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SYNOPSIS

The contents of this thesis have been divided into six chapters based on the
experimental works performed and results obtained during the research period. The
introductory chapter of the thesis represents a summary of ‘Photo and Electrochemical
Strategies to C—N Bond Formation’. For simplicity and brevity, Chapter I is divided into
two parts. Chapter 1A includes a photochemical C—N bond formation via difunctionalization
of alkenes and indoles, whereas, Chapter 1B deals with electrochemical approach for the C—N
bond construction. The subsections of Chapter 1A and 1B are based on the mode of reactivity

of difunctionalization and cross-coupling reactions.

Chapter Il demonstrates a visible-light-induced synthesis of N-hydroxybenzimidoyl cyanides
from aromatic terminal alkenes using Eosin Y as an organic photoredox catalyst. The process
goes via a radical pathway with successive incorporation of two nitrogen atoms, one each from
tert-butyl nitrite and ammonium acetate. The final product is achieved by the concomitant
installation of an oxime and a nitrile group. DFT calculation supports a bi-radical pathway and
all the proposed steps. A few useful synthetic transformations of N-hydroxybenzimidoyl

cyanide have also been illustrated.

Chapter I11 describes a visible-light-mediated concomitant C3 oxidation and C2 amination
of indoles at room temperature using Ir (111) photocatalyst. This reaction proceeds without any
isatin intermediate via the attack of singlet oxygen at the C3 position followed by C2 amination

leading to difunctionalization of indoles.

Chapter 1V describes an electrochemical amidation of benzoyl hydrazine/carbazate and
primary/secondary amine as coupling partners via concomitant cleavage and formation of
C(sp?)-N bonds. This methodology proceeds under metal and exogenous oxidant-free
conditions producing N2 and Hx as by-products. Mechanistic studies reveal the in situ
generations of both acyl and N-centered radicals from benzoyl hydrazines and amines
respectively. The utility of this protocol is demonstrated in the large-scale, and synthesis of
bezafibrate, a hyperlipidemic drug.
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Chapter V delineates a robust electrochemical cross-coupling between aroyl hydrazine and
NH-sulfoximine via concomitant cleavage and formation of C(sp?)—N bond with the evolution
of H> and N as innocuous by-products. This sustainable protocol avoids the use of toxic
reagents and occurs at room temperature. The reaction proceeds via the generation of an aroyl
and a sulfoximidoyl radical via anodic oxidation under constant current electrolysis (CCE),
affording N-aroylated sulfoximine. The strategy is applied to late-stage sulfoximidation of L-
menthol, (-)-borneol, D-glucose, vitamin-E derivatives, and marketed drugs such as
probenecid, ibuprofen, flurbiprofen, ciprofibrate, and sulindac. In addition, the present

methodology is mild, high functional group tolerance with broad substrate scope and scalable.

Chapter VI describes a robust electrochemical cross-coupling between a-keto acids and NH-
sulfoximines is established. This process cleaves the C—C bond and forms a C(sp?)-N bond
with the evolution of by-products H. and COz. This sustainable approach eliminates the need
for hazardous reagents and operates at room temperature. In this process, N-aroylated
sulfoximines are produced through the generation of aroyl and sulfoximidoyl radicals by
anodic oxidation in constant current electrolysis (CCE). This approach is successfully
employed for the late-stage sulfoximidation of various compounds, including L-menthol, (-)-
borneol, D-glucose, derivatives, and commercial drugs such as probenecid, ibuprofen, and
flurbiprofen. This methodology features good functional group compatibility, a broad scope,
and a detailed mechanistic investigation.

Each of these chapters comprises seven subsections which include an introduction, previous

work, present work, experimental section, references, spectral data, and a few representative

spectra.
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CHAPTER 1. Photo and Electrochemical Strategies to C—N Bond

Formation

Part A:

The introductory chapter includes a brief understanding of difunctionalization
strategies, their advantages, limitations, and applications in synthetic organic chemistry. The
first part of this chapter includes the photochemical difunctionalization of alkenes for the
construction of C—N bonds.

The past decades have witnessed rapid progress in radical-mediated carbon-heteroatom
bond formations which have been established as powerful tools to access various organic
frameworks. Despite several existing methods for the C—X bond formations, there is a need to
develop newer methodologies. In this regard, visible-light-mediated C—X bond formations
have gained immense popularity due to their operational simplicity, minimization of by-
products, easy handling, mild reaction conditions, etc. Besides offering a sustainable way to
synthesize molecules, photochemistry has the potential to unlock reaction manifolds that are
unavailable to conventional thermal pathways.

Since the pioneering work from the group of MacMillan, Koenig, Stephenson, Rueping,
Ritter, Yoon, and others, photocatalysis has experienced renascence over the past decades. This
field is mainly categorized based on the catalytic systems involved. (i) The use of photocatalyst
(transition metal complexes or organic dyes) which in its excited state activates the organic
molecules via either single electron transfer (SET) energy transfer (EnT), (Figure 1.1). (ii)
Synergistic combination of photocatalyst and transition metal catalyst. (iii) The use of only
transition metal complexes in combination with visible light which plays a dual role of
harnessing photon energy as a photocatalyst followed by bond-breaking and making process.
Mostly the use of visible-light irradiation, in combination with photosensitizer (transition metal
complexes or organic dyes), has been a well-established reaction promoter for many organic
transformations. In this direction, transition metal complexes as well as organic dyes have
gained enough popularity due to their outstanding reactivities and selectivity in various
photochemical reactions. Most of these photochemical reaction proceeds through a single-
electron transfer (SET) process from the excited photocatalyst to the organic substrate or
reagent which usually involves two pathways either an oxidative quenching or a reductive

quenching (Figure 1.1).
i
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General Mechanism of Photocatalysis

v ¢

SET process EnT process
- A
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Photoredox Cataly5|s Sub
pc oxidative ¢ reductive Photoredox Cataly5|s
quenching ¢ quenching Sub
D PC

Figure 1.1. General mechanism of visible-light-induced transformations.

IA. Difunctionalization Strategy for C—C Double Bond

The difunctionalization approach is widely used in modern organic synthesis because
of its high regioselectivity, allowing the simultaneous incorporation of two functional groups

onto a C—C double bond. This method provides a straightforward route to constructing

complex molecular frameworks.

Y
X-Y or Y
Atom transfer radical
©/\ addition (ATRA) | X
Visible Light ——

or Oxidative Difunctionalization

A\ X (0]
R-X R-Y /
N\ Multi-component Approach Y X
R
N N
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Figure 1A.1. Different difunctionalization strategies
IA.1. Photochemical C—N Bond Formation via Difunctionalization of Alkene

In recent years, C—N bond formation via the difunctionalization of alkenes has gained

much reputation, where the simultaneous introduction of two functional groups is achieved in
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a single step. In this endeavour development of newer methodologies in the direction of

difunctionalization of alkene remains an important topic of research in organic synthesis.

IA.2. Photochemical C—N Bond Formation via Difunctionalization of Indole

Indoles are the backbones of many natural products as well as pharmaceuticals hence
the development of newer methodologies for the synthesis of complex indole frameworks is
always demanding. Though photocatalysis is well-established in organic synthesis but
electrochemical approach stands out as a greener and advanced method that can precisely
control reaction potentials to enable complex reactions. Since this approach aligns with the
broad goal of achieving greener and sustainable protocols, hence the development of newer

electrochemical methodologies is always welcome in organic synthesis.

Part B:

The second part of this chapter gives a brief synopsis of the exploration of
electrochemical strategies toward the construction of C—N bonds via traditional and radical-
radical cross-coupling approaches. Over the past decades, cross-coupling reactions have
gained enough popularity for the construction of various organic molecules. But traditionally
cross-coupling reaction often requires high temperatures, oxidants, and other additives. The
electrochemical C—H/N-H oxidative cross-coupling normally occurs in anodic oxidation
mode. Specifically, no external oxidant is needed and the surplus hydrogen is evolved in the
form of dihydrogen. With the choice of appropriate anode, cathode, and other reaction
conditions, some transformations can be attained just through direct electrolysis. Compared
with the easily available constant current electrolysis, constant potential electrolysis can
control the activation of substrates and supply other ways to inhibit the reduction of transition-
metal catalysts. Owing to the above-mentioned advantages scientists are gradually directed
more towards electro oxidative cross-coupling.

IB.1. Development of Electrochemistry Battery to Modern Electrochemical Cell

Ongoing advancements in electro-organic synthesis, with a focus on sustainable and
green methodologies. This timeline provides a brief overview of the major developments in

electro-organic chemistry over the years.
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Figure IB.1: Timeline showing the revolution of electro-organic chemistry from

1800-2023.

IB.2. Challenges in Electro-organic Synthesis

Analogous to the potential of an oxidizing agent (to oxidize a substrate), the electric potential
can be tuned to achieve the oxidation of substrates to facilitate selective coupling. Potentials for the
desired redox process can be obtained from tables with standard potentials (E°) or by measuring cyclic
voltammograms. Tables of standard reduction potentials E° for an oxidized species (Ox) being reduced
to a reduced species (Red) can be found in the literature. By definition, these standard potentials are
obtained under standard conditions (25 °C, 1 mol L*,1 atm) against a standard calomel electrode

(SCE). Typical potential ranges for organic functional groups, redox mediators, and solvents are

depicted in Figure 1B.2.
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Figure 1B.2. Oxidation potentials for organic functional groups, redox mediators, and

solvents.

IB.3. Traditional and Modern Approach for the C—N Bond Formation Resulting Amide
Framework
IB.3.1. Synthesis of Amide

Amides are prevalent in biomolecules such as peptides, and proteins, and are found in
natural products, pharmaceuticals, polymers, and fine chemicals. In 2014, an analysis by
Brown et al. revealed that 50% of medicinally relevant compounds possess at least one amidic
linkage.
IB.3.2. Electrochemical Oxidative Cross-coupling Strategy

Oxidative cross-coupling has been developed into a robust method for carbon-carbon
(C-C), carbon-heteroatom (C—X), and heteroatom-heteroatom (X-Y) bond formation. Over
the past two decades, tremendous efforts have been devoted to this field and significant
advancements have been achieved. Electrochemical synthesis is a powerful and
environmentally benign approach, which not only achieves oxidative cross-couplings under
external-oxidant-free conditions but also releases valuable hydrogen gas during the chemical
bond formation. Recently, the electrochemical oxidative cross-coupling with hydrogen

evolution reactions has been significantly explored.

Anodic Substrate Oxidation

e e

r

Nul—Nu? =

[H ]
H

Cathodic Proton Reduction
(H* come from substrates or solvents)

Figure IB.3. Electrochemical oxidative cross-coupling.
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In summary, the use of visible light and electrochemical C—N bond formation has
brought a paradigm shift in contemporary organic chemistry. Despite existing traditional
methodologies in the direction of C-N bond formations, the visible-light-induced and
electrifying synthesis of the nitrogen-containing framework is still ongoing and will be of
immediate interest soon. The above-mentioned literature paves the way to generate radicals
via photochemical and electrochemical methods to attain nitrogenous frameworks. Hence
further improvement in this field may open up new avenues to straightforward and efficient
synthesis of various molecular frameworks that may find applications not only in

pharmaceuticals but also in other industries.

CHAPTER Il: Visible-Light-Induced Difunctionalization of
Styrenes: Synthesis of N-Hydroxybenzimidoyl Cyanides

This chapter demonstrates a visible-light-induced synthesis of N-hydroxybenzimidoyl
cyanides from aromatic terminal alkenes which is achieved using Eosin Y as an organic
photoredox catalyst. The process goes via a radical pathway with successive incorporation of
two nitrogen atoms, one each from tert-butyl nitrite and ammonium acetate. The concomitant
installation of an oxime and a nitrile group achieves the final product. DFT calculation
supports a bi-radical pathway and all the proposed steps. A few useful synthetic

transformations of N-hydroxybenzimidoyl cyanide is also illustrated.

Visible-light mediated photocatalytic functionalization has attracted considerable
attention in modern organic synthesis because of sustainable energy sources to promote
chemical reactions. Of late difunctionalization of alkenes has become a popular and competent
chemical transformation by which two functional groups can be introduced simultaneously
across the double bond. Normally, difunctionalization of alkenes requires transition-metal
catalysts and proceeds via radical-mediated processes. However, the synthesis of
functionalized oxime via difunctionalization using tert-butyl nitrite as a N-synthon has

attained some special attention in organic synthesis.

viii
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Scheme I1.1 Oximation and cyanation of terminal alkenes.

In this context, an elegant synthesis of oxime in reported by the Beller group in 2009
from styrene and tert-butyl nitrite in the presence of Fe(ll) catalyst [Scheme I1.1, (i)]. Later
Wang group introduce a CN group to an allyl benzene using a Pd(1l) catalyst and tert-butyl
nitrite serving as the nitrogen source in the presence of N-hydroxy phthalimide as the co-
catalyst [Scheme 11.1, (ii)]. The synthesis of 2-hydroxyimino-2-phenyl acetonitrile starting
from styrene was first reported by Kunai group via a three-step process involving nitration of
styrene to 4-nitro-3-phenylfurazan-2-oxide, an azidation step followed by photolytic
decomposition [Scheme 11.1, (iii)].

In continuation of our efforts towards functionalization of alkene, we were curious to
see the reactivity of an alkene with tert-butyl nitrite in the presence of NH4sOAc under 2 x 10
W white LEDs mediated by an organophotoredox catalyst [Scheme 11.1, (iv)]. To reach the
suitable conditions for the synthesis of N-hydroxybenzimidoyl cyanide (2a), various solvents,
photocatalysts, and light sources, were screened. The ideal condition for the synthesis of 2a
was the use of p-methyl styrene (2) (0.25 mmol), tert-butyl nitrite (a) (1.25 mmol), Eosin Y
(2 mol %), NH4sOAc (4 equiv), and NHPI (50 mol %) in 2 mL CH3CN under irradiation of 2
x 10 W white LEDs. With the optimized condition in hand, this protocol was subsequently
applied for the synthesis of various N-hydroxybenzimidoyl cyanide (2a). It was observed that

the reaction underwent smooth reaction in the presence of both electron-withdrawing as well

iX
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as electron-donating groups in styrenes. The tri-substituted and di-substituted aromatic
terminal alkenes underwent efficient conversion to their desired N-hydroxybenzimidoyl
cyanides. The biphenyl styrenes having electron-donating substituents, electron-withdrawing
substituents, and  disubstituted all were successfully converted to their
hydroxyaminoacetonitriles. Based on control experiments and from DFT calculations a
tentative mechanism has been proposed (Scheme 11.2).

In the presence of white LEDs, Eosin Y (EY) is first photoexcited. This is followed by
the photooxidation of NHPI to a PINO radical by the activated Eosin Y via HAT (hydrogen
atom transfer) mechanism. This process regenerates back the Eosin Y producing a HO2¢
radical, which on disproportionation produces oxygen and hydrogen peroxide. The PINO
radical then attacks the terminal sp?-carbon of alkene (1) to generate a benzylic radical
intermediate (A). Photochemical decomposition of tert-butyl nitrite generates a NO and a tert-
butoxyradicals. The benzylic position of the intermediate (A) is attacked by the NO radical to
generate intermediate (B). The in situ generated nitroso intermediate (B) is tautomerized to an
oxime intermediate (C). The tert-butoxyl radical sequentially abstracts two hydrogen atoms
from the oxime intermediate (C) to first generate a mono radical (D1) followed by a 1,4-
biradical intermediate (D). An intramolecular coupling of biradical (D) generates a four-
membered cyclic intermediate (E). The hydrogen peroxide produced in situ, decomposes to a
hydroxyl radical in the presence of light. The strained cyclic intermediate (E) undergoes ring-
opening via attack of an OH radical to form a hemiacetal radical intermediate (F). The N-O
radical intermediate (F) abstracts a proton from the tert-butanol to generate a neutral
hemiacetal intermediate (G). The neutral hemiacetal intermediate loses NHPI providing an
oxime aldehyde (H). Condensation between ammonia (generated from ammonium acetate)
and the aldehydic intermediate (H) forms an iminium intermediate (1), which is perhaps the
rate-determining step of the process. Abstraction of an iminium N—H from the intermediate
(1) by 'BuO radical produces a nitrogen-centered radical (J). Finally, the abstraction of the
aldehydic proton from intermediate (J) by tert-butoxy radical provided the desired cyano

functionality (Scheme 11.2).
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Scheme 11.2. Plausible mechanism for the synthesis of N-hydroxybenzimidoyl cyanides.

In summary, a visible light-mediated synthesis of N-hydroxybenzimidoyl cyanides
have been accomplished from styrenes in the presence of an organic photoredox catalyst. The
bifunctionalized moiety possesses two important functionalities viz. an oxime and a nitrile
group, which originate from tert-butyl nitrite and ammonium acetate respectively. This
reaction proceeds through a biradical reaction path. The proposed mechanism is supported by
the detection of some of the reaction intermediates and each of the steps is supported by DFT
calculation. Some useful post-synthetic modifications were performed to show the synthetic
utility of the difunctionalized hydroxyaminoacetonitrile thereby expanding the further scope

of this methodology.

CHAPTER III: Visible-Light-Mediated Ir(III)-Catalyzed

Concomitant C3-Oxidation and C2-Amination of Indoles

xi
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The photocatalytic functionalizations of indoles have attracted considerable attention
since functionalized indole motifs have found significant applications in biological and
medicinal chemistry and are present in various natural and artificial bioactive molecules.
Hence the development of newer methodologies to make functionalized indole is always
demanding. In this respect, Borhan et al. published an elegant C3-oxidation and C2-amination
of indoles involving Cu(l) catalyst and an acyl nitroso reagent such as hydroxycarbamate
[Scheme 111.1(a)]. This method has advantages in terms of peroxide-free oxidation, and the
use of hydroxycarbamate as the source of both oxygen and the amide making this protocol
advantageous over previous methodologies involving difuctionalization of indoles.
Nevertheless, this method has an inherent limitation as it is applicable only to C2-protected
indoles and C2-free indoles failed to functionalize.

This chapter demonstrates a visible-light-mediated concomitant C3 oxidation and C2
amination of indoles at room temperature using an Ir(111) photocatalyst. This reaction proceeds
without an isatin intermediate via the attack of singlet oxygen at the C3 position followed by
C2 amination leading to the difunctionalization of indoles [Scheme I11.1.(b)].

Previous Approach

CuCl (10 mol %) )
A\ pyridine (2 mol %) -
+ HONHB —_—— > (a)
@jP-O °® TTHF, air, 1t, 24 h N NHBoc
R \
R R
C2-Protected
Our Photocatalytic Approach
(0]
@ Ir (Il1) (3 mol %) /
—_—
N +  H,NNHBz light, O, \ Bz )
R CH4CN, rt, 24 h R

C2-Free
Scheme I11.1. Approaches towards difunctionalization of indoles via selective C3 oxidation
and C2 amination.

After the screening of several parameters, the optimal condition for this transformation
was found to be (1f) (0.25 mmol), benzohydrazide (2a) (0.25 mmol), catalyst P1 (3 mol %)
and TBAI (30 mol %) in 5mL CHsCN under an atmosphere of oxygen by irradiation of 20 W
white LEDs at room temperature. A diverse array of N-substituted and mono and di (1,5 and
1,7) substituted indoles could be transformed to their corresponding 3-oxindoles in good
yields. Further the compatibility of various benzyl substituents was tested as they are often
prone to oxidation. Substrates having N-benzyl substituents, bearing either electron-donating
or electron-withdrawing groups reacted efficiently with benzohydrazide (2a) to give good
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yields of their products. From the control experiments and from the DFT calculations a
plausible mechanism for the formation of difunctionalization of indole is proposed (Scheme
111.2).

[Ir(dtbbpy)(ppY).IPF¢ (P1)

Scheme 111.2. Plausible mechanism for the formation of 3-oxindoles.

In the first step indole (1f) is oxidized to an indole radical cation (A) through a
reductive quenching process by the photocatalyst Ir (I111)* (P1). Simultaneously, the molecular
oxygen is reduced to a superoxide ion Oz by Ir (I1) and the catalyst is regenerated. Next, we
compared the possibility of attack of O2" on two possible sites (Cs and C>) of the radical cation
A through TS-1A and TS-1B (Scheme 111.2). Clearly, TS-1A, i.e attack at the C3-site has a
lower barrier and lower stabilization compared to TS-1B involving a C-2 attack as depicted in
Scheme 111.2. Further, the forward reaction is preferred for TS-1A and the reverse reaction is
preferred for TS-1B. Thus the formation of transition state TS-1B via the C-2 attack of O™ is
ruled out. The highly reactive O, then attacks at the C-3 site of the intermediate A to form a
peroxy iminium species B. The benzohydrazide 2a attacks at the C-2 site of intermediate B to
form intermediate C through TS-2. This is perhaps the rate-determining step for this reaction
having an activation barrier of 22.14 kcal/mol. The intermediate C is around 1.56 kcal/mol
more stable compared to intermediate B. As expected, the barrier for the removal of a molecule
of water is very low (1.90 kcal/mol) from intermediate C to form intermediate D which is
associated with higher stabilization. Finally, the removal of two hydrogens, one each from
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indole and benzohydrazide (2a). The final step seems to be a facile one with an activation
barrier of 4.89 kcal/mol. Moreover, the final product (3f) is 14.91 kcal/mol more stable
compared to the intermediate D. Thus all the proposed steps are highly favorable which leads

to a stable bi-functionalized product (Scheme 111.2).

In summary, a mild and efficient photocatalytic regioselective method has been
developed for the selective difunctionalization of indoles by visible-light-induced photo redox
Ir(111) catalysis. A wide range of indoles, as well as benzohydrazides, participate competently
in the free-radical reaction to afford structurally diverse oxindoles in good yields. Based on
control experiments carried out plausible mechanism has been proposed which is well
supported by DFT calculation.

CHAPTER IV: Electrochemical = Amidation: Benzoyl

Hydrazine/Carbazate and Amine as Coupling Partners

This chapter focuses on the electrochemical amidation of benzoyl hydrazine/carbazate
and primary/secondary amine as coupling partners via concomitant cleavage and formation of
C(sp?-N bonds. The reaction proceeds under metal and exogenous oxidant-free conditions
producing N2 and H> as by-products. The reaction also proceeds the in situ generations of both
acyl and N-centered radicals from benzoyl hydrazines and amines. To show the practical
usefulness of the protocol a large-scale, synthesis of Bezafibrate, a hyperlipidemic drug is also
performed.

The coupling of amine with carboxylic acid, ester, and acyl chloride using transition-
metals or activating agents and transition-metal-catalyzed carbonylative amidation are the
frequently used method [Scheme V.1 (a)]. Further, N-heterocyclic carbenes (NHCs) have
been effectively used as catalysts for metal-free amidation of activated esters. However, these
amidation protocols often generate stoichiometric quantities of toxic waste and a few of the
strategies suffer from limitations such as the use of expensive transition-metal catalysts having
limited substrate scope.

The easily accessible air and moisture-stable benzoyl hydrazine is an ideal precursor
of acyl radicals by the expulsion of N2 and Hz. However, the reported methodologies for the
generation of acyl radical from benzoyl hydrazine uses an excess of catalyst and chemical
oxidants such as (NH4)2S20s and PbO., thereby generating waste [Scheme IV.1 (b)]. The
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generation of acyl radicals is important in various biochemical and synthetic processes. Thus,
the development of a waste-free and milder method for its generation from benzoyl hydrazine
is highly desirable. Recently, the Zou group developed a Cu(ll)/ TBHP-catalyzed oxidative
coupling of amines and carbazates leading to carbamates [Scheme IV.1 (c)]. Following the
same strategy, they subsequently developed a Fe(l11)/TBHP-catalyzed synthesis of amides
from benzoyl hydrazines and amines [Scheme 1V.1 (c)]. These reactions proceed through an
in situ generation of alkoxy carbonyl/acyl radicals involving metal complexation via an
oxidative addition followed by a reductive elimination leading to carbamates or amides. The
reported amidation strategies for the synthesis of amides are neither atom-economical nor
sustainable, thus constructing amide bonds under mild conditions would be much more
alluring [Scheme 1V.1(d)]. Hence we developed an electrochemical condition leading to

amides using benzoylhydrazide and amines under electrochemical conditions.

TH-3414 176122011
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Scheme 1V.1. Amide bond formation strategies
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To find out the optimal reaction condition for this electrochemical transformation,
other reaction parameters such as solvents, electrolytes, and electrodes were screened. After
screening several parameters, the optimal condition for this transformation was found to be
the use of benzoylhydrazine (a) (0.5 mmol), morpholine (1) (0.75 mmol, 1.5 equiv) in
tetrabutylammonium hexafluorophosphate ("BusNPFs) (50 mol %) in 2:3 ratios of 1,2-
dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL) at room
temperature applying a 10 mA constant current using a carbon rod anode and a platinum plate
cathode in an undivided cell under N2 atmosphere for 18 h.

The scope of benzoyl hydrazines was explored using morpholine as the other coupling
partner. Benzoyl hydrazine possesses electron-donating groups and electron-withdrawing
groups are smoothly coupled giving their respective product good to moderate yield. Both
secondary and primary amines are proved to be a good coupling partner, giving their respective

products.
+ — € | I - _
|
cFs | 1
i Bl
M _H---0""cF,
Ar w |
NH, (a) 4H*
(o}
Ar)l\r;] ) CF3 +4 e
Pt
o A "'N‘H-—-cl))\CF3 T 2H,
(o) H (Detected in GC-TCD)
Ar/u\m CF3
B) N.
- ® H___?)\CF3
G H L]
)j\ N ? o) cathode
Ar” >N 2 Ve
1 Ar
@ L e 0
3 . R
//\ )\ radlcal-radlt.:al Ar)LN
(0} N—H——(I) CF; cross-coupling k/o
—/ H (1a)
Q) H*, -e o N ®

anode

Scheme 1V.2. Plausible mechanism for the formation of amides

Based on the control experiments, the results obtained from cyclic voltammetry, linear
sweep voltammetry measurements, and previous literature reports, a plausible mechanism is
depicted (Scheme IV.2). The solvent HFIP interacts via hydrogen bonding with the N-H of
the benzoyl hydrazine (a). Next, this activated benzoyl hydrazine (a) undergoes
electrochemical anodic oxidation to generate a N-centered diazaneyl radical intermediate (A).

Further, a sequential two-step oxidation from the radical intermediate (A) produces a diazene
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radical intermediate (C) via intermediate (B). Next, C—N bond cleavage of intermediate (C)
generates a benzoyl radical intermediate (D) with concurrent releases of N2. Similarly, the
morpholine (a) is activated via H-bonding interaction with the HFIP and subsequent anodic
oxidation generates a N-centered radical intermediate (E). Finally, radical-radical cross-
coupling between intermediates (D) and (E) afforded the amide (1a). During the cathodic
reduction, molecular H: is released which has been detected by GC analysis (Scheme I1V.2).
In summary, an electrochemical amidation/carbamidation under metal and external
oxidant-free condition is developed. The process involves radical-radical cross-coupling
between benzoyl hydrazines/carbazates and amines leading to the formation of a C—N bond.
The protocol is compatible with a wide range of benzoyl hydrazines/carbazates and
aromatic/aliphatic amines. Alkyl amines are selectively amidated in the presence of
arylamines but the method is unsuccessful for substrates where the N-centered radical is part
of conjugated systems. Thus chemo-selective amidation can be achieved in substrates having
multiple aminating sites. A plausible mechanism has been proposed based on control
experiments and CV measurements. Finally, the synthetic utility is demonstrated through a

large-scale and biologically active ‘Bezafibrate’ drug.

CHAPTER V: Electrochemical N-Aroylation of Sulfoximines using

Benzoyl Hydrazines with H> Generation

This chapter focuses on the development of a robust electrochemical cross-coupling
between aroyl hydrazine and NH-sulfoximine via concomitant cleavage and formation of
C(sp?-N bond with the evolution of H, and N as innocuous by-products. This sustainable
protocol avoids the use of toxic reagents and occurs at room temperature. The reaction
proceeds via the generation of an aroyl and a sulfoximidoyl radical via anodic oxidation under
constant current electrolysis (CCE), affording N-aroylated sulfoximine. The strategy is applied
to late-stage sulfoximidation of L-menthol, (-)-borneol, D-glucose, Vitamin-E derivatives, and
marketed drugs such as probenecid, ibuprofen, flurbiprofen, ciprofibrate, and sulindac. In
addition, the present methodology is mild, high functional group tolerance with broad
substrate scope and scalable.

The potential applications of organosulfur compounds viz. sulfoximines in
pharmaceuticals and pesticides have been well recognized. Sulfoximine-containing
compounds such as atuveciclib, BAY 1251152, and AZD6738 have progressed into clinical
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trials. Sulfoxaflor, a sulfoximine-containing compound was first developed by Dow
AgroSciences as a potential insecticide and introduced into the market. Thus, a significant
effort has been devoted to establishing efficient strategies for the synthesis of N-acylated
sulfoximines. In this context, carboxyl activating agents have been employed for the coupling
of carboxylic acid and NH-sulfoxamine leading to N-acylated sulfoximine. The transition-
metal-catalyzed synthesis of N-aroyl sulfoximine has been achieved using aryl halide and

carbon monoxide [Scheme V.1(a)].

Previous reports:
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Scheme V.1. Strategies for N-aroylation of sulfoximines
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However, the existing methods for their generation rely on stoichiometric use of
chemical oxidants under transition-metal catalysis producing chemical waste making them
environmentally unacceptable [Scheme V.1 (b)]. Recently, a visible-light-induced o-keto
acylation of sulfoximines using hypervalent iodine reagent and aryl alkynes has been achieved.
Following this, several other strategies involving the generation of N-centered sulfoximidoyl
radicals under photocatalytic conditions have been adopted. The success of these strategies
relies on the preactivation or in situ activation of NH-sulfoximines, using hypervalent
iodine(111) and N-halogenated sulfoximines via mesolytic or homolytic cleavage of a weak
nitrogen-heteroatom bond. Considering all these, we envisioned sulfoximidation via anodic
oxidation of benzoyl hydrazine and NH-sulfoximine [Scheme V.1(d)]. Hence we developed a

method that is more efficient as compared to other methods.

To find out an appropriate reaction condition for this electrochemical transformation,
other reaction parameters such as solvents, electrolytes, and electrodes were screened. After
the screening of several parameters, the optimal condition for this transformation was found
to be the use of benzoyl hydrazine (a) (0.5 mmol), sulfoximine (1) (0.75 mmol, 1.5 equiv.),
and "BusNOAc (1 equiv.) in a co-solvent of HFIP/CH3CN (1:4) 5 mL and applying a 10 mA
current, carbon rod as anode and platinum plate as cathode under N2 atmosphere at room
temperature for 10 h in an undivided cell.

Having established the optimized reaction conditions, we sought to examine the
generality of this transformation by exploring the scope of various sulfoximines with benzoyl
hydrazine (a). Aryl sulfoximines possessing electron-donating groups (EDGs) and electron-
withdrawing-groups (EWGs) smoothly reacted with benzoyl hydrazine. Benzoyl hydrazine
possesses electron-donating groups and electron-withdrawing groups are smoothly coupled
giving their respective product good to moderate yield.

Based on the electrochemical studies, the results obtained from control experiments, and
previous literature reports, a plausible mechanism is depicted. It is well documented and
demonstrated here as well, that tetrabutylammonium acetate ("BusNOAC) plays a vital role in
this electrosynthesis. The initial step involves hydrogen bonding between "BusNOAc and the
N-H of benzoyl hydrazine (a). Subsequently, the resulting adduct of benzoyl hydrazine (a)
undergoes an electrochemical anodic oxidation, leading to selective homolysis of the amidic

N—H bond. This process generates a N-centered diazanyl radical intermediate (A).
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Scheme V.2. Plausible mechanism for the formation of sulfoximidation product.

Next, through a sequential two-step transformation involving intermediate (B), a
diazene radical intermediate (C) is produced from radical intermediate (A). Further, the
cleavage of the initial C—N bond of benzoyl hydrazine (a) releases a molecule of N> as the by-
product and produces a benzoyl radical intermediate (D). In a similar fashion, the sulfoximine
(1) is activated by H-bonding interaction with tetrabutylammonium acetate and via anodic
oxidation generates sulfoximidoyl radical intermediate (E). Finally, the radical-radical cross-
coupling between intermediates (D) and (E) affords the sulfoximidated product (1a). On the
other hand, at the platinum plate cathode surface, the overall redox process is balanced by the
reduction of four protons with four electrons producing hydrogen gas. Further, quantitative
analysis of hydrogen production is also illustrated with the help of the GC-TCD method
(Scheme V.2).

In summary, developed here is an electrochemical sulfoximidation under metal and
external oxidant-free conditions between benzoyl hydrazine and NH-sulfoximine. The process
involves a radical-radical cross-coupling between the in-situ generated benzoyl and
sulfoximidoyl radicals. The developed electrochemical approach features mild reaction
conditions, operational simplicity, and remarkable scope, particularly in the late-stage
modifications of complex and sensitive pharmaceuticals and natural products. The method is
scalable and provides H2 and N as the only by-products that can be utilized as a clean energy
source. The sequential cleavage and formation of a new C(sp?)-N bond under the same
condition offers opportunities to pursue fundamental mechanistic studies, which may lead to

the discovery of new cross-coupling in synthetic electrochemistry.
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CHAPTER VI: Electrochemical Sulfoximidation: The Phenyl
Glyoxylic Acid and NH-Sulfoximines as Coupling Partners with H>

Evolution

This chapter focuses on developing a robust electrochemical cross-coupling between
a-keto acids and NH-sulfoximines. This process simultaneously breaks the C—C bond and
forms a C(sp?)-N bond, with the evolution of Hz and CO-. In this process, N-aroylated
sulfoximines are produced through the generation of aroyl and sulfoximidoyl radicals by
anodic oxidation in constant current electrolysis (CCE). This approach is successfully
employed for the late-stage sulfoximidation of various compounds, including L-menthol, (-)-
borneol, and D-glucose, derivatives, and commercial drugs such as probenecid, ibuprofen, and
flurbiprofen. This blueprint features good functional group compatibility, a broad scope, and
a detailed mechanistic investigation.

Discovered from the “agenized” proteins in the early 1950s, sulfoximines are
recognized as isosteres of sulfones, where one “=0" on sulfur(VI) is substituted by a “=NR”.
The sulfur(\V1) linkages are subsequently expanded by the additional imino vector, bringing
about unprecedented physical, chemical, and biological properties in comparison to sulfones.
In this context, sulfoximines have found wide use in pharmaceuticals, agrochemicals,
materials, and organic synthesis. The N-functionalization of free sulfoximines (=NH) is an
important route to enrich the chemical space of the parent skeletons, which contributes directly
to their downstream applications. In this regard, there is no doubt that a massive amount of
effort has been devoted to the construction of N-acylated sulfoximines. The carboxyl
activating agents like 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) or N,N'-
dicyclohexylcarbodiimide (DCC) have been used to facilitate the coupling between carboxylic
acids and NH-sulfoximine, resulting in the formation of N-acylated sulfoximines. A similar
sulfoximidation reaction has been established utilizing different activating agents such as boric
acid or 1,3-dioxa-5-aza-2,4,6-triborinane (DATB). The synthesis of N-aroyl sulfoximines has
also been achieved via transition-metal-catalyzed processes using aryl halides and carbon
monoxide. Given their significance, there is a strong demand for the development of
sustainable synthetic methods that possess broad functional group tolerance and reaction
flexibility, allow for late-stage modifications of biologically relevant molecules, and offer a

clean energy source (H2) as a by-product. However, the current method for producing acyl
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radicals typically depends on the stoichiometric use of chemical oxidants in the presence of
transition-metal catalysts, which generate chemical waste and are not environmentally
friendly. In this context, there is a strong need for a gentler and more sustainable approach to
generating acyl radicals from a-keto acids [Scheme VI.1 (b)].
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Scheme VI1.1. Different strategies for the sulfoximidation

The electrochemical cross-coupling of NH-sulfoximine remains uncharted territory, likely
due to the high oxidation potential of NH-sulfoximine (Eox = +1.92 to +2.00 V vs. SCE) and
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its strong N-centre bond with a high bond dissociation energy (BDEn-u =104-106 kcal/mol),
making it challenging to generate N-centre radicals. The Yotphan group developed a
Cu(l)/K2S20s-catalyzed oxidative decarboxylative coupling of a-keto acids and sulfoximines
[Scheme VI.1 (c)]. These reactions proceed through an in situ generation of benzoyl radical
involving metal complexation via an oxidative addition followed by a reductive elimination
leading to N-acylated sulfoximines. The reported sulfoximidation strategies for the synthesis
of N-acylated sulfoximines are neither atom-economical nor sustainable. Therefore, the use of
any transition metal or oxidant can be avoided by using this proposed strategy. Nevertheless,
designing a metal-free methodology for radical cross-coupling that accepts the challenge of
generating two distinct radicals has to overcome the homo-cross-coupling of two individual
open-shell radicals. We envisioned that sulfoximidation through anodic oxidation of readily
available a-keto acids and sulfoximine as shown [Scheme V1.1(d)].

To find out an appropriate reaction condition for this electrochemical transformation,
other reaction parameters such as solvents, electrolytes, and electrodes were screened. After
the screening of several parameters, the optimal condition for this transformation was found
to be the use of a-keto acid (a) (1 mmol, 2.0 equiv), sulfoximine (1) (0.5 mmol), and
"BusNCIO4 (1.5 equiv) in a DCE solvent 5 mL applying a 10 mA current, carbon rod as anode
and platinum plate as a cathode under N2 atmosphere at room temperature for 6 h in an
undivided cell.

Having established the optimized reaction conditions, we sought to examine the
generality of this transformation by exploring the scope of various sulfoximines with a-keto
acids (a). Arylsulfoximines possessing electron-donating groups (EDGs) and electron-
withdrawing groups (EWGs) smoothly react with a-keto acid. After demonstrating the
compatibility of various sulfoximines, we examined the nature of various substituents (EDG
and EWG) presenting the o-keto acids smoothly couple giving their respective product
moderate to good yield. Based on electrochemical studies, the results obtained from control
experiments, and previous literature reports, a mechanism for sulfoximidation is proposed. It
is demonstrated here that KoCOz (base) plays a vital role in this electrosynthesis. Initially base-
mediated deprotonation of a-keto acid provided a-oxocarboxylate intermediate (A). Then,
upon anodic oxidation a-oxocarboxylate (A) through a single electron transfer and
decarboxylation to give benzoyl radical species (C). Meanwhile, similarly sulfoximine (1) in
the presence of K>COs3 gave sulfoximidoyl anione intermediate (D) and via anodic oxidation
generated sulfoximidoyl radical intermediate (E). Finally, the radical-radical cross-coupling
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between intermediate (C) and intermediate (E) affords the sulfoximidation product (1a). On
the other hand, platinum plate cathode surface, the overall redox process is balanced by the
reduction of protons with two electrons producing the hydrogen gas. Further, quantitative
analysis of hydrogen production is also illustrated with the help of the GC-TCD method
(Scheme 1V.2).
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Scheme VI1.2. Plausible mechanism for the formation of sulfoximidation product.

In summary, this study presents an electrochemical sulfoximidation method that
operates without the use of metal catalysts or external oxidants. The process involves a cross-
coupling reaction between in situ generated benzoyl and sulfoximidoyl radicals. The
electrochemical method developed offers mild reaction conditions, simplicity in operation,
and a wide range of applications, particularly in modifying complex pharmaceuticals and
natural products in the later stages. This approach is scalable and produces only Hz and CO>

as by-products, which can serve as a clean energy source.
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CHAPTER IA

Photochemical C—N Bond Formation via
Difunctionalization of Alkenes and Indoles

IA.1 Introduction

Recent decades have witnessed notable progress in the field of radical-mediated carbon-
heteroatom bond formations, offering potent strategies for the synthesis of diverse organic
structures.! Despite the availability of numerous methods for C—X bond formations, there remains
a need to develop new methodologies.? Visible-light-mediated C—X bond formations have gained
tremendous reputation due to their simple operation, minimized by-product formation, ease of
handling, and mild reaction conditions. In addition to providing an eco-friendly approach for
synthesizing molecules, photochemistry paves the way for the synthesis of complex frameworks
that are not accessible through traditional thermal conditions.** Following the groundbreaking
research by MacMillan, Konig, Stephenson, Rueping, Ritter, Yoon, and other researchers,
photocatalysis has witnessed a resurgence in recent decades.® The field is primarily classified based
on the catalytic systems employed: (a) Utilizing a photocatalyst, such as transition metal
complexes or organic dyes, which, in its excited state, activates organic molecules through either
single electron transfer (SET) or energy transfer (EnT) mechanisms (Figure [A.2). (b) A synergistic
approach combining both a photocatalyst and a transition metal catalyst. (c) Employing only
transition metal complexes in conjunction with visible light, serving a dual role by harnessing
photon energy as a photocatalyst and catalyzing bond-breaking and formation processes.’ Mostly,
combining visible light with a photosensitizer (either transition metal complexes or organic dyes)
has been widely acknowledged as an effective approach for numerous organic transformations. In
this context, the use of transition metal complexes, as well as organic dyes, has garnered significant
attention for their remarkable reactivity and selectivity in diverse photochemical reactions.”® Many
of these photochemical reactions typically proceed either through a single-electron transfer (SET)
process (oxidative quenching or reductive quenching) or via a hydrogen atom transfer (HAT)
process.’

Among the different approaches to C—X bond formations, the C—N bond formations have

grabbed the attention of chemists owing to the widespread availability of the nitrogenous
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framework as the principal core of many biologically active molecules. Scientists are actively
working to develop elegant methodologies for the synthesis of useful nitrogenous frameworks
(nitrogenous heterocycles, amides, oximes) (Figure IA. 1).1°

Intensive research has been directed toward the C—N bond formation. There are several
traditional ways, such as amidation, C—H amination, ring annulation, copper-catalyzed Ullmann
reaction, palladium-catalyzed Buchwald-Hartwig reaction, and Chan-Lam coupling, etc., that
provide excellent selectivity. Besides the traditional approach, the photochemical approach has

brought a paradigm shift in the C—N bond construction.!!

OH O CH, NI’OH n
: X
o s T A S |55
“ \ / A
G N B
HO ' X ©N R™ R {_o
NZ = X=0,S, NH, N-CH; R=H, CH;
OH X=0,5 gty OH
o OHoy
. _ " Growth regulating and Isatisine A
Anticancer drug Herbicide antidots antimicrobial agents (Antiviral)

o]
CL,
H
Tabersonine Ergoline Austamide Leuconoxine
(Anticancer drug precursor) (Memory and learning enhancer) (Insecticide) (Antimalarial)

Figure 1A.1. Biologically active nitrogen compounds

IA.2. Historical Background

Light-induced reactions have been fundamental since the early days of the universe,
existing long before life on Earth. The sunlight-mediated photochemistry emerged alongside the
development of life on our planet. A prime example is the formation of a protective ozone layer
through the photolysis of oxygen. This crucial mechanism safeguards human and animal life from
the harmful effects of solar UV radiation.'> For billions of years, these photoreactions have
unfolded unnoticed, unaffected by human intervention. The intriguing concept that light
interaction with materials can not only impact their physical properties but also alter their chemical

properties has spurred chemists to develop photochemical reactions.!
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IA.3. Basic Concepts of Photocatalysis

Photocatalysis is all about light interacting with molecules, catalysts, or additives, sparking
chemical reactions. By using LEDs with different wavelengths, one can selectively excite specific
components. The selection of LEDs plays a crucial role in achieving various selectivities, focusing
on absorbance maxima for optimal energy absorption (Amax). The choice of a light source is
determined by the absorption maxima, tailored to a specific photoredox catalyst.” The Amax value
is a crucial parameter, providing insights into the energy required for photoinduced electron
transfer. In this realm, ruthenium and iridium photocatalysts, as well as organic dyes, have proven
powerful in creating diverse molecular structures demonstrating efficient reactivity in numerous

photochemical transformations.®

IA.4. General Mechanistic Schemes for Photocatalysis

Photocatalysis operates primarily through energy transfer, electron transfer, and hydrogen atom
transfer (Figure [A.2.).

1) Electron transfer

2) Energy transfer

3) Hydrogen atom transfer

General Mechanism of Photocatalysis

Y Y

SET process EnT process

A
PC’
PC
PhotoredoxT CM/ Sub
+ oxidative ¢ reductive Photoredox Cataly5|s
PC quenching § quenching Sub
D PC /\ PC

D"

Figure 1A.2. General mechanism for energy and electron transfer.

IA.4.1. Electron Transfer

In an electron transfer reaction, the catalysts initially remain redox neutral in their ground

state. However, in the excited state, they either accept or lose an electron to the substrate, acting

5
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as either an oxidizing or a reducing agent. Various types of electron transfer processes are involved
in most photochemical reactions, including (1) oxidative and reductive quenching, (2) proton-
coupled electron transfer (PCET), (3) proton transfer followed by electron transfer (PT/ET), (4)

electron-donor-acceptor complexes (EDA complexes).'*
TA.4.2. Oxidative and Reductive Quenching

In an oxidative quenching cycle, the excited state photocatalyst [PC*] is quenched by
donating an electron to either the substrate or an oxidant [0x] in the reaction. Conversely, in a
reductive quenching cycle, the excited state of the photocatalyst [PC*] accepts an electron from
the substrate or a reductant [red]. The oxidative cycle maintains catalytic turnover by reducing the
oxidized form [PC]™", while the reductive cycle involves oxidizing the reduced form [PC]™ to
sustain catalytic turnover. Substrates, intermediates, or external redox-active reagents (light-

absorbing species) primarily drive the catalyst turnover. '

TIA.4.3. Proton-Coupled-Electron Transfer

The proton-coupled electron transfer (PCET) is a process where electrons and protons are
exchanged in a concerted manner. The essential condition for PCET is establishing a hydrogen
bond between the substrate and a proton donor/acceptor before the charge transfer occurs. The
PCET mechanisms typically fall into two categories: reductive PCET and oxidative PCET. The
reductive PCET pathway is primarily associated with the formation of ketyl radicals, while the
oxidative PCET pathway is involved in the generation of amidyl radicals (Figure IA.3).!6

e
VRN = A .
MP . Oxidative R---H—B M1

PCET
il
H -
7 H—A 7 H—A
E Reductive E M
S PCET

Figure 1A.3. General mechanism for oxidative and reductive PCET.
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TA.4.4. Proton Transfer Followed by Electron Transfer (PT/ET)

The PT/ET process involves the electron transfer mechanism, where the initial step is

deprotonation, followed by a subsequent single-electron process. Unlike concerted processes, in

PT/ET, proton transfer and electron transfer do not occur simultaneously (Figure IA. 4).!6

A Proton

R-H---B transfer R + BH
~___~
e
R SET
process

Figure 1A.4. General mechanism for PT/ET.

IA.4.5. Electron Donor-Acceptor Complexes

While transition metal complexes or organic dyes are frequently employed in
photocatalysis, photocatalytic transformations can occur without the presence of any
photocatalyst. In such scenarios, the individual reacting partners cannot absorb light within the
irradiation wavelength range. Nevertheless, when mixed, these reacting components undergo a
change in color, signaling the formation of an electron donor-acceptor (EDA) complex or a charge-
transfer complex.!”
IA.4.6. Hydrogen Atom Transfer Process (HAT)

Direct photocatalyzed hydrogen atom transfer (d-HAT) can be considered a method of
choice for elaborating C—H bonds. In this manifold, a photocatalyst (PCnar) exploits the energy of
a photon to trigger the homolytic cleavage of bonds in organic compounds. The selective C—H

bond elaboration may be achieved by a judicious choice of the hydrogen abstractor (key parameters

are the electronic character and the molecular structure), as well as reaction additives.

IA.5. Importance of C—N Bond Formation

The C—N bond formation reactions have become highly favored owing to the widespread
applications of nitrogenous products in pharmaceuticals and various industries. The utilization of
C—N bond formation methods in medicinal chemistry constitutes around 23% of reported reactions

in recent publications, underscoring the pervasive nature of this transformation. Among the C—N

bond-forming strategies difunctinalization has gain importance.'”
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IA.5.1. Difunctionalization Strategy for C—C Double Bond

The difunctionalization approach is widely appreciated in modern organic synthesis for its
impressive regioselectivity, allowing the simultaneous incorporation of two functional groups onto
a carbon-carbon double bond. This method provides a straightforward route to constructing

complex molecular frameworks.’

X X
sadion
X_Y or Y
Atom transfer radical o
©/\ addition (ATRA) || X
Visible Light ——
or Oxidative Difunctionalization

N\
N R-X R-Y X (0]
\ Multi-component Approach /
& Y X
N N

k or k
(0]
/
O
N
\
R

Figure IA.5. Different difunctionalization strategies.

Difunctionalization is commonly achieved through various methods, including atom
transfer radical addition and the multi-component approach. In the atom transfer radical addition
approach, both coupling partners originate from a single radical precursor, while in the multi-
component approach, the coupling partners originates from different radical precursors. In the
multi-component approach, if one of the radicals is trapped by Oz or moisture, this type of
difunctionalization is termed oxidative difunctionalization. Significant progress has been made in
the oxidative difunctionalization of alkenes and indoles using thermal and photochemical
approaches to construct diverse frameworks (Figure IA. 5). The photochemical difunctionalization
reactions have gained considerable recognition for the construction of C—N bonds.?! Usually, the
difunctionalization mechanism initiates with the attack of one radical precursor on the alkenes,
forming a vinyl radical intermediate. This radical is subsequently trapped either directly by another

radical or undergoes a SET (single-electron transfer) process, leading to the formation of a
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carbocation intermediate. The carbocation is then captured by a nucleophilic partner, resulting in

the formation of the desired difunctionalized product (Figure IA. 6).
“N ° +

° X X
LEDs
At v
Y Y
Figure 1A.6. General mechanism for the difunctionalization of alkenes.

IA.5.1.1. Photochemical C—N Bond Formation via Difunctionalization of
Alkene

The difunctionalization of alkene has become the focus of chemists as a complex molecular
framework via the simultaneous installation of two functional groups onto a carbon-carbon double
bond. In particular, styrenes have been frequently used as an important and commercially available
building block of many pharmaceuticals, natural products, and materials. In this context, styrene
difunctionalization via visible light irradiation has gained importance in modern organic synthesis.
The oxime group is a privileged scaffold for preparing amines, amides, and nitrogen-containing
heterocyclic compounds.?® Oxime functionality is found in compounds having anti-inflammatory,
antibiotic, and pesticidal activities. Similarly, nitrile serves as a synthetic precursor of many
functional groups, such as amine, amide, aldehyde, tetrazole, and carboxylic acid, which are also
found. in a variety of compounds having numerous biological activity.*?

Numerous methodologies are employed to achieve C—N bond formation via visible-light
irradiation. In this context, in 2021, the Zhu group demonstrated a photocatalytic 1,2-diamination
of 1,3-dienes using N-aminopyridinium and TMSNCS, leading to the formation of 1,2-
aminoisothiocyanation products, showcasing high chemo- and regio-selectivity. The broad
substrate scope and good functional group tolerance further highlight the versatility and potential

applications of diverse compounds (Scheme 1A.1).%

%
R¢ R6 = Mo M O o
BF4 I R4 6 e R
. ] fac Ir(ppy)s R [
NG T R, NF * TMSNCS ———————» N.
R s L N™+ DCM, Ny, 12h s N R2
R°> R RZ Me Blue LEDs RS R’

TH-3414 176122011



Chapter 1A

Scheme 1A.1. Synthesis of 1,2-diamination product.
Gong et al. developed a visible-light-induced intermolecular azido-hydrazination method.
This innovative approach enables the synthesis of B-azido alkyl hydrazines from unactivated
alkenes. A key feature of this transformation is its metal-free and redox-neutral conditions, which
enhance its applicability to a wide range of alkenes. The resulting -azido alkyl hydrazines serve

as valuable synthetic building blocks (Scheme 1A.2).%
0}

. Boc. _NHBc
R1 N Boc N

YN, Y - J\I/Rs
R? i Boc/N MeOH, DCM/ CH,CN R’ 2

Blue LEDs, 35-40 °C N3

Scheme 1A.2. Synthesis of f-azido alkyl hydrazines.

Zhang and co-workers in 2021 reported a photo-induced multi-component cascade reaction
involving aryldiazonium salts, unactivated alkenes, and trimethylsilyl azide (TMSN3) under
oxidant-free conditions. This innovative protocol introduces a synthetic method for unsymmetrical
azo compounds, showcasing versatility with different aryldiazonium salts and alkenes (Scheme

1A.3).%

1

R1 + i~ R2
)\/R?’ N AIE Acr MesCIO, 4’N*‘N)<|/R3
2 2204 3 DCM, air, rt, 15 min. R

Blue LEDs N3

R

Scheme IA.3. Synthesis of unsymmetrical azo compounds.

The work by the Yu group in 2019 presents a notable advancement in organic synthesis,
showcasing a visible-light-mediated Cu-catalyzed difunctionalization of alkenes to yield azidation
products. Here, azidobenziodoxole acts as the azidating agent, with acetonitrile and [Cu(dap)2]PFs
complex serving as the photocatalyst. The reactions produce three types of difunctionalized
products, such as amido-azidation, diazidation, and benzoyloxy-azidation. The electronic
properties of the aryl group attached to the alkene play a crucial role in determining the reaction

outcome (Scheme 1A.4).%°

i Ns
gz Ne—1—0 Culdan).IPF )5( 3l )>rN3
Ar/\r . o [Cu( aP)z] 6 Me. - I. rR2
R T CHyCN, it, Ar )\I< ! R
I
I

Blue LEDs, 4 h
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Scheme I1A.4. Synthesis of azidation derivative.
In 2018 Yang et al. established a facile visible-light-mediated synthesis of a-azido ketones.

The oxyazidation of alkenes with TMSN3 is achieved in ambient conditions, in the presence of air,
and employs Rose Bengal as a metal-free photocatalyst. This approach facilitates the formation of

C-N and C—-O bonds, yielding a-azido ketones in moderate to excellent yields. (Scheme 1A.5).%’

Rose Bengal 0]

|
R & THSN PhSeSePh )\ng
R1T Y 3 CH,CN,rt,2h R
air (0,), Blue LEDs R2

Scheme IA.S. Synthesis of azido ketones.
Masson et al. demonstrated a visible-light-mediated synthesis of carbotrifluoromethylation

product using enecarbamates, and Togni's reagent as the CF3; and NaN3 as the azide source (Scheme

1A.6).28
i o .
R! NR3 Ru(bpy);(PFe), R! NR
KI * NaN; + P T Php )\(CF3
I Blue LEDs N3
R? CF, R?

Scheme IA.6. Strategy for synthesis of carbotrifluoromethylation.

In 2018, Li and co-workers developed a photo-induced three-component reaction for the
synthesis of 1,2-alkylamines using styrenes, alkyl N-hydroxy phthalimide (NHP) esters, and
amines. Here, the alkyl NHP esters play a crucial role as alkylating agents, facilitating the
generation of 1,2-alkylamine products from the corresponding alkenes (Scheme 1A.7).%

0O O

3
R2 R
Ru(b Cl,, B(CgF NH
SN N—C  + RP—NH (bpy)3Cl,, B(Ce 5)3; ,
2 DMSO,Ar rt, 24 h R
) Blue LEDs R'

Scheme IA.7. Strategy for synthesis of 1,2-alkyl amine products.
In 2019, the Chu group detailed an Ir-catalyzed visible-light-mediated azidoarylation of
alkenes, employing pyridines and TMSN3. The reactions were conducted in the presence of tert-
butanol and irradiated with 90 W blue LEDs. Herein, electron-withdrawing and electron-donating

groups of the alkene and cyanopyridine substrates exhibited smooth reactivity, yielding the desired

products (Scheme 1A.8).%°
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R? CN
NN Y N THSN, Ir(ppy),(dtbbpy)(PFg) R Y /1
R'—r _ R l'\N/ t-BuOH, rt, Blue LEDs T _N

Scheme IA.8. Strategy for the synthesis of f—azidopyridines.

Shen et al. described a scandium(IIl) trifluoromethanesulfonate [Sc(OTf);] and [fac-
Ir(ppy)s]-catalyzed synthesis of trifluoromethylative amination product via three-components
gathering of alkenes, selenium ylides-based trifluoromethylation reagents, and nucleophiles such
as azide, amines. The reaction was conducted under mild conditions, and various nucleophiles,

including amine, azide, alcohol, water, and electron-rich arenes were tolerated (Scheme 1A.9).3!

XN Y I Tf
R1—: + +Se‘CF3 + TsNH, fac Ir(ppy)s, Sc (O )3= R1_T A
= Blue LEDs, rt, 3 h '

N

0,

MeO,C.__CO,Me NHTs

CF;

Scheme IA.9. Synthesis of trifluoromethylative amination product.

In 2015, the Yu group demonstrated an Ir-catalyzed visible-light-mediated synthesis of
chloroamines from activated olefins. Here, N-chlorosulfonamides served as both the nitrogen and
chlorine sources. The methodology offered a regioselective, efficient, and atom-economic strategy
for preparing vicinal halo amines (Scheme 1A.10).>?

XIrY R

R'— + __N__ _Ir(ppy)z(dtbbpy)(PFe)

Z R3” 1S R?

Cl "Visible light, DCE, rt . R U _

Scheme 1A.10. Synthesis of chiroamination derivative.

In 2015, Greaney et al. introduced a method for synthesizing azidation derivatives from
activated alkenes. Here, the reaction is light-switchable; in the presence of light, it gives
methoxyazidated products, and in the absence of light, a diazidation product is obtained. This
methodology uses a sustainable and cheap copper-based photocatalyst to enable electron transfer

under mild reaction conditions, thus affecting the formation of double C—N bonds in the dark and

C-N/C-0 formation in the presence of light (Scheme 1A.11).3

. N
R N;—I—O0 MeO : 3
2 ® [Cu(dap),]CI Ra, | Ror
AR+ = R 3R 3
Ry O  MeOH,rt,18h " o
Visible light /Dark Rs N3

Scheme 1A.11. Synthesis of azidation derivative.
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In 2018, the Reiser group introduced a visible-light-photocatalytic strategy for synthesizing
azido ketones from vinyl arenes and TMSN3. The reactions proceeded in a step-economic fashion
under aerobic conditions without the need for additional oxidants (Scheme 1A.12).3*

(o)
[Cu(dap)ICl |

CH4CN, air, rt, ” R!
12-72 h, Green LED R2

N3

R/\/Rz + TMSN;
Scheme 1A.12. Synthesis of azido ketones.

In 2019 Zhang’s group reported a Cu-catalyzed visible-light-mediated synthesis of amino
alkylated derivatives in the presence of alkene, alkyl iodides, and carbazole. The reaction easily
couples with the readily available alkenes, a wide variety of halides, and a broad range of amines
(Scheme 1A.13).%

R2

R? /-

75 t \

e \ / + R3—x __CuClLOBu _ \
N CH,CN, rt, 60 h ,
H Blue LEDs R1)\,R

Scheme 1A.13. Synthesis of carboaminations product.

In 2020, the Gevorgyan group disclosed a Pd-catalyzed visible-light-mediated synthesis of
amino alkylated derivatives through the 1,2-carbofunctionalization of conjugated dienes using
alkyl iodides and amines as coupling partners. This versatile methodology was further applied for
the late-stage derivatization of complex molecules, which is useful in drug discovery. The multi-
component reaction utilized readily available reaction partners with a broad substrate scope and

did not require exogenous photosensitizers or external oxidants (Scheme 1A.14).3

4 5
. s PdCl,, Xantphos R‘N'R
R1/Y\ . R3_I + R\N/R AgNsz, CSZCO3 - R3
= H THF, rt, 15 h RYT
Blue LEDs R2

Scheme 1A.14. Synthesis of aminoalkylations derivative.

Hong et al. demonstrated an atom-economical visible-light-mediated synthesis of
aminopyridines using alkenes and N-aminopyridinium ylides. This environmentally friendly
method demonstrated applicability to a wide range of substrates with good functional group
tolerance. The activated and unactivated alkenes, as well as pyridine, smoothly participated in the
reaction, yielding the desired products in moderate to good yields at room temperature (Scheme

1A.15).%7
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Scheme 1A.15. Synthesis of aminopyridylation product.
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IA.5.1.2. Photochemical C—N Bond Formation via Difunctionalization of Indole

Indole and its derivatives are pivotal in bioactive molecules, natural products, and
advanced materials. Consequently, the quest for functionalizing simple indoles to construct
intricate derivatives is a significant area of research. Photocatalysis is considered a synthetically
attractive for driving the single electron oxidation of indoles. Indole-derived radical cations, open-
shell reactive species, display distinctive dual reactivity due to the carbon-centered radical and
more electrophilic carbocation. It has been applied in various single electron oxidation reactions
for synthesizing structurally diverse functionalized indoles and indolines. Remarkable
achievements in indole-derived radical cation-mediated indole functionalization have been
realized so far.*® Although 2,3-difunctionalization of indoles has been extensively explored,
reported examples are predominantly confined to synthesizing 2,3-disubstituted indole derivatives.
Up to date, the 2,3-difunctionalization of simple indoles for synthesizing dearomatized molecules
is rare. Here, we have discussed the applications of indole radical cations and dearomative 2,3-
difunctionalization, emphasizing the vital single electron oxidation steps of indoles.*

Liang’s group demonstrated an iodine-mediated C2,3—H aminoheteroarylation of indoles
using azoles and quinoxalinones as the reacting partners. This method offers several advantages,
including metal-free, straightforward operation, mild reaction conditions, and good tolerance
toward various functional groups. This methodology features the versatility of one-pot

difunctionalization strategy (Scheme 1A.16).%°

R4

N \ /
N N 0 MeCN, 80 °C, 2 h

R2

Scheme 1A.16. Synthesis of aminoheteroarylationof indoles derivatives.
In 2020, Sen ef al. introduced an iodine-catalyzed aerobic diazenylation-amination of
indole. Here, the aromatic amines are generated in situ by the reaction of aryl hydrazine with
iodine. The reaction is compatible with both these substrates and various functional groups. This

methodology provides a practical route to access C2/C3 aminated indoles (Scheme 1A.17).4!
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3
R\l,\
—

NHNH, N-NH
/
N ) HFIP, 40 °C N +_R3
R2 R2 7 X

Scheme 1A.17. Synthesis of azenyl-aminated indole derivatives.
Liang group disclosed a palladium-/copper-catalyzed regioselective amination and
chloroamination of indoles. This reaction produces good to excellent yields to give a variety of 2-
amino-substituted indoles and exhibits excellent regioselectivity at room temperature. Similarly,

an intermolecular direct C—H amination of indoles is obtained using chlorosulfonamides as the

Pd(OAc), CuCl _ ‘@E\g—N'RZ
Ag,CO;, LiCl 0B .
. N . Ts\N,CI dioxane, rt kz
CEN\: R? H
R2 RZ
Pd(OAc),, Cu(acac), ‘@fg_“
Na,CO;, bpy N Ts

dioxane, rt kz

nitrogen source (Scheme 1A.18).4

Scheme IA.18. Synthesis of azenyl-aminated indole derivatives.

In 2020 the Zheng group presented an electrochemical iodoamination method for indoles
that employed unactivated amines. This electrochemical approach facilitates the iodoamination of
diverse indole derivatives with various unactivated amines, amino acid, and benzotriazoles
derivatives. This strategy is further extended in gram-scale synthesis and its utility in the

radioactive of *'I-labeled compounds (Scheme 1A.19).#
[

0 RVC(+) / Ni(-)

R N\ (j NH,l, CH;CN:DMSO _ NN b
N Sy j=2.07 mAlcm? N
R H

rt, 18 h kz

Scheme IA.19. Synthesis of iodoamination indole derivatives.

In 2018 Borhan group demonstrated a Cu-catalyzed oxidation of C2 and C3 alkyl-
substituted indole via acyl nitroso reagents. The selective oxidation of C2-alkyl-substituted indoles

to 3-oxindole and the selective C—H oxygenation or amination of C2,C3-dialkyl-substituted
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indoles at C2 are achieved under mild conditions. The strongly electron-donating and electron-

withdrawing groups are compatible with this reaction (Scheme 1A.20).%

/O
M NHB
R1m + HNJ\ )< . _cuCl.Py R1mRs *
e ——— I 5
N THF, air N
R2 R2

Scheme 1A.20. Synthesis of 3-oxindole derivatives.

In 2019, the Ji group unveiled the dearomatization of indoles through azido radical addition
and dioxygen trapping, resulting in the synthesis of 2 azidoindolin-3-ols. Here, the molecular
oxygen played a dual role as an oxygen-atom source and a trapping agent. The reaction
demonstrated exceptional site- and diastereoselectivity, showcasing its versatility across a wide

substrate scope (Scheme 1A.21).%°

4
R Cu(OAc), R
R N\_ge 0, balloon 0:
—»
o * TMSNs“chcN, 25°Cc~ R’ h
L P(OEt); N R
R RZ

Scheme 1A.21. Synthesis of 2-azidoindolin-3-ols derivatives.

Tu et al. presented a TBHP/TBAI-catalyzed oxidative coupling reaction of C2,C3-
unsubstituted indoles with arylsulfonyl hydrazide. The methodology provided a mild and practical
route to polyfunctionalized indoles with good to excellent yields via the simultaneous formation
of C—S and C-N bonds (Scheme 1A.22).46

Pan group introduced an environmentally benign electrochemical method for the
chemoselective sulfonylation and hydrazination of C2, and C3-unsubstituted indoles. This
approach involved the use of aryl sulfonyl hydrazide in the presence of ammonium bromide as a

redox catalyst and electrolyte (Scheme 1A.22.).4’

R
O:é:O
O NH,
R1~©f\> + RZS —NH __condition _ 1 A\ NH ©
N o N HN- S- —R?2
H H 0
Tu's condition Pan's condition
TBAI, TBHP Pt(+)/RVC(-)
CH3CN, 40 °C NH,Br, CH;0H
65°C,Ar,5h

Scheme 1A.22. Synthesis of sulfonylation and hydrazination of indoles derivatives.
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In 2019, the Vincent group disclosed an interesting electrochemical dearomative 2,3-
difunctionalization of indoles. This operationally simple electro-oxidative procedure avoids the

use of an external oxidant and displays excellent functional group compatibility (Scheme 1A.23).48

C(+)/Pt(-) N3
n
R' N) o+ TMSN, Bu,NBF, > R N,
N CH,CN, J = 8.9 mA/cm? N
R? R2

Scheme 1A.23. Synthesis of diazidation of indoles derivatives.
Zhu and co-workers developed a copper-catalyzed 2,3-diazidation of indole derivatives via
C—H activation using azidotrimethylsilane as the azide source. The methodology synthesizes a
variety of 2,3-diazide-substituted indoles in high yields. The resulting 2,3-diazides exhibit facile
conversion into various functional groups, such as vicinal diamines, triazoles, and benzotriazoles

(Scheme 1A.24).%

N3
R1 \ + TMSN3 Cu(oAc)z, PhI(OAC)Z — R1 '"N3
Acetone: water N
N rt, 40 min. \
DG DG

Scheme 1A.24. Synthesis of 2,3-diazidation of indoles derivatives.
In 2023, Chandrasekhar’s group demonstrated a metal-free strategy for the regioselective
of 2,3-difunctionalization of indoles to access trans-2-azido-3-arylselenyl indolines under mild
conditions. The reaction proceeds via oxidation of N-substituted indole involving the formation of

C-N and C-Se bonds (Scheme 1A.25).%°

SePh
Phl(OAc),, PhSeSePh \
R1 \ + TMSN3 ( )2 P ’ o R14©\/>—N3
4 CH,Cl,, 25 °C, 24-36 h N
Lo ke

Scheme 1A.25. Synthesis of 2-azido-3-arylselenyl indolines derivatives.

Ji et al. demonstrated a visible-light-promoted radical cyclization and N—N bond cleavage
relay of N-aminopyridinium ylides to access 2,3-difunctionalized indoles. The electrophilic
pyridyl and nucleophilic amino groups were installed simultaneously into a wide range of indoles
under mild and metal-free conditions. The protocol shows high levels of step and atom economy

(Scheme 1A.26).3!
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N PC, DCE, Ny, rt
R1 \ + | _R4 -
@ 10 W Blue LEDs, 24 h
N N Then DDQ

Scheme 1A.26. Synthesis of 2,3- difunctionalized indoles derivatives.
IA.6. Conclusion

In summary, the literature, as mentioned earlier, gives the idea of how C—N bond formation
takes place via difunctionalization of alkene and indole under thermal and photochemical
conditions. With the current momentum of development, a more significant impact of
photocatalytic C—N bond-formations reactions is foreseeable, for example, in the late-stage
modifications of natural products, large-scale syntheses, and enantioselective C—N bond
formations reactions, visible-light-mediated reactions provide a greener and sustainable approach
and mild reaction condition towards the construction of complex molecules. Taking cues from the
above literature, the photochemical C—N bond formation via difunctionalization of alkene and

dearomative 2,3-difunctionalization of indole have been designed.
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CHAPTER IB

Electrochemical Approach for the C—N Bond
Construction

IB.1. Introduction

Though the photochemical strategies have been well-established, providing ample
nitrogenous framwork in a sustainble manner but the development of newer strateges in this
direction will always welcome in the scintific community. In recent years electrochemical
reactions gathered anough popularity in achieving various molecular framework. Particularly, the
C-N bond construction via electrochemical approach has proven to be a powerful tool. Thus,
within the realm of green and sustainable chemistry, there is a notable push for the
acknowledgment and adoption of environmentally friendly methodologies that employ
sustainable approaches in facilitating C—N bond formation reactions.

This approach aligns with the broader goal of achieving greener and more sustainable
practices in organic synthesis.® Synthetic organic chemists are continuously exploring innovative
techniques to enhance selectivity and productivity for the synthesis of pharmaceutical
compounds. This approach can potentially reduce chemical usage, minimize waste, and reduce
operational costs, safety, and sustainability. Electro-organic synthesis involves the direct use of
electrons from a power source to drive redox transformations.?

Mostly, electrochemical methods employ constant voltage or current to facilitate
chemical transformations. This approach, known as direct current electrolysis (DCE), ensures
that the electric current flows in a single direction. The alternating current electrolysis (ACE) has
not been explored much, where the flow of charge periodically changes its direction. The
adoption of electrochemical methods, whether using DCE or ACE, represents a promising
avenue for achieving greener and more efficient organic synthesis.® In this part, we will explore
traditional and modern approaches for the C—N bond formation resulting in an amide framework.
The discussion will begin with the basic concept of electro-organic synthesis and the formation
of the C—N bond, followed by an examination of the electrochemical approach specifically for

cross-coupling reactions.*
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IB.2. Development of Electrochemistry Battery to Modern

Electrochemical Cell

Terminology

Power supply:—electricity source

Current:— electrons movement (I in ampere)

Potential:—voltage difference between two electrodes, provides energy to move electrons (U in
volt)

Charge:—current passed within time (Q in coulomb)

Electrode:— A conducting material that transfers electrical current into the reaction solution
Cathode:—reduction electrode

Anode:—oxidation electrode

Working electrode:— the electrode where the desired reaction takesplace(WE)

Counter electrode:—electrode opposite to working electrode (CE)

Counter reaction:—reaction on the counter electrode

Cyclic voltammetry:—an electrochemical analytical tool (CV)

Overpotential:—additional potential required, dependent on e.g. the electrode material

Standard potential:—the potential of a redox reaction under standard conditions.
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Figure I1B.1. Timeline showing the revolution of electro-organic chemistry from 1800-2023.

Ongoing advancements in electro-organic synthesis, focusing on sustainable and green
methodologies. Advancements in electro-organic chemistry from 1800 to 2023 have been driven
by significant technological and methodological innovations. The invention of the voltaic pile by
Alessandro Volta in 1800 laid the foundational principles, which were further refined by Michael
Faraday's laws of electrolysis in the early 19" century. The mid-20" century saw the introduction
of controlled potential electrolysis and potentiostatic methods, enhancing the precision and scope
of electro-organic reactions. In recent decades, the integration of computational chemistry,
electrocatalysis, and flow electrochemistry has vastly improved reaction efficiency and
scalability. The contemporary focus on green chemistry and the use of renewable energy sources
has made electro-organic processes more sustainable and environmentally friendly. This timeline
provides a brief overview of the significant developments in electro-organic chemistry over the

years (Figure 1B.1).2

IB.2.1. Electric Battery in Electrochemical Reaction

The era of electro-organic synthesis began in 1800 with the introduction of the \Volta Pile.
Serving as the inaugural electric battery, the Volta Pile marked a significant milestone by
enabling a continuous flow of electrons through a circuit, laying the foundation for

electrochemical reaction in organic synthesis.®

IB.2.2. Faraday’s Contribution to Electrochemistry

Michael Faraday, one of the world's greatest physicists, is also known as the father of the
electric motor, electric generator, and electric transformer. He introduced the concept of
electrolysis to the world, the well-known terms cathode and anode, and the observation of ions
moving through electrolyte solutions. This led to the development of Faraday’s Laws of

electrolysis.®
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IB.2.3. Kolbes Electrolysis

Faraday's legacy in electro-organic chemistry is further solidified by his description of the
electrolysis of sodium acetate. This pioneering work served as inspiration for the development of
the renowned Kolbe electrolysis, which involves the electrochemical generation of alkyl radicals

from carboxylic acids (Figure 1B.2).”

CN CN
\ Me
0 + Me-COOH — PR /P
NaOMe, MeOH 0O
<

Proposed Mechanism:

CN NC
\ Me)\qo
o)
co,
0 e
Me-COOH

CN

\ °

O I s S "

Figure 1B.2. Cyclisation using mixed-kolbe electrolysis strategy and a plausible mechanism.

(0}
°

In addition to the pioneering early advancements in electro-organic synthesis, significant
progress has emerged over the past six decades.?>® Noteworthy contributions include Lund's®
1969 breakthrough in electrochemical generation of bases, along with the establishment of the
Shono oxidation® in 1975, enabling the a-functionalization of alkyl amides. Furthermore, the past
thirty years have witnessed a proliferation of groundbreaking research in electro-organic
synthesis spearheaded by luminaries such as Little!® in electro-reductive cyclization. The
Moeller*! in anodic olefin coupling, Yoshida!? in electro-auxiliaries employing S and Si,
Baran's!® achievement in total synthesis of dixiamycin, Waldvogel's** innovations in the biaryl

coupling, among numerous others.™
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IB.2.4. Introduction of CyclicVoltamtery

Randles in 1948 reported the world's first cyclic voltammetry(CV) experiment. This
groundbreaking technique allowed the accurate determination of redox potentials for various
specific functional groups and remained a valuable tool in electrochemical studies.

In a cyclic voltammetry (CV) setup, there is a working electrode, a counter electrode, and
a reference electrode. During the experiment, the current is monitored as the potential at the
working electrode is scanned in a cyclic manner using a triangular waveform, resulting in a
cyclic voltammogram. When the potential is increased without any active reaction occurring,
there will be no rise in current observed. However, if a species can undergo oxidation or
reduction at the applied voltage, current will flow until the species is depleted at the electrode

surface, resulting in a peak formation.®

IB.2.5. Current and Potential

In electrochemical reactions, the current (I) and potential (U) are key factors. The current
shows the movement of electrons, while the potential represents the energy needed to facilitate
this electron movement. The current regulates the electron transfer rate into the reaction medium,
thereby controlling the reaction rate in an electrochemical context. Charge (Q), which is current
over a certain period, aligns with the total electrons transferred, which is close to the
stoichiometry of a reagent. The potential (U), representing the energy of the electrons, must be
adjusted to match the potential required for the desired electrochemical approach. The precise
control of the potential is crucial for achieving the desired reaction outcomes in electrochemical
synthesis.

The current and potential in an electrochemical reaction are connected through the
system's resistance (R), which stems from components like wiring, electrodes, the reaction
solution, and the reaction itself. Given their intrinsic link, any modification in one parameter, like
its potential, resistance, or current, affects the others. Consequently, in electrochemical systems,
any adjustments in potential or current must account for the corresponding alterations in

resistance to uphold the desired reaction conditions.*’

U=RxI
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U: potential in volt [V], R: resistance in ohm [Q], I: current in ampere [A].

IB.2.6. Set-up of Electrochemical Reaction
IB.2.6.1. Equipments Needed

The apparatus and example electrodes are used for conducting reactions in either an
undivided cell or a divided cell. The primary components in all setups include:

I. An electrolyte solution containing a charged species dissolved in a solvent,
facilitating the transfer of charges between electrodes (e.g., LiClO4 dissolved in
MeCN).

ii. Electrodes immersed in the electrolyte solution, conducting electrons to or from the
potentiostat.

ii. A potentiostat.

iv. A reaction vessel or cell, which can be either divided or undivided.

1B.2.6.2. Choice of Electrode

The electrodes play a crucial role in electrochemical reactions, and the choice of
electrode material, size, and shape can significantly impact the reaction outcome. Since reactions
occur on the electrode surface, surface area is a key factor. Materials with higher surface areas,
such as foams or meshes, offer more active sites for reaction, leading to enhanced reaction rates
than solid plates or rods. Therefore, selecting electrodes with appropriate surface characteristics
is essential for optimizing reaction performance in the electrochemical approach. A standard
three-electrode system is employed in electrochemical experiments, featuring a working

electrode (WE), a reference electrode (RE), and a counter electrode (CE).

I1B.2.6.3. Choice of Solvents and Electrolytes
The choice of solvent in an electrochemical cell significantly influences reducing
resistance or increasing conductivity. In electro synthesis, organic solvents, particularly polar

aprotic ones, are commonly used. These solvents dissolve substrates, electrolytes, and reactants
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effectively. The solvent is frequently exposed to electrodes at high oxidizing or reducing
potentials during electrochemical reactions. Therefore, selecting a solvent with appropriate
properties is essential for ensuring the success and efficiency of the electrochemical reaction. To
ensure the cell's charge neutrality, having charged species (electrolytes) is crucial. Electrolytes
also play a role in altering the electrode surface during reactions. These electrolytes vary from
ionic liquids to polar solvents, aiding conductivity through soluble organic salts like BusNBF4
and BusNPFe.

1B.2.6.4. Electrochemical Cell Design

Electrolysis can be conducted using standard laboratory glassware such as beakers or
round-bottom flasks. In addition to self-made setups utilizing regular batteries, there are also
commercially available setups for electrolysis. Flow electrolysis is particularly important for
scaling up the process. Electrochemical cells come in two varieties: undivided cells and divided

cells.

1B.2.6.4.1. Undivided Cell

In an undivided electrochemical cell, the cathode and anode are housed in the same
chamber. This setup is easy to carry out, as no elaborate glassware/reactor is needed. In addition,
the distance between the two electrodes can be easily adjusted, and ionic species can move freely

between the electrodes (Figure I1B.3).

1= power supply
2= electrodes

Figure 1B.3. Undivided cell.

1B.2.6.4.2. Divided Cell
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In a divided electrochemical cell, the cathode and anode are kept in different chambers,
separated by an ion-permeable membrane or salt bridge. A semipermeable membrane or porous
glass frit is used in divided cells to separate the anolyte and catholyte to suppress nondesired

diffusion to the counter electrode (Figure 1B.4).

1= power supply
2= electrodes
3= membrane

Figure 1B.4. Divided cell

IB.2.7. Galvanostatic Conditions

Electrolysis can be carried out galvanostatically using a constant current, which can be achieved
with a simple, low-cost setup using equipment commonly found in hardware stores. This method
enables rapid reactions and is particularly useful for scaling up organic synthesis. In a
galvanostatic setup, only the working and counter electrodes are needed, along with a clear
understanding of the electrons involved in the process. By tracking the current (1) over time (t),
the total charge (Q) involved in the reaction can be calculated. This total charge is derived from
factors such as the number of electrons per substrate (z), the moles (N) of the substrate, and the

Faraday constant.

Q=1xt

Q= nxFxN
Q: charge in Coulomb [C = As], z: number of electrons per substrate, N: number of moles [mol],
F: Faraday constant [96 485 s A mol™].
The time needed for the required charge to pass into the reaction at a specific current can be

calculated

10
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ZxNxF
|
The calculated time corresponds to the time necessary for one electron equivalent (1 F or

1 F mol™) to pass, and this duration can be extended to achieve higher electron equivalents.

IB.2.8. Potentiostatic Conditions

The application of constant potential to perform electrolysis is known as potenstiostatic
electrolysis. The potential, or voltage, represents the energy needed to transfer electrons from the
anode to the cathode, generating a potential difference. When this difference is significant,
electrons can move from the cathode into the reaction solution. Concurrently, electrons are
extracted from the reaction solution at the anode, leading to the current flow. There are different

types of moods of electrolysis depicted in Figure 1B.5.

Constant Potential Electrolysis Constant Current Electrolysis Alternating Current Electrolysis

quiet time

Constant Potential Constant Current

Oxidation

=
o
Current ?,

Reduction

Current
|enjuajoyd
Concentration
)
S
i
£
2
£y
3
Current
A
o
3
>

time time - | | time
initial time

Figure IB.5. Different modes of elctrolysis.

I1B.2.9. Challenges in Electro-organic Synthesis

Analogous to the potential of an oxidizing agent (to oxidize a substrate), the electric
potential can be tuned to achieve the oxidation of substrates to facilitate selective coupling.
Potentials for the desired redox process can be obtained from tables with standard potentials (E°)
or by measuring cyclic voltammograms. Tables of standard reduction potentials E° for an
oxidized species (Ox) being reduced to a reduced species (Red) can be found in the literature. By
definition, these standard potentials are obtained under standard conditions (25 °C, 1 mol L, 1
atm) against a standard calomel electrode (SCE). Typical potential ranges for organic functional

groups, redox mediators, and solvents are depicted in Figure 1B.6.Y

11
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Organic functional group aromatic hydrocarbon o

a olefin -
carboxylate
——0
a alcohol, amine, aniline o ArX .unactivated hydrocarbon.
| | | | [ I
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(o]
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° ° TEMPO: Me)(j<"'e NHPI: N—OH
me” N Me
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o
° ° o
pDQ triarylimidazole pbQ: NC CN triarylimidazole:
NC CN O H
e auine ° I ()
triarylamine quinuclidine N
Solvents triarylamine: quinuclidine:
al DMSO, MeOH _

N { 77
N
H,0, DMF, acetone, THF
e °

MeNO,, sulfolane, MeCN -

Figure 1B.6. Oxidation potentials for organic functional groups, redox mediators, and

solvents.
IB.3. Electrochemical Oxidative Cross-coupling Strategy

Oxidative cross-coupling has been developed into a robust method for carbon-carbon
(C-C), carbon-heteroatom (C—X), and heteroatom-heteroatom (X-Y) bond formation. Over the
past two decades, tremendous efforts have been devoted to this field, and significant
advancements have been achieved. Electrochemical synthesis is a powerful and environmentally
benign approach, which not only achieves oxidative cross-couplings under external-oxidant-free
conditions but also releases valuable hydrogen gas during the chemical bond formation.
Recently, the electrochemical oxidative cross-coupling with hydrogen evolution reactions has
been significantly explored.81°

12
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Figure IB.7. Electrochemical oxidative cross-coupling.

IB.3.1. Oxidative Cross-coupling for the C—N Bond Formation

Oxidative cross-coupling for C—N bond formation represents a powerful synthetic
strategy in organic chemistry, enabling the construction of complex molecular structures with
high efficiency. This method involves the direct coupling of carbon and nitrogen through the
oxidative process, often employing transition metal catalysts. The oxidative C—N bond
formation allows for the synthesis of various nitrogen-containing compounds, such as amines
and amides, which are essential building blocks in pharmaceuticals, agrochemicals, and

materials sciences.?°

IB.3.2 Traditional and Modern Approach for the C-N Bond

Formation Resulting Amide Framework

Amides are prevalent in biomolecules such as peptides and proteins and are found in
natural products, pharmaceuticals, polymers, and fine chemicals. In 2014, an analysis by Brown
et al. revealed that 50% of medicinally relevant compounds possess at least one amidic linkage.
In this context, in 2014, the Lei group disclosed a visible-light-mediated [Ru(phen)s]Cl.-
catalyzed decarboxylation/oxidative amidation of a-keto acids with amines under mild reaction

conditions using O as the terminal oxidant. This protocol is compatible with a wide range of

13
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substrates, leading to the formation of corresponding product in good to excellent yields (Scheme
1B.1).2

0 , o
.R Ru(ph Cl R3
X OH , HN [Ru(p en)3] 2 - . O N°
R'—+ 2 DMSO, 0,, 32 °C R'—- '
| R - N | RZ
¥z o Visible-Light (25W), 36 h Z

Scheme 1B.1. Visible-light-induced acylation of amines with a-keto acids.

In 2021, the Cibulka group disclosed a riboflavin catalyzed coupling between aldehydes
and amines for synthesizing diverse amides. This approach demonstrated high functional group
tolerance and relatively low oxidation potential of the hemiaminal formed by amine to aldehyde
addition underscoring its synthetic versatility and potential impact on organic synthesis (Scheme
1B.2).2?

An electrochemical method for amide bond formation using benzaldehydes and amines
was developed by the Chiba group in 2020. The oxidation step is facilitated by cathodic-
generated hydrogen peroxide (Scheme 1B.2).%

(0] (o]
3
R1_E BN HY HN’R3 condition i X N’R
| > éz | — RZ
Cibulka's condition Chiba's condition
GC(+)/CF(-)
RFTA NaClO,

THF/ACN, 45 °C, O,
Blue LEDs( 488 nm)
2-5h

CH5CN, O,
2.3 mA/cm?, 10 F

Scheme 1B.2. N-acylation of amines with aldehyde.

In 2012, Luca's group demonstrated the direct conversion of aldehydes to amides using
iron(111) chloride as a catalyst and tert-butyl hydroperoxide (TBHP) as an oxidant. This protocol
is compatible with a range of aliphatic and aromatic aldehydes, reacting successfully with both
mono-and di-substituted N-chloramines (Scheme 1B.3).2*

In 2013, Singh et al. presented an AIBN-initiated metal-free amidation of aldehydes
using N-chloroamines. This method provides a metal and base-free approach, featuring mild

reaction conditions, high yields, and good functional group tolerance (Scheme 1B.3).2°
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L 3
Cl._ _R® condition -R
R1-L = H + \l;l - > gri N N
L P R2 ! — R2
Luca condition’s Singh condition's
FeCl;, TBHP AIBN, TBHP
CH;CN, reflux CH3CN, 80 °C, 24 h

Scheme 1B.3. Iron-catalyzed N-acylation of amines with aldehyde.

In 2018, Saito’s group unveiled a diboron-catalyzed dehydrative amidation reaction,
facilitating the coupling of aromatic carboxylic acids with amines. This protocol's hallmark lies
in its simplicity and remarkable efficiency demonstrated across many substrates. It offers a
compelling avenue for leveraging diboron catalysts in amide synthesis, eliminating the
requirement for stoichiometric or additional dehydrating agents (Scheme 1B.5).%

In 2018, the Fussell group presented a significant advancement employing tetramethyl
orthosilicate (TMOQOS) as a highly effective reagent for the direct amidation of aliphatic and
aromatic carboxylic acids with amines and anilines. This methodology offers the advantage of
yielding amidesin good to excellent yields. Additionally, the products can be obtained in a pure
form directly after workup, obviating the necessity for further purification steps (Scheme
1B.5).7

In 2021, the Cobb group established a pentafluoropyridine (PFP) catalyzed
deoxyfluorination of carboxylic acid for the construction of amides. Here, PFP offers several
advantages, being cost-effective, commercially available, non-corrosive, and stable on the bench.
Furthermore, PFP can facilitate one-pot amide bond formation by enabling the in situ generation
of acyl fluorides. This reaction involving the unactivated carboxylic acids with amines affords

amides in good to excellent yields (Scheme 1B.5).?®
(0] (o)

R3 i 3
XN OH * HI:I’ condition X N'R
R1_I 1_1 A
1 RZ R =T 2
4 Z R

Luca's condition Fussell's condition Cobb's condition

B,X, (1-2 mol %) Si(OMe), () PFP, DIPEA
X =NMe,oroH PhMe, 110 C,12h  MecCN, rt, 30 min.
Toluene, air, 7 h (i) rt,16 h
azeotropic reflux
Wang's condition Guan's condition
BDD(+)/Pt(-
NDTP, DIPEA "Bu4rE||)IP|t=(h)3
CH,CN, rt, 1 min. CH,CN, 12 mA/cm?

undivided cell
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Scheme 1B.5. N-acylation of amines with carboxylic acid

Wang et al. developed an NDTP (N,N-dimethylthiophosphoryl chloride) catalyzed
synthesis of amide and peptide. This methodology enables direct and rapid synthesis of peptides
without inducing epimerization. The reaction condition is mild, and the coupling reagent NDTP
is recyclable (Scheme 1B.5).%°

In 2019, Guan group introduced a catalyst-free method for forming amide bonds using
thiocarboxylic acids and amines. The mechanistic investigations highlighted the pivotal role of
disulfide intermediates in this reaction. The thiobenzoic acids undergo spontaneous oxidation to
disulfides in the presence of air, while thioaliphatic acids electro-oxidized to generate disulfides.
Subsequently, these disulfides reacted with amines to yield the desired amides (Scheme 1B.5).%

Newman group reported the construction of amide via a Ni-catalyzed C—N coupling
using esters and amines. This method has the advantage of its mild reaction condition, excellent
functional group tolerance, and broad substrate scope (Scheme 1B.6).%!

(o) (o]

3 . R3
L OMe + HN'R Ni(cod), IPr - N°
R'— ) PhMe, 140 °C,16 h R'— '
Z R2 — R

Scheme 1B.6. N-acylation of amines with aldehyde

Brown et al. introduced a ball-milling methodology for the direct amidation of esters
through mechanochemistry. This operationally straightforward procedure entails combining
ester, amine, and sub-stoichiometric KO'Bu, resulting in the synthesis of a broad and diverse
array of amides with modest to excellent yield. This reaction offers a convenient route to
assembling large libraries of amides, showcasing the potential of mechanochemical techniques in

organic synthesis (Scheme 1B.7).%?

o o
R3 KO'Bu, mixer mill R3
30Hz,1h ~ R'— !

_n N OoX + HN‘
| — |IQ2
X =Et/ Me

R1

Scheme 1B.7. N-acylation of amines with aldehyde
In 2013 the Dyson group demonstrated an efficient method for the synthesis of amides
via Pd-catalyzed oxidative carbonylation of C(sp®)—H bonds with CO and amines. The route

efficiently provides substituted phenyl amides from alkanes (Scheme 1B.8).%
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o
3
Me R3 _R
R N + CO + HN~ M R1—: N
T P 125°C,1h pZ R?

Scheme 1B.8. Pd-catalyzed N-acylation of amines with toluene

In 2019, Szostak’s group presented an elegant and highly chemoselective method via a
transition-metal-free transamidation of unactivated amides and direct amidation of alkyl esters

through N-C/O—C cleavage (Scheme 1B.9).3*
0 0

-Ph 3 LiHMDS .R3
L N + HN«"—» N N
R'—+ ! ) PhMe, rt, 15h R'— L
7 Me R2 Z R

Scheme 1B.9. N-acylation of amines with unactivated amide

In 2018, Liu’s group demonstrated the synthesis of a-benzylated amides via the
electrocatalytic Favorskii  rearrangement of 1,3-diarylacetones. This electrocatalytic
transformation favored the Favorskii rearrangement of 1,3-diaryl acetones, even with electron-
withdrawing substituents, yielding a-benzylated amides in good yields. The method was
effective with various unsymmetrical ketones, showing moderate regioselectivity. Additionally,

this approach introduced a chiral center at the a-position of the amide (Scheme 1B.11).%

Pt(+)/Pt(-)
N, . HN,R 4mAlcm?
| il R3  BuyNI, CH,CN

R
! = 0

Scheme 1B.10. Electrochemical synthesis of a-benzylated amides derivatives

In 2013, Yuan’s group developed an electrochemical method for synthesizing amides
directly. This approach involved the transformation of methyl ketones with formamides,
leveraging the in situ generation of iodine through the electrolysis of sodium iodide. This metal-
free, mild-condition electrochemical strategy delivers the desired amide products in good to
excellent yields (Scheme 1B.12).%
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(0] (o) (0]

N + AL RS Cemie) NS
RI-IL ', NalL50mA  R'-f 2
Z R DMSO, rt z R
Scheme 1B.11. Electrochemical synthesis of dimethylamine derivatives.

Gong group accomplished an electrochemical method for synthesizing a-ketoamides via
decarboxylative acylation of isocyanides using a-ketoacids as an acyl source. The method is
compatible with various a-ketoacids under mild conditions for synthesizing highly

functionalized o-ketoamides (Scheme 1B.12).%’

o o) o
N 0 RaGay P
N o A LiCIO,, "Bu,NI X 0" Me
R1—- 2N e > R
r J 0 c 0" 'Me  CH,CN: HFIP, H,0 ' o

8mA,3.5h,rt
undivided cell

Scheme 1B.12. Electrochemical synthesis of o-ketoamides using a-ketoacids.

Wang’s group described a one-pot methodology for the preparation of a-ketoamides
through anodic oxidation. This transformation is highly versatile, has a broad substrate scope,

and has excellent functional group tolerance (Scheme 1B.13).%®

2
0 . Pt(+)/Pt(-) 0 E
R .
R1_l A o HN/ nBU4N|, EtOH= R1_' S R3
L R2 20 mA, 3 h, rt T o

undivided cell

Scheme 1B.13. Electrochemical synthesis of a-ketoamides using acetophenone.

In 2019, the Vannucci group presented an electrochemical anion pool synthesis for the
concurrent generation of amides and benzyl esters. This method involved the electrochemical
generation of strong nucleophiles from amine substrates, then reacting with acid anhydrides to
form amides. These one-pot reactions were operationally simple, conducted at room temperature,

and eliminated the use of transition metal and base (Scheme 1B.14).%°

o o . RVC(+)/IRVC(-) .
R n .
RIS | D gro+ HY 4 ©/\Br Pel e SR, i
| . 8mA,2h,rt ! 2
. 7 RZ s ) y R
divided cell

Scheme 1B.14. Electrochemical synthesis of amide derivatives.
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In 2019, Wang's group demonstrated an efficient cross-coupling reaction involving
carbon dioxide, amines, and arylketones. This reaction was achieved through straightforward
electrochemical oxidation under mild and metal-free conditions, yielding a variety of O-B-
oxoalkyl carbamates with moderate to good yields (Scheme 1B.15).%°

o o RS

” , Pt(+)/Pt(-) o
1l O . HN'R + co, "BuyNI, 25 mA R O \Ir R4
L R2 2-7 h, rt, MeCN L R O

undivided cell

Scheme 1B.15. Electrochemical synthesis of O-f5-oxoalkyl carbamates derivatives.

In 2022, the Opatz group introduced an iodide-mediated anodic amide coupling method.

This approach utilizes commercially available PPhs as the coupling reagent and BusNI as a

redox mediator to facilitate the direct coupling of carboxylic acids with amines (Scheme
1B.16).%

e 0 G L

SN
> R1
i ', "CH,CN, 6 mA, 23 h i
o 2 3 3 y (o)
Z R undivided cell Z

Scheme 1B.16. Electrochemical synthesis of a-ketoamides derivatives.

In 2020, He et al. disclosed the electrochemical synthesis of a-ketoamides under catalyst,
oxidant, and electrolyte-free conditions. The reaction proceeds under mild conditions, excellent
functional-group tolerance, high atom economy, and scalability, making it suitable for various

applications in pharmaceutical chemistry (Scheme 1B.17).42

Q L PP o -
n
S SK + ,R BU4NBF4, EtOAE | A N~
R'-T A TmAlcm?, 24 h . R )
% R2 ma/em . = R?

undivided cell

Scheme 1B.17. Electrochemical synthesis of amide using thioacid.
In 2019, Vannucci’s group demonstrated an electrochemical synthesis for selective N!-
acylation of indazoles. The methodology, known as the "anion pool,” involved electrochemically

reducing indazole molecules to generate indazole anions and H». The procedure is base-free, with
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acid anhydrides used as the acylation substrate. This procedure can also be applied to acylation

of benzimidazoles and indoles (Scheme 1B.19).%3
RVC(+)//RVC(-)
R1_:\ \'N + JOL )cj)\ nBu4NPF6, CH3CN‘ R1_:§\\,N
ZN R2 ~0” “R2 8mA 3h Z~N
divided cell ) SN
R2

Scheme 1B.18. Electrochemical N*-acylation of indazoles.

In 2023, the Luo group introduced an electrochemical oxidative transamidation of tertiary
amines with N-acyl imides for the construction of amide. This protocol is environmentally
friendly and easy to handle, as tertiary amines are used as surrogates for secondary amines. The
C-N bond of tertiary amines is cleaved, allowing for the preparation of amide compounds with
yields ranging from 11% to 80% (Scheme 1B.19).%

o o Pt(+)/Pt(-) 0 )
4 R
R1_' AN N n /'E—N'R "BU4NBI', (NH4)2SO4= R1—' B Nz
_ R2 p3 H,0, DCM, 6 mA, 6 h P> R3
fo) R rt, undivided cell

Scheme 1B.19. Electrochemical synthesis of amide using N-acyl imides

In 2022, the Li group reported an amidation reaction for the constructing amides through
electro-oxidative C—C cleavage. This electro-oxidative reaction was conducted under constant
current conditions in a simple undivided cell using NH4l as a mediator and derived amides in

moderate to good yields (Scheme 1B.20).%

o Pt(+)/Pt(-) 9
X 3 . p _R3
i N + un-R LiCIO4, NHyl i1 N N
0 9 EtOAc, 9 mA, rt | 2
F R 10 mL buffer z R

undivided cell

Scheme 1B.20. Electrochemical Synthesis of amide using phenacyl bromide.

The N-acylations of NH-sulfoximines utilize acyl halides, anhydrides, aldehydes, or
carboxylic acids as the primary acylating agents. An early illustration of N-acylation involves a
reaction catalyzed by DMAP (4-dimethylaminopyridine) between acyl halides and NH-
sulfoximines in the presence of a base such as EtsN (triethylamine) or pyridine. This approach

leads to the efficient formation of N-acylated products in high-yield (Scheme 1B.21).46
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o H‘N DMAP o 0
lj\ + 1.0 _pyridine or Et;N 1JL _S—R3
R™ ~cl R "R® DCM - R R2

Scheme 1B.21. N-Acylation of sulfoximines with acyl halides.

In 2004, Bolm’s group disclosed a method for carbodiimide-mediated coupling between
NH-sulfoximines and acyl halides, leading to the synthesis of N-acylated products. Despite the
typically weak nucleophilicity of sulfoximines, NH-sulfoximines proved amenable to coupling
with carboxylic acids utilizing DCC (dicyclohexylcarbodiimide) or EDC [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide] (Scheme 1B.22).%¢ Garimallaprabhakaran and Harmata
further advanced this field by introducing a boric acid-mediated N-acylation of sulfoximines with

carboxylic acids (Scheme 1B.22).4

o H\N condition o 9 s

o+ o > W _s-r
R"SOH g2 g3 e N oo

Bolm’s condition Hermata's condition
DCC/ EDC, HOBt B(OH); (0.8 equiv)
DCM, °C, 24 h toluene, reflux, 24 h

Scheme 1B.22. N-Acylation of sulfoximines with carboxylic acids.

In 2013, the Bolm group reported an oxidative cross-coupling reaction between
aldehydes and sulfoximines involving dual C-H/N-H functionalization. This reaction was
facilitated copper catalyst and tert-butyl hydroperoxide (TBHP) as the oxidant. This method
proceeded under mild reaction conditions to afford a series of valuable N-acylated sulfoximine
derivatives in excellent yield (Scheme 1B.23).%8

Deng et al. introduced a C—H/N-H cross-coupling reaction targeting N-aroylated
sulfoximines using a TBAI/TBHP catalytic system with n-hexane as the solvent (Scheme
1B.23).99

In the subsequent year, Guin and colleagues unveiled an NHC-catalyzed acylation of NH-
sulfoximines with aldehydes, employing DBU as the base and bisquinone as the oxidant. This
methodology facilitated the amidation of numerous unactivated aliphatic and heteroaromatic

aldehydes, providing high yields (Scheme 1B.23).%°
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Zeng's group disclosed the visible light-mediated synthesis of N-aroyl sulfoximines,
utilizing a combination of TBHP and K>S>0g as oxidants, without requiring any photosensitizer,

metal catalyst, or base (Scheme 1B.23).%!
H.

o) N condition T
Jj\ + n.0 — ; .S—-R3
R1 H sz \R3 R N éz
Bolm's Condition Deng's Condition
CuBr,TBHP TBAI, TBHP,
CH3CN, 80 °C, 12 h n-hexane, N,
Guin's Condition Zeng's Condition
NHC, bisquinone, K5>S5,0g, TBHP, CH3;CN

DBU, THF, 25°C visible light, rt

Scheme 1B.23. N-Acylation of sulfoximines with aldehyde.

In 2017, the Yuan group demonstrated a Pd-catalyzed aroylation of NH-sulfoximines
with aryl halides, employing chloroform as the CO source. Under the standard reaction
conditions, various aryl halides and sulfoximines demonstrated efficient reactivity, resulting in

the formation of the products in moderate to good yields (Scheme 1B.24).%2

o o
i He Pd(OAc), O
1 0 AN + "//O DBU, CHC|3, KOH - R1—| N N 3
avgg | R2-S<g3  PhMe, 80°C, 12 h L

Scheme 1B.24. N-Acylation of sulfoximines with aryl halides.

Bolm et al. introduced a fascinating approach for C—H activation of methyl arenes in the
MnOz-mediated aroylation of N-chlorosulfoximines. This method entailed manganese oxide
promoted C—H activation of methyl arenes to generate an aroyl intermediate, which subsequently
underwent smooth reaction with N-chlorosulfoximines, affording a range of valuable aroyl

sulfoximine in high yields (Scheme 1B.25).%

O o
1]
Cl _S—R3
Me ™Sy MnO,, TBHP N
R1—-- + n_o » R1_l R2
O r2-S<gs CH3CN, 80°C, 24 h Z

Scheme 1B.25. N-Acylation of sulfoximines with toluene
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In 2016, Sekar’s group unveiled an innovative method for the aroylation of NH-
sulfoximines utilizing Pd nanoparticles stabilized by a binaphthyl backbone (Pd-BNP). This
synthetic strategy involved the carbon monoxide insertion into aryl iodides by Pd-BNP, resulting
in the formation of an aroyl intermediate. Subsequently, this intermediate reacted with NH-

sulfoximines, yielding N-aroyl sulfoximine in good to excellent yields (Scheme 1B.26).%*

O O
| H\N ,g_R3
R1—'\ + CO + Ié’/O Pd'BNP, K2CO3= 1_|\ N éz
Z R2“°°R3 DMF, 80 °C, 13 h T

Scheme 1B.26. N-Acylation of sulfoximines with aryl halides.

In 2015, An’s group disclosed the transition metal-free aroylation of NH-sulfoximines
with methyl arenes. The reaction proceeds in the presence of elemental iodine, requiring no
external organic solvents, transition metal catalysts, or ligands (Scheme 1B.27).%®

In 2016 Sekar's group introduced an iron-catalyzed one-pot N-aroylation of NH-
sulfoximines with methylarenes through benzylic C—H bond oxidation. This protocol involves

the oxidation of benzylic C—H bonds of toluenes to generate aroyl radical intermediates followed
by oxidative coupling with NH-sulfoximines to form N-aroylated sulfoximines in good to
excellent yields (Scheme 1B.27).%¢

In 2015, the Zhao group disclosed an oxidative acylation of sulfoximines with
methylarenes as an acyl donor. The reaction was carried out in neat condition. Both electron-
donating and withdrawing groups on methyl arenes are well-tolerated (Scheme 1B.27).%’

Hou et al. demonstrated a copper-catalyzed synthesis of N-aroylated sulfoximines from
methyl arenes. This methodology excluded the requirement for additional solvents or ligands
assistedby external oxidant tert-butyl hydroperoxide (Scheme 1B.27).%®

In 2024, our group revealed a visible light and PIDA/I>-promoted acylation of NH-
sulfoximines with methylarenes. This approach is devoid of transition metal catalysts and
photosensitizers. It is achieved by oxidative coupling sulfoximines with readily accessible
methylarenes, eliminating the peroxide sources. Mechanistic inquiries indicate the involvement
of radicals, with molecular oxygen playing a crucial role in the reaction mechanism (Scheme
1B.27).%°
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2
Me H. i .S—-R3
A + N condition X N°S
A T e g R
R?2"7°R3
An's condition Sekar's condition Zhao's condition
2, Na,CO3 NCS, CH;CN, rt, 4 h I, FeCl3.6H,0
TBHP FeSO,.7 H,0, TBHP  TBHP, 80 °C, 24 h
80°C,6h 85°C, 24 h
Hou's condition Patel's condition
Cul, TBHP PIDA, I,
80°C,20h air, DCM

20 W White LEDs

Scheme 1B.27. N-Acylation of sulfoximines with toluene.

In 2021, the Bolm group disclosed a palladium-catalyzed carbonylation method for the
synthesis of N-ynonylsulfoximines. This methodology proceeds at room temperature with a wide
range of substrate combinations, which affords the products in good yields (Scheme 1B.28).%°

Br o (0]

Z H. Pd(OAc), / g_Rs
LS Z ., N o _Cr(CO)s K,CO3 Qi NN
R r2-5Rs  DMF, rt, air, 36 h g

Scheme 1B.28. N-Acylation of sulfoximines with bromoalkynes.

In 2017, the Yotphan group demonstrated a copper-catalyzed oxidative decarboxylative
coupling of a-keto acids and sulfoximine. A variety of aryl a-oxocarboxylic acids and
sulfoximine substrates were well-compatible. The mechanistic investigation suggested that this
transformation involves the radical pathway, and the reactive aroyl radical is generated under

standard conditions (Scheme 1B.29).5!
0 O O

H g o3

~ ~.S—R
LN OH . N,/O CuBr, K28203= R1—'\ N l';z
R—,/ 5 r2-S<R3 CH,CN, t, 75 °C (-

Scheme 1B.29. N-Acylation of sulfoximines with a-keto acids.

The Bolm group developed a NBS-catalyzed visible-light promoted strategy for
synthesizing N-acyl sulfoximines using ketone via the oxidative cleavage of C—C bonds. The

reaction proceeds through the radicals generated via a Norrish Type | bond cleavage mechanism.
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This methodology has success across a wide range of NH-sulfoximines and ketones, delivering

the products in good to excellent yields (Scheme 1B.30).52

o H o o
N ¢s_R3
O CAr , o NBS.CClrt | NN
R r2-S<g3s 24 W blue LED T

Scheme 1B.30. Visible-light-induced acylation of sulfoximines with ketones

The Ji group in 2023 discribe an electrochemical N-acylation and N-a-ketoacylation of
sulfoximines via the selective decarboxylation and dehydration of a-ketoacids. These two
reactions use electricity as a “traceless” oxidant and a-ketoacid as a selective “acyl” or “o-

ketoacyl” source. A broad range of acylated- and a-ketoacylated sulfoximines were isolated in

good to excellent yields (Scheme 1B.31).%°

o O
. C(+2/Pt(-) /ISI—R3

o NiBry, "BusNBF, . "X N7,

H R'—=+ R

OH N acetone, 6 mA, rt, 3 h P
R B + Ié’/o 4 o
| fo} R27°°R3 N 9
C(+)/SS(-) > 1N A \‘§—R3

CH;CN,4mA, rt, 6 h 2 O R?

Scheme 1B.31. N-acylation and N-a-ketoacylation of sulfoximines with. a-ketoacids.
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IB.4. Conclusion

In summary, the above-mentioned literature gives the idea of how N-centered radicals
can be generated under visible-light irradiation and electrochemical conditions. The C-N bond
formation occurs via the conventional method and the radical-radical cross-coupling reaction
leading to the amidic frameworks. Taking cues from the above literature the cross-coupling
strategy and the generation of N-centered radicals for the synthesis of amidic frameworks have

been designed.
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CHAPTER-II

Visible-Light-Induced Difunctionalization of
Styrenes: Synthesis of N-Hydroxybenzimidoyl

H NH,OAc N2 ': O Metal-free
Eosin Y (2 mol %) | 1 O Radical difunctionalization of styrenes
X O NARNGSIeqUIY) - \\N ! O'BUONO and NH4OAc as nitrogen sources
20 Wil e R// ': O Formation of C=N and C=N bonds
CH4CN, 1t, 24 h 0
R = EDG, EWG 22 Examples 1 O DFT studies

Yields 48% - 71%, © Post-synthetic modifications

Org. Lett. 2020, 22, 3728-3733.
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L Letters ,
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Abstract: A visible-light-induced synthesis of N-hydroxybenzimidoyl
cyanides from aromatic terminal alkenes is achieved by using Eosin Y as
an organic photoredox catalyst. The process goes via a radical pathway
with successive incorporation of two nitrogen atoms, one each from tert-
butyl nitrite and ammonium acetate. The final product is achieved by the
concomitant installation of an oxime and a nitrile group. DFT
calculation supports a biradical pathway and all the proposed steps. A
few useful synthetic transformations of N-hydroxybenzimidoyl cyanide

are also |II strated.
TH{3414 17612201




Chapter 11

TH-3414_176122011



Chapter Il

CHAPTER 11

Visible-Light-Induced Difunctionalization of
Styrenes: Synthesis of N-Hydroxybenzimidoyl
Cyanides
I1.1. Introduction

Visible-light-mediated photocatalytic functionalization has attracted considerable
attention in modern organic synthesis because of sustainable energy sources that promote
chemical reactions.! Usually, the photoredox process via a single-electron transfer (SET) under
mild reaction conditions is utilized to synthesize numerous organic compounds.? In this
context, Ru- and Ir-based complexes are well-explored photocatalysts for several organic
transformations mediated by visible light.® However, despite their extraordinary photophysical
properties, their use is discouraged because of their scant availability, toxicity, and high cost.
Lately, organic dyes such as Rose Bengal, Eosin Y, Eosin B, etc., have been used in lieu of
transition metals since they are inexpensive, less toxic, and easy to handle. In particular, Eosin
Y is used as an organophotoredox catalyst in many radical-based organic transformations.® Of
late difunctionalization of alkenes has become a popular and competent chemical
transformation by which two functional groups can be introduced simultaneously across the
double bond.® Normally, difunctionalization of alkenes requires transition-metal catalysts and
proceeds via radical-mediated processes. This increases the molecular complexity in a step-
economical fashion.” Among various methods, the radical-mediated difunctionalization of
alkenes has made great progress recently, particularly the visible-light-mediated photoredox
SET process.®® On the other hand, oxime is a privileged scaffold for preparing amines, amides,
and nitrogen-containing heterocyclic compounds.!® Oxime functionality is found in
compounds that have anti-inflammatory, antibiotic, and pesticidal activities.!! Similarly, nitrile
serves as a synthetic precursor of many functional groups such as amine, amide, aldehyde,
tetrazole, and carboxylic acid, which are also found in a variety of compounds having numerous
biological activity.’> The presence of these two important functional groups in a single
molecule may further augment its activity against various targets (Figure 11.1).12

Conventionally, nitrile group is introduced by Sandmeyer and Rosenmund-von Braun
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reactions, as well as by the use of traditional cyanating reagents such as NaCN, CuCN, KCN,
TMSCN, Zn(CN)2, and K4[Fe(CN)s].1* However, many of the cyanation processes suffer from
certain drawbacks, because of the direct use of the toxic cyanide anion, which releases fatal

and volatile HCN under the reaction conditions.'®

OH O CH, y-OH
: |
N N—OH XF)\CN
\>_</
N
©:X CN R” "R
X =0, S, NH, N-CH3; R =H, CH,
X=0,8
Anticancer drug Herbicide antidots Growth regulating and

antimicrobial agents

Figure 11.1. Representative biologically active oximes and N-hydroxybenzimidoyl cyanides.

[1.2. ldeas Toward the Synthesis of N-Hydroxybenzimidoyl
Cyanides

Oh, group’s represents a significant breakthrough in organic synthesis, introducing a
visible-light-induced photoaddition of N-nitroso alkylamines to alkenes. This one-pot tandem
approach enables the 1,2-diamination of alkenes from secondary amines. The method combines
the visible-light-promoted photo-addition reaction of N-nitroso amines to alkenes with the o-
NQ-catalyzed aerobic oxidation protocol of amines. This strategy eliminates the direct handling

of harmful N-nitroso compounds, resulting in the efficient synthesis of a-amino oxime (Scheme

I.1).16
HO.
)
/ 3 TSOHHzo N\
R | f E o Purple LEDs R1_/| R?
X R2 “N°" "EtOH, 23°C, 48 h X

n

Scheme I1.1. Strategy for the N-nitrosoamines to indene.

In 2019, the Hong group presented a strategy for the synthesis of aminoethyl pyridine
derivatives using Eosin Y as a photocatalysis in the presence of alkenes. Various N-
aminopyridinium salts were employed as aminating and pyridylating agents, respectively. The

method enabled the concurrent incorporation of amino and pyridyl groups into alkenes under
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mild reaction conditions. Here, alkene substrates with both electron-withdrawing and electron-

donating groups were well tolerated in this protocol (Scheme I1.2).!6®

N R! \-PC
Rz—:/\/l . |
X+ L+ Eosin Y, KsPO,  ~ R3
R -

N~ - | 2
I BF, DMSO, Ny, rt ~ ).—R
R3” PG BluelLEDs,3h N

Scheme 11.2. Synthesis of aminoethyl pyridine derivatives.

Yu et al. reported a photo-redox-catalyzed diamidation and oxidative amidation of
alkenes. This approach utilizes Ir(ppy)s as the photocatalyst under visible light irradiation,
allowing the synthesis of a diverse range of 1,2-diamidates and a-amino ketones with various
functional groups. The choice of solvent, CH3CN for diamidation and DMSO for oxidative

amidation, plays a crucial role in providing a versatile method for the selective formation of

1,2-diamides and a-amino ketones (Scheme 11.3).'%
ArOC\N/Ac
NHTroc
o W R2 CH,CN R1_:<>)\/
X, )j\ b Ir(ppy); o

_n N ————]
R Ar” ~0” “Troc White LEDs U NHTroc
Z 3-12 hours | DMSO 1_N A

Scheme I1.3. Strategy for 1,2-diamidation and synthesis of a-amino ketones.

The Leonori and co-workers reported the synthesis of vicinal diamines, compounds
widely present in pharmaceuticals and biologically active substances. They developed a Ru-
catalyzed diamination of alkenes under blue LED. The in-situ generation of N-chloroamines
leads to an aminium radical capable of adding anti-Markovnikov alkenes. The study
underscores the potential of transition metal catalysis and photochemical techniques in

advancing complex molecule synthesis (Scheme 11.4).!6¢

O _H Ru(bpy);(PFg), ? NR?2
N & AR NCS,DCM,rt,1h N\)\
é TFA, Blue LEDs,0°C,1h O~ R

(i-Pr),NEt

Nal, R2NH, CH,CN

Scheme 11.4. Synthesis of 1, 2-diamination product.
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An elegant synthesis of oxime has been reported by the Beller group in 2009 from
styrene and tert-butyl nitrite in the presence of Fe(ll) catalyst [Scheme I1.5,(i)].}" Later, the
Wang group introduced a CN group to an allyl benzene using Pd(ll) catalyst and tert-butyl
nitrite serving as the nitrogen source in the presence of N-hydroxyphthalimide as the co-catalyst
[Scheme I1.5,(ii)].*® However, only a limited method is available for the synthesis of
hydroxyimino-acetonitriles. Bohle and co-workers demonstrated the synthesis of 2-
hydroxyimino-2-phenyl acetonitrile from benzyl cyanide, potassium methoxide, and nitric
oxide.'® Hydroxyiminoacetonitriles can also be synthesized from aldoxime via chlorination,

followed by a reaction with alkali cyanide.?

Scheme 11.5. Oximation and cyanation of terminal alkenes

Earlier reports OH
Fe(Pc) |
©/\ N 0.0 NaBH, (2 equiv) _ )
EtOH, rt, 3 h
Z OO  Pd(OAc): (10 mol %) o
>r NHPI (30 mol %)

CH,CN, 50 °C, N,, 24 h

0 O
+ r\;-—O\ + N—O NI’O|-I
I N
/ 7 —_— CN
NOZ N, = —(iii)

Nitration
Azidation Decompostion

® 3-Step synthesis ® No-substrate scope @ Harsh reaction conditions
Our work NH,OAc NIOH
Eosin Y (2 mol %) |

\ 2, i i
O/\ ;. >|/0\N,o NHPI (0.5 equiv) | NYeN )
R// 20 W White LEDs &

CH;CN, rt, 24 h

® 1-Step synthesis ® Broad substrate scope e Mild reaction condition

The synthesis of 2-hydroxyimino-2-phenyl acetonitrile starting from styrene was first
reported by the Kunai group via a three-step process involving nitration of styrene to 4-nitro-
3-phenylfurazan-2-oxide, an azidation step followed by photolytic decomposition [Scheme
11.5,(iii)].%* Although the above processes provide access to hydroxyiminoacetonitriles, these
methods have inherent limitations, such as the requirement of prefunctionalized starting
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materials, multistep process, limited substrate scope, and harsh reaction conditions. Therefore,
designing routes for the synthesis of hydroxyiminoacetonitriles that are efficient, cost-
effective, and atom economy is highly desirable. In recent times our group has been actively
involved in the functionalization of alkenes using tert-butyl nitrite, which gave a variety of
functionalized products under different reaction conditions.??

The reagent tert-butyl nitrite (TBN) is emerging as a versatile synthon in organic
synthesis.??® TBN serves as an “N—O” synthon during the construction of isoxazolines from
terminal aryl alkenes?® and as an “N1” synthon in the construction of imidazo[l,2-
aJquinolines.?? Interestingly, TBN serves the dual role of “N1” and “N—O” synthons in the
construction of 1,2,4-oxaziazole-5(4H)-ones from terminal aryl alkenes.??® In continuation of
our efforts toward functionalization of alkene, we were curious to see the reactivity of an alkene
with tert-butyl nitrite in the presence of NH4OAc under 2 x 10 W white LEDs mediated by an

organophotoredox catalyst [Scheme I1.5,(iv)].

11.3. Present Work

The visible-light-mediated difunctionalization of alkenes were initiated by taking p-Me
styrene (2) (0.25 mmol), tert-butyl nitrate (a), (4 equiv), Eosin Y (1 mol %) as the
photocatalyst, NHsOAc (4 equiv), N-hydroxyphthalimide (NHPI) (40 mol %) as cocatalyst in
the presence of 2 x 10 W white LEDs in acetonitrile at room temperature. A new product was
isolated in 40% vyield. Standard spectroscopic analysis of the isolated product and subsequent
single-crystal X-ray analysis reveal its structure to be N-hydroxybenzimidoyl cyanide (2a)
(Figure 11.2). To the best of our knowledge, this is a unique concomitant oximation—cyanation
of alkene using tert-butyl nitrite as the N-O and ammonium acetate as the nitrogen (N1)
synthon. Thrilled by this visible-light-mediated synthesis of hydroxyiminoacetonitrile,
subsequent tuning of reaction parameters were attempted to enhance the productivity, taking
p-Me styrene (2) as the prototypical substrate. The details optimization of various reaction
parameters are summarized in Table I1.1. Finally, the ideal condition for the synthesis of 2a
was the use of p-methylstyrene (2) (0.25 mmol), tert-butyl nitrite (a) (1.25 mmol), Eosin Y (2
mol %) NH4OAc (4 equiv), and NHPI (50 mol %) in 2 mL CH3CN under irradiation of 2 x 10
W white LEDs.
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Figure 11.2. ORTEP diagram of (2a) with 40% ellipsoid probability (CCDC 1979124).

11.3.1. Optimization of Reaction Conditions

Other organic dyes viz Eosin B (32%) and Rose Bengal (35%) were found to be mediocre
compared to Eosin Y (Table II.1, entries 2-3). On the other hand, transition-metal based
photocatalysts such as [Ir(dtbbpy)(ppy)2]PFs (28%) Ir[dF(CF3)ppy]2(dtbpy)PFs (25%) were far
less effective (Table 11.1, entries 4-5). Therefore, we continue to use Eosin Y for this oximation-
cyanation process. Next, increasing the loading Eosin Y to 2 mol %, an enhancement in the
product yield (53%) was found (Table I1.1, entry 6). Still, a further 1% surge in the catalyst
loading (3 mol %) did not show any noteworthy increase in the yield (55%) (Table 11.1, entry
7). Other ammonium salts, such as NHsHCO3 (22%) and NH4Br (10%), both provided inferior
yields as compared to NH4OAc (Table 11.1, entries 8-9). To see the effect of the solvent, various
solvents were screened on the reaction. Solvent DCE (5%, Table 1.1, entry 10) was found to
be less effective than DCM (15%, Table 1.1, entry 11). On the other hand, the use of polar
aprotic solvents (DMSO, 00%), (DMF, 00%), and polar-protic solvents (MeOH, 00%) were
completely ineffective (Table 11.1, entries 12—14). However, polar aprotic solvent CH3CN is
the perfect solvent for this bifunctionalization. Both decreasing [(3 equiv, (27%)] or increasing
[(5 equiv, (33%)] in the amount of NH4OAc gave unsatisfactory yields (Table 11.1, entries
15-16). Incidentally, increasing the loading of tert-butyl nitrite (TBN) to 5 equiv under
otherwise identical conditions improved the yield to 60% (Table 11.1, entry 17). However, any
improvement in the yield (49%) was not observed with a further increase in TBN loading to 6
equiv (Table 11.1, entry 18). The reaction, when carried out with different NO sources such as
isobutyl nitrite (IBN) under identical conditions, provided a 52% vyield of (2a) (Table 11.1, entry
19). Incidentally, increasing the NHPI loading from 40 mol % to 50 mol % improved the yield
to 65% (Table I1.1, entry 20). However, any further increase in its loading was not beneficial
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(Table 11.1, entry 21). Other additives, such as N-hydroxysuccinamide (NHS) and

hydroxybenzotrizole (HOBLt), provided 42% and 32% yields, respectively (Table II.1, entries

22-23).

Table 11.1. Optimization of the reaction conditions®*

N,OH
photocatalysts (PC) [
X _ o N-source, additive, solvent N
/@/\+ tBu/O\N/O /O)\\N
Me 20 W White LEDs Me
rt, 24 h
) (@) (2a)
Cl

TH-3414 176122011

COZH C02H CozNa
Br \ Br 02N O N N02 | |
HO ‘ (o] 0 HO (o} s 0 NaO o
Br Br Br Br I I
Eosin Y Eosin B Rose Bengal
PC-1 PC-2 PC-3
CF,
t-Bu
A
aFe
F ”"'“I r/“‘““ A
F \\N p | 6
| N\ X t-Bu
F = CFs
[Ir(dtbbpy)(ppy)2]PFg (Ir[dF(CF3)ppyl,(dtbpy)PFg
PC-4 PC-5
Entry PC N-Source NO-Source Additive Solvent Yield”
(mol%o) (eq.) (eq.) (mol%) (%)
1 PC-1(1) | NH4OAc (4) TBN (4) NHPI (40) CH3CN 40
2 PC-2 (1) | NH4OAc (4) TBN (4) NHPI (40) CHsCN 32
3 PC-3(1) | NH4OAc (4) TBN (4) NHPI (40) CHsCN 35
4 PC-4 (1) | NH4OAc (4) TBN (4) NHPI (40) CHsCN 28
5 PC-5(1) | NH4OAc (4) TBN (4) NHPI (40) CHsCN 25
6 PC-1(2) | NH4OAc (4) TBN (4) NHPI (40) CH3:CN 53
7 PC-1(3) | NH4OAc (4) TBN (4) NHPI (40) CH3:CN 55
8 PC-1(2) | NHsHCOs;(4) | TBN (4) NHPI (40) CH:CN 22
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9 PC-1(2) | NH.Br (4) TBN (4) NHPI (40) CH:CN 10
10 PC-1(2) | NH:OAc(4) | TBN(4) NHPI (40) DCE 5
11 PC-1(2) | NH:OAc(4) | TBN (4) NHPI (40) DCM 15
12 PC-1(2) | NH:OAc(4) | TBN (4) NHPI (40) DMSO ND®
13 PC-1(2) | NH:OAc(4) | TBN (4) NHPI (40) DMF ND®
14 PC-1(2) | NH:OAc(4) | TBN(4) NHPI (40) MeOH ND¢
15 PC-1(2) | NH:OAc(3) | TBN(4) NHPI (40) CH:CN 27
16 PC-1(2) | NH:OAc(5) | TBN (4) NHPI (40) CH:CN 33
17 PC-1(2) | NH:OAc(4) | TBN(5) NHPI (40) CH:CN 60
18 PC-1(2) | NH:OAc(4) | TBN (6) NHPI (40) CHSCN 49
19 PC-1(2) | NH:OAc(4) |IBN(5) NHPI (40) CHSCN 52
20 PC-1(2) | NH:OAc(4) | TBN(5) NHPI (50) CH5CN 65
21 PC-1(2) | NH:OAc(4) | TBN(5) NHPI (60) CHsCN 62
22 PC-1(2) | NH:OAc(4) | TBN(5) NHS (50) CH4CN 42
23 PC-1(2) | NH:OAc(4) | TBN (5) HOBL (50) CH:CN 32
24 NH.OAc (4) | TBN (5) NHPI (50) CH:CN 18
25 PC-1(2) TBN (5) NHPI (50) CH:CN ND®
26 PC-1(2) | NH:.OAc(4) | TBN(5) CHsCN Trace
27 PC-1(2) | NH:OAc(4) | TBN (5) NHPI (50) CH4CN 124
28 PC-1(2) | NH:OAc(4) | TBN (5) NHPI (50) CHsCN 60°
29 PC-1(2) | NH:OAc(4) | TBN (5) NHPI (50) CH:CN 37
30 PC-1(2) | NH:OAc(4) | TBN (5) NHPI (50) CH:CN 449
31 PC-1(2) | NH:OAc(4) | TBN(5) NHPI (50) CHsCN 33

@Reaction conditions: 1a (0.25 mmol), 2a (equiv), Catalyst (mol %), N-Source (equiv), and
additive (mol %) in 2 mL solvent with a 2 x 10 W white LEDs irradiation at room temperature.
bYield of isolated product. °ND = Not detected. 9Reaction performed in the dark. ®Reaction
performed using 10 W White LEDs light. ‘Reaction performed using 10 W (513 nm) green LED
light. 9Reaction performed using 10 W (632 nm) red LEDs light. "Reaction performed using 10
W (430 nm) blue LEDs light.

TBN= tert-butyl nitrite, IBN= isobutyl nitrite, NHPI= N-hydroxyphthalimide, NHS= N-
hydroxysuccinimide, HOBt= Hydroxybenzotriazole
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The reaction in the absence of photo-catalyst (Eosin Y) provides a much lesser yield
(18%) under otherwise similar conditions (Table 11.1, entry 24). Whereas the reaction in the
absence of N-source NH4OAc does not proceed at all (Table II.1, entry 25). Reactions
performed without NHPI, provided a meagre amount of the product (Table 11.1, entry 26). These
results suggest the necessity of photo-catalyst, N-source, and additives in the difunctionalization
of styrenes. The reaction when carried out in the dark gave only 12% vyield of product 2a (Table
11.1, entry 27). The use of a single 10W white LED light provided a slightly lesser yield (60%)
of the product compared to that of a 2 x 10 W white LED light (Table I1.1, entry 28).

The temperature in the vicinity of the reaction was almost identical to that of room
temperature (~28 °C) during the entire process due to the usage of (2 x 10 W) LEDs as it was
well-ventilated, confirming the photochemical pathways for this transformation. When the
reaction was performed with 10 W LED light of other wavelengths, such as green (513 nm),
red (632 nm), and blue (430 nm), all provided reduced yields of 37%, 44%, and 33%,
respectively (Table I1.1 entry 29-31).

11.3.2. Substrates scope for the Synthesis of N-Hydroxybenzimidoyl
Cyanides from Aryl Alkenes

The substrate scope of the methodology was applied to various aromatic terminal
alkenes adopting the optimized reaction condition (Scheme 11.6). Simple styrene (1), having
no substituent in the phenyl ring, provided a 61% yield of the difunctionalized product (1a).
Styrenes having electron-donating groups, namely, p-Me (2), m-Me (3), o-Me (4), p-'Bu (5),
p-OMe (6), and p-CH2CI (7) yielded their corresponding N-hydroxybenzimidoyl cyanides (2a,
65%), (3a, 62%), (4a, 59%), (5a, 67%,), (6a, 69%) and (7a, 63%), respectively (Scheme 11.6).
Styrenes possessing substituents such as p-F (8), m-F (9), p-Cl (10), m-CI (11), o-Cl (12), and
p-Br (13) having moderate electron-withdrawing ability, all underwent successfully
difunctionalizations to produce N-hydroxybenzimidoyl cyanides (8a, 60%), (9a, 58%), (10a,
59%), (11a, 55%), (12a, 52%), and (13a, 57%), respectively, in acceptable yields (Scheme
[1.6). A meta-substituted nitrostyrene (14) having a strongly electron-withdrawing group also

reacted smoothly, affording the corresponding product (14a, 48%) (Scheme 11.6).
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Scheme 11.6. Substrates scope for the synthesis of N-hydroxybenzimidoyl cyanides from
aryl alkenes.®"
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4Reaction conditions:(i) 1-26 (0.25 mmol), '‘BUONO (1.25 mmol), NHsOAc (1 mmol),
NHPI (0.125 mmol), Eosin Y (0.005 mmol), and CH3CN (2 mL) for 24 h. ®Yield reported for
5 mmol scales.

Trisubstituted and disubstituted aromatic terminal alkenes such as 2,4,6-
trimethylstyrene (15), 2,4-dimethylstyrene (16), and 3-methoxy-4-benzyloxystyrene (17)
underwent efficient conversion to their desired N-hydroxybenzimidoyl cyanides (15a, 51%),
(16a, 56%), and (17a, 62%), respectively (Scheme 11.6). A biphenyl styrene (18) reacted
smoothly, giving hydroxyaminoacetonitrile (18a) in 71% yield. Other biphenyl styrenes having
electron-donating substituent [p-'Bu (19)], electron-withdrawing substituents [p-F (20), and p-
Cl (21)] and disubstituted such as 3-Me-4-OMe (22) all were successfully converted to their
hydroxyaminoacetonitriles (19a, 70%), (20a, 69%), (21a, 63%), and (22a, 70%), respectively.

Unlike terminal aromatic alkenes, aliphatic terminal alkenes, such as ally benzene (23),
1-hexene (24), 4-bromo-1-butene (25), and heteroaryl alkene (26) all failed to provide any
product, which is possibly due to the instability of the radicals produced in the medium
(Scheme 11.6). A successful large-scale reaction was performed using 4-methylstyrene (2) (5
mmol, 590 mg), tert-butyl nitrite (25 mmol, 2.57g) ammonium acetate (20 mmol, 1.54 g), and
NHPI (50 mol %, 407 mg), which provided product (2a) in 52% yield.

11.4. Mechanistic Investigation

11.4.1. Control Experiments

After an excellent demonstration of a useful synthesis of N-hydroxybenzimidoyl
cyanides, it is time to suggest a plausible mechanism. To ascertain the radical nature of the
reaction, two independent reactions were performed: one in the presence of 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO, 2 equiv) and the other with 2,6-di-tertbutyl-4-methyl
phenol (BHT, 2 equiv). In the former case, no formation of the product (1a, 00%) was observed,
but the latter scavenger provided <10% yield of (1a), thereby approving the radical nature of

the reaction (Scheme 11.7).
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i.TEMPO, 1a, 0%
ii. BHT, 1a, <10%

(1) (0.25 mmol) (a) (5 equiv)

Scheme 11.7. Control experiments.
(if) To prove the role of aerial oxygen, a standard experiment between (1) and (a) was
carried out in an N2 atmosphere under otherwise identical conditions. No formation of the
desired product (1a, 0%) was observed, suggesting the involvement of aerial oxygen (Scheme

11.8).

.OH
N

|
NN Standard Conditions CN
+ /O\ -0 > k. _ _ (”)
tBu™ N N, atmosphere

(1a, 0%)

(1) (0.25 mmol) (a) (5 equiv)
Scheme 11.8. Control experiments.

ESI-MS study for the detection of reaction intermediates during the synthesis of (2)-
N-hydroxybenzimidoyl cyanide (1a) from styrene (1) and tert-butyl nitrite (a) at different

time intervals (30 and 45 minutes):
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Figure 11.3. HRMS spectrum of the reaction mixture after 30 minutes.
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Figure 11.4. HRMS spectrum of the reaction mixture after 45 minutes.

11.4.2. Plausible Reaction Mechanism

Based on the control experiments and intermediates identified by the HRMS analysis
of the reaction aliquots at various times, a logical mechanism is suggested (Scheme 11.9). In
the presence of white LED light, Eosin Y (EY) is first photoexcited. This is followed by photo-
oxidation of NHPI to a PINO radical by the activated Eosin Y via HAT (hydrogen atom
transfer) mechanism. This process regenerates the Eosin Y back, producing an HO2¢ radical,
which upon disproportionation, produces oxygen and hydrogen peroxide.?**® The PINO radical
then attacks at the terminal sp2-carbon of alkene (1) to generate a benzylic radical intermediate
(A). Photochemical decomposition of tert-butyl nitrite generates NO and tert-
butoxyradicals.?>® The benzylic position of the intermediate (A) is attacked by the NO radical
to generate intermediate (B). Although PINO and NO radicals exist in the reaction medium,
only the PINO attacks at the terminal carbon of styrene (1) and the NO at the benzylic carbon.
This type of preferential attack of one of the radicals over others (NO and NO2) has been
observed earlier.??*-4 To get an insight into this preferential attack by these radicals on styrene,
DFT calculations were performed and modeled the reaction profile at the M06/6-31+G(d) level

of theory; no symmetry constraints were imposed during geometry optimization. Furthermore,
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single-point energy calculations were performed using the M06/cc-pVTZ method, and these
energies were subsequently used in the analyses of chemical mechanisms. Transition states
were established by their characteristic solo imaginary frequency in normal vibrational mode.
As shown from Scheme 11.9, the attack of NO radical at the terminal sp?-carbon goes through
a high activation barrier of 13.75 kcal/mol, generating an unstable intermediate (A’). On the
other hand, an identical attack of the PINO radical required 8.53 kcal/mol less energy,
generating a comparatively stable radical intermediate (A). The in-situ-generated nitroso
intermediate (B) is tautomerized to an oxime intermediate (C). The tert-butoxyl radical
sequentially abstracts two H atoms from the oxime intermediate (C) to first generate a mono
radical (D1), followed by a 1,4-biradical intermediate (D). An intramolecular coupling of
biradical (D) generates a four-membered cyclic intermediate (E). The hydrogen peroxide
produced in situ decomposes to a hydroxyl radical in the presence of light.%¢ The strained
cyclic intermediate (E) undergoes ring-opening via attack of an OH radical to form a
hemiacetal radical intermediate (F). The N-O radical intermediate (F) abstracts a proton from
tert-butanol to generate a neutral hemiacetal intermediate (G). The neutral hemiacetal
intermediate loses NHPI providing an oxime aldehyde (H). Condensation between ammonia
(generated from ammonium acetate) and the aldehydic intermediate (H) forms an iminium
intermediate (1),2* which is perhaps the rate-determining step of the process. Abstraction of an
iminium N-H from the intermediate (1) by the '‘BuO radical produces a nitrogen-centered
radical (J). Finally, the abstraction of the aldehydic proton from intermediate (J) by tert-butoxy
radical provided the desired cyano functionality. As can be seen from the DFT calculation
(Figure.l11.5).
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Figure 11.5. ®Calculated energy profile diagrams for the photolytic difunctionalization of
alkene. The relative energies from DFT calculations are in kcal.mol™* and bond lengths in A,
done at M06/6-31g+(d,p) level of theory. Single-point calculations were done using the
MO6/cc-pVTZ method, and these energies were subsequently used in the analyses of chemical
mechanisms. The relative energies are shown in blue color; the activation barrier is shown in
italic, bold font, and stabilization energy is shown in the normal font; all are given are units of
kcal.mol. The cross sign in red color (X) indicates the unfavorable reaction with a higher
activation barrier and lower stabilization.

Scheme 11.9. Proposed reaction pathway for the formation of N-hydroxybenzimidoyl cyanides.
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11.5. Post-Synthetic Applications
The difunctionalized hydroxyaminoacetonitrile having an oxime (=NOH) and a reactive
nitrile (C=N) group can be transformed to a variety of other functionalized products. When (2a)

was heated in an aqueous H2SOs, the nitrile group was converted to an acid functionality (2b)

(Scheme 11.10).%

.OH _OH
NI NI
CN H2304 (aq) i OH
130°C, 15 h o)
Me Me
(2a) (2b, 55%)

Scheme 11.10. Synthesis of acid derivative.

Conversely, when (2a) was treated with concentrated H2SOas, the nitrile functionality

was converted to an amide (2c) (Scheme 11.11).%

-OH _OH
N N
/@/lCN H,SO, (1 mL) mNHZ
rt, 3 h
’ 0
Me Me
(2a) (2¢, 61%)

Scheme 11.11. Synthesis of amide derivative.

Furthermore, in the treatment of (2a) with a phenylboronic acid in the presence of a

Pd(Il) catalyst, both the oxime and cyano functionality were converted to a keto group (2d)

with concurrent incorporation of a phenyl group (Scheme 11.12).%7

H
N Ph-B(OH),

' Pd(OAc)
2
CN -
Me Me

(2a) (2d, 66%)

Scheme 11.12. Synthesis of ketone derivative.
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The cyano substrate (2a) on treatment with NaNz is transformed to a tetrazole moiety

(2e) without affecting the oxime functionality (Scheme 11.13).2®

.OH _OH
NI NI
CN NaN;, NH,ClI . ’N\N
120°C,14 h HN-/
Me Me N
(2a) (2e, 52%)

Scheme 11.13. Synthesis of tetrazole derivative.

11.6. Conclusion

In conclusion, a visible-light-mediated synthesis of N-hydroxybenzimidoyl cyanides
have been accomplished from styrenes in the presence of an organic photoredox catalyst. The
bifunctionalized moiety possesses two important functionalities, viz, an oxime and a nitrile
group, which originate from tert-butyl nitrite and ammonium acetate, respectively. This
reaction proceeds through a biradical reaction path. The proposed mechanism detects some of
the reaction intermediates, and a DFT calculation supports each of the steps. Some useful post-
synthetic modifications were performed to show the synthetic utility of the difunctionalized

hydroxyaminoacetonitrile, thereby expanding the scope of this methodology further.

11.7. Experimental Section

11.7.1. General Information: All the reagents were commercial grade and purified
according to the established procedures. Organic extracts were dried over anhydrous sodium
sulfate. Solvents were removed in a rotary evaporator under reduced pressure. Silica gel (60-
120 mesh size) was used for the column chromatography. TLC monitored reactions on silica
gel 60 Fas4 (0.25 mm). NMR spectra were recorded in CDClz and DMSO-ds as the internal
standard for *H NMR (400 MHz) and **C NMR (100 MHz). MS spectra were recorded using

ESI mode. IR spectra were recorded in KBr or neat.

Light Information:
A Philips 10W white LED bulb was used as a light source for this light-promoted

reaction. We have not used any filters. For a wavelength of 400-700 nm, borosilicate glass was
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used as an irradiation vessel. Distance from the light source to the irradiation vessel ~6-8 cm.

The regular fan was used to maintain the temperature at 28-30 °C.

11.7.2. Crytallographic Description

Sample preparation: We dissolved 15 mg of the compound (2a) in 1 mL of Methanol: Hexane
(5:1).

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

reflections.

Crystallographic description of (Z)-N-hydroxy-4-methylbenzimidoyl cyanide (2a)
CoHsN20, crystal dimensions 0.27 x 0.23 x 0.14 mm, M, = 160.17, triclinic space, group
P -1, a=6.143(6), b=7.196(6), c=10.502(10) A, « = 105.05 ° (3), #=92.92 ° (4) , y = 109.32 °
(3),V=418.2 (7) A%, Z = 2, pcaica = 1.272 mg/m?, 1 = 0.086 mmL, F(000) = 168.0, refinement
method = full-matrix least-squares on F?, final R indices [I > 2o (1)]: R1 = 0.0793 (521), wR2 =
0.3090 (1475), goodness of fit = 1.000. CCDC 1979124 for (Z)-N-hydroxy-4-
methylbenzimidoyl cyanide (2a) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data request/cif.

11.7.3. General Procedure for the Synthesis of N-Hydroxybenzimidoyl Cyanides (1a—22a)
from Styrene (1-22) and tert-Butyl nitrite (a)

To an oven-dried 10 mL round bottom flask was added styrene (1-22) (0.25 mmol),
tert-butyl nitrite (a) (1.25 mmol, 128.9 mg), Eosin Y (2 mol %, 3.23 mg), NH,OAc (4 equiv,
154 mg) and NHPI (50 mol %, 20.37 mg) in 2 mL CH3CN. The reaction mixture was stirred

at room temperature for 24 h, maintaining an approximate distance of ~6—-8 cm from two 10W
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white LED bulbs (Flux 46 mw/cm?). After completion of the reaction (monitored by TLC
analysis), the solvent was removed in vacuo, and the mixture was admixed with ethyl acetate
(25 mL). The organic layer was washed with a saturated solution of aqueous MgSO4 (1 x 5
mL). The organic layer was dried over anhydrous Na>SOa, and the solvent was evaporated
under reduced pressure. The crude product so obtained was purified over a column of silica gel
using an increasing percentage of ethyl acetate in hexane to afford the N-hydroxybenzimidoyl
cyanide (1a—22a). The identity and purity of the product were confirmed by spectroscopic

analysis.

11.7.4. General Procedure for 5 mmol Scale Reaction of 2a

To an oven-dried 50 mL round bottom flask was added 4-methyl styrene (2) (5 mmol,
590 mg), tert-butyl nitrite (25 mmol, 2.57g) ammonium acetate (20 mmol, 1.54 g), and NHPI
(50 mol %, 407 mg) in 6 mL CH3CN. The reaction mixture was stirred at room temperature
for 24 h, maintaining an approximate distance of ~6—8 cm from two 10W white LED bulbs
(Flux 46 mw/cm?). After completion of the reaction (monitored by TLC analysis), the solvent
was removed in vacuo, and the mixture was admixed with ethyl acetate (50 mL). The organic
layer was washed with a saturated solution of aqueous MgSOas (1 x 10 mL). The organic layer
was dried over anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The
crude product so obtained was purified over a column of silica gel using an increasing
percentage of ethyl acetate in hexane to afford the (Z)-N-Hydroxy-4-methylbenzimidoyl
cyanide (2a) 52% vyield.

11.7.5. Procedure for the Formation (Z)-2-(Hydroxyimino)-2-(p-tolyl)acetic acid (2b)

To an oven-dried 10 mL round bottom flask fitted with a magnetic bar was added (Z2)-
N-hydroxy-4-methylbenzimidoyl cyanide (2a) (40 mg, 0.25 mmol) and 15 N H2SO4 (1.5 mL).
The reaction mixture was stirred in an oil bath preheated at 130 °C for 15 h. Next, the reaction
mixture was cooled to room temperature and admixed with CH2Cl> (25 mL). The organic layer
was washed with saturated sodium bicarbonate solution (1 x 5 mL) and dried over NaxSOs. The
CHCl> solvent was removed under a reduced pressure. The crude product so obtained was

purified over a column of silica gel (hexane/ethyl acetate, 8.5:1.5) to afford the (Z)-2-
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(hydroxyimino)-2-(p-tolyl)acetic acid (25 mg, yield 55%) (2b). The identity and purity of the

product were confirmed by spectroscopic analysis.

11.7.6. Procedure for the Formation of (Z)-2-(Hydroxyimino)-2-(p-Tolyl)acetamide (2c)
An oven-dried 10 mL round bottom flask containing a magnetic bar was added (Z)-N-
hydroxy-4-methylbenzimidoyl cyanide (2a) (40 mg, 0.25 mmol) and conc. H2SO4 (1.0 mL)
under a nitrogen atmosphere. Maintaining the nitrogen atmosphere, the reaction mixture was
stirred at room temperature for 3 h. After completion of the reaction, it was diluted with water
(10 mL). The organic product in water was extracted with ethyl acetate (25 mL). The organic
layer was washed with saturated NaHCOs solution (1 x 5 mL) and dried over Na2SOs. The ethyl
acetate was removed under a reduced pressure. The crude product so obtained was purified over
a column of silica gel (hexane/ethylacetate, 8:2) to afford the (Z)-2-(hydroxyimino)-2-(p-
tolyl)acetamide (2c¢) (27 mg, yield 61%). The identity and purity of the product were confirmed

by spectroscopic analysis.

11.7.7. Procedure for the Formation 1-Phenyl-2-(p-tolyl)ethane-1,2-dione (2d)

To an oven-dried 10 mL round bottom flask containing a magnetic bar was added (2)-
N-hydroxy-4-methylbenzimidoyl cyanide (2a) (40 mg, 0.25 mmol), phenylboronic acid (91 mg,
0.75 mmol), Pd(OAc)2 (5.6 mg, 10 mol %,), 2,2 -bipyridyl (7.8 mg, 20 mol %,), PTSA.H.0
(475.5 mg, 10 equiv) and toluene (2 mL). The reaction mixture was stirred in an oil bath
preheated at 80 °C for 12 h. After completion of the reaction, it was cooled to room temperature
and admixed with ethyl acetate (25 mL). The organic layer was washed with a saturated solution
of NaHCO3 (1 x 5 mL), dried over Na,SO4, and the solvent was removed under a reduced
pressure. The crude product so obtained was purified over a column of silica gel (hexane/ethyl
acetate, 9:1) to afford the 1-phenyl-2-(p-tolyl)ethane-1,2-dione (2d) (37 mg, yield 66%) pure
product. The identity and purity of the product were confirmed by spectroscopic analysis.

11.7.8. Procedure for the Formation of (Z)-(1H-Tetrazol-5-yl)(p-tolyl)methanone oxime
(2e)
To an oven-dried 10 mL round bottom flask containing a magnetic bar was added (Z)-

N-hydroxy-4-methylbenzimidoyl cyanide (2a) (40 mg, 0.25 mmol), NaN3z (32.5 mg, 0.5
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mmol), and NH4ClI (13.37 mg, 0.25 mmol). A rubber septum was fitted to the flask, which was
subjected to vacuum for 10 minutes and purged with nitrogen. Next, DMF (2 mL) was
introduced through a syringe, maintaining the nitrogen atmosphere. The reaction mixture was
stirred in an oil bath preheated at 120 °C for 14 h. After completion of the reaction, it was
cooled to room temperature and admixed with cold water (15 mL). The aqueous reaction
mixture was acidified with 2N HCI, and the product was extracted with ethyl acetate (25 mL).
The organic layer was washed with a saturated solution of NaHCO3 (1 x 5 mL) and dried over
Na>S0s. The solvent was removed under reduced pressure, and the crude product thus obtained
was purified by column chromatography over silica gel (hexane/ethyl acetate, 6:4) to afford
the (2)-(1H-tetrazol-5-yl)(p-tolyl)methanone oxime (2e) (26 mg, yield 52%) pure product. The

identity and purity of the product were confirmed by spectroscopic analysis.
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11.9. Spectral Data

(Z2)-N-Hydroxybenzimidoyl cyanide (1a):

Yield: 61% (22 mg) as a white solid, mp 120-122 °C; *H

Jo = 1.2 Hz), 7.48-7.45 (m, 3H); 3C NMR (CDCls, 100 MHz): &
134.1, 131.6, 129.3, 129.2, 126.5, 109.4; IR (KBr, cm%): 3309,
2981, 2242, 1495, 1063, 925; HRMS (ESI/Q-TOF) (m/z): calcd for
CsHsN20, [M + NHJ]*: 164.0818, found 164.0824.

N NMR (CDCls, 400 MHz): § 9.23 (s, 1H), 7.80 (dd, 2H, J; = 7.6 Hz,
[ j CN

(2)-N-Hydroxy-4-methylbenzimidoyl cyanide (2a):

Yield: 65% (26 mg) as a white solid, mp 150-152 °C; 'H

/@)”.\' NMR (CDCls, 400 MHz): 6 9.51 (s, 1H), 7.67 (d, 2H, J = 8.0 Hz),
CN
Me

7.25 (d, 2H, J = 8.8 Hz), 2.39 (s, 3H); C NMR (CDCls, 100
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MHz): o 142.1, 134.0, 130.0, 126.6, 126.4, 109.6, 21.7; IR (KB,
cm): 3332, 2925, 2239, 1513, 1058, 965; HRMS (ESI/Q-TOF)
(m/2): calcd for CoHsN2O, [M + NH4]*: 178.0975, found 178.0979.

(Z2)-N-Hydroxy-3-methylbenzimidoyl cyanide (3a):

Yield: 62% (25 mg) as a gummy; *H NMR (CDCls, 400
MHz): 6 9.12 (s, 1H), 7.59 (d, 2H, J = 6.8 Hz), 7.36—7.29 (m, 2H),
2.40 (s, 3H); 1*C NMR (CDCls, 100 MHz): § 139.2, 134.3, 132.4,
129.21, 129.20, 127.0, 123.7, 109.5, 21.6; IR (KBr, cm™): 3288,
2921, 2232, 1587, 1069, 980; HRMS (ESI/Q-TOF) (m/z): calcd
for CoHgN20, [M + NH4]": 178.0975, found 178.0988.

(Z2)-N-Hydroxy-2-methylbenzimidoyl cyanide (4a):

Yield: 59% (23 mg) as a gummy; 'H NMR (CDCls, 400
MH2): 6 7.46-7.44 (m, 1H), 7.29-7.27 (m, 1H), 7.22-7.18 (m, 2H)
2.42 (s, 3H); 3C NMR (CDCls, 100 MHz): 6 137.5, 134.4, 131.9,
130.9, 129.8, 128.5, 126.6, 110.1, 21.4; IR (KBr, cm™): 3263, 2926,
2227, 1455, 1043, 964; HRMS (ESI/Q-TOF) (m/z): calcd for
CoHsN20, [M + NH4]*: 178.0975, found 178.0982.

(2)-4-(tert-Butyl)-N-hydroxybenzimidoyl cyanide (5a):

Yield: 67% (34 mg) as a white solid, mp 158-160 °C; 'H
NMR (CDCls, 400 MHz): ¢ 8.97 (s, 1H), 7.72 (d, 2H, J = 8.4 Hz),
7.47 (d, 2H, J = 8.4 Hz), 1.34 (s, 9H); 1*C NMR (CDCls, 100 MHz):
0155.1, 133.9, 126.3, 126.1, 126.0, 109.3, 35.0, 31.1; IR (KBr, cm"
1Y: 3317, 2962, 2237, 1463, 1060, 966; HRMS (ESI/Q-TOF) (m/z):
calcd for C12H14N20, [M + H]*: 203.1179, found 203.1188.

(2)-N-Hydroxy-4-methoxybenzimidoyl cyanide (6a):

OH

N
|
CN
MeO

TH-3414 176122011

Yield: 69% (30 mg) as a white solid, mp 72-74 °C; 'H NMR
(CDCls, 400 MHz): 9 7.73 (d, 2H, J = 8.8 Hz), 6.96 (d, 2H, J = 8.8
Hz), 3.86 (s, 3H); *C NMR (CDCls, 100 MHz): ¢ 162.1, 133.5,
127.9,121.7, 114.5, 109.4, 55.5; IR (KBr, cm™): 3326, 2843, 2235,
1606, 1062, 966; HRMS (ESI/Q-TOF) (m/z): calcd for CoHgN2Oz,
[M + H]": 177.0659, found 177.0657.
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(2)-4-(Chloromethyl)-N-hydroxybenzimidoyl cyanide (7a):
Yield: 63% (31 mg) as a gummy; *H NMR (CDCls, 400 MHz):
N 5 9.23 (s, 1H), 7.79 (d, 2H, J = 8.4 Hz), 7.48 (d, 2H, J = 8.0 Hz),

(©)\CN 4.60 (s, 2H); 3C NMR (CDCls, 100 MHz): § 141.0, 133.5, 129.4,
129.3, 126.9, 109.3, 45.5; IR (KBr, cm™): 3291, 2962, 2234, 1565,
1063, 969; HRMS (ESI/Q-TOF) (m/z): calcd for CoH7CIN20, [M +
NH4]": 212.0585, found 212.0590.

(2)-4-Fluoro-N-hydroxybenzimidoyl cyanide (8a):

Yield: 60% (25 mg) as a white solid, mp 112-114 °C; H NMR

| (CDCls, 400 MHz): 6 9.49 (s, 1H), 7.80-7.77 (m, 2H), 7.14 (t, 2H, J
[ j CN
F

= 8.6 Hz); 3C NMR (CDCls, 100 MHz): 6 166.4, 163.9, 133.3, 128.9
(d, J = 8.7 Hz), 126.0 (d, J = 3.4 Hz), 117.0 (d, J = 22.2 Hz), 109.8;
19F NMR (CDCls, 377 MHz): 6 —107.7 (s); IR (KBr, cm™): 3307,
2922, 2233, 1511, 1062, 969; HRMS (ESI/Q-TOF) (m/z): calcd for
CsHsFN20, [M + H]*: 165.0459, found 165.0486.
(2)-3-Fluoro-N-hydroxybenzimidoyl cyanide (9a):
g ! Yield: 58% (24 mg) as a white solid, mp 120-122 °C; 'H NMR
1 (CDCls, 400 MHz): 6 9.29 (s, 1H) 7.59-7.54 (m, 1H), 7.53-7.51 (m,
“ 1H), 7.47-7.41 (m, 1H), 7.22—-7.17 (m, 1H); 3C NMR (CDCls, 100
. MHz): 5 164.1, 161.6, 132.9, 131.2 (d, J = 8.3 Hz), 130.8 (d, J = 8.3
Hz), 122.4 (d, J = 3.1 Hz), 118.5 (d, J = 21.3 Hz), 112.9 (d, J = 24.2
Hz), 108.9; °F NMR (CDCls, 377 MHz): 6 —111.1 (s); IR (KBr, cm
1): 3288, 2843, 2245, 1575, 1061, 868; HRMS (ESI/Q-TOF) (m/z):
calcd for CgHsFN2O, [M + H]*: 165.0459, found 165.0479.
(2)-4-Chloro-N-hydroxybenzimidoyl cyanide (10a):
-OH Yield: 59% (27 mg) as a white solid, mp 139-141 °C; 'H NMR
/©)I\CN (CDCls, 400 MHz): 6 9.23 (s, 1H), 7.74 (dd, 2H, J1 = 6.8 Hz, J, = 2.0
o Hz), 7.43 (dd, 2H, J; = 6.8 Hz, J, = 1.6 Hz); 3C NMR (CDCls, 100
MHz): 6 137.6, 132.9, 129.4, 127.6, 127.5, 108.9; IR (KBr, cm™):

3133, 2922, 2231, 1595, 1064, 968; HRMS (ESI/Q-TOF) (m/z): calcd
for CsHsCIN20, [M + NH4]*: 198.0429, found 198.0440.
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(2)-3-Chloro-N-hydroxybenzimidoyl cyanide (11a):

-OH Yield: 55% (25 mg) as a gummy; *H NMR (CDCls, 400 MHz):
I 59.24 (s, 1H), 7.81 (d, 1H, J = 1.6 Hz), 7.68 (d, 1H, J = 7.6 Hz),
CN
7.52-7.38 (m, 2H); *C NMR (CDCls, 100 MHz): § 135.3, 132.8,
Cl 131.4,130.8, 130.3, 126.0, 124.6, 108.8; IR (KBr, cm™): 3295, 2919,

2240, 1597, 1061, 988; HRMS (ESI/Q-TOF) (m/z): calcd for
CsHsCIN20, [M + NHa]*: 198.0429, found 198.0439.
(2)-2-Chloro-N-hydroxybenzimidoyl cyanide (12a):

on Yield: 52% (23 mg) as a gummy; *H NMR (CDCls, 400 MHz):
N/

| 5 9.43 (s, 1H), 7.53-7.46 (m, 3H), 7.45-7.36 (m, 1H); *C NMR
d\‘m (CDCls, 100 MHz): & 133.6, 132.36, 132.33, 131.2, 130.9, 128.4,
Cl

127.5, 109.2; IR (KBr, cm™): 3135, 2919, 2232, 1591, 1087, 972;
HRMS (ESI/Q-TOF) (m/z): calcd for CsHsCIN2O, [M + NH4]™:
198.0429, found 198.0446.
(2)-4-Bromo-N-hydroxybenzimidoyl cyanide (13a):
“oH Yield: 57% (32 mg) as a white solid, mp 123-125 °C; *H NMR
/©)'\CN (CDCls, 400 MHz): 6 9.31 (s, 1H), 7.67 (dd, 2H, J1 =6.8 Hz, J» = 2.0
Br Hz), 7.59 (dd, 2H, J1 = 6.8 Hz, J, = 2.0 Hz); **C NMR (CDCls, 100
MHz): § 133.0, 132.4, 128.1, 127.6, 125.9, 108.9; IR (KBr, cm™):
3295, 2922, 2233, 1589, 1061, 966; HRMS (ESI/Q-TOF) (m/z): calcd
for CgHsBrN2O, [M + NH4]*: 241.9924, found 241.9932.
(Z2)-N-Hydroxy-3-nitrobenzimidoyl cyanide (14a):
ﬁ Yield: 48% (23 mg) as a white solid, mp 63-65 °C; 'H NMR
NI (CDCls, 400 MHz): ¢ 8.68 (s, 1H), 8.34 (d, 1H, J = 8.4 Hz), 8.12 (d,
N1 1H, 3= 76 Hz), 7.69 (t, 1H, J = 8.0 Hz); 3C NMR (CDCls, 100
MHz): ¢ 148.7, 131.9, 131.8, 131.0, 130.3, 125.6, 120.9, 108.6; IR
(KBr, cm™): 3296, 2922, 2333, 1527, 1075, 807; HRMS (ESI/Q-
TOF) (m/z): calcd for CgHsN3Os, [M + NHa]*: 209.0669, found
209.0677.
(2)-N-hydroxy-2,4,6-trimethylbenzimidoyl cyanide (15a):
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Yield: 51% (24 mg) as a gummy; *H NMR (CDCls, 400 MHz):
Me Nll 56.92 (d, 2H, J = 2.8 Hz), 2.30 (s, 3H), 2.27 (s, 3H), 2.24 (s, 3H); 3C
/@\/k CN INMR (CDCls, 100 MHz): 6 140.5, 137.7, 135.9, 128.9, 128.6, 114.3,
Me Me 21.2,19.7,19.4; IR (KBr, cm™): 2920, 2855, 1611, 1034, 940; HRMS
(ESI/Q-TOF) (m/z): calcd for C11H12N20, [M + NH4]": 206.1288,
found 206.1293.
(Z2)-N-Hydroxy-2,4-dimethylbenzimidoyl cyanide (16a):
Yield: 56% (24 mg) as a gummy; *H NMR (CDCls, 400 MHz): 6
| 7.43 (d, 1H, J = 8.0 Hz), 7.09 (d, 2H, J = 7.6 Hz), 2.45 (s, 3H), 2.35
@)\CN (s, 3H); *3C NMR (CDCls, 100 MHz): 6 141.0, 137.1, 134.3, 132.5,
Me 129.6, 127.1, 125.4, 109.9, 21.3, 21.2; IR (KBr, cm™): 3312, 2966,
2232, 1612, 1046, 967; HRMS (ESI/Q-TOF) (m/z): calcd for
C10H10N20, [M + H]*: 175.0866, found 175.0872.
(2)-4-(Benzyloxy)-N-hydroxy-3-methoxybenzimidoyl cyanide (17a):
OH Yield: 62% (44 mg) as a white solid, mp 79-81 °C; *H NMR
' oN (CDCls, 400 MHz): 6 9.21 (s, 1H), 7.34-7.28 (m, 4H), 7.22-7.16
P N0 (m, 3H), 6.82 (d, 1H, J = 8.4 Hz), 5.11 (s, 2H), 3.81 (s, 3H); **C
OME NMR (CDCls, 100 MHz): 6 150.9, 149.9, 136.2, 133.4, 128.7,
128.2,127.3,122.3,120.6, 113.1, 109.4, 108.1, 70.9, 56.1; IR (KBr,
cm™): 2919, 2224, 1510, 1029, 808; HRMS (ESI/Q-TOF) (m/z):
calcd for C16H14N203, [M + Na]*: 305.0897, found 305.0902.
(2)-N-Hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (18a):
Yield: 71% (39 mg) as a white solid, mp 141-143 °C; *H NMR
| (CDCls, 400 MHz): ¢ 7.74-7.68 (m, 4H), 7.61-7.58 (m, 2H),
O . 7.51-7.47 (m, 2H), 7.45-7.41 (m, 1H); C NMR (CDCls, 100
O MHz): 6 145.9, 139.4, 132.8, 129.3, 128.9, 128.2, 127.9, 127.4,
119.1, 111.1; IR (KBr, cm™): 3031, 2963, 2225, 1605, 1037, 841;
HRMS (ESI/Q-TOF) (m/z): calcd for CisHioN2O, [M + H]*:
223.0866, found 223.1008.
(2)-4'-(tert-Butyl)-N-hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (19a):
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“on Yield: 70% (49 mg) as a white solid, mp 178-180 °C; 'H NMR
I N (CDCls, 400 MHz): 6 9.23 (s, 1H), 7.86 (d, 2H, J = 8.4 Hz), 7.68 (d,
O 2H, J = 8.8 Hz), 7.57 (d, 2H, J = 8.8 Hz), 7.50 (d, 2H, J = 8.4 Hz),
By O 1.37 (s, 9H); 3C NMR (CDCls, 100 MHz): § 152.0, 144.7, 137.4,
134.4,130.9, 128.1, 127.4, 127.3, 126.6, 109.9, 35.3, 31.9; IR (KB,
cm™): 3319, 2921, 2237, 1606, 1064, 849; HRMS (ESI/Q-TOF)
(m/z): calcd for C1sH18N20, [M + H]*: 279.1492, found 279.1494.
(2)-4'-Fluoro-N-hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (20a):
OH Yield: 69% (41 mg) as a white solid, mp 135-137 °C; 'H NMR
' én (CDCls, 400 MHz): 6 9.13 (s, 1H), 7.86 (d, 2H, J = 8.4 Hz), 7.64—7.56
O (m, 4H), 7.16 (t, 2H, J = 8.6 Hz); 3C NMR (CDCls, 100 MHz): ¢
F O 164.8, 162.4, 143.8, 136.5, 134.2, 129.4 (d, J = 8.1 Hz), 128.7, 128.2
127.4,116.6 (d, J = 21.4 Hz), 109.8; **F NMR (CDCls, 377 MHz): 6
—114.1 (s); IR (KBr, cm™): 3106, 2922, 1603, 1098, 815; HRMS
(ESI/Q-TOF) (m/z): calcd for C1aHoFN2O, [M + NH4]": 258.1037,
found 258.1037.
(2)-4'-Chloro-N-hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (21a):
oH Yield: 63% (40 mg) as a white solid, mp 137-139 °C; 'H NMR
Loy | (CDCls, 400 MHz2): 6 9.26 (s, 1H), 7.87 (d, 2H, J = 8.4 Hz), 7.63 (d,
O O 2H, J =8.4 Hz), 7.54 (d, 2H, J = 8.4 Hz), 7.44 (d, 2H, J = 8.4 Hz);
cl 13C NMR (CDCls, 100 MHz): § 143.1, 138.4, 134.6, 133.8, 130.6,
129.4, 128.6, 127.8, 127.1, 109.4; IR (KBr, cm™): 2923, 2219, 1664,
1095, 822; HRMS (ESI/Q-TOF) (m/z): calcd for C14H9CIN2O, [M +
H]*: 257.0476, found 257.0480.
(2)-N-Hydroxy-4'-methoxy-3'-methyl-[1,1'-biphenyl]-4-carbimidoyl cyanide (22a):
OH Yield: 70% (46 mg) as a white solid, mp 113-115 °C; 'H NMR
cn | (CDCls, 400 MHz): 6 9.37 (s, 1H), 7.96 (dd, 2H, J1 = 8.4 Hz, J, = 8.4
O Hz), 7.63 (d, 2H, J = 8.4 Hz), 7.42 (d, 2H, J = 8.4 Hz), 6.91 (d, 1H, J
= 8.0 Hz), 3.89 (s, 3H) 2.29 (s, 3H); 3C NMR (CDCls, 100 MHz): ¢
158.7, 144.6, 134.4, 132.3, 130.9, 129.9, 127.9, 127.8, 127.7, 127.3,
126.1, 110.9, 56.1, 17.0; IR (KBr, cm™): 3306, 2959, 2232, 1604,
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1066, 968; HRMS (ESI/Q-TOF) (m/z): calcd for C16H14N202, [M +
H]*: 267.1128, found 267.1129.
(2)-2-(Hydroxyimino)-2-(p-tolyl)acetic acid (2b):

\-OH Yield: 55% (25 mg) as a white solid, mp 176-178 °C; *H NMR

| on| (CDCls, 400 MHz): 6 7.93 (d, 2H, J = 8.4 Hz), 7.19 (d, 2H, J = 8.0
Mem Hz), 2.35 (s, 3H); *C NMR (CDCls, 100 MHz): § 173.1, 145.3,
130.9, 129.8, 127.2, 22.4; IR (KBr, cm™): 2919, 2549, 1670, 1283,
1117, 840; HRMS (ESI/Q-TOF) (m/z): calcd for CoHgNO3, [M +
H]": 180.0655, found 180.0660.
(2)-2-(Hydroxyimino)-2-(p-tolyl)acetamide (2c):

-OH Yield: 61% (27 mg) as a white solid, mp 174-176 °C; 'H NMR

|__NH, | (DMSO-ds, 400 MHz): ¢ 11.31 (s, 1H), 7.90 (s, 1H), 7.68 (s, 1H),
Mem 7.44 (d, 2H, J = 8.0 Hz), 7.22 (d, 2H, J = 8.0 Hz), 2.31 (s, 3H); *3C
NMR (DMSO-de, 100 MHz): ¢ 166.1, 153.4, 139.4, 129.9, 129.6,
126.1, 21.3; IR (KBr, cm™): 2923, 2859, 1672, 1186, 969, 756;
HRMS (ESI/Q-TOF) (m/z): calcd for CoHioN202, [M + H]*:
179.0815, found 179.0838.
1-Phenyl-2-(p-tolyl)ethane-1,2-dione (2d):
» Yield: 66% (37 mg) as a gummy; *H NMR (CDCls, 400 MHz): 6,
O O 7.89-7.87 (m, 2H), 7.78 (d, 2H, J = 8.0 Hz), 7.56 (t, 1H, J = 7.4 Hz),
Me . 7.42 (t, 2H, J = 7.8 Hz), 7.22 (d, 2H, J = 8.4 Hz), 2.35 (s, 3H); 13C
NMR (CDClz, 100 MHz): 6 194.8, 194.3, 146.2, 134.8, 133.1, 130.6,
130.0, 129.9, 129.7, 129.0, 21.9; IR (KBr, cm™): 2923, 1667, 1603,
1214, 1173; HRMS (ESI/Q-TOF) (m/z): calcd for CisH1202, [M +
H]*: 225.0910, found 225.0915.
(2)-(1H-Tetrazol-5-yl)(p-tolyl)methanone oxime (2e):
o Yield: 52% (26 mg) as a white solid, mp 210-212 °C; 'H NMR
' _N_ | (DMSO-ds, 400 MHz): 5 12.9 (s, 1H), 7.44 (d, 2H, J = 8.4 Hz), 7.24
Memw (d, 2H, J = 8.0 Hz), 2.32 (s, 3H); *C NMR (DMSO-ds, 100 MHz): 6

147.3, 143.2, 139.9, 130.9 129.6, 127.6, 21.3; IR (KBr, cm™): 2923,
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2855, 1719, 1607, 1456, 1183, 989, 821; HRMS (ESI/Q-TOF) (m/z):
calcd for CoHgNsO, [M + H]*: 204.0880, found 204.0889.
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11.10. Representative Spectra
(2)-N-Hydroxybenzimidoyl cyanide (1a): *H NMR (CDClz, 400 MHz)
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(2)-N-Hydroxy-4-methylbenzimidoyl cyanide (2a):*H NMR (CDCls, 400 MHz)
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(2)-N-Hydroxy-4-methylbenzimidoyl cyanide (2a):**C{*H} NMR (CDCls, 100 MHz)
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(2)-4-(Chloromethyl)-N-hydroxybenzimidoyl cyanide (7a):*H NMR (CDCls, 400 MHz)
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(2)-4-(Chloromethyl)-N-hydroxybenzimidoyl cyanide (7a):**C{*H} NMR (CDCls, 100
MHZz)
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(2)-4-Chloro-N-hydroxybenzimidoyl cyanide (10a): *H NMR (CDClIs, 400 MHz)
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(2)-4-Chloro-N-hydroxybenzimidoyl cyanide (10a): **C{*H} NMR (CDCls, 100 MHz)
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(2)-N-Hydroxy-3-nitrobenzimidoyl cyanide (14a): *H NMR (CDCls, 400 MHz)
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(2)-N-Hydroxy-3-nitrobenzimidoyl cyanide (14a): **C{*H} NMR (CDCls, 100 MHz)
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(2)-4'-(tert-Butyl)-N-hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (19a): *H
(CDCls, 400 MHz)
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Z)-4'-(tert-Butyl)-N-hydroxy-[1,1'-biphenyl]-4-carbimidoyl cyanide (19a): *C{*H} NMR
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CHAPTER-I1II

Visible-Light-Mediated Ir(l11)-Catalyzed Concomitant
C3-Oxidation and C2-Amination of Indoles

C-0 bond formation J peroxide-free mild reaction conditions
/O

Ir (1) (P1) (3 mol %) A HN Bz J low catalytic loading
q H R =N ¢ 0, as a C=0 oxygen source
20 W white LEDs N >

HzN "Bz rt 24h J no isatin formation

\ R2 R2
C-N bond formation regioselective C3-oxidation
20 examples and C2-amination
[Ir(dtbbpy)(ppy)21PFg (P1) (65-87°F/:)
O | Organic
Letters )

Org. Lett. 2019, 21, 3543-3547

org/Orglett Letter

Abstract: A visible-light-mediated concomitant C3 oxidation
and C2 amination of indoles have been achieved at room
temperature using an Ir (111) photocatalyst. This reaction
proceeds without an isatin intermediate via the attack of a
singlet oxygen at the C3 position followed by C2 amination

leading to difunctionalization of indoles.
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CHAPTER IlI

Visible-Light-Mediated Ir(l11)-Catalyzed Concomitant C3-
Oxidation and C2-Amination of Indoles

I11.1. Introduction

Recently, photocatalytic functionalizations have emerged as powerful synthetic tools in
modern organic chemistry/synthesis.! Compared to traditional functionalizations, the
photocatalytic strategy has emerged as an alternative method for rapidly constructing highly
functionalized structures by amplifying their chemical diversity.? In particular, the
photocatalytic functionalizations of indoles have attracted considerable attention since
functionalized indole motifs have found significant applications in biological and medicinal

chemistry and are present in various natural and artificial bioactive products (Figure 111.1).2

Leuconoxine Isatisine A Austamide
(Antimalarial) (Antiviral) (Insecticide)

Tabersonine Ergoline
(Anticancer drug precursor) (Memory and learning enhancer)

Figure I11.1. Representative bioactive products containing functionalized indoles.

I11.2. Ideas Toward the Synthesis of 2,3-Difunctionalization of

Indoles

In 2013, Ji's group demonstrated the 1o/TBHP-catalyzed chemoselective amination of

indoles. This method offers several benefits, including utilizing an aqueous medium, tolerance
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to air, cost-effectiveness, low toxicity, and environmental friendliness. This reaction applies to
the production of tryptanthrin, a compound prevalent in various plant species (Scheme 111.1).42

R2

)
_ L, TBHP !
CH3CN 4o°c R »/—NH

Scheme 111.1. Synthesis of amination of indoles derivatives.

In 2018, Jiang's group presented an efficient and cost-effective protocol for a copper-
mediated aerobic oxidative of C—H iodination and nitration of indoles. This process was
conducted smoothly under mild aerobic conditions, enabling the direct synthesis of 3-iodo-2-
nitroindoles in a single step. The reaction exhibited high regioselectivity and displayed a
broad substrate scope, underscoring its versatility for diverse indole derivatives (Scheme
111.2).%

cul, 0,
R1 \ + _— R1 \ NO
‘@:} BUONO e eN, 90 °c N 3

b 12-24 h k2

Scheme 111.2. Synthesis of iodination and nitration of indole derivatives.

Ji group reported a visible-light-mediated synthesis of 2-azidoindolin-3-yl 2-
aminobenzoates via dearomatization/ring-opening cascade reaction of indole. Here, the
photocatalyst played the driving force and triethylamine in the ring-opening step. This
reaction features mild conditions and controllable multi-step reactions, providing a new route

for the construction of indoline skeletons (Scheme 111.3).4¢

o
. A TMSN Acridine red, PhSeSePh H
. -
R N 3 740 W blue LEDs R Ns
\ 2 CH3CN, rt, 02 N
R Then Et;N R2

Scheme I11.3. Synthesis of 2-azidoindolin-3-yl 2-aminobenzoates derivatives.
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Among significant photocatalytic reactions of indoles, in 2017, Yoon et al. reported a
Diels—Alder cycloaddition with dienes leading to tetrahydro-1,4-ethanocarbazoles.> A chemo
divergent oxygenation of indole to isatins and formylformanilides under visible-light
photocatalysis has been developed by Jiang et al.® The Stephenson reported an efficient
addition of malonyl radicals to indoles under Ru-photocatalysis.” To the best of our
knowledge, there is no photocatalytic functionalization of indoles leading to selective C3
oxidation and C2 amination. Our group is actively involved in the design and development of
operationally simple and efficient methodologies for the functionalizations of various
heterocycles.® Herein, we report a visible-light mediated protocol for the selective
difunctionalization of N-substituted indoles using benzo hydrzides in an oxygen atmosphere
leading to concurrent C3 oxidation and C2 amination of indoles.

By judicious selection of photocatalysts and other reaction parameters, a concomitant
bis-functionalization of indoles has been accomplished [Scheme I11.4 (b)]. While our
manuscript was under preparation, Borhan et al. published an elegant C3-oxidation and C2-
amination of indoles involving Cu(l) catalyst and an acyl nitroso reagent such as
hydroxycarbamate [Scheme 111.4 (a)].° This method has advantages in terms of peroxide-free
oxidation use of hydroxycarbamate as the source of oxygen and the amide, making this
protocol advantageous over previous methodologies involving difuctionalization of indoles.*
Nevertheless, this method has an inherent limitation as it is applicable only to C2-protected
indoles, and C2-free indoles failed to functionalize.

Scheme I11.4. Approaches towards difunctionalization of indoles via selective C3 oxidation

and C2 amination

Previous Approach

CuCl (10 mol %) /O
ridine (2 mol %
mo + HONHBoc Xidirel ) ~---(a)
N THF, air, rt, 24 h N NHBoc
\
R
(o]

R
C2-Protected

Our Photocatalytic Approach

\ Ir () (3 mol %) /
TBAI (30 mol %) =NNHBz
©\/N> +  HNNHBz light, O, N ----(b)
\

R CH3;CN, rt, 24 h R
C2-Free
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Our initial investigation started using indole (1f) (0.25 mmol), benzohydrzide (2a)
(0.25 mmol), [Ir(dtbbpy)(ppy)2]PFs (P1, 1 mol %), and TBAI (10 mol%), in 1,2-
dichloroethane (DCE) at room temperature, in an oxygen atmosphere under irradiation of
visible light (2 x 10 W white LEDs). Interestingly, the reaction resulted in the formation of a
new product (3f, 30%). Spectroscopic (IR, *H, and *C), HRMS, and crystallographic analysis
of the isolated product confirmed its structure to be (E)-N'-(1-isopropyl-3-oxoindolin-2-
ylidene)benzohydrazide (3f) (Figure 111.2).

MOMOVE FCRCED Preb = 50
Temp

-30 Y

[70316)

™ PLATOM-Feb 28 11:27:15 2018 -

-17  exp 5928 P 21 21 21 A = 0.05 RES= 0 -38 X

Figure 111.2. ORTEP (with 50% probability) diagram for the structure (E)-N'-(1-
isopropyl-3-oxoindolin-2-ylidene)benzohydrazide 3f (CCDC 1901162).

In contrast to other preparations of 3-oxindoles, here formation of this product (3f) is
accompanied by the regioselective C3-oxidation and C2-amination.!! Oxindoles are an
important class of heterocycles and have attracted considerable attention in the field of
antimicrobial and anticancer research.*? The classical, as well as photocatalytic approaches
for the synthesis of 2-oxindoles frameworks, are well documented,**!* whereas there are only
limited reports on the synthesis of 3-oxindoles.>*>! The two well-established strategies are;
(i) a Pd-catalyzed, MnO2/TBHP-mediated oxidative dearomatization of indoles,'® and (ii) a
redox annulation of nitro-alkynes with indoles in the presence of Au(lll)/chiralphosphoric
acid dual catalysis.!® To the best of our knowledge, there is no report for the direct synthesis

of 3-oxoindole involving indole with benzohydrazide and oxygen under photocatalysis.
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111.3. Present Work

111.3.1. Optimization of the Reaction Conditions

Inspired by this photocatalytic approach, extensive optimization studies involving the
selection of different catalytic systems and solvents were carried out. Using different
transition metal-based photocatalysts such as Ir[dF(CFs3)ppy]2(dtbpy))PFs (P2) (20%) and
Ru(bpy)s(PFe)2 (P3)(10%) did not show any improvement in the reaction yields (Table I11.1,
entries 2—3). On the other hand, organic dyes such as Eosin B, Eosin Y, and Rose Bengal
were completely ineffective, leaving the starting material unreacted even after 24 h (Table
I11.1, entries 4-6). Hence, it was found that the catalyst [Ir(dtbby)(ppy)2]PFs(P1) is more
suitable for the formation of (3f). Next, the catalyst loading was varied, and it was found that
3 mol % of [Ir(dtbbpy)(ppy)2]PFs(P1) is ideal for the transformation, yielding product (3f) in
55% vyield (Table I11.1, entries 7-9). Further, an increase in the catalytic loading (3.5 mol%)
did not show any significant enhancement in the yield (56%) (Table Ill.1, entry 10).
Subsequently, the effect of solvents on the reaction was examined. Solvent DCM (55%,
Table I11.1, entry 11) was found to be equally effective to that of DCE. The use of polar
aprotic solvents such as DMSO (40%) and DMF (45%) were found to be inferior to that of
DCE (Table I11.1, entries 12—13). However, polar-protic solvents such as MeOH (60%) and
EtOH (65%) were superior to DCE (Table I11.1, entries 14-15). Incidentally, the polar aprotic
solvent CH3CN was found to be the best in terms of yield (70%) with fewer side products
(Table 111.1, entry 16). After the optimization of both catalyst and solvent, we next
scrutinized the loading of various additives. Increasing the loading of TBAI from 10 to 15,
20, and 30 mol%, the yield of (3f) increased to 70%, 72%, and 75%, respectively (Table 111.1,
entries 17-19). However, no more improvement in the yield (76%) was observed by further
increasing the TBAI loading to 40 mol%. Other organic and inorganic halo additives, such as
tetrabutyl ammonium bromide, sodium iodide, and lithium bromide, were completely
ineffective (Table IIl.1, entries 20-23). Reaction without the photocatalyst
[Ir(dtbbpy)(ppy)2]PFes (P1) did not provide any trace of the product (3f) (Table I11.1, entry
24). The reaction in the dark, under otherwise identical reaction conditions, provided a trace
(5%) of the desired product (3f) (Table Ill.1, entry 25). Reaction in open air yielded the

desired product in 40% after 24 h; however, it was associated with the formation of some
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fluorescent impurities (Table 111.1 entry 26). Thus, the optimum condition for the synthesis of
(3f) was the use of (1f) (0.25 mmol), benzo hydrazide (2a) (0.25 mmol), catalyst P1 (3
mol%), and TBAI (30 mol%) in 5mL CH3CN under an atmosphere of oxygen by irradiation

of 20 W white LEDs at room temperature.

Table 111.1. Optimization of the reaction conditions®

(0]
m + )J\ reaction conditioni
N Ph NHNH; 0, ballon, additive

Me)‘Me 20 V\(I4v;:|:1emI;EDs - )\Me
1f 2a rt, 24 h 3f
"""""""""""""""""""""""""""" cF, o~
N FBU - FBU
L LN
||r\N/ | PFg I\N/ | PFg 2 PFq
| N S NBu N-"t.Bu
Z CF;
P1 P3
Entry Catalyst (mol%o) Additive Solvent (5 Yield®(
(mol%o) mL) %)
1. [Ir(dtbbpy)(ppy)2]PFe(1) P1 TBAI (10) DCE 30
2, (Ir[dF(CFs3)ppy]z(dtbpy))PFe (1) P2 TBAI (10) DCE 20
3. Ru(bpy)s(PFs)2 (1) P3 TBAI (10) DCE 10
4, Eosin B (1) TBAI (10) DCE ND°
5., Eosin Y (1) TBAI (10) DCE ND®
6. Rose Bengal (1) TBAI (10) DCE ND°
7. [Ir(dtbbpy)(ppy)2]PFe(2) P1 TBAI (10) DCE 45
8. [Ir(dtbbpy)(ppy)2]PFs(2.5) P1 TBAI (10) DCE 50
9, [Ir(dtbbpy) (ppy)2]PFs(3) P1 TBAI (10) DCE 55
10. [Ir(dtbbpy)(ppy)2]PFs(3.5) P1 TBAI (10) DCE 56
11. [Ir(dtbbpy)(ppy)2jPFs(3) P1 TBAI (10) DCM 55
12. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (10) DMSO 40

TH-3414 176122011
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13. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (10) DMF 45

14. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (10) MeOH 60

15. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (10) EtOH 65

16. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (10) CH3CN 70

17. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (15) CHsCN 70

18. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (20) CH3CN 72

19. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (30) CH3CN 75

20. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (40) CH3CN 76

21. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAB CH3CN 50

(30)

22. [Ir(dtbbpy)(ppy)2]PFs(3) P1 Nal (30) CH3CN 55

23. [Ir(dtbbpy)(ppy)2]PFs(3) P1 LiBr (30) CH3CN 40

24 - TBAI (30) CH3CN ND°

25. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (30) CH3CN Trace®

26. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (30) CH3CN 40°

27. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (30) CH3CN 25

28. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (30) CH3CN 50¢

29. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (30) CH3CN 60"

30. [Ir(dtbbpy)(ppy)2]PFe(3) P1 TBAI (30) CH3CN ND'

31. [Ir(dtbbpy)(ppy)2]1PFe(3) P1 TBAI (30) CH3CN ND/

32. [Ir(dtbbpy)(ppy)2]PFs(3) P1 TBAI (30) CH3CN 45K

Reaction conditions: 1f (0.25 mmol), benzohydrazides2a (0.25 mmol), P1 (mol %), and TBAI (mol
%) in 5 mL solvent with an oxygen balloon and 2 x 10 W white LEDs irradiation at room temperature.
®Yield of isolated product. °ND = Not detected. “Reaction performed in the dark. ®Reaction in an open
atmosphere. 'Reaction performed using 2W LED light. 9Reaction performed using 5W LED light (449
nm, FWHM). "Reaction performed using 10W LED light. 'Reaction performed using 5W red LED
light. IReaction performed using 5W green LED light. Reaction performed using 5W blue LED light.

TBAI= tetra butyl ammonium iodide, TBAB= tetra butyl ammonium bromide.
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11.3.2. Substrate Scope for the Synthesis of 3-Oxindoles

The scope and generality of the visible-light-mediated reaction were extended to
various substituted indoles and benzohydrazides under the optimized reaction condition. As
shown in Scheme I11.5, a diverse array of N-substituted and mono and di (1,5 and 1,7)
substituted indoles (1a-m, 1s-t) could be transformed to their corresponding 3-oxindoles (3a-
t) in good yields. At first, the effect of various alkyl substituents (R?) at the indole nitrogen
were examined, and the results are summarized in Scheme 111.5. It was found that the isolated
yields of the product improved as the alkyl chain length increased. Alkyl substituents such as
methyl (1a), ethyl (1b), n-propyl (1c), n-butyl (1d), and n-pentyl (1e) provided their
corresponding bi-functionalized products (3a), (3b), (3c), (3d) and (3e) in 65%, 68%, 72%,
74% and 80% vyields respectively. These primary alkyl groups are expected to stabilize the
nitrogen radicals to similar extents and, hence, should provide equal yields. The better-
isolated yields for higher alkyl chains could be because of easy elution (isolation) due to the
enhanced hydrophobic character during silica gel column chromatographic purification, as
highly nitrogenous compounds often stick to the column. Similarly, secondary N-alkyl
substituents such as isopropyl (1f) and cyclopentyl (1g) substituted indoles yielded their
corresponding products (3f) and (3g) in 75 and 78% vyields, respectively.

Next, the compatibility of various benzyl substituents (R?) was tested as they are often
prone to oxidation.!” Substrates having N-benzyl substituents, bearing either electron-
donating p-CHs (1h) or electron-withdrawing p-Cl (1i), o-Br (1) groups reacted efficiently
with benzohydrazide (2a) to give good yields of their products (3h, 70%), (3i, 72%) and (3],
70%) in almost identical yields without undergoing oxidation at the benzylic position. An N-
allyl substituted indole (1k) underwent the present photocatalytic bi-functionalization giving
the product (3k) a 65% yield without affecting the oxidation-sensitive allylic group. After
demonstrating the compatibility of various N-protected indoles, we examine the nature of
various substituents (EDG and EWG) present either on the homocyclic ring of indoles or on
the phenyl rings of benzohydrazides. Irrespective of the nature of the substituents [electron-
donating 5-Me (1) or electron-withdrawing 5-Br (Im and 1s) or 7-F (1t) in the indolyl
moiety and electron-donating p-Me (2b), p-OMe (2c¢), m-OMe (2d) or electron-withdrawing
p-CFz (2e), p-Br (2f), in the benzo hydrazide ring] or their positions of attachments all
provided moderate to good yields of their products (3, 68%), (3m, 75%), (3n, 75%), (30,
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74%), (3p, 72%), (3q, 85%), (3r, 82%), (3s, 87%), (3s, 85%), revealing no obvious
electronic impact from the substituents.

Scheme 111.5. Substrate scope for the synthesis of 3-oxindoles °

o R3 ~ t-Bu
o Catalyst (P1) I un ‘ N
RN g 0, ballon r T N=y _<o 'T\
{ + R3” “NHNH action conditions Z
Z N‘ 2 reaction conditions N t-Bu
R? 24h R2
Ir(dtbb PFg (P1
U 2a-g (3a-4, yield %) [ir( PY)(PPY)z] 6 (P1)

(3a, 65%) (3b, 68%) (3c 72%) (3d, 74% (3e so%

@@9 ,memP @MD @p

(31, 75%) CCDC 1901162 (39 28%) (3h 70%) (3. 72%)  (3), 70%) Br
Me
J~Me \\/
Me’
o
(3K, 65%) (31, 68%) (3m, 75%) (@3n, 75%) (30, 74%)
2 2 Me F Me
(3p, 72%) (39, 85%) (3r, 82%) (3s, 87%) (3t, 85%)
o D D D oD O o
~Z
N N N N NN N on °
Ac Mom Boc Ph Et \\(
Ph
NR low yield NR low yield low yield low yield NR
NH, o NH, o. NHz o. NH;
m yNH NH NH NH
S —
B L & )
s o N
NR low yield low yield low yield low yield

aReaction conditions: 1la—m, 1s—t (0.25 mmol), 2a—g (0.25 mmol), P1 (3 mol %), CH3sCN
(5 mL), 2 x 10 W Whote LEDs, under O2. ®Isolated yield. NR= no reaction.
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Reaction with an alkyl hydrazide gave a very poor yield of the product, which is also
associated with an inseparable mixture of uncharacterized impurities. In contrast, sulfonyl
hydrazide failed to give the anticipated oxidative amination product (Scheme I11.5). Unlike
benzimidazoles, this photocatalytic process was not successful for the functionalization of
analogous heterocycles, such as benzothiazoles, benzoxazoles, and many other N-bearing

heterocycles (Scheme 111.5)

I11.4. Mechanistic Investigation

111.4.1. Control Experiments

To gain insight into the mechanism of this regioselective bis functionalization, a series
of control experiments were conducted. To ascertain the origin of the carbonyl oxygen in the
product, whether it is originating from Oz or other sources (moisture from the solvent) in the
reaction mixture, a standard reaction of la and 2a was performed under a nitrogen
atmosphere. The reaction failed to proceed efficiently, giving just 5% yield of the product 3a
after 24 h. Further, to rule out the possibility of water as the source of carbonyl oxygen of the
indole ring, a standard reaction was carried out in the presence of 5 equiv of H20%. The
HRMS analysis of the isolated product revealed no traces of O incorporation, suggesting
that water is not the source of the carbonyl oxygen in the product. These observations suggest
that molecular oxygen is the only possible oxygen source of the carbonyl oxygen as in its
absence the reaction is unsuccessful (Scheme 111.6).

/O Ph
©\/\> + i Standard condition _:'N_ﬁo
Ph” "NHNH,

N N
Me
Me
Me' Me)\
1f 2a (i) N, atm. (3f, 5%)
(ii) H,0® (3f, No O"® incorporation)

Scheme 111.6. Nitrogen atmosphere and O*® labeling experiments.

To prove the photocatalytic radical pathway, a standard experiment between la and
2a was carried out in the presence of TEMPO (1 equiv) under otherwise identical conditions,

which provided 3a in only a trace amount (Scheme 111.7).
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N Radical scavanger N
Me
Me Me)\Me
1f 2a (i) TEMPO (2 equiv) (3f, trace)

Scheme I11.7. TEMPO experiment.

/O Ph
CE\> . i Standard condition _:,N_ﬁo
Ph”” “NHNH,

Most oxidations of indoles proceed via an isatin (indoline-2,3-dione) intermediate.*®
Thus, a question arises whether this oxidative bifunctionalization is proceeding via a similar
isatin intermediate. An isatin analogue, 1 methyl indoline-2,3-dione in lieu of 1a, was reacted
with 2a under identical reaction conditions and gave no trace of 3a, confirming isatin not to be
intermediate in this reaction (Scheme I111.8).

y /0 Ph
(0] HN
©:‘g:o + )j\ Standard condition =N _<0
N Ph” “NHNH, N
Me
Me
M¢ Me)\
5 2a (3f, 00%)

Scheme 111.8. Intermediate detection experiment.

The reaction mixture was colorless initially and turned violet as the reaction
progressed. This is because of the oxidation of the iodide from tetrabutylammonium iodide to
molecular iodine due to the generation of hydrogen peroxide in the medium. Two methods
have been employed to detected the formation of H2O..

Method-1: When a solution of Fe(ll), i.e. (NH4)2FeSO4.6H.0, was added to the reaction
mixture, a rapid setting of Fe(OH)s floc was observed. This is because of the rapid oxidation
of Fe(Il) to Fe(l11) due to the presence of hydrogen peroxide in the medium.

Method-2: The UV absorption of the reaction mixture in acetonitrile shifter from 510 nm

to 526 nm upon addition of TiCls due to the formation of peroxo complex of titanium (1V)
(Figure 111.3).
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Figure 111.3. UV absorption spectrum.

11.4.2. Plausible Reaction Mechanism

Based on the control experiments carried out and from the DFT calculation, a plausible
mechanistic path is depicted in Scheme I11.9. To clearly understand the mechanism of the
reaction, we performed DFT calculations and modeled the reaction profile at M06/6-31+G(d)
level of theory. In the first step, indole (1f) is oxidized to an indole radical cation (A) through
a reductive quenching process by the photocatalyst Ir(l1l)* (P1). Simultaneously, the
molecular oxygen is reduced to a superoxide ion Oz~ by Ir(ll), and the catalyst is
regenerated.?® Next, we compared the possibility of attack of O™~ on two possible sites (Cs
and Cy) of the radical cation A through TS-1A and TS-1B. Clearly, TS-1A, i.e., attack at the
C3-site, has a lower barrier and lower stabilization compared to TS-1B involving a C-2 attack
as depicted in Scheme 111.9. Further, the forward reaction is preferred for TS-1A, and the
reverse reaction is preferred for TS-1B. Thus, the formation of transition state TS-1B via the
C-2 attack of O2™ is ruled out. The highly reactive O>" then attacks at the C-3 site of the
intermediate A to form a peroxy iminium species B. The benzohydrazide 2a attacks at the C-2
site of intermediate B to form intermediate C through TS-2. This is perhaps the rate-
determining step for this reaction, having an activation barrier of 22.14 kcal/mol. Intermediate
C is around 1.56 kcal/mol, which is more stable than intermediate B. As expected, the barrier
for removing a water molecule is very low (1.90 kcal/mol) from intermediate C to form

intermediate D, which is associated with higher stabilization. Finally, two hydrogens, one
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from indole and benzohydrazide (2a), were removed. The final step seems to be a facile one
with an activation barrier of 4.89 kcal/mol. Moreover, the final product (3f) is 14.91 kcal/mol
more stable compared to the intermediate D. Thus, all of the proposed steps are highly
favorable, which leads to a stable bi-functionalized product. Some of the selected interatomic

distances found in the geometries of various transition states are depicted in Scheme 111.9.

Scheme 111.9. Plausible mechanism for the formation of 3f supported by DFT calculated
energy profile (relative energies (kcal/mol) and bond distances (/f’) are calculated at M06/6-
31+G(d) level of theory)
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I11.5. Post-Synthetic Application

To demonstrate the applicability of the present photochemical approach, the
compound (1a) was subjected to some useful organic transformations (Scheme 111.10). Acidic
hydrolysis of difunctionalized product 3f in MeOH:H20 (1:1, 3 mL) solvent system and p-
TSA catalyzed (20 mol %) reaction conditions yielded 1-isopropylindoline-2,3-dione 5 in

moderate yield (40%) along with few fluorescent impurities.?®
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Scheme 111.10. Post-synthetic application.

111.6. Conclusion

In summary, a mild and efficient photocatalytic regioselective method has been
developed for the selective difunctionalization of indoles by visible-light-induced photoredox
Ir(111) catalysis. A wide range of indoles, as well as benzohydrazides, participate competently
in the free-radical reaction to afford structurally diverse oxindoles in good yields. Based on
control experiments carried out plausible mechanism has been proposed which is well

supported by DFT calculation.

I11.7. Experimental Section

I11.7.1. General Information: The starting materials were commercially available and were
used without further purification. 1-Substituted indoles were synthesized following the
reported procedures.’ Glassware were dried in an oven at 100°C or flame-dried and cooled
under a dry atmosphere before use. Unless otherwise indicated, reactions were performed
under an oxygen balloon and 2 x 10 W white LED bulbs irradiation at room temperature. All
the reactions were monitored by TLC using precoated sheets of silica gel G/UV-254 of 0.25
mm thickness (Merck 60F2s4) using UV light for visualization. Column chromatography was
performed using 100-200 mesh silica gels. NMR spectra were recorded on Bruker 400 MHz
NMR spectrometer. Chemical shifts for *H NMR were reported as &, parts per million,
relative to the signal of CHCIs. Chemical shifts for 3C NMR were reported as 8, parts per
million, relative to the center line signal of the CDCls triplet. The abbreviations s, br. s, d, t, q,
and m stand for the resonance multiplicity singlet, broad singlet, doublet, triplet, quartet, and
multiplet, respectively. IR spectra were recorded in KBr. HRMS spectra were recorded using
ESI mode (Q-TOF type Mass Analyser).
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I11.7.2. Crytallographic Description:

Crystallographic Description of (E)-N'-(1-isopropyl-3-oxoindolin-2-
ylidene)benzohydrazide (3f):
C18H17N302, crystal dimensions 0.24 x 0.20 x 0.16 mm, orthorhombic, space group P 21, a =
6.5705(3), b = 12.6811(6), ¢ = 18.9314(9) A, o = 90°, = 90°, y = 90°, V = 15.7739(13) A3, Z
= 4. CCDC-2118561 for (E)-N'-(1-isopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3f)
contains the supplementary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.

111.7.3. General Procedure for the Preparation of (3a-t) at 0.25 mmol Scale

An oven-dried 10 mL round bottom flask equipped with a magnetic stir bar and rubber
septum were added Ir(ppy)2(dtbbpy)PFsP1 (3 mol %, 7 mg), TBAI (30 mol %, 27 mg), indole
(1) (0.25 mmol), and benzohydrazides (2) (0.25 mmol) and subjected to the vacuum for 5
minutes. Next, CH3CN (5 mL) was introduced to the flask through a cannula under an oxygen
atmosphere. The reaction mixture was stirred at room temperature at a distance of ~8-10 cm
from two 10 W white LED bulbs (455 nm). After completion of the reaction (monitored by
TLC analysis), the solvent was removed in vacuoand the mixture was diluted with ethyl
acetate (10 mL) followed by washing with aqueous NaHCO3 (2 x 5 mL). The organic layer
was dried over anhydrous Na2SOs, and the solvent was evaporated under reduced pressure.
The crude residue thus obtained was purified by column chromatography over silica gel (100-
200 mesh) using an increasing percentage of ethyl acetate in hexane as eluent to afford the

pure products (3).

111.7.4. Procedure for the Preparation of (3f) at 1 mmol Scale

An oven dried 25 mL round bottom flask equipped with a magnetic stir bar and rubber
septum were added Ir(ppy)2(dtbbpy)PFeP1 (3 mol %, 28 mg), TBAI (30 mol %, 110 mg),
indole (1f) (1 mmol, 159 mg), and benzohydrazides (2a) (1 mmol, 136 mg) and subjected to
the vacuum for 5 minutes. Next, CH3CN (10 mL) was introduced to the flask through a
cannula under an oxygen atmosphere. The reaction mixture was stirred at room temperature at
a distance of ~8-10 cm from two 10 W white LED bulbs (455 nm). After completion of the
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reaction (monitored by TLC analysis), the solvent was removed in vacuo and the mixture was
diluted with ethyl acetate (30 mL) followed by washing with aqueous NaHCO3 (2 x 10 mL).
The organic layer was dried over anhydrous Na,SOs, and solvent was evaporated under
reduced pressure. The crude residue thus obtained was purified by column chromatography
over silica gel (100-200 mesh) using increasing percentage of ethyl acetate in hexane as eluent
to afford the pure products (3b, 72 %, 221 mg).

111.7.5. General Procedure for the Acidic Hydrolysis of (E)-N'-(1-1sopropyl-3-oxoindolin-
2-ylidene)benzohydrazide (3f)

To an oven-dried 10 mL round bottom flask fitted with a reflux condenser were added
(E)-N'-(1-1sopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3f, 0.25 mmol, 76 mg), p-TSA
(20 mol %, 8.6 mg) and MeOH:H20 (1:1, 3mL). Then the reaction mixture was heated at
reflux temperature for 24 h. After the completion of the reaction (monitored by TLC) the
reaction mixture was mixed with ethyl acetate 10 mL and washed with ag. Na.CO3 (2 x 10
mL). The separated organic layer was dried over anhydrous sodium sulphate (Na>SQOs), and
evaporated under reduced pressure. The crude product so obtained was purified by silica gel
column chromatography using hexane and ethyl acetate as the eluent to give pure 1-
isopropylindoline-2,3-dione 5 (red solid, 40% vyield, 19 mg). The identity and purity of the
product was confirmed by spectroscopic analysis. *tH NMR (400 MHz, CDCls): § 7.60-7.53
(m, 2H), 7.09-7.01 (m, 2H), 4.55-4.48 (m, 1H), 1.51 (d, J = 6.8 Hz, 6H); 3C NMR (100 MHz,
CDCls): 6 183.8, 157.8, 150.5, 138.1, 125.5, 123.2, 117.9, 111.3, 44.8, 19.3.
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'H and *C NMR spectra of 5

N 2
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111.9. Spectral Data

(E)-N’-(1-Methyl-3-oxoindolin-2-ylidene)benzohydrazide (3a):

Red solid (45 mg, 65% yield); mp 170-172 °C; *H NMR (400
MHz, CDCls): 6 13.49 (s, br, 1H), 7.98 (d, J = 7.6 Hz, 2H), 7.68
(d, J = 7.6 Hz, 1H), 7.60-7.49 (m, 4H), 6.98-6.92 (m, 2H), 3.41 (s,
3H); 3C NMR (100 MHz, CDCls): 6 182.0, 164.0, 153.9, 140.5,
138.3, 132.6, 132.3, 128.9, 127.5, 127.2, 125.6, 120.5, 118.4,
109.6, 27.7; IR (KBr,cm™): 3437, 2923,2852, 1691, 1668, 1621,
1538, 1477, 1253, 704, 442; HRMS (ESI) calcd. for
C16H13N3NaO", [M+Na]", 302.0905, found 302.0923.

(E)-N'-(1-Ethyl-3-oxoindolin-2-ylidene)benzohydrazide (3b):

Red solid (49 mg, 68% yield); mp 150-152°C; *H NMR (400
MHz, CDCls): 6 13.55 (s, br, 1H), 7.98 (d, J = 7.2 Hz, 2H), 7.68
(d, J = 7.6 Hz, 1H), 7.59-7.49 (m, 4H), 6.97-6.93 (m, 2H), 3.95 (q,
J =6.8 Hz, 2H), 1.33 (t, J = 7.2 Hz, 3H); **C NMR (100 MHz,
CDCls): ¢ 182.2, 163.9, 153.1, 139.7, 138.2, 132.7, 132.3, 128.9,
128.6, 127.7, 127.5, 125.8, 120.3, 118.5, 109.7, 36.0, 12.5; IR
(KBr, cm™): 3438, 3058, 2925, 1696, 1668, 1620, 1532, 1472,
1263, 699, 443; HRMS (ESI) calcd. for C17H1sNsNaO2*" [M+Na]*,
316.1062, found 316.1079.

(E)-N'-(3-Oxo0-1-propylindolin-2-ylidene)benzohydrazide (3c):

TH-3414 176122011

Red gummy liquid (55 mg, 72% yield); *H NMR (400
MHz, CDCls): 6 13.57 (s, br, 1H), 7.98 (d, J = 7.2 Hz, 2H), 7.67
(d, J = 7.2 Hz, 1H), 7.57-7.49 (m, 3H), 7.37-7.36 (m, 1H), 6.95-
6.92 (m, 2H), 3.83 (t, J = 6.8 Hz, 2H) 1.82-1.76 (m, 2H), 0.98
(t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls): § 182.1,
163.9, 153.6, 140.2, 138.2, 132.7, 132.3, 128.8, 128.6, 127.5,
125.7,123.6, 120.3, 118.3, 109.9, 42.9, 20.7, 11.4; IR (KBr, cm’
1Y: 3440, 2930, 2854, 1693, 1672, 1619, 1546, 1497, 1249, 699,
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452; HRMS (ESI) calcd. for CigHi7N3sNaO;" [M+Na],
330.1218, found 330.1230.

(E)-N’-(1-Butyl-3-oxoindolin-2-ylidene)benzohydrazide (3d):

\_#Me

) ;
L N
=N
N

o

Red gummy liquid (59 mg, 74% vyield); 'H NMR (400
MHz, CDCls): 5 13.56 (s, br, 1H), 7.97 (d, J = 7.6 Hz, 2H), 7.68
(d, J = 7.2 Hz, 1H), 7.59-7.49 (m, 4H), 6.96-6.93 (m, 2H), 3.89
(t, J = 7.2 Hz, 2H), 1.77-1.73 (m, 2H), 1.45-1.40 (m, 2H), 0.97
(t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls): ¢ 182.1,
163.8, 153.5, 140.6, 140.1, 138.2, 132.7, 132.3, 128.8, 127.5,
125.7,120.2, 118.4, 109.8, 41.2, 29.5, 20.2, 13.8; IR (KBr, cm"
1. 2957, 2853, 1696, 1669, 1619, 1472, 1129, 707, 612; HRMS
(ESI) caled. for Ci9H20N30." [M+H]", 322.1556, found
322.1560.

(E)-N'-(3-Oxo0-1-pentylindolin-2-ylidene)benzohydrazide (3e):

Red gummy liquid, (67 mg, 80% vyield); *H NMR (400 MHz,
CDCls): § 13.56 (s, br, 1H), 7.97 (d, J = 7.6 Hz, 2H), 7.68 (d, J =
7.2 Hz, 1H), 7.57-7.49 (m, 4H), 6.96-6.92 (m, 2H), 3.88 (t, J =
7.2 Hz, 2H), 1.78-1.76 (m, 2H), 1.38-1.37 (m, 4H), 0.90 (t, J =
6.4 Hz, 3H); 3C NMR (100 MHz, CDCls): 5 182.1, 163.8,
153.5, 140.1, 138.3, 138.2, 132.7, 132.3, 128.8, 127.5, 125.7,
120.2, 118.3, 109.9, 41.4, 29.0, 27.1, 22.4, 14.0; IR (KBr, cm™):
2956, 2854, 1696, 1670, 1620, 1472, 1130, 707, 613; HRMS
(ESI) calcd. for CooH22N302" [M+H]*, 336.1712, found
336.1723.

(E)-N'-(1-1sopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3f):

—N
N
)\Me

Me

o]

TH-3414 176122011

Red solid (57 mg, 75% yield); mp 141-143 °C; H NMR
(400 MHz, CDCl3): ¢ 13.69 (s, br, 1H), 7.99 (d, J = 7.6 Hz, 2H),
7.69 (d, J = 7.6 Hz, 1H), 7.59-7.49 (m, 4H), 7.11 (d, J = 8.4 Hz,
1H), 6.93 (t, J = 7.6 Hz, 1H), 4.85-4.78 (m, 1H), 1.55 (d,J=7.2
Hz, 6H); C NMR (100 MHz, CDCls): ¢ 182.3, 163.9, 152.5,
139.8, 137.9, 132.7, 132.3, 128.8, 127.5, 125.9, 120.0, 118.8,
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111.5, 45.2, 19.5; IR (KBr, cm™): 3440, 2972, 2924, 1693, 1670,
1617, 1524, 1468, 1225, 976, 706, 462; HRMS (ESI) calcd. for
C18H1sN302" [M+H]", 308.1399, found 308.1392.

(E)-N’-(1-Cyclopentyl-3-oxoindolin-2-ylidene)benzohydrazide (39):

Red solid (64 mg, 78% vyield); mp 127-129 °C, 'H NMR
p (400 MHz, CDCls): § 13.69 (s, br, 1H), 7.99 (d, J = 7.2 Hz, 2H),
HN

(o]
/

@[S:N' 3 7.70 (d, J = 7.2 Hz, 1H), 7.57-7.49 (m, 4H), 7.03 (d, J = 8.4 Hz,
N

1H), 6.94 (t, J = 7.2 Hz, 1H), 5.01-4.94 (m, 1H), 2.21-2.01 (m,
6H), 1.74 (s, br, 2H); 3C NMR (100 MHz, CDCls): § 182.3,
163.9, 152.2, 140.1, 137.8, 132.8, 132.2, 128.8, 127.5, 125.8,
120.0, 118.8, 111.3, 53.5, 27.6, 25.0; IR (KBr, cm™): 3432,
2923,2853, 1695, 1669, 1611, 1533, 1484, 1221, 751, 471; HRMS
(ESI) calcd. for CzoHi9N3NaO2" [M+Na]*, 356.1375, found
356.1383.

(E)-N’-(1-(4-Methylbenzyl)-3-oxoindolin-2-ylidene)benzohydrazide (3h):
Red solid (66 mg, 72% yield); mp160-162 °C; *H NMR (400

0 9 MHz, CDCls): 6 13.49 (s, br, 1H), 7.91 (d, J = 7.6 Hz, 2H), 7.62
HN
@f&:w ) (d, J = 7.6 Hz, 1H), 7.52-7.39 (m, 4H), 7.15-6.99 (m, 4H), 6.87 (t,
N
kQM J = 7.6 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 4.99 (s, 2H), 2.24 (s,

3H); *C NMR (100 MHz, CDCls): ¢ 180.8, 162.8, 152.2, 139.1,
137.5, 137.2, 134.4, 131.6, 131.3, 127.8, 127.6, 127.5, 127.0,
126.5, 124.6, 123.4, 119.6, 117.5, 109.6, 43.9, 20.4; IR (KBr, cm"
1Y: 3244, 3043,2961, 2921, 2852, 1739, 1577, 1684, 1662, 1618,
1538, 1475, 1261, 798, 442; HRMS (ESI) calcd.
forCasH20N302" [M+H]", 370.1556, found 370.1553.
(E)-N'-(1-(4-Chlorobenzyl)-3-oxoindolin-2-ylidene)benzohydrazide (3i):

Red solid (68 mg, 70% yield); mp191-193 °C; *H NMR (400

9 p MHz, CDCls); 6 13.52 (s, br, 1H), 7.9 (d, J = 7.6 Hz, 2H),7.71
HN
@fNS:N' o (d, J = 7.2 Hz, 1H), 7.60-7.49 (m, 4H), 7.30 (s, br, 4H), 6.98 (t, J
(O
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= 7.6 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 5.07 (s, 2H); 13C NMR
(100 MHz, CDCls): ¢ 181.7, 163.8, 152.8, 139.9, 138.2, 134.1,
133.6, 133.2, 132.5, 132.4, 130.8, 130.0, 129.2, 129.0, 128.9,
128.8, 127.5, 125.8, 120.9, 118.6, 110.3, 44.2; IR (KBr, cm™):
3441, 3236, 3062, 2923,2853,1740, 1685, 1658, 1618, 1534,
1475, 1267, 752, 447; HRMS (ESI) calcd. for
C22H17CIN2O2* [M+H]*, 390.1009, found 390.1004.

(E)-N’-(1-(2-Bromobenzyl)-3-oxoindolin-2-ylidene)benzohydrazide (3j):

Red solid (75 mg, 70% yield); mp 187-189 °C ;*H NMR (400
MHz, CDCls): ¢ 13.57 (s, br, 1H), 7.97 (d, J = 7.2 Hz, 2H), 7.74
(d, J = 7.6 Hz, 1H), 7.61-7.56 (m, 2H), 7.53-7.48 (m, 3H), 7.23-
7.20 (m, 1H), 7.14 (t, J = 7.2 Hz, 2H), 6.99 (t, J = 7.6 Hz, 1H),
6.76 (d, J = 8.4 Hz, 1H), 5.21 (s, 2H); *C NMR (100 MHz,
CDClg):0 181.7, 163.8, 152.9, 140.1, 138.4, 134.3, 133.1, 132.5,
132.4, 129.2, 128.9, 127.8, 127.5, 125.7, 122.6, 121.0, 118.6,
110.8, 45.2; IR (KBr, cm™): 3428, 3270, 3057, 2922,2851, 1691,
1665, 1621, 1619, 1574, 1529, 1473, 1258, 748, 447, HRMS
(ESI) caled. for C22H17BrNsO2*[M+H]*, 434.0504, found
434.0502.

(E)-N'-(1-Allyl-3-oxoindolin-2-ylidene)benzohydrazide (3k):

N

N
7/

P

(o)

TH-3414 176122011

Red solid (49 mg, 65% yield); mp 133-135 °C; *H NMR (400
MHz, CDCls): ¢ 13.54 (s, br, 1H), 7.98 (d, J = 7.6 Hz, 2H), 7.70
(d, J =7.2 Hz, 1H), 7.58-7.49 (m, 4H), 6.99-6.93 (m, 2H), 5.93-
5.85 (m, 1H), 5.35-5.23 (m, 2H), 4.53 (d, J = 5.2 Hz, 2H); 3C
NMR (100 MHz, CDCls): ¢ 181.9, 163.9, 153.3, 139.7, 138.2,
132.6, 132.3, 131.1, 128.9, 127.5, 125.6, 123.8, 120.6, 118.6,
118.5, 117.8, 110.5, 43.6; IR (KBr, cm™): 3425, 2924, 2860,
1618, 1532, 1469, 1261, 801, 699, 468; HRMS (ESI) calcd. for
C18H16N302" [M+H]", 306.1243, found 306.1238.

121



Chapter 11

(E)-N’-(1-Ethyl-5-methyl-3-oxoindolin-2-ylidene)benzohydrazide (3I):

(o]
Me / H’N
—N o
N
LMe

Red solid (52 mg, 68% vyield); mp 143-145 °C; 'H NMR (400
MHz, CDCls): 6 13.55 (s, br, 1H), 7.98 (d, J = 7.2 Hz, 2H), 7.57
(t, J=7.2 Hz, 1H), 7.51 (t, J = 7.6 Hz, 2H), 7.46 (s, 1H ), 7.39 (d,
J=17.6 Hz, 1H), 6.85 (d, J= 8.4 Hz, 1H), 3.92 (q, J = 6.8 Hz, 2H),
2.33 (s, 3H), 1.31 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz,
CDCls): ¢ 182.3, 163.9, 151.4, 140.1, 139.5, 132.8, 132.2, 130.0,
128.8, 128.7, 127.5, 125.4, 118.5, 109.6, 36.0, 20.5, 12.5; IR
(KBr, cm™): 3433, 2922,2852, 1690, 1664, 1628, 1488, 1264,
794, 689, 452; HRMS (ESI) calcd. for CigH1sN3O2" [M+H],
308.1399, found 308.1396.

(E)-N'-(5-Bromo-1-isopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3m):

Red solid (72 mg, 75% yield); mp 166-168 °C; *H NMR (400
MHz, CDClz): ¢ 13.58 (s, br, 1H), 7.96 (d, J = 7.6 Hz, 2H), 7.80-
7.79 (m, 1H), 7.63-7.58 (m, 2H), 7.54-7.50 (m, 2H), 7.03 (d, J =
8.8 Hz, 1H), 4.82-4.79 (m, 1H), 1.54 (d, J = 6.8 Hz, 6H); 3C
NMR (100 MHz, CDCls): ¢ 185.0, 162.1, 151.0, 140.2, 134.4,
132.5, 128.9, 128.2, 127.6, 120.2, 113.0, 112.6, 45.5, 19.5; IR
(KBr, cm™): 3437, 2925, 1616, 1466, , 1262, 1107, 703; HRMS
(ESI) calcd. for CigH17BrNsO2* [M+H]*, 386.0504, found
386.0514.

(E)-N'-(1-1sopropyl-3-oxoindolin-2-ylidene)-4-methylbenzohydrazide (3n):

TH-3414 176122011

Red solid (60 mg, 75% vyield); mp 153-155 °C; *H NMR (400
MHz, CDCls): 6 13.67 (s, br, 1H), 7.88 (d, J = 8.0 Hz, 2H), 7.69
(d, J = 8.0 Hz, 1H), 7.55-7.51 (m, 1H), 7.30 (d, J = 8.0 Hz, 2H),
7.11 (d, J = 8.0 Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 4.85-4.78 (m,
1H), 2.43 (s, 3H), 1.54 (d, J = 7.2 Hz, 6H); 3C NMR (100 MHz,
CDClg): 0 182.2, 163.9, 152.4, 142.9, 139.6, 137.9, 129.9, 129.5,
127.6, 125.8, 119.9, 118.8, 111.5, 45.2, 21.6, 19.5; IR (KBr,cm"
1): 3435, 2924,2852, 1687, 1667, 1614, 1531, 1568, 1498, 1266,
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750, 456; HRMS (ESI) calcd.
322.1556, found 322.1551.

for Ci9H20N302" [M+H],

(E)-4-Methoxy-N'-(3-ox0-1-propylindolin-2-ylidene)benzohydrazide (30):

Red solid (62 mg, 74% yield); mp 140-142 °C; *H NMR (400
MHz, CDCls): 6 13.54 (s, br, 1H), 7.96 (d, J = 8.8 Hz, 2H), 7.68 (d,
J=8.0 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 6.9 (d, J = 8.0 Hz, 2H),
6.93 (t, J = 8.0 Hz, 2H), 3.88-3.83 (m, 5H, OMe x 3H, -NCH; x
2H), 1.85-1.76 (m, 2H), 0.99 (t, J = 7.2 Hz, 3H): 3C NMR (100
MHz, CDCl3): ¢ 181.9, 163.3, 162.8, 153.5, 138.0, 129.5, 125.6,
125.0, 120.1, 118.3, 114.0, 109.8, 55.4, 42.9, 20.8, 11.4; IR (KBr,
cm™): 3434, 3266, 3013, 2957, 2925, 2853, 1691, 1669, 1621, 1605,
1500, 1484, 1252, 835, 750, 448; HRMS (ESI) calcd. for
C19H20N303* [M+H]", 338.1505, found 338.1498.

(E)-3-Methoxy-N'-(1-(4-methylbenzyl)-3-oxoindolin-2-ylidene)benzohydrazide (3p):

J

Red solid (71 mg, 72% yield); mp 173-175 °C;'H NMR (400
MHz, CDCls) d 13.55 (s, br, 1H), 7.96 (d, J = 8.8 Hz, 2H), 7.70
(d, J = 7.6 Hz, 1H), 7.50-7.46 (m, 1H), 7.22-7.18 (m, 1H), 7.15 (s,
2H), 7.07 (d, J = 7.2 Hz, 1H), 7.00-6.93 (m, 3H), 6.86 (d, J = 8.4
Hz, 1H), 5.07 (s, 2H), 3.88 (s, 3H), 2.31 (s, 3H); *C NMR (100
MHz, CDCl3): ¢ 181.8, 163.3, 162.9, 153.2, 138.5, 138.1, 135.6,
129.5, 128.6, 128.5, 128.0, 125.5, 124.9, 124.4, 120.5, 118.5,
114.1, 110.6, 55.5, 44.9, 21.4; IR (KBr, cm™): 3425, 2922, 2851,
1685, 1662, 1620, 1606, 1569, 1502, 1473, 1255, 838, 745, 443;
HRMS (ESI) calcd. for C24H22N303" [M+H]*, 400.1661, found
400.1668.

(E)-N'-(1-Butyl-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide (3q):

@f’Ng:

CF3

HN —:

N o

Me
2

TH-3414 176122011

Red gummy liquid (82 mg, 85% yield); *H NMR (400 MHz,
CDCls): ¢ 13.61 (s, br, 1H), 8.09 (d, J = 8.0 Hz, 2H), 7.77 (d, J =
8.0 Hz, 2H), 7.68 (d, J = 7.6 Hz, 1H), 7.58 (t, J = 7.6 Hz, 1H),
6.96 (d, J = 8.0 Hz, 2H), 3.86 (t, J = 7.2 Hz, 2H), 1.77-1.73 (m,
2H), 1.45-1.40 (m, 2H), 0.97 (t, J = 7.6 Hz, 3H); *C NMR (100
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MHz, CDCIs): ¢ 182.4, 162.5, 153.6, 140.5, 138.5, 136.0, 133.7,
127.9, 125.96, 125.93, 125.88, 120.5, 118.2, 109.9, 41.2, 29.5,
20.2, 13.8; IR (KBr, cm™): 2920, 1697, 1672, 1620, 1531, 1473,
1326, 1130, 980, 614; °F NMR (CDCl; + Hexafluorobenzene): &
—63.0; HRMS (ESI) calcd. for C20H19F3N3O2* [M+H]*, 390.1429,
found 390.1440.

(E)-4-Bromo-N'-(1-butyl-3-oxoindolin-2-ylidene)benzohydrazide (3r):

Red solid (82 mg, 82% vyield ); mp 126-128 °C; 'H NMR
(400 MHz, CDCla): 6 13.49 (s, br, 1H), 7.78 (d, J = 8.4 Hz, 2H),
7.61-7.56 (m, 3H), 7.50 (t, J = 8.4 Hz, 1H), 6.88 (t, J = 8.0 Hz,
2H), 3.81 (t, J = 6.8 Hz, 2H), 1.69-1.63 (m, 2H), 1.37-1.32 (m,
2H), 0.89 (t, J = 7.6 Hz, 3H); 3C NMR (100 MHz, CDCls): ¢
182.3, 162.8, 153.6, 140.3, 138.3, 132.1, 131.6, 129.1, 127.1,
125.8, 120.4, 118.3, 109.9, 41.1, 29.5, 20.2, 13.8; IR (KBr, cm™):
3430, 2924, 2854, 1622, 1465, 1104; HRMS (ESI) calcd.
forC19H19BrNzO2" [M+H]*, 400.0661, found 400.0663.

(E)-N’-(5-Bromo-1-ethyl-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide (3s):

N

Red solid (95 mg, 87% yield); mp 177-179 °C;'H NMR
(400 MHz, CDCls) ¢ 13.41 (s, br, 1H), 8.00 (d, J = 8.0 Hz, 2H),
7.77-7.70 (m, 3H), 7.60-7.57 (m, 1H), 6.80 (d, J = 8.8 Hz, 1H),
3.85 (g, J = 6.8 Hz, 2H), 1.25 (t, J = 6.8 Hz, 3H); ¥*C NMR (100

MHz, CDCls): ¢ 180.9, 162.5, 151.7, 140.7, 139.6, 135.8, 128.3,

128.0, 125.9, 124.9, 122.2, 119.7, 113.0, 111.4, 36.2, 12.4; *°F
NMR (CDCls + Hexafluorobenzene): 6-63.0; IR (KBr, cm™):
3430, 2926, 1554, 1467, 1390, 1316, 1272, 1100, 881, 790, 622,
459; HRMS (ESI) calcd. for CigH14BrF3NzO2" [M+H],
440.0221, found: 440.0228.

(E)-N'-(1-Ethyl-7-fluoro-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide (3t):

F LMe
TH-3414 176122011

Red solid (80 mg, 85% yield); mp 175-177 °C;!H NMR
(400 MHz, CDCls): 6 13.58 (s, br, 1H), 8.09 (d, J = 7.6 Hz, 2H),
7.78 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 7.6 Hz, 1H), 7.35-7.26 (m,
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1H), 6.93-6.89 (M, 1H), 4.13 (q, J = 6.8 Hz, 2H), 1.37 (t, J = 6.8
Hz, 3H); *C NMR (100 MHz, CDCls):6 181.7, 162.5, 150.0,
147.5, 140.3, 140.0, 135.8, 128.0, 126.0, 125.9, 125.1, 125.0,
121.7, 121.6, 120.9, 120.8, 38.7, 13.9; F NMR (CDCl; +
Hexafluorobenzene): & —134.8, —63.0;IR (KBr,cm™): 3429, 3274,
3044, 2924, 2852, 1693, 1671, 1630, 1591, 1569, 1504, 1469,
1262, 760, 433; HRMS (ESI) calcd. for CsHiaFaNgOz" [M+H]",
380.1022, found 380.1031.
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I11.10. Representative Spectra

(E)-N'-(1-Methyl-3-oxoindolin-2-ylidene)benzohydrazide (3a): *H NMR (CDCls, 400 MHz)
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(E)-N'-(1-Isopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3f):!H NMR (CDCls, 400
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(E)-N’-(5-Bromo-1-isopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3m):*H NMR
(CDCls, 400 MHz)
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(E)-N'-(5-Bromo-1-isopropyl-3-oxoindolin-2-ylidene)benzohydrazide (3m)::3C{*H} NMR
(CDCl3, 100 MHz)
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(E)-N'-(1-Butyl-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide (3q): *H NMR
(CDCls, 400 MHz)
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(E)-N’-(1-Ethyl-7-fluoro-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide  (3t):
'H NMR (CDClIs, 400 MHz)
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(E)-N'-(1-Ethyl-7-fluoro-3-oxoindolin-2- ylldene) -4- (trlfluoromethyl)benzohydra2|de (31):
13C{*H} NMR (CDCl3, 100 MHz)
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(E)-N’-(1-Ethyl-7-fluoro-3-oxoindolin-2-ylidene)-4-(trifluoromethyl)benzohydrazide  (3t):
F NMR (CDCls, 376 MHz)
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CHAPTER-IV

Electrochemical Amidation: Benzoyl Hydrazine/
Carbazate and Amine as Coupling Partners

o) III (@)

JH )J\/\

RN ./\l C(+) | Pte) R™ N
2O N 10 mA L\v,

-

| k@1 & T

C-N bond cleavage C-N bond formation

(Bezaflbrate)

R = aryl, heteroaryl, alkyl, MeO, MeCH,0, PhCH,O : 002

©® metal and exogenous oxidant-free ® H, and N, as by-products

@ concomitant cleavage and e broad substrate scope
formation of C—N bond @ successful synthesis of Bezafibrate

OL Organic
Letters , Org. Lett. 2022, 24, 6619-6624

Abstract: An electrochemical amidation of benzoyl hydrazine/carbazate
and primary/secondary amine as coupling partners via concomitant
cleavage and formation of C(sp?)-N bonds has been achieved. This
methodology proceeds under metal-free and exogenous oxidant-free
conditions producing N2 and Hz as byproducts. Mechanistic studies reveal
the in situ generations of both acyl and N-centered radicals from benzoyl

hydrazines and amines. The utility of this protocol is demonstrated

through a large-scale, and synthesis of bezafibrate a hyperlipidemic drug.
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CHAPTER IV

Electrochemical Amidation: Benzoyl
Hydrazine/Carbazate and Amine as Coupling
Partners

1V.1. Introduction

Amides are prevalent in biomolecules such as peptides and proteins and are found in
natural products, pharmaceuticals, polymers, and fine chemicals (Figure 1V.1).%% In 2014, an
analysis by Brown et al. revealed that 50% of medicinally relevant compounds possess at least
one amidic linkage.® The coupling of amine with carboxylic acid, ester, and acyl chloride using
transition metals or activating agents* and transition-metal-catalyzed carbonylative amidation
are the frequently used methods.® Further, N-heterocyclic carbenes (NHCs) have been
effectively used as catalysts for metal-free amidation of activated esters [Scheme 1V.1 (a)].°
However, these amidation protocols often generate stoichiometric quantities of toxic waste,
and a few of the strategies suffer from limitations such as the use of expensive transition-metal
catalysts having limited substrate scope. The generation of acyl radicals is important in various
biochemical and synthetic processes.® Thus, the development of a waste-free and milder

method for its generation from benzoyl hydrazine is highly desirable

o o COOH 4 OH OH
/\/©/Me /©/H) Cl
N
HN
H HN O,N WI)\CI
cl

o
Bezafibrate (antibiotic)

Chloramphenicol (antibiotic)
Ponatinib (anticancer)

COOH
NH, N/\/\COOH MeO H H
N J;'/S Me
N N
H N)I\N/ N/jﬂ“l'Ie Me
2 //‘~0H
N
Methotrexate Trlmeth(?b.en.zamlde Me” “Me Peniclline core (antibiotic)
(anticancer and immune system suppressant) (antibiotic)

Figure 1V.1. Representative bioactive amides.
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The easily accessible air- and moisture-stable benzoyl hydrazine is an ideal precursor
of acyl radicals obtained by the expulsion of N, and Ha.” However, the reported methodologies
for the generation of acyl radical from benzoy| hydrazine use an excess of catalyst and chemical
oxidants such as (NH4)2S20s and PbO, thereby generating waste [(Scheme 1V.1.(b)].2 The
generation of acyl radicals is important in various biochemical and synthetic processes.® Thus,

the development of a waste-free and milder method for its generation from benzoyl hydrazine

is highly desirable.

Scheme IV.1. Amide bond formation strategies

TH-3414 176122011
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Recently, Zou group developed a Cu(I1)/TBHP-catalyzed oxidative coupling of amines
and carbazates leading to carbamates [(Scheme I1V.1.(c)].2% Following the same strategy, they
subsequently developed a Fe(lll)/TBHP-catalyzed synthesis of amides from benzoyl
hydrazines and amines [Scheme I1V.1.(c)].1% These reactions proceed through an in situ
generation of alkoxy carbonyl/acyl radicals involving metal complexation via an oxidative
addition followed by a reductive elimination leading to carbamates or amides. The reported
amidation strategies for the synthesis of amides are neither atom-economical nor sustainable;*!
thus, constructing amide bonds under mild conditions would be much more alluring. Recently,
electrochemical approaches have emerged as powerful synthetic tools for various organic
transformations, such as C—H bond activation/functionalizations and heterocyclizations.?
With the developing electrochemical techniques, the electrode is deemed as an atomless
substitute to conventional stoichiometric oxidizing and reducing agents, thereby minimizing
other side reactions and byproducts.*®

In this context, Lei,** Lin,®® Baran,'® Ackermann,!” and others®® independently
developed various electrochemical methods for the construction of C—C, C—X, and X-X (X =
N, P, O, and S) bonds. Inspired by the electrochemical synthesis and the propensity of benzoyl
hydrazine as an acyl radical and amine as the N-centered radical, herein, we report an

electrochemical amide bond formation [Scheme 1V.1.(d)].

IV.2. Different Strategies for the Synthesis of Amide

In 2012, Wang's group introduced a method for synthesizing amides through the cross-
coupling of acyl and aminyl radicals. In this method, BusNI and TBHP served as the internal
oxidant. The mechanistic investigation reveals the generation of acyl and aminyl radicals, then
both radicals cross-couple to form the desired amide (Scheme 1V.2).1%

o) o o)
X NH + HJL _R® _TBAI, TBHP_ xR

' R1_I !
P vz 90°C,24h T ) Re

Scheme 1V.2. TBHP-catalyzed N-acylation of amines with aldehyde.

In 2019, the Xiao group explored a photoinduced copper-catalyzed radical amino

carbonylation of cyclo ketone oxime esters. This mild catalytic system, featuring CuCl and
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N,N,N-tridentate ligands (L1), exhibited good reactivity and chemoselectivity. The method
tolerated a broad range of cyclic ketone oxime esters and alkyl/aryl amines, yielding the

corresponding cyano alkylated amides in moderate to good yields (Scheme 1V.3).1%

_OR3
N

I CucCl, L1 R' R20
5 )
<} + co + HNR _PhCFyrt, 20720 _ Ne X _J R

* N’
i gz (80 atm) R4 2% 3 W Blue LEDs Lo

Scheme 1V.3. Cu-catalyzed N-acylation of amines.

In 2021, the Wacharasindhu group presented a novel electroorganic synthetic method
for the Nal-mediated oxidative amidation of benzyl alcohols and aromatic aldehydes to form
benzamides. This process utilized Nal as a redox mediator, conducted under ambient
temperature in an undivided cell. The reaction occurred in aqueous media, offering the
advantages of one-pot synthesis, open-air conditions, and eliminating the need for external
conducting salt, base, and oxidant. The resulting amide products were obtained in moderate to

good yields (Scheme 1V.4).1%

7 C(+)/Pt(-) i
+ -
3 R®
1_0 X H + HN’R Nal > 1_N X N’
R!'— Py R'— [
| L, undivided cell L R2
R®  CH;CN: H,0 (3:1)
100 mA, 3 h, rt

Scheme 1V.4. Electrochemical synthesis of amides derivatives using aldehyde.

In 2019, the Ke group presented an electrochemical method for synthesizing amides via
N-acylation under aqueous medium. This approach utilized tetrabutylammonium bromide
(TBAB) as the electrolyte. The reaction proceeded under mild conditions at room temperature.
The utility of this method was exemplified through the synthesis of melatonin, showcasing its

potential for the preparation of amide (Scheme 1V.5).%

i s PHHIPH) o
; I \ OH + HN’ BU4NBr1 CSZCO3 - ) : \ N’R
R1 R? H,0,40mA,30minit R | 22
undivided cell

Scheme 1V.5. Electrochemical synthesis of amides derivatives using acid.
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IV.3. Present Work
IVV.3.1. Optimization of the Reaction Conditions

To verify our hypothesis, a preliminary reaction was carried out between the
benzoylhydrazine (a) (0.5 mmol) and morpholine (1) (0.75 mmol, 1.5 equiv) in
tetrabutylammonium hexafluorophosphate ("BusNPFs) (50 mol %) in a 2:3 ratio of 1,2-
dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL) at room
temperature, applying a 10 mA constant current using a carbon rod anode and a platinum plate
cathode in an undivided cell under N> atmosphere for 18 h. During the reaction, a new spot
(viewed under 365 nm UV lamp) was observed in the TLC, and the product (1a) was isolated
in 78% yield after column chromatography (Table 1, entry 1). From the spectroscopic analysis,
the structure was assigned as morpholino(phenyl)methanone (1a) and further reconfirmed by a

single-crystal X-ray diffraction analysis of one of its derivatives (1d) (Figure 1V.2).

Figure 1V.2. ORTEP diagram of (4-(dimethylamino)phenyl)(morpholino)methanone (1d)
with 50% ellipsoid probability (CCDC 2194432).

Inspired by this electrochemical approach, further tuning of reaction variables such as
solvents, electrolytes, electrodes, and electric current were altered, and the results are

summarized in Table IV.1.
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Table 1V.1. Optimization of the reaction conditions®?

o] C(+)[Pt(-)

rt, 18 h, N,

H
N "Bu,NPF (50 mol %
l;lH . [ j 4 6 ( o) N/\
NH, o DCE:HFIP, 10 mA k/o
(1)

(@)

Entry Variation from the standard conditions Yield® (%)
1 None 78
2 Without HFIP <10
3 Without DCE 49
4 MeOH, isopropanol, ethylene glycol instead of HFIP N.D
5 DMSO, DMA, 1, 4 -dioxane, THF instead of DCE N.D
6 DCE:HFIP = 4:1, 3:2, 2:4 32, 56, 77
7 DCE:TFE =41, 2:3 10, 35
8 RVC, nickel, platinum anode instead of C rod anode 55, 33, 65
9 Stainless steel, carbon cloth instead of platinum cathode |23, 47
10 "BusNBF4, "BusNOAC instead of "BusNPFg 65, 29
11 25 mol %, 100 mol % instead of 50 mol % "BusNPFe 40, 69
12 1 equiv, 2 equiv instead of 1.5 equiv amine 45, 34
13 15 mA, 5 mA instead of 10 mA, 42, 62
14 12 h, 24 h instead of 18 h 49, 40
15 No electric current N.D
16 No electrolyte N.D
17 air atmosphere 70

8Reaction conditions: a (0.5 mmol), 1 (1.5 equiv), "BusNPFs (50 mol %) in 2:3 ratios of 1, 2-
DCE and HFIP (5 mL) solvent with a carbon rod anode (® 6 mm), platinum plate cathode (10
mm x 10 mm x 0.3 mm), constant current = 10 mA, at room temperature under N2 atm, 18 h in
undivided cell.

byield of isolated product. N.D = not detected.

The use of 1,2-DCE without the fluorinated solvent HFIP was not beneficial as the

reaction gave less than 10% vyield (Table 1V.1, entry 2) while using neat HFIP provided the
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product with a 49% vyield (Table IV.1, entry 3). Thus, using a mixed solvent significantly
enhances the yield of the reaction. The reaction was unproductive when the solvent HFIP was
replaced with MeOH, isopropanol, and ethylene glycol (Table IV.1, entry 4). Further, when the
DCE solvent was replaced with DMSO, DMA, 1,4-dioxane, and THF (Table 1V.1, entry 5) all
gave unsuccessful results. In most electrochemical reactions, the solvent HFIP plays a crucial
role via hydrogen-bond interaction between the N—-H of the reacting partner {in this case
benzoyl hydrazine (a)} with the O-atom of the HFIP.! Next, the ratio of solvents was optimized
using fluorinated solvents TFA and HFIP in combination with DCE. The ratio of DCE: HFIP
4:1, 3:2, and 2:4 provides 32%, 56%, and 77% yields, respectively (Table IV.1, entry 6), while
the ratio of DCE: TFE 4:1 and 2:3 gave 10% and 35% vyields respectively (Table IV.1, entry 7).
Replacement of carbon rod anode with other anodes such as RVC, nickel, and platinum plate
showed no significant increase in the product yield (Table 1V.1, entry 8). Similarly, swapping
other cathodes, such as stainless steel and carbon cloth, in lieu of the platinum plate was found
less effective (Table V.1, entry 9). The substitute of alternative organic electrolytes, such as
"BusNBF4 (65%) and "BusNOAC (29%) showed less efficacy than "BusNPFg (Table IV.1, entry
10). The loading of organic electrolyte "BusNPF either in lower (25 mol %, 40%) or higher
(100 mol %, 69%) was found to be counterproductive (Table IV.1, entry 11). Keeping all
reaction parameters constant, increasing the amount of amine to 2 equiv did not improve the
yield significantly (34%), while a decrease in the loading to 1 equiv adversely affected the yield
(45%) (Table V.1, entry 12). The reaction failed to improve the yield while performing both at
higher (15 mA) and lower (5 mA) operating currents (Table V.1, entry 13). The electrolysis
carried out for 12 h gave a lower yield (49%), which did not improve beyond 40%, even
prolonging up to 24 h (Table V.1, entry 14). A blank experiment showed that no product could
be obtained without the application of electric current and electrolyte, which confirms the
electro-oxidation process for this coupling process (Table V.1, entries 15 and 16). Importantly,
the reaction could be conducted under an air atmosphere with a slightly decreased yield of 70%
(Table 1V.1, entry 17). Therefore, the best condition was found to be the use of benzoyl
hydrazine (a) (0.5 mmol), morpholine (1) (0.75 mmol, 1.5 equiv) in tetrabutylammonium
hexafluorophosphate ("BusNPFg) (50 mol %) in 2:3 ratios of 1,2-dichloroethane (DCE) and
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL) at room temperature applying a 10 mA
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constant current using a carbon rod anode and a platinum plate cathode in an undivided cell
under N2 atmosphere for 18 h (Table IV.1, entry 1)

IVV.3.2. Substrates Scopes for the Synthesis of Amides
After establishing the optimized electroamidation process, the scope of the reaction with

respect to amines (1-33) was examined using benzoyl hydrazine (a) as the coupling partner
(Scheme 1V.6).

Scheme 1V.6. Substrate scope for various amines.?

o C(+)[Pt(-) o
"Buy,NBFg (50 mol % R1
NH . H 4NBFg ( o) N
] R! “R2 DCE: HFIP, 10 mA &%
NH, R
rt, 18 h, N,
(@) (1-33) (1a-33a)
Ph o Ph o PhYO X = 4-Me (3a, 82%) o Ph o Ph\(o

= 3-Me (4a, 72%) Ph)LN/\

1

N2 = 2:Me (53, 70%) |

[ ] [ j X—— 3 =4-OH (6a, 68%) *X ( ; O
a =4-Bn (7a, 70%) X = Cy (8a, 60%)

(ta78%  (2876%) Ph (92, 70%) (122,73%) (13a,75%)

0-OMe-Ph (10a, 80%)

= Cinnamyl (11a, 72%)

Ph\(o PhYO ph\(o "h ph Ph
N rNj HN
O Me Me
(14a,70%)  (15a,63%) (16a,85%) (17a,71%)
CF;
(18a, 72%) (19a, 60%) (20a, 65%) OMe
Ph 9
Ph Ph o Ph (21a, 72%)
° Ph
HN N, Ph\Fo )’0
| N -
/ N O-Me HN O-Me
d _/ (25a, 73%) I/\)—ﬁo Phﬁo
(26a, 70%) (27a, 75%)
(22a, 69% (23a, 51%) (24a, 65%) Amino acid derivatives
Unsuccessful Substrates
Ph Ph Ph Ph Ph

FO FO ?0 \FO ?O
HN N n-N, N HN Ph_o
N Ph N Ph H,oN
(28a, 00%) (29a, 00%) (30a, 00%) (31a, 00%) (32a, 00%) (33a, 00%)
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4Reaction conditions: 1-33 (0.75 mmol), benzoyl hydrazine (a) (0.5 mmol), "BusNPFs (50
mol %) in 2:3 of 1,2-DCE and HFIP (5 mL) utilizing a 10 mA constant current, carbon rod (®
6 mm) as an anode and platinum plate (10 mm x 10 mm x 0.3 mm) as a cathode at room

temperature under N2 atmosphere for 18 h in undivided cell.

Morpholine (1) and thiomorpholine (2) reacted smoothly to give the corresponding
amides 1a (78%) and 2a (76%) respectively. The effect of substituents on piperidine (3—7) was
inspected with benzoyl hydrazine (a). Piperidine having substituents viz. 4-Me (3), 3-Me (4),
2-Me (5), 4-hydroxy (6), and 4-benzyl (7) all reacted effectively with benzoyl hydrazine (a),
yielding their anticipated amides 3a (82%), 4a (72%), 5a (70%), 6a (68%), and 7a (70%),
respectively (Scheme 1V.6). Similarly, mono-N-substituted piperazines such as cyclohexyl (8),
phenyl (9), 2-methoxyphenyl (10), and cinnamyl (11) provided their respective amides 8a
(60%), 9a (70%), 10a (80%), and 11a (72%) (Scheme IV.6). Other secondary amines such as
pyrrolidine (12), piperidine (13), and azepane (14) all effectively provided their amides 12a
(73%), 13a (75%), and 14a (70%) in good yields. An acyclic secondary amine (15) was also
proved to be a good coupling partner, giving the product 15a in 63% yield. In addition to
secondary amines, this method is equally successful for aliphatic primary amines.
Cyclohexylamine (16) provided amidic product 16a in 85% yield.

Aromatic primary amines also participate well in this transformation. Benzyl amines
such as 1-phenylethane-1-amine (17a, 71%), (3-(trifluoromethyl)phenyl)methanamine (18a,
72%), and furan-2-ylmethanamine (19a, 60%) provided their benzoylated products when
reacted with benzoyl hydrazine (a). The 2-(aminomethyl)aniline (20) having two primary
amino groups, one attached to the aryl moiety and the other at the benzylic position,
preferentially benzoylated at the benzylic site giving the product (20a) in 65% yield without
affecting the aromatic amine. This methodology was equally successful for other primary alkyl
amines having substituted aromatic (21-23) and heteroaromatic (24) pendants, and all
effectively underwent amidation giving their amides 21a (72%), 22a, (69%), 23a, (51%) and
24a, (65%), respectively. This methodology was equally effective for pyrazole (25), an N-
containing five-membered heterocycle giving its amidic product (25a, 73%).

Amidic bonds have been successfully constructed using C-protected amino acids such

as L-proline methyl ester (26) and L-phenylalanine methyl ester (27), giving amides 26a (70%)
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and 27a (75%) in good yields. The primary aromatic amine, such as aniline (28), failed to react,
which is consistent with the selectivity observed for the substrate 2-(aminomethyl)aniline (20),
where one of the amino groups was selectively benzoylated using benzoyl hydrazine (a).
Besides aniline (28), other N-H-containing heterocycles such as imidazole (29), tetrazole (30),
indole (31), benzamide (32), and ammonia (33) were completely unsuccessful. The generated
N-centered radicals in these substrates are conjugated and possibly undergo delocalization
(except ammonia), forming other radical centers making the process unproductive. This
selective reactivity has advantages as it permits chemoselective amidation. However, in
unsubstituted pyrazole (25), one of the N*-centered radicals, even though conjugated, can form
an equivalent N2-radical species, thereby undergoing effective radical coupling.

Next, the scope of benzoyl hydrazines (b—r) was explored using morpholine (1) as the

other coupling partner (Scheme 1V.7).

Scheme IV.7. Substrate scope for various benzoyl hydrazines.?

(o] H C(+)|Pt(-) o)
N n o
BuyNBFg (50 mol %
N NH . [ j 4NBFg ( o) N N/\
R—./ 'th g DCE: HFIP, 10 mA R—./ K/O
rt, 18 h, N,
(b-r) A1) (1b—1r)

Electron-donating Groups Electron-wthdrwaing Groups @ .
R = p-Me (1b, 71%) R : R = p-NO, (1f, 68%) ; - -
= p-Bu (1¢, 75%) K/O iZ-CBJIr ((1?1 Zg:/;; - -
= pP- , (] \ &

= p-NMe, (1d, 79%) e ¢
= p-OMe (1e, 72%) = p-CF3 (1i, 58%) CCDC(; 3)194432
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Carbazates
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Co’)L o \s K/o /\o K/O K/o
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4Reaction conditions: (b—r) (0.5 mmol), morpholine (1) (0.75 mmol), "BusNPFg (50 mol
%) in 2:3 of 1,2-DCE and HFIP (5 mL) utilizing a 10 mA constant current, carbon rod (® 6
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mm) as an anode and platinum plate (10 mm x 10 mm x 0.3 mm) as a cathode at room

temperature under N2 atmosphere for 18 h in undivided cell.

Benzoyl hydrazine possessing electron-donating groups such as p-Me (b), p-'Bu (c), p-
NMe: (d), and p-OMe (e) positively responded to this protocol, providing their amides 1b,
(71%), 1c, (75%), 1d, (79%), and le, (72%), respectively (Scheme IV.7).

Benzoyl hydrazine possessing electron-withdrawing groups p-NO: (f), p-Cl (g), p-Br (h),
and p-CFz (i) also underwent affective amidation when reacted with morpholine (a) providing
their anticipated products 1f, (68%), 19, (66%), 1h, (62%), and 1i, (58%), respectively (Scheme
IV.7). In addition, biphenylhydrazine (j) and benzofuran-2-carbohydrazide (k) yielded their
respective products 1j, (69%), and 1k, (68%) in similar yields. The 4-aminobenzoylhydrazine
(11), when subjected to the electrolytic conditions with morpholine (1), provided amide 1l
(65%), without affecting the amino group. The aliphatic hydrazine cyclohexane hydrazine (1m)
and heteroaromatic hydrazines such as furan (1n) and thiophene (10) all coupled efficiently,
giving their amides 1m, (58%), 1n, (62%), and 1o, (60%). Besides benzoyl hydrazines, the
present electrochemical method is equally successful with carbazates as the coupling partners
with morpholine. Carbazates having Me (p), Et (g), and benzyl (r) substituents reacted
proficiently with morpholine (1), providing corresponding carbamates 1p, (72%), 19, (73%),
and 1r, (70%), respectively.

IVV.4. Mechanistic Investigations

IV.4.1. Control Experiments

To gain insight into the nature of the reaction mechanism, a few control experiments
were performed (Scheme 1V.8). Whether the reaction proceeds via a radical mechanism or not,
radical-trapping experiments were carried out using (2,2,6,6-tetramethylpiperidine-1-yl)oxyl
(TEMPO) and butylated hydroxytoluene (BHT). When TEMPO was added to the reaction of
benzoyl hydrazine (a) with morpholine (1), the formation of 1a was significantly inhibited. The
benzoyl radical was trapped by TEMPO, giving a TEMPO adduct (1s) in 33% yield (Scheme
IV.8). The identity and purity of the product were confirmed by NMR and HRMS analysis
(Figure 1V.3), 'H NMR (Figure 1V.4), and 3C{1H} (Figure 1V.5) analyses.
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Scheme 1V.8.

Item name: TA-TEM-M0-261

Item name: TA-TEM-MO0-261, Sample position: 1:C;3
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Figure 1VV.3 HRMS spectra of benzoyl-radical trapped adduct (1s).
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Figure 1V.4 'H-NMR spectra of benzoyl-radical trapped adduct (1s).

| N l

00 1% 180 170 160 150 140 130 120 10 (100) 90 80 70 60 50 40 30 20 10 0
ppm.

Figure 1V.5 C{1H} NMR spectra of benzoyl-radical trapped adduct (1s).

The addition of radical scavenger BHT also suppressed this reaction giving the product
la in <15% yield along with a BHT adduct (t) (Scheme IV.9). The formation of the BHT-
adduct, 2,6-di-tert-butyl-4(morpholinomethyl)phenol (t) was confirmed by HRMS analysis of

the reaction mixture (Figure 1V.6).

Me

Me Me
g, 1
standard condition OH
+ d o
Ph”™ “NH [ j BHT Zequiv) ~ PN~ N7 + O

NH, o L_o N Me
Me

(@) (1) (1a, <15%) () Me

(Confirmed by HRMS)

[M+H] = 306.2428 (cal.)
[M+H] = 306.2435 (obs.)

Scheme 1V.9. Radical trapping experiments with BHT.
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Item name: TA-BHTA-305

Item name: TA-BHTA-305, Sample position: 1:D,2, Replicate number. 1

Observed neutral Mass error
mass (Da) (ppm)
1 C19H31NO2 305.2346 305.23548 306.2419 2.7 +H
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Figure IV.6. HRMS spectrum of BHT-adduct (t).

This result suggests the radical nature of both of the coupling partners under
electrochemical conditions. Next, to see whether the benzoyl hydrazine (a) under these
conditions proceeds through aldehyde (a’), carboxylic acid (a’’), or benzamide (32)
intermediate, three independent reactions with amine (1) were performed. None of them gave
the desired product (Scheme 1V.10). Thus, the benzoyl radical only originates from benzoyl

hydrazine (a) via the C—N bond cleavage to release N2 and Ho.
o]

o
standard condition
N
e O SRS

(X =OH, a") )
(X =NH,, 32) (1a,N.D)

Scheme 1V.10. Possible intermediate detection experiment.

To identify the mechanistic pathway and understand the electrochemical properties, a
series of CV measurements were performed (Figure 1V.7). In DCE solvent, the oxidation peaks
for (a) were observed at 1.58 and 2.63 V vs. SCE, and for morpholine (1) found at 1.28 V vs
SCE, suggesting the easy oxidation of (a) and (1) at the anode to generate an acyl and an N-
centered radical. In a mixed solvent (DCE:HFIP), the oxidation peaks for (a) were observed at
1.51 and 2.55 V vs. SCE, and for morpholine (1), it was at 1.22 V vs. SCE, suggesting the easy
oxidation of both (a) and (1) through HFIP activation. The oxidation of benzoyl hydrazine (a)
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and morpholine (1) at the anode was further verified by linear sweep voltammetry
measurements (Figure 1V.7) in a mixed solvent (DCE:HFIP). The onset potentials for (a) and
(1) were observed at 0.99 and 0.63 V vs SCE, and the anodic potential was found at 1.47 and
0.99 V vs SCE. This confirms the oxidation of both of the reacting partners at the anode.
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Figure 1V.7 Cyclic voltammetry studies. (I) Cyclic voltammograms of benzoyl hydrazine
(@). (1) Cyclic voltammograms of morpholine (1). (111) Cyclic voltammograms of benzoyl
hydrazine (a) and morpholine (1). (IV) Linear sweep voltammetry studies.

1VV.4.2. Plausible Reaction Mechanism:

Based on the control experiments, the results obtained from cyclic voltammetry, linear
sweep voltammetry measurements, and previous literature reports,? a plausible mechanism is
depicted in Scheme IV.11.

Scheme V.11 Plausible mechanisms
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+4 e

Pt
T 2 H,

(Detected in GC-TCD)

radical-radic.:al Ar)LN/\
cross-coupling

anode \__/

The solvent HFIP interacts via hydrogen bonding with the N-H of the benzoyl hydrazine
(a).?! Next, this activated benzoyl hydrazine (a) undergoes electrochemical anodic oxidation to
generate an N-centered diazanyl radical intermediate (A). Further, a sequential two-step
oxidation from the radical intermediate (A) produces a diazene radical intermediate (C) via
intermediate (B). Next, C—N bond cleavage of intermediate (C) generates a benzoyl radical
intermediate (D) with concurrent releases of N.. Similarly, the amine morpholine (a) is
activated via an H-bonding interaction with the HFIP, and subsequent anodic oxidation
generates an N-centered radical intermediate (E).?® Finally, radical-radical cross-coupling
between intermediates (D) and (E) afforded the amide (1a).?? During the cathodic reduction,

molecular H: is released, which has been detected by GC analysis.

IVV.5. Gram-scale and Synthesis of Bezafibrate Drug
The synthetic utility of this method is then demonstrated by a gram-scale synthesis of

morpholino(phenyl)methanone (1a). When the standard electrochemical reaction between
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benzoyl hydrazine (a) and morpholine (1) is carried out on a 10 mmol scale, the amide (1a) is
obtained after 32 h of reaction with an isolated yield of 70% (Scheme 1V.5.1, i). The practical
utility of this electrochemical radical coupling is successfully applied for the synthesis of
Bezafibrate (23g'"), a marketed fibrate drug used in the treatment of hyperlipidemia (Scheme
IV.5.1, ii)

Scheme 1V.12. Gram-scale and synthesis of bezafibrate

(i) Gram-scale Synthesis

o} H C(+)|Pt(-)
N "BuyNPFg (50 mol %)
RANY
NH, o DCE:HFIP, 10 mA
rt, 32 h, N,
(a, 10 mmol) (1, 15 mmol) (1a, 70%)

(ii) Synthesis of Bezaflbrate Drug

o OH
standard condition /\/©/
H,N

H
Cl

(23, 1.5 mmol)
; i) K,CO3, MeCN
Q OXCOOH AR :;)5 o, 24 h, 60%
Me” Me >< ’ e
N BY Me| (ii) NaOH, THF
H
cl

70 °C, 8 h, 81%

(Bezafibrate, 239™)

IVV.6. Conclusion

In summary, an electrochemical amidation/carbamidation under metal and external
oxidant-free pathways is developed. The process involves, radical-radical cross-coupling
between benzoyl hydrazines/carbazates and amines, leading to the formation of a C—N bond.
The protocol is compatible with a wide range of benzoyl hydrazines/carbazates and
aromatic/aliphatic amines. Alkyl amines are selectively amidated in the presence of arylamines,
but the method is unsuccessful for substrates where the N-centered radical is part of conjugated
systems. Thus chemoselective amidation can be achieved in substrates having multiple

aminating sites. The reaction mechanism is confirmed by control experiments and CV, and
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LSV measurements, and the liberation of H: is detected by GC analysis. Finally, the synthetic

utility is demonstrated through a large-scale and biologically active ‘bezafibrate’ drug.

IVV.7. Experimental Section

IV.7.1. General Information: All the reagents were commercial grade and purified
according to the established procedures. All the reagents were commercial grade and used
without further purification unless otherwise stated. Preparation of the starting materials was
carried out in an oven-dried 100 mL or 50 mL round bottom flask. Reactions were monitored
by thin layer chromatography (TLC) on 0.25 mm silica gel plates (60F2s4) and visualized under
UV illumination at 254 nm. Organic extracts were dried over anhydrous sodium sulfate
(Na2S04). Column chromatography was performed to purify the crude product on silica gel
60—120 mesh using a mixture of hexane and ethyl acetate as eluent. The isolated compounds
were characterized by spectroscopic [*H, *C{1H} NMR, and IR] techniques and HRMS
analysis. NMR spectra were recorded in deuterochloroform (CDCIs) or deuterated dimethyl
sulfoxide (DMSO-d®). *H, **C{*H} were recorded in 600 (150) or 500 (125) MHz spectrometer
and were calibrated using tetramethylsilane or residual undeuterated solvent for *H NMR,
deuterochloroform for 3C NMR as an internal reference {Si(CHs)4: 0.00 ppm or CHCls: 7.260
ppm for *H NMR, 77.230 ppm for *C NMR or (CH3).SO: 2.50 ppm for *H NMR, 39.50 ppm
for 13C NMR}. *F NMR was calibrated without any internal standard in CDClz and DMSO-d®
in a 500 MHz spectrometer. The chemical shifts are quoted in ¢ units, parts per million (ppm).
!H NMR data is represented as follows: Chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, m = multiplet), integration and coupling constant(s) J in hertz (Hz). High-
resolution mass spectra (HRMS) were recorded on a mass spectrometer using electrospray
ionization-time of flight (ESI-TOF) reflection experiments. FT-IR spectra were recorded in
KBr or neat and reported in the frequency of absorption (cm?). The instrument used for the
electrolysis is a dual-display METRAVI RPS-6005/RPS-6002 adjustable 60V/5A DC Power
Supply (Made in India). The anodic electrode was a carbon rod (® 6 mm), and the cathodic
electrode was a platinum plate (10 mm x10 mm x 0.3 mm). All the reactions were carried out

using an oven-dried three-neck cell under a nitrogen atmosphere. IUPAC names were obtained
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using the ChemDraw Professional 16.0 software. The amine and benzoyl hydrazine/carbazate

was purchased from Sigma-Aldrich, TCI, and Alfa aesar.

IV.7.2. Crystallographic Information
(A)  Sample Preparation:

The single crystal of compound 1d was prepared by the slow evaporation method, for
which 15 mg of the compound (1d) was dissolved in 1 mL of methanol in a clean and dry 10
mL glass vial. DCM (1 mL) was added to this solution slowly with a dropper. The mouth of the
glass vial was covered with a cap having a small hole and kept for slow evaporation at room
temperature. Crystals of 1d were obtained as a transparent colorless needle-like shape after

around 5 days.

(B)  Crystallographic description of (4-
(dimethylamino)phenyl)(morpholino)methanone (1d):

Diffraction data were collected at 292 K with MoKa radiation (A =0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite monochromator
and Apex CD camera. The SMART software was used for data collection for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were
performed using SAINT®? software, and the space groups of these crystals were determined
from systematic absences by XPREP and further justified by the refinement results. The
structures were solved by direct methods and refined by full-matrix least-squares calculations
using SHELXTL-97° software. All the non-H atoms were refined in the anisotropic
approximation against F? of all reflections.
1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta

Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

C13H18N202, crystal dimensions 0.34 x 0.24 x 0.20 mm, M, = 234.29, monoclinic space,
group P 21/c, a=9.857 (3), b=10.758 (4), ¢=23.461 (8) A, a = 90, £ = 99.802° (12) , y =90, V
= 2451.6 (15) A3, Z = 4, peaca = 1.272 mg/m®, 1 = 0.086 mm™, F(000) = 168.0, refinement
method = full-matrix least-squares on F?, final R indices [I > 2o (1)]: R1 = 0.0793 (521), wR2 =
0.3090 (1475), goodness of fit = 1.000. CCDC 2194432 for (4-
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(dimethylamino)phenyl)(morpholino)methanone  (1d)  contains  the  supplementary

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

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

IVV.7.3. General Procedure for the Synthesis of Benzofuran-2-carbohydrazide (k)
Compound (k) were synthesized as per the following the method described in

Rodrigues, D. A.; Guerra, F. S.; Sagrillo, F. S.; Pinheiro, P. de S. M.; Alves, M. A.; Thota, S.;

Chaves, L. S.; Sant’Anna, C. M. R.; Fernandes, P. D.; Fraga C. A. M. ChemMedChem, 2020,

15, 539-551
o
s \)‘1 KqCOs (4 equiv,) ©\/>_/< NH;NH;.H;0
By o-V'® DMF, 80°C,5h O EtOH, EtOH, 80°C HN—NH
OH 2

Scheme 1V.13. Synthesis of benzofuran-2-carbohydrazide (k).

To an oven-dried 100 mL round bottom flask was added a solution of salicylaldehyde
(0.610 g, 5 mmol) anhydrous potassium carbonate (2.76 g, 20 mmol) in DMF (20 mL) and was
cooled to 0 °C. Then to the reaction mixture methyl bromoacetate (1.53 g, 10 mmol) was added
dropwise. The resulting mixture was stirred at 0 °C for 30 min and then at 80 °C in a preheated
oil bath for 5 h. After confirming that the reaction was complete by TLC analysis, the solution
was cooled to room temperature, and water (15 mL) was added. The reaction mixture was
extracted with ethyl acetate (50 mL) and washed with brine (1 x 5 mL). The organic phase was
dried over Na2SOy4, and the solvent was removed under vacuum. The crude product was purified
by silica gel column chromatography to give the methyl benzofuran-2-carboxylate product
(Scheme 1V.13).

To an oven-dried 50 mL round bottom flask was added a methyl benzofuran-2-
carboxylate (0.528 g, 3 mmol), and hydrazine hydrate (1.50 g, 30 mmol) was added in absolute
ethanol (30 mL). The mixture was kept under stirring and reflux for 18 h. After cooling to room
temperature, the ethanol was concentrated in a vacuum. When precipitation was observed, the
solid was collected through filtration and washed with 50 mL of hexane and 50 mL of ethyl

ether to give benzofuran-2-carbohydrazide (k) (Scheme 1V.13).
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IV.7.4. General Procedure for the Synthesis of Morpholino(phenyl)methanone (1a) from
Benzoyl hydrazine (a) and Morpholine (1)

o) H C(+)|Pt(-) o)
N n o
NH . [ ] BU4NBF6 (50 mol A)) = N/\
flle o DCE: HFIP, 10 mA K/O
rt, 18 h, N,
(a) (1) (1a)

Scheme 1V.14. Synthesis of morpholino(phenyl)methanone (1a).

To an oven-dried undivided three-necked flask (40 mL) equipped with a magnetic bar,
added benzoyl hydrazine (a) (68 mg, 0.5 mmol) and tetrabutylammonium hexafluorophosphate
("BusNPFs) (96.7 mg, 0.25 mmol). Then the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10
mm x 0.3 mm) as the cathode maintaining an approximate distance of ~6 mm between the
electrodes and was flushed with nitrogen (N2). Then morpholine (1) (65 mg, 0.75 mmol, 1.5
equiv) in 2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
(5 mL) was added via syringes under nitrogen atmosphere. The reaction mixture was stirred
and electrolyzed at a constant current of 10 mA under room temperature for 18 h. After
completion of the reaction (monitored by TLC analysis), the solvent was removed in vacuo;
the mixture was admixed with ethyl acetate (25 mL), and the organic layer was washed with
brine (1 x 10 mL). The organic layer was dried over anhydrous Na>SQO4, and the solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column
of silica gel using 25% ethyl acetate in hexane to afford the morpholino(phenyl)methanone
(1a) in 78% yield (74 mg) (Scheme 1V.14). The identity and purity of the product were

confirmed by spectroscopic analysis.

Reaction Set-up:
For the electrolysis, an undivided three-neck cell (40 mL), three rubber septa, a teflon-
coated magnetic bar, a carbon rod (® 6 mm) as an anode, a platinum plate (10 mm x 10 mm X
0.3 mm) as a cathode and a dual display METRAVI RPS-6002 adjustable 60V/2A DC power
supply were used (Figure 1V.8).
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Figure IV.8. Electrochemical reaction set-up.

IVV.7.5. General Procedure for 10 mmol Scale Reaction

To an oven-dried undivided two-necked flask (100 mL) equipped with a magnetic bar,
was added benzoyl hydrazine (a) (1.36 g, 10 mmol), and tetrabutylammonium
hexafluorophosphate ("BusNPFe) (1.93 g, 5 mmol). Then the flask was equipped with the
graphite rod (® 6 mm; immersion depth in solution about 15 mm) as the anode, the platinum
plate (10 mm x10 mm x 0.3 mm) as the cathode maintaining an approximate distance of ~8
mm between the electrodes and was flushed with nitrogen (N2). Morpholine (1) (1.30 g, 15
mmol, 1.5 equiv) in 2:3 ratios of 1, 2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (50 mL) was added via syringes under N. atmosphere. The reaction mixture
was stirred and electrolyzed at a constant current of 10 mA under room temperature for 32 h.
After completion of the reaction (monitored by TLC analysis), the solvent was removed in
vacuo, the mixture was admixed with ethyl acetate (100 mL), and the organic layer was washed
with brine (50 mL). The organic layer was dried over anhydrous Na,SQO4, and the solvent was
evaporated under reduced pressure. The crude product so obtained was purified over a column
of silica gel wusing increasing 25% ethyl acetate in hexane to afford the
morpholino(phenyl)methanone (1a) in 70% vyield (1.34 g). The identity and purity of the
product were confirmed by spectroscopic analysis.

IV.7.6. Synthesis of ‘Bezafibrate’ Drug
(A)  Procedure for the Synthesis of 4-Chloro-N-(4-hydroxyphenethyl)benzamide (23g)
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OH
H,N c(+)| Pt() o
NH \/\©\ "Bu,NPF¢ (50 mol %) \
NH, OH DCE:HFIP (5 mL) H
cl cl

10 mA, rt, 18 h, N,
(9) (23) (239, 60%)

Scheme 1V.15. Synthesis of 4-chloro-N-(4-hydroxyphenethyl)benzamide (230).

To an oven-dried undivided three-necked flask (40 mL) equipped with a magentic bar,
4-chloro-benzoyl hydrazine (g) (85.3 mg, 0.5 mmol), tyramine (23) (102.7 mg, 0.75 mmol, 1.5
equiv) and tetrabutylammonium hexafluorophosphate ("BusNPFg) (96.7 mg, 0.25 mmol). Then,
the bottle was equipped with the graphite rod (® 6 mm; immersion depth in solution about 15
mm) as the anode and the platinum plate (10 mm %10 mm x 0.3 mm) as the cathode, maintaining
an approximate distance of ~6 mm between two electrodes and was flushed with nitrogen. Then
2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL)
were combined and added via syringes under a nitrogen atmosphere. The reaction mixture was
stirred and electrolyzed at a constant current of 10 mA under room temperature for 18 h. After
completion of the reaction (monitored by TLC analysis), the solvent was removed in vacuo; the
mixture was admixed with ethyl acetate (25 mL), and the organic layer was washed with brine
(10 mL). The organic layer was dried over anhydrous Na>SQO4, and the solvent was evaporated
under reduced pressure. The crude product so obtained was purified over a column of silica gel
using 2% of MeOH in CH2ClI: to afford the 4-chloro-N-(4-hydroxyphenethyl)benzamide (23g,
60%) (Scheme 1V.15). The identity and purity of the product was confirmed by spectroscopic
analysis.

(B)  Procedure for the Synthesis of Isopropyl 2-(4-(2-(4-
chlorobenzamido)ethyl)phenoxy)-2-methylpropanoate (23g’).

O Me
; 0 PN
cho3 MeCN /@A”
85°C,24h CI
(23g) (239", 60%)
Scheme 1V.16. Synthesis of isopropyl 2-(4-(2-(4-chlorobenzamido)ethyl)phenoxy)-2-

methylpropanoate (23g')
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To an oven-dried 10 mL round bottom flask fitted with a magnetic bar was added 4-
chloro-N-(4-hydroxyphenethyl)benzamide (23g) (120.9 mg, 0.3 mmol) in acetonitrile (10 mL)
was added potassium carbonate (188 mg, 1.36 mmol) and the mixture was stirred at room
temperature for 10 minutes. Isopropyl 2-bromo-2-methylpropanoate (125 mg, 0.6 mmol) was
added, and the reaction mixture was stirred under reflux for 16 h. A further portion of isopropyl
2-bromo-2-methylpropanoate (125 mg, 0.6 mmol) and potassium carbonate (69 mg, 0.5 mmol)
was added, and the mixture was stirred under reflux for 6 h. The reaction mixture was cooled
to room temperature and quenched by adding 1 M ag. HCI (10 mL). The mixture was extracted
with CH2Cl> (3 x 20 mL), and the combined organic extracts were washed with brine (50 mL),
dried over MgSQy, filtered, and concentrated in a vacuo. The crude product so obtained was
purified over a column of silica gel (hexane/ethyl acetate, 8:2) to afford the isopropyl 2-(4-(2-
(4-chlorobenzamido)ethyl)phenoxy)-2-methylpropanoate (23g’) (72 mg, 60%) (Scheme 1V.16)
as a colorless oil.

(C)  Procedure for the Formation of 2-(4-(2-(4-Chlorobenzamido)ethyl)phenoxy)-2-
methylpropanoic acid, Bezafibrate (23g")

(o] Me
o%k 1 NaOH, THF o /\/@/oXCOOH
0 0" “Me
/\/©/Me Me 4>700C,8h N ¥
N H
H cl

Cl (23g") (Bezafibrate, 23g", 81%)

Scheme 1V.17. Synthesis of bezafibrate (23g")

To an oven-dried 10 mL round bottom flask containing a magnetic bar was added
isopropyl 2-(4-(2-(4-chlorobenzamido)ethyl)phenoxy)-2-methylpropanoate (23g’) (68 mg,
0.17 mmol) in THF (10 mL) was added 4 M ag. NaOH (2 mL) and the resulting mixture was
stirred at reflux for 8 h. Further portions of NaOH (100 mg, 2.50 mmol) were added at 2 h
intervals throughout the course of the reaction. The reaction mixture was cooled to room
temperature and concentrated in a vacuum. The residue was dissolved in water (20 mL), and
concentrated HCI was added dropwise. The resulting precipitate was filtered, washed with
water, and dried under a high vacuum to afford 2-(4-(2-(4-chlorobenzamido)ethyl)phenoxy)-
2- methylpropanoic acid, bezafibrate (23g’”) (50 mg, 81%) as an off-white solid (Scheme
IV.17). The identity and purity of the product was confirmed by spectroscopic analysis.
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IV.7.7. Mechanistic Investigations
Radical-trapping Experiments

(i)  To an oven-dried undivided three-necked flask (40 mL) equipped with a magnetic bar
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium
hexafluorophosphate ("BusNPFs) (96.7 mg, 0.25 mmol) and (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) (156 mg, 1.0 mmol, 2 equiv). Then, the flask was equipped with the graphite
rod (® 6 mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10
mm x10 mm x 0.3 mm) as the cathode maintaining an approximate distance of ~6 mm between
the electrodes and was flushed with nitrogen. Then morpholine (1) (65 mg, 0.75 mmol, 1.5
equiv) in 2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
(5 mL) was added via syringes under nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 18 h. After completion
of the reaction (monitored by TLC analysis), the solvent was removed in vacuo; the mixture
was admixed with ethyl acetate (25 mL), and the organic layer was washed with brine (10 mL).
The organic layer was dried over anhydrous Na.SOs, and the solvent was evaporated under
reduced pressure. The crude product so obtained was purified over a column of silica gel using
an increasing percentage of ethyl acetate in hexane to afford the TEMPO-adduct, 2,2,6,6-
tetramethylpiperidin-1-yl benzoate (1s) in 33% vyield (43 mg) and a trace amount of
morpholino(phenyl)methanone (1a).

(i)  To an oven-dried undivided three-necked flask (40 mL) equipped with a magnetic bar
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium
hexafluorophosphate ("BusNPFg) (96.7 mg, 0.25 mmol) and Butylated hydroxytoluene (BHT)
(220 mg, 1.0 mmol, 2 equiv). Then, the flask was equipped with the graphite rod (® 6 mm,;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm x
0.3 mm) as the cathode maintaining an approximate distance of ~6 mm between the electrodes
and was flushed with nitrogen. Then morpholine (1) (65 mg, 0.75 mmol, 1.5 equiv) in 2:3 ratios
of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL) was added
via a syringes under nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at
a constant current of 10 mA under room temperature for 18 h. After completion of the reaction

(monitored by TLC analysis), the solvent was removed in vacuo; the mixture was admixed with
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ethyl acetate (25 mL), and the organic layer was washed with brine (10 mL). The organic layer
was dried over anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The
crude product so obtained was purified over a column of silica gel using 25% ethyl acetate in
hexane to afford morpholino(phenyl)methanone (1a) in <15% yield.

Q) Reaction with benzaldehyde

E j standard condition
k/o

(1a,N.D)

Scheme 1V.18. Experiments with benzaldehyde.

(iv) To an oven-dried undivided three-necked flask (40 mL) equipped with a
magnetic bar was added tetrabutylammonium hexafluorophosphate ("BusNPFs) (96.7 mg, 0.25
mmol). Then, the flask was equipped with the graphite rod (® 6 mm; immersion depth in
solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm x 0.3 mm) as the
cathode, maintaining an approximate distance of ~6 mm between the electrodes and was flushed
with nitrogen. Then benzaldehyde (a’) (53 mg, 0.5 mmol) and morpholine (1) (65 mg, 0.75
mmol, 1.5 equiv) in 2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (5 mL) were added via syringes under nitrogen atmosphere. The reaction
mixture was stirred and electrolyzed at a constant current of 10 mA under room temperature for
18 h. The formation of morpholino(phenyl)methanone (1a) was not detected (Scheme 1V.18),

which suggests that aldehyde is not the intermediate of this reaction.

(1)  Reaction with benzoic acid

©)\ [ j standard condition ©)LK/
o

(1a, N.D)
Scheme IV.19. Experiment with benzoic acid.

(V) To an oven-dried undivided three-necked flask (40 mL) equipped with a
magnetic bar was added benzoic acid (a”) (61 mg, 0.5 mmol) and tetrabutylammonium
hexafluorophosphate ("BusNPFg) (96.7 mg, 0.25 mmol). Then, the flask was equipped with the
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graphite rod (® 6 mm; immersion depth in solution about 15 mm) as the anode, the platinum
plate (10 mm x10 mm x 0.3 mm) as the cathode, maintaining an approximate distance of ~6
mm between the electrodes and was flushed with nitrogen. Then morpholine (1) (65 mg, 0.75
mmol, 1.5 equiv) in 2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) (5 mL) were added via syringes under nitrogen atmosphere. The reaction
mixture was stirred and electrolyzed at a constant current of 10 mA under room temperature for
18 h. The formation of morpholino(phenyl)methanone (1a) was not observed (Scheme 1V.19),
which suggested that benzoic acid was not the intermediate of this reaction.

(1) Reaction with benzamide

(o} H o
©)LNH2 N [ j standard condition ©)LN/\
o o
(32) ™)

(1a, N.D)
Scheme 1V.20. Experiment with benzamide.

To an oven-dried undivided three-necked flask (40 mL) equipped with a magnetic bar
was added benzamide (32) (60 mg, 0.50 mmol) and tetrabutylammonium hexafluorophosphate
("BusNPFs) (96.7 mg, 0.25 mmol). Then the flask was equipped with the graphite rod (® 6 mm,;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm X
0.3 mm) as the cathode maintaining an approximate distance of ~6 mm between the electrodes
and was flushed with nitrogen. Then morpholine (1) (65 mg, 0.75 mmol, 1.5 equiv) in 2:3 ratios
of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL) were added
via syringes under nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at a
constant current of 10 mA under room temperature for 18 h. The formation of
morpholino(phenyl)methanone (1a) was not observed (Scheme IV.20), which suggests that

benzamide is also not the intermediate of this reaction.

IVV.7.8. Detection of H2 gas Under the Standard Condition:

To check the release of H> gas in the reaction, we performed GC analysis under standard
conditions using benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium
hexafluorophosphate ("BusNPFs) (96.7 mg, 0.25 mmol). The flask was equipped with the
graphite rod (® 6 mm) as the anode, and the platinum plate (10 mm x10 mm x 0.3 mm) as the
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cathode and was flushed with nitrogen. Then morpholine (1) (65 mg, 0.75 mmol, 1.5 equiv) in
2:3 ratios of 1,2-dichloroethane (DCE) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (5 mL)
was added via syringes under nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 18 h. After the reaction,
the mixture was examined by gas chromatography (GC) equipped with a TCD detector and the
release of H, was detected (Figure 1V.9).°.

B

St R S A

Sl b T R (S S

Figure 1V.9. GC chromatogram of hydrogen gas (H) evolved after the course of

reaction.

IVV.7.9. Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) Experiments:

Cyclic voltammetry and linear sweep voltammetry (LSV) experiments were performed
using Gamry instrument in a three-electrode cell connected to an undivided three-necked bottle
with a stir bar under a nitrogen atmosphere at room temperature. The working electrode was a
platinum electrode and the counter electrode a platinum wire. The reference was a saturated

calomel electrode submerged in a saturated aqueous KCI solution.

0] Cyclic Voltammetry Studies of Benzoyl Hydrazine (a) to Explore the Reaction
at the Anode
Test conditions: A cyclic voltammograms in solvent (5 mL) using platinum as the

working electrode, Pt wire as the counter electrode, and saturated calomel electrode (SCE) as
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the reference electrode under N2 at room temperature (Figure 1VV.10). The scan rate was 0.1
VIs.

Black line: 5 mL DCE and TBAPFs (0.1 M).
Red line: 10 mM benzoyl hydrazine (a) with 5 mL DCE solvent. The two oxidation peaks for
(a) were observed at 1.58 V (vs. SCE), and 2.63 V (vs. SCE).
Blue line: 10 mM benzoyl hydrazine (a) with 2:3 ratio 5 mL DCE:HFIP solvent. The two-
oxidation peaks of the benzoyl hydrazine (a) were observed at 1.51 V (vs. SCE) and 2.55 V
(vs. SCE).

Therefore, it can be concluded that, after adding HFIP to the reaction mixture, the

oxidation potentials decreased from 1.58 V' to 1.51 V and 2.63 V to 2.55 V, suggesting the easy
oxidation of (a) through HFIP activation.

Background, DCE
Benzoylhydrazine (a), DCE
Benzoylhydrazine (a), DCE/HFIP

0.00007
0.00006 LEAY
0.00005
0.00004 |

0.00003

Current/mA

0.00002

0.00001

0.00000 -

-0.00001 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Potential/V (vs SCE)

Figure 1V.10. Cyclic voltammograms of benzoyl hydrazine (a).

(i) Cyclic Voltammetry Studies of Morpholine (1) to Explore the Reaction at the
Anode
Test conditions: A cyclic voltammograms in solvent (5 mL) using platinum as the
working electrode, Pt wire as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode under N, at room temperature (Figure 1VV.11). The scan rate is 0.1 V/s.
Black line: 5 mL DCE and TBAPFs (0.1 M).

Red line: 10 mM morpholine (1) with 5 mL DCE solvent. The oxidation peaks of (1) were
observed at 1.28 V (vs SCE).
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Blue line: 10 mM morpholine (1) with 2:3 ratio 5 mL DCE:HFIP solvent. The oxidation peak
of (1) was observed at 1.22 V (vs SCE).
Therefore, it can be concluded that after the addition of HFIP to the reaction mixture,
the oxidation potential decreased from 1.28 V to 1.22 V, suggesting the easy oxidation of
(1) through HFIP activation.

0.00010 -

Background, DCE

i Morpholine (1), DCE
909008 Morpholine (1), DCE/HFIP

0.00006 -

0.00004

Current/mA

0.00002

0.00000 -

T v T

; T . : .
0.0 0.5 1.0 1.5 2.0 2.5
Potential/V (vs SCE)

Figure 1V.11. Cyclic voltammograms of morpholine (1).

(iii))  Cyclic Voltammetry Studies of Mixture of Benzoyl Hydrazine (a) and Morpholine
(1) to Explore the Reaction at the Anode

Test conditions: A cyclic voltammograms in solvent (5 mL) by using platinum as the
working electrode, Pt wire as the counter electrode and saturated calomel electrode (SCE) as
the reference electrode under N2 at room temperature (Figure 1V.12). The scan rate is 0.1 V/s.
Black line: 5 mL DCE and TBAPFs (0.1 M).

Red line: 10 mM Benzoyl hydrazine (a) with 2:3 ratio 5 mL DCE:HFIP solvent. The two
oxidation peaks of (a) were observed at 1.51 V (vs SCE) and 2.55 V (vs SCE).

Blue line: 10 mM Morpholine (1) with 2:3 ratio 5 mL DCE:HFIP solvent. The oxidation peak
of (1) was observed at 1.22 V (vs SCE).
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Pink line: 10 mM Benzoyl hydrazine (a) and morpholine (1) with 2:3 ratio 5 mL DCE:HFIP
solvent The two oxidation peaks for the mixture (a +1) were observed at 1.07 V (vs. SCE) and
2.19 V (vs. SCE).

Background, DCE
Benzoylhydrazine (a), DCE/HFIP

0.00008 Morpholine (1), DCE/HFIP
a+ 1, DCE/HFIP
151V 2.88
0.00006
= 0.00004 -
=
[ =
e
S
© 0.00002
0.00000 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Potential/V (vs SCE)

Figure 1V.12. Cyclic voltammograms of benzoyl hydrazine (a) and morpholine (1).

(iv)  Linear Sweep Voltammetry (LSV) Measurements of Benzoyl Hydrazine (a) and

Morpholine (1) to Explore the Reaction at the Anode

Test conditions: A linear sweep voltammetry in solvent DCE:HFIP (2:3) (5 mL) and
TBAPFs (0.1 M) by using platinum as the working electrode, Pt wire as the counter electrode
and saturated calomel electrode (SCE) as the reference electrode under N2 at room temperature
(Figure 1V.13). The scan rate is 0.1 V/s.

Black line: 10 mM benzoyl hydrazine (a): Onset potential at 0.90 V vs. (SCE) and anodic
potential at 1.47 V vs. SCE.

Red line: 10 mM morpholine (1): Onset potential at 0.63 V vs SCE and anodic potential at 0.99
V vs SCE.

Blue line: Initial mixture of 10 mM benzoyl hydrazine (a) and morpholine (1): Onset potential
at 0.019 V vs SCE and the anodic oxidation peaks of (a + 1) were observed at 1.40 V vs SCE.
Pink line: Final mixture of 10 mM benzoyl hydrazine (a) and morpholine (1): Onset potential
at 0.019 V vs SCE and the anodic oxidation peaks for (a + 1) were observed at 1.84 V vs. SCE.

This confirms the oxidation of both the reacting partners at the anode.
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400
—— Benzoylhydrazine (a), DCE/HFIP
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Figure 1V.13. Linear sweep voltammetry (LSV) measurements of benzoyl hydrazine (a) and

morpholine (1).
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IVV.9. Spectral Data
Morpholino(phenyl)methanone (1a):

0O

<8

Yield: 78% (74 mg) as a colourless gummy solid; Purification
over a column of silica gel (25% EtOAc in hexane); *H NMR (CDCls,
600 MHz): 6 7.39-7.37 (m, 5H), 3.74-3.41 (m, 8H); *C{1H} NMR
(CDCls, 150 MHz): ¢ 170.6, 135.4, 130.0, 128.7, 127.2, 66.9, 48.3,
42.7; IR (KBr, cm™): 2977, 2858, 1623, 1255, 708; HRMS (ESI/Q-
TOF) (m/z) caled for Ci1iHuNO2, [M + H]*: 192.1019, found
192.1006.

Phenyl(thiomorpholino)methanone (2a):

0]

o

Yield: 76% (79 mg) as a brown oil liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 500
MHz): ¢ 7.39-7.34 (m, 5H), 3.98-3.64 (m, 4H), 2.68-2.55 (m, 4H);
BC{*H} NMR (CDCls, 125 MHz): § 170.8, 135.9, 129.8, 128.7,
126.8, 50.2, 44.7; IR (KBr, cm™): 2911, 2862, 1625, 1258, 706;
HRMS (ESI/Q-TOF) (m/z) calcd for Ci11Hi4sNOS, [M + H]™
208.0791, found 208.0788.

(4-Methylpiperidin-1-yl)(phenyl)methanone (3a):

SReH

Yield: 82% (83 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
7.38-7.37 (m, 5H), 4.67 (s, br, 1H,), 3.70 (s, br, 1H), 2.96-2.77 (m,
2H); 1.75-1.56 (m, 4H), 1.25 (s, 1H), 0.97 (d, 3H, J = 6.5 Hz);
3C{'H} NMR (CDCls, 125 MHz): § 170.5, 136.8, 129.5, 128.6,
127.0, 48.3, 42.7, 34.9, 34.1, 31.4, 21.9; IR (KBr, cm™): 2903, 2865,
1625, 1116, 703; HRMS (ESI/Q-TOF) (m/z) calcd for C13H1sNO, [M
+ H]™: 204.1383, found 204.1379.

(3-Methylpiperidin-1-yl)(phenyl)methanone (4a):

sge

TH-3414 176122011

Yield: 72% (73 mg) as a brown liquid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.33 (s, 5H), 4.49 (s, 1H), 3.60-3.53 (m, 1H), 2.88-2.34 (m, 2H),
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1.82-1.54 (m, 4H), 1.14-1.10 (m, 1H), 0.92-0.74 (m, 3H); *C{'H}
NMR (CDCls, 150 MHz): 6 170.3, 136.5, 129.4, 128.4, 126.8, 55.1,
48.2,42.7,33.1, 31.1, 26.0, 19.1; IR (KBr, cm): 2922, 2815, 1635,
1125, 721; HRMS (ESI/Q-TOF) (m/z) calcd for C13H1sNO, [M + H]*:
204.1383, found 204.1380.

(2-Methylpiperidin-1-yl)(phenyl)methanone (5a):

0

Yield: 70% (71 mg) as a brown liquid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
7.38-7.34 (m, 5H), 2.97 (s, 1H), 1.87-1.46 (m, 7H), 1.27-1.22 (m,
4H); BC{*H} NMR (CDCl3, 150 MHz): § 170.7, 137.2, 129.3, 128.6,
126.5, 30.5, 26.2, 19.1, 16.3; IR (KBr, cm™): 2969, 2863, 1620, 1115,
705; HRMS (ESI/Q-TOF) (m/z) calcd for CisHigsNO, [M + H]":
204.1383, found 204.1379.

(4-Hydroxypiperidin-1-yl)(phenyl)methanone (6a):

oA,

Yield: 68% (70 mg) as a brown liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.38-7.36 (m, 3H), 7.35 (m, 2H), 4.14 (s, 1H), 3.88-3.86
(m, 1H), 3.61 (s, 1H), 3.33-3.13 (m, 2H), 2.60 (s, br, 1H), 1.90-1.75
(m, 2H), 1.56-1.44 (m, 2H); BC{*H} NMR (CDCls, 150 MHz): 6
170.6, 136.1, 129.8, 128.6, 126.9, 66.9, 45.1, 39.6, 34.7, 33.9; IR
(KBr, cm™): 2947, 2862, 1598, 1069, 709; HRMS (ESI/Q-TOF) (m/2)
calcd for C12H16NO2, [M + H]*: 206.1176, found 206.1174.

(4-Benzylpiperidin-1-yl)(phenyl)methanone (7a):

O

@*N

TH-3414 176122011

Yield: 70% (98 mg) as a brown liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): § § 7.39-7.37 (m, 5H), 7.28 (t, 2H, J = 7.5 Hz), 7.21-7.20 (m,
1H), 7.14 (d, 2H, J = 7.8 Hz), 4.70-4.65 (m, 1H), 3.73-3.71 (m, 1H),
2.92-2.57 (m, 4H), 1.81-1.77 (m, 2H), 1.60-1.58 (m, 1H), 1.27 (s,
1H), 1.18-1.15 (m, 1H); ¥C{*H} NMR (CDCls, 150 MHz): 6 170.5,
140.1, 136.5, 129.6, 129.2, 128.6, 128.5, 128.1,127.2, 126.9, 126.2,
48.2,43.1, 42.6, 38.5, 32.8, 31.9; IR (KBr, cm™): 2954, 2858, 1614,
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1255, 698; HRMS (ESI/Q-TOF) (m/z) calcd for C1gH2:NO, [M + H]*:
280.1696, found 280.1696.

(4-Cyclohexylpiperazin-1-yl)(phenyl)methanone (8a):

L
Sge

Yield: 60% (81 mg) as a brown liquid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
7.42—7.38 (m, 5H), 4.03-3.72 (m, 4H), 2.94-2.70 (m, 2H), 2.04-1.99
(m, 1H), 1.85 (d, 2H, J = 12.6 Hz), 1.65 (d, 1H, J = 13.8 Hz),
1.37-1.31 (m, 2H), 1.27-1.23 (m, 3H), 1.14-1.07 (m, 1H); 3C{'H}
NMR (CDCls, 150 MHz): 6 170.4, 134.9, 130.4, 128.8, 127.3, 65.1,
49.0, 48.4, 46.1, 40.6, 27.7, 25.6, 25.5; IR (KBr, cm™): 2928, 2809,
1614, 1012, 709; HRMS (ESI/Q-TOF) (m/z) calcd for C17H25N20,
[M + H]*: 274.2040, found 274.2043.

Phenyl(4-phenylpiperazin-1-yl)methanone (9a):

(0]

<Ae

Q

Yield: 70% (93 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.43 (s, 5H), 7.29 (t, 2H, J = 8.0 Hz), 6.94-6.91 (m, 3H), 3.93 (s, 2H),
3.58 (s, 2H), 3.18 (d, 4H, J = 83.4 Hz); **C{*H} NMR (CDCls, 150
MHz): 6 170.5, 151.0, 135.6, 129.9, 129.3, 128.6, 127.2, 120.7,116.8,
49.9, 49.6, 47.7, 42.2.; IR (KBr, cm™): 2922, 2853, 1597, 1154, 693;
HRMS (ESI/Q-TOF) (m/z) calcd for Ci7H19N20, [M + H]™:
267.1492, found 267.1493.

(4-(2-Methoxyphenyl)piperazin-1-yl)(phenyl)methanone (10a):

TH-3414 176122011

Yield: 80% (118 mg) as a brown liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): § 7.43-7.40 (m, 5H), 7.04—7.01(m, 1H), 6.93-6.91 (m, 2H),
6.88 (d, 1H, J = 7.8 Hz), 3.97 (s, 2H), 3.86 (s, 3H), 3.61 (s, 2H),
3.12-2.98 (m, 4H); 3C{'H} NMR (CDCls, 150 MHz): § 170.5,
152.3, 140.7, 135.8, 129.8, 128.6, 127.2, 123.7,121.2, 118.6,111.4,
55.5, 51.3, 50.8, 48.1, 42.5; IR (KBr, cm™): 2928, 2816, 1626, 1238,
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709; HRMS (ESI/Q-TOF) (m/z) calcd for CisH21N202, [M + H]™:
297.1598, found 297.1598.

(E)-Phenyl(4-styrylpiperazin-1-yl)methanone (11a):

Yield: 72% (105 mg) as a brown liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.40-7.36 (m, 7H), 7.30 (t, 2H, J = 7.5 Hz), 7.23 (t, 1H, J =
7.2 Hz), 6.53 (d, 1H, J = 16.0 Hz), 6.24 (dt, 1H, J = 16.0, 6.8 Hz),
3.81-3.45 (m, 4H), 2.58-2.44 (m, 4H); *C{*H} NMR (CDCls, 125
MHz): 6170.5, 136.9, 135.9, 133.7, 129.8, 128.8, 128.6, 127.8,127.2,
126.5,125.9, 61.0, 53.5, 53.0, 47.8, 42.3; IR (KBr, cm™): 2932, 2812,
1621, 1275, 692; HRMS (ESI/Q-TOF) (m/z) calcd for C19H21N20,
[M + H]*: 293.1648, found 293.1653.

Phenyl(pyrrolidin-1-yl)methanone (12a):

T

Yield: 73% (64 mg) as a colourless oil; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.50-7.48 (m, 2H), 7.38-7.37 (m, 3H), 3.63 (t, 2H, J = 7.0
Hz), 3.40 (t, 2H, J = 6.7 Hz), 1.96-1.91 (m, 2H), 1.88-1.83 (m, 2H);
BC{*H} NMR (CDCls, 125 MHz): ¢ 169.9, 137.4, 129.9, 128.4,
127.2,49.7, 46.3, 26.5, 24.6; IR (KBr, cm™): 2971, 2876, 1611, 1235,
699; HRMS (ESI/Q-TOF) (m/z) calcd for C11H14NO, [M + H]*:
176.1070, found 176.1070.

Phenyl(piperidin-1-yl)methanone (13a):

<80

Yield: 75% (71 mg) as a pale yellow liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): ¢ 7.37-7.36 (m, 5H), 3.69-3.31 (m, 4H), 1.65-1.48 (m, 6H);
BBC{'H} NMR (CDCl3, 150 MHz): § 170.5, 136.6, 129.5, 128.6,
126.9, 48.9, 43.3, 26.7, 25.8, 24.8; IR (KBr, cm™): 2935, 2854, 1622,
1274, 706; HRMS (ESI/Q-TOF) (m/z) calcd for C12H16NO, [M + H]":
190.1226, found 190.1228.

Azepan-1-yl(phenyl)methanone (14a):

TH-3414 176122011
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0]

OO

Yield: 70% (71 mg) as a colourless oil; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.39-7.37 (m, 5H), 3.67 (t, 2H, J = 6.0 Hz), 3.36 (t, 2H, J =
5.7 Hz), 1.86-1.82 (m, 2H), 1.64-1.62 (m, 6H); *C{*H} NMR
(CDCls, 150 MHz): 6 171.8, 137.6, 129.2, 128.6, 126.6, 49.9, 46.5,
29.7, 28.1, 27.5, 26.7; IR (KBr, cm™): 2925, 2855, 1622, 1280, 703;
HRMS (ESI/Q-TOF) (m/z) calcd for C13H1sNO, [M + H]*: 204.1383,
found 204.1389.

N, N-Diethylbenzamide (15a):

Yield: 63% (56 mg) as a colourless oil; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.39-7.36 (m, 5H), 3.55-3.25 (m, 4H), 1.25-1.11 (m, 6H);
BC{'H} NMR (CDCls, 150 MHz): § 171.5, 137.5, 129.3, 128.6,
126.5,43.5,39.4, 14.4,13.1; IR (KBr, cm™): 2974, 2937, 1632, 1260,
749: HRMS (ESI/Q-TOF) (m/z) calcd for C1iHisNO, [M + H]*:
178.1226, found 178.1232.

N-Cyclohexylbenzamide (16a):

3

Yield: 85% (86 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.74 (d, 2H, J = 7.8 Hz), 7.47 (t, 1H, J = 7.2 Hz), 7.42 (, 2H, J = 7.5
Hz), 5.98 (s, 1H), 4.00-3.96 (m, 1H), 2.04-2.01 (m, 2H), 1.77-1.73
(m, 2H), 1.66-1.63 (m, 1H), 1.45-1.39 (m, 2H), 1.27-1.19 (m, 3H);
BC{*H} NMR (CDCls, 150 MHz): ¢ 166.9, 135.3, 131.4, 128.7,
127.0,48.9, 33.4, 25.8, 25.1; IR (KBr, cm™): 2928, 2852, 1625, 1260,
750; HRMS (ESI/Q-TOF) (m/z) calcd for Ci3HigsNO, [M + H]*:
204.1383, found 204.1381.

N-(1-Phenylethyl)benzamide (17a):

o
N
©)LH

Me

"

TH-3414 176122011

Yield: 71% (80 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz):
58.82 (d, 1H, J = 8.4 Hz), 7.91-7.90 (m, 2H), 7.53 (t, 1H, J = 7.5
Hz), 7.47 (t, 2H, J = 7.5 Hz), 7.41 (d, 2H, J = 6.6 Hz), 7.33 (t, 2H, J
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= 7.8 Hz), 7.22 (t, 1H, J = 7.2 Hz), 5.19 (p, 1H, J = 7.2 Hz), 1.49 (d,
3H, J = 7.2 Hz); BC{'H} NMR (DMSO-ds, 150 MHz): § 165.5,
144.9,134.5, 131.1, 128.2, 128.1, 127.4, 126.6, 126.0, 48.4, 22.2; IR
(KBr, cm™): 3012, 2914, 1632, 1189, 763; HRMS (ESI/Q-TOF) (m/2)
calcd for C15sH1sNO, [M + H]*: 226.1226, found 226.1225.

N-(3-(Trifluoromethyl)benzyl)benzamide (18a):

(o)

sgpe

CF3

Yield: 72% (100 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (DMSO-ds, 600 MHz):
09.16 (t, 1H, J=5.7 Hz), 7.91 (d, 2H, J = 7.8 Hz), 7.68 (s, 1H), 7.64
(d,1H,J=7.2 Hz), 7.61 (d, 1H, J=7.8 Hz), 7.58 (d, 1H, J = 7.8 Hz),
7.57-7.53 (m, 1H), 7.49 (t, 2H, J = 7.5 Hz), 4.58 (d, 2H, J = 6.0 H2);
BC{*H} NMR (DMSO-ds, 150 MHz): 5 166.4, 141.2, 134.1, 131.4,
131.3,129.3, 129.0 (d, J = 31.2 Hz), 128.4, 127.2, 125.2, 123.7 (q, J
= 3.85 Hz), 123.5 (g, J = 3.8 Hz), 123.4, 42.3; °F NMR (DMSO-ds,
565 MHz): 6 —61.04 (s); IR (KBr, cm™): 2985, 2862, 1652, 1208, 723;
HRMS (ESI/Q-TOF) (m/z) calcd for CisHisFsNO, [M + H]™:
280.0944, found 280.0948.

N-(Furan-2-ylmethyl)benzamide (19a):

0]

D

Yield: 60% (60 mg) as a white solid; Purification over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.78 (d,2H,J=7.2Hz), 7.50 (t, 1H,J=7.2 Hz), 7.43 (t, 2H,J=7.5
Hz), 7.38 (s, 1H), 6.44 (s, 1H), 6.35-6.30 (m, 2H), 4.64 (d, 2H, J =
5.4 Hz); ®C{*H} NMR (CDCls, 150 MHz): § 167.4, 151.3, 142.5,
134.4,131.8, 128.8, 127.2, 110.7, 107.9, 37.2; IR (KBr, cm™): 3062,
2925, 1635, 1110, 747; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H12NO2, [M + H]*: 202.0863, found 202.0858.

N-(2-Aminobenzyl)benzamide (20a):

NH,

G

TH-3414 176122011

Yield: 65% (73 mg) as a gummy solid; Purification over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.74 (d, 2H, J = 7.8 Hz), 7.46 (t, 1H, J = 7.5 Hz), 7.37 (t, 2H,
J=7.8Hz),7.12-7.09 (m, 2H), 6.76 (s, 1H), 6.70—6.65 (m, 2H), 4.54
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(d, 2H, J = 6.0 Hz), 3.94 (s, 2H); ¥C{*H} NMR (CDCls, 150 MHz):
0168.1,145.7,134.1,131.8,130.8, 129.4, 128.7, 127.1, 121.9, 117.9,
115.9, 41.4; IR (KBr, cm™): 3062, 2926, 1626, 1290, 691; HRMS
(ESI/Q-TOF) (m/z) calcd for C14H1sN20, [M + H]": 227.1179, found
227.1182.

N-(4-Methoxyphenethyl)benzamide (21a):

(o}

<48

/\/O/ome

Yield: 72% (92 mg) as a white solid; Purification over a
column of silica gel (25% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): 6 7.69 (d, 2H, J = 7.8 Hz), 7.46 (t, 1H, J
=7.5Hz),7.39 (t, 2H, J =8.1 Hz), 7.14 (d, 2H, J = 7.2 Hz),
6.86 (d, 2H, J = 7.8 Hz), 6.27 (s, 3H), 3.79 (s, 3H), 3.66 (q,
2H, J = 6.8 Hz), 2.86 (t, 2H, J = 7.2 Hz); BC{*H} NMR
(CDCls, 150 MHz): 6 167.7, 158.5, 134.8, 131.6, 131.0, 129.9,
128.7, 126.9, 114.3, 55.4, 41.5, 34.9; IR (KBr, cm™): 2956,
2841, 1642, 1263, 683; HRMS (ESI/Q-TOF) (m/z) calcd for
C16H1sNO2, [M + H]*: 256.1332, found 256.1329.

N-(4-Fluorophenethyl)benzamide (22a):

o

oY

ey

TH-3414 176122011

Yield: 69% (84 mg) as a white solid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): 6 7.70 (d, 2H, J = 7.8 Hz), 7.46 (t, 1H, J
=7.5Hz), 737 (t, 2H, J = 7.5 Hz), 7.14 (m, 2H, J = 6.6 Hz),
6.96 (t, 2H, J = 8.4 Hz), 6.55 (s, 1H), 3.63 (g, 2H, J = 6.6 Hz),
2.87 (t, 2H, J = 7.2 Hz); 3C{*H} NMR (CDCl3, 150 MHz): 6
167.8, 161.7 (d, J = 241.3 Hz), 134.7 (d, J = 3.3 Hz), 131.6,
130.3 (d, J = 7.9 Hz), 128.7, 126.9, 115.5 (d, J = 20.8 Hz),
41.4, 34.9; F NMR (CDCls, 565 MHz): § —116.54 (s); IR
(KBr, cm™): 3066, 2933, 1637, 1290, 705; HRMS (ESI/Q-
TOF) (m/z) calcd for C1sH1sFNO, [M + H]*: 244.1132, found
244.1138.
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N-(4-Hydroxyphenethyl)benzamide (23a):

H

@iNM@ )

Yield: 51% (61 mg) as a brown liquid; Purification over a
column of silica gel (35% EtOAc in hexane); *H NMR
(DMSO-ds, 500 MHz): 6 9.19 (s, 1H), 8.50 (t, 1H, J = 5.7 Hz),
7.81(d, 2H,J=7.5Hz), 7.50 (t, 1H, J=7.25 Hz), 7.44 (t, 2H,
J =7.25 Hz), 7.02 (d, 2H, J = 8.0 Hz), 6.68 (d, 2H, J = 8.0
Hz), 3.53 (q, 2H, J = 6.8 Hz), 2.72 (t, 2H, J = 7.5 Hz); *C{'H}
NMR (DMSO-dg, 125 MHz): ¢ 166.2, 155.6, 134.7, 131.0,
129.6, 129.5, 128.3, 127.1, 115.1, 41.2, 34.3; IR (KBr, cm™):
3215, 2950, 2848, 1650, 643; HRMS (ESI/Q-TOF) (m/z)
calcd for C15H16NO2, [M + H]*: 242.1176, found 242.1172.

N-(2-(Thiophen-2-yl)ethyl)benzamide (24a):

S By

Yield: 65% (75 mg) as a colourless oil; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls,
600 MHz): 6 7.76—7.75 (m, 2H), 7.45 (t, 1H, J = 7.5 Hz), 7.36
(t, 2H, J = 7.5 Hz), 7.13-7.12 (m, 1H), 7.03 (s, 1H), 6.92-6.91
(m, 1H), 6.82 (d, 1H, J = 3.0 Hz), 3.67 (q, 2H, J = 6.6 Hz), 3.11
(t, 2H, J = 6.9 Hz); BC{*H} NMR (CDCls, 150 MHz): 6 167.8,
141.3, 134.5, 131.4, 128.5, 127.1, 127.0, 125.3, 123.9, 41.5,
29.8; IR (KBr, cm™): 2929, 2854, 1639, 1275, 685; HRMS
(ESI/Q-TOF) (m/z) calcd for C13H14NOS, [M + H]*: 232.0791,
found 232.0796.

Phenyl(1H-pyrazol-1-yl)methanone (25a):

Yield: 73% (63 mg) as a colourless oil; Purification over a

N-N column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
\)
&7 MHz): ¢ 8.43 (d, 1H, J = 3.0 Hz), 8.11 (d, 2H, J = 7.2 Hz), 7.79 (s,

1H), 7.60 (t, 1H, J = 7.5 Hz), 7.49 (t, 2H, J = 7.5 Hz), 6.51-6.50 (m,
1H); C{'H} NMR (CDCl3, 150 MHz): § 166.5, 144.6, 133.1, 131.6,
130.5, 128.2, 109.5; IR (KBr, cm™): 3061, 2989, 1697, 1277, 709;
HRMS (ESI/Q-TOF) (m/z) calcd for C1o0HsN20, [M + H]": 173.07009,
found 173.0703.

TH-3414 176122011
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(S)-(2-Methoxypyrrolidin-1-yl)(phenyl)methanone (26a):

o,Me

SRS

Yield: 70% (72 mg) as a colourless oil; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.55 (d, 2H, J = 7.2 Hz), 7.41-7.37 (m, 3H), 4.67—4.64 (m,
1H), 3.76 (s, 3H), 3.65-3.61 (m, 1H), 3.54-3.49 (m, 1H), 2.32—2.29
(m, 1H), 2.02-1.98 (m, 2H), 1.89-1.85 (m, 1H); ¥C{*H} NMR
(CDCls, 150 MHz): 6 172.9, 136.2, 130.3, 128.4, 127.4, 59.3, 52.4,
50.1, 29.5, 25.5; IR (KBr, cm™): 2954, 2929, 1629, 1276, 749; HRMS
(ESI/Q-TOF) (m/z) calcd for C12H16NO2, [M + H]*: 206.1176, found
206.1177.

Methyl benzoyl-L-phenylalaninate (27a):

Yield: 75% (106 mg) as a brown liquid; Purification over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.75 (d, 2H, J = 7.2 Hz), 7.52 (t, 1H, J = 7.5 HZz), 7.43 (t, 2H,
J=75Hz),7.31(t, 2H, J = 7.5 Hz), 7.28 (d, 1H, J = 6.6 Hz), 7.16 (d,
2H, J = 7.8 Hz), 6.66 (d, 1H, J = 1.8 Hz), 5.12 (q, 1H, J = 6.4 Hz),
3.78 (s, 3H), 3.33- 3.23(m, 2H); *C{*H} NMR (CDCls, 150 MHz):
0172.2,167.0, 136.0, 134.0, 131.9, 129.5, 128.8, 128.7, 127.4, 127.2,
53.7,52.6, 38.1; IR (KBr, cm™): 3029, 2952, 2924, 1740, 1640, 1225,
699; HRMS (ESI/Q-TOF) (m/z) calcd for Ci7H1sNOs, [M + H]":
284.1281, found 284.1286.

Morpholino(p-tolyl)methanone (1b):

Jege

TH-3414 176122011

Yield: 71% (73 mg) as a colourless liquid; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6, 7.29 (d, 2H, J=8.0 Hz), 7.19 (d, 2H, J = 7.9 Hz), 3.67-3.46
(m, 8H), 2.35 (s, 3H); 3C{*H} NMR (CDCls, 150 MHz): 6 170.7,
140.2, 132.4, 129.2, 127.3, 66.9, 48.4, 42.7, 21.5; IR (KBr, cm™):
2921, 2855, 1612, 1111, 751; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H16NO2, [M + H]*: 206.1176, found 206.1171.
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(4-(Tert-butyl)phenyl)(morpholino)methanone (1c):

(o)
N
Me @
Me
Me

Yield: 75% (93 mg) as a colourless oil; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.42 (d, 2H, J = 8.0 Hz), 7.34 (d, 2H, J = 8.5 Hz), 3.69-3.50
(m, 8H), 1.32 (s, 9H); *C{*H} NMR (CDCls, 125 MHz): ¢ 170.5,
153.1, 132.3, 126.9, 125.4, 66.8, 48.2, 42.5, 34.7, 31.1; IR (KBr, cm’
1. 2961, 2861, 1630, 1112, 787; HRMS (ESI/Q-TOF) (m/z) calcd for
CisH22NO, [M + H]*: 248.1645, found 248.1651.

(4-(Dimethylamino)phenyl)(morpholino)methanone (1d):

Yield: 79% (92 mg) as a colourless solid; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.33 (d, 2H, J = 9.0 Hz), 6.64 (d, 2H, J = 9.0 Hz), 3.66—-3.63
(m, 8H), 2.97 (s, 6H); BC{*H} NMR (CDCls, 150 MHz): ¢ 171.3,
151.6, 129.4, 121.7, 111.2, 67.1, 40.3; IR (KBr, cm™): 2920, 2852,
1608, 1109, 760; HRMS (ESI/Q-TOF) (m/z) calcd for C13H19N20>,
[M + H]": 235.1441, found 235.1434.

(4-Methoxyphenyl)(morpholino)methanone (1e):

Pege

Yield: 72% (80 mg) as a colourless oil; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500
MHz): J 7.35 (d, 2H, J = 8.5 Hz), 6.89 (d, 2H, J = 8.5 Hz), 3.80 (s,
3H), 3.66-3.61 (m, 8H); *C{*H} NMR (CDCls, 125 MHz): 6 170.5,
161.0, 129.3, 127.5, 113.9, 67.0, 55.5; IR (KBr, cm™): 2920, 2854,
1606, 1110, 762; HRMS (ESI/Q-TOF) (m/z) calcd for C12H16NOs,
[M + H]*: 222.1125, found 222.1124.

Morpholino(4-nitrophenyl)methanone (1f):

Hege

TH-3414 176122011

Yield: 68% (80 mg) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.16 (d, 2H, J = 9.0 Hz), 7.50 (d, 2H, J = 9.0 Hz), 3.68 (s, 4H),
3.53-3.29 (m, 4H); ¥C{*H} NMR (CDCls, 150 MHz): ¢ 167.9,
148.2, 141.3, 128.1, 123.8, 66.5, 47.8, 42.3; IR (KBr, cm™): 2974,
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2867, 1621, 1106, 748, HRMS (ESI/Q-TOF) (m/z) calcd for
C11H13N204, [M + H]": 237.0870, found 237.0875.

(4-Chlorophenyl)(morpholino)methanone (1g):

Jege

Yield: 66% (74 mg) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢
7.37 (d, 2H,J=8.0 Hz), 7.33 (d, 2H, J =8.5 Hz), 3.67-3.42 (m, 8H);
BC{*H} NMR (CDCls, 125 MHz): § 169.5, 136.2, 133.8, 129.0,
128.8, 66.9, 48.3, 42.8; IR (KBr, cm™): 2921, 2852, 1629, 1111, 754;
HRMS (ESI/Q-TOF) (m/z) calcd for C1:H13CINOz, [M + H]™:
226.0629, found 226.0632.

(4-Bromophenyl)(morpholino)methanone (1h):

Pene!

Yield: 62% (84 mg) as a brown liquid; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.41 (d, 2H, J = 8.0 Hz), 7.14 (d, 2H, J = 8.5 Hz), 3.55-3.29
(m, 8H); BC{*H} NMR (CDCls, 125 MHz): 6 169.6, 134.3, 131.9,
129.0, 124.4, 66.9, 48.5, 42.8; IR (KBr, cm™): 2900, 2855, 1626,
1256, 751; HRMS (ESI/Q-TOF) (m/z) calcd for C11H13BrNO2, [M +
H]*: 270.0124, found 270.0131.

Morpholino(4-(trifluoromethyl)phenyl)methanone (1i):

Pege

Yield: 58% (75 mg) as a colourless liquid; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 7.64 (d, 2H, J = 8.0 Hz), 7.49 (d, 2H, J = 8.0 Hz), 3.73-3.36
(m, 8H); BC{'*H} NMR (CDCls, 125 MHz): 6 169.0, 138.9, 131.9 (q,
J=32.5Hz), 130.3, 127.6, 125.7 (g, J=3.75 Hz), 124.8, 122.7, 66.8,
48.2, 42.7; F NMR (CDCls, 471 MHz): § —62.9 (s) IR (KBr, cm™):
2952, 2857, 1642, 1265, 755; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H13F3NO2, [M + H]™: 260.0893, found 260.0894.

[1,1'-Biphenyl]-4-yl(morpholino)methanone (1j):

Nege®

TH-3414 176122011

Yield: 69% (92 mg) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.63(d,2H,J=8.4Hz),7.59 (d, 2H,J=7.2Hz), 7.49 (d, 2H,J =84
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Hz), 7.45 (t, 2H, J = 7.5 Hz), 7.37 (t, 1H, J = 7.2 Hz), 3.80-3.51 (m,
8H); *C{*H} NMR (CDCls, 150 MHz): 6 170.4, 142.9, 140.2, 134.0,
129.0, 128.0, 127.8, 127.4, 127.3, 67.0, 48.4, 42.7: IR (KBr, cm™):
2937, 2847, 1632, 1265, 745; HRMS (ESI/Q-TOF) (m/z) calcd for
C17H1sNO2, [M + H]*: 268.1332, found 268.1323.

Benzofuran-2-yl(morpholino)methanone (1Kk):

acge

Yield: 68% (79 mg) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
7.64 (d, 1H,J=7.8 Hz), 7.51 (d, 1H, J = 7.8 Hz), 7.40-7.37 (m, 1H),
7.34 (s, 1H), 7.27 (t, 1H, J = 6.9 Hz) 3.88-3.76 (m, 8H); C{H}
NMR (CDClgz, 150 MHz): 6 159.7, 154.6, 148.7, 126.8, 126.7, 123.7,
122.3, 112.6, 111.9, 66.9, 47.3, 43.2; IR (KBr, cm™): 2927, 2861,
1608, 1260, 749; HRMS (ESI/Q-TOF) (m/z) calcd for C13H14NOs,
[M + H]": 232.0968, found 232.0965.

(4-Aminophenyl)(morpholino)methanone (11):

Nege!

Yield: 65% (67 mg) as a brown liquid; Purification over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500
MHz): 6 8.28 (d, 2H, J=8.5 Hz), 7.57 (d, 2H, J = 9.0 Hz), 3.79-3.63
(m, 8H), 3.38 (s, 2H); C{"H} NMR (CDCls, 125 MHz): J 168.3,
148.7, 141.6, 128.3, 124.2, 66.9, 48.2, 42.8; IR (KBr, cm™): 2989,
2860, 1636, 1264, 731; HRMS (ESI/Q-TOF) (m/z) calcd for
C11H1sN20, [M + H]*: 207.1128, found 207.1132.

Cyclohexyl(morpholino)methanone (1m):

O

TH-3414 176122011

Yield: 58% (57 mq) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
3.62-3.46 (m, 8H), 2.42—-2.36 (M, 1H), 1.77-1.64 (m, 5H), 1.53-1.45
(m, 2H), 1.24-1.20 (m, 3H); BC{*H} NMR (CDCls, 125 MHz): &
174.9, 67.1, 67.0, 46.0, 42.1, 40.4, 29.4, 25.9; IR (KBr, cm™): 2852,
1624, 1425, 1250, 743; HRMS (ESI/Q-TOF) (m/z) calcd for
C11H20NO2, [M + H]*: 198.1489, found 198.1495.
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Furan-2-yl(morpholino)methanone (1n):

(o}

R Q)

Yield: 62% (56 mg) as a brown liquid; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 7.47 (s, 1H), 7.02 (d, 1H, J = 3.0 Hz), 6.48 (s, 1H), 3.81-3.74
(m, 8H); C{*H} NMR (CDCls, 150 MHz): 6 159.3, 147.9, 143.9,
117.0, 111.6, 67.1; IR (KBr, cm™): 2924, 2858, 1615, 1276, 750;
HRMS (ESI/Q-TOF) (m/z) calcd for CgH12NOs, [M + H]*: 182.0812,
found 182.0808.

Morpholino(thiophen-2-yl)methanone (10):

(o)

=

\_s

@

Yield: 60% (59 mg) as a white solid; Purification over a column
of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.45 (d, 1H, J = 4.8 Hz), 7.28 (d, 1H, J = 3.6 Hz), 7.04 (t, 1H, J = 4.5
Hz), 3.77-3.71 (m, 8H); *C{*H} NMR (CDCls, 150 MHz): 6 163.9,
136.8, 129.2, 129.0, 126.9, 67.1; IR (KBr, cm™): 2912, 2851, 1630,
1279, 759; HRMS (ESI/Q-TOF) (m/z) calcd for CoH12NO2S, [M +
H]*: 198.0583, found 198.0581.

Methyl morpholine-4-carboxylate (1p):

(0}

IV'e‘oJLN/\

o

Yield: 72% (52 mg) as a gummy; Purification over a column of
silica gel (15% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
3.69 (s, 3H), 3.64-3.45 (m, 8H); *C{*H} NMR (CDCls, 150 MHz):
6 156.1, 66.8, 66.6, 52.9, 44.4, 43.9; IR (KBr, cm™): 2923, 2854,
1628, 1262, 752; HRMS (ESI/Q-TOF) (m/z) calcd for CeH12NOs, [M
+ H]": 146.0812, found 146.0815.

Ethyl morpholine-4-carboxylate (1q):

o

~o N

Me (o)

™

(o)

TH-3414 176122011

Yield: 73% (58 mg) as a colourless oil; Purification over a
column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 4.12 (q, 2H, J = 7.0 Hz), 3.62 (s, 4H), 3.43 (t, 4H, J =5.1
Hz), 1.23 (t, 3H, J = 6.9 Hz); *C{*H} NMR (CDCls, 150 MHz): &
155.7,66.7, 61.6, 44.1, 14.7; IR (KBr, cm™): 2970, 2858, 1694, 1240,
767; HRMS (ESI/Q-TOF) (m/z) calcd for C7H14NOs, [M + H]*:
160.0968, found 160.0972.
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Benzyl morpholine-4-carboxylate (1r):

A,
SRR

Yield: 70% (77 mg) as a colourless oil; Purification over a
column of silica gel (15% EtOAc in hexane); *H NMR (CDCls, 500
MHz): ¢ 7.30-7.27 (m, 5H), 5.1 (s, 2H), 3.59 (s, 4H) 3.45-3.43 (m,
4H); BC{*H} NMR (CDCls, 125 MHz): ¢ 155.4, 136.7, 129.3, 128.6,
128.4,128.2,128.1,67.4,66.7, 63.5,53.7, 44.3; IR (KBr, cm™): 2898,
2857, 1697, 1114, 697; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H16NOs3, [M + H]*: 222.1125, found 222.1121.

2,2,6,6-Tetramethylpiperidin-1-yl benzoate (1s):

M
i e\Q
O)L /N
(0]
Me
Me

Yield: 33% (43 mg) as a white solid; Purification over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.27 (d, 2H, J = 7.2 Hz), 7.75 (s, 1H), 7.64 (s, 2H), 1.97 (t, 2H, J =
12.3 Hz), 1.91-1.85 (m, 1H), 1.77 (d, 2H, J = 12.6 Hz), 1.64 (d, 1H,
J =12.0 Hz), 1.46 (s, 6H), 1.31 (s, 6H); *C{*H} NMR (CDCls, 150
MHz): ¢ 162.7, 129.4, 126.1, 125.9, 124.9, 56.8, 35.5, 28.4, 17.3,
13.5; IR (KBr, cm™): 2927, 2856, 1750, 1254, 707; HRMS (ESI/Q-
TOF) (m/z): calcd for CisH24NO2, [M + H]™: 262.1802, found
262.1798.

4-Chloro-N-(4-hydroxyphenethyl)benzamide (23g):

HO

TH-3414 176122011

Yield: 60% (83 mg) as a brown solid; Purification over a column
of silica gel (2% of MeOH in CH2Cl,); *H NMR (DMSO-ds, 500
MHz): 6 9.16 (s, 1H), 8.58 (t, 1H, J = 5.2 Hz), 7.83 (d, 2H, J = 8.5
Hz), 7.52 (d, 2H, J = 8.5 Hz), 7.01 (d, 2H, J = 8.5 Hz), 6.67 (d, 2H, J
= 8.5 Hz), 3.40-3.35 (m, 2H), 2.71 (t, 2H, J = 7.5 Hz); ®C{*H} NMR
(DMSO-ds, 125 MHz): ¢ 165.0, 155.6, 135.8, 133.4, 129.5, 129.0,
128.3,115.1,41.2,34.2; IR (KBr, cm™): 3009, 2857, 1640, 1275, 750;
HRMS (ESI/Q-TOF) (m/z) calcd for CisHisCINO2, [M + H]™:
276.0786, found 276.0789.
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Isopropyl 2-(4-(2-(4-chlorobenzamido)ethyl)phenoxy)-2-methylpropanoate (23g’'):

Pro,'C  Me

0O Me

Cl

Yield: 60% (72 mg) as a colourless oil; Purification over a
column of silica gel (20% EtOAc in hexane); *H NMR (CDCls, 600
MHz): § 7.60 (d, 2H, J = 8.4 Hz), 7.30 (d, 2H, J = 8.4 Hz), 7.02 (d,
2H, J = 8.4 Hz), 6.75 (d, 2H, J = 8.4 Hz), 6.59 (s, 1H), 5.07-5.01 (m,
1H), 3.56 (g, 2H, J = 6.6 Hz), 2.79 (t, 2H, J = 6.9 Hz), 1.54 (s, 6H),
1.18 (d, 6H, J = 6.6 Hz); *C{*H} NMR (CDCls, 150 MHz): 6 173.9,
166.6, 154.1, 137.6, 133.0, 132.3, 129.4, 128.8, 128.4, 119.3, 79.1,
69.1, 41.4, 34.8, 25.4, 21.6; IR (KBr, cm™): 3012, 2924, 2854, 1652,
1023, 759; HRMS (ESI/Q-TOF) (m/z) calcd for C22H27CINO4, [M +
H]*: 404.1623, found 404.1631.

2-(4-(2-(4-Chlorobenzamido)ethyl)phenoxy)-2-methylpropanoic  acid  (Bezafibrate)

(23g"):

HO.C  Me

0 Me

TH-3414 176122011

Yield: 81% (50 mg) as a white solid; *H NMR (DMSO-ds, 600
MHz): 6 8.63 (t, 1H, J = 5.4 Hz), 7.82 (d, 2H, J = 8.4 Hz), 7.52 (d,
2H, J = 8.4 Hz), 7.12 (d, 2H, J = 8.4 Hz), 6.75 (d, 2H, J = 8.4 Hz),
3.42 (t, 2H,J = 6.6 Hz), 2.76 (t, 2H, J = 7.5 Hz), 1.47 (s, 6H); *C{*H}
NMR (DMSO-ds, 150 MHz): 6 175.1, 165.1, 153.7, 135.9, 133.3,
132.6,129.4,129.1, 128.4,118.5, 78.3, 41.0, 34.2, 25.1; IR (KBr, cm"
1. 3295, 3015, 2914, 2874, 1725, 1642, 1014, 711; HRMS (ESI/Q-
TOF) (m/z) calcd for Ci9H21CINO4, [M + H]": 362.1154, found
362.1151.
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IVV.10. Representative Spectra
Morpholino(phenyl)methanone (1a) : *H NMR (CDCls, 600 MHz)
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N-(Furan-2-ylmethyl)benzamide (19a): *H NMR (CDCls, 600 MHz)

RRRRLREIRY  SYdsaa

MUQEAJ |

!

& dey

T T T

35 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

N-(Furan-2-ylmethyl)benzamide (19a): 3C{*H} NMR (CDCls, 150 MHz)
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Phenyl(1H-pyrazol-1-yl)methanone (25a): *H NMR (CDCls, 600 MHz)
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Phenyl(1H-pyrazol-1-yl)methanone (25a): **C{*H} NMR (CDCls, 150 MHz)
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(4-Methoxyphenyl)(morpholino)methanone (1e): *H NMR (CDCls, 500 MHz)
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(4-Methoxyphenyl)(morpholino)methanone (1e): 3C{*H} NMR (CDCls, 125 MHz)
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Benzofuran-2-yl(morpholino)methanone (1k): *H NMR (CDCls, 600 MHz)
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Benzofuran-2-yl(morpholino)methanone (1k): **C{*H} NMR (CDCls, 150 MHz)
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CHAPTER-V

Electrochemical N-Aroylation of Sulfoximines
using Benzoyl Hydrazines with H, Generation
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Abstract: Developed here is a robust electrochemical cross-coupling
between aroyl hydrazine and NH-sulfoximine via concomitant cleavage
and formation of C(sp?)-N bond with the evolution of H2 and N2 as
innocuous by-products. This sustainable protocol avoids the use of toxic
reagents and occurs at room temperature. The reaction proceeds via the
generation of an aroyl and a sulfoximidoyl radical via anodic oxidation
under constant current electrolysis (CCE), affording N-aroylated
sulfoximine. The strategy is applied to late-stage sulfoximidation of L-
menthol, (-)-borneol, D-glucose, vitamin-E derivatives, and marketed
drugs such as probenecid, ibuprofen, flurbiprofen, ciprofibrate, and
sulindac. In addition, the present methodology is mild, high functional

group tolerance with broad substrate scope and scalable.
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CHAPTER V

Electrochemical N-Aroylation of Sulfoximines using
Benzoyl Hydrazines with H, Generation

V.1. Introduction

The potential applications of organosulfur compounds, viz. sulfoximines in
pharmaceuticals'® and pesticides!® have been well recognized. Sulfoximine-containing
compounds such as atuveciclib, BAY1251152, and AZD6738 have progressed into clinical
trials.® Sulfoxaflor, a sulfoximine-containing compound, was developed by Dow
AgroSciences as a potential insecticide and introduced into the market (Figure V.1).! Thus, a
significant effort has been devoted to establishing efficient strategies for the synthesis of N-
acylated sulfoximines. In this context, carboxyl activating agents such as 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) or N,N’-dicyclohexylcarbodiimide (DCC) have
been employed for the coupling of carboxylic acid and NH-sulfoxamine leading to N-acylated
sulfoximine.? Similar sulfoximidation has been developed, employing other activating agents
such as boric acid or 1,3-dioxa-5-aza-2,4,6-triborinane (DATB).® The transition-metal-
catalyzed synthesis of N-aroyl sulfoximine has been achieved using aryl halide and carbon
monoxide [Scheme V.1 (a)].* Considering their importance, the development of sustainable
synthetic methods having (i) broad functional group tolerance and reaction scope, (ii)
amenable to late-stage diversification of biologically relevant molecules, and (iii) providing
clean energy source (H) as a by-product is highly desirable.

Due to the importance of acylated derivatives in synthetic chemistry and biochemical
processes, the readily available benzoyl hydrazine is an ideal precursor for benzoyl radical,
which produces N2 and H; as by-products under certain conditions.>® However, the existing
methods for their generation rely on stoichiometric use of chemical oxidants under transition-
metal catalysis, producing chemical waste making them environmentally unacceptable
[Scheme V.1 (b)].” In this context, developing a milder and more sustainable method for

generating benzoyl radicals from benzoyl hydrazine is highly desirable.
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Figure V.1. Representative bioactive sulfoximines.

Recently, the scientific community has witnessed an upsurge in interest in organic
electrosynthesis as it avoids using chemical oxidants and utilizes electrons as a reagent.® The
application of either electric potential or current facilitates redox events leading to reactions
occurring under mild conditions with improved atom economy.®** The electrochemical
process is more appealing, employing two different nucleophiles in an oxidative cross-
coupling.’® However, the current oxidative strategies predominantly focus on the oxidative
cross-couplings of C—H and X—H (where X represents a heteroatom) bonds.'® Despite the
significant advancements in oxidative cross-coupling, the simultaneous cleavage of the C—N

bond through anodic oxidation and the formation of a new C—N bond from two distinct

nucleophiles under mild conditions remain attractive yet challenging.

TH-3414 176122011
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Scheme V.1. Strategies for N-aroylation of sulfoximines

Previous reports:

(a) Conventional methods:
ref. 2-3

0 H
\ activating agent

+ >
X= OH, Cl etc. R? o o
1l
Electrophile(E) Nucleophile(Nu) N¢§—R3
Classical approach R2
No clean fuel

ref. 4

H
Fe * ’1‘\\340 co T
||Q;R3 transition-metal (Pd)

O transition-metal O required activating agent O superstoichiometric

(b) i ref. 7 lo)
Ar”NH L catalyst 2 e+ H,[O]
NH, [0] Ar

O transition-metal O highly oxidative condition O toxic waste

©  y
O 1 ref. 18-19 o N—I catalyst . N®
1IN : 1_N— —_Ccatalyst -
R2-§” R%-S2° v hv 2 + Hy[O]
] 3 3
R3 R R
H cl AI'\"',AI'
O I ref. 19j o ? *
RN = g N s Rz-('s)"'N s RZ'IS.I/'N + 10l
R R® éa BF, hv R®

O pre-functionalization © multi-step preparation O toxic waste

7 i o o
1]
Ar/l%iol-l g N~‘sg°3 C(+)|Pt(-g Ar)LNr,§—R3 + 2Hy} + Ny}
l!le IizR 10 mA R?Z  (clean fuel)
Nu' Detect in
' 4 GC-TCD
anodic
oxidation
C-N bond
cleavage

radical-radical cross-coupling

¢/ metal & oxidant-free ¢/ no preactivation of sulfoximine ¢/ drug-molecule

v detailed mechanistic study ¢ quantitative analysis of clean fuel

The cross-coupling of NH-sulfoximine under electrochemical condition is unexplored,
probably due to the high oxidation potential of NH-sulfoximine (Eox = +1.92 to +2.00 V vs.
SCE) and high bond dissociation energy (BDEy-x = 104—106 kcal/mol) for the generation of
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N-centre radical.l” Recently, a visible-light-induced a-keto acylation of sulfoximines using
hypervalent iodine reagent and aryl alkynes has been achieved.'® Following this, several other
strategies involving the generation of N-centered sulfoximidoyl radical under photocatalytic
conditions have been adopted [Scheme V.1 (c)].1° The success of these strategies relies on the
preactivation®® or in situ activation of NH-sulfoximines, using hypervalent iodine(l11)%>-¢

and N-halogenated sulfoximines®"

via mesolytic or homolytic cleavage of a weak nitrogen-
heteroatom bond. Considering all these, we envisioned sulfoximidation via anodic oxidation

of benzoyl hydrazine and NH-sulfoximine [Scheme V.1 (d)].

V.2. Strategies for the Synthesis of Sulfoximidation Product

In 2015 An et al. disclosed Cul-mediated o-ketoacylation of sulfoximines under
solvent-free conditions. Both aryl- and alkyl-substituted sulfoximines and aryl-substituted
acetophenones coupled smoothly, but the alkyl-substituted acetophenones failed to participate
in this transformation. This protocol requires no extra solvents, bases, or additives and
demonstrates outstanding compatibility with diverse functional groups (Scheme V.2).2%

o

o o
H 3
N -.S—R
N Me , 1_O Cul, DTBP il B N |I;2
R _ RZ'S‘R?’ 90°C,12h L
Scheme V.2. N-Acylation of sulfoximines with acetophenones.

In 2020 Bolm and co-workers reported an efficient strategy for the construction of a-
keto-N-acyl sulfoximines via the radical coupling between sulfoximine and
gemdifluoroalkenes in good to excellent yields through a C—N bond formation under
photoredox catalysis. The reaction proceeds in the presence of NBS without using an
additional oxidant. The mechanistic studies suggest that the two oxygens in the products

originate from water and dioxygen (Scheme V.3).2%
NBS o
H. 3
L F+ No DCM.ainrt18h_ . N.4-R
R J ¢ r2-53;  Blue LEDs (24 W) i J o r2

Scheme V.3. N-Acylation of sulfoximines with gemdifluoroalkenes.
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In 2023 the Ji group disclosed an electrochemical oxidative carbonylation of NH-
Sulfoximines. This electrochemical strategy proceeds under mild reaction conditions, without
external oxidants, and ligands, and is easy to scale up to grams scale. Both control
experiments and mechanistic studies revealed that the entire electrochemical approach
proceeded through a palladium (11/1V/11) catalytic cycle (Scheme V.4).2%¢

o (o)
H * Cl H‘N GC(+)/Zn(-) ,g_R:;
LA XY °NH, + CO + 1_0O Pd(PPh3)2CI2= R1—'\ ’I'az
R T _ Rz/ \Rs nBU4N|, K3PO4 | —
NEt;, DCE
4mA, rt,13 h

Scheme V.4. Synthesis of N-acyl sulfoximines derivatives.

V.3. Present Work
V.3.1. Optimization of the Reaction Conditions

As proof of our concept, a preliminary reaction was conducted between benzoyl
hydrazine (a) and NH-sulfoximine (1). Herein, benzoyl hydrazine (a, 1 equiv.) and NH-
sulfoximine (1, 1.5 equiv.) were treated in an electrolyte "BusNOAc (1 equiv.) in a mixed
solvent of HFIP:CH3CN (1:4, 5 mL) having carbon rod as the anode and platinum plate as the
cathode. The reaction was stirred by applying a 10 mA constant current under an N2
atmosphere at room temperature for 10 h in an undivided cell. Gratifyingly, a new compound
was isolated in a satisfactory yield of 71%. After spectroscopic (*H and *C) and HRMS
characterization, the structure was assigned to be N-aroylated sulfoximine (1a). The structure
was further confirmed by a single-crystal X-ray diffraction analysis (CCDC-2291919) (Figure
V.2).

Figure V.2. ORTEP diagram of (1a) with 50% ellipsoid probability (CCDC 2291919).
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Fascinated by the success of our anticipated electrochemical N-aroylation, the effect

of various reaction parameters, such as solvent, electrolyte, electrode, and electric current

were varied and the results are summarized in Table V.1.

Table V.1. Optimization of the reaction conditions®®

Entry Variation from the standard conditions Yield® (%)
1 None 71
2 Without HFIP 30
3 Without CH3CN 38
4 Isopropanol, MeOH, ethylene glycol instead of HFIP N.D
5 1,4-dioxane, DMSO, DMA instead of CH3CN N.D
6 Nickel, RVC, platinum anode instead of C rod anode 39, 50, 56
7 Carbon cloth, stainless steel instead of platinum cathode |26, 33
8 "BusNBF4,"BusNPFg, "BusNI instead of "BusNOAc 35, 21, 26
9 0.5 Equiv., 1.5 equiv. instead of 1 equiv. "BusNOAc 23, 63
10 1 Equiv., 2 equiv. instead of 1.5 equiv. sulfoximine 21,59
11 15 mA, 5 mA instead of 10 mA 45, 60
12 5h, 12 hinstead of 10 h 33, 65
13 No electric current N.D
14 No electrolyte N.D
15 No electric current, 80 °C N.D
16 air atmosphere 63

#Reaction conditions: a (0.5 mmol), 1 (1.5 equiv), "BusNOACc (1 equiv.) in 1:4 ratios of HFIP
and CH3CN (5 mL) solvent with a carbon rod anode (® 6 mm), platinum plate cathode (10
mm x 10 mm x 0.3 mm), constant current = 10 mA, at room temperature under N2 atm, 10 h
in undivided cell. Pyield of isolated product. N.D = not detected.

When CH3CN was used as the only solvent (without HFIP), the reaction was not very
efficient, resulting in a lower yield (30%) (Table V.1, entry 2). On the other hand, using only
HFIP led to a slightly better yield (38%) (Table V.1, entry 3). Then, we explore various other
organic co-solvents by replacing HFIP with isopropanol, MeOH, and ethylene glycol (Table
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V.1, entry 4) and CHsCN with 1,4-dioxane, DMSO, and DMA (Table V.1, entry 5).
Unfortunately, none of these combinations proved effective in promoting the desired
transformation. Therefore, the combination of CH3CN/HFIP is active and ideal for this
electro-catalytic process. The choice of electrode material plays a crucial role in any
electrosynthesis. Thus, substituting the carbon rod anode with nickel, RVC, and platinum
plate (Table V.1, entry 6) and the cathode platinum plate with carbon cloth and stainless steel
showed little improvement (Table V.1, entry 7). Furthermore, our attempts to enhance the
yield by replacing various electrolytes such as "BusNBF4, "BusNPFg, and "BusNI were found
not so productive (Table V.1, entry 8). The reaction carried out with a lower concentration
(0.5 equiv.) of "BusNOACc reduced the yield (23%), whereas the yield dropped marginally
(63%) using a higher concentration (1.5 equiv.) of "BusNOACc (Table V.1, entries 9). Thus, the
use of one equivalent of electrolyte "BusNOAc was found optimal. The use of lower (1 equiv.)
or higher (2 equiv.) amounts of sulfoximine was found counterproductive, providing 21% and
59% vyields, respectively, compared to the use of 1.5 equiv. of sulfoximine (Table V.1, entry
10). Additionally, altering the operating current by either decreasing (5 mA) or increasing (15
mA) was not found effective in improving the yield of (1a) (Table V.1, entry 11). When the
reaction was stopped at 5 h and continued up to 12 h, a diminished yield of 33% and 65 %
was observed (Table V.1, entry 12). In the absence of electric current or electrolyte, no
product formation was observed even when the reaction mixture was heated at 80 °C,
suggesting the necessity of electro-oxidation in this coupling. The reaction in an air
atmosphere provided a slightly lesser yield (63%) of the product than in a nitrogen
atmosphere (Table V.1, entry 16). Thus, the best-optimized condition was found to be the use
of benzoyl hydrazine (a) (0.5 mmol), sulfoximine (1) (0.75 mmol, 1.5 equiv.), and "BusNOAc
(1 equiv.) in a co-solvent of HFIP/CH3CN (1:4) 5 mL and applying a 10 mA current, carbon
rod as anode and platinum plate as cathode under N. atmosphere at room temperature for 10 h

in an undivided cell (Table V.1, entry 1).

V.3.2. Scope of the Reaction with Benzoyl Hydrazine and Sulfoximine
Derivatives
Having established the optimized reaction conditions, we sought to examine the

generality of this transformation by exploring the scope of various sulfoximines (2—-19) with
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benzoyl hydrazine (a) (Scheme V.5). Simple NH-sulfoximine (1), reacted with hydrazine (a)
smoothly giving the corresponding product (1a, 71%). Arylsulfoximines possessing electron-
donating-groups (EDGs) such as p-Me (2), o-Me (3), p-OMe (4), and m-OMe (5) coupled
successfully with benzoyl hydrazine (a) to afford the desired N-aroylated products 2a—5a in
decent yields (63—-75%). Similarly, arylsulfoximines possessing electron-withdrawing groups
(EWGS) such as p-F (6), m-F (7), m-Cl (8), 0-Br (9), and p-CN (10) coupled competently with
hydrazine (a) resulting in their respective products (6a, 75%), (7a, 68%), (8a, 70%) (9a,
63%), and (10a, 62%). The sulfoximines bearing S-4-methyl benzyl and S-phenyl (11), S-
isopropyl (12), and S-allyl (13) all gave products (11a—13a) in moderate yields (55-70%).
Next, a heterocyclic sulfoximine (14), dibenzothiophene (15), and dibenzodithinane (16) also
proved to be good coupling partners, giving their respective products (14a, 69%), (15a, 63%),
and (16a, 60%) in modest yields. Further, an aliphatic sulfoximine (17) also participated,
providing the anticipated product (17a) but with a lower yield (43%). On the other hand, a -
NO: containing sulfoximine (18) and a symmetric diaryl sulfoximine (19) both failed to
deliver the corresponding sulfoximidated product (18a) and (19a).

The scope of the present protocol was further extended to a range of benzoyl
hydrazines having different electronic properties and functional groups (b-t) with
sulfoximine (1) as the other coupling partner. For example, benzoyl hydrazine possessing
EDGs, such as p-Me (b), 0-Me (c), m-Me (d), 3,4-di-Me (e), p-'Bu (f), p-Ph (g), and p-OMe
(h) reacted well to provide their sulfoximidated products (1b—1h) in moderate to good yields
(52-79%) (Scheme V.5). Next, benzoyl hydrazines bearing EWGs, like p-Cl (i), p-Br (j), and
p-CFs (K) all reacted smoothly with sulfoximine (1) to deliver the corresponding coupling
products (li-1k) in satisfactory yields ranging from 60-66% (Scheme V.5). Bicyclic
aromatics such as 1 and 2-napthylhydrazines (1) and (m), effectively underwent N-aroylation
yielding their corresponding product (11, 65%), and (1m, 69%) in good yield. Heteroaromatic
hydrazines (n—p) were all compatible and coupled efficiently with NH-sulfoximine (1),
delivering products 1n—1p in good yields (60—68%). However, aliphatic hydrazine, such as

hexene hydrazine (1q), provided the anticipated product (1q) with a lower yield (22%).
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Scheme V.5. Substrate scope @
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4Reaction conditions: (i) 1-19 (0.75 mmol), benzoyl hydrazine (a—t) (0.5 mmol),
"BusNOAC (1 equiv.) in 1:4 of HFIP and CH3CN (5 mL) utilizing a 10 mA constant current, 2
F/ mol applied charge (1a), carbon rod (® 6 mm) as an anode and platinum plate (10 mm x 10
mm x 0.3 mm) as a cathode at room temperature under N> atmosphere for 10 h in an

undivided cell.

Surprisingly, both strongly electron-donating and redox-active -OH (r), or electron-
withdrawing -NO> (s) and pyridine (t) containing hydrazines were completely inert under the

standard conditions giving no products.

Late-stage modification of complex molecules plays a crucial role in identifying
potential drugs.?! To demonstrate the applicability of the developed electrochemical strategy,
uricosuric agent probenecid hydrazine (u) was reacted with NH-sulfoximine (1), which
provided probene-sulfoxamine (1u) in 54% yield (Scheme V.6). Notably, NH- sulfoxamine of
probenester (20), L-menthol (21), borneol (22), and D-glucose derivative (23) all successfully
yielded their corresponding benzoylated derivative (20a, 48%), (21a, 69%), (22a, 65%), and,
(23a, 58%) respectively. Similarly, NH-sulfoxamine of nonsteroidal anti-inflammatory drugs
ibuprofen (24), flurbiprofen (25), vitamin E (26), fibrates drugs ciprofibrate (27), anti-
inflammatory and analgesic agents sulindac (28) all furnished their respective benzoylated
product (24a, 62%), (25a, 53%), (26a, 42%), (27a, 51%), (28a, 44%). The late-stage
modification of compounds having sensitive groups demonstrates the potential of our

developed electrochemical protocol in the field of drug discovery.
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Scheme V.6. Substrate scope of natural product 2

/ﬁ\ Hoy C(+)|Pt(-) o o
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NH -1 R ’ o
2 o)
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#Reaction conditions: (i) 20—-28 (0.75 mmol), benzoyl hydrazine (a,u) (0.5 mmol), "BusNOAc
(1 equiv.) in 1:4 of HFIP and CH3:CN (5 mL) utilizing a 10 mA constant current, carbon rod
(® 6 mm) as an anode and platinum plate (10 mm x 10 mm x 0.3 mm) as a cathode at room

temperature under N2 atmosphere for 10 h in an undivided cell.

This electrochemical sulfoximidation basically involves a series of electron transfer
redox processes. Now the question arises whether other conventional oxidizing agents can
carry out the ensuing oxidative cross-coupling. The coupling between benzoyl hydrazine (a)

and NH-sulfoximine (1) was conducted in the presence of various oxidizing agents, such as

202
TH-3414 176122011



Chapter V

the tetra-butylammonium iodide (TBAI)/ tetra-butyl hydroperoxide (TBHP), 12/TBHP,
K2S20g, cerium (IV) ammonium nitrate (CAN), pyridinium chlorochromate (PCC), KMnOs,
and FeCls (Table V.3). However, none of these chemical oxidants could promote the coupling
reaction. These investigations highlight the essential role of the electrochemical method in

achieving the desired redox potential necessary for this coupling (Table V.3).

Table V.3. Scope of the external oxidants in cross-coupling?

o
H. Traditional strategies o
Ph)LNH ‘ 0.0 a = N .5-me
[ S Ph N~ 1
NH, Me” “Ph N, 4 +2H, A Ph
(a) (1) no clean fuel (1a)
Entry Conditions Yield?
(1a,%0)
1 | TBAI (20 mol %), TBHP (2.0 equiv.), HFIP/CH3sCN (1:4), rt, 10 h 0
2 | I2 (50 mol %), TBHP (2.0 equiv.), HFIP/CH3CN (1:4), rt, 10 h 0
3 | K2S20s (2.0 equiv.), HFIP/CH3CN (1:4), rt, 10 h 0
4 | CAN (2.0 equiv.), HFIP/CH3CN (1:4), rt, 10 h 0
5 | PCC (2.0 equiv.), HFIP/CH3CN (1:4), rt, 10 h 0
6 | KMnOj4 (10 mol %), TBHP (2.0 equiv.), HFIP/CH3CN (1:4), rt, 10 h 0
7 | FeCls (10 mol %), HFIP/CH3CN (1:4), rt, 10 h 0

aReaction conditions: (i) (a) (0.5 mmol), (1) (0.75 mmol), traditional oxidant (x mol%/ x
equiv.) in 1:4 of HFIP and CH3CN (5 mL) at room temperature under N2 atmosphere for 10
h.
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V.4. Mechanistic Investigations

V.4.1. Control Experiments

We proceeded further to investigate the mechanistic insight of this protocol When
TEMPO (2 equiv.) was added to the coupling reaction between benzoyl hydrazine (a) and
NH-sulfoximine (1), the formation of (1a) was significantly inhibited (<10%) and the benzoyl
radical trapped TEMPO-adduct (v) was isolated in 26% yield (Scheme V.7). The identity and
purity of the product were confirmed by NMR and HRMS analysis (Figure V.3), 'H NMR
(Figure V.4), and **C{1H} (Figure V.5) analyses suggesting the formation of benzoyl radicals

during the reaction.

Me

/?L He, o o Me
10 Standard condition _S. +
Ph™ FR sZ > Ph)LN | “Me Ph)Lo’N
Ph
Me

’l“"z Me” " >Ph TEMPO (2 equiv.)

Me

(a) (1) (1a, <10 %)) (v, 26%)
(Confirmed by NMR & HRMS)

[M+H] = 262.1802 (cal.)
[M+H] = 262.1807 (obs.)

Scheme V.7. Radical trapping experiments using TEMPO.
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Figure V.3 HRMS spectra of benzoyl-radical trapped adduct (1s).
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Figure V.4 'H-NMR spectra of benzoyl-radical trapped adduct (1s).
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Figure V.5 3C{1H} NMR spectra of benzoyl-radical trapped adduct (1s).
Similarly, the addition of another radical scavenger BHT also suppresses this reaction
giving the product 1a in <10% vyield along with the formation of BHT-sulfoxamine adduct
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(w) (Scheme V.8). The formation of the BHT-adduct, 2,6-di-tert-butyl-

4(morpholinomethyl)phenol (t) was confirmed by HRMS analysis of the reaction mixture

(Figure V.6).
‘Bu
)OL H o o OH
°N standard condition I o}
Ph” °NH 120 —— Ph)Ln”?‘M + Ph(IN .
l!le Me”><Ph BHT (2 equiv.) Bh e ? Bu
Me
w
(a) (1) (1a, <10%) W)

(Confirmed by HRMS)
[M+H] = 374.2148 (cal.)
[M+H] = 374.2150 (obs.)

Scheme V.8. Radical trapping experiments with BHT.
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Figure V.6. HRMS spectrum of BHT-adduct (t).

There is a possibility that the benzoyl hydrazine (a) under the electrochemical
conditions may generate aldehyde (a’), carboxylic acid (a’’), or benzamide (a’") as possible
intermediates that may couple with NH-sulfoximine (1). To check the possibility, three
independent reactions of NH-sulfoximine (1) with benzaldehyde (a’), benzoic acid (a’’), and
benzamide (a’’") were carried out under the present electrochemical conditions. However,
none of these reactions yielded the desired product (1a) (Scheme V.9), thus, ruling out their

intermediacy.
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f |
“/O
©)LX + _8% standard condltlon ©)L
"0 ol
X=H (a'), OH (a"), NH (a™) (1a, N.D)

Scheme V.9. Possible intermediate detection experiment.

The radical nature of both these coupling intermediates, viz. benzoyl and
sulfoxamidoyl radicals, has been further confirmed by electron paramagnetic resonance
(EPR) measurements. In one experiment, benzoyl hydrazine (a) {without sulfoximine (1)}
was subjected to identical electrolytic conditions for 1 hour, after which spin-trapping agent,
5,5-dimethyl-pyrroline N-oxide (DMPO) (50 pL) was added. After 10 minutes of further
electrolysis, 500 pL of the reaction aliquot was taken in an electron paramagnetic resonance
(EPR) tube and the EPR signal was recorded at liquid nitrogen temperature (Scheme V.10).
The appearance of a strong EPR signal (Figure V.7) suggests the formation of benzoyl-
trapped radical (ax) which was also confirmed by HRMS analysis of the reaction aliquot
(Figure V.8). Which suggested benzoyl radical is the intermediate of this reaction.

Me
Me— N2

y 0
1
tandard diti 50 uL DMPO Ph
Ph r}lH standard condi |<§1 M _ EPRE R tive
NH; 1 hour 10 minute ( one cycle) o N Me
0.5 mmol then turn off the power 0 Me
(a) (ax)

(Confirmed by HRMS)
[M]=218.1176 (cal.)
[M] = 218.1540 (obs.)

Scheme V.10. EPR experiment with benzoyl hydrazine (a).
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Figure V.7. EPR spectrum of benzoyl hydrazine (a).
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Figure V.8. HRMS spectrum of benzoyl-adduct (ax).

Similarly, in another experiment sulfoximine (1) {without benzoyl hydrazine (a)} was
subjected to an identical spin-trapping experiment using DMPO (Scheme V.11). The

observation of a strong EPR signal (Figure V.9) confirms the formation of sulfoxamidoyl-
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trapped radical (1x) which was also reconfirmed by the HRMS analysis (Figure V.10). Which

suggested sulfoximidoyl radical is the intermediate of this reaction.

'S
Me— N7

N
H o ™ Me o
N — M 1l
_ iti 50 uL DMPO e)Q N
/ll :O standard condltlcgn M . N N“S*Me EPR Active
Ph™ "Me 1 hour 10 minute ( one cycle) o Ph
0.75 mmol then turn off the power °
1) (1x)

(Confirmed by HRMS)
[M] = 267.1162 (cal.)
[M] = 267.1162 (obs.)

Scheme V.11. EPR experiment with sulfoximine (1).
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Figure V.9. EPR spectrum of sulfoximine (1).
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Figure V.10. HRMS spectrum of sulfoximidoyl-adduct (1x).

Finally, another spin-trapping experiment using DMPO in the presence of both the
coupling partner’s benzoyl hydrazine (a) and NH-sulfoximine (1) under the above-described
conditions (Scheme V.12) also gave a strong EPR signal (Figure V.11). These experiments
suggest that the generated benzoyl and sulfoxamidoyl radicals have enough lifetime to be
trapped by DMPO before undergoing coupling.

Sy (x)
0 " °
)L N o standard condition 50 yL DMPO )
Ph” °NH + 4 - y »  EPR Active
rlle Ph” " “Me 1 hour 10 minute ( one cycle)
then turn off the power
0.5 mmol 0.75 mmol

(@) M
Scheme V.12. EPR experiment with benzoyl hydrazine (a) and sulfoximine (1).
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Figure V.11. EPR spectrum of reaction mixture.

If acyl radical is obtained from benzoyl hydrazine (a), then there is a possibility of the
hydrazine unit undergoing a sequential SET process at the anode eliminating N2 and H> as by-
products. Now the question arises if hydrogen is generated, what is its time-dependent
release? To find an answer to this, a time-dependent hydrogen production for the standard
electrochemical reaction between benzoyl hydrazine (a) and NH-sulfoximine (1) was
monitored every hour for up to 10 hours. For this, the evolved gas was syringed out at one-
hour intervals from the headspace of the reaction mixture and injected into the GC-MS
instrument with an Elite Plot-Q column. The GC chromatogram was recorded, and percent
evaluation was calculated (Figure V.12). The hydrogen production at the cathode reached a
threshold value within 5 hours and remained steady for nearly two hours. In the next three
hours, the hydrogen production decreased. The quantity of hydrogen production depends on

the overall oxidation of both these substrates (a) and (1) at the anode.??
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Figure V.12. Time-dependg;llleei;‘(;?t:?ion of hydrogen (Hz).

To investigate whether the interaction of electrolyte, "BusNOAc has any influence on
coupling partner viz. benzoyl hydrazine (a) and sulfoximine (1) in the formation of their
respective radicals (benzoyl and sulfoximidoyl), cyclic voltammetry (CV) studies was
performed (Figure V.13). In the presence of "BusNPFs as the supporting electrolyte, the CV of
benzoyl hydrazine (a) showed three stepwise 1e” oxidation at Eox ~ 1.5V, 1.9V, and 2.06V
respectively (vs. SCE, in saturated KCI). The addition of 20 mM of tetrabutylammonium
acetate ("BusNOAc), resulted in a cathodic shift of the first oxidation wave to = 1.1V (shift of
400 mV) and showed a sharp irreversible wave with a potential of ~ 1.25 V vs. SCE for the
latter two. A stepwise addition of 40, 60, and 80 mM of "BusNOAc resulted in the
overlapping of all these signals to a single peak and a continuous enhancement of the current
[Figure V.13, (1)].2%® Such a sharp change in the electrochemical behavior of benzoyl
hydrazine (a) suggests the strong participation of "BusNOAc during electrochemical
oxidation.

Similarly, to understand the interaction between the electrolyte, "BusNOAc, and
sulfoximine (1), cyclic voltammetry studies were performed [Figure V.13, (I1)]. The observed
oxidation potential of sulfoximine was found to be at Eox = 2.13 V (vs. SCE in acetonitrile).
Upon sequential addition of "BusNOAc, 20, 40, 60, 80, and 100 mM to sulfoximine (1) causes
a negligible shift in the onset potential but a substantial increase in the current, thus
confirming a strong interaction between "BusNOAc with (1), during the electrochemical
oxidation [Figure V.13, (I1)].2*® Further, to understand the influence of electrolyte

("BusNOAC) in the overall coupling reaction, a similar titration with "BusNOAc (20, 40, 60,
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and 80 mM) was performed in the presence of both the substrates (a) and (1) [Figure V.13,
(11D]. The CV measurements of the mixture showed a new peak at 2.5V vs. SCE. The current
and peak position remained virtually unchanged, with an increase in the concentration of
"BusNOAC [Figure V.13, (I11)], suggesting a strong association of electrolytes with both the
reacting partners.23¢

Electrochemical studies were performed to gain further mechanistic insights into the
anodic and cathodic processes. To monitor the effective potential of the working electrode
during the electrolysis under a 10 mA current, a parallel study of potential versus time was
conducted [Figure V.13, (IV)]. It was observed that the potential consistently remained
around 1.46-1.75V vs. Ag/AgCI throughout the electrolytic process. This constant potential
profile signifies an active and sustained electrolysis with a steady reaction rate, demonstrating
the stability and effectiveness of the process.?* Then, the constant potential electrolysis was
performed, and the yield was obtained only 18%.
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Figure V.13. Cyclic voltammetry studies. (I) Cyclic voltammograms of benzoyl hydrazine
(@). (1) Cyclic voltammograms of sulfoximine (1). (111) Cyclic voltammograms of benzoyl
hydrazine (a) and sulfoximine (1). (IV) The relationship between time, yield, and potential.

V.4.2. Plausible Reaction Mechanism

Based on the electrochemical studies, the results obtained from control experiments,
and previous literature reports,?-?* a plausible mechanism is depicted in Scheme V.13. It is
well documented and demonstrated here as well, that tetrabutylammonium acetate
("BusNOAC) plays a vital role in this electrosynthesis.?® The initial step involves hydrogen
bonding between "BusNOAc and the N-H of benzoyl hydrazine (a). Subsequently, the
resulting adduct of benzoyl hydrazine (a) undergoes an electrochemical anodic oxidation,
leading to selective homolysis of the amidic N-H bond.?® This process generates a N-
centered diazanyl radical intermediate (A). Next, through a sequential two-step
transformation involving intermediate (B), a diazene radical intermediate (C) is produced
from radical intermediate (A). Further, the cleavage of the initial C—N bond of benzoyl
hydrazine (a) releases a molecule of N2 as the by-product and produces a benzoyl radical
intermediate (D).
Scheme V.13. Plausible mechanisms

« S
Q o /\O £ > 0 < anode
e H+ H+ e .H+
wordue  JF® L] T § 8
(1) N\ﬁ. © e e rll'\H "W N2 o
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‘Bu,NOAc l— i | e
¢ Nt ‘Bu,NOAc ‘Buy,NOAc
1 o 1
Ph—S-Me . —
(E) N Ph (D)
[ ]
| radical-radical |
cross | coupling Detected ¥
o l o ingctcp 2 Mt 4H
e S " (Quantitative analysis) W cathode
Ph* ( Pt ——

(1a)

In a similar fashion, the sulfoximine (1) is activated by H-bonding interaction with
tetrabutylammonium acetate and, via anodic oxidation, generates sulfoximidoyl radical
intermediate (E).?% Finally, the radical-radical cross-coupling between intermediates (D) and
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(E) affords the sulfoximidated product (1a). On the other hand, at the platinum plate cathode
surface, the overall redox process is balanced by the reduction of four protons with four
electrons producing hydrogen gas. Further, quantitative analysis of hydrogen production is
also illustrated with the help of the GC-TCD method.

V.5. Gram-scale and Post-synthetic Modification
The feasibility of this approach is subsequently demonstrated through the synthesis of

(1a) on a gram scale. Upon performing the standard electrochemical reaction between
benzoyl hydrazine (a) and NH-sulfoximine (1) on a 10 mmol scale, the desired product (1a)
was obtained in 62% yield after 20 hours (Scheme V.14).

C(+)| Pt(-) o o
II,O "Buy,NOACc (1 equiv.) N,,S—Me
HFIP:CH5CN, 30 mA
rt, 20 h, N,
(a, 10 mmol) (1, 15 mmol) (1a, 62%)

Scheme V.14. Gram-scale synthesis.

To demonstrate the synthetic utility of the product (1a), the carbonyl group was
reduced using BH3.SMe; (3 equiv.) to provide a benzyl sulfoximine (1y) in 76% yield
(Scheme V.15).

0
BH; SMe, e
©)L __(3equiv) ©/\N’
TTHF 2mL) (2 mL)
24h
(1a) (1y, 76%)
Scheme V.15. Synthesis of benzyl derivative.

Further, the compound (1a) having a sulfoximine served as 0-C—H directing group in

a Pd-catalyzed C—H activation process providing o-hydroxylated product (1z) in 60% yield

(Scheme V.16).%
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[\
n=0

Q9 OH O ¢
N=T Me Pd(0AC), (10 mol%) (FSMe
CF;COOH (2 equiv.)
PhMe, 110 °C, 24 h
(1a) (12, 60%)
Scheme V.16. Synthesis of o-hydroxylated derivative.
V.6. Conclusion

In summary, developed here is an electrochemical sulfoximidation under metal and
external oxidant-free conditions between benzoyl hydrazine and NH-sulfoximine. The
process involves a radical-radical cross-coupling between the in situ-generated benzoyl and
sulfoximidoyl radicals. The developed electrochemical approach features mild reaction
conditions, operational simplicity, and remarkable scope, particularly in the late-stage
modifications of complex and sensitive pharmaceuticals and natural products. The method is
scalable and provides H, and N2 as the only by-products that can be utilized as a clean energy
source. The sequential cleavage and formation of a new C(sp?)-N bond under the same
condition offers opportunities to pursue fundamental mechanistic studies, which may lead to

the discovery of new cross-coupling in synthetic electrochemistry.

V.7. Experimental Section

V.7.1. General Information: All the reagents were commercial grade and purified
according to the established procedures. All the reagents were commercial grade and used
without further purification unless otherwise stated. Preparation of the starting materials was
carried out in an oven-dried 100 mL or 50 mL round bottom flask. Reactions were monitored
by thin layer chromatography (TLC) on 0.25 mm silica gel plates (60F2s4) and visualized
under UV illumination at 254 nm. Organic extracts were dried over anhydrous sodium sulfate
(Na2S04). Column chromatography was performed to purify the crude product on silica gel
60—120 mesh using a mixture of hexane and ethyl acetate as eluent. The isolated compounds
were characterized by spectroscopic [*H, *C{1H} NMR, and IR] techniques and HRMS
analysis. NMR spectra were recorded in deuterochloroform (CDCIs) or deuterated dimethyl
sulfoxide (DMSO-d®). 'H, ¥C{*H} were recorded in 600 (150) or 500 (125) MHz

spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent for
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'H NMR, deuterochloroform for 3C NMR as an internal reference {Si(CHs)s: 0.00 ppm or
CHCls: 7.260 ppm for *H NMR, 77.230 ppm for 3C NMR or (CH3).SO: 2.50 ppm for ‘H
NMR, 39.50 ppm for *C NMR}. F NMR was calibrated without any internal standard in
CDCl; and DMSO-d® in a 500 MHz spectrometer. The chemical shifts are quoted in § units,
parts per million (ppm). *H NMR data is represented as follows: Chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet), integration and coupling
constant(s) J in hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a mass
spectrometer using electrospray ionization-time of flight (ESI-TOF) reflection experiments.
FT-IR spectra were recorded in KBr or neat and reported in the absorption frequency (cm™).
The instrument used for the electrolysis is a dual-display METRAVI RPS-6005/RPS-6002
adjustable 60V/5A DC Power Supply (Made in India). The anodic electrode was a carbon rod
(® 6 mm), and the cathodic electrode was a platinum plate (10 mm x10 mm x 0.3 mm). All
the reactions were carried out using an oven-dried three-neck cell under a nitrogen
atmosphere. IUPAC names were obtained using the ChemDraw Professional 16.0 software.

The amine and benzoyl hydrazine were purchased from Sigma-Aldrich, TCI, and Alfa aesar.

V.7.2. Crystallographic Information
(A)  Sample Preparation:

The single crystal of compound (1a) was prepared by the slow evaporation method for
which 15 mg of the compound (1a) was dissolved in 1 mL of methanol in a clean and dry 10
mL glass vial. DCM (1 mL) was added to this solution slowly with a dropper. The mouth of
the glass vial was covered with a cap having a small hole and kept for slow evaporation at
room temperature. Crystals of (1a) were obtained as a transparent white needle-like shape
after 3 days.

(B)  Crystallographic Description of N-(Methyl(oxo)(phenyl)-A°-
sulfaneylidene)benzamide (1a):

Diffraction data were collected at 292 K with MoKa radiation (A =0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite monochromator
and Apex CD camera. The SMART software was used for data collection for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were

performed using SAINT®? software, and the space groups of these crystals were determined
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from systematic absences by XPREP and further justified by the refinement results. The
structures were solved by direct methods and refined by full-matrix least-squares calculations
using SHELXTL-97° software. All the non-H atoms were refined in the anisotropic
approximation against F2 of all reflections.
1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta
Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

Cu4H13NO>S, crystal dimensions 0.34 x 0.24 x 0.20 mm, M; = 259.31, monoclinic,
space group P -1, a=5.8083 (9), b=8.6159 (14), c=13.536 (2) A, « = 81.087(6), 5 = 88.311(6),
y = 73.433(5) , V = 641.35(17) A3, Z = 2, peaica = 1.343 mg/m®, u = 0.245 mm, F(000) =
272.0, refinement method = full-matrix least-squares on F?, final R indices [l > 26 (I1)]: Ry =
0.0370( 2335), wR> = 0.0969( 2828), goodness of fit = 1.000. CCDC 2291919 for N-
(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide  (1a) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

V.7.3. General Procedure for the Synthesis of Benzoyl Hydrazines (m-n, g, u)

o (0]
)J\ Me NH2NH2.H20 _ JI\N/NH2
R” N0~ EtoH,80°c R N
(m-n, q, u)

Scheme V.17. Preparation of hydrazine derivative.

To an oven-dried 50 mL round bottom flask was added methyl 2-naphthoate (372 mg,
2 mmol), and hydrazine hydrate (1.00 g, 20 mmol) was added in absolute ethanol (20 mL).
The mixture was stirred and refluxed for 18 h. After the disappearance of the methyl 2-
naphthoate, as indicated by TLC, the reaction was stopped and the solvent was evaporated
under reduced pressure. When precipitation was observed, the solid was collected through
filtration and washed with 20 mL of (hexane: diethylether, 1:1) to result in the product 2-
naphthohydrazide in 205 mg, 55% yield. (m) (Scheme V.17).
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V.7.4. General Procedure for the Synthesis of NH-Sulfoximines (1-28)

H

RVS‘RZ NH,CO,NH, (1.5 equivﬁ '2’/0
PIDA (2.3 equiv.) R2"TR?
MeOH, rt, 3 hours (1-28)

Scheme V.18. Preparation of NH-sulfoximine derivatives.

In an oven-dried 50 mL round bottom flask, methylphenylsulfide (2 mmol, 1 equiv,
248 mg), ammonium carbamate (3 mmol, 1.5 equiv, 234 mg), and phenyliodo diacetate
(PIDA) (4.6 mmol, 2.3 equiv, 1.48 g) in 15 mL methanol are taken and stirred at room
temperature for 3 hours. After the disappearance of the sulfides, as indicated by TLC, the
reaction was stopped, and the solvent was evaporated under reduced pressure. Then, the
mixture was admixed with ethyl acetate (40 mL), and the organic layer was washed with
brine (1 x 20 mL). The organic layer was dried over anhydrous Na>SOs, and the solvent was
evaporated under reduced pressure. The compound was purified by column chromatography
and separated in 80% of EtOAc in hexane to produce S-phenyl-S-methyl-sulfoximine (1) in
242 mg, 78% vyield (Scheme V.18).

V.7.5. General Procedure for the Synthesis of N-(Methyl(oxo)(phenyl)-AS-

sulfaneylidene)benzamide (1a) from Benzoylhydrazine (a) and NH-Sulfoximine (1)

(o} H‘N C(+)|Pt(-) o 9
-é,,o "BusNOAc (1 equiv.) N/,S—Me +2H, M+ Nz?
E: T Me” HFIP/CH,CN, 10 mA clean fuel
2 rt, 10 h, N, GC-TCD
(@) 1) (1a) (Quantitative-

analysis)
Scheme V.19. Synthesis of N-(methyl(oxo)(phenyl)-A8-sulfaneylidene)benzamide (1a).

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar,
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), and tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol). Then, the flask was equipped with the graphite rod (® 6
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mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10
mm x 0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and
was flushed with nitrogen (N2). Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in
1:4 ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) was
added via a syringe under nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA and applied charge of 2 F/ mol at room
temperature for 10 hours. After completion of the reaction (monitored by TLC analysis), the
solvent was removed in vacuum, the mixture was admixed with ethyl acetate (25 mL), and
the organic layer was washed with brine (1 x 10 mL). The organic layer was dried over
anhydrous Na»SOs, and the solvent was evaporated under reduced pressure. The crude
product was purified over a column of silica gel using 30% ethyl acetate in hexane to afford
the N-(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) in 71% yield (92 mg) (Scheme

V.19). The identity and purity of the product were confirmed by spectroscopic analysis.

Reaction Set-up:
For the electrolysis, an undivided three-neck cell (40 mL), three rubber septa, a teflon-
coated magnetic bar, a carbon rod (® 6 mm) as an anode, a platinum plate (10 mm x 10 mm
x 0.3 mm) as a cathode and a dual display METRAVI RPS-6002 adjustable 60V/2A DC
power supply were used (Figure V.14).

Figure V.14. Electrochemical reaction set-up.
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V.7.6. General Procedure for 10 mmol Scale Reaction

To an oven-dried undivided two-necked flask (100 mL) equipped with a magnetic
bar, was added benzoyl hydrazine (a) (1.36 g, 10 mmol), and tetrabutylammonium acetate
("BusNOAC) (3.01 g, 10 mmol). Then, the flask was equipped with the graphite rod (® 6 mm,;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm
x 0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and was
flushed with nitrogen (N2). Then, sulfoximine (1) (2.32 g, 15 mmol, 1.5 equiv) in 1:4 ratios of
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (50 mL) was added via a
syringe under N> atmosphere. The reaction mixture was stirred and electrolyzed at a constant
current of 10 mA, and a charge of 2 F/ mol was under room temperature for 20 hours. After
completion of the reaction (monitored by TLC analysis), the solvent was removed in a
vacuum, the mixture was admixed with ethyl acetate (100 mL), and the organic layer was
washed with brine (1 x 50 mL). The organic layer was dried over anhydrous Na>SQOj4, and the
solvent was evaporated under reduced pressure. The crude product was purified over a
column of silica gel using increasing 30% ethyl acetate in hexane to afford the N-
(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) in 62% yield (1.60 g). The identity

and purity of the product were confirmed by spectroscopic analysis.

V.7.7. Post-synthetic Modification
(A)  Procedure for the Synthesis of (Benzylimino)(methyl)(phenyl)- A%-sulfanone (1y)
A 10 mL Schlenk tube containing a stir bar was charged with N-(methyl(oxo)(phenyl)-
AS-sulfaneylidene)benzamide (1a) (25.9 mg, 0.1 mmol, 1.0 equiv) under nitrogen atmosphere.
Then BH3 (2 M dimethyl sulfide solvent, 150 pL, 3.0 equiv) with THF (2.0 mL) was added
via a syringe. The resulting mixture was stirred at room temperature for 24 hours. After
completion of the reaction (monitored by TLC analysis), the reaction was quenched by H>O (5
mL). The mixture was admixed with ethyl acetate (25 mL), and the organic layer was washed
with brine (1 x 10 mL). The organic layer was dried over anhydrous Na,SOa, and the solvent
was evaporated under reduced pressure. The crude product obtained was purified over a
column of silica gel wusing 40% of EtOAc in hexane to afford the
(benzylimino)(methyl)(phenyl)- A°-sulfanone (ly) in 76% yield (18.6 mg). The identity and
purity of the product were confirmed by spectroscopic analysis.
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(B) Procedure for the Synthesis of 2-Hydroxy-N-(methyl(oxo)(phenyl)- AS-
sulfaneylidene)benzamide (1z)

A 10 mL Schlenk tube containing a stir bar was charged with N-(methyl(oxo)(phenyl)-
AS-sulfaneylidene)benzamide (1a) (25.9 mg, 0.1 mmol, 1.0 equiv) K2S,0s (0.2 mmol, 54 mg),
Pd(OAc)2 (0.01 mmol, 2.24 mg), toluene (2 mL) and CF3COOH (0.2 mmol, 0.0152 mL).
Then the reaction mixture was refluxed for 24 h. After completion of the reaction (monitored
by TLC analysis), cooled to room temperature. The mixture was admixed with ethyl acetate
(25 mL), and the organic layer was washed with NaHCO3 (1 x 10 mL). The organic layer was
dried over anhydrous Na,SO4, and the solvent was evaporated under reduced pressure. The
crude product was purified over a column of silica gel using 10% ethyl acetate in hexane to
afford 2-hydroxy-N-(methyl(oxo)(phenyl)-AS-sulfaneylidene)benzamide (1z) in 60% yield

(16.5 mg). The identity and purity of the product were confirmed by spectroscopic analysis.

V.7.8. Mechanistic Investigations
Radical-trapping Experiments

(i)  To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol) and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
(156 mg, 1.0 mmol, 2 equiv). Then, the flask was equipped with the graphite rod (® 6 mm;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm x
0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and was
flushed with nitrogen. Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios
of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) was added via
a syringe under nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at a
constant current of 10 mA under room temperature for 10 h. After completion of the reaction
(monitored by TLC analysis), the solvent was removed in vacuum, the mixture was admixed
with ethyl acetate (25 mL), and the organic layer was washed with brine (10 mL). The organic
layer was dried over anhydrous Na>SOs4, and the solvent was evaporated under reduced
pressure. The crude product obtained was purified over a column of silica gel using 10% ethyl
acetate in hexane to afford the TEMPO-adduct, 2,2,6,6-tetramethylpiperidin-1-yl benzoate (v)
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in 26% vyield (34 mg) and <10% vyield of N-(methyl(oxo)(phenyl)-AS-

sulfaneylidene)benzamide (1a).

(i)  To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol) and butylated hydroxytoluene (BHT) (220 mg, 1.0
mmol, 2 equiv). Then, the flask was equipped with the graphite rod (® 6 mm; immersion
depth in solution about 15 mm) as the anode, the platinum plate (10 mm %10 mm x 0.3 mm)
as the cathode, maintaining a distance of 6 mm between the electrodes and was flushed with
nitrogen. Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios of 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) was added via a syringe
under nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at a constant
current of 10 mA under room temperature for 10 h. After completion of the reaction
(monitored by TLC analysis), the solvent was removed in vacuum, the mixture was admixed
with ethyl acetate (25 mL), and the organic layer was washed with brine (10 mL). The organic
layer was dried over anhydrous Na:SOs, and the solvent was evaporated under reduced
pressure. The crude product obtained was purified over a column of silica gel using 20% ethyl
acetate in hexane to afford N-(methyl(oxo)(phenyl)-AS-sulfaneylidene)benzamide (1a)
(Scheme S5) in <10% yield.
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Electron Paramagnetic Resonance (EPR) Experiments

Figure V.15. Reaction set-up for the EPR experiments.

Q) The radical nature of both these coupling intermediates, viz. benzoyl and
sulfoxamidoyl radicals has been further confirmed by electron paramagnetic resonance EPR
measurements with spin-trapping regents, 5,5-dimethyl-1-pyrroline N-oxide (DMPO). To an
oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar was added
benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium acetate ("BusNOAc) (150.76
mg, 0.5 mmol). Then, the flask was equipped with the graphite rod (® 6 mm; immersion
depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10 mm x 0.3 mm)
as the cathode, maintaining a distance of 6 mm between the electrodes and was flushed with
nitrogen. Then, 1:4 ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile
(CH3CN) (5 mL) were added via a syringe under a nitrogen atmosphere. The reaction mixture
was stirred and electrolyzed at a constant current of 10 mA under room temperature for 1 h.
Then DMPO (50 pL, 0.8 equiv) was added into the cell (Scheme S6). After 10 minutes of
further electrolysis, 500 pL of the reaction aliquot was taken in an electron paramagnetic

resonance (EPR) tube, and the EPR signal was recorded at liquid nitrogen temperature.

(i)  To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added tetrabutylammonium acetate ("BusNOAc) (150.76 mg, 0.5 mmol). Then, the flask

224
TH-3414 176122011



Chapter V

was equipped with the graphite rod (® 6 mm; immersion depth in solution about 15 mm) as
the anode, the platinum plate (10 mm x 10 mm x 0.3 mm) as the cathode, maintaining a
distance of 6 mm between the electrodes and was flushed with nitrogen. Then sulfoximine (1)
(116.41 mg, 0.75 mmol, 1.5 equiv) in a 1:4 ratio of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
and acetonitrile (CH3CN) (5 mL) was added via a syringe under a nitrogen atmosphere. The
reaction mixture was stirred and electrolyzed at a constant current of 10 mA under room
temperature for 1 hour. Then DMPO (50 pL, 0.8 equiv) was added into the cell (Scheme S7).
After 10 minutes of further electrolysis, 500 uL of the reaction aliquot was taken in an
electron paramagnetic resonance (EPR) tube, and the EPR signal was recorded at liquid

nitrogen temperature.

(iii) To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar,
was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), and tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol). Then, the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10
mm x 0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and
was flushed with nitrogen (N2). Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in a
1:4 ratio of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) was
added via a syringe under nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 1 hour. Then DMPO
(50 pL, 0.8 equiv) was added into the cell (Scheme S8). After 10 minutes of further
electrolysis, 500 pL of the reaction aliquot was taken in an electron paramagnetic resonance
(EPR) tube, and the EPR signal was recorded at liquid nitrogen temperature.

All the above results strongly supported the existence of benzoyl and sulfoximidoyl

radicals in this electrochemical reaction.

Intermediate Detection Experiments
m Reaction with benzaldehyde
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(o)

(o} H~N 0 1
n_o ’/S\
H _SZ standard condition N™ | Me
+  Me \© >

@’ (1) (1a, N.D)

Scheme V.20. Experiments with benzaldehyde.

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added tetrabutylammonium acetate ("BusNOACc) (150.76 mg, 0.5 mmol). Then the flask
was equipped with the graphite rod (® 6 mm; immersion depth in solution about 15 mm) as
the anode, the platinum plate (10 mm x 10 mm x 0.3 mm) as the cathode maintaining a
distance of 6 mm between the electrodes and was flushed with nitrogen. Then benzaldehyde
(a’) (53 mg, 0.5 mmol), and then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4
ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) were
added via a syringe under nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 10 h. The formation
of N-(methyl(oxo)(phenyl)-A°-sulfaneylidene)benzamide (1a) was not detected (Scheme
V.20), which suggested that aldehyde is not the intermediate of this reaction.

(I1)  Reaction with benzoic acid

H 0o o
1]
S

N

1n_0 . T

SZ standard condition N Me
©)‘\OH N Me/ \© 3 ©)‘\©

@) (1) (1a, N.D)
Scheme V.21. Experiment with benzoic acid.

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added benzoic acid (a’) (61 mg, 0.5 mmol) and tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol). Then, the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10
mm x 0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and
was flushed with nitrogen. Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4
ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) were
added via a syringe under nitrogen atmosphere. The reaction mixture was stirred and
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electrolyzed at a constant current of 10 mA under room temperature for 10 h. The formation
of N-(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) was not detected (Scheme
V.21), which suggested that benzoic acid is not the intermediate of this reaction.

(1) Reaction with benzamide

(o) H\N 7 g
1_0 2S.
2 it N Me
©)LNH2 N Me’s\© standard cond|t|on= ©)L
(@™) (1) (1a, N.D)

Scheme V.22. Experiment with benzamide.

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added benzamide (a’’) (60 mg, 0.50 mmol) and tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol). Then the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10
mm x 0.3 mm) as the cathode maintaining a distance of 6 mm between the electrodes and was
flushed with nitrogen. Then sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios
of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and acetonitrile (CH3CN) (5 mL) were added via
a syringe under nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at a
constant current of 10 mA under room temperature for 10 h. The formation of N-
(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) was not detected (Scheme V.22),

which suggested that benzamide is also not the intermediate of this reaction.

V/.7.9. H2 Gas Production Measurement Under the Standard Condition

A time-dependent hydrogen production electrolysis experiment was conducted under
standard conditions using benzoyl hydrazine (a) (68 mg, 0.5 mmol), tetrabutylammonium
acetate ("BusNOAC) (150.76 mg, 0.5 mmol). The flask was equipped with the graphite rod (®
6 mm) as the anode and the platinum plate (10 mm x 10 mm x 0.3 mm) as the cathode,
maintaining a distance of 6 mm between the electrodes and was flushed with nitrogen. Then
sulfoximine (1) (116.41 mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios of 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) and acetonitrile (CH3CN) (5 mL) was added via a syringe under nitrogen
atmosphere. The reaction mixture was stirred and electrolyzed at a constant current of 10 mA

under room temperature and was monitored for up to 10 hours (Scheme V.23). After every
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hour, the evolved gas was syringed out from the headspace of the reaction mixture and
injected into the PerkinElmer clarus-590 GC instrument using Elite Plot-Q column (30 m
length x 530 um x 20 pm ID) employing the following method: (Figure V.16). Then, the GC
chromatogram was recorded and percent evaluation was calculated (Table-V.3).

0 Hey C(+)|Pt() o o
N 'é’/o "BuyNOACc (1 equiv.) N’,S-Me + 2H, TJ, NzT
" Me” \© HFIP/CH,CN, 10 mA (how much pmol?)
2 rt,10 h, N, '
(a) (1) (1a)

Scheme V.23. Time-dependent hydrogen production reaction.

Figure V.16. Reaction set-up for the hydrogen gas (H.) detection.

TCD starting temperature: 40 °C

Oven temperature: 60 °C

Time at starting temperature: 0 min

Hold time: 5 min Ramp: 28 °C/ min up to 200 °C
Flow rate: 5 ml/ min (N2)

Split ratio: 20

Inlet temperature: 40 °C

Detector temperature TCD: 200 °C

The detected gas chromatogram is shown in Figure V.17.
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Page 1 of 1

Software Version : 6.3.4.0700
Sample Name
Instrument Name : Clarus 590

Rack/Vial : 0/0
Sample Amount : 1.000000
Cycle x4

Result File : D:\GC Data\TIPU DA\H2-2-2.rst
Sequence File : D:\GC Data\H2-2-2.seq

Date

Data Acquisition Time :

Channel
Operator
Dilution Factor

1 12-07-2023 20:23:17
12-07-2023 14:25:48
B

|

Response [mV]

IIHTJ

TTTTTTT]
05 10 15

IIT Guwahati Chemistry Dept.

\‘NIYI[I‘

Peak Component Time  Area Height  Area

# Name [min] [uV*sec] [uVv] [%]
1 1.788 33021.75 10021.79 51.53
2 1.839 31061.67 12692.10 48.47

64083.42 22713.90 100.00

Figure V.17. A representive chromatogram of evolved hydrogen gas during electrolysis

Volume of gas syring: 1 mL.
Volume of headspace: 40 mL.
Standard hydrogen peak area: 522641.18

Standard hydrogen concentration: 44.6428 (umol)

Table V.3. H2 evaluation calculation:

[TTTTTTT]
40 45

Entry Time (h) Peak area

Concentration (umol)

H2 Produced (pmol)

1 1 32195.79
2 2 44162.56
3 3 64083.42
4 4 73206.52
5 5 83206.94
6 6 81918.11
7 7 83254.62
8 8 65051.76

TH-3414 176122011

2.750089868
3.772263666
5.473857422
6.25313151
7.107344241
6.997255366
7.111416957
5.556570784
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9 9 58552.40 5.001410495 200.0564198
10 10 51505.30 4.399463523 175.9785409

The hydrogen production from the cathode reached a threshold value within 5 hours and
remained steady for the next two hours. In the next three hours, the hydrogen production
decreased. The quantity of hydrogen production is dependent on the overall oxidation of both

these substrates (a) and (1) at the anode.

IVV.7.10. Cyclic Voltammetry (CV) Experiments

Cyclic voltammetry experiments were performed using a Gamry instrument in a three-
electrode cell connected to an undivided three-necked bottle with a stir bar under a nitrogen
atmosphere at room temperature. The working electrode was a platinum electrode and the
counter electrode was a platinum wire. The reference was a saturated calomel electrode
submerged in a saturated aqueous KCI solution.

Q) Cyclic Voltammetry Studies of Benzoyl Hydrazine (a) to Explore the Reaction
at the Anode

Test conditions: A cyclic voltammograms in solvent (5 mL) using platinum as the
working electrode, Pt wire as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode under N2 atm. at room temperature (Figure V.18). The scan rate was
0.1 VIs.

Red line: 5 mL CH3CN and TBAPFg (0.1 M).

Green line: 20 mM benzoyl hydrazine (a) with 5 mL CH3CN solvent. The three oxidation
peaks for (a) were observed at 1.5 V (vs SCE), 1.9 V (vs SCE), and 2.06 V (vs SCE).

Blue line: 20 mM benzoyl hydrazine (a) with 5 mL CH3CN solvent. The addition of about 20
mM of tetrabutylammonium acetate, ("BusNOAC) resulted in a cathodic shift of the first
oxidation wave of ~400 mV to reach at~ 1.1 V vs SCE.

Cyan line to . A stepwise addition of 40, 60, and 80 mM of "BusNOAC resulted in
the overlapping of all the signals to a single peak and a continuous enhancement of the

current.
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Such a sharp change in the electrochemical behavior of benzoyl hydrazine (a) suggests

the strong participation of "BusNOAc during electrochemical oxidation.

Background, CH,CN
1.6 1 Benzoylhydrazine (a), CH,CN
a + 20 mM TBAOAc
] a + 40 mM TBAOAc
a + 60 mM TBAOAc
1.2 1 a + 80 mM TBAOAC
«
E
=
£ 0.8
-
=
Q
0.4 -
0.0 +
' || v ] ' || ' I ' I
0.0 0.5 1.0 1.5 2.0 2.5

Potential (V vs SCE)

Figure V.18. Cyclic voltammograms of benzoyl hydrazine (a).

(i) Cyclic Voltammetry Studies of Sulfoximine (1) to Explore the Reaction at the
Anode

Test conditions: A cyclic voltammograms in solvent (5 mL) using platinum as the
working electrode, Pt wire as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode under N2 atm. at room temperature (Figure V.19). The scan rate is 0.1
VIs.

Red line: 5 mL CH3CN and TBAPFg (0.1 M).

Green line: 20 mM Sulfoximine (1) with 5 mL CHsCN solvent. The oxidation peaks of (1)
were observed at 2.13 V (vs SCE).

Blue line to : Upon sequential addition of "BusNOAc 20, 40, 60, 80, and 100 mM to
sulfoximine (1), causes a negligible shift in the onset potential but a substantial increase in the
current.

This confirms the strong interaction between "BusNOAc and (1) during the

electrochemical oxidation.
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1.4 - Background, CH,CN
Sulfoximine (1)
1.2 4 1+ 20 mM TBAOAc
1+ 40 mM TBAOAc
1.0 1+ 60 mM TBAOACc
” 1+ 80 mM TBAOAC
E %% 1+ 100 mM TBAOAC
S 0.6-
=
=
O 0.4+
0.2
0.0 -
-0.2 T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
Potential (V vs SCE)

Figure V.19. Cyclic voltammograms of sulfoximine (1).

(iii)  Cyclic Voltammetry Studies of Mixture of Benzoyl Hydrazine (a) and

Sulfoximine (1) to Explore the Reaction at the Anode

Test conditions: A cyclic voltammograms in solvent (5 mL) by using platinum as the
working electrode, Pt wire as the counter electrode, and saturated calomel electrode (SCE) as
the reference electrode under N2 atm. at room temperature (Figure V.20). The scan rate is 0.1
VIs.

Red line: 5 mL CH3CN and TBAPFs (0.1 M).

to Pink line: A similar titration with "BusNOAc (20, 40, 60, and 80 mM) was
performed in the presence of both the substrates (a) and (1). The CV measurements of the
mixture show a new peak at 2.5V vs. SCE. The current and the peak position remained
virtually unchanged, with an increase in the concentration of "BusNOAc.

Suggesting a strong association of electrolytes with both the reacting partners.
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Background, CH,CN

2.0 1 1+a+20 mM TBAOAcC
1+a+40 mM TBAOAc
1+a+60 mM TBAOAc
1+a+80 mM TBAOAc

Current/mA

r . i . I . I ' .
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Potential (V vs SCE)

Figure V.20. Cyclic voltammograms of benzoyl hydrazine (a) and sulfoximine (1).
Work Potential Reaction Time Experiments

To monitor the effective potential applied to the working electrode during electrolysis
under a 10 mA current, a parallel study of voltage over time was conducted under standard
conditions. To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic
bar, was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), and tetrabutylammonium acetate
("BusNOAC) (150.76 mg, 0.5 mmol). Then, the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10
mm x 0.3 mm) as the cathode, maintaining a distance of 6 mm between the electrodes and
Ag/AgCI as the reference electrode, flushed with nitrogen (N2). Then sulfoximine (1) (116.41
mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and
acetonitrile (CH3CN) (10 mL) was added via a syringe under nitrogen atmosphere. The
reaction mixture was stirred and electrolyzed at a constant current of 10 mA under room
temperature. The anodic working potential was measured every 5 minutes. In addition, the

yield of (1a) was measured every 1 hour.
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Constant Potential Experiment

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic
bar, was added benzoyl hydrazine (a) (68 mg, 0.5 mmol), and tetrabutylammonium acetate
("BusNOACc) (150.76 mg, 0.5 mmol). Then the flask was equipped with the graphite rod (® 6
mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10
mm x 0.3 mm) as the cathode maintaining a distance of 6 mm between the electrodes and
Ag/AgCI as the reference electrode, flushed with nitrogen (N2). Then sulfoximine (1) (116.41
mg, 0.75 mmol, 1.5 equiv) in 1:4 ratios of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and
acetonitrile (CH3CN) (10 mL) was added via a syringe under nitrogen atmosphere. The
reaction mixture was stirred and electrolyzed at a constant potential of 1.7 V under room
temperature for 10 h. After completion of the reaction (monitored by TLC analysis), the
solvent was removed in vacuum, the mixture was admixed with ethyl acetate (25 mL), and
the organic layer was washed with brine (1 x 10 mL). The organic layer was dried over
anhydrous Na»SOs, and the solvent was evaporated under reduced pressure. The crude
product was purified over a column of silica gel using 30% ethyl acetate in hexane to afford
the N-(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) in 18% yield.
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V.9. Spectral Data
N-(Methyl(oxo)(phenyl)- 28-sulfaneylidene)benzamide (1a):

o

e

(o]
1]

s\

Yield: 71% (92 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.17 (d, 2H, J = 7.2 Hz), 8.05 (d, 2H, J = 7.8 Hz), 7.68 (t, 1H, J =
7.5 Hz), 7.61 (t, 2H, J = 7.5 Hz), 7.51 (t, 1H, J = 7.5 Hz), 7.41 (t,
2H, J = 7.5 Hz), 3.46 (s, 3H); *C{1H} NMR (CDCls, 150 MHz): ¢
174.4, 139.2, 135.7, 133.9, 132.3, 129.9, 129.6, 128.2, 127.3, 44.5;
IR (KBr, cm™): 3023, 2928, 1601, 1445, 970, 704; HRMS (ESI/Q-
TOF) (m/z) calcd for C14sH14NO>S, [M + H]*: 260.0740, found
260.0746.

N-(Methyl(oxo)(p-tolyl)-A8-sulfaneylidene)benzamide (2a):

o
S
©)LN’: Me
e

o
1l

M

Yield: 75% (102.5 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.16 (d, 2H, J = 7.8 Hz), 7.92 (d, 2H, J = 8.4 Hz), 7.49 (t, 1H, J =
7.2 Hz), 7.41-7.37 (m, 4H), 3.44 (s, 3H), 2.44 (s, 3H); BC{*H}
NMR (CDCls, 150 MHz): ¢ 174.4, 145.0, 136.0, 135.8, 132.2,
130.4, 129.5, 128.1, 127.3, 44.6, 21.7; IR (KBr, cm™): 3018, 2853,
1609, 1275, 1030, 708; HRMS (ESI/Q-TOF) (m/z) calcd for
C1sH16NO2S, [M + H]*: 274.0896, found 274.0898.

N-(Methyl(oxo)(o-tolyl)- A8-sulfaneylidene)benzamide (3a):

TH-3414 176122011

Yield: 73% (99.7 mg) as a white gummy solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600
MHz): § 8.15 (t, 3H, J = 10.5 Hz), 7.54-7.47 (m, 2H), 7.44-7.33
(m, 4H), 3.46 (s, 3H), 2.68 (s, 3H); *C{"H} NMR (CDCls, 150
MHz): ¢ 174.1, 137.1, 137.0, 135.6, 133.8, 133.4, 132.3, 129.6,
129.3, 128.2, 127.2, 43.4, 20.7; IR (KBr, cm™): 3050, 2963, 1723,
1626, 1214, 708; HRMS (ESI/Q-TOF) (m/z) calcd for C1sH1sNO2S,
[M + H]*: 274.0896, found 274.0899.
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N-((4-Methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (4a):

(o) (0]
1
-S.
N“| Me
OMe

Yield: 70% (101 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.16 (d, 2H, J = 7.8 Hz), 7.96 (d, 2H, J = 8.4 Hz), 7.49 (t, 1H, J =
7.5 Hz), 7.40 (t, 2H, J = 7.5 Hz), 7.04 (d, 2H, J = 8.4 Hz), 3.86 (s,
3H), 3.44 (s, 3H); C{*H} NMR (CDCls, 150 MHz): 6 174.4,
164.0, 135.9, 132.2, 130.1, 129.5, 129.4, 128.1, 115.1, 55.9, 44.8; IR
(KBr, cm™): 3005, 1608, 1248, 972, 825, 760; HRMS (ESI/Q-TOF)
(m/z) calcd for C15H16NOsS, [M + H]*: 290.0845, found 290.0849.

N-((3-Methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (5a):

(o) (0]

1"

-Sa
©)Lsz Me

MeO

Yield: 63% (91 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.16 (d, 2H, J = 7.8 Hz), 7.59 (d, 1H, J = 7.8 Hz), 7.52 (s, 1H),
7.50-7.47 (m, 2H), 7.40 (t, 2H, J = 7.5 Hz), 7.17 (d, 1H, J = 7.2
Hz), 3.86 (s, 3H), 3.44 (s, 3H); 3C{*H} NMR (CDCls, 150 MHz): &
174.4, 160.5, 140.3, 135.7, 132.3, 130.9, 129.5, 128.2, 120.1, 119.2,
112.2, 55.9, 44.5; IR (KBr, cm™): 3020, 2923, 1614, 1253, 1023,
715; HRMS (ESI/Q-TOF) (m/z) calcd for CisH16NOsS, [M + H]™:
290.0845, found 290.0853.

N-((4-Fluorophenyl)(methyl)(oxo)- A%-sulfaneylidene)benzamide (6a):

Q%

-SJ
N’: Me

F

TH-3414 176122011

Yield: 75% (103.9 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.17 (d, 2H, J = 7.8 Hz), 8.10-8.08 (m, 2H), 7.54 (t, 1H, J = 7.5
Hz), 7.44 (t, 2H, J = 7.5 Hz), 7.30 (t, 2H, J = 8.1 Hz), 3.48 (s, 3H);
B3C{*H} NMR (CDCls, 150 MHz): ¢ 174.3, 166.0 (d, J = 255.3 Hz),
135.5, 134.9 (d, J = 3.15 Hz), 132.4, 130.3 (d, J = 9.45 Hz), 129.6,
128.2,117.2 (d, J = 22.6 Hz), 44.7; *F NMR (CDCl3, 564 MHz): ¢
~103.3 (s) IR (KBr, cm™): 3025, 2918, 1625, 1272, 973, 709;
HRMS (ESI/Q-TOF) (m/z) calcd for CisHisFNO,S, [M + H]™
278.0646, found 278.0650.
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N-((3-Fluorophenyl)(methyl)(oxo)- A%-sulfaneylidene)benzamide (7a):

Yield: 68% (94.2 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.12 (d, 2H, J = 9 Hz), 7.81 (d, 1H, J = 9.6 Hz), 7.74 (d, 1H, J = 8.4
Hz), 7.59-7.54 (m, 1H), 7.49 (t, 1H, J = 8.7 Hz), 7.40-7.33 (m, 3H)
3.43 (s, 3H); *C{*H} NMR (CDCls, 150 MHz): 5 174.4, 162.8 (d, J
= 301.8 Hz), 141.3 (d, J = 8.1 Hz), 135.4, 1325, 131.7 (d, J = 9.4
Hz), 129.6, 128.3, 123.1 (d, J = 4.0 Hz), 121.3 (d, J = 25.3 H2),
114.9 (d, J = 29.8 Hz), 44.5; °F NMR (CDCls, 564 MHz): 5 —108.2
(s); IR (KBr, cm™): 2928, 2858, 1614, 1476, 1215, 710; HRMS
(ESI/Q-TOF) (m/z) calcd for C1sH1sFNO2S, [M + H]*: 278.0646,
found 278.0645.

N-((3-Chlorophenyl)(methyl)(oxo)- A° -sulfaneylidene)benzamide (8a):

T
©)‘\ /,S~
N | Me

Cl

Yield: 70% (102.8 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.15 (d, 2H, J = 7.8 Hz), 8.02 (s, 1H), 7.92 (d, 1H, J = 7.8 Hz), 7.64
(d, 1H, J = 7.8 Hz), 7.55-7.50 (m, 2H), 7.41 (t, 2H, J = 7.8 Hz),
3.45 (s, 3H); BC{'*H} NMR (CDCls, 150 MHz): ¢ 174.3, 140.9,
136.1, 135.4, 134.1, 132.5, 131.1, 129.6, 128.2, 127.5, 125.5, 44.5;
IR (KBr, cm™): 3028, 2931, 1611, 1217, 1067, 708; HRMS (ESI/Q-
TOF) (m/z) caled for C14H13CINO2S, [M + H]*: 294.0350, found
294.0357.

N-((2-Bromophenyl)(methyl)(oxo)- 48-sulfaneylidene)benzamide (9a):

o9

©)L .S—Me
N~
©/Br

TH-3414 176122011

Yield: 63% (106.5 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.35 (d, 1H, J = 7.8 Hz), 8.13 (d, 2H, J = 7.2 Hz), 7.74 (d, 1H, J =
7.8 Hz), 7.60 (t, 1H, J = 7.5 Hz), 7.48-7.46 (m, 2H), 7.39 (t, 2H, J =
7.5 Hz), 3.58 (s, 3H); C{*H} NMR (CDCls, 150 MHz): § 173.9,
138.0, 135.9, 135.3, 134.8, 132.3, 131.9, 129.7, 128.6, 128.1, 119.5,
42.0; IR (KBr, cm™): 3020, 2922, 1587, 1455, 1174, 713; HRMS
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(ESI/Q-TOF) (m/z) calcd for C14H13BrNO2S, [M + H]*: 337.9845,
found 337.9849.

N-((4-Cyanophenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (10a):

CN

Yield: 62% (88 mgq) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.15 (d, 2H, J = 10.2 Hz), 8.12 (d, 2H, J =9 Hz), 7.89 (d, 2H, J =
9.6 Hz), 7.53 (t, 1H, J =9 Hz), 7.41 (t, 2H, J = 9 Hz), 3.45 (s, 3H);
BC{'H} NMR (CDCls, 150 MHz): 6 174.3, 143.7, 134.9, 133.6,
132.8, 129.6, 128.3, 128.2, 117.7, 117.2, 44.1; IR (KBr, cm™): 3095,
2933, 1625, 1215, 1094, 712; HRMS (ESI/Q-TOF) (m/z) calcd for
C15H13N203S, [M + H]™: 285.0692, found 285.0691.

N-((4-Methylbenzyl)(oxo)(phenyl)- A8-sulfaneylidene)benzamide (11a):

50

Yield: 70% (122.3 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.19 (d, 2H, J = 9 Hz), 7.72 (d, 2H, J = 9 Hz), 7.62 (t, 1H, J = 8.7
Hz), 7.51 (t, 1H, J = 9 Hz), 7.47 (t, 2H, J = 9 Hz), 7.42 (t, 2H, J = 9
Hz), 7.0 (d, 2H, J = 9 Hz), 6.89 (d, 2H, J = 9 Hz), 4.90 (d, 1H, J =
10.2 Hz), 4.82 (d, 1H, J = 12 Hz), 2.29 (s, 3H); ¥*C{*H} NMR
(CDCls, 150 MHz): ¢ 174.7, 139.3, 136.1, 135.9, 133.9, 132.2,
131.3, 129.6, 129.4, 129.2, 128.7, 128.2, 124.4, 62.1, 21.4; IR (KBtr,
cm?): 2921, 2853, 1626, 1446, 1210, 713; HRMS (ESI/Q-TOF)
(m/z) calcd for C21H20NO,S, [M + H]*: 350.1209, found 350.1212.

N-(1sopropyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (12a):

o 9 Me
o 5
Me

TH-3414 176122011

Yield: 55% (79 mg) as a yellow solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.17 (d, 2H, J = 9.0 Hz), 7.93 (d, 2H, J = 9.0 Hz), 7.65 (t, 1H, J =
9.0 Hz), 7.58 (t, 2H, J = 9.3 Hz), 7.50 (t, 1H, J = 9.0 Hz), 7.40 (t,
2H, J = 9.0 Hz), 3.79-3.71 (m, 1H), 1.47 (d, 3H, J = 8.4 Hz), 1.31
(d, 3H, J = 7.8 Hz); BC{*H} NMR (CDCls, 150 MHz): § 174.2,
136.1, 134.9, 133.8, 132.1, 129.6, 128.9, 128.1, 56.5, 15.9, 15.5; IR
(KBr, cm™): 3063, 2976, 1575, 1278, 1100, 704; HRMS (ESI/Q-
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TOF) (m/z) calcd for CisH1sNO2S, [M + H]*: 288.1053, found
288.1056.

N-(Allyl(oxo)(phenyl)- 2%-sulfaneylidene)benzamide (13a):

Yield: 64% (91 mg) as a yellow gummy solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 8.19 (d, 2H, J = 9.0 Hz), 7.99 (d, 2H, J = 9.6 Hz), 7.67 (t,
1H, J = 8.7 Hz), 7.59 (t, 2H, J = 9.0 Hz), 7.51 (t, 1H, J = 8.7 Hz),
7.42 (t, 2H, J = 9.0 Hz), 5.75 (m, 1H), 5.33 (d, 1H, J = 6.6 Hz), 5.15
(d, 1H, J = 204 Hz), 4.46-4.42 (m, 1H), 4.33-4.29 (m, 1H);
BC{'H} NMR (CDClz, 150 MHz): ¢ 174.5, 136.5, 135.9, 134.0,
132.3, 129.6, 129.5, 128.6, 128.2, 125.9, 124.1, 60.4; IR (KBr, cm’
1): 3055, 2980, 1607, 1282, 924, 703; HRMS (ESI/Q-TOF) (m/z)
calcd for C16H1sNO3S, [M + H]": 286.0896, found 286.0902.

N-(Methyl(oxo)(thiophen-2-yl)- 2%-sulfaneylidene)benzamide (14a):

(o) (I)I [
©)LN"?_@
Me

Yield: 69% (113 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.17-8.15 (m, 2H), 7.85-7.84 (m, 1H), 7.75-7.74 (m, 1H), 7.51 (t,
1H, J = 9.0 Hz), 7.42 (t, 2H, J = 9 Hz), 7.19-7.17 (m, 1H), 3.63 (s,
3H); *C{*H} NMR (CDCls, 150 MHz): 6 174.2, 139.8, 135.5,
134.8, 133.9, 132.5, 129.6, 128.5, 128.2, 46.1; IR (KBr, cm™): 3096,
2918, 1616, 1278, 1016, 709; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H12NO,S,, [M + H]*: 266.0304, found 266.0301.

N-(5-Oxido-5 4*-dibenzo[b,d]thiophen-5-ylidene)benzamide (15a):

(o)

o

2.0)
1l
.S

N/

»

TH-3414 176122011

Yield: 63% (100.6 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.34 (d, 2H, J = 7.6 Hz), 8.14-8.11 (m, 2H), 7.84 (d, 2H, J = 7.6
Hz), 7.70-7.66 (m, 2H), 7.60-7.57 (m, 2H), 7.47-7.45 (m, 1H),
7.37 (t, 2H, J = 7.6 Hz); 3C{*H} NMR (CDCls, 100 MHz): 6 175.3,
137.4,135.3, 134.6, 133.3, 132.5, 130.8, 129.8, 128.2, 125.8, 121.9;
IR (KBr, cm™): 3058, 1628, 1449, 1273, 935, 753; HRMS (ESI/Q-
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TOF) (m/z) calcd for Ci9H14NO:S, [M + H]*: 320.0740, found
320.0743.

N-(5-Oxido-5 A*-thianthren-5-ylidene)benzamide (16a):

Yield: 60% (105.4 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.42-8.40 (m, 2H), 7.96-7.94 (m, 2H), 7.68-7.65 (m, 2H),
7.63-7.54 (m, 4H), 7.43-7.39 (m, 1H), 7.29 (t, 2H, J = 7.6 Hz);
BC{*H} NMR (CDCls, 100 MHz): § 174.4, 135.5, 134.6, 133.1,
132.3, 132.2, 129.7, 129.0, 128.3, 128.1, 127.9; IR (KBr, cm™):
3060, 2924, 1628, 1226, 1048, 755; HRMS (ESI/Q-TOF) (m/z)
calcd for C19H14NO2S;, [M + H]*: 352.0460, found 352.0460.

Methyl 4-(N-benzoyl-S-methylsulfonimidoyl)-2-((tert-butoxycarbonyl)amino)butanoate

(17a):

BocHN CO,Me

Yield: 43% (85.6 mg) as a white gummy solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 400
MHz): 6 8.10 (d, 2H, J = 8.0 Hz), 7.52—7.47 (m, 1H), 7.40 (t, 2H, J
= 7.6 Hz), 5.30 (s, 1H), 4.45 (s, 1H), 3.77 (s, 3H), 3.69-3.49 (m,
2H), 3.36 (s, 3H), 2.55-2.45 (m, 1H), 2.29-2.22 (m, 1H), 1.44 (s,
9H) ; BC{'H} NMR (CDCls, 100 MHz): 6 174.3, 171.7, 154.5,
135.5, 132.4, 129.5, 128.2, 80.9, 53.1, 52.2, 50.7, 40.0, 28.4, 25.5;
IR (KBr, cm™): 2975, 1692, 1521, 1279, 987, 832; HRMS (ESI/Q-
TOF) (m/z) calcd for C1gH26N206S, [M + Na]™: 421.1404, found
421.1404

4-Methyl-N-(methyl(oxo)(phenyl)- A%-sulfaneylidene)benzamide (1b):

9
N”| Me

TH-3414 176122011

Yield: 71% (97 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): &
8.05 (t, 4H, J = 8.1 Hz), 7.66 (t, 1H, J = 7.5 Hz), 7.59 (t, 2H, J = 7.8
Hz), 7.20 (d, 2H, J = 8.4 Hz), 3.44 (s, 3H), 2.39 (s, 3H); BC{'H}
NMR (CDCls, 150 MHz): ¢ 174.4, 142.8, 139.3, 133.9, 133.1,
129.8, 129.7, 128.9, 127.3, 44.5, 21.8; IR (KBr, cm™): 3060, 2921,
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1611, 1169, 925, 688; HRMS (ESI/Q-TOF) (m/z) calcd for
C1sH16NO,S, [M + H]*: 274.0896, found 274.0898.

2-Methyl-N-(methyl(oxo)(phenyl)- 48-sulfaneylidene)benzamide (1c):

Me
1]

LAEN

3R

Yield: 52% (71 mg) as a white gummy solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600
MHz): 6 8.07—8.04 (m, 3H), 7.68 (t, 1H, J = 7.5 Hz), 7.61 (t, 2H, J =
7.8 Hz), 7.35-7.32 (m, 1H), 7.24-7.19 (m, 2H), 3.43 (s, 3H), 2.59
(s, 3H); BC{*H} NMR (CDCls, 150 MHz): ¢ 176.7, 139.5, 139.2,
135.4,133.9, 131.7, 131.1, 130.7, 129.9, 127.3, 125.6, 44.7, 21.9; IR
(KBr, cm™): 3065, 2963, 1723, 1626, 1214, 708; HRMS (ESI/Q-
TOF) (m/z) caled for CisHisNO2S, [M + H]*: 274.0896, found
274.0902.

3-Methyl-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1d):

(o)

o
g
Q)LN” *Me
Me

Yield: 56% (76.5 mg) as a yellow gummy solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 400
MHz): 6 8.06-8.04 (m, 2H), 7.98-7.95 (m, 2H), 7.70-7.65 (m, 1H),
7.62-7.58 (m, 2H), 7.33-7.27 (m, 2H), 3.46 (s, 3H), 2.39 (s, 3H);
3C{'H} NMR (CDCls, 100 MHz): § 174.6, 139.3, 137.9, 135.7,
133.9, 133.1, 130.1, 129.8, 128.1, 127.3, 126.8, 44.5, 21.5; IR (KBr,
cm™): 3069, 2930, 1626, 1445, 1223, 825; HRMS (ESI/Q-TOF)
(m/z) calcd for C15H16NO2S, [M + H]*: 274.0896, found 274.0899.

3,4-Dimethyl-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1€):

(0]
N
Me
Me

o)
1l

Yield: 62% (89 mg) as a white solid; Purified over a

“SMe column of silica gel (30% EtOAc in hexane); 'H NMR

(CDCls, 600 MHz): & 8.05-8.03 (m, 2H), 7.93 (d, 1H, J= 6
Hz), 7.91-7.89 (m, 1H), 7.68-7.65 (m, 1H), 7.61-7.58 (m,

TH-3414 176122011

2H), 7.16 (d, 1H, J= 6 Hz), 3.45 (s, 3H), 2.30 (s, 6H);
13C{!H} NMR (CDCls, 150 MHz): § 174.6, 141.6, 139.3,
136.4, 133.9, 133.4, 130.7, 129.8, 129.5, 127.3, 127.2, 44.5,
20.1, 19.9; IR (KBr, cm™): 3020, 2856, 1603, 1225, 965,
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761; HRMS (ESI/Q-TOF) (m/z) calcd for C16H1sNO2S, [M +
H]*: 288.1053, found 288.1052.

4-(tert-Butyl)-N-(methyl(oxo)(phenyl)- 28-sulfaneylidene)benzamide (1f):

Yield: 69% (118.2 mg) as a white solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): ¢ 8.10 (d, 2H, J = 8.4 Hz), 8.04 (d, 2H, J
= 7.8 Hz), 7.66 (t, 1H, J = 7.5 Hz), 7.59 (t, 2H, J = 7.8 Hz),
7.43 (d, 2H, J = 8.4 Hz), 3.4 (s, 3H), 1.33 (s, 9H); BC{H}
NMR (CDCls, 150 MHz): ¢ 174.4, 155.9, 139.3, 133.9,
133.0, 129.8, 129.5, 127.3, 125.2, 44.5, 35.1, 31.4; IR (KBr,
cm?): 2963, 1614, 1262, 957, 825, 778; HRMS (ESI/Q-
TOF) (m/z) calcd for CigH2NO2S, [M + H]": 316.1366,
found 316.1370.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)-[1,1'-biphenyl]-4-carboxamide (19):

(0]

(0]
1]
_S.
N“| Me
Ph

Yield: 79% (132.4 mg) as a white solid; Purified over a
column of silica gel (30% EtOAc in hexane); 'H NMR
(CDCl3, 600 MHz): 6 8.25 (d, 2H, J = 8.4 Hz), 8.07 (d, 2H, J
= 7.2 Hz), 7.68-7.59 (m, 7H) 7.46 (t, 2H, J = 7.5 Hz), 7.38
(t, 1H, J = 7.5 Hz), 3.47 (s, 3H); *C{*H} NMR (CDCls, 150
MHz): ¢ 174.2, 144.9, 140.4, 139.1, 134.6, 133.9, 130.1,
129.8, 128.9, 128.0, 127.4, 127.3, 126.9, 44.5; IR (KBr, cm’
1): 3005, 2923, 1606, 1285, 986, 749; HRMS (ESI/Q-TOF)
(m/z) calcd for CxHi1sNO2S, [M + H]*: 336.1053, found
336.1053.

4-Methoxy-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1h):

Q9
/©)L X
N”| Me
MeO @

TH-3414 176122011

Yield: 72% (104 mg) as a white solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): 6 8.12 (d, 2H, J = 9.0 Hz), 8.04 (d, 2H, J
= 7.8 Hz), 7.67 (t, 1H, J = 7.5 Hz), 7.60 (t, 2H, J = 7.5 Hz),
6.89 (d, 2H, J = 8.4 Hz), 3.84 (s, 3H). 3.45 (s, 3H); *C{*H}
NMR (CDCls, 150 MHz): ¢ 174.0, 163.1, 139.4, 133.9,

245



Chapter V

131.6, 129.8, 128.4, 127.3, 113.4, 55.6, 44.6; IR (KBr, cm™):
3023, 2928, 1600, 1259, 980, 750; HRMS (ESI/Q-TOF)
(m/z) calcd for CisH16NOsS, [M + H]*: 290.0845, found
290.0845.

4-Chloro-N-(methyl(oxo)(phenyl)- 2%-sulfaneylidene)benzamide (1i):

O O
Il

_S.
N“| Me
A Q)

Yield: 66% (97 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.08 (d, 2H, J = 8.4 Hz), 8.02 (d, 2H, J = 7.8 Hz), 7.68 (t, 1H, J =
7.2 Hz), 7.60 (t, 2H, J = 7.5 Hz), 7.36 (d, 2H, J = 8.4 Hz), 3.45 (s,
3H); *C{*H} NMR (CDCls, 150 MHz): 6 173.3, 138.8, 138.5,
134.2, 134.1, 131.0, 129.9, 128.4, 127.2, 44.5; IR (KBr, cm™): 3062,
2924, 1627, 1302, 985, 683; HRMS (ESI/Q-TOF) (m/z) calcd for
C14H13CINO2S, [M + H]*: 294.0350, found 294.0355.

4-Bromo-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1j):

Yield: 70% (72 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.02 (t, 4H, J = 7.8 Hz), 7.68 (t, 1H, J = 7.5 Hz), 7.61 (t, 2H, J = 7.5
Hz), 7.53 (d, 2H, J = 8.4 Hz), 3.45 (m, 1H); C{*H} NMR (CDCls,
150 MHz): ¢ 173.5, 138.9, 134.7, 134.1, 131.4, 131.2, 129.9, 127.3
127.2, 44.5; IR (KBr, cm™): 3033, 2928, 1626, 1446, 1269, 740;
HRMS (ESI/Q-TOF) (m/z) calcd for CiHisBrNO,S, [M + HJ*:
337.9845, found 337.9845.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)-4-(trifluoromethyl)benzamide (1k):

TH-3414 176122011

Yield: 75% (98 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
8.26 (d, 2H, J = 8.0 Hz), 8.04 (d, 2H, J = 7.5 Hz), 7.70 (t, 1H, J =
7.25 Hz), 7.66-7.60 (m, 4H), 3.48 (s, 3H); *C{*H} NMR (CDCls,
125 MHz): ¢ 173.0, 139.0, 138.8, 134.2, 133.7 (q, J = 32.125, 32.4
Hz), 129.9 (d, J = 3.12 Hz), 125.2 (q, J = 3.6, 3.12 Hz), 123.0,
120.9, 44.54; °F NMR (CDCls, 471 MHz): 6 -62.9 (s). IR (KBr,
cm™): 3025, 2926, 1581, 1409, 1095, 774; HRMS (ESI/Q-TOF)
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(m/z) calcd for CisHi3FsNO.S, [M + H]*: 328.0614, found
328.0620.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)-1-naphthamide (11):

Oy

1l
o)

(I

Me

\S’

Yield: 65% (100.5 mg) as a colorless viscous liquid; Purified
over a column of silica gel (30% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): ¢, 9.00 (d, 1H, J = 10.8 Hz), 8.36-8.35 (m, 1H),
8.10 (d, 2H, J = 6 Hz), 7.96 (d, 1H, J = 6 Hz), 7.85 (d, 1H, J = 6
Hz), 7.69 (t, 1H, J = 6 Hz), 7.62 (t, 2H, J = 6 Hz), 7.55-7.52 (m,
1H), 7.50-7.47 (m, 2H), 3.49 (s, 3H); *C{*H} NMR (CDCls, 150
MHz): ¢ 176.7, 139.1, 134.1, 134.0, 133.0, 132.6, 131.5, 130.0,
129.9, 128.5, 127.4, 127.3, 126.6, 126.1, 124.7, 44.7; IR (KBr, cm’
1): 3054, 2930, 1612, 1297, 973, 731; HRMS (ESI/Q-TOF) (m/z)
calcd for C1gH1sNO3S, [M + H]*: 310.0896, found 310.0900.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)-2-naphthamide (1m):

7 %
‘L /S\
90 "@ .

Yield: 75% (106.7 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢
8.75 (s, 1H), 8.21 (d, 1H, J = 8.5 Hz), 8.09 (d, 2H, J = 7.5 Hz), 7.95
(d, 1H, J = 8.0 Hz), 7.86-7.84 (m, 2H), 7.68 (t, 1H, J = 7.2 Hz),
7.61 (t, 2H, J = 7.5 Hz), 7.53 (m, 2H), 3.50 (s, 3H); *C{*H} NMR
(CDCls, 125 MHz): o 1745, 139.2, 135.5, 133.9, 133.1, 132.38,
130.7, 129.8, 129.5, 127.9, 127.8, 127.7, 127.3, 126.4, 125.8, 44.5;
IR (KBr, cm™): 3028, 2926, 1607, 1349, 1102, 763; HRMS (ESI/Q-
TOF) (m/z) calcd for CigHisNO>S, [M + H]*: 310.0896, found
310.0896.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)benzofuran-2-carboxamide (1n):

(¢}
S N
(0]
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Me

TH-3414 176122011

Yield: 68% (101.7 mg) as a colorless solid; Purified over a
column of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 400
MHz): & 8.08-8.06 (m, 2H), 7.72-7.67 (m, 1H), 7.66—7.57 (m, 4H),
7.52 (d, 1H, J = 0.8 Hz), 7.42-7.38 (m, 1H), 7.28-7.24 (m, 1H),
3.52 (s, 3H); BC{*H} NMR (CDCls, 100 MHz): § 166.4, 155.8,
151.1, 138.7, 134.2, 129.9, 127.7, 127.4, 127.2, 123.6, 122.8, 112.9,
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112.2, 44.7; IR (KBr, cm™): 3023, 2928, 1611, 1175, 902, 739;
HRMS (ESI/Q-TOF) (m/z) calcd for CigH1sNOsS, [M + H]™:
300.0689, found 300.0693.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)furan-2-carboxamide (10):

(0]
.S.
S N“| Me
\_0

o)
1l

Yield: 65% (81 mg) as a white solid; Purified over a column of
silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢
8.03 (d, 2H, J = 8.0 Hz), 7.67 (t, 1H, J = 7.25 Hz), 7.60 (t, 2H, J =
7.7 Hz), 7.52 (s, 1H), 7.16 (d, 1H, J = 7.0 Hz), 6.46 (s, 1H), 3.46 (s,
3H); ¥*C{*H} NMR (CDCls, 125 MHz): 6 165.4, 150.2, 145.7,
138.9, 134.1, 129.9, 127.3, 116.9, 111.9, 44.7; IR (KBr, cm): 2923,
1609, 1465, 1186, 1085, 750; HRMS (ESI/Q-TOF) (m/z) calcd for
C12H12NOsS, [M + H]™: 250.0532, found 250.0533.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)thiophene-2-carboxamide (1p):

o9
~S.
= N“| Me

Yield: 60% (79.6 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.05-8.03(m, 2H), 7.79 (dd, 1H, J = 1.2, 1.2 Hz), 7.68 (t, 1H, J =
7.5 Hz), 7.61 (t, 2H, J = 7.8 Hz), 7.48 (dd, 1H, J = 1.2, 0.6 Hz),
7.06—7.05 (m, 1H), 3.45 (s, 3H) ; *C{*H} NMR (CDCls, 150 MHz):
0169.1, 141.3, 138.9, 134.1, 132.3, 131.7, 129.9, 127.9, 127.4, 44.6;
IR (KBr, cm™): 3075, 2923, 1606, 1271, 985, 748; HRMS (ESI/Q-
TOF) (m/z) calcd for C12H11NO2S2, [M + Na]*: 288.0123, found
288.0124.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)hexanamide (1q):

(o]

M~~~

(o}
1l

29

N’f Me

TH-3414 176122011

Yield: 22% (27.8 mg) as a white solid; Purified over a column
of silica gel (35% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
7.96 (d, 2H, J = 8.4 Hz), 7.65 (t, 1H, J = 8.7 Hz), 7.58 (t, 2H, J = 9.3
Hz), 3.32 (s, 3H), 2.38 (t, 2H, J = 9.0 Hz), 1.65-1.60 (m, 2H),
1.31-1.29 (m, 4H), 0.87 (t, 3H, J = 7.8 Hz); 3C{*H} NMR (CDCls,
150 MHz): ¢ 183.2, 139.2, 133.8, 129.8, 127.2, 44.3, 39.8, 31.6,
25.4, 22.6, 14.1; IR (KBr, cm™): 2928, 1618, 1446, 982, 891, 747;
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HRMS (ESI/Q-TOF) (m/z) calcd for CisHaoNO:S, [M + H]*:
254.1209, found 254.1214.

4-(N,N-Dipropylsulfamoyl)-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1u):

0=S8=0
/

Yield: 54% (114 mg) as a colorless viscous liquid; Purified

over a column of silica gel (20% EtOAc in hexane); *H NMR
(CDCl3, 600 MHz): 6 8.24 (d, 2H, J =9.0 Hz), 8.03 (d, 2H, J = 7.8
Hz), 7.81 (d, 2H, J = 8.4 Hz), 7.69 (t, 1H, J = 7.2 Hz), 7.61 (t, 2H,
J =7.5 Hz), 3.47 (s, 3H), 3.07-3.05 (m, 4H), 1.54-1.48 (m, 4H),
0.84 (t, 6H, J = 7.5 Hz); *C{*H} NMR (CDCls, 150 MHz): ¢
172.8, 143.3, 139.1, 138.6, 134.2, 130.1, 129.9, 127.2, 126.8, 50.1,
445, 22.0, 11.3; IR (KBr, cm): 3058, 2930, 2855, 1626, 1356,
741; HRMS (ESI/Q-TOF) (m/z) calcd for CaoH27N204Sz, [M +
H]*: 423.1407, found 423.1408.

4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl 4-(N,N-dipropylsulfamoyl)benzoate (20a):

Ph
o= Me

N=S=0

Yield: 48% (133.6 mg) as a colorless viscous liquid;
Purified over a column of silica gel (40% EtOAc in hexane); *H
NMR (CDCls, 600 MHz): ¢ 8.17 (d, 2H, J = 8.4 Hz), 8.13 (d,
2H, J =7.2 Hz), 8.05 (d, 2H, J = 8.4 Hz), 7.87 (d, 2H, J = 8.4
Hz), 7.65 (d, 2H, J = 8.4 Hz), 7.48 (t, 1H, J = 7.2 Hz), 7.38 {(t,
2H, J = 7.8 Hz), 5.44 (s, 2H), 3.43 (s, 3H), 3.08-3.06 (m, 4H),
1.55-1.48 (m, 4H), 0.84 (t, 6H, J = 7.5 Hz); ®C{*H} NMR
(CDCl3, 150 MHz): 6 174.3, 164.9, 144.8, 141.9, 139.0, 135.5,
132.9, 132.3, 130.5, 129.5, 129.2, 128.1, 127.7, 127.2, 66.0,
50.0, 44.4, 22.0, 11.2; IR (KBr, cm™): 3012, 2989, 1739, 1636,
1364, 721; HRMS (ESI/Q-TOF) (m/z) calcd for CasH33N206Ss,
[M + H]*: 557.1775, found 557.1779.

(1R,2S,5R)-2-1sopropyl-5-methylcyclohexyl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (21a):

TH-3414 176122011

Yield: 69% (157 mg) as a white solid; Purified over a
column of silica gel (40% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): ¢ 8.14 (d, 2H, J = 9.0 Hz), 7.99 (d, 2H, J
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(o)

Ph
Me
N=S=0

= 10.2 Hz), 7.51-7.47 (m, 3H), 7.39 (t, 2H, J = 9.0 Hz),
4.70-4.65 (m, 1H), 3.69 (s, 2H), 3.44 (s, 3H), 1.96-1.94 (m,
1H), 1.72-1.65 (m, 1H), 1.64-1.63 (m, 2H), 1.46-1.44 (m,
1H), 1.42-1.32 (m, 1H), 1.03-0.92 (m, 3H), 0.88 (d, 3H, J =
7.8 Hz), 0.84 (d, 3H, J = 9.0 Hz), 0.69 (d, 3H, J = 8.4 Hz);
BC{'H} NMR (CDCls;, 150 MHz): 6 174.3, 170.0, 140.9,
137.7, 135.7, 132.3, 130.7, 129.5, 128.1, 127.5, 75.5, 47.0,
445, 41.5, 40.8, 34.2, 31.5, 26.4, 23.5, 22.1, 20.8, 16.4; IR
(KBr, cm™): 2937, 2857, 1741, 1612, 1215, 745; HRMS
(ESI/Q-TOF) (m/z) calcd for CosHasNOsS, [M + HJ™:
456.2203, found 456.2203.

(2S)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (22a):

o=

Ph
Me
N=S=0

Yield: 68% (79 mg) as a colorless viscous liquid; Purified
over a column of silica gel (20% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): ¢ 8.15 (d, 2H, J = 9.0 Hz), 8.01 (d, 2H, J = 9.6
Hz), 7.54-7.48 (m, 3H), 7.40 (t, 2H, J = 9.0 Hz), 4.91-4.89 (m,
1H), 3.74 (s, 2H), 3.45 (s, 3H), 2.36-2.31 (m, 1H), 1.84-1.79 (m,
1H), 1.76-1.69 (m, 1H), 1.67 (m, 1H), 1.31-1.20 (m, 1H),
1.19-1.14 (m, 1H), 0.94-0.91 (m, 1H), 0.88 (s, 3H), 0.86 (s, 3H),
0.79 (d, 3H, J = 7.8 Hz); *C{*H} NMR (CDCls, 150 MHz): ¢
174.4, 170.7, 140.9, 137.8, 135.7, 132.3, 130.8, 129.6, 128.2,
127.6, 81.2, 49.0, 48.0, 44.9, 445, 41.6, 36.9, 28.1, 27.2, 19.8,
18.9, 13.7; IR (KBr, cm™): 2927, 2841, 1712, 1618, 1260, 749;
HRMS (ESI/Q-TOF) (m/z) calcd for CzsH32NO.S, [M + H]*:
454.2047, found 454.2047.

(3aS,5S,6R,6aS)-5-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-6-yl 2-(4-(N-benzoyl-S-methylsulfonimidoyl)phenyl)acetate (23a):

TH-3414 176122011

Yield: 58% (162.2 mg) as a colorless viscous liquid;
Purified over a column of silica gel (40% EtOAc in hexane); 'H
NMR (CDCls, 600 MHz): 6 8.15 (d, 2H, J = 9.0 Hz), 8.01 (d, 2H,
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Ph
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N=S=0

Me

)
o 2
X I\\C Me
Me (o] S Me}
)
)

J =10.2 Hz), 7.54-7.48 (m, 3H), 7.40 (t, 2H, J = 9.3 Hz), 5.86 (t,
1H, J = 10.2 Hz), 5.30 (d, 1H, J = 3.6 Hz), 4.47 (d, 1H, J = 4.2
Hz), 4.18-4.16 (m, 1H), 4.11-3.95 (m, 3H), 3.77 (d, 2H, J = 3.6
Hz), 3.45 (s, 3H), 1.51 (s, 3H), 1.38 (s, 3H), 1.27-1.24 (m, 6H);
BC{*H} NMR (CDCl3, 150 MHz): § 174.4, 169.1, 139.9, 138.3,
135.6, 132.4, 130.8, 129.6, 128.2, 127.7, 112.6, 109.62, 109.60,
105.2, 83.4, 80.0, 77.0, 72.5, 67.5, 44.5, 41.0, 27.0, 26.9, 26.4,
25.5; IR (KBr, cm™): 2812, 1730, 1624, 145, 1240, 713; HRMS
(ESI/Q-TOF) (m/z) calcd for C2sHasNOsgS, [M + H]": 560.1949,
found 560.1951.

4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl 2-(4-isobutylphenyl)propanoate (24a):

-
Ph

0=( Me

/
N=S=0

~N

Yield: 62% (148 mg) as a colorless viscous liquid; Purified
over a column of silica gel (35% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): 6 8.15 (d, 2H, J =7.2 Hz), 7.94 (d, 2H, J = 8.4
Hz), 7.50 (t, 1H, J = 7.5 Hz), 7.41-7.36 (m, 4H), 7.21 (t, 2H, J =
6.9 Hz), 7.11 (d, 2H, J = 7.2 Hz), 5.20 (d, 1H, J = 13.2 Hz), 5.14
(d, 1H, J = 13.8 Hz), 3.79 (g, 1H, J = 14.4, 21.6 Hz), 3.41 (s, 3H),
2.45-2.44 (m, 2H), 1.86-1.80 (m, 1H), 1.53 (d, 3H, J = 7.2 Hz),
0.89 (d, 6H, J = 6.6 Hz); *C{*H} NMR (CDCls, 150 MHz): ¢
174.3, 142.7, 142.6, 140.9, 138.4, 137.3, 135.6, 132.3, 129.5,
129.4, 128.3, 128.2, 128.1, 127.4, 127.3, 64.9, 45.1, 45.0, 44.4,
30.2, 22.4, 18.3; IR (KBr, cm™): 3055, 2888, 1735, 1629, 1312,
730; HRMS (ESI/Q-TOF) (m/z) calcd for C2sH32NO4S, [M + H]™:
478.2047, found 478.2053.

4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl-2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoate

(25a):

TH-3414 176122011

Yield: 53% (136.6 mg) as a white solid; Purified over a column

of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 500 MHz): 6
8.16 (d, 2H, J = 7.5 Hz), 8.00 (d, 2H, J = 7.5 Hz), 7.52 (t, 3H, J = 7.7
Hz), 7.47 (d, 2H, J = 8.5 Hz) , 7.44-7.36 (m, 6H), 7.16 (d, 1H, J = 8.0
Hz), 7.11 (d, 1H, J = 6.5 Hz), 5.22 (s, 2H), 3.86 (g, 1H, J = 7.0, 7.0
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Hz), 3.41 (s, 3H), 1.58 (d, 3H, J = 7.5 Hz); 3C{*H} NMR (CDCls,
125 MHz): 6 174.4, 173.6, 159.8 (d, J = 247.2 Hz), 142.3, 141.4 (d, J
= 7.5 Hz), 138.8, 135.6, 135.5, 132.4, 131.1 (d, J = 4.0 Hz), 129.6,
129.0 (d, J = 2.75 Hz), 128.8, 128.7, 128.2, 127.9, 127.6, 123.7 (d, J
= 3.12 Hz), 115.4 (d, J = 23.5 Hz), 65.4, 45.1, 44.5, 18.3; F NMR
(CDCls, 471 MHz): § —117.3 (s); IR (KBr, cm): 3029, 2923, 1734,
1277, 977, 712; HRMS (ESI/Q-TOF) (m/z) calcd for C3gH27FNO4S,
[M + H]": 516.1639, found 516.1642.

2,5,7,8-Tetramethyl-2-(5,9,13-trimethyltetradecyl)chroman-6-yl-2-(4-(N-benzoyl-S-

methylsulfonimidoyl)phenyl)acetate (26a):

Ph
0=
N=S

Me

/

=0

Yield: 42% (156.2 mg) as a colorless viscous liquid; Purified
over a column of silica gel (35% EtOAc in hexane); *H NMR
(CDCl3, 600 MHz): 6 8.17 (d, 2H, J = 7.2 Hz), 8.06 (d, 2H, J = 8.4
Hz), 7.67 (d, 2H, J = 8.4 Hz), 7.51 (t, 1H, J = 7.2 Hz), 7.42 (t, 2H,
J = 7.8 Hz), 4.01 (s, 2H), 3.48 (s, 3H), 2.56 (t, 2H, J = 6.9 Hz),
2.07 (s, 3H), 1.93 (s, 3H), 1.88 (s, 3H), 1.82-1.77 (m, 2H),
1.70-1.67 (m, 2H), 1.26 (s, 11H), 1.15-1.13 (m, 5H), 1.12-1.06
(m, 5H), 0.88-0.83 (m, 13H); *C{*H} NMR (CDCls, 150 MHz): ¢
174.4, 168.9, 149.8, 140.4, 138.3, 135.7, 132.4, 131.0, 129.6,
128.2, 127.8, 126.6, 127.8, 126.6, 124.9, 123.4, 117.7, 75.3, 49.3,
44.6, 41.1, 39.6, 37.6, 34.1, 32.9, 32.1, 28.2, 25.8, 25.1, 25.0, 24.6,
22.9,22.8,21.2,20.8, 19.9, 14.3, 13.1, 12.2, 12.0; IR (KBr, cm™):
3325, 2931, 2854, 1723, 1621, 639; HRMS (ESI/Q-TOF) (m/z)
calcd for CasHesNOsS, [M + H]*: 730.4500, found 730.4504.

4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl-2-(4-(2,2-dichlorocyclopropyl)phenoxy)-2-

methylpropanoate (27a):

Ph
(o)

TH-3414 1712201

/
N=8=0

ClI" ¢l

Me

Yield: 51% (143 mg) as a white solid; Purified over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls,
400 MHz): 8.16 (d, 2H, J = 8.4 Hz), 7.97 (d, 2H, J = 8.4 Hz),
7.53-7.49 (m, 1H), 7.43-7.39 (m, 4H), 7.08 (d, 2H, J = 8.8 Hz),
6.76 (d, 2H, J = 8.4 Hz), 5.24 (s, 2H), 3.44 (s, 3H), 2.83-2.78 (m,
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1H), 1.93-1.88 (m, 1H), 1.79-1.74 (m, 1H), 1.64 (s, 6H); *C{'H}
NMR (CDCls, 100 MHz): § 174.4, 174.1, 155.0, 141.8, 139.0,
135.7, 132.4, 129.9, 129.6, 129.1, 128.3, 127.7, 118.6, 79.3, 65.9,
61.1, 44.5, 34.9, 25.9, 25.6; IR (KBr, cm™): 3015, 2928, 1734,
1610, 1275, 711; HRMS (ESI/Q-TOF) (m/z) caled for
C28H2sC1aNOsS, [M + HJ*: 560.1060, found 560.1067.

Methyl (E)-2-(1-(4-(N-benzoyl-S-methylsulfonimidoyl)benzylidene)-5-fluoro-2-methyl-1H-

inden-3-yl)acetate (28a):

o
)I\Ph

Yield: 44% (107.7 mg) green gummy solid; Purified over a
column of silica gel (40% EtOAc in hexane); 'H NMR
(CDCl3, 600 MHz): ¢ 8.19 (d, 2H, J = 7.8 Hz), 8.10 (d, 2H, J
= 8.4 Hz), 7.52 (t, 2H, J = 7.2 Hz), 7.42 (t, 3H, J = 7.8 Hz),
7.16-7.14 (m, 1H), 7.11 (s, 1H), 6.88-6.86 (m, 1H),
6.59-6.55 (m, 1H), 3.71 (s, 3H), 3.56 (s, 2H), 3.54 (s, 3H),
2.19 (s, 3H); BC{'H} NMR (CDCls, 150 MHz): ¢ 174.4,
170.8, 163.7 (d, J = 245.5 Hz), 147.0, 142.7 (d, J = 28.9 Hz),
138.4 (d, J = 18.4 Hz), 135.7, 132.4, 130.7, 129.6, 129.4,
128.2, 128.1, 127.6, 127.2, 123.8 (d, J = 9.0 Hz), 111.1 (d,J =
22.6 Hz), 106.5 (d, J = 23.8 Hz), 52.4, 445, 31.7, 10.7; IR
(KBr, cm™): 3012, 2898, 1725, 1697, 1114, 697; HRMS
(ESI/Q-TOF) (m/z) calcd for CagHzsFNO4S, [M + H]*:
490.1483, found 490.1482.

(Benzylimino)(methyl)(phenyl)- A8-sulfanone (1y):

Yield: 76% (18.6 mg) as a colorless viscous liquid; Purified

' over a column of silica gel (10% EtOAc in hexane); *H NMR

9
N*} Me
©/\ @ (CDCls, 600 MHZ): 6 7.94 (d, 2H, J = 7.2 Hz), 7.61 (t, 1H, J = 7.8

Hz), 7.56 (t, 2H, J = 7.8 Hz), 7.35 (d, 2H, J = 7.2 Hz), 7.29 (t, 2H, J

= 7.5 Hz), 7.20 (t, 1H, J = 7.2 Hz), 4.20 (d, 1H, J = 14.4 Hz), 3.97
(d, 1H, J = 13.8 Hz), 3.14 (s, 3H); BC{'H} NMR (CDCls, 150
MHz): 6 141.4, 139.7, 133.1, 129.6, 128.9, 128.5, 127.8, 126.7,

TH-3414 176122011
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47.6, 45.5; IR (KBr, cm™): 3085, 2920, 2850, 1755, 1214, 717,
HRMS (ESI/Q-TOF) (m/z): calcd for CiHisNOS, [M + H]™:
246.0947, found 246.0955.

2-Hydroxy-N-(methyl(oxo)(phenyl)- 48-sulfaneylidene)benzamide (12):

OH O O Yield: 60% (16.5 mg) as a white solid; Purified over a column
@AN’/&MG of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 500 MHz): ¢
11.84 (s, 1H), 8.09 (d, 1H, J = 8.0 Hz), 8.04 (d, 2H, J = 8.0 Hz),
7.72 (t, 1H,J=7.2Hz),7.64 (t,2H,J=75Hz),7.40 (t, 1H,J =75
Hz), 6.92 (d, 1H, J = 8.5 Hz), 6.86 (t, 1H, J = 7.5 Hz), 3.47 (s, 3H);
BC{*H} NMR (CDCls, 125 MHz): § 178.4, 162.3, 138.5, 135.2,
134.4, 131.3, 130.1, 127.3, 118.7, 117.7, 117.6, 44.9; IR (KBr, cm’
1): 3414, 3023, 2927, 1712, 1354, 787; HRMS (ESI/Q-TOF) (m/z):
calcd for C14H14NQO3S, [M + H]*: 276.0689, found 276.0690.
2,2,6,6-Tetramethylpiperidin-1-yl benzoate (v):

Yield: 26% (34 mg) as a white solid; Purified over a column of
0 \{/\g silica gel (10% EtOAc in hexane); H NMR (CDCls, 600 MHz): &
©)L°’N N 8.07-8.06 (m, 2H), 7.57 (t, 1H, J = 7.2 Hz), 7.46 (t, 2H, J = 7.8 Hz),
1.79-1.75 (m, 2H), 1.72-1.67 (m, 1H), 1.59-1.57 (m, 2H), 1.47-1.44
(m, 1H), 1.27 (s, 6H), 1.12 (s, 6H); *C{"H} NMR (CDCls, 150
MHz): ¢ 166.6, 133.0, 129.9, 129.7, 128.6, 60.6, 39.2, 32.1, 21.0,
17.2; IR (KBr, cm™): 2937, 2816, 1755, 1254, 1123, 707; HRMS
(ESI/Q-TOF) (m/z): calcd for C16H24NO2, [M + H]*: 262.1802, found
262.1807.
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V.10. Representative Spectra

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1a) : *H NMR (CDCls, 600 MHz)
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N-(Methyl(oxo)(phenyl)- %-sulfaneylidene)benzamide (1a): *C{*H} NMR (CDCls, 150
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N-((4-Cyanophenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (10a): *H NMR (CDCls,
600 MHz)
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N-((4-Cyanophenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (10a): *C{*H} NMR
(CDCl3, 150 MHZ)
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4-Methoxy-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1h): *H NMR (CDCls,
600 MHz)
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4-Methoxy-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1h): 3C{*H} NMR
(CDCl3, 150 MHz)
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N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)thiophene-2-carboxamide (1p): *H NMR
(CDCls, 600 MHz)
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N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)thiophene-2-carboxamide (1p): **C{*H} NMR
(CDCls, 150 MHz)
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4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl 2-(4-isobutylphenyl)propanoate (24a): 'H
NMR (CDCls, 600 MHz)
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4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl 2-(4-isobutylphenyl)propanoate (24a): 13C{*H}

NMR (CDCl3, 150 MHz)
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CHAPTER-VI

Electrochemical NH-Sulfoximidation with a-Keto Acids
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Abstract: An electrochemical N-acylation of sulfoximine has been
achieved via the coupling of a-keto acids and NH-sulfoximines. This
process involves the sequential cleavage of C-C bond followed by
C(sp?)-N bond formation, with the liberation of H2 and CO: as the by-
products. A library of N-aroylated sulfoximines is produced via the
coupling of aroyl and sulfoximidoyl radicals by anodic oxidation under
constant current electrolysis (CCE). The compatibility of the present
protocol has been demonstrated by coupling of various bio-active
compounds, such as NH-sulfoximine derived from (-)-borneol, L-
menthol, D-glucose derivative, and some commercial drugs such as
flurbiprofen, and ibuprofen. This late-stage functionalization highlights
the importance of this sustainable protocol. Besides this, various control
experiments and detection of H: evolution have been performed to

support the proposed mechanism.
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CHAPTER VI

Electrochemical NH-Sulfoximidation with a-Keto
Acids

V1.1. Introduction

Discovered from the “agenized” proteins in the early 1950s,® sulfoximine is
recognized as isosteres of sulfones, where a “= NR substitutes one “=0" of sulfur (VI)”. The
sulfur (V1) linkages are subsequently expanded by the additional imino vector, bringing about
unprecedented physical, chemical, and biological properties compared to sulfones.? Owing to
the presence of sulfoximines and their functionalized derivatives in pharmaceuticals,®
agrochemicals,* materials,®> and synthesis of such molecules has grabbed the attention of

chemists in modern organic synthesis (Figure-VI1.1).8

N
OuNH 0 I
5 )

//O Me CF3
Me” N H BAY 1000394
IRAK4 inhibitor N >,Me pan-CDK inhibitor
(o] Gilead science Mé in phase I clinical trials
N
Et” “Et
Cl
Me CN
0 0 ()) o o o 9
1] 5 1
P X L Lo . S—M
©)LN'S Ny S Me  Me” N \)LN €
¢ I
P
Antineoplastic Anti-inflammatory Antineoplastic

Figure VI1.1. Representative bioactive sulfoximines.

In this regard, efforts have been made to construct N-acylated sulfoximines. For

instance, the carboxyl activating agents like 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
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(EDC) or N,N’-dicyclohexylcarbodiimide (DCC) have been used to facilitate the coupling
between carboxylic acids and NH-sulfoximine, resulting in the formation of N-acylated

sulfoximines [Scheme V1.1 (a)].’

Scheme VI.1. Strategies for N-aroylation of sulfoximines
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A similar sulfoximidation reaction has been established utilizing different activating
agents such as boric acid or 1,3-dioxa-5-aza-2,4,6-triborinane (DATB) [Scheme V1.1 (a)].2
The synthesis of N-aroyl sulfoximines has also been achieved via a transition-metal-catalyzed
process using aryl halides and carbon monoxide [Scheme V1.1 (a)].° Given their significance,
there is a strong demand for sustainable synthetic methods that possess broad functional
group tolerance, allow for the late-stage modifications of biologically relevant molecules, and
offer a clean energy source (H) as a by-product.

Considering the significance of acylated derivatives in both synthetic chemistry and
biochemical processes, the readily accessible a-keto acid serves as an excellent source of
aroyl radicals in many synthetic transformations. This process results in the production of H»
and CO> as by-products under specific conditions. Usually, acyl radicals are generated via the
cleavage of the C—X bond in RC(0)X° compounds or through the decarboxylation of a-keto
acids'*®' in the presence of transition metals and oxidants when exposed to visible light.*5"!
[Scheme VI.1 (b)]. However, the most frequently used strategies for producing acyl radicals
typically depend on using transition metal catalysts in combination with stoichiometric
chemical oxidants.!! The above-mentioned strategies are associated with the generation of
chemical wastes that are not environmentally friendly. Thus, developing a waste-free and
milder method for its generation from a-keto acid is highly desirable.

Recently, electro-organic synthesis has emerged as an impressive tool for various
redox transformations, offering environmentally friendly and economically viable features.!?
Electrochemistry presents a greener alternative to excessive redox reagents and minimizes the
generation of hazardous waste.!* The efficiency of electrochemical reactions can be
controlled by adjusting the current flow and applied voltage.'*

The electrochemical cross-coupling of NH-sulfoximine remains uncharted territory
because of the high oxidation potential of NH-sulfoximine (Eox > +1.92 to +2.00 V vs. SCE)
and its strong N-H bond dissociation energy (BDEx-u = 104—106 kcal/mol), making it
challenging to generate N-centre radicals.!® Yotphan group developed a Cu(1)/K2S20s-
catalyzed oxidative decarboxylative coupling of a-keto acids and sulfoximines [Scheme VI. 1
(c)].1® These reactions proceed through an in situ generation of benzoyl radical involving
metal complexation via an oxidative addition followed by a reductive elimination leading to

N-acylated sulfoximines. The reported sulfoximidation strategies for synthesizing N-acylated
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sulfoximines are neither atom-economical nor sustainable. Therefore, using any transition
metal or oxidant can be avoided following this strategy. Nevertheless, designing a metal-free
methodology for radical cross-coupling that accepts the challenge of generating two distinct
radicals has to overcome the homo-cross-coupling reactions of two individual open-shell
radicals. We envisioned sulfoximidation through anodic oxidation of readily available a-keto

acids and sulfoximine [Scheme VI.1 (d)].

V1.2. Strategies for the Synthesis of sulfoximidation product

In 2020 Bolm et al. developed a visible-light-induced a-ketoacylation of sulfoximines
using aryl alkyne. This methodology is metal and base-free, providing the diketonic products
without the use of peroxides. The reaction proceeds via the addition of a sulfoximidoyl

radical to the alkyne in the presence of blue LEDs (Scheme V1.2).17
OTs

|
P Ph—I P
72 ~N DCM, air, rt, 24 h S Nsd_gs
1 0 N II,/O » RI1-=- 1
R'-T + R2-S333  Blue LEDs (24 W) L 0 R

Scheme V1.2. Synthesis of a-ketoacylations of sulfoximines derivatives.

In 2022 the Song group disclosed a metal-, base-, and additive-free N-acylation of
sulfoximines under mild conditions using an organic photoredox catalyst. This green strategy
featured a broad substrate scope, good compatibility with air, and high yields. It was further

applied to amino acid modifications and o-keto N-acyl sulfoximine synthesis (Scheme

V|.3).l7b
0 H. Mes-Acs-MeBF, O .0| 3
X “sH 0.0 _THF, air, rt,5-12h _ X NETR
R1- + ST > pi-lb R2
i R27°°R3 Blue LEDs (36 W) i

4

Scheme V1.3. N-Acylation of sulfoximines with thioacid.

The Ji group recently introduced an electrochemical approach for the N-acylation of
sulfoximines utilizing hydroxamic acid as the acyl source. The reaction proceeds under mild
conditions, without an external oxidant or catalyst. Through mechanistic investigations, key

by-products such as N2O and H> were identified. A large variety of functional groups having
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electron-donating and electron-withdrawing substituents reacted smoothly to afford N-

acylation products in moderate to good yields (Scheme V1.4).17¢
o] 0O o

H. T
N C(+)/Pt(-) .S—R3
R1—'\ l;lH . 'é/,o "Bu,NBF,, acetone R X N éz
'/ OH R* °R® T gvyi,25n Z

Scheme V1.4. Electrochemical acylation of sulfoximines with hydroxamic acid.

V1.3. Present Work
V1.3.1. Optimization of the Reaction Conditions

To validate the proposed strategy, we initiated our experiment by using a-keto acid (a,
2.0 equiv.) and NH-sulfoximine (1, 0.5 mmol) in the presence of electrolyte "BusNCIO4 (1.5
equiv.) in dichloromethane (DCE) having carbon rod as the anode and platinum plate as the
cathode. The reaction was continued by applying a 10 mA constant current under an N>
atmosphere at room temperature for 6 h in an undivided cell. As per the designed strategy, N-
aroylated sulfoximine (1a) was obtained in 65% yield and confirmed by ‘H, *C, and HRMS.
The predicted structure was further reconfirmed by a single-crystal X-ray diffraction study
(CCDC-2332707) on one of its derivatives (Figure V1.2).

Figure VI1.2. ORTEP diagram of (8a) with 50% ellipsoid probability (CCDC 2332707)

Encouraged by this observation, we tried to standardize the reaction condition by
varying various reaction parameters, such as solvents, electrolytes, electrodes, and electric

current, and the results are summarized in Table VI.1.

Table VI.1. Optimization of the reaction conditions®?
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Entry Variation from the standard conditions Yield® (%)
1 None 65
2 CH3CN, DCM, MeOH, instead of DCE 12,19,N.D
3 1, 4 —dioxane, DMSO, DMA instead of DCE N.D
4 Nickel, RVC, platinum anode instead of C rod anode 23,15, 42
5 Carbon cloth, stainless steel instead of platinum cathode 16, 23
6 "BusNBF4, "BusNPFg, "BusNI, "BusNOAC instead of "BusNCIO4 25, 36, 23, 33
7 1 equiv., 2 equiv. instead of 1.5 equiv. "BusNCIO4 43, 59
8 K3PO4, Cs2CO3, DBU, instead of K2COs 13,19,N.D
9 0.5 equiv., 1.5 equiv. instead of 1 equiv. K2CO3 22,43
10 | 0.5equiv., 1.5 equiv. instead of 1 equiv. sulfoximine 25, 54
11 | 15 mA, 5 mA instead of 10 mA 52,23
12 | 3hinstead of 6 h 30
13 | No base trace
14 | No electric current N.D
15 | No electrolyte N.D
16 | No electric current, 80 °C N.D
17 | air atmosphere 63

#Reaction conditions: a (1 mmol, 2 equiv), 1 (0.5 mmol), "BusNCIO4 (1.5 equiv), K.COs3 (1
equiv) in DCE (5 mL) solvent with a carbon rod anode (® 6 mm), platinum plate cathode (10
mm x 10 mm x 0.3 mm), constant current = 10 mA, at room temperature under N2 atm, 6 h in
undivided cell. Pyield of isolated product. N.D = not detected.

Among various solvents tested, DCE was found to be optimal, whereas the use of
other solvents, such as CHsCN, and DCM, resulted in a lower yield of product (1a). Further,
no product was observed using MeOH (Table VI.1, entry 2). Besides this, the use of 1,4-
dioxane, DMSO, and DMA (Table VI.1, entry 3) were found less effective for the desired
transformation. Subsequently, a variety of combinations of electrodes were tested. For
example, replacing the anode (carbon rod) with nickel, RVC, and platinum plate (Table VI.1,
entry 4) and the cathode (platinum plate) with carbon cloth and stainless steel (Table VI.1,

entry 5) gave no significant improvement. Furthermore, our attempts to enhance the yield by

152
TH-3414 176122011



Chapter VI

replacing "BusNCIO4 with various organic electrolytes such as "BusNBF4, "BusNPFs, "BusNl,
and "BusNOAc failed to improve the product yield (Table V1.1, entry 6). Then the use of
"BusNCIO4 (1.0 equiv.) in lower concentration reduced the yield to 43%, whereas the yield
dropped slightly (59%) using a higher concentration (2.0 equiv.) instead of 1.5 equiv. of
"BusNCIO4 (Table V1.1, entries 7). Thus, the use of 1.5 equiv. of electrolyte, "BusNCIO4 was
found ideal for this transformation. In addition, the reactions with different bases, like KsPO4
and Cs2COs, had little effect on the yields, but the use of DBU as a base was completely
ineffective (Table V1.1, entries 8). The use of fewer than 1 equiv. of the base resulted in poor
conversion, but an excess amount of base (1.5 equiv.) led to the formation of benzil as the side
product (Table V1.1, entry 9). The use of higher (1.5 equiv.) amounts of sulfoximine was
found counterproductive providing 54% vyield compared to the use of 1.0 equiv. of
sulfoximine (Table V1.1, entry 10). Alternation of the operating current, i.e. decreasing to (5
mA) or increasing (15 mA), was not found effective in improving the yield of (1a) (Table
VI.1, entry 11). When the reaction was stopped at 3 h, a diminished yield (30%) was observed
(Table VI.1, entry 12). Next, without base, only a trace amount of product was formed (Table
VI.1, entry 13). The absence of electric current or electrolyte resulted in no product (1a), even
upon heating the reaction mixture to 80 °C, suggesting the importance of electro-oxidation in
this coupling process (Table VI.1, entry 14-16). When the reaction mixture was performed in
an air atmosphere, it provided a slightly lesser yield (52%) of the product than in a nitrogen
atmosphere (Table V1.1, entry 17). Thus, the best-optimized condition was found to be the use
of a-keto acid (a) (1 mmol, 2.0 equiv.), sulfoximine (1) (0.5 mmol), KoCOs3 (1.0 equiv.) and
"BusNCIO4 (1.5 equiv.) in a DCE solvent (5 mL) and applying a 10 mA current, carbon rod as
anode and platinum plate as a cathode under N2 atmosphere at room temperature for 6 h in an
undivided cell (Table V1.1, entry 1).

V1.3.2. Scope of the Reaction with a-Keto Acid and Sulfoximine Derivatives

With the optimized conditions in hand, we first examined the scope of the
sulfoximine. As depicted in Scheme V1.5, the present electrocatalytic system transformed an
array of aromatic sulfoximine with different steric and electronic properties. Simple NH-
sulfoximine (1) reacted with a-keto acid (a) smoothly, giving the corresponding product (1a,
65%). When aryl sulfoximine possessing electron-donating-groups (EDGs) such as 4-OMe
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(2), 3-OMe (3), 4-Me (4), and 2-Me (5) react with a-keto acid (a) furnishing the desirable

products (2a—5a) in moderate yields (48—-62%).

Scheme VI.5. Substrate scope of the reaction
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17\ OH N L 5™ + u, A+ codk
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8Reaction conditions: (i) 1-22 (0.5 mmol), a-keto acids (a—f) (1 mmol, 2.0 equiv.)
"BusNCIO4 (1.5 equiv.), K2COs (1 equiv.) in DCE (5 mL) utilizing a 10 mA constant current,
carbon rod (® 6 mm) as an anode, and platinum plate (10 mm x 10 mm x 0.3 mm) as a

cathode at room temperature under N> atmosphere for 6 h in an undivided cell.

Similarly, aryl sulfoximine possessing electron-withdrawing groups (EWGS) such as
3-Cl (6), 4- CI (7), and 3-F (8), coupled competently with a-keto acid (a) resulting in their
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corresponding products (6a, 44%), (7a, 60%), and (8a, 51%). The sulfoximine-bearing S-
isopropyl (9), S-4-methyl benzyl, and S-phenyl (10) underwent smooth coupling, providing
the desired products (9a—10a) in the range of 45% to 65%. Next, biphenyl sulfoximine was
well tolerated given their product (11a, 50%). Besides this, heterocyclic sulfoximine (12) and
dibenzothiophene (13) were efficiently N-aroylated giving their respective products (12a,
58%) and (13a, 51%) modest yields. However, aliphatic sulfoximine (14) resulted in the
anticipated product (14a) in lower yield (21%), a dibenzodithinane (15), -NO. containing
sulfoximine (16), and a symmetric diaryl sulfoximine (17) remain unsuccessful in giving their

N-aroylated product (15a), (16a), and (17a). This may be due to their high oxidation potential.

After demonstrating the compatibility of various sulfoximines, we examined the
nature of various substituents (EDG and EWG) present on either the a-keto acids or the
phenyl rings of sulfoximine. The nature of the substituents [electron-donating 4-OMe (b) and
electron-withdrawing 4-F(c), 4-Br (d) and heterocyclic furan (e) in the a-keto acids and
electron donating 3-OMe (3) and electron-withdrawing 3-Cl (6) in the sulfoximine ring] or
their positions of attachments all provided moderate to good yields of their products (1b,
65%); (1c, 67%); (3c, 60%); (6¢, 53%); (1d, 71%); (3d, 61%); (6d, 45%); and (1e, 51%). The
2-(dimethylamino)-2-oxoacetic acid (f) were completely silent in giving the N-aroylated
product (1f).

The late-state synthesis of complex molecules is important in identifying the potential
drugs.'® To exemplify the practicality of our electrochemical approach, the NH-sulfoximine of
borneol (18), L-menthol (19), and D-glucose derivative (20) (Scheme VI.5) were all N-
acylated, giving their desired benzoylated derivatives (18a, 51%), (19a, 55%), and (20a,
42%), respectively. Further, NH-sulfoxamine of nonsteroidal anti-inflammatory drugs
flurbiprofen (21), and ibuprofen (22) all gave their desired benzoylated products (21a, 58%)
and (22a, 52%). The late-stage modification of compounds with sensitive groups underscores
the potential of our protocol in the realm of drug discovery.

Scheme VI1.6. Substrate scope of natural product 2
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®Reaction conditions: (i) 18-22 (0.5 mmol), a-keto acids (a) (1 mmol, 2.0 equiv.),
"BusNCIO4 (1.5 equiv.), K2COz (1 equiv.) in DCE (5 mL) utilizing a 10 mA constant current,

carbon rod (® 6 mm) as an anode, and platinum plate (10 mm x 10 mm x 0.3 mm) as a

cathode at room temperature under N2 atmosphere for 6 h in an undivided cell.

This electrochemical sulfoximidation primarily comprises a sequence of electron

transfer redox reactions. For comparative purposes, can another traditional oxidizing agent,

without any electrical current, promote oxidative cross-coupling? For this query, the coupling

between a-keto acid (a) and NH-sulfoximine (1) was conducted in the presence of various

oxidizing agents such as the K2S:0s, 12/TBHP, tetra-butylammonium iodide (TBAI)/ tetra-

butyl hydroperoxide (TBHP), pyridinium chlorochromate (PCC), cerium (IV) ammonium
nitrate (CAN), KMnOQOg4, and FeCls (Table VI.2). However, none of these chemical oxidants

effectively conduct the coupling reaction. Suggesting the importance of appropriate redox

potential needed to carry out this reaction (Table V1.2).

Table VI.2. Comparison with traditional methods 2
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o]
+ H< Traditional strategies O O
oA T Ho i kil
ST Ph” "N
o Me”"“Ph €O, 4 +H, A Ph
(@) (1 no clean fuel (1a)
Entry Conditions Yield®
(1a, %)
1 | K2S208 (2.0 equiv.), DCE (5mL), rt,6 h 0
2 | 12(50 mol %), TBHP (2.0 equiv.), DCE (5 mL), rt, 6 h 0
3 | TBAI (20 mol %), TBHP (2.0 equiv.), DCE (5mL), rt, 6 h 0
4 | PCC (2.0 equiv.), DCE (5mL), rt,6 h 0
5 | CAN (2.0 equiv.), DCE (5 mL), rt,6 h trace
6 | KMnOg4 (10 mol %), TBHP (2.0 equiv.), DCE (5 mL), rt,6 h 0
7 | FeCl3 (10 mol %), DCE (5 mL), rt, 6 h 0

@Reaction conditions: (i) (a) (1.0 mmol, 2.0 equiv.), (1) (0.5 mmol), traditional oxidant (x
mol%/ x equiv.), K2COs (1 equiv.), in DCE (5 mL) at room temperature under N2 atmosphere
for 6 h.

V1.4. Mechanistic Investigations

V1.4.1. Control Experiments

Some control experiments were performed to decipher the plausible mechanism. To
confirm the radical intermediacy, when a radical scavenging experiment was carried out using
TEMPO (2 equiv.) under the standard electrochemical condition, provided <15% of the
product of (1a) and the benzoyl radical TEMPO-adduct (u) could be isolated in 22% vyield
(Scheme V1.7). The identity and purity of the product were confirmed by NMR and HRMS
analysis (Figure V1.3), 'H NMR (Figure VI.4), and *C{1H} (Figure VI.5) analyses

suggesting the formation of benzoyl radicals during the reaction.
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o Me
Hoy o o ole
Ph)j\I(OH || .0 standard condition )L ,,g\ + )L N
I Ve~ Spn TEMPO (2equivy Ph~ Nl 'Me pp~~o- e
Me
(a) 1 (1a, <15 %)) (u, 22%)

(Detected by NMR & HRMS)
[M+H] = 262.1802 (cal.)
[M+H] = 262.1801 (obs.)

Scheme V1.7. Radical trapping experiments using TEMPO.
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Figure V1.3 HRMS spectra of benzoyl-radical trapped adduct (u)
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Figure V1.4 'H-NMR spectra of benzoyl-radical trapped adduct (u).
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Figure V1.5 **C{1H} NMR spectra of benzoyl-radical trapped adduct (u).

Similarly, the addition of BHT as a radical scavenger suppresses the reaction, giving
the product la in <15% yield along with the formation of BHT-sulfoxamine adduct (v)
(Scheme V1.8). The formation of the BHT-adduct was confirmed by HRMS analysis of the

reaction mixture (Figure V1.6).
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‘Bu

o]
Ph)kr(oH ) HE/,O standard con-ditio=n i js?\ . o \/@OH
5 Me”><pp,  BHT (2 equiv) Ph™ °N ll,hMe Ph\g,/N By
Me
(a) ) (1a, <15%) (v)

(Detected by HRMS)
[M+H] = 374.2148 (cal.)
[M+H] = 374.2149 (obs.)

Scheme V1.8. Radical trapping experiments with BHT

User Spectrum Plot Report i Agilent

106 [+EST Scan (1t: 0.356 min) Frag=140.0¢ TA-5-BHTRM.d

L5
145 Bu

14 OH

135 Ph \C\)/N

> 7 o

Me

1.2 1742149

1z [M+H] = 374.2148 (cal.)

L1y [M+H] = 374.2149 (obs.)

11
105

.
s

09
0.85

os
0.75

07
055

08
055
045

04 332223
0.35

03
025

0] 30zpast
015

0
005

A 1O VUSROSV TRPUROTIOTIOVPTY |90 P00 POV |1 VSRTTYOTIN | O lul. " “‘.|"" .|“ b l Iw

300 305 30 W[4 W5 W 5 MO M5 B0 B5 WO 5 0 5 W WS W0 M5 A0 A5 A0 415 D 45 40 4B M0 M
Counts vs. Massto-Charge (miz)
Page Lof 1 nerated ot 1443 on 18-01-2003

Figure VI1.6. HRMS spectrum of BHT-adduct (v)

There is a possibility that o-keto acid, under the electrochemical conditions, may
generate aldehyde (x) and carboxylic acid (y) as possible intermediates. To investigate this,
two independent reactions of NH-sulfoximine (1) with benzaldehyde (x) and benzoic acid (y)
were carried out under the present electrochemical conditions. However, none of these

reactions yielded the desired product (1a) (Scheme VI1.9).

o] H. o (S?
X + 120 standard condition N”| Me
Me” >
X=H (x), OH (y) (1a, N.D)

Scheme V1.9. Possible intermediate detection experiment
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When (a) was subjected to electrolysis under the standard conditions without (1),
benzil (1a") was isolated in 16% yield (Scheme VI1.10). These results indicate that an acyl
radical might be the key intermediate. If an acyl radical is obtained, there is a possibility of
CO: elimination via a single electron transfer (SET) process at the anode and generation of
hydrogen at the cathode.

o (o]
tandard diti Ph
Ph)]\n/OH standard condition Ph)j\[(
(o) (o]
(a) (1a', 16%)

Scheme V1.10. Possible intermediate detection experiment

To confirm the Hz liberation, time-dependent hydrogen production for the standard
electrochemical reaction between a-keto acid (a) and NH-sulfoximine (1) was monitored
every hour for up to 6 hours. For this, the evolved gas was syringed out at one-hour intervals
from the headspace of the reaction mixture and injected into the GC-MS instrument having an
Elite Plot-Q column. The GC chromatogram was recorded, and percent evaluation was
calculated (Figure VI1.7). The hydrogen production at the cathode reached a threshold value
within 4 hours. In the next two hours, the hydrogen production decreased. The quantity of
hydrogen production is dependent on the overall oxidation of both these substrates (a) and (1)

at the anode.

‘- Hydrogen Evolution(H,)

"H, Produced (umol)

1 2 3 4 5 6
Time (hours)

Figure V.7. Time-dependent evolution of hydrogen (Hz).
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After that, controlled potential electrolysis (bulk electrolysis) reactions were
performed under the standard reaction conditions of applying potential 1.5V, 2 V, and 2.5 V
(vs. Ag/AgCI) the reduced yield of (1a) was observed (Scheme VI.11).

i |-I‘N (o] 9
OH B
Ph)Hr . 120 E (vs. Ag/AgCI) Ph)LN/’? Me
o] Me” “Ph > bh

(a) (1) (E=1.5V, 1a, 12%)

(E= 2V, 1a, 35%)
(E= 2.5V, 1a, 17%)

Scheme V1.11. Controlled potential electrolysis experiment

To confirm the necessity of the positive voltage for the reaction, the following
experiments, cyclic voltammetry (CV), were conducted. One weak oxidative peak at Eox
~1.63 V (vs. Ag/AgCl in DCE) was observed in the presence of phenylglyoxalic acid (a). The
incremental concentrations of 10, 20, and 30 mM of K>COs resulted in the overlapping of all
these signals to a single peak and a continuous enhancement of the current. This phenomenon
suggests that the oxidation process becomes more facile in the presence of a base [Figure
V1.8, (A)].1% Similarly, the observed oxidation potential of sulfoximine was found to be at
Eox =3.12 V (vs. Ag/AgCl in DCE). Upon sequential addition of KoCOs3 at concentrations of
10, 20, and 30 mM to sulfoximine (1) causes a minimal alteration of the onset potential but a
substantial increase in the current. This outcome validates a robust interaction between K>COs
with (1) during the electrochemical oxidation process [Figure V1.8, (B)].}*¢ Moreover, to gain
deeper insights into the role of the base (K2COs) in the overall coupling reaction, a parallel
titration with K2COs (concentrations of 10, 20, and 30 mM) was carried out in the presence of
both substrates (a) and (1) [Figure V1.8, (C)]. Through CV measurements of the mixture, a
distinct peak emerged at Eox = 2.6V vs. Ag/AgCl in DCE. Notably, the current intensity and
peak position demonstrated a consistent augmentation with increasing concentrations of
K2>COs [Figure V1.8, (C)], indicative of an interaction between the base and the reactive
partners.19¢

Electrochemical studies were performed to gain further mechanistic insights into the
anodic processes. A parallel study of voltage over time was conducted to monitor the effective

potential applied to the working electrode during electrolysis under a 10 mA current. It was
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observed that the voltage remained around 1.25-2.75 V throughout the electrolytic process.

This voltage profile signifies an actively sustained electrolysis with a steady reaction rate,

demonstrating the stability and effectiveness of the process [Figure V1.8, (D)].*.
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Figure V1.8. Cyclic voltammetry studies. (A) Cyclic voltammograms of phenylglyoxalic
acid (a). (B) Cyclic voltammograms of sulfoximine (1). (C) Cyclic voltammograms of

phenylglyoxalic acid (a) and sulfoximine (1). (D) The relationship between time, yield, and
potential.

V1.4.2. Plausible Reaction Mechanism

Based on electrochemical studies, the results obtained from control experiments, and
previous literature'®?! reports, a mechanism for the N-acylated is proposed in Scheme V1.12.
Initially, base-mediated deprotonation of a-keto acid provided a-oxocarboxylate intermediate
(A). Then, anodic oxidation of a-oxocarboxylate (A) through a single electron transfer
followed by decarboxylation gives the benzoyl radical species (C).!3!' Meanwhile, in a
similar fashion, (1) was deprotonated to give its conjugate base (D), which provided the N-

centered sulfoximidoly radical (E)?° via anodic oxidation. Finally, the radical-radical cross-
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coupling between intermediate (C) and intermediate (E) affords the sulfoximidation product
(1a).2! At the cathode, two H* were reduced to evaluate hydrogen gas. Further, quantitative
analysis of hydrogen production is also illustrated with the help of the GC-TCD method.

Scheme VI1.12. Plausible mechanisms

& I -
-e” 9 K2 g
Ph—S- Me<_Ph 0 Ph)kn/ o choa ph)J\n/OH &
@) N (™) NH (B) Ph

-co,4 ¢ e
1]

Ph—S—Me ? —
1l ).

(E) N, Ph”  (C)

| radical-radical l Detected
cross [coupli .
jcoupling in GC-TCD 1y, } o
O O (Quantitative
. )LN”I‘T:_M" analysis) 12e cathode|
Ph ( Pt !

V1.5. Conclusion

In summary, we have established an operationally simple, efficient electrochemical
method for the N-acylation of sulfoximine that operates without the use of metal catalysts or
external oxidants. The mechanistic investigation reveals a cross-coupling reaction between in
situ generated benzoyl and sulfoximidoyl radicals take place. The present strategy renders a
streamlined synthesis of bio-relevant sulfoximine via late-stage functionalization, suggesting
good functional group compatibility. This approach produces H> and CO as the only by-
products which can serve as a clean energy source. This transformation possesses general and
scalable features that are expected to be utilized for wide-scale industrial and biological

applications.

V1.6. Experimental Section

V1.6.1. General information: All the reagents were commercial grade and purified
according to the established procedures. All the reagents were commercial grade and used
without further purification unless otherwise stated. Preparation of the starting materials was
carried out in an oven-dried 100 mL or 50 mL round bottom flask. Reactions were monitored
by thin layer chromatography (TLC) on 0.25 mm silica gel plates (60F2s4) and visualized
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under UV illumination at 254 nm. Organic extracts were dried over anhydrous sodium sulfate
(Na2S0s). Column chromatography was performed to purify the crude product on silica gel
60—120 mesh using a mixture of hexane and ethyl acetate as eluent. The isolated compounds
were characterized by spectroscopic [*H, *C{1H} NMR, and IR] techniques and HRMS
analysis. NMR spectra were recorded in deuterochloroform (CDCIs) or deuterated dimethyl
sulfoxide (DMSO-d®). 'H, *C{*H} were recorded in 600 (150) or 500 (125) MHz
spectrometer and were calibrated using tetramethylsilane or residual undeuterated solvent for
'H NMR, deuterochloroform for 3C NMR as an internal reference {Si(CHs)s: 0.00 ppm or
CHClI3: 7.260 ppm for 'H NMR, 77.230 ppm for **C NMR or (CH3),SO: 2.50 ppm for ‘H
NMR, 39.50 ppm for 3C NMR}. °F NMR was calibrated without any internal standard in
CDCIl3 and DMSO-d® in a 500 MHz spectrometer. The chemical shifts are quoted in ¢ units,
parts per million (ppm). *H NMR data is represented as follows: Chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet), integration and coupling
constant(s) J in hertz (Hz). High-resolution mass spectra (HRMS) were recorded on a mass
spectrometer using electrospray ionization-time of flight (ESI-TOF) reflection experiments.
FT-IR spectra were recorded in KBr or neat and reported in the absorption frequency (cm™1).
The instrument used for the electrolysis is a dual-display METRAVI RPS-6005/RPS-6002
adjustable 60V/5A DC Power Supply (Made in India). The anodic electrode was a carbon rod
(® 6 mm), and the cathodic electrode was a platinum plate (10 mm x10 mm x 0.3 mm). All
the reactions were carried out using an oven-dried three-neck cell under a nitrogen
atmosphere. IUPAC names were obtained using the ChemDraw Professional 16.0 software.

The a-keto Acids were purchased from BLD pharm.

V1.6.2. Crystallographic Information
(A)  Sample Preparation:

The single crystal of compound (8a) was prepared by the slow evaporation method,
for which 15 mg of the compound (8a) was dissolved in 1 mL of methanol in a clean and dry
10 mL glass vial. DCM (1 mL) was added to this solution slowly with a dropper. The mouth
of the glass vial was covered with a cap having a small hole and kept for slow evaporation at
room temperature. Crystals of (8a) were obtained as a transparent white needle-like shape

after 3 days.

165
TH-3414 176122011



Chapter VI

(B)  Crystallographic  Description  of  N-((3-fluorophenyl)(methyl)(oxo0)-  AS-
sulfaneylidene)benzamide (8a):

Diffraction data were collected at 292 K with MoKa radiation (A =0.71073 A) using a
Bruker Nonius SMART APEX CCD diffractometer equipped with graphite monochromator
and Apex CD camera. The SMART software was used for data collection for indexing the
reflections and determining the unit cell parameters. Data reduction and cell refinement were
performed using SAINT!? software, and the space groups of these crystals were determined
from systematic absences by XPREP and further justified by the refinement results. The
structures were solved by direct methods and refined by full-matrix least-squares calculations
using SHELXTL-97% software. All the non-H atoms were refined in the anisotropic
approximation against F2 of all reflections.
1. G. M. Sheldrick, SADABS, 1996, based on the method described in: R. H. Blessing, Acta

Crystallogr. 1995, A51, 33-38.

2. SMART and SAINT, Siemens Analytical X-ray Instruments Inc., Madison, W1, 1996.
3. G. M. Sheldrick, Acta Crystallogr., 2008, A64, 112-122.

CuH12FNO2S, crystal dimensions 0.32 x 0.22 x 0.20 mm, M, = 277.31, monoclinic,
space group P 21/n, a= 5.6814 (3), b= 24.1630 (13), c= 9.9621 (6) A, « =90, 5 = 93.063 (2), y
=90,V = 1365.64 (13) A3, Z = 4, peaca = 1.349 mg/m?, 1 = 0.245 mm, F(000) = 576.0,
refinement method = full-matrix least-squares on F?, final R indices [I > 25 (1)]: R1 = 0.0391 (
2310), wR2 = 0.0949 ( 2586), goodness of fit = 1.000. CCDC 2332707 for N-((3-
fluorophenyl)(methyl)(oxo)- AS-sulfaneylidene)benzamide (8a) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The

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

V1.6.3. General Procedure for the Synthesis of NH-Sulfoximines (1-22)

H

R1’S‘R2 NH,CO,NH, (1.5 equiv;) 12,/0
PIDA (2.3 equiv.) R?" 7 R!
MeOH, rt, 3 hours (1-22)

Scheme V1.13. Preparation of NH-sulfoximine derivatives
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In an oven-dried 50 mL round bottom flask, methylphenylsulfide (2 mmol, 1 equiv,
248 mg), ammonium carbamate (3 mmol, 1.5 equiv, 234 mg), and phenyliodo diacetate
(PIDA) (4.6 mmol, 2.3 equiv, 1.48 g) in 15 mL methanol are taken and stirred at room
temperature for 3 hours. After the disappearance of the sulfides, as indicated by TLC, the
reaction was stopped, and the solvent was evaporated under reduced pressure. Then, the
mixture was admixed with ethyl acetate (40 mL), and the organic layer was washed with
brine (1 x 20 mL). The organic layer was dried over anhydrous Na>SQOj4, and the solvent was
evaporated under reduced pressure. The compound was purified by column chromatography
and separated in 80% of EtOAc in hexane to produce S-phenyl-S-methyl-sulfoximine (1) in
242 mg, 78% vyield (Scheme V1.13).

V1.6.4. General Procedure for the Synthesis of N-(Methyl(oxo)(phenyl)-A®-

sulfaneylidene)benzamide (1a) from a-Keto acid (a) and NH-Sulfoximine (1)

C(+)|Pt(-) 0

o
N . u-
OH lé,/o "BuyNCIO, (1.5 equwi N’/S Me ., H, ? + CO, T
Me” K,CO; (1 equiv.), DCE clean fuel
o detected in GC-TCD

10 mA, rt, 6 h, N,
(a) 1) (1a)

Scheme V1.14. Synthesis of N-(methyl(oxo)(phenyl)-A8-sulfaneylidene)benzamide (1a)

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar,
was added phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv), tetrabutylammonium
perchlorate ("BusNCIlOs) (256.43 mg, 0.75 mmol, 1.5 equiv) and potassium carbonate
(K2CO3) (69.10 mg, 0.5 mmol, 1.0 equiv). Then the flask was equipped with the graphite rod
(® 6 mm; immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm
x10 mm x 0.3 mm) as the cathode maintaining a distance of 6 mm between the electrodes
and was flushed with nitrogen (N2). Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-
Dichloroethane (DCE) (5 mL) was added via a syringe under nitrogen atmosphere. The
reaction mixture was stirred and electrolyzed at a constant current of 10 mA at room
temperature for 6 hours. After completion of the reaction (monitored by TLC analysis), the
solvent was removed in vacuum, the mixture was admixed with ethyl acetate (25 mL), and

the organic layer was washed with brine (1 x 10 mL). The organic layer was dried over
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anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The crude
product was purified over a column of silica gel using 25% ethyl acetate in hexane to afford
the N-(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) in 65% yield (84.1 mg)
(Scheme 1V.14). The identity and purity of the product were confirmed by spectroscopic

analysis.

Reaction Set-up:
For the electrolysis, an undivided three-neck cell (50 mL) three white silicone rubber
septa, a teflon-coated magnetic bar, a carbon rod (& 6 mm) as an anode, a platinum plate (10
mm x 10 mm x 0.3 mm) as a cathode and a dual display METRAVI RPS-6005/RPS-6002
adjustable 60V/2A DC and Gamry (interface 1010T) power supply was used (Figure V1.9).

Figure V1.9. Electrochemical reaction set-up

V1.6.5. General Procedure for 10 mmol Scale Reaction

To an oven-dried undivided two-necked flask (100 mL) equipped with a magnetic
bar, was added phenylglyoxylic acid (a) (3.00 g, 20 mmol), and tetrabutylammonium
perchlorate ("BusNCIO4) (5128.65 mg, 15.0 mmol, 15 equiv) and potassium
carbonate(K>COs3) (1.38 g, 10.0 mmol, 1.0 equiv). Then, the flask was equipped with the
graphite rod (® 6 mm; immersion depth in solution about 15 mm) as the anode, the platinum
plate (10 mm x10 mm x 0.3 mm) as the cathode maintaining a distance of 6 mm between the

electrodes and was flushed with nitrogen (N2). Then, sulfoximine (1) (1.55 g, 10 mmol) in
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1,2-Dichloroethane (DCE) (50 mL) was added via a syringe under N2 atmosphere. The
reaction mixture was stirred and electrolyzed at a constant current of 10 mA at room
temperature for 15 hours. After completion of the reaction (monitored by TLC analysis), the
solvent was removed in a vacuum, the mixture was admixed with ethyl acetate (100 mL), and
the organic layer was washed with brine (1 x 50 mL). The organic layer was dried over
anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The crude
product was purified over a column of silica gel using increasing 25% ethyl acetate in hexane
to afford the N-(methyl(oxo)(phenyl)-A%-sulfaneylidene)benzamide (1a) in 45% vyield (1.16

g). The identity and purity of the product were confirmed by spectroscopic analysis.

V1.6.6. Mechanistic Investigations
Radical-trapping Experiments

(i)  To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar

was added phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv), tetrabutylammonium
perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv), potassium carbonate(K2COs3)
(69.10 mg, 0.5 mmol, 1.0 equiv) and (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (156
mg, 1.0 mmol, 2 equiv). Then, the flask was equipped with the graphite rod (® 6 mm,;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm x
0.3 mm) as the cathode maintaining a distance of 6 mm between the electrodes and was
flushed with nitrogen. Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane
(DCE) (5 mL) was added via a syringe under a nitrogen atmosphere. The reaction mixture
was stirred and electrolyzed at a constant current of 10 mA under room temperature for 6 h.
After completion of the reaction (monitored by TLC analysis), the solvent was removed in
vacuum, the mixture was admixed with ethyl acetate (25 mL), and the organic layer was
washed with brine (10 mL). The organic layer was dried over anhydrous Na>SOs, and the
solvent was evaporated under reduced pressure. The crude product obtained was purified over
a column of silica gel using 10% ethyl acetate in hexane to afford the TEMPO-adduct,
2,2,6,6-tetramethylpiperidin-1-yl benzoate (u) in 22% yield (28.7 mg) and <15% vyield of N-
(methyl(oxo)(phenyl)-A5-sulfaneylidene)benzamide (1a).
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(i)  To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv), tetrabutylammonium
perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv), potassium carbonate (K2COs)
(69.10 mg, 0.5 mmol, 1.0 equiv) and butylated hydroxytoluene (BHT) (220 mg, 1.0 mmol, 2
equiv). Then, the flask was equipped with the graphite rod (® 6 mm; immersion depth in
solution about 15 mm) as the anode, the platinum plate (10 mm x10 mm x 0.3 mm) as the
cathode maintaining a distance of 6 mm between the electrodes and was flushed with
nitrogen. Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane (DCE) (5 mL)
was added via a syringe under a nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 6 h. After completion
of the reaction (monitored by TLC analysis), the solvent was removed in vacuum, the mixture
was admixed with ethyl acetate (25 mL), and the organic layer was washed with brine (10
mL). The organic layer was dried over anhydrous Na>SOs, and the solvent was evaporated
under reduced pressure. The crude product obtained was purified over a column of silica gel
using 20% ethyl acetate in hexane to afford N-(methyl(oxo)(phenyl)-A%-
sulfaneylidene)benzamide (1a) in <15% vyield.

Intermediate Detection Experiments

m Reaction with benzaldehyde

H
(o) ~ ll
IZ” tandard diti //ST
H Me” \© standard con ||on

(x) M (1a, N.D)

Scheme V.15. Experiments with benzaldehyde

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added tetrabutylammonium perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv)
and potassium carbonate(K>CO3z) (69.10 mg, 0.5 mmol, 1.0 equiv). Then the flask was
equipped with the graphite rod (® 6 mm; immersion depth in solution about 15 mm) as the
anode, the platinum plate (10 mm x 10 mm x 0.3 mm) as the cathode, maintaining a distance

of 6 mm between the electrodes and was flushed with nitrogen. Then benzaldehyde (x) (106
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mg, 1 mmol, 2 equiv), and then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane
(DCE) (5 mL) were added via a syringe under nitrogen atmosphere. The reaction mixture was
stirred and electrolyzed at a constant current of 10 mA under room temperature for 6 h. The
formation of N-(methyl(oxo)(phenyl)-A°-sulfaneylidene)benzamide (1a) was not detected

(Scheme V1.15), which suggested that aldehyde is not the intermediate of this reaction.

(I1)  Reaction with benzoic acid
H. 0

9
N
lé/’o standard condition N’/S\Me
OH ., Mme” \© » @

v) M (1a,N.D)
Scheme V.16. Experiment with benzoic acid

To an oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar
was added benzoic acid (y) (122 mg, 1 mmol, 2 equiv) and tetrabutylammonium perchlorate
("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv) and potassium carbonate(K2COs3) (69.10 mg,
0.5 mmol, 1.0 equiv). Then the flask was equipped with the graphite rod (® 6 mm; immersion
depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10 mm x 0.3 mm)
as the cathode maintaining a distance of 6 mm between the electrodes and was flushed with
nitrogen. Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane (DCE) (5 mL)
was added via a syringe under a nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature for 6 h. The formation of
N-(methyl(oxo)(phenyl)-A°-sulfaneylidene)benzamide (1a) was not detected (Scheme VI.16),
which suggested that benzoic acid is not the intermediate of this reaction.

Controlled Potential Electrolysis

The controlled potential electrolysis was performed under standard conditions. To an
oven-dried undivided three-necked flask (50 mL) equipped with a magnetic bar, was added
phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv), and tetrabutylammonium
perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv), potassium carbonate(K2COs)
(69.10 mg, 0.5 mmol, 1.0 equiv). Then the flask was equipped with the graphite rod (® 6 mm;
immersion depth in solution about 15 mm) as the anode, the platinum plate (10 mm x 10 mm
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x 0.3 mm) as the cathode maintaining a distance of 6 mm between the electrodes and
Ag/AgCI as the reference electrode, flushed with nitrogen (N2). Then sulfoximine (1) (77.61
mg, 0.5 mmol) in 1,2-Dichloroethane (DCE) (10 mL) was added via a syringe under a
nitrogen atmosphere. The reaction mixture was stirred and electrolyzed at a different constant
voltage (1.5 V, 2.0 V, 2.5 V) under room temperature, and the reduced yield of (1a) was

observed.

V1.6.7. H2 Gas Production Measurement During Electrolysis

A time-dependent hydrogen production electrolysis experiment was conducted under
standard conditions using phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv),
tetrabutylammonium perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv), potassium
carbonate (K>COz) (69.10 mg, 0.5 mmol, 1.0 equiv). The flask was equipped with the
graphite rod (® 6 mm) as the anode, the platinum plate (10 mm X 10 mm X% 0.3 mm) as the
cathode maintaining a distance of 6 mm between the electrodes, and was flushed with
nitrogen. Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane (DCE) (5 mL)
was added via a syringe under a nitrogen atmosphere. The reaction mixture was stirred and
electrolyzed at a constant current of 10 mA under room temperature and was monitored for
up to 6 hours (Scheme V1.17). After every hour, the evolved gas was syringed out from the
headspace of the reaction mixture and injected into the PerkinElmer clarus-590 GC
instrument using Elite Plot-Q column (30 m length x 530 um x 20 um ID) employing the
following method. Then, the GC chromatogram was recorded and percent evaluation was

calculated.

o) H. C(+)[Pt(-) ]

o}
N |
oH 1,0 "Bu,NCIO, (1.5 equiv.) NS Me 4 H, 4+ coyt
I Me” \@ DCE, K,CO; (1 equiv.) @

10 mA, rt, 6 h, N,
(a) (1) (1a)

Scheme V1.17. Time-dependent hydrogen production reaction

TCD starting temperature: 40 °C
Oven temperature: 60 °C

Time at starting temperature: 0 min
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Hold time: 5 min Ramp: 28 °C/ min up to 200 °C
Flow rate: 5 ml/ min (N2)

Split ratio: 20

Inlet temperature: 40 °C

Detector temperature TCD: 200 °C

The detected gas chromatogram is shown in Figure VI1.10.

Result File : D:\GC Data\TIPU DA\H2-3.rst
Sequence File : D:\GC Data\H2-3.seq

189

40—
£ w3
2 5 J
= L\JL
E A N\ >
H\I[!\\\‘llll‘\\1[{\\[\|[II\‘[\\[|ll\\‘\l\‘(\1||
05 1.0 15 20 25 30 35 4.0 45
Time [min]
IIT Guwahati Chemistry Dept.
Peak Component Time Area Height  Area
# Name [min] [uV*sec] [uV] [%]
1 1.803 114555.04 34079.91 63.04
2 1.833 67155.08 32390.80 36.96

181710.12 66470.71 100.00

Figure VI1.10. A representative chromatogram of evolved hydrogen gas during electrolysis

The hydrogen production from the cathode reached a threshold value within 4 hours. In the
next two hours, the hydrogen production decreased. The quantity of hydrogen production

depends on the overall oxidation of both these reacting partners (a) and (1) at the anode.

V1.6.8. Cyclic Voltammetry (CV) Experiments
Cyclic voltammetry experiments were performed using a Gamry instrument in a three-

electrode cell connected to an undivided three-necked bottle with a stir bar under a nitrogen
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atmosphere at room temperature. The working electrode was a glassy carbon electrode, and

the counter electrode was a platinum wire. The reference was an Ag/AgCl electrode.

Q) Cyclic Voltammetry Studies of Phenylglyoxylic Acid (a) to Explore the
Reaction at the Anode
Test conditions: A cyclic voltammograms in solvent (5 mL) using glassy carbon as
the working electrode, Pt wire as the counter electrode, and Ag/AgCl as the reference
electrode under N2 atm. at room temperature (Figure VV1.11). The scan rate was 0.1 V/s.
Black line: 5 mL DCE and TBACIO4 (0.1 M).
Red line: 10 mM phenylglyoxalic acid (a) with 5 mL DCE solvent. The three oxidation peaks
for (a) were observed at 1.63 V (vs Ag/AgCl).
Blue line to . A stepwise addition of 10, 20, and 30 mM of K>COs resulted in the
overlapping of all the signals to a single peak and a continuous enhancement of the current.
This phenomenon suggests that the oxidation process becomes more facile in the

presence of a base.

0.0005
Background, DCE
1 ——Phenylglyoxalic acid (a), DCE
0.0004 - a+ 10 mM K,CO4

a+20mM K2003
a +30 mM K,CO4

0.0 0.5 1.0 1.5 2.0
Potential/V (vs Ag/AgCl)

Figure V.11. Cyclic voltammograms of phenylglyoxalic acid (a)
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Q) Cyclic Voltammetry Studies of Sulfoximine (1) to Explore the Reaction at the
Anode:

Test conditions: A cyclic voltammograms in solvent (5 mL) using glassy carbon as
the working electrode, Pt wire as the counter electrode, and Ag/AgCl as the reference
electrode under N2 atm. at room temperature (Figure VV1.12). The scan rate is 0.1 V/s.

Black line: 5 mL DCE and TBACIO4 (0.1 M).

Red line: 10 mM Sulfoximine (1) with 5 mL DCE solvent. The oxidation peaks of (1) were
observed at 3.12 V (vs Ag/AgCl).

Upon sequential addition of K2COs 10, 20, and 30 mM to sulfoximine (1), causes a negligible
shift in the onset potential but a substantial increase in the current.

This outcome validates a robust interaction between K>COs with (1) during the
electrochemical oxidation process.

0.0006
| ——Background, DCE
i Sulfoximine (1), DCE
0.0005 ] 1+10 mM K2CO3
0.0004 - 1+20 mM K2C03
- 1+ 30 mM K5CO3
< 0.0003 -
T ]
()
£ 0.0002-
=
o 4
0.0001
0.0000
-0.0001
0 1 2 3 4
Potential/V (vs Ag/AgCl)
Figure V.12. Cyclic voltammograms of sulfoximine (1)
(i) Cyclic Voltammetry Studies of Mixture of Phenylglyoxylic Acid (a) and

Sulfoximine (1) to Explore the Reaction at the Anode:
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Test conditions: A cyclic voltammograms in solvent (5 mL) by using glassy carbon as the
working electrode, Pt wire as the counter electrode, and Ag/AgCl as the reference electrode

under N2 atm. at room temperature (Figure V1.13). The scan rate is 0.1 V/s.

Black line: 5 mL DCE and TBACIO4 (0.1 M).

Red Line to . A similar titration with K2CO3 (10, 20, and 30 mM) was performed
in the presence of both the substrates (a) and (1). The CV measurements of the mixture show
a new peak at 2.6V vs. Ag/AgCI. The current and peak positions virtually increase with an
increase in the concentration of K>CO:s.

Suggesting a strong association of base with both the reacting partners.

0.0008
| ——Background, DCE
0.0007 - a+1
a+1+10mM K2C03
0.0006 a+1+20 mMKy,CO3

0 1 2 3 4
Potential/V (vs Ag/AgCl)

Figure V.13. Cyclic voltammograms of phenylglyoxylic acid (a) and sulfoximine (1)

Work Potential During Electrolysis

To monitor the effective potential applied to the working electrode during electrolysis
under a 10 mA current, a parallel study of voltage over time was conducted under standard
conditions (Scheme S8). To an oven-dried undivided three-necked flask (50 mL) equipped
with a magnetic bar, was added phenylglyoxylic acid (a) (150.13 mg, 1 mmol, 2.0 equiv),
and tetrabutylammonium perchlorate ("BusNCIO4) (256.43 mg, 0.75 mmol, 1.5 equiv),
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potassium carbonate(K>CO3) (69.10 mg, 0.5 mmol, 1.0 equiv). Then the flask was equipped
with the graphite rod (® 6 mm; immersion depth in solution about 15 mm) as the anode, the
platinum plate (10 mm x 10 mm x 0.3 mm) as the cathode maintaining a distance of 6 mm
between the electrodes and Ag/AgCI as the reference electrode, flushed with nitrogen (N2).
Then sulfoximine (1) (77.61 mg, 0.5 mmol) in 1,2-Dichloroethane (DCE) (10 mL) was added
via a syringe under a nitrogen atmosphere. The reaction mixture was stirred and electrolyzed
at a constant current of 10 mA under room temperature. The anodic working potential was
measured every 5 minutes. In addition, the yield of (1a) was measured every 1 hour.
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V1.8. Spectral Data
N-(Methyl(oxo)(phenyl)- 28-sulfaneylidene)benzamide (1a):

(¢}
I

o

_S.
N’f Me

Yield: 65% (84 mg) as a white solid; Purified over a column of
silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.17 (d, 2H, J = 6.0 Hz), 8.07 (d, 2H, J = 6.0 Hz), 7.67 (t, 1H, J =
9.0 Hz), 7.62 (t, 2H, J = 6.0 Hz), 7.51 (t, 1H, J = 9.0 Hz), 7.42 (t,
2H, J = 6.0 Hz), 3.47 (s, 3H); 3C{1H} NMR (CDCls, 150 MHz): ¢
174.5, 139.2, 135.8, 134.0, 132.4, 129.9, 129.6, 128.3, 127.4, 44.6.

N-((4-methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (2a):

o
S

)

o)
1]

©)LN :‘Me

Me

Yield: 50% (72.2 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.18-8.15 (m, 2H), 7.62—7.56 (m, 2H), 7.53—-7.48 (m, 2H), 7.41 (t,
2H, J = 8.0 Hz), 7.20-7.17 (m, 1H), 3.88 (s, 3H), 3.45 (s, 3H);
BC{*H} NMR (CDCls, 100 MHz): § 174.5, 160.5, 140.4, 135.8,
132.4,130.9, 129.6, 128.2, 120.2, 119.3, 112.2, 55.9, 44.6.

N-((3-methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (3a):

(¢}

MeO

(o]
I

o

~

Yield: 48% (69.3 mg) as a white gummy solid; Purified over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
MHz): § 8.16 (d, 2H, J = 6 Hz), 7.60 (d, 1H, J = 12 Hz), 7.57 (t, 1H,
J =3 Hz), 7.52-7.49 (m, 2H), 7.41 (t, 2H, J = 6 Hz), 7.20-7.18 (m,
1H), 3.88 (s, 3H), 3.45 (s, 3H); *C{*H} NMR (CDCls, 150 MHz): 6
174.5, 160.5, 140.4, 135.7, 132.4, 130.9, 129.6, 128.2, 120.2, 119.3,
112.2,55.9, 44.6.

N-(methyl(oxo)(p-tolyl)- A8-sulfaneylidene)benzamide (4a):

(o) (o]
"
.S
N’: Me
Me

Yield: 62% (84.6 mg) as a white solid; Purified over a column of
silica gel (25% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.18-8.16 (m, 2H), 7.93 (d, 2H, J = 8.0 Hz), 7.53-7.48 (m, 1H),
7.41 (t, 4H, J = 6.0 Hz), 3.45 (s, 3H), 2.46 (s, 3H); *C{*H} NMR
(CDClz, 100 MHz): § 174.4, 145.1, 136.1, 135.9, 132.3, 130.5,
129.6, 128.2, 127.4, 44.7.

N-(methyl(oxo)(o-tolyl)- A8-sulfaneylidene)benzamide (5a):

TH-3414 176122011

181



Chapter VI

Yield: 55% (75 mg) as a white solid; Purified over a column of
silica gel (25% EtOAc in hexane); *H NMR (CDCls, 400 MHz): ¢
8.18-8.13 (m, 3H), 7.54-7.44 (m, 3H), 7.43-7.34 (m, 3H), 3.47 (s,
3H), 2.69 (s, 3H); ¥C{'H} NMR (CDCl;, 100 MHz): § 174.1,
137.13, 137.10, 135.7, 133.9, 133.4, 132.3, 129.6, 129.4, 128.2,
127.3, 43.4, 20.7.

N-((3-chlorophenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (6a):

Yield: 44% (64.5 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.15 (d, 2H, J = 6 Hz), 8.04 (s, 1H), 7.93 (d, 1H, J = 6. 0 Hz), 7.65
(d, 1H, J = 12. 0 Hz), 7.57-7.51 (m, 2H), 7.42 (t, 2H, J = 9. 0 Hz),
3.46 (s, 3H); BC{'H} NMR (CDCls, 150 MHz): ¢ 174.4, 141.0,
136.2, 135.4, 134.2, 132.6, 131.2, 129.7, 128.3, 127.5, 125.5, 44.6.

N-((4-chlorophenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (7a):

* 4
_S.

©)LN/: Me
Cl

Yield: 60% (88 mg) as a white solid; Purified over a column of
silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.14 (d, 2H, J = 6.0 Hz), 7.98 (d, 2H, J = 12.0 Hz), 7.58 (d, 2H, J =
6.0 Hz), 7.52 (t, 1H, J = 9.0 Hz), 7.41 (t, 2H, J = 9.0 Hz), 3.45 (s,
3H); BC{'H} NMR (CDCls;, 150 MHz): 6 174.4, 140.8, 137.6,
135.4,132.5, 130.2, 129.6, 128.9, 128.3, 44.6.

N-((3-fluorophenyl)(methyl)(oxo)- A%-sulfaneylidene)benzamide (8a):

F

Yield: 51% (70.6 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 400 MHz): 6
8.17-8.15 (m, 2H), 7.87-7.84 (m, 1H), 7.79-7.76 (m, 1H),
7.64—7.59 (m, 1H), 7.55-7.50 (m, 1H), 7.44-7.37 (m, 3H), 3.47 (s,
3H); C{*H} NMR (CDCls, 100 MHz): § 174.7, 162.8 (d, J = 235
Hz), 140.8 (d, J = 135 Hz), 135.5, 132.6, 131.8 (d, J = 60 Hz),
129.7,128.3, 123.2, 121.3, 115.0 (d, J = 25 Hz), 44.5.

N-(isopropyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (9a):

o

TH-3414 176122011

Yield: 45% (64.5 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
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8.18 (d, 2H, J = 6.0 Hz), 7.93 (d, 2H, J = 6 Hz), 7.66 (t, 1H, J = 9.0
Hz), 7.58 (t, 2H, J =9 Hz), 7.50 (t, 1H, J=9 Hz), 7.41 (t, 2H, J =6
Hz), 3.79-7.72 (m, 1H), 1.47 (d, 3H, J = 6 Hz), 1.32 (d, 3H, J = 6
Hz); C{'H} NMR (CDCls, 150 MHz): § 174.3, 136.1, 134.8,
133.8, 132.2, 129.6, 129.0, 128.2, 56.5, 15.9, 15.5.
N-((4-Methylbenzyl)(oxo)(phenyl)- 4%-sulfaneylidene)benzamide (10a):

o o Me Yield: 65% (113.4 mg) as a white solid; Purified over a
O)ng\/@ column of silica gel (25% EtOAc in hexane); 'H NMR
@ (CDCl3, 400 MHz): 6 8.19-8.17 (m, 2H), 7.73-7.70 (m, 2H),
7.65-7.61 (m, 1H), 7.52-7.41 (m, 5H), 7.01 (d, 2H, J = 8 Hz),
6.89 (d, 2H, J = 8 Hz), 4.91 (d, 1H, J = 16 Hz), 4.82 (d, 1H, J
= 16 Hz), 2.29 (s, 3H); *C{*H} NMR (CDCls, 100 MHz): 6
174.8, 139.4, 135.9, 133.9, 132.3, 131.3, 129.7, 129.5, 129.3,
128.8, 128.2, 124.4, 62.2, 21.4.
N-(methyl(naphthalen-2-yl)(oxo)- A%-sulfaneylidene)benzamide (11a):

S o Yield: 50% (77.3 mg) as a white gummy solid; Purified over a
©)LN’IIS|‘M6 column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600
O MHz): 6 8.66 (s, 1H), 8.20 (d, 2H, J = 12.0 Hz), 8.03 (t, 2H, J = 9.0
O Hz), 7.95 (t, 2H, J = 12.0 Hz), 7.69 (t, 1H, J = 9.0 Hz), 7.64 (t, 1H, J
= 9.0 Hz), 7.52 (t, 1H, J = 6.0 Hz), 7.42 (t, 2H, J = 9.0 Hz), 3.53 (s,
3H); BC{*H} NMR (CDCls, 150 MHz): § 174.5, 135.9, 135.8,
135.5, 132.5, 132.4, 130.3, 129.65, 129.63, 129.4, 128.21, 128.10,
121.7, 44.6.
N-(Methyl(oxo)(thiophen-2-yl)- A8-sulfaneylidene)benzamide (12a):
o o s Yield: 58% (76.8 mg) as a white solid; Purified over a column
©)LN¢3:@ of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): §
8.17-8.16 (m, 2H), 7.87-7.86 (m, 1H), 7.77-7.76 (m,
1H),7.53-7.51 (m, 1H), 7.42 (t, 2H, J = 9.0 Hz), 7.21-7.19 (m, 1H),
3.64 (s, 3H); B¥C{*H} NMR (CDCls, 150 MHz): § 174.3, 139.8,
135.5, 134.8, 133.9, 132.5, 129.6, 128.5, 128.3, 46.1.
N-(5-Oxido-5 4*-dibenzo[b,d]thiophen-5-ylidene)benzamide (13a):
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Methyl
(14a):

9
bt

BocHN CO,Me

Yield: 51% (89.5 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): ¢
8.34 (d, 2H, J = 6.0 Hz), 8.12 (d, 2H, J = 6.0 Hz), 7.86 (d, 2H, J =
6.0 Hz), 7.71 (t, 2H, J = 6.0 Hz), 7.60 (t, 2H, J = 6.0 Hz), 7.48 (t,
1H, J = 9.0 Hz), 7.37 (t, 2H, J = 6.0 Hz); BC{*H} NMR (CDCls,
150 MHz): 6 175.3, 137.4, 135.2, 134.6, 133.3, 132.5, 130.9, 129.8,
128.2, 125.8, 121.9.

4-(N-benzoyl-S-methylsulfonimidoyl)-2-((tert-butoxycarbonyl)amino)butanoate

Yield: 21% (41.8 mg) as a white gummy solid; Purified over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 400
MHz): § 8.11 (d, 2H, J = 8.0 Hz), 7.50 (t, 1H, J = 6.0 Hz), 7.40 (t,
2H, J = 8.0 Hz), 5.27 (s, 1H), 4.45 (s, 1H), 3.77 (s, 3H), 3.68-3.53
(m, 2H), 3.37 (d, 3H, J = 4.0 Hz), 2.54-2.47 (m, 1H), 2.29-2.20 (m,
1H), 1.44 (d, 9H, J = 4.0 Hz) ; 3C{*H} NMR (CDCls, 100 MHz): &
174.2, 171.7, 135.5, 132.4, 129.54, 129.52, 128.3, 80.9, 53.1, 52.2,
50.7, 40.1, 40.0, 28.5, 25.6.

4-Methoxy-N-(methyl(oxo)(phenyl)- 46-sulfaneylidene)benzamide (1b):

o
1l

-,

0
MeO :

S
NT Me

Yield: 65% (94 mg) as a white solid; Purified over a
column of silica gel (25% EtOAc in hexane); *H NMR (CDCls,
600 MHz): 6 8.13 (d, 2H, J = 6.0 Hz), 8.05 (d, 2H, J = 6.0 Hz),

7.68 (t, 1H, J = 6.0 Hz), 7.61 (t, 2H, J = 6.0 Hz), 6.90 (d, 2H, J
= 12.0 Hz), 3.85 (s, 3H). 3.45 (s, 3H); *C{*H} NMR (CDCls,
150 MHz): 6 174.0, 163.1, 139.4, 133.9, 131.7, 129.8, 128.4,
127.4,113.4, 55.6, 44.6.

4-Fluoro-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1c):

o9
-S.
N“| Me

TH-3414 176122011

Yield: 67% (92.8 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.19-8.16 (m, 2H), 8.05 (d, 2H, J = 12.0 Hz), 7.70 (t, 1H, J = 6.0
Hz), 7.63 (t, 2H, J = 9.0 Hz), 7.07 (t, 2H, J = 9.0 Hz), 3.47 (s, 3H);
13C{*H} NMR (CDCls, 150 MHz): 6 173.4, 165.6 (d, J = 250.5 Hz),
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139.1, 134.1, 132.1 (d, J = 9.0 Hz), 127.3, 115.2 (d, J = 22.5 Hz),
44.6. °F NMR (CDCls, 471 MHz): 6 —~107.5 (s).

4-Fluoro-N-((3-methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (3c):

o
1l
O)LN,,
F

(o)

S\
Me
(0]

Me

Yield: 60% (92.1 mg) as a white solid; Purified over a
column of silica gel (35% EtOAc in hexane); *H NMR (CDCls,
600 MHz): ¢ 8.18-8.16 (m, 2H), 7.59 (d, 1H, J = 12.0 Hz), 7.55

(s, 1H), 7.51 (t, 1H, J = 6.0 Hz), 7.20 (d, 1H, J = 6.0 Hz), 7.07 (¢,
2H, J = 9.0 Hz), 3.89 (s, 3H), 3.45 (s, 3H); ®C{H} NMR
(CDCls, 150 MHz): 6 173.4, 165.6 (d, J = 250.5 Hz), 160.6,
140.2, 132.1(d, J = 9.0 Hz), 131.0, 120.3, 119.2 115.2 (d, J =
21.0 Hz), 112.2, 56.0, 44.6. °F NMR (CDCls, 471 MHz): ¢
~107.6 (s); IR (KBr, cm™): 3043, 2932, 1616, 1456, 1272, 732;
HRMS (ESI/Q-TOF) (m/z) calcd for CisHisFNOsS, [M + HJ*:
308.0751, found 308.0748.

N-((3-Chlorophenyl)(methyl)(oxo)- 4%-sulfaneylidene)-4-fluorobenzamide (6c):

Yield: 53% (82.4 mg) as a white solid; Purified over a column
of silica gel (35% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.18-8.14 (m, 2H), 8.02 (s, 1H), 7.92 (d, 1H, J = 6.0 Hz), 7.66 (d,
1H, J =12.0 Hz), 7.57 (t, 1H, J = 9.0 Hz), 7.08 (t, 2H, J = 9.0 H2),
3.45 (s, 3H); *C{*H} NMR (CDCls, 150 MHz): § 173.3, 165.7 (d, J
=252 Hz), 140.9, 136.2, 134.3, 132.2 (d, J =9.0 Hz), 131.6 (d, J =3
Hz), 131.2, 127.5, 125.5, 115.3 (d, J = 22.5 Hz), 44.6; °F NMR
(CDCls, 471 MHz): 6 —107.1 (s). IR (KBr, cm™): 3036, 2930, 1590,
1419, 1105, 780; HRMS (ESI/Q-TOF) (m/z) calcd for
C14H12CIFNO2S, [M + H]": 312.0256, found 312.0251.

4-Bromo-N-(methyl(oxo)(phenyl)- 28-sulfaneylidene)benzamide (1d):

(o)

Br

o
Il

.S

N’rMe

TH-3414 176122011

Yield: 71% (120 mg) as a white solid; Purified over a column
of silica gel (30% EtOAc in hexane); *H NMR (CDCls, 600 MHz):
5, 8.05-8.02 (m, 4H), 7.70 (t, 1H, J = 9.0 Hz), 7.63 (t, 2H, J = 6.0
Hz), 7.54 (d, 2H, J = 6.0 Hz), 3.47 (s, 3H); 3C{*H} NMR (CDCls,
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150 MHz): 6 173.6, 138.9, 134.7, 134.2, 131.5, 131.3, 129.9, 127.4,
127.3, 44.6.
4-Bromo-N-((3-methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (3d):

o 9
-S.
N”7| Me
Br ©\
OMe

Yield: 61% (112.3 mg) as a white solid; Purified over a
column of silica gel (35% EtOAc in hexane); 'H NMR
(CDCls, 600 MHz): ¢ 8.02 (d, 2H, J = 12.0 Hz), 7.58 (d, 1H, J
= 6.0 Hz), 7.55-7.50 (m, 4H), 7.20 (dd, 1H, J = 6.0 Hz), 3.89
(s, 3H), 3.45 (s, 3H); BC{*H} NMR (CDCls, 150 MHz): 6
173.6, 160.6, 140.1, 134.7, 131.5, 131.3, 131.0, 127.4, 120.3,
119.2, 112.2, 56.0, 44.6; IR (KBr, cm™): 3032, 2918, 1615,
1352, 1096, 773; HRMS (ESI/Q-TOF) (m/z) calcd for
C15H1sBrNOsS, [M + H]": 367.9951, found 367.9953.

4-Bromo-N-((3-chlorophenyl)(methyl)(oxo)- A%-sulfaneylidene)benzamide (6d):

Yield: 45% (83.7 mg) as a white solid; Purified over a
column of silica gel (35% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): ¢ 8.01 (d, 3H, J = 12.0 Hz), 7.92 (d, 1H,
J =12.0 Hz), 7.67 (d, 1H, J = 6.0 Hz), 7.58-7.55 (m, 3H),
3.46 (s, 3H); BC{'*H} NMR (CDCls, 150 MHz): J 173.5,
140.8, 136.3, 134.3, 131.6, 131.3, 131.2, 127.6, 127.5, 125.5,
44.6; IR (KBr, cm™): 3033, 2932, 1606, 1186, 911, 742;
HRMS (ESI/Q-TOF) (m/z) calcd for C14H12BrCINO:S, [M +
H]*: 371.9455, found 371.9459.

N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)furan-2-carboxamide (1e):

T 9
-S.
= N“| Me

TH-3414 176122011

Yield: 51% (63.5 mg) as a white solid; Purified over a
column of silica gel (25% EtOAc in hexane); *H NMR
(CDCls, 400 MHz): § 8.06-8.03 (m, 2H), 7.71-7.67 (m, 1H),
7.64-7.59 (m, 2H), 7.54 (s, 1H), 7.18-7.17 (m, 1H), 6.48 (d,
1H, J = 4.0 Hz), 3.47 (s, 3H); BC{*H} NMR (CDCls, 100
MHz): ¢ 165.5, 150.2, 145.7, 138.9, 134.1, 129.9, 127.4,
116.9, 111.9, 44.8.
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(2S)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (18a):

Yield: 51% (115.5 mg) as a colorless viscous liquid; Purified
o= Me over a column of silica gel (20% EtOAc in hexane); *H NMR (CDCls,
600 MHz): 6 8.16 (d, 2H, J = 12.0 Hz), 8.02 (d, 2H, J = 6.0 Hz), 7.54
(d, 2H, J = 6.0 Hz), 7.51 (t, 1H, J = 6.0 Hz), 7.41 (t, 2H, J = 6.0 Hz),
o 4.91-4.89 (m, 1H), 3.74 (s, 2H), 3.46 (s, 3H), 2.37-2.31 (m, 1H),
we| 1.85-1.80 (m, 1H), 1.76-1.71 (m, 1H), 1.68 (d, 1H, J = 6.0 H2),
?} 1.28-1.25 (m, 1H), 1.20-1.15 (m, 1H), 0.95-0.91 (m, 1H), 0.88 (s,
we” wme | 3H), 0.86 (s, 3H), 0.79 (s, 3H); BC{*H} NMR (CDCls, 150 MHz): &
174.4, 170.8, 141.0, 137.8, 135.7, 132.4, 130.8, 129.6, 128.2, 127.6,
81.3,49.0, 48.0, 44.9, 44.6, 41.6, 36.9, 28.2, 27.2, 19.8, 18.9, 13.7.
(1R,2S,5R)-2-1sopropyl-5-methylcyclohexyl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (19a):
Yield: 55% (125.1 mg) as a white solid; Purified over a
o=(Ph Me column of silica gel (35% EtOAc in hexane); 'H NMR (CDCls,
N=3g0 600 MHz): ¢ 8.16 (d, 2H, J = 6.0 Hz), 8.01 (d, 2H, J = 12.0 Hz),
7.53-7.50 (m, 3H), 7.41 (t, 2H, J = 6.0 Hz), 4.72-4.67 (m, 1H),
o 3.71 (s, 2H), 3.46 (s, 3H), 1.98-1.95 (m, 1H), 1.76-1.71 (m, 1H),
o o 169-1.65 (m, 2H), 151-144 (m, 1H), 1.39-134 (m, 1H),
Me—<:§----< 1.07-0.94 (m, 3H), 0.89 (d, 3H, J = 6.0 Hz), 0.85 (d, 3H, J = 6.0
Hz), 0.70 (d, 3H, J = 6.0 Hz); *C{*H} NMR (CDCls, 150 MHz): 6
174.4, 170.1, 141.0, 137.8, 135.7, 132.4, 130.8, 129.6, 128.2,
127.6, 75.6, 47.1, 44.6, 41.6, 40.9, 34.3, 31.6, 26.4, 23.5, 22.2,
20.9, 16.5.
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(3aS,5S,6R,6aS)-5-((S)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-
d][1,3]dioxol-6-yl 2-(4-(N-benzoyl-S-methylsulfonimidoyl)phenyl)acetate (20a):

O=( IMe

(o]
Me, O P
MeX I\\C
0 o
0 0

Me
M¢q|

Yield: 42% (117.4 mg) as a colorless viscous liquid; Purified
over a column of silica gel (35% EtOAc in hexane); *H NMR
(CDCI3, 600 MHz): 6 8.13-8.09 (m, 2H), 7.98-7.96 (m, 2H),
7.55-7.50 (m, 3H), 7.42-7.39 (m, 2H), 5.89-5.84 (m, 1H),
5.30-5.24 (m, 1H), 4.53-7.51 (m, 1H), 4.10-4.06 (m, 1H),
3.79-3.72 (m, 3H), 3.58-3.44 (m, 2H), 3.39-3.34 (m, 3H),
1.51-1.46 (m, 3H), 1.33-1.26 (m, 3H), 1.25 (s, 3H); 3C{"H} NMR
(CDCls, 150 MHz): o 174.7, 169.7, 140.1, 137.9, 135.3, 132.7,
130.9, 129.7, 128.3, 127.8, 112.6, 105.11, 105.07, 83.1, 79.5, 77.3,
69.02, 68.5, 65.0, 64.6, 44.7, 41.6, 41.4, 26.8, 26.4.

4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl-2-(2-fluoro-[1,1'-biphenyl]-4-yl)propanoate

(21a):

Ph
o= Me
N=S=0

TH-3414 176122011

Yield: 58% (149.3 mg) as a white solid; Purified over a column
of silica gel (25% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.15 (d, 2H, J = 12.0 Hz), 8.00 (d, 2H, J = 12.0 Hz), 7.53-7.50 (m,
3H), 7.48 (d, 2H, J = 12.0 Hz), 7.45-7.35 (m, 6H), 7.15 (d, 1H, J =
6.0 Hz), 7.10 (d, 1H, J = 12.0 Hz), 5.22 (s, 2H), 3.84 (q, 1H, J = 6.0,
12.0 Hz), 3.42 (d, 3H, J = 6.0, Hz), 1.57 (d, 3H, J = 12.0 Hz);
BC{'H} NMR (CDCls, 150 MHz): 6 174.5 173.7, 159.9 (d, J =
2475 Hz), 142.4, 141.4 (d, J = 7.5 Hz), 138.8, 135.5 (d, J = 21.0
Hz), 132.5, 131.1, 129.6 (d, J = 76.5 Hz), 128.7, 128.3, 128.0,
127.7, 123.8, 115.4 (d, J = 22.5 Hz), 65.5, 45.1, 44.6, 18.4; °F
NMR (CDCl3, 471 MHz): 6 —117.4 (s).
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4-(N-Benzoyl-S-methylsulfonimidoyl)benzyl 2-(4-isobutylphenyl)propanoate (22a):

—
Ph
O=( IMe
N=S=0
o
Me
Me
. i,

Yield: 52% (124 mg) as a colorless viscous liquid; Purified
over a column of silica gel (30% EtOAc in hexane); *H NMR
(CDCls, 600 MHz): 6 8.15 (d, 2H, J = 6.0 Hz), 7.95 (d, 2H, J = 12.0
Hz), 7.51 (t, 1H, J = 6.0 Hz), 7.43-7.37 (m, 4H), 7.20 (d, 2H, J =
6.0 Hz), 7.10 (d, 2H, J = 6.0 Hz), 5.21 (d, 1H, J = 12.0 Hz), 5.15 (d,
1H, J = 18.0 Hz), 3.79 (q, 1H, J = 6.0 Hz), 3.43 (s, 3H), 2.45 (d, 2H,
J = 6.0 Hz), 1.86-1.81 (m, 1H), 1.53 (d, 3H, J = 6.0 Hz), 0.88 (d,
6H, J = 6.0 Hz); 3C{*H} NMR (CDCls, 150 MHz): 6 174.4, 142.83,
142.82, 141.0, 138.5, 137.4, 135.6, 132.4, 129.64, 129.62 128.42,
128.40, 128.25, 127.6, 127.4, 65.1, 45.3, 45.2, 44.6, 30.4, 22.5, 18.4.

2,2,6,6-Tetramethylpiperidin-1-yl benzoate (u):

TH-3414 176122011

Yield: 22% (28.7 mg) as a white solid; Purified over a column
of silica gel (10% EtOAc in hexane); *H NMR (CDCls, 600 MHz): 6
8.08 (d, 2H, J = 6.0 Hz), 7.57 (t, 1H, J = 9.0 Hz), 7.46 (t, 2H, J = 6.0
Hz), 1.81-1.76 (m, 2H), 1.70 (s, 1H), 1.60-1.57 (m, 2H), 1.48-1.44
(m, 1H), 1.27 (s, 6H), 1.12 (s, 6H); C{*H} NMR (CDCls, 150
MHz): ¢ 166.6, 133.1, 129.9, 129.8, 128.7, 60.6, 39.2, 32.2, 21.1,
17.2; HRMS (ESI/Q-TOF) (m/z): calcd for C16H24NO2, [M + H]™:
262.1802, found 262.1801.
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V1.9. Representative Spectra
N-(Methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1a) : *H NMR (CDCls, 600 MHz)
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N-(Methyl(oxo)(phenyl)- %-sulfaneylidene)benzamide (1a): *C{*H} NMR (CDCls, 150
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SRBIRBRY
BHXARRANY 8
N~

SN~

| |

T T T T T
50 40 30 20 10

| il

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
f1 (ppm)

190
TH-3414 176122011



Chapter VI

N-((4-methoxyphenyl)(methyl)(oxo)- 4%-sulfaneylidene)benzamide (2a): *H NMR (CDCls,
400 MHz)
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N-((4-methoxyphenyl)(methyl)(oxo)- A8-sulfaneylidene)benzamide (2a): 1*C{*H} NMR
(CDCl3, 100 MHz)
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N-(Methyl(oxo)(thiophen-2-yl)- 48-sulfaneylidene)benzamide (12a): *H NMR (CDCls, 600
MH?z)
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N-(Methyl(oxo)(thiophen-2-yl)- 2%-sulfaneylidene)benzamide (12a): 3C{*H} NMR (CDCls,
150 MHz)

] NEREBRR o -
RHRANRESE RE ¥
| SENAP N I
g S
2 I
N~ \
Me
|
|
|
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

192
TH-3414 176122011



Chapter VI

4-Bromo-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1d): *H NMR (CDCls, 600
MH?2z)
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ff-?pvm)
4-Bromo-N-(methyl(oxo)(phenyl)- A8-sulfaneylidene)benzamide (1d): *C{*H} NMR
(CDCl3, 150 MHz)
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Chapter VI

(1R,2S,5R)-2-1sopropyl-5-methylcyclohexyl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (19a): *H NMR (CDCls, 600 MHz)
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(1R,2S,5R)-2-1sopropyl-5-methylcyclohexyl-2-(4-(N-benzoyl-S-
methylsulfonimidoyl)phenyl)acetate (19a): **C{*H} NMR (CDClIs, 150 MHz)
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