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SYNOPSIS

The thesis entitled “Design, Development, and Applications of New a-Diazo Carbonyl
Compounds as Carbene Surrogates to Access Useful Organic Compounds” comprises five

main chapters with sub-sections.
Aim of this Thesis

Carbene is the key reactive intermediate that facilitates diverse synthetic
transformations ranging from cycloaddition to site-selective functionalization. As they are
known as reactive intermediate species with short existence, their application in organic
synthesis in a controlled manner is highly challenging owing to their high reactivity nature.
Thus, controlling its reactivity is the most crucial so as to achieve selective carbene transfer
reactions. Over the years, researchers across the globe have been developing various carbene
precursors so as to harness their reactivity for many synthetic applications. The diazo
compound is one of the most useful and versatile reagents that are known carbene surrogates
for the efficient generation of a carbene intermediate. Over the years traditionally, the reactivity
of in situ carbene from the diazo compounds has been often controlled by the use of metal
catalysts in the form of metallo-carbenes or metal-carbenoids. For the last few decades, the
research area of carbenes has grown rapidly and many state-of-the-art synthetic methods have
been developed. These are not only based on the catalyst development but also aimed at tuning
the reactivity based on the carbene functionality and modifications of the ligand as well as
depending on the reacting partner. Recently, the focus has also been made towards the free-
carbene reactivity under visible light energy to trap the excited state reactivity. Despite some
of these advances, the ground-state free-triplet carbene generation has seldom been explored.
This highly challenging and difficult to generate the ground-state free-triplet carbene and also
their application into organic synthesis for the useful transformation is also difficult due to the

minimum singlet-triplet gap and their coexisting nature.

We have been working on the diazo compounds and we became more interested to tap
their versatile reactivity and explore their broader synthetic challenges. Owing to the
importance of these, the thesis has been aimed at the design, and development of newly
decorated diazo carbonyl compounds as carbene surrogates to construct useful compounds,
biologically active small organic molecules, and natural products and their analogs. The thesis
also looked into finding the reactivity profile of different diazo carbonyl compounds to explore

a few unprecedented methodologies utilizing newly invented bench-stable diazo compounds in



Synopsis

the presence of metal catalysis as well as under the direct exposure of visible light. Gratifyingly,
the thesis also presents the new carbene surrogate that is capable of generating the ground-state

triplet spin state and its utility in organic synthesis.
Chapter 1: Diverse Reactivities of Carbenes and Their Applications in Synthetic Strategies

This introductory chapter briefly presents the evolutionary development of carbenes
and their applications in organic synthesis. Starting from the traditional methods of utilizing
the reactive carbene species, the most recent methods for the utility of carbene precursors via
transition-metal catalysis via metal-carbenoid reactivity and the most recent exploration of
visible-light-induced photochemical free-carbene reactivity have been discussed. A few
selected transformations ranging from cycloaddition to site-selective C-H bond

functionalization have been outlined.

Diazo carbonyl compounds have been emerging as a revolutionary tool in organic
synthesis to accomplish the intriguing reactivity of metal-carbenoids or free-carbene species.
This chapter describes diazo compounds, their classifications, preparations, and their utility in
organic synthesis. It has also been outlined how the carbene reactivity could be controlled so
as to execute selective carbene transfer reactions via metal catalysis as well as photochemical
conditions. Further, it gives a brief account on the state-of-the-art synthetic strategies for the
carbene transfer reactions (in both spin states) generated from diazo compounds. Also, the
chapter presents the unique reactivity nature of vinyl diazo compounds under metal catalysis
as well as under photochemical conditions.

Chapter 2. Silver(l)-Catalyzed Diastereoselective Epoxidation of Aldehydes with Vinyl

Diazosuccinimides via (2+1)-Cycloaddition Process

This chapter describes the exploration of silver hexafluoroantimonate as an efficient
catalyst for the development of a highly diastereoselective synthesis of oxiranes. The reaction
of aldehydes with donor-/acceptor-substituted vinyl diazosuccinimides as metallo-carbene
precursors via (2+1)-cycloaddition under silver catalysis furnished oxiranes. Earlier, oxiranes
have been synthesized using different metal catalysts such as rhodium, copper, etc. However,
in a few methods, along with the oxiranes, dioxolanes are also formed as a competitive side
product. The natural product TAN-1813 could be achieved starting from the spiro-oxiranes.
Owing to the importance, of the spiro-oxiranes, we proposed that the vinyl diazo succinimide

and aldehyde could be successfully utilized for constructing the spiro-oxiranes under suitable

Xvii
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conditions. However, the major challenge is to access the desired product exclusively and to
avoid side-product formation.

This chapter discloses the design and development of a convenient method for the direct
synthesis of oxiranes starting from aldehydes and donor-/acceptor-substituted vinyl
diazosuccinimides as metallo-carbene precursors via (2+1)-cycloaddition in presence of
catalytic amount of silver hexafluoroantimonate as an efficient catalyst.

In order to achieve this, the development of a practical and convenient one-step
synthesis of the bench-stable diazo succinimide is highly desirable as the available
conventional synthetic strategies are long. In this regard, to begin with, we developed a novel
protocol for the synthesis of vinyl diazo succinimides starting from biologically active
benzylidene succinimides via a diazo transfer process.

After the systematic and exhaustive screening, 4-nitrobenzaldehyde 2a (1 equiv.), N-
ethyl benzylidene diazo succinimide 1a (1 equiv.), AgSbFe (5 mol%) in p-xylene at an elevated
temperature (110 °C, 2 min) proved to be the optimized reaction condition to access the
corresponding spiro-oxirane 3aa as a single diastereomer without the formation of any
dioxolane 3'aa side product (see Scheme 2.1)

0

Now. ] . AgSbFy (5 mol%) O,N O
o] p-Xylene, 110 °C, 2 mins o

O,N

]: I [ ] RZ R"

O

0 NO; R1_k\ @l

+ y f via & o
(6]
N
0 Q . {

N
Y NO, " n
transient styryl
1a 2a 3aa (oxirane) 3'aa (Dioxolane) carbonyl ylide (int-11)
1 equiv. 1 equiv. Yield: 54% Yield: 0% R'=NO,CgH,
single diastereomer R2=H

R' = ethyl, R" = Ph

Scheme 2.1. Highly diastereoselective synthesis of spiro-oxiranes under silver(l) catalysis.

Having obtained the optimized reaction condition, in order to demonstrate the
generality of this protocol, to begin with, we treated diazo arylidene succinimide la with
various aromatic aldehydes (2a-2n) containing electron- withdrawing and -donating groups
under the optimized reaction conditions. All the aldehydes reacted smoothly with 1a to afford
the desired spiro-oxiranes (3aa-3an) as a single diastereomer in modest to moderate to good
yields with high regio- and chemo-selectivity (up to 69% vyield, Table 2.1). It is important to
highlight that in all the cases, we did not observe the competitive side product-dioxolane 3’

even in trace (formed by other diazo compounds as mentioned early).

Xviil
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N N .\ H\fo AgSbFg (5 mol%) ]
o) R p-Xylene, 110 °C, 2 min o
e 07N
1a (1 equiv.) 2 (1 equiv.) 3a \\

MeO,C o
D
(6]
6} )N (e}

3ad (45%)

sy

3am (39%) 3an (40%) (Molecular Structure of 3al)

@Reaction conditions: 1a (1 equiv.), 2 (1 equiv.), AgSbFg (5 mol%), p-Xylene (3 mL),
N, atmosphere; PYields of isolated products are obtained by purification using column
chromatography and yields are given in the parentheses.

Table 2.1. Substrate scope aldehydes to access spiro-oxiranes via the formal (2+1)-
cycloaddition.

We painstakingly isolated two diastereomers of 3al and their molecular structures and
geometric arrangements were unambiguously confirmed using single crystal X-ray diffraction
analysis (CCDC — 1971121 and 1972978). Later, we explored the substrate scope of different
diazo arylidene succinimides (1b-1f, 1a’-1b’) by treating with different aromatic aldehydes
under the optimized reaction conditions (Table 2.3). Gratifyingly, all the diazo arylidene
succinimides reacted smoothly under the conditions to afford the corresponding spiro-oxiranes
(3bh-3ch, 3ca, 3dh-3fh, 3a’a-3a’h, 3b’h) in moderate yields with very good
diastereoselectivity (up to 60% vyield, Table 2.3).

XiX
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Nl N H\fO AgSbFg (5 mol%) @‘2/{
N O+ R pXylene, 110 °C, 2 min o

MeO

3bh (58%) 3ch (51%)

3a'a (41%) 3a'h (51%)

3b'h (36%)

aReaction conditions: 1a (1 equiv.), 2 (1 equiv.), AgSbFs (5 mol%), p-Xylene (3
mL), No-atmosphere; ®Yields are given in parenthesis and are obtained by purification

using column chromatography.

formal (2+1)-cycloaddition.
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Table 2.2. Substrate scope of benzylidene diazo succinimides to access spiro-oxiranes via the

In summary, we have successfully developed a practical and convenient protocol for
the synthesis of vinyl diazosuccnimides as well as demonstrated their utility by developing a
methodology to directly access spiro-oxiranes starting from different aldehydes under silver(l)
catalysis. The protocol proved to be highly efficient to construct the highly diastereoselective
spiro-oxiranes exclusively and the highly competitive dioxolanes side-products did not form
during the transformation. This is the first method wherein, the silver carbenoids of vinyl

succinimides have been explored to access regio-, chemo- and diastereo- selective spiro-
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Chapter 3: A One-pot Access to Diastereoselective Benzoxepino[2,3-c]pyrroles via Formal

(5+2)-Annulation of Vinyl diazosuccinimide with Ketones Under Silver Catalysis

This chapter addresses a challenging strategy for the diastereoselective synthesis of
dihydrobenzoxepines 5 via formal (5+2)-cycloaddition of vinyl diazosuccinimides 1 as 5-C
synthons with different aryl/alkyl methyl ketones 2 under silver catalysis. The chapter gives a
brief account on the importance of dihydrobenzoxepines and strategies to access the same along
with oxiranes and dihydrofurans via different strategies.

It is known in the literature that in general vinyl diazo compounds 1 react with
aldehydes to form a mixture of oxiranes 3 [via formal (2+1)-cycloaddition] and dihydrofurans
4 [via formal (3+2)- cycloaddition] through styryl carbonyl ylide int-11 via metal-carbene
intermediates. However, the direct synthesis of dihydrobenzoxepine derivatives 5 via an
alternative formal (5+2)-cycloaddition using vinyl diazo compounds as 5-C-synthons is quite
challenging and difficult task. The entropic factor and the intrinsic steric hindrance emanating
from Z-configuration around the C=C bond between benzylidene group of 1 and the ‘catalyst

wall” makes it highly unfavorable for the desired transformation (see Figure 3.1 A and B).

A catalyst wall
Y M M
Ar/v\EWG J)\ EWG
A A g P mmmmmmmosoesseseseseoeooooes '
: 1 B o steric interference o entropic factors :
steric H :
interference [:V|]
;rr;\r:_ [lM] . | EwG |: (catalyst waII)[Mr;ﬁ ;
X NEwe Ar . - ) scis conformatlonE
c D : (unfavourable)

Figure 3.1. A) Conformational changes of acyclic vinyl carbenoid under the influence of
catalyst; B) Challenges to access (5+2)-cyclo-annulation of acyclic vinyl diazo compounds.

Due to our continuous research interest in the arylidene diazo succinimides 1 and their
utility in different synthetic transformations, we looked into the spacial arrangement of the
compound 1a through its molecular structure (Single crystal X-ray diffraction analysis data).
The data revealed that the benzylidene group is oriented at ~34° dihedral angle (0) [slightly
twisted] to that of rest of the molecule across the C=C bond due to its favorable Z-configuration
(see Figure 3.2). This interesting observation further excited us to envision the possible
generation of carbonyl ylide and its further role in driving the 6z-electrocyclization to furnish
the dihydrofurans 4 or 8m-electrocyclization followed by rearomatization to afford the

dihydrobenzoxepines 5 (see Figure 3.2).
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1 Molecular structure of diazo succinimide int-1 ' (Dihydrofuran)

(by SCXRD analysis) dihedral angle, 6 = 34°
(Thermal ellipsoids at 50% probability)

(Benzoxepines)

Figure 3.2. Characteristic properties of vinyl diazosuccinimide.

In order to validate the hypothesis, we carried out the systematic screening of various
catalysts and other conditions carefully. Based on the screening, vinyl diazo compound 1a (1
equiv.), acetophenone 2a (1 equiv.), AgNTTf2 (5 mol%) in anhydrous dichloromethane at room
temperature at inert atmosphere proved to be optimized reaction conditions to access the
desired dihydrobenzoxepine 5aa via formal (5+2) cycloaddition. Notably, we observed that

the efficiency of the silver catalyst is also dependent on the non-nucleophilic and low

sl

|nt 1l

Incorporation of carbonyl
compound into the steric
environment

coordinating counteranion (TfN ).

N, y/ . Ph\[/,O AgNTf, (5 mol%)

o Me ~ CH,Cl, (0.033 M), rt, 2 h

1a 2a 3aa 4aa 5aa
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)-  formal (3+2)-  formal (5+2)-

Scheme 3.1. Optimization of formal (5+2)-cycloaddition of methyl ketones with vinyl

diazosuccinimide.

Having optimized the reaction conditions, we further explored the generality of this
protocol. Different diazo arylidene succinimide 1a were treated with various aryl/alkyl methyl
ketones (2a-2n) containing electron-deactivating and -donating groups under the optimized

reaction conditions to afford the desired dihydrobenzoxepines (5aa-5an) as a single
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diastereomer with moderate to good yields (up to 74%) with high regio- and chemo-selectivity
(Table 3.1). Interestingly, in all the cases we did not observe any competitive dioxolane and

dihydrofuran side products even in trace.

;U/Z

1a

(1.0 equiv.)

5aa:
5ab:

5ac:
5ad:

5ae:
5af:
5ag:

Ska, 50%

M Bba: Ar = CgHs, R® = Me; 52%

5ca: Ar = CgHs, R® = CgHs; 45%

5da: Ar = p-MeCgH,, R® = CgHs5; 42%
5ea: Ar = CgHs, R® = 4-MeCgHy; 48%

AgNTf, (5 mol%)
DCM (0.033 M), rt, 2 h

2a
(1.0 equiv.) formal [5+2]-

Ketone scope cycloaddition product

R =H; 70%

R = CHj3; 70%
R = OMe; 74%
R =F; 45%

R = CI; 65%

R = Br; 46%
R=1;44%

Me, Me

5al, 50%

5am, 65% 5an, 50%

Diazo scope

©"'~

- 5fa: Ar = p-FCgH,; 55%
5ga: Ar = m-FCgHy; 62%
o- 5ha: Ar = m-CICgH,; 68%
5ia: Ar = m-BrCgHy; 55%
5ja: Ar = p-MeCgHy; 52%

o

5ma: R = Me; 0%
5na: R = COMe; 61%

Molecular structure of 5ga
(using single crystal XRD-analysis)
(Thermal ellipsoids at 50% probability)

5la, 0% 5ma-5na

“Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a-1n (1.0

equiv., 0.2 mmol), 2a (1.0 equiv., 0.2 mmol), AgNTT, (5 mol%) and dry CH,Cl, (0.033M) at room temperature (26°
C) under argon atmosphere over 2 h. In all cases single diastereomer was obtained.

Table 3.1. Substrate scope studies with diverse methyl ketones for the formal (5+2)-

cycloaddition.
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Further, diverse of diazosuccinimides (1b-1n) were subjected to the optimized reaction
conditions with acetophenone 2a, and the desired dihydrobenzoxepines (5ba-5na) were
obtained as a single diastereomer with moderate to good yields (up to 68%) with high regio-
and chemo-selectivity (Table 3.1). In all the cases, we did not observe any competitive

dioxolane and dihydrofuran side products even in trace.

Later, we carried out a series of control experiments including time-dependent NMR
studies to have mechanistic insight into this (5+2)-cycloaddition. The experimental
observations clearly revealed the in-situ generation of a transient metal-unbound carbonyl ylide

that drives the reaction further.

In summary, we have successfully demonstrated an unmet challenge of utilizing the
donor-/acceptor-type vinyl diazosuccinimides as 5-C-synthons under silver-catalysis to access
very useful dihydrobenzo[5,6]oxepino[2,3-c]pyrroles in one pot. The protocol was found to be
highly regio-, chemo- and diastereo- selective and worked well with both aliphatic as well as
aromatic methyl ketones bearing electron deactivating as well as donating groups. The most
plausible mechanism of this transformation has been deciphered by a series of control
experiments and time-dependent NMR studies. The protocol also proved to be scalable on the

gram quantity.

Chapter 4: Metal-carbenoid vs photoinduced metal-free carbene — Tunable carbene

reactivity of vinyl diazosuccinimides

This chapter greatly describes the design and development of novel synthetic strategies
to construct 2H-chromenes via both metal-carbene as well as photoinduced reactions. The use
of modified vinyl diazosuccinimides has been effectively explored as carbene surrogates and
their reactivity behaviors have been studied in detail under metal as well as visible light
conditions (photolysis). Different 2H-chromene derivatives have been synthesized using both
protocols by generating different spin-state carbenes. Gratifyingly, control reactions discovered
remarkable tunable carbene spin state reactivity under both reaction conditions to furnish the
2H-chromenes with high regioselectivity. These two studies have been described in detail
under two sections (Chapters 4A and 4B).

Chapter 4 — Section A: Intramolecular O—H Functionalization under Silver Catalysis:
Access to 2H-Chromene
This Section A discloses the design and development of a novel synthetic protocol for

the intramolecular O-H functionalization to access 2H-chromenes starting from vinyl
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diazosuccinimides as a carbene precursor via metal-carbenoid intermediates. To begin with a
brief account on the importance of 2H-chromenes and their subfamily dihydrochromeno[2,3-
c]pyrrol-3(3aH)-one has been presented. Also, an overview of the previous synthetic protocols
to access 2H-chromene subfamily and some of their limitations have been discussed. To
overcome some of the challenges, we first envisioned the one-step synthesis of 2H-chromene
congeners starting from ortho-OH substituted arylidene diazosuccinimides via intramolecular
O-H functionalization (Scheme 4A.1).

Br

OH
Br
AgNTf, (5 mol%)
Nl , o/
1,4-dioxane (0.033 M)
0 2h,rt
1ac 6ac, 78%
(0.2 mmol) O-H functionalization product

Scheme 4A.1. Regioselective intramolecular O—H functionalization via silver(l) catalysis.

The systematic screening of different reaction parameters such as catalysts, catalyst
loading, solvents, temperature range, and reactant concentration has been carried out. Based on
the exhaustive screening, 5-bromo-2-hydroxybenylidene diazosuccinimide 1ac (0.2 mmol, 1.0
equiv.), silver(l) triflimide (5 mol%), in dry 1,4-dioxane at room temperature under inert
atmosphere (2 h) proved to be the optimized reaction condition to afford the corresponding O—

H functionalization product 6ac in good yield (78% yield, Scheme 4A.1).

Having optimized the reaction conditions, we further explored the substrate scope of
different hydroxy-substituted benzylidene succinimides in order to demonstrate the generality
of this protocol. In this regard, a variety of N-alkyl/aryl substituted and ortho-OH substituted
diazo arylidene succinimides (lac-lal, 1bc-1kc) have been synthesized. These arylidene
succinimides (lac-lal) under the standard optimized reaction conditions afforded the
corresponding dihydrochromeno|[2,3-c]pyrrol-1,3(2H,3aH)-dione (6ac-6al) in moderate to
very good yields ( up to 88%, Table 4A.1). Among the N-substituted benzylidene succinimides,
N-alkyl substituted benzylidene succinimides furnished the desired products (6ac-6fc)
relatively in highest yields than that derived from N-aryl benzylidene succinimides (6hc-6Kkc).
While the benzylidene succinimides having different substituents at the phenyl ring of
benzylidene afforded the desired products in good to very good yields (6ab-6aj). While the
benzylidene succinimides with disubstituted phenyl ring afforded the desired products (6ak,
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6al) in relatively lower yields (Table 4A.1). Interestingly, N-(S)-phenyl ethyl benzylidene
succinimide furnished the corresponding diastereoselective desired product 3gc in good yield
(70%) with d.r. = 1:1 (Table 4A.1).

OH

N, / AgNTf, (5 mol%)
O 1,4-Dioxane (0.033 M), rt,2 h
o N\ Argon atmosphere
R
1
(0.2 mmol) Intramolecular O-H insertion
o different N-protection Br
Br
6ac: R = Ethyl; 78% le} /
6bc: R = 2-ethylhexyl; 72%
O )  6cc:R=dodecyl; 74% o o Shc:Ar=H; 45%
N P - . 0
6dc: R = allyl; 54% 6ic: Ar = 4-Me; 63%
0PN\~ ~0 6ec: R = CH,Ph; 68% 6jc: Ar = 2-Cl; 38%
|'Q 6fc: R = cyclohexyl; 70% 6kc: Ar = 4-CF3; 70%
6ac-6fc 6hc-6kc
o different benzylidene substituted patterned //
6__7
5 @ g 6ab: Ar=H; 72% MeO
6ae: Ar = 6-Br; 88%
40 9 6af Ar=5Br; 75% oy
3 6ag: Ar = 7-NO,; 56%
0= N7, =0 6ah: Ar=7-F; 75% o) o O

2101 . N

. 6ai: Ar = 7-Cl; 85% P
6aj: Ar = 7-OMe; 60%

6ab-6aj ! ° 6ak, 48% 6al, 55% 6gc, 70%, d.r. = 1:1

aStandard optimized reaction conditions: 1 (0.2 mmol.) in dry 1,4-Dioxane (3 mL) was
added dropwise into a solution of AgNTf, (5 mol%) in dry 1,4-Dioxane (3 mL) over 2 h, rt,
argon atmosphere. "Yield of isolated products after column chromatography.

Table 4A.1. Substrate scope of the different hydroxy-substituted benzylidene succinimides

In summary, we have successfully developed the silver-catalyzed one-pot synthesis of
regioselective synthesis of chromeno[2,3-c]pyrrole-1,3(2H,3aH)-diones (2H-chromenes
subfamily). The reaction is believed to proceed through traditional transient silver-carbenoid
species through its singlet carbene state to afford the desired products. Diverse N-substituted
and arylidene-substituted diazosuccinimides tolerated reaction conditions. The protocol proved

to be practical and is scalable on gram quantity.
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Chapter 4 — Section B: Photochemical Carbene Reactivity of Donor-/Acceptor-type
Diazosuccinimide: An Access to 2H-Chromene

This section describes the development of a novel strategy to access 2H-chromene
derivatives from arylidene diazosuccinimides via photoinduced intramolecular hydrogen atom
transfer (HAT) process. A detailed and systematic screening has been carried out to bring about
the visible-light-driven selective and controlled O—H functionalization. The section presents a
brief overview of the general photochemical reactivity of diazo compounds and their photolysis
to generate carbenes of different spin states. Generation of singlet spin state carbene via
traditional methods to photoredox chemistry using photocatalyst/photosensitizer to execute the
reactions either via triplet carbene spin state or via radical pathway has been discussed. Some
of the earlier pioneering and elegant methods related to this field have also been disclosed.
Despite some of the advances, the development of photoinduced sensitizer-free triplet carbene
generation is highly challenging and this has seldom been reported in the literature. Moreover,
their generation and subsequent application in organic synthesis are even more challenging
owing to the rapid singlet vs triplet spin state equilibrium.

In order to explore this novel study, to begin with, we systematically studied the UV-
vis absorbance properties of diazo succinimides. These data encouraged us to further explore
their metal free-carbene reactivity under direct visible light irradiation. We looked into
different reaction parameters such as light sources (wavelength and intensity), solvent,
temperature, reactant concentration, etc. Based on the detailed and careful screening, the
arylidene diazo succinimide 1ac (0.1 mmol) in 1,4-dioxane (c = 0.04 M), Blue LEDs (456 nm)
at room temperature under open air, turned out to be optimized reaction condition to afford the
desired O—H functionalization product 6ac in good yield with high regioselectivity (73% yield,
Scheme 4B.1).

Br

OH
Br blue LEDs
N, / (160L-456 nm) o |
O 1,4-Dioxane (0.04 M), rt, 12 h O
o ; under air fe) ;
1ac (0.1 mmol scale) 6ac. 73%

Scheme 4B.1. Photoinduced intramolecular O—H functionalization: An access to 2H-
chromenes.
Having optimized the reaction condition, we further explored the substrate of the

protocol in order to demonstrate the generality and wider applicability of the protocol. A variety
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of arylidene succinimides (lac-1al) under the optimized photoinduced reaction conditions
afforded the corresponding dihydrochromenol[2,3-c]pyrrol-1,3(2H,3aH)-diones (6ac-6al) in
moderate to very good vyields ( up to 84%, Table 4B.1). Among all the N-substituted
benzylidene succinimides, N-alkyl substituted benzylidene succinimides furnished the desired
products (6ac-6fc) relatively in highest yields than that derived from N-aryl benzylidene
succinimides (6hc-6kc, Table 4B.1). While the diazo substrates with different substituents at
phenyl ring of benzylidene afforded the desired products (6ab-6aj) in good to very good yields
(up to 80%, Table 4B.1). The benzylidene succinimides having disubstituted phenyl ring
furnished the desired products (6ak, 6al) in relatively lower yields (Table 4B.1). These
observations were similar to that of metal-carbene transfer reactions (Table 4A.1).

Interestingly, N-(S)-phenyl ethyl benzylidene succinimide furnished the corresponding

e
blue LEDs

N, / (160L-456 nm)
0 1,4-Dioxane (0.04 M), rt, 12 h
o N\ under air
R
1
(0.1 mmol) Intramolecular O-H insertion
o different N-protection Br
Br
6ac: R = Ethyl; 73% o] /
6bc: R = 2-ethylhexyl; 68%
O )  6cc:R=dodecyl; 67% o o 8hc:Ar=H; 40%
N e - . 0
6dc: R = allyl; 48% 6ic: Ar = 4-Me; 55%
0PN~ >0 6ec: R = CHyPh; 62% 6jc: Ar = 2-Cl; 46%
& 6fc: R = cyclohexyl; 66% 6kc: Ar = 4-CF3; 65%
6ac-6fc 6hc-6kc
o different benzylidene substituted patterned // Br
6__7
5 @ g 6ab:Ar=H:66%  MeO
6ae: Ar = 6-Br; 84% o] y/
40 9 6af Ar=5-Br;70% Oy
3 Gag: Ar = 7-N02, 52% e} N (@)
O N7 O 6ah: Ar=7-F; 68% O N o O N /‘\
2) 6ai: Ar = 7-CI; 80% P Ph” ~Me
6aj: Ar = 7-OMe; 54% =1:
6ab-6aj ! ° 6ak 42%  6al, 54% 6gc, 64%, d.r. = 1:1

Reaction condition: Diazo succinimide 1 (0.1 mmol), a. r. grade 1,4-Dioxane (¢ = 0.04 M), blue
LEDs (456 nm), under air, 27 °C.

Table 4B.1. Substrate scope studies for the photoinduced intramolecular O-H

functionalization.
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diastereoselective desired product 6gc in good yield (64%) with d.r. = 1:1 (Table 4B.1).

We further planned to explore systematic studies to have an insight into the reaction
mechanism of this visible light drive protocol. We carried out the labelling experiments as well
as radical trapping experiments. The reaction proved to involve a radical intermediate as the
reaction of lac in the presence of butylated hydroxytoluene (BHT) did not afford the desired
reaction and the corresponding radical trapped intermediate - succinimide-BHT adduct has
been detected by HRMS. This result supported that the transformation must be involving the
radical pathway. Later, we carried out the low-temperature EPR study by irradiating the
carbene surrogate -diazo succinimide 1ab in frozen matrix of 1,4-dioxane. Interestingly, the
observation supported the direct photogeneration of a ground-state triplet carbene.

Later, in order to understand the mechanism in depth, we synthesized a methoxy-
substituted diazo succinimide lad and treated it under optimized reaction conditions. We
observed an interesting product 6ad in 62% vyield (Scheme 4B.2). This remarkable result
unequivocally supported the intramolecular 1,6-methyl group transfer just like the hydrogen of
the hydroxyl group. Based on the above experimental observations and we strongly believe
that transformation involves a group transfer radical cyclization “GTRC” process.

Me
MeO,
OMe
Me standard
MeO .
N/ condition o |
O  via'GTRC' Me (o]
o” N o 5
1ad 6ad, 62%

confirmation of intramolecular
proton shifting

Scheme 4B.2. Control reaction with -OH protection.

In summary, this chapter successfully demonstrated the novel utility of modified diazo
succinimides as a new class of reagents that are capable of reacting under the photoinduced
reaction conditions. It has been proved that upon exposure to blue LEDs (456 nm), benzylidene
diazo succinimides generate ground-state triplet carbene (without intersystem crossing - ISC).
This is very important to highlight that this protocol doesn’t depend on any photosensitizer.
The intramolecular O—H functionalization protocol proved to be practical, and scalable to

construct biologically relevant scaffolds 2H-chromenes.
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Chapter 5: Highly Regio- and Chemo-selective Arene Cyclopropanation using Donor-

IAcceptor- type Propargyl a-pentafluorophenyl-a-diazoacetate via Scandium Catalysis

This chapter discloses the very first direct dearomatization of arenes by mobilizing one
double bond at the expense of intrinsic aromatic stabilization to access norcaradienes (NCDs)
via novel scandium catalysis. The design, development of novel donor-/acceptor-type
diazoacetates, such as propargyl o-pentafluorophenyl-a-diazoacetates led to the novel
reactivity and synthetic application under commercially viable scandium triflate. It is also
important to highlight that protocol afforded the norcaradienes (NCDs) exclusively without
any side reactions viz. Buchner-type ring expansion product cycloheptatrienes (CHTs) or C—H
insertion (functionalization) products. This chapter begins with a brief account on the inherent
challenges related to “undirected” strategy to access norcaradienes along with some of the
general strategies for dearomatization. Most of the strategies relied on the acceptor-/acceptor-
type diazoacetates owing to their strong m-electron acceptance property of the geminal groups
which favors the CHTs==NCDs equilibrium to shift towards NCDs. The previous attempts
and limitations for norcardiene formation utilizing donor-/acceptor-type diazoacetate and the

limitation of Lewis acids for accessing norcaradienes have been discussed.

In order to overcome some of the limitations starting from donor-acceptor type
diazoacetate for the arene cyclopropanation, we judiciously designed and developed the
synthesis a few bench-stable diazoacetates by modifying both the aryl part and ester part. We

screened various newly

]
Q)\O © Sc(OTf); (5 mol%) i F
' E. -
1,2-DCE, 80 °C, 18 h ' @
E
]
]
o)
]
]
]
]
]

norcaradiene  Buchner  self coupling
functlonahzatlon ring
expansion

7h 8a 9ha 10ha 11ha 12ha
(0.5 mmol) (5.0 mmol) yield: n.d. 1% n.d. n.d.

Scheme 5.1. Highly diastereoselective synthesis of norcaradiene (NCD) via scandium

catalysis.

developed bench-stable diazoacetates using different catalysts, solvents, temperature range,
and additives. Based on the detailed investigation, propargyl o-pentafluorophenyl-a-
diazoacetate 7h (0.5 mmol), benzene 8a (5.0 mmol), Sc(OTf)s (5 mol%), in 1,2-DCE at an
elevated temperature (80 °C) under an inert atmosphere for 18 h proved to be the optimum
reaction condition to afford the desired norcaradiene 4ha in good yield with exclusive

diastereoselectivity (71% yield, Scheme 5.1).
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I,-_--\\ I
. Ar : F
2 - | F E
o Z Ay Sc(OTH); (5 mol%) =z O =
+ Ar ! O\//é?
) o7 DCE, 80 °C 1 F F
o) | F
h 8 10 ‘

10ha, 71% 10hb, 76%, rr = 1:1 10hc, 68%, rr = 1.3:1 10hd, 72%, rr = 1:1 10he, 40%
Me OMe
Me
o\/// 0\/// E(o\/é
o] o o]
10hf, 42% 10hg, 56% 10hh, 64%, p:o = 90:10 10hi, 70%, p:o = 85:15 10hj, 80%, rr = >20:1

T\N 7

structural framework of
ST-246 orthopox antivirals

10hI', 48% 10hm, 82% 13ha (172 mg, 92%)

@Reaction conditions: diazo compound 1h (0.5 mmol, 1.0 equiv.), arenes 2 (5.0 mmol), and Sc(OTf)s (5
mol%) was added in 1,2-DCE (2.5 mL) under inert atmosphere and reaction mixture was reflux at 80 °C;

reaction was monitored by TLC. PIsolated yield after purification by column chromatography.

Table 5.1. Substrate scope studies for the direct dearomatization to access norcaradienes

(NCDs).

Having obtained the optimized reaction condition, we further explored the substrate

scope in order to examine the generality and advantages of this protocol. In this regard, a variety

of alkyl-substituted arenes (2b-1j) and polycyclic arenes (2k-2m) have been treated with

corresponding were investigated utilizing propargyl a-pentafluorophenyl-a-diazoacetate 1h

under the optimized reaction conditions to afford the corresponding desired norcaradienes
(4hb-4hj, 4hk-4hm) in moderate to good yields (up to 82%, Table 5.1) with exclusive
diastereoselectivity via good regio-controlled way. Most importantly we did not observe any
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competing side-products emanating from Buchner ring expansion and C-H bond

functionalization even in trace.

Later, as an application to the developed protocol, synthesized norcaradiene 4ha has
been further employed for transformation to access the bicyclic carbocycle scaffold which is

core to ST-246 orthopox antivirals.

In summary, a robust and synergistic reagent-catalyst system has been developed for
the direct efficient dearomatization of the electronically unactivated and activated arenes. After
careful analysis, propargyl a-pentafluoro-a-diazoacetate has been designed and developed that
is bench stable having the capability to drive the dearomatization when treated with arenes.
The protocol proved to work well with various alkyl-substituted arenes as well as polyarenes
systems under the optimized condition to furnish the different norcaradienes in moderate to
good yield with good regio- and chemo-selectivity without the competitive side products.

*hkkkk

(Numbers of substrates and products in the synopsis are different from those in the thesis
chapters. Please note that compound numbers have been assigned in the synopsis and
subsequent chapters for the flow and convenience of the readers)
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Chapter 1

Diverse Reactivities of Carbenes and their Applications in Synthetic
Strategies
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Diverse Reactivities of Carbenes and their Applications in Synthetic
Strategies

This introductory chapter presents a brief overview on the progress carbene chemistry
and their great utility in the synthetic organic chemistry. The utility of reactive carbene species
in the traditional reactions to various unprecedented transformations in age catalysis have
been discussed. The carbene transfer reactions (especially, cycloadditions and
functionalization strategies) via transition-metal catalysis (metal-carbenoid reactivity) as well
as the novel photoexcited state reactivity of carbenes under visible-light (metal free-carbene
reactivity) have been discloses. Controlling the carbene reactivity is the foremost parameter
for the selective carbene transfer reactions and it’s generally achieved by the combined effect
of metal catalyst and ligand to implement successful reactions via singlet carbene intermediate.
On the contrary, the application of free-carbene in organic synthesis, particularly, triplet
carbene has gained very little attention from researchers across the globe. While the
traditional singlet carbene reactivity relied on the use of specific metal complexes over the
decades and the reactivity of triplet carbene under visible light in organic synthesis is
underdeveloped and it is in the initial phase. Herein, in this chapter, traditional as well as
modern strategies of carbene transfer reactions (in both spin states) generated from diazo

compounds have been presented.

1.1. Introduction:

Divalent neutral carbon species called carbenes and are termed as reactive intermediates due
to their fleeting existence. This coordinately unsaturated reactive species is inherently unstable
in its free carbene state as it has incomplete octet. Carbene was first postulated by Eduard
Buchner in 1903 during studies on cyclopropanation using ethyl diazoacetate in toluene.?
Before that, in the early nineteenth century, when the quadrivalency of carbon was not even
established, the very first attempt to generate parent carbene (methylene) was made by the
dehydration of methanol by employing phosphorus pentoxide.? Later, Nef stimulated this field
further with his “general methylene theory”. ® In the 1910s, Staudinger's ground-breaking work
on the decomposition of diazo compounds and ketenes led to the first recognition of carbene

as a de novo reactive species and revolutionised the carbene chemistry.*
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Depending upon the electronic structure, carbene can be classified as singlet and triplet
(two distinct spin isomers) carbenes. The two unshared valance electrons in the ground state of
carbene can either be in the same orbital with antiparallel spin (i.e., singlet state) or in two
distinct orbitals with parallel spins (i.e., triplet state). In the singlet state, the two unshared
valance electrons reside on the sp>-hybridized orbital with spin pairing and the another p-orbital
is vacant thus making it to exhibit diamagnetic character. While carbene in the triplet state,
both the p-orbitals are singly occupied and thus it exhibits paramagnetic character (see Figure
1.1A).

A. Classification of carbene and stability

Stability: Triplet > singlet (R=H, alkyl)
. p-orbital p-orbital —_ 1

X—C

RSET e o - R—C_ \D
SKO% Reliefof e - & K@Q O

coulombic repulsion sp? Possibility of stabilization:

~R

Singlet Triplet induced by X = O, N, S, halogens etc.
B. Stable singlet carbenes C. Ground-state triplet carbenes
R .
Ny J,0
ve Me  NCPD), K \ Me”‘y'e“e 18 NeNE L
SSil Pl N%Q Diphenylmethylene l\ll ) C-
Me™ ™ > “N(Pr),
N ce dipp”

14 R 15 . :H
(Phosphino)(silyl) NHC-carbene Q D
17 vmyhdene

carbene . .
o-electron withdrawing | | Phenylmethylene Fluorenylidene 19

Figure 1.1. Classification of carbene, stability and their examples.

Triplet state carbene is typically more stable than singlet state carbene as it is relieved from the
interelectronic (" — €”) repulsion in the orbitals as ascribed according to Hund’s maximum spin
multiplicity rule. Though singlet carbene is energetically higher, it is possible to stabilized, if
its energy can be significantly reduced. The carbene species will be stabilized, if any
functionalities can donate a pair of its electrons to the carbene carbon center by the
delocalization with the empty p-orbital (see Figure 1.1A). In the 1950s, Breslow® and
Wanzlick® realized that the inclusion of amino substituents on carbene could be substantially
enhance its stability and however, they were unable to isolate a "monomeric™ carbene (carbene
is generally prone to undergo dimerization). In 1988, Bertrand contributed significantly

towards the first stable singlet carbene [(phosphino)(silyl)carbene]® and this remarkable result
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became the turning point for the few stable heterocyclic carbenes® (see Figure 1.1B).
Interestingly, in the year 1997 Tomioka discovered the persistent triplet carbene.” However, it
is quite difficult to stabilize the triplet carbene either by a polar effect internally or externally
since it is an electronically neutral species. Triplet carbene can only be stabilized with the aid
of a spin-delocalizing substituent. Owing to this, a very few have been reported till date on the
of ground state-triplet carbenes (see Figure 1.1C).8 Moreover, the discovery of persistent triplet
carbene is not only of fundamental interest, but also it has numerous and interesting
applications due to its paramagnetism properties.®>¢ Owing to the importance, the generation

of persistent triplet carbene is currently a prominent topic of research.®

1.2. Classification of organometallic carbenes or Metal Carbenoids:

The concept of double bond between transition metal and carbene carbon led to one of
the useful and important organometallic complexes. In 1915, Chugaev and coworkers
discovered the first metal-carbene complex viz. platinum(ll) isocyanide complex (see Figure
1.2A),1%5 however due to lack of spectroscopic techniques at that time the structure was not
characterized. Nevertheless, about half a century later the structure of the metal-carbene
complex was elucidated by NMR and X-ray analysis.%

In 1964, the notion of a metal-carbon double bond was first unambiguously disclosed
by Fischer and Maasbol through the synthesis of Tungsten complex (CO)sW=C(Ph)(OMe) (see
Figure 1.2B).* This metal complex was later named as Fischer-type carbene in which carbene
display singlet carbene like character with filled sp?-hybridized (c-electrons) orbital and an
unoccupied p-orbital. The carbene donates its c-electrons to the vacant d-orbital on the metal
center, which in turn participates in z-back donation with the vacant p-orbital of carbene which
is electrophilic in nature (see Figure 1.2C).1%!2 This type of metal-carbene complexes (Fischer
carbene) are usually found with middle or late transition metal elements having low oxidation
states.

Later in the year 1974, Schrock reported alkyl carbene complexed with tantalum (V),
having different character unlike Fischer carbene which later named as Schrock type metal-

carbene complex (see Figure 1.2B).2 In this type complex, the two covalent bonds are formed
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A. Chugaev's Platinum(ll) complex B. Fischer's and Schrock's complex
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C. Bonding in Fischer-type carbene
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Figure 1.2. Type of organometallic carbenes and their bonding interactions.

between metal (d-orbital) and carbenic carbon. Schrock type of metal-carbenes is
generally formed from early transition elements having higher oxidation states and they are

nucleophilic in nature (see Figure 1.2D).

1.3. Carbene precursors and generation of carbene:

The synthesis of carbene is generally achieved by two fundamental processes viz. a)
elimination reaction and b) fragmentation reaction. Carbene is formed as a reactive
intermediate in situ when functionalities directly attached to the carbon center surrogate of
carbene are broken as a result of photolysis, thermolysis or reacting with metal complexes.
Reagents with high entropic or enthalpic driving forces are often required to access this
valuable reactive species. Some of the few selected major routes have been highlighted in the

next section.
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1.3.1.1. a-Elemination:

In mid of 19" century, the sensitivity of chloroform towards alkaline medium (aqueous
as well as alcoholic) has already been disclosed by Geuther,# Hoffmann*® (in the reaction of
isonitrile formation) and Reimer and Tiemann* (in the formylation reaction of phenol).
However, the formation of “carbon dichloride™ as a reactive intermediate in situ was disclosed
about a century later by Hine'“¢ by the kinetic studies of chloroform under alkaline condition.
Later, in 1951, Doering**" coined the term "dichlorocarbene” for the intermediate :CCl; in a

quenching experiment with cyclohexene (see Scheme 1.1).

&8
CHCly + X — &G, - >,/OH
3
25 26 27 28
K®<§C|3 — = CCl, + KCl
27 29 30
cl
+ co, —
cl
31 29 32

Scheme 1.1. Studies on the existence of dicholoromethene intermediate (:CCly).

1.3.1.2. Simmon-Smith reaction:

As an alternative approach, Simmon-Smith reaction®® enables a versatile stereospecific
synthetic strategy towards cyclopropanation by the incorporation of the smallest divalent
carbon (:CH?>) in presence of zinc-copper couple system. This was the first protocol for ever to
demonstrate the formal addition of unsubstituted methylene group to cyclic alkene. The gem-
dihalide (diodo methane) first reacts with zinc-copper couple to form an unstable zinc
carbenoid intermediate, which is further trapped by alkene in a stereospecific manner to afford

the cyclopropanted product (see Scheme 1.2).

R!._R? Rl _R?
Et,O
I + CHyl, + 2Zn(Cu) E + Znl + (Cu)
R3 R4 35°C R3 R4
31 33 34 stereospecific
Plaussible mechanism: 32
|
Zn(Cu) + 1PN I==zn~
Cu) + 17> —— T\\/Zn\l \\CII’-I R! R2
- o 21 - - + Znl, + (Cu)
R3 R1 RI__\R R3 R4
— R R2 stereospecific
4 2
RP R 32
35

Scheme 1.2. Simmon-Smith protocol.
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1.3.2. Fragmentation reactions:

1.3.2.1. Diazo decomposition:

In the year 1883, Curtius documented the preparation of the very first diazo compound
viz. ethyl diazoacetate.’® Since then, synthesis and utility of diazo compounds have grown
significantly and they have been proven as one of the most versatile reagents owing to their
diverse applications in organic synthesis (see Figure 1.3). Aliphatic diazo compounds are
behaving as surrogates for the reactive carbene intermediates as their decomposition under the
influence of thermal, photoinduced, and metal catalysts render the thermodynamically stable
dinitrogen extrusion leading to either free carbene entities in their singlet or triplet state or to

the metallo-carbene.’

von Pechmann uv-photolysis of CH,N, Rhodium
1883 discovered CH,N, 1933 by Meerwein 1969 rush begins
Diazo i i i : i :
chemistry ! ! ! ! ! !
Curtius discovered 1894 uv-vis absorbance 1942 metal-ligand effect on 1988
ethyl diazoacetate study by Kirkbride metal-carbenoid reactivity
and Norrish well-understood
2005--1-- Gold
rush begins

singlet carbene reactivity
under visible light Iron

2021 well-understood 2016 rush begins
] [} ] ]
] (] (] ]
I I 1 ]
1 ] ] ]
Early transition metal 2018 photoexcited state 2008
reactivity

(via electron/energy
transfer)

Figure 1.3. Progress in diazo chemistry over a century.

In the year 1894, von Pechmann generated the diazomethane (CH2N2) and aptly
described it as yellow coloured gas.'® Later, in 1933 Kirkbride and Norrish carried out the UV-
vis absorption study of gaseous CH2N2.2% In 1942, Meerwein® for the first time reported the
photolysis of diazomethane in diethyl ether solvent under UV light irradiation (see Scheme
1.3A). The methylene gas formed underwent rapid unselective C—H functionalization with
diethyl ether. This is the very first example of a carbene transfer reaction ever performed
photochemically. Years later, a few carbene transfer reactions under UV-photochemical
conditions have been documented.® However, low level of selectivity enormously affected this
process and did not yield much of success though set a bench mark.

Nevertheless, the transition-metal-catalyzed metallo-carbene transfer reaction turned
out to be a promising alternative. Due to their comparative stability, the metallo-carbene

transfer reactions turned out to be selective as well. In 1969, Moser?® reported the copper-
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catalyzed decomposition of ethyl diazoacetate that generates carbene in situ that reacts with
cyclohexene to furnish the corresponding cyclopropanation product (see Scheme 1.3B). Also,
demonstrated the effect of metal-ligand to bring about the successful metal-carbene transfer
reaction. This reaction made a paradigm shift as it proved to be considerably better in terms of

reactivity, selectivity in comparison to the UV-mediated photolysis approach.

A. First photochemical reaction B. Metallo-carbenoid approach by Moser
N Hg-lam O/\ N
p
I+ AN e + N [P(OR)s]CuCl
H H -N2 H H H H + )k —_—
1 (as solvent) \ ~ / H”  CO,Et 00,6t
mixture 31 1 32
exo + endo

Scheme 1.3. Initial attempts with diazo compounds.

Since this milestone achievement, a vast majority of metallo-carbene transfer reaction has been
investigated based on the catalyst-ligand development and selection to render controllable
reactivity and selectivity in these reactions. Initial advances were mostly made in the
intramolecular processes.?! However, with the time many state-of-the-art methods on the
“undirected” strategy for the unactivated C—H bond functionalization has been developed.
Inactivated systems such as alkanes and benzenoid substances have been utilized for the site-
selective as well as stereo-selective C—H bond functionalization not only by judicious
development of catalysts but also modulating the electronic and steric properties of diazo
compounds (see Figure 1.4; see section 1.3.2.2A and 1.3.2.7 for selected examples).?
Moreover, the bond dissociation energy (BDE) of the C—H bond being functionalized and the
steric environment of the substrates are key determining factors for the overall

transformation.?

C. Controlling factors for selectivity with metal-carbenoid

—_—
oo\ STV N X,
Ly R2 Ln Y,
]
: vs 2° vs 3°: electronic, !
: steric, conformational steric crowding !
! effects and BDEs induced by ligand :
! ]
=--- Chemoselectivity - - ------ site-selectivity - === ----=---- stereoselectivity

Figure 1.4. Controlling factors for metal-carbenoid reactivity.

Even though the outcome of metallo-carbenoid-induced C—H bond functionalization is similar

to that of traditional C—H activation process, yet these are slightly different from the mechanism
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point of view (see Scheme 1.4).2* In the traditional C—H activation reaction metal directly
interacts with the alkane C—H bond and activates.?> While in case of metal-carbenoid-induced
reaction, it has been understood that metal atom does not directly interact with the alkane C-H
bond, but the metal interacts with reactive carbene (formed from the diazo compound) to form
active transient metal-carbenoid which further interacts with the alkane C—H bond to furnish

the C—H bond functionalized product.?>

C-H functionalization

Ny R!
N, ML, , H
R1J‘k% R1JLR2 y
A
93
ML, ML,

>r >rl\£Ln >rXH

C-H Activation X

Scheme 1.4. Traditional C—H activation vs metal-carbenoid induced C—-H bond

functionalization.

1.3.2.2. Classification of diazo compounds:

1.3.2.2A. Progress on Metallo-Carbenes

Recent studies have demonstrated that the reactivity of metallo-carbene intermediates
are not only governed by metal/ligand influence but also their reactivity is significantly
modulated by the functional groups that are directly attached to the diazo carbon or carbene
carbon center (see Figure 1.4).25 Based on the electronic properties of the functionalities on the
diazo compounds, they are typically classified into three major categories viz. acceptor-,
acceptor-/acceptor- and donor-/acceptor-types (see Figure 1.5).2” These functionalities on the
metal-carbenoids or free-carbene can remarkably tune the reactivity of the same. The presence
of ‘acceptor’ group in the first two types of carbenes (metal-carbenoids) make them highly
reactive in nature as the carbene carbon center do not get stabilized by ‘acceptor’ groups. On
the contrary, the resonance effect driven from the donor substituent aids in stabilizing the
donor-/acceptor- substituted carbene species quite well.?® Few representative examples? of
metal-carbene based reactions from the beginning of this area have been depicted in Scheme
1.5.
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~«————— more electrophilic and reactive : Donor group
N> N N = Aryl, Vinyl, Alkynyl, Heteroaryl, etc.
'Y A P

: Acceptor group

more stable and selective ——————————— = COR, CO,R, NO,, PO(OR),, SO,R, CFj3, etc.

Figure 1.5. Classification of diazo compounds: stability and reactivity trend.
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Scheme 1.5. Few representative examples in the progress of metal-carbene based reactions.

1.3.2.2B. Progress on the Photochemical carbene transfer reaction:

The fundamentals on the photolysis of diazo compounds under visible light utilizing
matrix isolation and ultra-fast spectroscopic techniques have been well-explored to have an
insight into the geometrical as well as electronic properties of carbenes.?® However, the
photolysis of diazo compounds under visible light irradiation to mediate the useful organic
transformations has long remained elusive until a very recent remarkable study by Davies and
Jurberg (Scheme 1.6).%°

10
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In 2018, By Davies and Jurberg

1 * 1 *
Ny hv N, N NuH Nu
Ar):\E Ar)J\El Y A E Ar)\E
(E = CO,Et) 1* Ny

absorbance in the visible
region (Amax = 434 nm)

NuH: @[’—\\S) (0] H
N
\ RJ\OH : Q e Y o
Scheme 1.6. Photolysis of aryl diazoacetate: singlet carbene reactivity.

This study illustrated the photolysis of aryl diazoacetate that absorbs in the visible region (blue
region) and that can further undergo various organic transformations via singlet carbene
generation. Interestingly, this study further differentiates aryl diazoacetates from the other
diazo compounds which mainly require UV light for the direct photoexcitation. Very recently,
synthetic applications for the visible light-promoted direct photolysis of a few other diazo
compounds have also been reported based on this concept that proceed via singlet carbene

intermediate (see Figure 1.6).%!

Ar N
N, Cf( o} 0
% L
Ar)I\COZR NN R
type-l type-ll type-lll type-IV

By Jurberg and Davies By Gevorgyan By Koenigs By Zhao and Guo

Figure 1.6. Photolysis of diazo compounds explored via singlet carbene intermediate.

Very recently Koenigs and coworkers®? have documented a new type of diazo
compounds- diaryl diazoalkanes which display an interesting and unprecedented reactivity
when exposed to visible light irradiation. Depending upon the pattern of substituents directly
attached to the carbene carbon center, they undergo reactions either via triplet carbene or singlet
carbene or through the singlet-triplet carbene equilibrium to afford different products (see
Scheme 1.7). These results further supported the photochemical reactivity of free-carbene in
the absence of any photocatalyst or sensitizer. This behaviour is greatly influenced not only by
the electronic as well as steric properties of its functionalities on diazo compounds, but also it

is dependent on the solvent characteristics.®®

11
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Scheme 1.7. Carbene (in both spin states) reactivity under photochemical conditions.

Notably, in the last few years, a tremendous breakthrough in the photochemical reactivity of
diazo compounds has been achieved. A quantum progress has been made from the classical
Wolf rearrangement to photochemical singlet as well as triplet carbene reactivity, photoinduced
proton transfer reaction (PPT), and eventually the radical chemistry.®* Some of the related

examples are discussed in details later in the Chapter 4B.

1.3.2.3. General mechanism for photochemical carbene reactivity:

The general photochemical pathway®*® has been depicted below while comparing with
the metallo-carbene (see Scheme 1.8). The diazo compound A first photochemically gets
excited to its singlet excited state [A(S1)]*. This excited state diazo compound [A(S1)]* can
have two different fates under photolysis. Either the excited diazo compound [A(S1)]* could
undergo photolysis to form singlet carbene As by the extrusion of dinitrogen or it follows two
photosensitized pathways such as singlet carbene As undergoes intersystem crossing (ISC) to
triplet carbene At or via intersystem crossing (ISC) to its triplet excited state [A(T1)]* followed
by the nitrogen gas extrusion to triplet carbene Ar. In another alternative pathway, the diazo
compound A can also undergo direct photoinduced triplet carbene generation without the use

of any sensitizer.

12
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Metal-carbene vs metal-free carbene

(] ML N, hy N2 hv, PS N2
)J\ - )J\ = )j\ - g )j\
ISC
M = Rh, Cu etc. A [AS)I [A(T)I*
(exhibit singlet hy
carbene energy transfer
reactivity)
ﬂ f hv, PS 1
N N — — > N
ISC
A As A
triplet carbene singlet carbene triplet carbene
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Scheme 1.8. Diazo decomposition: possible photochemical pathway to free-carbene.

1.3.2.4. Diazo compounds and their importance:

Diazo moiety is numerously found in few natural products and pharmaceuticals and
they exhibit tremendous biological importance.® For examples, kanamycin D, isolated from
Streptomyces murayamaensis in 1970 shows anti-microbial activity against Gram-positive
bacteria;*** DON and azaserine are natural amino acids containing diazo group.3® Both these
have been isolated from Streptomyces cultures and both display antibiotic and anti-tumor
inhibitory activies.*®" Besides, diazo compounds have long been used as chemical reporters®’
as well as they have been utilized in incorporating into biomolecules as photoaffinity probes
(see Figure 1.7).3™

0 0
NZMCOZH NZQLO/YCOZH
oH 0 N NH NH
I I 2 In 2
kinamycin D DON azaserine
(antimicrobial activity against antibiotic and tumor inhibitory properties

Gram-positive bacteria)

Figure 1.7. Naturally occurring compounds with diazo moiety.

1.3.2.5. Synthesis of diazo compounds:

Owing to the importance of the diazo compounds, many methods have been developed
for the effective synthesis of diazo compounds. Some of the selected methods are (a) diazo
transfer,3® (b) diazotization,'®% (c) hydrazone decomposition*®® or hydrazone oxidation,*® (d)

rearrangement of N-alkyl N-nitroso compounds,*! (e) 1,3-disubstituted acyl (or aryl) triazine

13
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fragmentation,*? and (f) elaboration of other diazo compounds (see Scheme 1.9).%

However, the most effective and reliable synthetic method is considered to be the diazo
transfer process. Due to the low pKa of a proton in the acceptor carbon, it can be treated with a
mild base which is also necessary for chemical biology aspects. a-Methylene carbonyl
compounds on treatment with diazo transfer reagent such as p-acetamidobenzenesulfonyl azide
or tosyl azide in presence base such as 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) furnishes

the corresponding diazo compound.®

Diverse synthetic routes for diazo compounds

NH, .
[}
R1J\R2 R3 |
4 I{IH : O (a) Diazo transfer reaction:
T N’ : o
~ (b) Jl\ ' 1.0 Base Ny
R "R? 1 2 ~Np2 + g7 /== 5
R R 1 2 _S¢
42 (o) (c) s R RN, RN g2
: 42 4 1
RS I active methylene site
]
HN” 0 ‘% o
R N | .
N ) NN o Oﬁ s
J\ (e) R1J\R2 : R= )LN , /@
R" “R? N 45 ! H Me
acyl triazene JJ\Z H

Scheme 1.9. Efficient synthetic routes to diazo compounds.

1.3.2.6. Recent advances on catalyst development and utilization diazo compounds under
metal catalysis and Photocatalysis:

Over the past few decades, metal-carbenoid-induced diazo transfer reactions have been
well-established for the effective C—H bond functionalization of unactivated C—H bonds. The
site-selective C—H bond functionalizations have been achieved utilizing various metal catalysts
such as rhodium,* gold,?*® iron,* copper*’ etc. In this context, very recently, many state-of-
the-art methods for the site-selective C—H bond functionalization of benzenoid molecules**4
(Scheme 1.10) and 1,3-dicarbonyl compounds*® (Scheme 1.11) have been developed

modifying catalysts as well as diazo precursors.*
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Scheme 1.10. Representative examples of recently developed site-selective C-H

functionalization of arenes in different metal catalysis.
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Scheme 1.11. Representative examples of recently developed site-selective C-H

functionalization of 1,3-dicarbonyl compounds.
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— Site-selective C-H Bond Functionalization utilizing early transition metal —
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Scheme 1.12. Site-selective C—H bond functionalization under scandium catalysis.

Very recently, our research group has also developed a robust synergistic catalyst-
reagent system for the effective C—H bond functionalization of 1,3-dicarbonyl compounds*®
and benzenoid substances.*® In this aspect, modification of diazo carbonyl reagent with a
propargyl group at the ester part was probed for effectively modulating the electronic properties
so0 as to enhance the electrophilicity of the carbene carbon center. In turn this assisted scandium
triflate for the effective site-selective C—H bond functionalization synergistically (see Scheme
1.12).** This robust reagent-catalyst system (propargy! a-aryl-a-diazoacetate/scandium triflate)
has demonstrated effective the site-selective C—H bond functionalization, particularly with

benzenoid scaffolds.

1.4. Aims and rationale of this thesis work

Over the years the diazo compounds have been proved to be very useful in synthetic
reagents and have been explored for a wide range of synthetic transformations for the past few
decades. Over the years, various diazocarbonyl compounds with different electronic properties
have been utilized as useful synthetic precursors for many transition-metal-catalyzed
transformations such as insertion reactions, cyclopropanation, and ylide formation, etc.234547-
49 Many protocols have their own advantages such as reactivity, selectivity, etc. and set of
limitations such as expensive transition metal catalysts, reagents, reaction conditions, and
limited substrate scope etc. In spite of the advancement in the field, there is a great scope to
make advancements in the field.

Many aryl diazoacetates have been employed for the highly chemo- and regio-selective
C-H bond functionalization of arenes.*>“%® As mentioned earlier, various transition metals such
as rhodium,* gold, 3% iron,*® copper*’ have been explored for the effective and selective C—H

bond functionalization of substrates that are relatively challenging. Our research group unlike
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the previous preceding literature, looked into the possibility of early transition metal catalysts
for the effective C—H bond functionalization. We have developed the novel and robust diazo
carbonyl reagents such propargyl a-aryl-a-diazoacetates and effectively utilized them for the
C-H bond functionalization of 1,3-dicarbonyl compounds*? and challenging unactivated
arenes via scandium catalysis.*®® The synergistic combination of propargyl a-aryl-a-
diazoacetates and scandium catalysts has been demonstrated without the assistance of any
directing group or ligand.

There is a huge scope to explore diazo carbonyl compounds with different electronic
properties for tapping their potential for the synthesis of many interesting scaffolds that are
core to a few natural scaffolds. In this regard, we envisaged to explore untapped potential of
vinyl diazo carbonyl compounds for the selective C—H bond functionalization. Transition-
metal-catalyzed decomposition of vinyl diazo compound enables two distinctive reactive
centers (carbenoid center and vinylogous center) to serve as an electrophile (see Scheme
1.13A). Moreover, the addition of nucleophile to its vinylogous terminus is highly challenging
due to presence of comparatively more reactive carbenoid site. It has been demonstrated that
the intriguing reactivity of metallo-vinylcarbene intermediate is greatly influenced not only by
the effect of metal catalyst or ligand®'®® but also the geometrical array of the molecule acquired
from the changes in Z/E-configurational across the C=C double bond (because of the steric
interference of catalyst surface to that of the vinylogous terminus or with incoming substrate)
(see Scheme 1.13B).5%"

catalyst wall M [Ivl]
© |
M] M] © M] Ar/\/\EWG I EWG
S ~ X = I
Ar ®EWG Ar EWG Ar EWG A Ar B
steric
——————————————————————————————————————————————————————————————— interference [:V']
. ﬁ\r: IM] - EWG
H R carbenoid i}] [M]@ vinylogous R H ~ | — |
reactivity reactivity EWG A
- e Pz r
N S A M e RH Ar)\/kEWG c D
B. Conformational changes of vinyl carbenoid under
A. vinylogoous vs carbenoid reactivity catalyst influence

Scheme 1.13. Conformational arrangements and distinct reactivity pattern of the vinyl diazo

compound.

Moreover, vinyl diazo compound has been explored as three carbon synthon in the

cycloaddition reactions for the construction of cyclic ring structure (see Scheme 1.14).5%
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5
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Scheme 1.14. Formal cycloaddition approaches with acyclic vinyl diazo compounds.

In spite of significant achievements in the synthesis of epoxides starting from cyclic
diazo amides, the direct access to oxiranes (epoxides) starting directly from electron-deficient
as well as electron-rich aromatic aldehydes and diazo carbonyl compound remains to be an
interesting and challenging task. Also, accessing the oxiranes in a chemoselective as well as
regioselective manner is highly demanding. The fused polycyclic framework containing 6-7-5
or 5-7 fused ring scaffold such as benzoxepine motif is very useful and it belongs to the
oxygenated heterocycle family found in many natural products and pharmaceutical agents with
diverse biological activities. The stereoselective synthesis of benzoxepine motif has been
pursued many owing to its importance. In this regard, we hypothesized that the metallo-aryl
vinyl carbenesuccinimide could be explored for the cycloannulation with suitable carbonyl
compounds via (3+2)- and/or (5+2)-cycloaddition reaction to obtain the dihydrofurans and/or
dihydrobenzoxepines respectively under suitable reaction conditions. Also, synthesizing the
dearomatization product and cyclopropanation via carbene intermediate is of great interest.
This is quite challenging and difficult as mobilizing one double bond at the expense of intrinsic
aromatic stabilization and also this dearomatized product is prone to rearomatize especially
under Lewis acid-catalysis.>® Looking at this daunting task, we envisoned to achieve this
dearomatization product in the presence of a Lewis acid, using suitable propargyl a-aryl-a-
diazoacetates by modulating their electronic and steric properties.

Also, over the last very few years, the researchers have been exploring the reactivity of
diazo compounds under visible light irradiation. Despite the recent advances on the study of
different diazo compounds under visible light to achieve photolysis, the singlet or triplet

carbene reactivity or even radical reactivity has been rarely explored (see Scheme 1.15).31:34
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Scheme 1.15. Different diazo surrogates and their photochemical reactivity.

On the contrary, vinyl diazo compound has seldom been studied under photochemical
conditions, where vinyl diazo compound has been utilized as a radical acceptor (see Scheme
1.16).5% However, photoexcited state reactivity of vinyl diazo compound has not been explored
till date to the best of our knowledge. It will be interesting to explore the photochemical carbene

generation of vinyl diazo compound, as it would open up a more convenient route for organic

synthesis.
N
N N
2 .
TN photocatalyst ; )\/\
P e - ~ via A ewe

EWG int-4

1 2 4 nt-

diazo

as radical acceptor

Scheme 1.16. Vinyl diazo compound under photochemical condition: as radical acceptor.

Looking at these challenges, we planned to explore the reactivity of diazo carbonyl compounds
under both transition metal catalysis as well as photolysis. The thesis has been constructed to
utilize the interesting vinyl diazocarbonyl compounds as well as novel and modified propargy!l
a-aryl-a-diazoacetates for constructing very useful scaffolds under different conditions. The
thesis discusses in detail regarding the synthesis of spiro-pyrrolidinedioneoxiranes,
diastereoselective benzo[5,6]oxepino[2,3-c]pyrroles, and dearomatized compounds such as
norcaradiene. The thesis also presents the unexplored photochemical reactivity of vinyl diazo
compounds based on electronic as well as steric properties paving the way for de novo
reactivity. Moreover, the thesis also presents the investigation towards its reactivity under
metal catalysis to explore its metal-carbenoid reactivity and demonstrated a distinct reactivity
pattern that differentiates it from other diazo compounds, especially acyclic vinyl diazo

compounds.
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1.5. Conclusions:

A brief introduction to the history of carbenes, synthesis, and type of carbenes has been
presented. Diazo compounds over the years have turned out to be well-known carbene
surrogates and they have been utilized in various synthetic transformations. Diazo carbonyl
compounds with different electronic properties have been well explored for effective and
selective C—H bond functionalization via transition metal catalysis. Transition metals such as
rhodium, gold, copper, iron, and even early transition metal like scandium have been explored
for useful C-H bond functionalization. Vinyl diazocarbonyl compound is an interesting
scaffold that has been rarely employed for the metal-carbene transfer reaction to access useful
framework core to a few natural products and pharmaceuticals. The reactivity of different diazo
compounds has been explored under visible light to achieve photolysis. However, the singlet
or triplet carbene reactivity or even radical reactivity has been seldom explored to date. Though
diazo carbonyl compounds have been utilized for various metal-carbene reactions, still there
are many unmet challenges to be explored. In the subsequent chapters, we have explored the
reactivity of vinyl diazo carbonyl compounds under transition metal catalysis as well as under
visible light irradiation. Also, novel propargyl a-aryl-a-diazoacetates have been designed and
developed to explore the dearomatization-ring expansion for accessing norcaradienes. The

development of the protocols has been presented in detail.
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Chapter 2

Silver(l)-Catalyzed Diastereoselective Epoxidation of Aldehydes with
Vinyl Diazosuccinimides via [2+1]-Cycloaddition Process
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o [;l p-Xylene, 110 °C

R' N, rt, 2 min
R = Aryl up to 70% yield
R'= Alkyl, Aryl; R" = Aryl 23 examples
Regio- and chemo-selective access to spiro-oxiranes
No dioxalane formation
Works with both EWG and EDG containing substrates

Shorter reaction time



Silver(I)-Catalyzed Diastereoselective Epoxidation of Aldehydes with Vinyl
Diazosuccinimides via (2+1)-Cycloaddition Process

This chapter describes the development of a method for the synthesis of oxiranes by the reaction
of aldehydes with donor-/acceptor-substituted vinyl diazosuccinimides as metallo-carbene precursors
via (2+1)-cycloaddition using the catalytic amount of silver hexafluoroantimonate as an efficient
catalyst. This novel protocol has been found to be highly regio- as well as chemo-selective that works
very well with aromatic aldehydes containing electron- withdrawing and -donating groups. Also, it
gives an easy access to spiro-pyrrolidinedioneoxiranes with a broad substrates scope. This chapter also
presents a new one-step synthetic strategy for the direct synthesis of vinyl diazosuccinimides from vinyl

succinimides using diazo transfer reagent.

2.1 Introduction:

The direct transformation of aldehydes into oxiranes is a very useful method on an
account of the fact that a variety of synthetic transformations can further be achieved by
manipulating these oxirane-intermediate.! Over the years, many synthetic protocols have been
explored for the direct synthesis of oxirane derivatives starting from aromatic aldehydes.? In
1904, Auguste, Georges and Darzens independently discovered a direct method for the
synthesis of epoxides by the reaction of ketones/aldehydes with a-haloester in presence of a

base to afford a,f-epoxy ester (also called “glycidic ester’) (Scheme 2.1).2>¢

R4
O X EWG
1+ e base R 1j>l_R3
2
1 R 3

R? R3 R*= EWG
2

R2
Scheme 2.1. Traditional Darzens glycidic ester condensation reaction.

In 1982, originally, Huisgen and co-worker reported the formation of oxirane by the
decomposition of dimethyl diazomalonate with benzaldehyde in presence of Cu(acac). (1
mol%) as a catalyst at 125 °C (7% vyield).? Interestingly, the same product was not obtained
when the reactions were carried out in presence of Rh2(OAc)s (2 mol%) or CuOTT at lower

temperatures, instead they obtained dioxolanes (Scheme 2.2).3

In 1994, Mass and co-workers reported the selective reactivity of a-
diazo(trimethylsilyl)acetates with benzaldehyde and other dipolarophiles under different metal

catalysis. It was observed that a-diazo(trimethylsilyl)acetates when treated with a mixture
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o 9 o o ppH o PhH o
° Y° Y°
* - o] 0
Ph 0 - O -:pp O
N2 Ph Ph
1 2 3 | 4 5 |
2 [ Cu(acac), (1 mol%) at 125 °C yield: 7% 82% (product ratio 55:45)
Re]
§ Rh,(OAc)4 (2 mol%) at 75 °C yield: 0% 72% (product ratio 55:45)
o)
O | CuOTfat25°C yield: 0% 87% (product ratio 71:29)

Scheme 2.2. Oxirane and dioxolane formations in different catalytic conditions.
containing benzaldehyde and other dipolarophiles in presence of CuOTf, oxiranes were
obtained as major products via carbonyl ylide. However, in contrast the reaction in presence of

Rha(pfb)s exclusively furnished the corresponding formal (3+2)-adduct rather than epoxidation

product (Scheme 2.3).4
N E ® PE SiMe; E  Ph
MeSSi)l\n,o\ . r/0+ /=/ Conditions Ph\r/o\léslHMe3 o . IW'
o) PhE (-N2) H  CO,Me EiE MesSi O
1 2 3 4 5 6
E = CO,Me
2 (Rhy(pfb), (3.2 mol%) at 22 °C in DCM yield:  41% 0%
% Cu(OTf) (13.5 mol%) at 22 °C in DCM yield:  11.5% 38%
S | Rhg(ptb)s (2.0 mol%) at 22 °C in DCM yield:  46% 0%

Scheme 2.3. Mass and co-workers: Observation of oxirane formation.

In the year of 1997, Doyle and co-workers have observed that ethyl diazoacetate upon
treatment with aryl aldehydes in presence of dirhodium(ll) tetraacetate undergoes catalytic
decomposition to afford the corresponding 1,3-dioxolanes exclusively though as mixture of
diastereomers. They did not observe any trace amount of oxirane during this transformation.
Also, it was observed that catalytic dependent diastereocontrol was achieved only with p-

nitrobenzaldehyde (Scheme 2.4).°

(0] o Rh (OA ) Ar,, o)
c .
H]\O/R + r/ 2 —>4 I/ -uAr
l Ar CH,Cl, o)
: COOR
Ar = p-NO,CgHs 37% yield

Scheme 2.4. Diastereocontrol reaction with ethyl diazoacetate.

Most of the methods reported were not very selective to access the oxiranes directly
from aldehydes. Looking at this limited success, overcome the inherent reactivity issue, and to

achieve the direct formation of oxirane from the decomposition of diazo compounds, Aggarwal
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and Co-workers developed an unorthodox but elegant strategy. They reported that the alkyl
sulfide intercepts with the metal carbenoid to form sulfur ylide that would undergo epoxidation

upon reacting with an aldehyde (Scheme 2.5).5

R® ..O @)
s RS g R*
N, ‘5 @'/ -0 27Nt 0 3
R R¥ °R 1 R
lj\ Y “R5 —~ ' + R
R3 R4 R2

Scheme 2.5. General reaction for oxirane formation via sulfur ylide.

In 2001, Doyle and co-workers’ disclosed synthetic method to access oxiranes starting
from aldehyde and/or ketone and phenyl/styryl diazoacetate in presence of catalytic amount of
rhodium(Il) acetate in DCM at room temperature. At the same time, Davies group® also
reported a similar type of reaction with different outcome using styryl/acryl diazoacetate and
aryl/a, p-unsaturated aldehyde as a substrate. Both these transformations afforded Z-selective
oxiranes product moderate to good yields (Scheme 2.6). However, Davies group reported
(3+2)-cycloaaddition product formation dihydrofuran, when the reactions were performed with

styryl/acryl diazoacetates.

Ar'
(0] (0] N 0 (0]
Ph COOMe  Rhy(OAc), 2 Rhy(OAc)y Ph COOMe
COOM >z 3< -2 + —_— >z §<
j:/)7 e H )k -)L =

Ar Ar Ar = styryl, acryl AT COOMe Ar R Ar=aryl, styryl H Ar
dihydrofuran oxirane R' = Ph, CO,Et oxirane
formal (3+2)-cycloaddition Ar' = aryl, &, f-unsaturated aryl; R = H, Me

Scheme 2.6. Regio-and chemoselective epoxidation with phenyl- and styryl/acryl diazoactate.

In 2004, Muthusamy and co-workers have reported the Rh,(OAc), catalyzed synthesis
of spiro-oxiranes starting from 3-diazooxindolinone and aromatic aldehydes at an helevated
temperature (60 °C in DCE). Though this protocol proved to be stereoselective, however it was

limited to aromatic aldehydes substituted with electron-donating groups (Scheme 2.7 a).°

a) In 2004: By Muthusamy and co-workers

N> o] Ar
o) Rh,(OAc we
%o + )j\ % @\ \io
N‘ Ar H DCE, 60 °C N
R 55-84 % R

Limitation: works well only for electron-rich arene aldehyde

b) In 2011: By Muthusamy and co-workers

N>
Clpor A, v A, o ‘;
O+ +
N Ar'"H A2 TH CHuCly, it ©\
R 55-85 %

(dloxolane)
Ar'= electron-donating; Ar? = electron-withdrawing

Scheme 2.7. Stereocontrol products formation from 3-diazooxindolinone; a) spiro-oxirane
formation and b) dioxolane formation.

28



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

Later the same research group reported the formation of dioxolanes while working with the
aromatic aldehydes containing electron-withdrawing substituents (Scheme 2.7b).%°
In 2015, Muthusamy and co-workers reported the synthesis of oxiranes on water unlike

their previous findings in which DCM was used as a solvent. However, this protocol was found
to be efficient only with electron rich aromatic aldehydes (scheme 2.8).1

" ha(OAC)4 0 Ar
2 ArCHO .
©:‘g:0 (1.2 equiv.) ©\ o
N‘ HQO, rt N‘R
R (Oxirane)
R = alkyl, Ar = electron rich arene
= Limited Substrate scope with electron-rich arene aldehyde

= Aliphatic substrates were not explored

Scheme 2.8. On water synthesis of spiro-oxiranes.

In spite of remarkable advances in the synthesis of oxiranes starting from cyclic diazo
amides, the direct access to oxiranes starting from both electron-deficient and -rich aromatic
aldehydes and diazo compound remains to be a challenging task. More importantly access to

oxiranes in a regioselective as well as chemoselective manner is highly demanding.

Maleimide scaffold is a key component and is found in many natural products as well
as pharmaceuticals with a remarkable range of biological activities.*> TAN-1813 is known to
have ras-farnesyltransferase inhibition activity.* We envisioned that TAN-1813 derivatives
could be accessed via spiro-oxirane motif 3 at the very early stage of the synthesis (Fig. 2.1).
In turn the intermediate 3 could be synthesized starting from donor-/acceptor- substituted type
vinyl diazosuccinimides (Fig. 2.1). In order to validate our hypothesis, we mainly turned our
attention towards the synthesis of spiro oxiranes derivatives 3 by selecting vinyl

diazosuccinimide as a model substrate.

o)
(Tl
N
4 2
R = aryl
z R' = alkyl, aryl
' H.__O
OH = \(
TAN-1813 R"
OH R" = aryl, alkyl

Figure 2.1. Probable synthetic route for TAN-1813.

Though a promising synthetic method for the synthesis of vinyl diazosuccinimide is rare

and the reported method involves a multistep synthetic strategy.#® In order to overcome this
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limitation, to begin with we planned to develop a new one-step synthetic strategy to access vinyl
diazosuccinimides starting from the biologically active arylidene succinimides using diazo
transfer reagent (p-ABSA). The starting material arylidene succinimide 6 is a well-known
reagent used in organocatalysis as a Michael acceptor and it exhibits nucleophilic character at
the a-carbon to E-selective double bond, while the vinylogous carbon acts as an nucleophile
acceptor, thereby exhibiting the electrophilic character at that center (See Scheme 2.9).14° On
contrary, the newly formed arylidene diazosuccinimide 1 exhibits the electrophilic character at
the carbon wherein the diazo group is directly attached onto it. Therefore, we hypothesized that
arylidene diazosuccinimide as a reagent can exhibit umpolung behavior of reactivity when
treated with specific coupling agent under suitable metal catalysis. In order to look into this
behaviour, we turned our attention towards ylide based chemistry utilizing this versatile diazo
compound under transition metal catalysis.

9,0

N
3 o) C Donor site

(0]
[M]
/ R" (/O Zast X 7R
R— R—N S000stem0es) RN
Diazo Transfer N, Hypothesis M]

electroph|l|c site

One-step o o ™\

nucleophlllc site Acceptor site
6 1 Int-1
Arylidene succinimide Vinyl diazosuccinimide Metallo-vinyl

b inimid
(Direct synthesis protocol invented in 2020: Scale up to 2g) catbenesuearimide

Scheme 2.9. Synthesis of arylidene diazosuccinimide.

It has been reported that metal-catalyzed intermolecular epoxidation with these donor-
/acceptor-substituted type carbenoids is much more diastereoselective and chemoselective than
the traditional carbenoids.® Interestingly, for some unknown reason vinylcarbenoids have been
seldom explored in the literature.142¢

Though a lot has been achieved in carbenoid derived transformation utilizing different
rhodium catalysts, simultaneously there have been numerous efforts to utilize alternative
transition metal catalysts such as silver catalysts for different transformations in the
diazocarbonyl chemistry. It has been shown that silver catalysts are effective in catalyzing the
reactions with donor-/acceptor-type carbenoids.’®> Mostly dirhodium catalysts have been
explored for the synthesis of oxiranes via formal (2+1)-cycloaddition of the diazo compounds
and aromatic aldehydes with limited success.>”® Interestingly, silver catalysis has proved to be
more effective than rhodium in some of the instances.® Moreover, some of the silver catalysts

are relatively less expensive and easily available. In this regard we planned to explore the silver

30



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

catalysis for the proposed synthesis of spiro-oxiranes starting from vinyl diazosuccinimides.
To the best of our knowledge for the first time, herein, in this chapter we have

demonstrated the utility of donor-/acceptor-substituted vinyl carbenoids for the direct access of

spiro-oxiranes starting from aromatic aldehydes via silver catalysis in regio- and

chemoselective manner.

2.2 Results and Discussion:

In order to validate our hypothesis, to begin with we planned to screen easily and
commercially available silver catalysts and by selecting benzylidene-N-ethyldiazosuccinimide
1a and p-nitrobenzaldehyde 2a as model substrates to evaluate the desired transformation. We
commenced with a model reaction by employing catalytic amount of silver triflate in toluene
as solvent at room temperature under inert atmosphere (Table 2.1, Entry 1). Interestingly, the
reaction furnished the desired oxirane 3aa albeit in poor yield (22%). We did not observe the
anticipated corresponding dioxolane derivative 4aa even in trace amount (Table 2.1, Entry 1)
and a slight excess of 2a was recovered during the purification. Encouraged by this initial
result, we sought to screen various silver(l) salts for a potential catalyst. We further carried out
the optimization reaction with different silver catalysts (AgBFs, AgOAc, AgTFA, Ag2COs,
AgNOs, AgNTfF,, Ag.0, AgSbFs) and found that among all silver hexafluoroantimonate
proved to be most efficient for the effective transformation to afford product 3aa in 27% yield
(Table 2.1, Entries 2-9). The loosely bound non-nucleophilic counterion (SbFs") must have
enhanced the efficiency of the catalyst. Later in order to optimize the reaction conditions
further, we carried out the reaction of 1a and 2a in presence of AgSbFe in different solvents at
room temperature (Table 2.1, Entries 10-14). Among all the solvents, p-Xylene proved to be
efficient for this transformation by affording the 3aa in 34% yield at room temperature in 1 h
(Table 2.1, Entry 11).

We observed that in all the cases, desired product 3aa was obtained considerably in
low yields with a relatively longer reaction time due to decomposition of the starting vinyl
diazo compound. We believed that the silver carbenoid generated in situ might not be efficient
and reactive enough to get coupled with the aldehyde at room temperature. In this regard, we
planned to carry out the reaction at an elevated temperature.

Later, the reaction of 1a with 2a was carried out in p-Xylene at 60 °C in presence of
AgShbFe to afford the desired product 3aa in 41% yield (Table 2.1, Entry 15). We observed that

at elevated temperature there was an incremental increase in the yield of 3aa (up to 48%) and
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Table 2.1: Optimization of reaction conditions®

1a
1 equiv.

Entry

[S—
o 0 00N AW N =

I e N N = ==
O 00 13 O L & W N

20¢
214
22¢
23/
24

Catalyst (5 mol%)

NO,

2a
1 equiv.

Catalyst

(5 mol%)
AgOTTf
AgBF4
AgOAc
AgTFA
Ag2C03
AgNO3
AgNTf,
AgZO
AngF6
AngF6
AgSbFs
AgSbFs
AngF6
AngF6
AngF6
AgSbFg
AgSbFs
AngF6
AngF6
AngF6
AgSbFg
AgSbFs
AgSbFg
No Catalyst

Solvent, Temp., Time

Solvent

Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
Toluene
CH2C12
p-Xylene
DCE
THF
CHCls
p-Xylene
p-Xylene
p-Xylene
p-Xylene
p-Xylene
p-Xylene
p-Xylene
p-Xylene
p-Xylene
P-Xylene

(0]

N

3aa
Yield: 22%

Temp. (°C)

4 2333333333333

110
125
110
110
110
110

110

GRS
>—< >—N0
+ 0./ f 2
)
o
& o)

4aa

Yield: 0%
Time Yield” %
16 h 22
16 h 16
18 h 7
24 h <5
24 h <5
20 h <5
16 h 15
24 h NR
12 h 27
1.5h 16
lh 34
1.5h DC
24 h NR
1.5h 10
10 min 41
3 min 44
2 min 48
2 min 54
2 min DC
2 min DC
2 min 50
2 min 46
2 min 54
24 h NR

aReaction conditions: 1a (1 equiv.), 2a (1 equiv.), catalyst (5 mol%), solvent (3 mL), N, atmosphere. Isolated
yield after column chromatography. €10 mol% of AgSbFgs was used. 91 mol% of AgSbFs was used. ¢1a (1.5
equiv.) and p-nitrobenzaldehyde 2a (1 equiv.) fla (1 equiv.) and p-nitro benzaldehyde 2a (1.5 equiv.) NR = No
reaction, DC = decomposed.

the starting material was consumed in just 10 min (Table 2.1, Entries 15-17). Gratifyingly, no

trace of dioxolane 4aa was observed during the reaction. Interestingly, further increase in the

reaction temperature (110 °C) enhanced the yield up to 54% in just 2 min (Table 2.1, Entry
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18). Further increase in temperature (125 °C) as well as catalyst loading (10 mol%) were
unsuccessful (Table 2.1, Entries 19-20) and resulted in decomposition of starting diazo
compound. While, the decrease in catalyst loading resulted in diminished in yield of 3aa (Table
2.1, Entry 21). Later, we also observed that increase in the stochiometric amounts of starting
materials for different successive reactions proved to be insignificant (Table 2.1, Entries 22-
23). However, more importantly we did not observe the formation of dioxolane 4aa during our

N . H\?O AgSbFs (5mol%) Q.
o) R p-Xylene, 110 °C, 2 min
(0]
e 07N
|
1a (1 equiv.) 2 (1 equiv.) 3

MEOZC 0O
D
O
O )N o)

3ad (45%)

3am (39%) 3an (40%) (Molecular Structure of 3al)
CCDC 1971121and 1972978

aReaction conditions: 1a (1 equiv.), 2 (1 equiv.), AgSbFg (5 mol%), p-Xylene (3 mL), N,-atmosphere; Yields
are given in parenthesis and are obtained by purification using column chromatography.

Table 2.2. Substrates scope for diazosuccinimide.
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optimization unlike in case of dirhodium acetate catalyzed transformation reported earlier
inliterature.® The reaction of 1a and 2a did not proceed in the absence of any catalyst (Table
2.1, Entry 24). After the exhaustive screening, 1a (1 equiv.), 2a (1 equiv.), AgSbFs catalyst (5
mol%) in p-xylene at an elevated temperature (110 °C) under inert atmosphere proved to be the
optimum reaction to condition to obtain 3aa.

Having obtained the optimized reaction conditions, we further examined the substrates
scope of the reaction of la with variety of electron-deficient as well as electron-rich aryl
aldehydes (Table 2.2). Aromatic aldehydes bearing electron withdrawing as well as electron
deactivating substituents reacted smoothly under optimized reaction conditions to afford the

corresponding desired products spiro-pyrrolidinedioneoxiranes (3ab-3ag) with moderate to

R" R
sz/f/L H\(O AgSbFs (5 mol%) @j//i
O + o .
N R p-Xylene, 110 °C, 2 min (6) l,\l o
&

o)

\
R
1 2
(1 equiv.) (1 equiv.)

MeQO MeO

3bh (58%) 3ch (51%) 3ca (50%) 3dh (60%)

3a'a (41%) 3a'h (51%)

3b'h (36%)

aReaction conditions: 1a (1 equiv.), 2 (1 equiv.), AgSbFg (5 mol%), p-Xylene (3 mL), N,-atmosphere; Yields
are given in parenthesis and are obtained by purification using column chromatography.

Table 2.3. Scope with different diazosuccinimide derivatives.
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good yields (up to 70%). Aromatic aldehydes bearing electron donating substituents also
worked well under the optimum reaction conditions to furnish the desired products (3ah-3ak)
in moderate to good yields (up to 69%). Gratifyingly, 2-phenylpropionaldehyde reacted
smoothly with compound 1a to furnish the desired compound 3al as Z-selective mixture of
diastereomers albeit in lower yield (Table 2.2). Later, we painstakingly separated the these two
diastereomers and confirmed the molecular structures as well as geometric arrangements of
both the isomers of 3al unambiguously using single crystal X-ray analysis (see 2.4.6. Appendix
11B). Under the optimized reaction conditions, even the «, f-unsaturated aldehyde such as
cinnamaldehyde to afford the corresponding product 3am in 40% vyield. Interestingly, the
protocol also worked well with the ketone as a suitable reactant for this transformation. The
reaction of acetophenone with 1a furnished the corresponding compound 3an in moderate yield
(Table 2.2). A range of substrates having electron withdrawing as well as donating groups were
explored and all of them tolerated the reaction condition well.

Later, we turned our attention to screen different diazosuccinimide substrates to explore
the generality and practicality of the protocol (Table 2.3). In this regard, varieties of vinyl
diazosuccinamide derivatives (1b-1f, 1a’, 1b") containing electron donating as well as electron
withdrawing substituents at the arene ring at the vinylogous position were synthesized. Vinyl
diazosuccinamide derivatives on treatment with different aldehydes under the optimum
reaction conditions afforded the corresponding products (3bh, 3ch, 3ca, 3dh, 3eh, 3fh, 3a’a,
3a’h, 3b'h) in moderate to good yields (up to 60%, Table 2.3). However, N-Ph substituted vinyl
diazo compound under optimized reaction conditions afforded the corresponding desired

product 3b'h obtained relatively in lower yield (Table 2.3).

bF6
SbF6 Ag
AgSbFy @A
\ b AgSbFg
|nt | R int-l
R"- AryI
@’WMR / / \@’\‘4 N\R/
A B

Favourable, no steric crowding Unfavourable, due to steric crowding

Scheme 2.10. Proposed mechanism for the formation of oxirane
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A plausible mechanism for the formation of oxirane has been proposed in Scheme 2.10.
The treatment of vinyl diazocompound 1 with AgSbFg under the reaction condition presumably
initiated by the loss of dinitrogen to form silver-carbenoid int-1. This reactive intermediate int-
| further reacts with aldehyde 2 to furnish an intermediate int-11, which in turn delivers the
desired product oxirane 3 with the concomitant regeneration of the active Ag(l) catalyst. We
believe that approach of aldehyde is probably more favourable as shown in A, as it avoids the
steric clash leading to the product with the favourable geometry.

2.3 Conclusions:

In summary, we have demonstrated that silver hexafluoroantimonate as an effective and
efficient catalyst for the direct access of spiro-oxirane derivatives starting from donor-
/acceptor-substituted vinyl diazosuccinimides. The protocol worked efficiently with aromatic
aldehydes/ketone via silver catalysis to afford the desired spiro-oxirane products in very short
time. This protocol also proved to be practical and gave a clean access to spiro-
pyrrolidinedioneoxiranes in a highly regio- as well as chemo-selective manner without a trace

of any dioxolane product.

2.4 Experimental section:

2.4.1. General Details:

Unless otherwise noted, all the reactions were carried out with distilled and dried
solvents using oven-dried glassware under dry Argon atmosphere. All reagents were purchased
from commercial sources and used as received, unless otherwise indicated. Thin-layer
chromatography (TLC) was performed using silica gel 60 GF2s4 precoated aluminum backed
plates (2.5 mm) with detection by UV light. The column chromatography was performed using
silica gel (200-300 mesh) eluting with petroleum ether and ethyl acetate. The NMR spectra
were recorded using tetramethylsilane as the internal standard. *H NMR spectra were recorded
at 400 MHz, and *C{*H} NMR spectra were recorded at 100/150 MHz (Bruker and Jeol).
Chemical shifts () are reported in ppm downfield from CDCl3 (5 = 7.26 ppm) for *H NMR
and relative to the central CDCls resonance (& = 77.16 ppm) for **C NMR spectroscopy. *C
NMR spectra were recorded with complete proton decoupling. °F NMR spectra were recorded
at 377 MHz. Mass samples were analyzed by high resolution mass spectrometry (HRMS) using

ESI TOF. Melting points were measured in an open glass capillary and values are uncorrected.

36



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

2.4.2. Preparation of Starting Materials

2.4.2.A. General procedure-A for the synthesis of vinylic succinimides:

J

_ o)
ﬁo ) Ethanol 0
10 ; + + PPh3 —_— N
5a 2h

No,rt,7h O )

6ah

(1 equiv.) (1.4 equiv.) (1.2 equiv.)

To the stirred solution of N-ethyl maleimide 5a (3 g, 1 equiv., 24 mmol) in ethanol (120
mL) was added triphenylphosphine (7.55 g, 1.2 equiv., 29.0 mmol) in portion at room
temperature under N2 atmosphere. The initial pink coloured reaction mixture slowly turns white
suspension over a period of 5-6 min stirring. After which, benzaldehyde (3.5 mL, 1.4 equiv.,
34 mmol) was added dropwise into the reaction mixture at rt. During the addition white
suspension slowly turns into clear solution. The reaction mixture was allowed to stir for 6 h.
The completion of the reaction was monitored by TLC. The white solid formed during the
course of the reaction was filtered through sintered glass and was washed with ethanol (10 mL
X 2). The crude white solid 6ah was obtained (3.40 g, 66% yield) and this was used for the next

step without further purification.’

(E)-3-benzylidene-1-ethylpyrrolidine-2,5-dione (6ah): Compound 6ah was synthesized

following the general procedure-A. The product was obtained as white solid, 3.40

g (66% yield); R =0.30 (petroleum ether/EtOAc 85:15); m.p. 125 — 127 °C; H

o NMR (400 MHz, CDCls): 8 (ppm) 7.61 (t, J = 2.3 Hz, 1H), 7.51 — 7.37 (m, 5H),

o 3.69(q,J=7.2Hz, 2H), 3.55(d, J = 2.3 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). ¥C{*H}

6ah NMR (100 MHz, CDCls): & (ppm) 174, 171, 134.3, 134.2, 130.2, 130.2, 129.2,

123.7, 34.2, 34, 13.3. HRMS (ESI TOF): m/z calcd for C21Ha0NOs (M + H)*: 216.1025, Found:
216.1027.

(E)-1-ethyl-3-(4-methylbenzylidene)pyrrolidine-2,5-dione  (6bh): Compound 6bh was
synthesized following the general procedure-A. The product was obtained as

white solid, 3.48 g (63% yield); Rf=0.35 (petroleum ether/EtOAc 85:15); m.p.

o 148-150°C;H NMR (400 MHz, CDCls): & (ppm) 7.56 (t, J = 2.3 Hz, 1H), 7.36

o ) (d, J=8.2 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 3.67 (g, J = 7.2 Hz, 2H), 3.51 (d, J
6bh = 2.3 Hz, 2H), 2.38 (s, 3H), 1.22 (t, J = 07.2 Hz, 3H). *C{*H} NMR (100 MHz,
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CDClIs): 6 (ppm) 174.1,171.1, 140.7,134.1, 131.5, 130.3, 130.1, 129.9, 122.6, 34.2, 33.9, 21.6,
13.3. HRMS (ESI TOF): m/z calcd for C14H16NO2 (M + H)™: 230.1181, Found: 230.1184.

(E)-1-ethyl-3-(4-methoxybenzylidene)pyrrolidine-2,5-dione  (6¢ch): Compound 6ch was
| synthesized following the general procedure-A. The product was obtained white
solid, 4.62 g (79% vyield); Rf=0.20 (petroleum ether/EtOAc 85:15); m.p. 142 —
144 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.56 (t, J = 2.2 Hz, 1H), 7.49 —
o 7.42 (m, 2H), 7.01 — 6.94 (m, 2H), 3.87 (s, 3H), 3.69 (g, J = 7.2 Hz, 2H), 3.52
° (d, J=2.3 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). C{*H} NMR (100 MHz, CDCl3):
bch d (ppm) 174.2, 171.2, 161.2, 133.9, 132.1, 127, 120.9, 114.7, 55.5, 34.2, 33.8,
13.3. HRMS (ESI TOF): m/z calcd for C14H1sNO3 (M + H)*: 246.1130, Found: 246.1133.

(E)-1-ethyl-3-(3-fluorobenzylidene)pyrrolidine-2,5-dione  (6dh): Compound 6dh was

synthesized following the general procedure-A. The product was obtained as

F white solid, 3.83 g (68% yield); Rr=0.30 (petroleum ether/EtOAc 85:15); m.p.

o 136138 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.55 (t, J = 2.3 Hz, 1H),

N 7.42 (td, J = 8.0, 5.9 Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 7.19 — 7.07 (m, 2H),

6dh 3.69 (q, J = 7.2 Hz, 2H), 3.54 (d, J = 2.3 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H).

BC{*H} NMR (CDCls, 100 MHz): § (ppm) 173.6, 170.6, 163 (d, J = 247.4 Hz), 136.3 (d, J =

7.7 Hz), 132.8, 132.8, 130.8 (d, J = 8.3 Hz), 126.1, 126.1, 125.2, 117.2 (d, J = 21.3 Hz), 116.5

(d,J=22.1Hz), 34.1, 13.3. *%F NMR (377 MHz, CDCls): § (ppm) -111.62 (s, 1F). HRMS (ESI
TOF): m/z calcd for C13H13FNO2 (M + H)*: 234.0930, Found: 234.0931.

(E)-1-ethyl-3-(4-nitrobenzylidene)pyrrolidine-2,5-dione  (6eh):  Compound 6eh  was

synthesized following the general procedure-A. The product was obtained as

white solid, 5 g (80% vyield); Rf=0.25 (petroleum ether/EtOAc 85:15); m.p. 195

—197 °C; *H NMR (400 MHz, CDCls): § (ppm) 8.34 — 8.24 (m, 2H), 7.68 — 7.59

o (m,3H),3.70 (g, J = 7.2 Hz, 2H), 3.59 (d, J = 2.3 Hz, 2H), 1.24 (t, J = 7.2 Hz,

o ) 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 173.1, 170.1, 148.1, 140.3,

6eh 131.3, 130.6, 128, 124.4, 34.2, 34, 13.2. HRMS (ESI TOF): m/z calcd for
C13H13N204 (M + H)*: 261.0875, Found: 261.0876.
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(E)-1-ethyl-3-(furan-2-ylmethylene)pyrrolidine-2,5-dione  (6fh):  Compound 6fh was
synthesized following the general procedure-A. The product was obtained as white
solid, 3.10 g (63% yield); R¢=0.30 (petroleum ether/EtOAc 85:15); m.p. 134 — 136

o °C;'H NMR (400 MHz, CDCla): 6 (ppm) 7.58 (d, J = 1.7 Hz, 1H), 7.34 (t, J = 2.3

© N) Hz, 1H), 6.68 (d, J = 3.5 Hz, 1H), 6.52 (dd, J = 3.5, 1.8 Hz, 1H), 3.65 (q, J = 7.2
6fh Hz, 2H), 3.58 (d, J = 2.3 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H). ¥C{*H} NMR (100

MHz, CDCl3): 8 (ppm) 174.4,170.7, 151.1, 145.8, 121.3,120.3, 116.7, 112.7, 34.4, 33.8, 13.3.

HRMS (ESI TOF): m/z calcd for C13H13N204 (M + H)™: 206.0817, Found: 206.0822.

72N°)

—

J

(E)-3-benzylidene-1-methylpyrrolidine-2,5-dione (6a’): Compound 6a’ was synthesized

following the general procedure-A. The product was obtained as white solid, 4.23

g (78% yield); Rf=0.30 (petroleum ether/EtOAc 85:15); m.p. 169 — 171 °C; H

/ NMR (400 MHz, CDCl3): & (ppm) 7.60 (t, J = 2.3 Hz, 1H), 7.50 — 7.38 (m, 5H),

07 N 3.55 (d, J = 2.3 Hz, 2H), 3.11 (s, 3H). *C{*H} NMR (100 MHz, CDCls): § (ppm)

6a’ 174.2, 171.2, 134.3, 134.2, 130.2, 129.4, 129.2, 123.6, 34.1, 25. HRMS (ESI
TOF): m/z calcd for C12H12NO2 (M + H)*: 202.0868, Found: 202.0874.

(E)-3-(4-methylbenzylidene)-1-phenylpyrrolidine-2,5-dione  (6b"): Compound 6b’> was
synthesized following the general procedure-A. The product was obtained as

white solid, 3.30 g (69% vyield); Rf=0.30 (petroleum ether/EtOAc 85:15); m.p.

o 203 —205 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.72 (t, J = 2.3 Hz, 1H),

o N 7.51 (ddd, J=7.8, 6.6, 1.2 Hz, 2H), 7.46 — 7.37 (m, 5H), 7.29 (d, J = 8.0 Hz, 2H),
@ 3.76 (d, J = 2.3 Hz, 2H), 2.42 (s, 3H). BC{*H} NMR (100 MHz, CDCl3): & (ppm)
173.3,170.3, 141.1, 135.6, 132.2, 131.5, 130.5, 130.1, 129.3, 128.7, 126.6, 122,

34.5,21.7. HRMS (ESI TOF): m/z calcd for C1sH1sNO2 (M + H)*: 278.1181, Found: 278.1184.

6b’

2.4.2.B. General Procedure-B for the synthesis of vinyl diazosuccinimides:

/ N o N, DBU (1.5 equiv.) N, /
o )LN CH5CN o
H

0 °C, 10 mi
s mins o ;
1a

6ah
1 equiv. 1.2 equiv.

To the stirred solution of (E)-3-benzylidene-1-ethylpyrrolidine-2,5-dione 6ah (2.15 g,

1 equiv., 10 mmol) in 30 mL acetonitrile was added 4-acetamidobenzenesulfonyl azide (2.88
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g, 1.2 equiv., 12 mmol) and DBU (2.24 mL, 1.5 equiv., 15 mmol) at 0 °C temperature under
inert atmosphere. The reaction mixture was stirred for 10 minutes while maintaining the
temperature (0 °C). The reaction mixture was then quenched with saturated solution of NH4Cl
and the product was extracted with diethyl ether (30 mL x 3). The combined organic layers
were washed with brine and dried over anhydrous Na>SOas. The extract was filtered and the
filtrate was evaporated under reduced pressure. The crude product was purified using column
chromatography over silica gel to afford (E)-3-benzylidene-4-diazo-1-ethylpyrrolidine-2,5-
dione 1a as orange solid (2.257 g, 94% vyield).'®

(E)-3-benzylidene-4-diazo-1-ethylpyrrolidine-2,5-dione (1a): Compound la was synthesized
following the general procedure-B. The product was obtained as orange solid,
2.257 ¢, (94% yield); R=0.45 (petroleum ether/EtOAc 85:15); m.p.: 94 — 96 °C;
'H NMR (400 MHz, CDCls): & (ppm) 7.64 (s, 1H), 7.41 (ddd, J = 7.6, 6.2, 1.4 Hz,
o ; 2H), 7.38 — 7.32 (m, 1H), 7.32 — 7.27 (m, 2H), 3.71 (q, J = 7.2 Hz, 2H), 1.25 (t, J
1a = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 167.1, 164.9, 133.5,
129.5, 129, 128.8, 127.5, 117.4, 59.6, 34.5, 13.7. HRMS (ESI TOF): m/z calcd for C21H20NO3
(M + H)*: 242.0930, Found: 242.0927.

(E)-3-diazo-1-ethyl-4-(4-methylbenzylidene)pyrrolidine-2,5-dione (1b): Compound 1b was
synthesized from compound 6bh (0.5 g) following the general procedure-B. The
product was obtained as orange red solid (0.475 g, 85% yield): R+=0.45 petroleum
o ether/EtOAc (85:15); m.p.: 73 — 75 °C; 'H NMR (400 MHz, CDCls): § (ppm)
© ) 7.60 (s, 1H), 7.24 — 7.16 (m, 4H), 3.70 (q, J = 7.2 Hz, 2H), 2.36 (s, 3H), 1.24 (t,
" J=7.2 Hz, 3H). ®C{"H} NMR (100 MHz, CDCls): & (ppm) 167.2, 164.9, 139.9,
130.7, 129.5, 129.1, 127.7, 116.4, 59.6, 34.4, 21.5, 13.7. HRMS (ESI TOF): m/z calcd for

C14H1aN302 (M + H)*: 256.1086, Found: 256.1086.

(E)-3-diazo-1-ethyl-4-(4-methoxybenzylidene)pyrrolidine-2,5-dione (1c): Compound 1c was

O/ synthesized from compound 6ch (0.5 g) following the general procedure-B. The

product was obtained as orange brown solid (0.452 g, 82% vyield): Rf =0.30

" ) petroleum ether/EtOAc (85:15); m.p.: 120 — 122 °C; 'H NMR (400 MHz,
N O CDCls): 8 (ppm) 7.58 (s, 1H), 7.24 (d, J = 8.8 Hz, 2H), 6.96 — 6.89 (m, 2H), 3.83

° ) (s,3H), 3.69 (q, = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100

1c

MHz, CDCls): & (ppm) 167.4, 165, 160.7, 130.8, 127.7, 126.1, 115.2, 114.4,
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59.5, 55.5, 34.4, 13.7. HRMS (ESI TOF): m/z calcd for C14H14N303 (M + H)*: 272.1035,
Found: 272.1039.

(E)-3-diazo-1-ethyl-4-(3-fluorobenzylidene)pyrrolidine-2,5-dione (1d): Compound 1d was

synthesized from compound 6dh (0.5 g) following the general procedure-B. The
product was obtained as orange solid (0.423 g, 76% yield): R=0.40 petroleum
ether/EtOAC (85:15); m.p.: 65 — 67 °C; *H NMR (400 MHz, CDCls): & (ppm)
7.55 (s, 1H), 7.38 (td, J = 8.0, 5.9 Hz, 1H), 7.10 - 6.94 (m, 3H), 3.70 (9, J = 7.2
Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm)

166.7, 164.6, 162.8 (d, J = 248.4 Hz), 135.6 (d, J = 7.8 Hz), 130.4 (d, J = 8.4 Hz), 125.6, 125.6,
124.6, 124.6, 118.6, 116.4 (d, J = 21.2 Hz), 115.7 (d, J = 22.1 Hz), 59.7, 34.5, 13.6. 1°F NMR
(377 MHz, CDCls): 8 (ppm) -111.3 (s, 1F). HRMS (ESI TOF): m/z calcd for C1sH11FN3O2 (M
+ H)*: 260.0835, Found: 260.0838.

(E)-3-diazo-1-ethyl-4-(4-nitrobenzylidene)pyrrolidine-2,5-dione (1e): Compound 1le was

synthesized from compound 6eh (0.5 g) following the general procedure-B. The
product was obtained as dark orange solid (0.436 g, 79% vyield): R=0.30
petroleum ether/EtOAC (85:15); m.p.: 77-79 °C; *H NMR (400 MHz, CDCls): §
(ppm) 8.31 — 8.26 (m, 2H), 7.61 (s, 1H), 7.48 — 7.43 (m, 2H), 3.73 (9, J = 7.2
Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): & (ppm)
166.1, 164.3, 147.8, 139.9, 129.7, 124.1, 123.8, 120.6, 60, 34.8, 13.7. HRMS

ESI TOF): m/z calcd for C13H11N4O4 (M + H)*: 287.0780, Found: 287.0778.
(

(E)-3-diazo-1-ethyl-4-(furan-2-ylmethylene)pyrrolidine-2,5-dione (1f): Compound 1f was

1f

synthesized from compound 6fh (0.5 g) following the general procedure-B. The
product was obtained as dark orange solid (0.398 g, 71% yield): R=0.35
petroleum ether/EtOAc (85:15); m.p.: 137 — 139 °C; 'H NMR (400 MHz,
CDCla): & (ppm) 7.49 (d, J = 1.6 Hz, 1H), 7.24 (s, 1H), 6.69 (d, J = 3.5 Hz, 1H),
6.53 (dd, J =3.4, 1.8 Hz, 1H), 3.68 (q, J = 7.2 Hz, 2H), 1.22 (t, J = 7.2 Hz, 3H).

B3C{*H} NMR (100 MHz, CDCls): & (ppm) 167.6, 165.2, 151.3, 145.9, 116.8, 113.4, 113.2,
112.4, 61.3, 34.4, 13.7. HRMS (ESI TOF): m/z calcd for C21H20NO3 (M + H)*: 232.0722,
Found: 232.0723.
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(E)-3-benzylidene-4-diazo-1-methylpyrrolidine-2,5-dione  (Ia’): Compound 1a’ was
synthesized from compound 6a’ (0.5 g) following the general procedure-B. The
product was obtained as orange solid (0.461 g, 82% vyield): R=0.35 petroleum

oo ether/EtOAC (85:15); m.p.: 100 — 102 °C; *H NMR (400 MHz, CDCls): & (ppm)

o7 N 7.64 (s, 1H), 7.46 — 7.27 (m, 5H), 3.14 (s, 3H). *C{*H} NMR (100 MHz, CDCls):
e d (ppm) 167.2, 165.1, 133.4, 129.5, 129, 128.8, 127.6, 117.2, 59.7, 25.4. HRMS
(ESI TOF): m/z calcd for C12H10N302 (M + H)*: 228.0773, Found: 228.0769.

(E)-3-benzylidene-4-diazo-1-phenylpyrrolidine-2,5-dione  (Zb°): Compound 1b’> was
synthesized from compound 6b’ (0.5 g) following the general procedure-B. The product was
obtained as dark orange solid (0.442 g, 78% vyield): R#=0.40 petroleum
ether/EtOAC (85:15); m.p.: 128 — 130 °C; *H NMR (400 MHz, CDCls): § (ppm)
0 7.73 (s, 1H), 7.52 — 7.45 (m, 2H), 7.44 — 7.37 (m, 3H), 7.25 (s, 4H), 2.39 (s, 3H).
© @ BC{'H} NMR (CDCls, 101 MHz): & (ppm) 166.5, 164.2, 140.2, 132, 130.7,
" 129.6, 129.3, 129.2, 128.6, 128.6, 126.6, 115.7, 60.3, 21.6. HRMS (ESI TOF):
Calculated for C1sH13N3O2 (M + H)™: 304.1086, Found: 304.1091.

Nae

2.4.3. General Procedure-C for the Synthesis of spiro-oxiranes:

O
;< AgSbFs (5 mol%) OZN;@kj””
p-Xylene, 110 °C, 2 min (0]

3aa

In an oven-dried 25 mL two necked round bottom flask equipped with a magnetic stirrer
bar, a mixture of AgSbFs (7.12 mg, 5 mol%) and p-nitrobenzaldehyde 2a (63 mg, 1 equiv., 0.4
mmol) was stirred in p-Xylene (2 mL) at 110 °C under inert atmosphere for a minute. Then
vinyl diazosuccinimide 1a (100 mg, 1 equiv., 0.4 mmol) in p-Xylene (1 mL) was added to the
reaction mixture dropwise over 2 minutes. As soon as the addition was complete, progress of
the reaction was monitored by TLC. After completion of the reaction, the solvent was removed
under reduced pressure. The crude product obtained was then purified by column
chromatography (petroleum ether/EtOAc 90:10) over silica gel to furnish the desired product
3aa as white solid (81 mg, 54% yield). The slight amount of p-nitrobenzaldehyde 2a was

recovered during the purification.
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(2R,3R,E)-7-benzylidene-5-ethyl-2-(4-nitrophenyl)-1-oxa-5-azaspiro[2.4] heptane-4,6-dione
(3aa): Compound 3aa was synthesized following the general procedure-
C. The product was obtained as white solid, 81 mg (54% yield); Ri=0.25
(petroleum ether/EtOAC 85:15); m.p. 176 — 178 °C; *H NMR (400 MHz,
N~ >0 CDCls3): 6 (ppm) 8.24 —8.15 (m, 2H), 7.97 (s, 1H), 7.83 — 7.75 (m, 2H),

3aa 7.71 - 7.64 (m, 2H), 7.49 — 7.41 (m, 3H), 4.76 (s, 1H), 3.71 — 3.53 (m,
2H), 1.17 (t, J = 7.2 Hz, 3H). ¥C{*H} NMR (100 MHz, CDCls): § (ppm) 168.9, 167.8, 148.2,
140.6, 138.6, 132.4, 131.2, 130.7, 129.3, 128.5, 123.1, 122.2, 61.4, 59.9, 34.5, 13.2. HRMS
(ESI TOF): m/z caled for C20H17N205 (M + H)*: 365.1137, Found: 365.1147.

4-((2R,3R,E)-7-benzylidene-5-ethyl-4,6-dioxo-1-oxa-5-azaspiro[2.4]heptan-2-yl)benzonitrile
(3ab): Compound 3ab was synthesized following the general procedure-
C. The product was obtained as white solid, 87 mg (61% yield); Rf=0.30
(petroleum ether/EtOAcC 85:15); m.p. 169 — 171 °C; *H NMR (400 MHz,
N"S0  CDCls): & (ppm) 7.95 (s, 1H), 7.82 — 7.75 (m, 2H), 7.64 (dd, J = 7.7, 5.5

3ab Hz, 4H), 7.44 (dd, J = 4.2, 2.4 Hz, 3H), 4.71 (s, 1H), 3.71 — 3.54 (m, 2H),
1.18 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): & (ppm) 169, 167.8, 140.5, 136.7,
132.4, 131.7, 131.2, 130.7, 129.3, 128.3, 122.4, 118.6, 112.8, 61.4, 60.1, 34.5, 13.2. HRMS
(ESI TOF): m/z calcd for C21H17N20s (M + H)*: 345.1239, Found: 345.1241.

(2R,3R,E)-7-benzylidene-5-ethyl-2-(4-(trifluoromethyl)phenyl)-1-oxa-5-

azaspiro[2.4]heptane-4,6-dione (3ac): Compound 3ac was synthesized following the general
procedure-C. The product was obtained as white solid, 82 mg (51%
yield); Rr=0.40 (petroleum ether/EtOAc 85:15); m.p. 158 — 160 °C; H
NMR (400 MHz, CDCls): 6 (ppm) 7.95 (s, 1H), 7.81 (ddd, J = 5.3, 4.4,
2.5 Hz, 2H), 7.61 (s, 4H), 7.47 — 7.41 (m, 3H), 4.73 (s, 1H), 3.73 - 3.54
(m, 2H), 1.18 (t, J = 7.2 Hz, 3H). 3C NMR (100 MHz, CDCls): & (ppm)
169.1, 168, 140.2, 135.4, 132.5, 131.2, 131.1, 130.9, 130 (d, J = 150.3 Hz), 127.9, 125.4, 125,
124.9,124.9, 124.9, 122.7, 61.4, 60.5, 34.5, 13.2. %F NMR (377 MHz, CDCl3): § (ppm) -62.7
(s, 3F). HRMS (ESI TOF): m/z calcd for C2:Hi7FsNOs (M + H)*: 388.1160, Found: 388.1167.
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Methyl 4-((2R,3R,E)-7-benzylidene-5-ethyl-4,6-dioxo-1-oxa-5-azaspiro[2.4]heptan-2-
yhbenzoate (3ad): Compound 3ad was synthesized following the general procedure-C. The
product was obtained as white solid, 70 mg (45% vyield); R =0.35
(petroleum ether/EtOAc 85:15); m.p. 158 — 160 °C; *H NMR (400
MHz, CDCl3): 6 (ppm) 8.04 — 8.00 (m, 2H), 7.94 (s, 1H), 7.83 - 7.78
(m, 2H), 7.58 — 7.55 (m, 2H), 7.44 (ddd, J=4.5, 2.8, 1.4 Hz, 3H), 4.74
(s, 1H), 3.90 (s, 3H), 3.71 — 3.54 (m, 2H), 1.17 (t, J = 7.2 Hz, 3H).
BC{*H} NMR (CDCls, 100 MHz): & (ppm) 169.1, 168, 166.8, 140.1, 136.4, 132.5, 131, 130.8,
130.6,129.2, 129.2, 127.5, 122.8, 61.4, 60.7, 52.3, 34.4, 13.2. HRMS (ESI TOF): m/z calcd for
C22H20NOs (M + H)*: 378.1341, Found: 378.1340.

(2R,3R,E)-7-benzylidene-5-ethyl-2-(4-fluorophenyl)-1-oxa-5-azaspiro[2.4]heptane-4,6-dione
(3ae): Compound 3ae was synthesized following the general procedure-
C. The product was obtained as white solid, 80 mg (57% yield); R=0.45
(petroleum ether/EtOAc 85:15); m.p. 145 — 147 °C; 'H NMR (400 MHz,
CDCls): & (ppm) 7.91 (s, 1H), 7.84 — 7.77 (m, 2H), 7.51 — 7.40 (m, 5H),
7.08 —7.00 (m, 2H), 4.67 (s, 1H), 3.72 — 3.55 (m, 2H), 1.18 (t, J = 7.2 Hz,
3H). 3C{*H} NMR (100 MHz, CDCls): § (ppm) 169.3, 168.1, 163.1 (d, J = 248.0 Hz), 139.7,
129.4 (d, J = 8.4 Hz), 129.2, 127, 126.9, 123, 115 (d, J = 21.9 Hz), 61.4, 60.9, 34.4, 13.2. '°F
NMR (377 MHz, CDCls): & (ppm) -112.2 (s, 1F). HRMS (ESI TOF): m/z calcd for C2oH17FNO3
(M + H)": 338.1192, Found: 338.1190.

(2R,3R,E)-7-benzylidene-2-(4-chlorophenyl)-5-ethyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione
(3af): Compound 3af was synthesized following the general procedure-C.
The product was obtained as white solid, 103 mg (70% vyield); Rf=0.45
(petroleum ether/EtOAC 85:15); m.p. 148 — 150 °C; *H NMR (400 MHz,
N"0  CDCls): & (ppm) 7.92 (s, 1H), 7.84 — 7.76 (m, 2H), 7.47 — 7.40 (m, 5H),

3af 7.36 — 7.29 (m, 2H), 4.66 (s, 1H), 3.72 — 3.55 (m, 2H), 1.18 (t, J = 7.2 Hz,
3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 169.2, 168, 139.9, 135, 132.6, 131, 130.8,
129.8, 129.2, 128.9, 128.2, 122.9, 61.4, 60.8, 34.4, 13.2. HRMS (ESI TOF): m/z calcd for
C20H17CINO3s (M + H)*: 354.0897, Found: 354.0896.
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(2R,3R,E)-7-benzylidene-2-(2-bromophenyl)-5-ethyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione

(3ag): Compound 3ag was synthesized following the general procedure-C.

The product was obtained as white solid, 87 mg (53% vyield); Rf =0.45

(petroleum ether/EtOAc 85:15); m.p. 160 — 162 °C; *H NMR (400 MHz,

J © CDCl3): 8 (ppm) 7.97 (s, 1H), 7.82 — 7.77 (m, 2H), 7.66 (dd, J = 7.7, 1.5 Hz,

3ag 1H), 7.48 — 7.36 (m, 5H), 7.24 — 7.18 (m, 1H), 4.67 (s, 1H), 3.73 — 3.58 (m,

2H), 1.19 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 169.2, 168.2, 140.1,

132.6, 131.8, 130.9, 130.7, 130.2, 129.6, 129.1, 127.2, 122.5, 121.6, 61.2, 61, 34.4, 13.1.
HRMS (ESI TOF): m/z calcd for C2H17BrNOs (M + H)*: 398.0392, Found: 398.0397.

(2R,3R,E)-7-benzylidene-5-ethyl-2-phenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione (3ah):
Compound 3ah was synthesized following the general procedure-C. The
product was obtained as white solid, 69 mg (52% yield); Rf=0.50 (petroleum
ether/EtOAC 85:15); m.p. 129 — 131 °C; *H NMR (400 MHz, CDCls): § (ppm)
7.91 (s, 1H), 7.86 — 7.78 (m, 2H), 7.52 — 7.47 (m, 2H), 7.46 — 7.40 (m, 3H),

3ah 7.38 — 7.31 (m, 3H), 4.72 (s, 1H), 3.72 — 3.54 (m, 2H), 1.18 (t, J = 7.2 Hz,
3H). B¥C{*H} NMR (100 MHz, CDCls): § (ppm) 169.3, 168.2, 139.6, 132.6, 131.3, 130.9,
130.8, 129.2, 129, 127.9, 127.4, 123.2,61.4, 61.4, 34.4, 13.2. HRMS (ESI TOF): m/z calcd for
C2o0H18NO3 (M + H)*: 320.1287, Found: 320.1290.

(2R,3R,E)-7-benzylidene-5-ethyl-2-(p-tolyl)-1-oxa-5-azaspiro[2.4]heptane-4,6-dione (3ai):
Compound 3ai was synthesized following the general procedure-C. The
product was obtained as white solid, 58 mg (42% yield); Rs =0.45
(petroleum ether/EtOAC 85:15); m.p. 114 — 116 °C; *H NMR (400 MHz,
N~ 0 CDCls): & (ppm) 7.89 (s, 1H), 7.86 — 7.78 (m, 2H), 7.45 — 7.36 (m, 5H),

3ai 7.16 (d, J = 8.0 Hz, 2H), 4.69 (s, 1H), 3.72 — 3.54 (m, 2H), 2.34 (s, 3H),
1.18 (t, J = 7.2 Hz, 3H). **)C{*H} NMR (100 MHz, CDCls): § (ppm) 169.5, 168.2, 139.4, 138.9,
132.7,130.8,129.1, 128.7, 128.2, 127.4, 123.3, 61.6, 61.5, 34.3, 21.5, 13.2. HRMS (ESI TOF):
m/z calcd for C21H20NO3 (M + H)*: 334.1443, Found: 334.1445.

(2R,3R,E)-7-benzylidene-5-ethyl-2-(4-methoxyphenyl)-1-oxa-5-azaspiro[2.4]heptane-4,6-

dione (3aj): Compound 3aj was synthesized following the general procedure-C. The product
was obtained as white solid, 94 mg (65% yield); Rf=0.45 (petroleum ether/EtOAc 85:15); m.p.
134 — 136 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.88 (s, 1H), 7.85 — 7.78 (m, 2H), 7.48 —
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7.38 (m, 5H), 6.91 — 6.83 (M, 2H), 4.66 (s, 1H), 3.80 (s, 3H), 3.72 — 3.55
(m, 2H), 1.18 (t, J = 7.2 Hz, 3H). ¥*C{*H} NMR (100 MHz, CDCls): 5
(ppm) 169.4, 168.1, 160, 139.1, 132.6, 130.7, 129, 128.8, 123.2, 122.9,
113.3, 61.6, 61.5, 55.2, 34.2, 13.1. HRMS (ESI TOF): m/z calcd for
Ca1H20NO4 (M + H)*: 350.1392, Found: 350.1394.

(2R,3R,E)-7-benzylidene-5-ethyl-2-(2-methoxyphenyl)-1-oxa-5-azaspiro[2.4]heptane-4,6-
dione (3ak): Compound 3ak was synthesized following the general
procedure-C. The product was obtained as white solid, 100 mg (69% vyield);
Ri=0.40 (petroleum ether/EtOAc 85:15); m.p. 161 — 163 °C; *H NMR (400
P MHz, CDCls): 8 (ppm) 7.90 (s, 1H), 7.86 — 7.81 (m, 2H), 7.64 (dd, J = 7.6,
3ak 1.3 Hz, 1H), 7.42 (dd, J =5.1, 1.9 Hz, 3H), 7.34 — 7.27 (m, 1H), 7.06 — 7.01
(m, 1H), 6.79 (d, J = 8.3 Hz, 1H), 4.77 (s, 1H), 3.72 — 3.56 (m, 5H), 1.18 (t, J = 7.2 Hz, 3H).
BBC{*H} NMR (100 MHz, CDCls): & (ppm) 169.5, 168.4, 157.1, 139.1, 132.7, 130.8, 130.6,
129.8,128.9,128.6, 123.2,120.4, 120.1, 109.6, 60.8, 58.4, 55.2, 34.1, 13.1. HRMS (ESI TOF):
m/z calcd for C21H20NO4 (M + H)*: 350.1392, Found: 350.1393.

(2R,3R,E)-7-benzylidene-5-ethyl-2-((S)-1-phenylethyl)-1-oxa-5-azaspiro[2.4]heptane-4,6-
dione (3al): Compound 3al was synthesized following the general procedure-
C. Two separate diastereomers was obtained.
(A) white solid, 37 mg (26% yield); Rr=0.60 (petroleum ether/EtOAc 85:15);
N"S0 m.p.110-112 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.76 — 7.67 (m, 3H),
3al 7.46 —7.38 (m, 3H), 7.25 - 7.14 (m, 3H), 7.05 - 6.98 (m, 2H), 3.74 — 3.57 (m,
4H), 1.47 (d, J = 6.6 Hz, 3H), 1.16 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): §
(ppm) 171.3, 168.2, 141.6, 139.2, 132.6, 130.9, 130.8, 129, 128.9, 127.2, 127.2, 123.1, 65.9,
60.1, 36.3, 34.3, 18.8, 13.2. HRMS (ESI TOF): m/z calcd for C22H22NOs (M + H)*: 348.1600,
Found: 348.1606.

(B) white solid, 35 mg (24% vyield); Rf=0.55 (petroleum ether/EtOAc 85:15); m.p. 108 — 110
°C; 'H NMR (400 MHz, CDCl3): & (ppm) 7.85 (s, 1H), 7.70 — 7.65 (m, 2H), 7.39 — 7.32 (m,
5H), 7.27 (d, J = 7.3 Hz, 3H), 3.85 — 3.77 (m, 3H), 3.68 — 3.59 (m, 1H), 1.31 (t, J = 7.2 Hz,
3H), 1.16 (d, J = 7.2 Hz, 3H). BC{*H} NMR (151 MHz, CDCls): § (ppm) 171.1, 168.4, 142.4,
139.6, 132.5, 130.9, 130.9, 129.1, 128.8, 127.4, 127.1, 123.1, 65.1, 59.6, 36, 34.5, 17.8, 13.4.
HRMS (ESI TOF): m/z calcd for C22H22NO3s (M + H)™: 348.1600, Found: 348.1606.
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(2R,3R,E)-7-benzylidene-5-ethyl-2-((E)-4-nitrostyryl)-1-oxa-5-azaspiro[2.4]heptane-4,6-
dione (3am): Compound 3am was synthesized following the
general procedure-C. The product was obtained as white solid, 65
mg (40% yield); R¢=0.35 (petroleum ether/EtOAc 85:15); m.p. 136
—138°C; 'H NMR (400 MHz, Chloroform-d) § 8.21 —8.15 (m, 2H),
7.91 (s, 1H), 7.79 - 7.73 (m, 2H), 7.54 — 7.50 (m, 2H), 7.46 (qd, J =
4.0, 2.0 Hz, 3H), 6.90 - 6.79 (m, 2H), 4.28 (dd, J = 6.9, 1.0 Hz, 1H), 3.84 — 3.70 (m, 2H), 1.29
(t, J = 7.2 Hz, 3H). ¥*C{*H} NMR (100 MHz, CDCls): & (ppm) 170.6, 168.1, 147.7, 141.8,
140.2, 136.3, 132.6, 131.1, 130.8, 129.2, 127.6, 126.1, 124.3, 122.3, 61.5, 60.4, 34.6, 13.3.
HRMS (ESI TOF): m/z calcd for C22H19N20s (M + H)*: 391.1294, Found: 391.1292.

(2R,3R,E)-7-benzylidene-5-ethyl-2-methyl-2-phenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione
(3an): Compound 3an was synthesized following the general procedure-C.
The product was obtained as white solid, 55 mg (40% yield); Ri=0.40
(petroleum ether/EtOAc 85:15); m.p. 164 — 166 °C; *H NMR (400 MHz,
N 70 CDCls): & (ppm) 7.92 (s, 1H), 7.85 - 7.79 (m, 2H), 7.46 — 7.29 (m, 8H), 3.66

3an —3.51 (m, 2H), 1.43 (s, 3H), 1.12 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100
MHz, CDClz): 6 (ppm) 169.6, 168.5, 139, 137.8, 133.2, 132.3, 130.5, 128.7, 128.3, 128.1,
126.2,123.2,72.3,67.2, 34, 21.5, 13.4. HRMS (ESI TOF): m/z calcd for C21H20NO3 (M + H)™:
334.1443, Found: 334.1445.

(2R,3R,E)-5-ethyl-7-(4-methylbenzylidene)-2-phenyl-1-oxa-5-azaspiro[2.4] heptane-4,6-dione
(3bh): Compound 3bh was synthesized following the general procedure-C.
The product was obtained as white solid, 76 mg (58% vyield); R=0.45
(petroleum ether/EtOAC 85:15); m.p. 178 — 180 °C; 'H NMR (400 MHz,
CDCls): & (ppm) 7.88 (s, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.50 (dd, J = 7.6, 1.8
Hz, 2H), 7.39 — 7.30 (m, 3H), 7.23 (d, J = 8.1 Hz, 2H), 4.77 (s, 1H), 3.71 —
3.53 (m, 2H), 2.39 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz,
CDCls): 6 (ppm) 169.4, 168.4, 141.6, 139.7, 131.4, 131, 130, 129.9, 129, 127.9, 127.4, 122,
61.6, 61.1, 34.3, 21.7, 13.2. HRMS (ESI TOF): m/z calcd for C21H20NO3 (M + H)*: 334.1443,
Found: 334.1446.

3bh
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(2R,3R,E)-5-ethyl-7-(4-methoxybenzylidene)-2-phenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-

dione (3ch): Compound 3ch was synthesized following the general

MeQO

procedure-C. The product was obtained as white solid, 66 mg (51% yield);
Ri=0.35 (petroleum ether/EtOAc 85:15); m.p. 125 — 127 °C; 'H NMR (400
MHz, CDCls): & (ppm) 7.85 — 7.79 (m, 3H), 7.51 (dd, J = 7.9, 1.6 Hz, 2H),
7.39 — 7.30 (m, 3H), 6.96 — 6.91 (m, 2H), 4.83 (s, 1H), 3.85 (s, 3H), 3.70 —

3ch 3.53 (m, 2H), 1.17 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): §
(ppm) 169.5, 168.6, 162, 139.3, 133.3, 131.4, 129, 127.9, 127.5, 125.4, 120.2, 114.7, 61.8,
60.7,55.6, 34.3, 13.3. HRMS (ESI TOF): m/z calcd for C21H20NO4 (M + H)*: 350.1392, Found:
350.1398.

(2R,3R,E)-5-ethyl-7-(4-methoxybenzylidene)-2-(4-nitrophenyl)-1-oxa-5-
azaspiro[2.4]heptane-4,6-dione (3ca): Compound 3ca was synthesized following the general
MeO procedure-C. The product was obtained as white solid, 72 mg (50%
yield); Rf=0.30 (petroleum ether/EtOAc 70:30); m.p. 163 — 165 °C;
'H NMR (400 MHz, CDCls): § (ppm) 8.24 — 8.18 (m, 2H), 7.88 (s,
1H), 7.81 - 7.76 (m, 2H), 7.74 — 7.65 (m, 2H), 6.99 — 6.93 (m, 2H),
4.87 (s, 1H), 3.86 (s, 3H), 3.70 — 3.52 (m, 2H), 1.16 (t, J = 7.2 Hz,
3ca 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 168.9, 168.1, 162.1,
148, 140.3, 138.7, 133.1, 128.4, 125, 123, 119.1, 114.7, 61.6, 59.2, 55.5, 34.3, 13.1. HRMS
(ESI TOF): m/z calcd for C21H19N20g (M + H)*: 395.1243, Found: 395.1238.

(2R,3R,E)-5-ethyl-7-(3-fluorobenzylidene)-2-phenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione
(3dh): Compound 3dh was synthesized following the general procedure-C.
The product was obtained as white solid, 78 mg (60% vyield); R=0.45
(petroleum ether/EtOAC 85:15); m.p. 139 — 141 °C; 'H NMR (400 MHz,
CDCls): 8 (ppm) 7.84 (s, 1H), 7.61 — 7.56 (m, 2H), 7.53 — 7.46 (m, 2H), 7.44

3dh —7.32 (m, 4H), 7.13 (tdd, J = 8.3, 2.5, 0.8 Hz, 1H), 4.67 (s, 1H), 3.72 — 3.54
(m, 2H), 1.18 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCl3): & (ppm) 169, 167.8, 162.9
(d,J=247.3 Hz), 137.8, 137.8, 134.5 (d, J = 8.1 Hz), 131, 130.7 (d, J = 8.2 Hz), 129.2, 127.9,
127.5, 126.7, 126.7, 124.6, 117.8 (d, J = 21.3 Hz), 117.2 (d, J = 22.8 Hz), 61.9, 61.4, 34.5,
13.2. %F NMR (377 MHz, CDCl3): & (ppm) -111.4 (s, 1F). HRMS (ESI TOF): m/z calcd for
C20H17FNO3 (M + H)*: 338.1192, Found: 338.1198.
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(2R,3R,E)-5-ethyl-7-(4-nitrobenzylidene)-2-phenyl-1-oxa-5-azaspiro[2.4] heptane-4,6-dione
WO2 (3eh): Compound 3eh was synthesized following the general procedure-
C. The product was obtained as pale green solid, 75 mg (59% vyield); Rs
=0.20 (petroleum ether/EtOAc 85:15); m.p. 166 — 168 °C; *H NMR (400
MHz, CDCl3): 8 (ppm) 8.31 — 8.23 (m, 2H), 8.00 — 7.94 (m, 2H), 7.90 (s,
J 1H), 7.47 (dq, J = 5.1, 3.0 Hz, 2H), 7.40 — 7.31 (m, 3H), 4.51 (s, 1H), 3.73
3eh —3.56 (M, 2H), 1.19 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCly):
d (ppm) 168.6, 167.2, 148.6, 138.6, 135.9, 131.3, 130.5, 129.4, 128, 127.4, 127.3, 124.2, 62.9,
61.4, 34.6, 13.2. HRMS (ESI TOF): m/z calcd for C20H17N20s (M + H)*: 365.1137, Found:

365.1141.

(2R,3R,E)-5-ethyl-7-(furan-2-ylmethylene)-2-phenyl-1-oxa-5-azaspiro[ 2.4 ] heptane-4,6-dione

(3fh): Compound 3fh was synthesized following the general procedure-C.

The product was obtained as white solid, 59 mg (44% vyield); Ri=0.35

(petroleum ether/EtOAc 85:15); m.p. 140 — 142 °C; 'H NMR (400 MHz,

P ° CDCls): 6 (ppm) 7.88 (s, 1H), 7.66 (dt, J = 3.7, 1.0 Hz, 1H), 7.61 — 7.52 (m,

3fh 3H), 7.42 - 7.33 (m, 3H), 7.12 (dd, J = 5.1, 3.7 Hz, 1H), 5.11 (s, 1H), 3.70 —

3.52 (m, 2H), 1.16 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): § (ppm) 169.2, 168.2,

135.8,135.2, 133.4, 131.3, 129.3, 129.1, 128.9, 128, 127.5, 119.6, 62, 61.6, 34.3, 13.3. HRMS
(ESI TOF): m/z calcd for C1sH1sNO4 (M + H)*: 310.1079, Found: 310.1083.

(2R,3R,E)-7-benzylidene-5-methyl-2-(4-nitrophenyl)-1-oxa-5-azaspiro[2.4] heptane-4,6-dione
(3a’a): Compound 3a’a was synthesized following the general
procedure-C. The product was obtained as white solid, 63 mg (41%
yield); R=0.30 (petroleum ether/EtOAc 70:30); m.p. 191 — 193 °C;
'H NMR (400 MHz, CDCls): § (ppm) 8.23 — 8.19 (m, 2H), 7.98 (s,

3a'a 1H), 7.81 — 7.77 (m, 2H), 7.70 — 7.66 (m, 2H), 7.48 — 7.43 (m, 3H),
4.76 (s, 1H), 3.07 (s, 3H). 3*C{*H} NMR (100 MHz, CDCls): & (ppm) 169, 168, 148.1, 140.6,
138.4, 132.2, 131.1, 130.6, 129.2, 128.4, 123, 122, 61.4, 59.8, 25.3. HRMS (ESI TOF): m/z
calcd for C19H1sN20s (M + H)*: 351.0981, Found: 351.0984.
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(2R,3R,E)-7-benzylidene-5-methyl-2-phenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione (3a’h):
Compound 3a’h was synthesized following the general procedure-D. The
product was obtained as white solid, 68 mg (51% yield); R=0.45 (petroleum
ether/EtOAC 85:15); m.p. 146 — 148 °C; *H NMR (400 MHz, CDCls): & (ppm)
7.92 (s, 1H), 7.85 — 7.80 (m, 2H), 7.53 — 7.48 (m, 2H), 7.45 — 7.41 (m, 3H),

i
Me

3ath 7.39 — 7.32 (m, 3H), 4.72 (s, 1H), 3.07 (s, 3H). *C{*H} NMR (100 MHz,
CDCls): & (ppm) 169.6, 168.5, 139.6, 132.6, 131.2, 130.9, 130.8, 129.2, 129.1, 127.9, 127.5,
123.1, 61.6, 61.4, 25.3. HRMS (ESI TOF): m/z calcd for C19H16NOs (M + H)*: 306.1130,
Found: 306.1138.

(2R,3R,E)-7-benzylidene-2,5-diphenyl-1-oxa-5-azaspiro[2.4]heptane-4,6-dione (3b°h):
Compound 3b’h was synthesized following the general procedure-D. The
product was obtained as white solid, 45 mg (36% yield); R+=0.50 (petroleum
ether/EtOAC 85:15); m.p. 200 — 202 °C; *H NMR (400 MHz, CDCls): & (ppm)
8.01 (s, 1H), 7.79 (d, J = 8.2 Hz, 2H), 7.54 (dd, J = 7.6, 1.6 Hz, 2H), 7.42
@ (ddd, J=7.7, 6.5, 1.3 Hz, 2H), 7.37 — 7.30 (m, 6H), 7.27 (s, 1H), 7.25 (s, 1H),

4.86 (s, 1H), 2.41 (s, 3H). 3C{*H} NMR (100 MHz, CDCls): § (ppm) 168.6,
167.6, 141.9, 141, 131.7, 131.2, 131.1, 130, 129.9, 129.1, 129, 128.7, 128,
127.6, 126.4, 121.5, 61.8, 61.7, 21.7. HRMS (ESI TOF): m/z calcd for C2sH20NO3 (M + H)™:
382.1443, Found: 382.1446.

2.4.4. Gram Scale Synthesis:

In an oven-dried 10 mL two necked round bottom flask equipped with a magnetic stirrer
bar, a mixture of AgSbFs (71.22 mg, 5 mol%) and p-nitrobenzaldehyde 2a (626 mg, 1 equiv.,
0.4 mmol) was stirred in p-Xylene (20 mL) at 110 °C under inert atmosphere for a minute.
Then vinyl diazosuccinimide 1a (1 g, 1 equiv., 0.4 mmol) in p-Xylene (10 mL) was added to
the reaction mixture dropwise over 5 minutes. As soon as the addition was complete, progress
of the reaction was monitored by TLC. After completion of the reaction, the solvent was
removed under reduced pressure. The crude product obtained was then purified by column
chromatography (petroleum ether/EtOAc 90:10) over silica gel to furnish the desired product
3aa as white solid (0.722 g, 48% vyield). The slight amount of p-nitrobenzaldehyde 2a was
recovered during the purification.
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2.4.5. Appendix I1: H, ®C{*H}, and °*F NMR spectral data of representative compounds

Compound No. Figure I1.X Data Page No.

6ah Figure I1.1 and I1.2 'H and 1°C 52

la Figure I1.3 and 11.4 'H and 13C 53

3aa Figure IL.5 and 11.6 'H and 13C 54

3al (A) Figure I11.7A and 11.8A 'H and 1°C 55

3al (B) Figure 11.9B and 11.10B 'H and 1*C 56
3am Figure I1.11 and 11.12 'H and 13C 57

3bh Figure I1.13 and I1.14 'H and 1°C 58
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Figure 11.1. *H NMR (400 MHz, CDCls) spectrum of compound 6ah

174.01
170.98
34,
34
30.
30.
29,

L
N
\
< 33.96

34.20
13.30

ﬁﬁﬁﬁﬁﬁ {4500
L4000
L3500

3000
o

L2500

N2

6ah

{2000

L 1500

L 1000

£ 500

200 190 180 10 160 150 140 130 120 1o 100 % 8 70 & s 4 30 20 10 0
f1 (ppm)

Figure 11.2. ¥*C{*H} NMR (100 MHz, CDCls) spectrum of compound 6ah

52



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

3.74
3.72
3.70
3.68
1.27

(
I
i
[
[
I
[
Jr
A
#Iy
L7
/125
\ 123

L4.0
L35
Ny J L3.0

) 25
L20
L1s
Lo

L0S5

|
|

L0.0

0.88
2.00
101
192
200
318

T
100 95 9.0 8.5 8.0 75 70 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 10 0.5 0.0
f1 (ppm)

Figure 11.3. *H NMR (400 MHz, CDCls3) spectrum of compound 1a

{3000

o

A
¢
\

167.07
— 164.85
33
29
29,
28
27
117.42
59.64
34.49
13.70

| 2800
| 2600
| 2400
| 2200
o | 2000
o ; | 1800
| 1600
| 1400
| 1200
| 1000
| 800
| 600

1400

‘ ‘ 1200
) L A " o |0

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 11.4. 3C{*H} NMR (100 MHz, CDCls) spectrum of compound 1a

53



ioneoxirane

ined

Synthesis of Spiro-pyrrol

Chapter 2

L 30000

L 28000

L 26000
L 24000

{22000
L 20000
L 18000

L 16000

L 14000

{12000

L 10000

L8000

£ 6000

L4000

{2000

9T\
a1y
61T

bs'e

@M.L
(5€
85'¢
65
19
s_ﬁw

e
€L
L
Sh'L
Sv'L
Sh'L
Sh'L
9L
'L
99°2
1907
97
897
69°LY
69°LY
8L
8L
8L
8L LN
6L'L7)
6L'L
6L'L
6L'L

08'Z 1
08'Z
08'L
L6'L
818
618
618

179 |
18]
ws

S

L
——

4

— L

{4000
L3000

L2000
L 1000

L -1000

O,N

66'7

T
3.55

f1 (ppm)

T
3.65

N

|

00¢

Wmmq

160

16T
967
86T
860
6T

T T T T T T T T T
4.0 35 3.0 25 2.0 15 1.0 0.5

45

50
f1 (ppm)

55

Figure 11.5. *H NMR (400 MHz, CDCls) spectrum of compound 3aa

13800
L3600

L3400

{3200

L3000

L 2800

L2600

{2400
{2200

{2000

L 1800
L 1600
L 1400
L1200
L1000

{800

L 600

1400

1200

L-200

6T°ET

0S'pE

2665
8e'19

mN.NNﬁ
60°€ZT V

15821
wN.mﬁW
89°0€1
w:mﬁ\
6€°2€1
e5ee1

81917
06891~

o,N

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

T
200

54

Figure 11.6. 3C{*H} NMR (100 MHz, CDCls) spectrum of compound 3aa



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

RRARSPYYSINIRIYygg [50 RRRBBEIY |30
N N N T N e N N N N N LN e K N W N )
N S SN 2 Lo AN 2
L2000
L3000
L2000 1000
{1000
] )
s T I
g g g 8 [0 g
T M‘ T T 2 T T rﬁ\ T '_1\ T T T T <t T T T
78 77 16 75 74 73 72 71 70 69 3.80 3.75 3.70 3.65 3.60 3.55
f1 (pp f1 (ppm)
0}
|l|/
© N~ 0
3al ”\
Lu L
A I oo
gz28 3 g g
160 9‘5 9.‘0 8‘5 8‘0 7.‘5 7.‘0 6.‘5 6.‘0 5.‘5 5.‘0 4.‘5 4.‘0 3.‘5 3.‘0 2‘.5 2‘.0 1‘.5 1‘.0 0‘.5 0‘.0
f1 (ppm)
H 1
Figure 11.7A. "H NMR (400 MHz, CDCls) spectrum of compound 3al
o - TN o~ O
AN HNODARS = A o oo anN s S
RE IERRRANNRYA g 3 85 2 =
[ VSNV [ \ o/ (.
~2000
Ng
I
-\ L 1500
N/
{1000
0 7
o L 500
0o
N~ ~O Lo
/’ T T T T
3al 1273 1272 071 1270
f1 (ppm
N | J L] | | | '
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 40 30 20
f1 (ppm)

Figure 11.8A. 3C{*H} NMR (100 MHz, CDCls) spectrum of compound 3al

55

{10000

L9000

L8000

L7000

{6000

{5000

{4000

{3000

{2000

L 1000

{5500

L5000

{4500

{4000

L3500

L3000

{2500

{2000

L1500

L 1000

{500

L-500



{3400

L 3200
{3000
L 2800
L 2600
L 2400
L2200
L2000
L 1800
L 1600
{1400
L 1200
L 1000
(800

L 600

L 400

L 200

{--200

L 7500
L 7000

ST'T
9Tt

4,

AL

Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

@t

09
e
b
b
99t %
8¢
6L¢
08¢
18¢
e
v

9]
8¢ ]
821 ]
2]
€61
€61 ]
v
s
%Ly
LEL
LEL
wnNuﬁ
8¢

8]
91

91
891
891

69¢]
s8¢

§
=rr—

L 500

6E°€T
6L LT

6v'vE V
209

€965
s

L 500

4.5

5.0
f1 (ppm)

6.0 55

6.5

70

75

—

8.0

8.5

9.0

Figure 11.9B. *H NMR (400 MHz, CDCls) spectrum of compound 3al

e

JAipaas
JAaas
S8'8¢T
90°6Z1

6€'891
I 72

L 6500
L 6000
L 5500
{5000
L 4500
14000
L 3500
{3000
L2500
L2000
L 1500
L 1000
L 500

90

56

T
100
f1 (ppm)

‘ 70 160 150 140 130 120 110

180

190

200

Figure 11.10B. BC{*H} NMR (151 MHz, CDClIs) spectrum of compound 3all



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

|- 13000

{12000

{11000

{10000
{9000

L8000

L7000

L6000

L5000

L4000

L3000

L2000

L 1000

L-1000

AR
60177
16T s

0L€]
wel
vLe]
e
s
o
e
e
6.€ Y
6L
08¢
%.?W
wes
;.m\

Ly
8Ty
(744

(744

\
[
N

st ﬁ
mﬁNuﬁ

oL
L]
wi]

418
9]
818
618

4000

o,

L2000

L 1000

L3000

{2000

L 1000

007

€0

428 426
f1 (ppm)

430

6.75

6.80

f1 (ppm)

6.90

3am O

Feoe

Kt
= 107
= 00

00T
¥ 00t

5.0 4.5

f1 (ppm)

T
55

Figure 11.11. *H NMR (400 MHz, CDClIs) spectrum of compound 3am

{4500

{4000

{3500

{3000

L2500

L2000

L1500

L1000

{500

SEET T

PIVE T

0p'09 -
19

.

8Tzer
STyl /
19T\
(S0

bT621
8_5\
S0T€1
S§'2€T
679€1 \
0z0v1
wwi
wl

p1'89T
501

3am O

ol

&

170

| IHIJI

150 140 130 120 10 100 %0
f1 (ppm)

160

180

19

200

57

Figure 11.12. 3C{*H} NMR (100 MHz, CDCIs) spectrum of compound 3am



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

L10

ST\
a1y
s’

6T
pS'E
99°€
18°€
65°€
19°¢
[42%
€9°¢
p9°€
S9°€
L9°€
L9°€
69°€
T
LUy

o0¢

66T

Wmc.N

=001

o
z0t
7 10€
107
860

T T T
75 7.0 6.5 6.0 55 5.0 45
f1 (ppm)

T
8.0

85

Figure 11.13. *H NMR (400 MHz, CDCls) spectrum of compound 3bh

L0.19
L0.18

£0.17

L0.16

£0.15

L0.14

L0.13

£0.12

L0.11

£0.10

£0.09

10.08

(0.07

L0.06

£0.05

(0.04

£0.03

£0.02

£0.01

{-0.01

L-0.02

741

0L

0EvE

9019
S6'19

wa
LTl /
16°LC1
96'8C1
06'6ZT

86897

¥b'691

W | 0.00

i

"

T T T T T T T T T
180 170 160 150 140 130 120 110 100
f1 (ppm)

190

200

Ll

Figure 11.14. *)C{*H} NMR (100 MHz, CDCls) spectrum of compound 3bh

58



Chapter 2: Synthesis of Spiro-pyrrolidinedioneoxirane

2.4.6. Appendix I1B: Molecular structures of compound 3al:
Molecular Structure of compound 3al using Single Crystal X-ray analysis:
[A]

Datablock: DB_1 Om_a

Bond precision: C-C = 0.0049 A Wavelength=0.71073
Cell: a=8.739(8) b=32.43(3) c=6.947(6)
alpha=90 beta=112.23(2) gamma=90

Temperature: 100 K

Calculated Reported
Volume 1823 (3) 1823 (3)
Space group P 21/c P 21/c
Hall group -P 2ybc -P 2ybc

Moiety formula

Sum formula

C22 H21 N O3
C22 H21 N O3

C22 H21 N O3
C22 H21 N O3

Mr 347.40 347.40

Dx,g cm-3 1.266 1.266

Z 4 4

Mu (mm-1) 0.084 0.084

FOO0O0 736.0 736.0

FOOOQ" 736.34

h, k, Imax 11,43,9 11,43,9
Nref 4580 4544

Tmin, Tmax 0.941,0.967 0.941,0.967
Tmin' 0.935

Correction method= # Reported T Limits:
Tmin=0.941 Tmax=0.967 AbsCorr = MULTI-SCAN

Data completeness= 0.992 Theta (max)= 28.392

R(reflections)= 0.0858( wR2 (reflections)= 0.2057(
3392) 4544)

S =1.176 Npar= 238
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Molecular Structure of compound 3al using Single Crystal X-ray analysis
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Molecular Structure of compound 3al using Single Crystal X-ray analysis
[B]
Datablock: TRI _a

Bond precision: C-C = 0.0021 A Wavelength=0.71073
Cell: a=19.325(4) b=21.396(5) c=8.8602(18)

alpha=90 beta=90 gamma=90
Temperature: 100 K

Calculated Reported

Volume 3663.5(14) 3663.4(13)
Space group Pccn Pccn
Hall group -P 2ab 2ac -P 2ab 2ac
Moiety formula C22 H21 N 03 ?
Sum formula C22 H21 N 03 C22 H21 N 03
Mr 347.40 347.40
Dx,g cm-3 1.260 1.260
Z 8 8
Mu (mm-1) 0.084 0.084
F00O0 1472.0 1472.0
F000" 1472.68
h, k, lmax 25,27,11 25,27,11
Nref 4200 4197
Tmin, Tmax 0.988,0.992 0.442,0.746
Tmin' 0.988
Correction method= # Reported T Limits: Tmin=0.442
Tmax=0.746 AbsCorr = MULTI-SCAN
Data completeness= 0.999 Theta (max)= 27.483
R(reflections)= 0.0500( 3473) wR2 (reflections)= 0.1290( 4197)
S = 1.041 Npar= 237
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Molecular Structure of compound 3al using Single Crystal X-ray analysis
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Chapter 3

A One-pot Access to Diastereoselective Benzoxepino[2,3-c]pyrroles
via Formal (5+2)-Annulation of Vinyl diazosuccinimide with Ketones
Under Silver Catalysis
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(Dihydrobenzoxepines)

# One-pot access to dihydrobenzoxepines # Silver catalysis (5 mol%)
# Regio- & chemo-selective # Access to single diastereomer
¢ Additive and ligand-free synthesis # Intermediate detection



Formal (5+2)-Annulation of Vinyl diazosuccinimide with Ketones

A One-pot Access to Diastereoselective Benzoxepino|[2,3-c]pyrroles via
Under Silver Catalysis 3

This chapter addresses a challenging strategy for the diastereoselective synthesis of
dihydrobenzoxepines via formal (5+2)-cycloaddition of vinyl diazosuccinimides as 5-C
synthons with different aryl/alkyl methyl ketones under silver catalysis. The protocol proved to
be highly regio-, chemo-, and diastereoselective, and works well with a diverse set of aryl/alkyl
methyl ketones bearing electron-deactivating as well as electron-donating groups. The control
experiments and time-dependent *H-NMR studies have revealed the in-situ formation of
transient styryl carbonyl ylide as an intermediate during the course of reaction. The
practicality of the protocol has also been demonstrated on the gram-scale synthesis of very

useful dihydrobenzoxepine.

3.1 Introduction:

The fused polycyclic architecture containing 6-7-5 or 5-7 fused-ring framework or
benzoxepine motifs belong to one of the important classes of oxygenated heterocycles found
in pharmaceutical agents®® and numerous natural products'®® having a diverse biological
activity (Figure 3.1). Some of the illustrative examples include Lincosamide antibiotic that
shows potent activity against gram-negative pathogens like E. coli, Xylarinol A, is a metabolite
that is isolated from the fermentation broth of cultured Pestalotiopsis virgatula from
Terminalia chebula Retz (Combretaceae)® and shows the antibiotic activity.Xylarinol B is

known to exhibit antibiotic activity and moderate ABTS radical scavenging activity.*f

OH
S O H oH
I
Z . Me
HO
\xylarmol A xylarinol B J

Exh|b|t Antibiotic activity

O oK

FSA-213064 Isolated from
Lincosamide antibiotic Curcuma caesia Roxb. Seco-furoeremophllane

Figure 3.1. Examples of naturally occurring bioactive 1,3-dihydrobenzo[c]oxepines and
oxepino[2,3-c]pyrrole.
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Owing to the importance of these compounds, over the years many research groups have
contributed to develop synthetic strategies to access the stereoselective highly substituted
oxygenated heterocycles? and are many researchers are very active and still pursuing the work
towards to achieve goal in more attractive manner.2 Over the last few decades, it has been very
well-established that transient carbonyl ylides, generated in situ via transition-metal-catalyzed
decomposition of diazo compound, can either be paired with suitable trapping agents (or
dipolarophiles) or cyclize intramolecularly or intermolecularly to furnish the oxygenated
heterocycles.*’ Literature reports disclose that the carbonyl ylide can be formed by a coupling
of a vinylic metal carbene and a carbonyl group (Scheme 3.1, path-A) and/or through the

reaction of a vinyl carbonyl compound with a metal carbene (Scheme 3.1, path-B).

N 0 path-A i path-B 0 N,
+ )J\O — e -— *
Ar’ﬂvj\o oA Ar“\)\o )J\o

styryl carbonyl ylide

Scheme 3.1. Alternative pathways for the formation of transient styryl carbonyl ylide.

Some of the important examples involving carbonyl ylide as reactive intermediate generated in

situ from the diazo compound have been discussed here.

s+ Examples involving carbonyl ylide via Path-A: By coupling of vinylic metal-carbene and

carbonyl group:

In the year of 2001, for the first time Hamaguchi and co-workers® reported the
formation of mixture of diastereomers of dihydrofurans and oxiranes starting from aldehydes

Ph O At P o A

Ph R @) ,
NG q— L TN G P B
AT

N, R Ar H Benzene, 50 °C R
_ R H R
Ar = p-N0205H4
tandard R=Ph;R'=H: major
standar B mREn ;
conditions R = p-CICgHs; R'=CN: minor
Ar = p-CICgH, cycloaddition: (2+1)-

R = p-CICgHg4; R' = CN

NC =
® A /l/:}: ?
Ar\//o @ O >  Hue-
it H :
H Ph

(trapping reagent)

transient styryl carbonyl ylide
Scheme 3.2. Formal cycloaddition strategy of vinyl diazo compound and aldehydes via styryl

carbonyl ylide.
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and vinyl diazo compounds in presence of dirhodium catalyst in benzene at an elevated
temperature (50 °C) under argon atmosphere (Scheme 3.2). However, very importantly
electron-deficient aryl aldehydes alone were found to be reactive under the reaction conditions
to afford the dihydrofurans. The transformation has been proved to undergo via a transient
styryl carbonyl ylide intermediate and it has further confirmed by the trapping experiment with

maleic anhydride at the optimized condition (Scheme 3.2).

s Examples involving carbonyl ylide via Path-B: By coupling of vinyl carbonyl compound

and metal-carbene:

In the year of 2008, Anag et al.”® have reported the synthesis of dihydrofurans or a
mixture (about 1:1) of dihydrofurans and dihydrobenzoxepines starting from a-benzylidene-4,
f'-dicarbonyl compound and dimethyl diazomalonate in presence of copper(l1) acetylacetonate
(0.7 mol%) in benzene under reflux condition (Scheme 3.3). This study has disclosed a diverse
reactivity pattern of a-benzylidene-g, f’-dicarbonyl compound when reacted with dimethyl
diazomalonate. It has been observed that the dihydrofurans mainly formed via ‘ester ylide’ via
(4+1) annulation, while the ‘keto ylide’ preferentially gave an access into the

dihydrobenzoxepines via (6+1) annulation (Scheme 3.3).

E @
9—Q e
E Y—oOEt Ph E
> —_— »‘* o
Ph Me RZ. /X
o) L1
0) (ester ylide) (0]
OEt N, Cu(acac), (4+1)
- +
PH Me E)j\E Benzene, reflux "5
0
E = COOMe o R
—
OEt R?
__ d
T~ | PH Me T
®o>/_ E E
E (6+1)
E C)
(keto ylide)

Scheme 3.3. Formal cycloaddition strategy of vinyl carbonyl compound and diazo compound

via styryl carbonyl ylide.
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However, the stereoselective synthesis of either of these two scaffolds is quite challenging and
it typically needs an elegant ligand-controlled strategy (Scheme 3.4). For example, Tang and
co-workers® have reported a strategy to control the product distribution of the reaction of a-
benzylidene-g, p'-dicarbonyl compound with diazoacetate (Scheme 3.4). They demonstrated
that the selective (diastereoselective) synthesis of either dihydrofurans (via (4+1)-annulation)
or dihydrobenzoxepines (via (6+1)-annulation) by choosing an appropriate ligand in presence
of transition-metal catalyst (copper catalysts) in excellent yields and diastereoselectivity (up to
>99:1 d.r. for dihydrofurans and up to d.r. 95:5 for dihydrobenzoxepines) (see Scheme 3.4).

o o condition-a o{—Ar COLAr COLAr
or @ Ph 0
Ph,__y—Ph + A condition-b 00 o Ph
0" T 7| Ph HD—Ph | T po +
OEt — =

N2

0 OEt o) Ph CO,Et
- 0 - (up to 99% vyield) (up to 85% yield)
condition-a: CuCl/AgSbFg, L1, CH,Cl,, 4 A MS, 25 °C cycloaddition: (4+1)- (6+1)-

condition-b: [Cu(CH3CN)4]PFg, L2, CH,Cly, 4 A MS, 31 °C

Ar
oj>§o OO
iy o
Pr rac K

7N\
Ar—N N—Ar
Ar = 3,5-M62C6H3 Ar = 2,6-'Pr2C6H3
L1: bisoxazoline ligand L2: Brookhart-type ligand

Scheme 3.4. Diastereoselective synthesis: cycloaddition strategy of vinyl carbonyl compound

and diazo compound via styryl carbonyl ylide.

s [4+3]-cycloaddition reaction via carbonyl ylide for the construction of

dihydrobenzoxepines:

Construction of seven-membered-heterocyclic rings via carbonyl ylide has recently
been demonstrated via the formal (4+3)-cycloaddition reaction. Very recently, Schneider and
co-workers!® have reported a highly stereoselective synthetic protocol for the construction of
bicyclic framework. The oxa-bridged dibenzooxacines (5-8 fused rings) have been synthesized
via the formal (4+3)-cycloaddition involving carbonyl ylide as reactive intermediate by the
cooperative rhodium (Rh)/phosphoric acid catalysis at room temperature in excellent yields (up
to 96%) with excellent stereoselectivity (up to >20:1 d.r.. and up to 97:3 e.r.) (Scheme 3.5).
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R =2,3,4,5,6-Me-Cg
up to 96% yield
up to >20:1 d.r.
up to 97:3 e.r.

Chiral PA

I
| ——R' CO,Et |
_ 2 ! O\ /O
N; Chiral PA (10 mol%) | K
N oH + o : O OH
Re—— Rhy(OACc), (5 mol%) I
Z~oH ' R
Ph CHCl3, 12 h |
I
I
I
I
I
I
I

Scheme 3.5. (4+3)-Cycloaddition strategy for dihydrobenzoxepines formation via carbonyl

ylide.

One of the most common reactions of vinyl diazo compound with ketones is the epoxidation,
that occurs through formal (2+1)-cycloaddition of carbonyl ylide involving metal carbene
intermediates. However, the alternative construction of dihydrofurans via formal (3+2)-
cycloaddition of ketones and vinyl diazo compounds (3-C synthon) has seldom been explored.®
It is also important to note that the synthesis of benzoxepine derivatives is quite challenging
and moreover, the cyclo-annulation employing vinyl diazo compounds (act as 5-C-synthons)
through an alternative formal (5+2)-cycloaddition via carbonyl ylide has not been explored till
date to the best of our knowledge. The major challenge in this aspect is to explore the vinyl
carbenoid as 5-C synthon and this is limited due to the intrinsic steric hindrance emanating
from Z-configuration around the C=C bond between benzylidene group and the ‘catalyst wall’
thus making it unfavourable for the desired transformation (see inset, Figure 3.2).1! Secondly,
the construction of the seven-membered heterocyclic scaffold such as oxepine via direct
cyclization needs high activation energy mainly owing to the combined effect of entropic
factors and the non-bonding interactions in the transition state.!?

Benzylidene succinimide scaffold is a very useful and pre-eminent tool in organic

catalyst wall " [:\/I]
I [R—
Ar/\)\EWG f\EWG
A AT g T T ;
. : o steric interference © entropic factors
steric : .
interference [:\/I]
ﬁi_j”\] , Ew ! (catalyst wan)[Mf]“ :
X NEwG Ar : G ) scis conformahoni
c D \ (unfavourable) :

Figure 3.2. a) Conformational changes of acyclic vinyl carbenoid under catalyst influence; b)

Challenges to access (5+2)-cyclo-annulation of acyclic vinyl diazo compounds.
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synthesis owing to its versatility to serve either as 1-C*%/2-C'* synthons or allyl-like 3-C*°
synthons in the tandem annulation reactions. The vinyl diazosuccinimides, a useful carbene
precursor that can directly be prepared from benzylidene succinimides following our earlier
reported procedure along with the other protocols (Figure 3.3).1° Credibly, the metallo-vinyl
carbenesuccinimides or vinyl carbenesuccinimides are generated catalytically from stable
vinylic diazosuccinimides that exhibit electrophilic character at metal carbene carbon and
nucleophilic character at vinylogous carbon (see Figure 3.3). These metallo-vinyl
carbenesuccinimides have emerged as useful synthons to access metallo-1,1-162-16b. 17a-17¢ g
1,3-1"¢ adducts when paired with suitable dipolarophiles or nucleophiles to construct the cyclic

(ring) framework involving z-electrocyclization'®1"*-f (Scheme 3.6).

electrophilic site

(0] Di T . o o C Donor site
iazo Transfer -
R" S R" Metal catalysis ' 2 R"
R'—N ) R—N R'—N
One-step N M]
I I e
nucleophilic site Vinyl diazosuccinimide Acceptor site

(Direct synthesis protocol invented in 2020)

Figure 3.3. General synthetic approach to vinyl diazosuccinimide and its characteristics.

A few important examples involving metallo-vinyl carbenesuccinimides as reactive

metallo-1,1- or 1,3- adducts under different metal catalysis have been depicted in Scheme 3.6.

~—\Ad(l)

Discussed
in Chapter 2

R
up to 94% yield
Laha and Bhat in 2020 / Krasavin and co-workers in 2020

up to 70% yield

o A

) S-S
up to 99% vyield up to 85% yield
Hamaguchi et al. in 1998 Krasavin and co-workers in 2020

Scheme 3.6. Transformations of vinyl diazosuccinimides under metal catalysis.
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In 1998, Hamaguchi et al.’® have reported dirhodium(Il)-catalyzed decomposition of
diazosuccinimide in presence of cyclic biphenylene disulfides at room temperature (30 °C) in
DCM to afford the 1,3-insertion adducts exclusively in good yields (up to 99%, Route-A,
Scheme 3.6). Two decades later to the Hamaguchi’s report, our research group has reported the
direct one-pot synthesis of spiro-oxiranes starting from the vinyl diazosuccinimides and
aldehydes under silver catalysis (Route-B, Scheme 3.6). Silver catalyzed (AgSbFs, 5 mol%)
the decomposition of vinyl diazosuccinimides in presence of aryl aldehydes to afford spiro-
oxiranes in regio- and chemo-selective manner in p-xylene at elevated temperature (110 °C) in
2 min. The desired spiro-oxirane products were obtained as a single diastereomer in moderate
to good yields (up to 70%).%%2 Interestingly, no trace of competitive dioxolane formation (as
formed by other diazo compounds under dirhodium catalysis as reported?8 early) was observed
(Route-B, Scheme 3.6).

Later, Krasavin and co-workers have reported dirhodium(ll)-catalyzed heteroatom-H

160 and the construction of spirocyclizations*™ using

(heteroatoms = O, N, S) insertion reactions
tetrahydrofuran that underwent Stevens type rearrangement leading to (n + 1) ring expansion
of the tetrahydrofuran moiety at room temperature (Routes C and D, Scheme 3.6). The
heteroatom insertion and spirocyclization have been effectively explored in presence of
Rh2(OAC)s (1 mol%) and Rha(esp)2 (0.5 mol%) respectively in good to excellent yields (up to

94% for X—H insertion products and up to 85% for ring expansion products).

Metallo-vinyl carbenesuccinimides have significant difference in their chemical
behaviour due to this their metal carbene reactivity can be tuned. They also exhibit versatile
regioselectivity due to the presence of benzylidene ring in conjugation with cyclic imide
(Figure 3.4).

R nucleophilic
R N\ N/ , R N
I~ - o !
% R\/ AN R\/ N

®° [Ncﬁ / - 9 =
M-~ ~— m M~ M

0 (0] ¢} (0] o
N o N o N

67e-system 4 re-system 4 re-system 6 7e-system electrophilic

[ Tunability of metallo-arylvinyl! carbenesuccinimide} metallo-1,5-adduct

Figure 3.4. Plausible regioselectivity of vinyl diazosuccnimides.
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Looking at these important features and owing to the importance of oxaheterocycles, we
envisioned that the metallo-arylvinyl carbenesuccinimides could be employed for the effective
cycloannulation with carbonyl compounds via (3+2)- and/or (5+2)-cycloaddition to enable an
access to dihydrofurans and/or dihydrobenzoxepines respectively under suitably optimised

reaction conditions.

Herein, in this chapter, for the very first time, we have described the exploration of
silver catalyzed direct diastereoselective synthesis of dihydrobenzoxepine derivatives
exclusively by tapping the potential of aryl vinyl diazosuccinimides with ketones under ligand-

free condition.

3.2 Results and Discussion:

Earlier, in Chapter 2, we have demonstrated the 4zn-electrocyclization strategy via in
situ generation of transient styryl carbonyl ylide from metallo-aryl vinyl diazosuccinimide
under silver catalysis (AgShFg) to access oxiranes at an elevated temperature (110 °C).1% It’s
interesting to observe from the X-ray single crystal analysis about the special nature of the
vinyl diazosuccinimide with its spacial arrangement with an unfavourable conformation (Z-
configuration around the C=C bond between benzylidene group and the ‘catalyst wall’).X® This
is strikingly almost similar to that the geometry exhibited by acyclic vinyl carbenoids (see
Figure 3.2_Conformation C). The details of the X-ray diffraction of the single crystal of phenyl
vinyl diazosuccinimide 1a revealed that the benzylidene group is oriented in s-cis conformation
with a dihedral angle (0) ~34° (slightly twisted for the stability, see Figure 3.5, see

Experimental section 3.4.8A for more details).

reduced
R" K steric 1
’ > s S-CiS
() a (:ﬂ..;& 4 » interferencegj.
2 | - :
0 ) 13 Josm ) a
\ catalyst (¢}
(o] R face
(0]

=528

Vinyl diazosuccinimide

dihedral angle, 6 = 34°
Molecular structure of diazo succinimide
(by SCXRD analysis)

(Thermal ellipsoids at 50% probability)

Figure 3.5. Characteristics of vinyl diazosuccinimide
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Looking at this unusual and interesting observation, we hypothesized that the Z-orientation of
the metallo-aryl vinyl diazosuccinimide could be explored for different type of reactivity under
suitable conditions even though it’s a great a challenge. We surmised due to this unfavourable
conformation (Z-configuration), aryl group of benzylidene may participate in the reaction as it
would be slightly inclined away from the ‘catalyst wall” as shown in Figure 3.5. We envisioned
that the in situ generated styryl carbonyl ylide (from metallo-aryl vinyl diazosuccinimide) may
undergo 6m-electrocyclization to form dihydrofuran 4 or 8z-electrocyclization followed by the
rearomatization to afford the dihydrobenzoxepines 5 (see Figure 3.4 and Scheme 3.6).

D 1 iy
P 1 2
o R - R
N n
O ‘R'
R" = aryl R’
R" transient styryl carbonyl ylide
10
R J 110 °C
R? 0
N
0o \R
Disclosed in Chapter-2 (Benzoxepines)

Scheme 3.6. Proposed Strategy: Reaction via 1,3- and/or 1,5-adduct formation.

In order to validate this hypothesis, we commenced our investigation with (E)-3-
benzylidene-4-diazo-1-ethylpyrrolidine-2,5-dione 1a and benzaldehyde’ 2a’ as model
substrates. The commercially available Rh2(OAc)s was initially employed as a catalyst at room
temperature. However, we did not observe any 6z- or 8n-cyclized crossed-coupled products
but very interestingly the corresponding oxirane product 3aa was obtained as a single
diastereomer in albeit in poor yield (15%, Table 3.1, Entry 1). Later, we explored the reaction
with relatively less electrophilic compound such as acetophenone 2a instead of benzaldehyde
2a’. Gratifyingly, the 8zn-cyclized crossed-product 2-ethyl-5-methyl-5-phenyl-3a,5-dihydro-
1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione 5aa was obtained as a single diastereomer
albeit in moderate yield (48% yield) along with the corresponding spiro-oxirane 3aa (as a single
diastereomer) in trace amount (6% yield, Table 3.1, Entry 2). Also, we did not observe another
anticipated  products  (5-ethyl-2-methyl-2,3-diphenyl-2H-furo[2,3-c]pyrrole-4,6(3H,5H)-
dione) 4aa even in trace amount. Later, the geometry of the product 5aa was confirmed by ‘H

NMR and 'H-'H COSY spectra and the geometry was further proved unambiguously
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confirmed by the molecular structure using single crystal X-ray diffraction (XRD) analysis (for
details, see Experimental section 3.4.8D). Later we planned to explore different substrates for
generality. However, benzophenone 2b’ as a coupling partner under initial optimized reaction
conditions did not furnish the titled transformation (Table 3.1, Entry 3). While the acetone 2k
under the conditions provided 8n-cyclized crossed-product 5ak in 50% yield (Table 3.1, Entry
4). Further, we examined the reactivity of phenyl acetate 2d’ as well as N, N-diethylbenzamide
2¢' under the same reaction condition. However, unfortunately, neither the expected
compounds 5ad’ and 5ae’ nor the corresponding 4ad’ and 4ae’ products were formed (Table
3.1, Entries 5, 6). These preliminary results revealed the reactivity of compounds and there by
gave an insight for the selection of suitable carbonyl compounds that would be crucial either
for generating the necessary steric environment (since benzylidene phenyl ring tilted towards

diazo group) or for necessitating the intramolecular cyclization (see Table 3.1 inset).

3.2.1. Table 3.1: Investigation for the suitable dipolarophile®:

I,

" N~p'
N N O\ Rhy(OAc), (5 mol%) (R‘,,;g,f(,q_’_m R
) Ry CH,Cl, (0.1 M), rt, Time CRNGA

1a 2 3 4 5 )
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)-  formal (3+2)-  formal (5+2)- :‘:;;Po°;§:;7:tgft§:'§t‘;2if
environment
Entry Substrate R1 R2 Time Yield® (%) of product
3/4/5
1 2a' Ph H 2h 15/0/0
2 2a Ph Me 2h 6/0/48
3 2b’ Ph Ph 24 h 0/0/0
4 2k Me Me 2h 5/0/50
5 2d’ Ph OEt 24 h 0/0/0
6 2¢e’ Ph NEt, 24 h 0/0/0
7 2f Me OEt 24 h 0/0/0
8 29’ Ph CFs 2h 0/0/0
9 2h’ Ph CH2Br 2h 0/0/0

@Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv.,
0.2 mmol), 2a (1.0 equiv., 0.2 mmol), AgNTf, (5 mol%) and dry CH,Cl, (0.1 M) at room temperature (26 °C)
under argon atmosphere. °Isolated yield after column chromatography. In all cases single diastereomer of 5aa was
obtained.
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Encouraged by this initial result, we further sought to optimize the reaction conditions
to enhance the yield of diastereomer 5aa. In this regard, we explored the reaction of 1a and 2a
using rhodium (Table 3.2, Entry 1), silver (Table 3.2, Entries 2-10), copper (Table 3.2, Entries
11-15), iron and gold catalysts in DCM at room temperature (Table 3.2, Entries 16-18).
Gratifyingly, among all the catalysts screened, silver triflimide (AgNTf,) with non-
coordinating and low nucleophilic (TfaN—) counteranion found to be more efficient for the
effective transformation. The reaction of acetophenone 2a and aryl vinyl diazosuccinimide 1a
in presence of silver triflimide (5 mol%) at room temperature in dry CH2Cl> (0.1 M) afforded
the 5aa (57% yield) along with 3aa (11% yield) in 2 h ( Table 3.2, Entry 6). In all the cases an
excess amount of unreacted acetophenone 2a was recovered. Nickel catalyst as well as some
Lewis acid catalysts such as Sc(OTf)s, TfNH and TfOH proved to be not efficient for this
transformation (Table 3.2, Entries 19-22). We also observed that the reaction did not work in

the absence of any catalyst under prolonged reaction time (Table 3.2, Entry 23).

3.2.2. Optimization of reaction conditions for the formal (5+2)-cycloaddition of donor-

/acceptor- type vinyl diazosuccinimide:

Table 3.2: Catalyst investigation for the formal (5+2)-cycloaddition reaction®

N, y/ Ph._.O Catalyst (5 mol%)
o ' Me CH,Cl, (0.1 M), rt, Time
>
1a 2a 3aa 4aa 5aa
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)- formal (3+2)-  formal (5+2)-
Entry Catalyst Solvent Time Yield® (%) Yield® (%) Yield® (%)
of 3aa of 4aa of 5aa
1 Rhz(esp): CHCl 2h <5 0 31
2 AgSbFe CHCI> 2h 19 0 40
3 AgOTf CHCI> 2h 18 0 38
4 AgNOs CH:Cl; 4 h <5 0 7
5 AgBF4 CHCI> 2h <5 0 20
6 AgNTF, CH:Cl; 2h 11 0 57
7 Ag20 CHCl 12 h 0 0 5
8 Ag2COs3 CH:CI> 24 h NR NR NR
9 AgOAcC CH:CI> 4 h 0 0 14
10 AQTFA CH:CI> 2h <5 0 15
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11 Cu(CH3CN)4sPFs CH2Cl: 2h <5 0 17
12 CuCl CH:Cl; 4 h 0 0 21
13 CuBr CH:Cl; 2h 0 0 8

14 Cul CH:Cl; 2h <5 0 28
15 Cu(OTf): CH:Cl; 5h 0 0 9

16 AuCl3 CH:Cl; 24 h NR NR NR
17 Au(PPh3)sCl CH:Cl 24 h NR NR NR
18 Fe(OTf)2 CH:Cl 24 h NR NR NR
19 Ni(OTf)2 CH:Cl 24 h NR NR NR
20 Sc(OTf)s CH:Cl 2h 0 0 0
21 Tf,NH CH:Cl 2h 0 0 0
22 TfOH CH:Cl 2h 0 0 0
23 No catalyst CH:Cl 24 h NR NR NR

aReaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv.,
0.2 mmol), 2a (1.0 equiv., 0.2 mmol), catalyst (5 mol%) and dry CH2Cl, (0.1 M) at room temperature (26 °C) under
argon atmosphere. "lsolated yield after column chromatography. In all cases single diastereomer of 5aa was
obtained.

Table 3.3: Investigation of the most suitable solvent for the formal (5+2)-cycloaddition

reaction?
N, / . Ph. -0 AgNTf, (5 mol%)
o] Me  Solvent (0.1 M), rt, Time
>
1a 2a 3aa 4aa Saa
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)- formal (3+2)-  formal (5+2)-
Entry Solvent Time Yield® (%)  Yield® (%) Yield® (%)
of 3aa of 4aa of 5aa
1 Toluene 6h 20 0 42
2 p-Xylene 6h <5 0 30
5 CCly 4 h 10 0 25
6 EtOAC 2h 0 0 10
7 DCE 4 h <5 0 51
8 THF 12 h <5 0 0
9 CH3CN 24 h NR NR NR
10 DMSO 12 h NR NR NR

@Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv.,
0.2 mmol), 2a (1.0 equiv., 0.2 mmol), AgNTf, (5 mol%) and dry solvent (0.1 M) at room temperature (26 °C)

under argon atmosphere. "lsolated yield after column chromatography. NR = No reaction. In all cases single
diastereomer of 5aa was obtained.
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Further, in order to improve the yield of the desired product 5aa, we have systematically
screened both non-polar and polar aprotic solvents and they were found to be not useful for the
achieving the desired transformation successfully (Table 3.3). Later, different types of
additives such as inorganic and organic bases, organic acids and the molecular sieves were
screened (see Table 3.4). Interestingly, none of these additives were effective for the desired
transformation (Table 3.4, Entries 1-5) and the starting substrate-vinyl diazocarbonyl
compound 1a did not react or even decomposed either. Also, the other additives (Table 3.4,
Entries 11-15) were not useful.

Table 3.4: Investigation on the influence of additives on the formal (5+2)-cycloaddition

reaction?
AgNTf, (5 mol%)
Ny . [Ph20 _ Additives (10 moi%)
0 Me CH,CI, (0.1 M), rt, Time
“)
1a 2a 3aa 4aa 5aa
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)- formal (3+2)-  formal (5+2)-
Entry Additive Time  Yield® (%) Yield®(%) Yield® (%0)
of 3aa of 4aa of 5aa
1 Cs2C03 24 h NR NR NR
2 K3POq4 3h 0 0 22
3 CsF 24 h NR NR NR
4 EtsN 24 h NR NR NR
5 iProNH 24 h NR NR NR
6 NaBARF 2h 0 0 30
7 PhCOOH 1lh 0 0 25
8 PhCH,COOH 30 min 0 0 24
9 Ph(CH2)2COOH 30 min 0 0 22
10° Ph(CH2).COCOH 30 min 0 0 14
11 4A MS (10 mg) 1h 0 0 <5
12 3A MS (10 mg) 1h 0 0 <5
13 H.0 (2 ul) 30 min 0 0 16
14 n-BusNPFe 2h <5 0 54
15 CuCl 2h 0 0 31
16 PPh3 2h 0 0 0

lIReaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv.,
0.2 mmol), 2a (1.0 equiv., 0.2 mmol), Additive (10 mol%), AgNTf, (5 mol%) and dry CH.Cl, (0.1 M) at
corresponding temperature under argon atmosphere. Plsolated yield after column chromatography.
*Ph(CH2).COOH 20 mol% was added as additive. In all cases single diastereomer of 5aa was obtained.
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Then the other parameters including reaction temperature, solvent concentration, as well as
catalyst loadings were carefully investigated (Table 3.5-3.8). Though the oxirane formation
was suppressed on decreasing the reaction temperatures (up to -20 °C), the yield of the desired
product 5aa found to diminish as well with the prolonging reaction time (for the complete
consumption of 1a, Table 3.5, Entries 1-4). While the elevation of the reaction temperature
(110 °C) resulted in quick consumption of 1a, albeit in low yield (24%) of the desired product
5aa and enhanced the oxirane formation (25% yield) [Table 3.5, Entries 5-9].

Table 3.5: Temperature investigation for the formal (5+2)-cycloaddition reaction?

N, / . Ph\fO AgNTf, (5 mol%)

o Me CH,Cl, (0.1 M)
o ; T °C, Time

1a 2a 3aa 4aa Saa
(1.0 equiv.) (1.0 equiv.) cycloaddition: formal (2+1)- formal (3+2)-  formal (5+2)-
Entry T (°C) Time Yield® (%)  Yield® (%)  Yield® (%0)

of 3aa of 4aa of 5aa

1 20 2h <5 0 54

2 10 2h <5 0 42

3 0 4h 0 0 34

4 -20 10 h 0 0 23

5 35 4h <5 0 51

6 40 2h 6 0 46

7 50 2h 11 0 37

8 60 2h 15 0 35

9 110 2 min 25 0 24

aReaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv.,
0.2 mmol), 2a (1.0 equiv., 0.2 mmol), AgNTf, (5 mol%) and dry CH,Cl, (0.1 M) at corresponding temperature
under argon atmosphere. °Isolated yield after column chromatography. In all cases single diastereomer of 5aa was
obtained.

The alteration in the stoichiometric amounts of both of the diazo compound 1a as well as
acetophenone 2a did not change the yield of the desired product 5aa significantly (Table 3.6)
and also, we did not observe the formation of dihydrofuran under the conditions. The decrease
in catalyst loading (up to 1 mol%) resulted in decrease of the yield of the desired product 5aa

(Table 3.7, Entries 2-3) and in some cases we noticed that reaction required longer
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Table 3.6: Investigation of the reactant ratio for the formal (5+2)-cycloaddition reaction?

Noe . [Ph0 AgNTf, (5 mol%)
o) ve CH,Cly (0.1 M), rt, Time

“)

1a 2a 3aa 4aa 5aa
cycloaddition: formal (2+1)- formal (3+2)- formal (5+2)-
Entry la 2a Time  Yield®! (%)  Yield®! (%) Yield® (%)

(equiv.) (equiv.) of 3aa of 4aa of 5aa

1 1.5 1.0 4 h 10 0 52

2 1.0 1.5 2h 11 0 56

@Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a, 2a, AGNTf
(5 mol%) and dry CHCl, (0.1 M) at room temperature under argon atmosphere. PIsolated yield after column
chromatography. In all cases single diastereomer of 5aa was obtained.

reaction times for the complete conversion into desired product (Table 3.7, Entries 3).
Unfortunately, increasing the catalyst loading (up to 10 mol%) resulted in the formation of
undesired side products thus diminished the yield of 5aa further (Table 3.7, Entries 4-5).

Table 3.7: Catalyst loading investigation for the formal (5+2)-cycloaddition reaction?

Ph
0 ) “ 0
N, / . Ph\( AgNTf, (x mol%) Mejn.,/ .

0 Ve CHyCl, (0.1 M), rt, Time

\ 0

o ) )N 0

1a 2a 3aa 4aa Saa
cycloaddition: formal (2+1)- formal (3+2)- formal (5+2)-
Entry 1la 2 xmol% Time Yield® (%) Yield® (%) YieldP! (%)
(equiv.) (equiv.) of 3aa of 4aa of 5aa

1 1 1 10 2h 0 0 0

2 1 1 2.5 2h <5 0 42

3 1 1 1 6h <5 0 31

4 1 1 6 4 h 8 0 34

5 1 1 7 4h 8 0 23

@Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (0.2 mmol),
2a (0.2 mmol), AgNTf, and dry CHCl, (0.1 M) at room temperature under argon atmosphere. °Isolated yield after
column chromatography. In all cases single diastereomer of 5aa was obtained.
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Table 3.8: Investigation of reactant concentration for the formal (5+2)-cycloaddition reaction?

N, / . Ph._.0O AgNTf, (5 mol%)
o) Me CH,CI, (x M), rt, Time
>
1a 2a 3aa 4aa 5aa

cycloaddition: formal (2+1)- formal (3+2)- formal (5+2)-

Entry 1la 2a xM  Time Yield® (%) Yield® (%) YieldP! (%)

(equiv.) (equiv.) of 3aa of 4aa of 5aa
1 1.0 1.0 0.2 8h <5 0 40
2 1.0 1.0 0.02 6h 8 0 28
3 1.0 1.0 0.033 2h 5 0 70
4 1.0 1.0 0.066 2h 12 0 51
5 1.0 1.0 0.08 2h <5 0 58
6 1 1 0.05 2h 9 0 38

@Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (0.2 mmol),
2a (0.2 mmol), AgNTf, (5 mol%) and dry CH,Cl, at room temperature under argon atmosphere. °Isolated yield
after column chromatography. In all cases single diastereomer of 5aa was obtained.

Based on the exhaustive screening of different catalysts, additives, solvents, solvent
concentration, temperature, and other reaction conditions, vinyl diazo carbonyl compound 1a
(1.0 equiv.), acetophenone 2a (x equiv.), AgNTT2 (5 mol%) as catalyst in dry CH2Cl2 (0.033
M) at 26 °C for 2 h under inert atmosphere proved to optimum reaction conditions to obtain
the desired product 5aa (Table 3.8, Entry 3).

Having optimized the reaction conditions, we further investigated this protocol for the
wider substrate scope. Initially we planned to explore the reactivity of phenyl vinyl
diazosuccinimide 1a with different ketones 2. Different methyl aryl ketones (2a-2I) reacted
smoothly with 1a in presence of silver triflimide (5 mol%) in dry DCM at room temperature to
afford the corresponding 5-aryl-5-methyl substituted dihydrobenzoxepines (5aa—5an) in
moderate to good yields (up to 74%, See Table 3.9). We also observed that aryl methyl ketones
bearing electron donating group afforded the corresponding dihydrobenzoxepines (5aa—5ac)
in relatively higher yields than that of aryl methyl ketones having electron-deactivating
substituent at para- and meta- position of phenyl ring (5ad-5ah). Surprisingly, the reaction of
2,4-dichlorophenyl methyl ketone 2i and 1la under the optimized reaction condition did not
afford the desired product - dihydrobenzoxepine 5ai. Further, we explored the reaction of la

with electron rich aliphatic methyl ketones including cyclic ketone such as cyclohexanone 2j
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to afford the corresponding dihydrobenzoxepine derivatives (5aj—5al). Even the enone such as
methy| styryl ketone reacted with 1a to furnish the desired product 5an in modest yield (50%,
Table 3.9).

v . RL?O AgNTf, (5 mol%)
2.
0 R2 DCM (0.033 M), rt, 2 h
N
o] \ |
R3 R3
1a 2a 5aa

(1.0 equiv.) (1.0 equiv.) formal [5+2]-

Ketone scope cycloaddition product

5aa: R =H; 70%
5ab: R = CH3; 70%
5ac: R = OMe; 74%
5ad: R = F; 45%
5ae: R = Cl; 65%
5af: R = Br; 46%
5ag: R =1;44%

Me Me

Me
Me
o]
o
5al, 50% 5am, 65% 5an, 50%
Diazo scope
P~ sfa: Ar = p-FCgH,; 55%
m- CAr = 3 - Ma- - : 6714 °
Sba: Ar= 06H5, R3 ) Me, 52% ©n (l m 593: Ar = m-FC6H4; 62%
o- Sca: Ar = CgHs, R® = CgHs; 45% ), o- 5ha: Ar = m-CICgH,; 68%
5da: Ar = p-MeCgH,, R® = CgHs; 42% Q Sia: Ar = m-BrCgHy4; 55%

5ea: Ar = CgHs, R® = 4-MeCgH,; 48% 5ja: Ar = p-MeCgH,; 52%

0]

N
K 5fa-5ja

5ma: R' = Me; 0% g
5na; R'= COMe; 61% i—

Molecular structure of 5ga
5ka, 50% 5la, 0% 5ma-5na (using single crystal XRD-analysis)
(Thermal ellipsoids at 50% probability)

“Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv., 0.2 mmol), 2
(1.0 equiv., 0.2 mmol), AgNTf, (5 mol%) and dry CH,Cl, (0.033M) at room temperature (26°C) under argon atmosphere over
2 h. bIsolated yield after column chromatography. In all cases single diastereomer was obtained.

Table 3.9. Substrates Scope for the Formal (5+2)-cycloaddition reaction.?
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Later, we planned to explore the formal (5+2)-cycloaddition for a range of aryl-
substituted as well as N-substituted aryl vinyl diazosuccinimides with different ketones. In this
regard, we treated different N-substituted benzylidene diazo compounds (1b—1e) with
acetophenone 2a under the optimized reaction condition to afford the corresponding desired
products (5ba—5ea) (see Table 3.9). We observed that among all the N-substituted benzylidene
diazo compounds screened, N-ethyl substituted benzylidene diazo compound 1a proved to be
optimum substrate by affording the desired product 5aa in relatively higher yield. In view of
this, we planned to explore the reactivity of different N-ethyl substituted vinyl diazo
succinimides (1f-1n) bearing different substituents with electron-rich and -deficient/-
deactivated groups at different positions of the phenyl ring. The reaction of acetophenone 2a
with N-ethyl substituted vinyl diazo succinimides (1f-1k) under the optimized reaction
conditions furnished the target products (5fa—5ka) in moderate to good yields in a very short
time (up to 68%, 2 h). It is interesting note that the N-ethyl substituted vinyl diazo succinimide
derived from a-napthal (1k) reacted smoothly, while the -napthal derived derivative (11) did
not react, probably due to electronic and steric reasons. We observed that the vinyl diazo
succinimides bearing electron deactivating groups (F, Cl, Br) at different positions of phenyl
ring, afforded the corresponding desired products in relatively higher yields than that of
substrates having electron rich system (1b-1d, 1j). Unfortunately, the N-ethyl substituted vinyl
diazo succinimides having methoxy group (1m) at meta- position found to be not reactive at
all. We surmised that probably due to the presence of electron donating group (-OMe), the
carbenoid carbon would be relatively less electrophilic for the desirable reaction. In order to
validate this reasoning, we replaced the methoxy group with the electron deactivating acetyloxy
group at the same position (-meta, 1n) and treated with acetophenone 2a under the optimized
reaction condition. Gratifyingly, we obtained the corresponding desired product 5na in
moderate yield (61%, Table 3.9). This result further supported our assumption. It is interesting
to note that relatively sensitive benzylidene scaffold containing p-methyl group at phenyl ring
(5da, 5ja) tolerated the optimized reaction conditions well. Later, in order to generalize the
practicality of the protocol, we explored the reaction of 1a and 2a on a gram scale quantity.
Also, further as an application, the product 5aa was utilized to synthesize the corresponding
pyrrolidinone derivative 7aa (see Scheme 3.7).

It's very important to highlight that all the dihydrobenzoxepines 5 were obtained as
single diastereomer. We obtained the molecular structure of 5ga using single crystal X-ray

analysis'® and the structures of all the other compounds were deduced based on analogy.
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U Application: Selective Reduction of carbonyl group | [J Gram Scale Synthesis

Me Me 0] Me
Ph Ph )L Ph
O 4 45eqiv.DBALH O_ /4 J Ph” _Me o
.5 equiv. Ny 2a Y
CH,Cl, 0°C,12h O Standard
DA S

0 ; condition O N

5aa (0.1 mmol) 7aa, yield 56% 1a (4.0 mmol) 5aa, yield 45%

Scheme 3.7. Utility of the protocol.

¢ Investigation of the plausible mechanism of this transformation:

0,

% Control Experiments:

In order to have an insight into the reaction mechanism, we performed few control
experiments systematically. In order to verify whether or not the reaction undergoes via
carbonyl ylide intermediate (int-11 or 111, Scheme 3.8) or epoxide (int-1V, Scheme 3.8), we
initially prepared the corresponding epoxide'® (int-1V or 3aa) using the reported procedure.'62
This epoxide 3aa under the optimized reaction conditions did not furnish the desired product
5aa even in trace and the unreacted epoxide 3aa was recovered (Scheme 3.8a). Likewise, we
observed that reaction did not afford the desired product 5aa when carried out in absence of
catalyst at room temperature (Scheme 3.8b). These results clearly confirm that epoxide 3aa
(int-1V) is not the intermediate for the desired transformation at room temperature. The int-11
(four different conformational forms of metal-bound carbonyl ylides in one inset, see Scheme
3.8) and int-111 (four different conformational forms of the corresponding metal-unbound
carbonyl ylides) might be generating ins situ during the course of the reaction of aryl vinyl
diazo succinimide under silver catalysis. It is reported by Huisgen that the epoxide can undergo
electrocyclic ring opening reaction upon heating (absence of any catalyst). This report supports
the possibility of in situ formation of carbonyl ylide at the room temperature reaction
condition.'®2% |n this regard, in order to verify the possible formation of intermediate (int-11
or 111), we further treated compound 3aa (epoxide) with AgNTf. (5 mol%) at an elevated
temperature (110 °C, Scheme 3.8c). Interestingly we obtained the desired product 5aa in 64%
yield after 5 h (Scheme 3.8c). To understand the possible role of silver catalyst as well as the
formation of carbonyl ylide, we performed the reaction in the absence of AgNTTf; at an elevated
temperature (110°C, Scheme 3.8d). To our surprise we obtained compound 5aa*® in almost
similar yield (Scheme 3.8d). Considering the reports of Huisgen'82% and Eberbach?® on the

electrocyclic ring opening equilibria of oxirane to carbonyl ylide and different conformational
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Owhether the formal (5+2)-cycloaddition reaction undergoing via intermediate formation or not:

Ph Me
S L A \r g
Me (0] Me N (e}
0~ N 9) ()
\\ )
Int-11 | a d |

AgNTf, (56 mol%)
A A vdblhatid ¥
O CH,Cly, 26 °C, 2 h

AgNTF, (5 mol%)
O CH,Cl, 110 °C, 5 h

Argon-atm. Argon-atm.
No catalyst No catalyst
O CH,Cl,, 26 °C, 2 h O CH,Cly, 110 °C, 5 h
Argon-atm. Argon-atm.
5aa, 64% yield
molecular structure of 3aa and 5aa
o (single-crystal XRD):
Ph)LMe
N, / No catalyst
[e] 0 CH,Cly, 110 °C, 2 h
(o) 5 Argon-atm.
1a 3aa,n.d. 5aa,n.d.
(starting material 1a recovered) L |
Lo u ® ®
. R R._O_H R_ O _H
AL P Y

(conrotation)

Ring Openning Equilibria of Epoxide: Proposed by Huisgen

Scheme 3.8. Control experiments for the detection of an intermediate.

forms of carbonyl ylide, we surmised that at an elevated temperature, epoxide 3aa would open

up to form metal-unbound carbonyl ylide (see int-111d, Scheme 3.8).

This result was further supported by the time-dependent *H-NMR experiment wherein
signals for the epoxide 3aa were disappearing over a period of time at an elevated temperature
to form compound 5aa (Figure 3.6, for more details, see Experimental section 3.4.6). We also
strongly believe that even at room temperature the reaction would undergo via the same inter-
mediate (int-111d) to afford 5aa. However, attempts to trap the carbonyl ylide intermediate

(int-111) with different dienophiles™® were unsuccessful. We observed that none of the

dienophiles reacted with the epoxide (int-1V) either at 26 °C or at 110 °C (Scheme 3.9).
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Pure Saa l
N-Et of
L ‘Pure 5aa
Ad.l l A A l
After 120 mins of heating at 110 °C
l P
l‘/_{_)'kl . A l A_bl“/ pa—— S

After 60 mins of heating at 110 °C

_ JI/UU . % I L_M_ 1

After 30 mins of heating at 110 °C

]-l/_;JJJ A | l {“/ W l

Pure 3aa
Lﬂ " LY
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# :indicates peaks disappearing, | : indicates peak appearing

Figure 3.6. Variable time-dependent *H-NMR experiment for intermediate detection.

Me
Ph
or O v _AGNTH, (5 mol%) \)R N,
R +
0=\ 0 DCM (0.033 M), N)
3aa 8aa 5aa
R = aryl, ester, H, keto, alkyl Not detected only detected product
R' = H, ester (Intermolecular trapping)  (Intramolecular trapping)
dipolarophile used: o
o
-
) P> Et0,C7Y
CO,Et /‘;>=

PR Et0,c7 X-C%2 O,N ﬁk o7 o ph// CO,Et

o

( j “H /\n/o F
= N ©/\/

MeO (o]

tried without solvent too

Scheme 3.9. Efforts to trap the intermediate with different dipolarophiles.

In order to understand the role of the catalyst, we carried out the reaction of la and
acetophenone 2a in the absence of catalyst at 110 °C for a prolonged reaction time (Scheme
3.8e). Interestingly, we did not obtain either the desire product 5aa or the epoxide 3aa even in

trace thus supporting the role of catalyst in the desired transformation (Scheme 3.8e). Earlier
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we had observed that the reaction did not work at room temperature and in the absence of
catalyst reaction did not procced, and the starting material 1a was recovered (26 °C, see Table
3.2, Entry 23). These two results indicate that probably a reactive silver carbenoid (int-1, see
Scheme 3.8) species might be forming in situ that eventually may be forming carbonyl ylide
(int-111d) via the corresponding counteranion stabilized metal-bound carbonyl ylide (int-11)
both at room temperature as well as at an elevated temperature. These combined results clearly
depicted that the epoxide (int-1VV) may not be the favourable intermediate and probably the
desired product 5aa might be forming via carbonyl ylide (int-111d) at room temperature. These
control experiments clearly suggest that among the three plausible intermediates, the carbonyl
ylide (int-111d) is the most plausible intermediate for the formation of desired
dihydrobenzoxepine 5aa. Moreover, a metal-unbound (free-ylide) carbonyl ylide intermediate,
generating in situ is proposed to be operative here based on the control experimental
observations (see Experimental section 3.4.5 for more details). We believe that a relatively
better coordinating and more nucleophilic counteranion Tf2N~ might be acting as a superior
promoter in facilitating the formation of int-111d faster and easily at room temperature than
that of SbFe¢™ anion. It is also believed that the tight ion pairs that are formed between silver
metal and counteranion (Tf2N~) as the confined the counteranion (TfN~) in more close
proximity to the metal center than that of SbFes~ (order of coordinating tendency is SbFe~ <
Tf>N"). We also noted that the anticipated product 4aa (see Scheme 3.10) has not been detected
during the course of the reaction. This might be the cause for the steric hindrance exerted by
the benzylidene group (phenyl ring tilted towards the carbonyl moiety) on vinyl succinimide,

occurring in the transition state or in the carbonyl intermediate (int-111d).

3.2.3. Proposed Mechanism for the transformation:

Based on the experimental observations and preceding literatures survey,'820021 the
plausible mechanism has been proposed (See Scheme 3.10). The vinyl diazosuccinimide 1
under the optimized reaction condition generates the silver carbenoid (int-1) by the extrusion
of dinitrogen. This intermediate (int-1) further reacts with the ketone 2 (approaches from
sterically less hindered site; see Scheme 3.10, inset) to form metal-unbound carbenoid (int-
I11d) via the corresponding counter anion stabilized metal-bound carbonyl ylide (int-11). This
intermediate would further undergo 8m-electrocyclization (7-endo-trig) to form species V
which after the successive (1,5)-proton abstraction furnishes the corresponding desired oxepine
5. Also, at higher temperature int-1V (3) might be in equilibrium with the int-111d to form the
corresponding desired product 5 (Scheme 3.10).
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NTf2 A

Catalytic Cycle

0
[metal-bound ’X N-R
R N 26 °C R’ carbonyl yIide] R‘
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(no steric crowding)

Me =Q R \ ©) /
o« ONF T @ !
o} ; B I
/ N N electrocyclization /.~ : Unfavourable '
R’ a O int-lll d R (7-endo-trig) © (due to steric crowding)
[metal-unbound carbonyl ylide] L. int=I__ .

(6]
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Scheme 3.10. Plausible mechanism for the formal (5+2)-annulation.

3.3. Conclusion:

In summary, for the first time we have successfully demonstrated the formal (5+2)-
cycloaddition route to access the dihydrobenzoxepines in one-pot using vinyl diazo
succinimide as 5-C-synthons and commercially ketones very effectively under silver catalysis.
The silver triflimide proved to be an efficient catalyst for this transformation and the protocol
found to be highly regio-, chemo- and diastereo-selective. The method proved to be general as
it worked well with both aliphatic and aromatic methyl ketones bearing electron deactivating
as well as donating groups to afford the corresponding benzo[5,6]oxepino[2,3-c]pyrroles as
single diastereomer with a broader substrates scope. The control experiments and time-
dependent *H-NMR studies gave an insight into the plausible reaction mechanism of this
transformation. To generalize the practically of the protocol, we have also shown the selective
reduction of one carbonyl group to access useful compound. The protocol proved to be scalable

on gram quantity as well.
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3.4. Experimental Section:

3.4.1. General Information:

% Reagent Information: All reactions were carried out with distilled and dried solvents
using oven-dried glass wares under dry Argon atmosphere, unless otherwise stated. All
reagents were purchased from commercial sources and used as received, unless otherwise
indicated. Thin-layer chromatography (TLC) was performed using silica gel 60 GF2s4 pre-
coated aluminum backed plates (2.5 mm) with detection by UV light. Column chromatographic
purification of products was carried out using silica gel (60-120 mesh). Petroleum ether and
ethyl acetate mixture was used as gradient elution for column chromatography.

< Analytical Information: All isolated compounds were characterized by 'H NMR and
BC{*H} NMR spectra. All Nuclear Magnetic Resonance spectra were recorded in CDCls. The
NMR spectra were recorded using tetramethylsilane (TMS) as the internal standard. *H NMR
spectra were recorded at 400 MHz and *C{*H} NMR spectra were recorded at 100/150 MHz
(Bruker and Jeol), unless otherwise noted. Chemical shifts (8) are reported in ppm downfield
from CDCl3 (8 = 7.26 ppm) and from DMSO-ds (6 = 2.5 ppm) for *H NMR and relative to the
central CDCls resonance (8 = 77.16 ppm) and DMSO-dg resonance (8 = 39.52 ppm) for *C
NMR spectroscopy. For *H NMR, data are reported as follows: chemical shift, multiplicity (s
= singlet, d = doublet, dd = double doublet, t = triplet, g = quartet, m = multiplet), coupling
constants (J) are given in Hz and integration. *3C{*H} NMR spectra were recorded with
complete proton decoupling. *°F NMR spectra were recorded at 377 MHz. Mass samples were
analyzed by high resolution mass spectrometry (HRMS) using ESI TOF. Melting points were

measured in an open glass capillary and values are uncorrected.

3.4.2 Preparation of Starting Materials:

3.4.2.1 General procedure-A for the synthesis of vinyl succinimides:

)

/f>= o ™
o
N + + PPh Ethanol
o 3 ——— > N
) Ny, rt,7h O )

(1 equiv.) (1.4 equiv.) (1.2 equiv.)

2a' 6a

To the stirred solution of N-ethyl maleimide (3 g, 1.0 equiv., 24 mmol) in ethanol (120
mL) was added triphenylphosphine (7.55 g, 1.2 equiv., 29.0 mmol) in portion at room
temperature under N2 atmosphere. The initial pink coloured reaction mixture slowly turned to
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white suspension over a period of 5-6 min of initial stirring. After which, benzaldehyde (3.5
mL, 1.4 equiv., 34 mmol) was added dropwise into the reaction mixture at room temperature.
During this addition, the white suspension slowly turned into clear solution. The reaction
mixture was allowed to stir for 6 h. Upon completion of the reaction (monitored by TLC), the
white solid formed during the course of the reaction was filtered through sintered glass funnel
and was washed with ethanol (10 mL x 2). The crude product 6a was obtained as white solid

(3.40 g, 66% yield) and this was used for the next step without further purification,62 22

(E)-3-benzylidene-1-ethylpyrrolidine-2,5-dione (6a): Compound 6a was synthesized following
the general procedure-A. The product was obtained as white solid, 3.40 g (66%
yield); Rr=0.30 (petroleum ether/EtOAC 85:15); m.p. 125 — 127 °C; *H NMR (400
I MHz, CDCls): & (ppm) 7.61 (t, J = 2.3 Hz, 1H), 7.51 — 7.37 (m, 5H), 3.69 (q, J =
<N 7.2 Hz, 2H),3.55 (d, J = 2.3 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100
) MHz, CDCls): & (ppm) 174, 171, 134.3, 134.2, 130.2, 130.2, 129.2, 123.7, 34.2,
34, 13.3. HRMS (ESI TOF) m/z: calcd for C21H20NO3 (M + H)* 216.1025; found,

216.1027.

(E)-3-benzylidene-1-methylpyrrolidine-2,5-dione  (6b): Compound 6b was synthesized
following the general procedure-A. The product was obtained as white solid, 4.23

% g (78% vyield); Rr=0.30 (petroleum ether/EtOAc 85:15); m.p. 169 — 171 °C; H
o NMR (400 MHz, CDCls): 8 (ppm) 7.60 (t, J = 2.3 Hz, 1H), 7.50 — 7.38 (m, 5H),

© Fﬂe 3.55 (d, J = 2.3 Hz, 2H), 3.11 (s, 3H). 3*C{*H} NMR (100 MHz, CDCls): § (ppm)

6b 174.2, 171.2, 134.3, 134.2, 130.2, 129.4, 129.2, 123.6, 34.1, 25. HRMS (ESI
TOF) m/z: calcd for C12H12NO, (M + H)*™ 202.0868; found, 202.0874.

(E)-3-benzylidene-1-phenylpyrrolidine-2,5-dione (6¢): Compound 6c¢ was synthesized

following the general procedure-A. The product was obtained as white solid, 3.20

% g (70% vyield); Rr=0.20 (petroleum ether/EtOAc 85:15); m.p. 192 — 194 °C; H

0 NMR (400 MHz, CDCls): 8 (ppm) 7.76 (t, J = 2.4 Hz, 1H), 7.57 — 7.37 (m, 10H),

0 b 3.78 (d, J = 2.4 Hz, 2H). **C{*H} NMR (100 MHz, CDCls): § (ppm) 173.2,170.2,
6c

135.5,134.2,132.1, 130.5, 130.4, 129.3, 129.3, 128.7, 126.6, 123.2, 34.4. HRMS
(ESI TOF) m/z: calcd for C17H14aNO2 (M + H)* 264.1025; found, 264.1021.
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(E)-3-(4-methylbenzylidene)-1-phenylpyrrolidine-2,5-dione  (6d): Compound 6d was

synthesized following the general procedure-A. The product was obtained as

white solid, 3.30 g (69% yield); Rf=0.30 (petroleum ether/EtOAc 85:15); m.p.

J 203 — 205 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.72 (t, J = 2.3 Hz, 1H),

N 7.51 (ddd, J =7.8, 6.6, 1.2 Hz, 2H), 7.46 — 7.37 (m, 5H), 7.29 (d, J = 8.0 Hz,

@ 2H), 3.76 (d, J = 2.3 Hz, 2H), 2.42 (s, 3H). *C{*H} NMR (100 MHz, CDCls):

6d d (ppm) 173.3, 170.3, 141.1, 135.6, 132.2, 131.5, 130.5, 130.1, 129.3, 128.7,

126.6, 122, 34.5, 21.7. HRMS (ESI TOF): m/z calcd for C1gH1sNO> (M + H)*: 278.1181,
Found: 278.1184.

(E)-3-benzylidene-1-(p-tolyl)pyrrolidine-2,5-dione (6e): Compound 6e was synthesized
following the general procedure-A. The product was obtained as white solid, 3.28
g (66% vyield); Rr=0.25 (petroleum ether/EtOAc 85:15); m.p. 198 — 200 °C; H
NMR (400 MHz, CDCls): 6 (ppm) 7.73 (t, J = 2.4 Hz, 1H), 7.53 (dt, J = 8.3, 2.1
o~ N Hz, 2H), 7.50 — 7.41 (m, 3H), 7.32 — 7.23 (m, 4H), 3.74 (d, J = 2.4 Hz, 2H), 2.40
(s, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 173.3, 170.3, 138.8, 135.4,
me 134.2,130.4,130.4, 129.9, 129.4, 129.3, 126.4, 123.3, 77.2, 34.4, 21.4. HRMS

(ESI TOF) m/z: calcd for C1sH1sNO2 (M + H)* 278.1181; found, 278.1185.

(E)-1-ethyl-3-(4-fluorobenzylidene)pyrrolidine-2,5-dione (6f): Compound 6f was synthesized
E following the general procedure-A. The product was obtained as white solid, 3.69
g (66% vyield); Rr=0.20 (petroleum ether/EtOAc 85:15); m.p. 142 — 144 °C; H
NMR (400 MHz, CDCls): & (ppm) 7.57 (t, J = 2.3 Hz, 1H), 7.48 (ddt, J = 8.4, 5.2,
o 2.6 Hz, 2H), 7.18 - 7.11 (m, 2H), 3.69 (q, J = 7.2 Hz, 2H), 3.52 (d, J = 2.3 Hz,
)N 2H), 1.23 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 173.8,
6f 170.9, 163.6 (d, J = 252.7 Hz), 132.9, 132.2, 132.1, 130.57, 130.54, 128.7, 128.5,
123.3(d, J = 2.4 Hz), 116.5 (d, J = 21.9 Hz), 34.05, 34.01, 13.3. **F NMR (377 MHz, CDCly):
d (ppm) -108.83 (s, 1F). HRMS (ESI TOF) m/z: calcd for C13H13FNO2 (M + H)*™ 234.0930;
found, 234.0936.

.

(o)
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(E)-1-ethyl-3-(3-fluorobenzylidene)pyrrolidine-2,5-dione (6g): Compound 6g was synthesized

F following the general procedure-A. The product was obtained as white solid, 3.83

g (68% yield); Rf=0.30 (petroleum ether/EtOAc 85:15); m.p. 136 — 138 °C; 'H

NMR (400 MHz, CDCls): & (ppm) 7.55 (t, J = 2.3 Hz, 1H), 7.42 (td, J = 8.0, 5.9

o Hz, 1H), 7.26 (d, J = 7.8 Hz, 1H), 7.19 — 7.07 (m, 2H), 3.69 (q, J = 7.2 Hz, 2H),

o ) 3.54 (d, J = 2.3 Hz, 2H), 1.23 (t, J = 7.2 Hz, 3H). *C{*H} NMR (CDCls, 100

6g MHz): 6 (ppm) 173.6, 170.6, 163 (d, J = 247.4 Hz), 136.3 (d, J = 7.7 Hz), 132.8,

132.8,130.8 (d, J = 8.3 Hz), 126.1, 126.1, 125.2, 117.2 (d, J = 21.3 Hz), 116.5 (d, J = 22.1 Hz),

34.1, 13.3. %F NMR (377 MHz, CDCl3): § (ppm) -111.62 (s, 1F). HRMS (ESI TOF) m/z: calcd
for C13H13FNO2 (M + H)* 234.0930; found, 234.0931.

(E)-3-(3-chlorobenzylidene)-1-ethylpyrrolidine-2,5-dione  (6h):  Compound 6h  was
Cl synthesized following the general procedure-A. The product was obtained as white
solid, 4.8 g (80% yield); R¢=0.25 (petroleum ether/EtOAc 85:15); m.p. 147 — 149
/ °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.54 (t, J = 2.4 Hz, 1H), 7.45 (s, 1H),
o 7.38(qd,J=5.3,4.8,2.9Hz 3H),3.70 (q, J = 7.2 Hz, 2H), 3.55 (d, J = 2.4 Hz,
° j o 2H), 1.24 (t, J = 7.2 Hz, 3H). C{*H} NMR (100 MHz, CDCl3): § (ppm) 173.6,
170.6, 136.0, 135.2, 132.6, 130.5, 130.2, 129.9, 128.3, 125.2, 34.1, 13.3. HRMS

(ESI TOF) m/z: calcd for C13H13CINO; (M + H)* 250.0635; found, 250.0633.

(E)-3-(3-bromobenzylidene)-1-ethylpyrrolidine-2,5-dione (6i): Compound 6i was synthesized

Br following the general procedure-A. The product was obtained as white solid, 5.98

g (85% yield); Rt =0.25 (petroleum ether/EtOAc 85:15); m.p. 137 — 139 °C; 'H

/ NMR (400 MHz, CDCls): 8 (ppm) 7.61 (t, J = 2.3 Hz, 1H), 7.56 — 7.51 (m, 2H),

0 7.41(d,J=7.9Hz 1H), 7.32 (t, J = 7.8 Hz, 1H), 3.69 (q, J = 7.2 Hz, 2H), 3.55 (d,

° ) & J=23Hz 2H), 1.24 (t, J = 7.2 Hz, 3H). “C{"H} NMR (100 MHz, CDCl5):

(ppm) 173.6, 170.6, 136.3, 133.1, 132.8, 132.6, 130.7, 128.7, 125.3, 123.3, 34.1, 34.1, 13.3.
HRMS (ESI TOF) m/z: calcd for C13H13BrNO2 (M + H)* 294.0129; found, 294.0133.

(E)-1-ethyl-3-(4-methylbenzylidene)pyrrolidine-2,5-dione (6j): Compound 6] was synthesized
following the general procedure-A. The product was obtained as white solid, 3.48
g (63% yield); Rr=0.35 (petroleum ether/EtOAc 85:15); m.p. 148 — 150 °C; H
NMR (400 MHz, CDCls): 6 (ppm) 7.56 (t, J = 2.3 Hz, 1H), 7.36 (d, J = 8.2 Hz,
o N 2H), 7.24 (d, J = 8.0 Hz, 2H), 3.67 (q, J = 7.2 Hz, 2H), 3.51 (d, J = 2.3 Hz, 2H),

) o 2.38 (s, 3H), 1.22 (t, J=07.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): § (ppm)
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174.1, 171.1, 140.7, 134.1, 131.5, 130.3, 130.1, 129.9, 122.6, 34.2, 33.9, 21.6, 13.3. HRMS
(ESI TOF) m/z: caled for C14H16NO2 (M + H)* 230.1181; found, 230.1184.

(E)-1-ethyl-3-(naphthalen-1-ylmethylene)pyrrolidine-2,5-dione (6k): Compound 6k was
0 synthesized following the general procedure-A. The product was obtained as white
O solid, 3.42 g (54% vyield); Rf=0.25 (petroleum ether/EtOAc 85:15); m.p. 148 — 150
) o °Ci*HNMR (400 MHz, CDCls): § (ppm) 8.38 (t, J = 2.4 Hz, 1H), 8.15 - 8.11 (m,

o ; N 1H), 7.90 (dt, J = 6.8, 2.3 Hz, 2H), 7.62 — 7.50 (m, 4H), 3.73 (q, J = 7.2 Hz, 2H),
3.51(d, J=2.3Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls):

o (ppm) 174.2, 170.6, 133.8, 131.9, 131.6, 131.1, 130.5, 129.0, 127.2, 126.6, 126.5, 126.3,
125.3,123.8, 34.0, 33.9, 13.4. HRMS (ESI TOF) m/z: calcd for C17H16NO2 (M + H)" 266.1181;

found, 266.1184.

(E)-1-ethyl-3-(naphthalen-2-yImethylene)pyrrolidine-2,5-dione  (61): Compound 61 was

O synthesized following the general procedure-A. The product was obtained as

O white solid, 4.12 g (65% vyield); R¢=0.25 (petroleum ether/EtOAc 85:15); m.p.

) 190 — 192 °C; *H NMR (400 MHz, CDCls): § (ppm) 7.97 (s, 1H), 7.92 — 7.82

o (m,3H), 7.77 (t, J = 2.3 Hz, 1H), 7.60 — 7.51 (m, 3H), 3.72 (q, J = 7.2 Hz, 2H),

° ) 3.66 (d, J = 2.3 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H). ¥C{'H} NMR (100 MHz,

6l CDCl3): 3 (ppm) 174.1, 171.1, 134.4, 133.8, 133.3, 132.3, 132.2, 131.8, 131.5,

129.0, 128.8, 128.7, 128.6, 127.9, 127.8, 127.1, 126.1, 123.7, 34.4, 34.0, 13.3. HRMS (ESI
TOF) m/z: calcd for C17H16NO2 (M + H)* 266.1181; found, 266.1181.

(E)-1-ethyl-3-(3-methoxybenzylidene)pyrrolidine-2,5-dione  (6m): Compound 6m was

o— synthesized following the general procedure-A. The product was obtained as white

solid, 3.01 g (51% vyield); R¢=0.2 (petroleum ether/EtOAc 85:15); m.p. 125 — 127

) °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.56 (s, 1H), 7.35 (t, J = 7.9 Hz, 1H),

o 7.06 (d,J=7.7 Hz, 1H), 6.99 — 6.93 (m, 2H), 3.83 (s, 3H), 3.68 (g, J = 7.2 Hz,

; 2H), 3.54 (d, J = 2.1 Hz, 2H), 1.22 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz,

ém CDCl): & (ppm) 174.0, 170.9, 160.0, 135.5, 134.1, 130.2, 124.0, 122.6, 115.8,

115.6, 55.4, 34.2, 33.9, 13.3. HRMS (ESI TOF) m/z: calcd for C14H16NO3 (M + H)* 246.1130;
found, 246.1134.

o
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(E)-1-ethyl-3-(3-hydroxybenzylidene)pyrrolidine-2,5-dione  (6n’): Compound 6n’ was
OH  synthesized following the general procedure-A. The product was obtained as
white solid, 3.71 g (67% yield); Rf=0.30 (petroleum ether/EtOAc 50:50); m.p. 196
Y — 198 °C; *H NMR (400 MHz, DMSO-ds): § (ppm) 9.64 (s, 1H), 7.36 (t, J = 2.3
=0 Hz, 1H), 7.27 (t, 3 = 7.9 Hz, 1H), 7.06 (d, J = 7.8 Hz, 1H), 7.02 - 6.99 (m, 1H),
) 6.86 — 6.82 (m, 1H), 3.63 (d, J = 2.3 Hz, 2H), 3.51 (q, J = 7.2 Hz, 2H), 1.11 (t, J
" =7.2Hz, 3H). BC{*H} NMR (100 MHz, DMSO-ds): § (ppm) 174.0, 170.5, 157.6,
135.3,132.0, 130.0, 125.1, 121.4, 117.0, 116.5, 33.8, 33.0, 12.9. HRMS (ESI TOF) m/z: calcd
for C13H14NO3 (M + H)" 232.0973; found, 232.0973.

(o)

Preparation of (E)-3-((1-ethyl-2,5-dioxopyrrolidin-3-ylidene)methyl)phenyl acetate (6n)

OH o—<
(0]
acetic anhy. (1.1 equiv.)
/ /
DMAP
0P N o toluene, rt, 12 h 0P N o

6n’ 6n

To an oven dried 50 mL round bottom flask equipped with a magnetic stirrer bar, were
added 6n’ (0.463 g, 1 equiv., 2.0 mmol), acetic anhydride (208 mL, 1.1 equiv., 2.2 mmol) in
toluene (6 mL) with dry glass tube containing calcium chloride at the top of the condenser.
After that, DMAP (5 mol%, 12.2 mg, 0.1 mmol) was added to the reaction mixture and the
reaction mixture was stirred at room temperature for 12 h. After which, obtained white
precipitate was filtered off through sintered funnel to afford the corresponding acetylated

product 6n.%

The product 6n was obtained as white solid, 0.37 g (68% yield); Rf=0.35 (petroleum
ether/EtOAc 50:50); m.p. 159 — 161 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.57 (t, J = 2.3
Hz, 1H), 7.45 (t, J = 7.9 Hz, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.21 (t, J = 1.9 Hz, 1H), 7.14 (ddd,
J=8.1,2.2,09Hz, 1H), 3.69 (q, J = 7.2 Hz, 2H), 3.54 (d, J = 2.3 Hz, 2H), 2.32 (s, 3H), 1.23
(t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): & (ppm) 173.7, 170.7, 169.3, 151.2,
135.7,133.1, 130.2, 127.7, 124.8, 123.4, 122.9, 34.1, 34.0, 21.3, 13.3. HRMS (ESI TOF) m/z:
calcd for C15H1sNO4 (M + H)* 274.1079; found, 274.1079.
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3.4.2.2. General Procedure-B for the synthesis of vinyl diazosuccinimides:

1.0

S< i
y/ . o Na DBU (1.5 equiv.) N, y/
o] )LN CH3CN o]
G ; H O °C, 10 mins G ;
6a 1a
1 equiv. 1.2 equiv.

To the stirred solution of (E)-3-benzylidene-1-ethylpyrrolidine-2,5-dione 6a (2.15 g,
1.0 equiv., 10 mmol) in 30 mL acetonitrile, were added 4-acetamidobenzenesulfonyl azide
(2.88 g, 1.2 equiv., 12 mmol) and DBU (2.24 mL, 1.5 equiv., 15 mmol) at 0 °C temperature
under inert atmosphere. The reaction mixture was stirred for 10 minutes while maintaining the
temperature (0 °C). The reaction mixture was then quenched with saturated solution of NH4Cl
and the product was extracted with diethyl ether (30 mL x 3). The combined organic layers
were washed with brine solution and dried over anhydrous Na;SOs. The extract was filtered
and evaporated under reduced pressure. The crude product was purified using column
chromatography over silica gel to afford (E)-3-benzylidene-4-diazo-1-ethylpyrrolidine-2,5-
dione 1a as orange solid (2.257 g, 94% yield).1%

(E)-3-benzylidene-4-diazo-1-ethylpyrrolidine-2,5-dione (1a): Compound la was synthesized

following the general procedure-B. The product was obtained as orange solid

(2.257 g, 94% yield): Rf=0.45 petroleum ether/EtOAc (85:15); m.p. 94— 96 °C;

'H NMR (400 MHz, CDCls): & (ppm) 7.64 (s, 1H), 7.41 (ddd, J = 7.6, 6.2, 1.4

o N Hz, 2H), 7.38 — 7.32 (m, 1H), 7.32 — 7.27 (m, 2H), 3.71 (q, J = 7.2 Hz, 2H),

) 1.25 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 167.1,

164.9, 133.5, 129.5, 129, 128.8, 127.5, 117.4, 59.6, 34.5, 13.7. HRMS (ESI

TOF) m/z: calcd for C21H20NO3 (M + H)* 242.0930; found, 242.0927. Crystallization (30 mg):
Haxane:Ethyl acetate = 2:1 (2 mL). CCDC- 2105271.

(E)-3-benzylidene-4-diazo-1-methylpyrrolidine-2,5-dione (1b): Compound 1b was synthesized
from compound 6b (0.5 g) following the general procedure-B. The product was
obtained as orange solid (0.461 g, 82% yield): R¢=0.35 petroleum ether/EtOAc

o (85:15); m.p. 100 — 102 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.64 (s, 1H),
7N 7.46 —7.27 (m, 5H), 3.14 (s, 3H). **C{*H} NMR (100 MHz, CDCls): & (ppm)

1|uNI 167.2, 165.1, 133.4, 129.5, 129, 128.8, 127.6, 117.2, 59.7, 25.4. HRMS (ESI

TOF) m/z: calcd for C12H10N302 (M + H)* 228.0773; found, 228.0769.
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(E)-3-benzylidene-4-diazo-1-phenylpyrrolidine-2,5-dione (1c): Compound 1c was synthesized
from compound 6¢ (0.5 g) following the general procedure-B. The product was
obtained as dark orange solid (0.475 g, 85% vyield): R =0.4 petroleum

o ether/EtOAc (85:15); m.p. 130 — 132 °C; *H NMR (400 MHz, CDCls): § (ppm)

o 7.76 (s, 1H), 7.53 — 7.34 (m, 10H). 3C{*H} NMR (100 MHz, CDCls): & (ppm)
166.3, 164.1, 133.5, 131.9, 129.7, 129.3, 129.1, 128.9, 128.7, 128.3, 126.6,
116.8, 49.1. HRMS (ESI TOF) m/z: calcd for C17H12N302 (M + H)*™ 290.0930;

found, 290.0930.

1c

(E)-3-benzylidene-4-diazo-1-phenylpyrrolidine-2,5-dione (1d): Compound 1d was synthesized
from compound 6d (0.5 g) following the general procedure-B. The product was
obtained as dark orange solid (0.442 g, 78% vyield): Rf =0.4 petroleum

N2 J ether/EtOAC (85:15); m.p. 128 — 130 °C; *H NMR (400 MHz, CDCls3): § (ppm)
7 N 7.73 (s, 1H), 7.52 — 7.45 (m, 2H), 7.44 — 7.37 (m, 3H), 7.25 (s, 4H), 2.39 (s,
3H). BC{*H} NMR (CDCls, 101 MHz): & (ppm) 166.5, 164.2, 140.2, 132,
130.7, 129.6, 129.3, 129.2, 128.6, 128.6, 126.6, 115.7, 60.3, 21.6. HRMS (ESI
TOF) m/z: calcd for C1gH13N302 (M + H)* 304.1086; found, 304.1091.

1d

(E)-3-benzylidene-4-diazo-1-(p-tolyl)pyrrolidine-2,5-dione  (1e): Compound 1le was

synthesized from compound 6e (0.5 g) following the general procedure-B. The

p product was obtained as orange solid (0.442 g, 78% yield): Rs=0.45 petroleum

o ether/EtOAc (85:15); m.p. 123 — 125 °C; *H NMR (400 MHz, CDCls): § (ppm)

7.75 (s, 1H), 7.45 (ddd, J = 7.6, 6.3, 1.4 Hz, 2H), 7.42 — 7.33 (m, 3H), 7.29 (s,

4H), 2.40 (s, 3H). *C{*H} NMR (100 MHz, CDClz): & (ppm) 166.4, 164.3,

e Me 1388, 133.5, 130.0, 129.6, 129.3, 129.1, 128.9, 128.2, 126.5, 116.9, 77.2, 21.4.
HRMS (ESI TOF) m/z: calcd for C1gH14N302 (M + H)* 304.1086; found, 304.1092.

(E)-3-diazo-1-ethyl-4-(4-fluorobenzylidene)pyrrolidine-2,5-dione (1f): Compound 1f was
R synthesized from compound 6f (0.5 g) following the general procedure-B. The
product was obtained as orange solid (0.474 g, 85% yield): Rf=0.35 petroleum

Nao ether/EtOAcC (85:15); m.p. 112 — 114 °C; *H NMR (400 MHz, CDCls): & (ppm)
7N 7.58 (s, 1H), 7.32 - 7.25 (m, 2H), 7.15 - 7.08 (m, 2H), 3.71 (q, J = 7.2 Hz, 2H),

1 1.25 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 166.9,
164.7, 163.2 (d, J = 251.6 Hz), 130.9 (d, J = 8.5 Hz), 129.7, 129.7, 126.3, 117.4, 116.1 (d, J =
22.0 Hz), 59.5, 34.6, 13.7. F NMR (377 MHz, CDCls): & (ppm) -110.1 (s, 1F). HRMS (ESI
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TOF) m/z: calcd for C13H11FN302 (M + H)* 260.0835; found, 260.0855.

(E)-3-diazo-1-ethyl-4-(3-fluorobenzylidene)pyrrolidine-2,5-dione (1g): Compound 1g was
F synthesized from compound 6g (0.5 g) following the general procedure-B. The
product was obtained as orange solid (0.423 g, 76% yield): R =0.4 petroleum
ether/EtOAC (85:15); m.p. 65— 67 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.55

© (s, 1H), 7.38 (td, J = 8.0, 5.9 Hz, 1H), 7.10 — 6.94 (m, 3H), 3.70 (g, J = 7.2 Hz,
2H), 1.24 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): § (ppm) 166.7,
19 164.6, 162.8 (d, J = 248.4 Hz), 135.6 (d, J = 7.8 Hz), 130.4 (d, J = 8.4 Hz), 125.6,

125.6, 124.6, 124.6, 118.6, 116.4 (d, J = 21.2 Hz), 115.7 (d, J = 22.1 Hz), 59.7, 34.5, 13.6. 1°F

NMR (377 MHz, CDCls): & (ppm) -111.3 (s, 1F). HRMS (ESI TOF) m/z: calcd for

C13H11FN302 (M + H)* 260.0835; found, 260.0838.

(E)-3-(3-chlorobenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione (1h): Compound 1h was
o synthesized from compound 6h (0.5 g) following the general procedure-B. The
product was obtained as orange solid (0.484 g, 88% yield): Rt =0.4 petroleum
ether/EtOAC (85:15); m.p. 57 — 59 °C; *H NMR (400 MHz, CDCls): § (ppm)
7.55 (s, 1H), 7.39 — 7.31 (m, 2H), 7.29 — 7.27 (m, 1H), 7.18 (ddt, J = 6.4, 1.7,
0 ; 0.8 Hz, 1H), 3.71 (q, J = 7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H). *C{*H} NMR
1h (100 MHz, CDCls): 6 (ppm) 166.7, 164.6, 135.3, 135.0, 130.1, 129.5, 128.9,

127.0, 125.4, 118.8, 34.6, 13.7. HRMS (ESI TOF) m/z: calcd for C13H11CIN3O2 (M + H)*

276.0540; found, 276.0538.

(E)-3-(3-bromobenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione (1i): Compound 1i was

Br synthesized from compound 6i (0.5 g) following the general procedure-B. The

product was obtained as yellow solid (0.41 g, 75% yield): Rf =0.4 petroleum

Now /) ether/EtOAC (85:15); m.p. 74 — 76 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.54

o (s, 1H), 7.50 — 7.46 (m, 1H), 7.46 — 7.42 (m, 1H), 7.29 (t, J = 7.8 Hz, 1H), 7.25 —

)Nﬁ 7.20 (m, 1H), 3.71 (q, J = 7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H). *C{*H} NMR

(100 MHz, CDClz): 6 (ppm) 166.7, 164.6, 135.5, 132.4, 131.7, 130.3, 127.4,

125.3,123.0, 118.8,59.8, 34.6, 13.7. HRMS (ESI TOF) m/z: calcd for C13H11BrNzO2 (M + H)*
320.0034; found, 320.0038.

)
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(E)-3-diazo-1-ethyl-4-(4-methylbenzylidene)pyrrolidine-2,5-dione (1j): Compound 1j was
synthesized from compound 6j (0.5 g) following the general procedure-B. The
product was obtained as yellow solid (0.475 g, 85% yield): Rf=0.45 petroleum
N, ) ether/EtOAC (85:15); m.p. 73 — 75 °C; 'H NMR (400 MHz, CDCls): & (ppm)
N 7.60 (s, 1H), 7.24 — 7.16 (m, 4H), 3.70 (g, J = 7.2 Hz, 2H), 2.36 (s, 3H), 1.24 (t,
) J=7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 167.2, 164.9, 139.9,
130.7,129.5,129.1, 127.7, 116.4, 59.6, 34.4, 21.5, 13.7. HRMS (ESI TOF) m/z:

calcd for C14H14N302 (M + H)* 256.1086; found, 256.1086.

(E)-3-diazo-1-ethyl-4-(naphthalen-1-ylmethylene)pyrrolidine-2,5-dione (1k): Compound 1k
was synthesized from compound 6k (0.5 g) following the general procedure-B.
The product was obtained as orange red solid (0.379 g, 69% vyield): R =0.4
petroleum ether/EtOAC (85:15); m.p. 96 — 98 °C; 'H NMR (400 MHz, CDCl3): &
(ppm) 8.17 (s, 1H), 8.03 - 7.99 (m, 1H), 7.92 — 7.86 (m, 2H), 7.61 — 7.54 (m, 2H),
7.53-7.48 (m, 1H), 7.38 —7.34 (m, 1H), 3.75(q, J=7.2 Hz, 2H), 1.29 (t, J = 7.2
Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm) 166.8, 164.6, 133.6, 131.5,
130.5, 130.3, 128.9, 127.3, 126.8, 126.6, 125.1, 124.7, 124.6, 119.5, 34.5, 13.8. HRMS (ESI
TOF) m/z: calcd for C17H14N302 (M + H)* 292.1086; found, 292.1089.

(E)-3-diazo-1-ethyl-4-(naphthalen-2-ylmethylene)pyrrolidine-2,5-dione (11): Compound 1l
O was synthesized from compound 61 (0.5 g) following the general procedure-B.
O The product was obtained as orange red solid (0.438 g, 80% yield): Rf=0.4
" ) petroleum ether/EtOAC (85:15); m.p. 101 — 103 °C; *H NMR (400 MHz, CDCls):
o & (ppm) 7.88 —7.78 (m, 4H), 7.77 (s, 1H), 7.52 (dt, J = 6.3, 3.5 Hz, 2H), 7.39
© B (dd, J = 8.5, 1.7 Hz, 1H), 3.73 (q, J = 7.2 Hz, 2H), 1.27 (t, J = 7.2 Hz, 3H).
B 13C{*H} NMR (100 MHz, CDCls): § (ppm) 167.2, 164.9, 133.5, 132.9, 131.2,
128.9, 128.7, 128.6, 128.0, 127.6, 127.5, 127.2, 126.1, 117.4, 77.5, 77.2, 76.8, 34.5, 13.7.
HRMS (ESI TOF) m/z: calcd for C17H14N3O2 (M + H)* 292.1086; found, 292.1116.
(E)-3-diazo-1-ethyl-4-(3-methoxybenzylidene)pyrrolidine-2,5-dione (1m): Compound 1m was
P synthesized from compound 6m (0.5 g) following the general procedure-B. The
product was obtained as Brownish red liquid (0.493 g, 89% vyield): R =0.35

N2
;N; 1H), 7.34 - 7.29 (m, 1H), 6.92 — 6.85 (m, 2H), 6.81 — 6.78 (m, 1H), 3.82 (s, 3H),

)/ petroleum ether/EtOAc (85:15); *H NMR (400 MHz, CDCls): & (ppm) 7.59 (s,
(6]
(0]
)1 3.70 (g, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). ¥C{*H} NMR (100 MHz,
m
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CDCI): & (ppm) 167.0, 164.8, 159.8, 134.8, 129.8, 127.4, 121.5, 117.6, 115.4, 114.1, 100.1,
59.7,55.4,34.5,13.7. HRMS (ESI TOF) m/z: calcd for C14H14N303 (M + H)* 272.1035; found,
272.1042.

(E)-3-((4-diazo-1-ethyl-2,5-dioxopyrrolidin-3-ylidene)methyl)phenyl acetate (1n): Compound
1n was synthesized from compound 6n (0.5 g) following the general procedure-

_<o B. The product was obtained as orange solid (0.405 g, 74% vyield): Rf=0.45
petroleum ether/EtOAc (50:50); m.p. 105 — 107 °C; *H NMR (400 MHz, CDCls):

Nen 4 8 (ppm) 7.58 (s, 1H), 7.43 (t, J = 7.9 Hz, 1H), 7.18 — 7.14 (m, 1H), 7.11 — 7.07
0P WO (m, 1H), 7.04 (t, J = 1.9 Hz, 1H), 3.71 (g, J = 7.2 Hz, 2H), 2.31 (s, 3H), 1.25 (t, J
)m = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 169.2, 166.9, 164.7,

151.0, 135.0, 129.9, 126.3, 126.0, 122.8, 122.1, 118.3, 59.7, 34.6, 21.2, 13.7.
HRMS (ESI TOF) m/z: calcd for C15sH11N304 (M + H)* 300.0984; found, 300.0977.

3.4.3. General Procedure-C for the Synthesis of dihydrobenzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione:

o]
Nag o ©)‘\ AgNTf, (5 mol%)
o N CH.Cly, rt, 2 h
) Argon-atm.
1a 2a 5aa

An oven-dried 25 mL two necked round bottom (RB) flask equipped with a magnetic
stirrer bar was charged with AgNTf. (3.9 mg, 5 mol%) under argon-atmosphere and the RB
flask was covered up with aluminium foil. Then dry CH2Cl2 (5 mL) and acetophenone 2a (23.6
pL, 1.0 equiv., 0.2 mmol) was added subsequently and the mixture was stirred at room
temperature under for a minute. After that, vinyl diazosuccinimide 1a (48.3 mg, 1.0 equiv., 0.2
mmol) in CH2Cl> (1 mL) was added to the reaction mixture dropwise over 2 h and the stirring
was continued for 10 mins more for full consumption of diazo compound. The progress of the
reaction was monitored by TLC. After completion of the reaction, the solvent was removed
under reduced pressure. The crude product obtained was purified by column chromatography
(petroleum ether/EtOAC 92:8) over silica gel to furnish the desired product 5aa as white solid
(47 mg, 70% vyield). The slight excess amount of acetophenone 2a was recovered during the

purification.
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2-ethyl-5-methyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione
(5aa): Compound 5aa was synthesized following the general procedure-C. The product was
obtained as white solid, 47 mg (70% yield); R=0.3 (petroleum ether/EtOAC
85:15); m.p. 167 — 169 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.54 (dd, J
=6.7,2.2 Hz, 1H), 7.43 (d, J = 2.3 Hz, 1H), 7.42 — 7.28 (m, 8H), 4.57 (d, J =
2.3 Hz, 1H), 3.59 (qd, J = 7.2, 3.6 Hz, 2H), 2.14 (s, 3H), 1.17 (t, J = 7.2 Hz,
3H). BC{*H} NMR (100 MHz, CDCl3): & (ppm) 171.9, 167.4, 146.2, 145.2,
136.4,135.1,131.8,131.7,131.5,129.2,128.8, 128.7, 128.5, 127.9, 87.4, 70.7,
33.9, 32.8, 13.2. HRMS (ESI TOF) m/z: calcd for C21H20NOs (M + H)* 334.1443; found,
334.1447.

2-ethyl-5-methyl-5-(p-tolyl)-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-
dione (5ab): Compound 5ab was synthesized following the general procedure-C. The product
was obtained as white solid, 49 mg (70% yield); Ri=0.35 (petroleum ether/EtOAc
85:15); m.p. 151 — 153 °C; *H NMR (400 MHz, CDCls): & (ppm) 7.55 — 7.50 (m,
1H), 7.42 (d, J = 2.2 Hz, 1H), 7.41 — 7.33 (m, 3H), 7.21 — 7.13 (m, 4H), 4.58 (d,
J = 2.2 Hz, 1H), 3.59 (qd, J = 7.0, 3.2 Hz, 2H), 2.33 (s, 3H), 2.13 (s, 3H), 1.17
(t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCl3): § (ppm) 172.1, 167.4,

5ab 146.5, 142.3, 138.4, 136.3, 135.1, 131.9, 131.7, 131.4, 129.5, 129.2, 128.7,
127.9, 87.3, 70.6, 33.9, 32.7, 21.2, 13.2. HRMS (ESI TOF) m/z: calcd for C22H2:NO3 (M + H)*
348.1599; found, 348.1608.

2-ethyl-5-(4-methoxyphenyl)-5-methyl-3a,5-dihydro-1H-benzo[5,6]Joxepino[2,3-c]pyrrole-

1,3(2H)-dione (5ac): Compound 5ac was synthesized following the general procedure-C. The
product was obtained as white solid, 54 mg (74% yield); Ri=0.25 (petroleum
ether/EtOAC 85:15); m.p. 146 — 148 °C; *H NMR (400 MHz, CDCls): & (ppm)
7.52 (dd, J=6.5, 1.8 Hz, 1H), 7.41 (d, J = 2.3 Hz, 1H), 7.37 (dddd, J = 9.3, 7.4,
5.4, 3.3 Hz, 3H), 7.23 - 7.18 (m, 2H), 6.86 (d, J = 9.1 Hz, 2H), 4.57 (d, J = 2.3
Hz, 1H), 3.78 (s, 3H), 3.58 (qd, J = 7.2, 3.2 Hz, 2H), 2.11 (s, 3H), 1.16 (t, J =
7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCla): & (ppm) 172.0, 167.3, 159.4,

5ac

146.5, 137.3, 136.2, 134.9, 131.8, 131.6, 131.2, 130.0, 129.0, 127.7, 113.9, 87.0, 70.3, 55.3,
33.7, 32.5, 13.1. HRMS (ESI TOF) m/z: calcd for C22H22NO4 (M + H)* 364.1549; found,
364.1549.
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2-ethyl-5-(4-fluorophenyl)-5-methyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-

1,3(2H)-dione (5ad): Compound 5ad was synthesized following the general procedure-C. The

5ad

product was obtained as white solid, 32 mg (45% yield); R=0.35 (petroleum
ether/EtOAC 85:15); m.p. 174 — 176 °C; 'H NMR (400 MHz, CDCl3): § (ppm)
7.53 (dd, J=7.2, 2.0 Hz, 1H), 7.43 (d, J = 2.3 Hz, 1H), 7.42 — 7.28 (m, 5H), 7.08
—7.01 (m, 2H), 4.53 (d, J = 2.3 Hz, 1H), 3.59 (qd, J = 7.2, 3.0 Hz, 2H), 2.11 (s,
3H), 1.18 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 171.9,
167.3, 162.5 (d, J = 248.8 Hz), 145.9, 141.2, 141.1, 136.4, 135.1, 131.8, 131.7,

131.4,130.6 (d, J=8.2 Hz), 129.3,128.1, 115.7 (d, J = 21.3 Hz). **F NMR (377 MHz, CDCly):
& (ppm) -113.4 (s, 1F). HRMS (ESI TOF) m/z: calcd for C21H1gFNO3 (M + H)* 352.1349;
found, 352.1350.

5-(4-chlorophenyl)-2-ethyl-5-methyl-3a,5-dihydro-1H-benzo[5,6]oxepino[ 2,3-c]pyrrole-

1,3(2H)-dione (5ae): Compound 5ae was synthesized following the general procedure-C. The

5ae

product was obtained as white solid, 48 mg (65% yield); R=0.35 (petroleum
ether/EtOAC 85:15); m.p. 160 — 162 °C; *H NMR (400 MHz, CDCl3): & (ppm)
7.54 (dd,J=7.3,2.0 Hz, 1H), 7.43 (d, J = 2.3 Hz, 1H), 7.43 - 7.36 (m, 2H), 7.36
—7.30 (M, 3H), 7.27 (d, J = 8.2 Hz, 2H), 4.53 (d, J = 2.3 Hz, 1H), 3.60 (qd, J =
7.2,2.8 Hz, 2H), 2.11 (s, 3H), 1.18 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz,
CDCl3): & (ppm) 171.8, 167.3, 145.7, 143.8, 136.5, 135.1, 134.6, 131.8, 131.7,

131.4,130.1, 129.3, 129.0, 128.2, 87.0, 70.5, 34.0, 32.9, 13.2. HRMS (ESI TOF) m/z: calcd for
C21H19CINO3s (M + H)* 368.1053; found, 368.1050.

5-(4-bromophenyl)-2-ethyl-5-methyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-

1,3(2H)-dione (5af): Compound 5af was synthesized following the general procedure-C. The

5af
136.5, 135.0, 132.0, 131.7, 131.7, 131.4, 130.4, 129.3, 128.2, 122.9, 87.0, 70.6, 33.9, 32.9,

13.2. HRMS (ESI TOF) m/z: calcd for C2:1H19BrNO3 (M + H)*" 412.0548; found, 412.0550.

product was obtained as white solid, 38 mg (46% vyield); R=0.3 (petroleum
ether/EtOAc 85:15); m.p. 185 — 187 °C; 'H NMR (400 MHz, CDCls): & (ppm)
7.53 (dd, J=7.3, 1.9 Hz, 1H), 7.49 (d, J = 8.8 Hz, 2H), 7.43 (d, J = 2.3 Hz, 1H),
7.42 -7.35(m, 2H), 7.31 (dd, J = 7.6, 1.9 Hz, 1H), 7.24 — 7.18 (m, 2H), 4.53 (d,
J=2.3Hz, 1H), 3.59 (qd, J = 7.2, 2.8 Hz, 2H), 2.10 (s, 3H), 1.18 (t, = 7.2 Hz,
3H). BC{*H} NMR (100 MHz, CDCls): & (ppm) 171.7, 167.2, 145.5, 144.3,
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2-ethyl-5-(4-iodophenyl)-5-methyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione (5ag): Compound 5ag was synthesized following the general procedure-C. The
product was obtained as white solid, 40 mg (44% vyield); R=0.4 (petroleum
ether/EtOAC 85:15); m.p. 205 — 207 °C; *H NMR (400 MHz, CDCls): § (ppm)
7.72 (d, J=8.7 Hz, 2H), 7.56 (dd, J = 7.4, 1.9 Hz, 1H), 7.45 (d, J = 2.3 Hz, 1H),
7.41 (ddd, J=14.4,7.1, 1.7 Hz, 2H), 7.33 (dd, J = 7.6, 1.8 Hz, 1H), 7.12 — 7.06
(m, 2H), 4.56 (d, J = 2.3 Hz, 1H), 3.62 (qd, J = 7.2, 2.7 Hz, 2H), 2.12 (s, 3H),
1.20 (t, J=7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCls): § (ppm) 171.6, 167.1,
145.4, 144.9, 137.9, 136.4, 134.9, 131.6, 131.3, 130.5, 129.2, 128.0, 94.7, 87.0,
70.5, 33.8, 32.7, 13.1. HRMS (ESI TOF) m/z: calcd for C2:H19INO3 (M + H)* 460.0410; found,
460.0413.

5ag

5-(3-bromophenyl)-2-ethyl-5-methyl-3a,5-dihydro-1H-benzo[5,6]oxepino[ 2,3-c]pyrrole-
1,3(2H)-dione (5ah): Compound 5ah was synthesized following the general procedure-C. The
product was obtained as white solid, 48 mg (58% yield); Ri=0.35 (petroleum
ether/EtOAc 85:15); m.p. 173 — 175 °C; *H NMR (400 MHz, CDCls): &
(ppm) 7.56 — 7.53 (m, 1H), 7.47 — 7.24 (m, 8H), 4.56 (d, J = 2.2 Hz, 1H),
3.60 (qd, J=7.2, 3.6 Hz, 2H), 2.10 (s, 3H), 1.19 (t, J = 7.2 Hz, 3H). ¥C{*H}
NMR (100 MHz, CDCls): & (ppm) 171.6, 167.2, 147.7, 145.3, 136.5, 135.1,

5ah 131.9, 131.7, 131.7, 131.5, 130.5, 129.4, 128.2, 127.1, 123.0, 87.0, 70.6,
34.0, 33.0, 13.2. HRMS (ESI TOF) m/z: calcd for C21H19BrNO3 (M + H)*™ 412.0548; found,
412.0557.

2-ethylspiro[benzo[5,6]oxepino[2,3-c]pyrrole-5,1'-cyclohexane]-1,3(2H,3aH)-dione  (5aj):
Compound 5aj was synthesized following the general procedure-C. The product
was obtained as white solid, 30 mg (48% yield); R=0.4 (petroleum ether/EtOAc
85:15); m.p. 126 — 128 °C; 'H NMR (400 MHz, CDCls): § (ppm) 7.46 (d, J =
1.9 Hz, 1H), 7.45 - 7.27 (m, 4H), 4.92 (d, J = 1.9 Hz, 1H), 3.68 (q, J = 7.2 Hz,
2H), 2.38 (d, J = 12.9 Hz, 1H), 2.11 — 1.78 (m, 6H), 1.59 (s, 4H), 1.34 (dtt, J =

5aj
16.7, 8.9, 3.9 Hz, 1H), 1.25 (t, J = 7.2 Hz, 3H). ®*C{*H} NMR (100 MHz, CDCl3): & (ppm)

172.2, 167.4, 150.3, 135.9, 135.6, 132.0, 131.2, 129.5, 129.2, 127.1, 83.5, 68.3, 40.9, 36.2,
33.8, 25.4, 22.4, 20.0, 13.2. HRMS (ESI TOF) m/z: calcd for C19H22NO3 (M + H)*™ 312.1599;
found, 312.1606.
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2-ethyl-5,5-dimethyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione (5ak):
Compound 5ak was synthesized following the general procedure-C. The product was obtained
as white solid, 38 mg (70% yield); R=0.25 (petroleum ether/EtOAc 85:15); m.p.
132 — 134 °C; 'H NMR (400 MHz, CDCls): § (ppm) 7.48 (d, J = 2.2 Hz, 1H),
7.42 (dd,J=7.4,1.5Hz, 1H), 7.40 - 7.28 (m, 3H), 5.00 (d, J = 2.2 Hz, 1H), 3.68
(qd, J = 7.2, 1.2 Hz, 2H), 1.84 (s, 3H), 1.68 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H).

5ak B3C{*H} NMR (100 MHz, CDCls): § (ppm) 172.2, 167.5, 149.7, 135.9, 135.5,
131.9, 130.9, 129.8, 129.2, 127.4, 82.8, 69.6, 34.0, 32.8, 30.4, 13.3, 0.1. HRMS (ESI TOF)
m/z: calcd for C16H1sNOs (M + H)* 272.1286; found, 272.1285.

2,5-diethyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione (5al):
Compound 5al was synthesized following the general procedure-C. The product was obtained
as white solid, 45 mg (65% vyield); R=0.4 (petroleum ether/EtOAc 85:15); m.p.
189 — 191 °C; *H NMR (400 MHz, CDCls): § (ppm) 7.54 (dd, J = 5.8, 3.3 Hz,
1H), 7.42 (d, J = 2.2 Hz, 1H), 7.41 —7.27 (m, 8H), 4.58 (d, J = 2.2 Hz, 1H), 3.60
(qd, J=7.0, 2.5 Hz, 2H), 2.76 (dg, J = 14.2, 7.1 Hz, 1H), 2.25 (dq, J = 14.6, 7.4
Hz, 1H), 1.18 (t, J = 7.2 Hz, 3H), 0.74 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100
MHz, CDCls): 8 (ppm) 172.2, 167.5, 145.9, 144.0, 136.4, 135.1, 133.6, 132.0,
131.8, 129.0, 128.8, 128.7, 128.4, 127.7, 90.7, 70.2, 38.2, 33.9, 13.3, 8.9. HRMS (ESI TOF)
m/z: calcd for C22H22NO3 (M + H)* 348.1599; found, 348.1601.

2-ethyl-5-methyl-5-((E)-styryl)-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-
dione (5am): Compound 5am was synthesized following the general procedure-C. The product

was obtained as white solid, 36 mg (50% vyield); R=0.3 (petroleum
Q ether/EtOAC 85:15); m.p. 169 — 171 °C; *H NMR (400 MHz, CDCls): § (ppm)
= 7.52 - 7.48 (m, 1H), 7.46 (d, J = 2.1 Hz, 1H), 7.39 (td, J = 6.5, 6.0, 3.6 Hz,
5H), 7.34 — 7.23 (m, 3H), 6.54 (d, J = 16.2 Hz, 1H), 6.23 (d, J = 16.2 Hz, 1H),
5.17 (d, J = 2.1 Hz, 1H), 3.72 - 3.58 (m, 2H), 1.91 (s, 3H), 1.22 (t, J = 7.2 Hz,
3H). ¥C{*H} NMR (100 MHz, CDCls): & (ppm) 172.3, 167.4, 146.0, 137.0,
136.0, 135.7, 135.4, 135.2, 132.0, 131.9, 131.2, 129.3, 128.8, 128.6, 127.8,
127.0, 85.9, 70.2, 34.0, 32.2, 13.3. HRMS (ESI TOF) m/z: calcd for Co3H22NO3z (M + H)*
360.1599; found, 360.1601.

102



Chapter 3: Formal (5+2)-cycloaddition to access benzoxepine

2,5-dimethyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione
(5ba): Compound 5ba was synthesized following the general procedure-C. The product was
obtained as white solid, 33 mg (52% yield); R=0.25 (petroleum ether/EtOAc
85:15); m.p. 188 — 190 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.56 — 7.52 (m,
1H), 7.44 (d, J = 2.3 Hz, 1H), 7.43 - 7.28 (m, 8H), 4.59 (d, J = 2.3 Hz, 1H), 3.02
(s, 3H), 2.14 (s, 3H). BC{*H} NMR (100 MHz, CDCls): & (ppm) 172.2, 167.7,
146.3, 145.1, 136.4, 135.2, 131.7, 131.5, 129.2, 128.8, 128.7, 128.5, 127.9, 87.5,
70.7, 32.7, 24.9. HRMS (ESI TOF) m/z: calcd for CoHisNO3z (M + H)*
320.1286; found, 320.1285.

5-methyl-2,5-diphenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione
(5ca): Compound 5ca was synthesized following the general procedure-C. The product was
obtained as white solid, 34 mg (45% yield); R=0.3 (petroleum ether/EtOAc
85:15); m.p. 229 — 231 °C; *H NMR (400 MHz, CDCls): § (ppm) 7.58 (dd,
J=9.8, 2.3 Hz, 2H), 7.47 — 7.31 (m, 13H), 4.77 (d, J = 2.3 Hz, 1H), 2.19
(s, 3H). BC{*H} NMR (100 MHz, CDCls): & (ppm) 171.1, 166.5, 146.4,
145.2,136.6, 136.4, 131.8, 131.7, 131.5, 131.2, 129.4, 129.2, 129.2, 128.9,

Sca 128.7, 128.6, 128.0, 126.3, 87.6, 70.8, 32.8. HRMS (ESI TOF) m/z: calcd
for C2sH20NO3 (M + H)* 382.1443; found, 382.1441.

5,7-dimethyl-2,5-diphenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione
(5da): Compound 5da was synthesized following the general procedure-C. The product was

Me  obtained as white solid, 33 mg (42% yield); R=0.35 (petroleum ether/EtOAC
@ 85:15); m.p. 230 — 232 °C; H NMR (400 MHz, CDCls): 5 (ppm) 7.54 (d, J = 2.3
Hz, 1H), 7.48 — 7.44 (m, 2H), 7.43 — 7.40 (m, 1H), 7.39 — 7.29 (m, 8H), 7.26 —
7.22 (m, 1H), 7.20 (d, J = 1.7 Hz, 1H), 4.75 (d, J = 2.3 Hz, 1H), 2.40 (s, 3H), 2.18
(s, 3H). *C{*H} NMR (100 MHz, CDCls): & (ppm) 171.2, 166.7, 146.3, 145.2,
140.0, 136.7, 136.5, 132.2, 131.8, 129.9, 129.2, 129.1, 128.9, 128.7, 128.6,
128.6, 126.4, 87.5, 70.8, 32.8, 21.8. HRMS (ESI TOF) m/z: calcd for C26H22NO3
(M + H)" 396.1599; found, 396.1599.
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5-methyl-5-phenyl-2-(p-tolyl)-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-
dione (5ea): Compound 5ea was synthesized following the general procedure-C. The product
was obtained as white solid, 38 mg (48% yield); R=0.3 (petroleum
ether/EtOAC 85:15); m.p. 222 — 224 °C; *H NMR (400 MHz, CDCls): §
(ppm) 7.59 — 7.55 (m, 2H), 7.46 — 7.31 (m, 8H), 7.26 — 7.22 (m, 2H), 7.21
—7.17 (m, 2H), 4.76 (d, J = 2.3 Hz, 1H), 2.37 (s, 3H), 2.18 (s, 3H). BC{*H}
NMR (100 MHz, CDCl3): 6 (ppm) 171.2, 166.7, 146.4, 145.2, 138.7, 136.6,
136.2,131.7,131.5, 131.3, 129.8, 129.4, 129.1, 128.9, 128.7, 128.6, 128.0,
126.1, 87.6, 70.8, 32.8, 21.4. HRMS (ESI TOF) m/z: calcd for C2sH22NO3
(M + H)" 396.1600; found, 396.1587.

2-ethyl-7-fluoro-5-methyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione (5fa): Compound 5fa was synthesized following the general procedure-C. The
product was obtained as white solid, 39 mg (55% yield); R=0.3 (petroleum
ether/EtOAC 85:15); m.p. 189 — 191 °C; *H NMR (400 MHz, CDCls): & (ppm)
7.53 (dd, J = 8.7, 6.1 Hz, 1H), 7.41 — 7.36 (m, 3H), 7.35 — 7.27 (m, 3H), 7.15
—7.05 (m, 2H), 4.56 (d, J = 2.2 Hz, 1H), 3.58 (qd, J = 7.2, 3.7 Hz, 2H), 2.13
(s, 3H), 1.17 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, CDCls): § (ppm)
171.7, 167.3, 162.4 (d, J = 252.8 Hz), 149.20, 149.13, 144.4, 138.45, 138.37,
133.8, 131.08, 131.05, 129.0, 128.8, 128.5, 128.26, 128.23, 118.6 (d, J = 23.3 Hz), 115.4 (d, J
=21.3Hz), 87.1,70.8, 33.9, 32.7, 13.2. %F NMR (377 MHz, CDCl3): § (ppm) -109.14. HRMS
(ESI TOF) m/z: caled for C21H1oFNO3 (M + H)* 352.1349; found, 352.1359.

2-ethyl-8-fluoro-5-methyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione (5ga): Compound 5ga was synthesized following the general procedure-C. The
product was obtained as white solid, 44 mg (62% yield); Ri=0.35 (petroleum
ether/EtOAC 85:15); m.p. 198 — 200 °C; *H NMR (400 MHz, CDCls): & (ppm)
7.38 (d, J = 6.8 Hz, 1H), 7.37 — 7.26 (m, 6H), 7.23 (dd, J = 9.4, 2.7 Hz, 1H),
7.09 (td, J = 9.7, 8.6, 2.8 Hz, 1H), 4.56 (d, J = 2.1 Hz, 1H), 3.59 (qd, J = 7.0,
3.7 Hz, 2H), 2.13 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H). **C{*H} NMR (100 MHz,
592 CDCl3): & (ppm) 171.6, 167.0, 161.4 (d, J = 248.5 Hz), 144.9, 142.0, 142.0,
133.7 (d, J =7.1 Hz), 133.6, 133.6, 133.2, 133.2, 133.2, 128.9, 128.6, 128.5, 121.7 (d, J = 21.3
Hz), 116.2 (d, J = 20.9 Hz), 87.1, 70.6, 33.9, 32.9, 13.2. 1%F NMR (377 MHz, CDCls): § (ppm)
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-114.9. HRMS (ESI TOF) m/z: calcd for C21H1sFNO3s (M + H)* 352.1349; found, 352.1348.

Crystallization was done in the solvent mixture of Hexane:Chloroform =2:1. CCDC: 2105766.

8-chloro-2-ethyl-5-methyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione (5ha): Compound 5ha was synthesized following the general procedure-C. The
product was obtained as white solid, 50 mg (68% yield); R=0.35 (petroleum
ether/EtOAc 85:15); m.p. 219 — 221 °C; *H NMR (400 MHz, CDCl3): & (ppm)
752 (d,J=23Hz 1H), 7.41 - 7.26 (m, 8H), 4.55 (d, J = 2.3 Hz, 1H), 3.59
(qd, J=7.2,3.9 Hz, 2H), 2.12 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H). ®C{'H} NMR
(100 MHz, CDCls): & (ppm) 171.6, 167.0, 144.7, 144.6, 135.3, 133.6, 133.5,
133.5, 133.4, 132.8, 129.0, 128.7,128.6, 124.8, 87.2, 70.6, 34.0, 32.7, 13.2.
HRMS (ESI TOF) m/z: calcd for C21H19CINO3 (M + H)* 368.1053; found, 368.1051.

8-bromo-2-ethyl-5-methyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-
1,3(2H)-dione (5ia): Compound 5ia was synthesized following the general procedure-C. The
product was obtained as white solid, 45 mg (55% yield); R=0.4 (petroleum
ether/EtOAC 85:15); m.p. 223 — 225 °C; *H NMR (400 MHz, CDCls): § (ppm)
7.68 (d, J = 2.2 Hz, 1H), 7.48 (dd, J = 8.6, 2.2 Hz, 1H), 7.40 — 7.27 (m, 6H),
7.23 (d, J = 8.6 Hz, 1H), 4.55 (d, J = 2.2 Hz, 1H), 3.59 (qd, J = 7.2, 3.8 Hz,
2H), 2.12 (s, 3H), 1.17 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls):

Sia o (ppm) 171.6,167.0,145.1,144.7,138.3,133.8, 133.44, 133.42,133.0, 131.9,
129.0, 128.7, 128.6, 121.6, 87.3, 70.6, 34.0, 32.7, 13.2. HRMS (ESI TOF) m/z: calcd for
C21H19BrNO3 (M + H)* 412.0548; found, 412.0548.

2-ethyl-5,7-dimethyl-5-phenyl-3a,5-dihydro-1H-benzo[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-
dione (5ja): Compound 5ja was synthesized following the general procedure-C. The product
was obtained as white solid, 36 mg (52% yield); R=0.35 (petroleum ether/EtOAc
85:15); m.p. 176 — 178 °C; 'H NMR (400 MHz, CDCls): & (ppm) 7.42 (d, J = 8.0
Hz, 1H), 7.40 (d, J = 2.3 Hz, 1H), 7.39 — 7.28 (m, 5H), 7.23 — 7.18 (m, 1H), 7.16
(s,1H),4.54 (d, J=2.3 Hz, 1H), 3.58 (qd, J = 7.2, 3.6 Hz, 2H), 2.38 (s, 3H), 2.14
(s, 3H), 1.16 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100 MHz, CDCls): § (ppm)
172.1,167.5,146.1, 145.2,139.6, 136.5, 135.1, 132.2, 130.6, 129.1, 128.8, 128.8,
128.7, 128.5, 87.3, 70.7, 33.8, 32.8, 21.8, 13.2. HRMS (ESI TOF) m/z: calcd for C22H22NO3
(M + H)" 348.1599; found, 348.1600.
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10-ethyl-7-methyl-7-phenyl-7,8a-dihydro-9H-naphtho[1',2':5,6]Joxepino[2,3-c]pyrrole-
9,11(10H)-dione (5ka): Compound 5ka was synthesized following the general procedure-C.

(petroleum ether/EtOAc 85:15); m.p. 229 — 231 °C; 'H NMR (400 MHz,
CDCl3): & (ppm) 8.56 (d, J = 2.1 Hz, 1H), 8.50 (d, J = 8.7 Hz, 1H), 7.90 —
7.86 (m, 1H), 7.79 (d, J = 8.9 Hz, 1H), 7.68 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H),
P 7.63 —7.58 (m, 1H), 7.40 — 7.30 (m, 6H), 4.66 (d, J = 2.1 Hz, 1H), 3.64 (qd,
J=172,1.8Hz, 2H), 2.19 (s, 3H), 1.21 (t, J = 7.2 Hz, 3H). BC{*H} NMR
(100 MHz, CDCls): & (ppm) 171.8, 167.9, 146.1, 145.8, 133.8, 133.2, 132.7, 129.5, 129.1,
129.0,128.8, 128.7, 128.5, 127.8, 126.8, 126.8, 123.9, 88.0, 69.7, 34.0, 32.1, 13.3. HRMS (ESI
TOF) m/z: calcd for C2sH22NO3 (M + H)*™ 384.1599; found, 384.1600.

© The product was obtained as white solid, 38 mg (50% vyield); R+=0.35

\_/

2-ethyl-5-methyl-1,3-dioxo-5-phenyl-2,3,3a,5-tetrahydro-1H-benzo[5,6]oxepino[ 2,3-
c]pyrrol-8-yl acetate (5na): Compound 5na was synthesized following the general procedure-
C. The product was obtained as white solid, 48 mg (61% yield); R=0.15
(petroleum ether/EtOAC 85:15); m.p. 143 — 145 °C; 'H NMR (400 MHz,
CDClz): & (ppm) 7.40 — 7.26 (m, 8H), 7.14 (dd, J = 8.7, 2.6 Hz, 1H), 4.56
(d, J = 2.3 Hz, 1H), 3.58 (qd, J = 7.2, 3.8 Hz, 2H), 2.35 (s, 3H), 2.13 (s,
3H), 1.17 (t, J = 7.2 Hz, 3H). *C{"H} NMR (100 MHz, CDCls): 5 (ppm)
171.7,169.2, 167.1, 149.7, 145.0, 143.6, 134.0, 133.2, 132.9, 132.6, 128.9,
128.6, 128.6, 128.2, 122.3, 87.3, 70.6, 34.0, 32.9, 21.3, 13.2. HRMS (ESI TOF) m/z: calcd for
C23H2NOs (M + H)* 392.1498; found, 392.1498.

3.5.3. Appendix-11: Applications

3.4.4A. Gram Scale synthesis:

An oven-dried 25 mL two necked round bottom (RB) flask equipped with a magnetic
stirrer bar was charged with AgNTf, (78 mg, 5 mol%) under argon-atmosphere and the RB
flask was covered up with aluminium foil. Then CH2Cl, (100 mL) and acetophenone 2a (472
pL, 1 equiv., 4.0 mmol) was added subsequently and the mixture was stirred at room
temperature for a minute. After that, vinyl diazosuccinimide 1a (965 mg, 1 equiv., 4.0 mmol)
in CH2Cl> (22 mL) was added to the reaction mixture dropwise over 3 h and the stirring was
continued for 10 minute for the complete consumption of diazo compound. The progress of the

reaction was monitored by TLC. After completion of the reaction, the solvent was removed
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under reduced pressure. The crude product obtained was then purified by column
chromatography (petroleum ether/EtOAc 92:8) over silica gel to furnish the desired product
5aa as white solid (605 mg, 45% yield). The excess amount of acetophenone 2a was recovered

during the purification.

3.4.4B. Procedure for reduction of 5aa to access 2-Pyrrolidone-fused dihydrobenzoxepine
(7aa):

To an oven dried 50 mL RB flask containing the solution of 5aa (31 mg, 0.1 mmol) in
DCM (1 mL), DIBAL-H (1 M solution in cyclohexane, 0.45 mL, 0.45 mmol, 4.5 equiv.) was
slowly added at 0 °C and the reaction mixture was stirred for 12 h. After completion of the
reaction, the reaction mixture was diluted with ethyl acetate followed by the addition of
saturated NH4Cl aqueous solution. The organic layer was dried over anhydrous Na>SO4 and
filtered. The filtrate was concentrated under the vacuum and purified through column

chromatography over silica gel to give the desired product (7aa).?*

)

4.5 equiv. DIBAL-H O Y/
CH,Cl,, 0 °C, 12 h =~
H )N ©
7aa

2-ethyl-5-methyl-5-phenyl-2,3,3a,5-tetrahydro-1H-benzo[5,6]oxepino[2,3-c]pyrrol-1-one
(7aa): The product 7aa was obtained as white solid, 18 mg (56% yield); Rs=0.4 (petroleum
ether/EtOAc 85:15); m.p. 101 — 103 °C; 'H NMR (400 MHz, CDCl3): & (ppm) 7.45 (d, J = 7.4
Hz, 1H), 7.36 — 7.28 (m, 6H), 7.23 (dd, J = 6.9, 1.5 Hz, 2H), 7.15 (d, J = 2.5 Hz, 1H), 5.04 (d,
J=2.8Hz, 1H), 4.18 (t, J = 2.8 Hz, 1H), 3.47 (dg, J = 14.5, 7.2 Hz, 1H), 3.15 (dq, J = 14.5,
7.2 Hz, 1H), 2.08 (s, 3H), 1.09 (t, J = 7.2 Hz, 3H). 3C{*H} NMR (100 MHz, CDCl3): & (ppm)
165.37, 146.11, 145.75, 135.96, 135.48, 132.68, 132.01, 130.95, 128.62, 128.42, 128.17,
128.13, 127.71, 86.11, 85.09, 78.89, 34.43, 32.81, 12.63. HRMS (ESI TOF) m/z: calcd for
CasH22NOs (M + H)* 320.1651; found, 320.1650.

3.4.5. Procedure for Control Experiments and Stereochemical aspects:

Reaction-a and b: To a pressure tube equipped with a magnetic stirrer bar were added pre-
prepared oxirane 3aa (10 mg, 0.03 mmol, 1.0 equiv.) and AgNTf. (0.58 mg, 0.0015 mmol, 5
mol%; unless otherwise noted). The tube was backfilled with Argon and dry DCM (0.9 mL,

0.033 M) was added via a syringe pump under positive flow of Argon. The tube was then sealed
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with cap under continuous flow of Argon. After that, the solution mixture was stirred at room
temperature (26 °C) about 2 h. The reaction mixture was monitored by *H NMR spectroscopy

periodically and the product 5aa was not detected.

AgNTf, (5 mol%)

O CH,Cl,, 26 °C, 2 h
Argon-atm.

b AW No catalyst
[bl Ph/j\ O CH,Cly, 26 °C, 2 h
(0] N

Argon-atm.

5aa, no reaction 3aa 5aa, no reaction
Reaction-c and d: To a pressure tube equipped with a magnetic stirrer bar were added pre-
prepared oxirane 3aa (10 mg, 0.03 mmol, 1.0 equiv.) and AgNTf. (0.58 mg, 0.0015 mmol, 5
mol%; unless otherwise noted). The tube was backfilled with Argon and dry DCM (0.9 mL,
0.033 M) was added via a syringe pump under positive flow of Argon. The tube was then sealed
with cap under continuous flow of Argon. After that, the solution mixture was stirred at 110
°C about 1 h. The reaction mixture was monitored by taking aliquot for *H NMR spectroscopy
periodically and continued stirring the reaction mixture at 110 °C about 5 h. The isolated yield
of product 5aa was 64%. The obtained product was recrystalized from the solvent mixture
DCM: petroleum ether (2:3 ratio). And the single-crystal XRD was taken for the confirmation
of molecular geometry (see Figure 3.7). CCDC- 2105272.

AgNTf, (5 mol%)

No catalyst
O CHyCly, 110 °C,5h O CH,Cl,, 110 °C,5h
Argon-atm. Argon-atm.
5aa, 64% yield 3aa 5aa, 64% yield

Reaction-e: To a schlenk tube equipped with a magnetic stir bar were added acetophenone (24
uL, 0.2 mmol, 1.0 equiv.) in DCM (5 mL). The tube backfilled with Argon, then sealed with
rubber septum under continuous flow of Argon was placed in a pre-heated oil bath at 110 °C.
The diazo compound 1a (48.25 mg, 0.2 mmol, 1.0 equiv.) in DCM (1 mL) was added via a
syringe pump under constant stirring at 110 °C. After that, the solution mixture was stirred at
110 °C about 1 h. The aliquot of the reaction mixture was submitted for HRMS analysis and
then continued stirring the reaction mixture at 110 °C over 24 h. Progress of the reaction was

monitored by TLC. The product 5aa was not detected.
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N»
[e] ) No catalyst
o N CH,Cl,, 110 °C, 2 h

Argon-atm.
1a 3aa, n.d. 5aa, n.d.

(starting material 1a recovered)

Conclusions: Among the two plausible intermediates, the carbonyl ylide int-111 is the probable
intermediate through the pathway to the product formation of both of the oxirane 3aa (int-1V)
and oxepine 5aa. Further, the stereochemical aspects of the intermediate were confirmed from
the geometry (analyzed by the molecular single-crystal XRD data) of the 3aa and 5aa (Figure
3.7). The electrocyclic ring-opening and ring-closing equilibria of oxiranes with carbonyl
ylides are well-documented by Huisgen (see Scheme 3.9 inset).2% Moreover, the reaction-d,
Figure-1 suggested that a metal-unbound (free-ylide) carbonyl ylide intermediate, generating

in situ, is proposed to be operative here (Figure 3.7).

A
Q
Ph7 Me <o Ag 0 9 0
| 22) 00_¥O0 2N/ Me <5 B¥
N> AgSbFg o A (110 °C) .09 ! 0 XN—/ (conrot)
previously Me—Dv,, O 2 min M /g{ s}
o7 N reported i (con rot.) ¢ Oppy
; int-Il A i
) -

[ph (endo) and amide (endo)]

1a [ph (endo) and amide (endo)]

Elevated temperature ‘H

(110 °C) \ [ph and amide in cis] or
)
Meg AQ~ @.
- I A @ con rot.
r\) Ph 0(—\ ’7\ ? NJ ( )
S

4n—electron system (¢4) /
1 int-ll
[ph (endo) and amide (endo)]

o

Ph)LMe
AgNTf,
Room temperature Me y* o
(26 °C)

\ pseudo-axial attack)

T

molecular single-crystal XRD stuctures of 3aa and 5aa

5aa e

(Thermal ellipsoids at 50% probability)
Figure 3.7. Molecular structures of 3aa and 5aa (analyzed by Single-Crystal XRD analysis)

and proposed stereochemical aspects.
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3.4.6. NMR study of epoxide (3aa) to oxepine (5aa) conversion:

To further validate the batch experiment for the detection of the intermediate, we
performed time-dependent *H NMR study in CDCls at 110 °C:
Procedure: In a pressure tube equipped with a magnetic stir bar, recrystallized epoxide 3aa
(30 mg, 0.09 mmol) was added to CDCI3 (3 mL) and a first *H NMR spectrum was measured
as a control. The pressure tube was then heated at 110 °C in an oil-bath by continuous stirring
and *H NMR spectra were recorded after 30 min, 60 min, and 120 min respectively, each time
by taking aliquot (at room temperature) from the reaction mixture and measured the spectra at

ambient temperature. See the stacked spectra (with zooming at specific region) in the scheme

below:
Pure 5aa l
l ] . |
MMJM A A hu ‘
after 120 mins of heating at 110 °C
ENaYE I 1
after 60 mins of heating at 110 °C
/ 41 / ‘
UJJ»‘H\ M, L;h_)q ‘UJ’ . L
after 30 mins of heating at 110 °C
/ 2
}x Af{)‘d}\ 1 . M ‘ ‘\ qh l\wi
Pure 3aa
! (Tl
I

85 80 75 70 65 60 55 5o 45 40 35 3 25 20 15 10 05 0o
f1 (ppm)

110



Chapter 3: Formal (5+2)-cycloaddition to access benzoxepine

i) Full stacked spectrum: the conversion of epoxide to oxepine; blue line: peaks arising; straight arrows are

indicating peaks arising and bent arrows indicating peaks getting diminished.

Pure 5aa

| A [

after 120 mins of heating at 110 °C

A L
after 60 mins of heating at 110 °C
L3
A VUW‘M
after 30 mins of heating at 110 °C
L2
A dv"v‘r”‘yu'”‘i\m

Pure 3aa

342 41 40 39 38 37 36 35 34 33 32 31 30

S7 56 55 54 53 52 51 50 49 48 47 45 45 44 4
f1 (ppm)

i) Zoom-in stacked spectrum: the conversion of epoxide to oxepine, blue line indicating new peaks arising.

Pure 5aa

after 120 mins of heating at 110 °C

after 60 mins of heating at 110 °C ‘

after 30 mins of heating at 110 °C '

Pure 3aa

28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09
f1 (ppm)

iii) Zoom-in stacked spectrum: the conversion of epoxide to oxepine; blue line: peaks arising, red line: peaks

diminishing
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Pure 5aa

after 120 mins of heating at 110 °C

after 60 mins of heating at 110 °C

after 30 mins of heating at 110 °C ‘
|

Pure 3aa

00 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62
f1 (ppm)

iv) Zoom-in stacked spectrum: the conversion of epoxide to oxepine; blue line indicating new peaks arising, red

line indicating peaks getting diminished.

This temperature variant *H NMR study truly indicated that the carbonyl yield is the logical

and most possible intermediate.

3.4.7. Appendix I11: *H, **C{*H}, and *°*F NMR spectral data of representative compounds

Compound No. Figure IIL.X Data Page No.
Saa Figure I11.1, 1112 and I11.3 'H, ¥C and '"H-'"H COSY | 113-114
5aj Figure I11.4 and 1115 'H and 13C 115
Sak Figure I11.6 and 1I1.7 'H and 1°C 116
Sam Figure I11.8 and II1.9 "H and 1°C 117
5ga Figure I11.10, I11.11 and II1.12 'H, 3C, and '°F 118-119
3aa Figure II1.13 and I11.14 'H and 13C 120
7aa Figure I11.15 and 1I1.16 "H and 13C 121
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3.4.8. Molecular Structures of Compounds (1a, 5ga, 3aa, and 5aa) using Single Crystal X-
ray Analysis:

3.4.8A. Molecular Structure of 1a:

Datablock: MONC_a

Bond precision

: C-C = 0.0050 A

Wavelength=1.54178

Cell: a=8.0151(15) b=19.978 (4) c=7.7622(15)
alpha=90 beta=110.135(13)
gamma=90 Temperature: 100 K
Calculated Reported

Volume 1167.0(4) 1167.0(4)

Space group P 21/c P 21/c

Hall group -P 2ybc -P 2ybc

Moiety formula
Sum formula

Cl3 H11 N3 02
Cl3 H11 N3 02

Cl3 H11 N3 02
Cl3 H11 N3 02

Mr 241.25 241.25

Dx,g cm-3 1.373 1.373

Z 4 4

Mu (mm-1) 0.789 0.789

FO0O0O0 504.0 504.0

F000’ 505.60

h, k, Imax 10,25,9 10,24,9
Nref 2398 2329

Tmin, Tmax 0.654,0.854 0.654,0.854
Tmin’ 0.507

Correction method= # Reported T Limits:
Tmax=0.854 AbsCorr

Data completeness= 0.971

MULTI SCANS

Tmin=0.654

Theta (max)= 74.868

R(reflections)= 0.0696( 1415) wR2 (reflections)= 0.1580 (
2329)
S =1.041 Npar= 165
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3.4.8B. Molecular Structure of 5ga:

Datablock: S1_a

Bond precision: C-C = 0.0042 A

Cell: a=7.2243(17)
alpha=76.143(7)

Temperature: 296 K
Calculated

Volume 829.1(4)

Space group P -1

Hall group -P 1

Moiety formula C21 H18 F N O3

Sum formula C21 H18 F N 03

Mr 351.36

Dx,g cm-3 1.408

Z 2

Mu (mm-1) 0.102

F000 368.0

F000” 368.20

h, k, lmax 9,12,16

Nref 3709

Tmin, Tmax

Tmin’

Correction method= Not given

Data completeness= 0.996

R(reflections)= 0.0717( 2517)

S =1.030 Npar= 238

Wavelength=0.71073

b=9.907 (3) c=12.468(3)
beta=73.356(8) gamma=83.506 (8)
Reported
829.2(3)
P -1
-P 1

)
C21 H18 F N O3
351.36

1.407

2

0.102

368.0

9,12,16
3694

Theta (max)= 27.229

wR2 (reflections) =
0.2176( 3694)
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3.4.8C. Molecular Structure of 3aa:

Datablock: monp_a

Bond precision:

Cell:

Temperature:

Volume Space
group Hall
group

Moiety formula
Sum formula
Mr

Dx,g cm-3

Z

Mu (mm-1)
FO00

F000’
h,k,Imax

Nref

Tmin, Tmax
Tmin’

Correction method=
Tmax=0.754 AbsCorr

Cc-C

a=12

= 0.0019 A

677(2)

alpha=90
100 K

Calculated
1728.2(5)

P21/c

-P 2ybc C21

H19 N

03

C21H19N O3

333.37
1.281

4

0.691
704.0
706.14
15,6,30
3522

0.914,0.946

0.914

S,

Wavelength=1.54178

b=5.5319(9)
beta=95.499(7)

Reported
1728.3(5)
P 21/c
-P 2ybc
?
C21 H19 N O3
333.37

1.281

0.691

704.0

15,6,30
3481

0.626,0.754

Reported T Limits:

MULTI SCANS

Tmin=0.626

c=24.758(4)
gamma=90

Data completeness= 0.988 Theta (max)= 74.562
R(reflections)= 0.0392( 3021)
wR2 (reflecti
ons) =
0.1258( 3481)
S = 0.822 Npar= 229
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3.4.8D. Molecular Structure of 5aa:

Datablock: dlk_a

Bond precision: C-C = 0.0037 A Wavelength=1.54178
Cell: a=18.3257(8) b=7.2282(3) c=12.9858(5)
alpha=90 beta=103.255(2)
gamma=90 Temperature: 100 K
Calculated Reported
Volume 1674.30(12)
1674.30(12)
Space group P 21/c P 21/c
Hall group -P 2ybc -P 2ybc
Moiety formula C21 H19 N O3 C21 H19 N O3
Sum formula C21 H19 N O3 C21 H19 N O3
Mr 333.37 333.37
Dx,g cm-3 1.322 1.323
Z 4 4
Mu (mm-1) 0.713 0.713
F00O0 704.0 704.0
F000” 706.14
h, k, Ilmax 22,9,16 22,8,16
Nref 3460 3384
Tmin, Tmax 0.628,0.807 0.628,0.807
Tmin’ 0.501

Correction method= # Reported T Limits: Tmin=0.628
Tmax=0.807 AbsCorr MULTI-SCAN

Data completeness= 0.978 Theta (max)= 75.330

R(reflections)= 0.0589( 3015) wWR2 (reflections)= 0.1458(
3384)

S = 1.224 Npar= 229
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Intramolecular O-H Functionalization under Silver Catalysis: Access to
2H-Chromene

This chapter describes the design and development of strategy for the regioselective
synthesis of diversely substituted 2H-Chromene derivatives via intramolecular O-H
functionalization of the modified diazo succinimides under silver catalysis. A wide range of
2H-Chromenes have been synthesized in good yields. The developed protocol was found to be

general and scalable on gram quantity.

4A.1. Introduction

2H-Chromene (2H-1-benzopyran derivates) framework is usually found in many
natural products (e.g., tannins and polyphenols found in fruits, teas, and vegetables) and few
pharmaceuticals.! This privileged scaffold and its subfamily scaffold are core to many natural
products and are known to elicit versatile biological activities, intriguing optical properties that

can be used as fluorescence probes and photochromic compounds.?

2H-Chromene Derivatives Subfamily of 2H-Chromenes
98
A
(¢ (@)
o OMe (0] (e}
BW683C OMe
(potent antiviral) Anti-inflammatory TNF inhibitor Anti-poliferative activity Anti-poliferative activity

R? R*
QA 7/ H
NH
| N N—R3
0O R3 o P
H
R [e]

o,—Adrenoreceptor

Photochromic material Anthyllisone Glucose kinase inhibitor Antagonist male erectile
inadequacy
O
HO N
ok
® A
| Me’ Me
Me’ Me
Hilgertene (pesticide) Gaudichaudianic acid MEK-1 inhibitor Antiproliferative activity
(antifugal)

Figure 4A.1. Selected examples of pharmaceutically active and photochromatic compounds

having 2H-Chromene and its subfamily scaffold.



Chapter 4A: Synthesis of 2H-chromene under silver catalysis

Dihydrochromeno[2,3-c]pyrrol-3(3aH)-one is one of the prime subfamily of 2H-Chromenes
having diverse biological properties such as antiproliferative activity,® antitumor,3°
antiulcer,® antibacterial,® TNF-a-inhibitory activity.>" Though considerable efforts have been
made towards the synthesis of 2H-Chromene derivatives,* however, the synthetic route for the
skeletal of dihydrochromeno[2,3-c]pyrrol-3(3aH)-one has rarely been reported.® The
cycloaddition and cyclization reactions are two commonly known routes to synthesize this
skeletal.®® Also, the reported method involves multi-step reaction sequences and requires
asymmetric route to synthesize an achiral subunit. This limits its wider applicability to a large

extent.

Ph
Ph

OTMS
MeO CHO
p-NO,PhCO,H
OH COzEt o)

anhy. toluene, rt CO,Et
EtOH
N ‘R-NHz
MeOH rt
CO,Et 0" ™ co,et

Scheme 4A.1. Previous synthetic route for dihydrochromeno[2,3-c]pyrrol-3(3aH)-one.

Owing to the importance of this scaffold, some of the limitation of the available protocol, the
development of shorter, more efficient and broadly applicable protocol to synthesize this
important subclass of 2H-Chromene derivatives is highly desirable. We envisioned that this
subunit of 2H-Chromenes | could be synthesized from the ortho-OH substituted (Z)-3-diazo-
(2-hydroxybenzylidene)pyrrolidin-2-ones 11 via intramolecular O—H functionalization. This
intermediate 11 could be accessed starting from the ortho-hydroxy arylidene diazosuccinimides
111 (see Scheme 4A.2).

Retrosynthetic analysis:

Scheme 4A.2. Retrosynthetic analysis of dihydrochromeno[2,3-c]pyrrol-3(3aH)-one.
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It is also worth mentioning that some substituents including halogens, long-chain alkyl
etc. reside at the para-position with respect to the oxygen atom in 2H-Chromenes are known
to enhance the biological activity significantly.? In this regard, we hypothesized that transition
metal-catalyzed metallo-carbene promoted strategy via an intramolecular pathway may lead to
the desired target scaffold.

Silver salts are relatively non-toxic, less expensive and are also abundant transition
metal complexes are available. Also, silver catalysts have a great potential as Lewis acid and
the ability to accommodate a variety of ligands.® The carbene transfer reactions involving silver
carbenoid species have recently emerged as a powerful technique to execute diverse synthetic
array of molecules.® Herein, in this chapter we present AgNTf.-catalyzed intramolecular O—H
functionalization of 2-hydroxy substituted diazosuccinimide to access diverse chromeno[2,3-
c]pyrrole-1,3(2H,3aH)-dione derivatives.

4A.2. Results and Discussion:

To begin with, we developed a new synthetic strategy to access ortho-OH arylidene
diazosuccinimides 2 starting from the biologically active ortho-OH arylidene succinimides 4
using diazo transfer reagent (p-ABSA) in presence of 1,8-diazabicyclo(5.4.0)undec-7-ene
(DBU) as a base (Scheme 4A.3). The preparation of this modified diazosuccinimides is
prepared according to our previous procedure with few modifications in reaction conditions
(discussed later in chapter 4B, Experimental section). The compound 4 has been prepared from
the maleimide derivatives. The newly formed bench-stable ortho-OH arylidene
diazosuccinimide 2 exhibits the electrophilic character at the carbon wherein the diazo group

is directly attached onto it (diazo carbon).

"/O
OH OH
;::’ PPhy, Ethanol Diazo Transfer o) -I-l-y-p-o-th-e-s-lé

rt, 6 h One-step

4 (Scale up to 2g) ortho-OH ary||dene Metallo- arylldene
diazosuccinimide carbenesuccinimide

Scheme 4A.3. Synthesis of ortho-hydroxy arylidene succinimide.

In order to validate our hypothesis, we embarked to screen easily and commercially

available silver catalysts and by selecting 5-bromo-2-hydroxybenzylidene-N-ethyl
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diazosuccinimide 2ac as model substrate to evaluate the desired transformation. Initially we
screened different catalysts, solvents etc. and among all catalysts screened, silver triflimide and
1,4-dioxane proved to be very efficient catalyst and solvent respectively (Appendix 4A.5).
Based on the initial reactions screened, catalytic amount (5 mol%) of silver triflimide in 1,4-
dioxane (0.033 M) as solvent at room temperature under inert atmosphere proved to be optimal
to obtain the desired O—H functionalization product 3ac in 78% yield (Table 4A.1, Entry 1).
The control reactions revealed that silver triflimide is necessary for the transformation (Table
4A.1, Entry 2). Moreover, replacing AgNTf. with other metal catalysts such as iron, copper,
scandium triflate diminished the yield of the desired product 3ac (Table 4A.1, Entries 3-5). As
mentioned earlier, AQNTTf> proved to be efficient over other silver salts and this may be due to
the reason of counter-anion effect that aids the desired transformation (Table 4A.1, Entry 6).
Interestingly, the reaction worked well with dirhodium tetraacetate (5 mol%) affording the
desired product 3ac with 73% yield (Table 4A.1, Entry 7). This lowering in the yield of the
desired product in the case of dirhodium acetate may be due to the reason of either restricting
catalyst proximity over the reactive diazo carbon cavity or steric interference occurring
between the catalyst surface to that of benzylidene moiety, resulting in a weaker approach of -

OH group to the rhodium carbenoid center.

Table 4A.1. Optimization of the reaction condition for the intramolecular O-H

functionalization?

OH o o
N AgNTf, (5 mol%) Br N,
\ "\ 1,4-dioxane (0.033 M) o \
Br o) 2h,rt

2 o}
2ac Argon atmosphere 3ac
(0.2 mmol) O-H functionalization product
Entry Variation from the standard reaction Yield” (%) of 3ac
conditions”
1 None 78
2 No AgNTH N.R.
3 Sc(OTf)z instead of AgNTt> 50
4 FeCl».4H>0 instead of AgNTH 15
5 Cu(OTY) instead of AgNTT> 10
6 AgOTf instead of AgNTf, 56
7 Rh2(OAc)4 instead of AgNTH 73
8¢ AgNTf, DCM, 40 °C 62

aStandard reaction conditions: 2ac (0.2 mmol) in dry 1,4-Dioxane (3 mL) was added dropwise into a solution
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of AgNTf, (5 mol%) in dry 1,4-Dioxane (3 mL) over 2 h, rt, Argon atmosphere. Yield of isolated products after
column chromatography. °dry DCM was used. N.R. = No reaction.

In order to increase the yield of the desired product 3ac further we carried out the reaction in
presence of AgNTT, (5 mol%) at 40 °C, however, we observed that yield dropped in comparison
to the reaction at rt. (Table 4A.1, Entry 8). Based on the systematic screening, 5-bromo-2-
hydroxybenzylidene-N-ethyl diazosuccinimide 2ac (1 equiv.), AgNTf. (5 mol%) as a catalyst
in dry 1,4-dioxane at room temperature to furnish the desired 2H-chromene product 3ac via

intramolecular OH insertion.

Having obtained the optimized reaction conditions, we further planned evaluate the
substrate scope to generalize the developed protocol with different aryl-substituted and N-
substituted 2-hydroxy arylidene diazosuccinimides 2 on a 0.2 mmol scale (Table 4A.2). In this
regard, we treated different N-substituted 5-bromo-2-hydroxybenzylidene diazosuccinimides
(2bc—2kc) under optimized reaction condition to afford the corresponding desired products
(3bc-3kc) in modest to good yields (see Table 4A.2). All the N-alkyl group substituted
diazosuccinimides (2bc-2fc) under the optimized reaction condition also afforded the
corresponding desired products (3bc—3fc) in moderate to good yields (up to 78%, see Scheme
4A.4). While N-aryl substituted diazosuccinimides(2hc—2jc) having few electron-rich as well
as electron deactivating group (chloride) on the N-phenyl ring under the reaction condition
afforded the desired products (3hc—3jc) in modest yields (up to 63%). Interestingly, the
electronically deactivated -CF3 group at the para-position of N-phenyl ring (2kc) afforded the
desired product 3kc in good yield (yield 70%). Further, we studied different substituent pattern
at the 2-hydroxybenzylidene ring (2ab—2ak) under the optimized reaction conditions. To our
delight, all the substrates well tolerated the optimized reaction conditions to afford the
corresponding desired products (3ab—3ak) in moderate to very good yields (up to 88%). The
2-hydroxynaphthalene substituted diazosuccinimide 2al also furnished the corresponding

desired product 3al in modest yield.
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N, y/ AgNTf, (5 mol%)
O 1,4-Dioxane (0.033 M), rt, 2 h
o N\ Argon atmosphere
R
2
(0.2 mmol) Intramolecular O-H insertion
o different N-protection Br
Br
Br
3ac: R = Ethyl; 78% lo} /
3bc: R = 2-ethylhexyl; 72% g
oy 3cc: R = dodecyl; 74% / o o 3hc:Ar=H; 45%
3dc: R = allyl; 54% N 3ic: Ar = 4-Me; 63%
0PN\~ 0 3ec: R = CH,Ph; 68% 0770 3jc: Ar = 2-Cl; 38%
L 3fc:R=oydlohexyl 70% gy 3ke: Ar = 4-CFy; 70%
3ac-3fc 3gc, 70%, d.r. = 1:1  3hc-3kec
o different benzylidene substituted patterned //
6__7
5 @ g 3ab: Ar=H; 72% MeO
3ae: Ar = 6-Br; 88%
40 9 3af Ar=5Br; 75% Qo y
3 3ag: Ar = 7-NO,; 56%
o N7 O 3ah: Ar=7-F; 75% 0= ™70
2) 3ai: Ar = 7-Cl; 85% P
. 3aj: Ar = 7-OMe; 60%
3ab-3aj 3ak, 48% 3al, 55%

aReaction conditions: 2 (0.2 mmol) in dry 1,4-Dioxane (3 mL) was added dropwise into a
solution of AgNTf, (5 mol%) in dry 1,4-Dioxane (3 mL) over 2 h, rt, Argon atmosphere. *Yield
of isolated products after column chromatography.

Table 4A.2. Studies of intramolecular O—H functionalization with N-protection and different
substituent pattern at benzylidene ring.?

After successfully demonstrating the protocol with many substrates we turned our
attention to explore the diastereoselective transformation. In this regard, we prepared the N-
(S)-1-phenylethyl substituted diazosuccinimide 2gc (chiral auxiliary derived) so as to induce
the chirality. However, under the optimized reaction conditions, the desired O-H
functionalization product 3gc was obtained with low diastereoselectivity (d.r. 1:1) in 70% yield
(Table 4A.2).

In order to verify the practicability as well generality of this intramolecular O-H
functionalization protocol, a gram-scale reaction of 5-bromo-2-hydroxyphenyl vinyl
diazosuccinimide 2ac was conducted under the standard optimized reaction conditions
(Scheme (Scheme 4A.4). The reaction proceeded smoothly and the corresponding target
product 3ac was obtained in 70% yield (0.480 g).
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OH
N, / AgNTf, (5 mol%) o |
O 1,4-Dioxane (0.033 M), rt, 6 h o
1e) ; Argon atmosphere (o) ;
2ac (3.0 mmol scale) 3ac 70%

Scheme 4A.4. Gram-scale synthesis of Chromenopyrrole-dione.

4A.3. Conclusions:

In summary, we have developed a new one-pot protocol for the regioselective synthesis
of 2H-chromenes subfamily, chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione derivatives via silver
catalysis. We have successfully employed the vinyl diazosuccinimides for the effective
intramolecular O-H insertion reaction using silver triflimide as effective catalyst at room
temperature. The protocol is believed to procced via silver carbenoid species. The protocol
found to be practical as it worked well with diverse N-substituted and arylidene substituted
diazosuccinimides and also proved to be scalable on gram quantity.

4A.4. Experimental Section:

4A.4.1. General Procedure to synthesized the O—H functionalization product:

To oven dried 25 mL two neck round bottom flask equipped with a magnetic stirrer,
was added 5 mol% of AgNTf, in dry 1,4-dioxane (3 mL) under argon atmosphere at room
temperature and the reaction flask was wrapped outside with aluminum foil. After that the diazo
compound 2 (0.2 mmol) in 1,4-dioxane (3 mL) was added dropwise into the reaction solution
by a syringe over 2 h with constant stirring at room temperature while maintaining the inert
atmosphere. After the addition, the reaction mixture was stirred for additional 5 min. The
completion of the reaction was monitored by TLC. Upon complete consumption of starting
material 2, the reaction mixture was concentrated under vacuo and purified by column
chromatography using ethyl acetate and petroleum ether (eluted with 18:82 EtOAc:Hexane) to
afford the desired product 3 as white solid (yield up to 88%).
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Appendix 4A.5
4A.5. Detailed optimization for the intramolecular O-H functionalization:

4A.5.1. Catalyst optimization?:

Br

OH

B catalyst (5 mol%)

Nog A _ CHCl 002 ), %
N 0PN~ 0
o ) )
2ac (0.2 mmol) 3ac
Entry Catalyst Time Yield’(%)! Entry Catalyst Time  Yield’ (%)

1 AgNTf; 2h 62 7 Sc(0OTf)3 2h 50
2 AgOTf 2h 56 8 Bi(OTf)3 2h 27
3 AgBF4 2h 35 9 FeCl,.4H>O 2h 15
4 Cu(OAc) 2h 20 10 Rhz(OAc)4 2h 60
5 Cu(OTH). 2h 10 11 Rhy(OCOCF3)s 2h 45
6 Cu(OAc).HO 2h 15 12 Rha(esp)s 2h 50

@Reaction Conditions: 2ac (0.2 mmol) in dry DCM (7 mL) was added dropwise into a solution of AgNTf, (5
mol%) in dry DCM (3 mL) over 2 h, Argon atmosphere, “yield of isolated product after column chromatography.

4A.5.2. Investigation of suitable solvent?:

Br

OH
B AgNTf, (5 mol%)
Nag Solvent (0.02 M), rt 1
(0]
o 5 ° )N 0
2ac (0.2 mmol) 3ac

Entry Catalyst Time Yield’(%) Entry Catalyst Time  Yield® (%)

1€ DCM 2h 62 5 1,4-Dioxane 2h 68
2 Toluene 2h 40 6 DCE 2h 52
3 Fluorobenzene 2h 45 7 DMF 2h 50
4 THF 2h 64 8 DMSO 2h 54

@Reaction Conditions: 2ac (0.2 mmol) in dry solvent (7 mL) was added dropwise into a solution of AgNTf; (5
mol%) in dry solvent (3 mL) over 2 h, Argon atmosphere; Pyield of isolated product after column chromatography;
°Reaction temperature 40 °C.
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4A.5.3. Optimization of reactant concentration?:

Entry x (M) Time Yield” (%)
1 0.02 2h 68
2 0.025 2h 72
3 0.033 2h 78
4 0.05 2h 67

@Reaction Conditions: 2ac (0.2 mmol) in dry 1,4-Dioxane was added dropwise into a solution of AGNTT; (5 mol%)
in dry DCM over 2 h, Argon atmosphere. Pyield of isolated product after column chromatography.

4A.5.4. Experimental Section: Experimental general information, data and spectral copies of

the representative compounds are given at the end of Chapter 4B.14.4 Appendix-1V (page no
205).
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Photochemical Carbene Reactivity of Donor-/Acceptor-type
Diazosuccinimide: An Access to 2H-Chromene

This chapter describes the successful demonstration on the photochemical reaction of
vinyl diazosuccinimides under visible light illumination to access the 2H-chromene derivatives.
This visible light driven protocol developed proved to practical and did not rely on any
transition metal catalysts or additives. Also, more importantly, as an important finding, the
transformation is proved to undergo via a triplet carbene intermediate to furnish the desired
product unlike the transition metal catalysis where in singlet carbene is known to involve. The
triplet carbene has been detected by EPR spectroscopic studies along with various control
experiments and DFT photoexcited calculations. Generally, the reactivity of triplet carbene in
organic synthesis is underdeveloped as most of the carbene transfer reactions rely on specific
metal catalyst. Alternatively, the organic transformations involving a triplet spin state carbene
have been explored with a diazo compound under visible light utilizing photosensitizer. Despite
this advance, the development of photoinduced sensitizer-free triplet carbene generation is
highly challenging and has been seldom reported in the literature owing to the rapid singlet vs
triplet spin state equilibrium. Herein, in this chapter, we have successfully demonstrated
diazosuccinimide as a new class of diazo compound which upon exposure with blue LEDs (456
nm) generates ground-state triplet carbene (without intersystem crossing - ISC) in the absence
of any sensitizer. The protocol has also been utilized for the construction of biologically

relevant scaffolds.

4B.1. Introduction

Visible light-induced decomposition of diazo compounds has emerged as a viable as
well as an alternative strategy for the generation of free carbene under mild and metal-free
conditions.! The spin state, the reactivity of carbene and its singlet-triplet splitting are
dependent on the nature of the electronic as well as the steric properties of the substituents that

are directly attached to the carbene carbon center.?
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H i
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Figure 4B.1. Different diazo compounds as surrogates of carbenes and their photochemical

reactivity.

Some of the recent studies have been well demonstrated about the free singlet carbene reactivity
that can be selectivity accessed via the photolysis of mainly donor-/acceptor-type diazo

compounds [Figure 4B.1(i)].t

In 2019, Davies and Jurberg have disclosed the generation of singlet carbene under
visible light irradiation for the construction of various transformations including
functionalization and cyclopropanation. This has been the first documented result that
thoroughly studied and provided a detailed information on singlet carbene transfer reactions
under visible light. (Scheme 4B.1).12 This unprecedented finding attracted the attention as this

kind of strategy was previously inaccessible.

In 2018, By Davies and Jurberg

1 * 1 *
N, hv Ny N NuH Nu
. .Y .
Ar)‘lj\E [Ar)J\E] \ A E A" E
(E = CO,EY) 1* Ny

absorbance in the visible
region (Amax = 434 nm)

—‘\\\
NuH: C[ )) (0] H
N N

2 35 33 8n 36
Scheme 4B.1. Singlet carbene transfer reactions under visible light.

On the contrary, very recent a few elegant reports on the free triplet carbene
reactivity/radical reactivity have gained a great interest [Figure 4B.1(ii) and (iii)]® and they are
typically based on the use of photosensitizers/energy transfer catalysts over acceptor-type
diazoacetates. In this context, Meggers,* Gryko,*®®f Doyle,* Koenigs,* and their co-workers
have reported the an interesting reactivity of diazo compounds that is usually inaccessible in
the ground state.* These strategies have effectively trapped the photo-excited state reactivity

via photoinduced electron transfer (PET),*P¢ proton-coupled electron transfer (PCET)3¢4
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and/or photoinduced proton transfer (PPT) process.*®"> These approaches have been

described in detail below.

s Methods of free radical reactivity of diazo compounds:

In 2016, Meggers research group® has disclosed a proton- and redox-neutral method
for the free radical reactivity of ethyl diazoacetates 1 for the a-alkylation of 2-acyl imidazoles
51 using a combination of a chiral rhodium-based Lewis acid catalyst and a photoredox
sensitizer/photocatalyst under visible light to access the corresponding enantioselective C-2

alkylated compounds 52 in very good yield and enantioselectivity (Scheme 4B.2).

A-RhS 0o

0]
Nj)K/RZ [Ru(b N R?
pY)sl(PFe)
acetone/DMSO/H,O 52
21 W CFL, rt yield up to 99%
up to 98% ee
(radical generation: via SET followed by protonation)

51 1

Scheme 4B.2. Visible-light-promoted a-alkylation of 2-acyl imidazoles with ethyl
diazoacetate.

In 2019, Gryko and co-workers®® have reported the C2-alkylation of indoles 2 under
photocatalytic condition using ethyl diazoacetates via the generation of free radical
intermediate. The ethyl diazo acetates 1 first undergo protonation to form a diazonium ion
intermediate 1-D which would subsequently undergo single electron transfer (SET) event in
presence of photocatalyst upon the irradiation of blue light to afford the C2-alkylated products
53 in very good yields (Scheme 4B.3).

Blue LEDs

2 1

|
|
\ 2 Ru(bpy)sCl, (2.5 mol%) N FOR | o
+ N2/ COzR - ! via Nz/\COZR
N MeOH/H,O (10:1), rt N !
\ \ 33 ' (upon protonation)
|

yield up to 91%
(radical generation: via protonation followed by SET )

1-D
Scheme 4B.3. C2-alkylation of indoles with ethyl diazoacetates under visible light.

Very recently, Doyle research group® has elegantly reported photocatalytic
decomposition of ethyl diazoacetates 1 to generate a free radical which would further undergo
an addition reaction with olefins 31 to afford the desired products 55 under visible light. This
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interesting result broaden the concept of SET/protonation events by introducing PCET and
HAT process (Scheme 4B.4).

R3 EtO,C CO,Et 3 R4
N7 COR + j)\R“ + N 4-methylbenzenethiol \2/ <
RZ
5

R? H DCM, rt, Blue LEDs
1 31 54 5

(radical addition: via PCET and HAT) yield up to 99%

Scheme 4B.4. Visible-light-mediated photocatalytic hydroalkylation with ethyl diazoacetates.

¢+ Methods for the triplet carbene reactivity involving photosensitizer:

In 2016, Gryko research group has elegantly disclosed a strategy for the a-alkylation
using a dual catalytic system comprised of a free base - porphyrin as a photosensitizer and
morpholine as a secondary amine organocatalyst for the reaction of aldehydes 56 and
diazoacetates 1 to furnish a-alkylated derivatives 57. The porphyrin (H2TPP) enables the two
parallel processes such as enabling a reactive triplet carbene intermediate from diazoacetate
via energy transfer (EnT) process and PET event in order to form the oxidized enamine
intermediate to finally form the desired alkylated aldehydes 57 in good yields (up to 90%
Scheme 4B.5).%

Ph
I
|
H,TPP (1 mol%) OR; ':
ORy 4XLEDs, 1200 L i

R cHo + N s, 1200 Lm o | Ph Ph
0 morpholine A |
56 1 DMSO:buffer pH 4 (9:1)  R{” “CHO |
39 °C :

yield ug;o 90% ! Ph 58
' (H,TPP)

Scheme 4B.5. Light-induced a-functionalization of aldehydes using porphyrin as energy

transfer catalyst.

In 2022, the Koenigs research group has demonstrated protocol for the gem-
difluoroolefination starting from a-trifluoromethyl styrenes 59 and diazoesters 1 in presence of
dye-photosensitizer under blue light irradiation to afford the desired product 61 in good yields
(up to 88%) (Scheme 4B.6). The photocatalytic reaction has been proven to undergo via energy
transfer process to generate triplet carbene intermediate. It is also important to note that tertiary

amine (DABCO) played a key role in unlocking reactivity and interestingly in its absence the
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reaction afforded a cyclopropane derivative 62 as a major product (95% yield) though with low

diastereoselectivity (Scheme 4B.6).%®

CF OR Ir{dF(CF bpy)]PFg (2 mol% CF F.C
AR, (1N\7 [IHF(CFa)ppy}a(bpy)IPFe (2 mol%) )P AN
o [N 25 W Blue LEDs, MeCN, 15 h Ar CO,R Ph CO,Et

(2 eqUiV.) Ar = ary|’ R = a|ky|, ary| up to 88% 6 % yleld
59 1 60 61 62

Scheme 4B.6. gem-Difluoroolefination via triplet carbene using dye-photosensitizer.

Very recently in 2023, the Gryko research group has disclosed an elegant strategy for
the activation of 1,3,4-oxadiazolines using an organic dye-sensitizer under visible light
irradiation. The olefin 64 reacts with the triplet carbene generated either via the diazo
intermediate 1 by energy transfer or directly from 1,3,4-oxadiazolines 63 upon the irradiation
of visible light to afford corresponding spirocyclopropanes in excellent yields (up to 90%,
Scheme 4B.7). The photoactivation by energy transfer under visible light (450 nm) paved the
pathway to explore an alternative reactivity of oxadiazolines which enabled the generation of
triplet carbene intermediate, whereas under UV irradiation (<350), 1,3,4-oxadiazolines form
the diazo compound 65 (Scheme 4B.7).%f

N, X
1
fﬁ uv Q,o OMe R IF{AF(CF3)ppy}a(dibpy)IPFs (0.25 mol%) O R'
X

EWG
\EN OMe * EWG 450 nm blue LEDs (25 W), CH,Cl,, 1 h
R2
0.4 mmol 0.2 mmol yield up to 90%
1 63 64 65

Scheme 4B.7. Photoactivation of 1,3,4-oxadiazolines by triplet energy transfer catalyst.

s+ Methods of photoexcited proton transfer reactivity (PPT reaction):

Very recently, for the first time Koenigs and co-workers have elegantly explored the photobase-
reactivity pattern of unreactive diazoacetates 1 in mild acids for the O—H functionalization
exploiting the PPT strategy under low energy visible light irradiation (470 nm) to access the
corresponding OH insertion products 68 in good yields (Scheme 4B.8).° This strategy is
believed to be triggered by the ground state hydrogen-bonded complex under visible light
irradiation, unlike the traditional carbene transfer reactions which usually proceed either via
metallo-carbene O—H insertion pathway® or through protonation-substitution reactions with

strong acids.®
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N, N, D NP
o Nu-H o hv 0 M
Ar)j\n/ R Ar)K( “R" — O... O«
association | excitation Ar R Ar R
(0] O« H H
1 SSHAN (0] (0]
_ 66 B 67
Ar = aryl 68
R = alkyl ox (ground-state proton transfer upon yield up to >99%
NuH = HO 3 H-bonding complex) photoexcitation
(X=F, Cl, Br)

Scheme 4B.8. Photoinduced PPT reaction with mild acids.

Despite such ground-breaking progress on the photoexcited state triplet carbene
generation of utilizing photosensitizers and exploring its reactivity, photoinduced
photosensitizer-free triplet carbene generation is highly desirable and challenging for the
successful organic transformations. Moreover, the direct generation of ground-state triplet
carbene’ and their useful synthetic applications have scarcely been reported.® There are
numerous applications in material science for their paramagnetism behaviour.® Very recently,
the Koenigs research group has elegantly demonstrated the protocol for tuning the reactivity of
carbene precursors (diazo compounds) selectively to carry out the transformation either via
singlet carbene or triplet carbene in a controlled manner by varying the electronic properties of
the diazo compounds (see Scheme 4B.9).8¢ The different diaryl diazo compounds (1f'-1g’)
under photolysis conditions undergo carbene transfer reactions with alkynes 37 to afford the
C—H bond functionalized products 39 and indene derivatives 40 via cascade reaction manner
in highly chemoselective manner (up to 99%, Scheme 4B.9). It’s important to note that
different products were formed based on the carbene involved during the course of the reaction.
The reaction via single-triplet carbene equilibrium resulted on the formation of alkyne
functionalization product 39, while the reaction via triplet carbene afforded the corresponding

indene derivatives 40 in excellent yields.

R
v I
R 470 nm Blue LEDs (3 W)
+
// Dry CHyCly, rt
MeO OMe 22
Ta 37 R = alkyl, aryl MeO 39 OMe
via singlet-triplet equlibrium yield up to 99%
N, R
R 470 nm Blue LEDs (3 W
QY 7 - )
Dry CH,Cl,, rt
1g’ 37 . R = alkyl, aryl 40 Ph
via triplet carbene yield up to 99%

Scheme 4B.9. Electronically-controlled carbene transfer reaction of diaryl diazo compounds.
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In 2022, the same research group taking further insight from the previous alkylation
strategy, successfully demonstrated the O—H functionalization of alcohols 70 (mild acids) with
diphenyl diazo alkanes 1g’ under photochemical conditions (via triplet carbene to hydrogen-
bonding assisted singlet carbene leading to rapid protonation and C-O bond formation).X° It is
important to highlight that as an exceptional case hexafluoro isopropanol (HFIP) underwent
O-H insertion reaction in absence of light (dark) to afford the corresponding the product 69a
(Scheme 4B.10).

R
o
R | ROH CF;
o H---o-R 70 .M N2 in dark P
P H ) Ph” > Ph oo ANp D L
Ph” “Ph 1 Ph” “Ph HEP ]

R = aryl, alkyl P Ph” > Ph

69 P int-1g’ 1g' 69a

ield up to 98% )
Y P ° Via H-bonding asisted yield 89%

singlet carbene
Scheme 4B.10. O—H functionalization reaction with triplet carbene under photochemical

condition.

However, to the best of our knowledge till date there are no reports on the reactivity of diazo
compounds to undergo alkylation of the hydroxy group or O-H functionalization via
photoinduced hydrogen atom transfer (HAT) process. The major challenge or hurdle for this
process is that the conducive condition for the diazo compound to form triplet excited state and
further react with alcohol. It is important to note that though Koenigs research group
demonstrated the reactivity of diphenyl diazoalkane (capable of forming excited state triplet
carbene intermediate under visible light irradiation) with alcohols'® yet is completely different
concept that from photoinduced hydrogen atom transfer (HAT) process (Scheme 4B.10). In
this context, it is worth mentioning that Koenigs findlings demonstrate a triplet carbene int-1g’
which undergoes alconhol-assisted ISC leading to a hydrogen-bonding stabilized singlet
carbene (71) generation followed by rapid protonation and C-O bond formation 69; whereas
in case of photoinduced HAT process, hydrogen atom should be transformed in the triplet state

itself to form a radical species.

Vinyl diazosuccinimide scaffold 1 is emerging as a versatile reagent in the recent years
for its distinct structural features!'® and diverse metallo-carbene reactivity. Undoubtedly, vinyl
diazosuccinimides have been explored for a variety of transformations ranging from
cycloaddition to site-selective C—H bond functionalization.!* However, surprisingly, its

photochemical reactivity has not been investigated in the literature till date. Based on our
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continuous interest and experience in dealing with diazo succinimides under metal catalysis,
we sought to explore their photochemical reactivity to achieve a convenient and sustainable

approach to synthesize the molecules of industrial relevance and potent bioactivity.

In this chapter the exploration of vinyl diazo succinimides for the direct one-pot access
to 2H-chromenes under visible light irradiation has been disclosed. Also, we have successfully
demonstrated the protocol for tuning the reactivity of vinyl diazosuccinimides for generating
singlet vs triplet carbene for the first time in the literature. Furthermore, in order to validate the
new reactivity pattern involving the HAT process, we have carried out various control
experiments such as labelling study, trapping experiments, EPR characterization that greatly
supported the triplet carbene generation during the course of the reaction. Further, this has been

unambiguously supported by the DFT photoexcited calculations.

4B.2. Results and Discussion

¢ Initial spectroscopic studies

In order to gain an insight on the photochemical carbene reactivity of donor-/acceptor-
type vinyl diazosuccinimides and also to develop a sustainable synthetic protocol to access
useful compounds we planned to carry out the studies in detail. To begin with we carried out
the UV-visible absorption studies and analyzed the photochemical properties of diazo
succinimides laa-lac and further compared these properties with that of well-established
donor-/acceptor-type diazo compound such as phenyldiazoacetate 1 (Figure 4B.2). The phenyl
diazoacetate 1 has a distinct absorption spectrum at the visible region (Amax = 432 nm) while
the vinyl diazosuccinimide 1aa exhibits a strong absorption near UV region (335 nm - 380 nm)
in DCM. Whereas, the other vinyl diazosuccinimides (lab-1ac) display bathochromic shift
(342-354 nm) which presumably attributes to the enhancement of electronic delocalization in
the system. Though the blue LEDs have a maximum emission at 470 nm, but they can also
emit radiation at around 470 nm +/- 50 nm range as well. Based on this we hypothesized that
the excitation of carbene surrogates such as vinyl diazo compounds or direct photolysis of vinyl
diazo succinimides (lab-l1ac) are likely to happen under the irradiation of blue light (Blue
LEDs). We believed that suitable photochemical reaction conditions may lead to the triplet
state carbenes from vinyl diazo succinimides 1 and they can be utilized to construct useful

compounds via a novel and practical approach.
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Figure 4B.2. Photochemical properties (UV-visible absorbance spectra) of diazo compounds
(1-1ac) in DCM (c = 0.2 mM).

% Synthetic Applications: Synthesis of chromenopyrroledione under photochemical
condition
2H-Chromene is a privileged scaffold and many compounds having this scaffold as
core unit are known to elicit versatile biological profiles. Also these 2H-chromene derivatives
have shown to have interesting optical properties and have been explored as fluorescence
probes and photochromic compounds.’® Chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione is a
prime subfamily of 2H-chromenes having diverse biological properties such as
antiproliferative activity,'% antitumor,'®®¢ antiulcer,’®® antibacterial,!®* TNF-a-inhibitory
activity.*s" Thus, the construction of this important subclass of 2H-chromene under metal-free
conditions is highly desirable.

We envisioned that the subclass of 2H-chromenes could be directly synthesized starting
from the ortho-OH modified diazo succinimides 1 in one-step. It is also very important to note
that a few substituents such as halogens, long-chain alkyl etc. at the 6-C position of 2H-
chromenes have significantly increased the biological activities of the 2H-chromene
derivatives.}’® Owing to the importance of these compounds and looking at the challenging
task to generate triplet state carbene from vinyl diazo compounds we planned study in detail.
We hypothesized that the visible light promoted intramolecular O—H insertion through the
carbene by the decomposition of vinyl diazo compounds would lead to desired 2H-chromene

derivatives.
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% Optimization studies for the intramolecular O—H functionalization

In order to validate our hypothesis, we chose 5-bromo-2-hydroxyphenyl vinyl diazo
succinimide lac as a model substrate based on the initial UV-vis absorbance spectral studies
for the intramolecular O—H functionalization in DCM under visible light (5 W Blue LEDs) at
room temperature and under air (Table 4B.1, Entry 1). Gratifyingly, the compound lac reacted
and tolerated the initial reaction conditions well to furnish the desired product 3ac albeit in
modest yield (32%, Table 4B.1, Entry 1).

Based on the control experiment it has been proved that light as an energy source is
absolutely necessary for the successful transformation as the desired product 3ac did not form
in the absence of light (Table 4B.1, Entry 2). Also, the reaction in the absence of light while at
an elevated temperature (60 °C) in acetonitrile did not afford the desired product even in trace
thus suggesting that the thermal activation is not a driving force for this process (Table 4B.1,
Entry 3). Further optimization studies revealed that the reaction under nitrogen atmosphere
afforded the desired product 3ac and thus indicated that reaction is not sensitive to air and inert
atmosphere is not necessary for the smooth transformation (Table 4B.1, Entries 4-5). While the
reaction in dry DCM afforded the desired product in relatively lower yield than the AR grade
solvent (Table 4B.1, Entry 6).

Table 4B.1. Reaction optimization studies for the visible light-induced intramolecular O—H

functionalization?®

0 0
©/>:‘<‘<N Blue LEDs Br\@ﬂ,\l
W~ \ 14Dioxane o~ \
Br 0 rt, 12 h e
1ac 3ac
(0.1 mmol) yield 73%
Entry Deviations from tested conditions” Yield” (%) of 3ac
1 None 32 (28)°
2 No light N.R.
34 No light, CH3CN, at 60 °C N.R.
4 under N> atmosphere 28
5 under N> atmosphere (degassed) 30
6 dry DCM 15
7¢ 456 nm, 1,4-Dioxane, 12 h, 27 °C 65
g/ 456 nm, 1,4-Dioxane, 12 h, 27 °C 73
9 UV light (370 nm) instead of blue LEDs 0
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@Tested reaction conditions: alkylidene diazo succinimide lac (0.1 mmol), A. R. grade DCM (c = 0.066 M),
blue LEDs (5 W), under air, 25 °C, 24 h. "Yields of 3ac were determined by *H NMR spectroscopic analyses of
the reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. ¢Yield of isolated products after
column chromatography: given in the parenthesis. YA. R. grade CHsCN was used. ®A. R. grade 1,4-Dioxane was
used. 'Substrate concentration (c = 0.04 M) was used.

We observed that the reactions take place effectively under both low as well as high intensity
of blue light. Later the vinyl diazo succinimide lac reacted smoothly under the irradiation of
blue LEDs in 1,4-dioxane at room temperature to afford the desired product 3ac in moderate
yield (65% vyield, Table 4B.1, Entry 7). Interestingly, later we have also observed that an
intriguing high reaction efficiency in a low concentrated solution (¢ = 0.04 M in 0.1 mmol
scale) in 1,4-dioxane under blue light irradiation (456 nm) for 12 h to afford the desired product
3ac in 73% yield (Table 4B.1, Entry 8). However, the reaction under the irradiation of UV light
(370 nm) did not furnish the desired product 3ac in even in trace even though the starting
material 2ac was completely consumed (Table 4B.1, Entry 9).

Based on the exhaustive screening the vinyl diazo succinimide 1ac (1.0 equiv.) in 1,4-
dioxane (lower concentration, ¢ = 0.04 M in 0.1 mmol scale) under irradiation of visible light
(Blue LEDs, 456 nm) at room temperature in 12 h proved to be optimized reaction conditions

to obtain the desired product 3ac in good yield.

¢+ Substrate Scope studies

Having obtained the optimization reaction conditions, we further embarked on the synthesis
of diverse substrates for the generality and practicality of this transformation. In this regard,
we synthesized various aryl-substituted diazosuccinimides lac-laj, lak, lal as well as
different N-substituted 2-hydroxyphenyl vinyl diazosuccinimides 1bc-1kc following the
literature procedure'®® (Table 4B.2).

To begin with we treated different N-substituted 5-bromo-2-hydroxybenzylidene
diazosuccinimides (1bc—1kc) under optimized reaction conditions to afford the corresponding
desired 2H-chromene products (3bc—3kc) in moderate to good yields (up to 68%, see Table
4B.2). We observed that all the N-alkyl substituted diazosuccinimides (1bc—1fc) under the
optimized reaction conditions afforded the corresponding desired products (3bc—3fc) in
moderate to good yields (up to 68%). While the N-aryl substituted diazosuccinimides having

electron donating, deactivating and withdrawing group as phenyl ring afforded the desired
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e
blue LEDs

N, y/ (160L-456 nm)
(o) 1,4-Dioxane (0.04 M), rt, 12 h
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R
1
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o different N-protection

Br
3ac: R = Ethyl; 73%
3bc: R = 2-ethylhexyl; 68%
O »  3cc:R=dodecyl; 67% o 3he:Ar=H; 40%

3dc: R = allyl; 48% N7 3ic: Ar = 4-Me; 5%
0PN\ ~0 3ec: R = CH,Ph; 62% N 3jc: Ar = 2-Cl; 46%
& 3fc: R = cyclohexyl; 66% Ph)\Me 3ke: Ar = 4-CF3; 65%
3ac-3fc 3gc, 64%, dr=1:1  3hc-3kc
o different benzylidene substituted patterned //

I
I
I
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3ae: Ar = 6-Br; 84% |
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/ 3af: Ar=5-Br; 70% / / i

I

I
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I
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3 3ag: Ar=7-NOy; 52%
OZ3N7~0 3ah: Ar = 7-F; 68% 0PN~ S0 0F 70

3ai: Ar=7-Cl; 80%
. 3aj: Ar = 7-OMe; 54% ) )
3ab-3aj 3ak, 42% 3al, 54%

Molecular structure of 3ab
(analyzed by single crystal XRD)

Table 4B.2. Studies on the intramolecular O—H functionalization with N-substituted as well
different substituents at the phenyl ring (benzylidene) of vinyl diazo succinimides

products in relatively modest to moderate yields.

Later, an attempt to synthesize the enantioselective 2H-chromene derivative we
explored the N-(S)-1-phenylethyl as protecting group as well as a chiral auxiliary on N-
protected vinyl diazo succinimides. The reaction of 1gc under the optimized reaction conditions
underwent the desired O—H functionalization to furnish the desired product 3gc however in low
diastereoselectivity (d.r. = 1:1) (64% vyield, Table 4B.2). Later, we synthesized a few vinyl
(arylidene) diazo succinimides having different substituents on the phenyl group of 2-
hydroxybenzylidene ring (1ab—1ak). Gratifyingly, these vinyl diazo succinimides (1ab—1ak)
under the optimized reaction conditions reacted smoothly to afford the corresponding desired
2H-chromene products (3ab—3ak) in moderate to good yields (up to 80%, Table 4B.2). The 2-
hydroxynaphthalene substituted diazo succinimide lal also furnished the corresponding
desired product 3al in moderate yield (in 54% yield). The molecular structure and geometric
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arrangements of the 2H-Chromene 3ab obtained was unambiguously determined by the single-
crystal X-ray diffraction analysis.?

¢ Mechanistic investigations

After having demonstrated protocol with generality we switched our attention towards to
unravel the mechanistic pathway of this transformation. There could be two plausible pathways
for this intramolecular O—H functionalization reaction viz. the photoinduced proton transfer
process (PPT) or traditional photolysis of diazo succinimide. In order to validate and prove
this, we performed various controlled experiments (Scheme 4B.11). To begin with we studied
the labelling experiments to have evidence of the proton source in the reaction. The diazo
succinimide lec upon illumination with blue LEDs (456 nm) under standard optimized reaction
condition in presence of D-O (5 equiv.). We observed the potential deuterium incorporation
(83%) in the desired deuterated product 3ec-d: [Scheme 4B.11(a)]. This result clearly indicated
that the proton source may be either from the moisture present in solvent or from the deuterium
exchange with phenolic hydroxy group (-OH) followed by the intramolecular D* transfer. In
addition, pre-installed deuterated ortho-OH substituted diazo succinimide lac-di (58% D
incorporated) under blue light irradiation under standard reaction conditions afforded the
desired product 3ac-d: with deuterium incorporation exclusively (57% D incorporation)
[Scheme 4B.11(b)]. This result clearly further indicated that proton transfer takes placed
intramolecularly from the phenolic -OH group of the substrate and the proton shift does not
happen from moisture present in the solvent. Moreover, the addition of NaOH (5 mol%)
reaction mixture while maintaining other standard optimized reaction conditions completely
prevented the product formation and we observed that the vinyl diazo compound decomposed
over 12 h [Scheme 4B.11(c)]. We reasoned that this might have happened due to the in-situ
formation of sodium phenolate (sodium salt of phenoxide ion) and lack of proton. Based on
this result we can’t rule out the possible photoinduced proton transfer process (PPT) pathway

though it is not certain (see Experimental Section 4B.8.2 for details).

Isotope labeling experiments

OH : oD : OH

Br . Br .+ Br
standerd standerd standerd
) N, / condition o_ H b) N, / condition o . o N, condition  diazo
a —_— . —_— . —_—
0 D,O (5equiv.) D o o rt12h D o i 0 aqNaOH decomposed
o7 N i, 12h o ; : o\ o 5 : o™\ (5 mol%)
: ) : rt, 12 h
2ac 3ac-d, 2ac-d, 58% D 3ac-d, 2ac
yield 68%, 82% D yield 65%, 57% D

Scheme 4B.11. Labeling experiments.
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In order to probe the mechanistic insight further, we carried out the transformation using ortho-
methoxy derivative of arylidene diazo succinimide 1ad (-OMe instead of free OH group) at the
standard optimized reaction condition [Scheme 4B.13(a)]. Surprisingly, we obtained an
unanticipated and yet an interesting product 3ad via an intramolecular 1,6-methyl group shift.
This unambiguously confirmed that the hydrogen shift occurs intramolecularly from the ortho-
OH group of the diazo substrate 1ad and not from the moisture present in the solvent. It is very
interesting as well astonishing that the methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione 3ad
formation through 1,6-methyl-shift indeed ruled out the possibility of PPT pathway during the
course of the reaction mechanism. It is important to note that the product 3ad can be formed
via different reactive intermediates. The product 3ad may form either from the singlet carbene
intermediate or via the ylide formation or it could also be possible to achieve 3ab via triplet
diradical intermediate as well.

In order to have deeper understanding and clear picture on the possible reactive
intermediate and type of carbene spin state, we planned to perform few more experiments. To
begin with we performed the reaction of 1ad in presence of dirhodium acetate in DCM [Scheme
4B.12(b)]. The reaction did not work and the diazo succinimide 2ad was decomposed thus
indicating that reaction does not involve any traditional singlet carbene. It is well established
in the literature that Rha(OAc)s-catalyzed reaction usually undergo via a traditional singlet
carbene intermediate (through the formation of reactive rhodium carbenoid species).!’” This
result in way clearly supported that the title reaction [4B.12(b)] might be undergoing via a

triplet carbene intermediate.

Investigation of singlet vs triplet carbene intermediate

- MeO, ™~
e oo Rh(OAC), © oMe )
e
" OMe /\/S\ph standard
. ) © i condition
indication of singlet MeO M oM
carbene reactivity < S Y, + O ] DCM (a) Me N o]
] o o Me' o Me! o indication of
(mitzLZ?t;Z%md 0” "N o” "N © ) triplet diradical
) / Me 3ad, 62% > reactivity
1ad-DK 80% 3ad, 0% Jeo ) — confirmation of | (Photochemical
’ 2 intramolecular proton condition)
— o shifting
0“ N
) Rhy(OAc),
e
Me o beMm diazo |
MeO OMe a (b) decomposed _/
confirmation of Mo Me standard -~
triplet diradical _/ o | + Ph’s / condition? OH (0] (e) ML, = Transition-metal complex
reactivity Ve o o A~ Sepr N N ML,)> 3ac
(photochemical o7 N 0”7 "N . -
condition) ) ) (1.2 equiv.) NS Si:;et yield 78% in Rhy(OAC), (5 mol%)
Br ! o i o,
\_  3ad, 60% 1ad-DK, 0% () 1ac (0.1 mmol) vield 80% in AgNTf, (5 mol%)

Standard condition: alkylidene diazo succinimide 1ac (0.1 mmol), A. R. grade 1,4-Dioxane (c = 0.04 M), blue
LEDs (456 nm), under air, 25 °C, 12 h.

Scheme 4B.12. Investigation of singlet vs triplet carbene intermediate.
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To gain further insight into it, we examined the capability of 1ad to elicit the singlet
carbene reactivity under transition-metal catalysis. In this regard, we performed the reaction of
lad in presence of allyl sulfide (a well-known reagent for the Doyle—Kirmse reaction under
metal catalysis'® as well as photochemical condition via singlet carbene!®) and dirhodium
acetate as well as under standard optimized reaction conditions under the irradiation of light
[Scheme 4B.12 (c), (d)]. The reaction of 1ad in presence of allyl sulfide and dirhodium acetate
led to the formation of Doyle—Kirmse rearrangement product 1ad-DK in very good yield and
the 1,6-methyl shift product: 3a-methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione 3ad was
not detected even in trace [Scheme 4B.13 (c)]. This result clearly proved that the diazo
compound lad afforded corresponding 1ad-DK via singlet carbene intermediate. This distinct
reactivity pattern of lad under the photochemical as well and the metal-catalyzed reaction
condition further supported and demonstrated that the vinyl diazo succinimides have a tunable
carbene reactivity of singlet vs triplet under different reaction conditions. This was further
supported by the reaction of 1ad and allyl sulfide under standard optimized reaction condition
under blue light irradiation (photochemical condition instead of dirhoidium catalysis)
successfully furnished the desired product: 3a-methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-
dione 3ad in 60% yield and the Doyle-Kirmse rearrangement product lad-DK was not
detected either [Scheme 4B.12(d)]. These results unambiguously proved that under the
photochemical condition, the diazo compound lad undergoes carbene transfer reactions via
triplet carbene spin state, and in turn 1ad undergoes singlet carbene transfer reaction when
reacted with transition-metal catalyst. Based on these systematic and exhaustive control
experiments it has been confirmed that the photoinduced intramolecular O—H functionalization
reaction undergoes via triplet spin state, whereas under transition-metal catalysis singlet
carbene pathway favoured [see Scheme 4B.12(d) and (e) for further comparison and similar
result].

Later, the diradical nature of the mechanism was verified by the control experiments of
lab and 1ad in presence of TEMPO and BHT under blue light irradiation [Scheme 4B.13(a)-
(b)] and the corresponding desired products 3ab and 3ad respectively were formed in
diminished yields. The reactions did not completely stop by the radical quenchers probably due
to the reason that intramolecular reaction is relatively faster than the intermolecular one.

Moreover, BHT trapped radical intermediates (1ab-BHT and 1ad-BHT respectively)
have been detected using HRMS (ESI TOF). These results clearly supported the formation of

a radical species during the course of the reaction.
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Trapping experiments
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Scheme 4B.13. Radical trapping experiments.

In order to confirm the ability of diazo succinimide lab to self-generate the triplet
carbene (TC), we measured the electron paramagnetic resonance (EPR) spectrum of the TC
precursor in a frozen matrix of 1,4-dioxane (1.0 x 10-3 mM) at 5 K (Scheme 4B.15A). After
irradiation with blue LEDs (A = 456 nm) for 15 min, new peaks appeared at 1631 T and 3354
T which is clearly associated with the TC. As the temperature increased to 50 K, the intensities
of the EPR peaks gradually decreased after 30 minutes. The molecular structure and geometric
arrangements of the diazo succinimide (1ab) was unambiguously determined using single-
crystal X-ray analysis. The bond angle of 2C—C(N2)—C is determined as 110° with a dihedral
angle g ~ 38° at the s-cis conformation occurring from the orientation of benzylidene ring
(Scheme 4B.14B).%°

A. EPR experiments B. Geometric arrangement
c) 50 K_20 min OH
g=4.108 Noo
o
3 | "N
G \/f\ ——5K_15min )
SOl eg=nce 1ab
>
5 P /
IS
<< g=4.
g=1.997
a) ——5K_0min
Molecular structure of 1ab
1 L 1 L (analyzed by single-crystal X-ray)
1000 2000 3000 4000 5000 6000

(Thermal ellipsoids at 50% probability)

Magnetic field (T)
Microwave frequency = 9.373 GHz

Scheme 4B.14. A. EPR experiments [(a) before irradiation of 456 nm; (b) after irradiation with
456 nm diode for 15 minutes in 5 K; (c) gradual increase in temperature from 5 K to 50 K
keeping in dark and recorded after 5 minutes] and B. studies of geometrical arrangement of
diazo succinimide.
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7

% Computational DFT Caluculations:

The starting diazo compound was optimized at B3LYP/6-31G(d) level of theory. The excitation
energies of the lowest excited states of the azo compound are given in Table 4B.3. It can be
noticed that the S2 state is optically bright and there are two triplet states (T3 and T4) that are
in the vicinity of the bright state. The spin orbit couplings between S2-T3 and S2-T4 are 8.11
and 11.57 cm™ respectively. This shows that a transition from singlet to triplet state in this

situation can be quite favorable.

State Vertical excitation energy (eV) Oscillator strength
T1 2.14 -
T2 2.22 -
S1 2.56 0.00
T3 3.04 -
T4 3.22 -
S2 3.35 0.17
S3 3.42 0.03
S4 3.80 0.15

Table 4B.3: TDDFT excitation energies are shown in this table for the diazo compound.

The rest of the calculations are performed on the N»-abstracted structures to validate the
mechanism of rearrangement. Figure 4B.3 shows the potential energy surface along the
rearrangement reaction and it can be noticed that the activation energy is extremely low (~ 1
kcal/mol) for the forward reaction. It should be noted that for computational ease we have
calculated the rearrangement of the H substituted reaction and we expect qualitatively similar

pathways to be feasible for alkyl group substitution.

Further validation for the proposed mechanism and triplet state mediated reaction can be
obtained from the relative stability of the final product in its triplet form (see Table 4B.4). The
reason for the low activation energy barrier can be attributed to the singly occupied molecular
orbitals (SOMOs) of the reactant and TS which are similar in energy and nature (see Figure
4B.5).
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Figure 4B.3: Potential energy surface of the proposed reaction mechanism. It can be seen that
there is a minimal barrier for the reactant to cross. The product is also relatively stable. Hence
the reaction is very facile on the triplet surface.

Spin state | Energy (in hartree)
Singlet -3355.5633
Triplet -3355.6120

Table 4B.4. The energies of the triplet and singlet states of the initial reactant species.

#

Energy -0.279

(a.w)

SOMOs of the reactant

-0.206

-0.282 -0.211

SOMOs of the TS

Figure 4B.5. Molecular orbitals of the reactant and the TS along with their energies.

On the basis of a series of control experiments and other experimental findings, a most

plausible mechanistic pathway for the intramolecular O—H functionalization has been depicted

in Scheme 4B.15.
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Scheme 4B.15. Plausible reaction mechanism.

The compound vinyl diazo succinimide lac upon irradiation with blue light directly
excited to photoinduced ground-state triplet carbene generation (via faster 1SC) 31ac* which
eventually leads to the formation of intermediate int-1 by the exclusion of dinitrogen. This,
intermediate int-1 further undergoes an intramolecular 1,6-hydrogen atom transfer at the
expense of O—H bond breaking and a new C-H bond formation to generate a closed-shell
diradical intermediate int-11. This intermediate finally furnishes the desired 2H-chromene

product 3ac.

In order to further enhance the usability and practicability of this protocol, a gram-scale
reaction of 5-bromo-2-hydroxyphenyl vinyl diazosuccinimide lab was carried out under the
standard optimized reaction conditions (Scheme 4B.16). The reaction proceeded smoothly and

the corresponding desired product 3ab was obtained in 67% yield (0.93 g).

OH
blue LEDs
N, / (160L-456 nm) o |
O 1,4-Dioxane (0.04 M), rt, 12 h O
o ; under air o ;
1ac (3.0 mmol scale) 3ac. 67%

Scheme 4B.16. Gram-scale synthesis of chromenopyrroledione.
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4B.3. Conclusions

We have successfully demonstrated that vinyl diazo succinimide as a new class of bench-stable
diazo compound that is susceptible to undergo direct photo-generation to generate ground-state
triplet carbene. We have shown that this class of diazo compounds are capable of generating
the ground-state triplet carbene via photolysis without the assistance or any requirement of
photosensitizer under visible light irradiation. The distinct electronic structure, as well as
geometrical arrangement of diazo succinimide make it a unique scaffold unlike the other
diazoalkanes’®® that have been reported to be unstable. This representative diazo compound
now enables as the entry point for the further enhancing the fundamental understanding.
Though high spin ground state species possess huge applications in magnetic materials,?* their
synthetic applications are rare due to rapid equilibrium between singlet vs triplet prevent their
separation.??> We utilized the new-finding of photogenerated ground-state triplet arylidene
succinimide into organic synthesis to achieve direct intramolecular O-H functionalization for
the efficient synthesis of biologically important chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione, a
prime subfamily of 2H-Chromenes. A series of control experiments and systematic
experimental findings have proved that that transformation proceeds via photoinduced
hydrogen atom transfer (HAT) pathway and it occurs throughout during the course of the
reaction. This result has proved a new concept of group-transfer radical cyclization (GTRC)

process.

4B.4. Experimental Section — General Information:

Reagent Information: All reactions were carried out with AR grade, distilled and dried
solvents using oven-dried glassware under dry Argon atmosphere, unless otherwise stated. All
reagents were purchased from commercial sources and used as received, unless otherwise
indicated. Thin-layer chromatography (TLC) was performed using silica gel 60 GF2s4 pre-
coated aluminum backed plates (2.5 mm) with detection by UV light. The column
chromatographic purification of the products was carried out by using silica gel (60-120 mesh).
Petroleum ether and ethyl acetate mixture was used as gradient elution for column

chromatography.

Analytical Information: All isolated compounds were characterized by *H NMR and **C{H}

NMR spectra. Nuclear Magnetic Resonance spectra were recorded in CDClIs and in DMSO-d.
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The NMR spectra were recorded using tetramethylsilane (TMS) as the internal standard. *H
NMR spectra were recorded at 400 MHz and **C{H} NMR spectra were recorded at 100/150
MHz (Bruker and Jeol), unless otherwise noted. Chemical shifts (8) are reported in ppm
downfield from CDCls (8 = 7.26 ppm) and from DMSO-ds (5 = 2.5 ppm) for *H NMR and
relative to the central CDClIs resonance (6 = 77.16 ppm) and DMSO-ds resonance (6 = 39.52
ppm) for 3C{H} NMR spectroscopy. For 'H NMR, data are reported as follows: chemical
shift, multiplicity (s = singlet, d = doublet, dd = double doublet, t = triplet, g = quartet, m =
multiplet), coupling constants (J) are given in Hz and integration. 3C NMR spectra were
recorded with complete proton decoupling. 1°F NMR spectra were recorded at 377 MHz. Mass
samples were analyzed by high resolution mass spectrometry (HRMS) using ESI TOF. Melting
points were measured in an open glass capillary and values are uncorrected. Single-crystal X-
ray data were collected on a Bruker SMART APEX four-circle diffractometer equipped with a
CMOS photon 100 detector (Bruker Systems Inc.) and Microfocus (IpS) using Mo Ka radiation
(0.71073 A). UV-Vis absorption spectra were recorded on UV-1900 UV-Vis
Spectrophotometer.

Computational details: The starting azo compound was optimized at B3LYP/6-31G(d) level
of theory using Q-Chem quantum chemistry software. This structure was further used for
TDDFT calculations to obtain the singlet and triplet excited states. The N»-abstracted structure
was optimized at the triplet state (based on EPR data). The TS and final rearranged products
were also optimized at the same levels of theory using Gaussian09 software to find the reaction
barriers. Spin flip TDDFT calculations were also carried out to ascertain the relative stabilities

of the singlet and triplet states.

Photoreactor set up:

0.1 mmol scale synthesis of 2H-Chromenes 3 were performed on a locally designed and built
photoreactor provided with the Kessil blue lamps with an emission maximum at 456 nm
(intensity 50%) (Figure 1) from ~ 2 cm distance. The reaction mixture was cooled with two
fans, while maintaining temperature 27 °C.

Experiment with irradiation on UV light (370 nm) was carried out with the Kessil light with
emission maximum at 370 nm (intensity 50%) (Figure 1) from ~ 2 cm distance. The reaction

mixture was cooled with two fans, while maintaining temperature 27 °C.
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testing reaction (0.1 mmol scale)

Optimized light source: 0.1 mmol scale

Figure 4B.3. Locally Designed and built photoreactor with a fan for cooling.

4B.5. Experimental Procedures:
4B.5.1. Preparation of Starting Materials:

4B.5.1.1. General procedure-A for the synthesis of vinyl succinimides:

OH
Br
o ]
- N O
/I;N>=o + OH + PPh, Ethanol N
(0] No, rt, 7 h (0]
) Br )
4a 4c 4ac

(1 equiv.) (1.4 equiv.) (1.2 equiv.)

To the stirred solution of N-ethyl maleimide (0.5 g, 1.0 equiv., 4.0 mmol) in ethanol (20

mL) was added triphenylphosphine (1.26 g, 1.2 equiv., 4.8 mmol) portion-wise at room

temperature under N2 atmosphere. The initial pink coloured reaction mixture slowly turned to

white suspension over a period of 10-15 min of initial stirring. After continuous stirring over

30 min, 5-bromosalicyladehyde (1.12 g, 1.4 equiv., 6.0 mmol) was added in one portion into

the reaction mixture at room temperature. During this addition, the white suspension slowly
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turned into clear solution. The reaction mixture was allowed to stir for 6 h. Upon completion
of the reaction (monitored by TLC), the white solid formed during the course of the reaction
was filtered through a sintered glass funnel and was washed with ethanol (6 mL x 2). The crude
product 6a was obtained as white solid (0.990 g, 80% yield) and this was used for the next step

without any further purification.!

4B.5.1.2. General procedure-B for the synthesis of vinyl diazosuccinimides 1:

% Standard reaction conditions for the synthesis of hydroxy-substituted vinyl
diazosuccinimides?

OH OH
Br Br
/ . o \O 1,4-Dioxane (0.2 M) N
o N /©/ L/ ft, 10 - 20 min ’ o
N N N
o o}
1'ac 41
(1.0 equiv.) (1.2 equiv.) (1.5 equiv.) 1ac
Optimization:
Entry  Variation from the standard reaction conditions Yield® (%)
1 None 91
2 In CH3CN (0.1 M) 85
3 In THF 75
4 In DCM (0.1 M) 80
5 In DMF 35
6 In DMSO 30
7 In CH3CN (0.1 M) at 0 °C 85

@Reaction conditions: unless otherwise noted, in a solution of 6a (0.930 g, 1.0 equiv., 3.0 mmol) and 4-
acetamidobenzenesulfonyl azide (0.865 g, 1.2 equiv., 3.6 mmol) in 1,4-Dioxane (0.2 M) were added DBU (0.7
mL, 1.5 equiv., 4.5 mmol) at room temperature. Pyield of isolated product.

To the stirred solution of (E)-3-(5-bromo-2-hydroxybenzylidene)-1-ethylpyrrolidine-2,5-dione
4ac (0.3 g, 1.0 equiv.,, 0.967 mmol) in 20 mL 14-dioxane, were added 4-
acetamidobenzenesulfonyl azide (0.279 g, 1.2 equiv., 1.16 mmol) and DBU (0.220 mL, 1.5
equiv., 1.45 mmol) at room temperature under inert atmosphere. The reaction mixture was
stirred for 10 - 20 minute and the completion of the reaction was monitored by TLC. The
reaction mixture was then quenched with saturated solution of NH4Cl and the product was
extracted with ethyl acetate (20 mL x 2). The combined organic layers were washed with brine

solution and dried over anhydrous Na>SO4. The extract was filtered and evaporated under
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reduced pressure. The crude product was purified using column chromatography over silica gel
to afford (E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione 2ac as
orange solid (0.297 g, 91% yield).

4B.5.2. General procedure-C for the photoinduced O-H functionalization:
Br

OH
Br
ol ) Blue LEDs o |
o 1,4-Dioxane o
g 5 rt, 12 h g 5
1ac 3ac
(0.1 mmol) yield 73%

An oven dried test tube equipped with a stirring bar was added diazo succinimide 2ac (0.1
mmol, 34 mg) in 2.5 mL of 1,4-dioxane (AR grade) and sealed with a rubber septum. The
reaction mixture was placed at around ~ 2 cm apart from the Kessil lamps (Blue LEDs, 456
nm) for 12 h at room temperature (27 °C, temperature was monitored by thermometer). After,
completion of the reaction (TLC), the crude reaction mixture was concentrated in vacuo and
purified by column chromatography to afford 22.6 mg (yield = 73%) of product 3ac as white
solid.

4B.6. Optimization details:
4B.6.1 Model reaction:

Br

OH
Br
Noew Blue LEDs o0
0 1,4-Dioxane o
1ac 3ac
(0.1 mmol) yield 73%

Optimal reaction conditions: Diazo succinimide lac (0.1 mmol), 1,4-Dioxane (c = 0.04 M), blue LEDs (456
nm), under air, 27 °C, 12 h.

167



Chapter 4B: Photochemical reactivity of diazosuccinimide

4B.6.2 Background reactions:

Entry Deviations from tested conditions” Yield” (%) of 2a

1 None 32 (28)¢

2 No light N.R.

3 under N, atmosphere 28

4 under N, atmosphere (degassed) 30

5 No light, CH3CN, at 60 °C N.R.

6 dry DCM 15

7 UV light (370 nm) instead of blue LEDs 0

Tested reaction conditions: Diazo succinimide 1ac (0.1 mmol), a. r. grade DCM (c = 0.066 M), blue
LEDs (5 W), under air, 25 °C, 24 h. ®Yields of 3ac were determined by *H NMR spectroscopic analyses
of the reaction mixture using 1,3,5-trimethoxybenzene as the internal standard. ‘Isolated yield in the
parenthesis.

4B.6.3 Influence of light intensity:
Entry Lightpower Time Yield® (%)

1 11W 12h 32
2 20 nm 12h 34
3 40 nm 12h 34

Reaction conditions’ Diazo succinimide 1ac (0.1 mmol), a.r. grade DCM (c = 0.066 M), blue light
power, under air, 27 °C. ®Yields of 3ac were determined by 'H NMR spectroscopic analyses of the
reaction mixture using 1,3,5-trimethoxybenzene as the internal standard.

4B.6.4. Influence of the light source:
Entry Lightsource Time Yield” (%)} Entry Lightsource  Time Yield” (%)

1 370 nm 24 h 0 i 4 456 nm 12 h 57
2 427 nm 24 h 0 i 5 467 nm 12 h 35
3 440 nm 16 h 50 {6 525 nm 12h 18

Reaction conditions: Diazo succinimide 1ac (0.1 mmol), a.r. grade DCM (c = 0.066 M), light source,
under air, 27 °C. Yields of 3ac were determined by 'H NMR spectroscopic analyses of the reaction
mixture using 1,3,5-trimethoxybenzene as the internal standard.
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4B.6.5. Influence of the solvent:

Entry Lightsource Time Yield’(%)! Entry Lightsource Time Yield® (%)
1 CHCl3 24 h 50 6 1,4-Dioxane 12 h 65
2 Toluene 24 h 40 7 CH3;CN 12h 60
3 Fluorobenzene 24 h 42 8 CICH>CH2CI  12h 35
4 Chlorobenzene 24 h 45 9 DMF 12h 32
5 THF 16 h 62 10 DMSO 12 h 35

Reaction conditions: Diazo succinimide 1lac (0.1 mmol), a.r. grade solvent (c = 0.066 M), blue LEDs
(456 nm), under air, 27 °C. ®Yields of 3ac were determined by *H NMR spectroscopic analyses of the
reaction mixture using 1,3,5-trimethoxybenzene as the internal standard.

4B.6.6. Influence of the additives:
Entry Additives Time Yield® (%)i Entry Additives Time  Yield® (%)

1 K>CO; 24 h <5 4 TfOH 12h 63
2 Et;N 24 h s s TFE 12 h 65
3 AcOH 12 h 55 1 6 H,0 12 h 63

Reaction conditions: Diazo succinimide 1lac (0.1 mmol), additive (5.0 mol%) a. r. grade 1,4-Dioxane
(c = 0.066 M), blue LEDs (456 nm), under air, 27 °C. "Yields of 2a were determined by 'H NMR
spectroscopic analyses of the reaction mixture using 1,3,5-trimethoxybenzene as the internal standard.

4B.6.7. Influence of the substrate concentration:

Entry Concentration Time Yield” (%)
3 0.04 M 12 h 73

4 0.033 M 12 h 60

Entry Concentration Time Yield” (%)
1 0.1 M 12h 65

2 0.05M 12 h 62

Reaction conditions: Diazo succinimide 1ac (0.1 mmol), a. r. grade 1,4-Dioxane (c = x M), blue LEDs
(456 nm), under air, 27 °C. *Yields of 3ac were determined by *H NMR spectroscopic analyses of the
reaction mixture using 1,3,5-trimethoxybenzene as the internal standard.

4B.6.8. Influence of reaction time:

Entry Time Yield” (%) | Entry Additives Yield” (%)
1 15 min <5 L4 4h 42
2 30 min 7 i 5 12h 72
3 1h 12 {6 24h 72

Reaction conditions: Diazo succinimide lac (0.1 mmol), a. r. grade 1,4-Dioxane (c = x M), blue LEDs
(456 nm), under air, 27 °C, x h. ®Yields of 3ac were determined by '"H NMR spectroscopic analyses of
the reaction mixture using 1,3,5-trimethoxybenzene as the internal standard.
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4B.7. Mechanistic studies:
4B.7.1. UV-Visible studies:

UV-Visible studies were performed at room temperature in 1,4-dioxane.
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Figure 4B.4.1. UV-Vis absorbance spectra of diazo compounds 1, 2, 3, 4 in 1,4-dioxane (all
inc=0.2mM).

%+ UV-Vis absorbance spectra of diazo compound 4 in different solvents at room temperature
(all'inc=0.2 mM)
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Figure 4B.4.2. UV-Vis absorbance spectra of diazo compounds 4 in different solvents (all in
¢ = 0.2 mM) at room temperature.
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Figure 4B.4.3. UV-Vis absorbance spectra of different diazo compounds (1ac-lad) in 1,4-

dioxane (all in 0.2 mM) at room temperature.

Conclusions:

The diazosuccinimides (lac-1ad) absorb light in the near UV to violet range and since, blue
LEDs have maximum of emission at 456 nm and they can also emit radiation in 456 nm +/- 50
nm range. Thus, excitation of diazo surrogates or direct photolysis of diazo surrogates (lac-

lad) are likely to happen when applied to 456 nm blue LEDs.

4B.8. Isotope labeling experiments:

OH
Br standerd standerd
a) / condltlon condltlon
0 D2 (5 equiv.) ) rt, 12 h
o ; rt, 12 h
1ac 3ac-d1 1ac-d, 58% D 1ac -d
yield 68%, 82% D yield 65%, 57% D
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Reaction-a: The reaction was set up following the general procedure-C (4B.11) for the
intramolecular O—H functionalization reaction (Section 3.2) on 0.1 mmol scale of 1ac with the
addition of D20 (5.0 equiv.). The experiment was conducted for 12 h at room temperature (27
°C). The reaction was monitored by TLC. The reaction solution was purified by column
chromatography through silica gel (eluent: hexanes/ethyl acetate = 88:12) to give the

corresponding deuterated chromene 3ac-d: (21 mg, 68% yield, 82% D incorporation).

Reaction-b: The reaction was set up following the general procedure-C for the intramolecular
O-H functionalization reaction (section 3.2) on 0.1 mmol scale of 1ac-d (58% D incorporated).
The experiment was conducted for 12 h at room temperature (27 °C). The reaction was
monitored by TLC. The reaction solution was purified by column chromatography through
silica gel (eluent: hexanes/ethyl acetate = 88:12) to give the corresponding deuterated

chromene 3ac-d: (20 mg, 65% yield, 57% D incorporation).

mmmmmmmmmm

mmmmmmmmmm

mmmmmmmmmmmmmmmm
AR RRREEREERERES

nnnnnnnnnnnnnnnn

5.27
5.26
7!
7.
7.
7.
7
71
6!
6
6
6
1.28
1.26
1.24

l
|
|
|

Br

2.031
0.98=
1.00=
0.92=
3.25x

=
Niaslas

T T T T T T T T T T T T T T T T T T
100 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 .5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 4B.4.4. '"H NMR (100 MHz, CDCls) spectrum of compound 3ac
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Figure 4B.4.5. 'H NMR (100 MHz, CDCls) spectrum of compound 3ac-d:
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Figure 4B.4.6. 'H NMR (100 MHz, CDCls) spectrum of compound 1ac
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Figure 4B.4.8. 'H NMR (100 MHz, CDCls) spectrum of compound 3ac

174



Chapter 4B: Photochemical reactivity of diazosuccinimide

mmmmmmmmmm
NNNRNRRRN OO0 0

mmmmmmmmmm

NNNNNNNNNNN
LITTTNNG99S889

NNNNNNNNNNNNN

5.27
5.26
1.28
1.26
1.25
1.24

é
%
[
%

Br

D incorporation

HO / = [0.76/(0.76+0.57)]
(©) = 57%
o] )N o
3ac-d,
s d iy 3

: : : : : : : : : : : : : : : : : : : :
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure 4B.4.9. 'H NMR (100 MHz, CDClIs) spectrum of compound 3ac-d:

% 4B.8.1. Procedure for synthesizing compound lac-d:

OH oD
Br Br
/ 1,4-Dioxane:D,0 = 2:1 /
)\ 0 rt, 48 h )\ 0
O :3 O :3
1ac 1ac-d, yield quantitative
57% D

In an over dried round bottom flask equipped with a magnetic stirrer bar, was added diazo
succinimide 2ac (0.5 mmol) in a 2:1 mixture of 1,4-Dioxane:D,0 (6 mL) at room temperature
(27 °C) under argon atmosphere under dark (absence of light and covered with aluminum foil).
The reaction mixture was stirred for 48 h. After that the solvent was evaporated under reduced
pressure (rotary evaporator-bath temperature 45 °C). The compound lac-d (quantitative yield,
57% D incorporation) so obtained was used for the next step without further purification.

Conclusion: Though the reaction-a, indicated that the proton at the carbene center of the
product 3ac can either shift from the substrate’s -OH group intramolecularly or from the
moisture in the solvent, The reaction-b, confirmed that the proton is shifting intramolecularly

from the OH group of the substrate lac.

175



Chapter 4B: Photochemical reactivity of diazosuccinimide

4B.8.2. Control experiment with ag. NaOH:

OH
Br

standerd

N, / condition  dijazo

©) O aqNaOH decomposed
o” N (5 mol%)
rt, 12 h
1ac

Reaction-a: The reaction was set up following the general procedure-C for the intramolecular
O-H functionalization reaction (Section 4B.5.2) on 0.1 mmol scale with the addition of aqg.
NaOH (5 mol%). The experiment was conducted for 12 h at room temperature (27 °C). The
reaction was monitored by TLC. The diazo compound was decomposed. No trace of the desired

product was observed.

Conclusion:

The in-situ formation of sodium phenoxide ion might have hampered the reaction due
to lack of hydrogen. The reaction also revealed that a 1,6-hydrogen shifting is occurring in the
desired transformation.

To further check whether the phenoxide ion is forming in-situ in this reaction or not,
we have checked UV-Vis absorbance spectra of ‘diazo compound 1ac’ and ‘lac + aq. NaOH’
in 1,4-Dioxane (¢ = 0.2 mM).

1.0

—1ac

——1ac + 30 uL ag. NaOH
0.8 ——1ac + 60 uL ag. NaOH

0.6

0.4 1

Absorbance / a.u.

o

0.2

1,4-Dioxane 1ac 1ac + aq. NaOH 00 :
in 1,4-Dioxane in 1,4-Dioxane 320 360 400 440 480 520 560 600
wavelength (1) / nm

Figure 4B.5. UV-Vis absorbance spectra of diazo compounds lac and ‘lac + aq. NaOH’ in

1,4-Dioxane (¢ = 0.2 mM) at room temperature.
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4B.9. Investigation of singlet vs triplet carbene intermediate:
To further confirm whether the proton shift is occurring intramolecularly or from the

moisture in the solvent the following reactions were set up:

Reaction—A: The reaction was set up following the general procedure-C for the intramolecular
O-H functionalization reaction (section 3.2, standard reaction condition) on 0.1 mmol scale of
(E)-3-diazo-1-ethyl-4-(2,4,6-trimethoxybenzylidene)pyrrolidine-2,5-dione lad. The
experiment was conducted for 12 h at room temperature (27 °C). The reaction was monitored
by TLC. The reaction solution was purified by column chromatography through silica gel to
give the corresponding 3a-methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (19 mg, 62%).

Reaction-B: In an oven dried test tube equipped with a magnetic stirrer was added 3 mol% of
Rh2(OACc)s in DCM (1 mL). After that 0.1 mmol scale of (E)-3-diazo-1-ethyl-4-(2,4,6-
trimethoxybenzylidene)pyrrolidine-2,5-dione 1ad in 1 mL of DCM was added dropwise into
the reaction solution over 10 minutes at room temperature (27 °C). The reaction was monitored
by TLC. The diazo compound lad was fully consumed, however no trace of the product 3a-

methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione was detected.
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Scheme 4B.18. Control experiments. 2DCM was used as solvent instead of 1,4-Dioxane.
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Reaction—C: In an oven dried test tube equipped with a magnetic stirrer was added allyl sulfide
(1.2 equiv.) and 3 mol% of Rh2(OAc)sin DCM (1 mL). After that 0.1 mmol scale of (E)-3-
diazo-1-ethyl-4-(2,4,6-trimethoxybenzylidene)pyrrolidine-2,5-dione 1ad in 1 mL of DCM was
added dropwise into the reaction solution over 10 minutes at room temperature (27 °C). The
reaction was monitored by TLC. The diazo compound 1ad was fully consumed, and the Doyle—
Kirmse reaction product 1lad-DK was formed in excellent yield (36 mg, 80%). But no trace of

the product 3a-methylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione was detected.

Reaction-D: The reaction was set up following the general procedure-C for the intramolecular
O-H functionalization reaction (section 3.2, standard reaction condition) on 0.1 mmol scale of
(E)-3-diazo-1-ethyl-4-(2,4,6-trimethoxybenzylidene)pyrrolidine-2,5-dione 1ad with 1.2 equiv.
of allyl sulfide in DCM as solvent. The experiment was conducted for 12 h at room temperature
(27 °C). The reaction was monitored by TLC. The reaction solution was purified by column
chromatography through silica gel to give the corresponding 3a-methylchromeno[2,3-
c]pyrrole-1,3(2H,3aH)-dione (18 mg, 60%). But no Doyle—Kirmse reaction product lad-DK

was detected.

4B.10. Mechanism for group transfer reaction:

MeO
MeQ, MeO
OMe OMe OMe
Me
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N> / ---------------------- ) T > /
Me—O0@ / o}
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) . © M
o0 N metal catalysis) 0] e (0]
) via singlet carbene o” N o~ N
intermediate ) )

Diazo succinimide, 1ad 3ad

via ylide formation

under
hv | Photochemical
condition
MeO MeO MeO
OMe OMe OMe
{ i
Me=O —@RC—» O f ] . o1
14 o Me 0 Me o}
i ") ")
via triplet diradical diradical open shell singlet

Scheme 4B.19. Plausible mechanistic pathway for the group transfer reaction (via triplet diradical

intermediate).
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Conclusion: These reactions collectively proved that the O—H functionalization undergoes via
triplet carbene intermediate under photochemical conditions, while under metal-based catalysis

it follows the traditional singlet carbene pathway.

4B.11. Radical trapping experiments:

OH
Blue LEDs (456 nm)
1,4-Di ,rt, 12 h
o N / ioxane, r o | .
O (standard condition) (0]
o ; o ;
1ab 3ab 1ab-BHT
(a) no additive yield: 66%
. _ . Detected by HRMS
(b) with TEMPO (3 equw.) yleld: 54% cal: m/z 450.2644
(c) with BHT (3 equiv.) yield: 34% obv: m/z 450.2645
MeQO MeO
OMe
OMe Blue LEDs (456 nm)
MeO 1,4-Dioxane, rt, 12 h /
b) Nos. 7 ’ ik © .
o (standard condition) Me o]
") “)
1ad 3ad 1ad-BHT
(a) no additive yield: 62% Detected by HRMS
(b) with BHT (3 equiv.) yield: 30% cal: m/z 524.3012

obv: m/z 524.3011

Scheme 4B.20. Trapping of radicals by TEMPO and BHT.

Reaction-a: The reaction was set up in separate batches following the general procedure-C for
the intramolecular O—H functionalization reaction (section 3.2, standard reaction condition) on
0.1 mmol scale of 1ab with the addition of TEMPO (0.3 mmol, 3.0 equiv., 47 mg) and BHT
(0.3 mmol, 3.0 equiv., 67 mg) before irradiation in 1,4-dioxane solution (¢ = 0.04 M). The
irradiation in both experiments was maintained for 12 h and after that time crude reaction

mixtures were analyzed with the use of ESI MS.

HRMS analysis of the crude reaction mixture when BHT was added before irradiation
revealed the presence of m/z 450.2645 peak, corresponding to substrate-BHT adduct 1ab-BHT.
Whereas addition of TEMPO before irradiation diminishes the vyield of the O-H
functionalization product. However, no substrate-TEMPO adduct was detected by HRMS

analysis of the crude reaction mixture.
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Figure 4B.6.1. HRMS spectrum of the crude reaction mixture with the addition of BHT.

Reaction-b: The reaction was set up following the general procedure-C (section 3.2, standard
reaction condition) on 0.1 mmol scale of 1ad with the addition of BHT (0.3 mmol, 3.0 equiv.,
67 mg) before irradiation in 1,4-Dioxane solution (c = 0.04 M). The irradiation in this
experiment was maintained for 12 h and after that time crude reaction mixture were analyzed

with the use of ESI MS.

HRMS analysis of the crude reaction mixture when BHT was added before irradiation revealed
the presence of m/z 524.3011 peak, corresponding to substrate-BHT adduct 1ad-BHT.
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Figure 4B.6.2. HRMS spectrum of the crude reaction mixture with the addition of BHT.

Conclusion:

Diminishing in the yield of product formations, when TEMPO is added prior irradiation,

indicates that the reaction may radical in nature. Moreover, diminishing in the yield of product

formations, with the addition of BHT prior to irradiation, probes that the reactions are radical

in nature. Observation of HRMS peak corresponding to adducts 1ab-BHT and lad-BHT

suggests the formation of a radical species generated throughout the desired product formation.
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4B.12. EPR studies:

Measurement conditions:

Microwave frequency: 9.373 GHz

X-Band EPR measurements for the stability study were carried out using a JON Bruker BioSpin
connected to Bruker EMX plus spectrometer with a radio wave source (9.373 GHz) in the
temperature range 5 — 50 K. The triplet species was generated by irradiating the diazo precursor
(40 uM) in frozen 1,4-dioxane solution at 5 K — 50 K using a blue LEDs (A = 456 nm) inside

the resonator for 15 minutes.
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Figure 5.1. X-band EPR spectrum of ortho-hydroxy diazosuccinimide.

4B.13. Geometrical arrangement of diazosuccinimide:

The molecular structures and geometric arrangements of the diazosuccinimide (1ab) was
unambiguously determined using single-crystal X-ray analysis. The bond angle of 2C—C(N2)-
C is determined as 110° with a dihedral angle 6 ~ 38° at the s-cis conformation occurring from

the orientation of benzylidene ring.
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Molecular structure of 2ab
(analyzed by single-crystal X-ray)
(Thermal ellipsoids at 50% probability)

Figure 4B.7 Crystal data interpretation.

4B.14. Characterization of synthesized compounds:
4B.14.1. For vinyl succinimides:

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-ethylpyrrolidine-2,5-dione (1'ac):
Compound I'ac was synthesized following the general procedure-A. The
Br o product was obtained as white solid, 0.990 g (80% vyield); Rt=0.2 (petroleum
/ ether/EtOAC 75:25); 'H NMR (400 MHz, DMSO-de): & (ppm) 10.57 (s, 1H),
07 N 7.67 (t, J=2.3 Hz, 1H), 7.55 (d, J = 2.4 Hz, 1H), 7.41 (dd, J = 8.6, 2.4 Hz, 1H),
/ 6.89 (d, J=8.9 Hz, 1H), 3.68 (d, J = 2.3 Hz, 2H), 3.51 (q, J = 7.1 Hz, 2H), 1.10
(t, J = 7.1 Hz, 3H); *C{"H} NMR (100 MHz, DMSO-de): 5 (ppm) 174.1, 170.5, 156.2, 133.7,
130.9, 125.3, 125.2, 123.3, 118.0, 110.6, 33.3, 33.0, 13.0; HRMS (ESI TOF) m/z: calcd for

C13H13BrNO3 (M + H)* 310.0079; Found, 310.0079.

183



Chapter 4B: Photochemical reactivity of diazosuccinimide

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-(2-ethylhexyl)pyrrolidine-2,5-dione (1 'bc):

OH
Br

Compound 1'bc was synthesized following the general procedure-A. The
product was obtained as white solid, 0.625 g (66% yield); Rf=0.35 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.96 (t, J = 2.3 Hz,
1H), 7.48 — 7.37 (m, 2H), 6.81 (d, J = 8.6 Hz, 1H), 3.72 (d, J = 2.3 Hz, 2H),
3.59 (d, J = 7.4 Hz, 2H), 1.79 (hept, J = 6.6 Hz, 1H), 1.29 (dp, J = 16.2, 6.6,
6.0 Hz, 8H), 0.90 (g, J = 6.7, 6.1 Hz, 6H); 1*C NMR (100 MHz, CDCI5:TFA):
o (ppm) 178.2, 173.8, 154.6, 135.3, 132.1, 131.0, 122.8, 122.7, 118.6, 113.6,

43.9, 37.9, 34.0, 30.6, 28.5, 23.9, 23.1, 14.0, 10.3; HRMS (ESI TOF) m/z: calcd for
C19H2sBrNO3 (M + H)* 394.1018; Found, 394.1011.

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-dodecylpyrrolidine-2,5-dione (1 'cc):

OH
Br

Compound I'cc was synthesized following the general procedure-A. The
product was obtained as white solid, 0.523 g (62% vyield); Rf=0.4 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, CDCI5:TFA): § (ppm) 7.94 (t, J = 2.3
Hz, 1H), 7.44 (d, J = 2.4 Hz, 1H), 7.40 (dd, J = 8.6, 2.4 Hz, 1H), 6.81 (d, J =
8.6 Hz, 1H), 3.69 — 3.61 (m, 4H), 1.62 (p, J = 6.9 Hz, 2H), 1.27 (d, J = 22.4 Hz,

18H), 0.87 (t, J = 6.8 Hz, 3H): ¥C{*H} NMR (100 MHz, DMSO-ds:CDCls=1:1): & (ppm)
173.6, 170.2, 156.1, 133.2, 130.6, 125.9, 124.1, 123.0, 117.7, 110.4, 37.9, 33.2, 31.2, 28.95,
28.93, 28.90, 28.8, 28.6, 28.5, 27.2, 26.2, 22.0, 13.7; HRMS (ESI TOF) m/z: calcd for
CasHssBrNOs (M + H)* 450.1644; Found, 450.1641.

(E)-1-allyl-3-(5-bromo-2-hydroxybenzylidene)pyrrolidine-2,5-dione (1'dc):

OH
Br

Compound 1'dc was synthesized following the general procedure-A. The
product was obtained as white solid, 0.980 g (83% vyield); Rt =0.2 (petroleum
ether/EtOAc 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 10.76 (s, 1H),
7.66 (t, J = 2.3 Hz, 1H), 7.53 (d, J = 2.4 Hz, 1H), 7.39 (dd, J = 8.7, 2.5 Hz, 1H),
6.87 (d, J = 8.7 Hz, 1H), 5.78 (ddt, J = 17.1, 10.3, 5.1 Hz, 1H), 5.12 — 5.03 (m,

1H), 4.07 (d, J = 5.1 Hz, 1H), 3.69 (d, J = 2.3 Hz, 1H); *C{*H} NMR (100 MHz, DMSO-ds):
d (ppm) 174.5, 170.8, 156.6, 134.2, 132.0, 131.3, 126.0, 125.3, 123.6, 118.4, 116.9, 111.1,
40.6, 33.7; HRMS (ESI TOF) m/z: calcd for C14H13BrNOs (M + H)™ 322.0079; Found,

322.0072.
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(E)-1-benzyl-3-(5-bromo-2-hydroxybenzylidene)pyrrolidine-2,5-dione (Z'ec):
on Compound 1'ec was synthesized following the general procedure-A. The
Br product was obtained as white solid, 0.790 g (80% vyield); Rs=0.2 (petroleum
! o ether/EtOAc 75:25); 'H NMR (400 MHz, DMSO-ds): & (ppm) 7.67 (t, J = 2.2
o Pr; Hz, 1H), 7.52 (d, J = 2.4 Hz, 1H), 7.38 (dd, J = 8.7, 2.4 Hz, 1H), 7.33 — 7.28
(m, 2H), 7.24 (dt, J = 7.0, 2.8 Hz, 3H), 6.87 (d, J = 8.7 Hz, 1H), 4.65 (s, 2H);
BC{*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 174.8, 171.1, 156.7, 136.6, 134.4, 131.4,129.1,
128.0, 127.9, 126.4, 125.3, 123.6, 118.4, 111.2, 42.0, 33.8; HRMS (ESI TOF) m/z: calcd for

Ci1sH1sBrNOs (M + H)* 372.0235; Found, 372.0236 (for "°Br), 374.0217 (for 8!Br).

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-cyclohexylpyrrolidine-2,5-dione (1 'fc):
on Compound 1'fc was synthesized following the general procedure-A. The
Br product was obtained as white solid, 0.342 g (56% vyield); Rf=0.3 (petroleum
/ o ether/EtOAC 75:25); *H NMR (400 MHz, CDCI3:TFA): § (ppm) 7.88 (t, J = 2.3
o~ N Hz, 1H), 7.70 — 7.51 (m, 1H), 7.46 — 7.38 (m, 2H), 6.80 (d, J = 8.5 Hz, 1H),
@ 4.14 (tt, J = 12.4, 3.9 Hz, 1H), 3.65 (d, J = 2.3 Hz, 2H), 2.16 (qd, J =125, 3.6
Hz, 2H), 1.88 (dt, J = 13.3, 3.3 Hz, 2H), 1.69 (dt, J = 13.0, 6.9 Hz, 3H), 1.43 — 1.17 (m, 3H);
BBC{'H} NMR (100 MHz, DMSO-ds): & (ppm) 173.6, 170.2, 156.0, 133.2, 130.7, 125.8, 124.1,
123.1,117.7,110.4,50.6, 33.2, 28.4, 25.4, 24.7. HRMS (ESI TOF) m/z: calcd for C17H19BrNO3

(M + H)* 364.0548; Found, 364.0552 (for "°Br), 366.0534 (for ®!Br).

(S,E)-3-(5-bromo-2-hydroxybenzylidene)-1-(1-phenylethyl)pyrrolidine-2,5-dione (7 'gc):
Compound 1'gc was synthesized following the general procedure-A. The
Br on product was obtained as white solid, 0.802 g (80% vyield); Rf =0.25
/ (petroleum ether/EtOAC 75:25); *H NMR (400 MHz, CDCl3:TFA): § (ppm)
O 7.90(t,J=23Hz 1H), 7.47 - 7.42 (m, 2H), 7.40 (d, J = 2.4 Hz, 1H), 7.37
o '}\ —7.27 (m, 4H), 6.74 (d, J = 8.7 Hz, 1H), 5.58 (g, J = 7.3 Hz, 1H), 3.59 (t, J
Ph = 2.4 Hz, 2H), 1.88 (d, J = 7.3 Hz, 3H); 3C{*H} NMR (100 MHz,
CDCIs:TFA): 6 (ppm) 176.1, 172.4, 154.7, 138.8, 134.8, 131.9, 129.9, 128.8, 128.3, 127.6,
123.3,123.0, 118.4, 113.1, 51.1, 34.1, 16.6; HRMS (ESI TOF) m/z: calcd for C19H17"°BrNO3

(M + H)" 386.0392; Found, 386.0389.
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(E)-3-(5-bromo-2-hydroxybenzylidene)-1-phenylpyrrolidine-2,5-dione (1'hc):
Compound 1'hc was synthesized following the general procedure-A. The
Br > product was obtained as white solid, 0.880 g (85% yield); R¢=0.15 (petroleum
/ ether/EtOAC 75:25); 'H NMR (400 MHz, DMSO-ds:CDCls=1:1): § (ppm)
o~ N 10.33 (s, 1H), 7.83 (t, J = 2.3 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.48 — 7.43 (m,
@ 2H), 7.40 — 7.35 (m, 1H), 7.34 — 7.28 (m, 3H), 6.88 (d, J = 8.7 Hz, 1H), 3.74
(d, J = 2.3 Hz, 2H); BC{*H} NMR (100 MHz, DMSO-ds:CDCls=1:1): § (ppm) 172.7, 169.4,
156.1, 133.4,132.2,130.7, 128.4, 127.8, 127.0, 126.5, 123.9, 122.9, 117.7, 110.5, 33.6; HRMS

(ESI TOF) m/z: caled for C17H13BrNOs (M + H)* 358.0079; Found, 358.0074.

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-(p-tolyl)pyrrolidine-2,5-dione (1'ic):
Compound I'ic was synthesized following the general procedure-A. The
Br > product was obtained as white solid, 0.836 g (84% yield); Rs=0.2 (petroleum
) ether/EtOAC 75:25); 'H NMR (400 MHz, DMSO-ds:CDCl3=1:1): § (ppm)
o N 10.33 (s, 1H), 7.81 (t, J = 2.3 Hz, 1H), 7.51 (d, J = 2.4 Hz, 1H), 7.30 (dd, J =
Q 8.7, 2.4 Hz, 1H), 7.22 (dd, J = 27.4, 8.3 Hz, 4H), 6.87 (d, J = 8.7 Hz, 1H), 3.73
Me (d, J = 2.3 Hz, 2H), 2.35 (s, 3H); *C{*H} NMR (100 MHz, DMSO-
de:CDClz=1:1): & (ppm) 172.8, 169.5, 156.1, 137.5, 133.3, 130.7, 129.6, 128.9, 126.8, 126.3,
124.0, 123.0, 117.7, 110.4, 33.6, 20.6; HRMS (ESI TOF) m/z: calcd for C1gH1sBrNO3z (M +

H)* 372.0235; Found, 372.0228.

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-(2-chlorophenyl)pyrrolidine-2,5-dione (1'jc):

oy Compound 1%c was synthesized following the general procedure-A. The

Br

/ product was obtained as white solid, 0.757 g (80% yield); R¢=0.1 (petroleum
o ether/EtOAc 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 10.68 (s, 1H),
o N o 7.83-7.78(m, LH), 7.7L — 7.64 (M, 2H), 7.57 — 7.42 (m, 4H), 6.93 (d, J = 8.8
@ Hz, 1H), 4.10 — 3.84 (m, 2H); ¥*C{*H} NMR (100 MHz, DMSO-ds): § (ppm)
172.9,169.3,156.4, 134.1, 131.6, 131.2,131.1, 130.8, 130.5, 129.9, 128.2, 126.9, 124.8, 123.1,
118.1, 110.8, 33.8; HRMS (ESI TOF) m/z: calcd for C17H12BrCINOs (M + H)™ 391.9689;

Found, 391.9682.

186



Chapter 4B: Photochemical reactivity of diazosuccinimide

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-(4-(trifluoromethyl)phenyl)pyrrolidine-2,5-
dione (1'kc):

on Compound 1'kc was synthesized following the general procedure-A. The

Br

product was obtained as white solid, 0.505 g (57% vyield); Rs=0.2 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 10.64 (s, 1H),
o~ 7.91(d,J=8.4 Hz, 2H), 7.81 (t, J = 2.4 Hz, 1H), 7.66 — 7.62 (m, 3H), 7.45 (dd,

Q J=8.8,2.4Hz, 1H), 6.93 (d, J = 8.7 Hz, 1H), 3.87 (d, J = 2.5 Hz, 2H); *C{'H}
NMR (100 MHz, DMSO-de): 6 (ppm) 173.1, 169.5, 156.4, 136.2, 134.0, 131.0,
128.4 (d, J = 32.0 Hz), 127.8, 126.4, 125.9 (d, J = 3.1 Hz), 124.9, 124.0 (d, J = 271.8 H2),
123.1,122.7,118.9, 118.1, 110.7, 33.8; *°F NMR (377 MHz, DMSO-ds): & (ppm) -61.0; HRMS
(ESI TOF) m/z: calcd for C1sH12BrFsNOs (M + H)* 425.9953; Found, 425.9948 (for °Br),
427.9929 (for 81Br).

CF;

(E)-1-ethyl-3-(2-hydroxybenzylidene)pyrrolidine-2,5-dione (1'ab):
Compound 1'ab was synthesized following the general procedure-A. The product
was obtained as white solid, 0.652 g (70% yield); R¢=0.2 (petroleum ether/EtOACc
/ 75:25); 'H NMR (400 MHz, DMSO-ds): & (ppm) 10.19 (s, 1H), 7.80 (t, J = 2.3 Hz,
N © 1H), 7.48 (dd, J = 7.9, 1.4 Hz, 1H), 7.27 — 7.22 (m, 1H), 6.93 (dd, J = 8.2, 1.0 Hz,
) 1H), 6.90 — 6.85 (m, 1H), 3.62 (d, J = 2.3 Hz, 2H), 3.51 (q, J = 7.2 Hz, 2H), 1.11
(t,J = 7.2 Hz, 3H); BC{*H} NMR (100 MHz, DMSO-dg): & (ppm) 174.2, 170.7, 157.0, 131.3,
129.1, 126.7, 123.5, 121.0, 119.4, 115.8, 33.6, 32.9, 13.0; HRMS (ESI TOF) m/z: calcd for
C1sH14NO3 (M + H)* 232.0973; Found, 232.0982.

OH

(E)-3-(4-bromo-2-hydroxybenzylidene)-1-ethylpyrrolidine-2,5-dione (1 'ae):
Br Compound 1'ae was synthesized following the general procedure-A. The
o product was obtained as white solid, 0.836 g (67% yield); Rt=0.35 (petroleum
J ether/EtOAC 75:25); *H NMR (400 MHz, CDCl3:DMSO): § (ppm) 9.81 (s, 1H),
7N © 7.87(t,J=2.4Hz 1H), 7.12 - 7.07 (m, 2H), 6.93 (dd, J = 8.3, 1.9 Hz, 1H), 3.60
% (g, = 7.2 Hz, 2H), 3.40 (d, J = 2.4 Hz, 2H), 1.15 (t, J = 7.2 Hz, 3H); *C NMR
(100 MHz, CDCl3:DMSO): § (ppm) 174.1, 170.9, 157.9, 130.0, 128.7, 124.8, 122.9, 122.7,
120.6, 119.5, 34.2, 33.6, 13.2; HRMS (ESI TOF) m/z: calcd for C13H13BrNOz (M + H)*

310.0079; Found, 310.0080.
187



Chapter 4B: Photochemical reactivity of diazosuccinimide

(E)-3-(3-bromo-2-hydroxybenzylidene)-1-ethylpyrrolidine-2,5-dione (1 'af):
. Compound 4af was synthesized following the general procedure-A. The product
oy Was obtained as white solid, 0.680 g (55% yield); R¢=0.3 (petroleum ether/EtOAc
75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.97 (t, J = 2.5 Hz, 1H), 7.52 (dd, J
o =8.1,15Hz 1H),7.32 (dd,J=7.8, 1.5 Hz, 1H), 6.88 (t, J = 7.9 Hz, 1H), 6.07 (s,
© ; 1H), 3.69 (g, J = 7.2 Hz, 2H), 3.50 (d, J = 2.5 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H); 13C
NMR (100 MHz, CDCls): é (ppm) 174.0, 170.7, 151.6, 133.6, 128.8, 128.5, 125.2,
122.8,121.8, 111.7, 34.2, 34.0, 13.3; HRMS (ESI TOF) m/z: calcd for C13H13BrNOz (M + H)*

310.0079; Found, 310.0073.

/

(E)-1-ethyl-3-(2-hydroxy-5-nitrobenzylidene)pyrrolidine-2,5-dione (1'ag):
on Compound I'ag was synthesized following the general procedure-A. The
O=N product was obtained as white solid, 0.650 g (59% vyield); Rf=0.1 (petroleum
! o ether/EtOAC 75:25); 'H NMR (400 MHz, CDCI3:TFA): & (ppm) 8.30 (d, J =
o N 2.7 Hz, 1H), 8.22 (dd, J = 8.9, 2.7 Hz, 1H), 8.02 (t, J = 2.4 Hz, 1H), 7.05 (d, J
) =9.0 Hz, 1H), 3.81 — 3.74 (m, 4H), 1.28 (t, J = 7.3 Hz, 3H); 1*C NMR (100
MHz, CDCIz:TFA): 6 (ppm) 176.7, 172.8, 161.0, 141.4, 132.5, 132.4, 129.5, 127.8, 125.7,
124.9, 121.4,117.1, 35.0, 34.0, 13.0; HRMS (ESI TOF) m/z: calcd for C13H13N205 (M + H)*

277.0824; Found, 277.0823.

(E)-1-ethyl-3-(5-fluoro-2-hydroxybenzylidene)pyrrolidine-2,5-dione (1'ah):
Compound I'ah was synthesized following the general procedure-A. The

F product was obtained as white solid, 0.710 g (71% vyield); Rf=0.2 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-de): & (ppm) 10.28 (s, 1H),
o N 7.73 — 7.69 (m, 1H), 7.25 (dd, J = 9.8, 3.0 Hz, 1H), 7.10 (td, J = 8.6, 3.0 Hz,
1H), 6.91 (dd, J = 8.9, 4.9 Hz, 1H), 3.67 (d, J = 2.3 Hz, 2H), 3.51 (q, J = 7.2 Hz,
3H), 1.10 (t, J = 7.2 Hz, 3H); ¥C{*H} NMR (100 MHz, DMSO-ds): & (ppm) 174.3, 170.6,
156.6, 154.2, 153.5, 125.8, 125.8, 121.9, 121.8, 118.1, 117.9, 116.94, 116.86, 114.8, 114.6,
33.4, 33.1, 13.0; 1°F NMR (377 MHz, DMSO-ds): 5 (ppm) -124.38 (). HRMS (ESI TOF) m/z:
calcd for C13H13FNO3 (M + H)* 250.0879; Found, 250.0882.

188



Chapter 4B: Photochemical reactivity of diazosuccinimide

(E)-3-(5-chloro-2-hydroxybenzylidene)-1-ethylpyrrolidine-2,5-dione (1'ai):

on Compound I'ai was synthesized following the general procedure-A. The

¢ product was obtained as white solid, 0.390 g (37% yield); R¢=0.15 (petroleum

o ether/EtOAc 75:25); *H NMR (400 MHz, DMSO-de): & (ppm) 10.57 (s, 1H),

o ; 7.68 (t,J=1.4Hz, 1H), 7.44 (d, J = 2.3 Hz, 1H), 7.29 (dd, J = 8.7, 2.2 Hz, 1H),

6.94 (d, J = 8.8 Hz, 1H), 3.67 (d, J = 1.4 Hz, 2H), 3.51 (dd, J = 14.5, 7.4 Hz,

2H), 1.10 (t, J = 7.1 Hz, 3H); BC{*H} NMR (100 MHz, DMSO-ds): & (ppm) 174.2, 170.6,

155.9, 130.9, 128.2, 125.4, 125.3, 123.2, 122.8, 117.6, 33.4, 33.1, 13.0. HRMS (ESI TOF) m/z:
calcd for C13H13CINOs (M + H)* 266.0584; Found, 266.0600.

(E)-1-ethyl-3-(2-hydroxy-5-methoxybenzylidene)pyrrolidine-2,5-dione (1 'aj):

oy Compound I'aj was synthesized following the general procedure-A. The

MeO product was obtained as white solid, 0.420 g (40% yield); R¢=0.25 (petroleum

o €ther/EtOAC 75:25); *H NMR (400 MHz, DMSO-de): 5 (ppm) 9.78 (s, 1H),

o ; 7.76 (t, J = 2.2 Hz, 1H), 6.96 (d, J = 2.4 Hz, 1H), 6.90 — 6.83 (m, 2H), 3.73

(s, 3H), 3.69 (d, J = 2.2 Hz, 2H), 3.52 (q, J = 7.1 Hz, 2H), 1.10 (t, J = 7.1 Hz,

3H); *C{*H} NMR (100 MHz, DMSO-de): & (ppm) 174.3, 170.7, 152.1, 151.2, 131.6, 131.5,

128.9,128.8,126.8,123.7,121.2,117.9, 116.7,112.9, 55.5, 33.5, 33.0, 13.0; HRMS (ESI TOF)
m/z: calcd for C14H16NO4 (M + H)* 262.1079; Found, 262.1089.

(E)-3-(5-allyl-2-hydroxy-3-methoxybenzylidene)-1-ethylpyrrolidine-2,5-dione (1'ak):
oMe Compound 1'ak was synthesized following the general procedure-A. The
on Product was obtained as white solid, 0.845 g (70% vyield); R¢=0.25 (petroleum
— ) ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 9.26 (s, 1H),
o 71.79(t,J=2.3Hz, 1H), 6.90 - 6.83 (m, 2H), 5.97 (ddt, J = 16.8, 10.0, 6.8 Hz,
° ; 1H), 5.14 — 5.02 (m, 2H), 3.80 (s, 3H), 3.58 (d, J = 2.3 Hz, 2H), 3.50 (q, J =
7.2 Hz, 2H), 3.31 (d, J = 6.7 Hz, 2H), 1.10 (t, J = 7.2 Hz, 3H); *C{*H} NMR (100 MHz,
DMSO-ds): 6 (ppm) 174.4,170.8, 147.8, 144.8, 138.0, 130.7, 126.9, 123.7,121.1, 120.0, 115.8,
113.6, 56.0, 39.2, 33.8, 33.0, 13.1; HRMS (ESI TOF) m/z: calcd for C17H20NO4 (M + H)*

302.1392; Found, 302.1393.
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(E)-1-ethyl-3-((2-hydroxynaphthalen-1-yl)methylene)pyrrolidine-2,5-dione (1'al):

was obtained as white solid, 0.465 g (52% yield); Rf=0.2 (petroleum ether/EtOAC

HO 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 10.43 (s, 1H), 7.85 (dt, J = 5.6,
AN 2.7 Hz, 3H), 7.71 (d, J = 85 Hz, 1H), 7.50 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.35
) (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 7.24 (d, J = 8.9 Hz, 1H), 3.54 (q, J = 7.2 Hz, 2H),
3.22 (d, J = 2.4 Hz, 2H), 1.14 (t, J = 7.2 Hz, 3H). BC{*H} NMR (100 MHz, DMSO-ds): &
(ppm) 174.2,170.0, 153.2,132.1, 131.0, 128.8, 128.5, 127.8, 127.7,127.2, 123.4, 123.3, 118 .4,
113.1, 34.3, 33.1, 13.1; HRMS (ESI TOF) m/z: calcd for C17H1sNOs (M + H)™ 282.1130;

Found, 282.1131.

O Compound 1'al was synthesized following the general procedure-A. The product

4B.14.2. For vinyl diazosuccinimides:
(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione (lac):
. on Compound lac was synthesized following the general procedure-B. The
product was obtained as orange solid, 0.297 g (91% vyield); R¢=0.3 (petroleum
o ether/EtOAc 75:25); 'H NMR (400 MHz, DMSO-ds): & (ppm) 10.54 (s, 1H),
P 7.46 (s, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.36 (dd, J = 8.6, 2.5 Hz, 1H), 6.87 (d, J
= 8.7 Hz, 1H), 3.56 (q, J = 7.2 Hz, 2H), 1.13 (t, J = 7.2 Hz, 3H); 3C{*H} NMR (100 MHz,
DMSO-de): & (ppm) 166.6, 164.2, 155.3, 133.3, 131.7, 122.5,121.3, 117.8, 117.8, 109.9, 60.3,
33.7, 13.3; HRMS (ESI TOF) m/z: calcd for C13H11"°BrNsOs (M + H)* 335.9984; Found,

335.9989.

(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-(2-ethylhexyl)pyrrolidine-2,5-dione (1bc):

oy Compound 1bc was synthesized following the general procedure-B. The

product was obtained as orange solid, 0.230 g (72% yield); R¢=0.45 (petroleum

o ether/EtOAc 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.64 (s, 1H), 7.33

o~ N (dd, J=8.6, 2.4 Hz, 1H), 7.27 (s, 2H), 6.81 (d, J = 8.6 Hz, 1H), 6.52 (d, J = 2.2

Hz, 1H), 3.59 — 3.52 (m, 2H), 1.81 (hept, J = 5.9 Hz, 1H), 1.38 — 1.22 (m, 8H),

0.93-0.87 (m, 6H); 13C NMR (100 MHz, CDCls): § (ppm) 167.4, 165.5, 153.6,

133.8, 132.2, 122.7, 121.6, 118.8, 118.0, 112.6, 43.6, 38.2, 30.6, 28.6, 23.9, 23.1, 14.2, 10.5;
HRMS (ESI TOF) m/z: calcd for C1gH23"°BrN3Os (M + H)* 420.0923; Found, 420.0924.

N>
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(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-dodecylpyrrolidine-2,5-dione (1cc):

o Compound 1cc was synthesized following the general procedure-B. The

Br product was obtained as yellowish orange solid, 0.260 g (82% yield); Rf=0.5
NG _ (petroleum ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm)
oo N 10.53 (s, 1H), 7.46 (s, 1H), 7.42 — 7.33 (m, 2H), 6.87 (d, J = 8.6 Hz, 1H), 3.52

\\é\% (t, J = 6.8 Hz, 2H), 1.58 — 1.49 (m, 2H), 1.23 (s, 18H), 0.84 (t, J = 6.3 Hz,
3H); BC{*H} NMR (100 MHz, DMSO-ds): & (ppm) 167.3, 164.9, 155.8, 133.8, 132.2, 123.0,
121.8, 118.3, 118.1, 110.4, 60.8, 39.2, 31.8, 29.54, 29.48, 29.4, 29.2, 29.0, 28.1, 26.6, 22.6,
14.5; HRMS (ESI TOF) m/z: calcd for C23H31BrNsOs (M + H)™ 476.1549; Found, 476.1544.

(E)-1-allyl-3-(5-bromo-2-hydroxybenzylidene)-4-diazopyrrolidine-2,5-dione (1dc):

oy Compound 1dc was synthesized following the general procedure-B. The product

B was obtained as yellow solid, 0.163 g (50% yield); Rf =0.3 (petroleum

ether/EtOAC 75:25); 'H NMR (400 MHz, DMSO-de): & (ppm) 10.56 (s, 1H),

o™ N 7.48 (s, 1H), 7.43 (d, J = 1.6 Hz, 1H), 7.37 (dd, J = 8.7, 2.0 Hz, 1H), 6.88 (dd,

< J=8.7,1.4 Hz, 1H), 5.82 (dddd, J = 13.5, 10.1, 5.1, 3.5 Hz, 1H), 5.17 — 5.09

(m, 2H), 4.14 (d, J = 3.6 Hz, 2H); *C{*H} NMR (100 MHz, DMSO-ds): & (ppm) 166.4, 164.0,

155.3, 133.4, 131.8, 122.5, 121.5, 117.8, 117.6, 116.7, 109.9, 60.5, 40.7; HRMS (ESI TOF)
m/z: calcd for C14H11°BrNO3 (M + H)* 347.9984; Found, 347.9985.

N>

(E)-1-benzyl-3-(5-bromo-2-hydroxybenzylidene)-4-diazopyrrolidine-2,5-dione (1ec):

on Compound lec was synthesized following the general procedure-B. The

Br

product was obtained as orange solid, 0.300 g (93% vyield); Rf=0.3 (petroleum

o ether/EtOAc 75:25); *H NMR (400 MHz, DMSO-ds): & (ppm) 10.56 (s, 1H),

o g 7.49 (s, 1H), 7.45 (d, J = 2.5 Hz, 1H), 7.39 — 7.28 (m, 6H), 6.88 (d, J = 8.7 Hz,

o 1H), 4.73 (s, 2H); BC{*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 166.6, 164.3,

155.3, 136.2, 133.4, 131.8, 128.6, 127.6, 122.5, 121.7, 117.8, 117.6, 109.9, 60.7, 42.0; HRMS

(ESI TOF) m/z: caled for Ci1sH13BrNsOs (M + H)*™ 398.0140; Found, 398.0151 (for "°Br),
400.0108 (for 8'Br).
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(E)-3-(5-bromo-2-hydroxybenzylidene)-1-cyclohexyl-4-diazopyrrolidine-2,5-dione (1fc):
on Compound 1fc was synthesized following the general procedure-B. The
Br product was obtained as yellow solid, 0.178 g (55% yield); R¢=0.4 (petroleum
No, ether/EtOAC 75:25); 'H NMR (400 MHz, DMSO-de): & (ppm) 10.51 (s, 1H),
o” N 7.43 (s, 1H), 7.40 (d, J = 2.5 Hz, 1H), 7.36 (dd, J = 8.7, 2.5 Hz, 1H), 6.87 (d, J
O = 8.7 Hz, 1H), 3.97 (tt, J = 12.2, 3.6 Hz, 1H), 2.05 (qd, J = 12.6, 3.2 Hz, 2H),
1.79 (d, J = 13.1 Hz, 2H), 1.63 (d, J = 12.0 Hz, 3H), 1.36 — 1.24 (m, 2H), 1.20 — 1.10 (m, 1H);
BC{*H} NMR (100 MHz, DMSO-ds): 5 (ppm) 166.7, 164.2, 155.3,133.2,131.7, 122.6, 121.1,
117.8, 1175, 109.9, 60.3, 51.4, 29.0, 25.4, 24.8; HRMS (ESI TOF) m/z: calcd for

C17H17%BrNsOs (M + H)* 392.0433; Found, 392.0427.

(S,E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-(1-phenylethyl)pyrrolidine-2,5-dione

(1g0):
on Compound 1gc was synthesized following the general procedure-B. The
Br product was obtained as orange solid, 0.218 g (68% yield); Rf=0.35 (petroleum
Na ether/EtOAc 75:25); 'H NMR (400 MHz, DMSO-ds): & (ppm) 10.53 (s, 1H),
o” N 7.46 —7.43 (m, 2H), 7.40 — 7.33 (m, 5H), 7.31 — 7.26 (m, 1H), 6.87 (d, J = 8.6
Ph Hz, 1H), 5.45 (g, J = 7.2 Hz, 1H), 1.79 (d, J = 7.3 Hz, 3H); *C{*H} NMR (100
MHz, DMSO-ds): & (ppm) 166.6, 164.1, 155.3, 140.1, 133.3, 131.8, 128.4, 127.4, 126.7, 122.6,
121.4,117.8, 117.5, 109.9, 60.6, 49.9, 17.1; HRMS (ESI TOF) m/z: calcd for C19H152BrN3O3

(M + H)* 412.0276; Found, 414.0260.

(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-phenylpyrrolidine-2,5-dione (1hc):

oy Compound lhc was synthesized following the general procedure-B. The

o product was obtained as yellow solid, 0.175 g (54% yield); Rf=0.25 (petroleum

ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-ds): 3 (ppm) 10.60 (s, 1H),

o~ N 7.57 — 7.50 (m, 3H), 7.48 — 7.38 (m, 5H), 6.91 (d, J = 8.7 Hz, 1H). 3C{ H}

@ NMR (100 MHz, DMSO-ds): & (ppm) 166.0, 163.7, 155.3, 133.4, 132.0, 131.8,

128.9, 128.4, 127.1, 122.5, 121.8, 117.8, 117.4, 109.9, 61.1. HRMS (ESI TOF) m/z: calcd for
C17H1BrNsOs (M + H)* 383.9984; Found, 383.9984.
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(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-(p-tolyl)pyrrolidine-2,5-dione (lic):
oy Compound lic was synthesized following the general procedure-B. The
o product was obtained as brownish yellow solid, 0.180 g (56% yield); Rf=0.3
o (petroleum ether/EtOAc 75:25); 'H NMR (400 MHz, DMSO-ds): & (ppm)
o™ N 10.61 (s, 1H), 7.55 (s, 1H), 7.46 (d, J = 2.4 Hz, 1H), 7.40 (dd, J = 8.7, 2.5 Hz,
Q 1H), 7.32 (d, J = 8.3 Hz, 2H), 7.29 — 7.25 (m, 2H), 6.90 (d, J = 8.7 Hz, 1H),
Me  2.36 (s, 3H). BC{'H} NMR (100 MHz, DMSO-ds): & (ppm) 166.2, 163.8,
155.4, 138.1, 133.5, 131.8, 129.5, 129.4, 127.0, 122.5, 121.8, 117.9, 117.5, 109.9, 61.1, 20.8.

HRMS (ESI TOF) m/z: calcd for C1gH13BrN3O3 (M + H)* 398.0140; Found, 398.0146.

(E)-3-(5-bromo-2-hydroxybenzylidene)-1-(2-chlorophenyl)-4-diazopyrrolidine-2,5-dione
(1jo):

OH
Br

Compound 1jc was synthesized following the general procedure-B. The product was obtained
as orange solid, 0.273 g (85% vyield); Rs=0.2 (petroleum ether/EtOAc 75:25); HRMS (ESI
TOF) m/z: calcd for C17H10BrCINsO3z (M + H)* 417.9594; Found, 417.9563.

(E)-3-(5-bromo-2-hydroxybenzylidene)-4-diazo-1-(4-(trifluoromethyl)phenyl)pyrrolidine-
2,5-dione (1kc):

oy Compound lkc was synthesized following the general procedure-B. The

Br product was obtained as yellow solid, 0.140 g (44% yield); Rf=0.3 (petroleum

ether/EtOAc 75:25); 'H NMR (400 MHz, DMSO-de): & (ppm) 10.64 (s, 1H),

o™ N 7.93(d, J=8.4 Hz, 2H), 7.69 (d, J = 8.3 Hz, 2H), 7.59 (s, 1H), 7.47 (d, J= 2.5

Q Hz, 1H), 7.41 (dd, J = 8.7, 2.5 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H); BC{*H}

CFs  NMR (100 MHz, DMSO-ds): & (ppm) 165.7, 163.3, 155.4, 135.6, 133.6, 131.8,

128.5 (q, J = 31.3 Hz), 127.7, 126.1 (q, J = 3.8 Hz), 123.9 (q, J = 272.3 Hz), 122.4, 122.3,

117.9, 117.2, 110.0, 61.5; °F NMR (377 MHz, DMSO-ds): & (ppm) -61.1; HRMS (ESI TOF)
m/z: calcd for C1gH10BrFsN3zOs (M + H)*" 451.9858; Found, 451.9858.
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(E)-3-diazo-1-ethyl-4-(2-hydroxybenzylidene)pyrrolidine-2,5-dione (1ab):
Compound lab was synthesized following the general procedure-B. The product
was obtained as yellow solid, 0.213 g (64% yield); R¢=0.3 (petroleum ether/EtOAc
75:25); *H NMR (400 MHz, DMSO-ds): 8 (ppm) 10.20 (s, 1H), 7.56 (s, 1H), 7.22
o ; (ddd, J=9.4,7.6, 2.2 Hz, 2H), 6.91 (d, J = 7.6 Hz, 1H), 6.88 — 6.82 (m, 1H), 3.56
(0, J = 7.2 Hz, 2H), 1.13 (t, J = 7.2 Hz, 3H); BC{*H} NMR (100 MHz, DMSO-
de): & (ppm) 166.8, 164.3, 156.1, 131.0, 129.8, 123.1, 120.2, 118.7, 116.3, 115.8, 59.9, 33.7,
13.3; HRMS (ESI TOF) m/z: calcd for C13H12N3O3 (M + H)™ 258.0878; Found, 258.0868.

OH

(E)-3-diazo-1-ethyl-4-(2,4,6-trimethoxybenzylidene)pyrrolidine-2,5-dione (1ad):
MeO Compound lab was synthesized following the general procedure-B. The
o product was obtained as yellow solid, 0.280 g (86% yield); Rf=0.2 (petroleum
MeO | ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.58 (s, 1H), 6.11
(s, 2H), 3.84 (s, 3H), 3.81 (s, 6H), 3.68 (q, J = 7.2 Hz, 2H), 1.23 (t, J = 7.2
0 ) Hz, 3H); ¥C{*H} NMR (100 MHz, CDCls): § (ppm) 167.7, 165.3, 163.2,
159.2,120.4, 116.9, 104.0, 90.3, 62.0, 55.7, 55.6, 34.2, 13.8. HRMS (ESI TOF) m/z: calcd for

Ci16H18N30s (M + H)* 332.1246; Found, 332.1244.

(E)-3-(4-bromo-2-hydroxybenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione (1ae):
Br Compound lae was synthesized following the general procedure-B. The product
OH \as obtained as orange solid, 0.217 g (67% yield); Rf =0.4 (petroleum
Ny ether/EtOAC 75:25); *H NMR (400 MHz, Chloroform-d) § 7.66 (s, 1H), 7.11 (dq,
N © J=40,1.8Hz 2H),7.01 (dd, J=8.6,0.7 Hz, 1H), 6.71 - 6.67 (m, 1H), 3.73 (q,

O

) J=7.2Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCl3) § 167.1,
165.2, 155.1, 130.8, 124.5, 124.0, 122.4, 119.9, 119.6, 118.2, 34.6, 13.7; HRMS (ESI TOF)

m/z: calcd for C13H11BrN3Os (M + H)* 335.9984; Found, 335.9988.

(E)-3-(3-bromo-2-hydroxybenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione (1af):
Br Compound laf was synthesized following the general procedure-B. The product
oH was obtained as orange solid, 0.207 g (64% yield); Rf=0.4 (petroleum ether/EtOAC
75:25); 'H NMR (400 MHz, Chloroform-d) & 7.70 (s, 1H), 7.48 (dd, J = 8.1, 1.5
o Hz, 1H), 7.11 (dt, J = 7.6, 1.1 Hz, 1H), 6.87 (t, J = 7.9 Hz, 1H), 5.91 (s, 1H), 3.71
) (0, J=7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H); 3C NMR (101 MHz, CDCl3) § 166.8,
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164.6, 150.6, 133.2, 129.3, 122.3, 121.9, 121.4, 118.9, 111.4, 34.5, 13.7; HRMS (ESI TOF)
m/z: calcd for C13H11BrNszOs (M + H)* 335.9984; Found, 335.9984.

(E)-3-diazo-1-ethyl-4-(2-hydroxy-5-nitrobenzylidene)pyrrolidine-2,5-dione (1ag):
o Compound lag was synthesized following the general procedure-B. The
O2N product was obtained as yellow solid, 0.165 g (50% yield); Rs =0.15
N 5 (petroleum ether/EtOAc 70:30); *H NMR (400 MHz, Chloroform-d) & 8.17
o” N (dd, J = 8.9, 2.7 Hz, 1H), 8.07 (dd, J = 2.7, 0.7 Hz, 1H), 7.68 (d, J = 7.0 Hz,
) 2H), 7.03 (d, J = 9.0 Hz, 1H), 3.75 (q, J = 7.2 Hz, 2H), 1.28 (t, J = 7.2 Hz,
3H); 3C NMR (101 MHz, CDCl3) § 169.3, 164.1, 159.1, 143.4, 127.9, 126.4, 125.5, 123.2,
121.8, 118.2, 71.6, 34.2, 13.2; HRMS (ESI TOF) m/z: calcd for Ci3H1iN4Os (M + H)*

303.0729; Found, 303.0721.

(E)-3-diazo-1-ethyl-4-(5-fluoro-2-hydroxybenzylidene)pyrrolidine-2,5-dione (1ah):
oy Compound lah was synthesized following the general procedure-B. The
product was obtained as orange solid, 0.217 g (67% yield); Rf=0.3 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): & (ppm) 7.66 (s, 1H), 6.96
o ; (ddd, J = 8.9, 7.7, 3.0 Hz, 1H), 6.91 — 6.86 (m, 2H), 6.83 (dd, J = 8.6, 3.0 Hz,
1H), 3.72 (g, J = 7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H); **C NMR (100 MHz,
CDCl3): 8 (ppm) 167.3, 165.2, 156.5 (d, J = 240.4 Hz), 150.8 (d, J = 2.1 Hz), 122.6 (d, J = 2.0
Hz), 1215 (d, J = 7.9 Hz), 118.7, 117.9 (d, J = 23.2 Hz), 117.3 (d, J = 8.1 Hz), 115.8 (d, J =
23.6 Hz), 34.6, 13.7; 1°F NMR (377 MHz, CDCls): § (ppm) -122.6; HRMS (ESI TOF) m/z:
calcd for C13H11FN3O3 (M + H)* 276.0784; Found, 276.0781.

(E)-3-(5-chloro-2-hydroxybenzylidene)-4-diazo-1-phenylpyrrolidine-2,5-dione (1ai):

o Compound lai was synthesized following the general procedure-B. The

cl product was obtained as white solid, 0.150 g (46% yield); R¢=0.25 (petroleum

Mo ether/EtOAC 75:25); *H NMR (400 MHz, DMSO-ds): 5 (ppm) 10.50 (s, 1H),

o ; 7.47 (s, 1H), 7.29 (d, J = 2.6 Hz, 1H), 7.25 (dd, J = 8.7, 2.7 Hz, 1H), 6.92 (d, J

= 8.7 Hz, 1H), 3.57 (g, J = 7.2 Hz, 2H), 1.13 (t, J = 7.2 Hz, 3H); 3C{*H} NMR

(100 MHz, DMSO-ds): § (ppm) 166.5, 164.2, 154.8, 130.4, 128.9, 122.5, 121.9, 121.3, 117.8,

117.3, 60.3, 33.7, 13.3; HRMS (ESI TOF) m/z: calcd for C1sH1:CINsOs (M + H)* 292.0489;
Found, 292.0488.
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(E)-3-diazo-1-ethyl-4-(2-hydroxy-5-methoxybenzylidene)pyrrolidine-2,5-dione (1aj):
on Compound laj was synthesized following the general procedure-B. The
Meo product was obtained as white solid, 0.130 g (40% yield); Rf=0.35 (petroleum
o ether/EtOACc 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.59 (s, 1H), 7.31
© ; (t, J =7.9 Hz, 1H), 6.88 (ddt, J = 9.3, 6.8, 0.9 Hz, 2H), 6.80 (t, J = 2.1 Hz,
1H), 3.82 (s, 3H), 3.70 (9, J = 7.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H); ®C{*H}
NMR (101 MHz, CDCls): 6 (ppm) 167.0, 164.8, 159.8, 134.8, 129.8, 127.4, 121.5, 117.6,
115.4, 114.1, 59.7, 55.4, 34.5, 13.7; HRMS (ESI TOF) m/z: calcd for C14H1aN304 (M + H)*

288.0984; Found, 288.09809.

N>

(E)-3-(5-allyl-2-hydroxy-3-methoxybenzylidene)-4-diazo-1-ethylpyrrolidine-2,5-dione
(1ak):
% Compound lak was synthesized following the general procedure-B. The
on product was obtained as orange red solid, 0.268 g (82% vyield); Rf=0.35
(petroleum ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.72
o (s, 1H), 6.69 (d, J = 1.9 Hz, 1H), 6.56 (dt, J = 2.0, 0.6 Hz, 1H), 5.98 — 5.86
© ; (m, 2H), 5.15 - 5.06 (m, 2H), 3.90 (s, 3H), 3.70 (q, J = 7.2 Hz, 2H), 3.31 (dt,
J=6.9,1.5Hz,2H), 1.24 (t,J = 7.2 Hz, 3H); *C{*H} NMR (100 MHz, CDCls): § (ppm) 167.3,
164.9, 146.8, 142.8, 136.9, 131.6, 123.1, 121.1, 119.7, 117.6, 116.6, 112.3, 56.3, 40.1, 34.4,
13.7; HRMS (ESI TOF) m/z: calcd for C17H18N3O4 (M + H)* 328.1292; Found, 328.1281.

/

(E)-3-diazo-1-ethyl-4-((2-hydroxynaphthalen-1-yl)methylene)pyrrolidine-2,5-dione (1al):
Compound lal was synthesized following the general procedure-B. The product
QO o was obtained as orange solid, 0.140 mg (43% vyield); Rt =0.3 (petroleum
/ ether/EtOAC 75:25); 'H NMR (400 MHz, CDCl3): & (ppm) 7.94 (s, 1H), 7.81
N o (tt,J=9.0, 1.8 Hz, 3H), 7.53 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H), 7.41 (ddd, J = 7.9,
) 6.8, 1.2 Hz, 1H), 7.19 (d, J =8.9 Hz, 1H), 6.43 (s, 1H), 3.75 (q, J = 7.2 Hz, 2H),
1.29 (t, J=7.2 Hz, 3H); *C{*H} NMR (100 MHz, CDCls): § (ppm) 170.8, 165.4, 154.1, 133.7,
131.2, 130.0, 129.0, 128.4, 125.4, 125.3, 122.1, 118.6, 117.8, 116.0, 33.9, 13.3; HRMS (ESI

TOF) m/z: calcd for C17H14N303 (M + H)* 308.1035; Found, 308.1031.

N2
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4B.14.3. For O-H functionalization compounds:
7-Bromo-2-ethylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ac):

Br

Compound 3ac was synthesized following the general procedure-C. The product
was obtained as white solid, 22.6 mg (73% vyield); Rf =0.45 (petroleum
ether/EtOAcC 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.46 — 7.40 (m, 2H),
7.29 (d, J = 2.3 Hz, 1H), 7.03 — 6.99 (m, 1H), 5.27 (d, J = 2.3 Hz, 1H), 3.71 (qd,
J=7.2,1.9Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H); *C{"H} NMR (100 MHz, CDCl5):

d (ppm) 170.1, 164.6, 153.6, 135.3, 132.3, 127.0, 123.5, 122.3, 119.2, 115.6, 71.2, 34.0, 13.3.
HRMS (ESI TOF) m/z: calcd for C13H11BrNO3 (M + H)*: 307.9922, Found:307.9926.

7-Bromo-2-(2-ethylhexyl)chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3bc):

Br

o /Z
(0]

i?N

Compound 3bc was synthesized following the general procedure-C. The product
was obtained as white solid, 26.7 mg (68% yield); R =05 (petroleum
ether/EtOAC 75:25); 'H NMR (400 MHz, CDCls): § (ppm) 7.47 — 7.40 (m, 2H),
7.28 (d, J = 2.3 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H), 5.27 (d, J = 2.3 Hz, 1H), 3.60
—3.49 (m, 2H), 1.81 (dg, J = 12.2, 6.0, 5.6 Hz, 1H), 1.36 — 1.20 (m, 8H), 0.90
(dd, J = 8.3, 7.2 Hz, 6H); 3C{*H} NMR (100 MHz, CDCl3): & (ppm) 170.6,
165.1, 165.1, 153.6, 135.3, 132.3, 126.9, 123.6, 122.2, 119.2, 115.6, 71.1, 42.8,

37.8, 30.6, 28.5, 28.5, 24.0, 24.0, 23.1, 23.1, 14.2, 10.5; HRMS (ESI TOF) m/z: calcd for
C19H23BrNO3 (M + H)*: 392.0861, Found: 392.0851.

7-Bromo-2-dodecylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3cc):

[o) N

5.

Compound 3cc was synthesized following the general procedure-C. The product
was obtained as white solid, 30.0 mg (67% yield); Rf=0.5 (petroleum ether/EtOAc
75:25); 'H NMR (400 MHz, CDCl3): & (ppm) 7.45 — 7.40 (m, 2H), 7.28 (d, J = 2.3
Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 5.26 (d, J = 2.2 Hz, 1H), 3.69 — 3.56 (m, 2H),
1.63 (dd, J = 11.4, 5.3 Hz, 3H), 1.27 (d, J = 25.0 Hz, 17H), 0.87 (t, J = 6.7 Hz,

3H); 3C{*H} NMR (100 MHz, CDCls): & (ppm) 170.3, 164.8, 153.6, 135.3, 132.3, 126.9,
123.5,122.3,119.2, 115.6, 71.2, 39.1, 32.0, 29.7, 29.7, 29.6, 29.5, 29.2, 27.9, 27.0, 22.8, 14.2;
HRMS (ESI TOF) m/z: calcd for C2sHa1BrNOs (M + H)*: 448.1487, Found: 448.1489.
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2-Allyl-7-bromochromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3dc):

Br

Compound 3dc was synthesized following the general procedure-C. The product
was obtained as white solid, 15.4 mg (48% yield); R¢=0.55 (petroleum ether/EtOAC
75:25); 'H NMR (400 MHz, CDCls): § (ppm) 7.45 — 7.41 (m, 1H), 7.31 (d, J = 2.3
Hz, OH), 7.05 — 6.97 (m, OH), 5.84 (ddt, J = 17.1, 10.1, 6.0 Hz, 1H), 5.34 — 5.20
(m, 1H), 4.24 (dt, J = 6.0, 1.4 Hz, 1H). C{*H} NMR (100 MHz, CDCl3):  (ppm)
169.8, 164.3, 153.6, 135.4, 132.3, 130.2, 127.3, 123.4, 122.0, 119.3, 119.2, 115.7,

71.2, 41.0, 29.8. HRMS (ESI TOF) m/z: calcd for C14H1:BrNO3 (M + H)* 319.9922; Found,

319.9922.

2-Benzyl-7-bromochromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ec):

Br

Ph

Compound 3ec was synthesized following the general procedure-C. The product
was obtained as white solid, 23 mg (62% yield); Rf=0.55 (petroleum ether/EtOAc
75:25); 'H NMR (400 MHz, CDCl3): & (ppm) 7.46 — 7.38 (m, 4H), 7.36 — 7.27 (m,
4H), 7.00 (dg, J = 9.2, 1.1 Hz, 1H), 5.28 (d, J = 2.3 Hz, 1H), 4.79 (s, 2H). 13C{*H}
NMR (100 MHz, CDCls): & (ppm) 169.9, 164.5, 153.6, 135.4, 135.2, 132.3, 129.2,
128.9,128.4,127.4,123.4,121.9, 119.2, 115.6, 71.3, 42.5. HRMS (ESI TOF) m/z:

calcd for C1gH13BrNO3s (M + H)* 370.0079; Found, 370.0100 (for "°Br), 372.0078 (for &Br).

7-Bromo-2-cyclohexylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3fc):

Br

Compound 3fc was synthesized following the general procedure-C. The product
was obtained as white solid, 24 mg (66% yield); R¢=0.65 (petroleum ether/EtOAc
75:25); *H NMR (400 MHz, CDCls): & (ppm) 7.41 (d, J = 8.4 Hz, 2H), 7.25 (d, J
= 2.3 Hz, 1H), 7.00 (d, J = 8.3 Hz, 1H), 5.21 (d, J = 2.3 Hz, 1H), 4.09 (tt, J = 12.3,
3.8 Hz, 1H), 2.24 - 2.11 (m, 2H), 1.90 - 1.82 (m, 2H), 1.68 (ddd, J = 12.2, 5.6, 2.8
Hz, 3H), 1.41 — 1.22 (m, 3H). C{*H} NMR (100 MHz, CDCls): & (ppm) 170.4,

164.8, 153.6, 135.2, 132.2, 126.6, 123.6, 122.4, 119.2, 115.5, 70.9, 52.1, 29.3, 28.9, 25.9, 25.9,
25.1. HRMS (ESI TOF) m/z: calcd for C17H17BrNOs (M + H)* 362.0392; Found, 362.0381 (for
Br) and 364.0369 (for Br).
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7-Bromo-2-((S)-1-phenylethyl)chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3gc):
Compound 3gc was synthesized following the general procedure-C. The product
was obtained as white solid, 24.7 mg (64% yield, 1:1 dr); Rf=0.65 (petroleum
ether/EtOAC 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.52 — 7.47 (m, 4H),
7.41 (d, J =7.5 Hz, 4H), 7.32 (dddd, J = 13.9, 8.7, 6.7, 1.7 Hz, 6H), 7.26 — 7.23
(m, 2H), 7.01 - 6.96 (m, 2H), 5.53 (qd, J = 7.3, 3.1 Hz, 2H), 5.24 (d, J = 2.3 Hz,
1H), 5.20 (d, J = 2.3 Hz, 1H), 1.89 (dd, J = 7.3, 5.8 Hz, 6H). *C{*H} NMR (100 MHz, CDCl3):
d (ppm) 170.09, 169.99, 164.54, 164.52, 153.60, 139.28, 139.03, 135.28, 132.26, 128.75,
128.72,128.26, 127.83, 127.81, 127.11, 127.09, 123.50, 122.12, 119.20, 115.57, 71.02, 50.97,
50.71, 16.97, 16.83. HRMS (ESI TOF) m/z: calcd for C1gH1sBrNO3 (M + H)* 384.0235; Found,
384.0237 (for °Br) and 386.0213 (for 8Br).

7-Bromo-2-phenylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3hc):
Br Compound 3hc was synthesized following the general procedure-C. The product
was obtained as white solid, 14.2 mg (40% vyield); Rf=0.55 (petroleum ether/EtOAc
o 75:25); *H NMR (400 MHz, DMSO-d): § (ppm) 7.79 (d, J = 2.5 Hz, 1H), 7.61 (d,
© J=23Hz 1H), 7.58 — 7.51 (m, 3H), 7.49 — 7.44 (m, 1H), 7.42 — 7.38 (m, 2H),
@ 7.12 (dd, J = 8.7, 0.7 Hz, 1H), 5.75 (d, J = 2.3 Hz, 1H). 3C{*H} NMR (100 MHz,
DMSO-ds): 8 (ppm) 169.6, 164.1, 153.3, 134.8, 132.3, 131.6, 129.1, 128.8, 127.1,
126.5, 124.0, 122.9, 119.0, 114.4, 71.3. HRMS (ESI TOF) m/z: calcd for C17H11BrNOs (M +

H)*" 355.9922; Found, 355.9927.

7-Bromo-2-(p-tolyl)chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ic):
Br Compound 3ic was synthesized following the general procedure-C. The product
was obtained as white solid, 20.3 mg (55% yield); Rf=0.55 (petroleum ether/EtOAc
o | 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.49 — 7.44 (m, 2H), 7.41 (d, J = 2.3
Z N © Hz, 1H), 7.31 (d, J = 8.3 Hz, 2H), 7.26 (dd, J = 6.2, 2.3 Hz, 2H), 7.05 (d, J = 8.5
Q Hz, 1H), 5.47 (d, J = 2.3 Hz, 1H), 2.40 (s, 3H). **C{*H} NMR (100 MHz, CDCls):
Me o (ppm) 169.5, 164.0, 153.7,139.4, 135.5, 132.4, 130.1, 128.4, 128.1, 126.2, 123.5,
121.8, 119.3, 115.7, 71.4, 21.4. HRMS (ESI TOF) m/z: calcd for C1gH13BrNO3 (M + H)*

370.0079; Found, 370.0042 (for "°Br), 372.0074 (for 8Br).
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(2-chlorophenyl)chromenol[2,3-c]pyrrole-1,3(2H,3aH)-dione (3jc):
Compound 3jc was synthesized following the general procedure-C. The product
was obtained as white solid, 18 mg (46% yield, 1.6:1 dr); Rf=0.55 (petroleum
ether/EtOAC 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.57 (ddd, J = 7.1,
3.8, 1.8 Hz, 1H), 7.50 — 7.40 (m, 5H), 7.38 — 7.27 (m, 1H), 7.06 (ddd, J = 8.3,
2.3, 1.5 Hz, 1H), 5.57 (d, J = 2.3 Hz, 1H); BC{*H} NMR (100 MHz, CDCls): §
(ppm) 168.7, 168.6, 163.3, 163.0, 153.6, 135.7, 135.7, 133.0, 132.5, 132.5, 132.1,

131.4,131.2, 130.8, 130.6, 130.0, 129.8, 129.2, 128.9, 128.8, 128.7, 128.0, 123.4, 123.3, 121.6,
121.4,119.3,119.3, 115.8, 115.8, 71.5, 71.4; HRMS (ESI TOF) m/z: calcd for C17H10BrCINO3
(M + H)* 389.9533; Found, 389.9527 (for "°Br), 391.9507 (for ®!Br).

7-Bromo-2-(4-(trifluoromethyl)phenyl)chromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3kc):

Br

CF3

Compound 3kc was synthesized following the general procedure-C. The product
was obtained as white solid, 27.5 mg (65% yield); Rf=0.5 (petroleum ether/EtOAc
75:25); 'H NMR (400 MHz, CDCl3): & (ppm) 7.79 (d, J = 8.4 Hz, 2H), 7.62 — 7.58
(m, 2H), 7.50 (d, J = 2.3 Hz, 1H), 7.48 — 7.46 (m, 1H), 7.07 (dt, J = 8.3, 0.7 Hz,
1H), 5.51 (d, J = 2.3 Hz, 1H). *C{*H} NMR (100 MHz, CDCls): § (ppm) 170.3,
168.9, 156.0, 140.2 (d, J = 262.4 Hz), 135.9, 132.6, 131.4, 129.2, 126.6, 126.6,
126.5, 123.3, 120.9 (d, J = 21.9 Hz), 119.4, 115.9 (d, J = 3.9 Hz), 109.4, 71.3. 19F

NMR (377 MHz, CDCls): § (ppm) -62.8; HRMS (ESI TOF) m/z: calcd for C1gH10BrFsNOs (M
+ H)* 425.9776; Found, 425.9789.

2-Ethylchromenol[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ab):

Compound 3ab was synthesized following the general procedure-C. The product
was obtained as white solid, 15.2 mg (66% yield); R¢=0.45 (petroleum ether/EtOAC
75:25); 'H NMR (400 MHz, CDCls): § (ppm) 7.37 (d, J = 2.3 Hz, 1H), 7.36 — 7.31
(m, 2H), 7.14 — 7.11 (m, 1H), 7.07 (td, J = 7.5, 1.1 Hz, 1H), 5.28 (d, J = 2.3 Hz,
1H), 3.71 (qd, J = 7.2, 2.0 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H). *C{*H} NMR (100

MHz, CDCls3): & (ppm) 170.7, 165.1, 154.7, 132.8, 130.1, 128.4, 123.5, 121.8, 121.1, 117.5,

71.2, 33.9,
230.0811.

13.3. HRMS (ESI TOF): m/z calcd for C13H12NOs (M + H)*™: 230.0817, Found:
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2-Ethyl-6,8-dimethoxy-3a-methylchromeno|[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ad):

MeO Compound 3ab was synthesized following the general procedure-C. The

OMe product was obtained as yellowish liquid, 19 mg (62% yield); Rf =0.5

o | (petroleum ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): § (ppm) 7.59
(d, 3 =0.7 Hz, 1H), 6.28 (dd, J = 2.3, 0.7 Hz, 1H), 6.10 (d, J = 2.3 Hz, 1H),

) 3.85 (s, 3H), 3.80 (s, 3H), 3.65 (qd, J = 7.2, 1.4 Hz, 2H), 1.52 (s, 3H), 1.22 (t,
J=7.2 Hz, 3H); BC{*H} NMR (100 MHz, CDCls): § (ppm) 174.3, 165.5, 164.5, 159.2, 155.5,
123.6,119.6,104.8, 95.1, 93.2, 75.4, 56.0, 55.7, 33.4, 20.5, 13.3; HRMS (ESI TOF): m/z calcd
for C16H1sNOs (M + H)*: 304.1185, Found: 304.1185.

6-Bromo-2-ethylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ae):
Br Compound 3ae was synthesized following the general procedure-C. The
product was obtained as white solid, 26 mg (84% vyield); R =0.5 (petroleum
o_ | ether/EtOAc 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.31 (dd, J = 2.3,
0.8 Hz, 1H), 7.30 (d, J = 1.8 Hz, 1H), 7.22 (dd, J = 8.1, 1.8 Hz, 1H), 7.18 (d, J
/ =8.1 Hz, 1H), 5.26 (d, J = 2.3 Hz, 1H), 3.70 (qd, J = 7.2, 2.0 Hz, 2H), 1.26 (t,
J =7.2 Hz, 3H); BC{*H} NMR (100 MHz, CDCls): & (ppm) 170.1, 164.8, 155.0, 130.9, 127.5,
126.8,126.2,121.3,121.0,120.7,71.3, 34.0, 13.2; HRMS (ESI TOF): m/z calcd for C13H12NOs3

(M + H)™: 307.9922, Found: 307.9927.

5-Bromo-2-ethylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3af):
Compound 3af was synthesized following the general procedure-C. The
Br product was obtained as white solid, 21.5 mg (70% yield); Rf=0.4 (petroleum
SN ether/EtOACc 75:25); 'H NMR (400 MHz, CDCls): § (ppm) 7.56 (dd, J = 8.0,
o) 5 1.5 Hz, 1H), 7.33 (d, J = 2.3 Hz, 1H), 7.29 — 7.25 (m, 1H), 6.95 (t, J = 7.8 Hz,
1H), 5.33 (d, J = 2.3 Hz, 1H), 3.71 (qd, J = 7.2, 2.2 Hz, 2H), 1.26 (t, J = 7.2
Hz, 3H); *C{"H} NMR (100 MHz, CDCls): & (ppm) 169.6, 164.7, 151.5, 136.3, 129.1, 127.7,
124.1,123.2,121.9,111.6, 71.5, 34.0, 13.3; HRMS (ESI TOF): m/z calcd for C13H12NO3z (M +
H)*: 307.9922, Found: 307.9935.
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2-Ethyl-7-nitrochromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ag):

NO,

Compound 3ag was synthesized following the general procedure-C. The product
was obtained as white solid, 14.1 mg (52% yield); R¢=0.4 (petroleum ether/EtOAc
75:25); 'H NMR (400 MHz, CDCl3): & (ppm) 8.27 — 8.21 (m, 2H), 7.40 (d, J = 2.3
Hz, 1H), 7.24 (dt, J = 8.4, 0.8 Hz, 1H), 5.39 (d, J = 2.3 Hz, 1H), 3.73 (qd, J = 7.2,
1.8 Hz, 2H), 1.28 (t, J = 7.2 Hz, 3H); *C{*H} NMR (100 MHz, CDCls): & (ppm)

169.3, 164.1, 159.1, 143.4, 127.9, 126.4, 125.5, 123.2, 121.8, 118.2, 71.6, 34.2, 13.2; HRMS
(ESI TOF): m/z calcd for C13H11N20s (M + H)*: 275.0668, Found: 275.0671.

2-Ethyl-7-fluorochromeno(2,3-c]pyrrole-1,3(2H,3aH)-dione (3ah):

Compound 3ah was synthesized following the general procedure-C. The product
was obtained as white solid, 17.0 mg (68% yield); Rf =0.45 (petroleum
ether/EtOAC 75:25); *H NMR (400 MHz, CDCls): & (ppm) 7.30 (d, J = 2.3 Hz,
1H), 7.12 - 6.98 (m, 3H), 5.26 (d, J = 2.3 Hz, 1H), 3.70 (qd, J = 7.2, 2.2 Hz, 2H),
1.25 (t, J = 7.2 Hz, 3H); ¥C{*H} NMR (100 MHz, CDCl3): & (ppm) 170.3, 164.7,

158.2 (d, J = 242.7 Hz), 150.6 (d, J = 2.5 Hz), 127.3 (d, J = 2.5 Hz), 122.7 (d, J = 8.5 H2),
122.6, 119.2 (d, J = 23.6 Hz), 118.7 (d, J = 8.1 Hz), 115.8 (d, J = 23.9 Hz), 71.3, 34.0, 13.2;
19 NMR (377 MHz, CDCl): § (ppm) -119.5; HRMS (ESI TOF) m/z: calcd for C13H11FNOs
(M + H)* 248.0723; Found, 248.0717.

7-Chloro-2-ethylchromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ai):

Cl

Compound 3ai was synthesized following the general procedure-C. The product
was obtained as white solid, 21.0 mg (80% yield); R¢=0.5 (petroleum ether/EtOACc
75:25); *H NMR (400 MHz, CDCls): & (ppm) 7.30 (t, J = 2.7 Hz, 1H), 7.28 (d, J
= 2.5 Hz, OH), 7.07 (dt, J = 8.3, 0.8 Hz, OH), 5.27 (d, J = 2.2 Hz, OH), 3.71 (qd, J
=7.2,2.0 Hz, 1H), 1.26 (t, J = 7.2 Hz, 1H); *C{*H} NMR (100 MHz, CDCls): §
(ppm) 170.2, 164.7, 153.1, 132.4, 129.4, 128.4, 127.1, 123.0, 122.4, 118.8, 71.3,

34.0, 13.2; HRMS (ESI TOF) m/z: calcd for CisHuiCINOs (M + H)* 264.0427; Found,

264.0422.
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2-Ethyl-7-methoxychromeno(2,3-c]pyrrole-1,3(2H,3aH)-dione (3aj):
OMe Compound 3aj was synthesized following the general procedure-C. The product
was obtained as white solid, 14.0 mg (54% vyield); R¢ =0.45 (petroleum
) ether/EtOAC 75:25); 'H NMR (400 MHz, CDCls): & (ppm) 7.33 (d, J = 2.2 Hz,
N o 1H), 7.06 (dd, J =8.9, 0.7 Hz, 1H), 6.89 (dd, J = 8.9, 3.0 Hz, 1H), 6.83 (d, J = 3.0
° ) Hz, 1H), 5.22 (d, J = 2.2 Hz, 1H), 3.80 (s, 3H), 3.70 (qd, J = 7.2, 2.3 Hz, 2H), 1.26
(t, J = 7.2 Hz, 3H); BC{*H} NMR (100 MHz, CDCls): § (ppm) 170.7, 165.0, 155.4, 148.6,
128.3,122.3, 121.8, 118.6, 118.2, 114.0, 71.4, 56.0, 33.9, 13.3; HRMS (ESI TOF) m/z: calcd

for C14H14NO4 (M + H)*: 260.0923, Found:260.0930.

(0)

7-Allyl-2-ethyl-5-methoxychromeno[2,3-c]pyrrole-1,3(2H,3aH)-dione (3ak):
Compound 3ak was synthesized following the general procedure-C. The
product was obtained as white solid, 12.7 mg (42% vyield); Rf =0.35
(petroleum ether/EtOAc 75:25); *H NMR (400 MHz, CDCls): & (ppm) 7.32
o | (d, J=2.2 Hz, 1H), 6.77 (dd, J = 18.1, 1.9 Hz, 2H), 5.99 — 5.88 (m, 1H), 5.23
© (d,J=22Hz 1H),5.13 (g, J = 1.3 Hz, 1H), 5.09 (dg, J = 5.6, 1.6 Hz, 1H),
) 3.91-3.85(m, 3H), 3.70 (qd, J = 7.2, 2.9 Hz, 2H), 3.34 (dt, J = 6.6, 1.5 Hz,
2H), 1.24 (t, J = 7.2 Hz, 3H); 3C{*H} NMR (100 MHz, CDCls): & (ppm) 170.2, 165.1, 148.8,
142.3, 136.8, 135.1, 128.5, 122.4, 121.4, 121.2, 116.7, 116.1, 71.3, 56.3, 39.8, 33.8, 13.3;
HRMS (ESI TOF) m/z: calcd for C17H18NO4 (M + H)* 300.1236; Found, 300.1238.

J

MeO

9-Ethylbenzo[5,6]chromeno|2,3-c]pyrrole-8,10(7aH,9H)-dione (3al):

Compound 3al was synthesized following the general procedure-C. The product
was obtained as white solid, 15.0 mg (54% vyield); Rs =0.45 (petroleum
ether/EtOAc 75:25); *H NMR (400 MHz, CDCl3): & (ppm) 8.03 — 7.97 (m, 2H),
7.85(d, J=8.9 Hz, 1H), 7.82 (dt, J = 8.2, 0.8 Hz, 1H), 7.60 (ddd, J =8.4,6.9, 1.3
Hz, 1H), 7.46 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 7.31 (dd, J = 8.9, 0.7 Hz, 1H), 5.34
(d,J=2.1Hz, 1H),3.74 (qd, J=7.2, 1.2 Hz, 2H), 1.29 (t, J = 7.2 Hz, 3H); *C{‘H}
NMR (100 MHz, CDCls): 6 (ppm) 170.7, 165.3, 154.0, 133.7, 131.2, 130.0, 129.0, 128.4,
125.4, 125.2, 122.1, 118.6, 117.8, 115.9, 71.3, 33.9, 13.3; HRMS (ESI TOF) m/z: calcd for
C17H14NO3 (M + H)* 280.0974; Found, 280.0970.
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(2)-3-allyl-1-ethyl-3-(phenylthio)-4-(2,4,6-trimethoxybenzylidene)pyrrolidine-2,5-dione
(1ad-DK):
MeO Compound 3al was synthesized following the procedure in Section 5.5
OMe (Scheme 2C). The product was obtained as yellow liquid, 36.0 mg (80%
MeO H yield); Rr=0.3 (petroleum ether/EtOAc 75:25); *H NMR (400 MHz, CDCl5):
o 6 (ppm) 7.60 — 7.55 (m, 2H), 7.33 — 7.27 (m, 1H), 7.22 (ddt, J = 8.3, 6.4, 1.4
) Hz, 2H), 7.17 (s, 1H), 6.13 (s, 2H), 5.71 (dddd, J = 16.7, 10.1, 8.2, 6.3 Hz,
1H), 5.17 (dg, J = 17.1, 1.3 Hz, 1H), 5.07 (dd, J = 10.1, 1.9 Hz, 1H), 3.83 (s, 3H), 3.78 (s, 6H),
3.32(qd, J=7.2, 3.5 Hz, 2H), 2.97 — 2.90 (m, 1H), 2.72 (ddt, J = 13.3, 6.3, 1.2 Hz, 1H), 0.78
(t, J = 7.2 Hz, 3H); B®C{*H} NMR (100 MHz, CDClz): § (ppm) 174.7, 166.2, 162.6, 159.3,
137.3,132.5, 130.9, 129.8, 129.6, 129.5, 128.8, 120.5, 105.9, 90.4, 59.2, 55.6, 55.5, 41.4, 33.2,
13.0; HRMS (ESI TOF) m/z: calcd for CasH2sNOsS (M + H)* 454.1688; Found, 454.1687.

204



Chapter 4B: Photochemical reactivity of diazosuccinimide

4B.14.4. Appendix-1V: H, BC{'H}, and ®F NMR spectral data of representative

compounds

Compounds Figure IV.X Data Page No.
1'ac Figure IV.1 and IV.2 'H and 13C 206
1'gc Figure IV.3 and IV.4 'Hand 13C 207
lac Figure IV.5 and IV.6 "H and 13C 208
1gc Figure IV.7 and IV.8 'H and 13C 209
3ac Figure IV.9 and IV.10 'H and 13C 210
3gc Figure IV.11 and IV.12 "H and 13C 211
3ad Figure IV.13 and IV.14 'H and 13C 212

lad-DK Figure IV.15 and IV.16 "H and 13C 213
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4B.15. Crystal data:
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Datablock: dia 1 a

Bond precision:

C-C = 0.0030 A

Wavelength=0.71073

Cell: a=9.835(3) b=17.357(5) c=7.511(2)
alpha=90 beta=110.063(9) gamma=90
Temperature: 100 K
Calculated Reported
Volume Space 1204.4(6) 1204.3(6)
groupHall P21/c P21/c
group -P 2ybc C13 -P 2ybc C13
Moiety formula HI1 N3 03 HI1 N3 03
Sum formula C13HIIN3 O3 CI3HIIN3 O3
Mr 257.25 257.25
Dx,g cm-3 1.419 1.419
Z 4 4
Mu (mm-1) 0.104 0.104
F000 536.0 536.0
F000’ 536.26
h,k,Imax 12,22,9 12,22,9
Nref 2812 2741
Tmin, Tmax
Tmin’

Correction method= Not given

Data completeness= 0.975 Theta (max)= 27.679

R(reflections)= 0.0562( 2332)
wR2 (reflections) =

0.1804( 2741)

S =1.134 Npar= 174
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Highly Regio- and Chemo-selective Arene Cyclopropanation using Donor-
/Acceptor- type Propargyl a-pentafluorophenyl-a-diazoacetate via
Scandium Catalysis

This chapter discloses the first ever direct access to norcaradiene by the
dearomatization strategy of arenes in presence of a Lewis acid catalyst. The direct
dearomatization of benzenoids in presence of a Lewis acid is highly challenging owing to few
competitive side reactions. Benzenoid molecules are also important carbogenic feedstock
chemicals in organic synthesis. The direct dearomatization of benzenoids holds high synthetic
value by mobilizing one double bond of the aromatic ring at the expense of intrinsic aromatic
stabilization to form higher-order carbocycles. The inherent challenges such as regiocontrol,
stereoselectivity and tautomeric composition for the three non-equivalent sites for dictating
site-selectivity limit the “undirected strategy” for the development of intermolecular 1,3-
cyclohexadiene motifs or norcaradienes (NCDs). Herein, in this chapter, an undirected
strategy for a highly regio- and chemoselective arene cyclopropanation has been described
under scandium catalysis via the development of novel propargyl a-pentafluoroaryl-a-
diazoacetate to obtain stable NCDs. A variety of unactivated as well as electronically activated
arenes have been dearomatized using this protocol. The synergistic combination of scandium
triflate as a catalyst and propargyl a-pentafluoroaryl-a-diazoacetate as a novel reagent played
a pivotal role for the effective dearomatization of arenes without the assistance of any directing
group or ligand. As an application of the strategy, the norcaradienes have been subjected to

further transformation to access bicyclic carbocycles of ST-246 orthopox antivirals.

5.1. Introduction

Benzenoid molecules are very important carbogenic feedstock chemicals and have been
utilized organic synthesis.! The direct dearomatization of benzenoids holds a high synthetic
value as it demands the mobilization of one double bond of aromatic ring at the expense of
intrinsic aromatic stabilization to form a higher-order carbocyclic product. ? These higher-order
carbocyclic products are very useful as they can further be utilized to construct the complex
molecules/building blocks. However, some of the major challenges such as controlling
regioselectivity, stereo-selectivity and the tautomeric nature of the three non-equivalent sites

limit the “undirected strategy” to develop an intermolecular strategy to access 1,3-
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cyclohexadiene motifs or norcaradienes (NCDs) 4 (Scheme 5.1A).2 Nevertheless,
intramolecular strategies have proven to be regioselective by restricting the access to distal
sites.*®> Numerous studies on the transition-metal-catalyzed arene cyclopropanatio have been
developed to access the NCDs. However, the competitive side reaction (Buchner ring
expansion product — cycloheptatriene (CHTs 4) formation) severely hampered NCDs
formation.® However, this also leads to some of the useful compounds and a couple of examples
based on this process have been depicted in Scheme 1B. Nevertheless, stable NCDs formation
via “undirected” approach or intermolecularly without any competitive side reactions remain

to be challenging especially through metal-catalyzed diazo cycloaddition chemistry.

A. Challenges and underlying concepts: B. Tethering to enforce regioselectivity: Restricting access to distal sites
)\ C7-site 3 Mander Synthesis of harringtonolide (1998)
Nz R R
B dearomatization 23 O A=\ O MeO. MeO,
L I = — | OG «CO,Me Rhy(mandelate),
= N — <5 _TerE I ,‘\COZMe
2 ; 5
. X norcaradienes . Me Me OM . R
Egt:figlzld starting N (precursor of carbene) cycloheptatrienes N, /?i)\ e Me
issue: stabilization factors 0 R="¢ Y OMe [¢)
- - OTBS
/
[1’ 03 Reisman Synthesis of salvileucalin B (2011)
[ Selectivity issues: Possible 0.

isomers:

R
X F R R [
I Y Y .
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higher-order carbocycles
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(via Diene functionalization)
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Scheme 5.1. Previous approaches to NCDs and associated challenges.

Traditionally, extensive metal catalysts and/or ligands have been utilized to carry out
the cyclopropanation of arenes via carbene transfer reaction.®® Moreover, unlike the acceptor-
only or donor-only diazoalkanes, the donor-/acceptor-type of diazoalkanes are comparatively
less reactive as well more stabilized and they found to have relatively limited synthetic
applications.®®’

In 2017, Beeler and Fleming®® have explored the very first intermolecular strategy using
donor-acceptor type diazoacetates such as ethyl phenyl diazoacetate 1¢’ and arenes (2-methyl
anisole) 8o in presence of dirhodium catalyst through continuous flow technique. However,
Buchner type ring expansion lead to the formation of cycloheptatrienes Soc¢’ in good yields (up
to 82%) with moderate to high enantioselectivity (up to 96% ee) and regioselectivity (Scheme
5.2).
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Scheme 5.2. Continuous Flow technique: Beeler’s approach to Buchner ring expansion.

Usually, it is quite intricate to construct the highly substituted cyclopropane motifs
exclusively through cycloaddition of disubstituted diazo compounds with arenes as competing
and simultaneous C—H insertion process along with Buchner ring expansion reactions thus
significantly lowering the yields of the desired cyclopropanation products (Figure 5.1).8 Thus,
continued effort is required in order to get access to fully cyclopropane structural pattern onto

the arene, supressing the competitive side reactions.

Challenges to deal with alkyl-substituted benzenoids:
R

" ) 6 ) )
i possible 'S_O Q, Q\ F
N ) I + @ +
N reaction outcome + (><© + ©<®
2 A =

2 1 C-H insertion arene C-H  norcaradienes  cycloheptatrienes  self-coupling
with methyl-substituented functionalization
benzenoids 7 3 4 5 6

Figure 5.1. Possible reaction outcome of alkyl-substituted arenes and diazo compounds.

Owing to some of these challenges, well explored studies to access norcaradienes
directly using donor-/acceptor-type diazo compounds are limited in literature. Nevertheless,
few synthetic strategies have been developed at elevated temperature (Scheme 5.3A).° Very
recently, Koenigs and coworkers’ have reported the first visible light-induced strategy for the
cyclopropanation of arenes 2 using diazo compounds 1 (Scheme 5.3B). However, this protocol
utilized a few limited arenes to synthesize norcaradienes 4 selectively. However, the protocol
did not explore the arenes having different electronic properties possibly due to the competitive
side reactions (Scheme 5.3B).

After gleaning through the literature and detailed analysis, we realized that selective
formation of norcaradienes with enhanced yields are favoured over intramolecular Buchner-
type products depending on the subtle electronic changes in the substrates.® Especially, for the
intermolecular strategies, CHTs==NCDs equilibrium favours NCDs valence tautomers

depending on the electronic properties of the geminal substituents at C-7. ! These substituents
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A. Previous approaches with donor-/acceptor-type diazo compounds
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Scheme 5.3. Previous synthetic efforts to access NCDs using donor-acceptor-type diazo

compounds.

are strong m-acceptors and are recognized to be strong acceptor-/acceptor-type diazo
compounds.'! Hence, accessing NCDs using donor-/acceptor-type diazo compounds are highly
challenging as well as demanding due to electronic stabilization factors and also for the
developing alternative wider synthetic applications.

Very recently, our research group!? for the time successfully demonstrated that Lewis
acid catalyst such as scandium triflate is an active, more safer and commercially viable
alternative to the many known transition-metal catalysts (Scheme 5.4).2 It has been proven
that “undirect strategy” for the effective C—H bond functionalization of unactivated arenes 2
via transient scandium carbene intermediate (Scheme 5.4). It has been shown that synergistic
combination of novel propargyl a-aryl-a-diazoacetates 1 as reagents and scandium triflate as
catalyst is necessary for the effective C—H bond functionalization. Interestingly, we did not
observe any competitive products emanating from cyclopropanation of arenes 2 as well. This
may be due to the Lewis acid effect that favours aromatized products,* or the cyclopropanation
product might not get stabilized due to C-7 substituents. Consequently, facilitating the
cyclopropanation of arenes in presence of a Lewis acid as catalyst is highly challenging and

yet unexplored area of arenes via dearomatization strategy.
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By Bhat and coworkers in 2021:
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Scheme 5.4. Site-selective C—H functionalization under scandium catalysis.

In order to address some of these inherent challenges, we planned to design and develop
newly decorated donor-/acceptor-type diazo compounds. We planned to synthesized new
donor-/acceptor-type diazo compounds 1 with tuned electronic properties so that they are
potentially capable of overcoming the limitations so as to access the substituted cyclopropane
derivatives 4 successfully (Scheme 5.5). In this regard, based on our research experience and
understanding we finalized modified the a-aryl-a-diazoacetates with fluoro-substituents at the
phenyl ring and/or propargyl group at the ester part. We strongly believed that these strongly
electron deactivating functional moiety (-F) have a great ability to modulate the electronic and
steric factors in such a way that the donor-/acceptor-type diazoacetates would behave more like

acceptor-/acceptor-type diazoacetates.

Herein, in this chapter, we present the design, development of newer diazoacetates as
reagents and successful demonstration of a synthetic protocol for the site-selective carbene

addition to the unactivated and electronically deactivated arenes via scandium catalysis.

Our Approach in this chapter:

R e Lewis acid
| \/~ O\R catalyst
+
Z @ 0
2 1

Aim and challenges of this strategy to direct access to norcaradienes:
3 Developing robust reagent-catalyst system

= Tuning carbene reactivity by modulating electronic as well as steric aspects of diazo
functionalities

Scheme 5.5. Our synthetic approach to access norcaradiene via the development of novel diazo

acetates.
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5.2. Results and Discussion
5.2.1. Our hypothesis to overcome inherent challenges:

The reactivity of different metal-carbenoids has been long and well-studied. It has been
well understood that not only the manipulation and modulation of the electronic and steric
properties of diazo functionalities are important but also the effect of metal/ligand are equally
important to bring about the successful synthetic transformations.®'> However, in spite of the
research progress, it’s still challenging to develop novel reagent and catalysts system looking
at intricacies and properties of different substrates and to achieve the desired transformation
selectively and exclusively without any side reactions.

Very recently, Davies and coworkers®® have disclosed that the reactivity profile of the
few donor-/donor-type carbenes similar to that of the donor-/acceptor-type carbenes owing to
their structural arrangements that are enabled from the electronic as well as steric influences of

their carbene functionalities (Scheme 5.6).

L Effect of torsion angle relying on carbene functionality

OMe OyN

(M] [M]
1k r torsion angle for electron  torsion angle for
poor or hindered aryl ring electron rich aryl ring

m MeO 1c': 88.9 7.3
~o
‘ 1j': 77.0 6.7
[M]
v ©l 1K' : 41.0 28.6
ic’
1j° 10 49.2 25.2

N

Scheme 5.6. Effect on reactivity profile due to steric and electronic factors.

Influenced by this concept and from the understanding that prime requisite of electronic
properties of the substituents that would be facilitate the formation of NCDs with geminal
substituents at C-7 positions, we plan to design the diazo acetates accordingly. In view of this,
we hypothesized that the strongly electron deactivating/withdrawing groups (strong electron
pulling properties) at the ester part as well as the phenyl ring of a donor-/acceptor- type
diazoacetate may enhance the electrophilicity so as to react synergistically with Lewis acid
catalyst to bring about the dearomatization of arenes. However, optimum balancing of
reactivity and stability is the key factor during the development of new reagent-catalysts system

for the effective and efficient transformation.
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5.2.2. Initial optimization: Survey of arene part of a-aryl-a-diazoacetate:

In order to validate our hypothesis, we commenced with propargyl a-(4-nitrophenyl)-
a-diazoacetate 1a as a model reagent in dry benzene as solvent in presence of catalytic amount
(5 mol%) of scandium triflate at different temperature ranges in inert atmosphere. However,
the a-diazoacetate 1a was decomposed at 80 °C, while at the other temperature range (rt to <75
°C) the a-diazoacetate 1a found to be unreactive (see Experimental Section 5.4.3, Table 5.3).
Later, we synthesized the propargy! a-(4-trifluoromethylphenyl)-a-diazoacetate 1b and upon
treatment of 1b with benzene 2a at different temperatures (rt and 80 °C) did furnish the
corresponding desired product. However, the propargyl 3,5-(di-trifluoromethylphenyl)-a-
diazoacetate 1c furnished the undesired corresponding benzene C-H functionalized product
3ca. Interestingly, the propargyl a-(2,4-difluorophenyl)-a-diazoacetate 1d reacted with
benzene 2a at 80 °C temperature to afford the desired dearomatization product propargyl 7-
(2,4-difluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate 4da in excellent
diastereoselectivity (in 6 h) albeit in poor yield (46%) along with the competitive C—H
functionalization product propargyl 2-(2,4-difluorophenyl)-2-phenylacetate 3da (42% yield).
However, gratifyingly, we did not detect any Buckner expansion product-cycloheptatriene 5da
even in trace. In order to have deeper understanding on whether or not the electrophilicity
profile of the diazo carbon center playing any crucial role to furnish the dearomatized product,
we further planned to study the effect of fluorine substituents at different locations. In this
regard, we synthesized fluorine substituents at different positions of the phenyl ring of the
propargyl a-aryl-a-diazoacetate (see Scheme 5.6). We explored the reactivity of these different
propargyl o-(fluorophenyl)-a-diazoacetates (1b-1h) by treating with benzene 2a at room
temperature as well at an elevated temperature (80 °C). Surprising, we observed an intriguing
trend of reactivity for the outcome of the desired dearomatization product 4da, especially when
fluorine substituents at the ortho-positions of the phenyl ring irrespective the number of
fluorine substituents. We observed that in case of a-(2,6-difluorophenyl)-a-diazoacetate 1e,
(2,4,6-trifluorophenyl)-a-diazoacetate 1f corresponding desired products 4ea and 4fa formed
exclusively in 48% and 60% vyield respectively. Surprisingly, the reaction of (3,4,5-
trifluorophenyl)-a-diazoacetate 1g with benzene 2a afforded the corresponding C-H
functionalized product 3ga in 80% vyield (Scheme 5.6). These interesting observations
demonstrated that not only the synergistic combination of the reagent-catalyst system, degree
of electrophilicity at diazo carbon center are important, but also degree of steric effect driven
from the number of ortho-substituents is extremely crucial for enabling the formation of desired

dearomatization product 4. Based on these observations, finally we synthesized the propargyl
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a-pentafluorophenyl-a-diazoacetate 1h and subjected the same with benzene 2a in presence of
Sc(OTf)3 (5 mol%) under inert atmosphere at an elevated temperature (80 °C). Interestingly,
we obtained the corresponding desired cyclopropanation product in 68% yield with an
excellent diastereoselectivity, without any trace of competitive side products (Scheme 5.6).12

o
Sc(OTf)3 (5 mol%) 9 o
O\/ © 3 + H H + //\ ¢}
time, rt and 80 °C pu O z P O\/// pu O\/// Z pu | 0\///
) (&) ) )
o (o}

(0] (0]
1a-1h 2a 3a 4a 5a 6a
(as solvent) C-H Dearomatization Buckner ring self-coupled
functionalization expansion
F F F. 5 i
- Sy 2y FoC g s . F .
TSN i > e Ul s i ' :
F
O,N F3C F F F F
CF, F F F F L
a b c d e f g h
outcome in tested
reaction conditions: DC¢, 12 h DC¢ 12 h 3ca, 6h 3da+4da,3h 4ea, 12h 4fa, 12 h 3ga,5h 4ha, 12 h
yield® (%): - - 75% 42% 46% 48% 60% 80% 68%

@Tested reaction conditions: Diazo acetates 1a-1h (0.5 mmol, 1.0 equiv.) and Sc(OTf)s (5 mol%) was added in
dry Benzene 2a (2.5 mL) under inert atmosphere, reaction was carried out at both rt and 80 °C. yield of isolated
product after purification by column chromatography. °DC - Decomposed. All the reactions were remained
unaltered at rt (27 °C). In all cases, reactions did not proceed at rt.

Scheme 5.6. Initial optimization: Survey of aryl part in propargyl a-aryl-a-diazoacetate.
5.2.3. Our postulates:

Having obtained certain insights from the exhaustive and systematic screenings, we
further observed the torsion angle 66.61° between phenyl group and diazo group in the
molecular structure of 1h (as determined by single crystal X-ray analysis).'® As per the recent
report!” of Davies, Musaev and coworkers, this steric hindrance is significant enough to twist
the group out of the plane. Based on these, we postulated that along with electronic factors, the
steric interference may be twisting the phenyl ring to orient out of plane. Hence, as the phenyl
group would weakly interact with the empty =-orbital of carbene. Possibly, due to these
reasons, the pentafluoro phenyl group in the diazo acetate 1h is behaving like weak acceptor
(see Scheme 5.7A). These factors would enable the reactivity of the a-pentafluorophenyl-a-
diazoacetate 1h with benzene 2a to obtain the desired product 4ha. It is very important to note
that in our previous report, we had demonstrated that benzene successfully underwent C-H
functionalization under the same reaction conditions while using the donor-/acceptor-type
propargyl a-phenyl-a-diazoacetate 1¢’’ (Scheme 5.7B). With the increase in the number of

fluorine atoms on the phenyl ring of the diazoacetate clearly enhanced the electrophilicity of
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carbene carbon center induced by the electron-pulling effect (by -I effect) of fluorine atoms

there by in enhanced the yield of the desired product 4ha (see Scheme 5.6).

o @ catalysis ¢
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Scheme 5.7. (A) Expected reason for the formation of norcaradiene vs (B) previously reported
C—H functionalization.

5.2.4. Initial optimization — Survey of ester part of a-aryl-a-diazoacetate:

Further, in order to investigate the role and necessity of propargyl group at the ester
part of a-aryl-a-diazoacetate, we prepared few different a-pentafluoro-a-diazoacetates having
different ester moieties (1i, 1j, 1K) and were subjected to the reaction in presence of scandium
triflate (5 mol%) in benzene 2a at 80 °C under inert atmosphere (see Scheme 5.8). However,
we observed that a gradual and significant decrease in the yields of the dearomatization
products 4ia, 4ja, 4ka moving from 2,2,2-trifluoroethyl group, ally group to methyl group

respectively (Scheme 5.8). These results clearly indicated the role of electron withdrawing

_ Su(0Th;
“80°C, 12h

*\.only product.”’
1h, yield 68% 1i, yield 48% 1j, yield 30% 1Kk, yield 23% el

T First time invented O Synthesized up to 1g scale quantity

Bench-stable diazo compounds (Storage: at <10 °C for longer time use)

Scheme 5.8. Survey of ester part in a-pentafluoro-a-diazoacetates.
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capability there by enhancing the electrophilicity and further demonstrated that crucial role of
propargyl group on the overall transformation. In our earlier study,'? we have clearly disclosed
the role and effect of propargyl group in the overall transformation. The propargyl group has
been proved to enhance the electrophilicity of carbene center for the better reactivity based on
the computational DFT studies, Fukui function calculations of the diazo carbon center and the

supporting control experimental results.
5.2.5. Optimization of the reaction condition — for the broader applicability:

Organofluorine compounds, especially polyfluoroarene containing organic compounds
have exceptional applications in agrochemicals, pharmaceuticals as well as in the field of
material science.'® For instance, antagonist Atogepant (Qulipta) 1V, antibiotic Orbifloxcin V,
Diflunisal VI are some of the top-selling pharmaceutics having fluoroarene moiety. While the
Fenfluthrin V111, Tefluthrin X are some of the well-known agrochemicals and the useful liquid

crystal VI contains the polyfluoarene subunit (Figure 5.2).

3 Drug molecules CJ Agrochemicals
g CsHaq
Q /N 4 CO,H cl
H Y ’
F3sC OH 'n/
Me O O vin ©
Fenfluthrin
F F HN\)
P v Fw
Atogepant (Qulipta™) Orbifloxcin Difunisal F F FsC
Fovi
Liquid crystal Tefluthrin ( Syngenta 1986

Figure 5.2. Polyfluoroarene and cyclopropane containing Pharmaceuticals, Agrochemicals

and Liquid Crystal.

Encouraged by the initial promising results and considering the importance of
polyfluoroarene containing organofluorine compounds and their market share, we further
planned to optimized the reaction to improvise the yield and broaden the wider substrate scope.
In this regard, we planned to screen few different Lewis acid catalysts in dry benzene using
initially optimized the model substrate: propargyl a-pentafluoro-a-diazoacetate 1h. To begin
with we screened different triflates of scandium, indium, ytterbium, bismuth, yttrium, and iron
as catalysts at an elevated temperature (80 °C, Table 5.1, Entries 1-7). Gratifyingly, among all
the catalysts screened, Sc(OTf)s proved to be more efficient catalyst for the desired
transformation to access the desired product 4ha in higher yield with excellent

diastereoselectivity (68%, Table 5.1, Entry 1). Lewis acid such as FeCls.6H20 also found to be
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ineffective in catalyzing the reaction as it afforded the desired product 4ha in very poor yield
(8%, Table 5.1, Entry 8). Later, we screened silver, rhodium, gold catalysts and they were
found to be inefficient for the desired transformation as well (Table 5.1, Entries 8-10). In order
to rule out the possibility of formation of triflic acid (TfOH) in situ (hydrolysis of scandium
triflate due to moisture if any) and possibility of catalyzing the reaction, we screened the
reaction of propargyl a-pentafluoro-a-diazoacetate 1h and benzene 2a in presence of TfOH (5
mol%) as catalyst at 80 °C (Table 5.1, Entry 11). However, the desired product formed in very
poor yield thus ruling out the possibility of TfOH catalyzing the transformation. While the
reaction in the absence of Sc(OTf)s did not proceed even after prolonged reaction time thus

confirming the necessity of the scandium triflate for driving the reaction (Table 5.1, Entry 12).

Table 5.1. Optimization of reaction conditions?

N | E
2 . © Catalyst (5 mol%) + H Ho . . | E F 2
o O time, 80 °C 1 O =

]

: F F
3ha 4ha 5ha 6ha i
]
]
]
]

;

" (as szf\‘/ent) Q= }{[ro\///
0

Entry Catalyst Time (h) Yield” (%) of 3ha/4ha/5ha/6ha

1 Sc(OTH), 12 n.d./68/n.d./n.d.

2 In(OTf), 12 n.d./60/n.d./n.d.

3 Yb(OTH), 12 n.d./trace/n.d./n.d.

4 Bi(OTH), 12 n.d./10/n.d./n.d.

5 Y(OTf); 12 n.d./18/n.d./n.d.

6 Fe(OTf), 24 n.d./n.d./n.d./n.d.

7 FeCl,.6H,0 12 n.d./8/n.d./n.d.

8 AgSbFs 8 n.d./n.d./n.d./<S

9 Rh2(OAc)4 6 n.d./n.d./n.d./<S

10¢ LAuPhCNSbFs 30 min n.d./7/n.d./n.d.

11 TfOH 12 n.d./8/n.d./n.d.

12 - 24 NR

134 Sc¢(OTH), 18 n.d./71/n.d./n.d.

144 Sc(OTH), 18 n.d./38/n.d./n.d.

154/ Sc(OTH), 24 n.d./40/n.d./n.d.

@Reaction conditions: diazo compound 1h (0.5 mmol, 1.0 equiv.) and Sc(OTf)s (5 mol%) was added in benzene
(2.5 mL) under inert atmosphere and reaction mixture was reflux at 80 °C, Note that reaction at room temperature
did not work; reaction was monitored by TLC. Plsolated yield after purification by column chromatography. ¢1h
was consumed in 30 min. 91h (0.5 mmol, 1.0 equiv.), benzene 2a (5.0 mmol, 10.0 equiv.) and Sc(OTf)s (5 mol%)
in 1,2-DCE (2.5 mL) and reflux the mixture at 80 °C. (AgSbFs (5 mol%) was added. f 2.5 mol% of Sc(OTf); was
used. L = (2,4-'Bu2CsHs0)sP. NR = No reaction. n.d. = not detected.
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Further, we screened the reaction in different solvents and among all 1,2-dichloroethane
(1,2-DCE) was found to be more advantageous for the effective transformation (Table 5.1,
Entry 13). After the careful investigations on different parameters, we looked into the effect of
any additive on the reaction. The addition of AgSbFs (5 mol%) as an additive along with
Sc(OTf)3 (5 mol%) catalyst reduced the yield of desired product 4ha significantly (Table 5.1,,
Entry 14). Lowering of the catalyst loading further (2.5 mol% of Sc(OTf)s) furnished the
desired product 4ha with diminished yield (40%, Table 5.1, Entry 15).

Based on the detailed and systematic screening, propargyl a-pentafluorophenyl-a-
diazoacetate 1h, benzene 2a (10 equiv.) in 1,2-DCE (0.1 M) in presence of Sc(OTf)sz as catalyst
(5 mol%) at an elevated temperature (80 °C) for 18 h under inert atmosphere proved to optimum
reaction condition to obtain the challenging dearomatized product (NCDs) 4ha in 71% yield

with excellent diastereoselectivity.
5.2.6. Investigation for the feasibility of the protocol — Substrate scope studies:

This robust reagent-catalyst system was found to be applicable to a range of unactivated
arenes and the norcaradiene products were obtained with good selectivity. Generally, the alkyl-
substituted arenes should have a significant impact on regioselectivity as well as on the NCDs

— cycloheptatriene equilibrium.

Having obtained the optimized reaction conditions, we further planned to explore the
substrate scope for generality of this dearomatization protocol. To begin with we treated the a-
pentafluorophenyl-a-diazoacetate 1h with different alkyl-substituted arenes (2b-2d) under the
optimum reaction conditions. Gratifyingly in all the cases, exclusively desired norcaradiene
products (4hb-4hd) were obtained in moderate to good yields (up to 76%) with moderate regio-
controlled way without any trace of cycloheptatriene side product (Table 5.2). Moreover,
dialkyl substituted substrate such as p-cymene 2e also reacted with 1h under optimum reaction
conditions to furnish the corresponding cyclopropanation product 4he in modest yield with
exclusive diastereo- and regio-selectivity (40% vyield, Table 5.2). Notably, the reactions of
alkyl-substituted arenes (2c-2e) also provided an important information of chemoselectivity,
as these substrates are also highly suitable for the competitive C—H bond functionalization of
arene C—H bond as well as alkyl C-H bond.® However, it’s very important to highlight that
under the reaction conditions the 1h exclusively afforded the NCDs and we did not detect even

trace of C—H functionalized products. Later we treated different xylene derivatives with 1h
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under the optimized reaction conditions and interestingly, we observed a unique reactivity
pattern to furnish the norcaradienes (4hf-4hh) (Table 5.2). The p-xylene 2f efficiently

O)J\n/o/// r*o\, Sc(OTH); (5 mol%)
+ Ar !
z)

pF DCE, 80 °C

4ha, 71% 4hb, 76%, rr = 1:1 4hc, 68%, rr=1.3:1 4hd, 72%, rr = 1:1 4he, 40%
Me OMe
Me
HMe
Z
O\/// 0\/// O// 0\///
o] o o]

4hf, 42% 4hg, 56% 4hh, 64%, p:o = 90:10 4hi, 70%, p:o = 85:15 4hj, 80%, rr = >20:1

4hk, 80% 4hl, 54% 4hl', 48% 4hm, 82%

Table 5.2. Survey of substituted arenes and polycyclic arenes in cyclopropanation.
Stereochemical structures have been mentioned according to the crystal structure of
norcaradiene.

underwent reaction with 1h to afford the desired norcaradiene 4hf with excellent selectivity
though in modest yield (42% yield). While, the m-xylene 2g afforded the norcaradiene in good
yield (56%) with high regio- and diastereo- selectivity. On the contrary, o-xylene 2h furnished
the aromatic C—H functionalization product 4hh in 64% yield of mixture of regioisomers (p:o
- 90:10 regioisomeric ratio). Interestingly, indane 2i under the optimized condition reacted with
1hto furnish the corresponding site-selective aromatic C—H functionalization product 4hi (70%
yield). Also, an activated arene such as anisole 2j on treatment with 1h afforded the

corresponding the C—H functionalization product 4hj with exclusive regioselectivity (rr >20:1)
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and we had not obtained this result in our previous report'? with propargyl a-phenyl-a-
diazoacetate. Further, we explored the reaction with different polycyclic arenes (2k-2m) in
order to understand the practicability of this developed protocol. All of these polycyclic arenes
worked reacted smoothly under the optimized reaction condition to afford the corresponding
norcaradiene products 4hk, 4hl, 4hl’, 4hm in good yields with excellent diastereoselectivity
and good regioselectivity (up to 82%). Interestingly, 2-bromo-6-methoxynaphthalene 2I
furnished two isolable regioselective norcaradienes (4hl and 4hl") resulting from reaction at
two different sites of two phenyl rings.

5.2.7. Synthetic utility of norcaradiene:

Having developed a robust protocol for accessing the norcaradiene directly and
exclusively, we planned to explore the synthetic viability of norcaradiene by further utilizing
in transformation to synthesize the molecule of importance. Previously reported methods for
the norcaradiene functionalization have been restricted over the use of cycloheptatriene as
starting congener and its CHTs==NCDs equilibrium.***® The diene functionalization of the
norcaradiene in considered to be challenging as it enables the stereo-defined cyclohexanes. In
this regard, we carried out the [4+2]-cycloaddition of 4ha with a hydrazide-derived maleimide
10. Gratifyingly, the reaction delivered the desired cycloadduct 8ha as a single diastereomer
in in excellent yield (92%) (Scheme 5.9). This interesting core scaffold is very important and
is core to the very useful orthopox antivirals such as ST-246. It is very important to highlight

that we have developed a novel pathway to synthesize this bioactive scaffold.

Tz

structural framework of
ST-246 orthopox antivirals

9ha (82 mg, 91%) 4ha (0.3 mmol) 8ha (172 mg, 92%)
() LiOH.H,0 (2.5 equiv.), THF:MeOH:H,0 (1:1:1), rt, 1h () Brine, 110 °C, 30 min

Scheme 5.9. Practical utility of norcaradiene as synthetic application.
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Further, in order to show the usability of this protocol, we treated norcaradiene 4ha
with LiOH.H20 in methanol: THF:H.O (1:1:1) mixture at room temperature for 1 hour to
hydrolyze the ester moiety for further usability. The corresponding 7-
(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylic acid 9ha was obtained in
excellent yield (91%, Scheme 5.9).

5.3. Conclusions:

In summary, we have successfully developed a robust reagent-catalyst system for the
regio- and chemo-selective dearomatization of the electronically unactivated and activated
arenes. We have disclosed a novel direct synthesis of norcardienes (NCDs) starting from newly
developed propargyl, a-pentafluoro-a-diazoacetates and arenes via scandium catalysis. It is
very important to highlight that this elegant protocol effectively and selectively gives an access
to NCDs without forming the competitive C—H functionalized products and Buckner ring
expansion products. We have also demonstrated that modification of diazo functionalities by
altering the electronic as well as steric properties may bring out the unusual yet useful synthetic
transformations. Intuitively, characteristic changes made on the donor-/acceptor-type diazo
compounds prompted them to behave like an acceptor-/acceptor-type carbene precursors. Also,
the steric effect stemming from the ortho-fluorines at the phenyl ring of the propargyl a-
pentafluoro-a-diazoacetate made it to behave like an acceptor group. Also, the alignment of
the subunit of the diazo acetate has been unambiguously proved by the molecular structure of
the diazo acetate using the single crystal X-ray analysis. The protocol proved to be efficient,
practical and worked well with various alkyl substituted arenes as well as polyarenes system
under the optimized condition to furnish the different norcaradienes in moderate to good yields.
As an application of this protocol, we have demonstrated the synthesis of a congener of
orthopox antiviral such as ST-246. This proved that the core scaffold of this bioactive

compound could be accessed easily.
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5.4. Experimental Section:

5.4.1. General information:

Reagent Information: All reactions were carried out with distilled and dried solvents using
oven-dried glassware under dry Argon atmosphere, unless otherwise stated. All reagents were
purchased from commercial sources and used as received, unless otherwise indicated. Thin-
layer chromatography (TLC) was performed using silica gel 60 GF2s4 pre-coated aluminum
backed plates (2.5 mm) with detection by UV light. Column chromatographic purification of
products was carried out using silica gel (60-120 mesh). Petroleum ether and ethyl acetate
mixture was used as gradient elution for column chromatography.

Analytical Information: All isolated compounds were characterized by *H NMR and *C{*H}
NMR spectra. Nuclear Magnetic Resonance spectra were recorded in CDClz and in
Acetonitrile-ds. The NMR spectra were recorded using tetramethylsilane (TMS) as the internal
standard. *H NMR spectra were recorded at 400/600 MHz and *C{*H} NMR spectra were
recorded at 100/150 MHz (Bruker and Jeol), unless otherwise noted. Chemical shifts (d) are
reported in ppm downfield from CDClz (6 = 7.26 ppm) and from Acetonitrile-d3 (3 = 1.94 ppm)
for TH NMR and relative to the central CDCIs resonance (8 = 77.16 ppm) and Acetonitrile-ds
resonance (& = 1.32 ppm) for *C{*H} NMR spectroscopy. For *H NMR, data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = double doublet, dt = doublet
triplet, td = triplet doublet, tt = triplet triplet, t = triplet, g = quartet, m = multiplet), coupling
constants (J) are given in Hz and integration. *C{*H} NMR spectra were recorded with
complete proton decoupling. *°F NMR spectra were recorded at 377/565 MHz. Mass samples
were analyzed using High Resolution Mass Spectrometer (HRMS)-ESI TOF. Single crystal X-
ray diffraction data were collected on a Bruker SMART APEX four-circle diffractometer
equipped with a CMOS photon 100 detector (Bruker Systems Inc.) and Microfocus (IuS) using
Cu Ka radiation (1.54178 A).

5.4.2. Experimental Procedure:
5.4.2.1. Preparation of Starting Materials:

5.4.2.1.1. General procedure-A for the synthesis of propargyl esters:

F F
=
F OH ove  F o F
+ ///\Br + K,CO3 ———
o] r, 24 h o)
F F F F
F F
11h 12 13h
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The compounds were synthesized following the previously reported procedure.*?? To
the stirred solution of 2,3,4,5,6-pentafluorophenylacetic acid 11h (1 g, 4.5 mmol) in DMF (5
mL) were added propargyl bromide 12 solution 80% in toluene (0.803 g, 5.4 mmol) and K.CO3
(1.24 g, 9.0 mmol). The reaction mixture was stirred at room temperature for 24 h. The progress
of the reaction was monitored by TLC. The reaction mixture was filtered through celite, and
the filtrate was diluted with ice water (30 mL) and extracted with ethyl acetate (3 x 30 mL).
The combined organic layers were washed with cold water and brine solution. The extract was
dried over anhydrous Na>SO4 and filtered. The filtrate was evaporated under vacuum and the
crude product was purified using column chromatography over silica gel to afford product 11h

as a colourless liquid (1.12 g, 94% yield).

5.4.2.1.2. General procedure-B for the synthesis of propargyl diazoacetates:

F F N
Pz QN Pz
O 1 oGO s X
F FO )LN OC2m|n FO
H F
1h

F

The compounds (la-1g) were synthesized following the previously reported
procedure.’>?° The compounds (1h-1k) were synthesized following the previously reported
procedure with few changes as mentioned below:

To the stirred solution propargyl 2,3,4,5,6-pentafluorophenylacetate 11h (1 g, 3.8
mmol) in acetonitrile (8 mL) was added 4-acetamidobenzenesulfonyl azide (1.10 g, 4.56 mmol)
and DBU (0.851 mL, 5.7 mmol) at 0 °C under inert atmosphere. The reaction mixture was
stirred for 2 min at 0 °C. The reaction was quenched with saturated NH4Cl and the product was
extracted with diethyl ether (30 mL x 3). The combined organic layers were washed with brine
solution and dried over anhydrous Na»>SOs. The extract was filtered and the filtrate was
evaporated (bath temperature below 25 °C) under vacuum. The crude product was purified
using column chromatography over silica gel to afford a-(pentafluorophenyl)-a-diazoacetate
1h as a light green solid (0.898 g, 82% vyield).

Crystallization procedure for 1h: 30 mg of propargy! a-(pentafluorophenyl)-a-diazoacetate 1h
was dissolved in hexane (0.5 mL). Few drops of DCM were added over it and kept at -20 °C
for overnight. Crystal shape — cubic, colour — light green. CCDC — 2276981.
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5.4.2.2. General procedure-C for the optimization of arene part and ester part:

In an oven dried 25 mL RB flask equipped with a magnetic stirrer bar, alkyl a-aryl-o-
diazoacetate (1a-1h) (0.5 mmol) and Sc(OTf)3 (5 mol %), dry benzene were added under inert
atmosphere. The reactions were carried out both at ambient temperature and then 80 °C in an
oil bath for 3 — 24 h independently. The progress of the reaction was monitored by TLC. After
completion of the reaction, the solvent was removed under reduced pressure. The crude product

obtained was purified by column chromatography over silica gel to furnish the products 3-6.

5.4.2.3. General procedure-D for the synthesis of norcaradienes:

N, _
F 0// . © Sc(OTf) (5 mol%)
F g © 1,2-DCE, 80 °C, 18 h

In an oven dried 25 mL RB flask equipped with a magnetic stirrer bar, propargyl o-

(pentafluorophenyl)-a-diazoacetate 1h (0.145 g, 0.5 mmol), benzene 2a (0.45 mL, 5.0 mmol),
and Sc(OTf)3 (12.3 mg, 5 mol %) DCE (2.5 mL) were added at room temperature under an
inert atmosphere. Then the reaction mixture was refluxed at 80 °C over 18 h in an oil bath. The
progress of the reaction was monitored by TLC. After completion of the reaction, the solvent
was removed under reduced pressure. The crude product obtained was purified by column
chromatography over silica gel to furnish the desired product 4ha (0.120 g, 71% yield) as white
solid. Crystallization procedure for 4ha: 30 mg of norcaradiene 4ha was dissolved in hexane
(1 mL). Few drops of DCM were added over it and kept at room temperature for overnight.
Crystal shape — Needle, colour — colourless. CCDC — 2276982.

5.4.3. Optimization of different parameters of the reaction conditions:

Table 5.3. Initial screening of different temperature range®

Sc(OTf); (5 mol%)
o) | HQH (j ;i z
\/ © time, rt and 80 °C 0\/// +,,, 0\/// + O\/// z
()
[¢] [e]

(¢}
1a-1h 3a 4a 5a
(as solvent) C-H Dearomatization Buckner ring self-coupled
functionalization expansion

ﬁﬁ@fﬁ@&@@*:ﬁ}x
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Entry Diazo

reagent
1 la
2 la
3 1b
4 1b
5 Ic
6 lc
7 1d
8 1d
9 le
10 le
11 If
12 If
13 lg
14 lg
15 lh
16 1h

Chapter 5: Arene cyclopropanation under scandium catalysis

Temperature

rt
80
rt
80
rt
80
rt
80
rt
80
rt
80
rt
80
rt
80

Time (h)

24
12
24
12
24
6
24
3
24
12
24
12
24
5
24
12

Yield® of
3/4/5/6

NR

DC

NR

DC

NR
75/n.d./n.d./n.d.

NR
42/46/n.d./n.d.

NR
n.d./48/n.d./n.d.

NR
n.d./60/n.d./n.d.

NR
80/n.d./n.d./n.d.

NR
n.d./68/n.d./n.d.

aTested reaction conditions: Diazo acetates 1a-1h (0.5 mmol, 1.0 equiv.) and Sc(OTf);
(5 mol%) was added in dry Benzene 2a (2.5 mL) under inert atmosphere, reaction was
carried out at both rt and 80 °C. "Yield of isolated product after purification by column
chromatography. °DC - Decomposed. n.d. = not detected. All the reactions were
remained unaltered at rt (27 °C).

Table 5.4. Solvent optimization for norcaradiene?

N
‘ © Catalyst (x mol%)
- P o ¥
time, 70-80 °C

3ha 4ha 5ha 6ha

F
® Fj:?ff
F F

F

" (as szla\]/ent) O = }rr O\///
O
Entry Solvent Sc(OTf)3; (mol%)  Temperature Time Yield® of
(h) 3ha/4ha/5ha/6ha
1 EtOAc 5 78 10 n.d./40/n.d./n.d.
2 DCM 5 70 12 n.d./50/n.d./n.d.
3 Nitromethane 5 80 16 n.d./54/n.d./n.d.
4 1,2-DCE 5 80 18 n.d./71/n.d./n.d.
5 DMF 5 80 10 NR
6 Acetonitrile 5 80 10 NR
7 1,2-DCE 2.5 80 18 n.d./37/n.d./n.d.
8 1,2-DCE 10 80 16 n.d./58/n.d./n.d.
9¢ 1,2-DCE 5 80 18 n.d./16/n.d./n.d.

@Reaction conditions: diazo compound 1h (0.5 mmol, 1.0 equiv.), benzene 2a (5.0 mmol, 10.0 equiv.), and
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Sc(OTf)s (5 mol%) was added in solvent (2.5 mL) under inert atmosphere and reaction mixture was reflux at
specified temperatures; reaction was monitored by TLC. Plsolated yield after purification by column
chromatography. ¢AgShFs (5 mol%) was added. NR = No reaction. n.d. = not detected.

5.4.4. Characterization of synthesized compounds:
5.4.4.1. For ester compounds:
Prop-2-yn-1-yl  2-(3,5-bis(trifluoromethyl)phenyl)acetate (11c): Compound 11c was
FiC o F synthesized following the general procedure-A. The product was
m obtained as colourless liquid, 1.20 g (86% yield); Rf =0.30 (petroleum
CF3 ether/EtOAC 95:5); 'H NMR (400 MHz, CDCls): § (ppm) 7.80 (d, J =
8.7 Hz, 1H), 7.77 (s, 2H), 4.74 (d, J = 2.5 Hz, 2H), 3.82 (s, 2H), 2.50 (t, J = 2.5 Hz, 1H);
1B3C{*H} NMR (100 MHz, CDCls): § (ppm) 169.4, 135.8, 132.1 (g, J = 33.4 Hz), 129.9 - 129.8
(m), 123.3 (d, J = 272.8 Hz), 121.6 (dt, J = 7.7, 3.8 Hz), 77.1, 75.6, 53.0, 40.4; 1°F NMR (377
MHz, CDCls): & (ppm) -62.9; HRMS (ESI TOF) m/z: calcd for C13HoFsO2 (M + H)* 311.0507;
Found, 311.0510.
Prop-2-yn-1-yl 2-(2,4,6-trifluorophenyl)acetate (11f): Compound 11f was synthesized
F following the general procedure-A. The product was obtained as
J@\/\NO\/// colourless liquid, 0.923 g (90% vyield); Rf =0.35 (petroleum ether/EtOACc
F F o 95:5); *H NMR (400 MHz, CDCls): § 6.73 — 6.64 (m, 2H), 4.72 (d, J =
2.5 Hz, 2H), 3.71 (s, 2H), 2.49 (t, J = 2.5 Hz, 1H); *C{*H} NMR (100 MHz, CDCls): § 168.9,
162.3 (dt, J = 249.2, 15.5 Hz), 161.7 (ddd, J = 249.5, 15.0, 10.7 Hz), 106.4 (td, J = 20.4, 4.7
Hz), 100.6 — 99.9 (m), 77.3, 75.4, 52.9, 27.5 (t, J = 2.9 Hz); °F NMR (377 MHz, CDCls): & -
108.6 (t,J =6.1 Hz), -111.4 (d, J = 6.1 Hz); HRMS (ESI TOF) m/z: calcd for C11HgF302 (M +
H)* 229.0476; Found, 229.0477.
Prop-2-yn-1-yl 2-(3,4,5-trifluorophenyl)acetate (11g): Compound 11g was synthesized
. o F following the general procedure-A. The product was obtained as
Fm colourless liquid, 0.848 g (82% yield); Rf =0.35 (petroleum ether/EtOAc
F 95:5); *H NMR (400 MHz, CDCls): § (ppm) 6.97 — 6.89 (m, 2H), 4.71
(d, J = 2.4 Hz, 2H), 3.62 — 3.59 (m, 2H), 2.50 (t, J = 2.5 Hz, 1H); *C{*H} NMR (100 MHz,
CDCls): 6 (ppm) 169.6, 151.3 (ddd, J = 250.1, 10.0, 4.2 Hz), 139.3 (dt, J = 251.5, 15.2 Hz),
129.5 (td, J = 8.1, 5.0 Hz), 114.0 — 113.3 (m), 77.2, 75.5, 52.9, 40.1; *°F NMR (377 MHz,
CDCl3): & (ppm) -134.2, -162.2; HRMS (ESI TOF) m/z: calcd for C1iHgF302 (M + H)*
229.0476; Found, 229.0481.
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Prop-2-yn-1-yl 2-(perfluorophenyl)acetate (11h): Compound 11h was synthesized following

. ) . -
i o Z the general procedure-A. The product was obtained as colourless liquid,
3 1.12 g (94% vyield); Rf =0.35 (petroleum ether/EtOAc 95:5); 'H NMR

F F
£ (400 MHz, CDCls): & (ppm) 4.74 (d, J = 2.5 Hz, 2H), 3.78 (td, J = 1.7,

0.6 Hz, 2H), 2.51 (t, J = 2.5 Hz, 1H); *C{*H} NMR (100 MHz, CDCl3): 5 (ppm) 167.7, 145.5
(dddt, J = 247.9, 11.5, 7.9, 4.1 Hz, C?), 141.0 (d, J = 253.9 Hz, CY), 137.7 (d, J = 252.2 Hz,
C3), 107.7 (td, J = 18.4, 3.9 Hz, C%), 76.9, 75.7, 53.3, 27.7 (d, J = 2.1 Hz); “°F NMR (377 MHz,
CDCl3): & (ppm) -142.1 (d, J = 13.6 Hz, F3), -154.8 (t, J = 20.8 Hz, FY), -162.1 (dd, J = 20.9,
13.7 Hz, F?); HRMS (ESI TOF) m/z: calcd for CiiHeFsO, (M + H)* 265.0288; Found,
265.0285.

5.4.4.2. Data of diazo acetates:

Prop-2-yn-1-yl 2-(3,5-bis(trifluoromethyl)phenyl)-2-diazoacetate (1c): Compound 1c was

N, . : ]
fc o _Z synthesized following the general procedure-B. The product was
o obtained as yellow oil, 0.978 g (77% yield); Rf =0.40 (petroleum

CF3 ether/EtOAc 95:5); 'H NMR (400 MHz, CDCls): § 7.97 — 7.94 (m,

2H), 7.68 (s, 1H), 4.91 (d, J = 2.5 Hz, 2H), 2.55 (t, J = 2.5 Hz, 1H); BC{*H} NMR (100 MHz,
CDCl3): 6 163.1, 132.4 (q, J = 33.6 Hz), 128.7, 123.4 — 122.8 (m), 123.1 (d, J = 272.8 Hz),
119.4 (dt, J = 7.7, 3.7 Hz), 77.0, 75.7, 52.8; °F NMR (377 MHz, CDCl3): 5 -63.1; HRMS (ESI
TOF) m/z: calcd for C13H7FsN202 (M + H)* 337.0412; Found, 337.0420.

Prop-2-yn-1-yl 2-diazo-2-(2,4,6-trifluorophenyl)acetate (1f): Compound 1f was synthesized
FoOoN, following the general procedure-B. The product was obtained as yellow
)@f‘\’fo/// oil, 0.750 g (78% yield); Rf =0.45 (petroleum ether/EtOAC 95:5); *H
F F O NMR (400 MHz, CDCl3): 6 6.81 — 6.73 (m, 2H), 4.83 (d, J = 2.5 Hz,
2H), 2.50 (t, J = 2.5 Hz, 1H); ¥*C{*H} NMR (100 MHz, CDCls): § (ppm) 179.6, 163.8 (d, J =
252.5 Hz), 161.0 (d, J = 252.8 Hz), 101.5 — 100.8 (m), 99.8 (d, J = 5.0 Hz), 77.4, 75.4, 52.9;
192 NMR (377 MHz, CDCls): & (ppm) -104.9 (t, J = 7.5 Hz), -105.5 (d, J = 7.5 Hz); HRMS
(ESI TOF) m/z: calcd for C11HgF3sN202 (M + H)*™ 255.0381; Found, 255.0381.

Prop-2-yn-1-yl 2-diazo-2-(3,4,5-trifluorophenyl)acetate (1g): Compound 1g was synthesized

N2 following the general procedure-B. The product was obtained as yellow

F o F _
I oil, 0.722 g (75% yield); Rf =0.4 (petroleum ether/EtOAc 95:5); *H NMR
" £ (400 MHz, CDCl3): 6 7.20 - 7.11 (m, 2H), 4.87 (d, J = 2.5 Hz, 2H), 2.53
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(t, J=2.5 Hz, 1H); 1*C NMR (100 MHz, CDCls): 6 163.4, 151.8 (ddd, J = 249.3, 10.2, 4.7 Hz),
137.6 (ddd, J = 249.3, 15.3), 122.1 (d, J = 4.7 Hz), 108.1 — 107. 8 (m), 77.3, 75.7, 52.8; *°F
NMR (377 MHz, CDCls): § -132.8 (d, J = 21.0 Hz), -162.8 (t, J = 20.8 Hz); HRMS (ESI TOF)
m/z: calcd for C11HsF3N202 (M + H)* 255.0381; Found, 255.0380.
Prop-2-yn-1-yl 2-diazo-2-(perfluorophenyl)acetate (1h): Compound 1h was synthesized
FoN, following the general procedure-B. The product was obtained as light
Fmo\/ green solid, 0.898 g (82% yield); Rf =0.45 (petroleum ether/EtOAC 95:5);
F I F © 'H NMR (400 MHz, CDCls): & (ppm) 4.85 (d, J = 2.5 Hz, 2H), 2.52 (t, J
= 2.5 Hz, 1H); ®*C{*H} NMR (100 MHz, CDCls): § (ppm) 162.7, 144.8 (d, J = 251.5 Hz, C?),
142.1 (d, J = 252.0 Hz, C1), 138.1 (d, J = 250.7 Hz, C®), 101.3 (td, J = 17.1, 4.3 Hz, C%), 77.1,
75.7,53.2; 1%F NMR (377 MHz, CDCl3): & (ppm) -136.3 (dd, J = 14.9, 2.6 Hz, F3), -151.5 (i,
J =211, 25 Hz, FY), -160.8 (dd, J = 20.9, 14.9 Hz, F?); HRMS (ESI TOF) m/z: calcd for
C11H4FsN202 (M + H)* 291.0193; Found, 291.0197.

5.4.4.3. Data of title compounds NCDs and other obtained Final Products:

Prop-2-yn-1-yl 2-(3,5-bis(trifluoromethyl)phenyl)-2-phenylacetate (3ca): Compound 3ac was
O synthesized following the general procedure-C. The product was
. obtained as colourless liquid, 0.145 g (75% yield); Rf =0.3 (petroleum
F3C \/

O 5 ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): § (ppm) 7.79 (s, 3H),
CFy 7.41 - 7.27 (m, 5H), 5.16 (s, 1H), 4.84 — 4.71 (m, 2H), 2.50 (t, J = 2.4
Hz, 1H); *C{*H} NMR (150 MHz, CDCls): & (ppm) 170.6, 140.8, 136.6, 132.1 (q, J = 33.4
Hz), 129.4, 129.1 (d, J = 3.9 Hz), 128.5, 128.4, 123.3 (d, J = 272.8 Hz), 121.7 (p, J = 3.7 Hz),
76.9, 75.8, 56.3, 53.2; 1%F NMR (377 MHz, CDCls): & (ppm) -62.8; HRMS (ESI TOF) m/z:

calcd for C19H13FsO2 (M + H)* 387.0820; Found, 387.0820.

Prop-2-yn-1-yl 2-(2,4-difluorophenyl)-2-phenylacetate (3da): Compound 3dc was synthesized
following the general procedure-C. The product was obtained as
o Z colourless liquid, 0.060 g (42% yield); Rf =0.4 (petroleum ether/EtOAc
95:5); 'H NMR (400 MHz, CDCls): & (ppm) 7.40 — 7.28 (m, 5H), 7.21
(td, J = 8.4, 6.3 Hz, 1H), 6.86 — 6.79 (m, 2H), 5.29 (s, 1H), 4.80 — 4.70
(m, 2H), 2.47 (t, J = 2.5 Hz, 1H); C{*H} NMR (100 MHz, CDCls): & (ppm) 171.0, 162.4 (dd,
J=249.0,12.1 Hz), 160.5 (dd, J = 249.3, 11.8 Hz), 136.5, 130.9 (dd, J = 9.6, 4.9 Hz), 129.0,
128.8,127.9, 121.9 (dd, J = 14.7, 3.9 Hz), 111.5 (dd, J = 21.2, 3.7 Hz), 104.0 (t, J = 25.7 Hz),
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77.3,75.4,53.0, 49.2 (d, J = 2.9 Hz); °F NMR (377 MHz, CDCls): & (ppm) -111.0 (d, J = 8.0
Hz), -112.4 (d, J = 7.5 Hz); HRMS (ESI TOF) m/z: calcd for C17H13F202 (M + H)* 287.0883;
Found, 287.0885.

Prop-2-yn-1-yl  7-(2,4-difluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate  (4da):

Compound 4da was synthesized following the general procedure-C. The
o Z product was obtained as white solid, 0.066 g (46% yield); Rf =0.45

(petroleum ether/EtOAc 95:5); *H NMR (400 MHz, CDCls): & (ppm)
6.93 (tdd, J = 8.4, 6.4, 1.8 Hz, 1H), 6.73 — 6.62 (m, 2H), 6.22 — 6.14 (m, 2H), 5.82 — 5.76 (m,
2H), 4.66 (d, J = 2.4 Hz, 2H), 3.24 — 3.18 (m, 2H), 2.42 (t, J = 2.4 Hz, 1H); *C{*H} NMR
(150 MHz, CDCl3): 6 (ppm) 175.1, 162.6 (dd, J = 251.1, 12.2 Hz), 162.4 (dd, J = 248.3, 12.0
Hz), 136.1 (dd, J = 9.7, 5.2 Hz), 125.6, 124.2, 115.2 (dd, J = 14.2, 3.8 Hz), 109.9 (dd, J = 21.2,
3.5 Hz), 104.0 (t, J = 25.5 Hz), 77.7, 74.9, 53.2, 38.5, 31.7; °F NMR (377 MHz, CDCla): &
(ppm) -108.9 (d, J = 8.8 Hz), -110.6 (d, J = 8.9 Hz). HRMS (ESI TOF) m/z: calcd for
C17H13F202 (M + H)* 287.0883; Found, 287.0880.

Prop-2-yn-1-yl  7-(2,6-difluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate  (4ea):
Compound 4ea was synthesized following the general procedure-C. The
product was obtained as white solid, 0.068 g (48% vyield); Rf =0.45
(petroleum ether/EtOACc 95:5); *H NMR (400 MHz, CDCls): § (ppm) 7.17
(tt, J=8.4, 6.3 Hz, 1H), 6.79 — 6.71 (m, 2H), 6.22 — 6.13 (m, 2H), 5.79 —
5.74 (m, 2H), 4.67 (d, J = 2.5 Hz, 2H), 3.23 (dd, J = 3.7, 2.5 Hz, 2H), 2.41 (t, J = 2.4 Hz, 1H);
BC{*H} NMR (150 MHz, CDCls3): § (ppm) 174.89, 162.80 (dd, J = 250.5, 8.0 Hz), 129.50 (t,
J=10.7 Hz), 124.37 (t, J = 1.9 Hz), 124.28, 111.41 (dd, J = 21.3, 4.5 Hz), 108.99 (t, J = 17.9
Hz), 77.73, 74.89, 53.24, 36.84, 15.73; °F NMR (377 MHz, CDCls): & (ppm) -112.67; HRMS
(ESI TOF) m/z: calcd for C17H13F202 (M + H)* 287.0883; Found, 287.0883.

Prop-2-yn-1-yl 7-(2,4,6-trifluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate (4fa):

Compound 4fa was synthesized following the general procedure-C. The
o._“Z product was obtained as white solid, 0.091 g (60% yield); Rf =0.45

(petroleum ether/EtOAc 95:5); *H NMR (400 MHz, CDCls): & (ppm)
6.56 — 6.48 (m, 2H), 6.16 (ddt, J = 8.1, 4.6, 2.3 Hz, 2H), 5.83 — 5.77 (m, 2H), 4.68 (d, J = 2.4
Hz, 2H), 3.23 (dd, J = 3.7, 2.5 Hz, 2H), 2.43 (t, J = 2.5 Hz, 1H); BC{*H} NMR (150 MHz,
CDCl3): & (ppm) 174.6, 163.1 (d, J = 251.6 Hz), 162.4 (d, J = 249.0 Hz), 124.5, 124.3, 105.4
(d, J =5.1 Hz), 100.7 — 100.1 (m), 77.6, 75.0, 53.3, 36.8, 15.3; °F NMR (565 MHz, CDCls):
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& (ppm) -109.4 (t, J = 7.3 Hz), -110.7 (d, J = 7.3 Hz); HRMS (ESI TOF) m/z: calcd for
C17H12F302 (M + H)*™ 305.0789; Found, 305.0789.

Prop-2-yn-1-yl  2-phenyl-2-(3,4,5-trifluorophenyl)acetate (3ga): Compound 3ga was

synthesized following the general procedure-C. The product was

O obtained as white semi-solid, 0.122 g (80% vyield); Rf =0.45 (petroleum

F o7 ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): & 7.40 — 7.25 (m, 5H),

F O ° 7.00 — 6.91 (m, 2H), 4.97 (s, 1H), 4.81 — 4.69 (m, 2H), 2.50 (t, J = 2.5

Hz, 1H); ®C{*H} NMR (100 MHz, CDCl3): & (ppm) 170.74, 151.24

(ddd, J = 250.2, 9.9, 4.0 Hz), 139.26 (dt, J = 251.9, 15.3 Hz), 136.81, 134.52 (td, J = 7.4, 4.6

Hz), 129.20, 128.49, 128.23, 113.29 — 112.89 (m), 77.05, 75.70, 55.71, 53.11; °F NMR (377

MHz, CDCls): & (ppm) -133.8 (d, J = 20.6 Hz), -161.8 (t, J = 20.7 Hz); HRMS (ESI TOF) m/z:
calcd for C17H12F302 (M + H)* 305.0789; Found, 305.0785.

Prop-2-yn-1-yl  7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate  (4ha):

Compound 4ha was synthesized following the general procedure-D. The

Fo 3™ Ho\/// product was obtained as white solid, 0.120 g (71% yield); Rf =0.45
F21 0 (petroleum ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): & (ppm)
F 6.22 — 6.16 (m, 2H), 5.88 — 5.83 (m, 2H), 4.69 (d, J = 2.5 Hz, 2H), 3.28

(dd, J = 3.8, 2.5 Hz, 2H), 2.45 (t, J = 2.5 Hz, 1H). *C{*H} NMR (100 MHz, CDCls): & (ppm)
1735, 146.7 (d, J = 249.6 Hz, C?), 141.0 (d, J = 253.7 Hz, CY), 137.6 (d, J = 251.4 Hz, C3),
124.8, 124.1 (t, J = 1.8 Hz), 106.8 (d, J = 4.2 Hz, C%), 77.3, 75.4, 53.6, 36.8, 15.4. °F NMR
(377 MHz, CDCla): & (ppm) -140.6 (td, J = 15.0, 2.8 Hz, F?), -154.5 (tt, J = 21.0, 2.8 Hz, FY),
-162.8 (dt, J = 21.0, 15.0 Hz, F?); HRMS (ESI TOF) m/z: calcd for C17H10Fs02 (M + H)*
341.0601; Found, 341.0600.

2,2,2-trifluoroethyl  7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate (4ia):

product was obtained as white solid, 0.092 g (48% vyield); Rf =0.4

+ X7 (petroleum ether/EtOAC 95:5); H NMR (400 MHz, CDClz): & (ppm)

F " 6.24 - 6.17 (m, 2H), 5.92 — 5.86 (m, 2H), 4.49 (q, J = 8.3 Hz, 2H), 3.32
(dd, J=3.8, 2.5 Hz, 2H); *C{*H} NMR (100 MHz, CDCl3): & (ppm) 172.9, 146.7 (d, J = 252.8
Hz, C?),141.2 (d, J = 254.1 Hz, CY), 137.6 (d, J = 251.8 Hz, C%), 125.1, 124.0 (t, J = 2.0 Hz),
122.7 (q, J = 277.4 Hz), 106.4 (td, J = 16.5, 4.1 Hz, C*), 61.6 (q, J = 36.9 Hz), 37.3, 27.5; 1°F
NMR (377 MHz, CDCls): § (ppm) -140.9 (dd, J = 14.8, 2.5 Hz, F3), -154.0 (tt, J = 20.9, 2.6

Compound 4ia was synthesized following the general procedure-C. The
FH H
3 ;
F2 5 3

F~1
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Hz, FY), -162.7 (dd, J = 20.9, 14.8 Hz, F?); HRMS (ESI TOF) m/z: calcd for C16HgFsO2 (M +
H)*" 385.0475; Found, 385.0480.

Allyl 7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate (4ja): Compound 4ja
was synthesized following the general procedure-C. The product was

. 3FH%O\/\ obtained as white solid, 0.050 g (30% vyield); Rf =0.45 (petroleum
F?(;\"‘F ) ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): & (ppm) 6.22 — 6.14 (m,
F 2H), 5.87 — 5.76 (m, 3H), 5.19 (dg, J = 3.1, 1.5 Hz, 1H), 5.15 (dg, J =
11.0, 1.5 Hz, 1H), 4.61 (dt, J = 5.4, 1.5 Hz, 2H), 3.25 (dd, J = 3.8, 2.4 Hz, 2H). *C{*H} NMR
(100 MHz, CDCls): & (ppm) 173.7, 146.6 (d, J = 249.5 Hz, C?), 140.9 (d, J = 253.4 Hz, CY),
137.5 (d, J = 247.0 Hz, C%), 131.8, 124.6, 124.2 (t, J = 1.6 Hz), 118.0, 107.3 (m, C*), 66.6,
66.4, 36.6, 15.4. °F NMR (377 MHz, CDCls): & (ppm) -140.8 (td, J = 15.0, 2.7 Hz, F®), -154.8

(tt, J = 21.0, 2.5 Hz, FY), -163.0 (dt, J = 21.0, 15.0 Hz, F2); HRMS (ESI TOF) m/z: calcd for
C17H12F50, (M + H)* 343.0757; Found, 343.0757.

Methyl 7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate (4ka): Compound
4ka was synthesized following the general procedure-C. The product was
obtained as white solid, 0.036 g (23% yield); Rf =0.45 (petroleum
ether/EtOAc 95:5); 'H NMR (400 MHz, CDCls): & (ppm) 6.21 — 6.14 (m,
2H), 5.87 —5.80 (m, 2H), 3.70 (s, 3H), 3.23 (dd, J = 3.8, 2.5 Hz, 2H); **C{*H}
NMR (100 MHz, CDCl3): & (ppm) 174.6, 146.7 (d, J = 245.2 Hz, C?), 140.9 (d, J = 253.3 Hz,
CY), 137.6 (d, J = 251.4 Hz, C3), 124.6, 124.2 (t, J = 1.9 Hz), 107.3 (d, J = 4.0 Hz, C*), 53.5,
36.5, 15.3; %F NMR (377 MHz, CDCls): § (ppm) -140.75 (d, J = 15.0, 2.5 Hz), -154.94 (it, J
=20.8, 2.4 Hz), -163.03 (dd, J = 20.9, 15.2 Hz); HRMS (ESI TOF) m/z: calcd for C1sH10Fs02
(M + H)* 317.0601; Found, 317.0600.

Prop-2-yn-1-yl 3-methyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate

(4hb): Compound 4hb was synthesized following the general procedure-

Me

D. The product was obtained as colourless viscous liquid, 0.135 g (76%
~ Yield); Rf =0.45 (petroleum ether/EtOAc 95:5); rr = 1:1, rr ratio
determined by *H NMR; *H NMR (400 MHz, CDCls): § (ppm) 6.16 (ddd,
J=9.7,4.4,22Hz, 1H), 6.04 (ddt, J = 8.6, 5.6, 2.5 Hz, 1H), 5.88 (dq, J
= 3.4, 1.8 Hz, 1H), 5.80 (dd, J = 9.4, 6.2 Hz, 1H), 5.71 (dd, J = 9.5, 1.3 Hz, 1H), 5.66 (dt, J =
6.0, 1.7 Hz, 1H), 4.68 (dd, J = 7.1, 2.4 Hz, 4H), 3.29 (dd, J = 8.9, 5.4 Hz, 1H), 3.25 — 3.19 (m,
2H), 3.16 (d, J = 8.9 Hz, 1H), 2.45 (dt, J = 4.1, 2.5 Hz, 2H), 2.08 (s, 3H), 1.61 (s, 3H); *C{*H}
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NMR (100 MHz, CDCls): & (ppm) 173.5, 173.4, 146.8 (d, J = 254.4 Hz, C?), 140.9 (d, J =
252.0 Hz, CY), 137.5 (d, J = 251.1 Hz, C%), 133.9, 133.1, 128.7, 125.9, 124.5 — 124.2 (m), 121.1
(d, J = 1.7 Hz), 121.0, 119.0 (t, J = 1.9 Hz), 107.0 (dt, J = 17.2, 4.0 Hz, C¥), 77.6, 77.3, 75.4,
75.3, 53.6, 53.5, 40.8, 37.8, 36.9, 35.6, 23.5 (t, J = 3.6 Hz), 21.3, 16.2, 16.1; 1°F NMR (377
MHz, CDCls): § (ppm) -140.6 — -140.8 (m, F3), -154.6 — -154.8 (m, FY), -162.8 — -163.0 (m,
F2). HRMS (ESI TOF) m/z: calcd for C1gH12Fs02 (M + H)* 355.0757; Found, 355.0759.

Prop-2-yn-1-yl  3-isopropyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate
Me (4hc): Compound 4hc was synthesized following the general procedure-

D. The product was obtained as colourless viscous liquid, 0.130 g (68%
Ho o yield); Rf =0.45 (petroleum ether/EtOAc 95:5); rr = 1.3:1, determined by
'H NMR; 'H NMR (400 MHz, CDCls): & (ppm) 6.22 — 6.14 (m, 1H),
E 6.07 — 6.00 (m, 1H), 5.89 (s, 1H), 5.84 (dd, J = 9.3, 6.4 Hz, 1H), 5.79
(dd, J=9.6, 1.4 Hz, 1H), 5.66 (d, J = 6.4 Hz, 1H), 4.69 (dd, J = 4.6, 2.5 Hz, 4H), 3.34 — 3.21
(m, 2H), 2.76 (hept, J = 6.9 Hz, 1H), 2.45 (q, J = 2.4 Hz, 1H), 2.17 (hept, J = 7.1 Hz, 1H), 1.12
(d, J=6.8 Hz, 3H), 1.09 (d, J = 6.8 Hz, 3H), 0.80 (d, J = 6.8 Hz, 3H), 0.73 (d, J = 6.9 Hz, 3H).
BC{*H} NMR (100 MHz, CDCl3): & (ppm) 173.7, 173.4, 146.9 (d, J = 246.4 Hz, C?), 143.9,
143.4,126.8,126.1,124.6,121.5, 116.8, 116.5, 107.1 (d, J = 3.2 Hz, C*%), 77.4,77.3, 75.3, 75.3,
53.6, 53.5, 40.4, 38.0, 36.7, 36.2, 34.0, 34.0, 34.0, 33.4,22.3,21.9,21.1, 21.1, 20.2, 16.3, 16.3
(C'and C3not observed); *°F NMR (377 MHz, CDCls): & (ppm) -140.2 (4F, F?), -154.7 (tt, J
=21.1, 2.0 Hz, 1F, FY), -155.1 (tt, J = 21.0, 2.0 Hz, 1F, FY), -163.3 (4F, F?); HRMS (ESI TOF)
m/z: calcd for CaoH16Fs02 (M + H)* 383.1070; Found, 383.1075.

Prop-2-yn-1-yl  3-isobutyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate
(4hd): Compound 4hd was synthesized following the general procedure-
D. The product was obtained as colorless oil, 0.142 g (72% yield); Rf
=0.4 (petroleum ether/EtOAC 95:5); rr = 1:1, rr ratio determined by *H
NMR; *H NMR (400 MHz, CDCls): & (ppm) 6.16 (ddd, J=9.2, 4.3, 2.1
Hz, 1H), 5.88 — 5.78 (m, 1H), 5.75 (dd, J = 9.6, 1.3 Hz, 1H), 4.68 (dd, J
= 6.2, 2.5 Hz, 2H), 3.32 - 3.16 (m, 2H), 2.50 — 2.42 (m, 1H), 2.03 (dd, J = 14.0, 9.4 Hz, 1H),
1.93 -1.84 (m, 1H), 1.73 (dd, J = 13.4, 7.8 Hz, 1H), 1.41 — 1.30 (m, 1H), 0.98 (d, J = 6.5 Hz,
1H), 0.83 (d, J = 6.5 Hz, 1H), 0.62 (dd, J = 18.8, 6.6 Hz, 3H). *C{*H} NMR (100 MHz,
CDCla): & (ppm) 173.7, 173.4, 146.8 (d, J = 248.6 Hz, C?), 140.9 (d, J = 248.0 Hz, C1), 137.4
(d, J = 247.3 Hz, C3), 136.2, 128.6, 128.0, 125.8, 124.2, 124.1, 124.1, 121.4, 121.4, 121.4,
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121.2, 119.9, 119.9, 119.8, 106.9 (d, J = 3.7 Hz, C%), 77.3, 77.3, 75.3, 75.3, 53.6, 53.5, 46.1,
46.0, 46.0, 45.1, 40.4, 37.9, 37.0, 35.7, 28.5, 26.8, 23.4, 22.3, 21.9, 21.8; 9F NMR (377 MHz,
CDCls): § (ppm) -140.5 (dd, J = 15.0, 2.3 Hz, F3), -154.7 (tt, J = 21.2, 2.3 Hz, FY), -155.1 (tt,
J=20.9, 2.6 Hz, FY), -163.1 (d, J = 15.9 Hz, F2); HRMS (ESI TOF) m/z: calcd for Ca1H1sF502
(M + H)* 397.1227; Found, 397.1225.

Prop-2-yn-1-yl (1R,6S,7S)-2-isopropyl-5-methyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-
Me diene-7-carboxylate (4he): Compound 4he was synthesized following

Fy H Me _ the general procedure-D. The product was obtained as white solid, 0.080
F o}
j@\ 1 g (40% vyield); Rf =0.45 (petroleum ether/EtOAc 95:5); *H NMR (400
F F

¢ MHz, CDCls): & (ppm) 5.64 (dt, J = 6.7, 1.3 Hz, 1H), 5.60 (d, J = 6.7 Hz,

1H), 4.70 (d, J = 2.5 Hz, 2H), 3.30 — 3.27 (m, 1H), 3.20 — 3.17 (m, 1H), 2.80 — 2.72 (m, 1H),
2.46 (t, J = 2.5 Hz, 1H), 2.05 (s, 3H), 1.08 (dd, J = 8.9, 6.8 Hz, 6H); *C{*H} NMR (150 MHz,
CDCl3): & (ppm) 173.5, 145.6 (d, J = 245.9 Hz), 141.0, 140.6 (d, J = 252.0 Hz), 137.3 (d, J =
251.0 Hz), 131.1, 122.1, 117.5, 106.8 (td, J = 17.1, 3.4 Hz), 77.3, 75.4, 53.5, 41.7, 41.1, 33.5,
22.6, 20.3, 16.8. °F NMR (377 MHz, CDCls): § (ppm) -138.8, -139.6, -154.9 (tt, J=21.1, 2.3
Hz), -163.2, -163.6; HRMS (ESI TOF) m/z: calcd for C21H1sFs02 (M + H)* 397.1227; Found,
397.1227.

Prop-2-yn-1-yl (1R,6S,7s)-2,5-dimethyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-
carboxylate (4hf): Compound 4hf was synthesized following the general

- Mei%om\e/ procedure-D. The product was obtained as white solid, 0.077 g (42%
j@\ 5 yield); Rf =0.45 (petroleum ether/EtOAc 95:5); 'H NMR (400 MHz,
L CDCla): & (ppm) 5.61 (s, 2H), 4.70 (d, J = 2.4 Hz, 2H), 3.17 (s, 2H), 2.46
(t, J = 2.5 Hz, 1H), 2.06 (s, 6H); ¥C{*H} NMR (100 MHz, CDCls): § (ppm) 173.6, 147.5 (d,
J =248.7 Hz, C?), 130.7, 122.1, 106.7 (d, J = 4.8 Hz, C*), 77.3, 75.4, 53.6, 41.9, 23.1 — 22.8
(m), 16.8 (Ctand C3not observed); *°F NMR (377 MHz, CDCls): & (ppm) -138.7 (dd, J = 15.3,

2.3 Hz), -154.8 (tt, J = 21.1, 2.3 Hz), -163.1 (dd, J = 21.1, 15.3 Hz); HRMS (ESI TOF) m/z:
calcd for C19H14F502 (M + H)* 369.0914; Found, 369.0925.
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Prop-2-yn-1-yl (1R,6R,7S)-2,4-dimethyl-7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-
carboxylate (4hg): Compound 4hg was synthesized following the

Ve general procedure-D. The product was obtained as colorless viscous

e 3 i HO\/ liquid, 0.104 g (56% vyield); Rf =0.4 (petroleum ether/EtOAc 95:5); rr =

F2 Lo 1.5:1, rr ratio determined by *H NMR; *H NMR (400 MHz, CDCls): &
1

F (ppm) 6.00 (dt, J = 9.5, 4.7 Hz, 2H), 5.91 (s, 1H), 5.69 (d, J = 9.4 Hz,

1H), 4.68 (dd, J = 6.6, 2.3 Hz, 4H), 3.28 — 3.23 (m, 2H), 3.20 (dd, J = 3.9, 2.3 Hz, 1H), 3.16
(d, J = 9.0 Hz, 1H), 2.44 (h, J = 2.1 Hz, 2H), 2.02 (s, 4H), 1.63 — 1.57 (m, 8H); 3C{*H} NMR
(100 MHz, CDCls): & (ppm) 173.6, 173.5, 146.8 (d, J = 254.9 Hz), 140.8 (d, J = 253.4 Hz),
137.4 (d, J = 251.1 Hz), 134.9, 130.7, 129.6, 127.2, 126.8, 126.1, 121.1, 120.5, 107.2 (d, J =
18.0, 4.3 Hz), 77.4, 75.3, 75.2, 53.4, 53.3, 42.2, 37.3, 36.6, 32.1, 19.9, 19.8, 19.4, 18.4, 16.5,
16.1; F NMR (377 MHz, CDCls): § (ppm) -139.0 — -139.3 (m), -140.4 — -140.6 (m), -140.7
(dd, J = 15.0, 2.0 Hz), -154.8 (tt, J = 21.3, 3.1 Hz); -162.9 (td, J = 23.6, 6.9 Hz), -163.3 (td, J
= 21.3, 15.1 Hz), -163.6 (td, J = 23.2, 6.6 Hz); HRMS (ESI TOF) m/z: calcd for CigH14F502
(M + H)* 369.0914; Found, 369.0920.

Prop-2-yn-1-yl 2-(3,4-dimethylphenyl)-2-(perfluorophenyl)acetate (4hh): Compound 4hh was

synthesized following the general procedure-D. The product was

obtained as colorless viscous liquid, 0.118 g (64% yield); Rf =0.4
o Z (petroleum ether/EtOAC 95:5); major product para-isomer (p:0 = 90:10),
o p:o ratio determined by *HNMR; *H NMR (400 MHz, CDCls): § (ppm)

F 7.16 — 6.99 (m, 3H), 5.45 (s, 1H), 4.83 —4.73 (m, 2H), 2.49 (t, J = 2.5
Hz, 1H), 2.30 (d, J = 2.7 Hz, 6H); *C{*H} NMR (100 MHz, CDCls): & (ppm) 169.4, 145.3 (d,
J = 248.6 Hz), 140.9 (d, J = 253.9 Hz), 138.2, 137.8 (d, J = 252.3 Hz), 136.4, 131.8, 130.3,
129.5, 128.5 (t, J = 3.1 Hz), 127.3, 76.9, 75.6, 53.4, 43.0, 21.1, 19.6; °F NMR (377 MHz,
CDCls): & (ppm) -139.9 (td, J = 14.7, 4.2 Hz, F3), -154.6 (t, J = 21.0 Hz, FY), -161.5 (dt, J =
20.9, 14.7 Hz, F?); HRMS (ESI TOF) m/z: calcd for C19H14Fs02 (M + H)* 369.0914; Found,
369.0925.

Prop-2-yn-1-yl 2-(2,3-dihydro-1H-inden-5-yl)-2-(perfluorophenyl)acetate (4hi): Compound
4hi was synthesized following the general procedure-D. The product was
obtained as colorless oil, 0.132 g (70% vyield); Rf =0.35 (petroleum

o F ether/EtOACc 95:5); major product para-isomer (p:0 = 85:15), p:o ratio
o determined by HNMR; *H NMR (400 MHz, CDCls): § (ppm) 7.22 —
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7.12 (m, 2H), 7.07 (d, J = 7.7 Hz, 1H), 5.29 (s, 1H), 4.85 — 4.72 (m, 2H), 2.98 — 2.72 (m, 4H),
2.49 (t, J = 2.5 Hz, 1H), 2.06 (p, J = 7.5 Hz, 2H); C{*H} NMR (100 MHz, CDCl5): & (ppm)
169.3, 147.3 (d, J = 254.0 Hz, C?), 145.3, 144.6, 142.4 (d, J = 249.6 Hz, CY), 137.8 (d, J =
253.3 Hz, C%), 133.0, 126.7 (d, J = 1.4 Hz), 124.9, 124.8 (d, J = 1.8 Hz), 113.9 (d, J = 3.4 Hz,
C*), 77.0, 75.6, 53.4, 46.0, 33.0, 32.7, 25.5; 19F NMR (377 MHz, CDCl3): & (ppm) -140.7 (td,
J =146, 3.4 Hz, F®),-155.1 (t, J = 20.9 Hz, FY), -161.48 (dt, J = 21.0, 14.6 Hz, F?); HRMS
(ESI TOF) m/z: calcd for CooH14FsNaO2 (M + Na)* 403.0733; Found, 403.0732.

Prop-2-yn-1-yl 2-(4-methoxyphenyl)-2-(perfluorophenyl)acetate (4hj): Compound 4hj was
OMe synthesized following the general procedure-D. The product was
obtained as colorless oil, 0.148 g (80% vyield); Rf =0.25 (petroleum

o7 ether/EtOAC 95:5); It >20:1, rr ratio determined by 'HNMR; H NMR
(400 MHz, CDCls): 6 (ppm) 7.24 (d, J = 8.5 Hz, 2H), 6.90 — 6.85 (m,
2H), 5.27 (s, 1H), 4.85 — 4.74 (m, 2H), 3.79 (s, 3H), 2.50 (t, J = 2.5 Hz,

1H). BC{*H} NMR (100 MHz, CDCls): & (ppm) 169.2, 159.5, 144.8 (d, J = 247.6 Hz, C?),

140.8 (d, J = 254.2 Hz, C1), 137.8 (d, J = 253.3 Hz, C3), 130.0 (t, J = 1.8 Hz), 127.2, 114.4,

113.8 (td, J = 17.2, 4.0 Hz, C*), 76.9, 75.6, 55.4, 53.4, 45.3. F NMR (377 MHz, CDCl3): &

(ppm) -141.1 (dt, J = 14.6, 2.9 Hz, F3), -155.0 (td, J = 21.2, 2.8 Hz, FY), -161.4 (td, J = 21.4,

14.4 Hz, F?); HRMS (ESI TOF) m/z: calcd for CigHi2FsO3 (M + H)* 371.0707; Found,

371.0710.

Prop-2-yn-1-yl 1-(perfluorophenyl)-1a,7b-dihydro-1H-cyclopropa[a]naphthalene-1-
carboxylate (4hk): Compound 4hk was synthesized following the
general procedure-D. The product was obtained as white solid, 0.155 g
(80% vyield); Rf =0.35 (petroleum ether/EtOAc 95:5); 'H NMR (400
MHz, CDCls): & (ppm) 7.54 (dt, J = 7.6, 1.9 Hz, 1H), 7.27 (td, J = 7.5,
1.4 Hz, 1H), 7.18 (td, J = 7.5, 1.3 Hz, 1H), 6.90 (dd, J = 7.6, 1.3 Hz, 1H),
6.34 — 6.23 (m, 2H), 4.73 (d, J = 2.4 Hz, 2H), 3.78 (d, J = 8.9 Hz, 1H), 3.34 (dd, J = 8.9, 5.2
Hz, 1H), 2.47 (t, J = 2.5 Hz, 1H). 3C{*H} NMR (100 MHz, CDCls): & (ppm) 172.7, 146.8 (d,
J =247.1 Hz, C?), 141.0 (d, J = 253.9 Hz, CY), 137.4 (d, J = 249.3 Hz, C?), 131.3, 131.0 (d, J
= 3.7 Hz, C%, 128.9 (d, J = 1.8 Hz), 128.4 (d, J = 2.2 Hz), 128.1, 127.9, 127.4, 122.7 (d, J =
3.2 Hz), 106.8 (d, J = 4.0 Hz), 77.2, 75.5, 53.6, 37.0, 33.8, 19.4. *°®F NMR (377 MHz, CDCls):
8 (ppm) -137.5 (td, J = 15.2, 2.5 Hz, 1F, F3), -138.0 (td, J = 15.3, 2.6 Hz, 1F, F*), -154.0 (tt, J
=21.1, 2.7 Hz, 1F, FY), -162.7 (dt, J = 21.1, 15.2 Hz, 2F, F?); HRMS (ESI TOF) m/z: calcd for
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C21H12Fs02 (M + H)* 391.0757; Found, 391.0730.

Prop-2-yn-1-yl 6-bromo-2-methoxy-1-(perfluorophenyl)-1a,7b-dihydro-1H-
cyclopropa[a]naphthalene-1-carboxylate (4hl): Compound 4hl was
synthesized following the general procedure-D. The product was
obtained as white solid, 0.134 g (54% vyield); Rf =0.25 (petroleum
ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): & (ppm) 7.63 (t, J =
2.5 Hz, 1H), 7.23 (dd, J = 8.3, 2.1 Hz, 1H), 6.67 (d, J = 8.3 Hz, 1H),
5.39 - 5.37 (m, 1H), 4.77 — 4.67 (m, 2H), 3.77 (d, J = 9.5 Hz, 1H), 3.73 (s, 3H), 3.35 (dd, J =
9.5, 1.5 Hz, 1H), 2.48 (t, J = 2.4 Hz, 1H). BC{*H} NMR (150 MHz, CDCls): & (ppm) 171.71,
154.76, 146.82 (dd, J = 250.8, 74.1 Hz), 141.10 (d, J = 254.1 Hz), 137.17 (d, J = 251.1 Hz),
133.06 (d, J = 3.7 Hz), 132.65, 131.02, 127.12, 118.19, 106.16 (td, J = 17.4, 4.1 Hz), 96.95,
76.98, 75.71, 55.83, 53.87, 37.13, 34.56, 29.85. °F NMR (377 MHz, CDCls): § (ppm) -136.9
(td, J=15.2, 2.6 Hz, 1F, F3), -139.9 (td, J = 14.9, 2.2 Hz, 1F, F*), -153.4 (tt, J = 21.1, 2.4 Hz,
1F, FY), -162.1 (dt, J = 20.7, 14.9 Hz, 2F, F?), -162.6 (dt, J = 20.4, 15.5 Hz, 2F, F?); HRMS
(ESI TOF) m/z: caled for C22H13BrFsO3 (M + H)* 498.9968; Found, 498.9975.

Prop-2-yn-1-yl 2-bromo-6-methoxy-1-(perfluorophenyl)-1a,7b-dihydro-1H-
cyclopropa[a]naphthalene-1-carboxylate (44l'): Compound 4hl’ was
synthesized following the general procedure-D. The product was
obtained as white solid, 0.120 g (48% yield); Rf =0.2 (petroleum
ether/EtOAC 95:5); 'H NMR (400 MHz, CDCls): & (ppm) 7.09 (t, J =
2.7 Hz, 1H), 6.80 (d, J = 8.5 Hz, 1H), 6.75 (dd, J = 8.5, 2.5 Hz, 1H),
6.63 (t, J = 0.9 Hz, 1H), 4.80 — 4.69 (m, 2H), 3.84 (s, 3H), 3.79 (d, J = 9.4 Hz, 1H), 3.58 (dd,
J=9.4,1.2Hz, 1H), 2.49 (t, J = 2.5 Hz, 1H). BC{*H} NMR (150 MHz, CDCls): & (ppm)
171.8, 159.7, 146.9 (dd, J = 254.0, 82.4 Hz), 141.2 (d, J = 254.3 Hz), 137.2 (d, J = 258.3 Hz),
129.4, 129.1, 128.2, 125.3, 115.5 (d, J = 4.2 Hz), 114.7, 114.4, 105.8 (d, J = 3.7 Hz), 77.0,
75.8, 55.6, 54.0, 40.3, 39.4, 29.8. *°F NMR (377 MHz, CDCls): § (ppm) -134.3 (td, J = 15.5,
2.2 Hz, 1F, F3), -135.9 (td, J = 15.3, 2.4 Hz, 1F, F?*), -153.1 (tt, J = 21.0, 2.6 Hz, 1F, FY), -
161.9 (dt, J = 20.9, 15.7 Hz, 2F, F?), -162.6 (dt, J = 20.9, 15.4 Hz, 2F, F?); HRMS (ESI TOF)
m/z: calcd for C22H13BrFs0s (M + H)™ 498.9968; Found, 498.9968.
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Prop-2-yn-1-yl 4,7-dibromo-1-(perfluorophenyl)-1a,7b-dihydro-1H-
cyclopropa[a]naphthalene-1-carboxylate (4hm): Compound 4hm was
synthesized following the general procedure-D. The product was
obtained as white solid, 0.224 g (82% vyield); Rf =0.25 (petroleum
ether/EtOAC 95:5); *H NMR (400 MHz, CDCls): § (ppm) 7.40 (d, J =
8.6 Hz, 1H), 7.31 (d, J = 8.5 Hz, 1H), 6.73 (dd, J = 9.8, 0.8 Hz, 1H), 6.38
(dt, J = 9.4, 5.5 Hz, 1H), 4.81 — 4.68 (m, 2H), 4.11 (d, J = 9.0 Hz, 1H), 3.36 (dd, J = 9.1, 5.4
Hz, 1H), 2.48 (t, J = 2.5 Hz, 1H). ¥C{*H} NMR (100 MHz, CDCls): § (ppm) 171.9, 132.9,
132.8, 132.2, 130.9, 126.7 (d, J = 2.1 Hz), 126.4 (d, J = 3.2 Hz), 125.9 (d, J = 3.4 Hz), 121.8,
106.0 (d, J = 4.3 Hz, C%), 77.0, 75.7, 54.0, 37.3, 34.0, 18.8, (C! to C® not observed). °F NMR
(377 MHz, CDCls): & (ppm) -137.7 (td, J = 15.0, 2.6 Hz, 1F, F®), -138.7 (td, J = 15.3, 2.8 Hz,
1F, F%), -152.7 (tt, J = 21.0, 2.7 Hz, 1F, FY), -161.8 (dt, J = 21.2, 14.9 Hz, 2F, F?); HRMS (ESI
TOF) m/z: calcd for C21H10Br2FsO2 (M + H)™ 546.8968; Found, 546.8975.

5.4.5. Application of the Protocol:

a) [4+2]-cycloaddition reaction with norcaradiene:

Brine, 110 °C
30 min

4ha (0.3 mmol) 10 (3.0 equiv.) 8ha (172 mg, 92%)

To a RB flask (25 mL) quipped with a magnetic stirrer was charged with norcaradiene 4ha
(202 mg, 0.3 mmol) and N-(2,5-dioxo-2,5- dihydro-1H-pyrrol-1-yl)-4-
(trifluoromethyl)benzamide (256 mg, 0.9 mmol, 3.0 equiv.) and the reaction mixture was
purged with argon. Then the brine (3 mL) solution was added and the suspension was subjected
to oil bath for heating at 110 °C for 30 min. After cooling to room temperature, the reaction
mixture was extracted with ethyl acetate (3 X 10) and the combined organic layer was removed
under reduced pressure. The crude product obtained was purified by column chromatography
over silica gel to furnish the desired product 7ha (172 mg, 92% yield) as white solid.
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Prop-2-yn-1-yl 4R,4aS,5aR,65)-1,3-dioxo-5-(perfluorophenyl)-2-((4-
(trifluoromethyl)phenyl)amino)-1,2,3,3a,4,4a,5,5a,6,6a-decahydro-4,6-
ethenocyclopropa[f]isoindole-5-carboxylate (8ha):

The product 8ha was obtained as white solid, 172 mg (92%
yield); Rf =0.35 (petroleum ether/EtOAc 50:50); *H NMR (400
MHz, Acetonitrile-dz): & (ppm) 9.17 (s, 1H), 7.95 (d, J = 8.2
Hz, 2H), 7.80 (d, J = 8.2 Hz, 2H), 5.53 (p, J = 4.4 Hz, 2H), 4.61
(d, J = 2.5 Hz, 2H), 3.71 (s, 2H), 3.35 (s, 2H), 2.77 (t, J = 2.5
Hz, 1H), 2.49 (t, J = 2.4 Hz, 2H); BC{*H} NMR (150 MHz,
Acetonitrile-dz): & (ppm) 174.6, 170.4, 164.9, 146.3 (d, J =
245.8 Hz), 141.8 (d, J = 255.4 Hz), 138.6 (d, J = 249.8 Hz),
135.6, 134.3 (g, J = 32.9 Hz), 131.2, 129.4, 126.8 (q, J = 4.0 Hz), 124.9 (g, J = 271.8 Hz),
112.9 (td, J = 17.5, 3.6 Hz), 78.3, 76.6, 54.3, 44.1, 34.0, 29.7, 26.2; *F NMR (377 MHz,
Acetonitrile-ds): 6 (ppm) -63.7, -143.0, -158.0 (t, J = 20.1 Hz), -165.3 (dt, J = 20.0, 9.8 Hz);
HRMS (ESI TOF) m/z: calcd for Co9H15FsN20Os (M + H)* 623.0853; Found, 623.0850.

b) Deprotection of Propargyl group: Easy Ester Hydrolysis

Z
o FZ LiOH.H,0 (2.5 equiv.)
THF:MeOH:H,0 (1:1:1), rt, 1 h

4ha (0.3 mmol) 9ha (82 mg, 91%)

A mixture of norcaradiene 4ha (102 mg, 0.3 mmol, 1.0 equiv.) and LiOH-H20 (32 mg, 0.75
mmol 2.5 equiv.) was taken RB flask (25 mL). Further 3 mL of solvent mixture
(THF:MeOH:H20 = 1:1:1) was added into the mixture under an open atmosphere. The reaction
mixture was stirred at room temperature over 1 h. The progress of the reaction was monitored
by TLC. After completion of the reaction, the reaction mixture was acidified by using 3 N HCI
and adjusted to pH 2—3. The white suspension was filtered through a sintered funnel with celite
and the white residue was washed with water to furnish the product 9ha as a white solid (82
mg, 91% yield).

251



Chapter 5: Arene cyclopropanation under scandium catalysis

7-(Perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylic acid (9ha): The compound
9ha was obtained as white solid, 82 mg (91% yield); *H NMR (400 MHz,
CDCl3): 6 (ppm) 6.20 (ddq, J = 8.4, 4.3, 2.2 Hz, 2H), 5.91 — 5.83 (m, 2H),
3.31 (dd, J = 3.7, 2.5 Hz, 2H); BC{*H} NMR (100 MHz, CDCls): & (ppm)
180.7, 146.7 (d, J = 250.2 Hz, C?), 141.1 (d, J = 253.7 Hz, C%), 137.6 (d, J =
252.5 Hz, C3), 125.0, 124.2 (t, J = 1.8 Hz), 106.7 (d, J = 4.2 Hz, C%), 49.9, 37.2; F NMR (377
MHz, CDCl): & (ppm) -140.7 (td, J = 15.1, 2.3 Hz, F°), -154.4 (tt, J = 21.2, 2.6 Hz, FY), -162.
8 (dt, J = 21.3, 15.0 Hz, F?); HRMS (ESI TOF) m/z: calcd for C1aHsFs02 (M + H)* 301.0288;
Found, 301.0281.

5.4.6. Appendix-V: 'H, 1*C{*H}, and °F NMR spectral data of representative compounds

Compound No. Figure V.X Data Page No.
1h Figure V.1, V.2 and V.3 'H, ¥C, and F 253-254

4ha Figure V.4, V.5 and V.6 'H, 13C, and °F 254-255

4hb Figure V.7, V.8 and V.9 'H, 13C, and °F 256-257

4hk Figure V.10, V.11 and V.12 'H, ¥C, and F 257-258

8ha Figure V.13, V.14 and V.15 'H, 13C, and °F 259-260
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5.4.6. Copies of 'H, C{*H}, and °F NMR Spectra of representative compounds:
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Figure V.2. BC{*H} NMR (100 MHz, CDCls) Spectrum of 1h
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Figure V.8. 3C{*H} NMR (100 MHz, CDCl3) Spectrum of 4hb
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5.4.7. Crystal Diffraction Data:

a) Prop-2-yn-1-yl 2-diazo-2-(perfluorophenyl)acetate:

Datablock: D1_a

Bond precision:

C-C = 0.0019 A

Cell: a=6.4451(11)
alpha=90
Temperature: 100 K
Calculated
Volume 1109.8(3)
Space group P 21/n
Hall group -P 2yn

Moiety formula
Sum formula

Cll H3 F5 N2 02
Cll H3 F5 N2 02

b=10.6433(18)
beta=98.062(6)

Mr 290.15
Dx,g cm-3 1.737
Z 4

Mu (mm-1) 1.598
F00O0 576.0
FO0O0’ 578.80
h, k, Imax 7,13,20
Nref 2199
Tmi

n, T

max

Tmi

nl

Correction method= Not given

Data completeness= 0.998

Wavelength=1.54178

€=16.340(3)
gamma=90

Reported
1109.8(3)

P 21/n

-P 2yn
C1l1H3F5N202
C1l1H3F5N202
290.15
1.737

4

1.598

576.0

7,13,20
2194

Theta (max)= 72.580

R(reflections)= 0.0327( 1901)
wR2 (reflecti
ons) =
0.0767( 2194)
S =1.094 Npar= 182
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b) prop-2-yn-1-yl 7-(perfluorophenyl)bicyclo[4.1.0]hepta-2,4-diene-7-carboxylate: 4ah
Datablock: do 3 a

Bond precision: C-C = 0.0028 A Wavelength=1.54178
Cell: a=29.816(3) b=12.4367(12) c=7.8860(7)
alpha=90 beta=90 gamma=90

Temperature: 100 K

Calculated Reported
Volume 2924.2 (5) 2924.2 (5)
Space group Pcca Pcca
Hall group -P 2a 2ac -P 2a 2ac

Moiety formula
Sum formula

Cl7 H9 F5 02
Cl7 H9 F5 02

Cl7 H9 F5 02
Cl7 H9 F5 02

Mr 340.24 340.24
Dx,g cm-3 1.546 1.546
Z 8 8

Mu (mm-1) 1.267 1.267
FOO0O0 1376.0 1376.0
FO0OQ’ 1382.01

h, k, Imax 37,15,9 37,15,9
Nref 3032 3010
Tmi

n, T

max

Tmi

n’

Correction method= Not given

Data completeness= 0.993

Theta (max)= 75.425

R(reflections)= 0.0410( 2189)
wR2 (reflecti
ons) =
0.0966( 3010)
S =1.039 Npar= 218
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Summary

Carbene is the key reactive intermediate that has been utilized widely in varieties of synthetic
transformations ranging from cycloaddition to site-selective functionalizations. Controlling the
reactivity of carbenes is the most crucial and foremost parameter for achieving the selective
carbene transfer reactions. The combined effect of metal catalysts, reagents and ligands plays
a major role for exploring the reactions via singlet carbene intermediate. Contrarily, triplet
carbene has gained very little attention from the researchers as its reactivity relied on the use
of specific metal complexes, and as such dealing with the reactivity of triplet carbene in organic

synthesis is underdeveloped.
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To implement the tuneable and unmet reactivity of carbenes for the different

cycloaddition reactions via carbene for the construction of small organic molecules, we
designed and developed different novel donor-/acceptor-type diazo compounds as carbene
precursors or surrogates. We have disclosed the unique reactivity pattern of diazosuccinimide

at both of its carbene spin states under different reaction conditions. We have also demonstrated



Summary

that the synergistic combination of catalyst (early transition-metal based) and reagent
(diazoacetate) play a crucial role over benzenoid substrates for the controlled regio- and chemo-
selective dearomatization of benzenoids by mobilizing one double bond at the expense of
intrinsic aromatic stabilization. We have explored the reactivity of these carbene surrogates
under traditional metal as well as photochemical condition. We have successfully utilized these
novel carbenes precursor for the synthesis of various useful compounds and bioactive

compounds.
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Silver-Catalyzed Epoxidation of Aldehydes Using Donor-/
Acceptor-type Vinyl Diazosuccinimides to Access Spiro-

Pyrrolidinedioneoxiranes
Debasish Laha and Ramakrishna G. Bhat**

Abstract: A silver(l)-catalyzed method to access spiro-pyrroli-
dinedioneoxiranes has been developed. Silver hexafluoroan-
timonate was found to be an efficient catalyst for the
epoxidation of aldehydes using donor-/acceptor-substituted
vinyl diazosuccinimides as carbenoid precursors. The protocol
has been found to be highly regio- and chemoselective, and
works well with aromatic aldehydes containing electron-
withdrawing and -donating groups to afford spiro-pyrrolidine-
dioneoxiranes with a broad substrate scope. /

Introduction

The class of diazo compounds is useful for a wide range of
synthetic transformations for the past few decades. The diazo-
carbonyl compounds have been explored as useful precursors in
various transition metal catalyzed transformations viz. cyclopropa-
nation, insertion reaction and ylide formation.” The transient
ylides such as 1,3-dipolar species are usually formed either
intramolecularly or intermolecularly via metal carbenoid intermedi-
ate. The in situ formed ylide can undergo various transformations
such as cycloaddition in presence of suitable dipolarophiles,
rearrangement reactions or cyclization to afford oxiranes or
aziridines.*¥ Over the years, many protocols have been explored
for the direct synthesis of oxirane derivatives starting from
aromatic aldehydes.” Transition metals such as copper, rhodium
have been commonly explored along with the carbonyl ylides
derived from a variety of diazo compounds as coupling partners
albeit with limited success.”” Aggarwal and Co-workers elegantly
developed an unorthodox strategy wherein alkyl sulfide intercepts
with the metal carbenoid to form sulfur ylide that undergo
epoxidation on reacting with an aldehyde.”! Likewise, Doyle and
co-workers” and Davies and co-worker"” reported direct method
to synthesize oxiranes via rhodium(ll) acetate catalyzed decom-
position of donor-/acceptor- substituted diazocarbonyl compound
in a highly regio- as well as chemo-selective manner. Muthusamy
and co-workers subsequently reported the Rh,(OAc), catalyzed
synthesis of spiro-oxiranes starting from 3-diazooxindolinone and
aromatic aldehydes (Scheme 1a, Eq. 1).""” Though this protocol is

[a] D. Laha, Prof. Dr. R. G. Bhat
Department of Chemistry
Indian Institute of Science Education and Research (lISER) Pune
Dr. Homi Bhabha Road, Pashan, Pune, 411008 Maharashtra (India)
E-mail: rgb@iiserpune.ac.in
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/ajoc.202000123

Asian J. Org. Chem. 2020, 9, 918-921 Wiley Online Library

a) Previous studies: Rhodium Catalysis by Muthusamy and Co-workers

i) In 2004:
N
(0] Rhy(OAc),
o+ _RhgOAcls \i Eq. 1
N A~ ~H DCE,60°C
i (55-84%)
Works well only for electron-rich arene aldehyde
ii) In 2011: j
N, 0"
O 0] Rhy(OAc)s
%O + )k * J\ CH2 Cl —k
N A" OH A7 H  CHCh
\ (55- 85"/
Ar'= electron-donating; Ar® = electron-withdrawing . R
(dioxolane)
iii) In 2015:
Rhy(OAC),
N, ArCHO
(1.2 equw ) ©\ £ 3
O Hor a:
N (45-67%)
R (OX|rane)
m Limited Substrate scope with arene aldehyde with EDGs only
b) Present work: Silver catalysis
R" o R"
N . HYO AgSbFg R 2-...,/{
° R p-Xylene o
N s ) N”~0
(S 110 °C, 2 min '
R (36-70%) R

™ Regio- and chemo-selective method and no dioxalane formation
= Works well with both aromatic and o, B-unsaturated aldehydes
= Works well with EWG and EDG containing substrates

= Shorter reaction time

Scheme 1. Spiro-oxirane and spiro-dioxolane formation.

stereoselective, it is just limited to aromatic aldehydes substituted
with electron-donating groups.

Later the same research group observed the formation of
dioxolanes while working with the aromatic aldehydes contain-
ing electron-withdrawing substituents (Scheme 1a, Eq. 2)."? In
the year 2015, they reported the synthesis of oxiranes on water
unlike their previous findings in which DCM was used as a
solvent (Scheme 1a, Eq. 3)."* However, this protocol was found
to be efficient only to electron rich aromatic aldehydes.

In spite of remarkable advances in the synthesis of oxiranes
starting from cyclic diazo amides, the direct access to oxiranes
starting from both electron-deficient and -rich aromatic alde-
hydes and diazo compound remains to be a challenging task.
More importantly access to oxiranes in a regioselective as well
as chemoselective manner is highly demanding.

Maleimide scaffold is a key component found in many natural
products as well as pharmaceuticals with remarkable range of
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biological activities" TAN-1813 is known to have ras-farnesyl-
transferase inhibition activity"” We envisioned that TAN-1813
derivatives could be accessed via spiro-oxirane motif 3 at the very
early stage of the synthesis (Scheme 2). In turn the intermediate 3
can be synthesized starting from donor-/acceptor-substituted type
vinyl diazosuccinimides (Scheme 2). It has been reported that
metal-catalyzed intermolecular epoxidation with these donor-/
acceptor-substituted type carbenoids is much more diastereose-
lective and chemoselective than traditional carbenoids."” Interest-
ingly, vinylcarbenoids have been explored seldom in the
literature."™ Also there have been numerous efforts to utilize
alternative transition metals such as silver for different trans-
formations in the diazocarbonyl chemistry. It has been shown that
silver catalysts are effective in catalyzing the reactions with
donor-/acceptor-type carbenoids."” Mostly dirhodium catalysts
have been explored for the synthesis of oxiranes via [2-+1]
cycloaddition of the diazo compounds and aromatic aldehydes
with limited success™>'? Interestingly, silver catalysis has proved
to be more effective than rhodium in some of the instances."®
Moreover, some of the silver catalysts are relatively less expensive
and easily available. In this regard we planned to explore silver
catalysis for the possible synthesis of spiro-oxiranes starting from
vinyl diazosuccinimides.

Herein, we wish to report silver hexafluoroantimonate
(AgSbF¢)-catalyzed reactions of donor-/acceptor-substituted
vinyl carbenoids for the direct access of spiro-oxiranes in
regioselective and chemoselective manner. To the best of our
knowledge for the first time we have demonstrated the utility
of vinyl diazosuccinimides to synthesize useful spiro-oxiranes
starting from aromatic aldehydes via silver catalysis.

To begin with we planned to screen easily and commercially
available silver catalysts for the desired transformation. In this
regard, benzylidene-N-ethyldiazosuccinimide 1a was easily pre-
pared in two steps from commercially available N-ethylmaleimide
by well-known Wittig reaction with benzaldehyde 2h and diazo
transfer reagent (see ESI, Ref no. [1], [2]). We commenced with the
model reaction by treating benzylidene-N-ethyldiazosuccinimide
1a with p-nitrobenzaldehyde 2a in presence of catalytic amount
of silver triflate in toluene at room temperature under inert
atmosphere (Table 1, Entry 1). The reaction afforded the desired
compound 3aa albeit in poor yield (22%) and we did not observe
the formation of the corresponding dioxolane derivative 4aa
(Table 1, Entry 1). A slight excess of 2a was recovered during the
purification. Encouraged by this initial result, we sought to screen
various silver(l) salts as catalyst. Further we screened different silver
catalysts (AgBF,, AgOAc, AgTFA, Ag,CO; AgNO;, AgNTf, Ag,0)
and they proved to be not efficient for the desired reaction
(Table 1, Entries 2-8). Later, the reaction of 1a with 2a in presence

5 -
TAN-1813 R=anyl

Scheme 2. Possible synthetic route for TAN-1813.
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Table 1. Optimization of reaction conditions.”
ON
0 ©\T 0
Mo N Catalyst (5 mol%) OzN@j .
o N o Solvent, Temp., Time O N“S0 o N
) NO, J
1a 2a 3aa 4aa (dioxolane)

(1 equiv.) (1 equiv.) (not Formed)
Entry Catalyst [5mol%] Solvent  Temp.[°C] Time Yield [%]®
1 AgOTf Toluene rt 16 h 22
2 AgBF, Toluene rt 16 h 16
3 AgOAc Toluene rt 18 h 7
4 AgTFA Toluene rt 24h <5
5 Ag,CO; Toluene rt 24 h <5
6 AgNO; Toluene rt 20h <5
7 AgNTf, Toluene rt 16 h 15
8 Ag,0 Toluene rt 24 h NR
9 AgSbF Toluene rt 12h 27
10 AgSbF, CH,Cl, r 15h 16
1 AgSbF p-Xylene rt 1h 34
12 AgSbF, DCE rt 15h DC
13 AgSbF, THF r 24 h NR
14 AgSbF, CHCl, r 15h 10
15 AgSbF p-Xylene 60 10 min 41
16 AgSbF, p-Xylene 80 3 min 44
17 AgSbF, p-Xylene 90 2 min 48
18 AgSbF, p-Xylene 110 2 min 54
19 AgSbF, p-Xylene 125 2 min DC
209 AgSbF, p-Xylene 110 2min  DC
219 AgSbF, p-Xylene 110 2min 50
229 AgSbF p-Xylene 110 2min 52
23" AgSbF, p-Xylene 110 2min 54
24 No Catalyst p-Xylene 110 24h NR
[a] Reaction conditions: 1a (1 equiv.), 2a (1 equiv.), catalyst (5 mol%),
solvent (3 mL), N, atmosphere. [b] Isolated yield after column chromato-
graphy. [c] 10 mol% of AgSbF, was used. [d] 1 mol% of AgSbFs was used.
[e] 1a (1.5 equiv.) and p-nitrobenzaldehyde 2a (1 equiv.) [f] 1a (1 equiv.)
and p-nitro benzaldehyde 2a (1.5 equiv.) NR=No reaction, DC=decom-
posed.

of AgSbF, (5 mol%) in toluene afforded the desired product 3aa
in 27% yield at room temperature in 1.5 h (Table 1, Entry 9). Silver
hexafluoroantimonate proved to be promising catalyst and we
observed that the catalytic efficiency of other silver(l) based
catalysts found to be low under the same reaction conditions at
room temperature (Table 1, Entries 1-9). We observed that the
efficiency of the catalysts was largely dependent on the counter-
ions of the corresponding silver(l) salts. The catalysts with tightly
bound counterions afforded relatively lower percentage of yields.
Later in order to optimize the reaction condition, we further
carried out the reaction of 1a and 2a in presence of AgSbF, in
different solvents at room temperature (Table 1, Entries 10-14).
Among all the solvents, p-xylene proved to be efficient for this
transformation by affording the 3aa in 34% yield at room
temperature in 1 h (Table 1, Entry 11).

We believed that the silver carbenoid generated in situ might
not be efficient and reactive enough to get coupled with the
aldehyde at room temperature. We observed that in all the cases,
considerably low yields of the desired product were obtained with
a relatively longer reaction time because of the decomposition of
the starting vinyl diazo compound. In this regard, we planned to
carry out the reaction at elevated temperature.

919 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Later, the reaction of 1a with 2a was carried out in p-xylene
at 60°C in presence of AgSbF, to afford the desired product
3aa in 41% yield (Table 1, Entry 15). We observed that at
elevated temperature there was an incremental increase in the
yield of 3aa (up to 48%) and the starting material was
consumed in 10 min (Table 1, Entries 15-17). Gratifyingly, we
did not observe the formation of dioxolane 4aa during the
reaction. Interestingly, further increase in the reaction temper-
ature (110°C) enhanced the yield of the desired product 3aa up
to 54% in 2 min (Table 1, Entry 18). Further increase in reaction
temperature (125°C) led to the decomposition of vinyl diazo-
succinimide (Table 1, Entry 19). Further increment in catalyst
loading (10 mol%) also resulted in the decomposition of diazo
compound (Table 1, Entry 20). Furthermore, decrease in catalyst
loading resulted in diminished yield of the desired product
(Table 1, Entry 21). Later we increased the stochiometric amount
of diazo compound. However, we observed that there was no
significant increase in the desired product (52%) (Table 1,
Entry 22). Alternatively, increasing the stoichiometric amount of
aldehyde did not improve the yield and also we did not observe
formation of any dioxolanes as reported previously with
dirhodium acetate" (Table 1, Entry 23). We also observed that
reaction did not work in the absence of any catalyst.

After the exhaustive screening of different silver catalysts,
solvents, temperature and other reaction conditions, vinyl diazo
succinimide 1a (1 equiv.), p-nitrobenzaldehyde 2a (1 equiv.)
and AgSbFs, (5mol%) in p-xylene at 110°C under inert
atmosphere proved to be the optimum reaction condition.

Having obtained the optimized reaction conditions in hand,
further we investigated the substrate scope of the reaction of
1a with variety of electron-deficient as well as electron-rich aryl
aldehydes (Table 2). Aromatic aldehydes bearing electron-with-
drawing as well as deactivating substituents reacted smoothly
under optimized reaction conditions to furnish the correspond-
ing desired products spiro-pyrrolidinedioneoxiranes (3 ab-3ag)
with moderate to good yields (up to 70%). Aromatic aldehydes
containing electron donating substituents also worked well
under the optimum reaction conditions to afford the desired
products (3ah-3ak) in moderate to good yield (up to 69%).
Gratifyingly, 2-phenylpropionaldehyde reacted smoothly with
1a to afford the desired compound 3al Z-selective mixture of
diastereomers though in low yield (Table 2). We painstakingly
separated the two diastereomers and confirmed the molecular
structures and geometric arrangements of both the isomers
unambiguously using single-crystal X-ray analysis (See ESI).
Further, we treated @, p-unsaturated aldehyde such as
cinnamaldehyde under the optimum reaction conditions to
afford the corresponding product 3am in 40% yield. Interest-
ingly, protocol also worked well with ketone. The reaction of
acetophenone with 1a furnished the corresponding compound
3an in moderate yield. A range of substrates with both electron
withdrawing and donating groups were explored and all of
them tolerated the reaction condition well.

Further we turned our attention to screen various diazo-
succinimide substrates to generalize the protocol (Table 3).

We synthesized different vinyl diazosuccinamide derivatives
(1b-1f, 1a’, 1b’) containing electron donating as well as
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Table 2. Substrate scope for vinyl diazosuccinimide (Reaction condition:
1a (1 equiv.), 2 (1 equiv.), AgSbF¢ (5 mol%), p-Xylene (3 mL), N,-atmos-
phere; Yields are given in parenthesis and are obtained by purification
using column chromatography).

N, o __ AgSbFg(5mol%)

R p-Xylene, 110 °C, 2 min
o N
\_

1a (1 equiv., 2 (1 equiv.)

3aj (65%)

3ak (69%) 3al (50%)

Table 3. Scope with different diazosuccinimide derivatives (Reaction
condition: 1 (1 equiv.), 2 (1 equiv.), AgSbF4 (5 mol%), p-Xylene (3 mL), N,-
atmosphere; Yields are given in parenthesis and are obtained by
purification using column chromatography).

0
Noo HoZO __ AgsbFs 5 mol%) Rj//ﬁ
PN O+ R pXylene,110°C,2min O NS0
R R
1 2 3
(1 equiv.) (1 equiv.)

3bh (58%) 3ch (51%) 3ca (50%) 3dh (60%)

3eh (59%) 3fh (44%) 3a'h (51%)

3a'a (41%)
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(Favourable, no steric crowding)  (Unfavourable, due to steric crowding)

Scheme 3. Proposed mechanism for the oxirane formation.

electron withdrawing substituents at the arene ring at the
vinylogous position. Vinyl diazosuccinamide derivatives on
treatment with different aldehydes under the optimum reaction
condition afforded the corresponding products (3 bh, 3ch, 3ca,
3dh, 3eh, 3fh, 3a’a, 3a’h, 3b’h) in moderate to good yields (up
to 60%, Table 3). We observed that N-Ph substituted vinyl diazo
compound provided relatively lower yield of the desired
product. A plausible mechanism for the formation of oxirane is
proposed in Scheme 3.

The treatment of diazocompound 1 with AgSbF, under the
reaction condition presumably initiated by the loss of nitrogen
gas to form silver-carbenoid I. This reactive intermediate |
further reacts with aldehyde to produce intermediate Il. This
intermediate finally delivers the desired product oxirane 3 with
the concomitant regeneration of the active Ag(l) catalyst. We
surmise that approach of aldehyde is probably more favourable
as shown in A, as it avoids the steric clash leading to the
product with the favourable geometry.

In summary, we have demonstrated that silver hexafluoroantim-
onate is an effective catalyst that provides direct access to spiro-
oxirane derivatives using donor-/acceptor-substituted vinyl diazo-
succinimides. This protocol gives clean access to spiro-pyrrolidine-
dioneoxiranes without the formation of dioxolanes. The protocol
proved to be general and worked with aromatic aldehydes/ketones
to afford the desired products in very short time.

Experimental Section

General Procedure for the Synthesis of
Spiro-pyrrolidinedioneoxiranes

In an oven-dried 25 mL two necked round bottom flask equipped with
a magnetic stirrer bar, a mixture of AgSbF (5 mol%) and aldehyde 2
(1 equiv., 0.4 mmol) was stirred in p-xylene (2 mL) at 110°C under inert
atmosphere for a minute. Then vinyl diazosuccinimide 1 (1 equiv.,
04 mmol) in p-xylene (1 mL) was added to the reaction mixture
dropwise over 2 minutes. As soon as the addition was complete,
progress of the reaction was monitored by TLC. After completion of the
reaction, the solvent was removed under reduced pressure. The crude
product obtained was then purified by column chromatography
(petroleum ether/EtOAc 90:10) over silica gel to furnish the desired
product 3 as a white solid. The slight amount of aldehyde 2 was
recovered during the purification.
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Silver-Catalyzed One-Pot Access to Diastereoselective
Benzo[5,6]oxepino[2,3-clpyrroles via Formal (54 2)-Annulation of
Donor-/Acceptor-Type Aryl Vinyl Diazosuccinimide with Ketones

Debasish Laha, Kajal B. Meher, Onkar S. Bankar, and Ramakrishna G. Bhat*™

Abstract: A silver triflimide catalyzed one-pot protocol for the
diastereoselective synthesis of dihydrobenzoxepines has
been developed. Silver triflimide was found to be an efficient
catalyst for the formal (5+ 2)-cycloaddition to access dihy-
drobenzoxepines as a single diastereomer using vinyl diazo-
succinimides as 5-C-synthons and ketones. An unmet
challenge of utilizing the donor-/acceptor-type vinyl diazo-
succinimides as 5-C-synthons under silver-catalysis is pre-

sented. This protocol was found to be highly regio-, chemo-
and diastereoselective, and works well with aliphatic as well
as aromatic methyl ketones bearing electron deactivating as
well as  donating groups to afford dihydro-
benzo[5,6]oxepino[2,3-clpyrroles. The control experiments
and time-dependent NMR studies revealed the plausible
mechanism of this transformation. The protocol also proved
to be scalable on the gram-scale synthesis. )

Introduction

The fused polycyclic architecture containing 6-7-5 or 5-7 fused
ring framework such as benzoxepine motif belongs to one of
the important classes of oxygenated heterocycles found in
pharmaceutical agents"” and numerous natural products™® ¥
having diverse biological activities (Figure 1). The stereoselec-
tive syntheses of these highly substituted oxygenated hetero-
cycles have immensely been pursued by the scientific
community.”? Directly accessing this scaffold is highly challeng-
ing and few approaches have been explored in this regard.” It
is well known that the transient carbonyl ylide, generated in situ
via transition-metal-catalyzed decomposition of diazo com-
pounds can either be paired with suitable trapping agents (or
dipolarophiles) or it can be utilized in cyclization (intramolecu-
larly or intermolecularly) to access oxygenated heterocycles.*™®
A few methods involving vinyl carbonyl compound have been
revealed the preferential formation of dihydrofurans [via (4 + 1)-
annulation] or a mixture of dihydrofurans and dihydrobenzox-
epines [via (6+ 1)-annulation] from specific ylide starting from
ester and ketone moiety respectively (Scheme 1A).%? However,
the stereoselective synthesis of either of these scaffolds is quite
challenging and it typically needs an elegant ligand-controlled
strategy (Scheme 1B).”” Very recently, Schneider and co-
workers® reported a protocol for the construction of bicyclic
framework: oxa-bridged dibenzooxacines (5-8 fused rings) via
formal (44 3)-cycloaddition® ' involving carbonyl ylide as
reactive intermediate. Besides, the reaction of vinyl diazo
compounds with aldehydes usually known to form a mixture of
oxiranes [via (24 1)-cycloaddition] and dihydrofurans [via
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Figure 1. Examples of natural bioactive 1,3-dihydrobenzo[cloxepines and
oxepino[2,3-c]pyrrole.
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(4+1)-L1: bisoxazoline (6+1)-L.2: Brookhart-type
ligand ligand

® Ligand is needed to control the selectivity of the transformation
® Selectivity is not observed for dihydrobenzoxepines

Ar = 2 6-diisopropylphenyl

o] R R' R R
Q)LR‘ (Ref. 9) 0 o
¢ RLR /o > 5 3 =~
= S, EWG Ews L)
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diazo compound QO @ i(cala\yst wan)wﬁjf o entropic factors |
EWG—N\__ : __J s-cis conformation
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(more challenging) L

Scheme 1. Access to oxygenated heterocycles via carbonyl ylides.
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formal (3 + 2)-cycloaddition] through carbonyl ylide involving
metal carbene intermediates (Scheme 1C).! It is important to
note that the synthesis of benzoxepine derivatives is quite
challenging and moreover cycloannulation via alternative
formal (5+ 2)-cycloaddition via carbonyl ylide has not been
explored till date to the best of our knowledge; wherein vinyl
diazo compounds act as 5-C-synthons. The major challenge in
this aspect to explore the vinyl carbenoid as 5-C synthon is
limited due to the intrinsic steric hindrance emanating from Z-
configuration around the C=C bond between benzylidene
group and the ‘catalyst wall’ thus making it unfavorable for the
desired transformation (See Scheme 1C inset)."” Secondly,
construction of the seven-membered heterocyclic scaffold such
as oxepine via the direct cyclization needs high activation
energy mainly owing to the combined effect of entropic factors
and the non-bonding interactions in the transition state."”

The vinyl diazosuccinimide, a useful carbene precursor for
the tandem annulation reaction and this can be directly
prepared from benzylidene succinimides"? following our earlier
reported procedure and other protocols (Scheme 2A)."¥ The
metallo-carbenoid of vinyl carbenesuccinimides or vinyl carbe-
nesuccinimides are generated catalytically from stable vinylic
diazosuccinimides (Z-geometry across C=C bond) that exhibit
electrophilic character at metal carbene carbon and nucleo-
philic character at vinylogous carbon (Scheme 2A). These metal-
lo-vinyl carbenesuccinimides have emerged as useful synthons
to access metallo-1,1-%221d or 1,3.04 adducts when paired
with suitable dipolarophiles or nucleophiles to construct cyclic
ring structures involving m-electrocyclization*'*- (Scheme 2B
and 2Q). Looking at these important features and owing to the
importance of oxaheterocycles, we envisioned that the metallo-
aryl vinyl carbenesuccinimide could be employed for the
cycloannulation with carbonyl compounds via (3 + 2)- and/or (5
+2)-cycloaddition to access to dihydrofurans and/or dihydro-
benzoxepines respectively under suitably optimized reaction
conditions (Scheme 2D)."*1 Herein, for the first time, we report
the silver catalyzed direct diastereoselective synthesis of
dihydrobenzoxepine derivatives exclusively by exploring the

Celect{ophilic site 0 Donor site

o]
A R‘—NyR == R NyR = R N;’\f
-~ Ny Jm

0O nuclecphilic site [0}
(Direct synthesis protocol invented in 2020)

;" X .
R
Ref: 14,
B. ;[\/5':0 IS Ml

Rx-s N
(via metallo-1,3-adduct)

Acceptor site

R R
(via metallo-1,1-adduct)

D. Proposed Strategy: Reactions via metallo-1,3- and/or 1,5-adduct formation
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potential of aryl vinyl diazosuccinimide with ketones under
ligand-free condition.

Results and Discussion

Our previous report had demonstrated the 4m-electrocyclization
strategy via in situ generation of transient carbonyl ylide from
metallo-aryl vinyl diazosuccinimide under silver catalysis
(AgSbF,) to access oxiranes at elevated temperature (see
Scheme 2E)."*? The single crystal X-ray analysis""” of the phenyl
vinyl diazosuccinimide 1a revealed that the benzylidene group
is oriented in s-cis conformation with a dihedral angle (6) ~34°
(slightly twisted, see SI, page no. S73-S74). Looking at this
observation we surmised that even though it is a great
challenge, metallo-aryl vinyl diazosuccinimide could be ex-
plored for different type of reactivity under suitable conditions
wherein aryl group may participate in the reaction as it would
be slightly inclined away from the ‘catalyst wall’ as shown in
Table 1. We envisioned that the in situ generated carbonyl ylide
(from metallo-aryl vinyl diazosuccinimide) may undergo 6m-
electrocyclization to form dihydrofuran 4 or 8m-electrocycliza-
tion followed by rearomatization to afford the dihydrobenzox-
epines 5 (see Scheme 2C and D).

In order to validate our hypothesis, initially we treated (E)-3-
benzylidene-4-diazo-1-ethylpyrrolidine-2,5-dione 1a with few
ketones, aldehydes, amides and esters. Among all the substrates
that were screened for the optimization, compound 1a reacted
with either acetophenone 2a or acetone 2k to afford the
desired dihydrobenzoxepines 5aa or 5ak as single diastereom-
er in modest yields respectively (up to 50%, see Appendix-I, SI
for details). No trace of product 4 was observed in all of these
cases. Encouraged by the initial results, we further sought to
optimize the reaction conditions to enhance the yield of
diastereomer 5aa. In this regard, we explored the reaction of
1a and 2a using rhodium (Table 1, Entry 1), silver (Table 1,
Entries 2-5), copper, iron and gold catalysts in DCM at room
temperature (See Sl, Table-S1 Entries 11-19). Gratifyingly,
among all, the reaction of acetophenone 2a with aryl vinyl

R R’

3@

® S
] — M

R2 R R . R
o s
e [
07~y 0
R

4
dihydrofurans

0
ar N o N or
R

4e-system

AgSDFﬁ

nucleophilic
e

R
4re-system Gre-system
electrophilic

R R
Bre-system  4we-system R

gTunabfhry of metallo-arylviny! carbsnesuccrmmfde]

metallo-1,5-adduct

r levated IPmpera!u:
[11
Prevmus\y \epnr‘ted/ 'D Xylene
W
(via 7-endo-trig)

Ronm I@mpualurﬂ (o]

Rt
Th|swurk R1=R2= aryl alkyl

[Z[ Highly Diastereo-, regio-
and chemoselectwe
method
1 B Works well with both
j aliphatic, aromatic as well as
; o, S-unsaturated ketones
' ™ ligand and additive free
; conditions

AgNTf; 5 mol%)

N
|
R

Scheme 2. General characteristics of metallo-aryl vinyl carbenesuccinimide and the current challenges.
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Table 1. Selected Optimization Results®

reduced
steric
interference §£

Catalyst

Me, o

(RS P b1 PO (Bmoi%) o< .
catalyst ; Me CHaClz (0.1M) g,
face / = T /FN
' a Jaa 4aa Baa

dihedral angle, 8 = 3*“; (1equiv) (1equiv) cycloaddition: (2+1) (3+2) (5+2)

Entry Catalyst Solvent Time [h] Yield® [%] of 3aa/4aa/5 aa
[5 mol%)]

1 Rh,(esp), CH,Cl, 2 <5/0/31
2 AgSbF, CH,Cl, 2 19/0/40
3 AgOTf CH,Cl, 2 18/0/38
4 AgBF, CH,Cl, 2 <5/0/20
5 AgNTF, CH,Cl, 2 11/0/57
6 - CH,Cl, 24 NR
7t AgNTf, CH,Cl, 4 0/0/34
g AgNTf, CH,Cl, 10 0/0/23
9 AgNTF, CH,Cl, 2 15/0/35
108 AgNTF, CH,Cl, 2 min 25/0/24
110 AgSbF, CH,Cl, 2 min 27/0/23
12 AgNTF, CH,Cl, 2 5/0/70

obtained.

[a] Reaction conditions: unless otherwise noted, the reactions were carried out with diazo compound 1a (1.0 equiv., 0.2 mmol), 2a (1.0 equiv., 0.2 mmol),
AgNTf, (5 mol%) and dry CH,Cl, (0.1 M) at room temperature (26 °C) under argon atmosphere. [b] Isolated yields. [c] 0°C; [d] —20°C. [e] 60 °C. [f] Diazo
compound 1a was completely consumed in 2 min at 110°C. [g] dry CH,Cl, (0.033 M) was used. NR- No reaction. In all cases single diastereomer of 5aa was

diazosuccinimide 1a in presence of silver triflimide (AgNTf,,
5 mol%) in dry CH,Cl, afforded the corresponding dihydroben-
zoxepine 5aa at room temperature (57% yield, Table 1, Entry 5)
along with 3aa as a minor product. The catalytic activity of
different silver catalysts was seemed to be dependent on the
counter anions. The non-coordinating and low nucleophilic
(Tf,N7) counter anion was found to more prominent over others
to effect the transformation. We also observed that the reaction
did not work in the absence of catalyst for the prolonged
reaction time (Table 1, Entry 6). In order to improvise the yield
of 5aa and to optimize the reaction conditions further, different
solvents, additives, stoichiometric ratio of the substrates,
catalyst loading (see Sl, Table S2, S4-6) were screened. Later we
carefully investigated the other parameters such as temperature
(Table 1, Entries 7-11, see Sl Table S2 for details) and reactant
concentration (Table 1, Entry 10, see SI Table S7). We also
observed that in all the cases no trace of compound 4aa was
detected during the course of the reaction. Based on the
exhaustive screening, we observed that 1a (1 equiv.) and 2a
(1 equiv.) in presence of AgNTf, (5 mol%) as catalyst in dry
CH,Cl, (0.033 M) at 26°C for 2 h under inert atmosphere proved
to be the optimum reaction condition (Table 1, Entry 12).
Having obtained the optimized reaction condition, we
planned to extend this protocol for the wider substrate scope.
Initially we planned to explore the reactivity of phenyl vinyl
diazosuccinimide 1a with different ketones. Different methyl
aryl ketones (2a-2I) reacted with 1a in presence of silver
triflimide (5 mol%), in dry DCM at room temperature to afford
the corresponding 5-aryl-5-methyl substituted dihydrobenzox-
epines (5aa-5an) in moderate to good yields (up to 74%, See
Table 2). We observed that aryl methyl ketones bearing electron
donating groups afforded the corresponding dihydrobenzox-
epines (5aa-5ac) in relatively higher yields than that of aryl

Asian J. Org. Chem. 2022, 11, €202200062 (3 of 7)

Table 2. Substrates Scope for the Formal (5 + 2)-cycloaddition reaction®

o,
Nz % RwJL 2

R AgGNTf, (5 mol%)

\ + e v ———
0= ~F R! = alkyl CHyCl; (0033 M) °
W R? = aryl, alkyl, styryl n2h
(o]
R 1 2

Ketone scope

5aa:R=H: 70%
5ab R = CHy 70%
5ac: R = OMe; 74% Bf
5ad R =F; 45%

5ae; R = CI; 65%

5af: R = Br, 46%

Sag R =1, 44%

5ah, 58%

A
5al. 50%

S5am, 65% 5an, 50%

Diazo scope
-5ha: Ar = CgHs, R* = Me; 52%

Sca: Ar = CgHg, R? = CgHls; 45%

" 5da: Ar = p-MeCgH, R® = CHg; 42%
Sea: Ar = CgHs, R? = 4-MeCgH,: 48%

5fa: Ar = p-FCaHy: 55%
" 5ga: Ar = m-FCgHy: 62%
. 5ha: Ar = m-CIC4H,; 68%
5ia: Ar = m-BrCgHy 55%
Sja: Ar = p-MeCgHy; 52%

5ma:R=Me 0%
5Sna: R = COMe; 61%

Molecular structure of Sga

Ska, 50% 5la, 0% 5ma-5na {using single crystal XRD-analysis)

Q Application:

4.5 equiv. DIBAL-H
N e s
CHxCly, 0°C. 12 h

[a] Reaction conditions: unless otherwise noted, the reactions were carried
out with diazo compound 1a (1.0 equiv., 0.2 mmol), 2 (1.0 equiv.,

0.2 mmol), AgNTf, (5 mol%) and dry CH,Cl, (0.033 M) at room temper-
ature (26 °C) under argon atmosphere over 2 h. In all cases single
diastereomer was obtained.

© 2022 Wiley-VCH GmbH

85UB017 SUOWIWIOD @A 11810 3|qeot dde 8y Aq peusenob e Sajolie YO 8SN JO S8|nJ 10} ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBY/WIOD A8 |1 ARe.q 18U [UO//Sdy) SUOTIPUOD Pue Swie 1 8y} 88S *[£202/20/60] Uo ARiq18uluO 8|1 ‘BUnd UoJessay puYy UOIEONP3 80USI0S JO @Iniisu| Leipu | Ag 290002202 20 e/200T 0T/I0p/Wod A8 1w Afe.d 1jeul uoy/:sdny oy pepeo|umod ‘v ‘2202 ‘ST8SE6TZ



Editorial Society

methyl ketones having electron-deactivating substituents at
para- and meta-position of phenyl ring (5ad-5ah). Surprisingly,
the desired dihydrobenzoxepine 5ai was not formed as 2,4-
dichlorophenyl methyl ketone 2i did not react with 1a under
the optimized reaction condition. Further, we explored the
reaction of 1a with electron rich aliphatic methyl ketones
including cyclic ketone such as cyclohexanone 2j to afford the
corresponding dihydrobenzoxepine derivatives (5aj-5al). Even
the enone such as methyl styryl ketone reacted with 1a to give
the desired product 5an in modest yield (50%, Table 2).

Later, we planned to explore formal (5 + 2)-cycloaddition for
a range of aryl-substituted and N-substituted aryl vinyl diazo-
succinimides with different ketones. In this regard, we treated
different N-substituted benzylidene diazo compounds (1b-1e)
with acetophenone 2a under optimized reaction condition to
afford the corresponding desired products (5ba-5ea) (see
Table 2). We observed that among all the N-substituted
benzylidene diazo compounds screened, N-ethyl substituted
benzylidene diazo compound 1a proved to be optimum
substrate by affording the desired product 5aa in relatively
higher yield. In view of this, we planned to explore the reactivity
of different N-ethyl substituted vinyl diazo compounds (1f-1n)
bearing different substituents with electron-rich and -deficient/-
deactivated groups at different positions of phenyl ring of the
vinyl diazo succinimide. The reaction of acetophenone 2a with
N-ethyl substituted vinyl diazo compounds (1f-1k) under the
optimized reaction conditions afforded the target products
(5fa-5ka) in moderate to good yields at room temperature in a
very short time (up to 68%, 2 h). It is Interestingly, we obtained
the desired product 5aa in 64% yield after 5h (Scheme 3c).
interesting that the N-ethyl substituted vinyl diazo compound
derived from a-napthal (1k) reacted smoothly, while $-napthal
derived derivative (11) did not react probably due to electronic
and steric reasons. We observed that the vinyl diazo com-
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pounds bearing electron deactivating groups (—F, —Cl, —Br) at
different positions of phenyl ring, afforded the target products
in relatively higher yields than that of electron rich system (1 b-
1d, 1j). Unfortunately, the N-ethyl substituted vinyl diazo
compounds having methoxy group (1m) at meta position
found to be not reactive. We reasoned that probably due to the
presence of electron donating group (—OMe), the carbenoid
carbon would be relatively less electrophilic for desirable
reaction. In order to validate this, we replaced the methoxy
group with the electron deactivating acetyloxy group at the
same position (meta, 1n) and treated with acetophenone 2a
under the optimized reaction condition. Gratifyingly, we
obtained the corresponding desired product 5na in moderate
yield (61%, Table 2). It is interesting to note that relatively
sensitive benzylidene scaffold containing p-methyl group at
phenyl ring (5da, 5ja) tolerated the optimized reaction
conditions. Later, in order to generalize the practicality of the
protocol, we explored the reaction of 1a and 2a on gram scale
quantity and further as an application, the transformation of
5aa was carried to obtain the pyrrolidinone derivative 7 aa (see
Table 2 or Appendix-Il, SI). All the dihydrobenzoxepines were
obtained as single diastereomer. We obtained the molecular
structure of 5ga using single crystal X-ray analysis™ and the
structures of all the other compounds were deduced based on
analogy.

In order to have an insight into the reaction mechanism, we
performed few control experiments systematically. To verify
whether or not the reaction undergoes via carbonyl ylide (int-Il
or lll, Scheme 3) or epoxide (int-IV, Scheme 3), we initially
prepared the corresponding epoxide™ (int-IV or 3aa) using the
reported procedure.*® This epoxide 3aa under the optimized
reaction conditions did not afford the desired product 5aa
even in trace and the unreacted epoxide 3aa was recovered
(Scheme 3a). Likewise, we observed that reaction did not afford

" owhether the formal (5+2)-cycloaddition reaction undergoing via intermediate formation or not;

Ph @)(M!/

Me %th.
r p:rfi -
0¥ "N

k

Ph_ _Me pp,

Ph i ¥

)

Int-ill

prabable Intermediates

Moo
i’
Me, O/ _AQNTE (mals) O LI _ AgNTia (5 mol%)
la] P"’j 0 CH,Clp 26 °C, 2h [c] F’""j\ 0 CH,Cly, 110°C, 5 h
o N 0 o N

Q@ variable time-dependent TH-NMR Experiment for intermediate detection
Pure Saa ’ k
N-Etof
r‘mn 5aa

Q A ¢
Argon-atm rgon-atm. L‘A‘ i &
aaa 5aa no reacuon 5aa, 64/ yield After 120 mins of heating at 110 °C
/ 1
Ph L ‘,AJ A J L /
After 60 mins of heating at 110 °C |
i Me, A A _ Nocatalyst Me, 8, / _ Nocatalyst =
18] 0 CH;Gl, 26 °C. 2h [‘”P" N O CHCly, 110 °C, 5 /3“ ] ‘I .
07N ‘Argon-atm N ] o ‘Argon-am SETPPONN G : - ¢ 4 Lk
After 30 mins of heating at 110 °C
3aa 5aa, no reacuon 5aa, r4 yield N
| I/nwz
molecular structure of 3aa and 5aa I hﬁi |
(single-crystal XRD)
, Pure 3aa
Ny J No cwtw\yst h Me, B % L] [ / 1ﬂ J V
€] 0 CH,Cl,, 110°C.2h 'j\ o
N

o Argon-atm o

1a 3aa, n. d Saa nd
(starting material 1a recovered)

# :indicates peaks disappearing, ;: indicates peak appearing

Scheme 3. Control Experiments for Intermediate Detection.
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the desired product 5aa when carried out in absence of catalyst
at room temperature (Scheme 3b). These results confirm that
epoxide 3aa (int-IV) is not the intermediate for the desired
transformation at room temperature. The int-ll (four different
conformational forms of metal-bound carbonyl ylides in one
inset, see Scheme 3) and int-lll (four different conformational
forms of the corresponding metal-unbound carbonyl ylides)
might be generating from the reaction of aryl vinyl diazosucci-
nimide under silver catalysis, presented here. It is reported by
Huisgen that the epoxide can undergo electrocyclic ring open-
ing reaction upon heating (absence of any catalyst). This report
confirms about the in situ formation of carbonyl ylide at the
room temperature reaction condition."®® In this regard, in
order to verify the possible formation of intermediate (int-Il or
Ill), we further treated compound 3aa (epoxide) with AgNTf,
(5mol%) at an elevated temperature (110°C, Scheme 3c).
Interestingly we obtained the desired product 5aa in 64% yield
after 5 h (Scheme 3c). To understand the possible role of silver
catalyst as well as carbonyl ylide, we performed the reaction in
the absence of AgNTf, at elevated temperature (110°C,
Scheme 3d). To our surprise we obtained compound 5aa" in
almost similar yield (Scheme 3d, for more details, see SII.
Considering Huisgen’s"*™ and Eberbach’s reports'® on the
electrocyclic ring-opening equilibria of oxirane to carbonyl ylide
and different conformational forms of carbonyl ylide, we
surmise that at an elevated temperature, epoxide 3aa would
open up to form metal-unbound carbonyl ylide (see int-llid,
Scheme 3). This result was further supported by the time-
dependent 'H-NMR experiment wherein signals for the epoxide
3aa were disappearing over a period of time at an elevated
temperature to form 5aa (Scheme 3, for more details, see SI
page no. S34-35). We also strongly believe that even at room
temperature the reaction would undergo via the same inter-
mediate (int-llld) to afford 5aa. Apart from that an attempt to
trap the carbonyl ylide intermediate (int-lll) with different
dienophiles®® were unsuccessful. We observed that none of
dienophiles reacted with the epoxide (int-1V) either at 26°C or
at 110°C. In order to understand the role of catalyst we carried
out the reaction of 1a and acetophenone 2a in the absence of
catalyst at 110°C for prolonged reaction time (Scheme 3e).
Interestingly, we did not obtain either the desire product 5aa
or the epoxide 3aa even in trace thus supporting the role of
catalyst in the desired transformation (Scheme 3e). Earlier also
we had observed that the reaction at room temperature did not
work in the absence of catalyst and the starting material 1a
was recovered (26°C, see Table 1, Entry 6). These two results
indicate that probably a reactive silver carbenoid (int-l, see
Scheme 4) species might be forming in situ that eventually may
be forming carbonyl ylide (int-llld) via the corresponding
counter anion stabilized metal-bound carbonyl ylide (int-ll)
both at room temperature as well as at elevated temperature.
These combined results clearly depicted that the epoxide (int-
IV) may not be the favourable intermediate and probably the
desired product 5aa might be forming via carbonyl ylide (int-
llid) at room temperature. These control experiments suggest
that among the three plausible intermediates, the carbonyl
ylide (int-1lid) is the plausible intermediate for the formation of
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Scheme 4. Plausible Mechanism for the (5 + 2)-Annulation.

dihydrobenzoxepine 5aa products. Moreover, a metal-unbound
(free-ylide) carbonyl ylide intermediate, generating in situ, is
proposed to be operative here based on the control exper-
imental observations (for details, see SI page no. S33-35). We
surmise that relatively better coordinating and more nucleo-
philic counter anion Tf,N~ might be acting as a superior
promoter in facilitating the formation of int-llld faster and easily
at room temperature than that of SbF,~ anion."” We also noted
that the anticipated product 4aa (see Table 1) has not been
detected during the transformation. This might be the cause of
steric hindrance exerted by the benzylidene group (phenyl ring
tilted towards the carbonyl moiety) on vinyl succinimide,
occurring in the transition state or in the carbonyl intermediate
(int-1l1d).

Based on the experimental observations and preceding
literature,"®®<'® the plausible mechanism has been proposed
(See Scheme 4). The vinyl diazosuccinimide 1 under the reaction
conditions generates the silver carbenoid (int-l) by the
extrusion of dinitrogen. This intermediate (int-1) further reacts
with the ketone 2 (approaches from sterically less hindered site;
see Scheme 4, inset) to form metal unbound carbenoid (int-llld)
via the corresponding counter anion stabilized metal bound
carbonyl ylide (int-l). This intermediate would further undergo
8m-electrocyclization (7-endo-trig) to form species V which after
the successive (1,5)-proton abstraction affords the correspond-
ing desired oxepine 5. Also, at higher temperature int-IV (3)
might be in equilibrium with the int-llld to form the desired
product 5 as well (Scheme 4).
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Conclusion

In summary, we have demonstrated the formal (54 2)-cyclo-
addition route to access the dihydrobenzoxepines in one-pot
using vinyl diazosuccinimide as 5-C-synthons and ketones very
effectively for the first time. The silver triflimide proved to be an
efficient catalyst for this transformation and the protocol found
to be highly regio-, chemo- and diastereo-selective. The method
proved to be general as it worked well with aliphatic and
aromatic methyl ketones bearing electron deactivating as well
as donating groups to afford the corresponding
benzo[5,6]oxepino[2,3-c]pyrroles as single diastereomer with a
broad substrates scope. The control experiments and time-
dependent NMR studies gave an insight into the plausible
reaction mechanism of this transformation. The protocol proved
to be scalable on gram quantity as well.

Experimental Section

General procedure for the synthesis of vinyl succinimides
(6a-6n): The compounds were prepared according to a
previously reported method!"*”

To the stirred solution of N-ethyl maleimide (3 g, 1.0 equiv.,
24 mmol) in ethanol (120 mL) was added triphenylphosphine
(7559, 1.2 equiv, 29.0 mmol) in portion at room temperature
under N, atmosphere. The initial pink coloured reaction mixture
slowly turned to white suspension over a period of 5-6 min of
initial stirring. After which, benzaldehyde (3.5 mL, 1.4 equiv.,
34 mmol) was added dropwise into the reaction mixture at room
temperature. During this addition, the white suspension slowly
turned into clear solution. The reaction mixture was allowed to stir
for 6 h. Upon completion of the reaction (monitored by TLC), the
white solid formed during the course of the reaction was filtered
through sintered glass funnel and was washed with ethanol
(10 mLx2). The crude product 6a was obtained as white solid
(3.40 g, 66% yield) and this was used for the next step without
further purification.

General Procedure for the synthesis of vinyl
diazosuccinimides (1a-1n): The compounds were prepared
according to a previously reported method™*

To the stirred solution of (E)-3-benzylidene-1-ethylpyrrolidine-2,5-
dione 6a (2.15 g, 1.0 equiv., 10 mmol) in 30 mL acetonitrile, were
added 4-acetamidobenzenesulfonyl azide (2.88g, 1.2 equiv,
12 mmol) and DBU (2.24 mL, 1.5 equiv., 15 mmol) at 0°C temper-
ature under inert atmosphere. The reaction mixture was stirred for
10 minutes while maintaining the temperature (0°C). The reaction
mixture was then quenched with saturated solution of NH,Cl and
the product was extracted with diethyl ether (30 mLx3). The
combined organic layers were washed with brine solution and
dried over anhydrous Na,SO,. The extract was filtered and
evaporated under reduced pressure. The crude product was
purified using column chromatography over silica gel to afford (E)-
3-benzylidene-4-diazo-1-ethylpyrrolidine-2,5-dione 1a as orange
solid (2.257 g, 94% yield).

General procedure for the synthesis of dihydro-
benzol[5,6]oxepino[2,3-c]pyrrole-1,3(2H)-dione (5): An oven-dried
25 mL two necked round bottom (RB) flask equipped with a
magnetic stirrer bar was charged with AgNTf, (3.9 mg, 5 mol%)
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under argon-atmosphere and the RB flask was covered up with
aluminium foil. Then dry CH,Cl, (5mL) and acetophenone 2a
(23.6 uL, 1.0 equiv., 0.2 mmol) were added subsequently and the
mixture was stirred at room temperature under for a minute. After
that, vinyl diazosuccinimide 1a (48.3 mg, 1.0 equiv., 0.2 mmol) in
CH,Cl, (1 mL) was added to the reaction mixture dropwise over 2 h
and the stirring was continued for 10 min more for full consump-
tion of diazo compound. The progress of the reaction was
monitored by TLC. After completion of the reaction, the solvent
was removed under reduced pressure. The crude product obtained
was purified by column chromatography (petroleum ether/EtOAc
92:8) over silica gel to furnish the desired product 5aa as white
solid (47 mg, 70% yield). The slight excess amount of acetophenone
2a was recovered during the purification.
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ABSTRACT: Highly chemo- and regio-selective C—H bond
functionalization of unactivated arenes with propargyl a-aryl-a-
diazoacetates has been developed using scandium catalysis. A
variety of unactivated, mildly deactivated, and electronically
activated arenes have been functionalized using this protocol.
The synergistic combination of scandium triflate as a catalyst and
propargyl a-aryl-a-diazoacetate as a reagent played a pivotal role in
the effective C—H bond functionalization of arenes without the

(Smcl/
0/ O/
‘Ar DCE, 80 °C, 1-4.5 h 0\/\N’\

[ Scandium catalysis ("‘ i D'“y'““'“m)

[#] Propargyl a-aryl-a-diazoacetates as new reagents (up to 98% yield) Adiphenine
| ionalization of i i i arenes ! (An Antispasmodic Drug)

[ Directing group and ligand free ! (Gram scale synthesis)
] Regio- and Chemo-selective H (85% yield)

[] General scope and High efficiency f

[ Total of 45 Examples

assistance of any directing group or ligand. The practicality of the protocol has been demonstrated by the gram-scale synthesis of
very useful a,a-diarylacetates including antispasmodic drug-adiphenine. Based on the experimental observations, labeling
experiment, and density functional theory calculations, a plausible reaction mechanism has been outlined.

B INTRODUCTION

Catalytic C—H bond functionalization is one of the most
important and viable methods for the synthesis of complex
organic molecules." Developing catalytic methods for the
chemo- and regio-selective C—H bond functionalization is
highly desirable but a challenging task for the synthetic
community. Substituted arenes are widespread and present in
various biologically active compounds and drug molecules.”
Owing to the importance, the chemo- and regio-selective C—H
bond functionalization of arenes is highly desirable in order to
access different bioactive compounds in a minimum number of
steps. Aromatic C—H bond functionalization using a-
diazocarbonyl compounds is one of the important approaches
to access substituted arenes.” As the a-diazocarbonyl
compounds can be easily prepared from readily available
starting materials, the utility of a-diazocarbonyl compounds in
aromatic C—H bond functionalization has grown over the
years.” " Efforts have been made to increase the practicality of
these protocols for the aromatic C—H bond functionalization
by modifying catalysts and/or a-diazocarbonyl reagents for the
aromatic C—H bond functionalization. The transition metal
complexes of rhodium,” gold,6 copper,’ and iron® have been
widely used for the aromatic C—H bond functionalization
reactions with a-diazocarbonyl compounds. Recently, Pérez
and co-workers have utilized the manganese catalyst for the
aromatic C—H bond functionalization using a-diazocarbonyl
compounds.” Likewise, transition metal-free C—H bond
functionalization reactions of electron-rich arenes have been
also explored.” Recently, Zhang, Liu and co-workers have
reported a highly chemoselective C—H bond functionalization
of phenols with a-aryl-a-diazoacetates by exploring the gold

© 2022 American Chemical Society

WACS Publications 13583

catalysis.’! Interestingly, under the reaction conditions, C—H
insertion occurred exclusively, and the O—H insertion product
was not obtained. This was the first elegant protocol wherein
the unprotected phenols were effectively functionalized using
a-aryl-a-diazoacetates and gold catalyst. This transformation
proved to be highly para-selective. In 2014, Shi and co-workers
have reported the ligand-controlled gold-catalyzed C—H bond
functionalization of substituted arenes (Figure 1A).° Various
electronically rich arenes underwent the C—H bond
functionalization reaction with a-aryl-a-diazoacetates in the
presence of a gold catalyst to afford the corresponding desired
a,a-diarylacetates. However, this method had a limited
substrate scope as the protocol worked only with the
electronically activated arenes. In 2017, Zhang, Liu and co-
workers have reported the para-selective C—H alkylation of
arenes with 2,2,2- trlﬂuoroethyl a-aryl-a-diazoesters via gold
catalysis (Figure lB) However, the C—H bond functional-
ization of benzene and unactivated arenes worked only with
2,2,2-trifluoroethyl a-(4-trifluormethyl)-phenyl-a-diazoacetate.
The presence of an electron-withdrawing group such as
trifluoromethyl on the aryl group of diazoester (p-position)
and 2,2,2-trifluoroethyl group at ester was found to be essential
for this transformation.
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Previous Work: Gold Catalysis

H
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= OH, alkyl, OMe, NH, etc. (up to 90%)
CFS (2,4-'Bu,CqH30)3PAUPhCNSbFg O
B. @ (5 mol%)
rt, 2 min

R'= alkyl, aryl, H, halogen, etc. (up to 99%)
(2,2,2-Trifluoroethyl group is essential on ester group of diazo compound

COQR1
(up to 98%)

N
@jtcozw + __ PhPAUOTH (5 mol%)
rt, 3 min

R'= alkyl R?= alkyl, aryl, H halogen, etc.

IG= halogen, alkyny! (Electronically activated and neutral arenes)

N, MeO
o[ 2P<°
N "\‘ Au\
o . Al
R™ “CO,Et AgSbFg CO,Et
H (up to 98%) R = H; mixture of isomers

R'=alkyl Ar=2,6-Pr,CgH; R = Ph; exclusively para-isomer
Present Work: Scandium Catalysis

B Electronically activated, unactivated and mildly deactivated arenes
B Diverse substarte scope, selective, less expensive

Sc(OTf); (5 mol%)

DCE, 80°C,1-45h
(45 Examples, up to 98%)

Figure 1. C—H bond functionalization of arenes with a-aryl-a-
diazoacetates.

To overcome this limitation, the same research group has
very recently developed another method for the C—H bond
functionalization of arenes with alkyl a-aryl-a-diazoacetates in
the presence of gold catalyst- tripher?rlphosphme gold(I)
trifluoromethanesulfonate (Figure 1C).°® It is important to
note that in order to address the inherent low reactivity of the
normal alkyl a-aryl-a-diazoacetates, this method relied only on
aryl diazoacetates containing electron-deactivating substituents
such as halogens on the phenyl ring for the desired
transformation. Very recently, Pérez, Fructos, Nova, and co-
workers have reported an elegant strategy for the selective
functionalization of monoalkylated benzenes utilizing the novel
gold complex bearing an alkoxydiaminophosphine ligand. The
method relied on nonelaborated ethyl a-phenyl-a-diazoace-
tates for achieving the para-selective C—H bond functionaliza-
tion of arenes exclusively (Figure 1D).%

Although gold catalysts have been well explored for the
synthesis of a,a-diarylacetates, however, usually they are
expensive and not all of these gold catalysts are commercially
available as well.® The synthesis of @,a-diarylacetates using
unactivated arenes and electronically deactivated arenes by
modifying the catalyst and modulating the diazoacetate reagent
system electronically remains an interesting and challenging
task for the synthetic chemists."®" Also, it would be highly
interesting and demanding to explore the C—H bond
functionalization of unactivated arenes with a-phenyl-a-
diazoacetates or aryl diazoesters containing an unsubstituted
phenyl group.'

It is very common that the late transition metals are being
explored for the C—H bond functionalization for their

efficiency; however, interestingly, to the best of our knowledge,
early transition elements (rare earth) have been seldom
explored in the literature.'" It would also be interesting to tap
the potential of the unexplored early transition metal (rare
earth)-based catalysts for the site-selective C—H bond
functionalization of unactivated arenes. However, the syner-
gistic combination of reagents and catalysts is very crucial for
the effective C—H bond functionalization. As part of our
ongoing efforts to explore the diazocarbonyl compounds for
the effective C H bond functionalization using early transition
elements,'**" and also based on some of the preceding reports
on Lewis acid catalysts,'*“"® we planned to explore the suitable
combination of the catalyst and the modified diazocarbonyl
reagent. We believed that the reagents with suitable electronic
properties may be necessary for the effective C—H bond
functionalization using early transition metal (rare earth)
catalysts.

Herein, we report the novel scandium-catalyzed C—H bond
functionalization of unactivated arenes and mildly deactivated
arenes with propargyl a-aryl-a-diazoacetates as new robust
reagents to synthesize useful and biologically important a,a-
diarylacetates in good to excellent yields (Figure 1E).

B RESULTS AND DISCUSSION

To explore the feasibility of the proposed strategy, we
commenced our study using ethyl a-phenyl-a-diazoacetate
la’ and benzene 2a as model substrates. Considering the
importance of electronic properties of donor-/acceptor-type
diazo compounds, we planned to modulate the reactivity of a-
aryl-a-diazoacetates having different ester groups for the C—H
bond functionalization. In this regard, we also planned to
screen various catalysts including Lewis acids to tap the
reactivity of different a-aryl-a-diazoacetates for the C—H bond
functionalization. Initially, we commenced with the reaction of
ethyl a-phenyl-a-diazoacetate 1a’ and benzene 2a using well-
established metal catalysts that have long been explored for the
C—H bond functionalization of aromatic compounds with a-
aryl-a- dlazoacetates in dry benzene (Table 1, entries 1-7).

Rhodium,* copper,” and gold® catalysts were found to be
ineftective for the C—H bond functionalization of benzene at
room temperature as well as under refluxing conditions (Table
1, entries 1—7). We observed that in all the cases (rhodium,
copper, and gold catalysis), reactions led to very fast
decomposition of diazo acetate 1a’ to afford a complex
inseparable reaction mixture (dark brown color).

Later we turned our attention to screen few Lewis acids for
the C—H bond functionalization based on previous literature
studies.**~® In this regard, we explored the reaction of ethyl a-
phenyl-a-diazoacetate 1a’ using Sc(OTf); (S mol %) at room
temperature (12 h, Table 1, entry 8). However, the starting
material 1a’ remained intact even after prolonged reaction
time. Interestingly, the reaction of ethyl a-phenyl-a-diazo-
acetate la’ and benzene 2a in the presence of a catalytic
amount of Sc(OTf); (5 mol %) at an elevated temperature (80
°C) afforded the desired C—H bond functionalization product
ethyl 2,2-diphenylacetate 3a’a in 21% yield (Table 1, entry 9).
Encouraged by this preliminary result, we synthesized allyl a-
phenyl-a-diazoacetate 1a”. The treatment of 1a” with benzene
2a in the presence of catalytic amount of Sc(OTf); (5 mol %)
in dry benzene at 80 °C afforded the desired product allyl 2,2-
diphenylacetate 3a”a in slightly improved yield in comparison
to the ethyl a-phenyl-a-diazoacetate 1a’ (33%, Table 1, entry
10). Furthermore, we planned to explore the reactivity of 2,2,2-
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Table 1. Optimization of the Reaction Conditions

Catalyst (5 mol%)

temp, 8-12 h
1 2a
as solvent
1a': R = Ethyl ( vent) 3a'a: R = Ethyl
1a™: R = Allyl 3a"a: R = Allyl

1a"™": R = CH,CF;
1a: R = Propargyl

3a™a: R = CH,CF3
3aa: R = Propargyl

time temp yield”“?

entry catalyst R [h] [°C] [%]
1 Rh,(OAc), ethyl 12 rt DC
2 Rh,(OAc), ethyl 4 80 DC
3 Cu(OTf), ethyl 12 rt DC
4 Cu(OTf), ethyl 4 80 trace
S (ArO);PAuNTf, ethyl 12 rt DC
6 LAuPhCNSbF, ethyl 12 rt NR
7 LAuPhCNSbFy ethyl 12 80 trace
8 Sc(OTH), ethyl 12 rt NRY
9 Sc(0Tf),4 ethyl 12 80 21
10 Sc(OTH), allyl 12 80 33
11 Sc(OTH), CH,CF, 8 80 )
12¢  LAuPhCNSbE, CH,CF,  20% rt 8

13 Sc(0Tf), propargyl 12 rt NR
14 Sc(OTH), propargyl 8 80 70
15 Cu(OTf), propargyl 12 80 trace
16 (ArO);PAuNTf, propargyl 12 rt DC
17 (ArO),PAuNTf, propargyl 4 80 DC
18 Rh,(OAc), propargyl 12 rt DC
19 [RuCl,(p-cymene)],  propargyl 12 rt DC
20 In(OTf), propargyl 12 rt NR
21 In(OTH); propargyl 12 80 47%
22 Bi(OTf), propargyl 12 rt NR
23 Bi(OTf), propargyl 12 rt 10
24 Y(OTf); propargyl 12 80 20
25 Yb(OTS), propargyl 12 80 trace
26 FeCl;-6H,0 propargyl 12 rt NR
27 FeCl;-6H,0 propargyl 12 80 19
28 Triflic acid propargyl 12 80 23
29 AgSbFq propargyl 4 h rt DC
30 no catalyst propargyl 24 h 80 NR

“Reaction conditions: a solution of a-aryl-a-diazoacetate 1 (0.5
mmol, 1 equiv) in 1 mL benzene was added to a solution of catalyst
(5 mol %) and benzene 2a (1.5 mL) under an inert atmosphere; the
reaction was monitored by thin-layer chromatography (TLC).
bIsolated yield after purification by column chromatography. “DC-
decomposed. “NR-no reaction, *L = (2,4-Bu,C4H;0),P. *1a” was
completely consumed in 20 min.

trifluoroethyl a-phenyl-a-diazoacetate 1a” under scandium

catalysis. Gratifyingly, the reaction of 1a” and 2a in the
presence of Sc(OTf), (S mol %) at 80 °C afforded the desired
product 3a”a in 52% yield (Table 1, entry 11). However,
surprisingly, the reaction of 2,2,2-trifluoroethyl a-phenyl-a-
diazoacetate 1a” and benzene under the reported gold
catalysis furnished the desired product in poor yield (Table
1, entry 12)."

The initial results of the scandium-catalyzed C—H bond
functionalization proved to be encouraging. However, based
on our initial observations, we hypothesized that ethyl/allyl/
2,2,2-trifluoroethyl a-phenyl-a-diazoacetate reagents 1 (1a’,
1a”, and 1a”) may be relatively less reactive (donor-/

"

acceptor-type a-diazoacetates) to afford the desired products
a,a-diarylacetates 3 in higher yields. Also, the limited catalytic
activity of scandium triflate and low reactivity (nucleophilicity)
of unactivated arenes such as benzene 2a toward C—H bond
functionalization may be the other prime cause for lower yields
of 3a’a and 3a”a. It is known in the literature that the
propargyl group is weakly electron-withdrawing'* and in this
regard, we planned to explore the effect of the propargyl group
on C—H bond functionalization of unactivated arenes. To
explore the feasibility and to enhance the reactivity of a-aryl-a-
diazoacetate toward the C—H bond functionalization, we
synthesized the propargyl a-phenyl-a-diazoacetate 1a contain-
ing an electron-withdrawing propargyl group on the ester part
that can also be removed after the functionalization easily.
To validate our hypothesis, we planned to explore the
reactivity of propargyl a-phenyl-a-diazoacetate 1a. The
reaction of la and benzene 2a in the presence of Sc(OTf),
at room temperature did not afford the desired product 3aa
(Table 1, entry 13). Gratifyingly, the reaction of propargyl a-
phenyl-a-diazoacetate 1a and benzene 2a afforded the desired
C—H bond functionalization product propargyl 2,2-dipheny-
lacetate 3aa in 70% yield in the presence of Sc(OTf); (S mol
%) at 80 °C in 8 h (Table 1, entry 14). Furthermore, we
planned to explore the reactivity of la in the presence of
different metal catalysts at room temperature to an elevated
temperature in dry benzene 2a (Table 1, entries 15—27). It is
interesting to note that copper and gold catalysts were found to
be unsuccessful in affording the desired product 3aa (Table 1,
entries 15—17). Rhodium and ruthenium catalysts were also
found to be ineffective for the desired direct C—H bond
functionalization of benzene 2a (Table 1, entries 18 and 19).
The reaction of benzene 2a with propargyl a-phenyl-a-
diazoacetate la in presence of other metal catalysts afforded
the direct C—H bond functionalization product 3aa either in
low or moderate yields; in some cases starting materials
remained intact (Table 1, entries 20—27). We observed that
the most of the catalysts were found to be ineffective in
catalyzing the desired transformation. In few cases, the
reactions led to the decomposition of the reagent. Also,
varying the reaction temperatures from rt to 80 °C did not
influence the outcome of the reaction in most of the cases. To
confirm the role of Sc(OTf); as a catalyst and to rule out the
possible formation of a trace amount of triflic acid in situ by
the hydrolysis of Sc(OTf); if any due to the moisture'® and its
subsequent catalysis, we carried out the reaction of 1a and 2a
in the presence of a catalytic amount of triflic acid (Table 1,
entry 28). However, the desired product 3aa was formed in
poor yield, while the reaction in the presence of a catalytic
amount of AgSbF, (5 mol %) led to the decomposition of
diazoacetate la (Table 1, entry 29). It is very important to
note that the C—H bond functionalization did not work in the
absence of Sc(OTf); thus indicating the necessity of this
catalyst for the desired transformation (Table 1, entry 30).
Encouraged by the initial success, we screened the reaction
in diverse solvents at different temperatures and varied the
catalyst loadings of Sc(OTf); to optimize the synthesis of
desired product 3aa (Appendix-I, ESI). Among all, dichloro-
ethane proved to be the optimum solvent by affording the
desired product 3aa in 72% yield at 80 °C in 4 h (Appendix-I,
entry 4, ESI). However, the polar solvents such as DMF and
acetonitrile were found to be disadvantageous (Appendix-I,
entries S and 6, ESI). Solvents such as ethyl acetate,
nitromethane, and dichloromethane afforded the desired

https://doi.org/10.1021/acs.joc.2c01185
J. Org. Chem. 2022, 87, 13583—-13597


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01185/suppl_file/jo2c01185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01185/suppl_file/jo2c01185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01185/suppl_file/jo2c01185_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01185?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01185?fig=tbl1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c01185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

product 3aa in low to moderate yields (Appendix-], entries 1—
3, ESI). We also observed that the lower catalyst loading of
Sc(OTf); (2.5 mol %) afforded the desired product 3aa in
moderate yield in 8 h (Appendix-1, entry 7, ESI).

We further looked into the possible effect of a cocatalyst on
this transformation. We screened two different silver
cocatalysts along with the Sc(OTf); to optimize the reaction
(Appendix-1I, ESI). Interestingly, both AgSbF¢ and AgOTf
were found to be ineffective and led to the formation of the
desired product 3aa in lower yields (Appendix-1I, entries 1—S,
ESI). However, the reaction worked smoothly in the absence
of a cocatalyst to afford the desired product 3aa in good yield
(72% yield, Appendix-1I entry 6, ESI). It is very important to
note that C—H bond functionalization of benzene and
unactivated arenes is quite challenging, and many efforts
have been made earlier by different strategies. Furthermore,
the molecular structure of the compound 3aa was
unambiguously confirmed by single crystal X-ray analysis."®
To generalize the reaction conditions further, we treated
different alkyl a-(4-bromophenyl)-a-diazoacetates 1b’, 1b”,
1b”, and 1b (ethyl, allyl, 2,2,2-trifluoroethyl and propargyl)
with benzene under the initially optimized reaction conditions
to obtain the corresponding 3b’a, 3b”a, 3b”a, and 3ba,
respectively (see Appendix-III, ESI). We noticed a similar
trend of results as observed in the case of a-phenyl-a-
diazoacetates la-a” (entries 9—11, 14, Table 1). Based on
exhaustive screening, propargyl a-phenyl-a-diazoacetate 1a (1
equiv), benzene 2a (10 equiv), and Sc(OTf); (5 mol %) in
DCE at 80 °C under an inert atmosphere proved to be the
optimum reaction condition.

Having optimized the reaction conditions, we then focused
our attention to explore the reagent scope of this C—H bond
functionalization protocol using unactivated arenes such as
benzene 2a with different propargyl a-aryl-a-diazoacetates 1.
Benzene 2a reacted with propargyl a-aryl-a-diazoacetates (1la—
1f, 1h, 1j) smoothly to afford the desired products (3aa—3fa,
3ha, 3ja) in excellent yields (up to 97% vyield, Scheme 1).
Propargyl a-aryl-a-diazoacetates (1b—1f) with weak electron-
withdrawing substituents on the phenyl ring proved to be very
good reagents for the C—H bond functionalization of benzene
2a to afford the desired products (3ba—3fa) in good to
excellent yields (up to 97% yield, Scheme 1).

However, the a-aryl-a-diazoacetates (1h, 1j) with electron-
donating substituents on the phenyl ring greatly reduced the
reactivity of propargyl a-aryl-a-diazoacetates toward the C—H
bond functionalization under the optimum reaction conditions
to afford the desired products (3ha, 3ja) in lower yields
(Scheme 1). These observations indicated that electron-
withdrawing substituents on the phenyl ring of propargyl a-
aryl-a-diazoacetates play a major role in tuning the reactivity of
the reagent.

After the initial success on the C—H bond functionalization
of an unactivated arene such as benzene, we turned our
attention to explore the relatively more challenging mildly
deactivated arenes. Gratifyingly, the reactions of fluorobenzene
2b with different propargyl a-aryl-a-diazoacetates (1a, 1b, and
1c) under the optimal reaction conditions afforded the
corresponding desired products (3ab, 3bb, 3cb) in moderate
yields with good regioselectivity (up to 54% yield, up to 91:9
p:o ratio, Scheme 1). Likewise, the chlorobenzene 2¢ reacted
smoothly with propargyl a-aryl-a-diazoacetates (1b, 1c) under
the optimum reaction conditions to furnish the corresponding
desired products (3bc, 3cc) in moderate yields with very good

Scheme 1. Scope of Diazoacetates and Arenes”
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“Reaction conditions: Propargyl a-aryl-a-diazoacetates 1 (0.5 mmol,
1 equiv), arene 2 (10 equiv) and Sc(OTf); (S mol %) was added in
DCE (2.5 mL) under an inert atmosphere, and the reaction mixture
was refluxed at 80 °C; the reaction was monitored by TLC. "Isolated
yield after purification by column chromatography (time and yields
are given in parenthesis).

regioselectivity (up to 52% yield, up to 90:10 p:o ratio, Scheme
1).

Later, we planned to explore the reactivity of electron-rich
arenes. Mildly activated arenes such as toluene 2d reacted with
propargyl a-aryl-a-diazoacetates (la and 1b) under the
optimum reaction conditions to afford the corresponding
desired products (3ad—3bd) in good yields with good
regioselectivity (up to 84% vyield, up to 80:20 p:o ratio,
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Scheme 1). 0-Xylene 2e and p-xylene 2f reacted smoothly with
propargyl a-aryl-a-diazoacetates (la and 1b) under the
optimum reaction conditions to afford the corresponding
desired products (3ae and 3be, 3af and 3bf) in good to
excellent yields (up to 94% yield, Scheme 1).

Mesitylene (2g), when treated with propargyl a-aryl-a-
diazoacetates (la—1d) under optimum reaction conditions,
furnished the corresponding products (3ag—3dg) in excellent
yields (up to 98% yield, Scheme 1). Under the reaction
conditions, the activated arene such as anisole 2h reacted
smoothly with the propargyl a-aryl-a-diazoacetate 1b to afford
the corresponding desired product 3bh in very good yield.
Activated arenes such as 1,4-dimethoxybenzene 2i reacted with
different propargyl a-aryl-a-diazoacetates (la—1d, 1g) to
afford the corresponding desired products (3ai—3di, 3gi) in
excellent yields (up to 96%, Scheme 1). Highly activated
arenes such as 1,3,5-trimethoxybenzene 2j reacted smoothly
with propargyl a-aryl-a-diazoacetates (1a, 1b, 1g) to furnish
the corresponding C—H bond functionalization products (3aj,
3bj, 3gj) in very good to excellent yields (up to 92%, Scheme
1). 1,3-Benzodioxole 2k also reacted smoothly with various
propargyl a-aryl-a-diazoacetates (la, 1b, 1h, 1i) under the
optimized reaction conditions to afford the corresponding
desired C—H functionalized products (3ak, 3bk, 3hk, 3ik) in
moderate to excellent yields with excellent regioselectivity (up
to 94% yield, up to 99:1 p:o ratio, Scheme 1).

It is significant to note that C—H bond functionalization of
1,3-benzodioxole 2k worked smoothly with a-(4-methoxy-
phenyl)-a-diazoacetate 1i, unlike the previous procedure
wherein dimerized product formation was reported.” Even
the heteroaromatic arene such as 2,5-dimethylfuran 21 when
treated with propargyl a-(4-bromophenyl)-a-diazoacetate 1b
under the optimum reaction conditions afforded the C—H
functionalization product 3bl in 60% yield (see Scheme 1). We
demonstrated the robustness of this protocol using different
arenes such as unactivated benzene, fluorobenzene, and 1,3-
benzodioxole without having any electron-withdrawing sub-
stituents on the phenyl group of propargyl a-phenyl-a-
diazoacetate. It is also very significant to note that substrates
containing C(sp®>)—H bonds (benzylic C—H) also underwent
chemo-selective arene C—H bond functionalization exclusive-
1y.%'7 1t is also remarkable that arenes [C(sp®)—H] were
chemo- and site-selectively functionalized and the side
products emanating from some of the most common reactions
such as cyclopropanation and Buchner reaction were not
observed during the transformation. Later, we explored the
arenes with bulky alkyl substituents such as isopropyl/‘butyl
benzenes under optimized reaction conditions. Gratifyingly,
the desired products 3am and 3an were obtained in good
yields with moderate to good regioselectivity, while the highly
unactivated arenes such as nitrobenzene, cyanobenzene and
the heteroarene such as pyridine did not afford the respective
desired products (3ao, 3ap, 3aq, Scheme 1) even after
prolonged reaction times. Even the substrates such as phenol,
aniline, and a-naphthol did not react with la under the
optimized reaction conditions, and the desired products (3ar,
3as, 3at, Scheme 1) were not obtained.

To demonstrate the practicality and the generality of the
protocol, we further explored this protocol for the gram-scale
synthesis of few a,a-diarylacetates. Reactions of propargyl a-
aryl-a-diazoacetates (1a, 1c, le, and 1b) and arenes (2a and
2i) on a gram scale afforded the corresponding a,a-
diarylacetates (3aa, 3ca, 3ea, 3bi) in very good yields under

the optimum reaction conditions (up to 88% yield, Scheme 2).
The protocol proved to be very effective on a gram scale and

Scheme 2. Gram-Scale Synthesis of &,a-Diarylacetates

H . l
Nz L
= Sc(OTf); (5 mol%) A
)J\H/O\// + @ 34» O/// 3aa
a) 4 DCE, 80 °C, 4 h i (1.31g, 70%)
1al1c/1e 2a 3aal3cal3ea
(1.5 g, 1 equiv.) (10 equiv.) < ) l
o NF
MeO. 3ca
Sc(0Ths (1319, 72%)
o\/ _oehy) Cha A&
b) T oce I
80°C,15h o N\F
3ea
3bi \_ 1469, 82%
(1.5 g, 1 equiv.) (10 eqU\V) 1.84 g, 88%

was also found to be reproducible. Later, the hydrolysis of
propargyl a-diarylacetates (3aa, 3ca, 3ea) was carried out
using LIOH.H,O (2.5 equiv) in ethanol-tetrahydrofuran-water
(1:1:1) mixture at room temperature in 1 h to furnish the
corresponding a,a-diaryl carboxylic acids (4aa, 4ca, and 4ea)
in excellent yields (up to 96% yield, see ESI, page no $4). The
easy removal of the propargyl group under mild conditions
proved to be very useful for the further synthetic trans-
formations.

Furthermore, in order to demonstrate the applicability of
this protocol, we explored the synthesis of biologically active
adiphenine § on a gram scale (Scheme 3).

Scheme 3. Gram-Scale Synthesis of Adiphenine—An

Antispasmodic Drug
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Adiphenine is a nicotinic receptor inhibitor, used as an
antispasmodic drug.'® The C—H bond functionalization of
benzene 2a with propargyl a-phenyl-a-diazoacetate 1a in the
presence of a catalytic amount of Sc(OTf), (S mol %) afforded
the corresponding product 3aa. This was further utilized for
the synthesis of adiphenine S (via diphenylacetic acid 4aa) in
two steps in good yield (85%, Scheme 3).

After successfully demonstrating the practicability of the
protocol, we further planned to understand the plausible
reaction pathway.

To understand whether or not the C—H bond cleavage of
benzene is a rate-determining step in this reaction, we carried
out kinetic isotope effect studies. The studies indicated that
cleavage of the C—H bond of benzene was not a rate-
determining step (Ky/Kp = 1, see Scheme 4A). Furthermore,
to confirm whether or not the direct [1,2]-H shift from
benzene takes place in this transformation, we carried out
another controlled experiment (see Scheme 4B). This result
indicated that 48% of direct [1,2]-D shift from the deuterated
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Scheme 4. Studies of the Kinetic Isotopic Effect

|
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DCE, 80°C,4 h

3ba-d;
H:D= 50:50
Kyl Kp=1
Cleavage of C-H bond is not R.D.S

A

2a-d
(0.5 mmol, 1 equiv.) (2.5 mmol, 5 equlv) (2.5 mmol, 5 equiv.)

Sc(OTf); (5 mol%)
Bl
DCE, 80°C, 4 h

1b
(0.5 mmol, 1 equiv.)

2a-d
(5 mmol, 10 equiv.)

3ba-d,
H:D =52:48
Concerted as well as stepwise

3

Sc(OTf)3 (5 mol%)

- -

' -

C) O D,0 (5 equiv.)
Br o DCE, 80°C, 2.5 h Br
3ba 3ba
(0.5 mmol, 1 equiv.) 100 % H
No H-D exchange after product formation
N, i Sc(OTf); (5 mol%) oy ~
c mol
O/// _ ScloTi); (S mol%) N
D) * D,0 (10 equiv.) o
ar o DCE, 80 °C, 4 h Br

3ba
H:D =10:90
indicates that proton transfer is also
possible from solvent moisture instead
of benzene proton

1b
(0.5 mmol, 1 equiv.)

2a
(5 mmol, 10 equiv.)

benzene occurred in this transformation. Later the controlled
experiment in D,0 (5 equiv) indicated that there was no direct
proton exchange of 3ba with D,O under the optimized
reaction conditions (see Scheme 4C). Interestingly, we
observed the 90% deuterium incorporation in product 3ba,
when the reaction of 1a and 2a was carried out in presence of
excess D,0 (10 equiv) in DCE (see Scheme 4D). This result
strongly indicated that moisture in the solvent can also be the
possible source of proton in desired transformation.

To gain further insight into the mechanism, computational
calculations have been performed in detail using density
functional theory (DFT) at the PBE/TZVP level of theory. We
also calculated the Fukui function indices to investigate the
electrophilicity of the carbon wherein the diazo moiety
(carbene precursor) is attached. The turnover frequency
(TOF) has also been calculated to compare the activity for
different groups associated with the ester carbon of a-aryl-a-
diazoacetates. Based on the experimental results, quantum
chemical calculations, and previous literature reports,'” the
plausible catalytic cycle has been depicted in Figure 2.

At first, the Hirshfeld population of carbene carbon of
different alkyl @-(4-bromophenyl)-a-diazoacetates has been
calculated to get an insight into the electrophilicity of
diazoacetates. Based on the Fukui function indices, the diazo
carbon of propargyl a-(4-bromophenyl)-a-diazoacetate was
found to be the most electrophilic (F* = 0.06478S, see Figure
2IIT). As this preliminary result supported our hypothesis of
electron-withdrawing nature of the propargyl group, we further
sought to optimize the interaction of propargyl a-(4-
bromophenyl)-a-diazoacetate 1b with Sc(OTf); to investigate
the most stable conformation. We optimized different
interactions of Sc(OTf); with ester oxygen(s) of propargyl
a-(4-bromophenyl)-a-diazoacetate as the scandium ion is
highly oxophilic (see ESI, Appendix-IV, Figure 1). We have
also looked into all possible modes of interactions of Sc(OTf),

N,

~ o
Pz
O \6 = 430 kcalimol g, o

1b

)/ Sc(0Tf);
AG = -10.9 keal/mol

N\
N

Sc(0Th,
Int-il
AG = 7.5 keal/mol

St

$o(0Ths
TS ||| _

sirtr-ei et g

o

0.061245 0.062979 0.063156 0 064785

Electrophilicity(F*) at Carbene Carbon increases

Expected interaction

Figure 2. (I) Possible mechanism for the C—H bond functionaliza-
tion of benzene under scandium catalysis; (II) expected alkyne—
scandium interaction; (III) electrophilicity measurement employing
Fukui function indices.

20

with the propargyl ester moiety.” It is proposed that propargyl
a-(4-bromophenyl)-a-diazoacetate 1b interacts with scandium
triflate to form an intermediate Int-I (scandium triflate-
coordinated complex) in an energetically favorable antifashion
(AG —10.9 kcal/mol) as shown in Figure 2(LIV).
Furthermore, the intermediate Int-I forms the intermediate
Int-II (scandium-carbene complex) via the transition state TS-
I wherein the Sc(OTf); catalyst approaches and interacts with
the diazo carbon of the propargyl a-(4-bromophenyl)-a-
diazoacetate, and simultaneously bond formation by Sc(OTf),
and bond breaking of the diazo group take place (as dinitrogen
moiety) with a free energy (TS-I) of 18.5 kcal/mol. This
intermediate Int-II further reacts with benzene at an elevated
temperature (80 °C) to furnish an energetically feasible (AG =
—7.5 kcal/mol) zwitterionic intermediate Int-III via consid-
erably low-barrier transition state TS-II (AG = 2.5 kcal/mol).
The intermediate Int-III finally affords the highly stable
product 3ba (AG = —43.0 kcal/mol) via the transition state
TS-III (AG = 18.0 kcal/mol) by the abstraction of protons
and regenerating the catalyst. Alternatively, we also looked into
the possibility of direct interaction of benzene with the Int-I
(scandium triflate coordinated complex) to form the desired
product 3ba without the involvement of any scandium-carbene
complex intermediate. Based on the calculations, it was found
to be less feasible, and the pathway seems to be unfavorable as
the energy barrier was relatively very high (AG = 33.4 kcal/
mol, see ESI, Appendix-1V).

To correlate the experimental observations, we further
explored the thermodynamics and kinetics calculations for the
a-diazoacetates containing different ester moieties (see ESI,
Appendix-IV). These computational results are in accordance
with the experimental results wherein we observed that
propargyl a@-(4-bromophenyl)-a-diazoacetate 1b reacted
smoothly by affording the desired product 3ba in higher
yield than that of 2,2,2-trifluorethyl @-(4-bromophenyl)-a-
diazoacetate as well as other a-diazoacetates containing an
ethyl or allyl moiety as a part of ester group (see Table 1,
entries 9—11, 14, Appendix-III and computational data for the
comparison, ESI, Appendix-IV). The TOF has also been
calculated and compared for all the energy profiles associated
with the different groups (see ESI, Appendix-IV). All these
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results are in accordance with the experimental observations.
The TOF calculations suggest that the reaction of propargyl a-
aryl-a-diazoacetates with Sc(OTf); would give the product
with highest efficiency. This indicated that the propargyl group
plays a significant role in a-diazoacetate for the effective C—H
functionalization of arenes.

B CONCLUSIONS

In conclusion, we have developed novel scandium-catalyzed
highly chemo- and regio-selective C—H bond functionalization
of unactivated arenes and mildly deactivated arenes with
propargyl a-aryl-a-diazoacetates as new reagents. Relatively
low reactive benzene and mildly deactivated arenes reacted
smoothly with propargyl a-aryl-a-diazoacetates containing
electron-donating and mildly deactivating groups. The
combination of catalyst-Sc(OTf); and reagent-propargyl a-
aryl-a-diazoacetate worked synergistically, and this was further
evident from the computational studies. The practicability of
this protocol has been demonstrated on a gram scale for the
reproducibility. This methodology has been successfully
applied for the gram-scale synthesis of biologically active
adiphenine, an antispasmodic drug.

B EXPERIMENTAL SECTION

General Information. Unless otherwise noted, all reactions were
carried out with distilled and dried solvents using oven-dried
glassware. All the reagents were purchased from commercial sources
and used as received unless otherwise indicated. Thin-layer
chromatography (TLC) was performed using silica gel 60 GF,,
precoated aluminum-backed plates (2.5 mm) with detection by UV
light. '"H NMR and “C{'H} NMR spectra were recorded in CDCl,
and DMSO-ds. Chemical shifts in "H NMR spectra are reported as &
in units of parts per million (ppm) downfield from tetramethylsilane
with the solvent resonance as the internal standard or from the
residual solvent peak as the internal standard, and ] values are given in
Hz. *C{H} NMR spectra are reported as 5 in ppm downfield from
tetramethylsilane and relative to the signal of chloroform-d and
DMSO-ds. C{'H} NMR spectra were recorded with complete
proton decoupling. Mass samples were analyzed by high-resolution
mass spectrometry (HRMS) using ESI TOF. FT-IR spectra were
obtained using a FT-IR spectrophotometer as neat and reported in
cm™", Melting points were measured in an open glass capillary, and
values are uncorrected. Single-crystal X-ray data were collected on a
Bruker SMART APEX four-circle diffractometer equipped with a
CMOS photon 100 detector (Bruker Systems Inc.) and Microfocus
(1uS) using Mo Ka radiation (0.71073 A).

General Procedure for the Synthesis of Propargyl Esters
(6a—6j). The compounds were synthesized following the previously
reported procedure.* To the stirred solution of 2-phenylacetic acid
4a (2.72 g 20 mmol) in DMF (1S mL) were added propargyl
bromide solution 80% in toluene (3.57 g, 24 mmol) and K,CO; (5.53
g, 40 mmol). The reaction mixture was stirred at room temperature
for 24 h. The progress of the reaction was monitored by TLC. The
reaction mixture was filtered through celite, and the filtrate was
diluted with water (30 mL) and extracted with ethyl acetate (3 X 30
mL). The combined organic layers were washed with cold water and
brine solution. The extract was dried over anhydrous Na,SO, and
filtered The filtrate was evaporated under vacuum, and the crude
product was purified using column chromatography over silica gel to
afford product 6a as a colorless liquid (3.34 g, 96% yield).

Prop-2-yn-1-yl 2-Phenylacetate (6a). Pale yellow liquid (3.34 g,
96% yield): Ry = 0.35 petroleum ether/EtOAc (95:5); IR (neat)
cm™': 3288, 2946, 2128, 1737, 1605, 1496, 1446, 1333, 1239, 1136,
999, 938, 760, 697; 'H NMR (400 MHz, CDCL,): § 7.42—7.19 (m,
SH), 4.69 (d, J = 2.5 Hz, 2H), 3.68 (s, 2H), 2.47 (t, ] = 2.5 Hz, 1H);
BC{'H}NMR (100 MHz, CDCL): § 170.9, 133.5, 129.4, 128.8,

127.4, 77.6, 75.2, 52.5, 41.1; HRMS (ESI TOF): calculated for
C,;H,;(NaO, (M + Na)*: 197.0578, found: 197.0576.

Prop-2-yn-1-yl 2-(4-Bromophenyl)acetate (6b). White solid
(4.657 g, 92% yield): R; = 0.35 petroleum ether/EtOAc (95:5);
m.p.: 41—-43 °C; IR (neat) cm™: 3288, 3032, 2946, 2128, 1737, 1605,
1239, 1136, 831, 760, 697, 639; "H NMR (400 MHz, CDCL,): § 7.46
(d, J = 8.4 Hz,2H), 7.17 (d, ] = 8.4 Hz, 2H), 4.70 (d, ] = 2.5 Hz, 2H),
3.63 (s, 2H), 2.48 (t, ] = 2.5 Hz, 1H); “C{"H}NMR (100 MHz,
CDCLy): § 1704, 131.9, 131.2, 129.7, 121.5, 77.4, 75.3, 52.6, 40.4;
HRMS (ESI TOF): Calculated for C;;H,,BrO, (M + H)* 252.9864,
found: 252.9871.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)acetate (6c). Viscous liquid
(3.964 g, 95% yield): R; = 0.3 petroleum ether/EtOAc (95:5); IR
(neat) cm™': 3293, 2948, 2129, 1738, 1597, 1492, 1371, 1143, 1091,
938, 807, 758, 676, 641; '"H NMR (400 MHz, DMSO-dg): 6 7.41—
7.36 (m, 2H), 7.33—7.27 (m, 2H), 4.72 (d, ] = 2.5 Hz, 2H), 3.75 (s,
2H), 3.55 (t, ] = 2.5 Hz, 1H); *C{'H} NMR (100 MHz, DMSO-d):
5170.1,133.0, 131.6, 131.2, 128.2, 78.2, 77.7, 52.1, 39.0; HRMS (ESI
TOF): calculated for C;;H;(ClO, (M + H)": 209.0369, found:
209.0365.

Prop-2-yn-1-yl 2-(4-Fluorophenyl)acetate (6d). Colorless liquid
(3.611 g, 94% yield): R; = 0.35 petroleum ether/EtOAc (95:5); IR
(neat) cm™: 3295, 2948, 2129, 1739, 1606, 1510, 1222, 1140, 937,
826, 785, 681, 643; '"H NMR (400 MHz, DMSO-d¢): § 7.38—7.28
(m, 2H), 7.20—7.11 (m, 2H), 4.71 (d, J = 2.5 Hz, 2H), 3.73 (s, 2H),
3.54 (t, ] = 2.5 Hz, 1H); BC{’'H} NMR (100 MHz, DMSO-d¢): §
170.3,161.2 (d, ] = 242.8 Hz), 131.3 (d, J = 8.1 Hz), 130.1 (d, J = 3.1
Hz), 115.0 (d, J = 21.3 Hz), 78.3, 77.7, 52.0, 38.8; HRMS (ESI
TOF): calculated for C;;H,FNaO, (M + Na)*: 215.0484, found:
215.0490.

Prop-2-yn-1-yl 2-(3,4-Dichlorophenyl)acetate (6e). Colorless
liquid (4.473 g 92% yield): R; = 0.35 petroleum ether/EtOAc
(95:5); IR (neat) cm™: 3295, 2948, 2130, 1738, 1133, 1026, 998,
877, 820, 781, 743, 637; 'H NMR (400 MHz, CDCL,): § 7.44—7.35
(m, 2H), 7.13 (dd, J = 8.3, 2.1 Hz, 1H), 4.71 (d, ] = 2.5 Hz, 2H), 3.63
(s, 2H), 2.50 (t, J = 2.5 Hz, 1H); C{*H} NMR (100 MHz, CDCl,):
5 163.6, 133.5, 130.9, 129.8, 125.7, 125.4, 122.8, 77.4, 75.6, 52.6;
HRMS (ESI TOF): calculated for C;;HyCL,0, (M + H)*: 242.9979,
found: 242.9984.

Prop-2-yn-1-yl 2-(3,5-Difluorophenyl)acetate (6f). Colorless
liquid (3.909 g 93% yield): R = 0.35 petroleum ether/EtOAc
(95:5); IR (neat) cm™: 3299, 3094, 2951, 2130, 1741, 1626, 1306,
1120, 994, 936, 850, 787, 667, 642; "H NMR (400 MHz, CDCl,): 6
6.91-6.79 (m, 2H), 6.75 (m, 1H), 4.72 (d, ] = 2.5 Hz, 2H), 3.65 (s,
2H), 2.50 (t, J = 2.5 Hz, 1H); C{'H} NMR (100 MHz, CDCL,): §
169.7, 163.1 (dd, ] = 248.7, 12.9 Hz), 136.9 (t, ] = 9.8 Hz), 113.5—
111.6 (m), 103.1 (t, J = 25.2 Hz), 77.3, 75.4, 52.8, 40.6 (t, ] = 2.0
Hz); HRMS (ESI TOF): calculated for C,;H,FNaO, (M + Na)*:
233.0389, found: 233.0392.

Prop-2-yn-1-yl 2-(Naphthalen-2-yl)acetate (6g). White solid
(4261 g 95% yield): R; = 0.3 petroleum ether/EtOAc (95:5);
m.p.: 50—51 °C; IR (neat) cm™: 3288, 3055, 2311, 2129, 1736, 1509,
1325, 1135, 946, 900, 857, 748, 679, 636; 'H NMR (400 MHz,
CDCly): 6 7.82—7.78 (m, 3H), 7.74 (s, 1H), 7.54—7.29 (m, 3H), 4.71
(d, J = 2.5 Hz, 2H), 3.83 (s, 2H), 2.47 (t, ] = 2.5 Hz, 1H); B“C{'H}
NMR (100 MHz, CDCl,): § 170.8, 133.6, 132.7, 131.0, 128.5, 128.2,
127.83, 127.80, 127.4, 126.3, 126.0, 77.7, 75.2, 52.5, 41.3; HRMS
(ESI TOF): calculated for C;3H;;0, (M + H)*: 225.0915, found:
225.0908.

Prop-2-yn-1-yl 2-(p-Tolyl)acetate (6h). Pale yellow liquid (3.539
g, 94% yield): R; = 0.35 petroleum ether/EtOAc (95:5); IR (neat)
cm™!: 3288, 2945, 2129, 1740, 1515, 1241, 1141, 1005, 938, 808, 774,
682, 644; 'H NMR (400 MHz, CDCL,): 6 7.17 (d, J = 8.0 Hz, 2H),
7.13 (d, ] = 8.0 Hz, 2H), 4.68 (d, ] = 2.5 Hz, 2H), 3.63 (s, 2H), 2.47
(t,J = 2.5 Hz, 1H), 2.33 (s, 3H); *C{'H} NMR (100 MHz, CDCl,):
§171.0, 137.0, 130.5, 129.4, 129.3, 77.7, 75.1, 52.4, 40.7, 21.2; HRMS
(ESI TOF): calculated for C;,H;30, (M + H)*: 189.0915, found:
189.0912.

Prop-2-yn-1-yl 2-(4-Methoxyphenyl)acetate (6i). Colotless liquid
(3.88 g, 95% yield): Ry = 0.5 petroleum ether/EtOAc (80:20); IR
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(neat) cm™: 3285, 2948, 2128, 1736, 1511, 1242, 1138, 1025, 938,
819, 780, 682, 643; '"H NMR (400 MHz, CDCL,): § 7.23—7.17 (m,
2H), 6.89—6.83 (m, 2H), 4.68 (d, ] = 2.5 Hz, 2H), 3.79 (s, 3H), 3.61
(s,2H), 2.47 (t, ] = 2.5 Hz, 1H); *C{"H} NMR (100 MHz, CDCL,):
5 171.1, 159.0, 130.4, 125.6, 114.2, 77.7, 75.1, 55.4, 52.4, 40.2; HRMS
(ESI TOF): calculated for C;,H;,NaO; (M + Na)*: 227.0683, found:
227.0685.

Prop-2-yn-1-yl 2-(3,5-Dimethoxyphenyl)acetate (6j). Colorless
liquid (4.263 g 91% yield): R; = 0.25 petroleum ether/EtOAc
(90:10); IR (neat) cm™': 3282, 2946, 2127, 1739, 1597, 1201, 1142,
1061, 941, 835, 782, 683, 651; "H NMR (400 MHz, CDCL,): & 6.44
(d, ] =2.2 Hz, 2H), 6.37 (t, ] = 2.2 Hz, 1H), 4.69 (d, ] = 2.5 Hz, 2H),
3.77 (s, 6H), 3.60 (s, 2H), 2.48 (t, ] = 2.5 Hz, 1H); BC{"H} NMR
(100 MHz, CDCl,): § 170.6, 161.0, 135.5, 107.4, 99.5, 77.6, 75.1,
55.4, 52.4, 41.3; HRMS (ESI TOF): calculated for C;3H;s0, (M +
H)*: 235.0970, found: 235.0971.

General Procedure for the Synthesis of a-Aryl-a-diazoace-
tates (1a—1j). The compounds were synthesized following the
previously reported procedure.'* To the stirred solution propargyl 2-
phenylacetate 6a (1.74 g, 10 mmol) in 15 mL, acetonitrile was added
to 4-acetamidobenzenesulfonyl azide (2.88 g, 12 mmol) and DBU
(224 mL, 15 mmol) at ambient temperature under an inert
atmosphere. The reaction mixture was stirred for 16 h at room
temperature. The reaction was quenched with saturated NH,Cl, and
the product was extracted with diethyl ether (30 mL X 3). The
combined organic layers were washed with brine and dried over
anhydrous Na,SO,. The extract was filtered, and the filtrate was
evaporated under vacuum. The crude product was purified using
column chromatography over silica gel to afford a-aryl-a-diazoace-
tates 1a as an orange solid (1.934 g, 84% yield).

Prop-2-yn-1-yl 2-Diazo-2-phenylacetate (1a). Orange solid
(1.521 g, 76% yield): R; = 0.4 petroleum ether/EtOAc (95:5);
m.p.: 41—43 °C; IR (neat) cm™": 3295, 3062, 2948, 2085, 1696, 1597,
1497, 1240, 1143, 1017, 950, 752, 682, 637; '"H NMR (400 MHz,
CDCly): § 7.50—7.46 (m, 2H), 7.44—7.36 (m, 2H), 7.24—7.15 (m,
1H), 4.88 (d, J = 2.5 Hz, 2H), 2.52 (t, ] = 2.5 Hz, 1H); C{'H}
NMR (100 MHz, CDCLy): § 164.4, 129.1, 126.2, 125.1, 124.1, 77.7,
75.3, 52.3; HRMS (ESI TOF): calculated for C;;HgN,NaO, (M +
Na)*: 223.0483, found: 223.0478.

Ethyl 2-Diazo-2-phenylacetate (1a’). Orange liquid (1.522 g, 80%
yield): R; = 0.35 petroleum ether/EtOAc (95:5); IR (neat) cm™:
2984, 2081, 1696, 1597, 1496, 1387, 1286, 1156, 1094, 979, 823, 688;
'"H NMR (400 MHz, CDCL,): § 7.51-7.45 (m, 2H), 7.41-7.35 (m,
2H), 7.20—7.1S5 (m, 1H), 4.33 (q, ] = 7.2 Hz, 2H), 1.34 (, ] = 7.2 Hz,
3H); “C{'H} NMR (100 MHz, CDCl,): § 165.4, 129.0, 125.9,
125.8, 124.1, 61.1, 14.6; HRMS (ESI TOF): calculated for
Cy1oH,oN,NaO, (M + Na)*: 213.0639, found: 213.0631.

Allyl 2-Diazo-2-phenylacetate (1a”). Orange liquid (1.516 g, 75%
yield): R; = 0.35 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3028, 2952, 208S, 1700, 1598, 1497, 1242, 1151, 1043, 1012, 929,
753, 694; '"H NMR (400 MHz, CDCL,): 5 7.50—7.47 (m, 2H), 7.41—
7.34 (m, 2H), 7.21-7.15 (m, 1H), 5.98 (ddt, ] = 17.2, 10.4, 5.6 Hz,
1H), 5.36 (dq, J = 17.2, 1.5 Hz, 1H), 5.27 (ddd, J = 10.4, 2.6, 1.3 Hz,
1H), 4.84—4.70 (m, 2H); BC{'H} NMR (100 MHz, CDCl,): 6
1649, 132.3, 129.1, 126.0, 125.6, 1242, 118.5, 65.6; HRMS (ESI
TOF): calculated for C,;H;,N,0, (M)*: 202.0742, found: 202.0760.

2,2,2-Trifluoroethyl 2-Diazo-2-phenylacetate (1a”™). Orange solid
(1.48 g, 76% yield): R = 0.5S petroleum ether/EtOAc (95:5); m.p.:
55—57 °C; IR (neat) cm™: 3067, 2985, 2099, 1719, 1502, 1413,
1355, 1288, 1245, 1170, 1078, 972, 758, 692, 570; '"H NMR (400
MHz, CDCL): § (ppm) 7.50—7.39 (m, 4H), 7.26—7.21 (m, 1H),
4.66 (q, ] = 84 Hz, 2H). *C{'"H} NMR (100 MHz, CDCL,): §
(ppm) 163.3,129.2, 126.5, 124.6, 124.2, 123.1 (q, ] = 277.5 Hz), 63.6,
60.4 (q, ] = 36.9 Hz). F NMR (377 MHz, CDCl,): § (ppm) —73.9.
HRMS (ESI TOF): calculated for C,oH,F;N,NaO, (M + Na)*:
267.0357, found: 267.0362.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-diazoacetate (1b). Orange
solid (2.261 g, 81% yield): R; = 0.45 petroleum ether/EtOAc (95:5);
m.p.: 57—59 °C; IR (neat) cm™: 3294, 2948, 2085, 1695, 1488, 1336,
1236, 1144, 1030, 999, 948, 813, 678, 632; 'H NMR (400 MHz,

CDCl,): 6 7.54—7.47 (m, 2H), 7.38—7.33 (m, 2H), 4.87 (d, ] = 2.3
Hz, 2H), 2.52 (t, J = 2.3 Hz, 1H); “C{"H} NMR (100 MHz,
CDCL,): § 164.0, 132.2, 125.5, 124.4, 119.7, 77.6, 75.5, 52.5; HRMS
(ESI TOF): calculated for C;;H,BrN,NaO, (M + Na)*: 300.9584,
found: 300.9574.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-diazoacetate (1c). Orange
solid (1.736 g, 74% yield). R = 0.35 petroleum ether/EtOAc (95:5);
m.p.: 61—63 °C; IR (neat) cm™: 3295, 2949, 2086, 1697, 1492, 1336,
1276, 1237, 1146, 1093, 1005, 820, 734, 680, 637; '"H NMR (400
MHz, CDClLy): § 7.45—7.39 (m, 2H), 7.38—7.33 (m, 2H), 4.87 (d, ] =
2.5 Hz, 2H), 2.52 (t, J = 2.5 Hz, 1H); *C{'H} NMR (100 MHz,
CDCL,): § 164.1, 131.9, 129.3, 125.3, 123.8, 77.6, 75.4, 52.5; HRMS
(ESI TOF): calculated for C,;H,CIN,NaO, (M + Na)*: 257.0097,
found: 257.0098.

Prop-2-yn-1-yl 2-Diazo-2-(4-fluorophenyl)acetate (1d). Yellow
solid (1.833 g, 84% yield). R; = 0.3 petroleum ether/EtOAc (95:5);
m.p.: 62—64 °C; IR (neat) cm™': 3298, 2950, 2086, 1696, 1508, 1339,
1286, 1233, 1145, 1033, 829, 683, 642; '"H NMR (400 MHz, CDCl,):
§ 7.51-7.38 (m, 2H), 7.17—7.02 (m, 2H), 4.87 (d, J = 2.5 Hz, 2H),
2.52 (t, ] = 2.5 Hz, 1H); *C{"H} NMR (100 MHz, CDCL,): § 164.4,
161.3 (d, ] = 246.7 Hz), 126.1 (d, J = 8.0 Hz), 120.9 (d, ] = 3.2 Hz),
116.2 (d, ] = 22.0 Hz), 77.7, 75.4, 52.4; HRMS (ESI TOF): calculated
for C;;H,FN,NaO, (M + Na)*: 241.0389, found: 241.0384.

Prop-2-yn-1-yl 2-Diazo-2-(3,4-dichlorophenyl)acetate (1e). Or-
ange solid (2.206 g, 82% yield): R; = 0.35 petroleum ether/EtOAc
(95:5); m.p.: 52—54 °C; IR (neat) cm™': 3297, 2950, 2090, 1698,
1589,1475, 1274, 1149, 1039, 956, 884, 815, 736, 680, 640; 'H NMR
(400 MHz, CDCl,): § 7.65 (d, J = 2.3 Hz, 1H), 7.44 (d, ] = 8.6 Hz,
1H), 7.28 (dd, ] = 8.6, 2.4 Hz, 1H), 4.87 (d, ] = 2.6 Hz, 2H), 2.53 (t, ]
= 2.4 Hz, 1H); ¥C{'H} NMR (100 MHz, CDCL,): § 163.6, 133.5,
130.9, 129.8, 125.7, 125.4, 122.8, 77.4, 75.6, 52.6; HRMS (ESI TOF):
calculated for C;;H,CLN,NaO, (M + Na)*: 290.9703, found:
290.9701.

Prop-2-yn-1-yl 2-Diazo-2-(3,5-difluorophenyl)acetate (1f). Or-
ange solid (1.842 g, 78% yield): R; = 0.4 petroleum ether/EtOAc
(95:5); m.p.: 36—38 °C; IR (neat) cm™': 3301, 3099, 2953, 2094,
1704, 1623, 1589, 1479, 1445, 1269, 1124, 1067, 987, 926, 839, 741,
669, 641; 'H NMR (400 MHz, CDCl,): § 7.26—6.82 (m, 2H), 6.65—
6.59 (m, 1H), 4.88 (d, J = 2.5 Hz, 2H), 2.54 (t, ] = 2.5 Hz, 1H);
BC{'H} NMR (100 MHz, CDCl,): § 163.5 (dd, ] = 247.8, 13.7 Hz),
163.3, 129.2 (t, J = 11.5 Hz), 106.7—106.2 (m), 101.2 (t, J = 25.5
Hz), 77.3, 75.6, 52.6; HRMS (ESI TOF): calculated for
Cy;H¢F,N,NaO, (M + Na)*: 259.0290, found: 259.0281.

Prop-2-yn-1-yl 2-Diazo-2-(naphthalen-2-yl)acetate (1g). Pale
orange solid (1.927 g 77% yield). R = 035 petroleum ether/
EtOAc (95:5); m.p.: 82—84 °C; IR (neat) cm™: 3291, 3057, 2947,
2083, 1698, 1323, 1248, 1147, 1121, 1038, 895, 852, 812, 736, 680,
639; '"H NMR (400 MHz, CDCL,): 6 8.01 (d, J = 1.7 Hz, 1H), 7.92—
7.69 (m, 3H), 7.58—7.37 (m, 3H), 4.91 (d, ] = 2.5 Hz, 2H), 2.53 (4, ]
= 2.5 Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): § 164.5, 133.7,
131.7, 128.9, 127.8, 127.8, 126.8, 126.0, 122.8, 122.3, 121.9, 77.7,
75.4, 52.4; HRMS (ESI TOF): calculated for C,sH;,N,NaO, (M +
Na)*: 273.0639, found: 273.0642.

Prop-2-yn-1-yl 2-Diazo-2-(p-tolyl)acetate (1h). Orange solid
(1.392 g, 65% yield): R = 0.35 petroleum ether/EtOAc (95:5);
m.p.: 52—54 °C; IR (neat) cm™: 3293, 2947, 2084, 1699, 1567, 1514,
1242, 1154, 1037, 949, 811, 771, 735, 680, 640; "H NMR (400 MHz,
CDCly): 6 7.36 (d, ] = 8.0 Hz, 2H), 7.20 (d, ] = 8.0 Hz, 2H), 4.86 (d,
J=2.5Hz,2H), 2.51 (t, ] = 2.5 Hz, 1H), 2.34 (s, 3H); “C{'H} NMR
(100 MHz, CDCL,): § 164.7, 136.1, 129.9, 124.3, 121.8, 77.8, 75.2,
52.3, 21.1; HRMS (ESI TOF): calculated for C,,H;,N,NaO, (M +
Na)*: 237.0639, found: 237.0635.

Prop-2-yn-1-yl 2-Diazo-2-(4-methoxyphenyl)acetate (1i). Dark
orange solid (1.934 g, 84% yield): R; = 0.3 petroleum ether/EtOAc
(95:5); m.p.: 68—69 °C; IR (neat) cm™': 3289, 2949, 2837, 2081,
1694, 1609, 1573, 1510, 1240, 1142, 1022, 949, 825, 73S, 680, 640;
'"H NMR (400 MHz, CDCl,): § 7.48—7.30 (m, 2H), 7.09—6.81 (m,
2H), 4.86 (d, ] = 2.4 Hz, 2H), 3.81 (s, 3H), 2.51 (t, ] = 2.4 Hz, 1H);
BC{'H} NMR (100 MHz, CDCL): § 165.0, 158.3, 126.2, 116.5,
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114.8, 77.8, 752, 55.5, 52.3; HRMS (ESI TOF): calculated for
CHoN,NaO; (M + Na)*: 253.0588, found: 253.0584.

Prop-2-yn-1-yl 2-Diazo-2-(3,5-dimethoxyphenyl)acetate (1j).
Yellow solid (1.822 g, 70% yield): R; = 0.25 petroleum ether/
EtOAc (95:5); m.p.: 91-93 °C; IR (neat) cm™: 3254, 2946, 2839,
2075, 1703, 1594, 1454, 1383, 1324, 1272, 1154, 1035, 954, 926, 830,
736, 672; 'H NMR (400 MHz, CDCL,): § 6.67 (d, J = 2.2 Hz, 2H),
6.30 (t, ] = 2.2 Hz, 1H), 4.86 (d, ] = 2.5 Hz, 2H), 3.80 (s, 6H), 2.52
(t, J = 2.5 Hz, 1H); “C{'H} NMR (100 MHz, CDCL,): § 164.2,
161.3, 127.3, 102.1, 98.4, 77.7, 75.3, 55.5, 52.3; HRMS (ESI TOF):
calculated for C;3H;3N,0, (M + H)*: 261.0875, found: 261.0868.

General Procedure for Optimization of Reaction Con-
ditions. A mixture of 5 mol % of catalyst and 1.5 mL of benzene
2a was stirred at room temperature in a dried 25 mL two-necked RB
flask under an inert atmosphere for S min. Then a-aryl-a-diazoacetate
1 (0.5 mmol) in 1 mL of benzene was added to the above reaction
mixture dropwise over 5 min, and then the reaction mixture was
stirred at room temperature or refluxed at 80 °C over 4—12 h in an oil
bath. The progress of the reaction was monitored by TLC. After
completion of the reaction, the solvent was removed under reduced
pressure. The crude product obtained was purified by column
chromatography over silica gel to furnish the product 3.

General Procedure for Screening of Solvents. In a dried 25
mL RB flask, Sc(OTf); (2.5-5 mol %), propargyl a-phenyl-a-
diazoacetate la (0.1 g 0.5 mmol), and benzene 2a (0.45 mL, S
mmol) were added into 2.5 mL of solvent at room temperature under
an inert atmosphere. Then the reaction mixture was refluxed at 72—80
°C over 4—12 h in an oil bath. The progress of the reaction was
monitored by TLC. After completion of the reaction, the solvent was
removed under reduced pressure. The crude product obtained was
purified by column chromatography over silica gel to furnish the
desired product 3aa (see ESI, Appendix-I).

General Procedure for Screening of the Cocatalyst. In a
dried 25 mL RB flask, Sc(OTf); (2.5—5 mol %), cocatalyst (0—5 mol
%), propargyl a-phenyl-a-diazoacetate la (0.1 g, 0.5 mmol), and
benzene 2a (0.45 mL, S mmol) were added into 2.5 mL of DCE at
room temperature under an inert atmosphere. Then the reaction
mixture was refluxed at 80 °C over 2—12 h in an oil bath. The
progress of the reaction was monitored by TLC. After completion of
the reaction, the solvent was removed under reduced pressure. The
crude product obtained was purified by column chromatography over
silica gel to furnish the desired product 3aa (see ESI, Appendix-II).

General Procedure for the Synthesis of a-Diarylacetates (3).
In a dried 25 mL RB flask, Sc(OTf); (12.3 mg, S mol %), propargyl a-
phenyl-a-diazoacetate 1a (0.1 g, 0.5 mmol), and benzene 2a (0.4S
mL, S mmol) were added into 2.5 mL of DCE at room temperature
under an inert atmosphere. Then the reaction mixture was refluxed at
80 °C over 4 h in an oil bath. The progress of the reaction was
monitored by TLC. After completion of the reaction, the solvent was
removed under reduced pressure. The crude product obtained was
purified by column chromatography over silica gel to furnish the
desired product 3aa (0.09 g, 72% yield).

Prop-2-yn-1-yl 2,2-Diphenylacetate (3aa). White solid (0.09 g,
72% yield): R = 0.5 petroleum ether/EtOAc (95:5); m.p.: 46—48 °C;
crystal growth process: In a 10 mL round bottom flask, 30 mg of
compound was dissolved in 1 mL of chloroform, and the mixture was
diluted with 2 mL of hexane. Then the mixture was kept open for 24 h
without further disturbance. IR (neat) cm™': 3289, 3031, 2941, 2126,
1739, 1598, 1494, 1448, 1370, 1220, 1181, 1080, 997, 739, 694, 638,
564; '"H NMR (400 MHz, CDCl;): § 7.49—7.12 (m, 10H), 5.07 (s,
1H), 4.74 (d, J = 2.5 Hz, 2H), 2.46 (t, ] = 2.5 Hz, 1H); C{'H}
NMR (100 MHz, CDCL,): § 171.8, 138.3, 128.8, 128.7, 127.5, 77.4,
75.3,56.8, 52.7; HRMS (ESI TOF): calculated for C;,H;,NaO, (M +
Na)*: 273.0891, found: 273.0899.

Ethyl 2,2-Diphenylacetate (3a’a). Colorless liquid (0.037 g, 31%
yield): Ry = 0.45 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3029, 2984, 1730, 1598, 1493, 1452, 1148, 1093, 1025, 961, 697, 633,
561; 'H NMR (400 MHz, CDCl,): § 7.35—7.29 (m, 8H), 7.28—7.22
(m, 2H), 5.01 (s, 1H), 4.20 (q, J = 7.1 Hz, 2H), 1.25 (t, ] = 7.1 Hz,
3H); C{'H} NMR (100 MHz, CDCl;): § 172.6, 138.9, 128.7,

128.7, 127.3, 61.3, 57.3, 14.3; HRMS (ESI TOF): calculated for
C16H;¢NaO, (M + Na)*: 263.1043, found: 263.1042.

Allyl 2,2-Diphenylacetate (3a”a). Colorless liquid (0.042 g, 33%
yield): Ry = 0.6 petroleum ether/EtOAc (95:5); IR(neat) cm™: 3029,
2942, 2109, 1734, 1648, 1494, 1450, 1184, 1145, 1083, 989, 931, 740,
700, 624, 559; "H NMR (400 MHz, CDCL,): § 7.38—7.17 (m, 10H),
5.89 (ddt, J = 15.4, 104, 5.7 Hz, 1H), 5.22 (ddq, ] = 15.4, 10.4, 1.4
Hz, 1H), 5.05 (s, 1H), 4.65 (dt, ] = 5.7, 1.4 Hz, 1H); *C{'H} NMR
(100 MHz, CDCl,): § 172.3, 138.8, 132.0, 128.8, 128.7, 127.4, 118.6,
65.9, 57.2; HRMS (ESI TOF): calculated for C;;H;(NaO, (M +
Na)*: 275.1047, found: 275.1044.

2,2,2-Trifluoroethyl 2,2-Diphenylacetate (3a” a). Colorless liquid
(0.076 g, 52% yield): R; = 0.6 petroleum ether/EtOAc (95:5); IR
(neat) cm™: 3032, 2945, 1758, 1497, 1451, 1408, 1282, 1170, 1137,
1047, 976, 845, 741, 702, 646, 561. "H NMR (400 MHz, CDCl,): 6
(ppm) 7.36—7.24 (m, 10H), 5.12 (s, 1H), 4.51 (q, ] = 8.4 Hz, 2H).
BC{'H} NMR (100 MHz, CDCL): § (ppm) 171.2, 137.8, 128.9,
128.6, 127.7,122.9 (q, ] = 277.4 Hz), 60.8 (q, ] = 36.7 Hz), 56.6. '°F
NMR (377 MHz, CDCly): § (ppm) —73.6. HRMS (ESI TOF):
calculated for C;H,F;0, (M + H)": 295.0946, found: 295.0941.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-phenylacetate (3ba). White
solid (0.122 g, 74% yield): R; = 0.4S petroleum ether/EtOAc (95:5);
m.p.: 104—106 °C; IR (neat) ecm™: 3292, 3032, 2940, 2126, 1739,
1597, 1488, 1271, 1368, 1139, 1002, 810, 746, 694, 639, 579; 'H
NMR (400 MHz, CDCl,): § 7.48—7.43 (m, 2H), 7.36—7.25 (m, SH),
7.22—7.17 (m, 2H), 5.02 (s, 1H), 4.85—4.62 (m, 2H), 2.48 (t, ] = 2.5
Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): § 171.4, 137.8, 137.3,
131.9, 130.5, 128.9, 128.6, 127.8, 121.7, 77.3, 75.5, 56.2, 52.9; HRMS
(ESI TOF): calculated for C,,H;, ¥BrO, (M + H)*: 331.0151,
found: 331.0144.

Ethyl 2-(4-Bromophenyl)-2-phenylacetate (3b’a). White solid
(0.051 g, 32% yield): R; = 0.45 petroleum ether/EtOAc (95:5); m.p.:
63—65 °C; IR (neat) cm™': 3029, 2979, 1738, 1601, 1492, 1445,
1162, 1097, 1020, 964, 697, 637, 569; "H NMR (400 MHz, CDCl,):
8 7.46—7.42 (m, 2H), 7.35—7.26 (m, SH), 7.22—7.17 (m, 2H), 4.95
(s, IH), 421 (q, ] = 7.1 Hz, 2H), 1.25 (t, ] = 7.1 Hz, 3H). BC{'H}
NMR (100 MHz, CDCl,): § 172.2, 138.4, 137.9, 131.8, 130.5, 128.8,
128.6, 127.6, 121.5, 61.5, 56.6, 14.3. HRMS (ESI TOF): calculated
for C,4H;6 'BrO, (M + H)*: 321.0313, found: 321.0299.

Allyl 2-(4-Bromophenyl)-2-phenylacetate (3b”a). Colorless liquid
(0.060 g, 36% yield): R; = 0.5 petroleum ether/EtOAc (95:5); IR
(neat) cm™: 3029, 2949, 2129, 1738, 1644, 1489, 1448, 1184, 1144,
1083, 984, 936, 744, 702, 629, 550; '"H NMR (400 MHz, CDCl,): 6
7.47-742 (m, 2H), 7.36—7.25 (m, 6H), 7.22—7.18 (m, 2H), 5.94—
5.83 (m, 1H), 5.28—5.19 (m, 2H), 5.00 (s, 1H), 4.65 (dt, J = 5.8, 1.3
Hz, 2H). BC{'H} NMR (100 MHz, CDCL,): § 171.9, 138.2, 137.8,
131.8, 130.5, 128.9, 128.6, 127.7, 121.5, 118.9, 66.1, 56.6. HRMS (ESI
TOF): calculated for C;;H,s BrO, (M + H)*: 331.0334, found:
331.0327.

2,2,2-Trifluoroethyl 2-(4-Bromophenyl)-2-phenylacetate (3b" a).
Colorless liquid (0.098 g, 53% yield): Ry = 0.55 petroleum ether/
EtOAc (95:5); IR (neat) cm™: 3032, 2949, 1760, 1498, 1454, 1402,
1279, 1164, 1132, 1048, 972, 847, 742, 700, 649, 559; "H NMR (400
MHz, CDCl,):5 7.49—7.44 (m, 2H), 7.38—7.26 (m, SH), 7.21-7.16
(m, 2H), 5.07 (s, 1H), 4.53 (qd, J = 8.4, 2.5 Hz, 2H)."*C{'"H} NMR
(100 MHz, CDCl,): 6 170.8, 137.2, 136.8, 132.0, 130.4, 129.0, 128.5,
128.0, 122.9 (d, J = 277.4 Hz), 121.9, 60.9 (q, ] = 36.8 Hz), 56.0. °F
NMR (377 MHz, CDCly): § (ppm) —73.6. HRMS (ESI TOF):
calculated for C,4H;; "’BrF;0, (M + H)*: 373.0051, found:
373.0063.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-phenylacetate (3ca). White
solid (0.114 g, 80% yield): R; = 0.4 petroleum ether/EtOAc (95:5);
m.p.: 83—85 °C; IR (neat) em™': 3293, 3033, 2127, 1739, 1598, 1490,
1272, 1222, 1138, 1001, 813, 751, 691, 636, 550; 'H NMR (400
MHz, CDCL): § 7.35-7.24 (m, 9H), 5.03 (s, 1H), 4.79—4.69 (m,
2H), 2.47 (t, ] = 2.5 Hz, 1H); 3C{'H} NMR (100 MHz, DMSO-d;):
5 171.0, 138.4, 137.7, 132.0, 130.4, 128.7, 128.5, 128.3, 127.3, 78.1
(for 2-C), 54.5, 52.6; HRMS (ESI TOF): calculated for
C,,H;;CINaO, (M + Na)*: 307.0501, found: 307.0505.
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Prop-2-yn-1-yl 2-(4-Fluorophenyl)-2-phenylacetate (3da). White
solid (0.094 g, 70% yield): R; = 0.4 petroleum ether/EtOAc (95:5);
m.p.: 65—67 °C; IR (neat) cm™: 3293, 3064, 2130, 1739, 1604, 1506,
1448, 1370, 1276, 1182, 1137, 996, 809, 732, 692, 636; '"H NMR
(400 MHz, CDCl,): § 7.38—7.25 (m, 7H), 7.09—6.92 (m, 2H), 5.05
(s, 1H), 4.78—4.67 (m, 2H), 2.47 (t, ] = 2.5 Hz, 1H); BC{'H} NMR
(100 MHz, CDCl,): § 171.7, 162.2 (d, ] = 246.3 Hz), 138.2, 134.1(d,
J =3.3 Hz), 1304 (d, ] = 8.1 Hz), 128.9, 128.6, 127.7, 115.6 (d, ] =
21.5 Hz), 77.4, 75.4, 56.0, 52.8; HRMS (ESI TOF): calculated for
C,H,FO, (M + H)*: 269.0978, found: 269.0980.

Prop-2-yn-1-yl 2-(3,4-Dichlorophenyl)-2-phenylacetate (3ea).
Colorless liquid (0.136 g, 85% yield): R; = 0.35 petroleum ether/
EtOAc (95:5); IR (neat) cm™: 3295, 3071, 2948, 2124, 1743, 1596,
1470, 1269, 1145, 1028, 907, 772, 702; "H NMR (400 MHz, CDCl,):
5742 (d, ] =22 Hz, 1H), 7.41-7.26 (m, 6H), 7.16 (dd, ] = 8.3, 2.2
Hz, 1H), 5.00 (s, 1H), 4.80—4.69 (m, 2H), 2.49 (t, ] = 2.5 Hz, 1H);
BC{'H} NMR (100 MHz, CDCL): § 171.0, 138.4, 137.2, 132.8,
131.8, 130.7, 130.6, 129.1, 128.5, 128.2, 128.0, 75.6(for 2-C), 55.8,
53.0; HRMS (ESI TOF): calculated for C;,H;,C,NaO, (M + Na)*:
341.0107, found: 341.0099.

Prop-2-yn-1-yl 2-(3,5-Difluorophenyl)-2-phenylacetate (3fa).
Colorless liquid (0.139 g, 97% yield): R; = 0.4S petroleum ether/
EtOAc (95:5); IR (neat) cm™: 3297, 3091, 2130, 1742, 1623, 1597,
1495, 1450, 1302, 1219, 1146, 1119, 1026, 987, 848, 770, 697; 'H
NMR (400 MHz, CDCly): § 7.49—7.27 (m, SH), 6.98—6.79 (m, 2H),
6.71 (tt, ] = 8.8, 2.3 Hz, 1H), 5.01 (s, 1H), 4.92—4.48 (m, 2H), 2.49
(t, J = 2.5 Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): § 170.8,
163.1 (dd, J = 248.8, 12.8 Hz), 142.0 (t, ] = 9.2 Hz), 137.0, 129.1,
128.6, 128.1, 112.11-111.55 (m), 103.1 (t, J = 25.3 Hz), 77.4, 75.6,
562 (t, ] = 19 Hz), 53.0; HRMS (ESI TOF): calculated for
Cy,H,3F,0, (M + H)": 287.0883, found: 287.0888.

Prop-2-yn-1-yl 2-Phenyl-2-(p-tolyl)acetate (3ha). White solid
(0.02 g, 15% yield): R; = 0.5 petroleum ether/EtOAc (95:5); m.p.:
88—90 °C; IR (neat) cm™: 3290, 3028, 2927, 2128, 1742, 1509,
1448, 1370, 1221, 1182, 1141, 999, 731, 695; 'H NMR (400 MHz,
CDCly): 6 7.34—7.24 (m, SH), 7.20 (d, J = 8.0 Hz, 2H), 7.13 (d, ] =
8.0 Hz, 2H), 5.03 (s, 1H), 4.73 (d, J = 2.5 Hz, 2H), 2.45 (t, ] = 2.5
Hz, 1H), 2.32 (s, 3H); “C{'H} NMR (100 MHz, CDCL,): § 172.0,
138.5, 137.2, 135.4, 129.5, 128.7, 128.66, 128.6, 127.4, 77.5, 75.3,
56.4,52.7,21.2; HRMS (ESI TOF): calculated for C;sH;;NaO, (M +
Na)*: 287.1047, found: 287.1040.

Prop-2-yn-1-yl 2-(3,5-Dimethoxyphenyl)-2-phenylacetate (3ja).
Colorless liquid (0.026 g, 17% yield): R; = 0.5 petroleum ether/
EtOAc (80:20); IR (neat) cm™: 3284, 2936, 2841, 2128, 1740, 1595,
1460, 1298, 1201, 1143, 1062, 999, 938, 834, 761; 'H NMR (400
MHz, CDCl;): § 7.36—7.22 (m, SH), 6.48 (d, ] = 2.2 Hz, 2H), 6.37
(t, J = 2.2 Hz, 1H), 4.99 (s, 1H), 4.74 (d, ] = 2.5 Hz, 2H), 3.75 (s,
6H), 2.46 (t, ] = 2.5 Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): §
171.6, 161.0, 140.3, 138.0, 128.7, 128.7, 127.6, 107.0, 99.4, 77.5, 75.3,
56.9, 55.4, 52.7; HRMS (ESI TOF): calculated for C;oH;s0, (M +
H)*: 311.1283, found: 311.1287.

Prop-2-yn-1-yl 2-(4-Fluorophenyl)-2-phenylacetate (3ab). Major
product para-isomer (p:o = 91:9), p:o ratio determined by 'H NMR.
The product was obtained as a viscous colorless liquid (0.054 g, 40%
yield): R; = 0.4 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3294, 3071, 2945, 2125, 1742, 1604, 1506, 1447, 1370, 1279, 1227,
1144, 1001, 816, 733, 695, 641, 560; '"H NMR (400 MHz, CDCL,): §
7.51-7.18 (m, 7H), 7.13—6.85 (m, 2H), 5.05 (s, 1H), 4.73 (dd, ] =
2.4, 1.0 Hz, 2H), 2.46 (t, ] = 2.4 Hz, 1H); “C{'H} NMR (100 MHz,
CDCLy): § 171.7, 1622 (d, ] = 246.3 Hz), 138.1, 134.1 (d, ] = 2.9
Hz), 130.4 (d, ] = 8.0 Hz), 128.9, 128.5, 127.7, 115.6 (d, ] = 21.3 Hz),
77.3, 754, 55.9, 52.8; HRMS (ESI TOF): calculated for C;,H,,FO,
(M + H)*: 269.0978, found: 269.0988.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(4-fluorophenyl)acetate
(3bb). Major product para-isomer (p:o =91:9), p:0 ratio determined
by '"H NMR. The product was obtained as a semisolid (0.090 g, 52%
yield): R; = 045 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3295, 3060, 2130, 1741, 1603, 1504, 1438, 1369, 1273, 1227, 1144,
950, 822, 760, 683, 641; 'H NMR (400 MHz, CDCL,): § 7.50—7.41
(m, 2H), 7.30-7.22 (m, 2H), 7.21-7.13 (m, 2H), 7.07—6.94 (m,

2H), 4.99 (s, 1H), 4.74 (dd, ] = 3.8, 2.5 Hz, 2H), 2.48 (t, ] = 2.5 Hz,
1H); *C{"H} NMR (100 MHz, CDCl;): § 171.3, 162.3 (d, ] = 246.9
Hz), 137.2,133.6 (d, ] = 3.3 Hz), 132.0, 130.3, 130.2, 121.8, 115.8 (d,
] =21.6 Hz), 77.2, 75.5, 55.4, 53.0; HRMS (ESI TOF): calculated for
C,,H,3BrFO, (M + H)": 347.0083, found: 347.0092.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-(4-fluorophenyl)acetate
(3cb). Major product para-isomer (p:0 = 91:9), p:o ratio determined
by "H NMR. The product was obtained as a colorless liquid (0.082 g,
54% yield). R = 0.45 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3297, 2947, 2130, 1741, 1602, 1439, 1270, 1227, 1143, 1093, 1005,
823, 762, 683, 641; '"H NMR (400 MHz, CDCL): & 7.39—7.16 (m,
6H), 7.15—6.90 (m, 2H), 5.01 (s, 1H), 4.73 (d, ] = 2.5 Hz, 2H), 2.48
(t, ] = 2.5 Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): § 171.3,
163.0 (d, J = 246.8 Hz), 136.6, 133.7, 133.6 (d, J = 3.3 Hz), 130.3 (d,
J = 8.1 Hz), 129.9, 129.0, 115.8 (d, J = 21.6 Hz), 77.2, 75.5, 55.3,
52.9; HRMS (ESI TOF): calculated for C;,H;;CIFO, (M + H)":
303.0588, found: 303.0595.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(4-chlorophenyl)acetate
(3bc). Major product para-isomer (p:0 = 90:10), p:o ratio determined
by '"H NMR. The product was obtained as a viscous colorless liquid
(0.091 g, 50% yield): R; = 0.45 petroleum ether/EtOAc (95:5); IR
(neat) cm™': 3294, 2946, 2130, 1740, 1591, 1488, 1369, 1301, 1183,
1142, 1088, 1006, 954, 807, 761, 681, 638; '"H NMR (400 MHz,
CDCl,): 6 7.50—7.43 (m, 2H), 7.34—7.14 (m, 6H), 4.98 (s, 1H), 4.74
(d, J = 2.5 Hz, 2H), 2.49 (t, J = 2.4 Hz, 1H); C{'H} NMR (100
MHz, CDCL): § 171.0, 136.8, 136.2, 133.8, 132.0, 130.3, 130.0,
129.1, 121.9, 77.4, 75.6, 55.5, 53.0; HRMS (ESI TOF): calculated for
C,;H,3BrClO, (M + H)": 362.9787, found: 362.978S.

Prop-2-yn-1-yl 2,2-Bis(4-chlorophenyl)acetate (3cc). Major prod-
uct para-isomer (p:0 = 89:11), p:o ratio determined by '"H NMR. The
product was obtained as a colorless liquid (0.083 g, 52% yield): R =
0.4 petroleum ether/EtOAc (95:5); IR (neat) cm™l: 3295, 2947,
2130, 1740, 1594, 1489, 1369, 1268, 1141, 1090, 1003, 954, 905, 808,
762, 681, 637; 'H NMR (400 MHz, CDCL,): § 7.42—7.28 (m, 4H),
7.25—7.18 (m, 4H), 5.00 (s, 1H), 4.74 (d, J = 2.5 Hz, 2H), 2.48 (t, ] =
2.5 Hz, 1H); “C{'H} NMR (100 MHz, CDCl,): § 171.1, 136.3,
133.8, 130.0, 129.1, 77.2, 75.6, 55.4, 53.0; HRMS (ESI TOF):
calculated for C;;H;CLO, (M + H)*: 319.0292, found: 319.0305.

Prop-2-yn-1-yl (S)-2-Phenyl-2-(p-tolyl)acetate (3ad). Major prod-
uct para-isomer (p:0 = 80:20), p:o ratio determined by "H NMR. The
product was obtained as a viscous colorless liquid (0.111 g, 84%
yield): Ry = 0.5 petroleum ether/EtOAc (95:5); IR (neat) cm™:
3290, 2925, 2124, 1743, 1603, 1501, 1449, 1371, 1306, 1275, 1219,
1142, 999, 806, 732, 696, 640; 'H NMR (400 MHz, CDCl,): & 7.45—
6.99 (m, 9H), 5.03 (s, 1H), 4.73 (d, ] = 2.4 Hz, 2H), 2.46 (t, ] = 2.4
Hz, 1H), 2.31 (s, 3H); *C{'H} NMR (100 MHz, CDCl;): § 172.0,
138.5,137.2, 135.3, 129.5, 128.7, 128.7, 128.6, 127.5, 77.4, 75.3, 56.4,
52.7, 21.2; HRMS (ESI TOEF): calculated for C;gH;(NaO, (M +
Na)*: 287.1047, found: 287.1054.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(p-tolyl)acetate (3bd).
Major product para-isomer (p:o = 78:22), p:o ratio determined by
"H NMR. The product was obtained as a colorless liquid (0.144 g,
84% vyield): R; = 0.4S petroleum ether/EtOAc (95:5); IR (neat)
em™!: 3291, 3025, 2945, 2130, 1739, 1592, 1487, 1441, 1369, 1270,
1219, 1073, 1002, 951, 809, 754, 680, 638; 'H NMR (400 MHz,
CDCly): 6 7.51-7.37 (m, 2H), 7.28—7.03 (m, 6H), 4.98 (s, 1H),
4.82—4.65 (m, 2H), 2.46 (t, ] = 2.5 Hz, 1H), 2.32 (s, 3H); “C{'H}
NMR (100 MHz, CDC13): 6 171.5, 137.6137.5, 134.8, 131.8, 130.4,
129.6, 128.4, 121.6, 77.4, 75.4, 55.8, 52.8, 21.2; HRMS (ESI TOF):
calculated for C;gH;(BrO, (M + H)*: 343.0333, found: 343.0330.

Prop-2-yn-1-yl 2-(3,4-Dimethylphenyl)-2-phenylacetate (3ae).
Major product para-isomer (p:o = 84:16), p:o ratio determined by
"H NMR. The product was obtained as a white solid (0.124 g, 89%
yield): R; = 0.5 petroleum ether/EtOAc (95:5); m.p.: 88—90 °C; IR
(neat) cm™: 3287, 3027, 2934, 2126, 1740, 1601, 1497, 1448, 1371,
1207, 1137, 1079, 997, 815, 695, 637, 573; 'H NMR (400 MHz,
CDCl,): 6 7.33—7.21 (m, SH), 7.11-7.02 (m, 3H), 5.01 (s, 1H),
4.79—4.68 (m, 2H), 2.46 (t, ] = 2.5 Hz, 1H), 2.30—2.15 (m, 6H) (for
2-CH,;); BC{'H} NMR (100 MHz, CDCl;): § 172.0, 138.6, 137.0,
135.9, 135.7, 130.0, 129.9, 128.7, 128.7, 127.4, 126.0, 77.6, 75.2, 56.4,
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52.7, 20.0, 19.5; HRMS (ESI TOF): calculated for C;oH;,0, (M +
H)*: 279.1385, found: 279.1387.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(3,4-dimethylphenyl)-
acetate (3be). Major product para-isomer (p:o = 83:17), p:o ratio
determined by "H NMR. The product was obtained as a colorless
liquid (0.161 g, 90% yield): R; = 0.5 petroleum ether/EtOAc (95:5);
IR (neat) cm™': 3293, 2939, 2123, 1744, 1590, 1490, 1446, 1371,
1272, 1145, 1073, 1007, 949, 818, 762, 681, 641, 568; 'H NMR (400
MHz, CDCL,): § 7.48—7.39 (m, 2H), 7.21-6.99 (m, SH), 4.95 (s,
1H), 4.79—4.66 (m, 2H), 2.52—2.41 (m, 1H), 2.29-2.12 (m, 6H);
BC{'H} NMR (100 MHz, CDCl,): § 171.6, 137.6, 137.2, 136.2,
1352, 131.8, 130.4, 130.1, 129.7, 125.9, 121.5, 77.4, 75.4, 55.8, 52.8,
20.0, 19.5; HRMS (ESI TOF): calculated for C,,H;sBrO, (M + H)":
357.0490, found: 357.0487.

Prop-2-yn-1-yl 2-(2,5-Dimethylphenyl)-2-phenylacetate (3af).
White solid (0.12 g, 86% yield): R; = 0.5 petroleum ether/EtOAc
(95:5); m.p.: 79—81 °C; IR (neat) cm™': 3289, 2929, 2126, 1740,
1606, 1498, 1447, 1370, 1273, 1213, 1141, 996, 946, 812, 736, 692,
637, 578; 'H NMR (400 MHz, CDCL,): § 7.51—7.14 (m, SH), 7.09—
6.95 (m, 3H), 5.22 (s, 1H), 4.74 (d, ] = 2.5 Hz, 2H), 2.46 (t, ] = 2.5
Hz, 1H), 2.28 (s, 3H), 2.23 (s, 3H); ®C{'H} NMR (100 MHz,
CDCly): § 172.2, 137.6, 136.3, 135.8, 1334, 130.7, 129.1, 128.8,
128.7, 128.3, 127.4, 77.6, 75.2, 53.5, 52.7, 21.3, 19.5; HRMS (ESI
TOF): calculated for C,oH;iNaO, (M + Na)*: 301.1204, found:
301.1209.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(2,5-dimethylphenyl)-
acetate (3bf). White solid (0.168 g, 94% yield): R; = 0.5 petroleum
ether/EtOAc (95:5); m.p.: 115—117 °C; IR (neat) cm™: 3292, 2930,
2123, 1743, 1613, 1491, 1445, 1370, 1318, 1213, 1149, 1074, 1007,
813, 761, 679, 641; 'H NMR (400 MHz, CDCl,): § 7.61-7.33 (m,
2H), 7.19—6.94 (m, SH), 5.16 (s, 1H), 4.90—4.64 (m, 2H), 2.48 (t, ]
= 2.5 Hz, 1H), 2.30 (s, 3H), 2.21 (s, 3H); BC{*H} NMR ((100
MHz, CDCL): § 171.8, 136.7, 136.1, 135.8, 133.3, 131.8, 130.9,
130.8, 128.59, 128.58, 121.5, 77.4, 75.3, 53.0, 52.8, 21.2, 19.4; HRMS
(ESI TOF): calculated for C;oH;,BrNaO, (M + Na)*: 379.0304,
found: 379.0305.

Prop-2-yn-1-yl 2-Mesityl-2-phenylacetate (3ag). Colorless liquid
(0.135 g, 92% yield): R; = 0.5 petroleum ether/EtOAc (95:5); IR
(neat) cm™': 3286, 2922, 2125, 1742, 1608, 1489, 1448, 1371, 1271,
1154, 1000, 943, 853, 734, 693, 569; '"H NMR (400 MHz, CDCL,): §
7.33—7.20 (m, 3H), 7.15—7.08 (m, 2H), 6.90 (s, 2H), 5.42 (s, 1H),
4.79—4.68 (m, 2H), 2.43 (t, ] = 2.5 Hz, 1H), 2.29 (s, 3H), 2.18 (s,
6H); BC{'H} NMR (100 MHz, CDCL): § 172.6, 137.6, 137.1,
136.5, 131.9, 130.1, 128.8, 128.3, 127.0, 77.8, 75.0, 52.5, 50.8, 21.0
(for two type of carbons); HRMS (ESI TOF): calculated for
CyoH,0NaO, (M + Na)*: 315.1361, found: 315.1365.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-mesitylacetate (3bg). Col-
orless liquid (0.182 g, 98% yield): R; = 0.45 petroleum ether/EtOAc
(95:5); IR (neat) cm™': 3292, 2949, 2120, 1743, 1611, 1486, 1447,
1159, 1075, 1005, 946, 878, 778, 679, 634; 'H NMR (400 MHz,
CDCly): 6 7.45—7.35 (m, 2H), 7.06—6.97 (m, 2H), 6.91 (s, 2H), 5.33
(s, 1H), 4.89—4.57 (m, 2H), 2.44 (t, ] = 2.4 Hz, 1H), 2.30 (s, 3H),
2.16 (s, 6H); “C{'H} NMR (100 MHz, CDCL): § 172.2, 137.5,
137.4, 135.5, 131.4, 131.4, 130.6, 130.1, 121.1, 77.6, 75.2, 52.6, 50.1,
21.0, 20.9; HRMS (ESI TOF): calculated for C,,H,,BrO, (M + H)*:
371.0646, found: 371.0674.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-mesitylacetate (3cg). Col-
orless liquid (0.154 g, 94% yield): R; = 0.4 petroleum ether/EtOAc
(95:5); IR (neat) cm™': 3293, 2923, 2123, 1742, 1610, 1489, 1448,
1268, 1159, 1093, 1008, 848, 775, 681, 635; "H NMR (400 MHz,
CDCly): 6 7.29-7.21 (m, 2H), 7.10-7.03 (m, 2H), 6.91 (s, 2H), 5.3
(s, 1H), 4.78—4.68(m, 2H), 2.43 (t, ] = 2.5 Hz, 1H), 2.30 (s, 3H),
2.16 (s, 6H); “C{'H} NMR (100 MHz, CDCL): § 172.2, 137.5,
137.3, 135.0, 132.9, 131.5, 130.2, 130.1, 128.5, 77.6, 75.1, 52.6, 50.1,
21.0, 20.9; HRMS (ESI TOF): calculated for C,yH;,CINaO, (M +
Na)™: 349.0966, found: 349.0966.

Prop-2-yn-1-yl 2-(4-Fluorophenyl)-2-mesitylacetate (3dg). Col-
orless liquid (0.148 g, 95% yield): R; = 0.45 petroleum ether/EtOAc
(95:5); IR (neat) cm™': 3293, 2924, 2122, 1743, 1606, 1509, 1452,
1372, 1273, 1227, 1158,1004, 847, 799, 681, 639; '"H NMR (400

MHz, CDCL,): § 7.14—7.07 (m, 2H), 7.02—6.94 (m, 2H), 6.92 (s,
2H), 5.36 (s, 1H), 4.83—4.64 (m, 2H), 2.44 (t, ] = 2.5 Hz, 1H), 2.31
(s, 3H), 2.18 (s, 6H); *C{"H} NMR (100 MHz, CDCl,): § 172.5,
161.9 (d, J = 245.6 Hz), 137.5, 137.3, 132.1 (d, ] = 3.2 Hz), 131.8,
1304 (d, J = 7.9 Hz), 130.1, 115.1 (d, J = 21.4 Hz), 77.7, 75.1, 52.6,
50.0, 21.0, 20.9; HRMS (ESI TOF): calculated for C;sH;,FNaO, (M
+ Na)*: 333.1266, found: 333.1268.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(4-methoxyphenyl)acetate
(3bh). Major product para-isomer (p:0 = 74:26), p:o ratio determined
by "H NMR. The product was obtained as colorless oil (0.169 g, 94%
yield). R; = 0.3 petroleum ether/EtOAc (95:5); IR (neat) cm™: 3290,
2946, 2838, 2309, 2126, 1899, 1739, 1504, 1368, 1297, 1147, 1007,
815, 681; '"H NMR (400 MHz, CDCl,): § 7.51-7.38 (m, 2H), 7.31—
7.12 (m, 4H), 6.94—6.80 (m, 2H), 4.96 (s, 1H), 4.78—4.65 (m, 2H),
3.78 (s, 3H), 2.46 (t, ] = 2.5 Hz, 1H); *C{'H} NMR (100 MHz,
CDCLy): § 171.6, 159.1, 137.7, 131.8, 131.0, 130.3, 129.7, 121.6,
114.3, 77.4, 75.4, 55.4, 55.3, 52.8; HRMS (ESI TOF): calculated for
CsH,¢BrO; (M + H)*: 359.0283, found: 359.0275.

Prop-2-yn-1-yl 2-(2,5-Dimethoxyphenyl)-2-phenylacetate (3ai).
White solid (0.149 g, 96% yield): R¢ = 0.4 petroleum ether/EtOAc
(80:20); m.p.: 74—76 °C; IR (neat) cm™': 3286, 2945, 2836, 2126,
1741, 1595, 1496, 1455, 1369, 1277, 1219, 1145, 1026, 947, 807, 699,
640; '"H NMR (400 MHz, CDCl,): § 7.37—7.24 (m, SH), 6.82—6.74
(m, 2H), 6.61 (d, ] = 2.9 Hz, 1H), 5.30 (s, 1H), 4.79—4.66 (m, 2H),
3.78 (s, 3H), 3.68 (s, 3H), 2.44 (t, ] = 2.5 Hz, 1H); BC{"H} NMR
(100 MHz, CDCL,): § 172.1, 153.6, 151.3, 137.0, 129.2, 128.8, 128.6,
127.6, 116.2, 112.5, 111.4, 77.9, 74.9, 56.2, 55.7, 52.5, 51.0; HRMS
(ESI TOF): calculated for C;,H;,0, (M + H)*: 311.1283, found:
311.1277.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(2,5-dimethoxyphenyl)-
acetate (3bi). White solid (0.175 g, 90% yield): R; = 0.4S petroleum
ether/EtOAc (80:20); m.p.: 97—99 °C; IR (neat) cm™: 3289, 2944,
2837, 2126, 1741, 1593, 1494, 1222, 1148, 1010, 945, 806, 712, 641,
537; '"H NMR (400 MHz, CDCl,): § 7.49—7.42 (m, 2H), 7.23—7.17
(m, 2H), 6.86—6.73 (m, 2H), 6.62 (d, ] = 2.8 Hz, 1H), 5.25 (s, 1H),
4.78—4.67 (m, 2H), 3.77 (s, 3H), 3.70 (s, 3H), 2.45 (t, ] = 2.5 Hz,
1H); “C{'H} NMR (100 MHz, CDCL): § 171.7, 153.6, 151.1,
136.3, 131.9, 130.9, 128.0, 121.6, 115.9, 112.7, 111.5, 77.7, 75.1, 56.2,
55.8, 52.6, 50.4; HRMS (ESI TOF): calculated for C,yH;,BrO, (M)":
388.0310, found: 388.0305.

Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-(2,5-dimethoxyphenyl)-
acetate (3ci). White solid (0.159 g, 92% yield): R; = 0.4S petroleum
ether/EtOAc (80:20); m.p.: 98—99 °C; IR (neat) cm™: 3290, 2947,
2836, 2125, 1741, 1595, 1494, 1278, 1222, 1174, 1095, 1014, 806,
755, 709, 639, 539; 'H NMR (400 MHz, CDCl,): § 7.33—7.28 (m,
2H), 7.27-7.22 (m, 2H), 6.85—6.74 (m, 2H), 6.62 (d, ] = 2.8 Hz,
1H), 5.27 (s, 1H), 4.78—4.67 (m, 2H), 3.77 (s, 3H), 3.70 (s, 3H),
2.45 (t, ] = 2.5 Hz, 1H); *C{'H} NMR (100 MHz, CDCl,): 6 171.8,
153.7, 151.2, 135.8, 133.5, 130.6, 128.9, 128.1, 115.9, 112.8, 111.6,
77.7, 75.0, 56.2, 55.8, 52.6, 50.3; HRMS (ESI TOF): calculated for
C,oH;,CINaO, (M + Na)*: 367.0712, found: 367.0710.

Prop-2-yn-1-yl 2-(2,5-Dimethoxyphenyl)-2-(4-fluorophenyl)-
acetate (3di). Colorless liquid (0.156 g, 95% yield): R; = 0.3S
petroleum ether/EtOAc (85:15); IR (neat) cm™: 3291, 2948, 2838,
2122, 1744, 1603, 1503, 1457, 1369, 1280, 1226, 1153, 1040, 844,
808, 712, 642; 'H NMR (400 MHz, CDCL,): § 7.34—7.25 (m, 2H),
7.07—6.96 (m, 2H), 6.78 (dt, ] = 8.8, 5.8 Hz, 2H), 6.61 (d, ] = 2.8 Hz,
1H), 5.27 (s, 1H), 4.78—4.66 (m, 2H), 3.77 (s, 3H), 3.69 (s, 3H),
2.45 (t, ] = 2.5 Hz, 1H); *C{"H} NMR (100 MHz, CDCL,): § 172.0,
162.2 (d, J = 245.8 Hz), 153.6, 151.1, 132.9 (d, J = 3.2 Hz), 130.8 (d,
J = 8.2 Hz), 128.4, 115.8 (d, J = 18.1 Hz), 115.5, 112.6, 111.5, 77.7,
75.0, 56.1, 55.7, 52.5, 50.2; HRMS (ESI TOF): calculated for
CoH,;FNaO, (M + Na)*: 351.1003, found: , found: 351.1000.

Prop-2-yn-1-yl 2-(2,5-Dimethoxyphenyl)-2-(naphthalen-2-yl)-
acetate (3gi). White solid (0.151 g, 84% yield): R; = 0.4S petroleum
ether/EtOAc (80:20); m.p.: 91—93 °C; IR (neat) cm™': 3287, 2945,
2837, 2125, 1740, 1597, 1497, 1455, 1369, 1222, 1148, 1032, 863,
808, 750, 709, 644; 'H NMR (400 MHz, CDCL,): § 7.87—7.73 (m,
4H), 7.52—7.40 (m, 3H), 6.84—6.75 (m, 2H), 6.63 (d, ] = 3.0 Hz,
1H), 5.47 (s, 1H), 4.82—4.69 (m, 2H), 3.80 (s, 3H), 3.65 (s, 3H),
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2.45 (t, ] = 2.5 Hz, 1H); *C{'H} NMR (100 MHz, CDCL,): 6 172.1,
153.6, 151.3, 134.5, 133.6, 132.8, 128.6, 128.5, 128.1, 128.0, 127.7,
127.3, 126.3, 126.1, 116.3, 112.6, 111.4, 77.9, 75.0, 56.2, 55.8, 52.6,
51.1; HRMS (ESI TOF): calculated for C,3;H,oNaO, (M + Na)*:
383.1259, found: 383.1262.

Prop-2-yn-1-yl 2-Phenyl-2-(2,4,6-trimethoxyphenyl)acetate
(3aj). White solid (0.157 g, 92% yield): R; = 0.35 petroleum ether/
EtOAc (80:20); m.p.: 121—123 °C; IR (neat) cm™: 3281, 2937,
2842, 2127, 1741, 1597, 1496, 1420, 1337, 1195, 1114, 1002, 949,
864, 814, 746, 696, 664; 'H NMR ((400 MHz, CDCL,)): 6 7.34—7.30
(m, 2H), 7.28—7.23 (m, 2H), 7.22—7.16 (m, 1H), 6.14 (s, 2H), 5.33
(s, 1H), 4.77—4.64 (m, 2H), 3.80 (s, 3H), 3.78 (s, 6H), 2.38 (t, ] =
2.4 Hz, 1H); BC{'H} NMR (100 MHz, CDCL,): § 173.1, 160.7,
158.2, 138.7, 129.4, 128.1, 126.8, 109.2, 90.9, 78.5, 74.2, 55.9, 55.4,
52.0, 45.8; HRMS (ESI TOF): calculated for C,,H,,05 (M + H)*:
341.1389, found: 341.1398.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(2,4,6-trimethoxyphenyl)-
acetate (3bj). Colorless liquid (0.176 g, 84% yield): R = 0.3
petroleum ether/EtOAc (80:20); IR(neat) cm™': 3287, 2943, 2841,
2121, 1743, 1600, 1460, 1420, 1195, 1157, 1061, 1009, 950, 814, 759,
668, 634; "H NMR (400 MHz, CDCL,): § 7.41—7.33 (m, 2H), 7.26—
7.17 (m, 2H), 6.13 (s, 2H), 5.27 (s, 1H), 4.75—4.64 (m, 2H), 3.79 (s,
3H), 3.77 (s, 6H), 2.39 (t, J = 2.5 Hz, 1H); *C{'"H} NMR (100
MHz, CDCL): § 172.6, 160.8, 158.1, 137.8, 131.2, 131.1, 120.7,
108.6, 90.9, 78.3, 74.4, 55.8, 55.4, 52.1, 45.2; HRMS (ESI TOF):
calculated for C,oH,oBrOg (M + H)*: 419.0494, found: 419.0494.

Prop-2-yn-1-yl 2-(Naphthalen-2-yl)-2-(2,4,6-trimethoxyphenyl)-
acetate (3gj). White solid (0.166 g, 85% yield): R; = 0.25 petroleum
ether/EtOAc (80:20); m.p.: 99—101 °C; IR (neat) cm™': 3285, 2941,
2842, 2122, 1741, 1598, 1499, 1458, 1422, 1154, 1115, 1026, 950,
857, 812, 751, 662; 'H NMR (400 MHz, CDCL,): § 7.80—7.72 (m,
3H), 7.67 (s, 1H), 7.55 (dd, J = 8.5, 1.8 Hz, 1H), 7.42—7.36 (m, 2H),
6.16 (s, 2H), 5.50 (s, 1H), 4.82—4.66 (m, 2H), 3.81 (s, 3H), 3.80 (s,
6H), 2.40 (t, ] = 2.4 Hz, 1H); “C{'H} NMR (100 MHz, CDCL,): 6
173.1, 160.8, 158.3, 136.3, 133.4, 132.6, 128.1, 128.0, 127.9, 127.6,
125.6, 125.5, 109.0, 91.0, 78.5, 77.4, 74.3, 55.9, 55.5, 52.1, 46.0;
HRMS (ESI TOF): calculated for C,,H,;05 (M + H)*: 391.1545,
found: 391.1546.

Prop-2-yn-1-yl 2-(Benzo[d][1,3]dioxol-5-yl)-2-phenylacetate
(3ak). Major product para-isomer (p:0 = 90:10), p:0 ratio determined
by '"H NMR. The product was obtained as a colorless liquid (0.138 g,
94% vyield): R = 0.55 petroleum ether/EtOAc (80:20); IR(neat)
cm™!: 3288, 3027, 2895, 2126, 1739, 1490, 1444, 1367, 1239, 1138,
1032, 997, 930, 807, 735, 694, 643; "H NMR (400 MHz, CDCL,): §
7.36—7.25 (m, SH), 6.85—6.71 (m, 3H), 5.93 (d, ] = 3.9 Hz, 2H),
4.98 (s, 1H), 4.73 (d, ] = 2.6 Hz, 2H), 2.50—2.43 (m, 1H); “C{'H}
NMR (100 MHz, CDCl,): § 171.8, 148.0, 147.1, 138.4, 132.1, 128.8,
128.5, 127.6, 122.1, 109.3, 108.4, 101.3, 77.4, 75.4, 56.3, 52.8; HRMS
(ESI TOF): calculated for C,gH;,NaO, (M + Na)*: 317.0784, found:
317.0778.

Prop-2-yn-1-yl 2-(Benzol[d][1,3]dioxol-5-yl)-2-(4-bromophenyl)-
acetate (3bk). Major product para-isomer (p:0 = 92:8), p:o ratio
determined by "H NMR. The product was obtained as a colorless
liquid (0.175 g, 94% yield): R; = 0.6 petroleum ether/EtOAc (80:20);
IR (neat) cm™: 3290, 2896, 2126, 1738, 1606, 1487, 1442, 1301,
1238, 1140, 1031, 1002, 931, 800, 760, 676, 640; 'H NMR (400
MHz, CDCLy): § 7.51-7.39 (m, 2H), 7.24—7.13 (m, 2H), 6.82—6.69
(m, 3H), 5.94 (s, 2H), 4.92 (s, 1H), 4.78—4.68 (m, 2H), 2.48 (t, ] =
2.5 Hz, 1H); “C{'H} NMR (100 MHz, CDCl,): § 171.4, 148.1,
147.2, 137.4, 131.9, 131.5, 130.3, 122.0, 121.7, 109.1, 108.5, 101.4,
77.3, 75.5, 55.7, 52.9; HRMS (ESI TOF): calculated for
C,sH;3BrNaO, (M + Na)*: 394.9889, found: 394.9894.

Prop-2-yn-1-yl 2-(Benzo[d][1,3]dioxol-5-yl)-2-(p-tolyl)acetate
(3hk). Major product para-isomer (p:o = 98:2), p:o ratio determined
by 'H NMR. The product was obtained as a white solid (0.094 g, 61%
yield): R¢ = 0.6 petroleum ether/EtOAc (80:20); m.p.: 59—61 °C; IR
(neat) cm™': 3288, 2894, 2779, 2129, 1739, 1611, 1489, 1441, 1306,
1241, 1185, 1140, 1034, 997, 932, 808, 755, 681; 'H NMR (400
MHz, CDCly): § 7.23—7.16 (m, 2H), 7.13 (d, ] = 8.0 Hz, 2H), 6.86—
6.78 (m, 1H), 6.78—6.69 (m, 2H), 5.92 (s, 2H), 4.94 (s, 1H), 4.72 (4,

J =2.5Hz,2H), 2.46 (t, ] = 2.5 Hz, 1H), 2.32 (s, 3H); BC{'H} NMR
(100 MHz, CDCL,): § 172.0, 148.0, 147.0, 137.3, 135.4, 132.3, 129.5,
128.4, 122.0, 109.2, 108.3, 101.2, 77.5, 75.3, 56.0, 52.7, 21.2; HRMS
(ESI TOF): calculated for C;,H;,0, (M + H)*: 309.1127, found:
309.1127.

Prop-2-yn-1-yl 2-(Benzo[d][1,3]dioxol-5-yl)-2-(4-
methoxyphenyl)acetate (3ik). Major product para-isomer (p:0 =
99:1), p:0 ratio determined by 'H NMR. The product was obtained as
a colorless liquid (0.089 g, 55% yield): R; = 0.5 petroleum ether/
EtOAc (80:20); IR (neat) cm™: 3287, 2904, 2124, 1740, 1610, 1501,
1443, 1367, 1246, 1143, 1034, 933, 807, 760, 683, 637; 'H NMR
(400 MHz, CDCl,): § 7.24—7.19 (m, 2H), 6.88—6.82 (m, 2H), 6.80
(s, 1H), 6.77—6.70 (m, 2H), 5.91 (s, 2H), 4.93 (s, 1H), 4.72 (d, ] =
2.5 Hz, 2H), 3.77 (s, 3H), 2.47 (t, J = 2.5 Hz, 1H); *C{'"H} NMR
(100 MHz, CDCL,): § 172.1, 159.0, 148.0, 147.0, 132.5, 130.5, 129.6,
1219, 1142, 109.2, 108.3, 101.2, 77.5, 75.3, 55.5, 55.4, 52.7; HRMS
(ESI TOF): calculated for C,gH,,05 (M + H)*: 325.1076, found:
325.1092.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(2,5-dimethylfuran-3-yl)-
acetate (3bl). Colorless liquid (0.104 g, 60% yield): Ry = 0.5
petroleum ether/EtOAc (80:20); IR (neat) cm™: 3296, 2924, 2126,
1742, 1583, 1487, 1222, 1146, 1079, 1003, 935, 805, 762, 677, 640;
'"H NMR (400 MHz, CDCl,): § 7.44 (d, ] = 8.4 Hz, 2H), 7.18 (d, ] =
8.4 Hz, 2H), 5.98 (s, 1H), 4.75 (s, 1H), 4.71 (dd, J = 2.5, 1.9 Hg,
2H), 2.47 (t, ] = 2.5 Hz, 1H), 2.21 (s, 3H), 2.17 (s, 3H); “C{'H}
NMR (100 MHz, CDCl,): § 171.4, 150.1, 146.9, 137.3, 131.8, 129.9,
121.5, 1164, 106.8, 77.3, 754, 52.8, 47.3, 13.6, 11.8; HRMS (ESI
TOF): calculated for C;;H;(BrO; (M + H)": 347.0283, found:
347.0290.

Prop-2-yn-1-yl 2-(4-Isopropylphenyl)-2-phenylacetate (3am).
Major product para-isomer (p:o = 84:16), p:o ratio determined by
'"H NMR. The product was obtained as a colorless viscous liquid
(0.095 g, 65% yield). R; = 0.25 petroleum ether/EtOAc (95:5); IR
(neat) cm™: 3290, 2957, 1742, 1598, 1140, 1006, 703; '"H NMR
(400 MHz, CDCI3): § 7.39—7.00 (m, 9H), 5.04 (s, 1H), 4.73 (m,
2H), 2.87 (hept, ] = 6.9 Hz, 1H), 2.45 (t, ] = 2.5 Hz, 1H), 1.22 (d, ] =
6.9 Hz, 6H); BC{'H} NMR (100 MHz, CDCL,): § 172.0, 148.1,
138.5, 135.6, 128.8, 128.7, 128.6, 127.5, 126.9, 78.0, 75.3, 56.5, 52.7,
33.8, 24.1; HRMS (ESI TOF): calculated for C,0H,,0, (M + H)":
293.1541, found: 293.1537.

Prop-2-yn-1-yl 2-(4-(tert-Butyl)phenyl)-2-phenylacetate (3an).
Major product para-isomer (p:o = 70:30), p:o ratio determined by
'"H NMR. The product was obtained as a colorless viscous liquid
(0.086 g, 56% vyield). Ry = 0.3 petroleum ether/EtOAc (95:5); IR
(neat) ecm™: 3291, 2958, 1743, 1139, 1006, 700; 'H NMR (400
MHz, CDCI3): § 7.44—7.16 (m, 9H), 5.04 (s, 1H), 4.73 (m, 2H),
2.46 (t, ] = 2.3 Hz, 1H), 1.29 (s, 9H); “C{'H} NMR (100 MHz,
CDCL): 172.0, 150.4, 138.5, 135.3, 128.7, 128.74, 128.72, 1283,
127.5,77.6,75.3, 56.4, 52.7, 34.6, 31.4; HRMS (ESI TOF): calculated
for C,;H,;0, (M + H)*: 307.1698, found: 307.1691.

General Procedure for Gram-Scale Synthesis of a-Diary-
lacetates. In a dried 100 mL RB flask, Sc(OTf); (0.184 g, S mol %),
propargyl a-phenyl-a-diazoacetate 1a (1.5 g, 1 equiv), and benzene 2a
(6.7 mL, 10 equiv) were added into 25 mL of DCE at room
temperature under an inert atmosphere. Then the reaction mixture
was refluxed at 80 °C over 4 h in an oil bath. The progress of the
reaction was monitored by TLC. After completion of the reaction, the
solvent was removed under reduced pressure. The crude product
obtained was purified by column chromatography over silica gel to
furnish the desired product 3aa as a white solid (1.31 g, 70% yield).

Prop-2-yn-1-yl 2,2-Diphenylacetate (3aa). White solid (1.31 g,
70% yield): R = 0.5 petroleum ether/EtOAc (95:5); m.p.: 46—48 °C;
IR (neat) cm™: 3289, 3031, 2941, 2126, 1739, 1598, 1494, 1448,
1370, 1220, 1181, 1080, 997, 739, 694, 638, 564; 'H NMR (400
MHz, CDCL,): § 7.49—7.12 (m, 10H), 5.07 (s, 1H), 4.74 (d, ] = 2.5
Hz, 2H), 246 (t, ] = 2.5 Hz, 1H); “C{'H} NMR (100 MHz,
CDCL): § 171.8, 138.3, 128.8, 128.7, 127.5, 77.4, 75.3, 56.8, 52.7;
HRMS (ESI TOF): calculated for C;;H;,;NaO, (M + Na)*: 273.0891,
found: 273.0899.
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Prop-2-yn-1-yl 2-(4-Chlorophenyl)-2-phenylacetate (3ca). White
solid (1.31 g, 72% yield): R; = 0.4 petroleum ether/EtOAc (95:5);
m.p.: 83—85 °C; IR (neat) cm™: 3293, 3033, 2127, 1739, 1598, 1490,
1272, 1222, 1138, 1001, 813, 751, 691, 636, 550; 'H NMR (400
MHz, CDCL): 8 7.35—=7.24 (m, 9H), 5.03 (s, 1H), 4.79—4.69 (m,
2H), 2.47 (t, ] = 2.5 Hz, 1H); *C{'H} NMR (100 MHz, DMSO-dj):
6 171.0, 138.4, 137.7, 132.0, 130.4, 128.7, 128.5, 128.3, 127.3, 78.1
(for 2-C), 54.5, 52.6; HRMS (ESI TOF): calculated for
C,,H;;CINaO, (M + Na)*: 307.0501, found: 307.0505.

Prop-2-yn-1-yl 2-(3,4-Dichlorophenyl)-2-phenylacetate (3ea).
Colorless liquid (1.46 g, 82% yield): R; = 0.35 petroleum ether/
EtOAc (95:5); IR (neat) cm™: 3295, 3071, 2948, 2124, 1743, 1596,
1470, 1269, 1145, 1028, 907, 772, 702; "H NMR (400 MHz, CDCL,):
5742 (d, ] = 2.2 Hz, 1H), 7.41-7.26 (m, 6H), 7.16 (dd, ] = 8.3, 2.2
Hz, 1H), 5.00 (s, 1H), 4.80—4.69 (m, 2H), 2.49 (t, ] = 2.5 Hz, 1H);
BC{'H} NMR (100 MHz, CDCL): § 171.0, 138.4, 137.2, 132.8,
131.8, 130.7, 130.6, 129.1, 128.5, 128.2, 128.0, 75.6(for 2-C), 55.8,
53.0; HRMS (ESI TOF): calculated for C;,H;,Cl,NaO, (M + Na)*:
341.0107, found: 341.0099.

Prop-2-yn-1-yl 2-(4-Bromophenyl)-2-(2,5-dimethoxyphenyl)-
acetate (3bi). White solid (1.84 g, 88% yield): R; = 0.45 petroleum
ether/EtOAc (80:20); m.p.: 97—99 °C; IR (neat) cm™": 3289, 2944,
2837, 2126, 1741, 1593, 1494, 1222, 1148, 1010, 945, 806, 712, 641,
537; 'TH NMR (400 MHz, CDCL,): § 7.49—7.42 (m, 2H), 7.23—7.17
(m, 2H), 6.86—6.73 (m, 2H), 6.62 (d, ] = 2.8 Hz, 1H), 5.25 (s, 1H),
4.78—4.67 (m, 2H), 3.77 (s, 3H), 3.70 (s, 3H), 2.45 (t, ] = 2.5 Hz,
1H); BC{'H} NMR (100 MHz, CDCL): § 171.7, 153.6, 151.1,
136.3, 131.9, 130.9, 128.0, 121.6, 115.9, 112.7, 111.5, 77.7, 75.1, 56.2,
55.8, 52.6, 50.4; HRMS (ESI TOF): calculated for C,oH;,BrO, (M)*:
388.0310, found: 388.0305.

General Procedure for the Deprotection of the Propargyl
Group. A mixture of diarylacetate 3aa (1.25 g, 1 equiv) and LiOH-
H,0 (0.524 g, 2.5 equiv) was taken in a 100 mL RB flask, and 30 mL
solvent (THF:MeOH:H,O 1:1:1) was added into the above
mixture under an open atmosphere. The reaction mixture was stirred
at room temperature over 1 h. The progress of the reaction was
monitored by TLC. After completion of the reaction, the reaction
mixture was acidified by using 3 N HCl and adjusted to pH 2—3. The
crude product was extracted by using ethyl acetate. The solvent was
removed under reduced pressure, and the crude product was purified
by column chromatography over silica gel (100—200 mesh size) to
furnish the product 4aa as a white solid (1.01 g, 95% yield).

2,2-Diphenylacetic Acid (4aa). White solid (1.01 g, 95% yield). R;
= 0.5 petroleum ether/EtOAc (70:30); m.p.: 147—149 °C; IR (neat)
em™h: 3027, 2910, 1699, 1494, 1451, 1411, 1306, 1218, 1031, 934,
737, 698, 635; "H NMR (400 MHz, CDCL,): § 7.45—7.16 (m, 10H),
5.04 (s, 1H); C{'H} (100 MHz, CDCL,): § 178.9, 138.0, 128.8 (for
two carbon), 127.6, 57.1; HRMS (ESI TOF): calculated for C,,H;;0,
(M + H)*: 213.0915, found: 213.0917.

2-(4-Chlorophenyl)-2-phenylacetic Acid (4ca). White solid (1.02
g, 94% yield). R; = 0.25 petroleum ether/EtOAc (80:20); m.p.: 117—
119 °C; IR (neat) cm™: 3029, 2695, 1704, 1599, 1491, 1452, 1408,
1280, 1213, 1091, 1015, 930, 812, 749, 700, 663; 'H NMR ((400
MHz, CDCL,): 6 7.39—7.20 (m, 9H), 5.01 (s, 1H); “C{'H} NMR
(100 MHz, CDCl,): § 178.6, 137.5, 136.4, 133.7, 130.2, 129.0 (for
two carbons), 128.7, 127.9, 56.4; HRMS (ESI TOF): calculated for
C,4H,,CINaO, (M + Na)™: 269.0345, found: 269.0342.

2-(3,4-Dichlorophenyl)-2-phenylacetic Acid (4ea). White solid
(1.06 g, 96% yield). R; = 0.30 petroleum ether/EtOAc (75:25); m.p.:
118—121 °C; IR (neat) cm™’: 3028, 1706, 1596, 1560, 1469, 1404,
1274, 1214, 1136, 1032, 917, 816, 755, 705; 'H NMR (400 MHz,
CDCly): 6 7.45—7.29 (m, 7H), 7.18 (dd, ] = 8.4, 2.1 Hz, 1H), 5.00 (s,
1H); “C{'H} NMR (100 MHz, CDCl,): § 178.0, 138.0, 136.9,
132.9, 132.0, 130.8, 130.7, 129.1, 128.6, 128.2, 128.2, 56.1. HRMS
(ESI TOF): calculated for C,,H,Cl,0, (M - H)": 278.9980, found:
278.9971.

Procedure for Gram-Scale Synthesis of Adiphenine (5).
Antispasmodic Drug. A mixture of 2,2-diphenylacetic acid 4aa (0.9 g,
1 equiv), sodium carbonate (2.25 g, 5 equiv), and diethyl amine (8.8
mlL, 20 equiv) was stirred in 30 mL of DCE at room temperature in a
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100 mL RB flask under an inert atmosphere for 5 min. The reaction
mixture was refluxed at 80 °C over 16 h in an oil bath. The progress of
the reaction was monitored by TLC. After completion of the reaction,
the solvent was removed under reduced pressure. The residue was
diluted with water (30 mL) and extracted with ethyl acetate (3 X 30
mL). The combined organic layers were washed with cold water and
brine and dried over Na,SO,, and filtered, and the filtrate was
evaporated under vacuum. The crude product obtained was purified
by column chromatography over silica gel to furnish the desired
product S obtained as a colorless liquid (1.12 g, 85% yield).

2-(Diethylamino)ethyl 2,2-Diphenylacetate (5). Colorless liquid
(1.12 g, 85% yield). R; = 0.30 petroleum ether/EtOAc (75:25); IR
(neat) cm™%: 2969, 2805, 1735, 1597, 1496 1447, 1304, 1189, 1149,
1079, 1020, 741, 697. "H NMR (400 MHz, CDCL,): 6 7.38—7.20 (m,
10H), 5.03 (s, 1H), 4.22 (t, ] = 6.2 Hz, 2H), 2.68 (t, ] = 6.2 Hz, 2H),
2.50 (q, ] = 7.2 Hz, 4H), 0.97 (t, ] = 7.2 Hz, 4H); BC{'H} NMR
(100 MHz, CDCL,): & 172.6, 138.8, 128.8, 128.7, 127.3, 63.6, 57.3,
51.1, 47.7, 12.0; HRMS (ESI TOF): calculated for C,,H,sNO, (M +
H)™: 312.1963, found: 312.1969.
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Propargyl «-aryl-o-diazoacetate a new class of reagent is developed for the effective C—H bond
functionalization of 1,3-diketones at room temperature. The combination of scandium triflate and
propargyl o-aryl-o-diazoacetate proved to be efficient catalyst-reagent system for the controlled C—H
bond functionalization to afford 1,3-dicarbonyl alkylation. The protocol uses inexpensive Sc(OTf);
(5 mol%) and the reaction did not require the use of expensive catalysts or ligands and worked efficiently
at room temperature. The practicality of the protocol has been demonstrated by the gram scale synthesis.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Selective C—H bond functionalization for the construction of
new C—C bonds presents an alternative and powerful strategy to
the traditional methods in organic synthesis. The direct C—H bond
functionalization has several advantages and has attracted a great
attention from the synthetic community [1,2]. The direct C—H
bond functionalization reduces the number of synthetic steps
and the pre-activation of starting materials could be avoided to
increase the overall atom-efficiency. It has rapidly become one of
the powerful tools for the synthesis and modification of complex
molecules [3]. A great progress has been made in this field using
different transition metal catalysts [4]. However, identifying and
developing a suitable combination of catalyst and reagent system
for the selective C—H bond functionalization is always a challeng-
ing task. The diazo compounds have been established as versatile
reagents for various metal-catalyzed reactions [5]. Davies is one
of the pioneers who embarked on comprehensive investigations
of the scope of intermolecular C—H bond functionalization using
diazo compounds [6]. The C—H bond functionalization using
a-diazo esters normally proceeds via transient metal-carbenoid
species, which are usually formed by the reaction with transi-
tion-metal complexes [7]. The transition metals such as rhodium
[8], copper [9], silver [10] and recently gold [11] have been
successfully explored for the decomposition of «-diazo esters to
achieve the C—H bond functionalization. Different carbon
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nucleophiles have been explored for the intermolecular C—H bond
functionalization with donor/acceptor type o-diazo esters [11g,12].

Reactive 1,3-dicarbonyl compounds are very useful scaffolds
and they have been utilized for the transition-metal catalyzed
oxidative C—H bond functionalization to access useful compounds
[13]. However, these useful protocols need oxidants, excess sub-
strates and high temperature for the effective transformation. In
the year 2014, Lan and Shi, and co-workers elegantly presented
the first gold-catalyzed C—H bond functionalization of 1,3-dicar-
bonyl compounds with «-aryl-o-diazoacetate (see Fig. 1A) [14].

It was demonstrated that the reaction followed the gold cat-
alyzed decomposition of «-aryl-a-diazoacetate via the formation
of a carbophilic carbocation. However, there is a great challenge
to develop novel catalyst and reagent systems that are easily avail-
able and less expensive. A lot more efforts is needed to avoid the
use of any expensive catalysts and ligands to make the protocol
simple and practical which work at room temperature under mild
conditions. Although, coinage metals and few of the heavy transi-
tional-metals have been successfully explored for the C—H bond
functionalization of a-diazo esters, alternative yet useful catalyst
systems are desirable. Group 3 transition metals, e.g., scandium
and lanthanides, have been used as environmentally friendly Lewis
acid catalysts or promoters for a variety of chemical transforma-
tions [15].

Scandium catalysis has been promising and scandium triflate
has been explored for the reactions of diazo compounds to achieve
the successful C—H bond functionalization [16]. It would be very
interesting to study the efficiency of scandium catalyst on the
C—H bond functionalization of 1,3-dicarbonyl compounds with
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A) Lan and Shi's Report
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B) Bi's Report
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ArACOZR RMR DCE, 80 °C
(Scandium Catalysis) CO,Me
(0.6 mmol) (0.3 mmol)

. (up to 90% yield)
R = Me, Bn, 'Pr, Allyl

C) This Work 6 0
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= _— > Pz
Ar)ﬁ/o/ + RMR DCE. rt o o _#Z
o) (Scandium Catalysis) o
(0.5 mmol) (0.75 mmol) (up to 97% yield)
R = Ar, Me

® Propargyl a—aryl-a—-diazoacetate-Robust reagent
® C-H functionalization at room temperature

® Works with deactivated substrates

@ Less prone for Side reactions

® | ow Catalyst loading (5 mol%)

Fig. 1. C—H bond functionalization of 1, 3-dicarbonyl compounds with o-aryl-o-
diazoacetates-Influence of ester groups.

a-aryl-a-diazo esters. The main challenges of this type of reaction
are to avoid the side reactions such as dimerization of «-diazo
esters, formation of «-oxoesters and to minimize the catalytic
amount of the metal catalyst. It would also be a challenging task
to have a catalyst control over insertion processes such as C—H
insertion over O—H insertion. While this manuscript was under
preparation, Bi and Co-workers disclosed the C—H bond function-
alization of 1,3-dicarbonyl compounds with a-aryl-o-diazoacetates
via scandium catalysis using higher catalyst loading and excess of

Table 1
Optimization of the reaction conditions for C—H functionalization.*4

a-aryl-a-diazoacetates at elevated temperature (see Fig. 1B) [10e].
Our group has been independently pursuing the development of
catalyst-reagent system to expand the scope of C—H bond
functionalization of «-diazo esters using early transition
elements and lanthanides [17]. Despite many advances, still there
are numerous limitations such as high reaction temperature, high
substrate-reagent ratio, use of excess catalytic amount and expen-
sive catalysts etc. Some of these limitations need to be overcome to
make the protocols more practical and affordable. Herein, we
report the discovery of propargyl o-aryl-o-diazoacetates as
robust and useful new class of reagents for the C—H bond
functionalization.

Results and discussion

At the outset, we began our investigation by choosing ethyl a-
(4-methoxyphenyl)-o-diazoacetate 1a’ and 1,3-diketone 2a (1,3-
diphenyl-1,3-propanedione) as model substrates. The reaction of
ethyl o-(4-methoxyphenyl)-a-diazoacetate 1a’ and 1,3-diketone
2a in presence of Cu(OTf), (5 mol%) in DCE at room temperature
afforded the corresponding desired C—H functionalized product
3a’a in 52% yield in 6 h (Entry 1, Table 1). While, the reaction in
presence of gold catalyst [(ArO);PAuNTf, (5 mol%)] afforded the
3a’a in moderate yield (36%, Entry 2, Table 1). Interestingly, Sc
(OTf)s (5 mol%) catalyzed the reaction of ethyl a-(4-methoxyphe-
nyl)-o-diazoacetate 1a’ (0.5mmol) and 1,3-diketone 2a
(0.75 mmol) to afford the desired product 3a’a in 51% yield in 6 h
at room temperature (See Entry 3, Table 1). A slight excess of unre-
acted 2a was recovered during the purification. It was very encour-
aging that desired reaction worked at room temperature under
scandium catalysis. Likewise, allyl o-(4-methoxyphenyl)-o-
diazoacetate 1a” (0.5 mmol) and 1,3-diketone 2a (0.75 mmol)
reacted in presence of Sc(OTf); (5 mol%) to afford the desired pro-
duct 3a”a in 53% yield in 6 h at room temperature (See, Entry 4,

(o] (0]
m /U\|)|\ Catalyst (5 mol%) Ph (Fj’;
DCE rt, 4-6 h
(e}
MeO 3
(0.5 mmol) (0. 75 mmol)
1a = R = Propargy! 3aa =R = Propargy!
1a’ = R = Ethyl 3a'a=R = Ethyl
1a" =R = Allyl 3a"a =R=Allyl
1a™ =R = Homopropargy! 3a™a =R = Homopropargy!
Entry Catalyst Substrate (1) R Time (h) Yield® (%)
1 Cu(OTf), Ethyl 6 52
2 (ArO)3PAuUNTf, Ethyl 4 36
3 Sc(OTf); Ethyl 6 51
4 Sc(O0Tf)s Allyl 6 53
5 (ArO);PAuUNTf, Allyl 6 39
6 (ArO)3PAuNTf, Propargyl 4 37
7 Sc(OTf)3 Propargyl 4 96
8 Bi(OTf)s Propargyl 6 trace
9 Cu(OTf), Propargyl 6 71
10 Dichloro(p-cymene)ruthenium(Il) dimer Propargyl 6 DC¢
11 Y(OTf); Propargyl 6 18
12 In(OTf)3 Propargyl 6 68
13 Rhy(0AC), Propargyl 4 DC ©
14 Yb(OTf)3 Propargyl 6 Trace
15 Triflic acid Propargyl 6 DC¢
16 Sc(OTf); Homopropargyl 6 73
17 No Catalyst Propargyl 6 NR¢

Reaction conditions: a-Aryl-a-diazoacetate 1 (1 equiv., 0.5 mmol), 1,3-diketone 2a (1.5 equiv., 0.75 mmol), DCE (3 mL) at room temperature, "Isolated yield after purification

by column chromatography. “DC-Decomposed, “NR-no reaction.
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Table 2
Scope of propargyl a-aryl-o-diazoacetates for the effective C—H bond functionalization of 1,3-diketones.*™¢

N2
‘)\”/O/ 11 Sc(OThs (5 mol %) R
@ . RMR
(o] H DCE, rt, 4-24 h @
1 2
(0.5 mmol) (0.75 mmol)
R = Ar, Alkyl

OMe OMe

MeO. \/

3ba (4 h, 85%)

O O (¢] [e]

]
MeO E 7 Meo ! o F _Z
MeO MeO ©
3bb (4 h, 97%) 3bc (4 h, 96%) 3ca (6h, 91%) 3cb (6 h, 80%)
OMe OMe OMe OMe
O O Ph Ph ‘ ‘
o] (e} (¢] o
O\/ OO o\/
O o 0
3cc (6 h, 70%) 3da (6 h, 78%) 3db (6 h, 78%) 3d0 (6 h, 81%)
OMe OMe
Ph I I O O Ph  Ph
o [¢) o o) o _
O 0/// O\//
o
N O ! o
3ea (24 h, 79%) 3eb (24 h, 62%) 3ec (24 h, 62%) 3fa (24 h, 60%)

OMe OMe

e - 00
o ¢} [¢] o o P o] o
o _FZ o 7 o F
oy gy U L0
3fb (24 h, 40%) 3fc (24 h, 39%) 3ga (24 h, 63%) 3gb (24 h, 45%)
OMe OMe
@ O o o
© o A \/
(7 °
E
3gc (24 h, 56%) 3ad (1.5 h, 57%)° 3ae (1.5 h, 55%)° 3ha (10 h, 51%)?
OMe OMe ’
e 44
O O e 2y
ety
° ° AP
(¢] (¢] -
Z o~ .
Z4
o
o
FsC I 3aa
3hb (10 h, 53%)" 3hc (10 h, 52%)° 3ia (10 h, 51%)°

“Reaction conditions: «-aryl-e-diazoacetate 1 (1 equiv., 0.5 mmol), 1,3-diketone 2 (1.5 equiv., 0.75 mmol), Sc(OTf)3
(5mol%) in DCE (3 mL) at room temperature under inert atmosphere, "Isolated yield after purification by column
chromatography (Time and Yield are given in parenthesis), “reaction was carried out at 50 °C, 4Sc(OTf); (10 mol%) in DCE
at 70 °C under inert atmosphere.
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Table 1). The reactions in presence of gold catalyst [(ArO);PAuNTf,
(5 mol%)] afforded the desired products in modest yields (see
Entries, 5, 6 Table 1). It is known in the literature that propargyl
moiety is a weakly electron withdrawing group [18] and in this
regard we planned to explore the effect of propargyl group in
C—H bond functionalization of 1,3-dicarbonyl compounds.
Propargyl «-(4-methoxyphenyl)-o-diazoacetate 1a upon treatment
with 2a in presence of Sc(OTf); (5 mol%) in DCE at room tempera-
ture afforded the corresponding 3aa in relatively shorter reaction
time with an excellent yield (96%, Entry 7, Table 1). Later, we
screened various catalysts to explore the reactivity of propargyl
a-(4-methoxyphenyl)-a-diazoacetate 1a (see Entries 8-14). Cu
(OTf), catalyzed the desired reaction affording 3aa in 71% yield
in 6 h, where as other catalysts found to be not useful. In order
to confirm the catalytic efficiency of Sc(OTf)3, and to rule out the
possibility of the formation of trace amount of triflic acid in situ
by the hydrolysis of Sc(OTf); if any due to the moisture and its
subsequent catalysis, we carried out the reaction of 1a and 2a in
presence of catalytic amount triflic acid (Entry 15, Table 1).

Interestingly, the reaction led to the decomposition of propargyl
a-(4-methoxyphenyl)-a-diazoacetate 1a in presence of triflic acid.
The reaction of homopropargyl «-(4-methoxyphenyl)-a-diazoac-
etate 1a” (0.5 mmol) and 1,3-diketone 2a (0.75 mmol) in presence
of Sc(OTf); (5 mol%) afforded the corresponding product 3a”a in
73% yield in 6 h at room temperature (See, Entry 16, Table 1).
The reaction did not work in absence of any catalyst (Entry 17,
Table 1).

Later, in order to optimize the reaction condition further, we
carried out the reaction of 1a and 2a in presence of Sc(OTf); in dif-
ferent solvents and among all the solvents, DCE proved to be the
optimal solvent (See Appendix 1, ESI). The combination of propar-
gyl a-aryl-a-diazoacetate 1 and scandium triflate as reagent-cata-
lyst system proved to be efficient for the effective C—H bond
functionalization of 1,3-diketones.

We observed that propargyl «-aryl-a-diazoesters and scandium
catalyst worked synergistically to bring about desired C—H bond
functionalization very efficiently at room temperature. Based on
the exhaustive screening, propargyl «-aryl-o-diazoacetate 1
(0.5 mmol), 1,3-diketone 2 (0.75 mmol), Sc(OTf); (5 mol%) in DCE
at room temperature proved to be the optimum reaction condition.
Encouraged by the initial success, we planned to explore the reac-
tivity and scope of different propargyl «-aryl-a-diazoacetates for
the effective C—H bond functionalization of 1,3-diketones. In order
to study the protocol in more detail we synthesized various
propargyl a-aryl-a-diazoacetates (1a-1g). Relatively, electron rich
propargyl o-aryl-c-diazoacetates (1a-1d) reacted smoothly with
different 1,3-diketones under the optimum reaction conditions to
afford the corresponding desired products (3aa-3dc) in good to
excellent yields (Table 2). Mildly electron deactivated substrates
such as bromo-, chloro-, fluoro-propargyl «-aryl-c-diazoacetates
(1e-1g) reacted smoothly with nucleophilic acyclic 1,3-diketones
(2a-2c) successfully to afford the corresponding tricarbonyl com-
pounds (3ea-3ec, 3fa-3fc, 3ga-3gc) in moderate to good yields
(Table 2). It is very important to note that mildly electron
deactivated substrates such as chloro-, fluoro-propargyl o-aryl-o-
diazoacetates reacted under the reaction conditions at room
temperature. Further, the treatment of propargyl o-(4-methoxy-
phenyl)-o-diazoacetate 1a with aliphatic 1,3-diketones (2d, 2e)
afforded the corresponding desired products (3ad, 3ae) at slightly
elevated temperature in moderate yields (Table 2). While, the reac-
tions of few propargyl «-aryl «-diazoacetates (1h, 1i) containing
electron withdrawing groups (CFs, Ac) with different 1,3-diketones
in presence of Sc(OTf); (10 mol%) afforded the corresponding
desired products (3ha-3hc, 3ia) in moderate yields at elevated
temperature (70 °C). Surprisingly, the reactions of propargyl «-(4-
methoxyphenyl)-a-diazoacetate 1a with cyclic 1,3-diketones

o o
Ph Ph
N, o o =
P Sc(OTf); (5 mol%) o Z
= 3
O/+ phMph —_— i
oo 5 M DCE,m,6h
1a 2a 3aa (87%)
Scheme 1. Gram scale synthesis.
Tfo. OTf TfO._OTf
sc’ Sc;
o o Jd o g
M oTf
ArMAr Ar Ar Ar Ar 3
H H I Ho
2 ® N, Ar Sc(0Th);
Sc(OTf);  HOTf N2 H 5
N A I
1 Dt o ﬂ\

Scheme 2. Plausible reaction pathway for the scandium catalyzed C—H insertion.

(1,3-cyclohexanedione and 1,3-cyclopentanedione) under the opti-
mum reaction conditions exclusively furnished the corresponding
O—H insertion products. Based on the earlier findings [10e], it is
believed that the formation of cis enol is crucial for the formation
of bidentate complex with the metal for facilitating the C—H
insertion reaction of acyclic 1,3-diketones. While the cyclic
ketone such as 1,3-cyclohexanedione may not be able to form
the effective bidentate complex as it is known to form trans enol
[19] thus leading to O—H insertion product.

We observed that relatively electron rich propargyl «-aryl-o-
diazoacetates (1a-1d) showed better reactivity in terms of yields
under standard conditions. Both electron-rich and electron-
deactivated/withdrawing propargyl o-aryl-c-diazoacetates toler-
ated the reaction conditions. We did not observe any side products
such as carbene dimerization, «-oxoesters and azines during the
C—H bond functionalization of 1,3-diketones under the optimal
reaction conditions.

In order to extend the scope the methodology we carried out
the reaction of propargyl o-(4-methoxyphenyl)-a-diazoacetate 1a
and 1,3-diketone 2a on a gram scale under optimum reaction con-
ditions. The protocol proved to be scalable and worked smoothly to
afford the corresponding desired product 3aa in 87% yield
(Scheme 1).

Further, the structure of the compound 3aa was unambiguously
confirmed by single crystal X-ray analysis [20]. Based on the earlier
literature report [10e|, we proposed the plausible reaction
pathway [21]. The 1,3-diketone 2 interacts with the Sc(OTf); to
form the scandium enolate I and triflic acid as by-product. This
eventually acts as a proton source to protonate the propargyl «-
aryl-a-diazoacetate 1 to generate the intermediate diazonium ion
II, which undergoes a facile nucleophilic attack by the scandium
enolate I to afford the complex III (Scheme 2).

Eventually the reaction of triflate anion with complex III fur-
nishes the desired product 3 by regenerating the catalyst
(Scheme 2). We presume that unlike electron donating power of
ethyl/methyl group in ester, relatively weak electron deactivating
propargyl moiety played a significant role in enhancing the elec-
trophilicity of the diazonium ion which eventually leads to the
reactive carbocation towards the facile C—H insertion at room
temperature.

Conclusions

In conclusion, we have developed the new reagent-catalyst con-
trolled effective C—H bond functionalization to afford 1,3-dicar-
bonyl alkylation via scandium catalysis. We have developed a
new series of a-aryl-a-diazoacetates with propargyl ester as the
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robust acceptor group and employed them as reagents for the
effective C—H bond functionalization at room temperature. The
protocol avoids the use of excess, expensive catalysts and ligands
under practical conditions at room temperature. Practicality of
the protocol has been demonstrated by the gram scale synthesis.
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A One Pot Transition-Metal-Free Synthesis of Styrenyl
Ethers from 2-Aryloxy/Alkoxy Acetophenones

Trimbak B. Mete, Debasish Laha, and Ramakrishna G. Bhat*®

A one-pot transition-metal-free synthesis of styrenyl ethers
starting from 2-aryloxy/alkoxy acetophenones is described. The
protocol explores the use of tosyl hydrazide and potassium
carbonate as a mild base via Bamford-Stevens reaction to
synthesize the styrenyl ethers. The protocol is very simple,
practical and uses mild reaction conditions with simple reaction
set-up. This practical protocol proved to be scalable on gram
quantity.

The vinyl functionality is very important and useful in organic
synthesis as well as in polymer and pharma industries. Aryl
vinyl/styrenyl ethers have been explored as nucleophiles in
cycloaddition reactions,™ ene and aldol-type additions,” cyclo-
propanations® and metathesis reactions® and are commonly
used as acyl anion equivalents.”! They have been effectively
explored in the synthesis of polymers as well.® Vinyl group is
also a very useful protecting group for the phenol derivatives.”
Considering the importance of this scaffold and its applications,
many research groups have developed transition-metal cata-
lyzed cross coupling reactions as well as traditional multi-step
strategies for the synthesis of aryl vinyl ethers.® Mostly,
transition metal catalyzed cross-coupling of vinyl halides and
phenols has been explored for the synthesis of vinyl/styrenyl
ethers (Figure 1 A).”! Likewise, it has been demonstrated that
rhodium can effectively catalyze the Bamford-Stevens reaction
to access vinyl ethers starting from Eschenmoser hydrazone
(Figure 1 B)."” However, most of the methods rely on the use
of expensive palladium and rhodium catalysts which is not cost
effective for the large scale industrial applications.**®'? On the
other hand less expensive metals such as copper, nickel require
supporting ligands for the transformation.”™ Most of the
transition metals are toxic to different extents, and it is very
expensive and challenging to remove the trace amounts of
transition metal residues from desired products."" Also some of
the transition metals are sensitive to oxygen and some require
the assistance of co-catalysts or additives."? Traditional meth-
ods for the synthesis of vinyl/styrenyl ethers rely on double
bond isomerization or carbonyl olefination like Wittig reaction
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Figure 1. (A) Metal catalyzed cross coupling reactions. (B) Rhodium catalyzed
Bamford-Stevens reaction

and strong base mediated elimination of halides as well as
alcohols.®™¥ Transition-metal-free protocols are gaining a great
importance for the last few years. It would be really useful to
develop a protocol that does not rely on transition metals,
ligands and strong bases for the large scale practical applica-
tions. Sulfonylhydrazones have been proved to be excellent
and versatile synthetic intermediates for the in situ generation
of diazo compounds in organic synthesis.'® The role of
sulfonylhydrazones to access olefins via Bamford-Stevens
reaction is well established."” However, surprisingly, the syn-
thesis of functionalized olefin derivatives has not been explored
till date via Bamford-Stevens reaction under transition-metal-
free conditions. Hence alternative transition-metal-free path-
ways to synthesize styrenyl ethers are highly appealing and
demanding. Herein, for the first time we describe transition-
metal-free application of sulfonyl hydrazones to access styrenyl
ethers via Bamford-Stevens reaction. Aryl vinyl ethers have
been synthesized starting from 2-aryloxy and alkoxy acetophe-
nones and tosyl hydrazide using K,CO; as a base under mild
reaction conditions.

Initially, a model one pot reaction was carried out by
heating phenyloxy acetophenone (2-phenoxy-1-phenylethan-1-
one) 1a and tosylhydrazide 2 in DCE at 80°C for 3 h followed

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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by the addition of K,CO; (2 equiv.). The reaction was continued
for 12 h while maintaining the temperature. Gratifyingly, we
observed that the desired product (2-phenoxyvinyl)benzene 3a
was obtained in 40% yield (entry 1, Table 1). Encouraged by the
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phenyl, methyl, methoxy, bromo, chloro, fluoro substituents
worked smoothly under the optimized reaction conditions to
afford the corresponding desired products (3a-3 q) in moderate
to very good yields (see Table 2, up to 84% yield). Likewise,

Table 1. Optimization of the reaction conditions®

o 1. TsNHNH, 2 (1 equiv.) =
o Solvent, 80 °C 3 h o@
\© 2. K,CO5° (2 equiv.)

tempin°C12h

i 3a
1a (1 equiv) (One Pot)
Entry Solvent Temp Step-1  Temp Step-2  Time  Yield EZ
Q) Q) (h) (%)° ratio
1 DCE 80 80 12 34 30:70
2 THF 80 80 12 39 31:69
3 1,4-diox- 80 80 12 52 23:77
ane
4 DMF 80 80 12 45 45:55
5 DMSO 80 80 12 41 33:67
6 DCE 80 90 12 37 28:72
7 1,4-diox- 80 100 12 73 25:75
ane
8 DMF 80 100 12 61 42:58
9 DMSO 80 100 12 57 31:69
10 1,4-diox- 80 110 12 84 24:76
ane
1 1,4-diox- 80 130 12 80 23:77
ane

?Reaction conditions: Step-1: 2-phenoxy-1-phenylethan-1-one 1a (1 equiv.),
4-methylbenzenesulfonohydrazide 2 (1 equiv.), solvent (2 mL) in pressure
tube at 80°C for 3 h, Step-2: potassium carbonate (2 equiv.), heated for
12 h, Plsolated yield after purification by column chromatography.
“Reactions with bases such as LiO'Bu, Cs,CO, afforded the desired product
in lower yield and selectivity.

initial result, we screened several solvents and varied the
reaction temperature for achieving the optimum yield of 3a.
Using THF as a solvent, we observed the formation of the
desired product 3a in modest yield (entry 2, Table 1). Among
all the solvents screened, 1,4-dioxane was found to be
optimum solvent at 80 °C thus affording the desired product
3a in moderate yield (entry 3, Table 1). Further increase in the
reaction temperature (110°C) afforded the corresponding
product 3a in 84% yield (entry 10, Table 1). Thereafter increase
in reaction temperature (130°C) did not have any significant
effect on the yield of the product 3a (entry 11, Table 1). After
screening several solvents at different temperatures, we found
that heating substrate 1 and tosyl hydrazide 2 (1 equiv.) in 1,4-
dioxane at 80°C for 3 h followed by the addition of K,CO,
(2 equiv.) at 110°C for 12 h was found to be the optimum
reaction condition (entry 10, Table 1).

With this initial success and having an optimized reaction
condition in hand, we planned to explore the wider substrate
scope for the generality of the method. In this regard various
aryloxy acetophenones (1a-1w) were synthesized starting from
different phenacyl bromide and phenol derivatives. Similarly
alkoxy acetophenones (laa-1gg) were synthesized starting
from different a-diazoacetophenone derivatives and alcohols
(see ESI for details). Various aromatic substrates containing
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Table 2. Aryl/alkyl styrenyl ethers formation®

1. TsNHNH; (1equiv.)

1,4-Dioxane
2 80°C3h ATy
Ar)K/O\R 2.K5605 (2 cquiv) Or
1(1 equiv) o 3 (yield 65-84 %)°
R = Anyl, Alkyl (One Pot) E:Z (up to 1:99)°
N N N N
o o o o
0 O o L, T

C
70% (21:79)

Jo

OMe 729 (26:74) 76% 882)

\@ c

70% (07 93)

\©Br

69% 04 96)

O L%
7350 (52 7 s0% (3179)
67% 22 7 77% 41 59)

84% (24 76) 72% (23:77) 79% (20:80)

m©

81% (21:79)

N
[}

ot
5

o

3e
68% (25:75)

3
o
.31,

s
5

£

3i

77% (36:64) Br 65% (25:75) 74% (22 78)

<3

g
IEQEYE
e

i
=i

[

3m

70% (24:76 Ohle

68% (22 78) 78% 21 79)

X

o /;
03

ke

75% (1:99 83% (21:79)

S
&

&

©
O/i

@QO
19
iy
5

3v
75% (18:82)

3u
78% (20:80)

X
L0 O O R
cl o Ou~o U
3bb 3cc 3dd 3ee ﬁ
71% (1:99) 80% (40:60) 75% (46:54) 67% (31:69)

AN

!
:

.
o
65% (43:57)

399
71% (44:56)

“Reaction conditions: Step-1: 2-aryloxy/alkoxy acetophenone derivative 1
(1 equiv.), 4-methylbenzenesulfonohydrazide 2 (1 equiv.), 1,4-dioxane

(2 mL) in pressure tube at 80°C for 3 h, Step-2 potassium carbonate

(2 equiv.), heated for 12 h, °lsolated yield after purification by column
chromatography. “diastereomeric ratio was determined by '"HNMR and the
E:Z ratio has been given in parenthesis.
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ketoethers bearing naphthyl functionality adjacent to oxygen
also worked smoothly affording the desired products (3r-3w)
in moderate to very good yields (67-83%). Further we turned
our attention towards the synthesis of aliphatic keto ether
substrates. Gratifyingly variety of substrates (1aa-1gg) worked
nicely under optimized reaction conditions to afford the
corresponding products 3aa-3gg (see Table 2).

Benzyl ketoethers under the optimized reaction condition
afforded the corresponding products (3aa, 3bb) in good yields.
The branched as well as long chain ketoethers also reacted
smoothly to afford the corresponding styrenyl ethers (3cc, 3ff
and 3gg) in moderate to good yields (up to 80%). Chiral
ketoether derived from (+)-menthol worked efficiently to give
the corresponding product 3ee in moderate yield 67%. A
variety of electron-donating and mildly deactivating substitu-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ents (F, Cl, Br) on either phenyl rings tolerated the reaction
conditions to afford the desired products and the results are
summarized in Table 2. However, these functional groups did
not have any significant effect on the reaction rate and yields.

We observed that styrenyl ethers derived from aryloxy
acetophenones were highly Z-selective (up to E:Z=1:99)"
while the products derived from alkoxy acetopheonones (3aa,
3cc-3gg) were found to be relatively less selective (up to E:Z=
31:69).The styrenyl ether 3bb derived from benzyloxy aceto-
pheonone 1bb was found to be highly Z-selective (E:Z=01:99).
It is very interesting to note that unlike the previous report"”
we did not observe any side products or multiple decom-
position products during the reaction of any substrates. Like-
wise, the reaction worked smoothly without the assistance of
any metal.

In order to make this approach more practical and for the
wider applicability, we demonstrated the synthesis of 3a on a
gram scale starting from the corresponding 2-phenoxy-1-
phenylethan-1-one 1a under optimum reaction conditions
(86% vyield).

Based on our investigations and previous literature!
we propose that tosyl hydrazide 2 reacts with 2-phenoxy-1-
phenylethan-1-one 1a to form tosyl hydrazone I, which then
reacts with base K,CO; to form diazo intermediate II. This
further undergoes thermal decomposition to form carbene
intermediate Il that subsequently leads to 1, 2-hydride shift
followed by the formation of double bond (Scheme 1).

14,16,17]

Ts

N
0 TSNHNH, 2) N K,COs N

°N
M o, — | —
Ph Ph (Aprotic Solvent) Ph)\/O\Ph -Ts Ph)K/o\Ph
| ]

1a
-~
PhA\z

~— Ph Ospn
O-pn

3a I

Scheme 1. Plausible Mechanism

In conclusion, a novel transition-metal-free one-pot two
step method has been developed for the synthesis of styrenyl
ethers starting from 2-aryloxy/alkoxy acetophenones. The
method works smoothly on both aromatic and aliphatic
substrates. The protocol employs mild, commercially available
and less expensive K,CO; as a mild base and the desired
products were obtained in good to excellent yields. Moreover,
a wide range of functional groups was well tolerated. The
Bamford-Stevens reaction has been explored for the synthesis
of functionalized olefins under transition-metal-free conditions.
Experimental conditions are simple and the method proved to
be scalable for wider application.

ChemistrySelect 2018, 3, 7656-7659  Wiley Online Library
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Supporting Information Summary

Supporting information includes the experimental procedure,
characterization data, and the copies of 'H and *CNMR
spectra.
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Abstract

The realization of the direct C—H bond functionalization has really brought the radical
change in planning the organic synthetic strategies via traditional logics. The C—H bond
functionalization is an art of selective functionalization even in presence of more reactive
functional groups. In this article, we have highlighted more challenging intermolecular site-
selective C—H bond functionalization of unactivated C—H bonds of small organic scaffolds
using different diazo carbonyl reagents, substrates, and catalysts-controlled processes. This
article has covered the selective and undirected C—H functionalization of alkanes, arenes,
N-substituted and free aromatic amines, phenols, naphthols, 1,3-dicarbonyl compounds,
and benzofurans with different diazo carbonyl compounds under metal catalysis. This
article has been written to serve as a guide for understanding the principle and for
accessing newer approaches to achieve the selective C—H bond functionalization.
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