm™): 3182, 2978, 1679, 1649, 1607, 1550, 1520,
1436, 1408, 1272; HRMS (ESI/Q-TOF) (m/z): calcd. for
C1sH1sNO:S, [M + H]*: 340.0638, found: 340.0641.

Ethyl 6-methyl-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (26a):

TH-3483_ 196122010

As off-white solid (130 mg, 75% vyield), mp 247-249 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): 6 9.75 (s, 1H), 8.07 (d, 1H, J
=2.4 Hz), 7.58-7.56 (m, 2H), 7.45 (dd, 1H, J. = 8.4 Hz,
Jo = 2.4 Hz), 7.41-7.36 (m, 3H), 7.32 (d, 1H, J = 8.4
Hz), 4.22 (q, 2H, J = 7.2 Hz), 2.44 (s, 3H), 1.16 (t, 3H,
J=7.2 Hz); BC{*H} NMR (CDCls, 125 MHz): § 174.0,
161.4, 152.3, 150.6, 134.8, 134.4, 131.9, 131.0, 128.8,
128.1, 127.3, 126.7, 123.4, 117.0, 114.5, 106.4, 61.3,
21.1, 14.1; IR (neat, cm™): 2980, 2926, 1719, 1637, 1612,
1570, 1519, 1474, 1434, 1273; HRMS (ESI/Q-TOF) (m/z):
calcd. for CyHisNOs, [M + H]": 348.1230, found:
348.1230.
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Methyl 6-methyl-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(26b):

As off-white solid (118 mg, 71% yield), mp 263—-265 °C;

purified over a column of silica gel (25% EtOAc in

hexane); 'H NMR (CDCls, 400 MHz): ¢ 9.51 (s, 1H),

8.06 (d, 1H, J = 2.0 Hz), 7.57 (d, 2H, J = 6.4 Hz), 7.45

(dd, 1H, J1 = 8.4 Hz, J> = 2.0 Hz), 7.43-7.37 (m, 3H),
7.34 (d, 1H,J =8.4 Hz), 3.75 (s, 3H), 2.44 (s, 3H); *C{*H}
NMR (CDCls, 125 MHz): 6 173.9, 161.7, 152.4, 150.6,
134.9, 134.5, 131.7, 130.9, 129.0, 128.2, 127.4, 126.8,
123.4,117.0,114.1,106.4,52.1, 21.1; IR (neat, cm™): 3198,
2926, 1711, 1656, 1601, 1584, 1560, 1432, 1236; HRMS
(ESI/Q-TOF) (m/z): calcd. for CxoHisNOs, [M + H]™:
334.1074, found: 334.1081.

Ethyl 6-chloro-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (27a):

As off-white solid (125 mg, 68% yield), mp 265-267 °C;
purified over a column of silica gel (25% EtOAcC in hexane);
'H NMR (DMSO-ds, 400 MHz): § 13.44 (s, 1H), 7.98 (d,
1H, J = 2.8 Hz), 7.80 (dd, 1H, J; = 8.8 Hz, J> = 2.8 Hz),
7.71 (d, 1H, J = 8.8 Hz), 7.47-7.45 (m, 2H), 7.36-7.34
(t, 3H), 4.12 (q, 2H, J = 7.2 Hz), 1.09 (t, 3H, J = 7.2 Hz);
BC{'H} NMR (DMSO-ds, 125 MHz): § 171.1, 160.2,
152.1, 150.7, 133.3, 132.0, 130.8, 129.0, 127.3, 126.7,
124.9, 124.4, 124.2, 120.0, 115.1, 104.9, 60.2, 13.8; IR
(neat, cm™): 3062, 2980, 1709, 1632, 1609, 1567, 1520,
1457, 1432, 1279, 1198; HRMS (ESI/Q-TOF) (m/z): calcd.
for C20H15CINOs, [M + H]*: 368.0684, found: 368.0682.

| )—CO,Et

138
TH-3483_ 196122010



Chapter 111

Ethyl 6-bromo-4-oxo-3-phenyl-1,4-dihydrochromenol[2,3-b]pyrrole-2-carboxylate (28a):

As off-white solid (132 mg, 64% yield), mp 290-292 °C;
purified over a column of silica gel (25% EtOAc in hexane);
!H NMR (CDCls, 500 MHz): 6 9.73 (s, 1H), 8.39 (d,
1H,J=2.5Hz), 7.73 (dd, 1H, J1 = 8.5 Hz, J, = 2.5 Hz),
7.56-7.54 (m, 2H), 7.41-7.33 (m, 4H), 4.23 (q, 2H, J
= 7.0 Hz), 1.16 (t, 3H, J = 7.0 Hz); B®C{'H} NMR
(CDCls, 125 MHz): ¢ 172.3, 161.2, 152.9, 150.3,
136.3, 131.5, 130.9, 129.9, 128.7, 128.3, 127.3, 125.2,
119.2,118.3,115.0, 106.3, 61.4, 14.1; IR (neat, cm™): 3064,
2983, 1710, 1630, 1569, 1517, 1459, 1434, 1280, 1199;
HRMS (ESI/Q-TOF) (m/z): calcd. for C20H15BrNO4, [M +
H]": 412.0179, found: 412.0182.

Ethyl 5-chloro-4-oxo-3-phenyl-1,4-dihydrochromenol[2,3-b]pyrrole-2-carboxylate (29a):

As off-white solid (101 mg, 55% vyield), mp 263-265 °C;
purified over a column of silica gel (25% EtOAc in hexane);
ot IH NMR (CDCls, 500 MHz): 6 9.52 (s, 1H), 7.54-7.51 (m,
O | )—couet| 2H).7.49(dd, 1H, 31 =85 Hz, Jo = 2.0 Hz), 7.39-7.37 (m,
4H), 7.26 (s, 1H), 4.22—-4.18 (m, 2H), 1.15-1.12 (m, 3H);
¢ o O 13C{IH} NMR (CDCls, 125 MHz): § 172.7, 161.3, 156.0,
149.0, 135.2, 132.3, 131.8, 130.8, 129.1, 128.8, 128.1,
127.4,120.7, 116.8, 114.8, 106.9, 61.3, 14.1; IR (neat, cm’
1): 3198, 2926, 1711, 1656, 1601, 1588, 1538, 1432, 1264,
1236; HRMS (ESI/Q-TOF) (m/z): calcd. for C2oH15CINOg,
[M + H]*: 368.0684, found: 368.0685.
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Ethyl 6,8-dimethyl-4-ox0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(30a):

As off-white solid (106 mg, 59% vyield), mp 225-227 °C;
purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (CDCls, 400 MHz): § 9.51 (s, 1H), 7.91 (d, 1H, J

= 2.5 Hz), 7.59-7.57 (m, 2H), 7.42—7.37 (m, 3H), 7.31
(d, 1H, J = 2.0 Hz), 4.24 (q, 2H, J = 7.0 Hz), 2.48 (s,
3H), 2.39 (s, 3H), 1.18 (t, 3H, J = 7.0 Hz); 3C{'H}
NMR (CDCls, 125 MHz): § 174.2, 161.3, 150.9, 150.5,
135.8, 134.2, 131.9, 131.0, 128.8, 128.1, 127.3, 126.2,
124.4, 123.3, 114.4, 106.2, 61.2, 21.0, 15.8, 14.2; IR

(neat, cm™): 3232, 2918, 1650, 1609, 1567, 1535, 1425,
1384, 1261; HRMS (ESI/Q-TOF) (m/z): calcd. for
C22H20NO4, [M + H]*: 362.1387, found: 362.1391.

Ethyl 6,8-difluoro-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(31a):

TH-3483_ 196122010

As off-white solid (107 mg, 58% vyield), mp 238—240 °C;
purified over a column of silica gel (25% EtOAc in hexane);
IH NMR (CDCls, 400 MHz): § 10.01 (s, 1H), 7.74-7.71 (m,
1H), 7.56-7.53 (m, 2H), 7.43-7.38 (m, 3H), 7.25-7.21 (m,

1H), 4.27 (q, 2H, J = 7.2 Hz), 1.19 (t, 3H, J = 7.2 Hz);
3C{!H} NMR (CDCls, 125 MHz): § 171.6, 161.2,
157.3, 149.8, 131.4, 130.9, 128.6, 128.4, 127.4, 126.4
(d, Je-r = 7.8 Hz), 115.3, 108.9 (d, Jcr = 20.4 Hz),
108.7 (d, Je-¢ = 20.5 Hz), 107.7 (d, Jc- = 3.5 Hz),
107.5 (d, Je-r = 3.7 Hz), 106.2, 61.6, 14.1; 1%F NMR

(CDCl3, 376 MHz): 0 —(113.5-113.6) (m), —(129.3-129.4)
(m); IR (neat, cm™): 3392, 3047, 1708, 1655, 1627, 1571,
1538, 1470, 1424, 1230; HRMS (ESI/Q-TOF) (m/z): calcd.
for C2oH14F2NOg4, [M + H]™: 370.0885, found: 370.0889.
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Ethyl 6,8-dichloro-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate

(32a):

As off-white solid (110 mg, 55% vyield), mp 233-235 °C;

purified over a column of silica gel (25% EtOAc in hexane);
'H NMR (DMSO-ds, 400 MHz): 6 13.64 (s, 1H), 8.12
(d, 1H, 3 =2.8 Hz), 7.94 (d, 1H, J = 2.8 Hz), 7.47-7.44
(m, 2H), 7.37-7.35 (m, 3H), 4.13 (q, 2H, J = 6.8 Hz),
1.11 (t, 3H, J=7.2 Hz); ¥3C{*H} NMR (DMSO-ds, 125
MHz): 6 170.4, 160.0, 150.3, 148.2, 132.9, 131.8,
130.9, 128.8, 127.4, 126.8, 125.3, 124.2, 122.8, 115.4,
104.8, 60.3, 13.8; IR (neat, cm™): 3060, 2981, 1709, 1631,
1610, 1569, 1520, 1457, 1433, 1277, 1197; HRMS (ESI/Q-
TOF) (m/z): calcd. for CzH13Cl2NOsNa, [M + Na]™:
424.0114, found: 424.0114.

4-Tosyl-1-(tosylmethyl)-1H-imidazole (1c'):

II1.6. References

As a yellow solid (85 mg, 87% yield); mp 177-179 °C
purified over a column of silica gel (80% EtOAc in hexane);
'H NMR (CDCls, 500 MHz): d 7.86 (d, 2H, J = 8.0 Hz),
7.45 (d, 2H, J = 8.0 Hz), 7.39 (s, 1H), 7.33 (d, 2H, J = 8.0
Hz), 7.29 (s, 1H), 7.23 (d, 2H, J = 8.0 Hz), 5.11 (s, 2H),
2.44 (s, 3H), 2.43 (s, 3H); ¥*C{*H} NMR (125 MHz): 6
147.0, 144.7, 143.3, 139.7, 137.6, 131.5, 130.7, 129.9,
128.8, 128.1, 124.0, 65.5, 21.9, 21.8; IR (neat, cm™): 3377,
2924, 1705, 1622, 1438, 1264, 1172; HRMS (ESI/Q-TOF)
(m/z): caled. for C1sH18N204S2Na, [M + H]": 413.0600,
found: 413.0601.
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I11.7. Representative Spectra

Ethyl 4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1a): *H NMR
(CDCls, 400 MHz)
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Ethyl 4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1a): 3 C{*H}
NMR (CDCls, 400 MHz)
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Methyl 4-ox0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1b): *H NMR
(CDCls, 400 MHz)
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Methyl 4-oxo0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (1b): 13C{*H}
NMR (CDCI, 125 MHz)
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Ethyl 4-oxo-3-(p-tolyl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (2a): *H NMR
(CDCls, 400 MHz)
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Ethyl 4-oxo-3-(p-tolyl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (2a): **C{*H}
NMR (CDCls, 125 MHz)
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Methyl 4-oxo-3-(p-tolyl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (2b): *H
NMR (CDCls, 500 MHz)
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Methyl 4-oxo0-3-(p-tolyl)-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (2b): 3 C{*H}
NMR (CDCls, 125 MHz)
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Ethyl 3-(4-(tert-butyl)phenyl)-4-oxo-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate
(5a) : *H NMR (CDCls, 400 MHz)
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Ethyl 3-(4-(tert-butyl)phenyl)-4-oxo-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate
(5a): *C{*H} NMR (CDCls, 125 MHz)
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Ethyl 3-(4-butoxyphenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (7a):
'H NMR (CDCls, 400 MHz)
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Ethyl 3-(4-butoxyphenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (7a):
13C{*H} NMR (CDCl3, 125 MHz)
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Ethyl 3-(4-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (12a):
H NMR (CDCls, 400 MHz)
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Ethyl 3-(4-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (12a):
13C{*H} NMR (CDCls, 400 MHz)
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Ethyl 3-(4-fluorophenyl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (12a):
19F NMR (CDCls, 470 MHz)
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Ethyl 3-(anthracen-9-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (21a):
'H NMR (DMSO-ds, 400 MHz)
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Ethyl 3-(anthracen-9-yl)-4-oxo-1,4-dihydrochromeno(2,3-b]pyrrole-2-carboxylate (21a):
BC{*H} NMR (DMSO-ds, 125 MHz)
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Ethyl 3-(5-bromofuran-2-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(24a): 'H NMR (CDCls, 400 MHz)
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Ethyl 3-(5-bromofuran-2-yl)-4-oxo-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(24a): 3C{*H} NMR (CDCls, 125 MHz)
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Ethyl 6-chloro-4-oxo-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate (27a):
'H NMR (DMSO-ds, 400 MHz)
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Ethyl 6-chloro-4-oxo-3-phenyl-1,4-dihydrochromenol[2,3-b]pyrrole-2-carboxylate (27a):
BC{*H} NMR (DMSO-ds, 125 MHz)
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Ethyl 6,8-dimethyl-4-ox0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(30a): *H NMR (CDCls, 400 MHz)
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Ethyl 6,8-dimethyl-4-oxo0-3-phenyl-1,4-dihydrochromeno[2,3-b]pyrrole-2-carboxylate
(30a): 13*C{*H} NMR (CDCls, 125 MHz)
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CHAPTER IV

Transformable Transient Directing Group Assisted
C(sp?)—H Activation: Synthesis and Late-Stage
Functionalizations of o-Alkenylanilines
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N (o) NH,
R N Pd(OAc), _(I/\
R e
NP Cu salt N\F R!
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R = 6-Cl—> HBV inhibitor
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 transient directing group (TDG) + TDGis easy to remove
\ + {AmOH as solvent cum TDM  gram scale synthesis/

The Journal of Organic Chemistry

] J. Org. Chem. 2022, 87, 13383-13387.
pubs.acs.org/joc m

ABSTRACT: The isocyanate group in aryl isocyanates serves as a transformable transient
directing group in a Ru(ll)-catalyzed o-olefination leading to o-alkenylanilines. In alcoholic
solvents, aryl isocyanates are transformed into carbamates which initiate the insertion of
acrylates via 0-C—H activation. In particular, YAmOH serves the dual role of solvent-cum
transient directing mediator. The o-alkenylanilines are converted to azacoumarins and
subsequently into C-4 aryl-substituted azacoumarins using aryl iodides as coupling partners

via Pd(Il) catalyzed C—H functionalizations.
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CHAPTER 1A%

Transformable Transient Directing Group Assisted C(sp?)—H Activation:
Synthesis and Late-Stage Functionalizations of o-Alkenylanilines

I1.1. Introduction

The formation of C—C, and C—X bonds via direct C—H bond activation continues to be
an important and stimulating thrust in academic and industrial research. The high abundance
of C—H bonds in organic compounds makes their functionalization an extensively investigated
topic of research. The C—H activation strategy has attained prominent space in the field of
organic chemistry and has emerged as an alternative pathway to overcome the necessary pre-
activation of substrates as required in traditional cross-coupling reactions. Thus, this strategy
could shorten the synthetic sequence and allow the utilization of cheap and environmentally
benign reactants (eg., hydrocarbons instead of organic halides).**d For example, an alternative
to Mizoroki-Heck coupling is the oxidative coupling of arenes with an alkene to form
vinylarenes which proceeds in step economical way by avoiding functionalized coupling
partners. Similar strategies for the construction of C—C bonds by C—X activation such as Stille,
Negishi, Suzuki, and Kumada face limited functional group tolerance, the toxicity of starting
materials, and harsh reaction conditions. Although several efficient catalytic systems have
emerged with modifications in original reaction conditions, the requirement of good leaving
groups (eg., halide, triflate) and subsequent formation of halide salts as by-product limits the
usefulness of such cross-coupling reactions. The direct C—H activation is an invaluable
alternative to answer all the concerns raised on coupling reactions about their site-selectivity
and step-economy (Scheme 1V.1.1).1¢ However, the wide abundance of C—H bonds in organic
compounds, makes their selective functionalization difficult. The high bond dissociation
energy and low polarity of the C—H bond, make it fairly unreactive. Thus, easy and
straightforward installation of diverse functional groups to fabricate complex molecular entities
through the C—H bond activation strategy is highly intriguing. Over the years, techniques have
developed which focus on the use of specially designed ligands, modified reactors, and
catalytic conditions which enable to overcome concerns regarding regio-, stereoselectivity and

efficiency of C—H activation.!
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Traditional cross-coupling reaction

OX O Cross- coupllng
Metal

X=Cl,Br,1,0OTf Y =8n,Zn, B, Mg

Example

Q9

activation reaction

Q) Q0

Scheme IV.1.1. Traditional cross-coupling and C—H activation process.

C-H bond activation
Metal

X= r, I, etc

The conversion of desired C—H bonds into C—C bonds can be selectively achieved with
the help of directing groups (DGs). The usage of DGs can help in the preferential
functionalization of a particular C—H bond in the presence of several equivalent C—H bonds.
The introduction of DGs results in the rapid expansion of this field and employs C—H bonds as
versatile functional groups in synthetic molecule assembly. DGs are usually o-coordinating
functional groups that in combination with a transition metal control the site selectivity and
activate the relatively strong C—H bonds by coordinating through the heteroatoms of DGs to
the reactive metal catalysts. Directing groups are required to direct the positioning of the metal
catalyst so that the desired C—H bond can be activated. DGs basically refers to coordinating
functional groups that either may be already present in the molecule or can be in situ installed
via functional group transformations. DGs help in achieving maximum coordination with a
metal for specific C—H bond functionalization. In principle, an ideal directing group should be
an intrinsic part of the substrate, which avoids installation and detachment after desired
transformations. The coordination of the DG with the metal determines the efficiency of the
protocol otherwise leads to unprecedented side reactions. Therefore, to achieve optimum
coordination, a proper combination of the metal as well as directing group is very much
essential.? Based on the coordination ability of the DGs with metal, they may be classified as
strong and weakly coordinating DGs. Although, the borderline of this classification is not so
hard, yet it presents significant information on the nature of the coordination ability of the
heteroatom of the DGs. A strongly coordinating DG forms a stable metallacycle with the

transition metal mostly through the N-atom of the DGs. N-containing DGs such as pyridin-2-
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yl, oxazolin-2-yl or pyrazol-1-yl groups act strong o-donors. This thermodynamically stable
metallacycle demands additional steps or harsh reaction conditions for their installation and
removal after desired transformations. On the contrary, ketones, carboxylic acids, ethers, and
esters weakly coordinate with the metal and are more versatile for subsequent transformations.
The resulting metallacycles are thermodynamically less stable and subsequent modification or

removal is easier (Scheme 1V.1.2).2

/_\ [M] -
[M] _Orientation [M]
R

Actlvatlon Funct:onal:zat:on

Strongly Coordinating DGs

I HES K b K

Weakly Coordinating DGs

(0] (o) [0}
Mo HH o
OR H OH

Scheme. 1V.1.2. Types of directing groups.

—OMe

Transition metals-catalyzed C—H bond functionalization arguably constitutes the most
valuable synthetic tool for activation of the desired C—H bond. The most widely studied
transition metals for the activation of inert C—H bonds are Pd,® Rh,* Ru,® Ir,” Mn,® Co,° Ni,10%¢
Cu*f etc. The directing group brings transition metal to proximity and is positioned at an
appropriate place for versatile C—H bond functionalization upon trapping with electrophiles or
nucleophiles under basic or oxidative conditions respectively. Directing groups accelerate C—H
bond activation through the formation of carbon-metal bonds via a chelation-controlled
cyclometallation process. The field of directed C—H bond activations has grown tremendously
and many chelating groups have been explored that can serve as auxiliaries.!! Though the
directing group-assisted C—H activation is a well-established methodology for inert C—H bond
activation, the detachment of these groups after completion of the desired transformations is a
cumbersome process. Thus, the step economical issue is an added disadvantage of DG-assisted
C—H activation.
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Compared to traditional DG-assisted C—H bond activation, transient DGs (TDG)
assisted C—H bond activation has become a new strategy for the challenges of prior installation
and removal of auxiliaries.’?*¥ TDGs are modified in situ with an external transient directing
mediator (TDM), used either in catalytic or stoichiometric amounts. TDMs are functional
moieties that transform a weakly coordinating functional group into a better o~donor motif by
tethering to the TDGs. Moreover, this TDM must be cleaved in situ after the functionalization
(Figure 1V.1.1). For instance, derivatives of phenols, aldehydes, and ketones, etc. are some

examples of transient DGs that have been utilized in the C—H bond functionalizations.*

in situ addition

of TDM
D<@ B¢
H H
|
Functionalization
{

Detachment o
ol DG @ ~——m—— d D‘ E
@ of TDM $ .

Figure 1V.1.1. Activation C—H of bond through transient directing groups.

Being closer to the DGs, the ortho C—H bonds of arenes can be activated easily
compared to furthest located meta or para C—H bonds. Thus, most of the traditional DGs
usually activate proximate ortho C—H bonds. These activated C—H bonds then can be coupled
with a variety of coupling partners for desired transformations. In recent years, outstanding
progress has been achieved in 0-C—H alkenylation using activated alkenes.'**® Alkenes are
essential feedstock in industrial processes, and their utilization for the synthesis of a variety of
important biological and materially relevant molecules has become immensely important in
organic synthesis.**® However, the direct introduction of olefinic C(sp?)—H bonds into aryl
rings is challenging and thus becomes a potential area of research for organic chemists. DGs-
assisted C—H activation has overcome many such limitations and has significantly improved

the arsenal of synthetic chemistry for synthesizing such exotic molecules.'#
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IV.2. Metal-Catalyzed o-C—H Functionalization Strategy

IVV.2.1. Transient directing group assisted C—H functionalization:

Lewis and Smith are two pioneers of the transient-directing catalytic C—H bond
activation field. Lewis independently studied the ortho deuteration of phenols using Ru
complex (TDM-1) by transesterification of the phenoxy group to phosphites under D>
atmosphere. The catalytic KOPh was found to be very crucial for rapid transesterification. The
ortho selectivity of the protocol was believed to be due to the formation o-metallated complex
as the key intermediate (Scheme I1V.2.1).13

[ (Ph;0),P—O =
OH  1pm.a(85mol%) | o 30) OH
H H KOPh (80 mol%) | D D
D,, 25 °C, THF Ru\ 4
/| P(OPhj3);

- o\p P(OPhs),
(Ph;0), -

TDM-1

O\
P(OPh
©i /( 3)2
Ru

/" \ NP(OPhy),
(PhsO)sP  p(OPhy)

Scheme 1V.2.1. Pioneering work by Lewis for 0-C—H deuteration using TDG

Although most of the transient directing mediator results in the generation of oxime and
imine TDGs, but oximes are mostly synthesized separately before the functionalization. The
oxygen atom of the carbonyl has low basicity for proximal C—H bond activation. However,
transformation to an imine functionality enhances the basicity of carbonyl carbon. Shi et al.
reported such a strategy where the ortho C—H bond is silylated using imine as the transient
auxillary. The condensation of biaryl aldehyde and 3-aminophenylpropionic acid generates
imine which serves as the actual directing group for this Pd-catalyzed ortho silylation. As
suggested by control experiments, the presence of amino acid as an additive is essential to

facilitate C—H activation, which imparts its role as TDM (Scheme 1V.2.2).1%
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NH, O
H 2 .
Pd(OAc), (10 mol%) SiMe;
+ Ph 40 WOH LiOAc (2.5 equiv)
(SiMey) (40 mol%) AcOH-HFIP
32 60 °C

Scheme 1V.2.2. ortho-C—H silylation of biaryl aldehydes using transient DG.

IV.2.2. Directing group-assisted C—H olefination

A new transient directing group for the selective C—H functionalizations is highly
desirable as well as appreciable in organic synthesis. Directing group-assisted C—H activation
can be used for the synthesis of olefinated compounds using olefin as the coupling partner. o-
Alkenylanilines are important building blocks in many organic transformations and are
prevalent in many bioactive compounds.®®. Activated olefins are widely introduced in the ortho

position of anilines with the assistance of directing groups such as -NHCOMe,*%*¢ urea*6"9

(Scheme 1V.2.3).
NH_ NH.,
X
™ - - O,

X =Ac, Ureas

Scheme 1V.2.3. Transition-metal-catalyzed o-olefination.

In 2017, Satoh, and Miura reported a carbamate (Boc) directed olefination protocol
using Rh catalyst.*' The weakly coordinating carbonyl oxygen of carbamate coordinates to the
Rh metal in an environmentally benign alcoholic solvent (‘BuOH). However, an additional step
is required for the cleavage of the Boc directing group after the desired olefination (Scheme
IV.2.4).

A R
[Cp*Rh(MeCN);][SbF¢],

H Mo o NH

N\H/O‘Bu (4 mol%) N\n/o BU cF;CO,H :
lo} Cu(OAc), (2 equiv) o) DCM, rt

H ‘BuOH | |

R R

Scheme 1V.2.4. Carbamate-directed C—H activation.
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Recently, Li and co-workers developed a method that enables the Rh(Ill)-catalyzed
C—H alkenylation of aryldiazenecarboxylates using acrylate esters as the alkenylating partner

with concomitant hydrogenation of the N=N bond in the resulting product (Scheme I1V.2.5).1%

o) o)

Cp*RhCl,], (4 mol%) H

Ns [ 212 N.

C[ NJ\OR AgSbF (16 mol%) NJ\OR
A R —. - H

H + PivOH (8.0 equiv) P R

4 AMS, DME, N,
35°C

Scheme 1V.2.5. Olefination of aryldiazenecarboxylate.

Yi et al. in 2017, disclosed a regioselective mono-alkenylation of arenes with polar
acrylates using urea moiety as a transformable directing group.*®* This Rh(lll)-catalyzed and
MeOH-involved ortho alkenylation utilizes transformable NHCONMe: directing group for the
synthesis of ortho acrylated N-phenyl carbamates with good functional group tolerance
delivering products in good to excellent yields. After the desired C—H functionalization, the

solvent molecule in situ hydrolyzed urea substrate to a new functional moiety (Scheme 1V.2.6).

MeO o
[Cp*RNCI,], (2.5 mol%)

H
N\n/N'V'ez AgOAc (2.5 equiv) NH
0O + R TsOHH,0 (1.0 equiv) @L/\
H = R

MeOH, 85 °C

Scheme 1V.2.6. N-aryl urea as directing group for ortho-alkenylation.
IV.3. Present Work

IVV.3.1. Our approach

Searching for new and innovative TDG, we came across a relatively unexplored phenyl
isocyanate moiety. To the best of our knowledge, in DG-assisted C—H activation reactions,
alkyl and phenyl isocyanates have been widely employed only as reacting partner due to their
strong electrophilic nature.!” The inertness of phenyl isocyanate towards proximal C—H
activation is attributed to the strategic structure of the functional group. Despite having both N
and O atoms, its o-donor ability is very less as both are unable to form metallacycles by
coordinating with neighbouring C—H bonds. Hence, the use of phenyl isocyanate as a directing
group in the proximal C—H bond activation is completely unexplored. To exploit this inertness,

herein we report an efficient synthesis of o-alkenylanilines via a regioselective o0-C—H
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olefination using phenyl isocyanate as the transient directing group under Ru catalysis (Scheme
IV.3.1).

N® NH,
i : + 2R (:(/\
H tAMOH = R

Scheme 1V.3.1. Phenyl isocyanate as transformable directing group.

We commenced our investigation using p-tolyl isocyanate (2) and methyl acrylate (a)
as the coupling partner in the presence of [Ru(p-cymene)Clz]2 (5 mol %), AgSbFs (15 mol %),
Cu(OAC)2H20 (0.5 equiv), and tert-amyl alcohol (AmOH) (2 mL) in a sealed tube at 120 °C.
To our delight, a yellow fluorescent spot was observed which was isolated and identified by
spectroscopic analysis (*H NMR, 3C{*H} NMR, and IR) as an ortho-olefinated product of p-
tolylaniline (2a). The new product was obtained in a satisfactory yield of 78%. XRD analysis
of one of the substrates reconfirmed its structure to be p-tolyl (E)-3-(2-amino-5-

methylphenyl)acrylate (11) (Figure 1V.3.1).

Figure 1V.3.1. ORTEP view of (11) with 50% ellipsoid probability (CCDC 2165893).
IVV.3.2. Optimization of the reaction conditions

To further improve the yield, extensive screening of reaction parameters was
conducted. In solvent screening, it was revealed that only alcoholic solvents gave a positive
outcome while other solvents such as DMSO, DMF, and DCE were completely ineffective
(Table IV.1, entries 2-8). Among the alcoholic solvents, ‘AmOH (78%) was found to be
superior as compared to 'BUOH (54%) and 'PrOH (47%) (Table IV.1, entries 2 and 3). In case
of EtOH and MeOH, ortho-olefinated ethyl N-phenylcarbamate (I) and methyl N-
phenylcarbamate (I11) were obtained in 37% and 41% yields respectively (Table IV.1, entries 4
and 5) (Figure 1V.3.2 and Figure 1V.3.3). Further, it was found that silver salts other than
AgSbFs, such as AgOAc, AgOTTf, AgNOs and AgOCOCEFs failed to improve the yield beyond
78% (Table V.1, entries 9—12). Keeping AgSbFs as the additive, further screening was done
to get the suitable oxidant for this protocol.
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Table I1V.1. Optimization of the reaction conditions®®

.0 2 co,Me (a)

-

N* catalyst, Ag salt (15 mol %
/@[ additive (0.5 equiv)
Me H solvent, temp, 24 h

sealed tube (2a)

)

) NH,
/©/\/\ '
Me’ Z CO,Me Me

H
N\n/OR
o]
|
R = Et (I), 37%

R = Me (ll), 41%

CO,Me

Entry Catalyst (mol %0) Additive/Oxidant Solvent | Temp | Yield®
(°C)

1. [Ru(p-cymene)Cl2]2 (5) | AgSbFs/ Cu(OAc)2.H20 | 'AmOH | 120 78
2. [Ru(p-cymene)Clz]2 (5) | AgSbFe/ Cu(OAC)2.H.0 | 'BUOH 120 54
3. [Ru(p-cymene)Clz]2 (5) | AgSbFe/ Cu(OAc)2.H20 | 'PrOH 120 47
4, [Ru(p-cymene)Cl2]2 (5) | AgSbFs/ Cu(OAc)2.H20 | EtOH 120 37°
5. [Ru(p-cymene)Clz]2 (5) | AgSbFs/ Cu(OAC)2.H.O | MeOH 120 41°
6. [Ru(p-cymene)Cl2]2 (5) | AgSbFe/ Cu(OAc)2.H.O | DMSO 120 N.D
7. [Ru(p-cymene)Cl2]2 (5) | AgSbFe/ Cu(OAc)2.H2.0 | DMF 120 N.D
8. [Ru(p-cymene)Clz]2 (5) | AgSbFs/ Cu(OACc)2.H.O | DCE 120 N.D
9. [Ru(p-cymene)Clz]2 (5) | AgOAcC/Cu(OAc)2.H.0 | 'AmOH | 120 N.D
10. [Ru(p-cymene)Cl2]2 (5) | AgOTF/Cu(OACc)2.H20 'AmOH | 120 10
11. [Ru(p-cymene)Cl2]2 (5) | AgNO3/Cu(OAc)2.H20 'AmMOH | 120 <5
12. [Ru(p-cymene)Clz]2 (5) | AJOCOCFs/Cu(OAc).H:0 [ 'AmOH | 120 15
13. [Ru(p-cymene)Cl2]2 (5) | AgSbFe/CuCl2.2H20 'AmOH | 120 N.D
14. [Ru(p-cymene)Clz]2 (5) | AgSbFe/Cu(CHsCN)sPFs | "AMOH | 120 N.D
15. [Ru(p-cymene)Clz]z (5) | AgSbFe/Cu.0 'AmOH | 120 N.D
16. [Ru(p-cymene)Cl2]2 (5) | AgSbFe/Cul 'AmOH | 120 N.D
17. [Ru(p-cymene)Cl2]2 (5) | AgSbFe/CuBr2 'AmMOH | 120 N.D
18. [Ru(p-cymene)Cl2]2 (7) | AgSbFe/Cu(OAC)2.H2O | 'AmOH | 120 73
19. [Ru(p-cymene)Cl2]2 (3) | AgSbFe/Cu(OAC)2.H20 [ 'AmOH | 120 50
20. [Ru(p-cymene)Cl2]2 (5) | AgSbFs/Cu(OAC)2.H2O [ 'AmOH | 110 68
21. [Ru(p-cymene)Clz]2 (5) | AgSbFe/Cu(OAC)2.H2.0 | 'AmOH | 130 75

Reaction conditions: 1 (0.5 mmol), a (1 mmol, 2 equiv), [Ru(p-cymene)Cl.]. (5 mol %), additive (15
mol %), oxidant (0.5 equiv), solvent (2 mL) in a sealed tube, 120 °C, 24 h. PIsolated yield of the product.
“Non-anticipated product formation.
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It was found that the use of various copper salts such as CuCl>2H-0,

Cu(CH3CN)4PFs,

Cu20, Cul, CuBr2 were all unable to improve the yield as compared to the use of

Cu(OAC)2H20. (Table IV.1, entries 13-17). Thus, Cu(OAc)2'H20 served as the best oxidant

for our protocol. An increase (7 mol %) or a decrease (3 mol %) in the catalyst loading had a

detrimental effect on the product yield (Table IV.1, entries 18 and 19). Similarly, the yield of

the reaction at lower (100 °C) and higher (130 °C) temperatures was found to be inferior to that

of at 120 °C (Table 1V.1, entries 20 and 21). Based on our extensive screening of different

solvents, additives, and catalysts; the best condition for the present alkenylation strategy was

determined to include phenyl isocyanate (1) (1 equiv), methyl acrylate (a) (2 equiv), [Ru(p-
cymene)Clz]2 (5 mol %), AgSbFs (15 mol %), Cu(OAc)2H20 (0.5 equiv), and ‘AMOH (2 mL)

in a 21 mL sealed tube at 120 °C for 24 h (Table 1V.1, entry 1).

BD-MEOH-2-1H.1fid SBRQUIBLIBKIY

BD-MEOH-2-1H FH RO %% %% %
e \/ \
H
N\n/OMe
(o)
Me |
OMe
(o)
M
-
R,

mmmmm
SRDS

~~~~~

2,93
2.96:
294~

WU

1.09=

b

T T T T T T T T T T T T
1.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0
f1 (ppm)

Figure 1V.3.2. *H NMR spectra of 11 (CDCls, 500 MHz).
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BD-MEOH-2-13C-400.2.fid
BD-MEOH-2-13C

_~168.476
~-167.368
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5200

—21.062

71547
\76.913

T T T T T T T T T T T
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Figure 1V.3.3. 3C{*H} NMR spectra of 11 (CDCls, 100 MHz).

IVV.3.3. Substrate scope of phenyl isocyanate and acrylates

With the established conditions in our hand, a series of acrylates (a—q) were treated
with phenyl isocyanate (1) to produce ortho-alkenylated anilines (1a—1q) in good to moderate
yields (47-77%) (Scheme 1V.3.2). It was observed that the yields of the anticipated o-
alkenylanilines decreased for long-chain and branched acrylates compared to those of their
short-chain and linear analogues. Acrylates such as methyl (a), ethyl (b), n-butyl (c), n-hexyl
(d), lauryl (e), stearyl (f), isobutyl (g), and tert-amyl acrylate (h) were successfully converted
into their ortho-alkenylated products 1a (77%), 1b (73%), 1c (69%), 1d (61%), 1le (59%), 1f
(53%), 1g (70%), and 1h (66%), respectively. In addition, 2-methoxyethyl (i), 2-methyl
tetrahydrofuran (j), benzyl (k), aromatic acrylates (I and m), hexafluoroisopropyl (n), and
isoborenyl acrylates (0) were all well-tolerated irrespective of their electronic and steric effects
and delivered corresponding o-alkenylated aniline 1i (62%), 1j (55%), 1k (63%), 11 (67%), 1m
(66%) and 1n (71%) in moderate to good yields. To show the diversification of the protocol
presented here, homomyrtenol (p) and cholesterol-derived acrylate (q) yielded their anticipated
o-alkenylanilines (1p) and (1q) in 55% and 47% yields respectively. Further, on the gram scale,
the reaction delivered 56% of the product 1a when treated phenyl isocyanate (1) with acrylate
(@) (Scheme 1V.3.2).
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Scheme 1V.3.2. Substrate scope of different acrylates®**

,C”O [Ru(p-cymene)Cl,], (5 mol %) NH
N~ AgSbFg (15 mol %) 2
AR
C[H + Cu(OAc),H,0 (0.5 equiv) gt
() (a-q) 'AmOH, 120°C, 24 h (1a-1q)
sealed tube

Clpm O G,

OR=C4H, (1c, 69%)
(1a, 7%, 56%°) (1b, 73% R = CgHy3 (1d, 61%)

NH, NH,

(e,59%) O \/m (11, 53%) O m
NH,
@L/\rr @E/\'( @/\(o\/\ome

(19, 70%) o (1h, 66%) o e (1i, 62%) O
(1j, 55%) (1k, 63%) ( R ©
NH,
(1m, 66%)° ome (1, 71%) 0 CFS (1o, 63%

Natural product sustrates:

@i/\,(%

O (1p, 55%) (1q, 47%)

®Reaction conditions: 1 (0.5 mmol), a—q (1 mmol), [Ru(p-cymene)Clz]. (5 mol %), AgSbFs (15 mol
%), Cu(OAC)2H20 (0.5 equiv), and ‘AmOH (2 mL) in a sealed tube, 120 °C, 24 h. "Isolated yield of the
product. “On a 7 mmol scale.

Next, the viability of this methodology was tested with various phenyl isocyanates
(2-13) and acrylates (a—c, g, and r) (Scheme 1V.3.3). Thus, p-tolyl isocyanate (2) upon reaction
with methyl (a), ethyl (b), butyl (c), isobutyl (g) and dodecafluoroheptyl acrylate (r) afforded
their corresponding products 2a (78%), 2b (76%), 2c (74%), 29 (73%), and 2r (58%),
respectively, in moderate yields. Likewise, p-tert-butylphenyl isocyanate (3) provided the
anticipated product (3a, 65%) in good yields. The reaction showed a satisfactory outcome with

p-fluorophenyl isocyanate (4) and different acrylates, viz., methyl (a), ethyl (b), and isobutyl
(9).
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Scheme 1V.3.3. Scopes of different phenyl isocyanates with acrylates®®

.Cc* [Ru(p-cymene)Cl,], (5 mol %)

N AgSbFg (15 mol %) S
R_l /\ 1 N
L + R Cu(OAc),'H,0 (0.5 equiv) o

H tAmOH, 120 °C, 24 h
(2-13) (a-c,g9,1) sealed tube
NH, R = Me, (2a, 78%)
O resan e
Me CO3R R =Bu, (2¢, 74%) Me 1 E
R = Bu, (29, 73%) (2r, 58%) O FFF
NH,
/@L/\ R = Me, (4a, 71%)
coMe ¢ ~cor R* Et (4b 68%) CcO,Me
¥ (3a, 65%) R = ‘Bu, (49, 65%) (5a, 70%)
NH, (R =Br, 7a, 68%)
P (R = CF,, 8a, 68%)
cone R COzMe (R CN 93 67% —
(63, 61%) CO,Me

(10a, 54%)

NH, e
O 2 R = Me, (12a, 60%) Unsuccessful substratei
co,r R=Et (12b, 64%) @(;\

Z CO,Me E

(11a, 82%) :‘ (13a, 00%)

g?

®Reaction conditions: 2—-13 (0.5 mmol), a—c, g, or r (1 mmol), [Ru(p-cymene)Cl.]. (5 mol %), AgSbFs
(15 mol %), Cu(OAc)»Hz0 (0.5 equiv), and "AmOH (2 mL) in a sealed tube, 120 °C, 24 h. "Isolated
yield of the product.

Phenyl isocyanates having different electron-withdrawing groups such as p-Cl (5), m-
Cl (6), p-Br (7), p-CF3 (8), and p-CN (9) reacted smoothly with methyl acrylate (a), producing
5a (70%), 6a (61%), 7a (68%), 8a (68%), and 9a (67%), respectively, in good yields. An ortho-
substituted isocyanate (10) was successfully employed under standard conditions, yielding the
corresponding product (10a) in 54% yield. Surprisingly, 1-naphthyl isocyanate (11) afforded
the corresponding azacoumarin 1la in 82% yield under the standard conditions (Scheme
IV.3.3) instead of methyl (E)-3-(1-aminonaphthalen-2-yl)acrylate. This might be due to the
ease in accessibility of the ester group to undergo aminolysis. The reaction of heterocycle-fused
isocyanate 5-isocyanatobenzo[d][1,3]dioxole (12) proceeded smoothly with methyl (a) and
ethyl acrylate (b), affording the corresponding o-alkenylanilines [12a (60%), and 12b (64%)
respectively] in moderate yields. On the contrary, benzyl isocyanate (13) failed to give the
anticipated olefinated product; instead, benzylamine was obtained as the major product

(Scheme 1V.3.3). This might be due to the inability to form a six-membered ruthenocycle
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intermediate. The corresponding carbamate of benzyl isocyanate reacts with another molecule

of 'AmOH to give benzylamine and di-tert-amyl carbonate.*?’

1VV.3.4. Mechanistic studies
IVV.3.4.1. Intramolecular competitive experiment

After synthesizing a library of o-alkenylanilines, we performed a few control
experiments to improve our understanding of the mechanism (Scheme 1V.3.4). To assess the
electronic effect of substituents on phenyl isocyanates, an equimolar mixture of p-tolyl
isocyanate (2) and p-fluorophenyl isocyanate (4) was reacted with methyl acrylate (a). The
corresponding o-alkenylanilines 2a and 4a were obtained in nearly identical yields (1:0.93)

suggesting the negligible electronic effect (Scheme 1V.3.4).

jou
Me’ H
(2) (0.5 mmol) Z>C0,Me (a) (1 mmol) /@L"tz\ NH;
Standard coditions
+ o \ Me A~coMe F A~co,Me
.C~ H NMR
(4a)

/@N’ (2a) (1:0.93)
F H

(4) (0.5 mmol)

Scheme 1V.3.4. Intermolecular competitive experiment.
1V.3.4.2. Kinetic Isotope Effect (KIE)

To understand the C-H activation process, the kinetic isotope effect (KIE) was
measured based on parallel reactions between phenyl isocyanate (1) and its deuterated analogue
(1ds) with methyl acrylate (a). The measured KIE value (kn/ko = 4) indicates that C—H bond
cleavage is the rate-determining step (RDS) (Scheme 1V.3.5).

C(H ZC0,Me (a) A co,Me
A + L Standard coditions (1a)
b0 ( H NMR +
D N lkH/kD_4 D
....... D NH,
D D
=
(1dy) D < D CO,Me
5 D (1d,a)

Scheme 1V.3.5. Determination of KIE value.
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I1V.3.4.3. Synthesis of carbamate intermediate

To ascertain the exact role of the solvent, phenyl isocyanate was treated with ‘AmOH
at 120 °C. The nucleophilic attack by the solvent results in the synthesis of tert-pentyl
phenylcarbamate (P) in 93% yield (Scheme 1V.3.6).

.C”~ H
N~ t N (o)
AmOH, sealed tube \n/ >(\Me
©/ 0.5 h, 120 °C O/ oMe’ Me
(1) (P, 93%)

Scheme 1V.3.6. Ex-situ isolation of carbamte intermediate (P).

Then, the carbamate (P) was then subjected to standard reaction conditions, and the
anticipated product 1a was obtained in 75% yield (Scheme 1V.3.7). This indicates that '"AmOH
acts as a transient directing mediator, and this protocol proceeds via carbamate-assisted C—H

ruthenation.

H
NH
"NOX Me  Pcome(@ ©/\A2
oMe" Me Standard coditions F CO,Me
(P) (1a, 75%)

Scheme 1V.3.7. Treatment of isolated carbamate in the standard reaction conditions.
1V.3.4.4. Dual role of solvent 'AmOH

Next, a standard reaction was performed taking only 5 equiv of ‘tAmOH in DCE solvent.
The anticipated product was obtained in a lower yield (35%) compared to that when "AmOH
(77%) was used as the solvent. This confirms the dual role of 'AmOH as a solvent-cum transient
directing mediator (TDM) (Scheme 1V.3.8).

c?° [Ru(p-cymene)Cl], (5 mol %) NH,
AgSbFg (15 mol %
+ P COo,Me 9SbFe ( °)_ @(/\
Cu(OAc),H,0 (0.5 equiv) CO,Me
(1) (a) !AmOH (5 equiv), DCE (1a, 35%)

sealed tube, 120 °C

Scheme 1V.3.8. Examination of role of other solvent.
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1VV.3.5. Plausible reaction mechanism

On the basis of the control experiments and literature precedent,%"12216n18 3 plausible
mechanism for the ortho alkenylation (1 with a) is illustrated in Scheme 1V.3.9. Initially, the
nucleophilic attack of the solvent 'AmOH on the phenyl isocyanate (1) forms a carbamate
intermediate (P). The in situ-generated carbamate coordinates to the ruthenium center via the
carbonyl oxygen. This coordination triggers the activation of the proximal C(sp?)-H bond
forming a six-membered ruthenocycle intermediate (A). Intermediate A undergoes an olefin
insertion to give intermediate B with subsequent elimination of acetic acid. Later, a f-hydride
elimination gives the ortho-alkenylated carbamate (C). Finally, the acetic acid cleaves the
ortho-alkenylated carbamate (C) to afford the final product (1a) with the release of 2-
methylbut-2-ene (E) and carbon dioxide. The removal of carbamate depends on the stability of
the carbocation formed after its cleavage to produce a substituted alkene. In the case of primary
alcohol such as methanol and ethanol, the reaction stops prior to the removal of carbamate,

which is due to the lower stability of the primary carbocation (Scheme 1V.3.9).

H
N* \n/ >(\Me
©/ OH ©/ Tﬁm ©/ oM Me

M
) *~"we )

Me [Ru(p-cymene)Cl,],

AgSBFE/Cu(0AC)H20 | cysbry), H B
" /><u\( Age! TS, M
© > oMe” me

Me
©/\Ni\ RuL(OAc) "
AcOH 7 R L = p-cymene
L (©)
AcO co,

0. .0 Cu(OAc),H,0 Me
Me” X AcOH b MZ(M:
IR

Me’ Men L

. NH, m K ouI:OAc
(©) e C!
Me/\/ + @(/\ R

R (B)

(D) We (1a)

AcO AcOH ’
N (0] AcOH
KAcoH ©i \|rM X\Me
€ Me
Me” X Me %\R o
(E) Me (@)

I?u‘OAc (A)
Scheme 1V.3.9. Proposed mechanism.

IVV.3.6. Post-synthetic modifications

The ortho-alkenylated anilines are widely used in the synthesis of useful bioactive
compounds. To explore the synthetic utility of the protocol presented here, the synthesized
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ortho-alkenylated anilines were subjected to various late-stage functionalizations. Treatment
of o-alkenylanilines (1a, 2a, 5a, 6a, and 8a) with Pd(OAc), resulted in the formation of
azacoumarins 1a’, 2a’, 5a’, 6a’, and 8a’, respectively via the nucleophilic attack of the amine
on ester (Scheme 1V.3.10). During the control experiments, we found that both Pd and Cu are
indispensable for this transformation. Both Pd(I1) and Cu(ll) help in the cis-trans isomerization
of the alkene bond that brings the ester group proximal to the amine group, which helps in the
nucleophilic attack resulting in azacoumarins.’®® Such azacoumarins are reported to have

various biological activities, viz., anti-inflammatory, antimicrobial, anticancer, etc.1%¢

Synthesis of azacoumarins

L Pd(OAc), (5 mol %), Cul (15 mol %) N o
—_— |

R _I___ 4o PPhs (10mol %), Cs,COs (2 equiv) RT

DMF, N,,120 °C, 6 h

sogivegsogasegived

(1a’, 93%) (2a', 85%) (5a', 88%) (6a’, 86%) (8", 82%)

Scheme 1V.3.10. Synthesis of azacoumarin.

On the contrary, a similar one-pot reaction in the presence of aryl iodides provided C-
4 aryl-substituted azacoumarins lab (86%), 2ab (72%), 5ab (76%), and 6ab (75%) via Heck
coupling followed by cyclization. Following this protocol, HBV inhibitor 5aa was synthesized
in 74% yield (Scheme I1V.3.11).1%

Synthesis of 4-aryl azacoumarins

H
XN NH, A Ar—i _PA(OAC), (5 mol %), Cu(OAc), H0 (15 mol %) ™ N°
R A come  (b) PPh; (10 mol %), Cs,CO5 (2 equiv) LA
2ve DMF, N,,120 °C, 6 h
Ar
H
cl N__O
? @
HBYV inhibitor Me
(1ab, 86% (2ab, 72% (5ab, 76% (5aa, 74%) (6ab, 75%)

Scheme 1V.3.11. Synthesis of 4-aryl-azacoumarin.
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In addition, a Sonogashira coupling of a bromo-substituted product (7a) with 4-
ethynyltoluene at 120 °C provided an alkynylated azacoumarin (7ac’) (Scheme 1V.3.12.1),%%

whereas the same reaction at 60 °C gave only alkynylation of 7a (Scheme 1V.3.12.2).

Sonagashira coupling

Me—@-——:
NH sealed tube
/@(/2\ PdCI,(PPhs), (5 mol %) 120 °C
Cul (10 mol %)
Br Z CO,Me

DBU (10 mol %)
(7a) DMF N,, 60 °C
— =

Scheme 1V.3.12. Sonogashira coupling.

Further, if desired, the amino group can be easily removed via photochemical
diazotization. Following this, deamination of 1a gave methyl cinnamate in 65% yield (Scheme
IV.3.13).2%¢

Deamination

NH, (i) PTSA.H,0 (2 equiv), ‘BuONO (1 equiv)
C(/\ DMSO, 0-5 °C, 10 min ©\/\
Z CO,Me (i) eosin Y (2 mol %) CO,Me

(1a) 2 x 10 W white LEDs, 3 h (1a", 65%)

Scheme 1V.3.13. Deamination of o-alkylaniline.
IV.3.7. Conclusion:

In summary, we have developed a Ru-catalyzed ortho-olefination strategy using phenyl
isocyanate as a transformable transient directing group. tert-Amyl alcohol not only serves as a
transient directing mediator (TDM) by forming its carbamate in situ but also as an effective
solvent. An isotope labeling experiment (kn/kp = 4) established that irreversible C—H bond
cleavage is the rate-limiting step. The salient features of this protocol are the broad substrate
scope in terms of phenyl isocyanate and acrylates, no requirement for external TDM, and in
situ transformation of the transient directing group (NCO to NH>). The olefinated anilines were
successfully transformed into azacoumarins and C-4 aryl-substituted azacoumarins. The
scalability of the reaction demonstrates the practical acceptability of the phenyl isocyanates as

a transient directing group.
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IV.4. Experimental Section:
IV.4.1. General information:

All the reagents were commercial grade and used without further purification unless
otherwise stated. Phenyl isocyanates (1-13) and acrylates (a—q) are obtained from commercial
sources unless mentioned specifically and used without further purification. All the reactions
were carried out in an oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) (Figure 1V.4.1)
under aerobic conditions. Reactions were monitored by thin layer chromatography (TLC) on a
0.25 mm silica gel plates (60F2s4) and visualized under UV illumination at 254 nm. Organic
extracts were dried over anhydrous sodium sulfate (Na.SO4). Column chromatography was
performed to purify the crude product on silica gel 60—120 mesh using a mixture of hexane
and ethyl acetate as eluent. The isolated compounds were characterized by spectroscopic [*H,
BC{'H} NMR, and IR] techniques and HRMS analysis. NMR spectra were recorded in
deuterochloroform (CDCls) and in some cases deuterated dimethyl sulfoxide. *H, *C{*H}
were recorded in 500 (125) or 400 (100) MHz spectrometer and were calibrated using
tetramethylsilane or residual undeuterated solvent for *H NMR, deuterochloroform for 3C
NMR as an internal reference {Si(CHs)4: 0.00 ppm or CHCls: 7.260 ppm for *H NMR, 77.230
ppm for 3C NMR}. °F NMR was calibrated without any internal standard in CDCls. The
chemical shifts are quoted in & units, parts per million (ppm). *H NMR data is represented as
follows: Chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, dd = doublet of doublet, dt = doublet of triplet), integration and coupling constant(s)
J in hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a mass spectrometer
using electrospray ionization-time of flight (ESI-TOF) reflection experiments. FT-IR spectra

were recorded in neat and reported in the frequency of absorption (cm™1).

Pressure tube (20.3 cm x 19 mm, 21 mL)

PTFE stopper

Figure 1V.4.1. Pressure tube.

177
TH-3483_196122010



Chapter IV

IV.4.2. Crystallographic information:

Sample preparation: The single crystal of compound 1l was prepared by the slow evaporation
method for which 10 mg of the compound (11) was dissolved in 1 mL of DCM in a clean and
dry 10 mL glass vial. MeOH (0.5 mL) was added to this solution slowly with a dropper. The
mouth of the glass vial was covered with a cap having a small hole and kept for slow
evaporation at room temperature. Crystals of 11 were obtained after approximately 3—4 days as

a transparent block-shaped crystal.

Data collection: Crystal data were collected with Bruker Smart Apex-I11 CCD diffractometer
using graphite monochromated MoK ¢ radiation (4 = 0.71073A) at 273 K. Cell parameters
were retrieved using SMART?®? software and refined with SAINT? on all observed
reflections. Data reduction was performed with the SAINT software and corrected for Lorentz
and polarization effects. Absorption corrections were applied with the program SADABS?®,
The structure was solved by direct methods implemented in SHELXT 2014/5 (Sheldrick,
2014)%°¢ program and refined by full-matrix least-squares methods on F2. All non-hydrogen
atomic positions were located in different Fourier maps and refined anisotropically. The
hydrogen atoms were placed in their geometrically generated positions. Yellowish crystals

were isolated in rod-shaped from DCM at room temperature.
Crystallographic description of p-tolyl (E)-3-(2-aminophenyl)acrylate (11):

C16H15NOg, crystal dimensions 0.28 x 0.22 x 0.16 mm, M, = 253.29, Monoclinic, space group
P/21 ¢, a = 6.0711(5), b = 29.030(2), ¢ =7.8308(6) A, a = 90°, # = 98.105(2)°, y = 90°, V =
1366.35(18) A3, Z =4, p = 1.231 g/cm?, 1 = 0.081 mm™*, F(000)= 536.0, reflection collected /
unique = 1953 / 2389, refinement method = full-matrix least-squares on F2, final R indices [l
> 2\s()]: R1 =0.0782, wR2 = 0.2424, R indices (all data): Ry = 0.079, wR2 = 0.2195, goodness
of fit = 1.220; CCDC = 2165893 for p-tolyl (E)-3-(2-aminophenyl)acrylate (1I) contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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1VV.4.3. General procedures:

IV.4.3.1. General procedure for the synthesis of acrylates (h, I, m, p, q)

The acrylates (h, I, m, p, q) were synthesized according to the modified literature

procedure.?t

IV.4.3.2. General procedure for the synthesis of alkyl/aryl (E)-3-(2-aminophenyl)acrylate
(a)

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with phenyl isocyanate (1, 0.5 mmol, 60 mg), Cu(OAc).. H20 (0.25 mmol, 50
mg), AgSbFs (0.075 mmol, 26 mg), [Ru(p-cymene)Clz]2 (0.025 mmol, 15.3 mg), acrylate (a,
0.5 mmol) and tert-amyl alcohol (2 mL). The reaction mixture was allowed to stir for 24 h at
120 °C. After 24 h, the reaction mixture was filtered through a thin bed of celite. The filtrate
was evaporated and admixed with EtOAc (20 mL). The organic layer was washed with water
(2x10 mL), followed by brine solution (1 x 5 mL). The organic layer was dried over anhydrous
Na>S04 and solvent and concentrated under reduced pressure. The crude product thus obtained
was purified over a column of silica gel using hexane and ethyl acetate in (9:1) to give pure
methyl (E)-3-(2-aminophenyl)acrylate (1a) in 77% yield. The identity and purity of the product
were confirmed by spectroscopic analysis.

IVV.4.4. Mechanistic investigations

IV.4.4.1. Intermolecular competitive experiment

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with p-tolyl phenyl isocyanate (2) (0.5 mmol, 67 mg), 4-fluorophenyl isocyanate
(4) (0.5 mmol, 69 mg), Cu(OAc)2. H20 (0.25 mmol, 50 mg), AgSbFs (0.075 mmol, 26 mg),
[Ru(p-cymene)Clz]2 (0.025 mmol, 15.3 mg), methyl acrylate (a) (1 mmol) and tert-amyl
alcohol (2 mL). The reaction mixture was allowed to be stirred for 24 h at 120 °C. After
completion, the reaction mixture was filtered through a thin bed of celite. The filtrate was
evaporated and diluted with EtOAc (20 mL). The organic layer was washed with water (2 x 10
mL) followed by a saturated brine solution (1 x 5 mL). The organic layer was dried over
anhydrous Na>SO4 and solvent and concentrated under reduced pressure. The crude product so
obtained was purified over a column of silica gel using hexane and ethyl acetate (17:3) to give

a mixture of methyl (E)-3-(2-amino-5-methylphenyl)acrylate (2a) and methyl (E)-3-(2-amino-
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5-fluorophenyl)acrylate (4a) (Scheme 1V.4.4.1). The ratio of the product obtained for 2a:4a
was (1:0.93) (as determined from *H spectra) (Figure 1V.4.2).

(2) (0.5 mmol) Z>c0o,Me (a) (1 mmol) /@iﬁ /@(Ni
+
Standard coditions
+ o Me A co,Me F Z > co,Me

o H NMR

/@[N - (2a) (1:0.93) (4a)
F H

(4) (0.5 mmol)

Scheme 1V.4.4.1. Intermolecular competitive experiment.
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Figure 1V.4.2. 'H NMR spectra of intermolecular competitive experiment (CDCls, 500 MHz).
1V.4.4.2. Synthesis of phenyl isocyanate-ds (1ds):

The deuterated phenyl isocyanate (1ds) was synthesized according to the modified
literature procedure.?®? ¥C {H} spectra of the product confirm the deuteration of phenyl

isocyanate (1ds).
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NH, NCO
D D
D D Cl ¢l JOL )C<ICI 1,4-dioxane
+ >
Cl (0] (0] Cl rt —reflux D D
D D 12 h
D D

0,
ds-Aniline (1ds, 77%)

Scheme 1V.4.4.2. Synthesis of deuterated phenyl isocyanate.
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Figure 1V.4.3. ®*C{*H} NMR spectra of 1ds (CDCls, 100 MHz).

1V.4.4.3. Kinetic isotope experiment

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with phenyl isocyanate (1) (0.5 mmol, 67 mg), phenyl isocyanate-ds (1ds) (0.5
mmol, 62 mg), Cu(OAc)2.H-O (0.25 mmol, 50 mg), AgSbFe (0.075 mmol, 26 mg), [Ru(p-
cymene)Clz]2 (0.025 mmol, 15.3 mg), methyl acrylate (a, 1 mmol) and tert-amyl alcohol (2
mL). The reaction mixture was heated in an oil bath for 24 h at 120 °C. After 24 h, the reaction
mixture was filtered through a thin bed of celite. The filtrate was evaporated and diluted with
EtOAc (20 mL). The organic layer was washed with water (2 x 10 mL), followed by brine
solution (2 x 5 mL). The organic layer was dried over anhydrous Na.SOs and solvent and
concentrated under reduced pressure. The crude product so obtained was purified over a
column of silica gel using hexane and ethyl acetate (10:1) to give a mixture of expected
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products methyl (E)-3-(2-aminophenyl)acrylate (1a) and methyl (E)-3-(2-aminophenyl-
3,4,5,6-ds)acrylate (1d4a) respectively (Scheme 1V.4.4.3) (Figure 1V.4.4).

©:H Z>Co,Me (a) A~ co,Me
) + Standard coditions (1a)
D ° [ 1H NMR *
A [ D
D N ' kylkp=4
........ D NH,
D D
(d) D < D A co,Me
5 D (1d,a)

Scheme 1V.4.4.3. Determination of KIE value.

The ratio of the deuterated (1dsa) and non-deuterated (1a) product was calculated on
the basis of the integration ratio of the aromatic proton peak at 7.38—7.37 (obtained as
doublets) and an alkene doublet proton peak at 7.85-7.82 (Figure 1V.4.4).
Calculation:

For one proton at 7.83, the integration value is 1.00.

Thus, for a single proton, the integration corresponds to 1.00/1 = 1.00.

Now the integration value of the protons originating from doublet at 7.38 is 0.8.

Thus, the number of protons corresponding to this integration value is 0.8/1.00 = 0.8.
Upon correlation with the original spectra of (1a) the number of protons at 7.38 should
be 1.

Hence the proton difference in this regionis 1 — 0.8 =0.2

Thus, the kv / kp =0.8/0.2 = 4.
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Figure 1V.4.4. 'H NMR spectra of kinetic isotope effect study.

1V.4.4.4. Synthesis of tert-pentyl phenyl carbamate (P)

_0
ol N__o
{AmOH, sealed tube Me
®f Yoo
0.5 h, 120 °C o
(1) (P, 93%)

Scheme 1V.4.4.4. Ex-situ isolation of carbamte intermediate (P).

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with phenyl isocyanate (1) (0.5 mmol, 60 mg) and solvent tert-amyl alcohol (2
mL). The reaction mixture was allowed to stir at 120 °C for 30 minutes. After completion of
the reaction, the solvent was evaporated and the crude mixture was admixed with EtOAc (20
mL). The organic layer was washed with water (2 x 10 mL), and brine solution (1 x 5mL). The
organic layer was dried over anhydrous Na:SO4 solvent and concentrated under reduced
pressure. The crude product so obtained was purified over a column of silica gel using an
increasing percentage of ethyl acetate in hexane (3:10) to give pure tert-pentyl
phenylcarbamate (P) in 93% vyield (96 mg) (Scheme 1V.4.4.4).

183
TH-3483_ 196122010



Chapter IV

tert-Pentyl phenylcarbamate (P):

As a colourless liquid (96 mg, 93% yield); *H NMR (CDCls,
500 MHz): 6 7.27 (d, 2H, J=8.0 Hz), 7.17 (t, 2H, J = 8.0 Hz),
6.91 (t, 1H, J = 7.5 Hz), 6.58 (s, 1H), 1.74 (q, 2H, J = 7.5 Hz),

H\n,o\'le\Me 1.39 (s, 6H), 0.83 (t, 3H, J = 7.5 Hz); *C{*H} NMR (CDCls,
©/ O Me 125 MHz): ¢ 152.6, 138.5, 129.0, 123.0, 118.7, 82.9, 33.7,
25.9,8.4; IR (neat, cm™): 3435, 3338, 2932, 1723, 1599, 1520,
1439, 1371, 1263, 1154; HRMS (ESI/Q-TOF) (m/z): calcd.
for C12H18sNO», [M + H]*: 208.1332, found: 208.1336 (Figure
IV.4.5 and Figure 1V.4.6).
BoncosmnTLin 0 R§EEGE28H BERR g 333
=5V | N\ N~

e A S G ¢ b
88 & & 8 3 8
- O = N 7 P
T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 3.5 3.0 25 2.0 S 1.0 0.5 0.0

45 40
f1 (ppm)

Figure 1V.4.5. *H NMR spectra of P (CDCls, 500 MHz).
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Figure 1V.4.6. *C{*H} NMR spectra of P (CDCls, 125 MHz).

1VV.4.4.5. Treatment of carbamate P in the standard conditions:

H
NTOX\Me /\Cone (a) @r\tz\
oMe e Standard coditions 4 CO,Me

(P) (1a, 75%)

Scheme 1V.4.4.5. Treatment of isolated carbamate in the standard reaction conditions.

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with tert-pentyl phenyl carbamate (P) (0.25 mmol, 52 mg), Cu(OAc).. H20 (0.25
mmol, 25 mg), AgSbFe (0.0375 mmol, 13 mg), [Ru(p-cymene)Cl.]2 (0.0125 mmol, 8 mg),
acrylate (a, 0.5 mmol) and tert-amyl alcohol (2 mL). The reaction mixture was allowed to stir
at 120 °C for 24 h. After completion of the reaction, the solvent was evaporated and the crude
mixture was admixed with EtOAc (20 mL). The organic layer was washed with water (2 x 10
mL), and brine solution (1 x 5 mL). The organic layer was dried over anhydrous Na.SOs solvent
and concentrated under reduced pressure. The crude product so obtained was purified over a
column of silica gel using an increasing percentage of ethyl acetate in hexane (1:9) to give pure
methyl (E)-3-(2-aminophenyl)acrylate (1a) in 75% yield (33 mg) (Scheme 1V.4.4.5).
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1V.4.4.6. Dual role of solvent tAMOH:

~
Pl

g 0 [Ru(p-cymene)Cl,], (5 mol %) NH,
AgSbFg (15 mol %
+ /\Cone 9 6 { 0). @(/\
Cu(OAc),.H,0 (0.5 equiv) CO,Me
™ @ ‘AmOH (5 equiv), DCE (1a, 35%)
sealed tube, 120 °C

Scheme 1V.4.4.6. Examination of role of other solvent.

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) equipped with a magnetic bar
was charged with phenyl isocyanate (1, 0.5 mmol, 60 mg), Cu(OAc).. H20 (0.25 mmol, 50
mg), AgSbFs (0.075 mmol, 26 mg), [Ru(p-cymene)Cl2]2 (0.025 mmol, 15.3 mg), acrylate (a,
0.5 mmol), tert-amyl alcohol (5 equiv, 220 mg) and solvent DCE (2 mL). The reaction mixture
was allowed to stir for 24 h at 120 °C. After 24 h, the reaction mixture was filtered through a
thin bed of celite. The filtrate was evaporated and admixed with EtOAc (20 mL). The organic
layer was washed with water (2 x 10 mL), followed by brine solution (1 x 5 mL). The organic
layer was dried over anhydrous Na>SO4 and solvent and concentrated under reduced pressure.
The crude product thus obtained was purified over a column of silica gel using hexane and
ethyl acetate in (9:1) to give pure methyl (E)-3-(2-aminophenyl)acrylate (1a) in 35% yield (31
mg). The identity and purity of the product were confirmed by spectroscopic analysis (Scheme
IV.4.4.6).

IV.4.5. Post-synthetic modifications

IVV.4.5.1. General procedure for synthesis of quinolin-2(1H)-one (1a") from methyl (E)-3-
(2-aminophenyl)acrylate (1a)

To an oven-dried round bottom flask containing a magnetic bar was added methyl (E)-
3-(2-aminophenyl)acrylate (1a) (0.25 mmol, 44 mg), Pd(OAc). (0.0125 mmol, 3 mg), Cul
(0.0375 mmol, 7.1 mg), PPhz (0.025 mmol, 6.5 mg), Cs2CO3 (0.5 mmol, 162 mg), 2 mL dry
DMF in nitrogen atmosphere. The reaction mixture was allowed to stir for 6 h at 120 °C. The
completion of the reaction was monitored by TLC. After completion, the mixture was filtered
through a thin bed of celite. The filtrate was evaporated and diluted with EtOAc (20 mL). The
organic layer was thoroughly washed with water (2 x 10 mL), and brine solution (1 x 5 mL)
and dried over anhydrous Na»,SO4. The organic layer was concentrated under reduced pressure.
The crude product so obtained was purified over a column of silica gel using ethyl acetate in

hexane (1:2) to give the desired azacoumarin in 93% yield (34 mg).
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IV.4.5.2. General procedure for synthesis of 4-(p-tolyl)quinolin-2(1H)-one (1ab) from
methyl (E)-3-(2-aminophenyl)acrylate (1a)

An oven dried 10 mL round bottom flask equipped with a magnetic bar was charged
with methyl (E)-3-(2-aminophenyl)acrylate (1a) (0.25 mmol, 44 mg), 4-iodotoluene (0.25
mmol, 55 mg), Pd(OAc)2 (0.0125 mmol, 2.8 mg), Cul (0.0375 mmol, 7.1 mg), PPhs (0.025
mmol, 6.6 mg), Cs.COz (0.5 mmol, 162 mg), dry DMF (2 mL) under nitrogen atmosphere. The
reaction mixture was allowed to stir for 12 h at 120 °C. After completion, the mixture was
filtered through a thin bed of celite. The filtrate was evaporated and diluted with EtOAc (20
mL). The organic layer was washed with water (2 x 10 mL) followed by brine solution (1 x 5
mL). The organic layer was dried over anhydrous Na>SO4 and solvent and concentrated under
reduced pressure. The crude product so obtained was purified over a column of silica gel using
ethyl acetate in hexane (1:2) to give the product in 86% yield (50 mg).
IV.4.5.3. General procedure for the synthesis of 6-(p-tolylethynyl)quinolin-2(1H)-one
(7ac") from methyl (E)-3-(2-amino-5-bromophenyl)acrylate (7a):

The alkynylated azacoumarin (7ac’) was synthesized according to the modified

literature procedure.?®

IV.4.5.4. General procedure for the synthesis of Methyl (E)-3-(2-amino-5-(p-
tolylethynyl)phenyl)acrylate (7ac) from methyl (E)-3-(2-amino-5-bromophenyl)acrylate
(7a):

The alkynylation of o-alkenylanilines was performed according to the modified

literature procedure.?®
IVV.4.5.5. General procedure for the removal of amino group:

The removal of the amine group was carried out according to the modified literature

procedure.??

IV.4.5.6. General procedure for gram-scale synthesis:

An oven-dried pressure tube (20.3 cm x 19 mm, 21 mL) containing a magnetic bar was
added phenyl isocyanate (1, 10 mmol, 1.19 g), Cu(OAc).. H20 (2.5 mmol, 500 mg), AgSbFs
(0.75 mmol, 260 mg), [Ru(p-cymene)Cl2]2 (0.25 mmol, 153 mg), methyl acrylate (a, 20 mmol)
and tert-amyl alcohol (10 mL). The reaction mixture was allowed to stir for 24 h at 120 °C.

After 24 h, the reaction mixture was filtered through a thin bed of celite and the filtrate was
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evaporated. The crude mixture was admixed with EtOAc (25 mL). The organic layer was
washed with water (2 x 10 mL) followed by brine solution (1 x 5 mL). The organic layer was
dried over anhydrous Na2SO4 and solvent and concentrated under reduced pressure. The crude
product so obtained was purified over a column of silica gel using an increasing percentage of
ethyl acetate in hexane to give pure methyl (E)-3-(2-aminophenyl)acrylate (1a) in 56% yield
(991 mg).

IV.5. Spectral Data

Spectral data of all compounds:
Methyl (E)-3-(2-aminophenyl)acrylate (1a)?%:

As yellow solid (68 mg, 77% yield); mp 70-72 °C; 'H NMR

(CDCls, 400 MHz): ¢ 7.83 (d, 1H, J = 15.6 Hz), 7.38 (d, 1H,

NH, J=7.6Hz),7.17 (t, 1H, J = 8.4 Hz), 6.77 (t, 1H, J = 7.2 Hz),
@L/YOM@' 6.70 (d, 1H, J = 8.0 Hz), 6.36 (d, 1H, J = 15.6 Hz), 3.96 (s,
o 2H), 3.80 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): 6 167.9,

145.7, 140.5, 131.5, 128.3, 120.0, 119.2, 117.9, 116.9, 51.8;

IR (neat, cm™): 3377, 2924, 1705, 1622, 1438, 1264, 1172;

HRMS (ESI/Q-TOF) (m/z): calcd. for C1o0H12NO2, [M + H]*:
178.0863, found: 178.0873.

Ethyl (E)-3-(2-aminophenyl)acrylate (1b)??¢:

As yellow solid (70 mg, 73% yield); mp 67-69 °C; 'H NMR

(CDCls, 400 MHz): 6 7.82 (d, 1H, J = 16.0 Hz), 7.38 (d, 1H,

J=8.0Hz), 7.16 (t, 1H, J = 8.0 Hz), 6.76 (t, 1H, J = 7.2 Hz),

NH; 6.70 (d, 1H, J = 8.0 Hz), 6.35 (d, 1H, J = 15.6 Hz), 4.26 (q,
©/\%\W°v""e 2H,J =7.2 Hz), 3.98 (s, 2H), 1.33 (t, 3H, J = 7.2 Hz); 3C{'H}
0 NMR (CDCls, 100 MHz): § 167.5, 145.7, 140.2, 131.4, 128.3,

120.1, 119.1, 118.3, 116.9, 60.6, 14.5; IR (neat, cm™): 3374,

2981, 1699, 1622, 1490, 1264, 1176; HRMS (ESI/Q-TOF)

(m/z): calcd. for C11H1sNO2, [M + H]™: 192.1019, found:
192.1026.
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Butyl (E)-3-(2-aminophenyl)acrylate (1c):

As brown gummy (76 mg, 69% yield); *H NMR (CDCls, 500

MHz): 6 7.81 (d, 1H, J = 15.5 Hz), 7.38 (dd, 1H, J1 = 7.5 Hz,

-y J2 = 1.5 Hz), 7.18-7.15 (m, 1H), 6.76 (t, 1H, J =7.5 H2),
%OWW 6.70 (dd, 1H, J1 = 8.0 Hz, J2 = 1.5 Hz), 6.35 (d, 1H, J =
16.0 Hz), 4.21 (t, 2H, J = 6.5 Hz), 3.95 (s, 2H), 1.71-1.66

© (m, 2H), 1.46-1.42 (m, 2H), 0.96 (t, 3H, J = 7.5 Hz);

13C{lH} NMR (CDCls, 125 MHz): ¢ 167.6, 145.7, 140.2,

131.4, 128.3, 120.2, 119.1, 118.5, 116.9, 64.6, 31.0, 19.4,

13.9; IR (neat, cm™): 3056, 2959, 1732, 1630, 1410, 1264,

1046; HRMS (ESI/Q-TOF) (m/z): calcd. for C13H1sNO2, [M
+ H]*": 220.1332, found: 220.1327.

Hexyl (E)-3-(2-aminophenyl)acrylate (1d):

As yellow solid (75 mg, 61% yield); mp 58-60 °C; *H NMR

(CDCls, 400 MHz): 6 7.82 (d, 1H, J = 16.0 Hz), 7.38 (dd, 1H,

J1=6.4Hz,J>=12Hz),7.16 (t, 1H, J= 8.0 Hz), 6.76 (t, 1H,

NH, J=7.6 Hz), 6.70 (d, 1H, J = 8.0 Hz), 6.36 (d, 1H, J =
%OMMe 16.0 Hz), 4.19 (t, 2H, J = 6.8 Hz), 3.96 (s, 2H), 1.73-1.66
5 (m, 3H), 1.34-1.32 (m, 5H), 0.90 (t, 3H, J = 6.8 Hz);

BC{*H} NMR (CDCls, 125 MHz): 5 167.6, 145.7, 140.2,

131.4, 128.3, 120.2, 119.1, 118.4, 116.9, 64.9, 31.6, 28.9,

25.8, 22.7, 14.1; IR (neat, cm™): 3379, 3056, 2957, 1732,

1626, 1377, 1264, 1046; HRMS (ESI/Q-TOF) (m/z): calcd.
for C1sH22NO3, [M + H]": 248.1645, found: 248.1648.

Dodecyl (E)-3-(2-aminophenyl)acrylate (1e):

As yellowish solid (100 mg, 59% yield), 76-78 °C; *H NMR
(CDCls, 500 MHz): 9 7.81 (d, 1H, J = 16.0 Hz), 7.38 (dd, 1H,

NH, J1=8.0Hz, J2 = 1.5 Hz), 7.18-7.15 (m, 1H), 6.76 (t, 1H, J =
NP me | 75 H2), 6.70 (d, 1H, J = 8.0 Hz), 6.36 (d, 1H, J = 16.0 H2),
0 4.19 (t, 2H, J = 7.0 Hz), 1.71-1.69 (m, 4H), 1.26 (s, 18 H),
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0.88 (t, 3H, J = 7.0 Hz); 3C{*H} NMR (CDCls, 125 MHz): &
167.6, 145.7, 140.2, 131.4, 128.4, 120.2, 119.1, 118.5, 116.9,
64.9, 32.1, 29.87, 29.85, 29.80, 29.75, 29.6, 29.5, 29.0, 26.2,
22.9, 14.3; IR (neat, cml): 3055, 2983, 1733, 1626, 1425,
1374, 1264, 1046; HRMS (ESI/Q-TOF) (m/z): calcd. for
C21H24NOy, [M + H]*: 332.2584, found: 332.2578.

Octadecyl (E)-3-(2-aminophenyl)acrylate (1f):

NH,
(o)
CL/\,( N Me

(o]

As yellowish solid (110 mg, 53% yield), 81-83 °C; 'H NMR
(CDCls, 500 MHz): 6 7.82 (d, 1H, J = 16.0 Hz), 7.38 (dd, 1H,
J1=8.0Hz, J,= 1.5 Hz), 7.16 (t, 1H, J = 7.0 Hz), 6.75 (t, 1H,
J=75H2),6.69(d, 1H, J = 8.0 Hz), 6.36 (t, 1H, J = 16.0 Hz),
4.19 (t, 2H, J = 7.0 Hz), 3.98 (s, 2H), 1.72-1.67 (m, 2H), 1.26
(s, 3H), 0.88 (t, 3H, J = 7.0 Hz); 3C{*H} NMR (CDCls, 125
MHz): ¢ 167.6, 145.7, 140.2, 131.4, 128.3, 120.1, 119.1,
118.4,116.9, 64.9, 32.1, 29.89, 29.88, 29.85, 29.8, 29.7, 29.6,
29.5,29.0, 26.2, 22.9, 14.3; IR (neat, cm™): 3368, 2954. 2919,
2851, 1734, 1698, 1622, 1460, 1375, 1264, 1046; HRMS
(ESI/Q-TOF) (m/z): calcd. for Co7HsNO2, [M + H]™
416.3523, found: 416.3529.

Isobutyl (E)-3-(2-aminophenyl)acrylate (19):

TH-3483_ 196122010

As light yellow solid (77 mg, 70% yield); mp 79-81 °C; H
NMR (CDCls, 400 MHz): ¢ 7.82 (d, 1H, J = 15.6 Hz),
7.41-7.37 (m, 1H), 7.18-7.14 (m, 1H), 6.78-6.74 (m, 1H),
6.70 (d, 1H, J = 8.0 Hz), 6.37 (d, 1H, J = 16.0 Hz), 4.29 (s,
2H), 3.99 (d, 2H, J = 6.8 Hz), 2.05-1.98 (m, 1H), 0.98 (d,
6H, J = 6.8 Hz); *C{*H} NMR (CDCls, 125 MHz): 6 167.5,
145.7, 140.3, 131.4, 128.4, 120.2, 119.2, 118.5, 116.9, 70.8,
28.1, 19.3; IR (neat, cm™): 3377, 2962, 1701, 1623, 1491,
1263, 1171; HRMS (ESI/Q-TOF) (m/z): calcd. for
C13H1sNO2, [M + H]*: 220.1332, found: 220.1332.
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tert-Pentyl (E)-3-(2-aminophenyl)acrylate (1h):

NH,
©;/W07(\Me

O Me Me

Gummy (77 mg, 66% yield); *H NMR (CDCls, 500 MHz): 6
7.72(d, 1H,J=16.0 Hz), 7.37 (d, 1H, J = 8.0 Hz), 7.15 (t, 1H,
J=75Hz), 6.75 (t, 1H, J = 7.5 Hz), 6.69 (d, 1H, J = 8.0 Hz),
6.29 (d, 1H, J = 16.0 Hz), 3.93 (s, 2H), 1.86 (q, 2H, J =7.5
Hz), 1.50 (s, 6H), 0.93 (t, 3H, J = 7.5 Hz); BC{*H} NMR
(CDCl3, 125 MHz): 0 166.7, 145.5, 139.2, 131.1, 128.3, 120.5,
120.4, 119.1, 116.8, 83.1, 33.8, 25.9, 8.4; IR (neat, cm™):
3054, 2983, 1733, 1626, 1425, 1374, 1264, 1045; HRMS
(ESI/Q-TOF) (m/z): calcd. for CisHxNOz, [M + H]™
234.1489, found: 234.1488.

2-Methoxyethyl(E)-3-(2-aminophenyl)acrylate (1i):

NH,
(0]
@E/\'( \/\OMe

o

As brown solid (68 mg, 62% yield), mp 124-126 °C; *H NMR
(CDCls, 500 MHz): 6 7.85 (d, 1H, J = 15.5 Hz), 7.37 (d, 1H,
J=8.0Hz), 7.16 (t, 1H, J = 7.0 Hz), 6.75 (t, 1H, J = 7.5 Hz),
6.69 (d, 1H, J = 8.0 Hz), 6.40 (d, 1H, J = 16.0 Hz), 4.36 (s,
2H), 3.99 (s, 2H), 3.66 (s, 2H), 3.42 (s, 3H); *C{*H} NMR
(CDCls, 100 MHz): ¢ 167.4, 145.8, 140.8, 131.5, 128.3,
119.9, 119.1, 117.7, 116.9, 70.7, 63.7, 59.2; IR (neat, cm™):
3371, 2927, 1704, 1622, 1494, 1263, 1173; HRMS (ESI/Q-
TOF) (m/z): calcd. for Ci2Hi1sNOs, [M + H]": 222.1125,
found: 222.1115.

(Tetrahydrofuran-2-yl)methyl (E)-3-(2-aminophenyl)acrylate (1j):

NH,
O o

o)

TH-3483_ 196122010

As a brown solid (68 mg, 55% yield), mp 114-116 °C; H
NMR (CDCls, 400 MHz): ¢ 7.85 (d, 1H, J = 16.0 Hz), 7.37
(dd, 1H, J1 = 8.0 Hz, J, = 1.6 Hz), 7.18-7.14 (m, H), 6.75 (t,
1H, J = 7.6 Hz), 6.69 (d, 1H, J = 8.4 Hz), 6.40 (d, 1H, J =
15.6 Hz), 4.29 (dd, 1H, J1 =11.2 Hz, J, = 3.2 HZz), 4.21-4.17
(m, 1H), 4.15-4.11 (m, 1H), 3.99 (s, 2H), 3.95-3.89 (M, 1H),
3.85-3.79 (m, 1H), 2.08-2.00 (m, 1H), 1.98-1.89 (m, 2H),
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1.71-1.63 (m, 1H); *C{*H} NMR (CDCls;, 100 MHz): &
167.4, 145.8, 140.8, 131.5, 128.4, 120.0, 119.1, 117.8, 116.9,
76.8, 68.6, 66.7, 28.2, 25.8; IR (neat, cm™): 3367, 2973, 1702,
1620, 1490, 1263, 1167; HRMS (ESI/Q-TOF) (m/z): calcd.
for C14H21N203, [M + NH4]": 265.1547, found: 265.1560.

Benzyl (E)-3-(2-aminophenyl)acrylate (1k):

As yellow solid (80 mg, 63% yield), mp 127-129°C; 'H NMR
(CDCls, 400 MHz): 6 7.88 (d, 1H, J = 15.6 Hz), 7.44-7.34 (m,
NH, 6H), 7.19-7.15 (m, 1H), 6.76 (t, 1H, J = 7.6 Hz), 6.69 (d, 1H,
@(/\’(O v@ J=8.0Hz), 6.41 (d, 1H, J = 16.0 Hz), 5.26 (s, 2H), 3.98 (s,
2H); BC{*H} NMR (CDCls, 100 MHz): 6 167.3, 145.8,
© 140.9, 136.3, 131.5, 128.7, 128.5, 128.4, 128.3, 119.9, 119.1,
117.9, 116.5, 66.5; IR (neat, cm™): 3377, 3057, 1704, 1621,
1491, 1263, 1161; HRMS (ESI/Q-TOF) (m/z): calcd. for
Ci16H16NOg2, [M + H]": 254.1176, found: 254.1172.

p-Tolyl (E)-3-(2-aminophenyl)acrylate (11):

As yellow solid (85 mg, 67% yield), mp 146-148 °C; *H NMR

(CDCls, 500 MHz): 6 8.00 (d, 1H, J = 16.0 Hz), 7.45 (d, 1H,

NH, J=7.5Hz),7.20 (d, 3H, J= 7.0 Hz), 7.05 (d, 2H,J = 7.5
©/\/\y(° Hz), 6.80 (t, 1H, J = 6.5 Hz), 6.71 (d, 1H, J = 7.5 H2),
\©\ 6.54 (d, 1H, J = 15,5 Hz), 4.02 (s, 2H), 2.36 (s, 3H);

Me | 3c{IH} NMR (CDCls, 125 MHz): 6 166.1, 148.8, 146.1,

142.0, 135.5, 131.9, 130.1, 128.4, 121.5, 119.8, 119.2,

117.2, 117.1, 21.0; IR (neat, cm™): 3463, 3380, 3239, 2920,

1707, 1638, 1621, 1489, 1460, 1345, 1211, 1159; HRMS

(ESI/Q-TOF) (m/z): calcd. for CisH1sNO2, [M + H]™
254.1176, found: 254.1178.
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4-Methoxyphenyl (E)-3-(2-aminophenyl)acrylate (1m):

O

As yellowish solid (89 mg, 66% yield), mp: 157-160 °C; H
NMR (CDCls, 400 MHz): 6 7.99 (d, 1H, J = 15.6 Hz), 7.45 (d,
1H,J=8.0 Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.08 (d, 2H, J =
8.4 Hz), 6.92 (d, 2H, J = 8.4 Hz), 6.80 (t, 1H, J = 7.6 Hz),

NH,
4 (o) _ _
% \©\ 6.72 (d, 1H, J = 8.0 Hz), 6.54 (d, 1H, J = 15.6 Hz), 4.01 (s,
OMe

2H), 3.81 (s, 3H); C{*H} NMR (CDCls, 100 MHz): &

166.3, 157.4, 146.0, 144.5, 142.0, 131.9, 128.5, 122.6,
119.8,119.2, 117.2, 117.0, 114.7, 55.8; IR (neat, cm®): 3388,
3054, 2983, 1733, 1640, 1402, 1374, 1267, 1046; HRMS
(ESI/Q-TOF) (m/z): calcd. for CicHisNOsz, [M + H]%:
270.1125, found: 270.1126.

1,1,1,3,3,3-Hexafluoropropan-2-yl (E)-3-(2-aminophenyl)acrylate (1n):

As yellowish solid (111 mg, 71% yield); mp: 89-91 °C H
NMR (CDCls, 400 MHz): 6 8.02 (d, 1H, J = 15.6 Hz), 7.42 (d,
1H,J=7.6 Hz), 7.23 (t, 1H, J = 7.6 Hz), 6.79 (t, 1H, J = 7.2
Hz), 6.72 (d, 1H, J = 8.0 Hz), 6.44 (d, 1H, J = 16.0 Hz), 5.91
(hept, 1H, Ju-£= 6.4 Hz), 4.04 (s, 2H); *C{*H} NMR (CDCls,
125 MHz): 6 164.1, 146.5, 145.0, 132.8, 128.8, 121.6 (q, Jc.r
= 1.6 Hz), 119.4, 119.1, 117.3, 113.5, 67.27-66.17 (m); *°F
NMR (CDCls, 471 MHz): 6 -73.2 (s); IR (neat, cm™): 3371,
3238, 2957, 2924, 2861, 1741, 1657, 1615, 1564, 1461, 1355,
1284, 1112; HRMS (ESI/Q-TOF) (m/z): calcd. for
C12H10FsNOg, [M + H]*: 314.0610, found: 314.0613.

1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl €-3-(2-aminophenyl)acrylate (10):

Me Me
NH,
C(/\H/O
(o) Me

TH-3483_ 196122010

As yellow solid (94 mg, 63% yield); 108-112 °C; *H NMR
(CDCls, 400 MHz): 9 7.78 (d, 1H, J = 16.0 Hz), 7.38 (dd, 1H,
J1=8.4Hz, J1= 1.6 Hz), 7.18-7.14 (m, 1H), 6.76 (t, 1H, J =
8.4 Hz), 6.70 (d, 1H, J = 8.0 Hz), 6.32 (d, 1H, J = 15.6 Hz),
480 (dd, 1H, J; = 7.2 Hz, J1 = 4.0 Hz), 3.94 (s, 2H),
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1.87-1.83 (m, 2H), 1.76 (t, 2H, J = 4.4 Hz), 1.61-1.57 (m,
1H), 1.26-1.20 (m, 2H), 1.05 (s, 3H), 0.89 (s, 3H), 0.86 (s,
3H); ¥C{*H} NMR (CDCls, 100 MHz): § 167.0, 145.6, 139.9,
131.3, 128.3, 120.2, 119.1, 119.0, 116.9, 81.2, 49.1, 47.2,
45.3,39.1, 33.9, 27.3, 20.3, 20.2, 11.7; IR (neat, cm™): 3351,
2959, 1699, 1623, 1424, 1264; HRMS (ESI/Q-TOF) (m/z):
calcd. for C19H26NO2, [M + H]*: 300.1958, found: 300.1956.

2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl (E)-3-(2-aminophenyl)acrylate (1p):

As gummy (85 mg, 55% yield); *H NMR (CDCls, 500 MHz):

5781 (d, 1H, J = 15.5 Hz), 7.37 (d, 1H, J = 8.0 Hz), 7.16 (1,

1H, J = 8.0 Hz), 6.76 (t, 1H, J = 7.5 Hz), 6.69 (d, 1H, J = 8.0

NH, Hz), 6.33 (d, 1H, J = 16.5 Hz), 5.33 (s, 1H), 4.21 (g, 2H, J
%o = 6.5 Hz), 3.96 (s, 2H), 2.39-2.35 (m, 3H), 2.24 (g, 2H, J
\/\@ = 17.5 Hz), 2.09 (d, 2H, J = 6.0 Hz), 1.28 (s, 3H), 1.17 (d,

wd Me | 1H,J =85 Hz), 0.85 (s, 3H); *C{*H} NMR (CDCls, 125

MHz): ¢ 167.4, 145.7, 144.4, 140.2, 131.4, 128.3, 120.1,

119.1, 119.0, 118.4, 116.9, 63.0, 45.9, 40.9, 38.2, 36.2, 31.8,

31.5, 26.5, 21.3; IR (neat, cm™): 3374, 2983, 2912, 1728,

1700, 1623, 1404, 1263; HRMS (ESI/Q-TOF) (m/z): calcd.
for C20H26NO3, [M + H]": 312.1958, found: 312.1956.

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (E)-
3-(2-aminophenyl)acrylate (1q):

As vyellow solid (125 mg, 47%
yield), mp 148-150 °C; 'H NMR
(CDCls, 500 MHz): 5 7.80 (d, 1H,
J=155Hz), 7.37 (dd, 1H, J:=8.0
Hz, J, = 1.5 Hz), 7.17-7.14 (m,
1H), 6.76 (t, 1H, J = 8.0 Hz), 6.69 (d, 1H, J =8.0 Hz), 6.33 (d,
1H, J=16.0 Hz), 5.40 (d, 1H, J = 5.0 Hz), 4.78-4.71 (m, 1H),
3.96 (s, 2H), 2.41-2.38 (m, 2H), 2.03-1.82 (m, 6H),
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1.61-1.45 (m, 9H), 1.37-1.33 (m, 3H), 1.19-1.08 (m, 7H),
1.05 (s, 4H), 1.01-0.97 (m, 3H), 0.92 (d, 3H, J = 7.0 Hz), 0.87
(d, 3H, J = 2.5 Hz), 0.86 (d, 3H, J = 2.0 Hz); 3C{*H} NMR
(CDCls, 125 MHz): 6 166.9, 145.7, 140.1, 140.0, 131.4, 128.4,
122.9,120.3,119.2,118.9, 116.9, 74.3,57.0, 56.4, 50.3, 42.6,
40.0, 39.8, 38.5, 37.3, 36.9, 36.4, 36.0, 32.1, 28.5, 28.2, 28.1,
245, 24.1, 23.0, 22.8, 21.3, 19.6, 19.0, 12.1; IR (neat, cm™):
3378, 2980, 2914, 1725, 1709, 1628, 1400, 1253;HRMS
(ESI/Q-TOF) (m/z): calcd. for CszeHssNO2, [M + H]™:
532.4149, found: 532.4149.

Methyl (E)-3-(2-amino-5-methylphenyl)acrylate (2a)?2":

NH,
oM
Me/@(/\m e

)

As yellow solid (74 mg, 78% yield); mp 80-90 °C; *H NMR
(CDCls, 400 MHz): & 7.82 (d, 1H, J = 15.6 Hz), 7.19 (s, 1H),
6.99 (d, 1H, J = 8.0 Hz), 6.62 (d, 1H, J = 8.0 Hz), 6.34 (d, 1H,
J = 16.0 Hz), 3.79 (s, 3H), 2.24 (s, 3H); 3C{*H} NMR
(CDCls, 125 MHz): 6 167.9, 143.4, 140.6, 132.4, 130.0, 128.4,
120.0, 117.6, 117.1, 51.8, 20.5; IR (neat, cm™): 3374, 2960,
1728, 1658, 1431, 1262; HRMS (ESI/Q-TOF) (m/z): calcd.
for C11H1aNO3, [M + H]": 192.1019, found: 192.1023.

Ethyl (E)-3-(2-amino-5-methylphenyl)acrylate (2b)%29:

NH,
Me/©/\/\n/ovMe

(0]

TH-3483_ 196122010

As yellow solid (78 mg, 76% yield); mp 72-74 °C; 'H NMR
(CDCls, 400 MHz): 6 7.81 (d, 1H, J = 15.6 Hz), 7.19 (s, 1H),
6.99 (d, 1H, J = 7.2 Hz), 6.62 (d, 1H, J = 8.0 Hz), 6.34 (d, 1H,
J =16.0 Hz), 4.25 (q, 2H, J = 7.2 Hz), 3.86 (s, 2H), 2.23 (5,
3H), 1.33 (t, 3H, J = 6.8 Hz); BC{*H} NMR (CDCls, 100
MHz): 0 167.5, 143.4, 140.3, 132.3, 128.4, 128.3, 120.1,
118.0, 117.1, 60.6, 20.5, 14.5; IR (neat, cm™): 3371, 2922,
1707, 1620, 1500, 1427, 1264; HRMS (ESI/Q-TOF) (m/z):
calcd. for C12H1sNO2, [M + H]*: 206.1176, found: 206.1188.
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Butyl (E)-3-(2-amino-5-methylphenyl)acrylate (2c):

As gummy (86 mg, 74% yield); *H NMR (CDCls, 500 MHz):

9780 (d, 1H, J = 16.0 Hz), 7.19 (s, 1H), 6.98 (d, 1H, J = 8.0

Hz), 6.62 (d, 1H, J = 8.5 Hz), 6.34 (d, 1H, J = 15.5 Hz), 4.20

(t, 2H, J = 7.0 Hz), 3.84 (s, 2H), 2.24 (s, 3H), 1.70-1.67

Nz (m, 2H), 1.46-1.41 (m, 2H), 0.96 (t, 3H, J = 7.5 Hz);
Me/%(OWMe 13C{'H} NMR (CDCl3, 125 MHz): 6 167.6, 143.4, 140.3,
© 132.3,128.4,128.3,120.2, 118.1, 117.1, 64.5, 31.0, 20.5,

19.4, 13.9; IR (neat, cm™): 3374, 2958, 2926, 1703, 1621,

1501, 1462, 1377, 1263, 1162, 1044; HRMS (ESI/Q-TOF)

(m/z): caled. for C14H20NO2, [M + H]™: 234.1489, found:
234.1492.

Isobutyl (E)-3-(2-amino-5-methylphenyl)acrylate (29):

As yellow solid (85 mg, 73% yield); mp: 77-79 °C; *H NMR
(CDCl3, 400 MHz): 6 7.81 (d, 1H, J = 15.6 Hz), 7.21 (s, 1H),
6.99 (d, 1H, J = 8.0 Hz), 6.62 (d, 1H, J = 8.0 Hz), 6.36 (d, 1H,

J=16.0 Hz), 3.98 (d, 2H, J = 6.4 Hz), 3.85 (s, 2H), 2.24

NH,
Me
s, 3H), 2.04-1.97 (m, 1H), 0.98 (d, 6H, J = 6.8 H2);
N /@/\,(0\/\% (5. 3H) (m, 1H), 0.98 ( )
I 15C{!H} NMR (CDCls, 100 MHz): 5 167.7, 143.4,
140.3, 132.3, 128.4, 128.3, 120.2, 118.1, 117.1, 70.8,
28.1, 20.6, 19.4; IR (neat, cm'l): 3373, 2926, 1702, 1622,

1501, 1263, 1162; HRMS (ESI/Q-TOF) (m/z): calcd. for
C14H20NO2, [M + H]*: 234.1489, found: 234.1476.

2,2,3,3,4,4,5,5,6,6,7,7-Dodecafluoroheptyl (E)-3-(2-amino-5-methylphenyl)acrylate (2r):

As yellowish solid (142 mg, 58% yield), mp: 110-112 °C; H

NMR (CDCls, 500 MHz): § 7.91 (d, 1H, J = 16.0 Hz), 7.22 (d,

1H, J = 2.0 Hz), 7.02 (dd, 1H, J1 = 8.0 Hz, J> = 2.0 Hz), 6.63

(d, 1H, J=8.0 Hz), 6.39 (d, 1H, J = 16.0 Hz),

NH, EE E 6.05 (tt, 1H, J1 = 5.2 Hz, J, = 5.0 Hz), 4.71 (t,

e %oWF 2H, J = 14.0 Hz), 3.87 (s, 2H), 2.24 (s, 3H):
FEFFE F 13C{*H} NMR (CDCls, 125 MHz): § 165.8,
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143.9, 143.0, 133.2, 1285 (d, Jor = 3.4 Hz), 121.6, 119.6,
117.4,115.2, 113.1 (t, Jcr = 30.8 Hz), 111.3 (t, Jer= 8.3 H2),
110.9 (t, Jer= 1.25 Hz), 109.8 (t, Jor = 31.4 Hz), 107.8 (t, Jc.
£=31.8 Hz), 105.8 (t, Jo.r = 22.4 Hz), 59.8 (t, Jo.r = 26.5 H2),
20.5; °F NMR (CDCls, 471 MHz): § ~119.3, -122.0, —123.3,

-129.3, -137.0; IR (neat, cm™): 3056, 2986, 1732, 1615,

1422, 1374, 1254, 1244, 1045; HRMS (ESI/Q-TOF) (m/z):
calcd. for Ci7H14F12NO2, [M + H]*: 492.0827, found:
492.0808.

Methyl (E)-3-(2-amino-5-(tert-butyl)phenyl)acrylate (3a):

NH,
Meh/@/\KOMe
Me

Me (o)

As gummy (76 mg, 65% yield); *H NMR (CDCls, 500 MHz):
0 7.85 (d, 1H, J = 16.0 Hz), 7.37 (s, 1H,), 7.23 (dd, 1H, J1 =
8.5 Hz, J, = 2.5 Hz), 6.66 (d, 1H, J = 8.5 Hz), 6.37 (d, 1H, J
= 15.5 Hz), 3.89 (s, 2H), 3.81 (s, 3H), 1.29 (s, 9H); BC{*H}
NMR (CDCls, 125 MHz): ¢ 167.7, 143.5, 142.0, 141.2,
128.9, 124.8, 119.6, 117.5, 116.9, 51.8, 34.1, 31.5; IR (neat,
cm™): 3378, 2954, 2927, 2857, 1703, 1615, 1517, 1502, 1435,
1262, 1162; HRMS (ESI/Q-TOF) (m/z): calcd. for
C14H19NO2Na, [M + Na]*: 256.1308, found: 256.1301.

Methyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4a)?%":

NH,
oM
F/@/\K e

o

TH-3483_ 196122010

As yellow (69 mg, 71% vyield), mp: 93-95; °C 'H NMR
(CDCls, 400 MHz): 6 7.76 (d, 1H, J = 16.0 Hz), 7.07 (dd, 1H,
J1 =9.6 Hz, J, = 2.8 Hz), 6.90 (dt, 1H, J1 = 8.4 Hz, J, = 2.8
Hz), 6.65 (dd, 1H, J1 = 8.6 Hz, J,=5.2 Hz), 6.33 (d, 1H, J =
16.0 Hz), 3.80 (s 3H); *C{*H} NMR (CDCls, 125 MHz): 6
167.5, 156.5 (d, Jc.r = 235.6 Hz), 141.9 (d, Jcr = 2.12 Hz),
139.3 (d, Jc-F = 2.5 Hz), 121.0 (d, Jc-F= 7.1 HZz), 119.1, 1185
(d, Jc-F = 7.75 Hz), 113.6 (d, Jcr = 22.5 Hz), 51.9; °F NMR
(CDCls, 376 MHz): 6 —125.7; IR (neat, cm™): 3375, 3057,
1706, 1626, 1495, 1435, 1263, 1176; HRMS (ESI/Q-TOF)
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(m/z): calcd. for C1oH11FNO2, [M + H]": 196.0768, found:
196.0786.

Ethyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4b)?%":

NH,
Fﬁ/\wovme

(o)

As yellowish solid (71 mg, 68% yield), mp: 79-81 °C; ‘H
NMR (CDCls, 500 MHz): ¢ 7.75 (d, 1H, J = 16.0 Hz), 7.07
(dd, 1H, J1 = 6.5 Hz, J> = 2.5 Hz), 6.91-6.87 (m, 1H), 6.64
(dd, 1H, J1 = 4.0 Hz, J» = 5.0 Hz), 6.32 (d, 1H, J = 16.0 Hz),
4.26 (g, 2H), 3.84 (s, 2H), 1.33 (s, 3H, J = 7.0 Hz); B¥C{*H}
NMR (CDCls, 125 MHz): 6 167.1, 156.5 (d, Jc-F = 235.7 Hz),
141.9 (d, Jc-Fr = 1.9 Hz), 139.1 (d, Jc-Fr = 2.4 Hz), 121.2 (d, Jc-
F= 7.0 Hz), 119.7, 118.4 (d, Jcr = 22.87 Hz), 118.2 (d, Jc-r =
7.8 Hz), 113.6 (d, Jcr = 22.5 Hz), 60.8, 14.5; F NMR
(CDCls, 471 MHz): 6 —-112.8; IR (neat, cm™): 3372, 3241,
2982, 2927, 1698, 1622, 1493, 1434, 1368, 1256, 1152, 1032;
HRMS (ESI/Q-TOF) (m/z): calcd. for C11H1sFNO2, [M + H]*:
210.0925, found: 210.0927.

Isobutyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4g):

NH,
Me
o

o)

TH-3483_ 196122010

As yellowish solid (77 mg, 65% yield), mp: 81-83 °C; H
NMR (CDCls, 500 MHz): 6 7.75 (d, 1H, J = 16.5 Hz), 7.07
(d, 1H, J=10.0 Hz), 6.92-6.88 (m, 1H), 6.66—6.63 (m, 1H),
6.35 (d, 1H, J = 16.0 Hz), 3.99 (d, 2H, J = 6.0 Hz), 3.83 (s,
2H), 2.04-1.98 (m, 1H), 0.98 (d, 6H, J = 6.5 Hz); *C{*H}

NMR (CDCls, 125 MHz): ¢ 167.2, 156.5 (d, Jc.r = 235.7 Hz),

141.9 (d, Jcr = 1.87 Hz), 139.1 (d, Jc-r = 2.37 Hz), 121.2 (d,

Je-F=7.25Hz), 119.6, 118.4 (d, Jo.r = 22.87 Hz), 118.1 (d, Jc-

F = 7.62 Hz), 113.7 (d, Jc-r = 22.6 Hz), 71.0, 28.0, 19.3; F

NMR (CDCls, 471 MHz): 6 —-125.8; IR (neat, cm™): 3373,

3053, 2960, 2925, 1705, 1627, 1496, 1375, 1263, 1157,

HRMS (ESI/Q-TOF) (m/z): calcd. for C13H17FNOg, [M + H]™:

238.1238, found: 238.1246.
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Methyl (E)-3-(2-amino-5-chlorophenyl)acrylate (5a)%9:

NH,
M
C|/©/\/Yo e

o

As yellow solid (74 mg, 70% yield), mp: 89-91 °C; *H NMR
(CDCls, 500 MHz): 6 7.72 (d, 1H, J = 16.0 Hz), 7.33 (d, 1H,
J=25Hz),7.11 (dd, 1H, J1 = 8.5 Hz, J> = 2.0 Hz), 6.63 (d,
1H, J =8.5 Hz), 6.34 (d, 1H, J = 15.5 Hz), 3.96 (s, 2H), 3.80
(s, 3H); BC{*H} NMR (CDCls, 125 MHz): J 167.5, 144.2,
139.0,131.1,127.5,123.9,121.2,119.1, 118.1, 52.0; IR (neat,
cm™): 3055, 29881732, 1631, 1421, 1374, 1264, 1046; HRMS
(ESI/Q-TOF) (m/z): calcd. for C10H11CINO2, [M + H]™:
212.0473, found: 212.0476.

Methyl (E)-3-(2-amino-4-chlorophenyl)acrylate (6a):

cl NH,
\@/\"/OMB

o

As yellow solid (64 mg, 61% vyield), mp: 119-121 °C; H
NMR (CDCls, 500 MHz): 6 7.73 (d, 1H, J = 15.5 Hz), 7.28 (d,
1H, J = 8.0 Hz), 6.73 (d, 1H, J = 9.0 Hz), 6.70 (d, 1H, J = 2.0
Hz), 6.32 (d, 1H, J = 16.0 Hz), 4.03 (s, 3H), 3.80 (s, 3H);
13C{'H} NMR (CDCls, 125 MHz): § 167.7, 146.6, 139.3,
137.1,129.4,119.3,118.4,118.3, 116.4, 51.9; IR (neat, cm™):
3453, 3055, 2988, 1733, 1620, 1422, 1374, 1264; HRMS
(ESI/Q-TOF) (m/z): calcd. for CioH1:CINOz, [M + H]*:
212.0473, found: 212.0474.

Methyl (E)-3-(2-amino-5-bromophenyl)acrylate (7a):

NH,
oM
Br/@/\w e

(o)

TH-3483_ 196122010

As a yellowish solid (87 mg, 68% yield), mp: 122-124 °C; H
NMR (CDCls, 500 MHz): 5 7.71 (d, 1H, J = 16.0 Hz), 7.47 (d,
1H, J = 2.5 Hz), 7.24 (dd, 1H, J1 = 8.0 Hz, J2 = 2.5 Hz), 6.58
(d, 1H, J = 8.5 Hz), 6.34 (d, 1H, J = 16.0 Hz), 3.97 (s, 2H),
3.80 (s, 3H); BC{*H} NMR (CDCls, 125 MHz): § 167.5.
144.6, 138.9, 133.9, 130.5, 121.8, 119.2, 118.4, 110.8, 51.9;
IR (neat, cm™): 3055, 2988, 1732, 1629, 1422, 1374, 1264,
1046; HRMS (ESI/Q-TOF) (m/z): calcd. for C1oH11BrNOo,
[M + H]": 255.9968, found: 255.9964.

199



Chapter IV

Methyl (E)-3-(2-amino-5-(trifluoromethyl)phenyl)acrylate (8a):

As a yellow solid (83 mg, 68% yield), mp: 86-89 °C; 'H NMR

(CDCls, 400 MHz): 6 7.76 (d, 1H, J = 15.6 Hz), 7.60 (t, 1H, J

= 1.6 Hz), 7.40-7.37 (m, 1H), 6.73 (d, 1H, J = 9.2 Hz), 6.40

NH, (d, 1H, J = 16.0 Hz), 4.27 (s, 2H), 3.81 (s, 3H); BC{'H}
F3c/©;A(OMe NMR (CDCls, 125 MHz): ¢ 167.4, 148.1, 139.0, 128.0 (q,
0 Jo-r = 3.62 Hz), 125.6 (q, Jc-r = 3.62 Hz), 123.5, 121.0 (q,

Jo-r=32.75 Hz), 119.8, 119.3, 116.4, 52.0; °F NMR (CDCls,

471 MHz): 6 —61.6; IR (neat, cm™): 3381, 3253, 3053, 2956,

1707, 1630, 1511, 1438, 1264, 1077; HRMS (ESI/Q-TOF)

(m/z): calcd. for C11H11FsNO2, [M + H]*: 246.0736, found:
246.0737.

Methyl (E)-3-(2-amino-5-cyanophenyl)acrylate (9a):

As yellow solid (68 mg, 67% yield), mp: 69—71 °C; *H NMR

(CDCls, 500 MHz): ¢ 7.68 (d, 1H, J = 16.0 Hz), 7.63 (d, 1H,

NH, J=15Hz), 7.40 (dd, 1H, J» =8.5Hz, J. = 2.0 Hz), 6.70 (d,
NC/©/\/\"/OMe 1H, J = 9.0 Hz), 6.37 (d, 1H, J = 15.5 Hz), 4.47 (s, 2H), 3.82
o] (s, 3H); BC{*H} NMR (CDCls, 125 MHz): 6 167.1, 148.9,

138.0, 134.4, 132.7, 120.6, 119.9, 119.4, 116.5, 101.5, 52.1;

IR (neat, cm™): 3450, 3373, 3261, 2956, 2918, 2217, 1709,

1663, 1629, 1608, 1505, 1480, 1225, 1017; HRMS (ESI/Q-

TOF) (m/z): caled. for C1iH11N202, [M + H]*: 203.0815,
found: 203.0813.

Methyl (E)-3-(2-amino-3-methylphenyl)acrylate (10a):

As yellow solid (52 mg, 54% yield), mp: 70-72 °C; *H NMR
(CDCls, 400 MHz): 6 7.88 (d, 1H, J = 16.0 Hz), 7.27 (d, 1H,
J=5.6Hz),7.09 (d, 1H, J = 7.6 Hz), 6.70 (t, 1H, J = 7.6 Hz),
6.35 (d, 1H, J = 15.6 H2), 3, 98 (s, 2H), 3.81 (s, 3H), 2.12 (s,
3H); BC{*H} NMR (CDCls, 100 MHz):  167.9, 144.0, 140.9,
132.5,126.1, 123.3, 119.6, 118.5, 118.0, 51.8, 17.7; IR (neat,
cm™): 3388, 3055, 1714, 1656, 1438, 1264; HRMS (ESI/Q-

Me
NH,

COZMe
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TOF) (m/z): caled. for CiiHuuNO2, [M + H]*: 192.1019,
found: 192.1023.

Benzo[h]quinolin-2(1H)-one (11a):

As yellow solid (80 mg, 82% yield), mp: 190-192 °C; H
NMR (CDCls, 400 MHz): ¢ 8.24 (s, 1H), 7.64 (d, 1H, J = 8.0
Hz), 7.36 (d, 1H, J = 8.0 Hz), 7.29-7.25 (m, 2H), 7.15 (d, 1H,
J=7.2Hz),6.83(d, 1H, J = 12.4 Hz), 6.77 (d, 1H, J = 8.0
Hz), 5.84 (dd, 1H, J1 = 12.8, J2 = 2.0 Hz); *C{'*H} NMR
(CDCls, 125 MHz): 6 166.2, 144.6, 136.8, 136.7, 133.2, 132.0,
131.9, 127.4, 126.2, 125.4, 123.8, 122.2, 115.5; IR (neat, cm’
1): 3208, 3060, 2958, 1674, 1621, 1529, 1446, 1266, 1047,
HRMS (ESI/Q-TOF) (m/2): calcd. for C13HoNO, [M + H]+:
196.0757, found: 196.0758.

Methyl (E)-3-(5-aminobenzo[d][1,3]dioxol-4-yl)acrylate (12a):

NH,
OQ/\/\COZMe

o

As yellow solid (66 mg, 60% yield), mp: 111-113 °C; H
NMR (CDCls, 400 MHz): § 7.80 (d, 1H, J = 16.0 Hz), 6.71 (d,
1H, J = 16.0 Hz), 6.65 (d, 1H, J = 8.4 Hz), 6.17 (d, 1H, J =
8.4), 5.96 (s, 2H), 3.80 (s, 3H), 3.72 (s, 2H); *C{*H} NMR
(CDCls, 100 MHz): 6 168.2,147.5, 140.7, 140.6, 134.7, 121.0,
110.7, 108.2, 106.7, 101.5, 51.8; IR (neat, cm™): 3395, 2968,
1710, 1629, 1460, 1359, 1319, 1262, 1180; HRMS (ESI/Q-
TOF) (m/z): calcd. for Ci1H12NO4, [M + H]": 222.0761,
found: 222.0770.

Ethyl (E)-3-(5-aminobenzo[d][1,3]dioxol-4-yl)acrylate (12b):

NH,
O@(/\cozEt

\—o

TH-3483_ 196122010

As yellow solid (75 mg, 64% yield), mp: 117-119 °C; H
NMR (CDCls, 400 MHz): 6 7.69 (d, 1H, J = 16.0 Hz), 6.70 (d,
1H, J = 16.0 Hz), 6.65 (d, 1H, J = 8.4 Hz), 6.17 (d, 1H, J = 8.4
Hz), 5.96 (s, 2H), 4.25 (q, 2H, J = 7.2 Hz), 3.71 (s, 2H), 1.33
(t, 3H, J = 7.2 Hz); ¥*C{*H} NMR (CDCls, 100 MHz): 6
167.8, 147.4, 140.7, 140.6, 134.4, 121.5, 110.6, 108.2, 106.8,
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Quinolin-2(1H)-one (1a")?*:

H
N__O
0]

101.4, 60.6, 14.5; IR (neat, cm™): 3398, 2906, 1704, 1625,
1461, 1368, 1318, 1260, 1186; HRMS (ESI/Q-TOF) (m/z):
calcd. for C12H1aNOg4, [M + H]*: 236.0917, found: 236.0920.

As white solid (34 mg, 93% yield), mp: 160-162 °C; *H NMR
(CDCls, 500 MHz): 6 12.69 (s, 1H), 7.82 (d, 1H, J = 9.5 Hz),
7.56 (d, 1H,J=8.0 Hz), 7.51 (d, 1H, J = 8.0 Hz), 7.46 (d, 1H,
J=8.0Hz),7.21(t, 1H, J = 9.5 Hz), 6.73 (d, 1H, J = 9.5 Hz);
BC{*H} NMR (CDCls, 125 MHz): § 164.9, 141.2, 138.7,
130.8,127.9,122.8,121.5,120.1, 116.4; IR (neat, cm™): 3396,
3057, 2989, 1733, 1657, 1429, 1374, 1264, 1045; HRMS
(ESI/Q-TOF) (m/z): calcd. for CoHgNO, [M + H]*: 146.0600,
found: 146.0613.

6-Methylquinolin-2(1H)-one (2a"):

H
joos
Me Z

As yellowish solid (34 mg, 85% vyield), mp: 165-167 °C; H
NMR (CDClz, 400 MHz): ¢ 11.73 (s, 1H), 7.75 (d, 1H, J =
10.0 Hz), 7.34 (d, 2H, J = 9.6 Hz), 7.29 (d, 1H, J = 8.0 Hz),
6.68 (d, 1H, J = 9.2 Hz), 2.41 (s, 3H); *C{"H} NMR (CDCls,
125 MHz): ¢ 164.3, 140.9, 136.6, 132.4, 132.2, 127.6, 121.6,
120.1, 116.0, 21.0; IR (neat, cm™): 3422, 3054, 2988, 1733,
1661, 1425, 1374, 1264, 1046; HRMS (ESI/Q-TOF) (m/z):
calcd. for C10H10NO, [M + H]*: 160.0757, found: 160.0759.

6-Chloroquinolin-2(1H)-one (5a"):

H
oo
Cl Z

TH-3483_ 196122010

As yellowish solid (39 mg, 88% yield), mp: 179-181 °C; H
NMR (CDCls, 400 MHz): 6 12.03 (s, 1H), 7.74 (d, 1H, J = 9.6
Hz), 7.56 (d, 1H, J = 2.4 Hz), 7.47 (dd, 1H, J1 = 6.8 Hz, Jo =
2.0 Hz), 7.34 (d, 1H, J = 8.8 Hz), 6.74 (d, 1H, J = 9.6 H2);
13C{1H} NMR (CDCl; + DMSO-ds, 125 MHz): & 161.4,
138.0, 136.5, 129.1, 125.6, 125.5, 122.0, 1194, 116.2; IR
(neat, cm™t): 3055, 2957, 1733, 1669, 1424, 1374, 1264, 1046;

202



Chapter IV

HRMS (ESI/Q-TOF) (m/z): calcd. for CoH7CINO, [M + H]*:
180.0211, found: 180.0211.

7-Chloroquinolin-2(1H)-one (6a"):

As white solid (38 mg, 86% yield), mp: 169-171 °C; *H NMR

(CDCls + DMSO-ds 400 MHz): § 11.71 (s, 1H), 7.69 (dd, 1H,

” J1=10.4 Hz, J = 2.8 Hz), 7.46 (dd, 1H, J; = 8.4 Hz, J2 = 2.8
C'\@("/\fo Hz), 7.29 (s, 1H), 7.04 (d, 1H, J = 8.4 Hz), 6.44 (dd, 1H, J; =
Z 9.6 Hz, Jz = 4.0 Hz); 3C{*H} NMR NMR (CDCls + DMSO-

ds, 100 MHz): & 161.3, 138.6, 138.3, 134.3, 127.9, 120.9,

120.8, 116.8, 113.8; IR (neat, cm™®): 3054, 2957, 1733, 1674,

1425, 1374, 1254, 1046; HRMS (ESI/Q-TOF) (m/z): calcd.
for CoH7CINO, [M + H]*: 180.0211, found: 180.0213.

6-Trifluoromethylquinolin-2(1H)-one (8a'):

As yellowish solid (44 mg, 82% yield), mp: 178-180 °C; H

NMR (CDCls, 500 MHz): 6 12.52 (s, 1H), 7.87 (d, 2H, J = 7.2

No_o| Hz),7.73(d 1H, J = 7.2 Hz), 7.52 (d, 1H, J = 6.8 Hz), 6.81
/©/\j (d, 1H, J = 7.6 Hz); ¥C{*H} NMR (CDCls, 125 MHz): ¢
160.3, 139.6, 138.2, 124.8-124.7 (m), 123.7-123.6 (m),

121.6,121.5, 120.5 (4, Jo.r = 32.3 Hz), 117.0, 114.4; °F NMR

(CDCls, 471 MHz): 6 —61.8; IR (neat, cm™): 3055, 2983,

1733, 1674, 1373, 1324, 1264, 1046; HRMS (ESI/Q-TOF)

(m/z): calcd. for C1oH7FsNO, [M + H]": 214.0474, found:
214.0476.

Fs;C

4-(p-Tolyl)quinolin-2(1H)-one (Lab)*®:

As white solid (50 mg, 86% yield), mp: 237-239 °C; *H NMR

N__o (CDCls, 500 MHz): § 12.80 (s, 1H), 7.59 (dd, 1H, J; = 8.0 Hz,
O Z J>=1.5Hz),7.58-7.50 (m, 2H), 7.37 (d, 2H, J = 8.0 Hz), 7.32
(d, 2H, J = 8.0 Hz), 7.17-7.14 (m, 1H), 6.69 (s, 1H), 2.46 (s,
O 3H); *C{*H} NMR (CDCls, 125 MHz): 6 164.5, 153.7, 139.1,
Me

139.0, 134.4, 130.8, 129.5, 129.0, 126.9, 122.6, 120.7, 119.9,

203
TH-3483_ 196122010



Chapter IV

116.9, 21.5; IR (neat, cm'Y): 3419, 3049, 2992, 1735, 1659,
1431, 1369, 1266, 1047;HRMS (ESI/Q-TOF) (m/z): calcd. for
C1sHNO, [M + H]*: 236.1070, found: 236.1071.

6-Methyl-4-(p-tolyl)quinolin-2(1H)-one (2ab):

As white solid (46 mg, 75% yield), mp 170-172 °C; *H NMR
(CDCls, 400 MHz): 6 11.57 (s, 1H), 7.34-7.33 (m, 6H), 7.26
(s, 1H), 6.63 (s, 1H), 2.46 (s, 3H), 2.33 (s, 3H); BC{*H} NMR
(CDCl3, 100 MHz): 6 163.8, 153.4, 138.9, 136.9, 134.5,132.3,
132.2,129.5, 128.9, 126.5, 120.8, 119.8, 116.4, 21.5, 21.3; IR
(neat, cm™): 3419, 3044, 2982, 1731, 1661, 1423, 1372, 1269,
1041; HRMS (ESI/Q-TOF) (m/z): calcd. for C17H1sNO, [M +
H]*: 250.1226, found: 250.1228.

6-Chloro-4-(p-tolyl)quinolin-2(1H)-one (5ab):

As white solid (51 mg, 76% yield), 230-232 °C; 'H NMR
(CDCls, 400 MHz): & 11.34 (s, 1H), 7.56-7.52 (m, 2H),
7.49-7.45 (m, 2H), 7.34 (s, 3H), 6.69 (s, 1H), 2.47 (s, 3H);
BC{'H} NMR (CDCls + DMSO-ds, 100 MHz): 5 161.1,
150.2, 137.8, 137.0, 129.3, 128.5, 127.5, 125.8, 124.5, 121.2,
119.3, 116.8, 20.3; IR (neat, cm™): 3432, 3044, 2982, 1733,
1663, 1421, 1377, 1265, 1049; HRMS (ESI/Q-TOF) (m/z):
calcd. for C16H13CINO, [M + H]*: 270.0680, found: 270.0686.

6-Chloro-4-phenylquinolin-2(1H)-one (5aa):

@

TH-3483_ 196122010

As white solid (47 mg, 74% yield), mp 258—260 °C; *H NMR
(CDCls, 500 MHz): ¢ 6.71 (s, 1H), 7.44 (d. 3H, J = 8 Hz),
7.49-7.47 (m, 1H), 7.54-7.51 (m, 4H), 12.53 (s, 1H); **C
NMR (CDCls, 125 MHz): § 163.9, 152.8, 137.5, 136.6, 131.2,
129.4, 129.1, 128.9, 128.3, 126.3, 122.0, 120.9, 118.1; IR
(neat, cm™): 3351, 2954, 2920, 1730, 1663, 1519, 1439, 1371,
1258, 1177; HRMS (ESI/Q-TOF) (m/z): calcd. for
C1sH11CINO, [M + H]*: 256.0524, found: 256.0522.
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7-Chloro-4-(p-tolyl)quinolin-2(1H)-one (6ab):

As white solid (50 mg, 75% vyield), 223-225 °C; 'H NMR
(CDClz+ DMSO-dg, 400 MHz): 6 11.72 (s, 1H), 7.62 (s, 1H),

o H o | 7.42(d,1H,3=6.8 H2), 7.36 (d, 2H, J = 1.6 Hz), 7.34-731
O P (m, 2H), 6.96 (dd, 1H, J; = 8.8 Hz, J2 = 2.0 Hz), 2.36 (s, 3H);
13C{!H} NMR (CDCl; + DMSO-ds, 100 MHz): & 161.6,

O 150.9, 139.3, 137.8, 135.0, 132.9, 128.4, 127.6, 127.1, 121.2,

I 120.3, 116.9, 114.7, 20.3; IR (neat, cm'Y): 3341, 2954, 2921,

1724, 1669, 1512, 1437, 1374, 1258, 1170; HRMS (ESI/Q-
TOF) (m/z): calcd. for C16H13CINO, [M + H]*: 270.0680,
found: 270.0686.

6-(p-tolylethynyl)quinolin-2(1H)-one (7ac"):

As white solid (49 mg, 76% vyield), 159-161 °C; 'H NMR
(CDCl3, 400 MHz): 6 10.9 (s, 1H), 7.78-7.75 (m, 2H,), 7.64
(d, 1H, J = 8.4 Hz), 7.43 (d, 2H, J= 8.0 Hz), 7.28 (d, 1H, J

H | =8.4Hz), 717 (d, 2H, J=8.0 Hz), 6.71 (d, 1H, I = 9.2 Hz),
P O P 2.37 (s, 3H); *C{'H} NMR (CDCls, 100 MHz): § 164.4,
O Z 140.7, 138.7, 138.0, 133.9, 131.6, 131.0, 129.3, 128.6,

122.2,120.0,118.2, 116.4, 89.8, 87.9, 21.7; IR (neat, cm™):

3351, 2954, 2920, 2210, 1694, 1660, 1510, 1438, 1374,
1258, 1173; HRMS (ESI/Q-TOF) (m/z): calcd. for C1gH14NO,
[M + H]": 260.1070, found: 260.1077.

Methyl (E)-3-(2-amino-5-(p-tolylethynyl)phenyl)acrylate (7ac):

As yellow solid (59 mg, 81% yield), mp 158—160 °C; *H NMR
(CDCls, 400 MHz): ¢ 7.77 (d, 1H, J = 16.0 Hz), 7.57 (d, 1H,
J=25Hz), 7.39 (d, 2H, J = 16.0 Hz), 7.32 (d, 1H, J1 = 6.4
Hz, J, =2.0 Hz), 7.14 (d, 2H, J = 8.0 Hz), 6.65 (d, 1H, J
= 8.4 Hz), 6.39 (d, 1H, J = 15.6 Hz), 4.14 (s, 2H), 3.80
(s, 3H), 2.36 (s, 3H); BC{*H} NMR (CDClI3, 100 MHz):
0167.7,145.9,139.4, 138.1, 134.5, 131.5, 131.4, 129.2,
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Methyl cinnamate (1a""):

tert-Pentyl acrylate (h)?*2:

p-Tolyl acrylate (1)2®:

T

120.6, 119.7, 118.7, 116.7, 113.6, 88.6, 88.1, 51.9, 21.6; IR
(neat, cm™): 3484, 3385, 3241, 2949, 2202, 1696, 1620, 1512,
1496, 1342, 1268, 1172, 1115, 1040; HRMS (ESI/Q-TOF)
(m/z): calcd. for C19H1sNO2, [M + H]™: 292.1332, found:
292.1335.

As gummy (53 mg, 65% yield); *H NMR (CDCls, 400 MHz):
57.70 (d, 1H, J = 16.0 Hz), 7.54-7.51 (m, 2H), 7.38 (t, 3H, J
= 3.6 Hz), 6.44 (d, 1H, J = 16.0 Hz), 3.81 (s, 3H); ¥C{!H}
NMR (CDCls, 100 MHz): 6 167.6, 145.1, 134.5, 130.5, 129.1,
128.2, 118.0, 51.9; IR (neat, cm™): 3056, 2959, 1733, 1635,
1422, 1374, 1264, 1046; HRMS (ESI/Q-TOF) (m/z): calcd.
for C10H1102, [M + H]": 163.0754, found: 163.0756.

As colorless liquid: *H NMR (CDCls, 500 MHz): § 7.15 (dd,
1H, J1 = 17.5 Hz, J2 = 11.0 Hz), 6.06 (d, 1H, J = 17.0 Hz),
5.40 (d, 1H, J = 11.0 Hz), 1.60 (q, 2H, J = 7.5 Hz), 1.24 (s,
6H), 0.64 (t, 3H, J = 7.5 Hz). The obtained *H NMR spectra

matched with the reported procedure in ref. 21a.

As colorless liquid: *H NMR (CDCls, 400 MHz): 6 7.16 (d,
2H,J=8.4 Hz), 6.99 (d, 2H, J = 8.4 Hz), 6.57 (d, 1H, J = 18.0
Hz), 6.29 (dd, 1H, J1 =17.2 Hz, J» =9.2 Hz), 5.97 (d, 1H, J =
9.2 Hz), 2.33 (s, 3H). The obtained *H NMR spectra matched
with the reported procedure in ref. 21b.

4-Methoxyphenyl acrylate (m)>3c:

TH-3483_ 196122010

As colorless liquid: *H NMR (CDCls, 500 MHz): 6 7.05 (d,
2H, J=9.0 Hz), 6.89 (d, 2H, J=9.0 Hz), 6.57 (d, 1H, J=17.5
Hz), 6.30 (dd, 1H, J1 = 17.5 Hz, J> = 10.5 Hz), 5.96 (d, 1H, J
= 10.5 Hz), 3.76 (s, 3H); *°C{*H} NMR (CDCl3, 125 MHz):
0 164.8, 157.3, 144.1, 132.2, 127.9, 122.2, 114.4, 56.4; IR
(neat, cm™): 2979,1720, 1639, 1545, 1340, 1282, 1152. The
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obtained 'H and *C{*H} NMR spectra matched with the

reported procedure in ref. 21c.

2-(6,6-Dimethylbicyclo[3.1.1]hept-3-en-2-yl)ethyl acrylate (p):

As colorless liquid: *H NMR (CDClIs, 400 MHz): 6 6.29 (dd,
1H, J; = 5.6 Hz, J, = 2.0 Hz), 6.06-5.99 (m, 1H), 5.72 (dd,
1H, J; = 10.4 Hz, J» = 1.6 Hz), 5.24 (s, 1H), 4.11-4.09 (m,
2H), 2.29-2.25 (m, 3H), 2.17-2.14 (m, 2H), 2.01 (s, 2H), 1.20
(s, 3H), 1.09 (d, 1H, J = 8.4 Hz), 0.76 (s, 3H); 3C{*H} NMR
(CDCls, 100 MHz): 6 166.1, 144.2, 130.3, 128.7, 118.9, 62.8,
45.8, 40.8, 38.0, 35.6, 31.7, 31.4, 26.3, 21.1; IR (neat, cm™):
2915, 1721, 1635, 1407, 1267, 1189,1058.

(3S,8S,9S,10R,13R,14S,17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yI

acrylate (g)%:

1VV.6. References

Yellow solid: *H NMR (CDCls, 500
MHZz): 0 6.38 (dd, 1H, J1 =17.5Hz, J> =
1.5 Hz), 6.10 (dd, 1H, J1 = 17.0 Hz, J2 =
10.5 Hz), 5.79 (dd, 1H, J1 = 10.5 Hz, J;
= 15 Hz), 5.38 (d, 1H, J = 5.0 Hz),
4.72-4.67 (m, 1H), 2.36 (d, 2H, J = 85
Hz), 2.03-1.95 (m, 2H), 1.92— 1.81 (m, 3H), 1.65-1.44 (m,
9H), 1.35-1.33(m, 3H), 1.28-1.22(m, 1H), 1.19-1.01 (m,
6H), 1.03-0.96 (m, 5H), 0.90 (d, 3H, J = 6.5 Hz), 0.87 (d, 3H,
J = 25 Hz), 0.86 (d, 3H, J = 2.0 Hz), 0.68 (s, 3H). The
obtained H NMR spectra matched with the reported

procedure in ref. 21d.
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IVV.7. Representative Spectra

Methyl (E)-3-(2-aminophenyl)acrylate (1a): *H NMR (CDCls, 400 MHz)
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Methyl (E)-3-(2-aminophenyl)acrylate (1a): *C{*H} NMR (CDClIs, 100 MHz)
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Ethyl (E)-3-(2-aminophenyl)acrylate (1b): *H NMR (CDCls, 400 MHz)
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Ethyl (E)-3-(2-aminophenyl)acrylate (1b): 3 C{*H} NMR (CDCls, 100 MHz)
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Dodecyl (E)-3-(2-aminophenyl)acrylate (1e): tH NMR (CDCls, 500 MHz)
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Dodecyl (E)-3-(2-aminophenyl)acrylate (1e): *C{*H} NMR (CDCls, 125 MHz)
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(Tetrahydrofuran-2-yl)methyl (E)-3-(2-aminophenyl)acrylate (1j): '"H NMR (CDClIs, 400
MHz)
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(Tetrahydrofuran-2-yl)methyl (E)-3-(2-aminophenyl)acrylate (1j): **C{*H} NMR (CDCls,
100 MHz)
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p-Tolyl (E)-3-(2-aminophenyl)acrylate (11): *H NMR (CDCls, 500 MHz)
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Chapter IV

p-Tolyl (E)-3-(2-aminophenyl)acrylate (11): 1*C{*H} NMR (CDClIs, 125 MHz)
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1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl  €-3-(2-aminophenyl)acrylate (10):
(CDCls, 400 MHz)
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Chapter IV

1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl €-3-(2-aminophenyl)acrylate (10): *C{*H} NMR
(CDCls, 100 MHz)
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2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl (E)-3-(2-aminophenyl)acrylate (1p): 'H
NMR (CDCls, 500 MHz)
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Chapter IV

2-(6,6-Dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethyl  (E)-3-(2-aminophenyl)acrylate  (1p):
BC{*H} NMR (CDCls, 125 MHz)
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(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (E)-
3-(2-aminophenyl)acrylate (1q): *H NMR (CDCls, 500 MHz)
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Chapter IV

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (E)-
3-(2-aminophenyl)acrylate (1q): *C{*H} NMR (CDClz, 125 MHz)
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Methyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4a): *H NMR (CDCls, 400 MHz)
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Chapter IV

Methyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4a): *C{*H} NMR (CDCls, 125 MHz)
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Methyl (E)-3-(2-amino-5-fluorophenyl)acrylate (4a): *°F NMR (CDClz, 376 MHz)
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Chapter IV

Methyl (E)-3-(2-amino-5-bromophenyl)acrylate (7a): *H NMR (CDClIs, 500 MHz)

BD-BRME-IH5002d REESSEERR BERE 58
BD-BR-ME-1H NRENNNNN SN R RV = -
e e \/ |
Sy j ‘
[} J NH,
= OMe
Br
0]
e L
|

UJ IR . |

N, W i L o |

EEE S8 g

T T T T T T
3.0 2.5 2.0 1.5 1.0 0.5 0.0

=)
W |
]

] 4.5 4.
f1 (ppm)

Methyl (E)-3-(2-amino-5-bromophenyl)acrylate (7a): 3C{*H} NMR (CDClIs, 125 MHz)
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Chapter IV

Quinolin-2(1H)-one (1a"): *H NMR (CDCls, 500 MHz)
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Quinolin-2(1H)-one (1a'): 3C{*H} NMR (CDCls, 125 MHz)
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Chapter IV

6-Methyl-4-(p-tolyl)quinolin-2(1H)-one (2ab): *H NMR (CDClz, 400 MHz)
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6-Methyl-4-(p-tolyl)quinolin-2(1H)-one (2ab): **C{*H} NMR (CDCls, 100 MHz)
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Chapter IV

Methyl (E)-3-(2-amino-5-(p-tolylethynyl)phenyl)acrylate (7ac): *H NMR (CDCls, 400
MHZz)
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Methyl (E)-3-(2-amino-5-(p-tolylethynyl)phenyl)acrylate (7ac): **C{*H} NMR (CDCls, 100
MHz)
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Chapter IV

Methyl cinnamate (1a"): *H NMR (CDCls, 400 MHz)
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