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SYNOPSIS

The thesis entitled “Transition-Metal-Free Synthesis of Aryl Thiocyanates, Aldehydes
and Ketones, Azaheterocyclic carboxamides and Styrenyl Ethers” comprises of five

chapters.

Chapter 1: Introduction to Transition-Metal-Free reactions

This chapter presents a brief introduction on the transition-metal-free
reactions and use of some of the transition-metal-free reagents in variety of
transformations. The transition-metal-catalyzed reactions have been studied
extensively since the very beginning of the past century and they represent a great
success in organic chemistry, along with the birth and growth of organometallic
chemistry. Many coupling reactions utilize organoboron, organotin reagents, and the
conventional organometallic reagents, including Grignard reagents, organolithium,
organozinc, and organosilane reagents in presence of transition metal catalysts
(Scheme 1.1).

R2

X M
SAl pree
S =l

R1

X=1,Br, OR M =B, Sn, Si, Mg, Zn etc.

Scheme 1.1 Traditional transition-metal-catalyzed reactions

Even though, traditional transition-metal-catalyzed reactions have become
indispensible to some extent, yet they are facing some challenges and are still
limited in applications due to some of the drawbacks of the catalytic systems and
inherent properties of heavy metals. Some of the limitations of transition-metal-
catalyzed reactions are that they are usually very expensive and require supporting
ligands during the reactions and are toxic to some extents (though there are
exceptions). They are usually sensitive to moisture and oxygen (O;), co-catalysts

and additives are also critical to promote the efficiency and selectivity of reactions.
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In this regard, transition-metal-free coupling reactions are of great
significance to provide a better understanding of how the reactions work with or
without transition metals. This chapter also presents a classification of transition-
metal-free reactions based on different reaction pathways. A detailed account on
environmentally friendly persulfate reagent and its synthetic applications in

transition-metal-free reactions have been described.

Chapter 2: Transition-Metal-Free Regioselective Thiocyanation of Phenols, Anilines
and Heterocycles

This chapter describes a novel, practical and direct transition-metal-free
regioselective thiocyanation of phenols, aromatic amines and heterocycles using
potassium persulfate and inexpensive NH;SCN under mild conditions. The chapter begins
with a brief overview on the previous thiocynations protocols. At the outset of our
investigation, we selected 2,6-dimethyl phenol 1a and ammonium thiocyanate 2 as model
substrates. In order to optimize the reaction conditions, different oxidants, solvents, and
conditions were explored and we found that 2 equiv. of potassium persulfate (K,S;0sg)
works well in DCM at room temperature within 4 h (Table 2.1).

To our delight, various substrates underwent a facile, direct and regioselective
thiocyanation under optimized reaction conditions by affording the desired products in
good to excellent yields. Various phenols and anisole derivatives with electron donating
and withdrawing groups reacted efficiently under the optimized reaction conditions to
afford the corresponding desired products (3a-3m, Table 2.1). Reactions of naphthalene
derivative (1n) and 3,4-dimethyl phenol (10) under the reaction conditions resulted in the

corresponding stable oxathioimines (3n, 30).

Encouraged by the initial success, we turned our attention towards the relatively
more reactive anilines and heterocycles. Different indole derivatives (4a-4e) under the
optimized reaction conditions underwent direct C-3 thiocyanation easily in excellent
yields (5a-5e, Table 2.2). Notably, 2, 2’-bithiophene (4f) reacted with an ease to afford the
C-2 mono thiocyanated product 5f in excellent yield. Later, we explored the reactivity of
various aniline derivatives. All the aniline derivatives under the optimized reaction
conditions afforded the corresponding thiocyanted products (5g-5l1) in good to excellent
yields (Table 2.2). It is very important to note that direct thiocyanation was highly

regioselective and occurred at para position. However, para substituted anilines resulted
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in the formation of the corresponding stable azathioimines (5m, 5n) via ortho

thiocyanation.

Table 2.1: Direct regioselective thiocyanation of phenol derivatives®”

_R
R 0
O
. R'
R' + NH4SCN KZSZOS (2 eqUIV.)=
DCM, rt SCN
1 (1 equiv) 2(1.5€eq) 3
R =H, Me

OH OH OH OH OH

SCN SCN SCN SCN SCN
3a (95%) 3b (86%) 3c (92%) 3d (93%) 3e (85%)

OH OH OH OH OH

HO | Br CHO
CN

SCN SCN SCN SCN SCN

3f (82%) 3g (68%) 3h (57%) 3i (40%) 3j (32%)
~ ~
\O HN thNH
HO >‘s S
)
~o o~

SCN SCN SCN OH

3k (85%) 31 (94%) 3m (74%) 3n (72%) 30 (77%)

®Reaction conditions: Substituted phenols and anisoles 1 (1 equiv.), NH,SCN 2 (1.5 equiv), K,S,05 (2
equiv.), DCM, (2 mL), reaction time (4 h), "Isolated yield after column chromatography is given in
parenthesis. rt (24 °C)

xiii



Table 2.2 Direct and regioselective thiocyanation of anilines and heterocycles®”

SCN
K,S,05 (2 &
‘/ ©R+NH4SCN 25,08 (2 equiv) or‘/
DCM, rt, 4 h

4 (1 equiv) 2 (1.5eq)

R =H, Me

SCN SCN SCN SCN
NC N
A\ A\ A\ A\
N N N N
H H

5a (91%) 5b (82%) 5¢ (90%) 5d (85 %)

SCN NH» NH, NH»
Br SCN
T 65 fj ©
N
H
SCN SCN SCN
5e (87%) 5f (91%) 5g (89%)  5h (90%)  5i (85%)
NH NH NH NH N
2 2 2
HN HN
SCN SCN SCN B
5j (67%) 5k (73%) 51 (77%) 5m (76%)  5n (65%)

®Reaction conditions: Substituted aromatic amines and heterocycles 4 (0.1 g, 1 equiv.),NH,SCN (1.5 equiv),
K,S,05 (2 equiv.), DCM, (2 mL), reaction time (4 h), rt (24 °C), "Isolated yield after column
chromatography is given in parenthesis.

In order to make this approach more practical and for the future development, we
extended this method on a gram scale under the optimized reaction conditions. GW501516
is a well-known, most potent and selective peroxisome proliferator-activator receptor &
(PPARGS) agonist. The compound 3p precursor of GW501516 was synthesized using this
protocol under optimized reaction conditions on a three gram scale in excellent yield
(94%) (Scheme 2.1).
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HO
HO
K2S,0
+ NH,SCN 28
DCM, rt, 6 h SCN
1p 3p (94 %)

(0]

X
HOJVO y

GW501516 (PPARd Agonist)

Scheme 2.1 Thiocyanation on a gram scale

The radical mechanism was confirmed by using the radical scavenger TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxyl). In order to investigate and to support the
formation of a phenol radical cation intermediate, the UV-Vis spectroscopy studies were

carried out.

An expedientand direct transition-metal-free regioselective thiocyanation of
phenols, anilines and heterocycles using NH;,SCN and K,S,0g has been developed. The
transformation is realized via the direct C-H functionalization under transition-metal-free

conditions at an ambient temperature in excellent yields.

Chapter 3: Oxidative Decarboxylation of Aryl Acetic Acids in Water:One-Pot
Transition-Metal-Free Synthesis of Aldehydes and Ketones

This chapter presents a one-pot transition-metal-free protocol for the synthesis of
aldehydes and ketones via oxidative decarboxylation of aryl acetic acids in water.
Aldehydes and ketones are very important class of compounds and they have been used
extensively in wide areas of chemical synthesis. In this chapter we report an oxidative
decarboxylative strategy for the direct and clean synthesis of aldehydes and ketones 7
without over-oxidation into carboxylic acids in water. We commenced our initial work
with 4-methyl phenylacetic acid 6a with K;S,Og as a model reaction. After extensive
screening of solvents and different temperatures, the optimum reaction condition was
emerged as 4-methylphenyl acetic acid 6a (1 equiv.), K,S,0g (2 equiv.) at 90 °C in water

under aerial atmosphere in 12 h.
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Table 3.1. Oxidative decarboxylation of arylacetic acids to aldehydes and ketones®”

R O
COOH K28208 (2 eqUiV.L R
H,0, 90 °C,12 h

R|
6
R = H, Alkyl, Aryl

7a (85%) 7b (77%) (80%) 7d (78%) (70%)

ey "@ @ Q Q

(73%) (65%) (62%) 7% 7j (63%

Q @C”O @“’ Q Fe

7K (77%) 71 (73%) m (72%) 7n (77%) 70 (68%)
‘ ‘ C,/CHO : ll

Cl

7p (80%) q (75%) 7r (92%) s (90%) 7t (87%)

(89%) 7v (90%) (86%)

®Reaction conditions: Arylacetic acid 6 (lequiv.), K;S,05 (2 equiv.), water (2 mL) open atmosphere; reaction

was monitored by TLC. "Isolated yield after purification by column chromatography is given in parenthesis.

Under optimized reaction conditions arylacetic acids (6a-6p) possessing the
electron-donating group as well as electron withdrawing groups reacted smoothly by
affording the corresponding aldehydes (7a-7p) in moderate to good yields (Table 3.1).
Similarly, the heteroaromatic acid such as 2-thienylacetic acid 6g under the reaction
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conditions afforded the 2-thienylcarboxylaldehyde (7q). «-Substituted phenylacetic acids
(6r-6w) under optimized reaction conditions afforded the corresponding ketones (7r-7w)

in excellent yields (Table 3.1).

To make the protocol more general and for the wider applicability we
demonstrated the synthesis of benzaldehyde 7d (83%) and benzophenone 7r (93%) on a
gram scale starting from the corresponding arylacetic acids 6d and 6r respectively under

optimum reaction conditions.

Further, in order to validate and understand the role of water, the reaction was
carried out using 2O labeled water (H,'®0, 97%) under optimized reaction conditions. The
180 labeled product was confirmed by the HRMS and GC-mass spectrometry (**0 content
was 96.3%). It is very significant to note that this protocol gives a direct access to prepare
80-labeled aldehydes and ketones quantitatively without resorting to an exchange
experiment. The reaction in presence of radical scavenger TEMPO (2,2,6,6-tetramethyl-1-

piperidinyloxyl) supported the radical pathway.

We have demonstrated a one-pot protocol for the direct and clean transformation
of arylacetic acids to aldehydes and ketones in water with minimal waste. The protocol
employed environmentally friendly and less expensive K,S,0g as reagent, and
commercially available arylacetic acids without any over oxidation. Method also
demonstrated the direct access to *°O-labeled aldehydes and ketones without relying on
any exchange experiment. Experimental conditions are simple and above all reaction is
carried out only in water and it has been demonstrated on a gram scale for wider

application.

Chapter 4: Transition-Metal-Free Synthesis of Primary to Tertiary Carboxamides: A
Quick Access to Pro-drug Pyrazinecarboxamide

This chapter describes a direct aminocarbonylation of heteroaromatics via cross-
dehydrogenative coupling approach. This simple and user friendly protocol for
aminocarbonylation uses potassium persulfate and formamide/N-methylformamide
(NMF)/DMF as reagents to access primary to tertiary carboxamides with high selectivity.

This chapter begins with a brief account on aminocarbonylation and related previous
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approaches. We commenced our initial work with pyridine 8a and formamide 9a as model

substrates in presence of K,S,0g (2 equiv.) in DCE.

Table 4.1 Synthesis of primary azaheterocyclic carboxamides®®

Y 70°C, 12 h N
8a-p 9a 10

R-- ]\/J _H K,S,0 - -
o | N/ + H N 2928 _ R - /f%(ﬁ\
o)

B [ B B
— NH bz NH
N 2 N 2 N/ NH> N/ NH»>
(0] (0] O (0]
10aa (79%) 10ba (77%) 10ca (44%)° 10da (68%)
Et
| X
= NH
N 2
(0]
10ea (57%) 10fa (76% 10ga ( 67% 10ha 74%
| X
H, / = NH
Ph N
(0]
10ia (62% 10ja (59% 10ka (61%) 10la (76%)
Br | N
= NH
N 2
(0]

10ma (72%)

®Reaction Conditions: Heteroaromatics 1 (1 equiv. ), Formamide 9a (20 equiv. 2 mL) potassium persulfate
(2 equiv.) under aerial atmosphere for 12 h, "Isolated yield after purification by column chromatography is
given in parenthesis. 3ca’(5-methylpicolinamide) was obtained as regioisomer along with 3ca (3ca:3ca’
58:42).
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After screening several solvents and temperature conditions optimum reaction
condition was emerged as pyridine 8a (1 equiv.), K;S,0g (2 equiv.) at 70 °C and
formamide 9a (20 equiv, solvent as well as reagent) under aerial atmosphere in 12 h.

Table 4.2. Synthesis of secondary and tertiary azaheterocyclic carboxamides *”

e} R
/\ /\ "
S + J R K2S,08 R-- || R
\// — H N > \// i~ N\ T
N e 70°C, 12 h N R
8a-p 10 O
9b; R'= Me, R"=H
9¢; R'= Me, R"= Me
Et CN
X X X A
| H | H ] H | H
N/ N\ N/ N\ N/ N\ N/ N\
o]
10ab (75%) 10bb (79%) 10eb (72%) 10fb (84%)
$ [ By
N7 N~
o]
10lb 75% 10mb 74% 10nb 85% 10ac (46%)
10ec 51% 10fc (57%) 10gc ( 50% 100c (44%
10lc 51% 10mc 49% 10pc (42%) 10na 86%

®Reaction conditions: Heteroaromatics 1 (1 equiv. ), or NMF 9b or DMF 9c (20 equiv. 2 mL) potassium
persulfate (2 equiv.) under aerial atmosphere for 12 h, “Isolated yield after purification by column

chromatography is given in parenthesis.

Xix



Under the optimized reaction conditions, substrates (8a-8m) possessing the
electron-donating as well as electron withdrawing groups reacted smoothly with
formamide 9a to afford the corresponding carboxamides (10aa-10ma) in moderate to
good yields (Table 4.1). Encouraged by this success we explored this protocol for the

synthesis of various secondary and tertiary carboxamides (Table 4.2).

The compounds (8a-b, 8e-f) reacted smoothly with the N-methyl formamide
(NMF) 9b to afford the corresponding secondary carboxamides (10ab, 10bb, 10eb, 10fb)
in very good vyields (Table 4.2). Further, the protocol was explored on quinoline and its
derivatives, and pyrazine (8, 8m, 8n) with NMF 9b under the optimized reaction
conditions to afford the secondary carboxamides (10lb, 10mb, 10nb) in very good yields.
Different substrates 8a, 8e-g, 8I-1m, 8o-p (pyridine, quinoline, bipyridyl derivatives) were
treated with the DMF 9c under optimized reaction conditions to afford the corresponding
tertiary carboxamides (10ac, 10ec, 10fc, 10gc, 10lc, 10mc, 10oc, 10pc) in moderate
yields.

Pyrazine carboxamide (10na) is known as Rifater or Tebrazid and is a prescribed
prodrug for the tuberculosis worldwide. The protocol was employed for the synthesis of
this drug:pyrazine carboxamide (Rifater) (10na) on 2 gram scale starting from pyrazine
(8n). Further the reaction using radical scavenger TEMPO (2,2,6,6-tetramethyl-1-

piperidinyloxyl) supported the radical pathway for this transformation.

We have developed a transition-metal-free one-pot protocol that enables the direct
aminocarbonylation of few heterocycles efficiently. Straightforward and simple protocol
gives a direct access to primary to tertiary carboxamides employing user friendly and less
expensive K,S,0s as reagent. Protocol works well with usually unreactive substrates such
as NMF, DMF and quinoline and other azaheterocycles. Moreover, the protocol is clean
and did not give any side products emanating from competing a-amidoalkylation.
Pyrazinecarboxamide a prescribed drug has been synthesized using this protocol and the

practicality of the protocol was demonstrated on a gram scale for the wider application.
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Chapter 5: Transition-Metal-Free Synthesis of Styrenyl Ethers from 2-Aryloxy/Alkoxy

Acetophenones via Bamford-Stevens Reaction

This chapter presents a transition-metal-free synthesis of styrenyl ethers via
Bamford-Stevens reaction. The protocol gave an access to aryl vinyl ethers starting from
2-aryloxy and alkoxy acetophenones and tosyl hydrazide using K,COj3 as a base under
mild reaction conditions. This chapter gives a brief account on the importance and
applications of aryl vinyl ethers and their synthesis. Initially, a model one pot reaction was
carried out by heating phenyloxy acetophenone (2- phenoxy-1-phenylethan-1-one) 1la
and tosylhydrazide 12 in DCE at 80 °C for 3 h followed by the addition of K,COs (2
equiv.). After screening several solvents at different temperatures, we found that heating
substrate 11 and tosyl hydrazide 12 (1 equiv.) in 1,4-dioxane at 80 °C for 3 h followed by
the addition of K,COg3 (2 equiv.) at 110 °C for 12 h was found to be the optimum reaction

condition.

Various aromatic substrates containing phenyl, methyl, methoxy, bromo, chloro,
fluoro substituents worked smoothly under the optimized reaction conditions to afford the
corresponding desired products (13a-13q) in moderate to very good yields (see Table 5.1,
up to 84% yield). Likewise, ketoethers bearing naphthyl functionality adjacent to oxygen
also worked smoothly affording the desired products (13r-13w) in moderate to very good
yields (67-83%). Further we turned our attention towards the synthesis of aliphatic keto
ether substrates. Gratifyingly, a variety of substrates (11aa-11gg) worked smoothly under
the optimized reaction conditions to afford the corresponding products 13aa-13gg (see
Table 5.1). We observed that styrenyl ethers (13k, 130, 13q) derived from aryloxy
acetophenones were highly Z-selective (up to E:Z = 1:99) while the products derived from
alkoxy acetophenones (13aa, 13cc-13gg) were found to be relatively less selective (up to
E:Z = 31:69). In order to make this approach more practical and for the wider
applicability, we demonstrated the synthesis of 13a on a gram scale starting from the
corresponding 2-phenoxy-1-phenylethan-1-one 11a under optimum reaction conditions.
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Table 5. Synthesis of aryl/alkyl styrenyl ethers **

1. TsSNHNH, 12 (1equiv.)

: Jiose .
Ar)K/O\R 2. K,CO3 (2 equiv.) Osq
11 (1 equiv) 110 °C12h 13 (yield 65-84 %)°
R = Aryl, Alkyl (One Pot) E:Z (up to 1:99)°

13a \© 13b 13¢ \O/ 13d
84% (24:76) 72% (23:77) 70% (21:79 79% (20:80)
130 13
68% (25:75) 72% (26:74)

N
(0]
13i
77% (36:64) 65% (25:75)

13g 13h
76% (18:82) 81% (21:79)
O
13m
70% (24:76) 68% (22:78)
13r
83% (21:79)

13k Cl 13|
- 70% (07:93) 74% (22:78)
13u O 13v
78%(20:80) O 75% (18:82)

344

%

255
o)

O

31
)
o

2ot
g
G

-
w
=

55

130 Br/©1::
69% (04:96) 78% (21:79)

13t
73% (22:78) 80% (21:79)
\

O
. 13w 13aa
67% (22:78) O 77% (41:50)

@

&

3%
5%

-
-
w
o]

C;

75% (1:99)

o‘

13
3 !
06;
5 i
s

PORUIRSADY b
O\/\
13bb 13cc 13dd 0 13ee
71% (1:99) 80% (40:60) 75% (46:54) 67% (31 6&
3ff 1399
65% (43:57) 71% (44:56)

®Reaction conditions: Step-1: 2-aryloxy/alkoxy acetophenone derivative 11 (1 equiv.), 4-
methylbenzenesulfonohydrazide 12 (1 equiv.), 1,4-dioxane (2 mL) in pressure tube at 80
°C for 3 h, Step-2: potassium carbonate (2 equiv.), heated for 12 h, "Isolated yield after
purification by column chromatography is given in parenthesis. “diastereomeric ratio was
determined by *H NMR.
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We developed one transition-metal-free one-pot two step method for the synthesis
of styrenyl ethers starting from 2-aryloxy/alkoxy acetophenones. The method works
smoothly on both aromatic and aliphatic substrates. The protocol employs mild,
commercially available and less expensive K,CO3 as base and the desired products were

obtained in good to excellent yields.

*kkkik

(Numbers of substrates and products in the synopsis are different from those in thesis.
Please note that compound numbers have been assigned for the convenience in every
chapter and number of few compounds may vary from chapter to chapter)
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Introduction to Transition-Metal-Free Reactions 1

1.1 Abstract

This chapter presents a brief overview on the importance of transition-metal-free
reactions followed by the uses as well as drawbacks of the transition-metal-catalyzed
reactions. An account on the synthetic uses of transition-metal-catalyzed reactions and, its
limitations and challenges has been presented. Likewise, advantages of transition-metal-
free reactions and their classifications based on the reaction pathways have been
discussed. Usually, transition-metal-free reactions follow radical, radical cation and
carbene pathways. The importance and uses of some of the transition-metal-free reagents
including environmentally friendly and less expensive persulfate oxidant have been
discussed.

1.2 Transition-metal-catalyzed reactions

Transition-metal-catalyzed reactions have been studied extensively since the

very beginning of the past century and they represent a great success in organic
chemistry, along with the birth and growth of organometallic chemistry.® The
transition-metal-catalyzed coupling reactions were initiated in 1960s and they
became one of the most efficient and direct strategies for the carbon-carbon bond
formation.? The extensive variations and modifications of transition-metal-
catalyzed coupling reactions enabled wide applications in organic synthesis and
were regarded as the most reliable, accurate, and powerful tools in chemists’
arsenal.®> Many coupling reactions utilize organoboron,* organotin reagents,® and the
conventional  organometallic  reagents, including  Grignard  reagents,®
organolithium,’ organozinc,® and organosilane reagents in presence of transition
metal catalysts (Scheme 1.1).° The Mizoroki-Heck reaction is one of the perfect
examples for the direct C-H functionalization of olefins.® Great success and
significance of transition-metal-catalyzed coupling reactions have been highlighted

by the Nobel prize in chemistry.**



X M
Sl pae
T

X=1,Br, OR M =B, Sn, Si, Mg, Zn etc.
Scheme 1.1 Traditional transition-metal-catalyzed reactions

1.3 Limitations of transition-metal-catalyzed reactions

Even though, traditional transition-metal-catalyzed reactions have become
indispensable to some extent, yet they are facing some challenges and are still
limited in applications due to some of the drawbacks of the catalytic systems and
due to the inherent properties of heavy metals. Firstly, most of the transition-metal
catalysts are generally very expensive,*? and require supporting ligands during the
reactions. The supporting ligands are normally even more expensive and sometimes
difficult to synthesize them. Secondly, most of the transition metals are toxic to
some extents (though there are exceptions), and removal of trace amounts of
transition metal residues from the final products are challenging and quite costly,
and this is a serious concern especially in the pharmaceutical industry.™® Thirdly,
many transition metal catalysts are usually sensitive to moisture and oxygen (O,),
hence, very strict manipulation is required during the reaction. Fourthly, in most of
the cases, co-catalysts and additives are also critical to promote the efficiency and
selectivity of reactions.** Finally, the large consumption of transition metals does
not meet the requirement of sustainable development.’

Obviously, alternative pathways to construct C-C and C-X (X = Heteroatom)
bonds under transition-metal-free conditions are highly appealing. In this regard,
studies on transition-metal-free coupling reactions are of great significance to
provide a better understanding of how the reactions work with or without transition

metals.

1.4 Transition-metal-free reactions
Transition-metal-free reactions can be defined as *“the reactions, where in
similar starting materials are used like in transition-metal-catalyzed reactions and

affords the similar/same products under transition-metal-free conditions™.*® Usually,



most of the transition-metal-free reagents are commercially available, less
expensive, relatively less toxic, not sensitive to oxygen (O2). In many cases they do
not need inert conditions, and the reactions can be performed in water. These many
factors make transition-metal-free reactions environmentally benign and thus
nowadays gaining importance for many transformations. Undoubtedly, the scope of
transition-metal-free reactions is promising and wider. This area of research still
needs more investigations and systematic knowledge to explore many interesting

transformations under transition-metal-free conditions.

1.5 Classification of transition-metal-free reactions

On the basis of the proposed and proved mechanistic pathways in the
literature, transition-metal-free reactions can be broadly classified in to the
following classes, namely (1) radical cation pathway, (2) radical pathway, (3)
carbene pathway (4) cationic pathway, (5) electrophilic aromatic substitution
(Friedel—Crafts reaction) (6) nucleophilic aromatic substitution (Ipso substitution),
(7) aryne pathway, and (8) classical organocatalysis pathway (Scheme 1.2).



1. Radical Cation Pathway
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2. Radical pathway
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6. Nucleophilic aromatic substitution

Y Y. Nu Nu
e —_—
X 20 X 21 X 22
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X Nu
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Y H
23 24

X =1,Br, Cl, F, OTf, etc Y = H, TMS, etc

Scheme 1.2 Types of transition-metal-free reactions based on mechanistic pathways



As most of the thesis work is based on radical cation pathway, radical
pathway, and carbene pathway, some of the selected examples of these types have

been described in this chapter.

1.5.1 Transition-metal-free reactions via radical cation pathway

Earlier, in the year 1994, Kita and co-workers reported hypervalent iodine-
induced nucleophilic substitution of para-substituted phenyl ethers 4.'” The authors
described the single-electron-transfer (SET) ability of hypervalent iodine reagent
PIFA [phenyliodine(lll)bis(trifluoroacetate)] 26 towards phenyl ethers 4 via
oxidation process. The reagent promoted the formation of aromatic cation radical 5
starting from aryl ethers 4, and the radical cation intermediate 5 subsequently
underwent an oxidative nucleophilic substitution reaction with various nucleophiles
(Scheme 1.3). It’s believed that the electron rich arenes react with PIFA 26 to
generate a charge-transfer (CT) complex 27 subsequently leading to radical cation

intermediate 5 via SET.

OCOCF; | OR
OR N | 3 OR "
PR Fa| SET -
PIFA 26, HFIP OCOCFs SE1 _Nu_
—_—
rt RO R'
R L i R
4 27 5

Nu = N3, OAc, 1,3-dicarbonyls, SCN, SAr  PIFA = PhI(OCOCFs3),
Scheme 1.3 General process for the hypervalent iodine (I11) reagent promoted reactions

The reactive radical cation can react with various nucleophiles (N3, AcO’,
and 1,3-dicarbonyl compounds) to afford a series of useful products 6 in moderate
to good vyields (up to 82%). The generation of the reactive radical cationic
intermediates 5 was confirmed by UV and ESR spectroscopic studies.*® Since then,
hypervalent iodine (Ill) reagents have been utilized as selective and efficient SET
oxidizing agents for the variety of direct functionalization of electron-rich arenes

and heteroarenes under mild conditions.



Kita and co-workers have made significant contributions in hypervalent
iodine(l11)-promoted reactions, especially on a series of substrates such as aromatic
and heteroaromatic compounds (thiophenes, pyrroles, and indoles). They reported
the reaction of PIFA [phenyliodine(lll) bis(trifluoroacetate)] 26 with 2,4-
dimethylthiophene 28 in the presence of BF3-Et,O in CH,CI, at -78 °C to afford the
corresponding a,a-linked bisthiophene derivative 29 as the sole coupling product in
moderate yield (44 %) and the possible a,f5-linked regioisomers were not detected
(Scheme 1.4)."°

PIFA 26, 0.5 equiv.

BF5Et,0, 1 equiv / NS

|\ > s \
S DCM, 3 h, -78 °C

28 29 (44 %)

Scheme 1.4 Oxidative coupling of alkyl thiophene

Similarly, bipyrroles are also important structures in dyes, porphyrin
analogues, natural products and components for molecular recognition and self-
assembly systems.?® In this regard, various methodologies have been developed for
the preparation of these electron-rich bipyrroles.?* The oxidative coupling of two
pyrroles have also been promoted by the hypervalent iodine reagents. Kita and co-
workers developed an easy and efficient synthesis of bipyrroles 30 starting from
pyrroles 31 in the presence of PIFA 26 and trimethylsilyl bromide (TMSBr) in
DCM at -78 °C in good yield (78 %) (Scheme 1.5).

@ PIFA26,TMSBI T\ H

N DCM, -78 °C N /
H

30 31 (78 %)
molar ratio of 30, 26, TMSBr is 3:1:2

Scheme 1.5 Oxidative coupling of pyrrole



The homobiaryl coupling reaction was further extended to a heterobiaryl
coupling version starting from electron-rich aromatic compounds. Kita and co-
workers demonstrated the oxidative homocoupling of electron-rich aromatic
compounds to afford the biphenyl and binaphthyl dimers 34 in high yields (up to
87% yield) in the presence of PIFA 26 and BF3Et,O (Scheme 1.6).%

RN
-
2

I
R R NP
g \© PIFA 26, BF5Et,0 P Self-coupling =
| - , _—
P DCM Re- TR

R
32 33 34 (up to 87%)
Molar ratio of 32, 26 and BF3.Et,0 is 3:1:2

Scheme 1.6 Oxidative self-coupling of electron-rich aromatic compounds

In 2008, Kita and co-workers reported a direct oxidative cross-coupling of
naphthalenes 35 and mesitylene 36 in presence of PIFA 26 and BF3-Et,O to afford
the corresponding coupling products 37 in moderate to excellent yields (up to 99%)
(Scheme 1.7).2® This transition-metal-free oxidative cross-coupling is believed to

generate a radical cation intermediate via single electron transfer (SET).

PIFA 26, BF 5 Et,0 O
DCM
35 36 R CO

Molar ratio of 35, 26 and BF3.Et,0 is 3:1:2 37 (51-99%)

Scheme 1.7 Oxidative cross-coupling

Further, the biaryl structural motifs in polycyclic systems have been
synthesized using hypervalent iodine(lll) reagent (PIFA) via oxidative coupling
strategy. This transition-metal-free coupling tolerated various substrates 38 with

different linkages to afford the corresponding biaryls 40 in good yields (up to 79%
7



yield) (Scheme 1.8).* Likewise, the method was extended to the synthesis of

symmetrical as well as unsymmetrical biaryls.

BF3'Et20, CHQC|2

. ' - ' R R
O, T dmem O ot
X . X
v’ X’
Y Y X\Y’X

38 X =CH,, O 39 40 (up to 79%)

Y=N,SiS

R, R'=H, OMe, OCH,0, OTBS  Molar ratio of 38, 26 and BF3Et,0 is 3:1:2

Scheme 1.8 Intramolecular oxidative biaryl coupling reactions

1.5.2 Transition-metal-free reactions via radical pathway

In 2008, Itami and co-workers carried out an iridium-catalyzed arylation of
electron-deficient arenes in presence of stoichiometric amount of KO'Bu under
microwave irradiation. Interestingly, they unexpectedly observed the coupling
reaction of iodobenzene 1 and pyrazine 41 to afford the 2-phenyl pyrazine 42 in
98% yield (Scheme 1.9).%° Several experimental studies indicated that KO'Bu alone
mediates the coupling reaction and it did not require the use of iridium metal
catalyst. This reaction is homolytic aromatic substitution (HAS) and is believed to
undergo via single electron transfer mechanism. The bromobenzene found to be
relatively less reactive than iodobenzene and almost no reaction occurred when

chlorobenzene or fluorobenzene were used under the reaction conditions.

X
N
PRIy
N/ H microwave,80 °C N/
41 1 X=1,Br 42 (98 %)

Molar ratio: 41/1/KO'Bu = 40/1/1.5

Scheme 1.9 Arylation of pyrazine

In 2010, Shi and co-workers had initially explored HAS type reaction for the

cross-coupling of 4-iodoarenes 1 with benzene in the presence of cobalt salt, 1,10-
8



phenanthroline 45 as ligand and KO'Bu.?® Later, the detailed experimental studies
revealed that the desired cross-coupling reaction works smoothly in the absence of
cobalt catalyst and the desired product was obtained in good yields (up to 89%
yield) (Scheme 1.10). The efficiency of the coupling reaction was dramatically

enhanced by the use of 4,7-diphenyl-1,10-phenanthroline 44 as ligand.

L (20 mol%) O
I 'BUOK(3 equiv.) - 7/ \
R TR N\ =
Benzene, 80 °C N N

1 43 (up to 89%) 45
Scheme 1.10 Coupling reaction of iodoarene with benzene

Almost at the same time, Shirakawa and Hayashi?’ as well as Kwong and
Lei® reported very similar transition-metal free cross-coupling reactions. Shirakawa
and Hayashi demonstrated that the arylation of benzene with 4-iodoarenes 1 using
NaO'Bu and phenanthroline 45 derivatives as ligand at elevated temperature to
afford the corresponding coupled product 43 in good yields (up to 82%) (Scheme
1.11a).?" Likewise, Kwong and Lei reported the same cross-coupling reaction of 4-
iodoarenes 1 with benzene in the presence of NaO'Bu and N,N’-dimethylethylene
diamine (DMEDA\) 46 to afford the desired product 43 in good yields (up to 84%)
(Scheme 1.11b).”8

L (20 mol%)

N | 'BuONa (2 equiv.) - N N/ 2 (a)
R R N N=
= Benzene, 155 °C L L
1 43 (up to 82 %) 45
DMEDA 46(20 mol%)
R_| AN I ‘BuOK (3 equiv.) _ | AN (b)
= Benzene, 80 °C RT _—
1 43 (up to 84 %)

Scheme 1.11 Coupling reactions of iodoarenes with benzene



This base-promoted HAS reaction is believed to generate aryl radical and
subsequent addition of aryl radical to arene followed by transfer of electron and
proton to afford the corresponding coupling product (Scheme 1.12). The radical
anion (Il) generated via a single-electron transfer (SET) between aryl halide and
KO'Bu—ligand complex (l), further leads to the formation of an intermediate aryl
radical (111) by the elimination of a halide anion. Further, the reaction of aryl radical
(111) with arene furnishes the radical o-complex (cyclohexadienyl-type radical) (1V),
which upon electron transfer (ET) and proton transfer (PT) processes afford the
desired biaryl product (V1) (Scheme 1.12).

NV SET e .
Ar-l  N{ o NHy——= [Ar-l] ——= Ar ()

K a -
O
) l
- O
- Ar
Ar Ar
(VI) V)

(IV)

Scheme 1.12 Mechanism of base-promoted HAS reaction

Very recently, Antonchick and co-workers reported a transition-metal-free
cross dehydrogenative-coupling of aromatic nitrogen heterocycles 47 with
aldehydes 48 using PIFA 26 and TMSN3; as an additive to afford the corresponding
product 49 in good yields (up to 90%) (Scheme 1.13).% The reaction proceeded via

the formation of an acyl radical intermediate.

PIFA 26 (4 equiv.)

m 0 NaN3 (4 equiv.) N
+ = R
N/ R)J\H N

Benzene, rt o)

47 48 (4 equiv.) 49 (up to 90 %)

Scheme 1.13 The cross dehydrogenative-coupling of heterocycles with aldehydes
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Antonchick and co-workers also reported a direct selective oxidative cross-
coupling of simple alkanes with nitrogen containing heteroarenes 47 using PIFA 26
as an efficient hypervalent iodine reagent and NaN; as an additive.*® However, the
protocol used an excess amount of alkanes 50 (20 equiv.) to afford the desired
products 51 in excellent yields (up to 92 %) (Scheme 1.14)

PIFA 26 (4 equiv.)

NN NaNj3 (4 equiv.) RIC NN
RI— + > = =
NN N

DCM, rt

47 50 (20 equiv.) 51 (upto 92 %)
Scheme 1.14 Oxidative cross-coupling of alkanes with heteroarenes

The trifluoromethylated aromatics are very useful precursors in
pharmaceuticals, materials and agrochemicals, due to their electron withdrawing
character, metabolic stability, and lipophilicity.*! In this regard, the transition-
metal-free trifluoromethylation of aromatic compounds was developed using
different trifluoromethyl sources. Qing and co-workers reported a Phl(OAc), 54
mediated oxidative trifluoromethylation of arenes 52 using CF3;SiMes; 53 under
transition-metal-free conditions to afford the corresponding trifluoromethyl
derivatives 56 in excellent yields (up to 95%) (Scheme 1.15a).%? Likewise, Shibata
and co-workers utilized sodium trifluoromethanesulfinate (NaSO,CF3) 57 and PIFA
26 for the trifluoromethilation of arenes 52 to afford the corresponding
trifluoromethyl derivatives 56 in modest yields (up to 49%) (Scheme 1.15b).%* The
hypervalent iodine reagents PIDA 54 and PIFA 26 is believed to activate electron
rich aromatic compounds as well as promote the generation of CF; radical in this

transformation.

11



Phl(OAc), 54 (1.2 equiv.)
BQ 55 (0.2 equiv.)

K3POy4 (2.4 equiv.)
R + TMSCF; > R CF3 (a)
CH4CN, 85 °C

52 53 56 (upto 95%)
PIFA 26 (2 equiv.)
R~© + NaSO,CF, - R~©~CF3 (b)
HFIP, rt
52 57 56 (upto 49%)

Scheme 1.15 Trifluoromethylation of arenes

1.5.3 Transition-metal-free reactions via carbene pathway

N-tosylhydrazone is a versatile coupling partner and has been widely used in
various cross-coupling reactions. Diazo compounds without an electron-
withdrawing group are usually unstable and difficult to handle, while N-
tosylhydrazones are bench stable, very easy to handle and they can be easily
prepared by the condensation of aldehydes or ketones with tosylhydrazides. These
tosylhydrazones are the ideal precursors of diazo compounds. The Bamford-Stevens
reaction®** and Shapiro reaction are the earliest examples that explored the use of
tosylhydrazones 116 to access useful olefinic compounds 58 (Scheme 1.16).*°
These are the typical base-induced transition-metal-free reactions of N-
tosylhydrazones to furnish alkenes or substituted alkenes 58. It is believed that base
promotes the reaction of N-tosylhydrazone to generate unstable diazo compound
that ultimately collapses to produce carbene in situ via the liberation of nitrogen.

Then subsequent 1, 2-hydride shift affords the corresponding alkenes.

NNHTs NaOMe
_ > R\/\ '
RJJ\R, R
116 58

Scheme 1.16 Bamford-Stevens reaction

The electron-withdrawing group containing diazo compounds such as, a-
diazocarbonyl compounds are generally stable, reactive, and easy to handle. They

can directly react with organometallic reagents without any transition metal
12



catalysts. One of the earliest examples of C-C bond forming reactions with alkyl or
aryl borane reagents 60 has been reported by Hooz and co-workers.*® They explored
the use of diazonitrile, diazoacetate, and diazoketones 59 by treating them with
bulky trialkylboranes 60 to afford the corresponding alkylation products 61 in
relatively low yields (up to 52% vyield) (Scheme 1.17). The scope of the protocol
was further evaluated with more reactive organoboranes such as

dialkylchloroboranes, alkyl, alkenyl, or aryldichloroboranes.*’

(0] -N2 (@)
R)K;N2+ R3B ———™> R)J\/R'

59 60 61

Scheme 1.17 Coupling of diazoketones with trialkylboranes

In 2009, Wang and co-workers reported the coupling reaction of a-
diazocarbonyl compounds 62 with boroxines 63 in the presence of 3.0 equiv of
diisopropylamine (Pr,NH) 64 and DCE (1,2-dichloroethane) as solvent under
transition-metal-free conditions.® The reaction of methyl o-diazopropionates 62
with arylboroxines 63 afforded the corresponding phenylation products 65 in good
yields (up to 84%) (Scheme 1.18).

| o)
Q 'Pr,NH 64 =
OJKf DCE, 60 °C ©
Ar Ar
62 63 65 (up to 84%)

Scheme 1.18 Reactions of a-diazocarbonyl compounds with aryl and alkenyl

boroxines

At the same time, Valdes and co-workers reported an efficient transition-
metal-free reductive cross coupling of N-tosylhydrazones 66 and boronic acids 67
using K,CO3; (1.5 equiv) as a base in 1,4-dioxane at 110 °C to afford the
corresponding alkylated/arylated products 68 in excellent yields (up to 99%)
(Scheme 1.19).*° The reaction conditions tolerated various functional-groups in
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both coupling partners. This C-C bond forming reaction between N-tosylhydrazones
66 and boronic acids 67 under transition-metal-free conditions gave an access to

direct reductive arylation/alkylation of carbonyl compounds in one pot.

NNHTs OH K2CO3 H R"
+ >
R R, R"/B\OH 1,4-Di0xane, R)(R'
110 °C
66 67 68 (up to 99%)

Scheme 1.19 Reductive coupling of N-tosylhydrazones with boronic acids

Plausible mechanism of reductive coupling is shown as, N-Tosylhydrazones
I under basic conditions decomposes to afford the diazo compounds Il, which
subsequently forms a highly reactive carbene 111 by the elimination of N, Further,
the nucleophilic carbene intermediate 111 reacts with the boronic acid to form a
zwitterionic intermediate 1V, which further collapses to form benzyl boronic acids
V. Finally, protodeboronation of the benzyl boronic acid V under basic condition

leads to the final desired product VI (Scheme 1.20).%

Ts -
N KZCOS ”+ o0
H™ "N —_— —_— T
J\ -Ts J\ -N; R™ R
R R R R
| M ]|
R"B(OH),
H Ht HO. . -OH Hoé%'R"
A A, —
R' R R’ R R)@\R'
Vi Vv v

Scheme 1.20 Plausible mechanism of reductive coupling of N-tosylhydrazones with

boronic acids

Later in 2010, the same group extended this methodology to prepare ethers

70 via the reductive coupling of N-tosylhydrazones 66 with phenols/alcohols 69
14



under transition-metal-free conditions using K,COg3 under conventional heating or
microwave (MW) reaction conditions (up to 83 % yield, Scheme 1.21, eq a).*
More recently, Peng and co-workers carried out the similar cross-coupling reaction
of thiophenols 71 and N-tosylhydrazones 66 to afford the corresponding
unsymmetrical benzylic thioethers 72 in moderate to good yields (up to 93 % yield,
Scheme 1.21, eq b).*

NNHTs K,CO4 H o
+ - N
R™ "R R"/OH 1,4-Dioxane, R)(R' R" (@)
110 °C or MW
66 69 70 (up to 83 %)
NNHTs K,CO4 H S
+ > .
R” "R R"/SH 1,4-Dioxane, R)(R’ R" (b)
110 °C
66 7 72 (up to 93 %)

Scheme 1.21 Reductive coupling of N-tosylhydrazones with phenols, alcohols and

thiophenols

1.6 Transition-metal-free oxidizing reagents

Hypervalent iodine reagents, peroxy reagents, persulfate reagents are the
very important class of oxidants and these reagents have recently attracted much
attention, and are widely used in modern organic synthesis.*’ In recent decades,
trivalent iodine reagents, such as phenyliodine (Ill) diacetate (PIDA) 54,
phenyliodine(l11)bis(trifluoroacetate) (PIFA) 26, [hydroxy(tosyloxy)iodo] benzene
73 (HTIB, also named as Koser’s reagent), Dess-Martin periodinane (DMP) 74, 2-
iodoxybenzoic acid (IBX) 75 and iodosobenzene 76 have exhibited unique
reactivity in many synthetic transformations (Figure 1.1). These hyperiodine
reagents have exhibited similar or even better oxidative ability than those of
traditional high-oxidative-state heavy metals, such as Pb(IV)-, Hg(l1)-, Os(IV)-, and
TI(l11)-based oxidative reagents. Additionally, due to their low toxicity, high
stability, easy handling, and commercial availability, hyperiodine reagents are

served as useful synthetic oxidants in organic synthesis.
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OCOCF; OH

| | N
©/ “OAc ©/ “OCOCF; ©/ OTs
73 HTIB

54 PIDA 26 PIFA Koser's reagent
Ac O OAC
74 DMP 75 IBX 76 lodosobenzene

Figure 1.1 Hypervalent iodine reagents

P
0, HO o " \t
80 DT

77 78 79 TBHP
o (0] (0]
Cl _OH .0 Ph
o )J\O/OH o Ph)l\o \[(
0]
81 Perbenzoic acid 82 mCPBA 83 Dibenzoyl peroxide
Figure 1.2 Peroxy reagents
(NH4)28208 Na28208 K28208 KHSOs b 05KHSO4 b 05K2804
84 Ammonium 85 Sodium 86 Potassium
87 Oxone

Persulfate Persulfate Persulfate

Figure 1.3 Persulfate reagents

o) o)

Cl CN 'Bu 'Bu >Ej<
cl CN N
o) o) 0

88 DDQ 89DTBQ 90 TEMPO

Figure 1.4 Other common oxidants
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Similarly, various peroxy reagents, such as O, H,0O,, TBHP, DTBP,
mCPBA, etc. 77-83 (Figure 1.2); persulfate reagents like NH;S;0g, K3S;0s,
Na,S,0g, oxone 84-87 (Figure 1.3) and some other reagents like DDQ, DTBQ,
TEMPO, etc. 88-90 (Figure 1.4) have been explored in various organic
transformations.

Persulfate reagents are easily available and less expensive. In the subsequent
chapters we have explored the use of potassium persulfate for the novel and useful
protocols. In this regard, some of the selected methods based on persulfates and its

reactivity have been described in brief.

1.7 Introduction to persulfates
Persulfates are commercially available, comparatively less expensive and
less toxic. Persulfate anion easily splits into very reactive sulfate anion radical
(SO, ) at room temperature. Persulfates afford water-soluble salts as by-products.
Sulfate anion radical (SO, °) is known for its efficient oxidative properties and has
been explored for the degradation of environmental pollutants and due to its strong
electron-accepting ability, sulfate anion radical (SO, ) has been efficiently utilized
to destroy soil carbon pollutants. In this regard, the persulfate chemistry has been
considered as environmentally friendly and benign. Over the past several years, the
persulfate reagents have been employed in various fields such as oxidation,
polymerization, gas and oil production, cosmetics, soil stabilization and synthetic
organic chemistry.*®* Among many persulfate sources, potassium persulfate
(K2S,0g) has been proved to be one of the very selective and reactive reagents.** As
the reagent is also water soluble, reactions can be developed in water as solvent.
The persulfate reagents can be activated by various means to generate highly
reactive and useful sulfate anion radical (SO,™) in situ, that can be used in various
organic transformations. Persulfate sources such as KjS;0g, NayS,0g, and
(NH4)2S20g have been utilized in variety of reactions and they can be activated via
heat, transition metals, ultraviolet (UV) light, to generate highly reactive sulfate

anion radical (Scheme 1.22).*
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$,04> + Activator —— g0, + <3_64 or so42->

Activator = heat, transition metals, light

Scheme 1.22 Persulfate activation

Although the oxidation potential of SO,” is 2.6 eV, the reactivity between
organic compounds and SO, is considered to be slow, via a single electron transfer
mechanism.**% Thus, sulfate anion radical can react with alcohols, ethers and
hydrocarbons through single electron or hydrogen (H) transfer mechanism. The
oxidizing ability of persulfate has been explored in the synthesis of aldehydes,
ketones, carboxylic acids, quinones, and a variety of other compounds. Persulfate-
based oxidants are potentially attractive alternatives to other oxidants in organic

transformations.

1.8 Persulfates in organic transformations under transition-metal-free
condition

In transition-metal-catalyzed C-H bond functionalization, persulfates have
been used to oxidize metals to regenerate them into their original oxidation state for
next catalytic cycle.*” In 1971, F. Minisci found that Ag catalysts are crucial to
activate persulfate anion (S;0gs?) (Scheme 1.23).%%% In this reaction, (NH4)»S,0s
was used as a source for SO, to generate alkyl radicals 92 from the corresponding
carboxylic acids 91 via decarboxylation. In the next couple of years, Minisci’s
reaction conditions led to the development of several versatile methods for the

synthesis of small as well as complex organic molecules.*®"

) o3

Me

Me bz

Me OH AgNO, Me\ﬁ N | X

Me NH,),S,0 Me N
o) (NH4)2S,0g Me

Me

91 92 94 (up to 87 %)

Scheme 1.23 Radical addition to heteroaromatics
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Recently, Baran and co-workers reported silver(l)-catalyzed addition of aryl

boronic acids 67 to various aromatic nitrogen heterocycles including complex

molecules such as quinine 95 in 40% vyield using K;S,0g following a radical

pathway (Scheme 1.24 and Scheme 1.25).%

B(OH),
AgNO3,K28208, TFA
DCM:H,0, rt

96 (40 %)

95 67

S0,%
B(OH),
+ Ar-B(OH), 67 -
2 SO, S,0¢?
S0,% % ; ;
Ag(ll)  Ag(l)
| ~ _ A | N &4, | N
+ +e + 2
N~ ~H N™ 1 SAr N~ “Ar
H H H H

Scheme 1.25: Proposed reaction mechanism

In 1972, Perkins and co-workers developed the synthesis of
phenanthridinones 98 by the cyclization of N-methylbiphenyl-2-carboxamides 97

via the formation of nitrogen centered radical intermediate leading to C-N bond

formation in presence of K,S,05 (Scheme 1.26).*°
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O O
HN™  K2S;04 N~
(e e

97 98 (73 %)

Scheme 1.26 Phenanthridinone synthesis via C-N bond formation

In 1979, Forrester et al. reported the synthesis of quinolines 100 from o-
hydroxy carbonyl methyl oximes 99 in the presence of K,S,Og in water at refluxing
conditions. In this reaction temperature was used as a source to activate the K;S,0g
to produce SO,". The reaction proceeds via the nitrogen centered radical 101 to
afford the quinolines 100 in very good yields (up to 91%) (Scheme 1.27).%*

Ph
K28208 m Ph
H,0, reflux N/ Ph

100 (91 %)

Ph
2. heat .
N

$,08” —— S0O,"

Scheme 1.27 Homolytic cleavage of N-O bond by persulfate

In 2006, Gonzalez and co-workers developed a method for chlorination of
phenol 69a using CoCl, as chlorinating agent in the presence of potassium
persulfate to afford the corresponding chorophenols 102 in very good yields (up to
93%) (Scheme 1.28).%

OH
" K2S20g cl
CoCl,
Cl
69a 102 (93 %)

Scheme 1.28 Chlorination of phenol
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The transition-metal-free acylation of quinolines 47 (also isoquinoline and
quinoxaline derivatives) has been developed by Prabhu and co-workers via cross
dehydrogenative coupling (CDC) reaction with aldehydes 48 and quinolines 47 in
presence of TBAB (tetrabutylammonium bromide, 30 mol% ) and K,S,0g as an
oxidant to afford the corresponding quinoline derivatives 49 in good yields (up to
78%) (Scheme 1.29).> They developed the transition-metal-free version of Minisci
reaction and this intermolecular acylation of electron-deficient heteroarenes

provides an easy access to heterocyclic compounds 49.

X
X o) K,S,05 TBAB R
L0 R ~ PR
N R H DCE, 110 °C 5
47 48 49 (up to 78 %)

Scheme 1.29 Acylation of electron-deficient heteroarenes

Yuan et. al developed Na,S,0g promoted decarboxylative intramolecular
cyclization of biaryl-2-oxamic acid 103 for the synthesis of phenanthridinones 104
in excellent yields (up to 93%) (Scheme 1.30).>* This is the first example of
intramolecular decarboxylative amidation of unactivated arenes under transition-
metal-free conditions. This reaction is believed to undergo via carbamoyl radical
105 intermediate.

0

e
N

NH Na,S,0g, 2.0 equiv 0]
R4 R4
DMSO, 110 °C
(= [ =

104 (up to 93%)

103

32082' heat so;

Scheme 1.30 Synthesis of phenanthridinones
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Xu and co-workers developed a transition-metal-free synthetic method for
the various ynones 108 via the decarboxylative alkynylation of a-keto acids 106
using 1-[(triisopropylsilyl)- ethynyl]-1,2-benziodoxol-3(1H)-one 107 in the
presence of K,S,0g (Scheme 1.31).>® The method gives access to ynones 108 under
mild reaction conditions and exhibited the remarkable functional group tolerance.
R

0 \ o (0]
I/
OH K»S,04
R + © R' A
0 H,O/CH4CN, 50 °C R

106 107 108 (up to 92%)

Scheme 1.31 Synthesis of ynones

Zhou and co-workers reported a radical cascade decarboxylation/cyclization
of 2-isocyanobiphenyls 109 with aliphatic carboxylic acids as well as aromatic
carboxylic acids 110 using K;S;Og under the transition-metal-free conditions
(Scheme 1.32).%° The protocol affords two new C—C bonds under decarboxylation
conditions and the method proved to be environmentally friendly to afford 6-

alkyl/aryl phenanthridines 111 in moderate to good yields ( up to 77 %).

RII Rll

O K28208, K2003 ‘
R + R-COOH - = O‘
NG H,0/CH4CN, 80 °C -

-CO,
109 110 111 (up to 77 %)

Scheme 1.32 Synthesis of phenanthridines

More et al. developed an efficient oxidative cross-coupling of two different
phenols 69 in the presence of K,S,0g and BuysN*-HSO3 (10 mol %) in CFsCOOH
at ambient conditions to afford the corresponding unsymmetrical biphenols 112 in

good yields (up to 82 %, Scheme 1.33).>" The cross-coupling of substituted phenols
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with naphthols (1:1 ratio) and cross-coupling of naphthols with phenol (1:2 ratio)

have been explored.

R2
OH OH OH
H H K28208 (20 equiv)
+ -
CF3COOH, r.t. O OH
R R2 under air, 4-16 h R’
69 112 (up to 82 %)

Scheme 1.33 Synthesis of unsymmetrical biphenols

Guo and co-workers developed K,S,0g promoted decarboxylative cross
coupling of o,f-unsaturated carboxylic acids 113 with cyclic ethers 114 under
aerobic conditions to afford the corresponding a-oxyalkyl ketones 115 in good
yields (up to 92 % Scheme 1.34).>® The protocol disclosed C—C and C-O bond
formation in one step through addition, oxidation, and decarboxylation processes

leading to the desired a-oxyalkyl ketones products.

Xx._COOH X/>
K»S,0
R|‘©/\/ . I\O 292 8 \)
100 °C

Air
113 114 115 (up to 92 %)

X = CH2, CHQCHz, CH2O, (@]

Scheme 1.34 Synthesis of a-oxyalkyl ketones

1.9 Aim and rationale of thesis work

In the past decade, oxidative C-H functionalization to form new C-C, C-N,
and C-S bonds has emerged as an elegant and robust synthetic method for accessing
useful products, featuring atom economy and straightforwardness. Also oxidative

decarboxylative C-C bond cleavage strategies to form new C-C, C-N, C-S and C-O
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bonds have been developed. However, many of these methods are based on
transition metal catalysis, thus relatively increasing the cost and toxicity of the
reactions. As an alternative, transition-metal-free versions have become very
Important for avoiding more expenditure and environmental issues.

K;S,0gs is a cheap, environmentally friendly powerful oxidant and has been
found useful for C-C, C-N, C-S and C-O bond cleavage. In all these oxidative
processes role of sulfate anion radical (SO,4) is very important. It is one electron
oxidant and also sulfate anion radical (SO,") is frequently used as an oxidant for the
degradation of environmental and soil carbon pollutants and it has been widely used
as a radical initiator in a number of industrial applications. The sulfate anion radical
can be generated easily from persulfate sources such as K,S;0g, Na,S,0s and
(NH,4)2S,0g at room temperature without having any external reagents or sources. In
this regard, it is a challenge and demanding to develop novel transition-metal-free
synthetic protocols using less expensive and environmentally friendly reagents such

as persulfates.

1.10 Conclusions

Transition-metal-free reactions are environmentally benign and thus
nowadays gaining importance for many transformations. K,S;Og has been
extensively utilized in many reactions as an efficient and useful reagent. K,S,0g can
also be explored in many useful transformations as an alternative for transition
metal reagent to access synthetic scaffolds. We became interested in exploring
novel use of K,S,0g and other transition-metal-free reagents in synthetic
transformations to access useful and important compounds. K,S;Og is also
commercially available, less expensive and environmentally benign reagent. In the
subsequent chapters we have discussed the novel transition-metal-free protocols in
detail.
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Transition-Metal-Free Regioselective Thiocyanation of
Phenols, Anilines and Heterocycles

2.1 Abstract:

An expedient, direct and regioselective thiocyanation of phenols, anilines and heterocycles
is described. Transformation is realized via the direct C-H functionalization under transition-
metal-free conditions at ambient temperature in excellent yields. The method proved to be
monoselctive and a variety of functional groups tolerated the reaction conditions. The practicality
of the protocol is demonstrated in gram scale synthesis of a precursor of PPAR & agonist in

excellent yield.
2.2 Introduction

Organosulfur derivatives are very important class of compounds with biological
importance. Hence, efforts have been devoted to synthesize organosulfur compounds by
directly introducing the sulfur moieties into the organic scaffolds. Among these, direct
thiocyanation of aromatic and heteroaromatics is one of the most important and
convenient methods for the carbon-sulfur bond formation. Many aryl thiocyanates exhibit
potent biological and pharmacological activities and they are the building blocks of many
biologically active heterocycles and agrochemicals.! Moreover, aryl thiocyantes are the
versatile precursors for making various useful organosulfur compounds such as thiols 6,
thioethers 8, thioesters 13 ,* thiocarbamates 12,° disulfides 7,5 sulfonic acids 9,%° sulfonyl
chlorides 10,°° sulfonyl cyanides 11,°" sulfur containing heterocycles’ and many
pharamceuticals™ (Scheme 2.1). Owing to the importance, efforts have been made to
access the thiocyanates by different methods.® Usually, thiocyanates are obtained by the
direct electrophilic thiocyanation of arenes or nucleophilic substitution reaction of the
corresponding organic molecules. Even though these traditional methods contributed to
various synthetic transformations, use of toxic transition metal reagents, corrosive
molecular halogen and halogen based reagents, harsher reaction conditions impede their
wide utility. Certainly, these are the some of the limiting factors for the successful and
wider applications of many traditional methods of thiocyanation. Some of the other
reagents that have been explored for the thiocyanation under various conditions are ceric

ammonium nitrate  (CAN)/ammonium thiocyante,® antimony (V) chloride/lead

33



(Ithiocyanate,” arylthallium bistrifluoroacetate/potassium thiocyanate,’® Zn(SCN),/Cl,,*
Mn(OAC)3,*2 Cu(SCN),/Cl,,"* NaSCN/Br, **

R—SCONH,
12 Thiocarbamates

R—-SO,CN
11 Sulfonyl cyanide

cl, i
R—S0,CI v R-SH
10 Sulfonyl chloride 2 o 6 Thiol

R_SO3H
9 Sulfonic acid

No)
PN
g)
Q‘fb
COﬂ.HzSO4
then ice H,O

xnyay 4HL
€yddeopdélus

7 Disulfide

8 Thioether

Scheme 2.1. Reactions of thiocyanate

In 1999 Nair et al. reported the thiocyanation reaction of indoles/anilines 4 by
treating with ammonium thiocyanate and ceric ammonium nitrate (CAN) in methanol at

room temperature to afford thiocyanatoindoles/thiocyanato anilines® 5 in good yields (up

to 88%, Scheme 2.2).

R R SCN
\ Uy
N N
H CAN H
or + NH4SCN > or
NH, MeOH, rt NH,
R R
SCN
4 5 (48-88%)

Scheme 2.2. Thiocyanation of indoles and anilines using CAN/NH;SCN
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Taylor et al. disclosed a photochemical method starting from arylthallium bis-
trifluoroacetates 14 in aqueous potassium thiocyanate solution under photolytic conditions

to afford the corresponding aryl thiocyanate 15 in moderate yields (Scheme 2.3).%°

TI(OCOCF3), KSCN, hv SCN
R
H,O

14 15 (36-58%)

Scheme 2.3. Photochemical thiocyanation of aromatic compounds

Most of the methods greatly rely either on the use of heavy and toxic transition
metals, or on corrosive halogen and stronger oxidants. Use of these reagents, oxidants in
stoichiometric amount and in turn generation of a large amount of heavy metal waste is the
real drawbacks of these methods. Most of these thiocyanation methods have been focused
on limited substrates, mostly on electron rich indoles and closely related N-bearing
heterocycles which are of high reactivity. Some of these methods have been also
accompanied by low regio- and chemo-selectivity. In the recent years, efforts have been

made to improvise these classic protocols using specialized reagents.

Takagi et al. reported the reaction of aryl lithium 16 and Zn(SCN); in presence of
N-chloro succinamide (NCS) as an oxidant to afford arylthiocyanates 15 in good yields
(up to 91%, Scheme 2.4).

R + Zn(SCN), —————> R©/
THF,-78 °C

16 15 (60-91%)

Scheme 2.4. Thiocyanation of aryl lithium compounds.

Wang et al. developed a copper catalyzed thiocyanation of aryl iodides 17 by the
treatment with sodium or potassium thiocyantes to afford the corresponding
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arylthiocyanates 15 in good vyields (up to 83%). The reaction proceeded via the

nucleophilic displacement of iodide by thiocyanide (Scheme 2.5).*°

Cul (20 mol%),

I Et4NI (20 mol%) SCN
T o 'S
1,10-phenanthroline (20 mol%)

17 M =Na, K 15 (up to 83%)

Scheme 2.5. Thiocyanation of aryl iodides

The direct cyanation of organosulfur compounds 19 was reported by Watson and co-
workers using sulfonyl chloride and trimethylsilyl cyanide (TMSCN) to afford the
corresponding arylthiocyanates 15 in very good yields'’ (up to 96%, Scheme 2.6).

SO,Cl,,
SO,Na Sn HCl SH 2, 272 SCl 1 TMscN SCN
, Et;N (Cat)
R ——> R B ———— R —> R
reflux DCM,0 °C CH3CN
18 19 20 15 (78-96%)

Scheme 2.6 Cyanation of organosulfur compounds

Sun et al. developed a strategy for the transformation of arylboronic acids 21 to the
corresponding aryl thiocyanates 15 based on the copper catalyzed oxidative cross-coupling
reaction between arylboronic acids 21 and trimethylsilylisothiocyanate (TMSNCS) under
oxygen atmosphere.’® This catalytic protocol gave a direct access to aryl thiocyanates

starting from arylboronic acids in good yields (up to 89 %, Scheme 2.7)

CuCl (20 mol%), O, (balloon)

B(OH), TMEDA (20 mol%), NaF, K,COs4 SCN
R©/ +  TMSNCS - R©/

CHsCN, RT, 12 h
21 15 (45-89%)

Scheme 2.7. Cross-coupling reaction of arylboronic acids with TMSNCS
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However, these methods are not devoid of the use of transition metals or harsh
reaction conditions and they also generate transition metal waste in these processes.
Efforts have also been focused on the transition-metal-free and visible light promoted

thiocyanation in elegant ways.?%*

A visible light mediated, metal-free process for the
thiocyanation of imidazoheterocycles 22 has been developed by Hajra and co-workers
using eosin Y as a photoredox catalyst under ambient air at room temperature to afford the

corresponding thiocyanates 23 in very good yields (up to 93%, Scheme 2.8). *°

eosin' Y

NN Blue LED AN R
G/j—pe +  NH,4SCN N N\/)7
N CH4CN, rt, air
SCN
22

23 (54-93%)

Scheme 2.8. Visible light promoted thiocyanation of imidazoheterocycles

However, most of the protocols of thiocyanation available in the literature are
executed on indoles, imidazoheterocycles and nitrogen containing activated
heterocycles.?*9 219 Also, thiocyanation of aromatic amines and nitrogen heterocycles are
reported to be facile. On the other hand, interestingly thiocyanation of phenols are less
explored® and not studied extensively possibly due to its intrinsic electronic nature.
Practical use of some of these available methods is seriously limited due to the use of toxic

20e

metal reagents such as Pb(SCN),“™ molecular halogen, and above all formation of side

products.

Singh and co-workers developed thiocyanation of phenols 1 using a reagent
combination of (dichloroiodo)-benzene and Pb(SCN), in dry dichloromethane to afford the

thiocyanated phenol derivatives 3 in good yield (up t079%, Scheme 2.9).2%
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OH

OH
A PhiCk, Pb(SCN), N
R DCM =
SCN
1 3

Scheme 2.9. Thiocyanation of phenol using PhI(CI),/Pb(SCN);

Bhalerao et al. reported thiocyanation of various phenols 1 by using a combination
of bromodimethylsulfonium bromide (BDMS) and ammonium thiocyanate at ambient
temperature to afford the corresponding thiocyanated phenol derivatives 3 in very good
yields (up to 95%, Scheme 2.10).%f

OH OH
BDMS
R + NH,SCN ——————= R
ACN, rt
SCN
1 3 (up to 95%)

Scheme 2.10. thiocyanation of phenols using BDMS

Thiocyanation of phenols have been found to be not facile and especially with
electron withdrawing groups on phenols and the most of the protocols have limited

substrate scope.

Practical, efficient and highly selective transition-metal-free transformations are
gaining a great importance for the last few years.?! Synthetic organic chemists have been
focusing on the approaches that are transition-metal-free in nature and they are
increasingly becoming popular. Hence, efforts are being made for the transition-metal-free
direct C-H functionalization of organic molecules. Phenol and heterocycle scaffolds are
core to many bioactive molecules and pharmaceuticals. In this regard, development of
transition-metal-free, more efficient and practical protocol for the direct thiocyanation of

diverse phenol, aniline and heterocycle derivatives is highly desirable.
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Herein, in this chapter novel, practical and direct transition-metal-free
regioselective thiocyanation of phenols, aromatic amines and heterocycles using
inexpensive potassium persulfate and NH,SCN under mild conditions is described. This
method has several advantages such as broad substrate scope and transition-metal-free

reaction conditions.

2.3 Results and discussion
2.3.1 Optimization studies

At the outset of our investigation, we selected 2,6-dimethyl phenol la and
ammonium thiocyanate 2 as model substrates. In order to optimize the reaction conditions
different oxidants, solvents and reaction conditions were explored. In presence of 2 equiv.
of oxone in DCE at room temperature, the reaction afforded trace amount of the expected
product 3a. Several solvents such as CH3CN, THF, DCM were screened; however,
reaction did not afford the expected product. Later, the reaction of 1a and 2 in presence of
K2S,0g in acetic acid at room temperature afforded the thiocyanated product 3a in 70%
yield (entry 4, Table 2.1). The reaction proceeded in acetonitrile affording 3a in 85%
yield. Gratifyingly, the reaction proceeded smoothly in DCM by affording 3a in excellent
yield (95%) in 4 h at room temperature (entry 6 Table 2.1). Notably, the reaction also
proceeded smoothly in water yielding 3a in 68%. After screening several solvents, DCM
was found to be the best solvent for the reaction. Based on further investigation, we
observed that both (NH,4),S,0g and Na,S,0g were effective for the direct thiocyanation of
the 1a. Further studies revealed that 2 equiv. of K,S,0g were crucial for the transformation
and for the higher yield. However, we observed the incomplete conversion when the
amount of K,S,0g was reduced to 1-1.5 equivalents. Importantly, the reaction did not work
in the absence of oxidant K,S,0g. The oxidants such as molecular oxygen and tert-butyl
hydroperoxide (TBHP) did not facilitate the reaction. Based on the exhaustive screening,
phenols 1 (1 equiv.) and ammonium thiocyanate 2 (1.5 equiv.) and K;S;0s (2 equiv.) in
DCM at room temperature found to be the optimum reaction condition for the effective

thiocyantion of phenols.
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Table 2.1 Optimization of the reaction conditions®”

oH OH
\©/ K,S,05 (2 equiv)
+ NH,4SCN Sover
SCN
1a (1 equiv.) 2 (1.5 equiv.) 3a
Entry Oxidant® Solvent Time (h) Yield® (%)
1 Oxone DCM 12 trace
2 TBHP DCM 12 NR
3 0O, DCM 12 NR
4 K2S,0s Acetic acid 12 70
5 K5S,04 Acetonitrile 12 85
6 K2S,0s DCM 4 95
7 K2S20s DCE 4 93
8 K2S,0g THF 12 50
9 K2S,0s water 6 68
10 K5S,04 Methanol 12 73
11 K2S20g 1,4-dioxane 12 60
12 K2S,08 DMF 12 trace
13 (NH.),S,0s DCM 4 94
14 Na,S,0g DCM 4 93

®Reaction conditions: 1a (0.1 g), 2 (1.5 equiv), Oxidant (2 equiv, 1.64 mmol), solvent (2
mL), rt (24 °C), 4 h, "Isolated yield after column chromatography.

2.3.2 Substrate scope of phenol derivatives

With the optimized reaction conditions in hand, to generalize the methodology, the
substrate scope of this transition-metal-free direct thiocyanation was investigated (Table

2.2). To our delight, various substrates underwent a facile direct and regioselective
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thiocyanation under optimized reaction conditions by affording the desired products in
good to excellent yields. Various phenols and anisole derivatives with electron-donating
and -withdrawing groups reacted smoothly under the optimized reaction conditions to
afford the corresponding desired products in moderate to excellent yields (entry 3a-3m,

Table 2.2). It is noteworthy that direct thiocyanation exclusively occurred at the para

Table 2.2 Direct regioselective thiocyanation of phenol derivatives®”

R
o)
. R’
R + NH4SCN K28208 (2 eqUIV.) .
DCM, rt
SCN
1 (1 equiv) 2 (1.5eq) 3
R=HMe
OH OH OH OH OH
SCN SCN SCN SCN SCN
3a (95%) 3b (86%) 3¢ (92%) 3d (93%) 3e (85%)
OH OH OH oH OH
HO | Br CHO
CN
SCN SCN SCN SCN SCN
3f (82%) 3g (68%) 3h (57%) 3i (40%) 3j (32%)
NH
~o ~o ~o HN O,{
HO >LS S
o)
o o~
SCN SCN SCN OH
3k (85%) 31 (94%) 3m (74%) 3n (72%) 30 (77%)

®Reaction conditions: Substituted phenols and anisoles 1 (1 equiv, 0.1 g). NH4SCN 2 (1.5
equiv), K»S,0s (2 equiv), DCM (2 mL), reaction time (4 h), rt (24 °C), "Isolated yields
after column chromatography given in brackets.
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position. The reaction found to be facile, monoselective and did not form any disubstituted
products. Phenols bearing electron withdrawing groups such as iodo, bromo, cyano,
aldehyde resulted in relatively lower yields of the corresponding products (3g-3j, Table
2.2) and unreacted starting materials were observed. However, cyano and aldehyde
functional groups tolerated the reaction conditions, while the o-nitrophenol did not react
under the optimized reaction condition. The thiocyanate functional group was confirmed
by the characteristic IR absorption peak (~2160 cm™) and *C NMR data. We did not
observe the formation of any isothiocyanates. Further, the reactions of naphthalene
derivative (1n) and 3,4-dimethyl phenol (10) under the optimum reaction conditions

resulted in the corresponding stable oxathioimines (3n, 30).

2.3.3 Substrate scope of indole and aniline derivatives

Encouraged by this initial success on relatively less reactive phenol derivatives, we
turned our attention towards the relatively more reactive anilines and heterocycles.
Different indole derivatives (4a-4e) under the optimized conditions underwent direct C-3
thiocyanation easily to afford corresponding thiocyananto indole derivatives in excellent
yields (5a-5e, Table 2.3). Indoles bearing -CN, -NO, -Br groups reacted regioselectively
to afford the corresponding thiocyanted products (5c-5e) in good to excellent yields.
Notably, 2, 2’-bithiophene (4f) reacted with ease to afford the corresponding C-2 mono
thiocyanated product 5f in excellent yield (91%).

Later, we explored the reactivity of various aniline derivatives under optimized
reaction conditions. All the aniline derivatives under the reaction conditions afforded
thiocyanted products (5g-51) in good to excellent yields (see Table 2.3). It is very
important to note that direct thiocyanation was highly regioselective and occurred at para
position. Substrates bearing electron withdrawing groups afforded the thiocyanated
products in good yields. However, para substituted anilines resulted in the formation of

the corresponding stable azathioimines (5m, 5n) via ortho thiocyanation.
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Table 2.3 Direct and regioselective thiocyanation of anilines and heterocycles®”

NH NH,
" K,S,0 (2 equiv.) SCN
, equiv. '
or R4 NH;SCN —222° - R or @
DCM, rt, 4 h
SCN

4 (1 equiv) 2 (1.5 equiv)
R=H, Me
CN SCN
Br
A\ A\ A\ N\ A\
N N N N N
H H H H H
5a (91%) 5b (82%) 5¢ (90%) 5d (85 %) 5e (87%)
NH,
|
CN SCN
5f (91%) 59 (89%) h (90%) 5i (85%) 5j (67%)
NH NH
NH, NH, HN% HN’(
i Cl <>/Br S S
SCN SCN Br
5k (73%) 51 (77%) 5m ( (76%) 5n (65%)

®Reaction conditions: Substituted Aromatic amines and Heterocycles 4 (1 equiv. 0.1 g)
NHsSCN (1.5 equiv), K2S,0g (2 equiv) DCM, (2 mL), reaction time (4 h), rt (24 °C),

®|solated yields after column chromatography given in brackets.

2.3.4 Gram scale synthesis

In order to make this approach more practical and for the future development, we
extended this method on gram scale under the optimized reaction conditions (Scheme
2.11).
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OH
OH
K3S8,08
+ NHsSCN & — 7, (eq 1)
DCM, rt, 6 h

SCN
1a 3a (97%)
NH,
NH,
K2S208
+ NHSCN — — " ©a2)
DCM, 11,6 h q
SCN
4a 5a (95 %)
SCN
K2S208
@\/\> +  NH,SCN —_— N (eq3
4 q3)
N DCM, rt, 6 h N
H H
4b 5b (93 %)
HO
HO
K2S,08 4
\é . NHsSCN TP (eq 4)
DCM, rt,6 h SCN
1p 3p (94 %)

Scheme 2.11 Thiocyanation on a gram Scale

2,6-dimethyl phenol 1a, 2,6-dimethyl aniline 4a and indole 4b afforded the
corresponding thiocyanated products (3a, 5a, 5b, eq. 1-3) in excellent yields under the
optimum reaction conditions. GW501516 is a well known, most potent and selective
peroxisome proliferator-activator receptor 6 (PPARS) agonist (Scheme 2.11). Compound
3p the precursor of GW501516 was earlier synthesized using NaSCN and molecular
bromine. Using our protocol we synthesized compound 3p under optimized reaction
condition on a gram scale (3 g) in excellent yield (94%, eq 4, Scheme 2.11). Easy,
practical and transition-metal-free reaction conditions demonstrated the practical utility of

this method for the direct thiocyanation.
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2.4 Mechanistic study
2.4.1 Radical quenching experiment

In order to gain further insight into the mechanism, we treated the reaction mixture
with the radical scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl). The
thiocyanation reaction did not proceed even after prolonged reaction time (Scheme 2.12)
and this indicated that most likely free radical pathway might have been involved during

the course of the reaction.

OH TEMPO (2 equiv) OH
K>S,03 (2 equiv)
\©/ +  NH,SCN — -
DCM,rt
SCN
1a (1 eq) 2(1.5eq) 3a (Trace)

Scheme 2.12. Radical quenching experiment

2.4.2 UV-Vis study to detect phenol radical cation intermediate.

K,S,0g is known to generate a strong, short-lived oxidant-sulfate radical anion
(SO4") easily. The sulfate radical anion (E° = 2.6 V) is known to generate radical cation on
interaction with the low ionization potential aromatics.?” In order to investigate and to
support the formation of a phenol radical cation intermediate, the UV-Vis spectroscopy
studies were carried out. An intense absorption band was observed in the visible region
between 400 to 500 nm during the reaction of phenol 1a with K,S,0g at room temperature
in CF3COOH (Fig 2.1). This observation strongly supported the formation of a radical
cationic intermediate during the course of the reaction. This observation was in accordance

with the earlier reports by Kita et al. and Kochi et al.?**®
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Fig 2.1. UV-Vis spectroscopic study at ambient temperature

2.5 Proposed mechanism

2% the plausible mechanism

Based on these investigations and previous literature,
has been proposed (Scheme 2.13). Potassium persulfate would decompose to generate
very strong oxidant sulfate radical anion (SO4™), which in turn oxidizes the aromatics to
form radical cation intermediate 1. Simultaneous nucleophilic addition of thiocyanate
anion to the cation intermediate would lead to the formation of radical intermediate 1.
Ultimately the loss of hydrogen radical from Il would afford the desired compound 3a.

Alternatively, further oxidation of the intermediate 11 will lead to the formation of cation
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intermediate 111. Finally, the elimination of H* from this intermediate afford the desired
product 3a (Scheme 2.13).

S L@rj

SCN
n

Scheme 2.13 Proposed mechanism for the direct thiocyanation

2.6 Conclusions

In conclusions, we have demonstrated the transition-metal-free regioselective and
monoselective thiocyantion of phenols, anilines and other nitrogen bearing heterocycles
under mild conditions. To the best of our knowledge for the first time direct thiocyanation
of phenols has been achieved using commercially available and inexpensive K,S,0g. Most
importantly, this protocol proved to be scalable on a multi gram quantity. The desired
products were obtained in good to excellent yields and a wide range of functional groups
were tolerated. Initial understandings suggested that reaction proceeded via radical cation
intermediate. This protocol presents a new and viable path to access thiocyanated

aromatics and precursors of bioactive molecules.
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2.7 Experimental section

2.7.1 General

All reagents were purchased from commercial sources and were used as received,
unless otherwise indicated. Thin-layer chromatography (TLC) was performed using silica
gel 60 GF254 pre-coated aluminium backed plates (2.5 mm). *H NMR and **C NMR were
recorded in CDCls, Methanol-ds, and DMSO-ds. Chemical shifts in *H NMR spectra are
reported as 0 in units of parts per million (ppm) downfield from tetramethylsilane with the
solvent resonance as the internal standard, J values are given in Hz. **C NMR are reported
as 6 in ppm downfield from tetramethylsilane and relative to the signal of chloroform-d
and DMSO-ds. *C-NMR spectra were recorded with complete proton decoupling. Mass
samples were analyzed by high-resolution mass spectrometry (HRMS) using ESI TOF. IR
spectra were obtained using a FT-IR spectrophotometer as neat and are reported in cm™.
All reactions were carried out in dried glassware. Dichloromethane was used for the
reaction. All purchased chemicals were used without further purification. Column
chromatography was carried out using silica gel. Melting points were measured in open

glass capillary and values are uncorrected.

2.7.2 General procedure A: synthesis of thiocyanatophenols, thiocyanatoanilines and

thiocyanatoindoles:

In an oven dried round bottom flask containing a mixture of 2,6-dimethyl phenol
la (100 mg, 0.82 mmol), ammonium thiocyanate 2 (94 mg, 1.23 mmol) and potassium
persulfate (443 mg, 1.64 mmol) in DCM (2 mL) were stirred for 4 h. Progress of the
reaction was monitored by TLC. Upon completion, the reaction mixture was filtered
through sintered funnel containing silica and sodium sulfate. The Filtrate concentrated
under reduced pressure to afford the crude product 3a. This was purified by column
chromatography (EtOAc:Hexane) to furnish the pure compound 3a as a white solid (139
mg, 95% vyield). Similar procedure was used for the thiocynation of anisoles, anilines and

heterocycles.
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2, 6-dimethyl-4-thiocyanatophenol (3a):

OH

SCN
3a

The compound 3a was obtained as a as a white solid (139 mg, 95% yield). mp = 103-106
°C: Rt = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm™: 3351, 2157, 1584, 1311; ‘*H NMR
(400 MHz, CDCl3) & 7.20 (s, 2H), 5.05 (s, 1H), 2.25 (s, 6H); *3C NMR (100 MHz, CDCl5)
§ 154.4, 132.6, 125.6, 112.9, 112.2, 16.0; HRMS (ESI) calcd. for CogHgNOS [M + H]*
180.0483, found 180.0489.

Gram scale synthesis of (3a)

Similarly the compound 3a was synthesized on gram scale starting from la (2g, 16.37
mmol) following the general procedure A described for 3a; the compound 3a was obtained
as a white solid (2.85g, 97% yield).

4-thiocyanatophenol (3b)
OH

SCN
3b

The compound 3b was synthesized starting from 1b following the general procedure A
described for 3a; The compound 3b was obtained as a brown solid (139 mg, 86% yield).
mp = 51-53 °C, R; = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3344, 2160, 1586, 1493,
1220; *H NMR (400 MHz, CDCls) 6 7.44 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H). *C
NMR (100 MHz, CDCl3) & 158.2, 1344, 117.6, 113.3, 112.4; HRMS (ESI) calcd for
C7HsCIN,S [M + H]* 152.0170, found 152.0173.
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2,3-dimethyl-4-thiocyanatophenol (3c):
OH

SCN
3c

The compound 3c was synthesized starting from 1c following the general procedure A
described for 3a; The compound 3c was obtained as a white solid (135 mg, 92% vyield).
mp = 97-99 °C; Ry = 0.5, (EtOAc:Hexane 20:80); IR (neat) cm™*:3371, 2158, 1573, 1281;
'"H NMR (400 MHz, CDCls) 6 7.37 (d, J = 8.5 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H), 5.69 (s,
1H), 2.50 (s, 3H), 2.22 (s, 3H); *C NMR (100 MHz, CDCl3) & 156.3, 141.5, 132.8, 125.7,
114.3, 113.6, 112.3, 18.1, 12.7; HRMS (ESI) calcd for CgHgNOS [M + H]* 180.0483,
found 180.0489.

3-methyl-4-thiocyanatophenol (3d):
OH

SCN
3d

The compound 3d was synthesized starting from 1d following the general procedure A
described for 3a; The compound 3d was obtained as a yellow solid (142 mg, 93% vyield).
mp = 75-78 °C; R; = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3350, 2159, 1577, 1234;
'H NMR (400 MHz, CDCl3) & 7.46 (d, J = 8.5 Hz, 1H), 6.79 (d, J = 2.8 Hz, 1H), 6.71 (dd,
J = 8.6, 2.8 Hz, 1H), 6.24 (s, 1H), 2.47 (s, 3H); *C NMR (100 MHz, CDCls) & 158.6,
143.5, 136.2, 118.7, 115.1, 112.7, 112, 21.1; HRMS (ESI) calcd. for CgH;NOS [M + H] *
166.0326, found 166.0330.

3, 5-dimethyl-4-thiocyanatophenol (3e):
OH

SCN
3e
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The compound 3e was synthesized starting from 1e following the general procedure A
described for 3a; The compound 3e was obtained as a white solid (127 mg, 87%). mp =
131-133 °C; Ry = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm™:3351, 2157, 1584, 1311; *H
NMR (400 MHz, CDCls) & 6.68 (s, 2H), 5.71 (s, 1H), 2.54 (s, 6H). *C NMR (100 MHz,
CDCI3) 6 158.2, 145.2, 116.4, 112.7, 111.8, 22.2; HRMS (ESI) calcd for CgHgNOS [M +
H] * 180.0483, found 180.0481.

4-thiocyanatobenzene-1,2-diol (3f) :

OH
HO

SCN
3f

The compound 3f was synthesized starting from 1f following the general procedure A
described for 3a; The compound 3f was obtained as a black solid (125 mg, 82% yield).

mp = 138-141 °C; R; = 0.3, (EtOAc:Hexane 30:70); IR (neat) cm™:3743, 3288, 2161,
1513, 1280; *H NMR (400 MHz, CD3;0D) & 7.01 (d, J = 2.1 Hz, 1H), 6.94 (dd, J = 8.3, 2.2
Hz, 1H), 6.83 (d, J = 8.3 Hz, 1H); *C NMR (101 MHz, MeOD) & 149.2, 148, 125.4,
119.9, 117.7, 113.2, 113.1; HRMS (ESI) calcd for C;HsNO,S [M + H] + 168.0119, found
168.0115

2-iodo-4-thiocyanatopheno(39g):
OH

SCN
39

The compound 3g was synthesized starting from 1g following the general procedure A
described for 3a; The compound 3g was obtained as a white solid (86 mg, 68% yield). mp
= 100-102 °C; R¢ = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3308, 2161, 1625, 1393,
1285; 'H NMR (400 MHz, CDCls) & 7.89 (d, J = 2.3 Hz, 1H), 7.47 (dd, J = 8.6, 2.3 Hz,
1H), 7.02 (d, J = 8.5 Hz, 1H), 5.96 (s, 1H); **C NMR (101 MHz, CDCls) & 157.2, 141.8,
134.3, 116.6, 115.4, 111.2, 86.6; HRMS (ESI) calcd. for C;H4INOS [M + H]* 277.9136,
found 277.9122.
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2-bromo-4-thiocyanatophenol (3h):

OH
Br

SCN
3h

The compound 3h was synthesized starting from 1h following the general procedure A
described for 3a; The compound 3h was obtained as a white solid (75 mg, 57% yield). mp
= 157-159 °C; R; = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm™:3103, 2147, 1582, 1225,
810; 'H NMR (400 MHz, CDCl3) & 7.73 (d, J = 2.3 Hz, 1H), 7.46 (dd, J = 8.5, 2.3 Hz,
1H), 7.08 (d, J = 8.5 Hz, 1H); *C NMR (100 MHz, CDCls) & 154.6, 135.7, 133.3, 117.9,
115.2, 1115, 111; HRMS (ESI) calcd. for C;H,BrNOS [M + H]* 226.0538, found
226.0532.

5-hydroxy-2-thiocyanatobenzonitrile (3i):

OH

CN
SCN
3i

The compound 3i was synthesized starting from 1i following the general procedure A
described for 3a; The compound 3i was obtained as a white solid (60 mg, 40% yield). mp
= 103-106 °C; R; = 0.5, (EtOAc:Hexane 20:80); IR (neat) cm™:3283, 2923, 2227, 2176,
1579, 1427; 'H NMR (400 MHz, DMSO-dg) & 11.00 (s, 1H), 7.79 (d, J = 8.7 Hz, 1H),
7.36 (d, J = 2.8 Hz, 1H), 7.17 (dd, J = 8.7, 2.8 Hz, 1H); **C NMR (100 MHz, DMSO-dg) &
160.1, 137.7, 121.9, 121.6, 118, 116.1, 115.2, 111.5; HRMS ESI (-ve ion mode) calcd for
CgH4N,OS [M - H] 174.9966, found 174.9995.

2-hydroxy-5-thiocyanatobenzaldehyde (3j):

OH
CHO

SCN
3j
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The compound 3j was synthesized starting from 1j following the general procedure A
described for 3a; The compound 3j was obtained as a white solid (47 mg, 32% yield). mp
= 94-97 °C; R; = 0.5, (EtOAc:Hexane 20:80); IR (neat) cm™: 3393, 2856, 2150, 1652,
1465, 1282; *H NMR (400 MHz, CDCl3) § 11.24 (s, 1H), 9.92 (s, 1H), 7.85 (d, J = 2.4 Hz,
1H), 7.72 (dd, J = 8.8, 2.5 Hz, 1H), 7.10 (d, J = 8.8 Hz, 1H); *C NMR (100 MHz, CDCls)
8 195.5,163.2, 140.3, 137.7, 121.6, 120.5, 113.9, 110.7; HRMS ESI (-ve ion mode) calcd.
for CgHsNO,S [M - H] 177.9963, found 177.9996.

1-methoxy-4-thiocyanatobenzene (3k):

>0

SCN
3k

The compound 3k was synthesized starting from 1k following the general procedure A
described for 3a; The compound 3k was obtained as a yellow solid (130 mg, 85% yield).
mp = 131-134 °C; R; = 0.5, (EtOAc:Hexane 20:80); IR (neat) cm™: 2925, 2155, 1589,
1493, 1252; *H NMR (400 MHz, CDCls) & 7.51 (d, J = 8.8 Hz, 2H), 6.95 (d, J = 8.8 Hz,
2H), 3.83 (s, 3H); *C NMR (100 MHz, CDCls) & 161.5, 133.9, 116, 114, 111.7, 55.7;
HRMS (ESI) calcd for CgH;NOS [M + H]" 166.0326, found 166.0323

1,3,5-trimethoxy-2-thiocyanatobenzene (3I):

SCN
3l

The compound 3l was synthesized starting from 1l following the general procedure A
described for 3a; The compound 3l was obtained as a white solid (125 mg, 94% yield). mp
= 106-108 °C; R; = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm™: 3319, 2187, 1576, 1395,
1290; *H NMR (400 MHz, CDCls) & 6.15 (s, 2H), 3.92 (s, 6H), 3.84 (s, 3H).*C NMR
(100 MHz, CDCl3) 6 164.4, 161.5, 112, 91.4, 89.7, 56.6, 55.7; HRMS (ESI) calcd. for
C10H11NO3S [M + H]" 226.0538, found 226.0537.
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2-methoxy-4-methyl-5-thiocyanatophenol (3m):

~o

HO

SCN
3m

The compound 3m was synthesized starting from 1m following the general procedure A
described for 3a; The compound 3m was obtained as a white solid (105 mg, 74% vyield).
mp = 127-130 °C; R = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm-1: 3407, 2154, 1508,
1270; *H NMR (400 MHz, CDCl3) & 7.17 (s, 1H), 6.77 (s, 1H), 5.60 (s, 1H), 3.90 (s, 3H),
2.46 (s, 3H); °C NMR (100 MHz, CDCls) & 148.8, 144.8, 133.3, 119.6, 113.5, 113.4,
111.2, 56.2, 20.5; HRMS (ESI) calcd. for CaHgNO,S [M + H]* 196.0432, found 196.0432

2-Iminonaphtho[1,2-d][1,3]oxathiol-7-o0l (3n):

NH
s~
0

L0

3n

The compound 3n was synthesized starting from 1n following the general procedure A
described for 3a; The compound 3n was obtained as a brown solid (97 mg, 72% yield).
mp = °C; R; = 0.4, (EtOAc:Hexane 50:50); IR (neat) cm™: 3743, 3282, 2363, 2322, 1693,
1531; *H NMR (400 MHz, MeOD) & 7.56 (d, J = 9.0 Hz, 1H), 7.42 — 7.34 (m, 1H), 7.27
(d, J = 8.6 Hz, 1H), 7.20 — 7.12 (m, 2H); *C NMR (100 MHz, CDCl3) & 156.4, 147.2,
133.8, 127.1, 125.9, 122.9, 121.3, 118.9, 112.6, 111.4; HRMS (ESI) calcd. for C;;H;NO,S
[M + H] + 218.0275, found 218.0278.

5, 6-dimethylbenzo[d][1,3]oxathiol-2-imine (30):
o
pe e
S
30

The compound 30 was synthesized starting from 1o following the general procedure A

described for 3a; The compound 30 was obtained as a white solid (113 mg, 77% vyield).

mp = 96-99 °C; R; = 0.6, (EtOAc:Hexane 20:80); IR (neat) cm™: 3325, 1584, 1311; *H

NMR (400 MHz, CDCls5) § 7.01 (s, 1H), 6.91 (s, 1H), 2.25 (s, 3H), 2.23 (s, 3H); **C NMR
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(100 MHz, CDCls) § 167.1, 149.4, 135.9, 133.1, 122.2, 120.5, 112.2, 20.1, 19.6; HRMS
(ESI) calcd. for CeHgNOS [M + H]* 180.0483, found 180.0485.

Gram Scale Synthesis of 2-methyl-4-thiocyanatophenol (3p):
OH

SCN

3p
The compound 3p was synthesized on gram scale starting from 1p (3g, 27.74 mmol)
following the general procedure A described for 3a; The compound 3p was obtained as a
yellow solid (4.32g, 94% vyield). mp = 73-75 °C; Ry = 0.5, (EtOAc:Hexane 20:80); IR
(neat) cm™: 3350, 2159, 1577, 1234; 'H NMR (400 MHz, CDCls) & 7.33 (s, 1H), 7.26 (d, J
= 8.4 Hz 1H), 6.80 (d, J = 8.4 Hz, 1H), 5.79 (s, 1H), 2.24 (s, 3H); *C NMR (100 MHz,
CDCI3) 6 156.3, 135.2, 131.64, 127.0, 116.8, 113.0, 112.4, 15.9; HRMS (ESI) calcd for
CgH;NOS [M + H]" 166.0326, found 166.0330.

3-thiocyanato-1H-indole (5a):
SCN

Iz />>\

5a

The compound 5a was synthesized starting from 4a following the general procedure A
described for 3a; The compound 5a was obtained as a white solid (135 mg, 91% yield).
mp = 123-125 °C; R; = 0.5, (EtOAc:Hexane 50:50); IR (neat) cm™: 3325, 2155, 1410,
1236, 741; *H NMR (400 MHz, CDCls) 6 8.74 (s, 1H), 7.82 — 7.78 (m, 1H), 7.47 (d, J =
2.8 Hz, 1H), 7.44 — 7.40 (m, 1H), 7.33 — 7.29 (m, 2H); **C NMR (100 MHz, CDCls) &
136.2, 131.1, 127.8, 124, 122, 118.9, 112.2, 112.1, 92.4; HRMS (ESI)(-ve ion mode)
calcd. for CyHgN,S [M - H] 173.0174, found 173.0172.

Gram scale synthesis of 5a :

Similarly the compound 5a was synthesized on gram scale starting from 4a (2g, 17.07
mmol) following the general procedure A described for 3a; The compound 5a was
obtained as a white solid (2.78 g, 93% yield).
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2-methyl-3-thiocyanato-1H-indole (5b):
SCN

Iz />>\

5b

The compound 5b was synthesized starting from 4b following the general procedure A
described for 3a; The compound 5b was obtained as a brownish solid (118 mg, 82%
yield). mp = 102-104 °C; R; = 0.6, (EtOAc:Hexane 50:50); IR (neat) cm™: 3321, 2154,
1516, 1405, 745; *H NMR (400 MHz, CDCls) & 8.51 (s, 1H), 7.68 — 7.66 (m, 1H), 7.31 —
7.27 (m, 1H), 7.26 — 7.19 (m, 2H), 2.50 (s, 3H); *C NMR (100 MHz, CDCls) & 142.1,
135.2, 128.8, 123.1, 121.7, 118.2, 112.1, 111.3, 89.2, 12.2; HRMS (ESI) (-ve ion mode)
calcd. for C1oHgN,S [M - H] ~ 187.0330, found 187.0330.

3-thiocyanato-1H-indole-5-carbonitrile (5c):
SCN

NC
\(j\/\g
N

H
5¢c

The compound 5c¢ was synthesized starting from 4c following the general procedure A
described for 3a; The compound 5c was obtained as a white solid (126 mg, 90% vyield).
mp = 217-218 °C; R; = 0.3, (EtOAc:Hexane 50:50); IR (neat) cm™: 3271, 2361, 2321,
2155, 1515; *H NMR (400 MHz, DMSO-dg) & 12.50 (s, 1H), 8.21 (s, 2H), 7.77 (d, J = 8.2
Hz, 1H), 7.62 (d, J = 8.2 Hz, 1H); **C NMR (100 MHz, DMSO-ds) 5 138.2, 135.8, 127.3,
125.7, 123.3, 119.82, 114.2, 111.9, 103.4, 91.5; HRMS (ESI) (-ve ion mode) calcd. for
C1oHsN3S [M - H] ~ 198.0126, found 198.0123.

5-nitro-3-thiocyanato-1H-indole (5d):
SCN

N

H
5d

The compound 5d was synthesized starting from 4d following the general procedure A
described for 3a; The compound 5d was obtained as a yellow solid (115 mg, 85% vyield).
mp = 220-221 °C; R; = 0.3, (EtOAc:Hexane 50:50); IR (neat) cm™: 3357, 3122, 2361,
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2322, 2160, 1529, 1396; *H NMR (400 MHz, DMSO-dg) 6 12.63 (s, 1H), 8.53 (d, J =2.2
Hz, 1H), 8.28 (s, 1H), 8.13 (dd, J = 9.0, 2.3 Hz, 1H), 7.71 (d, J = 9.0 Hz, 1H); *C NMR
(100 MHz, DMSO-dg) 6 142.1, 139.5, 137, 126.9, 118.1, 114.4, 113.7, 111.9, 93.1; HRMS
(ESI) (-ve ion mode) calcd. for CgHsN3O,S [M - H]™ 218.0024, found 218.0027.

5-bromo-3-thiocyanato-1H-indole (5e):
SCN

Br
m
N

H
5e

The compound 5e was synthesized starting from 4e following the general procedure A
described for 3a; The compound 5e was obtained as a brownish solid (112 mg, 87%
yield). mp = 141-143 °C; R; = 0.4, (EtOAc:Hexane 50:50);IR (neat) cm™: 3314, 3118,
2157, 1453, 1001, 800; *H NMR (400 MHz, CDCls) & 8.78 (s, 1H), 7.92 (d, J = 1.7 Hz,
1H), 7.52 (d, J = 2.9 Hz, 1H), 7.39 (dd, J = 8.7, 1.8 Hz, 1H), 7.30 (d, J = 8.7 Hz, 1H); °C
NMR (100 MHz, CDCls) 6 134.8, 132.2, 129.5, 127.2, 121.6, 115.6, 113.7, 111.6, 92.3;
HRMS (ESI) (-ve ion mode) calcd. for CgHsBrN,S [M - H] 250.9279, found 250.9280.

3-thiocyanato-1H-indole-5-carboxylic acid (5f):

SCN

HOOC\©\/g

5f

IZ/

The compound 5f was synthesized starting from 4f following the general procedure A
described for 3a; The compound 5f was obtained as a yellow solid (125 mg, 92% yield).
mp = 113-116 °C; R; = 0.3, (EtOAc:Hexane 50:50); IR (neat) cm™: 3347, 3314, 3118,
2159, 1453; *H NMR (400 MHz, DMSO-ds) 8 12.30 (s, 1H), 8.31 (s, 1H), 8.11 (d, J = 2.8
Hz, 1H), 7.88 (dd, J = 8.6, 1.5 Hz, 1H), 7.60 (d, J = 8.5 Hz, 1H); **C NMR (100 MHz,
DMSO-dg) 6 167.8, 138.9, 134.9, 127.1, 124.0, 123.7, 120.0, 112.8, 112.2, 91.3; HRMS
(ESI) (+ve ion mode) calcd. for C1oHgN20,S [M + Na]* 241.0047, found 241.0049.
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5-methoxy-2-methyl-3-thiocyanato-1H-indole (59):
SCN

N

H
59

The compound 5g was synthesized starting from 4g following the general procedure A
described for 3a; The compound 5g was obtained as a white solid (128 mg, 94% vyield).
mp = 210-214 °C; R; = 0.4, (EtOAc:Hexane 50:50); IR (neat) cm™: 3325, 3150, 2153,
1450; *H NMR (400 MHz, CDCl3) & 7.19 (d, J = 8.8 Hz, 1H), 7.11 (d, J = 2.4 Hz, 1H),
6.86 (dd, J = 8.8, 2.4 Hz, 1H), 3.90 (s, 3H), 2.52 (s, 3H); *C NMR (100 MHz, CDCl3) &
155.7, 1425, 129.9, 129.7, 113.2, 112.1, 112.2, 100.1, 88.8, 56.0, 12.3; HRMS (ESI) (+ve
ion mode) calcd. for C1;H1oN,0S [M + H]* 219.0592, found 219.0592.

5-thiocyanato-2, 2'-bithiophene(5h)
S s SCN

The compound 5h was synthesized starting from 4h following the general procedure A
described for 3a; The compound 5h was obtained as a white solid (122 mg, 91% yield).
mp = 143-146 °C; R; = 0.4, (EtOAc:Hexane 20:80); IR (neat) cm™: *H NMR (400 MHz,
CDCl3) & 7.34 — 7.31 (m, 2H), 7.23 (dd, J = 3.6, 1.0 Hz, 1H), 7.11 (d, J = 4.0 Hz, 1H),
7.05 (dd, J = 5.0, 3.7 Hz, 1H); *C NMR (100 MHz, CDCl3) & 145.8, 138.8, 135.6, 128.3,
126.4, 125.5 , 124.4, 116.1, 110.4; HRMS (ESI)(-ve ion mode) calcd. for CgHsNS;3 [M -
H] 221.9500, found 221.9502.

2,6-dimethyl-4-thiocyanatoaniline (5i):
NH,

SCN
5i

The compound 5i was synthesized starting from 4i following the general procedure A
described for 3a; The compound 5i was obtained as a brown solid (131 mg, 89% vyield).
mp = 80-82 °C; R; = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™:3485, 3391, 2152, 1624,

1474; *H NMR (400 MHz, CDCl3) & 7.16 (s, 2H), 3.85 (s, 2H), 2.16 (s, 6H); **C NMR
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(100 MHz, CDCl3) & 1454, 133, 123.3, 112.8, 108.7, 17.6; HRMS (ESI calcd for
CoH1oN2S [M + H] * 179.0643, found 179.0646.

Gram scale synthesis of (5i1)

The compound 5i was synthesized on gram scale starting from 4i (2g, 16.50 mmol)
following the general procedure A described for 3a; The compound 5g was obtained as a
brown solid (2.80 g, 95% yield).

4-thiocyanatoaniline (5j):
NH,

SCN

5]
The compound 5j was synthesized starting from 4j following the general procedure A
described for 3a; The compound 5j was obtained as a brown solid (145 mg, 90% yield).
mp = 67-69 °C; R = 0.5, (EtOAc:Hexane 50:50); IR (neat) cm™: 3470, 3373, 2152, 1625,
1495, 1299, 822; *H NMR (400 MHz, CDCls) & 7.35 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 8.8
Hz, 2H), 3.97 (s, 2H); *C NMR (100 MHz, CDCl3) & 149, 134.6, 116.2, 112.5, 109.7;
HRMS (ESI) (-ve ion mode) calcd for C;HgN,S [M - H]" 149.0174, found 149.01609.

2-methyl-4-thiocyanatoaniline (5k):
NH,

SCN
5k

The compound 5k was synthesized starting from 4k following the general procedure A
described for 3a; The compound 5k was obtained as a brownish solid (130 mg, 85%
yield). mp = 71-73 °C; R; = 0.5, (EtOAc:Hexane 50:50); IR (neat) cm™: 3451, 3370, 2151,
1632, 1492, 1299, 815; *H NMR (400 MHz, CDCls) § 7.27 (d, J = 2.3 Hz, 1H), 7.24 (dd, J
= 8.3, 2.3 Hz, 1H), 6.66 (d, J = 8.3 Hz, 1H), 3.89 (s, 2H), 2.15 (s, 3H); *C NMR (100
MHz, CDCl3) 6 147.2, 135.2, 132.2, 124, 115.9, 112.7, 109.4, 17.3; HRMS (ESI) (-ve ion
mode) calcd. for CgHgN,S [M - H]" 163.0330, found 163.0326.
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2-fluoro-4-thiocyanatoaniline (5I)

NH,
F

SCN
51

The compound 5l was synthesized starting from 4l following the general procedure A
described for 3a; The compound 5l was obtained as a colourless oil (102 mg, 67 % vyield).
R = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3387, 3076, 2363, 2155, 1641, 1463,
846, 808; 'H NMR (400 MHz, CDCls) & 7.26 — 7.23 (dd, 1H), 7.17 (ddd, J = 8.4, 2.1, 1.0
Hz, 1H), 6.78 (t,1H), 4.05 (s, 2H); **C NMR (100 MHz, CDCl3) & 152.2, 149.8, 137.4 (d,
J=125Hz), 129.7 (d, J =3.3 Hz), 119.9, 119.7, 117.3 (d, J = 4.3 Hz), 111.6 , 109.6 (d, J
= 7.5 Hz); HRMS (ESI) (-ve ion mode) calcd for C;HsFN,S [M - H] 167.0079, found
167.0076.

2-chloro-4-thiocyanatoaniline (5m)

NH,
Cl

SCN
5m

The compound 5m was synthesized starting from 4m following the general procedure A
described for 3a; The compound 5m was obtained as a colourless oil (105 mg, 73 %
yield). Ry = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3457, 3099, 2361, 2157, 1630,
1531, 814, 763; *H NMR (400 MHz, CDCls) § 7.50 (d, J = 2.2 Hz, 1H), 7.28 (dd, J = 8.5,
2.2 Hz, 1H), 6.77 (d, J = 8.5 Hz, 1H), 4.38 (s, 2H); **C NMR (100 MHz, CDCls)  145.4,
134.0, 132.7, 119.8, 116.5, 111.8, 110.2; HRMS (ESI) (-ve ion mode) calcd. for
C7HsCIN,S [M - H] 182.9784, found 182.9781.

2-bromo-4-thiocyanatoaniline (5n)

NH,
Br

SCN
5n
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The compound 5n was synthesized starting from 4n following the general procedure A
described for 3a; The compound 5n was obtained as a white solid (103 mg, 77% yield).
mp = 95-97 °C; R; = 0.3, (EtOAc:Hexane 20:80); IR (neat) cm™: 3448, 3092, 2363, 2159,
1529, 859; *H NMR (400 MHz, CDCl3) & 7.62 (d, J = 2.2 Hz, 1H), 7.29 (dd, J = 8.5, 2.2
Hz, 1H), 6.73 (d, J = 8.5 Hz, 1H), 4.46 (s, 2H); **C NMR (100 MHz, CDCls) & 146.6,
136.9, 133.3, 116.2, 111.9, 110.0, 109.2; HRMS (ESI) (-ve ion mode) calcd. for
C7/HsBrN,S [M - H] 226.9279, found 226.9278.

6-methylbenzo[d]thiazol-2(3H)-imine (50):

H

N
Jeust

S

50

The compound 50 was synthesized starting from 4o following the general procedure A
described for 2a; The compound 50 was obtained as a brownish solid (116 mg, 76%
yield). mp = 131-134 °C; R; = 0.2, (EtOAc:Hexane 50:50); IR (neat) cm™: 3298, 3130,
1623, 1534, 1464, 813; 'H NMR (400 MHz, CDCl3) & 7.41 (d, J = 8.2 Hz, 1H), 7.37 (s,
1H), 7.10 (dd, J = 8.2, 1.2 Hz, 1H), 5.60 (s, 2H), 2.39 (s, 3H); *C NMR (100 MHz,
CDCI3) 6 165.7, 149.8, 132.2, 131.6, 127.3, 121.1, 118.8, 21.4; HRMS (ESI) (-ve ion
mode) calcd for CgHgN,S [M - H] 163.0330, found 163.0329.

6-bromobenzo[d]thiazol-2(3H)-imine (5p):
H
N
L
Br S
5p

The compound 5p was synthesized starting from 4p following the general procedure A
described for 3a; The compound 5p was obtained as a white solid (86 mg, 65% yield). mp
= 212-214 °C; R; = 0.3, (EtOAc:Hexane 50:50); IR (neat) cm™: 3448, 3092, 2363, 1529,
859; 'H NMR (400 MHz, DMSO-dg) & 7.87 (d, J = 2.1 Hz, 1H), 7.60 (s, 2H), 7.32 (dd, J =
8.5, 2.1 Hz, 1H), 7.23 (d, J = 8.6 Hz, 1H); *C NMR (100 MHz, DMSO-dg) & 167.1, 152,
133.1, 128.2, 123.2, 119.1, 112; HRMS (ESI) (-ve ion mode) calcd. for C;HsBrN,S [M -
H] 226.9279, found 226.9278.
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2.8 Appendix I: *H, *C spectral data of representative compounds

Compound No. Figure AllLLX Data Page No.
3a Figure 1.1 and 11.2 'H and °C 63
3b Figure 1.3 and 11.4 'H and C 64
5a Figure 1.5 and 11.6 'H and C 65
59 Figure I1.7 and 11.8 'H and *C 66
5h Figure 1.9 and 11.10 'H and °C 67
5i Figure I1.11 and 11.12 'H and *C 68
5j Figure 1.9 and 11.8 'H and C 69
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Figure I11.1: *H NMR (400 MHz, CDCl5) spectrum of compound 3a

OH ] g 4 ek a
I \¢

SCN

3a

200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

Figure 11.2: *C NMR (100 MHz, CDCls) spectrum of compound 3a
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Figure 11.4: 3C NMR (100 MHz, CDCls) spectrum of compound 3b
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Figure 11.6: *C NMR (100 MHz, CDClI5) spectrum of compound 5a
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Figure 11.8: *C NMR (100 MHz, CDCls) spectrum of compound 5g
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Figure 11.10: **C NMR (100 MHz, CDCls) spectrum of compound 5h
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Figure 11.12: **C NMR (100 MHz, CDCls) spectrum of compound 5i
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[ Chapter 3 ]

Oxidative Decarboxylation of Arylacetic Acids
in Water: One-Pot Transition-Metal-Free
Synthesis of Aldehydes and Ketones

R’ jﬂ K,S,04 (2 equiv.) o

*_OH
’ @ > R'
R o 90 °C, Open air, 12 h R

E factor = 3.49
R = Alkyl, Alkoxy, Hydroxyl, 23% mass productivity
Halo, Nitro

R' = H, Alkyl, Aryl

Greener approach-reaction in Water
Direct access to Aldehydes and Ketones from aryl acetic acids
24 examples with high yields (up to 92%)
Gram Scale Synthesis
Easy access to '80-labelled Ketones and Aldehydes
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Oxidative Decarboxylation of Arylacetic Acids in
Water: One-Pot Transition-Metal-Free Synthesis of 3
Aldehydes and Ketones

3.1 Abstract

One-pot transition-metal-free synthesis of aromatic aldehydes and ketones via
oxidative decarboxylation of arylacetic acids in water is developed. The protocol relies on
the direct decarboxylation of sp-hybridized carbon in water without any over oxidation
into carboxylic acids with minimal waste. The reaction mechanism is investigated and the

application of this protocol is demonstrated on a gram scale.

3.2 Introduction

Aldehydes and ketones are very important class of compounds and they have been
used extensively in wide areas of chemical synthesis." Evidently, the effort towards the
quick and short synthesis of aldehydes and ketones always has been desirable. Traditional
synthesis of aldehydes and ketones rely on activating the carboxylic acid into a Weinreb
amide? or into an acyl halide® with subsequent nucleophilic attack with hydrides or
organometallic species. One-step synthesis of ketones starting from carboxylic acids can
be achieved using excess of organolithium reagents; however formation of tertiary
alcohols is unavoidable.* These harsh conditions can lead to the erosion of stereochemical
purity thus leading to partial racemization.” Nevertheless, efforts have been made to
improvise the existing methods. Cyanocuprates have been explored to convert the
carboxylic acids directly into ketones.® Quick and efficient cleavage of carbon-carbon

bond is one of the most important challenges in organic synthesis.’

The selective cleavage of C-C o bond has greatly attracted the attention of
researchers in the recent times due to its inert nature. Undoubtedly, development of an
efficient protocol for the selective cleavage of C-C o bond is a great challenge and still
much to be explored for the effective utilization. Transition-metal-catalyzed
decarboxylation via C-C bond cleavage has been gaining a great importance due its
significant role in decarboxylative reactions.® Elegant and valuable protocols are
developed in this area for making carbon-carbon and carbon-heteroatom bonds starting
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from carboxylic acids and by cleaving the C-C bond « to the carboxylate group.® Also,
decarboxylation reactions were carried out at neutral reaction conditions and importantly
carbon dioxide liberated as a sole non-toxic by-product. Transition-metal-catalyzed
decarboxylation at sp“hybridized carbon is mostly explored in the literature and more
strikingly, decarboxylation at sp*hybridized carbon to introduce a functional group is

relatively rare and challenging.™

Very recently transition-metal-catalyzed synthesis of aldehydes and ketones 2 were
reported by Song and co-workers using aerobic oxidative decarboxylation of phenylacetic
acids 1 and a-hydroxyphenylacetic acids 4. This transformation was performed using
copper acetate and oxygen as a sole oxidant to afford the corresponding aldehydes and
ketones in modest to excellent yields (Scheme 3.1A). ' Likewise, a Cu,O-catalyzed
decarboxylative ammoxidation of phenylacetic acids 1 and a-hydroxyphenylacetic acids 4
with ammonia in water was also developed by Song and co-workers to afford the
corresponding amides 5 in modest to excellent yields (Scheme 3.1B).}? This
transformation involved the sequential decarboxylation, dioxygen activation, oxidative C-
H bond functionalization and amidation reactions in one-pot to afford the corresponding

primary aromatic amides 5.

R‘l (0]
R2 Cu(OAc),, O,
2
R<@)<cOOH DMSO, 120 °C R‘©)J\R (A)
1 R'=H ; R?= H, Alkyl or Aryl 2 (31-94%)

4 R'= OH; R?= H, Alkyl or Ary
1

R o)
H Cu,0, O,
+NHy ——————
R COOH 3 H,0, 130 °C R NHz (®)

1R'=H,4R"'=0H 5 (32-90%)

Scheme 3.1 Synthesis of aldehydes, ketones and amides
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Zang et al. explored the reactivity of cuprous salt for the novel synthesis of
aldehydes starting from methyl ketones in presence of oxygen.™* A wide range of aromatic
as well as aliphatic methyl ketones 6 were subjected to this copper-catalyzed reaction
under oxygen atmosphere at relatively higher temperature (120 'C) to afford the
corresponding aldehydes 2 in good to excellent yields (Scheme 3.2). This oxidative
transformation terminates at the aldehyde 2 stage, by releasing hydrogen (H2) and carbon

dioxide (COy) as by-products.

0 o)
Cul, O,
R DMSO, 120°C R ;
6 2 (64-97%)

Scheme 3.2 Synthesis of aldehydes from methyl ketones

Yang et al. described a decarboxylative non-aerobic oxidation of phenylacetic acid
1d to benzaldehyde 2d using cupric salts at high temperature and pressure in water (250
°C and 40 bar) (Scheme 3.3).)* The protocol mimicked the geochemically relevant

conditions to achieve the decarboxylative conditions to access aldehyde.

Geomimicry
CuCl, (0.2 molal aquious solution), Q
©/\COOH AcOH (0.1molal aquious solution)‘ @)J\H
250 °C, 40 bar
1d 2d

Scheme 3.3 Decarboxylative oxidation using geomimicry

Mirkhani and co-workers utilized the combination of iron(l11)/manganese(lll)
tetraphenylprorphyrins and tetrabutylammonium periodate as an oxidant for the effective
decarboxylation of carboxylic acids 1 to afford aldehydes and ketones 2 in 1,4-dioxane
under refluxing condition (Scheme 3.4).® The protocol gave a direct access to aldehydes

and ketones in moderate to excellent yields (57- 95 %).
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R4 o)

Mn(tpp)CI or Fe(tpp)ClI

R4= H, Alkyl or Aryl 2 (57-95 %)

Scheme 3.4 Iron/Manganese catalyzed decarboxylation to access aldehydes and ketones

All of these above mentioned protocols rely on transition metals, viz. copper, iron
and manganese for catalyzing the transformations.”> However, there are only countable
protocols for the oxidative decarboxylation of aryl carboxylic acids under transition-metal-

free conditions.

Telvekar et al. demonstrated the synthetic utility of hypervalent iodine reagent,
(diacetoxyiodo)benzene (PIDA) and catalytic amount of sodium azide in acetonitrile for
oxidative decarboxylation of 2-aryl carboxylic acids 1 into the corresponding aldehydes

and ketones 2 in good to excellent yields (up to 90 %, Scheme 3.5).""

R4 PIDA 1.5 equiv 'e)
NaN3 (0.1 equiv)
COOH MeCN, rt R2
1 R41=H, Alkyl or Aryl

2 (85-90%)
Scheme 3.5 PIDA/NaN3; mediated decarboxylation to afford aldehydes and ketones

Thus development of more easier, practical and non-hazardous protocol for the
synthesis of aldehydes and ketones via oxidative decarboxylation under transition-metal-
free conditions are highly desirable. There are ambiguities in defining a true ‘green
method’. However, some of the most accepted guiding principles such as minimal waste,
higher mass productivity; lower E-factor, non-toxicity etc. define the greener methods.
Practical, efficient and highly selective transition-metal-free transformations using
environmentally benign, less expensive and readily available reagents are gaining a great
importance for the last few years.'® As a part of our ongoing efforts to develop transition-
metal-free protocols,'® we herein, report an oxidative decarboxylative strategy for the
direct and clean synthesis of aldehydes and ketones without over oxidation into carboxylic

acids in water with a minimal waste and lower E-factor. This simple protocol uses
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potassium persulfate as a reagent and makes the novel use of it for the synthesis of

aldehydes and ketones starting from arylacetic acids.

3.3 Results and discussion

3.3.1 Optimization studies

In order to explore the transition-metal-free decarboxylative strategy for the direct
synthesis of aldehydes and ketones, we commenced our initial work with 4-methyl
phenylacetic acid 1a with K,S,0g as a model reaction (Table 3.1). Attempted reaction of
la with K;S,0g (2 equiv.) in CH3CN/H,0 (1:1) at room temperature (both in air and inert
condition) did not work even after prolonged reaction time (entry 1, Table 3.1).
Interestingly, when the reaction was carried out at elevated temperature (80 'C), to our
delight, the desired product, 4-methylbenzaldehyde 2a was formed in 75% isolated yield
(Table 3.1, entry 2) in 12 h. With this initial result in hand, further the reaction was
screened in different solvent conditions. However, the reaction was sluggish in CH3;CN
and DCE (entry 3 - 6) and afforded only a trace amount of desired product 2a. However,
the reaction in DCE/H,0O at 80 °C afforded the desired product in 60% vyield (entry 7).
Interestingly, the model reaction worked efficiently only in water at 80 'C affording the

desired product 4-methyl benzaldehyde 2a in 75% yield (entry 8).

Gratifyingly, with the elevated temperature (90 °C) under aerial condition reaction
afforded the compound 2a in excellent yield of 85% (entry 9). Oxidants such as PIDA,
PIFA and Oxone were found to be ineffective reagents for the desired transformation
(entry 10-12). Attempts to lower the reaction temperature resulted in lower yield with
incomplete conversion of the starting material (entry 13). Reactions under oxygen or open
air atmosphere did not change the course of the reaction and also did not have any
significant effect on the yield or reaction time (entry 9, 14). Reaction did not work in the
absence of potassium persulfate (entry 15). After extensive screening of solvents and
different temperatures, the optimum reaction condition was emerged as 4-methylphenyl
acetic acid 1a (1 equiv.), K»S;0g (2 equiv.) at 90 °C in water under aerial atmosphere
(entry 9, Table 3.1) in 12 h.
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It is also important to note that persulfates are very popular for their ability to
oxidize variety of contaminants in ground water via ‘in situ chemical oxidation’ (ISCO).20

Persulfates are known to be benign, eco-friendly or green and low cost reagent.?!
Table 3.1. Optimization of the reaction conditions**

o]

/©/\ COOH K2S20s - /@)J\H
Solvent,Temp
1a 2a

Entry Reagent  Solvent Temp  Atm  Yield®
(’C) (%)

1 K2S,04 CH3CN/H,0 (1:1) rt air NR

2 K2S,0s CH3CN/H,0 (1:1) 80 air 75

3 K2S,0s CH3;CN reflux  air trace

4 K5S,04 CH3CN reflux. O trace

5 K5S,04 MeOH reflux  air NR

6 K2S20s DCE 90 O, Trace

7 K2S,04 DCE/ H,0 (1:1) 80 air 60

8 K2S,04 H,O 80 air 75

9 K;S,04 H,0 90 air 85

10 PIDA H,0 90° air 27

11 PIFA H,0 90° air 21

12 Oxone H,O 90° air 15

13 K2S,04 H,O 50 air 20

14 K,S20s H,0 90 O, 83

15 - H.0 90 air -

®Reaction conditions: 4-methylphenyl acetic acid 1a (1 equiv.), potassium persulfate (2
equiv.), solvent (2 mL) under corresponding atmosphere for 12 h, "lsolated yield after

purification by column chromatography. “reactions did not work at rt.
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3.3.2 Substrate scope for aldehydes and ketones

Encouraged by the initial success and with an optimized reaction condition in
hand; we explored the substrate scope of the method. Under optimum reaction conditions
arylacetic acids (1a-10) possessing the electron-donating as well as electron withdrawing
groups reacted smoothly by affording the corresponding aldehydes (2a-20) in moderate to
good yields (Table 3.2). 1-naphthylacetic acid 1p reacted smoothly and gave the
corresponding naphthaldehyde 2p in 80% vyield. Similarly, the heteroaromatic acid such as
2-thienylacetic acid 1g under reaction conditions afforded the 2-thienylcarboxylaldehyde
(29). o-Substituted phenyl acetic acids (1r-1w) under optimum reaction conditions

afforded the corresponding ketones (2r-2w) in excellent yields (86-92%, Table 3.2).

The anti-inflammatory drug, ibuprofen 1u afforded the corresponding ketone®® 2u
in excellent yield as well. Interestingly, the amino acid phenyl glycine 1x afforded
benzaldehyde 2d instead of the anticipated amide. Probably, imine might have formed
during the course of reaction, which upon hydrolysis resulted in 2d. The position of the
substituents on the ring had no significant and noticeable effect on the reaction rate and
yields. Functional group such as hydroxyl, chloro, bromo, methoxy and nitro were well
tolerated. However, unfortunately, attempted reactions of aliphatic acids such as 3-

butenoic acid, tert-butyl acetic acid and valeric acid did not afford the desired products.
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Table 3.2. Oxidative decarboxylation of arylacetic acids to aldehydes and ketones®”

R O

@)\CoOH K,S,05 (2 equiv.) | SN R
& H,0, 90 °C,12 h %
R'/1 2 R’/2

R = H, Alkyl, Aryl

2a (85%) 2b (77%) 2¢ (80%) 2d (78%) 2e (70%
Senh o uulic T W
2f (73% Zg (65% 2h (62% 2i (67% 2j (63%
ot act oot o Q
2k (77%) 21 (73%) 2m (72%) 2n (77%) 20 (68%)
“ T ‘*‘ ©* D*
2p (80%) 2q (75%) 2r (92%) 2s (90%) 2t (87%)
2u (89%) 2v (90%) 2w (86%)

®Reaction conditions: arylacetic acid 1 (1equiv.), potassium persulfate (2 equiv.), water (2
mL) open atmosphere; reaction was monitored by TLC. °lsolated yield after purification

by column chromatography.
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3.3.3 Gram Scale Synthesis

To make the protocol more general and for the wider applicability we
demonstrated the synthesis of benzaldehyde 2d (83%) and benzophenone 2r (93%) on a
gram scale starting from the corresponding arylacetic acids 1d and 1r respectively under

optimum conditions (Scheme 3.6).

©/\COOH K2S,03 (2 equiv.) @
H,0, 90 °C

1d (1 equiv.) 2d (83 %)
COOH
KzSzOs (ZeqUIV
0 ()™ rome O ®

(1 equiv.) 2r (93 %)

Scheme 3.6 Gram scale synthesis of benzaldehyde and benzophenone

During the optimization we observed that reaction worked efficiently in water
under atmosphere of air as well as oxygen. Effective minimization of reagents in this
protocol led to a minimal waste (free from halogen and transition metals), thus producing
only 3.5 g of waste for every 1 g of the product formed. It is also gratifying to note that
this one pot reaction with E (environmental) factor of 3.49% and mass productivity of 23%
(mass intensity 4.5)% satisfies the defined metrics® for the cleaner and greener chemical

processes (see Experimental Section, 3.7.2 for the calculation details).

3.4 Mechanistic Investigations

In order to investigate and elucidate the reaction mechanism few control
experiments were carried out. Compound 1a when treated with K,S,0g (2 equiv.) in water
under inert conditions afforded the corresponding aldehyde 2a in good yield (80%, eq i,

Scheme 3.7). This experiment indicates that oxygen did not have any role in the reaction
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mechanism. Interestingly, reaction did not work in the absence of water (eq ii, Scheme
3.7).

@)

COOH K2820s H (i)
H,0
90 °C 2a (80%)

1a
0
COOH  K2S,0g, O, /©)‘\H i
Dry CH4CN

1a 90 °C 2a (Trace)

Scheme 3.7 Control experiments

3.4.1"%0 labelling experiment

To validate the role of water in the reaction, compound 1r was treated with K,S;0g
(2 equiv.) in labeled water (H,™0, 97%) under inert condition for 12 hours. To our delight
we isolated the corresponding 2r’ in excellent yield (81%, Scheme 3.8). Presence of 20
was confirmed by the HRMS and GC-mass spectrometry (**0 content 96.3%, see
Experimental Section, 3.7.4 ). It is very significant to note that this protocol gives a direct
access to prepare *20-labeled aldehydes and ketones quantitatively without resorting to an

exchange experiment (Scheme 3.8).

O 180
KZSZOB (2 eqUiV)
COOH H2180, 90 °C O O

1r, 1equiv 2r' (81%)

Scheme 3.8 *°0 labelling experiment
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3.4.2 Radical quenching experiment

Later, to gain further insight into the mechanism, diphenylacetic acid 1r was
treated with TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl) under standard optimum
reaction conditions. The result showed that reaction did not proceed even after prolonged
reaction time indicating that TEMPO inhibited the radical pathway (Scheme 3.9).

)
O K28208 (2 eqUiV)
COOH TEMPO (2 equiv) O O
H,0, 90 °C

1r, 1equiv 2r (Trace)

Scheme 3.9 Radical quenching experiment

3.5 Proposed Mechanism

Based on our investigations and previous literature?® we propose that sulfate anion
radical (SO;") (produced by the decomposition of potassium persulfate) upon reaction

with phenylacetic acid 1d generates benzyl radical | by the extrusion of carbon dioxide

K,S,0g Y h,0

lA SO, |—’

i
1d co, 1 v
-H

0 l OH

+
H

-H*
2d \

Scheme 3.10. Plausible mechanism for the formation of aldehyde and ketones

(Scheme 3.10). SO,™ further oxidizes the benzyl radical | to the corresponding benzyl

carbocation 11 via one electron oxidation. This reactive species reacts with water to form
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the corresponding benzyl alcohol I11. The persulfate anion radical further oxidizes benzyl
alcohol to the corresponding intermediates 1V and V. Ultimately, the loss of proton from
V would afford the desired product, benzaldehyde 2d. Alternatively, intermediate 1V
would directly afford benzaldehyde 2d by the loss of hydrogen radical (Scheme 3.10).

3.6 Conclusions

In conclusion we have demonstrated a one-pot protocol for the direct and clean
transformation of arylacetic acids to aldehydes and ketones in water with minimal waste.
The protocol employed environmentally friendly and less expensive K,S,0g as reagent,
and commercially available arylacetic acids without any over oxidation. Method also
demonstrated the direct access to *°O-labeled aldehydes and ketones without relying on
any exchange experiment. Experimental conditions are simple and above all reaction is
carried out only in water and it has been demonstrated on a gram scale for wider

application.

83



3.7 Experimental Section

3.7.1 General

All reagents were purchased from commercial sources and used as received, unless
otherwise indicated. Thin-layer chromatography (TLC) was performed using silica gel 60
GFs4 pre-coated aluminium backed plates (2.5 mm). *H NMR and *C NMR were
recorded in CDCls. Chemical shifts in "H NMR spectra are reported as & in units of parts
per million (ppm) downfield from tetramethylsilane with the solvent resonance as the
internal standard, J values are given in Hz. *C NMR data are reported as & in ppm
downfield from tetramethylsilane and relative to the signal of Chloroform-d. *C-NMR
spectra were recorded with complete proton decoupling. Mass samples were analyzed by
high-resolution mass spectrometry (HRMS) using ESI TOF (+ ve ion mode). IR spectra
were obtained using a FT-IR spectrophotometer as neat and are reported in cm™. All
reactions were carried out in dried glassware. Distilled water was used for the reaction. All
purchased chemicals were used without further purification. Column chromatography was
carried out using silica gel.
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3.7.2 E Factor, Mass Productivity and Mass Intensity for Aldehyde and Ketone-

Representative Examples:

For the synthesis of Benzophenone 2r:

COOH 0
+ K;S,0g ——— + CO,
Ph” “Ph H>0 Ph)J\Ph
200 mg 509 mg 158 mg

Total amount of reactant = 200mg + 509mg = 709mg

Amount of product = 158mg

Amount of waste =709mg - 158mg = 551mg
Amount of waste 551

E Factor = =
Amount of product 158

E Factor = 3.49

Amount of product
Mass productivity = X 100
Total amount of reactant

158
= X100
709

Mass productivity = 22.58 %

Total amount of reactant

Mass Intensity =
Amount of product

709

158

Mass Intensity = 4.48
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For the synthesis of 4-methyl benzaldehyde 2a:

(0]
H
COOH | K,S,05 ————> ﬁ + CO,
H,0

200 mg 720 mg 136 mg

Total amount of reactant = 200mg + 720mg = 920mg

Amount of product = 136mg

Amount of waste =920mg - 136mg = 784mg
Amount of waste 784

E Factor = = —
Amount of product 136

E Factor =5.76

Amount of product
Mass productivity = X100
Total amount of reactant

136
= X100
920

Mass productivity = 14.78 %

Total amount of reactant

Mass Intensity =
Amount of product

920

136

Mass Intensity 6.76

86



3.7.3 General Procedure for the preparation of Aldehydes and Ketones from Aryl

acetic acids:

In an oven dried tube containing a mixture of 4-methyl phenyl acetic acid 1a (200 mg,
1.33 mmol) and potassium persulfate (360 mg, 2.66 mmol), water (2 mL) was added and
heated at 90 °C for 12 h. Upon completion of the reaction (monitored by TLC), the
reaction mixture was cooled to room temperature (24 °C) and it was extracted with ethyl
acetate (3 x 5 mL). The crude product was purified by column chromatography to furnish

compound 2a as colorless liquid (136 mg, 85% yield).

4-methylbenzaldehyde (2a):

/©/CHO

2a

IR (neat) cm™: 2827, 2734, 1689; *H NMR (400 MHz, CDCls) § 9.95 (s, 1H), 7.77 (d, J =
8.1 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 2.43 (s, 3H); *C NMR (100 MHz, CDCl3) 8 192.1,
145.7, 134.3, 129.8, 130.0, 22.0; HRMS (ESI TOF) m/z calcd for CgHsO [M + HJ*
121.0653, found 121.0654.

2-methylbenzaldehyde (2b):

2b

The compound 2b was synthesized starting from 1b following the general procedure
described for 2a; the compound 2b was obtained as a colourless liquid. (124 mg,
77%yield). IR (neat) cm™: 2857, 2736, 1690; *H NMR (400 MHz, CDCls3) § 10.27 (s, 1H),
7.80 (dd, J = 7.6, 1.4 Hz, 1H), 7.48 (td, J = 7.5, 1.5 Hz, 1H), 7.36 (t, J = 7.5 Hz, 1H), 7.27
(d, J = 2.8 Hz, 1H), 2.67 (s, 3H); *C NMR (100 MHz, CDCls) & 192.9, 140.7, 134.3,
133.8, 132.2, 131.9, 126.4, 19.7; HRMS (ESI TOF) m/z calcd for CgHgO [M + H]*
121.0653, found 121.0658.
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3-methylbenzaldehyde (2c):

2c

The compound 2c¢ was synthesized starting from 1c following the general procedure
described for 2a; the compound 2c was obtained as a colourless oil (129 mg, 80% vyield).
IR (neat) cm™: 2826, 2728, 1694; *H NMR (400 MHz, CDCl3) 6 9.98 (s, 1H), 7.68 — 7.66
(m, 2H), 7.45 — 7.39 (m, 2H), 2.43 (s, 3H); *C NMR (100 MHz, CDCls) 5 192.67, 139.0,
136.6, 135.4, 130.1, 129.0, 127.3, 21.3;HRMS (ESI TOF) m/z calcd for CgHgO [M + H]*
121.0653, found 121.0657.

Benzaldehyde(2d):

©/CHO

2d

The compound 2d was synthesized starting from 1d following the general procedure
described for 2a; the compound 2d was obtained as a colourless liquid (121 mg, 78%
yield). IR (neat) cm™:2818, 2738, 1694; *H NMR (400 MHz, CDCl3) & 10.02 (s, 1H), 7.89
—7.87 (m, 2H), 7.65 — 7.61 (m, 1H), 7.55 — 7.51 (m, 2H); *C NMR (100 MHz, CDCls) 5
192.6, 136.5, 134.6, 129.9, 129.1; HRMS (ESI TOF) m/z calcd for C;HgO [M + H]*
107.0497, found 107.0501.

2-methoxy benzaldehyde (2e):

o

2e |

The compound 2e was synthesized starting from le following the general procedure
described for 2a; the compound 2e was obtained as a yellowish liquid (115 mg, 70%
yield). IR (neat) cm™: 2849, 2763, 1682; 'H NMR (400 MHz, CDCl3) & 10.46 (s, 1H),
7.81 (dd, J = 7.7, 1.8 Hz, 1H), 7.56 — 7.52 (m, 1H), 7.03 — 6.97 (m, 2H), 3.91 (s, 3H); *°C
NMR (100 MHz, CDCI3) 6 190.0, 161.9, 136.1, 128.6, 124.9, 120.7, 111.7, 55.7; HRMS
(ESI TOF) m/z calcd for [M + H]* 137.0602, found 137.0605.
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4-methoxy benzaldehyde (2f):

/©/CHO
(@]

| 2f

The compound 2f was synthesized starting from 1f following the general procedure
described for 2a; the compound 2f was obtained as a yellowish liquid (120 mg, 73%
yield). IR (neat) cm™: 2838, 2740, 1681; 'H NMR (400 MHz, CDCls) & 9.87 (s, 1H), 7.82
(d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H); *C NMR (100 MHz, CDCls) &
190.9, 164.7, 132.1, 130.0, 114.4, 55.7; HRMS (ESI TOF) m/z calcd for CgHgO, [M + H]*
137.0602, found 137.0607.

3-methoxy benzaldehyde (29):

©/CHO

0
2g

The compound 2g was synthesized starting from 1g following the general procedure
described for 2a; the compound 2g was obtained as a yellowish liquid (107 mg, 65%
yield). IR (neat) cm™: 2838, 2731, 1695; *H NMR (400 MHz, CDCls) 5 9.97 (s, 1H), 7.46
—7.42 (m, 2H), 7.39 (d, J = 2.1 Hz, 1H), 7.19 — 7.16 (m, 1H), 3.86 (s, 3H); *C NMR (100
MHz, CDCl3) 6 192.3, 160.3, 137.9, 130.2, 123.7, 121.7, 112.1, 55.6; HRMS (ESI TOF)
m/z calcd for CgHgO, [M + H]* 137.0602, found 137.0607.

3,5-dimethoxy benzaldehyde (2h):

/O\©/CHO

0
2h
The compound 2h was synthesized starting from 1h following the general procedure
described for 2a; the compound 2h was obtained as a light yellow solid (110 mg, 62%
yield) m.p.: 47-49°C: IR (neat) cm™: 2840, 2729, 1697; *H NMR (400 MHz, CDCls) &
9.89 (s, 1H), 6.99 (s, 2H), 6.69 (s, 1H), 3.83 (s, 6H):*C NMR (100 MHz, CDCl3) § 192.0,
161.3, 138.5, 107.3, 107.2, 55.7; HRMS (ESI TOF) m/z calcd for CoH1Os [M + H]*
167.0708, found 167.0712.
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3,4-dimethoxy benzaldehyde (2i):

The compound 2i was synthesized starting from 1i following the general procedure
described for 2a; the compound 2i was obtained as a pale yellow solid (112 mg, 67%
yield). m.p.: 41-43°C; IR (neat) cm™: 2838, 2755, 1678; ‘H NMR (400 MHz, CDCls) &
9.86 (s, 1H), 7.47 (dd, J = 8.2, 1.9 Hz, 1H), 7.42 (d, J = 1.8 Hz, 1H), 6.99 (d, J = 8.2 Hz,
1H), 3.97 (s, 3H), 3.95 (s, 3H); **C NMR (100 MHz, CDCl3) & 191.0, 154.5, 149.6, 130.2,
127.0, 110.4, 108.9, 56.2, 56.0; HRMS (ESI TOF) m/z calcd for CgH1g0s [M + H]
167.0708, found 167.0713.

3,4-dihydroxy benzaldehyde (2j):

CHO
HO ;

OH

2j
The compound 2j was synthesized starting from 1j following the general procedure
described for 2a; the compound 2j was obtained as a pale yellow solid (104 mg, 63%
yield). m.p.: 152-155°C; IR (neat) cm™: 3285, 3217, 2958, 2913, 1649; *H NMR (400
MHz, DMSO-dg) & 9.70 (s, 1H), 7.27 (dd, J = 8.0, 2.0 Hz, 1H), 7.24 (d, J = 1.9 Hz, 1H),
6.91 (d, J = 8.0 Hz, 1H); *C NMR (100 MHz, DMSO-dg) & 191.2, 152.2, 146.0, 129.0,
124.6, 115.6, 114.4; HRMS (ESI TOF) m/z calcd for C;HgO3 [M + H]* 139.0395, found
139.0394.

4-Chloro benzaldehyde (2k)

/©/CHO
of

2k

The compound 2k was synthesized starting from 1k following the general procedure

described for 2a; the compound 2k was obtained as a white solid (126 mg, 77% yield).

m.p.: 47-49 °C; IR (neat) cm™: 2858, 2761, 1688; *H NMR (400 MHz, CDCls) § 9.99 (s,

1H), 7.83 (d, J = 8.5 Hz, 2H), 7.52 (d, J = 8.4 Hz, 2H); **C NMR (100 MHz, CDCl3) §
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191.0, 141.1, 134.8, 131.0, 129.6; HRMS (ESI TOF) m/z calcd for C;HsCIO [M + H]"
141.0107, found 141.0112.

2-chloro benzaldehyde (21):
CHO
L,
21

The compound 2l was synthesized starting from 11 following the general procedure
described for 2a; the compound 2l was obtained as a colourless liquid (121 mg, 73%
yield). IR (neat) cm™: 2870, 2755, 1691; *H NMR (400 MHz, CDCls) & 10.48 (s, 1H),
7.92 (dd, J = 7.7, 1.7 Hz, 1H), 7.53 (ddd, J = 8.3, 7.1, 1.8 Hz, 1H), 7.45 (dd, J = 8.1, 1.0
Hz, 1H), 7.38 (td, J = 7.9, 1.3 Hz, 1H); *C NMR (100 MHz, CDCls) & 190.0, 138.1,
135.3, 132.5, 130.7, 129.5, 127.4; HRMS (ESI TOF) m/z calcd for C;HsCIO [M + H]
+141.0107, found 141.0112.

2-bromo benzaldehyde (2m):

CHO
@Br
2m

The compound 2m was synthesized starting from 1m following the general procedure
described for 2a; the compound 2m was obtained as a colourless liquid (124 mg, 72%
yield). IR (neat) cm™: 2863, 2750, 1691; *H NMR (400 MHz, CDCls) & 10.35 (s, 1H),
7.92 — 7.89 (m, 1H), 7.64 (dd, J = 7.3, 1.4 Hz, 1H), 7.45 — 7.42 (m, 2H); **C NMR (100
MHz, CDCl3) 6 192.0, 135.5, 134.0, 133.6, 130.0, 128.0, 127.2; HRMS (ESI TOF) m/z
calcd for C;HsBrO [M + H]" 184.9602, found 184.9604.

4-Bromo benzaldehyde (2n) :

Br

2n

The compound 2n was synthesized starting from 1n following the general procedure
described for 2a; the compound 2n was obtained as a light yellow solid (132 mg, 77%
yield). m.p: 55-57°C; IR (neat) cm™: 2823, 2727, 1696; *H NMR (400 MHz, CDCls) &
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9.98 (s, 1H), 7.75 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H); *C NMR (100 MHz,
CDCI3) 6 191.2, 135.2, 132.6, 131.1, 129.9; HRMS (ESI TOF) m/z calcd for C;HsBrO [M
+ H]" 184.9602, found 184.9604.

4-nitro benzaldehyde (20):

/©/CHO
O5N

20

The compound 20 was synthesized starting from 1o following the general procedure
described for 2a; the compound 20 was obtained as a yellow solid (113 mg, 68% yield).
m.p.: 104-106°C; IR (neat) cm™: 2848, 2733, 1706; *H NMR (400 MHz, CDCl3) & 10.16
(s, 1H), 8.40 (d, J = 8.7 Hz, 2H), 8.08 (d, J = 8.8 Hz, 2H); *C NMR (100 MHz, CDCls) &
190.5, 151.2, 140.2, 130.6, 124.5; HRMS (ESI TOF) m/z calcd for C;HsNOs; [M + H]*
152.0348, found 152.0352.

1-naphthaldehyde (2p):
O 0
O H
2p

The compound 2p was synthesized starting from 1p following the general procedure
described for 2a; the compound 2p was obtained as a colourless liquid (134 mg, 80%
yield). IR (neat) cm™: 2852, 2727, 1682; *H NMR (400 MHz, CDCl3) & 10.40 (s, 1H),
9.26 (d, J = 8.1 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 7.99 (d, J = 7.1 Hz, 1H), 7.92 (d, J = 8.2
Hz, 1H), 7.72-7.68 (m, 1H), 7.65 — 7.58 (m, 2H); *C NMR (100 MHz, CDCl3) & 193.7,

136.9, 135.4, 133.8, 131.5, 130.6, 129.2, 128.6, 127.1, 125.0; HRMS (ESI TOF) m/z calcd
for C11HgO [M + H]" 157.0653, found 157.0658.

Thiophene-2-carboxaldehyde (2q):

s
MCHO
2q

The compound 2g was synthesized starting from 1q following the general procedure
described for 2a; the compound 2qg was obtained as a yellow liquid (119 mg, 75% yield).
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IR (neat) cm™: 2820, 2714, 1677; *H NMR (400 MHz, CDCls) § 9.93 (s, 1H), 7.78 — 7.75
(m, 2H), 7.22 — 7.19 (m, 1H); *C NMR (100 MHz, CDCl3) & 183.1, 144.1, 136.4, 135.2,
128.4; HRMS (ESI TOF) m/z calcd for CsH40OS [M + H]™ 113.0061, found 113.0070.

Benzophenone (2r):
0

2r

The compound 2r was synthesized starting from 1r following the general procedure
described for 2a; the compound 2r was obtained as a white solid (158 mg, 92% yield)
m.p.:47-49°C; IR (neat) cm™: 1655. 'H NMR (400 MHz, CDCls) & 7.82 — 7.80 (m, 4H),
7.61—7.57 (m, 2H), 7.48 (t, J = 7.7 Hz, 4H); **C NMR (100 MHz, CDCls) 5 196.9, 137.7,
132.5, 130.2, 128.4; HRMS (ESI TOF) m/z calcd for C13H100 [M + H]" 183.0815, found
183.0816.

Acetophenone (25):
0

O,

2s

The compound 2s was synthesized starting from 1s following the general procedure
described for 2a; the compound 2s was obtained as a colourless liquid (144 mg, 90%
yield). IR (neat) cm™: 1680; *"H NMR (400 MHz, CDCls) & 7.97 — 7.94 (m, 2H), 7.58 —
7.54 (m, 1H), 7.46 (t, J = 7.6 Hz, 2H), 2.59 (s, 3H); *C NMR (100 MHz, CDCls) 5 198.3,
137.2, 133.2, 128.7, 128.4, 26.7; HRMS (ESI TOF) m/z calcd for CgHgO [M + H]*
121.0653, found 121.0655.

4-chloroacetophenone (2t):
O

SO

2t

The compound 2t was synthesized starting from 1t following the general procedure
described for 2a; the compound 2t was obtained as a colourless liquid (186 mg, 87%

93



yield). IR (neat) cm™:1682; *H NMR (400 MHz, CDCls) & 7.87 (d, J = 8.6 Hz, 2H), 7.40
(d, J = 8.6 Hz, 2H), 2.56 (s, 3H); *C NMR (100 MHz, CDCls) & 197.0, 139.7, 135.5,
129.8, 129.0, 26.7; HRMS (ESI TOF) m/z calcd for CgH,CIO [M + Na]* 177.0082, found
177.0083.

1-(4-isobutylphenyl)ethan-1-one (2u):
o]

¥en

2u

The compound 2u was synthesized starting from 1u following the general procedure
described for 2a; the compound 2u was obtained as a colourless liquid (152 mg, 89%
yield). IR (neat) cm™: 1683; 'H NMR (400 MHz, CDCl3) & 7.88 (d, J = 8.2 Hz, 2H), 7.23
(d, J = 8.3 Hz, 2H), 2.59 (s, 3H), 2.53 (d, J = 7.2 Hz, 2H), 1.89 (m, 1H), 0.91 (d, J = 6.7
Hz, 6H); *C NMR (100 MHz, CDCl3) & 198.1, 147.7, 135.0, 129.4, 128.4, 45.5, 30.2,
26.7, 22.4; HRMS (ESI TOF) m/z calcd for C1o,H160 [M + H]"177.1279, found 177.1284.

(3,4-dichlorophenyl)(phenyl)methanone (2v):
0

Cl I I

Cl
2v

The compound 2v was synthesized starting from 1v following the general procedure
described for 2a; the compound 2v was obtained as a white solid (160 mg, 90% yield).
m.p.: 99-103°C; IR (neat) cm™: 1660; *H NMR (400 MHz, CDCl3) & 7.90 (d, J = 1.9 Hz,
1H), 7.78 — 7.76 (m, 2H), 7.65 — 7.60 (m, 2H), 7.57 (d, J = 8.3 Hz, 1H), 7.53 — 7.49 (m,
2H); *C NMR (100 MHz, CDCls) & 194.4, 137.3, 137.2, 136.8, 133.1, 132.0, 130.6,
130.1, 129.2, 128.7; HRMS (ESI TOF) m/z calcd for C13HgCl,O [M + H]* 251.0030,
found 251.0033.
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1-(4-methoxyphenyl)ethan-1-one (2w):
0

S

2w

The compound 2w was synthesized starting from 1w following the general procedure
described for 2a; the compound 2w was obtained as a colourless liquid (144 mg, 86%
yield). IR (neat) cm™: 1672; 'H NMR (400 MHz, CDCl3) & 7.92 (d, J = 9.0 Hz, 2H), 6.91
(d, J = 9.0 Hz, 2H), 3.85 (s, 3H), 2.54 (s, 3H); *C NMR (100 MHz, CDCl3) & 196.9,
163.6, 130.7, 130.4, 113.8, 55.5, 26.4; HRMS (ESI TOF) m/z calcd for CgH100; [M + H]*
151.0759, found 151.0766.

Gram Scale Synthesis of Benzophenone 2r:

In an oven dried tube containing a mixture of diphenyl acetic acid 1r (1 g, 4.71
mmol) and potassium persulfate (2.55 g, 9.42mmol), water (10 mL) was added and heated
at 90 °C for 12 h. Upon completion of the reaction (monitored by TLC), the reaction
mixture was cooled to room temperature (24 °C) and it was extracted with ethyl acetate (3
X 15 mL). The crude product was purified by column chromatography to furnish

compound 2r as a white solid (0.809 g, 93% yield).

0]
O KzSzOg (2equiv)
o e (T

1r, 1equiv 2r, 93%

Gram Scale Synthesis of Benzaldehyde 2d:

In an oven dried tube containing a mixture of phenyl acetic acid la (1 g, 7.34
mmol) and potassium persulfate (3.97g, 14.69 mmol), water (10 mL) was added and
heated at 90 °C for 12 h. Upon completion of the reaction (monitored by TLC), the
reaction mixture was cooled to room temperature (24 °C) and it was extracted with ethyl
acetate (3 x 15 mL). The crude product was purified by column chromatography to furnish
compound 2a as a colourless liquid (0.648 g, 83% yield).
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(@)
©/\COOH K2S,0g (2 equv.)
H
H,0, 90°C

1d (1equiv) 2d (83 %)

Radical Quenching Experiment:

In an oven dried tube containing a mixture of diphenyl acetic acid 1r (50 mg, 0.24 mmol),
potassium persulfate (127 mg, 0.47 mmol) and TEMPO (74 mg, 0.47 mmol), water (0.5

mL) was added and heated at 90 °C for 12 h. Reaction gave trace amount of 2r.

® ;
K5S,0g5 (2equiv)
O COOH TEMPO (2 equiv) O O

H,0, 90°C

1r (1equiv) 2r (Trace)

3.7.4 General Procedure for 20 labelling experiment:

In an oven dried glass vial containing a mixture of diphenyl acetic acid 1r (20 mg,
0.09 mmol) and potassium persulfate (51 mg, 0.19 mmol), *O-water (H,**0) (50 pL)
was added. The reaction was heated at 90°C for 12 h under inert atmosphere. Upon
completion of the reaction (monitored by TLC), the reaction mixture was cooled to room
temperature (24 °C) and it was extracted with ethyl acetate (3 x 2 mL). The crude product
was purified by column chromatography to furnish pure compound 2r’ (**0 labelled

Benzophenone) as a white solid (14 mg, 81% yield).

Product was confirmed by using HRMS and GC-MS.
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1r 1equiv

HRMS:

HRMS (ESI TOF) m/z calcd for C13H100 [M + H] + 185.0852, found 185.0857.

(See page S14 and S15 for spectra)
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GC-MS:

Molecular ion peak M* at 184 and M/Z at 107 indicate *®O-labeled benzophenone as

a product.
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3.8 Appendix I1: *H, 3C spectral data of representative compounds

Compound No. Figure AllLLX Data Page No.
2a Figure I11.1 and 111.2 'H and *C 100
2e Figure 1.3 and 111.4 'H and C 101
2u Figure 111.5 and 111.6 'H and C 102
2v Figure I11.7 and 111.8 'H and °C 103
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Figure 111.1 *H NMR (400 MHz, CDCls) spectrum of compound 2a
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Figure 111.2: *C NMR (100 MHz, CDCls) spectrum of compound 2a
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Figure 111.4: **C NMR (100 MHz, CDCls) spectrum of compound 2e
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Figure 111.6: **C NMR (100 MHz, CDCl5) spectrum of compound 2u
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[ Chapter 4 ]

Transition-Metal-Free Synthesis of Primary to
Tertiary Carboxamides: A Quick Access to
Prodrug-Pyrazinecarboxamide
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Transition-Metal-Free Synthesis of Primary to Tertiary
Carboxamides: A Quick Access to Prodrug-
Pyrazinecarboxamide

4.1 Abstract

One-pot expedient and direct carbamolyation of nitrogen heterocyclics is
described. The transformation is realized via the direct dehydrogenative
aminocarbonylation of heterocyclic compounds under transition-metal-free conditions.
This method is regioselective and the protocol is proved to be scalable in gram quantity.
Further, the therapeutically useful antitubercular agent pyrazinecarboxamide is

successfully synthesized by employing this protocol.

4.2 Introduction

Carboxamide is a very important and useful functional group and heterocyclic
carboxamides are significant structural scaffolds in many materials, natural products and
bioactive compounds.* Diflufenican 4 (Figure 4.1) is a selective herbicide for both pre-
emergence and early post-emergence weed control in winter cereals. It is effective against
a wide range of herbaceous weeds.!® Likewise, nicosulfuron 5 (Figure 4.1) is a
sulfonylurea herbicide used for selective post emergence control of annual and perennial

grasses in corn.’

F
FF

r
D INg P
F F \ 0
’
N L o9 N7
N N N ,/S\NJ\N)\\N o
= O H H
Diflufenican 4 Nicosulfuron 5

Figure 4.1. Bioactive compounds containing carboxamides
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Carboxamides are also useful synthetic building blocks for many pharmaceuticals
and agrochemicals.? Along with the traditional or conventional condensation reaction of
carboxylic acids/carboxylic acid derivatives and amines under harsher basic conditions or
using coupling reagents, many alternative strategies have been developed for the synthesis
of carboxamides in the recent years. Some of the various strategies including cross-
dehydrogenative coupling, amine dehydrogenation or oxidation reactions, transamidation
reactions, aldehyde-amine coupling reactions, and C-N coupling reactions have been
developed for the carboxamide synthesis in recent years.” Alternatively, transition-metal-
catalyzed protocols such as aminocarbonylation of aromatic and heteroaromatic halides,
direct carbamolyation of pyridines, and hydration of nitriles have been developed in

pursuit of achieving newer methods.®

Alsabeh et al. reported a palladium catalyzed direct aminocarbonylation of
(hetero)aryl bromides 6.%* The reaction of (hetero)aryl bromides 6 in presence of carbon
monoxide (CO), ammonia (NHz) and primary/secondary alkyl amines as reactive partners
and catalytic amount of Pd(OAc), and ligand Pyr-DalPhos 7 afforded the corresponding
(hetero)arylcarboxamides 3 in moderate to excellent yields (Scheme 4.1).

Pd (OAc), (3 mol%),

AN L (9 mol%) 7 SN N
R JBr — > R@—CONR1R2 N
N CO, HNR'R N |

6 1,4-dioxane, 140 °C 3 (56-96%) 7

R', R2 = H, Alkyl L = Pyr-DalPhos

Scheme 4.1 Palladium catalyzed aminocarbonylation

In order to avoid the direct use of CO and NHs; an alternative sources of CO and
NH3 were utilized for the synthesis of carboxamides. Suresh et al. reported a palladium
catalyzed aminocarbonylation of aryl and hetero aryl halides 6 using solid Co,(CO)s and
NH,4CI as sources of CO and NH3 respectively to the synthesize primary amides 3 in good
yields (69-89%, Scheme 4.2).¢
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Pd (OAc), (5 mol%)
dppf (6 mol%),
NH,4CI (2 equiv.),

/\ Imidazole (25 mol%) (\

R_: - Br » R~ CONH,
KN// DIPEA (2 equiv.) KN/)
6 COZ(CO)B (30 mol%), 3 (69-89%:)

1,4-dioxane, 90 °C

Scheme 4.2 Aminocarbonylation of heteroaryl bromides

However, these methods rely on transition metal salts and some of these methods
require the use of toxic and corrosive gases such as carbon monoxide and ammonia or
alternatively ammonia equivalents such as aqueous ammonia, ammonium carbamate and
other amine bases. All these methods require the use of transition metals and most of
them need pre-activated aryl/heteroaryl halides. However, the limitation of some of these
methods is that they are confined to primary carboxamides only with limited scope on
pyridines and found to be not suitable for the synthesis of secondary and tertiary
carboxamides. Likewise, methods did not work on quinoline and other heteroaromatics.
Altough aminocarbonylation via direct activation of N-protected formamide is known* yet
transition-metal-free carbamolyation of heteroaromatics via direct activation of formamide
and N, N-dimethylformamide has not been of much success till date. Some of the
examples of direct aminocarbonylation suffer from lower yields, mixture of
aminocarbonylated and dominating a-amidoalkylated side products, limited substrate
scope (mostly with pyridines and formamide), lower chemoselectivity, and moreover
methods were not studied in a great detail for the substrate scope.’

Michalic and co-workers reported a coupling reaction of thioquinanthrene 8 with
DMF 2c in the presence of hydroxylamine-O-sulfonic acid (HOSA) and ferrous sulfate to
afford the corresponding carboxamide 9. However, this reaction afforded N-
methylamidoalkylated product 10 along with monocarbamoylation product 9 in 3:1 (9:10)
ratio (Scheme 4.3).%
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H,SO4 SN NS
SNy HOSA, FeSO, /\ \ N | B
@ NoNg Y+ W e
Nx">g = DMF 2¢, H,0 -
80 °C \N 0) N
J
8

9 3:1 10

Scheme 4.3 Coupling reaction of thioquinanthrene with DMF

Sunlight induced carbamoylation of quinoline 1 in the presence of TiO; and H,0,
was reported by Caronna et al. using formamide 2a as a coupling partner to afford the

corresponding primary carboxamides 3 in low to moderate yields (Scheme 4.4).%

X
X hv R
R _ N/ NH,
N HCONH, 2a, H,SOy4, H,0,, (TiO»)

1 3 (19-60%) ©

Scheme 4.4 Sunlight induced carbamoylation of quinolone

Minisci et al. utilized ceric ammonium nitrate, N-hydroxyphthalimide (CAN-
NHPI) and formamide 2a for the direct carbamoylation of heteroaromatic bases 11.
Ce(IV)-NHPI system effectively generated nucleophilic carbamoyl radical by the
oxidation of formamide to afford the corresponding carboxamides 12 in moderate to very
good yields (Scheme 4.5).>

AN
N CAN
R +  HCONH, - R A _NH,
NG NHPI, CF;COOH N

11 2a 12 (52-90%)°

Scheme 4.5 Carbamoylation of heteroaromatic bases by Ce(IV) oxidation
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Zang et al. described benzaldehyde-mediated photoredox cross-dehydrogenative
coupling (CDC) reactions of nitrogen-containing heteroaromatics 1 with formamide 2a to

afford the corresponding carboxamides 3 in excellent yields (up to 95%, Scheme 4.6). >

(NH4)28208, TsOH.H 20

/@ 23 W CFL, PhCHO /\| X

] ]

AN PN NH,
1

EtOAc : HCONH, 2a = 1:1 N
29°C,24h 3 (15-95%) O

Scheme 4.6 Photoredox CDC reaction

Practical and expedient transition-metal-free protocols are gaining a great
importance® and are promising alternatives to the traditional methods as the contamination
due to the residual transition metals can be avoided at lower costs. Thus it is more
desirable to develop a sustainable transition-metal-free practical protocol for the direct
access of primary to tertiary carboxamides of different heteroaromatics. We have shown
considerable interest in developing transition-metal-free protocols’ and our ongoing
research activities prompted us to evaluate the method for the direct aminocarbonylation
using formamide, N-methylformamide and N,N-dimethylformamide by functionalizing the
C-H bond.

Based on the earlier literature,® and our previous experience it is known that
persulfate is an efficient oxidant and is a very good radical initiator and it could be
explored for the homolytic cleavage of formamide and other amides. Interestingly,

persulfates are known to be mild and benign and eco-friendly low cost reagents.’

As a part of our ongoing research programme on transition-metal-free protocols,
we herein in this chapter, report the direct aminocarbonylation of heteroaromatics via
cross-dehydrogenative coupling approach. This simple and user friendly protocol for
aminocarbonylation uses potassium persulfate and formamide/N-methylformamide

(NMF)/DMF as reagents to access primary to tertiary carboxamides with high selectivity.
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4.3 Results and discussion

4.3.1 Optimization studies

We commenced our initial work with pyridine 1a and formamide 2a as model
substrates (Table 4.1). The initial reaction of pyridine 1a and formamide 2a in presence of

Table 4.1. Screening and Optimization for the aminocarbonylation of pyridine®*

0O

) - it KS20s | \/ E
NT Y Solvent N “H
70°C, 12h o)
1a 2a 3aa
Temp ] )

Entry  Solvent o) Time (h)  Yield (%)°
1 DCE rt 12 NR?
2 DCE 50 12 trace
3 DCE 70 12 40
4 Formamide® rt 12 NR
5 Formamide® 50 12 50
6 Formamide® 70 12 79
7 H,O 70 12 30
8 THF 70 6 24
9 CH3CN 70 12 45
10 Formamide 100 12 Decomposed

®Reaction conditions: Pyridine la (1 equiv.), Formamide 2a (10 equiv.) potassium
persulfate (2 equiv.), solvent (2 mL) under aerial atmosphere for 12 h, "Formamide 2a was
used as substrate as well as solvent (20 equiv.), ‘Isolated yield after purification by column

chromatography. “reactions did not work at rt.

K2S,0g (2 equiv.) in DCE at room temperature (both in air and inert condition) did not
work even after prolonged reaction condition (entry 1, Table 4.1). However, at 50 °C trace

amount of product 3aa formed (entry 2, Table 4.1).While, heating the reaction mixture at
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70 °C afforded modest yield of the desired product 3aa (entry 3, Table 4.1). Interestingly,
when formamide 2a was used as solvent as well as substrate the reaction proceeded
smoothly at elevated temperature (70 °C), to afford the desired product 3aa in 79%
isolated yield (entry 6, Table 4.1) in 12 h. Whereas water, THF and acetonitrile were found
to be not good solvents for the desired transformation. After screening several solvents and
different temperature conditions optimum reaction condition was emerged as pyridine l1a
(1 equiv.), K,S,05 (2 equiv.) at 70 °C and formamide 2a (20 equiv, solvent as well as
reagent) under aerial atmosphere (entry 6, Table 4.1) in 12 h. With this optimized result in
hand, we explored the substrate scope of the method with different substrates and primary

to tertiary amides.

4.3.2 Synthesis of primary to tertiary heteroaryl carboxamides

Under optimum reaction conditions, substrates (1a-1m) possessing the electron-
donating as well as electron withdrawing groups reacted smoothly with formamide 2a to
afford the corresponding carboxamides (3aa-3ma) in moderate to good yields (Table 4.2).
Encouraged by this success we planned to explore the generality of the protocol by
exploring various substrates with secondary and tertiary formamides. Under the optimum
reaction conditions, substrates (1a-b, le-f) reacted smoothly with the N-methyl formamide
(NMF) 2b to afford the corresponding secondary carboxamides (3ab, 3bb, 3eb, 3fb) in
very good yields (see Table 4.3).

Further, the protocol was explored on quinoline and its derivatives (11, 1m) and
pyrazine (1n) with NMF 2b under the reaction conditions to afford the secondary
carboxamides (3lb, 3mb, 3nb) in very good yields (up to 85% vyield, See Table 4.3).
Further, the strength of the protocol was explored to access tertiary carboxamides using
DMF.

Earlier, in the literature it was observed that DMF 2c is relatively unreactive
towards the aminocarbonylation and known to give side products emanating from a-
amidoalkylation as major products. Different substrates 1a, le-g, 11-1m, 1o-p (pyridine,
quinoline, bipyridyl derivatives) were treated with the DMF 2c¢ under optimum reaction

conditions to afford the corresponding tertiary carboxamides (3ac, 3ec, 3fc, 3gc, 3lc, 3mc,
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3oc, 3pc) in moderate yields (See Table 4.3) . It is very important to note that we did not

observe any a-amidoalkylation side products. The position of the substituents on the ring

Table 4.2. Synthesis of primary to tertiary heteroaryl caboxamides®”

R": | )J\ _H KzSzOg R—l—/\ | |T|
\\\ P — + H N > \// i~ N\
N Y 70°C, 12 h N H
1a-p 2a 3 0
[ [ [ [
N/ NH2 N/ NH2 N/ NH2 N/ NH2
(@)
3aa (79%) 3ba (77%) 3ca (44%)° 3da (68%)
Et
| X
= NH
N 2
(0]
3ea (57%) 3fa (76% 3ga (67% 3ha (7 4%
3ia (62%) 3ja ( 59% 3ka (61%) 3la (76%)
Br N
| = NH
N 2
(0]

®Reaction conditions: Heteroaromatics 1 (1 equiv. ), Formamide 2a (20 equiv. 2 mL)
potassium persulfate (2 equiv.) under aerial atmosphere for 12 h, °Isolated yield after
purification by column chromatography. 3ca’ (5-methylpicolinamide) was obtained as
regioisomer along with 3ca (3ca:3ca’ 58:42).
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Table 4.3. Synthesis of secondary and tertiary heteroaryl caboxamides®”

N o) PPN,
RA- N -0 K»S208 rRi- | R
R - bz H N >~ R~ — N._,
N R 70°C, 12 h N R
1a-p 3 0

2b; R'= Me, R"= H
2¢; R'= Me, R"= Me

Et CN

N AN N X
l H | H l H l H

N/ AN N AN N AN N/ AN
3ab (75%) 3bb (79%) 3eb (72%) 3fb (84%)
3Ib (7 5% 3mb (7 4% 3nb (8 5% 3ac (46%)
3ec (51% 3fc (57% 3gc (50%) 3oc (44%)

= N
@ m >

3lc (51% 3mc (49%) 3pc (42%)

®Reaction conditions: Heteroaromatics 1 (1 equiv. ),NMF 2b or DMF 2c¢ (20 equiv. 2 mL)

potassium persulfate (2 equiv.) under aerial atmosphere for 12 h, °Isolated yield after

purification by column chromatography.

had no significant and noticeable effect on the reaction rate and yields. Different

functional group such as bromo, chloro, methoxy and cyano were well tolerated under the

reaction conditions. Method proved to be regio- and chemoselective for the a-

aminocarbonylation only and we did not observe any j-carboxamides and a-
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amidoalkylated side products. It is very significant to note that protocol gave access to

primary to tertiary carboxamides on various substrates including DMF and quinolines.

4.3.3 Gram scale synyhesis

Pyrazine carboxamide is known as Rifater or Tebrazid and is a prescribed
prodrug for the tuberculosis worldwide. In order to make this protocol practical and for the
wider applicability we demonstrated the synthesis of pyrazine carboxamide 3na (86%
yield) starting from 1n and formamide 2a using optimum reaction conditions (Scheme
4.7). Further, we synthesized pyrazine carboxamide 3na in a gram scale and the method
proved to be scalable. The method is simple and straightforward unlike the conventional
methods such as coupling of pyrazine carboxylic acid and formamide 2a via the activation

either by acid chloride or by coupling agents such as DCC/EDC'HCI.

[N\] K5S50g (2 equiv.) [
N” Formamide
70 °C, 12 h

1n (1 equiv.) 3na 90%
Pyrazinamide

Scheme 4.7. Gram scale synthesis of Pyrazine carboxamide

4.4 Mechanistic study
4.4.1 Radical quenching experiment

In order to understand and to gain further insight into the mechanism, pyridine 1a
and formamide 2a were treated with TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl)
under standard optimum reaction conditions. We observed that reaction did not proceed

even after prolonged reaction time thus indicating that the possible radical pathway was
inhibited by the TEMPO (Scheme 4.8).

K>S,0g (2 equiv)

| N Formamide | N
z NH
NG TEMPO (2 equiv) N 2
70°C, 12 h o
1a (1 equiv) 3a (Trace)

Scheme 4.8 Control experiment to understand the mechanistic pathway
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4.5 Proposed reaction mechanism

Based on the literature precedence'® and on our experimental observations we
propose that sulfate radical anion (SO,”) (produced in situ by the decomposition of
potassium persulfate under the reaction conditions) reacts with the amide such as DMF 2¢
to generate the carbamoyl radical | thus forming bisulfate anion (Scheme 4.9). In turn
alkaline pyridine is protonated and further undergoes the radical reaction with carbomyl
species | to generate the intermediate 1. This reactive species further gets aromatized by

reacting with the sulfate radical anion to afford the desired product 2ac (Scheme 4.9).

| N Me -
ve. AL, SO veo N[N so, [ ) e
. ~ e N Me Ty N PN
Me _ e | _ N Me
HSO, H O HSO, 5
2c | I 2ac
X X
Ol®
N N
H
1a

Scheme 4.9 Plausible mechanism for the formation of carboxamide

4.6 Conclusions

In summary, we have developed a transition-metal-free one-pot protocol that enables
the direct aminocarbonylation of few heterocycles. Straightforward and simple protocol
gives a direct access to primary to tertiary carboxamides employing user friendly and less
expensive K,S,0g as reagent. The protocol works well with usually unreactive substrates
such as NMF, DMF and quinoline and other heterocycles. Moreover, the protocol is clean
and did not give any side products emanating from competing a-amidoalkylation. Pyrazine
carboxamide a prescribed drug and this has been synthesized using our protocol and the

practicality of the protocol was demonstrated on a gram scale for the wider application.
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4.7 Experimental section

4.7.1 General

All reagents were purchased from commercial sources and used as received, unless
otherwise indicated. Thin-layer chromatography (TLC) was performed using silica gel 60
GFs4 pre-coated aluminum backed plates (2.5 mm). *H NMR and C NMR were
recorded in CDCls and DMSO-ds, Chemical shifts in *H NMR spectra are reported as § in
units of parts per million (ppm) downfield from tetramethylsilane with the solvent
resonance as the internal standard, J values are given in Hz. **C NMR are reported as & in
ppm downfield from tetramethylsilane and relative to the signal of Chloroform-d. *C-
NMR spectra were recorded with complete proton decoupling. Mass samples were
analyzed by High-resolution mass spectrometry using ESI TOF. IR spectra were obtained
using a FT-IR spectrophotometer as neat and are reported in cm™. All reactions were
carried out in dried glassware. All purchased chemicals were used without further

purification. Column chromatography was carried out using silica gel.

4.7.2 General experimental procedure for the synthesis primary carboxamides

In an oven dried glass tube containing a mixture of pyridine 1a (100 mg, 1.26
mmol), and potassium persulfate (683 mg, 2.53 mmol), formamide 2a (2 ml) was added
and the reaction mixture was heated at 70 °C. Upon the completion of the reaction
(monitored by TLC), saturated sodium bicarbonate solution (5 mL) was added and the
crude product was extracted in ethyl acetate (3 X 5 mL). The crude product was purified
by column chromatography to furnish compound 3aa as a white crystalline solid (122 mg,
79% yield)

N K,S,05 (2 equiv) | A
equiv
| 292U _ NH,
— . N
N Formamide 5
1a (1 equiv) 3aa
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Picolinamide (3aa)

X

| N LLE

(0]
3aa

m.p.; 109-111 °C; IR (neat) cm™: 3417, 3169,1659, 1584, 1389; ‘H NMR (400 MHz,
CDCls) 6 8.56 (d, J = 4.5 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.90 — 7.82 (m, 2H), 7.45 —
7.41(m, 1H), 6.38 (s, 1H):; *C NMR (100 MHz, CDCls) & 167.2, 149.6, 148.4, 137.5,
126.6, 122.5. HRMS (ESI TOF) m/z calcd for CeHgN,O [M + H]" 123.0558, found
123.0564.

4-methylpicolinamide(3ba)

X
bz NH
N 2

(@]
3ba

The compound 3ba was synthesized starting from 1b following the general procedure
described for 3aa; the compound 3ba was obtained as a white solid (113 mg, 77% yield)
m.p.: 125-128 °C; IR (neat) cm™: 3374, 3182, 2923,1681,1601,1363; *H NMR (400 MHz,
CDCl3) 6 8.41 (d, J = 4.9 Hz, 1H), 8.02 (s, 1H), 7.87 (s, 1H), 7.24 (d, J = 4.0 Hz, 1H), 6.16
(s, 1H), 2.41 (s, 3H); **C NMR (100 MHz, CDCls) & 167.4, 149.5, 148.9, 148.2, 127.4,
123.4, 21.2; HRMS (ESI TOF) m/z caled for C;HgN,O [M + H]® 137.0715, found
137.0721

3-methylpicolinamide(3ca)

The compound 3ca was synthesized starting from 1c following the general procedure
described for 3aa; the compound 3ca was obtained as a white solid (109 mg, 75% yield)
m.p.: 117-121 °C; IR (neat) cm™: 3425, 3190, 2923, 1686, 1455; *H NMR (400 MHz,
CDCl3) 6 8.39 (s, 1H), 8.09 (d, J = 7.9 Hz, 1H), 7.81 (s, 1H), 7.65 (d, J = 6.5 Hz, 1H), 5.69
(s, 1H), 2.41 (s, 3H); **C NMR (100 MHz, CDCls) & 167.1, 148.9, 147.2, 137.8, 136.9,
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122.2, 29.8; HRMS (ESI TOF) m/z calcd for C;HgN,O [M + H]" 137.0715, found
137.0722

3-methylpicolinamide(3da)

(0]
3da

The compound 3da was synthesized starting from 1d following the general procedure
described for 3aa; the compound 3da was obtained as a white solid (99 mg, 68% yield)
m.p.: 115-118 °C; IR (neat) cm™: 3436, 3150,1687,1585,1381; ‘H NMR (400 MHz,
CDCl3) & 7.93 (d, J = 7.7 Hz, 1H), 7.87 (s, 1H), 7.65 (t, J = 7.7 Hz, 1H), 7.22 (d, J = 7.4
Hz, 1H), 6.20 (s, 1H), 2.49 (s, 3H); **C NMR (100 MHz, CDCl3) & 167.4, 157.5, 149.0,
137.5, 126.2, 119.5, 24.3; HRMS (ESI TOF) m/z calcd for C;HgN,O [M + H]* 137.0715,
found 137.0721

4-ethylpicolinamide (3ea)

X
bz NH
N 2

3ea

The compound 3ea was synthesized starting from le following the general procedure
described for 3aa; the compound 3ea was obtained as a white solid (75 mg, 57% vyield).
m.p.: 90-91 °C; IR (neat) cm™: 3446, 3234, 2970, 1665, 1598, 1368; *H NMR (400 MHz ,
CDCls) & 8.43 (d, J = 4.9 Hz, 1H), 8.05 (s, 1H), 7.89 (s, 1H), 7.26 (dd, J = 5.1, 1.4 Hz,
1H), 6.23 (s, 1H), 2.71 (q, J = 7.6 Hz, 2H), 1.26 (t, J = 7.7 Hz, 3H); *C NMR (100 MHz,
CDCI3) 6 167.4, 154.8, 149.6, 148.4, 126.2, 122.2, 28.4, 14.3; HRMS (ESI TOF) m/z calcd
for CgH1oN,O [M + H]* 151.0871, found 151.0876.
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4-cyanopicolinamide (3fa)
CN
X

| N/ NH,

3fa©

The compound 3fa was synthesized starting from 1f following the general procedure
described for 3aa; the compound 3fa was obtained as a white solid (107mg, 76% yield)
m.p.: 250-254 °C; IR (neat) cm™: 3402, 3178, 2924, 2315, 2241, 1704, 1599, 1368; *H
NMR (400 MHz, DMSO-dg) 6 8.89 (dd, J = 5.0, 0.9 Hz, 1H), 8.34 (dd, J = 1.5, 0.9 Hz,
1H), 8.27 (s, 1H), 8.08 (dd, J = 5.0, 1.6 Hz, 1H), 7.89 (s, 1H); **C NMR (100 MHz,
DMSO-dg) 6 164.5, 151.4, 149.8, 128.2, 123.8, 121.0, 116.4; HRMS (ESI TOF) m/z calcd
for C;HsN3O [M + H]" 148.0511, found 148.0518.

5-cyanopicolinamide (3ga)
NC

3gaO

The compound 3ga was synthesized starting from 1g following the general procedure
described for 3aa; the compound 3ga was obtained as a white solid (95mg, 67% yield)
m.p.: 185-189 °C; IR (neat) cm™: 3738, 3461, 2169, 1709, 1513; *H NMR (400 MHz,
DMSO-ds) 6 9.06 (d, J = 1.8 Hz, 1H), 8.47 (dd, J = 8.2, 1.9 Hz, 1H), 8.28 (s, 1H), 8.14 (d,
J = 8.0 Hz, 1H), 7.89 (s, 1H); *C NMR (100 MHz, DMSO-ds) & 164.7, 152.9, 151.6,
141.9, 121.9, 116.7, 111.3; HRMS (ESI TOF) m/z calcd for C;HsN3O [M + H]" 148.0511,
found 148.0518.

4-chloropicolinamide (3ha)
Cl

N
P NH
N 2

3ha©

The compound 3ha was synthesized starting from 1h following the general procedure
described for 3aa; the compound 3da was obtained as a white solid (102 mg, 74% yield)
m.p.: 115-118 °C; IR (neat) cm™: 3351, 3175, 1684, 1425, 1177; *H NMR (400 MHz,
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CDCl3) 6 8.47 (d, J = 5.5 Hz, 1H), 8.20 (d, J = 1.9 Hz, 1H), 7.84 (s, 1H), 7.45 (dd, J = 5.3,
2.1 Hz, 1H), 6.47 (s, 1H); **C NMR (100 MHz, CDCl3) & 166.2, 150.9, 149.4, 146.0,
126.9, 123.3; HRMS (ESI TOF) m/z calcd for C¢HsCIN,O [M + H]" 157.0168, found
157.0175.

6-chloropicolinamide (3ia)

3ia©

The compound 3ia was synthesized starting from 1i following the general procedure
described for 3aa; the compound 3ia was obtained as a yellow solid (86 mg, 62% yield)
m.p.: 93-96 °C; IR (neat) cm™: 3459, 3186, 2908, 1685, 1569, 1383, 1182; *H NMR (400
MHz, CDCl3) 6 8.12 (d, J = 7.5 Hz, 1H), 7.83 (t, J = 7.8 Hz, 1H), 7.72 (s, 1H), 7.48 (d, J =
8.1 Hz, 1H), 6.39 (s, 1H); **C NMR (100 MHz, CDCls) & 165.9, 150.3, 149.9, 140.2,
127.6, 121.4; HRMS (ESI TOF) m/z calcd for C¢HsCIN,O [M + H]" 157.0168, found
157.0175.

6-bromo-4-methylpicolinamide (3ja)

X

|
Br” N~ NH;

3ja ©
The compound 3ja was synthesized starting from 1j following the general procedure
described for 3aa; the compound 3ja was obtained as a brown solid (74 mg, 59% vyield).
m.p.: 151-153 °C; IR (neat) cm™: 3425, 3147, 1704, 590, 1349, 815; *H NMR (400 MHz,
CDCl3) 8 7.98 (s, 1H), 7.66 (s, 1H), 7.45 (s, 1H), 6.02 (s, 1H), 2.40 (s, 3H). *C NMR (100
MHz, CDCl3) 6 165.7, 151.9, 150.2, 140.8, 131.5, 122.9, 21.0; HRMS (ESI TOF) m/z
calcd for C7H;BrN,O [M + H]* 214.9820, found 214.9828.

122



6-phenylpicolinamide (3ka)

3ka O

The compound 3ka was synthesized starting from 1k following the general procedure
described for 3aa; the compound 3ka was obtained as a white crystalline solid (79 mg,
61% vyield). m.p.: 175-177 °C; IR (neat) cm™: 3454, 3242, 1649, 1594; *H NMR (400
MHz, CDCl3) 6 8.17 (dd, J = 7.3, 1.3 Hz, 1H), 8.03— 8.00 (m, 3H), 7.93- 7.88(m, 2H),
7.53 — 7.44 (m, 3H), 5.96 (s, 1H); *C NMR (100 MHz, CDCls) & 167.0, 156.3, 149.5,
138.4, 138.3, 129.6, 129.0, 127.1, 123.4, 120.9; HRMS (ESI TOF) m/z calcd for
C12H10N20 [M + H]" 199.0871, found 199.0879.

guinoline-2-carboxamide (3la)

X

| NP NH2

3la ©

The compound 3la was synthesized starting from 11 following the general procedure
described for 3aa; the compound 3la was obtained as a white crystaline solid (102 mg,
76% vyield). m.p.: 130-132 °C; IR (neat) cm™: 3430, 3138, 1686, 1566, 1387; ‘H NMR
(400 MHz, CDCl3) 8 8.31 (s, 2H), 8.11 (d, J = 8.5 Hz, 2H), 7.88 (dd, J = 8.3, 1.0 Hz, 1H),
7.77 (ddd, J = 8.5, 6.9, 1.2 Hz, 1H), 7.64 — 7.60 (m, 1H), 6.11 (s, 1H); *C NMR (100
MHz, CDCl) 6 167.2, 149.5, 146.7, 137.6, 130.3, 130.0, 129.5, 128.2, 127.9, 118.9;
HRMS (ESI TOF) m/z calcd for C1oHgN,O [M + H]* 173.0715, found 173.0719.

6-bromoquinoline-2-carboxamide (3ma)
Br

3ma O

The compound 3ma was synthesized starting from 1m following the general procedure
described for 3aa; the compound 3ma was obtained as a white solid (88 mg, 72% yield)
m.p.: 228-230 °C; IR (neat) cm™: 3442, 3151, 2920, 1702, 1383; 'H NMR (400 MHz,
CDCl3) 6 8.33 (d, J = 8.5 Hz, 1H), 8.24 (d, J = 8.5 Hz, 1H), 8.06 (d, J = 2.1 Hz, 1H), 7.99
(d, J = 9.0 Hz, 2H), 7.84 (dd, J = 9.0, 2.2 Hz, 1H), 5.74 (s, 1H); *C NMR (100 MHz,
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CDCI3) 6 166.6, 149.8, 145.3, 136.6, 133.9, 131.6, 130.5, 130.0, 122.5, 119.9; HRMS (ESI
TOF) m/z caled for C1oH7BrN,O [M + H]* 228.1137, found 228.1138.

4.7.3 General experimental procedure for the synthesis secondary carboxamides

In an oven dried glass tube containing a mixture of pyridine 1a (100 mg, 1.26 mmol), and
potassium persulfate (683 mg, 2.53 mmol), N-methylformamide 2b (2 mL) was added and
the reaction mixture was heated at 70 °C. Upon the completion of the reaction (monitored
by TLC), saturated sodium bicarbonate solution (5 mL) was added and the crude product
was extracted in ethyl acetate (3 X 5 mL). The crude product was purified by column

chromatography to furnish compound 3ab as yellow oil (129 mg, 75% yield).

. X
X K5S,05 (2 equiv) | H
| AN
— i N ~
N N-methylformamide o
1a (1 equiv) 3ab

N-methylpicolinamide (3ab)
X

D
N ~

3ab O
IR (neat) cm™: 3402, 3149, 1645, 1389; *H NMR (400 MHz, CDCls) & 8.50 (d, J = 4.6 Hz,
1H), 8.17 (d, J = 7.9 Hz, 1H), 8.03 (s, 1H), 7.81 (td, J = 7.7, 1.7 Hz, 1H), 7.38 (ddd, J =
7.7, 4.9, 1.2 Hz, 1H), 3.00 (d, J = 5.2 Hz, 3H); *C NMR (100 MHz, CDCl3) & 165.1,
150.0, 148.1, 137.4, 126.1, 122.2, 26.2; HRMS (ESI TOF) m/z calcd for C;HgN,O [M +
H]", 137.0715 found 137.0721.
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N,4-dimethylpicolinamide (3bb)

X

ZT

N/ ~N

3bb O
The compound 3bb was synthesized starting from 1b following the general procedure
described for 3ab; the compound 3bb was obtained as a yellow liquid (128 mg, 79 %
yield). IR (neat) cm™: 3360, 3162, 1665, 1351; *H NMR (400 MHz, CDCls) & 8.35 (d, J =
4.9 Hz, 1H), 7.99 (s, 2H), 7.19 (d, J = 4.9 Hz, 1H), 2.99 (d, J = 5.1 Hz, 3H), 2.38 (s, 3H);
3¢ NMR (100 MHz, CDCI3) & 165.3, 149.8, 148.9, 147.9, 126.9, 123.0, 26.2, 21.2;
HRMS (ESI TOF) m/z calcd for CgH1oN,0 [M + H]*, 151.0871 found 151.0877.

4-ethyl-N-methylpicolinamide (3eb)

\

(0]
3eb

The compound 3eb was synthesized starting from le following the general procedure
described for 3ab; the compound 3eb was obtained as a yellow liquid (110 mg, 72%
yield). IR (neat) cm™: 3432, 3219, 2955, 1650, 1355; *H NMR (400 MHz, CDCls) & 8.38
(d, J = 4.9 Hz, 1H), 8.02 (d, J = 0.9 Hz, 2H), 7.21 (dd, J = 5.0, 1.7 Hz, 1H), 3.00 (d, J =
5.1 Hz, 3H), 2.69 (g, J = 7.6 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H); **C NMR (100 MHz,
CDCI3) 6 165.3, 154.8, 150.0, 148.1, 125.8, 121.8, 28.4, 26.2, 14.3; HRMS (ESI TOF) m/z
caled for CgH12N,0 [M + H]*, 165.1028 found 165.1035.

4-cyano-N-methylpicolinamide (3fb)
CN
X

N/ ~

O
3fb

ZT

The compound 3fb was synthesized starting from 1f following the general procedure
described for 3ab; the compound 3fb was obtained as a white solid (130 mg, 84% yield).
m.p.: 134-136 °C; IR (neat) cm™: 3390, 3162, 2907, 2301, 2231, 1688, 1583, 1350; ‘H
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NMR (400 MHz, CDCls) § 8.72 (d, J = 4.4 Hz, 1H), 8.41 (d, J = 1.1 Hz, 1H), 7.94 (s, 1H),
7.65 (dd, J = 4.9, 1.6 Hz, 1H), 3.05 (d, J = 5.1 Hz, 3H); *C NMR (100 MHz, CDCly) 5
163.1, 151.4, 149.2, 127.6, 124.1, 122.1, 116.1, 26.4; HRMS (ESI TOF) m/z calcd for
CsH7NsO [M + H]*, 162.0667 found 162.0673.

N-methylquinoline-2-carboxamide (31b)

3b ©O

The compound 3lb was synthesized starting from 1l following the general procedure
described for 3ab; the compound 3lb was obtained as a white solid (108 mg, 75% yield).
m.p.: 118-120 °C; IR (neat) cm™: 3418, 3119, 1668, 1550, 1365; ‘H NMR (400 MHz,
CDCl3) 6 8.29 (q, 2H), 8.25(s, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.76
— 7.72 (m, 1H), 7.62 — 7.58 (m, 1H), 3.09 (d, J = 5.1 Hz, 3H); *C NMR (100 MHz,
CDCl3) 6 165.3, 150.0, 146.6, 137.6, 130.2, 129.7, 129.4, 127.9, 127.9, 118.9, 26.3;
HRMS (ESI TOF) m/z calcd for C13H1oN,O [M + H]*, 187.0871 found 187.0878.

6-bromo-N-methylquinoline-2-carboxamide (3mb)
Br

3mb O

The compound 3mb was synthesized starting from 1m following the general procedure
described for 3ab; the compound 3mb was obtained as a white solid (94 mg, 74% vyield).
m.p.: 158-160 °C; IR (neat) cm™: 3433, 3139, 2909, 1688, 1380; ‘H NMR (400 MHz,
CDCl3) 6 8.31 (d, J = 8.4 Hz, 1H), 8.19 (d, J = 8.5 Hz, 2H), 8.02 (d, J = 2.1 Hz, 1H), 7.93
(d, J = 9.1 Hz, 1H), 7.80 (dd, J = 8.9, 2.2 Hz, 1H), 3.09 (d, J = 5.1 Hz, 3H); **C NMR (100
MHz, CDCls) 6 164.9, 150.3, 145.1, 136.6, 133.8, 131.3, 130.4, 129.9, 122.1, 119.8, 26.4;
HRMS (ESI TOF) m/z calcd for C11HoBrN,O [M + H]", 264.9976 found 264.9977.
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N-methylpyrazine-2-carboxamide (3nb)

N
N
[ H
N/ AN
(0]
3nb

The compound 3nb was synthesized starting from 3n following the general procedure
described for 3ab; the compound 3nb was obtained as a white solid (145 mg, 85% vyield).
m.p.: 97-100 °C; IR (neat) cm™: 3211, 2923, 1632, 1501, 1349; ‘H NMR (400 MHz,
CDCl3) 6 9.39 (d, J =1.4 Hz, 1H), 8.72 (d, J = 2.5 Hz, 1H), 8.49 (dd, J = 2.3, 1.6 Hz, 1H),
7.82 (s, 1H), 3.03 (d, J = 5.1 Hz, 3H); *C NMR (100 MHz, CDCl3) § 163.7, 147.3, 144.6,
144.4, 142.6, 26.2; HRMS (ESI TOF) m/z calcd for C¢H;N3O [M + H]", 138.0667 found
138.0673.

4.7.4 General experimental procedure for the synthesis tertiary carboxamides

In an oven dried glass tube containing a mixture of pyridine 1a (100 mg, 1.26 mmol), and
potassium persulfate (683 mg, 2.53 mmol), N,N-dimethylformamide 2c (2 mL) was added
and the reaction mixture was heated at 70 °C. Upon the completion of the reaction
(monitored by TLC), saturated sodium bicarbonate solution (5 mL) was added and the
crude product was extracted in ethyl acetate (3 X 5 mL). The crude product was purified

by column chromatography to furnish compound 3ac as yellow oil (87 mg, 46% yield)

. \
A K,S,05 (2 equiv) | |
| AN
— . . N ~
N N,N-dimethylformamide 5
1a (1 equiv) 3ac

N,N-dimethylpicolinamide (3ac)

IR (neat) cm'™’: 2926, 2849, 1634, 1401; 'H NMR (400 MHz, CDCls) & 8.59 (d, J = 5.2 Hz,
1H), 7.79 (td, J = 7.7, 1.7 Hz, 1H), 7.64 — 7.62 (m, 1H), 7.34 (ddd, J = 7.6, 4.9, 1.2 Hz,
1H), 3.14 (s, 3H), 3.08 (s, 3H): *C NMR (100 MHz, CDCls) & 169.1, 154.6, 148.3, 137.2,
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124.5, 123.7, 39.2, 35.9; HRMS (ESI TOF) m/z calcd for CgH1oN,O [M + H]" 151.0851,
found 151.0874.

4-ethyl-N,N-dimethylpicolinamide (3ec)

The compound 3ec was synthesized starting from le following the general procedure
described for 3ac; the compound 3ec was obtained as a pale yellow oil (85 mg, 51%
yield). IR (neat) cm™: 2924, 2854, 1621, 1494, 1227; *H NMR (400 MHz, CDCls) & 8.45
(d, J=5.1 Hz, 1H), 7.46 (d, J = 0.8 Hz, 1H), 7.16 (dd, J = 5.0, 1.2 Hz, 1H), 3.13 (s, 3H),
3.06 (s, 3H), 2.69 (q, J = 7.6 Hz, 2H), 1.30 — 1.21 (t, J = 7.6 Hz, 3H ); *C NMR (100
MHz, CDCl3) 6 169.5, 154.5, 148.2, 124.2, 123.2, 39.2, 35.8, 28.4, 14.2; HRMS (ESI
TOF) m/z calcd for C1oH14N20 [M + H]"179.1184, found 179.1188.

4-cyano-N,N-dimethylpicolinamide (3fc)

The compound 3fc was synthesized starting from 1f following the general procedure
described for 3ac; the compound 3fc was obtained as a white solid (97 mg, 57% yield).
m.p.: 38-40 °C; IR (neat) cm™: 2934, 2842, 2240, 1640, 1507, 1377; *H NMR (400 MHz,
CDCl3) § 8.74 (dd, J = 5.0, 0.8 Hz, 1H), 7.89 (d, J = 1.1 Hz, 1H), 7.55 (dd, J = 5.0, 1.5 Hz,
1H), 3.13 (s, 3H), 3.08 (s, 3H): *C NMR (100 MHz, CDCls) § 166.8, 155.8, 149.1, 125.9,
125.8, 121.7, 116.0, 39.1, 36.1; HRMS (ESI TOF) m/z calcd for CgHoN3O [M + H]*
176.0824, found 176.0826.
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5-cyano-N,N-dimethylpicolinamide (3gc)
NC

The compound 3gc was synthesized starting from 1g following the general procedure
described for 3ac; the compound 3gc was obtained as a white solid (84 mg, 50% vyield).
m.p.; 105-107 °C; IR (neat) cm™: 2925, 2855, 2233, 1633, 1404, 1090; 'H NMR (400
MHz, CDCl3) 6 8.85 (d, J = 1.3 Hz, 1H), 8.07 (dd, J = 8.1, 2.1 Hz, 1H), 7.78 (d, J = 8.1
Hz, 1H), 3.15 (s, 3H), 3.07 (s, 3H); *C NMR (100 MHz, CDCls) § 167.1, 157.5, 151.0,
140.4, 124.0, 116.2, 110.6, 39.1, 36.1; HRMS (ESI TOF) m/z calcd for CgHgN3O [M + H]*
176.0824, found 176.0826.

6-methoxy-N,N-dimethylpicolinamide (30c)

The compound 3oc was synthesized starting from 1o following the general procedure
described for 3ac; the compound 3oc was obtained as a pale yellow oil (75 mg, 44%
yield). IR (neat) cm™: 2925, 2837, 1633, 1582, 1461, 1025; *H NMR (400 MHz, CDCls) &
7.65 — 7.61 (m, 1H), 7.20 (d, J = 7.2 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 3.91 (s, 3H), 3.12
(s, 3H), 3.09 (s, 3H); *C NMR (100 MHz, CDCls) & 168.8, 162.8, 151.8, 139.3, 116.5,
112.0, 53.7, 39.1, 36.0; HRMS (ESI TOF) m/z calcd for CgH12N,0, [M + H]* 181.0977,
found 181.0978.

N,N-dimethylquinoline-2-carboxamide (3lIc)

The compound 3lc was synthesized starting from 1l following the general procedure
described for 3ac; the compound 3lc was obtained as a pale yellow oil (91 mg, 51% vyield).
IR (neat) cm-1: 2925, 2856, 1628, 1494, 1397, 1083; *H NMR (400 MHz, CDCl3) & 8.23
(d, J =8.4 Hz, 1H), 8.09 (d, J = 8.2 Hz, 1H), 7.82 (d, J = 8.2 Hz, 1H), 7.73 (ddd, J = 8.4,
6.9, 1.4 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.57 (ddd, J = 8.1, 6.9, 1.1 Hz, 1H), 3.18 (s,

129



3H), 3.14 (d, J = 3.6 Hz, 3H): 1*C NMR (100 MHz, CDCls) & 169.2, 154.2, 146.6, 137.3,
130.2, 129.7, 128.1, 127.7, 127.6, 120.6, 39.2, 35.9; HRMS (ESI TOF) m/z calcd for
C1oH1:N,O [M + H]+ 201.1028, found 201.1032.

6-bromo-N,N-dimethylquinoline-2-carboxamide (3mc)
Br

3mc O

The compound 3mc was synthesized starting from 1m following the general procedure
described for 3ac; the compound 3mc was obtained as a pale yellow solid (66 mg, 49%
yield). m.p.: 90-93 °C; IR (neat) cm™: 2924, 2855, 1634, 1481, 871; *H NMR (400 MHz,
CDCl3)  8.17 (d, J = 8.4 Hz, 1H), 8.02 (d, J = 2.1 Hz, 1H), 7.97 (d, J = 9.0 Hz, 1H), 7.82
(dd, J = 9.0, 2.2 Hz, 1H), 7.73 (d, J = 8.5 Hz, 1H), 3.20 (s, 3H), 3.16 (s, 3H); *C NMR
(100 MHz, CDCI3) 6 168.7, 154.5, 145.1, 136.1, 133.6, 131.3, 129.7, 129.1, 121.6, 39.1,
35.9; HRMS (ESI TOF) m/z calcd for Cy,H11BrN,O [M + H]* 279.0133, found 279.0138.

N,N-dimethyl-[4,4'-bipyridine]-2-carboxamide (3pc)
=~ "N |
N N

NZ  3pe O

The compound 3pc was synthesized starting from 1p following the general procedure
described for 3ac; the compound 3pc was obtained as a brown solid (611 mg, 42% vyield).
m.p.: 142-145 °C; IR (neat) cm™: 2935, 2860, 1629, 1388, 1023; 'H NMR (400 MHz,
CDCl3) 6 8.72 (dd, J = 4.5, 1.7 Hz, 2H), 8.68 (dd, J = 5.1, 0.7 Hz, 1H), 7.89 (dd, J = 1.8,
0.7 Hz, 1H), 7.57-7.54 (m, 3H), 3.14 (s, 3H), 3.11 (s, 3H); **C NMR (100 MHz, CDCls) &
168.6, 155.5, 150.5, 149.2, 146.7, 145.3, 122.1, 121.6, 121.6, 39.2, 36.0; HRMS (ESI
TOF) m/z calcd for C13H13N3O [M + H]* 228.1137, found 228.1138.
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pyrazine-2-carboxamide (3na)
N
[ AN
o]
3na

The compound 3na was synthesized starting from 1n following the general procedure
described for 3aa; the compound 3na was obtained as a white solid (133mg, 86% yield)
m.p.: 186-189 °C; IR (neat) cm™: 3224, 2935, 1646, 1516, 1367; 'H NMR (400 MHz,
DMSO-ds) 6 9.18 (d, J = 1.5 Hz, 1H), 8.85 (d, J = 2.5 Hz, 1H), 8.71 (dd, J = 2.5, 1.5 Hz,
1H), 8.26 (s, 1H), 7.86 (s, 1H); *C NMR (100 MHz, DMSO-dg) & 165.1, 147.4, 145.1,
143.6, 143.4; HRMS (ESI TOF) m/z calcd for C;HgN,O [M + H]" 124.0511, found
124.0516.

Gram scale synthesis

In an oven dried glass tube containing a mixture of pyrazine 1n (2 g, 25 mmol),
and potassium persulfate (13.50 g, 50 mmol), formamide 2a (22 mL) was added and the
reaction mixture was heated at 70 °C. Upon the completion of the reaction (monitored by
TLC), saturated sodium bicarbonate solution (50 mL) was added and the crude product
was extracted in ethyl acetate (3 X 40 mL). The crude product was purified by column

chromatography to furnish compound 3na as a white crystalline solid (2.59g, 84% yield)

m.p.: 186-189 °C; IR (neat) cm™: 3224, 2935, 1646, 1516, 1367; 'H NMR (400 MHz,
DMSO-D6) § 9.18 (d, J = 1.5 Hz, 1H), 8.85 (d, J = 2.5 Hz, 1H), 8.71 (dd, J = 2.5, 1.5 Hz,
1H), 8.26 (s, 1H), 7.86 (s, 1H); *C NMR (100 MHz, DMSO-D6) & 165.1, 147.4, 145.1,
143.6, 143.4; HRMS (ESI TOF) m/z calcd for C;HgN,O [M + H]* 124.0511, found
124.0516.

Radical quenching experiment

In an oven dried glass tube containing a mixture of pyridine 1a (100 mg, 1.26
mmol), potassium persulfate (683 mg, 2.53 mmol) and TEMPO (395 mg, 2.53 mmol),
formamide 2a (2 mL) was added and the reaction mixture was heated at 70 °C. Progress of
the reaction was monitored by TLC. After prolong reaction time (24 h) we observed only

trace amount of product 3ab.
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K28208 (2 eqUiV)

X
X TEMPO (2 equiv) |
| - A _NH,
— . N
N Formamide 5
1a (1 equiv) 3ab Traces
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4.8 Appendix 111: *H, *3C spectral data of representative compounds

Compound No. Figure AllLLX Data Page No.
3aa Figure IV.1 and IV.2 'H and °C 134
3ba Figure IV.3 and IV.4 'H and C 135
3eb Figure IV.5 and IV.6 'H and C 136
3fb Figure IV.7 and IV.8 'H and °C 137
30c Figure 1V.9 and IV.10 'H and °C 138
3lc Figure V.11 and 1V.12 'H and °C 139
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Figure 1V.2: 3C NMR (100 MHz, CDCls) spectrum of compound 3aa
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Figure 1V.4: °C NMR (100 MHz, CDCls) spectrum of compound 3ba
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Figure 1V.6: *C NMR (100 MHz, CDCls) spectrum of compound 3eb
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Figure 1V.8: *C NMR (100 MHz, CDCls) spectrum of compound 3fb
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Figure 1V.10: **C NMR (100 MHz, CDCl5) spectrum of compound 3oc
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Figure 1V.12: *C NMR (100 MHz, CDCl5) spectrum of compound 3lc
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One Pot Transition-Metal-Free Synthesis of
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Ethers from 2-Aryloxy/Alkoxy Acetophenones via

One Pot Transition-Metal-Free Synthesis of Styrenyl S
Bamford-Stevens Reaction

5.1 Abstract

A one-pot transition-metal-free synthesis of styrenyl ethers starting from 2-
aryloxy/alkoxy acetophenones is described. The protocol explores the use of tosyl
hydrazide and potassium carbonate via Bamford-Stevens reaction to synthesize the
styrenyl ethers. The protocol proved to be scalable in gram quantity. The protocol is very

simple, practical and uses mild reaction conditions with simple reaction set-up.

5.2 Introduction

The vinyl functionality is very important and useful in organic synthesis as well as
in polymer and pharmaceutical industries. Aryl vinyl/styrenyl ethers have been explored
as nucleophiles in many organic reactions such as cycloaddition reactions,* ene and aldol-
type additions,? cyclopropanations® and metathesis reactions* and are commonly used as

acyl anion equivalents.’

El-Nabi et al. reported the cycloaddition reaction of the pyrrol-2,3-diones 6 and
equimolar amount of diazomethane to afford the corresponding intermediate 7, which
upon subsequent reaction steps furnished 5,6-dioxo-1H pyrrolo[2,3-d]pyrazole derivatives
8 in good yields (42-53%, Scheme 5.1a)."* Likewise, Sommer and co-workers reported the
reaction of phenylvinyl ethers 9 with dimethyl azodicarboxylate 10 to furnish the
corresponding compounds 11 and 12 via (2 + 2) and (2 + 4) cycloaddition reactions
(40-85%, Scheme 5.1 b).*
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0 Et,0 H ?
CH2N2 '/ N'N o (@)
—> a
y ° THzn X
R * R
6 8 (42-53%)
X = OMe, SMe
R = Ph, p-Me CgHs, p-OMe CgHs, Me
o
M (0] 0] oM
_.COOMe 0 COOMe Y °
Voo, 7 T The o
N ACN N. R N’
~ COOMe )
COOMe (40-85%) R COOMe
9 10 1 12

R = H, Me, CI, OMe

Scheme 5.1 Cycloaddition reactions

Maligres et al. reported the synthesis of a spirobicyclic NK-1 receptor antagonist
antipode 15 starting from styrenyl ether 13 (Scheme 5.2).> The compound 13 under
Simmon Smith reaction conditions afforded the corresponding aryl cyclopropyl ether 14 in
excelent yields (99%) and this has been subsequently used as a precursor for the synthesis

of NK-1 receptor antagonist 15 (Scheme 5.2).

CH
07N Et,Zn, 0/<] 2
' CICH,! |
DCE
OCFs OCF;
13 14 (99%)

NK-1 Receptor Antagonist

Scheme 5.2 Cyclopropanation of aryl vinyl ethers

Grubbs and co-workers developed a catalytic ring-closing metathesis of acyclic
olefinic enol ethers 16 and 17 using molybdenum alkylidene complex 20 as a catalyst to

afford the corresponding carbocyclic enol ethers 18 and heterocycles 19 respectively in
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very good yields (80-88%). The protocol also demonstrated the synthesis of benzofurans
(Scheme 5.3).*

R
/\/\<\/J\ 2 /R'
R ;>—O
= n O Benzene n . /©\
16 18 (80-88%) -Pr ! P
R RO. 1 Ph
T A
/\M;\O R’ Benzene R’ 0 20
17 R=H, Me 19 (81-87%)

Scheme 5.3 Ring closing olefin metathesis

Apart from the above mentioned synthetic transformations, aryl vinyl/styrenyl
ethers have also been widely used in various polymerization reactions and also
vinyl/styrenyl ethers have also been explored as protecting groups for the phenol
derivatives.’

Considering the importance of this scaffold (vinyl/styrenyl ether) and its
applications, many research groups have developed transition-metal-catalyzed cross
coupling reactions as well as the traditional multi-step strategies for the synthesis of aryl

vinyl ethers.?

Many scientists have reported the transition-metal-catalysed (copper/palladium)
cross-coupling reaction of vinyl halides 21 and phenols 22 to afford the vinyl aryl ethers
23 (Scheme 5.4).° Some of the selected methods have been described.

OH [Pd] or [Cu]

AKX+ | S 4>Ligand R/\/O
R
I Base \©

21 FG 22 23

X =Br, I, OTf, Bpin
FG = Functional group

Scheme 5.4 Metal catalyzed cross coupling reactions
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In 1997 Rossi et al. reported the palladium catalyzed C-O and C-S bond forming
reactions starting from 3-bromopropenoates 24. The reaction of 3-bromopropenoates 24
with BusSnZR 25 (Z = O, S) was carried out in the presence of Pd(PPhs)s in N-methyl-2-
pyrrolidone (NMP) to afford the corresponding 3-alkoxy, 3-arylthio and 3-alkylthio
substituted products 26 in good yields (46-86%, Scheme 5.5). %

R R’
X\%\ Pd(PPh3)4 (5 mol%) ,Z\%\ ,
COOR3 + RZSnBuj > R COOR
R2 720.5 NMP, 20 °C R2
24 25 26 (46-86%)

X = Br, I, OTf, R'= Ph, Me, CsHyy R? = H, Me, R® = Me, Et

Scheme 5.5 Palladium catalyzed synthesis of enol ethers

Willis et al. reported a palladium catalyzed synthesis of aryl enol ethers 28 starting from
vinyl triflates.®® The treatment of vinyl triflates 27 with phenol derivatives 22 in presence
of Pd,(dba)s/phosphine ligand [1,1'-biphenyl]-2-yldi-tert-butylphosphane 29 afforded the
corresponding aryl enol ethers 28 in modest to good yields (34-85%) (Scheme 5.6).

R
Pdy(dba)z (2 mol%), //|
oTf L (9 mol%)
NS
O NaO'Bu o
[:/ \\\I \I + | o
L ;o R&F Toluene, 100 °C [ N
- A
27 22 28 (34-85%)

Scheme 5.6 Palladium catalyzed aryl enol ether synthesis from vinyl triflates

Limbarger et al. described a copper catalyzed coupling reaction of (E)-
bromostilbene 30 with phenols 22 in presence of Cul (10 mol%) and phenanthroline
ligand (10 mol%) to afford the corresponding enol ethers 31 in excellent yields (up to 97
%) (Scheme 5.7a).” Similarly, Spindler and co-workers reported a copper catalyzed
vinylation of azoles 32/phenols 22 with vinyl bromides 21 to synthesize styrylazole 33 and

enol ethers 23 respectively in good vyields (Scheme 5.7b).” This transformation was
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effectively achieved using copper iodide (10 mol%) and (1E,1'E)-N,N'-((1S,2S)-
cyclohexane-1,2-diyl)bis(1-(pyridin-2-yl)methanimine) 34 as ligand (5 mol%) under basic

conditions.
Cul (10 mol%),
R phenanthroline (10 mol%) R
OH K3;PO,4 H,O
Ph)\(Br | D — ~ Ph)\(o | g @
Ph R// Dioxane, 100 °C Ph _
30 22 31 (51-97%)
R=H, Ph

Ar
0
Ar—OH e Q
22 Cul (10 mol %), :

PN
23 N N=
L (5 mol % -
AR e mo fak
Cs,CO;,  Ph_ __ N L34 N
21 H"I‘:\> CH,CN, 50 °C \/\N/\> \_/ _
N 33 Sy

—~

32
(74-90%)

Scheme 5.7 Copper catalyzed coupling of vinyl bromides with phenols

Shade et al. reported a copper promoted coupling of vinyl boronates 35 and
alcohols for the synthesis of allyl vinyl ethers 23 in good yields (Scheme 5.8a).°" Kundu et
al. described a copper assisted nickel catalyzed ligand free cross coupling of vinyl halides
21 and phenol derivatives 22 to synthesize aryl vinyl ethers 23 in very good yields
(Scheme 5.8b).%

Cu(OAc), (2 equiv)

RTNEP neat, R'OH, rt RO (a)
35 eal, ’ 23 (52-78%)
OH 5 mol % Cul,
5 mol % Ni(acac), X0
RN X - R Y ®
CSZCO3, NMP / =
- 100 °C FG
21 X =Br, | 22 23 (72-92%)

Scheme 5.8 Synthesis of enol ethers
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Stoltz and co-workers effectively utilized rhodium to catalyze the Bamford-
Stevens reaction to access aryl vinyl ethers 23 starting from Eschenmoser hydrazone 36

under relatively high temperature conditions in good yields (Scheme 5.9).%

N

| @
OBn
©)\/ DCE, 130 °C OBn

35 3 (63-87%)

Scheme 5.9 Rhodium catalyzed Bamford-Stevens reaction

However, most of the methods in the literature rely on the use of transition metals
and some of them use expensive palladium and rhodium catalysts which is not cost
effective for the large scale industrial applications.®®° On the other hand less expensive
metals such as copper, nickel require supporting ligands for the transformation.*™" Most of
the transition metals are toxic to different extents, and it is very expensive and challenging
to remove the trace amounts of transition metal residues from desired products.'* Also
some of the transition metals are sensitive to oxygen and some require the assistance of
co-catalysts or additives.'? Traditional methods for the synthesis of vinyl/styrenyl ethers
rely on double bond isomerization or carbonyl olefination like Wittig reaction and strong

8d  Transition-metal-free

base mediated elimination of halides as well as alcohols.
protocols are gaining a great importance for the last few years. It would be really useful to
develop a protocol that does not rely on transition metals, ligands and strong bases for the
large scale practical applications. Sulfonylhydrazones have been proved to be excellent
and versatile synthetic intermediates for the in situ generation of diazo compounds in
organic synthesis.*® The role of sulfonylhydrazones to access olefins via Bamford-Stevens

reaction is well established.*

However, the synthesis of functionalized olefin derivatives has not been explored
till date via Bamford-Stevens reaction under transition-metal-free conditions. Likewise,
the reliable access to Z-olefins is an extremely challenging task. Hence alternative
transition-metal-free pathways to synthesize styrenyl ethers are highly appealing and
demanding. Herein, in this chapter for the first time we describe transition-metal-free

application of sulfonyl hydrazones to access aryl vinyl ethers via Bamford-Stevens
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reaction. Aryl vinyl ethers have been synthesized starting from 2-aryloxy and alkoxy

acetophenones and tosyl hydrazide using K,CO3 as a base under mild reaction conditions.
5.3 Result and discussion

5.3.1 Optimization studies
In order to access aryl vinyl ethers under transition-metal-free conditions, a model

one pot reaction was carried out by heating phenyloxy acetophenone (2- phenoxy-1-

Table 5.1. Optimization of the reaction conditions®*

O 1. TsNHNH,, 2 (1 equiv.) —
0 Solvent, 80 °C, 3 h o\©
\© 2. K,CO5° (2 equiv.)

1a (1 equiv) ter:gni: ;C;,t;Z h 3a

Temp Temp ) ) b

Entry Solvent Time (h) Yield (%)
Step-1 (°C) step-2 (°C)

1 DCE 80 80 12 34

2 THF 80 80 12 Trace

3 1,4-dioxane 80 80 12 52

4 DMF 80 80 12 45

5 DMSO 80 80 12 41

6 DCE 80 90 12 37

7 1,4-dioxane 80 100 12 73

8 DMF 80 100 12 61

9 DMSO 80 100 12 57

10 1,4-dioxane 80 110 12 84

11 1,4-dioxane 80 130 12 80

®Reaction conditions: Step-1: 2-phenoxy-1-phenylethan-1-one l1a (1 equiv.), 4-
methylbenzenesulfonohydrazide 2 (1 equiv.), solvent (2 mL) in pressure tube at 80 °C for
3 h, Step-2: potassium carbonate (2 equiv.), heated for 12 h, “Isolated yield after
purification by column chromatography. ‘Reaction with bases such as LiO'Bu, Cs,COs3

afforded the desired product in lower yield and selectivity.
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phenylethan-1-one) l1a and tosylhydrazide 2 in DCE at 80 °C for 3 h followed by the
addition of K,COj3 (2 equiv.) (Table 5.1). The reaction was continued for 12 h while
maintaining the temperature. Gratifyingly, we observed that the desired product (2-
phenoxyvinyl)benzene 3a was obtained in 34% yield (entry 1, Table 5.1).

Encouraged by the initial result, we screened several solvents and varied the
reaction temperature for achieving the optimum yield of 3a. Using THF as a solvent, we
observed the formation of only trace amount of product 3a (entry 2, Table 5.1). Among all
the solvents screened, 1,4-dioxane was found to be optimum at 80 °C thus affording the
desired product 3a in moderate yield (entry 3, Table 5.1). Further increase in the reaction
temperature (110 °C) afforded the corresponding product 3a in 84% yield (entry 10, Table
5.1). Thereafter increase in reaction temperature (130 °C) did not have any significant
effect on the yield of the product 3a (entry 11, Table 5.1). After screening several solvents
at different temperatures, we found that heating substrate 1a and tosyl hydrazide 2 (1
equiv.) in 1,4-dioxane at 80 °C for 3 h followed by the addition of K,CO3 (2 equiv.) at 110

°C for 12 h was found to be the optimum reaction condition (entry 10, Table 5.1).
5.3.2 Synthesis of styrenyl ethers

With this initial success and having an optimized reaction condition in hand, we
planned to explore the wider substrate scope for the generality of the method. In this
regard various aryloxy acetophenones (la-1w) were synthesized starting from different
phenacyl bromides and phenol derivatives. Similarly alkoxy acetophenones (laa-1gg)
were synthesized starting from different «-diazoacetophenone derivatives and alcohols
(see Experimental Section). Various aromatic substrates containing phenyl, methyl,
methoxy, bromo, chloro, fluoro substituents worked smoothly under the optimized
reaction conditions to afford the corresponding desired products (3a-3q) in moderate to
very good yields (see Table 5.2, up to 84% vyield). Likewise, ketoethers bearing naphthyl
functionality adjacent to oxygen also worked smoothly affording the desired products (3r-
3w) in moderate to very good yields (67-83%) (Table 5.2). Further we turned our attention
towards the synthesis of aliphatic keto ether substrates. Gratifyingly variety of substrates
(1aa-1gg) worked nicely under optimized reaction conditions to afford the corresponding
products 3aa-3gg (see Table 5.2). Benzyl ketoethers under the optimized reaction

condition afforded the corresponding products (3aa, 3bb) in good yields. The branched as
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Table 5.2. Synthesis of aryl/alkyl styrenyl ethers®®

1. TsSNHNH,, (1equiv.)

; BRI
A,-)K/O\R 2. K,CO3 (2 equiv.) O\R
1 (1 equiv.) 10 °C, 12h 3 (yield 65-84 %)°
R = Aryl, Alkyl (One Pot) E:Z (up to 1:99)°

70% 21 79 (j 79% (20:80)
76% 18 82\© 81% (21:79)
cl
70% (07 93) 74% (22 78)

o)
B
69% (04: 96\© 78% 21 :79)

L O \
o) o) .
75% (1:99) 83% (21 79) 73% (22:78) 80% (21:79)

X
0 0
O 3aa
67% (22:78) O 77% (41:59)

.
&

3a
84% (24:76)

1
&
=

72% 23 77)

7

72% (26 74)

Me
Dﬁ

65% (25:75)

m

68% (22:78)

;;

1

&
.

=l
O

3e
68% (25:75)

9

35

i
433

-
&

3i
77% (36:64)

@

ot
g

70% (24:76)

2
131
&

OM

-
w
o)
d
) i
O

&
Q
&

.
O

Cl

78% (20:80) 75% (18 82)

3

&
&

S
3
¢
3
f
S
q

3bb 3cc 3dc| 3ee
71% (1:99) 80% (40:60) 75% (46:54) 67% (31: eﬁ
Ok O AN
o\;\\//iﬂ 0
3ff cl 399
65% (43:57) 71% (44:56)

®Reaction conditions: Step-1: 2-aryloxy/alkoxy acetophenone derivative 1 (1 equiv.,), 4-
methylbenzenesulfonohydrazide 2 (1 equiv.), 1,4-dioxane (2 mL) in pressure tube at 80 °C
for 3 h, Step-2 potassium carbonate (2 equiv.), heated for 12 h, "Isolated yield after

purification by column chromatography. °diastereomeric ratio was determined by *
NMR.
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well as long chain ketoethers also reacted smoothly to afford the corresponding styrenyl
ethers (3cc, 3ff and 3gg) in moderate to good yields (up to 80%). Chiral ketoether derived
from (+)-menthol worked efficiently to give the corresponding product 3ee in moderate
yield 67%.

A variety of electron-donating and -withdrawing substituents on either phenyl
rings tolerated the reaction conditions to afford the desired products and the results are
summarized in Table 5.2. However, these functional groups did not have any significant
effect on the reaction rate and yields. We observed that styrenyl ethers derived from
aryloxy acetophenones were highly Z-selective (up to E:Z = 1:99)* while the products
derived from alkoxy acetophenones (3aa, 3cc-3gg) were found to be relatively less

selective (up to E:Z = 31:69). The styrenyl ether 3bb derived from benzyloxy acetophe

none 1bb was found to be highly Z-selective (E:Z = 01:99). It is very interesting to note
that unlike the previous report™® we did not observe any side products or multiple
decomposition products during the reaction of any substrates. Likewise, the reaction
worked smoothly without the assistance of any metal.

In order to make this approach more practical and for the wider applicability, we
demonstrated the synthesis of 3a on a gram scale starting from the corresponding 2-

phenoxy-1-phenylethan-1-one 1a under optimum reaction conditions (86% yield).

5.4 Proposed reaction mechanism

Based on our investigations and previous literature reports,**%*’

we propose that
tosyl hydrazide 2 reacts with 2-phenoxy-1-phenylethan-1-one 1a to form tosyl hydrazone
I, which then reacts with base K,CO; to form diazo intermediate Il. This further
undergoes thermal decomposition to form carbene intermediate 111 that subsequently leads
to 1, 2-hydride shift followed by the formation of double bond. The syn hydride shift is

believed to be the major reason for the Z-selectivity of the olefin (Scheme 5.10).

151



| N
0 N ||+
TsNHNH,, (2) H™ N KoCO3 N
Mo . | T
T O.
Ph Ph (Aprotic Solvent) Ph)\/o\Ph Ts Ph)J\/ Ph

1a I |

Scheme 5.10 Plausible mechanism

5.5 Conclusions

In conclusion, a transition-metal-free one-pot two step method has been developed
for the synthesis of styrenyl ethers starting from 2-aryloxy/alkoxy acetophenones. The
method works smoothly on both aromatic and aliphatic substrates. Protocol employs mild,
commercially available and less expensive K,COj3 as base and the desired products were
obtained in good to excellent yields. Moreover a wide range of functional groups was
well tolerated the reaction conditions. The Bamford-Stevens reaction has been explored
for the first time for the synthesis of functionalized olefins under transition-metal-free
conditions. Experimental conditions are simple and the method proved to be scalable for

the wider application.
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5.6 Experimental Section

5.6.1 General

All reagents were purchased from commercial sources and used as received, unless
otherwise indicated. Thin-layer chromatography (TLC) was performed using silica gel 60
GFs4 pre-coated aluminum backed plates (2.5 mm). *H NMR and *C NMR were
recorded in CDCls. Chemical shifts in *H NMR spectra are reported as & in units of parts
per million (ppm) downfield from tetramethylsilane with the solvent resonance as the
internal standard, J values are given in Hz. **C NMR data are reported as & in ppm
downfield from tetramethylsilane and relative to the signal of Chloroform-d. *C-NMR
spectra were recorded with complete proton decoupling. Mass samples were analyzed by
high-resolution mass spectrometry (HRMS) using ESI TOF (+ve, -ve ion mode). IR
spectra were obtained using a FT-IR spectrophotometer as neat and are reported in cm™.
All reactions were carried out in dried glassware. All purchased chemicals were used

without further purification. Column chromatography was carried out using silica gel.

5.6.2 General procedure-A for the preparation of 2-aryloxy acetophenones 1

The compound 1a to 1w were synthesized according to a literature procedure.™®

OH
“ B, K2COs A0
Ry~ / DMF S
L~ R R'// | R
4 22 1a

An oven-dried round bottomed flask was charged with K,CO3; (1.04 g, 7.54 mmol), 2-
bromoacetophenone (1 g, 5.02 mmol), phenol (709 mg, 7.54 mmol) and DMF (10 mL)
and stirred at rt under argon atmosphere for 24 h. The reaction was quenched with water
(30 mL) and extracted with ethyl acetate (3 x 30 mL). Combined organic layers was dried
over Na,SQO,, filtered and concentrated under vacuum to afford a yellow solid. The crude
compound was purified by column chromatography using pet ether/ethyl acetate (97:3) to
furnish pure compound 1a as white solid (916 mg, 82% yield).
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2-phenoxy-1-phenylethan-1-one (1a)

(@)
A
1a
m.p.: 81-83 °C; *H NMR (400 MHz, CDCls) 6 8.02 — 7.99 (m, 2H), 7.64 — 7.59 (m, 1H),

7.52 — 7.48 (m, 2H), 7.31 — 7.25 (m, 2H), 7.01 — 6.93 (m, 3H), 5.27 (s, 2H); °C NMR
(100 MHz, CDCls) 6 194.67, 158.1, 134.7, 134.0, 129.7, 129.0, 128.3, 121.8, 114.9, 70.9.

1-phenyl-2-(o-tolyloxy)ethan-1-one (1b)

0
0
1b
The compound 1b was synthesized following the general procedure A; The compound 1b
was obtained as a white solid (757 mg, 67% vyield). m.p.: 65-67 °C; *H NMR (400 MHz,
CDCl3) 0 8.02 (dt, J = 8.4, 1.6 Hz, 2H), 7.64 — 7.60 (m, 1H), 7.50 (dd, J = 10.9, 4.7 Hz,
2H), 7.18 — 7.11 (m, 2H), 6.90 (t, J = 7.3 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 5.27 (s, 2H),

2.30 (s, 3H); **C NMR (100MHz, CDCl3) 6 195.1, 156.3, 134.8, 133.9, 131.2, 128.9,
128.4,127.3,126.9, 121.5, 111.4, 71.2, 16.4.

1-phenyl-2-(m-tolyloxy)ethan-1-one (1c)

©)‘\1:0\©/Me

The compound 1c was synthesized following the general procedure A; The compound 1c
was obtained as a white solid (684 mg, 60% yield). m.p.: 78-80 °C; *H NMR (400 MHz,
CDCl3) 6 8.01 — 7.99 (m, 2H), 7.63 — 7.59 (m, 1H), 7.49 (t, J = 7.7 Hz, 2H), 7.16 (t, J =
7.8 Hz, 1H), 6.81- 6.71 (m, 2H), 6.74 (dd, J = 8.2, 2.5 Hz, 1H), 5.25 (s, 2H), 2.31 (s, 3H);
3C NMR (100 MHz, CDCl;) ¢ 194.7, 158.1, 139.8, 134.7, 134.0, 129.4, 128.9, 128.3,
122.6,115.8, 111.7, 70.6, 21.6.
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1-phenyl-2-(p-tolyloxy)ethan-1-one (1d)
o)

spasH

The compound 1d was synthesized following the general procedure A; The compound 1d
was obtained as a yellow solid. (832 mg, 73%yield). m.p.: 61-63 °C; *H NMR (400 MHz,
CDCl3) 6 8.02 — 7.99 (m, 2H), 7.63 — 7.60 (m, 1H), 7.50 (t, J = 7.8 Hz, 2H), 7.09 (d, J =
8.6 Hz, 2H), 6.88 — 6.85 (m, 2H), 5.24 (s, 2H), 2.29 (s, 3H); *C NMR (100 MHz, CDCls)
0194.9, 156.0, 134.7, 133.9, 131.0, 130.1, 128.9, 128.2, 114.8, 71.1, 20.6.

2-(4-methoxyphenoxy)-1-phenylethan-1-one (1e)
0

L
1e OMe

The compound 1e was synthesized following the general procedure A; The compound 1e
was obtained as a white solid (915 mg, 75% yield). m.p.: 76-78 °C; *H NMR (400 MHz,
CDCl3) 6 8.01 — 7.98 (m, 2H), 7.63 — 7.59 (m, 1H), 7.51 — 7.47 (m, 2H), 6.92 — 6.88 (m,
2H), 6.84 — 6.80 (m, 2H), 5.22 (s, 2H), 3.75 (s, 3H); **C NMR (100 MHz, CDCls) 6 195.0,
154.6, 152.4, 134.8, 133.9, 128.9, 128.3, 116.1, 114.8, 71.9, 55.8.

2-(4-bromophenoxy)-1-phenylethan-1-one (1f)

spaol

The compound 1f was synthesized following the general procedure A; The compound 1f
was obtained as a yellow solid (1.02 g, 70% yield). m.p.: 106-108 °C; 'H NMR (400
MHz, CDCl3) 6 7.99 — 7.97 (m, 2H), 7.65 — 7.61 (m, 1H), 7.52 — 7.49 (m, 2H), 7.39 — 7.36
(m, 2H), 6.884 — 6.80 (m, 2H), 5.26 (s, 2H); *C NMR (100 MHz, CDCl3) § 194.2, 157.3,
134.5,134.2, 132.5, 129.0, 128.2, 116.6, 114.0, 71.0.
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2-phenoxy-1-(p-tolyl)ethan-1-one (19)

o)
o)
Jeaae
The compound 1g was synthesized following the general procedure A; The compound 1g
was obtained as a white solid (901 mg, 85% yield). m.p.: 79-81 °C; *H NMR (400 MHz,
CDCl3) 0 7.91 (d, J = 8.2 Hz, 2H), 7.31 — 7.26 (m, 4H), 7.00 — 6.93 (m, 3H), 5.25 (s, 2H),

2.43 (s, 3H); *C NMR (100 MHz, CDCl3) ¢ 194.3, 158.2, 145.0, 132.3, 129.7, 129.6,
128.4,121.7, 115.0, 70.9, 21.9.

1-(p-tolyl)-2-(o-tolyloxy)ethan-1-one(1h)
0

Joawe

1h

The compound 1h was synthesized following the general procedure A; The compound 1h
was obtained as a white solid (757 mg, 67% yield). m.p.: 85-87 °C; *H NMR (400 MHz,
CDCl3) 0 7.92 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H), 7.16 — 7.09 (m, 2H), 6.89 (t, J
= 7.3 Hz, 1H), 6.74 (d, J = 8.1 Hz, 1H), 5.23 (s, 2H), 2.42 (s, 3H), 2.29 (s, 3H); *C NMR
(100 MHz, CDCl3) 6 194.7, 156.4, 144.9, 132.4, 131.1, 129.6, 128.5, 127.3, 126.9, 121.4,
111.5,71.2,21.9, 16.5.

2-(4-bromophenoxy)-1-(p-tolyl)ethan-1-one (1i)

@*OO
Me 1i Br

The compound 1i was synthesized following the general procedure A; The compound 1i
was obtained as a white solid (915 mg, 61% yield). m.p.: 120-122 °C; *H NMR (400
MHz, CDCl3) 6 7.88 (d, J = 8.2 Hz, 2H), 7.39 — 7.35 (m, 2H), 7.30 (d, J = 7.9 Hz, 2H),
6.84 — 6.80 (m, 2H), 5.23 (s, 2H), 2.43 (s, 3H); *C NMR (100 MHz, CDCls) 6 193.8,
157.3, 145.2, 132.5, 132.0, 129.7, 128.3, 116.8, 114.0, 70.9, 21.9.
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2-(4-methoxyphenoxy)-1-(p-tolyl)ethan-1-one (1j)
0

Me 1j OMe

The compound 1j was synthesized following the general procedure A; The compound 1j
was obtained as a white solid (744 mg, 62% yield). m.p.: 90-92 °C; *H NMR (400 MHz,
CDCl3) 6 7.89 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 6.91- 6.87 (m, 2H), 6.84 —
6.79 (m, 2H), 5.19 (s, 2H), 3.75 (s, 3H), 2.42 (s, 3H); **C NMR (100 MHz, CDCl3) ¢
194.6, 154.5, 152.4, 144.9, 132.3, 129.6, 128.3, 116.1, 114.8, 71.8, 55.8, 21.9.

1-(4-chlorophenyl)-2-phenoxyethan-1-one (1k)

o)
o)
Fepas
The compound 1k was synthesized following the general procedure A; The compound 1k
was obtained as a yellow solid (848 mg, 80% yield). m.p.: 93-95 °C; *H NMR (400 MHz,
CDCl3) 6 7.96 — 7.94 (m, 2H), 7.47 — 7.45 (m, 2H), 7.30 — 7.25 (m, 2H), 6.98 (t, J = 7.4

Hz, 1H), 6.94 — 6.91 (m, 2H), 5.20 (s, 2H); *C NMR (100 MHz, CDCl3) § 193.9, 157.9,
140.5, 133.0, 129.8, 129.7, 129.3, 127.7, 121.9, 114.9, 71.0.

1-(4-chlorophenyl)-2-(o-tolyloxy)ethan-1-one (1I)
0]

0
Cl 11 Me

The compound 1l was synthesized following the general procedure A; The compound 1l
was obtained as a yellow solid (907 mg, 81% yield). m.p.: 66-68 °C; *H NMR (400 MHz,
CDCl3) 6 7.98 — 7.95 (m, 2H), 7.48 — 7.44 (m, 2H), 7.17 — 7.10 (m, 2H), 6.90 (t, J = 7.4
Hz, 1H), 6.74 (d, J = 8.2 Hz, 1H), 5.19 (s, 2H), 2.27 (s, 3H); **C NMR (100 MHz, CDCl5)
0194.3,156.1, 140.4, 133.1, 131.2, 129.9, 129.2, 127.3, 127.0, 121.6, 111.3, 71.3, 16.4.
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1-(4-chlorophenyl)-2-(4-methoxyphenoxy)ethan-1-one (1m)
0

jopael
Cl im OMe

The compound 1m was synthesized following the general procedure A; The compound
1m was obtained as a yellow solid (654 mg, 55% yield). m.p.: 85-87 °C; *H NMR (400
MHz, CDCl3) 6 7.95 - 7.91 (m, 2H), 7.46 — 7.43 (m, 2H), 6.88 — 6.85 (m, 2H), 6.83 — 6.80
(m, 2H), 5.15 (s, 2H), 3.74 (s, 3H); *C NMR (100 MHz, CDCls) § 194.2, 154.6, 152.1,
140.4, 133.0, 129.8, 129.2, 116.0, 114.8, 71.9, 55.6.

.2-(4-bromophenoxy)-1-(4-chlorophenyl)ethan-1-one (1n)

@OO
Cl 1n Br

The compound 1n was synthesized following the general procedure A; The compound
1nwas obtained as a white solid (1.06 g, 76% yield). m.p.: 130-132 °C; *H NMR (400
MHz, CDCls) 6 7.95 — 7.91 (m, 2H), 7.49 — 7.46 (m, 2H), 7.39 — 7.35 (m, 2H), 6.83 — 6.79
(m, 2H), 5.20 (s, 2H); *C NMR (100 MHz, CDCls) 6 193.3, 157.1, 140.7, 132.8,132.6,
129.7,129.4,116.7,114.2, 71.0.

1-(4-bromophenyl)-2-phenoxyethan-1-one (10)

o)

o)
Seaae
The compound 10 was synthesized following the general procedure A; The compound 10
was obtained as a yellow solid (630 mg, 60% yield). m.p.: 88-90 °C; *H NMR (400 MHz,
CDCl3) 6 7.88 — 7.85 (m, 2H), 7.64 — 7.61 (m, 2H), 7.30 — 7.25 (m, 2H), 6.98 (t, J = 8 Hz,

1H), 6.93 — 6.90(m, 2H), 5.26 (s, 2H); **C NMR (100 MHz, CDCls) 6 194.1, 158.0, 133.4,
132.3, 130.5, 129.9,129.3, 122.0, 114.9, 71.0.
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1-(4-bromophenyl)-2-(o-tolyloxy)ethan-1-one (1p)
o)

joppe
Br p Me

1

The compound 1p was synthesized following the general procedure A; The compound 1p
was obtained as a yellowish solid (759 mg, 69% vyield). m.p.: 80-82 °C; *H NMR (400
MHz, CDCl3) 6 7.90 — 7.87 (m, 2H), 7.65 — 7.61 (m, 2H), 7.17 — 7.10 (m, 2H), 6.90 (t, J =
7.3 Hz, 1H), 6.73 (d, J = 8.1 Hz, 1H), 5.19 (s, 2H), 2.27 (s, 3H); *C NMR (100 MHz,
CDCl3) 0 194.53, 156.13, 133.53, 132.21, 131.23, 130.01, 129.18, 127.27, 126.94, 121.63,
111.32, 71.30, 16.45.

1-(4-fluorophenyl)-2-phenoxyethan-1-one (1q)

0
o0
F 1q
The compound 1g was synthesized following the general procedure A; The compound 1q
was obtained as a white solid (720 mg, 68% vyield). m. p.: 93-95 °C; *H NMR (400 MHz,
CDCl3) 6 8.08 — 8.04 (m, 2H), 7.31 — 7.26 (m, 2H), 7.19 — 7.15 (m, 2H), 7.01 — 6.93 (m,

3H), 5.22 (s, 2H); *C NMR (100 MHz, CDCls) ¢ 193.5, 167.6, 165.0, 158.0, 131.19 (d, J
=9.3 Hz), 129.8, 121.9, 116.3, 116.1, 114.9, 71.0.

2-(naphthalen-2-yloxy)-1-phenylethan-1-one (1r)
o]

00

r

The compound 1r was synthesized following the general procedure A; The compound 1r
was obtained as a white solid (1.1 g, 82% vyield). m.p.: 105-107 °C; *H NMR (400 MHz,
CDCl3) 6 8.03 — 8.00 (m, 2H), 7.74 (d, J = 8.9 Hz, 2H), 7.68 (d, J = 8.2 Hz, 1H), 7.61 —
7.57 (m, 1H), 7.50 — 7.46 (m, 2H), 7.43 — 7.39 (m, 1H), 7.35 — 7.31 (m, 1H), 7.25 (dd, J
=9.0, 2.6 Hz, 1H), 7.10 (d, J = 2.5 Hz, 1H), 5.34 (s, 2H); **C NMR (100 MHz, CDCls) ¢
194.4, 156.0, 134.7, 134.4, 134.0, 129.8, 129.4, 128.9, 128.2, 127.6, 127.0, 126.6, 124.1,
118.8, 107.4, 70.8.
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2-(naphthalen-2-yloxy)-1-(p-tolyl)ethan-1-one (1s)
0

The compound 1s was synthesized following the general procedure A; The compound 1s
was obtained as a brown solid (975 mg, 75% vyield). m.p.: 82-84°C; *H NMR (400 MHz,
CDCl3) 6 7.92 (d, J =8.2 Hz, 2H), 7.74 (d, J = 9.0 Hz, 2H), 7.68 (d, J = 8.2 Hz, 1H), 7.43
—7.39 (m, 1H), 7.34 — 7.30(m, 1H), 7.28 — 7.24 (m, 3H), 7.10 (d, J = 2.5 Hz, 1H), 5.32 (s,
2H), 2.40 (s, 3H); **C NMR (100 MHz, CDCl;) 6 194.1, 156.1, 145.0, 134.4, 132.2, 129.8,
129.6, 129.4, 128.4, 127.7, 126.9, 126.6, 124.1, 118.8, 107.4, 70.8, 21.9.

1-(4-fluorophenyl)-2-(naphthalen-2-yloxy)ethan-1-one (1t)
o]

The compound 1t was synthesized following the general procedure A; The compound 1t
was obtained as a white solid (838 mg, 65% vyield). m.p.: 99-101°C; *H NMR (400 MHz,
CDCl3) ¢ 8.11- 8.07 (m, 2H), 7.77 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.2 Hz, 1H), 7.46 —
7.42 (m, 1H), 7.37- 7.33 (m, 1H), 7.25 (dd, J = 9.1, 2.4 Hz, 1H), 7.21 — 7.15(m, 2H), 7.12
(d, J = 2.5 Hz, 1H), 5.32 (s, 2H); *C NMR (100 MHz, CDCl;) ¢ 193.3, 167.6, 165.0,
156.0, 134.4, 131.21 (d, J = 9.4 Hz), 130.0, 129.5, 127.8, 127.0, 126.7, 124.3, 118.7,
116.3, 116.1, 107.4, 71.0.

1-(4-chlorophenyl)-2-(naphthalen-2-yloxy)ethan-1-one (1u)
o)

The compound 1u was synthesized following the general procedure A; The compound 1u
was obtained as a yellowish solid (863 mg, 68% vyield). m.p.:110-112°C; *H NMR (400
MHz, CDCls) J 7.99 — 7.96 (m, 2H), 7.76 (d, J = 8.9 Hz, 2H), 7.69 (d, J = 8.1 Hz, 1H),
7.48 — 7.41 (m, 3H), 7.37 — 7.33 (m, 1H), 7.23 (dd, J = 9.0, 2.6 Hz, 1H), 7.10 (d, J = 2.6
Hz, 1H), 5.30 (s, 2H); *C NMR (100 MHz, CDCls) § 193.7, 155.9, 140.5, 134.3, 133.0,
130.0, 129.9, 129.5, 129.3, 127.8, 127.0, 126.7, 124.3, 118.7, 107.4, 71.0.
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1-(4-bromophenyl)-2-(naphthalen-2-yloxy)ethan-1-one (1v)
0

The compound 1v was synthesized following the general procedure A; The compound 1v
was obtained as a yellow solid (947 mg, 77% yield). m.p.:120-122°C; *H NMR (400
MHz, CDCl3) 6 7.92 — 7.88 (m, 2H), 7.76 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 8.2 Hz, 1H),
7.65 — 7.62 (m, 2H), 7.45 — 7.41 (m, 1H), 7.36 — 7.32 (m, 1H), 7.25 — 7.21 (m, 1H), 7.10
(d, J = 2.5 Hz, 1H), 5.30 (s, 2H); *C NMR (100 MHz, CDCl3) ¢ 194.0, 155.9, 134.4,
133.4,132.3, 123.0, 129.9, 129.5, 129.3, 127.8, 127.0, 126.7, 124.3, 118.7, 107.4, 71.0.

1-(4-methoxyphenyl)-2-(naphthalen-2-yloxy)ethan-1-one (1w)
o)

/@)‘\/O\“
MeO 1w

The compound 1w was synthesized following the general procedure A; The compound 1w
was obtained as a white solid (793 mg, 62% yield). m.p.: 96-98°C; 'H NMR (400 MHz,
CDCl3) 6 8.02 (d, J = 9.0 Hz, 2H), 7.72 (dd, J = 24.2, 8.5 Hz, 3H), 7.44 — 7.24 (m, 3H),
7.11 (d, J = 2.5 Hz, 1H), 6.95 (d, J = 9.0 Hz, 2H), 5.30 (s, 2H), 3.86 (s, 3H); *C NMR
(100 MHz, CDCl3) ¢ 193.0, 164.2, 156.1, 134.4, 130.7, 129.8, 129.4, 127.8, 127.0, 126.6,
124.1,118.8, 114.1, 107.4, 70.8, 55.6.

5.6.3 General procedure-B for the synthesis of a-diazoacetophenones (5)

The compound 5a to 5¢ were synthesized according to a literature procedure.™

0 TsNHNHTs 0
Br DBU Ny
THF
4a 5

a-Bromoacetophenone 4a (1 g, 5.02 mmol) and N,N'-ditosylhydrazine (3.42 mg, 10.05
mmol) were dissolved in THF (20 mL) and cooled to 0 °C. DBU (3.82 mL, 25.12 mmol)
was added dropwise and the reaction was stirred at the same temperature for 10 minutes.
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Upon completion of the reaction (monitored by TLC), it was quenched by the addition of
saturated NaHCO3 solution, and the solution was extracted with ethyl acetate three times
(3 x 30 mL). The organic phase was washed with brine, dried over MgSO, and evaporated
to give the crude a-diazoacetophenone 5a. The crude compound was purified by column
chromatography using pet ether/ethyl acetate to furnish a-diazoacetophenone 5a (611 mg,

83% yield) as a yellow solid.

a-diazoacetophenone (5a)

(@]
/N2

5a

'H NMR (400 MHz, CDCl3) 6 7.76 (d, J = 7.3 Hz, 2H), 7.54 (m, 1H), 7.45 (m, 2H), 5.90
(s, 1H): ©*C NMR (100 MHz, CDCl3) & 186.2, 136.5, 132.6, 128.5, 126.5, 54.1.

2-diazo-1-(4-methoxyphenyl)ethan-1-one (5b)

~o

5b

The compound 5b was synthesized starting from 4b following the general procedure B
described for 5a; The compound 5b was obtained as a yellow solid (630 mg, 82% vyield).
'H NMR (400 MHz, CDCl3) 6 7.73 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 5.85 (s,
1H), 3.85 (s, 3H); **C NMR (100 MHz, CDCls) ¢ 185.3, 163.4, 129.6, 128.9, 113.9, 55.6,
53.6.

1-(4-chlorophenyl)-2-diazoethan-1-one (5¢)

O
N>

Cl 5¢c

The compound 5¢ was synthesized starting from 4c following the general procedure B

described for 5a; The compound 5c was obtained as a yellow solid (687 mg, 89% vyield).
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'H NMR (400 MHz, CDCls) § 7.70 (d, J = 8.7 Hz, 2H), 7.42 (d, J = 8.7 Hz, 2H), 5.87 (s,
1H); 3C NMR (100 MHz, CDCl3) ¢ 185.1, 139.2, 135.1, 129.1, 128.2, 54.5.

5.6.4 General procedure-C for the preparation of 2-alkoxy acetophenones 1

The compound 1aa to 1gg were synthesized according to a literature procedure.?

Q)V (o o & . O

To a solution of the a-diazoacetophenoneone 5a (300 mg, 2.05 mmol) in dichloromethane,
benzyl alcohol (0.427 ml, 4.11 mmol) was added followed by Sc(OTf); (101 mg, 0.2
mmol). The mixture was stirred at ambient temperature till completion of the reaction
(monitored by TLC). Additional solvent was added and the solution was washed with
water and concentrated to give the crude product which was purified by column
chromatography on silica gel to afford 2-(benzyloxy)-1-phenylethan-1-one 1laa as a white
solid (319 mg, 68% vyield).

2-(benzyloxy)-1-phenylethan-1-one (1aa)

m.p.: 74-76 °C; *H NMR (400 MHz, CDCl3) § 7.93 — 7.90 (m, 2H), 7.59 — 7.54 (m, 1H),
7.47 — 7.42 (m, 2H), 7.40 — 7.28(m, 5H), 4.75 (s, 2H), 4.69 (s, 2H); *C NMR (100 MHz,
CDCls) 6 196.3, 137.4, 135.0, 133.6, 128.8, 128.6, 128.2, 128.1, 128.0, 73.5, 72.6.
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2-(benzyloxy)-1-(4-chlorophenyl)ethan-1-one (1bb)

O
0]
1bb
Cl

The compound 1bb was synthesized following the general procedure C; The compound
1bb was obtained as a yellow solid (351 mg, 81% yield). m.p.: 117-119 °C; *H NMR (400
MHz, CDCls) 6 7.89 — 7.85 (m, 2H), 7.44 — 7.41(m, 2H), 7.39 — 7.29 (m, 5H), 4.70 (s,
2H), 4.67 (s, 2H); **C NMR (100 MHz, CDCls) 6 195.4, 140.1, 137.2, 133.3, 129.6, 129.1,
128.7, 128.2, 128.2, 73.6, 72.8.

2-((2-ethylhexyl)oxy)-1-phenylethan-1-one (1cc)

The compound 1cc was synthesized following the general procedure C; The compound
1cc was obtained as a pale yellow liquid (301 mg, 60 % yield). '"H NMR (400 MHz,
CDCl3) § 7.97 — 7.95 (m, 2H), 7.60 — 7.55 (m, 1H), 7.49 — 7.44 (m, 2H), 4.69 (s, 2H),
3.44 (d, J =5.9 Hz, 2H), 7.61 — 7.53 (m,1H), 1.47 — 1.20 (m, 8H), 0.92 — 0.85 (m, 6H); *C
NMR (100 MHz, CDCl3) ¢ 197.3, 135.2, 133.5, 128.7, 128.2, 74.8, 74.4, 39.8, 30.5, 29.2,
23.8,23.2,14.2,11.1.

2-(2-ethoxyethoxy)-1-phenylethan-1-one (1dd)
0

1dd

The compound 1dd was synthesized following the general procedure C; The compound
1dd was obtained as a colorless liquid (325 mg, 76% vyield). *H NMR (400 MHz, CDCls)
07.95-7.93 (m, 2H), 7.60 — 7.56 (m, 1H), 7.49 — 7.44 (m, 2H), 4.85 (s, 2H), 3.79 — 3.77
(m, 2H), 3.68 — 3.65 (m, 2H), 3.53 (g, J = 7.0 Hz, 2H), 1.20 (t, J = 7.0 Hz, 3H); *C NMR
(100 MHz, CDCls3) 6 196.5, 135.0, 133.5, 128.7, 128.0, 74.3, 71.0, 70.1, 66.7, 15.2.
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2-(((1S,2R,5S)-2-isopropyl-5-methylcyclohexyl)oxy)-1-(4-methoxyphenyl)ethan-1-one
(1ee)
0

Begees

| 1ee

The compound lee was synthesized following the general procedure C; The compound
1lee was obtained as a colorless liquid (364 mg, 70% yield). *H NMR (400 MHz, CDCl3) ¢
7.92 (d, J = 8.7 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 4.76 (d, J = 15.8 Hz, 1H), 4.60 (d, J =
15.8 Hz, 1H), 3.21 (td, J = 10.6, 4.2 Hz, 1H), 2.27 — 2.19 (m, 1H), 2.14— 2.09(m, 1H), 1.68
—1.61 (m, 2H), 1.38 — 1.26 (m, 2H), 1.02 — 0.80 (m, 9H), 0.72 (d, J = 6.9 Hz, 3H); *C
NMR (100 MHz, CDCl3) 6 196.00, 139.85, 133.63, 129.89, 128.99, 80.41, 71.70, 48.28,
40.09, 34.51, 31.66, 25.59, 23.33, 22.40, 21.09, 16.24.

2-(dodecyloxy)-1-phenylethan-1-one (1ff)

The compound 1ff was synthesized following the general procedure C; The compound 1ff
was obtained as a pale yellow solid (386 mg, 56% vyield). m.p.: 45-47°C; 'H NMR (400
MHz, CDCl3)  7.96 — 7.94 (m, 6H), 7.60 — 7.56 (m, 3H), 7.48 — 7.44 (m, 6H), 4.72 (s,
6H), 3.56 (t, J = 6.7 Hz, 6H), 1.69 — 1.62 (m, 7H), 1.37 — 1.26 (m, 57H), 0.88 (t, J = 6.9
Hz, 10H); **C NMR (100 MHz, CDCls) ¢ 196.9, 135.2, 133.6, 128.8, 128.1, 74.0, 72.2,
32.1,29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 26.2, 22.8, 14.2.

1-(4-chlorophenyl)-2-(dodecyloxy)ethan-1-one (1gQ)
0
O
The compound 1gg was synthesized following the general procedure C; The compound
1gg was obtained as a pale yellow solid (342 mg, 61% vyield). m.p.: 45-47°C; 'H NMR

(400 MHz, CDClg) § 7.91 (d, J = 8.7 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 4.66 (s, 2H), 3.54
(t, J = 6.7 Hz, 2H), 1.67 — 1.60 (m, 2H), 1.36 — 1.25 (m, 18H), 0.88 (t, J = 6.9 Hz, 3H); °C
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NMR (100 MHz, CDCls) ¢ 196.0, 140.0, 133.5, 129.7, 129.1, 74.2, 72.2, 32.1, 29.8, 29.8,
29.7,29.7,29.7, 29.5, 29.5, 26.1, 22.9, 14.3.

5.6.5 General procedure-D for the preparation of styrenyl ethers (3) from 2-aryloxy

acetophenones (1)

In an oven dried pressure tube containing a mixture of 2-phenoxy-1-phenylethan-1-one la
(200 mg, 0.94 mmol) and 4-methylbenzenesulfonohydrazide 2 (175 mg, 0.94 mmol), 1,4-
dioxane (2 mL) was added. Then the reaction mixture was heated at 80 °C for 3 h with a
screw cap closed and then K,CO3 (260 mg, 1.88 mmol) was added in one lot. The reaction
mixture was heated again at 110°C for12 h with a screw cap closed. Upon completion of
the reaction (monitored by TLC), the reaction mixture was cooled to room temperature
and the solvent was evaporated under reduced pressure. The crude product was purified by
column chromatography to furnish the compound (2-phenoxyvinyl)benzene 3a as
colorless liquid (78 mg, 84% vyield).

(2-phenoxyvinyl)benzene (3a)
X
O

3a
(E:Z = 24:76), IR (neat) cm™: 3047, 2921, 2855,1653,1591,1488; 'H NMR (400 MHz,
CDCl3) 6 7.80 — 7.77 (m, 2H, Z), 7.48 — 7.40 (m, 6H, E and Z), 7.34— 7.29 (m, 1.74H , E
and Z), 7.26 — 7.18 (m, 4H, E and Z2), 6.71 (d, J = 6.9 Hz, 1H, 2), 6.45 (d, J = 12.4 Hz,
0.36H, E), 5.72 (d, J = 6.9 Hz, 1H, Z); *C NMR (100 MHz, CDCl;) (E and Z) & 157.4,
157.3, 143.6, 141.8, 135.3, 135.1, 129.9, 128.8, 128.5, 126.8, 125.8, 123.5, 123.4, 117.1,
117.0, 113.8, 110.6; HRMS (ESI TOF) m/z calcd for C14H1,0 [M - H]", 195.0810 found
195.0804.
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1-methyl-2-(styryloxy)benzene (3b)
X
3b

The compound 3b was synthesized starting from 1b following the general procedure D
described for 3a; The compound 3b was obtained as a colorless liquid (67 mg, 72% vyield).
(E:Z = 23:77), IR (neat) cm™: 3027, 2922, 2853, 1650, 1586, 1489; *H NMR (400 MHz,
CDCl3) § 7.71 (d, J = 7.5 Hz, 2H), 7.35 — 7.28 (m, 3.32H, E and Z), 7.24 — 7.14 (m, 4.36H,
E and Z), 7.04 — 6.99 (m, 2.54H, E and Z), 6.58 (d, J = 6.9 Hz, 1H, Z), 6.24 (d, J = 12.5
Hz, 0.30H, E), 5.60 (d, J = 6.9 Hz, 1H, E and Z), 2.38 (s, 3H, Z), 2.30 (s, 1H, E); *C NMR
(100 MHz, CDCI3) (E and Z) 6 155.84, 144,51, 142.40, 135.48, 135.24, 131.4, 131.3,
128.8, 128.7, 128.46, 128.06, 127.2, 127.1, 126.7, 126.6, 125.66, 123.6, 123.5 , 116.67,
115.74, 112.60, 109.94, 16.47, 16.22; HRMS (ESI TOF) m/z calcd for C15H140 [M + H]",
211.1123 found 211.1135.

1-methyl-3-(styryloxy)benzene (3c)
o™
0

3c \©

Me
The compound 3c was synthesized starting from 1c following the general procedure D
described for 3a; The compound 3c was obtained as a pale yellow liquid (65 mg, 70%
yield).
(E:Z = 21:79), IR (neat) cm™: 3031, 2922, 1653, 1590, 1488; *H NMR (400 MHz, CDCl5)
5 7.69 — 7.67 (m, 2H, Z2), 7.34 — 7.29 (m, 3.17H, E and Z), 7.23 — 7.18 (m, 2.35H, E and
Z),7.16 (d, J = 12.4 Hz, 0.27H, E), 6.95— 6.86 (m, 3.74H, E and Z), 6.60 (d, J = 6.9 Hz,
1H, ), 6.33 (d, J = 12.4 Hz, 0.27H, E), 5.60 (d, J = 6.9 Hz, 1H, Z), 2.36 (s, 3H, Z), 2.35
(s, 0.8H, E); *C NMR (100 MHz, CDCls) (E and Z) & 157.4, 157.3, 143.7, 142.0, 140.1,
135.4, 135.1, 129.6, 128.8, 128.5, 126.7, 125.8, 124.3, 124.2, 117.8, 117.7 , 114.1, 113.9,
113.5, 110.4, 21.6; HRMS (ESI TOF) m/z calcd for C1sH140 [M - H]", 209.0966 found
209.0973.
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1-methyl-4-(styryloxy)benzene (3d)

o™
O
3d \©\Me

The compound 3d was synthesized starting from 1d following the general procedure D
described for 3a; The compound 3d was obtained as a yellowish liquid. (74 mg, 79%yield)
(E:Z = 20:80), IR (neat) cm™: 3029, 2923, 2859, 1653, 1605, 1504; ‘H NMR (400 MHz,
CDCl3) 8 7.70 — 7.68 (m, 2H, E and Z), 7.36 — 7.30 (m, 3H, E and Z), 7.23 — 7.15 (m, 4H,
E and 2), 7.05 - 7.01 (m, 2H, Z), 7.99- 6.95 (m, 0.5H, E), 6.59 (d, J = 6.9 Hz, 1H, Z), 6.31
(d, J = 12.4 Hz, 0.25H, E), 5.59 (d, J = 6.9 Hz, 1H, Z), 2.34 (s, 4H, E and Z); **C NMR
(100MHz, CDCl3) 6 155.4, 155.2, 144.2, 142.4, 135.4, 135.2, 133.0, 132.9, 130.3, 130.3,
128.8, 128.7, 128.5, 126.7, 125.7, 117.1, 117.0, 113.2, 110.0, 20.8; HRMS (ESI TOF) m/z
caled for C15H140 [M - H], 209.0966 found 209.0973 .

1-methoxy-4-(styryloxy)benzene (3e)
o™
o]
3e \©\0Me
The compound 3e was synthesized starting from 1le following the general procedure D
described for 3a; The compound 3e was obtained as a yellow oil (64 mg, 68% yield)
(E:Z = 25:75), IR (neat) cm™: 3051, 2921, 2845, 1651, 1500, 1448; *H NMR (400 MHz,
CDCl3) 6 7.70 — 7.68 (m, 2H, Z), 7.36 — 7.29 (m, 3.6H, E and Z), 7.23 — 7.17 (m, 1.38H, E
and Z), 7.13 (d, J = 12.5 Hz, 0.44H, E), 7.09 — 7.05 (m, 2H, Z), 7.03 —7.00 (m, 0.72H, E),
6.92 - 6.88 (m, 2.72H, E and Z), 6.55 (d, J = 6.9 Hz, 1H, Z), 6.26 (d, J = 12.5 Hz, 0.33H,
E), 5.56 (d, J = 6.9 Hz, 1H, Z), 3.81 (s, 4H, E and Z); **C NMR (100 MHz, CDCl5) (E and
Z) 6 155.9, 151.6, 151.1, 145.0, 143.1, 135.5, 135.2, 128.8, 128.7, 128.5, 126.6, 126.5,

125.7, 118.6, 118.3, 114.9, 114.8, 112.5, 109.6, 55.9; HRMS (ESI TOF) m/z calcd for
Ci15H1402 [M - H]", 225.0916 found 225.0922.
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1-bromo-4-(styryloxy)benzene (3f)
o™

0
The compound 3f was synthesized starting from 1f following the general procedure D
described for 3a; The compound 3f was obtained as a colorless liquid (68 mg, 72% vyield).
(E:Z = 26:74), IR (neat) cm™: 3059, 2923, 1653, 1584, 1483; 'H NMR (400 MHz, CDCls)
8 7.67—7.65 (m, 2H, Z), 7.49— 7.44 (m, 2.69H, E and Z), 7.36 — 7.31 (m, 3.45H, E and 2),
7.25—-7.21 (m, 1.29H, E and Z), 7.10 (d, J = 12.4 Hz, 0.39H, E), 7.04 — 7.00 (m, 2H, 2),
6.97 — 6.94 (m, 0.68H, E), 6.55 (d, J = 6.9 Hz, 1H, Z), 6.37 (d, J = 12.4 Hz, 0.34H, E),
5.67 (d, J = 6.9 Hz, 1H, Z); *C NMR (100 MHz, CDCl3) (E and Z ) & 156.4,146.3, 143.0,

141.2, 134.9, 134.7, 132.8, 128.9, 128.5, 127.0, 125.9, 118.8, 118.7, 116.0, 115.8, 114.6,
111.4; HRMS (ESI TOF) m/z calcd for C14H1:BrO [M - H]*, 272.9915 found 272.9913.

1-methyl-4-(2-phenoxyvinyl)benzene (3g)

/@/\
(0]

The compound 3g was synthesized starting from 1g following the general procedure D
described for 3a; The compound 3g was obtained as a colorless liquid (71 mg, 76% yield)
(E:Z = 18:82), IR (neat) cm™: 3034, 2921, 2858, 1656, 1593, 1489; 'H NMR (400 MHz,
CDCl3) 6 7.59 (d, J =8.2 Hz, 2H, Z ), 7.40 — 7.33 (m, 2.54H, E and Z), 7.22 (d, J = 12.4
Hz, 0.52H, E), 7.16 — 7.06 (m, 6.28H, E and Z), 6.58 (d, J = 6.9 Hz, 1H, Z), 6.34 (d, J =
12.4 Hz,0.22H, E), 5.61 (d, J = 6.9 Hz, 1H, Z), 2.35 (s, 3.70H, E and Z); *C NMR (100
MHz, CDCl3) (E and Z) 6 157.5, 157.4, 142.8, 141.1, 136.5, 132.3, 132.1, 129.8, 129.5,
129.2, 128.7, 125.7, 123.4, 123.3, 117.0, 113.8, 110.6, 21.4; HRMS (ESI TOF) m/z calcd
for C1sH140 [M + H]" 211.1123, found 211.1119.

1-methyl-2-((4-methylstyryl)oxy)benzene (3h)
Me ©
3h

The compound 3h was synthesized starting from 1h following the general procedure

described D for 3a; The compound 3h was obtained as a light colorless liquid (76 mg,
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81% vyield). (E:Z = 21:79), IR (neat) cm™: 3026, 2921, 2857, 1653, 1586, 1489; 'H NMR
(400 MHz, CDCl3) & 7.62 (d, J = 8.2 Hz, 2H, Z), 7.24 — 7.11 (m, 6H, E and Z), 7.05 — 7.00
(m, 2.5H, E and Z), 6.56 (d, J = 6.9 Hz, 1H, Z), 6.25 (d, J = 12.5 Hz, 0.27H, E), 5.60 (d, J
= 6.9 Hz, 1H, Z), 2.39 (s, 3H, Z2), 2.36 (s, 3H, Z), 2.34 (s, 0.8H, E), 2.32 (s, 0.8H, E); *C
NMR (100 MHz, CDCls) (E and Z) & 155.9, 155.4, 143.8, 141.7, 136.4, 132.5, 132.4,
131.3, 131.2, 129.5, 129.2, 128.7, 128.3, 128.0, 127.2, 127.1, 125.6, 123.4, 123.3, 116.5,
115.6, 112.7, 110.0, 21.4, 21.3, 16.5, 16.2; HRMS (ESI TOF) m/z calcd for C16HgO [M -
H]", 223.1123 found 223.1131.

1-bromo-4-((4-methylstyryl)oxy)benzene (3i)

10
(0]
Me

Br

The compound 3i was synthesized starting from 1i following the general procedure D
described for 3a; The compound 3i was obtained as a pale yellow solid (73 mg, 77%
yield).

(E:Z = 36:64), m.p.: 70-73 °C; IR (neat) cm™: 3028, 2917, 2859, 1655, 1586, 1483; 'H
NMR (400 MHz, CDCl3) & 7.54 (d, J = 8.1 Hz, 2H, Z), 7.48 — 7.42 (m, 3H, E and Z), 7.22
—7.11 (m, 4.48H, E and Z), 7.06 (d, J = 12.4 Hz, 0.64H, E), 7.02 - 6.99 (m, 2H, Z), 6.96 —
6.92 (m, 1H, E), 6.50 (d, J = 6.8 Hz, 1H, Z), 6.34 (d, J = 12.4 Hz, 0.56H, E), 5.64 (d, J =
6.8 Hz, 1H, Z), 2.34 (s, 4.77H, E and Z); *C NMR (100 MHz, CDCl;) (E and Z) & 156.5,
156.5, 142.2, 140.5, 136.7, 136.8, 132.8, 131.9, 131.8, 129.6, 129.2, 128.8, 125.8, 118.7,
115.8, 115.7, 114.7, 111.5, 21.4, 21.3; HRMS (ESI TOF) m/z calcd for C15H13BrO [M -
H]*, 287.0072 found 287.0066.

1-methoxy-4-((4-methylstyryl)oxy)benzene (3j)

The compound 3j was synthesized starting from 1j following the general procedure D
described for 3a; The compound 3j was obtained as a yellow solid (61 mg, 65% yield).
(E:Z = 25:75), m.p.: 60-62°C; IR (neat) cm™: 3004, 2922, 2839, 1654, 1504, 1456; ‘H
NMR (400 MHz, CDCl3)  7.58 — 7.56 (m, 2H, Z), 7.20 — 7.09 (m, 3.63H, E and Z), 7.08
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—7.04 (m, 2H, Z), 7.02— 6.98 (m, 0.70H, E), 6.91— 6.86 (m, 2.63H, E and Z), 6.49 (d, J =
6.9 Hz, 1H, Z), 6.24 (d, J = 12.5 Hz, 0.33H, E), 5.53 (d, J = 6.9 Hz, 1H, Z), 3.80 (s, 4H, E
and Z), 2.34 (s, 3H, Z), 2.33(s, 1H, E); *C NMR (100 MHz, CDCls) (E and Z) & 155.8,
151.7, 144.2, 142.4, 136.4, 132.5, 132.3, 132.2, 130.0, 129.5, 129.2, 128.6, 125.6, 118.5,
118.2, 114.8, 112.5, 109.6, 55.8, 21.34, 21.3; HRMS (ESI TOF) m/z calcd for C16H160-
[M + H]*, 241.1228 found 241.1223.

1-chloro-4-(2-phenoxyvinyl)benzene (3k)

Neg W

The compound 3k was synthesized starting from 1k following the general procedure
described D for 3a; The compound 3k was obtained as a yellowish liquid (66 mg, 70%
yield).

(E:Z = 7:93), IR (neat) cm™: 3053, 2922, 1655, 1593, 1489; *H NMR (400 MHz, CDCl3) &
7.56 —7.52 (m, 2H, 2), 7.33 — 7.27 (m, 2.40H, E and Z), 7.24— 7.14 (m, 2.57H, E and Z),
7.10 - 6.98 (m, 2.43H, E and Z), 6.56 (d, J = 6.9 Hz, 1H, Z), 6.21 (d, J = 12.4 Hz, 0.08H,
E), 5.50 (d, J = 6.9 Hz, 1H, Z); *C NMR (100 MHz, CDCls) (E and Z) § 157.3, 144.1,
142.4,133.5, 132.2, 130.0, 129.9, 128.7, 128.6, 126.9, 123.7, 117.1, 109.3; HRMS (ESI
TOF) m/z caled for C14H1:CIO [M - H]*, 229.0420 found 229.0423.

1-((4-chlorostyryl)oxy)-2-methylbenzene (3I)

/©/\ Me

Cl O\©
3a

The compound 3l was synthesized starting from 1l following the general procedure
described D for 3a; The compound 3l was obtained as a colorless liquid (70 mg, 74%
yield). (E:Z = 22:78), IR (neat) cm™: 3032, 2923, 2856, 1652, 1587, 1489; ‘*H NMR (400
MHz, CDCl3) & 7.65 — 7.62 (m, 2H, Z), 7.31 — 7.27 (m, 2H, E and Z), 7.26 — 7.17 (m,
3.94H, E and Z), 7.14 (d, J = 12.4 Hz, 0.33H, E), 7.06 — 6.97 (m, 2.47H, E and Z), 6.59 (d,
J=6.9 Hz, 1H, Z), 6.17 (d, J = 12.5 Hz, 0.28H, E), 5.55 (d, J = 6.9 Hz, 1H, Z), 2.36 (s,
3H, Z), 2.29 (s, 0.84H, E); 3C NMR (100 MHz, CDCls) (E and Z) & 155.7, 145.1, 143.0,
134.0, 133.7, 132.0, 131.4, 131.4, 129.9, 128.9, 128.6, 128.1, 127.3, 127.2, 126.8, 123.8,
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123.7, 116.8, 115.9, 111.3, 108.7, 16.4, 16.2; HRMS (ESI TOF) m/z calcd for C45H13CIO
[M - H]", 243.0577 found 243.0582.

1-chloro-4-(2-(4-methoxyphenoxy)vinyl)benzene (3m)

The compound 3m was synthesized starting from 1m following the general procedure D
described for 3a; The compound 3m was obtained as a yellow solid (66 mg, 70% yield).
(E:Z = 24:76), m.p.: 76-78°C; IR (neat) cm™: 3043, 3004, 2951, 1651, 1498, 1407; *H
NMR (400 MHz, CDCl5) § 7.62 — 7.58 (m, 2H, Z), 7.30 — 7.23 (m, 3H, Z), 7.21 — 7.18 (m,
0.66H, E), 7.09 (d, J = 12.5 Hz, 0.4H, E), 7.06 — 7.02 (m, 2H, Z), 7.01 — 6.97 (m, 0.67H,
E), 6.90 — 6.85(m, 2.62H, E and Z), 6.54 (d, J = 6.9 Hz, 1H, Z), 6.18 (d, J = 12.5 Hz,
0.31H, E), 5.49 (d, J = 6.9 Hz, 1H, Z), 3.79 (s, 4H, E and Z); *C NMR (100 MHz, CDCls)
(E and Z) 6 156.1, 151.4, 150.9, 145.5, 143.6, 134.1, 133.7, 132.0, 129.9, 128.9, 128.6,
126.8, 118.7, 118.3, 114.9, 111.2, 108.3, 55.8, 55.8; HRMS (ESI TOF) m/z calcd for
C15H13ClO; [M - H] +, 259.0526 found 259.0527.

1-bromo-4-((4-chlorostyryl)oxy)benzene (3n)

/©/\
0]
Cl
3n
Br

The compound 3n was synthesized starting from 1n following the general procedure
described D for 3a; The compound 3n was obtained as a pale yellow liquid (65 mg, 68%
yield). (E:Z = 22:78); IR (neat) cm™: 2924,2865, 1655, 1586, 1483; 'H NMR (400 MHz,
CDCl3) 6 7.59 — 7.56(m, 2H, Z), 7.49 — 7.44 (m, 2.60H, E and 2), 7.31 — 7.27 (m, 2H, 2),
7.23-7.21 (m, 0.52H, E), 7.08 (d, J = 12.4 Hz, 0.34H, E), 7.02 - 6.98 (m, 2H, Z), 6.96 —
6.92 (m, 0.54H, E), 6.55 (d, J = 6.9 Hz, 1H, Z), 6.30 (d, J = 12.4 Hz, 0.28H, E), 5.60 (d, J
= 6.9 Hz, 1H, Z); *C NMR (100 MHz, CDCls) (E and Z) & 156.3, 143.5, 141.7, 133.2,
132.9, 132.9, 132.5, 130.1, 129.1, 128.7, 127.0, 118.9, 118.8, 116.3, 113.4, 110.1; HRMS
(ESI TOF) m/z calcd for C14H10BrCIO [M - H], 306.9526 found 306.9529.
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1-bromo-4-(2-phenoxyvinyl)benzene (30)

m
Br ©
30

The compound 30 was synthesized starting from 1o following the general procedure D
described for 3a; The compound 30 was obtained as a white solid (65 mg, 69% vyield).
(E:Z = 4:96), m.p.: 64-66°C; IR (neat) cm™: 3066, 2925, 2856, 1654, 1595, 1491; 'H
NMR (400 MHz, CDCls) (Z- Isomer) & 7.57 — 7.53 (m, 2H), 7.46 — 7.42 (m, 2H), 7.39 —
7.35 (m, 2H), 7.16 — 7.09 (m, 3H), 6.64 (d, J = 6.9 Hz, 1H), 5.56 (d, J = 6.9 Hz, 1H); **C
NMR (100 MHz, CDCls3) (Z- Isomer) & 157.3, 142.6, 134.0, 131.6, 130.4, 130.0, 123.8,
120.4, 117.1, 109.3; HRMS (ESI TOF) m/z calcd for Ci4H1;:Bro [M + H]* 137.0602,
found 137.0607.

1-((4-bromostyryl)oxy)-2-methylbenzene (3p)

/©/\ Me
Br - O©
The compound 3p was synthesized starting from 1p following the general procedure D
described for 3a; The compound 3p was obtained as a white solid (74 mg, 78% yield).
(E:Z = 21:79), m.p.: 53-56°C; IR (neat) cm™: 3029, 2924, 2855, 1653, 1589, 1490; ‘H
NMR (400 MHz, CDCl3)  7.60 — 7.56 (m, 2H, Z), 7.47 — 7.39 (m, 2.44H, E and Z), 7.24 —
7.14 (m, 3.30H, E and Z), 7.06 — 6.98 (m, 2.46H, E and Z), 6.61 (d, J = 6.9 Hz, 1H, 2Z),
6.16 (d, J =12.5 Hz, 0.28H, E), 5.54 (d, J = 6.9 Hz, 1H, Z), 2.36 (s, 3H, Z), 2.29 (s, 0.78H,
E); *C NMR (100 MHz, CDCls) (E and Z) & 155.7, 155.1, 145.2, 143.1, 134.2, 131.9,
131.5, 131.4, 131.4, 130.2, 128.2, 127.3, 127.2, 127.2, 123.9, 123.7, 120.2, 116.8, 115.9,
111.3, 108.7, 16.4, 16.2; HRMS (ESI TOF) m/z calcd for C15H13BrO [M - H], 287.0072
found 287.0072.

1-fluoro-4-(2-phenoxyvinyl)benzene (3q)

O

The compound 3g was synthesized starting from 1q following the general procedure

described D for 3a; The compound 3g was obtained as a pale yellowish liquid (70 mg,
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75% yield).(E:Z = 1:99), IR (neat) cm™: 3047, 2923, 2855, 1658, 1593, 1495; *H NMR
(400 MHz, CDCl3) (Z- Isomer)s 7.68 — 7.64 (m, 2H), 7.39 — 7.35 (m, 2H), 7.15 — 7.11 (m,
3H), 7.05 — 6.99 (m, 2H), 6.60 (d, J = 6.9 Hz, 1H), 5.59 (d, J = 6.9 Hz, 1H); *C NMR
(100 MHz, CDCls) (Z- Isomer) & 161.6 (d, J = 246.4 Hz), 157.3, 141.4, 131.2, 131.2,
130.5 (d, J = 7.7 Hz), 129.9, 123.6, 117.0, 115.32 (d, J = 21.3 Hz), 109.5; HRMS (ESI
TOF) m/z caled for C14H1:FO [M - H]", 213.0716 found 213.0713.

2-(styryloxy)naphthalene (3r)
X

o]

: !

The compound 3r was synthesized starting from 1r following the general procedure D
described for 3a; The compound 3r was obtained as a white solid (78 mg, 83% yield).
(E:Z = 21:79), m.p.: 92-94°C; IR (neat) cm™: 3055, 2923, 2855, 1627, 1589, 1503, 1450;
'H NMR (400 MHz, CDCl3) & 7.85 — 7.71 (m, 5.73H, E and Z), 7.50 — 7.21 (m, 10H, E
and Z), 6.75 (d, J = 6.9 Hz, 1H, Z), 6.43 (d, J = 12.4 Hz, 0.27H, E), 5.71 (d, J = 6.9 Hz,
1H, Z); C NMR (100 MHz, CDCls) (E and Z) & 155.2, 143.4, 141.7, 135.2, 135.0, 134.4,
130.3, 130.0, 128.9, 128.5, 127.9, 127.3, 126.9, 126.8,125.9, 124.8, 118.9, 118.0, 114.4,
111.5, 111.1; HRMS (ESI TOF) m/z calcd for C1gH140 [M - H]", 245.0966 found 0952.

2-((4-methylstyryl)oxy)naphthalene (3s)
A

o)

. !

The compound 3s was synthesized starting from 1s following the general procedure D
described for 3a; The compound 3s was obtained as a brown solid (69 mg, 73% yield).

(E:Z = 22:78), m.p.: 92-94°C; IR (neat) cm™: 3019, 2918, 2857, 1629, 1597, 1509, 1465;
'H NMR (400 MHz, CDCl3)  7.84 — 7.74 (m, 3.91H, E and Z), 7.61 (d, J = 8.2 Hz, 2H,
Z), 7.48 — 7.33 (m, 4.87H, E and Z), 7.29 — 7.24 (m, 1.73H, E and Z), 7.16 — 7.13 (m,
2.69H, E and Z), 6.71 (d, J = 6.8 Hz, 1H, Z), 6.41 (d, J = 12.4 Hz, 0.27H, E), 5.69 (d, J =
6.9 Hz, 1H, Z), 2.35 (s, 4H, E and Z); **C NMR (100 MHz, CDCls) (E and Z) § 155.2,
142.6, 140.9, 136.7, 134.4, 132.1, 130.3, 130.0, 129.6, 129.2, 128.8, 127.9, 127.3, 126.8,
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125.8, 124.8, 118.8, 114.4, 111.4, 111.2, 21.4; HRMS (ESI TOF) m/z calcd for C19H160
[M - H]", 259.1123 found 259.1131.

2-((4-fluorostyryl)oxy)naphthalene (3t)

/©/\
(0]
] O

) O

The compound 3t was synthesized starting from 1t following the general procedure D
described for 3a; The compound 3t was obtained as a white solid (76 mg, 80% yield).

(E:Z = 21:79), m.p.: 91-93°C; IR (neat) cm™: 3060, 2923, 2854, 1630, 1594, 1505, 1464,
1401; *H NMR (400 MHz, CDCl3) & 7.85 — 7.75 (m, 3.94H, E and Z), 7.72 — 7.67 (m,
1.91H, E and Z), 7.50 — 7.25 (m, 6H, E and Z), 7.22 (d, J = 12.4 Hz, 0.29H, E), 7.06 — 7.00
(m, 2.46H, E and Z), 6.73 (d, J = 6.9 Hz, 1H, Z), 6.39 (d, J = 12.4 Hz, 0.27H, E), 5.67 (d, J
= 6.9 Hz, 1H, 2); **C NMR (101 MHz, CDCl3) (E and Z) 6 161.6 (d, J = 246.5 Hz), 155.1,
143.1, 143.1, 141.3 (d, J = 2.4 Hz), 134.3, 131.2, 131.1, 130.47 (d, J = 7.8 Hz), 130.1,
127.9, 127.4, 127.3, 127.3, 127.2, 126.9, 126.9, 124.9, 124.9, 118.9, 118.7, 115.79 (d, J =
21.6 Hz), 115.37 (d, J = 21.3 Hz), 113.3, 111.6, 111.5, 110.0; HRMS (ESI TOF) m/z calcd
for C1gH13FO [M - H]", 263.0872 found 263.0891.

2-((4-chlorostyryl)oxy)naphthalene (3u)

/@/\
0]
cl O

3u O

The compound 3u was synthesized starting from 1u following the general procedure D
described for 3a; The compound 3u was obtained as a brownish solid (74 mg, 78% yield).

(E:Z = 20:80), m.p.: 99-101°C; IR (neat) cm™: 3062, 2924, 2854, 1649, 1594, 1505, 1464;
'H NMR (400 MHz, CDCls) & 7.86— 7.76 (m, 4H, E and Z), 7.67 — 7.63 (m, 2H, E and 2),
7.51-7.37 (m, 4H, E and 2), 7.35 - 7.25 (m, 5H, E and Z), 6.76 (d, J = 6.9 Hz, 1H, E ad
Z), 6.36 (d, J = 12.4 Hz, 0.26H, E), 5.64 (d, J = 6.9 Hz, 1H, Z); *C NMR (100 MHz,
CDCls3) (E and Z) 6 155.0, 143.9, 142.2, 134.3, 133.5, 132.3, 130.4, 130.1, 129.0, 127.9,
127.3,127.1, 126.9, 125.0, 118.9, 118.7, 113.0, 111.7, 109.8; HRMS (ESI TOF) m/z calcd
for C1gH15CIO [M + H]", 279.0577 found 279.0571.
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2-((4-bromostyryl)oxy)naphthalene (3v)

m
(e
Br O
3v O

The compound 3v was synthesized starting from 1v following the general procedure D
described for 3a; The compound 3v was obtained as a white solid (72 mg, 75% yield).
(E:Z = 18:82), m.p.: 102-104°C; IR (neat) cm™: 3061, 2924, 2854, 1644, 1592, 1507,
1471; *H NMR (400 MHz, CDCls) § 7.86 — 7.76 (m, 3.77H, E and Z), 7.61 — 7.57 (m, 2H,
E and Z), 7.51 — 7.37 (m, 6.16H, E and Z), 7.35 - 7.32 (m, 1H, E and Z), 7.29 — 7.20 (m,
1.37H, E and Z), 6.78 (d, J = 6.9 Hz, 1H, Z), 6.34 (d, J = 12.4 Hz, 0.23H, E), 5.64 (d, J =
6.9 Hz, 1H, 2); *C NMR (100 MHz, CDCls) (E and Z) & 155.0, 144.0, 142.4, 134.3,
133.9, 131.9, 131.6, 130.4, 130.1, 127.9, 127.4, 127.3, 127.2, 127.0, 125.0, 120.5, 118.8,
118.7, 113.0, 111.7, 109.8; HRMS (ESI TOF) m/z calcd for CigH13BrO [M - HJ’,
323.0072 found 323.0078.

2-((4-methoxystyryl)oxy)naphthalene (3w)

m

0
MeO O
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The compound 3w was synthesized starting from 1w following the general procedure D
described for 3a; The compound 3w was obtained as a brown solid (63 mg, 67% vyield).
(E:Z = 22:78), m.p.: 92-94°C; IR (neat) cm™: 3057, 2923, 2846, 1602, 1509, 1462; ‘H
NMR (400 MHz, CDClg) 6 7.84 — 7.74 (m, 4H, E and Z) 7.69 — 7.64 (m, 2H, E and Z),
7.47 —7.25 (m, 7H, E and Z), 7.18 (d, J = 12.4 Hz, 0.29H, E), 6.90 — 6.86 (m, 2.61H, E
and Z), 6.67 (d, J = 6.8 Hz, 1H, Z), 6.39 (d, J = 12.4 Hz, 0.28H, E), 5.66 (d, J = 6.8 Hz,
1H, Z), 3.81 (s, 3.72H, E and Z); **C NMR (100 MHz, CDCls) (E and Z) & 158.5, 155.2,
141.8, 140.0, 134.4, 130.2, 130.2, 127.9, 127.8, 127.2, 127.2, 127.1, 126.8, 124.7, 124.7,
118.9, 118.8, 114.4, 114.2, 114.0, 111.3, 111.2, 110.9, 55.5, 55.4; HRMS (ESI TOF) m/z
caled for C19H160, [M]", 276.1150 found 276.1158.
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(2-(benzyloxy)vinyl)benzene (3aa)

o

The compound 3aa was synthesized starting from laa following the general procedure D
described for 3a; The compound 3aa was obtained as a pale yellow liquid (72 mg, 77%
yield). (E:Z = 41:59), IR (neat) cm™: 3031, 2922, 1720, 1647, 1494, 1451; *H NMR (400
MHz, CDCl3) 6 7.64 — 7.62 (m, 2H, Z), 7.39 — 7.37 (m, 5.77H, E and Z), 7.35 — 7.23 (m,
7.52H, E and Z), 7.17 - 7.12 (m, 1.66H, E and Z), 7.08 (d, J = 12.9 Hz, 0.72H, E), 6.28
(d, J=7.0 Hz, 1H, Z), 5.96 (d, J = 12.9 Hz, 0.70H, E), 5.27 (d, J = 7.0 Hz, 1H, Z), 4.99 (s,
2H, Z), 4.90 (s, 1.50H, E); *C NMR (100 MHz, CDCls) (E and Z) & 147.8, 146.4, 137.4,
136.8, 136.4, 136.0, 128.7, 128.4, 128.4, 128.3, 128.2, 127.8, 127.4, 125.9, 125.3, 107.0,
106.4, 75.1, 72.0; HRMS (ESI TOF) m/z calcd for Ci9H160, [M - H]", 209.0966 found
209.0970.

1-(2-(benzyloxy)vinyl)-4-chlorobenzene (3bb)

mop
Cl 3bb

The compound 3bb was synthesized starting from 1bb following the general procedure D
described for 3a; The compound 3bbwas obtained as a colorless liquid (144 mg, 86%
yield). (Z isomer) IR (neat) cm™: 3034, 2925, 1414, 1650, 1594, 1490; ‘H NMR (400
MHz, CDCls) & 7.54 (d, J = 8.6 Hz, 2H), 7.40 — 7.30 (m, 5H), 7.24 (d, J = 8.6 Hz, 2H),
6.29 (d, J = 7.0 Hz, 1H), 5.22 (d, J = 7.0 Hz, 1H), 4.98 (s, 2H); *C NMR (100 MHz,
CDCI3) 6 146.8, 137.1, 134.5, 131.2, 129.7, 128.8, 128.4, 128.3, 127.4, 105.4, 75.2;
HRMS (ESI TOF) m/z calcd for C1gH160, [M - H]", 243.0577 found 243.0582.

177



(2-((2-ethylhexyl)oxy)vinyl)benzene (3cc)

The compound 3cc was synthesized starting from 1cc following the general procedure D
described for 3a; The compound 3cc was obtained as a colorless liquid (75 mg, 80%
yield). (E:Z = 40:60) IR (neat) cm™: 3031, 2955, 2867, 1722, 1605, 1458; 'H NMR (400
MHz, CDCls) & 7.59 — 7.57 (m, 2H, Z), 7.29 — 7.20 (m, 4.75H, E and Z), 7.14 — 7.05(m,
1.65H, E and Z), 7.01 (d, J = 13.0 Hz, 0.67H, E), 6.19 (d, J = 7.0 Hz, 1H, Z), 5.83 (d, J =
12.9 Hz, 0.64H, E), 5.18 (d, J = 7.0 Hz, 1H, Z), 3.83 (d, J =5.8 Hz, 2H, Z), 3.72 (d,J =5.8
Hz, 1.28H, E), 1.68 — 1.60 (m, 1.76H, E and Z), 1.51 — 1.25 (m, 15H, E and Z), 0.94 — 0.88
(m, 10H, E and Z); *C NMR (100 MHz, CDCls) (E and Z) & 148.6, 147.4, 136.8, 136.4,
128.7, 128.3, 128.2, 125.6, 125.1, 105.6, 105.2, 76.6, 72.6, 40.1, 39.6, 30.6, 30.5, 29.2,
29.1, 23.9, 23.8, 23.2, 23.2, 14.2, 14.2, 11.2, 11.2; HRMS (ESI TOF) m/z calcd for
C19H1602 [M - H]*, 231.1749 found 231.1756.

(2-(2-ethoxyethoxy)vinyl)benzene (3dd)
©/\fo\/\o/\
3dd

The compound 3dd was synthesized starting from 1dd following the general procedure D
described for 3a; The compound 3dd was obtained as a pale yellow liquid (70 mg, 75%
yield). (E:Z = 46:54) IR (neat) cm™: 3028, 2970, 2923, 2869, 1721, 1645, 1600, 1450; *H
NMR (400 MHz, CDCl3) & 7.60— 7.58(m, 2H, Z), 7.29 — 7.20(m, 5.87H, E and Z), 7.15 —
7.05 (m, 1.89H, E and Z), 7.03 (d, J = 13.0 Hz, 0.91H, E), 6.24 (d, J = 7.0 Hz, 1H, Z), 5.86
(d, J=13.0 Hz, 0.89H, E), 5.23 (d, J = 7.0 Hz, 1H, Z), 4.07 — 3.04 (m, 2H, Z), 3.99 — 3.97
(m, 1.89H, E), 3.72 - 3.69 (m, 4H, Z), 3.60 — 3.54 (m, 3.86H, E), 1.26 —1.20 (m, 6H, E and
Z); *C NMR (100 MHz, CDCls) (E and Z) & 148.1, 147.0, 136.5, 136.1, 128.7, 128.4,

128.3, 125.8, 125.8, 125.23, 106.3, 106.0, 72.9, 69.7, 69.3, 69.1, 67.0, 67.0, 15.3, 15.3;
HRMS (ESI TOF) m/z calcd for C19H160, [M - H]*, 191.1072 found 191.1067.
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1-(2-(((1S,2R,55)-2-isopropyl-5-methylcyclohexyl)oxy)vinyl)-4-methoxybenzene (3ee)

3ee

The compound 3ee was synthesized starting from lee following the general procedure D
described for 3a; The compound 3ee was obtained as a yellow liquid (144 mg, 86% yield).
(E:Z = 31:69) IR (neat) cm™: 2949, 2921, 2866, 1721, 1609, 1512, 1456; *H NMR (400
MHz, CDCls) § 7.54 — 7.52 (m, 2H, Z), 7.15 — 7.12 (m, 1H, Z), 6.85 — 6.79 (m, 2.94H, E
and Z), 6.77 (d, J = 12.6 Hz, 0.48H, E), 6.17 (d, J = 7.0 Hz, 1H, Z), 5.89 (d, J = 12.6 Hz,
0.44H, E), 5.12 (d, J = 7.0 Hz, 1H, Z), 3.79 (s, 3H, Z), 3.78 (s, 1.40H, E), 3.61 — 3.49 (m,
1.58H, E and Z), 2.25 — 2.14 (m, 1.55H, E and Z), 2.12 — 2.05 (m, 1.63H, E and Z), 1.71 -
1.65 (m, 3.26H, E and Z), 1.51 — 1.34 (m, 3.34H, E and Z), 1.16 — 0.98 (m, 3.45H, E and
Z), 0.94 — 0.91 (m, 10H, E and Z), 0.80 (d, J = 6.9 Hz, 4.44H, E and Z); **C NMR (100
MHz, CDCl3) (E and Z) & 157.8, 157.4, 146.2, 144.8, 129.5, 129.4, 129.3, 126.1, 114.2,
113.7, 106.8, 104.4, 83.6, 81.5, 55.4, 55.4, 48.1, 48.0, 42.1, 41.5, 34.5, 31.8, 31.7, 26.1,
26.0, 23.6, 22.3, 21.0, 20.9, 16.6, 16.5; HRMS (ESI TOF) m/z calcd for C19H160, [M]",
288.2089 found 288.2086

(2-(dodecyloxy)vinyl)benzene (3ff)

X O
O

The compound 3ff was synthesized starting from 1ff following the general procedure D
described for 3a; The compound 3ff was obtained as a colorless liquid (144 mg, 86%
yield). (E:Z = 43:57) IR (neat) cm™: 2921, 2854, 1727, 1654, 1459; 'H NMR (400 MHz,
CDCl;) § 7.60 — 7.57 (m, 2H, Z), 7.30 — 7.20 (m, 5H, E and Z), 7.15 — 7.09 (m, 1.85H, E
and Z), 6.99 (d, J = 13.0 Hz, 0.73H, E), 6.20 (d, J = 7.0 Hz, 1H, Z), 5.83 (d, J = 12.9 Hz,
0.75H, E), 5.20 (d, J = 7.0 Hz, 1H, Z), 3.91 (t, J = 6.6 Hz, 2H, Z), 3.82 (t, J = 6.6 Hz,
1.53H, E), 1.75 — 1.66 (m, 3.85H, E and Z), 1.44 — 1.26 (m, 34H, E and Z), 0.88 (t, J = 6.9
Hz, 5H, E and Z); *C NMR (100 MHz, CDCls) (E and Z) & 148.3, 147.1, 136.8, 136.3,
128.7, 128.3, 128.2, 125.7, 125.2, 105.9, 105.4, 73.9, 70.2, 32.1, 30.0, 29.8, 29.8, 29.7,
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29.7,29.7, 29.7, 29.5, 29.5, 29.5, 29.5, 26.1, 26.0, 22.8, 14.3; HRMS (ESI TOF) m/z calcd
for C19H160; [M - H]*, 287.2375 found 247.2371.

1-chloro-4-(2-(dodecyloxy)vinyl)benzene (3gg)

The compound 3gg was synthesized starting from 1gg following the general procedure D
described for 3a; The compound 3gg was obtained as a yellow liquid (144 mg, 86% yield).
(E:Z = 44:56) IR (neat) cm™: 2923, 2855, 1726, 1646, 1488, 1463; 'H NMR (400 MHz,
CDCl3) § 7.52 — 7.49 (m, 2H, Z), 7.26 — 7.19 (m, 3.92H, E and Z), 7.14 — 7.09 (m, 1.74H,
E and Z), 6.96 (d, J = 13.0 Hz, 0.80H, E), 6.21 (d, J = 7.0 Hz, 1H, Z), 5.77 (d, J = 12.9 Hz,
0.80H, E), 5.15 (d, J = 7.0 Hz, 1H, Z), 3.91 (t, J = 6.6 Hz, 2H, Z), 3.81 (t, J = 6.6 Hz,
1.67H, E), 1.75 — 1.65 (m, 3.82H, E and Z), 1.43 — 1.26 (m, 36H, E and Z), 0.88 (t, J = 6.9
Hz, 5.80H, E and Z); *C NMR (100 MHz, CDCls) (E and Z) & 148.8, 147.5, 135.3, 134.8,
131.0, 131.0, 129.4, 1288, 128.4, 1263, 104.8, 104.3, 74.1, 704, 32.01, 30.0, 29.8, 29.8,
29.7, 29.7, 29.7, 29.7, 29.5, 29.4, 26.1, 26.0, 22.8, 14.3; HRMS (ESI TOF) m/z calcd for
C1gH160, [M - H]*, 321.1985 found 321.1988.

Gram scale synthesis of (2-phenoxyvinyl)benzene (3a)
X
O

3a

The compound 3a was synthesized on gram scale starting from 1a (19, 4.71 mmol), tosyl
hydrazone 2 (877 mg, 4.71 mmol) and K,CO;3 (1.30g 9.42mmol) following the general
procedure D; The compound 3a was obtained as a yellow liquid (802 mg, 86% yield). (E:Z
= 24:76), *H NMR (400 MHz, CDCl3) & 7.80 — 7.77 (m, 2H, Z), 7.48 — 7.40 (m, 6H, E and
Z),7.34—-7.29 (m, 1.74H ,E and Z), 7.26 — 7.18 (m, 4H, E and Z), 6.71 (d, J = 6.9 Hz, 1H,
Z), 6.45 (d, J = 12.4 Hz, 0.36H, E), 5.72 (d, J = 6.9 Hz, 1H, Z); *C NMR (100 MHz,
CDCIy) (E and Z) 6 157.4, 157.3, 143.6, 141.8, 135.3, 135.1, 129.9, 128.8, 128.5, 126.8,
125.8, 123.5, 123.4, 117.1, 117.0, 113.8, 110.6; HRMS (ESI TOF) m/z calcd for C14H1,0
[M - H]*, 195.0810 found 195.0804.
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5.7Appendix 1V: *H, 13C spectral data of representative compounds

Compound No. Figure AllLLX Data Page No.
3a Figure V.1 and V.2 'H and °C 182
3b Figure V.3 and V.4 'H and C 183
3bb Figure V.5 and V.6 'H and C 184
3cc Figure V.7 and V.8 'H and °C 185
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Figure V.2: *C NMR (100 MHz, CDCls) spectrum of compound 3a
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SUMMARY

Oxidative C-H functionalization to form new C-C, C-N, and C-S bonds has
emerged as an elegant and robust synthetic method for accessing useful products,
featuring atom economy and straightforwardness. However, many of these methods
are based on transition metal catalysis, which is usually associated with drawbacks
such as cost, toxicity and need for non-commercial ligands. As an alternative,
transition-metal-free versions have become very important for avoiding more
expensive transition metal reagents and to tackle the environmental issues. Potassium
persulfate (K,S,0g) has emerged as one of the powerful transition-metal-free reagents
in organic synthesis. It is relatively cheap, environmentally friendly powerful oxidant
and frequently used for the degradation of environmental and soil carbon pollutants. It
has also been widely used as a radical initiator in a number of industrial applications.
In this regard, we have focused our attention to explore the strength of K,S,0g for the

novel transition-metal-free protocols.

We have developed anexpedientand direct transition-metal-free
regioselective thiocyanation of phenols, anilines and heterocycles using NH;SCN and
K»S,0g The transformation is realized via the direct C-H functionalization under
transition-metal-free conditions at an ambient temperature in excellent vyields.
Similarly, we demonstrated a one-pot protocol for the direct and clean transformation
of aryl acetic acids to aldehydes and ketones in water using less expensive K,S,0s as a
reagent. The protocol relies on the direct decarboxylation of sp*-hybridized carbon in
water without any over oxidation into carboxylic acids with minimal waste. Further,
we have developed a transition-metal-free carbamoylation of heterocycles using
formamides/NMF/DMF and K3;S;0g. The transformation is realized via direct
dehydrogenative aminocarbonylation of heterocyclic compounds. The method proved
to be practical and a series of primary to tertiary carboxamides were synthesized
without any side products. We also developed a novel one-pot transition-metal-free
synthesis of styrenyl ethers from 2-aryloxy/alkoxy acetophenones via Bamford-
Stevens reaction for the first time. The novel methodology described here is practical
and scalable. We have developed transition-metal-free protocols for the direct access
of aryl thiocyanates, aldehydes and ketones, azaheterocyclic carboxamides and

styrenyl ethers for the thesis work.
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Introduction

Organosulfur derivatives are very important class of com-
pounds with biological importance. Hence, efforts have been
devoted to synthesize organosulfur compounds by directly intro-
ducing the sulfur moieties into the organic scaffolds. Among these,
direct thiocyanation of aromatic and heteroaromatics is one of the
most important and convenient methods for carbon-sulfur bond
formation. Many aryl thiocyanates exhibit potent biological and
pharmacological activities and they are the building blocks of
many biologically active heterocycles and agrochemicals.! More-
over, aryl thiocyantes are versatile precursors for making various
useful organosulfur compounds such as thiols,” thioethers,’
thioesters,” thiocarbamates,” disulfides,® sulfur containing hetero-
cycles” and many pharamceuticals.' Owing to the importance,
efforts were made to access the thiocyanates by different
methods.® Usually, thiocyanates are obtained by direct elec-
trophilic thiocyanation of arenes or nucleophilic substitution reac-
tion of the corresponding organic molecules. Even though some of
these traditional methods contributed to the various synthetic
transformations, however, use of toxic transition metal reagents,
corrosive molecular halogen and halogen based reagents, harsher
reaction conditions impede their wide utility. Certainly, these are
the limiting factors for the successful and wider applications. Some
of the reagents that have been explored for the thiocyanation

* Corresponding author.
E-mail address: rgb@iiserpune.ac.in (R.G. Bhat).

http://dx.doi.org/10.1016/j.tetlet.2016.12.043
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under various conditions are antimony (V) chloride/lead (II) thio-
cyanate,’ arylthallium bistrifluoroacetate/potassium thiocyanate, '°
Zn(SCN),/Cl,,'! ceric ammonium nitrate (CAN)/ammonium thio-
cyante,® Mn(OAc)s,'? Cu(SCN),/Cl,,'> NaSCN/Br,.'* These methods
greatly rely either on the use of heavy and toxic transition metals,
or on corrosive halogen and stronger oxidants. Use of these stoi-
chiometric reagents, oxidants and in turn generation of a large
amount of heavy metal waste is the real drawback of these meth-
ods. Most of these thiocyanation methods were focused on limited
substrates, mostly on electron rich indoles and closely related N-
bearing heterocycles which are of high reactivity. Some of these
methods are also accompanied by low regio- and chemo-selectiv-
ity. In the recent years, efforts have been made to improvise these
classic protocols using specialized reagents. Some of these meth-
ods are thiocyanation of aryl organometallic compounds,'” copper
promoted thiocyanation of aryl iodides,'® direct cyanation of
organosulfur compounds'’ thiocyanation of arylboronic acids.'®
However, these methods are not devoid of the use of transition
metals or harsh reaction conditions and they generate metal waste
in the process. Efforts have also been focused on the metal free and
visible light promoted thiocyanation in an elegant way.5¢'°
However, most of the protocols of thiocyanation available in the
literature are executed on indoles, imidazoheterocycles and
nitrogen containing activated heterocycles.®* 1219  Also,
thiocyanation of aromatic amines and nitrogen heterocycles are
reported to be facile. On the other hand, interestingly
thiocyanation of phenols are less explored?® and not studied exten-
sively possibly due to its intrinsic electronic nature. Practical use of
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some of these available methods are seriously limited due to the
use of toxic Pb(SCN), molecular halogen, and formation of side
products. Thiocyanation of phenols are not facile especially with
electron withdrawing groups and have limited substrate scope.
Practical, efficient and highly selective transition metal free trans-
formations are gaining great importance for the last few years.?!
Synthetic organic chemists have been focusing on the approaches
that are transition metal free in nature and they are increasingly
becoming popular. Hence, efforts are being made for the transition
metal free direct C-H functionalization of organic molecules. Phe-
nol and heterocycle scaffolds are core to many bioactive molecules
and pharmaceuticals. In this regard, development of transition
metal free, more efficient and practical protocol for the direct thio-
cyanation of diverse phenol, aniline and heterocycle derivatives is
highly desirable. Herein, we report novel, practical and direct tran-
sition metal free regioselective thiocyanation of phenols, aromatic
amines and heterocycles with inexpensive NH;SCN under mild
conditions. This method has several advantages such as broad sub-
strate scope and transition metal free reaction condition.

Results and discussions

At the outset of our investigation, we selected 2,6-dimethyl
phenol 1a and ammonium thiocyanate 2 as model substrates. In
order to optimize the reaction conditions different oxidants, sol-
vents, and conditions were explored. In presence of 2 equiv. of
oxone in DCE at room temperature, reaction afforded trace amount
of the expected product. Several solvents such as CH3CN, THF, DCM
were screened; however, reaction did not afford the expected
product. Later, the reaction of 1a and 2 in presence of K;S;0g in
acetic acid at room temperature afforded the thiocyanated product
3a in 70% yield (entry 4, Table 1).

Reaction proceeded in acetonitrile affording 3a in 85% yield.
Gratifyingly, when solvent DCM was used, the reaction proceeded
smoothly by affording 3a in excellent yield (95%) in 4 h at room
temperature (see Table 1).

Table 1
Optimization of the reaction conditions.®

OH
OH
\©/ K2S,04 (2 equiv.)
¥ NH.SCN Solvent,rt
SCN
1a (1 equiv.) 2 (1.5 equiv.) 3a
Entry Oxidant S Solvent Time (h) Yield” (%)
1 Oxone DCM 12 Trace
2 TBHP DCM 12 NR
3 0, DCM 12 NR
4 K,S,0g Acetic acid 12 70
5 K,S,05 Acetonitrile 12 85
6 KS,05 DCM 4 95
7 K5S,08 DCE 4 93
8 K5S,05 THF 12 50
9 K5S,0g Water 6 68
10 K5S,0g Methanol 12 73
11 K5S,08 1,4-dioxane 12 60
12 K,S,05 DMF 12 Trace
13 (NH4)2S,0s DCM 4 94
14 Na,S,0g DCM 4 93
15 No Reagent DCM 12 NR
15 No Reagent DCM 12 NR

Notably, the reaction also proceeded in water yielding 3a in
68%. DCM was found to be the best solvent after screening the
reaction in few other solvents. Based on further investigation, we
observed that both (NH4),S,0s5 and Na,S,0g were effective for
the direct thiocyanation of the 1a. Further studies revealed that 2
equivalents of K,S,0g were crucial for the transformation and for
the higher yield. However, we observed the incomplete conversion,
when the amount of K;S,05 was reduced to 1-1.5 equivalents.
Importantly, reaction did not work in the absence of oxidant
K5S,05 (entry 15, Table 1). The oxidants such as molecular oxygen
and TBHP did not facilitate the reaction. With the optimized reac-
tion conditions in hand, to generalize the methodology, the sub-
strate scope of this metal free direct thiocyanation was
investigated (Table 2).

To our delight, various substrates underwent a facile direct and
regioselective thiocyanation under optimized reaction conditions
by affording the desired products in good to excellent yields.? Var-
ious phenol and anisole derivatives with electron donating and
withdrawing groups reacted efficiently under the optimized reac-
tion conditions to afford the corresponding desired products (entry
3a-3m, Table 2). It is noteworthy that direct thiocyanation exclu-
sively occurred at the para position. The reaction found to be facile,
monoselective and did not form any disubstituted products. Phe-
nols bearing electron withdrawing groups such as iodo, bromo,
cyano, aldehyde resulted in relatively lower yields of the
corresponding products (3g-3j). However, cyano and aldehyde
functional groups tolerated the reaction conditions. While the
o-nitrophenol did not react under the optimized reaction condi-
tion. The thiocyanate functional group was confirmed by the char-
acteristic IR absorption peak (~2160 cm™!) and '>C NMR data. We
did not observe the formation of any isothiocyanates. Reactions of

Table 2
Direct regioselective thiocyanation of phenol derivatives.®

_R
o/R {
X
‘ \7R, + NHSCN K4S ,04 (2 equiv.) \ _ R
_zoorele BTN
—
DCM, rt
SCN
1 (1 equiv.) 2 (1.5 equiv.) 3
R=H,Me
OH OH OH OH OH
SCN SCN SCN SCN SCN
3a (95%) 3b (86%) 3¢ (92%) 3d (93%) 3e (85%)
OH OH OH OH OH
HO Br cHO
CN
SCN SCN SCN SCN SCN
3f (82%) 39 (68%) 3h (57%) 3i (40%) 3 (32%)
NH
~o o o
HO
o o~
SCN SCN SCN OH
3k (85%) 31 (94%) 3m (74%) 3n (72%) 30 (77%)

2 Reaction conditions: 1a (0.1 g), 2 (1.5 equiv), Oxidant (2 equiv, 1.64 mmol),
solvent (2 mL), rt (24 °C), 4 h.
b Isolated yield.

@ Reaction conditions: Substituted phenols and Anisoles (0.1 mg). NH4SCN (1.5
equiv), DCM, (2 mL), reaction time (4 h), Isolated yields after column chromatog-
raphy given in brackets. rt (24 °C).
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naphthalene derivative (1n) and 3,4-dimethyl phenol (10) under
the reaction conditions resulted in the corresponding stable
oxathioimines (3n, 30).

Encouraged by the success, we turned our attention towards the
relatively more reactive anilines and heterocycles. Different indole
derivatives (4a-4g) under the optimized conditions underwent
direct C-3 thiocyanation easily in excellent yields (5a-5g, Table 3).
Indoles bearing —CN, —NO,, —Br groups reacted regioselectively to
afford the corresponding thiocyanted products (5¢c-5e) in good to
excellent yields. Notably, 2,2’-bithiophene (4h) reacted with ease
to afford the C-2 mono thiocyanated product 5h in excellent yield.
Later, we explored the reactivity of various aniline derivatives. All
the aniline derivatives under the reaction conditions afforded thio-
cyanted products (5i-5n) in good to excellent yields.

It is very important to note that direct thiocyanation was highly
regioselective and occurred at para position. Substrates bearing
electron withdrawing groups afforded the thiocyanated products
in excellent yields. However, para substituted anilines resulted in
the formation of the corresponding stable azathioimines (50, 5p)
via ortho thiocyanation.

In order to make this approach more practical and for the future
development, we extended this method on gram scale (Scheme 1).
2,6-Dimethyl phenol 1a, 2,6-dimethyl aniline 4i and indole 4a
afforded the corresponding thiocyanated products (3a, 5i, 5a,
Egs. (1)-(3)) in excellent yields. GW501516 is a well known, most
potent and selective peroxisome proliferator-activated receptor &
(PPARS) agonist. Compound 3p (Scheme 1), precursor of
GW501516 was earlier synthesized using NaSCN and molecular
bromine.? Using our protocol we synthesized compound 3p under
optimized reaction condition on a 3g scale in excellent yield (94%,
Eq. (4)). Easy, practical and metal free reaction conditions demon-

Table 3
Direct and regioselective thiocyanation of anilines and heterocycles.”

[ Gram Scale Synthesis )
OH
OH
K28,08
+  NH4SCN . (eq 1)
DCM, t, 6 h
SCN
1a 3a (97%)
NH,
NH,
K2S8,08
+  NH;SCN - >
(eq 2)
DCM, 11,6 h
SCN
4i 5i (95 %)
SCN
K28,04
@\/\> +  NH4SCN - N (eq 3)
N DCM, t, 6 h N
H H
4a 5a (93 %)
HO
HO.
K,S,0,
. NHSCN 25208 \é\ (eq 4)
DCM,tt, 6 h SCN
1p 3p (94 %)
(0]

GW501516 (PPARS Agonist)

Scheme 1. Thiocyanation on a gram scale. (Reaction conditions: Phenol, Aniline
and Indole (2 g), K»S,05 (2 equiv), DCM (20 mL), rt (24 °C), time (6 h), 2-methyl
phenol, 1p (3 g, 30 mL).)

NH,
H
XN
o || TR+ NHSCN
_—

SCN
K2S,04 (2 equiv.) N
_— TR or
DCM, 1t,4 h =

H H H H H
5a (91%) 5b (82%) 5¢ (90%) 5d (85 %) 5e (87%)
NH, NH,
SCN SCN
HO,C MeO s s_ SCN
) o T
N N Y \
H H SCN SCN
5f (87%) 59 (87%) 5h(91%) 5i (89%) 5§ (90%)
NH NH
NH, NH, NH, NH, HN% HNJ{
(;/ (;/ o O S s
SCN SCN SCN SCN
Sk (85%) 51 (67%) 5m (73%) 5n (77%) 50( (76%) 5p (65%)

2 Reaction conditions: Substituted Aromatic amines and Heterocycles (0.1 g). NH4SCN (1.5 equiv), DCM, (2 mL), reaction time (4 h), rt (24 °C), Isolated yields after column

chromatography given in brackets.



418 T.B. Mete et al./ Tetrahedron Letters 58 (2017) 415-418

OH OH
OH
(€]
o— SCN
—— S0y, —_— —_—
SCN \Y SCN
OH 1 n H 3a
OH
- H*
SOy
1a

SCN
m

Scheme 2. Proposed mechanism for the direct thiocyanation.

strated the practical utility of this method for the direct
thiocyanation.

In order to gain further insight into the mechanism, we treated
the reaction mixture with the radical scavenger TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxyl). The thiocyanation reaction did
not proceed even after prolonged reaction time and this indicated
that most likely free radical pathway might have been involved
during the course of the reaction. K;S,0g is known to generate a
strong, short-lived oxidant-sulphate radical anion (SOy) easily.
The sulphate radical anion (E° = 2.6 V) is known to generate radical
cation on interaction with the low ionization potential aromatics.”*

In order to investigate further the formation of a radical cation
intermediate, we carried out UV-Vis spectroscopy studies. We
observed an intense UV absorption band in the visible region
between 400 and 500 nm during the reaction of phenol 1a with
K,S,0g at rt (see supporting Information). This study strongly
favours the formation of radical cation intermediate during the
reaction and is in accordance with the previous literature
findings.>*

Based on these investigations and previous literature, the plau-
sible mechanism is proposed (Scheme 2). Potassium persulphate
would decompose to generate very strong oxidant sulphate radical
anion (SOy ), which in turn oxidizes the aromatic compound to
form radical cation intermediate I. Simultaneous nucleophilic addi-
tion of thiocyanate anion to the cation intermediate would lead to
the formation of radical intermediate II. Ultimately the loss of
hydrogen radical from II would afford the desired compound 3a.
Alternatively, further oxidation of the intermediate II will lead to
the formation of cation intermediate III. Finally, the elimination
of H* from this intermediate would afford the desired product 3a.

Conclusions

In conclusion, we have demonstrated the transition-metal-free
regioselective and monoselective direct thiocyantion of phenols,
anilines and other aromatics under mild conditions. The use of
commercially available and inexpensive K,S,0g has been explored
for the thiocyantion in an efficient manner. Most importantly, this
protocol proved to be scalable on a multi gram quantity. The
desired products were obtained in good to excellent yields and a
wide range of functional groups were tolerated. Initial understand-
ings suggested that reaction proceeded via radical cation interme-
diate. This protocol presents a new and viable path to access
thiocyanated aromatics and precursors of bioactive molecules.
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One-pot transition-metal-free synthesis of aromatic aldehydes and ketones via oxidative decarboxylation
of arylacetic acids in water is developed. Protocol relies on the direct decarboxylation of sp>-hybridized
carbon in water without any over oxidation into carboxylic acids with minimal waste. Reaction mecha-
nism is investigated and application of this protocol is demonstrated on a gram scale.

© 2017 Elsevier Ltd. All rights reserved.

Introduction

Aldehydes and ketones are very important class of compounds
and they have been used extensively in wide areas of chemical syn-
thesis.! Evidently, the effort towards the quick and short synthesis
of aldehydes and ketones always has been desirable. Traditional
synthesis of aldehydes and ketones rely on activating the car-
boxylic acid into a Weinreb amide? or into an acyl halide® with
subsequent nucleophilic attack with hydrides or organometallic
species. One-step synthesis of ketones starting from carboxylic
acids can be achieved using excess of organolithium reagents;
however formation of tertiary alcohols is unavoidable.” These
harsh conditions can lead to the erosion of stereochemical purity
thus leading to partial racemization.” Nevertheless, efforts have
been made to improvise the existing methods. Cyanocuprates have
been explored to convert the carboxylic acids directly into
ketones.® Quick and efficient cleavage of carbon-carbon bond is
one of the most important challenges in organic synthesis.” The
selective cleavage of C—C o bond has greatly attracted the atten-
tion of researchers in the recent times due to its inert nature.
Undoubtedly, development of an efficient protocol for the selective
cleavage of C—C o bond is a great challenge and still much to be
explored. Transition metal catalyzed decarboxylation via C—C
bond cleavage has been gaining a great importance due its signif-
icant role in decaboxylative reactions.® Elegant and valuable proto-
cols are developed in this area for making carbon-carbon and
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carbon-heteroatom bonds starting from carboxylic acids and by
cleaving the C—C bond to carboxylate group.’ Also, decarboxyla-
tion reaction procedures are usually done at neutral reaction con-
ditions and importantly carbon dioxide liberated as a sole non-
toxic by-product. Transition metal catalyzed decarboxylation at
sp?hybridized carbon is mostly explored in the literature and
more strikingly, decarboxylation at sp>hybridized carbon to intro-
duce a functional group is relatively rare and challenging.'® Transi-
tion metal catalyzed synthesis of aldehydes, ketones and amides
via oxidative decarboxylation has been explored very recently.'"'?
Reactivity of cuprous salt was explored for the novel synthesis of
aldehydes from methyl ketones in presence of oxygen.'® Recently,
Song and co-workers demonstrated the ability of cupric salts for
the aerobic oxidative decarboxylation at sp> hybridized carbon to
afford aldehydes, ketones'' and amides'? at high temperatures.
Decarboxylative non-aerobic oxidation of phenyl acetic acid to
benzaldehyde was described by using cupric salts at high temper-
ature and pressure thus mimicking the geochemically relevant
conditions.'* All of these protocols rely on transition metal, viz.
copper for catalyzing the transformation.'”> However, there are
only countable protocols for the oxidative decarboxylation of aryl
carboxylic acids under transition-metal-free conditions. Earlier,
decarboxylation of carboxylic acids to aldehydes and ketones were
achieved by using tetrabutylammonium periodate in 1,4-dioxane
under refluxing condition, combination of iron(Ill)/manganese(III)
tetraphenylprorphyrins and tetrabutylammonium periodate, and
(diacetoxyiodo)benzene/NaNs.'®!” Thus development of more
easier, practical and non-hazardous protocol for the synthesis of
aldehydes and ketones via oxidative decarboxylation under


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tetlet.2017.06.013&domain=pdf
http://dx.doi.org/10.1016/j.tetlet.2017.06.013
mailto:rgb@iiserpune.ac.in
http://dx.doi.org/10.1016/j.tetlet.2017.06.013
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet

T.B. Mete et al./ Tetrahedron Letters 58 (2017) 2822-2825 2823

transition-metal-free conditions is highly desirable. There are
ambiguities in defining a true ‘green method’. However, some of
the most accepted guiding principles such as minimal waste,
higher mass productivity lower E-factor, non-toxicity etc define
the greener methods. Practical, efficient and highly selective tran-
sition-metal-free transformations using environmentally benign,
less expensive and readily available reagents are gaining a great
importance for the last few years.'® As a part of our ongoing efforts
to develop transition metal free protocols,'® we herein, report an
oxidative decarboxylative strategy for the direct and clean synthe-
sis of aldehydes and ketones without over oxidation into car-
boxylic acids in water with a minimal waste and lower E-factor.
This simple protocol uses potassium persulfate as a reagent and
makes the novel use of it for the synthesis of aldehydes and
ketones starting from arylacetic acids.

We commenced our initial work with 4-methyl phenylacetic
acid 1a with K;S,0g as a model reaction (Table 1). Attempted reac-
tion of 1a with K;,S,05 (2 equiv.) in CH3CN/H,0 (1:1) at room tem-
perature (both in air and inert condition) did not work even after
prolonged reaction condition (entry 1, Table 1). Interestingly, when
the reaction was carried at elevated temperature (80 °C), to our
delight, the desired product, 4-methylbenzaldehyde 2a was
formed in 75% isolated yield (Table 1, entry 2) in 12 h. With this
result in hand, further the reaction was screened in different sol-
vent conditions. However, the reaction was sluggish in CH3CN
and DCE (entries 4, 6) and afforded only trace amount of desired
product 2a. However, the reaction in DCE/H,0 at 80 °C afforded
the desired product in 60% yield (entry 7). Interestingly, the model
reaction worked efficiently only in water at 80 °C affording the
desired product 4-methyl benzaldehyde 2a in 75% yield (entry 8).
Gratifyingly, with the elevated temperature (90 °C) under aerial
condition reaction afforded the compound 2a in excellent yield
of 85% (entry 9). PIDA, PIFA and Oxone were found to be ineffective
reagents for the desired transformation (entries 10-12). Attempts
to lower the reaction temperature resulted in lower yield with

Table 1
Optimization of the reaction conditions.”

incomplete conversion of the starting material (entry 13). Reac-
tions under oxygen or open air atmosphere did not change the
course of the reaction and also did not have any significant effect
on yield or reaction time (entries 9, 14). Reaction did not work in
the absence of potassium persulfate (entry 15). After extensive
screening of solvents and temperature optimum reaction condition
was emerged as 4-methylphenyl acetic acid 1a (1 equiv.), K;S,0g
(2 equiv.) at 90 °C in water under aerial atmosphere (entry 9,
Table 1) in 12 h. It is also important to note that persulfates are
very popular for their ability to oxidize variety of contaminants
in ground water via ‘in situ chemical oxidation’ (ISCO).>° Persul-
fates are known to be benign, eco-friendly or green and low cost
reagent.’’

Encouraged by the initial success and with an optimized reac-
tion condition in hand; we explored the substrate scope of the
method. Under optimal reaction conditions arylacetic acids (1a-
10) possessing the electron-donating group as well as electron
withdrawing groups reacted smoothly by affording the corre-
sponding aldehydes (2a-20) in moderate to good yields
(Scheme 1). 1-Naphthylacetic acid 1p reacted smoothly and gave
the corresponding naphthaldehyde 2p in 80% yield. Similarly, the
heteroaromatic acid such as 2-thienyl acetic acid 1q under reaction
conditions afforded the 2-thienyl carboxylaldehyde (2q). a-Substi-
tuted phenyl acetic acids (1r-1w) under optimal reaction condi-
tions afforded the corresponding ketones (2r-2w) in excellent
yields (86-92%). The anti-inflammatory drug, ibuprofen 1u
afforded the corresponding ketone?? 2u in excellent yield as well.
Interestingly, the amino acid phenyl glycine 1x afforded benzalde-
hyde 2d instead of anticipated amide. Probably, imine might have
formed during the course of reaction, which upon hydrolysis
resulted in 2d. The position of the substituents on the ring had
no significant and noticeable effect on reaction rate and yields.
Functional group such as hydroxyl, chloro, bromo, methoxy and
nitro were well tolerated. However, unfortunately, attempted reac-

o
/©/\ eeon o220 H
Solvent, Temp
1a 2a
Entry Reagent Solvent Temp (°C) Atm Yield” (%)
1 K5S,0g CH3CN/H,0 (1:1) rt Air NR
2 K5S,0g CH3CN/H,0 (1:1) 80 Air 75
3 K5S,0s8 CH5CN Reflux Air Trace
4 K5S,0g CH3CN Reflux 0, 12
5 K5S,05 MeOH Reflux Air NR
6 K>S,0g DCE 90 0, Trace
7 K5S,0g DCE/ H,0 (1:1) 80 Air 60
8 K>S,0g H,0 80 Air 75
9 K5S,0g H,0 90 Air 85
10 PIDA H,0 90° Air 27
11 PIFA H,0 90° Air 21
12 Oxone H,0 90 Air 15
13 K>S,0g H,0 50 Air 20
14 K>S,0g H,0 90 0, 83
15 - H,0 90 Air -

Bold values correspond to the optimum reaction conditions.

2 Reaction conditions: 4-methylphenyl acetic acid 1a (1 equiv.), potassium persulfate (2 equiv.), solvent (2 mL) under corresponding atmosphere for 12 h.

b Isolated yield after purification by column chromatography.
¢ Reactions did not work at rt.
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‘ AN COOH K5S,04 (2 equiv.) ‘ AN
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2a (85%) 2b (77%) 2¢ (80%) (78%)
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q (75%) 2r (92%) 2s (90%) t (87%)
(89%) 2v (90%) (86%)

Scheme 1. Oxidative decarboxylation of arylacetic acids to aldehydes and ketones.
?Reaction conditions: arylacetic acid 1 (1 equiv.), potassium persulfate (2 equiv.),
water (2 mL) open atmosphere; reaction was monitored by TLC. "Isolated yield after
purification by column chromatography.

tions of aliphatic acids such as 3-butenoic acid, tert-butyl acetic
acid and valeric acid did not afford the desired products.

To make the protocol more general and for the wider applicabil-
ity we demonstrated the synthesis of benzaldehyde 2d (83%) and
benzophenone 2r (93%) on a gram scale starting from the corre-
sponding arylacetic acids 1d and 1r respectively under optimum
conditions. During the optimization we observed that reaction
worked efficiently in water under atmosphere of air as well as oxy-
gen. Effective minimization of reagents in this protocol led to a
minimal waste (free from halogen and transition metal), thus pro-
ducing only 3.5 g of waste for every 1 g of the product formed. It is
also gratifying to note that this one pot reaction with E (environ-
mental) factor of 3.49%% and mass productivity of 23% (mass inten-
sity 4.5)*° satisfies the defined metrics?® for the cleaner and
greener chemical processes.

In order to investigate and elucidate the reaction mechanism
few control experiments were carried out. Compound 1a when
treated with K;S,0g (2 equiv.) in water under inert conditions
afforded the corresponding aldehyde 2a in good yield (80%). This

180
K3S,04 (2 equiv)
(i)
COOH H,'80, 90 °C O O
1r 1equiv 2r' 81%
[¢]
K,S,04 (2 equiv)
COOH TEMPO (2 equiv) O O (ii)
H,0, 90 °C
1' 1equiv 2r,Trace

Scheme 2. Control experiments for understanding the mechanism.

KZSZOS
A
CO,H
-4 ©’ d = d
002

@*—d

Scheme 3. Plausible mechanism for the formation of aldehyde and ketones.

experiment indicates that oxygen did not have any role in the reac-
tion mechanism. Interestingly, reaction did not work in the
absence of water. To validate the role of water in the reaction, com-
pound 1r was treated with K;S;0g (2 equiv.) in labeled water
(H180, 97%) under inert condition for 12 h. To our delight we iso-
lated the corresponding 2r’ in excellent yield (81%, eq. i, Scheme 2).
Presence of 80 was confirmed by the HRMS and GC-mass spec-
trometry (180 content 96.3%, see ESI). It is very significant to note
that this protocol gives a direct access to prepare '20-labeled alde-
hydes and ketones quantitatively without resorting to an exchange
experiment. Later, to gain further insight into the mechanism,
diphenyl acetic acid 1r was treated with TEMPO (2,2,6,6-tetram-
ethyl-1-piperidinyloxyl) under standard optimal conditions. The
result showed that reaction did not proceed even after prolonged
reaction time indicating that TEMPO inhibited the radical pathway
(eq. ii, Scheme 2).

Based on our investigations and previous literature>> we pro-
pose that sulfate radical anion (SO3 ) (produced by the decomposi-
tion of potassium persulfate) upon reaction with phenyl acetic acid
1d generates benzyl radical I by extrusion of carbon dioxide. SO
further oxidizes the benzyl radical to the corresponding benzyl car-
bocation II via one electron oxidation. This reactive species reacts
with water to form the corresponding benzyl alcohol III. Persulfate
further oxidizes benzyl alcohol to the corresponding intermediates
IV and V. Ultimately, the loss of proton from V would afford the
desired product, benzaldehyde 2d. Alternatively, intermediate IV
would directly afford benzaldehyde 2d by the loss of hydrogen rad-
ical (Scheme 3).

Conclusions

In conclusion, we have demonstrated a one-pot protocol for the
direct and clean transformation of arylacetic acids to aldehydes
and ketones in water with minimal waste. Protocol employs envi-
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ronmentally friendly and less expensive K,S,0g as reagent, and
commercially available arylacetic acids without any over oxida-
tion. Method also demonstrated the direct access to ®0-labeled
aldehydes and ketones without relying on exchange experiment.
Experimental conditions are simple and above all reaction is car-
ried out only in water and it has been demonstrated on a gram
scale for wider application.
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One-pot expedient and direct carbamoylation of heterocyclics is described. The transformation is realized
via direct dehydrogenative aminocarbonylation of heterocyclic compounds under transition-metal-free
conditions. This method is regioselective and the protocol is proved to be scalable on a gram scale.
Further, the therapeutically useful antitubercular agent pyrazinecarboxamide is successfully synthesized
by employing this protocol.

© 2017 Elsevier Ltd. All rights reserved.

Introduction

Carboxamide is a very important and useful functional group
and heterocyclic carboxamides are significant structural scaffolds
in many materials, natural products and bioactive compounds.'
They are also useful synthetic building blocks for many pharma-
ceuticals and agrochemicals.” Along with traditional or conven-
tional condensation reactions of carboxylic acids/carboxylic acid
derivatives and amines under harsher basic conditions or using
coupling reagents, many alternative strategies have been devel-
oped for the synthesis of carboxamides in the recent years. Some
of various strategies including cross-dehydrogenative coupling,
amine dehydrogenation or oxidation reactions, transamidation
reactions, aldehyde-amine coupling reactions, and C—N coupling
reactions have been developed for carboxamide synthesis in
recent years.” Alternatively, transition metal (Pd, Co, Ag, Ti) cat-
alyzed protocols such as aminocarbonylation of aromatic and
heteroaromatic halides, direct carbamoylation of pyridines, and
hydration of nitriles have been developed in pursuit of achieving
newer methods.> However, these methods rely on transition
metal salts and some of these methods require the use of toxic
and corrosive gases such as carbon monoxide and ammonia or
alternatively ammonia equivalents such as aqueous ammonia,
ammonium carbamate and other amine bases. All these methods
require the use of transition metals and most of them need pre-
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activated aryl/heteroaryl halides. The limitation of some of these
methods is that they are confined to primary carboxamides only
with limited scope on pyridines and found to be not suitable for
the synthesis of secondary and tertiary carboxamides. Likewise,
methods did not work on quinoline and other heteroaromatics.
Although aminocarbonylation via direct activation of N-protected
formamide is known” yet the transition-metal-free carbamoyla-
tion of heteroaromatics via direct activation of formamide and
N, N-dimethylformamide has not been much successful till date.
Some of the examples of direct aminocarbonylation suffer from
lower yields and afford the mixture of aminocarbonylated and
domintating «-amidoalkylated side products. Methods are also
limited to fewer substrate scopes (mostly with pyridines and for-
mamide) with lower chemoselectivity and moreover these have
not been studied in a great detail.”

Practical and expedient transition-metal-free protocols are
gaining great importance® and are promising alternatives to the
traditional methods as the contamination due to the residual tran-
sition metals can be avoided at lower costs. Thus it is more desir-
able to develop sustainable transition-metal-free practical protocol
for the direct access of primary to tertiary carboxamides of differ-
ent heteroaromatics. We have shown considerable interest in
developing transition-metal-free protocols” and our ongoing
research activities prompted us to evaluate the method for the
direct aminocarbonylation using formamide, N-methylformamide
and N, N-dimethylformamide by functionalizing the C—H bond.
Based on the earlier literature® it is known that persulfate is an
efficient oxidant and a very good radical initiator and it could be
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explored for the homolytic cleavage of formamide. Interestingly,
persulfates are known to be mild and benign and eco-friendly
low cost reagents.’

As a part of our ongoing research programme on transition-
metal-free protocols, we herein, report the direct aminocarbonyla-
tion of heteroaromatics via cross-dehydrogenative coupling
approach. This simple and user friendly protocol for aminocar-
bonylation uses potassium persulfate and formamide/N-methyl-
formamide (NMF)/DMF as reagents to access primary to tertiary
carboxamides with high selectivity.

Result and discussion

We commenced our initial work with pyridine 1a and for-
mamide 2a as model substrates (Table 1). The initial reaction of
1a and formamide 2a in presence of K,S,0g (2 equiv.) in DCE at
room temperature (both in air and inert condition) did not work
even after prolonged reaction condition (entry 1, Table 1). How-
ever, at 50°C trace amount of product 3aa formed (entry 2,
Table 1). While, heating the reaction mixture at 70 °C afforded
modest yield of the desired product 3aa (entry 3, Table 1). Interest-
ingly, when formamide 2a was used as solvent as well as substrate
the reaction proceeded smoothly at elevated temperature (70 °C),
to afford the desired product 3aa in 79% isolated yield (Table 1,
entry 6) in 12 h.

While, solvents such as water, THF and acetonitrile were found
to be not good solvents for the desired transformation. After
screening several solvents and temperature conditions optimum
reaction condition was emerged as pyridine 1a (1 equiv.), K;S,0g
(2 equiv.) at 70 °C and formamide (20 equiv, solvent as well as
reagent) under aerial atmosphere (entry 6, Table 1) in 12 h. With
this optimized result in hand, we explored the substrate scope of
the method with different substrates and primary to tertiary
amides.

Under optimal reaction conditions, substrates (1a-1m) pos-
sessing the electron-donating as well as electron withdrawing
groups reacted smoothly with formamide 2a to afford the corre-
sponding carboxamides (3aa-3ma) in moderate to good yields
(Table 2). Encouraged by this success we planned to explore
the generality of the protocol by exploring various substrates
with secondary and tertiary formamides. Under the standardized
reaction conditions, substrates (1a-b, 1e-f) reacted smoothly

Table 1

with the N-methyl formamide (NMF) 2b to afford the corre-
sponding secondary carboxamides (3ab, 3bb, 3eb, 3fb) in very
good yields (see Table 2).

Further, the protocol was explored on quinoline and its
derivative, and pyrazine (11, 1m, 1n) with NMF 2b under the
reaction conditions to afford the secondary carboxamides (3lb,
3mb, 3nb) in very good yields (up to 85% yield). Further, the
strength of the protocol was explored for the access of tertiary
carboxamides using DMF. Earlier, in the literature it was
observed that DMF is relatively unreactive towards the
aminocarbonylation and known to give side products emanating
from o-amidoalkylation as major products. Different substrates
1a, 1e-g, 11-1m, 10-p (pyridine, quinoline, bipyridyl derivatives)
were treated with the DMF 2c¢ under optimal reaction conditions
to afford the corresponding tertiary carboxamides (3ac, 3ec, 3fc,
3gc, 3lc, 3mc, 3oc, 3pc) in moderate yields. It is very important
to note that we did not observe any o«-amidoalkylation side
products. The position of the substituents on the ring had no sig-
nificant and noticeable effect on the reaction rate and yields. Dif-
ferent functional group such as bromo, chloro, methoxy and
cyano were well tolerated under the reaction conditions. Method
proved to be regio- and chemoselective for the x-aminocarbony-
lation only and we did not observe any y-carboxamides and «-
amidoalkylated side products.

It is very significant to note that protocol gave access to primary
to tertiary carboxamides on various substrates including DMF and
quinolines. Pyrazine carboxamide is known as Rifater or Tebrazid
and is a prescribed prodrug for the tuberculosis worldwide. In
order to make this protocol practical and for the wider applicability
we demonstrated the synthesis of pyrazine carboxamide 3na (86%
yield) starting from 1n and formamide 2a using optimal reaction
conditions. Further, we synthesized pyrazine carboxamide 3na in
a gram scale and the method proved to be scalable. The method
is simple and straightforward unlike the conventional methods
such as coupling of pyrazine carboxylic acid and formamide via
the activation either by acid chloride or by coupling agents such
as DCC/EDCHCL.

In order to understand and to gain further insight into the
mechanism, pyridine 1a and formamide 2a were treated with
TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxyl) under standard
optimal conditions. We observed that reaction did not proceed
even after prolonged reaction time thus indicating that the

Condition screening and Optimization of aminocarbonylation of pyridine®.

(0]
@ + HJI\N .H K2S208 | ~ l;i
P ) Z N
N H Solvent N H
70°C, 12h o)

1a 2a 3aa
Entry Solvent Temp (°C) Time (h) Yield (%)°
1 DCE It 12 NR?
2 DCE 50 12 trace
3 DCE 70 12 40
4 Formamide” rt 12 NR
5 Formamide” 50 12 50
6 Formamide” 70 12 79
7 H,0 70 12 30
8 THF 70 6 24
9 CH5CN 70 12 45
10 Formamide 100 12 Decomposed

¢ Reaction Conditions: Pyridine 1a (1 equiv.), Formamide (10 equiv.) potassium persulfate (2 equiv.), solvent (2 mL) under aerial

atmosphere for 12 h.

b Formamide was used as substrate as well as solvent (20 equiv.).

¢ Isolated yield after purification by column chromatography.
4 Reactions did not work at rt.
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Table 2
Synthesis of primary to tertiary heteroaryl caboxamides.*™4

R
fJ . H* R ko Rifﬁjwﬁl

70°C, 12h N R'
lap  2a; R'—H R"=H 3 O
2b; R'=Me, R"=H
2¢; R'= Me, R"=Me
® B B ® S
N7 NH2 NN NH2 o S 2N NH, N | N NH
e}
3aa (79%) 3ba (77%) 3ca (44%)¢ 3da (68%) 3ea (57%)
/
3fa (7 6% 3ga (| 7% 3ha ( 4% 3ia (62% 3ja ( 9%
3ka (61%) 3la (76%) 3ma (72%) 3ab (75%) 3bb (79%)
Pﬁw Q @ W@ﬁY ( JY
3eb (72%) fb (84%) 3lb (75% 3mb (74% 3nb (85%
3ac (46%) 3ec (51%) 3fc (57%) 3gc (50%) 30cC (44%)
3lc 51% 3mc (49%) 3pc (42%) 3na 86%
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“Reaction Conditions: Pyridine 1a (1 equiv.), Formamide or NMF or DMF (20 equiv.) potassium
persulfate (2 equiv.) under aerial atmosphere for 12 h, "Formamide/NMF/DMF were used as
substrate as well as solvent (20 equiv.), “Isolated yield after purification by column chromatog-

raphy. 93ca’(5-methylpicolinamide) was obtained as regioisomer along with 3ca (3ca:3ca’ 58:42).

possible radical pathway was inhibited by the TEMPO ical reaction with carbomyl species I to generate the intermediate
(Scheme 1). IL This reactive species further gets aromatized by reacting with

Based on the literature precedents'® and on our experimental the sulfate radical anion to afford the desired product 2ac (see

observation we propose that sulfate radical anion (SOz ) (produced Scheme 2).
in situ by the decomposition of potassium persulfate under the
reaction conditions) reacts with the amide such as DMF 2c¢ to gen-

erate the carbamoyl radical I thus forming bisulphate anion. In K2S,04
turn alkaline pyridine is protonated and further undergoes the rad- lA ~
O + -
_ N N M
me. AL, 80, ve e N L © so, [ ) Me
. l\‘/l ~ Me N Me v N/ N Me
K2S20s (2 equiv) © HSO4 H H,S0, o
O Formamide | ~ 1] 2ac
N©  TEMPO (2 equiv) N O O
1a 70°C, 12 h 32 ©
(1 equiv) (Trace)

Scheme 1. Control experiment to understand the mechanistic pathway. Scheme 2. Plausible mechanism for the formation of carboxamide.
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Conclusions

In summary, we have developed a transition metal free one-pot
protocol that enables the direct aminocarbonylation of few hetero-
cycles. Straightforward and simple protocol gives a direct access to
primary to tertiary carboxamides employing user friendly and less
expensive K,S,0g as reagent. Protocol works well with usually
unreactive substrates such as NMF, DMF and quinoline and other
heterocycles. Moreover, the protocol is clean and did not give
any side products emanating from competing «-amidoalkylation.
Pyrazinecarboxamide a prescribed drug has been synthesized
using this protocol and the practicality of the protocol was demon-
strated on a gram scale for the wider application.
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