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Abstract

The thesis entitled “Development of New Synthetic Methodologies for the Synthesis
of Secondary Amides, Anilines and Nitriles Using O-(sulfonyl)hydroxylamine
Reagents” consists of four chapters. Nitrogen is the most occurred element in nature
and also in a major class of biologically active natural and pharmaceutical products. In
addition, the key presence of nitrogen in 84% of marketed drugs has a successful impact
on the medicinal field and living health. Secondary amides, anilines, and nitriles are
important functional groups, and they exist in many natural products and biologically
active molecules, and approved drugs. Furthermore, they can be used as versatile
building blocks in the synthesis of natural products, Pharmaceuticals, agrochemicals,
dyes, and several value-added products. Therefore, the development of efficient
synthetic methodologies for the preparation of these groups has attracted intense
interest from synthetic chemists. Traditional methods for preparing these compounds
generally involve tedious procedures, harsh reaction conditions, metal waste, toxic
reagents, or byproducts. In recent decades, many groups have reported modifications
of the reaction conditions that allow the transformation to proceed under milder reaction
conditions. However, these developed methodologies suffer from limited substrate
scope, complicated procedures, multi-step syntheses, elevated temperatures, the
requirement of additives, and low functional group tolerance. Additionally, many of the
reagents and catalysts used could plausibly take part in side reactions, thus restricting
their applications in industries. Therefore the practical and direct synthesis of these
nitrogen-containing functional groups from readily available starting materials under
mild and environmentally benign conditions with a high scope is still a synthetic
challenge. Furthermore, the selection of nitrogen sources is crucial to these

transformations.

Recently, O-(substituted)hydroxylamine reagents have emerged as powerful nitrogen
transfer reagents in various synthetic reactions such as amination, amidation, and
aziridination etc. These reagents bring in several advantages over the other traditionally
used reagents. Some of the special features of these reagents include generation of
water-soluble by-products, commercially available reagents or ease of synthesis from

cheaper raw materials, non-toxic nature, stability at ambient temperature, and ease of



handling etc made them popular among the scientific community for further

applications.

In this context, we have developed highly efficient, one-pot, environmentally benign,
mild, and operationally simple methods for the synthesis of secondary amides, anilines,
and nitriles from easily available starting materials using O-(sulfonyl)hydroxylamines
as the aminating agents.

Chapter 1: A General overview of nitrogen-containing compounds and O-

(substituted)hydroxylamines: Introduction and motivation of present work

This chapter starts with a brief introduction to nitrogen-containing organic compounds,
particularly secondary amides, aryl amines, and nitriles. Their general methods of
synthesis, important applications, and transformation have been briefly described. The
general overview of O-(sulfonyl)hydroxylamine reagents also have been briefly

described in this chapter.

H

N
NH,
T O A
R
0 o cN N Aziridines
N |
H/\/ 3 OFTTE JcJ)\ 4
o N~ —NH
cl o o <~ EWG___NH;, — 2

H () Anilines

Moclobemide Dienogest Me  Anileridine Amides i

(used to depression)  (used to hormonal contracepation) (used as analgesic drug) —CN

Nitriles

Applications of nitrogen containing compounds Reactions of O-(Substitutedl)hydroxylamine reagents

The experimental investigations and findings are described in the subsequent chapters
(Chapters 2-4). Each chapter is individually discussed, and distributed in the
introduction, literature review, results and discussions, experimental section, and

references.

Chapter 2: Direct and metal-free transformation of ketones into sec- amides using

TsONH-Boc aminating reagent

This chapter describes the first methodology for the conversion of ketones directly into
the sec-amides via Beckmann rearrangement using TSONHBoc as the nitrogen source.
It is anticipated that this reagent played dual roles: first, it promoted the generation of

the activated oxime intermediate, and then the facile formation of amides. The additive



and metal-free direct method works in weakly acidic solvent and generated water
soluble byproduct (TsOH).

o :
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|
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e
(TsONHBoc)
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® Water-soluble byproduct e Deprotect under weakly

o Broad substrate scope acidic solvent

® Good to excellent yield e Water soluble byproduct

Chapter 3: Direct and metal-free transformation of aryl boronic acid into

aromatic amines using N-Boc-O-tosylhydroxylamine reagent

This chapter describes the direct and metal-free method for the synthesis of aromatic

amines from aromatic boronic acids and esters by using the TSONHBoc as an aminating

reagent.
o..,0
AY (4
B(OH), S‘O NH, O Metal-free synthesis
U
N NHBoc N Q Open-flask and easy handling
R—: Me > R+

Z CF;COOH 7 Q Stable nitrogen source

1,2-dichloroethane 23 examples
up to 95% yield

O Water soluble by-product

This reagent is extremely stable, easy to use, and produces a non-interfering by-product
(i.e. TSOH) that is easily removed by an aqueous workup. Under acidic conditions, the
method applies to boronic acids having electron-withdrawing as well as electron-
donating groups to provide corresponding anilines in good to excellent yields. The

existing method could be utilized to obtain aromatic primary amines at the gram scale.

Chapter 4: Metal-free transformation of aldehydes into nitriles using TSONHBoc

reagent

This chapter describes the economical and practical approach of nitriles from readily
available aldehydes using N-Boc-O-tosylhydroxylamine (TSONHBoc) as an aminating
agent. This direct and metal-free synthesis of nitriles with high yields tolerates a wide

range of substrates such as aromatic, aliphatic, allylic, heteroaryl, and a,B-unsaturated



aldehydes. Shelf stability, low cost, and ease-handling of TSONHBoc introduces an

additional advantage.

o TsONHBoc
- O—=N
HJLO CF3CH,OH
Cs,CO,, rt
Structurally diverse o~ 24 examples
abundantly available up to 98% yield
aldehydes

® Metal free, one step, tandem process ® Water-soluble byproduct

® Mild, open air, operationally simple ® Broad substrate scope

® Fjrst application of TsONHBoc ® Good to excellent yield
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Chapter 1

A general overview on nitrogen-containing compounds
(secondary amides, anilines, and nitriles) and O-
(substituted)hydroxylamines: Introduction and motivation

of present work

Secondary amides, anilines, and nitriles moieties are present in various naturally
occurring bioactive compounds. They are also used as a versatile synthetic intermediate
in organic chemistry. O-(substituted)hydroxylamines serve as a useful aminating
reagent. Recently, these reagents have been used in amination, aziridination, amidation,
cyanation etc. In this chapter, we have described the importance and general synthetic
routes and applications of secondary amides, anilines, and nitriles followed by

emerging synthetic applications of O-(substituted)hydroxylamine reagents.




Introduction Chapter 1

1.1 Introduction

Nitrogen is a widespread element in heterocyclic and acyclic active pharmacological
compounds. Urea is the first nitrogen-containing compound, synthesized in 1828 by
Friedrich Wohler from silver cyanate (AgOCN) and ammonium chloride (NH4CI).
Bioactive chemical libraries are dominated by amines, imines, nitriles, amides, and
carbamates, while 910 FDA-approved drugs contain at least one nitrogen atom in their

molecular framework (84% among 1035 unique small-molecule drugs).

The nearly 97,400 articles on nitrogen heterocycles that have been published between 2009
and early 2020, of which 12,615 publications have been recorded in the year 2019,
provided evidence of their significance in the synthesis of nitrogen heterocycles. Numerous
N-heterocyclic compounds, which are widely present in nature and have physiological and
pharmacological effects, are the building blocks of several biologically significant
molecules, such as many vitamins, nucleic acids, medicines, antibiotics, dyes, and

agrochemicals (Fig. 1.1-1.3).3”

NH,
H
Me W /\Q
R\H/N IS Me “eN N
o Jh )X
7 N~ Me A ® 2HCl
/—OH 0
d (
g Me
Penlc.lll.ln f:ore Dienogest . Anileridine
( Antibiotic) ( Hormonal contracepation)

( Analgesic drug)

N Me
7

Mej o OH (( ) (_ N
o N _)

Me\/N\)J\N JJ\ /©/ N \\ N

H H3C N HN‘C%;/

H
Me
Lidocaine Paracetamol u © - FF

(Local anesthetic) ( Analgesic)
Pronatinib

( Anticancer)

Figure 1.1. Selected nitrogen containing drug molecules®®
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F
. F AP o o
o CI<__N
NG N g | N OH
N7 N U P
\ I H N cl cl
N /
/ Me NH
Me 2

Sedaxane Penthiopyrad Picloram
(Fungicide) (Fungicide) (Herbicide)
7
o
CF;— CN N—=
N {
Fe Ny o\)LOH l—( N SN A
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Figure 1.2. Selected nitrogen containing agrochemicals®

(o}
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N (I:HT c\ /P
CN/m HN CH, NH—C\o

Nitrile Rubber 0

Polyurathene n
i I
I H H i
C C—N & ,GH\/\/\)Q
. n
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Figure 1.3. Selected nitrogen-containing polymers®

Over the last two-three decades, the scientific community have contributed well for the
development of the efficient synthetic methods of nitrogenous compounds.®12 A constant
increase in pharmaceutical and medicinal field as well as in synthetic organic chemistry,
have taken notice of these nitrogen-containing compounds with distinctive properties and
applications™*> Numerous heterocyclic compounds containing nitrogen are known to
possess a variety of pharmacological properties, such as anticancer, anti-HIV, antimalaria,
anti-tubercular, anti-microbial, and diabetic properties.’®22 A large portion of research in

the medical field is focused on the development of novel molecules and composites,

Puneet Kumar , Ph. D. Thesis, BBAU, Lucknow 2
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rendering nitrogen-based heterocyclic chemistry a prominent and distinctive class. Among
all the nitrogen-containing compounds, secondary amides, nitriles, and anilines are widely
used in the fields of agrochemicals, pharmaceuticals, and polymer industries. Their brief

applications in various fields and general synthetic approaches have been described below:
1.2 Secondary amides: A general overview

Nitrogen containing heterocyclic and acyclic compounds are widely distributed in nature
and are essential to life. Among all the nitrogen containing compounds discovered so far,
secondary amides are the most important class of compounds in the pharmaceutical,
polymer, and agrochemical industries. Sec-amide group having the representation
RCONHR shows its wide occurrence in natural products and pharmaceutical field.?® Also,
their presence in the peptide bonds and numerous marketed drugs ares of great importance

for life.?*
1) Importance of secondary amides in the pharmaceutical industry

The secondary amide group is of crucial importance in natural products, such as peptides,
proteins, and bioactive molecules.? In the pharmaceutical field, the synthesis of the amide
bond is the most frequent reaction performed due to the larger occupancy of the amide
bond in the marketed drugs (Fig. 1.4).2

HOOC o
N—f
HMe ; 0 = /©:N02 s 4 :
N 2 Me
N Y, Me ! >
(o] Me H \ﬂ“ N e
CF3 H
Leflunomide Flutamide Ertapenem
(pyrimidine synthesis inhibitor) (nonsteroidal antiandrogen) (antibiotic)

CN
o o)
N Me o,
NH S N CF;3
o / OH
Me Me A

Bupivacaine

Dutasteride .
(5a-Reductase inhibitor) (anesthetic) (nonsteroidal antiandrogen)

Bicalutamide

Figure 1.4. Selected secondary amide containing drug molecules
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1) Importance of secondary amides in the agriculture industry

Secondary amides also have widespread applications in numerous agrochemical products
such as anthranilic diamides?’, are an important class of insecticides, diflufenican?® acts as
residual and foliar herbicide, and thifluzamide?® is used as foliarly or as a seed treatment

in various crops for the control of basidomycete diseases (Fig. 1.5).

(Herbicide)

CF;
Q F
F /@ CF ) \©\ o
O O 3 N
jg/ H/\@ " _N_O CF3
NN F Me o

F =

. . q Picolinafen
Diflufenican Beflubutamid

(Fungicide)

Me CF, cl o

N Br 4 N N

N\ I N | >*Me N z

o s Ho

CF cl cl CF

3 UN CF3\° Bro 3

1\
Me S
Fluopicolide
Me Me Thifluzamide

Penthiopyrad

Figure 1.5. Selected secondary amide containing agrochemicals
1ii) Importance of secondary amides in the polymer industry and others

Polymers with a repeated unit of sec-amide, -CO-NH-, are known as polyamides which are
a backbone of naturally occurring polyamides, for example; proteins. However, significant
progress has been achieved for artificial polyamides such as NYLON 6,6
(poly(hexamethylene adipamide) which was first carried out by Wallace Carothers in
1935%, meta-aramid fiber, marketed under the name Nomex®!, and para-aramid fiber,
(trade name Kevlar) as shown in fig. 1.6.3 In addition, the sec-amide bond has a wide

presence in useful surfactants.
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Me
Me H r!l'Me
/ < \(“’)g\n/ \/\/(_B‘Me
YO e T
Cl
n=6, 11, 12 i

Biodegradable surfactant

Nomex Nylon

Figure 1.6. Selected secondary amide-containing polymers

The broad presence of secondary amides in various fields inspires scientists to develop
diverse synthetic routes for their synthesis. In this direction, several achievements have

been made in the last 20 decades.

Conventionally, the most popular method for its synthesis was the coupling of carboxylic
acid and an amine. Later, in the same way, the other approaches were disclosed such as;
oxidative amide synthesis followed by coupling of alcohols, aldehydes, with amine
surrogates using a stoichiometric number of oxidants or catalysts.3* Although these
methods were widely applied for the sec-amide synthesis, they require high reaction
temperature and strong acids which is not compatible with other functional groups. Next,
this amide bond was synthesized from ketoxime intermediate in presence of an acid, known
as Beckmann rearrangement. This reaction was applied on an industrial level for the
synthesis of caprolactam. However, the presence of strong acid limits its milder
applications. Afterward, several improvements were incorporated for the mild access of
the versatile amide bond (Fig. 1.7).%° The literature review on the synthesis of secondary

amides has been discussed in chapter 2 of this thesis.

Puneet Kumar , Ph. D. Thesis, BBAU, Lucknow 5
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Oxidative

i + R _NH, coupling reagents coupling NH2 )N\Oz
S 2 RN ﬁ Br
Beckmann
. coupling reagents )j\ R, rearrangement NOH
_— - -
R1/\OH + RZ/ 2 R/ N - .
R Yo 4/ \—
R N + L
1/D/\° R2 redox and oxidative Chemoselective 2
amidation
R1/R><C\\Io oxidation

Figure 1.7. Various synthetic routes for the synthesis of sec-amide from different sources

Another category of nitrogen containing compounds is aryl amines which are widely
distributed in agrochemicals, pharmaceuticals, and polymer industries. Their vast

exploration is briefly discussed in section 1.3
1.3 Primary arylamines: A general overview

Anilines and their derivatives are used in the synthesis of polymers, rubber, agricultural
chemicals, dyes & pigments, pharmaceuticals, and photographic chemicals. They are
generally prepared via hydrogenation of their nitro aromatic precursors. Aniline and its
derivatives are a noteworthy class of chemicals that are found in a wide range of natural
products as well as they are used as versatile synthetic intermediates. Aniline derivatives
are widely used in the production of polyurethane, which is essential to manufacture
plastics for medical industries. They are used in the manufacturing of several types of
medical devices. Hence they are highly required in the medical industry. Aniline derivative,
N-acetyl-p-aminophenol i.e. Paracetamol is widely used as an antipyretic and analgesic
drug.% Traditionally the synthesis of aniline derivatives involves the introduction of nitro
group on the aromatic ring using a concentrated nitrating mixture (H2SO4 and HNO3)
followed by reduction of the nitro group via metallic or catalytic hydrogenation process.
Some other methods like direct substitution of aryl halides with ammonia at high
temperature, and transition metal-catalyzed amination of aryl halides with ammonia or its
surrogates are also available for aniline synthesis.3” The brief general overview of aniline

derivatives has been discussed below.

Puneet Kumar , Ph. D. Thesis, BBAU, Lucknow 6
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1.3.1 Importance of aniline derivatives in pharmaceuticals:

Many natural and pharmaceutical compounds contain primary aniline motifs in their
structural skeleton (Figure 1.8). For example, Anileridine is used as an analgesic drug.
Sulfadoxine is used to treat malaria. Butamben is used as a local anesthetic. It is
the ester of 4-aminobenzoic acid and butanol. Nomifensine is an antidepressant that
contains aniline moiety. Procainamide is a type | antiarrhythmic agent prescribed for

irregular heartbeat.®

(o]
Hm—@x /@)Lo/\/\me
N 0 H,N
~~Me 2
° Butamben
Anileridine Me (anesthetic)
(analgesic drug) l!l
¢
Me Nomifensine
(o} r (antidepressant)
AN Me b 5
i o HN-S NH,
o
H,N 042/_\<N

mé N=/
Procainamide

(antiarrhythmic ) Sulfadoxine
(antimalarial)

Figure 1.8. Selected drug molecules containing aniline moiety

1.3.2 Presence of aniline moiety in agrochemicals:

Agrochemicals are essential for crop protection and also fulfill the criteria for
environmentally friendly products. The aniline moiety is also widely present in
agrochemical products (Figure 1.9). For example, Trifluralin, Pendimethlin, Diflufenican,
Flufenacet are used as herbicides that contain the aniline moiety in their structure.
Triflumizole and Thifluzamide is used as fungicide, Triflumuron is used as insecticide®

and these agrochemicals are derived from aniline derivatives.

Puneet Kumar , Ph. D. Thesis, BBAU, Lucknow 7
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e
Me
O-N NO,
N Me NO, Me
Me” " ~"Me 2
Trifluralin . )
(herbicide) Pendimethlin

(herbicide)

Figure 1.9. Selected agrochemicals containing aniline moiety

1.3.3 Presence of aniline moiety in polymers and dyes:

Polyanilines are among the most important representatives of the class of electrically
conductive polymers and organic semiconductors of the semi-flexible rod
polymer family.*® They provide a broad range of application areas, including microwave
absorption, gas separation membrane, chemical sensor, rechargeable battery, photovoltaic
cell, electromagnetic interference shielding, and more. During the polymerization of
aniline monomer, polyanilines is found in one of three idealized oxidation states: (a)
leucoemeraldine (white/clear), (b) emeraldine (salt-green/baseblue), and (c) pernigraniline
(blue/violet). Fully oxidized polyaniline is known as pernigraniline base. Half of the
oxidized polyaniline is called emerald base, and completely reduced is known as

lecomeraldine base (Fig. 1.10).

HO-=Om OO,

General structure of polyaniline

Emeraldine

[O+-OH-O-+-OH

Leucoemeraldine

OO OO,

Pernigraniline

Figure 1.10. General structure of polyaniline and its types
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On the other hand, anilines are also used in the synthesis of dyes. Azo dyes are present in
about 70% of all organic dyes produced in the world. Anilines are the main precursors for
the formation of the azo dyes and aniline derivatives are also found in many other dyes
(Fig. 1.11).%2

H,N NH, H,oN NH,
N~ N
NH,
N~ /©/ Bismarck Brown
°N

Aniline Yellow Q
HO N=N
NH, H,N i
OO
H,N N’ N O

0,S
Direct Black 38

Figure 1.11. Selected examples of azo dyes containing anilines
1.3.4 Synthetic application of primary arylamines

Aniline is used as a versatile synthetic intermediate. It is converted into diazonium salt via
diazotization reaction and synthesized diazonium salt can be transformed into several
useful products under various conditions such as benzene, chloro benzene, bromo benzene,
cyano benzene, phenol, biphenyl, and hydrazine etc. These transformed compounds are
widely present in the field of pharmaceutical, agrochemical and polymer industries. They

also serve as synthetic intermediates (Fig. 1.12).
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+—NH,
ﬂ Diazotization
H—- ~
% 1+ . W Ph
—N, ClI ene
Ben?
c\ S,
(V) 2 ’70/
> S\% N
RS AR
(o]l 9 Kl 9.
"“NH,NH,
\OH

Figure 1.12. Synthetic application of anilines

Arylamines are also used in the synthesis of amino acids, proteins, peptides, and several
bioactive heterocyclic compounds. They are also used in the preparation of explosives as

well as in photographic chemicals and electronics (Fig. 1.13).

Photographic

chemicals
Explosives
Heterocycles ﬁ
Peptide \'/1::‘ —NH ::' > Polymers
synthesis 2
Dyes @
& Pharmaeuticals
Pigments

Agrochemicals

Figure 1.13. Various application of anilines in the different fields
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The broad utility of arylamines in various fields inspires scientists to develop diverse
synthetic routes for their synthesis. In this direction, several achievements have been made

in the last two to three decades. The selected advancements are described below.

Significant progress has been achieved over the past ten years in the field of copper-
catalyzed oxidative amination of aryl boronic acids (e.g., Chan-Lam coupling).*® Further
the electrophilic amination of several organometallic reagents ** (such as Li, Zn, and B)
using transition metals (Pd, Ni, or Cu) as well as the direct C-H amination of aromatic
rings* have attracted significant attention for the production of N,N-dialkyl anilines.
Remarkably, it has shown to be much more demanding*® to synthesize primary arylamines
from arylboronic acids and its derivatives. Fu and colleagues reported cross-coupling of
arylboronic acids with aqueous ammonia using copper(l) oxide as a catalyst.*®® The
transition metals are used as a catalyst in all of the above-reported protoclos. Metal free
procedures are much favored from a practical perspective, especially in the pharmaceutical
industry where the cost of removing unwanted metal impurity can be enormous.*’ Hence
recent, research on the synthesis of primary anilines under mild, metal-free, efficient, and
environmentally benign conditions has attracted the attention of researchers and scientists
(Fig. 1.14). The literature review on the synthesis of primary anilines has been discussed
in chapter 3 of this thesis.

Puneet Kumar , Ph. D. Thesis, BBAU, Lucknow 11



Introduction Chapter 1

(o, Q-

O_X Fe, Pt, Au etc |
Hydrogenations M= MgX, Znl, Li

(X= C1Br, 1, etc) of nitro group
[Pd, Cu, Ni], base
Buchwald-Hartwig
or Ullmann coupling ‘y
3 ol
Photoredox cat.
( B <‘,::| electrochemical
NH, Oxidation, Fe
B=BOH), BFK, —> (O

B(pin), B(cat)
PIFA/NBS,Cu etc
Chan-Lam coupling i\ % O_B(OH)z

Transition metal
Catayzed

[ Cul, NH; (aq.)

Organomettalic
reagent

C-H functionlization
Oxime reagent with Transition metal free
Bronsted Acid catalyst Hydroxylamine derivatives

O—Ac as NH,-Source
O—B(OH)z

Figure 1.14. Synthesis of primary anilines from different routes*

Nitriles are another important class of nitrogen-containing functional groups. They are
widely present in bioactive natural products, drug molecules, polymeric materials, and

chemicals used in agriculture.

1.4 Nitriles: A general overview

Among all the nitrogen containing compounds discovered so far nitriles are extensively
employed to synthesize amides, amines, esters, carboxylic acids, and other compounds.
They have been used as intermediates in the generation of agricultural chemicals, dyes, and
pharmaceuticals*. Nitriles are those molecules which contain -C=N functional group.*® In
industrial literature, the prefix cyano- is used in place of the word nitrile. High dipole
moments are evidence that nitriles are polar. In 1782 Scheele generated the nitrile of formic
acid, hydrogen cyanide, the first compound in the homolog row of nitriles ®°2 The

importance of nitriles in various field have been described below.
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1) Importance of nitriles in the pharmaceutical industry

There are more than 30 drugs incorporating nitrile that are recommended for a wide range
of medical conditions, and there are more than 20 additional nitrile-containing drugs that
are currently undergoing clinical trials. Primacor (milrinone) is a phosphodiesterase
inhibitor used to treat heart failure,® especially when treatment with vasodilators and
diuretics has failed. Cromakalim is an ATP channel opener that is potassium-dependent
and used to treat hypertension.> The lack of selectivity in this "first generation” treatment
prompted researchers to look for selective drugs with uncoupled anti-ischemic and
vasorelaxant effects.>® Rilpivirine is one of the several etravirine analogues is developed
which being recognized as one of "the most effective anti-HIV agent(s) yet reported->®
Zaleplon is a sedative that does not contain benzodiazepines and is prescribed for
sleeplessness.®” Gouty arthritis is cured with febuxostat, a non-purine xanthine oxidase
inhibitor.® Anastrazole is the best drug having nitrile with the trade name arimidex,
manufactured by Astra-Zeneca, is the preferred drug for estrogen-dependent breast cancer
(Fig. 1.15).%°

CN
"~
N A -~
N
I P~ CN © H N N\N/
| A OH, A CN
Me o
Me” "N~ O L
H Me (o) r‘ll\ Me
Mili Cromaklim Me
ilinone ) Zaleplon
(Phosphodiesterase inhibitor)  (used to treat hypertension) (Used to treat insomnia)
CN
X CN =5
)
S
Me Me OH)KYQ Me
HN N NH N CN
U Me NC CN
2N Mé Me me Me
Rilpivirine Febuxostat Anastrazole
(Anti-HIV agent) (Used to treat Gouty arthritis)  (Used to treatbreast cancer)

Figure 1.15. Selected nitrile-containing drugs
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i) Importance of nitriles in agrochemicals

Nitrile's have a profound impact on the biological activity of agrochemicals like
herbicides, insecticides, fungicides, and plant growth regulators, it has earned a special
place in the inventory of the agrochemical chemist. One of the most effective pesticides to
be introduced in past decade is the N-phenylpyrazole insecticide (fipronil), which was
produced in 1993 by Rhone-Poulenc® It is a powerful pesticide that works well against a
variety of pest, insects that are harmful to humans, animals, and agricultural production.
The chloride channel is blocked by fipronil through its action on the GABA (gamma-
aminobutyric acid) receptor®l. Trifluoromethylphenyl pyrethroid fluvalinate (Mavriks)®?
was first developed by Zoecon (later Zandos Ag) and eventually replaced by tau-
fluvalinate, which contains two of the four fluvalinate isomers. A synthetic pyrethroid
called tau-fluvalinate (Apistans) is applied topically to honeybees to protect them from the
parasite mite Varroa jacobsoni. There are some evidence of mite resistance to tau-
fluvalinate.®® p-Methoxyacrylates a significant class of industrial fungicides is focused on
the natural products strobilurins, which include strobilurin A and Oudemansin A
Azoxystrobin, one of the first members of this class of fungicide, was introduced in 1996
(Fig. 1.16).%4

/ O—Me
NH, ” 0
Fipronil Fluvalinate Azoxystrobin
(Used as insecticide) (Used as insecticide) (Used as fungicide)

Figure 1.16. Selected nitrile containing agrochemicals
iii) Importance of nitriles in polymer indusrty

Numerous useful substances contain nitriles, such as methyl cyanoacrylate, which is used
in super glue, nitrile rubber, and medical gloves. Since nitrile rubber resists fuels and

lubricants, it is frequently utilized in automobiles and other seals. The field of advanced
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polymer chemistry provides a diverse range of polymerization methodologies, providing
the direct synthesis of innovative polymeric materials through the use of functionalized
monomers in either solution or melt form. Polymerization reactions, copolymer formation,
grafting, functionalization, synthesizing telechelic polymers, crosslinking, chain extension,
site-selective functionalization, and so on, are all examples of common chemical
modification processes used today. Nitrile-containing polymers, which include a highly
reactive CN group, have been the target of a huge number of synthetic transformations in
this field. The presence of active nitrile groups in the polymer enables it to build innovative
macromolecules with superior characteristics and a broader range of potential applicability
by introducing new functional groups into the molecule via modification reactions.
Polymers such as Polyacrylonitrile (PAN), Poly (Styrene-co-Acrylonitrile), (SAN), Poly
(Butadiene-co-Styrene-Acrylonitrile) (ABS) have been developed via chemical reaction

involving nitrile group in homo or copolymers.

PAN was widely used in this context due to its versatility in designing the final carbon
fibre structure along with the building of a more stable ladder structure through nitrile
polymerization. NBR is derived from the radical copolymerization of acrylonitrile and
butadiene copolymers. NBR does not crystallize under stress, but its tensile strength is
limited. However, it has excellent resistance to non-polar solvents, fats, oils, and chemicals.
NBR has seen widespread application in the sealing of tubes, equipment for oil transport,
and other types of oil-resistant gear.The Acrylonitrile-butadiene-styrene (ABS)
terpolymer, a category of engineered thermoplastics, has undergone several isolated cases
of chemical transformation of the nitrile group. Copolymer plastics made from styrene and
acrylonitrile are known as styrene acrylonitrile resin (SAN). A higher thermal resistance
makes it a popular alternative to polystyrene. Styrene makes up around 70-80% of the
chains, while acrylonitrile accounts for about 20-30% of the weight. It is used in
manufacturing food containers, water bottles, kitchenware, computers, packaging, battery
cases, optical fibres etc. Acrylonitrile butadiene styrene (ABS) is a thermoplastic polymer
having 105 °C (221 °F) glass transition temperature. ABS is used to make recorders,
clarinets, piano motions, and keyboard keycaps. Some other uses of ABS are in golf club

heads (due to its shock absorption), automotive trim components, bumper bars, binoculars,
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inhalers, monoculars, nebulizers, tendon prostheses, drug-delivery systems and pen toys

etc (Fig. 1.17).55%7

M/M
n m

CN

Mn
CN Nitrile rubber (NBR)

(used in sealing of tubes,

Polyacrylonitrile (PAN) equipment for oil transport,
(used as thermoplastic) other types of oil-resistant gear )
4 n m
X z CN
CN y

Styrene-acrylonitrile (SAN)

Acrylonitrile-butadiene-styrene (ABS)
(used in making food containers

(used to make recorders, oboes, clarinets, , water bottles, kitchenware, computers etc)

piano motions, and keyboard keycaps etc)
Figure 1.17. Selected nitrile containing polymers

iv) Synthetic application of nitriles

Nitriles are used as a versatile synthetic intermediate for the formation of amines, amides,
esters, carboxylic acids, amidines, and aldehydes along with nitrogen-containing

heterocyclic compounds (Fig. 1.18).8
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Figure 1.18. Synthetic applications of nitrile
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The broad presence of nitriles in various fields inspires scientists to develop diverse
synthetic routes for their synthesis. In this direction, several achievements have been made

in the last 2-3 decades for the synthesis of nitriles via different synthetic modes.

Traditional nitrile preparation methods use hazardous or poisonous chemicals and generate
a stoichiometric amount of metal waste. Recent advancements have made it possible to
combine catalysts with nonmetallic cyano group sources.®® However, these procedures
frequently used aryl halides. Due to easy accessibility and low toxicity, alcohols and
aldehydes provide suitable starting materials. Some aldehydes have been utilized in the
preparation of nitriles, however, the employed reagents are not suitable for industrial-scale
production. Schmidt reaction provides direct access to nitrile from aldehydes but uses
highly toxic and explosive sodium azide as a nitrogen source’®. The other nitrogen sources
used for nitrile synthesis are hydroxylamine’ and its derivatives’? and trapped ammonia
(Fig. 1.19-1.20).” The literature review on the nitriles synthesis has been discussed in
chapter 4 of this thesis.

R B o
osen-von Braun Schmidt Reaction
O—I reaction ﬁ H
(O—NH, Sandmayer reaction OQ—cN MCN x—O
M= Alkali metals X =Br,OMs

Hydroxylamine
derivatives

Hydroxylamine
Ammoxidation hydrochloride
(O—CH;,

Figure 1.19. Advancements in the synthesis of nitriles™
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" Alcohol, B
Amine, :>

Alkyl halide
Boronic aci

Figure 1.20 Various routes for the synthesis of nitriles’
1.5 General overview of O-(substituted)hydroxylamine reagents

Hydroxylamine is an oxygenated derivative of ammonia. Many O-substituted derivatives
of hydroxylamine are commercially available and they can also be prepared easily from
commercially available low-cost starting materials.”®® Diverse O-substituted
hydroxylamine reagents such as O-(diphenylphosphinyl)hydroxylamine (DPPH),®® O-
(Mesitylsulfonyl)hydroxylamine (MSH)™®, hydroxylamine-O-sulfonic acid (HOSA)"®,
2,4-dinitrophenylhydroxylamine (DPH)’" and other corresponding reagents in which
oxygen is attached with good leaving groups, have a great potential in amination reaction.

Some of the O-substituted derivatives of hydroxylamine reagents are shown in figure 1.21.
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Figure 1.21. Some selected O-substituted hydroxylamine reagent
1.5.1 Synthetic application of O-substituted hydroxylamine reagent

O-substituted hydroxylamine reagents have great synthetic versatility. These reagents are
widely used in different types of nucleophilic synthetic transformations including
amination and reductive deamination reactions, nitrile from oxime formation and also to
produce diazo and amide compounds. The broad category of heterocycles and their
derivatives are synthesized by using O-substituted hydroxylamine reagents (Fig. 1.22).

Special features of O-substituted hydroxylamine reagents:

Easily prepared from low-cost precursors.
Have great synthetic versatility
Generate non-toxic water-soluble by-products.

Have great potential in amination reactions and -NH, insertion reactions.

AN

Act as both electrophilic and nucleophilic reagents depending on conditions.
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Figure 1.22. Synthetic application of O-substituted hydroxylamine reagent

O-substituted hydroxylamine reagents have been mainly utilized in the following synthetic

transformation:

v' Aziridination

v Diaziridination

v" Amination: C-amination, N-amination, S-NH2, Boronic acid to amine
v" Amidation and Cyanation

In 2017, Zhiwei Ma and co-workers have developed an efficient protocol for stereospecific
N-H and N-Alkyl aziridination of olefins using HOSA as the nitrogen source. Structurally
varied alkenes (1) on treatment with HOSA (E) (1.2 eq.) in the presence of 1 mol%
Rha(esp)2 catalyst and 1.2 eq. pyridine in HFIP at 25 °C produced the corresponding

aziridine (2) with high regio and stereoselectivities. (Scheme 1.1).7
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E (1.2 equiv)
Pyridine (1.2 equiv) H
1 3
R R Rhy(esp), (1 mol%) R'N R3
R2 R* HFIP (0.4M),25°C,2.5h RZ R*
(1) 2)

Scheme 1.1. N-H Aziridination of olefins using HOSA

Alexander et. al. developed an improved methodology to synthesize differently substituted
diaziridines (5) by reacting different aldehydes (3) with amines (4) and HOSA (5) in the
presence of an inorganic base such as NaHCO3 or K3sPOa (Scheme 1.2).”° The diaziridines

(5) were obtained with a single diastereomer in excellent yield.

RZ
(o] E R1 N,
A . — <
R H + R?—NH, NaHCOj;(1.5equiv.) H L
CHCI,4 H

3) (4) ()
R',R? = Alkyl, Aryl

Scheme 1.2. Synthesis of diastereoselective diaziridines

Falck and co-workers reported direct C-H arene amination in the presence of Rh(esp).
(Du-Bois) catalyst in TFE solvent at 0 °C using O-(mesitylsulfonyl)hydroxylamine B and

N-methyl-O-sulfonyl-hydroxylamine D as nitrogen source (Scheme 1.3).%8°

R, R, BorD R, R,
X | YA Rhyesp) 2mol%) N R
k\\\\ - / > k\\\\ rd / ’R
¥ H TFE, 0 °C ¥ N
6 7 H
Ry, R, = alkyl, R =H or Me

alkoxy, halogen

Scheme 1.3. C-H arene amination using MSH and TSONHMe reagents

Jeremy M. Baskin et. al. have reported a simple and efficient strategy on the synthesis of
sulfinic acid salts and sulfonamides from various corresponding alkyl and aryl halides
using SOMPS and HOSA in DMSO at room temperature (Scheme 1.4).8!
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1) SMOPS (1.2 equiv), r.t. o
2) Base, DMSO, 15 min., r,t. “.-.0

.87
3) E ( 5 equiv) R

NH,
(10) NaOAc, H,0, 20 h, r.t. (11)
R= Aryl,alkyl

Scheme 1.4. Synthesis of alkyl sulfonamide using HOSA

A metal-free protocol for the synthesis of aryl amines from the corresponding aryl boronic
acids was developed by Falck and Kurti. They developed an efficient protocol for the
conversion of aryl boronic acids into aryl amines using DPH (A) as a nitrogen source in
toluene solvent at 50 °C (Scheme 1.5).%2

B(OH
N (OH) N NH,
R—./ :R—./
Toluene, 50 °C
12 13

Scheme 1.5. Synthesis of primary anilines from aryl boronic acid using DPH

Voth and co-workers have introduced an efficient transition metal-free approach for the
direct conversion of phenylboronic acid into primary anilines using HOSA. Boronic acid
(13) was reacted with HOSA (E) in the presence of ag. NaOH in MeCN at room
temperature and the corresponding aniline (14) was obtained in excellent yield (Scheme
1.6).8

B(OH
X{j/ (OH): E (1.5 mmol) X NH,
| = X—-
Z NaOH,q)(1 M) L
(13) ,MeCN (0.1 M), rt, 16h (14)

Scheme 1.6. Synthesis of primary anilines using HOSA as nitrogen source

Dinesh Chandra et al. accomplished a metal free operationally simple and highly effective
Beckmann rearrangement for direct synthesis of secondary amides from ketones using O-

(mesitylsulfonyl)hydroxylamine as nitrogen source in acetonitrile solvent (Scheme 1.7) &
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B
> R)LN/RZ

R "Rz cH,cN, R.T-70 °C U

(15) (16)

R4,R, = Alkyl,Aryl
Scheme 1.7. Metal-free direct synthesis of secondary amide from ketone.

Quinn et. al. developed an efficient approach to convert aldehydes into nitriles using
HOSA. The aldehydes were heated with HOSA (E) (1.1 eq.) at 50 °C in acidic water to

produce the desired nitriles in excellent yields (Scheme 1.8).%

E (1.1 mmol) R-CN

CH,COOH (mmol),  (18)
H,O (1 mL), 50 °C, 6 h
R = Aliphatic, Aromatic

R-CHO
(17)

Scheme 1.8. Direct synthesis of nitriles from aldehydes
1.6 Conclusion

Nitrogen containing compounds like secondary amides, anilines and nitriles are present in
the numerous bioactive natural and value added compounds, synthetic and semi-synthetic
products. In the literature survey, the methods for the synthesis of nitrogen containing
compounds have several drawbacks like use of toxic metals, multi-step process, elevated
temperature, use of additives etc. In this direction aminating agents, like O-
(substituted)hydroxylamines, have been recently used to transfer nitrogen in various
synthetic reactions (such as C-H amination, aziridination, Beckmann rearrangement etc).
Some of the special features of O-(substituted)hydroxylamine reagent are generating
water-soluble by-products makes the process environmentally benign, commercial
availability, non-toxic nature etc makes them popular. In this context, the development of
any direct mild and efficient method for amidation, cyanation and amination using O-

(substituted)hydroxylamines reagents will be highly desirable.
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1.7 Motivation of the present work

Various applications of nitrogen-containing compounds discussed above have positively
motivated us to further develop mild, highly efficient, and benign methods with a broad
range of applications and understandings in synthetic organic chemistry. Keeping in mind,
our aim is to develop a one-pot, mild, simple, economical, and practical method for
amidation, cyanation, and amination using TSONHBoc as the nitrogen source.To
accomplish our task, we used TSONHBoc as an aminating reagent for the following
reasons: (a) Its existence in non-zwitter ionic form (b) Stable and readily available and (c)
Generation of a non-interfering and non-nucleophilic by-products that can be easily

removed by using basic aqueous work-up.
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Chapter 2

Direct and metal-free transformation of ketones into sec-

amides using TSONHBoc as a aminating reagent

This chapter describes the first methodology for the conversion of ketones directly into
the sec-amides via Beckmann rearrangement using TSONHBoc as the nitrogen source.
It is anticipated that this reagent played dual roles: first, it promotes the generation of
the activated oxime intermediate and then facilitates the formation of amides. The
additive and metal-free direct method works in weakly acidic solvent and generated a

water-soluble byproduct (TsOH), which can be easily removed by basic ag. work-up.

32 examples, up to 98% yield

o '
it TsONHBoc /() g o\\ //0
el [ S\
O)kO CFsCHoH, it N : o
; M NHBoc

e
(TsONHBoc)
® First TsONHBoc-mediated direct method :° Bench stable, dual role

® Metal free, one step, tandem process .» Commericially available
® Mild, open air, operationally simple o Easy to handle

@ Water-soluble byproduct - Deprotect under weakly
o Broad substrate scope : acidic solvent

® Good to excellent yield Eo Water soluble byproduct

New J. Chem. 2022, 46(31), pp. 14782-14785.



Chapter 2

2.1 Introduction

Secondary amides are essential structural constituents of widespread medicines,
biologically potent molecules, polymeric materials, dyes, and other multifunctional
products, including adaptable building blocks for chemical reactions (Fig. 2.1- 2.4).! The
synthesis of both drugs and alkaloids involves the conversion of amides into nitrogen-

containing hetero-atomic molecules, which is a highly intriguing process.?

cl M
|e Br
HN_ _O -
N._Cl 4 | "N 0
| ] u N
_ N g cl N cl
O N’\ Me cl
0 =

Boscalid Chlorantraniliprole Fenhex_afnind
(Fungicide) (Insecticide) (BUlglcs)

Figure 2.1. Selected examples of agrochemicals containing sec-amide linkage
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Figure 2.2. Selected examples of drug molecules containing sec-amide linkage
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Figure 2.3. Selected examples of polymers containing sec-amide linkage
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Occurrence Activations and reactions
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Figure 2.4. Synthetic transformations of amide

Conventionally, secondary amides were synthesized with the use of amines and carboxylic
acid derivatives, but with insufficient atom economy.? Its use for industrial purposes was
restricted by the unwanted waste that was excreted during these reactions. In 1886, Ernst
Otto Beckmann reported the amide synthesis from oxime.* Due to the harsh reaction
conditions (elevated temperature and use of strong acids), limit its applications for sensitive
substrates. Significant progress has been made to address these issues, and several
ketoxime-mediated methods have been developed. However, the methods for the synthesis

of secondary amides directly from ketones are less explored (Scheme 2.1).

One Step method: Two Step method:
Less explored Well explored
(0] OH o
o -
oo — 2~ Ay
y J H

N
H

Scheme 2.1. Synthesis of sec-amides from ketones.

Herein, an up-to-date progress for the synthesis of sec-amides are described in section 2.2.
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2.2 Synthesis of Secondary amides: Literature review

2.2.1 Synthesis of sec-amides via acid amine coupling

Conventionally, secondary amides were synthesized with the help of carboxylic acid
derivatives and amines with poor atom economy. Amides can also be generated thermally
via the coupling of a carboxylic acid and an amine without using a catalyst at >140 °C.°
Recently, it was revealed that a substantial amount of amide can also be produced even at
low temperatures by the azeotropic removal of water (Scheme 2.2).58

)
)
OH S H
W HiC 110 °C, 22 h o,
(1) (2) (3)

Scheme 2.2. Synthesis of sec-amides via acid amine coupling
2.2.2 Synthesis of secondary amides using biocatalyst

The first approach was proposed by Ulijn et al. for the amidation of carboxylic acids
directly in the presence of protease as a biocatalyst.® The synthesis of protein chain in the
presence of catalyst using pair of amino acids under a chemically favorable reaction was
also described (Scheme 2.3).

Q + NH Rhizopus arrhizus lipase Q
Ayt~ -

R OH Hexane, 0.02 M corboxylic acid ~ R H 7

(4) (5) (6)
Scheme 2.3. Amidation of carboxylic acids using Rhizopus arrhizus lipase biocatalyst
2.2.3 Synthesis of secondary amides using boron catalyst

Hall and coworkers reported that phenylboronic acid having a substitution at ortho
position, especially phenylboronic acid containing iodo group at ortho position, were
effective catalysts at r.t. for amidation reactions.'° This method required 48 hours and more
dilute concentration (0.07 M) than earlier methods and a variety of amides were generated
at only 25 °C in THF or DCM with up to 90% yields (Scheme 2.4).
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DCM, 0.07 M, 4 AMS
25°C,48 h

|
Me o . NH, ©/B(°H)2 Me o
10 mol%
Me Me
(Y] (8) 9

Scheme 2.4. Amidation of carboxylic acids using boron based catalyst
2.2.4 Metal catalyzed synthesis of Secondary amides via acid amine coupling

Talukdar et al. employed solvent-free microwave irradiated method for the synthesis of N-
methylamides from carboxylic acids and N,N-dimethylurea using ZrOCI..8H20 as a
catalyst.!* A variety of amides were produced in short reaction durations with moderate to
high yields (Scheme 2.5).

o o}

o]
ZrOCl,e 8H,0

)L 22 =R’[( .Me

R OH MeHN" 'NHMe MWI 600W NH

(10) (1) (12)

Scheme 2.5. Zr- catalyzed amidation of carboxylic acids

2.2.5 Acid catalysed synthesis of Secondary amides from oxime via Beckmann

rearrangement (Two step synthesis of sec-amides)

Ketoximes were traditionally subjected to the Beckmann rearrangement (BKR) in the
presence of Lewis or Brgnsted acids, like phosphorous pentachloride in (C2Hs).0 solvent,
concentrated H2SQO4, and HCI in (Ac)20, but these procedures have major problems, like
corrosiveness, hazardous to the environment, and produces a high amount of byproducts.
Therefore, to resolve these problems, several new mild protocols that were less harmful to

the environment were developed.

Chandrasekhar et al. revealed metaboric acid catalyzed BKR for the synthesis of secondary
amides from ketones.'?® Jun and co-workers reported the Beckmann rearrangement to
convert ketoximes into the amides using TsCL.*?® Li et al. developed a high temperature-
induced Beckmann rearrangement mediated by sulfamic acid and zinc chloride as a
catalyst.'® Umanadh et al. developed a BKR protocol using silica adsorbed perchloric

acid.'?® Mahajan et al. reacted hydroxylamine hydrochloride with ketones in absence of
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solvent to synthesize secondary amides through Beckmann rearrangement using hydrated
ferric chloride as a catalyst with moderate to high yields.'? Mo et al. demonstrated ortho
phenylcarbonyl phenyl boronic acid and ortho alkoxycarbonylbenzene boronic acid
catalyzed BKR for the synthesis of secondary amides and produced a variety of amide

derivatives.?f

B. Wang and co-workers reported an efficient protocol, they treated
ketoxime with hydroxylamine-O-sulfonic acid in dry acetonitrile for the production of the
corresponding amide via Beckmann rearrangement.!?® Hashimoto and co-workers
synthesized secondary amides from ketoximes using TAPC in HFIP or acetonitrile solvent.
Cyclohexanone oxime can readily be converted to the corresponding lactam under this
condition.?" Hashimoto and his research group converted cyclohexanone oxime into
corresponding e-caprolactam utilizing phosphazene TAPC or cyanuric chloride.'® A cost-
effective and efficient protocol was reported by An et al. using boron trifluoride etherate
(BF3.0Et,), catalyzed Beckmann rearrangement in anhydrous acetonitrile.!? Kiely-Collins
and co-workers reported mild calcium-catalyzed Beckmann rearrangement. This method
provided high to good yield, well functional group tolerance and broad substrate scope.!?
F. Manente and co-workers in 2021 reported organocatalytic trifluoroacetic acid (TFA)
mediated Beckmann rearrangement to prepare cyclohexanone amide g-caprolactam from
cyclohexanone oxime using hydroxylamine hydrochloride and HCI in water (Scheme

2.6).12!

(Two step synthesis)

o 0
NH,OH NOH  (a)
R1)J\R2 2 1 N/R2
1 2
R R R H
R',R? = alkyl,Aryl
(a) (HBOy)n, Solventfree (1) TsClI, ZnCl, (c) Sulphamic acid, ZnCly)
130-145°C, 7-42 h CH4CN, reflux, 1h CHZCN, reflux, 2h
Tetrahedron Lett.,2002'%  Totrahedron Lett., 2009120 Synth. Commun., 2010'%°
(d) HCIO,-SiO,, DCM, rt (e) NH,OH-HCI, FeCly*6H,0 (f) Boronic ac'id, Perfluoropinacol
Asian J. Chem. 201512 130 OC, 40-45 Min. CH3N02HF|P, rt, 24 h
Tetrahedron Lett., 2015'2° J. Am. Chem. Soc., 2018'%
(9) NH,0SO5H, (i) Cyanuric Chloride
CH4CN, 90 °C, 6h (h) TAPC, HFIP or MeCN TEA/Toluene
Tetrahedron Lett., 200429 J. Org. Chem., 20082 Org. Process Res. Dev., 20092
(i) BF3 OEty , CH3CN, k) Ca(NHf,), , nBusNPFg (I) NH,OH.HCI, CF3COOH
flux, 3h
rer " ' DCE:DME, 80 °C H,0,HC, rt
Chin. J. Chem., 2011 Chem. Commun., 201812 Catalysis, Lett., 202112

Scheme 2.6. Acid and metal-catalyzed Beckmann rearrangement (two-step synthesis)
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2.2.6 Transition metal-catalyzed synthesis of sec-amides from oxime via Beckmann

rearrangement

Arisawa et al. reported [RhCI(cod)]. catalyzed Beckmann rearrangement for conversion
of ketoxime to amide using tris(p-tolyl) phosphine and CF3SO3H.™** Yadav and co-
workers reported the Beckmann rearrangement using Yb(OTf)z as a catalyst for the
synthesis of desired amides and lactams from respective ketoximes.'® De et al. disclosed
the Y(OTf)s catalyzed Beckmann rearrangement of ketoxime to the corresponding
amide.’*® Ramalingan revealed the transformation of oximes to corresponding amides
using Hg2Cl,.*¢ Mitsudome and co-workers have described the liquid-phase Beckmann
rearrangement of a variety of ketoximes into the corresponding amides which are
catalyzed by titanium cation-exchanged montmorillonite.’*®* Mandal and co-workers
reported the synthesis of e-caprolactam via Beckmann rearrangement. This reaction was
found to be extremely effective when niobium was included in mesoporous silica (Nb-
HMS-X) (Scheme 2.7).1f

(Two step synthesis)

O NH,0H NOH (i) 1
JJ\ J]\ Jk Ra

R'” “R? R'” NR2 R’ N

R', R2 = Alkyl, Aryl, Cycloalkyl

(i) [RhCl(cod)],, CF3SO3H, (p-tol)sP Org. Lett., 200113
(CICHy),, refluxing, 3h

(ii) Yb(OTf)3 ,Heat, CH5CN J. Chem. Res. (S), 20023

(iii) Y(OTf)3 Org. Prep. and Proced. Inter., 2004"3¢

(iv) HgCly, CH3CN, 8 h J. Org. Chem., 2007"%¢

(v) Ti-mont, Benzonitrile Tetrahedron Lett.,20123¢

90 °C, 7h, Ar

(vi) Nb incorported Mesoporous RSC Adv., 20145

silica catalyst Nb-HMS-X

Scheme 2.7. Transition metal catalyzed Beckmann rearrangement

2.2.7 Microwave-assisted synthesis of sec-amides from oxime via Beckmann

rearrangement

A. J. Thakur and coworkers reported the conversion of ketoximes into the corresponding

amides using BiCls under microwave irradiation.!*® F. M. Moghaddam et al. reported the

Puneet Kumar, Ph. D. Thesis, BBAU, Lucknow 36



Chapter 2

transformation of ketoximes to respective amides using AICIz-ZnCl2/SiO2 under
microwave irradiation.'®® Z. Li and co-workers, developed silica sulphate catalyzed the
transformation of ketoximes to corresponding amides in acetone using microwave
radiation.’* Z. Li and co-workers reported solvent-free and microwave-assisted
conversion of ketoximes to respective amides.'*® Li and group revealed microwave-
assisted and silica-supported phosphorus chloride catalyzed conversion of ketoximes to
desired amides in THF solvent.1* N-fluorobenzenesulfonimide (NFSI) Lewis acid-
catalyzed conversion of ketoximes to corresponding amides was reported by F. Xie and
co-workers. Lewis acids have a great ability to promote the electrophilicity of NFSI using
several easily accessible oximes substrates.’*" Chencan Du et al. recently reported the
microwave assistated organocatalytic Beckmann rearrangement to synthesize the desired
lactam from cyclohexanone oxime using trifluoroacetic anhydride (TFAA) and
trifluoroacetic acid (TFA).1*9 Dharm Dev et al. have reported a microwave assisted
protocol utilizing 2-cyano-2-(2-nitrobenzenesulfonyloxyimino)acetate to convert oximes
into amides in dry acetonitrile at 80 °C (Scheme 2.8).14"

(Two step synthesis)
(0]
O  NH,OH NOH a-h
e —_—
1Jl\ /R2
R “R? R" OR2 R N

R', R? = Alkyl, aryl

(a) BiCls, MW () SI0,-OPCl,
solvent free THF, MW, 3-8 min
Synth. Commun.,2000'42 Catal. Lett., 2008"4¢
(b) AICl3, ZnCl,/SiO,, () NFSI, Sm(OTf)
MW CH4CN, MW, 100 °C, 10 min
Synth.Commun., 200440 Tetrahedron Lett., 2016'4f
(c) Si0,-0S03H (g) (CF3C0),0/CF3COOH
Acetone, MW 2-6 min, MW
J. Mol.Catal. A: Chem., 20064 Ind. Eng. Chem. Res. 202249
(d) CeCl3.7H,0-Nal/SiO, (h) (O-NosylOXY) Dry CH3CN
MW, Solvent free MW, 80 °C, N,
J. Chem. Res., 2006 Synthesis & Catalysis 20204

Scheme 2.8. Microwave assisted Beckmann rearrangement from ketoximes

2.2.8 Synthesis of sec-amides from oxime via Beckmann rearrangement in ionic

liquids

R. X. Ren et al. reported the Beckmann rearrangement with P2Os to generate caprolactam

from cyclohexanone oxime using (1-n-butyl-3-methylimidazolium hexafluorophosphate)
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([omim][PF6]) as ionic liquid solvent.’>2K. Oiao et al. reported the synthesis of the desired
lactam from cyclohexanone oxime utilizing supercritical carbon dioxide and chloroform as
the extractant in presence of an acidic ionic liquid catalyst.*® Liu and co-workers used
ionic liquid acidified with bronsted acid that contained a double -SOsH cation and zinc
chloride as catalyst.!> Yadav et al. reported BDMS (bromodimethylsulfonium bromide)
catalyzed Beckmann rearrangement using [omim]PFs which provided excellent yields of
corresponding amides and lactams from their respective ketoximes. Additionally, the ionic
liquid can be re-used three times.*> Production of the desired lactam from cyclohexanone
oxime using new salt cyanoguanidinium tosylate (ionic liquid) was reported by Fernandez-
Stefanuto et al.’®® Zhao et al. reported the acidic ionic liquid-N-methylimidazolium
hydrosulfate catalyzed Beckmann rearrangement. The benzophenone oxime transformed
into the desired amide with moderate yields at elevated temperature, however, addition of

P,0Os yielded the desired amide with excellent yield (Scheme 2.9).25f

o o
BDMS, [bmim]PFg, )L lonic liquid,
80 °C R R, P,0s, 75°C
Tetrahedron Lett., 2010154 NH,OH | Tetrahedron Lett., 20012
CNG][TsO], -
lo) [ I A 1 NOH lonic liquid, o
)L R H,0, 90 °C - — » | ScCO,+CHClI4 )J\ R
R N~ 2 R N~ 2
T H New J. Chem., 20175¢ R 'R Chem. Lett., 200415 N
[HMIm]HSO,, P,Os, | R1,Ro= Alkyl,aryl
N,,90 °C, 6h Acidic liquid/ZnCl,
Molecules, 201815f Catal. Commun., 2009'5¢

Scheme 2.9. Beckmann rearrangement in ionic liquids (Two step synthesis)
2.2.9 Miscellaneous methods

Srivastava et al. reported organocatalytic Beckmann rearrangement using the 1-Chloro-
2,3-diphenylcyclopropenium ion as a highly efficient organocatalyst to synthesize desired
amides from the different ketoximes.'® To generate the appropriate amides using sp3 C-H
and C-C bond breaking, Qiu and co-workers reacted hydroxylamine hydrochloride with
benzyl hydrocarbons in presence of DDQ as a promotor to synthesize ketoxime which
further transformed into the corresponding amides.'®® Dichloroimidazolidinediones
(DCIDs) mediated Beckmann rearrangement was revealed by Gao and co-workers in
acetonitrile solvent at 80 °C (Scheme 2.10).1%
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Cl_ClI

CH3CN, Reflux
Ph Ph

Chem. Commun., 2010162

NH,OH.HCI, DDQ

R R Org. Biomol. Chem., 201316

DCID, CH4CN, 80 °C
J. Org. Chem., 2018"6¢

Scheme 2.10. Miscellaneous methods for the amide synthesis

2.2.10 Direct synthesis of Secondary amides from ketones via Beckmann

rearrangement (one-step synthesis)

The direct methods for the synthesis of secondary amides from ketones are less explored
and these are summarized below.

i) Mahajan et al. revealed ferric chloride catalyzed protocol of secondary amides directly
from ketones using hydroxylamine hydrochloride under solvent-free conditions with
excellent yields. In-situ generation of oxime took place under a solid phase process,
where C-C bond cleavage and C-N bond formation occurred. Ferric chloride is stable,
affordable, environmentally benign, and simple to use. This protocol has some limitations
like the use of the additive, elavated temperature, poor functional group tolerance etc
(Scheme 2.11).%

o)
0 FeCl,.6H,0 (10 mol®
+ NHonney FeClO0(0mole) - I R,
R™ 'R (1.5 equiv.) 130 °C, 40-45 min LR

(13) (14) (15)
Scheme 2.11. FeCl3.6H20 catalyzed direct synthesis of secondary amide from ketone

i) M. Hosseini-Sarvari and H. Sharghi have developed a protocol for the direct preparation
of secondary amides by reacting ketones with NH>OH.HCI and aluminium sulfuric acid
(ASA) in the absence of solvent. Various Aliphatic and aromatic ketones were converted
into the corresponding secondary amides selectively with one isomeric form. Cyclic

ketones react slowly as compared to aromatic ketones to provide a good vyield of
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corresponding lactams. Although the method works well it has some drawbacks such as
the utilization of strong acid, higher temperature leading to a narrow range of functional
group tolerance, poor substrate scope and a slower rate of reaction in the case of aliphatic

cyclic ketones etc. (Scheme 2.12).18

(o)
(0]
Aluminium sulfuric acid (0.6 mmol) R,
w

» R
R1)LR2 + NHOH.HCI — 5o, solvent free, 10-15 min ' H
(4.3 mmol)
(13) (1) (15)
Ry, Ry = Alkyl, Aryl, Cycloalkyl

Scheme 2.12. Direct synthesis of secondary amides from ketones using ASA

iii) Nano-catalyzed Beckmann rearrangement for direct synthesis of secondary amides
from ketones was reported by Hosseini-Sarvari and co-workers using nano- TiO2/SO4
2 solid catalyst in the absence of solvent at elevated temperature. In this methodology
cyclic ketones like cyclopentanone, cyclohexanone and cycloheptanone were
converted into the corresponding lactams with excellent yields. Aromatic ketones were
also provided the corresponding amides in excellent yields. Unfortunately, this
methodology did not work with aliphatic acyclic ketones. It has some other limitations
like poor substrate scope and it requires elevated temperature for the generation of

corresponding amides (Scheme 2.13).1°

(o]
o -
Nano sulfated titania (0.022 mol%) R
R )j\R +  NH,OH.HCI > R1)LN/ 2
1 2 (1.5 mmol) 120 °C, solvent free H
(13) (14) (15)

R4 = Aryl, cycloalkyl
R, = Aryl, Alkyl, cycloalkyl

Scheme 2.13. Nano catalyzed direct synthesis of secondary amides from ketones

iv) K. Hyodo et al. reported Brgnsted acid catalyzed mild and efficient Beckmann
rearrangement for direct transformation of ketones into secondary amides through
transoximation at room temperature in acetonitrile solvent. In this methodology,
heterocyclic and electron-rich aromatic ketones reacted well and provided moderate to

excellent yields of corresponding amides respectively at room temperature. However,
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halogenated aromatic ketones reacted slowly and generated corresponding amides with
excellent yields at 40 °C. Cyclic ketones transformed into the corresponding lactams
with good to excellent yields at 40 °C. Ketones containing nitro and cyano groups
generated the corresponding amides at higher temperatures. They reported that water
is essential to accelerate the rate of reaction. This protocol required very low
temperature (-10 °C) to produce the corresponding amide in case of acetophenones
having cyclopropyl, cyclohexyl rings at the alpha position and 0 °C for acetophenone
containing alpha-methyl group. Some substrates like tetralone produced an isomeric

mixture of amides at reflux (Scheme 2.14). %°

o //o H,0 (1.05 quiv.) o
j,\ N \/S\Ph TsOH.H,0 ( 2.5 mol%) )l\ R,
+ | o’ > ~
CH,CN (1.0 M),R.T,24h R N
R "Ry R1)\R2 sCN (1.0 M)
R4, Ry = Alkyl, aryl (1.05 equiv.)
cycloalkyl
(13) (16) (15)

Scheme 2.14. Brgnsted acid catalyzed direct synthesis of secondary amides

v) H. Sharghi and co-workers reported a solvent free efficient protocol for the synthesis of
secondary amides from ketones using hydroxylamine hydrochloride and zinc oxide
(Zn0). ZnO is easy to handle, non-toxic, and economical. The developed methodology
worked very well with aromatic electron rich ketones and with halogenated aromatic
ketones providing excellent to good yields of corresponding amides. Cyclic ketones also
transformed into corresponding lactams with excellent yields. The major limitation of
this methodology is that it did not work with aliphatic acyclic ketones and the use of
elevated temperature limits its exploration of substrates having labile groups (Scheme
2.15).2

o (0}

ZnO (2.0 mmol) R,
R1)]\R2 + NH,OH.HCI - R1)LN/
(4.3 mmol) 140-170 °C, solvent free H

(13) (14) (15)
R4 = Aryl, cycloalkyl
R, = Aryl, alkyl

Scheme 2.15. ZnO catalyzed direct synthesis of secondary amide from ketone
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vi) Same authors developed the methodology for the direct transformation of ketones into
secondary amides, using hydroxylamine hydrochloride in the presence TiO2 (2.0
mmol). Electron rich aromatic ketones provided excellent yields of corresponding
amides. Cyclic ketones also reacted well and generated corresponding amides with
good vyields. The developed method has several advantages like solvent-free,
environmentally benign, easy to handle, use of an easily accessible economic catalyst,
and high yields. Although this method is good, it required a higher temperature for the

generation of corresponding secondary amides (Scheme 2.16).2?

(0} (o}
TiO, (2.0 mmol) R
R1)J\R2 + NH,OH.HCI =R1)Lu/ 2

(4.3 mmol) 140-170 °C, solvent free

(13) (14) (15)
Ry = Aryl, cycloalkyl
R, = Aryl, alkyl, cycloalkyl

Scheme 2.16. TiO> catalyzed direct synthesis of secondary amides from ketones

vii) Munnuri et al. developed a mild and efficient Cu(OTf), catalyzed protocol to convert
ketones directly into secondary amides using HOSA as a nitrogen source. Ketones were
treated with HOSA and base CsOH.H»0 in TFE/CH.ClI> to produce the corresponding
amide. Substrates containing electron-donating groups provided excellent yields of the
corresponding amides at r.t. However, substrates having electron-withdrawing groups
afforded lower yields or require elevated temperature. Cyclic ketones produced
corresponding lactams in good yields. Aliphatic ketones were heated to generate the
amides in moderate yields. Different functional groups such as ether, ester, alcohol,
allylic group, t-butyl group etc., were well tolerated under this condition. The major
limitation of this protocol is the use of the stoichiometric amount of additives
(CsOH.H20) (Scheme 2.17).23

NH,OSOzH (2 equiv.)(17) o

o) Cu(OTf), (10 mol%) R J\N/R1
» R2
R” Ry CsOH.H,0 ( 2 equiv.) H
(13) (15)

TFE/CH,CI, (1:4)

Scheme 2.17. Cu(OTf), catalyzed direct synthesis of secondary amides
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viii) Dinesh Chandra et al. accomplished an operationally simple and highly effective
Beckmann rearrangement for direct synthesis of secondary amides from ketones
using O-(mesitylsulfonyl)hydroxylamine (MSH) as a nitrogen source in acetonitrile
solvent without using metal. This method works very well with all types of aromatic
ketones such as electron rich, electron deficient, heterocyclic, aliphatic cyclic and
acyclic ketones provided good to excellent yields of corresponding secondary
amides. This methodology has certain drawbacks such as a less stable aminating

agent, which requires fresh preparation in every use (Scheme 2.18).%

Me o
o] o
0 'S SNH,  CH,CN
L+ ke P~ R)LN/ Rz
R7 "R, R.T-70 °C T H
Me Me
(13) (18) (15)

Ry,R, = Alkyl,Aryl

Scheme 2.18. Metal free direct synthesis of secondary amide from ketone

In conclusion, although the above-developed methods have made significant advancements
in the field of secondary amide synthesis, however, most of them still suffer from some
limitations such as limited substrates scopes, tedious purification process, poor to average
yield, longer reaction time, the requirement of additive, non-environmentally benign
process and non-compatible with acid-sensitive group and the less exploration of amide
from ketones in a single step. Therefore, the need for more research has seemed to be done
towards the development of more efficient, mild, operationally simple and direct methods
for the conversion of ketones into secondary amides. This encouraged us to ameliorate the
synthetic strategy of amides toward a mild reaction condition with economical, practical,

and environmentally favorable conditions.

In this direction, O-substituted hydroxylamines? reagents have attracted our attention for
its application in amidation reaction. However, the preparation of these compounds has
some inherent disadvantages, such as the requirement of an additional step of N-Boc
deprotection using strong acid (TFA), the explosive and highly unstable nature of the
isolated product (e.g., TSONH>), the requirement of a fresh preparation (MSH), storage at
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0 °C or below, hygroscopic and zwitter ionic form (hydroxylamine-O-sulfonic acid).?® The
above limitations encourage us to develop a newer methodology that proceeds via in situ
de-protection of N-Boc group that eliminates the additional de-protection and isolation of
highly unstable N-free reagent.

2.3 Objective of the work

So, the objective of this chapter of the thesis was to develop a highly efficient metal free,
one pot method for the synthesis of secondary amides from ketones under mild and

additive-free condition.

Herein, we have used the TSONHBoc for the first time as the aminating agent for the direct
synthesis of sec-amides from ketones (Scheme 2.19). The active amino reagent (TSONH>)

is produced in situ through TFE mediated N-Boc deprotection at room temperature.

o, .0

o . ‘3\9 CF3CH20H O)l\ 0
Q)J\O Me HN<goc rt, 5- 18 h
Scheme 2.19. Direct method for the synthesis of sec-amides from ketones
2.4 Result and discussion

2.4.1 Optimization of the reaction condition

We started the reaction optimization by investigating various aminating agents for the in
situ cleavage of the N-Boc protecting group in weakly acidic solvent (TFE), (Table 2.1).
Several O-substituted hydroxylamines (2a-d) were tried, and the N-Boc group was intact

in the case of 2a-c (entry 1-3).
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Table 2.1: Optimization of reaction condition?

(o)

H
N Me
CH 2
Oy e - J Y
TFE
1a 3a
i NHB o‘\s’/0
~ . oc
/@[ NHB°°Ph,‘ ’O\NHB00/©)J\O /©/ '0-NHBoc
02N NOZ Ph OZN Me
2a 2b 2c 2d
Entry Aminating reagent Yield (%)°
1 2a 0
2 2b 0
3 2C 0
4 2d 95
5¢ 2d 0

8Reaction condition: 1a (0.5 mmol, 1.0 equiv.), aminating agent 2 (0.75 mmol, 1.5 equiv.), TFE (0.5 mL), rt.
bIsolated yield. °No reaction was observed in other solvents like MeOH, CH3CN, CH,Cl,, THF, DMF

Subsequently, a similar reaction condition was applied to N-Boc-O-tosylhydroxylamine
2d, and to our surprise, N-Boc was de-protected in situ, yielding the desired amide 3a with
a higher yield of 95% (entry 4). Other commonly used solvents such methanol, CH3CN,
CHCly, THF, and N,N-dimethyl formamide were ineffective (entry 5).
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2.4.2 Preparation of secondary amides®”

(o] .
TsONHBoc (1.5 equiv.) N (o}
2 - " L
Xy R, > AN R
R— TFE, r.t-70 °C N 1
o4
1 3
H H M n M n Me
™ T T b
Me MeO Ph
3a, 5h, 95% 3b, 6h, 90% 3¢, 6h, 95%

H
N

H
N_ _Me CH,
hg Me, )
0O  Me Si. o}
HO

1 "0
3e, 12 h, 86% Mex""e

N om
e
oy
\/\o o

3f, 6 h, 90%

3i, 12 h, 96% 3], 12 h, 95%
H
N\n/Me Br. N\[rMe
F/©/ o \©/ (o]
3m, 7 h, 86% 3n, 6 h, 90%
H
N
(o) 0
Me”
(o}
3q, 12 h, 84% 3r, 12 h, 98%
Me
HN-« H
(o] N Me
) )il
N o]

3v, 6 h, 92%

©/n\([)]/\Me

3z, 6 h, 90%“
(32/32'=98/2)

3u, 18 h 76%

3y, 15 h, 90%%°
(3y/3y'=50/50)

H O
NH N
Me o
Me

Me 3zd, 4 h, 66%°¢
3zc, 5 h, 75%° (3zd/3zd'= 70:30)

Q‘n’

Me/\/\NJLMe

3ze,12 h, 90%°

3d, 12h, 90%
H

o ST

39,5h, 89% 3h, 5 h, 96%
H
)ﬁj ™oy
(o}
cl
3k, 6 h, 91% 31,7 h, 90%

H M H M
e e
cl ° O,N

30, 12 h, 90% 3p, 6 h, 90%°

H

jcastSVoanliny

3s, 6 h, 85% 3t, 16 h, 50%

H
o

3w, 16 h, 70%

3x, 15 h, 90%%°
(3x/3x'=64/36)

@f% oh e

3za, 6 h, 65%¢

3zb, 6 h, 70%7
(3za/3za'=70/30)

(3zb/3zb'=77/23)
Me

0

H

3zf,16 h, 90%°

4Reaction condition: 1 (0.5 mmol, 1.0 equiv.), TSONHBoc 2d (0.75 mmol, 1.5 equiv.), TFE (0.5 mL), rt,

bIsolated yield. “Reaction performed at 80 °C %Regioisomers observed, ratio determined by *H NMR of the

crude mixture and major isomer is shown here. ®mixture of non-separable regioisomers.

Scheme 2.20. Preparation of sec-amides from ketones
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Further to check the scope of this method, various ketones were examined under optimized
reaction conditions (Scheme 2.20). Firstly, we tried acetophenones containing electron
donating groups at para position. The para-substituted electron rich acetophenone, having
methyl, methoxy, or phenyl groups, easily transformed into the corresponding amides with
excellent yields (3b-3d). Acetophenone having a free hydroxyl group survived very well
and provided excellent yields of corresponding amide (3e). Under the optimized reaction
condition, a very labile TBS group was well tolerated (3f). Disubstituted acetophenones
proved to be good substrates and readily produced desired product (3g and 3h). The
excellent yield of amides (3i and 3j) was obtained from ketones containing reactive
functionalities like allyloxy and propargyloxy. On further exploration of substrate scope,
we tried acetophenones having electron withdrawing group like halogens at different
positions on aromatic ring, which provided excellent yields of corresponding amides (3k-
30). p-nitro acetophenone produced the desired product 3p with a 90% yield at a higher
temperature. This process tolerated many sensitive functional group like Boc, ester and
amide (3g-s). Heteroarylic ketones transformed into desired amides (3t and 3u) with 50%
and 76% yields respectively. The naphthyl substituted ketones generated corresponding
amide 3v with 92% vyield. Under optimized reaction conditions, diaryl ketones generated
isomeric mixtures of the corresponding amides (3x-3y) because of the difference in the
migratory aptitude of groups. Substrates 2za-2zb produced the desired product (3za-3zb)
in the form of an isomeric mixture. Substituted cyclohexanone transformed into desired
lactam 3zc with 75% yield at slightly elevated temperature. Aliphatic ketones were readily
converted into corresponding amide 3ze with an excellent yield. Complex substrate like
pregnenolone provided excellent yields of the desired amide 3zf under the similar reaction

condition.
2.5 Conclusion

We have described the first application of TSONHBoc reagent for the direct synthesis of
sec-amides from ketones. The benefit of this reagent is that it doesn't need strong acid
(TFA) to de-protect Boc group as it gets easily cleaved under TFE and generates an active

TsONH:> reagent. We believe this method may find suitable applications in the industry.
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2.6 Experimental section

2.6.1 General Information

Unless otherwise stated, all the reactions were carried out using oven dried glassware under
an open atmosphere in a round bottom flask with magnetic stirring bar at room temperature.
Ketones were used as received without further purification. The aminating reagents were
also prepared by following reported literature. TLC was carried out on pre-coated plates
(Merck silica gel 60, F2s4) and the spots were visualized with UV light or by charring the
plates dipped in PMA or Ninhydrin or DNP solution. The compounds were purified by
flash column chromatography using silica gel (100-200 mesh) with distilled solvents
(EtOAc:Hexane) as mobile phase otherwise mentioned. *H and 3C NMR spectra were
recorded at 400 MHz and 100 MHz instruments respectively in CDCIlz or DMSO-ds
solvents. Chemical shifts (d) are given in ppm. The residual solvent signals were used as
references (CDCls: 6 H = 7.26 ppm, DMSO-ds: 6 H = 2.5 ppm). The following
abbreviations were used to explain NMR peak multiplicities: s = singlet, d = doublet, t =

triplet, q = quartet, m = multiplet, and br s = broad signal.

2.6.2 Preparation of aminating reagents
Aminating reagents 2a%’, 2b?, 2¢? and 2d*° were synthesized in accordance with the

methods described in the literature.

2.6.3 General procedure for preparation of sec-amides from ketones

In an open round bottom flask ketones (0.5 mmol, 1.0 equiv.) and aminating agent (0.75
mmol, 1.5 equiv.) were dissolved in TFE solvent (0.5 mL) at room temperature The
solution was stirred until complete conversion, determined by TLC. The reaction was
quenched with saturated aqueous NaHCOz solution and the resulting mixture was diluted
with ethyl acetate (10 mL) and extracted with a solution of EtOAc (3x5 mL). The organic
layer was washed with brine solution (5 mL) and dried over anhydrous Na;SOa. The crude
product was obtained after the removal of all volatiles in vaccuo and was washed with n-
hexane to remove some minor non-polar impurities (for 3a-d, 3g, 3k-n and 3r) or passed

through a plug of silica gel using ethyl acetate and hexane as eluent to get pure amides.
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2.7 Characterization of the products

N-Phenylacetamide (3a): Prepared according to general procedure and titled amide was

y isolated as white solid (65 mg, 95% yield; m. p. 113-115 °C) whose
©/ N e Me  spectral data was consistent with the literature values.’!

'H NMR (400 MHz, CDCl3) & 7.50 (d, J = 8.0 Hz, 2H), 7.31 (t, ] = 7.7
Hz, 2H), 7.10 (t, ] = 7.3 Hz, 1H), 2.16 (s, 3H).

N-(p-Tolyl)acetamide (3b): Prepared according to general procedure and titled amide was
isolated as white solid (67 mg, 90% yield; m. p. 151-152 °C)

/©/ \ﬂ/ whose spectral data was consistent with the literature values.?

3b 'H NMR (400 MHz, CDC13) & 7.37 (d, J = 8.1 Hz, 2H), 7.20 (brs,
1H), 7.11 (d, J = 8.1 Hz, 2H), 2.31 (s, 3H), 2.16 (s, 3H).

N-(4-Methoxyphenyl)acetamide (3c): Prepared according to general procedure and titled

H amide was isolated as white solid (79 mg, 95% yield; m. p. = 130-
/©/ \ﬂ/ 132°C) whose spectral data was consistent with the literature
3c values.’!

'H NMR (400 MHz, CDCl3) § 8.00 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 7.48 (br
s, 1H), 3.90 (s, 3H), 2.21 (s, 3H).

N-([1,1'-biphenyl]-4-yl)acetamide (3d): Prepared according to general procedure and
H titled amide was isolated as white solid (95 mg, 90% yield; m.
O \ﬂ/ p. = 170-172 °C) whose spectral data was consistent with the

O 3d literature values.>?

'"H NMR (400 MHz, CDCl3) § 7.81 (s, 1H), 7.65 — 7.49 (m,
6H), 7.42 (t, ] = 7.3 Hz, 2H), 7.37 — 7.29 (m, 1H), 2.19 (s, 3H).

N-(4-Hydroxyphenyl)acetamide (3e): Prepared according to general procedure and crude
was purified by silica gel column choromatography (hexane/ethyl

/©/ \ﬂ/ acetate = 1:1, v/v) afforded the titled amide as brown solid (65

3e mg, 86% yield; m. p. 169-170 °C), whose spectral data was

consistent with the literature values.?!
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'H NMR (400 MHz, DMSO-de)  9.64 (s, 1H), 9.13 (s, 1H), 7.33 (d, J = 8.7 Hz, 2H), 6.66
(d, J = 8.7 Hz, 2H), 1.97 (s, 3H).

N-(4-((tert-butyldimethylsilyl) oxy)phenyl)acetamide (3f): Prepared according to general

H procedure and crude was purified by silica gel column
/©/ \”/ choromatography (hexane/ethyl acetate = 3:1, v/v) afforded the
TBSO 3f titled amide as white solid (120 mg, 90% yield; m. p. = 120-122

°C) whose spectral data was consistent with the literature values.*?

'H NMR (400 MHz, CDCls) & 7.65 (br s, 1H), 7.32 (d, J= 7.1 Hz, 2H), 6.75 (d, ] = 7.1 Hz,
2H), 2.10 (s, 3H), 0.95 (s, 9H), 0.15 (s, 6H).

N-(3,4-Dimethoxyphenyl)acetamide (3g): Prepared according to general procedure and
H titled amide was isolated as white solid (87 mg, 89% yield; mp

D/ \ﬂ/ 125-128 °C) whose spectral data was consistent with the

literature values.*

39
'H NMR (400 MHz, CDCl5) § 7.30 (d, J = 1.9 Hz, 1H), 7.17 (br
s, 1H), 6.88-6.76 (m, 2H), 3.87 (s, 3H), 3.85 (s, 3H), 2.16 (s, 3H).

N-(benzold][1,3]dioxol-5-yl)acetamide (3h): Prepared according to general procedure and

H crude was purified by silica gel column choromatography
< :©/ \ﬂ/ (hexane/ethyl acetate = 4:1, v/v) afforded the titled amide as white
3h solid (86 mg, 96% yield; m. p. = 92-95 °C) whose spectral data was

consistent with the literature values.?’

'H NMR (400 MHz, CDCl3) & 7.64 (br s, 1H), 7.17 (d, J = 2.0 Hz, 1H), 6.80 — 6.67 (m,
2H), 5.92 (s, 2H), 2.11 (s, 3H).

N-(4-(Allyloxy)phenyl)acetamide (3i): Prepared according to general procedure and crude
was purified by silica gel column choromatography

/©/ \ﬂ/ (hexane/ethyl acetate = 3:1, v/v) afforded the titled amide as

3i white solid (92 mg, 96% yield; m. p. = 92-95 °C) whose

spectral data was consistent with the literature values.®
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'H NMR (400 MHz, CDCls) § 7.38 (d, J = 8.8 Hz, 2H), 7.14 (br s, 1H), 6.87 (d, J = 8.8
Hz, 2H), 6.11-5.97 (m, 1H), 5.40 (d, J = 16.9 Hz, 1H), 5.28 (d, J = 10.6 Hz, 1H), 4.51 (d, J
= 5.2 Hz, 2H), 2.15 (s, 3H).

N-(4-(prop-2-yn-1-yloxy)phenyl)acetamide (3j): Prepared according to general procedure

H and crude was purified by silica gel column choromatography
/©/ \ﬂ/ (hexane/ethyl acetate = 3:1, v/v) afforded the titled amide as
N i white solid (90 mg, 95% yield; m. p. = 92-95 °C) whose

spectral data was consistent with the literature values.’’

'H NMR (400 MHz, CDCls) & 7.59 (br s, 1H), 7.40 (d, J = 8.5 Hz, 2H), 6.91 (d, J = 8.4 Hz,
2H), 4.65 (s, 2H), 2.51 (s, 1H), 2.12 (s, 3H).

N-(4-Bromophenyl)acetamide (3k): Prepared according to general procedure and titled

H amide was isolated as white solid (97.4 mg, 91% yield; mp = 166-
N Me
/©/ \[]/ 170 °C) whose spectral data was consistent with the literature
0]
Br 3Kk values.’!

'H NMR (400 MHz, CDCI3) § 7.46-7.36 (m, 4H), 7.18 (br s, 1H), 2.17 (s, 3H).

N-(4-Chlorophenyl)acetamide (31): Prepared according to general procedure and titled
amide was isolated as white solid (76 mg, 90% yield; m. p. = 176-

/©/ \ﬂ/ 179 °C) whose spectral data was consistent with the literature

values.3®

'H NMR (400 MHz, CDCl3) § 7.45 (d, J = 8.5 Hz, 2H), 7.27 (d, ] = 8.7 Hz, 2H), 2.17 (s,
3H).

N—(4-Flu0rophenyl)acetamide (3m): Prepared according to general procedure and titled

amide was isolated as white solid (66 mg, 86% yield; m. p. = 155-

/©/ \ﬂ/ 158°C) whose spectral data was consistent with the literature

3m values.?!

'H NMR (400 MHz, CDCl3) § 7.45 (dd, J = 8.7, 4.8 Hz, 2H), 7.38 (br s, 1H), 7.00 (¢, J =
8.6 Hz, 2H), 2.16 (s, 3H).
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N-(3-Bromophenyl)acetamide (3n): Prepared according to general procedure and titled
amide was isolated as white solid (97 mg, 90% yield; m. p. = 83-85 °C)

H

N Me . . .

©/ hit whose spectral data was consistent with the literature values.*
o

'H NMR (400 MHz, CDCl3) § 7.76 (s, 1H), 7.40 (d, ] = 7.8 Hz, 1H),
7.25-7.13 (m, 2H), 2.18 (s, 3H).

Br 3n

N-(2,4-Dichlorophenyl)acetamide (30): Prepared according to general procedure and
Cl H y crude was purified by silica gel column choromatography
/©/ \n/ © (hexane/ethyl acetate = 4:1, v/v) afforded the titled amide as brown

O]
Cl 30 solid (92 mg, 90% yield; m. p. = 142-144 °C) whose spectral data

was consistent with the literature values.*’

'H NMR (400 MHz, CDCI3) § 8.33 (d, J = 8.8 Hz, 1H), 7.56 (br s, 1H), 7.37 (d, J = 2.4
Hz, 1H), 7.25-7.20 (m, 1H), 2.24 (s, 3H).

N-(4-Nitrophenyl)acetamide (3p): Prepared according to general procedure and crude was
H Me purified by silica gel column choromatography (hexane/ethyl

/©/ \g/ acetate = 4:1, v/v) afforded the titled amide as yellow solid (81

O=N 3p mg, 90% yield; m. p. = 210-212 °C) whose spectral data was

consistent with the literature values.*°
'"H NMR (400 MHz, CDCl3) 6 8.21 (d, J =9.0 Hz, 2H), 7.69 (d, ] = 9.0 Hz, 2H), 7.46 (br
s, 1H), 2.25 (s, 3H).

Methyl 4-acetamidobenzoate (3q): Prepared according to general procedure and crude was

“ M purified by silica gel column choromatography (hexane/ethyl

B O\H/©/ \g/ acetate = 4:1, v/v) afforded the titled amide as white solid (81

Me o 3q mg, 84% yield; m. p. = 112-115 °C) whose spectral data was
consistent with the literature values.’!

'H NMR (400 MHz, CDCls) & 8.00 (d, J = 8.5 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 7.48 (br
s, 1H), 3.90 (s, 3H), 2.21 (s, 3H).
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4-acetamido-N-methylbenzamide (3r): Prepared according to general procedure and titled

amide was isolated as white solid (94 mg, 98% yield; m. p. =

H
N M . .
H \n/ ® 183-185 °C) whose spectral data was consistent with the
Me © literature values.*!
o) 3r

'H NMR (400 MHz, DMSO-dg) & 10.04 (br s, 2H), 7.48 (s,
4H), 2.00 (s, 6H).

tert-Butyl (4-acetamidophenyl)carbamate (3s): Prepared according to general procedure

H Me and crude was purified by silica gel column choromatography
Boc /©/ \([)]/ (hexane/ethyl acetate = 3:1, v/v) afforded the titled amide as
H 3s white solid (106.4 mg, 85% yield; m. p. = 162-165 °C) whose

spectral data was consistent with the literature values.>!

'"H NMR (400 MHz, CDCls) § 7.41 (d, J = 8.7 Hz, 2H), 7.30 (d, ] = 8.4 Hz, 2H), 7.15 (br
s, 1H), 6.45 (br s, 1H), 2.15 (s, 3H), 1.51 (s, 9H).

N-(Thiophen-2-yl)acetamide (3t): Prepared according to general procedure and crude was
s H Me purified by silica gel column choromatography (hexane/ethyl acetate =
@ \([)]/ 5:1, v/v) afforded the titled amide as brown solid (35 mg, 50% yield; m.
3t p. = 158-160 °C) whose spectral data was consistent with the literature

values.’!

'H NMR (400 MHz, CDCls) & 8.20 (br s, 1H), 6.91 — 6.80 (m, 2H), 6.68-6.62 (m, 1H),
2.20 (s, 3H).

N-(1-Tosyl-1H-indol-3-yl)acetamide (3u): Prepared according to general procedure and

Me crude was purified by silica gel column choromatography

HN
Q—ﬁ o  (hexane/ethyl acetate = 4:1, v/v) afforded the titled amide as white

N solid (125 mg, 76% yield; m. p. 192-194 °C) whose spectral data was
31;8 consistent with the literature values.’!

'H NMR (400 MHz, CDCl3) § 8.20 (s, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.76 (d, ] = 8.1 Hz,
2H), 7.41-7.32 (m, 2H), 7.29 (br s, 1H), 7.25-7.21 (m, 1H), 7.18 (d, J = 8.1 Hz, 2H), 2.31
(s, 3H), 2.24 (s, 3H).
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N-(Naphthalen-2-yl)acetamide (3v): Prepared according to general procedure and crude
H was purified by silica gel column choromatography (hexane/ethyl

N\H/Me acetate = 3:1, v/v) afforded the titled amide as brown solid (85.2
3v © mg, 92% yield; m. p. = 134-136 °C) whose spectral data was

consistent with the literature values.*?

'H NMR (400 MHz, CDCls) & 8.18 (s, 1H), 7.78 (d, J = 7.8 Hz, 3H), 7.53-7.33 (m, 4H),
2.24 (s, 3H).

N-Phenylbenzamide (3w): Prepared according to general procedure and crude was purified
H by silica gel column choromatography (hexane/ethyl acetate = 4:1,
Np v/v) afforded the titled amide as white solid (69 mg, 70% yield; m.

©/ O p. 168-170°C) whose spectral data was consistent with the literature

3w
values.?!

'H NMR (400 MHz, CDCl3) 3 7.95 (br's, 1H), 7.86 (d, J = 7.4 Hz, 2H), 7.65 (d, ] = 7.8 Hz,
2H), 7.58-7.51 (m, 1H), 7.47 (t, J = 7.4 Hz, 2H), 7.36 (t,J = 7.7 Hz, 2H), 7.15 (t, ] = 7.3
Hz, 1H).

N-(4-Methoxyphenyl)benzamide (3x) and 4-methoxy-N-phenylbenzamide (3x'):*
OMe Prepared according to general

H\H/© + H\V\/O/ procedure and crude was purified

MeO /©/ , Xo ©/ Sx' by silica gel column
choromatography (hexane/ethyl

acetate = 4:1, v/v) afforded the titled amide as white solid (102 mg, 90% yield; 64:36

isomeric mixture; m. p. = 110-115 °C) whose spectral data was consistent with the literature

values.®

'H NMR (400 MHz, DMSO-d6) & 10.07 (s, 1H), 10.03 (s, 0.6H), 7.89 (t, J = 7.9 Hz, 3.2H),
7.71(d, T = 8.1 Hz, 1.2H), 7.62 (d, ] = 8.7 Hz, 2H), 7.54-7.38 (m, 3H), 7.27 (, ] = 7.7 Hz,
1.2H), 7.07-6.93 (m, 1.8H), 6.86 (d, J = 8.8 Hz, 2H), 3.76 (s, 1.8H), 3.67 (s, 3H).
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4-fluoro-N-phenylbenzamide (3y) and N-(4-fluorophenyl)benzamide (3y'): Prepared
according to general procedure and crude was

\H/©/ \”/© purified by silica gel column
©/ /©/ choromatography (hexane/ethyl acetate =
5:1, v/v) afforded the titled amide as white

solid (97 mg, 90% yield; 1:1 isomeric mixture; m. p. = 175-180 °C) whose spectral data

was consistent with the literature values.**

'H NMR (400 MHz, DMSO-ds) & 10.31 (s, 1H), 10.27 (s, 1H), 8.08-8.02 (m, 2H), 7.99-
7.94 (m, 2H), 7.84-7.75 (m, 4H), 7.62-7.50 (m, 3H), 7.39-7.32 (m, 4H), 7.23-7.16 (m, 2H),
7.11 (t, ] = 7.4 Hz, 1H).

3C NMR (100 MHz, DMSO-de) 8 165.52, 165.33, 164.48, 162.86, 159.54, 157.15, 139.09,
135.56, 135.53, 134.85, 131.59, 131.44, 131.41, 130.44, 130.35, 128.62, 128.40, 127.64,
123.75, 122.28, 122.20, 120.47, 115.42, 115.28, 115.20, 115.06.

19F NMR (376 MHz, DMSO-de) & -108.77 (s, 1F), -118.83 (s, IF).

N—Phenylpropionamide (3z): Prepared according to general procedure and crude was
purified by silica gel column choromatography (hexane/ethyl acetate
©/ \H/\Me =5:1, v/v) afforded the titled amide as white solid (67 mg, 90% yield;
m. p. = 108-110°C) whose spectral data was consistent with the

literature values.®

'H NMR (400 MHz, CDCl3) & 8.16 (br s, 1H), 7.53 (d, J = 7.9 Hz, 2H), 7.26 (t, ] = 7.7 Hz,
2H), 7.06 (t, ] = 7.2 Hz, 1H), 2.35 (q, J = 7.5 Hz, 2H), 1.19 (t, ] = 7.5 Hz, 3H).

N-Phenylisobutyramide (3za) and N-isopropylbenzamide (3za’): Prepared according to

H Me o) )M\e general procedure and crude was purified by

©/ \H)\Me g @H’j Me silica gel column choromatography
o) an

32a 37a" (hexane/ethyl acetate = 5:1, v/v) afforded

3za as white solid (53 mg, 65% yield; m. p.

=110-111°C) along with 3za' (19 mg, 24% yield) whose spectral data was consistent with

the literature values.3!*¢

N-Phenylisobutyramide (3za):>!
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1H NMR (400 MHz, CDCI3) § 7.53 (d, J = 8.0 Hz, 2H), 7.32 (t, ] = 7.7 Hz, 2H), 7.10 (¢, J
= 7.4 Hz, 1H), 2.59-2.43 (m, 1H), 1.26 (d, ] = 6.8 Hz, 6H).

N-Isopropylbenzamide (3za'):*

'H NMR (400 MHz, CDCls) & 7.80-7.69 (m, 2H), 7.51 — 7.33 (m, 3H), 6.09 (s, 1H), 4.36-
4.19 (m, 1H), 1.24 (d, J = 6.5 Hz, 6H).

N-Phenylcyclohexanecarboxamide (3zb) and N-cyclohexylbenzamide (3zb'): Prepared
H m/@ 1) /O according to general procedure and

N and @N crude was purified by silica gel
©/3zbo 3zbl._| column choromatography
(hexane/ethyl acetate = 5:1, v/v)

afforded the titled amide 3z as white solid (71 mg, 70% yield; mp 141-144 °C) along with
3zb' white solid (18 mg, 18% yield, m. p. = 141-144 °C) whose spectral data was consistent

with the literature values.?!
N-Phenylcyclohexanecarboxamide (3zb):

'H NMR (400 MHz, CDCL3) § 7.53 (d, J = 7.9 Hz, 2H), 7.35-7.24 (m, 3H), 7.08 (t, ] = 7.3
Hz, 1H), 2.27-2.18 (m, 1H), 1.95 (d, J = 12.6 Hz, 2H), 1.83 (d,J = 11.1 Hz, 2H), 1.73-1.66
(m, 1H), 1.60-1.49 (m, 2H), 1.38-1.25 (m, 3H).

N-cyclohexylbenzamide (3zb'):

'H NMR (400 MHz, CDCls) & 7.75 (d, J = 7.4 Hz, 2H), 7.48 (t, ] = 7.2 Hz, 1H), 7.42 (t, ]
= 7.4 Hz, 2H), 5.96 (br s, 1H), 4.07-3.89 (m, 1H), 2.09-1.96 (m, 2H), 1.80-1.71 (m, 2H),
1.70-1.65 (m, 1H), 1.48-1.37 (m, 2H), 1.30-1.17 (m, 3H).

5-(tert-Butyl)azepan-2-one (3zc): Prepared according to general procedure and crude was
H O purified by silica gel column choromatography (hexane/ethyl acetate = 3:1,
v/v) afforded the titled amide as white solid (64 mg, 75% yield; m. p. = 150-

3¢ 154 °C) whose spectral data was consistent with the literature values.?’

'H NMR (400 MHz, CDCl3) 5 6.50 (br s, 1H), 3.28-3.14 (m, 2H), 2.57-2.28
(m, 2H), 2.02-1.89 (m, 2H), 1.32-1.14 (m, 3H), 0.86 (s, 9H).
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1,3,4,5-tetrahydro-2H-benzo[b]azepin-2-one (3zd) and 2,3,4,5-tetrahydro-1H-benzo[c/-
azepin-1-one (3zd'): Prepared according to general procedure and crude was purified by
H o o silica gel column choromatography (hexane/ethyl

N NH acetate = 5:1, v/v) afforded the titled amide as white
@j and (:i\) solid (53 mg, 66% yield; m. p. =136-138 °C) along with
3zd 3zd’ 3zd' as white solid (20 mg, 25% yield; m. p. = 100-103

°C) whose spectral data was consistent with the literature values.**

1,3,4,5-tetrahydro-2H-benzo[bJazepin-2-one (3zd):*

'H NMR (400 MHz, CDCl3) § 9.14 (br s, 1H), 7.25-7.14 (m, 2H), 7.14-7.06 (m, 1H), 7.03
(d,J=7.7 Hz, 1H), 2.80 (t, ] = 7.2 Hz, 2H), 2.35 (t, ] = 7.2 Hz, 2H), 2.29-2.15 (m, 2H).

2,3,4,5-tetrahydro-1H-benzo[c]azepin-1-one (3zd'):*

'H NMR (400 MHz, CDCls) § 7.75 (brs, 1H), 7.68 (dd, J = 7.5, 1.6 Hz, 1H), 7.37 (td, ] =
7.4,1.6 Hz, 1H), 7.31 (td, ] = 7.5, 1.4 Hz, 1H), 7.16 (d, J = 7.8 Hz, 1H), 3.10 (q, J = 6.4
Hz, 2H), 2.83 (t, J = 7.1 Hz, 2H), 2.05 — 1.93 (m, 2H).

N-Butylacetamide (3ze): Prepared according to general procedure and crude was purified

H by silica gel column choromatography (hexane/ethyl acetate = 4:1,
Me. _~_N \ﬂ/ Me

3ze

v/v) afforded the titled amide as clear oil (52 mg, 90% yield) whose

spectral data was consistent with the literature values.>*

'H NMR (400 MHz, CDCI3) § 6.84 (br s, 3H), 3.22 (dd, J = 13.1, 7.0 Hz, 2H), 1.98 (s,
3H), 1.49 (dt, J = 14.9, 7.3 Hz, 2H), 1.43 — 1.28 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H).

N-((3S,8R,9S8,10R,13S,14S,17S)-3-Hydroxy-10,13-dimethyl-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopentala] phen-anthren-17-
yDacetamide (3zf):*' Prepared according to general procedure and crude was purified by
silica gel column choromatography (hexane/ethyl acetate
= 3:1, v/v) afforded the titled amide as white solid (149
mg, 90% yield; m. p. = 234-236 °C) whose spectral data

was consistent with the literature values.’!

Puneet Kumar, Ph. D. Thesis, BBAU, Lucknow 57



Chapter 2

'H NMR (400 MHz, CDCl3) § 5.37-5.32 (m, 1H), 5.31-5.23 (m, 1H), 3.89 (q, J = 9.0 Hz,
1H), 3.52 (td, J = 11.1, 5.5 Hz, 1H), 2.35-2.06 (m, 3H), 2.05 — 1.93 (m, 4H), 1.84 (d, J =
10.2 Hz, 2H), 1.69 (dd, J = 15.7, 11.8 Hz, 2H), 1.64-1.53 (m, 3H), 1.53-1.35 (m, 3H), 1.34-
1.18 (m, 3H), 1.16-1.03 (m, 2H), 1.01 (s, 3H), 0.96 (dd, J = 11.5, 4.6 Hz, 1H), 0.70 (s, 3H).
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2.81H, 3C and °F NMR Spectra of the products
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Chapter 3

Direct and metal-free transformation of aryl boronic acid
into aromatic amines using N-Boc-O-tosylhydroxylamine

reagent

This chapter describes the direct and metal-free method for the synthesis of aromatic
amines from aromatic boronic acids and esters by using the TSONHBoc as an aminating
reagent. This reagent is extremely stable, easy to use, and produces a non-interfering by-
product (i.e. TSOH) that is easily removed by a basic aqueous workup. Under acidic
conditions, the method applies to boronic acids having electron-withdrawing as well as
electron-donating groups to produce the corresponding anilines in good to excellent
yields. The existing method could be utilized to obtain aromatic primary amines at the

gram scale.

o, .0

\_7,
B(OH), \S:O NH, Q Metal-free synthesis
1
Me NHBoc O Open-flask and easy handling
» R
CF;COOH O Stable nitrogen source

1,2-dichloroethane 23 examples
up to 95% yield

R

Q Water soluble by-product
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Chapter 3

3.1 Introduction

Primary aryl amines are present in several drugs, biologically active compounds,
agrochemicals, dyes, and polymeric substances.! Otto Unverdorben discovered the aniline
which was isolated from the destructive distillation of indigo. Additionally, arylamines are
utilized as transition metal ligands,? as well as in the development of conductive polymer®
and other electronic materials of interest.* Aromatic amines' historical and industrial value
inspired to development of newer synthetic methods. Arylamines have so many different
uses, hence they are desirable targets for chemical synthesis (Figure 3.1-3.3).

Me
NH,
fo) 0O O
(o] NH

o N o
HO NH N
H

HO F NH,
Mesalazine Retigabine Lenalidomide
(Used as anti-inflammatory) (Used as anticonvulsant) (To treat myeloma)

Figure. 3.1. Some drug molecules having primary amines!

Me N
N
, NH; N NH //N—Q—SOZNHZ
HyN N @ © HZNQ-N
Me

NH,

Crisoidine Mauveine A Prontosyl rubrum

Figure. 3.2. Selected examples of aniline derived dyes*
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Figure 3.3. Important applications of anilines

3.2 Literature review for the synthesis of aromatic amines

Traditional synthesis of amines involves the introduction of nitro group on aromatic
compounds which was further reduced via metallic reduction or catalytic hydrogenation.®
Towards a milder alternative to the traditional method, transition metal catalyzed coupling
of aryl halides and amines was developed.® Later on amination reactions catalyzed by
palladium metal have attracted great attention.” To eliminate the need for expensive
palladium catalysts and strong bases, copper-based oxidative amination of arylboronic
acids has been further investigated. This approach is useful as it gives access to a large
number of functionalized and stable boronic acids, however, it only allows access to N-
substituted aromatic amines (Scheme 3.1A).2 Fu and coworkers reported the preparation
of primary aromatic amines from boronic acid using Cu(l)O and ag. NH3 as a nitrogen
source (Scheme 3.1B).° First transition metal-free synthesis of anilines has been reported
by the Kirti group using O-(2,4-dinitrophenyl)hydroxylamine (DPH) as a nitrogen

source.
(Scheme. 3.1A)
(X=Br, I, etc)
R . (Scheme. 3.1B) R
,jl [Pd, Cu, Ni], base H (X= -B(OR},) ﬁ
e < N = - 2 N
R Buchwald-Hartwig QX + Ny — |y R
or Ullmann coupling Chan-Lam coupling
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PhI(OCOCF,),-NBS

MeONH, HCI
aq. NaOH
(Scheme. 3.1C) Org. Bio. Chem. 20155
Transition metal (Scheme. 3.1D)

Catalyzed /\ iti
y O_B(OH)z Transition metal free o NH,
[ Cu], NH; (aq.) Hydroxylamine derivatives O/

as NH,-Source

O R, 0.
Me-ONH,.HCI J N H,N-O-SO3H NH,
n-Bui Ph™ "0 "Ry NaOH(aq.): MeCN (1:1)
K,CO3 (2 equiv.) o O.N NO,
THF, -78 °C-60 °C 223 J. Org. Chem. 20155 . .
J. Am. Chem. Soc. 201262 dioxane, 130 °C Toluene, 50 °C-100 °C
Org. Lett. 20125 J. Am. Chem. Soc. 2012%

Scheme 3.1. Synthesis of primary anilines from arylboronic acids and aryl halides
The up-to-date literature study for the synthesis of arylamines are summarized below:

3.2.1 Pd-catalyzed selective amination via coupling reactions

i) Kosugi and Migita were the first to describe the C-N coupling of aryl halides with tin
amides using palladium catalysts and tri-O-tolylphosphine as a ligand.*2 Palladium
complexes could catalyze the aromatic C-N bond formation in a synthetically useful manner. The

limited scope and toxicity of tin-amide limit its wider application (Scheme 3.2).

R Br NR;R,
2
/
Busn—N |\ L,PdCl, |\ + Bus
P > _ u3;SnBr
R4 X X
R R
1) (2) (3) (4)

L2PdC|2 =PdC|2{P(0't°y|)3}2]
Scheme 3.2. Pd-catalyzed amination of arylbromides

i) Hartwig!® and Buchwald group,** reported the first catalytic amination of aryl

bromides using unprotected amine (Scheme 3.3).

Ph Cat Ph

/ at. /
PhOC Br + H—N —» PhOC N\

\

Me Me

(5) (6) (7)
Cat.=Pd,(dba)s/P(O-tolyl); or PdCI,[P(O-tolyl);],

Scheme 3.3. Pd-catalyzed amination of arylbromides with free amine
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The same group later on employed BINAP® and DPPF Pd-complexes for the synthesis of
N-substituted anilines from aryl halides. They discovered that using Pd>(dba)s and BINAP
catalyst in the presence of t-BuONa improved the cross-coupling of amines with aryl
bromides (Scheme 3.4-3.5).16

Pd,(dba);
BINAP
t-BuONa
@—Br + R-NH, > @‘NHR
R Toluene, 80 °C R
(2) (8) )

Scheme 3.4. BINAP-catalyzed amination of arylbromides

(DPPF)PdCI,
DPPF

t-BuONa
R THF, 100 °C R

(2) (8) 9

Scheme 3.5. DPPF-catalyzed amination of arylbromides

iii) Ullmann condensation is another widely used method for amination of aryl halides, in
which an amine and an aryl halide were reacted in presence of a base and a copper catalyst.
It is one of the most frequently adopted processes for the preparation of arylamines.” These
reactions required elevated temperatures (200 °C) and stoichiometric amounts of copper
catalyst, which might lead to waste disposal issues when used on large scale.'® Gujadhur
and coworkers describe an amination of mono- and diarylamines using Cu(PPhs)sBr in the
presence of Cs2COj3 base at 120 °C (Scheme 3.6).192°

SN
R—!/ RT + /@—RZ Cu(PPh)3Br, Cs,C0;5 R@\ GRZ
N~ |7 N\F Toluene, 110-120 °C Z T
R

H

(10) (11) (12)
Scheme 3.6. Cu(PPhs)Br-catalyzed amination of aryliodides

iv) Buchwald et al. described a moderate, useful Cu-catalyzed amination of functionalized

aryl iodides using air-stable Cul catalyst and ethylene glycol as the ligand (Scheme 3.7).%
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Cul (5mol%)

—_— K3PO4(2 equiv.) - 152
\ + R1-NHR? = A NR'R
- S

HO(CH,),OH ( 2 equiv.)
(1) (13) Propan-2-ol, 80 °C (14)

Scheme 3.7. Cul-catalyzed amination of aryliodides
3.2.2 Synthesis of amines from aromatic boronic acids using DPH reagent

Chen Zhu and co-workers reported the first metal-free synthesis of primary aromatic
amines (17) in good yields directly from arylboronic acids (15) using DPH as a nitrogen
source (Scheme 3.8). This methodology failed with aliphatic substrates and also provided
poor yields with electron deficient substrates. This method produced the anilines in good
yields. However, the generated toxic by-product (2,4-dinitrophenol) limits its application

in industries.?

- B(OH), O\NI_|2 - NH2
s ol
Z O,N NO, DCE ,50 °C, 24 h %

X= Aryl (1.1 equiv.)
(15) (16) (17)

Scheme 3.8. Synthesis of aryl anilines from boronic acids using DPH
3.2.3 Metal-free Synthesis of aromatic amines from aryl boronic acids using HOSA

Voth et al. have developed an effective transition metal-free method for converting
phenylboronic acid directly into primary anilines using HOSA as aminating agents. The
corresponding aniline (17) was produced in excellent yield when boronic acid (15) was
reacted with HOSA (18) in the presence of agueous NaOH in MeCN at room temperature.
This method has several limitations such as the requirement of a strong base (NaOH).
Substrates containing strongly electron-withdrawing groups provided very poor yield

along with a longer reaction time (Scheme 3.9).2
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B(OH)
x©/ * H,NOSO:H(1.5 mmol)(18) N2
1 > X
/ . X I
NaOH,q) (1 M) Z

(15) 'MeCN (0.1 M), rt, 16 h

(R = Alkyl, aryl) (17)

Scheme 3.9. Synthesis of anilines from boronic acids

3.2.4 Ipso-amination of organo-boronic acids using PIFA

In 2015, Nachiketa Chatterjee et al. reported the ipso-amination of substituted boronic
acids (19) using PIFA with N-bromosuccinimide (NBS). They used methoxyamine
hydrochloride as a nitrogen source (20) under metal and base-free conditions to access
desired anilines (21) with good to excellent yields. Indeed this methodology works well
but it has some limitations such as aminating agent is highly hygroscopic and needed an
excessive amount of additives (Scheme 3.10).24

PhI(OCOCF;) (2.0 equiv.), NBS (2.0 equiv.)

MeONH,.HCI (1.0 equiv.) (20
Ar—B(OH), 2-HCI (1.0 equiv.) (20)

(19) CH5CN, r.t, 2-3 h

Y

Ar—NH,
(21)
Ar = Aryl, akyl, N-heterocycl

Scheme 3.10. Synthesis of primary anilines using PIFA

3.2.5 Chemoselective approach for the preparation of primary anilines to boronic

acids using cyanamidyl/arylcyanamidyl radical as a nitrogen source

In 2016, Nachiketa Chatterjee and coworkers reported a practical, efficient method for the
synthesis of primary anilines from boronic acids in the presence of PIFA, NBS, and
cyanamidyl/arylcyanamidyl radicals as a nitrogen source (Scheme 3.11). Primay amines
were obtained in the form of ammonium trifluroacetate salts which were then treated with
aqueous NaOH to yield the free amines. Quantum chemical calculations in combination
with experimental data show that the boron atoms of the boronic acids interact
regiospecifically with the nitrile-N centre of the cyanamidyl/arylcyanamidyl radical. This

methodology works very well with all types of boronic acids such as electron-rich,
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electron-deficient, heterocyclic and aliphatic boronic acids generated corresponding

primary amines with good to excellent yields.?®

PIFA (2.0 equiv.),NBS (2.0 equiv.)
NH,CN (1.1 equiv.) (23)
CH;CN, ag. NaOH, r.t,1h
(22) (24)

R = Aryl, alkyl, N-heterocyclic

Scheme 3.11. Synthesis of primary amines from boronic acids using PIFA-NBS.

3.2.6 Synthesis of primary aryl amines using microwave and sonication method

from potassium arylfluoroborates and arylboronic acids

i) Dale kuik and co-workers have developed metal-free benign microwave assisted
methodology to synthesize primary arylamines from potassium arylfluoroborates using
hydroxylamine-O-sulfonic (HOSA) as aminanting agent. Aryltrifluoroborates (25) were
treated with HOSA (18) using aqueous NaOH in acetonitrile under two different
conditions: sonication as well as microwave irradiation to obtain corresponding arylamines
(17) in good yields (Scheme 3.12A). Electron rich substrates reacted in a faster rate than
electron-deficient substrates to produce primary aryl amines in better to good yields under
sonication. Similar transformations under a microwave reactor proceeded well to afford
better yields of aryl amines in contrast with the sonication process (Scheme 3.12B). 2-
naphthyl and thiophene derivatives afforded better yields under microwave irradiation.
However, 4-iodophenylfluoroborate and 2,6-dimethoxyphenylfluoroborate afforded

proximal yields under both conditions.?

BF;K
A dil NaOH (aq) 0 S
X _J + NH,0S0;H > X
MeCN Z
(25) (18) (17)

Scheme 3.12A; Sonication: HOSA (1.5 equiv.), MeCN (2.5 mL)
NaOH (5 equiv.) 1-3 h
Scheme 3.12B; Microwave : HOSA (1.5 equiv.), MeCN (2.0 mL)
NaOH (5 equiv.) 30 min. 100 °C,15min

Scheme 3.12. Synthesis of primary aryl amines
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ii) After the successful synthesis of arylamines from aryltrifluorborate under sonication
and microwave irradiation, the author further developed the transformation of arylboronic
acids into arylamines using HOSA. Arylboronic acids (15) were treated with HOSA (18)
using aqueous NaOH in acetonitrile at r.t. to obtain the desired primary arylamine (17) in
better to satisfactory yields with a much longer reaction time (Scheme 3.13A).2” However,
the same reaction under sonication was completed within 30 min with better yields of aryl
amines (Scheme 3.13B). It was observed that electron-rich substrates afforded better yields
than electron-deficient substrates under sonication. To improve the yields, further the same
reaction was exposed under microwave irradiation which was completed within 15 min at
100 °C to provide the best yields of desired products (Scheme 3.13C).

B(OH),
X NaOH (aq) NH;
+ NH,0SO;H X

MeCN
(15) (18) (7

Scheme 3.13A Method C; r. t.: HOSA (1.5 equiv.), NaOH (5 equiv.)
MeCN (5.0 mL), 16 h, r.t
Scheme 3.13B Method D; Sonication: HOSA (1.5 equiv.), NaOH (5 equiv.)

MeCN (5.0 mL) , 30 min.
Scheme 3.13C Method E; Microwave: HOSA (1.5 equiv.), NaOH (5 equiv.)

MeCN (2-10 mL), 100 °C, 15 min
Scheme 3.13. Synthesis of amines from aryl boronic acids

In conclusion, only a few reports have been established to synthesize primary anilines from
boronic acids by using various aminating agents, such as HOSA (HSO30ONH>),
MeONH:.HCI, aminoazanium of DABCO (H.N-DABCO)? and others.?° Although these
protocols effectively access desired primary amines, used +NH> reagents (such as DPH)
must be stored at 0 °C and release hazardous, explosive, and interfering byproducts (2,4-
dinitrophenol). O-benzoylhydroxylamine derivatives only generated substituted anilines.
Methoxyamine hydrochloride and hydroxylamine-O-sulphonic acid, need an excessive
amount of strong bases like NaOH and n-BuLi. In light of the limitations and potential
problems of previously described protocols, the development of an easy-to-use method for

the synthesis of primary anilines from boronic acid/ester is highly desirable.
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3.3 Objective of the work

The objective of this part of the thesis is to develop a novel transition metal-free direct
method for the synthesis of primary amines from aryl boronic acid/ester using TSONHBoc

as the nitrogen source (Scheme 3.14).

o. 0

\\s’/
O/B(OH)Z /©/ \? Trifluoroacetic acid NH,
+ Mo NHBoc 1 5 pichloroethane O/

Scheme 3.14. Synthesis of anilines from aryl boronic acids

3.4 Results and discussion

3.4.1 Optimization of the reaction condition

Table 3.1 Optimization of the reaction conditions?

(o)

©/B(OH)2 e/©/ EHBoc ©,NH2
Acid
1a
S.No. Solvent Additives Amount (equiv.) Yield
(%)™
1 TFE - - 45%
2 TFE AcOH 1.5 56%
3 TFE (COOH)2 1.5 50 %
4 TFE TFA 1.5 69%
5le] TFE TFA 3.0 82%
6 CHxCl, TFA 3.0 89%
7t DCE TFA 3.0 95%

8 Toluene TFA 3.0 90%
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9 CH3;CN TFA 3.0 30%
10 MeOH TFA 3.0 20%
11 DCE - - 0%

?Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), 2 (0.75 mmol, 1.5 equiv.), acid (1.5-3.0 equiv.), Solvents,
(CH.Cl,, DCE (1,2-dichloroethane), Toluene, CHsCN, MeOH (1.0 mL), rt, 16 h. "Isolated yield.>“ Reaction
was completed in 6 h and 5 h respectively.

In our earlier investigation, we observed that TSONHBocC generates an active amine reagent
(TsONH) in TFE solvent.*® On the next move, we wish to use this methodology for the
transformation of boronic acid to amines. We started the investigation using phenylboronic
acid as a model substrate which was aminated in TFE to produce aniline 3a with a moderate
yield of (45%, Table 3.1, Entry 1). With this encouraging outcome, we proposed the
hypothesis that exogenous acid could accelerate the reaction by easily deprotecting the
Boc-group. We observe that, out of all the used acids (Entries 2-4), TFA turns out to be the
best choice (Table 3.1, Entry 4-5). Additionally, a study of different solvents revealed that
dichloroethane is the most efficient solvent (Table 3.1, entries 7-11).

3.4.2 Substrate scope

After the optimized reaction condition in hand, we next studied the effect of favorable
electron-releasing groups (Scheme 3.15). It is noteworthy that substrates with electron-
donating groups (Me, OEt) at the o-position were readily transformed to the desired amines
(3b-3c). In addition, the p-methoxy (1d) substituent efficiently formed the corresponding
amine (3d). Di-methoxy (1e) and mesitylboronic acid (1g) were found to be consistent at
these reaction conditions, and the desired anilines (3e and 3g) were obtained in high yields.
Similar to this, 2-methyl-4-methoxyphenylboronic acid (1f) transformed into the desired
amine (3f) with excellent yields. The transition metal-catalyzed amination procedure is
frequently challenging to prepare halogen substituted aromatic anilines. Halogenated
phenylboronic acids in particular (1h-1) were readily transformed with good to high yields
(3h-1). In addition, the phenylboronic acid having electron-withdrawing cyano group at
para position efficiently transformed into the corresponding anilines 3n with 88% yields.

Para nitro phenylboronic acids converted into the corresponding amine (3m) in moderate
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yield (45 %). Amine 30 was produced in good yield from naphthyl-2-boronic acid.
Substrates 4-methoxy and 4-ethoxycarbonylphenylboronic acid (1p-q) having labile
groups performed very well and produced corresponding anilines in excellent yields. Under
our optimized reaction condition, phenethylboronic acid and cyclohexylboronic acid did
not  produce the  product.  Heterocyclic  substrates such as  3,4-
(methylenedioxy)phenylboronic acid (1r) as well as dibenzofuran boronic acid (1s) were
generated the corresponding amines 3r-s in a high yield.

i N B(OH), 2 (1.5equiv) X NH,
P TFA (3.0 equiv.) R

1 DCE, rt 3
o s o
Me OEt MeO
3a,5h, 95% 3b, 7 h, 89% 3c, 8 h, 88% 3d, 4 h, 92%
Me
NH, Me
OMe
/@[ /©/NH2 /C[NHz /G[
MeO OMe
Cl NH
MeO Me Me . 2
3e, 4 h, 95% 3f, 5 h, 90% 3g,5h, 83% 3h, 20'h, 70%
Me NH, NH, NH,
o
ol Br F
Cl .
3i 4 h, 92% 3j,7h,79% 3k, 7h, 81% 31,12 h, 76%
NH
o ot O O
o,N NC Me0,C

3m, 48 h, 45% 3n, 13 h, 88% 30, 6 h, 86% 3p, 48 h, 75%

.o

39,48 h, 78%

%
O?

3r, 30 h, 80% 3s,48h, 72%

4Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), 2 (0.75 mmol, 1.5 equiv.), TFA (1.5 mmol, 3.0 equiv.), DCE
(1.0 mL), rt, bisolated yield.

Scheme 3.15. Synthesis of primary amines from boronic acids
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On the next move, boronate ester 4a, produced aniline 3a in an excellent yield. Further
study of various boronate esters substituted at different positions produced the respective
anilines in good yields 4j & 4v (Scheme 3.16).

°J§<
|
B< 2 (1.5 equiv.) NH,
R@/ © TFA (3.0 equiv.) R—'(j/
I . . 1
Z DCE, rt Z
4

3

NH2 /©/NH2
©/ Me
NH,
3a 16 h, 71% /©/ 3u, 18 h, 60%
H
/©/ 3t, 20 h, 78% ©i
ci CN

3j, 18 h, 88% 3v, 20 h, 52%?

Yields are reported after isolation. 2Reaction was performed in Toluene.

Scheme 3.16. Synthesis of primary amines synthesized from boronic esters

To test the chemoselectivity of this method we reacted (4-acetylphenyl) boronic acid 1w
with aminating agent 2 (1.0 equiv.). The boron center was left unreacted while the ketonic
group was changed into the equivalent amide. When we added another 1 equivalent of

aminating agent then the boronic acid group converted into the amino group 3w (Scheme

3.17).
B(OH), | 0 NH:
2 (2.0 equiv.) _ /©/
Me TFA (3.0 equiv.) Me)LN

DCE, rt H
3w, 12h, 78%

Scheme 3.17. Conversion of both boronic acid and ketonic groups simultaneously

The favorable results found in the mmol scale motivated us to further examine the

scalability of this method. This amination reaction has been examined for its practical use
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by employing gram-scale transformation of phenylboronic acid 1a to aniline 3a in

quantitative yield (Scheme 3.18).

B(OH) 2 (1.5 equiv.) NH,
O/ TFA (3.0 equiv.) ©/
DCE, rt, 8h
1a (1.5 9) 3a(1.1g, 96%)

Scheme 3.18. Synthesis of aniline at gram scale.

This method follows the same mechanistic pathways as proposed by the Kirti group
(Scheme 3.19).1°

TsONHBoc
HO.__OH lTFA HO OH o
B . Y ® NH,
H,N-OTs Xy eSngTs| -0t TN
N ———— g TR/ RIL
| % H H (hydrolysis) G
/s

Scheme 3.19. Proposed mechanism of reaction

3.5 Conclusion

In conclusion, we have developed an operationally simple method for the synthesis of
different primary anilines from different aromatic boronic acids and esters having various
functional groups at different positions. Substrates containing electron donating and
electron withdrawing groups both, as well as heterocyclic boronic acids, were tolerated
well. In situ generated active amino (TSONH2) by N-Boc protected aminating agent
overcome the several drawbacks of using isolated -NH> reagents. We hope this method

may find suitable synthetic applications.
3.6 Experimental section

3.6.1 General Information:

Reactions, unless otherwise stated, were carried out using oven-dried glassware under open

atmosphere. Commercially available boronic acids were used as received without further

Puneet Kumar, Ph. D. Thesis, BBAU, Lucknow 94



Chapter 3

purification. TLC was carried out on precoated plates (Merck silica gel 60, F2s4), and the
spots were visualized with UV light or by charring the plates dipped in ninhydrin solution.
The compounds were purified by flash column chromatography using silica gel (100-200
mesh) and ethyl acetate/hexane as the mobile phase. *H and *C NMR spectra were
recorded at 400 MHz and 100 MHz in CDCIs or DMSO-ds respectively as the solvent.
Chemical shifts (8) are given in ppm. The residual solvent signals were used as references
(CDCl3: 6 H=17.26 ppm, 6 C = 77.16 ppm; DMSO-ds: 6 H=2.5 ppm, & C = 39.52 ppm).
High-resolution mass spectrometry (HRMS) was performed on agilent 6530 Q-TOF using
electrospray ionization (ESI) and a time-of-flight (TOF) analyzer, in positive-ion or
negative-ion detection mode. The following abbreviations were used to explain NMR peak
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, and brs = broad

signal.

Preparation of N-Boc-O-tosylhydroxylamine (2):% 4-Toluenesulfonyl chloride (2.0 g,
10.49 mmol, 1.0 equiv.) and tert-butyl N-hydroxycarbamate (1.39 g, 10.49 mmol, 1.0
equiv.) were dissolved in diethyl ether (30 mL). The mixture cooled to 0 °C, and then
triethylamine (1.6 mL, 11.54 mmol, 1.1 equiv.) was added dropwise, formation of white
precipitate was observed and the mixture was stirred at 0 °C for 2 h. The reaction was
monitored by TLC. After 2 h, the reaction mixture was filtered and the cake was washed
with ethyl acetate (20 mL). The collected solvent was washed with water (2x30 mL) and
brine solution (2x30 mL), dried over anhydrous Na>SO4 and evaporated under reduced
pressure. The syrupy crude obtained, was dissolved in n-hexane (25 mL) and stirred for 10
minutes; a white solid appeared which was filtered, and dried under reduced pressure to
get TSONHBoc as a white solid (2.6 g, 90% yield) (Scheme 3.20).

Q.o
; o
/©/ ¢l o‘\sf’ N o_ .m
Ho'H O Me Me o \ﬂ/ *M:
\ﬂ/ *Me M (o] Me
0 Me TEA, Et,0, 0 °C, 2 h e 2

Scheme 3.20. Synthesis of aminating reagent

General procedure for preparation of anilines from boronic acid: To a round-bottom

flask equipped with a magnetic stirring bar were added boronic acid 1 (0.5 mmol, 1.0
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equiv.) and N-Boc-O-tosylhydroxylamine (TsSONHBoc) 2 (1.5 equiv.) in DCE solvent (1
mL) at room temperature. To this stirred solution TFA (3 equiv.) was added. The reaction
mixture was further stirred at this temperature for the specified duration and the progress
of the reaction was monitored by TLC. After completion, the reaction mixture was diluted
with ethyl acetate (10 mL) and washed with a saturated aqueous NaHCO3 solution (3 x 5
mL). The organic layer was washed with brine solution (5 mL) and dried over anhydrous
Na2SOg4. The crude product obtained after removal of all of the volatiles was purified by a
silica gel column chromatography to afford the pure desired product 3 using EtOAc/hexane

as an eluent.
3.7 Characterization of the products

Aniline (3a):1° Purified by column choromatography on silica gel (hexane/ethyl acetate =
19:1, v/v); brown liquid; 44 mg, 95% vyield; *H NMR (400 MHz, CDCls) §
©/NH2 7.13 (dt, J = 8.5, 4.2 Hz, 2H), 6.81-6.69 (m, 1H), 6.63 (d, J = 8.3 Hz, 2H),
3.54 (brs, 2H). 3C NMR (100 MHz, CDCls) & 146.42, 129.28, 118.46,
115.08.

o-Toluidine (3b):2® Purified by column choromatography on silica gel (hexane/ethyl
Me acetate = 9:1, v/v); brown liquid; 48 mg, 89% yield; *H NMR (400 MHz,
NM2 cDCIs) 57.05 (t, 9= 7.8 Hz, 2H), 6.71 (dd, J = 17.6, 7.6 Hz, 2H), 3.49 (brs,

2H), 2.18 (s, 3H).

13C NMR (100 MHz, CDCls) § 144.57, 130.56, 127.07, 122.49, 118.80, 115.10, 17.45.

2-Ethoxyaniline (3c):3! Purified by column choromatography on silica gel (hexane/ethyl

NH>  acetate = 19:1, v/v); syrupy liquid; 60 mg, 88% yield; *H NMR (400 MHz,
C[OB CDCls) 6 6.85-6.79 (m, 2H), 6.77-6.72 (m, 2H), 4.09 (g, J = 7.0 Hz, 2H),
3.83 (brs, 2H), 1.47 (t, J = 7.0 Hz, 3H). *C NMR (100 MHz, CDCls) § 146.66, 136.35,
121.02, 118.45, 115.09, 111.52, 63.76, 15.04.

4-Methoxyaniline (3d):32 Purified by column choromatography on silica gel (hexane/ethyl
/@/NH2 acetate = 4:1, v/v); dark brown solid; m.p. = 54-55 °C; 57 mg, 92%
MeO yield; *H NMR (400 MHz, CDCls) § 6.79-6.71 (m, 2H), 6.70-6.61
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(m, 2H), 3.75 (s, 3H), 3.40 (brs, 2H). 3C NMR (100 MHz, CDClz) & 152.89, 140.00,
116.54, 114.88, 55.83.

2,4-Dimethoxyaniline (3e):2®> Purified by column choromatography on silica gel

nh,  (hexane/ethyl acetate = 4:1, v/v); dark brown liquid; 73 mg, 95%

@[ yield; 'H NMR (400 MHz, CDCls) & 6.65 (d, J = 8.4 Hz, 1H), 6.46

MeO OMe (4. 3= 25Hz, 1H), 6.35 (dd, J = 8.4, 2.6 Hz, 1H), 3.82 (s, 3H), 3.75

(s, 3H), 3.41 (brs, 2H). *C NMR (100 MHz, CDCls) § 153.25, 148.46, 129.78, 115.36,
104.28, 99.45, 55.84, 55.56

4-Methoxy-2-methylaniline (3f):2® Purified by column choromatography on silica gel

Me (hexane/ethyl acetate = 9:1, v/v); dark brown liquid; 62 mg, 90%

/Ej’\“” yield; 'H NMR (400 MHz, CDCl3) 5 6.69 (s, 1H), 6.67-6.60 (m, 2H),

MeO 3.75 (s, 3H), 3.31 (brs, 2H), 2.17 (s, 3H). *C NMR (100 MHz,
CDCl3) 6 152.72, 138.26, 124.05, 116.41, 116.06, 112.13, 55.73, 17.73.

2,4,6-Trimethylaniline (3g):° Purified by column choromatography on silica gel

Me (hexane/ethyl acetate = 19:1, v/v); yellow oil; 56 mg, 83% vyield; H
NH2  NMR (400 MHz, CDCls) 5 6.88-6.69 (s, 2H), 2.22 (s, 3H), 2.18 (s, 6H).
Me Me C NMR (100 MHz, CDCls) § 139.64, 129.00, 127.76, 122.42, 20.51,

17.79.

5-Chloro-2-methoxyaniline (3h):* Purified by column choromatography on plug of silica

/@:OMG gel (hexane/ethyl acetate = 19:1, v/v); yellowish liquid; 55 mg, 70%
cl NH, Yield; '"H NMR (400 MHz, CDCls) § 6.69-6.67 (m, 1H), 6.67 (d, J =
1.1 Hz, 2H), 3.82 (s, 3H), 3.62 (brs, 2H). *C NMR (100 MHz, CDCls) § 145.98, 137.35,
125.92, 117.78, 114.67, 111.17, 55.79.

4-chloro-2-methylaniline (3i):}° Purified by column choromatography on silica gel
(hexane/ethyl acetate = 19:1, v/v); dark brown liquid; 65 mg, 92%

NH, Yield; 'H NMR (400 MHz, CDCls) § 7.07-6.92 (m, 2H), 6.59 (d, J =
8.4 Hz, 1H), 3.58 (brs, 2H), 2.13 (s, 3H). 3C NMR (100 MHz, CDCls)
0 143.25, 130.12, 126.74, 124.08, 123.01, 116.01, 17.37.

Me

Cl
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4-Chloroaniline (3j):** Purified by column choromatography on silica gel (hexane/ethyl

NH, acetate = 19:1, v/v); yellowish solid; 50 mg, 79% yield, mp = 70-72 °C;

/©/ 'H NMR (400 MHz, CDCls) § 7.15-7.03 (m, 2H), 6.66-6.53 (m, 2H),

Cl 3.58 (brs, 2H). °C NMR (100 MHz, CDClg) & 145.04, 129.22, 123.24,
116.34.

4-Bromoaniline (3k):32 Purified by column choromatography on silica gel (hexane/ethyl

NH, acetate = 19:1, v/v); yellow solid; 70 mg, 81% yield; mp= 60-61 ° C;
Br/©/ 'H NMR (400 MHz, CDCl3) § 7.26-7.20 (m, 2H), 6.62-6.51 (m, 2H),
3.42 (brs, 2H). 3C NMR (100 MHz, CDCl3) § 145.53, 132.14, 116.85, 110.34.

4-Fluoroaniline (31):2 Purified by column choromatography on silica gel (hexane/ethyl
acetate = 19:1, v/v); yellowish liquid; 42 mg, 76% yield; mp = 166; *H
NMR (400 MHz, CDCls) 6 6.94-6.81 (m, 2H), 6.66-6.56 (m, 2H), 3.56
(s, 2H). 3C NMR (100 MHz, CDCls) & 157.51, 155.17, 142.56, 142.54,
116.08, 116.01, 115.73, 115.51. °F NMR (376 MHz, CDCls) & -126.89.

2

F

4-Nitroaniline (3m):*? Purified by column choromatography on silica gel (hexane/ethyl
acetate = 19:1, v/v); light yellow solid; 31 mg, 45% vyield; mp = 142-
145 °C; 'H NMR (400 MHz, CDCl3) & 8.06 (m, 2H), 6.68-6.58 (m,
O2N 2H), 4.39 (s, 2H). 3C NMR (100 MHz, CDCls) § 152.66, 139.26,
126.49, 113.51

Hy

4-Aminobenzonitrile (3n):3 Purified by column choromatography on silica gel

NH, (hexane/ethyl acetate = 19:1, v/v); light yellow solid; 52 mg, 88%
NCO yield, mp = 84-85 °C, H NMR (400 MHz, CDCls) 5 7.39 (d, J = 8.6
Hz, 2H), 6.63 (d, J = 8.6 Hz, 2H), 4.23 (s, 2H). 3C NMR (100 MHz, CDCls) § 150.64,
133.85, 120.31, 114.50, 99.98.

Naphthalen-2-amine (30):° Purified by column choromatography on plug of silica gel
NH2 (hexane/ethyl acetate = 19:1, v/v); off yellowish solid; 61mg, 86%
yield; m.p = 105-108 °C. *H NMR (400 MHz, CDCls3) § 7.71-7.62 (m,

2H), 7.58 (d, J = 8.3 Hz, 1H), 7.38-7.33 (m, 1H), 7.27-7.17 (m, 1H), 7.01-6.89 (m, 2H),
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3.82 (s, 2H). °C NMR (100 MHz, CDCls) § 144.21, 135.03, 129.33, 128.10, 127.84,
126.47,125.92, 122.60, 118.36, 108.73.

Methyl-4-aminobenzoate (3p):° Purified by column choromatography on silica gel

/©/NH2 (hexane/ethyl acetate = 19:1, v/v); white solid; 57 mg, 75% vyield,

MeO,C m.p. = 105-107 °C, *H NMR (400 MHz, CDCls) § 7.97-7.72 (m,

2H), 6.78-6.45 (m, 2H), 3.85 (s, 3H). *°C NMR (100 MHz, CDCls) § 167.35, 150.98,
131.71, 119.73, 113.90, 51.75.

Ethyl-4-aminobenzoate (3q):3 Purified by column choromatography on silica gel

NH (hexane/ethyl acetate = 19:1, v/v); white solid; 64 mg, 78% yield;

/©/ m.p. = 87-88 °C,H NMR (400 MHz, CDCls) § 7.84 (d, J = 8.6 Hz,

F102C 2H), 6.62 (d, J = 8.6 Hz, 2H), 4.30 (g, J = 7.1 Hz, 2H), 4.12 (brs,

2H), 1.35 (t, J = 7.1 Hz, 3H).; *C NMR (100 MHz, CDCls) § 166.85, 150.99, 131.59,
119.95, 113.81, 60.36, 14.47.

Benzo[d][1,3]dioxol-5-amine (3r):2® Purified by column choromatography on plug of
0 NH, silica gel (hexane/ethyl acetate = 4:1, v/v); white solid; 55 mg, 80%
<OI> yield; mp = 38-41 °C; 'H NMR (400 MHz, CDCl3) § 6.62 (d, J = 8.2 Hz,
1H), 6.29 (d, J = 2.3 Hz, 1H), 6.13 (dd, J = 8.2, 2.3 Hz, 1H), 5.85 (s, 2H), 3.34 (brs, 2H).
13C NMR (100 MHz, CDCls3) & 148.32, 141.47, 140.50, 108.68, 107.02, 100.76, 98.21.

Dibenzo[b,d]furan-3-amine (3s):° Purified by column choromatography on silica gel

o NH, (hexane/ethyl acetate = 19:1, v/v); brown solid; 66 mg, 72% yield,;

mp = 75-77 °C; 'H NMR (400 MHz, CDCI3) & 7.82 (d, J = 7.7 Hz,
1H), 7.47 (d, J =8.2 Hz, 1H), 7.34 (t, J = 7.7 Hz, 1H), 7.30-7.18 (m,

2H), 7.05 (t, J = 7.7 Hz, 1H), 6.72 (d, J = 7.7 Hz, 1H), 3.94 (s, 2H). *C NMR (100 MHz,

CDCl3) 6 156.06, 145.01, 132.03, 126.96, 125.03, 124.69, 123.61, 122.73, 121.03, 113.11,
111.75, 110.60.

4-Aminophenol (3t):*® Purified by column choromatography on silica gel (hexane/ethyl

DMSO) § 6.53-6.42 (m, 4H). *C NMR (100 MHz, DMSO) § 148.94,
140.87, 116.40, 116.23.

/©/NH2 acetate = 4:1, v/v); brown liquid; 42 mg, 78% yield *H NMR (400 MHz,
HO
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p-Toluidine (3u):'° Purified by column choromatography on silica gel (hexane/ethyl

NH, acetate = 4:1, v/v); brown solid; mp = 44-46 °C; 32 mg, 60% vyield. 1H
Me/©/ NMR (400 MHz, CDCls) 6 7.02 (d, J = 8.0 Hz, 2H), 6.65 (d, J = 8.3 Hz,
2H), 3.56 (br s, 2H), 2.29 (s, 3H). 3C NMR (100 MHz, CDCls) & 143.90, 129.80, 127.77,
115.31, 20.51.

2-aminobenzonitrile (3v):*® Purified by column choromatography on silica gel

NH; (hexane/ethyl acetate = 4:1, v/v); yellow solid; mp = 49-51 °C; 31 mg, 52%
©iCN yield. *H NMR (400 MHz, CDCl3) § 7.38 — 7.25 (m, 2H), 6.80-6.60 (m, 2H),
4.49 (br s, 2H). C NMR (101 MHz, CDCls) & 149.77, 134.03, 132.28, 117.85, 117.77,
115.20, 95.73.

N-(4-aminophenyl)acetamide (3w):" Purified by column choromatography on silica gel

NH (hexane/ethyl acetate = 1:1, v/v); white solid; 58 mg, 78% vyield,

j\NO mp = 162-165 °C; 'H NMR (400 MHz, DMSO) & 9.47 (br s,

H 1H), 7.18 (d, J = 8.5 Hz, 2H), 6.48 (d, J = 8.5 Hz, 2H), 4.81 (br

s, 2H), 1.95 (s, 3H). 3*C NMR (100 MHz, DMSO) & 167.23, 144.60, 128.60, 120.86,
113.81, 23.69.

H3C
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3.8H, BC and ®F NMR Spectra of the products
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Metal-free transformation of aldehydes into nitriles using

TsONHBoc reagent

Herein, we describe the economical and practical synthesis of nitriles from readily
available aldehydes using N-Boc-O-tosylhydroxylamine (TSONHBoc) as an aminating
agent. This direct and metal-free synthesis of nitriles provided good to excellent yields
of products and tolerates a wide range of substituted aromatic, aliphatic, allylic,
heteroaryl, and «,-unsaturated aldehydes. Shelf-stability, low cost, and ease-handling

of TSONHBoc introduce an additional advantages.

o TSONHBoc, TFE
rt, 2-3 h S
0 - 0=
then Cs,CO,, rt
(Structurally diverse 24 examples
abundantly available up to 98% yield
aldehydes)

® Metal free, one step, tandem process @ \Water-soluble byproduct
® Mild, open air, operationally simple @ Broad substrate scope

® First application of TsONHBoc ® Good to excellent yield
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4.1 Introduction

The nitrogen atom is present in approximately 84% of small pharmaceutical molecules.
Numerous potent bioactive products, synthetic, semisynthetic compounds and polymers
contain nitriles in their structural motif (fig 4.1-4.3).> Noteworthy, some of the FDA

approved drugs also contain nitrile functionality.'

Me

CN o
OO oLy, e
N
MeO OMe NCTX Me CN 0§<_7

410

CC-5079 Rilpivirine Cromakalim

(Anticancer) (Anti-HIV, reverse (Potassium-channel
transcriptase inhibitors) opening vasodilator)

Me Me ’ \

NC\/\/\ NC\)\/\)\ D

CN ZSme NC” ~O
Adiplonitrile Citronellyl nitrile Euronitrile
(polymer) (fragrances) (food additives)

Fig. 4.1. Presence of nitrile moiety in various useful compounds
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Fig. 4.2. Some important synthetic transformation of nitrile
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In addition, they play a prominent role as a versatile synthetic intermediate for the
formation of the corresponding amines, amides, esters, acids, and aldehydes along with the
synthesis of nitrogen-containing heterocyclic compounds.? The Sandmeyer and
Rosenmund-von Braun reactions® and cyanide-halide exchange reactions are the most used
classical methods for nitrile synthesis.* In these methods, alkali metal cyanide, Zn(CN)z,
and metalloid cyanides, such as CUCN, are still used in stoichiometric amounts.* Further,
the dehydration of amides® or aldoximes® were developed as cyanide-free alternative ways
for nitrile synthesis under high reaction temperature and using tedious procedure. The wide
availability of aldehydes attracted the attention for its usage as low-cost starting material
for the synthesis of nitriles. In this context, Schmidt reaction provides direct access of
nitrile from aldehydes but uses highly toxic and explosive sodium azide as a nitrogen
source.” The other nitrogen source used for nitrile synthesis are hydroxylamine® and
derivatives® and trapped ammonia'®. However, the described nitrogen sources required an

oxime activator or have explosive nature.

A,

X= H, OH, NH,
o'

X= Cl, OTf, N,B
B(OH

Fig. 4.3. Different synthetic approaches for the nitrile synthesis

The up-to-date literature study for the synthesis of nitriles are summarized in section 4.2.
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4.2 Literature review of nitrile synthesis

There have been great achivements in synthesis of nitriles in existing

literature. Selected literature review are sumrized below.

4.2.1 Cu(BFa4)2 -Catalyzed synthesis of nitriles from aryl diazonium salts

The Sandmeyer reaction, one of the most traditional transformations in organic synthesis.
This process has several limitations, including the usage of a stoichiometric amount of
poisonous CuCN and harsh reaction conditions. Efforts are being made over the past few

years to overcome these challenges.'#¢

Beletskaya and colleagues published a catalytic Sandmeyer reaction in 2004.1'¢ The
reactions with aryl diazonium salts containing electron-withdrawing groups produced the
desired nitriles with excellent yields in the presence of Cu(BF4). co-catalyst.This method

required toxic KCN in stoichiometric amounts (Scheme 4.1).

CuCN/Phen (10 mol%)

—\ ®©° Cu(BF,), (10 mol%) —

CH5CN, R.T
(1) (2) (3)

Scheme 4.1. Cu(BF4).-catalyzed synthesis of nitrile from aryldiazonium salt
4.2.2 Pd -Catalyzed synthesis of nitriles from aryldiazonium salts

Li et al. demonstrated the Pd-catalyzed synthesis of aryl nitriles from aryldiazonium
tetrafluoroborates in cost-effective acetonitrile solvent (Scheme 4.2).1¢ However, the
poor substrate scope and low to moderate yields limit its applications.

PdCl1,(10 mol%)

—\ ®O6 Ag,0 (1.0 equiv. ) G
- \ CN

CH4CN, 55°C, 24 h
1M (4) (3)

Scheme 4.2. Pd-catalyzed synthesis of nitrile from aryldiazonium salt

4.2.3 Metal-free synthesis of nitriles from aryldiazonium salts
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Dughera and colleagues discovered the transition metal free transformation of

aryldiazonium salts into the nitrile (Scheme 4.3)'%

0.9
o %2 eN'S:© + Bu;NCN —————> >_/ CN
RN/ S, ¢ CHiCN, it RS
(o] \
(5) ° (6) (3)

Scheme 4.3. Metal free synthesis of nitrile from aryldiazonium salt

4.2.4 Palladium-Catalyzed synthesis of nitriles from aryl halides using ethyl
cyanoacetate

Shen et al. developed a Palladium-catalyzed synthesis of aryl nitriles from aryl halides
using ethyl cyanoacetate as a source of CN (Scheme 4.4).12

Pd(OAc), (20 mol%)
Dppe (30 mol%)

__ R TMEDA (1.0 equiv.) C>_CN
R@—x + NC” > CO,Et > RX_/

Na,CO; (3.0 equiv.)
(7) (8) Kl (1.0 equiv.) (3)
DMF, Ar, 130 °C

X= 1, Br, Cl
Scheme 4.4. Synthesis of nitrile using ethyl cyanoacetate as a source of CN

4.2.5 Pd -Catalyzed synthesis of nitriles from aryl halides using cuprous thiocyanate

In 2013, Cheng et al. found cuprous thiocyanate as a reliable cyanide source for the
cyanation of aryl halides (Scheme 4.5).1* This approach provided a good vyield of the

desired nitrile and tolerance of several sensitive functional groups.

PdCl, (1.0 mol%) (Dppe)

— HCO,H (10 mol%) O__C
- N
X7 X + CuSCN RR_7

HCO,Na (3.0 equiv.)
DMSO/H,0 (8:1),
Air, 100 °C, 36 h

(7) 9)
X=1, Br

(3)

Scheme 4.5. Pd -Catalyzed synthesis of nitriles from aryl halides using CuSCN

4.2.6 Synthesis of aryl nitriles from arylsulfonyl chlorides
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Arylsulfonyl chlorides are important intermediates in synthetic organic chemistry. Cheng
et al., reported palladium-catalyzed cyanation of arylsulfonyl chlorides using sodium
sulfinates and CuCN as a source of CN (Scheme 4.6).14

Pd(CH;CN),Cl, (10 mol%)
— Cu(acac), (20 mol%) -
@—sozx + CucN S Y A
R Na,CO3; (2.0 equiv.)
(10) (11) Dioxane, Air, 132 °C, 12 h (3)
X= Na, CI

Scheme 4.6. Synthesis of aryl nitriles from arylsulfonyl chlorides
4.2.7 Cu-Catalyzed synthesis of aryl nitriles from aryboronic acids

A Cu-catalyzed synthesis of aryl nitrile from aryl boronic acids using NHsl and DMF as a
cumulative source of CN was reported by Chang et. al. This protocol can also be used for
the transformation of Boronate esters, borate salts (Scheme 4.7.)'° This method required

high temperature and it works with aromatic substrates only.

B(OH), Cu(NO3),.3H,0 (2.0 equiv.) CN

| AN HOACc (2.0 equiv.) N
+  NHyl >

R/ % 4 DMF,0,, 132°C, 18 h R/ =

(12) (13) (3)

Scheme 4.7. Cu-catalyzed synthesis of aryl nitriles from aryboronic acids

4.2.8 Synthesis of nitriles from aldoximes

i) Chandrasekhar et al. developed a metaboric acid catalyzed methodology for the
preparation of nitriles from corresponding aldoximes (Scheme 4.8). This method provided
the mixture of products containing starting material, amide, and nitrile.8

NOH (HBO,),
> Ar—CN
Ar H 140-150 °C, 30-58 h
(14) (15)
Ar = Aryl

Scheme 4.8. Acid-catalyzed synthesis of aryl nitriles from aldoximes
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ii) In 2009, X.C. Wang reported the transformation of aldoximes into the desired nitrile
using poly (ethylene glycol)s (PEG)-bounded sulfonic acid (PEG-SOzH) in acetonitrile
solvent. (Scheme 4.9)Y7

NOH PEG-SO;H
> R—CN
R” >NH  Acetonitrile, reflux c
(15)
(14)
R = Alkyl, Aryl

Scheme 4.9. PEG-SO3H mediated synthesis of nitriles from aldoximes

iii) K. Tambara et el. described the Pd-catalyzed preparation of nitriles from corresponding
aldoximes using [Pd(en) (NOs)] catalyst in acetonitrile at 60 °C (Scheme 4.10).18

NOH  [Pd(en) (NO3), (10 mol%)

» R—CN
R™ °H CH5CN, 60 °C 15
R = Alkyl, Aryl

Scheme 4.10. Pd-catalyzed synthesis of nitriles from aldoximes
iv) Microwave-assisted synthesis of nitriles from aldoximes

Li and coworkers observed that under microwave conditions, silica-supported phosphorus
chloride works as a reliable and effective catalyst for the conversion of various aldoximes

into their corresponding nitriles (Scheme 4.11).%°

NOH _
Iy Si0,-OPCl,
THF. MW,, 3-8 min
(14) (15)
R = Alkyl, Aryl

Scheme 4.11. Microwave-assisted synthesis of nitriles from aldoximes

4.2.9 Dircet synthesis of nitriles from aldehydes
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i) Quinn et al. developed an efficient approach to convert aldehydes into nitriles using
HOSA. The aldehydes were heated with HOSA (1.1 eq.) at 50 °C in acidic water to produce
the desired nitriles in excellent yields. Other acids such as TFA, tetramethylguanidinium
propane sulfonic acid trifluoromethylacetate (TMGHPS.TFA), and
tetramethylguanidinium lactate (TMG.LA) etc. were also screened, but the better results
were obtained with acetic acid. Many aliphatic and aromatic aldehydes were transformed
into the corresponding nitriles. However, aldehydes having electron-withdrawing groups

required a longer reaction time to generate the corresponding nitriles (Scheme 4.12).%°

NH,0SO0;H (1.1 mmol) (17)
R=CHO —  COOH. H,0(1mL) . TGN
(16) 3 y 112 ( m ) (15)

50°C,6 h

R = Aliphatic, Aromatic
Scheme 4.12. Direct synthesis of nitriles from aldehydes

ii) Xiao-De and Shouyun reported an operationally simple, mild, and effective protocol
that uses CF3-benzoyl)-hydroxylamine (CFs-BHA) as a nitrogen source in the presence of
CSA. This methodology works very well for aliphatic, aromatic and heterocyclic aldehydes

resulted in corresponding nitriles with good to excellent yields (Scheme 4.13).%

CF;-BHA ( 0.24 mmol) (18)
CSA (10 mol %)

R-CHO » R-CN
(16) MeOH, rt. (15)
R= Alkyl, Aryl

Scheme 4.13. Preparation of nitriles from aldehydes using CFs-BHA

iii) Wan-Yin Fand et al. developed a simple, effective, and straightforward method for
nitriles synthesis from aldehydes using NH2OH/Na2CO3/SOzF, in DMSO solvent. This
protocol provided excellent yields of nitriles with both electron rich as well as electron
deficient substrates. Heterocyclic aldehydes also survived very well and generated the
desired nitrile with good to excellent yield.?? Aldehydes containing double and triple bonds

tolerated well and provided the desired nitrile with excellent yields (Scheme 4.14).
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Na,CO; (0.55 equiv.)

DMSO, r.t, 30-60 min.
+ NH,OH.HCI > R-CN

then Na,COj; (5.0 equiv.)
SO,F, (balloon), r.t.,12 h (15)

R-CHO
(16) (2.2 mmol)

R =Alkyl, Aryl (19
Scheme 4.14. Direct synthesis of nitriles from aldehydes

iv) Sagar R. Mudshinge and coworkers reported the conversion of aldehydes into nitriles
using HCI'DMPU. Functionalized allylic, aliphatic, and aromatic aldehydes were
successfully transformed into nitriles in good to excellent yields. Additives and poor atom

economy are the major drawbacks of this method (Scheme 4.15).%3

HCI.DMPU (0.5 mmol) (20)

R-CHO + NH,OH.HCI > R-CN
o
(0.7 mmol) CH,CN, 3-4 h, 60 °C

(16) (19) (15)

R= Alkyl, Aryl
Scheme 4.15. HCIsDMPU assisted direct synthesis of nitriles from aldehydes

V) B. V. Roade et al. reported a TFOH-mediated chemoselective Schmidt reaction for the
synthesis of nitriles. They treated aldehydes with NaNs using TfOH acid in acetonitrile
solvent. This approach exhibits good to excellent yields of the corresponding nitriles

together with a broad array of functional group tolerance (Scheme 4.16).24

TfOH (3 mmol) Ar—CN

Ar—CHO + NaN; CH.CN. 1t
3CN, .

(1.5 mmol)
(16) (20) (15)
R= Aryl

Scheme 4.16. TfOH catalyzed chemoselective synthesis of nitriles from aldehydes

vi) Laura M. Dorman and coworkers developed an efficient copper/TEMPO catalyzed
method for the synthesis of nitriles from aldehydes using aq. ammonia. This method works
very well with aromatic aldehydes and provided the nitriles with good to excellent yields.

However, this protocol was very less explored with aliphatic aldehydes (Scheme 4.17).%°
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Cu(OTf), (10 mol%)/ Bipy R
TEMPO(10 mol%) a or b
P
R”~o > R—=N MeQMe
NH;(aq.), NaOH, MeCN, H,0 Me” N~ Me
(16) ; (15) |
25-70 °C, 6-24 hrs, open air o
R = AlkylAryl .
(a)R'=H
(b) R'=OH

Scheme 4.17. Copper/TEMPO catalyzed synthesis of nitriles from aldehydes

Despite the significant advancements made in the field of nitrile synthesis, there are still
several restrictions, such as the use of hazardous chemicals, unfavorable reaction
conditions, poor functional group tolerance, and limited substrates scope. O-substituted
hydroxylamines have been recognized as powerful N-transfer reagents, used in the
nitrogen-insertion reaction in various organic molecules. Besides serving as important
aminating agents, O-substituted hydroxylamine derivatives having a free primary-amino
group (for example; MSH, DPH, HOSA) are highly energetic, require storage of 0 °C or
below, generating interfering by-product (2,4-dinitrophenol) etc. Hence, mild reaction
condition and selection of safe nitrogen source in this direction is highly desirable.

4.3 Objective of the work

The objective of this part of the thesis was the development of a new methodology for the
synthesis of nitriles from aldehydes under mild conditions using TSONHBoc as a bench

stable aminating agent (Scheme 4.18).

0y P TsONHBoc  Other NH,OEWG

S
SO
(o) Ve HN<goc e Shelf-stable e Unstable

)]\ —C=N ° Scalable ¢ Highly energetic
H Cs,CO,, CF;CH,0H ~ e Low-cost * Zwitterionic form
e Ease to use

AY

Scheme 4.18. Synthesis of nitriles from aldehydes

4.4 Results and discussion
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4.4.1 Optimization of the reaction condition

Based on other in-progress results in our laboratory,!? we observed that highly reactive
TsONH: could be in situ generated from the boc deprotection of TSONHBoc in a weakly
acidic solvent (TFE or HFIP). Based on this observation, herein, we used N-Boc-O-
tosylhydroxylamine (TSONHBoc) as aminating agent for direct conversion of aldehydes
to corresponding nitriles in TFE solvent. We started the reaction condition optimization
using benzaldehyde as the model substrate without any additive, unfortunately, the reaction

did not proceed further from the oxime intermediate (4) (Table 4.1, entry 2-5).

Table 4.1: Optimization of reaction condition?

o] TsONHBoc N-OTe
O)\ (1.5 equiv.) /©/CN /©)|\
H + H

Br TFE, additives, rt Br Br

1 3 4
Entry Additives Time % Yield of 3° % Yield of 4°
1 - 24 h 0 100
2 PTSA 24 h 20 80
3 CH3COOH 24 h 10 90
4 TFA 24 h 10 90
5 Oxalic acid 24 h 5 95
6 NEts 10h 75 25
7 LiOH 10h 50 50
8 NaHCO3 10h 40 60
9 CS2CO3 6h 95 5
10¢ CS,C0O3 6h 80 20

8Reaction condition: 1 (0.5 mmol, 1.0 equiv.), TSONHBoc 2 (0.75 mmol, 1.5 equiv.), additives (0.75 mmol,
1.5 equiv.), TFE (0.5 mL), rt; "lsolated yield. “TSONHBoc and CS,CO; (1.0 equiv.), PTSA= p-
toluenesulfonic acid, TFA= Trifluoroacetic acid

Next, we commenced the screening of various acids (Table 4.1, entry 2-5), such as PTSA,
AcOH, TFA and oxalic acid. However, they failed to convert the in situ formed oxime
intermediate into the desired nitriles. Furthermore, among the screened bases (Table 4.1,
entry 6-9), NEtz furnished the desired nitrile in 75% vyield (Table 4.1, entry 6), while the

Puneet Kumar, Ph. D. Thesis, BBAU, Lucknow 137



Chapter 4

other inorganic bases, such as LiOH and NaHCO3 were not effective. We obtained the best
result with CS>COs which provided a 95% yield of the nitrile product (Table 4.1, entry 9).
Decreasing the amount of TSONHBoc and CS,COs resulted the low conversion (Table 4.1,
entry 10).

4.4.2 Substrate scope

Next, we explored the substrate scope for the direct transformation of aldehydes into
nitriles under basic conditions (Scheme 4.19). Substituted benzaldehydes provided the
products in excellent yields. We investigated the halogen substituents at the ortho, meta,
and para positions and observed a cleaner reaction providing a good to the excellent yield
of the nitriles (3b-d). Strong electron-withdrawing groups such as —NO2 and —CN
proceeded in a very smooth manner and yielded the desired product (3e-g) in very good
yield. On the next move, the substrates having methoxy group at para-position, as well as
di-and tri-methoxy substituted aldehydes were transformed to their nitriles with good to

excellent yield (3i-I).
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0] TsONHBoc (1.5 equiv)
JL Cs,CO; (1.5 equiv) _
H - ——=N
TFE (0.5 ml)
1 3
: CN : CN Br CN : :CN
Br Cl \©/ Cl
3a,70%,5h 3b, 60%, 8 h 3¢, 65%,8h 3d, 95%, 6 h
C _CN  O,N CN ©/CN CN
3e,98%, 3 h 3f,96%,4 h 39,95%,2h 3h. 69%. 9 h
CN CN CN MeO:Q/CN
eO/(j HO MeO MeO
OMe OMe OMe
3i, 80%, 8h 3j, 70%, 4 h 3k, 72%, 12 h 31,91%, 7 h
SCANSNeH PUcH @ES
Ph" N0
3m, 86%, 10 h 3n,70%, 16 h 30,70%, 12 h 3p, 91%, 15h
oM NO,
e
CN Xx_CN
©/\/ | S__CN ©/\/ ©/\/CN
3s, 68%, 16 h 3t,70% ,18 h
39, 65%, 16 h 3r,60%,9h
Me\/\H/\/CN MA/CN <Oj©/CN
6 5
(o)
3u, 60%, 16 h 3v, 62%, 12 h 3w, 85%, 18 h

8Reaction condition: 1 (0.5 mmol, 1.0 equiv.), TSONHBoc 2d (0.75 mmol, 1.5 equiv.), Cs,CO3 (0.75 mmol,
1.5 equiv.), TFE (0.5 mL), rt; °Isolated yield.

Scheme 4.19. Synthesis of nitriles from aldehydes
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Similarly, 4-hydroxy-3-methoxybenzonitrile was isolated with 70% of yield. Tolerance of
reactive functional groups, such as free hydroxyl group (1h and 1j), an ether (1n), and a
triple bond (1o) with a quantitative yield of nitriles described the mildness of this reaction
condition. Next, we examined N-protected indole (1p) which behaved very well. We next
explored the scope of «f-unsaturated aldehydes, a simple as well as substituted
cinnamaldehydes with electronically rich (-OMe, 1r) and electronically deficient (-NO.,
1s) were converted to nitriles (3r-s) in excellent yields. It is noteworthy that in these cases
no Michael adduct was observed. To our pleasure, aliphatic aldehydes embedded with an
aryl (1t), simple chain (1u), and containing double bond (1v) also smoothly afforded the
corresponding nitriles (3t-3v) in good yield depicting the versatility of this method.
Heteroatomic substrate (1w) was also well tolerated under these reaction conditions. The
favorable results found in mmol scale motivated us to further examine the scalabiliy of this
method. This cynation reaction has been examined for its practical use by employing gram-

scale transformation of aldehyde 1g to nitrile 3g in quantitative yield (Scheme 4.20).

o TsONHBoc
(1.5 equiv.) CN
H
Cs,CO0; (1.5 equiv.) NC
NC TFE, t, 4h 3
19 9
(1gm) (928mg)
(95%)

Scheme 4.20. Production of nitrile at gram scales

4.5 Plausible reaction mechanism

A plausible reaction mechanism for nitrile synthesis is described in Scheme 4.21. At first,
in situ generated O-tosylhydroxylamine reacted with aldehydes, generating O-protected
aldoxime intermediate A which experiences proton abstraction in presence of base

followed by removal of tosyl group to provide the desired nitrile.
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TsO
o U N
4+ HN_ _Ts )j\ _ BN =
RJJ\H ~o - R ‘)H -TsOH R—=N
(Ts = tosyl) A\
1 2 A Base 3

Scheme 4.21. Proposed reaction mechanism for nitrile formation
4.6 Conclusion

We have demonstrated the direct synthesis of nitriles using commercially available
TsONHBoc reagent from readily available aldehydes. This tandem chemistry of in situ
nitrogen insertion appears to have a considerably higher scope than the use of isolated
active aminating agents. This metal-free method provided rapid access to the desired
products with high yield and scalable quantity.

4.7 Experimental section

4.7.1 General Information

Unless otherwise stated, all the reactions were carried out using oven dried glassware under
an open atmosphere in a round bottom flask with magnetic stirring bar at room temperature.
Ketones were used as received without further purification. The aminating reagents were
also prepared by following reported literature. TLC was carried out on pre-coated plates
(Merck silica gel 60, F2s4) and the spots were visualized with UV light or by charring the
plates dipped in PMA or Ninhydrin or DNP solution. The compounds were purified by
flash column chromatography using silica gel (100-200 mesh) with distilled solvents
(EtOAc:Hexane) as mobile phase otherwise mentioned. *H and 3C NMR spectra were
recorded at 400 MHz and 100 MHz instruments respectively in CDClz or DMSO-ds
solvents. Chemical shifts () are given in ppm. The residual solvent signals were used as
references (CDClz: 8 H = 7.26 ppm, DMSO-ds: 6 H = 2.5 ppm). The following
abbreviations were used to explain NMR peak multiplicities: s = singlet, d = doublet, t =

triplet, g = quartet, m = multiplet.
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4.7.2 General Procedure for the synthesis of nitriles from aldehydes

In an open round bottom flask aldehydes (0.5 mmol, 1.0 equiv.) and aminating agent (0.75
mmol, 1.5 equiv.) were dissolved in TFE solvent (0.5 mL) at room temperature for 2-3 h.
After the formation of aldoxime (monitored by TLC), Cs.COs (1.5 equiv) was added, and
the reaction mixture was stirred again at room temperature for the duration of time shown
in Scheme 3. After completion of the reaction (monitored by TLC), the mixture was diluted
with ethyl acetate (15 mL), the organic layer was washed with brine solution (5 mL), and
the organic layer was dried over anhydrous NaSO4. After removal of all the volatiles, the
crude product was purified using column chromatography with EtOAc/hexane as the

eluent.
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4.8 Characterization of the products

4-Bromobenzonitrile (3a): Prepared according to general procedure and crude was
CN purified by silica gel column choromatography (hexane/ethyl acetate =
Br/©/ 9:1, v/v) afforded the titled compound as white solid (64 mg, 70% yield,;
3a m. p. = 107-110 °C) whose spectral data were consistent with the

literature values.®
IH NMR (400 MHz, CDCls) & 7.64 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H).

4-Chlorobenzonitrile (3b): Prepared according to general procedure and crude was
cN purified by silica gel column choromatography (hexane/ethyl acetate =
c|/©/ 9:1, v/v) afforded the titled compound as white solid (47 mg, 68% yield;
3b m. p. = 86-90 °C) whose spectral data were consistent with the literature

values.?8

IH NMR (400 MHz, CDCls) 3 7.59 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H). 3C NMR
(101 MHz, CDCls) 5 139.65, 133.48, 129.80, 118.05, 110.90.

3-Bromobenzonitrile (3c): Prepared according to general procedure and crude was purified
Br cn DY silica gel column choromatography (hexane/ethyl acetate = 9:1, v/v)
\©/ afforded the titled compound as white solid (59 mg, 65% vyield; m. p. =
3c 35-38 °C) whose spectral data were consistent with the literature values.?®

IH NMR (400 MHz, CDCl3) & 7.80 (s, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.61 (d, J = 7.7 Hz,
1H), 7.37 (t, J = 7.9 Hz, 1H).

2-Chlorobenzonitrile (3d): Prepared according to general procedure and crude was
purified by silica gel column choromatography (hexane/ethyl acetate = 20:1, v/v) afforded

the titled compound as white solid (65 mg, 95% vyield; m. p. = 36-40 °C)
QCN whose spectral data were consistent with the literature values.?’

Cl
3d IH NMR (400 MHz, CDCls) & 7.67 (dd, J = 7.8, 1.0 Hz, 1H), 7.59-7.47 (m,
2H), 7.42-7.33 (m, 1H). 13C NMR (100 MHz, CDCls) 5 136.95, 134.11, 133.99, 130.15,
127.26, 116.05, 113.48.
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4-Nitrobenzonitrile (3e): Prepared according to general procedure and crude was purified

/@/CN by silica gel column chromatography (hexane/ethyl acetate = 5:1, v/v)
O,N

afforded the titled compound as yellow solid (73 mg, 98% yield; m. p.
3e = 144-147 °C) whose spectral data were consistent with the literature

values.?8

IH NMR (400 MHz, CDCl3) § 8.36 (d, J = 8.6 Hz, 2H), 7.89 (d, J = 8.6 Hz, 2H). 3C NMR
(100 MHz, CDCl3) 5 150.13, 133.60, 124.40, 118.43, 116.92.

3-Nitrobenzonitrile (3f): Prepared according to general procedure and crude was purified
0N N by silica gel column chromatography (hexane/ethyl acetate = 5:1, v/v)
\©/ afforded the titled compound as yellow solid (71 mg, 96% yield; m. p.

3f = 112-114 °C) whose spectral data were consistent with the literature

values.?®

IH NMR (400 MHz, CDCls) 5 8.52 (s, 1H), 8.47 (d, J = 8.3 Hz, 1H), 8.01 (d, J = 7.7 Hz,
1H), 7.75 (t, J = 8.0 Hz, 1H). 3C NMR (100 MHz, CDCls) & 148.30, 137.71, 130.78,
127.61, 127.28, 116.62, 114.17.

Terephthalonitrile (3g): Prepared according to general procedure and crude was purified
CN Dy silica gel column chromatography (hexane/ethyl acetate = 9:1, v/v)
NC/©/ afforded the titled compound as white solid (61 mg, 95% yield; m. p. =
3g 210-212 °C) whose spectral data were consistent with the literature
values.?® 'H NMR (400 MHz, CDCls) § 7.79 (s, 4H). *C NMR (101 MHz, CDCls) &
132.91, 117.13, 116.83.

4-Hydroxybenzonitrile (3h): Prepared according to general procedure and crude was
cN Purified by silica gel column chromatography (hexane/ethyl acetate =

/©/ 4:1, viv) afforded the titled compound as brown solid (41 mg, 69% yield;
"o 3h m. p. = 95-96 °C) whose spectral data were consistent with the literature

values.?8

'H NMR (400 MHz, CDCls) 6 7.55 (d, J = 8.4 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H). 3C NMR
(100 MHz, CDClz3) 6 160.28, 134.46, 119.38, 116.59, 103.23.
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4-Methoxybenzonitrile (3i): Prepared according to general procedure and crude was
cN purified by silica gel column chromatography (hexane/ethyl acetate =
Me0/©/ 9:1, v/v) afforded the titled compound as white solid (53 mg, 80% vyield,
3i m. p. = 55-58 °C) whose spectral data were consistent with the literature

values.?8

'H NMR (400 MHz, CDCl3) § 7.56-7.52 (m, 2H), 6.93-6.90 (m, 2H), 3.83 (s, 3H). 3C
NMR (100 MHz, CDCls) § 162.86, 133.94, 119.23, 114.77, 103.86, 55.55.

4-Hydroxy-3-methoxybenzonitrile (3j): Prepared according to general procedure and
CN  crude was purified by silica gel column chromatography (hexane/ethyl
HO acetate = 9:1, v/v) afforded the titled compound as white solid (52 mg,
OCH; 70% yield; m. p. = 84-86 °C) whose spectral data were consistent with
3 the literature values.*
'H NMR (400 MHz, CDCl3) § 7.22 (d, J = 7.2 Hz, 1H), 7.08 (s, 1H), 6.95 (d, J = 8.2 Hz,
1H), 6.19 (br s, 1H), 3.92 (s, 3H). *3C NMR (100 MHz, CDCl3) & 150.04, 146.77, 127.10,
119.37, 115.34, 113.88, 103.35, 56.34.

3,4-Dimethoxybenzonitrile (3k): Prepared according to general procedure and crude was
cN purified by silica gel column chromatography (hexane/ethyl acetate =
Meo/©/ 9:1, v/v) afforded the titled compound as white solid (59 mg, 72% vyield;
OMe m. p. = 65-67 °C) whose spectral data were consistent with the literature

3k values.?’

IH NMR (400 MHz, CDCls) § 7.30-7.24 (m, 1H), 7.06 (d, J = 1.9 Hz, 1H), 6.89 (d, J = 8.4
Hz, 1H), 3.91 (s, 3H), 3.88 (s, 3H). 13C NMR (100 MHz, CDCls) § 152.96, 149.28, 126.55,
119.31, 114.02, 111.33, 103.98, 56.22, 56.18.

3,4,5-Trimethoxybenzonitrile (3I): Prepared according to general procedure and crude was
purified by silica gel column chromatography (hexane/ethyl acetate = 9:1, v/v) afforded
MeO cN the titled compound as white solid (88 mg, 91% vyield; m. p. = 92-94

Moo °C) whose spectral data were consistent with the literature values.®!
e

OMe
3l
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'H NMR (400 MHz, CDCls) 6 6.83 (s, 2H), 3.86 (s, 3H), 3.84 (s, 6H). *.C NMR (100 MHz,
CDCl3) & 153.58, 142.34, 118.99, 109.47, 106.72, 61.05, 56.41.

1-Naphthonitrile (3m): Prepared according to general procedure and crude was purified

CN by silica gel column chromatography (hexane/ethyl acetate = 9:1, v/v)

afforded the titled compound as a brown oil (66 mg, 86% vyield) whose
OO spectral data were consistent with the literature values.?®

'H NMR (400 MHz, CDCl3) & 8.24 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 8.3 Hz,
1H), 7.92 (t, J = 6.5 Hz, 2H), 7.72-7.67 (m, 1H), 7.65-7.59 (m, 1H), 7.58-7.50 (m, 1H). *°C

NMR (100 MHz, CDClz) & 133.39, 133.03, 132.74, 132.46, 128.77, 128.71, 127.66,
125.25, 125.03, 117.93, 110.29.

4-(Benzyloxy)benzonitrile (3n): Prepared according to general procedure and crude was
cN purified by silica gel column chromatography (hexane/ethyl

~ /©/ acetate = 9:1, v/v) afforded the titled compound as white solid (73
Ph™ O

mg, 70% vyield; m. p. = 85-87 °C) whose spectral data were
3n
consistent with the literature values.?

IH NMR (400 MHz, CDCls3) § 7.58 (d, J = 8.2 Hz, 2H), 7.50-7.30 (m, 5H), 7.02 (d, J = 8.2
Hz, 2H), 5.12 (s, 2H). 3C NMR (100 MHz, CDCls) & 162.07, 135.80, 134.12, 128.88,
128.53, 127.58, 119.28, 115.70, 104.32, 70.39.

3-Methoxy-4-(prop-2-yn-1-yloxy)benzonitrile (30): Prepared according to general
H,CO procedure and crude was purified by silica gel column
D/ chromatography (hexane/ethyl acetate = 5:1, v/v) afforded the
/\0 20 titled compound as white solid (65.5 mg, 70% vyield; m. p. = 64-67
°C). 'H NMR (400 MHz, CDCl3) § 7.29 (d, J = 8.3 Hz, 1H), 7.21-
7.01 (m, 2H), 4.83 (s, 2H), 3.90 (s, 3H), 2.57 (s, 1H). *3C NMR (100 MHz, CDCls) §
150.65, 149.76, 126.15, 119.10, 114.55, 113.67, 105.17, 77.35, 76.94, 56.70, 56.26. HRMS
(ESI) m/z [M + H]" calcd for [C1:H10NO2]" 188.0706, found 188.0712
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1-Tosyl-1H-indole-3-carbonitrile (3p): Prepared according to general procedure and crude
on Was purified by silica gel column chromatography (hexane/ethyl acetate =
O\/\g 5:1, v/v) afforded the titled compound as white solid (135 mg, 91% yield; m.
N p. = 155-157 °C) whose spectral data were consistent with the literature
3p Ts values.?® 'H NMR (400 MHz, CDCls) & 8.10 (s, 1H), 8.00 (d, J = 8.3 Hz,
1H), 7.83 (d, J = 8.1 Hz, 2H), 7.69 (d, J = 7.8 Hz, 1H), 7.44 (t, J = 7.7 Hz, 1H), 7.38 (t, J
=7.5Hz, 1H), 7.30 (d, J = 8.1 Hz, 2H), 2.38 (s, 3H). 13C NMR (101 MHz, CDCl3) § 146.50,
134.25, 133.79, 133.27, 130.52, 128.47, 127.36, 126.65, 124.91, 120.42, 113.92, 113.61,
93.80, 21.81.

Cinnamonitrile (3q): Prepared according to general procedure and crude was purified by
cn Silica gel column chromatography (hexane/ethyl acetate = 9:1, v/v)

X
©/\/ afforded the titled compound as colourless oil (42 mg, 65% yield) whose
3q spectral data were consistent with the literature values.?®

IH NMR (400 MHz, CDCls) & 7.46-7.37 (m, 6H), 5.87 (d, J = 16.7 Hz, 1H). 13C NMR (100
MHz, CDCls) & 150.64, 133.58, 131.29, 129.19, 127.43, 118.24, 96.40.

(E)-3-(2-methoxyphenyl)acrylonitrile (3r): Prepared according to general procedure and

crude was purified by silica gel column chromatography (hexane/ethyl

xCN acetate = 3:1, v/v) afforded the titled compound as yellowish solid (48

©/\/ mg, 60% yield; m. p. = 88-90 °C) whose spectral data were consistent
x with the literature values.®?

IH NMR (400 MHz, CDCls) 3 7.61 (d, J = 16.8 Hz, 1H), 7.42-7.34 (m, 2H), 6.99-6.92 (m,
2H), 6.05 (d, J = 16.8 Hz, 1H), 3.88 (s, 3H). 3C NMR (100 MHz, CDCls)  158.28, 146.51,
132.41, 128.99, 122.54, 120.88, 119.09, 111.36, 96.96, 55.60.

(E)-3-(2-nitrophenyl)acrylonitrile (3s): Prepared according to general procedure and

NO, crude was purified by silica gel column chromatography (hexane/ethyl
@/\/CN acetate = 3:1, v/v) afforded the titled compound as yellowish solid (59
s mg, 68% yield; m. p. = 88-90 °C) whose spectral data were consistent

S

with the literature values.?
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IH NMR (400 MHz, CDCls) § 8.11 (d, J = 7.4 Hz, 1H), 7.94 (d, J = 16.3 Hz, 1H), 7.71-
7.57 (m, 3H), 5.86 (d, J = 16.3 Hz, 1H). 13C NMR (100 MHz, CDCls) & 147.52, 146.69,
134.16, 131.43, 129.67, 128.81, 125.36, 117.04, 101.57.

3-Phenylpropanenitrile (3t): Prepared according to general procedure and crude was
cn Purified by silica gel column chromatography (hexane/ethyl acetate =

©/\/ 9:1, v/v) afforded the titled compound as colorless oil 46 mg, 70% yield)
3t whose spectral data were consistent with the literature values.?®

IH NMR (400 MHz, CDCls) & 7.36-7.22 (m, 5H), 2.95 (t, J = 7.4 Hz, 2H), 2.60 (t, J = 7.4
Hz, 2H). 3C NMR (100 MHz, CDCls) § 138.15, 128.96, 128.35, 127.32, 119.23, 31.65,
19.42.

Dodecanenitrile (3u): Prepared according to general procedure and crude was purified by

silica gel column chromatography (hexane/ethyl
NSNS CN
Me

3u

acetate = 9:1, v/v) afforded the titled compound as
colorless oil (54 mg, 60% yield) whose spectral data
were consistent with the literature values.?®

IH NMR (400 MHz, CDCls) § 2.32 (t, J = 7.1 Hz, 2H), 1.64 (p, J = 7.2 Hz, 2H), 1.49-1.37
(m, 2H), 1.35-1.17 (m, 14H), 0.87 (t, J = 6.8 Hz, 3H). *C NMR (100 MHz, CDCls) &
119.93, 31.97, 29.63, 29.58, 29.38, 28.85, 28.74, 25.46, 22.75, 17.19, 14.17.

Undec-10-enenitrile (3v): Prepared according to general procedure and crude was purified
N~ ~_CN by silica gel column chromatography (hexane/ethyl acetate
3v =9:1, v/v) afforded the titled compound as colorless oil (52

mg, 62% yield) whose spectral data were consistent with the literature values.*

IH NMR (400 MHz, CDCls) & 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.01-4.91 (m, 2H),
2.33 (t, J = 7.1 Hz, 2H), 2.07-1.98 (m, 2H), 1.69 — 1.60 (m, 2H), 1.47-1.29 (m, 10H). H
NMR (400 MHz, CDCl3) § 5.87-5.72 (m, 1H), 5.05-4.87 (m, 2H), 2.33 (t, J = 7.1 Hz, 2H),
2.10-1.97 (m, 2H), 1.71-1.60 (m, 2H), 1.47-1.28 (m, 10H). *C NMR (100 MHz, CDCl3) §
139.17, 119.97, 114.36, 33.85, 29.25, 29.06, 28.94, 28.83, 28.76, 25.47, 17.24.
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4.9'H, 3C NMR of the products
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Metal-Free Direct Transformation of Aryl Boronic Acid to

Primary Amines

Puneet Kumar,” Saumya Verma,” Komal Rathi,” Dinesh Chandra,” Ved Prakash Verma,*®’

and Jawahar L. Jat*®!

In this work, we report a transition-metal free approach for the
construction of primary aromatic amines from aryl boronic acids
and esters with N-Boc-O-tosylhydroxylamine as an amine
surrogate. Bench stable TsONHBoc is easy to use and it
produces a non-interfering water-soluble by-product. The
protocol is operative for both electron-rich and electron-

Introduction

Primary arylamines have acquired a valuable position as key
components in numerous natural products, pharmaceuticals,
agrochemicals, polymers, and dyes." Due to the great relevance
of these compounds to the medicinal field, their preparation
has attracted much attention. A conventional synthetic method
includes the nitration of aromatic compounds and subsequent
metal-catalyzed reduction or catalytic hydrogenation.” Alter-
natively, transition-metal-catalyzed coupling of aryl halides and
amines has been extensively used in many synthetic organic
transformations.”! In the context to eliminate strong bases and
expensive palladium catalysts, further explorations have been
done towards copper-based oxidative amination of arylboronic
acids. This method is useful because of the accessibility of
several functionalized and stable boronic acids, but provides
access to N-substituted aromatic amines only.” (Scheme 1A).
Synthesis of primary aromatic amines was a challenging task till
the report of Fu and co-workers, based on copper(l) oxide
mediated amination of arylboronic acids and derivatives using
aqueous ammonia as amine surrogate (Scheme 1B).* In view of
metal-free amination, Kirti, and the group described the first
metal-free access of primary arylamines from boronic acid and
O-(2,4-dinitrophenyl)-hydroxylamine (DPH) as nitrogen source
(Scheme 1C).*™ Only a few reports were observed for boronic
acids to access primary amines with different aminating agents
such as hydroxylamine-O-sulphonic acid (HSO;ONH,),**"
MeONH,.HCI,®*" aminoazanium of DABCO (H,N-DABCO)*! and
others®9, Indeed, these protocols provide influential access to
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deficient aryl boronic acids under acidic conditions, where the
former arenes affords a better yield of the desired product.
Even, sterically hindered and halogenated substrates are easily
amenable under this reaction condition. The current protocol
can be scaled up to produce gram-scale primary aromatic
amines.

A (X=Br, |, etc)
(i) [Pd, Cu, Ni], base
(Buchwald-Hartwig or Ullmann

O/ + N coupling)
ROTR i) (x=-BOR)y)

Chan-Lam coupling
B Transition-metal catalyzed

R
o

I [Cu], NH3(aq.) l
O/B(OH)Z O/NHZ
I C Transition-metal free T

(Hydroxylamine derivatives as NHy-surrogates)

Me-ONH,.HCI
n-BuLi (3 equiv.)
THF, -78°C-60°C

J. Am. Chem. Soc. 2012%

O,N NO,

Toluene, 50°C-100°C
J. Am. Chem. Soc. 2012°

This Work

H,N-O-SO3H

)OJ\ Ra NaOH(aq.): MeCN (1:1)
Ph O’N\R1 J. Org. Chem. 20155

K>CO3 (2 equiv.)
dioxane, 130°C
Org. Lett. 20125

PhI(OCOCF3),-NBS
MeONH, HCI
aq. NaOH
Org. Bio. Chem. 20155

B(OH), NH,

.

Trifluoroacetic acid
1,2-Dichloroethane

Scheme 1. Preparation of primary arylamines from aryl halides and arylbor-
onic acid.

desired primary amines, however, used *NH, reagents (for
example DPH) requires 0°C for storage and liberates toxic,
explosive, and interfering by-product (2,4-dinitrophenol). Sim-
ilarly, hydroxylamine-O-sulphonic acid and methoxyamine
hydrochloride are hygroscopic and required an excess amount
of strong bases (NaOH and n-BuLi) while O-benzoylhydroxyl-
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amine derivatives required elevated reaction temperature and
are limited to substituted anilines only.*?

In view of the limits and potential problems of existing
methods, development of a simple method for the direct access
of primary amines from aryl boronic acid is meaningful to
enrich the synthetic chemist’s toolbox. In continuation of our
ongoing work on O-substituted hydroxylamine derivatives to
develop efficient and simple methodologies,”> we were next
interested to develop an efficient, one-pot, mild, and transition-
metal-free method using bench stable N-Boc-O-tosylhydroxyl-
amine (TsONHBoc) as a nitrogen donor for conversion of aryl
boronic acids/derivatives to primary aromatic amines. Recently,
Hashmi and the group used this reagent for a metal-free arene
C—H amination.” This N-Boc protected aminating agent
(TsONHBoc) is stable at ambient temperature, easy to handle
and generates a non-interfering, water-soluble by-product
(TsOH). Also, it is non-hygroscopic, commercially available, and
easy to synthesize. These properties enhance the practical use
of this simple protocol.

Results and Discussion

In our ongoing work, we observed the in situ Boc-deprotection
of TsONHBoc reagent in TFE solvent.” Following that, we
investigated the above result for the conversion of aryl boronic
acid to a primary amine. Our initial experiment was started with
the amination of phenylboronic acid in TFE solvent, which
yielded the desired aniline 3a in 45% vyield (Table 1, Entry 1).
Having this encouraging outcome, we hypothesized that an
external acid might improve the reaction conversion by the
facile deprotection of Boc group in a shorter reaction time and
we found that among all the listed acid (Entry 2-4), trifluoro-
acetic acid turned out to be the best choice with an enhanced

Table 1. Optimization of reaction conditions.”
o, 0
7
B(OH), NHBoc NH,
©/ Me 2 . ©/
Acid
1a 3a
S.No. Solvent Additives Amount Yield (%)™
[equiv.]

1 TFE - - 45
2 TFE AcOH 1.5 56
3 TFE (COOH), 1.5 50
4 TFE TFA 1.5 69
5 TFE TFA 3.0 82
6 CH,Cl, TFA 3.0 89
749 DCE TFA 3.0 95
8 Toluene TFA 3.0 90
9 CH;CN TFA 3.0 30
10 MeOH TFA 3.0 20
1 DCE - - 0
[a] Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), 2 (0.75 mmol, 1.5 equiv.),
acid (1.5-3.0 equiv.), Solvents, (CH,Cl,, DCE (1,2-dichloroethane), Toluene,
CH,CN, MeOH (1.0 mL), rt, 16 h. [b] Isolated yield. [c-d] Reaction was
completed in 6 h and 5 h respectively.
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yield of the desired product 3a upto 69% (Table 1, Entry 4).
Upon increasing the amount of TFA from 1.5 to 3.0 equiv., the
progress of the reaction was enhanced further in less time
(Table 1, Entry 5). In addition, screening of solvents identified
dichloroethane (DCE) as the best choice to obtain maximum
yield (Table 1, entry 7-11).

Having this exciting result, we studied the effect of
favorable electron-releasing groups under the present reaction
condition. Notably, the substrates bearing methyl (1b) and
ethoxy (1c¢) group at o-position were smoothly transformed to
the corresponding amines. In addition, the p-methoxy (1d)
substituent delivered the corresponding amine (3d) in excellent
yield (Scheme 2).

Di-methoxy (1e) and mesitylboronic acid (1g) were found
compatible under this reaction condition and corresponding
amines 3e and 3g were isolated with good yield. Similarly, the
reaction of 2-methyl-4-methoxyphenylboronic acid (1f) pro-
ceeded smoothly with a 90 % yield of corresponding amine (3f).
Halogen substituted aromatic anilines are often difficult to

4
=.
N

R Xy BOH): 2(1.5equiv.)
(- TFA (3.0 equiv.) R
1

3
©/NH2 NH, (:[NHZ
Me OEt

O
"
g? m
=3

3a,5h, 95% 3b,7h, 89% 3c,8h, 88%
Me
NH
MeO OMe
MeO' MeO
3d, 4 h, 92% 3e, 4 h, 95% 3f, 5 h, 90%
Me Me
OMe
NH, ( I NH,
Me/[ EEMe cl NH, . ,[ j
39, 5h, 83% 3h, 20 h, 70% 3i, 4 h, 92%
o or g-
Cl Br F
3j,7h,79% 3k, 7h, 81% 31,12 h, 76%
NH, NH,

2

R

3m, R = NO,, 48 h, 45%
3n, R=CN, 13 h, 88%

o€
EtO,C o

3q,48 h, 78%

v

MeO,C
30, 6 h, 86% 3p, 48 h, 75%

NH
NH, 2

g
i

3r, 30 h, 80% 3s,48 h, 72%

Scheme 2. Substrate scope for the synthesis of primary amines from
arylboronic acid. [a] Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), 2
(0.75 mmol, 1.5 equiv.), TFA (1.5 mmol, 3.0 equiv.), DCE (1.0 mL), rt, [b]
isolated yield.
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prepare by transition-metal-catalyzed amination reaction. Nota-
bly, halogen substituents (1 h-I) were tolerated very well under
this reaction condition and provided the corresponding amines
3h-I in high yields. On another note, the NO, group at the p-
position provided the respective aniline 3m in moderate yield
(45%) in a longer reaction time and p-cyano substituted
arylboronic acid smoothly underwent the aryl amination,
irrespective of its electronic nature, and provided the related
amines 3n in excellent yield. Naphthyl-2-boronic acid 10 also
provided a good yield of the corresponding amine 3o0. Base
sensitive substrates like  4-methoxy  and 4-eth-
oxycarbonylphenylboronic acid 1p-q worked very well and
provided very good yields of anilines in a longer time
Unfortunately, phenethylboronic acid and cyclohexylboronic
acid, did not work under this reaction condition. Heterocyclic
substrates like 3,4-(methylenedioxy)phenylboronic acid 1r and
dibenzofuran boronic acid 1s provided an excellent yield of
corresponding amines 3r-s. This promising finding inspired us
to explore more applications of the present reaction condition
with easily accessible boronate esters. As a start, we selected
simple boronate ester 4a which furnished aniline 3a in high
yield. The investigation of substituted boronate esters showed
that electron-rich boronate esters 4t and 4u, and electron-
deficient substrates 4j&4v afforded the corresponding anilines
in good yields (Scheme 3).

To check the chemoselectivity of this methodology, we
treated (4-acetylphenyl) boronic acid 1w with 1 equivalent of
reagent 2. The ketonic group was converted into the corre-
sponding amide and the boron center remained unreacted.

e
B\0 2 (1.5 equiv.) N

TFA (3.0 equiv.)
DCE, rt

i
& <\ /\>

©/NH2 /©/NH2
Me
NH,
3a, 16 h, 71% /©/ 3u, 18 h, 60%
N, 1O NH,
/©/ 3t,20 h, 78% @
cl CN

3j, 18 h, 88% 3v, 20 h, 52%°

Scheme 3. Substrate scope for the synthesis of primary amines from
arylboronic ester. Yields are reported after isolation. [a] Reaction was

performed in Toluene.
NH,
2 (2.0 equiv.) j\ /©/
TFA (3.0 equiv.) Me N

B(OH),
Me\n/©/
DCE, rt H

0 1
w 3w, 12h, 78%

Scheme 4. Simultaneous transformation of both ketone and boronic acid
functional groups.
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After the addition of one more equivalent of reagent 2, the
boronic acid group was transformed into amino group 3w
(Scheme 4).

The favorable results found in mmol scale motivated us to
further examine the scalability of this method. This amination
reaction has been examined for its practical use by employing
gram-scale transformation of phenylboronic acid 1a to aniline
3ain quantitative yield (Scheme 5).

We assumed that the mechanism of this reaction proceeded
via 1,2-aryl migration, the same pathway as described earlier by
Kurti and the group (Scheme 6).1°

Conclusion

In conclusion, we have developed a metal-free approach to
synthesize primary aromatic amines from various functionalized
aryl boronic acids and esters using N-Boc-O-tosylhydroxylamine
as an aminating agent. This reaction condition provides good
tolerance for both electron-rich and deficient as well as for
heterocyclic substrates. N-Boc protected aminating agent in situ
generates the free amino group that overcomes the limitations
to use isolated —NH, reagents which are generally explosive or
hygroscopic. This protected aminating agent is stable, econom-
ical, and easy to operate. The simplicity and scalability of this
procedure make it synthetically useful and practical.

Experimental Section

General procedure for preparation of anilines from boronic acid:
To a round-bottom flask equipped with a magnetic stirring bar
were added boronic acid 1 (0.5 mmol, 1.0 equiv.) and N-Boc-O-
tosylhydroxylamine (TSONHBoc) 2 (1.5 equiv.) in DCE solvent (1 mL)
at room temperature. To this stirred solution TFA (3 equiv.) was
added. The reaction mixture was further stirred at this temperature
for the specified duration and the progress of the reaction was
monitored by TLC. After completion, the reaction mixture was
diluted with ethyl acetate (10 mL) and washed with a saturated
aqueous NaHCO; solution (3 x5 mL). The organic layer was washed
with brine solution (5 mL) and dried over anhydrous Na,SO,. The
crude product obtained after removal of all of the volatiles was

1a(1.59) 3a (1.1g, 96%)

2 (1.5 equiv.)

TFA (3.0 equiv.)
DCE, rt, 8h

Scheme 5. Gram-scale synthesis of primary amines from boronic acid.

TsONHBoc
HO, ; OH _.lTFA HO, OH o NH
HN-OTs B0t -0m Y 2
Y T Y A (PN R
| J T HH (hydrolysis) Z
N

Scheme 6. Proposed reaction mechanism.
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purified by a silica gel column chromatography to afford the pure
desired product 3 using EtOAc/hexane as an eluent.
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Herein, we report the first direct method for the synthesis of
secondary amides from ketones via the Beckmann rearrangement
using N-Boc-O-tosylhydroxylamine (TSONHBoc) as the aminating
agent. This reagent is expected to play a dual role, first in the
formation of the activated oxime intermediate, and then via facil-
itation of the amide formation as a Brgnsted acid by the tosylic acid
by-product. The metal and additive-free one-step method pro-
gresses in TFE solvent through the in situ generation of the primary
amine reagent (TsONH,), and produces a water-soluble by-product.

Introduction

Secondary amides show fascinating structural subunits in
various important bioactive natural products and drug candi-
dates as well as in polymers, dyes, textiles, and agrochemical
products (Fig. 1)." They also form versatile synthetic intermedi-
ates for the preparation of a diverse range of alkaloids, and
nitrogen- and oxygen-containing valuable compounds.? In
addition, sec-amides have emerged as a preferred directing
group for selective C-H bond activation.” As a result, amide
bond synthesis is one of the most frequently used synthetic
reactions.” The trivial method for their preparation via the
coupling of carboxylic acids and amines has several intrinsic
limitations. For example, the requirement of an expensive (and
often stoichiometric) reagent for activation of the carboxylic
acid, the generation of toxic waste, and poor atom economy
limit its wider application in industry.’

Ketones are widely available and stable synthones, and they
have therefore been explored for the synthesis of amides for a
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long time. Discovery of the Beckmann rearrangement (BKR) was
a milestone in this direction, transforming the preformed ketox-
imes to amides in an acidic medium.® This approach successfully
eliminated the major drawbacks associated with the methods
that rely on the use of carboxylic acids as the substrates. None-
theless, this two-step process starting from ketones generally
requires harsh reaction conditions (strong acid and high tem-
perature), rendering this procedure incompatible for sensitive
substrates. Several improved studies have been reported recently
for the Beckman rearrangement under milder conditions.”
Despite this notable progress, these methods have one or more
limitations, like the toxicity of the reagents, high reaction
temperatures, limited substrate scopes, the survival of sensitive
functional and protecting groups, the requirement for additives,
tedious reaction/purification procedures, etc. Recently, O-
substituted hydroxylamines have emerged as powerful nitrogen-
transfer reagents. They have found wide application in C-H
amination, aziridination, amidation, hydroamination, amina-
tion, etc.® These reagents bring in several advantages over other
traditionally used reagents, such as mild reaction conditions,
good functional group tolerance, and easy purification, among
others. However, their preparation has some inherent limita-
tions, that is, an additional step is needed for N-Boc deprotection
in a strong acidic medium such as TFA, they can be explosive and
highly unstable after deprotection (e.g., TSONH,), they require
fresh preparation every time for maximum output, they require
storage at 0 °C or below, retention of moisture, they exist in
zwitterionic form (e.g., HOSA), they suffer interference from by-
products (2,4-dinitrophenol), etc.’*® Hence, the development of
an efficient and a practical method that eliminates the require-
ment of the reagent in an unprotected form is highly desirable.
Herein, we report the first direct method for the preparation of
sec-amides from ketones using N-Boc-O-tosylhydroxylamine
(TsONHBoc) as the aminating agent. This single-step method
proceeds via the in situ generation of the active amine reagent in
trifluoroethanol (a weakly acidic solvent) at room temperature
(Scheme 1).
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Scheme 1 Preparation of secondary amides from ketones.

Results and discussion

To optimize the reaction conditions, we initiated our studies by
screening a series of aminating agents for in situ cleavage of the
N-Boc protecting group in the weakly acidic solvent TFE (pK,

12.5) using acetophenone 1a as a benchmark substrate

Table 1 Optimization of reaction conditions?

2 H
N _M
@AC“S o e
TFE °©
1a 3a
O. _NHBoc
/@ NHBOCPh, R NHBOC/Q)J\ /©/ O-NHBoc
O.N NO,
2a
Entry Aminating reagent Yield® (%)
1 2a 0
2 2b 0
3 2¢ 0
4 2d 95
5¢ 2d 0

“ Reaction conditions: 1a (0.5 mmol, 1 0 equiv.), amlnatmg agent 2
(0.75 mmol, 1.5 equiv.), TFE (0.5 mL), rt. © Isolated yield. ° No reaction
was observed in other solvents like MeOH CH;CN, CH,Cl,, THF, and
DMF.
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(Table 1). O-Substituted hydroxylamines (2a-c) bearing the
2,4-dinitrophenyl, diphenylphosphoryl or p-nitrophenyl group
failed to generate the desired amide as the N-Boc group
remained intact (entries 1-3).

i o) R N 9
TsONHBoc (1.5 equiv.
| N R, ( quiv.) T N)]\R
R—— TFE, r.t-70 °C N 1
=
1 3
H
H
N__M H
T NTMe N._CH;
e} \ hig
R HO 0 Si. 0
3a, R=H, 5h, 95% >f| o
3b, R= Me, 6h, 90% 3e, 12 h, 86% 3f, 6 h, 90%

3c, R= OMe, 6h, 95%
3d, R= Ph, 12h, 90%

H H
H N._CH
wo ~HAome Yy e
oy U Oy
MeO
> 39.5h, 89% 3h, 5h, 96% 3i, 12 h, 96%
H e N__Me
oy T S
0
R
o}
= o 3k, R=Br, 6 h, 91% Br
3j, 12 h, 95% 31, R=Cl, 7 h, 90% 3n, 6 h, 90%

3m, R=F, 7 h, 86%

H
N\n/Me
o 8
[¢]

30, 12 h, 90% 3p, 6 h, 90%° 3q, 12 h, 84%

N _cH N._Me Noowm
0 N ™ e
LT SR Sy
HiC” N o N
3t, 16 h, 50%
e
N
O
3w, 16 h, 70%

@Hrm

3z, 6 h, 90%
(32/32'=98/2)

3r, 12 h, 98% 3s, 6 h, 85%

3u, 18 h, 76%

3y, 15 h, 90%%e
(3yl3y'=50/50)

3v, 6 h, 92%

3x, 15 h, 90%7¢
(3x/3x'=64/36)

H Me H NH
N
@( %Me ON Me °
o Me
© M

3za, 6 h, 65% 3zb, 6 h, 70%

3zc, 5 h, 75%°
(3zal3za'=70/30) (3zb/3zb'=77/23)

Me
H O meHN

N o]
Me/\/\H)I\Me

3zd, 4 h, 66%°¢
(3zd/3zd'= 70:30)

(¢}

3ze,12 h, 90%°

3zf,16 h, 90%°

Scheme 2 Preparation of secondary amides.®” @Reaction conditions: 1
(0.5 mmol, 1.0 equiv.), TsONHBoc (2d) (0.75 mmol, 1.5 equiv.), TFE
(0.5 mL), rt. ®Isolated yield. € Reaction performed at 70 °C. 9 Regioisomers
observed, ratio determined via *H NMR of the crude mixture and the major
isomer is shown here. € Mixture of non-separable regioisomers.
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Next, N-Boc-O-tosylhydroxylamine 2d was subjected to these
reaction conditions and, to our delight, N-Boc was cleaved
in situ and the desired product 3a was obtained with an
excellent yield of 95% (entry 4). As expected, other commonly
used solvents like MeOH, CH;CN, CH,Cl,, THF, and DMF were
found to be ineffective (entry 5).

To further examine the versatility of this method, we
next evaluated different ketones under the optimal reaction
conditions (Scheme 2). We initially explored a series of
electron-rich substituents on the aryl ring. The substrates
with a para-substituents like methyl, methoxy or phenyl
groups were effortlessly converted to the corresponding pro-
ducts in high yield (3b-3d). The presence of a free hydroxyl
group or even a highly labile TBS group was well tolerated
under the reaction conditions (3e and 3f). Aryl compounds
with disubstitution on the ring turned out to be suitable
substrates for this transformation (3g and 3h). Ketones
embedded with reactive functionalities such as allyloxy or
propargyloxy provided amides 3i and 3j in 96% and 95%
yield, respectively. We next evaluated a series of electron-
deficient substrates bearing halogens at different positions
on the ring, and in all cases the desired products were
obtained in excellent yield (3k-30). Despite being a less
favorable substrate for the Beckmann rearrangement,
strongly electron-deficient substituents like the nitro group
produced 3p in 90% at an elevated temperature. The presence
of an ester, amide or acid-sensitive N-Boc group on the ring
did not affect the reaction outcome (3q-3s). It is noteworthy
that highly acid-sensitive groups like TBS and Boc have
remained challenging using literature methods. Heteroarylic
amides can easily be obtained under the optimized condi-
tions in high efficiency (3t and 3u). The reaction progressed
well for the conversion of naphthyl-substituted ketones to 3v
in 92% yield. When diaryl ketones were used, a mixture of
products was obtained due to competing migration of the aryl
groups (3x and 3y). The use of ketones bearing an aliphatic
chain or carbocycle instead of methyl led to the desired
products, albeit as a mitxure (3z-3zb). Substituted cyclo-
hexanone underwent NH insertion to produce the desired
lactam 3zc in 75% yield at 70 °C. The conditions were found
to be optimal even for aliphatic ketones, which were
converted smoothly into the desired amide 3ze in excellent
yield. Furthermore, the same procedure was followed for the
complex substrate pregnenolone to access the corresponding
amide 3zf in 90% yield.

Conclusions

In summary, we have developed the first direct method for the
preparation of secondary amides from ketones using N-Boc-O-
tosylhydroxylamine (TSONHBoc) as the aminating reagent. This
reagent advantageously excludes the additional step of N-Boc
deprotection in a strongly acidic medium, does not require fresh
preparation on every use and storage at low temperature. We
hope that this improved method will find a good application.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Abstract A metal and additive-free stereospecific direct N-H and N-
Me aziridination of inactivated olefins is disclosed using N-Boc-O-tosyl-
hydroxylamine (TsONHBoc) as an aminating agent in hexafluoroisopro-
panol (HFIP). The use of TSONHBoc, which generates the free aminating
agent in situ under the reaction conditions, has several inherent advan-
tages over other similar agents, such as low cost, easy access, and sta-
bility (non-explosiveness) during storage over a longer time.

Key words aziridination, TSONHBoc, metal and additives free, ste-
reospecific, regioselective

The development of improved synthetic methods for
the preparation of the smallest saturated azaheterocycles,
aziridines, has attracted significant attention in the recent
past. They not only form important building blocks but also
exist as substructures in many bioactive molecules.! For ex-
ample, aziridines serve as a crucial precursor for many
drugs such as (-)-oseltamivir, (+)-lycoricidine, (-)-agelasta-
tin A, etc.? Traditionally, they were obtained in a protect-
ed/activated form (e. g., N-Ts, N-Ns, N-acyl) through the cy-
clization of amino- or azido-alcohols, addition of carbenes
to imines, or transfer of nitrenes to olefinic bonds.? The di-
rect synthesis of non-activated aziridines (N-H, N-alkyl)
from alkenes remained challenging until recently. Initially,
the success in this direction was achieved on unactivated
olefins using Rh catalyst and hydroxylamine-derived 0-2,4-
dinitrophenylhydroxylamine (DPH), hydroxylamine-O-sul-
fonic acid (HOSA), or O-(mesitylsulfonyl)hydroxylamine
(MSH) as one of the aminating reagents, reported by the
groups of Falck, Kurti, and Jat and Tiwari (Scheme 1a).% The
expensive Rh-catalyst was later replaced by Cu and Fe cata-
lysts.> Accessing useful scaffolds under transition-metal-

R
_NHBoc
R, TS0 HFIP N Re
R _HAP
R! Teo-NHMe  ™.624h R
R =H, Me

Q Metal- and additive-free method
Q Water-soluble by-product
Q Insensitive to air and moisture

Q Stable aminating reagent
Q Regio- and stereospecific
Q Good to excellent yields

free conditions offers several unique advantages and there-
fore remains one of the top priorities in organic synthesis.
In this direction, the preliminary breakthrough for aziri-
dines came from the group of Bottaro in 1980 who pre-
pared unprotected aziridines using O-tosylhydroxylamine.®
In 2008, Vos and co-workers reported an iodine-catalyzed
aziridination of styrenes using ammonia (Scheme 1b).”

(a) Metal-catalyzed unprotected aziridination of olefins

R? R

p— Rh/Cu/Fe and others N R2
R’ e
R R=H, Me
(b) Metal-free unprotected aziridinations of olefins
R
2 less explored
Fh/\/R P (N) _R?
(electron-rich olefins) R! R =H, alkyl

Boc
\ 3 NH,-OSOzH
NHs NaOCI, - (cat)  Ts0™ WA >R or 000,81 Co,C0s, HFIP
Angew. Chem. Int. Ed. 2008 (intramolecular) Nat. Catal. 2020
TFA (200 mol%), TFE
J. Am. Chem. Soc. 2018

NH,-R, (C/Fe), 2.5-5.0 mA cm™"
HFIP, y-terpinene, MeCN
Chem 2021

NH2-R, RVC(+)/RVC(-)
Thianthrene, MeCN, n-BusNPFg
Nature 2021

H
e unknown
&T)L well explored R1/\\)LR2
R’ R?
(electron-deficient olefins)

(c) This Work: Metal- and additive-free intermolecular aziridination of olefins

R
. NHBoc 1
Fn/\/Re + %o — P, N R
Tso-NHMe i, 6-24 h R
R=H, Me

Scheme 1 Literature approaches for direct N-H and N-alkyl aziridina-
tion of olefins m M/etters 1b-f removed as conditions, not compound num-
bers; text is clearmm
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An intramolecular aziridination was achieved through
in situ deprotection of O-Ts and N-Boc on aminating reagent
tethered olefins in the presence of TFA by Bower and co-
workers in 2018 (Scheme 1b).2 Very recently, the group of
Kurti reported an organocatalytic aziridination of olefins
involving transient oxaziridines generated from ethyl triflu-
oropyruvate using HOSA as the aminating agent (Scheme
1b).? In addition to these metal-free methods, electrochem-
ical approaches also have been developed mainly for the
synthesis of N-alkyl aziridines from olefins (Scheme 1b).!°
Despite these magnificent developments, these methods in
general have one or the other limitations such as the re-
quirement of expensive metal catalysts, additives, explosive
or toxic reagents, limited substrates scope, interference of
byproduct, etc. Our literature search did not produce any
report on the aziridination of unactivated alkenes that ex-
cludes the use of both the metal catalysts as well as addi-
tives and hence any such method is highly desirable. In con-
tinuation of our research in this area, herein we report an
unprecedented metal- and additive-free direct atom-eco-

Table 1 Optimization of Reaction Conditions?

H
N
MeWOH . R‘O’H*Boc solvent Me‘(‘NOH
1a 2 8-16 h 3a
0. NO,
:z M’;‘F(‘ZB;C /©/O‘NHBoc /@/O*NHBOC F’h—('FI’)'—O'NHBOC
R=Ph(2b) ON 2¢ 0N 2d P
o} O,
O-NHBoc P>
O2N Me’ Me Me
2f 29 2h
Entry [AZTinating agent  Solvent Time [h] Yield [%]°
1 2a TFE 16 0
2 2b TFE 16 0
3 2c TFE 16 0
4 2d TFE 16 0
5 2e TFE 16 0
6 2f TFE 16 0
7 2g TFE 16 76
8 2h TFE 16 80
9 2h HFIP 8 85
10¢ 2h HFIP 8 70
1 2h solvents? 16 <5

2 Reaction conditions, unless otherwise presented: 1a (1.0 equiv.), aminat-
ing agent 2 (1.5 equiv.), solvent (0.5 mL), rt.

b Isolated yield after silica gel column chromatography.

€ 1.0 equiv. of 2h were used.

4 EtOH, CH;CN, DMF, THF, CHCl;, CH,Cl, were used. TFE = 2,2,2-trifluo-
roethanol; HFIP = hexafluoroisopropanol.

nomical method for the aziridination of unactivated
alkenes using N-Boc-0O-tosylhydroxylamine (TsONHBoc) in
hexafluoroisopropanol (HFIP) solvent (Scheme 1c). This
aminating reagent offers several advantages over its other
variants such as: (i) stability on long storage, (ii) straightfor-
ward and cost-effective synthetic steps, and (iii) in situ gen-
eration of the actual aminating reagent in solvents such as
TFE and HFIP.

We initiated the reaction condition optimization study
by screening various N-Boc-protected hydroxylamines 2
using oleyl alcohol (1a) as the model substrate (Table 1). As
the in situ deprotection of N-Boc group on the aminating
agent was essential for the initiation of the reaction, weakly
acidic 2,2,2-trifluoroethanol (TFE) was chosen as the sol-
vent. Among the different reagents used, the 0-alkyl or O-
aryl substituted hydroxylamines 2a-d failed to produce the
desired product (entries 1-4). The use of 2 having electron-
withdrawing substitution, like the O-phosphoryl or 0-acyl
group, did not change the outcome due to the non-cleavage
of the N-Boc group (entries 5 and 6). To our delight, N-Boc-
O-(mesitylsulfonyl)hydroxylamine (2g) underwent the de-
sired deprotection smoothly to provide the corresponding
cis-unactivated aziridine 3a in a good yield of 76% (entry 7).
Switching to TsONHBoc (2h) was found to be the most suit-
able aminating agent producing 3a in an excellent yield of
80% (entry 8). The use of slightly higher acidic hexafluo-
roisopropanol (HFIP, pK, = 9.3) in place of TFE (pK, = 12.4)
facilitated the deprotection of N-Boc group, producing the
desired product in a shorter reaction time with an im-
proved yield of 85% (entry 9).

S
X HFIP
c T e
RZ  R* Me NHBoc 1, 6-12h RZ2 R

1 2h 3

H H
N N 0] H
OH  Mey, ANyl Me Mo KL OPh
Me N SN o ~

3b, 86%, 6 h

R' RS

3a,85%,8h 3¢, 75%,8h

H

N “ (0] Me Me
Me /Q\/Me 2 M\
O Me

OAc Me e O.N H

OH Me Me
3d, 75%, 6 h

i e (\/I\
H N NH
N A ALK NBoc
Boc” \)I\O Z Me NBoc

3g,80%, 6 h a3h, 65%, 12 h 3i, 72%,8h 23], 80%, 12h

3e,65%,6h 3f, 70%,6 h

Boc

Me N H o H
Me s N
Me>0\NH O/u HO A~~~

3k, 75%, 8 h a3l, 80%, 12 h 3m, 82%, 12 h 3n, 16%, 12 h
20:1 dr

Scheme 2 Substrate scope for N-H aziridination. Reaction conditions: 1
(0.5 mmol), aminating agent 2h (0.75 mmol), HFIP (0.5 mL), rt. Isolated

yields are reported. 2 For the ease of purification, isolated as Boc deriva-
tives.m W check times vs procedures® ®
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Scheme 3 Substrate scope for N-Me aziridination. Reaction conditions: 1 (0.5 mmol), aminating agent 4 (0.60 mmol), HFIP (0.5 mL), rt. Isolated yields

are reported.

With the optimized conditions in hand, we explored the
scope of this aziridination method using a wide range of
structurally diverse olefins (Scheme 2). Both cis- and trans-
1,2-disubstituted aliphatic olefins 1a-c delivered cis- and
trans-configured aziridines 3a—c as the sole diastereomer in
very good yields. Notably, the trisubstituted olefin, geraniol
and its derivatives reacted regioselectively at 6,7-olefinic
position to produce the corresponding aziridines 3d-g in
good yields. Cyclic alkenes such as cyclohexene, cis-cyclooc-
tene, norbornene, and 3-carene transformed into the corre-
sponding aziridines 3h-k in good to excellent yields. The
substrates with terminal alkenes such as vinylcyclohexane
(11) and 10-undecen-1-ol (1m) underwent smooth aziridi-
nation under optimized conditions to produce correspond-
ing aziridines 31 m in good yields. The aziridines 3h and 31
were isolated in Boc-protected form for ease of purification.
On the other hand, the activated alkene such as chalcone 1n
provided the aziridine 3n in 16% yield.

We were next interested to explore this metal and addi-
tive free protocol for the direct N-Me aziridination of ole-
fins using N-methyl-O-tosylhydroxylamine (4; TsONHMe)
as an aminating reagent in HFIP (Scheme 3). Under these
conditions, the trisubstituted alkenes produced the corre-
sponding N-Me aziridines 5a-c in good to excellent yields.
The cyclic alkene cis-cyclooctene was aziridinated to give
5d with a good yield. The conjugated alkenes were convert-
ed smoothly under these conditions to produce aziridines
5e-h with moderate to good yields and diastereoselectivi-
ties. The reaction is expected to follow an aza-Prilezhaev-
type mechanism?® for unactivated olefins (Scheme 4A) and
via aza-MIRC pathway for chalcones®® (Scheme 4B).

In conclusion, we have established a metal and additive-
free protocol for the direct synthesis of N-H/N-Me aziri-
dines from alkenes using bench stable and cost-effective
hydroxylamine derived as the nitrogen source. The reagent
TsONHBoc produces non-interfering byproduct (TsOH) that

TsONHBoc N _
A. | wee "0
p.—S\ H
— TsONH S
pN g 2 H. H_.20 — LA
1 N TsOH R R?
3
R! 'R?
i i
OTs
B. o 80 @ Ve o Me
TSONHMe HNG N
R‘J\//\RZ EE—— R‘sz R1JI\I)\R2
1e-h | -TsOH 5e-h

Scheme 4 Plausible aziridination pathway for non-activated (A) and
electron-deficient olefins (B)

could be easily removed by simple aqueous workup. The re-
action proceeds through in situ deprotection of N-Boc in
TFE or HFIP solvent. This stereospecific and regioselective
reaction tolerates several labile functional groups like alco-
hol, ether, ester, Boc, etc. Therefore, this operationally sim-
ple, cost-effective, metal- and additive-free aziridination
approach is expected to find a broad synthetic utility in for
a large-scale synthesis of unprotected aziridines.

Unless otherwise specified, all reactions were carried out under an
open atmosphere in a round-bottom flask. All the commercial olefins
were used without further purification. Solvents were dried and dis-
tilled following the standard procedures. TLC was carried out on pre-
coated plates (Merck TLC silica gel 60, F,s,4), and the spots were visual-
ized with UV light or by charring the plates dipped in PMA or KMnO,
or Ninhydrin solution. The compounds were purified by flash column
chromatography using silica gel (100-400 mesh, neutralized with t-
BuNH,) with distilled solvents. NMR spectra were acquired on Bruker
400 MHz ('H at 400 MHz, '3C at 100 MHz), in CDCl; as the solvent.
The residual solvent signals were used as references (CDCl;: &, = 7.26,
dc = 77.0). High-resolution mass spectrometry (HRMS) was per-
formed on an Agilent 6530 Q-TOF instrument using electrospray ion-
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ization (ESI) and a time-of-flight (TOF) analyzer, in positive-ion or
negative-ion detection mode. TsONHBoc,''* TsONHMe,'™® 1f* and
1g°" were prepared following literature procedure.

N-H Aziridination; General Procedure

To a round-bottom flask equipped with a magnetic stirring bar was
added olefin 1 (0.5 mmol) and HFIP (0.5 mL). To this stirred solution
aminating agent 2h (1.5 equiv.) was added and the reaction mixture
was stirred at rt for the specified time. Progress of the reaction was
monitored by TLC. After completion, the reaction mixture was diluted
with CH,Cl, (10 mL) and washed with sat. aq NaHCO; solution (3 x 5
mL). The aqueous layer was extracted with CH,Cl, (2 x 5 mL), and the
combined organic layers were washed with brine solution (10 mL)
and dried (anhyd Na,SO,). The organic layer was evaporated under re-
duced pressure and crude obtained was purified by column chroma-
tography (silica gel neutralized with t-BuNH,, EtOAc/hexane).

N-Me Aziridination; General Procedure

To a round-bottom flask equipped with a magnetic stirring bar was
added olefin 1 (0.5 mmol) and HFIP (0.5 mL). To this stirred solution
aminating agent 4 (0.6 mmol, 1.2 equiv.) was added and the reaction
mixture was stirred at rt for the specified time. Progress of the reac-
tion was monitored by TLC. After completion, the reaction mixture
was diluted with CH,Cl, (10 mL) and washed with sat. aq NaHCO;
solution (3 x 5 mL). The aqueous layer was extracted with CH,Cl, (2 x
5 mL), and the combined organic layers were washed with brine solu-
tion (10 mL) and dried (anhyd Na,SO,). The organic layer was evapo-
rated under reduced pressure and crude obtained was purified
through column chromatography (silica gel neutralized with t-BuNH,,
EtOAc/hexane).

8-(3-Octylaziridin-2-yl)octan-1-ol (3a)

Following the general N-H aziridination procedure, oleyl alcohol (135
mg, 0.502 mmol) and TsONHBoc (216 mg, 0.754 mmol) were stirred
in HFIP (0.5 mL) at rt for 8 h. Chromatographic purification of crude
product afforded 3a as colorless syrupy liquid (120.5 mg, 85% yield)
whose spectral data were in accord with the literature values.>

TLC R;= 0.5 (10% MeOH/DCM).

H NMR (400 MHz, CDCL,): 8 = 3.59 (t, ] = 6.6 Hz, 2 H), 1.94 (s, 1 H),
1.65-1.49 (m, 4 H), 1.41-1.13 (m, 27 H), 0.86 (t, ] = 6.5 Hz, 3 H).

13C NMR (100 MHz, CDCl3): § = 62.66, 37.83, 35.05, 32.77, 31.83,
29.57, 29.56, 29.52, 29.47, 29.32, 29.23, 28.71, 28.68, 27.99, 27.98,
25.71,22.62, 14.06.

Methyl (Z)-8-(3-Octylaziridin-2-yl)octanoate (3b)

Following the general N-H aziridination procedure, methyl oleate
(148 mg, 0.50 mmol) and TsONHBoc (215 mg, 0.75 mmol) were
stirred in HFIP (0.5 mL) at rt for 6 h. Chromatographic purification of
crude product afforded 3b as a colorless oil (134 mg, 86% yield) whose
spectral data were in accord with the literature values.*

TLC R~ 0.3 (50% EtOAc/hexane).
TH NMR (400 MHz, CDCl;): & = 3.66 (s, 3 H), 2.30 (t, J = 7.5 Hz, 2 H),

2.03-1.94 (m, 2 H), 1.69-1.57 (m, 2 H), 1.48-1.19 (m, 25 H), 0.88 (t, ] =
6.7 Hz, 3 H).

(E)-2-(2-(Benzyloxy)ethyl)-3-ethylaziridine (3c)

Following the general N-H aziridination procedure, (E)-((hex-3-en-1-
yloxy)methyl))benzene (95 mg, 0.50 mmol) and TSONHBoc (215 mg,
0.75 mmol) were stirred in HFIP (0.6 mL) at rt for 8 h. Chromato-
graphic purification of crude product afforded 3c as colorless oil (77
mg, 75% yield).

TLC Ry~ 0.4 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl,): & = 7.38-7.21 (m, 5 H), 4.52 (s, 2 H), 3.59
(t,J = 5.5 Hz, 2 H), 1.83-1.71 (m, 2 H), 1.70-1.60 (m, 2 H), 1.52-1.31
(m, 2 H), 0.98 (t, ] = 7.4 Hz, 3 H).

13C NMR (100 MHz, CDCl,): & = 138.36, 128.32, 127.57, 127.51, 73.02,
68.62, 38.93, 34.87, 34.25, 27.21, 11.55.

HRMS (ESI): m/z [M + HJ* calcd for [C;3H,NO]J*: 206.1539; found:
206.1531.

(E)-5-(3,3-Dimethylaziridin-2-yl)-3-methylpent-2-en-1-ol (3d)
Following the N-H general aziridination procedure, geraniol (77 mg,
0.50 mmol) and TsONHBoc (215 mg, 0.75 mmol) were stirred in HFIP
(0.5 mL) at rt for 6 h. Chromatographic purification of crude product
afforded 3d as clear liquid (63 mg, 75% yield) whose spectral data
were in accord with the literature values.>

TLC Ry = 0.4 (10% MeOH/DCM).

H NMR (400 MHz, CDCl,): & = 5.40 (t, ] = 6.7 Hz, 1 H), 4.09 (d, ] = 6.8
Hz, 2 H), 2.56 (brs, 2 H), 2.20-2.02 (m, 2 H), 1.82-1.72 (m, 1 H), 1.64
(s, 3 H), 1.57-1.44 (m, 2 H), 1.22 (s, 3 H), 1.14 (s, 3 H).

(E)-5-(3,3-Dimethylaziridin-2-yl)-3-methylpent-2-en-1-yl Acetate
(3e)

Following the general N-H aziridination procedure, geranyl acetate
(98 mg, 0.50 mmol) and TsSONHBoc (215 mg, 0.75 mmol) were stirred
in HFIP (0.5 mL) at rt for 6 h. Chromatographic purification of crude
product afforded 3e as clear liquid (68 mg, 65% yield) whose spectral
data were in accord with the literature values.*®

TLC R,= 0.3 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl): & = 531 (t,J = 7.0 Hz, 1 H), 4.52 (d, ] = 7.1
Hz,2 H), 2.21-2.01 (m, 2 H), 1.98 (s, 3 H), 1.73-1.66 (m, 1 H), 1.65 (s, 3
H), 1.53-1.43 (m, 2 H), 1.19 (s, 3 H), 1.09 (s, 3 H).

(E)-5-(3,3-Dimethylaziridin-2-yl)-3-methylpent-2-en-1-yl 4-Ni-
trobenzoate (3f)

Following the general N-H aziridination procedure, geranyl 4-nitro-
benzoatemmOK?mm (151 mg, 0.5 mmol) and TsONHBoc (215 mg,
0.75 mmol) were stirred in HFIP (0.5 mL) at rt for 6 h. Chromato-
graphic purification of crude product afforded 3f as yellow semisolid
(111 mg, 70% yield).

TLC Ry= 0.5 (10% MeOH/DCM).

'H NMR (400 MHz, CDCl;): 8 = 8.21 (d, J = 8.8 Hz, 2 H), 8.14 (d, ] = 8.8
Hz, 2 H), 5.45 (t,J = 6.8 Hz, 1 H), 4.83 (d,J = 7.1 Hz, 2 H), 2.24-2.04 (m,
2H), 1.74 (s, 3 H), 1.69 (t,] = 6.6 Hz, 1 H), 1.56-1.46 (m, 2 H), 1.18 (s, 3
H), 1.10 (s, 3 H), 0.65 (brs, 1 H).

13C NMR (100 MHz, CDCl;): 8 = 164.65, 150.43, 142.97, 135.84,
130.68, 123.46, 117.97, 62.67, 42.89, 37.76, 35.58, 28.09, 27.51, 19.71,
16.61.

HRMS (ESI): m/z [M + HJ* calcd for [C7H,3N,0,4]*: 319.1652; found:
319.1656.
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(E)-5-(3,3-Dimethylaziridin-2-yl)-3-methylpent-2-en-1-yl N-(tert-
Butoxycarbonyl)glycinate (3g)

Following the general N-H aziridination procedure, (E)-3,7-dimethy-
locta-2,6-dien-1-yl N-(tert-butoxycarbonyl)glycinate (156 mg, 0.50
mmol) and TsSONHBocmmOK?m® (215 mg, 0.75 mmol) were stirred
in HFIP (0.5 mL) at rt for 6 h. Chromatographic purification of crude
product afforded 3g as clear liquid (130 mg, 80% yield) whose spectral
data were in accord with the literature values.*®

TLC R~ 0.5 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl,): & = 5.29 (t, ] = 7.0 Hz, 1 H), 5.21 (brs, 1 H),
459 (d, ] = 7.1 Hz, 2 H), 3.81 (d, J = 5.2 Hz, 2 H), 2.20-1.99 (m, 2 H),
1.72-1.66 (m, 1 H), 1.64 (s, 3 H), 1.54-1.42 (m, 2 H), 1.37 (s, 9 H), 1.18
(s, 3 H), 1.09 (s, 3 H).

13C NMR (100 MHz, CDCl3): = 170.22, 155.61, 142.22, 118.01, 79.64,
61.82,42.85,42.25, 37.48, 35.74, 28.12, 27.63, 27.14, 19.36, 16.28.

tert-Butyl 7-Azabicyclo[4.1.0]heptane-7-carboxylate (3h)
Following the general N-H aziridination procedure, cyclohexene (41
mg, 0.5 mmol) and TsONHBoc (215 mg, 0.75 mmol) were stirred in
HFIP (0.5 mL) at rt for 8 hmm12 h, Sch.2?mm. The progress of the reac-
tion was monitored by TLC. After complete consumption of olefin, the
reaction mixture was diluted with CH,Cl, (10 mL) and washed with
sat. aq NaHCO; solution (3 x 5 mL). The aqueous layer was extracted
with CH,Cl, (3 x 5 mL), and the combined organic layers were washed
with brine solution and then dried (anhyd Na,SO,). After removal of
Na,SO,, the organic layer was evaporated under reduced pressure and
the crude obtained was dissolved in DCM (5 mL) and Boc,0 (218 mg,
1.0 mmol) and TEA (178 pL, 1.25 mmol) were added at O °C. The reac-
tion mixture was stirred at rt for 4 h. The progress of the reaction was
monitored by TLC. The reaction mixture was diluted with CH,Cl, (5
mL) and washed with water (3 x 5 mL). The aqueous layer was ex-
tracted with CH,Cl, (2 x 5 mL), and the combined organic layers were
washed with brine solution and then dried (anhyd Na,SO,). The or-
ganic layer was evaporated under reduced pressure and crude ob-
tained was purified by column chromatography (silica gel neutralized
by t-BuNH,, 10-20% EtOAc/hexane). Aziridine 3h was obtained as a
colorless liquid (64 mg, 65% yield) whose spectral data were in accord
with the literature values.*®

TLC R;= 0.4 (30% EtOAc/hexane).

H NMR (400 MHz, CDCL,): § = 2.56-2.49 (m, 2 H), 1.91-1.84 (m, 2 H),
1.78-1.70 (m, 2 H), 1.41 (s, 9 H), 1.39-1.31 (m, 2 H), 1.23-1.13 (m, 2
H).

9-Azabicyclo[6.1.0]nonane (3i)

Following the general N-H aziridination procedure, cis-cyclooctene
(55 mg, 0.50 mmol) and TSONHBocmmOK?m® (215 mg, 0.75 mmol)
were stirred in HFIP (0.5 mL) at rt for 8 h. Chromatographic purifica-
tion of crude product afforded 3i as a clear liquid (45 mg, 72% yield)
whose spectral data were in accord with the literature values.*

TLC R;= 0.4 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl;): & = 2.12-1.99 (m, 2 H), 1.89 (brs, 2 H),
1.65-1.47 (m, 4 H), 1.44-1.29 (m, 4 H), 1.11-0.93 (m, 2 H).

13C NMR (100 MHz, CDCly): 8 = 34.15, 27.42, 27.37, 26.64.

tert-Butyl (1R,2S,4S,5S)-3-Azatricyclo[3.2.1.0>*]octane-3-carbox-
ylate (3j)

Following the general N-H aziridination procedure, norbornene (47
mg, 0.5 mmol) and TsONHBoc (215 mg, 0.75 mmol) were stirred in
HFIP (0.5 mL) at rt for 8 hmm12 h, Sch.2?mm. The progress of the reac-

tion was monitored by TLC. After complete consumption of olefin, the
reaction mixture was diluted with CH,Cl, (10 mL) and washed with
sat. aq NaHCO; solution (3 x 5 mL). The aqueous layer was extracted
with CH,Cl, (3 x 5 mL), and the combined organic layers were washed
with brine solution and then dried (anhyd Na,SO,). After removal of
Na,SO,, the organic layer was evaporated under reduced pressure and
crude obtained was dissolved in DCM (5 mL) and Boc,0 (218 mg, 1.0
mmol) and TEA (178 pL, 1.25 mmol) were added at 0 °C. The reaction
mixture was stirred at rt for 4 h. The progress of the reaction was
monitored by TLC. The reaction mixture was diluted with CH,Cl, (5
mL) and washed with water (3 x 5 mL). The aqueous layer was ex-
tracted with CH,Cl, (2 x 5 mL), and the combined organic layers were
washed with brine solution and then dried (anhyd Na,SO,). The or-
ganic layer was evaporated under reduced pressure and crude ob-
tained was purified by column chromatography (silica gel neutralized
by t-BuNH,, 10-15% EtOAc/hexane). Aziridine 3j was obtained as a
colorless liquid (84 mg, 80% yield) which configuration has been de-
termined by comparing the crude 'H NMR values of N-H aziridine.!?

TLC Ry= 0.5 (20% EtOAc/hexane).

H NMR (400 MHz, CDCl,): § = 2.48 (s, 2 H), 2.44 (s, 2 H), 1.49 (s, 2 H),
1.40 (s, 9 H), 1.35-1.29 (m, 1 H), 1.21-1.12 (m, 2 H), 0.73 (d, J = 10.2
Hz, 1 H).

13C NMR (100 MHz, CDCl;): 8 = 161.51, 80.67, 39.08, 36.01, 28.10,
28.09, 25.99.

HRMS (ESI): m/z [M + Na]* calcd for [C;,H,gNO,Na]*: 232.1308; found:
232.1310.

(1S,3S,5R,7R)-3,8,8-Trimethyl-4-azatricyclo[5.1.0.0>3]octane (3k)
Following the general N-H aziridination procedure, 3-carene (68 mg,
0.50 mmol) and TsONHBoc (215 mg, 0.75 mmol) were stirred in HFIP
(0.5 mL) at rt for 8 h. Chromatographic purification of crude product
afforded 3k as a yellow liquid (57 mg, 75% yield, 20:1 dr) whose spec-
tral data were in accord with the literature values.*

TLC R;= 0.4 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl,): 8 =2.15 (dd, J = 15.6, 9.5 Hz, 1 H), 2.01 (dd,
J=155,94Hz, 1 H), 1.73 (s, 1 H), 1.58-1.51 (m, 1 H), 1.33 (dd, J =
15.5,3.2 Hz, 1 H), 1.12 (s, 3 H), 1.00 (s, 3 H), 0.73 (s, 3 H), 0.44 (td, J =
9.2,3.4Hz, 1 H),0.33 (td, = 9.2, 3.3 Hz, 1 H).

13C NMR (100 MHz, CDCl): & = 36.72, 32.76, 27.97, 24.91, 23.22,
18.20, 16.48, 15.66, 14.84, 13.04.

tert-Butyl 2-Cyclohexylaziridine-1-carboxylate (31)

Following the general N-H aziridination procedure, vinylcyclohexane
(55 mg, 0.5 mmol) and TsONHBoc (215 mg, 0.75 mmol) were stirred
in HFIP (0.5 mL) at rt for 8 hmm12 h, Sch.2?mm. The progress of the
reaction was monitored by TLC. After complete consumption of olefin,
the reaction mixture was diluted with CH,Cl, (10 mL) and washed
with sat. aq NaHCO; solution (3 x 5 mL). The aqueous layer was ex-
tracted with CH,Cl, (3 x 5 mL), and the combined organic layers were
washed with brine solution and dried (anhyd Na,SO,). The organic
layer was evaporated in vacuo and crude obtained was dissolved in
DCM (5 mL) and cooled to 0 °C then Boc,0 (218 mg, 1 mmol) and TEA
(178 pL, 1.25 mmol) were added. The reaction mixture was stirred at
rt for 4 h. The progress of the reaction was monitored by TLC. After
completion, the reaction mixture was diluted with CH,Cl, (5 mL) and
washed with water (3 x 5 mL). The aqueous layer was extracted with
CH,Cl, (2 x 5 mL), and the combined organic layers were washed with
brine solution and dried (anhyd Na,SO,). The organic layer was evap-
orated in vacuo and crude obtained was purified by column chroma-
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tography (silica gel neutralized by t-BuNH,, 10-20% EtOAc/hexane).
Aziridine 31 was obtained as a colorless liquid (90 mg, 80% yield)
whose spectral data were in accord with the literature values.>®

TLC Ry= 0.4 (30% EtOAc/hexane).

TH NMR (400 MHz, CDCl5): 6 =2.20 (d,J=6.2 Hz, 1 H), 2.16-2.10 (m, 1
H), 1.94-1.84 (m, 2 H), 1.79-1.61 (m, 4 H), 1.44 (s, 9 H), 1.26-1.01 (m,
6 H).

9-(Aziridin-2-yl)nonan-1-ol (3m)

Following the general N-H aziridination procedure, undec-10-en-1-ol
(85 mg, 0.50 mmol) and TsONHMBoc (215 mg, 0.75 mmol) were
stirred in HFIP (0.5 mL) at rt for 8 hmm12 h, Sch.2?mm. Chromato-
graphic purification of crude product afforded 3m as colorless thick
liquid (76 mg, 82% yield).

TLC R;= 0.5 (10% MeOH/DCM).

'H NMR (400 MHz, CDCl;): 8 = 3.55 (t,] = 6.6 Hz, 2 H), 1.93-1.86 (m, 1
H), 1.79 (brs, 1 H), 1.71 (d, J = 5.8 Hz, 1 H), 1.57-1.45 (m, 2 H), 1.44-
1.18 (m, 16 H).

13C NMR (100 MHz, CDCl;): 8 = 62.65, 34.41, 32.88, 30.55, 29.58,
29.48,27.61, 25.86, 25.17.

HRMS (ESI): m/z [M + H]* calcd for [Cy;H,4,NO]": 186.1852; found:
186.1842.

Phenyl(3-phenylaziridin-2-yl)methanone (3n)

Following the general N-H aziridination procedure, (E)-chalcone (104
mg, 0.50 mmol) and TsONHBoc (161.25 mg, 0.75 mmol) were stirred
in HFIP (0.5 mL) at rt for 12 h. Chromatographic purification of crude
product afforded 3n as a colorless liquid (18 mg, 16% yield) whose
spectral data were in accord with the literature values.*d

TLC R;= 0.5 (50% EtOAc/hexane).

H NMR (400 MHz, CDCl,): & = 8.00 (d, J = 7.8 Hz, 2 H), 7.62 (t, ] = 7.6
Hz, 1H),7.49 (t, ] = 7.7 Hz, 2 H), 7.40-7.28 (m, 5 H), 3.52 (d, ] = 6.3 Hz,
1H),3.18(d,J=7.7 Hz, 1 H), 2.68 (brs, 1 H).

(E)-3-Methyl-5-(1,3,3-trimethylaziridin-2-yl)pent-2-en-1-yl Ace-
tate (5a)

Following the general N-Me aziridination procedure, geranyl acetate
(98 mg, 0.50 mmol) and TSONHMe (120.6 mg, 0.6 mmol) were stirred
in HFIP (0.5 mL) at rt for 16 h. Chromatographic purification of crude
product afforded 5a as colorless oil (81 mg, 72% yield) whose spectral
data were in accord with the literature values.*®

TLC R;= 0.3 (10% MeOH/DCM).
H NMR (400 MHz, CDCLy): & = 5.29 (t, J = 6.9 Hz, 1 H), 4.51 (d, ] = 7.1

Hz, 2 H), 2.31 (s, 3 H), 2.16-2.00 (m, 2 H), 1.96 (s, 3 H), 1.63 (s, 3 H),
1.55-1.42 (m, 2 H), 1.12 (s, 3 H), 1.08 (t, ] = 6.5 Hz, 1 H), 1.04 (s, 3 H).

(E)-3-Methyl-5-(1,3,3-trimethylaziridin-2-yl)pent-2-en-1-yl 4-Ni-
trobenzoate (5b)

Following the general N-Me aziridination procedure, (E)-3,7-dimeth-
ylocta-2,6-dien-1-yl 4-nitrobenzoate (150 mg, 0.5 mmol) and
TsONHMe (120.6 mg, 0.6 mmol) were stirred in HFIP (0.5 mL) at rt for
16 h. Chromatographic purification of crude product afforded 5b as
colorless oil (124 mg, 75% yield) whose spectral data were in accord
with the literature values.*®

TLC R;= 0.3 (10% MeOH/DCM).

TH NMR (400 MHz, CDCl;): & = 8.27 (d, ] = 8.6 Hz, 2 H), 8.19 (d, ] = 8.7
Hz, 2 H),5.49 (t,J = 7.1 Hz, 1 H), 4.89 (d, ] = 7.1 Hz, 2 H), 2.35 (s, 3 H),
2.24-2.11 (m, 2 H), 1.79 (s, 3 H), 1.59-1.47 (m, 2 H), 1.16 (s, 3 H), 1.08
(s,3H),1.06-1.03 (m, 1 H).

(E)-3-Methyl-5-(1,3,3-trimethylaziridin-2-yl)pent-2-en-1-yl N-
(tert-Butoxycarbonyl)glycinate (5c)

Following the general N-Me aziridination procedure (E)-3,7-dimethy-
locta-2,6-dien-1-yl N-(tert-butoxycarbonyl)glycinate (156 mg, 0.50
mmol) and TsONHMe (120.6 mg, 0.6 mmol) were stirred in HFIP (0.5
mL) at rt for 14 h. Chromatographic purification of crude product af-
forded 5c¢ as colorless oil (144 mg, 85% yield).

TLC R;= 0.5 (50% EtOAc/hexane).

TH NMR (400 MHz, CDCL,): & = 5.32 (t,J = 7.1 Hz, 1 H), 5.11 (brs, 1 H),
4,62 (d,J=7.2Hz,2H),3.85(d,J=5.4Hz, 2 H), 2.32 (s, 3 H), 2.18-2.03
(m, 2 H), 1.67 (s, 3 H), 1.52-1.43 (m, 2 H), 1.40 (s, 9 H), 1.13 (s, 3 H),
1.04 (s, 3 H), 1.02-0.98 (m, 1 H).

13C NMR (100 MHz, CDCl5): & = 170.42, 155.77, 142.79, 118.13, 79.94,
62.14, 51.93, 42.51, 39.60, 39.43, 37.79, 28.37, 27.45, 21.75, 18.03,
16.45.

HRMS (ESI): m/z [M + HJ* calcd for [C,gH35N,0,]*: 341.2435; found:
341.2441.

9-Methyl-9-azabicyclo[6.1.0]nonane (5d)

Following the general N-Me aziridination procedure cis-cyclooctene
(110 mg, 1.0 mmol) and TsONHMe (241 mg, 1.2 mmol) were stirred
in HFIP (0.5 mL) at rt for 24 h. Chromatographic purification of crude
product afforded 5d as a colorless oil (111 mg, 80% yield).

TLC Ry= 0.4 (50% EtOAc/hexane).

TH NMR (400 MHz, CDCl,): & = 2.33 (s, 3 H), 2.13-2.00 (m, 2 H), 1.60-
1.49 (m, 4 H), 1.44-1.29 (m, 6 H), 1.18-1.05 (m, 2 H).

13C NMR (100 MHz, CDCl,): & = 46.75, 44.76, 27.18, 26.58, 25.91.

HRMS (ESI): m/z [M + HJ* caled for [CoHygN]*: 140.1434; found:
140.1435.

(1-Methyl-3-phenylaziridin-2-yl)(phenyl)methanone (5e)
Following the general N-Me aziridination procedure (E)-chalcone
(104 mg, 0.5 mmol) and TSONHMe (120.6 mg, 0.6 mmol) were stirred
in HFIP (0.5 mL) at rt for 14 h. Chromatographic purification of crude
product afforded 5e as a colorless oil (77 mg, 65% yield, >5:1 dr)
whose spectral data were in accord with the literature values.*d

TLC R;= 0.5 (20% EtOAc/hexane).

H NMR (400 MHz, CDCl,): & = 8.05 (d, J = 7.6 Hz, 2 H), 7.64-7.57 (m, 1
H), 7.53-7.47 (m, 2 H), 7.43-7.30 (m, 5 H), 3.59 (d, ] = 2.3 Hz, 1 H),
3.37(d,J=2.0 Hz, 1 H), 2.70 (s, 3 H).

(1-Methyl-3-phenylaziridin-2-yl)(p-tolyl)methanone (5f)
Following the general N-Me aziridination procedure (E)-3-phenyl-1-
(p-tolyl)prop-2-en-1-one (111 mg, 0.5 mmol) and TSONHMe (120.6
mg, 0.6 mmol) were stirred in HFIP (0.5 mL) at rt for 8 h. Chromato-
graphic purification of crude product afforded 5f as yellowish oil (88
mg, 70% yield, >5:1 dr) whose spectral data were in accord with the
literature values.*d

TLC Ry= 0.5 (20% EtOAc/hexane).

'H NMR (400 MHz, CDCl3): 6 =7.96 (d,J= 7.9 Hz, 2 H), 7.39-7.27 (m, 7
H), 3.59(d,J = 2.1 Hz, 1 H), 3.37 (d, ] = 1.5 Hz, 1 H), 2.68 (s, 3 H), 2.43
(s,3H).
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(4-Fluorophenyl)(1-methyl-3-phenylaziridin-2-yl)methanone
(52)

Following the general N-Me aziridination procedure (E)-1-(4-fluoro-
phenyl)-3-phenylprop-2-en-1-one (113 mg, 0.5 mmol) and
TsONHMe (120.6 mg, 0.6 mmol) were stirred in HFIP (0.5 mL) at rt for
18 h. Chromatographic purification of crude product afforded 5g as
yellowish oil (70 mg, 55% yield, 5:1 dr) whose spectral data were in
accord with the literature values.*d

TLC R;= 0.5 (20% EtOAc/hexane).

H NMR (400 MHz, CDCl,): & = 8.16-8.02 (m, 2 H), 7.34-7.26 (m, 3 H),
7.17(t,] = 8.4 Hz, 2 H), 7.02 (t, ] = 8.5 Hz, 2 H), 3.50 (d, J = 2.0 Hz, 1 H),
3.35(s, 1 H), 2.66 (s, 3 H).

(1-Methyl-3-phenylaziridin-2-yl)(thiophen-2-yl)methanone (5h)
Following the general N-Me aziridination procedure (E)-3-phenyl-1-
(thiophen-2-yl)prop-2-en-1-one (107 mg, 0.5 mmol) and TSONHMe
(120.6 mg, 0.6 mmol) were stirred in HFIP (0.5 mL) at rt for 24 h.
Chromatographic purification of crude product afforded 5h as color-
less oil (63 mg, 52% yield, 4:1 dr) whose spectral data were in accord
with the literature values.*d

TLC Ry = 0.4 (20% EtOAc/hexane).

H NMR (400 MHz, CDCl,): 5 = 7.88 (d, J = 3.4 Hz, 1 H), 7.71 (d, ] = 4.9
Hz, 1 H), 7.43-7.30 (m, 5 H), 7.22-7.13 (m, 1 H), 3.53 (d, ] = 1.9 Hz, 1
H),3.38(d,J = 2.0 Hz, 1 H), 2.74 (s, 3 H).

Conflict of Interest

The authors declare no conflict of interest.

Funding Information

J.LJ. thanks SERB (YSS/2015/000838) and University Grants Commis-
sion - Basic Scientific Research (UGC-BSR, No. F.30-382/2017), New
Delhi, for the grants. B.T. thanks SERB, New Delhi for the financial
support (CRG/2018/004424).

Acknowledgment

J.L.J. would like to thank the Babasaheb Bhimrao Ambedkar University
(BBAU), Lucknow for infrastructure and also thanks Ajay K. Yadav for
the preliminary experimental work.

Supporting Information

Supporting information for this article is available online at
https://doi.org/10.1055/a-1879-7974.

References

(1) For general reviews on aziridine chemistry, see: (a) Botuha, C.;
Chemla, F.; Ferreira, F.; Perez-Luna, A. Aziridines in Natural
Product Synthesis, In Heterocycles in Natural Product Synthesis;
Majumdar, K. C.; Chattopadhyay, S. K., Ed.; Wiley-VCH: Wein-
heim, 2011, 3. (b) McMills, M. C.; Bergmeier, S. C. Aziridines and
Azirines: Fused-ring Derivatives, In Comprehensive Heterocyclic
Chemistry III, Vol. 1; Katritzky, A. R.; Ramsden, C. A.; Taylor, R. J.
K., Ed.; Elsevier: Amsterdam, 2008, 105. (c) Lowden, P. A. S. In

Aziridines and Epoxides in Organic Synthesis; Yudin, A. K., Ed.;
Wiley-VCH: Weinheim, 2006, 399. For reviews and synthetic
utility of aziridines, see: (d) Sabir, S.; Kumar, G.; Verma, V. P.;
Jat, J. L. ChemistrySelect 2018, 3, 3702. (e) Sabir, S.; Kumar, G.;
Jat, J. L. Asian J. Org. Chem. 2017, 6, 782. (f) Nicolaou, K.;
Rhoades, D.; Wang, Y.; Bai, R.; Hamel, E.; Aujay, M.; Sandoval, | ;
Gavrilyuk, J. J. Am. Chem. Soc. 2017, 139, 7318. (g) Singh, G. S.
Mini. Rev. Med. Chem. 2016, 16, 892. (h) Vale, ]. R.; Siopa, F.;
Branco, P. S.; Afonso, C. A. M. Eur. J. Org. Chem. 2016, 2016, 2048.
(i) Craig, R. A.; O’Connor, N. R.; Goldberg, A. F. G.; Stoltz, B. M.
Chem. Eur. J. 2014, 20, 4806. (j) Stankovic, S.; D’Qhooghe, M.;
Catak, S.; Eum, H.; Waroquier, M.; Speybroeck, V. V.; De Kimpe,
N.; Ha, H.-J. Chem. Soc. Rev. 2012, 41, 643. (k) Oh, H.-S.; Kang, H.-
Y. J. Org. Chem. 2012, 77, 8792. (1) Thibodeaux, C. J.; Chang, W.-
C.; Liu, H.-W. Chem. Rev. 2012, 112, 1681. (m) Ghorai, M. K;
Nanaji, Y.; Yadav, A. K. Org. Lett. 2011, 13, 4256. (n) Lu, P. Tetra-
hedron 2010, 66, 2549. (o) Florio, S.; Luisi, R. Chem. Rev. 2010,
110,5128. (p) Hu, X. E. Tetrahedron 2004, 60, 2701. (q) Sweeney,
]J. B. Chem. Soc. Rev. 2002, 31, 247.

(2) For selected articles, see: (a) Trost, B. M.; Zhang, T. Angew. Chem.
Int. Ed. 2008, 47,3759. (b) Yadav, ]. S.; Satheesh, G.; Murthy, C. V.
S.R. Org. Lett. 2010, 12, 2544. (c) When, P. M.; Du Bois, ]. Angew.
Chem. Int. Ed. 2009, 48, 3802.

(3) For selected reviews, see: (a) Ju, M.; Schomaker, J. M. Nat. Rev.
Chem. 2021, 5, 580. (b) Degennaro, L.; Trinchera, P.; Luisi, R.
Chem. Rev. 2014, 114, 7881. (c) Zhu, Y.; Wang, Q.; Cornwall, R.
G.; Shi, Y. Chem. Rev. 2014, 114, 8199. (d) Pellissier, H. Tetrahe-
dron 2010, 66, 1509. (e) Muller, P.; Fruit, C. Chem. Rev. 2003,
103, 2905. (f) Osborn, H. M. I.; Sweeney, |. Tetrahedron: Asymme-
try 1997, 8, 1693. For selected articles on N-protected aziridina-
tion, see: (g) Guo, Y.; Pei, C.; Jana, S.; Koenigs, R. M. ACS Catal.
2021, 11, 337. (h) Johnson, S. L.; Hilinski, M. K. J. Org. Chem.
2019, 84, 8589. (i) Lebel, H.; Spitz, C.; Leogane, O.; Trudel, C.;
Parmentier, M. Org. Lett. 2011, 13, 5460. (j) Ruppel, J. V.; Jones, J.
E.; Huff, C. A.; Kamble, R. M.; Chen, Y.; Zhang, X. P. Org. Lett.
2008, 10, 1995. (k) Li, Z.; Ding, X.; He, C. J. Org. Chem. 2006, 71,
5876. (1) Catino, A. J.; Nichols, J. M.; Forslund, R. E.; Doyle, M. P.
Org. Lett. 2005, 7, 2787. (m) Gao, G.-Y.; Harden, J. D.; Zhang, X. P.
Org. Lett. 2005, 7, 3191. (n) Leung, S. K.-Y.; Tsui, W.-M.; Huang,
J.-S.; Che, C.-M.; Liang, J.-L.; Zhu, N. J. Am. Chem. Soc. 2005, 127,
16629. (o) Waterman, R.; Hillhouse, G. L. J. Am. Chem. Soc. 2003,
125,13350. (p) Davis, F. A.; Wu, Y.; Yan, H.; McCoull, W.; Prasad,
K. R.J. Org. Chem. 2003, 68, 2410. (q) Nishimura, M.; Minakata,
S.; Takahashi, T.; Oderaotoshi, Y.; Komatsu, M. J. Org. Chem.
2002, 67, 2101. (r) Zhang, ].-L.; Che, C.-M. Org. Lett. 2002, 4,
1911. (s) Guthikonda, K.; Du Bois, J. J. Am. Chem. Soc. 2002, 124,
13672. (t) Dauban, V.; Saniere, L.; Tarrade, A.; Dodd, R. H. J. Am.
Chem. Soc. 2001, 123, 7707.

(4) (a)]at, ]. L.; Paudyal, M. P.; Gao, H.; Xu, Q.-L.; Yousufuddin, M.;
Devarajan, D.; Ess, D. H.; Kiirti, L.; Falck, J. R. Science 2014, 343,
61. (b) Ma, Z.; Zhou, Z.; Kiirti, L. Angew. Chem. Int. Ed. 2017, 56,
9886. (¢) Sabir, S.; Pandey, C. B.; Yadav, A. K.; Tiwari, B.; Jat, J. L.
J. Org. Chem. 2018, 83, 12255.(d) Jat, J. L.; Yadav, A. K.; Pandey, C.
B.; Chandra, D.; Tiwari, B. J. Org. Chem. 2022, 87, 3751.

(5) (a) Munnuri, S.; Anugu, R. R.; Falck, J. R. Org. Lett. 2019, 21, 1926.
(b) Chandra, D.; Yadav, A. K.; Singh, V.; Tiwari, B.; Jat, J. L. Chem-
istrySelect 2021, 6, 10524. (c) Kirby, G.; Grimaud, L.; Vitale, M.
R.; Prestat, G.; Berhal, F. Green Chem. 2021, 23, 9428.

(6) Bottaro, ]. C.J. Chem. Soc. Chem. Commun. 1980, 560.

(7) Varszegi, C.; Ernst, M.; Laar, F. V.; Sels, B. F.; Schwab, E.; De Vos,
D. E. Angew. Chem. Int. Ed. 2008, 47, 1477.

© 2022. Thieme. All rights reserved. Synthesis 2022, 54, A-H



(8) (a) Farndon, J.].; Young, T. A.; Bower, ]. F. J. Am. Chem. Soc. 2018, 7, 255. (¢) Vanhoof, J. R.; De Smedt, P. J.; Krasniqi, B.; Ameloot,
140, 17846. (b) Roma, E.; Tosi, E.; Miceli, M.; Gasperi, T. Asian J. R.; Sakellariou, D.; De Vos, D. E. ACS Sustainable Chem. Eng. 2021,
Org. Chem. 2018, 7, 2357. 9,11596. (d) Zeng, D.; Gu, L.; Zhang, L.; Li, G.; He, Y. Tetrahedron
(9) Cheng, Q.-Q.; Zhou, Z.; Jiang, H.; Siitonen, J. H.; Ess, D. H.; Zhang, Lett. 2021, 87, 153413.
X.; Kiirti, L. Nat. Catal. 2020, 3, 386. (11) (a) Ma, X.; Hazelden, I. R.; Langer, T.; Munday, R. H.; Bower, ]. F.
(10) For selected articles, see: (a) Holst, D. E.; Wang, D. J.; Kim, M. ].; J. Am. Chem. Soc. 2019, 141, 3356. (b) John, O. R. S.; Killeen, N.
Guzeil, I. A.; Wickens, Z. K. Nature 2021, 596, 74. (b) O3eka, M.; M.; Knowles, D. A.; Yau, S. C.; Bagley, M. C.; Tomkinson, N. C. O.
Laudadio, G.; van Leest, N. P.; Dyga, M.; Bartolomeu, A. d. A.; Org. Lett. 2007, 9, 4009.
GooRen, L. ]J.; de Bruin, B.; de Oliveira, K. T.; Noél, T. Chem 2021, (12) Dauban, P.; Dodd, R. H.J. Org. Chem. 1999, 64, 5304.

© 2022. Thieme. All rights reserved. Synthesis 2022, 54, A-H



Tetrahedron Letters 61 (2020) 151822

journal homepage: www.elsevier.com/locate/tetlet

Contents lists available at ScienceDirect

Tetrahedron Letters

Direct synthesis of secondary amides from ketones through Beckmann
rearrangement using O-(mesitylsulfonyl)hydroxylamine

Check for
updates

Dinesh Chandra?, Saumya Verma*?, Chandra Bhan Pandey”, Ajay K. Yadav?, Puneet Kumar ?,

Bhoopendra Tiwari >, Jawahar L. Jat**

2 Department of Chemistry, Babasaheb Bhimrao Ambedkar University (A Central University), Vidya Vihar, Raebareli Road, Lucknow 226025, India
b Division of Molecular Synthesis & Drug Discovery, Centre of Biomedical Research, SGPGIMS-Campus, Raebareli Road, Lucknow, India

ARTICLE INFO ABSTRACT

Article history:

Received 17 January 2020
Revised 5 March 2020
Accepted 9 March 2020
Available online 13 March 2020

The Beckmann rearrangement is a versatile method for the preparation of secondary amides from
ketones via oxime intermediates and has been widely used in the synthesis of bioactive natural products
and pharmaceuticals. Herein, we have developed a highly efficient direct method for the preparation of
secondary amides and lactams from ketones using O-(mesitylsulfonyl)hydroxylamine (MSH). The reac-

tions proceed rapidly at room temperature under mild condition without requiring any additive, and tol-
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yield with high purity.

erate multiple functional groups. A simple aqueous work-up often furnished the products in excellent
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The ACS Green Chemistry Institute Pharmaceutical Roundtable
(GCIPR), comprising of top global pharmaceutical manufacturers,
in their 2006 and 2016 meetings, identified the catalytic or sustain-
able direct preparation of amide functionality as one of the key
reactions to be developed [1]. The Beckmann rearrangement of oxi-
mes is a very effective method to access amides and lactams, and is
an industrial process to prepare the raw materials for polyamides,
such as nylon-6 and nylon-12 [2]. It is a versatile method used to
incorporate an N-atom into cyclic or acyclic ketones. Traditionally,
the Beckmann rearrangement requires strongly acidic media (e.g.
PCls, H,SO,4) and high temperatures [3]. These reaction conditions
can produce large amounts of undesired products and are unten-
able for sensitive substrates. This limitation could be partly over-
come with the advent of milder reagents or catalysts such as
cyanuric chloride [4j], BOP-CI [4i], propyl phosphonic anhydride
(T3P) [4d], triphosphagene [4g], triphosgene [4k]|, tosylchloride
[4f], cyclopropenium salt [4e], TFA [4h], Ca(NTf,), [4a], and
boronic acid [4b] (Scheme 1a). Despite the development of these
reagents, several major limitations persist, such as: (a) the
necessary preparation and purification of ketoxime substrates,
(b) column chromatographic purification of the products, (¢) and
expensive solvents or elevated reaction temperature.

Therefore, a direct method devoid of the additional step of
oxime substrate preparation is highly desired [5]. To that end
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Hyodo and co-workers very recently disclosed a direct method
for the preparation of amides from ketones via transoximation
using ethyl N-(phenylsulfonyl)oxyacetimidate [6]. This reacts with
ketones to produce the corresponding sulfonyloxime, which in the
presence of TsOH-H,0 and water gives the corresponding amides.
Nonetheless, this elegant method requires: (a) Brensted acid and
water as additives, (b) extended reaction times of 24 h, (c) column
chromatographic purification. Prior to this, Tamura and co-workers
reported a two-step method for the conversion of ketones to
amides through the Beckmann rearrangement via mesitylene sul-
fonyloxime using basic alumina in methanol [7]. In view of these
limited studies, along with their intrinsic difficulties, an improved
method for the direct preparation of secondary amides from
ketones is needed.

Results and discussion

As part of an ongoing program to develop efficient reagents and
transition metal catalyzed methods, we recently reported the
highly regio- and stereo-specific aziridination of unactivated alke-
nes using MSH [8a] and the Cu(OTf),-catalyzed Beckmann rear-
rangement of ketones using hydroxylamine-O-sulfonic acid [8c].
We were next interested in developing an efficient, one-pot,
mild, and possibly column chromatography-free method for
preparing secondary amides directly from ketones using MSH.

We began using acetophenone 1a as a model substrate and
MSH 2 as the aminating agent (Table 1). The Beckmann rearrange-
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(a) Recent Reports on the Traditional Beckmann Rearrangement

_OH
j\ N conditions R i
1 2 4 2 = SN OR2
R"” R R R N
cl (preformed)
) S
N N
|
PN CO,Ph
Cl N™ °Cl (cat.)
(cat.) Ca(NTf2); (cat.) perfluoropinacol (cat.)

ZnCl, (cat.), reflux BuzNPFg (cat.), 80 °C  CH3NO,:HFIP (1:4), rt

J. Am. Chem. Soc. 2005 Chem. Comm. 2018  J. Am. Chem. Soc. 2018
(Ref. 4j) (Ref. 4a) (Ref. 4b)

In general, this approach requires pre-formed oximes, metal catalysts, expensive

solvents, chromatographic purification or elavated reaction temparature

(b) The Beckmann Rearrangement using MSH Reagent

Tamura and co-workers

o /OSOQMes o
e Y. I L
R’l R2 R1 Rz N R
H

Two step process, isolation of oximes required; limited substrate scope;
alumina column chromatography required

(c) This Work

Me O
\S\,‘O
o O-NH, o
R1J\R2 = ue F<1\NJ\RZ
CH3CN H

One pot, metal and additive-free, broad substrate scope, functional group
tolerance, water soluble byproduct, column chromatography-free process

Scheme 1. The Beckmann Rearrangement for the Preparation of Amides.

Table 1
Optimization of the Reaction Conditions.”

o Meo\\ ,/O H
~ e N Me
Me Q conditions T
+ NH, rt,5h o
Me Me
1a 2 3a
Entry Additive Solvent Yield 3a (%)"
1 TFA® TFE 82
2 TFE 85
3 - CH,(Cl, 87
4 - THF 81
5 _ MeOH 80
6 - CH5CN 98
7¢ - CH5CN 70
8¢ - CH3CN 78
9f - CH5CN 85
10 - H,0 77
11 - EtOH 80

4 Reagents and conditions unless otherwise stated: 1a (0.5 mmol), 2
solvent (2 mL), rt.

b Isolated yield.

€ 10 mol% of TFA was used.

4°0.5 mmol of MSH was used.

¢ 0.6 mmol of MSH was used.

f0.75 mmol of MSH was used, TFE = 2,2,2-trifluroethanol, TFA = trifluoroacetic
acid. (MSH 2 is highly energetic and explosive in nature; in our routine lab work we
have prepared moist MSH on up to a 2.0 g scale without any incident although care
must be taken while handling it in gram scale)

(1.0 mmol),

ment generally gives better yields in an acidic medium and hence
the reaction was performed in the presence of 10 mol% of TFA in
2,2,2-trifluoroethanol (TFE). The desired product 3a was obtained
in 82% yield at room temperature after 5 h (Entry 1). Gratifyingly,

the reaction proceeded well with a slightly improved yield in the
absence of TFA (Entry 2). Further, we examined the effect of differ-
ent solvents. Acetonitrile turned out to be the optimal solvent giv-
ing the desired product in 98% yield (Entry 6). Lowering the MSH
loading led to a diminished yield (Entries 7, 8 and 9). It is worth
noting that the product could be isolated with high purity after
washing the crude product (which was obtained after basic aque-
ous workup) with n-hexanes and no further purification was
required.

With the optimized condition in hand, we investigated the sub-
strate scope for this MSH-mediated Beckmann rearrangement
(Scheme 2). For these studies, para-substituted acetophenones
containing both electron-donating (Me, OH, OMe) as well as elec-
tron-withdrawing substituents (Br, Cl, F) were valuable substrates
for the reaction and the products were obtained in excellent yields
after a n-hexane wash of the crude products (3a-3g). The reactions
with electron-rich derivatives were slightly faster compared to the
electron-deficient acetophenones. An unprotected phenolic group
was also tolerated (3d). The para-0O-allyl-substituted acetophenone
also provided the corresponding amide 3h in excellent yield.
Methyl 4-acetylbenzoate 1j and p-nitroacetophenone 1k were con-
verted into the corresponding amides 3j and 3k at 70 °C. In these

1 CH4CN H R?
\\// 3
R | R t-70 °C R*:\ \lg
- I
S =
1 3a-z
H H H
Q“T““ O”W”e ts
AN T e, T
R X0 Boc\H O
3a,R=H, 5 h, 989
-R=H.5h, 98% 3h, 6 h, 95% 31,6 h, 85%

3b, R=Me, 6 h, 90%
3¢, R= OMe, 5 h, 95%
3d, R=OH, 6 h, 92% N__Me NTMe
3e, R=Br, 8 h, 90% \n/
_0 (0] [0}
3f, R=Cl, 8 h, 90% Me O,N
39, R=F, 10 h, 85%

O 3j°5h,92% 3k,° 6 h, 90%

H
Cl

N _Me H H
\n/ MeO N Me H Me N Me
° Ij T )il T
MeO al (¢]

Br
3153 h, 90% 3m, 5 h, 89% 3n, 16 h, 40%° 30, 16 h, 92%
\\<Me
HN
Q_§ ° H \ﬂ)\
S Me Me
R O SO
R 0
3p,R=H,1 85% 3r, 16 h, 50%°  3s, 6 h, 90% 3t (66:33),%6 h
3q,R=Ts, 90% 61%° yield of 3t

0 0

3x 16 h, 80%

v o

3v,%6 h, 80%° b
3w,° 6 h, 90%

3u (69:31),97 h
62%° yield of 3u

T

3ya

HO
3y and 3ya (63:37)%, 6 h, 65%

3z,°6 h, 90%°

Scheme 2. Substrate Scope of the Ketones®. “Reagents and conditions: 1 (0.5 mmol),
2 (1.0 mmol), CHsCN (2 mL), rt. PReaction temperature of 70 °C. ‘Column
chromatography was required. “Ratio of non-separable regioisomers.
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N R ~N R2 -ArSOsH RN 2
H N R
3 D c

Scheme 3. Proposed Mechanism.

cases the reaction stopped at mesitylenesulfonyloxime intermedi-
ate A (Scheme 3) at room temperature.

Products 3h, 3i and 3j bearing acid sensitive alkene, N-Boc, and
ester functionalities highlight the functional group tolerance com-
pared to literature methods that require strong acidic conditions.
meta-Substituted, as well as disubstituted acetophenones, also
reacted well to afford the desired products in good to excellent
yields (31-3n). Other aromatic rings such as naphthyl, indolyl,
and thiophenyl were tolerated giving the corresponding amides
in good to excellent yields (30-3r). Propiophenone also furnished
exclusively the phenyl migrated product (3s). On the other hand,
when a-branched or cycloalkyl-phenylketones were used, a sepa-
rable mixture of regioisomers was formed due to the comparable
migratory aptitude of the aryl and branched alkyl groups (3t and
3u). Gratifyingly, aliphatic cyclic and acyclic ketones were also
smoothly converted into the corresponding amides and lactams,
albeit at elevated temperatures (3v and 3w). Whereas benzophe-
none reacted well to give amide in good yield, the unsymmetrical
benzophenone offered a mixture of products due to the compara-
ble migrating properties of the two aryl groups (3x and 3y). Even
a complex ketone such as pregnenolone gave the respective amide
(3z) in 90% yield.

A plausible mechanism is described in Scheme 3. Ketone 1
reacts with MSH 2 to give mesitylenesulfonyloxime intermediate
A which undergoes Beckmann rearrangement via a concerted
1,2-intramolecular shift to form intermediate B [5g], followed by
nucleophilic attack of H,O to give C. Deprotonation of C provides
D, which further tautomerizes into the corresponding amide 3.

In conclusion, we have developed a direct method for the syn-
thesis of secondary amides and lactams from a variety of ketones
using MSH. This method is operationally simple and does not
require acid or any other additive. Labile or reactive functional
groups such as ester, alcohol, phenolic-OH, Boc, halo, and alkenes
were tolerated under our optimized reaction conditions. The vari-
ous secondary amides were obtained in good to excellent yields.
The products were isolated in high purity after aqueous work-up.
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Abstract A zinc(ll)-catalyzed single-step protocol for the Beckmann
rearrangement using hydroxylamine-O-sulfonic acid (HOSA) as the ni-
trogen source in water was developed. This direct method efficiently
produces secondary amides under open atmosphere in a pure form af-
ter basic aqueous workup. It is environmentally benign and operation-
ally simple.

Key words zinc(ll) chloride, hydroxylamine-O-sulfonic acid (HOSA),
ketones, Beckmann rearrangement, amides

Secondary amides play a pivotal role as a basic structur-
al unit in numerous pharmaceuticals, bioactive natural
products, polymers, dyes, and other functional materials
(Figure 1).! They also serve as versatile building blocks for
organic synthesis. For instance, the transformation of am-
ides to different heterocyclic compounds is a well sought-
after method for the preparation of medicinal agents and
alkaloids.?

Conventionally, secondary amides are prepared from
carboxylic acids and amines.? This trivial method typically
requires the activation of the carboxylic acid functionality
using a stoichiometric amount of reagents that eventually
lead to a poor atom economy and release of a huge quantity
of toxic waste. These serious limitations have severely im-
pacted its industrial applications.3*¢ Developing catalytic
variations has led to substantial improvements, but with
other limitations.> In 1886, Beckmann and co-workers de-
veloped an altogether different approach, known as the
Beckmann rearrangement, to prepare amides from ketones

o) o)
J\ flo_ 2ZnCl, (10 mol%) J\ k.
1 2 + /S\ NH3 2 <
R R g o H,0, rt. to 80 °C R N

19 examples
up to 96% yield

R', R2 = aromatic or aliphatic
v Open to air

+ Water-soluble byproduct,
hence chromatography-free

' Single-step, operationally simple process  +/ Good to excellent yields

+/ Inexpensive catalyst

+ Water as solvent

in two steps, using preformed oximes.* Nevertheless, the
harsh reaction conditions (high temperature and strong
acidic media) have largely precluded its application to sen-
sitive substrates. Since then, tremendous advances have
been made to surmount these shortcomings, leading to sev-
eral interesting methods with relatively milder conditions
from ketoximes (Scheme 1a).> Good progress has been
made in recent years towards the development of direct
methods using ketones instead of preformed ketoximes.’
Nevertheless, these methods also suffer from some limita-
tions, such as the use of toxic solvents, expensive reagents,
or catalysts, high temperatures, and/or longer reaction

cl
o Me o)
H
/\/N\) N Cl
H cl
o Me
cl e

Moclobemide Zoxamide
Me
" o Z OH
NH N/_ S |
N Cl
> / \_Me Me H
Me O cl
Xylocaine Fenhexamid
H
N
I /©\ )M\e I /©/
N
du 0" Me N
CF3
Flutolanil 0 Kevlar n

Figure 1 Examples of pharmacologically active molecules and poly-
mers consisting of secondary amide functionalities
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times (Scheme 1b). In 1979, Olah et al. synthesized second-
ary amides from ketones using commercially available hy-
droxylamine-O-sulfonic acid (HOSA), with formic acid as
the solvent, at reflux temperature.5? This method was suit-
able only for cyclic ketones and required the use of strongly
acidic solvent under reflux conditions. Recently, we report-
ed a copper(ll) triflate catalyzed single-step synthesis of
secondary amides directly from ketones using hydroxyl-
amine-O-sulfonic acid (HOSA) as the nitrogen source.” Al-
though this provided several advantages over literature
methods, it required the use of (a) expensive Cu(OTf), cata-
lyst, solvent (TFE), and additive (CsOH) and (b) column
chromatography for purification. Therefore, an environ-
mentally benign method, free from these limitations, is
highly desired. Herein, we describe a Zn(Il)-catalyzed syn-
thesis of secondary amides from ketones using HOSA as the
nitrogen source and water as the solvent (Scheme 1c).
Much to our delight, the desired products could be obtained
in pure form just after aqueous workup followed by a sim-
ple wash with n-hexane solvent, without requiring column
chromatography.

Literature: Recent reports
(a) Preparation of secondary amides via two-step Beckmann rearrangement

o

o NOH conditions l]\ R!

J\ J‘I\ 2 -

R! R2 R R2 R H
[RhCl(cod)]>
CF3SO3H HgCl, Ca(NTf,)2 (10 mol%) boronic acid (5 mol%)
TolgP, (CICH,), MeCN n-BugNPFg (10 mol%) perfluoropinacol (5 mol%)
reflux, 3 h 80 °C DCE/DME (4:1), 80 °C MeNO,/HFIP, r.t., 24 h
ref. 5a ref. 5¢ ref. 5f ref. 9

(b) Preparation of secondary amides via one-step Beckmann rearrangement

o 0]

conditions
J‘J\ JJ\ ~ R'
R R2 R2 H
.0SO,Ph
N
HOSA NH,OHeHCI Eto)\Me MSH Cu(OTf);, HOSA

HCOOH  FeClz*6H,0 TsOHeH,0, H,O MeCN CsOHeH,0
reflux 130°C,0.45h MeCN,rt,24h rtto70°C TFE/DCM,r.t. to 70 °C

ref. 6a ref. 6¢ ref. 6d ref. 6f ref. 7

Limitations: Use of additives, explosive reagents like MSH, harsh reaction conditions,
expensive metal catalysts or solvents, longer reaction time

(c) This work: Zn(ll)-catalyzed one-step preparation of secondary amides in

aqueous media
Q ZnCl, JOJ\
————eeeeeeee 1
R
J\ HOSA, H,0 R? -

R R2 N
r.t. to 80 °C H

Scheme 1 Preparation of secondary amides

We initiated the reaction conditions optimization stud-
ies by adopting acetophenone 1a as a model substrate and
hydroxylamine-O-sulfonic acid (HOSA) as the nitrogen
source, as it is commercially available, water-soluble, and
generates a non-interfering water-soluble byproduct (Table
1).8 Initially, we screened solvents of varying polarity, such

Special Topic

as 2,2,2-trifluoroethanol (TFE), acetonitrile, methanol, tet-
rahydrofuran, water, and ethanol without any catalyst at
room temperature (entries 1-6).

Table 1 Optimization of Reaction Conditions?

0 N/OH u

N Me

(O e e (Y'Y

1a 2a 3a

Entry Solvent Nitrogen source  Catalyst Yield (%)°
2a 3a
1 TFE HOSA - 50 30
2 MeCN HOSA - 30 0
3 MeOH HOSA - 50 25
4 THF HOSA - 40 20
5 H,0 HOSA - 20 70
6 EtOH HOSA - 50 20
7 H,0 HOSA FeSO, 10 70
8 H,0 HOSA Fe(acac); 10 65
9 H,0 HOSA FeCl, 0 60
10 H,0 HOSA Cu(OTf), 10 80
11 H,0 HOSA ZnCl, 0 96
12¢ H,0 HOSA Zndl, 0 80
134 H,0 HOSA Zndl, 10 80
14 H,0 NH,OH-HCl Zncl, 10 0
15¢ H,0 NH,OH-HCl Zncl, 15 0

2 Reaction conditions: 1a (1.0 equiv), nitrogen source (1.5 equiv), catalyst
(10 mol%), solvent (2 mL), r.t.

bIsolated yields.

¢HOSA (1.0 equiv) was used.

4Zndl, (5 mol%) was used.

¢ NaHCO; (2.0 equiv) was added at r.t.

To our delight, water proved to be the best choice, giving
the desired product 3a in 70% isolated yield (Table 1, entry
5). To further enhance the product yield, we screened com-
mercially available inexpensive catalysts (entries 7-11).
ZnCl, was observed to be the optimal catalyst that delivered
the amide 3a in an excellent yield of 96% (entry 11). It is
worth mentioning that ZnCl, is cost-effective and readily
accessible when compared to previously used expensive
catalysts, and the reaction proceeds at room temperature,
compared to an elevated/reflux temperature as in previous
reports.” Attempts to reduce the loading of either HOSA or
ZnCl, diminished the yield (entries 12 and 13). Further-
more, switching to another nitrogen source such as hydrox-
ylamine hydrochloride did not provide any satisfactory re-
sult (entries 14 and 15). Remarkably, the product could be
accessed in its pure form after a routine workup; column
chromatographic purification was not needed.
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With these optimized conditions in hand, we next in-
vestigated the substrate scope of the reaction (Scheme 2).
Ketones with electron-donating substituents (e.g., Me, OH,
OMe) at the para position of the aryl ring reacted smoothly
at room temperature to furnish the corresponding second-
ary amides in excellent yields (3b-d). In a similar manner,
the para-0-allyl substituted acetophenone afforded the de-
sired product 3e in 92% isolated yield. Gratifyingly, disubsti-
tuted acetophenones as well as propiophenone were also
good substrates, providing the corresponding amides 3f and
3g in remarkable yields of 90% and 93%, respectively. In
contrast, a naphthyl ketone and benzophenone required an
elevated reaction temperature for the complete conversion
to produce the corresponding products 3h and 3i in 92%
and 70% isolated yields, respectively. We next examined
electron-deficient ketones. Acetophenones substituted
with electron-withdrawing groups on the aryl rings, such
as Cl, F, and Br at para and meta positions, reacted smoothly
at 80 °C to give the expected products 3j-m in 80-86%
yield. These conditions were suitable even for the conver-
sion of a dihalo-substituted ketone (3m, 85% yield). The
acid-sensitive N-Boc substrate also furnished the desired
amide 30 at room temperature without losing the Boc
group. Pleasingly, a thienyl ketone was smoothly converted
into the corresponding product 3p. Cyclohexyl phenyl ke-
tone was monitored under these reaction conditions, end-
ing up producing a separable mixture of regiomers of 3q
(7:3), due to a competing migratory aptitude of the phenyl
and cyclohexyl groups. The aliphatic acyclic ketone hexan-
2-one could also be transformed into the corresponding
amide 3r at 80 °C. Gratifyingly, an encouraging result was
obtained in the case of the complex ketone pregnenolone,
which delivered the corresponding amide 3s in a good yield.

In summary, we have developed an efficient and practi-
cal approach for the synthesis of secondary amides from
ketones via the Beckmann rearrangement using HOSA as
the nitrogen source in aqueous media. This single-step syn-
thetic method is cost-effective, operationally simple, and
environmentally benign.

Reactions, unless otherwise stated, were carried out with magnetic
stirring open to the atmosphere in oven-dried glassware. Reagents
were used as received, unless otherwise noted. TLC was carried out
on pre-coated plates (Merck silica gel 60, F,s5,) and was visualized
with UV light and/or charring after dipping in PMA or KMnO, solu-
tion. The compounds were purified by triturating the crude reaction
mixture under hexane. 'H NMR spectra of samples in CDCl; or DMSO-
dg as solvent were recorded at 400 MHz. Chemical shifts are reported
relative to residual undeuterated solvent as an internal reference (H:
& =7.26 for CDCl;, 6 = 2.50 for DMSO-dg).

Secondary Amides from Ketones; General Procedure

To a stirring solution of ZnCl, (0.05 mmol, 10 mol%) in H,0 (2 mL) at
r.t. in an open round-bottom flask, ketone 1 (0.5 mmol, 1.0 equiv) was
added, followed by HOSA (1.5 equiv). The reaction mixture was

Special Topic

N R2
(0] Z
ZnCl, (10 mol%,
= R2 HO( # X > ( ) Bl | \n/
R— | * 4o Ho0, r.t. to 80 °C X o)
Y
1 2 3a-s

3a:R=H,8h, 96%
3b: R =Me, 3 h, 95%

H H H
N _Me MeO N _Me N
AR
"o ©  \eo © ©

3e:5h, 92% 3f: 4 h, 90% 3g: 16 h, 93%

T o DT

3j: R=F, 9 h, 80%"

3c:3h,91% 3d: 3 h, 95%

Me

3h: 5 h, 92%P 3i: 16 h, 70%P 3k: R =Cl, 8 h, 86%°
31: R = Br, 8 h, 85%"
¢]
H
H H
Br. N Me
AN N Me N Me
(T )ij hg Y
al (0] Boc\N (0]
H
3m: 10 h, 80% 3n: 10 h, 85%° 30: 6 h, 89%

\S o @f YO Me\/\/NT

3p:5h, 62%" 3q: (7:3),° 16 h, 76% 3r: 12 h, 70%P

3s: 16 h, 67%"4

Scheme 2 Substrate scope of the reaction. 2 Reagents and conditions:
same as Table 1, entry 11, unless otherwise mentioned. ® Reaction tem-
perature 80 °C. ¢ Ratio of separable regiomers; major isomer shown.

d Reaction performed in H,O/dioxane (2:1).

stirred at the indicated temperature and for the duration indicated in
Scheme 2. After completion, the reaction mixture was diluted with
EtOAc (15 mL) and washed with sat. aq Na,CO; (3 x 5 mL). The organic
layer was washed with brine (5 mL) and dried over anhydrous Na,SO,.
The crude product obtained after removal of all volatiles in vacuo was
washed with n-hexane to remove some minor nonpolar impurities.

N-Phenylacetamide (3a)°
Yield: 65 mg (96%); white solid; mp 114-116 °C.

H NMR (400 MHz, CDCl,): 8 = 7.58 (brs, 1 H), 7.50 (d, ] = 7.6 Hz, 2 H),
7.30(t,J=7.9 Hz, 2 H), 7.10 (t, ] = 7.4 Hz, 1 H), 2.16 (s, 3 H).

N-(p-Tolyl)acetamide (3b)'°

Yield: 72 mg (95%); white solid; mp 150-152 °C.

H NMR (400 MHz, CDCl,): & = 7.37 (d, J = 8.1 Hz, 2 H), 7.11 (d, ] = 8.0
Hz, 2 H), 2.31 (s, 3 H), 2.15 (s, 3 H).

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, A-E
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N-(4-Hydroxyphenyl)acetamide (3c)’
Yield: 68 mg (91%); brown solid; mp 169-171 °C.

H NMR (400 MHz, DMSO-d,): 8 = 9.66 (br's, 1 H), 9.16 (br's, 1 H), 7.34
(d,J=8.6 Hz, 2 H), 6.68 (d, ] = 8.6 Hz, 2 H), 1.98 (s, 3 H).

N-(4-Methoxyphenyl)acetamide (3d)°
Yield: 78 mg (95%); white solid; mp 130-131 °C.

TH NMR (400 MHz, CDCly): § = 7.38 (d, ] = 8.8 Hz, 2 H), 6.84 (d, ] = 8.8
Hz, 2 H), 3.78 (s, 3 H), 2.14 (s, 3 H).

N-[4-(Allyloxy)phenyl]acetamide (3e)'!

Yield: 88 mg (92%); white solid; mp 94-95 °C.

H NMR (400 MHz, CDCL,): & = 7.54 (s, 1 H), 7.37 (d, J = 8.7 Hz, 2 H),
6.84 (d, ] = 8.7 Hz, 2 H), 6.03 (ddt, J = 17.2, 10.4, 5.2 Hz, 1 H), 5.39 (d,
J=17.2Hz, 1H),5.27(d,] = 10.6 Hz, 1 H), 4.49 (d, ] = 5.0 Hz, 2 H), 2.12
(s,3H).

N-(3,4-Dimethoxyphenyl)acetamide (3f)'>
Yield: 88 mg (90%); white solid; mp 126-128 °C.

H NMR (400 MHz, CDCl5): 8 =7.39 (brs, 1 H), 7.29 (s, 1 H), 6.86 (d, ] =
8.7 Hz, 1 H),6.78 (d,J = 8.5 Hz, 1 H), 3.84 (s, 6 H), 2.14 (s, 3 H).

N-Phenylpropionamide (3g)"”

Yield: 69 mg (93%); off white solid; mp 108-109 °C.

H NMR (400 MHz, CDCl,): & = 7.51 (d, J = 7.8 Hz, 2 H), 7.32 (t, ] = 7.9
Hz, 2 H), 7.17 (br's, 1 H), 7.10 (t, ] = 7.4 Hz, 1 H), 2.39 (q, ] = 7.6 Hz, 2
H), 1.25 (t,J = 7.6 Hz, 3 H).

N-(2-Naphthyl)acetamide (3h)'°
Yield: 85 mg (92%); brown solid; mp 133-135 °C.

TH NMR (400 MHz, CDCL,): § = 8.18 (s, 1 H), 7.90 (br s, 1 H), 7.77-7.73
(m, 3 H), 7.48-7.37 (m, 3 H), 2.21 (s, 3 H).

N-Phenylbenzamide (3i)°
Yield: 69 mg (70%); white solid; mp 165-166 °C.
H NMR (400 MHz, CDCL,): & = 7.87 (d, ] = 7.6 Hz, 2 H), 7.82 (br's, 1 H),

7.65(d,J = 8.1 Hz, 2 H), 7.56 (t, ] = 7.2 Hz, 1 H), 7.49 (t, ] = 7.4 Hz, 2 H),
7.38(t,J=7.8 Hz, 2 H), 7.16 (t, ] = 7.4 Hz, 1 H).

N-(4-Fluorophenyl)acetamide (3j)°
Yield: 61 mg (80%); Yellowish solid; mp 154-155 °C.

H NMR (400 MHz, CDCly): & = 7.51 (br s, 1 H), 7.46-7.43 (m, 2 H),
6.99 (t,J = 8.5 Hz, 2 H), 2.15 (s, 3 H).

N-(4-Chlorophenyl)acetamide (3Kk)'?
Yield: 72 mg (86%); white solid; mp 177-179 °C.

H NMR (400 MHz, CDCl,): 8 = 7.45 (d, J = 8.5 Hz, 2 H), 7.27 (d, ] = 9.2
Hz, 2 H), 2.17 (s, 3 H).

N-(4-Bromophenyl)acetamide (31)°
Yield: 91 mg (85%); white solid; mp 167-170 °C.
H NMR (400 MHz, CDCl,): & = 7.43-7.39 (m, 5 H), 2.16 (s, 3 H).

Special Topic

N-(3-Bromophenyl)acetamide (3m)>*

Yield: 86 mg (80%); white solid; mp 82-83 °C.

H NMR (400 MHz, CDCly): 8 = 7.75 (s, 1 H), 7.47 (br's, 1 H), 7.40 (d, ] =
7.9Hz, 1H),7.24-7.14 (m, 2 H), 2.17 (s, 3 H).

N-(2,4-Dichlorophenyl)acetamide (3n)'#
Yield: 87 mg (85%); brown solid; mp 144-145 °C.

TH NMR (400 MHz, CDCly): § = 8.32 (d,J = 8.8 Hz, 1 H), 7.57 (br s, 1 H),
7.37 (s, 1H),7.24(d,J = 8.9 Hz, 1 H), 2.23 (s, 3 H).

tert-Butyl (4-Acetamidophenyl)carbamate (30)°
Yield: 112 mg (89%); white solid; mp 159-161 °C.

H NMR (400 MHz, CDCl;): & = 7.41 (d, ] = 8.9 Hz, 2 H), 7.30 (d, J = 8.7
Hz, 2 H), 7.16 (br s, 1 H), 6.45 (br s, 1 H), 2.15 (s, 3 H), 1.51 (s, 9 H).

N-(2-Thienyl)acetamide (3p)°
Yield: 44 mg (62%); brown solid; mp 144-146 °C.

TH NMR (400 MHz, CDCl,): & = 8.24 (br s, 1 H), 6.88-6.82 (m, 1 H),
6.65 (d,J = 3.5 Hz, 1 H), 2.20 (s, 2 H).

N-Phenylcyclohexanecarboxamide (3q)°

Yield: 78 mg (76%); white solid; mp 145-148 °C.

H NMR (400 MHz, CDCly): & = 7.52 (d, J = 7.9 Hz, 2 H), 7.32-7.26 (m, 2
H), 7.08 (t,J = 7.3 Hz, 1 H), 2.29-2.16 (m, 1 H), 2.01-1.90 (m, 2 H),
1.89-1.77 (m, 2 H), 1.75-1.63 (m, 1 H), 1.61-1.47 (m, 2 H), 1.39-1.17
(m, 3 H).

N-Butylacetamide (3r)'¢
Yield: 40 mg (70%); clear oil.

H NMR (400 MHz, CDCl,): & = 6.46 (br s, 1 H), 3.14-3.09 (m, 2 H),
1.87 (s, 3 H), 1.44-1.33 (m, 2 H), 1.31-1.18 (m, 2 H), 0.82 (t,J = 7.3 Hz,
3 H).

N-[(35,8R,9S,10R,13S5,14S,17S)-3-Hydroxy-10,13-dimethyl-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclo-
penta[a]phenanthren-17-yl]acetamide (3s)°

Yield: 110 mg (67%); white solid; mp 230-232 °C.

1H NMR (400 MHz, CDCLy): & = 5.38-5.32 (m, 1 H), 5.28 (d, ] = 8.5 Hz, 1
H), 3.99-3.78 (m, 1 H), 3.59-3.46 (m, 1 H), 2.35-2.06 (m, 3 H), 2.03-
1.95 (m, 1 H), 1.98 (s, 3 H), 1.90-1.78 (m, 2 H), 1.75-1.62 (m, 2 H),
1.61-1.16 (m, 9 H), 1.16-1.02 (m, 3 H), 1.01 (s, 3 H), 0.70 (s, 3 H).
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Development of New Synthetic Methodologies for the Synthesis of Secondary Amides, Anilines and Nitriles Using O-
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Chapter 1 A General Overview on nitrogen-containing compounds (Secondary amides, Anilines, and Nitriles) and O-
(substituted)hydroxylamines: Introduction and Motivation of Present Work Secondary amides, anilines and nitriles
moieties are present in various naturally occurring bioactive compounds. They are also used as a versatile synthetic
intermediates in organic chemistry. O-(subtituted)hydroxylamines serve as a useful aminating reagent. Recently, these
reagents have been used in C-H, N-amination, aziridination, amidation and cyanation etc. In this chapter, we have
described the importance and general synthetic routes and applications of secondary amides, anilines and nitriles
followed by emerging synthetic applications of O- (substituted)hydroxylamine reagents.
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